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1 1l ntroodnuct i
1.1 Overview

BridgePBEE is a PCGbased graphical prand postprocessor (usenterface) for conducting
PerformanceBased Earthquake Engineering (PBEE) studies for bigrgend systemshe user
interface allows for:

1 Management of ground motions

1 Simplified structure and soil mesh generation

1 Simplified assignment of material properties for both the soil and structure

1 Time history and PBEE analyses

1 Visualization of output data
The interface is unique because it enables complete PBEE studies in a singlevéi|
package. The PBEE implementation employed is bas&oific Earthquake Engineering
Research (PEER) ®asedteathgdake emgneeiring framawork €Coamel
Krawinkler, 2000) The framework includes several building blocks (intermediate probabilistic
models) that allow the user to genenatebabilistic estimates of repair cost and repair time
(consequences or decision variabliggctly. These resul@re obtained seamlessly in the
interface alongside more traditional outputs such as displacements, strains, etc.

The intermediate models require:

1 Hazard model that uses earthquake ground motion data to determine an intensity measure
(IM)

1 Demand moddhat uses response from dynamic analysis to determine an engineering
demand parameter (EDP)

1 Damage modehatconnects the EDP to a damage measure (DM) or discrete set of
damage states (DS)

1 Repair modethatdescribes repair methods and repair quantities€@gssary to return
the DS4do original functionality

1 Loss modethatlinks Qs to consequences that are termed the decision variables (DV).
Repair cost and repair time can be thought of as two possible decision variable (DV)
outcomes characterized prodatically by the framework.

The models are required for each performance group (PG). PGs represent a collection of
structural components that act as a gldbagl indicator of structural performance and that
contribute significantly to repalevel decsions. Performance groups are not necessarily the
same as loadesisting structural components. The complete analysis is accomplished using the
local linearization repair cost and time methodology (LLRCAT), detailed more in Chapter 6. The
interface handleall of the abovementioned intermediate models and provides default data for
the case of reinforced concrete box girder bridges.

The decision variables that can be generated as output are the repair cost ratio (RCR), or the ratio
of repair cost to rept@ment cost, and the repair time (RT) or repair effort, measured in terms of



crew working days (CWD). These outcomes are presented graphically as loss models
conditioned on earthquake intensity. In addition,-sgecific ground motion hazard can be

specifed, and the usanterface will then also generate loss hazard curves (mean annual
frequencies of exceeding different loss levels). The loss hazard curves are presented graphically
as mean annual frequencies or return periods.

An important feature of #hinterface is that the PBEE analysis can be executed sequentially:
ground motion selection, time history analysis, loss modeling, hazard, and visualization.
However, once a final selection of geometry and materials has been made (the FEA model is not
charging), the time history analyses do not need to be repeated. These are the most time and
resources intensive portions of the complete analyses. Once the time history results are
computed, the user may perform wifagcenarios by changing any of the paréene of the
intermediate damage, loss, and hazard models. The PBEE portions of the analysis do not require
recomputing the time history results unless the model is changed or a new selection of ground
motions is made.

Finite elemen{FE) computations areonducted using OpenSeggstp://opensees.berkeley.edu
Mazzoni et al. 2009)an open source framework developedh®/Pacific Earthquake
Engineering Research (PEER) Center. The current version of the iaterfamnited to ordinary
bridge overpasses with two spans arsihglecolumn bentThe analysis options available in
BridgePBEE include:

1 Pushover Analysis

1 Model Shapé\nalysis

1 Single 3D Base Input Acceleration Analysis

1 Full PerformancéBased Earthquakengineering (PBEE) Analysis

This document describes how to condihet above analys@s BridgePBEE For information on
how to download and install BridgePBEE, please visit the BridgePBEE website
(http://peer.berkeley.edu/bridgepbee/

The coordinate sysm employed ilBridgePBEEs shown inFig. 1. The origin is located at the
column base (the ground surface).

1.2 System Requirements

BridgePBEE runs on PC compatible systems usiligrosoft Windows. The system should

have a minimum hardave configuration appropriate to the particular operating sy$tenbest
results, your systemds vihighero shoul d be set
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Fig. 1. Coordinate sysim inBridgePBEE
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BridgePBEE waswritten in Microsoft Visual C++ with Microsoft Foundation Class (MFC)
Library. A JavaScript library called Flotraitp://www.humblesoftware.com/flotrpis employed
to display graphical results BridgePBEE

1.4 Units

The Sl unit system is used throughout the user interFareconversion between Sl and English
Units, please check:
http://www.unitconversion.info/

Some commonly used quantities carcbaverted as follows:

1 1kPa = 0.14503789 psi
T 1psi = 6.89475 kPa

T I1m = 39.37 in

T 1in = 0.0254 m


http://www.humblesoftware.com/flotr2/
http://www.unit-conversion.info/

2 Getting Started

2.1 Start-Up

On Windows startBridgePBEE from the Start buttoor from an icon on your desktop. To Start
BridgePBEE from the Starbutton:

1. Click Start, and then select Programs.
2. Select theBridgePBEE folder
3. Click onBridgePBEE

TheBridgePBEE mainwindow is shown irFig. 2.

EF BridgePBEE - Untitled MEIES
File Execute Display Help
EF Model Input B | BF Finite Element Mesh ICIES
Re-G it i ¢ Z ||Ot|F |XY|YZ|XZ|3D =1 = U|D|
ST 0 BEENE REEEL e-Generate| [ Bridge Only Zoom In| Qut|Frame < > p| Dn

Maodel Definition

Bridge Parameters ‘ Soil Parameters |

Mesh Paremeters ‘ Advanced |

Analysis Type
" Pushover |
" Mode Shape 5

Select Input Motions... |

STEP 2: EXECUTE FE ANALYSIS

Save Model & Run Analysis... |

STEP 3: COMPUTE REPAIR COST

PBEE Analysis

Ready Unit: S

Fig. 2. BridgePBEE main window

2.2 Interface

There are 3 main regions in tBedgePBEE windowi menu bar, the model input window, and
the finite element meshindow.

2.2.1 Menu Bar

The menu bar, shown Fig. 3, offers rapid access to m@&tidgePBEE main features.



File Execute Display Help

EF
File | Execute Display Help
New Model
Open Model...
Close Model EF
Save Model
Save Model As...
Model Summary

Save Model & Run Analysis .

b) c)

File Execute | Display | Help
PG Quantities for All Motions
Bridge & Ground Peak Accelerations for All Motions

Maxirmum Column & Abutment Forces for All Motions

STEP 1: DE

mMadel D Detailed Output: Please Select Input Motion (Current: A-ELC)
Deformed Mesh - Motion: A-ELC
Bridg Column Response Time Histories & Profiles - Motion: A-ELC
Column Response Relationships - Motion: A-ELC
i Abutment Response - Motion: A-ELC
Soil Response Histories - Motion: A-ELC
Analysis T )
|_ Analysis Summary

File Execute Display | Help

| BridgePBEE Website B

| About BridgePBEE
Re-Generate

STEP 1: DEFIME MODEL

e)

Fig.3.Br i d g e P B Edadssbmendaisua) menu bar; b) menu File; ¢c) menu Execute; d)
menu Display; and e€) menu Help

BridgePBEE6 s main features are organized into the

{File: Controls reading, writing and printing of model definitiomgraeters, and exiting
BridgePBEE. A pre-defined rigid ground model can be obtained by cliclilg, and then
Rigid Ground Case: DemoRock.pbeandYes(to create a new model). Please save the model
in a different folder before proceeding.



1 Execute: Controlsrunning analyses.
{Display: Controls displaying of the analysis results.
fHelp: Visit the BridgePBEE website and display the copyright/DisclainreessagéFig. 4).

About BridgePBEE -
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BridgePBEE is developed by Drs. Jinchi Lu (UC San Diego), Kevin Mackie (U Central Florida), and Ahmed Elgamal (UC San Diego). |~

Acknowledgment: This research was funded by Pacific Earthquake Engineering Research (PEER]) Center. OpenSees (currently ver.
2.5.0 is employed) is a software framework for developing applications to simulate the performance of structural and
geotechnical systems subjected to earthquakes. For more information, visit http://opensees.berkeley.edu/. The OpenSees
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Flarida). For questions or remarks, please send email to Dr. Jinchi Lu (jinlu@ucsd.edu), Dr. Kevin Mackie (Kevin.Mackie@ucf.edu),
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Fig. 4. BridgePBEE copyrighnd disclaimewindow

2.2.2 Model Input Window

The model input window controls definitions of the model and analysis options, which are
organized into three regionBig. 2):

7Step 1: Define Model Controlsanalysis types (pushover analysigde shapanalysis or
ground shaking) anddvancedptions; also controldefinitions ofbridgeand soil strata
including material properties. Meshing parameters are also defined.

Step 2: Execute FE AnalysisControlsexecution of thé-E analysis and display the progress
bar.

7 Step 3: Compute Repair CostControlsthe PBEE analysis.



2.2.3 Finite Element Mesh Window

The FE mesh window Fig. 2) displays theyenerateanesh. In this windowthe mesh can be

rotated by draggindhe mouse, moved in 4 directions by pressing keys of LEFT ARROW,

RIGHT ARROW, UP ARROW or DOWN ARROW respectively. The view can be zoomed in

(by pressing key O0F96), out (by pressing key

To display a 2Dview, presk ey 6 F26 (for Pl ane XY, iowhké¢hee X i s
transverse direction), 0 (for Plane YZ, wh
XZ). An isometric view o0 he mesh can be ach

Alternatively,users can uste corresponding butteshown inFig. 5.

EF Finite Element Mesh =|[o][x

Re-Generate| [~ Bridge Only Zoom In‘ Out‘Frame‘ XY ‘ YZ| XZ| 3D

Fig. 5. Buttons available in theE Mesh window

Up‘Dn‘

<= | ==




3 Bridge Model

To define a bridge model, clidridge Parametersin theModel Input window (Fig. 6).

Fig. 7 displays theBridge Parameterswindow. For a singkdent bridge, essentially four parts
areneeded to define: column, deck, embankment and abutment.

File Execute Display Help

{ To define a bridge madel, ] Finite Element Mesh
click Bridge Parameters. JBridge only Zoom InI omlFrame| xv| \z| xz| 3D| <-| - | Up] Dnl

STEP 1: DEFINE MODEL

Madel Definition /
< Bridge Parameters b Soil Parameters I

Mesh Paremeters | Advanced I

~ Analysis Type

" Pushaver Define Pattern... |

¢ Mode Shape Number of Modes 5

Select Input Motions... I

STEP 2: EXECUTE FE ANALYSIS

Save Model & Run Analysis... |

STEP 3: COMPUTE REPAIR COST

PBEE Analysis |

BridgePBEE Ready Unit: SI 4

Fig. 6. BridgePBEEmMain window(defining a bridge model)



Bridge Parameters -
Column (Circular) Embankment
Diameter [m) Embankment Length 25 [m]
Total Column Length 12.21 [m] Depth of Embankment Foundation 05 [m]
Column Length above Grade | 6.71 [m Total Weight of Embankment 30000 [kN]
Column gititelsm?]un ear Column R e Em ba n kment
Abutment Pile
[ Use Different Properties for Column below Grade Pile Length [mi
Column below Grade Diameter ’7 [m]
Diameter | 22 [m]
Young's Modulus | 30000000 [kPa]
Deck Abutment
Deck Length 20 (m] Abutment Model  |simplified (SDC 2004) -| Define...
Deck Width |9 [m] Abutment
Deck Depth Dec 3 [m]
Deck Properties ‘
concar_|

Fig. 7. Bridge Model window

3.1 Column Parameters

Parameters to define the geometrical configurations of the column include (reigrap
1 Diameter: column diametefcircular cross sectionyvhich is 1.22 m by dault.

1 Total Column Length: the total length of the column including the pile shaft below
grade. The default value is.22 m.

1 Column Length above Grade the length of the column above grade. The default value
is6.71 m.

To define the material properties of the column, cickumn Properties. There are 2 scenarios

in this case:
1) Linear material properties will be defined.ihear Column is checked.

2) Nonlinear Fiber Section will be definedLiinear Column is unchecked.

Please see next section for detailed information.

3.1.1 Column Linear Material Properties

10



To define the linear material properties of the column, follow the steps shdvig 8
Parameters to define a linear column inclugig.(8):
! YoungModulus Youngds Modulus of the %kbBa umn. TF
1 Moment of Inertia about Transverse Axis the def &64=t0.108%%Mme | =
(where D-- column diameter, D = 1.22 m by default). The default value is for the gross
moment ofinertia;it can be reduced as desired by the user to better capture cracked
column properties.
1 Moment of Inertia about Longitudinal Axis: calculation for the default value is the
same as the above.
1 CrossSection Area the default value (0.78543nis calculated based on the circular
crosssection with a diameter of 1.22 m.
f Mass Density the mass desity of the column. The default value is Ri¢/m3.

Elastic beanrcolumn elementse{asticBeamColumn, Brzoni et al. 200%re used for the
column in this case.

f 1
X
Step 2: Click Button Step 1: check Checkbox
Column Properties Linear Column o
Total gth 12.21 m] . N
e e Step 3: Define values in
this window
‘ [~ Activate Abutment Pile
| I Use Different Properties for Colum = paealaod onbrogestics -_ m]
Column below Grade Young's Modulus 30000000 [kPa] == (m]
Diameter 22
Moment of Inertia about Transverse Axis 0.108745  [m4] __]
Young's Modulus 3000
Moment of Inertia about Longitudinal Axis 0.108745  [m4]
Deck Cross-Section Area 1.16898662 [m2]
Deck Length g0 Mass Density 24 [Mg/m3] fine...
Deck Width 1.9
I Deck Depth 1.83 oK I Cancel
Deck Properties
|
l OK Cancel

Fig. 8. Steps to define the elastic properties of the column

3.1.2 Nonlinear Fiber Section

To define the nonlinear Fiber section for the column, follow the steps shdvig. & The
window to define the Fiber section is showrfFig. 10. Nonlinear beantolumn elements with
fiber section Fig. 11) are used to simulate the column/pile shaft in this case. Fbesst beam
column elementsnpnlinearBeamColumn, Mazzoni et al. 2D@%e used for the column (1
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element, number of integratigpoints = 5) as well as the pile shaft below grade (number of
integration points = 3). The default values for the material properties of the column/pile shaft are
shown in Tabled-3.

Step 2: Click Column W Step 1: make sure Linear Column
Properties. is unchecked.
[ 122 [m] : [m]
Length 12.21 [m] bankment Foundation 0.5 [m]
th above Grade | 6.71 [m] Gtal Weight of Embankment 30000 [kN]
LnTT Propemes) ™ Activate Abutment Pile
~—
Abutment Pile
I Use Different Properties for Column below Grade Pile Length 1 [m]
Column below Grade . P
Diameter 22 [m]
Diameter 1.22 [m]
v _oete. |
Young's Modulus 30000000 [kPa)
Deck Abutment
Deck Length 90 [m] Abutment Model  |Simplified (SDC 2004) v m
Deck Width 1.5 [m]
Deck Depth 1.83 [m]
Deck Properties

Fig. 9. Steps to define a nonlinear Fiber Section

By default, theSteel0O2materialin OpenSees (Mazzoni et al. 20@® employed to simulate the

steel bars an@oncreteO2naterial is used for the concrete (core and cover). Steel02 is a uniaxial
Giuffré-MenegottePintomaterial that allows for isotropic strain hardening. Concrete02 is a
uniaxial material with linear tension softening. The default values for the matenerpes of

the Fiber section are listed Trable2 for Steel02andTable3 for ConcreteOZcore and cover).

The Concrete02 material parameters were obtained from the Mander (1988) constitutive
relationships for confined and unconfined concristere detailson the derivation of the default
values ad the OpenSees uniaxialMaterial definitions used for each material are shown in
Appendix D.
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MNonlinear Fiber Section for Column -

RC Section Properties RC Materials -
oK

Longitudinal Bar Size# Steel Material

|SteeID2 j Wiew Stress-Strain

[=]

Longitudinal Steel %

Cancel

WENSEER Fel s Core Concrete Material

|C0ncrete[}2 j Wiew Stress-Strain

Cover Concrete Material

Steel Yield Strength 460000 [kPa] i .
|C0ncrete[}2 j View 5tress-5train
[kM/m3]

Concrete Unit Weight

o

Transverse Steel %

-
-]

Steel Unit Weight [kM/m3]

o]

Concrete Unconfined Strength 27600 [kPa] Moment Curvature Analysis ‘

[kPa] Controlling Parameter RO Iﬁi
Controlling Parameter cR1 0.925
Controlling Parameter cR2 0.15

Steel
Young's Modulus
Strain-hardening Ratio

—
-
-
-
-
-
=

Core Concrete Cover Concrete

Young's Modulus 311725.7 [kpa] Young's Modulus 25311725.7 [kpg]
Concrete Compressive Strength -46451.373  [kPa] Concrete Compressive Strength IW [kPa]
Concrete Strain at Maximum Strength | -0.003671 Concrete Strain at Maximum Strength IW
Concrete Crushing Strength ’m [kPa] Concrete Crushing Strength I[}i [kPa]
Concrete Strain at Crushing Strength W Concrete Strain at Crushing Strength IW

Ratio between Slopes 01 Ratio between Slopes IB‘Ii
Tensile Strength 6503.102  [kPa] Tensile Strength 3864 [kPa]
Tensile Softening Stiffness 1771820.80 [kPa] Tensile Softening Stiffness 1932000  [kPal

Fig. 10. Fiber Section window

Fig. 11. Column fiber section (based on PEER best modeling practices @goxt,and
Eberhard, 2007)
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Tablel. Default Values for Column &nforcedConcrete (RCBection Properties

Parameter Value
Longitudinal bar siz€US #) 10
Longitudinal steel % 2
Transverse bar siZ&S#) 7
Transverse steel % 1.6
Steel unit weight (KN/r) 77
Steel yield strength (kPa) 460,000
Concrete unit weight (KN/f 22.8

Concrete unconfined strength (kPa) 27,600

Table2. Default Values folSteel02Material Properties

Parameter Value Typical range
Steel yield strength (kPa) 460,000 345,000470,000
Youngds modul 200,000 -
Strainhardening ratid 0.01 0.0050.025
Controlling parameter R® 15 10-20

Controlling parameter cR1 0.925 --

Controlling parameter cR2 0.15 --
*Thestrainhardening ratio is the ratio between the postd stiffness andhe initial elastic
stiffness.
** The constantR0, cR1 and cRZare parameters to control the transition from elastic to plastic
branches.

Table3. Default values foConcreteO2Material Properties

Parameter Core Cover
Elastic modulus (MPa) 25,312 25,312
Compressive strength (kPa)  -46,457 -27,600
Strain at maximum strength ~ -0.00367 -0.002
Crushing strength (kPa) -44,979 0

Strain at crushingtrength -0.036 -0.006
Ratio between unloading slope 0.1 0.1
Tensile strength (kPa) 6504 3864
Tensile softening stiffness (kP¢ 1,771,820 1,932000

Figs. 1214 show the stresstrain curves for the steel, core, and cover concrete materials,
respectively. These plots can be obtained for updated material properties directly from the
interface by clicking on the corresponding View Sti8gsin buttons in the Column Material
Properties windowKig. 10). The momenturvature response for the column is shown in

Fig. 15 (generated with conderation otthe overall deck weight 11,915 kbpplied athe

column top)
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Material Stress-Strain Curve (File: ssFile.txt)

500000

Stress kPa

Il Compression (-}
Wl Tension (+)

Fig. 12. Stressstrain curve for Steel02 material

Material Stress-Strain Curve (File: ssFile.txt)

Stress kPa -20000

Il Compression (-)
0 Wl Tension (+)

SE—

-0.023

0.000 0.025
Strain

Fig. 13. Stressstrain curve of Concrete02 material for the core concrete
Important note: The abowdisplayed graphics applet allows for mouse/en zoom capability
(To zoom, just lefclick and drag at the desired location)
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Material Stress-Strain Curve (File: ssFile.txt)

Il Compression (-)
i Il Tension (+)

Stress kPa

Fig. 14. Stressstrain curve of Concrete02 material for the cover concrete
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Moment-Curvature Analysis -

Axial Load (Negative is Compression) -11915 [kMN]
Maximum Curvature 0.2 [rad/m]
Mumber of Loading Steps ’?
Number of Unloading Steps ’07

View Moment-Curvature Response...

Moment-Curvature Response -

Moment-Curvature Response (File: mcFile.txt)

8000

6000

Moment kN-m

4000

2000

0

0.050 0.100 0.150 0.201
Curvature rad/m

=

Fig. 15. Momentcurvature response for the column (with default stedl@ncrete parameters,
andthedeck weight 11,915 kMpplied athe column top)

3.1.3 Column below Grade

If Use Different Properties for Columnbelow Gradeis checkedFig. 7), the column below

grade can be different from the portion above grade. In this case, the column below grade is
assumedtobeelasocnl y. The col umn dMedohesarerequieeshtd t he Yol
define(Fig. 7) the properties of this elastic column below grade.

3.2 Bridge Deck Parameters

To defire the deck, please follow the steps showhig 16. The defali values are listed in
Tables 4 and below. The default values were obtained from atelh reinforeed concrete box
girderdeck configuration

17



Bridge Parameters

Column (Circular)

Diameter

1.22 [m]
Total Colurmn Length 12.21 [m]
Column Length above Grade |5.71 [m]

Column Properties | [ Linear Column

[ Use Different Properties for Column below Grag

Column below Grade

Step 2: click Deck
Properties.

Deck

Deck Properties

Youhg's Modulus 28000000

hear Modulus 11500000 [kPa
Cross-Section Area 572 [m2]

Moment of Inertia about Transverse Axis 2.81 [m4]
Moment of Inertia about Vertical Axis 53.9 [m4]
Weight per Unit Length 1303 [kM/
CNumn Top Mass o

Deck Length v —
Deck Width
Deck Depth
Step 3: define deck
Step 1: define deck ana properties.
length, width and depth. )

Fig. 16. Steps to define thdeckgeametrical configuratiomnd material properties

Table4. Default Values foBridge Deck

Parameter Value
Deck length (m) 90.0
Deck width (m) 11.9
Deck depth (m) 1.83

Tableb. Default Values for Deck Material Properties

Parameter Value
Y o u nrgodutus (MPa) 28,000
Shear modulus (MPa) 11,500
Crosssection area (A 5.72
Moment of inertiaabouttransverse axis (fp 2.81
Moment of inertiaaboutvertical axis (rfy) 53.9
Weight per unit length (kN/m) 130.3
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3.3 Embankment Parameters

The geometric configuration of the embankments is showag. 2 by the triangular shapes to
the right and left of the bridge deck. These geometric mlangonfigurations are simply
represented bgelatively rigid bearrcolumn elementsThis simple idealization of the
embankment allows fdiFig. 7) representation dhe distributedselfweightof soil embankment
(if presentland a deptlof embankmenébutment foundation into the soil me3tine user will
specify the embankment length in the longitudinal idgection, deptlof the embankment
below grade, and totateight of the embankment (the user must calculate this parameter to
match the mass of the actual soil embankm@img.embankment paraeters will have neffect
in the rigid ground simulation casdsitwill contribute when the bridge is supported sail
mesh.

In addition, a single pileepresented only by beaoolumn element§.e., crosssectional

geometry of the pile is nogpresented) may be included by the u$eg. 7) to further support

the embankmerdabutment The single pile ipositioned below the embankment geometric

configuration (closest to the bridge, and aligned with the bridge longitudinal Bixis)option is

activated byselectinghe checkbo)Activate Abutment Pile Length of this additional pile can

be specified as well as its diameter. The material properties of this pile can be the same as the
bridgeds central column, or @efine0ObasdeRgowadi nhn
7. Upon clicking define, a window similar to thatkify. 10 will open and the user ndollow the

procedures associated wkig. 10 as described earlier.

3.4 Abutment Parameters

Abutment behavior, sestructure interaction, and embankment flexibility have been found by
postearthquake reconnaissance reports to significantly influence the regpdimsentire

bridge system under moderate to strong intensity ground motionsfi§gdigifor Ordinary

Standard bridge structures in California with short spans and relatively high superstructure
stiffness, the embankment mobilization and the inelastic behavior of the soil material under high
shear deformation levels dominate the reseoof the bridge and the intermediate column bents
(Kotsoglu and Pantazopoulou, 2006, and Shamsabadi et al. 200Y.,2@h0abutment models

are implemented iBridgePBEE The abutment models are definedeksstic, Roller, Smplified

(SDC 2004) Spring (SDC 2004), SDC 2018and, SDC 2010 Clay, EP®ap and HFD

abutment models.

3.4.1 Elastic Abutment

The elastic abutment modglig. 17) consists of a simple set of 6 tedational elastic springs at
each end of the bridge (see schematic bel@agngitudinal, 2 transverse, and 2 vertical springs.
By default, no additional rotational springs are specified, but can be added by the user.
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—J—- Rigid joint J\ft

Bridgex"

Rigid element

d_- Superstructure
W

2 : \ width

Fig. 17. Elastic abutment model

Elastic Abutment Model ‘? '
/ Step 3: enter parameters for

Longitudinal Gap (for PBEE/Repair Cost Estimation Only) 0.1016 m] EIaSUC abutm e nt mod el .
Longitudinal Stiffness 2000 [kN/m)
Transverse Stiffness 1000 [kN/m] 30000 [kN]
Vertical stiffness 10000 fKy/m) I™ Activate Abutment pile
Rotational Stiffness (about Longitudinal Axis) 0 (kM-m/rad]
Rotational Stiffness (about Transverse Axis) 0 [kN-m/rad] Step 1. Select EI aStI C. m]
Rotational Stiffness (about Vertical Axis) o [kN-m/rad] [m]
| = pre
Note: on each end of the bridge, two springs connect the bridge to the abutment. The properties
bove are for each of these 2 springs.
Abutment

Abutment Modd

v

o | cane
Deck Depth | 1.83 m]

oxtropene | [ Step 2: click Define.
oK Cancel

Fig. 18. Steps to define Elastic abutment model

To define an Elastic abutment model, please follow the steps shdwgn 8. The typical force
displacement curve for the Elastic abutment moddiasve inFig. 19.
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Longitudinal Force-Displacement Relationship
(Force: resisting force acting on deck-end;
displacement: relative deck-end/abutment displacement)

Left Abutment Right Abutment

(File: abutForceDispLL.txt) (File: abutForceDispRL.txt)

-0.50 -0.50

-1.00 -1.00

-1.50 -1.50

Force (kN) Force (kN) _

2.00

-2.00

-2.50 -2.50

-3.00 -3.00

-3.50 -3.50

0.00020 0.00040 0.00060 0.00080 0.00020 0.00040 0.00060 0.00080
Displacement (m) Displacement (m)

Fig. 19. Longitudinal forcedisplacement relationship for the Elastic abutment model

3.4.2 Roller Model

The roller abutment modéFig. 20) consists of rollers in the transverse and longitudinal
directions, and a simple boundary condition module that applies fiogieconstraints against
displacement in the vertical direction (i.e., bridge and abutment are rigidly connected in the
vertical direction). These vertical restraints also provide a boundary that prevents rotation of the
deck about its axis (torsion).

Elastic superstructure
Boundary conditions:

_5—\ Rigid joint
@
. - ,

Rigid element

d_- Superstructure
w

\ width

Fig. 20. Roller abutment model

This model can be used to provide a lolweund estimate of the longitudinal and transverse
resistance of the bridge, that may be displaywdugh a pushover analysis. To define a Roller
abutment model, phse follow the steps shown in

Fig. 21 The typical forcedisplacement curve for the Roller abutment model is shown

Fig. 22
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Bridge Parameters B

~
( Roller Abutment Model ﬂ
[m]
i . . [m]
Longitudinal Gap (Only Used for PBEE/Repair Cost Estimation) 0.1016 [m]
30000 kM)
Cancel

N v

I Use Different Properties for Column below Gr. Pile Length

1T

Colum Diameter [m]
biamd Otep 3: enter parameters
voun for Roller abutment v [ Step 1: select Roller. ]

model.
Deck Abutment

L ——————

Deck Length 90 [mi Abutment Model@_) j @
Deck Width 11.9 [m]
Deck Depth 1.83 [m]

m [ Step 2: click Define.
oK Cancel

Fig. 21. Steps to define a Roller abutment model

Longitudinal Force-Displacement Relationship
(Force: resisting force acting on deck-end;
displacement: relative deck-end/abutment displacement)

Left Abutment Right Abutment
(File: abutForceDisplL.txt) (File: abutForceDispRL.txt)
1.00 1.00
0.50 0.50
Force (kN) o.00 Force (kN) o0.00
0.50 0.50
-1. -1.00
0.00020 0.00040 0.00060 0.00080 0.00020 0.00040 0.00060 0.00080
Displacement (m) Displacement (m)

Fig. 22. Longitudinal forcedisplacement relationship for the Roller abutment model
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3.4.3 Simplified Model (SDC 2004)

The simplified model of the embankmeatiutment system provides severahlngear springs to
better represent abutmemtidge interaction that is neglected with the elastic or roller abutment
models. The general scheme of the simplified model is presenfegl B8. It consists of a rigid
element of lengtlol (superstructure width), connected through a rigid joint to the superstructure
centerline, with defined longitudinal, transverse and vertical nonlinear response ah@ach

Transverse: Modified SDC 2004

curve (Maroney and Chai. 1994)

Longitudinal: SDC
2004 backbone
curve with gap

Elastic superstructure
Boundary conditions:

_j"\ Rigid joint
o -

Rigid element

d_- Superstructure
» .
width

Vertical: Elastic sprfug for
bearing pads (k)

Fig. 23. General scheme of the Simplified abutment m@aeiram et al,, 2008)

The longitudinal response defined for the simplified model accounts only for the gap and the
embankment fill response, where passive pressueegroduced by the abutment back Wig.

23). The shear resistance of bearing pads connecting the bridge to the abutment wall is ignored.
In the langitudinal directionFig. 23), a gap element is assigned an elgstidectly-plastic

(EPP) backbone curve after gap closure with abutment stiffkegs)(and ultimate strength

( Py Obtained from section 7.8.1 of the Caltrans SDC (2004):ige@4. There is no stiffness
in the longitudinal directiomhen the deck pulls away from the abutment.

The stiffness and strength are calculated using the SDC equations:

o ~

K oy = 115000w§ae1%§ 1)

o ~

ahg
= 239.0Wha?l—
but (; 79 (2)

P

al

Wherew is thewidth of thebackwall (unit: m)and his the height othe backwall (unit: m). In
the current implementatiothewidth of the back wall is taken &sebridge deck width minus
twice of the bridge deck depthhe units ofK,, and P, are KNm and KN, respectively.

abut
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Force
P sbut """""“““"“"“‘“';r —————
/
/
/
/
A K )
/ sbut
/
{
/
Agap Relative displacement
- (bridge - abutment)

Abutments

Fig. 24. Longitudinal backbone curve forcksplacement relationship (two on each end of the
bridge Caltrans SDC, 2004

In the transverse direction, a zdemgth element is defined at each end of the rigid link with an
assigned Elastic perfectly plastic (EPP) backbone curve representing the wing wall and pile
resistance, similar to the longitudinal backbone. The transbarddione is obtained by
multiplying the longitudinal backbone I8 = 2/3 andCw = 4/3 and is mobilized immediately
(there is no gap in the transverse direction). The resistance of the brittle shear keys and
distributed bearing pads is ignored in this iddr simplicity. Skew changes the orientation of
the rigid link at the end of the deck segment.

In the vertical direction, an elastic spring is defined at each end of the rigid link, with a stiffness
corresponding to the vertical stiffness of the emba@at soil mass. The embankment is
assumed to have a trapezoidal shape and based on the effective length formulas from Zhang and

Makris (2002) the vertical stiffnesgK,, unit: 1/m)can be calculated frofZhang and Makris,
2002)

E
< = Esf _ .
az,+Ha
2, Ig——-g
¢ % -
WhereH is the embankment heighd,, is the deck widthz, =0.5d,,S, Sis the embankment
slope(parameter in windoysee Fig. 2) E, =2.8G, G=rV,”, r andV, are the mass density

and the shear wave velocity of the embankment soil, respectpagiymetern window, see
Fig. 25).
To define a Simplified abutment model, pleapecify the parametestiown in

Fig. 25. The typical forcedisplacement curve for the Simplified abutment model is showig.
26.
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Simplified (SDC 2004) Abutment Mode! I |age Parameters x
/ \ Embankment
Longitudinal Gap 0.1016 [m] Embankment Length [>5 m]
Initial Stiffness 11500 | [k/mym] ot Step 3: enter parameters "
Maximum Passive Pressure 239 [kPa] Total for Slmp“f'ed abutment ]
Skew Angle 0 [degree] model
Soil Mass Density 1760 [kg/m3] I ! (m]
Soil Shear Wave Velocity 150 [m/s] Dia i - e
Step 1: select Simplified.

Embankment Slope (Vertical/Horizontal) 0.5 P

Abutment ]

Abutment Model ([simplified (sDC 2004) ) -] @’

Cancel ——
Deck Depth [183 Im]

_ eck propertes | [ Step 2: click Define. J

oK Cancel

Fig. 25. Steps to define the Simplified abutmemtidel.

Longitudinal Force-Displacement Relationship
(Force: resisting force acting on deck-end;
displacement: relative deck-end/abutment displacement)

Left Abutment Right Abutment
(File: abutForceDisplLL.txt) (File: abutForceDispRL.txt)
1.00 0
0.50 -1000
Force (kN) o.00 Force (kN) _2000
“0.50 -3000
-1.00
0.050  0.100  0.150 0.200 0.050  0.100  0.150
Displacement (m) Displacement (m)
a)

25



Transverse Force-Displacement Relationship
(Force: resisting force acting on deck-end;
displacement: relative deck-end/abutment displacement)

Left Abutment Right Abutment
(File: abutForceDispLT.txt) (File: abutForceDispRT.txt)
-250 -250
-500 -500
-750 -750
Force (kN) Force (kN)
-1000 -1000
-1250 -1250
-1500 -1500
0.050 0.100 0.150 0.050 0.100 0.150
Displacement (m) Displacement {(m)

Fig. 26. Longitudinal forcedisplacement relationship for the Simplified abutment maael
longitudinal direction; b) transverse direction

3.4.4 Spring Model

A more complex abutment model was developed by Mackie aad8tovic (2006), including
sophisticated longitudinal, transverse, and vertical nonlinear abutment response, as well as a
participating mass corresponding to the concrete abutment and mobilized embankment soil. A
system of zerdength elements is distuibed along two rigid elements oriented in the transverse
bridge direction. The discrete zelength elements represent each component of the abutment
that contributes to the combined behavior and allow for differential response in each element as
the supestructure rotates about the vertical bridge axis. A general scheme of this abutment
model is presented ifig. 27. The bearing pads create a seriesesgdetween the two transverse
rigid elements (Rigid element 1 and ZHig. 27). Rigid element 1 is connected to the deck end

by a rigid joint. The lagitudinal elastomeric bearing pad response and gap closure behavior are
illustrated by L1 inFig. 27. The number and distribution of the bearing padtefined according

to the number and location of the girders in the box, with plan and thickness dimensions
according to plans or specifications. The longitudinal backfill, meek and pile system

response are accounted for by the two #engthelements at the extreme locations of rigid
element 2, designated as L2.

Longitudinal response: The longitudinal response is based on the system response of the
elastomeric bearing pads, gap, abutment back wall, abutment piles, and soil backfill material.
Prior to impact or gap closure, the superstructure forces are transmitted through the elastomeric
bearing pads to the stem wall, and subsequently to the piles and backfill, in a series system. After
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gap closure, the superstructure bears directly on thenabtiback wall and mobilizes the full
passive backfill pressure.

Transverse ResponseThe transverse response is based on the system response of the
elastomeric bearing pads, exterior concrete shear keys, abutment piles, wing walls, and backfill
material.The bearing pad model discussed above is used with uncoupled behavior with respect
to the longitudinal direction. The constitutive model of the exterior shear keys is derived from
experimental tests (Megally et al., 2003). The parallel system of trandesseg pads and

shear keys are labeled T1kiyg. 27.

Vertical Response:The vertical response of the abutment model includes the vertical fiffnes

of the bearing pads (V1) in series with the vertical stiffness of the trapezoidal embankment (V2).
The user can modify the vertical tensile force factor for the bearing pads (multiplier on the
vertical bearing strength). The embankment stiffness petangth of embankment was

obtained from Zhang and Makris (2000) and modified using the criticahléogibtain a

lumped stiffness.

Model Characteristics

Each bearing pad has a heightdf 0.0508 m (2 in) and a side length (square) of 0.508 m (20
in). The properties of a bearing pad are listedable®6.

The abutment is assumed to have a nominal mass proportional to the superstructure dead load at
the abutment, including a contribution from structural concrete as well as the participating soil
mass. An average of the embankment lengths obtained from Zhang and Makris (2002) and
Werner (1994) is included in the calculation of the participating massdhe embankment of

the abutment. The user can modify the lumped mass through the soil mass.
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Rigid element 1

Elastic superstructure

Elastomeric bearing pads
(BP): As many BPs as
webs of box girder., BP
response: L. I\ V]

Embankment /
nonlinear spri W N
SPrmg\ 2 \4\

/
%V,

Bearing pads response:
- Longitudinal L,: BP shear resistance and backwall gap
contact element in parallel.
- Transverse 7,: BP shear resistance and brittle shear keys
(extreme BPs only) in parallel.
- Vertical V: BP vertical stiffness and confact element for
stem wall in parallel.

Rigid joint

Participating mass
(Zhang and Makris,
2002: Werner. 1994)

Rigid element 2

d_- Superstructure
width

Embankment response:
- Longitudinal Z,: SDC (2004) backbone curve.
- Transverse 7,: Modified SDC (2004) backbone curve.
- Vertical 7,: Embankment vertical stiffness.

Fig. 27. General scheme of the Spring abutment model (Aviram et al. 2008)

Table6. Geometric and Materi&roperties of a Bearing Pad

Shear Modulus 1034.2kPa (0.15 ksi)
Young6s BModul 134473.8Pa (5 ksi)
Yield Displacement 150% shear strain

A . : . .
Lateral Stiffness GT (whereA s the crossection area anldis the height)

EA
h
15513.2kPa (2.25 ksi)

Vertical Stiffness

Vertical Tearing Stress

To define a Spring abutment model, please follow the steps shdwig. 28. The default values
for the Spring abutment model are shown in Tables 7 & 8. The typicald@pacement curve
for the Spring abutment model is shoinrFig. 29.
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/

Spring (SDC 2004) Abutment Model

y

[ N\

Longitudinal Gap 0.1016 [m]
Initial Stiffness 11500 [kMN/my/m]
Maximum Passive Pressure 239 [kPa]
Skew Angle ,07 [degree]
Soil Mass 150 [Ma]
Soil Mass Density 1760 [kg/m3]
Soil Shear Wave Velocity 150 [mys]
Embankment Slope (Vertical/Horizontal) 0.5
Vertical Tensile Force Factor (for Bearing Pad) 1

k l Cancel /

Deck Depth ] 1.83

E3

Step 3: enter parameters
for Spring abutment
model.

[m]

[m]

MNumber of Bearings

Bearing Height

Deck Properties ’

Step 4: enter # of bearings and
the bearing height.

Fig. 28. Steps to define a Spring abutment model

Table7. Spring Abutment Model Properties

Parameter Value
Soil mass (Mg) 150
Skew angle (degree) 0

Soil shear wave velocitym/s) 150
Embankment slope 2

Soil mass density (kg 1,760
Longitudinal gap (m) 0.1016

Table8. Abutment Configurations

Parameter Value
Number of bearings 3
Bearing height (m) 0.051
Number of shear keys 2
Shear keyeight (m) 1.83
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Longitudinal Force-Displacement Relationship
(Force: resisting force acting on deck-end;
displacement: relative deck-end/abutment displacement)

Left Abutment Right Abutment
(File: abutForceDisplLL.txt) (File: abutForceDispRL.txt)
-200
-400 -1000
-600
Force (kN) Force (kN) -2000
-800
-3000
-1000
-1200
0.050 0.100 0.150 0.050 0.100 0.150
Displacement (m) Displacement (m)
a)
Transverse Force-Displacement Relationship
(Force: resisting force acting on deck-end;
displacement: relative deck-end/abutment displacement)
Left Abutment Right Abutment
(File: abutForceDisplLT.txt) (File: abutForceDispRT.txt)
-250 -250
-500 -500
-730 -730
Force (kN) _, ., Force (kN) _;q40
-1250 -1250
-1500 -1500

0.050 0.100 0.150 0.050 0.100 0.150
Displacement (m) Displacement (m)

b)

Fig. 29. Forcedisplacement relationship for the Spring abutment ma&jdongitudinal
direction; b) transverse direction.
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3.4.5 SDC (2010) Sand

This model is similar tohe Simplified EDC 2004)abutmenmode| but employs the parameters
of the most recent SDC (2010) for a sand backfill Embankrendefine a SDC 2010 Sand
abutment model, please follow the steps showFign30.

SDC 2010 Sand Abutment Model

- ™

Longitudinal Gap 0.0254 [m]
Initial Stiffness 28700 [kN/m/m]
Maximum Passive Pressure 239 [kPa]
Skew Angle 0 [degree]
Soil Mass 150 [Mg]
Soil Mass Density 1760 [kg/m3]
Soil Shear Wave Velocity 150 [my/s]
Embankment Slope (Vertical/Horizontal) 0.5
K -OK Cancel
Deck Depth [ 183 [m]
Deck Properties
QK I

x|

Bridge Parameters

Embankment

Step 3: enter parameters
for SDC 2010 Sand
abutment model.

1 [m]
[ Step 1: select SDC 2010 Sand.

Abutment

Abutment Model SDC 2010 Sand

[ Step 2: click Define. ]

I |

Fig. 30. Steps to define a SDC 2010 Sand abutment model

3.4.6 SDC (2010) Clay

This model is similar to the Simplified (SDC 2004) abutment model, but employs the parameters
of the most recent SDC (2010) for a Clay backfill Embankment. To define a SDC 2010 Clay
abutment model, please follow the steps showFign31.
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SDC 2010 Clay Abutment Model Bridge Parameters m
Embankment
ongitudinal Ga 0.0254 [m] Em
S T woumm ..| Step 3: enter parameters
Maximum Passive Pressure 3¢ [kPa) Tot for SDC 2010 Clay
Skew Angle [0 (degree abutment model.
Soil Mass [T [Mg]
Soil Mass Density 1760 [kg/m3] [m]
Soil Shear Wave Velocity 150 [m/s] .
Embankment Slope (Vertical/Horizontal) 05 [ Step 1 - SeIeCt SDC 2010 CI ay :
v
Abutment
k — | e / Abutment Model dggc 2010 Clay > L]
Deck Depth [183 [m
Deck Properties ) .
[ Step 2: click Define.
oK | S———=amer

Fig. 31. Steps to define a SDZD10 Clay abutment model

3.4.7 EPP-Gap Model

This model is similar to the Simplified (SDC 2004) abutment model, but employs user defined
parameters for the stiffness, maximum resistance, and gap size betweerdbckigad back
wall. To define an EPf&ap abutrant model, please follow the steps showFim 32
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EPP-Gap Abutment Model ridge Parameters x

Embankment

Longitudinal Gap W [m] Emb . 1
: ECEE Step 3: enter parameters
Initial Stiffness 28700 [kiN/m/m] Dept| 1
Maximum Passive Pressure 239 [kPa] Total for EPP'Gap abutment )
Skew Angle 0 [degree] mOdeI
Soil Mass 150 [Ma]
Soil Mass Density 1760 [kg/m3] € Length 1 [m]
Sail Sh W, Veloci 150 [my/s] .
o hesr Hase veloy [ Step 1: select EPP-Gap.

Embankment Slope (Vertical/Horizontal) 0.5

Abutment

Abutment Madel -G ‘w

K 0K | Cancel | / ’ ‘ p—
Deck Depth | 183 m
Deck Properties . . o
[ Step 2: click Define.
0K Cancel

Fig. 32. Steps to definersEPRGap abutment model

3.4.8 HFD Model

As suggested by Shamsabadi et al. (2@072.0, a Hyperbolic Forc®isplacement (HFD)

relationship is employed to represent abutment resistance to bridge displacetment in

longitudinal directionEig. 33). In this HFD model, resistance appears after agsecified gap

is traversedKig.330) , and the bridge thereafter graduall
pressure strength. Herein, this strength is specified according to Shamsabadi et 2202007

at 265 kPa (for a nominal 1ud bridge deck height), with full resistance occurring at a passive

lateral displacement of 0.09 m (the sand structural backfill scenario). Similarly, abutment

resistance to the transverse bridge displacement is derived from the longitudinal hyperbolic
force-displacement relationship according to the procedure outlined in Aviram et al. (2008)

define an HFD abutment model, please follow the steps shokig.i@3.
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Bridge Parameters

Column (Circular)

Diameter 1.22 [m]
Total Column Length 12.21 [l
Column Length above Grade | 6.71 [m]

Column Properties ¥ Linear Column

I~ Use Different Properties for Column below Grade
Column below Grade

Diameter

Young's Modulus

Deck

Deck Length %0 [m]
Deck Width s [m]
Deck Depth 1.83 [m]

Deck Properties

Embankment
Embankment Length
Depth of Embankment Foundation

Total Weight of Embankment

[ Activate Abutment Pile
Abutment Pile

Pile Length

Diameter

Abutment

Abutment Mo

[ Step 2: click Define.

Cancel

a)

Shamsabadi's HFD Model

Longitudinal Gap 0.0254 [m]
Skew 0 [deg
‘Wall Height/Deck 1.83 [m]

Soil Type

" Clay

HFD MODEL B
ult
ree] "
Fiy) = Cy |
1 +Tay
¢ - A
05T - C=| 2K - B |
| . ¥
e -‘,_" Key 1 | Fonax
s SRy
|
Yo - r
150 ylin) Yivax

: SANDY SOIL
Yinax = 005IT

COHESIVE S0IL

= 0.10H

Wiew Parameters
for HFD Model

" User-Defined

o051 i

Max Displacement

(Shamsabadi et al. 2007)

PRACTICAL ABUTMENT MODEL

K30 28700 [kM/my/m
Ultimate Pressure 263.34 [kPa] I Fue e = 3:3ksf
£l Fue me = 50ksf
=
Re-Calculated Constants C & D | :J
£ K, .. =300k/in! fi
Calculated Curve Constants Y 4
R 54521 0672 K. =250k in! ft
} Il
Constant 102.207761 wlin)

b)

Fig. 33. Steps to define a HFD abutment model: a) choosing HFD model at the bridge model
window; b) HFD model window
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4 Soi | Par amet er s

First, some important mastercontoop t i ons ar e d A&dvanoceebd alsy scdloiwmk ii mg
Fig. 6. This will display the interface shown kig. 34 below. The following modifications can
be made in this window:

1. Select to keep the soil properties as defined by their linear properties, or opt to conduct
nonlinear soil computations (rethat the default is Linear),

2. Select lrick elementype (either stdBrick or bbarBrickh OpenSeds

3. Conduct more than one earthquake simulation at a time when performing a PBEE multi
earthquake record analysis,

4. Apply own weight of the soil usg a global lateral stress coefficient, and a single value of
Youngo0s modulus that is wuser defined (this wi
own weightapplication, but generally mdave minimal impact on the subsequent earthquake
compuations anyway),

5. You can change the bearolumn element typdor advanced feature, please exercise with
care), and

6 . by c¢ | Chankea Raydeiglo Dampind Fig. 35) you can change the viscous damping
characteristics of the model.

The soil parameters sectiofig. 36b e | ow) i s act Boil Rarametersh ykigwsl i ¢ Ki nc
Here the horizontally stratified soilgftle can be defined layer by layer (as many as 10 layers as

shown inFig. 36 below). Currently, only the cohesive soils are available to select (e.g., by

clicking on the UClay section irFig. 36, and then selecting any of the available soil types (stiff,

medium and soft clay or{Clay inFig. 37).
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~Soil Material Soil Element ~Beam-column Element for Bridge Column

¢ standard Brick Element (stdBrick) Element Type forceBeamCalumn j

 MNonlinear & B-bar Brick Element (bbarBrick) . .
Number of Intergration Points I 5

 Soil Gravity

™ Use Global Elastic Material ~ Beam-column Element for Pile (Below Grade) ——

Initial Lateral/Wertical Element Type farceBeamColumn j
Confinerment Ratio '

Young's Modulus [kPa] Mumber of Intergration Points I 3
|4 - I

¥ Include Column Response

~ Qutput Data Simultaneous Execution
’7 Mumber of Motions Running Simultaneausly

¥ Include Soil Displacement

™ Include Soil Acceleration Change Rayleigh Damping...

™ Include Soil Stress-Strain

™ Display Deformed Mesh for Final Step Only

Fig. 34. Advancel options

 Current Damping Coefficients

Mass Proportional 2.1542e-01 Stiffness Proportional

The above coefficients can be changed by using either of the following

' By Defining Damping Ratio " By Defining Rayleigh Damping Coe’

Frequency (0.1-10  Damping Ratio Rayleigh Damping

#1 I 1 |2 Mass Proportional I 2.1542e-01

#2 I 6 I 2 stiffness Proportional 9.0846e-04

Re-calculate & View Damping Curve

Update & Close Window I Do Mot Update & Close Window |

Fig. 35. Rayleigh damping coefficients
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—5Soil Layers

Layer # (From Thickness

Top-down) [m] SELTLE

|4: U-Clay...

L]

Le dLe Ll fle lLe L fLe fLefle]

Mote: any soil layer with a zero thickness (and all layers below) will be ignored.

Cancel |

Fig. 36. Soil strata definition

Mass Density [Mg/m3]

Shear Wave Velocity [mys]
Poisson's Ratio

Cohesion (C) multiplied by ((Sqrt(3))/2)

pry

[kPa]
Peak shear strain Gamma multiplied by sqrt(2/3)

Number of Yield Surfaces

~Advanced Options

[” Use KO for Elastic Own Weight

wn

Initial Lateral/Mertical Confinernent Ratio

%

T

[~ Young's Modulus for Elastic Own Weight

Fig. 37. Userdefined clay materidl-Clay
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Theproperties of the cohesive stiff, medium, and sty models are shown irable9 below:

Table9. Clay material properties

Soft Clay Medium Clay Stiff Clay

Mass densityton/nv) 1.3 1.5 1.8
Reference shear modul(iPa) 1.3x10¢ 6.0x10 1.5x1¢
Reference bulk modulus (kPa) 6.5x10 kPa 3.0x10 kPa 7.5x1C
Cohesion (kPa) 18 37 75
Peak shear strain 0.1 0.1 0.1
Friction angle (degree) 0 0 0
Pressure dependent coefficient 0 0 0

The abovementioned soil models are basadearlier researdfielgamal et al 2003; Elgamal and
Lu 2009; Elgamal et al 2009; Elgamal et al 2009b; Elgamal 2010; Lu 2006; Yang et al 2003)
Finally, the soil meshing procedures are discussed in Appendix A
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5 Pushover

To conduct a pushover analysis, a load pattern must be defined (please follow the steps shown in

ISAn al

y

S

Fig. 38). The load pattern window is shownFkig. 39. Please see Appendix B for pushover

examples.

File Execute Display Help

EF Model Input

EE

Finite Element Mesh

-0 X

STEP 1: DEFINE MODEL

Model Definition

Bridge Parameters |

. Soil Parameters |

[ Step 1: click Pushover. ]

AnaM
( Define Pattern... ) |

" Mode Shape

Step 2: click
Define Pattern.

Save Model & Run Analysis... ‘

/

W
i

]
//]
'l’l
l

. ‘,‘\.\'
"

Re-Generate| [~ Bridge Only Zoom m| Out|Frame| Xy | YZ | XZ | 3D

| > Up|Dn|

7
/
|

i
il
il

ZINNSS

A\
\
h
§
977
i
|

|
,ii,

//
/]
/]

i
i
)

iz
hi
I,l’l’lil
/!
i
SN

STEP 3: COMPUTE REPAIR COST ----1-‘_"‘

|
I
|

PBEE Analysis ‘

Ready Unit: SI

Fig. 38. Stepgo definea loal pattern for pushover analysis

5.1 Load Pattern

Two methodsvailable for gmonotonic)pushovemnalysis includ€Fig. 39): forcebasd and
displacemenbasedIf Force-Based Methodis chosen, please enter the parameters of force
increment (per steplongitudinal (X) Force, Transverse (Y) Force Vertical (Z) Force,
Moment of X, Moment of Y, andMoment of Z.

If DisplacementBased Methodis chosen, please enter the displacement increment parameters
(per step)Longitudinal Displacement, Transverse DisplacementVertical Displacement
Rotation around X, Rotation around Y, andRotation around Z.

The pushoveload/displacement linearly increases with ste@ monotonic pushovenode The
load/displacement is applied at the column top.
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Pushover -

Type Method

" Force-Based Method

{* Displacement-Based Method

Force Increment (Per Step) Displacement Increment (Per Step)

Logitudinal (X} [kiN] Longitudinal Displacement 0.0 [m]

[kM] Transverse Displacement 0.01 [m]
k] Vertical Displacement ’07 [m]

Transverse (Y]

Ifi
l::i

Vertical (7) 0

Moment of X 0 [kMN-m] Rotation around X ’07 [rad]

Moment of ¥ 0 [kMN-m] Rotation around ¥ ’07 [rad]

Moment of Z 0 [kMN-m] Rotation around Z ’07 [rad]

Total Number of Steps 20

|

Cancel

Fig. 39. Load pattern for pushover analysis

5.2 Output for Pushover Analysis

Output windowdor a pushover analysisclude:

1 Response time histories and profiles for column (and pile shaft under grade)

1 Response relationships (fordesplacement as well as momaenitrvature) for column
(and pile shaft undegrade)
Abutment response time histories

1
1 Deformed mesh, contour fill, and animations.
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5.2.1 Column Response Time Histories and Profiles

EF Column Response [= ==
|Respunse praofile j of |D|sp\acement j in |Long|tudma| direction j
_/; _,ﬁsn.lascmsn.t.ﬂmﬁlc -(-Frle\"-ﬂ-ﬁ‘-h-ﬂ—
Response profile - Displacement - Longltudma\ dlrectlon -
S Longitudinal direction
3 3 Jisplacement
Fesponse profile Transwerse direction
0 . Wertical direction 1
Fotation
Bending Moment
Shear Force
25 Pressure
: Fiesponse Surmma
Elevation m
0.0
-2.5
-5.0
0.000 0.050 0.100 0.150 0.200

Displacement (m)

Fig. 40. Response time histories and profiles for column (and pile shaft)

5.2.2 Column Response Relationships

k¥

Column Response Relationships

==&

|Load-d|sp\acement

Load-displacement =

Losd-displacement

Moment-curvature

j at ‘6.71 m (column Top)

nt

Load (kN) ;5000

6.1 r (colurmn Top) =

B.71 m (column Top)

j in |Long|tud|na| direction j

aboy e-q-m#aé@(-ed- umn top) (File:

5000

0.000

0.050 0.100

Displacement (m)

0.150

0.200

Fig. 41. Response relationships for column (and pile shatft)
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5.2.3 Abutment Force-Displacement and Response Time Histories

EF

Abutment Response E@.

|Force—DispIacement Relationships

/ S~ Longitudinal Force-

Resisting Force Time Histories
File Cap Displacernent Time Histaties

El

Displacement Relationship A

1fforce acting on deck-end;
|FDrce-D\spIacement Relationships j d

bck-end/abutment displacement)

Right Abutment
(File: abutForceDispRL.txt)

-250
-500
Force (kN)

-750

-1000

-250
-500
Force (kN)

-750

-1000

0.020 0.040 0.060 0.080
Displacement (m)

0.020 0.040 0.060 0.080
Displacement (m) v

Fig. 42. Abutment response time histories
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5.2.4 Deformed Mesh

EF Deformed Mesh [=][=][]
|Due to pushover B3 7-cicplacement contour _ RAJERYERN E Ply Aimation
™~
Steq ‘ O.\[Ea 4 | !l /4 \\ N T
Due to pushover j ifnation Delay (miJffecond; 0 % end\ [30 view <1 bni
Due to gravity (soil only) | er value meany/flower) v "'D J /
{Due to gravity (bridge included m |
J § Due to pushaver il El <-| = | Up | D .
2D x=0m
2D %=-70m
20:%=-95m
2D:%=95m .
Displacement contour fill j 20: =70 m Unit:
20 v=0m 2.845e-02
Deformed mesh 50 =70 m 2 5B0e-02
Displacement contour fill 20 =-95 m 2.276e-02
¥-displacement contour 20 Z=0m 189102
Y-displacement contour 20 Z=-05m i 1.707e-02
displaceme onto 20 Z2=529m i 1.422e-02
Longitudinal stress contour D:2=10m + 1138e 2
Transverse stress contour ggggsgg
Vertical stress contour 3 845613
Shear stress (XZ) contour 1. 500e-08
Stress ratio contour 2 845003
Confinement contour -5.650e-03
-8.535e-03
-1.138e-02
-1.422e-02
-1.707e-02
-1.991e-02
-2 276e-02
-2.560e-02
-2.845e-02

Fig. 43. Deformed mesh and contour fill

5.3 Mode Shape Analysis

To conductMode Shapanalysis, please follow the steps showFim 44 and then clickSave
Model & Run Analysis.

Fig. 45 shows he outputwindow for aMode Shapeanalysis which can be accessed by clicking
menuDisplay (Fig. 3) andthen choosindgeformed Mesh
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File Execute Display Help

113 Finite Element Mesh [=][=][]

Re—Generatel i Zoom |n| OullFramel XY| Yzl le 3|)| e | - | u | Dnl
STEP 1: DEFINE MODEL ™ Eridge Only p

~Maodel Definition
Step 1: click ’
Mode Shape.

Define Pattern... |

GumbE' of Modes |5/

" Base Shaking Select Inp

se Step 2: click Number
of Modes.

STEP 3: COMPUTE REPAIR COST

PBEE Analysis

Fig. 44. Steps tperformthe Mode Shapanalysis

IMode shape j IDeformed mesh j |3D view j Play Animationl

Mode No |1 4 | >| } Frequency (Hz) |0.51850
Animation Del millisecond: . .

Scale Factor |200| e nl:;l{_ls slower)d' 10 [ Endless Playing [~ Bridge Only

zoommn|_ow [rrame|  w|ve|sa|m]| <] [ve]on]

(@)
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IMode shape j IDeformed mesh j |3D view j PlayAnimationl
ModeNoIZ 4|>| [} Freq J,(Hz}|1.20802

Animation Di illi :
Scale Factor IZOd T 2 S 10 v Endless Playing [~ Bridge Only

larger value means slower)

zoomn| ow [rrame|  w|vz||m| <[ |ve[on]

(b)

IMode shape j IDeformed mesh j |3D view j Play Animationl
Maode No |3 Ll | >| J' Frequency (Hz) |1.25061

Animation Delay (millisecond; . .
Scale Factor | 200] e e (s Al 10 ¥ Endless Playing [~ Bridge Only

zoommn|_ow |rame| | z|[m] <[] ve|on]

(€)

Fig. 45. Sample output fathe Mode Shapanalysis (a) first mode; (b) second mode; and (c)
third mode
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6 PBEE Analysis (Ground Shaking)

To conduct a single earthquaBaseShm&l nwgios ot i @n

under Analysis TypeHig. 2) is used. For that purpose, the input earthquake exciisitionst be
specified. Input files dtttp:/jpeer.berkeley.adbridgepbeethat exercise this option include
Examples 5. If only one earthquake record is selected out of a specified ensemble (suite) of
input motions, then a conventional single earthquake analysis will be performed.

6.1 Theory and Implementation of PBEE Analysis

In the user interfagean implementation of the Pacific Earthquake Engineering Research (PEER)
Cented performancebased earthquake engineering framework (Cornell and Kraw;j2kl€0)

is used to generate probabilistic estimates of repairacmbrepair time. The PEER PBEE
framework utilizes the total probability theorem to compute the desired probability distributions
by disaggregating the task into several intermediate probabilistic models with different sources
of randomness and uncertginthe hazard model uses earthquake ground motion data to
determine an intensity measure (IM). The demand model uses responsgrisonmadanalysis to
determine amngineering demand parameter (EDP). The damage model connects the EDP to a
damage measure KD). Then, the DM is linked to consequendtiest are termed the decision
variables (DV).Repair cost and repair time can be thought of as two possible decision variable
(DV) outcomes characterized probabilistically by the framework.

The complete analysis is accomplished using the local linearization repair cost and time
methodology (LLRCAT), described by Mackie et al. 12Dand depicted conceptually fng.

46. In the LLRCAT methodology, each bridge system is disaggregated into independent
structural or nosstructural components or subassemblies defingedsrmance group$G9

that are damaged, assessed, and repaired together using a spetfitation of different repair
methods. Demands on the bridge system (and components) are determined using 3D nonlinear
time history analysis under multiptmmponent earthquake excitation. The damage in each of

the PGs is characterized according to savdiscrete damage states (DSs) that are defined by
distributions of critical EDPs.

A feature of the LLRCAT implementation used is the introduction of a repair model between the
original PEER abstraction of DM and DV. Jumping directly from DMs to requasts is difficult

to accomplish, because it skips over the details of repair design and the variability of cost and
time estimating. Creating these two additional models makes it easier to implemerb step

step procedure for defining the models. Thearemodel and cost model are created through the
process of schematic design of repairs and estimating the costs of those designs. Different repair
methods are employed for the various damage states of each PG or bridge component. The repair
methods for ach PG require a combination of several repair quantities (Qs). Repair quantities

for all PGs are then combined with due consideration of the correlation between components.
Repair costs (RC) are obtained through a unit cost (UC). Repair times (RT)arnedbhrough

a production rate (PR). The PRs are in terms of crew working days (CWD), representing one
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working day for a normal sized crew and can be combined later by construction management
experts to obtain total site construction times.

Repair cost. A(RC>rc)= J’ J’ J'G(uc- gldm)dG{dmedp)dG(edlinm)d A(im)

imdmEdp
Repair time: ART >10)= | | | G(IprdmdG(dmledp) dG(eddim)|dAim)
it i
Repair Cost Loss Analysis
Guc - gleim)
S eismic Response Damage Repair RC: repair cost dedsion variable
Hazard Analysis Analysis Estimates P UC: unit repair cost
Analysis Gledp| in) p \
PR ' P ! Gl_d m| BGTRJ Glg Id”’f:' Repair Time Loss Analysis
Al e EDP: = . ;
o engin eeting DM damage Q repair G':&I?F‘Idmj
IM mtensity demand measure quantity N RT: repair time decision variable
measure parameter IPR: labor production rate

Fig. 46. Schematic procedure of the LLRCAT methodology for a single bridge component
(Mackie et a010)

The characterization and visualization of the ground motion suites using different choices of IMs
will be discussed in Sectidh3 The FEM, parameter selection, analysis options, and outcomes
that generated EDPs were similarly covere8éation3. The bridge is then broken down into
performance groups (PGs) for each major bridge superstructure, substructure, and foundation
component. Each performance group represents a collection of structural components that act as
a globallevd indicator of structural performance and that contribute significantly to repaslr
decisions. Performance groups are not necessarily the same-assistidg structural

components. For example, netructural components may also form a performamge since

they also suffer damage and contribute to repair costs. The notion of a performance group also
allows grouping several components together for related repair work. For example, it is difficult
to separate all of the individual structural comgats that comprise a segpe abutment (shear

key, back wall, bearings, approach slab, etc.) as they all interact during seismic excitation and
their associated repair methods are coupled. Therefore, the abutment repair group incorporates
the fact that neairs to the back wall require excavation of the approach slab.

Performance groups also address the issue of potentially double counting related repair items.
Some repair items require the same preparation work such as soil excavation. For example, both
back wall repair and enlargement of an abutment foundation require at least 4 ft of excavation
behind the back wall. If these repair items were in different PGs, then double counting the
excavation would be a problem. Bundling these related repair metlihas a PG allows for
independent consideration of each PG. The correlation between repair items from the PGs is
handled at the demand model level in the methodoladgtal of 11 PGs are considered: PG1:

Max column drift ratio; PG2: Residual column tir&tio; PG3:Max relative dectend/abutment
displacement (left); PG4Alax relative deckend/abutment displacement (right); PGBax
bridge-abutnent bearing displacement (left); PG®ax bridgeabutmet bearing displacement
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(right); PG7:Approach residal vertical displacement (left); PG8pproach residuavertical
displacement (right); PG®%butment residal pile cap displacement (left); PG1&butment
residudpile top displacement (right); PG1Column residual pile displacement at ground
surface

Discrete DSs are defed for each P@amage states are numbered sequentially in order of
increasing severity. The DSO damage state corresponds to the onset of damage when repair costs
begin to accumulate. An upper limit to the quantities and costs éld28S , because it

corresponds to the most severe possible damage state for the elements in & RGuBI§y

corresponds to complete failure and replacement of all the elements in the entire PG. The DSs

are connected to sittural demands obtained from fingeementanalysis results by way of an

EDP specific to each PG. The repair quantities associated with each DS are developed more fully
in the definition of the damage scenarios. All the PGs and DSs are linked to a singtet&BP
implementation

Basedon previous work, the methodology was calibrated for defininggamshquake

performance of select bridges that fall within the class of ordinarytpoesioned, box girder,
reinforced oncrete highway overpasséddckie et al2011). The three major congments

required for this calibration were damage scenarios that describe particular instances of
earthquake damage, schematic design of bridge repairs to address the state of damage in the
scenarios, and the link between repair design, methods and pesezhot subsequent

guantities. There is a direct link between damage scenarios and the repair, i.e., there is a single
repair procedure for a single state of damage. The repair quantity results were parameterized in
terms of basic bridge geometry and pmties so that they can be used to extrapolate loss
modeling for other bridges in the same class (such as those that can be built within the user
interface).

Data for time and monetary repair costs were obtained by estimating the costs of the damage and
loss scenarios using published Caltrans construction estimation data, case studies from previous
earthquakes, and interviews with Caltrans bridge engineers. Monetary costs were adjusted to
2007 values based on Caltrarust index dateRepair costareestmated for each damage

scenario based on quantities of each repair item. Cost estimates accounted for variations in unit
cost, and the details involved in estimating a combination of repairs together. The benefit of
separating the Qs from costs is thatuhé cost model is easily updated for new years of data,

local economic conditions, site accessibility, and incentives.

Normalized costs of repair are obtained by using the repair cost ratio (RCR) between the cost of
repair and the cost oéplacement cagdoes not include demolition). It is shown in %, and it can
range between 0 and some number higher than 100% (there is no reason why it is bounded by
replacement cost; this is purely awner/operator decisionJhis ratio is useful for comparing

the peformance of different bridge design options for new construction. For the evaluation of
existing structures, the RCR including demolition costs might be more useful. Constructing a
new bridge on the same site after an earthquake would require both denudlihe damaged

bridge and construction of its replacement. Thesmafstew constructiomsed in the interface

come fromCaltrans bridge cost estimatesed forplanning purposeshey arebased on the
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deck and type of constructigproviding a range of cost/SF of deck areaca 2007 to be
consistent with the repair data used.

Repair time for the bridge can be expressed either as an approximation of repair duration or
repair effort. The repair effort represents the total number of-arekdays (CWD) required to
complete the task. This is different from repair duration, which counts the total duration of the
repair project. The repair duration includes the effect of scheduling concurssité on

construction processes, while the repair eeffimes not. The repair duration can vary based on

the amount and type of concurrent construction processes, schedule dependencies, availability of
labor, and whether or not contract incentives are provided in order to decrease dregiéon.

times are B0 computed on the basis of each repair quantity Q. For any repair item, a probability
of 50% that Q >tolerancendicates that the associated repair time should be added to the total
repair time for the projedthe tolerance is set at a value of 3% ef&).

6.2 Input Necessary for User-defined PBEE Quantities

If the user is interested in providing user projectspecific information in a PBEE analysis, the
following paragraphs describe the data needed by the interface to execute the PBEE analysis and
postprocess the resultBerformance groups need to be defined for each important component or
subassembly of theystem that has potential repair consequences. Performance groups are
defined in terms of a single EDP that characterizes the response of this PG. Once this EDP
metric has been defined and time history analysis performed to obtain a distribution of EDP
redizations for different ground motions, the PBEE methodology can be implemented. The

PBEE methodology requires definition (by the user) of discrete damage states for each PG, a
repair method with associated repair quantities for each discrete DS for&@aahdhe

corresponding costs and times required to execute the repair method.

The damage states are discrete and supplied in the form of what is commonly called a fragility
curve. This is a misnomer however, because the information required is thettie EDP

(not IM) required to trigger different probabilities of exceeding the given discrete DS. It is often
assumed that said curves are well described by the lognormal probability distribution and
therefore, the only parameters required are thddagmormal distribution parameters: lambda

andbeta. Lambda is the median aretdis the lognormal standard deviation. A PG can have as
many discrete DS as are required to cover the full range of possible responses experienced by the
PG. These should beaput as is shown i8ection 6.5.1 below

Once the different states of damage have been established, damage scenarios need to be
generated that show different possible fAsnaps
an earthquake event. Once thesenarios have been generated (note the scenarios need to be
detailed and include exact descriptions of the extent and depth of damage), they can be used to
decide what repair method would be appropriate for each PG or group of PGs. Such information

is specific to the type of structure, the discrete DSs, and the PGs. It is really only obtainable from
experts with past experience designing repair procedures given a damage scenario or snapshot.
Once the repair methods have determined, specific details thlea@pair quantities (specific

meaning square footage of deck, cubic yards of concrete, etc.) can be spEuifiedtrent data
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employed in the interface hespair quantities parameterized in terms of the common bridge
design and geometric parametergking it possible to solve for a variety of bridges within
class.However, any changes beyond these configurations would require numerical values for all
the repair quantities to be input.

It is assumed that the repair quantity estimates for each PBS&adke also random quantities

and can be described by a mean (or median) value and a coefficient of variation or lognormal
standard deviation. In the interfatetahas been set as 0.4, but could be modified by the user in
the future (if so desired.herepair quantities may then be handed over to a cost estimator, who
would have the ability to access historical pricing and bid information. In addition, the type and
magnitude of each repair quantity would correspond to standard DOT estimates and
specificaions procedures. Each repair quantity can then be bid or an estimation of cost and
effort/time/production rate made. These unit costs and production rates are also random
guantities and can be described by a mean (or median) value and a coefficieiatiohvar
lognormal standard deviation. The values currently in the interface all hatadat 0.2, but

could again be set by the user if desired. See more details about PERT criteria fadubggoro
rates in Mackie et al. (2008)

Modifying the defalt PBEE quanties (repair quantities, unit costs, and production rates) is
detailed in Appendix E.

6.3 Definition/specification of PBEE input motion ensemble (suite)

6.3.1 Available Ground Motions

Four ground motion data sets are available:

Motion Set 1: This PBEE motion ensemble weobtained from the PEER NGA database
(http://peer.berkeley.edu/ngaid consisof 100 3D input ground motiortaplets sorted into 5
bins. Each motion is composed of 3 perpendicular acceleration time history components (2
lateral and one vertical). These motions were selected through earlier efforts (Gupta and
Krawinkler, 2000; Mackie et al., 2007) to be representatiweismicity in typical regions of
California. The motions are divided into 5 bins of 20 motions each with characteristics: i)
moment magnitude (Mw) 6:8.2 and closest distance (R)}36 km, ii) Mw 6.57.2 and R 360
km, iii) Mw 5.8-6.5 and R 180 km, v) Mw 5.8-6.5 and R 3@&0 km, and v) Mw 5.&.2 and R
0-15 km. The engineering characterisfiids and time histories)f each motion and of the
ensemble overall may be vied directly within BridgePBEE.

Motion Set 2: These motions (160 in total) arevééoped by Dr. Mackie from the 80 motions of
Motion Se 1 (excluding the 20 motions in bin v) abyyvi account fothe more accuratste
classificatios (NEHRP C and NEHRP Dih NGA. The magnitude, distance, and spectral shape
were intended to be simil&o the previous bins (and indeed all of the previous motions appear in
either theNEHRPC orNEHRPD bins now). As such, these motions are divided intm8 b
(compared to the 4 bins of Motion Sét 1
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Motion Set 3: These motions (80 in total) are labelBroadband_* (separated into the two bins,
Broadband rock and Broadband soil) as developed by Dr. Jack Baker for PEER. Additional
information about these motions is available at the website:
http://peer.berkeley.edu/transportation/projects/gremotionstudiesfor-transportation

systems/

Motion Set 4: These motions (260 in total) include the abMaion Set2 andMotion Set3 as
well as he additional m v.) (near faulimotiong of Motion Set1.

All of the above 4roundmotion datasetswere resampled to a sampling frequency of 50 Hz
(regardlessfowhether initial sampling frequency was 100 or 200 Hz) due to the computational
demands ofunning full groundstructure analyses for an ensemble of motiStesndard

interpolation methods were used to resample the time domain signals (so that the signal shape is
preserved). The resampled records were then baselined to remove any permacignawelo
displacement offsets. Baselining was accomplished using a third order polynoertidithe
displacement record.

6.3.2 Specifications of PBEE Input Motions

To conduct a PBEE analysis, input motions must be defined (please follow the steps shown in
Fig. 47). The window to define PBEE input motions is shawfig. 48. To unselect all motions,
click De-select All. To see all motions, clicBelect All(same button aBe-select All). The
dropdown list oiRandomly Choose Records for Each Bimvill randomly select a certain

number of input motions from each bin (the input motions are categorized by bin).

Doubleclick any record to view its intensity measures and response sgagtré9). SRSS
stands for Square Root of Sum of Squares of the 2 horizontal component®i§iicky
Intensity Measures(Fig. 48) to view the histogram and cumulative distribution plots for whole
input motion setKig. 50). The intensity measures include

PGA (Peak Ground Acceleration)

PGV (Peak Ground Velocity)

PGD (Peak Ground Displacement)

Ds-95 (Strong Motion Duration)

CAV (CumulativeAbsoluteVelocity)

Arias Intensity

SA (Spectral Acceleratigrassuming 1 second perjod

SV (Spectral Velocit), SD (Spectral Displacement)

PSA (Pseudaspectral Acceleration)

PSV (Pseudapectral Velocity)

=4 =4 =4 -8 -8 _9_9_95_4°_-2

The strong motion duration §ls) is defined according to the time domain bounded by the 5%
and 95% cumulative Arias intensity of thexord. All of the spectral intensity measures are
defined at a effective viscous damping of 5% unless otherwise noted.
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In the histogram windowHig. 50), click Display Intensity Measures Valuego view the

intensity measures listed in text forngtg. 51). The user can copy and paste to her/his favorite
text editor such as MS Excel (fig. 51, right-click and then clickSelect Allto highlight, and

then rightclick and then clickCopy to copy to the clipboard).o incorporate usedefined input
motions, please see Appendix C.

File Execute Display Help

EF Model Input B | EF Finite Element Mesh =|[a][x
Re-Generat i z \|Ot|F |xY|Yz|xz|3D - - U|D|
STEP 1: DEFINE MODEL ﬂ I Bridge Only Zoom In| Out| Frame <-| ->| Up| Dn

Model Definition

Bridge Parameters | Soil Parameters

Step 1: click Base
Shaking.

g < Select Input Motions... >

F)
i
i

I
i
i

il

’\‘\
i
Thass

Step 2: click Select
Input Motions.

ST

PBEE Analysis

Ready Unit: S

Fig. 47. Steps to define PBEE motions
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PBEE Input Motions

FEEE Input Motion Folder

E3
Browse...

|C:'\I‘-f1yDD|:\,_PEiEE".,d efauliCase_plfiles\defauliCase EC

Input Motions (10 Records in Total; 1 Records Selected)

Display Intensity Measures |

Scale Factor;

" Compute Response for seconds

Time Step

0.0z

seconds

Ok

Transwverse |1
Free Vibration Duration |5 seconds

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

Longitudinal |1

f+ Compute Response to Entire Record Length

Cancel

Fecord# | Bin | kdation | #Faints Timestep (Sec) | Duration (Sec) |
b1 LiLR BORREGO/A-ELC 2000 0.0200 40.0000
2 LMLR LOMAF/AZE 194983 0.0200 34.9600
3 LMSR LOMAFCAR 19498 0.0z00 39.49600
4 LMER MORTHR/CNF 1250 0.0200 26.0000
] Mear COALINGA/H-PYE 19498 0.0z00 39.9600
B Mear MNORTHR/ECE 2000 0.0200 40.0000
7 =MLR BORREGO/B-ELC 2000 0.0200 40.0000
i SMLR COALINGAH-COS 2000 0.0z00 40.0000
] SMER IMPWVALLH-CAL 1977 0.0200 34.6400
E10 SMER LVERMOR/A-KOD 1049 0.0z00 20.49800

_ Fandomly Choose |1 - | Records for Each Bin

Yertical |1

Fig. 48. PBEE input motions widow
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Intensity Measures

Longitudinal direction

Record# BPGR (g}
9 1.2817e-01
Transverse direction
Record# BGL (g)
9 T7.8022e-02
Vertical direction
Record# BGL (g)
9 5.5307e-02
Horizontal SRS55

Record# PGA (g)
9 1.36842-01

BGEV (cm/=sec) PGED (cm) D(5-95) (=sec) CAV (cm/sec)
1.5315e+401 1.0945e+4+01 3.2040e+01 3.9102e+402

BEGV (cm/=esc) BGD (cm) D(5-385) (sec) CLV (cm/sec)
1.3174e+01 6.1808e+00 3.2000e+01 3.3414e+02

BEGV (cm/=esc) BGD (cm) D(5-385) (sec) CLV (cm/sec)
3.8756e+00 2.T7553e+00 3.5720e+01 2.1684e+02

PGV (cm/sec) BGD (cm) D(5-95) (sec) CAV (cm/sec)
1.81962401 1.1650e+401 3.2020e401 5.6513e402

Fig. 49. Intensity measures of individual record
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1.4134=+01

AriasBracke
9.4810e+00
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4 _5EE9=400

AriasBracke
2.344Be+01




Please choose IHi ram for PGA, PGV, PGD, D(5-95), CAV & Arias Intensity j View Intensity Measure Values |
His ram for PGA, PGV, PGD, D(5-85) / & Arias Intensi .
Histogram for PSA, PSV & SD @ Period = 1 sec Acceleration (PGA) A
Longitudinal PGA Histogram (File: hPGAX.txt) Longitudinal PGA Cumulative Distribution (File: cPGAX.txt)
3.00 1.00
2.50
0.80
2.00
... 0.60
#Records 1.50 Probability
1.00 0.40
0.50 | | |_|
0.20
0.00
0.10 0.20 0.30 0.40 0.50 0.60 0.10 0.20 0.20 0.40 0.50
PGA g PGA g
Transverse PGA Histogram (File: hPGAY.txt) Transverse PGA Cumulative Distribution (File: cPGAY.txt)
4.0 1.00
0.90
3.0
0.80
#Records 2.0 Probability 0.70
0.60
1.0
|_| | | r 0.50
0.0 0.40
0.20 0.40 0.60 0.80 0.20 0.40 0.60 0.80
PGA g PGA g
M

Fig. 50. Histogram and cumuliae distribution for the whole input motion set

Intensity Measures
Longitudinal direction

Record# BGL (g) BGV (cm/=ec) BGD (cm) D(5-85) (=ec) CLV (cm/=ec) AriasBrackes
.26T2e-01 L620Te+01 .2204e+01 3.2720e+01 4,T7860e+02 .004Te+01
.6930e-01 .3634e+01 .B8T71e+00 3.1540e+01 .1585e+02 .021T7e+01
.1082e-01 .4763e+01 .0887e+00 3.6040e+01 .7993e+03 .1420e+02
.5966e-01 .19052+01 .10492+00 2.1520e+01 .1482e+03 .8610e+02
.T74T77e-01 .2253e+01 .3980e+00 3.6160=+01 .5833e+02 .4926e+02
.1190e-01 .1685e+02 .4189e+01 3.67602+01 .0379e+03 .5435e+02
.6881e-02 .B833e+00 .3T723e+00 3.7820e+01 .3178e+02 .0403e+00
.4657e-01 .0724e+01 .057%e+00 3.1580e+01 .3208e+02 .4736e+01
.2817e-01 .5315e+01 .0945e+01 3.2040e+01 .9102e+02 .41342+01
.5418e-01 .B87685e+01 .08952e+00 1.6100e+01 .2474e+02 .0053e+01
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Transverse direction

Record# BGL (g) BGV (cm/sec) BGD (cm) D(5-95) (sec) CAV (cm/sec) AriasBracke
.6601e-02 .3190e+01 .0095e+01 3.2540e+01 4,0300e+02 .1690e+01
.3869e-01 .14302+01 .64192+00 3.0860e+01 L0821e+02 . 75642+01
.9503e-01 .8901e+01 .4980e+00 3.6060=+01 .3703e+03 .2483e+02
.1970e-01 .0362e+01 .D235e+01 2.1540e+01 .3276e+03 .6509e+02
.B025e-01 .9009e+01 .5669e+00 3.6260e+01 .0041e+02 .6543e+01
.6526e-01 .0191e+02 .5115e+01 3.6820e+01 L6275e+03 .0317e+02
.3329e-02 . 94332+00 .40332e+00 3.7800e+01 97T Te+02 .957T6e+00
.3044e-01 .8568e+00 .2T715e+00 3.1340e+01 .4888e+02 .4455e+01

v
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Fig. 51 Intensity Measures (IM) table for the whole input motion set
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6.4 Save Model and Run Analysis

After defini
computations

he
I star

ng

t
wi |

f SaveModel andRenmralysiso moREle ¢ |,

clic

t, for sevdeanmd(Figarthqua

52) window below. You can select as manyb@secords to be run at the same time in order to
reduce the overall run time (for dual core machines or better).

Fig. 53 shows the analysis progrdes each record.

Advanced

Soil Material Soil Element

" Standard Brick Element (stdBrick)

" Nonlinear

* B-bar Brick Element (bbarBrick)

Soil Gravity
I Use Global Elastic Material

Initial Lateral/Vertical
Confinement Ratio

Young's Modulus 200000

..... [kPa]
OQutput Data

¥ Include Column Response
¥ Include Soil Displacement

[ Include Soil Acceleration Change Rayleigh

Simultaneous Execution

Mumber of Maotions Running Simultaneously

Beam-column Element for Bridge Column

Element Type

=l
Mumber of Intergration Points | 5
Beam-column Element for Pile (Below Grade)
Mumber of Intergration Points | 3

forceBeamColumn

Element Type forceBeamColumn

T

Damping...

[ Include Soil Stress-Strain

[ Display Deformed Mesh for Final Step Only

Cancel

Fig. 52. Options to change number of
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4 /10 Maotions

Current Motion 1: #1 A-ELC  Run 3 of 4: Gravity application (adding bridge structure)...

|

Current Maotion 2: #2 A2E Run 3 of 4: Gravity application (adding bridge structure)...

|

Current Mation 3: #3 CAP Run 3 of 4: Gravity application (adding bridge structure]...

|

Current Maotion 4: #4 CNP - Run 3 of 4: Gravity application (adding bridge structure)...

|

Fig. 53. OpenSees analysis in progress

6.5 PBEE Analysis

Once the FE analysis of all motions in the ensemble is complietePBEE Analysis(Fig. 2)

to display:

- Compute Repair Cost and Repair Time

Unit Costs

| Production Rates |

Intensity Measure (SRSS) |pav

-]

Compute Repair Cost... | Compute Repair Time...

 Display Results as a Function of Intensity Measure

Intensity Measure (SRSS) |pav
Hazard Level for 2% of Probability of Exceedance
Hazard Level for 5% of Probability of Exceedance
Hazard Level for 10% of Probability of Exceedance

Interval (in Year)

160

80

1

5

o

0

E
[em/sec]
[em/sed]
[cm/sec]
[Year]

Display Hazard Curves...

~Display Disaggregation

Intensity Measure (SRSS) |pav

Intensity Measure Value

I 10 [cm/sec]

-]

Display Disaggregation... |

PMNG Format of All PBEE Figures

Fig. 54. PBEE analysis window
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6.5.1 PBEE Quantities

In the figure abovéFig.54), only fADamage Stateso can be
directly within the user interfagédowever, this is an advanced feature that should be exercised
with care, or just left as isynder Damage StateBig. 55), Lambda is the median ECiRat

defines onset of the dege statend is one parameter of the assumed lognormal distribution of
damage whan conditioned iEDP. It has the same unds the EDP for the selected P&t8is

the lognormal standard deviatiand is the second parameter of the assumed lognormal
distribution. Hencebetais dimensionless and has a typical range between 0 afitiduh it is

not bounded by 1)[his parameter is closely related to ttaefficient of variatior(standard
deviation normalized by the mean) under certain conditions (small beta values)

The Repairs, Unit Costs, and Production Rates are displayedsirb &8, respectivelyUsers

can customizéhesePBEE quantities through updating a file named PBEE.DLL which is located
at the installation folder (@Program FileBridgePBEE or GProgram Files(x8)\BridgePBEE

on a 64bit PC). Please follow the stelescribedn Appendix Eto buildan updated PBEE.DLL

file and then replace the onethre installation folder.

Damage States (DS) -

Column DS

EDP Max. Tangent Drift SRSS (%) ~|

DS51: Cracking Lambda (%) |=EAELYAl Beta 0.3

Ds2: Spalling Lambda (%) | 1.65796777 Beta 0.33 Cancel |

DS3: Bar Buckling Lambda (%) |©8.87351648 Beta |D-25

DS4: Failure Lambda (%) | 7.39600139 Beta 0.35
Abutment DS

EDP Max. Relative Deck-(Left) Abutment Long. Disp. (m) j

D51: Cleaning Lambda (m) |0.0508 Beta 25

D52: Assembly Lambda (m) |0.1016 Beta

=]

DS3: Back wall Lambda (m) |0.11075 Beta

=]

RERR

DS4: Back Wall Failure Lambda (m) |0.1382 Beta

Approach DS

EDP Left Approach (Residual Vertical Displacement)

DS1: Pavement Lambda (m) |0.073152 Beta

=1
T

DS2: AC Regrade Lambda (m) | 0146304 Beta

i

=1
'S

D53: Rebuilding Lambda (m) |0.3048 Beta

Foundation DS
EDP Left Abutment Foundation

[=1
T

DS1: Add Pile Threshaold Lambda (m) Beta

=1
T

T T T

&
=
(=]
%]
=
L=
ra
T
%]

DS2: Enlarge and Add Piles Lambda (m) |0.10357801 Beta

Fig. 55. Damage states window
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ltem# | Item Name Unit Col.Max, D51 ColMax, D52 ColMax, DS3 ColMa
1 Structure excavation Cubic Yard (CY) 12.5719 12,5711
2 Structure backfill Cubic Yard (CY) 12.5719 12,5711
3 Temporary support (superstructure) Squre Foot (SF) 5764.07 5764.0
4 Temporary support (abutment) Squre Foot (SF)
5 Structural concrete (bridge) Cubic Yard (CY) 10.2594 10.259.
& Structural concrete (footing) Cubic Yard (CY)
7 Structural concrete (approach slab) Cubic Yard (CY)
B Aggregate base (approach slab) Cubic Yard (CY)
9 Ear reinforcing steel (bridge) Pound (LB} 4631.52 4631.5!
10 Bar reinforcing steel (footing, retaining w... Pound (LB}
11 Epoxy inject cracks Linear Foot (LF) 44,0289 88.0577
12 Repair minor spalls Squre Foat (SF) 27.6823 69.2058
13 Column steel casing Pound (LB}
14 Joint seal assembly Linear Foot (LF)
15 Elastomeric bearings Each (E4)
16 Drill and bond dowel Linear Foot (LF)
17 Furnish steel pipe pile Linear Foot (LF)
18 Drive steel pipe pile Each (EA)
1% Drive abutment pipe pile Each (EA)
20 Asphalt concrete TOM
21 Mud jacking Cubic Yard (CY)
22 Bridge removal (column) Cubic Yard (CY) 10.2594 10.259.
23 Bridge remaoval (partion) Cubic Yard (CY)
24 Approach slab removal Cubic Yard (C)
25  Clean deck for methacrylate Squre Foot (SF)
26  Furnish methacrylate Gallon (GAL)
27 Treat bridge deck Squre Foat (SF)
28 Barrier rail Linear Foot (LF)
26 Re-center column Each (EA)

e >

Fig. 56. Repair quantities window

ltems | Item Mame Unit

Structure excavation Cubic Yard (CY)
Structure backfill Cubic Yard (CY)
Temporary support (superstructure) Squre Foot (5F)
Temporary support (abutment) Squre Foot (SF)
structural concrete (bridge) Cubic Yard (CY)
Structural concrete (footing) Cubic vard (CY)
Structural concrete (approach slab) Cubic vard (CY)
Aggregate base (approach slab) Cubic Yard (C¥)
Bar reinforcing steel (bridge) Pound (LB)

Bar reinforcing steel (footing, retaining w... Pound (LB}
Epoxy inject cracks Linear Foot (LF)
Repair minor spalls Squre Foot (5F)
Column steel casing Pound (LB)
Joint seal assembly Linear Foot (LF)
Elastomeric bearings Each (EA)

Drill and bond dowel Linear Foot (LF)
Furnish steel pipe pile Linear Foot (LF)
Drive steel pipe pile Each (EA)

Drive abutment pipe pile Each (EA)
Asphalt concrete TON

Mud jacking Cubic Yard (CY)
Bridge removal (column) Cubic Yard (CY)
Bridge removal (portion) Cubic Yard (CY)
Approach slab removal Cubic Yard (CY)
Clean deck for methacrylate Squre Foot (5F)
Furnish methacrylate Gallon (GAL)
Treat bridge deck Squre Foot (SF)
Barrier rail Linear Foot (LF)
Re-center calumn Each (EA)

—

[F= T T R L+

Fig. 57. Unit Costs window
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" Production Rates (PR) HEIEN
ltem# | ltem Mame | Unit | PR mean | PR std dev |
1 Structure excavation CWD 1.2 0.2
2 Structure backfill WD 2.2 0.5
3 Temporary support (superstructure) cwD 34.2 3.8
4 Temporary support (abutment) CWD 33.2 3.8
5 Structural concrete (bridge) CWD 10 0.7
6 Structural concrete (footing) CWD 10 0.7
7 Structural concrete (approach slab) CWD 2 0.3
8 Aggregate base (approach slab) CWD 1.2 0.2
g Bar reinforcing steel (bridge) CWD 1.8 0.2
10 Bar reinforcing steel (footing, retaining w... CWD 1.8 0.2
11 Epoxy inject cracks WD 2 0.3
12 Repair minor spalls CWD 2 0.3
13 Column steel casing WD 70 7
14 Joint seal assembly CWD 2 0.3
15 Elastomeric bearings CWD 1.2 0.2
16 Drill and bond dowel WD 1.2 0.2
17 Furnish steel pipe pile CWD 35 1.7
18 Drive steel pipe pile CWD 2 0.3
19 Drive abutment pipe pile CWD 3 0.3
20 Asphalt concrete CWD 2 0.3
21 Mud jacking WD 2 0.3
22 Bridge removal (column) WD 16.2 1.8
23 Bridge removal {portion) CWD 2 0.3
24 Approach slab removal WD 4 0.7
25  Clean deck for methacrylate CWD 1.2 0.2
26 Furnish methacrylate CWD 20 3.3
27  Treat bridge deck CWD 1.2 0.2
28  Barrier rail CWD 1.8 0.2
29  Re-center column WD 2 0.3
{Unit: CWD = Crew Warking Day)

Fig. 58. Production Rates window

6.5.2 Compute Repair Cost & Time

Now, you can select any of the Intensity Measures (e.g., PGV above), and th&oalipkte
Repair Costor Compute Repair Timein Fig. 54 to display the probabilistic repair cost and
Crew Working time in Days (CWD) along with Standard Deviation, digd for each PG
(eleven of them) and each repair quantity (29 of threm@aJ able10), as shown belowsSee
Section7.2.1for the deailed output.

To convert all PBEE figures to ti®NGformat, clickon PNG Format of All PBEE Figures. A

MS Word window with thePNGfigures included in the document will pop up once the
converting is done (please see Sectigh4for the detailed output).

60



Table10. PBEE Repair Quantities

Item#

Item name

O©CO~NOUILA,WNBE

Structure excavation

Structure backfill

Temporary support (superstructure)
Temporary support (abutment)
Structural concrete (bridge)
Structural concrete (footing)
Structural concrete (approach slab)
Aggregate base (approach slab)
Bar reinforcing steel (bridge)

Bar reinforcing steel (footing, retaining wall)
Epoxy inject cracks

Repair minor spalls

Column steel casing

Joint seal assembly

Elastomeric bearings

Drill and bond dowel

Furnish steel pipe pile

Drive steel pipe pile

Drive abutment pipe pile

Asphalt concrete

Mud jacking

Bridge removal (column)

Bridge removal (portion)

Approach slab removal

Clean deck for methacrylate
Furnish methacrylate

Treat bridge deck

Barrier ralil

Re-center column

6.5.3 Compute Hazard Curves

The user is also able to specify a Seismic Hazard for a particular geographic location of this
bridge system in terms of specified values for any IM (e.g., derived from USGS seismicity
maps).The user interface provides default values for site hazardfisgeca location in

Northern California. The hazard values are provided at each of thes28p and 10%

probability of exceedance in 50 years only for PGA and PGV. The user should input hazard
values specific to the site being studied as well as thesityameasure selected for analysis. If

an IM other than PGA or PGV is selected, the user interface will leave the three hazard level
input boxes blank for user input as there are no readily available hazard maps or conversions
from PGA for an arbitrary IMThe default PGA hazard values were obtained from USGS hazard
maps. These PGA values were converted to PGV values using the firm ground conversion of 48

61



in./sec/g. It is not meant to imply that switching between PGA and PGV (or any other IM) will
yield equal hazard.

Once adesiredocal site seismicity is defined, users can cliokplay Hazard Curves(Fig. 54)
to display the mean annal frequency of exceedance amdurnperiod Please see Secti@i.2
for the detailed output.

6.5.4 Compute Disaggregation

Users can also clicRisplay Disaggregation(Fig. 54) to displaythe disaggregation by

performance groups and repair quantitliease see Secti@2.3for the detailed outpu©Only

the disaggregation of the expected repair cost/time by performance group is possible due to the
LLRCAT formulation. However, both expected and variance disaggregation plots are available
when disaggregating by repair qtign The user can select the intensity measure and value on
which to disaggregate. The default value is a PGV value equal to the 10% probability of
exceedance in 50 years specified in the previous section.
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7 Ti me History and PBEE Outoput

7.1 Time History Output Quantities

At the end of the FE analysis phase, time histories and bridge responses willdideawhithe
form:

1 Column Response Time Histories and Profiles

1 Column Response Relationships

1 Abutment Responses

1 Deformed Mesh

In addition, for PBEE argsis scenarios, Intensity Measures (IMs) and response spectra for each
input motion are calculated and are available for display in Table and Figure formats.
Performance Group (PG) Quantities and Bridge peak accelerations for all employed shaking
motionsare also available for display against any of the computed IMs.

The postprocessing capabilities can be accessed from Ndesplay (Fig. 3). Fig. 59 andFig.

60 show the posprocessing capabilities available in a pushover analysis and a base shaking
analysis, respectivelftig. 61 shows the Analysis Options window. Depending on the selection
of the Output Data option§ig. 61), the menu items shown kig. 59 andFig. 60 may be

enabled or disabled. For example, In order to view column response profiles and response
relationshipsinclude Column Response Profiles & RelationshipéFig. 61) has to be checked
before analysis (in this case, menu item€olumn Response Time Histories & Profileas

well asColumn Response Relationshipshown inFig. 59 andFig. 60 will be enabled). To

view the deformed mesh (and animation), both Output Data optidnslofle Column

Response Profiles &Relationshipsandinclude Soil DisplacementFig. 61) must be checked.

If the user wants to view the deformed mesh for the final step only, Ehsglay Deformed
Mesh for Final Step Only (Recommended for Large Models)Fig. 61). The option is
particularly useful when the output data is large and all output cannot be loade@mtoy.

To display output for a different input motion, please follow steps shoWwiyi®2. The name of
the selected input motion will also appear on the menu i(Eigs60).
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File Execute | Display | Help

EF EF Finite Element Mesh [= ][]
PG Quantities for All Metions ’ | | | | | | | | |
- i e-| >
STEP 1: Bridge & Ground Peck Accelerations for All Motions Re-Generate| [~ Bridge Only Zoomin| Out|Frame| XY | ¥Z| XZ| 3D Up | Dn
Maximum Column & Abutment Forces for All Motions
~Model
Detailed Output: Please Select Input Motion
Br Deformed Mesh
— Column Response Time Histories & Profiles
" Column Response Relationships
| Abutment Response
Soil Response Histories
~Analys| Analysis Summary
L
* Pushover Define Pattern... |
" Mode Shape Mumber of Modes 5
" Base Shaking Select Input Motions... |

STEP 2: EXECUTE FE ANALYSIS

! Save Model & Run Analysis.

STEP 3: COMPUTE REPAIR COST

PBEE Analysis |

BridgePBEE Ready Unit: SI Y

Fig. 59. Postprocessing capabilities (menu options) available in a pushover analysis

File Execute | Display | Help

PG Quantities for All Motions \ L
Finite Element Mesh
Ef Bridge & Ground Peak Accelerations for All Motions BEE
STEP 1: D Maximum Column & Abutment Forces for All Motions ge Only Zoom |n| 0ml |:ra"'ml XY | ¥ | L | 3D | &= | = | UPl D“l
Detailed Qutput: Please Select Input Motion (Current: A-ELC)
~Model O Def .
ormed Mesh - Motion: A-ELC
Brid| Celumn Response Time Histories & Profiles - Motion: A-ELC
Column Response Relationships - Motion: A-ELC
Me Abutment Response - Motion: A-ELC
Soil Response Histories - Motion: A-ELC
R Analysis Summary
~ Analysis "\ y = —
" Pushover Define Pattern... |
" Mode Shape Mumber of Modes I 5
Select Input Motions... |

STEP 2: EXECUTE FE ANALYSIS

Save Model & Run Analysis... |

STEP 3: COMPUTE REPAIR COST

PBEE Analysis |

BridgePBEE Ready Unit SI v

Fig. 60. Postprocessing capabilities (menu options) available in a base shaking analysis
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~ Soll Material —— Soil Element —Beam-column Element for Bridge Column

Linear E @ Standard Brick Element (stdBrick) Element Type forceBeamColumn j

" Nonlinear " B-bar Brick Element (bbarBrick) _ i
Number of Intergration Points I 5

™ Use Global Elastic Material — Beam-column Element for Pile (Below Grade) —
Initial Lateral/\vertical I 0.0 Element Type forceBeamColumn j
Confinement Ratio

Young's Modulus I 60000 [kPa] Number of Intergration Points I 3
~ Output Data Simultaneous Execution
¥ Include Column Response ’V Number of Motions Running Simultaneously |3 'l

~ Soil Gravity

¥ Include Soil Displacement

™ Include Soil Acceleration Change Rayleigh Damping...

™ Include Soil Stress-Strain

I Display Deformed Mesh for Final Step Only

cve |

Fig. 61. Advancedptions inBridgePBEE

File Execute | Display | Help

PG tities for All Moti -
O T ons Finite Element Mesh [=]a][x]
EBridge & Ground Peak Accelerations for All Motions

STEP 1: DE Mazximum Column & Abutment Forces for All Motions 'ge Only Zoom In| Outl Framel XY | YZ | .74 | 3D

< | = Upl Dnl

Detailed Output: Please Select Input Motion (Current: A-ELC) |
~Model D

Deformed Mesh - Motion: A-ELC

Bridc Column Response Time Histories & Profiles - Mation: A-ELC

Column Response Relationships - Motion: A-ELC

Mes Abutment Response - Motion: A-ELC
Soil Response Histories - Motion: A-ELC
~Analysis ", - _ Analysis Summaty
" Pushover Define Pattern.. |
" Maode Shape Mumber of Modes I 5
seshalung Select Input Motions... |

STEP 2: EXECUTE FE AMALYSIS

Save Model & Run Analysis... |

STEP 3: COMPUTE REPAIR COST

PBEE Analysis |
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a PBEE Motions [ [= IS
Please choose a motion (100 records in total)
Bin Mation ~
LMSR Z-PEL
LMSR B-ICC
LMSR B-IVW
LMSR B-WSM
MNear H-PVE
MNear H-AEP
MNear H-BCR
MNear H-CXO
Mear H-EQ5
MNear H-ECC
MNear H-5HP
MNear I-ELC
MNear Go2
Mear GOF =
MNear Z-HVR
MNear 0637
MNear JEN
MNear MNWH
Mear RRS
MNear SYL
MNear Cos
MNear A-JAB
MNear A-S50R
SMLR B-ELC
SMLR H-C05

b)

Fig. 62. Steps to display output for a different input motiorcleck menu Display(Fig. 3); b)
select an input motion

7.1.1 Column Response Time Histories and Profiles

The column response time histories and resportdggs can be accessed by clicking menu
Display (Fig. 3) and therColumn Response Time Histories and Profile@~ig. 63). The

column response window is shownFig. 64. There are 3 dropdown lists available for users to
choose. The contents of the 3 lists are as follows:

Left Dropdown List:

1 Response Histories

1 Response Profiles
Middle Dropdown List:
Displacement(relative to base fosoil mesh for earthquake excitation scengrios
Acceleration (Absolute or Total)
Rotation
Bending Moment
Shear Force
Pressure
Response Summary

= =4 =4 -8 _-48_-9_-9
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Right Dropdown List:
1 Longitudinal Direction
9 Transverse Direction
9 Vertical Direction

Please note that the above Middle Dropdown List is only valid for the longitudinal and
transverse directions. If théertical Direction in the Right Dropdown List is selected, the Middle
Dropdown List will becométhe displacement refers to tbeerelative to the model base)

1 Displacement

1 Acceleration

1 Rotation

1 Torsional Moment (Torque)

1 Axial Force

1) Column Response pfiles

The column response profile will be displaye®édsponse Profilesn the Left Dropdown List

(Fig. 64) is selected. For exampleig. 65 shows the bending moment in the longitudinal plane.
The horizontal axis of the plot is the response name (e.g., displacement, bending moment, etc.)
and the vertical axis is the elevatiofithe column (and the pile shaft below grade). Zero

elevation means the ground surface.

For Displacement Acceleration andRotation, two lines are plotted for the response profile
selected (these lines are continuous):

1 End: the response profile at tfieal step

1 Max: the response profile at a certain step when the maximum (absolute) value occurs

In the cases dBending Moment, Shear Force andPressure three lines are plotted:
1 End (Envelope) Envelope of the response values at the final step
1 End (Element Output): the response values for both nodes (top node/bottom node) of
every element (this line is discontinuous)
1 Max: the response profile at a certain step when the maximum (absolute) value occurs
Pressureis the difference of the shear forceshat both ends of each element divided by the
element length.

If Response Summarys selected (the Middle Dropdown List, d&ig. 64), response profiles of
displacemat, bending moment, shear force and pressure will be plotted in one wiR@p\®a).
To view the data of each plot (this feature is also available in all pl&sdgePBEE, click the
filename (e.g., click momProf.txt iRig. 65 and an Internet Explorer window will pop up and
display the momProf.txt data file).

67



2) Column Response Time Histories

The column response time history will be displayddesponselime Historiesin the Left
Dropdown List Fig. 64) is selectedrig. 67 shows the window for displaying the column
longitudinal displacement time histories. The top plot in the windeg: 67a) is the response
profiles for at specific loadtepswhile the remaining plots are the response time histories at
different depthsKig. 67b).

In the plot for theResponse Profiles foSelectedSteps(Fig. 67a), onlyabout10 steps

including the initial state (Step 0), the fistep and the final step are shown if more thasteps
are simulatedStep O refers to the initial state after application of own weight and before the
dynamic run (i.e., pushover or earthquake shaking).

If Accelerationis selected, the frefeld aceleration response time history and the input
acceleration time history are also plott€t( 68). The freefield location is shown iifrig. 63 (at
the ground surface along the diagonal line of themmear thedgecorner node).

File Execute Display Help

PG Quantities for All Motions

EF i ) Finite Element Mesh =|[3]x
Bridge & Ground Peak Accelerations for All Motions
STEP 1: DEF Maximurn Colurmn & Abutment Forces for All Motions Only Zoom |n| OUt| Frame‘ Xy | Yz | XL | 3D | <- | - | Up | Dn |
Detailed Qutput: Please Select Input Motion (Current: A-ELC)
Model Def . tormed Mesh - Mation: A-ELC
- Column Response Time Histories & Profiles - Motion: A-ELC
Bridge
E—— Column Response Relationships - Motion: A-ELC
Mesh Abutment Response - Motion: A-ELC
\le Response Histories - Motion: A-ELC
i Analysis Summary
Analysis Ty o
" Pushover |

" Mode Shape 5

Select Input Motions... |

STEP 2: EXECUTE FE ANALYSIS

Save Model & Run Analysis... |

STEP 3: COMPUTE REPAIR COST

PBEE Analysis |

Ready Unit: I

Fig. 63. Menu items to access the colunesponse time histories and response profiles
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EF Column Response EE.

IResponse profile j of IDispIacement j in ILong\tudinaI direction j

ofild -”Jp.\__—
Longitudinal direction -

Displacement -

Jisplacement
Transwerse direction

Acceleration ‘Yertical direction
Rotation -

Bending Moment
Shear Farce
Pressure

2.5 Response Summal

Fesponse profile -

Longitudinal direction

Fespaonse profile

Elevation m

-2.5

0.000 0.050 0.100 0.150 0.200
Displacement (m)

Fig. 64. Response time histories and profilesdolumn (and pile shaft):isplacement is shown
atthenodes (only one element is used above ground).

EF File Execute Display Help |' IE | xl

IResponse profile j of |Bending Moment j in ILongitudinaI direction j

Displacement
Acceleration ing Moment Profile (File: momProf.txt) =
Rotation

Bending Moment

nvelope)

Shear Force
Pressure lement Qutput)

Response Summary

2.5

Elevation m

0.0 /

-2.5

-5.0

-40 -20 0 20 40
Bending Moment (kN-m)

BridgePBEE Ready Unit: 51 A

Fig. 65. Bending moment profile in the longitudinal plane

69



EF

Column Response

E=lE

jof

IRespcnse profile

2.5

Elevation m

0.0

-2.5

-5.0

5.0

2.5

Elevation m
0.0

Displacement
Acceleration
Rotation

Bending Moment
Shear Force
Pressure

2 Response Summary

Response summary j in ILcngi‘tudl'na\ direction j

0.0000/@D 0DZH 002D 00.08 00LAW0125

Displacement (m)

-

5.0

2.5

Elevation m

0.0

-2.5

-5.0

5.0

2.5

Elevation m
0.0

file Summary (File: sumProf.txt)

40 -20 O 20 40

Bending Moment (kN-
m)

—

Fig. 66. Response summary

Column Response (M

otion: A-ELC)

El=IE

IResponse histories j of ID\'sp\acement

j in ILongi‘tudinaI direction j

Response Profile

s for All Steps

(File: ProfHist.txt)

5.0

2.5

Elevation m

0.0

-2.5

-5.0b

v
i
M i01
M z01
301
M 401
501
M 501
701
M 501
N 501
I 1001
1101
1201
1301
M 1401
I 1501
1601
M 1701
H 1801

W 190125 0.0000

I 2000

a

0.0025

0.0050
Displ. m

)
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Ef Column Response (Motion: A-ELC) [=]=]3

IRespunse histories j of IDisp\acement j in ILungitudiﬂaI direction j
Displacement
Acceleration placement Time Histories ~
Rotation
6.7|gending Moment surface (column top) (File: pdispHis 6.71m.txt)
0.02Shear Force
Pressure
0.010
Displ. m 2:999
0.010
0.020
10 20 30 40
Time (sec)
0 m (ground surface) (File: pdispHis 0m.txt)
0.000000100
0.000000050
Displ. m ©-000000000
-0.000000050
-0.000000100
-0.000000150
10 20 30 40
Time (sec)
5 m below ground surface (File: pdispHis -5m.txt)
0.00000000000000100
0.00000000000000050
. 0.00000000000000000
Displ. m
-0.00000000000000050
-0.00000000000000100
-0.00000000000000150
10 20 30 40
Time (sec) v

b)
Fig. 67. Column longitudinal displacement response time historjagsponse profiles at
specific load stepd) response time histories at different elevations

E¥ Column Response (Motion: A-ELC) BEES
IRespunse histories j of IA((eleratmn j in |Lumg\tud|na\ direction j
Displacement A . . .
celeration Time Histories ~
6. Bending Moment surface (column top) (File: paccHis 6.71m.txt)
1 Shear Force
Pressure
1.00
0.50
Acc. m/s/s g0 |
0.50
1.00
10 20 30 40
Time (sec)
Free-field Acceleration
(File: FreefieldAcc.txt)
1.00
0.50
Acc. m/s/s 0.00
0.50
10 20 30 40
Time (sec)
Input Acceleration
(File: InputAcc.txt)
1.00
0.50
Acc. m/s/s 0.00
0.50
v
10 20 an an

Fig. 68. Column longitudinal acceleration response time histories at different elevatiors (free
field and input accelerations are also included)

71



7.1.2 Column Response Relationships

The column response relationships can be accessed by clickingisghay (Fig. 3) and then
Column ResponseRelationships(Fig. 69). The column response relationships window is
shown inFig. 70. Thereare 3 dropdown lists available for users to chdasm®. The contents of

the 3 lists are as follows:

Left Dropdown List:

1 Load-displacement

T Moment-curvature
Right Dropdown List:

1 Longitudinal Direction

1 Transverse Direction
TheMiddle Dropdown list includesall elevations (starting from column top). Again, zero
elevation refers to the ground surface.

Fig. 71 shows the longitudinal loadisplacement curve at the column top. The load refers to the
shear force of the beaoolumn element at the specified elevatibiy. 72 shows the moment
curvature curve at the column top. The vertical axis is the bending moment and the horizontal
axis is the curvature. To view the data for the plot, click the .txt filename ¢galx
curvX_6.71m.txt inFig. 72).
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Fig. 69. Menu items to access the column response relationships
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EF Column Respanse Relationships [=][=]f]
ILoad—dispIacemint j at |6.?1 m (colw Top) j in ILongi‘tudinf&ifrection j
N— —r N\ —

B.71 m (calumn Top) ~ -IbD‘E Longitudinal direction = [column t{)p) (FiIE:

DX Longitudinal direction

Load-displacement fne

Load-displacement E.71 m (column Top)

Moment-curvature Trangverse direction

o000

Fig. 70. Column response output options

EF Column Response Relationships (Motion: A-ELC)

=

ILoad—dispIacement j at |6.?1 m (column Top) j in ILongi‘tudinaI direction j

Load-Displacement Curve 6.71 m above ground surface (column top) (File:
load dispX 6.71m.txt)
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Fig. 71 Loaddisplacement curve at column top
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EF Column Response Relationships (Motion: A-ELC) E@.

-|at |6.?1 m (column Top) j in |L0ngitudina| direction j

Moment-Curvature Curve 6.71 m above ground surface (column top) (File:
curvX 6.71m.txt)

5000

2500
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-2500

-3000

-0.0020 -0.0010 0.0000 0.0010 0.0020 0.0030
Curvature (rad/m)

Fig. 72. Momentcurvature curve at column top

7.1.3 Abutment Responses Time Histories

The abutment responses can be accessed by clickingDisgiay and themAbutment
ResponsegFig. 73). The abutment response window includes the following optieigs 74):
1 Force-Displacement Relationships
1 Relative Deckend/Abutment Displacement Time Histories
1 Resisting Force Time Histories
1 Pile Cap Displacement Time Histories
where Pile Cap refers to the embankment base right below theedddieaseseeFig. 83in
Section7.1.9.

Three directions (longitudinal, transverse and vertical directions) of the above responses for both
left andright abutments are all displayédeg. 75 shows theabutment response time histories

The force refers to the resisting force acting on eéiuk and the displacement refers to the

relative deckend/abutment displacement.
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Fig. 73. Menu items t@access the abutment response
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Fig. 74. List of abutment responses
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EF File Execute Display Help NEE
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EF File Execute Display Help
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EF File Execute Display Help

Pile Cap Displacement Time Histories -

Pile Cap Longitudinal Displacement (Left Abutment)
(File: abutPilecapDispHistLL.txt)
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Ready

20.0

Unit: S
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Fig. 75. Abutment response time histories (scroll down to see all directions): a) abutment force
displacementelationships; b) relative de@nd/abutment displacement time histories; c)

resisting force time histories; and d) abutment pile cap time histories

7.1.4 Deformed Mesh

The deformed mesh can be accessed by clicking Replay (Fig. 3) and therDeformed
Mesh (Fig. 76). The deformed mesh window is showrFig. 77. There are 3 dropdown lists
available for users to choose. The contents of the 3 lists are as follows:

Left Dropdown List:

91 Due to gravity (soil only)

91 Due to gravity (bridge included)

91 Due to pushover(or Due to base shakiny
Middle Dropdown List:

1 Deformed mesh

1 Displacementcontour fill

79




1 X-Displacementcontour

1 Y-Displacementcontour

1 Z-Displacementcontour
The RightDropdown List includes options of 3D view as well as 2iBws for a number of pre
defined planes.

To view the bridge structure only, cheBkdge Only in the bottoraright corner of the window
(Fig. 77).
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STEP 1: DE Maximum Column & Abutment Forces for All Motions I Bridge Only Zoom In‘ OUt| Frame| 28 | iz | v ‘ L | | e | 51 | BIz |
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Fig. 76. Menu items to access the deformed mesh
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Fig. 77. Deformed mesh

7.1.5 Soil Response Time Histories

Thesoil response time histories can be accessed by clicking Bisplay (Fig. 3) and therSoil
Response HistoriegFig. 78). Thesoil response window is shown ig. 79. There are 3
dropdown lists available for users to ceeoThe contents of the 3 lists are as follows:

Left Dropdown List(Fig. 79):

Longitudinal acceleration time histories
Longitudinal displacement (rel. to base) histories
Transverse acceleration time histories
Transverse displacement (rel. to base) histories
Vertical acceleration time histories

Vertical displacement time histories

Excess pore pressure time histories

Shear stress (zx) vs. strain & eff. confinement
Shear stress (yz) vs. strain & eff. confinement
Longitudinal normal stress time histories
Transverse normalstress time histories

=4 =4 -8 -5_5_49_9_95_2°_2._-2-
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91 Shear stress (zx) time histories
91 Shear stress (yz) time histories
Right Dropdown Lis(Fig. 80):
1 Longitudinal plane crossingcolumn center
1 Transverseplane crossingcolumn center

Distances away frorthe column centeare calculated to match the corresponding soil nodes and

are listel in the Middle Dropdown LidfFig. 81). Fig. 82 is the sample output of tissil
settlement time histories under the left abutment.
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Fig. 78. Menu items to access the soil responses
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Soil Response Time Histories (Motion: A-ELC) [=][=a]E]
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Fig. 79. Response options faoil time histories
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Fig. 80. Planedor locations othe soil response time histories
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Fig. 81 Locations of soil response time histories
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Fig. 82. Soil settlement time histories under abutment
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7.1.6 PBEE Output Quantities

At the end othe FE analysis phase, the following output performance g{&@) quantities (for
each earthquake recordpaused in the next phase of ABEnalysis:

Tablel1ll PBEE Performance Groups

Performance Group

(PG) # Performance group names

Maximum column drift ratio

Residual column drift ratio

Maximum relative deckend/abutment displacement (left)
Maximumrelative deckend/abutment displacement (right)
Maximum bridge-abutment bearing displacement (left)
Maximum bridge-abutment bearing displacement (right)
Approach residual vertical displacement (left)
Approach residual vertical displacement (right)
Abutment residual pile cap displacement (left)
Abutment residual pile top displacement (right)

Column residual pile displacement at ground surface

e
RPBoo~v~ouoprwNR

In addition,Intensity Measures for the computed Free Field ground surface acoeleeatrds
are computed, so that outcomes can be esth@wn against the input base shaking IMs or the
computed ground surface IMs (noted as H¥extd in the user interfaceyhe sections below
detail how the response quantities are obtained fore@cRefer toFig. 83 for the annotated
model that is used to describe the location of sampling points during time history analysis

PG1: Maximum tangential drift ratio SRSS (column)
PG2: Residual tangential drift ratio SRSS(column)

The tangential drift ratio is defined as the maximum)afigplacement above the inflection point
divided by thdength of this distance, and Bisplacement below the inflection point divided by
the length of this distance. This takes careotdtion at the base, different boundary conditions,
etc, so that the results are consistent when computing dambg8&quare Root of Sum of
SquaregSRSS) values of the 2 horizontal components are used. The tangential drift ratios are
combined separateht each time step (to obtain SRSS).

PG1 Max tangential drift ratio SRSS) is the maximum of the SRSS values of all time steps. PG2
(Residuakangential drift ratio SRSS) is the SRSS value at the last timeT$tepangential drift
ratio is in percenge.

To calculate the tangential drift ratio, the following 2 lines were added into the tcl file:

recorder Element -fle A -ELCJdft -time - ele $columnEle tangentDrift
recorder Element -fle A -ELC.ifp -time - ele $columnEle inflectionPoint
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wherescolumnEle is the element # of the column (Only one forteded bearsolumn element
nonlinearBeamColumn  is used for the column). In théft. file, there will be 5 columns of data
for each time step and the first column is time. Inithe file, there will be 3 ctumns for each
time step and the first column is also time.

Subsequentiythe tangential drift ratio is calculated using tlede snippeshown inFig. 84. For
the tangential drift ratio in the longitudinal direction-@itection or bridgéongitudinal
direction), thedx1 andtdx2 variables are the second and third column (the first column is
time), respectively, of the tangential drift recorder fdeg(,A- ELC.dft ). Thetdxi variable is
the second column (the first column is time) of the inflection point recorder fileAe.g.,
ELC.ifp ).

For the transverse tangential drift ratio, tiha andtdx2 variables are the fourth and fifth
column of thedf t file and thewdxi variable is the third column of thigp. file.

Fig. 83. Finite element mesh lBridgePBEE Node Oi Column base node (at ground surface);
Node AT Column top node; Node BDeckend node; Node CAbutment top node (having
the same coordinates as Node B); Nodes B are C are conneetedlytment model;Node D

i Abutment pile cap node
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/] tdx1 & tdx2 -- the tangent drift recorder file at time step i
11 tdxi -- the inflection point recorder at time step i
11 tdx i tangential drift ratio
if( fabs(tdxi) < 1le -20){
tdx = -tdx2/(H - tdxi);
}
else if ( fabs(H - tdxi) < 1e -20){
tdx = -tdx1/ tdxi;
else {
tdx = __max(fabs(tdx1/tdxi), fabs(tdx2/(H - tdxi)));
[/itdx = - tdx*sgn(tdx2/(H - tdxi));
if( fabs(tdx2/(H - tdxi)) < le -20)
tdx = 0;
else if( (tdx2/(H - tdxi)) > 0)
tdx = -tdx ;
return tdx;

Fig. 84. Code snippet to calculate the tangential drift ratio of column

PG3: Maximum longitudinal relative deck-end/abutment displacement (left)
PG4: Maximum longitudinal relative deck-end/abutment displacenent (right)

These two PGs are intended to address the issalmighent impaanto the backwall, so they
aredefined a®only the motion of the deck intbe abutmentMaximum absolute values in the
longitudinal direction are used.

For example,dr theright abutmenshown inFig. 83, it is the relativdongitudinaldisplacement
of node B(deckend node)n the direction of node (abutment top node)A zero valuds used
for the times during whicthe deckend node moves away from the abutment top node.

PG5: Maximum absolute bearing displacement (left abutment)
PG6: Maximum absolute bearing displacement (right abutment)

These two PGs are intended to addressrmgdamage whether or not an explicit representation
of the bearings is included in the usetected abutment model. Therefore, the EDP for the PG is
based orthe relative displacements of the dexid node (e.g., Node B for the right abutment
shown inFig. 83) to the abutment top node (e.g., Node C for right abutment shokig.ig3).

The SRSS values of the resulting two relative horizontglldcements is used and both motion
into the backwall and away from the backwall are considered.

PG7: Residual vertical displacement (left abutment)
PG8: Residual vertical displacementright abutment)

This PG is used to gage immediate repairs for rideability, and is not a measure of the permanent
slumping of the embankment (for example). Therefore, the EDdddslatal asthe vertical
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displacement of the abutment top node (e.g., Nofter Bie right abutment shown Fig. 83)
relative to the declend nod€e.g., Node C for the right abutment showiirig. 83). The residual
value is usedvalue at the final time stgp

PG9: Residual pile cap displacement SRSS (left abutment)
PG10: Residual pile cap displacement SRSS (right abutment)

These PGaddress possible damage below grade due to lateral translation of the piles and pile
caps. While not a direct measure, pile cap displacement was selected as it would not require
knowledge or observations of piles below grade. The EDP is defined by dalythatSRSS

value of the 2 horizontal displacements of the abutment pile cap nodé&l¢elg.D for the right
abutmenshown inFig. 83). The residual is obtainedofm thevalue at the final time step.

PG11: Residual pile cap displacement SRSS (column)

This quantity is analogous to the two previous PG, but is representative of response and damage
at the abutment foundations. The EDP is obtained by calcuthgn@RSS value of the 2

horizontal displacements of the column pile cap node (e.g., Node O sh&wgn8B3) and taking

the value at the final time step.

The PG (Performance Group) quantities for all input motions can be accessed by clicking menu
Display (Fig. 3) and then PG Quantities for All Motiofrig. 85). The window to display PG
guantities is shown iRig. 86.

The PG quantities are displayed against any of the 22 intensity measures (including 11 for the
input acceleration and the other 11 for the-fiekl response)The PG quantities for each input
motion are displayed by bin of the motion (see legarkdg. 86). When an IM is paired with an

EDP and all the individual realizations are plotted, the result is typically termed a demand model,
or probabilistic seismidemand model (PSDMIrevious research has demonstrated that the
central values of PSDMs are often well described using a plewerelationship between EDP

and IM. The parameters of such a poveav fit can be obtained using least squares analysis on
thedata. Therefore, when plotted in lmp space (as is shown kig. 86), the besfit, or mean,
relationship is linear.

The mean (in lodog space) is shown alongttvthe standard deviation (also in g space) of

the powedaw fit. If it is assumed that the EDP responses are lognormally distributed when
conditioned on IM, then these curves can be interpreted as being defined by the two parameters
of a lognormadistribution (the median can be related to the mean of the logarithm of the data
and the lognormal standard deviation is as shown).

To convert all figures currently displayed in the window, click Convert FigurBslt®Format.

A MS Word window with théPNG figures included in the document will pop up once the
converting is donéFig. 87).
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To view lognormal standard deviations for each Pi@.@88), click View Beta Valus in

Fig. 86. The information is tabulated with values in bold indicating the lowest lognormal
standard deviatiofor all the computed IMs in a givé?G.The same information is shown
graphically as @ie chart (separatgie chart for each PG). Such a figure is useful for determining

the selection of optimal IM for a given EDP or PG.
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gma Values.

Printl |

Beta Values (Numbers in bold are the smallest for each PG) 7

PG1 PG2 PG3 PG4 PGS PGE PG7 PG PGo PG10  PG1l B
1 pca 0.339  2.151 0.320 0.285 0.305  0.279 [0.330 [0.331 0.698 0.677  0.769
2 PGV 0.274 [2.137 0.217 0.28%  0.290  0.274 [0.460 |0.464 0.698 0.717  0.731
3 PGD 0.377 [2.199 0.426 0.400 0.409 0.390 0.586 |0.592 [1.016 [1.059  1.067
4 Dp(5-95) 0.519 2.232 0.608 |0.584 0.588 0.572 |0.804 |0.805 [1.556 |1.559  1.569
5 cav 0.350 [2.179  0.304 0.270 0.296 0.271 [0.272 [0.273  [0.854 0.847  0.928
6 lArias Intensity 0.321 [2.157 0.263 0.234 0.254 0.233 [0.214 [0.216  0.693 0.699  0.781
7 SA (Period = 1sec) [0.313 [2.155 [0.304 |0.269  0.287  0.262 0.335 0.341  0.656 |0.664 0.719
8 SV (Period = 1sec) [0.328 [2.172 [0.33¢ [0.301 0.316 0.294 0.386  0.393  [0.797 [0.800  0.842
9 SD (Period = 1sec) [0.313 [2.155 [0.304 |0.269  0.287  0.262 0.335 0.341  0.656 [0.664  0.719
10 PSA (Period = 1 sec) 0.313  2.155  |0.304 |0.269 |0.287  0.262  0.335 [0.341  0.656  0.664 0.719
11 Psv (Period = 1 sec) 0.313  2.155  [0.304 |0.269 |0.287  0.262 0.335 [0.341  0.656  0.664  0.719
12 [Free-field PA 0.386 [2.181 0.380 0.349  0.370  0.344 [0.375 [0.374  0.855 0.851  0.922
13 [Free-field PV 0.259 [2.132 0.297 0.271  0.273  0.259 [0.449 [0.451 0.682 0.713  0.709
14 Free-field PD 0.326 [2.167 0.368 0.337  0.349  0.327 [0.528 |0.534 |0.885 [0.933  0.937
15 Free-field D(5-95)  0.518 [2.232  |0.605 |0.579 |0.585 0.568 0.799 [0.799  |1.551  |1.551  1.563
16 [Free-field CAV 0.396 [2.175  0.365 0.341  0.358  0.342 [0.341 [0.337 [1.047 [1.045  1.103
17 Free-field Arias 0.360 2.164 0.296 0.273 0.293  0.274 [0.140 |0.138 0.867 0.880  0.939

Intensity

18 i”ies’:f;d SA(Period |y see 168 [0.368  0.347  0.364 0.352 0.413 [0.410 (0.882  [0.946  0.981
19 zreles':s;d SV(Peried o419 195 0439 0.405 0426 0.408 0549 0.542 (1130 1197 1207
20 Ereles':s;d Sb(Period |y see  bo1ss  |p.368  0.347  0.364 0352 0413 [0.410  [0.882  [0.946  0.981
21 Ereles':sd PSA(Period |y Joe 168 0368  0.347  0.364 0.352 0.413  [0.409  [0.881 |0.946  (0.980
22 Erie;:gd PSV (Period |y Soe 168 0368  0.347  0.364 0.352 ©0.413 [0.409 (0.881 |0.946  |0.980

|

Beta Values for PG1
(File: PG1Beta.txt)

61.36%

b)

Fig. 88. Lognormal standardeviations betavalueg for each PGa) table format; b) a sample
pie chart graph format for PG1
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7.1.7 Bridge Peak Accelerations for All Motions

The bridge peak accelerations for all input motions can be accessed by clickinBisyday

(Fig. 3) andthenBridge Peak Accelerations for All Motions(Fig. 89). The window to display
the bridge peak accelerations for all motions is showngn90. The responses are available in
the longitudinal and transverse ditiens as well as for the SRSS of the 2 horizontal directions

(Fig. 90).

The figures in this window include (The fréeld location is defined ifrig. 63):

= =4 =8 -8 _48_-9_95_4°

Maximum bridge acceleration
Maximum column base acceleration
Maximum freefield acceleration
Maximum input acceleration
Bridge peak acceleration / colurhase peak acceleration
Column base peak acceleration / input peak acceleration
Freefield peak acceleration / input peak acceleration
Bridge peak acceleration / input peak acceleration

File Execute | Display | Help

PG Quantities for All Motions

Finite Element Mesh

Bridge & Ground Peak Accelerations for All Motions

- O x

STEP 1: DE

Model Dy

Bridg

Mes

Analysis
" Pushover

" Mode Sh

STEP 2: EXECU

{+ Base Shaking

Maximum Column & Abutment Forces for All Motions
Detailed Qutput: Please Select Input Motion (Current: A-ELC)
Deformed Mesh

Column Response Time Histories & Profiles

Column Response Relationships

Abutment Response

Soil Response Histories

Analysis Summary

ape 5
Select Input Motions...

ITE FE ANALYSIS

Save Model & Run Analysis... |

STEP 3: COMPUTE REPAIR COST

PBEE Analysis

Zoom In| Out|Frame| XY‘ YZ| XZ| 3D < | -»

e

- Mation: A-ELC
- Motion: A-ELC
- Maotion: A-ELC
- Maotion: A-ELC
- Motion: A-ELC

i
L\
R

g
/

/]

il

/]

/l

|
)
s
z

Unit: SI

Fig. 89. Menu items to access bridgeak accelerations for all motions
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Response in |Longitudinal direction j with respect to |PGV j

_ PGA
Maximum

(File: [PGD
D(5-95)

CAV

I LMLR Arias Intensity

150( I LMSR 54 (Period = 1 sed)
M Near SV (Period = 1 seq)
M SMLR SD (Period = 1 sec) o
B SMSR PSA (Period = 1 sec)
PSV (Period = 1 sec) P
Free-field PA
Free-field PV
100 Free-field PD
Free-field D(5-95) ° H
PGV cm/sec Free-field CAV
Free-field Arias Intensity o
Free-field SA (Period = 1 sec) o
Free-field SV (Period = 1 sec) [+]
Free-field SD (Period = 1 sec) o
50 Free-field PSA (Period = 1 seq)
Free—ﬁelvaSV {Period-: 1 seq)

R -
o o
° 00 0000 o
° %
o8& 0°
Qo

o

o

o
[+] o ooe
o o oo o% o 00?9
L o0 @508 006°° 0% 0

0.100 0.150 0.200
Bridge Peak Acceleration (g)

a)

Response in |Longitudinal direction j with respect to IPGV j

Maximum Column Base Acceleration (g)
(File: MaxColBaseAcc.txt)

M LMLR
150| (Bl LMSR
Hl Near
B SMLR @
B SMSR o
100
© o
PGV cm/sec
(=]
o
o o
50 o © o °
o °, o ©°
% o 00 o o
[+]
o o P 80 i ° o
o Qo =}
Ba°P %
bk 89T °
0.20 0.40 0.60 0.80

Column Base Peak Acceleration (g)

b)
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EF Bridge & Ground Peak Acceleartions EE.
Respanse in |Longitudinal direction j with respect to |PG\-‘ j
Maximum Free-field Acceleration (g) A
(File: MaxFreefieldAcc.txt)
H LMLR
150 Il LMSR
M Near
SMLR *
M SMSR
o
100
° o
PGV cm/sec
o
o
o
-] o
o
50 o ©°. o
) o o ©
% 0o Q o
[+] o
°©o o & o f o °
o, @°
] o
8 &@D%a b% o o
0 =]
0.20 0.40 0.60 0.80
Free-field Peak Acceleration (g) v
c)

Fig. 90. Bridge peak accelerations for all motioay maximum bridge accelerations; b)
maximum column base accelerations; and ¢) maximurrfig&baccelerations

7.1.8 Maximum Column & Abutment Forces for All Motions

Themaximum column & abutment forcésr all input motions can be accessed by clicking
menuDisplay (Fig. 3) and therMaximum Column & Abutment Forces for All Motions (Fig.

91). The window to display themaximum column & abutment forcder all motions is shown in
Fig.92. The responses are available in the longitudinal and transverse directions as well as for
the SRSS ofhe 2 horizontal directions$-ig. 92).

The figures irthis window include
1 Maximumcolumn shear forces
1 Maximumcolumn bending moments
1 Maximumabutment forces (lefibutment)
1 Maximumabutment forces (right abutment)
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File Execute | Display | Help

PG Quantities for All Motions -
. . . Finite Element Mesh IEHEHE
Bridge & Ground Peak Accelerations for All Motions
STEP 1: DE| Maxi Column & Ab Forces for All Motions Zoom In| Outl Framel XY | Yz | Xz | 3D| <- | -> | Upl Dnl
~Model D Detailed Output: Please Select Input Motion (Current: A-ELC)
Deformed Mesh - Motion: A-ELC
Bridg Column Response Time Histories & Profiles - Mation: A-ELC
Column Response Relationships - Maotion: A-ELC
e Ab Resp - Motion: A-ELC
Soil Response Histories - Motion: A-ELC
~Analysis n
Analysis Surnmary
" Pushover Define Paffern... |
" Mode Shape Murnber of Modes IS_
* Base Shaking Select Input Motions... |

STEP 2: EXECUTE FE AMALYSIS

Save Model & Run Analysis... I

STEP 3: COMPUTE REPAIR COST

PBEE Analysis |

Fig.91. Menu items to access maximum column & abutment forces for all motions

Response in ILongi‘tudinaI direction j with respect to IPGV j
Maximum Column Shear Force (kN) A
(File: MaxColForce.txt)
M LMLR
150| Il LMSR
M Near
| SMLR o ]
B SMSR
o
100
o ©
PGV cm/sec
°
o
o o
50 o o o
° ° B
o ©° oo °° o q
4] 0o,
o o 00 0 g oﬁ ° °0
o o %é’ °3 % oﬁ? °°oo
o o oo o0 oY 50 2 00
b On %OA a2 o 0@ A© ° @
1000 1500 2000
Max Column Force (kN) v
a)
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EF Maximum Forces [=][=]f]
Response in |Longitudinal direction j with respect to |PGV j
Maximum Column Bending Moment (kN-m) ~
(File: MaxColBendingMoment.txt)
M LMLR
150 Il LMSR
M Near
SMLR °
M SMSR o
100
° )
PGV cm/sec
o
o
o
) o
50 ° ° o o
e 3
c [} °° ] o
=] o @,
o o ® °° 2 o °
o o 8 O
° o [ ] o o
o o o o % :’-’ %cpq’ S a?
00" & o @ °
3000 4000 5000 6000 7000 8000
Max Column Bending Moment (kN-m) v

b)

Fig. 92. Maximum column & abutment forces for all motioa:maximum column shear forces;
andb) maximum column bending moments

7.2 PBEE Outcomes

7.2.1 Repair Cost & Time

The final PBEE results will be displayed against emensity measure (e.g., PGV) in terms of:
Contribution to expected repair cost ($) from each perdmce groupKig. 93)

Total repair cost ratio (%)J{g. 94)

Contribution to expected repair cost ($) from each repair qudFRtiy95)

Contribution to repair cost standard deviati@®) from each repair quantify

Fig. 96)

Total repair time (CWD) where CWD stands for Crew Working [ray. 97)
Contribution to expected repair time (CWD) from each repair quaifiidy 98)

=4 =4 =8 -8 -4 _-9_-°
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Contribution to expected repair cost ($) from each performance group (File: PGsens E.txt)

Ml PG1: Max tangential drift ratio SRSS (col)
Ml PG2: Residual tangential drift ratio SRSS (col)
150000| @ PG3: Max long relative deck-end/abut disp (left)
I pG4: Max long relative deck-end/abut disp (right)
Il PG5: Max absolute bearing disp (left)

PG6: Max absolute bearing disp (right)
Ml PG7: Residual vertical disp (left abut) /

100000| ™ PG8: Residual vertical disp (right abut)
Repair Cost ($) M pG9: Residual pile cap disp SRSS (left abut)
Ml PG10: Residual pile cap disp SRSS (right abut)
Ml PG11: Residual pile cap disp SRSS (col)

50000

50 100 150
PGV (cm/sec) v

Fig. 93. Contribution to expected repair cost ($) from each performance group

Total repair cost ratio (%) (File: RCR_Model.txt) ~
M mean
M -1(sigma)
40 m +1(sigma)
30
Repair Cost Ratio(%)
20
10
0
50 100 150
PGV (cm/sec) v
< >

Fig. 94. Total repair cost ratio (¥@s a function of intensity
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Contribution to expected repair cost ($) from each repair quantity (File: Qsens F.txt) o~

Ml Ttem 1: Structure excavation
Ml Ttem 2: Structure backfill
Ml Ttem 3: Temporary support (superstructure)
I Item 4: Temporary support (abutment)
Ml Item 5: Structural concrete (bridge)

Item 6: Structural cencrete (footing)
M Item 7: Structural concrete (approach slab)
W Item 8: Aggregate base (approach slab}
M Item S: Bar reinforcing steel (bridge)
150000| M Ttem 10: Bar reinforcing steel (footing, retaining wall)
M Ttem 11: Epoxy inject cracks
Ml Item 12: Repair minor spalls
Ml Ttem 13: Column steel casing
Ml Item 14: Joint seal assembly

200000

M Ttem 15: Elastomeric bearings

Ml Ttem 16: Drill and bond dowel

M 1tem 17: Furnish steel pipe pile

I Item 18: Drive steel pipe pile

M Item 19: Drive abutment pipe pile

Ml Item 20: Asphalt concrete

Ml Item 21: Mud jacking

Ml Item 22: Bridge removal (column)

Ml Item 23: Bridge removal (portion)

Ml Item 24: Approach slab removal

50000| Il Item 25: Clean deck for methacrylate
Item 26: Furnish methacrylate

Ml Item 27: Treat bridge deck
Item 28: Barrier rail

Repair Cost (%)
100000

M Item 29: Re-center column

i

50 100 150
PGV (cm/sec) e

Fig. 95. Contribution to expected repair cost ($) from each repair quantity

Contribution to repair cost std. dev. ($) from each repair quantity (File: Osens Var.txt) o

Ml Item 1: Structure excavation
Ml Item 2: Structure backfill
M Item 3: Temporary support (superstructure)
M Item 4: Temporary support (abutment)
150000| M Item 5: Structural concrete (bridge)
Item 6: Structural concrete (footing)
M 1tem 7: Structural concrete (approach slab)
[ Item 8: Aggregate base (approach slab)
Ml Item 9: Bar reinforcing steel (bridge)
M 1tem 10: Bar reinforcing steel (footing, retaining wall)
Ml Ttem 11: Epoxy inject cracks
Ml Ttem 12: Repair minor spalls
M Item 13: Column steel casing
M Item 14: Joint seal assembly
M Item 15: Elastomeric bearings
M Item 16: Drill and bond dowel
I Item 17: Furnish steel pipe pile
M Item 18: Drive steel pipe pile
Il Ttem 19: Drive abutment pipe pile
M Item 20: Asphalt concrete
M 1tem 21: Mud jacking
Ml Item 22: Bridge removal (column)
Ml Ttem 23: Bridge removal (portion)
M Item 24: Approach slab removal
Ml 1tem 25: Clean deck for methacrylate
Item 26: Furnish methacrylate
M Item 27: Treat bridge deck
Item 28: Barrier rail
Ml Item 29: Re-center column

100000

Repair Cost ($)

50000

%

50 100 150
PGV (cm/sec) v

Fig. 96. Contribution to repair cost standard deviat{@hfrom each repair quantity
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Total repair time (CWD) (File: RT_Model.txt) ~
B mean f’
50 M -1(sigma) .J
M +1(sigma)
50
40 _/J
Repair Time (CWD) —'J
30
20
10
0
50 100 150
PGV (cm/sec) v
< >

Fig. 97. Total repaitime (CWD: Crew Working Dayas a function of intensity
S eaeymsowpe =lomm

Contribution to expected repair time (CWD) from each repair quantity (File: RTsens E.txt) ~

T
Ml Item 1: Structure excavation
Ml Item 2: Structure backfill
30.0 Ml Item 3: Temporary support (superstructure)
I 1tem 4: Temporary support (abutment)
Ml Item 5: Structural concrete (bridge)
Item 6: Structural concrete (footing)
Ml Item 7: Structural concrete (approach slab)
25.0| I Item 8: Aggregate base (approach slab)
M 1tem 9: Bar reinforcing steel (bridge)
M 1tem 10: Bar reinforcing steel (focting, retaining wall)
Ml Item 11: Epoxy inject cracks
Ml Item 12: Repair minor spalls
20.0| Il Item 13: Column steel casing
M Item 14: Joint seal assembly
M 1tem 15: Elastomeric bearings
Ml Item 16: Drill and bond dowel
I Item 17: Furnish steel pipe pile
15.0 M Item 18: Drive steel pipe pile
M 1tem 19: Drive abutment pipe pile
Ml Item 20: Asphalt concrete
M Item 21: Mud jacking
Il Item 22: Bridge removal (column)
10.0} (M 1tem 23: Bridge removal (portion)
M 1tem 24: Approach slab removal
M 1tem 25: Clean deck for methacrylate
Item 26: Furnish methacrylate
Ml Item 27: Treat bridge deck
5.0 Item 28: Barrier rail
Ml Item 29: Re-center column

| [ r |

50 100 150
PGV (cm/sec)

Repair Time (CWD)

0.0

Fig. 98. Contribution to expected repair time (CWD) from each repair quantity

7.2.2 Hazard Curves
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Based on the local site Seismic Hazard specified, losses are estimatkspénad graphically
as:

1 The defined local sitedzard curveas a nean annual frequendys) of exceedance
(ground motion)Fig. 99)
Return period against total repair cost rgkm. 100
Mean anual frequencyMAF) of exceedancedbs) against total repair cost raRCR
(Fig. 10))
Return period against total repair tilR& (Fig. 102
Mean anual frequencyMAF) of exceedancedks) against total repair tinfEig. 103

T
T
T
T

The mediarground motiorhazard curve is assumed to have a pdasrform with two

unknown parametel&, k in Eq.4) in the range of the ground motion intensities bracketed by
the 2% and 10%probability of exceedance IM valuém). Thetwo-parameter fit (linear in log
space) to the nonlinear (in log space) hazard curve tends to overpredict frequencies of
exceedance for IM extremes both above and below the range of intensities considered.
Therefore, care should be taken when extrapolatnygresultant hazard curves to extremely low
(or high) frequencies of exceedance. Using a1sqéares fit in log space, the unknown
parameters can be determined numerically from the three values input by the usé&f42%

and 10%probability of exceednce in 50 years). On the site hazard curves plotted in the
interface, both the data points and the fitted curve are sfiigr99).

17 GuFA@ I (4)

The poweflaw fit to the hazard data is used to compute the loss hazards. The loss model
(probability of exceeding RCR or RT conditioned on intensity levels) is integrated with the
absolute value of the derivative of this IM hazard to obtain the loss hara (MAF of
exceeding either RCR or RT)etails of the numerical integration are presented in Mackie et al.
(2008) and other sources.

The loss hazard curves (both for repair cost and repair time) are further integrated over intensity

to yield mean amual loss. For example, Fig. 101, the mean annual repair cost ratio expected
for the bridge at the given site is 0.05% of the replacement cost.

10C



Mean Annual Frequency of Exceedance (Ground Motion) (File: HazardIM.txt)

M Fit

0.00350(| mw pata

0.00200
0.00250
Mean Annual Frequency 0.00200

0.00150

0.00100

0.00050

50 100 150
PGV (cm/sec) v

Fig. 99. Mean annual frequency of exceedance (ground motion)

Return Period (File: ReturnPd.txt)

350000000000
300000000000
250000000000
200000000000
Return Period (Year)
150000000000

100000000000

50000000000

20 40 60 80 100
Total Repair Cost Ratio (%) v

Fig. 100 Return periocgainstotal repair cost ratio
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Mean Annual Frequency of Exceedance (Loss) (File: HazardDV.ixt)
(Mean Annual Total Repair Cost Ratio = 0.011687%)

0.00060
0.00050
0.00040
Mean Annual Frequency
0.00020

0.00020

0.00010

Total Repalr Cost Ratlo (%)

Fig. 101 Mean annual frequency of exceedance (lagajnstotal repair cost ratio

Return Period (File: ReturnPd RT.txt)

8000
7000
6000
5000
Return Period (Year)
4000
3000

2000

1000

10 20 30 40 50 60
Total Repair Time (CWD) v

Fig. 102 Return periocgainstotal repair time
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Harzard Curves = | o [

Mean Annual Frequency of Exceedance (Loss) (File: HazardDV_RT.txt) A
(Mean Annual Total Repair Time = 0.042769 CWD)

0.00150

0.00100
Mean Annual Frequency

0.00050

10 20 30 40 50 60
Total Repair Time (CWD)
< >

Fig. 103 Mean annual frequency of exceedance (lagajnst total repair time

7.2.3 Disaggregation

Figs.104-106display the disaggregatigFig. 54) of expected cost by performance group, the
disaggregation of expected cost by repair quantities, artighggregation of expected tirhg
repair quanties, respectivelyin thie figures below e disaggregation is performed at an
intensity of 100 cm/s (PGV) for all three figur@suseldM andvalueas shown irFig. 54). This
IM and its value are shown the plottitles.
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PG1:
PG2:
PG3:
PG4:
PG5:
PGo:
PGT:
PGa:
PGS:

Disaggregation of Expected Cost by Performance Group
(PGV = 100 cm/sec; File: Disagg.txt)

Max tangential drift ratio SRSS {col)
Residual tangential drift ratio SRSS (col)
Max long relative deck-end/abut disp (left)
Max long relative deck-end/abut disp (right)
Max absolute bearing disp (left abut)

Max absolute bearing disp (right abut)
Residual vertical disp (left abut)

Residual vertical disp (right abut)

Residual pile cap disp SRSS (left abut)

PG10: Residual pile cap disp SRSS (right abut)
PG11: Residual pile cap disp SRSS (col)

H PG4
M PG3
M PG5
M PGo

W rc1 19.22%
PG10

M rPGo fj
M pG11

W PG2

[ [f:1ef]

[ f:ley)

Fig. 104 Disaggregation of expected cost by performance group

104




Disaggregation of Expected Cost by Repair Quantity
(PGV = 100 cm/sec; File: DisaggCost.txt)

Item 1: Structure excavation

Item 2: Structure backfill

Item 3: Temporary support (superstructure)
Item 4: Temporary support (abutment)
Item 5: Structural concrete (bridge)

Item 6: Structural concrete (footing)

Item 7: Structural concrete (approach slab)
Item 8: Aggregate base {approach slab)
Item 9: Bar reinforcing steel (bridge)

Item 10: Bar reinforcing steel (footing, retaining wall)
Item 11: Epoxy inject cracks

Item 12: Repair minor spalls

Item 13: Column steel casing

Item 14: Joint seal assembly

Item 15: Elastomeric bearings

Item 16: Drill and bond dowel

Item 17: Furnish steel pipe pile

Item 18: Drive steel pipe pile

Item 19: Drive abutment pipe pile

Item 20: Asphalt concrete

Item 21: Mud jacking

Item 22: Bridge removal (column)

Item 23: Bridge removal (portion)

Item 24: Approach slab remowval

Item 25: Clean deck for methacrylate

Item 26: Furnish methacrylate

Item 27: Treat bridge deck

Item 28: Barrier rail

Item 29: Re-center column

M Item 4
M Ttem 7
I ltem 24
M ttem 23
M Item 5
Others

14.90%

36.92%

21.93%

Fig. 105 Disaggregation of expectedpaircost by repair quantities
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Disaggregation of Expected Time by Repair Quantity
(PGV = 100 cm/sec; File: DisaggTime.txt)

Item 1: Structure excavation

Item 2: Structure backfill

Item 2: Temporary support (superstructure)
Item 4: Temporary support (abutment)
Item 5: Structural concrete (bridge)

Item 6: Structural concrete (footing)

Item 7: Structural concrete (approach slab)
Item 8: Aggregate base (appreach slab)
Item 9: Bar reinforcing steel (bridge)

Item 10: Bar reinforcing steel (footing, retaining wall)
Item 11: Epoxy inject cracks

Item 12: Repair minor spalls

Item 13: Column steel casing

Item 14: Joint seal assembly

Item 15: Elastomeric bearings

Item 16: Drill and bond dowel

Item 17: Furnish steel pipe pile

Item 18: Drive steel pipe pile

Item 19: Drive abutment pipe pile

Item 20: Asphalt concrete

Item 21: Mud jacking

Item 22: Bridge removal {column)

Item 23: Bridge removal (portion)

Item 24: Approach slab removal

Item 25: Clean deck for methacrylate

Item 26: Furnish methacrylate

Item 27: Treat bridge deck

Item 28: Barrier rail

Item 29: Re-center column

<

H Item 4
I Item 5

M item 24
M rtem 2 20.68%

M Item 7
Others

3.09%
3.40%

6.17%
51.23%

15.43%

Fig. 106. Disaggregation of expecteepairtime by repair quantities

10¢



7.2.4 PNG Version of All PBEE Figures

A MS Word file contained all BEE figures in th®NGformat can bereatedas shown below

File Home  Insert Design Layout References  Mailings Review View Help Q@ Tell me = |.,__|

DemoRockEQ1FullMotion February 12, 2018
Repair Cost
- 200000 o or 1 1 1T PG1; Hax tangential drift ratio SRSS {col} ——
_ PG2: Reszidual tangential drift ratio SRSS {col) —=—
} PG3: Hax long relative deck-end/abut disp {left) —=—
; 1g0008 - PG4: Hax long relative deck-endfabut disp {right)} —=—
PGS5: Hax absolute bearing disp {left)

- PGE: Hax abszolute bearing disp {right) —s—
) 160008 L - PGT: Residual wvertical disp (left abut)

- PGB: Residuwal vertical disp (right abut) —s—

ot FG9: Residual pile cap disp 5R55 (left abut)
- - PG18: Residual pile cap disp 5R55 (right abut) —s=—

2 140008 - FG11: Residual pile cap disp 5RSS {(col) —=—
N o
N .

E
- & 1zeee8 -

[N

=

L

-
- 2 1pooen -
: B foaen -
s

F=3

2  cooon -

[
- E=

=

=
- S pean -
=+
) 20008
- a

B 20 40 60 S0 180 120 146 1606 180
PGEY {(cn/sec) | -

[ 3
Pageiof15 115words [|% English (United States) 85 E| B - 1 + 100%

Fig. 107. Converting all PBEE figures NG format



8 AppendHowAt o Define the Soil

A bridge and approach embankments supported on ground strata will be defined. The bridge
configuration is shown belowr{(g. 108). In this simple configuration, the approach
embankments are idealized by a rigid triangular configuration employed tdlexsglfweight

of these embankment® the supporting ground.

Column height above grade
L Deck length

I -/ i

. _?f_o_u_“f*f_%fiaf_e_x___i_}_u_ __________ /} -

=i Total column height

le
Depth of embankment rEmbankment length
foundation

la
|‘Embankment length
Side view

| Embankment length | Deck length | Embankment length

|‘ rr rr

v

A

| ~Deck width

Plan view

Fig. 108 Schematic view of an idealized single bent bridge system
Step 1

In the user interface, clidBridge Parameters With reference téig. 108 define the following
parameters according to your preference:

Diameter: This is the bridge column outer diameter, which is currently also the pile diameter
(Integral column foudation scenario).

Total Column Length: Starting from the bridge deck all the way to the pile tip

Column Length above Surfacefrom bridge deck to mutine

Embankment Length: (in planview, longitudinally from bridge edge to street level away from
bridge)

Depth of Embankment Foundation Height of approach embankment at bridge edge the
ground surface to the base of the appraanbankmentoundation Fig. 108).

10¢
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Deck Length: Length of bridge in the longitudinal direction

Soil Parameters make sur e TBhicknés® a o f
total thidkness of the ground stratum from the ground surface all the way down to the base of the

shelt oagler® i s

soil mesh. Make sure that the column/pile base (tip) is within the defined soil domain depth.
Note: Earthquake input motion is imparted along the base of the soil ifesibase is assumed

to represent rigid bedrock. As such, this input earthquake excitation constitutes total motion
imparted at this Bedrock level.

Step 2

Click Mesh Parametersto define additional meshing parameters.

T a Gen@ral Definitiono Fig. 109):

Slice® i s 16

horizontalplane of the soil mesh.

Ma k eMesh scale
or | arger. This

i s

A Ful Numbeeaf h 0
parameter refines

& General Definition
Horizontal Meshing
“vertical Meshing

Mesh Parameters

General Definition

Column

Number of Slices 32 hd
MNumber of Beam-Column Elements above
Ground Surface (Please enter 1 if fiber
element is used)

Bridge Deck

Number of Beam-Column Elements
for Deck (Even Number)

—
C

Fig. 109 General meshing controlling parameters (default values)

T a MHoriiontal Meshingd Fig. 110): This section controls mesh refinement along the

horizontal directionLength of each soil horizontal layer is defined in the left column. Number
of mesh elements in each defined is speatfi i n
that the first mesh layer is starting from the center of the mesh when the column is located and
the length of the first mesh layer is equal to the column radius. The fourth mesh layer is for the

10¢
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embankmentRatio of Element Length over Nextis used to obtain a gradually changing
element size within a layer ifniform Meshing is unchecked (obviously this option is only
valid if the # of mesh layers is 2 or larger).

To obtain a refinement near the embankngEig. 111), checkActivate Adjusting Mesh beside
Embankment (this option is only valid iNum of Slicesis 32 or larger)Then define the size of
the F'layer as a factor of Deck WidtRig. 111shows an example of using this option.

To minimize the number of elements in the horizontal direction, dieaknize Number of
Elements in Horizontal Direction. As a result, all other options defined for the horizontal
meshing will be ignored. This checkbox option is particularly useful when a rigid ground case is
needed.

Mesh Parameters -
- General Definition Horizontal Meshing
L Vertical Meshing I Minimize Total Mumber of Elements in Horizontal Direction
Mesh Layer # (From Length # of Mesh Uniform Ratio of Element Length
Column Center) m] Layers Meshing? over Next
1: Column Radius |::,.3' | 1 7 ,7
2: |22.195 |2 |— 0.9
3 | 22195 |2 r 1.2
4: Embankment | 25 | 2 v 1
5 |2: |2 " 1
6 |D | 1 ¥ 1
7 o [ 3 ’7
g [0 [ 3 1
g [0 [ 3 1
10: |0 [ 2 1
Mesh Adjustment beside Embankment
[~ Activate Adjusting Mesh beside Embankment
Size of 1st Layer (Factor of Deck Width) 0.2
Ratio of Element Size over Mext (1 means Uniform) ,:37
oK | Cancel ‘ ‘

Fig. 110 Meshing controlhg parameters for horizontal direction (default values)
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R .
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I-\-\-"""'---.
L\“‘\
b)

Fig. 111 Adjusting mesh neambankment: a) beferadjusting; b) after adjusting

T a Wertital Meshingo Fig.112): This section defines the soil profile (layering) along the
vertical direction starting from the ground surface downw@oisking at the side view from the
top downwardsHeight (thicknes$ of each soil layer is defined in the left column. Number of
mesh el ements in each deNunherotiMeshdayspp ecaf i edasn
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equal to 1 to define a soil profile consisting of a single type of soil). Height (thickness) of this
layer must be equal to the entire soil stratum height. Note that the number of mesh layers in the
upper zone (where the pile foundation is embedded) will automatically define the number of
beam column elements of this pile (below ground surface). As siglgenerally advisable to

select an adequate number of mesh layers in this zone. Note: If there is any error during mesh
generation, please follow the error message instructions to adjust the controlling parameters and
then try again.

Note: Element sizis a parameter that affects frequency content of the ground response. Smaller
size elements (particularly along the soil domain height), will permit higher frequencies (if
present in the input motion) to propagate to the ground surface with more fidelity

Mesh Parameters .
-~ General Definition Yertical Meshing
- Harizontal Meshing
g Mesh Layer # Height # of Mesh Uniform Ratio of Top Element
(From [m] Layers Meshing? Height over Bottom
Topdown)
1 o3 K v [
2 E |3 v [
: | A
E | v [
E [ N
E i N
E [ N
E | A
E | S
E | A
E | S
oK | Cancel ‘ ‘

Fig. 112 Meshing controlling parameters for vertical direction (default values)

The finite element mesh created with the above default values is shéwgn 113 Examples of
mesh generation are shown in Fig$4-116.
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Fig. 113 Finite element mesh created with default values

ral Definition -al Definition
orizontal Meshing
- Vertical Meshing ~ Column

Number of Slices |54 'l

MNumber of Eeam-Column Elements above |17
Ground Surface (Please enter 1 if fiber

element is used)

~Bridge Deck

MNumber of Beam-Column Elements Iwi
for Deck (Even Mumber)
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EF Finite Element Mesh =[x
Re-Generate| [~ Bridge Only Zoom In| Out‘Frame‘ XY ‘ YZ ‘ XZ‘ ap| <-| = | up ‘ Dn ‘

F————

b)

Fig.114Mesh refinement
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exampl e 1:

-~‘

N
N
AN

1\
i

’
i

I
I

g

Mesh X
General Definition
Harizontal Meshing
ertical Meshing tMesh Layer # Height Mumber of ) Fatio of Top
{Fram m] Mesh I\Udrn]alfsirlrr]: . Elemeant Height
Topdown) Layers 97 over Bottom
i 05 I v
2 |5 |6 v
| | 4
| | i
| | >
| | P
| | ~
| | i
| | ~
| | iz
| | i
Ok | Cancel ‘ Apply |
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BridgePBEE - [Finite Element Mesh]
EF Fie Execute Display Help

| Bricge oty Zoomin [ out[Frame| v [vz [ %z [ 30| <[ [up[on|

For Help, press F1

W/
W

i

Fig.115Mes h r ef

Mesh

General Definition
Horizantal Meshing
“erical Meshing

b)

i nement example 2: a)

direction; b) the resulting mesh

[ Minimize Mumber of Elerments in Harizontal Direction

hesh Adjustment beside Embankment
[~ Activate Adjusting Mesh beside Embankment

Size of 15t Layer (Factor of Deck Width)

hdesh Layer # Length # of klesh Uniform  Ratio of Element
(From Col. Center) [m] Layers Meshing? Length awer MNext
1:Col. Radius | | " [
z |22.195 |4 r g
3 [22.195 |4 r e
4: Embankment |25 |4 v
5 B3 4 v e
B o [ W F
7 [ I 7
B 0 I W
. [ [1 v
10: [ [ v [
,7
,7

Fatio of Elerment Size owver Mext (1 rmeans Unifarem)

Ok | Cancel

a)
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BridgePBEE - [Finite Element Mesh]
EF File Exeate Display Help

IERefGemeralgi I~ Bridge Only  Zoom In | OutlFramgl =y | YZ | HZ | 3D | (—l—)lUpanl

|BridgePBEE For Help, press F1 unt: 51 A

Fig. 116 Mesh refinement example 3: a) Change meshing controlling parametiees in
horizontal direction; b) the resulting mesh
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9 AppendiSx mBl e PushoveBr i ExgaRnpgneds
Gr ou)nd

Steps to build a bridge model on a fixed base
In BridgePBEE, a very stiff ground meghcurrently used to simulate a fixbdse scenatrio.

Simplest Approach:

In the main window of BridgePBEE, Click Mekile, and therRigid Ground Case:
DemoRock.pbe andYes(to create a new model). Please save the modetlifferent folder
before praeeding.

Alternative Approach 1:
Start with Example 1 dtttp://peer.berkeley.edu/bridgepbead modify the bridge model to
match your specifications.

Alternative Approacl2:

To make the soil very $tj please follow the steps below:

Step 1: In the main page of the interface (Fig. 2), dhitd, thenNew Model, andYes(to create
a new model).

Step 2: ClickSoil Parametersin the main window.

Step 3: Click22: U-Clay2 from Soil Type dropdown list.

Step 4: Enter a large number for tBeear Wave Velocity(e.g, 10,000 m/sec), and clicBK to
close UClay2 window.

Step 5: ClickOK to closeSoil Strata window.

Step 6: ClickFile, and therBave Model(to save the model).

Simple Verification (Linear column properties)
1. Cantilever Beam with Longitudinal Load at Free End

This case can be obtained by making the bridge deck very flexible (e.g., use a very small value
for the elastic modulus}heRoller abutment model is employed.

The Fiber section witklastic Material is used to simulate the column. In this case, the
equivalent flexural stiffness is El = 33734EN-m? (as reported back by the user interface, see
Fig.10,, when #AEl astico is selected).

Load P =20 kN
LengthL=6.71m

The end displacement w = #8E|l = 5.97 E0O4 m

BridgePBEE give$.97E-04 m Fig. 117).


http://peer.berkeley.edu/bridgepbee/

EF Column Response =|[=]=

|Response profile j of |D|sp|acement j in |L0ng|tud|na\ direction j

Displacement Profile (File: pdispProf.txt)

M End.

W Max.
5.0

2.5

Elevation m

0.0

-2.5

(0.000597, 6.710000)
580000 0.00010 0.00020 0.00030 0.00040 0.00050
Displacement (m)

Fig. 117 Cantilever beam simulation using BridgePBEE

2. Fixed-end Beam with Point Load
This is a case where the column base is fixed at rigid rock and there is zero rotikgon at
column top. This case can be obtained by making the bridge deck very stiff and also applying the
Roller abutment model.
The Fiber section with Elastic material is used to simulate the column. In this case, the
equivalent flexural stiffness El = 3379 kN-m? (as reported by the user interface, when
AEl asticd prop¢e€Eig.10.es are selected in

Load P =20 kN
Length L=6.71m

The end displacement w = B#I1L2EI= 1.492 E04 m

BridgePBEE gives 1.4984 m Fig. 118).
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EF Column Response [=[=]B

|Response profile j of |D|sp|acement j in |Longltud|na\ direction j

Displacement Profile (File: pdispProf.txt)

M End.

M Max.
5.0

Elevation m

(0.000149, 6.710000)
0.000025 0.000050 0.000075 0.000100 0.000125
Displacement (m)

-5.0

Fig. 118 Fixedend beam simulation using BridgePBEE
3. Bridge selfweight with rigid Column & roller abutment model

The distributed load of deck p = 130.3 kN/m
Half of the bridge length L =45 m

Elastic modulus of deck = 28,000,000 kPa
Moment of Inertia = 2.81 fn

Fig. 119displays the deformation of bridge deck under gravity. The maximum is 0.037@g.m (
119. The closeform solution gives 0.0368 niig. 120).



EF Deformed Mesh [=I[=]5¢
|pue to gravity (bridge indluded)  +| [z-displacement contour  +|  [3D view ]
= D |
Scale Factor [200 [0 | F

Zoomln| Qut | Frame | xv| YZ ‘ XZ| BD‘ <-

Up|Dn|

-

Unit:m

5.426e-08
-1.862e-03
-3.724e-03
-5.586e-03
-7 447e-03
-9.309e-03
-1.117e-02
-1.303e-02
-1.490e-02
-1.676e-02
-1.862e-02
-2.048e-02
-2.234e-02
-2.420e-02
-2 B07e-02
-2.793e-02
-2.979e-02
-3.165e-02
-3.351e-02
-3.538e-02
-3.724e-02

Fig. 119 Deck deformation under gravity (the maximum displacement is 0.0372 m)

v

P

——» X

RN

Displacement

W
1 L
X

2 D

_ pBI-2n(L-nxd
@) = 45 BT
Wz =W (L5785 L) e — r 00368 m

maz 1846 EI

Fig. 120. Fixed eneroller beam analytical solution (from efunda.com)
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4. Nonlinear-Column Bridge Pushover

a) Longitudinal Pushove(fig. 121)

EF Column Response Relationships ==&
‘Load—displacement j at |6.T1 m (column Top) j in ‘Long\tudinal direction j
Load-Displacement Curve 6.71 m above ground surface (column top) (File:
load dispX 6.71m.txt)
1500
1000
Load (kN)

500

0.000 0.050 0.100 0.150 0.200

Displacement (m)
Fig. 121 Longitudinal pushover
b) Transverse Pushovéfig. 122
EF Column Response Relationships ==1E
|Load-disp|a:ement j at |6.71 m (column Top) j in =
Load-Displacement Curve 6.71 m above ground surface (column top) (File:
load dispY 6.71m.txt)
1500
1000
Load (kN)

500

0.000 0.050 0.100 0.150 0.200

Displacement (m)

Fig. 122 Transverse pushover
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100AppendiHow t o | ndisregreft aMaeetdi ons

1) Directory Structure of a PBEE Motion Set

To conduct a PBEE analysis, input motions must be defined (please follow the steps shown in
Fig.47). The window to define PBEE input motions is shawirig. 48. Click Browseto select

a PBEE motion sefg. 123). Click onthemotion set name (e.g., PBEEMotionSetl) and then
click onOK to choose this motion sefig. 123).

In BridgeBPEE the input motions are organized in a format that the program can read.
Specially, the input ground motions are sorted into Wiigs.124 shows thelirectory structure of

a PBEE motion set nam&BEEMotionSetl The second level directories are bins (e.g., LMLR,
LMSR, Near, SMLR, SMSR; sd&g. 123andFig. 124). The third level directories are

earthquake namés.g., there are 3 @aguakes under bin LMLR: BORREGO, LOMAP,
NORTHR,; sed-ig. 124). And the fourth level directories are the input motion names (e.g., there
is 1 input mabn under earthquake BORREGOG:EA.C; seeFig. 124).

Each motion is composed of 3 perpendicular acceleration time history components @ lateral

andone vertical) As shown inFig. 124, each motion folder contains 6 fileategorized into 2

file types: the DATA files contaithe time historyacceleation unit in g)of a compaent and

the INFO files contairthe characteristics of the corresponding comportegil25andFig. 126

displays sample INFO & DATA files. Naming of these files has to follow the format below:

Input motion name + angleotUP TOWNA f or ver t+iAA20+fc.odmptoande nt )
(or A.infood)

Note that the filenames with the smaller angle will be used for the longitudinal direction and the
other ongwith the larger angleyill be used for the transverse direction.

The first 2 lines of each INFO file must follave style otthe example below

{Data points NPTS}4000}

{Sampling period DT (sec)}{0.01}

Where 400@nd 0.01 aréhe number of data postandhe time steprespectivelypf an input
motioncomponent.

2) Steps to Create a Input Motion

Based on the alve description fothe directoy structure ofa PBEE motion set, one can easily
create an input motiofirig. 127):

Step 1: create a folder and rename to your PBEE motion set(eagn&otionSetlseeFig.
127).

Step 2: create a folder under the motion set folder and rename to your bitengumanl)
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Step 3: create flder under the bin folder and rename to your earthquake (@ameQuakel)

Step 4: create a folder under the earthquake name and rename to your input moti@game
MOTION1).

Step 5: create the 6 files (3 INFO files and 3 DATA files) for ilmgsit motion(Fig. 127).

Note: If you download the input motion files fraimve PEER NGA Database, there is no need to
re-format the data into one leonn as shown ifrig. 126. Just copy the data points into the
corresponding DATA files. And then make the INFO files containing the number of data poin
and the sampling period DT (2 lines) according to the header information.

PEE nout Motions
PBEE Input Mation Folder « | Bzt
P , azliAzy a
|C:'ﬂ,|v1yDDc"-,_PElEEHPBEEMDtmnSeﬂ
Input Maotions (100 Records in ' ccto.cl e 13 Intensity heasures ‘
il
Record# | Bin | Browse For Folder |—|E| | Duration (Sec) | &
M1 LMLE B Choose a folder: 40.0000 =
2 LkLF L 39.9500
3 LMLR L 39.7450
4 LMLF: L [C3) PBEEMotions ” 33.9500
5 LMLR: L B (D [ — 1 38,9500
b LMLR L I LMLr 395750
7 LMLR ) [ LmsR 34.8800
3 LMLR: I = Near 337900
3 LMLR ) [ sMLR 29.8800
10 LMLR: I = svsR = 35 3600
1 LML M ) PBEEMationSet1_SNgtions 40.0000
M1z LMLR: M ) PEEEMotionSet1_10M\tions 34.9900 bt
De-zelect All IC) PEEEMotionSetl_16motns H= for Each Bin
Doubl ik d [h PBEEMotionSetl_Max 5058¢s
[Braitlz-giie: omEny e ic ) PEEEMotionSet1_MaxPGAS
Scale Factar; Langitudin D PBEEMotonSet 15maliSet Y el I‘Ii
" Compute Response to Enti [vake ewrolder | [__ok ]| Ca\e\l I I seconds
f* Compute Response for | 0= a=amn g \
Time Step  |0.02 secands ¢ K S NB I NJ
UKAa Y2u/
Ok Can
|

Fig. 123 Choosing PBEE motion set
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9 NI Kl dzI

B/%

File Edit WView Favgrites Tools Help ﬂ'
a % U A Padiress |[F:",] C:'-MyDcu:'-,_I’BEE'-.F‘EEEMDﬁDnSEt1'-LMLR'-BORREGO'-..-5.)£LC V| B co
as l:l b ers x Mame Size | Type Date Modified
= S PEEEMotionseti A [EaELcup.aT2info 1KE INFOFile  2/7/200% 3:56 PM
LMLR ~ [Eafcur.aT2.dats 53KE DATAFle 2/7/2009 3:56 PM
A y' = [ BORREGO A-ELCZ?EI.ATZ.inFD 1KE INFOFile  2/7/200% 3:56 PM
3 aELC =] a-ELc270.4T2. data S3KE DATAFle  2/7/200% 3:56 PM
) Lomap — [Ha€Lc180.4T20nf0 1KE INFOFile  2/7/200% 3:56 PM
£ NORTHR =] a-ELC 180,472, data 53KE DATAFle  2/7/2009 3:56 PM
I LMsR
I3 Mear
I3 sMLR
I3 sMsR w
S5 |« |3
\ \ ]
azuAzy | 2NRAT 2y QI f

Fig. 124. Directorystructure of PBEE motion set

B *C:\MyDoc\_PBEE\PBEEMotionSet1\LMLR\BOR... [= |[B][X]

File Edit Search View Encoding Language Settings Macro Run
TextFX Plugins Window ? ¥
£ ] -
o .:? B = RERIIP [Eh o9 I:D = 8 ﬂh

[= A-ELC130.ATZinfo l

{Data points HEFTS}{4000}

{Sampling period DT (sec)}{0.0100}

[T S RS

Ln:3 Col:1 Sel:| UNIX ANSI INS

Fig. 125 Sample .info file

124



B C:\MyDoc\ PBEE\PBEEMotionSet1\LMLR\BORR.... [= |[B][X]

File Edit Search View Encoding Language Settings Macro Run
TextFX Plugins  Window 2 ¥
- [ >
o .:? a8 ‘g [a] -] EJ s Lh
[= A-ELC180.AT2data l
1 0.118107E-02 A
2 0.136645E-02 B
3 0.900667E-03
3 —-0.6483028E-04 At
Ln:4 Col:14 Sel| UNIX AMNSI IMS

Fig. 126. Sample .datéle

& MOTION1
File

Edit  View

eﬁack @ \_/l

Favarites

Tools  Help

lﬁ ’;\J Search ‘H____L' Falders

T

Address |@ [t _PEEE\MokionSet1ibinlQuake 1\MOTION1

V|G|:|

Falders x Mame Size  Twpe Date Modified
= ) Mationset1 A~ [EHMOTIONI-UP, T2, data S3KE DATAFle  2/7/2009 3:56 PM
= ) bint MOTION1-UP, ATZ.info 1KE INFOFile  2(7/2009 3:56 PM
B ) quaket MOTION1000, ATZ, data S3KE DATAFle  2/7/2009 3:56 PM
9 MOTION MOTION1000, ATZ. info 1KE INFOFile  2/7/2009 3:56 PM
) PBEEMationSett MOTION1090,AT2, data SIKE DATAFle  2/7/2009 3:56 FM
) PBEEMationSet1a MOTION090, ATZ. info 1KE INFOFlle  2/7/2009 3:56 PM

=% AREERA-Lie e — oL

4 | ¥

<

>

6 objects (Disk free space: 9.62 GB)

160 KB

¢ My Computer

Fig. 127. Example of usedefined motion
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11 A p p e nd:iCaiculation of Steel and Concrete Material
Properties

Steel Bars

By default, the Steel02 material is used to simulate steel bars. The format of the Steel02
command is akllows (Mazzoni et al. 2009

uniaxialMaterial Steel02 $matTag $fy $EO $b $R0 $cR1 $cR2

Where $fy is the steel yield strengifaple2) , $EO i s Youngdés modul us
strainhardening ratio (ratio between pgstld tangent and initial elastic tangent), $R0, $cR1
and $cR2 are parameters to control the transition from elastic to plastic branches.

The number of longitudial bars is calculated as follows:

r A
#b e
ars A (5

Where r ¢ is the longitudinal steel percentagablel), Ac the column crossection areahs is
the crosssection area of the steel bar.

If the number of longitudinal bars is known, the longitudinal steel percentage (reinforcement
ratio) can be calculated:

ro= (6)

A

WhereAs s the area of longitudinal steel, which is equal to the area of each bar times the number
of bars. For example, the diameter of a #18 bar is 2.257 inches, so area istheéne are 10
bars in a 36 inch diameter circular column, then

:& =0.03¢
P3e
4

r

S

or 3.9%.

The transverse steel percentage (reinforcement ratio) for a spirally confined circular column,
currently the only type of column supported in the interface, is

ro=Erel S((?;B) ™
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Wheredst is the diameter of the transverse spiral (always smaller than the diaxnister

longitudinal bars). The spacing between transverse bar3le diameter of the confined core is
dec Which is the gross diameter minus twice the cover and minus the diameter of the transverse
bars (see Eq. 10). Sor a #5 spiral spaced at 3 inches on center in the same column mentioned
above.

5
p(§)2
r, =

= = =001: ©
336 22- é)

or 1.3%.

Currently the transverse reinforcement does affect the shear response (through changes in the
uniaxial constitutive moddbr the concrete cojeHowever, the columns are modeled

considering onlylexurally dominated respongee., there is no accounting for shear flexibility

or shear degradation directh@dditional relevant details on the parameters used in both the
Cover and Core Concrete areluded in Appendix Ofbelow)

Cover concrete

The ConcreteO2naterial is used to simulate the concrete (for both cover and core). The format
of theConcreteOZommand is as follows:

uniaxialMaterial Concrete02 $matTag $fpc $epscO $fpcu $epsu $ldftiRiEts

Where $fpc is the concrete compressive strength, $epscO is the concrete strain at maximum
strength, $fpcu is the concrete crushing strength, $epsu is the concrete strain at crushing strength
(all of the above values are entered as negative), $lamskihe ratio between unloading slope at
$epsu and initial slope, $ft is the tensile strength, and $Ets is tension softening stiffness (absolute
value) (slope of the linear tension softening branch).

For cover concrete, $fpc is equal to the concretenfimed strength iTablel, $epscO = 0.002,
$fpcu = 0.0, $epscu = 0.006, $lambda = 0.1, $ft = (0.14)$fpc, and $Ets = $ft / $epscO.

Core concrete

i) For core concrete of circular column cross sections according to the Mander model, the
procedure to calculate the confined concrete stredfgtf= f_.) is as follows:

f.=f.(-1254225 41+ 7.9 4:— - 2%) 9)



Where f_is the unconfined compressive strength dpdan be obtained from the following
eqguation:

1
fe =_?I<ert fy (10)

Where f is the steel yield strength, . is the transverse steel percentage, Bpdan be
obtained from the following equation for spirally confined circular columns:

S 2
1- =
_( 2dcc) (12)
C@-ry
Where:
_A
R “A (12)

An assumed value of the area of the confined core is used for default values. This area should be
modified based on the expected compressive block in the column during lateral loading.

_pd. )
= (13
_pdy”
S =
rtdCC (14)
Wheredot is the transverse bar diameter
dc c: DL - 2c- db t (15)
Wherecis the clearcoverc(= 1. 50)
i) $epscO
2f
eps®=—=:°
p E. (16)
Where:
Ec=00430"°/f, 17
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Wherew is the concrete unit weight (unkg/n?)
i) $epsu(=e ps)
f
epscu= 0.004+ e, f—y r, (18)

C

Where gis the ultimate steel straing=(] )

iv) $fpcu (= f,)

_ fe(epsci) (epsc) )
o (eps@t (epSCD -1+ ((epSCl)l)(ep sof (19)
(eps¢
Where:
epsc= (eps®)(1+ 5(% - 1) (20)
epscr= _ B
P -t (21)
° (eps}
Notes.

1. The information above is specific to the Steel02 and Concrete02 models of the Fiber section.
Other options includeHg. 10), Steel01 and ConcreteO1 (for more information please see the
OpenSees documentation), and Elastic properties for the fibers. These options can be activated
by clicking on the default Steel@? Concrete02 sectionkif. 10) and changing these options.

2. A different property may be specified for the Column below grade (for instance to roughly
represeng large pile group as a large single column). If this option is seldetpd), the

column below grade will have linear properties as specified by its diamet¥r@andn g 6 s
Modulus).

3. All the equations presented in this Appendix are based on the Mander model fer spiral

reinforced circular concrete columns. The user may want to use their own constitutive model or
parameters. In this case, the valoé these paraner can be definedirectly inFig. 10.
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12 A p p e n HE: iCustomization of PBEE Quantities

Users can customize PBEE quantities through updating a file named PBEE.DLL which is located
at the installation folder (@Program FileBridgeBEE or C\Program Files(x86BridgePBEE

on a 64bit PC). Please follow the steps below to buildpalated PBEE.DLL file and then

replace the one at the installation folder.

Step 1: Download PBEE.ZIP

Pleasego to the BridgePBEE website download asource code project filgilename:
PBEE.zip)for Visual Studio. We'll use this one to build the PBEE.DLL file.

Step 2: Open PBEE.SLN File

Unzip PBEE.zip to a certain location and then use Visuai&{2010 versionor late)) to open a
Visual Stidio Soltion file named PBEE.SLRKFig. 128).

Openthefile named PBEE.CPP and madepropriatechangegFig. 129).
Step 3: Bild PBEE.DLL File

UndertheVisual Studio, click menu Build and then Build Solution to buitdupdated
PBEE.DLL file (Fig. 130).

Step 4: Replace FHEE.DLL File

Make surehatBridgeBEEE ishotrunning and then copy the new PBEE.DLL file to the
installation folder and overwrite the old offgg. 131).

Step 5: Run BridgePBEE

Start BridgePBEE, the program is now running with the updated PBEE quantities.
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@0 PEEE - Microsoft Wisual Studio Acadernic =

File Edit ‘iew Project Build Debug Team Data Tools Test  ReSharper Window Help

;'J'JHE *J;ﬁﬂ|ﬂ'PJ'gﬂ':$|P|Release '||'\I'l-"in32 v||[3;
Db afREE 22003 a3@m bl o 'd- %%

PBEE.cpp X = Solution Explarer
=
(Global Scope) 22| E S
5// PBEE.cpp : Defines the entry poini$f [d Solution 'PBEE' (1project)
;Y | 4 [J1PBEE
| g External Dependencies
#include "stdafxz.h" ¢+ PEEE.cpp

#include "DEEE.R" n] PEEEh
| Readhe.tt

¢+ stdafe.cpp
] stdafeh

1[=E=NERYED 1

1qoo] .‘_":gr EER

J#ifdef MANAGED
#pragma managed (push, off)
#endif

BOOL APIENTRY DllMain{ HMODULE hModu
DWORD ul rea
LEVOID lpRese

switch (ul reason for call)

{

DLL PROCESE ATTACH:

DLL THEEAD ATTACH:

DLL THEEAD DETACH:

DLL PREOCEEE DETACH:
break:

B Class.. B Prope

ms @

Fig. 128 Visual Studio file PBEE.SLN
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Fig. 129 Modifying file PBEE.CPP
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