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Strain-Based Evaluations of Wharf Structures

Motivation

[1California States Lands Commission (CSLC)
Engineering Consultants to Perform a Number of Structural Analysis Using ADINA

[IMOTEMS
Marin Oil Terminal Engineering and Maintenance Standards

IPast Projects on Pile-Supported Wharf Structures
Wharf and Embankment Strengthening Program — Berth 60 to Berth 63 Port of Oakland
Berth 22 Replacement — Port of Oakland
Port of Long Beach Pier 3 Testing
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Strain-Based Evaluations of Wharf Structures

Objectives and Scope

JApplication of MOTEMS Requirements
[1Soil-Structure Interaction in Pile-Supported Structures
[1Detailed SSI Modeling vs. Simplified SSI Modeling

[1Implement ADINA in a Production Environment
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Strain-Based Evaluations of Wharf Structures

Definition of the Problem

SSI Modeling

Soil Surface

[IReinforced Concrete Piles (detailed SSI and Fixed Base Models)

[1Pre-stressed Piles (detailed SSI and Fixed Base Models)

[1Hollow Steel Piles (detailed SSI and Fixed Base Models)
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Strain-Based Evaluations of Wharf Structures Geometry

Center Line of Slab (Z=0)

Top of the pile and bottom of the slab

Z=-1.25
Sx2ft=10ft . ~ Slabthickness = 2.5 ft
Z=-11.25 4 ! { ! ! [ !
3X10ft+1x8ft=38ft 40 ft
Z=-49.25
7= 5125 1x2ft=2ft Mud Line B
5 x 2 ft =10ft ) 75 ft -
Z=-61.25 ! !
Pile
8 x 10 ft=80 ft
E
Z: '14125 0o . -ﬁ:02=.:—o.4. 0.6 08 1 12 14 16
1 X 8 ft = 8 ft +igi; +igg‘2‘ 1g§2 1222 —%—1005 —— 1006 —— 1007 —— 1008 —— 1009 1010 1011 1012‘
Z=-149.25 : : :
1x2ft=2ft [INonlinear Soil Properties (p-y, t-z and g-u)
Z=-151.25
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Strain-Based Evaluations of Wharf Structures Methodology

Moment-Curvature Soil Properties Input Motions

Axial force-Curvature 41
SPE-MC

\ 4

Drawings

Model Generation

A

A 4

Mode shapes
Frequencies
Rayleigh Damping
Response Spectrum Analysis | Nonlinear Dynamic
Target Displacement g Analysis

Pushover Analysis

\ 4

A 4

Post Processing

A 4

No . Shear, Strain, Piles,
Design is OK? >« .
Displacements

Y
e »  Stop
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Strain-Based Evaluations of Wharf Structures Reinforced Concrete Pile

[JReinforced Concrete Piles

"118” diameter

[INormal Weight Concrete

[1f', = 5000 psi

[JReinforcement: ASTM A615, Fy = 40 ksi
#4@15pitch [ 2 HCover 3”7

SECTION &

#4 @2.5 pitch

#4 @1.5 pitch
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Strain-Based Evaluations of Wharf Structures Prestressed Concrete Pile

_IPre-cast Pre-stressed Concrete Piles
118 diameter

[INormal Weight Concrete

[1f', = 5000 psi

[1Strand ASTM A615 Grade 270
[1Reinforcement: ASTM A615, Fy = 40 ksi
[1Cover 37

[1Effective Pre-stress of 1000 psi

Ba

#4 @1.5 pitch |

SECTION A

#4 @2.5 pitch w—

o SECTIONB
e Bl

1aLE KC »
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Strain-Based Evaluations of Wharf Structures Hollow Steel Pile

“IHollow Steel Pipe Section Piles
[]Steel F, =60 Ksi

[118” external diameter

[11.25” thickness

W Al

il

!
SECTION &
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_ _ Reinforced Concrete Pile
Strain-Based Evaluations of Wharf Structures MC and Yield Surfaces
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Bending Moment

Strain-Based Evaluations of Wharf Structures

Prestressed Concrete Pile
MC and Yield Surfaces

0.00 Degrees - Bending Moment versus Cuvature Curves
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_ _ Hollow Steel Pile
Strain-Based Evaluations of Wharf Structures MC and Yield Surfaces

0.00 Degrees - Bending Moment versus Cuvature Cmves
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Strain-Based Evaluations of Wharf Structures

Strain Calculations
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Strain-Based Evaluations of Wharf Structures Soil Stiffness & Ground Motion Model

[THorizontal soil: Plasticity-based truss elements.

“IVertical soil: Nonlinear elastic springs.

1Up-slope soil resistance different from down-slope.

1Ground motions: Displacement time history at the ground nodes of soil elements.

. pile element

longitudinal
soil truss

\ sl

transverse
soil truss

rti IMVM
vertical &8\
soil spring - |

~\ground nodes
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Strain-Based Evaluations of Wharf Structures Direction Dependent Soil Resistance Model

40.0 |
upslope .
300 —
o
5
520.0
=t
S
X100 downslope
pile element
‘;‘ 0.0
ground motion 0.00 0.01 0.02 0.03 0.04
: : Displacement (in)
(prescribed displacement) i

~ ground force

downslope soil truss ~ground motion

Mo ~ (prescribed displacement)

upslope soil truss
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Strain-Based Evaluations of Wharf Structures Direction Dependent Soil Resistance Model
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Strain-Based Evaluations of Wharf Structures Berth 60-61 Finite Element Model

Model development steps are as follows:
» develop model with design pile length
« identify actual as built pile length

» modify the pile length

Y Z

NLX

Berth 60-61: 1098 piles
18” Square

Automatic procedure includes the
following steps:
» find intersections of piles with soil

surface
HGFETDTC CTEB A  add soil Springs below the soil
™ surface
\\\\
/ Total number of soil springs = 34,410
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Strain-Based Evaluations of Wharf Structures Berth 22 Finite Element Model
ADI NA TIME 1.000

b Berth 22: 592 Piles

24” Octagonal
Carbon Wrap at the Pile Head

NOPS (non p d)

AWAS (above water, above soil) /'—l-——l-- AWBS (above water, below so

BWAS (below water, above soil) A

i

BWBS (below water, below soil)
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Strain-Based Evaluations of Wharf Structures Point of Fixity Modeling Interpretation

Only vertical SSI in this region
No horizontal SSI in this region
No ground motion in this region

/

S e e e

Mud line (node 110xx)

Point of fixity (node 114xx)

W e S S S > e ¢ N & ¢ & 00

*
@ . . .
l Only vertical SSI in this region.
No horizontal SSI in this region.
1 > All pile nodes are fixed against rotation.
" Apply horizontal ground motion directly to the pile
¢ No vertical motion in this project
@ All pile nodes are subjected to the same motion
@
¢ /
1. Axial stiffness of the pile will be included.
2. Skin friction will be included. _ — .
Point of Fixity for Pile
Pile Type distance beneath the mudline (ft)
Reinforced Concrete Pile 8
Prestressed Concrete 9
Hollow Steel Pipe 13
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Strain-Based Evaluations of Wharf Structures

Mode Shapes and Frequencies
Reinforced Concrete Pile

Mode Shapes/Response Spectrum Analysis/Target Displacement

Frequency Period Mass(X) | Mass(Y) | Mass(2)
Mode (Hz) (sec) (%) (%) (%) Descriptio
1 0.1332 7.5063 0.00 0.00 0.00 Torsional %
2 0.1391 7.1900 0.00 87.19 0.00 Transverse translation 71
3 0.1392 7.1829 87.20 0.00 0.00 Longitudinal translation 321
4 3.3138 0.3018 0.00 0.00 0.00 F% %
5 3.3152 0.3016 0.00 0.00 0.00 321
6 3.3164 0.3015 0.00 0.25 0.00 %
7 3.3177 0.3014 0.14 0.00 0.00 %
8 3.3321 0.3001 0.00 0.00 0.01 51
9 3.3406 0.2993 0.00 0.00 0.00 21
10 3.3423 0.2992 0.01 0.00 0.00 %
11 3.3421 0.2992 0.00 0.00 0.00
12 3.3432 0.2991 0.00 0.02 0.00
13 3.3488 0.2986 0.00 0.81 0.00
14 3.3516 0.2984 0.93 0.00 0.00
15 3.3600 0.2976 0.00 0.00 0.00
16 4.8554 0.2060 0.01 0.00 0.00
17 5.2174 0.1917 0.00 0.00 83.73 |Vertical translation %
18 5.5547 0.1800 0.00 0.01 0.00
19 6.2782 0.1593 0.00 0.00 11.28
20 7.5033 0.1333 0.00 0.00 0.00
99 61.5527 0.0162 0.00 0.00 0.00
100 61.5570 0.0162 0.00 0.53 0.00

Total 88.28 88.81 95.03
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Strain-Based Evaluations of Wharf Structures Comparison of Frequencies

Reinforced Concrete Pile Pre-stressed Pile Hollow Steel Pile

Detailed SSI fixed- base Detailed SSI fixed- base Detailed SSI fixed- base
Period Period Period Period Period Period
Mode (sec) (sec) (sec) (sec) (sec) (sec)
1 7.5063 7.8170 6.8850 7.3020 3.2160 3.5140
2 7.1900 7.4890 6.5840 6.9810 3.0890 3.3730
3 7.1829 7.4810 6.5760 6.9740 3.0770 3.3610
4 0.3018 0.3165 0.2771 0.2972 0.1794 0.1794
5 0.3016 0.3163 0.2765 0.2966 0.1692 0.1696
6 0.3015 0.3162 0.2763 0.2964 0.1538 0.1557
7 0.3014 0.3161 0.2763 0.2965 0.1423 0.1454
8 0.3001 0.3144 0.2762 0.2963 0.1300 0.1398
9 0.2993 0.3137 0.2760 0.2962 0.1228 0.1364
10 0.2992 0.3135 0.2760 0.2961 0.1227 0.1364
11 0.2992 0.3135 0.2760 0.2961 0.1225 0.1362
12 0.2991 0.3134 0.2759 0.2960 0.1222 0.1359
13 0.2986 0.3128 0.2757 0.2955 0.1219 0.1356
14 0.2984 0.3125 0.2751 0.2949 0.1217 0.1354
15 0.2976 0.3118 0.2744 0.2944 0.1217 0.1354
16 0.2060 0.2060 0.2057 0.2051 0.1212 0.1348
17 0.1917 0.1917 0.1916 0.1910 0.1204 0.1337
18 0.1800 0.1801 0.1797 0.1792 0.1188 0.1303
19 0.1593 0.1594 0.1590 0.1589 0.1181 0.1280
20 0.1333 0.1334 0.1330 0.1329 0.1141 0.1180
99 0.0162 0.0142 0.0141 0.0142 0.0129 0.0123
100 0.0162 0.0141 0.0135 0.0141 0.0129 0.0123

Linearized soil properties were used for the response spectrum analysis
CLE: Target displacement from RSA = 2.2 ft to 2.3 ft
MCE: Target displacement from RSA = 2.97 ft to 3.09 ft
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_ _ Reinforced Concrete Pile
Strain-Based Evaluations of Wharf Structures Transverse CLE Pushover

Concrete Pile Detailed SSI

California State Lands Commission
Pushover Analysis - Strains and Force-Displacement Curves - Pile 22
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. ) Prestressed Concrete Pile
Strain-Based Evaluations of Wharf Structures Transverse CLE Pushover

Prestresssed Concrete Pile Detailed SSI

California State Lands Commission
Pushover Analysis - Strains and Force-Displacement Curves - Pile 22
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_ _ Hollow Steel Pile
Strain-Based Evaluations of Wharf Structures Transverse CLE Pushover

Hollow Steel Pile Detailed SSI

California State Lands Commission
Pushover Analysis - Strains and Force-Displacement Curves - Pile 22
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Strain-Based Evaluations of Wharf Structures Input Ground Motion

Contingency Level Earthquake (CLE) Set 1 - Horizontal | Components
reference: Po Lam dated 12/5/2003

[1Contingency Level Earthquake (CLE) . ’/
[INEHRP upper bound limit on the shaking level: £ A //

Maximum Considered Earthquake (MCE)
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Strain-Based Evaluations of Wharf Structures

Response To CLE Time-History Analysis

California State Lands Commission
Strain and Slab Displacement - Concrete Pile 22
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Strain-Based Evaluations of Wharf Structures

CLE - Deformation and Bending Moment

Unlike Forces and Moments
Deformations Increase After Yielding
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Strain-Based Evaluations of Wharf Structures CLE — Deformation and Input Ground Motion

California State Lands Commission
Strain and Curvature - Concrete Pile 22
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Strain-Based Evaluations of Wharf Structures MCE - Reinforced Concrete — Detailed SSI

Maximum Strain D/C in Concrete

TH smaller than pushover with 100% rule
TH larger than pushover with SRSS rule
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Strain-Based Evaluations of Wharf Structures MCE - Reinforced Concrete — Fixed Base

Maximum Strain D/C in Concrete

TH larger than pushover with 100% rule
TH larger than pushover with SRSS rule
Maximum Strain D/C in Steel
Pile 22 Pile 24 Pile 26 e Location Pile 42 Pile 44 Pile 46 0.900
O Time-History-concrete B push with 100% rule-concrete O Push with SRSS rule-concrete 0.800
[0] Time-History Analysis ; i
B Pushover with 100% rule 0300 =
[ ] Pushover with SRSS rule |
o Pile 22 ‘ Pile 24 ‘ Pile 26 ‘ Pile 42 ‘ Pile 44 ‘ Pile 46

‘I Time-History-steel ® push with 100% rule-steel O Push with SRSS rule-steel ‘
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Strain-Based Evaluations of Wharf Structures MCE - Prestressed Concrete — Detailed SSI

Maximum Strain D/C in Concrete

TH smaller than pushover with 100% rule
TH smaller than pushover with SRSS rule

0.600 —

Strain D/C
o
o
(=3
S

0.400 -
0.300 —
0.200 —

0.100 —

Maximum Strain D/C in Steel

0.000

Pile 22 Pile 24 Pile 26 Pile 42 Pile 44 Pile 46 1.600

Pile Location

O Time-History-concrete B push with 100% rule-concrete O Push with SRSS rule-concrete 1.400

1.200

1.000

8
[] Time-History Analysis g 030 —
. 0.600 -
B Pushover with 100% rule

0.400 -
[ ] Pushover with SRSS rule - -

0.000

Pile 22 Pile 24 Pile 26 Pile 42 Pile 44 Pile 46
Pile Location

‘I Time-History-steel ® push with 100% rule-steel O Push with SRSS rule-steel ‘
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Strain-Based Evaluations of Wharf Structures MCE - Prestressed Concrete — Fixed Base

Maximum Strain D/C in Concrete

TH smaller than pushover with 100% rule
TH smaller than pushover with SRSS rule
' | Maximum Strain D/C in Steel
Pile 22 Pile 24 Pile 26 e Losation Pile 42 Pile 44 Pile 46 1.200
B Time-History-concrete 8 push with 100% rule-concrete O Push with SRSS rule-concrete
[[] Time-History Analysis § oo -
B Pushover with 100% rule 0400 -
I:l Pushover with SRSS rule 0.200 -
o Pile 22 ‘ Pile 24 ‘ Pile 26 ‘ Pile 42 ‘ Pile 44 ‘ Pile 46

‘I Time-History-steel ® push with 100% rule-steel O Push with SRSS rule-steel ‘
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Strain-Based Evaluations of Wharf Structures MCE - Hollow Steel — Detailed SSI

Maximum Strain D/C in Concrete

TH smaller than pushover with 100% rule
TH larger than pushover with SRSS rule
Maximum Strain D/C in Steel
Pile 22 Pile 24 Pile 26 T Pile 42 Pile 44 Pile 46 0.300
@ Time-History-concrete B push with 100% rule-concrete O Push with SRSS rule-concrete
[] Time-History Analysis f 0150
B Pushover with 100% rule 0100
[ ] Pushover with SRSS rule 0050
o000 Pile 22 ‘ Pile 24 ‘ Pile 26 ‘ Pile 42 ‘ Pile 44 ‘ Pile 46
Pile Location

O Time-History-steel @ push with 100% rule-steel O Push with SRSS rule-steel ‘
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Strain-Based Evaluations of Wharf Structures MCE — Hollow Steel — Fixed Base

Maximum Strain D/C in Concrete

1.200

TH larger than pushover with 100% rule
TH larger than pushover with SRSS rule

0.800 +

Strain D/C
o
(=2}
o
o

0.400 +

0.200 +

Maximum Strain D/C in Steel

0.000 -

Pile 22 Pile 24 Pile 26 Pile 42 Pile 44 Pile 46

1.000
Pile Location

O Time-History-concrete B push with 100% rule-concrete O Push with SRSS rule-concrete 0.900
0.800
0.700
0.600

3
[] Time-History Analysis £ 0500
’ 0.400
B Pushover with 100% rule oo
[ ] Pushover with SRSS rule 0200
0.100
0.000

Pile 22 Pile 24 Pile 26 Pile 42 Pile 44 Pile 46
Pile Location

O Time-History-steel @ push with 100% rule-steel O Push with SRSS rule-steel ‘
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Strain-Based Evaluations of Wharf Structures Schematic

Schematic Distribution of Maximum Strain Due to TH Analysis
vs. the Pushover Analysis Rule

15

10 Pushover 100% rule

] :I | Pushover SRSS rule
0 A T T T

R/C detailed SSI R/C-fixed base PT-detailed SSI  PT-fixed base H-detailed SSI H-fixed base

N
Reinforced Concrete Pile Prestressed Concrete Pile Hollow Steel Pile
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Elevation (ft)

-101.25
-121.25

-141.25 | |

Strain-Based Evaluations of Wharf Structures

MCE Reinforced Concrete Pile

Detailed SSI

Strain D/C for Pile 22
Time-History vs Pushover with 100% rule

-3.25

-7.25

-11.25

-31.25

-49.25

-53.25

-57.25

-61.25

-81.25

—— Steel Concrete

0.5 1
Strain D/C

o

-0.5 0 15 2 25

O Time-History-steel @ Push 100% rule-steel ® Time-History-concrete B push 100% rule-concrete

Elevation (ft)

-3.25

-7.25

-11.25

-31.25

-49.25

-53.25

-57.25

-61.25

-81.25

-101.25

-121.25

-141.25

o

Fixed Base

Strain D/C for Pile 22
Time-History vs Pushover with 100% rule

— Steel Concrete

| |

-0.5 0 0.5 1
Strain D/C

15 2 25

O Time-History-steel @ Push 100% rule-steel ® Time-History-concrete ® push 100% rule-concrete \

Copyright © 2003 SC Solutions, Inc.

SC SOLUTIONS



Strain-Based Evaluations of Wharf Structures

MCE Prestressed Concrete Pile

Detailed SSI

Strain D/C for Pile 22

Time-History vs Pushover with 100% rule

-7.25

-11.25

-31.25

-49.25

-53.25

-57.25

Elevation (ft)

-61.25

-81.25

-101.25

-121.25

Steel ——

Concrete

-141.25

-1.5

-0.5 0
Strain D/C

0.5 1 1!

O Time-History-steel B Push 100% rule-steel ® Time-History-concrete ® push 100% rule-concrete

Elevation (ft)

-101.25

-121.25

-141.25

Fixed Base

Strain D/C for Pile 22

Time-History vs Pushover with 100% rule

-3.25

-7.25

-11.25

-31.25

-49.25

-53.25

-57.25

-61.25

-81.25

Steel ———

Concrete —F————

-15

-0.5 0
Strain D/C

0.5 1

@ Time-History-steel @ Push 100% rule-steel ® Time-History-concrete ® push 100% rule-concrete ‘
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Strain-Based Evaluations of Wharf Structures MCE Hollow Steel Pile

Detailed SSI

Strain D/C for Pile 22
Time-History vs Pushover with 100% rule

-3.25 =
-7.25
-11.25
-31.25
_ 4925
§ 5325
g
& 5725
w
-61.25
-81.25 o
-101.25
1 — Steel - Tension Steel - Compression Fixed Base
14125 | | | | | | | Strain D/C for Pile 22
e ! ! ! ! ! ! ! Time-History vs Pushover with 100% rule
-1 -0.8 -0.6 -0.4 -0.2 0 02 04 06 038 1
Strain D/C
-3.25
O Time-History-steel B Push 100% rule-steel ® Time-History-concrete ® push 100% rule-concrete
-7.25
-11.25
-31.25
4925
§ -53.25
g
& 5725 d
u ——
-61.25
-81.25
-101.25 1
1mas — Steel - Tension Steel - Compression —|
| | | | | | | ]
4125 1 1 1 1 1 1 1
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 04 06 08 1

Strain D/IC

O Time-History-steel @ Push 100% rule-steel ® Time-History-concrete ® push 100% rule-concrete ‘
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Strain-Based Evaluations of Wharf Structures

Conclusions:

[IMOTEMS Specifies Strain Limits for Various Performance Levels

_1The Concept of Pushover Analysis is Based on a Single-Degree-of-Freedom System
Wharf Structures are in General:
Unsymmetrical in Geometry
Unsymmetrical in Material (upslope vs. downslope soil properties)

1In a Pushover Analysis
Direction of Push,
Method of Push, and
Combination Rule
Need to be Considered Properly

[IFixed-Base Analysis Based on the Point of Fixity May Not Always Provide The Same Damage
Prediction as in the Detailed SSI Modeling
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Strain-Based Evaluations of Wharf Structures

Thank You
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Strain-Based Evaluations of Wharf Structures
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Strain-Based Evaluations of Wharf Structures MCE Prestressed Concrete Pile
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Strain-Based Evaluations of Wharf Structures

MCE Hollow Steel Pile

MCE Displacement Response History vs. Target Displacement

MCE Displacement Response History vs. Target Displacement

Time (sec)
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Strain-Based Evaluations of Wharf Structures Rayleigh Damping

California State Lands Commission

0.1 4
0.09
0.08
0.07 A~
0.06 /%//’(x

5% damping

Modal damping
o
o
ol

Modal damping values are anchored to
the first mode and 33 Hz

0 1 1 1 1 1 1
0.00 2.00 4.00 6.00 8.00 10.00 12.00

Period (second)

\ —o— reinforced concrete pile —#— pre-stressed concrete pile —&— pre-stressed with fix base —»— reinforced concrete pile with fixed base \
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Strain-Based Evaluations of Wharf Structures

CLE Event
time-history push with 100% rule | push with SRSS rule
steel conc. steel conc. steel conc.
Reinforced Concrete Detailed SSI 0.43 0.37 0.47 0.39 0.33 0.28
Reinforced Concrete Fixed-Base 0.53 1.46 0.40 1.03 0.29 0.73
Pre-Stress Detailed SSI 0.54 0.38 0.80 0.53 0.56 0.38
Pre-Stress Fixed-Base 0.61 0.39 0.85 0.57 0.60 0.40
Hollow Steel Detailed SSI 0.16 0.17 0.17 0.18 0.12 0.13
Hollow Steel Fixed-Base 0.20 0.23 0.21 0.24 0.15 0.17
MCE Event
time-history push with 100% rule | push with SRSS rule
steel conc. steel conc. steel conc.
Reinforced Concrete Detailed SSI 0.73 0.65 0.84 0.88 0.59 0.62
Reinforced Concrete Fixed-Base 0.78 2.18 0.72 2.03 0.51 1.44
Pre-Stress Detailed SSI 0.83 0.58 1.37 0.93 0.97 0.66
Pre-Stress Fixed-Base 0.65 0.54 1.06 0.95 0.75 0.67
Hollow Steel Detailed SSI 0.24 0.26 0.28 0.30 0.20 0.21
Hollow Steel Fixed-Base 0.92 1.11 0.34 0.36 0.24 0.26
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