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R#l, EERS BREABRIER, fH AN, ERHEEXTAREFA R 2
BTN ANEIERE, RHZA LA BRAT RO TRHAEL N
RITER TR,

NTBREEMEAR, AERAXBNURLEEAH BB NTAR, LER



BFEM, REMBIAMBLETEH AN RS AREEELNE, ERSH
RBIH, REM KA EAREVENEALARE (FRFMHEFH M,
Cross — Anisotropy), s FTH s m Kk p, HAFTHESEZHERE LK F
0.2 (Graham and Houldby, 1983; Gazetas, 1982; Lo and Lee, 1990; Sem-
melink and Beer, 1995; Zamhari, 1998); £ B FHEH A FHWHA R LKA,
EHREMETHRT XM AN AKATFRESRILEE T @K EMR (Tutumluer,
1998); st FHAEREM K, RBXH, FRIMBIEmE MK, Lah
% % A F 0.5 (Allen, 1973; Crockford, 1990; Uzan, 1992); —3mkpm ¥k
HHERBR AR, MEZE A ED, AR ANEER TR EMR
% (Loand Lee, 1990); BT B KB HWH X0, XERF XM
B AFHBEUEERBEZ AN LEAE 3N ~21%2H, R EBEEE N
WA 18% ~35% 2 |8l (Tutumluer, 1998), AT & K S KB T2 M F
BRETERNEAUEANEEREERER, EX4F-RBETHAR, wRHRHY
HREEE (REEESE) Lt MR, - XAXHXARLEA LAY
(Brown and Pappin, 1981; Thompson and Elliot, 1985), I B fl #§ A ¥ 4 #&
ik, w Al FAA %%, EXAAMEBRAMEENHERART N AR
EEREHEETLE e, HERK, EXEFEAHN. BERLY-—UHK
BURXRAEATARBUERBE AL RSB EEA KT N7 LEE RS
PR A, ZBRKH (Tutumluer, 1995), UKL MR HE N R T X EEZHRE
PR % E 89 F F 4 8 (Barksdale et al. , 1989; Tutumluer et al. , 2001),
EXTUXEEHHNERAEORUE BB EFAL A BT LA RER
(Response ModeD) , i TREF BB ANE, FRIAAB R, BRAMT R
& (Austroads) BARAEFR TR EM AL EAE AL AR RSN, 46
R % ZFEM#%, MECIRCLY BF R ER LAFHAM BN ATHES &
ERBZHAOSHER, BARAMBERE, Bl, RTEALNRARKF
BERITEANEIHEBENEE,

K5 £EFREHA¥F KSR (University of Illinois at Urbana —
Champaign) + K 5 33 T # % (Civil Engineering 3t 2 # 4 % —) # Erol
Tutumluer # + 5 % % ¥ % & — %, Erol Tutumluer # 4+ F Ak EA# A ¥ % £
WEHE, BRNERT -—REFHB N, AFHETEAERBR T RAE 10 £
X, #EALE AN BERELTENRITFRAFE L%,

RIREM LB 199858, WAKLA¥CLREFLAEB IRERHAKLMHK
BRFRXFENIH, WEREAEB IRFB EATRXFENHAR., B



B 2002 FREMBREAFAFDENKBAEH L HRTHE, LAF5KEAH¥
FTERNHFRATELELE I, RINEBRATEXIEFRIENBERENT,
LEBNEKF WK EER, FREULFAXR O LLHHETE. RYE
ABHUBE, BEANELABORD, AHEATREATHFERE R
HEAZER, A - VAR - LH#TRAKSRERE TR, —BHTHR
FEWHE, AERHE, BREILHHE, R ELATHRIA FRE L, 2% @
MEF-_RBEMWE LWL, hWFLE, FHEE, GULABRET. H
HEEKZAFMEFAZEIWNERHL, WEZRAFEERT FF.

Erol Tutumluer i+ RE R # T T EHE T EA B HE LS & B EH BN H
X, FTF 2000 £ 4B T B E 4 TRB's Prestigious Fred Burgraff Award
¥, %2 7 & # FAA, ICAR, FHWA, NCHRP, IDOT. AAR bl & FRA % #
g

A¥H Part ]l yEHREH L H L, Part 2  Erol Tutumluer # +3H £, %
FHRKREM L EM.

AfPart l TEHETHREAL BN LTEERZER, FERMUKRR
Bt WEBEOLEM T ESHNMERF, TRBEAXRTHRERLS R EEYR
BEBBEHM RSN EAR, EA-RWE, EFEEEYF, 2B TR
FHEL2ENAXFRUERERTRETEN (SEREXEHBHBRRIT .
HBREXREENFTREEN, AN EXTEHURBRETREERNERE
EHMHATERITHATF, AMTCNITERXEEFATHEREHATT 2.
HEBHE, BTHRIANRL R AR, SAIBWRIETIHREEZ#T, Bl,
NTHREQANREANE L, FHALSHEE, ALY, EEFTRES
HrER, ?%E'J—‘_lﬂéﬁﬁ%)\(éﬁ%%, HREEERFHREN., AXBH> 4,
REBFRRTUOFEFRETRITER, EREFA, FHLINHEAEFRT
BREN. HEERUEE. ¥*RBXERBHEL. REXERBHAKE A
URBEETHENEENEH, ZLUERAEH-AKE.

A8 Part 2, Erol Tutumluer 4+ F EN KK SR X E (UAB) # W
EEERFEESEABRINBNTSF. TAXRBIE. 2REHE LI,
BKIBWR IS FTEH#TTRIRENFARE 0N, TUKR, fFrdith—
THAEEBTIRAREFAUMN, bE5EF - BLrNEELH, BREAF -2 %
R,

HATBEAREHURFZLHNEE, TEEBRFFWERL, £WH W, Part 1l
FRAPXHR, Part 2R A EXHIR., wRAF SN TRARIFF LT W



RERE —B4ER, AHEXTHERERTERE S, URABREEEA
REWE MR ARE —THRACAWIE, RERNAESCHFLN.

FHRMARBRAFEFHEESX ARG AL ZAESFHHARAR
ETEHABB T, KERBEAZHI XHE., HRAR. 4B THR, £
RUEE. DAMEBRURKERARE DRSO AX. SHEOEK, THT
BEREHNF . BIXEBRARBBEAFER L TAL AL ERFH 24
ARFWHRRGET KB, Ak FREHE.

BEFRMEAFAENIARR, BHARAE., FYHB. X EAKE.
HAEBL, AAEL, FEA¥ERAHR, BRARIVASIY A%#E,
KEAFWREXHEE., VERAR, LELAXRBTFERELA K. 2HML
K, LEFXBAREAXRRRER K. BHELIURXN P XEH %, £HF
ARBF, R THNOAFES AL, PEAAALE RN RE R
BENRFNERAT TRENE, HHRTRHE.

EULFTRERNRAE, X%, ETFLT, #INIERKE. BEWS
L FTIRANIHERMEANZR.

Fims
2006 4F 11 A



o

&

$1%E

1.1

1.2
1.3

$28
%1
2.2
%4
2.4

F3E
3.1
3.2

FaE

pos s e e
D s W NN =

FSE
5.1
5.2
5.3
5.4
5.5

$oxE

IR OF - R T T PPN

Part 1 #F3EH#E R

AT EMBEEIG IR B oo veevrr e oo eeevreneeneeennens
R AR HIS e eeneenen

B EEH AT EEF

REFHRERITEG

RETHBEE R E AR BRITIE oo crrrrrrmmrmrareareeon

- 25
viee 32

CSIESCE T/ SRS
REZ MM AAAL -

MR EEEEEREEERESE @G -
REHTEROHES -
REFBIBAGIFH v ovvorrrrmvrnns

&E%gﬁwﬂg*ﬁ feeeee ettt et ettt ettt cst ettt sansern e e arsannaen s

%2 B R R B B R
T 458 4k 58 % 1) [R) A B A

0 FRBR UL 1) (7] 44 2 R k% TS B O SR A -

Tm{hﬁmxﬂ-ﬁ%mﬁﬁ*iﬁﬁgim‘ﬁﬁmﬁ tetescete ettt sttt et seteas et aan

%Eﬁﬁ&ﬁxﬂ-lﬂ: D

%ﬁ]ﬂ*ﬂgﬁﬁ B I

B R % ) M T PR BB MR AL oo

- W w w

D

+ 19
- 21
- 22

25

- 36
- 36
... 38
ws 39
- 41
- 41

mﬁﬁﬁm%nﬂﬁ#iﬁﬁiﬁﬁﬁ%ﬂ&ﬁmﬁlﬁﬁ'mmm-

41

veee 42
cees 42
e 44
ceer 44
.. 45

48

- 50



6.1
6.2
6.3
6. 4
6.5

L
7.1
7.2
7.3
7.4

LR
8.1
8.2
8.3

Fom
9.1
9.2
9.3
9.4
9.5

L BB

10.
10.
10.
10.

10.5

10.
10.

A W [

N

7

L B3R

11.
11.
11.

1
2
3

11. 4
11.5

L BVE

12.

1

Sl X AR 25 16 [t 2 25 4 — LA B Hankel ZE 4Rl covvoeovreneonennnnnnnnceeenninncnenns
mxj%ﬁu%m[ﬁ]ﬁg{gér&]%_&ﬁ R )
- 55
- 57

WAL A EERRERIEATH “HEEH R
FEREFE LB BX

*%m{*ﬂiﬁ%@zmw%\‘mﬁﬁﬁ R R T T I I ST T XY

ETHREEEMHNEEERITNEIL R ANISOLAYER £ F %
M HEUE EFEEERERMABEBYPR -
HXHREREEREEZEARNHELR

B ANISOLAYER R R 5C AR 1

ETHRUEAORASHBEERMBTEILTH -
Bt T B BB ) R B T -
e R e T B R T UL A

ETHRASARAMNBREEERTMEMIHT -
(AR -

HAORERBRE TN
BORER BT

5 £ 2R O 45 (5 D 4 45 4 0 3 U 4 B T A 0

7 58+ B BRI 1) () 44 R 44 ) B T R

ERITBABRAXEMAETLOEMSENBETDSHIGIT -
BrESE
Wit iR

FEE®

50
53

58

- 61
- 61
- 64
- 67

73

- 75
- 75
- 76

77

- 81
- 81
B R 25 B A VL5 5] R B S B B TR IR B A1 - ove wev vemmenvenmrnnenretaeteeeeeeeeeeee e
- 83
- 84

82
82

- 89
- 89

89
91

- 94
%f&i%ﬁmgrﬂﬁ]ﬁﬁﬁtm ANISOLAYER ﬁﬁiﬁﬁ‘

WTEE KB BRI RIBIR FTEEIRE <o ovrrerreerererstemrarrosnsteniernesnssanons

95
98
98

- 100
-+ 100
- 100
5 1B 2 R A5 10 I O B TS B BB oo oo
% 1+ AU IR O A ) R MR PE ) ANTSOLAYER BRFF B «ovcoeevsveeeneene

1 S

100
101
104

105

- 105



INTRODUGCTION oo o cososesanssesasnsonss soasossasonnsssssssnssssonesassasossnssssnsesssoassasssosions 111
SUMMARY OF RESEARCH EFFORTS IN STRUCTURAL

CHARACTERIZATION OF TTABS -« essiwacines vacimecvanassinns oneinnsvns wenions venissvasevashos 112

ORGANIZATION +veves cvsvre vosimnsines sannes swsansiane sasines sawnsicn sasman sos soviave sesiwnssss ssnsey 1715

LABORATORY DETERMINATION OF ANISOTROPIC

AGGREGATE MODULT :s0sss ssnnssions sonions soswssans sovasssnosvains sossnssss sonsas sanwoswnsserass: 118
PREVIOUS LABORATORY STUDIES ON CROSS-ANISOTROPY  cereeeeeeeeeeecenen. 119

UNIVERSITY OF ILLINOIS FASTCELL (UI-FC) -DESCRIPTION
AND'CAPABILITIES +esovrosemss sarsns vonrnmne sovwanionnonsinas savisssings sssinss snvesnioss sevows ] 20
MATERTIALS TTESTELD ++rnesns snsses vessne sonmnninen vovivnvinne vosivns vovassns vaswss yevmernss sesisss 129
Material Selection and Properties ++-+++++++sssessessecseeseerieinnnsansuennsnnsnnsnnnsnnens 122
Sample Preparation — ++=«estseeessrrerstttiiiiiiiiiiiiiiiiiiiiiitiiiiiiiiiinaiaiiasnaieae 124
RESILIENT MODULUS TESTING sesssssssssenss ssiwsosos sanises sovansons soniwes vovisunes sovses 124
INTERPRETATION OF TEST RESULTS eeeteeeetteetereuneeanecnseeicnsnesnseenenssecss 126
Resilient Moduli from UI-FC Triaxial Testing L R R TR TP, 1)
Validation of Testing Approach — ++=+sessseeseetestiiiiiniiittaeeiiteiiiiiiniieneaneees 126
Anisotropy of Aggregate Moduli +=s«»sssssxsss sswusnans vovnss venanssas sossanssonsosis sovusy 127
Effects of Dif ferent Procedures on Anisotropic Moduli «=+++++++vseeseeseeeeisenaneneea 129
SUMMARY OF LABORATORY FINDINGS ON ANISOTROPY  :etceeeeeveeceecenennne 130

FIELD VALIDATIONS WITH FULL-SCALE PAVEMENT TEST SECTIONS -+-cvevuet 132
GT-PAVE FINITE ELEMENT PROGRAM -+ et setetttuuinuiennerereeeiininninanineees 132
Nonlinear Solution Technique — ++++++++++eosesessssuesunsunnununiriiasinennennseeseeenees 134
GEORGIA TECH FULL-SCALE PAVEMENT TEST STUDY cercereeeereeeeceseeeenas 135
Test Section Construction — ==++++++ssessessssserassssssensuisusuienesoreesesnssssssssssesssesss 137
Per formance of the Test Sections +++++++tstessesssssrssrerettiiiaiinisineenseeneensnsines 138
LABORATORY EVALUATION OF NORCROSS CRUSHED
STONE AT THE UNIVERSITY OF ILLINOIS «++ttveseeestutseeerureueeerneuianeeenens 139
Material Properties — ++++=ssssstsseetrmtmuiuitinetetatttitiiiiiniaeaeseeeeessessansa e seeees 130
Resilient Modulus Testing «++++++++sssssssssuuuurunrunenneitiiieininnenneneee e, 141
MODELING OF GA TECH PAVEMENT TEST SECTIONS «++teseeevsesuianeainennnne 143
Material Properties Assigned In the Early Work by Tutumluer (1995) ++=eseerevenees 144



Test Section Resilient Response Predictions by Tutumluer (1995)

Test Section Response Predictions From Linear Elastic Analyses

- 146
- 147

Test Section Response Predictions From Nonlinear Isotropic Analyses «++««=«srcoevesees

Test Section Response Predictions From Nonlinear Anisotropic Analyses ++++tetsevesser

- 158

Stress States from Anisotropic Modeling

SUMMARY AND CONCLUSIONS L T PP

LABORATORY DETERMINATION OF ANISOTROPIC
AGGREGATE MODULI
FIELD VALIDATIONS WITH FULL-SCALE PAVEMENT TEST

SECTIONS R T RN

RESEARCH NEEDS FOR IMPLEMENTATION
REFERENCES

LIST OF TABLES

Table 1 Compaction properties of the four aggregates tested

149
151

161

- 161

- 162

- 165

- 167

- 123

Table 2 Test procedures and stress states applied on aggregate samples *ercccreerceniiiiiiine,

Table 3 The geometry and performance summary of GA tech pavement test

sections (after Barksdale and Todres, 1983)

Table 4 Aggregate gradations and material properties used in flexible

pavement test SeCtiOnS R I I T T
Table 5 Detailed summary of resilient test section response

Table 6 Modified proctor (AASHTO T-180) properties of GA tech

base course aggregates

125

- 136

< 137

- 139

- 140

Table 7 Achieved dry densities and moisture contents for all modulus test samples ccreeceeeees

Table 8 Model parameters for vertical moduli: ICAR protocol and AASHTO

T294 - 94 or the new AASHTO T307 - 99 stress state tests s ++tstesessescononesnsnes

Table 9 Material properties and model parameters used in modeling pavement

test section response (after Tutumluer, 1995)

Table 10 Comparison of predicted and measured response variables

(after Tutumluer, 1995)
Table 11 Linear elastic base properties used in modeling pavement test section response

Table 12 Comparison of predicted and measured response variables for

conventional pavement sections - linear elastic analyses

141

142

- 145

- 146

......

147

- 148



Table 13

Table 14

Table 15

Table 16

Table 17

Table 18

Table 19

Figure 1
Figure 2

Figure 3

Figure 4

Figure 5

Figure 6

Figure 7

Figure 8

Figure 9

Comparison of predicted and measured response variables for inverted

pavement sections - linear elastic analyses
Isotropic model parameters used in modeling pavement test section response ****** "

Comparison of predicted and measured response variables for conventional

R P R R

pavement sections - nonlinear isotropic —tsererrrrrraers e

Comparison of predicted and measured response variables for inverted

pavement sections - nonlinear ISOLTODIC  *#*+ettossestoneononnocnanietienitioeitaoiaeanes
Anisotropic model parameters used in modeling pavement test section response ******

Comparison of predicted and measured response variables for conventional

pavement sections—nonlinéar anisotropic I R

Comparison of predicted and measured response variables for inverted

pavement sections-nonlinear anisotropic «retercrreereereaiees

LIST OF FIGURES

University of Illinois FastCell (UI-FC) advanced triaxial testing device *«=++rsesseros
Gradation curves for the four aggregates tested —*e+verrveserertersseniniaiiaiiiiiaia.

Variation of vertical and horizontal moduli with deviator stress for

an isotropic synthetic Specimen D T R P

Variation of vertical and horizontal moduli with deviator stress from

two different test procedures for CA-6

Variation of vertical and horizontal moduli with deviator stress from

two different test procedures fOl‘ CA_ll D T R Y

Variation of vertical and horizontal moduli with deviator stress from

two different test procedures for CL‘“SSP R N I R T TR L I R L T

Variation of vertical and horizontal moduli with deviator stress from

two different test procedures fOl' pea gravel D I I T T T

Resilient modulus search technique using secant stiffnesses for the

stress hardening granular material behavior =+« «=r et escverreatentrireriotianeissonenns

Gradation curves for norcross crushed stone and other GA tech base materials

D I I I S T T G

Figure 10  Variations of vertical moduli with deviator stresses from AASHTO

T294-94 or the new AASHTO T307-99 stress state tests o+ ceseerssressscecraonnens

148

149

150

150
152

155

156

122

123

127

128

129

129

130

134

140

142



Figure 11
Figure 12

Figure 13

Figure 14

Figure 15

Figure 16

Figure 17

Figure 18

Figure 19

K-8 Models showing variation of vertical moduli with bulk stresses tss=eseeeseeeecere

Typical cross sections of GA tech pavement test sections

Variation of constant ratios in horizontal and shear stiffness ratio models

(after Tutumluer and Thompson, 1998)

Variation of stress exponents in the horizontal stiffness ratio model

(after Tutumluer and Thompson, 1998)

Variation of stress exponents in the shear stiffness ratio model

(after Tutumluer and Thompson, 1998)
Vertical modulus distribution within the base predicted by Texas-3 model

Modular ratio (ME /Mg) distribution within the base predicted by

.........

Texas-3 model D I I R R T R T T I S

Vertical modulus distribution within the base predicted by

AASHTO T294-94 model

Distribution of centerline radial stresses within the base

predicted by different analyses

143

143

153

154

154

157

158

158

159



Part 1

ETHRUAFEARMENHE

HEHRITIER RN A

EIrE

RERHA ¥






B1E ZX 3

L1 [)REa$

Hil, HASENBRERITAFEATSAIBRE. —RRUFHAZERRABBABER
ARBEREED; H—RERUMHBRIRMAHAEHETBESENNEE28E,

ERE, BTHWEERITELEMA . T KRB By EREL: X T
FHBREABERRERHEL.

FEATHRERITAERANGRBEN BRI BRI UL 5N F T FiE.
ERAHIEMMXME. RENSBENHSHBREMBMEHEERS. EFEHEHIA
TEMHMBHERRFER:; BREIMAEFTENERE, W AR EFWAREESHK A
¥—ZEMERITFEEE T &M (EEM 2002 - PDG. NCHRP1-37AHH), £ig
fF ., BEREBRIIFHHERBERAMEOEE, XARBEIFTARTIBE %
BB Bz — .

ERBERATHRESHERBRKWNERRTIER —BK. B RS B,
XPEF R AR R A KB, MAEN —SRXBOEER, + REAEME TN SR %
RAERKXBEYE, K mERBiHHERE,

BITHERZSBBRESHT T ERETEARAENEERERRER, B3 F —KE
MR, WMMEBCRMBRERE (BOREBE%) MLHEERE, SR EARESESY
¥t (Brown and Pappin, 1981; Thompson and Elliot, 1985). BLETF M KI5 @1 .
In AL B:FI FAA BR5E, 76 R AR M) B) 4 42 1 38 1 b o 8 750 ol T 8 7 o 2 JFC T 9 % 1)
REAEE, BEMBRK, HEZHEAEEHEL. B e — i@ iURARA F KB S8
MEAMBHKNBEEEBERTRNEGLERREBRE S, HREEH (Tutumluer. 1995).
BV ) 5] P B0 B 0 2 8k 2 BB AR 4 b 910 % 170 B I M BE (Barksdale et al. , 1989: Tu-
tumluer et al. , 2001), {BXFF i3 % W A1 A0 158 0 4% 1) (] 12 908 4 4 B2 0 o 0 B 1T 45 0 )
WM R, BT RBRRGEMERAE, HERLEANBE.

BHit, BrETFHRRSRAREMTHRERHEES i, CREAREREE.

L2 BB
TEEMN, XFRRE E R 0B, RE QW REMEF KL SEHRE R
RAWHY, EELTRAANEARATRAOERE. ERRSZEEL. BE8 T4

FHORE M MR 425 AR R AR, 5 T 50004 18 ] 1 A 2 0R 1 28 300 7 3% 19 8% i o e 3
FBE T Al



4 Partl BEFHUAEERMNFTEBERIBERENA

EES, WTFHHAEREmRUSEN AT RECERROHER., —BHREH,
XMEMEL, HKPFrmESREFMABEEELY 0.9~4 Z 6], WXt T MR LA
¥, HEE MR 0.2 (Graham and Houldby, 1983; Gazetas, 1982; Lo and Lee,
1990; Semmelink and Beer, 1995; Zambhari, 1998), ZEEFE K S0Pt dz,
ERTHEBEAOBEA LMK FRIEERLEEF AMHEMR (Tutumluer, 1998), it
?ggﬁﬁﬂﬁﬂﬁﬂ’ HERW, SREMRIEAREE, HBEBEEEKRT 0.5
(Allen, 1973; Crockford, 1990; Uzan, 1992). —ERARMB MR BN EE, BET
B A3 BN, AR R 4 (8 T MEAR M E DA B (Lo and Lee, 1990), & it ¥ AR
I R B 5T 4047 EERAOEMBMK TR ERSE M HMEE Y ~21%2
], HBERSEE MM HMEE 18% ~35%2 )8 (Tutumluer, 1998),

MTMERNEERERESBMONBFEFTE, REMFAF KLY AHNTES S
. REFMERAEHN Tutumluer FF & T HA G155 & LA =8 (UL - FastCell), g
ﬁﬁﬁﬁ&ﬁ%%@ﬁ%ﬁﬂﬁﬂ%ﬁ@ﬁﬁﬁ%ﬁﬁﬁﬁﬂ%—%ﬁg’ﬁﬂ%ﬁﬁﬂ
ﬁ&%&%oWﬁ%@@%%ﬁﬁ%ﬂ%maNmmm—mm~%ﬁ,ﬁ%%ﬁﬂ%ﬁ
BAFMABFEF, Ul- FastCell &ﬁﬁﬁﬁf'ﬁﬁﬁﬁxlﬁmﬁ%%#Tﬂgﬁﬂﬂgﬁm%ﬁ”ﬂﬁ
m#ﬁﬁi,ﬁu%@ﬁﬂ%ﬁm&ﬁﬁﬁﬁﬁﬁiﬁﬁﬂﬁﬁﬂﬁﬁ%ﬁZ@%%%,

1.3 Part 1 BF5EHER

A4 Part 1 6133 BRIEM R A B BH & M RAEME, By TETHENE B RENE
AR R FE B T A 40T o R AT AR RO . AR R . AR
HENSMFREAROEM L, S BEMRERENSE, #FTRLES. BFS
ﬂ\%ﬁ%mﬁﬁﬁﬁﬁ,%ﬁT%TﬁM%@ﬁﬁ%ﬁ%%&#ﬁ&,#&mﬁm?ﬁ
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