USE OF TIRE CHIP/SOIL MIXTURES TO LIMIT FROST HEAVE
AND PAVEMENT DAMAGE OF PAVED ROADS

Brian K. Lawrence, Lihue ggen, and Dana N. Humphrey
Prepared For
The New England Transportation Consortium
June 2000
NETCR 12 ' Project 95-1
Prepared by

University of Maine
Department of Civil and Environmental Engineering

This report was sponsored by the New England Transportation Consortium, a cooperative
effort of the Departments of Transportation and the Land Grant Universities of the six
New England States, and the US Department of Transportation’s Federal Highway
Administration.

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 Departments of Transportation, and the Land
Grant Universities of the six New England States, or the US Department of
Transportation’s Federal Highway Administration. This report does not constitute a
standard, specification, or regulation.




ACKNOWLEDGMENTS

The authors wish to thank the members of the New England Transportation
Consortium rgsearch advisory panel. Their input and guidancev throughout the course of
this project is gratefully acknowledged. Dr. Justin Poland from the University of Maine
Department of Mechanical Engineering is thanked for his help in designing the thermal
conduetivity test apparatus. David Trefethen and Ron Brown from the University of
Maine Facilities Management are thanked for their help in securing a site for the field trail.
Owen J. Folsom Construction, Old Town, Maine is thanked for their help in constructing
the field trial. Robert Eaton, Dick Roberts, and Dick Guyer from the U.S. Army Corps of
Engineers Cold Regions Research and Engineering Laboratory are thanked for their help

in installing the field instrumentation.




Technical Report Documentation Page

i jon No. . fent's Catalo .
1. Repor No. 2. Goverament Accession No. 3. Receplent's Catalog No.

NETCR 12 | ‘ N/A N/A
4. Title and Subtitle . 5. Report Dale
Use of Tire Chip/Soil Mlxtures to Limit Frost June 2000

Heave And Pavement Damage of Paved Roads

6. Perferming Organization Code

N/A
7. Author(s) A 8. Perlorming Qrganization Report No.
Brian K. Lawrence, Lihue Chen, and Dana N. Humphrey NETCR 12
9. Performing Organization Name and Address 10 Work Unit No., {TRAIS)
Dept. of Civil and Environmenta! Engineering WA
5711 Boardman Hall
University of Maine

Orong, ME 04469-5711

11, Centract or Grant No.

N/A

13, Type of Repornt and Period Covered
Final

12, Sponsoring Agency Nama and Address

New England Transportation Consortium
179 Middle Turnpike

University of Connecticut, U-202

Storrs, CT 06269-5202

14, Sponsoring Agency Code
NETC 95-1 A Study conducted in
cooperation with the U.S. DOT

15 Supplementary Notes

N/A

16. Abstract

This study consisted of two parts: (1) laboratory measurement of the thermal conductivity and permeability of tire chips and mixtures
of tire chips and soil; and (2) constructing a field trial to investigate the use of tire chips to reduce frost penetration and improve
drainage beneath paved roads. In the laboratory study, the samples were compressed under surcharges up to 18 kPa. Five types of
tire chips, six tire chip/gravel mixtures, and one gravel sample were tested, The apparent thermal conductivity (K) of steel belted tire
chips decreased from 0.32 to 0.20 W/m.°C as the density increased. The K of glass belted tire chips was slightly lower. The effect of
moisture was small, increasing K by between 0.01 and 0.05 W/m.°C. K increased as the temperature gradient increased. The K of
mixtures increased as the gravel content increased. The measured K of tire chips was very close to the value backealculated from a
field trial constructed in Richmond, Maine. The permeability of tire chips ranged from 26.3 cm/s for an uncompressed sample to 6.3
cm/s for a compressed sample. The permeability of inixtures decreased significantly as gravel confent increased. The NETC field
trial showed that tire chips reduced frost penetration by up to 47% and frost heave was reduced by up to 74%. The values of K
measured in the laboratory were slightly higher than those backcaleulated from the NETC field trail. Pavement performance
measurements showed that 330 mm of soil cover over the tire chip layer would lead to premature cracking but that 483 mm of soit
cover could be used with only a small effect on pavement life.

17. Key Words . 13 Distribution Statement

tires, tire chips, tire shreds, waste tires, frost  [Noréstrictions. This document is available to the public through the
penetration, drainage, permeability, thermal  [National Technical Information Service, Springfield, Virginia 22161.
conductivity, pavement performance :

19, Security Classif. {of this report) . 20, Security Classif, (of this page} 21. No. 6f Papes 21. Price

Unclassified Unclassified 331 N/A
Form DOT F 1700.7 (8-72) Reproduction of completed page authorized

ii




TABLE OF CONTENTS

ACKNOWLEDGEMENTS ......oooriiiiecie et PR e i
TABLE OF CONTENTS ... e eteeeveiaereebereenabeetsenn e rteaneatareanens i
LIST OF TABLES ..ottt e sr et e srts e st sbasssea s as st s stsssnss e sase s vii
LIST OF FIGURES.......covoveveveeceeneeeveeevenann: rerrireereeeereaeabae e setatatesterey e enanaseneneaeatas ix
1. INTRODUGCTION . ....ooiiiiieiiieteeree ettt eses et ettt et abesaee st saa e s anes s aeaseeraeanesinneneene 1
1.1 BACKGROUND .......ccoovieiecieiernne SR U AU P AT UOUOPOTUPTOTOTIM 1
1.2 OBJECTIVES OF STUDY ....oiiiiiiiiiieiiiieiiiee st ec e eee s ene erereiarans 3
1.3 ORGANIZATION OF REPORT ........c..ccovevvennn, et —— et et e e eb e et b nresrans 4

2. LITERATURE REVIEW ...ttt et evte e esnare e e aesnesen e enesaennes 7
21 INTRODUCTION ..ottt sass e s ersanan e s b 7
2.2 THERMAL PROPERTIES OF TIRE CHIPS ......ccooiiinieriineeieeees TSR 8
2.2.1 University of Alaska Fairbanks ......c..ccooovveinvinnce, 10
2.2.2 Quebec Thermal Conductivity Measurements............cccoooviiriiiiinnn. 12
2.2.3 Benson, et al. (1996) Thermal Conductivity Measurement............cccoeveeneeneee. 15

2.3 PERMEABILITY OF TIRE CHIPS ......ooovoiiiiiesc et 16
2.4 CASE HISTORIES ..ottt sa st ess et 19
2.4.1 Richmond Maine ........c.oooeruieiiiiiiene e ettt 19
2.4.2 Saint-Joachim Quebec Test SECtioNS ...cc.vvviiiiiiiiiectier e e 26
2.4.3 Georgia Vermont Road Base..........ocooeveiiriiiiiiiicec e 29

2.5 PAVEMENT PERFORMANCE........ccoocemieeieeineiree e verene e 34
2.5.1 Quebec Mechanical Properties Model..........cocooveiiiiiniciiiiii 34
2.5.2 North Yarmouth and TWP31-MD Field Trials...........ccocovviimoiricccinnninee 36

2.6 SUMMARY oo ittt ee et e st e eb e ba e st esbasse e e eseessb et vansesesstseseesranes 51

3. MATERIAL CHARACTERIZATION FOR LABORATORY TESTS.......ccovvevirieene 53
3.1 MATERTAL SOURCES ... ..coiiotieiiiriaiceresie e evases st reesns s raassne s snecos 53
3.2 GRADATIONS ...ttt sat s e et es e bt e saee st s e eeran 61
3.3 SPECIFIC GRAVITY ..ot et 62

4, TESTING METHODOLOGY ..ot emante e e et 65
4.1 INTRODUCTION ..ottt nieeniasie st ressase s rneeeseseteebe e e s ses e saessenens 65
4,2 TESTINGMETHOD ......oooiiiiiieee et rin sttt e sae s e 66
4.3 APPARATUS ..ottt ettt e e eb et et e st ens s ees 69
4.3.1 Sample CONAINET.......cevvuiieieiceere et e e estestr s sreestaeste e rsnasnenens 69

A 3.2 ENCIZY SOUICE ceevveiieeireiiereeieerevsr e e s iic e s e e siebeaasesraseee s taeesvaranresesssnnsaesnseernns 75
4.3.3 Data acquisSition SYSTEIM.......coivvieerirrieeeiesierere e e e e e e eenesersestesseeessessessesees 78

- iii -




4.4 INTERPRETATION OF RESULTS ..ot 30

4.4.1 Calculation of thermal conductivity ..........ocoecoevioveeeeieeeeeeer oo 80
4.4.2 Precision and DI8S ......o.oviviiieei oo 81
4.4.3 Summary of error analysis................coiiiiie oo 89
. TEST PROCEDURES .......coioiititietiiiecr et sa e e e e s eesseeeee e 91
S.TINTRODUCTION ..ottt et 91
5.2 DATA ACQUISITION SYSTEM ......covioioveviiieeeeeceeeeereeeree e eees oo 91
S22 T HATAWATE. ..ottt et ee e 91
5.2.2 Thermocouples.................. SO DS ST UTOU VO RURRRRRRTOION 92
5.2.3 Attachment of thermocouples ..........ocoveieiieiveereeccee e, 92
+ 5.3 THERMOCOUPLE CALIBRATION.........cooviieeireetereeee oo eeeeee oo, 92
5.4 TEST PROCEDURE ......c.covmiiiiiiiititiieececeeeeeeeee oo 94
5.4.1 Sample preparation..............oceveeeceeeiiiiveveeeee e ee e et 94
5.4.2 SUICHATEE ...oceeieiieee ettt ee e e e 96
5.4.3 TeStng PrOCEAUIE ........cvevevieeececciiis oot 96
. THERMAL CONDUCTIVITY TEST RESULTS ..o oo, 97
6.1 INTRODUCTION ....oooviiviiiiieiieeeecteee et ettt 97
6.2 DATA ANALYSIS ..ottt ettt eee e 97
63RESULTS. ..., e a e — s s e s et raee e s e es b e re s bneessteaes 103
16.3.1 Gravel............cooce TR URTOUTORI: bt et be s eara e 106
6.3.2 TiI@ ChIPS... 0 eeeteiiiirresiecreeeet e s e een e, e, 108
6.3.2.1 Influence of density...........cccoovvvveeieeeriiiece e, e 109
6.3.2.2 Influence of water content............................ ettt 113
6.3.2.3 Influence of tire chip SIZES..........ooooviiviriie e 114
6.3.2.4 Influence of glass or steel belt CONtENt..........coovvvvvveiveieereereerreesn, 114
6.3.2.5 Comparison with results from other laboratory studies ......................... 115
6.3.3 Tire chip/gravel MIXTUIES .........ccooiiieeoeee e, 116
6.3.3.1 Influence of density ...........ooooeviimiiiieiiieeecee e eee e 117
6.3.3.2 Influence of percent gravel in the mixture............ccooveverevveeerisesern 117
6.3.3.3 Influence 0f Water CONLENT............cocviveiieereeere oo 123
6.4 INFLUENCE OF TEMPERATURE GRADIENT........ooooooooooooooooo 124
6.5 SUMMARY ...coooiritiiiiiieiieeeeteeeaee oot eeees et eee e e ses e e e e 125
. COMPARISON WITH RICHMOND FIELD TRIAL .........ccoooovvevevs et 127
T.TINTRODUCTION ..ottt et on 127
7.2 CALCULATION PROCEDURE..........ccoiuiviomeeeeeeeee oo 127
7.3 COMPARISON WITH LABORATORY MEASURED THERMAL
CONDUCTIVITY ..ottt eese e e en s ....136
. LABORATORY PERMEABILITY TESTS..ccceoeoeen... e 139
8.1 INTRODUCTION ....oooiiiiiiiiiiiiteceeeeeeeeceveee e eees e e ———— 139
B2 APPARATUS ..ottt ee e 139
8.2.1 Permeameter DoAY ......ocveiiiiciooec e 140
8.2.2 Constant head tank .........cocoevvieiiiiiiiiiiie et 143

-1V -




8.3 TESTING METHODOLOGY ..ottt e ene e 144

BARESULTS ..ottt re e e esae e a e s s e e s teaene e e ebentnneesbaeebesameans 147
8.5 SUMMARY ...ttt es e e ra et e st e s e s ettt st e s tennesaneeneereentsanes 154
9. FIELD TRIAL LAYOUT AND CONSTRUCTION...........ccovevvevne. - 159
9.1 INTRODUCTION ..ottt ettt st et e e e es e na e en s eee s st sae e 159
D2 DESIGN......oicieeiiiiieietieretrstee et et srae s s eaess e rae et e s e e steessesssesseasssbeennsstsensannes 160
9.3 LAYOUT ..ottt enss bbb en ettt se e 164
94 MATERIALS ...ttt ettt et e e eas et eb st as e s tat e e en s e e ennanees 173
9.5 CONSTRUCTION ........ccovenrne. ettt ttr e ea e nnees TS SU R UTUURR 175
0.5.1 EXCAVALION ....ectiieeiiierieiiesesiaerere s eraeeseesneesenateessessssssenseeseesentesesaae e sssssseasns 175
9.5.2 Placement of Tire Chips and Tire Chip/Soil Mixtures.........ccoceevvvviiivccnnnn.. 179
0.5.2.1 Filling TIeNCh ..c.coeeviiviiitierii ettt e et 180

- 9522 Ing Roadbed ....ooovvicee e 182
9.5.3 Placement of Subbase COUTSe.........ccovoeeriiiiiiireiiiireie e 183
9.5.4 Bituminous PaVEIMENt........c..ooiiiiiiiiiieeec et 187
9.6 INSTRUMENTATION & MONITORING.........occooieveniericeeeeeeeee e 188
9.6.1 Settlement Plates........c..oooooiiiiiiiicc et 188
0.6.2 THermOCOUPIES......ccoicririiiirie et ettt ettt 191
0.6.3 Datalogger ...c.ooviiiiiiiiiiiie et 194
9,6.4 Frost Free Benchmarks............cocovoeviviveieieereieecieeeeseeeeeees e eeeeeee s erees 195
0.60.5 PIEZOMICLETS. ...t ieveiiee ettt et et e te e men e e eeree e et st et et ereereaeeneaenns 195
9.7 SUMMARY ..ottt s e sae s s etssasaas s et e as s esbeassrae et 196
10. FROST PENETRATION .....c.oooviiiiireecr oottt 201
TOTINTRODUCTION ..ottt et evesa e e 201
I0 2 FROST DEPTH....coiiiiiieeceee ettt ettt een e 201
B0 e et e et e e et e et reaa s 205
10.2.1 Frost Depth Versus Date........ccoooviviiieiiiiiencceeceeeeeee e 205
10.2.2 Maximum Depth of Frost Penetration.............ccocoeeveeveviievevieeeeeeeeeeeceeens 209
10.2.3 Temperature Profiles ... 211
I03 FROST HEAVE ...ttt et ea et a 215
10.3.1 Comparison of Heave Between Sections..........c..oocoovvvveeevreieivseeeee 218
10.3.2 Frost Penetration into Subgrade and Frost Heave ............ccooooevivvviveienn. 220
10.4 BACKCALCULATION OF THERMAL CONDUCTIVITY .ovvviviiiicieevieees 221
10.4.1 Volumetric Heat Capacity of Tire Chips and Tire Chip/Soil Mixtures ........ 221
10.4.2 Backcalculation Methods...........ccooooiiiiiiiiiii e 222
10.4.3 Comparison of Laboratory and Field Thermal Conductivities..................... 227
10.4.4 Comparison with Richmond Field Trial............ccooovvvemieeeeeoie e 230
10.5 SUMMARY ..ottt eb b 231
11. PAVEMENT PERFORMANCE........coooiiiiiitiieeecee ettt ee e 235
TLTINTRODUCGTION .....ooiiiiiicericiei ettt enb et ran oot 235
11.2 MEASUREMENT METHODS ......oooiitiitiiiee et eene s 235
11.2.1 Modified Benkelman Beam..............ccoooeiioiiiiiiiicee e 235

-V -




11.3.3 Layer MOUH v..vviiriieccces ittt s st 275
11.3.4 Pavement SITAINS......c.ceeeoiinreeceier et eeeees s s e ee s 275

L1.A HWD TESTS .ottt ee s e s et 281
B4 T RESUIS ..ottt e sseneee e s eeee e 281
11.4.2 Backealculation of Young’s Modulus ........ceeveveveeereeeeeesieosoeoeoeoeeoooeoeoosn 282
11.4.3 Comparison with Typical Values of Moduli ...........c.coevvereueeereeercosrrn 285
11.4.4 Comparison with KENLAYER ModUl.......ococeerermeesrerereeeesssesosoeeeos 286

11.5 SUMMARY ...ttt cessssssmsrsstsseseesssssssasesss s se s e 287
12. SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS. ...oooovvveoeoo 291
12,1 SUMMARY .ottt ssssss e e ssn s tes s s s s st e 291
12.2 CONCLUSIONS.....coitericrererenerinssestseseeseeeseesnns e s e et 302
12.3 DESIGN RECOMMENDATIONS .....cooviivietrie e eeeeesesssesresessesessosss e 306
12.4 RECOMMENDATIONS FOR FURTHER RESEARCH ..o, 307
13 REFERENUCES ........oviiiviiinertinninrntsrsnss s ssso st tesessessssss st s s s s s e 309

-vi-




- LIST OF TABLES

Table 2.1 Thermal properties of selected materxals .......................................................... g
Table 2.2 Description of test materials (after Shao, et al. 1995) .................................... 11
Table 2.3 Thermal conductivities for rubber buffings (after Shao, et al., 1995) .............. 11
Table 2.4 Thermal conductivities for granulated rubber (after Shao, et al,, 1995)........... 11
Table 2.5 Thermal conductivities for rubber chips (after Shao, et al., 1995)...........c....... 12
Table 2.6 Thermal conductivities for mixed materials (after Shao, et al., 1995).............. 12
Table 2.7. Summary of reported permeabilities Of tire ChIPS........oocovvvevevermerseecrrirenennne 17
Table 2.8. Permeabilities of mixtures of tire chips and soil (after Ahmed, 1993)............. 17

Table 2.9 Summary of test section configuration (afier Humphrey and Eaton, 1995).....21
Table 2.10 Deflections from FWD tests and structural numbers on TH 4, Georgia,

Vermont (after Frascoia and Cauley, 1995).......cccovvvivvninnnncniiiin e 35
Table 2.11 Test section configuration for North Yarmouth test sections (after

NICKEIS, 1995) ..ottt ettt et s et 38
Table 2.12 Test section configuration for TWP31-MD test sections (after Nickels,

1905) ettt e ehe e e 41
Table 2.13 Pavement deflections directly under wheel load in North Yarmouth (after

' NICKELS, 1995) 1. ittt et et st e 46

Table 2.14 Pavement deflections directly under wheel load in TWP31-MD (after

NICKEIS, 1995) ..ottt ittt ettt e et bbbt ste s s 47
Table 2.15 Maximum tensile strains for North Yarmouth and TWP31-MD (after

Nickels, 1995) ...uiiiiiiiiie e 43
Table 3.1 Summary of apparent specific gravity of tire chips.......cccoeiiiiinn . 64
Table 3.2 Specific gravity of tire chip/gravel mixtures ..........coooovvieiinii 64
Table 6.1 Summary of test results for air dried samples..........ccooiiiiniiiiiin 105
Table 6.2 Summary of test results for moist SamMples ............c.cccovevvvirecorreeeiriienninenns 106
Table 6.3 Temperature gradient influence - Pine State tire chips under full surcharge ... 124
Table 7.1 Estimated Kijre-chips - erererereremsesmimmssnsinm s 131
Table 7.2 Frost penetration depth in Richmond, Maine, project........ccccoocceeiiicveniennns, 135
Table 7.3 Summary of field and laboratory condition......................... et 137
Table 8.1 Summary of permeability resultS.........cooiiiiiiiniie e 148
Table 9.1 Laboratory index properties of cohesive subgrade material ........................ 163
Table 9.2 Summary of test section configuration ... 166
Table 9.3 Thickness of tire chip and tire chip/soil layers from settlement plate data...... 184
Table 9.4 Results of field density eSS ..cooviriiiiiieiii et 186
Table 9.5 Results of stability and flow testS........cooviiieiiiiiie e 188
Table 9.6 Groundwater elevations..........covvivriirieie st 196
Table 10.1 Summary of frost depths by section ..o 211
Table 10.2 Temperature gradients of tire chip and tire chip/soilf layers......................... 214
Table 10.3 Values of ¢, and c, for tire chips and tire chip/soil mixtures....................... 222
Table 10.4 Estimated Kiekoile .oovveerreerimriiniiiireesiei s ses et e emee e 224
Table 10.5 Input parameters for modified Berggren equation ........c.ceocevniivinnneneen. 226

- vii -




Table 10.7 Comparison of field and laboratory thermal conductivities .......vnvvvvnn, 229

Table 11.1 Centerline pavement deflections, April 1997, ...oovevoreooeeeeoeeeeeeooooo 250
Table 11.2 Gravel base temperature on Benkelman Beam test dates ............ooooooovvnn., 251
Table 11.3 Centerline pavement deflections, Angust 1997, ......ooovruvvmmeomeseeoeeoon, 258
Table 11.4 Radius of deflection Basins ......uuiueeciiceiieiee e erseeeseseseessessese oo 268
Table 11.5 KENLAYER iNpUt PATAMETEIS «v..v.vveieeeeeeeceecseeeseeeeeeeseses s e seseeeeeoes 272
Table 11.6 Moduli calculated from KENLAYER ....cvcorvveommreeeseoeeeeeeeeeeoooeeeeoeseooa. 276
Table 11.7 Computation of strain at base of pavement in KENLAYER .....ovovroooooen, 276
Table 11.8 Failure criterion ratios from normalized strains in tire chip and tire

Chip/soil MIXIUIE SECHONS ..ovvviveirieerireireneretsie s e eseesesessones e eess e 278
Table 11.9 Input parameters for MODCOMPA4 ......ocecvuvoeeeeneeeeeeesosoesee oo 282
Table 11.10 Backcalculated resilient moduli from MODCOMP4 for November test ...283
Table 11.11 Backcalculated resilient moduli from MODCOMP4 for April test............ 284
Table 11.12 Typical values of Young’s Modulis...........oovvuuevereevesereesooossesoeeosoeoesoenss 285
Table 12.1 Tire chip properties recommeded for deSIgN vvuvvmmerveerenmmrersersorsoeosseon, 306

- viii -




'LIST OF FIGURES

Figure 2.1 Results of thermal conductivity tests (after Dore, et al., 1995)..............c..... 13
Figure 2.2 Pavement structures used in model study (after Dore, et al., 1995).............., 14
Figure 2.3 Cacluated frost penetration (after Dore, et al., 1995) ..o, 14
Figure 2.4 Caclulated maximum heave (after Dore, et al., 1995)..........coiiiiinnn, 15
Figure 2.5 Hydraulic conductivities of mixtures of tire chlps and clean sand (after Edil

and Bosscher, 1992) (1 em/s = 1.035x10° f/Y0) c..ovvvvvereiiioeeeeree s 18
Figure 2.6 Plan view of test site (after Humphrey and Eaton, 1995) ........cccoovniiiinne 21
Figure 2.7 Typical cross section (after Humphrey and Eaton, 1995).......c.occcciivinnnnn 21
Figure 2.8 Location of instrumentation (after Humphrey and Eaton, 1995).................... 23
Figure 2.9 Cross section showing thermocouple and resmtmty gages (after Humphrey

aNd Eaton, 1995) .. ettt st en e 23

Figure 2.10 Maximum depth of frost penetration (after Humphrey and Eaton, 1995).....24
Figure 2,11 Depth of frost penetration versus date (after Humphrey and Eaton,

FOOS5Y e ettt et e s 25
Figure 2,12 Temperature profile on February 16, 1994 (after Humphrey and Eaton,
L9D5Y oo esvera s e e 27
Figure 2.13 Frost heave (after Humphrey and Eaton, 1995) ... ....coooiiiiinincciiene, 28
Figure 2.14 Profile of Saint-Joachim, Quebec test sections (after Rioux, 1994) ............. 30
Figure 2.15 Plan of Saint-Joachim, Quebec test sections (after Rioux, 1994)................. 31
Figure 2.16 Cross sections of Saint-Joachim, Quebec test sections (after Rioux,
1994) oo ettt e e et e e e s e ne e en e eee e ee e en et 31
Figure 2.17 Gradation of natural soil, sand, and gravel in Saint- Joach:m Quebec test
sections (after Rioux, 1994) ....................................................................... 32
Figure 2.18 Frost penetration vs. time in Saint-Joachim, Quebec test sections (after
RIOUK, 1994) oottt n e e ar e nt e en e 33
Figure 2.19 Total frost depth through January 26, 1994 for the Saint-Joachim test
‘ sections (after RIOuX, 1994) ..ot 33
Figure 2.20 Typical section of TH4, Georgia, Vermont: initial construction (after
Frascoia and Cauley, 1995)........ e eeteesreernre i barasee ot e eateseaaesbe e baeaeseaeenrernaeas 35
Figure 2.21 Calculated deflection at surface of pavement (after Dore, et al., 1995)........ 37
Figure 2.22 Calculated horizontal strain at base of layer (after Dore, et al,, 1995).......... 37
Figure 2.23 North Yarmouth longitudinal layout (after Nickels, 1995) ...t 39
'Figure 2.24 North Yarmouth longitudinal layout (after Nickels, 1995) ........ocovervvvreneee. 40
Figure 2.25 TWP31-MD longitudinal layout (after Nickels, 1995)........cccovvviiinnnnnn 42
Figure 2.26 TWP31-MD typical cross section (after Nickels, 1995) .......cccocoveevvevnrinns 43
Figure 2.27 Maximum deflection basins from each sect10n in North Yarmouth (after
NECKES, 1995) ittt b 44
Figure 2.28 Maximum deflection basins from each section in TWP31-MD (after
NICKELS, 1995) 1ottt raa e e e rae e sne e 45
Figure 2.29 Normalized pavement deflection data for North Yarmouth and TWP31-
MBD (after Nickels, 1995).. ..ot 49

- ix -




Figure 2.30 Normalized maximum asphalt tensile strains for North Yarmouth and

TWP31-MD (after Nickels, 1995) . ... oo, 50
Figure 3.1 Photograph of F&B glass belted tire chips .........ooooveeeereeeeoooo . 54
Figure 3.2 Photograph of F&B steel belted tire Chips...........ocoocovvoveovemreeoosooo, 54
Figure 3.3 Photograph of Palmer tire Chips......o...oooooveereioeeeoceeeoeeeoeoooeeo 55
Figure 3.4 Photograph of Pine State tire Chips .........ooovevveveoeeereeroeeeeooo 55
Figure 3.5 Photograph of Sawyer tire chips .........oovov oo 56
Figure 3.6 Photograph of gravel .........cooooccvevivreeeeeeiesnnns resssebts e e e sanareaesaneeearanenn 57
Figure 3.7 Photograph of 67% Palmer/33% gravel ..........c...ocooo......... s s 58
Figure 3.8 Photograph of 67% F&B steel belted/33% gravel OO U U U 59
Figure 3.9 Photograph of 67% F&B glass belted/33% gravel..........c.ocooovvomvoo 59
Figure 3.10 Photograph of 33% Palmer/67% gravel ............ J OSSN OORURRRRT 60
Figure 3.11 Photograph of 33% F&B steel belted/67% gravel .................. e 60
Figure 3.12 Photograph of 33% F&B glass-belted/67% gravel .........ooooooeeoeo) 61
Figure 3.13 Gradation of tire chip samples...........oo.oovormeeroieeereeeoeoeoeoo) 62
Figure 3.14 Gradation of gravel Samples..........o.ocoeoooeeeeeeeeeoeoeeeeeoeeeeeeeeooooo 63
Figure 4.1 Principal of operation of test apparatius ............ovceoovooosoooooooooooooo 66
Figure 4.2 Comparison of one-sided mode and double-sided mode apparatus ............... 68
Figure 4.3 Cross-section of the one-sided mode insulated-hot plate apparatus............... 70
Figure 4.4 Plan view Of the apparatus ............cooovooveeereeeoeeeeeoooooeoeoeeoeeeoeo 70
Figure 4.5 Picture showing side view of the apparatus............. SRRSO 71
Figure 4.6 Picture showing the light bulbs of Heater #1 ............cooovvovvoioooo 71
Figure 4.7 Picture of the apparatus under full SUrcharge..................oovooovooo 72
Figure 4.8 Tllustration of guarded hot plate apparatus (after ASTM C177, 1992).......... 75
Figure 4.9 Diagram of a heater..................... ettt r e enen. 76
Figure 4.10 Picture of a heater............. e et b e e et e eant e et 1 e eareenne 77
Figure 4.11 Energy source and measurement ............o.oocoovovovooooo 77
Figure 4.12 Picture of the power supplies and multimeters used in the test.................... 78
Figure 6.1 Spreadsheet Example: Palmer tire chips under half surcharge................... 98
Figure 6.2 K-value Versus tiMe .......c......o.ovooveccooeeeeeeeoeeoseeeeseoeeoeooooooooeoooooeoo) 101
Figure 6.3 T34 VErsus tMe.......cocoovovuivivieeiieeeeeeoee oo eeee oo 102
Figure 6.4 Ty versus K-value ...........cc.oovrvorueroeieeeceeoeeeeeeeeceeeeoeo oo 104
Figure 6.5 Gravel: apparent thermal conductivity versus density .....cooeeveviiieiceen, 107
Figure 6.6 Average apparent thermal conductivity for sand and gravel: unfrozen (after

Andersland and Ladanyi, 1994).........coomiooeoooeeoeeoeeeeeeoeo 108

Figure 6.7 F&B glass belted tire chips: apparent thermal conductivity versus density....110
Figure 6.8 F&B steel belted tire chips: apparent thermal conductivity versus density....110

Figure 6.9 Palmer tire chips: apparent thermal conductivity versus density................... 111
Figure 6.10 Pine State tire chips: apparent thermal conductivity versus density ............ 111
Figure 6.11 Sawyer tire chips: apparent thermal conductivity versus density ............... 112
Figure 6.12 Apparent thermal conductivity versus density for tire Chips ..o, 113
Figure 6,13 33% F&B glass belted/67% gravel mixture: apparent thermal

cONdUCHIVItY VErsus density............coivovivroveeeeeeeessores oo 118
Figure 6.14 67% F&B glass belted/33% gravel mixture: apparent thermal -

CONAUCHVItY VErsuS denSity...........ocoovovuiveireeie oo 118




Figure 6.15 33% F&B steel belted/67% gravel mixture: apparent thermal conductivity

VETSUS GENSIEY .oveeeiieecieinie i BRI TOUUUTNU VRPN 119
Figure 6.16 67% F&B steel belted/33% gravel mixture: apparent thermal conductivity

VEISUS (ENSIEY ..uv.eveeirieiisiee ettt s s e 119
Figure 6.17 33% Palmer/67% gravel mixture: apparent thermal conductivity versus

QENSILY....uvcveveceseeeereene s e e e st b e 120
Figure 6.18 67% Palmer/33% gravel mixture: apparent thermal conductivity versus

density.....ccooeeen.. e et e teteten it et b ee s tar et et et e b e ae eyt b e g b et e bt beneen 120
Figure 6.19 Comparison: apparent thermal conductivity versus density for air

samples (N0 SUrChArZE) .. oot e 121
Figure 6.20 Comparison: apparent thermal conductivity versus density for air dried

' samples (9 kPa surcharge) .........cococeveverereennne et 121

Figure 6.21 Comparison: apparent thermal conductivity versus density for air dried

samples {18 kPa surcharge) ... 122
Figure 6.22 Comparison: apparent thermal conductivity versus density for air dried

SAIMPIES Lovviiteeitieie ettt et e e e e e n s 122
Figure 6.23 Comparison: apparent thermal conductivity versus void ratio for air dried

SAMPLES .ttt 123
Figure 6.24 Apparent thermal conductivity versus temperature gradient...................... 125
Figure 7.1 Temperature vs. depth.......cccooiviiniiniiiiiiee s 129
Figure 7.2 Apparent thermal conductivity versus surcharge for air dried Pine State

tire chips at a temperature gradient of about 42.8°C/m (23.5°F/fi) ........... 136
Figure 8.1 Photograph of permeameter and constant head tank..............o.oooiiini, 140
Figure 8.2 Permeameter and constant head tank detail..........cooiiiniii 141
Figure 8.3 Permeability versus percent gravel subbase aggregate...........coooiiiniiins 150
Figure 8.4 Permeability versus percent compression for 33% tire chips ....................... 151
Figure 8.5 Permeability versus percent compression for 67% tire chips ....................... 152
Figure 8.6 Permeability versus percent compression for tire chips...........cococeei. 153
Figure 8.7 Permeability versus void ratio for 33% tire chips.......coviinnn ... 155
Figure 8.8 Permeability versus void ratio for 67% tire chips .........ccconiiiiinnnn 156
Figure 8.9 Permeability versus void ratio for tire chips..........ccoooveriiii 157
Figure 9.1 Plan view of full scale field trial...........cooovoii 161
Figure 9.2 Boring logs next to trial 1oad..........cocoovvviiivinciiiiiic e 162
Figure 9.3 Gradation curves of cohesive soil from borings, subgrade samples, and

auger holes made for thermocouple installation...........ccocoiiiiiiiiinnns, 164
Figure 9.4 Longitudinal cross-section along centerline of road ... 165
Figure 9.5 Cross SECOn of SECHOM 1 ......co.ivivoieeeeiiiereeesnresererses s e eeeneeie e 167
Figure 9.6 Cross section of Section 2........c.ococoirvcrniniin e 168
Figure 9.7 Cross section of Section 3 ..., 169
Figure 9.8 Cross section 0f SECHOM 4.......ovioieeiireeiee et sctee e e 170
Figure 9.9 Cross section of Section 5. 171
Figure 9.10 Cross section of CONrol...........cooeieveninnincicciiiccc e 172
Figure 9.11 Gradation curves of tire chips..........cooevicinicinii 174
Figure 9.12 Gradation curves of tire chip\soil mixtures..........ccoooeiiiiiiinnn, 174
Figure 9.13 Gradation curves of MDOT subbase obtained from outside contractor ...... 176

- %] -




'Figure 9.14 Gradation curves of MDOT Type D subbase aggregate available from

previous NETC project (afier Tweedie, et al., 1998) .......ococooviiieni . 176
Figure 9.15 Photograph of excavation of roadbed with hydraulic excavator.................. 177
Figure 9.16 Photograph of excavation of trench with Case 580........c..oooovovoovvioo 178
Figure 9.17 Photograph of trench compaction with tractor and concrete block ............. 181
Figure 9.18 Photograph of trench compaction with walk-behind compactor.................. 181
Figure 9.19 Photograph of tire chips being spread over geotextile...........o.ovovovoeenn . 182
Figure 9.20 Photograph of compaction of MDOT Type D subbase with vibratory

Toller .o, et r eyt ns et e be s b bee e e enes 185
Figure 9.21 Settlement plate detail...........ocovovveeveoeeeoeer oo et 189
Figure 9.22 Photograph of settlement plate before placement in roadbed ................... 190
Figure 9.23 Photograph of thermocouple-dowel Setup........ooovvovevvovoeeeoooo 192
Figure 9.24 Thermocouple pair positions beneath test sections ...........oooooooeo . 193
Figure 9.25 Plan location of piezometers and typical cross Section ... 197
Figure 10.1 Cumulative freezing degree-days versus date ......... et ene et s 203
Figure 10.2 Average daily temperature versus date...........o..o.ooeeoeooeeooooooo 204
Figure 10.3 Depth of frost penetration vs. date, Sections 1 through 3 ........................ 206
Figure 10.4 Depth of frost penetration vs. date, SECton 4...........ooovooooooooo 207
Figure 10.5 Depth of frost penetration vs, date, SECHON 5.....vevvovevoeeooooo 208
Figure 10.6 Maximum depth of frost penetration .............coceoommmeooeorooeooeooo 210
Figure 10.7 Temperature profiles on February 14, 1997.....o.cooovovooooooooo 212
Figure 10.8 Average frost heave in individual wheel paths ... 217
Figure 10.9 Average frost heave vs. percent tire chips, Sections 1,2, and 3 ................. 219

- Figure 10.10 Average heave vs. frost penetration into subgrade................. et 220

Figure 10.11 Thermal conductivity vs. percent tire Chips........iov.ovoevoooeoooooo. 224
Figure 10.12 Laboratory thermal conductivity versus surcharge for moist tire ChlpS

and tire ChIp/SOIl MIXEUTES..........oooereeeeoeeeeeeeeoeeoooeoeooooe oo 228
Figure 11.1 Modified Benkelman Beam used for pavement deflection measurements

(after Nickels, 1995) ......c.ocviiimirieeeeeeise oo, 237
Figure 11.2 Plan view of test locations for Modified Benkelman Beam and HWD

OOt et 238
Figure 11.3 Plan location of MBB probe between dual truck tires (after Nickels,

1995) et 239
Figure 11.4 Photograph of MBB and dump truck on the test road............... [T 239
Figure 11.5 Photograph of Heavy Weight Deflectometer (HWD) .......ooovoeeeerernn 241
Figure 11.6 April pavement deflection basins for Section 1 with 483 mm (19m.) of

soil cover and 305 mm (12 in.) of 33% tire chip/67% soil....c..cooevvvennnne. 243
Flgure 11.7 April pavement deflection basins for Section 2 with 483 mm (19in) of

soil cover and 305 mm (12 in.) of 67% tire chip/33% s0il........ooeovveoover, 244
Figure 11.8 April pavement deflection basins for Section 3 with 483 mm (19in.) of

soil cover and 305 mm (12 in.) of tire ChipS.......oo.ovoveeoeseooseoo 245
Figure 11.9 April pavement deflection basins for Section 4 with 483 mm (191in.) of

soil cover and 152 mm (6 in.) of tire ChipS.......oooveovviooooooo o 246
Figure 11.10 April pavement deflection basins for Section 5 with 330 mm (13in.) of

soil cover and 305 mm (12 in.) of tire Chips........oooevoeeeooooo 247

-xii -




Figure 11.11 April pavement deflection basins for the Control Section with 635-mm

(25-in.) thick aggregate SUDDASE COUISE L.vvvrrereriereressrmrnsscsssemssssismssserss 248
Figure 11.12 Average April pavement deflection basins for all SECHONS ...coovvririrriiriees 249

Figure 11.13 August pavement deflection basins for Section 1 with 483 mm (19 in.)
of soil cover and 305 mm (12 in.) of 33% tire chip/67% SO1l ..cvcvineieneennns 252

Figure 11.14 August pavement deflection basins for Section 2 with 483 mm (19 in)
. of soil cover and 305 mm (12 in.) of 67% tire chip/33% soil ..o 253

Figure 11.15 August pavement deflection basins for Section 3 with 483 mm (191in.)
of soil cover and 305 mm (12 in.) OF tre CHEPS vovcvrrrarreesemsrensismacnisnssass 254

Figure 11.16 August pavement deflection basins for Section 4 with 483 mm (19 in.)
' of soil cover and 152 mm (6 in.) OF tire CRIPS .veerverererreresrmmssins s 255

Figure 11.17 August pavement deflection basins for Section 5 with 330 mm (13 in.)
of soil cover and 305 mm (12 in.) OF tire ChIPS oovuresemrscrs e 256

Figure 11.18 August pavement deflection basins for the Control Section with 635-
mm (25-in.) thick aggregate SUDDASE COUTSE.cveverrarirerineessssraemsnesismsisseesesnes 257
Figure 11.19 Average August pavement deflection basins for all SECHONS c.vveveerreerrereens 259
Figure 11.20 Comparison of measured April & August MBB deflection basins with

deflection basins calculated by KENLAYER for Section 1....ocoeiinneer 260

Figure 11.21 Comparison of measured April & August MBB deflection basins with
deflection basins calculated by KENLAYER for Section 2......cocovvieinenee 261

Figure 11.22 Comparison of measured April & August MBB deflection basins with
. deflection basins calculated by KENLAYER for Section 3 ...cooovvinirinnnns 262

Figure 11.23 Comparison of measured April & August MBB deflection basins with
_ deflection basins calculated by KENLAYER for Section 4.......cooveeeeiins 263

Figure 11.24 Comparison of measured April & August MBB deflection basins with
deflection basins calculated by KENLAYER for Section 5.....cooieeniense 264

Figure 11.25 Comparison of measured April & August MBB deflection basins with
deflection basins calculated by KENLAYER for the Control Section ....... 265
Figure 11.26 Average centerline deflections vs. percent tire chips, April and August,

' L0007 o eeoeeees e esers e 267
Figure 11.27 Centerline deflection versus distance from edge drain, April 1997.......... 269
Figure 11.28 Centerline deflection versus distance from edge drain, August 1997 ....... 270
Figure 11.29 Resilient modulus-deviator stress relationship for four types of subgrade

(after Thompson and B0, 1985) coveeeeeerireressimssmssnssssassamssssss e eenss 273

- xiii -




1. INTRODUCTION

1.1 BACKGROUND

There are an estimated 850 million scrap tires stockpiled throughout the United
States and an additional 253 million are discarded annually (Associated Press, 1996).
Stockpiles of scrap tires are of major concemn for two reasons: fire hazard and water-
bome diseases. When large open tire piles burn, they- release potentially harmful
products of incomplete combustion (PICs) into the atmosphere and ground (Ryan, 1990).
The introduction and spreéd of several mosquito species has been directly attributed to
the presence of scrap tires. Cases of encephalitis have been traced to insects originating
in scrap tire piles (Maine DEP, 1989). Landfilling of tires seems to avoid these two

probleins, but improperly buried tires can rise to the surface and disrupt the landfill cover.

In 1993 the EPA reported that of the approximately 242 million tires that were
discarded annually, approximatély 10 million were reused, 17 million were recycled, 27
“million were used for energy, and 189 million were stockpiled, landfilled, or illegally
dumped (EPA, 1993). Aitho-ugh the number of fires generated per year has increased
since 1993, significantly fewer tires are being landfilled and more are being. reused or
recovered, By 1996 the annual replacement of tires had increased to 253 million and 95
percent of these Wefe returned to tire retailers at the end of their useful life (Zimmer,
1996). Approximately 72 percent of these were recovered through various markets. - Of
these, approximately 136 mﬁlioﬁ were used in energy recovery (ceme;,nt kilns, paper/pulp
mills, electricity generation), 15 million for civil engineering, and 14 million wére

exported for further use or retreading. Other uses are agriculture, products made from
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crumb rubber, products made from stamped or cut pieces of tire, and other miscellaneous

applications, which totaled 17.8 million tires. Only 70 million tires were landfilled.

The civil engineering applications for whole tires or tires shredded into tire, chips
include: artificial reefs, breakwaters, lightweight embankment fill, retaining wall backfill,
landfill cell daily cover, septic system leach fields, and landfill leachate collection
systems (Zimmer, 1996). The first use of tire chips in roadway construction was in
Minnesota in the late 1980’s (Geisler et al., 1989). Here the tire chips were used over
compressible soils, such as peat, to reduce settlement in roadways. Tire chips have also
been used as 1 ghtweight and conventional embankment fill beneath paved roads (Manion
and Humphrey, 1992; Nickels and Humphrey, 1997). Research has been done to find the
necessary amount of soil cover over tire chips to limit pavement deflections to acceptablé
levels (Nickels and Humphrey, 1997; Humphrey and Nickels, 1994). Tire chips were
used in a highway embankment for the exit serving the Portland International Jetport on
the Maine Turnpike (Scrap Tire News, 1997). Here tire chips_ were used as lightweight

fill over a weak, compressible stratum.

Tire .chips can be used as retaining; wall backfill because the unit weight of tire chips
is one-half to one-third the unit weight of conventional granular fill (Manion and
Humphrey, 1992; Tweedie,'et al., 1998). This reduces horizontal pressure on the wall.’
"fire chips have been used as. a lightweight fill for a bridge abutment and as a
compressible inclusion against the abgtment walls of a rigid frame bridge (Whetten, et al.,

1997; Cosgrove, 1998),




Tire chips show considerable promise as a subgrade insulation. The maximum
depth of frost penetration in New England ranges from 1.27 to 2.54 m (50 to 100 in.)
(U.S. Department of Commerce Weather Bureau Data). Tire chips have already been
used successfully as subgrade insulation on a gravel surfaced road in‘Richmond, Maine
(Humphrey and Eaton, 1993a, 1993b; Humphrey and Eaton, 1994; Humphrey and
Nickels, 1994; Humphrey and Eaton, 1995). In addition, the high permeability of tire
chips have enabled the Vermont Agency of Transportation to use them as a drainage layer
for a gravel surfaced local roadw (Frascoia and Cauley, 1995). This significantly improved

the drivability of the road during the spring melt.

This research (NETC Project 95-1) investigated the use of tire chips and tire
chip/soil mixtures as subgrade insulation on secondary paved roads. Insulating properties
of tire chips can réduce frost heave induced damage to paved roads. The fiee draining
properties of tire chips can strengthen the subgrade and subbase during the spring thaw by
allowing excess water to drain. The use of tire chips would also remove large quantities

of whole tires from stockpiles.

1.2 OBJECTIVES OF STUDY

" The purpose of this research was to continue the investigation started by Humphrey
and Eaton (1995) on the use of tir¢ chips as subgrade insulation materials in roadways.
This study consisted of two phases: a laboratory investigation and a fisll scale field trial.
The focus of thé laboratory investigation was to determine the thermal conductivity and
permeability of tire chips and tire chip/soil mixtures in the laboratory. The major goals

of the laboratory phase were to determine: (1) the relationship between the thermal




conductivity of tire chips and their density and/or void ratio; (2) the influence of tire chips
size, glass fabric or steel belt content on the thermal conductivity; and (3) the effect of

soil content on the thermal conductivity of tire chip/soil mixtures.

The purpose of the field trial was to determine the feasibility of using tire chips and
tire chip/soil mixtures as a subgrade insulation and drainage layer without adversely
affecting the life of the pavement. The objectives of the field trial can be broken down
into two parts. The first was to investigate the insulating qualities and drainage of tire
chip and tire chip/soil mixtures placed directly above the subgrade. This included
determining the field thermal conduc;tivity of tire chips and tire chip/soil mixtures and
comparing the resulis to the laboratory;\_ralues and values determined from the Richmond

Field Trial.

A second major goal of the field trial was to find a combination of parameters that
would allow tire chips and/or tire chip/soil mixtures to be used for insulation without
compromising pavement life. This included using less soil cover over the tire chips than

previous investigations to better understand minimum cover requirements for tire chips in

the subbase.

1.3° ORGANIZATION OF REPORT

This report contains twelve chapters and one appendix, organized as follows.

Chapter 2 is a literature reviéw of laboratory testing of the thermal conductivity of

tire chips and case histories of tire chips used as subgrade insulation. Available




information on the permeability of tire chips is also presented. There is also a brief

discussion of cover requirements for tire chips to minimize pavement strains.

The properties of tire chips and soil used in this study are discussed in Chapter 3.

This includes gradation, specific gravity and compacted unit weight.

In Chapter 4 a large-scale thermal conductivity measurement apparatus that was
designed and constructed for this project is discussed in detail. The procedures used to

conduct the thermal conductivity tests are presented in Chapter 5.

The results of the thermal conductivity tests are presented in Chapter 6. In Chapter
7, the laboratory measured values of thermal conductivity are compared with the results

of a field trial in Richmond, Maine.

Chapter 8 presents the iesting procedures and results for laboratory permeability

tests on tire chips and tire chip/soil mixtures.

Chapter 9 describes the construction of the University of Maine field trial. It
includes information on material properties, construction procedures, instrurhentation,

and settlement of tire chip and tire chip/soil layers.

Chapter 10 gives the results of frost penetration monitoring and frost heave for one
winter. It also compares the results from this research to previous laboratory tests and

results from the field trial in Richmond, Maine.

Chapter 11 gives the results of Benkelman Beam, Heavy Weight Deflectometer, and

Falling Weight Deflectometer tests. A program named KENLAYER is used to model




pavement deflections and estimate tensile strains in the pavement. HWD data is used in
MODCOMP4, a modulus backcalculation program, to calculate Young’s Modulus for

tire chip and tire chip/soil mixtures,

Chapter 12 summarizes the findings of this research and gives conclusions and

recommendations for further research.

An appendix presents detailed results of Heavy Weight Deflectometer and Falling

Weight Deflectometer tests conducted at the field trial.




2. LITERATURE REVIEW

2.1 INTRODUCTION

This chapter discusses the literature on the use of tire chips as drainage and
insulation. There are few instances in the literature documenting the use of tire chips as
subgrade insulation or drainage, however there are several studies documenting use of tire

shreds in road construction and the engineering properties of tire shreds.

The first recorded use of tire chips as road fill was in Minnesota in 1986 (Geisler, et
al., 1989) to improve a forest road. Several applications were tested, ranging from a
single layer of whole tires tied into a mat to 0.9 m (3 ft) of tire chip fill. There have been
several subsequent s_tudies on the use of tire chips as fill (Eldin and Senouci, 1992;
Humphrey and Sandford, 1993; Gharegrat, 1993; Humphrey, 1996; Humphrey and
Nickels, 1997). The use of tire chips as retaining wall backfill has also been investigated

(Humphrey et al., 1992, 1993; Tweedie, et al., 1998; Humphrey, et al., 1997).

Two studies on the basic enginegring properties of t_ire chips were published in 1992
by the University of Maine (Manion and Humphrey, 1992; Humphrey et al., 1992); The
following tire chip properties were investigated: gradation, specific gravity, compacted
unit weight, compressibility, shear strength, and permeability. Compressibility tests
showed that the moduli ranged from 0.8 to 1.2 MPa (112 to 181 psi) for tire chips
compared to 10 fo 172 MPa (1,500 to 25,000 psi) for soil (Humphrey, et al., 1992). Other
studies on tire chips include: Bressette, (1984); Edil and Bosscher, 1992; Ahmed, 1993;

Ahmed and Lovell, 1993; Edil and Bosscher, 1994; Cosgrove, 1995; Benda, 1995).




i.z THERMAL PROPERTIES OF TIRE CHIPS

Tires are made from a mixture of vulcanized natural rubber and synthetic styrene
and butadiene with embedded steel wire or glass fibers. The steel content in new steel
belted radial passenger car tires is 9.2_3% to 12.5% by weight (Personal communication,
Bill Joﬁes, Cooper Tire Co., 1996); This percentage would be somewhat higher for
discarded tires because some rubber was worn away during use, reducing the total weight
of the tires. Tire chips that are available for use in civil engineering applications are
generally made from steel belted tires and have steel belts protruding from the cut edges
of the tire chips. Rubber is the majdr content in tires so the thermal properties of tire
chips will largely depend .on the properties of rubber. There is also air and moistare in
the voids between tire chips, as well as the steel wire or glass fibers embedding in tife
chips, thus the thermal properties of tirerchips will also depend on the thermal properties

of air, water, steel, and glass fibers.

- The thermal conductivity of some common materials are listed in Table 2.1. The
thermal conductivity of hard rubber is listed as 0.161 -W/m®C (0.093 Btu/hr°Fft)
(Bréwnell, 1989) and ﬁlat of steél 1s 43 W/m°C (25 Btu/hr°Fft). This data will be helpful
in undersianding the factors that affec-.:t the thermal conductivity of .tire chips and in

judging the thermal conductivity of tire chips relative to other materials.

The thermal conductivity of tire chips have been measured in three laboratory
studies (Shao, et al., 1994; Dore, et al., 1995; Benson, et al., 1996). The results of these

studies are summarized in the following sections.




" Table 2.1 Thermal properties of selected materials.

Density  Heat Capacity Thermal Conductivity
Material (kg/m3)  (kI/kg:°C) (W/m-C) (Btu/hr-ft-°F)
Air (10°C) 125 1.00 0.026 0.015
Polystyrene foam 30 1.25 0.036 0.021
Glass wool ‘ 64 0.84 0.042 0.024
Snow, loose 85 2.09 0.08 10.046
Snow, compacted 500 2.09 0.7 0.41
Ice (-40°C) 900 2.09 2.66 1.54
Ice (0°C) 900 2.09 2.21 1.28
Water (0°C) 999.87 42177 0.56 0.32
Water (10°C) 999.73 4.1922 0.58 0.33
Peat, dry 250 2.09 0.07 0.04
Clay, dry 1700 0.92 0.9 052
Sand, dry 2000 0.80 1.1 0.64
Wood a '
plywood, dry - 600 0.17 0.098
fir or pine, dry 500 0.12 0.069
Concrete 2500 - 0.67 1.7 0.98
Concrete, asphalt 2150 1.28 0.74
Rock, typical 2500 0.84 2.2 1.27
© Quartz 2660 0.733 8.4 4,86
Granite | 1.7-4.0 0.98-2.32
Shale 1.5 0.87
Steel _ 7500 0.50 43 249
Iron, ductile 7500 - _ 50 28.9
Copper 2800 0.42 375 217
aRubber (hard) 1200 0.161 0.093

After Andersland and Ladanyi (1994) unless otherwise noted. Values are representative;
most materials have some variation with density and temperature.

2Value is after Brownell (1989).




2.2.1 University of Alaska Fairbanks

The University of Alaska Fairbanks performed laboratory thermal conductivity tests
on rubber bufﬁﬁgs, granulated rubber, and rubber chips (Shao, et al., 1995). Almost all
of the steel belts had been removed from rubber buffings and granulated rubber, and
many steel belts were removed from the rubber chips. The materials tested are described
in Table 2.2. Two types of thermal cénductivity apparatuses were used. The samples
were tested wetted and non-wetted in both frozen and unfrozen states. The frozen
samples were tested in a two-sided mode guarded-hot-plate apparatus Dynatech Model
TCFGM. The inner diameter of this apparatus was 200 mm (7.875 in.) and the sample
thickness was 44 mm (1.73 in.). The two cold plates were set to -6°C (21°F) and the hot
plate was set to approximately -4°C (24°F). The test apparatus used for thawed samples
was an Anacon Model 88, a one-sided mode guarded-hot-plate apparatus. The inner
diameter of this apparatus was 168 mm (6.625 in.) and the thickness was 45 mm (1.77
in.). The hot plate temperature was about 38°C (100°F), and the cold plate temperature

was about 10°C (50°F).

Results of these teéts are listed in Tables 2.3 through 2.6. The measured thermal
conductivities for both frozen and unfrozen samples increased only slightly as water
content ‘increased and as density increased.  Frozen samples also had higher
conductivities than unfrozen samples. Densities are reported in relation to low, mediuin, -

and high compaction, but actual densities were not recorded.
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Table 2.2 Description of test materials (after Shao, et al,, 1995)

Rubber Buffing Granulated Rubber. Rubber Chip
Particle Sizes | 80% passing #10 sieve | 99% passing 1/4" sieve | 80% passing 1" sieve
Processing Ré~Tread Buffing Granulator Shredder
Method Machine

Table 2.3 Thermal conductivities for rubber buffings (after Shao, et al., 1995)

moisture low compaction high compaction

content |Btu/hr-f-°F| W/m-°C |Btwhrfi-°F| W/m-°C
thawed | un-wetted <1% 0.0563 0.0973 0.059 0.1020
samples wetted 4-5% 0.0594 0.1026 0.0602 0.1040
frozen un-wetted | <1% 0.0757 0.1308 0.0778 0.1344
samples wetted 4-5% | 0.0779 0.1346 0.0798 0.1379

Table 2.4 Thermal conductivities for granulated rubber (after Shao, et al., 1995)

moisture | low compaction |medium compaction{ high compaction
content
Btwhr-ft-°F | W/m-°C | Brw/hr-£-°F | W/m-°C | Buw/hr-ft-°F { W/m-°C
‘thawed <1% 0.0587 |0.1014} 0.0602 | 0.1040} 0.0613 1 0.1059
samples 3% S 0.0612 10.1058] 0.0637 |0.1101 | 0.0658 | 0.1137
- frozen <1% 0.0794 |0.1372] 0.0883 |0.1526 | 0.0903 | 0.1560
samples 3% 0.0799 |0.1381} 0.0935 | 0.1616| 0.0957 }0.1654
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Table 2.5 Thermal conductivities for rubber chips (after Shao, et al., 1995)

‘moisture low compaction high compaction

content |Btw/hr-ft-°F| W/m-°C |Btw/hr-ft-°F| W/m-°C
thawed | un-wetted| 2% | 0.071 0.1227 0.0716 0.1237
samples wetted % | 0.0863 0.1491 0.095 0.1642
frozen | un-wetted 2% 0.0799 0.1381 0.0821 0.1419
samples wetted 5% 0.0942 0.1628 0:0988 0.1707

Table 2.6 Thermal conductivities for mixed materials (after Shao, et al., 1995)

50% granulated rubber | 50% granulated rubber 50% rubber chip /
/ 50% rubber chip /50% rubber buffing | 50% rubber buffing
Btw/hr-f-°F | W/m-°C | Btw/hr-t-°F | W/m-°C | Btw/hr-ft-°F | W/m-°C
thawed samples 0.0648 | 0.1120 0.0602 | 0.1040 0.0658 0.1137
frozen samples 0.0806 0.1393 0.0771 | 0.1332 0.0785 0.1356

* The sample moisture content for the mixture was not reported.

2.2.2 Quebec Thermal Conductivity Measurements

Laboratory thermal conductivity tests were performed on a variety of alternative

insulation materials by Dore, et al. (1995) including: tire chips (size range of 20 to 40 mmy;

0.79 to 1.57 in.) with no removal of steel or polyester belts; and ground tire (size range of

1 to 4 mm; 0.039 to 0.15 in.). The measured values of K from these tests are shown in

Figure 2.1. The measured thermal conductivity of dry tire chips was 0.38 W/m-°C (0.22

Btu/hr-ft-°F) and a dry .Sb% tire chip/50% grbund tire mixture was 0.34 W/m-°C (0.22

Btu/hr-ft-°F).

Dry and saturated unfrozen samples of ground tire had a thermal

conductivity of about 0.31 W/m-°C (0.18 Btuw/hr-ft-°F). These values are more than
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Figure 2.1 Results of thermal conductivity tests (after Dore, et al., 1995)

double those reported by Shao, et al. (1995). Saturated frozen samples of ground tire had

an even higher thermal conductivity of 0.63 W/m-°C (0.36 Btw/hr-f-°F).

Dore, et al. (1995) used the measured thermal properties of tire chips and sawdust in
a numerical bi-dimensional mo;lel' developed by at Laval University to estimate frost
penetration and heave of the 12 model pavement sections shown in Figure 2.2. Calculated
frost penetration and maximum heave are shown in Figures 2.3 and 2.4, respectively.
Frost penetration for sections with either tire chips or sawdust was exp;acted to be reduced

by 36 to 44 percent, and heave was expected to be reduced by 72 to 90 percent.
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Figure 2.4 Caclulated maximum heave (after Dore, et al., 1995)

2.2.3 Benson, et al. (1996) Thermal Conductivity Measurement

Benson, et al. (1996) reported the thermal conductivity of tire chips as 0.020
W/m-°C (0.012 Btu/he-fi-°F).  The laboratory test was part of a project using tire chips as
insulation for the slope of a landfill liner. Five types of material were studied using a
laboratory thermal probe technique. Maximum tire chip size was 100 mm (4 in.) and.
samples were tested dry in a polystyrene bucket. The densities were not reported. This

value is less than one-tenth those reported by Shao, et al. (1995) and Dore, et al. (1995),

who used more reliable techniques.
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23 PERMEABILITY OF TIRE CHIPS

The penﬁeability (or hydraulic conductivity) of tire chips and tire chip/soil mixtures
has been measured with constant head permeameters ranging in diameter from 203 mm to
305 mm .(Bressette, 1984; Hall, 1990; Humphrey, et al., 1992, 1993; Humphrey and
Sandford, 1993; Edil and Bosscher, 1992, 1994; Ahmed, 1993; Ahmed and Lovell,
1993). Some permeameters had provisions to apply a vertical stress to the sample to

simulate the compression that would occur'u_nder the weight of overlying soil cover.

T}.le permeébﬂity of tire chips determined in several investigations is summarized in
Table 2.7. Permeabilities from 0.58 to 23.5 cm/s (0.6x10° to 24.3x10° ft/yr) were
reported.  Results from Edil and Bosscher (1992, 1994) are not included in Table 27
because they noted that the limited flow capacity of their pen;leameter casts doubt on fhe

reliability of their reported permeabilities.

The permeabilities of tire chip/soil mixtures have been measured by Edil and
Bosscher (1992, 1994), and Ahmed (1993). Edil and Bosscher (1992, 1994) used
mixtures of tire chips with a 75-mm (3-in.) maximum size and a clean uniform sand.
Surcharge .pressures up to 138 kPa (2,850 psf) were applied to the samples. Their results
are summarized in Figure 2.5. Ahmed (1993) used mixtures of tire chips with either a 13
or 25-mm (0.5 or 1.0-in.) maximum éize and two soil types: (1) uniformly graded Ottawa
sand; and (2} a fine grained glacial _tilI (Crosby Till). No surcharge pressure was applied
to the samples. The results are suminarized in Table 2.8. For both studies, the

permeability increased as the percent tire chips in the mix increased.
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Table 2.7. Summary of reported permeabilities of tire chips

Particle size Voidratio  Dry density Permeability Reference
© (cm/sec)
(mm) (Mg/m3)
2510 64 0.469 5310235 Bressette (1984)
25 to 64 0.608 2.91010.9
5to 51 0.470 4910593
S5to 51 0.610 3.81022.0
38 e e 1.4t02.6 Hall (1990)
19 — — 0.8 t0 2.6
10to 51 0.925 0.644 7.7 Humphrey, et al.
101051 0.488 0.833 2.1 (1992, 1993)
20to 76 1.114 0.601 15.4
20to 76 0.583 0.803 4.8
10 to 38 0.833 0.622 6.9
10 to 38 0.414 0.808 1.5
10 to 38 0.653 0.58 Ahmed (1993)

1 cm/s = 1.035x10° ft/yr

Table 2.8. Permeabilities of mixtures of tire chips and soil (after Ahmed, 1993}

Tire chip Soil type % tire chips Dry density ~ Permeability
maxirnum size based on total (Mg/m3) (cnv/s)
(mm) weight
----- Ottawa sand 0 1.89 1.6 x 10-4
25 Ottawa sand 15.5 1.68 1.8x 103
25 Ottawa sand 30.1 1.53 3.5x 103
25 Ottawa sand 37.7 1.41 8.7x 10-3
----- Crosby till 0 1.91 9% 10-7
25 Crosby till 14.8 1.70 1.8 x 105
25 Crosby till 30.1 1.39 2.1x 10-3
25 Crosby till 40 1.20 88x 103
13 Crosby till 40 1.19 9.7x10-3

1 cm/s = 1.035x10° fi/yr
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2.4 CASE HISTORIES

Three case histories using tire chips for subgrade insulation or drainage were

available in the literature. The following are summaries of these projects.

2.4.1 Richmond Maine

Léte in the summer of 1992 a field trial using tire chips as subgrade insulation was
constructed on Dingley Road in Richmond, Maine (Humphrey and Eaton, 1995). The
primary goals of this project were to find the thickness of tire chips needed to provide
effective insulation and the minimum thickness of overlying soil cover to provide a stable

riding surface.

The test site was a dead-end, gravel-surfaced road that was traveled by mainlyj.cars,
light trucks, and school buses. One day a nionth, hc;xvever, 10 to 40 fﬁlly Ioad.ed double-
and triple-axle dump trucks hauled sewage sludge to farms at the end of the road.
Althoungh there was no standing ﬁater or wet areas near the test site in the summer and
fall, poor drainage and flat topography created areas of standing water during the spring
melt. Prior to installation of the tire chip insulation layer, thé road became severely rutted

at this time of year.

The existing road was surfaced with more than 457 mm (18 in.) of clean sandy
gravel and gravely sand. The native soils ranged from gray silty clay to gray-brown silty
gravely sand and were highly frost susceptible. R;afusal occurred below these soils in
either glacial till with bouldérs or bedrock, The water table in the summer and fall was 1

to 3 m (3.3 to 9.8 ft) below the ground surface.
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The test site was 290 m (950 ft) long and broken up into five tire chip test sections,
two transition sections, and one coﬁtfol section as shown in Figure 2.6. In addition, two
existing road sections were monitored. Tire chip thicknesses were 152 and 305 mm (6
and 12 in.) and granular soil thicknes_ses were 305, 457, and 610 mm (12, 18, and 24 in.),
The configurations of the test sections are given in Table 2.9 and a typical cross-section is
shown in Figure 2.7. Sections A and B were identical, except that tire chips in Section A

were completely enclosed in geotextile (Amoco 2000-2).

The tire chips were uniformly graded with a maximmﬁ size of 51 mm (2 in.) and
nearly all chips were retained on the No. 4 (4.75-mm or 0.187-in.) U.S.-standard sieve.
Tire chips were a mixture of steel- and glass-belted tires from Pine State Recycling of
Nobleb'orol, Maine. The gravel fill was a well-graded mixture of sand and gravel, with
less than 5 percent passing the No. 200 (0.075 mm; 0.00295 in.) U.S.-standard sieve and
a maximum particle size 6f 152 mm (6 in.). The surface course had a maximum particle
size of 25 mm (1 in.) and about 7 percent passing the No. 200 sieve. Common borrow
was utilized from the excavation of the existing roqdway. It was a gravely sand with_

about 3 percent passing the No. 200 sieve.

Construction began with excavation of the existing road to the starting grade. Some
of the soil was stockpiled for use ag common borrow, while the rest was disposed of off-
site. A small bulldozer was used= to grade a 4 percent slope toward the ditch. The
expoégd grade was compacted with _fqur passes with a vibratory smooth drum roller with
a static weight of 9 metric tons (10 U.S. short tons). Tire chips were placed directly on

the prepared subgrade, spread with a small bulldozer, and compacted with six passes of
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Figure 2.7 Typical cross section (after Humphrey and Eaton, 1995)

Table 2.9 Summary of test section configuration (after Humphrey and Eaton, 1995)
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' Section Depth of Thickness of layer (mm)

excavation Tire chips Common Gravel fill Surface
(mm) borrow course

Control - mene -- 203 102

A 152 - 152 - 203 102

B 152 152 e 203 102

C 152 152 - 356 102

D 305 305 —een 356 102

E 457 305 305 203 102

25.4mm=11in




the smooth drum vibratory roller. Gravel fill was placed over this and also compacted
with six passes of the smooth drum vibratory roller. The 102-mm (4-in.) surface course
was then placed and compacted with. four passes of the roller. The surface was treated

with flake calcium chloride to control dust,

The monitoring instrumentation consisted of thermocouples, resistivity gauges,
groundwéter monitoring wells, and froét-free benchmarks. Thermocouples meésured the
temperatures in the lsoil, resistivity gaug;as detected the depth of the freezing front, and the
benchmarks were used as stable reference points for a heave survey. Instrumentation
locations are shown in Figure 2.8. A crpss-section showing thermocouple and resistivity

gauges is shown in Figure 2.9.

Freezing indices for the 1992 to 1993 and 1993 to 1994 seasons were 626°C-days
(1128°F-days) and 707°C-days (1273°F-days), respectively. The reported average for the
area was 470°C-days (850°F-day§) (Bigelow, 1969; Gilman, 1964). Maximum frost
penetration for both winters is shown in Figure 2.10. Tire chips reduced the depth of
frost penetratioﬂ by between 22 and 28 percent in Sections A, B, D, and E compared with
the control section. Se;:tion C had the greatest depth of frost penetration, indicating that
insulation effectiveness decreases as soil cover increases. Comparisons of frost
penetration depth wﬁth time for the 1993 to 1994 season is shown in Figure 2.11. The
control and existing road sections showed rapid penetration of frost in the first week of
the freezing season to about 750 mm (30 in.), followed by a relatively constant rate of

frost penetration for the rest of the freezing season. Tire chip Sections D and E show
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different thermal behavior. The initial frost penetration was very similar to the control
and existing road, but once the freezing front approached the base of the tire chip layer it
essentially stopped and remained at this depth for the remainder of the freezing season.
The freezing front in Sections A, B, and C was also less than that of the Control and
existing road, however, the frost :peneirated below the 152-mm (6-in.) thick tire chip

layer.

Figure 2.12 shows terﬁpera_ture profiles on February 16, 1994, which was at the end
of a 45-day cold period. The temperatures below the tire éhip sections were much
warmer than in the control or existing road. The temperature from the top to the bottom
of the tire chip sections increased about 3°C to 4°C (5°F to 7°F) for sections with 152
mm (6 in.) of tire chips and 8°C (14°F) for sections with 305 mm (12 in.) of tire chips.
The region above tire chips was also typically colder than the same depth in the control
and eﬁisting road. This shows that the higher thermal resistivity of tire chips reduced
heat flow through the tire chip layer. This resulted in higher temperatures below the tire

chips and lower temperatures above them.

Frost heave for both winters is shown in Figure 2.13. There was an obvious

reduction in heave in the tire chip sections.

2.4.2 Saint-Joachim Quebec Test Sections
Freezing indices in the province of Quebec, Canada range from 900°C-days
(1620°F-days) to more than 2000°C-days (3600°F-days), and frost penetration varies

from 1 to 3 m (3 to 10 ft) below pavement. This extreme climate necessitates the use of
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Figure 2.13 Frost heave (after Humphrey and Eaton, 1995)

cither a sufficient thickness of non-frost susceptible granular material or insulation. Since
large quantities of granular fill may not be readily available or may be expensive,
alternative options were investigated. A full scale field trial using extruded polystyrene,

sawdust, stacked tires, and tire chips was conducted in the municipality of Saint-Joachim.

Saint-Joachim is located about 40 km (25 mi) northeast of Quebec City, where the
mean freezing index is 1334°C-days (2401°F-days) (compiled from 1951-1980 by
Environment Canada at the Saint-Fereol Station). Test sections were located in a

discontinued section of a working sand pit. The total length of the test sections were 42
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m (138 ft) excluding access ramps to the test sections. Profile and plan sections afe
.shown in Figures 2.14 and 2.15, respectively. The test site was divided into seven 6 m
long by 6 m wide (20 ft by 20 ft) sections. Cross-sections are shown in Figure 2.16. Tire
chips were used in Sections 1l and 2 with thicknesses of 300 mm (12 in.) and 150 mm (6
in.), respectively. Both sections had 700 mm (28 in.) of gravel cover. The gradation of
* the natural soil, sand, and gravel are showﬁ in Figure 2.17. The completed sections were
1.35 m (4.4 fi) above the natural ground surface. Subsurface exploration indicated that
gravely sand extended to a depth of 5 to 10 m (16.4 to 32.8 ft) and that groundwater was

at approxirhately the same depth.

Field trial results were reported through January 26, 1994. Figure 2.18 shows frost
penetration vs. time, and Figure 2.19 shows fotal frost penetration through January 26,
1994. On this date, frost penetfation was not reduced significantly by the tire chips.
Section 2 had almost the séme depth of frost penetration (1.4 percent reduction) as the
control, however, Section 1 pérformed better (10.4 percent reduction). This is still less
than the 22% to 28% reduction in frost penetration recorded in Richmond, Maine. This
may.be due in part to the lack of information on frost penetration for dates later than
January 26, 1994, Tt is likely that there would have been a greater reduction in frost depth

later in the winter, as was the case in Richmond.

2.4.3 Georgia Vermont Road Base

A 100-m (330-ft) gravel-surfaced test section using tire chips as a base course was
constructed in the town of Georgia, Vermont in 1990 (Frascoia and Cauley, 1995). The

road, Town Highway No. 4 (TH4), typically experienced severe rutting during the spring
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mell. The purpose of the tire chip layer was fo provide drainage and to prevent

contamination of the gravel base with fines from the subgrade.

Approximately 230 to 305 mm (9 to 12 in.) of tire chips were placed on a silty sand
| subgrade, which contained 24% to 43% fines. Most of the original gravel (approximately
610 mm or 24 in) and several centimeters of new gravel were placed over the tire chips to
complete the road structure (see Figure 2.20). In August 1990, some fine longitudinal
and transverse cracks were noted on the surface, however, there was no noticeable rutting

in the wheel paths,

The road was inspected in the spring of 1991. The untreated roadway portions were
in poor condition, visibly wet with numerous ruts, cracks, and boils, but the tire chip
sections were visibly dry and free of mitting. Frascoia and Cauley (1995) concluded that
the tire chip layer improved the otherwise poor quality gravel by cutting off the capillary
rise of water and by draining water inﬁitration from the surface away from the gravel.
Specific data on the thermal conductivity o-f the tire chips was not collected. FWD tests
were also pe'rformed‘ on the test section (see Table 2.10). They concluded that the
deflection of the road surface‘ under heavy loads would eliminate the possibility placing

bituminous pavement over the sections without the addition of more gravel cover.

2.5 PAVEMENT PERFORMANCE

2.5.1 Quebec Mechanical Properties Model

Part of the investigation by Dore et al. (1995) included modeling of mechanical

properties of the same insulating materials and 12 pavement structures as described in
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Table 2.10 Deflections from FWD tests and structural numbers on TH 4, Georgia,
Vermont (after Frascoia and Cauley, 1995)

Test Site Deflection (mm) Structural No.
1 0.73 2.80
2 0.87 2.52
3 2.60 1.61
4 - 3.27 1.49
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Section 2.2.2. The computer program ELSYM 5 was used to estimate pavement surface
deflections and horizontal strain at the base of the asphalt layer. The elastic modulus
used for tire chips, sawdust, éravel base, and clayey sand subbase were 1.1 MPa (160
psi), 70 MPa (10,150 psi), 200 MPa (29,000 psi), and 83 MPa (12,040 psi), respectively.
The wheel load used in ELSYMS5 was not specified. Figure 2.21 shows that deflections
in tire chip sections were calculated to be the highest, ranging from 0.73 to 0.99 mm.
Figure 2.22 shows that horizontal strainé were also calculated to be highest in tire chip
sections, from 194x10° to 213x10° compared to approximately 180x10° to 185x10° for
the reference section. The ratio of the strain calculated in the section with 450 mm (17.7
in.) of tire chips and 350 mm (13.8 in.) of cover divided by the strain of the reference
section was 1.18. The figures noted these as “tire chips,” however, they were referred to
in the paper as crumb rubber. Crumb rubbér may have different structural properties than
the tire chips used in the University of Maine trial. The calculated deflections may

therefore be different from those measured in the University of Maine field trial.

2.5.2 North Yarmouth and TWP31-MD Field Trials

Two field studies were performed by Nickels (1995) to determine the performance
of tire chips as lightweight and conventional embankment fill beneath paved roads. The
first project was located on the southern approach fill for the Route 231 bridge over the
Maine Central Railroad in North Yarmouth, Maine. The field trial consisted of four 30.5-
m (100-f1) sections each with a 610-mm (24-in.) thick tire chip layer and one 30.5-m
(100-ft) long control section. Overlying soil cover ranged from 762 to 1372 mm (30 to |

54 in.) and pavement thickness was 127 mm (5 in). Two fypes of tire chips, 76-mm
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(3-in.) minus (Type A) and 305-mm (12-in.) minus (Type B), were surrounded in non-
woven geotextile (Amoco 4551) to provide separation. A longitudinal layout is shown in
Figure 2.23 and a typical cross-section is shown in Figure 2.24. Table 2,11 summarizes

* the test section configurations.

The . second tna} in Township 31-MD (TWP31-MD), Mame, was located on a
section of Route 9 approximately 48 km (30 mi) west of Caieus Maine. The field trial
consisted of four 30.5-m (100-ft) Iong test sectlons cach containing a 610-mm (24-in.)
thick layer of tire cths and one 30.5-m (100 ft) long control sectlon There were two
3.7-m (12-ft) wide westbound lanes. one was a travel lane and the other was a truck lane.
There was one eaétbound 3.7-m (12-ft) wide travel lane and a 3.0-m (10-ft) wide

-breakdown lane. The soil cover over thé tire chips ranged in thickness from 1245 to 2464
mm (49 to 97 in.). Bituminous pavement thickness was 229 mm (9 in.) in the travel and
truck lanes. The breakdown lanes were covered with 51 mm (2 in.) of pavement

underlain with recycled milled asphalt that served as an aggregate base. Similar to North

Table 2.11 Test section conﬁguratwn for North Yarmouth test sections (after Nickels,

1995)
Section Tire  Thickness of layer (mm)
- ~chip Tire - Borrow Subbase Pavement
o type chips - cover course
1 B 610 130 635 127
2 A 610 430 635 127
3 A 610 740 635 127
4 A 610 130 635 127
Control  ---- — — 635 127

Note: 1 inch = 25.4 mm
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Figure 2.24 North Yarmouth typical_'crdss-section (after Nickeié, 1995)




Yarmouth, tire chip sections were surrounded by a non-woven geotextile (Mirafi 180N),
and tire chip Types A and B were used. A longitudinal section and typical cross-section
is shown in Figures 2.25 and 2.26, respectively. Table 2.12 summarizes the test section

configurations.

Benkelman Beam tests were performed at both sites. A summary of the maximum
deflection basins for each section at each site are shown in Figures 2.27 and 2.28. Tables
2.13 and 2.14 summarize pavement deflections directly under the wheel load for cach
section. Deflection basins for the North Yarmouth trial show that Type B (Section 1) tire
chips with 762 mm (30 in.) of cover showed the greatest deflections. Sections 2, 3, and 4
contained Type A fire chips with 1067 mm (42 in.), 1372 mm (54 in.), and 762 mm (30
in.) of soil cover, respectively, and exhibited the expected trend of decreasing deflections
with increasing soil cover. The deflection basins of tire chips are similar and extend to
3.0to 4.6 m (10 to 15 fi) ﬁ‘om the point of ldading. Nickels hypothesized that this broad,
flat shape spread over a larger distance than iﬁ the control would still yield similar tensile
strains compared to the control. The deflection basin in the control section extended no

more than 0.9 m (3 ft) from the center of the loaded area.

Table 2.12 Test section configuration for TWP31-MD test sections (after Nickels, 1995)

Section Tire Thickness of layer (mm)

chip  Tire Borrow  Subbase Pavement
type  chips cover course (travel lanes)
1 A 610 610 635 229
2 A 610 1219 635 229
3 A 610 1829 635 229
4 B 610 1219 635 229
Control = ---- -—-- ---- 635 229

Note: I inch=25.4 mm
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Table 2.13 Pavement deflections directly under wheel load in North Yarmouth (after

Nickels, 1995)

Section 1 Section 2 Section 3 Section 4 Control
30" Cover 42" Cover 54" Cover 30" Cover Section
Type B Chip Type A Chip Type A Chip Type A Chip
' No Tire Chips
Max. Max. Max. Max. Max,
Defl. Defl. | Defl. Defl. Defl.
Local (in) | Local (in) | Local (in) | Local (in) | Local (in.)
1 0.127 1 0.067 1 0.062 1 0.069 1 0.032
2 0.116 2 0.061 2 0.049 2 0.080 2 0.026
3 0.117 3 0.064 3 0.049 3 0.093 3 0.022
4 0.115 4 0.059 4 0.058 4 0.090 4 0.018
5 0.098 5 0.070 5 0.038 5 0.057 5 0.023
6 0.094 6 0.049 6 0.040 6 0.084 6 0.021
7 0.121 7 0.067 7 0.046 7 0.091 7 0.028
8 0.093 8 0.060 8 0.036 8 0.100 8 0.023
Min. 0.093 | Min. 0.049 | Min. 0.038 | Min. 0.057 | Min. 0.018
Max. 0.127 | Max. 0.070 | Max. 0.062 | Max. 0300 | Max. 0.032
Avg.  0.110 | Avg. 0.062 | Avg. 0.047 | Avg. 0.083 Avg. 0.024
*C.V. 119 | *CV. 106 |[*CV. 198 | *CV. 169 |*CYV. 183

*C.V. is the Coefficient of Varlatlon which is the standard deviation divided by the
average times 100, Note: 1 in. =25.4 mm

The TWP31-MD trial results showed the same trend of decreasing deflection with
increasing soil cover. The effeét of the higher compressibility associated with Type B
tire chips is very small with 1854 mm (73 in.) of soil cover and 229 mm (9 in.) of asphalt
pavement (Section 4). Sections 2 through 4 and the control had nearly identical
deflections up to 0.65 m (2.125 ft) from the center of the wheel load. Section 1

experienced more deflection to this point, and all tire chip sections experienced more

deflection beyond this point.
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Table 2.14 Pavement deflections directly under wheel load in TWP31-MD (after

Nickels, 1995)
Control Section 1 Section 2 Section 3 Section 4
Section 49" Cover 73" Cover 97" Cover 73" Cover
Type A Chip Type A Chip Type A Chip Type B Chip
No Tire Chips :

Max. Max. Max. Max. Max.

- Defl. Defl. Defl. Defl. Defl.

Local (in) | Local (in) | Local (in) { Local (in) | Local (in)
1 0.009 1 0.033 1 0.021 1 0.022 1 0.026
2 0.010 2 0.034 2 0.021 2 0.022 2 0.024
3 0.017 - 3 0.033 3 0.022 3 0.018 3 0.024
4 0.014 4 0.034 4 0,024 4 0.016 4 0.030
5 0.006 5 0.034 5 0.024 5 0.020 5 0.024
6 0.013 6 0042 | 6 0.022 6 0.018 6 0.020
®7 0.033 *7 0.069 *7 0.026 *7 0.038 *7 0.038
*g 0.022 *8 0.051 *Q 0.036 *8 0.030 *8 0.035
Min. 0.006 | Min, 0.033 | Min. 0.021 { Min. 0.016 | Min. 0.020
Max. 0.017 | Max. 0.042 | Max. 0.024 | Max. 0.022 | Max. 0.030
Avg. 0.012 | Avg. 0035 | Avg. 0.022 | Avg. 0.019 | Avg. 0.025
'C.Vv. 328 | CV. 2.9 C.V, 6.2 CVv. 127 | CV. 131

*Maximum deflection values are based on data from travel lane Locations 1 through 6
where the pavement thickness is 229 mm (9 in.), hence, breakdown lane Locations 7
and 8 which have 51 mm (2 in.) of pavement are not included in the analysis.

tC.V. is the Coefficient of Variation which is the standard deviation divided by the
average times 100. ' Note: 1 in. =254 mm

“The deflection data for both field trials was normalized by dividing the average
deflection benecath the wheel load in each section by the respective deflection in the
Control. Normalized pavement deflection is plotted versus soil cover thickness in Figure

2.29. Normalized deflection decreases as soil cover thickness increases.

Tensile strains at the base of the pavement were calculated from the measured shape
of the deflection basin using a finite element program named Algor (1989). Maximum

tensile strains for both North Yarmouth and TWP31-MD are shown in Table 2.15.
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Normalized strains were calculated by dividing the tensile strain beneath the wheel load
at the base of the asphalt layer by the respective tensile strain in the Control. Normalized
strains are plotted versus soil cover thickness in Figure 2.30. This sﬁows a trend of
decreasing tensile strain with increasing cover thickness. It was noted that for Section 4
in North Yéfmouth the normalized strain xvés 1.399 whereas the normalized deflection
was 3.125. Thus, tire chips had a greater effect on deflection than on tensile strain.
Nickels (1995) concluded that a 0.6 m (2-1t.) layer of Type A ftire chips would have only
a small effect on pavement life for soil covers as little as 762 mm (30 in.) and a negligible

effect for soil covers in excess of about 1778 mm (70 in.).

Table 2.15 Maximum tensile strains for North Yarmouth and TWP31-MD (after Nickels,

1995)
NORTH YARMOUTH 5 in. Pavement
Section Soil cover Tire Chip Type Max. Strain
(in.) (x102%) .
1 30 B 5.660 '
2 42 A 3.346
3 54 A 3.501
4 . 30 A 3.741
Control — : — 2.674
_ TWP31-MD 9 in. Pavement
Section Soil cover Tire Chip Type Max Strain
(in.) (x10-2%)
1 49 A 2.998
2 73 A 2.157
3 97 A 2.401
4 73 B 2.250
Control mm —— 2.292
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2.6 SUMMARY

Thermal properties, permeability, and case histories relating to the thermal and
mechanical properties of tire chips were reviewed. Laboratory thermal conductivities of
'ti-re chips ranged from 0.097 W/rﬁ-°C (0.056 Btw/hr-ft-°F) for unwetted, thawed rubber
buffings (80% passing the #10 (2.0-mm, 0.0S-in.) sieve) at a water content of less than
1% (Shao, et al., 1995) to 0.38 W/m-°C (0.22 Btu/hr-ft-°f‘) for a 50% tire chip (20 to 40
mm, 0.8 to 1.6 in.)/50% ground tire (1 to 4 mm, 0.04 to 0.16 in.) mixture (Dore, et al.,
1995). The values from Benson, et al. (1996) are not included in this comparison due to

the much lower value of K compared to the other values found by more reliable methods.

In a study performed by Dore, et al. (1995), computer modeled pavement surface
deflections ranged from 0.73 fo 0.99 mm (0.029 to 0.039 in.) for tire chip thicknesses
ranging from 250 to 450 mm (9.8 to 17.7 in.), and base cover thicknesses ranging from
350 to 450 mm (13.8 to 17.7 in.). Horizontal strain at the base of the pavement was
calculated from the computer model to be from 194x10° in a section with 450 mm (17.7
in.) of cover and 250 mm (9.8 in.) of tire chips, to 213x10° in a section with 350 mm
(13.8 in,) of cover and 450 mmA(17.7 in.) of tire chips. Frost penetration and frost heave
were estimated from a numerical bi-dimensional mode! developed at Laval University.
Tire chips theoretically reduced frost penetration from 36 to 44 percent and frost heave

from 72 to 90 percent.

The permeability of tire chips have been reported to range from 0.58 to 23.5 cm/s
(0.60x10° to 24.3x10° ft/yr). Permeability of tire chip/soil mixtures was found to

decrease as the percent soil in the mix increased.
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Three case histories in the literature dealt mainly with thermal and drainage
properties of tire chips. The frost penetration in the Richmond project was reduced by 22
to 28 percent. Heave was also substantially reduced. The Saint-Joachim, Quebec project
saw a reduction in frost penetration depth up to about 10.4 percent, however, data was
only availéi)le up until Janmary 26, 1994. Tire chips were used on a town highway in
Georgia, Vermont. Here visual inspection indicated that while untreated roadway
sections were in poor condition, ﬁré chip sections were visibly dry and free of rutting. No
attempt was made to measure the thermal conductivity of these tire chips. The

improvement in performance was attributed to the free draining nature of tire chips.

The final case histories were located in North Yarmouth, Maine and TWP31-MD,
Maine. The effect of tire chips on plavement performance was investigated. Nickels
(1995) found that while the deflection bésin was much larger for tire chips, the sirains at
the base of the pavement could be acceptable with er;ough soil cover. Nickels (1995)
concluded that a 0.6 m (é-ﬁ) layer of Type A tire chips would have only a small effect on
the durability of 127 mm (5 in.) of bituminous pavement for soil covers as little as 762

mm (30 in.).
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3. MATERIAL CHARACTERIZATION
' FOR LABORATORY TESTS

3.1 MATERIAL SOURCES
Three types of matérials were tested in laboratory thermal conductivity and

permeability tests: tire chips, gra\;rel, and.tire chip/gravel mixtures. Five types of tire chips
were obtained from four suppliers. The supp]iers were; F&B Enterprises in New Bedford,
Massachusetts; Pa]mel; Shredding in North Ferrisburg, Vermont; Pine State Recycling in
Nobleboro, Maine; and Sawyer Environmental Recovery in Hampden, Maine. The tire
chips were:

+ F&B Enterprises, 3S~m‘m (1.5-in.) maximum size with glass belts (no steel belts)

+ F&B Enterprises, 51-mm (2-in.) maximum size with partial removal of steel belts

» Palmer Shredding, 76-mm (3-in.) maximum size with steel belts

+ Pine State Recycling, 76-mm (3-in.) maximum size with steel belts

« Sawyer Environmental Recovery, 5l-mm (2-in) maximum size with partial
removal of steel belts '

Photographs of '_t_he tire chips are given in Figures 3.1 through 3.5. The Pine State
and Palmer chips (Figures 3.3 and 3.4, respecfively) are the largest (76-mm (3-in.)
maximum size) and contained large pieces, even bundles, of steel bélts. Some of the
pieces from Palmer Shredding were mostly steel belts with a small amount of rubber
coating. Figures 3.2 and 3.5 show the 51-mm (2-in.) samples from F&B Enterprises, steel
belted, and Sawyer Environmental Recovery. Although they both have the same

maximum nominal size, the chips from Sawyer are slightly larger -and less
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Figure 3.5 Photograph of Sawyer tire chips

equidimensional than the F&B steel-belted chips. Both of these samples have fewer steel
belts than the 76-mm (3-in.) maximum size Palmer and Pine State chips. F&B glass-belted

chips are the smallest chips.

The "38-mm (1.5-in) maximum size with glass belts" as supplied by F&B
Enterprises had a maximum size of about 75 mm (3 in.). They were reduced to 38-mm
(1.5-in,) maximum size by Sawyer Environmental Recovery. The five types of tire chips
included in this study encompass the range of tire chip sizes and proporﬁon of steel belts
likely to be considered for use in thermal insulation and drainage projects. Gravel was
obtained from Owen J. Folsom Construction in Old Town, Méine. The gravel had a

maximum size of 51 mm (2 in) and meet Maine Department of Transportation
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Requirements for Type D subbase aggregate. A photograph of the gravel is shown in

Figure 3.6

Six tire chip/soil mixtures were tested in the laboratory. The proportioﬁs of tire
chips and gravel were based on their solid volume and were expressed in terms of a
perceﬁtage of the total volume of the sample. Compared to "percent based on weight",
this was more representative of the quantity of tire chips and gravel in a sample because of

the large difference in the specific gravity of tire chips and gravel (about 1.2 vs. 2.7),

Figure 3.6 Photograph of gravel
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The mixtures tested were:

o 33% 51 mm (2-in.) F&B steel belted chips / 67% gravel

¢ 67% 51 mm (2-in.) F&B steel belted chips / 33% gravel

o 33% 38 mm (1.5-in.) F&B glass belted chips / 67% gravel
» 67% 38 mm (1.5-in.) F&B glass belted chips / 33% gravel
e 33% 76 mm (3-in.) Palmer chips / 67% gravel

¢ 67% 76 mm (3-in.) Palmer chips / 33% gravel

Photographs of the tire chips/soil mixtures are given in Figures 3.7 through 3.12.

The gradation and specific gravity of the materials used for the laboratory thermal
conductivity and permeability tests are given in the following sections. Additional

gradation tests sp_eéiﬁc to the field trial are given in Chapter 9,

Figure 3.7 Photograph of 67% Palmer/33% gravel
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Figure 3.9 Photograph of 67% F&B glass belted/33% gravel
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Palmer/67% gravel

Figure 3.10 Photograph of 33%

F&B steel belted/67% gravel

%

Figure 3.11 Photograph of 33
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3.2 GRADATIONS

The gradations were found using AASHTO designation T 27-87, "Sieve anaIﬁiﬁ of
fine and coarse aggregates" (AASHTO, 1986). The following sieve sizes were used for
tire chip samples; 76.2-mm (3-in.); 50.8-1ﬁm (2-in.); 38.1-mm (1-1/2-in.); 25.4-mm (1-in.),
19.05-mm (3/4-in.); and #4 (4.75-mm; 0.19-in.). For gravel saminles, the following sieve
sizes were used: 50.8-mm (2-in.); 25.4-mm (1-in.); 12.7-mm (1/2-in.); 6.4-mm (1/4-in.);
#4 (4.-75~mm; 0.19-in.); #10 (2.00—mm; 0.08-in.); #20 (0.85-mm; 0.03-in.); #40 {0.0425-

mrn; 0.02-in.); #100 (0.015-mm; 0.006-in.); and #200 (0.075-mm; 0.003-in.).

The gradation results for tire chips are shown in Figure 3.13 and the results for
gravel are shown in Figure 3.14. The F&B and Sawyer samples are finer and more

uniform than the Pine State and Palmer samples. Nearly 100% of the F&B and Sawyer
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samples pass the 50.8 mm (2-in.) sieve, and 70% to 80% of the samples fall between the
38.1-mm (1-1/2-in.) and 19.05-mm (3/4-in.) sieve. The Palmer samples are the coarsest

with a maximum size of 76 mm (3 in.) and only 10% passing the 25.4-mm (1-in.) sieve.

3.3 SPECIFIC GRAVITY |
The specific gravity of tire chips were determined using AASHTO designation T85-
85, "Specific gravity and absorption_of -coarse aggregate" (AASHTO, 1986), with the

exception that the samples were air dried rather than oven dried prior to testing. The
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results were reported as the apparent specific gravity which was the specific gravity of the

solid making up the material. Some of the specific gravities were taken from the previous

study by Humphrey, et al. (1992). The apparent specific gravities are presented in Table

3.1. Each value was the average of two tests. The specific gravity of gravel was also

determined using AASHTO T85-85. The resulting specific gravity was 2.67. The specific

gravity of tire ¢hip/gravel mixtures were determined from the specific gravity of the tire

chips (Gg chip) and gravel (G graye)); arid the percentage of gravel volume relative to the

total volume of the mixture (o) using the equation given below:

G5 mixture = % Gg pravel + (1-a)- Gs,c]u'p

(3.1)

The specific gravities calculated with the above equation are given in Table 3.2.
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Table 3.1 Summary of apparent specific gravity of tire chips

Supplier Specific Gravity
F&B Enterprises (glass belted) 1.14*
F&B Enterprises (steel belted) 1.16
Pine State Regzcli.n.g 1.24*
Palmer Shredding 1.27*
Sawyer Environmental Recovery 1.23*

*after Humphrey, et al, (1992)

Table 3.2 Specific gravity of tire chip/gravel mixtures

Mixture

Specific Gravity
33% 76 mm (3-in.) Palmer chips / 67% gravel 2.21
67% 76 mm (3-in.) Palmer -chips {33% gravel 1.73
33% 51 mm (2-in.) F&B steel belted chips / 67% gravel 2.17
67% 51 mm (2-in.) F&B steel belted chips / 33% gravel 1.66
33% 38 mm (1.5-in.) F&B glass belted chips / 67% gravel 2.15
1.64

67% 38 mm (1.5-in.) F&B glass bélted chips / 33% gravel
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4, TESTING METHODOLOGY

4.1 INTRODUCTION

The large size and high compressibility of tire chips made it necessary to design and
build a customized test appafatus to measure their thermal conductivity. The design was
based on ASTM C177-85 "Standard Test Method for Steady-State Heat Flux!
Measurements and Thermal_’l‘rarismission Properties by Means of the Guarded-Hot-Plate
Apparatus” and C1044-90 ."SAtandard Practice for Using the Guarded-Hot-Plate Apparatus
in the One-Sided Mode to Measure Steady-State Heat Flux and Thermal Transmission
Properties". The apparatus constructed for this project could accommodate a 305-mm (1-
ft) thick sample with plan dimensions of 914 mm by 914 mm (3 ft x 3 ft). A vertical stress
up to 17.9 kPa (375 psf) could be applied to simulate compression of the sample under the

weight of overlying soil and pavement.

Thermal conductivity (K) is the time rate of steady state heat flow through a unit
area of a homogeneous mater}al induced by a unit temperature gradient in a direction

perpendicular to that unit area (ASTM C168-90). It is computed as follows:

K=q-o 4.1)

where: q = heat flux

AL

AT temperature gradient in the direction of heat flow

1 heat flux is the heat flow rate through a surface of unit area perpendicular to the direction of heat flow. It
is also called heat flow rate density.
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The thermal conductivity measured in this study is the apparent thermal conductivity
whose value will vary with emittance? of bounding surfaces, specimen thickness, and air
flow. These variations are caused by the following nonconductive modes of heat transfer:
radiation and free convection. These modes will occur under field conditions, Thus, the
apparent thermal conductiviiy as measured_ in this study is the value that shoujd be used as

the K in a field design.

4.2 TESTING METHOD
There are two kinds of standard test methods stated in ASTM for steady-state heat

flux measurements: absolute (or primary) and comparative (or secondary). Both methods

create a steady state heat flux through the specimen as shown in Figure 4.1

Cold Plate

/ / Heul Fluz

\— Hot Plate

Figure 4.1 Principal of operation of test apparatus

The difference between these two methods is how the heat flux is measured. In the
absolute method, the heat flux is determined from the heat flow rate and area through

which the heat flow is passing. The heat flow, which is the input energy rate, is measured

2 emittance is the ratio of radiant flux emitted by a specimen to that emitted by a black body at the same
temperature and under the same conditions.
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directly by a watt meter or by measuring the voltage and current. The thermal
conductivity is computed by the following equation:

AL '
Kzgﬁ (4.2}

‘where: Q = heat flow rate

A = area through which Q passes

AT temperature gradient in the direction of heat flow
In the comparative method, the heat flux is measured by heat transducers. The

thermal conductivity of a specimen is computed by the following equation:

- AL |
— Q.| 4.3
K SEAT | (4.3)

where: S = sensitivity of heat flow transducer

E = heat flow transducer output

oo temperature gradient in the direction of heat flow
In this method, a standard specimen with known thermal conductivity should be tested at

the beginning of a test to determine the sensitivity of the heat flow transducer.

The absolute and c.omparative methods can be used with one-sided and double-sided
mode apparatus. The difference between these two apparatus are shown in Figure 4.2. In
- the double-sided mode, the specimen is composed of two identical pieces: one located
above and one located below the hot plate. The measured thermal conductivity is the
average of these two pieces. In the one-sided mode, only one piece of specimen is used,
and a backflow specimen .and a heated backflow plate are used to force all the heat
introduced at the hot plate to flow up thrbugh the test specimen. Details of the one-sided

mode apparatus are discussed in the next paragraph.
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Cold plate
Specimen

Hot plate

Specimen

1 Cold plate
(a) Double-Sided Mode

T e S R R (' [ o] plate

Specimen

= ot plale

Backflow specimen
Backflow plate

(b) One-Sided Mode

Figure 4.2 Comparison of one-sided mode and double-sided mode apparatus

" The apparatus designed and built for this project is an one-sided mode apparatus
using absolute steady-state heat flux measurement. The idealized principle of the method
is straight forward. Figure 4.2(b) illustrates the core components of the idealized system:
isothermal cold plate, is_oihermal hot plate and backflow plate. Sandwiched between these
three units are the sample, whose thermal conductivity will be measured, and a backflow
spééimen. The material used for the backflow specimen is selected to have a similar
thermal conductivity to the sample. The temperature of the backflow plate is adjusted to

be identical to that of the hot plate. Consequently all the heat generated from the hot plate
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will flow to the cold plate. The energy input to the hot plate is measured to obtain the

heat flow rate for use in Equation 4.2

The differences between the idealized principle and the experimental realities lead to
distortions of the isotﬁermal surfaces and lines of constant heat flux density within the test
volume, The deviations are caused by specimen inhomogeneities and edge unbalance,
which is temperature differences between the outer edge of the assembly and the
surrounding environment. Conseqpenﬂy, the power supplied to.the hot pléte is not
exactly equal to that which flows through the test volume. The measured power can be
either too small or too large depending on the direction of the edge unbalances (ASTM
C177). Minimizing the edge unbalance increases the accuracy of the results. The

. following discussion shows how this was accomplished for this study.

4.3 APPARATUS
The apparatus is called a one-sided mode insulated-hot-plate apparatus. The
apparatus is composed of three parts: sample container, energy source, and data

acquisition system. The detailed configuration of each part is described below.

4.3.1 Sample container

A cross section and a plan through the sample container are shown in Figures 4.3 and
4.4. Photographs of the apparatus are shown in Figures 4.5 through 4.7. The sample
container was a wooden box made by four pieces of 18-mm (3/4-in.) thick plywood and

reinforced by 2x4’s at each corner. The sides of the container are insulated with 305 mm
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Figure 4.3 Cross-section of the one-sided mode insulated-hot plate apparatus

1.5m ,
0.9m vl
Extruded ;
. Eztrude
TN &0 6. 6.6
Polystyrene 2%g®g®g0,®
3 e e a"s @
e e a"a"e
k- 2ol
' ﬁeseaeeéﬁa
Plywood—\ ® 0 00 0.9,
-8
N 8,0 8
ey o t.5m
% X
X S
X \
X X
A AN

\—' Steel PzateL Heater

Figure 4.4 Plan view of the apparatus
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Figure 4.7 Picture of the apparatus under full surcharge

(1f) of éxtmde_.c_-i. pqust_yrené fi.risu!ation with a mean thermai.conductivity of 0.029
| Wim-C° (0.017_ Biufhr-ﬁ-f") .at 42°C (75°F). Within tﬁe wooden box are four steel plates,
the test s_;.).ecimen, the backﬂow specimen, and two heaters. The plan dimensions of the-
steel sheets and heaters are the same as the interior plan dimensions of the sampié
container which are 914 mm by 914 mm (3 fi by 3 ft ). The steel plates are labeled from
bottom to top as backflow plate T1, hot plate T2, hot plate T3, and cold plate T4. .
Sandwiched between the hot plate T3 and the cold plate T4 is the test specimen. The
backﬂow specimen is between the backflow plate T1 and hot plate T2. The thickness of'_
the test specimen, which is also the distance between cold plate T4 and hot plate T3, is
about 305 mm (1 ﬁ).' One heater (iébeied as Heater #1) is placed beneath the backflow

plate T1 and another heater (Heater #2) is placed between the hot plates T2 and T3.
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The functions of the cold (T4) and hot (T3) plates are to create isothermal Vsurfaces
in contact with both sides of the test specimen; The hot pléte T3 acts as a heat source
while the cold plate T4 acts as a heat sink. In addition, the hot plate T3 supports the
bottom of the sample and the cold plate T4 distributes the applied surcharge load to the
sample. Steel was chosen for the hot plates because it has a high thermal conductivity and
relatively thin sheets are stiff enough to carry the applied load with little deformation. In
this design, the upper two plates (T3 and T4) are 6-mm (1/4-in.) thick steel sheets and the
lower two plates (T1 and TZ) are 3-mm (1/8-in) thick steel sheets. The arrangement and

the function of these plates are discussed below.

The hot plate T3 acts as a heat source which adds a measured amount of energy into
the system. The condition of heat flow only through the sample is created by use of the
backflow plate and backflow specimen. Theoretically, if the temperatures of tl;e hot plate
T2 and the backflow plate T1 are the same, then the heat exchange between these two
plates (Qp) will be zero. Consequently all the energy input at the center heater (Heater
#2) will flow only through the test specimen to reach the cold plate. In practice, the
condition of Q=0 cannot be'precisely achieved. However, the energy exchange Qj, is
minimized by adjusting the energy input to the lower heater (Heater #1) to maintain the
temperature of the backflow plate T1 as close as possible to the temperature of the hot
plate T2, To minimize the energy exchange between the hot plate and the backflow plate

(Qy), the backflow specimen should have a low heat capacity? to minimize the time needed

to achieve steady-state test conditions and have a thermal conductivity similar to that of

3 heat capacity is the amount of heat to change the temperature of a unit mass of material by one degree C.
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the test sample. Rigid insulation board meets these criterion. Also, the backflow

specimen should be thick enough to reduce Qy, to a very small value if the temperature of

the hot plate and the backflow plate are not identical. However, the thicker the backflow
specimen, the larger the edge heat loss. Thus, there will be an optimal thickness of the .

backflow specimen that will result in a minimum uncertainty in Q (Peavy and Rennex,

1986). According to ASTM C177, to maintain the edge losses to below about 0.5%, the
recommended maximum thickness of a specimen is one-third the plan dimension of the
sample. In this test, 152 mm (6 in.) of expanded polystyrene with a thermal conductivity

of 0.144 W/m-C° (0.083 Btu/hr-ft-F°) is used as the backflow specimen.

A test error is introduced because of heat loss at-the perimeter of the test sample.
This is termed edge loss or edge unbalance. In general, the temperature of the room in
which the test is conducted is different from the temperature of the specimen, so some
energy exchange between the specimen and the environment occurs. To minimize the
uncertainty in energy input to the sample caused by this edge loss, ASTM standards
recommend a guarded-hot-plate. A guarded-hot-plate is shown in Figure 4.8. The
function of the guard portion of the isothermal hot plate is to provide the additional power
necessary to minimize edge unbalance of the central portion of the specimen. However, a
guardc;d hot plate apparatus that could accommodate tire chips would be very large, which
was neither economical nor practical. As an alternative, extruded polystyrene foam was
used to insulate the edge the_reby reducing edge loss. Later in this chapter, it will be
shown that the lateral heat loss can be reducéd to an acceptable level by using 304 mm (1

ft) of extruded polystyrene insulation.

-74 -




L COLD PLATE }

Qg [ Qg
e ; et ol
[ PRIMARY][  METERED AREA || GUARD |
e -
Qg l Qg
o r———ee R B
Qe Q QB
l COLD PLATE |

Figure 4.8 Ilustration of guarded hot plate apparatus (after ASTM C177, 1992)

4.3.2 Energy source

ASTM C518 requires that the temperature difference across the specimen be not less
than 10°C (1 8°F). For the expected thermal conductivity of tire chips and tire chip/gravel
mixtures, only a small amount of energy was needed to cause a large temperature
difference across the test specimen. In this particular case, the size of the test specimen is
914 mm by 914 mm (3 ft by 3 ft) in plan with a thickness of 305 mm (1 ft). Based on the
field trial conducted in Richmond, Maine the expected thermal conductivity of tire chips
was 0.17 to 0.52 W/m-°C (0.1 to 0.3 Btu/hr-ft-°F). Thus, only about 8.5 W (29 Btu/hr) is
needed to create a 10°C (18°F) temperature difference across the 305-mm (1-ft) thick
specimen, This small amount of energy has to be distributed uniformly across the 914 mm

by 914 mm (3 fi by 3 fi) area.

To meet the criteria given above, two special heaters were built. A set of Christmas
light bulbs was used as a heat source in each heater. The heater was a 914 mm by 914
mm (3 ft by 3 ft) peg board framed by 19-mm (3/4-in.) thick pine. The Christmas light

bulbs were uniformly distributed in the holes in the peg board as shown in Figures 4.9 and
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4.10. The electric resistance of the series of light bulbs was 24 Q. The input energy is

adjusted by controlling the input voltage,

The ihput energy is determined from a voltage meter and a current meter. AC power
measurements are more prone to error than DC measurements, so DC power was used.
Two KEPCO model ATE150-0.3M variable DC power supplies were purchased for this
purposeA. The maximum output of fhese power supplies are 150 V and 0.3 A with a
resolution of 0.1 V. The required input voltage ranged from 60 V to 100 V for tire chips,
gravel, and tire chip/gravel mixtures. The input voltage and curreﬁt are measured by two
digital multimeters. The voltage reading is accurate to 0.1 V and the current reading is

accurate to 0.1 mA. The arrangement of the equipment is shown in Figures 4.11 and 4.12.

Christmas

: Input: DC

light bulbs _ Measure the input
current & voltage

Figure 4.9 Diégram of a heater
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Figure 4.11 Energy source and measurement
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Figure 4.12 Picture of the power supplies and multimeters used in the test

4.3.3 Data acquisition system
The temperatures were measured by the data acquisition system. The system was

made up of an analog to digital converter card, a terminal panel, temperature sensors, and

data acquisition software.

Thermocouples* were used as the temperature semsors. Teflon insulated
twisted/shielded Type T thermocouples (Copper-Constantan) were selected (Omega
Engineering, Inc. model No. as FF-T-24-TWSH) which have a working temperature range

from -200 to 350°C (-328 to 662°F). Twenty-four gage wire was selected because this

4 A thermocouple is “a temperature-measuring device formed by joining the ends of two strips of
dissimilar metals in a closed loop, with the two junctions at different temperatures.” The “voltage that
arises in this circuit is proportional to the temperature difference between the junctions”, thus, “the
lemperature at one junction can be determined if the other junction [cold junction] is maintained at a
known temperature” and the resulting voltage difference is measured. (Columbia University Press, 1995)
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provided a good balance bétween higher stability® compared to smaller wire and smaller
heat leakage compared to Iérger wire. Shielded wire results in less noise from outside
electrical sources. The voltage difference produced by the thermocouples and subsequent
_conversion into temperature ‘was done by computer. The thermocouples wires weré
connected to a Strawberry Tree model T21 terminal block and Strawberry Tree model

ACPC-16-16-T42 Analog to Digital board which was installed in a 286 computer.

The temperature of the isothf:rmal steel plates are required to determine the thermal
conductivity. Four thermocouples were installed in the hot plate T3 which was beneath
the test specimen and three in the cold plate T4 which was above the fest specimen. The
average of these four or ‘three thermocouple readings are used to represent the
temperature of the hot and cold plates, respectively. Aé a result, the temperature of both

‘sides of the test specimen was determined.

Only the temperature difference between the top and bottom of the backflow
specimen was needed'. To accomplish this, twenty-five thermocouple paii‘s were
connected in series (called a thermopile). The purpose of this kind of connection is to
amplify the total voltage dif{erence between T1 and T2. They were joined in such a way
that the total output of thisl connection is zero when the temperature of these plates T1

and T2 is identical.

The temperature measured by a thermocouple is determined from the voltage output

of the thermocouple based on an empirical relationship betweén voltage and temperature.

3 high stability results in a decreased tendency for the temperature to drift with time due to higher thermal
inertia
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This relationship is nonlinear but it can be approximately by a polynomial equation, which
is callgd a thermocouple characteristic curve. The practicai way to obtain this relationship
is to divide the thermocouple characteristic curve into a certain number of temperature
ranges or sections, and each sectiqn is approximated by a lower order polynomial such as

a third-order polynomial.

The procedure for installing the thermocouples in the steel plate was as follows. A
6 mm (1/4 in.) diameter hole was drilled in the steel plate and the tip of the thermocouple
was inserted in the héle, resting against the side of the hole. Silicon caulking was then
used to fill the hole and fix the thermocouple to the plate. Care was used to make sure
that the thermocouple tip and the steel plate were in good contact. Otherwise the

thermocouple would measure the temperature of the silicon caulking.

4.4 INTERPRETATION OF RESULTS

The primary data required to calculate thermal conductivity include electrical power,
surface temperatures, sample plan area, and sample thickness. Except thickness and plan
.area, the data are either calculated from other more fundamental measurements or are
convertéd by aﬁ electrical device. The manner in which these variables can be obtained

and their accuracy or uncertainty are discussed below.

4.4.1 Calculation of thermal conductivity

Thermal conductivity K (W/m-°C or Btu/hr-ft-°F) is computed using;

AL 3413.1.U AL
AT~ A Ty — Ty

K=q (Btu/hr-£i-°F) T 44
(1 BtwhrR-°F= 1,728 W/m-°C)
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where: q = heat flow rate per unit cross-section area (Btu/hr-fi2) -
AL/AT = temperature gradient (ft/°F)

AL = the thickness of test specimen (ft)
T3 = temperature of hot plate (°F)

T4 = temperature of cold plate (°F)
I = current input from heater {A)
U = voltage input frbm ﬁeater V)
A = plan area (ft2)

In this fest, the plan area A is a constant which is 0.84 m2 (9 fi2); I and U are the input to
the middle heater (Heater #2). They are measured by multimeters. The constant 3,412 is

the conversion between Btu/hr and Watt (1 A-V =1 Watt).

4.4,2 Precision and bias
There are some possible sources of error in the measured values of thermal
conductivity, including heat radiation, heat convection, and resolution of the energy and

temperature measuring systems. Detailed analyses are given below.

1) Error in input energy caused by heat radiation
The heat loss caused by the heat radiation cannot be reduced to zero in this design.
- However, the temperature level in this test is so low that the heat loss caused by radiation

can be ignored (McQuiston and Parker, 1977).

2) Heat loss caused by convection between gaps
There are some small gaps located between the wooden box and the surrounding

insulation, and at the connections between pieces of the sample container. Most of the
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gaps were filled with an aerosol based expanding foam insulation. However, there were
still some small gaps that could not be filled with this insulation. As a result, there will be
some heat convection between these gaps that will cause some uncertainty in the input
heat flux. This kind of heat convection can be classified as convection between two
paralIg! surfaces. According to the heat transfer mechanics, free convection between two
flat plates depends on the gap width and the inclination angle of the plates. The
convection decreases rapidly as the gap width decreases. When the gap is smaller than 10
mm (0.4 in.), the convection will be very small and can be ignored (Kreith and Dreider,
1978). The gaps in the apparétus used in this test were typically about 2 mm (0.1 in.).

Thus, the heat convection between the gaps can be ignored.

3) Edge heat loss

The uncertainty introduced by edge heat loss is the main concern in this design,
According to- ASTM C1044, a guarded-hot-plate should be used to minimize this
uncertainty. However, this ﬁas not possible for this large scale design. Instead, 305 mm
(1 ft) of insulation was used to minimize edge heat loss. Because there is heat conduction
through the surrounding insulation materials, there is still heat loss at the edge. An
analysis was done to determine how sensitive the test was to this source of error. The K

value was corrected based on the estimated edge loss.

The edge heat losses include the heat loss at the edges of the sample, middle heater
(Heater #2), and part of the back flow specimen. The error analyses used for the sample
.

edge loss were based on the heat conduction equation (Equation 4.1). However, the heat

flow at the edges of the sample is two-dimensional or three-dimensional, which means that
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the temperature gradient within the surrounding insulation is different at each point. None
the less, to make the analysis tractable, it was assumed that the temperature changed
linearly through the insulatiqnﬁ. Thus, the temperature difference across the insulation
leading to this heat loss were estimated as the temperature difference between the mean
temperature of the inner side of the insulation adjacent to the edge of the sample and room
temperature. The heat flow area was the four sides of the test specimen. The edge heat

loss is computed as follows:

ATf:ctgcl
Qedget = Kinsutation * 7" " Asidel
edge insulation ALinsulation side
T3 + T4 (45)
- Tr)
= Kingulation - AL_insulation '4‘(ALsampIe -0.9m)

where: Kjpeulation= thermal conductivity of extruded polystyrene

= 0,029 W/m-°C (0.017 Btu/hr-ft-°F)
T4 = temperature of hot plate
T, = temperature of cold plate
Tg = room temperature = 24.4°C (76°F)
AL jnentation - thickness of insulation, which is 0.3 m (1-ft)

Agige1= side area of a test sample = 0.9 m (3-ft)x thickness of test sample

ALgample = thickness of test sample

The estimated heat losses at the edges of Heater #2 and part of the backflow
specimen were also based on the heat conduction equation (Equation 4.1). The two

backflow plates T1 and T2 were maintained at the same temperature, thus, the inner side

5 the effect of assuming one-dimensional heat flow was checked with a two-dimensional finite clement
program; assuming onc-dimensional heat flow would result in a 1.5% error in the computed K for the
sample, thus the assumption is reasonable, )
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temperature of the extruded polystyrene at the edge of the middle heater (FHeater #2) and
the edge of the backflow specimen can be assumed to be the same as the temperature of
the hot plate (T3). However, because t-here is no guard heater around the backflow plates
T1 and T2, the middle edge temperature of the backflow specimen will be a little lower
than the temperature of the hot plate (T3). The magnitude of this temperature can be
estimated by Equation 4.6, which is based on heat transfer in layered materials. The heat

loss at the edge of the heater (Qedgez) and half of the edge of the backflow specimen

(Qedge3 ) are computed as follows:

Temperature at the middle edge of backflow specimen:

| 240-T, +12.Ty

T, .
me 252 (4.6)
where: T, = temperature of backflow plate T2 = T;
ATf:d,geZ
Qedgez = Kinsulation * AL -Asgider
: insulation o %))

Theater —TR)
hewter “TR) 4 ap, 0.9m)

=K
Vmsulation ALinsuI::\tiorh

where: Treaer = temperature of the edge of Heater #2 = T

ALjpegier = thickness of ﬁeater =0.08 m (3 in.)
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A:fedge?»

Qedge = Kinsulation 7~ Aside3 |
edge3 insulation AL jneulation side
Ty +Tpy (4.8)
) |
= Kinsulation - AL ) *4 - (ALpgck - 0.9m)
insulation

where: T, = temperature of backflow plate T2 = T;

ALy.q. = half thickness of backflow specimen = 0.08 m (3 in.)

Typical values of samplevthickness, T3, and T4 are 0.3 m (1-ft), 25°C (77°F) and 35
°C (95°F), respectively. Thus,- the estimated edge heat loss is about 1.1 Watt (3.7 Btu/hr).
Compared to the total input energy, which typically is 8.5 Watt (29 Btu/hr), this heat loss
is about 13%. However, the direction and magnitude of this heat flow are known, so the
heat loss at the edge can be used in the computation of the thermal conductivity to correct
this error. In that case, the uncertainty in the thermal conductivity Ewill only come from the
uncertainty in parameters used to calculate the heat loss. There was about 1.1°C (2°F)
ﬁncertainty in the temperature. This results in about 0.1 W (0.4 Btu/hr) uncertainty in the

input energy calculation, which is about 1.4% of the total input.
4) Botfom heat loss

Bottom heat loss is caused by heat exchanged between the lower hot plate T2 and

the backflow plate T1. The bottom heat exchange Qygyom can be estimated by: |

ATbackﬂow

Qbonom = A ' Khackﬂow ' AL

4.9

backflow

where: A = plan area of test specimen
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Kpackflow = thermal conductivity of backflow specimen (0.144 W/m-°C;

0.083 Btu/hr-ft-°F) .
ATpackfiow = temperature difference between the hot plate T1 and T2;

ALpackflow = backflow specimen thickness, which is 152 mm (6 in.).
The maximum difference between T1 and T2 that was allowed during the tests was
0.02°C (0.04°F). For this worst case condition, Qporom = 0.2 W (0.7 Btu/hr) which is

about 2.3% of the total input energy.

5) Free heat convection within fest sample

This type of convection is different from the convection between gaps. Thé heat
convection within the voids of the test sample is classified as the convection in porous
rﬁaterial. The magnitude of ther cdnﬁectioh ina pdrous material dep'ends on several factors
including temperature gradient, sample thickness, sizes of the voids, direction of the heat
flow, and_temperaturé level (Gebhart, 1961). It is generally impossible to separate the
heat conduction from the convection in a porous material. In practice, the K value is
treated as the combihaﬁon of heat conduction, radiation, and free convection which is
c;alled apparent thermal cond'u_ctivity. This approach was adopted for this study, and as

noted previously, it is apparent thermal conductivity that is needed for field design with

tire chips.

6) Power measurement error
Power measurement errors include the errors from the multimeters and power
supply. The multimeters used in determining the input power have 100 mV resolution

with +0.5% accuracy for 200 V range DC voltage measurement and 100 pA resolution

-86-




with £1.0% accuracy for 200 mA range DC current measurement. The uncertainty in the
input energy introduced by them is less than 0.1%. The voitage output fluctuation of the
power supplies were less than 0.5% during the tests. Thus, the power measurement error

" introduces less than 0.5% error inK

7) Temperature measurement errors

This is one of the major sources of uncertaintﬁ in the calculated thermal conductivity.
It can be further subdivided into caﬁbration error, instrumentation measurement error, and
" sensor positioning error. The calibration error is a systematic error as long as the same
calibration is used, In this test, the thermocouples were calibrated at three points:
temperature of boiling distitied water (100°C; 212°F), temperature of ice-distilled water
mixture (0°C; 32°F), and room temperature. The readings were converted to temperature
using the conversion factors supplied by the manufacturer. The resulting temperatures
were plotted versus the actual temperature, This resulted in a straight line with a slope of
0.99, which is very close to 1.00. The slope and offset of this line were used to correct
the measured resulté,'thus removing this source of error. How_ever, there remains a

systematic error in the correction factor itself.

Similar to the power measurement error, the temperature instrumentation
measurement error contains both systematic and random errors. Each component will be
estimated from equipment manufacturer's specifications. In addition, short-term
fluctuation contributes uﬁcertainty to the measured temperature. This uncertainty was
minimized by collecting data over an extended time, and using the average of those

readings to represent the temperature of the isothermal surface. The pefiod of time was 4
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hours with a reading interval of about one second. In addition, the maximum and

minimum readings during this period were also recorded.

The last potential source of error in temperature measurement is caused by the
positioning of the sensor or the disturbance caused by the sensor itself In the c'ase of
mounting a sensor on a plate surface, thé thermal contact resistance between the plate and
specimen will be a source of error. The technique for estimating this error is to mount
sensors both within the plate and within the specimen surface (ASTM C177). This
technique, however, could not be used because of the limited number of channels on the

data acquisition system,

The possible magnitude of the uncertainty in temperature difference (AT) can be
calculated as follow:
SAT =8(T3 - Ty) - a0y
where: T3 = measured temperature of hot plate T3

T4 = measured temperature of cold plate T4

This uncex;tainty depends primarily on.the accuracy of the acquisition system and the
number of data points collected. The resolution and accuracy of the ACPC-16 for type T
thermocouples is 0.01 to 0.02°C (0.02 to 0.04°F) while the accuracy is £0.7°C (1.3°F)
within temperature range of -25 to 200°C (Strawberry Tree, 1993). The temperatures
used in t}_le calculation are the average of about 35,000 readings. An error analysis shows

that this will result in about 0.2°C (0.4°F) uncertainty in the average value. For a typical
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temperature difference of 10°C (18°F), this may result in 2% uncertainty in the final result

of computed thermal conductivity.

8) Specimen thickness errors

The spec.ir.nen thickness error is determined by the ability to measure the plate
spacing. In this test, the thickness of the test specimen used in the calculation of thermal
conductivity is the average of the spacing between the hot plate T3 and cold plate T4.
The error is labeled as SAL. The causes of this error are the accuracy of the tape measure
and random error introduced by the person who performs the measurements. The

accuracy of the tape measure was 1.6 mm (1/16-in.).

9) Uncertainty in metered area
This area is a fixed region. The uncertainty is so small that it can be assumed to be

ZEro,

4.4.3 Summary of error analysis

The errors analyzed in this section iﬁciude both systematic and random errors. A
systematic error is any component of error that remains fixed during the test. It does not
include any components of errors that are known both in magnitude and sign as a
correction can be applied to account for these errors. A random error is that component
of error that varies both in sign and magnitude during a test (ASTM C177). The total
effect of random and systematic errors is taken to be the square root of the sum of squares
of individual sources of error. Based on the above analysis, the total uncertainty in input

energy can be determined as follows,
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Uncertainty in heat flow, 50
This component includes the uncertainties in edge heat loss, bottom heat loss, and

the instrumental accuracy.

Qt =1.U- Qedgc - Qbot‘{Om =[.U _(Qadgel + Qedgez -+ Qedge3) - (4.11)
5Q;  |(6Qeage)’ (5Q 2 . |
t cdge accuracy . - :
“1Q * 4.12
Qt_ J[ Qedge J [ Q¢ ) | _ | ( ) )

Total uncertainty in thermal conductivity, &
The total uncertainty in thermal conductivity includes the uncertainty in heat flow,

temperature difference, sample thickness, and sample plan area.
ok _ [m——aQt)z +(6AT)2 +(6AL)2 +(5—A)2 | £4 13)
kK YWg AT AL A ’

Results from the error analysis and the above equation were used to calculate the

final uncertainty. For a typical test with total input energy of 8.5 W (29 Btu/hr), T4 of
25°C (77°F), T3 of 35°C (95°F), sarﬁple thickness of 0.3 m (1 1), and 0.02°C (0.04°F)
difference between lower two plates (T1 and T2), the total uncertainty in K computed by

the above equations will be about 3.4%,
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S. TEST PROCEDURES

5.1 INTRODUCTION

- This chapter describes preparation of the data acquisition system, calibration of the
thermocouples, and test specimen preparation. As stated in Section 4.3.3, the hardware
includes an A/D converter board, a terminal panel, and thermocouples. The software

provided with the A/D converter was modified to meet the requirements of this study.

5.2 DATA ACQUISITION SYSTEM

5.2.1 Hardware

The A/D board used in this study was a Strawberry Tree model ACPC-16-16-T42,
which has 16 differential anélog input channels, 16 bit resolution, accurate cold junction
compensation, ancf linearization for thermocouples. The terminal panel was a Strawberry
Tree model T21. Tt has ;a large aluminum isothermal plate with screw terminals for
connection of the thermocouples. The function of the isothermal plate is to attenuate the
temperature differences at the cold junction connection. The A/D bpard waé installed in a

Zenith Data System model Z-200 PC Series computer.

Additional details on the A/D board and T21 terminal panel are given in the
follo#ving Strawberry Tree manuals: "Instruction Manual Analog Connection PC" and

"Data Acquisition Systems User Manual” (Strawberry Tree Computers, 1987, 1993).
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5.2.2 Thermocouples

The thermocouples used in this study were made from Omega Engineering model
FF-T-24-TWSH thermocouple wire. They are Teflon insulated, twisted/shielded, 24 gage,
type T thermocouple wires. The thermocouple wire consists of an outer covering of
Teflon insulation with three 24 gage wires twisted inside: a red Teflon insulated wire, a
blue Teflon insulated wire and a bare wire. The blue wire is copper (Cy or positive), and
the red wire is copper-nickel alloy (Cy or negative), and the bare wire is ground. The
wires were formed into thermocouples by welding together ends of a twisted pair of blue

(Cu) and red (Cy) wire.

5.2.3 Attachment of thermocouples

The thermocouple wires are attached to. the screw terminals located inside the T21
terminal panel. There are a total of eight analog input channels, each with a "+", "-", and
"COM" terminal screws. The "-" terminal is connected to "COM" using a shorting bar to
provide a groﬁnd reference for the thermocouple. In this test, Channels 1 through 4
measure the temperature of hot plate T3, Channéls 6 through 8 measure the temperature
of the cold plate T, and Channel 5 measﬁre_s the temperature difference between the two

backflow plates T_,.

5.3 THERMOCOUPLE CALIBRATION
For each channel, thermocouple readings were taken for three temperatures: ice-
distilled water mixture (0°C), boiling distilled water (100°C), and room temperature (as

read with a thermometer). The thermocouple readings were plotted versus temperature

.02




and the best fit straight line through the three data points was obtained. The slope and y-
intercept of this line are the scale and offset factors for this channel. The test procedure is

discussed in detail in the following.

1) Collect 0°C readl;ng

» Mix about 1 liter of ice and distilled water in a small extruded polystyrene box.

+ Use a thermometer to check the temperature of this mixture. Afier the
thermometer shows that the temperature of the mixture is stable at 0°C, put the '
ends of the thermocouples into the icy water. Make sure the tips of the
thermocoubles are immersed in the water and that no ice touches the tips.
Cover the box.

+ Turn on the data acquisition program. Collect data for a h_alf hour with a 1
second interval between readings. |

+ For ¢ach channel, save the average of these readings taken during the half hour
interval as the 0°C reading,

2) Collect 100°C reading

+ Boil about 1 liter of distilled water in a glass beaker. Keep the water boiling.

» Put the ends of thermocouples into the boiling water. Make sure the tips of the

thermocouples are immersed in the water without touching the glass wall.

» Check the temperature of the boiling water. Wait until the thermometer shows

that the temperature is steady at 100°C (212°F).

« Start the data acquisition program. Collect data for a half hour with a 1 second

interval between readings.

» For each channel, save the average of these readings taken during the half hour

interval as the 100°C reading,
3) Collect room temperature reading

« Mount the thermocouple to the steel plate using silicon glue.
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» Set the room temperature thermostat to about 21°C (70°F).

» Expose the steel plate with the attached thermocouples to the air for one day.

+ Start the data acquisition program. Collect data for a half hour with a 1 second
interval between readings.

+ For each channel, save the average of these readings taken during the half hour
interval as the room temperature reading.

» Take readings with a thermometer accurate to 0.1°C, at the beginning, middle,
and end of the half hour. Use the average of these three readings as the room

temperature.

4) Plot the thermocouple reading vs. temperature

+ For each channel plot the three average readings corresponding to 0°C,
measured room temperature, and 100°C,

« Obtain the best fit straight line through the points.
Record the slope and y-intercept of each line as the slope and offset factors for each

channel.

- 5.4 TEST PROCEDURE

54.1 Sample preparation

For air dried samples, the tire chips or tire chip/gravel mixture were first air dried at
room temperature. For moist samples, sufficient water was added to bring the samples to
the desired water content. The test specimen was compacted using 60% of standard
- Proctor energy. Specimens were compacted in five layers each approximately 60 mm (2.5
in.) thick. Each layer was compacted with 891 blows using a 4.5-kg (10-Ib) rammer with

a457-mm (18-in.} drop. The finished samples were about 305 mm (1 f1) thick. For moist
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samples, the compacted sample was completely enclosed in 6-mil plastic to prevent

moisture loss during the test.

For samples that are a mixture of tire chips and gravel, the specific gravity of the tire
chips and soil was used to convert the desired volumes of tire chips and gravel to the
corresponding weight. An example is given below:

Example: For 33% F&B glass belted tire chips/ 67% gravel mixture,
compute the weight of tire chips and gravel needed in the test.

Specific gravity of tire chips and gravel:

Gs-gravet = 2.67

Volume of tire chips and‘ gravel needed:

¥y =0.9m-0.9m-0.3m = 0.255m” (9t>)
Ve-chip = 0.33+ V; = 0.09m> (3ft°)
Vs—gravel = 0.67-Vy = 0.17m> (6t%)

Weight of tire chips and gravel needed in one test:
Ws = Vs Gs Y

W chips = 0.09 m31.14'1000kg/m? = 96.6 kg (213 Ibs)
Wo.pravel = 0.17 m32.67°1000kg/m3 = 453 kg (999 lbs)

Weigh the computed amount of tire chips and gravel for this proportion

and mix them together thoroughly. Compact the mixture using 60% of

standard Proctor energy.

After finishing compaction, the steel plate T4 was placed on top of the sample. The

sample thickness was determined by measuring the distance from the top edge of the
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wooden box to the steel plate T4 at four corners, then subtracting this value from the
distance from the top edge of the wooden box to the top of steel plate T3. The average
thicknesses at the four corners was used a§ the sample thickness. The final sample density
was computed from the total sample weight and the total sample volume, which is the

sample thickness times the steel plate area.

5.4.2 Surcharge
Three levels of surcharge were used: no surcharge, half surcharge (9 kPa; 187 psf),
and full surcharge (18 kPa; 375 psf). The full surcharge corresponds to the stress caused

by a 914-mm (3-ft) thick overlying gravel cover.

Solid concrete blocks were used as surcharge weights. Each concrete block weighs
about 13.6 kg (30 Ibs). To allow air to circulate over the top of the steel plate, the
concrete blocks were placed on a wooden t_‘rame, leaving a gap of about 300 mm (12 in.)

between the bottom of the frame and steel plate T4 for air circulation.

5.4.3 Testing procedure

Each test took about three weeks. First, it took four to five days to heat up the
whole system under no surcharge. Second, data was collected for three days. Then, the
apparent therfnal conductivity was computed from the collected data. If relatively
constant results over time were obtained, as evidenced by the most sensitive controlling
factor, Ty.p, being stable, the half surcharge was added to the sample and the same
procedure was repeated. After the hélf surcharge was done, the procedure was repeated

for the full surcharge.
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6. THERMAL CONDUCTIVITY TEST RESULTS

6.1 INTRODUCTION

This chapter preséhts.thénnai conductivity test results for tire chips, gravel, and tire
chip/gravel mixtures. A_ﬁ)ll example of the data analysis procedure is also included. The
influence of density, void ratio, tire chip gi_ze, steel belt content, water content, and
percent gravel in tire chip/gravel mixtures on th¢ apparent thern;al ‘conductivity are

discussed in detail.

6.2 DATA ANALYSIS
The data analysis procedure can be broken down into the following steps. The
subsequent paragraphs explain each step in detail.

1) An Excel spreadsheet was used to calculate the K value for each data
collection period, then K was corrected for lateral heat loss, '

2) Plots were made of X and Ty versus time, and T34 versus time. -

3) A plot was made of K and K-corrected (for lateral heat loss) versus Ty_,.

The best fit line through the data was determined. The zero intercept of
the line, which represents the condition of no heat flow through the
backﬂow 'sample, was taken to be the final K for this test. ' :

An exampie spreadsheet for Palmer tire phlps under half surcharge is given in Figure
6.1. The Spreadsheet can be explained és _foﬂéw_s: Ty; is the reading of Channel 5 and is
the voltage corresp.onding tc.)= the temperature difference between the two. backflow plates.
The "Ave." value is the average of the readings taken at a 1 second interval over.a four

hour period. The "Max." and "Min." are the maximum and minimum readings
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during this four hour period. T3-T, is the difference between T, average (temperature at
the bottom of sample) and T, average (temperature at the top of sample), which is the
temperature difference across the sample. T average is the average reading of Channels 1
through 4, and Ty is the average of Channels 6 through 8. The "dT/dL" is the temperature
gradient across the sample. T, is the estimated temperature at the middle edge of the

backflow specimen computed by Equation 4.7. The "dQ sidel”, "dQ side2", and
"dQ_side3", are the edge heat loss computed by Equations 4._6, 4.8, and 4.9 respectively.
The K modified for the lateral heat loss (K-corrected) is calculated as:

Q- Qedge) . AL
A Ty-Ty

K —corrected =

(6.1)
where: Q = total input energy from middle heater (Heater #2)
Qcgge = total edge heat loss = Qegge1 + Qedger + Qedges -

A = plan area of specimen

AL = sample thickness

T3-T4 = average temperature difference between hot and cold plates
Step 2 is used to assess the quality of the test data. Example plots are shown in

Figures 6.2 and 6.3. If K remains relatively constant versus time and T, average varies

within a range of no more than +2.5E-5 V, the test was deemed to have reached steady
state conditions. The "Max." and "Min." Ty_, readings on Figure 6.2 show the magnitudé
of the reading fluctuation during a 4-hour period. T34 is the temperature difference

between the hot and cold plates (Figure 6.3). The difference was generally less than

+0.4°C (+0.7°F),
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The final step is to determine the X at zero Ty, by plotting K versus T 5 as shown

in Figure 6.4. This reduces the error caused By a small heat exchange between the lower
two hot plates and the influence of small fluctuations in the input energy on K. It is
recalled that Ty, = 0 is the idea condition of no heat exchange between the iowgr two
plates, In addition, this technique was a way to select a K value that \yould be consistent

from test to test.

The dty density of the samples under each surcharge were computed directly from
the measured weight of the sample and total sample volume. The total sample volume
was calculated from the sample thickness and the plate area. The plate area was 0.84 m?
(9 2). The void ratio of each sample was callculated from the dry dénsity (Pary) and

specific gravity (Gg) of the sample using

ez TePu

(6.2)
p dry

where p,, is the density of water, which is 1 Mg/m3 (62.4 pcf). The water content of

moist samples were determined at the beginning of a test. As a check, the water content

of selected moist samples was also determined at the end of a test.

6.3 RESﬁLTS

The thermal conductivity for air dried samples under each surcharge condition along
with the corresponding density and void ratio are summarized in Table 6.1. The results
for moist samples are presented in Table 6.2. The following sections discuss the results

for gravel, tire chips, and tire chip/gravel mixtures.
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Table 6.1 Summary of test results for air dried samples

Sample Density Void - Apparent thermal Surcharge
Ratio conductivity :
(pch) | (Mg/m3) (Btu/hr-£t-°F) | (W/m-°C)
117.6 1.88 0.41 0.295 0.510 none
- gravel 121.6 | 1.95 0.36 0.326 0.563 half
123.0 1.97 0.34 0.345 0.596 full
38.5 0.62 0.85 0.120 0.207 none
F&B-g 433 0.69 0.64 0.113 0.195 half
454 0.73 056 | 0114 0.197 full
_ 39.1 0.63 0.85 0.145 0.251 none
F&B-s 42.8 0.69 0.69 0.130 0.225 half
453 0.73 0.60 0.134 0.232 full
39.7 “0.64 0.998 0.159 0.275 none
Palmer 45.1 0.72 0.76 0.119 0.206 half
48.5 0.78 0.63 0.125 0.216 full
392 0.63 0.97 0.158 0.273 none
Pine State 45.4 0.73 0.7 0.139 0.240 half
49.6 0.79 0.56 0.114 0.197 full
36.0 0.58 1.13 0.184 0318 none
Sawyer 41,0 0.66 0.87 0.148 0.256 half
43.7 0.70 0.76 0.156 0.270 full
101.5 1.63 0.32 0.282 0.487 none
33% F&B-g 106.8 - 1.71 0.26 0.273 0472 half
167% gravel 108.3 1.73 0.24 0.212 0.366 full
64.9 1.04 0.58 0.209 0.361 none
67% F&B-g 70.5 1.13 0.45 0.189 0.327 half
/33% gravel 73.4 1.18 0.39 0.173 0.299 full
' 106.8 1.71 0.27 0.328 0.567 none
33% F&B-s 109.8 1.76 0.23 0.328 0.567 half
167% gravel 111.2 1.78 0.22 0.327 0.565 fuil
71.7 -1.15 0.44 0.292 0.505 none
67%F&B-s - 75.7 1.21 0.37 0.193 0.334 half
/33% gravel 71.0 1.23 0.35 0.196 0.339 fuil
101.7 1.63 0.36 0.335 0.579 none
33% Palmer 108.1 1.73 0.27 - 0.229 0.396 half
167% gravel 111.2 | 1.78 0.24 0.257 0.444 full
65.0 1.04 0.67 0.239 0.413 none
67% Palmer 74.0 1.19 0.47 0.206 0.356 half
/33% gravel 77.9 1.25 0.39 0.216 0.373 full
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Table 6.2 Summary of test results for moist samples

Sample Dry Density Void | Apparent thermal | Surcharge
Ratio conductivity
(initial and final Ib Mg Btu W
water content) re) ;;3_ hr-ft°F | m°C
Gravel 1279 { 2.05 | 0.30 0.700 | 1.21 none
w (initial) = 8.9% N.R. NR. | NR. | 0942 1.63 half
w (final) =8.3% 130.8 | 2.10 [0.274] 0.939 1.62 full
F&B glass belted 1385 062 1 124 | 0.142 | 0.245 none
w (initial) = 3.5% 42.8 0.69 | 1.00 0.150 | 0.259 half
w (final) =N.R. 45.8 073 | 0.88 0.145 | 0.251 full
Palmer 402 | 064 | 094 | 0.161 | 0.278 none
w (initial) = 4.3% | 44.8 0.72 | 0.74 0.145 | 0.251 half
w (final) =5.0% 47.6 0.76 | 0.64 0.134 {0,232 full
33% Palmer/67% gravel | 102.2 1.64 | 0.35 0.607 1.048 none
w (initial) = 7.5% 108.2 { 1.73 | 0.27 0.464 | 0.801 half
w (final) =N.R, 110.7 | 177 |.0.25 0.485 | 0.838 full
67% Palmer/33% gravel | 72.6 1.16 | 049 | 0242 | 0.419 none
w (initial) = 6.5% 1 794 1.27 1036 [ 0249 | 0431 half
w(final) =5.5% | 82.3 132 | 031 ] 0226 |0.391 full

N.R. = not recorded

6.3.1 Gravel

The results for air dried gravel are listed in Table 6.1 and the relationship between
the densify and apparent thermal condﬁctivity is plotted in Figure 6.5. The test results
show that the apparent thermal conductivity‘ of air dried gravel increases _from 0.510 to
0.596 W/m-°C (0.295 to’ 0.345 Btu/hr-ft-°F) as the density increases from 1.88 to 1.97 |
Mg/m3 (117.6 to 123 pef). Thus, the apparent the_rmafi conductivity of grave! increases as
the density increases. This is caused by a decrease of the volume of air voids as the

density increases.  Air has a very low thermal conductivity (0.026 W/m-C or
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Figure 6.5 Gravel: apparent thermal conductivity versus density

0.015 Btu/hr-ft-°F) (Andersland and Ladanyi, 1994), compared to the thermal conductivity

of quartz (8.4 W/m-°C or 4.86 Btu/hr-fi-°F), a mineral that is the main content of many

‘gravel particles. Thus,

the less air in the sample relative to gravel particles, the higher the

thermal éonductivity of the composite air/gravel mixture.

The results for moist gravel are listed in Table 6.2 and are plotted versus density in

Figure 6.5. The initial and final water contents of the sample were 8.9% and 8.2%,

respectively. The density of this sample was higher than for the air dried sample, most

likely due to the water content being near the soil’s optimum. The thermal cbnductivity of

the moist sample was much greater than for the air dried sample. This is due to both the

higher density and water content of the moist sample (Kersten, 1949; Andersland and

Ladanyi, 1994).
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The thermal conductivities from this study are plotted on a graph of results from
Andersland and Ladanyi (1994) as shown in Figure 6.6. Their data only extends down to
a water content of about 1%, however, extrapolation of their data is consistent with the air
dried K measured in this study. The moist result is somewhat low for the measured water
content and density. For a density of 2.0 Mg/m’ and water content of 8.5%, Andesland
and Landyi (1994) predict a thermal conductivity of about 2.5 W/m-°C (1.4 Btu/hr-ft-°F)

compared to a measured value of 1.62 W/m-°C (0.939 Btu/hr-ft-°F) at the full surcharge.

Thermal conductivity, W/m K

o 1 L 1 1
0 10 20 30 40 50

Water conzent, %

Figure 6.6 Average apparent thermal conductivity for sand and gravel: unfrozen (after
Andersland and Ladanyi, 1994)

6.3.2 Tire chips
This section will focus on the effect of density on the apparent thermal conductivity

of tire chips. The influence of tire chip size and glass or steel content on the apparent
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thermal conductivity will also be discussed. The results for air dried tire chips are listed in

Table 6.1. Results for moist samples are listed in Table 6.2.

6.3.2.1 Influence of density

The relationship between:apparent thermal conductivity and density for each type of
tire chip is shown in Figures 6.7 through 6.11. In addition, results for moist samples of
F&B-glass belted and Palmer are shown in Figures 6.7 and 6.9. These figures show
results corresponding to the three surcharge conditions. For all samples except the moist
F&B-glass belted, it is seeh that the K decreases as the density increases from the first to
the second data point. .This is opposite of behavior observed for gravel. A possible
explanation is that the smaller voids at the higher density caused a reduction in heat
transfer by convection. This reduction could have been greater than the increase in heat
transfer due to conduction that would result from reduced air content. This could explain
the net reduction in thermal conductivity. However, as the density increased from the
second to the third data point, there was no clear trend in the change in thermal
conductivity as both increasing and decreasing values were observed. It could be that
densities in this range corregpond to a zone where reduction in heat transfer by convection
is less important compared to increased heat transfer by conduction. In any case, the
change in thermal conductivity from the second to the third data points is relatively small
and the pattern of change in thermal conductivity with density may be caused by sc;a.tter of

the data.
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Figure 6.7  F&B glass belted tire chips: apparent thermal conductivity versus density
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Figure 6.8 F&B steel belted tire chips: apparent thermal conductivity versus density
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Figure 6.9 Palmer tire chips: apparent thermal conductivity versus density
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Figure 6,10 Pine State tire chips: apparent thermal conductivity versus density
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Figure 6.11 Sawyer tire chips: apparent thermal conductivity versus density

A summary of all the results for tire chip tests is shown in Figure 6.12. The data
points falling between two straigiﬂ: lines are for both air dried and moist steel belted chips.
This plot shows that apparent thermal conductivity of tire chips varies from 0.318 10 0.195
W/m=°C (0.184 to 0.113 Btuw/hr-f-°F) over a density range of 0,58 to 0.79 Mg/m? (36 to
50 pef). There is an overall trend that the apparent thermal conductivity of tire chips

decreases as the density increases.

- 112 -




6-35 ] T T T ] F 1 T T r 1 v ¥ [ 7 ¥ H I T T T T

- Air dried B
I e & 38 mm F&B glass belved
- @ & 51 mmF&Bstel belted
03 i A 76mm Palmer stecl belted |
L b 76mm Pine State steel balted |
L & 5% mm Sawyer steel belted —
o B A
*3
ko " X i
E 0.25 - ]
% | Approximate rarge i
e of data for steel
- belted tise chips B
0.20 i M ]
het -+
| Moist
- M 38mmF&Bglssbelied
> 76 ram Palmer steel belted ]
015 Ltesbt 3 [T S T Y Y T T AT TN VT SN SN NS JH B T |
0,55 0.60 0.65 0.70 0,75 0.80

Dry density (Mg/m”3)
Figure 6.12 Apparent thermal conductivity versus density for tire chips

6.3.2.2 Influence of water content

The thermal conductivity of air dried and moist tire chips are compared in Figures
6.7 and 6.9. Incre.asing the water content of F&B glass belted tire chips from zero to
3.5% increased the thermal conductivity by about 0.04 W/m-°C (0.02 Btu/hr-f-°F). For
Palmer chips, increasing the water content to between 4.3% and 5.0% increased the
thermal conductivity by between 0.01 and 0.05 W/m-°C (0.006 ;'md 0.03 Btu/hr-ft-°F).
Examining Figure 6.12 shows that the results for moist Palmer chips fall in the overall
band for steel belted chips. Thus, for steel belted chips, the effect of moisture appears to
be smaller than other factors which affect thermal conductivity and the overall scatter of
the data. On the other hand, moisture increased the thermal conductivity of F&B glass

belted chips to the approximate range for steel belted chips.
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6.3.2.3 Influence of tire chip sizes

There is no obvious influence of chip size on the apparent thermal conductivity. For
example, at a density of 0.63 Mg/m3 (39 pcf) the K of 51 mm (2-in.) F&B steel belted
chips is smaller than K of 76 mm (3-in.) Pine State and Palmer chips, while at a density of
0.72 Mg/m3 (45 pcf) the F&B steel belted thermal conductivity falls between the values of
Pine State and Palmer chips. Thus, for the small range of particle sizes investigated in this
study, the maximum size of tire chips is not a controlling factor for apparent thermal
conductivity. However, it would be expected that tire chips with a significantly larger size
than examined in this study would have larger voids resulting in greater heat transfer by
convection. If this is true, thermal conductivity would be expected to increase with

significant increases particle size.

6.3.24 Influence of glass or steel belt content

Ajr dried glass belt-ed tire chips have a lower apparent thermal conductivity than steel
belted tire chips. From Figure 6.12_ it can be seen that, for a given density, air dried glass
belted F&B tire chips have a lowér apparent thermal conductivity compared to the other
tire chips wfzich contain steel belts. Comparing the air dried F&B glass belted and air
dried F&B steel belted chips, which have similar gradations (see Figure 3.13), the apparent
thermal conductivity of air dried glass belted chips is lower than air dried steel belted chips
by about 0.03 W/m-°C (0.02 Btu/hr-ﬁ';’F) at the same density. The lower apparent thermal
con&uctivity of glass belted tire ;:hips' is most likely due to the lower thermal conductivity

of glass compared to steel belts.
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However, moisture negates the insulating advantage of air dried glass belted chips.
As shown in Figure 6.12, the results for moist F&B glass belted chips fall largely within
the range for all stee! belted chips. Thus, for moist field conditions there appears to be no
advantage to using glass belted chips rather than steel belted chips. Nonetheless, it would
be reasonable to place sbn;;e restrictions on the améunt of steel belt allowed in the tire
chips because of the highef thermal conductivity of steel. A maximum of 1% free steel by
weight has been allowed on several projects where tire chips where used for insulation,
lightweight fill, and retaining wall backfill (Humphrey and Eaton, 1995; Humphrey, et al.,

1997). Free steel is defined as steel with no attached rubber.

Figure 6.12 also shows that, for glass belted tire chips, the effect of density on K is

much smaller than for steel belted tire chips. The reason for this could not be dtermined.

6.3.2.5 Comparison with results from other laboratory studies

The results of this study are slightly higher than the results from the University of
Alaska Fairbanks (Shao, et al., 1995) and similar to those from Quebec, Canada (Dore, et
al, i995).. The laboratory study of the thermal conductivity of tire chips done at the
University of Alaska Fairsanks shows that the thermal conductivities of tire chips ranging
from 0.097 to 0.171 W_/m-°C (0.056 to 0.099 Btu/hrft-°F) for two different moisture
contents under thawed and frozen conditions with two different compacted densities. The
therma! conductivity of dry tire chips was reported -as 038 W/m°C
(0.22 Btu/hr-ft-°F) by Dore, et al. (1995). For comparison, the results from this NETC
study ranged from 0.195 to 0.318 W/m-°C (0.113 to 0.134 Btu/hr-ft-°F). A third study

rep_orted the thermal coﬁductivity of tire chips as 0.020 W/m-°C (0.012 Btu/hr{t-°F)
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(Benson, et al., 1996). This was ineasured with a laboratory thermal probe. This value is
suspect as if is an order of magnitude less than that measured by Shao, et al. (1995), Dore,

et al. (1995), and this NETC study that used more reliable test methods.

One conclusion dféwn by Shao, et al. (1995) was that higher densities result in higher
thermal conductfvities of tire chips. This result is ;iiﬁ‘erent from that of this study (Figure
6.12). This is possibly caused by the different degree of the free heat convection within
the samples. The sample silze of the tests conducted in Alaska, Fairbanks was very small

{168 mm .(6-5/8 in.) in diameter and 45 rﬁm (1.77 in.) in height). Moreover, the tire chips
| used by Shoa, et al. (1995} were much sfnaller, resﬁlting in small voids within the sample.
Smaller voids would reduce heat transfer by convection. Thus, the apparent thermal
conductivity of tire chips will be dominated by the thermal conductivity of rubber and air.
In that case, as the' density increases, the air content decreases. Because the thermal
conductivity of air is much lower than that of rubber, the apparent thermal conductiv'ity of

tire chips decreases.

6.3.3 Tire chip/gn;avel mixtures

. The apparent thermal con&uctivity of tire chip/gravel mixtures depends on the
thermal properties of both tire chips. and gravel. The test results for air dried tire
chip/gravel mixtures are listed in Table 6.1. Results for moist samples are given in Table
6.2. The influence of density, moisture, and percent gravel in the mixtures is discussed in

the following sections.
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6.3.3.1 Influence of density

The relationship between the apparent thermal conductivity and density for tire
chip/gravel mixtures is similar to that of tire chips alone. The apparent thermal
" conductivity versus density for each mixture is shown in Figures 6.13 through 6.18. In
general, the thermal conductivity decreases as density increases. Possible explanations for

this were discussed in Section 6.2.2. 1.

6.3.3.2 Influence of percent gravel in the mixture

The apparent thermél conductivity of tire chip/gravel mixtures depends on the
thermal conductivity of tire chips, gravel and the percent gravel in the mixture. For a
given surcharge, the thermal ¢onductivity of air dried tire chip/gravel mixtures increases as
the percent gravel increases as shown in Figures 6.19 through 6.21. This is due to the
lower thermal conductivity of rubber compared to gravel. Since the density increases as
the percent gravel increases, there is also a relationship between density and thermal
conductivity as shc_)wn in Figure 6.22. Likewise, there is a general trend of decreasing

thermal conductivity with increasing void ratio as shown in Figure 6.23. It is seen that the
void ratio tends to be higher as the tire chip content increases. Thus, the better insulating
properties of tire chips may be due not only to the lower thermal conductivity of rubber,

but also the greater amount of air contained in the voids.
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versus density
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Figure 6.22 Comparison: apparent thermal conductivity versus density for air dried
samples
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Figure 6.23 Comparison: apparent thermal conductivity versus void ratio for air dried
samples

6.3.3.3_Influence of water content .

The effect of water c;ontent on the thermal conductivity of tire chip gravel mixtures
can be seen in Figures 6.17 and 6.18. For the mixture with 33% Palmer/67% gravel,
increasing the water content from air dried to 7.5% increased the thermal conductivity by
about 0.4 W/m;°C (0.2 Btu/hr-ft-°F). In contrast, the thermal conductivity of the mixture
with 67% P_a!mer/33% gravel increased by about 0.05 W/m-°C (0.03 Btu/hr-ft-°F) when
-the water content was increésed to between 5.5% and 6.5%. Thus, water content has a
large effect on thermal condﬁctivity for. mixtures that are composed primarily of gravel,

while the effect is small for mixtures composed primarily of tire chips.
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6.4 INFLUENCE OF TEMPERATURE GRADIENT
Temperature gradient will affect the magnitude of free heat convection and
consequently the resulting apparent thermal conductivity. This was investigated for Pine

State tire chips at full surcharge under three temperature gradients. The resulis are shown

in Table 6.3.

Three temperature gradients were investigated: 22.3, 42.8 and 68.5°C/m (12.2, 23.5
and 37.6 °F/ft). The apparent thermal conduqtivity versus temperature gradient is plotted
in Figure 6.24. This figure shows that the K increases by about 40% as the temperature
grédient increases by about 46°C/m ( 25°F/ft). This is probably caused By increased free

heat convection as the temperature gradient increases.

All the other samples were tested under a temperature gradient of about 27°C/m
(15°F/ft). Thus, the field thermal conductivity of tire chips would be expected to be lower
than the laboratory measured value if the temperature gradient in the field is lower than 27

°C/m (15°F/ft).

Table 6.3 Temperature gradient influence - Pine State tire chips under full surcharge

Temperature Gradient Apparent Thermal
Conductivity

(°F/ft) (°C/m) Btu/hr-ft-°F) (W/m-°C)

12.22 223 0.093 0.161

23.5 4238 0.114 0.197

37.6 68.5 0.131 0.226
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Figure 6.24 - Apparent thermal conductivity versus temperature gradient

6.5 SUMMARY
Air dried samples of five types of tire chips, six tire chip/gravel mixtures and one
gravel were tested. In addition, moist samples of two types of tire chips, two tire

chip/gravel mixtures, and one gravel were tested. The test results show the following:

(1) Gravel has the highest apparent thermal conductivity of materials tested in this study.
The values ?éried from 0.510 to 0.596 W/m-°C (0.295 to 0.345 Btu/hr-°F-R) for air
dried samples and 1.21 to 1.63 W/m°C (0.700 to 0.942 Btu/hr-°F-ft) for moist
samples. Increasing water content significantly increases the thermal conductivity of

gravel.
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3)

The apparent thermal conductivity of gravel increases as the dry density increases

which is probably caused by the decreased air within the sample.

Tire chips have the lowest thermal conductivity of materials tested in this study. The

values varied from 0.195 to 0.318 W/m-°C (0.113 to 0.194 Btu/hr-°F-ft) for both air

dried and moist samples. The effect of moisture on thermal conductivity of tire chips

was small and had a smaller influence than other factors such as density.

(4) The apparent thermal conductivity of tire chips tends to decrease as the dry density

®)

increases. This is probably caused by a trade-off of decreased free heat convection
which would reduce thermal conductivity and the decrease of trapped air which

would increase thermal conductivity.

For the range of tire chip sizes tested in this study (maximum size from 38 to 76 mm;
1.5 to 3 in.), tire chip size is not a controlling factor on the apparent thermal

conductivity of tire chips.

(6) Air dried glass belted tire chips have a lower apparent thermal conductivity than steel

™

belted chips, however, the apparent thermal conductivity of moist glass belted chips

was about the same as for steel belted chips.

The apparent thermal conductivity of tire chips increases as the temperature gradient
increases.  This is probably caused by increased free heat convection as the

temperature gradient increases.
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7. COMPARISON WITH RICHMOND FIELD TRIAL

7.1 INTRODUCTION

A field trial using tire chips as subgrade insulation for a gravel surfaced road was
constructed by Humphrey and Eaton (1993a, 1993b, 1994, 1995) in Richmond, Maine, in
1992. Detailed information on this field trial has been included in Section 2.4.1 of this
report. The thermal conductivity of tire chips was estimated from the temperature
measurements made as part of the field trial. The calculation procedure is presented
below. Then in the following section, the backcalculated thermal conductivity is

compared to laboratory values measured as part of this study. -

7.2 CALCULATION PROCEDURE

The approach used to backcalculate the thermal conductivity from the- subsurface
temperature measurements made at the Richmond field trial is two fold. First, it was
assumed that by mid-February, 1994, the heat flow had reached steady state conditions.
This assumption'is just'gﬁed by examination of the depth of frost penetration versus date
for the winter of 1993-1994 as shown in Figure 2.11. It can be seen that the depth of frost
penetration had stabilized by mid-February in Sections D and E, indicating that the rate at
which héat was being removed from the freezing front was approximately equal to the rate
at which heat was being supplied by unfrozen soil at greater depths. In Section A, B, and
C, the frost was still penetrating at a slow rate indicating that steady state conditions had
not been achieved. Thus, calculations using temperatures from these sections would not

be as reliable as those from Sectiéns Dand E.
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The second part of the approach was to use the backcalculated K in the modified
Berggren equation (Aldrich, 1956), a non-steady state solution, to calculate the depth of
frost penetration. Thus, solutions were obtained using both steady state and non-steady

state conditions,

Assuming steady state conditions, a constant temperature gradient is generated
across each layer of uniform material, as shown in Figure 7.1. Comparison with Figure
2.12 shows that on February 16, 1994, similar temperature profiles were present in each
test section except for Section A. In this section, the zone with the higher gradient did not
coincide with the location of the tire chip layer. Perhaps there is an error with the

constructed elevations of the tire chip layer or thermocouples in this section.

For steady state conditions, the heat flux across each layer of soil would be the same,
therefore

q1=qp =(3 _ A

where gy, is the heat flux across layer n.

The equation for steady state one-dimensional heat flow is

qn = Kg-iy | (7.2)

Using Equations 7.1 and 7.2, the following relationship can be found between K, and Kj:
K, =-3.K; (7.3)
12 .

If the temperature gradient in two layers and the thermal conductivity of one layer

are known, then the thermal conductivity of the other layer can be estimated. In this
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Figure 7.1 Temperature vs. depth

sti:dy; the temperature gradient in each layer can be obtained directly from the temperature
vs. depth plot (Figure 2.12). For these calculations, layer 2 is taken to be the tire chip
layer and layer 3 is taken -to be the underlying soil. Thus, if the thermal conductivity of the
underlying soil can be estimated, the thermal conductivity of tire chips can be estimated by

.Equation 7.3. An example calculation is given below.

Example: Section D, February 16, 1994.

305 mm thick tire chip layer with 457 mm of overlying gravel fill; From Figure 2.11 get:

. _AT _(-03°0)-(-1.7°C)

) =24.3°C/m
AL 0.305m
) o [+]
j AL _AC(03°C) 5 op0c/m
AL (2.1-0.76)m
K, 2;1.K3:3M-K3=0.13-K3
. 15 24.3°C/m
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Repeating the above procedure for the other sections, the relationship between the thermal
conductivity of the tire chip layer and the thermal conductivity of the underlying layer can

be summarized as follows:

Section A, -men

Section B 0.28K3
Section C 0.23-K3
Section D 0:13- K3
Section E 0.13.K;

The temperaturé gradient of tire chip layer in Section A could not be reliably determined

as noted previously.

The above data shows that thermal conductivity of tire chips is about 13% to 28% of
that of the underlying soil. The actual value of Kyjre.chip (K2) depends on the thermal
conductivity of the underlying soil (K;). Based on observations made during construction
and measured water levels, the soil beneath the tire chip layer in Sections B and C was
unsaturated frozen coarse grained soil, and in Sections D and E it was saturated unfrozen

fine grained soil. Referring to Kersten (1949), a K3 of 2.6 W/m-°C (1.5 Btu/hr-ft-°F) was

selected for Sections B gnd Cand 1.6 W/m-°C (0.9 Btu/hr-f:°F) was selected for Sections
D and E. Using these values in the relationships given above, the backcalculated thermal
conductivity of tire chips in each section is given in Table 7.1. The backcalculated thermal
conductivity of tire chips vary from 0.20 W/m-°C (0.12 Btw/hrft-°F) to 0.72 W/m-°C

(0.42 Btw/hr-ft-°F). . ~
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The modified Berggren method was used to verify the above estimates. This method
is a non-steady state solution that considers the volumetric heat of the soils and latent heat
of fusion of water as the frost penetrates deeper into the ground. The K values of tire
chips in Table 7.1 were used in the modified Berggren equation to calculate the depth of
frost penetration. The calculated frost penetration depth was then compared with the
measured value. If there is good agreement, this adds credibility to the backcalculated K

value. An example calculation is given below (Aldﬁch, 1956).

Section Relation Estimated K3 Estimated Kyire chips
, (Wm°C) |  (W/m°C) (Btu/hr-ft-°F)
Section B 0.28:k3 2.6 0.72 0.42
Section C 0.23 ks 26 , 0.60 0.35
Section D 0.13k3 1.6 0.20 0.12
Section B 0.13-k3 1.6 0.20 0.12
EXAMPLE

Using data from the winter of 1993-4 and the geometry of Section C
FI (Freezing Index) = 707°C-days (1273°F-days)
Length of freezing season t = 80 days
Mean annual temperature Ty = 6.1°C (43°F) (from Linell, 1953, for measured FI)

Soil and tire chip layer thicknesses from Section C

Choose dry density and water content for soil layers based on field data measured
during construction and experience with similar soils

Chose dry density of tire chips corresponding to overburden pressure (Humphrey,
etal,, 1992); chose water content of tire chips based on experience

Chose thermal conductivity of soil layers based on dry density and water content in
conjunction with charts presented by Kersten (1949); for this example use a
thermal conductivity of tire chips of 0.20 W/m-°C
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Summary of input parameters:

Layer Thickness Dry density ~ Water content  Thermal conductivity
x(m)  pgMg/m?) w (%) - K (W/m°C)
Surface 0.457 1.92 5. 1.8
~ Tire chips 0.152 072 2 0.20
. Exist. Grav. 035 192 s 1.8
Subgrade 300 176 16 1.7

Calculation procedure:

1. Compute volumetric heat capacity for soil layers in units of Cal/m® (Jumikis, 1977)
unfrozen soil: Cyy = pd[cms + Cow -w] =pgl02+10-w] (7.4)
frozen soil: Cyf = Pd[cms +Cmi -w] =pgl02+05-w] (7.5)
where cmw = mass heat capacity of water = 1.0 Cal/kg-°C

Cmi = mass heat capacity of ice = 0.5 Cal/kg-°C
Cms = MASS heat'capacity of soil = 0.2 Cal/kg-°C
w = water content
for calculation use the average of the frozen and unfrozen values:
ey =[ewu +eur]/2 (7.6)
Thus:  surface cy =456 Cal/m3°C

existing gravel ¢y =456 Cal/m3-°C
subgrade ¢y =563 Cal/m3-°C

2. Calculate the volumetric heat capacity of tire chips

The calculation of volumetric heat capacity begins with calculation of the mass
heat capacity tire chips from the mass heat capacity of steel and hard rubber.
The calculation is a simple proportion based on the amount of steel in tires as
shown below: - | '

Cr-chip = Olsteel%'cm-sueel + (1 ~Olstee1) %0 Crnenibbor 7.7
where. Ca.steel = mass heat capacity of steel = 0.113 Cal/kg-°C
Cm-rubber = Mass heat capacity of rubber = 0.280 Cal/kg-°C
Oseat = percent steel content by mass = 12%
Thus, Cm-ohip is computed as 0.260 Cal/kg-°C (0.260 Btu/lb-°F).




Next, the volumetric heat capacity of tire chips is computed from:

Cy-chip = [pd-chil;’(crn-chip +Couw W) T Pocchip (Cm-chip T Cmi-W) /2 (7.8)
where: pap = dry density of tire chips in kg/m’

Canchip = TMass heat capacity of tire chips in Cal/kg-°C (Btu/lb-°F)
For this example cy.p'is computed to be 198 Cal/m3-°C (12.4 Btu/fi3-°F)

3. Compute the latent heat of fusion for each material.

Latent heat of fusion is the amount of heat liberated when water changes from
liquid to ice and is given by the following equation:

L =p4 -w-80(cal/ kg) (71.9)
Thus: surface L = 7680 Cal/m®
tire chip | L=1152 Cal/m’
existing gravel L =7680 Cal/m’
subgrade L =22528 Cal/m3
4. Calculate the thermal resistance of each layer _
R =—i : (710
Ki (7.10)

5. Compute average volumetric heat capacity and latent heat of fusion

Assume frost penetration depth is: Xeg¢ = 1.15 m (return to this step later and
adjust if needed) :

Depth of frost penetration in last layer: x4 = Xegt —X1 —X2 —X3 =019-m

4
2 Cci - X
Average Cv: Cy_ayg = -I-T—~ = 440-Cal /m3-°(_3 (7.11)

X

3

4
2Lix
Average L: Layg =<5 =9272-Cal /m’ (7.12)

2%

1
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. Determine correction coefficient A, which accounts for the initial temperature and
volumetric heat capacity of the soil

B (T, -Tg)-t " (T, —0°C)-t

io: = 0.69 7.
Thermal ratio: o - = 0 (7.13)
Cyag " F1 o
Fusion parameter: [l = L =0419 | (7.14)
_ e
From Aldrich (1956), get: A =0.74
7. Compute partial freezing index for each layer
Ly R 2100
Ny = ;?-xl Y =33.9 °C.days (7.15a)
Ly Ry PN |
N2 = "i‘z'" Xq '(RI +'?] =84 C-days . (7155)
L3 R3
N3 = "?\.T -x3:{R1+R, t> ) = 227.0 °C.days (7.15¢)
8. Compute freezing degree days remaining for last layer
3
N, = FI- D N; =437.7 °C-days . (7.16)
: 1
9. Compute depth of frost penetration into last layer
3 3 N4 . KZ
E=~Ks 2 R +/KF-(R;)? +2-Ky- L4 (7.17)
1 1
€ =0201-m ~0.191 m assumed in step 5, OK
9. Calculated frost penetration depth
3
d=> x,+£=116-m (7.18)
1

For comparison, the measured frost penetration depth in Section C was 1.21 m.
The calculated value is 4% lower than the measured value. This is good
agreement, suggesting that the K value of 0.20 is reasonable.
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The above calculation procedure was repeated for the control section and the other

tire chip sections. The lowest and highest Ko cnip estimated from the steady state

method were used, namely,_ 0.20 W/m-°C and 0.72 W/m=°C, to represent the possible
range of thermal conduc':ti'&ity. Calculated and measured ﬁ'ost penetration depths are
compared in Table 7.2.

The results in 'Iable 7.2 show that the estimated frost penetration depth with Kijre.
chip = 0.20 W/m-°C 0.12 th/hr-ﬁ_-“F) are close to the measured values. With a Kyire chip
of 0.72 W/m-°C the c-alcuiated frost penetration was 25% to 42% greater than the
measured values. It is recalled that Kirechip = 0.72 W/m-°C was obtained from
Kiire-chip/Ksoit = 0-28. fhis was based on the assumption of steady state conditions in
Section B, but this séction, as well as in Section C, had ﬁot totally attained steady state
conditions. Based on this observation and the calculations with the modified Berggren

equation, it is felt that Kyre-cnip/Ksoit = 0-13 resulting in a Kre-chip of about 0.20 W/m-°C

Table 7.2 Frost penetration depth in Richmond, Maine, project

Calculated  (m)
Sectton Measured | Ktire-chip = % Ktire-chip = %
(m) 0.20 Wm-°C | difference* | 0.72 W/m-°C | difference®

Control 1.42 1.42 0% — -
A&B 1.06 1.05 -1% 1.33 +25%
C - 1,21 1,16 -4% 1.43 +18%
D 0.90 0.97 +8% 1.28 +42%
E 0.96 1.10 +15% 1.36 +42%

* v indicates calculated depth less than measured depth; "+" indicates calculated depth
greater than measured depth.
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(0.12 Btu/hr-ft-°F) is more reliable. In addition, the estimated depth of frost penetration is
in very close agreement with the measured value in control section, which indicates the

reasonableness of the thermal properties chosen for the non-tire chip layers.

7.3 COMPARISON WITH LABORATORY MEASURED THERMAL
CONDUCTIVITY '

Tire chips used in- the Richmond project were from Pine State Recycling. Laboratory
.resﬁlts of the tire chips used in field triali are plotted versus surcharge in Figure 7.2. This
figure was used to obtained the laboratory thermal conductivity corresponding to the
surcharge present in each test section. The results are summarized in Table 7.3. The

laboratory measurements in Figure 7.2 were done under a temperature gradient of about

0.30 T [ T T Y | U ¥ 1 [ TerTTT 1T
7 B - .

-~ i~ ’ . ks |
(&

0.25 ]
& .
= N & .
g u -
s |
& 0.20 :— _ . .—
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Surcharge (kPa)

Figure 7.2 Apparent thermal conductivity versus surcharge for air dried Pine State tire
chips at a temperature gradient of about 42.8°C/m (23 .5°F/ft)




Table 7.3 Summary of field and laboratory condition

Field . Air dried Approximate Percent
temperature | laboratory K | air dried K | difference
Field gradient in at field corrected from back-
Section surcharge | tire chip layer | surcharge to field calculated

(kPa) (°C/m) and | temperature K (0.20
42.8°C/m gradient W/m-°C)*

gradient (W/m-°C)
7 (W/m-°C)

Section A&B 6 13 0.25 0.18 -10%
SecionC | 9 13 0.24 0.17 -15%
Section D 9 15 0.24 0.18 -10%
Section E - 12 17 0.23 0.17 -15%

% 1_" indicates that the laboratory K corrected to the field surcharge and temperature
gradient is less than the K backcalculated from the field trial.

42.8°C/m (23.5°F/ft), which was twice as high as the temperature gradient measured in
the tire chip layer in the Richmond field trial. It is recalled that thermal conductivity
decreases as the temperature gradient decreases (see Figure 6.24). The relationship
between thermal cbnductivity and temperature gradient was not available with surcharges
. corresponding to the ﬁeid conditions. However, it was assumed that the slope of the plot
of thermal conductivity versus gradient measured at a surcharge of 9 kPa (188 psf) would
be the same for the field surcharges. This allowed the laboratory measured thermal
conductivity to be corrected approximately to the field temperature gradient yielding the
values shown in Table 7.3. The difference between the laboratory and back calculated

thermal conductivity ranging from 10% to 15%.

This comparison shows that the thermal conductivity of tire chips backcalculated

from the Richmond field trial agrees very well with the laboratory measurement. The
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small difference between the laboratory measured K and the backcalculated K can possibly
be explained by the effect of moisture which slightly increases K as discussed in Section
6.3.2.2 and the different tire chip layer thicknesses in the laboratory and in the field. In
addition, the backcalculation of thermal conductivity from the field trial is based on se\;eral
assumptions. The difference between the assumptions and the actual conditions could also

be the cause for the difference.
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8. LABORATORY PERMEABILITY TESTS

8.1 INTRODUCTION

The permeabxhnes of one sample of granular soil, five samples of tire chips, and six
samples of tire ch:p/gravel mixtures were determined. Each sample except for the
granular soil, was compressed to find the relationship betwgen penneablhty and density.
The compressiﬁn rangéd from 0 to 22% for tire chip samples, 0 to 12% for samples
containing 67% tire chips/33% gravel, and 0 to 5% for samples containing 33% tire
chips/67% gravél. The density and void ratio at each compression were determined. The
testing apparatus”was constructed for a previous NETC prpject (Humphrey, et al., 1992).
A constant head tank was added to the apparatus to allow measurement of the lower
permeabilitie;of soil and tire chip/gravel mixtures.v Th{s modification is discussed in the

apparatus section.

8.2 APPARATUS

The testing apparatus was a modification of the apparatus used for a previous NETC
project (Humphrey, et al, 1992). The original apparatus was based on a design used by
the California Department of Transportation (Bressette, 1984) and is similar to AASHTO
T125 Per:ﬁeabilz‘ty of Granular Soils (Constant Head). The apparatus is a constant head
apparatus. The discussion of the apparatus is divided into two parts: the body of the
permeameter and the constant head tank. A photograph of the setup is shown in Figure

8.1.
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Figure 8.1 Photograph of permeameter and constant head tank

8.2.1 Permeameter body

The permeameter is the original design for a previous NETC project (Humphrey, et
al., 1992). The only modiﬁcatién to the permeameter body was the addition of a union
ﬁtting connecting the inlet of the permeameter with the outlet of the constant head tank
via the flexible hose as shown in Figure 8.2. This made it easier.to disconnect the hose
when samples were emptied. In the previous design, two garden hoses were hooked into
the inlet at the base of the permeameter for water supply. The addition of the constant
head ltank made this dual inlet unnéces'sary, since the two garden hoses are now connected

to the constant head tank.
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Figure 8.2 Permeameter and constant head tank detail
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The permeameter body was a 965-mm (38-in.) long PVC pipe with an inner diameter
of 295 mm (11.6 in)), as shown in Figure 8.2. A plywood plug at the bottom of the
permeameter was made from two thicknesses of 7.5-mm (3/4-in.) plywood glued together.
Silicon caulk was used around the perimeter of the plywood plug and a flexible coupling
was tightened onto the outside of the permeameter and plywood plug with band clamps to
create a water tight seal. The water inlet was a 38-rm (1.5-in.) hole drilled in the center
of the plywood plug over which a pipe. flange threaded for 38-mm (1.5-in.) black iron pipe
was attached. A 102-mm (4-in.) wide by 51-mm (2-in.) deep slof was cut into the top of
the PVC pipe to allow flow of water out of the top of the permeameter when testing high
permeability materiﬁls as shown in Figures 8.1 and 8.2. For low permeability testing, a 25-
mm (1-in.) hole was drilled in the side of the permeameter and a small piece of PVC pipe
was attached (shown as “overflow spout” in Figure 8.2) to allow flow of water out of the
permeameter into a collection container. The overflow was collected for a meésured time
interval in a 72-liter (19-gallon) bucket for the high permeability tests and in a small plastic
bottle for the low permeability tests. The quantity of flow wés determined by weighing
the water. To measure the change in head as the water flowed through the apparatus,

holes were drilled in the PVC pipe and standpipes were affixéd as shown in Figure 8.2,

The sample was supported by a perforated plate constructed of two thicknesses of
7.5-mm (3/4-in.) plywood glied together. The holes in the plate were 25-mm (1-in.) in
diameter and resulted in about 40% open surface area. The plate rested on 20.3-mm (0.8-
in.) thick spacers made from a stack of 6.4-mm (1/4-in.) washers supported by a

crosspiece made from two short lengths of 2 X 4 lumber. A similar perforated plate and
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crosspiece was placed on top of the sample. A 9-metric ton (10-ton) hydraulic jack
pressing on the top crosspiece was used to compress the samples. A frame made from
two channel sections, 12.7-mm (1/2-in.) threaded rods, and 51-mm (2-in.} black iron pipe

was used as a reaction for the jack as shown in Figure 8.2.

8.2.2 Constant head tank

A constant head tank was constructed as shown in Figures 8.1 and 8.2 so that a
constant input head could be obtained. The tank body consisted of three pieces of 102-
mm (4-in.) diameter PVC pipe joined by three tee sections. The entire length of the
assembled body is 1041-mm (41-in.) The bottom of the tank was capped by a 102-mm (4-
in) by 51-mm (2-in.) redué’mg bushing. A 51-mm (2-in.) diameter wire reinforced flexible

hose connected the constant head tank outlet to the permeameter inlet.

The 51-mm (2-in.) outlet of the top tee section acted as an overflow to maintain a
stable constant head. A 51-mm (2-in.) elbow was attached to the overflow to direct the
flow downward. Wire reinforced flexible hose was attached to the elbow, directing the
overflow to the floor drains of the laboratory. The middle tee section was connected to
the secondary inlet to the constant head tank. This was fed by a 15.9-mm (5/8-in.) garden
Vhose connected to a faucet tap and was used to supply water when testing hiéh
permeability materials. A ball valve was placed between the garden hose and the. stem of
the tee to enable the flow to be adjusted more conveniently. The lowest tee was
connected to the primary inlet. This was also fed by a 15.9-mm (5/8-in.) garden hose, but
flow was controlled with the spigot on the wﬁter faucet. The height of the constant head

tank was adjusted by means of a pulley system.
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In addition to the sta.ndpipes on the permeameter, an additional standpipe was
installed on the constant head tank. This was used to measure the head drop between the
water levels in the constant head tank and the overflow of the permeameter. This overall
measurement was used as a check to compare with the values obtained by the
permeameter standpipes for low permeability samples whose flow rate was low enough

that head loss in the apparatus itself would be small.

8.3 TESTING METHODOLOGY

* Each sample was prepared ‘aé follows. The perforated plywood bottom support was
placed in the permeameter, and on top of this a fine and coarse screen were placed to
prevent soil loss. Each sample was placed in five 122-mm (4.8-in.) %hick layers. The
proportions of air dried tire chips and air dried gravel for a layer were calculated. The tire
chips and soil were weighed on an electronic balance and then rﬁixed in a bucket to create
a homogeneous samplé. The layers were carefully placed in the permeameter to avoid
segregation of the tire chip/soil mixture. Each layer was compacted with 60% of standard
‘Proctor energy. This required 146 blows per layer with a modified Proctor hammer.
Aithoﬁgh the samples were careﬁ;ilf mixed and placed to prevent segregation, compacting
the sample resulted in some s-egregation. The voids in the tire chips were large enough to
allow settlement of the smaller size soil grains. The 67% tire chip/33% gravel samples
segregated more than the 33% tire chip/ 67% gravel samples. The total compacted height
of a sample was approximé.tely 610 mm (24 in.). Knowing the weight and volume of each

sample, the dry density was calculated.
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The permeameter and constant head tank were then set up. The faucet(s) were
turned on to allow water to fill the constant head tank and start water flowing through the
sample and out an overflow on the permeameter. For the tire chip samples, two faucets
were required to supply sufficient water. The less permeable mixtures usually required
only one faucet to maintain a steady flow to the permeameter. After water was flowing
through the sample, the standpipes were monitored until the readings had stabilized. This
occurred within 30 to 60 minutes for the tire chip samples, 2 to 8 hours for the tire

chip/gravel samples, and up to 24 hours for the gravel sample.

Water was then collected for a measured time interval and weighed on an electronic
balance. Water was collected from the overflow slot for the tire chip and 67% tire chip
samples and from the overflow spout for 33% tire chip and gravel samples (as shown in
Figures 8.1 and 8.2). For tire chip and 67% tire chip samples, water was colleé:ted ina 72~
liter (19-gallon) bucket and weighed on a 91-kg (200-1b) capacity scale. The scale had
accuracy of £0.23 kg (0.5 Ib) for masses up to 5.7 kg (12.6 1b) and 20.45 kg (1.0 Ib) for
higher masses. For the 33% tire chip and gravel samples water was collected in a small
bottle and weighed on a 5,000-gm (11.0-1b) capacity scale with an accuracy of 0.02 gm
(4.4 x 10°° Ib). For tests on tire chips, the weight of water collected for a low gradient test
was typically between 9.1 and 40.8 kg (20 and 90 Ib) per minute. The yueight of water
collected on the 33% tire chip/67% gravel samples ranged from 3 gm/min (0.0066 1b/min})
for 33% F&B steel at a low gradient to about 37 gm/min (0.092 Ib/min) for gravel at a

high gradient. The weight of water was converted to a volume.
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Hydraulic gradients within the sarnple were measured by noting the difference in
water levels between standpipes 1 and 2, 1 and 3, and 1 and 4, and dividing these by their
respective distances between standpipes. Using the average of these three gradients and
the flow rate, the permeability (k) was found by Darcy's law:

k=Q/(iAt) : _ 8.1)
where: i = AWL = hydraulic gradient

1. =distance over which the head loss is measured

Ah = head loss over length L.

A = cross sectional area of permeameter

t =time over which flow is measured

Q = quantity of flowintimet

This method was used to test 12 samples. Each sample was observéd three times
without compression at a low flow rate. Then the flow rate was raised and three
additional observations were made. The reported permeabilities are an average of the
permeabilities at high and low gradients. This procedure was then repeated at each
compression increment (approximately 51 mm (2 in.) per increment for tire chip samples).
A 9-metric ton (10-ton) jack was used to compress the samples. The maxinum
compression that could be obtained ranged from 0% for the gravel sample to 21.6% for
the F&B glass-belted tire chip sample. The density and void ratio at each compression

increment was computed.
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8.4 RESULTS

The measured permeabilities for each of the 12 samples are lisfed in Table 8.1. Also
listed are the correspondingAunit weights, densities, percent mixtufe by weight, and void
ratios for each compression. The samples were tested at four compressions (including 0%
compression), with the exception of the F&B steel-belted lchips, which were tested at three
compressions,- and the grével sample, which was tested only at 0% compression. The

reported value of permeability is an average of the high and low flow values for each trial.

Examination of Table 8.1 éhows that the permeabilities at all compressions for the
tire chip samples range from 1.5 to 26.5 c/s (1.6 x10° to 27.4x10° fi/yr). These
‘perméabilities are equal to ‘or greatez; than typical values for clean gravels (Holtz &
Kovacs, 1981).  Mixtures cohtaining 67% tire chips had permeabilities ranging from
8.0x10% t0 2.9 cm/s (0.08x10° to 3.0x10° ft/yr). These vélues are typical of sojils ranging
from clean sands to clean gravel (Holtz & Kovacs, 1981). Mixtures containing 33% tire
chips had permeabilities ranging from 4. 1x10# to 9.7x10% cm/s (420 to 10,000 ft/yr).

These values are typical of glacial tills or very fine sands (Holtz & Kovacs, 1981).

Mixtures with Palmer tire chips had the largest permeabilities. This is especfally
pronounced in the sample with 67% tire chips. A possible reason is that Palmer tire chips
were the lafgest (’?6-mm;l 3-in.) tire chips tested in this study. Moreover, the Palmer
samples often contained pieces that incorporated curved portions of the tire, and greater
amounts and larger pieces of steel. Tire chips of with these characteristics may have

created larger voids for the water to flow through. In contrast, F&B glass-belted tire
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Table 8.1 Summary of permeability results

Mixture % chips | Compression % [Unit Weight| Density | Void Ratio | Permeability
% by volume | by weight - pef Mg/m’ cm/s
100% Gravel 0 0.0 126.0 2.02 0.307 0.0022
33% F&B (steel) 15 0.0 117.9 1.89 0.144 0.00055
67% Gravel 2.1 120.3 1.93 0.120 0.00061
3.1 121.6 1.95 0.108 0.00051
3.6 1223 1.96 0.102 0.00055
33%F&B (glass) 17 0.0 111.5 1.7 0.209 0.00071
67% Gravel 1.6 113.2 1.81 0.190 0.00062
32 115.1 1.84 0.171 0.00047
4.7 117.0 1.87 0.152 0.00041
33% Palmer 19 0.0 94.8 1.52 0.448 0.00097
67% Gravel 3.0 87.7 1.57 0.405 0.00055
4.3 99.0 1.59 0.386 0.00072
5.2 99.9 1.60 0.374 0.000535
67%F&B (steeD) 47 0.0 78.8 1.26 0.307 0.15
33% Gravel 4.2 82.2 132 0.252 0.18
8.3 86.0 1.38 0.198 0.12
10.4 88.0 1.41 0.170 0.12
67% F&B (glass) 46 0.0 75.5 1.21 0.281 0.23
33% Gravel 57 80.1 1.28 0.207 0.21
9.4 83.3 1.34 0.161 0.14
11.5 85.3 1.37 0.134 0.08
{67% Palmer 48 0.0 75.3 1.21 0.441 29
33% Gravel 2.7 714 1.24 0.402 27
6.5 80.6 1.29 0.347 2.3
12.5 86.1 1.38 0.261 1.5
100% F&B (glass) 100 0.0 42.0 0.67 0.693 7.6
: 8.9 46.1 0.74 0.541 6.1
______ 17.4 50.9 0.81 0.399 2.4
21.6 53.6 0.86 0.328 1.5
100% Pine State 100 0.0 41.7 0.67 0.857 16.3
8.3 45.4 0.73 0.703 11.1
16.7 50.0 0.80 0.548 5.5
16.8 5G.1 0.80 0.546 5.6
100% Sawyer 100 0.0 41.0 0.66 0.873 25.9
7.0 44.0 0,71 0.743 17.9
12,6 46.9 0.75 0.637 13.1
19.6 50.9 0.82 0.506 6.3
100% Palmer 100 0.0 42.7 0.68 0.856 26.3
8.4 46.6 0.75 0.699 16.5
16.8 5i4 0.82 0.543 8.6
: 20.5 53,7 0.86 0.475 6.5
100% F&B (steel) 100 0.0 40.9 0.66 0.831 26.5
8.3 44.6 0.72 0.678 15.2
16.7 49.1 0.79 0.526 8.9

1 cm/s = 1.035x10° ftiyr
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chips were the smallest (38-mm; 1.5-in.) tested and were nearly equidimensional. These
two properties may have allowed the F&B glass-belted tire chips to blend more easily

with the soil and may have resulted in smaller voids and lower permeabilifies.

The gravel sample had a measured permeability of 2.2 x 107 cm/s (2,300 ft/yr).
This is in the range of permeability for clean sands and clean sand and gravel mixtures
(Holtz and Kovacs, 1981). This consistent with the sample’s classification of A-1-a
according to the AASHTO soil classification system and GW in the Unified Seil

Classification System.

Increasing the percentage of gravel significantly reduced permeability as shown in
Figure 8.3. This reduction of permeability is close to 5 orders of magnitu;ie from 0% to
100% gravel. The gravel sample has a slightly higher permeability than tﬁe 33% tire chip
samples. The shape and size of the tire chips are a possible explanation.” The tire chips
were generally larger and flatter than the soil particles. For the 33% tire chip sample, the
flat chips were surrounded by t.hc smaller soil particles, creating a more tortuous path for

the water, resulting in lower permeabilities.

Figures 8.4 through 8.6 show that compressing the samples also reduced the
permeability, but to a lesser degree than increasing the percentage of gravel. The
reduction in permeability due to compression was never greater than 1 order of
magnitude for each sample. The plots for 67% and 100% tire chips follow a nearly linear
fclationship between permeability and compression. For 33% tire chip samples (Figure
8.4), there is oniy a general trend of decreasing permeability with increasing

compression.
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Figures 8.7 through 8.9 show the relationship between permeability and void ratio.
The tire chip samples and the 67% tire chip samples have nearly linear relationships. The
33% tire chip samples show only a generai trend of decreasing permeability with
decreasing void ratio. This is similar to the plots of permeability versus percent

compression,

8.5 SUMMARY

Permeabilities of tire chip/soil n;.ixtures were found using a constant head apparatus
that was a slightly modified version of an apparatus constructed for a previous NETC
project. These modifications helped to maintain a constant head through the sample once
equilibrium was reached and made it easier tol change samples. Samples were
.proportioned on a volume basis and then compacted with 146 blows of a médiﬁed Proctor
hammer in five 122-mm (4.8-in.) thick layers. Although tire chip/gravel mixtures were

carefully placed in layers to avoid segregation, compaction resuited in some segregation of

tire chips and gravel.

There was a significant trend of decreasing permeability with increasing percentage
of gravel. As seen in Figure 8.3, tire chip samples had similar permeabilities, with F&B
glass-belted chips having the lowest permeability because they have the smallest maximum
size. The permeability of the 33% Palmer mixture is an order of magnitude greater than
the two 33% F&B mixtures due to the larger size, curved shape, and greater size and

amount of steel belts of the Palmer chips. The 67% tire chip mixtures have lower
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permeabilities than even the gravel sample. A possible explanation for this is the longer

and flatter shape of the fire chips which created a more tortuous path.

There was a linear relationship between permeability and compression, as well as
between permeability and void ratio for the tire chip and 67% tire chip samples, but these
relationships were more of a general trend for the 33% tire chip samples. The lowest
- permeability of the uncompressed samples was 5.5 x 104 em/s (570 fi/yr) for 33% F&B
steel-belted, which is roughly comparable to a glacial till or very fine sands. The highest
| permeability was 26.5 cm/s (27.4x10° fi/yr) for 100% F&B steel-beited, which is equal to
or greater than values for a clean gravel. For comparison, the Federal Highway
Administration (FHWA) reconmmends a minimum permeability of 0.35 cm/s (FHWA,
1§90). A study conducted for MDOT found that the in-situ permeability of subbase

aggregate at six sites ranged from 6 x 10 to 1.7 x 107 cm/s (Manion, et al., 1995).
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9. FIELD TRIAL LAYOUT AND CONSTRUCTION

9.1 INTRODUCTION

A full scale field trial was constructed to investigate the use of tire chip/soil mixtures
to reduce frost penetration and improve drainage of paved roads. The trial is located on a
| dead end road leadiﬁg to the University of Maine’s Whitter Farm in Orono, Maine. The
portion of the road that was used for the 73.2-m (_240-&) long trial section is located about
0.6 km (0.4 mi) from the intersection of Whitter Farm Road and College Avenue. The
portion of the road used for the test section was gravel surfaced. The new pavement
connects to existing pavement covering the last 0.6 km (0.4 mi) of the road leading up to
the farm. The total length of the test section, including approaches at .each end;is 77.7 m

(255 1),

The road runs from west to east (from College Avenue to Whitter Farm). A wooded
area lies to the south of the road and a farm pasture lies to the north. The land is relatively
flat with a small hill to 1he east, on which the Whitter Farm is located. The wooded area .
to the south is slightly elevated above the road and the field to the north is slightly
depressed below the road. The road is mostly used by farm vehicles, people who work or
take classes at the farm, and a family who lives next to the farm. Only a small number of
vehicles travel on this road, so pavement performance measurements were used to

estimate the useful life of the pavement under heavier traffic.

This chapter describes the design, layout, materials, construction, and

instrumentation for the full .scale field trial.
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9.2 DESIGN

There were two major criteria for site selection. The first, and most important, was
to find a site that had a sufficient depth of natural frost-susceptible soil. This allowed the
researchers to test the effectiveness of tire chips and tire chip/soil mixtures under
conditions that wbuld normally cause pavement damage due to frost heave. The second
criteria was to find a site on or near the University. The tire chips to be used in this
project were used in a previous research project and were being stored on the University

grounds. Thus, a site near the University would reduce transportation costs.

Exploratory hand borings were drilled at five possible sites prior to selection of the
Farm Road. All of these sites were unacceptable because of insufficient depth to bedrock
or non-ﬁ"ostvsusceptible subgrade §oil. At the Farm Road, borings ¥-1 and F-2 were
drilled to dé,pths of 1.0 meters (3.3 ft) and 2.1 meters (6.9 ft), respectively. The plan -
location of the borings is shown on Figure 9.1 and boring logs are shown in Figure 9.2.
Water content and specific gravity tests were performed on samples taken from these
borings. During construction, bulk samples were taken in each section after excavation
was completed. Samples were also taken when holes for thermocouples were augered at
the center of each section. Atterberg limit, gradation, hydrometer, and specific gravity
tests were performed on some of these samples. Table 9.1 summarizes the results of these
tests. Gradations of the subgrade soil are given in Figure 9.3, Subgrade samples were
classified as a CL according to the USCS (Unified Soil Classification System) and A-4(8)

or A-6(8) according to the AASHTO classification system.
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Figure 9.2 Boring logs next to trial road
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Table 9.1 Laboratory index properties of cohesive subgrade material

Sample | Location | Natural | Plastic | Liquid Plasticity | Specific | Depth.
Type Water | Limit | Limit Index Gravity (m)
Content
Boting F1 23.8 0.6
1 m | 211 0.6
F2 21.7 2.72 1.2
F2 22.0 2.74 1.8
Bulk Section 1 20.4
Subgrade | Section2 | 24.1 24 32 8 2.64
Section3 | 17.3
Section4 | 184 | 22 | 33 | 1 2.65
Section 5 18.4
Control 17.7 21 27 6
Auger | Sectionl | 20.4 0.0-0.9
Section 1 15.5 0.9-1.5
Section2 | 20.7 0.0-0.9
Section 2 14.4 0.9-1.5
Section 3 21.7 0.0-0.9
Section3 | 229 -0.9-1.5
Section 4 18.5 0.0-0.9
Sectiond | 24.7 0.9-1.5
Section5 | 19.7 0.0-0.9
Section5 | 32.8 0.9-1.5
Control 20.7 0.0-0.9
Control 32.1 0.9-1.5
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Figure 9.3 Gradation curves of cohesive soil from borings, subgrade samples, and auger
holes made for thermocouple installation

9.3 LAYOUT

" The field trial consists of six 12.2-m (40-ft) long paved sections. Figure 5.4 shows a
longitudinal cross-section. A plan view is shown in Figure 9.1, Five test sections contain
from 152 to 305 mm (6 to 12 in.) of tire chips or tire éhip/soii mixtures overlain by 330
mm (13 in)) to 483 mm (19 in.) of MDOT Type D subbase aggregate. Tire chip/soil
nﬁxtu_re proportions were based on volume of solids rather than weight of solids because
of the large difference in specific gravity. Two front end loader bucket loads of chips to
one bucket load of gravel was used for the 67% tire chip/ﬁS% gravel section. For the
33% tire chip/67% gravel section, two bucket loads of chips to three bucket loads of
gravel were used because the tire chips tend to be very loose when loaded into the bucket. -

This was estimated to yield a percentage of tire chips close to 33%. The
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remaining 12.2 m (4.0—&) long section is a control section with 635 mm (25 in.} of MDOT
Type D subbase aggregate. Table 9.2 gives a summary of the configuration of each test
section including the as built thickness of tire chip/soil mixtures determined as described in
Sectioﬁ l9.5.2. .Stationing is showﬁ von Figure 9.1. Stationing is given in meters unless

otherwise noted. Station 0+00 is at the east end of the test section.

| As built cross-sections are éhown in Figures 9.5 through 9.10. The width of the
pavement is 5.5 m (18 ft), and its thickness is 127 mm (5 in). The tire chips and tire
chip/soil- mixtures were encased in a ﬁon—\voven geotextile (Synthetic Industries Type 701)
to prevent migration of soil into the tire chip layers. The geotextile protects the integrity

of the tire chip layers while allowing drainage to occur thiough them.

A drainage trench runs parallel to the road on the south side. Trench width varied
from 0.66 to 1.07 m (2.2 to 3.5 ft), and it was filled with the same material as the adjacent

test section. For example, the trench in Section 2 (Station 0+64 to 0+52), was

Table 9.2 Summary of test section configuration

Section Depth of Thickness of layer (mm)

excavation | Tire chip/soil | Gravel| Paved
(mm) mixtures fill |surface

1 914 326 (33%t.c.) | 483 127

2 914 288 (67%t.c) | 483 | 127

3 914 259 (100% tc) | 483 127

4 762 154 (100% t.c.) | 483 127

5 762 305 (100% t.c.) | 330 127

Control 762 — 635 127

25.4mm=11in.
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filled with 6'-7% tire chips/33% gravel. The trench was lined with geotextile in each test
section (Station 0476 to 0+03). A totaf of 76 m (250 ft) of 102-mm (4-in.) diameter
perforated ADS pipe was buried in the trench at a typical depth of 1.07 m (3.5 ft) below
fﬁe subgrade. "The perforaté& pipe runs from Station 0+76 to Station 0+00. The pipe
sloped downward to from high station to low station (west tlo east). The perforated pipe
connects to soiid 102-mm (4-in.) diameter ADS pipe at Station 0+00, turns north to cross
 the road, and then turns east to its drainage point located in a field approximately 67 m
(220 ) prior to the start of the Control Section. Figure 9.1 shows the layout of the ADS

- pipes in plan view.

9.4. MATERIALS

The tire chips had béen used on a previous NETC research project and were
stockpiled on campus. They were obtained from Palmer Shredding in North Fer;isburg,
Vermont and Pine State Recycling in Nobleboro, Maine, They meet MDOT specifications
for Type A tire chips and generaiiy had a 76-mm (3 -in;) maximum size. A few pieces that
were obviously larger than 76 mm (3 in.) were removed by hand as they were placed.
Gradation curves of tire chips sampled from this project are shown in Figure 9.11.
Gradation curves of the mixtures with 67 percent tire chips and 33 percént soil and 33

percent tire chips and 67 percent soil are shown in Figure 9.12.

The granular subbase was 102-mm (4-in.) maximum size processed gravel and met
Maine DOT Specification 703.06, Type D (152-mm (6-in.) maximum size, 25 to 70%

passing the 6.4 mm (1/4-in.), 30% maximum passing the No. 40, and 7% maximum
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fines). This material was used for subbase over the tire chips and tire chip/sotl mixtures as
well as for the subbase course in the Control Section. Gradation curves from field samples

are shown in Figure 9.13.

The granular material used for the edge drains and tire chip/soil mixtures was
available on campus from a previous NETC research project. This granular material meets
MDOT requirements for Type D subbase aggregate. Figure 9.14 shows the results of the
gradation analysis done on this material by Tweedie, et al. g1998). No particles were
retained on the 76-mm (3-in.) sieve, approximately 18 to 30% passed the No. 40 sieve,

and approximately 3% passed the No. 200 sieve.

Bituminous pavement aggregate met MDOT specification 703.09 for Types Band C.
Type B was the first course placed, which contains coarser aggregate, with 100% passing
the 25-mm (1-in.) sieve, 50 to 85% passing the 13-mm (0.5-in.) sieve, 14 to 39% passing
the No. 16 sieve, and 1 to 8% passing the No. 200 sieve. Type C was placed over Type B
as the surface course. Specifications require Type C aggreéate to have 100 percent
passing the 19-mm (0.75-in.) sieve, 80 to 100% passing the 13-mm (0.5-in.) sieve, 17 to

40% passing the No. 16 sieve, and 2 to 7% passing the No. 200 sieve.

9.5 CONSTRUCTION

9.5.1 Excavation
Excavation of the road took place on September 9, 1996. The researchers were
responsible for layout and grade control. The grade was initially laid out with a theodolite

and grade stakes. The roadbed was excavated to +- 25 mm (1 in) using a
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iracked excavator with a 1.2-m (48-in.) wide bucket as shown in Figure 9.15. Grade was

checked with a hand level.

Sections 1, 2, and 3 were excavated to 0.91 m (36 in.) below the top of pavement
and sections 4, 5, and control were excavated to 0.76 m (30 in.) belqw the top of
pavement. As the left side of the road was being excavated with the tracked excavator, a
Case 580 equipped with 2 0.6-m (24-in.) widé bucket excavated a trench for the edge
drain (see Figure 9.16). The trer_lch was excavate_d fo 1.07 m (3.5 fi) below the subgrade
g,levatién. During construétio;x a very large boulder was encountered in the trench around
station 0+64. Neither the Case 580 nor the hydraulic tracked excavator could lift the
boulder out of the trench so it was necessary to leave the boulder in place. Station 0+64

could be excavated only 0.56 m (1.85 f) below subgrade to the top surface of the

Figure 9.15  Photograph of excavation of roadbed with hydraulic excavator
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Figure 9.16 Photograph of excavation of trench with Case 580

boulder. From Station 0+67, just beyond the boulder, to the end of the trench at Station
0+76 the trench was gradually raised from 0.75 m (2.45 ft) to 0.60 m (1.97 ft) below
subgrade. A total of 306 m® (400 yds®) of material was excavated from the road and the

trench.

Sin;e_ the entire___ road was excavated in one day and the exposed subgrade would be
impassable to traffic for about one month, it was necessarf( t.o build a bypass lane. Some
of the granular soil excévated from the road was placed on the right side of the road to
form a temporary vehicle bypass lane. In addition, approximately 191 m® (250 yd*) of the
excavated soil was stockpiled west of the test sections to use for shoulders after the road

was surfaced. Excess excavation was disposed of at the Whitter Farm.
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Subgrade soil samples were taken after excavation. In addition, soil samples were
taken from auger holes drilled for thermocouple installation. Specific gravity, grain size
analysis, and Atterberg Limits were performed on these samples. These are shown in
Table 9.1 and Figure 9.3. The average specific gravity of the samples was 2.65. Natural
water content ranged from 14.4 to 32.8%. The average plastic limit was 22 and the
average liquid limit was 31. Approximately 73 to 100% passed the #200 sieve. This soil
is classified as an F4 soil with low to very high frost susceptibility according to the US

Army Corps of Engineers classification system (Chamberlain, 1981).

9.5.2 Placement of Tire Chips and Tire Chip/Seil Mixtures

Tire chips from a previous NETC tire chip research project were utilized for this
project. Tire chips were loaded into a 4.6-m® (6-yd") dump trailer with é. small tractor
outfitted with a front end loader bucket. Tire chip/soil mixtures were made by dumping a
ratio of two buckets of tire chips to on; bucket of soil for the 67% tire chip / 33% soil
mixture, and tworbuckets of tire chips to three buckets of soil for the 33% tire chip / 67%
soil mixture. The latter ratio was necessary to obtain the desired 2 to 1 ratio based on
percent of solids volume. After mixing in the trailer with shovels and rakes, the mixture
was transported to the construction site. Because of timé constraints, the last half of the
33% tire chip / 67% gravel section (Section 1) was loaded, fransported, and placed with a

Case 580 and dump truck from a local contractor, Mixing was done in the same fashion.

It was difficult to maintain a homogeneous mixture of tire chips and secil for
Sections 1 and 2. The mixing process in the trailer or dump truck resulted in a relatively

uniform mixture, but dumping and spreading the mixtures resulted in segregation. This
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was especially evident for the 67% tire chip/33% soil mixture in Section 2. The large
void spaces in uncompacted tire ch.ips allowed soil particles to settle. This resulted in a
higher concentration of tire chips near the top of the layer. The difficulty of maintaining a
uniform mixture limits the practicality of using mixtures with greater than 33% tire chips
- on typical highway construction projects. To provide the greatest ease of construction,

use of mixtures should be avoided and 100% tire chips should be used wherever possible.

9.5.2.1 Filling Trench

Geotextile lined the bottom and sides of the trench. The tire chips or tire chip/soil
mixtures were dumped in the trench from the trailer. Two to four people spread the
material with rakes and shovels. First,-a 152-mm (6-in.) lift of tire chip/soil mixture was
placed and compacted, then the perforated 102-mm (4-in.) diameter ADS drainage pipe
was placed on top of this. The lift placed over the pipe was 305 mm (12 in.} thick to
provide. adequate protection to the drainage pipe during compaction. Subsequent lifts

were 203 mm (8 in.) thick and were placed and compacted until the trench was filled.

After a lift was in place, it was compacted by “dynamic compaction” with a 354 kg
(780 1b) concrete block lifted with thf.; front bucket of a tractor, as shown in Figure 9.17.
This method was used because the researchers conld not find é walk behind roller that
was narrow enough to fit in the trench. Compaction was achieved with ten drops of the
concrete block at each location. ‘The trench was wider near the top, permitting the use of
a Rammax RW1403 walk-behind compactor, with a width of 838-mm (33-in.) and an
operating weight of 1,315 kg (2,900 Ib). The walk-behind compactor made a minimum

of six passes for each lift. Figure 9.18 shows compaction with the walk-behind
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Figure 9.18  Photograph of trench compaction with walk-behind compactor
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compactor. Placement and compaction of material continued to the top of the trench,

which matches the adjacent subgrade elevation.

9.5.2.2 Filling Roadbed

The roadbed tire chips and tire chip/soil mixtures were transported to the site by the
dump trailef pulléd by a pickup truck. As with the material for the trench, the tire chips or
tire chip/soil mixtures were dumped -and. spfead by hand using rakes and shovels (see
Figure 9.19). Sections 1 through 5 were filled in 305-mm (12-in.) or 152-mm (6-in.} lifts
of tire chips or tire chip/soil nﬁxtu_fes and comi)acted with a Case 1102 smooth drum
vibratory roiler. The operatipg weight of t.he compactor was 10.9 metric tons (12.0 tons)

and compaction was achieved with a minimum of six passes. Tire chips are compressible,

Figure 9.19  Photograph of tire chips being spread over geotextile
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so the tire chip lifts with 100% tire chips were overbuilt by up to 63 mm (2.5 inches) so
the thickness of the layer would be as planned for during design afier it was compressed
by the weight of the overlying subbase and pavement. The 67% tire chip mixture was
overbuilt by 26 mm (1.0 in}) and the 33% tire chip mixture was overbuilt 48 mm (1.9 in.),
although the latter was larger than intended. Compression of the tire chips layers was
measured with settlement plates whose design is described in Section 9.6.1. Table 9.3
gives initial thicknesses of the tire chip and tire chip/soil mixtures in each section. The
7 final thickness of Sections 2 and 3 after paving (as measured on 7/2/97) were below the
design thickness of 305 mm (12 in.), while the Sections 1 and 5 were above their design

thicknesses of 305 mm (12 in.) and Section 4 was above its design thickness of 152 mm.

As with the trench, the tire chip/soil mixtures were completely surrounded by non-
woven geotextile (Synthetic Industries Type 70 1) which met MDOT Specification 722.02
for Class A geotextile. Seams were overlapped 457-mm (18 in.). The purpc':)se of the
geotextile was to prevent migration of thel fines into the voids in the tire chip or tire

chip/soil mixtures from either the subgrade or subbase soils.

9.5.3 Placeﬁent of Subbase Course

Subbase was hauled to the site by a local contractor using 10.7- and 12.2-m® (14-
and 16-yd®) dump trucks. The materiai, MDOT Type D subbase aggregate, was dumped
and spread with the tractor. The subbase was placed in 305-mm (12-in.) maximum lifts
and compacted with six- or more passes of the Case 1102 smooth drum vibratory roller, as
shown in Figure 9.20. _The subbase was placed over the tire chip and tire chip/soil

“mixtures, except in the control section, which consisted entirely of gravel subbase.

- 183 -




¢ U018 10] HZ4+0 PUE §1+0 JO o8eIdAE 913 371 ‘paje|duion sem Suiaed Jaye sBuipeas o1e]d JUSWRPILS 0M] JO IBRIOAY ok«
paung Ajuerodws) aom $9121d JUSWIS[ISS I5NEBIAQ USKE) JOU dIoM sBurpess 9S9Y ], xx

L6/T1/8 U0 uaxe) sem JuIpeas ST

U =W peT
9L 97¢ £S¢ (443 1T¢ 6C¢t 6T¢ 6ve [ £L+0
0ge 0tg LEE 1943 LSE L9+0
671 88T 1gg SLT £LT (414 66T | ¥AY [ [9+0
0¢ 1033 L0t 91t 1§43 SS+0
611 65T Y67 1214 68C L8T £0€ 61¢ ) 6¥+0
€T 1} X4 £€T oy 89¢ £+0
8'L1 pSl L8] - 8¢1 6¢1 34 6¥1 £L1 14 LE+0
| oL L1 oL 68T | 20z 0E+0
6C1 YA 89¢ dek *ok L8T 98¢ 90¢ S yT+0
. YA *ok 8re - 09¢ 89¢ . 8140
L6/T/L ‘ . N .
(%) «x4BUINB] | 96/9T/6 L6/T/L 96/E1/11 | 96/€/01 o (w)
uoissaxdwo)) RYV ey Juineq Suiaeq appdwo) | 96/97/6 uoneI0
ofiviony aBeiony afenAy RYY a10Jog 96/8/01 ma Jenug uor09g aeld
{uru) yoAey J10s/dIYS 9313 1O diYd 31 JO SSAPON,

iep ajeld Juswoies woy s134e| [losydiyo a1 pue digo 2113 JO SSAUNIMYL €6 qEL

-184 -




Compaction of the Control Section was also achieved with 2 minimum of six passes with
the smooth drum vibratory roller. Although the trench in the Control Section was lined
with geotextile, the roadbed was not. Several samples of the subbase were taken during
placement for .1ater gradation analysis. Placement of the subbase was completed on
October 5, 1996. At this point the temporary passing lane was closed and traffic was
allowed to drive on the road. Bumps and potholes that developed in the road were leveled

with the tractor bucket as necessary to maintain a driveable road surface.

Field density tests were performed on the subbase on November 6, 1996, 32 days

after completion of subbase placement. Field density tests were performed by digging to a

el

Figure 9.20  Photograph of compaction of MDOT Type D subbase with vibratory roller
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depth of at least 20 mm (8 in.) in the base course gravel and performing sand-cone tests.
Table 9.4 shows the field dry density, watef content, and relative compaction for the test
sections. A laboratory moisture-density test was performed in accordance with AASHTO
T99. The optimum water content was 7.1 percent, and the maximum density was 2.25

Mg/m® (140 Ib/f%). Relative compaction ranged from 92 to 105 percent.

Table 9.4 Results of field density tests

Section Dry Density Water Content Relative
' Compaction
Mg/m’ : % %
Control : 2.0% 3.6 92
1 2.32 3.4 103
2 2.27 2.5 101
3 2.37 2.9 105
4 2.24 3.1 100
5 2.17 3.5 96

Tire chips need time to settle under surcharge because they exhibit some time
dependent settlement. Tweedie, et al. (1998) reports that fora 4.6 m_.(lS ft) thick tire chip
fill, the majority of time dependent settlement was completed in 50 days. For _this reason
the researchers decided to allow the tire chips and tire chip/soil miﬁmfes to .settle under
the weight of the subbase for at least three weeks before the road was paved. This was
important bécause excessive time dependent settlement of tﬁe road after paving could
damage the test sections. The g_ctual time between completion_of subbase placement and

paving was 40 days.
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9.5.4 Bituminous Pavement
Fine grading to #10 mm (3/8 in) was performed on November 13, 1996 with a
University road grader. Grade was checked using a hand level. After final grading, the

surface was recompacted with the Case 1102 smooth drum vibratory roller.

The road section was paved on November 14, 1996. The temperature was -8° C
(17° F) at 7 am, when paving began. By midday the temperature had risen to ébout 2°C
(36° F). The first lift of 89-mm (3%-in.) lift of MDOT Type B base course was placed
and compacted, and then a 38-mm (1%4-in.) lift of MDOT Type C surface cc;urse was
placed and compacted. The length of newly paved road, including 4.6 m (15 f) before
and after the start of the test sections, totaled 77.7 m (255 ft). The new pavement was
matched into the existing pavement 3.0 m (10 ft) from the beginning of the ;ontrol section

at Station 0+00.

The paving machine was a Caterpillar AP800. Compaction was performed first by a
Hyster C350D steel wheel roller with a 10.0-metric ton (11-ton) operating weight, then by
a PS180 CAT pneumatic tire roller with a 10.9-metric ton (12-ton) operating weight, then.
again by the Hyster C350D roller, and final rolling was done by a Bomag BW120AD mini

roller with a 4.5-metric ton (5-ton) operating weight.

Several bituminous samples were taken during paving. Three samples were taken for
bulk specific gravity, stability, and flow tests for both the base and the surface course.
Table 9.5 lists the results of these tests. The average specific gravity of the base course

was 2.28 and the average specific gravity of the surface course was 2.33.
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Table 9.5 Results of stability and flow tests

Sample Specific Gravity Marshall Stability Flow
Ib. 1/100 inch
Base 1 2.26 416 29
Base 2 _ 2.27 1440 35
Base3 230 2030 35
Surface 1 2.36 2420 27
Surface 2 236 2590 30
Surface 3 2.32 1100 61

9.6 INSTRUMENTATION & MONITORING
The instrumentation placed during construction were settlement plates,
thermocouples, frost-free benchmarks, datalogging. equipment, and piezometers. These

are described in the following subsections.

9.6.1 Settlement Plates

Settlement plates were installed to measure the actual thickness of the tire chip layers
after compress:on and to find the settlement of the tire chip layers as subbase and
pavernent were added. Each test section contained two settlement plates spaced 3.0 m
(10 ft) on ecither side of the mid-station of the section. Settlement plates were made from
3.1 mm (1/8-in.) diameter all thread, 203 mm (8-in.) by 254 mm (10-in.) by 3.1 mm (1/8-
in.) thick steel plate, andr 12.7-mm (1/2-in.) diameter, schedule 40 black iron pipe. Typical
dimensions and a piéture of a settiemenﬁ plate are shown in Figures 9.21 and 9.22,

respectiveiy. No settlement plates were installed in the control section.

The lower portion of the each settlement plate was ail-thread and steel plate, fastened

together with two nuts and a lock washer. This part was placed on the subgrade.
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Figure 9.21 Settlement plafe detail
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Figure 9.22 Photograph of settlement plate before placement in roadbed

The settlement plates were located on the centerline of the road. Geotextile Was then put
over the base of the lower plate. Small holes were cut in the geotextile to accommodate
the all-thread. Tire chips or tire chip/soil mixtures were then placed, geotextile was placed
over the top, and the upper poﬁion of the plate was then placed over the all-thread. The

upper portion was constructed of black iron pipe welded to a steel plate.

A summary of the settlement of tire chip and tire chip/soil mixtures for the test
sections was shown in Table 9.3. Section 4 appeared to have the greatest percent
compression from September, 1996 to July, 1997 at 17.8%. Th;e Station 0+18 reading did
not seem valid since the measured thickness was greater in July, 1997 than in October,

1996. Section 1,' with 33% tire chips, had the smallest compression at 7.6%.
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9.6.2 Thermocouples

Six sets of thermocouples were placed in the road on September 19, 1996. One
thermocouple string was installed in the center of each section. Each string contained
from twelve to twenty 20-gage copper consta_ntaﬁ'(Type T) thermocouples. The initial
calibration tolerances for the thermocouples was +1.1 °C. (2 °F) for standard limits. A
total of 96 therxhocouple pairs were used for this project. The thermocouple pairs were
fabricated and mounted on 25-mm (l-m) diameter wooden dowels by the U.S. Amy

Corps of Engineers Cold Reg:ons Research and Engmeenng Laboratory

Thermocoupies oiere _installed in 102-mm (4-in.) diameter hoieé drilled by a tractor-
mounted auger The strmg of thermocouples was then placed in the hole and the hole was
. packed thh the soil removed from the hole. Each cable-dowel system had one or two
fliers, which are longer-lead thermocouple pairs whose tips are not attached to the dowel.
This allows the top of the dowel to be buried so the upper layer of subbase could be
placed and compacted with fewer obstructions. After placement of gravel was completed,
the researchers dug down to the top of the dowels, pulled up the fliers, and placed them at
the appropria.te,depth. A picture of a partially buried cable-dowel system is shown in
Figure 9.23. |

Fifty of the subsu&ece thermocouples were read by a datalogger and 46 subsurface
thermocouples were read manually. An additional three thermocouples were used to
measure air temperature. and were attached to the datalogger. The depths of the

thermocouples measured by the datalogger and the locations of the manually read
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Figure .A hotoph of thermoco_uple-del setup
thermocouples are shown in Figufe 9.24. The da;talogger is discussed in the next
subsection, The path of the thermoc’opple cables was along the centerline of the road to
Station 0+58, after which they were angled approximately 90 degrees to the right, fed
through a 102 mm (4-in.) diameter Schedule 40 PVC pipe under the right shoulder of the
road, and up into a weather-resistant and insulated box where the datalogger is housed. A
shallow trench was dug for the portion of cables in the roadbed which would be driven
over during construction. The cables were placed in this shallow trench and covered with

some of the subgrade soil that had just been dug out.
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9.6.3 Datalogger

The datalogger was housed in a small plywood structure at approximately Station
0+58 on the right side of the road. The housing for the instrumentation was made to be
watertight and to protect the instrumen'tation panel from large variations in temperature.
Electricity was needed to mn thé datalogging equipment, so University electricians
connected 12 gage UF wire from a nearby telephone pole. Approximately 122 m (400

feet) of wire was used to bring electricity to the datalogger

There were four main components to the datalogging system, all manufactured by
Campbell Scientific, Inc.: CR10X datalogger, wiring panel, power supply, and two
AM?25T solid state multiplexers. Campbell Scientific, Inc. (1996) reports that the

accuracy of the CR10X and the AM25T is 0.2 °C in the range from =25 to +50 °C.

Data for fifty subsurface thermocouples was taken electronically. These readings
were taken every hour by the datalogger and stored in memory. The stored data was
retdevéd with a laptop cbmputer which was connected to the datalogger via an optically
isolated RS232 interface (Carppbell Scientific model SC32A). Temperatures of the other
46 thermocouples were monitored manually with an electronic thermometer (Omega
Model 450 ATT) designed to read Type T thermocouples. Thermocouples were read
manually approximately every 10 days from December 11, 1996 to Febmuary 9, 1997.
However, readings were discontinued because they did not match the readin.gs taken by
the datalogger. This was due to the inability to keep the electronic thermometer and

thermocouple clips at a constant temperature. If the thermometer could have been kept at
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a constant temperature, the datalogger and thermometer readings should have been in

agreement.

9.6.4 Frost Free Benchmarks

| Two frost-free benchmarks were installed by the US Army Corps of Engineers. The
two benchmarks are founded 2.4 to 3.0 m (8 to 10 feet) below the surface of the ground.
A 229-mm (9-in) diameter hole was drilled wﬁth_ a tractor-mounted power auger to about
1.5 m (4.9 ft). A 13-mm (1/2-in.) diameter piece of rebar was driven into the ground and
‘then'a 102-mm (4-in.) diaméter piece of PVC pipe was placed over the rebar down ta the
bottom of the hole. Soil from the hole was placed back in the holes outside the PVC
pipes. BM1 was located at Station 0+28, offset 7.6 m left of centerline, and BMZ was
located at Station 0+80, offset 8.2 m left of centerline. Benchmarks weré installed to
serve as stable elevation references for measurements of frost heave during the winter.
Pavement elevations were measured in the fall and in the winter near the time of maximum
frost heave. Sixteen points were measured in each section. Chapter 10 describes the

- spacing of the frost heave survey points.

9.6.5 Piezometers

Three open standpipe piezometers were installed at the site to measure groundwater
elevation. The groundwater elevation is important because accessible groundwater s
 necessary for frost heaving. The piezometers consist of 51-mm (2-in.) diameter schedule
40 PVC pipe slotted for the bottom 610 mm (2 ft). Holes were drilled with a 229-mm (9~
in) diameter post hole digger attached to a tractor. The bottom 152 mm (6 in.) of the

hole was filled with concrete sand and then the PVC pipe, capped on the end, was placed
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in the hole. Sand was added to bring the level of sand to about 152 mm (6 in.) above the
top of the slotted portion of the PVC pipe. Approximately 610 mm. (2 ft) of coarse grade
Wyoming bentonite chips were used as a seal over the sand. The remainder of the hole
was filled with natural soil. Figure 9.25 shows a typical cross-section of a piezometer as
well as the stations and offsets of the three piezometers. The plan location of the
piezometers is shown in Figure 9.1. Readings were taken in November, April, May, and
July. The groundwater elevations from these readfngs are summarized in Table 9.6. For
reference, the top of pavement elevations at the center of Sections 1, 3, and 5 are 16.24 m

(53.27 ft), 15.91 m (52.20 R), and 15.59 m (51.16 f1), respectively.

9.7 SUMMARY

A field trial was constructed in the fall of 1996 at the University of Maine using tire
chips and tire chip/soil mixtures to insulate the subgrade and provide drainage for the
road. The test site is located on a University road to the Whitter Farm, approximately 1.6
km (1 mile) from the center of the University of Maine campus. A. subsurface

investigation revealed that the subgrade was frost susceptible silty clay.

Table 9.6 Groundwater elevations

Groundwater elevation (m)

Date P1 P2 P3
11/15/96 14.55 13.83 13.73
425097 14.49 14.34 14.90
5/20/97 14.88 14.41 14.78
7/29/97 13.87 13.75 14.08

- 196 -
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Figure 9.25 Plan location of piezometers and typical cross section
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The test site consists of five 12.2-m (40-ft) long paved test sections and one 12.2-m
(40-ft) long Control Section. Threé sections contain tire chips, one section contains 67%
tire chips/33% gravel, and one section contains 33% tire chips/67% gravel. Each tire chip
and tire chip/soil layer is surrounded by geotextile. These sections contain from 152 to
305 mm (6 to 12 in.) of tire chips or tire chip/soil mixtures, 330 to 483 mm (13 to 191in.)
of gravel cover, and 13 mm (5 in.) of pavement. A 1.07-m (3.5 ft) deep edge drain is

located on the left side of the road.

Type A tire chips with a maximum size of 76 mm (3 in.) were obtained from a
stockpile on campus. Granular material for the edge drains and tire chip/soil mixtures was
also obtained from a stockpile on campus. Aggregate for the subbase was obtained from a

local contractor.

The roadbed and edge drain were excavated by a local contractor. Some of the
granular material excavated from the roadbed was used to create a temporary vehicle
bypass lane and some was stockpiled for later use in the shoulders. Geotextile was placed
in the edge drain trench and the trench was filled and compacted. Next geotextile was
placed oﬁ the exposed subgrade, the éire chip and tire chip/soil mixtures were placed, and
then compacted by a smooth drum vibratory roller. The tire chip/soil mixtures, especially
the 67% tire chips/33% gravel mixture, were difficult to mix and spread without causing
segregation. The top of the tire chip and tire chip/soil layers were covered with geotextile.
Next the gravel subbase was spread with a tractor and compacted with a smooth drum

" vibratory roller. Paving was performed by a local contractor.
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Settlement plates werer installed to record compression of the tire chip and tire
chip/soil mixtures due to the weight of the overlying soil and pavement. Tire chip layers
compressed from 11.9 to 17.8 percent. The 67% tire chips/33% gravel and 33% tire
chips/67% gravel layers compressed 12.9 and 7.6 percent, respectively. A total of 96
thermocouples were instaﬁed to record subsurface témperatures. Fifty of these were
recorded automatically e§ery hour by a datalogger. Two frost free benchmarks were
installed as reference elevations for heave measurements. Pilezometers were installed to

measure groundwater elevation.
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10. FROST PENETRATION

10.1 INTRODUCTION -

This chapter presents data on frost depth, frost heave, and backcalculated thermal
conductivity for the winter of 1996-1997. The thermal conductivities of tire chips and
tire chip/soil mixtures are backcalculated from the field measurements using both steady
state and non-steady state conditions. Results of these calculations are then compared to
values determined in the laboratory lphase of this study as well as values reported in the

literature.

10.2 FROST DEPTH

Subsurface temperatures were recorded and analyzed from December 3, 1996 to
March 29, 1997, the déy frost was undetectable in ’all sections. The temperature of the 53
therrﬁocouples atta(_:hed to the datalogger were recorded every hour. This data was stored
in the datalogger and then retrieved with a laptop computer every 10 to 14 days. The
average daily temperature of each thermocouple was computed and then used for
subsequént analysis. The daily location of the zero degree Celsius isotherm was linearly
interpolated from the thermocouple temperatures for each section. The zero degree

isotherm was taken to be the freezing front.

Manual readings of some of the thermocouples were taken using an electronic
thermometer (Omega Type 450 ATT) for the first several weeks of the project. This was
intended to provide a check on the accuracy of the temperatures read by the

_ thermocouples attached to the datalogger. The best way to measure the temperatures
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would be to have the electronic thermometer in a heated space where it could be
maintained at a constant temperature. However, manual readings were taken outside, so
temperature variations of the electronic thermometer resulted in inaccurate readings and

manual readings were discontinued. -

Hourly air temperatures were taken from two thermocouples located on the back of
the datalogger housing. | These readings were in good agreement with temperatures
measufed with a mercury thenﬁometer. The air temperatures measured by the
thermocouples were used to compute the average daily air temperature and freezing
degree days. Accurate average daily temperatures from the datalogger were available
only after January 14, 1997. Readings from the University of Maine campus located
approximately 1.6 km (1 mi) froin the site were used to calculate average daily
temperétures. and freezing degree aays before this date. Figures 10.1 and 10.2 depict
cumulative freezing degree days versus date and average daily temperature versus date.

Input parameters for calculation of frost depth were obtained from both of these plots.

The coldness of a winter is estimated by the freezing index, which is the difference
between the maximum and minimum peaks in Figﬁre 10.1. Freezing degree days were
computed from December 19, 1996 to March 24, 1997 and totaled 461 °C-days (829 °F-
days). The average freezing iﬁdex for Orono is about 714 °C-days (1285 °F-days)
(Bigelow, 1969). Thus, the winter of 1996-1997 was much warmer than an average
winter. The length of the freezing season is the number of days between the maximum

and minimum peaks. The length of the season was 96 days in 1996-1997.
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Figure 10.1 Cumulative freezing degree-days versus date
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Figure 10.2 Average daily temperature versus date
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10.2.1 Frost Depth Versus Date

Figures 10.3 through 10.5 show frost depth versus date for each section. Figure 10.3
shows frost depth versus date for the Control Section and S.ections I,2,and 3. Section 1
contained 33% tire chips/67% soil, Section 2 contained 67% tire chips/33% soil, and
Section 3 contained 100% tire chips. Each of these sections had 483 mm (19 in.) of soil
and a 305 mm (12 in.) thick tire chip layer. The frost penetration behavior with time for
Section 1 and the Control Section were similér. The frost penetration in these two
" sections was initially slower than the frost penetration in Sections 2 and 3. This-could
have been caused by the insulating value Qf the tire chips in Sections 2 and 3 preventing
heat stored in the ground from warming the near surface granular soil above the tire
chips. Since the Control Section had no insulation and Section 1 had the least insulationt
value of the tire chip/soil mixtures, heat from the ground flowed vertically to slow the
initial frost penetration.‘ However, this effect was short lived, and by mid-winter the

Control Section and Section 1 had the greatest depth of frost penetration.

Freezing fronts of Sections 1, 2, and 3, and the Control Section passed through a
depth of 610 mm (24 in.), which corresponds to the top of the tire chips or tire chip/soil
mixtures, on nearly the same date. The freezing front in Section 3 diverged from the
others at about mid-depth in the tire chip layer and remained in the tire chip layer for the
entire winter. In Section 2 the freezing front diverged from Section 1 and the Control
Section when it paésed the bottom of the tire chip/soil layer. In Section 1 the freezing

front diverged from the Control Section at a depth of about 1100 mm (43 in).
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Figure 10.3 Depth of frost penetration vs. date, Sections 1 through 3
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Figure 10.4 Depth of frost penetration vs. date, Section 4

-207 -

Frost Depth (in.)




200 —
— 10
A
400 0\‘;@‘\ NS Tire Chips A o 7
3 AR,
800
=
E
< 800
0, . -t
a
- 1000 — —4 40
g |
L —
1200 |—
» -1 50

1400 =} .—&— Section 5 -

—je—  Control —1 60
1600 |— . |
1800 1 I H ‘ | ‘ 1 l 1 ~—70
12/21/98 1118197 2115/97 315/97 412197
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Frost depth versus date for Sections 4 and 5 are shown in Figures 10.4 and 10.3,
respectively. Section 4 contained 152 mm (6 in.) of tire chips with 483 mm (19 in.) of
soil cover, and Section 5 contained 305 mumn (12 in.} of tire chips with 330 mm (13 in.) of
s§i1 cover. The behavior of the freezing fronts in Sections 4 and 5 were nearly identical
to that of the Control Section until the they passed the top of their respectlve tire chip
layers. The freezmg front in Section 4 penetrated slightly into the subgrade soil and
remained just below the botfom of the tire chip 1ayer for the remainder of the winter. The

freezing front in Section 5 did not reach the subgrade soil at any time during the winter.

10.2.2 Maximum Depth of Frost Penetration

Figure 10.6 shows the maximum depth of frost penetration by section as well as the
location of the tire chip layers. Table 10.1 also summz;ﬁzes the maximum depth of frost
penetration and gives the percentage reduction in maximum frost depth for each section
in comparison to the Control Section. Maximum frost depth was 1383 mm (54.4 in.) in
the Control Section and 1290 mm (50.8in.) in Section 1. Thus, the 33% tire chips/67%
soil in Section 1 _reducéc"; the frost penetration by only 6.5 percent. The frost penetration
in Section 2 was reduced 22.5 percent, Section 3 was reduced 34.0 percent, and Section 4
was reduced 36.2 percent. Section 5 had the smallest depth of frost penetration at 728
mm (28.7 in), which was a 47.1 percent reduction. Note that the frost did not penetrate

into the subgrade in Sections 3 and 5.
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Table 10.1 Summary of frost depths by section

Section Percent Tire Chips Maximum Frost Percent Reduction
(Volume) Depth (n) from Control

1 33 1,29 6.5

2 67 1.07 22.5

3 100 0.91 34.0

4 100 0.88 36.2

5 100 0.73 47.1
Control e 1.38 —

The maximum depth of frost penectration was less than the elevation of the
groundwater table, in every section except the Control. In Sections 1 through 5 the
maximum depth of frost penetratién was about 200 mm (8 in.) above the groundwater
table. In the Control Section, however, the maximum depth of frost penetration was 510
mm (20 in) below the groundwater table. Groundwater table elevations were
nterpolated at the center of each section based on readings takep in April and May, 1997

from the three standpipes located beyond the shoulders of the road.

10.2.3 Temperature Profiles

The profiles of temperature versus depth show the insulating effects of tire chips and
tire chip/soil mixtures. The i)roﬁles in Figure 10.7 display temperature vs. depth on -
F ebruéry 14, 1997, This date marks the end of a 47-day cold period from December 30,
1996 to February 14, 1997. This day was also on or close to the dates of maximum frost

penetration for each section, as can be seen in Figures 10.3 through 10.5.
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Figure 10.7 Temperature profiles on February 14, 1997

-212 -




Figure 10.7 shows temperature versus depth on February 14, 1997 for all test
sections and the Control. Figure 10.7 shows that there were sharp changes in the slopes
of temperature lines as they crossed the top of the tire chip or tire chip/soil layers.
Another sharp change in slope occurred as they crossed the bottom of the tire chip or tire
chip/soil mixtures into the subgrade. The Control did not exhibit this drastic change in
slope, but there was .a slight change from above subgrade to below subgrade, which was

at a depth of 762 mm (30 in.).

The temperature profiles of Sections 1, 2, and 3 show that temperatures above the
tire chip or tire chip/soil mixtures decreased with an increase in the percentage of tire
chips. This was due to the lower thermal conductivity of materials with higher
proportions of tire chips. This impeded heat flow to the area above fhe tire chip/soil
layers, resunlting in lower temperatures in these regions. The reverse was true below the
tire chip or tire chip/soil mixtures. Since heat flow was impeded, the temperfitures in
regions below the tire chip/soil layers were higher as the proportion of tire chips

increased. Similar behavior was exhibited for tire chip Sections 4 and 5.

The difference in temperatﬁre from top to bottom of the tire chip and tire chip/soil
mixtures increased as the percentage of tire chips increased. Table 10.2 shows that the
émallest temperature differel;ice for a tire chip or tire chip/soil mixture was 2.7°C (4.9°F)
in the 33% tire chip/67% soil mixture (Section 1). The largest difference was 7.9°C
(14.2°F) for the 305 mm (12 in.) tire chip layer at 610 mm (24 in.) below the top of

pavement (SectionS).
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Table 10.2 Temperature gradients of tire chip and tire chip/scil layers

Section | Percent Tire Chips Temperature Temperature
Volume Difference Gradient
°C °C/m
1 33 2.9 8.9
2 67 5.7 19.8
3 100 75 29.0
4 100 3.8 24,7
5 100 7.4* 24.3*
Control - 2.0 6.6

* This is the estimated temperature difference and temperature gradient as
described in the text

~ For comparison, there was a 2.0°C (3.6°F) difference in the Control for a 305 mm (12

in.) thick portion of granular subbase at the same depth as the tire chips in Section 5.

The data in Table 10.2 shows that the temperature gradient increases as the
percentage of tire chips increase. Tem;ﬁerahlre gradients were determined from the slopes
of temperature proﬁle lines in Figure 10.7. To estimate these gradients, the temperature
profile lines from the gravel base and subgrade were extended linearly fo the interface
with the tire chip or tire chip/soil mixture layers. The same was done within each tire
chip or tire chip/soil layer which allowed the temperatures at the interfaces to be
estimated. Temperature differences from top to bottom of each tire chip and tire chip/soil
layer were divided by the thickness of each respective layer to obtain temperature
gradients. The gradients determined for Sections 3 and 4 were 29.0 and 24.7°C/m (15.9
and 13.6°F/ft), respectively. These values are reliable since each of these sections had
two thermocouples embedded in the overlying gravel, which could be used to find a

temperature gradient. An accurate temperature gradient could not be determined in
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Section 5 because it had only one thesmocouple in the gravel base. Therefore, the
temperature at the interface of tire chips and gravel in Section 5 were estimated using the
slope of the temperature gradient for gravel in Section 3. Using this procedure, the best
estimate of temperature gradient in Section 5 was 24.3°C/m (13.3°F/ft). The temperature
gradients of the mixtures increased with an increase in percent tire chips. Thus, Table
10.2 shows that the tire chips effectively insulated the subgrade by reducing heat loss up
through the tire chip or tire chip/soii layer and that an increase in the percentage of tire

chips increased the insulating value of a tire chip/soil mixture.

10.3 FROST HEAVE

Frost ﬂeave was measured at 96 points. Each section contained sixteen survey
points, arranged in.a‘ grid, four points longitudinally by four points transversely. The
longitudinal spacing was 3.0 m (10 &) and began 1.5 m (5 ft) from the border of each
section. In each travel lane, the points were spaced laterally 0.6 m (2 1) from the
centerline and 0.9 m (3 ft) from the edges of the pavement. The surface heave of the road
was the difference in road elevation between November 25, 1996 and the average of
elevations on February - 22 and March 26, 1997. The elevat.ion of heave differed by about
6.0 mm (0.02 ft) between F ebruéry and March readings, which is 15% of the magnitﬁde
of heavg in the Control Section. This is probably due to inaccuracies in reading
instruments rather than actual differcnces in heave since approximately half of the
February readings were higher than the March readings. The reason for the month long
delay between the readings was severe icing on the road that occcmred in Iatt; February

and early March, due to the colder surface temperatures in the insulated sections and

shading from the adjacent woods. Some survey points were covered with approximately
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50 to 75 mm (2 to 3 in.) of ice in the tire chip sections which made surveying these points
difficult. The most severe icing occurred on the outer points nearest the shoulders,
especially on the left side of the road, which was the most shaded and adjacent to the
edge drain. Sdr;le 'of— the survey points were covered with ice for the March survey, but

the ice was removed.

Frost heave in each section is shown in Figure 10.8. Each section contains four
bars, which correspond to readings taken in the approximate wheel paths of the road.
Bach bar, such as “left outside,” is the average of four survey points taken in the left
outside wﬁeel path in a given section. In each section, the greatest heave occurred on the
outside wheel paths. The inside wheel paths usually heaved much less. An explanation
for this is that inside wheel paths were surrounded by tire chips or tire chip/soil mixtures,
Whereas the outside wheel pafhs were bordered by the nataral ground which had a higher
thermal conductivity. In addition the outside wheel paths had greater access {o water

from surface infiltration.

Frost heave was also greater on the left outside than on the right outside. There are
three possible factors which would contribute to greater heave on the left side of the road.
The first factor was the amount of exposure to sunlight. The left side of the road received
almost no sunlight throughout the winter duc to the woods on the left side of the road.
The right side was shaded much of the day, but it usually received some sunlight,
eSpeciallx in the latter part of the winter. The second factor was the edge drain on

the left side of the road. Although the edge drain was designed to reduce availability of
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water to the soils, the outlet of the drainage pipe became frozen during the winter. Thus,
water may have accumulated in the edge drain and provided more water to the left side of
the road. The third possible factor was better access {0 surface infiltration. A surface
drainage ditch was located on the left side of the road, but not on the right, which drained
to an adjacent field. Therefore, surface infiltration was more likely to be available on the

* left side; These factors probably contributed to more heave on the left side of the road.

10.3.1 Comparison of Heave Between Sections

Comparisons were made between the test sections to determine the effect on heave
of percent tire chips, tire chip layer thickness, and depth to top of tire chip layer. Sections
1, 2, and 3 had the same layer thickness and depth to thc; top of the tire chip layer but
different percentagesrof tife chips. Comparisb;l of the average heave in Sections 1, 2, and
3 gives an approximate relatioﬁshib b@&éen frost heave and percent tire chips as shown
in Figure 10.9. The average heave in Section 1 and the Control wére essentially the
same, 38 mm (1.5 in.) and 39 mm (1.5 in.), respectively. This indicates that there is

esseniially no benefit in using 33% tire chips/67% gravel to reduce heave,

A}

Sections 3 and 5 contained tire chips, but at different elevations, Section 3 was 610
mm (24 in.) from the surface, while Section 5 was 457 mm (18 in.) from the surface.
Although moﬁng tire chips 152 mmA(ﬁ in.) closer to the surface reduced maximum frost
penetration by 20 percent, the average frost heave was essentially the same since frost did
not penetrate into the subgrade in either section. The subgrade in Sections 4 and § were

at the same depth, but frost heave was 55 percent lower in Section 5, with 305 mm
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(12 in.) of tire chips, than in Section 4, with 152 mm (6 in.) of tire chips. Therefore,
increasing the thickness of tire chips seems to be more beneficial in reducing heave than

reducing soil cover over tire chips.

10.3.2 Frost Penctration into Subgréde and Frost Heave

Frost-susceptible soils are necessary for frost heave to occur. The tire chips and tire
chip/soil mixturgs insulated the road and reduced the total depth of frost penetration, as
well as the depth of frost penétration into the frost-susceptible subgrade soils. The
relatiénship between frost heave in the sections with tire chips and tire chip/soil mixtures
and frost penetration into the subgrade soils is shown in Figure 10.10. The relationship

between frost penetration into the subgrade and frost heave was nearly linear.
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Figure 10.10 Average heave vs. frost penetration into subgrade
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10.4 BACKCALCULATION OF THERMAL CONDUCTIVITY

The field thermal conductivity of tire chips and tire chipfsoil mixtures was
calculated using procedures given in Section 7.2. The first step was to calculate the
volumetric heat capacity of , tire chips and tire chip/soil mixtures. Then, the

backecalculated thermal conductivities are presented.

10.4.1 Volumetric Heat Capacity of Tire Chips and Tire Chip/Soil Mixtures
The mass heat capacity of tire chips is 0.260 Cal/kg°C (0.260 Btw1b-°F), as
determined by Equation 77 The mass hegt capacity of tire chip/soil mixtures is then
calculated as:
e = Bomati) + (1-B) () (10.1)
where: ¢, .y = 0.20 Cal/kg-°C (0.20 Btw/Ib-°F)  (Jumikis, 1977)

P = percent tire chips by mass = 18.7% (33% volume) or 48.7% (67% volume)

The volumetric heat capacity of moist tire chips or tire chip/soil mixtures (c,,;,) for use in
calculation of frost penetration is generally taken as the average of the thawed and frozen

values (Aldrich, 1956), which can be calculated as:

Cyumix = [pd—mix'(cm-mix +me'W/ 100) + pd-mix'(cmmix +cmi'W/ 100)]/ 2 (10‘2)

where: pgix = dry density of tire chips or mixture in kg/m® (1b/£%)
Cm-mix — Mass heat capacity of tire chips or mixture in Calkg-°C (Btw/lb-°F)
Cw = IMass heat ca_pacity of water in Cal/kg-°C (Btw/1b-°F)
C = Mmass heat capacity of ice in Cal/kg-°C (Btu/Ib-°F)

w = water content in percent




The water content for tire chips was taken to be 4.0%, which is the approximate
absorption capacity of tire chips (Hﬁmphrey, et al., 1992). Water contents for the other
percentages of tire chips were linearly interpolated between a water content of 4.0% for
tire chips to 5.0% for grgvel based on the percentage by weight of each material. The dry
densities were taken from the {aboratory results in Table 6.1. The calculated values of ¢,

and c,, for tire chips and mixtures are listed in Table 10.3.

Table 10.3 Values of ¢, and ¢, for tire chips and tire chip/soil mixtures

Percent | Percent | Water Density at Mass Heat Volumeitric Heat
Chips ~ | Chips- | Content Surcharge Capacity ~ Capacity
Volume | Mass of 12 kPa (250 Con C,
psi)
% % % |Mg/m’| pef | Calkg | Brwib- | Cal/m® | Brw/t*”
°C °F C F
100 100 4.0 0.75 47 0.26 0.26 218 13.6
67 49 4.5 1.22 76 0.23 0.23 320 20.0
33 19 4.8 1.76 110 0.21 0.21 434 27.1

10.4.2 Backealculation Methods

Two methéds ﬁvere used to backe alc_:ulatc the thermal conductivity using temperature
data collected at the University of Maine field trial. The calculation procedures are
discussed in Section 7.2. In the first method, it was assumed that the heat flow had
reached steady state conditions by February 14, 1997. This assumption is justified since
the depth of frost penetration had stabilized by this date as shown in Figures 10.3 though
10.5. This means that the rate at which heat was removed from the freezing front was
approximately equal to the rate at which heat was being supplied by the unfrozen

subgrade. An assumed steady state relationship allows the thermal conductivity of the
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tire chip or tire chip/soil mixtures to be calculated using Equation 7.3 if the thermal

conductivity of the subgrade is estimated. Equation 7.3 is reproduced below:

K, = (i,/i,) K, (7.3)

In this équation, layer 2 is taken to be the tire chip or tire cﬁip/_soil mixture layer and
layer 3 is taken to be the subgrade. The value of K, was estimated from charts given by
Kersten (1949). The subgrade soil is a silty clay, so the data for silt and clay soils was
used. A typical water content of the subgrade soil at the site of the field trial was 18
percent (see Table 9.1) and a typical dry unit weight for the silty clay in this region
(locally known as the Presumpscot Formation) is 1.52 Mg/m® (95 pcf). These properties
were used with Kersten’s (1949) charts to give a thermal conductivity of 1.19 W/m-°C
(0.69 Btu/hr-fi-°F) fof the unfrozen condition and 1.47 W/m-°C (0.85 Btw/hr-ft-°F) for the
frozen condition, The unfrozén value was used for Sections 3 and 5 because thé freezing
front did not penetrate the subgrade, whereas the frozen value was used for the other
sections because the freezing front did penetrate the subgrade. Temperature gradients for
the tire chip and tire chip/soil mixture layers were listed in Table 10.2. For the subgrade

soil, the temperature gradients were measured from the plots in Figure 10.7.

The steady state calculationg yielded values of thermal conductivity for tire chip and
tire chip/soil mixtures (K.} as given in Table 10.4. The values of K, fallin a narrow
range for Sections 3, 4, and 5 which have 100% tire chips. The average thermal
conductivity of these tﬁree tire chip sections is 0.17 W/m-°C (0.10 Btu/hr-ft-°F). The
relationship between percent tire chips based on volume and K is shown in Figure 10.11.

It shows a general trend of decreasing K with increasing percent tire chips.

-223 -




Table 10.4 Estimated K, ;

Figure 10.11 Thermal conductivity vs. percent tire chips

Section | Percent Tire | Relation Estimatéd K, Estimated K, ..
Chips (Vol.) (Wm°C) | (Wme°C) | Buwhrft-°F)
1 33 0.46-K, 1.19 0.54 .31
2 67 0.18K, 1.19 0.21 0.12
3 100 0.11K, 1.47 0.16 0.09
4 100 0.14.K, 1.1% 0.17 0.10
5* 100 0.12:K, 1.47 0.18 0.10
* Using gradient as described in Section 4.4.2
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An independent method was used evaluate the accuracy of the backcalculated valueé
of thermal conductivity. This method was based on the modified Berggren equation, a
non-steady state solution for the depth of frost penetration as described in Section 7.2. A
thermal conductivity of 0.17-W/m-°C (0.10 Btuw/hr-ft-°F) -was used for tire chips in
Sections 3, 4, and 5. The thermal conductivities of the two tire chip/soil mixtures listed
in Table 10.4 were used in the modified Berggren equation. The following
environmental factofs were used in the equation:
e Air freezing index: 461 °C-days (829°F-days) measured for the winter of 1996-7
#Mean annual air temperature: 5.6 °C (42 °F) (from Linell, 1953)

sDuration of freezing period: 96 days, measured for the winter of 1996-67

The surface freezing index was taken to be equal to the air freezing index because the
road was shaded for most of the winter so there would be no solar heating of the road
surface. It was also on the edge of an open field, so conditions were very windy, and the

high wind velocity would tend to equalize the air and pavement surface temperatures.

The input paramefers used in the modified Berggren equation (Aldrich, 1956) are
listed in Table 10.5. The layer “fill” refers to‘ subbase material from previous
construction which remained in thin layers over ‘the silty clay subgrade after excavation.
There was approximately 229 mm (9 in.) of this material in the Control Section, 178 mm
(7 in.) in Section 5, 102 mm (4 in.) in Sections 3 and 4, and none in Sections 1 and 2.

" The calculation procedure was described in Section 7.2.
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Table 10.5 Input parameters for modified Berggren equation

Layer Type Dry Water C, K Q.
Density Content | Cal/m’.°C | W/m-°C Cal/m’®
Mg/m’® %
Pavement 2.32 0 448 1.38 0
Gravel Base 2.08 5.0 494 2.04 8284
Tire Chips 0.75 4.0 173 0.17 2403
67% Tire Chips 1.22 42 282 . 0.22 4076
33% Tife Chips 1.76 4.75 411 0.55 6737
Fill 1.84 5.0 437 1.64 7343
Subgrade 1.60 18.0 509 1.73 21,796

Table 10.6 compares the measuréd and calculated depths of frost penetration. In
Sections 3, 4, and 5, which had 100% tirc chips, the calculated depth of frost penetration
was between 9 and 14% greater than the measured value. This is reasonable agreemenf.
In Section 1, the calculated frost penctration is 18% less than the measured value. This
may be due to differences between the estimated and actual thermal properties of gravel

or K of 33% tire chips/67% gravel could be higher than estimated using the steady state

Table 10.6 Comparison of measured and calculated frost penetration depth

Calculated (m) . %
Section Measured using K, ,..; from difference™®
(m) Table 10.4 ‘

Control 1.38 1.22 -12%

1 1.29 1.06 -18%

2 1.07 097 9%

3 ' 0.91 1.01 +11%

4 0.88 0.96 +9%

5 0.73 0.83 +14%

* “.” indicates calculated depth less than measured depth; “+” indicates calculated depth
greater than measured depth
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method. In Section 2, there was better agreement, with the calculated depth of frost

penetration being 9% less than the measured value.

Some of the differences in Table 10.6 could also be attributable to the mild winter
with several frecze thaw cycles'ds shown in ¥Figure 10.2. This could affect the actual frost

depth, however, the modified Berggren equation does not take this into account.

10.4.3 Comparison of Laboratory and Field Thermal Conductivities

Laboratory thermal conductivities for moist samples were reported in Table 6.2.
These results are plotted versus éurcharge in Figure 10.12, This figure was used to obtain
the laboratory thermal conductivity corresponding to the field surcharge. However, the
laboratory tests were performed with temperature gradients ranging‘ from 15°C/m
(8.2°F/ft) for 33% tire chips/67% gravel to 32°C/m (17.6°F/ft) for 100% tire chips. As
discussed in Section 6.4, the thermal conductivity of tire chips is a function of the
temperature gradient, so it was necessary to correct the laboratory thermal c.onductivity to
the field temperature gradient. The effect of temperature gradient was measured for air
dried Pine State tire chips as shown in Figure 6.24. The laboratory test on moist tire chips
was done with Palmer chips, however, it was necessary to assume that the relationship
shown in Figure 6.24 could be used to correct the laboratory results to the field
temperature gradient. This procedure was used for the comparisons in Sections 3, 4 and 5,
which had ‘100% tire chips. However, Sections 1 and 2 had tire chip/gravel mixtures and
a laboratory relationship between thermal conductivity and temperature gradient for

mixtures was unavailable. Fortunately, the field gradient in Section 2 is almost the same
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Figure 10.12 Labératory thermal conductivity versus surcharge for moist tire chips and
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as the laboratory gradient, so no correction was necessary. In Section 1, it 1s likely that

temperature gradient would have only a small effect for the 33% tire chips/67% gravel

mixture since the smaller void ratio would limit circulation of air which is thought to be

the main reason for the dependence of thermal conductivity on temperature gradient;

Thus, no correction for temperature gradient was made in Section 1.
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The results of the calculations are listed in Table 10.7. The thermal conductivities
backcalculated in the field are consistentiy lower than those estimated from laboratory
tests. In Section 3, 4, and 5, which have 100% tire chips, the difference ranges between
28% and 44%. There are several possible reasons for the difference. (1.) The thermal
conductivity increases with increasing density and increasing water content. It is possible
that the field density or water content was lower than in the moist laboratory tests. As
discussed in Section 6.3.2.2, increasing the water content of Palmer chips from air dried
to between 4.3% and 5.0%, increases the thermal c_onducﬁvity by between 0.01 and 0.05
W/m-°C (0.006 and 0.03 Btufhr-ft-"F). Figure 6.12 shows that a 0.05 Mg/m® (3 pcf)
difference in density can change the thermal conductivity by 0.02 W/m-°C (0.01 Btu/hr-ft-
°F). (2.) As noted previously,'the apparent thermal conductivity of tire chips is the

combined effects of heat transfer by conduction and convection. It could be that tire

Table 10.7 Comparison of field and laboratory thermal conductivities

Section Field Field Lab LabK at K K Percent
surcharge | gradient { gradient field corrected | estimated | difference
(kPa) (°C/m) | (°C/m) | surcharge | tofield | fromfield [ between
and lab gradient | measure- iab and
gradient | (W/m-°C) ments back-
(W/m-°C) (W/m-°C) | calculated
K
1 134 8.9 15 0.84 0.84%* 0.54 +56
2 134 19.8 20 0.41 0.41** 0.21 +95
3 13.4 29.0 32 0.24 0.23 0.16 +44
4 13.4 247 32 0.24 0.23 0.17 +35
5% 10.1 20.7 32 0.25 0.23 0.18 +28

* Using gradient determined as described in Section 10.4.2
#* These values were not corrected as discussed in the text
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chips placed in the field have a different particle arrangement than in the laboratory,
leading to a different degree of heat transfer by either conduction or convection. (3.)
Finally, it could be that some aspect of the laboratory test procedure or the assumptions
made in backcalculating K from field measurements lead to the difference. In any event,
it appears that the laboratory tests give é conservative estimate of the thermal

conductivity of tire chips.

In Section 1, which was a mixture of 33% tire chips/67% gravel, the laboratory
thermal conductivity was 56% greater than backcalculated from field measurements, and
in Section 2, which was a mixture of 67% tire chips/33% gravel, the laboratory results
were 95% greater than in the field. The differences could be due to the same reasons
noted above for 100% tire chips. In addition, the field proportiori of tire chips and grayel
was very rough. It is possible that the field and laboratory proportions were different.
Moreover, the mixture was subject to segregation in the field. ’fhis could also lead to

different thermal properties.

10.4.4 Comparison with Richmond Field Trial
As dis.cussed in Section 7.2, thé best estimate of the thermal conductivity
backcalculated from the Richmond Field Trial was 0.20 W/m-°C (0.12 Btwhr-fi-°F), This
is very close to thé thermal conductivities backcalculated for..steady state conditions in
| the tire chip sections (Sections 3, 4, and 5) at the University of Maine Field Trial, which

ranged from 0.16 to 0.18 W/m-°C (0.09 to 0.10 Biwhr-ft-°F).
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For the Richmond Field Trial, the depth of frost penetration predicted using the
thermal conductivity backcalculated from that project (0.20 W/m-°C; 0.12 Btu/hr-{t-°F)
ranged from 1% less to 15% greater than the actual depth of frost penetration, as
summarized in Table 7.2. For the University of Maine Field Trial, the depth of frost
penetration predicted using a backcalculated K of 0.17 W/m-°C (0.10 Btuw/hr-ft-°F) ranged

from 9% to 14% greater than the measured value. These are similar levels of agreement.

" For the Richmond Field Trial, the laboratory thermal conductivity was 10% to 15%
less than the field value as summarized in Table 7.3. In contrast, for the University of
Maine Field Trial, the laboratory thermal conductivity was 28% to 44% greater than the
field value. Thus, the laboratory and field thermal conductivities were in closer

agreement for the Richmond project than for the Uﬁiversity of Maine project.

10.5 SUMMARY

Six segments of road were monitored for temperature and heave for the winter of
1996-1997. The winter of 1996-1997 was warmer than average for the Orono, Maine
area, recording 35% fewer fréezing degree days than an average winter. The benefits of
reducing frost depth-with tire chips and tire chip/soil mixtures were seen in plots of frost -
penetration vs. time. Tire chips reduced the maximum depth of frost penetration by 34 to
47%. A mixture of 6’7% tire chips/33% gravel reduced frost penetration by 22%, while a
mixture of 33% tire chips/67% gravel reduced frost penetration by only 7%. Overall,
frost depth decreased with elm increaée in the percentage of tire chips, an increase in the

thickness of tire chips, or a decrease in soil cover.
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Temperature profiles showed that tire chips and tire chip/soil mixtures reduce heat
flow up through the tire chip layers. The subgrade soil remained warmer in sections with
tire chip and tire chip/soil mixtures, while the gravel above these insulating layers was
colder than in the Control. Temperamre gradients increased in the tire chip and tire

chip/soil layers as the percentage of tire chips increased.

Frost heave was measured in the winter of 1996-1997. The outside wheel paths
heaved more than the inside wheel paths in a given section, which is probably because the
inside wheel paths were surrounded by tire chips or tire chip/soil mixtures, while the
outside wheel paths were bordered by the higher thermal conductivity natural ground and
had access to water from surface infiltration. The left outside wheel path experienced -
more heave than the right outside wheel péths in each section. This could be due to less
exposure to sunlight, an edge drain whose outlet was frozen, or better access to water
from surface infiltraton. Heave was 55 ;Sercent smaller in Section 5 with 305 mm (12 in.)
of tire chips compared to Section 4 with 152 mm (6 in.) of tire chips. It was also found
that heave was roughly proportiqnal to the depth of frost penetration into the subgrade,
Frost heave was the same in the Control Section and Section I, so there would be

essentially no benefit in using 33% tire chips/67% gravel to reduce heave.

'fwo methods were uéed to calculate thermal conductivity, The first method was a
steady state heat flow equation that was used to calculate the.thermal conductivity of tire
chip and tire chip/soil layers relative to the subgrade. The subgrade thermal conductivity
was estimated from charts by Kersten (1949) and used as input for the second method
which used the modified Berggren equation. Reasonable agreement was obtained

between the measured and calculated frost depth which means that the backcalculated K
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is reasonably accurate. The backcalculated field X was found to increase as the
percentage of soil in the mixtures increased. The value of K backcalculated from the
field trial was 0.16 W/m-°C (0.09 Btu/hr-f-°F) for tire chips in Section 3 with 305 mm
(12 in.) of tire chips and 483 mm (19 in.) of cover. The K of Section 4, with 152 mm (6
in.) of tire chips and 483 mm (19 in.) of cover was 0.17 W/m-°C (0.10 Btu/hr-ft-°F), and
the K of Section 5, with 305 mm (12 in.) of tire chips and 330 mm (13 in.) of cover was
0.18 W/m-°C (0.10 Btw/hr-ft-°F). These values are relatively consistent. Moreover, they
were similar to values backcalculated from the Richmond Field Trial. The K values of
mixtures increased ﬁith a decrease in percent tire chips. Section 2, with 305 mm (12 in.)
of 67% tire chips/33% gravel and 483 mm (19 in.) of cover, had a K of 0.21 W/m-°C
(0.12 Btwhr-ft-°F), and Section 1, with 305 mm (12 in.) of 33% tire chips/67% gravel and

483 mm (19 in.) of cover, had a K of 0.54 W/m-°C (0.31 Btu/hr-{t-°F).

Laboratory and field backcalculated thermal conductivities wefe compared. The
laboratory values were higher than those calculated in the field. The range of differences
was from 28% in Section 5 to 95% in Section 2. The differences could be due to
differences between field and lab moisture contents or density, different particle
arrangement between the lab and field which altered heat transfer by conduction or
convection, and/or some aspect of the laboratory test procedure or the assumptions made
in backcalculating K from field measurements. There is also the possibility that the many

freeze-thaw cycles throughout the winter added uncertainty to backcalculation of thermal
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conductivity. For design purposes, use of the laboratory K would give conservative

estimates of frost penetration.
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11. PAVEMENT PERFORMANCE

11.1 INTRODUCTION

Pavement deflections were measured in the field using two methods: Modified
Benkelman Beam (MBB) and Heavy Weight Deﬂectometer'.(HWD) tests. The purpose
of these measurements was to evaluate the effects of soil cover and percentage tire chips

on pavement performance.

This chapter first discusses the test methodology for both deflection tests. The next
section presents the results of the Modified Benkelman Beam tests, Data from these tests
are compared to deflections predicted by KENLAYER, a computer program based on the
solution for an elastic multﬁa_yer system under a circular loaded area. The solﬁtions can
be superimposed for to account for muitiple wheels and applied iteratively for nonlinear
layers (Huang, 1993). The next section presents the results of the HWD tests and back-
calculation of Young’s Modulus with the program MODCOMP4. The chapter coﬁcludes

with a summary.

11.2 MEASUREMENT METHODS

11.2.1 Modified Benkelman Beam
Modifications to a standard Benkelman Beam were made by Nickels (1995) for a
previous project using a tire chip layer beneath a paved road. This modified Benkelman

Beam (MBB) measures the Shape of the pavement deflection basin with dial gages
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mounted on the arm of the beam. The beam length is 4.88 m (16 f) in front of the

fulcrum, with dial gages mounted as shown in Figure 11.1.

Each test section contained six locations for MBB measurements. The same
locations were used folr'both MBB tests and HWD tests and are shown in Figure 11.2. To
perform a test, one pair of dual .Wheelsv_ of a single rear axle dump truck that had been
loaded to produce a rear axle load of 81635 kg (18,000 1b) was positioned directly over a
test lbcation. The MBB probe was inserted between the dual tires as shown in Figures
11.3 and 11.4. Next, the dial gages were zeroed. The truck then drove away, and the
pavement was allowed to rebound for about one minute.. More time was needed for
sections with Iess soil cover over the tire chips. The dial gages were then read and

recorded.

The maximum deﬂect_ion occurs directly beneath the dual wheels., The deflection at
this point, which is called the centerline deflection, is calculated as four times the
deflection of the rear dial gage. To define the shape of the deflection basin, dial gage
measurements wére made at intermediate points on the beam, The measurements were

corrected for beam rebound yielding the shape of the deflection basin.

11.2.2 Heavy Weight Deflectometer (HWD)

A Heavy Weight Deflectometer (HWD) is a nondestructive test method that was
used to estimate Young’s Modulus (E) for pavement layers. The HWD is a variation of
the Falling Weight Deflectometer (FWD) and simulates higher vehicle loads than the

FWD. Theimpulse force is controlled by varying the weight dropped or the height from
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Sections 1,3,& 5
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C-0.61miefftofCL
D and E -0.61 m right of CL
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Sections 2, 4, & Control
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Figure 11.2 Plan view of test locations for Modified Benkelman Beam and HWD tests
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Figure 11.3 Plan location of MBB probe between dual truck tires (after Nickels, 1995)

LT

Figure 11.4 Photograph of MBB and dump truck on the test road
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which it is dropped (Cosentino and Briaud, 1989). Figure 11.5 shows the WD
apparatus, which is carried on a trailer pulled by a van. Weights are dropped on a circular
plate that is 305 mm (12 in.) in diameter and rests on the pavement, The trailer is
outfitted with sensors that record the amount of downward vertical movement of the
pavement as the weight strikes the pavement. Approximate sensor spacings relative to
the center of the plate were: 0.00 m (at the center of the plate), 0.30 m (12.0 in.), 0.61 m

(24.0in),0.91 m (36.0 in.), 1.22 m (48.0in.), 1.52 m (60.0 in.), and 1.83 m (72.0 in.),

At cach test location, the HWD drops foﬁr different load levels four times each. The
four Joad levels varied and were to some degree dependent on the pavement materials,
Average load levels were approximately 2270 kg (5000 Ib), 3630 kg (8000 1b), 4760 kg
(10,500 Ib), and 6350 to 6800 kg (14,000 to 15,000 Ib). Total histories of pavement
deflection with time can be_-_recorded, but only the maximum deflections are used for
modulus backcalculﬁtion. For each location and load ievel, thé deflection basins of the
four drops were averaged. This average was taken té) represent the behavior at a
particular drop location. For subsequent modulus backcalculat_ion, the response at each of
the six locations in each section were averaged. Thus, the average deflections at each of
four load levels in each section were used in MODCOMP4 to backcalculate the modulus

of the layers in the pavement system.

HWD tests were performed on November 19, 1996 and April 15, 1997. These tests
were performed by the U.S. Army Cold Regions Research and Engineering Laboratory,
An additional test with a Falling Weight Deflectometer (FWD) owned by the Maine

Department of Transportation was performed on August 22, 1997. The sensor spacings
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Figure 11.5 Photograph of Heavy Weight Deflectometer (HWD)

- 241 -




for these tests were 0 mm (0 in.), 203 mm (8 in.), 305 mm (12 in.), 457 mm (18 in.), 610
mm (24 in.}, 914 mm (36 in.), and 1524 mm (60 in.) and the average load levels were
about 2720 kg (6000 Ib), 4080 kg (9000 Ib), 5220 kg (11,500 Ib), and 6580 kg

(14,500 1b).

11.3 PAVEMENT DEFLECTIONS MEASURED WITH BENKELMAN BEAM

11.3.1 Results

Deflection meaénrements were taken on April 14 and 15, 1997, and August 18 and
19, 1997. Deflection basins were measured and plotted. A horizontal distance of 0 m
corresponds to the centerline deflection. Deflections were plotted relative to the
centerline deflection to facilitate direct comparison of the shape of the deflection basins

from different trials.

Deflection basins for the April tests are shown in Figures 11.6 through 11.11.
Sections 1, 2, 3, and Control have smaller scatter than Sections 4 and 5. The averages of

centerline deflections for the April test are shownin T able 11.1.

Averages of thé six deflections basins measured for each section are plotted in
Figure 11.12. The average deflection basins of Sections 1 through 4 show an irregular
displacement pattern near 1.25 m (4.1 ft). This is most likely due to a malfinctioning dial
gage at this Iocation. Figure 11.12 shows that the deflection data is grouped into three
general magnitudes of deﬂectiqn. There is little difference between Section 1 and the
Control, which have average centeriine deflections of 1.27 mm (0.05 in.) and 0.73 mm

(6.029 in.), respectively. Both the shape and magnitude of these two deflection
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Table 11.1 Centerline pavement deflections, April 1997,

Section 1 " Section 2 Section 3 Section 4 Section 5 Contirol
305 mm 305 mm 305 mm 152 mm 305 mm No
33% Tire 67% Tire Tire Chips | Tire Chips | Tire Chips | Tire Chips
Chips _Chips
Cover thickness = 483 mm =330 mm
Ioc. C/L | Loc. C/L JLoc. C/L |Loc. C/L jLoc. C/L | Loc. C/L
Def. Def, Def. Def. Def. Def.
mm mm mm mm mm Mm
A 1.17 A 2201 A 337 A 252 A 42741 A 0.57
B 1.13 B 2571 B 2.95 B 3.33 B 5.03 B 0.78
C 0.77 C 290 C 3.76 C 3.56 C 6.30 C 0.56
D 1.15 D 2851 D 413 D 2.88 D 5771 D 0.57
E 157 BE 310] E 418! E 48| B 671{ E 081
F 1.83 F 3761 F 3.53 F 5.07 F 8.13 F 1.09
Max. 1.83 | Max. 3.76Max. 4.18 |Max. 5.07 | Max. 8.13 [ Max. 1.09
Min. 0.77 | Min. 220 Min. 2.95 | Min. 252 | Min. 427 | Min. 0.56
Avg. 127 | Avg. 2.89| Avg. 3.65 | Avg. 3.71 | Avg. 6.03 | Ave. 0.73

basins are similar. -Sections 2, 3, and 4 are clustered in the middle of Figure 11.12, with

centerline deflections between 2.89 mm (0.114 in.) and 3.71 mm (0.146 in.). Section 5

shows the most deflection, with an average centerline deflection of 6.03 mm (0.237 in.).

The radius of the deflection basins, as delineated by where the basin appears to flatten

out, is different for each group. The radius of the deflection basins for Sections 1 and the

Control are approximately 1.5 m (4.9 ft), Sections 2, 3, and 4 are approximately 2.5 m

(8.2 1), and Section 5 is approximately 3.5 m (11.5 ft),
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The average temperatures in the gravel base course in each section are listed in
Table 11.2 for the two Benkelman Beam test periods. Also listed are the number of days
prior to the April test in which frost was no longer detectable in the test sections. The
average tempcratures were taken to be the average of the temperatures in the gravel base,
with the exception of the Control, where the average in the upper 483-mm (19-in.) of the
gravel base was used. The latter was equivalent the maximum thickness of gravel cover
in the other test sections. The general trend was that the temperature in the gravel base
decreased as the insulating value of the underlying material decreased. The temperatures
listed for the April test and the time elapsed since frost was undetectable in each section

clearly shows that the gravel base was in a thawed condition.

Figures 11.13 through 11.18 show results of the August tests. These show the same
general trend of scatter as discussed above with the April measurements. The scatter was
generally greater in April than in August, with the exception of Section 1 (Figure 11.13),
which has about the same degree of scatter in both months, and Section 3 (Figure 11.15),

where the August scatter was greater than the April scatter. The average deflection basin

Table 11.2 Gravel base témperature on Benkelman Beam test dates

Section Gravel Base Temperature April 14-15
°C Days Since No Frost
April 14-15 August 18-19
1 3.4 27.3 17
2 5.1 28.0 17
3 62 27.9 18
4 5.2 274 16
5 6.5 29.3 17
Control 3.9 27.9 18
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for August is shown in Figure 11.19. The general clustering of sections is the same as

with the April readings, with the exception of Section 2, which seems to be midway

~ between the lower and middle clusters. For the August readings, the average centerline

deflections for each section are listed in Table 11.3.

Figures 11.20 through 11.25 compare average deflection basins in April and August.

Deflection basins calculated by KENLAYER are also shown, however this will be

Table 11.3 Centerline pavement deflections, August 1997.

Section 1 Section 2 Section 3 Section 4 Sectien 5 Control
305 mm 305 mm 305 mm 152 mm 305 mm No
33% Tire 67% Tire | Tire Chips | Tire Chips | Tire Chips | Tire Chips
Chips Chips
Cover thickness = 483 mm =330 mun
Toc. CL |{Lloc. CL |Loc. CL {Lloc. CL {Loc. CL |Loc. CL
Def. Def. Def. Def. Def. Def.
mm mm mm mm mm Mm
A 226 A 258 A 385 A 3,42 A 585 A 0.81
B 137 | B 283 B 4.67 B 3.65 B 7.30 B -
c tw| ¢ 27 ¢ 38| c 3mlc 7420 c o083
D 1.02 D 266 D 4.47 D 3.63 D 3.09 D 0.73
E ‘1.33 E 3203 E  5.64 E 497 E 7.15 E 0.72
F 1.51 F 273 F 3.93 F 435 F 6.43 F 6.77
Max. 226 | Max. 3.03|Max. 5.64 |Max. 497 [ Max. 9.09 | Max. 0.83 .
Min, 1.02 | Min. 258 | Min. 3.85 | Min. 3.42 | Min. 5.85 | Min. 0.72
Avg. 143 | Avg. 277| Avg. 443 | Avg. 396 | Ave. 721 | Avg. 0.77
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discussed later in Section 11.3.2. Sections 1, 2, 4, and Control (Figures 11.20, 21, 23,
and 25, respectively) show essentially the same deflections in August and April, however,
deflections in August were greater than in April for Section 3 (Figure 11;22) and Section
5 (Figure 11.24). The largest difference between the April and August average deflection
basins can be seen in Section 5. It could be thét the combination of colder, and therefore
stiffer, pavement fn April combined with the good drainage provided by the tire chips in
Sections 3 and 5 resulted in lower deflections in April. In total, comﬁarison of the April
and August deflections show that well drained pavement sections do not necessarily

experience more deflection immediately following the spring thaw.

Average pavement centerline deflections from Tables 11.2 and 11.3 were plotted
versus percent tire chips fqr Sections 1, 2, 3, and the Control in Figure 11.26. Sections 1
through 3 were chosen because the thickness of gravel cover and thickness of tire chip or
tire chip/soil mixture are the same for these sections. Curves for April and August are
similar. However, at 100% tire chips the August average is slightly higher than the April
average. The relationship between percent tire chips and centerline deflection is linear
and quite strong, with a coefficient of determination (1*) of approximately 0.96 for both

April and August.

The radius of the deﬂection basins in each section varied with the compressibility of
the sections. The radius of the deflection basin for the Control appears to be about 0.75
m (2.5 ft). The radii of other sections are listed in Table 11.4. The radii were determined
by visual inspection and were estimated as the distance at which the curves of Figures ‘

11.20 through 11.25 became essentially horizontal. Observation of Sections 1
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Figure 11.26 Average centerline deflections vs. percent tire chips, April and August,
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Table 11.4 Radius of deflection basins

Section Percent Tire Chips Radius of
by Volune Deflection Basin
(%) (m)
1 33 1.25
2 67 2.00
3 100 3.00
4 100 3.00
5 100 3.25
Control 0 0.75

through 3 reveal a trend of increasing deflection basin radius with increasing percent tire
chips. Comparison of Sections 3 through 5 show an increase in deflection basin radius

with a decrease in soil cover.

The pavement centerline deflections for the April and August MBB tests were
pldtted versus the distance from the edge drain (located on the left side of the road) in
Figures 11.27 and 11.28, respectively. Although the relationships are not clearly defined,
there is a general trend of increasing centerline deflection with increasing distance from
. the edge drain for the April measurements. The trend is most apparent in April for
Sectio_ns 4 and 5. This suggests that the edge drain was providing beneficial drainage
during the period immediately following the spring thaw. Of more importance, the
results show that pavement deflections are not increased by the pres.ence of the tire chip
filled trench immediately adjacent to the roadway section. The August readings do not
show such a trend or the trend is so weak that it is inconsequentia;l, suggesting that the

entire width of the section was well drained at this time.
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Figure 11.27 Centerline deflection versus distance from edge drain, April 1997
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11.3.2 Model of Pavement Deﬁections with KENLAYER

Pavement deflections were modeled with KENLAYER, a program that calculates
pavement deflections for up to 19 layers of underlying material (Huang, 1693).
Pavement, gravel, rt‘ire chips, tire éhip/soil mixtures, and subgrade were divided into
layers ranging in thickness from 25 mm ‘(1 in.) to 127 mm {5 in.). Thé program takes the
lowest layer to be of infinite thickness. The loading type was a single axle with dual
wheels. The dual wheel load was 4080 kg (9000 Ib) and spacing between the dual wheels

was 340 mm (13.5 in,). Additional input parameters are listed in Table 11.5.

A

KENLAYER computes the nonlinear moduli by using a first estimate of the moduli
specified by the user and a method of éuccessive approximation fo iteratively solve for
the moduli of the system. KENLAYER uses two nonlinear relationships, one for
granular soil and one for fine grained soils. The resilient modulus increases with
increasing stress levels for granuiar materials and decréases with increasing stress levels

for fine grained soils. The relationship for granular materials is:

E=K;0 K2 (MPa or psi) ' (aLn

where: 0 = bulk stress = o, + 6, + &, + yz(1+2K,) (MPa or psi)
K, = nonlinear parameter (MPa or psi)

. K, = nonhlinear parameter (unitless)
o, = normal stress in the x-direction due to loading (MPa or psi)
o, = normal stress in the y-direction due to loading (MPa or psi)
o, = normal stress in the z-direction due to loading (MPa or psi)

yz(1+2K) = the weight of the layered system (geostatic stresses)

K, = coefficient of carth pressure at rest
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Table 11.5 KENLAYER input parameters

_ Material
Properties | Asphait Subbase | Tire Chips 67% Tire | 33% Tire Subgrade
Concrete Chips Chips
Behavior Linear | Nonlinear | Nonlinear | Nonlinear | Nonlinear | Nonlinear
Elastic Elastic Elastic Elastic Elastic Elastic
K, - 431 MPa* | 13.4 MPa* | 9.5 MPa* | 92 MPa* { 41.4 MPa
(MPa) (4480 psi) | (6.03 psi) | (20 psi) | (954 psi) (6000
psi)
K, - — 0.53 1.16 0.85 0.53 43
(kPa)
K, — --- — - 1110
K, — -— — - 178
Poisson’s 0.35 0.29 0.29 0.29 0.29 0.45
Ratio
K, - (.60 0.40 - 0.50 0.50 0.80
Unit 2.32 .2.24 0.80 1.12 1.76 1.68
Weight
Mg/m)

K, = coefficient of lateral earth pressure at rest.

*Equation 11.1 is a unit specific equation so the conversion between K, in MPa and psi is

K, (MPa) = K, (psi)-0.006894757(%2)

For fine grained soils, the resilient modulus decreases with an increase in deviator stress,

The deviator stress is given by:

Gg=0y~05(0y +0,)+yz( - Kg) (112)
The equation used for fine grained soils by KENLAYER is:

E=K{+K3(Ky —-0y) when 6, <K, (11.3a)

E= Kl —K4 (O'd —‘Kz) when c;~> K, (113b)

where: K, K,, K;, and K, = material constants. Typical values are given in Figure 11.29.
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anut;e 11.29 Resilient modulus-deviator stress relationship for four types of subgrade
(after Thompson and Elliot, 1985)

The nonlinear parameters K, and K, for tire chips were obtained from Nickels
(1995); Values for subbase parameters were taken from typical values given by Huang
(1993). The subbase K, of 31 MPa (4480 psi) aﬁd K, 6f 0.53 are within the ranges
compiled by Shook (1982) of 20 to 53 MPa (2900 to 7750 psi) and 0.46 to 0.65,
respectively.  These values are for in service base and subbase materials. No
compressibility data was available for tire chip/soil mixtures, so K, and K, parameters
were estimated by interpolating between values for gravel and tire chips and adjusting the
parameters as needed to obtain a reasonable fit with the deflection basin. Typical values

of Poisson’s ratio were used as recommended by Huang (1993).
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Figure 11.29 shows typical relationships between resilieni modulus and deviator
stress for fine grained soils. This figure was used to estimate the K, K,, K,, and K,
factors for subgrade soils. K, was taken to be 41.4 MPa (6000 psi), which is slightly
below the medium line in Figure 11.29. EMIN and EMAX were estimated as 27.6 and
76 MPa (4000 and 11,000 psi), respectively. K,, K,, and K, are the séme for all soil
types. The parameter K, was obtained from Huang (1993), who recommends using K, of

0.6 for granular layers and 0.8 for fine grained soils.

Figures 11.20 through 11.25 compare the average deflection basins measured in the
field using the MBB with the deﬁe¢ti0n basin calculated by KENLAYER. The input
pavement moduli were adjusted to 276 MPa (40,000 psi) to obtain a good fit to the MBB
readings taken in April and August. This adjustment providéd a good fit for the Control
and reasonable deflection basin fits for the other sections. The MBB readings for April
and August were in close agréement with the KENLAYER model deflection basin in
Section 1 (Figure 11.20) and the Control (Figure 11.25). The basins differed in Sections
2, 4, and 5. In Sections 2 and 5, the maximum centerline deflection calculated by
KENLAYER was between the April and August values, but the initial portion of the
curve calculated by KENLAYER, up to about 2,25 m (7.4 ft) horizontally, was both
lower in magnitude and had a flatter slope than the April and August MBB measured
basins. In Section 4, the KENLAYER deflection basin had a smaller centerline
deflection than the April and August measured deflections, and the initial slope of the
KENLAYER curve was also flatter than the April and August MBB measured basins.

The calculated basin in Section 3 was reasonably close to the MBB readings for April and
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August. The deflection basin calculated by KENLAYER has less curvature in Sections 2,

3, 4, and 5 than from the MBB tests.

11.3.3 Layer Moduli

The pavement sfructure was divided into 19 layers, which were typically 76 to 102
mm (3 to 4 in.) thick. The modulus of each of these layers of a given material tybe was
iteratively calculated by KENLAYER. The resulting moduli for each material were
avéraged and are listed in Table 11.6. The pavement modulus was fixed at 276 MPa
(40,000 psi). The average modulus for gr;avei base was 77 MPa (11,170 psi). For all
sections except the Control Section, the modulus of the subgrade was 76 MPa (11,000
psi), which corresponds to the value of EMAX specified as input. The Control Section
had a modulus just below this upper limit of 76 MPa (11,000 psi), indicating that the

modulus of this material may not be much greater than the preset upper limit.

The tire chip layers of Sections 3, 4, and 5 had an average modulus of between 0.21
and 0.25 MPa (30 and 36 psi). The mixture moduli fall between those of the tire chips
and the gravei. The modulus of the 33% tire chip/67% gravel section was 12.4 MPa
(1795 psi), which 1s about 1/6 that of the gravel base and subgrade, and the modulus of
the 67% tire chip/33% gravel section was 0.59 MPa (85 psi), which is about 1/130 that of

the gravel base and subgrade.

11.3.4 Pavement Strains

Minimum strain (i.e. tensile or minor principal strain) at the base of the pavement is

one parameter calculated by KENLAYER. The minor principal strains are listed in
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Table 11.6 Moduli calculated from KENLAYER

Modulus
Section Gravel Base Tire Chips or Mix Subgrade
MPa psi MPa psi MPa psi
1 83 12,090 12.4 1795 76 - 11,000
2 72 10,470 0.59 85 76 11,000
3 70 10,180 0.24 35 76 11,000
4 71 10,360 0.25 36 76 11,000
5 68 9870 0.21 - 30 - 76 11,000
Control 96 13,860 o --- 75 10,930

Table 11.7. The normalized strain is also calculated, which is the ratio of the strain in a

given layer divided by the strain in the Control. The normalized strain of Section 5, at

1.323, was the highest of all tire chip layers. The normalized strain of Section 4, with

152 mm (6 in.) of tire chips, was approximately the same as Section 2, with 305 mm (12

in.) of 67% tire chips/33% gravel. Section 1, with 33% tire chips/67% gravel, had a

normalized strain of 1.053. The lowest normalized strain was in Section 3 at 1.022, In

Table 11.7 Computation of strain at-base of pavement in KENLAYER

KENLAYER Results
Section Soil Cover Percent Tire | Minor Principal | Normalized
(mm) Chips Strain (x10°%) Strain
1 483 33 -5.149 1.053
2 483 67 -5.083 1.039
3 483 100 -4.998 1.022
4 483 100 -5.071 1.037
5 330 100 -6.473 1.323
Control 635 — -4.891 1.000
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Section 1 and the Control Section, the deflection basins were more accurately modeled by
KENLAYER, so the normalized strains in these sections should be more reliable than

normalized strains in other sections.

Pavement life is empirically related to modulus of elasticity of asphalt pavement and

tensile strain at the base of the asphalt layer by the following exponential equation:

: ~f —f. '
Ne=1(e) 2 (B 2 (11.4)
where: N, = allowable number of load repetitions to prevent fatigue cracking
g, = tensile strain at the bottom of asphalt layer

" E, = elastic modulus of asphalt layer |

The factors £}, £, and f] are constants determined. from laboratory fatigue tests with
f, modified to correlate with observed field performance (Huang, 1993). The Asphalt
Institute recommends 0.0796, 3.291, and 0.854 for f,, f,, and f;, respectively. Shell Oil
recommends 0.0685, 5.671, and 2.363 for £, f,, and £, respectively (Shook, et al., 1982).
Equation 11.4 was used to calculate a normalized failure number that is useful for
corﬁpan'son of pavement life in ti~re chip and tire chip/soil mixture sections to the Control.
Since E,, f;, and f, are constants for a given type of road at a given time and temperature,
the normalized failure number will be related to the tensile strain in the base of the

asphalt layer. Thus, Equation 11.4 can be used to form the ratio:

£
Ntte)y | B | 7

N¢ (con) €t(con) (11.3)

where: Ny, = allowable number of load repetitions to prevent fatigue cracking in tire
chip or tire chip/soil mixture section
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& = tensile strain at the bottom of the asphalt layer in tire chip or tire chip/soil
mixture section '

Nieory = allowable number of load repetitions to prevent fatigne cracking in the
Control Section

Eyeony — tensile strain at the bottom of the asphalt layer in the Control Section

The left hand side of the equation is a ratio that shows an approximate reduction in the
number of load repetitions to failure of tire chip or tire chip/soil sections compared to the
Control. This ratio considers only the effect of tensile strain on pavement life. The
counterbalancing effect of improved drainage and reduced frost heave on increasing
pavement life is discuséed in the next paragraph. Table 11.8 shows the approximate
failure ratio using f, = 3.291 and 5.671. The ratios in Sections 1 through 4 range from
0.75 to 0.93. However, Section 5 has an exiremely low ratio (0.20 to 0.40). Neglecting
the possible increase in pavement life caused by improved drainage and reduced frost
heave; this means that the expected number of repetitions to failure in this section would
be only 20 to 40 percent of the number in the Control. Stated another way, the pavement
life would be reduced by 60 to 80 percent. This number is very low and pavement

performance in Section 5 would be unacceptable.

Table 11.8 Failure criterion ratios from h_ormalized strains in tire chip and tire chip/soil

mixture sections

| Pavement Life Ratio
Section Using £, =3.291 Using f, = 5.671

1 0.84 0.75

2 .88 0.80

3 0.93 0.88

4 0.89 0.81

5 | 0.40 | 0.20
Control 1,00 1.00
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The AASHTO 1993 design equation for flexible pavements (AASHTO, 1993) was
used to investigate the benefits that could de derived by improved drainage and reduced
frost heave. The parameters shown in Table 11.9 were used in the equation. They are
typical of those used by the Maine DOT. If the control section had fair drainage
(drainage factor = 1.00) and was subjected to a heave rate of 1 mun/day for ten winters,
the calculated service life of the road would be 8.5 x 10° equivalent single axel loads
(ESAL’s). However, improving the drainage to good (drainage factor = 1.25) and
eliminating frost effects increases the service life to 3.1 x 10’ ESAL’s. Thus, improving
the drainage and eliminating frost effects could increase the service life of the road by a
factor of 3.7, more than compensating for the loss in service life caused by the
compressibility of the tire chips in Sections 1 through 4. These results indicate that there

is a.net beneficial effect by using tire chips as a drainage and insulating layer.

Table 11.9 Parameters used in AASHTO 1993 design equation.

Parameter Value
Reliability ‘ 90%
Standard deviation 0.45
Roadbed reslient modulus 64 Mpa (9000 psi)
Design serviceability loss 2

Layer coefficient for top 100 mm of asphalt 0.44*
Layer coefficient below 100 mm of asphalt 0.34*
Layer coefficient for subbase 0.1*

*assumes layer thickness is in inches.
This analysis is supported By visual inspection of the road surface. Within the first
year of construction, the pavement in Section 5 showed signs of fatigue in the wheel
paths while other sections did not show signs.of fatigue. Reexamination of the pavement

in the Springs of 1998 and 1999, after the second and third winters, confirmed this
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observation. Minor cracking in the wheel path was noted in Section 5, but no signs of

fatigue were evident in the remaining sections.

The perfonnance predictions given above should be interpreted with caution as there
arc some uricertainties in the KENLAYER analysis and the AASHTO design equation. A
pavement modulus of 275 MPa (40,000 psi) was necessary in KENLAYER to obtain a
géod deflection fit for the tire chip sections. Even though this is a static modulus, which
would be expected to be lower than a dynamic modulus, this is still rather low for hot mix
asphalt (HMA). A typical dynamic modulus given by Huang (1993) is about 2070 MPa
(300,000 psi) for a temperature of 21 °C (70 °F) and a load frequency of 1 Hz. A higher
pavement modulus would compare more favorably to those suggested by Irwin (1997),
and those calculated in MODCOMP4, but the lower modulus was needed to create a

better fit in the tire chip and tire chip/ soil mixture sections.

In addition to the uncertainty in pavement modulus, the MBB measurements show a
greater curvature in the vicinity of the wheel load compared to the computer model. The
greater curvature in field measurements means that field strains in some sections are
actually greater than calculated from the model, The deflection basins calculated by
KENLAYER for Section 1 and the Control show similar curvature compared to MBB
measurements within the first 1.00 m (3.28 ft), however the deflection basins of Sections
2,3, 4, and 5 show much less curvature in the initial portion of the deflection basin. This
indicates that tensile strains at the base of the pavement are higher than those calculated

by KENLAYER for Sections 2, 3, 4, and 5.
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Further research should be undertaken to find a pavement deflection analysis
program that will better model tire chip and tire chip/soil sections. One factor that may
be important is the effect of the 4080 kg (9000 1b) rear wheel load located at the other end
of the truck axle. This does not need to be taken into account in typical pavements, but
the compressibility of tire chips was shown to increase the deflection basin radius, raising
the possibility that load imposed by one pair of dual wheels could affect the deflections at

the other wheel.

11.4 HWD TESTS

HWD tests were performed on November 19, 1996, approximately one week after
paving was complete. Another round was performed on April 15, 1997, at the
approxima;e time when frost was no longer detectable in the test sections. An additional
round of tests were performed with a Falling Weight Deflectometer (FWD) on August 22,

1997 by the Maine Department of Transportation.

11.4.1 Results

Results pf November and April HWD data were input into MODCOMP4, Version
4.0H (Irwin, 1997), a modulus backcalculation program. The average deflections for
each section are given in Appendix A. These tables report the average deflections at the
six locations in each section. Bach location, in turn, is the average of four drops at each
of four load levels. Analysis of the HWD data is presented in the following sections.
Als§ listed in Appendix A, are the average deflections for the August, 1997 FWD test.

Analysis of the FWD data was attempted with MODCOMP4 but no reliable solutions

could be calculated.
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11.4.2 Backcalculation of Young’s Modulus

Backcalculation of Young’s Modulus was performed with MODCOMPA4, Version
4.0H (Irwin, 1997). MODCOMP4 computes the modulus of each layer through an
iterative approacﬁ in which the layer moduli are systematically varied until the desired fit
of the surface deflection data is achieved (frwin, 1994). Backcalculation was attempted
with MODCOMP4 Version 4.0C, but it did not allow a modulus value less tﬁan 6.9 MPa
(1000 psi) to be computed for any layer, however, this was greater than the expected
modulus of tire chips. At the request of the investigators, Version 4.0C was altered b;r
Dr. Lynne Irwin, Associate Professor and Director of the Cornell Local Roads Program,
to allow a lower bound of 0.07 MPa (10 psi) to be computed for a given layer. This

modified version is called MODCOMP4, Version 4.0H.

Input parameters for MODCOMP4 from November and April HWD tests are listed
in Table 11.10. These parameters were chosen based on values reported in Manion and
Humphrey (1992), MODCOMP4 help menus (Irwin, 1997), and parameters used in
KENLAYER for the North Yarmouth field trial (Nickels, 1995). In addition to these
parameters, seed moduli were necessary for MODCOMP4 to begin calculations, The
backcalculated moduli are relatively insensitive to the seed moduli if the seed moduli

were carefully chosen based on typical values or laboratory tests.
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Table 11.10 Input parameters for MODCOMP4

Material
Properties || Asphalt | Subbase Tire 67% Tire | 33% Tire | Subgrade
Concrete Chips . Chips Chips
Behavior Linear | Nonlinear | Nonlinear | Nonlinear | Nonlinear Nonlinear
Elastic Elastic Elastic Elastic Elastic Elastic
Poisson’s |  0.35 035 | 032 0.32 0.35 0.35
Ratio '
K, - 0.80 0.40 0.40 0.70 0.40
Unit 232 2.24 . 0.80 1.12 1.76 1.04
Weight
(Mg/m*)

The resilient moduli calculated by MODCOMP4 are listed in Tables 11.11 and
11.12 for November and April measurements, respectively. For both tests the moduli of -
33% tire chips/67% gravel was significantly lower than the moduli calculated foi the
gravel brase. The moduli for 67% tire chips/33% gravel was only slightly greater than the

moduli for 100% tire chips, The average modulus for tire chips from Sections 3, 4, and 5

Table 11.11 Backealculated resilient moduli from MODCOMP4 for November test

Pavement Base Tire Chips or Subgrade
' Mix
Section | x10° MPa x10° | MPa |x10°psi!| MPa. |x10°psi| MPa
psi psi
1 1840 | 12700 | 21.9 151 2.36 16.3 8.3 57
2 2430 | 16800 12.0 83 0.53 37 | 150 103
3 1750 | 12100 27.8 192 0.41 2.8 6.8 . 47
4 2000 } 13800 | 16.6 114 0.39 2.7 43 30
5 2460 | 17000 27.7 191 0.44 3.0 4.8 33
Control | 2000 | 13800 19.0 131 --- --- 9.7 67
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Table 11.12 Backcaleulated resilient moduli from MODCOMP4 for April test

Pavement Base Tire Chips or Subgrade
‘ Mix
Section § x10° | MPa x10° | MPa |[x10°psi| MPa |x10°psi| MPa
psi psi |

1 852 5880 25.8 178 1.68 11.6 93 64

2 1550 10700 146 [ 97 0.65 4.5 6.7 46

3 1330 9170 13.8 95 0.36 2.5 8.7 60

4 1160 8000 12.2 84 0.25 1.7 5.7 39

5 1010 6970 234 | 161 0.30 2.1 5.7 39
Control | 1100 7590 22.0 152 — — 8.7 60

was 2.8 MPa (410 psi) in November énd 2.1 MPa (300 psi) in April, with relatively little
scatter in the data for both. This means that the modulus for 67% tire chips/33% gravel is
approximately 2.2 times greater, an_d the modulus for 33% tire chips/67% gravel is
approximately 5.6 times greater than the average modulus of 100% tire chips. The
average gravel base modulus in November was 144 MPa (20,900 psi), which is 51 times
greater than the average modulus of tire chips in Novembér. The average gravel base
modulus in April was 128 MPa (18;600 psi), Which is 61 times greater than the average

modulus of tire chips in April.

Laboratory moduli of tire chip/sand mixtures tested at the University of Wisconsin
(Edil and Bosscher, 1992) ranged from approximately 2.8 MPa (400 psi) for a 70% tire
‘chip/30% sand mixture to 10.3 Mfa (1500 psi) for a 30% tire chip/70% sand mixture.
These moduli were interpolated at a i)ulk stress of aéproximately 103 kPa (15 psi). Both
of these values are very similar to those calculated by'MODCOMPtl for 67% tire
chips/33% gravel and 33% tire chips/67% gravel. The resilient modulus of rubber

buffings from laboratory tests at the University of Alaska (Shao, et al., 1994) give moduli
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from 0.65 to 1.3 MPa (94 to 185 psi) with minor principal stresses (o,) of 21 and 34 kPa
(3 and 5 psi) and deviator‘ stresses of 34, 69, and 103 kPa (5, 10, and 15 psi). This is
slightly lower than the moduli of tire chips calculated in MODCOMP4, which ranged

from an average of 2.8 MPa (410 psi) in November to 2.1 MPa (310 psi) in April.

11.4.3 Comparison with Typieal Values of Moduli

The average modulus for the gravel base was 144 MPa (20,880 psi) in November

and 128 MPa (18,560 psi) in April. These are in the typical range listed in Table 11.13.

Table 11.13 Typical values of Young’s Modulus

MODCOMP4 Help Coduto (1994) Bowles (1996)
Menus (Irwin, 1997)
Material E (MPa) ‘Material E (MPa) Material E (MPa)
Asphalt 1,400 - -
Concrete 17,000
Granular 200 - 500 Dense Sand 50-100 Dense Sand 100 - 200
Base & Gravel
Granular 100 - 300 ‘Medium - 20-60 Dense Sand 50-81
Subbase Dense Sand -
' Soft Clay 1.5-10 Soft Clay 5.25
Medium 5-50 Medium 15 -50
Clay Clay
- Stiff 15-75 Hard Clay | 50- 100
Clay

The average subgrade modulus was 56 MPa (8120 psi) in November and 51 MPa

(7400 psi) in April. These moduli are between the values for medium and stiff clay listed

in Table 11.13, which is reasonable for the subgrade soil at the site.
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There is a significant difference between pavement moduli backecalculated in
November and April (Tables 11.11 and 11.12). November pavement moduli were nearly
double the April pavement moduli, Higher temperatures decrease the modulus of
asphaltic concrete pavement. The pavement temperature on the day of the November test
ranged from -8.9 to -3.3 °C (16 to 26 °F) and the average pavement modulus was 14,370
MPa (2,084,000 psi). The pavement temperature on the day of the April test ranged from
-3.9't0 9.4 °C (25 to 49 °F) and the average pavement modulus was 8050 MPa (1,167,000

psi). Thus, temperature could be the cause of the difference in pavement modulus.

11.4.4 Comparisoﬁ with KENLAYER Moduli

There are some differences between moduli calculated by MODCOMP4 and those
used in KENLAYER. The first difference is the pavement Iﬁodulus, which was
calculated by MODCOMP4 to be between 5880 and 17,000 MPa (852,000 and 2,460,000
psi). This is an order of magnitude higher than the pavement modulus use& in
KENLAYER, which was set to 276 MPa (40,000 psi). As noted previ;)usly, this was
necessary to improve the matches between KENLAYER results and measured field
deflection basins. The MBB is a staﬁc test rather than a transient loading test. Thus, the
static moduli of pavement used in KENLAYER would be expected to be less than the

resilient moduli of pavement calculated by MODCOMPA4.

The tire chip modulus backcalculated by MODCOMP4 (Sections 3 through 5) was
also an order of magnitude higher than used in KENLAYER. MODCOMP4
backcalculated an average tire chip modulus of 2.5 MPa (360 psi} compared to an average

of 0.23 MPa (34 psi) used in KENLAYER. The modulus used in KENLAYER was
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based on guasi-static laboratory compressibility tests performed by Nickels (1995).
Possible reasons for the largé difference are that the resilient modulus of tire chips is
much greater than the static modulus or that the laboratory tests did not accurately predict

the modulus at the very low stress levels corresponding to the field conditions.

Similar to the results for tire chips, the average modulus for 67% tire chip/33%
gravel mixtures (Section 2) backcalculated by MODCOMP4 (4.1 MPa; 590 psi) was a
factor of 7 higher than used in KENLAYER (0.59 MPa; 85 psi). However, for 33% tire
chips/67% gravel (Section 1), the average modulus backcalculated by MODCOMP4
(14.0 MPa; 2020 psi) was a factor of 1.1 higher than used in KENLAYER (12.4 MPa;
1795 psi). The moduli used in KENLAYER for the mixtures were interpolated from the
compressibility of tire chips and gravel, thus there is considerable uncertainty in these
values. Moreover, the differehces could be due to the factors noted for tire chips in the

preceding paragraph.

The average modulus for the gavel base backcalculated by MODCOMP4 (136 MPa;
19,600 psi) was a factor of 1.8 higher than used in KENLAYER (77 MPa; 11,100 psi).
However, the average subgrade modulus backcalculated by MODCOMP4 (54 MPa;
7,800 psi) was 0.7 times the value used in KENLAYER (76 MPa; 11,000 psi). It is
recalled that the moduli used in KENLAYER were based on typical values reported in the

literature, which could account for the differences.

11.5 SUMMARY

Modified Benkelman Beam (MBB) tests were performed in April 1997 and August

1997, and Heavy Weight Deflectometer (HWD) tests were performed in November 1996
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and April 1997. An additional set of Falling Weight Deflectometer Tests (FWD) was
done in August, 1997. August pavement deflections measured by the MBB were
significantly higher than April deflections in Sections 3 and 5, which both have 305-mm
(12-m.) thick tire chip layers. The MBB deflection basins for section with tire chip/soil
~ mixtures, 152-mm (6-in.)} tire chip la&er, and the Control were about the same in April
and August. A possible explanation is that the colder, and therefore stiffer, pavement in
April combined with the good drainage provided by the tire chips in Sections 3 and 5
resulted in lower deflections in April. Overall, MBB deflection baéins responded as
expected, with the centerline deflection and radius of the deflection basin increasing as

the percentage of tire chips increased and/or the amount of soil cover decreased.

The computer program KENLAYER was used to estimate the effect of the
compressible tire chip layer on deflection basins and strains at the base of the pavement.
The counterbalancing effect of improved drainage and reduced frost action was then
addressed using the AASHTO 1993 design equation for flexible pavements.
KENLAYER is a computer program based on the solution for an elastic multilayer
system under a circular loaded area. A pavement modulus of 276 MPa (40,000 psi) was
needed to obtain a reasonable approximaﬁon of the actual MBB field basins. This is very
low compared to resilient moduli normally used for pavement analysis. However, the
MBB is a static rather than a transiént loading test. The static modulus of pavement
would be expected to be less than its resilient modulus, The centerline deﬂections-
calculated by KENLAYER were similar to field measurements, however, KENLAYER
calculated basins that were flatter in slope than the field measurements for the radii up to

2.0 to 2.5 m (6.6 to 8.2 ft) in Sections 2 through 5. KENLAYER closely modeled the
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centerline deflection and the slope of the initial portion of the basins in Section 1 and the

Control Section.

Tensile strains at the base of the pavement were corﬁputed by KENLAYER. The
 strain in each section was divided by the strain in the Control Section to give normalized
strains. Normalized strains ranged from 1.022 in Section 3 to 1.323 in Section 5. Using
an empirical formula designed to predict the effect of tensile strain on pavement life, a
pz;vement life ratio was calculated for each section. This ratio is the pavement life of a
section divided by the pavement life of the Control Section. This ratio does not consider
the benefits provided by improved drainage and reduced frost action, which is discussed
in the next paragraph. The lowest ratios were in Section 5 and ranged from 0.20 to 0.40
while the highest ratios were in Section 3 and ranged from 0.88 to 0.93. Thus, Section 3,
which has 483 mm (19 in.j of soil cover and 305 mm (12 in.) of tire chips, the increased
tensile strain would cause very little loss of pavement life compared to Section 5, which
has 330 mm (13 in.) of soil cover and 305 mm (12 in.) of tire chips. In Section 5 the
significant effect of tensile strains on pavement life renders this configuration
unacceptable for most traffic loadings. Since the deflection basins éalcu}ated by
KENLAYER displayed less curva_ture than the field, the actual strains in the field may be
greater than that calculated in KENLAYER. Still, the calculated reduction in pavement
life gives a qualitative sense of the performance of pavement in tire chip and tire chip/soil
mixture sections. This is supported by visual inspection of the road surface, which
exhibited minor fatigue cracking in Section 5 within 1 year of construction. Other

sections have not yet (through June, 2000) shown visible signs of fatigue.
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The AASHTO 1993 design equation for flexible pavement was used to examine the
counterbalancing effect that improved drainage and reduced frost heave would have on
pavement life. This equation indicated that pavement life could be increased by a factor
of 3.7 if the drainage was improved from fair to good and frost heave was eliminated.
Thus, the net effect of a tire chiprinsnlat:ion and drainage layer would be beneficial except
for thin soil covers over the top of the tire chip layer, such as thé 330 mm (13 in.) ‘of soil

cover in Section 5.

HWD test results were analyzed with MODCOMP4 to backealculate the moduli and
the nonlinear parameters, K; and K,, of tire chips and tire chip/soil mixtures. Moduli
values for 100% tire chips (Sections 3 through 5) ranged from 1.7 to 3.0 MPa (250 to 440
psi). For 67% tire chips/33% gravel (Section 2) the moduli ranged from 3.7 to 4.5 MPa
(530 to 650 psi) and for 33% tire chips/67% gravel (Section 1) they ranged from 11.6 to
16.3 MPa (1680 to 2360 psi). Seasonal variation of moduli in the pavement was evident,
with higher moduli in November due to the colder pavement temperature. Moduli of
pavement, subbase, and subgrade calculated in MODCOMP4 fall in or near the range of

‘typical values listed in several sources.
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12. SUMMARY, CONCLUSIONS, AND
RECOMMENDATIONS

12.1 SUMMARY

In the United States 253 million waste tires are discarded annually, with an
estimated 850 million scrap tires stockpiled throughout the country (Associated Press,
1996). In Maine alone, there are some 30 to 60 million scrap tires piled up in stockpiles.
In 1996, 15 miltion scrap tires were used in the Untied States for civil engineering
applications including: artificial reefs, breakwaters, lightweight fill, retaining wall
backfill, landfill cell daily cover, septic system leach fields, and leachate collection
systems (Zimmer, 1996). Tire chips have also been used as subgrade insulation on a
gravel surfaced road (Humphrey and Eaton, 1993a, 1993b; Humphrey and Eaton, 1994;

Humphrey and Nickels, 1994; Humphrey and Eaton, 1995).

The objectives of this study were to investigate the insulation and drainage qualities
of tire chips and tire chip/soil mixtures in the laboratory and a full scale paved field trial.
’i‘he following tasks were accgmplished:

1. A literature review was conducted of laboratory studies and construction
projects where tire chips or tire chip/gravel mixtures were used as subgrade
insulation or drainage.

2. An apparatus was designed and constructed to measure the apparent thermal

conductivity’? of tite chips and tire chip/gravel mixtures.

7 Apparent thermal conductivity includes the combined effects of heat transfer by conduction and

convection (air circulation through the voids) and is the appropriate parameter to use for field calculations
of frost peneiration.
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3. The apparent thermal conductivity of tire chips, gravel, and tire chip/gravel
mixtures was measured. The influence of density (or void ratio), moisture
content, steel or glass belt content, temperature gradient, and gravel content on
the apparent thermal conductivity of tire chips and tire chip/gravel mixtures
was investigated.

4. The laboratory thermal conductivity results were compared with the
Richmond field trial that was constructed in 1992, |

5. The permeability of tire chips and tire chip/gravel mixtures was measured in
an apparatus consiructed as part of a previous NETC project,

6. A full scale field trial using tire chips and tire chip/gravel mixiures as
subgrade insulation and drainage was designed and constructed.

7. The field -t:rial was monitored throughout the winter of 1996-97. The influence
of percent tire chips, thickness of gravel cover, and thickness df tire chip or
tire chip/gravel layers on maximum frost depth, frost heave, and overall frost
behavior was investigated. Thermal conductivity was also calculated from
field measurements and compared to laboratory and other field trial values.

8. Pavement deflection basins were measured with a modified Benkelman Beam
(MBB), Heavy Weight Deflectometer (HWD), and Falling Weight
Deflectometer (FWD). A computer model was used to estimate the tensile
strain at the base of the pavement. Deflection basins were also generated by
KENLAYER, a computer program based on the solution for an elastic

multilayer system under a circular loaded area, and compared to the MBB
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deflection basins. Moduli were backcalculated from the results of the HWD

tests,

The literature review included a laboratory study of the thermal conductivity of
crumb rubber and tire chips_performed at the University of Alaska Fairbanks (Shao, et al.,
1995). Tire chip therma1 conducﬁvities ranged from 0.1227 W/m-°C (0.071 Btw/hr-ft-°F)
for unwetted frozen tire chips with low compaction to 0.1707 W/m-°C (0.0988
Btw/hr-ft-°F) for wetted frozeﬁ tire chips with high compaction. Other tests were
performed in Quebec (Dore, et al., 1995), which showed that the thermal conductivity of

tire chips was 0.38 W/m-°C (0.22 Btuw/hr-ft-°F).

Three case histories were found in the literature using tire chips as subgrade
insuiation or drainage. These were a field trial in Richmond, Maine, a test site in Saint-
Joachim, Quebec, Canada, and a town highway in Georgia, Vermont. Tire chips were
found to significantly reduce the depth of frost penetration and improve drainage. The
results of two field trials that examined the effect of tire chips on pavement performance

were also reviewed.

A one-sided mode insulated-hot-plate apparatus was built for to measure the thermal
conductivity of tire chips. The apparatus uses two steel plates to create parallel
isothermal surfaces; a hot plate maintained at a constant temperature by a heater and a
cold plate at room temperature which acted as a heat sink. Tire chips or tire chip/gravel
mixtures were placed between these two plates. Under steady state heat flow, a constant
heat flux was created across the sample. A second heater and two backflow plates were

used beneath the hot plate to force the heat introduced at the hot plate to go through the
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test sample. This was done by adjusting the lower heater to maintain the two backflow
plates at the same temperature, resulting in no heat exchange between these two plates,
The dimensions of the sample were 0.9 mx0.9 mx0.3 m (3 fix3 fix1 ft). Three surcharges
were used to simulate compression of the sample under the weight of overlying soil and
pavemént: none, 9 kPa (188 psi), énci 18 kPa (375 psf). By measuring the energy input at
- the hot plate, the temperatures at the top and bottom of the sample, and the sample

thickness, the apparent thermal c.onc_{uctiVity of the sample was computed.

Five types of tire chips were tested: F&B steel belted, F&B glass belted, Palmer
steel belfed, Pine State steel belted, and Sawyer with partial removal of steel belts. Six
tire chip/gravel mixtures were tested. They are 33% tire chip/67% gravel mixture and
67% tire chip/33% gravel mixture for'F&B glass belted chips, F&B steel belted chips and
Palmer chips. The mixture ratios were based on volume. Each of the preceding samples
was tested under air-dried conditions. In addition, five tire chip and tire chip/gravel
mixtures were tested at water contents typical of field conditions. The apparent thermal

conductivity of the air-dried and moist gravel was also tested.

The test results for air dried samples show that the apparent thermal conductivity
(K) of gravel increases from 0.522 to 0.608 ~W/m-"’C (0.302 to 0.352 Btu/hr-ft-°F) as the
dry density (p) increases from 1.88 to 1.97 Mg/m3 (118 to 123 pef). For tire chips, the
overall results show that the K of steel belted tire chips decreases from about 0.32 to 0.20
W/m-°C (0.18 to 0.11 Btw/hr-ft-°F) as the p increasés from 0.58 to 0.79 Mg/m3 (36.0 to
49.6 pef). The K of glass belted tire chips decreases slightly from about 0.21 to 0.20

W/m-°C (0.12 to 0.11 Btu/hr-ft-°F) as the p increases from 0.62 to 0.73 Mg/m3 (38.5 to
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45.4 pcf). The pattern of K versus p for a given test on tire chip/gravel mixtures is
similar to that of tire chips. The K of the mixtures falls between that of gravel and tire
chips. The K of tire chip/gravel mixtures increases as the percent gravel in the mixture

increases.

Moisture increased the thermal conductivity of gravel by a factor of about 2.5,
However, for steel belted tire chips, the effect was small with moisture increasing the
thermal conductivity by between 0.01 and 0.05 W/m-°C (0.006 and 0.03 Btw/hr-ft-°F).
Overall, the results for air dried and moist steel belted chips fell in the same range. The
effect was larger for F&B glass belted chips with moisture increasing the thermal
conductivity to the approximate range for steel belted chips, thereby, negating the

insulating advantage shown by air-dried glass belted chips.

The influence of temperature gradient was investigated for Pine Stﬁte tire chips
under full surcharge. The apparent thermal conductivity increased from 0.161 to 0.226
W/m-°C (0.093 to 0.131 Btu/hr-ft-°F) as the temperature gradient increased from 22.3 to
| 68.5°C/m (12.2 to 37.6°F/ﬁj.‘ Thus, the temperature gradient used in the laboratory tests
shouid‘be the same as anticipated in the field or a comrection should be made for the

difference between the laboratory and field temperature gradient.

Thermal conductivity of Pine State tire chips were estimated from the results of the
Richmond field trial using a steady state heat transfer method and confirmed by the
Modified Berggren equation (Aldrich, 1956). The procedure was to estimate the X of tire

chips based on an estimated K of the underlying gravel and the Ktire-chip/Kgravet 1atio

which was backcalculated from subsurface temperature measurements. The estimated
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Kiire-chip Was then used to calculate the frost penetration depth using the modified

Berggren equation. The difference between the steady state and modified Berggren
methods is that the latter considers the effect of volumetric heat of the soils and latent
heat of fusion of the water as the frost penctrates into the ground. The backcalculated

Kiire-chip Was 0.20 W/m-°C (0.12 Btwhr-ft-°F), which is slightly higher than the value
measured in the laboratory. The frost penctration depths calculated using Kyyre ohip = 0.20

W/m-°C (0.12 Btu/hr-it-°F) in the modified Berggren method were close to the measured

values.

Permeabilities of tire chips, tire chip/gravel mixtures, and gravel were found using a
constant head apparatus. A vertical stress was applied to simulate compression of the
sample under the weight of overlyiqg material. For the tire chip samples, Palmer chips
showed the highest permeability, ranging from 26.3 cm/s for an uncompressed sample to
6.5 cm/s for a compressed sample. F&B glass belted chips showed the lowest
permeabiiity, ranging from 7.6 cm/s for an uncompressed sample to 1.5 cm/s for a
compressed sample. Compression decreased the permeability by less than one order of
magnitude. The permeability of tire chips, even when compressed, is greater than most
drainage aggregate used in construction applications. There was a significant trend of
decreasing permeability with increasing percentage of gravel. The permeability of a
mixture of 33% Palmer chips/67% gravel was more than four orders of magnitude less
than for 100% Palmer chips. For comparison, the Federal Highway Administration
(FHWA) recommends a minimum permeability of 0.35 cro/s (FHWA, 1990). A study
conducted for MDOT found that the in-situ permeability of subbase aggregate at six sites

ranged from 6 x 10° to 1.7 x 107 cm/s (Manion, et al., 1995).
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A full scale field trial using tire chips and tire chip/gravel mixtures as subgrade
insulation and drainage layer beneath a paved road was constructed at the University of
Maine in the fall of 1996. Five 12.2-m (40-ft) long test scctions were designed, three
containing tire chips, one containing 67% tire chips/33% gravel, and one containing 33%
tire chips/67% gravel. Soil cover was either 330 mm (13 in.) or 483 mum (19 in.) and tire
chip and tire chip/gravel mixture layers were either 152 mm (6 in.) or 305 mm (12 in.)
thick. Tire chip and tire chip/gravel mixtures were enclosed with geotextile. A 12.2-m
(40-t) léng Control Section containing 635 mm (25 in.) of gravel was also constructed.
All sections were overlain with 127 mm (5 in,) of bituminous pavement. A 1.07-m (3.5-
ft) deep ‘edge drain was constructed on the left side of the road. Ninety-six

“thermocouples, ten seftlement plates, two benchmarks, and three piezometers were
installed. Compression of the tire chips due to the weight of the overlying soil and
pavement ranged from 11.9 to 17.8 percent. The 67% tire chip/33% gravel and 33% tire

chip/67% gravel layers experienced 12.9 and 7.6 percent compression, respectively.

Subsurface and air temperatures were recorded at the site for the winter of 1996-97.
Based on the on-site air t_emperatureé, the freezing index was 35% warmer than an
average winter. Tire chips reduced frost penetration up to 47%. Mixtures of 67% tire
chips/33% gravel and 33% tire chips/67% gravel reduced frost penetration by 22% and
7%, respectively. Temperatures in the subgrade below the tire chip and t.ire chip/soil
layers were higher than those in the Control Section and temperatures in the gravel above
tire chip and tire éhip/soil layers were lower than those in the Control Section. This

shows that tire chips and tire chip/soil mixtures were effective in providing insulation to
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restrict heat flow from the subgrade. Subgrade temperatures increased with an increase in

percent tire chips and an increase in tire chip thickness.

Frost heave was reduced by up to 74% in tire chip sections and by 23% in the 67%
tire chip/33% gravel section.  Frost heave was essentially the same in the 33% tire
chip/67% gravel section as in the Control. For all the sections, heave was greater on the
outside wheel ruts than on the inside wheel ruts. This is probably due to the inside
locations being surrounded by tire chips or tire chip/soil mixtures, while the outside
wheel paths were bordered by the higher K natural ground which allowed some frost
penctration under the edge of the road. More infiltration on the outside edges may also

have contributed to increased heave.

Steady state and non-steadyrheat flow equations were used to estimate the thermal
conductivity of tire chip and tire chip/soil mixtures from ficld temperature measurements.
The backcalculated K in the sections with 100% tire chips ranged from 0.16 W/m-°C
(0.09 Btu/hrft-°F) to 0.18 W/m-°C (0.10 Btu/hr-ft-°F). In Section 2, with 305 mm (12
in.) of 67% tire chips/33% gravel, the K was O.é.l W/m-°C (0.12 Btu/hr-ft-°F) while in
Section 1, wi-th 305 mm (12 in.) _of 33% tire chips/67% gravel, the K was 0.54 W/m-°C
(0.31 Btwhr-ft-°F). Laboratory and field backcalculated thermal conductivities were
compared. The laboratory values were greater than the field values by between 28% and
44% in the sections with 100% tire chips. Tire chip/soil mixtures showed greater
differences: 95% in Section 2 and 56% in Section 1. The differences may be due to
differences between field and lab moisture contents or densities, different particle

arrangement that lead to altered heat transfer by conduction or convection, laboratory test
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methods, assumptions made in backcalculating K or, for Sections 1 and 2, differences

betweeﬁ percent gravel in the laboratory tests and used in the field.

Pavement deflections were measured in April and August of 1997 with a Modified
Benkelman Beam (MBB), two sets of Heavy Weight Deflectometer (IIWD) tests
(November 1996 and April 1997), and a Falling Weight Deflectometer (FWD) {est
(August 1997). Augnst pavement deflections .measured by the MBB were significantly
higher than April deflections in Sections 3 and 5, which both have 305-mm (12-in.) thick
tire chip layers. The MBB deflection basins for section with tire chip/soil mixtures, 152-
mm (6-in.) tire chip layer, and the Control were about the same in April and August, A
possible explanation is that the colder, and therefore stiffer, pavement in April combined
with the good drainage provided by the tire chips in Sections 3 and 5 resulted in lower
deflections in April. Overall, MBB deflection basins responded as expected, with the
centerline deflection and radius of the deflection basin increasing as the percentage of tire

chips increased and/or the amount of soil cover decreased,

The computer program KENLAYER was used to estimate the effect of the
compressible tire chip layer on deflection basins and strains at the base of the pavement.
The counterbalancing effect of improved drainage and reduced frost action was then
addressed using the AASHTO 1993 design equation for flexible pavements.
KENLAYER is a computer program based on the solution for an elastic multilayer
system under a circular loaded area. A pavement modulus of 276 MPa (40,000 psi) was
needed to obtain a reasonable approximation of the actual MBB field basins. This is very
low compared to resilient moduli normally used for pavement analysis. However, the

MBB is a static rather than a transient loading test. The static modulus of pavement
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would be expected to be less than its resilient modulus. The centerline deflections
calcuIateci by KENLAYER were similar to field measurements, however, KENLAYER
calculated basins that were flatter in slope than the field measurements for the radii up to

2.0 to 2.5 m (6.6 to 8.2 ft) in Sections 2 through 5. KENLAYER closely modeled the
| centerline deflection and tﬁe slope of the initial portion of the basins in Section 1 and the

Control Section. .

Tensile strains at the base of the pavement were computed by KENLAYER. The
strain in each section was divided by the strain in the Control Section to give normalized
strains. Normalized strains; ranged from 1.022 in Section 3 to 1.323 in Section 5. Using
an empirical formula designed to. predict the effect of tensile strain on f)avement life, a
f)avement life ratio was calculated for each section. This ratio is the pavement life of a
section divided by the paVément life of the Control Section. This ratio does not consider
the benefits provided by improved drainage and reduced frost action, which is discussed
in the next paragraph. The lowest ratios were in Section 5 and ranged from 0.20 to 0.40
while the highest ratios were in Section 3 and ranged from 0.88 to 0.93. Thus, Section 3,
which has 483 mm (i9 in.)- of soil cover and 305 mm (12 in.) of tire chips, the increased
.tensile strain would cause very little loss of pavement life compared to Section 5, which
has 330 mm (13 in.) of soil cover and 305 mm (12 in.) of tire chips. In Section 5 the
significant effect of ténsile strains on pavement life rén(iers this configuration
unacceptable for most traffic loadings. Since the deflection basins calculated by
KENLAYER displayed less curvature than the field, the actual strains in the field may be
greater than that calculated in KENLAYER. Still, the calculated reduction in pavement

life gives a qualitative sense of the performance of pavement in tire chip and tire chip/soil
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mixture sections. This is supported by visual inspection of the road surface, which
exhibited minor fatigue cracking in Section 5 within 1 year of construction. Other

sections have not yet (through June, 2000) shown visible signs of fatigue.

The AASHTO 1993 design equatidn for flexible pavement was used to examine the
counterbalancing effect that improved drainage and reduced frost heave would have on
pavement life. This equation indicated that pavement life could be increased by a factor
of 3.7 if the drainage was improved from fair to good and frost heave was eliminated.
Thus, the net effecf of a tire chip insulation and drainage layer would be beneficial except
for thin soil covers over the top of the tire chip layer, such as the 330 mm (13 in.) of soil

cover in Section 5.

HWD test results were analyzed with MODCOMP4 to backcalculate the moduli and
the nonlinear parameters, K, and K,, of tire chips and tire chip/soil mixtures. Moduli
values for 100% tire chips (Sections 3 through 5) ranged from 1.7 to 3.0 MPa (250 to 440
psi). For 67% tire chips/33% gravel (Section 2) the moduli ranged from 3.7 to 4.5 MPa
(530 to 650 psi) and for 33% tire chips/67% gravel (Section 1) they ranged from 11.6 to
16.3 MPa (1680 to 2360 psi). Seasonal variation of moduli in the pavement was evident,
with higher moduli in November due to the colder pavement temperature. Moduli of
pavement, subbase, and subgrade calculated in MODCOMP4 fall in or near the range of

typical values listed in several sources.
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12.2 CONCLUSIONS

12.2.1 Thermal conductivity of tire chips

1.

The apparent thermal conductivity of air dried tire chips varies from about

0.20 to 0.32 W/m-°C (0.11 to 0.18 Btu/hr-ft-°F), and that of air dried gravel

varies from about 0.51 Ato 0.60 W/m-°C (0.30 to 0.35 Btwhrfi-°F). The
apparent thermal condlictivity of air dred tire chip/gravel mixtures were
between that of tire chips and gravel: 0.37 to 0.58 W/m-"C (0.21 to 0.34
Btu/hr-£t-°F) for 33% tire chip/67% gravel mixtures, and 0.30 to 0.51 W/m-°C
(0.17 to 0.29 Btw/hr-ft-°F) for 67% tire chip/33% gravel mixtures. The
thermal conductivity increases as the percent gravel in the mixture increases.

The apparent thermal condﬁctivity of air dried gravel increases as the density
inéreases. The K of gravel increases about 18%, from 0.51 to 0.60 W/m-°C
(0.30 to 0.35 Btu/hr-ft-°F), as the density increases only 5%, from 1.88 to 1.97

Mg/m3 (117.6 to 123.0 pef). This is probably caused by the decrease of the
volume of air voids as the density increases.

There is an overall trend that the apparent thermal conductivity of tire chips
decreases as density increases. For steel belted tire chips, the apparent thermal
conductivity decregses from about 0.32 to 0.20 W/m-°C (0.18 to 0.11
Btw/hr-ft-°F) as the dry density increases from 0.58 to 0.79 Mg/m’ (36.0 to
49.6 pcf). This corresponds to K decreasing by about 38% as dry density
increases by 20%. The K of glass belted tire chips also decreases as the

density increases. However, it is much less significant than for steel belted

chips.
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4. The effect of water content on the K of tire chips is small. Increasing the
water content from air dried to 5% increased K by less than 0.05 W/m-°C
(0.03 Btu/hr-ft-°F). Water content has a larger effect on the K o_f gravel and
tire chip/gravel mixtures.

5. Air dried tire chips with steel belts have higher apparent thermal conductivity
than tire chips with glass belts. Comparing F&B steel belted chips with F&B

~ glass belféd chips, the K of the glass belted chips is about 14% lower than the
K of the steel belted chips at the same density. The reason is because glass
fabric has a mucﬁ lower thermal conductivity than steel belt. However, the K
of moist steel belted_and glass belted tire chips is about the same. |

6. The apparent thermal conductivity of tire chips increases as the temperature
gradient incredses. The K of tire chips increases by about 40% from 0.16 to
0.23 W/m-°C-{0.09 to 0.13 Btu/hr-f-°F) as the temperature gradient increases
from 22.3 to 68.5°C/m (12.22 to 37.6°F/ft). A possible reason is an increase

in the free heat convection within the sample as the temperature gradient

ncreases.

12.2.2 Permeability of tire chips
1. The permeability of tire chips, even when coxhpressed under the weight of
simulated overburden, is greater than 1 cm/s. However, the permeability of
tire chip/gravel mixtures decreases significantly with increasing percentage of
gravel. Adding 33% gravel decreases the permeability by a factor of 10 to 20

and 67% gravel decreases the permeability by 3 to 4 orders of magnitude.
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Thus, tire chip/gravel mixtures should not be used in applications where very

high permeability is desired.

12.2.3 Field performance of tire shreds

1. Tire chips are effective in limiting the depth of frost penetration.beneath paved
r@adsz The maximum depth of frost penetration was reduced by up to 47% in
tire chip sections. A mixture of 67% tire chips/33% gravél reduced frost
penétration by 22% and a mixture of 33% tire chips/S?% gravel reduced frost
penetration by 7%. Overall, frost penetration decreased with increasing
percent tire chips, increasing thickness of ti_re chips, or decreasing thickness of
soil covef. |

2. Tire chip layers are effective in reducing frost heave beneath paved roads. In
sections with 100% tire chips, heave was reduced by up to 74%. However,
frost heave was reduced by only 23% in the 65’ % tire chip/33% gravel section.
Frost heave was essentially the same in the 33% tire chips/67% gravel section
as in the Control Section. Thus, there would be no benefit to use 33% tire
chips/67% gravel to reduce frost heave.

3. The thermal conductivity of tire chips backcalculated from the Richmond field
trial was about 0.20 W/m-°C (0.12 Btw/hr-fi-°F). This value agrees well with
the laboratory results of 0.22 to 0.29 W/m-°C (0.13 to 0.17 Btwhr-ft-°F) for
the same type of tire chips. The difference between these values can be
explained by the conditions in the laboratory tests not exactly duplicating field
conditions and small differences between assumptions made in the

backcalculation and actual field conditions.
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. The thermal conductivity of tire chips backcalculated from the Witter Farm
Road field trial varied from 0.16 W/m-°C (0.09 Btw/hr-ft-°F) to 0.18 W/m-°C
(0.10 Btw/hr-f1-°F). The backcalculated K- of the 67% tire chip/33% gravel
mixture was 0.21 W/m-°C (0.12 Btw/hr-fi-°F) and that of 33% tire chips/67%
gravel was 0.54 W/m-°C (0.31 Btu/hr-ﬁ-"F).

. The lﬁboratory values of K for tire chips and tire chip/soil mixtures were equal
to or greater than the values backcalculated from the Richmond and Witter
Farm field trials. ‘Thus, use of the laboratory K would give conservative
estimates of froét depth for both tire chips and tire chip/soil mixtures.

. The deflection basin radius increased from 0.75 m for the control section to
3.25 m for Sectidn 5, which had 330 mm (13 in.) of gravel over 305 mm (12
in.) of tire chips. Overall, the radius of the deflection basin increased as the
percentage of tire chips increased and as the thickness of soil cover decreased.

. The average moduli of the three tire chip sections calculated by MODCOMP4
was 2.8 MPa (406 psi) in November and 2.1 MPa (305 psi) in April.

. The modulus of the 67% tire chip/33% gravel section was 3.7 MPa (530 psi)
in November aﬁd 4.5 MPa (650 psi) in April. The modulus of 33% tire
chips/67% gravel was 16.3 MPa (2360 psi) in November and 11.6 MPa (1680
psi) in-April. Therefore, the 67% tire chip/33% gravel mixture showed a
marginal increase in modulus over tire chips, while the 33% tire chip/67%

~ gravel mixture modulus was more than 5 times greater than that of tire chips.
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12.3 DESIGN RECOMMENDATIONS

The material properties listed in Table 12.1 are recommended for design of tire chip
insulation/drainage layers. The recommended properties were chosen based on a
conservative interpretation of the results of the laboratory and field study. These
recommendations are applicable to tire chips and gravel with gradations similar to those
tested in this study. Thus, Table 12.1 is applicable to tire chips with 100% passing a 75-
mm (3-in.) sieve and, when mixed with gravel, the gravel is assumed to will be a well-

graded mixture of gravel and sand with less than 7% passing the No. 200 (0.075 mm)

sieve,

Table 12.1 Tire chip propetties recommended for design.

Property '100% tire chips 67% tire chips/33% | 33% tire chips/67%
gravel gravel
Thermal 0.32 W/m-°C 0.51 W/m-°C 1.0 W/m-°C*
conductivity (0.18 Btu/hr-ft-°Fy | (0.29 Bawhr-ft-°F) | (0.60 Btu/hr-ft-°F)
Permeability 1.0 cm/s 0.1 cm/s 0.0005 cm/s*

*Not recommended for insulation or drainage applications.

‘When used for insulation, it is recommended that the modified Berggren method be
used to calculate the required thickness of the insulation layer (see example calculation
on pages 131 to 134). For preliminary design of an insulation layer with 100% tire chips,
a 300 mm (12 in.) thick tire chip layer should be assumed in Maine, New Hampshire,
Vermont, and western Massachusetts. For the remainder of New. England a 150-mm (6-
in.) thick layer should be assumed, When used for drainage, the tire chip layer thickness

should be a minimum of 150 mm (6 in.) to facilitate construction.
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The thickness of the overlying pavement and base/subbase course should be based
on local practice or AASHTO 1993 design procedures for flexible pavement used with
the anticipated traffic loading (ESALS), and the resilient modulus of subgrade soils in the
area. The results of this research suggest that the benefits of improved drainage and
redliced frost heave could allow for overlying base/subbase course thicknesses as low as
" 480 mm (19 in.), however, at this time it is recommended that the base/subbase course
should be at least 600 mm {24 in.) thick. Moreover, it is recommended that the initial
applications of tire chips as insplation/drainage layers beneath state highways be limited
to prpjeéts with annual average daily traffic counts (AADT) less than about 6000, As
additional experience is gained it may be possible to extend this application to higher

traffic loadings.

The tire chip layer should be completely enclosed in geotextile to mimimize the
infiltration of soil into the chips over time. If possible, the tire chip layer should be
allowed to settle for about 30 dayé after placement of the overlying base/subbase course

prior to final grading and paving.

12.4 RECOMMENDATIONS FOR FURTHER RESEARCH

The University of Maine field trial should be monitored for an additional winter to
cbmpare packcalculated thermal céﬁductivities from two winters. An attempt should also
be made to find a program which would more accurately model tire chip and tire chip/soil
deflection basins, whether that means working with KENLAYER or using another

program.
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APPENDIX A
FWD AND HWD TEST RESULTS
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Average Deflections, in Mils,
for All Load Levels for November 1996
Heavy Weight Deflectometer (HWD) Test

Sensor Spacing,in.
Load, Ib. 0 12 24 36 48 60 72
Section 1
5000 0.581 | 7.816 | 5691 | 4.083 | 2.913 | 2114 | 1.531
8100 ] 15.865 | 13.032 | 9,523 | 6.836 | 4.835 | 3.489 | 2.530
10819 | 21.153 | 17.472 | 12.786 | 9.168 | 6.492 | 4.630 | 3.381
14127 | 27.717 1 22.944 | 16.820 | 12.035 | 8.453 | 6.005 | 4.376
Section 2
4839 | 14.051 1 12.372 {1 10.044 | 8.007 | 6.324 | 5.016 | 3.983
7894 {22738 { 20.018 | 16.194 | 12.870 | 10.016 | 7.838 | 6.163
10466 | 29.903 | 26.460 | 21.411 | 16.968 | 13.149 | 10.224 | 7.975
13659 | 38.716 | 34.219 | 27.646 | 21.860 | 16.845 | 12.994 { 10.089
Section 3
5000 | 14.293 | 12.685{10.386 | 8.524 | 7.011 | 5.776 | 4.766
8147 | 23.962 { 21,176 | 17.493 | 14.392 | 11.748 | 9.687 | 8.005
10749 |31.684 | 28.112 | 23.210 | 19.063 | 15.502 | 12.713 | 10.471
13747 | 41.226 | 36.536 | 30.102 | 24.625 | 19.893 | 16.138 | 13.190
Section 4
4703 | 15.007 [ 13.194 | 10.723 | 8.638 | 6.903 | 5.542 | 4.433
7574 124,723 | 21.708 | 17.571 | 14.088 | 11.115 | 8.809 | 7.007
10287 | 32.890 | 28.975 | 23.395 | 18.685 | 14.683 | 11.556 | 9.169
13473 |42.864 | 37.664 | 30.326 | 24.131 | 18.834 | 14.702 | 11.566
Section 5 :
4833 | 17.444 | 15.858 | 13.471 | 11.180 | 9.203 | 7.445 | 6.099
7914 | 20.417 | 26.923 | 22.967 | 19.290 | 15.888 | 13.066 | 10.731
10518 | 38.403 | 35.233 | 30.010 | 25.113 | 20.578 | 16.818 | 13.732
13675 | 49.545 | 45,374 | 38.619 | 32.293 | 26.378 | 21.467 | 17.492
Control
5091 6.728 | 5.239 | 3.505 | 2.306 | 1.534 | 1.103 | 0.828
8237 111202 | 8.774 | 5.934 | 3.945 | 2.645 | 1.800 | 1.440
10962 | 14.895 | 11.758 | 8.001 | 5.328 | 3.580 | 2.550 | 1.951
14206 | 19.556 | 15443 | 10.559 | 7.057 | 4.729 | 3.343 | 2.534
1in. =254 mm
11b. = 0.454 kg

1 mil = 0.0254 mm -
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Average Deflections, in Mils,

for All Load Levels for April 1997

Heavy Weight Deflectometer (HWD) Test

Sensor Spacing, in.

Load, Ib. 0 12 24 36 48 60 72
Section 1

4957 | 11.311] 8.909 |- 6.092 4.013 2.680 | 1.864 | 1.353
7989 | 18.422 [14.630] 10.070 | 6.677 4454 | 3.072 | 2.235
10750 | 24.948 |19.859| 13.698 | 9.078 6.053 | 4.146 | 3.021
15073 | 35.259 [28.043| 19.364 | 12.770 | 8441 | 5724 | 4.136
Section 2

4814 ] 15.850 {13.668| 10.657 | 8.051 6.037 | 4.564 | 3.523
7804 | 25.663 [22.271]| 17.393 | 13.126 | 9.788 | 7.343 | 5.623
10532 | 34.549 |30.050| 23.475 | 17.660 | 13.080| 9.738 | 7.411
14729 {48.162 [41.878| 32.702 | 24.478 | 17.943 113192 | 9.017
Section 3 -

4827 | 18.526 [15.9291] 12,592 | 9.748 7.554 | 5832 | 4.625
7829 130.635 |26.635] 21.170 | 16.486 | 12.835| 10.078{ 7.920 |.
10561 | 41.027 |35.715] 28.333 { 21.975 | 16.942 | 13.183 | 10.268 |.
14725 1 57.155 149.717] 39.388 | 30.383 |23.196 | 17.759 | 13.693
Section 4

4956 | 20.252 {17.310| 13.334 | 9.962 7.437 | 5539 | 4.220
8039 | 32.915 {28.250] 21.779 | 16.299 | 12.118{ 9.035 | 6.830
10774 | 44.136 |37.917( 29.240 { 21.831 | 16.104 | 11.929 | 8.959
14961 | 61.514 {52.673| 40.521 | 30.011 | 21.919| 15.967 | 11.833
Section 5 :
4753 | 23.605 [20.841! 16.805 | 13.059 | 9.970 | 7.490 | 5.797
7715 | 38.328 |34.293| 27.786 | 21.739 | 16.731 ] 12.870 | 9.804
10367 | 50.740 [45.411] 36.713 | 28.575 |121.730| 16.403 | 12.376
14351 ] 70.153 |62.595] 50.593 | 39.229 | 29.609 | 22.132 | 16.550
Control

4876 7.738 | 5933 | 3.877 2.415 1.533 | 1.047 | 0.785
7868 | 12.507 | 9.683 | 6.398 4,035 2.570 | 1.750 | 1.353
10561 | 17.036 | 13.249| 8.815 5.567 35622 | 2404 | 1.830
14092 | 24.448 {19.052| 12.743 | 8.068 5104 | 3.445 | 2.645
1in. = 25.4 mm '
11b.=0.454 kg

1 mil = 0.0254 mm

-317-




Average deflections, in Mils,

for All Load Levels for August 1997

Falling Weight Deflectometer (FWD) Test

Sensor Spacing, in. .
Load, ib. 0 8 12 18 24 36 60
Section 1 ’
6212 |15.770 | 12.158 | 10.067 | 8.320 | 5.483 | 3.902 | 2.586
0109 |23.603 | 18.438 | 15.300 | 12,668 | 8.363 | 5.875 | 3.824
12062 | 31.552 | 24.627 | 20.509 | 17.008 | 11.241 | 7.878 | 5.117
15136 | 39.366 | 30.748 | 25.634 | 21.235 | 13,897 | 9.783 | 6.342
Section 2
6017 | 24.224 | 20.145 | 17.494 | 15.221 [ 11.052 | 8.530 | 5.913
8798 |37.645| 31.754 | 27.717 | 24.305 | 17.800 | 13.911 | 9.763
11518 | 48.975 | 41.340 | 36.098 | 31.633 | 22,968 | 17.763 | 12.254
14516 | 61.130 | 51.530 | 45.098 | 39.589 | 28.685 | 22.079 | 15.258
Section 3 - :
6030 {31.700 | 26.852 | 23.932 ] 21.414 | 16,647 | 14.069 | 10.742
8753 | 43.096 | 36.515 | 32.143 | 28.603 | 21.5623 | 17.372 | 12.675
11508 | 60.094 | 51.311 | 45.437 | 40.776 | 30.965 | 25.465 | 18.718
14440 | 72.761 | 61.923 | 54.779 | 49.015 | 36.716 | 20.612 | 21.339
Section 4
5902 §29.822 24,540 | 21.268 | 18.488 [ 13.413 | 10.520 | 7.384
8602 |45.912 | 38.355 | 33.461 | 29.367 | 21.4851 16.780 | 11.876
14270 | 59.517 | 49.654 | 43.173 | 37.835 | 27.282 | 21.043 | 14.545
14215 | 74.225 | 62.220 | 54.249 | 47.686 | 34.291 | 26.362 | 18.171
Section 5 R :
5857 | 44.308 | 38.569 | 35.125 | 31.867 | 24.927 | 20.682 | 15.539
8528 | 57.019 | 49.274 { 43.670 | 39.040 | 26.130 | 23.135 | 15.857
11196 | 79.617 | 69.763 | 62.752 | 56.978 | 43.363 | 35.150 | 25.248
14260 | 96.408 | 85.965 | 76.920 | 69.988 | 52.475 | 42.207 | 29.517
Control -
6158 0.282 | 6.738 | 5.366 | 4.281 | 2.655 | 1.862 | 1.237
8964 1 13.700110.012 ; 8.050 | 6.415 | 4.026 | 2.756 | 1.825
11816 { 18.192 | 13.345 | 10.786 | 8.615 | 5435 | 3.744 | 2.469
16326 | 23.575 | 17.338 | 14.094 | 11.265 | 7.129 | 4.919 | 3.278
1in. =254 mm
1 1b. = 0.454 kg

1 mil = 0.0254 mm
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