Guidelines for Spring Highway Use Restrictions

WA-RD 80.1

Final Report
August 1985

A

7— Washi Stat

" D::a:-?gt;:‘t ofaTl?ansportation

Washington State Transportation Commission

Research Office:
U.S. DOT - Federal Highway Administration



Washington State Department of Transportation

Juane Berentson, Secretary

\.D. Andreas, Deputy Secretary

lames P. Toohey, Assistant Secretary for Planning, Research and
Public Transportation

Wmmmm

hard Odabashian, Commissioner
'y Overton, Commissioner
' B. Sweeney, Commissloner

\ %ngreas. %ﬁalr. gputy Ha'géetary Er iranspoﬂatlon

/. Ferguson, Administrator, District 4
»art C. Schuster, Assistant Secretary for Highways
1es Salinsbury, Acting Assistant Saecretary for Marine Trans

portation
1es P. Toohey, Assist. Sec. for Plan'g, Research & Public Transp.

DOT Research Technicel Committees

rati
Eﬁ %ooE %Eanrman. Bistnct 2 Emlnlstrator

n Aaspas, District 4 Project Engineer

iam P. Carr, Assoclate Research Director

1 Damnell, District 3 Maint. & Operations Engineer

stewart Gloyd, Bric_"lge/Structures Engineer

yne Gruen, State Traffic Engineer

n Jacobson, District 1 Public Transportation and Planning Engineer
n Moon, Location/Deslen Engineer

Schlect, Construction Engineer - Paving

1Senn, District 2 Location/Construction Engineer

«Shroll, District 6 Maintenance Superintendent

n Stanton, Assistant Professor, University of Washington

1 Thomas, Operations Engineer, Bellingham Public Works Dept.

aangﬁey. gﬁahman, gtate g}mswcmn Engineer

th W. Anderson, Research Specialist

Beeman, District 5 Administrator

y Higgins, Assistant Professor, Washington State University
vton Jackson, Pavement/Soils Engineer

n King, Public Works Director, Okanogan County

) Krier, Bridge Operations Engineer

Peter, Materials E{\Aglneer

) Spratt, District 2 Maintenance En&lfnaeer

n Strada, Construction Engineer - Grading

xge Emu?ﬁ, Ekanrman. Manager, Public Transportation Office

1 Anderson, Manager, District 6 Management Services

1 Casavant, Professor, Washington State University

g Cushman, Director, Pierce Countg“Translt Development
n Doyle. Manager, Economy Branc

i Gupta , Manager, Transportation Data

ry Lenzi, Multimodal Transportation

1 Tranum, District 6 Administrator

n Moon, Chairman, Location/Design Engineer

n Jacobson, District 1 Public Transportation and Planning Engineer
y Krier, Bridge Operations Engineer

wis Ingham, Highway Maintenance Engineer

n Moon, Location/Deslign Engineer

Peters, Materials Engineer

1es Safnsbury. Acting Assistant Secretary, Marine Transportation
Schiect, Construction Engineer

-ald Smith, District 1 Project Engineer

) Spratt, District 2 Maintenance Engineer

>c! ott dutﬁeﬁorg, &rector

iam P. Carm, Assoclate Director

th W. Anderson, Federal Program Manager

»rge D. Crommes, Technology Transfer Manager
1Jennen, Clerk

8 Leverson, Planning Techniclan

n Loyer, Clerk Typis

{ Toney, Research Administrator

m. President, N.A. erstrom, Inc.
Milton "Bud" Egbers, President, Skaglt Valley Trucking
Richard Ford, Preston, Thorgrimson, Ellis, Holman
Willlam Frandis, Vice President, Burl\n?;on Northem R.R.
Guess, Senator, The State Sena
Lawrence Houk, Vice President, Lockheed Shipbuilding
Charles H. Knight, President_Concrete Technology
Michael Murphy, President, Central Pre-Mix Concrete
Richard S. Page, President, Wasth?!on Roundtable
James D. Ray, Senlor Manager, IBM Company

83‘ ﬁ{man. Assoclate Provost for Research, Wash. State Unlv.
Gene L. Woodruft, Vice Provost for Research, Unlv. of Washington

A.D. Andreas, Dg
R.E. Bocks

. truck
C.W. Beeman, District 5 Administrator
J.L. Clemen, Assistant Secretary for Mngt Services
R.C. Cook, District 2 Administrator
E.W. Ferguson, District 4 Administrator
W. H. Hamilton, Assistant Secretary for Aeronautics
J. Sainsbury, Acting Assistant Sec:u’etarﬁ| Marine Transportation

ty Secre!
istrict 1 Administrator

R.C. Schuster, Assistant Secretary for Highwa
G.L. Smith, Manager, Public Transportation O
D. Tranum, District 6 Administrator

D.J. Vandehey, State Consruction Engineer
J.D. Zirkle, District 3 Administrator

Af-hialiaioge;t a1 [GNSRQUANON S OMMISSION

Vaughn Hubbard, Vice Chalr
Richard Odabashian, Commissioner
Jemry Overton, Commissioner

Albert Rosellinl, Commissioner

Leo B. Sweeney, Commissioner

Pat Wanamaker, Commissioner

WSDOT Research District Liaisons

- Kem Jacobson, Public Transp. and Plan'g Engr
- Don Senn, Location/Construction Engineer

- Bob George, Assistant Location Engineer

- R.N. Coffman, Maintenance Engineer

- m?'en MacNell, Design Engineer

- ard Larson, Design and Planning Engineer

Eederal Highway Administration

M. Eldon Green, Reglonal Administrator
Emest J. Valach, Director, Plannlr? and Program Development
Otis C. Haselton, Research and T2 Engineer

Paul C. G , Division Administrator
Charles W. Chappell, Division Transportation Planner
Charles E. Howard, Assistant Transportation Planner

Q. Scott Rutherford, Director
Ken Casavant, Associate Director, WSU
Joe P. Mahoney, Associate Director, UW

Khossrow Babael, Research Engineer
Rhonda Brooks, Research Aide

Lisa Chrlstogl;grson, Secretary

Mark Hallenbeck, Research Engineer
Michaelle llly, Secretary

Ed McCormack, Research Engineer
Amy O'Brien, Coordinator

Bev Odegaard, Program Asslstant
Ron Porter, Word Processing Technician
SherYI Sannes, Research Aide

Cy Ulberg, Research Engineer

Duane Wright, Research Alde



TECHNICAL REPORT STANDARD TITLE PAC

WA-RD 80.1
FHWA-RD-86-501

1. Report No. 2. Government Accession MO,

3. Recipient's Catalog No.

4. Titie and Subtitle
Guidelines for Spring Highway Use Restrictions

8. Report Date

August 1985

6. ﬁarforming Organization Code

7. Authorls)

Mary S. Rutherford, Joe P. Mahoney,
R.G. Hicks and Theo Rwebangira

8. Periorming Orgemization Report No.

9. Performing Organization Name and Address .
Washington State Transportation Center and
the University of Washington

Department of Civil Engineering

Seattle, Washington 98195

10. Work Unit No.

11. Contract or Grent No.

WSDOT Y-2811 Task 28

12. Sponsoring Agency Name and Address
Washington State Department of Transportation

Transportation Building
Olympia, Washington 98504

13. Type of Report and Period Covered

Final Report

4. Sponsoring Agency Code
RTAP Project #23

15. Supplementary Notes
FHWA Contract Manager - Mr. Charles Niessner

16. Abstract

and remove load restrictions.

This report desribes a survey of current practice as well as analysis performed to
develop guidelines for agencies which need load restrictions during spring thaw
periods. The results show for a range of locations in the U.S and Canada that the
average load restriction applied is about 44 percent.
study tends to confirm that level of load restriction.
the assumed conditions that a mimimum load restriction
is needed) is about 20 percent. Load restrictions greater than 60 percent are
generally not warranted for the range of cases studied.
criterion (Thawing Index) was developed which can be used to estimate when to apply

The analysis performed in the
Further, it was found for
level (if any load reduction

An air temperature based

Load Restrictions, Frost, Thaw,
Tire, Axle, Spring Thaw,
Thaw Weakening

17. Kevy Words 18. Distribution Sgatement .
No restrictions. This document

is available to the public through
the National Technical Information
Service, Springfield, Virginia 22161

18. Security Classif. {of this report)

F0. Becurity Classil. {of this page]

21. No.of Pages | 22. Price
- 307

Form DOT F 1700.7 s—es)
M FORm 341- 004
a/72






GUIDELINES FOR
SPRING HIGHMAY
USE RESTRICTIONS

by

Mary S. Rutherford
Joe P. Mahoney
R. Gary Hicks
Theo Rwebangira
Prepared by the
Washington State Transportation Center
and the
University of Washington
for the

Washington State Transportation Commission
Department of Transportation

and in Cooperation with

U.S. Department of Transportation
Federal Highway Adminstration

August 1985



DISCLAIMER

The contents of this report reflect the views of the authors who are
responsible for the facts and the accuracy of the data presented herein. The
contents do not necessarily reflect the official views or policies of the
Washington State Transportation Commission, Department of Transportation or
the Federal Highway Administration. This report does not constitute a

standard, specification, or regulation.

fii



ACKNOWLEDGMENTS

The authors express their appreciation for the information provided by
numerous agencies throughout the U.S. and Canada which contributed
significantly to the study. Special appreciation is extended to the
Minnesota Department of Transportation and the U.S. Corps of Engineers Cold
Regions Research and Engineering Laboratory. Further, a previous, related
study funded by the Washington State Department of Transportation contributed
to the analysis approach and resulting findings.

Mr. Charles Niessner of the Federal Highway Administration is gratefully

acknowledged for his patience and guidance during the conduct of the study.



TABLE OF CONTENTS

Page
ACKNOWLEDGMENTS . . . . . . . S e e e e s s e e s e e e e e e e e v
LIST OF FIGURES . . . .. .. ... © e s e 6 o s 6 s s e e e e oo Xxi
LISTOF TABLES . . & & v i it i e e e e e e e e e e e e e e e e i, XV
CHAPTER 1.0 INTRODUCTION . . . & v v v v v v v e e o e v e e e ooy 1
1.1 THEPROBLEM . . . . . . . v v v s v s e e e e e e o I |
1.2 BACKGROUND . . ., .. .. .. e e s e s e e e s e e A |
1.3 OBJECTIVES . ... .. ..... e e e e ¢ e e s e e s 3
1.4 REPORT ORGANIZATION . e e e e e e e e e e e 3
CHAPTER 2.0 LITERATURE REVIEW . . v & & v v v v e e e o v e e e . 5
2.1 INTRODUCTION . . . . v i i v s e e e e e e e e e e e, 5
2.2 LOAD RESTRICTION PRACTICES . v & v v v v v v v o e v u o 5
2.2.1 CURRENT U.S. AND CANADIAN PRACTICES ... ..... 5§
2.2.2 EUROPEAN PRACTICES . . . . . . . .. ... e |
2.3 STUDIES OF SPRING BEARING CAPACITY ...... o o o u m 7
2.3.1 EARLY U.S. STUDIES . . . v v v v v v v e e v e v o 7
2.3.2 EARLY BENKELMAN BEAM STUDIES . . . . . . ... ... 13
2.3.3 EARLY DYNAFLECT STUDIES . . . . v v v v v v v v .. 17
2.3.4 FATIGUE BASED ANALYSIS OF THAW WEAKENING . . . . . . 22
2.3.5 TEST ROAD STUDIES OF THAW WEAKENING . . . . . . . . 32
2.4 THERMAL CONSIDERATIONS. . & v v v v v v v v v v v u v .« . 33
2.4.1 INTRODUCTION . . & & v v v v v v e e e e e e e e u s 33
2.4.2 DEVELOPMENT OF A ONE—DIMENSIONAL MODEL FOR

GROUND FREEZING . . . . . v v v v v v v v v o .. 34
2.4.2.1 SINGLE LAYER MODELS ........... . 34
2.4.2,2 MULTILAYER MODELS . . . . . . o 4 e s v a s 36
2,4.3 EVALUATION OF THERMAL PROPERTIES . . . . . . . . . . 37
2.4.4 EVALUATION OF THE "n" FACTOR . . . . . + v . . . . . 38
2.4.5 MEASUREMENT AND PREDICTION OF FROST DEPTH . . . . . 40

2.4.6 MEASUREMENT AND PREDICTION OF THAW DEPTH AND
THAW WEAKENING . . . . . . . v v v v v v s e o .. 45
2.4.6.1 PREDICTIONS OF THAW DEPTH “ v s s » 45
2.4.6.2 THAW DEPTH AND THAW WEAKENING . . . . . . . 48
2.4.7 NUMERICAL METHODS FOR GROUND THERMAL ANALYSIS. . 51
2.4.8 MODELLING GROUND SURFACE EFFECTS . . . . . . . . .. 53
2.4,8.1 SHORT WAVE RADIATION . ... ... - X
2.4.8.2 LONG WAVE RADIATION . . . . ... .. .+« . 56
2.4,8.3 CONVECTIVE SURFACE HEAT TRANSFER . . 57

vii



2.5

2.6
CHAPTER 3.0

3.1
3.2

W W
)
& W

3.5

CHAPTER 4.0

4.1
4.2

TABLE OF CONTENTS (Continued)

Page
LOADING CONFIGURATIONS ON FLEXIBLE PAVEMENTS . . . . . .. 58
2.5.1 INTRODUCTION . . . ... .. ... e e e s e e s .. 58
2.5.2 SINGLE AND DUAL TIRES. . . . &« ¢« ¢ v v o o o o o o & 59
2.5.3 SINGLE AND MULTIPLE AXLES. . . & ¢ ¢ v v ¢ v o o o & 59
LITERATURE REVIEW SUMMARY . . . . . . . ¢ ¢ v v v e o v o & 61
SURVEY OF CURRENT PRACTICE. . . . . v ¢ ¢ v ¢ ¢ v o o o « & 63
INTRODUCTION & & & v o v v e et e e e e o o o o o o o o 63
SURVEY INTERVIEW TECHNIQUES . ... . ... ¢ e s e s o s 63
3.2.1 INITIAL INFORMATION REQUEST. . . . . . . « « « « « . 63
3.2.2 INTERVIEWS . . . & & o v v v v v v v o o o o o o o @ 63
3.2.3 FOLLOW-UP REQUESTS . . & & ¢ v v ¢ & o o o o o o o & 65
INITIAL INFORMATION REQUEST STATE DOT'S . . . . . . « e+ . 65
RESULTS OF INTERVIEWS AND FOLLOW UP REQUESTS. . . . . . . . 67
3.4.1 DEVELOPMENT OF GUIDELINES. . . . & ¢ & ¢ ¢ ¢ ¢ o « &« 67
3.4.2 HIGHWAYS RECEIVING LOAD RESTRICTIONS ........ 84
3.4.3 DESIGN INFORMATION FOR ROADS RECEIVING LOAD

RESTRICTIONS . . . . & v 4 ¢ ¢t v e o ¢ o o o o o« 85
3.4.4 LOAD RESTRICTION CRITERIA. . . . . ¢ ¢ v v v ¢ v o . 86
3.4.5 ENFORCEMENT METHODS . . . . . v ¢« « o o o « ... 87
3.4.6 LEGAL ASPECTS. & & & v ¢ v v e e 4 v o o o o o o o 88
EVALUATION OF SURVEY RESULTS. . . . . . . . « . . « e ... 88
3.5.1 TYPES OF LOAD RESTRICTIONS . . . v ¢ v ¢ ¢ ¢ o ¢ o 91
3.5.2 BASIS FOR LOAD LIMITS. . . & & ¢ v v ¢ v o o o o o & 91

3.5.3 CRITERIA USED TO INITIATE AND REMOVE LOAD
LIMITS & . . o i it e e e e et e e e s e o o o 91

3.5.4 CAPABILITIES OF LOCAL AGENCIES TO MEASURE
DEFLECTIONS. . . . & v ¢ ¢ v v v ¢ o o o o o o o & 91
3.5.5 REQUIREMENTS AND PROBLEMS WITH ENFORCEMENT . . . . . 92
ANALYSIS & . o i v i i e e e et e e e e e e e e e . 93
INTRODUCTION. . . . . o ¢ ¢ o ¢ o & e e e e e e e e e e 93
LOAD LIMITS . . . . ¢ v o v i it e e e e 6 o o o o o o o s 93
4.2.1 APPROACH . & & v v ¢ v v e e e e o o o o o o o o 93
4.2.1.1 INTRODUCTION. . . . . . ¢ ¢ ¢ v o o o o o & 93
4.2.1.2 ANALYTICAL PROCEDURE . . . v ¢ ¢« v ¢ o « . 94
4.2.1.3 LOADING CASES . . . . ¢ & ¢ ¢ ¢ o ¢ o o« o & 94
4.2.1.4 STRUCTURE CROSS SECTION . . . . « « ¢ o « . 95
4.2.1.4 (a) MATERIAL PROPERTIES. . . . . . 95
4.2.1.5 PARAMETERS CALCULATED . . . . . ¢ e e e e s 102
4.2.1.6 SENSITIVITY ANALYSIS . . . . . . . ¢« .. 105

viii



TABLE OF CONTENTS (Continued)

Page
4.2.2 STRUCTURAL ANALYSIS RESULTS. . . . . + v v v v v o . 105
4.2.2.1 DISCUSSION OF RESULTS . . . . . . . .. .. 113
4.2.2.1 (a) MAGNITUDE OF LOAD
REDUCTION . . .. .. ... 113
4.2.2.1 (b) TIRE CONFIGURATION . . . . . . 114
4.2.2.1 (c) CONSEQUENCE OF MAIN-
TAINING LOADS. . . . . . .. 114
4.2.3 STRUCTURAL ANALYSIS SUMMARY. . . . . . . . . . ... 123
4.3 TIMING LOAD LIMITS. . . . . . . . v v v v v v v o o o . . 123
4.3.1 APPROACH . . . . . v v v i it e s e e e e e e 123
4.3.2 THERMAL DATA REQUIRED FOR INPUT. . . . . . ... .. 124
4.3.3 PAVEMENT STRUCTURE SECTIONS. . . . . . . . . . . .. 133
4.3.4 MATERIAL THERMAL PROPERTIES. . . . . . . . . . . .. 133
4.3.5 ANALYTICAL METHOD. . . . . . v v v v v v v v v v o . 138
4.3.6 RESULTS. . . . . o i i i i et e e e s e e e e e n 138
CHAPTER 5.0 DEVELOPMENT OF GUIDELINES . . . . . . + v v v v v o . . . . 169
5.1 INTRODUCTION. . . v v v v v v it e v e e e e e e e e e 169
5.2 GUIDELINES FOR WHERE TO APPLY LOAD RESTRICTIONS . . . . . . 169
5.3 GUIDELINES FOR LOAD RESTRICTION MAGNITUDE . . . . . . . . . 173
5.4 GUIDELINES FOR WHEN TO APPLY AND REMOVE LOAD
RESTRICTIONS. . . . . . . . v v i it t e e e e w . 177
5.4.1 WHEN TO APPLY LOAD RESTRICTIONS. . . . . . . . . . . 177
5.4.1.1 SHOULD LEVEL. . . . . . . . . . v v v ... 177
5.4.1.2 MUST LEVEL. . . . . . . v v v v v v v v .. 177
5.4.1.3 SHOULD AND MUST LEVELS FOR THIN ,
PAVEMENT SECTIONS . . . . . . . . .. .. 177
5.4.1.4 DISCUSSION. . . . . . . . . .. v v ... 178
5.4.2 WHEN TO REMOVE LOAD RESTRICTIONS . . . . . . . . .. 178
CHAPTER 6.0 CO. CLUSIONS AND RECOMMENDATIONS . . . . « v v v o v o v . . 183
6.1 CONCLUSIONS . . . . . . . . . . . i i v v v v s e e n.. 183
6.2 RECOMMENDATIONS . . . . . . . v v v i v i e e e e e e wn 184
REFERENCES . . . . . & v v v it e e e et e e e e e o o e e s s s . . 187
APPENDIX A DATA SUMMARY FOR SUMMER CONDITIONS. . . . . . . . . . . . . 193
APPENDIX B DATA SUMMARY FOR SPRING THAW CONDITIONS . . . . . . . . . . 199

APPENDIX C  TEMPERATURE INPUT DATA FOR TDHC ANALYSIS. . . . . . . . . . 249

ix



APPENDIX D

APPENDIX E
APPENDIX F
APPENDIX 6

TABLE OF CONTENTS (Continued)

PLOTS OF MODELS FOR PREDITING THAWING INDEX OR

THAWING DURATION FROM FREEZING INDEX ........
INTERVIEW FORM . . . . . . ... ... .. e e e e

CALCULATION OF THE THAWING INDEX BASED ON A 29°F DATUM
EXAMPLE OF DATA COLLECTION AND ESTIMATION OF START AND

DURATION FOR IMPOSING LOAD RESTRICTIONS . . . . . « o e e

Page



Figure

2.1

2.2

2.3

2.4

2.5

2.6
2.7

2.8

2.9
2.10

2.11
2.12

2.14

2.15

LIST OF FIGURES

Typical Load Restriction Practices in Norway Based on
Geographic Location. . . . . . ¢« ¢« ¢ ¢ v ¢ 4 e e e e e 0 . s

Percent Loss of Strength versus Time for Minnesota
Plate Load Tests . . . ¢ ¢ ¢ v v v v e v v o & e e e e s

Load Versus Deflection for Surface and Subgrade of
Minnesota Pavement . . . . . . . ¢ ¢t vt t o 0 v o 0 o . .

Percent Fall Bearing Value versus Time for Nebraska
R

Percent Fall Bearing Value versus Time for Minnesota

S0TTS & v v i e e e e e e e e e e e e e e e e e e e e ..
Measurements Obtained from Deflection Profiles . . . . . . . .
Typical Deflection Basin Constructed from Dynaflect

Readings . . & ¢ ¢ ¢« v ¢ v ¢ o o o o o o o s o o o o o oo .
Typical Deflection, Surface Curvature, Frost Penetra-

tion and Axle Load Restriction Data versus Time. . ... ..
Benkelman Beam versus Dynaflect Deflections. . . . . . . . . .
Plate Bearing versus the Reciprocal of Dynaflect

Deflection . . . . . ¢ v v v vt v o v v v o v o o o o« e e
Fatigue Curves for Asphalt Mixes . . . . . . ¢ o 6 s s o s o s

Load ".imit Percentages from Measured Maximum Spring
Deflections and Known or Assumed Acceptable Summer
Deflection Levels. . . & ¢ v ¢ ¢ v ¢ e e 6 o o o o o o o o«

Falling Weight Deflectometer Load and Deflection
Measurement Configuration.. . . .. ... ... ... ...

Freezing Index Surface/Air Correction Factor versus Air
Freezing Index . . . . & & ¢ ¢ i v v v v e o o o o o o o o

Depth of Frost Penetration versus Air Freezing Index,
Canadian Pavements . . . . . . ¢ ¢« ¢ ¢ ¢ ¢ o s o ¢ o o o o o

xi



LIST OF FIGURES (Continued)

Figure Page
2.16 Comparison of Pennsylvania Data to Corps of Engineers

Method of Frost Depth Prediction . . . . . . . . . .. ... 44
2.17 Maximum Thaw Penetration in Gravel-Surfaced Runways on

Permafrost in Northern Canada . . . . . . . « ¢+ ¢ ¢ « o « « « 49
2.18 Maximum Thaw Penetration in Undisturbed Permafrost

Areas in Northern Canada . . . . « ¢ ¢« ¢ s = ¢« s ¢« o o s« . 50

2.19 Observed and Predicted Frost Lines, Ottawa, Canada . . . . . . 52

2.20 Heat Transfer Between Pavement Surface and Air . . . . . . . . 54

3.1 Initial Information Request Form . . . . . . . . .. . ... . 64
4.1 Pavement Response Locations Used in Evaluating Load

Restrictions . . ¢« ¢ ¢ ¢ ¢ ¢ ¢ o ¢ o o o o o o s s o o o « » 103
4.2 Graphical Illustration of the Determination of

Allowable Load During Spring Thaw Period . . . . . . . . . . 104
4.3 Area Under Discontinuous Temperature Function Equated
to Area Sinusoidal Temperature Function for

Burlington Vermont . . . . . . . . . e e e e s s s e e e s 125

4.4 Pavement Structures for Thermal Analysis . . . « « « « « « . . 134

4.5 Generalized Finite Element Grid. . . . . S X |

4.6 Finite Element Mesh for Section 1. . . . . . . . . . ¢« . . . . 140

4.7 Finite Element Mesh for Section 2. . ... . ... e . e . . 141

4.8 Finite Element Mesh for Section 3. . . . . . . ¢ . .« « « . . 142

4.9 Finite Element Mesh for Section 4. . . . . . S ¥ X

4.10 Thawing Cases Evaluated From Results of TDHC . . . . . . . . . 144
4.11 Thawing Index (Based on 29°F) versus Freezing Index

for all Fine Grain Subgrade Cases .. ... ........ 158
4.12 Thawing Index (Based on 30°F) versus Freezing Index

for all Fine Grain Subgrade Cases ... ... e s oo o s« 159

xii



Figure

4.13

4.14

4.15

4.16

4.17

5.1

5.2

5.3

F.1
6.1
6.2

LIST OF FIGURES (Continued)

Page

Thawing Index (Based on 32°F) versus Freezing Index

for all Fine Grain Subgrade Cases . .. .. ... ..... 160
Duration of Thaw (Based on 29°F) versus log Freezing

Index for all Fine Grain Subgrade Cases ... .. e e e e 163
Duration of Thaw (Based on 30°F) versus log Freezing

Index for all Fine Grain Subgrade Cases ........ .. 164
Duration of Thaw (Based on 32°F) versus log Freezing

Index for all Fine Grain Subgrade Cases . ........ . 165
TDHC Depth of Freeze versus Modified Berggren Depth of

Freeze for all Cases . . . . . . . & v v v v v v v o v o v 166
Development of Surface Deflection for Locating Pavements

Requiring Load Restrictions . ... . ... ... S VA |
Increase in Pavement Life Due to Application of Load

Reductions . . . . . . . . . . . v i v i v v v v . ..« « 174
Reduction in Remaining Life Due to Difference Between

the Load Reduction Applied and the Load Reduction Required . 175
Form for Calculating Thawing Index . . . . . . .. ... . o . 292
Form for Calculating Freezing Index . . . . .. . .. ... . 298
Form for Calculating Thawing Index . . . . . . . . . . . . .. 304

xiii



Table

2.1
2.2

2.3
2.4

2.5
2.6

2.7
2.8
2.9
2.10
3.1

3.2
3.3
3.4
3.5
3.6

3.7
3.8

LIST OF TABLES

States and Provinces Applying Load Restrictions as of 1974

Time for Applying Load Restrictions Based on Thaw
Depth, NOTWaY . ¢ & ¢ ¢ ¢ ¢ ¢ ¢ o o o o o o o o o o o

Summary of Critical and Restricted Periods - 1967 . . .

Normal Deflections and Surface Curvature Index by
SeCtion & & i it e e e e e e e e e e e e e e e e e

Fatigue Life and Load Limit Comparisons . . . . . . . .

Range of Pavement Structure Conditions Assumed to
Represent Alaskan Roadway Conditions . . . . . . . « .

Freezing Indices and "n® Factors for Three New Jersey
Locations . . ¢ ¢ ¢« ¢ ¢ v e o e i b e s s e e e e e

Measured and Predicted Frost Depths in Pennsylvania
Using Air Freezing Index . . . . . « « « ¢ ¢« « ¢« & o &

Measured and Predicted Frost Depths in Pennsylvania
Using Pavement Free . . . . . ¢« ¢ ¢« ¢ ¢« ¢ ¢ ¢ o o o &

Traffic Equivalence Factors for Asphalt Concrete
Pavement . . . . . ¢« ¢« ¢« ¢ 0 ¢ 0 o . e o s 6 o s s o s

Summary of Information Request to State and Province
DOT's Regarding Current Load Restriction Practices . .

Agencies Interviewed . . . . . . . . . . .. e e e e
Follow-up Requests . . . . . . . ; e e e o s o 4 s o o s
Development of Guidelines for Spring Load Restrictions .
Description of Highways to Which Load Restrictions Apply

Design Information for Roads Restricted During Spring
Thawing . ¢ ¢« ¢ ¢ ¢« ¢« ¢ ¢ ¢ o o o o o ¢« s o o o s o o

Load Restriction Criteria . . . . ¢« ¢ ¢ ¢« ¢ ¢« ¢ ¢ o o &

Enforcement Methods for Spring Load Restrictions . . . .

XV

Page

20

21
2]

30

41

46

47

60

66
68
69
70
73

77
79
82



Table

2 r 2o oa e w
S o s W N

LIST OF TABLES (Continued)

Legal Aspects of Load Restrictions . . . . . . ... ..... 89
Loading Cases . . . . . . . v . v v v e 0. .. c o e e o s o 96
Summer Pavement Structure . . . . . .. ... .. .. .... 97
Spring Thaw Pavement Structure (Complete Thaw) . . . . . . . . 99

Spring Thaw Pavement Structure (Thaw to Bottom of Base). . . . 100
Spring Thaw Pavement Structure (Thaw to 4 in. Below Base). . . 101

Percent Load Reduction for Complete Thaw - Fine-grained
Soils - Single Axle - 75 Percent Reduction in
Subgrade Resilient Modulus . . . . . . . . . ¢ v v o . ... 106

Percent Load Reduction for Complete Thaw - Coarse- grained
Soils - Single Axle - 50 Percent Reduction in Subgrade
Resilient Modulus . . . . . . . . . . . . v v v v v ueuo. 107

Percent Load Reduction for Complete Thaw - Dual Tire
Tandem AxTe . . . . . i i v i i i e e e e e e e e e 108

Percent Load Reduction for Thaw to Bottom of Base
Course - Fine-grained Soil - Single Axles - 75 Percent
Reduction in Base Course Resilient Modulus . ........ 109

Percent Load Reduction for Thaw to Bottom of Base
Course Coarse-grained Soil - 50 Percent Reduction in
Ba: 2> Course Resilient Modulus . . . . . . . v oo v v ... 110

Percent Load Reduction for Partiai Thaw - Single Tire -
Single AxTe & . . ¢ v i i it e e e e e e e e e e e 111

Percent Load Reduction for Partial Thaw - Dual Tire -
Single Axle . . . . . i i i i i e e e e e e e e e e 112

Change in Pavement Life - Single Tire - Single Axle -
Tensile Strain Bottom of Bituminous Bound Layer -
Complete Thaw . . . . . . ¢ i v v v v i s e e e e e e e u 115

Change in Pavement Life - Single Tire - Single Axle -
Subgrade Vertical Strain Criterion - Complete Thaw . . ... 116

xvi



Table

4.15

4.17

4.19

4.20

4.21
4,22
4.23
4.24
4.25
4.26

4.27
4.28

4.29
4.30

LIST OF TABLES (Continued)

Page

Change in Pavement Life - Single Tire - Single Axle -

Tensile Strain Bottom of Bituminous Bound Layer -

Thaw to Bottom of Base Course . . .. .. B § ¥
Change in Pavement Life - Single Tire - Single Axle -

Subgrade Vertical Strain Criterion - Thaw 4 in. Below

Bottom of Base . « . ¢« ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ 0 e b 0 a6 e e .o . 118
Change in Pavement Life - Single Tire - Single Axle

Tensile Strain Bottom of Bituminous Bound Layer -

Thaw 4 in. Layer - Thaw 4 in. Below Bottom of Base . . . . . 119
Change in Pavement Life - Dual Tire - Single Axle -

Subgrade Vertical Strain Criterion - Complete Thaw . . ... 120
Change in Pavement Life - Dual Tire - Single Axle -

Subgrade Vertical Strain Criterion - Thaw 4 in. Below

Bottom of Base . . . o ¢ ¢ ¢ ¢« ¢« ¢ ¢ ¢ ¢ 4 b e e e b e e e s 121
Change in Pavement Life - Dual Tire - Tandem Axle - Subgrade

Vertical Strain Criterion - Complete Thaw . . . .. .. .. 122
Temperature Function Data . . . . . . . . . « . & e e e e s 126
Freezing Index Cases for Thermal Analysis . . . . . ¢« ¢ « . & 128
Solar Radiation Data for March April and May . . . . . . . . . 129
Radiation and Weather Data for TDHC Analysis . . . . « « « « & 132
Percent Monthly Sunshine for March, April and May . . . . . . 135
Pavement Structures and Freezing Index Cases for TDHC

AnalySis « ¢ ¢ ¢ ¢ ¢ o o o o ¢ o o o o o o o o s o s s o o o 136
Material Thermal Properties . . . . . ¢« ¢« « « « & e e e e e 137
Advancement of the Thawing Plane Referenced to an Air

Temperature = 32°F . & ¢ &« ¢ & ¢ ¢ 6 e s o s 6 0 e o s o o o 145

Thawing Indices for Three Thawing Cases Based on 32°F . . . . 148

Surface and Air Temperatures . . .« « ¢« ¢ ¢« ¢ ¢ o « o o o o o & 149

xvii



Table

4.31

£

.33

£

.34
.35

£

A.3
B.l

B.2

B.3

LIST OF TABLES (Continued)

Advancement of the Thawing Plane Referenced to an Air

Temperature = 29°F . . . . . ¢ ¢ 4 ¢ ¢t b 0 b e e e s e e s

Advancement of the Thawing Plane Referenced to an Air

Temperature = 30°F . . . . ¢ ¢ ¢ ¢ ¢ 4 b e e e e e e

Thawing Indices for Three Thawing Cases Based on 29°F
Thawing Indices for Three Thawing Cases Based on 30°F

Regression Analysis for Thawing Index as a Function of

Freezing Index . . . ¢ ¢ ¢ ¢ ¢ ¢ v o o 5 ¢ « o o s o o o o

Regression Analysis for TDHC Depth of Freezing as a

Function of Modified Berggren Depth of Freezing . . . . .

Freezing Depths Estimated from TDHC and Multilayered

Modified Berggren . . . . . . .. . . . ¢ e e o o o o a e

Surface Deflection Increases and Associated Load Reductions

Comparison of Equations Used to Predict Duration for

Complete Thaw . . & & ¢ ¢ ¢ ¢ ¢ ¢ o o o e o o o o o o o o

Comparison of Predictions Used for Determining the
Duration of the Load Restriction Period Based on

Thawing Index . . . & ¢ ¢ v v ¢ v o o ¢ ¢ o e o o o o o &

Summer Conditions - Single Tire - Single Axle . . . . . . .

Summe~ Conditions - Dual Tires - Single Axle - Pavement

Response Between Tires . . . . « ¢« ¢ ¢ ¢ & ¢« o « o & .« . e

Summer Condition - Dual Tires - Tandem Axle . . . . . . . .

Spring Thaw Condition - Single Tire - Single Axle

Complete Thaw - Pavement Structure 2/6/212 . . .. . . ..

Spring Thaw Condition - Single Tire - Single Axle -

Complete Thaw - Pavement Structure 2/12/34/212 . . . . . . .

Spring Thaw Condition - Single Tire - Single Axle -

Complete Thaw - Pavement Structure 4/6/38/212 . . . . . . .

xviii

Page

. 152
. 154
. 155

156

162

167

. 171



Table

B.4

B.5

B.6

B.7

B.8

B.9

B.10

B.13

B.14

B.15

LIST OF TABLES (Continued)

Spring Thaw Condition - Single Tire - Single Axle
Complete Thaw - Pavement Structure 4/12/32/212 . .

Page

Spring Thaw Condition - Dual Tires - Single Axle -
Complete Thaw - Pavement Structure 2/6/40/212 -

Between Wheels . . . . . ¢ « « & e o o o o @ e o e

Spring Thaw Condition - Dual Tires - Single Axle -
Complete Thaw - Pavement Structure 2/12/34/212 -

Between Wheels . . . . . e o o ¢ o s o s o s 5 o e

Spring Thaw Condition - Dual Tires - Single Axle

Complete Thaw - Pavement Structure 4/6/38/212 -

Between Wheels . . ¢« ¢« ¢ ¢ ¢ ¢ o ¢ o ¢ o o o o o .

Spring Thaw Condition - Dual Tires - Single Axle
Complete Thaw - Pavement Structure 4/12/32/212
Between Wheels . . ¢ ¢ ¢« ¢ ¢« ¢ o ¢ o ¢ « ¢ o o o &

Spring Thaw Condition - Dual Tires - Single Axle -
Complete Thaw - Pavement Structure 2/6/40/212 -

Beneath Tire . . « ¢« ¢« ¢« ¢ ¢« &« & e o 6 o o o o o o

Spring Thaw Condition - Dual Tires - Single Axle -
Complete Thaw - Pavement Structure 2/12/34/212 -

Beneath Tire . .« ¢« ¢ ¢ ¢ ¢ o o 6 o o o « o o o o o

Spring Thaw Condition - Dual Tires - Single Axle
Complete Thaw - Pavement Structure 4/6/38/212
Beneath Tire . . . ¢« ¢ ¢« ¢« ¢ ¢ ¢ ¢ ¢ ¢ ¢ e o o o«

Spring Thaw Condition - Dual Tires Single Axle -

Complete Thaw - Pavement Structure 4/12/32/212 -

Beneath Tire . . . « ¢« « ¢« & & . e e e o o o

Spring Thaw Condition - Dual Tires - Tandem Axle
Complete Thaw - Pavement STructure 2/6/40/212 . .

Spring Thaw Condition - Dual Tires - Tandem Axle
Complete Thaw - Pavement Structure 2/12/34/212 . .

Spring Thaw Condition - Dual Tires - Tandem Axle
Complete Thaw - Pavement Structure 4/6/38/212 . .

xix

..... 212



Table

B.16

LIST OF TABLES (Continued)

Page

Spring Thaw Condition - Dual Tires - Tandem Axle -

Complete Thaw - Pavement Structure 4/12/32/212 . . . .. .. 216
Spring Thaw Condition - Single Tire -Single Axle - Thaw

to Bottom of Base - Pavement Structure 2/6/40/212 -

Base Mp @ 25% . . . . . ... . ...ttt . 217
Spring Thaw Condition - Single Tire -Single Axle - Thaw

to Bottom of Base - Pavement Structure 2/12/32/212 -

Base Mg @ 25% . . . . . . . L L. e e e 218
Spring Thaw Condition Single Tire -Single Axle - Thaw

to Bottom of Base - Pavement Structure 4/6/38/212 -

Base Mp @25% . . . . . . ... ...t . . . 219
Spring Thaw Condition - Single Tire -Single Axle - Thaw

to Bottom of Base - Pavement Structure 4/12/30/212 -

Base Mp B 25 . . L . e e e e e e e e e e e e e e o o 220
Spring Thaw Condition - Single Tire -Single Axle - Thaw

to Bottom of Base - Pavement Structure 2/6/40/212 -

Base Mg 8502 . . . . .. .. ... ... 221
Spring Thaw Condition - Single Tire -Single Axle - Thaw

to Bottom of Base Pavement Structure 2/12/32/212 -

Base MR @ 50% oooooooooo e © @ o ®© e @ © e o e o @ 222
Spring Thaw Condition - Single Tire -Single Axle - Thaw

to Bottom of Base - Pavement Structure 4/6/38/212 -

Base Mp @50% . .. ... .. ... .... e e s e s . . 223
Spring Thaw Condition - Single Tire -Single Axle - Thaw

to Bottom of Base - Pavement Structure 4/12/32/212 -

Base Mg @502 . . . . . . . ... . e e 224
Spring Thaw Condition - Dual Tires - Single Axle - Thaw

to Bottom of Base - Pavement Structure 2/6/40/212 -

Base Mp @ 50% - Between Wheels . . . . . .. .. ¢ o e a s 225
Spring Thaw Condition - Dual Tires - Single Axle - Thaw

to Bottom of Base - Pavement Structure 2/12/32/212 -

Base Mg © 50% - Between Wheels . . . . . . . .. o e 6 s e e 226

XX



LIST OF TABLES (Continued)
Table Page

B.27 Spring Thaw Condition - Dual Tires- Single Axle - Thaw
to Bottom of Base - Pavement Structure 4/6/38/212 -
Base Mp @ 50% - Between Wheels . . . . . . . .. ... ... 227

B.28 Spring Thaw Condition - Dual Tires- Single Axle - Thaw
to Bottom of Base - Pavement Structure 4/12/32/212 -
Base My @ 50% - Between Wheels . . . . . . . .. ... ... 228

B.29 Spring Thaw Condition - Dual Tires- Single Axle - Thaw
to Bottom of Base - Pavement Structure 2/6/40/212 -

Base Mp @ 50% - Beneath Tire . . . . . v ¢ ¢ v ¢ o v o o o & 229

B.30 Spring Thaw Condition - Dual Tires- Single Axle - Thaw
to Bottom of Base - Pavement Structure 2/12/34/212 -
Base Mg © 50% - Beneath Tire . . . . « ¢ ¢ ¢ ¢ ¢ o ¢ ¢ o o & 230

B.31 Spring Thaw Condition - Dual Tires- Single Axle - Thaw
to Bottom of Base - Pavement Structure 4/6/38/212 -
Base Mp @ 50% - Beneath Tire . . . « v ¢ ¢ ¢ v o o o & . . . 231

B.32 Spring Thaw Condition - Dual Tires- Single Axle - Thaw
to Bottom of Base - Pavement Structure 4/12/32/212 -
Base Mg @ 50% - Beneath Tire . . & ¢« ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ o o 232

B.33 Spring Thaw Condition - Dual Tires - Tandem Axle - Thaw
to Bottom of Base - Pavement Structure 2/6/40/212 -
Base MR @ 50% - Beneath Tif‘e oooooooooo e e o e © o 233

B.34 Spring Thaw Condition - Dual Tires - Tandem Axle - Thaw
to Bottom of Base - Pavement Structure 2/12/34/212 -
Base Mg @ 50% - Beneath Tire . . . . . . . ...« . o ¢ o 234

B.35 Spring Thaw Condition - Dual Tires - Tandem Axle - Thaw
to Bottom of Base - Pavement Structure 4/6/38/212 -
Base Mp @ 50% - Beneath Tire . . . . . ... ... ... .. 235

B.3¢ Spring Thaw Condition - Dual Tires - Tandem Axle - Thaw
to Bottom of Base - Pavement Structure 4/12/32/212 -
Base Mg @ 50% - Beneath Tire . . . . . . . . . . . . . o .. 236

B.37 Spring Thaw Condition - Dual Tires - Tandem Axle - Thaw

to Bottom of Base - Pavement Structure 2/6/40/212 -
Base MR @ 50% - Beneath Tire ® e © e 6 © © @ o e © o © @ e o 237

xxi



Table

B.38

B.39

B.40

B.41

B.42

B.43

B.44

B.45

B.46

B.47

B.48

C.1

LIST OF TABLES (Continued)

Page

Spring Thaw Condition - Dual Tires - Tandem Axle - Thaw

to Bottom of Base - Pavement Structure 2/12/34/212 -

Base My @ 50% - Beneath Tire . . . . . . ... ..... . . 238
Spring Thaw Condition - Dual Tires - Tandem Axle - Thaw

to Bottom of Base - Pavement Structure 4/6/38/212 -

Base Mp € 50% - Beneath Tire . . . . . . . . . v v v o . . . 239
Spring Thaw Condition - Dual Tires - Tandem Axle - Thaw

to Bottom of Base - Pavement Structure 4/12/32/212 -

Base M @ 50% - Beneath Tire . . . . . . ... ....... 240

Spring Thaw Condition - Single Tire -Single Axle - Thaw
4 in. into Subgrade - Pavement Structure 2/6/4/36 . ... . 241

Spring Thaw Condition

Single Tire -Single Axle - Thaw
4 in. into Subgrade

Pavement Structure 2/12/4/30 . . . . . 242

Spring Thaw Condition
4 in. into Subgrade

Single Tire -Single Axle - Thaw
Pavement Structure 4/6/4/34 . . . . . 243

Spring Thaw Condition - Single Tire -Single Axle - Thaw
4 in. into Subgrade - Pavement Structure 4/12/4/28 . . . . . 244

Spring Thaw Condition - Dual Tires -Single Axle - Thaw
4 in. into Subgrade - Pavement Structure 2/6/4/36 -
Beneath Tire . . . . . . . . . . i v i i s e e e e e 245

Spring Thaw Condition - Dual Tires -Single Axle - Thaw
4 in. into Subgrade - Pavement Structure 2/12/4/30 -
Beneath Tire . . . . . . . . . .. i v i v v i e e e e u 246

Spring Thaw Condition - Dual Tires -Single Axle - Thaw
4 in. into Subgrade - Pavement Structure 4/6/4/34 -
Beneath Tire . . . . . . . . . . . . . i i v v v e e .. 247

Spring Thaw Condition - Dual Tires -Single Axle - Thaw
4 in. into Subgrade - Pavement Structure 4/12/4/28 -
Beneath Tire . . . . . 6 s 6 e s 6 e 6 s s s s e s e e e 248

xxi1i



Table

LIST OF TABLES (Continued)

Thawing Index (Based on 29°F) versus Freezing Index for
Section 1 . ........ ¢ e s s e e s e oo .

Thawing Index (Based on 29°F) versus Freezing Index for
Section 2 . . .. . i ittt e e e e e . .

Thawing Index (Based on 29°F) versus Freezing Index for
Section 3 . ... ...t e e e

@ ®

Thawing Index (Based on 30°F versus Freezing Index for

Section 1 . . . i i i i i i e e e e e e e e e e e e e

Thawing Index (Based on 30°F versus Freezing Index for

SeCtion 2 . . i i i it e e e e e e e e e e e e e e

Thawing Index (Based on 30°F versus Freezing Index for

Section 3 . . . i e e e e e e e e e e e e e e .

Thawing Index (Based on 32°F) versus Freezing Index for

Section 1 . ... .. s e e o o o o e o 5 o o o o e o e e

Thawing Index (Based on 32°F) versus Freezing Index for

Section 2 . i i i it e e e e e e e e e e e e e e

Thawing Index (Based on 32°F) versus Freezing Index for

Section 3 . . . i i i e e e e e e e e e e e e e e e e

Duration of Thaw (Based on 29°F versus log Freezing

Index for Section 1. . . . . v v t v t v v o o o o o o o

Duration of Thaw (Based on 29°F ‘versus log Freezing

Index for Section 2. . . ¢ v ¢ v ¢ 6 v o o o e o o o o o

Duration of Thaw (Based on 29°F versus log Freezing

Index for Section 3. . . . . ¢ i v i o v v o o o o o o «

Duration of Thaw (Based on 30°F) versus log Freezing

Index for Section 1. .. ... ¢ ¢ v v oo e o o o o o

Duration of Thaw (Based on 30°F) versus log Freezing

Index for Section 2. ... ... c s o 6 o 0 o s o o o o .

xxiii

Page

. . 263

. 269

. . 270

. . 271

272

273

274

275

276



Table

D.15

D.16

D.17

D.18

E.l

LIST OF TABLES (Continued)

Duration of Thaw (Based on 30°F) versus log Freezing
Index for Section 3. . . ... ... ¢

Duration of Thaw (Based on 32°F) versus log Freezing
Index for Section 1. . . . . . ¢ ¢ i v i v e o o oo

Duration of Thaw (Based on 32°F) versus log Freezing
Index for Section 2. . . . . . ¢ v v v v v v v v 0 oo

Duration of Thaw (Based on 32°F) versus log Freezing
Index for Section 3. . . . . . . i v i v v e v v

Interview FOrm . . . ¢ ¢ ¢ v v v 4 6 o o o e « o o o o o o o o

xxiv

Page

277

278

279

280



CHAPTER 1.0
INTRODUCTION
1.1 THE PROBLEM

In areas of the United States which are subject to moderate or severe
seasonal freezing, pavement structures can be susceptible to weakening during
the thawing period (normally during the spring but this can occur several
times during the winter months). To preclude accelerated pavement deteriora-
tion two possibilities exist:

(a) Apply load restrictions during the thawing (or critical) period.
(b) Design, construct, or otherwise modify the pavement structure to
prevent or reduce the thaw weakening phenomenon.
Due to budget constraints for many agencies faced with this problem, the only
choice is Item (a) above.

A review of the literature quickly reveals that few rational procedures
have been used to determine the magnitude of the load restrictions, when to
apply them and when to remove them. Therefore a need exists to develop
guidelines oriented toward local agencies to assist them in handling this
serious problem.

1.2 BACKGROUND

Frost action in soils can cause several detrimental effects. The effect
commonly addressed is that of frost heave. Less information is available on
an equally serious problem, that of loss in structural capacity. This loss
in strength occurs during the thaw period (usually late winter or early
spring) when the moisture content increases in the pavement layers. This
action is similar to the one due to the rise of the ground water table or
infiltration of moisture through a porous pavement surfacing or shoulder.
Whatever the cause, the presence of moisture levels in the subgrade above the
amount assumed for pavement design will reduce the strength (or stiffness) of
the various pavement layers. The same is true for most base and subbase
materials.



The majority of currently used design methods is based on empirical
studies of pavement behavior. The strength of the subgrade is usually
estimated at the equilibrium conditions of moisture and density after soaking
for several days (e.g., the CBR test). Empirical design methods based on the
above classification procedures cannot account for adverse subgrade condi-
tions caused by the thaw period or unusually high water tables, unless such
conditions were generally prevalent when the original empirical studies, on
which the methods are based, were conducted. This is because the methods are
based on the average subgrade conditions exhibited by the subgrade throughout
most of the pavement's life.

The damage to a pavement structure is directly related to the magnitude
and frequency of the load applied. This was clearly demonstrated by the
AASHO Road Test [1.1]. Subsequent studies of material behavior have demon-
strated that the fatigue and permanent deformation characteristics of many
materials depend on the magnitude and frequency of stress and strain levels
induced [1.2]. A majority of the state DOT's use the AASHTO Interim Guide
for Design of Pavement Structures [1.3] for designing their pavement thick-
nesses (or at Teast a portion of the AASHTO Guide). In designing a specific
pavement using this method the traffic is converted to equivalent 18,000 1b.
Toads for a given design period and for known or assumed material properties.
Any lowering of material strength or increase in the number of equivalent
18,000 1b. loads reduces the 1ife of the pavement. Thus, the method of
reducing loads when the strength of the pavement materials is reduced is a
reasonable way to maintain the design life and general serviceability of the
pavement. Hence, the need for load restrictions during critical pavement
periods. 4

Local and state highway agencies have a wide variety of practices for
imposing weight restrictions in advance of the "spring thaw.” Truck weight
enforcement programs adopted by the various agencies vary widely in terms of
the weight 1imits applied, the forms the restrictions take and their imple-
mentation. The decision of closing or opening a facility is largely deter-
mined by experience and sometimes political pressures. There is very little
definitive data to help in decision making, especially for secondary and




lower category highways even though these types of highways form the bulk of
county and city highway systems. The local governments generally have low to
modest maintenance budgets and normally cannot afford to overlay the pave-
ments after damage during the spring thaw. Therefore, a need exists to
develop criteria for the restriction of truck weights during the spring
thaw.

1.3 OBJECTIVES

The objective of the reported study was to develop guidelines for local
governments to use in establishing weight restrictions on county and city
pavements in advance of spring break-up. To achieve this objective the fol-
Towing was accomplished by the study team:

(a) conducted a literature search and summarized the findings,

(b) established contacts with various highway agencies and conducted

in-person interviews,

(c) used the available data from the literature and interviews and
analyzed them in order to develop load restriction magnitudes and
timing,

(d) developed guidelines which can be used by local agencies to assess
the need, magnitude, and time to apply and remove load restric-
tions, and

(e) developed a summary report and videotape presentation to be used
for implementation of the study findings.

1.4 REPORT ORGANIZATION

The report is organized into six chapters and seven appendices. The six
chapters are the following:

(a) Chapter 1.0 - Introduction

(b) Chapter 2.0
(c) Chapter 3.0
(d) Chapter 4.0
(e) Chapter 5.0
(f) Chapter 6.0

Literature Review

Survey of Current Practice
Analysis

Development of Guidelines

Conclusions and Recommendations






CHAPTER 2.0
LITERATURE REVIEW
2.1 INTRODUCTION

In areas where the ground is subject to freezing and thawing, flexible
pavements often experience extreme variations in bearing capacity. During
the spring, periods of “thaw weakening" occur, greatly reducing the bearing
capacity. Where pavements have not been adequately designed to substantially
reduce or eliminate the loss of strength occurring during thaw, considerable
damage may occur resulting in high maintenance costs. Many areas in the
United States, Canada and Europe have experienced these problems and have
resorted to imposing some form of load restrictions on particular classes of
roads in critical locations to minimize the damaging effects. ‘

This literature review deals with several subject areas related to the
use of load restrictions. Among these are current practices regarding load
restrictions in the United States, Canada and Europe. In addition, studies
related to pavement response during spring thawing are reviewed, including
methods for evaluating and predicting the pavement response. Since the
spring bearing capacity reductions which occur are due to climatological
effects, a review of the literature pertaining to the relationship of spring
thaw weakening and climate is also included.

2.2 LOAD RESTRICTION PRACTICES
2.2.1 CURRENT U.S. AND CANADIAN PRACTICES

The NCHRP Report No. 26 [2.1] contains a summary of the states and
Canadian provinces which, at that time, applied 1o0ad restrictions on some
classes of roads during spring thawing. The eighteen states and provinces
which reported using load restrictions are listed in Table 2.1. In addi-
tion, Quimont [2.2] reported that load restrictions are used extensively in
Quebec due to the severity of the freezing season.



Table 2.1. States and Provinces Applying Load Restrictions

as of 1874 (NCHRP Report No. 26).

State or Province

Comments Regarding Use of Restrictions

Alaska

. Alberta
British Columbia

Idaho
{liinois

Maine
Michigan
Minnesota

Montana

Nebraska

New Hampshire

North Dakota
Nova Scotia
Ontario

Quebec

Utah

Wisconsin

Wyoming

Older underdesigned roads

Selected roads
Limit spring deflection to <.05 mm

Experience dictates
Local agencies restrict some secondary roads

Inadequate roads >20 years old

Older roads

Only on incompleted stage constructed roads
Feeder roads

Limited to classes of roads other than
interstates and primary highways

Secondary roads, 75%+ normal loads

Weaker roads

Oilder inadequate roads

Occasionally




2.2.2 EUROPEAN PRACTICES

Several countries in Western Europe are in climatic zones where cyclic
freeze-thawing occurs. At the 1974 Symposium on Frost Action in Roads,
Finland [2.3] and France [2.4] reported the results of studies showing
variations in load carrying capacity with season. France reported imposing
load restrictions and reduced speed limits on certain classes of roads. In
1978 France implemented a program outlining procedures for imposing spring
use restrictions [2.5]. Temperature, weather trend data and frost depth
measurements are taken during freezing and thawing periods. In addition,
deflection measurements are taken during thawing and compared to reference
values. This is done on representative road sections in various locations
and restrictions are imposed based on the data obtained.

Norway reported imposing load restrictions when thawing depths reach 4
to 8 in. [2.6]. The amount of the reduction is based on deflection measure-
ments collected over several years throughout the country. The typical
reduction is 20 percent of the maximum allowable Toad. The duration of the
restriction is based on the total and “critical® frost depth, as shown in
Table 2.2. Typical load restriction durations by geographic location are
shown in Figure 2.1.

Several other Western European countries experience frost related pro-
blems including Sweden, Switzerland and West Germany. Kubler [2.7] reported
that load restrictions were used in West Germany starting in 1954, While all
of these countries report using various frost susceptibility measures in
designing their roads, information was not found related specifically to the
use of load restrictions.

2.3 STUDIES OF SPRING BEARING CAPACITY
2.3.1 EARLY U.S. STUDIES

Most authors point to the pioneering work of Taber [2.8], which identi-
fied frost heaving phenomenon and related thaw weakening, as the first step
of understanding the reduced bearing capacities of pavements in spring. The
first formal investigation in the U.S. of thaw weakening was undertaken by a
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committee formed at the 1948 Meeting of the Highway Research Board [2.9].
Regional and national maintenance engineers practicing in areas subject to
cyclic freeze-thaw had been aware for years of the detrimental effects of
heavy loads on roads during the spring and, as a result, prior to that time,
load restrictions had been in use. However, the degree of thaw weakening had
not been estimated quantitatively.

In 1947, field investigators in Minnesota using plate bearing tests
showed a loss of strength of up to 60 percent during thawing. Typically the
losses occurred nearly simultaneously with the beginning of thawing (Fig-
ure 2.2). Base and subgrade materials alike exhibited a loss of strength
during thawing based on plate test results (Figure 2.3). Based on this
information, nine states agreed to participate in an extensive field study of
thaw weakening. These states included Indiana, lowa, Michigan, New Hamp-
shire, New York, North Dakota, Ohio, Oregon and Minnesota. Nebraska subse-
quently submitted data over the study period. Test sites were typically
located in areas where load restrictions were currently in use with satisfac-
tory results, i.e., 1ittle pavement deterioration occurred during thawing.
Material profiles were identified at the test locations and samples of mate-
rials were examined in the laboratory to identify the dry density and mois-
ture content of the bases and subgrades. In addition, air temperature,
precipitation and ground temperature were measured in the vicinity of the
test locations. Plate tests, performed at various times during spring thaw-
ing and throughout the year, were used to measure deflections. In some
states, other deflection testing techniques were used including the North
Dakota Cone Bearing Test, the Housel Penetrometer Test, and the Subgrade
Resistance Test. :

Results from the participating states were published throughout the
study period [2.10, 2.11, 2.12, 2.13, 2.14]. Indiana reported that plate
tests showed spring bearing values that were 52 percent to 95 percent of the
previous fall values, with moisture contents in spring generally higher than
those in fall. In addition a tabulation of the results by soil type was also
presented [2.12]. Data from Oregon showed a definite trend in reduction of
bearing capacity in the spring, although results showed a wide variation

10
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[2.12, 2.13]. 1In general, the test period was quite mild with low frost
penetrations, often less than one foot. The data therefore were inconclu-
sive. Nebraska contributed data from approximately 160 sites using plate
load tests performed in 1952-53 [2.12]. Strength losses in spring varied
from 0 to 65 percent with an average value of 29 percent. A comparison of
the loss and recovery of strength for major soil groups is shown in Fig-
ure 2.4. Tests were performed in North Dakota from 1948 to 1951 to estimate
bearing values using the North Dakota Cone Device [2.11]. Average subgrade
bearing values for all tests sites were also estimated for each year and were
plotted against time. The results showed that the subgrade bearing value was
reduced by 43, 55 and 25 percent (relative to fall values) for the years of
1949, 1950 and 1951. Plate bearing tests were performed in studies conducted
in Iowa. The plates were located at the surface, top of the base course and
top of the subgrade. Overall, spring bearing losses varied from 16 to
62 percent of the corresponding fall value.

Studies continued in Minnesota in 1948 and 1949 using plate tests. The
results of 126 tests were recorded. The spring strength reduction ranged
from 15 to 84 percent of the fall value with an average of 42 percent.
Average strength values for all tests are plotted for the spring against time
and shown with the comparable thawing depth in Figure 2.5.

In addition, correlations between moisture content and bearing and/or
various meteorologic factors were considered in several of the studies.
However, no conclusive findings were forthcoming.

2.3.2 EARLY BENKELMAK BEAM STUDIES

Preus and Tomes [2.15] performed early work using the Benkelman Beam for
detecting seasonal changes in load carrying capacity. The approach taken was
to use the Benkelman Beam to obtain a deflection profile by moving the wheel
relative to the placement of the probe. Data was obtained on road sections
in Minnesota using this technique. Maximum deflection, initial rate of
deflection and flection were obtained (Figure 2.6). The results were plotted
against bearing capacity estimates obtained from plate bearing tests and
suggested that the critical parameter was flection when compared to autumn

13
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reference values. Estimates of strength loss by plate bearing measurements,
deflection measurements and rate of deflection showed reasonable agreement.

Armstrong and Csathy [2.16] suggested that older, flexible pavements in
Canada are generally susceptible to damage as a result of thaw weakening.
Benkelman Beam deflection data recorded throughout Canada suggested that
spring load-carrying capacity was reduced by 40 percent in Alberta, 50 per-
cent in Ontario and 30 to 60 percent in New Brunswick.

2.3.3 EARLY DYNAFLECT STUDIES

Early use of the Dynaflect to evaluate seasonal changes in the load
carrying capacity of flexible pavements was performed by Scrivner et al.
[2.12]. The measurements obtained and the typical deflection basin are
shown in Figures 2.7 and 2.8. Using the measured deflections, a surface
curvature index, SCI, can be obtained where:

SCI = W] - W2
d
M g2 se
dxZ  500a2
where:

a = distance between w1 and Wo

For all analysis in this study, *a" was assumed to be 12 inches.

Dynaflect measurements were taken on an average of once a week during
spring thawing at 24 test sites located in I11inois and Minnesota. A com-
parison of the critical period, as defined by this study, and the actual
restricted period is shown in Table 2.3. In general, the restricted period
was conservative compared to the critical period obtained from deflection and
SCI measurements. The maximum SCI and deflection measurements are shown in
Table 2.4. It was felt that, based on this information, SCI was a somewhat
better indicator for imposing load restrictions. Based on the wide range of
temperature conditions at test sections in this study, the authors felt that

the use of deflection and/or SCI measurements were most appropriate when the
following conditions were met:

17
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(a) a single distinct freezing period existed, and
(b) the freezing index was greater than 200°F days.
The recommended equation for estimating the "safe" spring load, based on a
normal SCI of 0.35 for an axle load of 18,000 1b is the following:
6.3

Lsafe (kips) =
max
Where the normal (summer) SCI is less than 0.35, the pavement should not
require any load restriction.

In addition, Benkelman Beam, Curvature Meter and Plate Bearing measure-
ments were obtained at different times throughout the year. The correlation
of Dynaflect deflection and measurements from the Benkelman Beam and plate
bearing test are shown in Figures 2.9 and 2.10.

2.3.4 FATIGUE BASED ANALYSIS OF THAW WEAKENING

Hardcastle and Lottman [2.18, 2.19] proposed an analytical method for
obtaining spring load 1imits based on the cumulative damage ratio:

p=ZINij
Ji Nij
where:

njj = actual number of applications of the ith 1oad while the pavement
is the jth condition, and
Nij = predicted number of applications to failure of the itP 1oad
while the pavement is in the jtP condition.
The fatigue pa. ameter used is the maximum tensile strain in the pavement
(Figure 2.11). Comparisons of damage for lbad limit policies A and B can be
made by:

ij A
J T
Da . Nyj
D

Nij

Load levels for spring were obtained using this approach by collecting field
samples of materials to measure elastic properties in the laboratory and
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performing a layered elastic analysis of the pavement system using computer
program CHEV5L. From the results (stress strains and deflections) obtained,
the spring load corresponding to the reference summer strain and deflection
conditions could be determined. These results were compared with measured
Benkelman Beam deflections with reasonable results. A comparison of spring
loads obtained using fatigue consumption to load levels predicted by the
NCHRP method [2.17] is shown in Table 2.5. The NCHRP method results in the
greatest load reduction, approximately 50 percent. Using fatigue consumption
further allows one to estimate the remaining service 1ife of a flexible
pavement for various choices of load level.

Connor [2.20] used a similar approach for estimating load reductions
based on spring deflection measurements and equivalent fatigue life. He
recommended comparing maximum spring deflections to acceptable pavement
deflection Tevels based on asphalt concrete thickness and traffic index
where summer reference deflections are unknown. The load level for an equiv-
alent fatigue life can be obtained from Figure 2.12 knowing the maximum
deflection in spring. Where summer deflections are known, this value can be
used to enter the graph in Figure 2.12.

Stubstad and Connor [2.21] have developed an extensive pavement monitor-
ing system using the Falling Weight Deflectometer (FWD) to be used in areas
where severe winter weather conditions exist and thaw weakening affects a
major portion of a road network. The FWD was selected 1in this study because
material properties can be realistically backcalculated from the deflection
basin data.

The configuration of loading and deflection measurements taken with the
FWD are shown in Figure 2.13. The range of thaw depth conditions, layer
thicknesses and modulus values assumed is shown in Table 2.6. From this,
using the Chevron N-layer computer program a solution table was developed for
about 350 cases or combinations of layer thicknesses, thaw depths, and resil-
ient properties. For each case the resulting deflection basin, the horizon-
tal tensile strain in the asphalt concrete and the vertical strain at the
surface of the thawed base was obtained.
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2 3 4 5 6 7
Distance from (mm) 0 200 300 450 650 900 1200
cenerofbad (in) 0 79 118 177 256 354 472

Figure 2.13. Falling Weight Deflectometer Load and Deflection Measurement
Configuration (after Stabstad and Connor, 1982)
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Table 2.6 Range of Pavement Structure Conditions
Assumed to Represent Alaskan Roadway Conditions

Layer Thickness (in.) E-value (psi)

Aspnalt 3/4 to 3 430,000 to 870,000
Concrete

Granular 12 3,500 to 65,000
Base

Subbase/ 59 11,000 to 22,000
Embankment

Subgrade Semi-infinite 7,000 to 15,000

A1l Frozen 1,500,000
Material

Note: The thaw depth below the asphait was varied from 2 inches

to (4 feet.
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For monitoring, the FWD was used to obtain deflection basins at various
stations along the road network. The data were input into the FROST program
which compared the measured deflection basin at each station with the deflec-
tion basins in the solution table. The best fit of the data was obtained and
the output gave the estimated depth of thaw, the adjusted center deflection
for the *summer® (no frost) condition and the damage indicator. For this
study the vertical strain at the top of the base course was assumed to be the
damage indicator. The information obtained from analyzing the FWD data in
the FROST program can be used to impose load restrictions and/or identify
specific locations in need of repair.

Lary et al., [2.22] performed an extensive investigation of spring
pavement bearing capacity in the State of Washington. The FWD was used to
monitor pavement response at six locations during an eighteen month period.
Field sampling and laboratory testing was performed for material identifica-
tion. Most material properties, in particular the resilient modulus, was
estimated using the measured deflection basins and backcalculation tech-
niques in the program BISDEF. By assuming a nonlinear elastic stress dis-
tribution and the material properties obtained in BISDEF, the vertical strain
at the top of the base and subgrade (Evb and €,¢), the tensile strain at
the bottom of the pavement (et), and the surface deflections (§) were
evaluated. Using summer strain and deflection levels as reference values,
load levels producing strains or deflections equivalent to the summer values
were obtained. This was done for tire sizes ranging from 8 - 22.5 to 16.5 -
22.5. Assuming that any one of the four parameters ( eyg, €yps €¢ OT 6 )
created a critical condition, the load level at which any one of these
quantities exceeded the summer value was defined as critical. For the six
sections analyzed, combining the most critical loading configuration and
fatigue parameter, spring load limits of 33 to 45 percent of the equivalent
summer loading configuration (i.e., a 55 to 67 percent load reduction) were
obtained. Based on a review of all loading cases and their likelihood, a
recommendation of a 60 percent reduction in loads during spring thaw weak-
ening was recommended.
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2.3.5 TEST ROAD STUDIES OF THAW WEAKENING

Studies on the loss of bearing capacity in spring have been performed on
instrumented test roads. Some of these were reported in the Symposium on
Bearing Capacity of Roads and Airfields in Trondheim, Norway, in 1982. These
studies primarily focused on improved understanding of the mechanisms of
frost heave and thaw weakening and their potential relationship. Kubo and
Sugawara [2.23] investigated the bearing capacities of subgrades, subbases
and bases using buried plates in the Bibi Test Road in Hokkaido, Japan. The
results suggest a range of spring bearing capacities of 65 to 85 percent of
normal values for all materials combined. This range of values is high
compared to most results obtained from U.S. studies.

The Vormsund Test Road in Norway has been extensively studied for frost
heave and bearing capacity during spring thaw by Nordal [2.24]. For this
purpose several different test profile sections were estab]ished. For most
sections, base and subbase materials were essentially the same. The sub-
grades were either silt or clay materials. Benkelman Beam deflection mea-
surements were obtained during thawing and compared to summer values. No
strong correlations of frost heaving and thaw weakening were found. Spring
strength reductions were on the order of 30 percent for the silt material and
70 percent for the clay based on measurements obtained over a period of
several years.

Dys1i [2.25] studied thaw weakening on a full scale test road in Switz-
erland under carefully controlled environmental conditions. Loading, temper-
ature and subgrade water level were maintained at specified levels in various
tests. SubgraJe and subbase densities, moisture contents and material
stiffness properties were carefully measured. Soil temperature was measured
at eight different depths. Vertical displacements were measured at nine
depths with'magnetic sensors. MWater contents were monitored with nucleo-
meters. A refrigeration system maintained temperature conditions and traffic
loads were simulated with a dynamic jack acting on two circular plates. By
varying environmental conditions, freeze-thaw cycles causing slight deforma-
tions up to punching failures could be reproduced. Dysli suggested that the
results indicate that rate of thaw plays an important role along with the
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permeability of the subbase and subgrade. Where punching failures had
occurred, an increase in pore pressures was observed prior to failure.

The results of a study performed by Esch [2.26] on 120 pavement sections
in Alaska showed a significant correlation between the maximum seasonal
deflection levels, obtained with a Benkelman Beam, and the percentage of
0.075 mm and 0.02 mm particles in the base and subbase, typically a quantity
used as an indicator of frost susceptibility. The fines content was obtained
at six depths in the pavements that were monitored in the study. Stress
levels due to a standard dual wheel load were obtained assuming a homogeneous
elastic material below the pavement with a Poisson's ratio of 0.25. For the
resulting vertical stress levels with depth, the critical fines content was
obtained, above which increased deflections in spring would occur. The
critical fines content was 6 percent (passing 0.075 mm) for depth ranging
from 0 to 6 in. The critical fines content increased for greater depth.

Johnson et al., [2.56] reported on the resilient modulus of a silt under
various thicknesses of asphalt concrete (for frozen, thawed and fully
recovered conditions). Both field and laboratory data was obtained to
examine this process. Based on field deflection data, they found resilient
moduli for this specific silt soil as Tow as 290 psi during the critical thaw
period and as high as 14,500 psi when fully recovered (thus a loss in
stiffness of 98 percent when compared to summer conditions). Further, the
resilient modulus of the silt when frozen ranged from a low of 20,300 to
40,600 psi and a high exceeding 200,000 psi (the resilient modulus of the
frozen silt being a function of temperature and water content).

2.4 THERMAL CONSIDERATIONS

2.4.1 INTRODUCTION

Soil properties, specifically structure, particle size, pore size and to
a lesser extent surface chemistry, are largely responsible for the nature of
the ice present in a frozen soil. In addition, and of equal significance,
are the environmental factors controlling the degree, rate and history of
freezing and thawing occurring in a particular season. Many studies of thaw
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weakening have focused on identifying climatic conditions and freezing
depths, seeking relationships with the degree of thaw weakening.

While no evidence has been found to suggest that depth of frost penetra-
tion is an indicator of the severity of thaw weakening, the amount of frozen
ground present suggests the potential for spring bearing strength loss. In
addition, in order to study the pavement response in spring, the extent of
frozen and thawed states must be known.

In 1929, at the Ninth Annual Meeting of the Highway Research Board
[2.27], F.H. Eno outlined the importance of climate on

(a) drainage,

(b) subgrade and surface stability, and

(c) load restrictions.
The concept of duration of subfreezing temperatures as a critical index for
frost related pavement problems was introduced by Bouyoucos and Petit. From
this, Sourwine produced the first mapping of the critical index line for the
United States in 1930. From the time of the work of Eno and Taber [2.8]
until the 1950's, numerous studies were performed investigating the relation-
ship of several climatic factors related to thaw weakening. However, no
conclusive correlations were forthcoming. It was suggested by Crawford and
Boyd [2.27] and later echoed by Kubler [2.7, 2.28] that rate of accumulation
of the freezing and or thawing index is significant in the severity of thaw
weakening. Kubler's conclusions were based on an extensive study of
climatological data collected in West Germany from 1952 to 1957.

2.4.2 DEVELOPMENT OF A ONE-DIMENSIONAL MODEL FOR GROUND FREEZING
2.4.2.1 SINGLL LAYER MODELS

In 1860, Neumann presented the first solution for the one dimensional
advance of a freezing front due to a step increase in surface temperature in
a homogeneous soil. This solution can be found in Carlslaw and Jaeger
[2.29]. The solution is of the form:

X =0 th
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where:

depth of freezing,

duration of the freezing period, and

constant which is a function of several soil and temperature
parameters.

An approximate solution for this problem was proposed by Stefan in 1890,
assuming a 1inear temperature distribution in the zone above the freezing
front, and neglecting the temperature profile in the unfrozen zone. This
solution becomes:

2keTot 2
L

where:
kf = thermal conductivity of frozen soil,
Tg = applied constant temperature,
t = duration of freezing period, and
L = soil latent heat of fusion.

While the Stefan equation was considerably easier to solve, the resulting
calculated freezing depths were typically greater than measured values.

Aldrich and Paynter [2.30] obtained a solution, which closely approxi-
mated the Neumann solution upon which it is based, by introducing dimension-
less parameters® , M and » and making some slight approximations in the
transcendental equation in the Neumann solution so that it could be solved
digitally. The value necessary for the solution is presented in a nomo-
graph form. This solution is called the Modified Berggren solution and is
expressed as:

- [48 Kayg N FI]*%

L

where:
ku + kg
kavg = — in Btu/ft°F hr,
n = surface temperature coefficient, and
FI = air freezing index, (°F-days).

A1l other terms have been defined previously.
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2.4.2.2 MULTILAYER MODELS

This solution was expanded by Aldrich [2.31] to include any number of
layers of different materials. The equation for the depth of freezing for
multilayer modified Berggren becomes:

where:

ﬁj eff = ratio of the effective thermal properties for an n-layer

system
Olerr = =3 [ (1Lt Lydgr ...+ Ldy) +2 (2292 4 g+ .00 Lay)
k'e X¢ "kp 2 kp 2

d L dp

'En( T3]

In addition, the value of X is determined by using weighted values of C and L
to evaluate the fusion parameter 1y,

where:
_ cldl + Czdz + ... + Cndn
cwt o X
_Lydy + Lodp + ... + Lpdy
Lwt - X
where:

C = volumetric heat capacity.

A multilayer Stefan solution was proposed by Kersten and Carlson [2.32]
which follows the same assumptions as the single-layer Stefan solution. The
solution proceeds by requiring that heat flow be balanced at the layer inter-
faces. This approach yields the following equations:

for Layer 1: F} & —o——
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where:
F] = the number of °F-days required to freeze layer 1

- Lnhn (hn-l + hn)

for Layer n: Fn 26 kg 2K
n- n

The Stefan and Berggren solutions are by far the most widely used
methods for estimating depth of freezing or thawing. Several similar
approaches have been proposed throughout the early to mid 1900's. The reader
is referred to an excellent literature summary by Moulton [2.33] for a
thorough treatment of this topic.

2.4.3 EVALUATION OF THERMAL PROPERTIES

Three thermal properties, conductivity, volumetric specific heat and
latent heat, are required to evaluate the equations outlined above or to
perform any ground heat transfer analysis where freezing occurs. Latent heat
and specific heat can be measured using calorimetric techniques. Thermal
conductivity can only be evaluated indirectly by measuring temperature dif-
ferences resulting from controlled heat flow in the medium where boundary
conditions conform to some known analytic solution.

For engineering purposes, these properties are rarely measured. For
soils, they are primarily functions of the dry density (yd) and the moisture
content (w). Typically, estimates for ground thermal properties are made
using the following equations:

(a) Latent heat:

L = (144 Btu/1b)Y 4 w (Btu/ft3)

(b) Volumetric specific heat:

Unfrozen soil
Cy = vgq4 (0.17 + 1.0 706 ) (Btu/ft3)
Frozen soil

W
Cs = v 4 (0.17 + 0.5 799 ) (Btu/ft3)

The equations for thermal conductivity of soils most frequently used
were developed by Kersten (2.34). They are the following:
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(c) Thermal conductivity:
Unfrozen soil:
Fine-grained: ky = (0.9 logqgw - 0.2)100-01Yd ()

Coarse-grained: ky = (0.7 Togygw + 0.4)100-01Yd (y)

Frozen soil:
Fine-grained: k

Coarse-grained: . 0.076(10)0-013vd 0.032(10)0-0146vd

2.4.4 EVALUATION OF THE “"n® FACTOR

Lunardini [2.35] discusses the necessity of observing the precise defin-
ition of the n factor used in the Stefan and Berggren solutions:
_ Surface FI
" Rir FI

It should be obtained from temperatures measured above the ground surface
level (typically four feet) and on a particular surface type and not "back-
calculated" from a particular heat transfer solution such as Modified Berg-
gren. The n-factor, as it appears in the Stefan and Berggren equations, is
intended to be representative only of surface effects.

Kersten and Johnson [2.36] suggest an n-factor for freezing of 0.8 for
Minnesota pavements. This, however, is based on comparing measured and
predicted freezing depths. Argue and Denyes [2.37] reported the comparison
of air freezing index and surface freezing index based on the measured values
of the frost depth compared to calculated values using a Modified Berggren
approach, which is not in strict adherence with the definition. The results,
shown in Figur 2 2.14 for cleared asphalt surfaces, show decreasing n with
decreasing FI. Using an n-factor from Figure 2.14 and the specific layer
properties, the Modified Berggren equation predicted frost depths within a
standard error of seven inches when compared to the measured depths.

An extensive study of climatological factors related to frost action was
performed in Pennsylvania from 1969 to 1976 and reported by Hoffman et al.
[2.38]. Fourteen sites throughout the state were instrumented with thermo-
couples to collect ground temperature data. Surface and air temperatures
were compared at all sites to estimate n-factors. The average value of n for
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Figure 2.14. Freezing Index Surface/Air Correction Factor versus
Air Freezing Index (after Argue and Denyes, 1974)
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the eight years of data collection at all sites ranged from 0.25 to 0.51.
The n-factor was found to increase with increasing air freezing index for the
Pennsylvania data. The regression line obtained for the data was:

68.0596
AFI

n = 0.6106 -

where:
AFI = air freezing index

Surface and air temperatures were recorded during freezing seasons in
New Jersey from 1975 to 1977 at three different locations (report by Berg
[2.39]). The freezing season duration, air freezing index and n-factors are
shown in Table 2.7.

2.4.5 MEASUREMENT AND PREDICTION OF FROST DEPTH

Early estimates of frost penetration beneath pavements were made by
Kersten and Johnson [2.36] using the layered Stefan solution. Estimates
based on this technique were compared to field measurements made at nine
sites near Minneapolis in 1953-54. At each location studied, the soil was
sampled to a depth of eight feet and moisture contents were determined every
six inches. Dry densities for the samples were evaluated using approximate
methods. Air temperatures were measured in the region of the test sites as
U.S. Weather Service temperature data was also collected. The depth of
freezing was determined from borings done every two to three weeks.

From 1964 to 1971, 38 airports throughout Canada were instrumented with
Gandahl type f ost depth indicators (Argue and Denyes, [2.37]). These were
installed beneath pavement surfaces kept clear of snow. Temperatures were
measured at all locations and after the start of freezing the air freezing
index was tabulated. The data obtained for measured freezing depth and air
freezing index is shown in Figure 2.15.

Several of the quantities used in the Modified Berggren and Stefan
equations are difficult to estimate precisely, in particular, n-factors,
thermal conductivity and latent heat during freezing. The sensitivity of the
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Figure 2.15. Depth of Frost Penetration versus Air Freezing Index,
Canadian Pavements (after Argue and Denyes, 1974)
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frost depth determined from Modified Berggren to these quantities was studied
by Berg and McGaw [2.40] and Berg [2.39] for New Jersey soils.

In their work, Berg and McGaw [2.40] measured freezing depths at 30
sites in New Jersey and Modified Berggren estimates were compared to measured
values. Typically, the measured values of frost penetration exceeded the
predicted frost depth by a large amount. To investigate the sensitivity of
the analytical solution to changes in some thermal properties which are
difficult to identify, variations in water content in frozen and unfrozen
soil were considered in estimations of thermal conductivity and latent heat
of fusion. Using the results of Lovell [2.41] an estimate was made of the
amount of unfrozen water present in the frozen soil by soil type. In addi-
tion, some adjustments in the Kersten thermal conductivity values for
granular soils were made to account for the percentage of fines in the soil.
In general, improved results were obtained when including these effects;
however, in all cases, the freezing index and n-factor were subject to some
uncertainty as well so that no strong conclusions could be made. Also, in
some instances, improved results were found when using the ground temperature
immediately before freezing instead of the mean annual temperature.

In a study of Pennsylvania pavements (Hoffman [2.38]), an extensive
material characterization and thermal instrumentation was performed. Mois-
ture content, dry densities, gradation analyses and Atterberg 1imits were
estimated at several levels in a pavement profile. In addition, temperatures
in the ground were measured at several elevations with thermocouples. The
sites were monitored on a monthly basis during the freezing period. In
addition, surface heave and deflection measurements were taken. Air
temperature and precipitation data was collected from the local weather
service station.

This data was used for several purposes. Estimates of depths of freez-
ing were compared to predictions using the Corps of Engineers frost depth
measurement procedure. Their findings suggest that frost depth at these
sites was a function of the air freezing index (Figure 2.16). An excellent
comparison was found using this very simple technique with the Pennsylvania
data. In addition, an extensive study of the Modified Berggren equation was
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performed. The actual average ground temperature at the beginning of the
freezing season was used in the analysis. In addition, thermal properties
based on measured moisture contents were used. Air and pavement freezing
indices obtained from measurements were used in separate analyses using the
Modified Berggren equation. The best comparison between measured and pre-
dicted frost depth penetration was obtained using the air freezing index, the
unfrozen moisture content and calculated thermal conductivity. The results
for both analyses are tabulated in Tables 2.8 and 2.9.

Chisholm and Phang [2.42] measured frost penetration at 62 locations in
Ontario, Canada, between 1970 and 1975 using frost tubes. Using air tempera-
ture data collected at nearby weather stations a correlation equation was
established from a regression of the penetration depth, P, and the air freez-
ing index, F, in °C-days where:

P = - 0.328 + 0.0578 [F]*

Many of the studies mentiored considered the possibility of a relation-
ship between freezing index or freezing depth and maximum spring thaw deflec-
tions. There is, as yet, no strong evidence to suggest that these variables
are correlated.

2.4.6 MEASUREMENT AND PREDICTION OF THAW DEPTH AND THAW WEAKENING

2.4.6.1 PREDICTIONS OF THAW DEPTH

The analytical techniques for evaluating thawing depth are the same as
those used for freezing depth. A major source of uncertainty is the surface
coefficient, or n-factor, which for a given location and surface type is most
definitely different for freezing and thawing. Several references noted in
earlier sections have focused or the estimation of freezing depths and cor-
responding n-factors. Little research was found on the associated thawing
problem.

Early investigations of thawing were performed in Minnesota by Korfhage
(2.43). Six field sites were instrumented with copper-constantan thermo-
couple strings to observe the advancement of the thaw plane. Field measure-
ments of thawing were compared with estimates using the Stefan equation with
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thermal conductivity values calculated using their Kersten equations. From
this comparison Korfhage estimated surface n-factors and base temperatures
used in computing degree-days of thaw. He concluded that a base temperature
of 32°F for fine grained soils and 29°F for coarse grained soils should be
used in the Stefan equation. In addition a surface correction factor, vary-
ing from 1.7 to 2.7 for fine-grained soils and 1.2 to 2.0 for coarse-grained
soils was suggested by the results.

Argue and Denyes [2.37] collected thaw penetration data on cleared
gravel runways from permafrost areas in Northern Canada. The data summary is
shown in Figure 2.17. In addition, thaw depths were established in several
locations by soundings. Based on the combined data set, an upper limit for
the thaw depth as a function of thawing index (Figure 2.18) was established
as:

x = 1.85 [1]%
where:
I = thawing index

2.4.6.2 THAW DEPTH AND THAW WEAKENING

Relationships between thaw depth and maximum spring deflections have
been suggested by Connor [2.20]. Based on Benkelman Beam deflection data
collected in Alaska, it was found that most road sections reached about one
half the peak spring deflection level when the thaw depth reached about one
foot. Peak deflections generally occurred when the thaw depth reached two to
four feet below the pavement layer. In addition, it was noted that peak
deflections often occurred very soon after average daily temperatures rose
above 32°F. For five of seven sections studied, average daily air tempera-
tures had been above 32°F for only four days and the average air thawing
index was 31°F days.

In a study of Washington pavements, Lary et al. [2.22], found that the
pavements studied reached a critical condition when the thawing index was
approximately 30°F-days.
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Figure 2.17. Maximum Thaw Penetration in Gravel-Surfaced Runways
on Permafrost in Northern Canada (after Argue and Denyes, 1974)
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2.4.7 NUMERICAL METHODS FOR GROUND THERMAL ANALYSIS

Several heat transfer models have been used to evaluate frost penetra-
tion. Dempsey and Thompson [2.44] used a one-dimensional forward finite
difference model for multilayer pavement thermal response. The surface
energy balance equation considered the effects of short and long wave
radiation, convection and air temperature. Comparisons of measured and
predicted temperatures were made only at shallow depths (3 to 6 in.) in
composite laboratory specimens. These results showed good agreement. The
authors state that these results suggest that the surface modelling is ade-
quate and accurate estimates of subsurface thermal properties would produce
good comparisons at any depth.

Thomas and Tart [2.45] proposed using a two-dimensional finite element
simulation of heat flow in soils to predict freezing and thawing. In con-
trast to Dempsey and Thompson, little emphasis was placed on surface effects
and greater emphasis was placed on modelling the phase change effects. This
was accomplished by using temperature dependent heat capacity functions to
model latent heat. Large increases in specific heat (equal to latent heat)
were specified over a temperature range at the freezing point of the mate-
rial. The program used was DOT (Determination of Temperature) developed at
Berkeley by Polinka and Wilson [2.46]. Several more sophisticated multi-
dimensional finite element heat transfer programs are available that offer
several model options (modes of heat generation and dissipation).

Chisholm and Phang [2.42] used a finite difference heat transfer model
with stepwise insertion of weather data to predict frost depth and ground
temperature conditions. The surface energy balance was obtained by consider-
ing solar radiation, cloud cover, air temperature, wind speed, atmospheric
pressure, albedo and surface aerodynamic roughness. Using this approach a
surface temperature can be obtained for input into the flow equations in the
ground.

Two sites were specially instrumented to compare model predictions with
field temperature conditions. Observed and predicted frost lines through the
freezing and thawing season are shown in Figure 2.19. The freezing depths
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show reasonable agreement. Thaw lines, however, are not well predicted by
the model.

Goering and Zarling [2.47] have developed a two dimensional, finite
element, ground heat transfer model that runs on an IBM-PC or XT. A sinu-
soidally varying annual surface temperature function can be used. In addi-
tion, convective heat transfer at the ground surface can be modelled as well
as radiant heat in the form of a heat flux. The latent heat of fusion is
modelled using the Dirac delta function in the formulation of the global heat
capacity matrix.

2.4.8 MODELLING GROUND SURFACE EFFECTS

In addition to heat being transferred at the ground surface by conduc-
tion, convection and radiation play an important role in the surface energy
balance. Convective heat transfer at the ground surface is primarily due to
air movement across the interface. The radiant heat is a combination of
atmospheric short and long wave radiation and long wave radiation emitted
from the earth's surface. The energy balance can be written as:

Qconp + Qconv + Qrsn + Qren = 0

The various sources of heat interacting at the ground surface are shown
schematically in Figure 2.20.

2.4.8.1 SHORT WAVE RADIATION

Theoretically, direct, clear sky, short wave radiation is a function of
latitude and solar declination. The available daily direct short wave radia-
tion on a horizontal surface for a transparent atmosphere is given by
(Lunardini [2.35]):

180 - H sin H
Qrg =60 x 24S 6—-—156—§B'cos HsR + ——3R) coss coso
m

where:

Qps = direct short wave radiation heat flux, in langleys/day
S = solar constant, in langleys/minute

Hgp = hour angle at sunrise
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Figure 2.20. Heat Transfer between Pavement Surface and Air (after Dempsey and Thompson, 1970).
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S solar declination angle, and
) Tatitude.
Actual atmospheric conditions which include particulate matter, water vapor
and clouds cause scattering, reflection and absorption of the short wave
radiation emitted from the sun. Also, the distance between the sun and the
earth varies throughout the year, altering the intensity of radiation. These
factors are accounted for with empirically derived constants and function
incorporated in the equation given above.
The effect of the distance between the sun and the earth on the value of

the solar constant used in the equation is accounted for by the following:
il
S = Sm (;‘—) ,and

r
— =1 - 1.6733 x 10-2 ¢os(0.9856D)
'm
where:
Sp = 1.99 langleys/min., the mean solar constant,

rm = the mean earth/sun distance, and

D = days elapsed since December 31.
Two constants, A and B, are introduced to account for wave attenuation due to
scattering and absorption and dust attenuation. The precise form of the
expressions for estimating A and B varies with researchers. The B value
reflects surface albedo and attenuation characteristics which are primarily
due to the preciptable water vapor and the optical air mass. The cosntant A
primarily accounts for the particulate matter present in the atmosphere.

In addition, corrections are made for the amount of cloud cover present,
which significantly affects the amount of short wave radiation reaching the
earth's surface. Several empirical expressions have been derived (see
[2.35]). Some of the differences in expressions are a result of the period
over which the cloud cover is being estimated, daily or monthly. The follow-
ing equation includes the considerations noted above, solar distance, atten-
uation and cloud cover in its formulation:

) ml 180 - Hgp sin Hop
Qgs = (1 - 0.67C5?) 2865.6 AB (—) cos8 cos ¢ (——z-—>cos Hsp ¥ ———)
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where:

Cs = the average daily cloud cover during daylight hours.

This expression estimates the net incoming direct and diffuse daily short
wave radiation. Surface albedo or reflexivity results in some of the incom-
ing heat being reflected back to the atmosphere. Therefore, the net heat
flux transmitted to the ground at the surface becomes:

Qrsy = (1 - ag) Qrsc
where:

ag = surface short wave reflexivity

2.4.8.2 LONG WAVE RADIATION

Long wave radiation is emitted by the earth's surface and the atmos-~
phere. Long wave radiation from the earth can be expressed as:
QpiE = 0 eeTe
where:
o = 1.714 x 109 Btu/hr ft2 OR4, the Stefan-Boltzmann constant,
€e = long wave emissivity of the surface, and

Te = surface temperature, in OR

Similarly, long wave atmospheric radiation can be written as:

QRLa = © EaTa4
where:

€3 = long wave emissivity of the atmosphere, which is a function of water
vapor pressure and temperature, and
v

a = air teaperature at reference level, in OR

An empirical relationship obtained by Swinbank gives:
£a = 0.398x107°T 2.148
where:

T. = air temperature, in 9K

The net clear sky outgoing long wave radiation becomes:
Qpuo = © €eTe4 - %f EaTa4
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For long wave radiation, the absorptivity is approximately equal to the
emissivity or

An additional simplifying assumption is that
Ts =Ty

Incorporating these assumptions, the resulting equation for net clear sky
outgoing long wave radiation becomes:

_ 4
QLo = UEeTa (]'ea)

The net outgoing long wave radiation will be reduced by cloud cover. A
simple approximate empirical relation based on results of several researchers
is proposed in Lunardini [2.35] as:

Qren = (1 - 0.8C¢)QrLo

where:
Ce = the net 24 hour cloud cover.

2.4.8.3 CONVECTIVE SURFACE HEAT TRANSFER

The convective portion of the surface heat balance is due primarily to
air movement and can be calculated from the following equation:

Qcony = h(Tg - Ty)

where:
h = convective heat transfer coefficient, in Btu/hr ft2 OF
T = surface temperature, in OF

T, = air temperature, in OF

The convective process is very complex, particularly at times when
temperature conditions cause air stratification which affects the natural
convection process (Miller [2.48]). Convection coefficients describing
convective heat transfer primarily due to the movement of fluid across a
surface of particular roughness characteristics are applicable when solar and
long wave radiation are at moderate levels, creating neutrally stable air
conditions. The convective coefficient for forced convection is affected by
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windspeed, surface roughness and orientation of the surface to the direction
of air flow on the ground surface.

Duffie and Beckman [2.49] report the results of various researchers for
estimating convective coefficients on horizontal plates. McAdams reports a
convective coefficient of:

h=25.7 + 3.8y

where:
h = convective coefficient, in W/mZ OC
V = wind speed, in m/s

Vehrencamp [2.50] developed an empirical formula for a convective coef-
ficient from data obtained on a dry packed lake bed. The coefficient is

given by:
h = 122.93[0.00144T,0-3y0.7 + 0.00097(T, - T,)0-3]
where:
h = convective coefficient, in Btu/hr ftZ Of
Tg = surface temperature, in OC
Ty = air temperature, in OC

-
3
L]

273.0 + (Tg + T4)/2, in OK
2.5 LOADING CONFIGURATIONS ON FLEXIBLE PAVEMENTS
2.5.1 INTRODUCTION

Typically in the U.S., legal load levels for roads have been established
by states and the federal government. These load levels are designated by
maximum allowable axle loads and maximum allowable load per inch width of
tire. The majority of states imposes an 18 or 20 kip axle load limit.
Allowable tire loads range from 450 to 800 1bs per inch width. A wide
variety of tire sizes, typically ranging from 8 to 18 inch widths, a variety
of tire configurations, single or dual, and multiple axle arrangements,
create an extensive number of potential loading cases to be considered in a
pavement analysis.
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2.5.2 SINGLE AND DUAL TIRES

Mahoney [2.53] studied the response of flexible pavement to five single
tire widths and 10 inch dual tires. The pavements studied ranged from 2 to 9
in. of asphalt concrete over an aggregate base. The analysis was performed
using layered elastic theory programs. The analysis compared the damaging
effects of the various tire sizes and configurations using the horizontal
tensile strain as the fatigue criteria. Example results are shown in Table
2.10. The results are normalized with respect to the 10 inch dual tire
configuration with an 18,000 1b. axle load. For the pavement cases con-
sidered, the single tires presented more damaging effects than dual tires for
the same axle load. In a survey conducted in conjunction with this research,
it was found that over 90 percent of the trucks had dual tires, with an
average inflation pressure of 95 psi.

2.5.3 SINGLE AND MULTIPLE AXLES

The surface courses of pavement structures in Alaska are typically less
than 3 inches. Base and subbase courses combined are typically about
12 inches thick. Johnson [2.54] studied the effects of multiple axle config-
urations on these relatively thin pavements. Falling Weight Deflectometer
measurements on four pavement sections were taken. The resilient moduli for
the four layers in the pavement structure were evaluated using reverse itera-
tive techniques. The tensile strains for multiple axle loadings could then
be evaluated for each pavement type. It was found that for average strength
Alaskan pavements, multiple axles had damage factors twice as large as single
axle configurations with the same load. The comparative damage factor was
calculated as:

CDF = N,/NL
where:

N, = number of 18 kip single axle dual wheel loads to failure on a
standard pavement, and

N

number of multiple axle dual wheel loads with total axle group load
TL on a given pavement.
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From the results of this study, the following is obtained:
CDFy = 3.5 x 10-10 (.I_L_)Z-ZZ n

where:
n = number of equally loaded dual wheel axles.

Similar results were found in a study by Haven and Southgate [2.55]
comparing trailers with tandem axles and three axles. In addition, it was
found that the most damaging effects occurred when weight on the front
‘steering axle was increased.

2.6 LITERATURE REVIEW SUMMARY

The Titerature reviewed showed a number of studies which attempted to
quantify the loss in pavement strength during the spring thaw. A number of
the field studies showed cliearly the loss in bearing capacity during this
period. Further, these same studies revealed that the primary loss in
pavement strength occurs in the subgrade and unstabilized base courses.
Laboratory studies have been conducted to simulate the freeze-thaw process
and obtain the magnitude of strength loss for various subgrade soils. These
laboratory studies cempared reasonably well with field studies using
deflection equipment.

Field and theoretical studies had determined the depth of freezing and
the duration of the freezing period. These studies and models (or variations
thereof) can be used to determine the rate of advance of the thawing front.
This in turn can be used to estimate the length of the critical period
starting from the onset of thawing to complete thaw.

The Titerature reviewed, however, is short on methods used to deal with
the problem of spring thaw. There are few studies on methods used to
determine the magnitude of spring load restriction. Of the studies that
exist, none had been fully adoptaed by any local or state agency. Little
Titerature existed on methods used to determine the length of the critical
thaw period. Nothing was found also on enforcement of load restrictions
where these have been applied.
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CHAPTER 3.0
SURVEY OF CURRENT PRACTICE

3.1 INTRODUCTION

This chapter summarizes the results of contacts and visits with selected
agencies throughout the United States and Canada. The purpose of the con-
tacts was to assess the following:

(a) types of pavement failures associated with spring thaw,

(b) types of facilities requiring weight restriction during the spring

thaw period,

(c) the intended purpose of weight restriction and how such policies

were developed and implemented,

(d) cost benefit analysis of weight 1imit enforcement on a specific

facility (if available data existed), and

(e) 1legal aspects of truck weights limits.

3.2 SURVEY INTERVIEW TECHNIQUES

To collect the needed information, three survey techniques were used and
will be individually described.

3.2.1 INITIAL INFORMATION REQUEST

In November 1984, the request form given in Figure 3.1 was sent to 38
state agencies and Canadian provinces. This initial survey was used to
identify those agencies which were then involved with load restrictions.

3.2.2 INTERVIEWS

Selected agencies with considerable experience with spring load restric-
tions were visited to obtain first hand their experiences with spring load
restrictions. The form given in Appendix E was used by the project staff to
collect the needed data.
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INFORMATION REQUEST

1. ARE LOAD RESTRICTIONS PLACED ON ANY ROADS IN YOUR STATE DURING SPRING
THAWING?

Yes No

e —————a—

2. HOW ARE LOAD RESTRICTIONS DETERMINED?
ANALYSIS EXPERIENCE OTHER (describe briefly)

3. DOES THE STATE HAVE GUIDELINES OR LEGISLATIONS WHICH ADDRESS THIS
ISSUE?

Yes No (If ves, please enclose copy)

e e s

4. ARE THERE SPECIFIC DISTRICTS OR COUNTIES WITHIN YOUR STATE WHERE LOAD
RESRICTIONS ARE IMPOSED?

Yes No (If yes, can you identify these and
possibly Tist a contact in these
locations?)

ADDITIONAL COMMENTS, INFORMATION, PERTINENT REFERENCE MATERIAL REGARDING
THIS SUBJECT WOULD BE GREATLY APPRECIATED.

Thank you very much for your time and assistance.

Return address: Dr. Joe P. Mahoney
Department of Civil Engineering
121 More Hall, FX-10
University of Washington
Seattle, WA 98195

Figure 3.1 Initial Information Request Form
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3.2.3 FOLLOW-UP REQUESTS

Some agencies were sent the interview form given in Appendix E to obtain
information on their experiences with spring load restrictions (i.e. an
on-site interview was not conducted). The results of the surveys are given
in the following sections.

3.3 INITIAL INFORMATION REQUEST TO STATE DOT'S

Table 3.1 summarizes the results of the initial information request.
The major findings include the following:

(a) Sixteen of the 33 states and four of the five Canadian provinces
responding indicated they did impose load restrictions.

(b) Four of the states and three of the Canadian provinces indicated
that their load restrictions were based on analysis. The remaining
agencies established their load restriction policies on experience.

(c) Thirteen of the states and four of the Canadian provinces indicated
their agency had guidelines and/or legislation establishing load
restrictions.

Based on the results of this preliminary information request, the following
state DOT's were selected for follow-up contact:

VISITS FOLLOW-UP INFORMATION REQUEST
Iowa DOT Alaska DOT/PF

Minnesota DOT Idaho DOT

New Hampshire DOT Maine DOT

Oregon DOT Montana DOT

Washington DOT North Dakota DOT

Nova Scotia DOT
South Dakota DOT
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Table 3.1

Summary of Information Request to State and Province
DOT's Regarding Current Load Restriction Practices

State or Province

Load Restrictions
During Spring

How Load Restrictions
are Determined

Does State have Guidelines
or Legislation Establishing
Spring Load Restrictions

Yes

No No Reply

Analysis Experience

Yes

Mo

Alaska

X

X

California

Colorado

Connecticut

Delaware

>< | 3¢ >

Idaho

I11inois

Indiana

Towa

€ [ {3

< B I o

Kansas

Maine

>< < 123 >

Maryland

Massachusetts

<[>

Michigan

Minnesota

> e
><

Missouri

Montana

Nebraska

><

New Hampshire

> >e] >3

>2] > >

New Jersey

New Mexico

New York

North Dakota

Chio

> D> >

Oregon

Pennsylvania

Rhode Island

South Dakota

Texas

Vermont

Washington

>

Wisconsin

Wyoming

Alberta

New Brunswick

Nova Scotia

Ontario

33 >

Saskatchewan

> >3 ||
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3.4 RESULTS OF INTERVIEWS AND FOLLOW-UP REQUESTS

Detailed information on load restrictions was solicited from the agen-
cies identified above. Personal interviews were conducted in five states
with a total of twelve agencies (Table 3.2). Follow-up questionnaires were
obtained from six states and one Canadian Province (Table 3.3). This section
describes the results of this effort.

Each agency was asked questions dealing with:

(a) development of load restrictions,

(b) types of highways receiving load restrictions,

(c) design information for roads receiving load restrictions,
(d) criteria for imposing load restrictions, and

(e) enforcement methods.

The detailed interview form is given in Appendix E. Responses to each of the
above topic areas are summarized in Tables 3.4 through 3.8.

3.4.1 DEVELOPMENT OF GUIDELINES

Specific questions dealing with (a) types of pavement failure associated
with spring thaw, (b) extent of the problems, and (c) procedures used for
determining locations for load restrictions were asked of all agencies
(state, county, and city). The results given in Table 3.4 indicate:

(a) The predominant types of pavement failure included alligator crack-
ing, rutting, frost boils, and potholes.

(b) The extent of the problem varied from very little to agency-wide,
and predominantly on low volume roads.

(c) The locations for load restrictions were based on past experience
and/or surface deflection. For some of the smaller agencies, the
restrictions were placed on all roads.
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Table 3.2 Agencies Interviewed

State Agency Contact
Iowa Department of Transportation | Charles L. Huisman
Ames, IA
Minnesota Department of Transportation George Cochoran

New Hampshire

Oregon

Washington

City of Maple Grove
Maple Grove, MN

Wright County
Buffalo, MN

Anoka County
Anoka, MN

Dept. of Public Works and Hwy
Lebanon, NH

CRREL
Hanover, NH

Department of Transportation
Salem, OR

Benton County
Corvallis, OR

Department of Transportation
Olympia, WA

Benton County
Prosser, WA

Gerald E. Butcher

W. Fingalson

Paul Roode

Dick Heath

T. Johnson

John Sheldrake

James Blair

N. Jackson

J. McAuliff
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Table 3.3 Follow-up Requests

State Agency Contact

Alaska Department of Transportation Dave Esch
and Public Facilities
Fairbanks, AK

Idaho Department of Transportation James W. Hill

Boise, ID
Maine Department of Transportation Richard Schofield

Augusta, ME

Montana Department of Highways Richard Wegner
Helena, MT

North Dakota Highway Department Stanley Haas
Bismark, ND

Nova Scotia Department of Transportation D.C. Pugsley
Halifax, NS

South Dokata Department of Transportation James R. Anton
Pierre, SD
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Table 3.4

Development of Guidelines for
Spring Load Restrictions

Types of Pavement

How are Locations for

Location Failure Associated Extent of Problem Load Restrictions
with Spring Thaw Determined?
: . FWD, visual observations,
Alaska DOT alllgﬁsorf$;2§k;g?is Statewide measurements of thaw
i depth, experience
Idaho DOT Egggd:ﬁlggéedeep 15% of system Experience
; Selected by district
Iowa DOT Spring breakup Low volume roads engineers
ggSﬂir Pavement breakup, Ugtzoszgzagzdaggge- Visual observation of
Towa s rutting 20 10% on pavéd heaving and/or pumping
. : ; Low volume roads Selected by district
Maine DOT Alligator cracking statewide engineers
Experience of main-
Minnesota Rutting, alligator Limited tenance engineer and
DoT cracking deflection measurements
with road rater and FWD
égﬁﬁiy Alligator cracking, Not too extensiye gﬁzs§:§?;;02n21ézﬁii]-
Minnesota potholes due to restrictions man beam deflections

Maple Grove,
Minnesota

Frost boils, alli-
gator cracking

City wide

Uniform load restric-
tion policy for all
streets
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Table 3.4 Development of Guidelines for
Spring Load Restrictions (Cont.)

Types of Pavement

How are Locations for

Location Failure Associated Extent of Problem l.oad Restrictions
with Spring Thaw Determined ?
Wright Ruttin i i
g, alligator Variable from year :
Cqunty, cracking to year Road Rater deflections
Minnesota
Montana . Statewide on mini- Judgment of maintenance
DOT Frost boils mum structure roads personnel
New Alligator cracking, J::gg:gg]ogazzéngﬁnance
Hampshire rutting, frost Modest ph ther h hauli
DOT, Div 2 heave whether neavy hauling
is occurring
North Varies yearly de-
Dakota Sg;:gg:sbreaks, pending on frost Experience
DOT P penetration
Nova Varies depending
Scotia on structure and Not extensive Benkelman beam testing
poT loads
Oregon Heave, cracking, Central, eastern Experience and visual
Dot pavement breakup part of state observation
Benton . .
Alligator cracking A1l road construc- .
County, : Experience
Oregon and breakup tion types
South Potholes, edge Highways with thin
Dakota fai]ufe, alligator mats typically re- Experience
DOT cracking stricted statewide
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Table 3.4 Development of Guidelines for Spring

Load Restricticns (Cont.)

Location

Types of Pavement
Failure Associated
with Spring Thaw

Extent of Problem

How.are Locations for
Load Restrictions
Determined

Washington
State
DoT

Alligator cracking,
pavement breakup

Central and Eastern
Washington on a few
low volume roads

Judgment of main-
tenance personnel

Benton
County,
Washington

Pavement breakup,
frost heave,
base failure

Moderate

Observation of road
conditions
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Table 3.6

Design Information for Roads

Restricted During Spring Thawing

Use of Frost Are Load Restric- Thickness Age of Drainage
Location Protection in tions Used in Lieu Design Method | Pavement Conditigns
Thickness Design of Frost Protection? Used Restricted i
E
{
Alaska More than 50% but : Alaska _ ;
DOT not full Sometimes procedure Fair i
Idaho Frost protection .
DoT not included in - ﬁezz;o’ 5-10 years gg;: to
design
Iowa Less than 50% -
DOT frost protection . AASHTO Pre-WWII Good to
poor
Bremer Less than 50% Experience,
County, frost protection - nominal Bzatg 20 g:2:1$:nt
Iowa thickness -
Maine More than 50%
DoT but less than - 333¥T0’ ]2a:g 20 Poor
full protection 4
. Used on 01d roads Minn DOT
Ba?nesota Variable which have not (flexible - Gggg to
been replaced pavements) P
Anoka
County, No - Minn DOT ;Za:Q 20 | good
Minnesota
Maple
Grove, No Yes ::ﬁﬁmﬁoT 7 years + | Fair
Minnesota
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Table 3.6 Design Information for Roads Re-
stricted Durinag Spring Thawing (Cont,)

Use of Frost Are Load Restric- Thickness Age of Drai

Location Protection in tions Used in Lieu Design Method Pavement | . "d!;\qge
Thickness Design of Frost Protection? Used Restricted | ~Onditions

Wright Minn DOT, .
County, No - Asphalt 15 to 20 | Fair to
Minnesota Inst. MS-1 years poor
Montana - . -
00T No AASHTO
New None used for
Hampshire No - secondary Very old Poor
DOT Div. 2 roads
North Stage
vakota DOT No Yes construction 20 years Good
Nova
Scotia No - R1AC 10 years Poor
DOT
Oregon More than 50%
DOTg but not full - Hveem 20 years +| Poor

protection
Benton
County, No - Hveem - Fair
Oregon
South
Dakota No Yes AASHTO - Sood to
DoT
Washington Uepth > 50%
State of frost - WSDOT 15 years + | Fair
0T depth
gzazg; Full . Standard 10 to 15 Fair

’ i ction years

Washington protection se Y
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Table 3.8 Enforcement Methods for Spring
Load Restrictions

How Are Load How Are Vehicle | Can Overweight What Enforce- Are Fines
Location Restrictions Operations Permits be ment Methods Levi dss
Enforced? fiotified? Obtained? Are Used? ed:
Alaska Fixed scale Newspapers, : Yes
DOT tnstallation road signing Yes Scale crossing $0.05/1b
L
A1l trucks Yes
ldaho DOT |  Tortadle Mail No stopped at cost per
scale 1,000 1b
Fixed porta-
Towa Detour and Yes
'DOT :;: nglgl embargo maps Yes Patrol cost per
P 1,000 1b
Bremer .
Fixed scale, Detour and Yes
%gx:ty, patrol embargo maps Yes Patrol cost per
1,000 1b
Maine
DOT - Roads posted Yes - Yes
- R
Fixed and por-
Minnesota| table scale, News, mail, Y A1 trucks Yes
DoT relevant evi- road signing &s stopped at
dence law scale b
Anoka '
Portable 0b ti f Yes
County, Post roads Yes servation o cost per
Minnesota| Scdle vehicles 1,000 1b
Maple Y
Portable Newspapers es
Grove, pers, Yes Patrol cost per
Minnesota scale road signing , ] 1,ooop?b
Wright Portable New§papers, Yes Yes
Cgunty, scale radio, post school busses Selective samplie| cost per
Minnesota roads only 1,000 1b
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Table 3.8 Enforcement Methods for Spring
Load Restrictions (Cont,)

How are Load

How are Vehicle

Can Overweight

What Enforce-

Are Fines

Location Restrictions Operators Permits be ment Methods Levied?
Enforced? Notified? Obtained? are Used? ev
; _ Newspapers, A1l trucks
lgg¥tana gg?gd;cg?zt radio, news, No checked at ran- Yes
roads posted dom locations
New :
Hampshire | Portable News releases, Yes Selective -
DOT scale post Iroads sample
Div. 2
North
Dakota _ - - - -
poT
ggz:ia Fixed, port- News, .potices No Stop. trucks cosze;er
00T able scale at scale 1,000 b
Oregon Fixed, port- Roads signs, ;
; Yes Selective
DoT able scale media sample No
Benton Road signs, Yes
County, ggg%ggle newspapers, No Stop all cost per
Oregon notices trucks 1,000 1b
South Fixed and Road signs, Stop. all Yes
Dakota portable notices mailed No truéks cost per
DoT scales 1,000 1b
Washington | pi tapie Road §
signs, Selective
ggte scales newspapers Yes sample Ves
Benton Yes
County, - Post roads - - cost per
1,000 1b

Washington
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3.4.2 HIGHWAYS RECEIVING LOAD RESTRICTIONS

This

question was concerred with defining the types of highways receiv-

ing load restrictions. Specifically, it addressed:

(a)
(b)

(c)
(d)
(e)

What functional class of highway receives load restrictions?

What are typical values for ADT and percent trucks for these
highways?

What soil types are found beneath these highways?

What surface types receive load restrictions?

What are typical cross sections for the roadways receiving load
restrictions?

The responses to these questions given in Table 3.5 generally indicate the

following:

(a)

(b)

(c)

(d)

(e)

Load restrictions by state agencies were appiied to both primary
and secondary roads but mostly secondary. Few states have applied
them to Interstate facilities. Local agencies generally applied
load restrictions to all types of facilities.

Of those states responding, load restrictions were generally
applied to roads with ADT Tess than 2500 and 10 percent trucks or
less. Local city and county agencies applied restrictions to roads
with ADT's up to 30,000 and up to 10 percent trucks.

Primarily, load restrictions were applied to pavements which had
moisture susceptible silt or clay subgrades. If the agencies had
granuiar subgrades, load restrictions were not usually required.

Load restrictions (if used) were normally applied to aggregate
and/or asphalt surfaced roads. Most portland cement concrete pave-
ments reportedly had adequate structure to withstand the critical
thaw period.

The pavement cross sections to which load restrictions were applied
generally ranged as follows:
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Range Normal
Asphalt surface, in 1-% - 5 2 - 4
Aggregate base, in 4-18 6 - 12

Thicker pavements apparently have sufficient strength to overcome the thaw
weakening period.

3.4.3 DESIGN INFORMATION FOR ROADS RECEIVING LOAD RESTRICTIONS

This question dealt with design information such as:

(a)
(b)
(c)
(d)

Is frost protection considered in thickness design?

Are Toad restrictions used in lieu of full frost protection?

What is the age of pavements receiving load restrictions?

What are the typical drainage conditions of pavements receiving
load restrictions?

Responses to these questions are given in Table 3.6. The results

indicate:

(a)

(b)

(c)

(d)

(e)

Some of the state agencies surveyed design pavements for partial
frost protection while others did not consider frost protection in
design at all. Most local agencies did not consider frost pro-
tection in their design procedure.

Several of the agencies interviewed used load restrictions in lieu
of designing for full frost protection.

A variety of thickness design procedures were used to determine
layer thickness. The most common was the AASHTO method. Others -
included the Hveem method, experience and/or precedent.

The age of pavements receiving load restrictions tended to be 10 to
20 years or older. In some cases they tended to be farm-to-market
kinds of roads constructed just after World War II.

Drainage conditions for pavements receiving load restrictions
varied from poor to good. There appeared to be little relation
between surface drainage and the need for load restrictions.
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3.4.4 LOAD RESTRICTION CRITERIA

This
(a)
(b)
(c)

(d)

question dealt with:

the current load limits (normal vs spring),

methods used to establish load limits,

the basis for initiating and/or removing of the load restriction,
and

whether deflection measuring equipment have been used to establish
load restrictions.

Table 3.7 is used to summarize the results. The significant findings

include:

(a)

(b)

(c)

(d)

(e)

(f)

For most agencies normal load limits were 18,000 to 20,000 1bs on a
single axle and 34,000 1bs on tandem axles.

Spring load restrictions generally ranged from 10,000 to 14,000 1bs
for single axles and 18,000 to 28,000 1bs for tandem axles.

Percentage reductions were 30 to 50 percent for single axles and
18 to 47 percent for tandem axles.

Most load 1imits had been established from experience. Only a few
agencies such as Alaska [3.1], Minnesota [3.2] and Washington DOT
[3.3] had conducted extensive studies. Much of this information
has already been discussed in the literature review (Chapter 2.0).

The basis for starting the load restriction varied from experience
(pre: 2nce of water coming through cracks/joints or pumping) to the
use of deflection measurements. By far the majority of the agen-
cies relied on the judgment (or experience) of field personnel.

Load restrictions were removed based on the judgment of field
personnel, deflection measurements, or when sufficient political
pressure mounted. Most agencies, however, relied on judgment or
past experiences.
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(9)

Only three of the agencies interviewed used deflection measurements
to establish load limits.

3.4.5 ENFORCEMENT METHODS

The next question dealt with enforcement methods for spring load
restrictions. Specifically, it requested information to questions such as:

(a)
(b)
(c)
(d)
(e)

how Toad restrictions are enforced,

how vehicle operators are notified,

are overweight permits available,

what enforcement methods are used, and

are fines levied, and if so, what are they?

Table 3.8 summarizes the responses to these questions. In general, the

following impressions are noted:

(a)

(b)

(c)

(d)

(e)

Both fixed and portable weigh scales were used. Some agencies
relied only on patrols.

Methods used to notify vehicle operators of the load restrictions
included:

(i) newspapers and news releases,
(ii) road signs,

(iii) detour and embargc maps,

(iv) radio and television.

Most of the agencies used overweight permits. Some agencies had
exceptions to the load limits (e.g., school buses and/or emergency
situations).

Enforcement methods used included patrol (by police) or weighing
trucks (all or a selective sample).

Fines were levied by almost all agencies. The fine was normally
assessed as a cost per 100C 1b.

87



3.4.6 LEGAL ASPECTS

The Tast question dealt with legal aspects of load restrictions. Speci-
fically, the requested information related to:

(a) the availability of local regulations addressing load restrictions.
(b) enforcement problems with the use of load restrictions, and
(c) legal problems associated with load restrictions.

Table 3.9 summarizes the results of this question. The significant findings
are discussed below:

(a) A1l agencies had regulations allowing them to initiate and enforce
load restrictions.

(b) The major problems with enforcement included:
(i) Tlack of personnel to adequately enforce the load restriction,
(ii) political pressure to allow truck operations, and
(iii) evasive tactics of truckers.

(c) Most agencies had not experienced legal action as a result of
enforcing load limits.

3.5 EVALUATION OF SURVEY RESULTS

The survey of agencies with load restrictions provided significant
information in several areas including:

(a) types of load restrictions currently used,

(b) basi: for load limits,

(c) criteria used to initiate and remove load restrictions,
(d) unique capabilities of local agencies, and

(e) requirements and problems associated with enforcement.

Each of these issues are discussed in the following sections.
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3.5.1 TYPES OF LOAD RESTRICTIONS

Most agencies interviewed restricted loads on a per axle basis. Limits
differed between single and tandem axles, but not with tire size (conven-
tional vs. flotational). The load reductions were a maximum of 60 percent
for single axles and 60 percent for tandem axles.

3.5.2 BASIS FOR LOAD LIMITS

Current 1imits were established primarily on the basis of prior experi-
ence. Only the Alaska, Minnesota and Washington DOT's reported that they
used research studies to establish or verify their load limits. There
appears to be a definite need to develop a more rational approach to estab-
lish load limits.

3.5.3 CRITERIA USED TO INITIATE AND REMOVE LOAD LIMITS

Most agencies surveyed indicated that they initiated 1imits based on
judgment. This could rénge from evidence of water at the surface (indicating
a saturated base) or signs of cracking (which is too late). Other agencies
simply relied on an established date. Few agencies used deflection or
weather data to establish a starting date for load limits. Clearly, there is
a need for an improved method of establishing this date.

Removal of load limits was also generalliy based on experience. Use of
deflection measurements could greatly aid in this process and should be
encouraged.

3.5.4 CAPABILITIES OF LOCAL AGENCIES TO MEASURE DEFLECTIONS

Most local agencies currently do not have the equipment or personnel to
measure surface deflections. Unless this changes, it would be impractical to
recommend use of deflections to establish the initiation and removal of the
Toad limits.

Personnel used to establish these critical periods have often been from
the maintenance department and would have to be trained in the use and
interpretation of deflection data.
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3.5.5 REQUIREMENTS AND PROBLEMS WITH ENFORCEMENT

Enforcement is usually accomplished by the county sheriff or city
police. Special training is not usually required to enforce load limits.

The major problem to be overcome with enforcement is to develop a proper
data base to resist political pressures to waive the limits. If the amount
of damage done to the roads during the critical spring period and the asso-
ciated cost of early wearout could be shown, the political problems of load
limits could be minimized. The development of a visual aids package to
assist local engineers in this effort would be of great value. Such a
package has been developed as part of this study.
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CHAPTER 4.0
ANALYSIS

4.1 INTRODUCTION

At the onset of this study methods were sought in existing practice for
evaluating load restrictions and timing. A survey of current practice and
interviews suggested that only organizations having access to deflection
testing equipment (typically Benkelman Beam or FWD) were doing investigations
more rigorous than relying on experience and observation of distress. It was
decided, therefore, to undertake an extensive analysis program to try to
establish some guidelines for spring load restrictions.

This study addresses two distinct issues which will be treated
separately in the analysis. They are:

(a) What magnitude of load restrictions should be imposed during the
critical spring thawing period?

(b) When should load restrictions be imposed and removed?

To evaluate the load restriction magnitude, several cases of structure and
load were evaluated in a pavement structural analysis. The results of the
this analysis suggest when (with respect to the position of the thawing
front) the pavement structure is experiencing strains or deflections in
excess of those experienced in the summer reference case. The thermal analy-
sis suggests the actual time that the thawing has proceeded to the "critical®
levels as suggested by the structural analysis.

4.2 LOAD LIMITS
4.2.1 APPROACH
4.2.1.1 INTRODUCTION

The development of guidelines for the magnitude of load restrictions
during spring thawing requires the following:

(a) method of analysis,

(b) pavement structure composition,
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(c) loads to be analyzed, and
(d) a basis for identifying a "critical" spring condition.

4.2.1.2 ANALYTICAL PROCEDURE

Layered elastic theory has been widely applied to analyze pavement
response to load. Several analysis programs exist for mainframe and micro
computers. The program selected for this study was ELSYM5. This program was
developed at the University of California, Berkeley, and can be used to
analyze up to ten identical loads in a five layer system. It computes
stresses, strains and displacements at specified points. The program assumes
the material behavior is linear elastic.

It has been widely recognized that base course and subgrade materials
(both coarse and fine) exhibit nonlinear elastic behavior. Since test cases
are "hypothetical," representing a range of structural conditions that might
be found anywhere in the frost areas of the U.S.. it was not possible to
identify any meaningful nonlinear relationships. In addition, in reviewing
data from previous frost studies performed for the Washington State DOT
[3.3], it was found that the behavior of the materials was not highly non-
linear in the ranges studied. Therefore, it is felt that a linear elastic
analysis is capable of providing adequate results.

4.2.1.3 LOADING CASES

Currently, most jurisdictions, whether national, state or local,
restrict loads on classes of roads according to axle loads. Based on infor-
mation obtained in the interviews and a review of current practice throughout
the U.S., a maximum single axle Toad of 20,000 1b. and a tandem axle load of
34,000 1b. were selected as reference load levels.

The ELSYM5 program models the applied loads as wheel loads with a circu-
lar configuration. It was decided by the study team that the loading was
most accurately represented by selecting the maximum load and corresponding
tire pressure recommended by the Tire and Rim Association for a particular
tire size. Load reductions would be modelled by maintaining the contact
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pressure (tire pressure) and reducing the load, thereby reducing the contact
area. N

Several loading cases were evaluated including:

Single Axles Tandem Axles
Dual 10 - 22.5 tires Dual 10 - 22.5 tires
Single 16.5 - 22.5 tires

The Toads and pressures for each of these cases are shown in Table 4.1.
A11 loading cases were analyzed for 20 and 100 percent of the maximum load to
obtain load-deflection and load-strain plots.

4.2.1.4 STRUCTURE CROSS SECTION

The structure cross sections used in the study were selected to repre-
sent as well as possible the types of road construction and subgrade mate-
rials existing in the geographic region and jurisdictions of interest.
Therefore, the data obtained in the interviews (such as Table 3.5 in
Chapter 3.0) were weighted heavily in the selection of the structure cross
section cases.

Surface courses were assumed to be either asphalt concrete (AC) or
bituminous surface treatment (BST) with thicknesses ranging from two to
four inches. The base course was assumed to be unstabilized aggregate vary-
ing from six to twelve inches thick. No subbases were considered. Subgrades
of both coarse and fine materials were investigated. The specific cases
analyzed are shown in Table 4.2.

4.2.1.4 (a) MATERIAL PROPERTIES

Several different cases of environmental conditions occur in a pavement
structure annually which have an effect on the pavement structure's stiffness
properties and therefore, its response. If it is desirable to restrict loads
during spring when overall structural stiffness is reduced so that the
strains and deflections experienced are comparable to those during the "full
strength" summer case, then the stiffness properties of the summer case and
various stages of spring thawing need to be modelled.
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Table 4.1

Loading Cases

Tire Tire
Size Pressure Load
Case (Nomial) (psi) (1bs)
Single Axle (Max.
Load = 20,000 1b)
a) Single Tires 16.5 - 22.5 90 9900
b) Dual Tires 10 - 22.5 100 5000
Tandem Axle (Max.
Load = 34,000 1b
Axle Spacing =
48“)
a) Dual Tires 10 - 22.5 100 4250

|

Notes: a) All tire/axle combinations will be analyzed for 20% and

100% of the maximum allowable load.

The maximum allowable

load was computed using 600 1b/in width of tire of the
maximum axle Toad, whichever is the limiting criteria

b) Tire pressures used for all cases were the maximum recom-

mended by the Tire and Rim Association.

was adjusted to give the correct load.
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Table 4.2  Summer Pavement Structure
. Resilient Modulus (psi)
Type Material Thzgtniss
BST or ACP 2 300,000
Surface
ACP 4 300,000
6
Base Gravel Base MR = 1.5 subgradeMR
12
Fine-grained 212 7,500
Subgrade
Coarse-grained 212 40,000
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For the reference condition a range of resilient properties were
selected to represent the surface course, base course and subgrade. The
analysis performed assumed that for the condition of a base course underlain
by a weaker material, the base course resilient modulus was a function of the
underlying material. The following relationship was used:

Mrpase = 1.5 Mrsypgrade

This type of relationship was originally used by Henkelom and Klomp [4.5],
has been subsequently used by the Shell 0il Company [4.6] and by the Asphalt
Institute [4.1] in their respective pavement design methods. The commonly
used range for the modular ratio is about 1.0 to 4.0 (for this study a value
of 1.5 was selected, which is in the lower end of the range).

A range of subgrade resilient moduli were selected from results of field
and laboratory data and are shown in Tables 4.2 through 4.5. The values
represent typical moduli for soils ranging from silty-clay to gravel [4.1,
4.7, 3.3].

The asphalt concrete and bituminous surface treatment resilient moduli
are highly dependent on temperature. The resilient modulus selected for the
summer case was 300,000 psi and was based on a reference temperature of
75°F [4.6]. Based on the same reference, the surface course resilient
modulus during the spring thaw (temperature of 40°F) was chosen to be
1,200,000 psi.

During the early thawing period, the base course resilient modulus can
be reduced substantially due to moisture conditions and undrained loading.
The base course assumed during this period was either 25 or 50 percent of the
reference (summer) condition. This decision was based in part on work
reported by Lary, et al. [3.3], and Shook, et al. [4.1].

When thawing occurred in the subgrade, the Mrsypgrade %3S assumed to be
5 to 50 percent of the reference (summer) condition. For cases where the
subgrade material was frozen, the resilient modulus was assumed to be
50,000 psi.
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Table 4.3  Spring Thaw Pavement
Structure (Complete Thaw)

. Thickness Resilient Modulus
Type Material (in.) (psi)
Surface BST or ACP 2 1,200,000
ACP 4 1,200,000
B Gravel 6 Base M, = 1.5
ase 12 subgrfide M,
15,20,25%
Subgrade Fine-grain - of Summer Subgrade
YR
25,30,50%
Coarse-grain - of Summer Subgrade
M
R
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Table 4.4 Spring Thaw Pavement Structure

(Thaw to Bottom of Base)
]
. Thickness Resilient Modulus
Type Material (in.) (psi)
Surface BST or ACP 2 1,200,000
ACP 4 1,200,000
25,50%
Base Gravel 6 of Summer Base
12 M
Depth of freeze
minus surface, ‘
Subgrade Frozen base and thawed 50,000
subgrade
Fine-grain 212 7,500
Unfrozen
Coarse-grain 212 40,000
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Table 4.5 Spring Thaw Pavement Structure

(Thaw to 4 in. Below Base)

. Thickness Resilient Modulus
Type Material (in.) (psi)
Surface BST or ACP 2 1,200,000
ACP 4 1,200,000
) Base M, 1.5
Base Gravel Subgrgde MR
12
Thawed 4 5,15% of
fine-grain summer subgrade MR
Subgrade Thawed 4 25,50% of

coarse-grain

Summer Subgrade MR

Frozen
fine-grain
and
coarse-grain

Depth of freeze minus
surface, base
and
thawed subgrade

50,000
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The cases which were analyzed during thawing included the following:

(a) thaw to the bottom of the base course,
(b) thaw four inches into the subgrade, and
(c) thawing complete.

4.2.1.5 PARAMETERS CALCULATED

When a pavement fatigue analysis is performed, two strain parameters are
used. These parameters are the tensile strain at the bottom of the surface
course (€ ¢) and the vertical strain at the top of the subgrade ( “vs)-
Another parameter typically considered as well is the maximum pavement sur-
face deflection. In addition to these widely used damage indicators some
researchers (Stubstad and Conner [2.21] and Lary, et al. [2.22]) have found
that the vertical strain at the top of the base course ( €vb) was also an
indicator of distress due to a weakened condition. As a result, for this
study, all of these parameters were considered as potential indicators of
excessive load. Therefore, an increase in any one of these parameters above
the reference level (summer condition) constituted a required reduction
in the load level sufficient to maintain these parameters at levels compa-
rable to the reference (or summer) conditions. The locations of these
parameters are shown in Figure 4.1.

Once the ELSYM5 deflections and strains were calculated, the determina-
tion of the spring load which caused the same damage as the maximum legal
allowable load during the summer could be computed. This can be illustrated
using a plot such as the one shown in Figure 4.2. The plot was constructed
as follows:

(a) Surface deflection (5), ey, e, and € s were plotted for two
Toads used in the spring analysis (hence spring thaw material
properties), and load-deflection and load-strain lines were drawn
through these points. The load levels used in the analysis were 20
and 100 percent of the legal maximum.

(b) This was done for different structural profiles and material
combinations.
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The next step was to determine the spring load which would result in the
same deflections and strains as the summer case. This was accomplished by
entering the plot on the vertical axis with the summer deflection, or any
summer strain value. A horizontal line was then drawn across to intersect
the appropriate load-deflection or load-strain line. At the intersection a
vertical line was drawn down to intersect the horizontal or tire load axis.
These values were the tire loads which would result in the same deflection
and strains as obtained during the summer under the maximum allowable
loading. From these values, the percentage reduction in summer load required
to maintain the same strains and deflections were computed.

4.2.1.6 SENSITIVITY ANALYSIS

A sensitivity analysis was carried out to test how the magnitude of load
reduction varied with some variation in the input parameters. To do this
first the pavement surface modular ratio (Mr spring/M, summer) was varied
from 1.25 to 3.75. The second item tested was the magnitude of the subgrade
strength reduction during the spring thaw. The percentage reduction in
resilient modulus was varied from 70, 80 and 85 percent for fine-grained
soils, and 50, 70 and 75 percent for coarse-grained soils.

The results of the sensitivity analysis showed that:

(a) Load reduction during spring thaw is more sensitive to changes in
subgrade than pavement surface modulus.

(b) The subgrade strength reduction of 75 percent for fine grained
soils resulted in a reasonable values for spring load reductions
when compared to current practice. The corresponding values for
coarse grained soils was found to be 50 percent.

4.2.2 STRUCTURAL ANALYSIS RESULTS

The summary of the results of the structural analysis are shown in
Tables 4.6 through 4.12 for all cases considered. The thawing cases include:
complete thaw, partial thaw to the bottom of the base course, and partial
thaw four inches into the subgrade (i.e., four inches below the bottom of the
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base). The results are also shown by the three tire and axle configurations

used: single tire-single axle, dual tire-single axle and dual tire-tandem
axle.

4.2.2.1 DISCUSSION OF RESULTS
4.2.2.1 (a) MAGNITUDE OF LOAD REDUCTION

As shown in Tables 4.6 through 4.12, the magnitude of load restriction
varies with both pavement structure and load response parameter (deflection
and strain). The calculated load reductions (for those cases which require a
reduction) ranged from a low of 1 percent to a high of 69 percent. For all
cases, the surface deflection and vertical subgrade strain provided the most
consistent load reduction values (for the assumed conditions). The tensile
strain (bottom of surface course) and vertical strain at the top of the
subgrade criteria resulted in the largest reductions in Toad. An average
load reduction of 34 percent results for the complete thaw and partial sub-
grade thaw cases for fine and coarse-grain soils for the subgrade vertical
strain criterion (includes both two and four inch thick surface courses).
For the same conditions but for two inch thick surface courses only, the
average load reduction increases to 45 percent. The corresponding value for
four inch thick surface courses is 21 percent. An average load reduction of
39 percent results for the complete thaw and partial subgrade thaw cases for
fine-grained soil and both thickness levels of surface course (based on the
subgrade vertical strain criterion as before). For the same conditions but
for two and four inch thick surface courses, the average load reduction is 52
and and 25 percent, respectively.

Thus, for fine-grained soils (which are the kinds of soils which gener-
ally necessitate the need for load restrictions), a load reduction of about
50 percent is needed for thin surfaced bituminous pavements. The benefit of
thicker surface courses (or stabilized pavement layers in general) is illus-
trated for the four inch thick surface course. For the fine-grain subgrade
case, a 1oad reduction of about 25 percent is needed (or one-half the load
reduction amount needed for the two inch thick surface course).
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4.2.2.1 (b) TIRE CONFIGURATION

From the data in Tables 4.6 though 4.12, there are no significant
differences ir reductions for single and dual tires. For both fine and
coarse-grained soils in the complete thaw case, the dual tire configuration
results in slightly higher reductions than the single tire. The dual tandem
configuration results in about the same range of load reductions; although,
the deflections and strain levels are lower than the singie and dual tire
single axle cases. The maximum strain values for the dual tandem configura-
tion generally occurred between the dua! tires.

4.2.2.1 (c) CONSEQUENCE OF MAINTAINING LOADS

An evaluation of the consequences of maintaining the maximum summer
loads during the spring was performed. This was done by examining criteria
generally accepted as indicators of pavement distress. These are the maximum
tensile strain at the bottom of the bituminous bound layer (fatigue cracking)
and the vertical strain at the top of the subgrade (rutting). The Asphalt
Institute criteria, as used in MS-1 [4.1], have been used to determine the
number of load applications to failure for any given strain. The results are
shown in Tables 4.13 through 4.20 for prediction of loads to failure for
complete thaw, thaw to bottom of base and thaw four inches below the bottom
of the base.

The predicted Toads to failure for the load cases evaluated are rela-
tively Tow for the fine-grained subgrade cases (both summer and spring condi-
tions). This is in part due to the cross sections selected for evaluation
but primarily "he material properties (the principal material property being
resilient modulus). The negative percent change in the loads to failure
(summer to spring) is consistently high for the two inch thick surface course
cases. For the four inch thick surface course, occasionally the spring
condition (with the higher stiffness surface course) results in a positive
change in the estimated loads to failure (i.e., longer pavement life).
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4.2.3 STRUCTURAL ANALYSIS SUMMARY
The following summary statements are warranted:

(a) The range of magnitudes for spring load reductions depends on the
subgrade soil type and the thickness of the pavement surface and
base layers.

(b) The allowable loads during the spring thaw period were based on the
assumption that critical pavement response parameters (such as
deflection and strain) should not exceed those estimated for summer
conditions. The load reduction needed for fine-grain subgrades was
about 50 percent and approximately one-half that amount for coarse-
grained subgrades.

(c) The maximum pavement surface deflection and the vertical strain on
top of the subgrade were load response parameters that consistently
necessitated load reductions over the range of cases considered.

4.3 TIMING LOAD LIMITS

4.3.1 APPROACH

In order to perform a realistic ground thermal analysis for climate
conditions where ground freezing occurs, the following capabilities must be
present in a heat transfer model:

(a) the ability to include latent heat effects,

(b) the ability to analyze a transient problem, and

(c) the ability to include energy fluxes (i.e., energy changes) at the
surface due to radiant and convective heat transfer.

The finite element program TDHC, developed at the University of Alaska-
Fairbanks (Goering and Zarling [2.47]), was selected for the thermal analysis
in this study. The program is capable of performing a transient, two-dimen-
sional heat transfer analysis. Latent heat is modelled using a Dirac Delta
function in the heat capacitance matrix. Surface temperatures may be input
as a sinusoidally varying function. Convective heat transfer can be included
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for a sinusoidally varying fluid temperature. Radiant heat can be included as
a surface heat flux.

4.3.2 THERMAL DATA REQUIRED FOR INPUT

In order to identify the surface temperature function, the mean annual
and monthly average temperatures were obtained for 60 locations in frost
areas in the United States (excluding Alaska) from Cinquemani et al. [4.2].
Harmonic temperature functions for all locations were obtained by equating
the area under the discontinuous monthly temperature function to the area
under a sine curve (Figure 4.3). Once the equivalent sine curve was defined,
the amplitude of temperature variation, the phase lag with respect to
January 1, the freezing and thawing indices and the duration of the freezing
and thawing periods were obtained (Table 4.21). The results from all
60 locations were combined into seven cases of freezing conditions ranging
from 400 to 2000°F-days, as shown in Table 4.22.

Fixed temperature boundary conditions were required to perform the
analysis. In order to identify a fixed temperature at some depth in the
ground, the geothermal gradient as well as the depth where surface tempera-
ture oscillation effects become negligible were required. Many values have
been reported in the literature for the geothermal gradient (see Lunardini,
[2.35]) ranging from 0.00309 to 0.031°F/ft. A value of 0.02°F/ft. was
selected for this study.

The depth at which the ground temperature oscillates less than one
percent of the surface temperature oscillation in a homogeneous material can
be found from “he following:

T-Tm X
Y £ S—
T3 2. /5p0.,
where:

T = ground temperature,
Tm = mean annual surface temperature,

amplitude of temperature variation,

o
"
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x = depth,
p = period of oscillation, and
a = thermal diffusivity.

When the quantity X/2/mpa is greater than 0.8, the amplitude of the
temperature envelope is less than one percent of the surface fluctuation.
For the materials assumed in this study, the depth where fluctuations were
less than one percent ranged from 35 to 40 feet. Therefore, temperatures
were fixed at a depth of 50 feet for the ground thermal modelling. At
50 feet the temperature was fixed based on the mean annual temperature for
the freezing index case of interest and the geothermal gradient.

The short wave radiation heat flux during spring at the ground surface
was estimated using the data provided be Cinquemani et al. [4.2]. The data
are measured monthly values of average daily incoming direct and diffuse
solar radiation. Therefore, scattering, cloud cover and solar distance are
reflected in the values. The data for all 60 locations for the months of
March, April and May are shown in Table 4.23.

Correlations of locations (primarily latitude) or freezing index and
solar radiation could not be verified by the data. The primary dependent
variable for solar radiation was solar declination or time of the year.
Therefore, average values for March, April and May were calculated from all
60 locations. The net short wave radiant heat flux absorbed at the pavement
surface was calculated as (1 - @) times the monthly value obtained above.
A value of 0.1 for og, the surface reflectivity, was used (Scott [4.3]).
The values of net short wave radiation used for the thermal analysis are
given in Table 4.24.

No data was found for values of long wave radiation over the area of
interest. Therefore, the long wave radiation was estimated following the
procedure outlined in Chapter 2.0 for the months of March, April and May. The
mean monthly temperature was calculated for the seven freezing index cases
for March, April and May and are shown in Table 4.24. The values for average
monthly sunshine for seventeen locations in the geographic areas of interest
were obtained from U.S. Weather Service data found in Ruffner and Bair [4.4].
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Table 4.23

Solar Radiation Data for March,

April and May

Incoming Short Wave Radiation (BTU/day)

Location ]
March April May
Hartford CONN 477.5 714.7 978.5
Burlington IA 579.2 858.6 1165.1
DesMoines IA 580.7 860.7 1180.5
Mason City IA 553.7 836.2 1168.0
Sioux City IA 568.6 841.6 1170.4
Pocatello ID 539.2 882.0 1371.4
Chicago ILL 507.0 759.5 1106.9
Moline ILL 535.1 812.0 1118.6
Fort Wayne IND 455.2 697.6 982.0
South Bend IND 415.7 659.6 992.5
Caribou ME 419.3 724.0 1133.1
Alpena MI 362.1 616.6 1028.2
Detroit MI 417.4 680.4 1000.2
Flint MI 383.1 636.4 956.8
Grand Rapids MI 369.6 648.3 1014.4
Sault Ste. Mar MI 324.8 603.3 1028.6
Traverse City MI 310.8 567.5 1001.0
Duluth MN 388.6 672.8 1034.5
Int'l Falls MN 355.7 662.5 1045.9
Minn-St. Paul MN 464.0 763.9 1103.5
Rochester MN 477.0 752.8 1081.9
Billings MT 486.0 763.2 1189.5
Cut Bank MT 402.2 687.8 1128.0
Dillon MT 526.5 846.2 1279.2
Glasgow MT 388.0 671.3 1104.9
Great Falls MT 420.5 720.2 1170.4
Helena MT 419.4 708.8 1145.5
Lewistown M1 420.0 692.2 1128.4
Miles City MT 457.0 745.3 1185.0
Missoula MT 311.8 574.2 981.5
Bismarck ND 466.8 775.7 1168.1
Fargo ND 414.9 705.7 1097.9
Minot ND 383.7 655.9 1044.3
Grand Island NEB 661.3 917.0 1265.2
North Omaha NEB 634.0 892.1 1225.0
North Platte NEB 692.4 958.3 1333.0
Scottsbluff NEB 675.7 950.5 1307.4
Concord NH 459.5 686.1 973.6
Albany NY 456.5 688.4 985.9
Binghamton NY 385.8 575.8 081.2
Buffalo NY 348.9 546.4 888.5
Massena NY 391.2 620.1 977.5
Rochester NY 364.3 559.5 903.4
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Table 4.23

Solar Radiation Data for March,
April and May (Cont.)

Incoming Short Wave Radiation (BTU/day)
Location
March April May
Syracuse NY 385.1 571.3 890.4
Toledo OH 434.8 680.4 996.7
Youngstown OH 385.1 586.5 890.1
Burns OR 490.0 792.0 1187.1
Erie PA 345.6 576.8 920.4
Huron SD 488.2 744.7 1113.7
Pierre SD 530.0 795.1 1206.5
Rapid City SD 542.3 826.5 1228.8
Sioux Falls SD 532.6 802.1 1152.2
Burlington VT 385.3 606.8 940.2
Eau Claire WIS 451.7 746.4 1090.2
Green Bay WIS 451.2 724.9 1104.2
LaCrosse WIS 481.3 764.7 1100.8
Madison WIS 515.2 804.0 1136.0
Milwaukee WIS 479.4 736.5 1088.8
Casper WYO 683.2 1013.5 1441.1
Cheyenne WYO 765.8 1067.8 1433.1
Sheridan WYQ 517.5 788.2 1204.8
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Table 4.24 Radiation and Weather Data for TDHC Analysis

March

April

May

Net short
wave radiation
flux (BTU/hr)

27.0

40.5

54.0

Average monthly
Temperature
(°F)

30.8

43.7

55.4

Average monthly
cloud cover (%)

44

44

40

Net Tong wave
radiation flux
(BTU/hr)

18.4

17.9

18.4

Net radiant heat
flux at ground
surface (BTU/hr)

9.0

22.5

36.0
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The data are shown in Table 4.25. The average monthly values used for the
estimate of long wave radiation are shown in Table 4.24. The resulting
values of hourly average long wave radiation by month and the net radiant
heat flux at the ground surface due to all radiant effects are given in
Table 4.24.

It was decided that the empirical formula of Vehrencamp was most suited
to estimating the convection coefficient for a pavement surface. The value
obtained using the average spring temperatures above and an average windspeed
of 11.7 miles per hour (Ruffner and Bair, [4.4]) was equal to 3.2 Btu/hr
ft2 °f,

4.3.3 PAVEMENT STRUCTURE SECTIONS

The sections used in the thermal analysis were selected from those
analyzed in the structural analysis. It was felt that typically the majority
of pavements experiencing thaw weakening are underlain with fine grained
materials. Therefore, this type of subgrade was emphasized in the analysis.
Sections included two and four inches of asphalt concrete, six and twelve
inches of base and fine and coarse-grain subgrade for freezing conditions
ranging from 400 to 2000°F-days. A total of four basic sections were
analyzed and are shown in Figure 4.4. A11 structural sections and freezing
index cases analyzed with TDHC are given in Table 4.26.

4.3.4 MATERIAL THERMAL PROPERTIES

The thermal properties required for the analysis are the frozen and
unfrozen thermal conductivity, the frozen and unfrozen volumetric specific
heat and the latent heat. These properties are functions of the dry density
of the material, Yq> and the moisture content, w, as outlined in Chapter 2.0.
The dry density and moisture content used in the study for all materials
including asphalt, aggregate base, and subgrades are shown in Table 4.27.
Also included in this table are the thermal properties.
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Table 4.25

Percent Monthly Sunshine for

March, April and May

Percent Sunshine

lLocation

March April May
Boise ID 60 65 70
Chicago ILL 62 43 62
Des Moines IA 53 55 60
Detroit MI 50 55 60
Sault Ste. Marie MI 53 55 58
Minn. St. Paul MN 55 56 60
Havre MT 70 66 72
Missoula MT 48 51 54
Williston MT 60 57 61
N. Platte ND 59 62 61
Lincoln NEB 56 60 62
Buffalo NY 45 51 57
Bismarck ND 60 57 62
Fargo ND 56 56 57
Rapid City SD 61 57 55
Burlington VT 50 50 55
Green Bay WIS 52 51 57
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Table 4.26 Pavement Structures and Freezing
Index Cases for TDHC Analysis

Freezing Pavement Structural Sections
Index 2 in. AC/BST 4 in. AC 4 in. AC 2 in. AC/BST
Case 6 in. Base 12 in. Base 12 in. Base 12 in. Base
(°F-days) Fine Subgrade | Fine Subgrade | Coarse Subgrade | Fine Subgrade
400 X X X
500 X X X X
750 X X X
1000 X X X X
1250 X X X
1500 X X X
2000 X X X
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4.3.5 ANALYTICAL METHOD

To perform the thermal finite element analysis, a generalized finite
element grid was generated (Figure 4.5) using triangular elements. The four
structure section grids are shown in Figures 4.6 to 4.9. In order to
accurately model the ground thermal response to surface temperature oscilla-
tions, the procedure discussed below was followed for all cases analyzed.

Each freezing index case and profile was initialized by performing a
TDHC analysis which began when the surface temperature (TS) was equal to the
mean annual surface temperature T on day (365/4 + ¢) from January 1. The
initial ground temperature profile for this day equals Tm for all nodes
except 81 and 82 which are Ty plus one-degree Fahrenheit. The analysis runs
for one year using a time step of two days. The temperature profile obtained
when Tg equals Ty minus the amplitude of temperature variation (Ta) on day
January 1 plus ¢ 1is input into a subsequent analysis where time steps are
reduced to one day through the remaining freezing season and the duration of
the thawing period.

In order to include the effects of radiation and convection at the
surface in the spring months, the radiant heat flux (Btu/hr ftZ) and the
convection coefficient (Btu/hr ft2 °F) are input as step functions each month
until thawing is complete. Each month the problem is initialized with the
final temperature profile from the preceding month and the appropriate con-
vective and heat flux values for that month. An example of the stepwise
input for a freezing index of 1000°F-days and a fine-grained subgrade with a
four inch surface and twelve inch base is shown in Appendix C.

4.3.6 RESULTS

Based on results from previous studies and observations of thawing it
was determined that some indication of a) when thawing reached the bottom of
the base course; b) when thawing proceeded a small amount into the subgrade
(four inches was selected); and c¢) when thawing was complete should be esti-
mated. These cases are shown in Figure 4.10. The date given in days after
January 1 for these times as well as the day when the air temperature went
above 32°F for all structure and freezing cases are shown in Table 4.28. In
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Elevation i

1 2
0.00' —
4] 17 Asphal
017" — sphalt
. __| 50" Aggregate Base
0.67" ol loe 8
2.000 2] 26
6.000 A% 50
49.33' Fine Grain
Subgrade
65
10.00' 66
50.000 22 82 v

Figure 4.6 Finite Element tiesh for Section 1

140
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1.00' Aggregate Base
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2000 Bl — 3
6.000 42 50
48.67' Fine Grain
Subgrade
6
10000 2 86
50.000 ! 82 v
Figure 4.7 Finite Element Mash for Section 2
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Elevation

:

0.000 —L 2
33" Asphalt
0.33' ) S T
1.00" Aggregate Base
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1.33 — 3 +
2000 2 26
6.00' 22 50
48.67' Coarse
Grain Subgrade
65
10.00° 66
50000 & 82 A 4

Figure 4.8 Finite Element Mesh for Section 3
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Elevation ‘

1 2
0.00' —
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Figure 4.9 Finite Element ilesh for Section 4
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addition, the duration of thawing for the three thawing cases is shown in the
table.

The thawing index is a measure of the temperature input and duration
required to cause thawing. Based on a traditional reference temperature of
32°F, the thawing index for the three cases of thawing for all structural
sections and freezing cases was calculated (Table 4.29).

Due to the net incoming heat flux at the ground surface during spring,
the surface temperature (Ts) is greater than the air temperature. The sur-
face temperature for all cases when the air temperature is 32°F is shown in
Table 4.30 as well as the air temperature and day when the surface tempera-
ture reaches 32°F and thawing actually begins.

The results obtained suggest relatively consistent air temperatures
between 29 and 30°F when thawing actually begins with the exception of the
lower freezing index cases of 400 and 500°F-days. The anomalies are due to
the fact that temperatures are very close to 32°F when the first heat flux
step is introduced. Since the air temperatures when pavement thawing actually
begins are typically between 29 and 30°F, the data were reanalyzed based on
these reference thawing temperatures.

Tables 4.31 and 4.32 show the day when air temperatures reach 29 and
30°F respectively, the day when thawing has progressed to the bottom of the
base, four inches into the subgrade and through the originally frozen mate-
rial. The duration of thawing based on these reference temperatures is also
given. Thawing indices for all levels of thawing noted above were calculated
based on 29 and 30°F. These are shown in Tables 4.33 and 4.34.

Plots of the thawing index as a function of freezing index for each
structural section for 29, 30 and 32°F based thawing indices are included in
Appendix D. The fine-grained subgrade cases generally suggest a good corre-
lation of these variables with R squared values greater than 0.9. The coarse
grained subgrade results were not as satisfactory with R squared values much
lower. The linear equations representing the least squares fit of the data
and the R squared values for all cases are shown in Table 4.35. In addition,
the results for all fine-grained sections were combined. The results for 29,
30 and 32°F based thawing indices are shown in Figures 4.11 to 4.13.

147



Table 4.29 Thawing Indices for Three Thawing
Cases Based on 32°F

Thawing Index

Thawing Index Thawing Index

Freezing for 4 in. into
Index for Base Subgrade For Total Thaw
(°F_days) (32 F datum ) (32°F datum) (32 F datum)
(OF-dayS) (UF_days) (OF'dayS)

2/6/592 fine

400 - - 30
500 - 4 113
750 - 10 153
1000 - 2 117
1250 - 2 280
1500 - 5 341
2000 1 20 430

4/12/584 fine

400 - 2 18
500 4 34 79
750 2 5 103
1000 - 2 117
1250 - 28 144
1500 5 5 228
2000 9 20 318
4/12/584 coarse
400 -
500 1 36 80
750 1 15 84
1000 - 7 81
1250 2 18 100
1500 - 3 148
2000 11 11 354
2 /12/586 fine
500 - 4 46
1000 - 12 160

Note: (a) Pavement section:
2" Asphalt concrete pavement
6" Aggregate Base
592" Fine grained subgrade
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Table 4.30 Surface and Air Temperatures

. Air Temperature Surface Temperature
ngszing When Surface When Airo
(°F-days) Temp = 32°F Temp = 32°F
(°F) (°F)
2/6/592 fineld)
400 31.4 -
500 30.5 34.0
750 29.3 34.0
1000 29.4 34.5
1250 28.7 34.4
1500 29.4 34.3
2000 29.4 34.0
4/12/584 fine
400 31.4 34.1
500 30.5 34.0
750 29.5 34.0
1000 29.4 34.5
1250 29.4 34.4
1500 29.4 34.3
2000 29.4 34.0
4/12/584 coarse
400
500 31.5 34.0
750 29.6 33.8
1000 29.4 34.4
1250 28.3 35.1
1500 29.4 34.4
2000 29.8 33.9

Notes: (a) Pavement section:

2" Asphalt concrete pavement
6" Aggregate Base
592" Fine-grained subgrade
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Table 4.33

Thawing Indices for Three Thawing

Cases Based on 29°F

. Thawing Index Thawing Index
Freezing Thgg;ngaizdex for 4 in. into |for Total Thaw
- Index (29°F datum) Subgrade (29°F datum)
(°F-days) o {29°F datum) (°F-days)
(°F-days) (°F-days)
2/6/592 Fine )
400 14 14 88
500 16 34 207
750 6 50 258
1000 13 23 214
1250 4 27 401
1500 4 33 467
2000 20 58 561
4/12/584 fine
400 16 31 68
500 33 y5 160
750 26 35 193
1000 1 27 202
1250 16 73 232
1500 25 34 409
2000 38 58 461
4/12/584 coarse
4m0 14 14 14
500 25 95 161
750 22 58 163
1000 21 40 156
1250 24 58 176
1500 13 30 237
2000 40 43 479
2/12/586 fine
500 7 43 112
1000 13 48 256
Notes: (a) Pavement section:

2" Asphalt concrete pavement
6" Aggregate Base
592" Fine-grained subgrade
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Table 4.34

Thawing Indices for Three
Thawing Cases Based on 30°F

: Thawing Index .

Freezing Thawing Index for 4 in. into Thawing Index

Index for Base Subgrade for Total Thaw
(°F-days) (30°F datum) (30°F datum) (30°F datum)

(°F-days) (°F-days) (°F-days)

2/6/592 fine'?)

400 5 5 65

500 6 20 172

750 0 34 220

2000 12 43 520
4/12/584 fine

400 7 17 48

750 15 22 160

1500 15 22 367

2000 25 43 422
4/12/584 coarse

500 13 72 130

750 12 40 134

1250 14 42 148

2000 25 30 434
2/12/586 fine

1000 6 33 221

Notes: (a) Pavement section

2" Asphalt concrete pavement
6" Aggregrate Base
592" Fine-grained subgrade
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In addition, the correlation of freezing index and duration of thaw
based on 29, 30 and 32°F was considered. In general, the results were not as
significant as the relationship of freezing and thawing index. The best fit
was found relating duration of thaw to the logarithm of the freezing index.
The resulting equations and R squared values for all cases are shown in
Table 4.36. Plots of all sections are included in Appendix D. Figures 4.14
through 4.16 show the results of all fine grained sections combined for 29,
30, and 32°F based thaw durations. Here again, the coarse-grained results
were less consistent than the fine-grained results. A possible explanation
for poor results from the coarse-grained section may be that the low latent
heat and high thermal conductivity result in thawing that is sufficiently
rapid to cause the finite element program to be unstable for time steps of
one day.

In addition, the TDHC analyses generated freezing depths for each pro-
file and freezing index case analyzed. The results are shown in Table 4.37.
Also shown in the table are freezing depths computed using the Multilayered
Modified Berggren analysis using a surface "n" factor of 1.0 which is
comparable to the TDHC input. In general, the Modified Berggren results
yield greater freezing depths than the TDHC analysis. These results are
shown graphically in Figure 4.17. While Modified Berggren depths are
typically greater, a good correlation exists for all sections between the
depth predicted using both analysis techniques (Figure 4.17). The regression
equations for the relationship of TDHC freezing depth and Modified Berggren
freezing depth are given in Table 4.37 for each pavement section individually
and all cases combined.
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Table 4.37 Freezing Depths Estimated from TDHC
and Multilayered Modified Berggren

Freezing Depth Mod. Berg
Index of Depth
(°F-days) Freeze TDHC of Freeze

(ft) (ft)

2/6/592 fine'd)

400 2.0 1.8
500 2.0 2.1
750 2.7 2.8
1000 3.0 3.3
1250 3.3 3.7
1500 3.7 4.2
2000 4.3 5.0

4/12/584 fine

400 2.0 2.0
500 2.3 2.3
750 2.8 2.9
1000 3.3 3.5
1250 3.3 3.9
1500 4.0 4.4
2000 4.7 5.3
4/12/584 coarse
400 2.0 2.3
500 2.3 2.7
750 3.0 3.6
1000 4.0 4.5
1250 4.0 5.2
1500 5.0 5.9
2000 6.0 7.3
2/12/586 fine
500 2.3 2.3
1000 3.3 3.5

Notes: (a) Pavement profile:
2" Asphalt concrete pavement
6" Aggregate Base
592" Fine-grained subgrade
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CHAPTER 5.0
DEVELOPMENT OF GUIDELINES

5.1 INTRODUCTION

Based on the literature review and analysis conducted in this study, the
following guidelines will be presented in this chapter:
(a) where to apply load restrictions,
(b) the magnitude of the load restrictions, and
(c) when to apply and remove load restrictions.
The guidelines are general in scope and not intended to be “"absolute" being
as the nature of the problem is site specific.

5.2 GUIDELINES FOR WHERE TO APPLY LOAD RESTRICTIONS

The analysis presented in Chapter 4.0 (specifically Tables 4.6 through
4.12) was based on the assumption that pavement response (deflection and
strain) during the spring thaw should be 1imited to those estimated for
summer conditions. The way to achieve equal pavement response is to reduce
allowable axle loads (or individual tire loads). Further, many agencies have
the capability to measure pavement surface deflections with equipment such as
the Benkelman Beam, Dynaflect, or Falling Weight Deflectometer. Thus for
both the fine and coarse-grain subgrade cases, the percent increase in sur-
face deflection was calculated for summer to complete spring thaw for both
single tire - single axle and dual tires - single axle conditions. These
deflection increases were matched with the associated load reduction per-
centages with a summary shown in Table 5.1 and plotted in Figure 5.1.

An examination of Figure 5.1 reveals that pavement sections which have
surface deflections 45 to 50 percent higher during the spring thaw than
summer values are candidates for load restrictions. Clearly, this is not an
absolute criterion for selecting pavement sections to receive load
restrictions. Site specific conditions could significantly alter the
deflection increase threshold. For example, a relatively "thin" or "weak”
pavement section may have relatively high summer deflections. Thus spring
thaw deflections may need to increase much less than the threshold level of
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45 to 50 percent to necessitate load reductions. Surface deflection
increases of less than 45 percent result in load reductions of about 25 to
30 percent or less which is in agreement with the work by Connor [2.20] as
originally described with Figure 2.12.

Other criteria which should be considered in selecting pavements for
load restrictions include:

(a) surface thickness,

(b)  pavements on fine-grained subgrades, and

(c) Tlocal experience relating to observed moisture and pavement
distress.

If the surface thickness of a pavement is about two inches or less and
in an area where the FI is greater than 400°F-days (i.e., modest depth of
freezing), then this suggests that load restrictions should be considered.

Pavements on fine-grained subgrades such as silts and clays (Unified
Soil classifications ML, MH, CL and CH) are candidates for load restrictions.
Again, the depth of ground freezing is important.

The observed site specific drainage is significant in assessing the need
for load restrictions. Items such as poor drainage from side ditches,
available ground water, high winter precipitation, and snow removal policies
should be considered. For example, pavement in cold but dry locations
probably will not need any type of restrictions.

Another criterion to use for selecting load restriction locations
involves observation of pavement distress such as fatigue (alligator)
cracking ar ! rutting. If these distress types primarily occur during the
spring thaw, load restrictions are needed if options such as strengthening
the overall pavement structure are not possible (or appropriate).

Overall, local experience relating to the conditions associated with the
performance an individual agency's road network is important. Clearly,
various nondestructive pavement response measures such as surface deflection
can help define the potential pavement weakening during the thaw period;

however, the experience of agency personnel should be used to the fullest
extent possible.
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5.3 GUIDELINES FOR LOAD RESTRICTION MAGNITUDE

From Chapter 3.0 (specifically Table 3.7), the range of load reductions
used by the summarized agencies range from about 20 to 60 percent. An
average load reduction for seven locations (individual state areas) is
approximately 44 percent (standard deviation of about 8 percent). This sug-
gests that reducing the load on individual axles (or tires) by about 40 to
50 percent reduces the associated pavement response to levels that preclude
or reduce the resulting pavement distress to acceptable levels.

To further examine the amount of load reduction needed, Figures 5.2 and
5.3 were developed. Figures 5.2 is a plot of load reduction (percent) versus
the increase in pavement life due to the application of load restrictions
(percent). The load reduction percentages were obtained from Tables 4.6,
4.7, 4.8, 4.11, and 4.12 in Chapter 4.0 (for the vertical strain at the top
of the subgrade cases only). The increase in pavement life was obtained from
Tables 4.14, 4.17, 4.18, 4.19, and 4.20. To determine the increase in pave-
ment life from these tables, the negative change in pavement life (based on
the rutting failure criterion) is eliminated due to load reductions, thus
increasing the potential pavement 1ife. A1l three tire-axle configurations
were used. This curve contains data points for both the two and four inch
thick surface courses and both fine and coarse-grain subgrades for the rut-
ting failure criterion (a wide range of conditions). Undoubtedly, different
failure criteria would tend to shift the curve.

The results based on Figure 5.2 show that as the load reduction
percentage is increased the associated pavement 1ife is increased (as one
would expect). An increasing slope is noted for load reductions greater than
about 20 percent. The following potential pavement life increases result as
a function of load reduction (starting with a load reduction of 20 percent):

Load Reduction (%) Life ?gggggggs (%)
20 62
30 78
40 88
50 95
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Thus, if the 44 percent load reduction level is used (average of the seven
state areas previously noted), this results in a potential improvement in
pavement life of about 90 percent. The basic (and very conservative)
assumption is that all the pavement damage (hence load reduction benefit) can
occur during the thaw weakened period. For some pavements, this may actually
occur but generally would not be the case for most. What this curve allows
is for an agency to select the amount of benefit desired and restrict loads
accordingly.

Clearly, the needed level of load reduction is not as simple as an
examination of Figure 5.2 suggests. For example, many thin or generally weak
pavement structures need high levels of load reduction during the spring thaw
period to prevent significant pavement damage (i.e., small or even modest
levels of load reduction will not preclude significant pavement damage). To
further assist agencies, Figure 5.3 was developed. This figure is a plot of
the load reduction required to maintain equivalent summer rutting levels
(similar to Figure 5.2) versus reduction in remaining 1ife due to spring
thawing. The family of curves shown are for various levels of actually
applied load reduction (0 to 50 percent). For example, if a pavement section
actually needed (or required) a 40 percent load reduction to prevent pavement
damage from exceeding that accumulated during the summer but only a 30 per-
cent load reduction was actually applied, then the reduction in remaining
life would be about 40 percent. Again, if the required load reduction is 40
percent but only a 20 percent load reduction was applied, then the reduction
in remaining life would be slightly more than 60 percent. (Figure 5.3 was
developed for the same tire-axle cases as used in Figure 5.2 and the rutting
failure criterion. The differences in remaining life between the actually
applied and required load reductions were based on the relative values of the
equivalent summer vertical subgrade strain (which results in the required
load reduction) and that strain resulting from the actually applied Toad
reduction.)

If load restrictions are to be used, it appears that a minimum load
‘reduction of 20 percent is needed. Load reductions greater than 60 percent
would appear to be excessive (given the assumptions used in preceding
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analysis). Further, general national practice is to use load reductions
ranging from 40 to 50 percent. The analysis performed in this study tends to
confirm this range of load reduction.

5.4 GUIDELINES FOR WHEN TO APPLY AND REMOVE LOAD RESTRICTIONS
5.4.1 WHEN TO APPLY LOAD RESTRICTIONS

A primarily activity in the study was to develop guidelines on when to
apply and remove load restrictions (assuming that load restrictions are
needed). These guidelines are based on easy to obtain air temperature data
from local weather stations or site specific high-low recording thermometers.
It is assumed that most agencies do not have the capability to use deflection
measuring equipment during the start of the critical period to assess when to
apply load restrictions.

A review of the thermal analysis information presented in Chapter 4.0
results in a two possible times for applying load restrictions. Both are
based on Thawing Index (TI) calculated by use of a 290F datum (not the nor-
mally used 320F). (A discussion on how to calculate the thawing index and an
example is included in Appendix F). These two criteria follow:

5.4.1.1 SHOULD LEVEL

The "should" load restriction level occurs after accumulating a TI =
250F-days following the start of the thawing period. This is used to esti-
mate thaw to the bottom of the base course.

5.4.1.2 MUST LEVEL

The "must" Toad restriction level occurs after accumulating a TI =
500F-days following the start of the thawing period. This is used to esti-
mate thaw to approximately four inches below the bottom of the base course.

5.4.1.3 SHOULD AND MUST LEVELS FOR THIN PAVEMENT SECTIONS

The "should" level for thin pavements (such as two inches of asphalt
concrete with a six inch aggregate base) could be as low as a TI = 100F-days.
The corresponding "must” level TI = 400F-days.
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5.4.1.4 DISCUSSION

The above criteria are best suited for use during the “normal” start of
the spring thaw period (generally late February to April). A different
condition exists for mid-winter thawing cases. First, the sun angle is lower
for a mid-winter thaw than used in the analysis suggesting a higher base
temperature (such as 319F) for calculating TI. Second, for most areas, the
percent cloud cover is higher during mid-winter.

The temperature based TI criteria are best applied for fine-grained
soils. The analysis presented in Chapter 4.0 showed more consistent results
for this soil type than coarse-grained.

5.4.2 WHEN TO REMOVE LOAD RESTRICTIONS

Based on the Titerature review (Chapter 2.0), interviews (Chapter 3.0),
and the structural and thermal analyses (Chapter 4.0), the duration of the
load restriction period should approximate the time required to achieve
complete thawing.

Two different approaches were developed in the study to predict the
duration of load restrictions both of which are based on regression equations
with Freezing Index (FI) as the independent variable.

The first equation was developed for the fine-grained subgrade cases
(which tend to be the most critical) and can be used to estimate the load
restriction duration as a function of FI. This equation is:

Duration (days) = 22.62 + 0.011 (FI)

where:

Duration = duration for complete thaw based on a start date when the air
temperature is 290F or above, (days),
freezing index (9F-days)

FI
An approximate solution to the above equation is:

Duration = 25 + 0.01 (FI)
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A brief comparison of the two solutions as a function of FI is shown in
Table 5.2.

The two above equations are based on fine-grained soils at a moisture
content of 15 percent and a range of FI from 400 to 2000 OF-days. Predicted
durations outside of this data range may result in poor estimates. Further,
for locations with relatively low FI (400 to 500 9F-days), the predicted
durations are probably conservative (i.e., longer than actual).

Another approach to use in estimating the time required for complete
thawing to occur (hence duration of load restrictions) is based on a TI
criterion. The TI (again based on a 29°F air temperature datum) is esti-
mated from a regression equation which has the independent variable of FI.
The resulting equations have higher correlation coefficients than those for
estimating duration as a function of FI. The equation selected for potential
use is (based on fine-grain cases and 15 percent moisture content):

TI = 4.154 + 0.259 (FI)
An approximate solution is:
TI ~0.3 (FI)

A comparison of these two equations is provided in Table 5.3. An example of
estimating when to place load restrictions and how long to maintain them
using temperature data obtained from a high-low thermometer throughout the
freezing and thawing period is shown in Appendix G.
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Table 5.2 Comparison of Equations Used to Predict
Duration for Complete Thaw

Complete Thaw- Complete Thaw -

Freezing Duration Based Duration Based

Index on Original on Approximate

(°F-days) Regression Equation (a) Regression Equation (b)
(days) (days)

400 27 29
500 28 30
750 31 32
1000 34 35
1250 36 38
1500 39 40
2000 45 45

22.62 + 0.011 (FI)
25 + 0.01 (FI)

Notes: (a) Duration (days)
(b) Duration (days)

14
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Table 5.3 Comparison of Predictions Used for
Determining the Duration of the
Load Restriction Period Based on
Thawing Index
Prediction of Prediction of
Freezing Thawing Index Thawing Index
Index (29°F datum) (29°F datum)
(°F-days) Based on Original- Based on Approximate
Regression Equation (a) Regression Equation (b)
(°F-days) (°F-days)
400 108 120
500 134 150
750 198 225
1000 263 300
1250 328 375
1500 393 450
2000 522 600
Notes: (a) TI = 4.154 + 0.259 (TI)
(b) TI = 0.3 (FI)
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CHAPTER 6.0
CONCLUSIONS AND RECOMMENDATIONS

6.1 CONCLUSIONS
The following conclusions are warranted:

(a) The use of load restrictions to reduce or preclude pavement damage
during spring thaw periods is widely used in the U.S. and Europe.
Load restrictions are primarily applied to low volume road
networks.

(b) Investigations in the U.S. of the thaw weakening process in
pavement structures increased during the late 1940's.

(c) Extensive examinations have been conducted in recent years in
states such as Alaska, Minnesota and Washington.

(d) Surveys conducted in this study reveal the following:

(i) Load restrictions are applied mostly to pavements which have
subgrades composed of moisture susceptible silts and clays.

(ii) Load restrictions are applied mostly to aggregate and/or as-
phalt surfaced pavements. These pavements are usually older
(about 20 years).

(ii1) The maximum legal loads are generally reduced from about 40 to
50 percent for single axles and 30 to 50 percent for tandem
axles.

(iv) Judgment by field personnel is primarily used to assess where,
when, how much and how long to apply load restrictions.

(e) For determining where to apply load restrictions, the following is
often considered:

(i) comparison of summer and spring pavement surface deflection
data,
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(ii) surface thickness,
(i11) moisture conditions,
(iv) subgrade type,

(v) Tlocal experience.

(f) A temperature based criterion appears to be a straightforward and
easy way to determine when and for how long to apply load restric-
tions.

(g) The average load restriction applied by the agencies interviewed
(based on seven individual state areas) is about 44 percent. Fur-
ther, an analysis based on characterizing a pavement structure as a
layered elastic system suggests that a minimum Toad restriction
level (if any load reduction is needed) is 20 percent. Load reduc-
tions greater than 60 percent are not justifiable for the wide
range of cases studied. Current national practice and the analysis
performed in this study suggests that for those pavements needing
load restrictions, load reductions ranging from 40 to 50 percent
should accommodate a wide range of pavement conditions.

6.2 RECOMMENDATIONS

The following recommendations are provided on where, how much, when and
how Tong to apply load restrictions:

(a) Where to apply load restrictions. If pavement surface deflections
are available to an agency, spring thaw deflections greater than 45
tv 50 percent of summer deflections suggest a need for load
restriction. Further, considerations such as depth of freezing
(generally areas with Freezing Indices of 4000F-days or more),
pavement surface thickness, moisture condition, type of subgrade,
and local experience should be considered. Subgrades with Unified
Soil Classifications of ML, MH, CL and CH will result in the
largest pavement weakening.
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(b)

(c)

(d)

Load restriction magnitudes can be based on guidance provided in
Figures and 5.2 and 5.3 (Chapter 5.0). A minimum load reduction
level should be 20 percent. Load reductions greater than 60 per-
cent generally are not warranted based on potential pavement
damage. A load reduction range of 40 to 50 percent should accommo-
date a wide range of pavement conditions.

When to apply load restrictions. Load restrictions should be
applied after accumulating a Thawing Index (TI) of about 250F-
days (based on an air temperature datum of 299F) and must be ap-
plied at a TI of about 509F-days (again based on an air temperature
datum of 290F). Corresponding Tl levels are less for thin pave-
ments (e.g. two inches of asphalt concrete and six inches of aggre-
gate base).

When to remove load restrictions. Two approaches are recommended
both of which are based on air temperatures. The duration of the
load restriction period can be directly estimated by:

Duration (days) = 25 + 0.01 (FI)

Further, the duration can be estimated by use of TI and the
following relationship:

TI = 0.3 (FI)

185



186



1.1

1.2

1.3

2.1

2.2

2.3

2.4

2.5

2.6

2.7

2.8

REFERENCES
CHAPTER 1.0

» "The AASHO Road Test, Report 5, Pavement Research,” Spe-
cial Report 61E, Highway Research Board, Washington D.C., 1962.

Monismith, C.L. and D.B. McLean, "Technology of Thick Lift Construc-
tion - Structural Design Considerations," Proceedings, Association of
Asphalt Paving Technologists, Cleveland, Ohio, 1972.

> "AASHTO Interim Guide for Design of Pavement Structures -
1972," American Association of State Highway and Transportation Offi-

cials, Washington, D.C., 1981.
CHAPTER 2.0

» "Roadway Design in Seasonal Frost Areas," Transporta-
tion Research Board, NCHRP Report No. 26, 1974, pp. 104.

Guimont, M., "Effects of the Spring Thaw on Quebec's Roads and
Specific Regulations,"” Roads and Transportation Association of Canada
Conference, Halifax, Nova Scotia, 1982, pp. 22.

Kankare, E. and Lampinen, A., "Average Values and Seasonal Variation
in the Load-Carrying Capacity of Some Finnish Roads," Frost Action on
Roads, 0Oslo, Norway, 1973, pp. 152-154.

Boutonnet, M., Faure, B. and Mothes, J., "Surveillance and Protection
of the French Road Newtork during the Thaw Period," Frost Action on
Roads, 0Oslo, Norway, 1973, pp. 155-156.

Livet, J., "Technical and Regulatory Aspects of Traffic Restrictions
during Thawing Period for Public Roads in France," Frost Action in
Soils, Oslo, Norway, No. 22, 1981, pp. 23-26.

Thomassen, S. and Eirum, R., "Norwegian Practices for Axle Load Res-
trictions in Spring Thaw, International Symposium on Bearing Capacity
of Roads and Airfields, Trondheim, Norway, Vol. 2, 1982, pp. 921-930.

Kubler, G., "Influence of Meteorologic Factors on Frost Damage,"
Highway Research Board, Highway Research Record No. 33, 1963, pp.
217-257. ;

Taber, S., "Frost Heaving," Journal of Geology, Vol. XXXVII, No. 4,
1929.

187



2.9

Motl, C.L., "Report of Committee on Load Carrying Capacity of Roads as
Affected by Frost Action," Proceedings, Highway Research Board Meet-
ing, Vol. 26, 1948, pp. 273-281.

Motl, C.L., "Load Carrying Capacity of Roads as Affected by Frost
Action," Highway Research Board, Highway Research Report No. 10-D,
1950, pp. 1-18.

Motl, C.L., "Load Carrying Capacity of Roads as Affected by Frost
Action," Highway Research Board, Highway Research Bulletin No. 40,
1951, pp. 1-38.

Motl, C.L., "Load Carrying Capacity of Frost-Affected Roads," Highway
Research Board, Highway Research Bulletin No. 96, 1955, pp. 1-23.

Motl, C.L., "Report of Committee on Load-Carrying Capacity of Roads as
Affected by Frost Action," Proceedings Highway Research Board Meeting,
Vol. 34, 1955, pp.439-453.

Meskal, G.A., "Load Carrying Capacity of Roads as Affected by Frost
Action," Final Report, Highway Research Board, Highway Research
Bulletin No. 207, 1959, pp. 1-32.

Preus, C.K. and Tomes, L.A., "Frost Action and Load-Carrying Capacity
Evaluation by Deflection Profiles," Highway Research Board, Highway
Research Bulletin No. 218, 1959, pp. 1-10.

Armstrong, M.D. and Csathy, T.I., "Frost Design Practice in Canada,"
Highway Research Board, Highway Research Record No. 33, 1963, pp. 170-
201.

Scrivner, F.H., Peohl, R., Moore, W.M. and Phillips, M.B., "Detecting
Seasonal Changes in Load-Carrying Capabilities of Flexural Pavements,"
Highway Research Board NCHRP Report No. 76, 1969, pp. 38.

Hardcastle, J.H. and Lottman, R.P., "A Rational Method for
Estal Tishing Spring Thaw Load Limits on Idaho Highways," Final Report,
University of Idaho, Moscow, Idaho, 1978, pp. 22.

Hardcastle, J.H., Lottman, R.P. and Buu, T., "Fatigue Based Criteria
for Seasonal Load Limit Selection," Transportation Research Board,
Transportation Research Record No. 918, 1983, pp. 22-30.

Cohnor, B., "Rational Seasonal Load Restrictions and Overload Per-

mits," Alaska Department of Transportation, Juneau, Alaska, 1980, pp.
54.

188



.21

.22

.23

.24

.25

.26

.27

.28

.29

.30

.31

.32

Stubstad, R.N. and Connor, B., "Prediction of Damage Potential on
Alaskan Highways During Spring Thaw Using the Falling Weight
Deflectometer,” Alaska Department of Transportation, Fairbanks,
Alaska, 1982, pp. 22.

Lary, J.A., Mahoney, J.P., and Sharma, J., "Evaluation of Frost
Related Effects on Pavements," Washington State Department of Trans-
portation, Report WA-RD 67.1, Olympia, WA, May 1984.

Kubo, H. and Sugawara, T., "The Influence of Frost Action on the
Bearing Capacity of Flexible Pavements," International Symposium on
Bearing Capacity of Roads and Airfields, Trondheim, Norway, 1982, pp.
344-352.

Nordal, R.S., "Frost Heave and Bearing Capacity During Spring Thaw at
the Vormsund Test Road," Proceedings of the Symposium on Bearing
Capacity of Roads and Airfields, Trondheim, Norway, 1973, pp. 374-382.

Dysil, M., "Swiss Philosophy and Developments Concerning the Loss of
Bearing Capacity During Thaw," International Symposium on Bearing
Capacity of Roads and Airfields, Trondheim, Norway, 1982, pp. 334-343.

Esch, D.C. (1982), "Prediction of Roadway Strength from Soil Proper-
ties," International Symposium on Bearing Capacity of Roads and Air-
fields, Trondheim, Norway, pp. 353-362.

Crawford, C.B. and Boyd, D.W., "Climate in Relation to Frost Action,"
Highway Research Board, Highway Research Bulletin No. III, 1955, pp.
63-75.

Kubler, G., "Influence of Meteorological Factors on Frost Damage in
Roads," Proceedings of the Symposium on Frost Action on Roads, Oslo,
Norway, 1973, pp. 37-39.

Carlslaw, H.S. and Jaeger, J.C., Conduction of Heat in Solids.
Clarendon Press, Oxford, England, 1947, pp. 386.

Aldrich, H.P. and Paynter, H.M., "Analytical Studies of Freezing and
Thawing in Soils,” U.S. Army Corps of Engineers Arct. Constr. Frost
Eff. Lab, New England Division, Boston, Mass., First Interim Report,
1953.

Aldrich, H.P., "Frost Penetration Below Highway and Airfield Pave-
ments," Highway Research Board Bulletin No. 135, 1953, pp. 124-149.

Kersten and Carlson, M.S., "Soil Temperature and Ground Freezing,"
Highway Research Board Bulletin No. 71, Highway Resarch Board,
Washington, D.C., 1953.

189



.33

.34

.35

.36

.37

.38

.39

.40

.41

.42

.43

.44

.45

Moulton, L.K., "Prediction of the Depth of Frost Penetration : A
Review of the Literature," West Virginia University Engineering
Experiment Station, Report No. 5, 1969, pp. 1-105.

Kersten, M.S., "Thermal Properties of Soils, " University of Minnesota
Engineering Experiment Station. Bulletin No. 28, 1949, pp. 227.

Lunardini, V.J. Heat Transfer in Cold Climates. Van Holstrand
Reinhold Company. New York, N.Y., 1981, pp. 731.

Kersten, M.S. and Johnson, R.K., “Frost Penetration under Bituminous
Pavements," Highway Research Board, Highway Research Bulletin No. III,
1955, pp. 37-62.

Argue, G.H. and Denyes, B.B., "Estimating the Depth of Pavement Frost
and Thaw Penetrations," Transportation Research Board, Transportation
Research Record No. 497, 1874, pp. 18-30.

Hoffman, G.L., Cumberledge, F. and Bhajandas, A.C., "Frost Action on
Pavements - Technical Report," Pennsylvania Department of Transporta-
tion, Vol. I and II, 1979.

Berg, R.L., "Improved Drainage and Frost Action Criteria for New
Jersey Pavement Design: Phase II," U.S. Army Corps of Engineers, CRREL
Special Report No. 79-15, 1979, pp. 51.

Berg, R.L. and McGaw, R.W., "Improved Drainage and Frost Action
Criteria for New Jersey Pavement Design, Phase 2: Frost Action,"
USACRREL Special Report 78-9, 1978.

Lovell, W., “Temperature Effects on Phase Composition and Strength of
Partially Frozen Soil," Highway Research Board Bulletin 168, Highway
Research Board, 1957, pp. 74-95.

Chisholm, R.A. and Phang, W.A., "Measurement and Prediction of Frost
Penetration in Highways," Presented at TRB Annual Meeting, Washington,
D.C.. 1983, pp. 31.

Korfage, G.R., "A Study of Thawing in Highway Sections.”" Master's
Thesis, University of Minnesota, 1960, pp. 100.

Dempsey, B.J. and Thompson, M.R., "A Heat Transfer Model for Evalua-
ting Frost Action and Temperature Related Effects in Multilayered
Pavement Systems,” Highway Research Board, Highway Research Record No.
342, 1970, pp. 39-56.

Thomas, H.P. and Tart, R.G., "Two-Dimensional Simulation of Freezing

and Thawing in Soils," Proceedings, Cold Regions Engineering Specialty
Conference, Montreal, Quebec, 1584, pp. 265-274.

190



.46

.47

.48

.49

.50

.51

.52

.53

.54

.55

.56

Polinka, R.M. and Wilson, E.L., "Finite Element Analysis of Nonlinear
Heat Transfer Problems," Report No. UC SESM 76-2, University of
California at Berkeley, 1976.

Goering, D. and Zarling, J., "TDHC Finite Element Program User's
Manual," University of Alaska, Fairbanks, Alaska, 1985, pp. 51

Miller, T.W. "The Surface Heat Balance in Simulations of Permafrost
Behavior." Presented at the Annual Winter Meeting of the American
Society of Mechanical Engineers, Houston, Texas, December 1975, pp.16.

Duffie, J.A. and Beckman, W.A. Solar Engineering of Thermal Processes,
John Wiley and Sons, Inc. New York, N.Y. 1980, pp.762.

Vehrencamp, J.E., "Experimental Investigation of Heat Transfer at an
Air-Earth Interface." Transactions, American Geophysical Union. Vol.
34, No. 1, 1953, pp. 22 - 29.

U.S. Department of Army and Air Force, "Calculation Methods for Deter-
mination of Depths of Freeze and Thaw in Soils - Emergency Construc-
tion," Army Technical Manual TM 5-892-6, 1966, pp. 75.

Yoder, E.F. and Witczak, M.W., Principles of Pavement Design, John
Wiley & Sons, Inc. New York, N.Y., 1975.

Mahoney, J.P., "Research Summary Report - Evaluation of Present Legis-
lation and Regulation on Tire Sizes, Configurations and Load Limits,"
Contract Y-2811, Washington State Department of Transportation,
Olympia, WA, July 1984.

Johnson, J.B., "Vehicle Load Effects on Alaskan Flexible Pavement
Structures," Alaska Department of Transportation, 1983, pp. 23.

Havens, J.H., Southgate, H.F. and Deen, R.C., "Fatigue Damage to
Flexible Pavements Under Heavy Loads," Transportation Research Board,
Transportation Research Record No. 725, 1979, pp. 15-22.

Johnson, T.C., Cole, D.M., and Chamberlain, E.J., "Influence of
Freezing and Thawing on the Resilient Properties of a Silt Soil
Beneath on Asphalt Concrete Pavement," CRREL Report 78-23, Cold
Regions Research and Engineering Laboratory, U.S. Army Corps of
Engineers, Hanover, New Hampshire, September 1978.

191



CHAPTER 3.0

Connor, B., "Rational Seasonal Load Restrictions and Overload
Permits," Alaska Department of Transportation, Juneau, Alaska, 1980,
pp. 54.

Kersten, M.S. and Skok, E.L., "Application of AASHO Road Test Results
to Design of Flexible Pavements in Minnesota," Interim Report,
Investigation No. 183, Minnesota Department of Highways, }968.

Lary, J.A., Mahoney, J.P. and Sharma, J., "Evaluation of Frost Related
Effects on Pavements," Washington State Department of Transportation,
Report WA-RD 67.1, Olympia, WA, May 1984,

CHAPTER 4.0

Shook, J.F. et. al, "Thickness Design of Asphalt Pavments-The Asphalt
Institute Method" Proceedings, Fifth International Conference on the
Structural Design of Asphalt Pavements, August, 1982.

Cinquemani, V., Owenby, J.R. and Baldwin, R.G., "Input Data for Solar
Systems," NOAA Report to Department of Energy, November 1978.

Scott, R.F., Heat Exchange at the Ground Surface. CRREL Monograph II-
Al.

Ruffner, J.A. and Bair, F.E., ed. The Weather Almanac, Gale Research
Company, Detroit, Michigan, 1984, pp. 812.

Henkelom, W. and Klomp, A.J.G., "Dynamic Testing as a Means of Con-
trolling Pavements During and After Construction,” Proceedings, First
International Conference on the Structural Design of Asphalt
Pave: »nts, Ann Arbor, Michigan, 1962.

Claussen, A.I.M., Edwards, J.M., Sommer, P., and Uge, P., "Asphalt
Pavement Design -- The Shell Method," Proceedings., Fourth
International Conference on the Structural Design of Asphalt
Pavements, Ann Arbor, Michigan, 1977.

Johnson, T.C., Cole, D.M., and Chamberlain, E.J., "Influence of Freez-
ing and Thawing on the Resilient Properties of a Silt Soil Beneath an
Asphalt Concrete Pavement,” Report 78-23, U.S. Army Cold Regions
Research and Engineering Laboratory, Hanover, N.H., September 1978.

192



APPENDIX A

DATA SUMMARY FOR
SUMMER CONDITIONS

193



194



Am>w\nw

peabgns jo doj uLeud3s [edL3ddp (AL)
3) aseq 40 doj uLed3s [edL34dp (LLt)

(¥3) asue0d

30B44NS JO WO330Q ULRUIS {RIUOZ|UOH (L) uotssadduod -
(9) uor3o84ap @dejyuns (i) (q) uoisual + (e) :sajoN

0L2 - vi8 - 2€2+ 6L10°0 000 ‘0% |000 09 {000 ‘00F 2L 1
00§ - 608 - £y2+ 9210°0 000 ‘0% {00009 |000 ‘00€ 9 1
89¢ - 0s0L- 281+ 6v10°0 000“0%|000°09 {000 °“00€ 2t 14
65/ - 0S01- 06 L+ 1910°0 000°0%{000°09|000°00€ 9 4

apeabqng pauleab-asaeo)
0001~ 0522- 629+ €EV0°0 005°Z ]052°11{000“00€ 1} v
051~ 0022- G59+ §5%0°0 005°Z |0S2°11|000°00€ 9 14
0/91- 00b- 668+ £G90°0 006°Z 1052°11]000“00€ 2L Z
0zLe- 0/Eh- 056+ 00L0°0 00§/ {0S2°11{000°00€ 9 Z

apeabqng pauleab-aut4

. (ru) (rut)
(0L X ur/ut) o 0L X uE/us) | (g 0L X ur/u) (rue) apeabqng| aseg |adejung SSBUNDLYL  SSAWDLYL
3 3 iy aseg aoe4un
ERLLN
T uoroeg

Anuamuwmcoawmx JUaWRARg (+sd) sninpoy jualiisay _mewwnmwm

alxy a(buts - autl a|buLs

- SUOL]LPUO) JBWWNS

Ly

195



38 {enp j0 a4}
aptsut Yyiesusq - 1id

m>uv

(
(9%

3904JNS O WO330q ULeU1S {ejuoziuaoy (Lt)

eafgns 40 doj upeays [eat3aap (AL)
3) aseq jo dol utea3s [edLIU8A (}L4)

(33) asueod

uoiSsauduwod -

saJ1y enp udamiaq = 1ud (L) (9) (9) uor3osgap adejans (4) (q) uorsual + () :sajoN
207 - 159 - 9T+ 8600°0 | LI
y22 - Gee - 8 - 6800°0 1q8 000°0%|000°09 |000°00€ et 14
e - 969 - EL1+ $010°0 119
266 - 9cs - 9/ - 9600°0 1ad 000 ‘0% 00009 {000 “00E 9 ¥
092 - tsot- §Z2+ €210°0 118
82 - 891 - 062~ 1010°0 1a8 000 °0%{000°09 {000°00€ cl 2
£1s - 0501~ LEg+ 11070 119
S I 1l - 482~ 01100 108 000°0% {00009 |000 “00€ 9 4
apeabgng pauteab-asaeo)
Lyl 2041~ Z8E+ 0/€0°C 118
06LL- 29¢€ 1 bs + 6.£0°0 1q8 00S°Z {0S2°11{000°00€E 4\ v
911~ 5891~ 66€+ 06€0°0 118
8621~ LEEL- GL + 66£0°0 108 005°L {052°11{000°00¢ 9 k4
glZtl- L05€- 289+ $250°0 118
09¢ L~ 8Ll §Gb- 8060°0 lag 00G°L {092°L1{000°00¢€ Al Z
soLe- 14345 90L+ 0950°0 118
Loie- vLLL- 92h- L¥S0°0 108 005°L |062°L1{000°00€ 9 4
apeabqng pauieab-sul ]
. (2) (rut) (rut)
Ao-o—mw ut/ut) ﬁmeop M>:_\=_V Ac-o— M ut/ut) (rut) uoiL3ed07| apeabqng| aseg |aoejung SSIWYOLY]  SSAWOLY]
3 3 3 9 aseq adeLang
uo01333$
(q) (r)SUCdSRY JudURAC (tsd) sninpol Juat|Lsay LeANIONI3S
JUBURARY

S9UL| UDBM]DY DSUOdSaY JusWBAR - B|XY
91buLS - S8J4L] [eng - SUOLILPUO) JauwNg Z°y alqej

196



[93yM apLSuL Japun

Y ERENTE 9U3UID = Lit S
w—meWco pw stww:wu 10 () Au>mv wmemn:m 40 dog uLeu3s [e2L3484p (AL)
s|12aym |enp usamiaq = Mg (tL) Ao 3) aseq jo0 doj ULeuls (eOL]Ud\ (tey)
3413 () Jeueoo (1) uoLssaadwod
0 BUL|U33UdD 80RJJANS WO310Q ULRUFS |RJUOZJUOH (Lt 1 - ]
_mnw wm—xo.wwwuuwn =yq (+) (9) s (9) uoi3d3(4ap aseguns (1) (q) uoLsuaj + (e) :sajoN
061 - 9,7 - 0g - 980070 e ‘ . . v
L= oL + 0 mvoo,o vd 000°0% {000°09 |000°00¢€ el
662 - 009 - 591 + oo_.o.o 1d
162 - 9/2 - - Nopo.o Ma . . .
vl o+ g + G - L¥00°0 vd 000°0% {00009 |000°00€E 9 ¥
022 - vioL- 262 + 81100 10
ove - 0zL - 09¢ - 56000 Mg . . .
2 - 9 + - 200 °0 ve 000°0% [000°09 {000 °‘00€E 4} 2
0Sp - yloL- 182 + $210°0 1a
0/ - €2l - 882 - 06000 Mg
ve€e + o+ g - 2v00°0 ve 000°0t {00009 {000 00¢ 9 I
apeJabqng pauledb-asaec)
049 - 0151~ €66 +  |29€0°0 10
1278 oSt~ 0 + 99€0°0 Me
6sL - 6 - 09 + 2220°0 ve 00S°Z |0S2°LL|000°00E 4 k4
¥86 - 06t 1~ 89€ + 9/£0°0 10
8601~ ETAN 25+ L0S0°0 Mg
8y - a2 - 0L + 9020°0 ve 00S§°Z Josz“1L1 |000°00¢ 9 b
0e0L- 8lee- 199 + 16400 1q
0stL- 0LwlL- oey - §/¥0°0 Ma
sy - 0 + 9+ 0120°0 v 00S°/ |0SZ° 1L |000°00E 2l 2
Z2iel- 002¢e- €89 + G250°0 1a
081~ 891~ 70p - ¢8€0°0 Me
0oL + e+ SL o+ 9220°0 ve 00§°Z 10S2°1L1 |000°00¢ 9 4
apedabgng pauleab-aut 4
) . ("u) (rut)
(5-01 M>=_\=wv Aw-opnw uL/ut) (4-01 “ utzu) o (u) coFMwWOJ apeubgns | aseg |adejung SSaUWYOLY]  SSaWYILY]
3 3 3 0 : aseg asejung
uoL3209g
asucdsay juausaey (tsd) sninpoy just|isay | e4n1ona3sg
(@)(e) JUBWBARY

QXY wopue] = Sadl] [enqg - CO_pwU:ou JADUNG ey mpndh

197



198



APPENDIX B

DATA SUMMARY FOR
SPRING THAW CONDITIONS

199



200



201

Am>uwnwvmgmn=m 30 do3 utea3s [eoLIUABA  (AL) ‘uL z{z = apeabgns uazouajun
1 (773) eseq jo doj uteays [eDLIAAA (Lii) ‘ui oy = apeabans pameyl
(*3) 854n00 3J04UNS JO WOII0Q ULBUFS [RJUOZLUOH (L) ‘UL 9 = aseg
(9) uorgoa|gap aoeguns (L) (9) ‘ut 72 = 354n02 ddeyung () :saoN
. 0901~ o L- 2lE + 2€20°0 001
692 - 065 - 991 + £500°0 02 0000t 000°02 000°0€| 000°002°1 %08
8161~ vL61- 0ey + 9€€0°0 001l
€LE - 62L - g6l + 6£00°0 02 0000t 00021 000°81} 000°002°1 %04
pLLL- 06l2- 9 + £€8€0°0 0oL utedb
9Ly - €8/ - oLe + 8800°0 02 0000t 000°01L 000°G1{000°002°1L %SL -35.400)
28hb- Sh6h- 206 + 0621°0 00l
6(6 - 06€ 1~ GLE + 0920°0 02 006°L 088°1 0082 | 060°002° 1L %G L
020§~ pLbs- 956 * ovvL 0 00L
pL0L- 08pl- 92¢ + G820°0 02 005°L 005°L 062°2 [ 000°002°1 %08
06.G- 0909~ 0E0L+ 069L°0 001
ongi- 0091~ Lve + 92€0°0 02 00S°L 0zZL‘t 00/°1 | 000°002°1 %58 ureab-aut 4
(a) (a) () (q) peoy [{nd | uazoagun | pameyl ase asano) | sninpoy
m_u_ X ut/ut) m_uP X ut/ut) Aobp X ut/ut) | (rut) 40 judduad | apeubgng | apeubqng 81 soegung | juaLisay adA]
SA4 qA, i, 9 apeabqng ui  apeabgng
35U0dsay JusUBALy {T5d) SA[NpOW JU81 1539 uoL3onpay

(e 212/9/2 84n30nJ31S juswaAed - Mmey] 933(duo)
- dLXY m~mcvm - @41l 9(buils - uot3Lpuo) meyp buiuds -9 3|qe]l



Am>uvnwungma=m 10 do3 upeays (esrjaspn
(7"3) @seq 4o do} ULBJIS [BILFJBA (

40 WO330Q ULBAS [RIUOZLUOH (
(

Auuv 9S4NOD deLaNns

‘UL z1z = apeuabqns uazoujufn

apeuabqns pamey)

aseg

(v) uor3do8(4ap adegung 354N03 d%ejuNg (B) :SIION
265 - 1Sh1- 962 + (1200 00t
€L - 665 - €91 + #500°0 0¢ 000°0% 000°02 000°0€} 000°002° 1L %09
868 - 0002~ 00y + #1€0°0 0ot
g61 - oyl - g6l + $£00°0 07 000°0Y 000°21L 000°81| 000°002°L %04
ovoL- 5e22- ovy + 85€0°0 00l utesb
€22 - 66/ - 02 + £800°0 0¢ 000°0Y 000°01 000°S1{ 0000021 wGL ~35.480)
ocse- 05 16~ 08 + 02210 001 o
659 - chpl- 80¢ + 2620°0 02 00§°L 088°1 0082 {060°002°1 %SL
yERE~ 0596- 126 + 08€L°0 0ol
L - opsL- 02¢ + 8L20°0 0¢ 005, 006°1L 0622 1 000°002°1 »08
116" 9p£9- 0001+ 029170 0oL
098 - 9/91~ SEE + 61€0°0 02 005°L 02i°t 00/°1 | 000°002°1L %98 ugeab-auty
|
(q) (q) (q) (q) peot N4 | uszoajun | pameyl 3SAN0Y sn|npoy
DL X Ut/ut) | OUX ut/ut) | (gOL X UL/ut) | (*UL) | 4o 3u9dudd | 3pedbans | apeubans 5%8 | aoeyung | qual|Lsay adk|
SA, QA 1, N opeabgng utl  apeabgng
asuodsay juauRAed [1sd) Sn{npoW 3uai11soy uoL3onpay

%mvm_m\¢M\N_\N 34NYONULS JudwAARY-MeY] 839 |dwo)
- dLXy'd|buts - auLl abuts - uoLiipuoy meyy Burads z-g a|qel

202



am>u,nwvmgmn:m 40 do3 utea3s {eILI4dA  (AL) ‘uL z1z = apeabgns uazouajun
N (7"3) aseq jo dol uLed3s [BILIUIA (tey) ‘uL g = apeuabgns pamey]
(¥3) 954n0D 3004UNS 4O WO3I0Q ULRAFS [RIUOZLUOH (LL) ‘uL 9 = aseg
() uoL31da|4ap 3deung (V) (9) UL o= 9S4N0d ddeyung () :SIION
6% - 599 - €6+ 6€10°0 001
2Ll - 602 - 0L + L€00°0 02 0000t 000°02 000°0€} 000°002°1 %09
€69 - 628 - L2+ 98100 00l
oyl - cve - 6L + 6£00°0 02 000°0% 000°21L 000°81{ 000°002°1L %04
- 268 - toe+ 90200 oot uteab
151 - 962 - 28 + 20070 02 000°0t 000°0L 000°G1| 0000021 %G/ -354207)
081~ 0v9l- Let 1£50°0 001
982 - S0y - 0L+ G2l0°0 0¢ 005°L 088°1 008°Z | 060°002°t 294
viot- 0SLL- 98¢+ €190°0 001
g9l¢ - ey - oL+ LE10°0 02 005°L 005§°L 062°2 | 000°002°1L %08
06L1- 066 L~ €0+ 8£90°0 00t
! 62¢€ - €8h - 901+ 6510°0 02 00§°L 0zLL 00£°1 | 000°002°1 %G8 ureab-auty
(a) (9) (9) (q) peo i1nd | uazoajun | pameyl a5 asano) sn{npoy
(0L X ut/u r.cp X ut/ut) Ao.o— X ut/ut) (-ut) 40 judd434 | opeubqns | speabqng °g 80R4uNg | JuaL{LSaY adA|
SA, aA, 3, 9 ppeabgng uy  apeuabgng
| 3sU0dsay JusuBARq {Tsd) SH{NpoW FUsL[isay uot3anpay

21212/8E/9/% 24n3oNU3S JudWAARY - Mey] 333|dwo)
- omx@ 91buLs - 4Ll 916uLs - uotitpuo) meyl butuads €9 alqel

203



am?: wuﬁma:m 40 do3 ureays (edpjuaap  (AL) ‘utL ziz = apeabqns uazoujun
1 Aa 3) aseq jo doj ureals [eoLjuadpn  (Lit) ‘uL 2¢ = apedbans pameyy
(*3) 9s4n0J 3JvJUNS JO WOII0Q uiedls [ejuoziaof (i) UL 2y = aseg
(9) uoiidapjsp aoeguns (t) (q) Ut o= 3S4N03 3detuns () :S3I0N
pee - 289 - 981+ €cLoo 00t
89 - g1z - 69 + 0£00°0 0e 000°‘0f 000°02 000°0€} 000°002°L %08
89Yy - $6g - £2¢+ 8L10°0 001
06 - 0s¢ - LL o+ 8€00°0 02 000°0Y 00021 000°81] 000°002°1 %04
928 - 026 - LE2+ 61070 001 uteub
66 - €92 - 08 + 1¥00°0 02 000°0% 000°0% 000°51{ 000°002°1L %GL ~8S4e0)
0621~ 0oLt~ G9¢+ 8550°0 oot
6¢C - 0y - oL+ eLoo 02 006°¢L 088°! 008°2 [ 060°002°1L %SL
Leyl- 6281~ 6LE+ 2090°0 00l
2Le - 2sh - 0L+ LEL0°0 0¢ 005°L 005°1L 062°2 | 000°002°1L %08
619t~ 0661~ 86E+ 69900 0oL
e - 01§ - 901+ 6510°0 0¢ 005°L TR 00/°L | 000°002°1L %58 utesb-aut 4
(a) (q) {q) (q) peol (N4 | udzougun | pameyy asanoy | sninpoy
0oL X ut/uy) m.o— X ut/ut) Ao.o_. X ut/ur) | (cut) 40 Jusdudd4 | apeubgng | apeuabgng aseq 3oeJUNG | JuUIL[LSAY adA

SA, qA, 1, 0 opeabgng ulf apeuabgng

asuodsay jusuRARd {1sd) Sn{NpoW Jua1 175y uo133npay

%NN_,N\NQNS 24NIONULS JudwAARd - MBY] 939|dwo)
- 9|Xy 9|buLs - duLL 3LbuLS - uoL3Lpuoy Meyl bButads p-g aqef

204



nwvfgam 40 do3 upeas [edt3usp  (AL) uL 21z = apeabqns uazoajun
1 (773) aseq 4o doj uLesls |@ILIUIA (i) ‘up oy = @apeabans pameyy
(¥3) 854n02 83eANS 4O WO3}0Q ULBUJS |BJUOZLUOH (1) ‘uL g = aseg
{9) uoL3d3|43p BIRJUNS (¢) (9) ‘uL 7z = 9s4nod adejung (e) :s3IoON
L 599 €6 - ¥810°0 00t
€61 22l €g - L£00°0 0e 000°0% 00002 000°0€} 000°002° L %08
piLL- 2001~ 6G - $£20°0 001l
0€2 661 8¢ - 9500°0 02 000°0Y 000°2L 00081} 000°002°1 %0L
621~ G021~ b - 91€£0°0 00t utesb
¥9¢ £€2 S - ¥900°0 0¢ 000°0¥ 000°01 000°S1{ 000°002°L %G/ ~-354007)
99/¢- 966¢- 622 + 0110 00l
€L viL 8 + [£20°0 0¢ 005, 088°1 008z | 060°002°L wSL
LL2h- 686€- 042 + 0zeL o 00l
6.8 - 108 LE + £920°0 0e 005°L 005°1L 052°2 {000°002°1 %08
6669~ 2651~ 268 + 09G1°0 0ol
£€e0L- 26 0s + 9i£0°0 0¢ 005°L 0zL°L 00/°L | 000°002°L %G8 utedab-auiy
(q) (q) (q) (q) peo {(nd | udzoujun | Ppameyy as asano) SN|nNpoy
01 X ut/ut) @-op X ut/ut)f(,0L X ut/ut) (*ut) 40 u3d494 | apeuabgns | apeabgng eg 80BJUNg | JUBL|LSAY adAy
SA, an, 1, 0 apeabqns ul  apeabgns
S|93yM UDaMIAg BsuOdsaY JuswaARd (1sd) sninpoW Juai|isay uoL3onpy

(e)

212/0%/9/2 34n3onu3S juswaAed -

- 9|xy 81buLs - SadL] |eng - uOL3Lpuo) Meyl furads g6-+g aqey

S|99YM ud3mM1ag
Mmey] meyl 933|duwo)

205



wvfma:m 40 dol upeais (estjaap  (AL) ‘Ul 212 = apedabqns uazouajun
3) 8seq j0 doj upeuals [edi3aan (i) ‘UL p€ =  apeuabqns pomey]
& 354n09 mu&.:.m 3O wo330G UlBAIS [RIUOZLAOH (L1) ‘ut 21 = aseg
(9) uotjoaigap aosejuns (t) (q) ‘UL 2 = 9S4N0 BdeHANg  (e) :SBION
68y - 049 oL~ 041070 0ot
oL - €2l GE - #2000 0¢ 000°0Y 000°02 000°0€} 000°002°L %0S
8G¢ - {S0L- €L - §620°0 0ot
961 - €02 L€ - 2600°0 07 000 0% 000°21 000°81| 000°002°L %0L
€88 - 1221~ LS - ¥620°0 00t uieab
el - 1£2 8¢ - 0900°0 02 000°0% 000°01L 000°S1{000°002°1L %G1 -3s4e0)
G10g~ 00Le- b0¢ + ottt'o 0ot )
919 - 174 Ve + G220°0 0¢ 005°L 088°1 008°2 | 060°002°1 %SL
L6YE- 99~ e + 092170 00L
eLL - 6€8 - 28+ §620°0 0¢ 00§°Z 006°1L 062°2 | 000°002°1L %08
LLey- AR A 80¢ + 00SL°0 00t
84g¢ - 146 b + ¥0€0°0 02 005°L 0zLlL 00£°1L | 000°002° 1 %98 uteab-auty
(q) (q) (q) (q) peov |{n4 | uszoajupn | pamey) ase 3suno) SnNpoy
@o_ x E\__& m;o_. x :C:C Amop X ur/ur) | (ut) 40 juddudd | 8peubgng | opeuabgng g 90044ng | JUBL|LSIY adAy
1 opeabqng utl  apeuabgng
2 9 uoL3onpay
m_mwgz udamlag asuodsay jJudwvAed (tsd) sninpoy juatjts :

S|93YM uasmlag

JudWRARY

mey} %3

sadl) |eng

19 dwo)

2L2/ve/21/Z @an3ona3s
dLxy 8Lbuts
uotytpuo) meyj butuds 99 a|qel

<06



Am>$nwvmsmn=m 40 doj uteals tedtjuap  (At) ‘ut gLZ = speuabqns uazoajun
a (""3) aseq jo doj utesys [edL3aSA  (LLL) ‘ut 8¢ =  apeubgns pamey)
{¥3) 9854n0J 8JBJUNS JO WOJI0Q ULBU}S |PIUOZLUOY (LL) ‘Ut 9 = aseg
(9) uor3oaljap aoetuans (i) (Q) ‘UL ¢ = 9S4N02 3Je4ang  (B) :SIION
60% - ey - JA ¥210°0 001
8 - s - ¢+ G200°0 0¢ 000°0% 00002 000°0€| 000002 1L %0G
€586 - G5 - €9 + 8910°0 00l
el - S L+ $€00°0 02 000°‘0% 000°21 000°81| 000°002°1L %0L
€19 - 2€9 - €L + (810°0 oot uteab
6L - sel - 6 + 8€00°0 02 000°0% 000°01 000°G1{ 000°002°1 %GL -2540)
LS€1- EvEL- 8L + 6¥50°0 0oL
9.2 - 69¢ - L€ + LLo°0 02 005°¢L 088°1 008°2 | 060°002°1L E3TA
88y~ 09v1- €6l + 16G0°0 00l
20¢ - 262 - ve + 611070 02 005°¢ 0051 062°2 | 000°002°1 %08
991~ 9191~ oLz + £590°0 00L
8€E - vee - L8+ ¢€10°0 02 005°¢L 0zt 1 00/°1 | 000°002°1 %G8 ute.ab-auy 4
(q) (9) (q) (q) peot ||nd | uazouajupn | pameyl ase 354N o) SN Npoy
m.o_ X ui/ut) m.op X ut/ut) Ao.op X ug/ut) | (rut) 30 ju8d43d | apedbans | apeabang 9 9JeJung | JuaL|lsay 3dA]
SA, qA, 3, 0 Ppeabqng uy  apeahgng
S[99UN Uoamlay osuodsay JuaudAeq {(1sd) SA{NPOW UL {153y uoL3onpay

S|90yYM UBIMIDG - (¢)Z1Z/8E/9/p d4n3ondis

udWaARd - Meyj

919|dwoy - axy a|bulLs

- sadL] [eng - uoL}Lpuoy meyl butuds ,°g dlqel

207



‘m

A
3

gpeubans 4o doj utedys (eaL3aap

‘ut 21z = apeabqns uazoajun

(A
1 Aa 3) aseq jo doj uiedls (edo134an  (ii) ‘up z¢ = 9peabgns pamey|
(73) @s4n0d 3deyuns 4o wWO330Q ULBULS [PIUOZLUOH (L uL 2y o= aseg
{9) uor3oaijap adejuans (1) (q) U g o= 3SJAN0D BdRjUng  (e) :SIION

00g - by - e + LL10°0 001

19 - 8 - L+ $200°0 02 000°0% | 000°0Z | 000°0€]000°002°1L %05

2y - €65 - 9§ + 09100 001

8 - i - 9 4+ 2€00°0 02 000°0¢ | 000°2t | 000°81|000°002°1L %04
28y - €59 - 99 + 61070 00l uteab
86 - o€l - 8 4+ 9€00°0 0z 000°0v | 000°0L | 000°SL|000°N0Z°L 764 -35.400)
ogzt- 00pL- SLL+ 9€50°0 001 _
62 - 082 - og + 80100 02 005, 088°1 008°2 | 0600021 264
0LEL- ves1- 88l + 1850°0 ool
Lz - s0¢ - €€ + L110°0 02 00§/ 00§°1 0522 | 000°00Z°1 208
2961~ 0691~ 502 + 8%90°0 00l
9l - 6€€ - 9€ + 0€10°0 02 00G°¢L 0ZL°t 00L°1 | 000°002°¢1 %68 uteab-auty

: (a) (9) (a) (q) peo [Ln4 | uazoajun | pamey) ase 854n0) | sninpoy
m_u_ X ut/ut) mhv_ X uL/ut) Aob_ X ut/ut) | (rut) 30 JuddUdd | apeubgng | apeubgns 8| aoegung | quai(isay adA}
SA, qA, 1, 0 peabgng uy  apeabgng
uoi3onpay

S|99YM udaMIag asuodsay JustPAey

(tsd) sninpoy juai|issy

S|@3yM ussmlag
JUBWAARY -

- mWN,N\Nm\N_\v 34N3ONU3S
Zm:w 391dwo)y - axy 9|buLs
- S3JLL [eng - uoL3iLpuo) Mmey] buruads g-g a|qe]

208



~m>u »vc..masm 30 do3 uteals [edl3d8p (A1) ‘uL ziz = 3peabgns uszoujun
Ap 3) aseq jo doj ured3s [edL3u3A (L) ‘uL o = opeabgns pameyl
Aw& 354N0J 87044NS JO WO330Q ULBULS |RJUOZLUOH (L) ‘UL 9 = aseq
(9) uor3da|jap ddejuns (1) (a) ‘UL 2 = 3s4nod aosejans (e) :s3ION
1L - Slil- SLe+ 28l0°0 00l
8gl - 28¢ - oL+ %000 0¢ 000°0Y 000°02 000°0€} 000°002°1 %0S
soL- 68 L- 69¢+ $920°0 00l
92¢ - 9Lt - gL+ 8500°0 02 000°0% 000°2L 000°81{ 000°002°1L %0L
0021~ G591~ 062+ 10€0°0 oot uteab
§G6¢ - 10§ - get+ 9900°0 02 000°0% 000°0L 000°S1{ 000°002°1L %GL ~-354807)
19be- 928t~ 65+ £€801°0 oot
L9 - GE6 - AR 2€20°0 0¢ 00§°L 088°1L 008°2 | 060°002°1L %L
1243 % 622%- 986G+ 2LeLo 00l
§9, - vioL- 6.1+ 1920°0 0¢ 005°L 005°L 0622 [ 000°002°1 %08
G8GY- 88y~ 199+ 9210 oot
968 - 62LL- 88L+ ¥1E0°0 02 00§°L 0zL L 00/t | 000°002°1L %58 uteab-auty
(a) (q) (q) (q) peo N4 | uszoajun | pameyy ase 3s4R0) sn|npol
m.o— X ut/ut) m-o.. X ut/ut) Ao.op X ut/ut) | (-ut) 10 ju3243d | 9peubgng | apeuabgns g ?oejung | juaL|Lsay adA]
SA QA 3, 9 peabgng uy  dpeabgng
s|eng jO a4i] 3PLSU] yjeauaq asuodsay juauLAed (tsd) sninpol judL|Ls3y uoL3onpay

4L] yjeauag - (

2)212/07/9/2 34n3on3s

qJuawaAed - mey] 9j3a|dwo) - dXy d|bULS
- Sa4ll leng - uoLLpuo) eyl Buiads 679 dlqel

209



210

wuﬁmnsm 30 doy utea3s fespjaapn  (AL) UL 21z = apeabqns uazoajun
An 3) aseq jo do} upea3s [edL3u8A  (iii) ‘UL §€ =  apeuabgns pamey)
& 3S4N0J §JBJUNS JO WO30Q Uiea3s (ejuoztdod (Li) ‘Ut ¢ = aseq
(9) uorjos|gap adeguns (i) (q) UL 2 = asuaned aoejans () :sajoN
9ey - el {0¢+ 0/10°0 00t
68 - ¥8¢ ~ 201+ 6€00°0 02 000°0¥ 000°02 000°0€} 000°002° L %05
vL9 - S06GL- 852+ 9%20°0 00L
LEL - 2Ly - gil+ §500°0 02 000°0Y 0002t 000°81L| 000002 L %04
§8L - 999~ 8/2+ 1820°0 00t uteab
85l - 906 - 0et+ 2900°0 02 000°0% 000°01 000°S1{000°002°L 374 ~35400)
8LL2- 056~ 926+ £20L°0 0oL
0€s -~ $96 - 0LL+ €220°0 02 005°L 088°1 008°2 | 000°002°1L %SL
0Gle- 8LEY- 596+ 65LL°0 0oL .
619 - 8voL- 9L+ ¥520°0 0¢ 00§°L 006°1L 0622 1 000°002°1L %08
G8LE- 8L6%~ 619+ 69€L°0 0oL
LSl 6911~ 981+ 90€0°0 02 005°L 0ZL°1L 00/°L [ 000°002°1L %58 utesb-aut 4
(a) (a) (a) (q) peoT LLNd | udzouajup | pameyl ase 8s4e0) | SN|Npoy
@o_ x :5&5 m.op x E\zs Amop X up/ut) | (ut) 36 ju8dJ4ad | apeuabgns | apeabgng g 23e44Ng | JUBL|LSBY adA |
3, 9 apeabqng ui  apeuabgng
sieng jo w.:.— 3pLSU] yjeausg asuodsay JUBWSAR (tsd) sninpoy jusi’isay uot3anpay

94l] yjesudg - mwm_m\vm\m_\w 94n3on43s
JuswaAeRd zmsm 191dwo) - axy ajbuts
- S34L]l |enQg - uoL3ipuo) meyl bButuads Q| g alqel



Amf nwvfmnsm 40 do3 uteays [eIL3u43A  (AL) ‘ut zlz = @peabans uazoujupn
N (77 1) @8seq jo doj uresls [BI{IIIA MIC ‘up g¢ = apesbgns pamey]
(*3) 8s4nod 82e4uns JO W0I30Q uied}s |BJUOZLIOH 1) ‘uL g = aseq
(¢) uor3da|4ap adejyung (1) (a) ‘UL o= 3s4n0od ddeyuns (e) :s3JON
[IE - 216 - 8L+ 8L10°0 0ot
v - €1 - 9¢ + 9200°0 0¢ 000°0¥ 000°02 000°0€} 000°002°1 %05
ols - Y9 - evL+ 8510°0 00t
66 - 651 - v + G£00°0 02 000°0¥ 000°2L 000°81| 000°002°1L %04
$9G - oL - S+ GL10°0 oot uieab
oLL - o/l - 2y + 6£00°0 02 000°0% 000°0L 000°S1{000°002°1L %5L -3S4R07)
LeL- 8vEL- 12724 G050°0 00l
08¢ - 6€€ - 29 + €E€10°0 02 005°L 088°1L 008°2 | 060°002°L 3TA
peel- 85y 1- 26e+ ¥50°0 oot ,
gle - 89¢ - ¥9 + 8100 0¢ 005°L 006°1 0522 | 000°002°1L %08
98y L- SL9L- G92+ 1190°0 00l
GLE - Ly - 89 + ¢L10°0 02 00§°L 0zLelL 00L°L | 000°002°L %48 uieab-aut 4
(q) (a) (q) (q) peo N4 | ulazouajun | pamey) aseg 354009 SN{NpOY
0oL X ut/ut) @.o— X ut/ut) Ao.o_. X ut/ut) b (-ut) 40 quaduad | apeabans | apedbqng 30R4uNg | JuU3L|LSBY ELIE
m>u D>w “u 9 wum.»mn:m uy NUMLWQDW
S|eng JO a4l apLSU] yjeauag asuodsay JududAeqd {isd) sninpoy juat|Lsay uot3onpay

4Ll yjesudg (

22 12/8€/9/ 34n32n43s
JuswWaAed - Meyl 93a|dwo) - S|xy 2LbuLs
- Sadl] [eng - uoL}Lpuo) meyl buiads L°g @lqel

211



~m>u wum.:wn:m 30 do} ureass [edt3a8p  (AL) -uL g1z = 9peabans uszoujun
1 Aa 3) @seq 40 doj uie43s [@ILIUBA (i) ‘Ut Z€ = apeabqns pameuy
(*3) 854n03 8JBJUNS 4O WO3I0Q ULRAYS [RIUOZLUOH (1) UL 2L = aseg
(7} uoL3d3{jop ddeung (1) () UL o= 854n03 adegung (e} :S3ION
02 - 125 - cil+ 0EL0°0 00l
€G- GEL - 9¢ + G200°0 02 000°0Y 000°02 000°0£} 000°002°L %0S
68t - 299 - LEL+ 1510°0 0oL
9, - 291 - oy + $£00°0 07 000°0Y 000°21 000°81| 000°002° L %0L
ey - 8Ll - b L+ 8910°0 00t ugeusb
8 - Ll - Zh + 8€00°0 02 000°0Y 000°01L 000°G1} 000°002° 1 FA°74 ~3S4e0)
0801- 2041~ 6EZ+ 00500 00l
§92 - e - 19 + om_o.o 02 006°L 088°1 008°2 | 000°002°1 5L
2021~ 6161~ 8+ mmmc.o 00t
2l - 1IE - 9 + mﬁo,o 02 005°L 005°L 062°2 | 000°002°1L %08
BLEL- 0891 Loz+ £090°0 ool
28t - 62 - 89 + 0410°0 0e 005*°L 021"t 00£°L | 000°002°1 %68 uteab-auty
(a) (q) (q) (a} peol i{nd | udzoajup | pamey] ase 354007 SN Npoy
m.g Y ut/ur)i( oL X uL/ui) Ao.c— X ut/ut) (-ut) 40 juadJad | apeabgns | apesbqng g aoejung | judi{lsay adA|
SA, qa, 1, 9 apedabqng uy  apeubgng
SIeNg JO 24LL 9pisu] Yjeauag osuodsay jusweAeq {75d) SA{NpoW JusL(isay uoL3oNpaY

34l] yjeauag -

qUsWaAR] -

xmzmmw

212/2e/21/y 94n3onu3s
19dwo) - afxy aLbuts

- S3JL] |BnQ - UOL}LpUO) Meyl Buidds z[°'g alqel

212



L83ym apLsut

Japun xﬁuuwng peJaludd = 10 am>wvnwumumn=m 30 dog uLea3s [BOLUBA (AL)
|Xe 8uo uo (73) 8seq jo @403 uLeJdlS [BOLIUBA R,pp ‘UL 212 = speabgns u
paJaluad S[83YM |Bnp usAIMIBq = M@ {72) @s4n0d 3IRJNS t) ‘uL 0p = cwummmnsmwwwnw“w
saJdLl Lenp J0 40 WO310q ULBAS |RIUOZLUOH (LL) Ut 9 = aseg
3UL[J2JUBD UO SB[XE UIBIMIB] = V8 (?) ’:) uot3os|gap asejuans (1) (q) ‘ul 2 = 8s4n0d aoejuang (e) :SDION
ﬁ 619 - glot- 902+ 9910°0 10
629 - 955 - 6 - 9910°0 Mg
e+ 2L+ 6 - 6500°0 ve 00L
gelL - gee - 6 + L£00°0 10 ureab
62l - g0l - 62 - | ¥€00°0 Mg -3s4e0)
L+ € + 2 + Z2100°0 ve 02 000°0Y 000¢0Z {000°0E |000°002°L 0s
88LE~ LELY- G8G+ 062L°0 10
1Sy~ $68€- 282+ 08EL'0 Mg
G001~ 916 - 222+ 2880°0 ve 00l
6vL - 9.6 - 891+ £820°0 10
L¥8 - £€8L - 8y + 9620°0 Ma
86l - ogl - 8h + €610°0 ve 0e 00§°L oeL* ¢ ‘002°¢
£962- Loge~ 205+ 09600 10 et 00£°L 00070027t 58
mmwm- mwmu- wmﬂ,« ovoL 0 Me
- b - + 8650°0 Ve 0oL
1S - 108 - psl+ | L120°0 | 10 ueab-auty
099 - 865 - 92 + 0120°0 Mg
68 - 08 - 0€ + 61L10°0 Ve 02 00§°L 008°1L 0082z |000°002°L SL
(a) (@) (q) (a) (2) peo7l | uazouju
n | pameyy 3suN0
(o 0lXuL/uL)|(, OLXuL/uL) ut/uy)  Cu : ase 3| ShLnPod
gL ouut A@b_xu.\ D Cub uoraeon Ling Jo apeabqng | apeabang 8 | soeguns | uaLiisey adA]
3 3 3 9 d apeubgns ut|  apeabang
ASU0AS3Y JusWBARY A_.WQV SN{NPOW JUal|Lsoy uoLlonpay
Amvm_m\o¢\o\w 94N3oNJlS JusuLAed

- meyl 9319|dwo) - J|Xy wdpue]
- S3JL| |eng - uoL3Lpuo) Mey] butuds ¢L-g dlqeL

213



[33ym 3pisu}

Jopun A13094Lp paJdlusd = IQ Am>uu wvmgmnsm 40 doj upea3s [eaLla8p  {AL)
J|Xe Juo uo An 3) aseq mounou utedls {eoLIudA  (LiL) -up zyz = apeabans uazouajun
paJajuad S|asym |enp udamlaq = Mg (*3) asanod adejuns ‘uL pg = opeabqns pamey)
S3413 |enp jo 40 W0310q ULBJLS |RIUOZLAOH (LL) uL gy = aseg
BUL[42IUBD U0 SB|XE UdBMIB]Q = yg (D) (9) uor3dsiap adeguans (L) (9) *uL z = 354N0D 32v4dng () :SIION
8¢ - 6101~ 66 L+ 9610°0 ic
b - 09§ - 00t~ 5610°0 Ma
e - L+ L+ 0900°0 V8 0oL
bt - 6€E - 26 + 9€00°0 10 uieab
w8 - ol - e - 10070 Me ~-3S4R0)
v - ¢ + L+ 2L00°0 ve 02 000°0F 000°02 |000°0€ {000°002°L 0§
801€- yoEY- 995+ pizr'o| 10
206¢- 5801~ 192+ 0gEL'0| M
09f i~ g9e8 - 102+ 2980°0 v 0oL
St9 - 6001~ G91+ 1820°0 10
AV £28 - ot + 0/20'0| M8
062 - 91 - iy + 2L10°0 v 02 006°L 0zL L 00L°tL |000°002°tL G8
50€2- £2ye- o8h+ 1e600 | 10
18se- gzle- L9+ 9660°0 | M
ol8 - 8vE - 891+ 28s0°0| V8 00t uredb-sut 4
65t - 828 - 51+ §020°0 | 10
925 - 829 - e + 10zo'0| M8
09l - 89 - 82 + gLLoo ve 02 00S°L. 008° L 008‘c {000°002°L G
(q) (9) (q) (a) (2) peot uazoaun | pameyr | oo 354n0) | snynpoy
Aob_xgw\cvvAmb_x=w\=*,A@be=w\=_v "ut |uoiedod| LLnd Jo | apeabqns | speuabgns 8 1 sopgung JuaL{LsaY adk)
SA, qA 1, 9 U044 apeabgng ut apeabgng
JSUOGSSY JusuPAty [rSd) SA[APON TUSTL153Y uoL3anpay
(e)2L2/v€/21/2 24n20n43S JudlaARy

- Meyj 9ja[dwo) - 9|Xy wapue]

- S8Jll eng - uoLtl1Lpuo) meyl Butads p|°g 3|qes

214



|99yM aptLsul

Japun A3084Lp paJajusdd = | Am>uvnwufan=m J0 doj ureays [eotjuep  (AL)
d|Xe 3uo uo (""'3) aseq bSuaou uLeu3s [BIL343A (LLL) -uL gLz = apeabgns uazoajup
pPaJ83uad S|93YM |enp uaaM1aq = Mg (73) 8sunod 8dejuns ‘ut g¢ = apedbgns pamey)
S84l lenp jo 30 W0330Q ULRUIS |RIUOZLUOH (1LL) ‘uL 9 = aseg
BUL|J3]UBD UO SB[XP UBBMIB] = Yg (9) (o) uor3osgap aseyuns (i) (q) ‘uL ¢ = 9S4N0D 8de4ung (e) :SdION
91§ - oSy - 801+ LLoo 10
e - £9¢ - 82 + SLL0°0 M8
ee - £z - (2 + 89000 ve 0ot
29 - pLL - 2 + G200°0 10 ureab
69 - VA z o+ £200°0 Mg -25400)
9 - v - g + v100°0 ve 0¢ 0000t 000°02 {000°0€ {000°002° 1 0§
8sveL- Lest- pGe+ 8£90°0 1d
£0§1- S0§1- 002+ 9£90°0 Me
SL0L- €201~ 6L1+ ¢L90°0 v 00L
LYE - 68€ - §9 + €L10°0 10
o€ - 0og - 9¢ + 9€10°0 g
e - v0e - 9€ + seloo ve 0e 006°¢L o2L L 00L°L {000°002°1L S8
2L0L- L021- 0g2+ v150°0 10
elzl- 88ll- 691+ €550°0 Mg
GeL - 999 - gbl+ 9160°0 ve 00l uteab-aui 4
092 - l0¢ - 85 + £€10°0 10 ) )
Gz - 8£2 - o€ + LLLo'o | - M8
Lyl - £eL - 0€ + €010°0 ve 0¢ 005°L. 008°1L 008°2 [000°002°L S
(q) (9) (9) (9) (9) PeOY | udZOJ4jupn | pameyy asanoy | snynpo
Am.c_.mm.(:: Am.o_x“w\:: Aoroﬁx”_\c.: ‘Ut juot3edodl |iny o | apeuabgns |apeabgng aseg aoejung ucw.m_.wmum adk)
3 3 3 0 U843 apeuabgng ur|  apeubgng
SUGdsay JusuwBdALg {rSd) SAINpoR JUSTLIS9Y uotL3onpay

AmvN_N\wm\m\v 84N30NU3S JUBWBARY
- Meyl 939|dwo) - d|Xy wapuel
- S3J4Ll |eng - uotjLpuo) meyl Buiuds gL-g 3lqel

215



{89ym apisul

49pUN A13084LP PaSIUSD = 1Q Am>mvawumL@a=m 40 403 ULRA}S [EDLUBA  (AL)
3|Xe BU0 uo (7"3) eseq mounou uLeJ3s [ed13uaep  (Lil) -up zyz = epeabgns udzoujup
PaUaluUsd S{S9YM |eNp udsMIaq = Mg (73) @sdanod adeguns ‘uL z¢ = opeabgns pamey]
sedl] [enp 10 40 W0330Q ULRAIS {RIUOZLUOH (LL) -y g| = aseg
BUL|J433U3D U0 Sa|Xe usamIaq = yg () (9) uoLids|ap asejuans (L) (9) .p_ y = 3S4N0D 3de4ung () :SIION
522 - 85y - v0 L+ 90l0°0| 10
0se - 2LE - €2 + 0L10°0 Ma
69 - A €2 + 99000 ve 00t
by - 9Ll - IE + v200°0| 10 upesb
s - £/ - 1+ 2200°0 Mg ~35400)
T ¢ - G + £100°0 vd 02 000°0¥ 000°02 {000°0E {000°002°L 0§
g/21- G/GL- 052+ 8€90°0 10
oy L- £951- G6 L+ t£90°0| M8
1521~ 9101~ GLL+ £990°0 ve 00t
96¢g - L6E = ¥ + L£10°0 1a
162 - cie - GE + GEL0°0 k]
052 - £0Z - GE + €€10°0 vd 02 005°L ozL L 00£°L |000°002°1L 58
9501~ GGzt~ 622+ oisoro| 1@
6oL~ ge2l- €91+ £vs0-0) M8
$08 - #59 - b+ 80s0°0| vd 0ol uteab-aut 4
162 - 80¢ - (5 + LEL0°0 10
Lee - 8y - 62 + 6010°0] .Md
Ul - el - 62+ | 20l0°0| V8 02 00s‘z | oo8*L  |008°Z |000°002°l §L
(q) (1) (q) (q) (2) peo udZOoAUN | pamey) 854N07 snin
Aob,mnw\=?VAobPXMW\cwuAebpxcv\=wv ‘b |uor3e207| [{ny 4o |opeabyns |apedbgng | 2 °8 | @deyung acwwpwmwa adh)
3 3 1, 0 FUCEREY] apeuabgng ut apedbgng
3500053y FUSWAAE] {ISdy Sh{npoN FUST(isay tot3anpay

(®)

212/2¢/21 /v 84n31onu1S JuswaAed
- Meyl 9319(dwo)y - Xy wdpue]
= S94Ll |enQ - uoL3Lpuo) Mmeyl burads 9|-g a|qel

216



(*"3)

wvﬁgzm 40 do3 urea3s [e21I487  (AL) ‘uL z1z = opedbgns uazoajun
An 3) aseq }j0 doj ULRJIS |BILIUBA (t11) ‘up oy = 9opeabgns uazouy
Aauv 2S4N0D 99B1ANS JO WO}30q ULRJ]S [RJUOZLAOH (L) ‘uL 9 = aseg
(9) uor3da4ap adeyuns (1) (4) ‘uL 2 = 354N02 3Jejung ()
ysy - LLE2 €LE+ $120°0 0ol . . . o
gLl - €8 - 681+ 95000 02 000°0% | 000°0S |000°GL| 000°002°1L 114 14
L6E - $02¢- ehv+ 6920°0 00l . . . L
6 - 8201~ 602+ 8900°0 02 000°G2 | 000°0S {08E‘6 | 000°002°1 14 €
292 - 9666~ 266+ vEYO 0 001 . . . o
19 - 8961~ v+ $010°0 0¢ 000°0L | 000°0S |0GL°€ | 000°00¢" 1 14 I3
pee - 1959- 199+ 9060°0 001 . . ..
15 - 161~ 6G¢+ 6LL0°0 02 00S°L 000°0S |018°2 | 000°002°1L 6¢ L
(@ (@ (@ (@) |peol (14
(0L X ut/ut)i( . 0L x ut/ut)i, ot X up/ut)l (rut) 30 udZOUAJUN | UIZOU4 aseg 354n0) mz aseg Jauung|
T sA T oqa Y 9 juaduag | apeuabgns | apeabgng ERLIBLIS 40 3U3Q434
3 3 3 o o wz ase)
asuodsay juawaned (tsd) sninpoy Jud}|isay aseg pamey)

%G¢ 9 mz aseq - (p)212/0¥/9/2
24N32N41S JudwWeARd - dseg J0 woljog 03 meyl

- a|xy 9|buLg - 4Ll 9buLts - uot3Lpuo) meyl butads /1°g 9(qel

217



uv wvmgmasw 30 doy uteais (estjusp  (AL) ‘UL Z1Z = apeabgns uazouajup
uv aseq j0 do3 uted3s [esLuapn (i) ‘UL y€ =  apeabgns uazody
{ uv 8s4nod muwmhsm 40 w0330qQ uLeals jejuoziJdod (i) Ut 2L = aseq
- (¢) uor3dayjap aseyuns (1) (q) ‘UL Z = 3S4n0D dejang  (e)
!
6.8 - vlee- OLb+ £520°0 ¢ oot
€9 - ¥08 - 61+ §900°0 : 02 000°CY | 000°0S |[000°SL| 000°002° §2 v
8vz - £862- 660+ 0vE0C | 001
96 - vL6 e+ ¥800°0 | 0¢ 000°62 | 000°0S |08E6 | 000°002°L §¢ £
oLt - b8y~ £89+ 28500 | o0l
(e - LObL- 042+ 8€10°0 | 02 000°0L | 000°0S |0SL‘E | 000°002°1L §2 ¢
!
oyl - 9995~ 2bl+ £890°0 | 00l
6 - G/§1- G82+ 0910°C | 0¢ 005°L 000°05 |0L8°2 | 000°00Z°L §¢ L
(9} (q) (9) (q) . peoy (ind Y
chp x =F\=PVA 0L X ut/ut) @-QF X ut/ut)] (-ui) W 30 UadzeJjun | uazou4 ase 3suno) W @seg Jauung|
9 qA, 1, e | Juadyy apeubgng | apeabgng 8 30v44ng 30 a:mu;ma mmmu
e se
3SU0dsay JuswaAey (1sd) sninpoy 2uaL|}say aseg vmzm:h
9 d - 24n3ond
%62 @ "W 9seg - (p)Zl2/¥E/2L/2 d4n3onals
JusuweAed 9seg 10 wollog 031 Mmeyl I XY

21buts

d4L] abuLs

uoL}Lpuo) Meyy bBuitdds gL°g alqel

218



(3"3)gpeabans 40 doy ureads [eaLan  (AL) ‘UL 212 = 9peabans uazousun
N (773) aseq jo doj uled3s [eILFJIA  (1it) ‘uL 8¢ = apeabqns uazou4
(*3) @s54n0d ade4uns Jo wO3I0q utedls [eJuozLaoH (it} ‘uL 9 = aseg
(9) uot1d31jap adeyang (i) (4) UL ¢ o= 954N02 8de4ansg (o)
£02 - 6501~ 661+ 81100 oot
vy - 00g - €L + 8200°0 02 000°0t | 000°0S |000°SL| 000°002°1L §¢ ¥
291 - £LEL- L1+ 2v10°0 00t
e - 9¢e - 8L + ££00°0 02 00062 | 0000 |08E‘6 | 000°002°L 62 £
06 - $6d2- 862+ 1220°0 0oL
gL - GEG - (8 + 84000 02 000°0L | 000°0S |0GZ°€ | 000°002°L 14 4
oL - 6292~ 0L2+ £G20°0 001
2L - 896G - 06 + €500°0 0¢ 005°¢L 000°0S {0182 | 000°002°L 114 l
(a) (9) (9) (a) |peoq Lin4
Ao.op X ut/ut)i( 0L X ut/ut) @-op X ut/ut)} (-ut) 30 UBZCJUN | UDZOAY | oo asanoy | Yy eseg wouwung| |
SA, qA, 1, 9 Jud434 | apeubang | apeabgng 3oejuang 30 pcwmﬂ.ma wwmu
e se
Asuodsay juswaAeq (1sd) sninpoy ual|Lsay aseg pamey)

96z 9 JW aseq -
qUdueARYd - aseg 4

m@mﬁw\wM\o\¢ 24N30N43S
0310g 03 Mey| - d|XYy
91buLs - adi] 9(buLs - uoLyLpuo) Meyl Butads 619 d19eL

219



uv wvs..g:m 30 do3 uteals (ed13a8p  (AL) ‘UL 212 = apeabqns uazoujuf
a 3) aseq j0 dol uteays [eor3uap  (itit) ‘utL 2€ = opeuabgns udzouy
( uv 3SAN0I wumt:m 40 wW0330q uteuals [ejuoziaoq (i) Ut 2t = aseg
(9) uot1oagap adegans (1) (9q) up p o= 9S4n0d adejung (e)
orlL - L6 - i+ LELOO oot
62 - 8.2 Ll + L€00 0 02 000°0% | 000°0S |000°GL| 000°002°L 5¢ 14
el - 6icl- 6E2+ €L10°0 00t
€2 - 928 - £8 + 8€00°0 0¢ 000°G2 | 000°0S |08E‘6 | 000°002°L T4 €
65 - .81~ 982+ 1820°0 0oL
g - 9EYy - 26 + 8500°0 0¢ 000°0L | 000°0S |06GL°€ | 000°002°1 G2 4
£y - 8vle- L0€+ 62€0°0 00L
£ - 08y - 66 + £900°0 0¢ 005§°¢ 000°0S |0L8°Z | 000°002°1 G2 i
(9 {q) (q) |peot {Ln4 "
oL x ur/ut) Ao-op X ut/ur)] (-ut) 0 U3ZCAUN | UBZOU4 aseg asuano) W @seg Jauwng|
qA, 1, 9 UdIUB4 | apeubgns | apeabgng 3jesuang 30 ucwm‘.oa wmmu
e se
asuodsay juawaned (tsd) sninpoy juaijisay aseg vo:aﬁ

%52 9 ) aseg

a|buts

auaL] aLbuts

mVN—N\Nm\N~\¢ 94N3oNU3S
JuswaAed - aseg lo0’wo33o0g 03 Meyl - Xy

UoL]LpUO) Meyl bBulads 0z°g alqel

220



uv wnﬁmn:m 30 doj utea3s |edtjusp  (AL) *UL 212 = apeuabgns uazoujupn
) 3) aseq j0 doj upeals [BOLIUAN  (LLl) ‘ut g = 9peabgns uszouy
(73) 8su4nod wumt:m 40 W0330Q ULRULS [RIUOZLUAOH (LL) ‘Ut 9 = aseg
(v) uoL3oa|4ap 8de4uns (L) (q) ‘UL 2 = 9SJ4n0d 3deJuns (B) :S330N
81§ - 89%1- vio+ €910°0; 0oL
Gel - €09 LSi+ ¥%00 0| 0¢ 000°0t 000°0S | 000°0€ j000°002° L 09 1
9Ly - 1502~ 6EE+ 5020°0; 00t
12t - 05/ 61+ €500 °0 0e 000°S2 000°0S | 0SZ°81 [000°002°1L 0§ €
2S¢E - GL9€- Liv+ 92¢0°0) 00l
98 - gelLL- 8le+ 6£00°0) 02 000°01L 000°0S | 00S°Z [000°002°L 0§ 4
Lie - €LED- €26+ 08€0°0 oot
L - 6621~ 0ge+ 06000 02 005°L 000°0§ | §29°S |000°002°1L 09 L
(9) (@) (@) (9) | peol {ing Y
(.ot X .:\.:: o— X E\E: oL x ut/u) | (Cut) 40 UaZ044UN | UBZOUY as4noy W aseg Jauuing
9- 1, 0 quaduag | apeabans lapeabans | 2% |aoejung 40 Juaddaq | "ON
e se Uy ase)

wmcoamwx JUIMBARY

(1sc) sninpoy Just(Lyay

aseg pamey]

%06 @ UW aseg (2)212/00/9/2 Damanais
0330g 031 Meyl
d4L] 9|BULS - UOLILPUO) Meyl BuLuads

JUBWIARY
a1buLs

aseg J

oLXY

12 9 alqel

221



(*"3)

wnfmn:w 40 do3 utedis [ed{3udp (AL) ‘Ut g1z = apeuabqns uazodjun
a5 9seq ;0 doj ureals [edt3uasap (it ‘uL 2¢ = apeabgns uazou4
1 (
(73) 9S4n0d 3deHUNS 40 WOIR0OQ ULRAFS |[RIJUOZLJUOH (Li) ‘uL 2| = aseg
(9) uotydaijap adequns (t) (q) ‘Ut 2 = 9s4n0d ddejung  (e) :SPION
562 - 991~ 982 + 8L10°0 0ot . . . o
(9 - 16G - 091 + {¥00°0 02 000°0% 000°0S | 000°0€ j000°002° L 08 1
282 - $86 L~ 89¢ + 8€20°0 001 . . . o
9 - €L - 681 + 1900°0 02 000°62 000°0S | 094°81 j000°002" L 08 £
tee - SLEE- €Y + 91v0°0 00t
6y - 990 L~ £€2 + ootoo 0¢ 000°0t 000°0S | 00S°Z J000°002°1L 0§ Z
961 - Ly6e- 009 + 6v0°0 001 .
€y - 6ll- 8%¢ + L110°0 02 0057 ¢ 000°0S | §29°G |000‘002°1 0§ i
(q) (@) (q) (@) | peot 1Ny ¥
(00 x ut/u)|( 00 x ut/un)|(, 0L x uk/ur) | (ut) 40 uaZOoA4uN | UBZOUH 35.4n07) W ased Jauung |
SA, A, T, 0 Juaduad | apeabans [apeabgns | °5%8  lg5eung woaumwumma mwuu
asuodsay jusupARd (tsd) sn{npoy juai 193y aseq pameyl
d
%06 9§ "W 9seg - mvm_N\NM\N—\N 294N395N43S

jusuweAed - aseg Jo

wojjog 03 Meyp - d|Xy
9buLs - dut] a|buts ~ uoL3Lpuo) meyj butuds 2z°g alqeL

222



Am>uvnwvmgmnnm 40 do3l ureas [eILIUBA (AL ‘uL 212 = apeabgns uazoujun
1 (""3) aseq 30 do3 utedls |eOLIMIA (1Ll ‘uL g¢ = opeabqns uazoud
(*2) 254n0d 844NS JO W00 ULBAYS |RIUOZLUOH (LL ‘utL 9 = aseq
(9) uoL3o8[48p ddRJUNS (1) (@) ‘ut p o= 954n02 3dejung (o) :S3ION
25¢ - 8lL - (AR 0010°0 0ot . . .
65 - €22 - 69 + $200°0 02 000°0t 000°0S | 000°0€E ;000°002°1 0s 14
9l¢ - G€6 - 06 L+ 0210°0 00l .
0s - L2 - L+ 8200°0 02 000°5¢ 000°0S | 0GZ°81|000°002°L 0§ £
8EL - 6¥51- 822+ £€810°0 00t
0 - 20t - 08 + 0v00°0 0 000°01L 000°0S | 006/ |000°002°L 0§ 4
vl - oL8L- 0vz+ 1120°0 oot .
v - S - €8 + G000 02 005" £ 000°0S | §29°G |000°002°1L 0s L
(Q) (@) (9) (a) | peoq (ing N
(501 X ut/un)i(g oL X ut/ut)j(, 0t x ut/ut) | ("ut) 30 UBZOJUN | UBZOAY | oo | 95N0D z;wmmmmwwwmsm
T sA T gA ! UadJd aped . oK
3 3 9 3 d peabang [apeabqng ERLINLIN ese By | ose)

asuodsay JusuPARq

{1sc) sninpoy just|iyay

aseg pameu) ﬁ

%06 9 Iy oseg -

juswoaAed - aseg J

mm@m_m\mM\m\¢ EEUFSIERN
031109 03 MeY] - 3|Xy
albuLs - aJL] a|buls - uoL3Lpuod meyl butads €z°9 @1qel

223



SA
(")qR

pedbqns jo dol utea3s jeariusp (AL) ‘ul ZizZ = apeabgns uazouajupn
1 (7 3) 8seq 1o do3} ULBAIS [PILIUIA (i) ‘ut 2¢ apeabqns uazou4
(73) 9S4n0D> 3JRJUNS JO WOIF0Q ULRAYS [RIUOZLAOH (LL) ut z1 aseg
(9) uor3dafyap aseguns (1) (q) uL b 9S4n0d 3dejung (e} :S3AION
91 - 869 - 9L+ £010°0 00t .
9 - giz - (9 + §200°0 0e 000°0% 000°0S | 000°0€ 200°002°1L 0S 14
Gyl 8.8 - 202+ SEL0°0| 0L .
£ - 852 -~ €L + LEOO "0 02 000°62 000°0S | 05481 [000°002°¢L 0§ £
6 - 0s¢€ 1~ 152+ 6120°0 00t
4 0sg - S8 + £%00°0 0¢ 000°0L 000705 | 00S°Z ©00°002°L 06 4
€L - SbGi- 692+ £520°0 00
4 S £8¢ - 68 + ¥500°0 0¢ 005°¢ 000°05 | §29°S [000°002°1 04 L
{(q) _ (9) {q) () | peon ing 4
(0L X ut/ut)(g oL X ut/ut)l(g oL X ut/up) | (*ut) 40 U3ZOUJUN | UDZOUY 354n0) W 95Bd Jauiing
s, A, 1, o uaduad | dpedbang [apeabiqns | ®B8 350 inc momumwu.bmm uwm
asu0dsay jusupAey ("tsd) ‘sninpoy juai|iSay aseg cw;_nﬁ e

%06 9 9

W aseg -

mvN_N\Nm\N_\¢ 94N30N43§
juswaAed - aseg lo'woljog 03 meyl - Xy

olbuLls - auil a|buis - uoL3ipuo) meyy buruds z°g 8iqel

224



awufmn:m 40 do3 utea3s [edoLjuap (A ‘Ul 212 = apeuabgns uazoujupn
3 ( 8seq jo doy uiedais [eopjuapn  (Hit) ‘up oy apeahqns uazou |
(¥3) 8sanod wumtzm 40 wW01310Q uLed}s |eJUOZLJUOH (1t ‘uL g aseq
(¥) uot3o3yap adeyuns (1) (q) uL gz 35aN02 3JB4unS  (B) :sajoN
e - 989 8LL+ 0210°0 oot
i - 921 8¢ + ¥200°0 02 000°0% 000°05 | 000°0€ j000°002°L 0§ v
ves - v0L- LLL+ $510°0 oot
g9 - 902 6€ + L€00°0 02 000°62 000°05 | 05481 {000°002°1L 0S £
6 - 69% 2t + 2500°0 02 000°01L 000°0S | 00S°L |000°002°L 0s 2
922 - 2162~ 2s + 90€0°0 ool
v - 9gg - 8¢ + 2900°0 02 006°L 00005 | G29°S |000°002°L 0S L
(a) (a) (a) (Q) | peot (1ny ¥ o
(501X =P\=—, (0L X ut/ur)l( oL X ut/ur) | (“ut) 40 U3ZOAJUN | UIZOUY asanoy | W 2588 Jauing
9- qA, Ty 0 quU9d49d | apeuabgng wvfmm:m 3% l33e4ung »oeuMWume %w_s
S|93yM UI3M]IY IsSUOdSIY JuAWARY (1sd) sSninpoy Juat|ivay aseg pamey] )

S|oayM udaM3ag

%05 @ 3N aseq

z12/0%/9/2
94N10N43S JuUdWAARY - 3¥seg JO wol3iog 03 Mey]l
- a|xy a|buLs - saJLl [eng - uoit3Lpuo) meyl bButuds Gz'g dlqel

225



m

wumgmazm 40 do3 uteays pesrjusp (aL) ‘UL 212 = apeabgns uazcusup
Aa 3) aseq 40 doj uteu3s {edLusp {1ey) “ut wm = apeuabgns uszouy
A uv 854N02 8JBJUNS JO WO3I0Q ULPAIS [BIUOZLJOH (Li) ut 2l = aseq
(9) uot3d34ap adejung (L) (q) .m_ Z = 354N03 adeyuns  (e) :sajoy
8.2 - LL9 - ottL- €eLo o oot
6y - 521 oy £200°0 0¢ 000°0t 000°0S | 000°0€ |000°002°1 0§ 14
oge - 0401~ 06 £€810°0f 00L
Ly - 661 ot £L£00°0 02 000°62 000°0S | 05£°81 |000°002°1L 0§ £
8L - ovie- 0€ 6£€0°0; 00t
8t - 92y 0¢ 6900°0 02 000°01L 000°0S | 00S°/ [000°002°1 06 e
9L - 1292~ 0 0Lv0'0 001
e - 28 02 #8000 02 005°¢L 000°0S | §29°S |000°00Z°1 0s l
(@) (9) (9) {a) | peo (in4 Y
(40t X =,\=,, (401 X ut/un)|(501 X urfug) | (Cut) 40 UZ04JUN | UDZOUS | oo | 35un0g zwwmmmeWWM3m o
3 3 0 FUERNER apeabqng [apeabgng aoejang e se ¥y aseq
(tsd) snInpoy JuaL|Lyay aseg pomeyj

S{99YM UdBMIag asuodsay jusweAeq

S|99yM UdaMIag
94NIONULS JUBWDARY

- 9|Xy 9Lbulsg

sadl]l (eng

%05 9 Jy aseg - 2
aseg Jo tho

uoL3Lpuod meyl bButuds 9z-g alqel

zL2/velzi/e
j0¢ 01 Mey]

226



peabgns 30 dol uLeAlsS |BILIUBA

SA
(3R (aL) ‘ut = apeubqns uazoJju
1 An 3) aseq jo dol uieuls [edLIA3A  (LLt) ._.:Nmm = apeabgns :mNW..M__
(*3) 854n02 8J2e44NS JO WO330Q ULBA}S |RIUOZLIOH (t ‘Ut 9 = aseg
(9) uor3dayap deyuns (L) () ‘up p = 9S4N0D 33eunS (B) :SDION
102 - 69y - L1+ G800°0 00l
i - 26 - ¢+ £100°0 0¢ 000°0% 000°0S | 000°0€ j000°002°1L 0§ b
9/l - $59 - L2+ G0L0°0 00l
9 - el - 0 1200°0 02 000°G2 000°05 | 0GZ°8l [000°002°1L 0§ €
cel - cleL- 25+ G910°0 00t -
v - €92 - G + €€00°0 0¢ 000°01 000°0S | 00G‘Z [000°002°L 0§ 2
6 - st~ 29+ €610°0 00t
6L - £62 - L+ 6€00°0 02 00S°L 000°0S | G29°S |000°002°L 0§ L
(q) (@) (a) (a) | peol LLn4 y
(0L X u/ut)|(o 00 X ut/ut)|( 0L X ut/ut) (rut) 30 uazo.jun | uszou4 as4noy W 8seg Jauung
SA, A, 97, 0 quad4ag | apeabans lapeadans | 254 laseyung womumwuw_ma m.vmzu
e
5|29y UIIMIDg ISUOdSAY JUBWBARY (1sd) SNLNPOW JuSLLLS3Y aseg pamey

S 99U UDIMIBG - %06 @ UK Osed - (g)212/8E/9/b
94N30NU1S JUSWAARH - 8seg JO woljog 03 Meyl
- 9|xy @|buLS - SsaJL]l |eng - uoL3Lpuo) meyl buiuads /z'g 8|qel

227



SA

(

awvfmaam 40 do3 utea3ys |eailuap (At ‘Ut 212 = epeabqns uazcajupn
(7 3) ®8seq jo doj uteays [earjasp (1et) ‘Ut 2¢ = apeuabqns uazouy
{ mv 8S4N03 30R4UNS JO WOII0Q ULBAIS |RIUOZLJUCH (Lt uL 2t = aseg
(9) uoiLydayysp aosegung (1) (a) Ul p o= 354N0J 8dR4UNS  (B) :SBION
9yl - ¥ob - 02+ 2600°0 oot
e - 06 - 0 6100°0 02 000°0t 000°0S | 000°0€ {000°002°1L 0s 14
oel - €19 - O+ 6L10°0 0ol
e - el - 0 #200°0 0¢ 000°6¢ 000°0S | 0S.°81 |000°002°t 0§ €
28 - osoL- 0L+ 0020°0 oot
A ote 0t+ 0%00°0 02 000°0L 000°0S | 00S°L |000°002°1 0S 14
99 - beeL- 08+ L€20°0 00t
el - Lve oL+ 800 0 02 005°¢L 000°0S | §29°G |000°002°L 0§ L
( Y run( v nn o ) AEV P o™ Y, aseg sauung
ol x uL/ut o_ x ug fut ot x uL/ut ‘ut 40 uszouaun | uszoud 3s4no
9- 9= EE 0 Wad4ag | apeabans apeadang aseq mumt:w %ouumwummﬁm wmuu
28:: uaaM1ag asuodsay udBARY (1sd) snLnpoly JuSL(193Y aseg pomeyy
d
S[99UM udsmMlag - 709 @ W 8seg ?mwmpm\mm\m_\w .
234N10N4l1S jusweAeq - aseg Jo Wioj3log 03 Meyj

- JLXY

a|buts

S94L] [eng - uoL3Lpuod meyl buiads gz'g alqel

228



w

Ay
wvfmn:m 30 dog uteays [eaLjusp  (AL) . = apedsbgns ua
A 3) aseq jo doj uteuys [edL3uep  (tit) ,.:mem = uw_ume:M mwm.wuu
( uv 9SJ4N0D 3JBJUNS JO WO3I0Q ULBAYS [RJUOZLJOH (i) ‘up g = aseg
(9) uor3daep aoegans (i) (q) ‘ut 2= 8s4n0d 3dejung (e) :S330N
ove - LELL- 561+ 5210°0 00t .
9 - G8E 00t+ 6200°0 0 000°0% 000°0S | 000°0€ j000°002°L % 0§ 1
21lE - 6lG1- 622+ §510°0 oot .
ol - 9y - 601+ 5£00°0 02 000°6¢2 00005 | 0S.°81|000°002°1 20§ €
262 - 5992~ £82+ (¥20°0 ool
05 - L2l GZl+ £500°0 02 000°oL 000°0S | 00S°L [000°002°L %08 2
$02 - e8le- Poe+ 8820°0 00l
£y - 9€8 leL+ 0900°0 0¢ 005°L 000°0S | §29°S |000°002°L %09 L
(q) () (q) (a) peol Ling Y
(goLX _:\EZ oL x u/u)i(o 0L X ut/ur) | (tut) 40 uazouun | usazodq 3s4n0) W aseg Jauung
9- 9 "qaA 3 9= 1, 0 JUDIUDd apeuabqng vamn:m aseq ERLIWHIS »ona“wuwﬁm m.wmw_u
S|eNng 40 L] OPLSU] Y3eauag asuodsay JuaudARd (1sd) sninpoy Justitsay aseg pamey]
9dLi Yyjesusg - %09 @ mz oseg e)212/0%/9/2
34N30NU41S JuslWisARd oseqg 40 wo33og 01 meyl
- 91Xy 9[buLs - saaLl [enq - uoL}Lpuo) Meyl Butuads 6z°9 31qel

229



SA
( uvnwufmn:m 30 dog ureays {esridep

AL . -
(773) aseq jo doy ureuys {estjuap M:NV c.”_mm mmummwmmm:mmmmmwuw
( uv 9S4N0D 3Je4uns JO wWO310Q ULBULS |BIUOZLUOH (11} ut 2L = aseg

(9) uoryo3(43p adejuang (L) (q) ULz o= 8s4n0d 3dR4UNG  (B) :S3ION
e - 9lLL- 002+ 9€10°0 00l
£y - G8E - 0L+ LE00'0 02 0000t 000°0S | 000°0€ j000°002° L %08 4
$02 - 8bL- 8€2+ 181670 001
\w - 89 i+ 0%00°0 02 00062 000°0S | 0S/‘81{000°002°L 408 £
9t - L6b2- LLe+ 61E£0°0 00l
62 - £99 £eL+ 9900°0 0 000°0L 000°0S | 00§, 1000°002°1L 706 A
Zrl - £€62- GpE+ 28E0°0 001
vz - 69/ oL+ £L00°0 02 005°L 000°05 | S29°S |000°002°L %08 L

(9) (9 C)) (a) | peol {iny ¥
AooF X =—\=,v Aeop X cp\cwu (0L X ub/ur) | ("ut) 0 uazodgun | uazouy | o 3s4no) W aseg Jauming |
1, o Juaduaq | apeabans [apeabang 4 poeyns 40 Juaddag OoN
e se Uy ase)
SLeng JO aul| OPLSU] YIeaUdg asuodsay JududARY (1sd) Sninpoy JuaL|Lsuay aseq pamey]
<}
SdLl yjesuag - %06 & "W 9seq _m_mwm_m\vmh_\m
24N33NJ3S JUsWd AR aseq 10 wWwojjog 03 meyy

- 9|xy abuts

saJdl] |enq

uoi3Lpuoy mey) butads og'g alqel

230



m>u

(

)qRpe4bans 40 dog uieu3s (ealjusp (A ‘Ul Z1Z = apeabgns uazcdjup
1 (73) aseq jo doj uied3s |edi34ap  (Lil) ‘UL 8¢ = apeubgns uszouy
(73) 9s4n0d 82B4UNS JO WO3I0Q ULeU}S |RIUOZLUOH (Il ‘UL 9 = aseg
(9) uot3da13ap adeguns (1) (q) UL g = 9SAn0d @deguns (e) :sajoy
88l - s - 00 L+ €800°0 00t . .
ge - oyl - bE + 81000 02 000°0% 000°0S | 000°0€ |000°002°1L *0§ ¥
091t - SiL - LLL+ 1010°0 001 . .
FA N VA 9¢ + 1200°0 02 00062 000°0S | 0S/°81{000°002°1 %0S £
el - peet- veEL+ 9610°0 001
8L - 192 - v + 0£00°0 0¢ 000°0L 000°0S | 00S°L 000°002°L %05 FA
98 - £9pL- hl+ 0810°C oot
gL - 60¢ - v + $€00°0 02 005°¢ 000°0S | 629°G |000°002°L 209 L
(q) (a) (q) (q) peol LLh4 Y
(Lot x ut/u){( 0L X ut/u)j(, 0L X ur/ur) |("ut) 30 uszoaun | uszod4 3s4n0?) W aseg Jauwng
S A, 7, 0 juadiaq | apeabans lapeabans | *5*8  lg5eiung 40 3Udddg | "oN
e se Yy ase)
speng 40 aul] SpLSU] Ylesudg asuodsay JudwaAed (1sd) SNLNpOW JudL|Luay aseg pamey|
d
94L] yjeauag - %0G © W 9Seg - (p)212/8€/9/Y

94N310NJ43S JUBWAARY - 3dseg JO w0l1]og 03 Meyl
- 9xy @1buLs - sa4l] [eng - uoL3Lpuo) Meyl butruds

Le"d @19el

231



peabgns jo doj ureua3s [esgjaep (AL . =
nwwv 3seq J0 doj uLeu3s [eJL3dap M.:.NV :n»mwm = mnwmwmmsmmmmmwu:
( uv BSUNOD 3JBHANS 4O WOII0Q ULRAFS [RIUOZLUOH (LL) ut 7| = wmmm
(9) uot3oayyep adejans (i) (q) ‘UL p = 3SJN0D 3degdng (e) :sajop
€eEL - 2£S - oL+ 0600°0 00L .
G2 - [EL - PE + 6100°0 0¢ 000° 0¥ 000°05 | 000°0€ j000°002°1L %0G 14
6LL - 089 - 6LL+ GLI0'0 0ot
1z - G591 - e + $200°0 02 000°62 000°0S | 0S£°81 [000°002°1L %08 €
9 - 8601~ A1 16100 00l
oL - 192 £ + LE00°0 02 000°0L 000°0S | 005°/ 000°002°1L 720G 4
19 - SL2l- €91+ G220°0 001
. L - Gl2 Gb + €¥00°0 02 005°L 000°0§ | §29°S |000°002°1L %09 L
(a) (q) (9) (a) | peoq 1n4 Y
(g oLX _:\=: (g0t X ut/ut) (g0t X ut/ut) (-ut) 40 uazoaun | udzody | 35.4n09 W aseg Jawung |
aa, 3 SUERNEY apeubgng lapeabgng 3 23044Ng 30 1uaddad | "ON
3 9 f e se Yy ase)
s|eng 40 241 9pLSU] yjeauag asuodsdy JuaWARY (1sd) SNLNpoW JuUsLL193y aseg pamey]
9J4l] yjeausg - %06 o mz 9seg - (p 2Le/ee/eLly
94N30NULS JUBUWBARY - dseg JO ?owuom 01 Meyj

- 9|Xy 31buLs

sadl] Leng

uoLyLpuo)d meyy butads gze'g alqel

232



Am>uv apeabgns 4o dol uteu3s [edLIBA AL)
("97z ) aseq jo doj uLeJls LBOLIIA L) uL gLz = apeubgns uazougun
(¥3) asunod ‘uL op = apeuabgns uazou4
370JUNS 4O WO310Q ULRA}S [PIUOZLUOH L) ‘ug 9 = aseq
(9) uoL3d8|J8p ddeHUNS 1) (9) ‘ut 2 = 8S4N0D 3deyung  (e) :s3JON
S0€ - LSL - 88l + 8L10°0 0oL
89 - LLe - 06 + £200°0 02 000°0% 000°0S | 000°0€| 000°002°!1 %09 v
892 - £9€1- Gl2 + 8v10°0 001
65 - 6Ly - 86 + €€00°0 0¢ 00062 000°0G | 0S8l 000°002°L %08 €
91l - 6v€2- 992 + 0v20°0 001l
v - LE9 - €Ll + 0$00°0 0¢ 000°01L 000°0S | 00G°Z | 000°002°1L %0§ l
o/l - 1642~ ¥82 + 1820°0 001
G¢ - 02 - L+ £500°0 0¢ 005/ 00006 | 29°G | 000°002° L %08 L
(a) (9) (9) (9) peol (N4 4,
6-0L X Ut/ut) fo oL X ut/ut) {(g 0L X UL/ut) | (*u) 40 | uszoagun | uszoay |aseg | 8sanod seq Jouung )
SA, A, 1, 9 132434 | apeabqns | apeabans 3%e44ng ww pmmu;mm wmu
S[eng 40 a4L] opLsu] yjesuag asuodsay JuswaAeq (Tsd) Sn[NpoW JusL|Lsay aseg pamey) k
0 d
9J4Ll yaeauag - %0G & "W dseg - (e)2Lle/0¥/9/2

34N30NULS JUSWIARJ - 3seg JO wojjog 03 Meyl
- 9|Xy WOpUR| - S3JLL |eng - uotilpuo) meyl buiads ggtg alqel

233



SA

(

3) @peubgns yo dol uiedis (311437 (AL)

(9A3) sseq jo doy cwmgum Ledt1adp (Lit) UL 212 =  9peabgns udz043uN
(73) 9sunod ur o pe = apeabans udzou4
20RJJNS O WOIL0G ULRAJS [RIUOZLUOH (Li) UL 2t = aseg
(9) u0L303143p @de4uns (i) (q) uL g = 3s4n0d 3oejung  (B) :SIJON
€Ll - 96L - 26l + £210°0 00t
g€ - LLe - 6 + 62000 02 000°0t 000°0§ |000°0€} 000°00Z°1L %09 v
eLL - eeeL- G2Z + 01070 00L R .
ve - Liy - Lot + ££00°0 02 000°62 | 000°05 {0G.°gL| 000700271 +0§ €
eclL - 0022~ §6¢ + 200 "0 001
€2 - 06s - 6LL + 1900°0 02 000°0L 000°0S {005/ | 000°002°L %09 Z
Ll - vLS¢- 6L + 29¢0°0 00t
gL - 199 - vel + 2L00°0 02 00§°¢ 000°0S {529°G | 000°002°L %05 L
(q) (a) (a) (9) peol (Lnd ¥
(, 0t M ut/ut)y . ot m ut/ut)l (. oL X ur/uL)f (ut) 40 uazoujun { uszouad |{aseg 3S4N0) W Mmmmmwwwuzm .
9 Ay 9 A 97" Ty ¢ 1u82434 | Bpeabqng | apeabang 3% 4ung mm “ma xm mmuu
S|eng JO aJi] aptLSu] Yjeaudg asuodsay JuswaAR( (Lsd) sninpoy 1UaL{LSay aseg pamey)

9411 yjeaUdg - %0G @ U aseg -
94N30NA]S JUBWAARY - 3Seg 4O

&

z12/veleL/z
108 0] Mey]

- 9|Xy WSpURL - SJLL [BNQ - UOLYLPUO) MRyl BuiadS pE'g aqel

234



SA

(73) apeabqns jo do} uteuals [edLludp  (AL)
Aa>u ) 9seq 40 doj uiea1s [edL3JdA  (LLL) Ut 2l = apedbgns uazoujun
(¥3) 8sanod ‘ur gg = opeabqns udzou4
80e44NS JO WO330Q ULBUAIS [BIUOZLUOH (LL) ‘UL 9 = aseq
(9) uoL3d3|Jap 8dR4UNS (+) (9) ur oy = 9SJ4N02 3deLuNg (e) :saloN
08l - 09 - 26 + 186070 0oL
A oLt - 6 + L£100°0 02 000°0¥ 000°0S |000°0€| 000°002°1 %08 ¥
9eL - €29 - oL + 0010°0 001
92 - L - e + 1200°0 02 00062 000°0S {0SG.°8L| 000°002°1 %06 £
g8 - 8601~ 22l + 6510°0 00l
L o- 922 - Gt + L€00°0 02 000°0L 000°0S |00S°Z | 000°002°1 %06 2
9 - 1selL- 62l + 9810°0 001 . I
oL - 192 - 9¢  + S€00°0 02 00S‘¢ 000°0S {629°G | 000°002° L %0G L
() (a) (a) peol [ (N4
ﬂm-oﬁ X _ut/ut)fo oL X uL/ut) (0L X ut/ui) Ammwv 40 | uazoagun | uszouy |[aseg | asuanoy Yy aseq uouung )
SA, QA 3, o JUdIU3( | dpeubqng | apeabgng aoegung mm pmwugmm mwuu
S|eng j0 a4l] opLSu] yjeauag asuodsay JusuidAeq {1sd) sninpoy Juat|}say aseq pamey|

84l] ujeauag - %09 9 mz aseq - (p\2l2/8€/9/¥
34N30N41S JUdWBARY - aseg o woliog 03 Meyl

- 3|Xy WBpUR] - SdALL [enQ - uol}Lpuo) meyl Butads getg o|qel

235



m>u

{ } epeabgns jo do3 uLR4lS [EILIUBA ?:.
Aa>u ) @seq jo do3 uiedis [edijaap  (iit) Ut 2ig = apeubgns uszoujun
(¥3) @saned uL 2t = apeubqns uazoud
3TeLUNS JO WOII0Q ULBLIS [PIUOZLJUOH (+1) up ¢l = aseq
(9) uoi3dajap adeguns (1) {(q) ur = 3sJ4Ned 3deiung (e} :sajoN
6Ll - 0ge - 96 + 9800°0 0ol .
€ - 90t - 0c + 810070 02 000°0% 000°0G | 000°0€ 06C°002°L %05 14
66 - £65 - 601 + ¢Li0°0 001 . . )
- oyt - AN £200°0 02 000°52 00C°0S | 0SL°8l 000°002" 1 %06 €
09 - i 0v6 - 8el + 0610°0 00t i
8 - §0Z - g+ L£00°0 02 000°0L 000°0S | 00S°Z| 000°002°1 %08 I
£y - (801 - 8yl + 9eec°0 001
v - e - 6¢ + €¥00°0 02 005°L 000°0S | 629°G | 000°002° %08 L
(9) (q) (9) peot {|n4
oL x ut/u)fo oL x ur/un) (oot x urzuy)| (9 40 |uszoajun | udzouy |aseg | asunoy % aseq sounng
9 SA 9 A 9~ (rut) 40 JuUB2UI4 “oN
3 qn, 1, 9 Judd4d4 | dpeubgns | speubgng aovjang v se Yy 9509
S{eng jJo 34il IPiSU] Yjesuag osuodsay Jusworsq {tsd} sninpoy U3t [Lsay aseg pamey

2411 yjeausg - %06 @ W eseg -

e)ele/ze/eL/y

84N30NU3S JuUBWBARY - dseg 40 Woliog 03 meyl
- 3|XY WdpuUR] - S8ULL |eng - UOL}Lpuo) meyl Butuds gg'g aiqes

236



SA

(°73) epeubgns 40 do3 uteals {edtjudp  (AL)
An>u ) 8seq jo dojl uieads [EILIJBA  (LLL) UL 2l = apeubgns uazoujun
(¥3) asanod ‘uL o op = apedbgns udzoud4
37B44NS JO WO310Q ULBAIS |[PIUOZLUOH (LL) UL 9 = aseg
(9) wuor3da4ap adejunsg (1) (q) ur 2 = 3SUN0d 3Jejung (e) :sajo0N
8G¢ - 9661~ 8¢ + L[v10°C 00L
LS - 29 - 0L+ €€00°C 02 000°0Y 000°0S | 000°S1{ 000°002°L %52 14
2L - £502~ 5¢ + (810°C 001
8y - 048 - 60L + 1¥00 0 02 000°62 00005 {08E‘6 | 000°002°1L 752 €
120 996¢- gle + 21€0°d oot
8¢ - 898 - oL+ #900°¢ 02 000°0L 000°05 | 0G/°€ | 000°002°L %G¢ 2
e - L02h- vee + 69€0°0 0ol
22 - 866 - 62l + €£00°0 02 006°L 000°0§ {0182 | 000°002°1 %62 L
(9) (a) (9) peot L (N4 Y
J0L x ut/ub)f, oL X up/ur) (0L X ut/ut) Amuwv 40 | udzoujun | udzoud |adseg | 9suno) W wmmmmuww==m ‘o
9 SA, QA 1, o JUd2Udy | speubgns | apeabqng 3904uNg *m o mm mmuu
S|eng JO a4L] apLSUl ylesuag asuodsay jJuawadAed (1sd) sn|npoy JudL|Ls3y aseg pamey]
94L] yleauag - %G¢ 9 mz aseg - (p)2l2/0v/9/2

34N30N41S JUBWRAR4 - 9Seg JO wo3jog 03 Meyl
- 9|Xy WapUR] - SAJLL [eng - uoL3Lpuo) Mey] buiuads /€7@ dlqel

237



-

Au>uv apeabgns 4o do} uieu3s |edi3udp  (AL)
t

Ao>u ) @seq jo dol uieaas [edtjuapn  (LLL) S TR apeubgns uazoujupn
(33) asunod ‘UL pE = apeabqns uazouy
3Je44ns 4O WO310Q ULBALS [BIUOZLUOH (LL) uL 21 = aseg
(9) wuoiidsjep adejuns (1) (q) ‘ut P4 = 3SAN0D 3delung (e) :saion
L - 60G L~ €ve + 910" 0] 0oL
e - 6vy - 0L + 6£00°0) 0¢ 000°0v 000°0S 1000°GL| 000°002°1 %G¢ v
€6l - 1661~ 8/¢ + 9€20°0 00l
82 - ovs - il + 05000 0e 000°5¢ 000°05 {08E€°6 | 000°002°L %G¢ €
oot - 602¢- 9G¢ + 61v0°0 00t
st - 9LL - el + 2800°0 0e 000°0L 000°0S |0S.°€ | 000°002° 1 %G¢ l
08 - €2LE- €8¢ + 66%0 0} oot
oL - 998 - el + 5600 "0 0¢ 005°¢ 000°0S {018°2 | 000°00Z°L 76¢ t
(a) (q) (a) peol L(n4
(.00 x ut/un)fo ot x ur/u) (o ot x ur/uy)| (9 40 | udzoujun | udZoug |aseg | @sano f aseg uouung
9 SA 97" qa 9- 1 (rut) J 10 qU343d | oN
3 3 3 9 Juaduad | apeuabqns | apeabgng asejung e se zz ase)
S{eng jO 4L} apLSU] yjeauag asucdsey jusiiaAeq {tsd) sninpoy JuaL|Lsey aseg pamey|
d

84L] yjeauag - %6z 9 "W oseg - 2 zLz/velzLle
34N30NULS JUBWAARY - 3seg 4O owpom 01 Mey|
- 9|Xy WdpUeR] - SBULL [BNQ - UOLILPUO) MRyl ButddS ge'g alqel

238




SA

.

(s

{(°"2) apesabgns jo doj uled3s |BOLIUBA

(
) 9seq jo do} uieuds [edLja8p  (LiL) UL gz = apeuabgns uazoujupn
(¥3) @sunod ‘ur 8¢ = apeabqns uazou4
37044NS JO W0330q ULRA]S |RIUOZLAOH (LL) ur ozt = aseg
(9) wuoL3da|4ap adeguns (1) (a) uL = 9S4n0d 9JB4UNS  (e) :sa3oN
gzl - 60L - 901 + £600°0 00L
' v - €9l - €+ 0200°0 02 000°0% 000°0S | 000°G1| 000°002°1 %G8 14
| oL - 0£6 - 9Ll + | L1100 00t
{ 6L - €02 - e+ $200°0 02 000°G¢ 000°0S | 0866 | 000°002°1L %G6e £
: ¢S - G8GL- Ll + 1610°0. 0ot
1 L - Ge¢ - 8E + ££00°0 0¢ 000°01 000°0S | 052°¢ | 000°002° L] %G¢ 4
w G - 9681~ 0SL + G220°0 00t
: £ - 08¢ - 6 + £y00°0 0¢ 005°L 000°0G | 0182 | 000°002°1L fATA 1
: (q) (q) (a) peol (N4
q
(-0 xm”_\c_v 9-0L x>=¢\=_v (-0L X ut/ui) Amcwv 40 | uazoagun | uszoud |oseg | asanoy Y aseg Jouung
i 1 aA, 1, o quU32434 | 8pesbgns | apeabgng 85044ng 40 3u92.484 “oN
N STeng 40 94L] 9pLSU] [jeauag osuodsay JudweAeq (Tsd) SNNpOW JUSL[LSaY TR Rty

aseg pamey|

4Ll yjeausg - %G¢ 9 mz aseqg - (p)212/8€/9/%
94N1ONUIS JUBWRARY - 3Seg 10 woljog 01 meyl
- a|Xy Wepuel - S3JLL |BNQ - UOLILPUO) Mey] Buiuds g g dlqel

239



SA

(

3) @pesbgns jo doj uiedls [eI13JBp

(
An>w ) @seq jo doj uieaas [edLjudp (i ) Uy 212 = speuabgns udzouajupn
(32) asanod ‘ug ¢t = apeabgns uszod4
93BJUNS JO WO3I0Q ULBJLS [RIUOZLUOH (i) ur 2l = aseg
(9) wuoiidasep adesuans (i) (q) ‘ur ¥ = 8S4N0Y 3dviuNg () :sajoN
S6 - ¥99 - Git + 8010°0 ool
L= €G- €€ + 2200°0 0¢ 000°0% 000°05 |000°Gi| 000°002°1L %42 1
8L - 198 - oel + oy16°0 00t .
€L - 8L - 9t + 8200°0 0¢ 000°62 000°0S [08€°6 | 000°002°1L %G¢ €
e - 9eg L~ €91 + 6€20°0 00l
£ - 162 - iv + 8¥00°0 02 00001 000°0S {0GL°E | 000°002°L %G¢ e
gL - peSL- FTANE ¥820°0 0ot
L - ove - £y + LG00°0 0¢ 006°L 000°0G {0182 | 000°002°1 %62 L
(a) (q) (q) peot (N4
-0l X ut/ut) g-0L X Ut/ut)i(g oL x ut/ui) mnv 40 | uszoujun | uszouy |eseg | asunoy Yy aseg uouung
SA qA 9 p! (ru) U343y | @peud 5 40 3uU8048d | "ON
3 3 3 0 d | @PeJbgng | 3pe.dqng adejung e se mz asey
S{eng 40 a4i| BpLsSu] yjesudag asuodssy JudWOARY (tsd} sninpoy just| 1S3y aseg pamey]

9dl] ylesuag - %92 ¢ xz aseq - (p\2l2/2€/2L/Y
34N30NU3S JuawdARd - 3seg Jo o3rog 03 Mey]

- 9|XY WepUR| - S8JL| [eNQ - UOLILPUO) Meyl buiadS Op g dlqel

240



Am>u nwumumnzm 40 doj ureals [edL3a3A  (AL) ‘u 9¢ = ~3peubgns uazo.d 4
1 (7"3) 9seq jo doj ureals [ed13aaA  (tit) ‘ur p = opeabans pameyl
(*3) 954n0D 3JeJUNS JO WOJ}0Q ULBAS |BIUOZLUOH (t1) ‘uL g = aseg
‘A@v uor3oa(jap adeguns (1) (q) UL g o= 9S4n0d 3deydng () SIION
9901 - LGPl - 162+ 6£20°0 00l
w2z - €65 - 19+ §500°0 02 000°0S 000°02 | 000°0€|000°002°L 0§
09/t - 0922 - L+ €LE0 0 001l uieab
9gy - 008 - 86 L+ €L00°0 02 000°CS 000°0L | 000°G1{000°002°L TA -35420)
2€s9 - 6vvL - $28 + 1080°0 00l
gesL - 8661 - 90€ + ¥810°0 02 000°0S 0zLL 069°L {000°002°1L 68
ove* LL- oyLElL- 0oL+ _0EEL0 001
18€2 - ov6e - 9G¢- + §£20°0 02 000°0S SLE 09§ 000°002°1L S6 uteab-sut 4
(a) (9) (a) (q) peol [Ln4 | uaZO44 | pameyy asano) | sninpo
W
GOt M>=W\=_V QOU X ut/un) | (qOUX U /ur) | (*ut) | o 3ud34ad | apeubans | apeubans 9588 | gopyung | juat|isay adf)
, 3 qA, I, 9 apeabgng uy  apeabgng
“|\ chonmwx JusuBARd A\Pwa: SNINPOY JuaL 1S3y uoL3onpay

Amvmm\c\o\m 84N1ONULS JudwdARd - dpeuabgng ojul Ul § Meyl
: - 9IXy 9LbuLs - 4Ll 3BuULS - UOLILPUO) Meyl puruads

Lv'4 @l9el

241



am>m n»vmpmasm 40 doj ugeays (edsrjasp  (AL) ‘ut Qg = . apedbagns uazouy
N (7'5) 8seq jo doj ureays [edijusp  (LiL) ‘Ut p = apeabgns pamey]
(73) 854N0D 82044NS 4O WOI0Q ULRULS [BIUOZLUIOH (L) ‘Ut 2t = aseg
{9) uot3oaigap aoeguns (1) (q) ‘uL z2 = 9S4N02 3ovyang  (e) :sajoN
£8G - 291 - 882 + 94200 00l
el - 96 - 091 + £500°0 02 000°0§ 000°02 000°0g 000°002°1L 0s
oeot- 0sez - 02y + 2ve00 00t utedb
€ve - 008 -~ 002 + 0800°0 0¢ 000°0§ 006°01L 000°S1l 000°002°1 A ~3S4207)
8889 - 068 + oLot'o 00t
86/1 - 22€ + 612070 02 000°0S 0gL L 069°L| 000°002°1L 58
019* L1 0zt L+ opL0 001
G696z - 89¢ + 2¢€€0°0 02 00009 GLE 09§ 000°002°1L G6 uteub-aut 4
(q) {q) (q) peoy fn4 uazou4 pamey | ase 9s4e0) sn{npop
mhup X ut/ui) Amb_ X ut/ut) (rut) 30 U334 | 3peuabqns | apeuabgng 4 BJVLUNS | JUBL|LSIY adf |
qA, 1, ¢ Fufmn:m utl  apeabgng
asuodsay JuauwdARg . {(tsd) sninpoy JUsL[1S3y uot3anpay

(0)0€/b/21/2 24N30NA3S JuaudARy - 3peubans OjuL “ul § - Mey]
- 9|xy a|buts - auirl 3L6uLS - uoLyLpuo) meyl Burads zp'g drqel

242




Am>3 wum..mnzm 40 do3 uteags {esL3aapn  (AL) ‘uL pg =  9pedbgns udzouy
Aa =) @seq j0 doj uULeals [eOLRAaA  (Lit) ‘ut § = ospeabgns pamey}
Au; 8S4N0D 3JB4ANS 4O WOII0Q ULRAIS |RIUOZLUOH (L) ut 9 o aseg
(9) uotyoaap adeguns  (+) (q) ‘uL o= 854n02 3de4ang (e) :S8ION
86 - 069 - 8L+ ¥910°0 oot
Ll - 912 - L9 + £€00°0 0¢ 000°0S 000°02 | 000°0€|000°002°L 09
ovL - 8.6 - i+ 2610°0 00l uteab
ol - 6.2 - LL+ 0v00°0 02 000°0S 000°0t | 000°SL|000°002°1L G4 -95420)
£2€2- [162- JAR £9€0°0 00l
62t - 665G - 86 + 0£00°0 0¢ 00005 0Ll 069°L {00D‘002°1L 68
9/6E- 6216- 9LE+ 6550°0 001 .
GLL - 6L01- 0L+ 01070 0¢ 000°0S SLE 099 0000021 56 uteab-aut4
_ (q) (q) (q) (q) peo] 1in4 | uazZOU4 pamey | ase 8s4e0) | snynpoy
f: X ut/ut) m.S X ut/ut) Ao.o— X ut/ut) | (-ut) J0 jus243d | apeubgns | apeabgng 81 aoeyung | juaryisey adA|
_m SA, qA, ER 9 apeabqng ui  apeuabgng
| asuodsay juauBARg [1SdY SAINpoR JUsL(159y uot3anpay

oy PE/V/9/t @4n3ond3s judwdARd - dpeubgns oqui “ui y Meyl
(&)™ 9|Xy 9|buLs - 4L 9|buLs - uoLyLpuo) Meyl butuds ¢y g dLqel

243



(®)

- 3|xy aLburs -

adL] albuLs

uoL3Lpuod meyl butuds ppeg dlqel

nwvfmnsm 30 doj uteaqs (estidsp  (Ar) ‘up gz= opeabgns uazouy
(7 3) aseq jo dojl uteuys [edL3udA  (itit) ‘up y= 9peabgns pameyj
& 8S4N0J 320J4NS 1O WOI0Q ULBAIS [BJUOZLULOH (LL) uL zy = aseg
(9) uotzdaigep adeguns (1) (q) ‘Ut § = 8S4N02 3Jejang (e} :sajoN
Gee - 169 - 641+ 6910°0 00l
89 - gie - {9 + ¥€00°0 02 000°0S 000°02 | 000°0€ {000°002°1L 0§
L0§ - €56 - Leg+ 6020°0 00t utesb
oL - 12 - 8L + £%00°0 02 000°0§ 000°0L | 000°G1 |000°002°1 GL -35400)
ELLL- $652- EPE+ ¥S¥0°0 00l
562 - LvS 0oL+ 98000 02 00005 0zZL°L | 069°L |000°002°1 58
5662~ StLp- L0+ £690°0 0ol
999 GE6 0L+ 91070 02 000°06 GLE 09% 000°002°1L G6 uteab-auty
! (a) (a) (q) (q) peol t1nd | uszouq pamey | as4e0) | sninpop
wcp x :»\:: OL X ut/uy) Aoop X ut/ur) | (tut) 30 Ju32434 | apeuabgng | apeabgng aseg 30e4ung | JuUaL|LSIY adA]
! qA, 3, 0 lapeabans uy  apeabgng
asuodsay JuswaARg {tsd) sninpoW JusL| 1S3y 1ot3Inp3y
82/%/21/v 24n1onu3S juswdAed - apeubgng ojuL “ul 4 meyy

244



~m>$ wofmn:m 40 do3 upeags [edLIdp  (AL) -ut gg = dpeabgns uazoajun
An 3) aseq jo do} uLeJls [BOLI43A (tie) ‘up y = opedbans pameyl
Au& 3S4N02 8004UNS JO WO330Q ULBA}S |BIUOZLUOH (1) ‘up g = aseg
() uot3da|jap 3de4uns (1) (@) up g = 854n0d 3deyuns (e) :s3I0N
L0L - velr - 502+ £210°0 00t . . _ .
651 - Gee - 200+ 0£00°0 02 000°0S 00002 | 000°0€ [000°002°1L 0§
6LL1- 6891 - 6G2+ LL10°0 0ot uredb
€92 - 2ls - gL+ 0%00°0 02 000°05 000°0L | 000°S1L 000°002°1L SL -8S400)
£86¢- - 99p+ 8950°0 ool . . .
The - sogs "ol 0L10°0 0z 000%05 | 0zL'L |069°L |o000%00zL| 98
; 62Y6- 002° LL- 919+ #901°0 001 . .
2691 0522 - g8+ L610°0 02 000°09 SLE 09§ 000°002°1L G6 uLeab-aut4
(a) (a) (q) (q) peol 1ind uszod4 | pameyl ase 2S4N0) | sninpol
whv_ X ut/ut) mEUF X ut/ut) Aob_ X ut/ue) | (tui) 40 juaduad | apeubgns i apeabgng 91 aoeguns | quariisay adA}|
SA, QA 1, N apeabgng ull  apesbgng
SLeng 40 94L| SpLSU yjeaudg asuodsay JuawdARg {rsd) sninpoW jusLilsay uot3anpay

94l] yjeausg - Am&mm\¢\o\m
34N30NU1S JUsWAARY - dpeabgng ojulL -

Ly Meyl

- 9|xy 2(buLs - S94L] [eng - uoLjLpuo) meyl butads Gyg dlqel

245



SA

[ owvﬁmazm 40 do3 utea3s (esL34ap  (AL) ‘UL Qg = °PPUbgNS uazoJ 4
1 (7 3) @seq jo doj ure4ls [BOLIJ4DA (L) ‘UL ¥ = apeabgns pameyy
(73) 8s4n0d 2JRJUNS JO WO0Q ULBJAJS |RIUOZLUOH (1) Ut 21 = aseg
(9) uoi3dajap aseguns (1) (q) ‘Ul 2 = 9S4N0J 3JejuUng (e) :SII0N
92y - 9zLi- 02+ €E10°0 001 . . ! ,
8 - $8€ - 201+ 1€£00°0 02 00005 000°02 | 000‘0€ {000°002° 1L 0S
6L - 8.9~ §92+ 1020°0 00l uieab
est - 605 - 6LL+ ¥%00°0 0z 000°0S 000°0t | 000°5L 000°002°1 S -35420)
008¢- 895~ 615+ 19£0°0 001 . . i
869 - G221~ hYARS 2r10°0 0e 000°0§ 02L°1L 069°L | 000°00Z2°1L 68 M
£opL- LLL6- 0L+ 9EpL°0 00l . i
Gee - 1802~ ¥6 L+ $420°0 0z 000°0S SLE 09s 000°002°1 56 j uteab-aut 4
(9) (q) (q) (a) peoy [|n4 | USZO44 | pamey) - 854n03 | snynpoy w
Ol X ut/ut) @yop X ut/ut) Ao.o— X ut/ut) (-ut) 40 Judd434 | apeubgng | apeuabgng g 30RJUNS | QuUBL[LSAY | adA|
SA, A, 1, 0 apeubqns uy  apeabgng
SLeNQ 40 34l 3pLsu] yleauag asuodsay JuswdARg (tsd) sninpoy 3udiiisay uoL3INpIyY w

2UNIONULS JUBWDARY - 3peabgng oju

94i] Yyjeauag - mmv

0e/v/2L/2
ut ¢ Meyj

- 9Xy dbuLS - saull leng - uoL3Lpuo) meyy butuds 9y g @|qel

246



247

Am>inwuﬁm§m 40 do3 uted3s [eoL4ap  (AL) ‘uL pg = apeabqns uazoJd4
1 (""3) @seq jo do3 ures3s |@ILFU3A (rrt) ‘up y = opeabgns pamey]
(¥3) 854n02 3JRHINS O WOLJ0Q ULeRJIS Lejuozidoy (tt) ‘UL 9 = aseg
(9) uoL323[43p 3deung (V) (@) uL o= 3s4n02 dJejang (®) :SIION
. !
- - OO_.+ mNOO O OO_. € 3 3 |
wwm ) Mmm_ - Ve + £100°0 02 000°0S 000°02 | 000°0€ [000°002°1L 09
896 - 89/ - 9z L+ 0010°0 00l ureab
601 - 6L1 - g€ + 1200°0 02 000°0§ 000°0L | 0001 |000°002°L SL -35420)
9661~ 2062- 02+ 0620°0 001 . . .
98¢ - €95 - 05 + 2600°0 02 000°0S 0cL L 069°L | 000°002°L 68
pyee- 0cEY- 6ve+ L0%0°0 0oL . .
a8/ - oLLL- 65 + 101070 02 000°0S 7AN 095 000°002°1L g6 uredb-aut4
(a) (9) (a) (q) peo {n4 | USZOA4 | pamey] ase 9s4n0) | sninpo
oL X ut/ut) @-o_. X ut/ut) Ao.n: X ut/ut) | (-ut) 40 jud243d | apeabgng | apeubqng g 80v44ng | JUIL|LS3AY adA]
SA qA, 1, 9 peabgng uy  apeabgng
SLeng 40 aJL| BpLSU] Yleaudg dsuodsay jJuauwdneq (vsd) sninpoy juaL|Lsay u0t3npY

wgwwzpmm:mm- Amw¢m\¢\o\¢
94N10NJ]S JUBWBARY - 2pedbgns ojuLl “UL § Meyl

- a|xy a|BuULS - SaULL [eng - UOL}Lpuo) Meyl buiuds /g dlqel




~m>u mua»aﬁ:m 40 doj uteuaqs (eor3asp  (AL) ‘UL 82 =  apeabgns :mNoLu
An 3) aseq 40 doj uieals [eIiIJ3A  (tit) ‘UL ¢ =  apeusbgns pameyy
Awuu 9S4N0D 3TRJANS JO WOLI0G ULBAJS [PIUOZLJOH (iL) ‘Ut 21 = aseq
{9) uoigoaijap aoeguns (1) (q) Uty o= 8SAN03 3degung (e} :SIION
292 - 625 - L0+ +¥800°0 001t !
6y - 9cL - SE + 8100°0 02 000°0S 000°CZ | 000°0€ [000°002°1L 0§
g2y - 6vL - 2L+ 71100 oot . uye.b
9L - Lit - 6t + #200°0 0c 00005 | 000°0L | 000°GL 000°002°1 5. 354007
8151~ 9212~ vez+ 91£0°0 0ot . . . .
pe - %05 - £G + 2L00°0 0 000°0S 0ZL L 069°L | 000°002°1L S8
; ev§e- Lese- L9+ §250°0 00t .
: 6.9 - 286 - 99 + G¥10°0 0z 000°0S GlE 09s 000°002°L g6 uieab-aut 4
(a) (9) {a) (q) peol iing | USZOA4 | pamey) aseg | 2S00 | sninpoy
m.op X ut/ut) @b_. X uL/ut) Am.op X ut/ug) (-ut) 40 juaouad | apeuabgng | apeabgng 300JUNS | JUBL|LSAY adAj
; SA, qA, 3, 0 apeabgng ul  apeabgng
S{eNng JO 34L] JpLSU] y}eauag asuodsay jusweAey {1sd) sninpoy uatiisay uoi3onpay

94L] Yyjeauag -
94N30NULS JuUBWBARY - apeubgng 0ju

e

82/v/2L/Y
ut ¢ meyl

- B|xy 9|buLS - S9JLL [eng - UOL}LPUO) Meyl Buidds gpg @lqel

248



APPENDIX C

TEMPERATURE INPUT
DATA FOR TDHC ANALYSIS

249



250



Table C.1 Temperature Input Data of TDHC Analysis

Phase 1
ME DATA
1.825,109.25,1.1,50
NODE DATA
Node X(FT) Y(FT) Temp
1.000 0.000 0.000 44.1
2.000 1.000 0.000 44.1
3.000 0.000 0.167 44.1
4.000 1.000 0.167 44.1
5.000 0.000 0.333 44.1
6.000 1.000 0.333 44.1
7.000 0.000 0.500 44.1
8.000 1.000 0.500 44.1
9.000 0.000 0.667 44.1
10.000 1.000 0.667 44.1
11.000 0.000 0.833 44.1
12.000 1.000 0.833 44.1
13.000 0.000 1.000 44.1
14.000 1.000 1.000 44.1
15.000 0.000 1.167 44.1
16.000 1.000 1.167 44.1
17.000 0.000 1.333 44.1
18.000 1.000 1.333 44.1
19.000 0.000 1.500 44.1
20.000 1.000 1.500 44.1
21.000 0.000 1.667 44.1
22.000 1.000 1.667 44.1
23.000 0.000 1.833 44.1
24.000 1.000 1.833 44.1
25.000 0.000 2.000 44.1
26.000 1.000 2.000 44.1
27.000 0.000 2.333 44.1
28.000 1.000 2.333 44.1
29.000 0.000 2.667 44.1
30.000 1.000 2.667 44.1
31.000 0.000 3.000 44.1
32.000 1.000 3.000 44.1
33.000 0.000 3.333 44.1
34.000 1.000 3.333 44.1
35.000 0.000 3.667 44.1
36.000 1.000 3.667 44.1
37.000 0.000 4.000 44.1
38.000 1.000 4.000 44.1
39.000 0.000 4,333 44.1
40.000 1.000 4,333 44.1
41.000 0.000 4,667 44.1
42.000 1.000 4.667 44.1
43.000 0.000 5.000 44.1
44.000 1.000 5.000 44.1
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Table C.1Temperature Input Data of TDHC Analysis (Cont.)

Phase I (Cont,)

ME DATA
1.825,109.25,1.1,50
NODE DATA
Node X{FT) Y(FT) Temp

45.000 0.000 5.333 44.
46.000 1.000 5.333 44.
47.000 0.000 5.667 44.
48.000 1.000 5.667 44,
49.000 0.000 6.000 44,
50.000 1.000 6.000 44,
51.000 0.000 6.500 44.
52.000 1.000 6.500 44.
53.000 0.000 7.000 44,
54.000 1.000 7.000 44,
55.000 0.000 7.500 44.
56.000 1.000 7.500 44,
57.000 0.000 8.000 44.
58.000 1.000 8.000 44.
59.000 0.000 8.500 44.
60.000 1.000 8.500 44,
61.000 0.000 9.000 44,
62.000 1.000 9.000 44,
63.000 0.000 9.500 44.
64.000 1.000 9.500 44,

65.000 0.000 10.000 44.
66.000 1.000 10.000 44,
67.000 0.000 15.000 44.
68.000 1.000 15.000 44.
69.000 0.000 20.000 44.
70.000 1.000 20.000 44.
71.000 0.000 25.000 44.
72.000 1.000 25.000 44,
73.000 0.000 30.000 44.
74.000 1.000 30.000 44.
75.000 0.000 35.000 44.
76.000 1.000 35.000 44.
77.000 0.000 40.000 44.
78.000 1.000 40.000 44.
79.000 0.000 45.000 44.
80.000 1.000 45.000 44.
81.000 0.000 50.000 45.
82.000 1.000 50.000 45,
gIXED NODE TEMPERATURES
81,45.1

82,45.1

HARMONIC NODE TEMPERATURES
2

1,44.1,24.6,18
2,44.1,24.6,18

END
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Table C.1 Temperature Input Data of TDHC Analysis (Cont.)

Phase I1I
TIME DATA
1,18,.33,4
NODE DATA
Node X(FT) Y(FT) Temp.
1.000 0.000 0.000 19.50
2.000 1.000 0.000 19.50
3.000 0.000 0.167 20.300
4.000 1.000 0.167 20.300
5.000 0.000 0.333 21.100
6.000 1.000 0.333 21.100
7.000 0.000 0.500 21.700
8.000 1.000 0.500 21.700
9.000 0.000 0.667 22.300
10.000 1.000 0.667 22.300
11.000 0.000 0.833 22.900
12.000 1.000 0.833 22.900
13.000 0.000 1.000 23.500
14.000 1.000 1.000 23.500
15.000 0.000 1.167 24.100
16.000 1.000 1.167 24.100
17.000 0.000 1.333 24.680
18.000 1.000 1.333 24.680
19.000 0.000 1.500 25.640
20.000 1.000 1.500 25.640
21.000 0.000 1.667 26.600
22.000 1.000 1.667 26.600
23.000 0.000 1.833 27.540
24.000 1.000 1.833 27.540
25.000 0.000 2.000 28.480
26.000 1.000 2.000 28.480
27 .000 0.000 2.333 30.340
28.000 1.000 2.333 30.340
29.000 0.000 2.667 32.120
30.000 1.000 2.667 32.120
31.000 0.000 3.000 32.960
32.000 1.000 3.000 32.960
33.000 0.000 3.333 33.780
34.000 1.000 3.333 33.780
35.000 0.000 3.667 34.570
36.000 1.000 3.667 34.570
37.000 0.000 4,000 35.340
38.000 1.000 4,000 35.340
39.000 0.000 4,333 36.100
40.000 1.000 4,333 36.100
41.000 0.000 4,667 36.830
42.000 1.000 4.667 36.830
43.000 0.000 5.000 37.540
44,000 1.000 5.000 37.540



Table C.1 Temperature Input Data of TDHC Analysis (Cont.)

Phase II (Cont.)

Time Data

1,18,.33,4

NODE DATA

Node X(FT) Y(FT) Temp,

45.000 0.000 .333 38.230
46.000 1.000 .333 38.230
47.000 0.000 .667 38.900
48.000 1.000 .667 38.900
49.000 0.000 .000 39.550
50.000 1.000 .000 39.550
51.000 0.000 .500 40.490
52.000 1.000 .500 40.490
53.000 0.000 .000 41.380
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54.000 1.000 .000 41.380
55.000 0.000 . .230
56.000 1.000 .500 42.230
57.000 0.000 .000 43.030
58.000 1.000 .000 43.030
59.000 0.000 .500 43.780
60.000 1.000 .500 43.780
61.000 0.000 .000 44,480
62.000 1.000 .000 44.480
63.000 0.000 .500 45.140
64.000 1.000 .500 45.140

65.000 0.000 10.000 45.750
66.000 1.000 10.000 45.750
67.000 0.000 15.000 49.600
68.000 1.000 15.000 49.600
69.000 0.000 20.000 50.470
70.000 1.000 20.000 50.470
71.000 0.000 25.000 49.910
72.000 1.000 25.000 49.910
73.000 0.000 30.000 48.940
74.000 1.000 30.000 48.940
75.000 0.000 35.000 47.950
76.000 1.000 35.000 47.950
77.000 0.000 40.000 47.010
78.000 1.000 40.000 47.010
79.000 0.000 45.000 46.060
80.000 1.000 45.000 46.060
81.000 0.000 50.000 45.1
82.000 1.000 50.000 45.1
EIXED NODE TEMPERATURES
81,45.1

82,45.1

HARMONIC NODE TEMPERATURES

2

1,44.1,24.6,18

2,44.1,24.6,18

END
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Table C.1 Temperature Input Data of TDHC Analysis (Cont.)

Phase III
TIME DATA
1,62,.25,2
NODE DATA
Node X(FT) Y(FT) Temp.
1.000 0.000 0.000 26.23
2.000 1.000 0.000 26.23
3.000 0.000 0.167 26.420
4.000 1.000 0.167 26.420
5.000 0.000 0.333 26.640
6.000 1.000 0.333 26.640
7.000 0.000 0.500 26.800
8.000 1.000 0.500 26.800
9.000 0.000 0.667 26.970
10.000 1.000 0.667 26.970
11.000 0.000 0.833 27.150
12.000 1.000 0.833 27.150
13.000 0.000 1.000 27.330
14.000 1.000 1.000 27.330
15.000 0.000 1.167 27.520
16.000 1.000 1.167 27.520
17.000 06.000 1.333 27.710
18.000 1.000 1.333 27.710
19.000 0.000 1.500 28.030
20.000 1.000 1.500 28.030
21.000 0.000 1.667 28.360
22.000 1.000 1.667 28.360
23.000 0.000 1.833 28.690
24.000 1.000 1.833 28.690
25.000 0.000 2.000 29.040
26.000 1.000 2.000 29.040
27 .000 0.000 2.333 29.740
28.000 1.000 2.333 29.740
29.000 0.000 2.667 30.460
30.000 1.000 2.667 30.460
31.000 0.000 3.000 31.180
32.000 1.000 3.000 31.180
33.000 0.000 3.333 31.920
34.000 1.000 3.333 31.920
35.000 0.000 3.667 32.520
36.000 1.000 3.667 32.520
37.000 0.000 4,000 33.110
38.000 1.000 4.000 33.110
39.000 0.000 4,333 33.700
40.000 1.000 4,333 33.700
41.000 0.000 4.667 34.290
42.000 1.000 4.667 34.290
43.000 0.000 5.000 34.870
44,000 1.000 5.000 34.870
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Table C.1  Temperature Input Data of TDHC Analysis (Cont.)
Phase IIIl (Cont.)

TIME DATA

1,62,

NODE DATA

Node X(FT) Y(FT) Temp.

45.000 0.000 5.333 35.440
46.000 1.000 5.333 35.440
47.000 0.000 5.667 36.010
48.000 1.000 5.667 36.010
49.000 0.000 6.000 36.570
50.000 1.000 6.000 36.570
51.000 0.000 6.500 37.390
52.000 1.000 6.500 37.390
53.000 0.000 7.000 38.180
54.000 1.000 7.000 38.180
55.000 0.000 7.500 38.950
56.000 1.000 7.500 38.950
57.000 0.000 8.000 39.690
58.000 1.000 8.000 39.690
59.000 0.000 8.500 40.410
60.000 1.000 8.500 40.410
61.000 0.000 9.000 41.100
62.000 1.000 9.000 41.100
63.000 0.000 9.500 41.760
64.000 1.000 9.500 41.760
65.000 0.000 10.000 42.380
66.000 1.000 10.000 42.380
67.000 0.000 15.000 47.020
68.000 1.000 15.000 47.020
69.000 0.000 20.000 49.080
70.000 1.000 20.000 49.080
71.000 0.000 25.000 49.390
72.000 1.000 25.000 49.390
73.000 0.000 30.000 48.840
74.000 1.000 30.000 48.840
75.000 0.000 35.000 47.960
76.000 1.000 35.000 47.960
77.000 0.000 40.000 47.010
78.000 1.000 40.000 47.010
79.000 0.000 45.000 46.060
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Table C.1 Temperature Input Data of TDHC Analysis (Cont.)

Phase III (Cont.)

Time Data

1,62,.25,2

NODE DATA

Node X(FT) Y(FT) Temp.

80.000 1.000 45.000 46.060
81.000 0.000 50.000 45.10
82.000 1.000 50.000 45.10

;IXED NODE TEMPERATURES

81,45.1

82,45.1

EONVECTION SURFACES WITH HARMONIC TEMPERATURES
1,2,3.2,44.1,24.6,18

HEAT FLUX AT SURFACES

1

1,2,9.0

END
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Table C.1 Temperature Input Data of TDHC Analysis (Cont,)

Phase 1V
TIME DATA
1,906,.31,2
NODE DATA
Node X(FT Y(FT) Temp.
1.000 0.00 0.000 37.g3
2.000 1.000 0.000 37.93
3.000 0.000 0.167 37.340
4.000 1.000 0.167 37.340
5.000 0.000 0.333 36.740
6.000 1.000 0.333 36.740
7.000 0.000 0.500 36.380
8.000 1.000 0.500 36.380
9.000 0.000 0.667 36.020
10.000 1.000 0.667 36.020 -
11.000 0.000 0.833 35.680
12.000 1.000 0.833 35.680
13.000 0.000 1.000 35.340
14.000 1.000 1.000 35.340
15.000 0.000 1.167 35.000
16.000 1.000 1.167 35.000
17.000 0.000 1.333 34.670
18.000 1.000 1.333 34.670
19.000 0.000 1.500 33.980
20.000 1.000 1.500 33.980
21.000 0.000 1.667 33.280
22.000 1.000 1.667 33.280
23.000 0.000 1.833 32.600
24.000 1.000 1.833 32.600
25.000 0.000 2.000 32.040
26.000 1.000 2.000 32.040
27 .000 0.000 2.333 31.970
28.000 1.000 2.333 31.970
29.000 0.000 2.667 31.940
30.000 1.000 2.667 31.940
31.000 0.000 3.000 31.92¢0
32.000 1.000 3.000 31.920
33.000 0.000 3.333 32.180
34.000 1.000 3.333 32.180
35.000 0.000 3.667 32.640
36.000 1.000 3.667 32.640
37.000 $6.000 4.000 33.100
38.000 1.000 4.000 33.100
39.000 0.000 4,333 33.560
40.000 1.000 4,333 33.560
41.000 0.000 4.667 34.020
42.000 1.000 4,667 34.020
43.000 0.000 5.000 34.480
44.000 1.000 5.000 34.480
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Table C.1 Temperature Input Data of TDHC Analysis (Cont.)

Phase IV (Cont.)
TIME DATA
1,90,.31,2
NODE DATA
Node X(FT) Y(FT) Temp.

45.000 0.000 5.333 34.950
46.000 1.000 5.333 34.950
47.000 0.000 5.667 35.410
48.000 1.000 5.667 35.410
49.000 0.000 6.000 35.860
50.000 1.000 6.000 35.860
51.000 0.000 6.500 36.540
52.000 1.000 6.500 36.540
53.000 0.000 7.000 37.220
54.000 1.000 7.000 37.220
55.000 0.000 7.500 37.880
56.000 1.000 7.500 37.880
57.000 0.000 8.000 38.520
58.000 1.000 8.000 38.520
59.000 0.000 8.500 39.160
60.000 1.000 8.500 39.160
61.000 0.000 9.000 39.770
62.000 1.000 9.000 39.770
63.000 0.000 9.500 40.370
64.000 1.000 9.500 40.370
65.000 0.000 10.000 40.960
66.000 1.000 10.000 40.960
67.000 0.000 15.000 45.600
68.000 1.000 15.000 45.600
69.000 0.000 20.000 48.090
70.000 1.000 20.000 48.090
71.000 0.000 25.000 48.880
72.000 1.000 25.000 48.880
73.000 0.000 30.000 48.640
74.000 1.000 30.000 48.640
75.000 0.000 35.000 47.910
76.000 1.000 35.000 47.910
77.000 0.000 40.000 47.000
78.000 1.000 40.000 47.000
79.000 0.000 45.000 46.060

259



Table C.1 Temperature Input Data of TDHC Analysis (Cont.)

Phase IV (Cont.)
TIME DATA
1,90,.31,2
NODE DATA
Node X(FT) Y(FT) Temp.
80.000 1.000 45.000 46.060
81.000 0.000 50.000 45.10
82.000 1.000 50.000 45.10
FIXED NODE TEMPERATURES
2
81,45.1
82,45.1
CONVECTION SURFACES WITH HARMONIC TEMPERATURES
1
1,2,3.2,44.1,24.6,18
HEAT FLUX AT SURFACES
1
1,2,22.5
END
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APPENDIX D
PLOTS OF MODELS

FOR PREDICTING THAWING INDEX OR THAWING DURATION
FROM FREEZING INDEX
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Figure D.1  Thawing Index (based on 29°F) versus
Freezing Index for Section 1.

263



600

500

400 —

Thawing Index 300 -

(°F days)
// o
200 o)

A\~
o |
100 =

[od

I TI =0.794 + 0,232 Fi

0+ } { ’ |

400 600 800 1000 1200 1400 1600 1800 2000
Freezing Index (°F days)

Figure D.2 Thawing Index (based on 29°F) versus
Freezing Index for Section 2.
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Figure D.3 Thawing Index (based on 290F) versus
Freezing Index for Section 3.
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Figure D.4 Thawing Index (based on 30°F) versus
Freezing Index for Section 1.

266



600

500
400 S ,,A/Q
Thawing Index 200 //
(°F days) /'
200 0// 2
o | &
100 —
o Tl =-21.178 + 0.224 FlI
ol —_—
400 600 800 1000 1200 1400 1600 180C 2000
Freezing Index (°F days)
. . 0
Figure D.5 Thawing Index (based on 30°F) versus

Freezing Index for Section 2.
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Figure D.6  Thawing Index (based on BOOF) versus
Freezing Index for Section 3.

268



600

500

400 -
. (o]
Thawing Index 200 ]

(°F days)

200 =
ol
oot te1 o

3 Tl =-46.439 + 0.242 Fi

0+ } ! { !

400 600 800 1000 1200 1400 1600 1800 2000
Freezing Index (°F days)

 Figure D.7 Thawing Index (based on 32°F) versus
Freezing Index for Section 1.
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Figure D.8 Thawing Index (based on 32°F) versus
Freezing Index for Section 2.
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Figure D.9 Thawing Index (based on 320F) versus
Freezing Index for Section 3.
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Figure D.10 Duration of Thaw (based on 29°F) versus
log Freezing Index for Section 1.
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Figure D. 11 Duration of Thaw (based on 29°F) versus
‘ log Freezing Index for Section 2.
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Figure D.12 Duration of Thaw (based on 29°F) versus
log Freezing Index for Section 3.
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Figure D.13 Duration of Thaw (baed on 300F) versus
log Freezing Index for Section 1.
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Figure D.14 Duration of Thaw (based on 30°F) versus
log Freezing Index for Section 2.
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Figure D.15 Duration of Thaw (based on 300F) versus
log Freezing Index for Section 3.
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Figure D.16 Duration of Thaw (based on 32°F) versus
log Freezing Index for Section 1.
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Figure D.17 Duration of Thaw (based on 32°F) versus
log Freezing Index for Section 2.
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INTERVIEW FORM

281



282



INTERVIEW FORM
for
FHWA Project on "Guidelines for Spring Highway Use Restrictions”

x % % % *x % % % % % % % * * * % % %k % * * % % % % % %

Agency: Date:
Completed By: Phone: ( )
Address:

x % % % % * * %k % % % %x % % % % % % % % % % % & % % %*

INSTRUCTIONS: Please complete the following form prior to the interview.
If your agency has supporting data, reports or legislation,
please enclose them with your response.

A % % * % % % % % ¥ & % % % * % % * & * % % * %

1. DEVELOPMENT OF T.OAD RESTRICTIONS

1.1 What types of pavement failure are associated with spring thaw?

1.2 How extensive are these problems? (e.g., agency-wide)

1.3 a) When were the first Spring Load Restrictions initiated by your agency?

b) How are specific locations for load restrictions determined?

¢) Would guidelines addressing where to impose load restrictions be of

use to your agency?
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I.4 a) What studies, if any, were conducted or decision processes used prior
to instituting the restriction measures?

b) If studies were conducted, they were performed by:
Federal Agency State Agency
Local Other ( )

¢) Have any follow-up studies been carried out to access the effectiveness
of the Spring lLoad Restriction program?

II.CRITERIA FOR TMPOSING LOAD RESTRICTIONS (Information requested applies to
those areas of your jurisdiction for which load restrictions apply):

1I.1 To what classes of highways are load Restriction applied to?
a) Functional Class(es)
b) ADT & % Trucks
c) Soil Type(s)
d) Surfacing Type(s)

e) Typical Cross-Section(s)
(sketch)

f) Othe

IT.2 Environmental Factors:
a) Annual Precipitation
i) Rainfall Amount (in.)
ii) Snow Amount (in.)
iii) Typical start date of freezing weather

iv) Typical start date of thawing weather
b) Freezing Index (°F-day)
¢) Depth of frost penetration (ft.)

d) Basis for frost determination (if instruments were used, please state
what instruments) '
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e) Source of weather data (if used)

I1.3 Design Information:

a) Is frost protection used in thickness design in all

susceptible areas? _____Yes Ko
If yes, i) __ Full Protection (Total Pavement = Frost Depth)
ii) __ More than 507 but less than Full Protection
i1i) __ Less than 50%
If no, are load restrictions used in lieu of design for full frost
protection?
b) What thickness design method is used?
i) __ Standard Section
ii)  Hveem Method
iii) __ AASHTO
iv) __ Other

¢) Average age of pavements which receive load restrictions

d) Drainage conditions in pavements with load restrictions

i) Good
ii) Fair
iii) Poor

e) Source of Water
TI1.ENFORCEMENT OF LIMITS
ITI.1 Criteria for Enforcement:

a) Weight limit on trucks (normal or other than spring thaw):

i) Gross weight limit

ii) Single axle weight limit

iii) Tandem axle weight limit

b) Weight limit or trucks (spring thaw):
i) Gross weight limit

ii) Single axle weight limit
iii) Tandem axle weight limit

¢) How are the weight limits set?
Local experience

Past studies (please reference specific study)

General (state or national) guidelines

Bridge Formula
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d) FEnforcement Period
i) Basis for initiation of load restriction

ii) Basis for removing load restriction

iii) Do you use deflection measuring equipment to initiate or
remove load restrictions?
Yes No
If yes, what type of deflection equipment is used?

131.2 ENFORCFMENT:

a) What agency is responsible for enforcement of Spring l.oad
Restrictions?

Name
Address
Phone No.

b) How are Load Restrictions enforced?
___ Fixed scale installations
Portable scale
Other

¢) How are truck operators notified?

d) Are there‘exceptiuna to overweight trucks (e.g., school buses, move-
ment of vital commodities, etc.) Yes ~No

e) Which agency issues overweight permits*

Cost

f) What percent increase of personnel (if any) is required for the
enforcement effort?

g) What level of training is required of enforcement personnel?

h) What enforcement methods are used?
Stop all trucks Other (please describe)
Selective sample

* (Obtain copies of {orms 286



i) What is the total annual additional cost of spring load enforcement?
Significant: _  Yes ______No
j) How are fines are levied on overweight trucks?
____ Cost/1,000 1bs.

Other

III.3 Has any cost-benefit analysis of weight limit enforcement been carried
out on any facility? Yes _ No

(1f yes, please provide reference or relavent information)

IV. LECAL ASPECTS

Iv.1 Are there existing state or local regulations which address load
restrictions? Yes No

(1f yes, please provide a copy)

IV.2 What problems (if any) are associated with the enforcement of load
restrictions?

IV.3 Have there been any legal problems with load restrictions (e.g. court
cases, etc.)?
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APPENDIX F

CALCULATION OF THE THAWING INDEX BASED ON A 29°F DATUM

289



290



APPENDIX F
CALCULATION OF THE THAWING INDEX BASED ON A 29°F DATUM

The surface thawing index for this pavement problem is a measure of the
magnitude and duration of the temperature differential when thawing begins.
It is measured in degree-days. The thawing index can be evaluated using the
following equation:

Tlyg = 5 (T - 29°F)
where:

T= %(Ty + 1)) in °F,
Ty = maximum daily temperature (°F), and
T = minimum daily temperature (°F).

Estimate the thawing index given the temperature data shown in
Figure F-1.

Steps

1. The values in columns 2 and 3 are obtained from reported local daily
high-low temperatures or from a high-low thermometer located near the
road section to be restricted.

2. The average daily temperature is equal to
% (column 2 + column 3)
For 3/11:
T=%(33+27) =% (60) = 30 °F
3. The thawing degree-days per day is equal to

Daily TIp,g = T (from column 4) - 29°F
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Col. 1 Col. 2 Col. 3 Col. 4 Col. 5 Col. 6
Average
Measured Daily Daily
Temperature (* F) Tfamperature, Daily Thawing Accumulated
) Index based Thawing Index
High Low on 29° F datum| basedon29°F
Day (° F - days) datum
(date) My) ) m ('F days)
31 30 20 25 -4 -
32 28 17 22 -7 -
33 31 23 27 -2 -
3/ 4 27 19 23 -6 -
35 33 25 29 0 -
3 6 34 24 29 0 -
37 36 28 32 3 3
3/ 8 35 28 32 3 6
39 31 25 28 -1 5
3/10 27 21 24 -5 0
3/11 33 27 30 1 1
3/12 37 27 32 3 4
3/13 39 30 34 5 9
3/14 32 26 30 1 10
3/15 41 29 35 6 16
3/16 40 30 35 6 22
3/17 40 32 36 7 28
3/18 43 33 38 ] 38
3/19 40 30 35 6 44
3/20 36 28 32 3 47

Note: The values in columns 2 and 3 are obtained from reported local daily high-low temperatures
or from a high-low recording thermometer located near the road section to be restricted.

Figure F-1. Form for Calculating Thawing Index.
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For 3/11:
Daily TI »q = (30 - 29) = 1°F-day

The accumulated degree days is equal to the sum of the daily thawing
indexes from the start of thawing up to the day of interest. The work
performed in this study suggests that for thawing periods starting in
late February to April, thawing below an asphalt or bituminous pavement
begins when air temperatures go above 29°F. Therefore, the thawing
period will start when values of the average daily temperature
(column 4) go above 29°F for several days. For this example, the thaw-
ing period begins on 3/7. From this date, the calculation of thawing
index begins.

TIpg = I (column 5 after the start of thawing)
On 3/11:
Tlyg = 3 (from 3/7) + 3 (from 3/8) - 1 (from 3/9)

- 5 (from 3/10) + 1 (from 3/11)
1°F-day

H
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APPENDIX &

EXAMPLE OF DATA COLLECTION AND ESTIMATION OF START
AND DURATION FOR IMPOSING LOAD RESTRICTIONS
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APPENDIX &
EXAMPLE OF DATA COLLECTION AND ESTIMATION OF START
AND DURATION FOR IMPOSING LOAD RESTRICTIONS

Location: Coldspot, U.S.A.
Pavement section typically restricted during spring thawing
2% inches asphalt
6-8 inches base
Silty subgrade

High and low daily temperatures are collected through freezing and thawing
period to calculate freezing index, based on 32°F, and thawing index based on
29°F.

Calculating the Freezing Index

The fﬁeezing index is a measure of the magnitude and duration of the
temperature differential during the freezing period. The freezing index is
calculated using the following equation:

FI= I(32-T)
where:

T= % (Ty+T) in °F,
Ty = maximum daily temperature (°F), and
T = minimum daily temperature (°F).

The following temperature data was collected for Coldspot to identify
the freezing period and the freezing index (see Figure G-1).

Steps:

1. When T becomes less than or equal to 32°F for several days, the freezing
season begins. The freezing season for this year begins on November 7.

2. The average daily temperature is equal to

T =% (column 2 + column 3)
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Col. 1 Col. 2 Col. 3 Col. 4 Col. 5 Col. 6
Average
Measured Daily Daily )
Ternperature (‘ F) Temperatur@v Da“y FreeZing Accumu!ated
(F) Index based Freezing Index
High Cow on 32° F datum| basedon32° F
Day (" F - days) datum
(date) My) o) m (‘F days)
10/15 45 28 36 - -
10/16 50 25 38 - -
10/17 67 41 54 -- -
10/18 43 31 37 - -
10/19 38 28 33 - -
10/20 41 30 36 - -
10/21 37 31 34 - -
10/22. 38 29 34 - -
10/23 46 31 38 - -
10/24 48 35 42 - -
10/25 36 29 32 - -
10/26 32 27 30 2 2
10/27 40 27 34 -2 0
10/28 40 20 30 2 2
10/29 41 23 32 0 2
10/30 53 29 41 -9 -
10/31 45 34 40 - -
11/ 1 35 26 30 2 2
11/ 2 40 26 33 -1 1
11/ 3 53 36 44 -12 -
11/ 4 44 29 36 - --
11/ 5 40 24 32 - -
11/ 6 52 34 43 - -
11/ 7 35 23 29 3 3
11/ 8 36 12 24 8 11
11/ ¢ 38 24 31 1 12
11/10 28 21 24 8 20
11/11 33 16 24 8 28
11/12 33 16 24 8 36
11/13 35 30 32 0 36
11/14 32 26 29 3 39
11/15 30 11 20 12 51
11/16 36 6 21 i1 62
11/17 32 23 28 4 66

Note: The values in columns 2 and 3 are obtained from reported local daily high-low temperatures
or from a high-low recording thermometer located near the road section to be restricted.

Figure G-1. Form for Calculating Freezing Index.
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Col. 1 Col. 2 Col. 3 Col. 4 Col.5 Col. 8
' Average
Measured Daily Daily ) .
Temperature (* F) Temperature, |Daily Freezing | Accumulated
(P Index based Freezing Index
T Cow on 32" Fdatum| basedon32°F

Day g (° F - days) datum
(date) My) L) m (‘F days)
11/18 32 22 27 5 71
11/19 48 22 35 -3 68
11/20 43 28 36 -4 64
11/21 36 26 31 1 65
11/22 53 28 40 -8 57
11/23 39 27 33 -1 56
11/24 29 15 22 10 66
11/25 34 12 23 9 75
11/26 37 12 24 8 83
11/27 33 20 27 5 88
11/28 32 26 29 3 91
11/29 33 24 28 4 95
11/30 36 24 30 2 97
12/ 1 30 17 24 8 105
12/ 2 20 11 16 16 121
12/ 3 23 11 17 15 136
12/ 4 27 21 24 8 144
12/ 5 33 25 29 3 147
12/ 6 37 31 34 -2 145
12/ 7 37 33 35 -3 142
12/ 8 34 20 27 5 147
12/ 9 23 15 19 13 160
12/10 15 1 8 24 184
12/11 11 -5 3 29 213
12/12 29 6 18 14 227
12/13 18 8 13 19 246
12/14 14 5 10 22 268
12/15 20 9 14 18 286
12/16 21 -4 8 24 310
12/17 34 3 18 14 324
12/18 18 -6 6 26 350
12/19 5 -6 0 32 382
12/20 9 -8 0 32 414
12/21 13 -6 4 28 442

Note: The values in columns 2 and 3 are obtained from reported local daily high-low temperatures
or from a high-low recording thermometer located near the road section to be restricted.

Figure G-1 (cont.). Form for Calculating Freezing Index.

299




Col. 1 Col. 2 Col. 3 Col. 4 Col. 5 Col. &
Average
Measured Daily Daily ) .
Temperature (* F) Temperature, |Daily Freezing | Accumulated
(F) Index based Freezing Index
Hiah Low on 32° F datum| basedon32° F
Day 9 (" F - days) datum
(date) (TH ) (T L) m (°F days)
12/22 18 8 13 18 461
12/23 22 12 17 15 476
12/24 12 -4 4 28 504
12/25 13 -2 6 26 530
12/26 13 4 8 24 554
12727 23 -5 9 23 577
12/28 35 22 28 4 581
12/29 31 17 24 8 589
12/30 22 15 18 14 603
12/31 27 18 22 10 613
17 1 26 5 16 16 629
1 2 6 -12 -3 35 664
i/ 3 -3 -12 -8 40 704
1/ 4 5 -8 -2 34 738
15 13 -6 4 28 766
i/ 6 21 -1 10 22 788
17 8 -2 3 29 817
i 8 12 -5 4 28 845
17 9 10 0 5 27 872
1/10 9 -9 0 32 904
1/11 11 1 6 26 930
112 19 -2 8 24 954
1/13 24 5 14 18 972
1/14 27 17 22 10 982
115 23 13 18 14 996
1/16 18 6 12 20 1016
117 28 4 16 16 1032
1/18 44 19 32 0 1032
118 46 11 28 4 1036
1/20 30 12 21 11 1047
1721 44 12 28 4 1051
1/22 31 20 26 6 1057
1/23 39 15 27 5 1062
1/24 39 g 24 8 1070

Note: The values in columns 2 and 3 are obtained from reported local daily high-low temperatures
or from a high-low recording thermometer located near the road section to be restricted.

Figure G-1 {cont.). Form for Calculating Freezing index.
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Col. 1 Col. 2 Col.3 Col. 4 Col. 5 Col.6
Average
Measured Daily Daily . .
Temperature (* F) Temperature, |Daily Freezing Accumulated
(P Index based Freezing Index
Tiah 3 on 32° Fdatum; basedon32' F

Day g ow (° F - days) datum
(date) MH) ML) m (‘F days)
1/25 45 25 35 -3 1067
1/26 34 12 23 9 1076
1/27 20 4 12 20 1096
1/28 18 2 10 22 1118
1/29 15 7 11 21 1139
1/30 31 -11 10 22 1161
1/31 27 8 18 14 1175
2/ 1 26 6 16 16 1191
2 2 7 -16 -5 37 1228
2/ 3 5 -21 -8 40 1268
2 4 6 -12 -3 35 1303
2/ 5 24 -2 11 21 1324
2 6 20 8 14 18 1342
27 23 7 15 17 1359
2/ 8 16 -2 7 25 1384
2/ 9 17 -9 4 28 1412
2/10 8 -11 -2 34 1446
2/11 -1 -20 -10 42 1488
2/12 11 -32 -10 42 1530
2/13 21 -13 4 28 1558
2/14 24 -5 14 18 1576
2/15 46 26 36 -4 1572
2/16 53 34 44 -12 1560
2/17 61 37 49 -17 1543
2/18 44 37 40 -8 1535
2/19 44 29 36 -4 1531
2/20 36 26 31 1 1532
2/21 44 21 32 0 1532
2/22 36 31 34 -2 1530
2/23 38 32 35 -3 1527
2/24 33 25 29 3 1530
2/25 27 20 24 8 1538
2/26 26 17 22 10 1548
2/27 36 18 27 5 1553

Note: The values in columns 2 and 3 are obtained from reported local daily high-low temperatures
or from a high-low recording thermometer located near the road section to be restricted.

Figure G-1 (cont.). Form for Calculating Freezing Index.
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Col. 1 Col. 2 Col. 3 Col. 4 Col. 5 Col. 8
Average
Measured Daily Daily . .
Temperature (° F) Temperature, |Daily Freezing | = Accumulated
) Index based Freezing Index
High Low on 32° F datum| basedon32°F

Day (" F - days) datum
(date) My) ML) m (°F days)
2/28 31 26 28 4 1557
31 32 21 26 6 1563
3 2 21 11 16 16 1579
3/ 3 29 -5 12 20 1599
3 4 27 9 18 14 1613
3 5 24 3 14 18 1631
3 6 22 9 16 16 1647
3 7 35 14 24 8 1655
3/ 8 39 19 29 3 1658
3 8 39 17 28 4 1662
3/10 30 20 25 7 1669
3/11 38 18 28 4 1673
3/12 44 23 34 -2 1671
3/13 24 7 16 16 1687
3/14 48 5 26 6 1693
3/15 41 16 28 4 1697
3/16 34 5 20 12 1709
3/17 23 12 18 14 1723
3/18 20 13 16 16 1739
3/18 24 15 20 12 1751
3/20 30 23 26 6 1757

Note: The values in columns 2 and 3 are obtained from reported local daily high-low temperatures
or from a high-low recording thermometer located near the road section to be restricted.

Figure G-1 (cont.). Form for Calculating Freezing Index.
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For 11/25:

T =13 (34 + 12) = 23°F

The freezing degree-days per day (column 5) is equal to

Daily FI = 32 - T (from column 4)
For 11/25:
Daily FI = (32 - 23) = 9°F-days

The freezing index is the accumulation of daily freezing degree days
from the start of freezing

FI = % (32 - T) from the start of freezing
For 11/25:
FI = 3+8+1+8+8+8+0+3+12+ 11 +4+5- 3-4
+1-8-1+10+29)
= 75°F-days

The freezing season ends for pavements when the average daily air
temperatures (column 4) in spring go above 29°F for several days causing
thawing of the pavement to begin. The thawing season for Coldspot for
this year begins on March 21 (refer to Figure G-2). The freezing index
for the entire freezing season from November 7 to March 20 is

FI = 1$(32-T)

FI = (3+8+1+8+ ..+ 16 (March 18) + 12 (March 19) +
6 (March 20))

FI = 1757°F-days

Estimating the Time to Place Load Restrictions

The pavement consists of 2% inches of AC on 6 to 8 inches of base. This

would be classified as a thin pavement. The “should" level for placing load
restrictions for thin pavements is
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Col. 1 Col. 2 Col. 3 Col. 4 Col. 5 Col. 6
Average
Measured Daily Daily . )
Temperature (* F) Temperature, |Daily Thawing | Accumulated
(F) Index based Thawing Index
High Low on 29° F datum| basedon29" F
Day (" F - days) datum
(date) (Mh) M) m (‘F days)
3/21 43 22 32 3 3
3/22 47 16 32 3 6
3/23 40 23 32 3 g
3/24 44 20 32 3 12
3/25 51 18 34 5 17
3/26 40 29 34 5 22
3/27 49 26 38 9 31
3/28 61 34 48 19 50
3/29 57 34 486 17 67
3/30 39 33 36 7 74
3/31 51 32 42 13 87
4 1 42 36 39 10 97
4 2 59 27 43 14 111
4 3 52 33 42 13 124
4 4 34 21 28 -1 123
4/ 5 33 19 26 -3 120
4 6 53 16 34 5 125
4 7 51 38 44 15 140
4/ 8 50 32 41 12 152
4/ 9 58 26 42 13 165
4/10 69 40 54 25 190
4/11 52 32 42 13 203
4/12 51 30 40 11 214
4/13 54 38 46 17 231
4/14 39 25 32 3 234
4/15 55 17 36 7 241
4/16 69 43 56 27 268
417 70 28 49 20 288
4/18 . 41 23 32 3 291
4/19 43 26 34 5 296
4/20 32 18 25 -4 292
4/21 45 17 31 2 294
4/22 45 32 38 9 303
4/23 42 30 36 7 310
4/24 37 29 33 4 314
4/25 43 28 36 7 321

Note: The values in columns 2 and 3 are obtained from reported local daily high-low temperatures
or from a high-low recording thermometer located near the road section to be restricted.

Figure G-2. Form for Calculating Thawing Index.
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Col. 1 Col. 2 Col. 3 Col. 4 Col.5 Col. 6
Average
Measured Daily Daily . .
Temperature (° F) Temperature, |Daily Thawing | Accumulated
(F) Index based Thawing Index
Hiah 3 on 29° F datum| basedon29°F
Day g ow (" F - days) datum
(date) M) - (ML) m (‘F days)
4/26 59 30 44 15 336
4/27 58 30 44 i5 351
4/28 45 31 38 9 360
4/29 58 29 44 15 375
4/30 42 31 36 7 382
5 1 51 28 40 11 3903
5/ 2 58 26 42 13 406
5/ 3 54 39 46 17 423
5/ 4 56 42 49 20 443
5/ 5 44 30 37 8 451
5/ 6 54 24 39 10 461
5 7 64 27 46 17 478
5/ 8 61 41 51 22 500
5/ 9 53 27 40 11 511
5/10 38 25 32 3 514
5/11 49 30 40 11 525
5/12 56 36 46 17 542
5/13 60 34 47 18 560
5/14 63 30 46 17 577
5/15 68 32 50 21 598
5/16 50 30 40 11 609
5/17 47 27 37 8 617
5/18 60 24 42 13 . 630
5/19 69 29 49 20 650
5/20 79 40 60 31 681
5/21 81 48 64 35 716
5/22 81 46 64 35 751
5/23 76 56 66 37 788
5/24 69 53 61 32 820
5/25 64 47 56 27 847
5/26 49 40 44 15 862
5/27 58 40 49 20 882
5/28 69 36 52 23 905
5/29 77 50 64 35 940
5/30 54 34 44 15 955
5/31 66 32 49 20 975

Note: The values in columns 2 and 3 are obtained from reported local daily high-low temperatures
or from a high-low recording thermometer located near the road section to be restricted.

Figure G-2 (cont.). Form for Calculating Thawing Index.
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TIpg should restrict = 10°F-days
The thawing season starts on March 21.

3 (March 21) + 3 (March 22) + 3 (March 23)
3 (March 24)
12°F-days

TIpg

1]

The load restrictions should be placed by March 25.
(Note: Example of calculating thawing index is in Appendix F.)
The "must” level for restricting a thin pavement is

TIpg must restrict = 40°F-days

Tlpg = 3 (3/21) + 3 (3/22) + 3 (3/23) + 3 (3/24) + 5 (3/25)
5 (3/26) + 9 (3/27) + 19 (3/28)

50°F-days

e

The Toad restrictions must be placed by March 29.

Estimating the Duration for Load Restrictions

The duration may be estimated in days or in thawing degree-days (this
method is preferred). It is preferable to estimate the duration of the
thawing period using the thawing index based on 29°F.

To estimate the number of thawing degree days required for the
restricted period the exact equation is:

T129 4.154 + 0.259 (FI)
T 59 = 4.154 + 0.259 (1757°F-days)
459°F-days

]

On May 5, the TIpg (column 6) is 451°F-days

On May 6, the leg is 461°F-days

Therefore, the load restrictions should be removed by May 7.

The simpler approximate equation for the thawing degree-days required
for the restricted period which may be used in place of the above equation
is:
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TIog
TIzg

On May 11,

0.3 (FI)

0.3 (1757°F-days)
527°F-days

the T129 is 525°F-days.

Therefore, the load restrictions should be removed by May 12.
Alternatively, the duration of the thawing period may be estimated in

days.
The exact

D =

equation for estimating duration in days is

22.62 + 0.011 (FI)

Fbr this freezing season in Coldspot,

FI =
D

A simpler

1757°F-days
22.62 + 0.0111 (1757°F-days)
42 days from the start of thawing (March 21) = May 2

approximate equation for estimating duration in days which may

be used instead of the preceding equation is

D
D

25 + 0.01 (FI)

25 + 0.01 (1757°F-days)
25 + 17.57

42 days = May 2
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