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ABSTRACT

Aerial transportation infrastructure is vital to connecting communities across the United
States and the globe. It provides critical support functions in transporting purchased goods and
resources, providing access to medical treatment, allowing timely travel for businesses, and
strengthening national security. General aviation (GA) airports make up the vast majority of the
total number of airports in the country and, while vital to the national economy, primarily serve
communities through specialized roles. Due to the volume of GA facilities, they are more
accessible to suburban and rural communities thus providing an opportunity to offer emergency
response to these populations. However, the Federal Aviation Administration (FAA) design and
maintenance specifications regarding GA airports are non-specific and do not reflect the
differences in the use and funding of these airports. Therefore, GA airport traffic levels and
runway structural capacities are not clearly defined under FAA guidelines. A misunderstanding
of the pavement capability increases risk to large emergency aircraft in need of utilizing these
airports.

This research seeks to develop a methodology to load rate GA airports with consideration
for facilities located in coastal regions that are at greater risk of experiencing flood events.
Procedures are developed to accurately estimate annual airport traffic and pavement structural
capacity during normal and inundated conditions using conventional pavement test methods and
FAA software. Results indicate that the proposed methodology is capable of producing accurate

and repeatable load ratings for both normal and inundated pavement conditions.
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NOMENCLATURE

AC Advisory Circular

ACN Aircraft Classification Number

ACR Aircraft Classification Rating

BCI Base Curvature Index

CDF Cumulative Damage Factor

FAA Federal Aviation Administration

FAARFIELD Federal Aviation Administration Rigid and Flexible Iterative Elastic
Layered Design

FWD Falling Weight Deflectometer

GA General Aviation

GPR Ground Penetrating Radar

GVW Gross Vehicle Weight

LWD Lightweight Deflectometer

NASA National Aeronautics and Space Administration

NDT Non-Destructive Testing

PCN Pavement Classification Number

PCR Pavement Classification Rating

PI Plasticity Index

SN Structural Number

SWL Single Wheel Load

TXGLO Texas General Land Office

Vi



USDA United States Department of Agriculture

Vil



TABLE OF CONTENTS

Page
ABSTRACT ... 588t s sttt ii
DEDICATION ...ttt ettt ettt ettt este et e s st ebeesae e st enseessesseenseenseeseenseenseessenseensenneennes iii
ACKNOWLEDGEMENTS ...ttt ettt ettt et eae e s enseeneenns v
CONTRIBUTORS AND FUNDING SOURCES .......oooiiiiieieiesieeeietee et v
NOMENCLATURE ...ttt ettt ettt et e s s e beeneesseeseenaesseenseeneenns vi
TABLE OF CONTENTS ...ttt ettt ettt ese e sneenseenaeeneenseenne e viii
LIST OF FIGURES ..ottt ettt sttt sae e e esaesseenseeneenseensennnens X
LIST OF TABLES ...ttt ettt ae et esa e eesaesseenseeneesseenseensenneenes Xii
1. INTRODUCGTION ..ottt ete ettt te st et ete et teensesstenseesseesaesseensesssesseensesnsesseensennsens 1
1. 1. Problem StatemMENL.........coueruieiiriieieeieeiiete ettt ettt sttt et eae ettt ae e e 1
1.2, LIteTature REVIEW ......ooiuiiiiiiiiieiii ettt ettt ettt et st eb e saeeeneees 5
1.2.1. Airport Pavement Design and Evaluation..............ccceeiiviieniiiciienieeieeiecieeee e 5
1.2.2. Impact of Flood Events on Pavement Strength............c.cccooiiiiiiiiniiiiiiieeieeeeeeeees 7
1.2.3. S01l-MOiSture INteraCtion ...........cceeueruierierieniieieeiese ettt 9
2. NON-DESTRUCTIVE TESTING (NDT) METHODS .......cccoiiiiinieieieneeeeeeeee e 15
2.1. Ground Penetrating Radar (GPR) ........coooiiiiiiiiiciicce e 15
2.2. Falling Weight Deflectometer (FWD).......ccccuiiiiiiiiieiieiieeiieeeciese et 17
2.3. Lightweight Deflectometer (LWD) .......oocuiiiiiiiiiiiiee e 19
2.4. Federal Aviation Administration Rigid and Flexible Iterative Elastic Layered Design
(FAARFIELD)....ccuiiitieieeie ettt ettt sttt ettt e sneeseenaesseenseenseeneenes 20
3. RESEARCH SCOPE ......oooiiieieeeeeee ettt sttt sseenseeneanseennas 24
3.1. General Aviation (GA) AIIPOTES ......eerueerieeriierieeriieereerteesteereessreesseesseeseessseenseessseeseensns 24



3.2, CoAStAl ENVITONIMIENTS ..ot oot e e e et e e e e e e e e e e e e eaeeeeeeeeeearaaeeeeeeeeennnanan 25

4. LOAD RATING METHODOLOGY ...c.uteitieieiiieieeiesiiertt ettt eae s aeeneesneenes 27
4.1. General aviation airport traffic classifications...........ccccecuverieriiieiieniiiieeeeeeeee e 27
4.1.1. Design Traffic MIX .....cccciiiiiiiiciieecee ettt ettt e e e e saa e e saneaenens 29
4.1.2. Generating Traffic MIXES.....c.cecueriiieriieeiieiieeieeite e et e ere et e saeeeeesaeebeessseensaesnseens 30

4.2. Load Rating PrOCEAUIE ........cccueiiiiiieiiieciee ettt et et e s e e e e e eans 35
4.2.1. Load Rating for Repeated Operations.............cveeuierieeniieriiienienieenieeeieenieesveenseesneens 36
4.2.2. Single Use Load Rating .........ccceiiiiiiiiiiiiiiieeeeieee ettt 41

5. LOAD RATING RESULTS ..ottt ettt sttt enae s enneennens 44
5.1. NON-DeStruCtiVe TESHING.....cc.veeiuieeiieiiieeieeitieeieerieeete et e eteeieesreeseesabeesbeessseensaesnseenseenens 46
5.2. FAARFIELD RESUILS.......ceitieiiiiieieeieciieieee ettt sttt nseenseeneenneeneas 51

6. FLOOD EVENT SIMULATION ......ooiiiiieieiieeeie sttt ettt te e sseenseeneenseennas 55
6.1. F100d EVeNt RESUILS ......ccuiiiiiiiiiiiiiiieee et 56
6.2. Pavement Structural RECOVETY.......cccuiiiiiiieiiieeiieeee ettt s 62

7. CONCLUSIONS . ...ttt ettt ettt et e e st e s e e seesseesseeaaesseenseessesseenseessenseenseeneanseensas 68
T L FULUIE WOTK . sttt et sttt st be s 70
REFERENCES ...ttt ettt ettt ettt et sb et st e bt e b et e saeenee 71
APPENDIX A THE TEXAS COASTAL ZONE ......ooiiiiiiiiiieeeeeeeeee e 77

APPENDIX B PERCENT REDUCTION IN SINGLE USE SWL THROUGHOUT THE

FLOOD SIMULATION .....ooiiiiiiiiiiiiiieitcteetet ettt sttt 78

APPENDIX C TESTED AIRPORT GEOTECHNICAL INFORMATION .......ccccceviiiiiienen. 79

1X



LIST OF FIGURES

Page
Figure 1. Texas Airport Directory Map of Commercial (blue) and GA (purple) Airports............. 3
Figure 2. Wharton Regional Airport (ARM) Flooding in the Aftermath of Hurricane Harvey
180107 0 USRS 4
Figure 3. Olney Airport (ONY) a) Rutting and b) Rutting and Surface Cracking. ............ccccu..e. 7
Figure 4. Roadway Damage Due to Flooding in Iowa. ...........ccooeiiiiiiiiiiiieiieeeeeeeee, 14
Figure 5. Ground Penetrating Radar Unit. ..........cccoeviiiiiiiiieniiciieeceee e 16
Figure 6. Falling Weight DeflectOmeter. ........c.eeoiiiiiiiieiiie et 17
Figure 7. Deflection Bowl Generated from FWD Data..........ccccoceevviieiieiiienieciieieeeeeeee e, 18
Figure 8. Example CDF Curve from FAARFIELD.........ccccooiiiiiiiiiieeeeeeeee e 22
Figure 9. Locations of Tested Airports Relative to TXGLO Coastal Boundary. ......................... 26
Figure 10 . Texas GA Airport Traffic Cate@ories. ......coouriuieiiiiiiieiieeeeee e 28
Figure 11. Adjusting Aircraft Annual Departures in the FAARFIELD Traffic Interface............. 30
Figure 12. Effect of Traffic Growth on Projected Pavement Life. ..........ccoccoiiiiiiniiiniinnen. 37
Figure 13. GPR Trace of Houston Southwest Airport (AXH) Runway. ........cccccoevvervieneenneenen. 39
Figure 14. Houston SW Airport (AXH) Pavement Structure. ..........cccveeevveevieeenieeerieeseee e 40
Figure 15. Load Rating for Repeated Operations at Houston SW Airport (AXH).......cccccevenneene. 40
Figure 16. Required Specifications for Single Use Load Rating for Houston SW Airport
(AXH) (ANNOLALEA). c.eviiniiieiiieiieeie ettt ettt e et esae e e s sbeebeesaseesseessseenneas 42
Figure 17. Single Use Load Rating at Houston SW Airport (AXH). ....cooovieiiiiniiiiiiniieieieeee, 43
Figure 18. NDT Airport Testing Plan for Houston SW Airport (AXH).....ccccevveverienveneniienene 46
Figure 19. Tested Runway Layer ThiCKNESS.........c.ccccvviiiiiiieiiieeiieeciee et 47
Figure 20. Maximum Deflection Values for Tested Airports.........cceeeeerieerieenieeneeneeereenreeneenn 48
Figure 21. Airport Backcalculated Layer Moduli Values...........ccceeeciiieeiiieiiieeciee e 49

X



Figure 22. Average BCI Values and Corresponding Ratings. ...........ccccevvueevieniieneeniieenienieeen, 51

Figure 23. Tested Airport SWL from Traffic MiX.......ccccoeviieriieiiiniieieecieeieecie e 52
Figure 24. Comparison of SWL Computed from the Critical Aircraft and SWL rating for

Repeated OPErations. .........ccueerieeiiierieeiieiieeteeeee et see et e eteebeesebeesbeessreensaessseenseennns 53
Figure 25. Comparison of SWL Rating for Repeated Operations and Single Use....................... 54
Figure 26. Flood Event Simulation ProCeSss........cccuieeiieriieiiieniieiiecie ettt 56
Figure 27. Flood Simulation RESUILS. .......c..coccuiiiiiiiiiiie et 58
Figure 28. Percent Strength Reduction for the Base/Subbase Compared to the Subgrade

Layers During F1o0d EVENt. ......cccvioiiiiiiiiiieeeee e 60
Figure 29. Single Use SWL During and After Flood Event. ...........ccooovvviiiiiiiniiiiniiiiiceecieee, 61
Figure 30. Winnie/Stowell Airport (T90) Soil Map within Web Soil Survey..........cccceevveenenne 65
Figure 31. Comparison of Airport Ksat and Drainage Classifications. ..........coccevevvuereenueniennenne. 67

X1



LIST OF TABLES

Page
Table 1. PCR Reporting ValUES. ........c.cccuveriieiiiiieiieie et 23
Table 2. FAA General Aviation Airport Categories........cccveerueeerireeerieeerieeereeeevee e 24
Table 3. Traffic Category Average Annual Traffic Values...........ccccoeevvvriiiiieniencniennnn, 28
Table 4. Best-Selling Aircraft 2020 from General Aviation News. ........cccceeevveeenveennen. 31
Table 5. Category 1 Design Traffic MiX. ....cccccveviieiiieiiiiiienie et 32
Table 6. Category 2 Design Traffic MiX. ....cccooiiiiiiiiiiiiieieeeeee e 33
Table 7. Category 3 Design Traffic MiX. ....c.cccveviieiiiiiiiiiienieeieeee et 34
Table 8. Category 4 Design Traffic MiX. ....c.coooiiiiiiiiiiiiieiieeeeee e 35
Table 9. GA Airport NDT Testing Plan. .........ccoccvveeiieiiiiiiienieeieeieeeeeeeie e 45
Table 10. BCI Classification SYStem............ccccvieriiieiiieeiiieciee e e e 50
Table 11. USDA Natural Drainage ClasSes.........cc.eeevierieeriierieeiiienieeieenieeeveesieesneenseens 63
Table 12. KSat CLaSSES. ...ecuvietieriiieiieiie ettt ettt ettt ettt et e sateebeesateebeesaeean 63
Table 13. Summary of Completed WOrK.........c.coocuieeiiiriiiiiienieeiieieeeee e 69

xii



1. INTRODUCTION

Aerial transportation infrastructure is vital to connecting communities across the United
States and the globe. The nation’s system of airports provides critical support functions in
transporting purchased goods and resources, providing access to medical treatment, allowing
timely travel for businesses, and strengthening national security. There are over 19,000 facilities
within the United States dedicated to aerial infrastructure [1]. These facilities support national
economic stability and ensure the relevance of the nation on a global scale. Airports are
classified into three main categories: commercial service, reliever, and general aviation (GA)
airports. Commercial airports serve national and international economies, generate high
passenger and cargo throughput, and experience heavy annual traffic. GA airports make up the
vast majority of the total number of airports in the country and, while vital to the national
economy, primarily serve communities through specialized roles.

The Federal Aviation Administration (FAA) is the federal entity over all aviation in the
United States. The role of the FAA is to issue and enforce regulations and specifications
regarding aircraft manufacturing, pilot training, aerial safety, and airport facilities. The FAA also
controls and maintains funding for all airport facilities through the National Plan of Integrated
Airport Systems and the Airport Improvement Program [1].

1.1. Problem Statement

Compared to commercial airports, GA airports experience less annual traffic, less
passenger and cargo throughput, and are more accessible to communities and local businesses.
GA airports may be owned, operated, and maintained by regional entities such as city

governments. Many GA airports were constructed in the mid-20" century for military use. The
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thin, flexible pavement sections utilized at these facilities are more vulnerable to heavier loads of
modern aircraft. GA airports vary in size and capacity depending on the region they serve but are
typically smaller than commercial airports. Because of this, GA airports are frequently used by
hobby pilots, private charters, local commercial industries, and first responders for training,
quick transportation, surveying, and emergency response, respectively.

Figure 1 displays the disparity between the number of commercial and GA airports in the
state of Texas. This presents an opportunity for GA airports to provide resources for accelerated
emergency response and illustrates the necessity for these facilities to be properly operated and
maintained. For example, when hurricane Ian made landfall in the fall of 2022, communities in
Florida and South Carolina were cut off from receiving essential medical supplies and aid. Local
and national responders have the opportunity to use GA airports to evacuate residents and
distribute aid to communities that are difficult to access during climate emergencies. However,
the FAA design and maintenance specifications regarding GA airports are non-specific and do
not reflect the differences in the use and funding of these airports. Therefore, GA airport traffic
levels and runway structural capacities are not clearly defined under FAA guidelines.
Misunderstandings of the pavement capability increases risk to large emergency aircraft in need

of utilizing these airports.
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Figure 1. Texas Airport Directory Map of Commercial (blue) and GA (purple) Airports.
Reprinted from [2].

The purpose of this research is to develop a methodology to load rate GA airports with
consideration for facilities located in coastal environments that are at greater risk of experiencing
climate (flood) events as shown in Figure 2. GA airports in such an environment must perform

the same functions as inland facilities but are also subjected to more extreme weather events that



can inundate the runway pavement layers and expedite pavement structural deterioration [3]. In
this research, procedures are developed to accurately estimate the annual traffic of an airport and
rate the structural capacity of the runway using non-destructive testing (NDT) and FAA
software. A flood event is simulated to determine how water inundation of the pavement
subsurface layers impacts the allowable load of the pavement during and immediately after a
flood event. The results of the developed procedures will provide GA airport managers and
owners with information on the aircraft loads the airport facility can sustain under normal

operating conditions and under extreme weather conditions.

Figure 2. Wharton Regional Airport (ARM) Flooding in the Aftermath of Hurricane
Harvey in 2017.
Reprinted from [4].
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1.2. Literature Review
A literature review was conducted to better understand

e the design and construction practices surrounding airport pavements

e the impact of climate events on pavement strength and structural integrity

e how the subsurface material interacts with moisture.
Literature regarding airfield pavements suggested that design specifications are too vague to
accurately serve the wide variety of airports within the country. Pavements are rated based on the
subgrade materials, but evaluation of the in-service pavement is based primarily upon visual
inspection, not the subsurface conditions of the pavement structure [5].

Pavement flood resilience is dependent on the construction quality and the period of
inundation during climate events. Pavement strength metrics were found to have recovered
shortly after flooding, with the drying of the base layer contributing the most to overall pavement
strength, but the pavement service life is adversely affected with each event. The subsurface
material response to flooding indicated that the saturation levels of the soil are related to the
material strength. Literature found that moisture damage to infrastructure is a result of soil
expansion and shrinkage during the saturation and drying process associated with flooding.
1.2.1. Airport Pavement Design and Evaluation

The FAA provides specifications and regulations to the nation’s system of airports (both
commercial and GA) through reports called Advisory Circulars (AC). These documents are
typically distributed on an as needed basis to replace previous AC notices with new
specifications. For this research, ACs and manuals relating to GA airports constructed using

highway pavement materials were utilized.



Many commercial and large GA airports build runways and associated roadways using
rigid pavement materials. Rigid pavements can withstand greater loads and require less
maintenance over their life. However, because they are much more expensive to construct and
there are fewer maintenance options available when the need arises, most GA airports utilize
flexible pavement runways. Given that there is a tradeoff in strength, the FAA limits the use of
flexible pavement (highway materials) to GA airports that serve aircraft under 60,000 pounds.
The AC specifying the use of flexible pavement also includes language to ensure that safety and
service life are not negatively impacted [6]. This specification represents the only distinction that
was found in the literature between the design of GA and commercial airport pavements.

FAA pavement design specifications depend upon the gross vehicle weight (GVW) of the
aircraft. As such, there is a need to accurately determine if a particular aircraft is allowed to land
at an airfield without causing the runway to fail prematurely as in Figure 3. In the past, this has
been accomplished via the Aircraft Classification Number (ACN) and the Pavement
Classification Number (PCN). The ACN value is calculated by aircraft manufacturers using the
GVW of the aircraft and the landing gear configuration. The PCN value is calculated for an
airport based on the category of the pavement subgrade. If the ACN of an aircraft is less than the
PCN of the airport, the aircraft is allowed to land without restrictions. If the ACN is greater than
the PCN, then the aircraft’s weight must be restricted to land at the airport. In this way, the
ACN/PCN system evaluates the amount of damage a pavement experiences under an aircraft

load by measuring the proposed subgrade deflection [7].



S | b)
Figure 3. Olney Airport (ONY) a) Rutting and b) Rutting and Surface Cracking.

In the past 10 years, the FAA has moved away from the ACN/PCN system to the Aircraft
Classification Rating (ACR) and Pavement Classification Rating (PCR) system. The ACR/PCR
system represents an improvement over ACN/PCN in that layered elastic analysis is used to
predict the pavement mechanical response to loading, all aircraft wheels are considered within
the pavement response calculation, and the characteristics of new paving materials are
considered [8], [9]. The ACR/PCR system is reported in a manner similar to the ACN/PCN
rating. The ACR of a certain aircraft is measured and compared to the PCR of an airport’s
pavement. So long as the ACR is less than the PCR, the aircraft is cleared for unrestricted
operations at that airfield [10].

1.2.2. Impact of Flood Events on Pavement Strength
Literature exploring the impact of flood events on pavement strength found that

construction and the saturation of the base and subgrade layers were the most important factors
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in determining the strength and remaining service life of pavements exposed to climate events
[11], [12]. During flood events, thin, flexible pavements were found to be the most vulnerable to
damage, while rigid pavements with thick surface courses were the most resistant. This resulted
in pavements designed for low traffic volumes experiencing greater damage and strength
reduction compared to high traffic pavements [11], [13].

Literature also studied the lasting effects of flood events on pavement. During the event,
pavement structural capacity was reduced by as much as 70%, but when tested shortly after the
event, structural capacity was found to have recovered to within 30% of the designed strength
[11], [12], [14]. Although literature found that soil properties begin to return to in-situ states just
days after a flood event, the rate at which the pavement regained structural capacity was found to
be dependent upon the inundation of the base and subgrade layers, and the subgrade material.
The overall strength of pavements after flooding was found to be closely tied to the state of the
base layer. Results showed that, while pavements lose significant structural capacity when the
unbound material layers are submerged, strength is rapidly regained once the subsurface water
level reaches the interface of the base and subgrade layer [11], [15], [16].

The structural deficiencies incurred from flood events lessened the pavement service life.
The natural deterioration of the pavement surface and structure was found to be expedited by
water inundation, with flood events effectively removing a year from the pavement life [17],
[15]. Saturation effects within the pavement subsurface materials resulted in unrecoverable
damages that reduced the pavement structural number (SN) and subgrade modulus up to 18%

and 26%, respectively [16].



1.2.3. Soil-Moisture Interaction

Important soil properties in pavement construction are the resilient modulus (M;), and the
degree of saturation. The resilient modulus of a soil is an indication of the material’s strength,
while the degree of saturation indicates the relative level of moisture within the void space of a
soil. Previous studies have shown the resilient modulus of a soil is controlled by the degree of
saturation [18]. Research has shown that the resilient modulus is inversely related to the degree
of saturation and moisture content [19], [20]. This relationship was crucial in defining the
structural strength, damage, and remaining life of pavements and subgrade soils that had
undergone climate events (saturation) [21], [14]. Literature reviewed for this research intended to
better understand this relationship by first determining reliable methods for calculating both
properties, then experimenting to determine the true effect the degree of saturation has on the
resilient modulus of a soil.

Resilient modulus is a physical property of a material, and in pavement engineering,
gives an indication of the strength of the material. The resilient modulus is traditionally
calculated in a laboratory setting using AASHTO T 307-99 standard specifications. Literature
found that Equation 1 [20], produced by the Mechanistic-Empirical Design Guide, yielded
acceptable modulus values expressed as a function of the bulk and octahedral stresses. Research
also related the soil index properties and unconfined compression results to the resilient modulus,

shown in Equation 2 [18].

(1)
Where



Mr = resilient modulus
6 = bulk stress
T = octahedral shear stress

k1, k2, k3 = model parameters

1
M, = 45.8 +0.00052 » ~ + 0.188qy + 0.45PI = 0.2166y, — 0.255 = 0.15P50q

(2)
Where

M:; = resilient modulus

a = initial tangent modulus of a stress-strain curve from UC test

qu = UC strength

PI = plasticity index

¥4 = dry unit weight

The in-situ degree of saturation can be calculated empirically from Equation 3 [22],
where the moisture content is dependent upon the soil properties and moisture content within the

sample.

Vd_G_s

(3)
Where

S = in-situ saturation
W = moisture content

Yw = unit weight of water
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va = dry unit weight

G; = specific gravity

The in-situ degree of saturation is useful in predicting the structural state of the in-situ
material. However, to compare in-situ to optimum material properties, the optimum degree of
saturation is calculated as shown in Equation 4 [23]. Knowledge of both the optimum and in-situ
resilient modulus and degree of saturation values gives an indication of the subsurface structural

integrity under different climate conditions.

Wopt *Ydmax

Ywater

Sopt - 1— Ydmax

Ywater * Gs

(4)
Where

Wopt = optimum moisture content determined from AASHTO tests

Yamax = Maximum dry density of the material

Ywater = Unit weight of water

G;s = specific gravity

Literature provided two different models to relate the material resilient modulus to the
moisture properties captured by the degree of saturation. For a given optimum resilient modulus
and known change in degree of saturation, Equation 5 [24] illustrates a linear relationship

between resilient modulus and saturation.

y dM,

Twet Mropt + ( ds ) *AS

(5)
Where

M:wet = resilient modulus at increased saturation

11



M;opt = resilient modulus at the optimum moisture content

dMr/dS = gradient of the resilient modulus with respect to the saturation

AS = change in degree of saturation

The Mechanistic-Empirical Design Guide also suggested Equation 6 be used to model the
relationship for soils. This model included the effect of plasticity index (PI), a soil property that
describes the reaction of soils with moisture. Due to this inclusion, Equation 6 [20] was found to
have a large amount of variability, and the literature suggested that the model may not accurately

represent all soil types.

> = a+ (b-a)
Mgopt 1+ exp [ln (—g) R Ol Sopt)]

(6)
Where

M; = resilient modulus at any degree of saturation

M;opt = resilient modulus at a reference condition

a = minimum of log term

b = maximum of log term

S - Sopt = variation in degree of saturation expressed in decimals

km = 0.362*P[ + 3.545

Soil suction, like P, is a property of soils that is used to describe the interaction of soil
and moisture. Soil suction is the magnitude of negative pore water pressure within the soil and
can be used to calculate the water content of in-situ material. Soil suction can be calculated by

Equation 7 [19] in which the relative humidity within a soil sample is considered. Equation 8

12



[25] was used to determine the shear strength of the material. It was found that the magnitude of

suction was dependent on both the water content and degree of saturation of the soil.

RT
hy = ——=xIn (£>
Vw Po

(7)
Where

h; = total suction

R = ideal gas constant

T = absolute temperature

vw = volume of a mole of liquid water

p = water vapor pressure

po = saturated water vapor pressure

Literature identified soil suction as one of the critical factors in determining the behavior
of expansive soils. Expansive soils are clay soils that have high PI and linear shrinkage values.
These soils are prevalent in many parts of the world, but laboratory strategies that effectively
minimize expansion are not translated to field construction. Therefore, differential soil expansion
(heave) is a major issue that causes premature failure of pavements, as shown in Figure 4 [26],
[27].

T=cC+o0,*tang
(8)

Where
T = shear stress
¢ = soil cohesion

0, = net normal stress at failure on the failure plane

¢ = angle of internal friction
13



Reprinted from [14].
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2. NON-DESTRUCTIVE TESTING (NDT) METHODS

Non-destructive testing (NDT) is testing that does not damage the pavement surface or
structure. The NDT methods used to conduct this research are the same methods used by
transportation agencies for network pavement management systems. NDT is preferred over
destructive testing, as the process is less invasive, requires less traffic control, and yields useful
data to assist agencies in project and network level developments. The following sections (2.1-
2.4) define NDT methods and tools commonly used by TxDOT and other transportation agencies
on highway pavements. Section 2.5 describes the use of airport-specific design software within
this research.

2.1. Ground Penetrating Radar (GPR)

Ground penetrating radar (GPR) is a tool used by TxDOT and other research
organizations to determine the pavement structure and locate subsurface defects. GPR is a
mobile device that consists of a radar antenna fixed to the front of a moving vehicle as shown in
Figure 5. The antenna sends and receives electronic pulses and reflections to determine pavement

structure properties.

15



Figure 5. Ground Penetrating Radar Unit.
Reprinted from [28].

The reflected signals occur at layer interfaces within the pavement, such that operators
are able to determine the layer thickness using the vehicle speed. Because GPR signals are
electrical, the conductivity of materials effects the strength of the reflected signal. This
relationship makes GPR particularly useful in determining the location of moisture related
defects such as stripping or voids within the pavement structure [29]. For the purpose of this
research, GPR was used to determine the pavement layer thickness for each of the tested airports.

GPR was also used to identify areas of localized structural deficiencies within the pavement.
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2.2. Falling Weight Deflectometer (FWD)
Falling weight deflectometer (FWD) is a mobile pavement testing system used by
TxDOT that measures the deflection of pavement under a load. FWD systems as in Figure 6

consists of seven deflection sensors spaced one foot apart, starting at the load center.

Figure 6. Falling Weight Deflectometer.
Reprinted from [28].

The FWD uses a 9,000 pound load dropped onto the pavement to produce a load impulse.
The impulse creates a deflection bowl, depicted in Figure 7, in the pavement that is measured by
the on board sensors. The raw deflection data from the sensors give a description of the
pavement structural strength. The maximum deflection describes the surface strength, the

deflections measured 12-24 inches from the load center describe the base/subbase layer strength,
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and the deflections furthest from the load center describe the subgrade. However, pavement
structural properties such as modulus (E) are determined through a backcalculation process.
Backcalculation is performed through a software called MODULUS that uses the pavement
temperature, layer thicknesses, and FWD deflection data as inputs. The output of the
backcalculation procedure are the layer moduli values that can be used to calculate other
pavement structural metrics and the pavement remaining life when used in conjunction with

traffic data.

FWD Deflection Bow!

e
ST S«

iy
=]

Deflection (mils)

0 12 24 36 48 60 72 84

Distance from Load Center (in)

Figure 7. Deflection Bowl Generated from FWD Data.
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For this research, FWD testing was done at every airport that was evaluated. FWD data was
taken at regular intervals along the runways, taxiways, and associated pavements around the
airfield to ensure the data collected was representative of the entire facility. The collected data
were used to identify localized areas of potential failure and was used in conjunction with GPR
to evaluate specific areas of interest for the airport managers. The backcalculated moduli values
were used as the inputs for design software involved in the load rating process.

2.3. Lightweight Deflectometer (LWD)

Lightweight deflectometer (LWD) is a portable testing system that allows for the
measurement of pavement strength. LWD tests are conducted by dropping a small load onto the
pavement and measuring the induced deflections. The magnitude of the deflections gives an
indication of pavement strength and are used to calculate the layer moduli values using Equation
9 [30]. The LWD consists of a 22 pound weight that is dropped along a shaft to impact a 12 inch
metal plate resting on the pavement surface. The resulting deflections are measured in
micrometers by three sensors on the pavement surface.

2 Pr(1 — v?
po2brd—v%)
Dy

(9)
Where

E =layer modulus

P = maximum contact pressure

r = plate radius

v = Poisson’s ratio for the selected layer

Dy = deflection at the load center (maximum deflection)
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Because of its similarity to existing FWD systems, extensive research has been
performed to compare the results to FWD and identify the strengths and weaknesses of LWD.
Research has found that LWD measurements provide similar pavement structural metrics, such
as structural number, as FWD on flexible pavements [31] [32]. This research also found that
LWD calculated resilient modulus values for the pavement subgrade trended with laboratory
calculated values and the layer moduli values (E) could be related to resilient modulus calculated
from FWD by Equation 10 [33].

M

TYFWD

(10)

Research testing with LWD has also proven that the system can characterize the material
strength during the construction process and during periods of moisture inundation. Due to the
cyclic loading nature of LWD, the material is compacted to similar levels as construction such
that the results of the LWD test are congruent with the actual material properties, regardless of
the testing conditions [30] , [34]. The capability of LWD to determine pavement health in
various environmental and compaction conditions extends to traffic loading as well, as LWD has
been found to accurately determine pavement deterioration from sustained traffic loading [35].
For the purpose of this research, LWD data was collected and compared to FWD data at one
airport but was not utilized in the backcalculation process.

2.4. Federal Aviation Administration Rigid and Flexible Iterative Elastic Layered Design
(FAARFIELD)

The Federal Aviation Administration Rigid and Flexible Iterative Elastic Layered Design
(FAARFIELD) software is a program used to compute airport pavement thickness design using

procedures developed by the FAA and distributed in AC documents. FAARFIELD utilizes a
20



mechanistic-empirical design procedure to determine important pavement metrics for both
flexible and rigid pavements. The FAARFIELD software represents an advancement in airport
pavement design in that the program has been modernized and the designs generated by the
software are designed for fatigue failure of the pavement [36]. Design for fatigue failure is
accomplished through the use of a cumulative damage factor (CDF) given by Equation 11 [6].
The CDF is the damage contribution of each aircraft within the traffic mix of an airport to the
pavement such that the sum of all the CDF values for each aircraft in a given traffic mix is the
total damage inflicted upon the pavement [37]. This concept is explained graphically by Figure
8. By using this method, engineers are able to determine the aircraft that cause the greatest
damage to the pavement.

number of applied repitions
CDF = pp p

number of allowable repititions to failure

(annual departures) = (life in years)

(pass to coverage ratio) * (coverages to failure)

_ applied coverages

coverages to failure

(11)

Where coverage refers to a gear passing over and inducing a maximum load upon the
pavement, and the pass to coverage ratio is the ratio of aircraft landing operations to a single gear
producing load (coverage) upon a specific pavement location. Traditionally, the number of
passes is different than the number of coverages due to aircraft wander across the pavement, but
the pass to coverage ratio within this research is assumed to be one (i.e., every aircraft

lands/taxies over the same location on the pavement) [38].
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For the purpose of this research, FAARFIELD is used to define a representative traffic
mix, calculate the pavement life under the associated traffic mix, and calculate the corresponding
PCR for the pavement structure/traffic mix combination. The PCR value is reported as shown in
Table 1 and consists of a numerical value, followed by codes representing the pavement type,
subgrade category, tire pressure category, and the procedure used to determine the numerical

PCR value.

Cumulative CDF
A350-900

B787-8

A340-300 opt
A350-1000
B747-400 Belly
B747-400
A340-200 std
A340-300 opt Belly
A340-200 std Belly
A320-200 std

||||T|T|||||||\|||||||7||‘|_“|W|_|'m"l'l' llll\ﬁl“]’;l:lllll'l\IIIIIIIII_IIIII

-400 -300 -200 -100 0 100 200 300 400
Offset -Inches

Figure 8. Example CDF Curve from FAARFIELD.
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There are two procedures that can be used to determine the PCR value, technical
evaluation or using aircraft. The technical method requires information about the traffic mix and
the pavement layer thickness and material properties to compute the maximum ACR for the
pavement. This ACR value is reported as the pavement PCR. To evaluate the PCR using aircraft,

the largest ACR value within a given traffic mix is used as the PCR value [10].

Table 1. PCR Reporting Values.

Example PCR 345/F/B/X/T
Numerical Value Load carrying capacity of Fhe pavement in te@s of a single
wheel load at tire pressure = 218 psi
Pavement Type Flexible (F) or Rigid (R)
Modulus Range
Category (psi) Code
Subgrade Category High 2 21,756 A
Medium 14,504 — 21,756 B
Low 8,702 — 14,504 C
Ultra Low < 8,702 D
Category Limit (psi) Code
. Unlimited None W
T‘Zeaf:ge;:;re High <254 X
Medium <181 Y
Low <73 Z
Method Technical (T) or Using Aircraft (U)
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3. RESEARCH SCOPE

This research seeks to develop a practical and effective method to load rate GA airports
such that environmental conditions are considered. By accomplishing this, the safety and
effectiveness of GA airports will be increased as airport operators and managers will better
understand the structural capacity of the airport pavement and use this to make informed
decisions regarding the airport’s ability to service incoming aircraft. The following sections (3.1-
3.2) are necessary to better define the target facilities of this research.

3.1. General Aviation (GA) Airports

Over time, the functions of GA facilities have evolved to fill social and communal roles,
and presently there is a wide variety of GA airport sizes, functions, and capabilities. To better
define GA airports and make informed funding decisions, the FAA groups GA airports into one

of the four categories listed in Table 2 [1].

Table 2. FAA General Aviation Airport Categories.

Categor Number of Function
gory Facilities
) Community access to national and international
National 84 Y
markets.
) Community access to statewide and interstate
Regional 467 v
markets.
Local 1,236 Community access to intrastate markets.
Emergency, charter, and cargo service access to
Basic 668 g . y ) .. s .
communities; flight training and personal flying.
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Depending on their primary function, GA airports may have rigid, flexible, or grass turf
airfields. Traffic control, if any, may be done through a tower or manager’s office, and traffic
may range from less than 100 to over 100,000 annual operations. National FAA specifications do
not account for the differences in capabilities and traffic of every GA airport. Similarly, national
funding opportunities may limit unique maintenance operations for GA airports in favor of
standardized strategies. For this reason, it is necessary to develop a load rating method that
accounts for specific loading and environmental effects.

3.2. Coastal Environments

To better understand which GA airports are more prone to damage from climate events,
the term, “coastal environment” was defined. The Texas General Land Office (TXGLO) defines
a coastal environment geographically within the coastal management program as all or part of
any state county bordering the Gulf of Mexico, as illustrated in Appendix A [39]. Additionally,
the National Aeronautics and Space Administration (NASA) defines a low-elevation coastal
zone as an area located at an elevation of 65 feet or less above sea level [40]. These defined
regions often play important environmental roles in sustaining the coastline and may be
subjected to harsher environmental conditions such as storm surge and flooding [3]. In total, data
from 10 GA airports was collected for this research as shown in Figure 9. Of these, seven were
classified as being located in a coastal area under the TXGLO and/or NASA and prone to

flooding during a climate event.
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Figure 9. Locations of Tested Airports Relative to TXGLO Coastal Boundary.

26



4. LOAD RATING METHODOLOGY

The following sections (4.1-4.2) outline the proposed methodology used to load rate GA
airports. The main tool used in the procedure is FAARFIELD, as the program utilizes FAA
definitions to define and identify the failure of a runway pavement. The procedure requires
runway material and structural inputs, as well as estimated traffic levels to estimate the PCR and
remaining life of the runway.

4.1. General Aviation Airport Traffic Classifications

GA airports are categorized by the FAA into four categories depending on the
community served by the airport [1]. These categories allow for an interconnected system of GA
airports that work in conjunction to serve the nation, but these categories do not address the
traffic loads experienced by the airfields. An important input for the FAARFIELD design
software is the annual traffic. Annual traffic refers to the number of annual takeoff operations,
regardless of aircraft GVW and size, at a given airport. It was found in this study that GA
airports have very little information regarding airport traffic. In general, airport managers were
aware of the average aircraft size and had a good understanding of when the airport would
experience more or less daily traffic, but accurate annual traffic values and historical traffic
records were not available. Annual traffic values used to generate GA traffic classes were
accessed through AirNav.com, a website that provides airport and travel information for pilots
[41].

There are 266 airports in the state of Texas that are classified by the FAA as GA airports.
Using AirNav, annual traffic values for 192 of these facilities were used to generate a

distribution with a mean of 18,200 operations and a standard deviation of 24,853 operations. The
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histogram plot in Figure 10 consists of four bins, denoting four traffic categories. The left
skewed shape of the normal distribution was used to inform the bin sizes of the histogram. The
average annual traffic values for each of the four traffic categories are given in Table 3. Because
these GA classes are defined in terms of annual traffic instead of regional influence, they can be

used to develop traffic mix inputs for FAARFIELD design applications.

Table 3. Traffic Category Average Annual Traffic Values.

Traffic Category Average Annual Traffic Operations
1 2,469
2 10,990
3 28,803
4 75,774
Texas GA Airport Traffic Category

Number of Airports

5k < Anmual Traffic < 20k 20k < Annvnal Traffic < 40k Anmual Traffic > 40k

Category

Figure 10 . Texas GA Airport Traffic Categories.
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4.1.1. Design Traffic Mix

One of the inputs for the FAARFIELD program is a design traffic mix that includes
aircraft characteristic data such as GVW, tire pressure, and tire contact area. The traffic mix is
necessary as the program uses the applied loading from the mix to evaluate the structural
performance of the pavement. Additionally, FAARFIELD permits the user to adjust the annual
operations over the pavement life for each aircraft from the traffic mix window as shown in
Figure 11. This feature was used considerably to manipulate the loads applied to the pavement
structure over its service life.

Given that there are four distinct GA airport categories based on the amount of annual
traffic, it is necessary to define four traffic mixes within FAARFIELD to accurately represent the
loads experienced by airports. The FAARFIELD program has an extensive vehicle library for
users to create a design traffic mix, as well as a user defined vehicle option that allows for the
creation of a specific design vehicle. However, given the lack of traffic data from many GA
airports, it was necessary to research common consumer aircraft to generate realistic traffic
mixes. For example, a rural GA airport in the first traffic category (less than five thousand annual
departures) is not likely to accommodate a large private jet, but instead may commonly host
small hobby planes. However, a GA airport in the third category is likely to have large, heavy

jets in addition to hobby craft in the traffic mix.
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Stored Aircraft Mix | Design Examples ¥ Save Aircraft Mix to File

Gross Taxi Annual Annual Total cD
Weight (Ibs) Departures Growth (%) Departures Col

orzr-so0 (T T (O o |0

Airplane Mame

B7A7-A00 877,000 1,200 0 24,000 0
B747-400 Belly 877,000 1,200 0 24,000 0
B757-200 256,000 1,200 0 24,000 0
B757-300 271,000 1,200 0 24,000 0
B767-200 ER 396,000 1,200 0 24,000 0
B767-300 ER 388,000 1,200 0 24,000 0
B787-8 503,500 1,200 0 24,000 0

Figure 11. Adjusting Aircraft Annual Departures in the FAARFIELD Traffic Interface.

4.1.2. Generating Traffic Mixes

A representative traffic mix was generated for each traffic category by comparing
characteristics of popular aircraft to characteristics of the GA airports in each category and the
communities they serve. The aircraft models used in each of the traffic mix were selected using
sales information provided on General Aviation News’ website shown in Table 4. The website
included lists of the ten best-selling piston, turboprop, and jet engine aircraft in 2020 [42], [43],
[44]. The selected aircraft were extracted from the FAARFIELD vehicle library, and if the exact
model was unavailable, either a similar aircraft was substituted or the aircraft was modelled

using the user defined vehicle function if the aircraft specifications were publicly available.
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Table 4. Best-Selling Aircraft 2020 from General Aviation News.

Piston Aircraft Turboprop Jet Engine
Cessna Skyhawk 172S Pilatus PC-12 Gulfstream 500-650
Cirrus SR22T Cessna Grand Caravan Cirrus SF50 Vision
Piper Archer 111 Air Tractor AT-802A Bombardier Global
Diamond DA40 Daher TBM 940 Embraer Phenom 300
Cirrus SR22 Beechcraft King Air 3501 | Bombardier Challenger
Diamond DA42 Piper M600 Pilatus PC-24
Tecnam P2008 Air Tractor AT-502B Dassault
Cirrus SR20 Beechcraft King Air 250 Hondajet
Flight Design CT Air Tractor AT-502A Cessna Citation Latitude
Tecnam ASTM LSA Air Tractor AT-402B Cessna Citation M2

In general, piston aircraft are the cheapest aircraft available to the consumer market,
while jet engine aircraft are the most expensive. For this reason, the annual traffic values are
skewed to include more piston aircraft than jet engine in each of the traffic mixes. Annual
departures for each aircraft model included in the overall traffic mix increased with each traffic
category except the included Air Tractor model. This is because Air Tractor produces aircraft for
agricultural and emergency response uses, so it was unlikely that traffic operations would
increase for this model even though it is widely available. Additional review of the airport
websites indicated that airports with over 40 thousand annual departures operate some
commercial flights in addition to private flight operations [45], [46], [47]. This necessitated the
fourth GA airport category, in which two commercial jets, the Boeing 737 and Airbus A321,
used by American, Southwest, and United Airlines are included in the traffic mix [48], [49] [50].
Given the data and assumptions provided through aircraft research, the following Tables 5-8 list

the traffic mix for each GA airport category. For categories 1-3, annual traffic totals for each
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aircraft were designed in such a way that most traffic are piston aircraft, while jet engine aircraft
contribute the least to the annual traffic to best reflect actual traffic patterns. The total number of

operations from all the aircraft included in the mix is approximate to the average traffic value for

that category.
Table 5. Category 1 Design Traffic Mix.

Aircraft Annual Departures | Engine

Cessna 172 Skyhawk 300 Piston

PA-28R-200 Cherokee Arrow 300 Piston

Cirrus SR22T 300 Piston

Diamond DA40 300 Piston

Tecnam P2008 300 Piston

Cirrus SR20 250 Piston

Flight Design CT 250 Piston

Tecnam ASTM LSA 250 Piston
Cessna 208B Grand Caravan 200 Turboprop
Beechcraft King Air 300 25 Turboprop
Beechcraft King Air 350 25 Turboprop
AT-802A 5 Turboprop

Annual Traffic 2,505
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Table 6. Category 2 Design Traffic Mix.

Aircraft Annual Departures | Engine
Cessna 172 Skyhawk 1050 Piston
PA-28R-200 Cherokee Arrow 1050 Piston
Cirrus SR22T 1050 Piston
Diamond DA40 1050 Piston
Tecnam P2008 1050 Piston
Cirrus SR20 950 Piston
Flight Design CT 950 Piston
Tecnam ASTM LSA 950 Piston
Cessna 208B Grand Caravan 950 Turboprop
Pilatus PC-12 600 Turboprop
Beechcraft King Air 300 600 Turboprop
Beechcraft King Air 350 600 Turboprop
Cessna Citation 11 60 Jet
Cessna Citation X 60 Jet
AT-802A 25 Turboprop
Annual Traffic 10,995
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Table 7. Category 3 Design Traffic Mix.

Aircraft Annual Departures | Engine
Cessna 172 Skyhawk 2600 Piston
PA-28R-200 Cherokee Arrow 2600 Piston
Cirrus SR22T 2600 Piston
Diamond DA40 2600 Piston
Tecnam P2008 2600 Piston
Cirrus SR20 2400 Piston
Flight Design CT 2400 Piston
Tecnam ASTM LSA 2400 Piston
Cessna 208B Grand Caravan 2400 Turboprop
Pilatus PC-12 1500 Turboprop
Beechcraft King Air 300 1500 Turboprop
Beechcraft King Air 350 1500 Turboprop
Cessna Citation II 350 Jet
Cessna Citation X 350 Jet
Dassault Falcon 50 350 Jet
Bombardier CL-604 350 Jet
Gulfstream G550 350 Jet
AT-802A 25 Turboprop
Annual Traffic 28,875
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Table 8. Category 4 Design Traffic Mix.

Aircraft Annual Departures | Engine
Cessna 172 Skyhawk 2600 Piston
PA-28R-200 Cherokee Arrow 2600 Piston
Cirrus SR22T 2600 Piston
Diamond DA40 2600 Piston
Tecnam P2008 2600 Piston
Cirrus SR20 2400 Piston
Flight Design CT 2400 Piston
Tecnam ASTM LSA 2400 Piston
Cessna 208B Grand Caravan 4500 Turboprop
Pilatus PC-12 4500 Turboprop
Beechcraft King Air 300 5000 Turboprop
Beechcraft King Air 350 5000 Turboprop
Cessna Citation 11 6500 Jet
Cessna Citation X 6500 Jet
Dassault Falcon 50 6500 Jet
Bombardier CL-604 6500 Jet
Gulfstream G550 6500 Jet
Boeing B737-700 2000 Jet
Airbus A321neo 2000 Jet
AT-802A 25 Turboprop
Annual Traffic 75,725

4.2. Load Rating Procedure

The purpose of load rating an airport pavement is to determine the maximum allowable
load the runway may sustain before failure. This information is useful in ensuring that airport
operations are conducted in a safe and sustainable manner and in determining the service life of
the pavement, even after years of service. This research developed two values pertaining to the
load rating of airfield pavements: the load rating for repeated operations, and the single use load

rating. The load rating for repeated operations is the maximum load an airport pavement can
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withstand without compromising the 20-year service life. Alternatively, the single use load rating
is the maximum load an airport pavement can withstand to safely conduct a single aircraft
operation. The latter value is not intended to be used in determining the response under daily
airport traffic, but instead for heavier emergency service and military aircraft used to transport
personnel, supplies, and resources to areas in need of aid. Both the repeated operations and single
use load rating procedures developed in this research utilize NDT and backcalculation methods
to generate necessary inputs for use in the FAARFIELD design software.
4.2.1. Load Rating for Repeated Operations

After determining the traffic category of an airport using traffic data from AirNav and
selecting the appropriate traffic mix, the pavement structure and traffic mix are entered into
FAARFIELD. Once entered, a PCR report is generated for that specific pavement structure and
traffic mix by selecting PCR analysis type and running the program. The PCR report includes
PCR and ACR information, from which the critical, or design, aircraft is listed along with the
maximum allowable GVW for the input pavement. The GVW for the critical aircraft is then
divided by two to give the single wheel load (SWL) of the aircraft.

Some critical aircraft models may have a dual wheel gear configuration in which the
SWL of the aircraft is a quarter of the GVW. However, the thinness of many GA pavement
structures is such that the dual wheels are spaced too close together to behave like two wheels.
Therefore, the GVW is divided by two regardless of the landing gear configuration of the critical
aircraft. In this way, the load rating figure remains accurate for single wheeled gear, and
conservative for dual wheel gear such that a factor of safety is developed within the procedure.

The SWL value calculated from the traffic critical aircraft is representative of an

unchanging traffic mix. To use this value as the load rating for repeated operations would result

36



in traffic being limited to the traffic mix accompanying the airport category, and not
representative of actual traffic. Real world traffic patterns mirror the health of local and national
economies. As shown by Figure 12, the potential for increases in annual traffic requires that the
load rating for repeated operations be more robust. Therefore, the calculated SWL from the
traffic mix is used to estimate the maximum allowable SWL over the entire service life of the
pavement, and in doing so, the pavement is loaded and damaged by only operating the critical

aircraft for the life of the pavement.

Pavement Life (years)

E S & R ]

(]

0 20 40 60 80 100 120
Annual Traffic Growth (%)

Figure 12. Effect of Traffic Growth on Projected Pavement Life.
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The traffic category traffic mix is replaced by a user defined single wheel load that is
equivalent to the calculated SWL of the critical aircraft in FAARFIELD. The annual departures
of this vehicle are equivalent to the corresponding traffic category to simulate the repeated
operations of the critical aircraft for the entire pavement life. Within FAARFIELD, Pavement
Life Mode is selected and executed. The output is the estimated life of the pavement under the
defined load, ignoring the effects of environmental fatigue. The user defined GVW for the SWL
is then adjusted such that the estimated pavement life is 20 (£0.9) years, the full design life of
the pavement. The GVW that results in a pavement life within the acceptable range is the load
rating for repeated operations.
4.2.1.1. Load Rating for Repeated Operations Example

The Houston Southwest Airport (AXH) is used as an example. The airport experiences
42,588 annual operations, which places in the fourth GA airport traffic category. Collected GPR
and FWD data indicate that the runway pavement structure consists of two inches of surface
course over five inches of base and five inches of subbase over the subgrade, shown in Figure
13. Backcalculation using the MODULUS software produced the layer moduli values shown in

Figure 14.
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Surface

Figure 13. GPR Trace of Houston Southwest Airport (AXH) Runway.

Execution of the PCR analysis lists the Airbus A321neo as the critical aircraft with a
maximum allowable GVW of 62,883 pounds. The resulting SWL is 31,442 pounds. Figure 15
displays the process of determining the load rating for repeated operations which resulted in a
load rating of 28,900 pounds. Thus, for the pavement to withstand 20 years of traffic, aircraft

operating out of Houston SW should not exceed 60,000 pounds.
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Figure 14. Houston SW Airport (AXH) Pavement Structure.
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Figure 15. Load Rating for Repeated Operations at Houston SW Airport (AXH).
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4.2.2. Single Use Load Rating

The procedure to load rate an airport pavement for a single operation is like the repeated
operations procedure. The traffic category is selected based on the recorded annual traffic, and
the layer moduli values are backcalculated. These inputs are entered into FAARFIELD, and the
SWL rating is determined in the same manner as the repeated load rating. Once the SWL rating
is determined, the SWL is entered as the sole vehicle in the traffic mix as before, but the annual
departures category is set to one instead of the equivalent value for the traffic mix. The Pavement
Life Analysis mode is then selected and executed. Figure 16 displays the required inputs and
analysis specification for single use load rating. The result of the life analysis is the calculated
pavement life to failure with a single annual departure. The user then adjusts the GVW of the
SWL and executes the life analysis until the output is greater than or equal to one year, but less
than two years. The GVW at this iteration is the maximum load the pavement can sustain for one

operation and is recorded as the single use load rating.
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Section

Job Name: Houston SW Life e

Section Name: | New Section 1 +| Include in Summary Report Add To Batch

Pavement Layers

Pavement Type: . MNew Flexible
Material Thickness (in.) E (psi) CBR
User Defined 20 798,000
User Defined 5.0 78,000
--=|User Defined 5.0 15.000
Subgrade 14,000 933

Design Life (Years):

The standard design life for pavement section is 20 years (1 to 50 allowed).

Results

Calculated Life (Years): Total thickness to the top of the subgrade: | 12.0in.

Traffic
Stored Aircraft Mix o Save Aircraft Mix to File Clez
Airol N Gross Taxi Annual Annual Total CDF
b L Weight (Ilbs) Departures Growth (%) Departures Contributions

Load Rate 30k Ibs (UDA)  [ERIRPH 1 0 20 Jo |

Figure 16. Required Specifications for Single Use Load Rating for Houston SW Airport
(AXH) (Annotated).

4.2.2.1. Single Use Load Rating Example

The Houston SW Airport will again be used as an example for the single use load rating

procedure. The same structure and layer moduli values are used as shown in Figure 14, and the
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airport falls within the fourth airport traffic category with over 40,000 annual traffic operations.
The calculated SWL rating is 31,442 pounds, which is greater than the SWL calculated from the
repeated load rating process. The results of the life analysis iteration are displayed in Figure 17.
It is determined from the simulation that a 225,000 pound SWL results in an expected pavement
life of one year, thus 225,000 pounds is the single use load rating for this pavement. This value
should not be used to determine regular traffic capacity but should be utilized in emergency
situations to allow for large military and emergency aircraft to safely operate out of this facility

on a single occasion.

Pavement Life (years)
=

8
6
4
- Acceptable Range -——
0
0 25 50 75 100 125 150 175 200 225 250

SWL (thousands)

Figure 17. Single Use Load Rating at Houston SW Airport (AXH).
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5. LOAD RATING RESULTS

The following sections (5.1-5.2) discuss the results of the NDT conducted at each airport
and the load rating results generated by FAARFIELD using the gathered data. The testing plan
outlined in Table 9 was utilized to standardize the data collection. GPR and FWD data were

collected for the aprons, taxiways, and runways at each airport as shown in Figure 18.
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Table 9. GA Airport NDT Testing Plan.

Data

Procedure

FWD

First drop 100 ft. away from the runway end with the lower
number.

Subsequent drops at every 100 ft.

Runways between 50-75 ft. wide will require two passes: one run
8 ft. left of the center stripe and another 8 ft. right of the center
stripe.

Runways greater than 75 ft. in width will require four passes: 8
ft. and 16 ft. left of the center stripe, and 8 ft. and 16 ft. right of
the center stripe.

Each run should be collected from the lower end of the runway to
the higher end.

Collect on all runways unless otherwise noted.

Additional drops should be done on the primary taxiway near the
hold short lines when possible, the fueling area, and the main
parking area.

The location of additional drops to be marked with an X on the
layout map.

Collect FWD on the taxiways using the same orientation as the
runway collection.

GPR

Runways between 50-75 ft. wide will require two passes: one run
8 ft. left of the center stripe and another 8 ft. right of the center
stripe.

Runways greater than 75 ft. in width will require four passes: 8
ft. and 16 ft. left of the center stripe, and 8 ft. and 16 ft. right of
the center stripe.

Each run should be collected from the lower end of the runway to
the higher end.

Only one run is necessary per additional location highlighted on
the layout map.

Additional runs should be done down the center of the taxiway,
starting and stopping at the hold short lines using the same
orientation as the runway collection.

Additional collection should be completed in one run when
possible.
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Figure 18. NDT Airport Testing Plan for Houston SW Airport (AXH).

5.1. Non-Destructive Testing

GPR data indicated that the pavement structure of eight of the ten tested airport runways
consists of four material layers: a flexible surface course and a base and subbase layer over the
natural subgrade. Two of the tested airports did not have a subbase course but consisted of a two-
layer pavement structure over the subgrade material. In some instances, GPR data were used to
identify points of structural weakness due to subsurface moisture or structural irregularities.
Figure 19 displays the measured layer thicknesses determined by the GPR. These values were
used in conjunction with deflection data shown in Figure 20 to backcalculate layer moduli values

in Figure 21.
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Figure 19. Tested Runway Layer Thickness.

On roadway infrastructure, the expected deflection values measured by the FWD are on
the scale of ten mils or less. Deflection readings greater than ten mils are often signs of structural
failure. However, this was not the case for the tested airport pavements. Figure 20 is a box and
whisker plot indicating that the threshold signifying structural failure of an airport runway is
greater than ten mils. In general, it was found that normal deflections for the tested GA airports

were 20-40 mils.
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Figure 21. Airport Backcalculated Layer Moduli Values.

The calculated base values were found to be weak on many of the airports, so the
modulus calculations were compared to the base curvature index (BCI) of the runways,
calculated as the difference between the FWD sensors 12 (D12) and 24 (D24) inches away from
the load center as shown in Equation 12 [51]:

BCI = D12 — D24
(12)

BCI values are rated by TxDOT using Table 10. The pavement surface courses range
from 2-5 inches thick, therefore the BCI values were evaluated based on the criteria listed for

surface thickness from 2.5-5 inches. The resulting BCI ratings agree with the backcalculated
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base moduli values. The base layers of half the tested airports are considered poor or very poor
condition as shown in Figure 22. While such weak base courses are unexpected, the life a
performance of the runways is not compromised. Equivalent base layers on a roadway would be
insufficient due to the volume of traffic and associated loads, but the traffic experienced by the
tested GA airports is markedly less. What would be structural failure on a road does not greatly

impact the runway service.

Table 10. BCI Classification System.

Surface Thickness (in.) 5 5-2.5 2.5-0.5 0.5
Very Good <2 <3 <4 <8
Good 2-3 3-5 4-8 8-12
BCI Rating Medium 34 5-9 8-12 12-16
Poor 4-5 8-10 12-16 16-20
Very Poor >5 >10 >16 >20
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Figure 22. Average BCI Values and Corresponding Ratings.

5.2. FAARFIELD Results

The load rating results produced by FAARFIELD are consistent with the expected
outputs, given the actual traffic expectations and pavement structures and characteristics
determined from NDT. However, the SWL rating is more controlled by the pavement structure
and layer strengths than the traffic. Figure 23 displays the SWL calculated from the traffic mix
within the FAARFIELD PCR report. The airports with the top three greatest SWL ratings are
Orange, Caldwell, and Port Lavaca. Each of these airports are in the second traffic category and
have medium to good BCI ratings. Houston Southwest airport is the only airport included within

the fourth traffic category yet ranks in the three lowest SWLs.
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Figure 23. Tested Airport SWL from Traffic Mix.

To ensure repeatable SWL results, the SWL calculated from the critical aircraft of the
traffic mix is compared to the SWL rating for repeated operations in Figure 24. Following the
load rating procedure described in Section 4, the SWL calculated from the traffic mix is adjusted
until the service life of the pavement is 20 years, where the resulting SWL is the rating for
repeated operations. The difference in SWL values was at most 20 percent for all airports except
Orange and Port Lavaca in which the difference was 36 and 23 percent, respectively, indicating

that the FAARFIELD load ratings are repeatable.
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Figure 24. Comparison of SWL Computed from the Critical Aircraft and SWL rating for
Repeated Operations.

Figure 25 compares the SWL for repeated operations to the single use SWL rating. On
average, the single use SWL was four to five times greater than the SWL for repeated operations.
This indicates that it is expected a GA airport is capable of sustaining an aircraft that has a SWL
four to five times greater than the SWL rating for repeated operations for a single emergency

operation.
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Figure 25. Comparison of SWL Rating for Repeated Operations and Single Use.
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6. FLOOD EVENT SIMULATION

To better understand the capabilities of GA airports during climate emergencies,
FAARFIELD was used to simulate the pavement response when the subsurface layers are
inundated with water. Literature indicates that the modulus of elasticity experiences a 25 percent
reduction when the material is saturated [16]. This condition was applied to the airport runway
structures within FAARFIELD, and the single use load rating was determined at each phase of
the simulation as a measurement of the pavement structural capacity. Figure 26 provides an

outline of the flood simulation.
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Normal (Dry) Condition

At this condition, the pavement moduli values are taken to be equivalent to the moduli
values calculated from NDT testing. The single use SWL is calculated. This value is
considered 100% the pavement structural capacity.

This is the pavement condition during and immediately after a flood event. The
pavement is expected to be the weakest during this condition. The pavement moduli
values are taken as 25% of the normal condition. The single use SWL is calculated.

This is the pavement condition at some time after the flood event in which the top layer
of the pavement subsurface is dry. The moduli values of the surface and base course
are returned to normal conditions, the subbase (if applicable) and subgrade moduli
values are still reduced. The single use SWL is calculated.

Completely Inundated (Flooded) Condition ]

This is the last phase of the flood simulation. In this condition, the pavement base and
subbase (if applicable) are dry, and the moduli values are returned to normal
conditions. The subgrade moduli value is reduced to simulate inundation. The single
use SWL is calculated.

[ Dry Base Course

Inundated Subgrade ]

Figure 26. Flood Event Simulation Process.

6.1. Flood Event Results
Figure 27 presents the results of the flood simulation for each airport runway. The
Orange airport maintained the highest single use SWL rating throughout the simulated flood

event. This is as expected, as NDT results show that Orange has the lowest BCI value,
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suggesting that the base at this airport is stronger than the base courses at other tested airports.
On average, airports experienced a 24% reduction in SWL capacity during the complete
inundation condition. This matches well with the 25% reduction in layer moduli values during

saturated conditions.
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The expected results of the flood event simulation were that the pavement base layers
would control the pavement loading capacity. This was expected because literature suggests that
the greatest increase in structural capacity occurs at the interface of the base/subbase and
subgrade. However, the data presented in Figure 28 shows that the structural capacity for these
airports is controlled by the pavement subgrade, as the subgrade layer, when inundated, reduces
the structural capacity of the pavement more than the base/subbase layers. This outcome may be
due to the weak base courses at most of the tested airports. The table in Appendix B numerically
displays the single use SWL and reduction in capacity for each phase of the simulation.

Another unexpected outcome from the simulation was four of the ten airports tested
experienced a decrease in load capacity at the last phase of the simulation, in which all
subsurface layer moduli are returned to normal except the subgrade, which is reduced by 25
percent. These airports, shown in Figure 29, each have four layered pavement structures of
varying thicknesses and categorized in different traffic categories. However, the average
reduction in capacity was less than or equal to 2 percent for each airport except Bay City, which

experienced a 10 percent reduction at this stage.
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Figure 28. Percent Strength Reduction for the Base/Subbase Compared to the Subgrade
Layers During Flood Event.
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6.2. Pavement Structural Recovery

In addition to characterizing runway structural capabilities during flood events, there is a
need to determine the relative time period in which the pavement will regain strength after the
event. Saturated hydraulic conductivity (Ksat) is a physical property of a soil that quantifies the
ability of a saturated soil to transmit water across a hydraulic gradient. The flow rate of water
through the saturated soil is calculated using Darcy’s law, shown in Equation 13 [52]. The
United States Department of Agriculture (USDA) utilizes the saturated hydraulic conductivity
value in categorizing regions into natural drainage classes listed in Table 11. Additionally, the
saturated hydraulic conductivity value alone is classified in Table 12. In general, soils having
low conductivity values have high clay content, while soils with high conductivity values are

sandy and therefore more conducive to the flow of moisture [52].

Q_ _, dH
At sat dz

(13)
Where

Q/At = flow rate of water
K4+ = saturated hydraulic conductivity

dH/dz = hydraulic gradient
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Table 11. USDA Natural Drainage Classes.

Class

Description

Excessively Drained

Soils have a very high Ksat value. Water is
promptly removed.

Somewhat Excessively Drained

Soils have high Ksat values and are typically
coarse textured. Internal water is very rare.

Well Drained

Water retention is conducive to plant growth.
Internal water may occur deep beneath the surface.

Moderately Well Drained

Soils have a lower Ksat value. Water is removed
slowly during parts of the year.

Somewhat Poorly Drained

Soils have low Ksat values. Internal water near the
surface is common.

Soils have a very low Ksat value. Shallow depths

Poorly Drained remain wet for extended periods of time, and free
water may be at the surface.
. Water remains at or near the surface for much of
Very Poorly Drained ..
the year, and ponding is frequent.
Internal water is permanent. Water is above the
Subaqueous .
surface of the soil.
Table 12. Ksat Classes.
Class Ksat (in/hr)
Very Low 0.000 to 0.001
Low 0.001 to 0.015
Moderately Low 0.015t0 0.15
Moderately High 0.15to 1.5
High 1.5to 15
Very High 15 to 100

Application of the saturated hydraulic conductivity property and Darcy’s Law to GA

airports requires geotechnical knowledge of the natural subgrade. For the purpose of this
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research, the subgrade is the only material analyzed and classified using saturated hydraulic
conductivity, as it was determined by the flood simulation that the subgrade contributes most to
the structural capacity of the airfield pavement. The USDA’s Web Soil Survey website is used in
this work to conduct a geotechnical survey of the material between 12 and 24 inches beneath the
surface at each of the tested airports. Using the interactive map, the airport is located and bound
within the area of interest as shown in Figure 30, where the subgrade material boundaries are
shown in orange. This allows the user to select data from the USDA’s geotechnical report on the
area. The geotechnical information, including the AASHTO group classification of the
predominate soil, plasticity index (PI), and saturated hydraulic conductivity value for the tested

airports is shown in Appendix C.
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Figure 30. Winnie/Stowell Airport (T90) Soil Map within Web Soil Survey.
Reprinted from [53].
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The results of the geotechnical survey indicate that the saturated hydraulic conductivity
values of all the tested airports except Rockdale are classified as either low or moderately low.
These classifications would suggest that, in the event the subsurface materials become inundated,
the pavement structure would need a substantial period of time before the structural capacity is
restored. However, Figure 31 compares the conductivity classification to the drainage class for
each airport. The data suggests the drainage class is not reliant upon the saturated hydraulic
conductivity value. Even if the conductivity value is poor, flooding may be mitigated if the
drainage is substantial. For example, the hydraulic conductivity value alone implies that the
Houston Southwest and La Porte airports are at the greatest risk of flooding, but wholistic data
indicates the Orange and Winnie airports are at greater risk of major flooding than the other

airports because both the drainage and saturated hydraulic conductivity classes are low.
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Figure 31. Comparison of Airport Ksat and Drainage Classifications.

The saturated hydraulic conductivity value and drainage class of the airport subgrade is
beneficial for understanding the effects climate events may have on the airport pavement.
However, use of the saturated hydraulic conductivity soil property and hydraulic gradient may
not be best practice to determine the structural capacity of a drying pavement in an emergency
situation. Because the saturated hydraulic conductivity value is only applicable for fully
saturated pavements, subsurface moisture conditions may still be greater than optimum. To best
determine which pavement layers are inundated, a monitoring well may be installed to monitor
the height of the water table. In this manner, operators will know precisely which subsurface
materials are inundated such that a load rating procedure may be executed with engineering

judgement.
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7. CONCLUSIONS

The purpose of this research was to develop a methodology to load rate GA airports with
consideration for environmental conditions, specifically a flood event. Historical data containing
traffic volumes for use in the load rating processes were not available for the airports tested, so
the research developed a method to categorize GA airports based on designed traffic mixes. The
traffic mixes were designed to represent accurate traffic data for each GA airport, including
popular aircraft models and realistic annual operation totals. Table 13 summarizes this work and
displays the load rating figures associated with each airport. The study was successful in utilizing
available FAA software and tools to load rate airport pavements for repeated operations and
single use. The research also utilized these tools to determine the effects of subsurface water
inundation on the pavement load capacity. The following conclusions were drawn from the
results of the research:

e The measured airport pavement deflections are much higher than expected roadway
values.

e The majority of tested airports have structurally weak base layers, but pavement life and
performance are not adversely affected due to low volumes of traffic compared with
typically highway type loading.

e FAARFIELD can produce accurate and repeatable SWL ratings for both repeated
operations and single use.

e Single use SWL ratings are, on average, about 5 times the SWL rating for repeated
operations. However, the airport pavement is expected to fail under the loads of an

aircraft that is equivalent to the single use SWL. Therefore, it is strongly recommended



that the pavement surface be inspected after landing to ensure a takeoff operation is
possible.

The inundation of the subgrade layer had a greater effect on the structural capacity of the
runway than the base layer.

Literature indicates that pavement subsurface inundation produces non-recoverable
damages to structural capabilities and will result in loss of pavement life.

The saturated hydraulic conductivity property and hydraulic gradient are not
recommended to predict subsurface moisture in emergency situations. The most accurate
determination of subsurface inundation is through water table measurements procured by

a monitoring well.

Table 13. Summary of Completed Work.

) Annual | GA Traffic | SWL for Repeated | Single Use SWL
Airport Name . 5

Traffic | Category Operations Rating
Anahuac 2,392 1 37,300 180,500
Bay City 14,196 2 38,715 180,000
Brenham 27,664 3 39,660 230,000
Caldwell 7,072 2 47,700 240,000
Houston Southwest | 42,588 4 30,650 225,000
La Porte 29,120 3 41,805 172,000
Orange 12,376 2 82,280 299,100
Port Lavaca 8,736 2 52,480 161,800
Rockdale 3,588 1 16,370 67,950
Winnie 5,980 2 27,825 120,000
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7.1. Future Work

Future work on this topic largely involves study on new FAA standards for ACR/PCR
determination, and use of FAARFIELD. A determination of the relationship between PCR and
pavement strength was not concluded in this study, as PCR values varied depending on the
critical aircraft within a given traffic mix. Airports may opt to publish annual PCR ratings with
load rating values. Additional work is also needed to refine the load rating process. FAARFIELD
is a pavement design program. As such, there is currently no method to input existing distresses,
whether surface or structural, and pavement life values produced by FAARFIELD may be
optimistic when compared to methods more commonly used to estimate roadway pavement life.
Lastly, this study recommends conducting a geotechnical survey to better understand the
material properties of the natural subgrade. Connections may be found between the physical soil

properties and the moisture effects on strength discussed in this research.
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APPENDIX A

THE TEXAS COASTAL ZONE
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APPENDIX B

PERCENT REDUCTION IN SINGLE USE SWL THROUGHOUT THE FLOOD

SIMULATION.
. Normal | Completely Inundated
Airport Conditions | Inundated Dry Base Subgrade
SWL (1,000 1bs.) 180.5 140 145 140
Anahuac
% Reduction - 22 20 22
‘ SWL (1,000 Ibs.) 180 139 160 143
Bay City
% Reduction = 23 11 21
SWL (1,000 1bs.) 230 158 189 185
Brenham
% Reduction - 31 18 20
SWL (1,000 1bs.) 240 184 190 192
Caldwell
% Reduction = 23 21 20
Houston | SWL (1,000 Ibs.) 225 148 158 156
SW % Reduction - 34 30 31
SWL (1,000 1bs.) 172 158 162.5 164
La Porte
% Reduction - 8 6 5
SWL (1,000 Ibs.) 328 260 270 -
Orange
% Reduction - 21 18 -
Port SWL (1,000 Ibs.) 282.5 200 207 210
Lavaca % Reduction - 29 27 26
SWL (1,000 Ibs.) 98 78 78 -
Rockdale
% Reduction - 20 20 -
SWL (1,000 1bs.) 120.5 93 95 08
Winnie
% Reduction - 23 21 19
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APPENDIX C

TESTED AIRPORT GEOTECHNICAL INFORMATION

AASHTO Plasticity .
) Ksat Drainage
Airport Group Index (in/hr) Ksat Class Class
Classification (P
Moderately Somewhat
Anahuac A-7-6 41.3 0.057 Low Poorly Drained
) Moderately Somewhat
Bay Cit A-6 32 0.048
A Low Poorly Drained
Moderately Somewhat
Brenham A-7-5 39 0.030 Low Poorly Drained
Moderately Moderately
ldwell A- . 2
Caldwe 6 333 0276 High Well Drained
Houston Moderately
A-7- 4 .01 L
SW 7-6 0 0.013 oW Well Drained
Moderately
La Porte A-7-6 40 0.013 Low Well Drained
M tel
Orange A-6 17.4 0.085 oderately Poorly Drained
Low
Port Moderately Moderately
Lavaca ATS 319 0.030 Low Well Drained
. Moderately
Rockdale A-2-4 11.3 2.233 High Well Drained
M 1
Winnie A-7-6 53.5 0.029 oizrate J Poorly Drained
w
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