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EXECUTIVE SUMMARY

The primary objective of this study was to evaluate the impact that inundation may have on
concrete pavements and to identify cost-effective and implementable solutions to improve the
resilience of new and existing rigid pavement systems subjected to the combined effects of
flooding and sea level rise. To meet these objectives, a Mechanistic-Empirical methodology for
assessing the resiliency of Florida’s rigid pavements was developed. Based on the thorough
review of available literature, three main components were identified and implemented into the
mechanistic-empirical “Rigid Pavement Resiliency Tool” developed as part of this project.

FDOT’s new Rigid Pavement Resiliency Tool was implemented in a macro-enabled Excel
spreadsheet environment. The primary purpose of the tool is to allow the user to analyze the
structural response and performance of rigid pavement systems under various moisture-related
scenarios.

In addition to the resiliency tool development, a preliminary effort was carried out to assess the
vulnerability of FDOT’s existing rigid pavement sections under flooding and sea level rise
(SLR). Based on the results of the preliminary analysis, it was found that FDOT’s existing rigid
pavements may be vulnerable to flooding and SLR.

Several examples have been provided in the report to demonstrate the use of the newly
developed resiliency tool. Since FDOT’s rigid pavement design tables were not developed to
incorporate the effect of SLR, a series of sensitivity analyses were conducted to develop
preliminary design strategies using FDOT’s Rigid Pavement Resiliency Tool. The results from
the sensitivity analyses were used to develop preliminary damage ratios that can be used to
adjust the PCC or the base thickness for different levels of ground water table depth. A couple of
example problems were provided in which a rigid pavement design could be modified based on
the damage ratios provided in this report.

However, it is emphasized that the tool was implemented based on numerous, existing models
that were found in literature. These models include those for the moisture flow, hydraulic
conductivity, resilient modulus of the soil, structural response, transfer functions, etc. These
models were implemented based on the available information documented in literature, without
any further calibration or validation. As such, it is emphasized that the examples on the damage
ratios developed herein should only be used as a general guide on how the tool may be used in
the future with additional research to support the validity of the resiliency tool. Furthermore, it is
strongly recommended that FDOT examine the results from the resiliency tool against any
available field data.



TABLE OF CONTENTS

DISCIAIIMIET ...ttt et et s bt e bt e et e e bt e s it e e bt e eabeenbeesabeenbeeenee 1
Conversion OF UNIES ...ttt e e e il
Technical Report Documentation Page ..............ooiiiiiiiiiiiii e v
EXCCULIVE SUIMIMATY ...iiiiiiiieeiiee ettt e ettt e et e e et eeeteeesstaeessseeessseeessaeensseesnsseesnseeennses \%
Lo INETOAUCTION ..ttt ettt ettt st be et e ate b et seeenbeenees 13
I B 5 7T <4 {0 12 T PSSR 14
L 116 A A @ o) 15107 5 A< PSSP 15

2. LItErature REVIEW......coiuiiiiiiiiiiiieiieeetee ettt ettt sttt e 16
2.1, Definition Of RESIHENCY ...ccvviiiiiiieiiiiciie ettt e e e e e s 16
2.2.  Performance Criteria and Components Infrastructure Resiliency...........ccccceeeveeennenee. 16
2.3, Resiliency FramewWorK.........cccccieiiiiiiiiiiiiiieiiecitee ettt 17
2.3.1.  Set Objectives and Define SCOPE.....cccuvieviieeriieeiie ettt 18
2.3.2. ComPIle Data ....ccccuiiiiiiieciiiece e et e e eeeans 19
2.3.3. AsSSESS VUINEIADIIILY ..vvieiiiiiieiiiciiecie ettt ettt ens 19
2.3.4.  Analyze Adaptation OPtIONS........cceeeeiieeriieeriieeriieerieeereeeesereeereeeereeesaeeessseeesnnes 20
2.3.5. Incorporate Results into Decision Making ..........cccceccveeeviiieiiiiecieenieecie e 21
2.3.6. Remarks on Pavement ReSilienCy..........cceevuieriiiriiiniiiniieiecieeeeee e 21

2.4. Review of FDOT’s EXiSting PractiCe.........cccccuieriieniiiiiieiieeiieriie et 21
2.4.1. FDOT’s Resiliency INTtAtIVES ....c..eeeeiieeiiieeciieeiie et 21

2.5. FDOT’s Rigid Pavement Design PractiCe..........c.coevureiienieeiiieniienieeiieeieeite e 26
2.5.1. Limitations of FDOT’s Rigid Pavement Design Practice.........c..cccccevuevienieriennnene 29

2.6.  Recent Studies on Pavement ReSIlIENCY ........cccuveeiiiieiiiiiiiiecicece e 30
2.6.1. Mechanistic and/or Empirical Models for Pavement Resiliency.........c..ccccceouennee. 30
2.6.2. Recent Developments on Flood Resiliency of Rigid Pavements.............c.cccc...... 32

3. Components of FDOT’s Rigid Pavement Resiliency Tool...........ccccoeeeieiiiiiiniiiicieeeeee 34
3.1, Hydrological MOdEl .........cocuiiiiiiiiiiiiciiee ettt et e e ens 34
3.1.1.  Hydraulic Conductivity of Asphalt Base ..........ccccecirriiiiiiiniiiiieieeeeeeeeee 35
3.1.2. Hydraulic Conductivity of Coarse-Grained and Fine-Grained Soils...................... 36
3.1.3. Implementation of Hydrological Model ...........cccooeuiriiiiiiiiniiiiieiecceeeeee 37

3.2.  Geotechnical and Soil Mechanics Model...........ccccooevirniiiiniininiiicceeceeeee, 42
3.3.  Rigid Pavement Structural Model............ccovviiiiiiiiiiiieeeeeee e 47
33,1, Westergaard TREOTY ......ccuieiiiiiieiiecie ettt et 50
3.3.2. Finite Element Methods (FEM) .......cc.cooiiiiiiiiiiiiieceeeee e 51



3.3.3. Estimating Damage and Fatigue Life ..........ccccooviiiiiiiiiiiiieeeeeeeeeee e 54

4. Development of FDOT’s Rigid Pavement Resiliency Tool ...........cccceevieniininieniininienene 57
410 INEOAUCIION vttt ettt et sttt et sbe b et e e 57
4.2. Development of the Rigid Pavement Resiliency Tool...........ccceeeivieniieeniieeieeeieeee, 57
4.3. Rigid Pavement Resiliency Tool Interface and Its Features ...........cccccoecvveviiiiiiniennnn. 59

43,1, General INPULS ......eeiiieiieiie ettt ettt et e st esbe et e saeesaesaaaens 59
4.3.2. Hydrological Analysis OPtiONS........ccccueeevieeriiieeriieeiieeeseeeesieeeereeesreeeeneeesseeennns 59
4.3.3. Mechanistic-Empirical Transfer Coefficients............ccocceevierciiinieniiienieiieeieeeeene 61
4.3.4. Portland Cement Concrete (PCC) Layer and External Load Input......................... 62
4.3.5. Foundation Layer INPULS ........ccceeviiiiiiiiieiie ettt e 65
4.3.6. Foundation Layer ModUIUS..........cceeiiiiiiiiiieiiecieeece et 69
4.4, ANalysiS RESUILS ..cc.uiiiiiiiiieiii ettt sttt ettt enaeen 73
4.4.1. Long-Term AnalysisS RESUILS .......cccceviiieiiiiiiiieiieeee e 73
4.4.2. Short-Term Analysis RESUILS .......ccceoviiiiiiiiiieiieiiieeee e 75
4.5, SamPLe ProbIemS.....cccuieiiiiiieiieie ettt st et a e et enaeens 82
4.5.1. Long-Term Analysis EXampPles ........cccccevoiiiiriiiieiiieeiieeeiee e 82
4.5.2.  Short-Term Analysis EXamPles ........ccceovieriiieniiiiiiiiieiiieiecie e 85
4.0, SUINIMIATY ..eoutiieiiieeiieeeittee ettt e et e e st eesiteessttee sttt e ebteesasteesaseeeasbeeensseesnseessseesseeesnseeenanes 90

5. Vulnerability Analysis of FDOT’s Rigid Pavement Sections ...........ccccceeeeveeeiieeriiieencneeens 91
S5.10 INEFOAUCTION ...ttt ettt et et sat e et e sateesbee s et e enbeenaeeans 91
5.2.  Minimum Distance t0 ShOTEINE .........ccieriieiiiiiiiiiieie et 91
5.3, Sea Level RiSE (SLR)....uiiiiiieiieeieeee ettt et e s e e s e e snnaeenens 94
5.4.  Flooding Hazard...........cccoooiiioiiieeiieeeece ettt et e re e stae e e e e s aee e 100
5.5.  Summary of FDOT’s Rigid Pavement Vulnerability...........ccccccoeviiniiinnieniiienienieene. 101

6. Proposed Procedure for Developing Rigid Pavement Design Strategies ...........cccccvveenneee. 104
6.1, INETOAUCTION ..ottt ettt ettt et ettt e st e b e s seeeneeas 104
6.2. Florida’s Depth to Water Table..........ccccoeiiiiiiiiiieiiicieeeee e 104
6.3, PCC TRICKNESS ...ttt ettt ettt et e st e st eaeas 105
6.4, Base TRICKNESS ....c..eeiuiiiiiiiie ettt et et 109

6.4.1.  Asphalt Base OPtion .......c.cccociieiiiiiiieiieiie ettt ettt e e ensees 109
6.4.2. Special Select SOl OPtioN .......cccvieeiiiieiiieeciieeciee e 116

0.5, SUIMNIMATY ..ottt ettt e e et e e e ettt e e e s abeeeeesasbaeeeesnsaeeessnnsaeeesansaeeeannns 123

7. Summary and Recommendations ...........c.eecuieriieiiierieeiiienie ettt 124
RETEIEIICES ...t ettt ettt et s e e e st e et e abeebeeeeee 126

vil



Appendix A: FDOT Rigid Pavement Resiliency Tool User Guide

viil



LIST OF FIGURES

Figure 1. Flooding at Suncoast Parkway in Hernando County, FL (courtesy: Tampa Bay

TPmeS/ WAL VIQZOVIC)...cuiiiiiiiiiieiieiie ettt ettt ettt ettt e et e e st eesbeessbeebeessaeenseessseenseessseanseennns 14
Figure 2. Resiliency framework (after Dylla and Hyman, 2018) .........ccccovveiiiiiiiieiiiiecieeeieee 17
Figure 3. Effects of performance and recovery time on pavement resilience (Dean, 2020) ........ 21
Figure 4. SIS highway facilities impacted by 1-foot sea level rise projections (FDOT, 2018).... 24
Figure 5. FDOT’s rigid pavement design [ayers. ........ccccueeviieriieiiieniieieeeie et 26
Figure 6. FDOT’s climate regions for rigid pavement design (from FDOT, 2021). .................... 27
Figure 7. A conceptual framework of system dynamics model along with their variables
(Ghayoomi €t al., 2020) .....eeiiieiieeiie ettt eee e e st e e steeestaeeessaee e eaeeetaeeetaeeeaaeeenaeeereeens 31
Figure 8. Artificial rainfall intensity of @ SEVEre StOIM......cc.covevuieriiriinieiieienceeeee e 38
Figure 9. Results from a hydrological simulation of a heavy rainfall at (a) £ =0 hr, (b) =5 hr, (¢)
t=10hr,(d)t=15hr,(e) =20 hr,and (f) £ =30 hr.....ccccoeovriiiiiieeeeeeee e 39
Figure 10. Results from a hydrological simulation of a flooded pavement at (a) =0 hr, (b) =5
hr, (c)t=10hr,(d)t=15hr,(e) t=20hr,and (f) 1 =30 hr......ccceeevriiieiiieieeeeeeeeeee e, 41
Figure 11. Soil-water characteristic curve for Florida’s limerock base material (Oh and Fernando,
2008). ettt h e h et e h e bttt ea e e bt et ea b e bt e bt e ht e bt et e ehteeb e e bt ennenheenee 43
Figure 12. Soil-water characteristic curve for Florida’s stabilized subgrade material (Oh and
Fernando, 2008). .......ccoviioiiieeiee ettt ettt et et e et e e e b e e e tbe e e abaeeaaeeeaaeenraeens 44
Figure 13. Rainfall example degree of saturation for (a) stabilized subgrade at depth 12 in. and
(b) natural subgrade at depth 50 in. .......c.cociiiiiiiiiiiiiie e 45
Figure 14. Flooding example degree of saturation for (a) stabilized subgrade at depth 12 in. and
(b) natural subgrade at depth 50 In. .......c.cooiiiiiiiiiiiii et 45
Figure 15. Rainfall example resilient modulus for (a) stabilized subgrade at depth 12 in. and (b)
natural subgrade at depth 50 1. ....cc.ooiiiiiiiiii e 46
Figure 16. Flooding example resilient modulus for (a) stabilized subgrade at depth 12 in. and (b)
natural subgrade at depth 50 0. ....cc.ooiiiiiiiiii e 47
Figure 17. Transformation of rigid pavement foundation layers for structural response
COTMPULALIONS. ..eeuvteeuereeuteeteeatteeteestteeteessseeseessaeesseessseenseesaseenseessseansaessseanseessseensaesnseanseesssesnseensseans 48
Figure 18. Schematics of Odemark’s equivalent thickness method .............cccoeviveiiiieniiieninn, 49
Figure 19. Composite modulus of subgrade reaction for (a) rainfall example and (b) flooding
021111 o) (< SUSR PSRRI 49
Figure 20. 2D plate element used in ILLISLAB.........ccooiiiiiiiiieiiee et 52
Figure 21. Excel-based ILLISLAB INteTface. .......c.cceouiiiiiieeiiieeieeeiee ettt 53
Figure 22. FEM mesh generated using ILLISLAB. ......ccccooiiiiiiiiiiieeceeeeeeee e 54
Figure 23. Example contour output from ILLISLAB. ........ccooiiiiiiiiieeee e 54
Figure 24. PCC damage due to a single pass of 9-kip load for (a) rainfall example and (b)
floOdING EXAMPIE. ...eeeeiiiiiie ettt e e st e e st e e e tbeeetaeeestaeeesaeesaaeeennaeeenreeens 56
Figure 25. Analysis flow of the rigid pavement resiliency tool...........coccevevvieniininieninncnienene 58
Figure 26. FDOT’s rigid pavement resiliency tool interface. ..........cccveeeveeeriieeniieeeiiie e 58
Figure 27. Selection of hydrological analysis Options. ...........ceevieriieiiieniienienieeiee e 59
Figure 28. Long-term simulation INPULS. ........c.ccceevuieiiiieeiiieeiieeciteesieeesreeesaeeeseveeesaeeesseeesreeens 60
Figure 29. Short-term simulation INPULS. ........cceeriieiiienieiiierie ettt e b e seeeeneees 61
Figure 30. Transfer fUnction INPULS. .......ccciieriiieiiiie ettt e sreeesaeeesaeeesaaeeeaeeesbeeens 61
Figure 31. PCC and external load inputs for Westergaard equations. ............cocceverveereenueneennenne. 62

X



Figure 32. PCC and external load inputs for ILLISLAB.......ccoooiiiiiiiieieeee e 63
Figure 33. Finite element mesh generated from ILLISLAB........cccoooiiviiiiiiiniiniiecceee 65
Figure 34. Manual input of the K-value. .........c.ccooviiiiiiiii e 65
Figure 35. Calculating the k-value from foundation modulus. ...........ccecceveeiiiniininiiniinciicne, 66
Figure 36. Basic inputs for asphalt base with constant hydraulic conductivity............cccveeeuneenne 66
Figure 37. Input screen for calculating asphalt base hydraulic conductivity using Masad Model .
....................................................................................................................................................... 67
Figure 38. Input screen for calculating asphalt base hydraulic conductivity using Mohammad
IMMOAEL. ...ttt b e et e bt et e bt e et e e e ab e e bt e bt e et e e sab e e bt e et e enteas 68
Figure 39. Inputs for hydraulic conductivity of coarse-grained Soils. ........cccccoeeverierieniniennne. 68
Figure 40. Inputs for hydraulic conductivity of fine-grained soils. ...........ccccevveeviieeiiienciieeiee 69
Figure 41. Inputs for NCHRP 1-37A resilient modulus model. ............cccccoevieriiieniiniiiieieee. 69
Figure 42. Inputs for SWCC resilient modulus model. ..........cccoooiieiiiieniiiiieeeeecee e, 70
Figure 43. Fitting of stress-dependent resilient modulus model (for embankment material in
LD 2 (o1 e ) AU SRUUPSPSR 71
Figure 44. Long-term analysis results using Westergaard equations. ............coccevevveeveenueneenenn 73
Figure 45. Long-term analysis results using Westergaard equations. ...........ccceeeeveeerveesiuveeseneeenns 74
Figure 46. Long-term analysis results rsing ILLISLAB. ........ccccoviiiiiiiiiiiieieeeeeee e 75
Figure 47. Short-term analysis results — hydrological analysis. ...........cccccveeviieeiiiieeniiecciee e 76
Figure 48. Short-term analysis results — resilient modulus analysis. ..........cccceveeverienieneniennne. 76
Figure 49. Short-term analysis results — structural analysis using Westergaard equations. ......... 77
Figure 50. Short-term analysis results — structural analysis using ILLISLAB. .........c.ccccceeienee. 80
Figure 51. Short-term analysis results — performance analysis using ILLISLAB. ....................... 81
Figure 52. Pavement life vs. GWT depth for long-term Example No. 1........cccooeviniininennnne. 84
Figure 53. Pavement life vs. Mgy of stabilized subgrade for long-term Example No. 2 ............ 85
Figure 54. Rainfall inputs for short-term Example No. ©.....cccccocoiiiiiiniiiiiiiiieeceeee 86
Figure 55. Structural analysis results for short-term Example No. ©.......ccccccoiieiiieniiienciiecien, 87
Figure 56. Draining pavement inputs for short-term Example NO. 2 ......cccccceviivininiininienne 88
Figure 57. Structural analysis results for short-term Example No. 2.......c.cccoovvieiiieiiiieccieeeiene 89
Figure 58. Rigid pavement vulnerability (a) FDOT’s rigid pavement sections, (b) Midpoint of
rigid pavement limits, and (c) FWC shoreline data overlay. .........ccccccoveeviiieniieeiieeeieeeeeee, 93
Figure 59. Distance between FDOT’s rigid pavements and closest shoreline. .............cccccceeneee. 94
Figure 60. Expected flooding areas due to different sea level rise. ........ccceeeveeeeiieeiiieccieeeieene 95
Figure 61. Moderate and special flood hazard zones in Florida. ...........ccoccoveriiniininiiniincnnn, 101
Figure 62. GIS mapping of minimum GWT depth in Florida (from Zhou and Geza, 2016) ..... 105
Figure 63. PCC damage ratios for PCC thickness (asphalt base option)..........ccccceeevviirienennene 107
Figure 64. PCC damage ratios for PCC thickness (special select soil option) .........ccceeeveennee. 108
Figure 65. PCC damage ratios for AC thickness (asphalt base option, District 1).......c..ccceu.ee. 110
Figure 66. PCC damage ratios for AC thickness (asphalt base option, District 2)..................... 111
Figure 67. PCC damage ratios for AC thickness (asphalt base option, District 3)..................... 112
Figure 68. PCC damage ratios for AC thickness (asphalt base option, Districts 4 & 6)............. 113
Figure 69. PCC damage ratios for AC thickness (asphalt base option, District 5)..................... 114
Figure 70. PCC damage ratios for AC thickness (asphalt base option, District 7)..................... 115
Figure 71. PCC damage ratios for stabilized subbase thickness (special select soil option, District
) TSRS SPSRRPRR 117



Figure 72. PCC damage ratios for stabilized subbase thickness (special select soil option, District

2 ettt h bttt h e bttt eh e bt eht e eh e e bt ea e e eh e e bt e h e e bt et e et e bt et e eatenbeebeeatens 118
Figure 73. PCC damage ratios for stabilized subbase thickness (special select soil option, District
3 ettt h et a e e h e bt e a et bt bt et eh e e bt e a et eh e et e e bt e h e e bt et e ehnenbeeteeatens 119
Figure 74. PCC damage ratios for stabilized subbase thickness (special select soil option,

DISEIICES 4 &L ).ttt et e e e et e et e e e ta e e e taeeeaaeeeaaeeeessee e tbeeeaabeeetaeeeraeenaraeas 120
Figure 75. PCC damage ratios for stabilized subbase thickness (special select soil option, District
) OO OO OSSOSO POUPOUPPRRRTRRUPON 121
Figure 76. PCC damage ratios for stabilized subbase thickness (special select soil option, District
) T OO OSSOSO POUPRUPTSRPRROPON 122

x1



LIST OF TABLES

Table 1. State DOT Definitions of Resiliency (Flannery et al. 2018). ........cccceeeeiieviiiencieeeieene 22
Table 2. SIS highway corridor impacted by different hazards (FDOT, 2018). .......cccceevvervennenee. 24
Table 3. FDOT’s rigid pavement design table for asphalt base option (from FDOT, 2021)........ 28
Table 4. FDOT’s rigid pavement design table for special select soil option (from FDOT, 2021)28

Table 5. Values of calibration coefficient C in EQUation (4).......c.cccecvveeriieeiieeeiieeeiee e 36
Table 6. Empirical equations for saturated hydraulic conductivity of soils (White et. al., 2004). 37
Table 7. Regression parameters for NCHRP 1-37A soil mechanics model (ARA, 2000)........... 42
Table 8. Resilient modulus models for unsaturated soils (ARA 2000). ......cccceeeeveeeviieecireeieeens 44
Table 9. Properties assigned for unbound 1ayers. ..........cccovieeiiieriieeiiieeee e 46
Table 10. Pavement properties assumed for structural analysis. ........c.ccocevienieiiniienennenieneenne. 55
Table 11. SWCC Model Parameters for Florida Specific Model (From Oh and Fernando, 2011)

....................................................................................................................................................... 71
Table 12. Stress-dependent resilient modulus model parameters...........cccveeeveeeeieeecieeecieeenieeens 72
Table 13. Pavement structure for simulating bulk and octahedral shear stresses...............cc....... 72
Table 14. Default values for bulk and octahedral shear Stresses ..........ccccevueriiiniiiiieniiineeniees 72
Table 15. Pavement layer properties for long-term analysis Example No. 1 .......c.ccccccoveniinnenee. 82
Table 16. Summary of results for long-term Example No. L.......ccccooeiiiiiiiiiiiiiiiieeeeceeeeee 83
Table 17. Summary of results for long-term Example NO. 2........ccceeviieiiiiiiiinieniieiecieeieeeine 84
Table 18. Vulnerability of FDOT’s rigid pavement SECIONS .........ccccueeerveeerieeeiieeeireeeieeesveeenns 96

Table 19. Number of FDOT’s rigid pavement sections affected by different levels of SLR..... 100

Xii



1. INTRODUCTION

In recent years, several studies have recognized the impact of climate change on highway
pavements (Kopp et al. 2014; FHWA 2014). Climate change can cause higher temperature,
flooding, and sea level rise, as well as devastating hurricanes. Over the past few decades,
flooding and hurricanes have significantly impacted transportation infrastructure, including
pavements, foundations, and bridges, resulting in closure of roadways, delay in traffic, and
economic loss in the U.S. and worldwide. The National Oceanic and Atmospheric
Administration (NOAA) reported a $306.2 billion loss in the U.S. for the year 2017 due to
intensive hurricanes (NOAA, 2020a). In addition, the increase in sea level induced by both
climate-related and non-climate-related changes has the potential to degrade highway pavements
through inundation of foundation layers (i.e., unbound materials).

State highway agencies (SHA) are already spending millions of dollars per year constructing and
maintaining safe, smooth, and durable pavements. Highway pavement deterioration due to severe
weather events, including flooding and rising sea level are very costly, and may require a
significant increase in SHAs’ budgets to recover the infrastructure damaged due to severe
weather, as illustrated in the following examples.

e Within the last decade, states in the Midwest, including Missouri, Illinois, and Arkansas,
were impacted by flooding and experienced a period of heavy rainfall up to 15 inches,
which caused severe damage to infrastructure. These severe weather conditions incurred
an estimated cost of $1.8 billion (Smith et al., 2020).

¢ Flooding of Missouri River in 2011 impacted several cities in Missouri and lowa and
caused traffic closures on several interstate highways. The average modulus of inundated
pavement foundation was about 1.3 to 3.6 times lower than the non-inundated pavements
(Vennapusa et al., 2013, 2016). The damage caused by Missouri River flooding on
primary and secondary highways was about $63.5 million (Vennapusa et al., 2013).

e Gaspard et al. (2007) evaluated the inundated pavements in Louisiana due to Hurricane
Katrina and found a strength reduction in the foundation layers of both concrete and
asphalt pavements. The study showed that the strength and resilient modulus of inundated
asphalt pavement foundations were more significantly impacted than those of rigid
pavements. The estimated rehabilitation cost for 200 miles of inundated roadways was
$50 million.

Excessive moisture in pavement foundation layers can significantly reduce the load-bearing
capacity, stiffness, and the longevity of pavement foundation (Rada and Witczak, 1981; Cary and
Zapata, 2011; and Ceylan et. al., 2013). SHAs recognized the complexity of evaluating inundated
pavement behavior during a flood and after flood water receded from the pavement surface.
Therefore, the time to reopen an inundated pavement after flooding has frequently been
determined based on past experience along with visual inspection of pavement (Vennapusa et al.,
2013; Elshaer, 2017). In addition, SHAs are faced with the challenge of precisely evaluating the
structural capacity of the inundated pavement and selecting remedial measures to extend the
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pavement service life. Such challenges, combined with the lack of assessment or evaluation of
the inundated pavement foundation (i.e., base/subbase and subgrade) and continuing climate
change, may increase the rate of foundation degradation and cause extensive rehabilitation.

1.1. BACKGROUND

Inundated highways due to storms, hurricanes, and sea level rise have caused dramatic losses in
Florida’s economy. Historically, Florida has experienced a number of hurricanes and storms due
to its geographical location and ongoing climate change. Hurricane Opal was one of the most
devastating natural disasters that impacted Florida (Leadon et al., 1998). This hurricane hit the
Panhandle Coast of Florida in 1995. Many structures and roads located in different counties were
significantly damaged and inundated. About a mile-long stretch of U.S. Highway 98 was
damaged near Eglin Air Force Base and other highways were inundated.

The most unprecedented number of hurricanes in Florida was observed in 2004, which caused
significant damage to transportation infrastructure as well as to other properties. These
hurricanes were Charley, Frances, Ivan, and Jeanne. The estimated damage due to these
hurricanes was $41 billion (FDOT, 2005). Pavement sections were damaged resulting in closure
of roadways. In 2005, Hurricane Dennis caused severe damage to a section of State Route 30
(US-98) in Florida from strong storms. This storm damaged a 14.6-mile stretch of highway in
Franklin County, Florida.

In 2012, Storm Debby caused significant flooding and heavy rainfall for 36 to 48 hours across
north Florida. As an example, Figure 1 shows a photo of a pavement completely submerged
under water due to this storm (NOAA, 2020b). The estimated rainfall was over 10 inches with a
peak of 28.78 inches in 24 hours. Significant flooding struck many highways including a section
of US 90, leading to closure of this section for a period of two weeks. The estimated cost of

flood damage across Florida was over $40 million and the total storm damage was estimated at
$250 million.

-

Figure 1. Flooding at Suncoast Parkway in Hernando County, FL (courtesy: Tampa Bay
Times/Will Vragovic).
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More recently, hurricane Michael struck the south of Panama City in Florida, which caused
catastrophic damage and large inundated areas from Tyndall Air Force base down through
Mexico Beach (Cleary et al., 2018). The pavements were damaged due to raised water levels and
high levels of storm surge, and a number of highways had to remain closed.

In addition to the devastating storms and hurricanes, sea level continues to rise in Florida with a
large uncertainty in projections (Berry et al., 2012). Based on different predictions, the
researchers expected that sea level will continue to rise up to six to twelve inches by 2030. The
major cause of sea level rise in Florida is contributed by the impact of global warming
(Bloetscher et al., 2014). Infrastructure closer to the shoreline in Florida are more prone to the
impact of sea level rise and has higher potential for storm surge damage, surface water flooding,
and damaged coastal infrastructure (Knott et al., 2017).

1.2. STUDY OBJECTIVES

Moisture within the foundation of Florida’s pavements may lead to detrimental impacts. The
consequence may range from total washout of the pavement (under very severe storms and
hurricanes) to short-term and long-term inundation that may lead to serviceability loss of the
pavement structure. The short-term effect may result from opening the roadway to traffic as soon
as the flooded water is receded from the pavement surface while the long-term effect may be
caused by excessive moisture within the base, subbase, subgrade, and embankment that requires
a long period of time to drain out.

The primary objective of this study is to evaluate the impact that inundation may have on
concrete pavements and to identify cost-effective and implementable solutions to improve the
resilience of new and existing rigid pavement systems subjected to the combined effects of
flooding and sea level rise. It should be noted that the scope of this study is limited to structural
effect of short-term and long-term inundation on Florida’s rigid pavements, i.e., total washout of
the pavement structure is beyond the scope of this study.
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2. LITERATURE REVIEW

In this chapter, a summary of the literature gathered and reviewed for resiliency of rigid
pavement systems is provided. The review included an overview of pavement resiliency, existing
agency practice, recent developments, and components of mechanistic-empirical models for the
resiliency tool that is to be developed in this project.

2.1. DEFINITION OF RESILIENCY

A generic definition of resilience or resiliency provided by United Nations (UN) is given as the
following (UN, 2016).

“The ability of a system, community or society exposed to hazards to resist, absorb,
accommodate, adapt to, transform and recover from the effects of a hazard in a timely and
efficient manner, including through the preservation and restoration of its essential basic
structures and functions through risk management.”

The above definition is applicable to a broad range of systems, communities, and societies
exposed to a wide range of hazards (e.g., a nation’s resilience to COVID-19). For pavements and
roadway infrastructure systems, a more focused or narrower definition of resilience is provided
by the Federal Highway Administration as the following (FHWA, 2014).

“The ability to anticipate, prepare for, and adapt to changing conditions and withstand, respond
to, and recover rapidly from disruptions.”

The above definition implies that resiliency is not represented by a single action nor a single
outcome (e.g., a post-disaster activity or action for recovering). Instead, the above definition
emphasizes that resiliency includes the activities and focuses on the ability of an infrastructure
system to serve its purpose before, during, and after the event. Therefore, resiliency is a “cradle-
to-grave” engineering philosophy that is represented by a combination of actions for designing,
constructing, and operating a transportation infrastructure system that is fault-tolerant, safe,
secure, smart, efficient, survivable, and sustainable (Barami, 2013).

2.2. PERFORMANCE CRITERIA AND COMPONENTS INFRASTRUCTURE
RESILIENCY

Barami (2013) indicated that there are three performance criteria for infrastructure resiliency.
These criteria are listed as the following.

o Efficiency: The infrastructure is capable of meeting its specific functions (technical
efficacy) at the lowest cost (cost-effectiveness).

e Sustainability: The infrastructure uses the natural, human, and manufactured resources
in a sustainable manner not only to meet the current needs but also to protect resources
for the future.
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Bowers and Gu (2021) noted that the above performance criteria align with the triple bottom line
of infrastructure sustainability which includes economy, environment, and social. As such,
although the existing practices pertaining to resiliency and sustainability are similar and overlap
to a certain degree, resiliency and sustainability are two distinct concepts with sustainability
being a key criterion for resiliency, as pointed out by Barami (2013) and Bowers and Gu (2021).

2.3.

According to FHWA, there are five major steps in the pavement resiliency framework, as shown

RESILIENCY FRAMEWORK

Figure 2 (Dylla and Hyman, 2018). These five major steps are:

Nk W=

Set Objectives and Define Scope
Compile Data

Assess Vulnerability

Analyze Adaptation Options

Incorporate Results into Decision Making

Additional details on the above steps are provided in the following.

— Resiliency Framework

Survivability: The infrastructure is capable of withstanding damage with minimal
adverse impact for the safety, security, and survival of the people as well as the
infrastructure assets and the ecosystem.

O SET OBJECTIVES AND DEFINE SCOPE
> Articulate Objectives
> Define Study Scope
> Select and Characterize Relevant Assets
> Identify Key Climate Variables

0 COMPILE DATA
> Asset Data
» Climate Predictions (Temperature & Precipitation)
> Riverine and Coastal Hydrology

-

0 ASSESS VULNERABILITY
> Based on Stakeholder Input
> Engineering Assessment of Performance Indicators
» Components: Exposure, Sensitivity, and Adaptive
Capacity

0O ANALYZE ADAPTATION OPTIONS
» Multi-Criteria Engineering Analysis
> Economic Analysis

- -

0 INCORPORATE RESULTS INTO DECISION MAKING
» Engineering Design, Planning, Operation, and
Management Practices

.

LISTATY ANV JOLINOI
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2.3.1. Set Objectives and Define Scope

In this step, the assets to be analyzed for resiliency need to be defined. The value of these
identified assets and the climate variables (or climate impacts) affecting their condition and value
should also be identified. The three major climate impacts for pavements are summarized as the
following (Muench and Van Dam, 2015).

1. Temperature Impacts
a. General (slow) increase in temperature
b. Higher extreme temperatures
c. Fewer freezing days
2. Precipitation Impacts
a. Changes in average annual precipitation
b. Wetter winters and drier summers
c. Increased precipitation intensity
d. More frequent and severe hurricanes
3. Sea Level Impacts
a. Sea-level rise

It is also beneficial to define the metrics for quantifying the vulnerability of the identified assets
under climate change and extreme weather events as well as the metrics for resiliency
performance criteria discussed previously. Although not exhaustive, some examples of these
metrics are provided below.

1. Metrics for technical efficacy may include structural capacity, remaining life, or other
measures of pavement strength or service life. Metrics for cost-effectiveness may include
life-cycle cost or other cost measures for building and maintaining the infrastructure
system.

2. Metrics for sustainability may include emitted greenhouse gas (GHG) or other measures
quantifying the extent or amount of inputs and resources used and their social, economic,
and environmental impacts.

3. Metrics for survivability may include the speed at which a pavement structure recovers
after a weather-related hazard. Other metrics may include the performance deviation due
to an extreme weather event or comparisons of pre-disaster and post-disaster
performances of a pavement system.

Flannery et. al. (2018) noted that although the above metrics may also be used to provide an
overall measure or quantification of resilience, the majority of SHAs currently have not defined
their resiliency metrics. Furthermore, they noted that there is no standard or universally adopted
metric within the highway community. Establishment of a universal measure of resiliency still
remains theoretical and discipline-specific, and may or may not be more meaningful than the
practical, pavement-related indices or qualitative metrics (Pavement Interactive, 2021; Tamvakis
and Xenidis, 2013). As such, the SHAs may need to define their resiliency metrics depending on
the agency’s preference and focus areas and/or adopt other measures that are already being used
(e.g., life-cycle cost, pavement performance indices, etc.).

18



2.3.2. Compile Data

After the pavement assets and the climate variables have been identified, it is necessary to gather
the relevant data for assessing vulnerability.

The pavement data should include information regarding the pavement structure itself (e.g.,
thickness) as well as the monitored performance data of the pavement and their trends. As noted
by Muench and Van Dam (2015) and Dylla and Hyman (2018), climate impacts such as
temperature increase or sea-level rise (with a possible exception of hurricanes) are projected to
occur relatively slowly when considering the typical design lives of pavements. As such,
Muench and Van Dam (2015) pointed out that the trend in key pavement performance
parameters should be monitored, and the changes in these trends (e.g., in the rate and/or type of
distress development) may be attributed to climatic changes over time. The key performance
parameters or indicators identified for rigid pavements are shown in the following.

Blow-ups for Jointed Plain Concrete Pavements (JPCP)

Slab cracking

Punch-outs for Continuously Reinforced Concrete Pavements (CRCP)
Joint Spalling

Freeze-thaw durability

Faulting, pumping, and corner breaks

Slab warping

Nk =

The climate data should include not only the information pertaining to current weather and
climate, but also the predicted, long-term changes in climate that is narrowed down to the project
level. If the climate change is anticipated to be minimal during the life-cycle of the pavement
(i.e., climate is predicted to change very slowly compared to the pavement life, or if the
pavement rehabilitation cycles are planned to occur relatively quickly), it may not be necessary
to account for the climate change in the analysis of that particular pavement (i.e., the SHA may
use the historical climate data for the analysis or watch out for any changes in the key
performance indicators discussed above). On the other hand, if the climate change is predicted to
impact the pavement during its service life (i.e., predicted to occur relatively quickly), then it
may be necessary to compare the current and predicted climate conditions to develop the
appropriate adaptation options for the changing climate (Dylla and Hyman, 2018).

2.3.3. Assess Vulnerability

In this context, vulnerability is defined as the assessment of exposure, sensitivity, and adaptive
capacity (Pavement Interactive, 2021). These components are briefly summarized below.

1. Exposure: The pavements that are exposed to climate change or extreme weather events
need to be identified.

2. Sensitivity: This involves assessing the impact of climate change or extreme weather
events on pavements.

3. Adaptive Capacity: This involves the assessment of the pavement’s ability to withstand
and/or recover from the effect of climate change or extreme weather events.
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2.3.4. Analvze Adaptation Options

According to FHWA, adaptation is defined as the following.

“Adjustment in natural or human systems in anticipation of or response to a changing
environment in a way that effectively uses beneficial opportunities or reduces negative effects”

Note that the above definition aligns with the resiliency performance criteria of efficiency
(response to a changing environment), sustainability (effectively use beneficial opportunities),
and survivability (reduce negative effects). As such, for a given pavement that is determined to
be vulnerable to climate change or extreme weather events, a wide variety of adaptation options
(including the most expensive options all the way down to the option of no cost, no action) need
to be considered and the one that maximizes the benefit in terms of the performance criteria
should be selected (Pavement Interactive, 2021).

Although a thorough research documenting all available adaptation options for rigid pavements
was not found, the following options were identified from multiple sources (Mack, 2020; Dylla
and Hyman, 2018; Pavement Interactive, 2021).

Elevating the road above flooding elevation: This is likely the most expensive option.
Hardening of the pavement system: Using stiffer and/or better-quality materials.

Reduce joint spacing: For reducing blow-ups caused by increasing temperature.
Stabilized base and subbase layers: For areas where the ground water table may rise or
higher precipitation is expected.

5. Road abandonment: If detours are available. i.e., this option is not always possible. This
option does not increase the adaptive capacity of the pavement.

P

The functionality of a resilient pavement (i.e., those that were treated to increase the adaptive
capacity) can be explained based on its short-term effects during flood and/or hurricane events as
well as long-term performance as shown in Figure 3. As shown in the figure, mitigation efforts
(i.e., increasing the adaptive capacity) can be utilized prior to a flooding or hurricane event to
reduce the risk of performance loss by alleviating the impact of flood at the initial stage
(Hemmati et. al., 2020). This strategy can result in a significantly faster rate of recovery for the
inundated pavement, but requires a substantial investment and planning to mitigate the impact of
future flooding events. On the other hand, a pavement that has not received any mitigation
efforts before the event may cost more to repair and take longer to recover. As such, in order to
determine the most adequate level of mitigation (in terms of cost and pavement performance), it
is crucial that the SHAs are equipped with a means for assessing the rate of pavement recovery
which depends on the existing conditions of the pavement as well as its design criteria,
percentage of cracks, and level of maintenance (Lounis and McAllister, 2016).
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Figure 3. Effects of performance and recovery time on pavement resilience (Dean, 2020)

2.3.5. Incorporate Results into Decision Making

The final step is to implement the adaptation options in the pavement design, planning,
operation, and management practices as determined applicable. The condition as well as the
performance of these pavements should continue to be monitored, and the effectiveness of the
adaption option should be evaluated.

2.3.6. Remarks on Pavement Resiliency

As seen from the above, resiliency is a broad philosophy that is focused not only on the post-
disaster activities but also on pre-disaster and during disaster activities that many different
branches of an SHA (e.g., planning, design, construction, and maintenance) need to work
together. Nevertheless, the concept of resiliency is still fairly new to the transportation sector and
is continuing to evolve. As such, a detailed, easy-to-use guidance on implementing resiliency and
quantitative assessment of resiliency (i.e., resiliency metrics) for the transportation community is
yet to be developed (Flannery et. al., 2018).

It is also to be noted that the general scope of resiliency is not limited to disruptions related to
natural hazards such as extreme weather events and climate change. In other words, other
societal stressors such as conflict, human rights, welfare, and wellbeing are also important
aspects of transportation infrastructure resiliency. However, these are beyond the scope of this
study which is focused on the structural resiliency of inundated rigid pavements in Florida.

2.4. REVIEW OF FDOT’S EXISTING PRACTICE

2.4.1. FDOT’s Resiliency Initiatives

Along with the FHWA’s initiatives and nationwide focus on resiliency discussed above, FDOT
has incorporated resiliency into all phases of transportation planning within the last decade
(Carver and Spirio, 2019). FDOT’s resiliency initiatives are briefly reviewed in the following.
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2.4.1.1. FDOT’s Definition of Resiliency

Similar to FHWA’s definition of resiliency reviewed previously, several SHAs including FDOT
have developed their definitions of resiliency. FDOT’s definition of resiliency is given as the
following (FDOT, 2020a).

“The ability of the transportation system to adapt to changing conditions and prepare for,
withstand, and recover from disruption.”

Similarly, Table 1 summarizes the definitions of resiliency from other State DOTs obtained from
a recent survey conducted under a National Cooperative Highway Research Program (NCHRP)
study (Flannery et. al., 2018). It is noted that while FHWA and FDOT definitions of resiliency
focus on all periods (i.e., before, during, and after the event as indicated by the terms such as
“adapt” and “prepare’), many other State DOT resiliency definitions fall short and focus on the
post-event period, as pointed out by Flannery et. al. (2018).

Table 1. State DOT Definitions of Resiliency (Flannery et al. 2018).

State Agency Definition of Resilience

Minnesota DOT Eeeéi(lilscmg vulnerability and ensuring redundancy and reliability to meet essential travel

Uses a definition from the Oregon DOT (ODOT) seismic report: “To achieve rapid
Oregon DOT recovery, require government continuity, resilient physical infrastructure, and business
continuity.”

ADOT developed the Resilience Program to support its mission to provide a safe, efficient,
cost-effective transportation system that can be compromised from the effects of heat
extremes, dust storms, wildfires, flooding, landslides, rockfall incidents, and slope failures,
and cope with the ever-growing cost of these threats.

Arizona DOT

Uses the concept in the Delaware Executive Order 41, which outlines resiliency practices to

Delaware DOT . . . -
elaware DO help mitigate climate impacts and reduce emissions.

Uses a definition provided by the Governor’s Resiliency Framework: “The ability of
communities to rebound, positively adapt to or thrive amidst changing conditions or
challenges — including disasters and climate change — and maintain quality of life, healthy
growth, durable systems, and conservation of resources for present and future generations.”

Colorado DOT

Uses the recommended guidance provided by the NYS 2100 Commission, which outlines

New York State DOT how the state plans to identify areas where further resilience practices are needed.

Uses the NAS definition by default, which states “resilience is the ability to plan, absorb,

New Hampshire DOT recover and adapt.”

Plan and invest in the state’s transportation system to ensure that infrastructure is prepared

Hlinois DOT for extreme weather events.

2.4.1.2.  Florida Transportation Plan (FTP)

The Florida Transportation Plan (FTP) was first published in 2015 and was recently updated in
2020 (FDOT, 2020a). The recent FTP was published in 4 distinct elements: Vision, Policy,
Performance, and Implementation. The Vision Element established seven long-range goals for
FDOT one of which is to achieve “Agile, Resilient, and Quality Infrastructure” in Florida by
2045.

The Policy Element defines a total of fifteen objectives in support of the seven long-range goals,
four of which are tailored to infrastructure. These objectives are:
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Maintain Florida’s transportation assets in a state of good repair for all modes.
Increase the resiliency of infrastructure.

Meet customer expectations for infrastructure quality and service.

Improve transportation system connectivity.

b=

Furthermore, the Policy Element stipulates a total of twelve progress indicators for measuring
progress toward the above objectives. Among them, the following four indicators are related to
infrastructure (or pavements, to be more specific) resiliency.

1. Pavement condition.
. Vulnerability to flooding or storm surge.
3. Hours or days of transportation facility closure due to smoke, fire, flooding, wind, or
extreme temperature.
4. Frequency of repairs due to damage from extreme weather or other events.

The Performance Element reports how Florida’s assets are performing in terms of a few key
measures that could be assessed currently. For example, the Performance Element indicated that
Florida’s pavement and bridge conditions have met or exceeded the targets established for 2019
(measured using the 2017 data as baseline). However, the Element also notes that various
climatic threats (such as hurricanes, storm surge, and sea level rise) may have a significant
impact on performance (or condition) of Florida’s pavements and bridges. While the progress
metrics were not provided for all of the above-mentioned indicators, FDOT has assessed the risk
or vulnerability of Florida’s Strategic Intermodal Systems (SIS) in a separate study. This study is
described subsequently.

The Implementation Element, which was developed as a web-based application defines the
short-term and midterm actions to be carried out by FDOT and other local transportation
authorities. While the details are still being developed and updated on a continuous basis, the
four major action items pertaining to infrastructure are listed as the following:

Continue to enhance asset management practices at the state and local levels.

Develop policies and standards for next-generation transportation corridors.
Strengthen research, development, and deployment of new technologies and practices.
Retrofit, adapt, or provide more diversity in the location of critical infrastructure to
reduce vulnerability to extreme weather and other environmental conditions.

b=

2.4.1.3. Risk Assessment of SIS Facilities

As a first step towards achieving the goal of “Agile, Resilient, and Quality Infrastructure”,
FDOT conducted a study to assess the vulnerability and risk of various Strategic Intermodal
Systems (SIS) within the state (FDOT, 2018).

The vulnerability was assessed using three components mentioned previously (see Section
2.3.3): Exposure, Sensitivity, and Adaptive Capacity. Exposure of SIS facilities to climate hazard
was determined based on GIS analysis of various datasets (see Figure 4 as an example).
Sensitivity was assessed by the condition of the asset (e.g., pavement condition) and Adaptive
Capacity was assessed by Daily Vehicle Miles Travelled (DVMT).
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The overall vulnerability or risk was assessed for SIS highways, bridges, and military access
facilities under different climate-related issues including storm surge (Categories 1, 3, and 5),
projected flooding (100-year), and sea level rise (1 ft. and 2 ft.). The centerline miles and DVMT
of SIS highways that were determined to be vulnerable to these natural hazards are summarized

in Table 2.

Alzl oz el

Sea Level Rise Impact
(Highway Corridors) - Statewide

N

Sea Level Rise Inundation (1 Ft)
e Facilities Impacted by Sea Level Rise
— 8IS Facilities

Out of State Facilities

Urban Areas
'li__: District Boundaries

Neighboring States

For Planning Purposes Only

%, ~ FDOT)

Data Source: Florida Department of

Federal

April 2018
Agency

Figure 4. SIS highw;ly facilities impacted by 1-foot sea level rise projeétions (FDOT, 2018).

Table 2. SIS highway corridor impacted by different hazards (FDOT, 2018).
Hazard Category Centerline Miles at Risk Potentially Impacted DVMT,
Hazard Type / Level (% of Statewide)* L
0 (% of Statewide)*
Category 1 160 (3%) 10,659 (5%)
Storm Surge Category 2 621 (13%) 28,833 (13%)
Category 3 983 (21%) 48,751 (23%)
Low o o
(<3 i) 215 (4.5%) 14,092 (6.6%)
Exposure to Medium o o
Flooding (3 ft. to 10 ft.) 268 (5.6%) 10,999 (5.1%)
High N 0
(> 10 i) 62 (1.3%) 2,196 (1.0%)
Sea Level Rise 1 ft. SLR 39 (0.8%) 1,939 (0.9%)
(SLR) 2 ft. SLR 248 (5.2%) 24,018 (11.0%)

Note*: The centerline miles and DVMT are not cumulative (e.g., centerline miles under high flooding risk do not
include those of medium risk).
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2.4.1.4. The 2020 update of Freight Mobility and Trade Plan (FMTP)

In alignment of FDOT’s effort on resiliency, the Freight Mobility and Trade Plan (FMTP) was
updated in 2020 to reflect the long-range goals set forth by FTP (FDOT, 2020c). While the focus
of FMTP is on resilient freight mobility & infrastructure and its scope is relatively broad (roads,
bridges, seaports, airports, etc.), it also provides a framework for scenario-based planning for
resilience.

More specifically, the FMTP outlined possible consequences for the following scenario — Florida
experiences over 4.0°F of temperature increase, 1.0 ft. sea level rise, increased frequencies of
stronger hurricanes and extreme rainfall (greater than 4 in.) events by the year 2045. It was
indicated that this scenario may result in significant FDOT investments in pervious pavements,
ultra-high strength concrete, roadway elevation projects, bio swales, pumping/lift stations, and
other washout prevention strategies.

2.4.1.5. Sea-Level Scenario Sketch Planning Tool

In collaboration with University of Florida (UF) GeoPlan Center, FDOT developed the Sea-
Level Scenario (SLS) Sketch Planning Tool (https://sls.geoplan.ufl.edu/view-maps/). The
purpose of this online tool was to assist in the identification of transportation infrastructure
exposed to current and future risks of flooding. The tool allows for visualization of floodplains
(100-yr and 500-yr) and various scenarios for future sea level rise (e.g., 1.0 ft. and 2.0 ft) based
on the data made available by the U.S. Army Corps of Engineers (USACE) and the National
Oceanic and Atmospheric Administration (NOAA). The tool also implemented the Digital
Elevation Model (DEM) of the entire State of Florida as well as a number of GIS layers for
transportation assets including FDOT’s Road Characteristic Inventory (RCI) data.

It is also noted that the SLS Sketch Planning Tool was a major source of data for the risk
assessment of SIS facilities discussed previously: the DEM and the sea level projections from
USACE data were used for assessing the exposure of SIS facilities to flooding.

2.4.1.6. Closing Remarks on FDOT’s Resiliency Efforts

As mentioned previously, FDOT has incorporated resiliency into all phases of transportation
planning. Based on FDOT’s resiliency efforts reviewed above, the authors are of the opinion that
FDOT’s efforts are in alignment with FHWA’s 5 steps for resiliency framework (shown in
Section 2.3). More specifically, FDOT has defined goals and objectives for their resiliency
initiative (Step 1), compiled or identified source of necessary data (Step 2), and assessed
vulnerability for at least the most critical transportation assets namely the SIS facilities (Step 3).

While Implementation Element of FDOT’s FTP outlined the action items for resilient
infrastructure within the State, detailed adaptation options that need to be implemented during
design, construction, maintenance, and operation of different transportation assets are still being
developed.
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It is also to be noted that the objective of this study is closely related to FDOT’s continued
efforts on implementing resiliency, but with a scope that is limited to structural resiliency of rigid
pavements under inundated conditions.

2.5. FDOT’S RIGID PAVEMENT DESIGN PRACTICE

As noted earlier, FDOT has incorporated resiliency into all phases of transportation planning and
completed the vulnerability assessment of the State’s most critical infrastructure (i.e., SIS
facilities). While the Implementation Element of the FTP outlines the generic action items for
infrastructure resiliency, detailed strategies pertaining to design, construction, maintenance, and
operation for resilient infrastructure are yet to be developed (FDOT, 2020a). A detailed review of
FDOT’s existing practice on all of the aforementioned activities is beyond the scope of this

study. However, since the scope of this study is limited to structural resiliency of Florida’s rigid
pavements, a brief review of FDOT’s rigid pavement design practice and its limitations are
discussed in the following.

According to FDOT’s current Rigid Pavement Design Manual, there are two rigid pavement
design options in which the primary difference is in the foundation layers (FDOT, 2021). These
options are the asphalt base option and the special select soil subbase option, as visualized in
Figure 5. The asphalt base option is the recommended option because (1) it allows for the use of
standard (and readily available) materials and (2) the asphalt base contributes to the structural
capacity of the rigid pavement and the design thickness of the Portland Cement Concrete (PCC)
layer is generally thinner than the special select soil subbase option. Nonetheless, the minimum
thickness of PCC is specified to be 8.0 in., regardless of the design option.

Asphalt Base Option Special Select Soil Subbase Option

|
PCC Slab (Min. 8.0 inch) PCC Slab (Min. 8.0 inch)

Asphalt Base (4.0 inch B-12.5)

Natural Subgrade / Embankment

Figure 5. FDOT’s rigid pavement design layers.

For each of the design options described above, FDOT’s Rigid Pavement Design Manual
provides a table of design PCC thicknesses, which was developed using AASHTOWare
Pavement ME Design (PMED) software. The design tables allow FDOT’s design engineers to
determine the required PCC slab thickness quickly based on a few (but important) inputs
including traffic (in terms of Equivalent Single Axle Load [ESAL]), climatic region, and design
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reliability. In other words, the PCC design thickness can be obtained without running Pavement
ME which takes a wide range of inputs pertaining to materials (e.g., PCC modulus, coefficient of
thermal expansion, etc.), climate (i.e., historical weather data), traffic (i.e., axle load spectra), and
other design features (e.g., dowel bars).

Figure 6 shows different climate regions defined for FDOT’s design of rigid pavements. Once
the climate region is identified from this figure, the PCC design thickness can be obtained from
Table 3 for the asphalt base option and from Table 4 for the special select soil option,
respectively.

It should also be noted that although the design tables allow for a quick and efficient means of
determining the required PCC thickness, exceptions do exist. For special conditions in which the
assumptions behind the design tables are violated (e.g., a reduction in PCC slab width), the
design engineers are required to run PMED analysis for determining the required PCC thickness.

e Florida MERRA Cell Rigid Pavement Design Climate Regions

it T il itk Rl B

| e e e al

Longitude

‘Reglon EmA DB COC DD BEEE ®BEF I:IG‘

MERRA Cells: =

MERRA TEST\ MERRA=—Desigh—ClImate —Reglons—VFPABD

Figure 6. FDOT’s climate regions for rigid pavement design (from FDOT, 2021).
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Table 3. FDOT’s rigid pavement design table for asphalt base option (from FDOT, 2021)

Region A B c D E F G

Traffic Reliability (%) Reliability (%) Reliahility (%) Reliability {%) Reliability (%) Reliability (%) Reliability (%)
ESALs

{millions) | AADTT 80 90 95 a0 50 95 80 30 95 80 90 35 80 90 35 80 90 95 30 a0 95
1 115 80|85 |85) 80|80 | 85|80 | 80| 80)]| 80| 80 (80|80 |80(830]80)| 80| 80| 380|380 30
2 230 85|85 |85 80|85 |85)]8&5|85|85)]80 )| 80|85 80| 80| 80]80)| 80| 80] 80|80 80
3 345 9.0 9.0 5.0 8.5 9.0 S.0 8.5 8.5 9.0 8.5 8.5 8.5 8.0 8.0 8.5 8.0 8.0 8.0 8.0 8.0 8.0
4 460 90 | 90|90 90| %0 | 90)]|9%0|90)|90)] 85|85 (85|85 |85 |85]80| 80| 80| 80| 80| 3.0
3 375 90 | 95| 95])90]|%0)|95]90|90)|90)]85| &5 |[50] 85|85 |85]80| 80| 80 80| 80| 8.0
6 690 9.5 9.5 3.5 9.5 9.5 9.5 9.0 9.0 9.5 5.0 9.0 9.0 8.5 8.5 8.5 8.0 8.0 8.5 8.0 8.0 8.0
7 805 9595|9535 |95 |95]|9%0|95|95]|%0 |90 (|%50] 85|85 |85]80| 85| 85| 80|80 80
g8 920 95|95 |1W00) 95|85 | 95]95|95|95]%0)|90(|[50] 85|85 |9.0]85| &5 | 83 ] &0 | &0 80
9 1035 9.5 | 10,0 | 10,0 | 9.5 9.5 | 10.00 | 9.5 9.5 9.5 5.0 9.0 9.5 8.5 9.0 9.0 8.5 8.5 8.5 8.0 8.0 8.0
10 1150 | 10.0 (100 | 105 95 |10.0 | 00| 95| 25| 95| 90 | 95|95 90| %0 | 90|85 | 85| 85| 80 | 80 | B5
15 1725 10.5 | 11.0 (115|105 | 10.5 | 11.0 ) 10.0 [ 10.0|10.0] 9.5 | 95 | 85| 90 | 9.0 | 9.5 | 85 | 9.0 | 9.0 | 85 | 85 | &5
20 2300 11.5 | 12.0 | 120§ 11.0 | 11.5 | 11.5 ) 10,5 | 10.5 | 11.0 | 9.5 9.5 | 10.0] 9.5 9.5 9.5 9.0 9.0 9.0 8.5 8.5 8.5
25 2875 120|125 (125115120 |120)105| 110|115 10.0| 100 |10.0] 95 | 95| 95 ]| 90| 90 | 90 | 85 | 9.0 | 9.0
30 3450 |12.5 (125 |125)120|12.0 | 125|110 | 115|115 100|105 |10.5] 95| 95 | 9.5 | 90 | 95 | 95 | 85 | 9.0 | 9.0
35 4025 125|130 | 135125125 | 125115 | 120 | 120 | 10.5 | 105 | 11.0 | 9.5 9.5 [ 10.0) 9.5 9.5 9.5 9.0 9.0 9.0
40 4500 | 125 (135 | 135|125 125|130 12.0| 120|125 105|110 |115]) 95 |10.0|100) 95 | 95| 95| 9.0 | 9.0 | 9.0
45 5175 13.0 | 13.5 | 14.0 | 125 [ 13.0 | 13.0 ) 12.0 | 125 | 125 1.0 | 11.5 | 1.5 | 10.0 | 10.0 | 10.0 ] 9.5 | 95 [ 10.0| 9.0 | 9.0 | 9.0
50 5750 | 13.5 (140|140 13.0|13.0 | 135 125| 125|130 1.5 | 11.5|11.5])10.0 | 100|105 95 | 95 |10.0] 9.0 | 9.0 | 9.5
60 6500 | 14.0 | 14.0 | 14.5|13.0 | 13.5 | 14.0 | 12.5 | 13.0 ( 13.0 | 11.5 | 12.0 | 125 ] 10.0 | 10.5 | 10.5 | 10.0 | 10.0 | 10.5] 9.0 | 9.5 | 9.5
70 80560 | 14.0 | 14.5 | 15.0 | 13.5 | 14.0 | 14.0 | 13.0 | 13.0 [ 13,5 12.0 | 12,5 | 1251 10.5 | 11.0 | 11.0 | 105 [ 105 | 10.5] 9.5 | 95 | 9.5
80 9200 |14.5 (150|150 140|140 | 145 13.0| 135|135 125 | 12.5|13.0]11.0 | 11.00 | 11.5| 105 | 10.5 | 11.0] 9.5 | 95 | 9.5
90 10350 | 15.0 [ 15.0 | 15.5 | 14.0 | 14.5 | 145 | 13.5| 135 14.0| 125 | 13.0 | 13.0 | 11.0 | 11.5 | 115|105 [ 11.0|11.5] 9.5 | 95 | 9.5
100 11500 | 15.0 [ 15.0 | 15.5 ) 14.5 ] 14.5 | 15.0 | 13.5 | 14.0 { 14,0} 12.5 | 13.0 | 135 ) 11.5 | 11.5 | 12.0 J11.0 (115 | 11.5] 9.5 | 95 | 9.5

Table 4. FDOT’s rigid pavement design table for special select soil option (from FDOT,

2021)
Region A B c D E F G
Traffic Reliability (%) Reliability (%) Reliahility (%) Reliability {%) Reliability (%) Reliability (%) Reliability (%)
ESALs
{millions) | AADTT 80 90 95 a0 50 95 80 30 95 80 90 35 80 90 35 80 90 95 30 a0 95
115 90 | 90|95 90| %0 | 95|90 |90 )|90]| 85|85 (50|85 |85 |85]85)| 85| 85| 80| 80| 3.0
2 230 10.0 | 10.0 | 10,5 | 10.0 [ 10,0 | 20.0) 9.5 [ 10.0|10.0] 95 | 95 | 95 ] 90 | 9.0 | 9.0 | 90 | 90 | 9.5 | 85 | 85 | 85
3 345 10.5 | 10.5 | 10.5 | 10.5 | 10.5 | 10.5 | 10,0 | 10.5 | 10.5 | 10.0 | 100 | 10.0 | S.0 9.5 9.5 9.5 9.5 | 10.0 ] 8.5 8.5 9.0
4 460 11.0 | 11.0 | 1.0 | 10.5 | 11.0 | 11.00] 10.5 | 10.5 | 10.5 ] 10.0 | 10.0 | 10.5] 9.5 | 9.5 | 10.0 | 10.0 | 10.0 | 10.0 | 9.0 | 9.0 | 9.0
3 375 11.0 | 11,0 | 115 | 110 [ 11,0 | 11,5 ) 10.5 | 11.0 | 11.0] 10.5 | 10.5 | 10,5 | 10.0 | 10.0 | 10.0 | 10,0 | 0.0 [ 10.5 | 9.0 | 9.0 | 9.0
6 690 115|115 |15 110115 | 115)110| 110|115} 10.5 | 10.5 | 11.0 | 10.00 | 10.0 | 105 1 100 | 10.5 (105 ] 9.0 3.5 9.5
7 805 11.5 | 11.5 | 12.0 | 11.5 [ 11.5 | 11.5 | 11.0 | 11.5 | 11.5] 10.5 | 11.0 | 11.0 | 10.00 | 10.5 | 10.5 | 10.5 | 10.5 [ 10.5| 9.5 | 9.5 | 9.5
8 920 115|120 | 120|115 (115 | 120115 | 11,5 | 11,5 1.0 | 11.0 | 11,0 | 10.5 | 10.5 | 105 | 10,5 | 105 | 11.0| 9.5 | 9.5 | 10.0
9 1035 120|120 | 125115120 | 120 11.5| 115|120 1.0 | 11.0 | 1.5 | 10.5 | 10.5 | 10.5 | 10.5 | 10.5 | 11.0 | 9.5 | 10.0¢ | 10.00
10 1150 | 120 (120|125} 120| 120 | 120 | 11.5| 115 (12,0 1.5 | 11.5 | 11.5 ] 10.5 | 10.5 | 110 | 10.5 | 11.0 | 11.0 | 10.0 | 10.0 | 10.0
15 1725 12,5 |13.0 [ 13.0 | 125|125 | 125 ) 12.0 | 12.0 | 12.5] 12.0 | 12.0 | 12,0 | 11.0 | 11.0 | 11.5 | 11,0 | 11.5 | 11.5 | 10.0 | 10.0 | 10.5
20 2300 130|135 | 135125 |13.0 | 13.0 125|120 | 130 120 | 120 | 125|115 | 11.5| 11.5]) 115|115 | 120 10.5 | 10.5 | 10.5
25 2875 135|135 (140|130 (135 | 135])13.0 | 13.0 [ 13.0) 125|125 | 125|115 | 12.0 | 120|115 | 12.0 | 120 | 10.5 | 11.0 | 11.0
30 3450 | 13.5 [ 14.0 | 14.0 | 13.5 | 13.5 | 13.5 | 13.0 | 13.0 [ 13.,5] 12.5 | 12.5 | 13.0 | 12.0 | 12.0/| 12.0 | 12.0 | 12.0 | 12.5 | 11.0 | 11.0 | 11.0
35 A025 140 | 140 | 140 135|135 | 140 135| 135|135 13.0 | 130 | 130|120 | 120 | 125]120|12.5| 125|110 [ 11.00 | 115
40 4500 | 14.0 140 | 145|135 |14.0 | 140 135|135 (14,0 13.0 | 13.0| 135 12.0 | 125 | 125|125 (125|125 11.0 | 115 | 115
45 5175 14.0 | 14.5 | 14.5 | 14.0 [ 14.0 | 14.0 | 13.5 | 14.0 | 14.0 | 13.5 | 13.5 | 13.5| 125 | 12.5 | 125 | 12,5 | 12.5 | 12.5 | 11.5 | 11.5 | 1L.5
50 5750 | 145|145 | 145|140 | 140 | 145 13.5| 140 (140 135 | 13.5 | 135125 | 125 | 13.0 | 125 | 125 | 13.0 | 11.5 | 11.5 | 1L5
50 5900 | 14.5 | 15.0 | 15.0 | 14.0 | 14,5 | 145 | 14.0 | 14.0 [ 14.5]| 13.5 | 13.5 | 14.0 | 12,5 | 13.0| 13.0 | 13.0 | 13.0 | 13.0 | 11.5 | 12.0 | 12.0
70 8050 | 15.0 | 15.0 | 15.5 | 14.5 | 14.5 | 15.0 | 14.0 | 145 [ 14.5 | 14.0 | 14.0 | 14,0 | 13.0 | 13.0 | 13.0 | 13.0 | 13.0 | 13.5 | 12.0 | 12.0 | 12.0
80 9200 | 15.0 155|160 | 145|150 | 150 145|145 | 14.5]| 140 | 14.0 | 14.0 | 13.0 | 13.0 | 13.5 | 13.0 | 13.5 | 13.5 | 12.0 | 12.0 | 125
50 10350 | 15.5 [ 15.5 | 16.0 | 15.0 | 15.0 | 15.5 | 145 | 145 | 15.0 | 140 | 14.0 [ 145 | 13.0 | 13.5 | 13.5 | 13.5 | 13.5 | 13.5 | 12.0 | 12.5 | 125
100 11500 | 15.5 | 16.0 | 16.0 | 15.0 | 15.0 | 15.5 | 14,5 | 15.0 [ 15.0 ] 14.5 | 14.5 | 14.5 ) 13,5 | 13.5 | 13.5 | 13.5 | 13.5 | 13.5 | 12.0 | 12.5 | 12.5
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2.5.1. Limitations of FDOT’s Rigid Pavement Design Practice

Recently, several studies were conducted to assess the resilience of critical infrastructure failures
and to estimate pavement performance before and after flooding in Florida (Bruijn et. al., 2019;
Khan et. al., 2017). Results of these studies showed that high resistance to flooding can be
achieved through a rigid and strong pavement designed and constructed to a high standard,
which may be recommended for areas that are prone to flooding events. Nevertheless, there is
still a lack of practical process that can be used by FDOT to assess the functionality of pavement
resilience under extreme weather events that can be incorporated into pavement design or
evaluation procedures.

Although FDOT’s rigid pavement design practice discussed above is working well for Florida’s
current conditions, it was developed without incorporating the resilience aspect of rigid
pavements. In other words, the design practice and the design tables do not consider the effect of
short-term severe weather events (e.g., storms) and long-term climate change (e.g., sea level
rise). While one may argue that PMED software could provide a means for analyzing the effect
of these weather events and climate changes, the software also exhibits limitations which make it
unsuitable for this type of analysis. These limitations include the following.

1. While PMED uses the historical climate data for a given location for simulating the
performance of a pavement structure, it is not designed to perform a climate analysis over
a region. In other words, it does not allow for identifying the locations that are prone to
flooding and other weather-related events.

2. PMED is designed to analyze the pavement performance over a long period of time that
may span a few decades (i.e., pavement design life). As such, the performance metrics
(e.g., damage, cracking, faulting, etc.) are outputted at an interval of a month. In other
words, it is not capable of analyzing the short-term flooding effect which may occur
within a matter of hours (or days).

3. Similar to the above, the climate module in PMED , namely the Enhanced Integrated
Climatic Model (EICM), is implemented to produce the results at every month.
Furthermore, while EICM is capable of using a large amount of historical climate data, it
is currently not implemented to solve an initial condition problem (e.g., starting from a
flooded, fully saturated condition, how much time is required to drain the water out from
the pavement system?) nor to predict future climate. Furthermore, infiltration of water
from the pavement surface is not simulated in EICM (Brink, 2021).

Due to the above limitations, PMED is considered to be inadequate for analyzing the flood and
moisture related resiliency of pavements, especially for the short-term effects, although it may be
used for assessing the long-term resiliency of different foundation materials weakened due to the
combined effect of temperature and moisture (Brink, 2021).
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2.6. RECENT STUDIES ON PAVEMENT RESILIENCY

In light of the above limitations of FDOT’s rigid pavement design practice and AASHTOWare
PMED, there is a need to develop a Mechanistic-Empirical methodology for assessing the
resiliency of Florida’s rigid pavements. As such, the relevant literature and available information
regarding pavement resiliency tools are reviewed in the following.

2.6.1. Mechanistic and/or Empirical Models for Pavement Resiliency

The literature search did not reveal any studies that have developed mechanistic and/or empirical
models/tools for examining the resiliency of inundated rigid pavements. Most of the studies have
focused on developing resiliency tools (or methods) for asphalt pavements. These studies are
briefly summarized in the following.

e Khnott et. al. (2019) developed a hybrid framework for integrating the effect of climate
change into asphalt pavement management. The framework uses both bottom-up and top-
down approaches; the top-down approach (or scenario-based approach) is used for
studying the future pavement life reductions under one or more climate-change scenarios,
while the bottom-up approach (or asset-based approach) is used for evaluating the effect
of various climate parameters and their combinations on pavement life reduction. In both
approaches, the performance of flexible pavements was modeled using MnPAVE which
is Minnesota DOT’s (MnDOT’s) mechanistic-empirical pavement analysis and design
software. Similar to the AASHTOWare PMED, MnPAVE uses the layered-elastic theory
for simulating the mechanistic response of flexible pavements.

e Mallick et. al. (2014) studied the long-term effect of climate change on pavement
performance and maintenance cost using a system dynamics approach. The system
dynamics model was developed to provide a link between the long-term pavement
performance predicted by PMED and the climate parameters. The results were then used
to simulate the effect of climate on multiple pavement factors such as life-cycle cost of
flexible pavements including maintenance cost. The framework considers various
elements including a change in temperature, precipitation, sea level rise, and number of
inundations to estimate the rate of pavement deterioration.

e FElshaer (2017) and Elshaer et. al. (2017) divided the pavement structure (or the unbound
layers below the asphalt layer to be more specific) into sublayers of 6 in. thickness for
simulating different levels of Ground Water Table (GWT). The GWT was initially
located on top of the unbound base layer and sequentially lowered to 112 in. below the
top of subgrade at in interval of 6 in. The sublayers below the GWT were assumed to be
fully saturated, and the Soil-Water Characteristic Curve was used to estimate the degree
of saturation for the layers above GWT. For each case (i.e., for each GWT level), a
hydrostatic condition was assumed (i.e., effect of transient flow of water, evaporation,
and precipitation events were ignored) and the estimated degree of saturation was used to
adjust the resilient modulus of the unbound layers. The pavement structure whose
modulus was adjusted for GWT in the above manner was used in a layered elastic
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analysis program (KenLayer to be specific) for the analysis of stress, strain, and

deflections of the asphalt pavement.

e Asadi (2020) integrated a hydraulic model for simulating the water flow within the
pavement foundation layers, with a finite element pavement model for assessing the post-
flood impacts on the performance of flexible pavements. The hydraulic analysis was
conducted using an open-source finite difference code VS2DI for simulating unsaturated
water flow within the pavement layers of a flexible pavement developed by Hsieh et al.,
(1999). It is a graphical software package for simulating fluid flow and solute or energy
transport in variably saturated porous media and is available to download from United
States Geological Survey (USGS) website. Pavement responses were calculated using a
finite element software known as IntPave developed by Triado et. al. (2007) at the
University of Texas, El Paso, which incorporates the moisture-dependent resilient moduli
profile. Pavement responses were used to estimate the damage of pavement (i.e.,
remaining service life of the pavement) due to flood or precipitation through the use of

distress models.

e Ghayoomi et. al. (2020) developed a system dynamics model to assess asphalt pavement
performance and to identify load restriction decision in Minnesota due to ground water
level rise, flood, or precipitation that lead to excessive moisture in pavement foundation
layers. The model includes three main elements; hydrological, geotechnical, and
pavement response structures (Figure 7). Hydrological structure model inputs include
climate information and unsaturated soil hydraulics properties and simulates the moisture
movement (i.e., degree of saturation) within the pavement layers. Geotechnical structure
model determines the moisture-dependent resilient moduli of unbound layers
(base/subbase and subgrade). Lastly, pavement response structure model simulates the
stress, strain, and deflection due to traffic loading and the pavement conditions before,
during, or after flooding or precipitation, using Boussinesq theory for layered elastic

structures.
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In summary, the above studies generally indicate that the structural resiliency assessment of
flexible pavement involves 3 general steps: (1) assume or simulate different climate conditions
(i.e., temperature, moisture, etc.), (2) adjust the pavement structure (mostly the modulus of
affected layers) for the different conditions identified in the previous step, and (3) conduct
structural analysis (for stress, strain, or other performance indicators).

2.6.2. Recent Developments on Flood Resiliency of Rigid Pavements

Climate changes have increased the risk of flooding, hurricanes, and precipitation and all States
in the U.S have experienced floods or flash floods in the past 5 years (Hemmati et. al., 2020). As
such, the impact of flooding (or inundation) on pavements has been widely investigated and
several strategies were proposed to mitigate the impact of flooding or hurricane events on
pavement systems. Nonetheless, the current state of practice for pavement resiliency is typically
limited to general observations and does not adopt any specific strategies (Muench and Van
Dam, 2015). The following provides a review of recent studies or developments on rigid
pavement resiliency and adaptation options under the climate impact of flooding and inundation.

e Based on the impact of Hurricane Harvey on road networks in Texas and Louisiana,
Romanoschi (2019) developed a methodology for examining the performance of
pavement sections before and after flooding. Performance modes were used to predict the
pavement performance in terms of International Roughness Index (IRI) and Pavement
Condition Index (PCI) for flooded and non-flooded conditions. Based on these
predictions, the remaining pavement life (i.e., number of years before the next
rehabilitation is necessary) for each condition was calculated and compared. These
predicted pavement lives were then used to estimate the cost of the rehabilitation incurred
by flooding while accounting for several other inputs such as the rehabilitation actions,
unit cost trigger value of each action, discount rate, growth rate, and pavements types
(e.g., asphalt, concrete, composite).

¢ Opyediji and Achebe (2019) studied the resilience of Joined Plain Concrete Pavement
(JPCP) due to flooding in Canada using AASHTOWare PMED software. The JPCP
performance was simulated for scenarios with and without climate changes. For the
flooded scenario, the climate was predicted for years 2018 to 2100, corresponding to
Representative Concentration Pathway (RCP) of 4.5 W/m? precipitation. IRI was used as
the main performance parameter for estimating flood damage. The performance
difference between no-flood and flood scenarios was calculated as percentage flood
damage. It was concluded that the flood damage ranged from 0.31 to 5.99 percent. The
researchers also noted that Pavement ME had several limitations for studying the impact
of flooding such as the inability to account for degradation of materials.

e Khan et. al. (2017) evaluated the resiliency of different pavement types due to flooding.
Roughness and rutting-based Road Deterioration (RD) model was developed to assess
pavement performance after a flood. The developed model parameters include the
probability (Pr) of flooding, change in roughness (AIRI) due to flooding, loss of
base/subgrade resilient modulus (MrL), and duration of the flood. Two gradients, AIRI/Pr
and AIRI/MrL using the change in IRI versus the probability of flooding and the loss of
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base/subgrade resilient modulus, were calculated to determine the consequence of a flood
for pavements and to determine which pavements were flood resilient. Monte Carlo
simulation and nonhomogeneous transition probability matrix were used to account for
different probability of flooding, gradients, and impact of flooding. It was noted that the
model can help agencies to evaluate pavement resilience prior to flooding so that pre-
flood maintenance stratagem can be selected in order to reduce the maintenance cost after
flooding and to increase the service life of pavements.

e The Missouri River flooding of 1993 significantly damaged pavements, culverts, bridges,
building foundations, etc. in Jefferson City, Missouri, resulting in the closure of
roadways, delay in traffic, and economic losses to the city. The original pavement design
of southbound US-63 at this location near Jefferson City consisted of 9 inches of jointed
reinforced concrete pavement (JRCP) with 61-foot joint spacing on 4 inches of dense-
graded crushed rock base. Due to the flooding damage, the Missouri DOT conducted a
comprehensive study to further enhance the pavement design to resist future damage. The
study led to the development of a new standard specification provision of a thick
daylighted rock base, which has the capability to drain water from the pavement structure
and also improve the load-bearing capacity. The rock base consisted of 1-inch nominal
maximum aggregate size crushed limestone (MoDOT 2018). The new design for this
section of US-63 consisted of 12 inches of doweled JPCP with 15-foot joint spacing over
24-inch daylighted rock base. This pavement, constructed in 1994, was the first
implementation of daylighted rock base in Missouri. After 24 years of relatively heavy
traffic, this portion of US-63 is still in excellent structural condition and no repairs have
been performed to date. The adaptation option of 24-inch rock fill base was used based
on calculations that would be enough for water storage during a storm event. The
additional benefit of such adaptation option is the increase in structural capacity.

As mentioned previously, a general tool for structural resilience of rigid pavements was not
found in the literature. Instead, the resilience of rigid pavements has generally been assessed
using functional performance measures (most frequently the IRI before and after an event or
long-term IRI with or without climatic change).

Furthermore, while the Missouri DOT’s example of daylighted rock base demonstrates the
effectiveness of the most expensive and extreme adaptation option (i.e., both elevating and
strengthening the roadway), the effectiveness of other adaptation options (e.g., stabilizing a
certain foundation layer or use of ultra-high strength PCC etc. as envisioned in the FMTP) are
yet to be assessed.
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3. COMPONENTS OF FDOT’S RIGID PAVEMENT
RESILIENCY TOOL

As mentioned in the previous chapter, there is a need for a Mechanistic-Empirical methodology
for assessing the resiliency of Florida’s rigid pavements. Based on the review of available
literature, three main components were identified for the mechanistic-empirical flexible
pavement resiliency tools developed by previous researchers (Ghayoomi et al., 2020). Similar
components were deemed necessary for the “Rigid Pavement Resilience Tool” developed as
part of this project.

These components are summarized in the following.

1. Hydrological Model that can simulate the water flow within the pavement system. The
model incorporates precipitation, ground water table, and other environmental inputs to
simulate the moisture within any pavement layer over time (before, during, and after
flooding).

2. Geotechnical/Soil Mechanics Model that can take the moisture content of unbound
layers calculated from the hydrological model and adjust their resilient modulus.

3. Structural Model that can take the structural inputs (i.e., resilient modulus of unbound
layers, PCC modulus, thickness, traffic, etc.) and calculate pavement response, which
will ultimately determine the impact and consequence of flood events (e.g., reduction in
service life, etc.).

In the following sections, the above components for the proposed rigid pavement resiliency tool
are reviewed in detail. In addition, a couple of example problems are provided to demonstrate the
capabilities of the above models.

3.1. HYDROLOGICAL MODEL

The purpose of the hydrological model is to simulate the flow of water within the foundation
layers of a rigid pavement. A classical equation for the one-dimensional flow of water through
unsaturated soils is given by Richards Equation as shown in the following equation (Richards,

1931).
00 0 Oh

where 61s the volumetric soil water content, K(6) is the moisture dependent hydraulic
conductivity of soil, / is the soil pressure head, ¢ is time, and z is elevation. Following Van
Genuchten (1980), the hydraulic function of a soil layer can be defined in terms of the relative
saturation, @, given as the following.

34



m

o-2=0% | ! 2)
Hs_er 1+|0!h|n

where @ and 6 are the saturated and residual soil water contents, o and » are the shape
parameters, and m = 1 - 1/n (Van Genuchten, 1980). The hydraulic conductivity of an
unsaturated soil is then expressed as the following (Yang et. al., 2009; Ghayoomi et. al. 2020).

2
K (0)=ks0%° -{1—(1—@”’")@ 3)

where K is the saturated hydraulic conductivity.

As previously shown in Chapter 2 (i.e., Figure 5 to be more specific), there are five distinct
material types used in the foundation layers of FDOT’s rigid pavements. These materials are (1)
asphalt base, (2) stabilized subgrade, (3) special stabilized subbase, (4) special select soil
subgrade, and (5) natural subgrade or embankment. Due to the inherent differences in these
materials, it is expected that the drainage characteristics may differ significantly from one
material to another. In other words, different models for permeability (or hydraulic conductivity)
needed to be implemented into the hydrological model of the resiliency tool. The hydraulic
models implemented into the resiliency tool are reviewed in the following.

3.1.1. Hvdraulic Conductivity of Asphalt Base

Masad et. al., (2006) developed the following equation for permeability of Asphalt Concrete
(AC) materials.

Y 2
P C-AV?3 D{ Gsb[Pb_Pba(l_Pb)]}3 y

— 4
(1-4v)’ Gy (1- 1) 1 @
where,
K = Permeability of asphalt concrete (m/s)
C = Empirical calibration coefficient
AV = Percent (%) air voids
Ds = Average diameter of particles (m)
Py = Percent (%) asphalt content by total weight of mix
Pra = Percent (%) of absorbed binder by weight of aggregate
G = Specific gravity of binder
Gsb = Bulk specific gravity of aggregate
y = Unit weight of water (9.79 kN/m?)
U = Viscosity of water (107 kg/(m-s))

The calibration coefficient, C, in the above equation was determined based on laboratory
measurements using FDOT’s permeability equipment as well as field measurements using a
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device developed by National Center for Asphalt Technology (NCAT) (Cooley et. al., 2002).
The C values calibrated for different levels of percent air void are summarized in Table 5.

Table 5. Values of calibration coefficient C in Equation (4)

Permeability C value for Different Levels of Percent Air Void (4V)
%‘e"vﬁsc‘;reme“t AV <5% 5% <AV<9% | 9% <AV<13% AV>13%
FDOT Laboratory 18.00 78.60 241.00 241.00
Device

NCAT Field Device 50.20 99.10 129.00 129.00

It should be noted that Equation (4) was developed to account for the effect of asphalt content on
the permeability of AC mixtures. Consequently, the only parameter that relates to particle size is
Ds, which is calculated from the aggregate gradation as the weighted average of the particle
diameters retained on different sieves.

In addition to the above, Mohammad et. al. (2003) developed a permeability prediction equation
that is more focused on particle distribution. The prediction equation is given as the following.

X104 {76.6AV ~17.2Py 75 +163.4B 5 —197.5P0.6} )
+33'2P2.36 + 4.532.5 -1.7H
where,
K = Permeability of asphalt concrete (mm/s)
Po.o7s = Percent passing 0.075 mm sieve
Pos = Percent passing 0.3 mm sieve
Pos = Percent passing 0.6 mm sieve
P36 = Percent passing 2.36 mm sieve
Pi2s = Percent passing 12.5 mm sieve
H = Height (or thickness) of specimen (mm)
3.1.2. Hydraulic Conductivity of Coarse-Grained and Fine-Grained Soils

The hydraulic conductivity prediction equation for coarse-grained soils was proposed by Chapuis
(2004) and 1s given as the following.

d2 3 0.7825
K= 2.4622{£] (6)
I+e
where,
K = Permeability (cm/s)
dio =  Effective diameter corresponding to 10% passing on the cumulative
grain-size distribution curve (mm)
e = Void ratio
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The above equation has been implemented into the resiliency tool for special stabilized subbase
and subgrade soils comprised of coarse-grained particles (i.e., A-1 through A-3 soils according to
AASHTO classification).

For fine-grained soils (i.e., AAASHTO classifications A-4 through A-8), the prediction equation
developed by Mbonimpa et al. (2002) was selected as the primary equation for hydraulic
conductivity. The reason behind this is that the equation was developed specifically for fine-
grained and/or plastic soils (i.e., clayey soils) that are frequently encountered in Florida’s
roadbed. The equation is given as the following.

G+x)
K, —c Lt

P, (1+e) p2y?

(7

where,
Ks = Hydraulic conductivity (cm/s)
Cp = Regression constant (5.6 g*/m?)
Yo = Unit weight of water (kN/m?)
Ly = Dynamic viscosity of water (Pa.s)
Ds = Density of soil (kg/m?)
wrL = Liquid limit
x = 7.7wr-3

In addition to the above, there are other empirical models exist for Ks of soils. For reference
purposes (i.e., these equations are not implemented into the Resiliency Tool), Table 6 shows the
most widely used empirical equations for determining Ks. The most well-known (but simple)
equation is given by Hazen (1911).

Table 6. Empirical equations for saturated hydraulic conductivity of soils (White et. al.,

2004).
Saturated hydraulic s
v Sy o o () Parameters Application Proposed by
) ¢ = Hazen's empirical Applicable for loose,
Kg =cDjg coefficient, ¢ = 1 uniform sands Hazen (1911)
: Applicable f in si .
K =102 D}, n = porosity bel‘:a;i 06.30{) igsrilllnflze Slichter (1898)
3 . .
Ky =12¢%7 D10089(16_) e = void ratio of soil Qpﬁﬂjiﬁfdﬁ‘“ medium | 1 habi et al. (1984)
+e
2.3 — ;

D C = porosi

Ko = Ssret 7 7p' . v Applicable for soils Taylor (1984)
s u(l+e) M = viscosity of water

3.1.3. Implementation of Hydrological Model

Although the Richards Equation (shown in Equation (1)) represents one-dimensional flow of
water, it is still a non-linear differential equation which is very difficult to solve (i.e., requires a
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sophisticated numerical method such as the Finite Element Method). To overcome this difficulty,
Yang et. al. (2009) proposed a spatially-integrated form of Richards Equation by integrating it
with respect to z, which led to the following expression.

A, :l{Kﬂrl(Ahﬁl,i +1j_Ki(Ahi,i—l HH ®)
Atz Az Az

where i is the soil layer number, At is the discrete time step, Aal-is the average water content

change in soil layer 7, Az is the soil layer thickness, Ah;+1,; and 4h;;.1 are the differences in soil
pressure head between layers i + 1 and 7, and i and i - 1, respectively. (Yang et. al. 2009). Note
that Equation (8) allows for a direct, numerical integration over time (¢) for calculating the
average change in water content within a soil layer of given thickness (A4z).

To demonstrate the use of Equation (8) for simulating the flow of water within a rigid pavement
foundation, FDOT’s rigid pavement structure with asphalt base option (see left half of Figure 5)
was modeled using discrete layers (with each layer having a thickness of 4.0 in.) composed of
the following (starting from the bottom): (1) 10 layers of natural subgrade or embankment, (2) 3
layers of stabilized subgrade, and (3) 1 layer of asphalt base.

For the first example, the above pavement structure was subjected to a heavy rainfall similar to
that from a severe storm. The simulated rainfall intensity is shown in Figure 8. As shown in the
figure, the pavement was subjected to 10 hours of rain event having an intensity of 8 in/hr. The
simulation was conducted for a total duration of 30 hours. To simulate a humid environment
after the storm, the evaporation rate was set to zero within the 20-hour period after the rainfall.

Rainfall Intensity (in/hr)

0 5 10 20 25 30

15
Time (hr)

Figure 8. Artificial rainfall intensity of a severe storm.

Figure 9 shows the results of the rainfall simulation. Figure 9(a) shows the initial degree of
saturation (i.e., just before the rainfall) using Equation (2), with the GWT located at the bottom
of the natural subgrade. The moisture condition during and after the rainfall event is shown in
Figure 9(b) through Figure 9(f). The results indicate that at the end of the rainfall, the base,
stabilized subgrade, and approximately the top half of the natural subgrade (embankment) layers
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were fully saturated (Figure 9(c)). However, the bottom half of the natural subgrade continues to
absorb more water after the rainfall due to the flow of water from the upper layers (Figure 9(d)).
Figure 9(f) shows the moisture condition at the end of the simulation (i.e., 20 hours after the rain
event), which indicates that the stabilized subgrade and the upper half of the natural subgrade
layers are still holding some level of water from the storm — i.e., it may take a long period of
time to completely drain the water out of these layers.

-- AtTime=0hr — AtTime=0hr -- AtTime=0hr — AtTime=5hr
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70 Stabilized Subgrade 70 0 Stabilized Subgrade
= 60- = 60
=50 =500
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3 30 3 30
i 20- w 20-
10- Natural Subgrade 10- Natural Subgrade
) 20 40 60 g0 100 Y0 20 40 60 80 100
Degree of Saturation (%) Degree of Saturation (%)
(a) (b)
-- AtTime=0hr — AtTime =10 hr -- AtTime=0hr — AtTime=15hr
80 ] Base 80 ] Base
70 '. Stabilized Subgrade 70 '. tabilized Subgrade
= 60 ! = 60 !
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-_.% 40 \\\ % 40 \\\
2 30 2 30
w2 T 20 0 TTTreeal
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-- AtTime=0hr — AtTime =20 hr -- AtTime=0hr — AtTime =30 hr
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© ©
3 30 N 3 30
w20 Tl N w20
10- Natural Subgrade 10- Natural Subgrade
) 20 40 60 g0 100 20 20 40 60 80 100
Degree of Saturation (%) Degree of Saturation (%)

(e) (f)
Figure 9. Results from a hydrological simulation of a heavy rainfall at (a) =0 hr, (b) =5
hr, (¢) =10 hr, (d) =15 hr, (e) =20 hr, and (f) #= 30 hr.
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For the second example of one-dimensional water flow, the same pavement structure was
assumed to be fully saturated at the beginning of the simulation, similar to a severe sea level rise
or a pavement that had been submerged under water for an extended period of time. To simulate
a relatively dry environment, the pavement was not subjected to a rainfall but subjected to a
water evaporation rate of 0.06 in/hr (1.4 in/day).

Figure 10 shows the results of the 30-hour simulation. Figure 10(b) through Figure 10(e) show
that the base and stabilized subgrade layers are losing water at a faster rate, due to the
evaporation occurring at the pavement surface. Nonetheless, the natural subgrade (especially the
bottom half) may need a longer period of time to fully drain the water due to inundation (Figure
10(d) through Figure 10(f)).

As shown in the above examples, the simple one-dimensional simulation of water flow may be
used for short-term effect of rainfall and sea level rise on the moisture content within the
unbound layers of the rigid pavement structure.
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Figure 10. Results from a hydrological simulation of a flooded pavement at (a) #=0 hr, (b) ¢
=5 hr, (¢) =10 hr, (d) =15 hr, (e) t= 20 hr, and (f) 7= 30 hr.

41



3.2. GEOTECHNICAL AND SOIL MECHANICS MODEL

The purpose of the soil mechanics model is to estimate the effect of moisture on the resilient
modulus of the unbound layer. The most commonly used equation for this purpose is the one
developed as part of NCHRP 1-37A project, which is shown below.

R _ b—a
1Og(MRoth a+1+exp(ﬂ+km.(S—S0pt)) )

where Mpis the soil’s resilient modulus at a given degree of saturation S, and Mg 1s the
resilient modulus corresponding to the degree of saturation at optimum water content Sy, and a,
b, B, and k., are regression parameters whose values are provided in Table 7.

Table 7. Regression parameters for NCHRP 1-37A soil mechanics model (ARA, 2000)

. Regression Parameters
Soil Type p b B fo
Coarse-Grained -0.3123 0.3 -0.0401 6.8157
Fine-Grained -0.5934 0.4 -0.3944 6.1324

Note that the advantage of the above equation is that it provides a simple means for estimating
the effect of moisture on the resilient modulus of unbound layers. However, a relatively more
complicated model was found in literature for Florida’s unbound layers. Based on the materials
sampled and tested from 25 flexible pavement section in Florida, Oh and Fernando (2011) and
Oh et. al. (2012) concluded that the following, stress-dependent resilient modulus model works
reasonably well for FDOT’s base, subgrade, and embankment materials.

ka k3
MR — kIPa (O-bulk + 3k4S9J [Tlo)ct + IJ (10)

Pa a
where o 1s the bulk stress, 7, 1s the octahedral shear stress, S is the soil suction in psi, P, is
the atmospheric pressure (14.5 psi), and k; through k4 are model parameters. The relationship

between soil suction (S) and the volumetric water content (6) is given by the following Soil-
Waver Characteristic Curve (SWCC).

gsat (1 1)

{inf e o(sya, )

0=C(S)

where
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In(1+(S/h,))

ln(1+(1.45x105/hr)) @

C(S)=|1-

and ay, by, ¢y, and h, are model parameters. Based on their test results, Oh and Fernando (2008)
determined that the SWCC (or the model parameters ay, by, ¢, and A;) for the embankment soil
varied substantially depending on the region, and provided the model parameters for each
County within the State. However, for the limerock base and stabilized subgrade materials, they
observed that the SWCC was relatively more uniform (i.e., regardless of the region) and
provided the model parameters shown in Figure 11 (for limerock base) and Figure 12 (for
stabilized subgrade).

0.2
L 016 L 4 r
= J
B 4
§ ¢ .
Q 012 e
% 1 Soil Suction Coefficients of Limerock Base
= a,=5652 b,=0095 ¢,=0.80 h =100.2
2 1
&= 0.08
Q 4
E
=
S
0.04
1 ¢ © *
1 *
i+
0.0 1.0 20 30 4.0 50 6.0 7.0

Suction (pF)
[ & Tested — Predicted|

Figure 11. Soil-water characteristic curve for Florida’s limerock base material (Oh and
Fernando, 2008).
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Figure 12. Soil-water characteristic curve for Florida’s stabilized subgrade material (Oh

and Fernando,

2008).

In addition to the above, several resilient modulus models have been developed that incorporate
the effect of moisture content. For references purposes only (i.e., these models are not
implemented into the Resiliency Tool), Table 8 summarizes some of the additional resilient

modulus models that were identified in the literature.

Table 8. Resilient modulus models for unsaturated soils (ARA 2000).

Resilient modulus Application Proposed by
My ) Applicable for Li and Selig
IV =0.98—0.28(w—w,,, ) +0.029(w —w,,, ) fine-grained soils (1994)
Ropt
dM p Applicable for Dumm et al.
Mg (wety = MRopt + F "AS fine-grained soils (1997)
dM p
=1,690 —194 (CLASS) = 11.2-[M p(y,1)]
log M p =c; +¢y -log(8) +c5 - (W%) +cy - (T) +c5-(r,) Applicable for Jin et al.
coarse-grained soils (1994)
logMp =c| +cy - (W%) +c3-(S) Applicable for Jones and
fine-grained soils Witczak
(1977)
logMp = ¢ +cy (S)+c3- PC+cy -log(0) Applicable for Rada and
Base/Subbase Materials Witczak
(1981)
Applicable for Santha (1994)

O ky Toct k3

Pq Pq

coarse-grained and fine-
grained soils

44




To provide an example of the soils model, Figure 13 shows the degree of saturation as a function

of time for the stabilized subgrade at depth 12 in

. (or elevation of 68 in. in Figure 9) and the

natural subgrade at depth 50 in. (or elevation of 30 in. in Figure 9) that was extracted from the

hydrologic simulation of 10-hr rainfall previousl

y presented. Clearly, the figure shows that the

stabilized subgrade which is closer to the pavement surface gets saturated faster due to rain but
also drains faster after the rainfall. Similarly, Figure 14 shows the degree of saturation for the
same layers from the flooding example. It can be seen again that although both layers started at

the fully saturated initial condition, the upper sta
than the natural subgrade.
120

bilized subgrade drains water at a faster rate
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Figure 13. Rainfall example degree of saturation for (a) stabilized subgrade at depth 12 in.
and (b) natural subgrade at depth 50 in.

N
o

o
o

o]
o

[}
[=]

N
o

Degree of Saturation (%)

N
o

120

100

80-

60

40

Degree of Saturation (%)

20

10 15

Time (hr)

(a)

20 25 3(

10 15

Time (hr)

(b)

20 25 3(

Figure 14. Flooding example degree of saturation for (a) stabilized subgrade at depth 12 in.
and (b) natural subgrade at depth 50 in.

Based on the degree of saturation shown in Figure 13 and Figure 14, the resilient moduli of the
respective layers were calculated using Equation (9), due to its simple form. The relevant inputs
used for this equation is shown in Table 9. To better simulate Florida’s conditions, it was
assumed that the resilient modulus at optimum moisture content was 16 ksi and 12 ksi for the
stabilized subgrade and natural subgrade, respectively. These values correspond to standard
values used in FDOT’s rigid pavement design (FDOT, 2021).
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Table 9. Properties assigned for unbound layers.

Variables Values
Stabilized subgrade, MRopt 16,000 psi
Natural subgrade, MRopt 12,000 psi
Optimum degree of saturation for stabilized subgrade, Sop, (A-1) 11%
Optimum degree of saturation for natural subgrade, Soy:, (A-3) 14 %
Coarse-grained materials regression parameters, a, 3, kn -0.3123, 0.3, 6.8517
Fine-grained materials regression parameters, a, 3, kn -0.5934, 0.4, 6.1324

Figure 15 and Figure 16 show the resulting resilient modulus as a function of time for rainfall
example and the flooding example, respectively.

For the rainfall example, Figure 15(a) shows that the resilient modulus of the stabilized subgrade
undergoes a significant reduction soon after the rainfall. Then, the modulus remains at the
saturated level for the duration of rainfall (i.e., 10 hours) but recovers relatively quickly after the
rainfall. On the other hand, the natural subgrade (Figure 15(b)) does not show a significant
modulus reduction approximately for the first 10 hours (i.e., during rainfall). Nevertheless, due to
the rainwater propagating downwards, the natural subgrade shows a significant modulus
reduction after the rain event and takes longer to recover.

For the flooding example, Figure 16 shows that both the stabilized subgrade and natural
subgrade layers exhibit degraded modulus at the beginning of the simulation (due to flooding
which fully saturated the entire pavement). However, as the water starts to recede from the
pavement surface due to evaporation, both layers start to recover with the stabilized subgrade
recovering at a faster rate than the natural subgrade.
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(a) (b)
Figure 15. Rainfall example resilient modulus for (a) stabilized subgrade at depth 12 in.
and (b) natural subgrade at depth 50 in.
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Figure 16. Flooding example resilient modulus for (a) stabilized subgrade at depth 12 in.
and (b) natural subgrade at depth 50 in.

3.3. RIGID PAVEMENT STRUCTURAL MODEL

The purpose of the structural model is to estimate the pavement response and the allowable
number of load passes that will subsequently be used for performance assessment. The moisture-
dependent resilient modulus calculated from the geotechnical and soil mechanics model will be a
critical input into the rigid pavement structural model, which is anticipated to have a crucial
effect on the allowable number of axle loads. The structural model includes three steps
summarized as the following:

e Step 1: Estimate the composite modulus of subgrade reaction (k-value) based on the
moisture-dependent resilient modulus of the pavement foundation.

e Step 2: Calculate critical pavement responses.

e Step 3: Estimate the allowable number of loads.

The analytical models frequently used for computing the response of rigid pavement slabs
typically utilize the “Winkler spring” foundation model in which all of the foundation layers
below the PCC slabs are converted to a set of springs with a constant stiffness known as the
composite modulus of subgrade reaction or the k-value (see Figure 17).

It is noted that when the concept of k-value was first introduced by Westergaard (1925), it was
assumed that the PCC slabs were placed directly on top of the subgrade (i.e., no base or subbase
layers), whose reaction was proportional to the slab deflection only in the vertical direction
(hence the name “modulus of subgrade reaction”). Westergaard (1925) also noted that because
the PCC slabs are substantially stiffer than any subgrade materials, minor changes in k-value do
not result in any appreciable changes in the critical stresses calculated for the PCC slabs, and
hence, a reasonable approximation of the k-value is sufficient for obtaining the critical stresses
within the PCC slabs.

However, recent rigid pavement designs typically include one or more foundation layers between

the PCC slabs and the subgrade (as an example, see Figure 17 for FDOT’s rigid pavement design
options). In this case, the foundation layers, including the base, subbase, and subgrade, are
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combined and then transformed into the Winkler spring foundation (hence called “composite
modulus of subgrade reaction”). The use of composite k-value is still considered to be reasonable
for the same reason mentioned by Westergaard (i.e., PCC slabs are much stiffer than the
foundation layers). In addition, using the k-value also allows for a more efficient computation of
the stresses and strains within the PCC slabs (as opposed to time-consuming 3-dimensional
Finite Element Method analysis).

Asphalt Base Option l Special Select Soil Subbase Option

PCC Slab (Min. 8.0 inch) PCC Slab (Min. 8.0 inch)

Asphalt Base (4.0 inch B-12.5)

Natural Subgrade / Embankment

Transformation of Rigid Pavement Foundation to Winkler-
Spring Foundation Model

PCC Slab (Min. 8.0 inch)

<%<<$

Figure 17. Transformation of rlgld pavement foundation layers for structural response
computations.

As seen from the above, the first step in rigid pavement response computation involves
calculating a composite k-value for all foundation layers below the PCC slabs. The composite k-
value impacts the magnitude of stresses and deflection in the PCC slab caused by traffic loads
and environmental loads.

Several models have been developed for calculating the k-value from resilient or elastic modulus
of the foundation (Darter et al. 1995). The most commonly used composite k-value model for
this purpose is the one developed by 1993 AASHTO Design Guide, which is shown below.

Ink =—2.807+0.1253(In Hgg )* +1.062(In M )+0.1282(In H g ) (In Eg)

13)
—0.4114(In Hgp )—0.05851(In Eg3)—0.1317(In Hgg ) (In M »)
where Hsp and Esp are the thickness and modulus of the subbase layer, and Mk is the subgrade
modulus (Schwartz and Boudreau, 2006). However, it should be noted that while the above
equation only allows for a single subbase layer above the subgrade, FDOT’s rigid pavement
design includes two distinct layers above the natural subgrade and below PCC (i.e., the Asphalt
Base / Stabilized Subgrade or Special Stabilized Subbase / Special Select Soil Subgrade).
Furthermore, both these layers need to be subdivided into thinner sublayers for the hydrological
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model. As such, it is necessary that a method for combining all of the sublayers (having different

modulus depending on moisture content) be used to transform the pavement foundation into a
single subbase for Equation 9. The most well-known method for this purpose is Odemark’s
Equivalent Thickness Method whose equation is shown below and its schematics shown in
Figure 18.

(14)

Transformed
Asphalt Base or Special Stabilized Subbase (H,., E3,v3)

Asphalt Base or Special Stabilized Subbase (H;, E1,v;)

Transformed
Stabilized or Special Select Soil Subgrade (H>, E,v,) |:> Stabilized or Special Select Soil Subgrade (Hz., E3,V3)

Pavement Foundation Transformed Pavement Foundation
Figure 18. Schematics of Odemark’s equivalent thickness method

To continue the examples of extreme rainfall and flooding, the asphalt base layers and the 3

sublayers for the stabilized subgrade were transformed using Odemark’s method and combined

into a single layer. This combined layer was regarded as a subbase and its thickness and modulus
were used in Equation (13) for estimating the composite k-value. The composite k-values for the

rainfall and the flooding examples are shown in Figure 19(a) and Figure 19(b), respectively.
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Figure 19. Composite modulus of subgrade reaction for (a) rainfall example and (b)
flooding example.

The second step is to calculate the critical stresses for the rigid pavement with moisture-

dependent k-value estimated as above. While a variety of pavement models such as layered-
elastic models, finite element models, and Boussinesq equations were used for flexible
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pavements, there are two primary models that can be used for this purpose, namely the
Westergaard’s theory and finite element methods.

3.3.1. Westergaard Theory

Westergaard theory provides simple equations for critical stresses (o) and deflections (A) within
the PCC slab for three locations of the load: (1) in the interior of a slab, (2) at the edge of a slab,
and (3) at the corner of a slab. These equations are provided in the following.

For interior loading:

3(1+ u)P
a:%(lni+0.6159j (15)
2rH b
A:iz (16)
8kl
For edge loading:
o= 0'5722P(1og10 (H3)—4log10(\/1.6a2 +H? —0.675H)—10g10 k+5.767j (17)
H
A=—(1+0.40) (18)
6 kI
and for corner loading:
3P > 0.6
o= 1+ 2 (19)
H? !
2| P
A=|1.1-0881 % | (20)
I ) ki?

where H and y are the thickness and Poisson’s ratio of PCC slab, P and a are the magnitude and
radius of the load, / is the radius of relative stiffness given as:

1)

and
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b= (22)
V1.6a%2 +H? —0.675H when a<1.724H

where E, H, i, and k are the modulus of elasticity of PCC slab, thickness and Poisson’s ratio of
PCC slab, and the modulus of subgrade reaction (i.e., k-value).

{ a when a >1.724H

3.3.1.1. Limitations of Westergaard Equations

While the closed-form equations developed by Westergaard provides a very simple and efficient
means for computing the critical stresses within the PCC layer under wheel load positioned at
different locations, these equations also come with several limitations. These limitations are
summarized as the following.

e Applicable only to single wheel load with circular contact area.

e Load locations are fixed (i.e., interior, edge, and corner as shown above).

e Applicable only to very large slabs (e.g., it is assumed that the load is at a sufficient
distance from any joints or corner for the interior loading)

e Assumes full subgrade support (i.e., while curling of PCC slabs may result in partial loss
of foundation support, these are not accounted for in the closed-form solutions).

e No consideration is given to load transfer across joints (e.g., aggregate interlock or
dowel/tie bars).

3.3.2. Finite Element Methods (FEM)

As seen from the above, while Westergaard’s closed-form solutions offer efficient estimation of
the critical stresses and displacements within the PCC slabs, they also have numerous limitations
that may not be well-suited for more general analysis conditions (e.g., multiple loads, effect of
load transfer, etc.). Furthermore, due to the complexity of rigid pavement structures (with joints,
dowels, tie bars, etc.), conventional layered theory (which is frequently used for flexible
pavements) has not been used frequently for rigid pavement modeling.

On the other hand, Finite Element Method (FEM) of analysis gained popularity for modeling
rigid pavement systems since the 1970’s, and a number of FEM solutions tailored for rigid
pavements have been developed. While a thorough review of the theory behind FEM and the
characteristics of each FEM solution are deemed beyond the scope of this literature review, it is
worth noting that the FEM programs developed specifically for rigid pavement systems include
JSLAB (Tayabji and Colley, 1986), WESLIQID (Huang and Wang, 1973), ILLISLAB
(Tabatabaie, 1978; Tabatabaie and Barenberg, 1978), FEACONS (Tia et. al., 1987), and
KENSLABS (Huang, 1974).

Among the above-mentioned FEM solutions, the ARA research team recently implemented
ILLISLAB, which utilizes 2-dimensional (2D), medium-thick plate elements for modeling the
PCC slabs (Tabatabaie, 1978). The 2D plate element is schematically shown in Figure 20. As
shown in the figure, the plate element has 4 nodes (1 at each corner) with each node having 3
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degrees of freedom: a vertical deflection (w) along the Z-direction and the rotations about the 2
horizontal axes (&y and 6y).

2-Dimensional Plate Element [ /

N

/ Finite Element Nodes \

§§§§_§§§§

Pavement Foundation (Composite k-value)
Figure 20. 2D plate element used in ILLISLAB.

In ILLISLAB, each PCC slab is modeled using several of the above plate elements stitched at the
nodes (i.e., the 2 adjacent element share the same node along the edge they meet). Joints are
modeled by 2 distinct nodes at the same location (e.g., one node for the approach slab and
another for the leave slab) that can move independently of each other. Load transfer at the joints
can be modeled using the aggregate interlock and/or load transfer mechanisms such as dowels
that are modeled using 2D beam elements at the nodes. These elements are supported on by the
pavement foundation represented by the composite k-value discussed previously.

The original ILLISLAB developed by Tabatabaie (1978) was limited to simulating the PCC slab
response under traffic wheel loads. In a follow up study by Korovesis (1990), the original
ILLISLAB was enhanced to simulate the effect of temperature loading or more specifically,
curling of PCC slabs due to thermal gradient. Essentially, this was accomplished by iterating the
FEM solutions such that the Winkler springs not in contact with the curled shape of the PCC
slabs are eliminated from the analysis.

The above features of ILLISLAB, including the capability of analyzing the effect of thermal
gradient, has recently been implemented by the Principal Investigator (PI). While the core engine
of ILLISLAB algorithm was implemented in open-source language R, the interface was built in
MS Excel and Visual Basic for Applications (VBA). For the purpose of illustration, Figure 21
shows a screen capture of the current user interface. In addition, Figure 22 and Figure 23 show
the FEM mesh that was generated automatically and an example displacement output from the
ILLISLAB core in R.
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Although the use of ILLISLAB will overcome some of the limitations of the closed-form
solutions, it is also acknowledged that the FEM solution does have limitations as well. The
limitations of current ILLISLAB (specifically for the version implemented by the PI) are
summarized in the following.

1. It is not capable of modeling any friction between the PCC slabs and the layer beneath
them. Therefore, the effect of lateral confinement (if any) provided by the foundation
layers are not simulated.

2. Analysis of multiple PCC layers (e.g., Econocrete) with varying quality or modulus has
not been implemented. I.e., the PCC slabs must be simulated as a single, uniform layer.

3. The foundation is modeled as a uniform Winkler foundation. In other words, localized
variation in foundation or localized loss of foundation support (e.g., due to erosion or
pumping) cannot be simulated.

ILLISLAB

Implemented by Hyung S. Lee. PhD._ PE.

PAVEMENT STRUCTURE

PCC SLABS FOUNDATION

Thickness 10 inch Mod. of Sub. Reaction (k) 100 psifin
Modulus 4 00E+06 psi

Poisson's Ratio 015

Unit Weight 150 /{3

Coeff. of Thermal Expansion 4.90E-06 m/in/deg F

JOINT LOCATIONS

Joint No. 1 2 3 4 5 6 7 8 9 10 11 12
Trans. Joints (fi) 0 15 30 45
Longi. Joints (f) 0 12 24

Joint locations also define the

LOAD TRANSFER

TRANSVERSE JOINTS LONGITUDINAL JOINTS

Aggregate Interlock: 10000 psi Aggregate Interlock: 10000 psi
Dowel Bar Diameter L5 inch Tie Bar Diameter 0.63 inch
Dowel Bar Modulus 2.90E+07 psi Tie Bar Modulus 2.90E+H)7 psi
Dowel Bar Poisson's Ratio 0.1 - Tie Bar Poisson's Ratio 0.1 -
Joint Opening 0.1 nch Joint Opening 0.1 nch
Az 0.8 - Az 0.8

Load Transfer No. 1 2 3 4 5 6 7 8 9 10 11 12
Dovel Locations 1 2 3 4 5 6 7 8 3 10 1
(Trans. Joint), ft
Tie Locations
P 25 715 10 12
(Longi. Joint), ft 8 B 8 3

Notes:

1. Location of Dowels & Ties only need to be defined for the slab at the lower left corner
2. Do NOT delete the Dowel & Tie Locations. If you do not have dowels, then set the dowel modulus to ZERO

Figure 21. Excel-based ILLISLAB interface.
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ILLISLAB Finite Element Mesh

20

15

y(ft)

10

0 10 20 30 40
x(ft)

Figure 22. FEM mesh generated using ILLISLAB.

ILLISLAB Displacement

Displacement (mils)

10.0
75
5.0

2.5

0.0

. ' ] '
0 10 20 30 40
x (ft)

Figure 23. Example contour output from ILLISLAB.

3.3.3. Estimating Damage and Fatigue Life

Using the stress calculated from the above structural models, the allowable number of axle loads
can be calculated. According to the Pavement ME model, the allowable number of load
applications is the number of load cycles at which fatigue failure is expected (corresponding to
50 percent slab cracking) and is a function of the applied stress and PCC strength (AASHTO,
2015). The equation is given as the following.
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&)
log N = (M] (23)
o

where N is the allowable number of load application, M is the PCC modulus of rupture, c is the
applied stress, and C; and (> are calibration coefficients. The damage due to a single load pass,
D, is then calculated using Miner’s hypothesis as the following.

D=~ (24)

To complete the above examples, the allowable number of load repetitions and the corresponding
damage were calculated using the moisture-dependent k-value shown in Figure 19 and the
additional inputs shown in Table 10. For this simple example, the stress was calculated using
Westergaard’s equation for slab interior (Equation (15)). In addition, the PCC properties were
assumed to remain unchanged (i.e., the only factor affecting stresses and performance was the
moisture within the foundation).

Table 10. Pavement properties assumed for structural analysis.

Variables Value
Elastic modulus of PCC slab 4,000,000 psi
Modulus of PCC rupture 500 psi
Poisson’s ratio of PCC 0.15
calibration coefficient C;, C; 2.0,1.22
Wheel load 9 kips

Figure 24(a) and Figure 24(b) show the damage per pass of a 9-kip axle at the slab interior for
the rainfall and flooding examples, respectively. Figure 24(a) shows that the damage starts to
increase with rainfall and reaches its peak soon after the end of the 10-hour rain event. Then, the
damage starts to reduce gradually as the water is drained out of the pavement, but did not fully
recover at the end of the simulation. On the other hand, Figure 24(b) shows that the flooded
pavement exhibits maximum damage for the first 15 hours after the water started draining from
the pavement surface.
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20 20

0.5

Damage Per Load Pass (x107-12)
>

Damage Per Load Pass (x107-12)
o

0'00 5 10 15 20 25 3( 0'00 5 10 15 20 25
Time (hr) Time (hr)

(a) (b)
Figure 24. PCC damage due to a single pass of 9-kip load for (a) rainfall example and (b)
flooding example.

56

3(



4. DEVELOPMENT OF FDOT’S RIGID PAVEMENT
RESILIENCY TOOL

4.1. INTRODUCTION

The objectives of this study are (1) to evaluate the impact of inundation (due to flooding, sea
level rise, and rainfall) on concrete pavements and (2) to identify cost-effective and
implementable solutions to improve resiliency of rigid pavement systems subjected to
inundation. To meet the above objectives, a Mechanistic-Empirical (ME) rigid pavement
resiliency tool was developed to allow for evaluating not only the impact of inundation on
Florida’s rigid pavements but also the effectiveness of different strategies for improving the
resiliency of rigid pavements.

The rigid pavement resiliency tool (referred to as the “Resiliency Tool” hereafter) is primarily
composed of three major components. These components are (1) a hydrological model for
simulating the water flow within the pavement foundation, (2) a geotechnical model for
estimating the soil strength (or modulus) under different moisture conditions, and (3) a structural
model for simulating the response and assessing the performance of inundated rigid pavement
systems.

This chapter documents the development of the Resiliency Tool and its features, and provides
example scenarios where and how the tool can be used for evaluating the effect of inundation on
rigid pavement performance. A user manual for the Resiliency Tool is provided in Appendix A.

4.2. DEVELOPMENT OF THE RIGID PAVEMENT RESILIENCY TOOL

Figure 25 shows the analysis flow of the Resiliency Tool along with some of the necessary
inputs for each of the ME components. The user interface of the Resiliency Tool has been
developed in the Microsoft (MS) Excel environment with Visual Basic for Application (VBA)
codes to allow the users to easily navigate through the inputs and outputs as well as different
menu options. Figure 26 shows the top portion of the Excel interface that has been implemented.

In addition to Excel and VBA, the Resiliency Tool is also accompanied by the open source,
portable-R programming language. The R language is only used for ILLISLAB, which is a finite
element method (FEM) of structural analysis for rigid pavements. All of the necessary R code is
stored within the VBA environment and automatically executed using the portable-R that is
installed along with the Excel interface. In other words, the end user does not need to have any
knowledge about R language or install R separately. However, it is emphasized that although R
is generally more efficient than VBA, considering the amount of simulations and calculations
needed for the FEM, the Resiliency Tool may still take a significant amount of time when the
FEM is selected as the primary structural model for the analysis.

Additional description on the components and the analysis options of the Resiliency Tool are
provided in the following sections of this chapter.
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USER INTERFACE

RESILIENCY TOOL

INPUT SCREEN

CORE ENGINE

Hydrological Model Inputs

Hydrological Simulation

0 Pavement/Material Inputs

» Layer Thickness and Material Type

» Hydraulic Conductivity Prediction Inputs

(e.g., Void Ratio, Gradation, etc.)

» Other Sources of Drainage (e.g., Edge Drain)
Q Environmental Inputs

> Rainfall Intensity and Duration

» Rate of Evaporation

» Change in Ground Water Table

0O Time-Independent Simulations
» Flooded vs. Dry Conditions
0O Time-Dependent Simulations
» Rainfall
» Flooding
» Sea Level Rise

l

Geotechnical Model Inputs

A5

Geotechnical Material Models

O Regression Parameters
» For Different Soil Types
» For Different Regions
Q Resilient Modulus at Optimum Moisture Content

0O NCHRP 1-37A Model
QO Florida Specific Model
» Soil Water Characteristic Curve (SWCC)

Structural Model Inputs

S =

Structural Simulation

Q Structural Inputs
> Joint Spacing
» Load Transfer Inputs (Dowels, Ties, etc.)
0O Pavement/Material Inputs
» PCC Inputs (Thickness, Modulus, etc.)
» Foundation Inputs (Thickness, Modulus, etc.)

O Waestergaard Equations
> Interior, Edge, and Corner Loading
0O Finite Element (ILLISLAB)

[ 1

OUTPUT SCREEN

0 Output Summary
» Estimated Change in Pavement Life
» Maximum Pavement Response
0 Output Plots
» Intermediate Outputs
v Degree of Saturation, Modulus
» Final Outputs
v Pavement Damage

\

Figure 25. Analysis flow of the rigid pavement resiliency tool.

FDOT

P L\ Rigid

Pavement Resiliency Tool

GENERAL INPUTS

FPID 123456-7
District No. 2
County Alachua

Roadway Section Number 12345
Milepost 16.100 to 16.900
Direction North

Figure 26. FDOT’s rigid pavement resiliency tool interface.
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4.3. RIGID PAVEMENT RESILIENCY TOOL INTERFACE AND ITS FEATURES

4.3.1. General Inputs

A screen capture of the tool interface for the general inputs was previously shown in Figure 26.
These inputs are the general project-related information that defines the location of the project as
well as other information pertaining to the project (i.e., similar project information as included in
FDOT’s nondestructive testing reports). These inputs include the financial project number
(FPN), District, County, roadway section number, direction, and limiting mileposts.

4.3.2. Hvdrological Analysis Options

Figure 27 shows the Resiliency Tool interface where the user may select the hydrological
analysis options. The two primary analysis options are (1) Long-Term simulation and (2) Short-
Term simulation. These options are described subsequently.

ANALYSIS OPTIONS

Hydrological Analysis Option: Long Term (Default)

Structural Model to be Used: Westergaard (Default)

Figure 27. Selection of hydrological analysis options.

43.2.1. Long-Term simulation

The purpose of the Long-Term simulation is to allow the user to compare different situations that
are considered to be permanent (i.e., those that do not change over a short period of time).
Examples of these scenarios are provided in the following.

e Change in pavement performance under different, but permanent levels of sea level rise
(e.g., 10 ft. or 5 ft.) versus no change in sea level.

e Change in pavement performance under different levels of Ground Water Table (GWT)
versus no change in GWT.

e Difference in pavement life between a flooded versus non-flooded pavement (for the
condition that the flooded pavement remains flooded for an extended period of time).

Note that since this type of simulation does not involve any “changes in moisture condition”, the
use of Richard’s Equation for moisture flow within the foundation layers (described in Section
5.1 of the Task 1 report) is not required for this type of analysis. Instead, the hydrological model
only involves calculating the residual moisture content for different layers of pavement
foundation given the permanent moisture condition (e.g., sea level, GWT, etc.).

Figure 28 shows the additional inputs needed for the Long-Term simulation. As shown in the

figure, the user may simulate different depths of Ground Water Table (GWT) with or without
flooded condition. Note the following for these additional inputs.
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e Ground Water Table (GWT): The GWT should be specified as a depth from the
“Pavement Surface” which includes the Portland Cement Concrete (PCC) thickness. The
layers below the GWT are assumed to be fully saturated.

¢ Flooded Condition: If this option is selected, it assumes that all foundation layers within
the pavement are fully saturated (i.e., degree of saturation is equal to 1.0).

ANALYSIS SCENARIOS

Long Term Analysis Scenario

Ground Water Table Located at: 90 in. below Pavement Surface
Simulate Flooded Pavement? No

Figure 28. Long-term simulation inputs.

4.3.2.2. Short-Term simulation

The Short-Term simulation is intended for simulating a pavement structure experiencing changes
in moisture level within a relatively short period of time (i.e., within a few hours, days, or
weeks). Examples of these scenarios are provided as the following.

e Reduction in pavement life due to a severe rainfall combined with traffic loading.
e Recovery of a flooded pavement due to evaporation and other sources of drainage.

The short-term simulation requires the use of Richard’s Equation for estimating the vertical flow
of water through the pavement foundation layers over time. As such, it also requires the
appropriate initial conditions (e.g., rainfall intensity, GWT level at the beginning of simulation,
etc,) as shown in Figure 29. Additional information is provided in the following for these inputs.

e Ground Water Table (GWT): The GWT should be specified as a depth from the
“Pavement Surface” which includes the PCC thickness. The layers below the GWT are
assumed to be fully saturated.

¢ Flooded Condition: If this option is selected, the analysis starts with a flooded
pavement draining naturally. To provide any additional drainage at the pavement
surface (i.e., evaporation), a drainage rate should be specified in the “Rainfall /
Evaporation” table with a negative number.

60



ANALYSIS OPTIONS

Hydrological Analysis Option:

Structural Model to be Used:

ANALYSIS SCENARIOS

Short Term

Westergaard (Default)

Short Term Analysis Scenario

Rainfall / Evaporation

Ground Water Table Located at: 90 in. below Pavement Surface

Start with Flooded Pavement? No
Time Duration for Analysis 30 hr(s) Run Short-Term Analysis
Time Interval for Analysis, At 0.1 hr(s)

Rain Event Starting Time (hr) Ending Time (hr) Rainfall Intensity (in/hr)
Event No. 1 0.0 5.0 5.0
Event No. 2 10.0 15.0 2.0
Event No. 3
Event No. 4
Event No. 5
Rainfall Intensity
6
E 5
£4
Z3
(7]
8%
£1 -
0 T T T T T
0 5 10 15 20 25 30 35
Time (hr)

Figure 29. Short-term simulation inputs.

4.3.3. Mechanistic-Empirical Transfer Coefficients

The empirical equation for calculating the allowable number of load passes (Vy) is shown in
Figure 30. The default coefficients shown in the figure correspond to those from the
AASHTOWare Pavement ME (AASHTO, 2015).

TRANSFER FUNCTION COEFFICIENTS

M2
C = 2 C= 1.22 N¢Equation: log N = [—)
o

Figure 30. Transfer function inputs.
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4.34. Portland Cement Concrete (PCC) Layer and External L.oad Input

There are two structural models built into the Resiliency Tool. These models are (1)
Westergaard’s equations and (2) the ILLISLAB FEM model. The structural model for the
analysis can be selected from the “Analysis Options” menu (Figure 27).

The PCC layer inputs as well as the external load inputs for the respective analysis options are
described in the following sections.

4.3.4.1. Analysis Using Westergaard Equations

The PCC inputs needed for the Westergaard equations are the thickness, elastic modulus (i.e.,
Young’s modulus), and Poisson’s ratio (see Figure 31). Note that the PCC modulus of
rupture (M) is not a direct input for the Westergaard equations, but it is needed for calculating
the Nyusing the transfer function shown in Figure 30.

Since Westergaard equations are applicable for circular loads, it is necessary to input the load
radius and the load magnitude for the structural analysis.

PAVEMENT STRUCTURE AND LOAD

Portland Cement Concrete (PCC) SLAB Inputs

Thickness 10 inch Poisson's Ratio 0.15

Young's Modulus 4.00E+06 psi Modulus of Rupture 500 psi
EXTERNAL LOAD

Load Radius: 6 in. Load Magnitude: 9000 Ibs

Figure 31. PCC and external load inputs for Westergaard equations.

4.3.4.2.  Analysis Using ILLISLAB FEM

Prior to discussing the inputs for ILLISLAB, the readers (and the users) are warned that the FEM
code may take a significant amount of time to finish running, especially for the Short-Term
analysis, where the structural model needs to be evaluated for each time step.

The PCC and load related inputs are shown in Figure 32, and include most of the basic inputs
(e.g., modulus) discussed previously. Additional inputs needed for ILLISLAB analysis are

described as the following.

e Unit weight of PCC and coefficient of thermal expansion (@) of PCC material — these
inputs are needed for simulating the PCC slab response under thermal load (i.e., curling).

e Joint Locations — the first joint location has to be at 0.0 ft. for both joint types.
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o Transverse joint locations define the slab dimensions in the direction of travel. The
example shown in Figure 32 corresponds to 3 slabs in the travel direction, each
having a length of 15 ft.

o Longitudinal joint locations define the slab dimensions in the lateral direction (e.g.,
for different lanes and/or shoulder). The example shown in Figure 32 defines 2 slabs
in the lateral direction, each having a width of 12 ft.

PAVEMENT STRUCTURE AND LOAD

Portland Cement Concrete (PCC) SLAB Inputs

Thickness 10 inch Unit Weight 150 Ib/ftr3
Modulus 4.00E+06 psi Coeff. of Thermal Expansion 4.90E-06 in/in/deg.F
Poisson's Ratio 0.15 Modulus of Rupture 500 psi

Joint Locations

Joint No. 1 2 3 4 5 6 7 8 9 10 11 12
Trans. Joints (ft) 0 15 30 45

Longi. Joints (ft) 0 12 24

Joint locations also define the and

LOAD TRANSFER

TRANSVERSE JOINTS LONGITUDINAL JOINTS

Aggregate Interlock: 10000 psi Aggregate Interlock: 10000 psi
Dowel Bar Diameter 1.5 inch Tie Bar Diameter 0.63 inch
Dowel Bar Modulus 2.90E+07 psi Tie Bar Modulus 2.90E+07 psi
Dowel Bar Poisson's Ratio 0.1 -- Tie Bar Poisson's Ratio 0.1 --
Joint Opening 0.1 inch Joint Opening 0.1 inch
Az 0.9 - Az 0.9 --
Load Transfer No. 1 2 3 4 5 6 7 8 9 10 11 12
Dowel Locations 2 3 4 5 6 7 8 9 10 11

Tie Locations 2.5 5 7.5 10 12.5

Notes:

1. Location of Dowels & Ties only need to be defined for the slab at the lower left corner

2.

EXTERNAL & THERMAL LOADS

EXTERNAL LOADS

Load ID 1 2 3 4 5 6 7 8 9 10 11 12
Magnitude (lb) 4500 4500 4500 4500

X.Coord (ft) 22.5 225 22.5 22.5

X.Length (ft) 0.6 0.6 0.6 0.6

Y.Coord (ft) 2 3 9 10

Y.Length (ft) 0.6 0.6 0.6 0.6

THERMAL LOAD Linear Temperature Gradient (Ttop - Thottom) 0 deg.F

Figure 32. PCC and external load inputs for ILLISLAB.

Load Transfer — there are two types of load transfer mechanisms modeled in ILLISLAB
as discussed below.
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o Dowel bars (for transverse joints) and tie bars (for longitudinal joints) must be
specified by the diameter, elastic modulus, and Poisson’s ratio of the dowel/tie bar
materials (usually steel).

The dowel and tie bar locations must be specified for the first PCC slab located at the
bottom-left corner (see Figure 33), even if there are no dowel and tie bars. This is
because these dowel and tie locations are also used to develop the basic FEM mesh
for the PCC slabs.

Note: If there are no dowel bars or tie bars, the modulus of the bar material
should be set to zero.

o Aggregate Interlock should be specified in the same unit as modulus, i.e., in psi.

e External Loads — up to a total of 12 external loads (or tires) can be specified in
ILLISLAB, each having a rectangular contact area. As shown in Figure 32, the load
magnitude as well as the center coordinates and their length in both the X and Y
directions need to be specified for each load.

e Thermal Load can be specified using a linear thermal gradient (A7) within the PCC
layer, which is calculated as the difference in temperature between the top (71,) and the
bOttom (Tbottom) Of the PCC (le, AT = Ttop - Tbottom).

Figure 33 shows an example of the FEM mesh generated based on the sample inputs provided in
Figure 32.
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Finite Element Mesh

Notes:
1. It is recommended that the FEM mesh be checked prior to running FEM. Click Here to Generate ILLISLAB Mesh

1. Depending on the mesh, the FEM may take some time to complete.

ILLISLAB Finite Element Mesh

20

15

y(ft)

10

x(ft)

Figure 33. Finite element mesh generated from ILLISLAB.

4.3.5. Foundation Laver Inputs

As discussed in the previous chapter, the foundations under the rigid pavement structure are
characterized using the composite modulus of subgrade reaction (i.e., k-value) in both the
Westergaard equations and the FEM. As such, the user may choose to use a constant k-value for
the analysis, as shown in Figure 34. It should be noted that this option is only available for the
Long-Term analysis where the foundation properties do not change within the analysis.

FOUNDATION
Direct (Fixed) Input for Modulus of Subgrade Reaction, k? Y
Modulus of Subgrade Reaction, k-value 200 psi/in

Figure 34. Manual input of the k-value.

In addition to the above, the user may use the k-value that is calculated from other foundation-
related input parameters such as the moisture content, modulus, etc. This option is available for
both the Short-Term and Long-Term analyses. Figure 35 shows an example including the total
thickness and the modulus of the transformed foundation layers (using Odemark’s method), as
well as the corresponding k-value.
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FOUNDATION

Modulus of Subgrade Reaction, k-value

Modulus of Transformed Base/Subbase Layers

Direct (Fixed) Input for Modulus of Subgrade Reaction, k?

Total Thickness of Transformed Base/Subbase Layers

N

492.6 psi/in < Do NOT Modify
17459 psi < Do NOT Modify
23.0 in < Do NOT Modify

Figure 35. Calculating the k-value from foundation modulus.

4.3.5.1. Available Material Types

For calculating the k-value from the layer modulus that may change with moisture content, the
user is provided with several base/subbase types that are frequently used by FDOT. These
foundation layers are described in the following.

Asphalt Base

The primary inputs needed for the asphalt base include the layer thickness, resilient modulus, and

Poisson’s ratio, as shown in Figure 36.

In addition, the user must provide the necessary inputs for the hydraulic analysis which include
the saturated and residual volumetric water contents (., and 6z, respectively) as well as the
coefficients for the Van Genuchten equation shown in Figure 36.

If known, the user may choose to input a fixed value for the hydraulic conductivity of the
asphalt material, as shown in Figure 36. It is also possible to estimate the hydraulic conductivity
from the gradation and other mixture parameters, as discussed in the following paragraphs.

FOUNDATION LAYER # 1 I

Layer 1 Type: Asphalt Base

Layer 1 Resilient Modulus, M 5
Layer 1 Poisson's Ratio

INPUTS FOR HYDRAULIC ANALYSIS

Saturated Volumetric Water Content, @, :

Residual Volumetric Water Content, 8:

Equation Constants

a 2
n 5
m 0.8 < Do NOT Modify

Constant Value for Hydraulic Conductivity, K ?

Layer 1 Hydraulic Conductivity, K

Thickness: 4 in

350000 psi
0.35

0.3
0.02

Model Equation

0.0007 in/s

Figure 36. Basic inputs for asphalt base with constant hydraulic conductivity.
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There are two different models built into the Resiliency Tool for estimating the hydraulic
conductivity of asphalt concrete from mix design inputs. These models are the Masad model
(Masad et. al., 2006) and the Mohammad model (Mohammad et. al., 2003) that were previously
discussed in Chapter 2.

Figure 37 and Figure 38 show the input screens for the Masad and Mohammad models,
respectively. For the gradation input, only the percent passing column needs to be filled in by the
user — which can be easily pasted from FDOT’s typical mix design spreadsheets. In addition to
gradation, the user needs to provide the additional inputs for the respective models that include
air voids (which is the only additional input needed for Mohammad model), binder content,
specific gravity, etc.

It is also observed that the hydraulic conductivity from the Masad model (Figure 37) is
significantly higher than from the Mohammad model (Figure 38) for the same mixture shown in
the figures. Although further calibration of these models may reduce the gap between them, such
effort is beyond the scope of this study. At the time of this writing, it is recommended that the
Mohammad model be used for asphalt permeability (i.e., hydraulic conductivity), since this
model provided the results that are in the range reported by FDOT (Lee and Ayyala, 2020).

Constant Value for Hydraulic Conductivity, K ? N
Layer 1 Hydraulic Conductivity, K 0.0124 in/s & Do NOT Modify
K -model for Layer 1: Massad Model
Asphalt Concrete Gradation
The Column for % Passing (highlighted in gray) can be copy/pasted from the Mix Design Job Mix Formula (JMF)
Sieve Size Sieve Opening (mm) Sieve Opening (in) % Passing % Retained
3/4" 19 0.748 100 0
1/2" 12.5 0.492 98 2
3/8" 9.5 0.374 90 8
No. 4 4.75 0.187 65 25
No. 8 2.36 0.093 43 22
No. 16 1.18 0.046 33 10
No. 30 0.6 0.024 24 9
No. 50 0.3 0.012 14 10
No. 100 0.15 0.006 7 7
No. 200 0.075 0.003 4.2 2.8
Massad Model (Massad et. al., 2006) 3 [ % §
= . G| B~ Py (1-R
Model Equation: K= c-Ar 5 Dg {1+ Sb[ b ba( b)] r
(1-47) L Gy(1-5) H
Manual Inputs Calculated Inputs Do NOT Modify
Percent (%) Air Voids, AV 4 Calibration Coefficient, C 50.2
Percent (%) Binder, P, 5.1
Specific Gravity of Binder, G, 1.03 Avg. Diameter of Particles,
Bulk Specific Gravity of Agg., G 2.733 D (in) 0.12
Max. Specific Gravity of Mix, G ,,m 2.572
Unit Weight of Water, y (pcf) 62.3 Percent (%) absorbed
Viscosity of Water, u, (Ib-s/ft*) 2.09E-05 binder, P ,q 0.86

Figure 37. Input screen for calculating asphalt base hydraulic conductivity using Masad
Model .
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Constant Value for Hydraulic Conductivity, K ? N

Layer 1 Hydraulic Conductivity, K 0.0005 in/s < Do NOT Modify

K -model for Layer 1: Mohammad Model

Asphalt Concrete Gradation

The Column for % Passing (highlighted in gray) can be copy/pasted from the Mix Design Job Mix Formula (JMF)

Sieve Size Sieve Opening (mm) Sieve Opening (in) % Passing % Retained
3/4" 19 0.748 100 0
1/2" 12.5 0.492 98 2
3/8" 9.5 0.374 90 8
No. 4 4.75 0.187 65 25
No. 8 2.36 0.093 43 22

No. 16 1.18 0.046 33 10
No. 30 0.6 0.024 24 9
No. 50 0.3 0.012 14 10
No. 100 0.15 0.006 7 7
No. 200 0.075 0.003 4.2 2.8

Mohammad Model (Mohammed et. al., 2003)

76.6AV ~17.2Fy 475 +163.4F) 3 —197.5P0,6}

Model Equation: K =107
+33.2P, 36 +4.5R,5-1.7TH

Percent (%) Air Voids, AV 4
Percent (%) Passing 12.5 mm Sieve, P 1, 5 98 < Do NOT Modify
Percent (%) Passing 2.36 mm Sieve, P, 3¢ 43 < Do NOT Modify
Percent (%) Passing 0.6 mm Sieve, P 24 < Do NOT Modify ) .
. All other inputs are read
Percent (%) Passing 0.3 mm Sieve, P o3 14 < Do NOT Modify from IMF
Percent (%) Passing 0.075 mm Sieve, P ¢ 975 4.2 < Do NOT Modify

Figure 38. Input screen for calculating asphalt base hydraulic conductivity using
Mohammad Model.

Coarse-Grained Soil

For coarse-grained soils, the hydraulic conductivity model developed by Chapuis (2004) has
been implemented into the Resiliency Tool. The corresponding input screen is shown in Figure
39. It is recommended that this model be used for FDOT’s stabilized subbase and in areas with
coarse-grained subgrade materials (i.e., A-1 through A-3 soils according to AASHTO
classification).

Constant Value for Hydraulic Conductivity, K ? N
Layer 2 Hydraulic Conductivity, K 0.0077 in/s < Do NOT Modify
K -model for Layer 2: Chapuis Model (Coarse-Grained Soil)

Coarse-Grained Soils (Chapuis, 2004) 42 0.7825
Model Equation; K =2.4622| £10¢_
I+e
Effective Diameter Corresponding to 10% Passing, d 1o, (in.) 4.70E-03

Void Ratio, e 0.618

Figure 39. Inputs for hydraulic conductivity of coarse-grained soils.
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Fine-Grained Soil

For fine-grained soils (i.e., AAASHTO classifications A-4 through A-8), the Resiliency Tool
incorporates the prediction equation developed by Mbonimpa et al. (2002) for hydraulic
conductivity. The input screen for this model is shown in Figure 40.

Constant Value for Hydraulic Conductivity, K ? N

Layer 2 Hydraulic Conductivity, K 0.0000 in/s < Do NOT Modify

K -model for Layer 2: Mbonimpa Model (Fine-Grained Soil)

Fine-Grained Soils (Mbonimpa et. al., 2002) L
Model Equation: Kg=C, T T

Hu,, (1+e) o w,_"

Regression Constant, Cp 5.6

Unit Weight of Water, 7 (pcf) 62.3

Dynamic Viscosity of Water, g (Ib/ft-s) 2.09E-05

Soil Density, p s (pcf) 125

Void Ratio, e 2.5

Liquid Limit, w, 199

Figure 40. Inputs for hydraulic conductivity of fine-grained soils.

4.3.6. Foundation Laver Modulus

The change in foundation modulus due to change in moisture content (or degree of saturation)
can be assessed using one of the two models implemented into the Resiliency Tool. These
models are the NCHRP 1-37A model and the Soil-Water Characteristic Curve (SWCC) model.

4.3.6.1. NCHRP 1-37A Model

The NCHRP 1-37A model (ARA, 2000) provides a simple means for estimating the change in
soil’s resilient modulus as a function of degree of saturation, S. The equation as well as the
inputs needed for this model are shown in Figure 41.

INPUTS FOR RESILIENT MODULUS

Geotechnical / Soil Mechanics Model: NCHRP 1-37A (Default)

NCHRP Model

. R b—a
Model Equation: log =a+
M popy 1 exp( B+ Ky (S = Sop )

Resilient Modulus at Optimum Moisture Content, M gop (Psi) 16000

Degree of Saturation at Optimum Moisture Content, S o (%) 11

Figure 41. Inputs for NCHRP 1-37A resilient modulus model.
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It should be noted that the user only needs to input the resilient modulus and the degree of
saturation at the soil’s optimum water content (Mg,p: and Sopr, respectively). The remaining
regression coefficients, i.e., a, b, 3, and &, are built into the spreadsheet for the appropriate soil
types (coarse vs. fine).

4.3.6.2. Soil-Water Characteristics Curve (SWCC) Model

Figure 42 shows the equations as well as the necessary inputs needed for the SWCC model that
was tailored to Florida’s soils by Oh and Fernando (2011) and Oh et. al. (2012).

Prior to further discussion on the model inputs, it is emphasized that using the SWCC model
requires iteration for finding the soil suction (S;) for a given volumetric water content (&) — from
the equations shown at the bottom of Figure 42. In other words, the SWCC model is not as
efficient as the NCHRP 1-37A model and may require a long time to run the analysis (especially
for the Short-Term analysis).

INPUTS FOR RESILIENT MODULUS

Geotechnical / Soil Mechanics Model: SWCC

Florida Soil Water Characteristic Curve (SWCC) Model:

Select a District to Load Defaut Coefficients: D1
Stresses (psi) MR Model Coefficients SWCC Coefficients
Atm Bulk | Oct. Sh. k1 k2 k3 k4 af bf cf hr
14.7 6.7 0.9 1352.7 1.0 -0.3 0.8 1.9 0.8 2.8 99.5
(5] k3
. +3kyS .0 .
MR Model: Mp =kP, [7%‘”‘ MELT RS j [T"—”H]
a a
0, In(1+(S./h
SWCC Model: 0=C(S,) sl — where C(S.)= 17M
l ol 1 N 1n(1+(1.45x105/hr))
nf e +(S./a)

Figure 42. Inputs for SWCC resilient modulus model.

According to the previous studies conducted by Oh and Fernando (2011) and Oh et. al. (2012), it
was recommended that the SWCC model coefficients ay, by, ¢, and A, shown in Table 11 be
used for Florida’s limerock base, stabilized subgrade, and embankment materials.

However, the above referenced FDOT research reports did not provide the representative
coefficients for the stress-dependent resilient modulus model (i.e., k1 through k4 in the top
equation of Figure 42). Furthermore, since the previous research was focused on flexible
pavements, the representative bulk (opux) and octahedral shear (7, stresses were not made
available for use with rigid pavements.

To develop the default coefficients for the stress-dependent resilient modulus model, the data
made available in Appendix D of the FDOT report by Oh and Fernando (2011) were extracted,
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and the coefficients corresponding to the average of the available test data were calculated. This
effort was repeated for all material types and FDOT Districts shown in Table 11. As an example,
Figure 43 shows the stress-dependent modulus model for the embankment material in District 5.
The average coefficients (i.e., the default values for k1 through k4) in this manner are shown in
Table 12.

Table 11. SWCC Model Parameters for Florida Specific Model (From Oh and Fernando,
2011)

. L. SWCC Model Coefficients
Material District ; ;
ar (psi) by cr hr (psi)
Limerock Base All Districts 5.652 0.950 0.800 100.200
Stab. Subgrade All Districts 5.606 0.478 2.865 99.672
1 1.858 0.828 2.804 99.479
2 3.446 0.884 2.811 100.090
3 6.585 1.210 3.430 99.952
Embankment 4 3.160 0.869 3.430 99.946
5 3.009 0.640 4.223 100.748
6 8.111 10.044 1.068 99.728
7 1.363 0.746 3.343 100.765
140000
0.7 -154
120000 A
—_ opyr +3:7-S.0 T
Z Mp=2601-p, |~k —=—“c || “ocl 4
= 100000 - P, >
=
£ 80000
=]
% 60000 -
8
= 40000 -
&
20000 A
0 T T T T T
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Volumetric Water Content
—A— 77002 0—79270 -—O— Average

Figure 43. Fitting of stress-dependent resilient modulus model (for embankment material
in District 5).
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Table 12. Stress-dependent resilient modulus model parameters

Material District Model Cocfficients
ki k> ks k4
Limerock Base All Districts 1,047.5 1.0 -0.4 2.4
Stab. Subgrade All Districts 861.3 0.8 6.6 0.2
1 1,352.7 1.0 -0.3 0.8
2 1,123.8 0.6 -0.2 0.8
3 543.9 0.9 -0.2 0.1
Embankment 4 15,801.6 0.8 -46.3 2.0
5 2,601.5 0.7 -15.4 7.0
6 15,801.6 0.8 -46.3 2.0
7 703.0 1.0 6.1 0.2

The default values for the bulk and octahedral shear stresses were obtained by simulating a

typical pavement structure in a Layered Elastic Analysis (LEA) program, known as KenLayer.
Table 13 shows the pavement structure simulated in KenLayer. The external load was modeled
to be a circular load with a magnitude of 9.0 kips and a radius of 6.0 in.

Table 13. Pavement structure for simulating bulk and octahedral shear stresses

Layer Elastlikl\sfli;) GUIUY Poisson's Ratio Thickness (in) Unit weight (pcf)
PCC 4000 0.15 10.0 145
AC Base 350 0.35 4.0 140
Stabilized Subgrade 16 0.40 12.0 135
Embankment 16 0.45 o0 110

As outlined in Oh and Fernando (2011), the corresponding bulk and octahedral shear stresses
were calculated under the combination of the external load mentioned above and the gravimetric
load (i.e., overburden). The stresses calculated at the mid-depth of the stabilized subgrade and at
12 in. depth of the embankment are summarized in Table 14.

Table 14. Default values for bulk and octahedral shear stresses

Layer Bulk Stress, Opuik (psi) Shear Stress, ZTocr (psi)
Stabilized Subgrade 4.6 0.8
Embankment 6.7 0.9

Note that for the embankment layer (i.e., Foundation Layer No. 7 in the Resiliency Tool), the
default values for the SWCC coefficients (Table 11) as well as the resilient modulus model
coefficients (Table 12) depend on FDOT’s District. These default values can be loaded by
selecting the District number (e.g., “D1”) in the input screen shown in Figure 42. The default
values for stabilized subgrade and special soil (that are independent of FDOT’s District) are
loaded when the material is first selected.
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4.4. ANALYSIS RESULTS

Once the analysis is completed, the user can scroll down within the same worksheet to see the
results. The results displayed on the worksheet depend on the analysis options, as discussed in
the following sections.

4.4.1. Long-Term Analysis Results

As mentioned previously, the long-term analysis does not involve any changes in the moisture
condition of the foundation layers. As such, the results of the long-term analyses are independent
of time, and the hydrological model is only used to calculate the moisture condition at the
prescribed (i.e., permanent) condition.

4.4.1.1. Hydrologic Equilibrium and Resilient Modulus Results (Long-Term)

Figure 44 shows an example of the hydrologic analysis results provided for the long-term
analysis option. As shown in this figure, the results include two plots.

The first plot on the left shows the degree of saturation for the foundation layers at the state of
hydrological equilibrium. The second plot on the right shows the resilient modulus of the
foundation layers corresponding to the degree of saturation shown on the left. Note that both
these plots show the results from the bottom of the PCC layer (i.e., depth of 0.0 in. in the plot) to
the top of the GWT.

The user can also access the data used for plotting these results from the worksheet named
“Long-Term”.

ANALYSIS RESULTS

Degree of Saturation and Resilient Modulus Plots

Degree of Saturation Resilient Modulus
0 0 -
-_ 20 T -_ 20 T
£ £
< 40 ~ < 40 ~
& &
Q60 - Q60 -
80 T T 80 T T T
0 0.5 1 1.5 0 100000 200000 300000 400000
Deg. of Saturation Resilient Modulus (psi)

Figure 44. Long-term analysis results using Westergaard equations.
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4.4.1.2. Westergaard Results (Long-Term)

When the Westergaard equations are selected for the structural analysis option, the Long-Term
analysis results are provided instantaneously (i.e., there are no buttons that need to be clicked to
see the results).

The structural analysis results are provided in a table format (see Figure 45) below the
hydrologic results. The results include the maximum deflection and tensile stresses obtained
from the Westergaard equations, as well as the maximum allowable number of load repetitions
(Ny) and the damage corresponding to a single pass of the load (1/ Ny).

Structural Model Results

Parameters Interior Edge Corner
Deflection (mils) 2.7 9.5 18.5
Stress (psi) 109.7 155.5 399.6

Nf 5.4E+12 2.1E+08 4.3E+02

Damage (1/Nf) 1.9E-13 4.8E-09 2.3E-03

Figure 45. Long-term analysis results using Westergaard equations.

44.1.3. ILLISLAB Results (Long-Term)

Figure 46 shows an example of the Long-Term analysis results from ILLISLAB.

Unlike the Westergaard option, the ILLISLAB results are not automatically populated by the
tool. To obtain the structural results from ILLISLAB, the user must specify the locations within
the PCC slab (X and Y coordinates as well as the depth) where the responses are to be
extracted from the FEM solution. Then the user needs to click on the “Click Here to Run
ILLISLAB” button, which calls the Portable-R and runs the FEM solution.

Once the FEM analysis completes, the ILLISLAB results (i.e., deflections, stresses, and the

corresponding Nrand damage values) for the specified locations can be loaded into the
spreadsheet by clicking on the “Import ILLISLAB Results” button.
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Structural Model Results

Follow these steps to run ILLISLAB

1. In the table below, specify the X and Y Coordinates for the locations where response is to be extracted. (Do not Change Other Cells)
2. Specify the depth within the PCC at which the response is to be extracted.

Parameters Location #1 Location #2 Location #3
X-Coordinate (ft) 22.5 22.5 22.5
Y-Coordinate (ft) 2 2.5 6
Deflection (mils) 3.6 3.6 2.6

Stress (psi) 106.1 103.3 36.4

Nf 1.8E+13 5.0E+13 7.6E+48
Damage (1/Nf) 5.5E-14 2.0E-14 1.3E-49
Depth within PCC Layer for Simulation of Response: 10 inch
Which plot do you want to show? Sx
Click Here to Click Here to Import ILLISLAB
Run ILLISLAB Reload Images Results

ILLISLAB Stress

Longitudinal Stress (psi)
100

75
50
25
0

X (ft)

Figure 46. Long-term analysis results rsing ILLISLAB.

4.4.2. Short-Term Analysis Results

The Short-Term analysis involves simulating the moisture flow within the pavement foundation
over the prescribed duration, so this option usually requires more time to complete than the
Long-Term analysis option.

4.4.2.1. Hydrologic Equilibrium and Resilient Modulus Results (Short-Term)

Figure 47 shows an example of the hydrological analysis results from the Short-Term analysis.
The plot on the left shows the degree of saturation over time, at a depth specified by the user. On
the other hand, the plot on the right shows the degree of saturation as a function of depth (below
the PCC layer) at any time specified by the user.
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Similarly, Figure 48 shows the corresponding plots for the resilient modulus. Again, the one on
the left is a plot over the analysis duration as a depth specified by the user, while the one on the
left is a plot with respect to depth at a given time specified by the user.

ANALYSIS RESULTS

Hydrological Model Results

Plot Deg. of Saturation at 0 in. below PCC Plot Deg. of Saturation at time = 0 hr
Degree of Saturation at Depth 0 in. below Degree of Saturationat Time =0 hr
PCC 0
1.5
.g — 20 T
- c
S 14 =
% < 40 A
A &
s 0.5 + 0 g0 A
[
(]
o 0 T T T 80 T T
0 10 20 30 40 0 0.5 1 1.5
Time (hr) Deg. of Saturation

Figure 47. Short-term analysis results — hydrological analysis.

Resilient Modulus (Geotechnical) Model Results

Plot Resilient Modulus at 12 in. below PCC Plot Resilient Modulus at time = 7.5 hr
Resilient Modulus at Depth 12 in. below PCC Resilient Modulusat Time =7.5 hr

— 20000 0 A

8 J

% 15000 - —~20 -+

= c

3 =

g 10000 £ 40 -

s &

£ 5000 - 0 60 -

2

K 0 ; ; ; 80 ; ; ;

&« 0 10 20 30 40 0 100000 200000 300000 400000
Time (hr) Resilient Modulus (psi)

Figure 48. Short-term analysis results — resilient modulus analysis.

4.4.2.2. Westergaard Results (Short-Term)

Figure 49 shows an example of the Westergaard results for the Short-Term analysis. As shown in
the figure, there are five plots that include the composite k-value, critical tensile stress,
maximum deflection, the allowable number of load passes (Ny), and the damage per pass (1/ N)),
all of which are plotted as functions of time. The user may choose to plot the corresponding
results at different locations made available by Westergaard equations (i.e., slab interior, edge, or
corner).
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Structural Model Results
Composite Modulus of Subgrade Reaction Location for Analysis Edge
c 600 Ref. Damage (per Pass) 4.8E-09
.0
b+ 500 1 SetDamage @ t=0as SetDamage @ t = tg,, @s
§ _ 400 Referense Referense
o % 300 - Daily Load Repetitions 5000
zi 4 200 - (You may use ESALs if the load was configured to a
q 100 standard single axle)
2 - ‘
s T T T Reduction in Pav't Life 196.4 hrs, or
0 10 20 30 40 8.18 days, or
Time (hr) 0.022 yrs
Plot Critical Stress at Slab ~ Edge Plot Deflection at Slab Edge
Critical Stress Deflections
175.0 15.0
£ 1650 - < 1001
A .0
n -
% 160.0 § 50 A
155.0 - “g
150.0 T T T 0.0 T T T
0 10 20 30 40 0 10 20 30 40
Time (hr) Time (hr)
Plot N¢ at Slab Edge Plot Damage/Pass at Slab  Edge
Allowable Number of Load Passes Damage per Load Pass
2.5E+08 6.0E-08
2.0E+08 - 5.0E-08 ~
.. 1.5E+08 - g 0808 1
2 £ 3.0E-08 A
1.0E+08 - 3 2 0E-08 4
5.0E+07 A 1.0E-08 A
0.0E+00 T T T 0.0E+00 T T T
0 10 20 30 40 0 10 20 30 40
Time (hr) Time (hr)

Figure 49. Short-term analysis results — structural analysis using Westergaard equations.
The user is also allowed to carry out the performance analysis based on the structural results (see
top-right corner of Figure 49). The procedure for running the performance analysis is described

as the following.

1. Select the PCC location for the analysis (i.e., Interior, Edge, or Corner). For most
cases, it is recommended that the edge location be used for this analysis.
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2. Input the Reference Damage per Pass for a given load. The reference damage can be
obtained in one of the three ways described below.

a. By clicking on the “Set Damage @ t = 0 as Reference” button. As indicated by the
name of the button itself, this option allows the user to set the reference damage to
that corresponding to the beginning (i.e., time = 0.0 hr) of the simulation.

This option is feasible and is the recommended method for simulating rainfall events
where the condition just before the rainfall is the reference condition.

b. By clicking on the “Set Damage @ t = trina1 as Reference” button. In contrast to the
above, this option sets the reference damage equal to that the end of the simulation.

This option is to be used when the user simulates a pavement that starts at a flooded
condition and goes through the draining process over time. Note that for this method
to provide a feasible estimate of the reference damage, the duration of the Short-Term
analysis should be long enough to allow for the water to drain and the foundation of
the pavement is at the end of simulation is representative of the reference (i.e., before
flooding) condition.

c. From the Long-Term analysis results (e.g., Figure 45) obtained using the hydrological
inputs that correspond to the reference condition (e.g., before rainfall).

This option is made available for special conditions where the two options described
above are not deemed feasible.

3. Input the Daily Load Repetitions of the corresponding load. This is used to calculate the
additional reduction in pavement life caused by the increased pavement damage due to
continued traffic loading.

It is also noted that the additional pavement life reduction is estimated using the well-
known Miner’s hypothesis. The primary assumption behind this calculation is that the
normal pavement life reduction (i.e, without the rain or other adverse event being
simulated) is equal to the Short-Term analysis duration. For example, if the pavement
was subjected to 30 hours (corresponding to the analysis duration of the example in
Figure 49) of normal traffic under the reference condition (i.e., no rainfall), the reduction
in pavement life is simply obtained to be 30 hours.

However, for the adverse condition such as the one shown in Figure 49, the pavement
will undergo an increased amount of damage, if it was subjected to the same amount of
traffic (as the reference condition). For convenience, the ratio between these two damage
values are defined as the Damage Ratio (DR) herein.

DR = ID gdverse (25)
TDNormal
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where TDaverse and TDnorma are the total damage caused during adverse and normal
conditions, respectively. Then, the reduction in pavement life due to the adverse event
(AN 4dverse) 1s obtained as the following.

ANAdverse = ANNormal x DR (26)

where ANnormai 18 the life reduction under normal condition, which is set to be equal to
the analysis duration.

4423, ILLISLAB Results (Short-Term)

It is emphasized again that running the ILLISLAB model for the Short-Term analysis requires a
very long time to run and a lot of computer storage area to save all of the results from the
ILLISLAB runs. As such, it is recommended that this option be used with caution.

Figure 50 shows the user interface for Short-Term ILLISLAB analysis and results. Similar to the
Long-Term analysis, the user must specify the locations within the PCC slab (X and Y
coordinates as well as the depth) where the responses are to be extracted from the FEM
solution, and click on the “Click Here to Run ILLISLAB” button, which calls the Portable-R and
runs the FEM solution for each time step within the analysis duration.

Once the FEM analysis completes, the ILLISLAB results (i.e., deflections, stresses, and the
corresponding Nrand damage values) for the specified locations can be loaded into the
spreadsheet by clicking on the “Import ILLISLAB Results” button. Once the pavement
responses are loaded, the user may proceed to the performance analysis as shown in Figure 51.
The procedure for running the performance analysis (i.e., calculating the pavement life
reduction) was previously described under the Westergaard option, and shall not be repeated
here.
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Structural Model Results

Follow these steps to run ILLISLAB
1. In the table below, specify the X and Y Coordinates for the locations where response is to be extracted.

2. Specify the depth within the PCC at which the response is to be extracted.

Location Coords. Location #1 Location #2 Location #3
X-Coordinate (ft) 22.5 22.5 22.5
Y-Coordinate (ft) 2 2.5 6
Depth within PCC Layer for Simulation of Response: 10 inch
Which plot do you want to show? Sx at Time = 0.1 hr
Click Here to Click Here to Import ILLISLAB
Run ILLISLAB Reload Images Results

ILLISLAB Stress

Longitudinal Stress (psi)
100

75
50
25
0

X (ft)

Figure 50. Short-term analysis results — structural analysis using ILLISLAB.
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Composite Modulus of Subgrade Reaction Location for Analysis Location 2
c 600 Ref. Damage (per Pass) 2.0E-14
.9 OO
b+ S T SetDamage @ t=0as SetDamage @ t = tg,, as
E . 400 4 Referense Referense
o % 300 Daily Load Repetitions 5000
5 8 200 - (You may use ESALs if the load was configured to a
3 100 standard single axle)
2 0 o .
S T T T Reduction in Pav't Life 4508.7 hrs, or
0 10 20 30 40 187.86 days, or
Time (hr) _ 0515  yrs
Plot Critical Stress at Slab Location 2 Plot Deflection at Slab Location 2
Stress Deflection
125 8
120 A T—f i
= é 6
£ 115 A c
2 S4 -
0 110 A ks
= 2
“ 105 | 52
100 T T T O T T T
0 10 20 30 40 0 10 20 30 40
Time (hr) Time (hr)
Plot N¢ at Slab Location 2 Plot Damage/Pass at Slab Location 2
Allowable Number of Load Passes Damage per Load Pass
6.0E+13 8.0E-12
5.0E+13 A
6.0E-12 -
4.0E+13 A g
% 3.0E+13 £ 4.0E-12 A
2.0E+13 a
2.0E-12 A
1.0E+13 A
0.0E+00 T T T 0.0E+00 T T T
0 10 20 30 40 0 10 20 30 40
Time (hr) Time (hr)

Figure 51. Short-term analysis results — performance analysis using ILLISLAB.
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4.5. SAMPLE PROBLEMS

In this section of the report, a few example problems are solved using the Resiliency Tool. The
examples are intended to further guide the user to get started with the resiliency tool and its
features.

4.5.1. Long-Term Analysis Examples

A couple of example problems that demonstrate the Long-Term analysis option of the Resiliency
Tool are provided in the following.

4.5.1.1. Long-Term Analysis Example No. 1: Effect of GWT

Problem Statement: Consider the pavement structure given in Table 15, which is assumed to
have a service life of 40 years under a GWT depth of 90 in. below the pavement surface. Using
the Westergaard equation for the PCC edge as the structural solution, estimate the effect of GWT
rise (at an interval of 5 in.) on pavement service life. Assume that the traffic remains unchanged
for all scenarios and use default values for the parameters not shown in Table 15.

Table 15. Pavement layer properties for long-term analysis Example No. 1

Layer Input Paramter Value
Thickness (in.) 10.0
PCC Young’s Modulus (ksi) 4,000
Modulus of Rupture (psi) 500
Poisson’s Ratio 0.15
Thickness (in.) 4.0
Asphalt Base Resilient Modulus (ksi) 350
Poisson’s Ratio 0.35
Thickness (in.) 12.0
Stabilized Poisson’s Ratio 0.4
Subgrade ;
& Resilient Modulus (ksi) Calcul(z;\t;fogszlnéll\ig{;i 1: ﬁl‘;))MOdel
Poisson’s Ratio 0.4
Embankment N Calculated Using NCHRP 1-37A Model
Resilient Modulus (Mrop = lgo ksi, Sopt = 11%)

Solution: The pavement life for the respective GWT depth can be estimated by running the long-
term analysis option multiple times. More specifically, the GWT depth is changed from 90 in. to
10 in. (corresponding to the bottom of PCC) at an interval of 5 in., and the corresponding
pavement damage at the PCC edge is stored at a separate spreadsheet. Table 16 shows these
results.

Taking the pavement damage corresponding to GWT depth at 90 in. as the reference damage,

Dreference, (1.€., damage due to a single load pass under normal condition), the Damage Ratio (DR)
is calculated for each GWT depth using the following equation.

82



DR =

Dewr

Dp eference

27)

where Dgpr is the damage due to a single load pass for the respective GWT depths. Then, the
pavement life for the respective GWT depth (Ngwr) is estimated using the following equation.

Newr =

N Reference
DR

(28)

where Nreference 1S the reference pavement life (= 40 yrs for this example). The calculated results
are provided in Table 16 and a plot of the pavement life with respect to the GWT depth is shown

in Figure 52.

Table 16. Summary of results for long-term Example No. 1

GWT Depth (in.) Damage at PCC Edge Damage Ratio (DR) ESﬁmate(dYSrgVice Life
90 4.81E-09* 1.00 40.0
85 6.08E-09 126 316
80 7.82E-09 1.63 24.6
75 1.03E-08 2.14 18.7
70 1.38E-08 2.86 14.0
65 1.87E-08 3.89 10.3
60 2.54E-08 5.28 7.6
55 3.33E-08 6.93 5.8
50 4.11E-08 8.55 4.7
45 4.81E-08 10.00 4.0
40 5.27E-08 10.96 3.6
35 5.41E-08 11.25 3.6
30 5.42E-08 11.28 3.5
25 5.42E-08 11.28 35
20 5.42E-08 11.28 35
15 5.42E-08 11.28 3.5
10 5.42E-08 11.28 35

Note*: This value is the reference damage, Dreference, (i.€., damage under normal conditions).
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Figure 52. Pavement life vs. GWT depth for long-term Example No. 1

4.5.1.2. Long-Term Analysis Example No. 2: Effect of Resilient Modulus of Stabilized
Subgrade

Problem Statement: Consider again the pavement that was analyzed in the previous example.
Assume that the same pavement is to be constructed at a different location where the GWT depth
is at 80 in. from the surface (rather than 90 in.).

According to Table 16, this pavement will have an estimated service life of 24.6 years under the
same amount of traffic. Consider increasing the resilient modulus of the stabilized subgrade to
achieve an estimated service life of at least 30 years.

Solution: The Long-Term analysis is repeated for several values of the Resilient Modulus at
Optimum Moisture Content, Mrop:, from 16 ksi to 24 ksi at an interval of 2 ksi. Similar to the
previous example, the corresponding damage (at PCC edge) from the Westergaard equation is
stored for each run. These results are provided in Table 17.

Table 17. Summary of results for long-term Example No. 2

Resilient Modulus (ksi) | Damage at PCC Edge Damage Ratio (DR) ESﬁmate?Yigme LBt
16 7.82E-09 1.63 24.6
18 7.08E-09 1.47 27.2
20 6.47E-09 135 297
2 5.97E-09 1.24 322
24 5.54E-09 115 347

Note*: This value is the reference damage, Dreference, (i.€., damage under normal conditions).
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Table 17 also shows the Damage Ratio (DR) and the estimated service life using Equations (27)
and (28). A plot of the estimated service life is provided in Figure 53. Based on these results, an
Mpgrop: of 22 ksi (approximately) is needed to achieve a service life of 30+ years.
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Figure 53. Pavement life vs. Mg, of stabilized subgrade for long-term Example No. 2

4.5.2. Short-Term Analysis Examples

In the following sections of the report, a couple of Short-Term analysis examples are provided.

4.5.2.1. Short-Term Analysis Example No. 1: Effect of Heavy Rainfall

Problem Statement: Consider again the pavement structure provided in Table 15 with the GWT
located at 90 in. below the PCC surface. Assume this pavement is subjected to 5,000 load

repetitions per day during normal conditions. It is expected that this pavement will be exposed to
the following, severe rainfall events.

1. Five hours of heavy rainfall with an intensity of 5.0 in/hr, starting at time = 0 hr and
ending at time = 5 hr.

2. Another five hours of rainfall with an intensity of 2.0 in/hr, starting at time = 10 hr and
ending at time = 15 hr.

If the pavement undergoes the above rainfall events, how much time is needed for the pavement
foundation to recover 90 and 95 percent of its original strength (in terms of the composite
modulus of subgrade reaction, k-value)? In addition, estimate the additional pavement life
reduction due to this rainfall event, if the pavement continues to carry the same amount of traffic
(i.e., 5,000 load repetitions per day).

Solution: The inputs for the two rainfall events as well as other Short-Term analysis inputs are

shown in Figure 54. To ensure that the simulation covers enough time range for the pavement to
drain, the analysis duration was set to 100 hrs with an analysis interval of 0.1 hr.
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Short Term Analysis Scenario

Ground Water Table Located at: 90 in. below Pavement Surface
Start with Flooded Pavement? No
Time Duration for Analysis 100 hr(s)

Run Short-Term Analysis
Time Interval for Analysis, At 0.1 hr(s)

Rainfall / Evaporation

Rain Event Starting Time (hr) Ending Time (hr) Rainfall Intensity (in/hr)
Event No. 1 0.0 5.0 5.0

Event No. 2 10.0 15.0 2.0

Event No. 3

Event No. 4

Event No. 5

Rainfall Intensity

Intensity (in/hr)
O P N W M U1 O

0 20 40 60 80 100 120
Time (hr)

Figure 54. Rainfall inputs for short-term Example No. 1

Figure 55 shows the structural analysis results obtained after clicking the “Run Short-Term
Analysis” button in the previous figure. The plot on the top-left corner of this figure shows how
the composite modulus of subgrade reaction (k-value) varies over the analysis duration. Clearly,
the k-value undergoes a significant reduction during the first 20 hrs of the simulation (due to the
rainfall) and starts to recover slowly after the rainfall event.

According to this plot (or based on the data provided separately in the “Short-Term” worksheet,
the k-value at the initial condition (or the reference condition just before the rainfall) is equal to
492.6 psi/in. Also based on the results from the plot or the “Short-Term” worksheet, the time
needed for the pavement to recover 90 percent (i.e., k-value = 443.3 psi/in) and 95 percent (i.e.,
k-value = 467.9 psi/in) of the original foundation strength is found to be 48.8 hrs (approximately
2.0 days) and 61.4 hrs (approximately 2.6 days), respectively.

The performance analysis (i.e., calculating the pavement life reduction) can be completed by
clicking the “Set Damage @ t = 0 as Reference” button (Note again that the reference condition
is regarded as the pavement structure just before the rainfall at time = 0.0 hr). The figure shows
that the pavement life reduction under the two rainfall events is found to be 292.3 hrs. Since the
pavement would have only experienced a reduction of 100 hrs under normal circumstances, it is
found that the pavement lost an additional 192.3 hrs (approximately 8.0 days) of service life.
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Structural Model Results
Composite Modulus of Subgrade Reaction Location for Analysis Edge
c 600 Ref. Damage (per Pass) 4.8E-09
.0
b+ 500 1 SetDamage @ t=0as SetDamage @ t = tg,, @s
§ _ 400 Referense Referense
o % 300 - Daily Load Repetitions 5000
zi 4 200 - (You may use ESALs if the load was configured to a
q 100 standard single axle)
2 - ‘
s T T Reduction in Pav't Life 292.3 hrs, or
0 50 100 150 12.18 days, or
Time (hr) _ 003  yrs
Plot Critical Stress at Slab ~ Edge Plot Deflection at Slab Edge
Critical Stress Deflections
175.0 15.0
__170.0 T_é? /!
£ 1650 - < 1001
a 2
n -
% 160.0 § 50 A
155.0 - “g
150.0 T T 0.0 T T
0 50 100 150 0 50 100 150
Time (hr) Time (hr)
Plot N¢ at Slab Edge Plot Damage/Pass at Slab  Edge
Allowable Number of Load Passes Damage per Load Pass
2.5E+08 6.0E-08
2.0E+08 - 5.0E-08 ~
.. 1.5E+08 - g 0808 1
2 £ 3.0E-08 A
1.0E+08 - 3 2 0E-08 4
5.0E+07 A 1.0E-08 A
0.0E+00 T T 0.0E+00 T T
0 50 100 150 0 50 100 150
Time (hr) Time (hr)

Figure 55. Structural analysis results for short-term Example No. 1

4.5.2.2. Short-Term Analysis Example No. 2: Flooded Pavement

Problem Statement: Consider again the pavement structure provided in Table 15 with the GWT
located at 90 in. below the PCC surface. Also assume this pavement is subjected to 5,000 load
repetitions per day during normal conditions.
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Starting with a flooded condition for this pavement and a moisture evaporation rate of 0.01 in/hr
at the pavement surface, estimate the time needed for this pavement foundation to recover 90 and
95 percent of its original strength (which corresponds to k-value = 492.6 psi/in from the previous
example). In addition, using an analysis duration of 200 hrs, estimate the additional pavement
life reduction for the draining pavement if the pavement continues to carry the same amount of
traffic (i.e., 5,000 load repetitions per day).

Solution: The Short-Term analysis inputs for the draining pavement are shown in Figure 56.
Note that the evaporation rate is inputted as a negative number (i.e., -0.01 in/hr) to simulate the
moisture being removed at the pavement surface. As described in the problem statement, the
analysis duration was set to 200 hr. with an analysis interval of 0.1 hr.

Short Term Analysis Scenario

Ground Water Table Located at: 90 in. below Pavement Surface

Start with Flooded Pavement? Yes
Time Duration for Analysis 200 hr(s) Run Short-Term Analysis
Time Interval for Analysis, At 0.1 hr(s)

Rainfall / Evaporation

Rain Event Starting Time (hr) Ending Time (hr) Rainfall Intensity (in/hr)
Event No. 1 0.0 200.0 -0.01

Event No. 2
Event No. 3
Event No. 4
Event No. 5

Rainfall Intensity
0 T T T T
.0.002 4 50 100 150 200 250
-0.004 H
-0.006 -

-0.008 A

Intensity (in/hr)

-0.01

-0.012
Time (hr)

Figure 56. Draining pavement inputs for short-term Example No. 2

Figure 57 shows the structural analysis results obtained for this scenario. As shown in the plot
for the composite modulus of subgrade reaction (k-value) on the top-left corner of the figure, the
k-value starts at approximately 217.9 psi/in and starts to recover as the moisture is drained within
the foundation layers. According to this plot (or based on the data provided separately in the
“Short-Term” worksheet, the time needed for the pavement to recover 90 percent (i.e., k-value =
443.3 psi/in) and 95 percent (i.e., k-value = 467.9 psi/in) of the original foundation strength is
found to be 33.3 hrs (approximately 1.4 days) and 45.7 hrs (approximately 1.9 days),
respectively.
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The performance analysis (i.e., calculating the pavement life reduction) can be completed by
clicking the “Set Damage @ t = tfina1 as Reference” button (Note that the reference condition is
reached when the pavement is close to being fully drained at the last time interval). The figure
shows that the pavement life reduction under this condition is found to be 315.2 hrs. Since the
pavement would have only experienced a reduction of 100 hrs under normal circumstances, it is
found that the pavement lost an additional 115.2 hrs (approximately 4.8 days) of service life due
to continued traffic loading.

Structural Model Results
Composite Modulus of Subgrade Reaction Location for Analysis Edge
c 600 Ref. Damage (per Pass) 4.8E-09
.0
b+ 500 1 SetDamage @ t=0as SetDamage @ t = tg,, @s
§ _ 400 Referense Referense
o % 300 - Daily Load Repetitions 5000
zi 4 200 - (You may use ESALs if the load was configured to a
q 100 - standard single axle)
2 - ‘
s T T T T Reduction in Pav't Life 315.2 hrs, or
0 50 100 150 200 250 13.14 days, or
Time (hr) 0.036 yrs
Plot Critical Stress at Slab ~ Edge Plot Deflection at Slab Edge
Critical Stress Deflections
175.0 15.0
_.170.0 - %‘ ¥
21650 | < 1007
A .0
n -
% 160.0 E 50 A
155.0 3
150-0 T T T T 0-0 T T T T
0 50 100 150 200 250 0 50 100 150 200 250
Time (hr) Time (hr)
Plot N¢ at Slab Edge Plot Damage/Pass at Slab  Edge
Allowable Number of Load Passes Damage per Load Pass
2.5E+08 6.0E-08
2.0E+08 - 5.0E-08 -
. 1.5E+08 | § 40E08 1
2 g 3.0E-08 A
1.0E+08 3 2 0E-08 4
5.0E+07 A 1.0E-08 A
0.0E+00 T T T T 0.0E+00 T T T T
0 50 100 150 200 250 0 50 100 150 200 250
Time (hr) Time (hr)

Figure 57. Structural analysis results for short-term Example No. 2
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4.6. SUMMARY

FDOT’s new Rigid Pavement Resiliency Tool was implemented in a macro-enabled Excel
spreadsheet environment. The primary purpose of the Tool is to allow the user analyze the
structural response and performance of rigid pavement systems under various moisture-related
scenarios. For this purpose, the tool has implemented two analysis options: Long-Term and
Short-Term.

The Long-Term analysis option allows the user to compare different situations that are
considered to be permanent (i.e., those that do not change over a short period of time). Examples
of these scenarios are:

e Change in pavement performance under different, but permanent levels of sea level rise
(e.g., 10 ft. or 5 ft.) versus no change in sea level.

e Change in pavement performance under different levels of Ground Water Table (GWT)
versus no change in GWT.

e Difference in pavement life between a flooded versus non-flooded pavement (for the
condition that the flooded pavement remains flooded for an extended period of time).

The Short-Term analysis option allows the user to simulate a pavement structure experiencing
changes in moisture level within a relatively short period of time (i.e., within a few hours, days,
or weeks). Examples of these scenarios are:

e Reduction in pavement life due to a severe rainfall combined with traffic loading.
e Recovery of a flooded pavement due to evaporation and other sources of drainage.

The structural analysis can be conducted using the well-known Westergaard equations or the
ILLISLAB FEM. Based on the responses obtained from the selected structural analysis option,
the tool also calculates some performance measures such as damage and maximum allowable
number of load passes using the Transfer function adopted from the AASHTOWare Pavement
ME.

As a final note, it is emphasized that the tool was implemented based on various, existing models
that were found in literature. These models include those for the moisture flow, hydraulic
conductivity, resilient modulus of the soil, structural response, transfer functions, etc. These
models were implemented based on the available information documented in literature, without
any further calibration or validation. Such effort is beyond the scope of this study, and it is
strongly recommended that FDOT examine the results from the Resiliency Tool against any
available field data.
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5. VULNERABILITY ANALYSIS OF FDOT’S RIGID
PAVEMENT SECTIONS

5.1. INTRODUCTION

In the previous chapter, FDOT’s new Rigid Pavement Resilience Tool was implemented in the
macro-enabled Excel spreadsheet environment. The primary purpose of the tool is to allow the
user to analyze the structural response and performance of rigid pavement systems under various
moisture-related scenarios.

The purpose of this chapter is to conduct a preliminary vulnerability analysis for FDOT’s
existing rigid pavement sections under flooding and sea level rise. The secondary objective of
this task is to develop a process for assessing the effect of increased layer thickness (especially
the base layer) in FDOT’s rigid pavement design as a mitigating solution for these moisture-
related threats (e.g., SLR).

As discussed previously, sea level rise is one of the major concerns for future inundation of
Florida’s roadways, especially for those located near the coastline. Similarly, the roadways
located close to the inland shorelines (i.e., those of major rivers and lakes) are also of concern,
because they may experience higher chances of flooding during a heavy rainfall event.

5.2. MINIMUM DISTANCE TO SHORELINE

As a first step in assessing the vulnerability, the distance between FDOT’s rigid pavement
sections and the closest shoreline (coastal or inland) was calculated. This effort is briefly
described in the following.

First, a list of rigid pavement sections surfaced with Portland cement concrete (PCC) was
extracted from FDOT’s Pavement Condition Survey (PCS) database. The extracted information
included roadway ID (i.e., county section number) and milepost limits for a total of 86 rigid
pavement sections managed by FDOT. Since FDOT’s PCS database does not include GPS
coordinates for the rigid pavement sections, the extracted information was merged with FDOT’s
roadway GIS data. Figure 58(a) shows a map of the rigid pavement sections identified in this
manner while Figure 58(b) shows the midpoint location of the rigid pavement section limits.
Then, the GPS coordinates of rigid pavement sections were superimposed on top of the Florida’s
shoreline GIS dataset that was made available by Florida Fish and Wildlife Conservation (FWC)
Commission (FWC, 2023). The FWC data were specifically chosen because they provide
information on both the coastal and inland shorelines within the state, as shown by the blue lines
in Figure 58(c).

Finally, the data shown in Figure 58(c) were used to calculate the shortest distance to the
shoreline for each rigid pavement section. A table of these results, including the latitude,
longitude, and the distance to closest shoreline, is provided in Table 18. A quick summary of the
results is shown in Figure 59. Essentially, this figure shows that out of 86 rigid pavement
sections:
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1. Approximately 31 percent (or 27 sections) of rigid pavements are located within 0.5 mile
from the shoreline.

2. Another 33 percent (or 28 sections) of rigid pavements are located between 0.5 mile and
2.0 miles from the shoreline.

3. The remaining 36 percent (or 31 sections) of rigid pavements are over 2.0 miles away
from the closest shoreline.

Figure 58(b) and Figure 58(c) indicates that many of the rigid pavement sections may be located

close to the coastal shoreline, which may be responsible for 31 percent (or 27 sections) within
0.5 mile from the shoreline.

92



(a) (b)

(c)
Figure 58. Rigid pavement vulnerability (a) FDOT’s rigid pavement sections, (b) Midpoint
of rigid pavement limits, and (c) FWC shoreline data overlay.
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Figure 59. Distance between FDOT’s rigid pavements and closest shoreline.

5.3. SEA LEVEL RISE (SLR)

Since the sections near the coastal shorelines are anticipated to be more vulnerable to sea level
rise, the rigid pavement locations were superimposed on top of the areas within Florida that are
projected to flood at different levels of sea level rise, based on National Oceanic and
Atmospheric Administration (NOAA) GIS data (NOAA, 2023). These results are shown in
Figure 60. The figure shows that even a 1.0 ft. rise in sea level may cause several rigid
pavements near the coast to flood. This may also imply (at least indirectly) that the Ground
Water Table (GWT) beneath these coastal roadways is either at a shallow depth from the ground
surface already or expected to rise significantly with sea level rise.

To better assess the vulnerability of FDOT’s rigid pavement sections, the level of SLR at which
the respective rigid pavement sections are projected to be affected by sea level was determined
based on NOAA data. For this purpose, the GIS polygons representing the areas affected by 1 ft.
to 10 ft. SLR (at an interval of 1 ft.) were extracted from the NOAA data. Then, the rigid
pavement sections that are located within the SLR polygons were identified. The corresponding
results are shown in Table 18 while a summary is provided in Table 19 which indicates that
FDOT’s District 2 (Jacksonville area) has the most number of rigid pavement sections that are
vulnerable to SLR, followed by District 6 (Miami Area) and District 7 (Tampa area).
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Figure 60. Expected flooding areas due to different sea level rise.
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Table 18. Vulnerability of FDOT’s rigid pavement sections

Min. Affected by Sea Level Rise?
District County Roadway Latitude | Longitude Dist. ?O
ID Shoreline | 1ft | 2ft | 3ft | 4ft | 5ft | 6ft | 7ft | 8ft | 9ft | 10ft
(miles)
Charlotte 01010000 | 26.80964 | -81.9566 5.32 Y Y Y Y Y Y Y Y Y Y
Hardee 06010001 | 27.49099 | -81.7954 33.67
Lee 12070000 | 26.5818 -81.7138 8.79
Manatee 13030000 | 27.63472 -82.539 1.15 Y Y Y
1 Polk 16003000 | 28.04292 | -81.9606 22.04
Polk 16020000 | 28.10668 | -81.6218 42.37
Polk 16100000 28.054 -81.9523 22.89
Polk 16261000 | 27.90392 | -81.8421 25.61
Polk 16320000 | 28.04387 -82.03 18.74
Alachua 26050065 | 29.78967 | -82.1692 24.53
Columbia 29070000 | 30.1878 -82.6371 45.89
Duval 72001000 | 30.39681 | -81.6327 0.10 Y Y Y Y Y
Duval 72001200 | 30.16672 | -81.5575 1.59
Duval 72001901 | 30.16725 | -81.5664 1.74
Duval 72002000 | 30.1984 -81.5225 427
Duval 72002027 | 30.12487 | -81.5134 2.16
Duval 72020000 | 30.34792 | -81.6617 1.63
2 Duval 72030000 | 30.30745 -81.711 0.96
Duval 72070000 | 30.31666 | -81.6585 0.26 Y Y Y Y
Duval 72070001 | 30.3254 -81.6582 0.10 Y Y Y Y Y Y Y
Duval 72070101 | 30.31009 | -81.6488 0.23 Y Y Y Y
Duval 72070102 | 30.31189 | -81.6533 0.29 Y Y Y Y Y
Duval 72080000 | 30.35715 | -81.7105 1.58
Duval 72090000 | 30.32103 | -81.6234 0.21 Y Y Y Y Y Y Y Y Y Y
Duval 72090200 | 30.35531 | -81.6386 1.06
Duval 72090445 | 30.33235 | -81.6366 0.55

96




Table 18. Vulnerability of FDOT’s rigid pavement sections (Continued)

Min. Affected by Sea Level Rise?
District County Roadway Latitude | Longitude Dist. ?O
ID Shoreline | 1ft | 2ft | 3ft | 4ft | 5ft | 6ft | 7ft | 8ft | 9ft | 10ft
(miles)
Duval 72090447 | 30.2996 -81.6135 0.03
Duval 72090448 | 30.30194 | -81.6127 0.03 Y Y
Duval 72100002 | 30.3097 -81.6476 0.27 Y
Duval 72120000 | 30.20911 | -81.9716 11.10
Duval 72190100 | 30.30528 | -81.6353 0.38
Duval 72270000 | 30.31914 | -81.7159 1.63
Duval 72280000 | 30.23295 -81.589 1.28
2 Duval 72290000 | 30.45958 | -81.6491 1.24
Nassau 74040000 | 30.62588 | -81.6264 1.98
St Johns 78004000 | 30.08913 | -81.5227 2.63 Y Y
St Johns 78010000 | 29.89472 | -81.3226 0.03 Y Y Y Y Y Y Y Y Y Y
St Johns 78010027 | 29.89103 | -81.3242 0.05 Y Y Y Y Y Y Y Y
St Johns 78020000 | 29.92282 | -81.3251 0.21 Y Y Y Y
St Johns 78060000 | 29.91567 -81.34 0.55
Escambia 48040000 | 30.42809 | -87.2189 1.41
Escambia 48080000 | 30.39201 | -87.2782 0.52
Escambia 48080060 | 30.4081 -87.2691 0.36
3 Escambia 48080062 | 30.42352 | -87.2738 0.90
Gulf 51020000 | 29.81218 | -85.3017 0.20 Y Y Y
Jackson 53010000 | 30.79226 | -85.3809 32.34
Jackson 53040000 | 30.72127 | -85.1854 33.88
4 Martin 89020000 | 26.97307 | -80.3966 3.92
Brevard 70030000 | 28.61953 | -80.8133 0.17 Y Y Y Y Y Y Y Y Y Y
5 Brevard 70220000 | 28.31396 | -80.7638 3.13
Brevard 70225000 | 28.37924 | -80.8073 3.97
Orange 75002000 | 28.45002 | -81.4401 20.31
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Table 18. Vulnerability of FDOT’s rigid pavement sections (Continued)

Min. Affected by Sea Level Rise?
District County Roadway Latitude | Longitude Dist. ?O
ID Shoreline | 1ft | 2ft | 3ft | 4ft | 5ft | 6ft | 7ft | 8ft | 9ft | 10ft
(miles)
Orange 75010000 | 28.52501 -81.397 14.50
Orange 75020000 | 28.73111 | -81.6024 16.46
Orange 75030000 | 28.5875 -81.3648 9.77
Orange 75060000 | 28.55325 | -81.3452 11.46
s Orange 75280000 | 28.5455 -81.3838 12.87
Volusia 79010000 | 29.12578 | -80.9783 0.09
Volusia 79040000 | 29.02588 | -81.3033 3.13
Volusia 79060000 | 29.11457 | -81.1821 8.58
Volusia 79070000 | 29.02808 | -81.3014 3.31
Volusia 79110000 | 29.08854 -81.164 7.30
Miami-Dade | 87003000 | 25.81241 | -80.2149 1.65
Miami-Dade | 87004000 | 25.81219 | -80.2039 1.15
Miami-Dade | 87006000 | 25.77166 | -80.1907 0.09
Miami-Dade | 87059000 | 25.78015 | -80.1749 0.13 Y Y Y Y Y Y Y Y Y
6 Miami-Dade | 87061000 | 25.77873 | -80.1833 0.00 Y Y Y Y Y Y Y Y Y
Miami-Dade | 87150000 | 25.66804 | -80.4801 9.44
Miami-Dade | 87200000 | 25.78791 | -80.2078 0.16 Y Y Y
Miami-Dade | 87270000 | 25.85062 | -80.2067 0.25 Y Y Y Y Y Y
Miami-Dade | 87270901 | 25.87882 | -80.2085 0.75 Y
Miami-Dade | 87270902 | 25.8654 -80.2082 0.59 Y
Hillsborough | 10002000 | 27.92783 | -82.3331 2.79
Hillsborough | 10060000 | 27.90318 | -82.4017 0.36 Y Y Y Y Y Y
; Hillsborough | 10075000 | 27.96947 | -82.3338 1.45
Hillsborough | 10130000 | 27.96146 | -82.5055 1.59
Hillsborough | 10150000 | 27.99607 | -82.4527 0.75
Hillsborough | 10190000 | 27.95884 | -82.4608 0.16
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Table 18. Vulnerability of FDOT’s rigid pavement sections (Continued)

Min. Affected by Sea Level Rise?
District County Roadway Latitude | Longitude Dist. ?O
ID Shoreline | 1ft | 2ft | 3ft | 4ft | 5ft | 6ft | 7ft | 8ft | 9ft | 10ft
(miles)
Hillsborough | 10250000 | 27.92712 | -82.4171 0.04 Y Y Y Y Y Y Y Y Y Y
Hillsborough | 10250001 | 27.94478 | -82.4356 0.24 Y Y Y Y Y Y
Hillsborough | 10250101 | 27.95458 | -82.4352 0.35 Y Y Y Y
; Hillsborough | 10320000 | 28.00444 -82.454 0.68
Pinellas 15002000 | 27.77704 | -82.6523 1.30
Pinellas 15003000 | 27.76588 | -82.6443 0.55
Pinellas 15010000 | 27.79304 | -82.7303 1.14
Pinellas 15190000 | 27.79274 | -82.6651 1.98
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Table 19. Number of FDOT’s rigid pavement sections affected by different levels of SLR

District Number of Sections Affected by SLR
istric
1ft 2 ft 3 ft 4 ft 5 ft 6 ft 7 ft 8 ft 9 ft 10 ft
1 1 1 1 1 1 1 1 2 2 2
2 2 2 3 4 4 6 9 9 11 12
3 0 0 0 0 0 0 0 1 1 1
4 0 0 0 0 0 0 0 0 0 0
5 1 1 1 1 1 1 1 1 1 1
6 1 2 2 2 3 3 3 4 4 6
7 1 1 1 1 3 3 4 4 4 4
Total 6 7 8 9 12 14 18 21 23 26
Percent
of Total
. . 7.0 8.1 9.3 10.5 14.0 16.3 20.9 24.4 26.7 30.2
Rigid
Sections

5.4. FLOODING HAZARD

In addition to sea level rise, inland flooding due to storm/hurricane events is another major
source for inundating Florida’s roadways. Therefore, the rigid pavement locations were also
superimposed on top of the flood hazard zones made available by Federal Emergency
Management Agency, FEMA (FEMA, 2023).

Figure 61 shows a map of Florida’s flood hazard zone produced from FEMA data on top of
FDOT’s roadway network (shown in thin, gray lines) as well as the rigid pavement locations
(shown in red squares). The Moderate Flood Hazard Area (MFHA) and Special Flood Hazard
Area (SFHA) are defined as those that are prone to 0.2 percent (500-year flood) and 1.0 percent
(100-year flood) annual chance of flooding, respectively. As shown in the figure, the hazard
zones vary in size and are sporadically spread out within the entire State.

Similar to SLR, the GIS analysis was conducted to determine if any of the rigid pavement
sections were located within the SFHA or MFHA polygons. However, none of the 86 rigid
pavement sections were found to be within any of these polygons. Nonetheless, as shown in the
enlarged map of Hillsborough County (Figure 61), while these rigid pavement sections are not
located directly within the hazard zones, they may be located within close proximity of the
hazard zones and/or to the shoreline. As such, these rigid pavement sections (especially those
near the shoreline, see Table 18) may still experience significant storm surge during an
unpredicted natural hazard.
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Figure 61. Moderate and special flood hazard zones in Florida.

5.5. SUMMARY OF FDOT’S RIGID PAVEMENT VULNERABILITY

In this section, a preliminary analysis was conducted to assess the vulnerability of FDOT’s rigid
pavement sections to SLR, GWT rise, and flooding hazard. The analysis showed that out of 86
rigid pavement sections managed by FDOT, 21 sections (i.e., 31 percent) were located within 0.5
mile from the coastal or inland shoreline. Furthermore, 6 sections (i.e., 7 percent) were found to
be vulnerable to SLR rise of 1.0 ft.

In a recent study, NOAA updated the near-term SLR projections based on the SLR observations
made since 2000 (Sweet et. al., 2022). Using the SLR of 2000 as a baseline, these projections
indicated that the SLR around the nation’s (including Florida’s) shoreline is expected to rise (or
has already risen) by 0.36 ft., 0.62 ft., 0.92 ft., and 1.25 ft., by year 2020, 2030, 2040, and 2050,
respectively. Said differently, compared to the sea level observed in 2020, the SLR is expected to
show an additional increase of 0.26 ft., 0.56 ft., and 0.89 ft. by 2030, 2040, and 2050,
respectively.

Although preliminary, the above vulnerability analysis and the SLR projections generally
indicate that FDOT’s rigid pavements are not free from the threats of SLR rise or other causes of
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flooding, and it may be necessary that FDOT start further evaluating the vulnerability of their
existing rigid pavement sections and start planning for the projected SLR increase or other
events.

It is emphasized again that the vulnerability analysis conducted herein was a preliminary effort.
As such, it is recommended that a more detailed vulnerability analysis be conducted in the future
to include the following aspects.

1. The preliminary vulnerability analysis was based on the GPS coordinates of the mid-
point of the respective rigid pavement sections, regardless of the length of the sections.
However, it is possible that the vulnerability (e.g., distance to shoreline) may vary within
a project, especially for long sections. For this purpose, it may be useful to conduct the
vulnerability analysis based on the GPS coordinates that are available at an interval of
0.001 mile for FDOT’s roadways.

2. The preliminary vulnerability analysis discussed above did not take into account the
actual elevations of the existing rigid pavement sections nor the elevations of the terrain
surrounding the rigid pavements (i.e., the SLR vulnerability was simply based on the
GPS coordinates of the respective rigid pavement sections and the areas that may
potentially be affected by different levels of SLR, based on NOAA data). If the actual
elevations (or the elevations relative to sea level) of the rigid pavement sections are
available (especially at short intervals), it is recommended that such information be
incorporated into a future SLR vulnerability analysis.

As discussed in Chapter 2, a thorough research documenting all available adaptation options for
rigid pavement resiliency was not found. However, based on the limited literature, the following
adaptation options are deemed relevant for improving the resiliency of rigid pavements under
flooding, SLR, and storm surge (Mack, 2020; Dylla and Hyman, 2018; Pavement Interactive,
2021).

1. Elevating the road above flooding elevation: This is most likely the most expensive
option. It is recommended that the actual elevations of the rigid pavements be evaluated
as a pre-flood measure and be compared to the expected (or projected) level of flooding
due to SLR and GWT rise.

2. Hardening of the pavement system: Although the use of stiffer and/or better-quality
materials (especially for the foundation layers) may improve the resiliency of rigid
pavements, it is not guaranteed that the “better-quality” materials are available locally.
Furthermore, the effect of a stiffer rigid pavement foundation on resiliency is not easily
quantified. Additional research (e.g., calibration of the Rigid Pavement Resilience Tool
developed in this study and/or verification and validation of rigid pavement performance
under various moisture conditions) is recommended before this option is implemented
into practice.

3. Stabilized base and subbase layers: It is noted that FDOT is already using stabilized base
and subbase materials in rigid pavement foundations. However, it may be beneficial to
increase the thickness of these layers in areas where the ground water table may rise or
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higher precipitation is expected. However, similar to the use of stiffer materials, the effect
of increased foundation thickness on the overall resiliency is difficult to quantify. As
such, additional research is recommended for verifying and validating the performance of
rigid pavements for different foundation design strategies (e.g., increasing thickness of
the stabilized base).
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6. PROPOSED PROCEDURE FOR DEVELOPING RIGID
PAVEMENT DESIGN STRATEGIES

6.1. INTRODUCTION

To overcome the limitations of FDOT’s design practice discussed Chapter 2, a couple of
examples are provided in this chapter for developing the preliminary design strategies using
FDOT’s Rigid Pavement Resiliency Tool.

It is strongly emphasized again that none of the models incorporated into the Resiliency Tool
was verified or validated. As such, the relevant efforts documented in this section of the report
should only be used as a general guide on how the tool may be used in the future with additional
research to support the validity of the Resiliency Tool.

As mentioned in the previous chapter, increasing the stiffness and/or the thickness of the
foundation layers may be a reasonable option for improving the resiliency of rigid pavements.
However, since the benefit of such improvement cannot be quantified using the available
pavement design methodologies, the goal of the examples provided herein is to outline the
procedures that FDOT may take in the future for quantifying the benefit of the adaptation options
that involve any changes to FDOT’s current rigid pavement design practice. The examples are
provided in terms of the thickness of the PCC layer as well as the stabilized base layer.

6.2. FLORIDA’S DEPTH TO WATER TABLE

In order to provide recommendations for considering the effect of GWT in FDOT’s rigid
pavement design, it was deemed necessary that the typical range of GWT be assessed. Figure 62
shows a map of the “minimum” GWT depth that was produced based on the United States
Department of Agriculture (USDA) data (Zhou and Geza, 2016). This figure clearly shows that
the GWT in Florida is relatively close to the ground surface, with its minimum depth ranging
from 0 in. to 80 in. (0 cm to 203 cm).

However, as noted by Zhou and Geza (2016), the depth to GWT is highly variable and depends
on the time of measurement, sampling locations, as well as the individual performing the
measurements. In addition, the GWT shown in Figure 62 represents the “minimum” depth to
GWT that was observed at any time during a year. In other words, it was not possible to derive a
“typical” depth to GWT based on the research team’s review of available literature and data. As
such, a GWT depth of 55 in. was selected as the reference GWT depth for the procedure outlined
in this chapter.
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Figure 62. GIS mapping of minimum GWT depth in Florida (from Zhou and Geza, 2016)

6.3. PCC THICKNESS

To demonstrate the development of the design strategies for PCC thickness, a sensitivity analysis
was conducted using the new Resiliency Tool developed in this study. For this analysis, the
default inputs were used for all material properties. The sensitivity parameters are summarized as
the following.

1. The PCC thickness was varied from & in. to 14 in. at an interval of 1 in.
2. The depth to GWT was varied from 55 in. to 0 in. at an interval of 5 in.

In addition to the above, modulus of the embankment layer was obtained from the Soil-Water
Characteristic Curve (SWCC), since this allows for modeling different soils within FDOT’s
Districts (see Table 11 and Table 12).

Using the damage obtained at the edge of the PCC slabs, the sensitivity analysis results were

used to develop a set of Damage Ratios (DR) for different scenarios. Similar to the examples
shown in the previous chapter, the DR is defined herein as the following.

DR = ID gdverse (29)
D Normal

105



where TDaverse and TDnormar are the total damage caused during adverse and normal conditions,
respectively.

For each PCC thickness considered, the normal condition was assumed to have a GWT depth
equal to the reference depth of 55 in. within each District. The adverse condition corresponds to
any GWT depth that is shallower than the reference. Figure 63 shows the resulting DR values
obtained for the asphalt base option, while Figure 64 shows those for the special select soil
option. It should be noted that these figures only show the GWT depth from 35 in. to 55 in., as
the damage ratio for GWT less than 35 in. only showed negligible changes (i.e., the DR
corresponding to 35 in. should be used for any GWT depth shallower than 35 in.).

An example problem is provided in the following to demonstrate how these DR values could be
used in design.

Problem Statement: Consider a PCC pavement that is to be designed for 9 million ESALSs in
District 2 (Jacksonville area). Using a reliability of 90 percent, determine the normal PCC design
thickness (without considering GWT).

In addition, determine the PCC design thickness if this pavement expected to experience a GWT
rise from 55 in. to 45 in.

Solution: From Figure 6, it is seen that this area is in climate region “D”. So, the design PCC
thickness for this climate region, along with 90 percent reliability and 9 million ESALSs, is found
to be 9.0 in from Table 3. This is the design thickness without considering the GWT.

From Figure 63, it is found that the DR corresponding to 9.0 in. PCC with GWT at 45 in. depth
in District 2, is equal to 1.25. This indicates that the rise in GWT depth from 55 in. to 45 in. may
produce an equivalent damage under 1.25 x 9 million = 11.3 million ESALSs of traffic loading.
As such, the design thickness for this traffic level is found to be 9.5 in. (from Table 3).
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Figure 63. PCC damage ratios for PCC thickness (asphalt base option)
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6.4. BASE THICKNESS

Although increasing the PCC design thickness may be a viable strategy for improving the
resiliency of rigid pavements, it may also be the most expensive strategy. Depending on the
situation, it may be feasible to increase the AC base thickness (for the asphalt base option) or the
stabilized subbase thickness (for the special select soil option), rather than the PCC thickness.
As such, additional sensitivity analyses have been conducted using the Resiliency Tool for both
design options. Similar to the previous analysis, the SWCC model was used for the modulus of
embankment layer within the respective FDOT Districts (see Table 11 and Table 12).

6.4.1. Asphalt Base Option

The parameters included in the sensitivity analysis of the asphalt base option are described as the
following.

1. The PCC thickness was varied from & in. to 14 in. at an interval of 1 in.
. The AC thickness was varied from 4 in. to 8 in. at an interval of 1 in.
3. The depth to GWT was varied from 55 in. to 0 in. at an interval of 5 in.

Again, the sensitivity analysis results (using the damage obtained at PCC edge) were used to
develop a set of DR (Equation (29)) for different scenarios.

For each PCC thickness, the normal condition was assumed to have an AC base thickness of 4.0
in. (which is the standard in FDOT’s current rigid pavement design) and the GWT located at the
reference depth of 55 in. below the pavement surface. The adverse condition corresponds to any
changes in the GWT depth and/or the AC base thickness.

Figure 65 through Figure 70 show the DR values obtained from the sensitivity analysis. It is
noted again that these figures only show the GWT depth from 35 in. to 55 in., as the damage
ratio below 35 in. only showed negligible changes (i.e., the DR corresponding to 35 in. should be
used for any GWT depth shallower than 35 in.).

An example problem is provided in the following to demonstrate how these DR values could be
used in design.

Problem Statement: Consider the same PCC pavement in the previous example (9.0 in. PCC to
carry 9 million ESALs in District 2, Jacksonville area). Determine the necessary AC base
thickness to carry the same amount of traffic (without increasing the PCC thickness) if this
pavement expected to experience a GWT rise from 55 in. to 45 in.

Solution: From Figure 66 (for District 2), it is found that for a 9.0 in. PCC, an AC base thickness
of 7.0 in. is needed to keep the damage ratio below 1.0 (damage ratio = 0.96). Therefore, a
minimum of 3.0 in. increase in the AC base thickness is needed to account for the GWT rise
from 55 in. to 45 in.
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Figure 65. PCC damage ratios for AC thickness (asphalt base option, District 1)

110




Damage Ratio

2.51
2.01
1.51
1.01
0.51
0.01

2.51
2.01
1.51
1.0
0.51
0.01

2.51
2.01
1.51
1.0
0.51
0.01

2.51

AC Base Thickness (in.) —e— 4 —= 5 —¢

6 =« 7 —+w 8

8in. PCC 9in. PCC
=~ — %
\a —v v v

10 in. PCC 11 in. PCC

12 in. PCC 13 in. PCC
:\—\—o\_\\‘ o 6
< <
:N v—v\b—‘\.\\:\:\;
A ot 35 40 45 50 55
35 40 45 50 55
GWT (in.)

Figure 66. PCC damage ratios for AC thickness (asphalt base option, District 2)
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Figure 67. PCC damage ratios for AC thickness (asphalt base option, District 3)
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Figure 68. PCC damage ratios for AC thickness (asphalt base option, Districts 4 & 6)
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Figure 69. PCC damage ratios for AC thickness (asphalt base option, District 5)
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Figure 70. PCC damage ratios for AC thickness (asphalt base option, District 7)
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6.4.2. Special Select Soil Option

The parameters included in the sensitivity analysis of the asphalt base option are described as the
following.

1. The PCC thickness was varied from 8 in. to 14 in. at an interval of 1 in.
The Special Stabilized (SS) subbase thickness was varied from 6 in. to 10 in. at an
interval of 1 in.

3. The depth to GWT was varied from 55 in. to 0 in. at an interval of 5 in.

Again, the sensitivity analysis results (using the damage obtained at PCC edge) were used to
develop a set of DR (Equation (29)) for different scenarios.

For each PCC thickness, the normal condition was assumed to have a SS subbase thickness of
6.0 in. (which is the standard in FDOT’s current rigid pavement design) and the GWT located at
the reference depth of 55 in. below the pavement surface. The adverse condition corresponds to
any changes in the GWT depth and/or the SS subbase thickness.

Figure 71 through Figure 76 show the DR values obtained from the sensitivity analysis. It is
noted again that these figures only show the GWT depth from 35 in. to 55 in., as the damage
ratio below 35 in. only showed negligible changes (i.e., the DR corresponding to 35 in. should be
used for any GWT depth shallower than 35 in.).

However, all these figures generally indicate that most of the DR values derived for SS subbase
thickness of 6 in. to 10 in. were above 1.0. In other words, increasing the SS subbase thickness of
up to 4.0 in. from the standard thickness of 6.0 in. was not sufficient to reduce the damage

caused by rise in GWT. This also means that the thickness of SS subbase may need to be
increased substantially (to the point where it is no longer practical) in order for this design option
to be considered a viable option for improving resiliency.
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Figure 71. PCC damage ratios for stabilized subbase thickness (special select soil option,
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Figure 72. PCC damage ratios for stabilized subbase thickness (special select soil option,
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Figure 73. PCC damage ratios for stabilized subbase thickness (special select soil option,

District 3)
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Figure 74. PCC damage ratios for stabilized subbase thickness (special select soil option,
Districts 4 & 6)
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Figure 75. PCC damage ratios for stabilized subbase thickness (special select soil option,

District 5)
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Figure 76. PCC damage ratios for stabilized subbase thickness (special select soil option,

District 7)
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6.5. SUMMARY

The primary purpose of this chapter was to assess the vulnerability of FDOT’s existing rigid
pavement sections under flooding and sea level rise. Based on the research team’s preliminary
analysis, it was found that FDOT’s existing rigid pavements may be vulnerable to flooding and
SLR. More specifically, out of the 86 rigid pavement sections managed by FDOT, approximately
31 percent (or 27 sections) of rigid pavements are located within 0.5 mile from the shoreline
while another 33 percent (or 28 sections) of rigid pavements are located between 0.5 mile and
2.0 miles from the shoreline.

In addition, analysis of the NOAA data for SLR indicated that approximately 7 percent of
FDOT’s rigid pavement sections may be affected by a SLR of 1.0 ft. It was also found that the
most of FDOT’s rigid pavements vulnerable to SLR were located in District 2 (Jacksonville area)
followed by District 6 (Miami Area) and District 7 (Tampa area).

Another objective of this task was to outline a procedure to assess the effect of increased layer
thickness (especially the PCC and the base layer) in FDOT’s rigid pavement design as a
mitigating solution for these moisture related threats (e.g., SLR). Since FDOT’s rigid pavement
design tables were not developed to incorporate the effect of SLR, a series of sensitivity analyses
were conducted to develop preliminary design strategies using FDOT’s Rigid Pavement
Resiliency Tool. The results from the sensitivity analyses were used to develop preliminary
damage ratios that can be used to adjust the PCC or the base thickness for different levels of
ground water table depth. A couple of example problems were provided in which a rigid
pavement design could be modified based on the damage ratios provided in this report.

It is strongly emphasized again that none of the models incorporated into the Resiliency Tool
was verified or validated. As such, the examples on the damage ratios developed herein should
only be used as a general guide on how the tool may be used in the future with additional
research to support the validity of the Resiliency Tool.
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7. SUMMARY AND RECOMMENDATIONS

Moisture within the foundation of Florida’s pavements may lead to detrimental impacts. The
consequence may range from total washout of the pavement (under very severe storms and
hurricanes) to short-term and long-term inundation that may lead to serviceability loss of the
pavement structure. The short-term effect may result from opening the roadway to traffic as soon
as the flooded water is receded from the pavement surface while the long-term effect may be
caused by excessive moisture within the base, subbase, subgrade, and embankment that requires
a long period of time to drain out.

The primary objective of this study was to evaluate the impact that inundation may have on
concrete pavements and to identify cost-effective and implementable solutions to improve the
resilience of new and existing rigid pavement systems subjected to the combined effects of
flooding and sea level rise. To meet these objectives, a Mechanistic-Empirical methodology for
assessing the resiliency of Florida’s rigid pavements was developed. Based on the thorough
review of available literature, three main components were identified and implemented into the
mechanistic-empirical “Rigid Pavement Resilience Tool” developed as part of this project. These
components are summarized in the following.

1. A Hydrological Model that simulates the water flow within the pavement system. The
model incorporates precipitation, ground water table depth, and surface evaporation to
simulate the moisture within any pavement layer over time (before, during, and after
flooding).

2. A Geotechnical/Soil Mechanics Model that takes the moisture content of unbound layers
calculated from the hydrological model and adjust their resilient modulus accordingly.

3. A Structural Model that takes the structural inputs (i.e., resilient modulus of unbound
layers, PCC modulus, thickness, traffic, etc.) and calculates pavement response and
predicts performance.

FDOT’s new Rigid Pavement Resiliency Tool was implemented in a macro-enabled Excel
spreadsheet environment. The primary purpose of the Tool is to allow the user analyze the
structural response and performance of rigid pavement systems under various moisture-related
scenarios. For this purpose, the tool has implemented two analysis options: Long-Term and
Short-Term. The Long-Term analysis option allows the user to compare different situations that
are considered to be permanent (i.e., those that do not change over a short period of time), while
the Short-Term analysis option allows the user to simulate a pavement structure experiencing
changes in moisture level within a relatively short period of time (i.e., within a few hours, days,
or weeks).

The structural analysis within the tool can be conducted using the well-known Westergaard
equations or the ILLISLAB FEM. Based on the responses obtained from the selected structural
analysis option, the tool also calculates some performance measures such as damage and
maximum allowable number of load passes using the Transfer function adopted from the
AASHTOWare Pavement ME.
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In addition to the resiliency tool development, a preliminary effort was carried out to assess the
vulnerability of FDOT’s existing rigid pavement sections under flooding and sea level rise.
Based on the results of the preliminary analysis, it was found that FDOT’s existing rigid
pavements may be vulnerable to flooding and SLR. More specifically, out of the 86 rigid
pavement sections managed by FDOT, approximately 31 percent (or 27 sections) of rigid
pavements are located within 0.5 mile from the shoreline while another 33 percent (or 28
sections) of rigid pavements are located between 0.5 mile and 2.0 miles from the shoreline.

In addition, analysis of the NOAA data for SLR indicated that approximately 7 percent of
FDOT’s rigid pavement sections may be affected by a SLR of 1.0 ft. It was also found that the
most of FDOT’s rigid pavements vulnerable to SLR were located in District 2 (Jacksonville area)
followed by District 6 (Miami Area) and District 7 (Tampa area).

Several examples have been provided in the report to demonstrate the use of the newly
developed resiliency tool. Since FDOT’s rigid pavement design tables were not developed to
incorporate the effect of SLR, a series of sensitivity analyses were conducted to develop
preliminary design strategies using FDOT’s Rigid Pavement Resiliency Tool. The results from
the sensitivity analyses were used to develop preliminary damage ratios that can be used to
adjust the PCC or the base thickness for different levels of ground water table depth. A couple of
example problems were provided in which a rigid pavement design could be modified based on
the damage ratios provided in this report.

However, it is emphasized that the tool was implemented based on numerous, existing models
that were found in literature. These models include those for the moisture flow, hydraulic
conductivity, resilient modulus of the soil, structural response, transfer functions, etc. These
models were implemented based on the available information documented in literature, without
any further calibration or validation. As such, it is emphasized that the examples on the damage
ratios developed herein should only be used as a general guide on how the tool may be used in
the future with additional research to support the validity of the Resiliency Tool. Furthermore, it
is strongly recommended that FDOT examine the results from the Resiliency Tool against any
available field data.
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APPENDIX A: FDOT RIGID PAVEMENT RESILIENCY TOOL
USER GUIDE

Installing the Resiliency Tool and Portable-R

The FDOT Rigid Pavement Resiliency Tool (henceforth the “Resiliency Tool” or simply the
“Tool”) is essentially a macro-enabled MS Excel workbook. As such, it is possible to manually
install the Tool along with Portable-R for ILLISLAB simulations.

However, it is strongly recommended that the installation be carried out executing
“FDOT Rigid Resiliency Tool V1.1.msi” to install both the Excel workbook and Portable-R.
Once the installer is called, the user can follow the on-screen instructions as shown in Figure A-

1.

file for installing the Resiliency Tool.

[ The advantage of using the above msi file is that it installs Portable-R and the necessary
packages into the designated path. Therefore, it is strongly recommended that you use the msi

#

Welcome to the FDOT Rigid
Resiliency Tool Setup Wizard

Flease wait while the Setup Wizard prepares to guide you
through the installation.

Computing space requirements

< Back Mext >

Cancel

ﬁ FDOT Rigid Resiliency Tool Setup -

Select Installation Folder
This is the folder where FDOT Rigid Resiiency Tool will be installed.

To install in this folder, didk Next™. To install to a different folder, enter it below or didc

"Browse”,

Folder:
|C: \Weersthlee\AppData'\Roaming | ARAFDOT Rigid Resiiency Toaly,

Advanced Installer

ﬁ
»”

| J

<

Browse...

Cancel

Ready to Install T
The Setup Wizard is ready to begin the FDOT Rigid Resiliency Tool installation '
-

Click "Install™ to begin the installation. If you want to review or change any of your
installation settings, dick "Back™, Click "Cancel” to exit the wizard,

Advanced Installer

Figure A-1. Installing the Resiliency Tool
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To install Portable-R manually, the user needs to download it from SourceForge
(https://sourceforge.net/projects/rportable/) and extracting the files to the following path.
e (C:\"Username"\AppData\Local\ILLISLAB R\R-Portable\App\R-Portable

Manual installation of Porttable-R also means that the necessary R packages need to be installed
manually. To do so, start R console by double clicking the “R.exe” file located in the following
directory, depending on the version of MS Excel being used.

e C:\"Username"\AppData\Local\ILLISLAB R\R-Portable \bin\R.exe (If you are using 32-
bit version of Excel)

e (C:\"Username"\AppData\Local\ILLISLAB R\R-Portable \bin\i386\R.exe (If you are
using 64-bit version of Excel)

Once the R terminal pops up on the screen, type in the following command to install the
necessary packages (Figure 23).

install.packages(c('data.table’, 'ggplot2', 'plyr', 'dplyr', 'stringr', 'RColorBrewer', 'matlib'))

Australia (Canberra) [https]
Australia (Melbourne 1) [https]
Australia (Melbourne 2] [https]
Australia (Perth] [https]
Austria [https]

Belgium (Brussels) [https]
Brazil (PR] [https]

Brazil (RJ) [https]

ct with man Brazil (SP 1) [https]

more info

for some demos, "help
' an HTML browse
quit R.

» install. ata.table’,
--- Please a CRAN mirror for

in publications.

' for on-line help, or
interface to help.

"plyr’, 'd
use in th

', 'gsubfn’,

'RODB$

Brazil (SP 2] [https]
Bulgaria [https]

Canada (ME] [https]
Canada (ON 3] [https]
Chile (Santiago) [https]
China (Beijing 2] [https]
China (Beijing 3] [https]
China (Hefei] [https]
China (Hong Keng) [https]
China (Guangzhou) [https]

China (L anzhou) [https

Figure A-2. Manually Installing Packages to Portable R

L1 If you do not wish to install Portable-R, you will have to run the R-script generated by the
Tool in Standard R (with or without RStudio), outside the Resiliency Tool environment. This
option is not recommended unless you have sufficient knowledge in R language and the VBA
code behind the Tool.
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Before Getting Started

Because the Resiliency Tool is implemented in a macro-enabled MS Excel spreadsheet
environment, it is important that the macros or code written in Visual Basic for Application
(VBA) language be enabled for the interface to function properly.

Figure A-3 shows the Excel window in which a security warning is displayed due to the
embedded macros. If you see such a message, simply click the “Enable Content” button to
enable the macros within the Tool.

L

Search (Al

dified: Tue at

File Home Insert Page Layout Formulas Data Review View Developer Help Acrobat

|:| 4 Cut Calibri L2 A A == e ab, Wrap Text General v @
Paste EBCUW i Iy A 0 .00 Conditi

5 1 u- e 0 A- SE= == Bt %9 W-
«  <¥ Format Painter - - - S|=E Merge&:Center $ % 9 G Formatti
Clipboard ] Font ] Alignment ] Mumber ]
@ SECURITY WARNING Macros have been disabled. Enable Content
Hydro_Analysis_Option? - 3 Long Term (Default)
A B C 2] E F G H | J K L I M (o] P

1
. FDOT\) Rigid il |
3
: S 43 Rigid Pavement Resiliency Too
5
]
=
8 GENERAL INPUTS
5
10 FPID 123456-7 Roadway Section Number 12345
1 District No. 2 Milepost 16.100 to 16.500
12 County Alachua Direction North
13
14
15 ANALYSIS OPTIONS
16
17 Hydrological Analysis Option: Long Term (Default) hd
18
19 Structural Model to be Used: Westergaard (Default)
20

Figure A-3. Security Warning Message in Excel

Furthermore, it is recommended that the user enables all macros within the Excel environment.
To do so, follow the steps outlined below.
e (lick on the “Developer” tab of the Excel Ribbon
o If'the "Developer" tab is not visible, go to File — Options — Customize Ribbon, and
select the check box next to "Developer".
e Select “Macro Security” in the “Developer” tab
In the new pop-up window, select “Enable All Macros™ option and then click “OK”
(Figure A-4).
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With the above settings in Excel, you are ready to run the Resiliency Tool! The remainder of this
manual describes how to use Tool.
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15 AMNALYSIS OPTIONS Add-ins @ Enable VBA macros (not recommended: potentially
o ) dangerous code can run)
16 ActiveX Settings
17 Hydrological Analysis Option: -
o yarological Analysis Dption — | Macro Settings [] Enable Excel 4.0 macros when VBA macros are enabled
19 Structural Model to be Used: || Protected View Developer Macro Settings
20
Message Bar
21 AMNALYSIS SCENARIOS [] Trust access to the VBA project object model
External Content
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27
60 TRANSFER FUNCTION COEFFICI
61
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64 PAVEMENT STRUCTURE AND Lomw
Figure A-4. Enabling all macros in Excel
Getting Started

Once Resiliency Tool is installed, you should see a shortcut created on your Windows Desktop.
Double-click on the shortcut to open the Tool interface built in the Microsoft Excel environment.

L0 The desktop shortcut opens the Resiliency Tool interface which is a “Read-Only” file.
Please save the template with a different file name if you do not want to lose your changes.

136



The Resiliency Tool interface has the following 4 tabs:

Rigid — Tab for all inputs and analysis results. This is the only tab that you will interact
with.

Long-Term — Tab for storing the results from the Long-Term analysis.

Short-Term — Tab for storing the results from the Short-Term analysis.

SWCC_Coeff — This worksheet stores the default values for the SWCC coefficients.
This is also the spreadsheet where the iteration occurs for the SWCC analysis.

Rigid Pavement Resiliency Tool
The Resiliency Tool interface is mainly divided into five sections. These sections are:

A

General Inputs

Hydrological Analysis Options

Mechanistic-Empirical Transfer Coefficients

Portland Cement Concrete (PCC) Layer and External Load Input
Foundation Layer Inputs

Analysis Results

Detailed description on the above sections are provided subsequently.

General Inputs

Figure A-5 shows the screen capture of the General Inputs section of the Tool. These inputs are
the general project-related information that defines the location of the project as well as other
information pertaining to the project (i.e., similar project information as included in FDOT’s
nondestructive testing reports). These inputs include the financial project number (FPN), District,
County, roadway section number, direction, and limiting mileposts.

ﬁﬂ\) Rigid Pavement Resiliency Tool

GENERAL INPUTS

FPID 123456-7 Roadway Section Number 12345
District No. 2 Milepost 16.100 to 16.900
County Alachua Direction North

Figure A-5. FDOT’s Rigid Pavement Resiliency Tool Interface.

Hyvdrological Analysis Options

Figure A-6 shows the Resiliency Tool interface where the user may select the hydrological
analysis options. The user may select one of the two primary analysis options from the drop-
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down menu. These analysis options are (1) Long-Term simulation and (2) Short-Term
simulation. These options are described subsequently.

ANALYSIS OPTIONS

Hydrological Analysis Option: Long Term [Default) | b

Shoit Tetm

Structural Model to be Used: Westergaard [Defauli]

Figure A-6. Resiliency Tool Analysis Options.

Long-term simulation

The purpose of the long-term simulation is to allow the user to compare different situations that
are considered to be permanent (i.e., those that do not change over a short period of time).
Examples of these scenarios are provided in the following.

e Change in pavement performance under different, but permanent levels of sea level rise
(e.g., 10 ft. or 5 ft.) versus no change in sea level.

e Change in pavement performance under different levels of Ground Water Table (GWT)
versus no change in GWT.

e Difference in pavement life between a flooded versus non-flooded pavement (for the
condition that the flooded pavement remains flooded for an extended period of time).

[ The Long-Term simulation does NOT involve any changes in moisture condition. Thus,
the Long-Term simulation should be used for simulating a permanent moisture condition
(e.g., sea level, Ground Water Table (GWT), etc.).

Figure A-7 shows the additional inputs needed for the long-term simulation. The user may
simulate different depths of Ground Water Table (GWT) with or without flooded condition
(using the drop-down menu for “Simulate Flooded Pavement?”).

Ground Water Table (GWT): The GWT should be specified as a depth from the “Pavement
Surface” which includes the Portland Cement Concrete (PCC) thickness. The layers below the
GWT are assumed to be fully saturated.

Flooded Condition: If this option is selected, it assumes that all foundation layers within the
pavement are fully saturated (i.e., degree of saturation is equal to 1.0).

ANALYSIS SCENARIOS

Long Term Analysis Scenario

Ground Water Table Located at: 90 in. below Pavement Surface
Simulate Flooded Pavement? No

Figure A-7. Long-Term Simulation Inputs.
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Short-term simulation

The short-term simulation is intended for simulating a pavement structure experiencing changes
in moisture level within a relatively short period of time (i.e., within a few hours, days, or
weeks). Examples of these scenarios are provided as the following.

e Reduction in pavement life due to a severe rainfall combined with traffic loading.
e Recovery of a flooded pavement due to evaporation and other sources of drainage.

L The Short-Term option allows you to simulate the (1-Dimensional) vertical flow of
water through the pavement foundation layers over time.

The Short-Term simulation requires appropriate initial conditions (e.g., rainfall intensity, surface
evaporation rate, GWT level at the beginning of simulation, etc,) as shown in Figure A-8.
Additional information is provided in the following for these inputs.

Ground Water Table (GWT): The GWT should be specified as a depth from the “Pavement
Surface” which includes the PCC thickness. The layers below the GWT are assumed to be fully
saturated.

Flooded Condition: If this option is selected, the analysis starts with a flooded pavement
draining naturally. To provide any additional drainage at the pavement surface (i.e.,
evaporation), an evaporation rate should be specified in the “Rainfall / Evaporation” table with a
negative number.

Mechanistic-Empirical Transfer Coefficients

The empirical equation for calculating the allowable number of load passes (IVy) is shown in
Figure A-9. This equation as well as the default coefficients are adopted from the AASHTOWare
Pavement ME (AASHTO, 2015).

It is recommended that the transfer function coefficients remain unchanged, unless a local
calibration of this function has been conducted.
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ANALYSIS OPTIONS

Hydrological Analysis Option:

Structural Model to be Used:

ANALYSIS SCENARIOS

Short Term

Westergaard (Default)

Short Term Analysis Scenario

Rainfall / Evaporation

Ground Water Table Located at: 90 in. below Pavement Surface

Start with Flooded Pavement? No
Time Duration for Analysis 30 hr(s) Run Short-Term Analysis
Time Interval for Analysis, At 0.1 hr(s)

Rain Event Starting Time (hr) Ending Time (hr) Rainfall Intensity (in/hr)
Event No. 1 0.0 5.0 5.0
Event No. 2 10.0 15.0 2.0
Event No. 3
Event No. 4
Event No. 5
Rainfall Intensity
6
E 5
£4
Z3
(7]
8%
£1 -
0 T T T T T
0 5 10 15 20 25 30 35
Time (hr)

Figure A-8. Short-Term Simulation Inputs.

TRANSFER FUNCTION COEFFICIENTS

G = 2 G = 1.22

&)
N¢Equation: logN = Cl (Mj
o

Figure A-9. Transfer Function Inputs.

Portland Cement Concrete (PCC) Laver and External Load Input

There are two structural models built into the Resiliency Tool. These models are (1)
Westergaard’s equations and (2) the ILLISLAB FEM model. The structural model for the
analysis can be selected from the drop-down box in the “Analysis Options” menu, as shown in
Figure A-10.
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ANALYSIS OPTIONS

Hydrological Analysis Option: Long Term (Default)

-

Structural Model to be Used: Westergaard (Default)

q 0
ILLISLAE [FEM]

ANALYSIS SCENARIOS

Figure A-10. Resiliency Tool Structural Model Options.

Analysis Using Westergaard Equations

The Portland Cement Concrete (PCC) layer inputs and the load related inputs needed for the
Westergaard analysis option are shown in Figure A-11. These inputs are:

Thickness of the PCC layer in inches

Elastic modulus (i.e., Young’s modulus) of the PCC layer in psi

Poisson’s ratio

PCC modulus of rupture (M) which is not used within the Westergaard equations, but
needed for calculating the Nyusing the transfer function

Load radius in inches.

¢ Load magnitude in Ibs.

PAVEMENT STRUCTURE AND LOAD

Portland Cement Concrete (PCC) SLAB Inputs

Thickness 10 inch Poisson's Ratio 0.15
Young's Modulus 4.00E+06 psi Modulus of Rupture 500 psi

EXTERNAL LOAD

Load Radius: 6 in. Load Magnitude: 9000 Ibs

Figure A-11. PCC and External Load Inputs for Westergaard Equations.

Analysis Using ILLISLAB Finite Element Method (FEM)

L The users are warned that the FEM analysis option may take a significant amount of
time to finish running, especially for the Short-Term analysis, where the structural model
needs to be evaluated for each time step.

The PCC and load related inputs for the ILLISLAB FEM are shown in Figure A-12. The inputs
include most of the basic inputs (e.g., modulus) discussed above under the Westergaard option.
Additional inputs needed for ILLISLAB analysis are described as the following.

e Unit weight of PCC and coefficient of thermal expansion (@) of PCC material: these
inputs are needed for simulating the PCC slab response under thermal load (i.e., curling).
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e Joint Locations: the first joint location has to be at 0.0 ft. for both joint types.
o Transverse joint locations define the slab dimensions in the direction of travel.

The example shown in Figure A-12 corresponds to 3 slabs in the travel direction,
each having a length of 15 ft.

o Longitudinal joint locations define the slab dimensions in the lateral direction (e.g.,
for different lanes and/or shoulder).

The example shown in Figure A-12 defines 2 slabs in the lateral direction, each
having a width of 12 ft.

e Load Transfer: there are two types of load transfer mechanisms modeled in ILLISLAB
as discussed below.

o Dowel bars (for transverse joints) and tie bars (for longitudinal joints) must be
specified by the following inputs.
= Diameter in inches
= Elastic modulus in psi
= Poisson’s ratio
= Joint opening in inches
= Az parameter (non-dimensional) which specifies the effective area of the
dowel/tie bars under shear. Use 0.9 for circular cross-section.

o The dowel and tie bar locations must be specified for the first PCC slab located at the
bottom-left corner (see Figure A-12), even if there are no dowel and tie bars. This is
because these dowel and tie locations are also used to develop the basic FEM mesh
for the PCC slabs.

[0 The dowel and tie locations must be specified even if there are no dowel/tie bars, because
these locations are used to develop the FEM mesh. If there are no dowel bars or tie bars, the
modulus of the bar material should be set to zero.

o Aggregate Interlock should be specified in the same unit as modulus, i.e., in psi.

e External Loads: up to a total of 12 external loads (or tires) can be specified in
ILLISLAB, each having a rectangular contact area. As shown in Figure A-12, the
following must be specified for each external load.

o Load magnitude in Ibs

o Center coordinates in feet for X and Y directions
o Length of the contact area in both the X and Y directions in feet.
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e Thermal Load can be specified using a linear thermal gradient (A7) within the PCC
layer, which is calculated as the difference in temperature between the top (77p) and the

bOttOIIl (Tbottom) Of the PCC (i.e., AT = Ttop - Tbottom).

Figure A-13 shows an example of the FEM mesh generated based on the sample inputs provided
in Figure A-12.

PAVEMENT STRUCTURE AND LOAD

Portland Cement Concrete (PCC) SLAB Inputs

Thickness 10 inch Unit Weight 150 Ib/ftr3
Modulus 4.00E+06 psi Coeff. of Thermal Expansion 4.90E-06 in/in/deg.F
Poisson's Ratio 0.15 Modulus of Rupture 500 psi

Joint Locations

Joint No. 1 2 3 4 5 6 7 8 9 10 11 12
Trans. Joints (ft) 0 15 30 45

Longi. Joints (ft) 0 12 24

Joint locations also define the and

LOAD TRANSFER

TRANSVERSE JOINTS LONGITUDINAL JOINTS

Aggregate Interlock: 10000 psi Aggregate Interlock: 10000 psi
Dowel Bar Diameter 1.5 inch Tie Bar Diameter 0.63 inch
Dowel Bar Modulus 2.90E+07 psi Tie Bar Modulus 2.90E+07 psi
Dowel Bar Poisson's Ratio 0.1 - Tie Bar Poisson's Ratio 0.1 --
Joint Opening 0.1 inch Joint Opening 0.1 inch
Az 0.9 - Az 0.9 --
Load Transfer No. 1 2 3 4 5 6 7 8 9 10 11 12
Dowel Locations 1 2 3 4 5 6 7 8 9 10 11

Tie Locations 2.5 5 7.5 10 12.5

Notes:

1. Location of Dowels & Ties only need to be defined for the slab at the lower left corner
2.

EXTERNAL & THERMAL LOADS

EXTERNAL LOADS

Load ID 1 2 3 4 5 6 7 8 9 10 11 12
Magnitude (Ib) 4500 4500 4500 4500

X.Coord (ft) 225 225 225 225

X.Length (ft) 0.6 0.6 0.6 0.6

Y.Coord (ft) 2 3 9 10

Y.Length (ft) 0.6 0.6 0.6 0.6

THERMAL LOAD Linear Temperature Gradient (Ttop - Tbottom) 0 deg.F

Figure A-12. PCC and External Load Inputs for ILLISLAB.
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Finite Element Mesh

Notes:
1. It is recommended that the FEM mesh be checked prior to running FEM. Click Here to Generate ILLISLAB Mesh

1. Depending on the mesh, the FEM may take some time to complete.

ILLISLAB Finite Element Mesh

20

15

y(ft)

10

x(ft)

Figure A-13. Finite Element Mesh Generated from ILLISLAB.

Foundation Laver Inputs

Specifying a Fixed k-value for the Foundation

The rigid pavement foundation needs to be characterized in terms of the composite modulus of
subgrade reaction (i.e., k-value) for both the Westergaard equations and the FEM. As such, the
user may choose to use a constant k-value for the analysis and manually input the k-value for the
analysis, as shown in Figure A-14.

FOUNDATION
Direct (Fixed) Input for Modulus of Subgrade Reaction, k? Y
Modulus of Subgrade Reaction, k-value 200 psi/in

Figure A-14. Manual Input of the k-value.

L0 This option is only available for the Long-Term analysis where the foundation
properties do not change within the analysis.
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Calculating the k-value for the Foundation

The user may also choose to calculate the k-value from other foundation-related input parameters
such as the moisture content, modulus, etc. This option is available for both the Short-Term and
Long-Term analyses. Figure A-15 shows an example including the total thickness and the
modulus of the transformed foundation layers (using Odemark’s method), as well as the
corresponding k-value.

FOUNDATION

Direct (Fixed) Input for Modulus of Subgrade Reaction, k? N

Modulus of Subgrade Reaction, k-value 492.6 psi/in < Do NOT Modify
Modulus of Transformed Base/Subbase Layers 17459 psi < Do NOT Modify
Total Thickness of Transformed Base/Subbase Layers 23.0 in < Do NOT Modify

Figure A-15. Calculating the k-value from Foundation Modulus.
For calculating the k-value from the layer modulus that may change with moisture content, the

user is provided with several base/subbase types that are frequently used by FDOT. These
foundation layers are described in the following.

Asphalt Base

The inputs needed for the asphalt base are shown in Figure A-16. These inputs include:

Layer thickness in inches

Resilient modulus in psi

Poisson’s ratio

Saturated and Residual volumetric water contents (6. and 6k, respectively)
Coefficients for the Van Genuchten equation (Default values are =2 and n =5)
Hydraulic conductivity of the asphalt material which may be inputted as a fixed value or
calculated from other mixture parameters.

There are two different models built into the Resiliency Tool for estimating the hydraulic
conductivity of asphalt concrete from mix design inputs. These models are the Masad model
(Figure A-17) and the Mohammad model (Figure A-18).

Both models require the gradation input. However, the user only needs to fill in the percent
passing column (highlighted in gray) — which can be easily pasted from FDOT’s typical mix
design spreadsheets. In addition to gradation, the user needs to provide the additional inputs for
the respective models that include the following.

e Air voids in percent

e Binder content in percent

e Specific gravities of binder, aggregate (bulk), and mixture
e Unit weight and viscosity of water (User default values).
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FOUNDATION LAYER # 1

Layer1 Type: Asphalt Base Thickness: 4 in
Layer 1 Resilient Modulus, M g 350000 psi
Layer 1 Poisson's Ratio 0.35

INPUTS FOR HYDRAULIC ANALYSIS

Saturated Volumetric Water Content, @4 : 0.3
Residual Volumetric Water Content, @g: 0.02
Equation Constants Model Equation
m m 2
e — @970 _| 1 K(G):KSQO'S-{I—(I—G”’”) }
n 5 O5=0 | 1+|an"
m 0.8 < Do NOT Modify
Constant Value for Hydraulic Conductivity, K ? Y
Layer 1 Hydraulic Conductivity, K 0.0007 in/s

Figure A-16. Basic Inputs for Asphalt Base with Constant Hydraulic Conductivity.

Constant Value for Hydraulic Conductivity, K ? N
Layer 1 Hydraulic Conductivity, K 0.0124 in/s & Do NOT Modify
K -model for Layer 1: Massad Model

Asphalt Concrete Gradation

The Column for % Passing (highlighted in gray) can be copy/pasted from the Mix Design Job Mix Formula (JMF)

Sieve Size Sieve Opening (mm) Sieve Opening (in) % Passing % Retained
3/4" 19 0.748 100 0
1/2" 12.5 0.492 98 2
3/8" 9.5 0.374 90 8
No. 4 4.75 0.187 65 25
No. 8 2.36 0.093 43 22
No. 16 1.18 0.046 33 10
No. 30 0.6 0.024 24 9
No. 50 0.3 0.012 14 10
No. 100 0.15 0.006 7 7
No. 200 0.075 0.003 4.2 2.8
Massad Model (Massad et. al., 2006) y ’
-al, 3 - - 3
Model Equation: K= c-Av 5| Ds 1+GSb[Pb Pha (1 Pb)] r
(1-4V) Gy(1-5) u
Manual Inputs Calculated Inputs Do NOT Modify
Percent (%) Air Voids, AV 4 Calibration Coefficient, C 50.2
Percent (%) Binder, P, 5.1
Specific Gravity of Binder, G, 1.03 Avg. Diameter of Particles,
Bulk Specific Gravity of Agg., G ¢ 2.733 D (in) 0.12
Max. Specific Gravity of Mix, G 2.572
Unit Weight of Water, y (pcf) 62.3 Percent (%) absorbed
Viscosity of Water, g, (Ib-s/ft) 2.09E-05 binder, P o 0.86

Figure A-17. Input Screen for Calculating Asphalt Base Hydraulic Conductivity Using
Masad Model .
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Constant Value for Hydraulic Conductivity, K ? N

Layer 1 Hydraulic Conductivity, K 0.0005 in/s & Do NOT Modify

K -model for Layer 1: Mohammad Model

Asphalt Concrete Gradation

The Column for % Passing (highlighted in gray) can be copy/pasted from the Mix Design Job Mix Formula (JMF)

Sieve Size Sieve Opening (mm) Sieve Opening (in) % Passing % Retained
3/4" 19 0.748 100 0
1/2" 12.5 0.492 98 2
3/8" 9.5 0.374 90 8
No. 4 4.75 0.187 65 25
No. 8 2.36 0.093 43 22

No. 16 1.18 0.046 33 10

No. 30 0.6 0.024 24 9

No. 50 0.3 0.012 14 10

No. 100 0.15 0.006 7 7

No. 200 0.075 0.003 4.2 2.8
Mot d Model (Mohammed et. al., 2003)

K104 {76.6/1 V —=17.2Ry o75 +163.4F) 3 — 19745}70‘6}

Model Equation:
+33.2P) 36 +4.5R,5-1.7TH

Percent (%) Air Voids, AV 4
Percent (%) Passing 12.5 mm Sieve, P 1, 5 98 & Do NOT Modify
Percent (%) Passing 2.36 mm Sieve, P, 3¢ 43 < Do NOT Modify
Percent (%) Passing 0.6 mm Sieve, P ¢ 24 < Do NOT Modify ) :
. All other inputs are read
Percent (%) Passing 0.3 mm Sieve, P 3 14 < Do NOT Modify from IME
Percent (%) Passing 0.075 mm Sieve, P g 975 4.2 < Do NOT Modify

Figure A-18. Input Screen for Calculating Asphalt Base Hydraulic Conductivity Using
Mohammad Model.

Coarse-Grained Soil

For coarse-grained soils, the hydraulic conductivity of the coarse-grained soils can either be
specified by the user (by selecting “Y” for “Constant Value for Hydraulic Conductivity, K?” in
Figure A-19), or calculated using the model developed by Chapuis (2004). The corresponding
input screen is shown in Figure A-19. The inputs needed for the Chapuis model are:

o Effective diameter for 10 percent passing in inches (default = 0.0047 in.)
e Void ratio of the soil (default = 0.618)

It is recommended that this model be used for FDOT’s stabilized subbase and in areas with
coarse-grained subgrade materials (i.e., A-1 through A-3 soils according to AASHTO
classification).
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Constant Value for Hydraulic Conductivity, K ? N

Layer 2 Hydraulic Conductivity, K 0.0077 in/s < Do NOT Modify

K -model for Layer 2: Chapuis Model (Coarse-Grained Soil)

Coarse-Grained Soils (Chapuis, 2004) P23 0.7825
Model Equation: K =2.4622| 210
l+e
Effective Diameter Corresponding to 10% Passing, d 1, (in.) 4.70E-03
Void Ratio, e 0.618

Figure A-19. Inputs for Hydraulic Conductivity of Coarse-Grained Soils.

Fine-Grained Soil

Similar to the coarse-grained soils, the hydraulic conductivity of the fine-grained soils (i.e.,
AAASHTO classifications A-4 through A-8) can either be specified by the user (by selecting
“Y” for “Constant Value for Hydraulic Conductivity, K?” in Figure A-20), or use the model
equation Mbonimpa et al. (2002). The inputs needed for the Chapuis model are:

¢ Regression Constant (5.6)

¢ Soil Density in pcf

e Void ratio of the soil (default = 2.5)
e Liquid limit

The unit weight and the dynamic viscosity of water may also be changed depending on
temperature (if desired). However, for most cases, the default values shown in Figure A-20
should be sufficient for the purpose of the Resiliency Tool.

Constant Value for Hydraulic Conductivity, K ? N
Layer 2 Hydraulic Conductivity, K 0.0000 in/s < Do NOT Modify
K -model for Layer 2: Mbonimpa Model (Fine-Grained Soil)

Fine-Grained Soils (Mbonimpa et. al., 2002)

(3+x)
, e 1
Model Equation: ~ Kg=C Tw

v Hay (1+e) p?w%x

Regression Constant, Cp 5.6
Unit Weight of Water, 7 (pcf) 62.3
Dynamic Viscosity of Water, # (Ib/ft-s) 2.09E-05
Soil Density, p s (pcf) 125
Void Ratio, e 2.5
Liquid Limit, w, 199

Figure A-20. Inputs for Hydraulic Conductivity of Fine-Grained Soils.
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Foundation Layer Modulus

The change in foundation modulus due to change in moisture content (or degree of saturation)
can be assessed using one of the two models implemented into the Resiliency Tool. These
models are the NCHRP 1-37A model and the Soil-Water Characteristic Curve (SWCC) model.

NCHRP 1-374 Model

The equation as well as the inputs needed for this NCHRP 1-37A model (ARA, 2000) are shown
in Figure A-21. These inputs are:

e Resilient modulus at optimum moisture content (Mrop,): Default values are 16,000 psi for
stabilized subgrade and the special select soil subgrade, and 10,000 psi for embankment.

e Degree of saturation at optimum moisture content (So,): Default value is 11 percent for
all soil types.

INPUTS FOR RESILIENT MODULUS

Geotechnical / Soil Mechanics Model: NCHRP 1-37A (Default)
NCHRP Model
M b—
Model Equation: log R =g+ a
MRopt 1+exp(ﬂ+km '(S_Supt ))
Resilient Modulus at Optimum Moisture Content, M ggp (Psi) 16000
Degree of Saturation at Optimum Moisture Content, S o,¢ (%) 11

Figure A-21. Inputs for NCHRP 1-37A Resilient Modulus Model.

L0 The user only needs to input the Mgopr and Sop. The remaining regression coefficients, i.e.,
a, b, B, and k, are built into the spreadsheet for the appropriate soil types (coarse vs. fine).

Soil-Water Characteristics Curve (SWCC) Model

Figure A-22 shows the equations as well as the necessary inputs needed for the SWCC model
that was tailored to Florida’s soils by Oh and Fernando (2011) and Oh et. al. (2012). The default
inputs needed for the SWCC model are stored in the worksheet named “SWCC_Coeff”.

LA The SWCC model requires iteration for finding the soil suction (S;) for a given volumetric
water content (). In other words, the SWCC model is not as efficient as the NCHRP 1-37A
model and may require a long time to run the analysis (especially for the Short-Term
analysis).

Note that for the embankment layer (i.e., Foundation Layer No. 7 in the Resiliency Tool), the
default values for the SWCC coefficients (Table 1) as well as the resilient modulus model
coefficients (Table 2) depend on FDOT’s District. These default values can be loaded by
selecting the District number (e.g., “D1”) in the input screen shown in Figure A-22. The default

149




values for stabilized subgrade and special soil (that are independent of FDOT’s District) are
loaded when the material is first selected.

INPUTS FOR RESILIENT MODULUS
Geotechnical / Soil Mechanics Model: SWCC
Florida Soil Water Characteristic Curve (SWCC) Model:
Select a District to Load Defaut Coefficients: D1
Stresses (psi) MR Model Coefficients SWCC Coefficients
Atm Bulk | Oct. Sh. k1 k2 k3 k4 af bf cf hr
14.7 6.7 0.9 1352.7 1.0 -0.3 0.8 1.9 0.8 2.8 99.5
k2 k3
+3kyS .0 .
MR Model: Mp=kP, [Ubulki“cj [@.,_1]
a Pll
0, In(1+(S./h
SWCC Model: 0=C(S,) sat - where C(S.)= 17((—5/”)
Wl b\ ln(1+(1.45x105/hr>)
nf el +(S./a)

Figure A-22. Inputs for SWCC Resilient Modulus Model.

Analysis Results

Once the analysis is completed, the user can scroll down within the same worksheet to see the
results. The results displayed on the worksheet depend on the analysis options, as discussed in
the following.

Long-Term Analysis Results

As mentioned previously, the Long-Term analysis does not involve any changes in the moisture
condition of the foundation layers. As such, the results of the Long-Term analyses are
independent of time, and the hydrological model is only used to calculate the moisture condition
at the prescribed (i.e., permanent) condition.

Hydrologic Equilibrium and Resilient Modulus Results (Long-Term)

Figure A-23 shows an example of the hydrologic analysis results provided for the Long-Term
analysis option. As shown in this figure, the results include two plots.

e The plot on the left shows the degree of saturation for the foundation layers (as a
function of depth) at the state of hydrological equilibrium.

e The plot on the right shows the resilient modulus of the foundation layers corresponding
to the degree of saturation shown on the left.
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L1 Note that both these plots show the results from the bottom of the PCC layer (i.e., depth
of 0.0 in. in the plot) to the top of the GWT. The user can also access the data used for
plotting these results from the worksheet named “Long-Term”.

ANALYSIS RESULTS

Degree of Saturation and Resilient Modulus Plots

Degree of Saturation Resilient Modulus
0 0 -
—~20 —~20
£ £
< 40 A < 40 A
) &
0 60 - 0 60 A
80 T T 80 T T T
0 0.5 1 1.5 0 100000 200000 300000 400000
Deg. of Saturation Resilient Modulus (psi)

Figure A-23. Long-Term Analysis Results Using Westergaard Equations.

Westergaard Results (Long-Term)

When the Westergaard equations are selected for the structural analysis option, the Long-Term

analysis results are provided instantaneously (i.e., there are no buttons that need to be clicked to
see the results).

The structural analysis results are provided in a table format (see Figure A-24) below the
hydrologic results. The results include the following.

e Maximum deflection in mils

e Critical tensile stresses in psi for the respective locations (interior, edge, and corner)
e Maximum allowable number of load repetitions (V)

e Damage due to a single pass of the load (1/ N)).

Structural Model Results

Parameters Interior Edge Corner
Deflection (mils) 2.7 9.5 18.5
Stress (psi) 109.7 15585 399.6

Nf 5.4E+12 2.1E+08 4.3E+02

Damage (1/Nf) 1.9E-13 4.8E-09 2.3E-03

Figure A-24. Long-Term Analysis Results Using Westergaard Equations.
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ILLISLAB Results (Long-Term)

Figure A-25 shows an example of the Long-Term analysis results from ILLISLAB.

L1 Unlike the Westergaard option, the ILLISLAB results are not automatically populated
by the Tool.

To obtain the structural results from ILLISLAB, the user must specify the locations within the
PCC slab (X and Y coordinates as well as the depth) where the responses are to be extracted
from the FEM solution. Then the user needs to click on the “Click Here to Run ILLISLAB”
button, which calls the Portable-R and runs the FEM solution.

Once the FEM analysis completes, the ILLISLAB results (i.e., deflections, stresses, and the
corresponding Nrand damage values) for the specified locations can be loaded into the
spreadsheet by clicking on the “Import ILLISLAB Results” button.

The results obtained for each specified location include the following.

e Maximum deflection in mils

e Critical tensile stresses in psi for the respective locations (interior, edge, and corner)
e Maximum allowable number of load repetitions (N))

e Damage due to a single pass of the load (1/ N)).

The user may also decide to load a different contour plot from ILLISLAB. This can be done by
selecting one of the following options for “Which plot do you want to show?” and clicking on
the “Click Here to Reload Images”.

The FEM Mesh

Vertical displacement (or deflection)

Longitudinal and transverse Stresses (Sx and Sy) in psi unit
Longitudinal and transverse Strains (Ex and Ey) in microstrain unit
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Structural Model Results

Follow these steps to run ILLISLAB

1. In the table below, specify the X and Y Coordinates for the locations where response is to be extracted. (Do not Change Other Cells)
2. Specify the depth within the PCC at which the response is to be extracted.

Parameters Location #1 Location #2 Location #3
X-Coordinate (ft) 22.5 22.5 22.5
Y-Coordinate (ft) 2 2.5 6
Deflection (mils) 3.6 3.6 2.6

Stress (psi) 106.1 103.3 36.4

Nf 1.8E+13 5.0E+13 7.6E+48
Damage (1/Nf) 5.5E-14 2.0E-14 1.3E-49
Depth within PCC Layer for Simulation of Response: 10 inch
Which plot do you want to show? Sx
Click Here to Click Here to Import ILLISLAB
Run ILLISLAB Reload Images Results

ILLISLAB Stress

Longitudinal Stress (psi)
100

75
50
25
0

X (ft)

Figure A-25. Long-Term Analysis Results Using ILLISLAB.

Short-Term Analysis Results

The Short-Term analysis involves simulating the moisture flow within the pavement foundation
over the prescribed duration, so this option usually requires more time to complete than the
Long-Term analysis option.

Hydrologic Equilibrium and Resilient Modulus Results (Short-Term)

Figure A-26 shows an example of the hydrological analysis results from the Short-Term analysis.
The plot on the left shows the degree of saturation over time, at a depth specified by the user. On
the other hand, the plot on the right shows the degree of saturation as a function of depth (below
the PCC layer) at any time specified by the user.
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Similarly, Figure A-27 shows the corresponding plots for the resilient modulus. Again the one on
the left is a plot over the analysis duration as a depth specified by the user, while the one on the
left is a plot with respect to depth at a given time specified by the user.

ANALYSIS RESULTS

Hydrological Model Results

Plot Deg. of Saturation at 0 in. below PCC Plot Deg. of Saturation at time = 0 hr
Degree of Saturation at Depth 0 in. below Degree of Saturationat Time =0 hr
PCC 0
1.5

.g — 20 T

- c

© —

2 Y £ 40

© Q

) [7)

s 0.5 + 0 g0 A

[

(]

o 0 T T T 80 T T

0 10 20 30 40 0 0.5 1 1.5
Time (hr) Deg. of Saturation
Figure A-26. Short-Term Analysis Results — Hydrological Analysis.
Resilient Modulus (Geotechnical) Model Results
Plot Resilient Modulus at 12 in. below PCC Plot Resilient Modulus at time = 7.5 hr
Resilient Modulus at Depth 12 in. below PCC Resilient Modulusat Time =7.5 hr

—_ 20000 0 -~

8 J

% 15000 - —20 A

3 c

3 =

g 10000 < 40 A

s &

£ 5000 - 0 60 -

2

F 0 . . . 80 . . .

&« 0 10 20 30 40 0 100000 200000 300000 400000

Time (hr) Resilient Modulus (psi)

Figure A-27. Short-Term Analysis Results — Resilient Modulus Analysis.

L Changing the Depth or Time for the plots in Figures A-26 and A-27 is easy. Simply select
the depth or time using the drop-down menu.

Westergaard Results (Short-Term)

Figure A-28 shows an example of the Westergaard results for the Short-Term analysis. As shown
in the figure, there are five plots that include the following:
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Composite k-value

Critical tensile stress,

Maximum deflection

Maximum allowable number of load passes (Ny)
e Damage per pass (1/ Ny,

All of the above plots are shown as functions of time. The user may choose to plot the
corresponding results at different locations made available by Westergaard equations (i.e., slab
interior, edge, or corner).

The user is also allowed to carry out the performance analysis based on the structural results (see
top-right corner of Figure A-28). The procedure for running the performance analysis is
described as the following.

e Select the PCC location for the analysis (i.e., Interior, Edge, or Corner). For most
cases, it is recommended that the edge location be used for this analysis.

e Input the Reference Damage per Pass for a given load. The reference damage can be
obtained in one of the three ways described below.

o By clicking on the “Set Damage @ t = 0 as Reference” button. As indicated by the
name of the button itself, this option allows the user to set the reference damage to
that corresponding to the beginning (i.e., time = 0.0 hr) of the simulation.

L1 This option is feasible and is the recommended method for simulating rainfall events
where the condition just before the rainfall is the reference condition.

o By clicking on the “Set Damage @ t = trina1 as Reference” button. In contrast to the
above, this option sets the reference damage equal to that the end of the simulation.

L This option is to be used when the user simulates a pavement that starts at a flooded
condition and goes through the draining process over time.

Note that for this method to provide a feasible estimate of the reference damage, the duration
of the Short-Term analysis should be long enough to allow for the water to drain and the
foundation of the pavement is at the end of simulation is representative of the reference (i.e.,
before flooding) condition.

e Input the Daily Load Repetitions of the corresponding load. This is used to calculate the
additional reduction in pavement life caused by the increased pavement damage due to
continued traffic loading.
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Structural Model Results
Composite Modulus of Subgrade Reaction Location for Analysis Edge
c 600 Ref. Damage (per Pass) 4.8E-09
.0
b+ 500 1 SetDamage @ t=0as SetDamage @ t = tg,, @s
§ _ 400 Referense Referense
o % 300 - Daily Load Repetitions 5000
zi 4 200 - (You may use ESALs if the load was configured to a
q 100 standard single axle)
2 - ‘
s T T T Reduction in Pav't Life 196.4 hrs, or
0 10 20 30 40 8.18 days, or
Time (hr) 0.022 yrs
Plot Critical Stress at Slab ~ Edge Plot Deflection at Slab Edge
Critical Stress Deflections
175.0 15.0
£ 1650 - < 1001
A .0
n -
% 160.0 § 50 A
155.0 - “g
150.0 T T T 0.0 T T T
0 10 20 30 40 0 10 20 30 40
Time (hr) Time (hr)
Plot N¢ at Slab Edge Plot Damage/Pass at Slab  Edge
Allowable Number of Load Passes Damage per Load Pass
2.5E+08 6.0E-08
2.0E+08 - 5.0E-08 ~
.. 1.5E+08 - g 0808 1
2 £ 3.0E-08 A
1.0E+08 - 3 2 0E-08 4
5.0E+07 A 1.0E-08 A
0.0E+00 T T T 0.0E+00 T T T
0 10 20 30 40 0 10 20 30 40
Time (hr) Time (hr)

Figure A-28. Short-Term Analysis Results — Structural Analysis Using Westergaard
Equations.

ILLISLAB Results (Short-Term)

[0 1t is emphasized again that running the ILLISLAB model for the Short-Term analysis
requires a very long time to run and a lot of computer storage area to save all of the
results from the ILLISLAB runs.
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As such, it is recommended that this option be used with caution.

Figure A-29 shows the user interface for Short-Term ILLISLAB analysis and results. Similar to
the Long-Term analysis, the user must specify the locations within the PCC slab (X and Y
coordinates as well as the depth) where the responses are to be extracted from the FEM
solution, and click on the “Click Here to Run ILLISLAB” button, which calls the Portable-R
and runs the FEM solution for each time step within the analysis duration.

Once the FEM analysis completes, the ILLISLAB results (i.e., deflections, stresses, and the
corresponding Nrand damage values) for the specified locations can be loaded into the
spreadsheet by clicking on the “Import ILLISLAB Results” button.

Once the pavement responses are loaded, the user may proceed to the performance analysis as
shown in Figure A-30. The procedure for running the performance analysis (i.e., calculating the
pavement life reduction) was previously described under the Westergaard option, and shall not
be repeated here.
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Structural Model Results

Follow these steps to run ILLISLAB
1. In the table below, specify the X and Y Coordinates for the locations where response is to be extracted.

2. Specify the depth within the PCC at which the response is to be extracted.

Location Coords. Location #1 Location #2 Location #3
X-Coordinate (ft) 22.5 22.5 22.5
Y-Coordinate (ft) 2 2.5 6
Depth within PCC Layer for Simulation of Response: 10 inch
Which plot do you want to show? Sx at Time = 0.1 hr
Click Here to Click Here to Import ILLISLAB
Run ILLISLAB Reload Images Results

ILLISLAB Stress

Longitudinal Stress (psi)
100

75
50
25
0

X (ft)

Figure A-29. Short-Term Analysis Results — Structural Analysis Using ILLISLAB.
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Composite Modulus of Subgrade Reaction Location for Analysis Location 2
c 600 Ref. Damage (per Pass) 2.0E-14
.9 OO
b+ S T SetDamage @ t=0as SetDamage @ t = tg,, as
E . 400 4 Referense Referense
o % 300 Daily Load Repetitions 5000
5 8 200 - (You may use ESALs if the load was configured to a
3 100 standard single axle)
2 0 o .
S T T T Reduction in Pav't Life 4508.7 hrs, or
0 10 20 30 40 187.86 days, or
Time (hr) _ 0515  yrs
Plot Critical Stress at Slab Location 2 Plot Deflection at Slab Location 2
Stress Deflection
125 8
120 A T—f i
= é 6
£ 115 A c
2 S4 -
0 110 A ks
= 2
“ 105 | 52
100 T T T O T T T
0 10 20 30 40 0 10 20 30 40
Time (hr) Time (hr)
Plot N¢ at Slab Location 2 Plot Damage/Pass at Slab Location 2
Allowable Number of Load Passes Damage per Load Pass
6.0E+13 8.0E-12
5.0E+13 A
6.0E-12 -
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Figure A-30. Short-Term Analysis Results — Performance Analysis Using ILLISLAB.
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