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Pressure-Independent Material

> Good for undrained clay N

» Nonlinear hysteretic behavior
and permanent deformation

Failure Surface

PressurelndependMultiYield

nDmaterial PressurelndependMultiYield $tag $nd $rho $refShearModul
$refBulkModul $cohesi $peakShearStra <$frictionAng=0. $refPress=100.

$pressDependCoe=0. $noYieldSurf=20 <$rl1 $Gs1 ...> >

Suggested parameter values:

1.885x103 psi

Soft Clay Medium Clay Stiff Clay
rho 1.3 ton/m3 or 1.5 ton/m3 or 1.8 ton/m3 or
1.217x104 1.404x104 1.685x10+4
(Ibf)(s2)/in4 (Ibf)(s2)/in% (Ibf)(s2)/in%
refShearModul 1.3x104 kPa or 6.0x104 kPa or 1.5x10°% kPa or

8.702x103 psi

2.176x10* psi

refBulkModul

6.5x10* kPa or
9.427x103 psi

3.0x10°% kPa or
4.351x10* psi

7.5x10°% kPa or
1.088x105 psi

cohesi 18 kPa or 37 kPa or 75 kPa or
2.611 psi 5.366 psi 10.878 psi
peakShearStra 0.1 0.1 0.1




Pressure-Dependent Material

» Multi-yield surface plasticity model (based on Prevost 1985)

-_f
2

’
0.2 Principal effective stress space

Conical yield surfaces for granular soils (Prevost 1985; Elgamal et al.
2003; Yang and Elgamal 2008)

Pressure-Dependent Material (cont)

» Incorporating dilatancy and cyclic mobility effects

PT surface

Pp,

Shear stress-strain and effective stress path under undrained shear loading
condition (Parra 1996, Yang 2000, Yang and Elgamal 2002)




PressureDependMultiYield

nDMaterial PressureDependMultiYield $tag $nd $rho $refShearModul
$refBulkModul $frictionAng $peakShearStra $refPress
$pressDependCoe $PTANng $contrac $dilatl $dilat2 $liquefacl

$liquefac2 $liquefac3 <$noYieldSurf=20 <$r1 $Gs1 ...> $e=0.6 $cs1=0.9
$cs2=0.02 $cs3=0.7 $pa=101 <$c=0.3>>

Suggested parameter values:

Loose Sand
(15%-35%)

Medium Sand
(35%-65%)

Medium-dense
Sand (65%-85%)

Dense Sand
(85%-100%)

rho 1.7 ton/m3 or 1.9 ton/m3 or 2.0 ton/m3 or 2.1 ton/m3 or
1.59x104 1.778x10* 1.872x10* 1.965x10
(Ibf)(s2)/in® (Ibf)(s2)/in* (Ibf)(s2)/in* (Ibf)(s2)/in*

refShearModul (at 5.5x10* kPa or | 7.5x10* kPaor | 1.0x105kPaor | 1.3x10%kPa or

p'=80 kPaor 11.6 7.977x103 psi | 1.088x10% psi 1.45x10* psi 1.885x10% psi

psi)

refBulkModu (at

1.5x10°% kPa or

2.0x10°% kPa or

3.0x10°% kPa or

3.9x10° kPa or

p’,=80 kPa) 2.176x104 psi 2.9x10% psi 4.351x10% psi 5.656x104 psi
frictionAng 29 33 37 40
peakShearStra (at 0.1 0.1 0.1 0.1

p' =80 kPa)

Solid-Fluid Fully-Coupled Elements

(u-p formulation)
» quadUP
> 9 4 QuadUP
> brickUP
> 20 8 BrickUP




2D Solid-Fluid Coupled Element

Solid nodes: describe
@ thesolid translational
degrees of freedom

Fluid nodes: describe
the fluid pressure

quaduP

element quadUP $eleTag $iNode $jNode $kNode $INode $thick $matTag
$bulk $fmass $hPerm $vPerm <$b1=0 $b2=0 $t=0>

Recorder examples:

Pore water pressure:
’ recorder Node <-file $fileName> <-time> <-node ($nod1 $nod2 ...)> -dof 3 vel ‘

Stress:

’ recorder Element <-file $fileName> <-time> <-ele ($elel $ele2 ...)> material 1 stress ‘

2D Solid-Fluid Coupled Element

Solid nodes: describe
@ thesolid translational
degrees of freedom

Fluid nodes: describe
the fluid pressure

9 4 quadUP

element 9 4 QuadUP $eleTag $Nodel $Node2 $Node3 $Node4 $Node5
$Node6 $Node7 $Node8 $Node9 $thick $matTag $bulk $fmass $hPerm
$vPerm <$b1=0 $b2=0>

» Recommended to ensure numerical stability in case of
liquefaction analyses (Babuska-Brezzi condition)




3D Solid-Fluid Coupled Brick Element

Solid nodes: describe
@ thesolid translational
degrees of freedom

Fluid nodes: describe
the fluid pressure

brickUP

element brickUP $eleTag $Nodel $Node2 $Node3 $Node4d $Node5
$Node6 $Node7 $Node8 $matTag $bulk $fmass $PermX $PermY
$PermZ <$bX=0 $bY=0 $bZ=0>

3D Solid-Fluid Coupled Brick Element

Solid nodes: describe
@ thesolid translational
degrees of freedom

Fluid nodes: describe
the fluid pressure

20 8 BrickUP

element 20_8_BrickUP $eleTag $Nodel ... $Node20 $matTag $bulk
$fmass $PermX $PermY $PermZ <$bX=0 $bY=0 $bZ=0>

» 20-node element is recommended to ensure numerical stability in
case of liquefaction analyses (Babuska-Brezzi condition)




Soil Model Calibration

» The pressure-dependent material model has been extensively
calibrated for clean Nevada Sand at D, = 40% (Parra 1996; Yang
2000)

» Calibration was based on results of:
» Monotonic and cyclic laboratory tests (Arulmoli et al. 1992)

» Centrifuge experiments (VELACS Models 1 & 2, Dobry et al.
1995; Taboada 1995)

VELACS Models

[ Mesdel Vi = 2 mned 43 mnd = 4 degrees For Model 3

4—F Accelerometer O Pore pressure tramducer
J— LVDT (Lincar Varishle Differentlal Transducer)

OpenSeesPL Graphical User Interface
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“Soil Island” (Soil Strata Only)
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List of Soil Types

Soil Strata |
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22: U-Clay2 (Pressurelndependiultivield).

1: Sat. cohesionless very loose, silt permeability

2: Sat cohesionless very loose, sand permeability
3:Sat cohesionless very loose, gravel permeahility

4: Sat. cohesionless loose, silt permeshility

b: Sat cohesionless loose, sand permeability

B: Sat cohesionless loose, gravel permeahility

7. Sat cohesionless medium, silt permeability

: Sat cohesionless medium, sand permeahility

49: Sat. cohesionless medium, gravel permeabhility

10: Sat. cohesionless mediumrdense, silt permeahility
11: Zat. cohesionless medium-dense, sand permeshility
12: Zat. cohesionless medium-dense, gravel permeahility
13: Sat. cohesionless dense. silt permesahility

14: Sat. cohesionless dense. sand permeability

15: Sat. cohesionless dense. gravel permeability

16: Cohesive soft

I Saturated Sail Analysis |17: Cohesive mecium
18: Cohesive stiff
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I™ Activate Pile Zone Materi
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21: U-Clay1 (Pressureindependiultivield)..
22: U-Clay2 (Pressurelndependiultivield)...
ore| 23 U-Sand2A (Pressure DependMultivield02)...
24: U-Sand?B (PressureDependiultivield0z)...
™ Activate Tension Cutoff for Cohesive Soil

I~ Activate Pile-Soil Interfac|

I Ac

Maote: P, L and Crepresents Parabolic, Linear increasing and Constant wvariation of soil modulus with depth, respectively.

ot |




Pile in Soil Layers

B OpenSevsPL - Untitled

FL Model input

- . . 3|
Mudlol Definition Fe-Gonerate | I~ Pl Oy Zoomn | Out [Frame| v [v2 [ 22|30 «]-Ug|On)
File Parametaes | Soil Paramaters |
Mash Faremeters | Ansdysis Options. |
Anakysis Typa
 Pushoved Diafine Pasom

© Eigenveln

© Base Shaking

7 = r
[
[

Boundary Condions
BC Type Rigid Bax | I Fomdver

Muodal Incnetion along Longudinal Direction
Graund Surface Inclination Anglia (0-30 dag) 0
‘Whale Model Inclinafion Angla (0-10 dag) 0

For Help, press F1 ]

Pile Properties

Pile
File ~PileHead ——
File Type Circular = & Fixed " FreefFinned
Diameter/Side Length (0) ﬁ— [rm] Pile Head lu— [ton]
Mass
Total Pile Length 12 [m]
Pile Length above Surface ] [r] sl Load! |0 LA

- Linear Beam Properties

‘roung's Modulus !3DDDUUUU [kPa] Mass Density i[' [tan/m3]
WMament of Inettia iEI 0430873 [rn4] Re-Calculate

 Nonlinear Baam Elemeant - Aggregator Section

& Linear Beam Elemert

" Monlinear Beam Element - Fiber Section

I Include Bridge Deck at Pile Head (Single Pile Only)
Dect




Pushover Analysis

Pushover E‘

Type Method

& Monotanic Pushover & Force-Based Method

" Cylic Pushaver (Sine Weave) " Displacement-Based Method Cancel
Frequency (Hz)

© U-Push s

Force Increment (Per Step) Digplacement Increment (Per Step)

Logitudinal (<) Force ,1— ki) Longitudinal Displacement [— [rn]
Transverse (Y) Force h [kIN] Transverse Displacement ’; [m]
Wettical (Z) Force ,U— k] Yettical Displacement [— [rn]
Moment ofx 'ﬁ; [KN-rn] Ratation around X ,; [rad]
]D— [KI=m] Ruotation around ' [— [rad]
'a; [N Ruotation around 2 ,; [rad]

Surface Load Applied at Pile Zone (Ground Surface Level) (Per Step)

Logitudinal < [0 Transvarss () [0 wartical (2) [0 [P
Time

& Static Pushover NumberofSteps  [o0

& Time ] [sec]  Time Step [sec]

Mament of ¥’

Morment of 2

Applied Location
& Pile Head

Mesh Generation

= Horizontal Meshing

Single Pile Mesh Scale Hali mesh -

Pile Group
Vertical Meshing File
Mesh Scaling MNum of Slices |16 -

Number of Bearm Elerments for Pile ﬁ
Section Above Ground Surface 4

0K | Cancal




Deformed Mesh
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Pile Response Profiles & Time Histories

“Meall [Fesponse proble = o |Bendng Moment =] I [Longihnel drecion ~|
{ispiacomnt
Accelorntion
Anelyain Ben Fomion (File: momProf,txt)
& Push 1
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Soil Response Time Histories

- 8% | |t Finke Elemont Mesh

|Longitudinl accaleratan histones | ot [0.0m (ote center) x| in [Longitudine plane crossing pile cerer v

Franud
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Boun
BC

Mads|
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Longitudinal Acceleration Historics (m/s/s)
Depth: 0m (ground surface) (File: laccHis Om.txt)

Depth: 2m (File: laccHis 2m.txt)

Depth: 4m (File: laccHis _4m,txt)
————"| el e *

‘Whale

For He, presa F1 Unt 51

|
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Acceleration (g)
o

-0.2
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o
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Displacement (m)

o

L1

c) 500-element mesh

T ]
L |:,-a;o_l ot f
i 1_1_1 I -

. . — . . 2
Base excitation

2m depth

Pile head longitudinal displacement

140-element mesh
260—element mesh
500-element mesh

40

o

6m depth

-20 . . . . .
] 0 2 4 6 8 10

; . . . . Time (sec)
Time (sec) Excess pore pressure time histories
in the free-field (500-element mesh)
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Example 2: Stone Column Ground Modification

Schematic view
Of stone column
or pile layout

25
T T T T T
1.6 B
1.41- .
Medium Sand (MS)
- — 10%

~ 12 C— 20% b
T 30%
E 1r c—- 40% ,
E — — 50%
=1 —— Dense Gravel (DG
208+ (DG) |
2
=06 et
2
==
|

0.4~ b

0.2~ b

0 g g g e

0.2 T T T T T T
@ 0.1 B
£
E o0 .
=
8
S
< _0.1 4

—0.2 I . I I I I . I .

10 20 30 40 50 60 70 80 20 10026

Time (sec)
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Example 3: Large Pile Group
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fill
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Front Corner Pile

— Moment =1.35 of inner pile

Case of force only

ial force
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Summary for Pile Group Study

For the employed cohesive soil scenario:

- Corner piles are most vulnerable

- Edge piles carry much more axial load than inner piles

- Axial response and skin friction (t-z springs) may play a critical
role

- Pile tensile forces may be quite significant and affect RC
response (connection to pile-cap, reduction in confinement)

AAAARAR RN AR LT
-j*--*
T T
T Iy

S 0 an _an_ i

IRENSNSyEy ]
BB R RRRRRE

Parallel Computing on Supercomputer

Machine: Teragrid IA-64

-
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Ongoing Project: OpenSeesPBEE

Performance-Based Earthquake Engineering
(PBEE) Analysis of Bridge Systems - with Prof.

Mackie (Univ. of Central Florida)
STEP 1: DEFINE MODEL T 2 =] T ===

Tl OpensecsPBEE - Untitied
1 Model Input

'

¥

Anabysis Typa
1 Pushover

PBEE Analysis:
© GndShoing _POEENotons. |

STEP 2: EXFCUTE FE ANALYSIS
Sewve Mads! & Fun Analysis
STEP 3: COMPUTE REPAIR COST

POEE Anslysis

Bridge and Ground Model
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Input Motions

PBEE Input Motions.

PBEE Input Mation Folder Erowse... |

IC'\MyDDCLPEEE\leedEase\leedEasefSprmgAbutﬁMnt\nnSeleIhles\leedEasefSprmgAbutﬁM otionSet] EQ

Input Motions (100 Records in Total: 100 Records Selected) Display Intensity Measures |
Record# | Bin | Motion |#Pmnt5 |T\meslep (Sec) | Duration (Sec) | 5|
LMLR BORREGO/AELT 4000 o.o1o0 40.0000 =
LMLR LOMARIAZE 7330 0.0050 39.9500 =
LMLR LOMAPFS 7949 0.0050 39.7450
LMLR LOMARHYR 7330 0.0050 33.9500
LMLR LOMAPS 7330 0.0050 39.9500
LMLR LOMAR/SLC 7915 0.0050 3956750
LMLR NORTHR/BAD 3439 0.0100 349900
LMLR NORTHR/CAS 3974 o.o1o0 39.7900
LMLR MNORTHR/CEN 2339 0.0100 29,9900
LMLR NORTHR/DEL 3538 o.o1o0 353600
LMLR MNORTHR/DWIN 2000 0.0200 40.0000
LMLR NORTHR/JAB 3438 0.0100 349900
LMLR NORTHR/LOT 1600 0.0zoo Jz.oono
LMLR MNORTHR/LOA 3339 0.0100 39.9900 ~

De-gelect Al Randarmly Choose |1 ~| PRecords for Each Bin

(Double-click on any record to view its characteristics including response spectra)

* Compute Response to Entire Record Length Free VWikbration Duration |5 seconds

* Compute Response for [0 1 seconds
0K

Concurrent Execution for Multiple Records

[5¢| T3 Finite Elomeont Mesth
I~ Brdge Only Zaomin | Out |Frama| ¢ [z [ 32 [ 10

STEP 1: DEFINE MODEL

Analysis Type

" Pushover

 Enprenvalus

i 11100 bosions Stop Al
FREE Ansdysis

& Ground Shakid Cumont Moion 1 #5 .M Fun 4 of 4 Base shaking . (Finishad: 28 32 /44 96 s0c)
Model Definion

Cusrent Motion 2 #7 BAD  Fun 40f 4 Bose shaking..  (Finished: 26,32 / 40.00 sec)

frdaePonre!

Mash Pammotd

_ Cisrant Moion 3 #5 SLC Run 4 0f 4 Base chaking (Finishad: 27 62 / 44 58 tac)
ceell

BC Type Cuereet Motion 4 #8 CAS Fun 4 Bll'&uasnmu L (Flnnlmu: 2706 /44 80 sac)

sedrock ve |

STEP 2: EXFCUTEFE ANATYSTS
Save hodel & Fun Annlysiz
STEP 3: COMPUTE REPAIR COST

FBEE Analysis

- For Holp, prem BL e 51
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Performance Group (PG) Quantities

Responses with respectto |PGyY Convert Figures to EFS Format

[E3

PG1: Max tangential drift ratio SRSS (col) u
(File: ColMaxTangentialDriftRatioSRSS.itxt)

: Max tangential drift ratic SRSS [col)
: Residual tangential drift ratio SRSS [col)

: Max leng relative deck-end/abut disp (left)
: Max leng relative deck-end/abut disp [right]
: Max absclute bearing disp [left)

: Max absolute bearing disp [right)

: Residual vertical disp (left abut)

: Residual vertical disp [right abut)

PG9: Residual pile cap disp SRSS (left abut)
PG10: Residual pile cap disp SRSS (right abut)

{PG11: pile cap disp SRSS (col)

Report Generator

OpenSeesPBEE Augum 31, 2010

Performance Group (PG) Quantities

OoonSeosPEEE o hdo, orem Pl
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Unit Costs

springAbul._MotionSet].pbe

| [iFinite Elemont Mash

- Analysis Typa 1 Stuciure excovation Cubic vaed (C1) 4 165 0
= 2 Swectune backill Cubic vard (&) § 220 $ a4
Puasher 3 Tempoeary suppos (suparstuchis) Squra Foot (SF) 5 376
 Eiganvalua 4 Temporary support (abument Squre Foot (SF) % 30 376

5 Swuctursl conceote (bridge) Cubicvasd (G1) $ 255 § 445

L3l ] Swnectural concrete laating) Cubic vard [T 5 520 % 104

| ) 7 Swctursl concrats [appeonch slsk) Cubic Yaed (O] 4 1625 $ 35
PBEE Analysis: 8 Aggregate base (pprosch siab) G ard (C7) § 35 3 55
= Ground Shaking ) B reiniorcing steel (bridge]) Paund (LB} §135 $027

10 Barresforcng stoal faating retsiningw Pawnd (LB) 12 024

1 Epoxymject cracks Linwar Foot {LF) § 05 § a1

Model Defiion | | 12 Repair minor spalls Squrs Foot (SF) § 300 $ 60
13 Column steal easing Paund [LB) $ 0 32

Bridge Parameters..| | 14 Jow secl assembly Linger Foot(LF) § 275 5 55

15 Elsstomeric bearings [Ench (E4) 4 1500 § M0

16 D ol Linewar Foot (LF) % 56 s

17 Fuenish steel pipe ple Lingar Foot (LF) 355 &

18 Drive staal pipe pile Each [EA)} § 2050 § 410

- Boundany Condsions 19 D sbutmunt pipe pils Each (EA) + 9000 + 1500
20 Asphal concrete TON 3 285 35

BL. Type l_ 20 Mud jacking Cubic aed (C) $ 380 § 76
Badiock (= 22 Bndge removal (column) Cutwe vard (O] § 3405 § B9
e [} e} s.idg- remaval {porkar) Cubic Yaed (C) 2355 $4n

24 Approach slab removal Cubic Yaed () § 1000 § 200

STEP 2: EXECUTE 25 Clean dock or mehacrylaty SBqure Fool [3F) $ 04 $ 008
= FEIL 26 Fumish methacriats i Gallon (GAL) I 1 [3RH

Sienan Maddal & Fug 27 Tieatbndge deck S Foat [SF) § 065 £011
=1 28 Bomerrod LLingar Foot {LF) $ 2 304
STEP 3: COM Ri 28 Re-center calumn Each [E4) § 100 L]

| PEEE Anatysis | I

i

OponScosPEEE Fo vy, pres FL

PBEE Outcome: Repair Cost

Contribution to expected repair cost ($) from each performance group
(File: PGsens_E.txt)

: Max tangential drift ratic SRS5 [col)

: Residual tangential drift ratio SRSS [col)

: Max lang relative deck-end/abut disp (12t}
: Max long relative deck-end/abut disp (right)
: Max absolute bearing dizp (left)

: Max absolute bearing disp (right)

: Residual vertical disp (left abut)

: Residual vertical disp (right abut)

: Residuzl pile cap disp SRSS (left abut)
PG10: Residual pile cap disp SRSS [right abut)
PG11: Residual pile cap disp SRSS (cal)

21



Total Repair Cost Ratio

Total repair cost ratio (%) (File: RCR_Model.txt)

30% of original cost /

/
//
/

Ongoing Project: Deep Soil Mixing

Joint project with UC Davis (Prof. Boulanger)
and Oregon State Univ. (Prof. Ashford)

| Boundary Condtions
B.C Type Figid Box =| I FuadVar

Madal Incination along Langiudinal Diraction
| Ground Sutace Inclination Angle (0-30 dog) [0

| Whala Madel inclinatian Angla (0-10 dag) o

OpenSeeaPl  Forbep, pres Pl
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