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Why @Iayered

Pavement Analyses?
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From MultiSmart3D
to BackGenetic3D???

OIS

) D D D ) D
w - - - - - L
—
Load
Distance
Def ] | p—t
lect \‘.\
on " Measured deflection
| FWD=Falling §
‘%s_‘ i . ‘flm ' Schematic of Deflection Basin, and Loading. Sensors Configuration
She 11 Pew e .
‘:' [ n an
( Asphalt Concrete

BackGenetic3D Base

A =y
a
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, tﬁﬁ"iﬁr’. i
= K

Subgrade

Pan (1989): PEPI; Pan (1997): AMM; Pan & Han (2005): IJSS; Pan et al. (2006): CMES 5 S



Problem Description

i
O Equilibrium YVVVVVVVVVY o
equations I(T’ O, r
i h
[ ] ° Z1
o (
O Constitutive N Or1 o Zir
relations
—C r
Oij = i 2w ¥ h.
] Y Zy
O Displacement-strain o 0 o
. ) k ®
relations

Vii = O'S(Ui,j +uj,i)

Zn

Xiao, HT and Yue, ZO (2014): Z
Fracture Mechanics in Layered and Graded Solids 6 2016/12/21 Vector function




Systems of Vector Functions

Direct expansion of any vector vs. scalar transform

O Cylindrical system of vector functions
L(r,8;1,m)=e¢e,S(r,8; 1, m)

M(r,0: 4,m) = (e, > +e, -2 )S(r,0; 4, m) S(r,0; 4,m) = —~—J_(Ar)e™
or rod

J2r

0 0
N(r,0;4,m)=(e, ——¢e,—)S(r,0;4,m
( JSIERS e )

O Solutions in terms of cylindrical system of vector functions

@[r, 0,2) = ZE"O@(z)L(r, o) +@)M (z2)M(r,0) @N (z)N(r,6)]2dA

@{r, 0,7)=0,8,+0,e,+0,86,

=3 [0 @Lr.0) AT, @M(r,0){T), (N1, 0)]2dA

O quantities in physical domain O quantities in vector-function domain

Pan (Phys. Earth Planet. Inter.,1989a,b) - 2016/12/21 2-setsolutions



= 1|WO Independent Sub-Problems g

Two sub-problems with clear/direct physical connection

d N-Type Solution

vi o 0 vCy]_n, [ O V| Yn@

m=) [E"]=[Z2"(9)][K"]
O LM-Type Solution

[E]1=[U_AU,, T /A,T,]
[E], =AIW][E]+[F] [F1=[0,0,—F /4,—F,]

m=—) [E(2)] :[b]ei Eigensystem of Equations
9 {W]-V[I]}b]=0

8 2016/12/21 Propagating



Propagator Matrix Method (PMmm) £&

Without limitation for layer number, excellent for FGM

d RIlating EN and E on the upper interface with those on the lower interface

of layer k in transformed domain

Lm-type [E(z)]=[a][E(Z,)]

N-type
[E" (z)]=[a" DIE" (z,)]

A O 4

Propagator matrices:

[a]=[B](e " )[BT
[aN]=[B" ]<e—/1v|5'hk >[BN I

Basic Properties of Matrix a

0
a(O)=LI) I}

a(23 B 21) = a(23 ) Zz)a(zz B Zl)

a(23 B Zl) - a_l(zl B Zs)

2016/12/21 Solution



U Propagating from the bottom to top of the layered 0

half space, we have

Unknown far-field

Traction B.C. coefficients

[M]=[a,][a,]---la,]la,][Z,(H)]

10 2016/12/21 to physical domain



Numerical Integral

O From transformed domain back to physical domain
Q Infinite integrals involve Bessel functions (Inverse Hankel
transformation)

O Adaptive Gauss quadrature integration (Lucas, 1995; Pan & Han
JEM 2004, 1JSS 2005)

+0 Ani
j f(4,2)d, (Ar)dA = i j f(4,2)d, (Ar)dA.

0 n=1 2

MultiSmart3D

World group in Dropbox with the 0
program, manual, related articles, etc ., J016/12/21 Wiy SarsD




oV U

{#%) Special Features of MultiSmart3D

g Email me to join our Dropbox group "~
Layered pavement (Green, ODOT); Rock mechanics (Liao, Wang, NCTU); Layered Earth (Bevis, OSU)

1). Propagator matrix method is introduced so that one needs only to solve two
2x2 systems of linearly algebraic equations in the transformed domain, no matter
how many layers we have in the layered structure!

2). Cylindrical system of vector functions iIs introduced so that the axisymmetric
deformation can be exactly separated from the other part of the deformation!

3). Adaptive Gauss quadrature is utilized along with an acceleration approach
for fast and accurate calculation of the integration!

4). Arbitrary observation point that can be at any location, far or near,
Immediately below or above any interface!

5). Arbitrary interface that can be assumed to have any different shear spring
constant! (Not for free)

6). Arbitrary surface loading/geometry with super-fast calculation! (Not for
free)

7). The research group has more than 30 years experience on the layered
structure modeling and published more than 200 peer-reviewed journal

paners in this snecific areal
US Patent 7627428 (12/01/09); Pan et al. (2007, GJI88, 90); ...

12 2016/12/21 other methods



Outline

--- Introduction of MultiSmart3D
--- Other Methods

--- Effect of Transverse Isotropy
--- Moduli Backcalculation

--- Forward/Inverse with Bonding
--- Conclusions
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[Kj]E|:

K ]

i :[Kj]

Kljl K1j2
Ka Kz

B<e

Layer j

Zi 1
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=, Precision Integration Method (PIM) zz=,

Zhong WX. Duality System in Applied Mechanics and 2 ,’: 7
Optimal Control. Kluwer Academic Publisher: Boston, 2004 d [V] B [H -”V]
az
For a set of given ODEs 0 c.lc, llc, O
-1 0 0 1/c,,
d[U] [A DJU IEll=a 0 0 !
dZ T N B C T | 0 Ciy _C123 /C33 —Ci3 /C33 0
It’s solution can be expressed as :
j-1
U. } {A D} U. Layer |
J j-1 ayer j
= exp (z,-2,,)
{TJ' B C Tj—l Z
Alternatively as v
U,=FU,_ -GT, s {U’}—[P.]{Ujl} e {TH} :[K_]{Ujl}
Tj—l — QU i1 + ETJ. PMM TJ. . TJ._l SMM Tj . Uj

15
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Outline

--- Introduction of MultiSmart3D

--- Other Methods and Comparisons
--- Effect of Transverse Isotropy

--- Moduli Backcalculation

--- Forward/Inverse with Bonding

--- Conclusions
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IR ‘ R=0.15m r
E=3000 MPa u=0.35 AC 152.4 mmI
Ev=200-2000 MPa pv=0.35 %
Eh =400 MPa Base 304.8 mm
Gv=0.5Ev uh=0.40

17 2016/12/21 deflection



Deflection (mm)

I
O
)

|
o
~

I
=)
Ul

|
o
(@)
|

|
=
|
|

Ev/Eh=0.5{]
Ev/Eh=1
AAA EVIERN=3 |-
®o0 EV/Eh=5

I
o
(o]

Distance r (m)

1.4

1.6 1.8 2

18

2016/12/21 err



on the Bottom of AC Layer

Tenslle Strain

0.03

=

o

N
T

0.01

Horizontal strain (%)

o

Ev/Eh=0.5

Ev/Eh=1
AAA EV/IER =3
o6 EV/Eh=5

—-0.01

Distance r (m)

19
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Compressive Strain

on the Top of Subgrade
% —0.02 —
E —0.04r Ev/Eh=0.5]|-
Ev/Eh=1
AAA EVIER =3
o6 EVv/Eh=5
_006 ] ] | ] | ] ] ] ]

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Distance r (m)

20 2016/12/21 impact on design



Life cycle (in million)

= 660x10" )L/ )+

E=3000 MPa p=0.35 AC

Ev=200-2000 MPa uv=0.35

Eh= 400 MPa Base

304.8 mm

—f
=f(e) " Gv=0.5Ev ph=0.40
1000 i
| -7 Rutting model - Top of subgrade
' sk Fatigue model - Bottom of asphalt
| — >
100 ' s —
Eh =400 MPa
10 |
L —— = —
%ﬁq
1 T
0 1 4 5 5] 7 8 9 10

M oduli ratio (Ev/Eh)

Caietal. 2015
Comput. Geotech

21 inverse



Outline

--- Introduction of MultiSmart3D

--- Other Methods and Comparisons
--- Effect of Transverse Isotropy

--- Moduli Backcalculation

--- Forward/Inverse with Bonding

--- Conclusions
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SID-Pavement Made of Four Layers

(Model 3)
Seed modulus Inverse modulus Error
NO. Layer Parameter (MPa) (MPa) (%)
AC E.. 30000 1499.992 -0.001
- = 3000 500.509 0.102
ase

] E,. 40000 799.901 -0.012
Subb Eeon 3000 299.907 -0.031

ubbase
= 40000 500.149 0.030
Subgrade Eg 300 30 0.000
AC E.. 10000 1499.993 0.000
S = 10000 500.541 0.108
; E,, 20000 799.9 -0.013
S Egn 10000 299.903 -0.032

ubbase
= 20000 500.146 0.029
Subgrade Eg 10000 30 0.000
AC E.. 300 1499.993 0.000
- = 3000 500.534 0.107

ase
. E,. 3000 799.901 -0.012
S Egh 3000 299.906 -0.031
u

= 3000 500.146 0.029
Subgrade Eg 30000 30 0.000

23 2016/12/21 Bonding F/In



Outline

--- Introduction of MultiSmart3D
--- Other Methods

--- Effect of Transverse Isotropy
--- Moduli Backcalculation

--- Forward/Inverse with Bonding
--- Conclusions
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Forward and Backcalculation of
Pavements with Bonding Interface

Zy
Bonding Condition Layer i1
; [Ej..]
L
r=k(AU) k=1l = El 2
Layer J+1
[Ej+1]
Zna
Layer n-1
Zn
Oy, (X’ Y, Zj _ O) =0y (X’ YiZ;+ O) Layer n

o,(X,Yy,2,-0)=0,(X,y,z; +0)
0,(%Y,2;-0)=0,(X,Y,2; +0)

u,(x,y,z, —0)-u,(x,y,z,+0) ={’o,, (x,y,z, - 0)
u, (X, y,z,=0)-u,(x,y,z, +0) =ayo, (X, y,z, - 0)
u,(x,y,z,-0)—u,(x,y,z; +0) =aVo,,(x,y,2, - 0)

25
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Solutions In terms of
Propagator

[E(Zo)] — [a1 ][3.2]- ' '[aN ][E(ZN )]
Without bonding interface

[E(2)]=la, +1la,  ]---[ay][E(zy)]

1 |

[E(z,)]=[3 ][&,]---[InterM ][&;]---[ay ][E(zy )]

With bonding interface

[E(2)]=[a, +]la, ]---[InterM][a;]---[ay ][E(zy)]




Effect of Bonding Condition
on Pavement Response

Layer Modulus(MPa) | Poisson Ratio | Thickness(mm) | Interface
Asphalt 5000 0.35 150

Base 1200 0.40 180 :i
Subbase 300 0.40 180 -
Subgrade 50 0.45 infinity

27
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Bonding k3 Between
Subbase & Subgrade

600

500 6;——_______*_~*“‘\~——*___¥
= 400 {\.\'\ — = = .
:i —— Omm
g —— 305mm
'g a0t 610mm
2 1219mm
4
2 9200 F —— 1829mm

— ¥ ——%— 3¢ 3¢ 3¢
100
0

1. OE+00 1. OE+01 1. OE+02 1. OE+03 1. OE+04 1. OE+05 1. OE+06
Shear reaction modulus k3 (MN/m’)

28 2016/12/21 inverse k3 and E



SID-Backcalculation with k3

Layer | Seed value Real value BaCk\(;:: ﬁle“ated error(%)‘s-w
E.. 30000 5000 5000.018 0.000
E, 3000 1200 1199.989 -0.001
1 E,, 3000 300 300.007 0.002
Ky 1 1000 999.091 -0.091
E,, 300 50 50 0.000
E.. 300 5000 4999.968 -0.001
E, 3000 1200 1200.013 0.001
2 E,, 30000 300 299.996 -0.001
Ky 1 1000 1000.015 0.001
= 3000 50 50 0.000
E.. 10000 5000 5000.019 0.000
E, 10000 1200 1199.988 -0.001
3 E,, 10000 300 300.009 0.003
Ky 100 1000 998.013 -0.199
E,, 10000 50 50 0.000,,,,.,4l ...




Email me to join our Dropbox group

Conclusions

e MultiSmart3D based on the cylindrical system
of vector functions is robust for transforming a
PDE Into an ODE. Vector system has clear
physical meanings.

e PMM,SMM and PIM are feasible methods for
forward calculation of TI multilayered system with
iImperfect interface.

e SID Is a powerful method for backcalculating
both moduli/bonding conditions in Tl system.

Thank you very much!!!
Don’t forget the wonderful Pan




Backups
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Stiffness Matrix Method (SMM)

-tV
V4

[\/]:[UL’AUM ’TL [ 4, M]T

0 Cy5/ Co 1/c,, 0
-1 0 0 1/c,,
0 0 0 1

L 0 ¢,- C123 / Cas G / Cas 0

[H]=4:

32 2016/12/21 genera I solution



CO|

s
| T(2)_

Layer j

Zj-l

< e—s Az >— diag[e—slﬂz e—sz/lz e—s3/12 e—s4/lz]

Z:

‘L J

33
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Recursive Relations
Between Adjacent Layers

0
Zm-o
Layer m-1
‘ Zm-1
" B ) - - Layer m
: _2 U -2 Z
i b LS (e ¢
L Y U,
o qo| (RN (KET KR TR (RGP (ke -K) K
m-2md

Kp (kg -KD) Ky

m
+ Kzz_

2016/12/21 PIM




dG / dr = (GB + A)G - D -GC
dF / dr = (GB + A)F

dE / d7 = EBG - EC

dQ / dr = —EBF

Expansion coefficients of G,FE,Q

G(z) = Q7+ Q,7° +Gg7 +0,7" +++-
Q(F) =T +07" +0s7 +0y7" +--
F(o)=1+fr+ 02+ 00+ f,0% +.-

E(r)=1+er+e,r°+e,0°+e,0" +---

35 2016/12/21 recursive relation



Recursive Relations
For Multilayered Systems

U =FU,-GT, 11= |
Zb b, Th

Ta = Qlua + Flth

2

. =FU, -G,T, % L c,Tc

Q=Q, + F (Qz_l +Gl)_1 F G; =G, +F, (Gl_l + QZ)_l th
FI-F(+QG)'F  FR=R(+GQ)'FR

€9 2016/12/21 ex1



E,, = 1200MPa, 1, ,=0.40, E,,~120MPa, 11,=0.15, G,,=1200M#ba 80 m

L

E,, = 40MPa, 1, ,=0.40, E ,~100MPa, 11,,=0.30, G, ,=600MPa 80 km

E,, =30MPa, y,,=0.45, E ,~60MPa, 11,,=0.45, G, ,=60MPa

¥

A homogeneous half-space or a finite layer over a rigid
foundation at z=z,=200km

37



O Un,y
o

ﬁ)ﬁi Displacements and stresses at different field points of the layered pavement :
= Model 2 based on the PMM method (u, in mm/1000 and o, in Pa). '

Field point (m) Three layers over a half-space | Four layers over a rigid foundation
(y=0) at z=z,=200km

X 4 u, Ty u, O g0

0 0 71976.976 -48662.12 71851.61 -48662.09
120 0 18113.922 -464.604 17993.20 -464.508

0 0.0019 71976.913 -48635.483 71851.549 -48635.452

0 0.0021 71976.836 -2041583.28 71851.473 -2041583.08

0 80.0019 14873.616 45180.920 14748.127 45181.12

0 80.0021 14873.594 893.6888 14784.106 893.6955

0 80080.0019 169.3834 0.0000 41.3067 0.0000

0 80080.0021 169.3834 0.0000 41.3067 0.0000

0 90000 160.5567 0.0000 34.6552 0.0000

38
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Backcalculation of
Pavement Properties

FWD Load

WM Measured Deflection

» Real Road

{e} Error Vector

»  Road Model

We Calculated
E, 2u _1+AE, AN Deflection
5 1ma LEAE, {AE} Adjusted Vector

Modulus Adjust |«

System ldentification (SID), Robert Lytton/Fuming Wang

39 2016/12/21 model 1



Example One

P=700kPa, R=0.15m?

Modulus Poisson’s Thickness Surface location Deflection
(MPa) Ratio (mm) (mm) (mm/1000)
3500 0.35 150 MS3D BISAR
1000 0.35 50 0 360.724 360.448
800 0.35 250 305 283.237 282.931
500 0.4 180 609 239.488 239.177
400 0.4 100 914 212.296 211.967
10 Layers 200 0.4 250 1219 191.147 190.801
150 0.45 320 1524 173.346 172.986
100 0.45 180 1829 157.904 157.537
80 0.45 100
40 0.45

2016/12/21 ex2




Example Two

Modulus (MPa) Poisson | Thickness (m)
Layer
Structure 1 30000 0. 40 0. 50

2 300 0. 40 0. 80

3 30 0.40
Magnitude (kPa) | Radius (m) Location(x) | Location(y)

Load \Y 0.10 0.15 0 0
H 693. 56 0. 15 0. 00 0. 00

41
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MultiSmart3D

2016/12/21 other methods

Position

Displacement (um)

Stress (MPa)

y

XX

Yy

L7179 0. 00
. 186 0. 00
. 647 0. 00
. 458 0. 00
. 889 0. 00
. 067 0. 00
. 025 0.3729

. 137 0. 1995

-130.
—287693.
—106141.

—45508.
—26721.
9.
—165959.

—-1874.

-130.
—-36140.
—27356.
—-16094.
—10299.

9.
—95192.

—5358.

S B~ O o0 —~= o1 ©

oy O O O O o o O

BISAR

Displacement (um)

Stress (MPa)

yA

XX

yy

0. 0251
1.851
2. 862
3. 953
4.372
0. 0247
0. 4264 1. 257
0.2178 1. 487

-130.
—287100.
—105900.

—44800.
—26720.
9.
—166000.
—-1623.

S O OO O O o o =

-130.
—-36710.
—27580.
—-16800.
—10300.

9.
—95170.
—5610.

S O o o o o o

o1 O O O O o o O




Example 1 (Model 1)

E = 5000 MPa
E, = 200 MPa A
u,=0.35
E, =400 MPa 350 mm
=0.35
G, = 148 MPa M

u=0.40

¥ A homogeneous half-space or a finite layer over a rigid foundation

at z=z,=100m

Fr

43
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ﬁ* Displacements and stresses at different field points of the layered pavement O
= Model 1 based on the PMM method (u, in mm/1000 and o, in Pa). '

Field point (m) Two layers over a half-space Three layers over a rigid
foundation at z=z,=100m

X y z u, Ty u, T g9
0 0 0 500.5993 -1714959 497.3226 -1714885
0 0.3 0 401.5442 -513353 398.2675 -513303
0 0.6 0 308.2881 -181716 305.0114 -181665
0 0.9 0 242.9199 -86899.8 239.6433 -86849
0 1.2 0 195.1638 -46342.4 191.8873 -46291.6
0 2 0 118.2472 -10699 114.971 -10648.3
0 0 0.1499 491.5508 1232200 488.273 1232250
0 0 0.1501 491.4745 -61081.01 488.1967 -61076.98
0 0 0.4999 358.4996 70188.82 355.2169 70192.79
0 0 0.5001 358.4323 2468.6389 355.1496 2469.2833
0 0 50.5 7.6840 0.3488 4.0186 0.2085
0 0 98.5 3.9902 0.0855 0.0575 -2.0377

2016/12/21 ex2




E,, =100MPa, 1,,=0.30, E ,=3000MPa, ;,=0.35, G, ,=110MPa

E =50MPa, p=0.35,

A homogeneous half-space or a finite layer over a

rigid foundation at z=z,=100m

10 X 0.002 m
10 X 0.2 m
10 X 0.02m
10 X 0.2m
10 X 0.4 m
10 X 0.8 m
10 X2.0m

10 X 0.002 m
9 X05m

45



Field point (m)

Ninety-nine layers over a half-space

PIM SMM PMM
X z u, O u, O u, O
0 0 8342.734 -311172.268 8342.734 -311172.268 8342.734 -311172.268
0 1.9999 4857.905 -3902.029 4857.905 -3902.029 4857.905 -3902.029
0 2.0199 4830.379 -3130.655 4830.379 -3130.655 4830.379 -3130.655
0 4.2199 2957.549 11418.776 2957.549 11418.776 2957.549 11418.776
0 18.2199 1219.890 938.721 1219.890 938.721 1219.890 938.721
0 38.2199 953.796 921.101 953.796 921.101 953.796 921.101
0 38.2399 953.674 921.957 953.674 921.957 953.674 921.957
0] 42.7399 927.724 1150.159 927.724 1150.159 927.724 1150.159
0 50 805.808 101.820 805.808 101.820 805.808 101.820
CPU (s) 93 31 6
i i One hundred layers over a rigid foundation at z=z,,,=100m
Field point (m) BIM SMM PMM
X z u, O u, O u, O
0 0 8061.462 -311096.770 8061.462 -311096.770 8061.462 -311096.770
0 1.9999 4576.288 -3829.914 4576.288 -3829.914 4576.288 -3829.914
0 2.0199 4548.758 -3058.574 4548.758 -3058.574 4548.758 -3058.574
0 4.2199 2675.567 11487.170 2675.567 11487.170 2675.567 11487.170
0] 18.2199 935.966 984.581 935.966 984.581 935.966 984.581
0] 38.2199 667.890 936.345 667.890 936.345 667.890 936.345
0] 38.2399 667.766 937.170 667.766 937.170 667.766 937.170
0| 42.7399 641.468 1158.544 641.468 1158.544 641.468 1158.544
0 50 517.232 98.175 517.232 98.175 517.232 98.175

S
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Pavement Made of

Three Layers (Model 1)
Seed . Actual Seed Inverse Relative
Pavement
modulus structure modulus modulus | modulus error
Type. (MPa) (MPa) (MPa) (%)
AC E.. | 1500 30000 1500.018 0.001
E,, | 300 3000 299.999 0.000
1 Base
E, | 500 3000 499.983 -0.003
Subgrade ESg 30 300 30.000 0.000
AC E.. | 1500 10000 1500.015 0.001
E, | 300 10000 300.0 0.000
2 Base
E, | 500 10000 499.990 -0.002
Subgrade ESg 30 10000 30.000 0.000
AC E.. | 1500 300 1500.022 0.001
E, | 300 3000 299.999 0.000
3 Base
E,. | 500 3000 499.985 -0.003
Subgrade ESg 30 3000 30.000 0.000
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nree Layers (Model 2)s8%

Actual Seed Inverse Relative
moduli Z?XJECTUeth modulus modulus modulus error
type (MPa) (MPa) (MPa) (%)
AC E.. 1500 30000 1500.002 0.000
= 300 3000 299.997 -0.001
1 Base EW 500 5000 499.965 -0.007
G, 178.6 3000 178.571 -0.016
Subgrade E, 30 300 30.000 0.000
AC E.. 1500 10000 1500.001 0.000
En 300 10000 299.997 -0.001
2 Base = 500 10000 499.972 -0.006
G, 178.6 10000 178.571 -0.016
Subgrade E,, 30 10000 30.00 0.000
AC E.. 1500 300 1500.002 0.000
= 300 300 299.996 -0.001
3 Base EW 500 5000 499.964 -0.007
G, 178.6 3000 178.571 -0.016
Subgrade E,, 30 3000 30.000 0.000
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T,_=T.,
Tu_=Tu,

Ty =T,
u._-U,. =aZjTL_
Uy —Un. =Ty
U, . —-U.. =a)fTN_

o O O -

o O —» O

0o |[ U,
AaV || AU,
0 T /A

1 | TM dz;+0
W,
= [InterM ] A
T, /A

v 1o
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Deflectiom (um)

700
600
500
¢ —— Omm
400 - I —=— 305mm
610mm
1219mm
300 —— 1829mm
200
100
0
1. OE+00 1. OE+01 1. OE+02 1. OE+03 1. OE+04 1. OE+05 1. OE+06

Shear reaction modulus k1 OMN/m>)
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Bonding k2 Between
Base & Subbase

600
¢
2 400 .\-\\‘\ - . !
ii —— Omm
g 210 |- —=— 305mm
'g 610mm
2 1219mm
o
* % S X X
100
0

1. OE+00 1. OE+01 1. OE+02 1. OE+03 1. OE+04 1. OE+05 1. OE+06

Shear reaction modulus k2 (MN/m’)
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= Backcalculation with k1

- ;;,..Jgavement Layer 3:&1 Real Value Back\c/z:atélated error(%)

E.. 30000 5000 4999.988 0.000 L
K, 10000 100 100 0.000

1 E, 3000 1200 1200.013 0.001
E,, 3000 300 299.998 -0.001
= 300 50 50 0.000
E.. 300 5000 4999.969 -0.001
K, 10000 100 100 0.000

2 E, 3000 1200 1200.013 0.001
= 3000 300 299.996 -0.001
= 30000 50 50 0.000
E.. 10000 5000 5000.069 0.001
K, 10000 100 99.997 -0.003

3 E, 10000 1200 1200.009 0.001
E,, 10000 300 300.002 0.001
= 3000 50 50 0.000
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=\ Backcalculation with k2
Pavemen Layer | Seed Value | Real Value B

t Value
E.. 10000 5000 5000.01 0.000
E, 10000 1200 1199.995 0.000

1 K, 10000 1000 999.668 -0.033
= 10000 300 300.03 0.010
E,, 1000 50 50 0.000
E.. 300 5000 4999.995 0.000
= 3000 1200 1199.989 -0.001

2 K, 100000 1000 1000.008 0.001
= 30000 300 300.009 0.003
E,, 3000 50 50 0.000
E.. 1000 5000 4999.961 -0.001
E, 100 1200 1199.982 -0.002

3 K, 10 1000 1000.021 0.002
= 100 300 300.02 0.007
E,, 10 50 50 0.00Q ... .1 .




=, Boundary Conditions of Vertical Axis-

Symmetric Circular Loading/ L0

Ry
—Q r<R \& K

0 r>R

c,=0,=0 120

rz

VA
\4

P — Grz(r, Q,O)er + Gez (r1 910)69 + Gzz(r1 Q’O)ez — Gzz(r’ Q’O)ez

P(r,0,z,)= ZT P (4,m)L(r,8)+ P, (4, m)M(r,0)+ P, (1, m)N(r,8)]1dA

R
P = —q\/ﬂj\lo(/lr)rdr = — \/ﬂqlfl(lr) B, =R = 0
0




Final Propagation Relation

U, u,
. ~ AU, . . o al,,
[E(z,)]= T 12 =[a,I[a,]---[a,]J[E(z,)] =1 ]TL/;L
Ty dz=1, Ty |
U (z)=?%  T(z)/A=PlA=- @q;%(/%r)

AUy, (75) =7, Tw(zp) =Py =0

Solving for the unknown displacements on the surface z,




d point z

Half-Space

VZ

[E(@D)]=1a,(z-z,)][a..]--[ay][E(zy)]




Boundary Conditions of

Horizontal Circular Loading

/
4 .“_'fj,,,\rd) /// r, «
L
0 r<R
GZZ =X | 7
0 r>R
q,, -cos(8 — @) = q,, (cos ¢ cos & +sin ¢sin O) r<R
O-rz ="
0 r>R

(—q, -sin(@—¢) =—q, (sinpcosd—cosgsingd) r<R

\C =R
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Expansion Coefficients

P (1,0)=0

Py (1,0)] s = rqhzi;] 1(R4) (COS ¢ —isin @)
P, (1.0)],_ rqhziﬂ (RA) _cosg—ising)
Py (1.0)],, = v27Rq, J,(RA)- (=i cos ¢ —sin ¢)

21

Py (1.0)],_ *;th 3,(RA)- (=i cos ¢ +sin ¢)




Final Propagation Relations
(with both LM- and N- types)

U, (z,) =", T (z,)/ A=P 11=0
ﬂ‘UM (Zo) =7, TM (Zo) - PM
U.(z)=?  T,(z,)/A=P /2
[E(Zo)] m [ai ][a2]°”[aN—l][ZN—l][O’O’CN ’ DN ]T
[EN (Zo)] :[aiN][agl]'”[am—l][ZN—ﬂ[O’ BNN ]T




==, EXPressions For Displacements and Tractions

Uy = Uy U s = 2C°j(i D[ Q@ 13,00 - 207 B3, (irpaa
Uy, = ué"mzl_i_u@‘m:—l = _25172(—;‘; ¢)IQUM Jl(jr)ﬂdl_
2sin(@—¢) ¢ J,(Ar)
Ad (Ar) — AdA
— j Quu (A3, (1) )
uz — uz m=1+uz m=—1_ 2CO\7(2£_ ¢)J‘QUL‘]1(/1r)/1CM’
G = Tls + Ot = 2“’3(23 X J[Qn (3, -2 1 g, 280y
Oag = Gez‘mzl_i_aez‘m ZS\I;]Q ¢)I {Qm ——— : (lr) +Qny [Ado(Ar) — 2 (/u‘)]}ﬂvd/1
_ 2cos(6 - 9)

j Q., J,(Ar)AdA

Gzz - Gzz m=1 +O

zz‘m -1 \/7
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Expressions In-plane Stresses

C13 C11_C12 i A
_ = 85 X112 5. cos(0 — o (53, (Ar)AdA
Oir = Ol ma+ O et = 5> O = =2 05 ¢)£ Quy (-3, (2r))
C11_C12 T A
+=t— 2-cos(¢9—¢)£QUM (?Jz(/ir))ﬂdﬂ.
2 ©
+ Clé_iiz% 2-¢0(0 — ) [ Quu I, (Ar)A°dA
33 0
2
0 = el Cialmes = G + 255 2005(0 - ¢>j QuuJ: (A1) 2dA
33 33
C11_0122 g — ft /IJZ(/II’) 2dA4
+ N cos( ¢)_OQUN( )
_Cll_C122 g — fi Mz(ﬂr) 2dA
Ton cos( ¢)bQUM( )
4C,
Gm:Gre‘m=1+O_ ‘m 1 \/Zsm(g ¢)IQUM( J, (4r))AdA
N 2C . sin(0—¢) ¢ P AC . sin(@—¢) ¢ (ZAJZ(/Ir))/,Ld}L

JQuud.(an)

T T !QUN
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Multilayered System

G(z;) | A<e ™ @) 5 RA|Mke
t(z)) | |geces*@m 0. B K

(Zjl):| A A<e i)y {K*}

(Zj—l) B B« e—é*/l(zj_l—zj) .

)
I

—+1

Or

(2,0 | B B <e * Al [K}
t(Zj) B <e_3*ﬂ-(zj_zjfl) E K~
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Final Stiffness Matrix & BCs

F(Zo)}:[KrN]{U(ZO)}
(zy) U(zy)

Boundary conditions on the surface

T(Zo) N [TL(ZO)/LTM]
U(z,)="7

Boundary conditions on the bottom

{U (2, )} _ ALK iy U(z,)=0
T(zy)| |B,K™

Half-space vs. rigid base

63



Final Solutions

For half-space
U(z,)=[R, + K5 (Ky) " Ky = KG T IK K T T (2)
U(z,) =K' TH{T (2) - [K§' U (z,)}
T(z)=[R,U@) [RI=IW,,]IW,]"

For rigid foundation
U(z,) =[K;"T T (z)
T(z,.,) =[K5 " U(20) =[K5 T IIKE T T (2,)




U
ABY LN

2 P
&, 2

Expansion Coefficients
---approximation

u
—

0, = -D; 2g2 — Agl B 91C; 393 — Agz — ng T nggl
494 — Ag3 B 93C T nggz + nggl

f,=A; 2f,=Af+9,B; 3f,=Af,+09,B+0,Bf,
4f, = Af,+g,B +g,Bf, +g,Bf,

e, =—C; 2e,=Bg,—-eC; 3e,=¢Bg,+Bg,-¢e,.C
4e, =e,Bg, +e,Bg, + Bg, —e,C

¢ =-B; 29,=-(¢,B+Bf); 3q,=-(e,B+eBf +Bf,)
4q, = —(e,B +¢e,Bf, +e,Bf, + Bf,)




Simplification For
Conservative Systems

C=-A; D=D'; B=B'

'

G=G; Q=Q; F=FE
State vectors can be simplifiedas )
U =FU_ -GT,
T.=QU_+F'T




Seed

Inverse

NO. Layer Parameter modulus modulus E(g(;r
(MPa) (MPa) g
- E.ch 20000 1499.516 -0.032
E.ov 30000 2000.143 0.007
Epn 3000 002.524 0.505
Base
1 E,, 4000 799.634 -0.046
En 3000 299.676 -0.108
Subbase
E.., 4000 500.497 0.099
Subgrade Eq 300 30 0.000
AC E.ch 10000 1498.959 -0.069
E..v 10000 2000.299 0.015
Eon 10000 505.816 1.163
Base
2 = 12000 799.156 -0.106
FO u r L a e r S Eqon 10000 299.253 -0.249
y Subbase
= 12000 501.174 0.235
M d I \ Subgrade ESg 10000 30 0.000
( ode€l 4 N Een 300 1499.483 10.034
Eav 330 2000.151 0.008
= 3000 502.425 0.485
Base
3 = 3300 799.626 -0.047
= 3000 299.669 -0.110
Subbase
= 3300 500.51 0.102
Subgrade E 30000 30 0.000
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Outline

--- General Formulation and Solutions
--- Graded Moduli

--- Transverse Isotropy/Shearing

--- Conclusions
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Circular vs. Actual Pressure Models

mm
.*.Y( )

- -
// N\

/ N\
| P=690 kPa
| \

1046 +— — — -— — — 4
|

v.\ /"

\ /

\\
. /
0 110.15 ximen)

- -
-

“ERERBRERE”
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2016/12/21 fast SEMI

Other Factors



A Superfast Approach...

vi=3"Q, T4 _4 3 p, TOd®
T

i:l’n i:].,n

Y

0}
0
NN N NN

Y Y

\

A

NN

AN AL
N Y N
N AN AN

N WY

2

N

A
¥

SN Y Y

NN A A

Y Y Y Y

NN A A

NN AN AN

SN Y Y Y
A

P — i — — -

by

<

90909
PO

)
)
{)f\

A

Y
N
Y

AN AN

Y

N AN
N
N

o

\

e

l_.
A
|
\
:

y P(xy) |
d®: the solution for unit uniform circular loading

TO: transformation matrix

Q;: uniform pressure inside circle
p;: uniform pressure inside square
v: total response

Pan et al. (J GeophyS. Int., 2007) 70 2016/12/21 Example



¥{m)

An Example

2000 | : | | ; : :
_ 20X 40 circular loading cells
1500 : .
1000+ i
0
500 b J
O (1T (11] '] 1]
-500|- -
-1000F .
Z
o v
~1500+ -
-2000 1 . . v : ' ' . v :
~2500 -2000 1500 1000  -500 0 500 1000 1500 2000 2500
X(m)
Layer # | Thickness | Young’s modulus | Poisson’s
(km) E (GPa) Ratio
1 %
1 0.5 5.0 0.3
2 5 30.0 0.25
3 infinite 150.0 0.2
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Displacement (mm)

0.12

0.08 —

0.04 —

u, by MS3D

&< u by Yue
OO0 u, byMs3D
S—<&— u, by Yue
G—6—-©€) u,by MS3D

400 |

O—e—o Oxx

Oxx
GYY
CW
Gz,
Gz

by Yue
by MS3D
by Yue
by MS3D
by Yue
by MS3D

-400

Stress (N/m?)

o -800
- @ —
-0.04 | | | -1200 |
-2000 -1000 0 1000 2000 -2000 -1000
y (m)

Variation along x-axis

2000
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Displacement (mm)

0.07 \ \
L G—Q—Q u, by Yue
O—6—0© u,by MS3D
0.06 — OO <O ubyYue ]
L OO O ubyMs3D ||
S—&— u,by Yue
0.05 |— OO O u,byMs3D ||

0.04

-0.01
-2000 -1000 0 1000 2000

Stress (N/m?)

2000

1500

1000

500

00000

-500

-1000 |— &< o, byMS3D

-1500 —| ©—© O o, by Yue

-2000

O—<—< o, by Yue
OO O o,byMs3D

G—G—O Oyy by MS3D
| | | |

-2000 -1000 0

Variation along y-axis

1000 2000
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Conclusions
Special Features of MultiSmart3D

Layered pavement (Green, ODOT); Rock mechanics (Liao, Wang, NCTU); Layered Earth (Bevis, OSU)

1). Propagator matrix method is introduced so that one needs only to solve two
2x2 systems of linearly algebraic equations in the transformed domain, no matter
how many layers we have in the layered structure!

2). Cylindrical system of vector functions is introduced so that the axisymmetric
deformation can be exactly separated from the other part of the deformation!

3). Adaptive Gauss quadrature is utilized along with an acceleration approach
for fast and accurate calculation of the integration!

4). Arbitrary observation point that can be at any location, far or near,
Immediately below or above any interface!

5). Arbitrary interface that can be assumed to have any different shear spring
constant!

6). Arbitrary surface loading/geometry with super-fast calculation!

7). The research group has more than 20 years experience on the layered
structure modeling and published more than 100 peer-reviewed journal
papers in this specific area!

US Patent 7627428 (12/01/09); Pan et al. (2007, GJI88, 90); ...
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Outline

--- General Formulation and Solutions
--- Graded Moduli

--- Transverse Isotropy/Shearing

--- Conclusions
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Modulus Variation in AC Layer

Modulus of Elasticity (MPa)

o 0 SOl(jz(ﬂ 1i(l)'(i/v/°l/5(l)0/i?//2:)-?00 dg 25(I)OO
Wl F o g

7 :
A

100 ,‘ —&— January

—m— February
—A— March
150 - / / % —o— April
—+— May
200 A —O— June
- > = auy
o o - —A— August
Variation with Depth  #°] }YJ/// ///‘[ v Septembe

300 1W —&— November
—v— December

Depth (mm)

25000 350 _/ l
4

= 20000 C
o
=
>
'S 15000
2
S R | —
‘S | —®™— Sublayer 2
; 10000 —4&— Sublayer 3
= —+— Sublayer 4 H H 1 1
E Variation with Time
o —O— Sublayer 5
= 5000 1 —=— Sublayer 6

—A— Sublayer 7

[0}

1 2 3 4 5 6 7 8 9 10 m 1 Using 2004 MEPDG (IOWA)

Time (month)
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Poisson's Ratio

0.10 4

0.05

0.00

Depth (in)

Variation with Depth

1 3 5 7 9 11
Time (month}

—— Sublayer Mo.1 —&— Sublayer No.2 —a—— Sublayer No.3 = == — Sublayer No.4
—#— Sublayer No.5 —e—— Sublayer No.6 — -0 — Sublayer No.7

—4—January February ——March —— April
2— May — 8= June —k—July —HB— August
= = <= = =September - - @ - -October = = = - ~November = = O - =December

<4 =

Variation with Time

MEPDG (2004) Recommendation
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nstant val

Barker et al. (1977)

T, e =1.2%T, +3.2  temperaturein ® C

Tﬂ.':p.hﬁi.r = l lg*Tar'r temperature |n ° F

Edwards & Valkering (1974) and Ullidtz (1987)

{Tl T Tz) {Tl - ng ( {U U J .
T = : = 5 CGSL — 0 ﬂ.-‘ -
George and Husain (1986)

( : ) :

" h,, +304.8 | h,, +30438
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Temperature vs. Time

Lukanen et al. (2000)  temperature in © C

BELLS equation:

T, =2.8+0.804* IR+ {log,,(d)— 1.5}~ 0.54* IR + 0.770 *(5— day) + 3.763*sin(hr — 18)}
+ sin(hr —14)§0.474+ 0.031 * IR}

_ (used widely for flexible pavements)

T,=278+0912% IR+ {log,,(d)—1.25}{- 0.428 * IR + 0.553 % (1 — day) + 2.63 *sin(/r,; —15.5)}
+0.027 * IR *sin(hr,, —13.5)

T, =095+0.802*IR +{log,,(d)— 1.251{— 0.448* IR + 0.621* (1 — day) +1.83 * sin(hr,, — 15.5)}
+0.042* IR *sin(hr,, —13.5)
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Pavement Temperature Variatio

Temperature gradient

Ongel & Harvey (2004)  temperaturein ©° C <=Based on EICM

for pavement surface to quarter-depth thermal gradient:

s
TQ=—4].?+E.DB*‘T—],ﬂr?*r+l@,5i Sin{hr—ID]""E"‘E}

for pavement quarter-depth to mid-depth thermal gradient:

T
TQ=—4&]+12?8*‘T+ﬁ?*‘r+|ﬁ|8{sin{hr— ID]*E*E}—S,ME*T*I

80 2016/12/21 E(T)



Modulus vs. Temperature

Ullidtz (1987) E =15000-7900log(r)  [NIRGSICINCH

Witczak (1989) E = 1()\6:5%658-0.006447T -0.00007 4047 %)

Janoo and Berg (1991) E=5994-242%T ‘MPaand ° C

Ali and Lopez (1999) E — o\%37196-0.03608 145°T)

For AC based on lab & field data

81 2016/12/21 E(T) curves
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T

.. ae e N AN S
"""n LU ""'s

Aspha.lt Concrete
% IV =2
R S R

__.‘.1 G

Asplmlt Base

7% 'A §"’.;£ -‘" s $

o.

Unbound Base

l-'..‘~£- & —

Compacted Subg

rade

12.7 mm

12.7 mm
25.4 mm increments to depth of 102 mm

Remaining thickness

51mm {if hg >152mm}

ng = int(hBT_SlJfor hg >152mm

Ngg = mt[h4 )for hgg =203 mm

Nesg = int(hcSG Jfor hesg > 305mm

Ngg = mt(h:L2 Jfor hgg >305mm
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uadratic-Varied Modulus
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Examples

Parameters of a typical flexible pavement example

Layer Thickness (cm) Re3|lleér|\1/ltFl:g ;) slile Poisson’s Ratio
AC Layer 15 3500 0.3
Base Layer 25 700 0.3
Subbase Layer 25 300 0.3
Subgrade Layer Infinite Half-Space 100 0.3
Modulus of elasticity E (GPa)
o 1 2 3 4 5 10 sublayers
| | | | Modulus of elasticity variation 20 sublayers
0 Sonsan 1| with depth in the AC layer 50 sublayers
0.04 100 sublayers
| 500 sublayers
0.08
0.12

0.16

MultiSmart 3D
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Examples

0.04

Depth z (m)
o
o
(0]

0.1

0.16

g,,(103)

-3 -2

— %= 100 Sublayers

*‘0* No‘ Sublaye‘r
—<—— 10 Sublayers
20 Sublayers
50 Sublayers

500 Sublayers

Depth z (m)

Vertical strain variation with depth
In AC layer

0.04

o
o
e3)

0.12

—+——— No Sublayer
—<—— 10 Sublayers
20 Sublayers
50 Sublayers
% 100 Sublayers
—fHH— 500 Sublayers

0.16

Horizontal stress variation with depth

In AC layer
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Number of sublayers

Horizontal stress jumps at the interface
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Verification of
Quadratic-Varied Modulus

Pavement system at the test site after construction

59 mm

128 mm

414 mm

Infinite

v

Layer 3-Asphalt
E=5700 MPa, v=0.35

Layer 2-Granular Base
E=270 MPa, v=0.40

Layer 1-Sand
E=55 MPa, v=0.42

Natural Subgarde
E=100 MPa, v=0.45

—

1625 sublayers
—— E,,/E ~097

pressure 500 kPa

load radius 0.15m

Hildebrand (2002)
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Verification of
Quadratic-Varied Modulus

Instrument depth and location at the test site

Response Instrument X Y Depth
Type ID (m) (m) (m)

o.. SRX+1.5 1.50 0.00 0.568
C,. SRY-1.0 0.00 -1.00 0.571
o, STX-1.0 -1.00 0.00 0.569
o, STY+1.5 0.00 1.50 0.566
C,. SVX+0.5 0.50 0.00 0.559
c, SVY+0.5 0.00 0.50 0.559
N TRX+1.0 1.00 0.00 0.538
€, TRY-1.5 0.00 -1.50 0.540
€, TTX-1.5 -1.50 0.00 0.543
€, TTY+1.0 0.00 1.00 0.539
€. TVX-0.5 -0.50 0.00 0.550
€, TVY-0.5 0.00 -0.50 0.552
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Verification of
Quadratic-Varied Modulus

Stresses (kPa) at the actual instrument location

Instrument

Response Measured MultiSmart3D BISAR MET NELAPAV4 FeBack
SRX+1.5 C.. 3.70 3.64 9.30 11.70 6.40 16.30
SRY-1.0 .. 3.40 3.66 9.40 11.70 6.50 16.10
STX-1.0 c, 5.80 3.65 9.20 11.70 6.40 16.00
STY+1.5 c, 4.60 3.93 9.10 11.80 6.30 16.20
SVX+0.5 G, . 33.90 34.37 34.40 | 32.60 31.50 41.60
SVY+0.5 c, 34.30 34.37 34.20 | 32.60 31.30 41.60
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Verification of
Quadratic-Varied Modulus

5 I

Measured
BISAR
MultiSmart3D <Em—
MET
NELAPAV4
FeBack

U

Calculated/Measured
w

Ratio

% 9 Q a % %
A2 A Al A 0 0
RS S SN )

Instrument
Measured and calculated stress comparison
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Conclusions

#"Modulus varies along depth and thus more sublayers are needed to model
the modulus variation;

< Average modulus of elasticity will cause jump in the stresses and strains
at the interface while continuous variation of the modulus can reduce the
jump;

< The more the sublayers one has, the less the jump in the response; the
more difficult in computation;

# Moduli variation within any layer in the pavement system can be
performed using a quadratic relation if no actual moduli variation data are
available;

~ Efficiency factor was introduced to measure the needed number of
sublayers and the effectiveness of the modulus variation with depth.
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Outline

--- General Formulation and Solutions
--- Graded Moduli

--- Transverse Isotropy/Shearing

--- Conclusions
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—urface 0
Lavyer 1 h
Laverl: by
Lavyer p hy
Half-Zpace

Y Z

Geometry of a transversely
isotropic multilayered half space

.

>y

Geometry of surface loading and

boundary conditions

(o (r,0,0)=qcosé

c,,(r,0,0)=—qsind

0,(r,0,0)=0

r<R

0=p-a
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Solutions under multiple loads

In global coordinates

XX

Superposition principle

w®) o [u(P)
T
21U, (P;) >:Z[Si] U, (Pr) ¢
=1

u,(P,) u,(P)]
O-xy O-xz ] N . _O-rr O-rH O-rz ]
ny Gyz :Z[SI] 619(9 GHZ [SI]

O-zz_ . | O-zz_i

—sin(3) cos(B) O
1

cos(f) sin(p) O
[S]{ }
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Examples

-
E
LHFEI' 1 1:-1"'|1:|h1
E
LHFEI' 2 2:1""'2 :lhﬂ
Half-Space £, Vs

E, =2500MPa,v, =0.35,h, =10cm
E, =280MPa,v, =0.35,h, = 35cm
E, =50MPa,v, =0.4

double loads
Q, =Q, =49kN,R =R, =15cm
a,=—nl6,0, =716
0,(0,-0.15),0,(0,0.15)
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A A /A AMES
Present
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single load
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0 \é\\&
10 %A%N
7%
N\
/
Vi
20 iy
A
- AN
s A
g n
e AN
/
Vi
40
A
A\
AN
50 j&
A\
é&
60 Zg

D

cy,(MPa)

98

2016/12/21 disp & stress compare 2



O\ Uny,
o>

< "g
N

-04 02 0 02 04 06 08 1 12 14 16 18 2 22 24
A

TTES T
10
N\
20
N
R N\
5 N
£ 30
o N
/N
40 ZS
/N
VN
YN
50 /N
A
A
YN
60 .
o,«(MPa)
A /A /A AMES
Present

Depth(cm)
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20

30

40

50
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0 . 0.05 0.1 0.15 0.2 0.25
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Stress Comparison

0 0.05 0.1 0.15 0.2 0.25
0 (A——nr — —%
, -

¢ |
10 %_\

| &

double loads

Depth(cm)

- A—A—A AMES

X X > BISAR

Present
40§
N
N
N\
N\

- c,,(MPa)

100 2016/12/21 fatigue & rut



5
N, = AKF [ij E.™|__Shell Model

€

N, : the number of load repetitions to fatigue cracking

F”: A constant that depends on the layer thickness
and the material stiffness.

& : the tensile strain at the bottom of the AC layer

E.: the stiffness of the material

A; and K : material constants

3.291 0.854
— N, =o.oo432c(i} [Ei] Asphalt Institute Model
€

S

N; : the number of load repetitions to fatigue cracking
& : the tensile strain at the bottom of the AC layer
E.: the stiffness of the material

C : material constant

. 3.929
Rutting Nr=(5-5)-1015(ij MnROAD Rutting Model

Vv

N, : the number of allowable load repetitions until rutting failure
&, : the maximum compressive strain at the top of the subgrade layer.
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Asphalt Concrete

LR

Base

»
SV
Subbase/Subgrade
6

107 3148

N, =2.83x10°(—)
gt

Nr :1X1016 (%)3.87

Vv

(Timm & Newcomb, 2006)
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Horizontal vs. Vertical Loads

E, =2500MPa,v, =0.35,h, =10cm
E, =280MPa,v, = 0.35,h, = 35cm
E, =50MPa,v, =0.4

0.6mx06m

Vertical

y-axis
y-axis
y-axis

Horizontal

y-axis
y-axis
y-axis

x-axis x-axis

x-axis

&, (x10™*,z=0.0999m) £,,(x10™, z=0.0999) £, (x10™, z=0.4501)
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Horizontal vs. Vertical Loads ¢

Effect of horizontal load on fatigue and rutting performance

E, = 2500MPa, v, = 0.35,h, =10cm
E, =280MPa,v, = 0.35,h, = 35cm

b = shearing over vertical loads

Q=49kN,R =15cm,a =7 /6

E, =50MPa,v, =0.4

Fatigue Eutting
& (x10) | g, (x10%) g (x10%) ||\|f (x1024) | &, (x10%) N, (x1028)
h=1 CRE! CRE! CRE! 1.9929 -14 1.3064
b=015 5.4 5.4 5.4 1.8142 TN 1.176%
=1 5.4 4.0 4.0 10877 -8 1.0660
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E .
E(l- l ' 1
A= Tet A = E;E As=G
(1+v)(1—v—2E|v'2 (1-v- = V)
E'(L-v) __E _
Ass = E A56 2(1+V) A&z - Ail _2'0%6
(1-v- E'V )

E E' Young’s moduli in the plane of transverse isotropy and a direction normal
" toit, respectively

v,v' Poisson’s ratios characterizing the lateral strain responses in the plane of
transverse isotropy to a stress acting parallel or normal to it, respectively

G' Shear modulus in planes normal to the plane of transverse isotropy

(Wardle, 1981) 105 2016/12/21 anisotropy on strain contour



Anisotropy Effect @

0.6mx06m

y-axis

£, (x10™)

y-axis

y-axis

024  -018 012  -0.06 024  -018 012 -0.06

024 -018 012 -0.06

y-axis

&,y (X 10™

y-axis

y-axis

018 012  -0.06

024 -018 012 -0.06

E/E'=1.0 E/E'=15
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03  -024 018 -012 -0.06
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Anisotropy Effect (

Effect of anisotropy on fatigue

I
E/E G/G' vivt g, (x104) g, (x10%) & (x10)
(Case ] 1.0 1.0 1.4 1.4 1.4
(Case 2 1.5 1.0 1.0 1.3 1.5 1.5
(Case 3 3.0 1.0 1.0 1.2 1.8 1.8
Case 4 1.0 1.0 1.2 13
Case 3 1.0 1.0 1.0 1.2
Case 0 1.0 1.0 0.75 1.4 1.4 1.4
Casel
Case 7 1.0 1.0 1.5 1.4 13 1.4
Case 6

Case 7
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Orientation Effect @

0.6mx06m

y-axis
y-axis

£, (x 107)

y-axis
y-axis
y-axis
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Orientation Effect (2

0.6mx06m

y-axis

£, (x10™) é

| 1 | Effect of loading
LN/ B RN Orientations

x-axis

8xx & Yy gt

1.4 1.4 1.4
1.2 1.3 1.3
1.1 1.1 1.1
1.3 1.2 1.3
1.4 1.4 1.4

£, (% 107)

-0.3
-0.3 -0.24 -0.18 -0.12 -0.06 0.06 0.12 0.18 0.24 0.3

.3
03 024 018 012 -0.06 0 006 012 018 024 03
x-axis i

o = 60" a =90°
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Conclusions

» The solutions for transversely isotropic layered half-space under horizontal
load are established, and a reliable program is developed;

Ignoring the horizontal load will over-estimate the lifetime expectance of
pavement greatly;

Anisotropy will change greatly the magnitude of critical strain but slightly
the position;

Critical strains are most sensitive to E, then to G, less to nu;

Load orientation will change both the magnitude and the position of critical
strain.
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Outline

--- General Formulation and Solutions
--- Graded Moduli

--- Transverse Isotropy/Shearing

--- Conclusions
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Elasticity vs. Viscoelasticity

Elasticity
o(t)
a(t), &(1)
t
&)
t a(t), &(t)
£(t) = Do (t)
o(t) = E&(t)
ED=1

Viscoelasticity

a(t)

2N

do(t)
Cdt
de(t)
dt
E(t)*D(t) =t

(f*g)® =] ft-r)g(x)dr

t
g(t) = D(t)*

o(t) = E(t)*
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Dynamic Modulus

o(t), &(t)

a(t), &)

t t
Step Load it i

(Monismith and Secor, 1962)

t
Oscilating Load & )/\5(0
(Papazian 1962) ° V t

o(t) = o™ o) = E)* % Z?)
g(t) = goem)ote—lA - deia)ot i E(t)* dea’o
i P it ® dt ‘E*(a)o)‘ =G| dt
E (0)0) =—8 = — z. elwot
A e
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AASHTO TP62-03 (2005)

30000
X 39.2
25000 - 21.3
&
S 20000 | A€
% 4c
2 15000 -
kS o -5C
=>
2 10000 | =Sigmoidal Master
% Curve
c
>
0o 5000 -
0
1.00E-08 1.00

Reduced Frequency (Hz)

E-06 1.00E-04 1.00E-02 1.00E+00 1.00E+02

Prony Series

M

M
D(t)=D,+ > D,(1-e"'™) E(t)=E,+ > E e
m=1

m=1

E(t)*D(t) =t

¢ =

u
v

E(t)

* 0
0

iyt
L de

eimot

dt

Interconversion of Material Properties




Mechanical Representation

1_’.1

Generalized Kelvin-Voigt Model

E; n

E> e

@

L J

L

Em ’]m
N

M
E(t)=E,+ > Ee'n

m=1

E(t)*D(t) =t

D(t)

3

=D, +>' D, (1-e""
m=1

Prony Series




oW oD ex oW oD in W: Free energy
ex X i in :Qi 0 - (SFesE o i
9> o aq" ok D: Dissipation function
Q: state variable
W= aaq D= %Zbueﬁﬁﬁ‘ Q: generalized force
ex. external variable
Z(a., +b, —jq, =Q [ Z(aij +1;s )86 = & in. internal variable
] J
%- ‘@/?‘
™M M
N M S A e
L || G =(N-smiT)a) T=1ek
S} & 0 R
= T *__1 - B - - = G-
b , < - 1 D. .
T,=> e "D{®+D; +D;5(t) 1 — ZH—rDép) + ?‘ + D,
p P p

Biot 1954, -Appl_Phys_____Eigenvalueproblem [M ]

T



E. n
— AT g
L1
E=¢&,+&, < £ &g
=55 = ndditd d
t
&2 ()= =10 ZE) ,,,,,,,,,,,
EE. » > <1
E(t)=Ee ™"

Viscoelastic material:
(homogeneous)

M
E(t)=E,+ > Ee"'n

m=1

Viscoelastic pavement:
(layered homogeneous)




Mathematic Model

V
O- ________
o f(t) X
/ r Layer 1 hy
e TIE TR i
Layer k hy

Assumptions:
Homogeneous
Horizontally infinite
Isotropic

Full contact

Circular vertical load
(MEPDG 2004)

Pavement Moving Dynamic Response: ¢

ML) =] ¢ (x-Xo-V,y-Y0.2- 25t —2) F (2)d

Pavement Impulse Response: ¢ |14 (r—r:t-7)]=ad(t-7)

Pavement Stationary Response: ¢ L[g"(r-r;t-r)]=oH(t-7) dt

# (i, 2,0) = 32




Research Challenges

A(r,r;t) = _.‘tN¢5(x- XoCEVEY - YogrZ - zso@@dr

Explicit Convolution Integral

L[¢’(r - t—7)]=00(t-1)

Implicit Convolution Integral

Layered Viscoelastic Theory (LVET)

Layered Elastic Theory (LET)

de, (t
oy =4 (;kt(t) By + Zu(t)*gd'—t() o = A&y 0y +2uE
oy = AV i) g (03, +2u(mV ;1) g, (1) Modified Elastic Model (LET)

Transformed domain: Correspondence Principle
Gy = (Si)gkké‘jl +2(sp)g;

LIFE(r —r;8)] =0 # (1) = L[p°(5)]

Inverse Transform

¢H (t) _ Zl—wket/Tk

Collocation Method

Time domain (FEM): Convolution Intéaral
(f*g)®=[ ft-r)g(x)de




“Eonvolution Integral

(Fxg)®) =] f(t-r)g(r)dr= Z f(t- jA)g()Ar  Successive Algorithm

(Finite Element Method)

SUM(N):SUM(N-1)+N

: 6/9+4/9=10/9
. 3/9+3/9=6/9
1/%2\/9

1 1/9

=1/9

TR
RN WA

Deficiencies:

v’ Increased cost with increasing N

v" Error accumulation (1/9=0.1, or 0.11 ?)
v Non-flexibility (N=100, 50, 200)

120
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Objective

Viscoelastic Treatment Accuracy | Efficiency

FEM Convolution Integral X X
LET Modified Elastic Model X X
Convolution Integral X
Inverse Laplace (Fourier) Transform X
LVET Collocation Method X

77 X X X
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(7 Governing Equations

Hror i) = [ ¢ (r—r(it-7)f (x)de
Lg*(r-r;t-1)]=0d(t-7)

Constitutive Equation Strain- Equilibrium Boundary

Displacement | Equation Condition
Equation

de, (t
o, =;L(t)*gé—kt()5j, +2u(t)*

AC N
Gy =SA(S)E (8)0) +5iuS) ™ €;(S)

dg“ t)
dt

o, (r,z=0;t)
_ =0 b4
BS O =A&9; +2ue; £ = 9 (u"j - uj") “n = =Py (t)H (d, — )

SB oy = A&y 05 +2ue;
SG o = A&y 0, +2ue;
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Cylindrical System

L=i,S(r,6;&,m)
. 0S . 0OS
M=qgrad(S)=i —+i, —
grad(S) “or ‘roo
- . 0S . 0S
N=curl(iS)=i ——i, —
(5) "ro0 "’ or
S(r 05 m)—i\] (ér)eimﬁ
) ) ) M m
* 1 .
S(r,6;&E,m)=—=1J, r)e-m
(r,6;5,m) or (&r)
2
L0, 8), 195 o5
ror\_ or r- oo

£(r,0,2)= Y[ [FL+F,M+FN]&de

F(L’M’N):J.OZHI:[f’L*+%f-M*+%f~N*

jmme

Cartesian System

L=iS(x,y;a B)
. 8S . oS
M =grad(S)=i, —+i,—
grad(S) XaX+yay
N =curl(i,s) =i, 2 —i 2
oy ’ ox

S(x, Vit B) = g0k A1)
2r

S*(X, y, a,ﬂ) = ie_i(a("—xso)+ﬂ()’—yso))
2w

2 2

o oy g=a"+p

fxy2) =] [ [FL+FM+FN]dads

F(L.M,N)=J'i'|-:(f-L*+%f-M*+%f.|\j*jdxdy

EourierTransform 123
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a8

vement Primary Response

u(x, y,z) = (u,u,,u,) =_[_w _[_w [U L+U,M+U,

N |dad g

t(X,Y,2) = (0,,0,.0,) = [ [TL+T,M+T N]dedp

Integral Kernel

_ -
Pavement Primary Res — | 4 @
#(x.y.2)=[" [ @& D%,y f)dad 5 & >
1 Uy Un (-ia) + Uy (-iB)
: _ = aila(x™>%)+B(Y-Ys0))
S(x. yiog) =-—e & U, Uy (if) - Uy (i)
o; T
O Ty (ic) + Ty (i)
Oyy Tu(ip) - Ty (-ia)
] (Table 3.1 Page 41)

Boundary Condition:
o, (r,z=0;t) =—p,s(t)H (d, - 1)
o, =0

0,=0

T.(&.0:0) = [[o,Sdxdy =T (£)5(t)
TM (‘floi) = 0
T, (&,0,t)=0
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astic Solution

i [H(£.2)]

[HE]=[U. U, T/ Tl =[2(2)],,[K©)],, .

Z
HY (¢ 2)] =[Uy T/l =[2"¢&] L [K O],
[H2)] (2, [k @], —

[H( 2,,)]
[H((f,ZH)]=[a(§,h.)][H(§,Z|)]

[a(&,hy)]
[HY(&z)]=[a"(Eh) [HY (& 2)] [H(2)]

[H(& 2)]=[AE, 2)][K(E)]
[A(¢,2)]=[a(z, - D)][a(h,)]L [alth_)][ath)][Z(& 2)]
[K()],., =01, [k (&)L ]

[HY &) ]=[A" €D [KN O]
[A'En]=[a" @ -2 ]a" ()] [a" ) 2" ) ][2" E2)]
(K*@], =[oc"@]  TE0n=0

[a]

[Z]
[K(EH:




scoelastic Solution

[H(&.D)]=[A&.D][K(S)]

[AC.2)]=[a(z, - 2)][ah.)]L [ah )][at)][Z(S z,)]

AC

Layer 2 [a]
[a]

SG [Z]

[FE,z;5) | = K&, 2;9) || RGE:9) ]

[ #z,2;5) | =862, - 2)][a(h,)]L [ah )][ah)][Z (£ 2)]

i .1
[a]11 0 S_E[a]lz
[a]=| --- .
sE[al, : [al,
[a] [a]
[a] [a]
[Z] [Z]
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Z1scoelastic Solution

. _ M _Em
[Igi"(f,z,s)]—[[A)(cf,z)]+[AE(§,z)]z . oo

m:lS m

(A 2132

m:ls m

o [#sio]

[H(&,z;1)]
[K()],., =01, [k ()] ]

[ACD][KED]+[ALS, Z)]Z

S g e *[KED]+[AE, Z)]Z

—t/

" *[K(&1)]

\

L |

[U(& z:0)]= {Z:LL,M}:[A)(? 7))y

/

/‘;\

T /&
[T(f,z;t>]={T } (A [x

T(£,0,0) = [ [ 7,8 dxdy =T (£)5(t)
TM (6610;'[) =0

N
K(S;t)]+[AD(§ z)]lzz—e‘“

m=1 m

5 0]+ EAE@ 2L, pE et

m=1 m

/

—

\

4yl (é t)] )

\

K«: t)])
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vement Impulse Response
[T(é,O:t)]=[%(5,0)]2@/&(5,0)]22g_p—i”‘e‘“”w

[<(£:0] =[98 ~[COIY lne ™ *[x(&:1)] \olterra system of equations of second kind

e+,
P1

[C(IL
M

[C(IL
M

[C(,

[Q(&)]=

[C(EII;

L

[T, +—1, L
P>

M
[C(EIL,

M
[C(EII;

M

[C(E,,

[C(II,
M

L

L

M

L [C@ON, +—1, L

M

L

M
[C(E,,

m

M

[C(Ehy

[C(E
M

[C(E
M

1

L [CONy+—1,
Pm

[X){@;)[X]" =-1Q]

k(&0 =[i0], 50+ X x, (0], "R

D’ (a, B,7;1) = By, B, 2)5(1) + D_B, (e, B, 2)e™ ' H (1)

# (@O0 =" [ @°(a, f,z08(x(1), Vi, f)dard B

Semianalytical Solution
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avement Impulse Response

D’ (a, B,7;1) = By(a, f,2)5(1) + D B, (e, B, 2)e™ " H (1)

4 »
5 . 2 [*] g . : u,” U®
@ =[ [ @°(a B z)S(XW), Y2 Adadp
b, Uy’ (i) + Uy? (i£)
,’ Uy (i) - Uy’ (-ic)
_

@ =32V p

a

(296 70F =3 (€ 28+ 2 A7 e H (Y

7 | « (29 R
PO =X [ [@E 0P Y s(x(t), i fdad s, | | el 0 0
& we | 2 Uy () : 0
U2 (-i) 0 1
u\yé 2 Uy® (-i) 0 1
- U2 (-i) 1 0
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2avement Stationary Response

#0000 =3[ [ 129 R07 e 47800, yir s

¢ (11t = ZH [ 1e9¢zt-are g7 s(x, v f)ded fdz

p(r) =3,

e zt-ordr]

kéq}+k(q)+ k(Q) k(@)

[V, z0r

) [Qm(ﬁ,z;t—r)rdr:@“*’+Z%q) CRRRECTO

= _(%(Q) (&,2)5(t) + z_q(q) (&, Z)ewgm(t) H (1)

£ "reede  Semianalytical Solution
ck k;;”( 0:8) = _J‘OZ” (COS(D)k‘S‘Q) (sin (p)k;;“ glére(0-0)q o

Coo ccoo | J,(&r) ctt |1 |cctt —% J,(&r)sin(20)
cso |0 i |csit|o

e [1|ce |o e 1 | oo 23,60 - 23,(2n)co5(20)
csto | Jy(Sr)sind i | cs20 |o

coL ccot |0 co2 (1 | ccoz % J,(&r)+ % J,(&r)cos(20)
csot | Ji(&r)cosé i | csoz |o

¢ | a [ zt—2)f° ct" Y (r,0;¢)
u, 1 U, ¢ coo
u | 2 Uy (-i) Cto
Uy ? () cos
u | 2 Uy® (i) cot
- U2 (-) cLo
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Layer Thickness (in) Young’s Modulus (psi) Poisson’s Ratio
AC 8.0 Viscoelastic 0.35
Subbase 8.0 30,000 0.3
Subgrade Infinite 5,000 0.3
i E(t) D(t)
E; (psi) 0; () D; (psi) ¢ (s)
E,=1.25x10* . D,=7.92451x107 -
1 7.353x10° 0.008441 8.72639x107 0.0189201
2 3.862x10° 0.1319 3.56881x109 0.452776
3 1.075x10° 1.968 1.80369x10-° 8.61009
4 2.036x10% 39.25 5.67292x10° 117.703




FEM Deficiencies:

v’ Increased cost with
Increasing time steps

v Error accumulation
v Non-flexibility
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Depth (in)
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FEM Deficiencies:

v" Increased cost with increasing time steps

v" Error accumulation
v Non-flexibility
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2avement Moving Dynamic Response

T = 2] ] [T Ez0 @ A7 SO0, via f)dad

P(r,r (t);t) = .[_tw¢5(x X0 VT, Y- Y02 - 2t =7) f(2)d7

0 QO (r(1), 0(1);&;p = )™ +
P(r,r(t);t) = ZZ F J:O QO k(q)'k?)( r(t), O(t): & p)e™ §k<q>+k;;1>+1d(§
k q a)(q) +I60k k(q) k;q)( r(0), 6(0): £ p)e{‘wt
@_ sV
pnl? - (q) _ Ia)k
t
f(t)=> Fe™
k (a) (a)
Fe) $ | q [, z;t—7)]° C“ 9 (r,0,¢:p)
u, 1 U, Co.0
u |2 Uy(-i) cto
Uy () cos
u | 2 Uy(-) cot
a
@k - Un(-1) cLo
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avement Moving Dynamic Response

QICH(r (1), 0():&; p = 0)e™ +
¢(r,rs(t);t)=ZZij0 QW ( che k" (r(t), O(t): & p)e™ J ék(q”kf”ldé

@ (@) | (a) (a)
N @, 1@, ket K t

7 (r(0),0(0); ¢ p)e”
i&rcos(p—0) q a) (g T q . D
(1,08 p) = [ (cosg)* (sing)”" dop c" 9 (r 95)——I2 (cosp)*" (sing) eV dg
27790 1+ipcose 0 |
1 .
0,0 0,0 11 11 — =
C0 111 CC% |3, (ENC,y(p) + 23 ()" I, (EINC,, () cos(2md) 0N LICS I gy(ery | O |1 | O | =5 Ta(eT)sin(26)
m=1
p | €50 | T Iaa(EN)(NCoy(0) + NCyp o () c5((2m+1)0) i jcse o | esu o
m=0

Con(p

N S s (\/1+p2—1j2m o &

\/1+p \/l+p2 p o ~ia,

k(ﬂ) k(CI) k(CI) k(@)

(A E ZJ (&N (6.p)

QOJ (Er ) 75 (0(t); p = 0)e™ +
g(r,r(t);t) = ZZZ F J-Ow Q](q) Jm(fr(t))}(:]éq)’k}jm (a(t)'p)ei”‘t é:k(q”k;fq”ldé

(a) ot

—a" Ha| _3 (&r(0) 24 (6(0); p)et
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£(0)

F(o)

LTS DA

Q@I (Er ) 7 (0(t); p = 0)e ™ +
a® (3,2 oy pye g e

-l +io | g (er(0)) 247 (0(0); p)et

f(t)=sin(wt)

f(t)= > Fe

VV VY

k: dynamic load
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T HHYAN

Q@I (Er ) 2" (O(t); p = 0)e +

n —CUn

.Q](Q)

(a)

,kfgq) (49(0),/))9%

3. Erm) 25" ((t); pye
LA WET0) P

(

CI)t

k{®+k{0 1

S 5

» (29T @ o
u,’ U, ? 0 0
U’ U (-1) 1 0
U (-1) 0 1

u,° U’ (-1) 0 1
UL (i) 1 0

q: response type
boundary condition
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Q93 (Er®) 22" (O(); p = ) +
HreOD=Y Y R[N g0 [1.erm) e ) e

@ L - q
T ey 3, (£r(0) 75" (0(0); p)et”

Kk (@ o Ck‘(’m'ky)(r,49;5;p)=i - eig.m((p_a) (cos )’ (sing)" dep
oK (r,9;§;p)=ZJm(§l’);(:{” (6, p) 2790 1+ipcose
@_ &V Co0 (1 oo | Jo(eNINC(p)+ 2> ()", (ENNC,, () cos(2m0)
pnl? = a)rgq) _ |60k m=1
IO CS 1,0 g(_)mJZmﬂ(a’)(Nsz(p)"‘ NC2m+2(p))Cos((2m +1)9)

()

C (1,6,) = o= [ (cos) (sing) ¥ e
2790

Co0 |1 |CCoo 3, (ér) |CLL 1 | CCLl —%%(ér)sin(ze) m: moving or stationary load

i CS00 0 i CS1l |
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QOJ_(Er ) 2 (o(t); p = 0)e™ +
P(r,r (t);t) = ZZZ F j: QW [Jm(‘fr(t))}(;éq)k}ﬁ) O(1): p)et ] é:k;q>+k;§>+1d§

(a) | & ) 1 (a q
T o _g 2 (0) 75 (0(0); p)et™

Eigenvalue problem [Q]

[C(O, +pi ly [C(EII; L [C(E,, L [C(Ehy

[COL  [COI, + pi l, L [C(E,, L [C(Ehy

M M M M M M
[Q(&)]= 1
[, CEN L C@o o L SN,
M M M M M M
[, CEl, L €@, L [C@ON+—1,
E(t)=E, + iEme*’f’m D(t) = D, + i D,(l-e"™)

m=1 m=1




merical Verification

Layer | Thickness (in) | Young’s Modulus (psi) Poisson’s Ratio
AC 16.0 Viscoelastic 0.35
Subbase 12.0 37,990 0.4
Subgrade Infinite 7,500 0.45
Al-Qadi et al. (2008), TRR 2087
E(t) D(t)
i E; (psi) 3, (s) D; (psit) 4. (5)
E.=5.943E+03 - D,=3.668E-7 -
1 1.232E+06 1.130E-04 2.799E-07 2.027E-04
2 7.578E+05 3.140E-03 3.429E-07 5.487E-03
3 4.034E+05 1.300E-02 1.440E-06 3.050E-02
4 2.944E+05 1.840E-01 8.577E-06 1.187E+00
5 2.034E+04 2.290E+00 2.968E-05 6.303E+00
6 +185E+04 25T0EF0—— 1.276E-04 9.032E+01
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paqus Model

infinite element

nfinite element

" infinite element

Total Number of Elements: 92,772
Total Number of Nodes: 99,522
Element type: C3D8R,CIN3D8
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Zerification-Stationary Load

f(t)

f(t)=1, V=0

Deflection u; (in) at (0,0,2)

Abaqus CPU time: 18231/14 s
Semianalytical Solution: <1's

0.016

0.012

0.008

0.004

Abaqus Solution z=0
@ —©® @ Present Solution z=0
Abaqus Solution z=16
G - ©- <O Present Solution z=16

Intel Core 2 Quad CPU/Q6600 2.40GHz

Intel Pentium 4 CPU/3.40 GHz
1

0.2 0.4 0.6 0.8
Time t ()
DELL OptiPlex 755 DELL Precision 360

12

RAM325GB

RANMZ2:00GB




f(t)

f(t)=1, V=5 mph

Moving Configuration |

P<P<P<P]

617 645 673 701 729

Moving Configuration Il

Deflection u, (in) at (0,0,0)

0.007

0.006 |

0.005

0.004 -

Moving Configuration |
————— Moving Configuration Il

0.003
0

10 20 30
Moving Load Position x,(t)

40
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Verification-Moving Load

iV 0.01
f(t)=1, V=5 mph
o
poy 0.008
t X
©
5
=~ 0.006
Moving Configuration II Z
=
§ /?/3/ Abaqus Solution x=0
© 0.004 @ —©® —® Present Solution x=0
o @ O 7 S S Abagus Solution x=20
617 645 673 701 729 G - ©- <O Present Solution x=20

0.002 | | |
0 10 20 30

Abaqus CPU time: 50542 /49 s Moving Load Position x(t)

Semianalytical Solution: <10's
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f(t)=sin(10nwt), V=0

AV
VY

Abaqus CPU time: 88607/51 s
Semianalytical Solution: <1s

Deflection u; (in) at (0,0,0)

0.004 —

-/ / / / A
0.002

R R et et et e it il et

-0.002 —

| \ \! \'

Abaqus Solution

-0.004 |- @®—@—® Present Solution

0 0.2 0.4 0.6 0.8

Time t (s)
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v

erification-Moving Dynamic Load

f(t)=sin(10nwt), V=5mph

A

Moving Configuration Il

(===

617 645 673 701

Abaqus CPU time: 87597/81 s
Semianalytical Solution: <10's

VY

729

Deflection u, (in) at (x,0,0)

0.004

0.002

O¢

-0.002

-0.004

Abaqus Solution x=0
@ —@®—©® Present Solution x=0
————— Abaqus Solution x=20
CEISEE®) P‘resent Solution X=20

10 20 30
Moving Load Position x,(t)
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Abaqus CPU time: 87597/81 s

DELL OptiPlex 755
Intel Core 2 Quad CPU/Q6600 2.40GHz
RAM 3.25 GB

*. M5S0 - Compan Visual Fortran - [Inpur_cwels TXT] E@g
F %

(R poe Bt Vew [reert Propet fusd fock Window ek -
! ud § d 2Ed X A% GiSm)a "
.50% dizk radizw a ]
-
aun oun Tponente
4
4
)
B F e ow 14
[*} Build {Tabug}, Find in Files 1% Find in Fies 2/
A |
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Moving Dynamic.avi

=, Boundary Conditions of Vertical Axis-

Symmetric Circular Loading/ L0

Ry
—Q r<R \& K

0 r>R

c,=0,=0 120

rz

VA
\4

P — Grz(r, Q,O)er + Gez (r1 910)649 + Gzz(r1 Q’O)ez — Gzz(r’ Q’O)ez

P(r,0,z,)= ZT P (4,m)L(r,8)+ P, (4, m)M(r,0)+ P, (1, m)N(r,8)]1dA

R
P = —q\/ﬂj\lo(/lr)rdr = — \/ﬂqlfl(lr) B, =R = 0
0
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Final Propagation Relation

U, u,
. ~ AU, . . o al,,
[E(z,)]= T 12 =[a,I[a,]---[a,]J[E(z,)] =1 ]TL/;L
Ty dz=1, Ty |
U (z)=?%  T(z)/A=PlA=- @q;%(/%r)

AUy, (75) =7, Tw(zp) =Py =0

Solving for the unknown displacements on the surface z,




d point z

Half-Space

VZ

[E(@D)]=1a,(z-z,)][a..]--[ay][E(zy)]




Outline

--- Introduction of MultiSmart3D

--- Vertical Loading (detalls)

--- Horizontal Loading (details)

--- Other Methods and Comparisons
--- Effect of Transverse Isotropy

--- Moduli Backcalculation

--- Forward/Inverse with Bonding

--- Conclusions




Outline

1. Forward Calculations (MultiSmart3D)
--- General Formulation and Solutions
--- Graded Moduli

--- Transverse Isotropy/Shearing

--- Viscoelasticity

2. Inverse Calculations (BackGenetic3D)
--- Genetic Algorithm

--- Implementation

--- Preliminary Results

3. Conclusions
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