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"Q =Ul t | GQoariper eStgiewet €Gonfi ned Concrete

Q= Effective Lateral Confining Stress on Cor

"Q=Effective Lateral Confining Stress on Congc

Q= Effective Lateral ConfPirninmcg p&tlr e DI reerc t C ml



Q= ekt oFor o g

Q= iYe®d engtHo ra fz tanttssAiloen

% =Yield SfrRRmgtnB e Rai nf orCreonsastiltecgl iCn & d k
"F=Yield SfrR mReptimf Bacing

Q= Yield Strength of Steel

Q= Yield Strength of the Transverse Reinforc
= pS iShgf fCoestsant

"Q =TangentStiffnessa t-t h | t duningithiTimaStep

"Q = TangentStiffness

= Mass

€¢=ModulRaatri o

=Pl asHi hgengt h

¢ =Numbe 8 deafc es Hofr i zBedReailnf or cement

¢ =Numbe® deafces Vef tdlkd@li nf or cement

Center to Center Spacing or Pitch of Spir

Clear Vertical Spacing between Spiral or
0= Slab Thickness
0 = RelativeDisplacemenbf the Mass

0 = Velocity of the Mass



0 = Acceleratiorof the Mass

0 = GroundAcceleration

0= Natur al Frequency of the Structure

0oz Clear Distance between Adjacent Longituc
e= Strain

e=Strain of Concrete
e=StraMaxahmQompr eSgieweft €Gonfined Concrete
e =Ul t i $tart @Coanfoifned Concrete
e=StraMaxat@ompr eSgiewdit nconfined Concrete
e =Ultigtanraei n of Unconfined Concrete

- =Strain at Onset of Strain Hardening

e =SpalStrmagn of Cdwn&adonncfrienteed

r = Ratio of Area of Longitudinal Rei nforcem

r = Rati o of t he Vol umn of Transver se Conf i

Concrete Core

Y =Di spl acfe flem&ayate v E |
Y=Di spl acfe Bem&ayte vkl
Y =Di spl acfe flem&eayante vkl

Y =Di spl acferBlem&ayatevil



(9]

Y =Di spl acferflem&eayntev eV
Y =Di spl acfe rBlem&a yte v ¥ |

YQ= eRst oFoir magt h | tcdunngithiTim&Step

Y= Resi duatlh Flotrerea taiton

&

Y6 =IncrementaDisplacement t-t H | t duningithiTimeStep

Ab= Ductility Level of Col umn

[ = Live Load Factor for an Earthquake



AbstofcThesi s

Seismic Evaluation of Bridge Syst ¢
Usi ng NovellntGepgernasteeeds Gr aphi c al User | n

This thesis presents the devel opment of
2024 (BAP202db)ased MADLABRIesigned to analyze
bridges subjected to seismic events and oth
i mpuldsse. BAP2024 features intuitive Graphi c:
with custom MATLAB functions and the Open
Simul ation (OpenSees). Il ts primary objecti vVve
data f oas Opredn Setreamline the postprocessing
need for manual scripting in Tcl or extern

evaluati on.

| n pripgg ocessiBWAgP 2p0h2ads eal | ows wusers to input

GUIls, automatically calcul-aotmpgsictretacal com@mp
section properties, confined concrete char a
generates ambdei tefeltdmerbtri dge, including

sections. El ement al | oads and nweaiad htmaamsde s
tributary area superimposed | oads. ulgsher s car
the GUIs. The program then produces Tcl file

data to analyze the finite el ement model

| n pgdipet oces s iBiAgP 2p0h2ads ei mports OpenSees res

t hem vbhas&dldi agr ams ;dissupcl ha caesm esshtie el di tios ,ic @fr a rec



and di sglianee nheinstt ori es. |t al so provides de
profiles at each time step. Users can ident
points on tdhespdhleameindr de agr am. Usimtg yield
values during seismic events, the program en

aiding in repair or replacement decisions.

As aapnpl i caBARPD02Wmwhe mamteed niann ysi s of t wo
bridges, refernedcdspanxabmidapeshpwaym ebsr [Adgehes e
prototypes, circul acgolruemmsf owecreed deoxicgreddcke i(Rd
f orbcassed met hedpoas e s BAP2IO0M dmxliyditated ¢t

and performance analysis of the prototypes u

soi |l classification D, to calpheranalhyet iscdls nri
reveal that the RC circular columns in Prot
present an unacceptable risk of coll apse. I n
B exhibitdd tlyowlermaduwcst,i i ndi cating superior j

severe damage o These egultsiunderdcoreea cfitiaal limitatioa in the
traditional approach of designing structural components as individual members, rather than
considering their behavior within the contexteofull bridge system. While forebased
methods and response spectrum analysis provide a robust framework for initial design, they
may overlook complex interions between bridge componentShis can lead to
incorsistencies in the predicted performance of individual elements and the overall
structure By bridging the gap between memibevel and systerevel design, tools like
BAP2024 provide valuable insights for improving seismic design methodologies and

achieving more reliable and sustainable bridge structures.



Fromdaunc at i,onBaAP 2t00264F iiesn dulsyerand has potent
aid in the "Structur al Design to Resi st Nat
Uni versity. This course trains graduate st uc
forces wudasndh ¢ pfl eceestreechtmet hods. BAP2024 can su
by validating column designs-dégo#éardem duc

( MDOF) systdimsensni armaleecont exts.

Future enhantémemptrosgram could focus on e

modeling complex bridge structures by incoryg
girder bridges, and integrating pushover ane
i denti fpoctaetnitoinaloff ai l ure points and enabl e t|

beyond t he Addstionarlalnygge.conductibmrg dgeal ys
constraints, boundary <conditions, uratnldersoi |
investigate their effects adevbhEe spbtuemm Hes
using the -BDased aResneqit ( DBD) met hod at the s
provide comparative insightsBaglaiDest gme § rIBtD9

met hod.

X X1i Vv



Chapt-émnmtitoducti on

This thesis introduces the Bridge Anal ys
MATLABased tool designed to streamline the ¢
external excitations such as BeAaPr2tO0R2gdu af keeast uare
intuitive graphical user interfaces (GUI s)
MATLAB functions and OpenSees, streamlining
finite el ement mopdredcse s saisn gwed 8 u faiseiu Ih&eh ipoprsaut

obviates the nfteensi ver cladlbad ati ons of bri dge

scripting of OpenSees commands, and the sut
applications.

Duringrrbreceessi nBApRAg&d facilitates wuser
t hrough graphical user interfaces (GUI s) ,

parameter s-cempbsiatse namd composite section p
characteristics,s.anldhel acfttiwarhd ngen d reatgd h a
the bridge, i ncorporating nodes, el ement s, i
masses are compwetiegdhtb aasnedd sounp esrelInfposged | oads
to tributary areas. Users can tailor analy
Subsequently, BAP2024 generates Tcl files fo

finite el ement model anal ysi s.

|l n gdipt ocessin@APRARdE I mports OpenSees a
visualizes thamethdoagh a@bl| -dincpluadd enrge nsth emlr «

f ortdeme hi stories-t i mendhiddts@priace.medthe soft w



comprehensive displacement profiles of the
determi ne col umn yield di spl acement-s by S €
di spl acement di agr am. By wutilizing yield an
dur iingmise event s, BAP2024 supportsaittiengvalu

in decisions regarding the repair or replac

|l i keli hood of structural failure.
1.Sly s tLeemw e | Seismic Assessment of Bridges
The design of bridge columns as individual

f orbcaesed approach and response spectrum anal

preliminary design. However, this approach
bet wtereindge component s, potentially resulting
performance of individual el ements and that
valuabl e tool for evaluating the performanc
|l evel, offering a more comprehensive assessn

Il n this thesi #®smpBAR20Bd opamfadryma&nce of t w
bridges subjected to five scal ed( @& ssptatngu a k e
bri dgpel) B - s wadan bridgehese prototypes, circul a
columns were individbastég meshgdedandi ngspo
analysis to withstand the base shear forces
target di sptlyacckereartd du@a)i Ifior theé igmlsumng hin
the ductility I imits prescribed by Caltrans
model s for the complete prototypehibsrtiodrgyes a

analtheeanpal yti cal results indicate that the



Caltrans ductility | imits, posing an wunacce

circular columns in Prototype B demonstrate
performance with mini mal ri sk of severe dama

These findings highlight a fundament al [ i m
t hat treat structur al components as 1isol ate
comprehensive Dbridge system. By -ladet e amnidn g
sy st-leemvel design, tools such as BAP2024 offer
design practices, thereby contributing to th

bridge structures.

As a@acducati,onBAPZ®0®»4 i s déetsigndytaentehasep
applications as a teaching aid in the " Struc
at George Washington University. This cours
bridge cokdmas-dmogaglteedom (SDOF) systems to
forces thmodghi & gtacseeedmeanptpr oaches. BAP2024
|l earning experience by validating column de

mul-deago#eeedom ( MDOF)-dsyetnem® niah ftclomée gur at i
1. @ ganiafbeéTithensi s

This thesis is organized into six chapter
its purpose and providing an overview of the
2024 (BAP2024). Chapter 2 reviewsAkP2024ant |
includicognpoa®inte and composite section prop:e
concrete, plastic hinges, and the Open Syst

(OpenSees) . Chapter 3 presents BAP2624, den
3



(GUI s) and -bytepi ggi @destooepprogram usage. Cha

devel opment, xalmpodasiiteg atnhecomomposite secti on
BAP2024, as wel | as verifying |l oadecéaheul at
programbs inte@Ghapgt drunstf oaoal$evweylo nc ocloumpno nceend

usi ng tbhaes efdordceesi gn ( FBD) met hod and respon

foll owed dHyeval spssemsment of prototype perf
i ndi ces, highlighting-l ehel | densitghi whegnokevab
system | evel. Finally, Chapter 6 concludes t

BAP2024, emphasi zi ngl etvheel nberciedsgse tay\we altf u astyi sot nesi

potenti al future enhancement s.



Chapt-¢éi t2rature Review and Relevance to t

This chapter introduces the key principl
grill age model , -ddmpopsricgpeerandce st rodnsnMoor med ¢
confined and unconfined concrete, t he Ope
componenhear tkheey smodel , Newmar kéos met hod fo
anal ysis, iterative procedures, and converge
2.1 Finite El ement Analysis and Grill age Mod

Finite El ement Analysis (FEA) i's a numer

solutions for compflércsti rafcfhinaieesnitmemaan nceors t( S

al ., 2011)il Fuguratés the availablegifdarte e
bridges, such as the spine and grill age mode
a) Physical Bridge b) Grillage Model ¢) Spine Model

Fi gute Comparison of Physical Bridge, Grillage N
Jamali et al. (2017) and Snyder et al. (20
is widely wutilized for analyzing various ¢ty
Bridge Design & Assessment (2020) ilcent i fie
met hod for analyzing girder bri dges. Il n t he



represented by | ongitudinal beam el ements, \
the bent caps, diaphragms, and effective par

in Snyder et al ., 2011) .

2.2 Modeling Approach in BAP20214

While BAP2009 wutilized the spine model
BAP2024 employs the grillage model for gird:
observation of each girder's mechani sms, def
i's easgrgani ze using MATLAB and integrates w
make the grillage model particularly suitatlt

cl assr oom.

Figu2eaBdl id2l ustrate a simple grillage mo
bridge with two spans, five girders, and fo
effective slab flange width are discretized
transverse members represent the diaphragm
model ing patter n-4i.s Tdepipdtn&kd diars hkeidgudriem el i n

deck, which is not considered in the anal ysi



1 Shear Key Elements ‘

'ﬂ Diaphragm Elements |

Girder Elements !

!Shear Key Elements |
Girder Elements _
l:' Column Elements
Figu2e FZ2 nite EIl ement Model of Bridge

--------------------------------- — [ pomins |

L ¢ "‘4—‘ Shear Key Elements ‘
-]
‘\I Bent Cap Elements } | Diaphragm Elements

AN

& _,4—‘ Shear Key Elements |

Figu8e 2ZFinite of Bridge

Structu

Struct



? t ? ? ?

Shear Key Elements

Shear Key Elements

s 4 ! ) 3

Fi gu#4e Detailed View of Shear Key El ements at

2.3 -MNoomposite Beam Properties

After the users determine the girder type
cal cul at-eesmpohsei thneonsecti on psreocpteirotniaels ,arienac,l uc
and gross moment of i nerti a, and displ ays

calawi on procedures f or ienacFh gsu&@etsi o2n type ar

Figube S2eps for Calculating Section Properties



o — Step 1
0 “Y'O0 "Y'O0
0 O ®o
= 5 6700 600
0 0 0 0
—
a) About Y-Axis b) About Z-Axis
Step 2-a) Step 2-b)
80 BOb4D YR 50 o9 oPo n
60 0600 wAg)
60 06 'Ok
Step 3-a) Step 3-b)
60 H 6 "0 s
Step 4-a) Step 4-b)
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Ok, — 600 6®) b z(6O 60 ) ie3 600 60 ) 0 z(60 6"0 )
Step 5-a) Step 5-b)
G T G G TG G
Step 6
OF Gr G

Figu6e S2 eps for Calculating Section Propertie

To cal culcaotnep otshiet enosnecti on pheper siees i onh, |
the section is -dewtidens:i ntop ffilvemgseutbomop t
trapezoid, and b9ttt dmeflsaregpes (B gwompu2 e t he
are referenced from Civil Engineering (2019)

of inertia of the trapezoids are referenced



TFw

Top Flange (TF)
Top Trapezoid (trapop)

Web (W)

Bottom Trapezoid (trap,d)

Bottom Flange (BF)

FiguTe Subdi visi o-Beafm A&KLBHIpP®EIIi te Section Property C

Step 1: Area

o:
=3

o & ? 656G 6700 0o
0 600 6C
0 0 o i o) o i o) M

Step 2-a): Centroid (About Y-Axis)
60 60006 & wQ "YOO Y
Y& "Y'O0 ¢ @0

00 0000w WwQ "YW o YOU 6o

60 6006 W W

ywe, 00 600 Cwo
00 j 000 — —————
g 0600 wo

60 6 'Ot

50 80 8 80 j & 5 8086 80 5 b 5 SOH b
(o]

Step 2-b): Centroid (About Z-Axis)
60 s

Figu8e S2eps for Calculating Section Properties f
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Step 3-a): Moment of Inertia (About Y-Axis)

Qo — YOO YO
Ty 0 (60 60 )
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Gonon o= YE W) - Y YO & Y (— we ) (Yo wy(s0 5 —)

(O:3 — o0 w0Q
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Q5 — 6°00 66 ki
Q5 6 (80 80 ) wh
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Step 3-b): Moment of Inertia ( About Z-Axis)

q — Y00 YO
a v <&, ve ) o2 vo (L X (2 veao)
G — @O0 wo

@ c(ee ) 2 oo edE 3 (poew)
QG — 670080
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Step 4: Polar Moment of Inertia

Ok O G

Figu®e S2eps for Calculating Section Properties f
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2.4 Composite Beam Properties

A composite section is one that i's compo
Typically, each materi al has i1 ts own distinc
materials are combined, the section becomes
section properties. In bridge design, the sl
all owing them to function as composite bear
primarily wused to design the strefngtthhe capa
superstructure under applied | oads.

2.4.1 Effective Flange Width

One of the paramenhéelresethbhaets shgncompastt g
i s t he effective flange wi dt h. According
Specifications, ninth edition (2020), the ef
as -bhalf the di st agnicredetro otnhee aacchj asciednet of t he
4 . 6 . ZForéxterdoj girders, AASHTO generally suggests that the effective flange width

can be taken as ofmlf the distance to the interior girder plus the full overhang width.

2.4.2 Transformed Composite Section

Il n structur al engineering, composite sect
such as a concrete deck and steel girder I n
transformed section method. This method si mg

materials by converting the properties of on
materi al . The key to thisnt, r awhsifconr mast idoenf iinse
ratio of the Youngds Modul us oaof rtalhé ot s smatt e

reflects how much stiffer one materi al i s co

12



the properties of the second material to mat

caispl ace (CI P) sl ab, typically made of conc
materi al t hat represents theThlitsg ftmassf @f md tl
all ows the analysis of the bridge structure
to calcul ate bending, shear, and stress di st

n is calculated by oifvitdhiengtti hié eYourad s i Mdd
by the Youngbés Modulus of the othecalmangri a

factor to adjust the dimensions and stiffne

transformed section method simplifies the ar
stages, by enabling engineergqgqtuobovéalreat mame.!
whil e stildl accurately accounting for the be
according to the following equation
. O
€ 9 P
According to this equation, the transfor

mul tiplying the slab thickness or effective

sl-abam section is transformed into the equiywv

't i s important to note thatOamnfDe apbeent s
necessary tcolaummnated ebmeaamhs i n OpenSees. Ther
must be transformed in both directions (Quir

is multiplied by eitherdotwhenl al'lGoué foitye mitgi v «
the sl abotwherkneasl8x(uHiagttiGlneg Z he steps to cal

properties of the transfor med -dlampEd2s?2i te sect

13
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- Beff - —n.Beff—
! !
EESSSESsSssssssssAsssccsssssossooy Z
A t A
ts ts
Composite Section Transformed Section
( for Iy)
Note: - Beﬁ "
_ Esiab ESSSSSESscSScEooogEsssssSSSSSSSE=E) '
Ebpam ‘
_ n.ts
Transformed Section
( for Iz)
Figut® Pransforming Cokpodite Sections for
o Transformed Section (fdy)
& —
O ~—.Beff—=
0 0 s )o !
SEESEE5EEE ts
| S i
6"0 O <
i
) 80 ¢ )(0) 60 Heen Z
50 ( ) "( )(©) I che
0 CGbeam |
" P oo . || l ]
o s )©) T
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Figut® Qteps for Calculating Section RPAxdperties
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Transformed Section ( fdz)

Beff

. ©
€ O—

\:TEEE:EEEEE::::E:E::E:EEEEEEE:E::i

p l ‘ n.ts

G O—C(éa‘))(é ) 4

Hbeam |
G G G ‘

! Vi J

Figuit2 3teps for Calculating Sectidboixda@erties of

For exterior girders, the effective f1l an
sides. 't is necessary to divide the effecti
Of or each segmentOmsfe ptaheatterl gns fThhremdeadtsadct i on
summi ng the contributions from these segment
applies to interior girders with wur&qual sp
Note that the pr @®ciedutrtei § ocorctad xtul rae maigns un
in Fi-flur ei 2ce only tzdereehionaoai ;as ei monbeder
properties of the transformed composite sec

presented in Chapter 3.

15
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Figutit® €Cal culating MomentAxdfs loferEtxitae rAbooautGitrhdeerz

2.5 Materi al Model s

Concrete is highly effective under compr ¢
in tension. To enhance both strength and du
bri dge col umns, ar e typically reinforced

reircfeanent not only resists tension but al so

shear f orces.

| n addlidangint udi nal reinforcements, transyv
role in the seismic design of col umns. Ade
ductility and facilitates mo me n't redistri b

prevent iamms e heef codncrete columns (Mander et
with steel transverse reinforcement benef it
The concrete encased within the transverse
wher eacsuttelre | ayer S unconfined concrete. N
t heoretiscalai atredsationship for confined <con
reinforcement significantly i mproves the str
i ni gru4e 2onfined concrete demonstrates highe

strain at peak strength. The wultimate strain

16



t hat of unconfined concrete. Further mor e, t

decreases until failure (ductile failure), w
in strengt h, |l eading to sudden failure (brit
fe
! Onset of first hoop fracture
f cc

C

f’CC'LL

e Confined Concrete
Unconfined Concrete

> &,
€co 2e.0 Ecc Eccu

Figut# 3tStersasin Rel ati onhoinpi Gempamnmidsdmcomhfi ned Cor

When conducting nonlinear analysis in Op
confined and unconfined concrete, as well as
exhibiting plastic behavior. Typi cealnlty, t hr
parameters (confined concrete, unconfined co

fiber sections representing the core concre
These fiber sections are t henFuprltahceerd dient atihles

di scussed |l ater in this chapter.

17



2.5.1 Confined Concrete Model

The significant parameters for confined ¢c
OpenSees i nclude t he maxQmumstaoammr estsi ma X is
compressive, sulrteingdai®e, sandnglt h-i matMarmsderai ent
al . (1988) identified that factors influenci
transverse reinforcing bars (hoops or spiral

reinforcing bars, the |ltoaolgiofudspiat alsparci nige c

of transverse reinforcing bars, and the tot
reinforced concrete column is | oaded, the c
concrete spalls onfdéte whs | eegihet edbrley ctome <co

Fi gudbasndBb2Mander et al , 1988) demonstrate t
vol ume. It i's important to note that the co

confreinfforcement s.

d i
ds —s'/2 |'

(

'y
X

(|

1 | Effectively confined core ’ Effectively confined core ‘ S |s
\ ! ;
‘ ; ) £
/ 7
Cover spalls off Ineffectively confined core
spalls off
Hoop
a) Plan View b) Side View
Figuit® Confinement Effect in a Circular Se
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Ineffectively confined core

Cover spalls off spalls off
a) Plan View b) Side View
Figuite €CQonfinement Effect in a Rectangul ar

2.5.1.1 Maximum Compressive Strength and

Compressive Strength

Mander et al . (1988) proposed the follow

compressive strength and sheesgtrlain at maxin

a9 "0 X0 1Q Q
pguTcR LT P o) C,‘Q c¥
0 o
p U,‘Q P C
Whef e s generally equal to 0.002 for most <co
For circular col umns:
Q ™" Q ¢

19



" —oi Qi <®
For spirals
P @
0 - &
For hoops
> <o
0 5 C&
" — &y
For rectangul ar col umns:
For princiopal direction:
Q 0" "Q N
For Other direction:
Qv Q P m
Q 2 0 P p
G
p B 0 _l‘r_ 1
0 (Sl f,) b P oo C® G
Y
5
i wQ ® o



ar @
i 0
or P v

2.5.1.2 Ultimate Concrete Strain

The ultimate strai-nhicsf gwemceanmflilnyed akemc raest
corresponds to the spalling of cover <concr et

to the yield strength of transverse reinfor

increased in conf itneerd dceofnicnreest et.h eT hsitsa tpea raatmew |
experiences failure due to the fracture of t
options are available to calculate the wult

expression fPaounh aPyr i(elsSt92e)y b& i ng used in BAP2

A) - mintm — ( Qi & Moehl e, 1904p 0
wher e ¢C8pX
B) - 8L T 0 T8 & "7 (Corley, 1966838pu
C) - Tt T P8 (Priestley & PauBlpawy, 199

wheTr e” " for rectangul ar seg&qdmns

21



2.5.1.-8t SaresRel ationship in Confined Con

Mander et al . (1988) proposed-stamaienxpr e

relations-bhbp &aFi ol bo®s.

0 "Q wi &
i p cap
o — & ¢
i o & o
o0 &

By substi+uitntng the expomrssobnaifmwms the ultim

strength of ¢&onfined concrete,

2.5.2 Unconfined Concrete Model

Chang & Mander (1994) revi ewed sever al €
proposed by Young (1960), Mirza & Hsu (19609
others, and identified the most accurate exp
mechaassmhown i n Equation 2.24. This express

and -t gdhngt h concrete up to 12 ksi ®@&nd i s us

in these expressions i s psi
N ey 9 T
P T p® T op
. Q &
w — U
Q C
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2.5.3 Reinforcing Steel Mo d e |

BAP2024 utilizes the steel mo d e | propos
il lTustrat-¥d TheFsmgaedwms 2 onship in the elastic

pl ateau is described as foll ows:

For el asti-c Dregi on

Q -0 C® p

For yield plateau region

0 "0 & C

For nonlinea+r reghenstress i s determined acc

expressions:

23
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Wher e:

£

Nonlinear Region

fy

™~ Yield Point & Yield Plateau

EEEEEEEEEEER
IEEEEEEEEEEEEEEEEEEEEEEEW

~=— Elastic Region

)

=
M
=

Figut2 3tStersasin Rel ationship of Steel (Park &

2.6 Understanding and Applying OpenSees in B

The Open System for Earthqguake Engineer
software framework for simulation applicatdi
el ement MeKdhmum" Q@penSees has been widely ut
areas, including the nonlinear dynamic analy

ot her extreme scenari os.
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Il n BAP2024, the OpenSees commands are gener :
model ing commands, anal ysis commands, and r

command group are discussed in the foll owing
2.6.1 Modeling Commands
2.6.1.1 Constraints Command

Il n BAP2024 moldreil tgled nanédhree spati al di men:
freedom per node. Some nodes are constrainec
Figurlgtso-D2 When two nodes occupy the same
command is employed to impose the same si X
those of the master node. These constraints

keys are connected.

Girders’ Last Nodes---> fix $NodeTag 001100

Girders’ First Nodes---> fix $NodeTag 001100

Column Base (Fully Fixed) ---> fix $NodeTag 111111

Figut® CQonstrained Nodes in Bridge Finite EI e
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Shear Key Nodes---> fix $NodeTag 111111

r 1 1 1
L L |

Shear Key Nodes---> fix $NodeTag 001100
L_]

[ Shear Key Nodes---> fix SNodeTag 001100

™~ yoob b

|
Lo
T 1 1 T 11!11

Shear Key Nodes---> fix $NodeTag

1

Figut® CQonstrained Nodes of the Bridge with Shea

[ \
First and Last Nodes of Exterior Girders
/ > fix $NodeTag 111100
[
Figu2@ CQonstrained Nodes of the Bridge with Bolt
2.6.1.2 El ement Command
OpenSees of fers a variety of -ceoll aumenn t ty
el ement s, nomll u mre ag | dmessd d-c bFammmec eel ement s, t
and mor e. Il n BAP2024, the superstructure el

col umn ealse ntelnetssee components atresnetiocgnander

expected to remain elastic during seismic e
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el ement s, which represent the bracing provi
assumed to be six i nches in width and pos
superstructure el ements -aolkkumondel echientss nignt @
which requires i npbhoh'Opchthameét dahmse swohblst asct ul
el ements can be modeled as either elastic or
Il n the elastic case, the column armdluermt <cap

el ement s.

I n the inelastic case, column el ements .
el ement s, where plasticity is confined to t
while the interior of the el ement remai ns e
energy from earthquakes, are commonly referr
pl asticc chainndge (cal cul ated using the foll owi ng

which takes into ad)c,outnhte tyhié®d Icdo hsatdrnet nhgetnhg 1 (B m

Q) of the Il ongitudinal reinforcing steel
a mErd ™ 0Q & @

|t shoul d die mootnmento ntl lyatt aken as appr oxi m:

col umn hetfghxte di nc ofl iuxmends , representing the ph
the column to the point of inflection.

The "BeamWi thHinges" el ements are confi gt
as il lustr-2lf edoi @ma jptdgefeoetnBaect ifoor creel at i onship

hinge regions.
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Plastic Hinge Length
Figu2g RBiber Secti ons BaetanmBAttth HE mdgse sd'f Etl reement
For bent cap el ement s, using the " BeamW
convergence i ssues, particularly when bent
resulting in a very s20rt bent cap el ement (
Bent Cap Elements Short Bent Cap Element
o o ® ® ® ® ®
T Link Element

. Bent Cap Nodes at Girder's Locations

e Column Element

@ Bent Cap Nodes at Column Locations @ Top Column Nodes

I
mo d e

or d

f o rbcaess e d

Presence of Short

Figu22 PRotenti al

nstead of using concentrated

l'ing inelastic members is to

i s pd acediemét a mn
provide

el ement s
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Bent Cap

pl asticity

di s

el eme&3d)t. s ErPichkkroe (2023) n

significdadmtsled mor e



Conselhasedicpeamar ecd ements are empl oy:

of the bent cap in BAP202

ones.

nonl i near behavior

\[ ] T T
[
e lo b1y

Lo/ ]

N
[ ]
[ ]
[ ]

E.

n.

V

oy ]9 ]

Pl astic

Figu2® PRiber Sections in Distributed
6. 1.3 Fiber Section Command

2.

A fiber secti onsercetproensad ntgse otnheet rcyr cosfs el em
compossendaldfer subregions known as fibers. Ea
sectiong4)arealploavd endy 4at

materi al mo d el These
response at those | ocations t

f ordceef or mati on
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— .

Fiber Section //

a) Physical Component b) Distributed Plasticity Element with 5 Integration Points
Figu2#& PRiber Sections and Integration Points in L
OpenSees users can create individual fibe
a set of fibers using the "patch" or "Il ayer"

sections are usedetbiopprebendl tmBaondsben!t

To account for the effects of confinement, t
the concrete within the confinement (core),
and the steel reinforcemeateaSheréi beeat eaep
"circular patch"”™ or "quadey) | awwet bl dpafeh&ntc
materials to model the properties of conf i
representing |l ongitudinal reinforcement ar e
"straight | ayer-26 ¢commazmomdpofBitgngethe proper
steel
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a) Circular Patch with 12 Single Fibers b) Quadrilateral Patch with 16 Single Fibers

Figu2® Example of Fiber Patch for Circular and

e @, o.
..,t '.'.. . .
.' -. .... .
a) Circular Layer with 5 Single Fibers b) Straight Layer with 5 Single Fibers

Figuk2e BExample of Fiber Layers Representing St

de
y ‘ Cover Patch
y
Core Patch
Cover Patch Internal Radius =0 M : 7"
Core Patch _ \. LAk
L o
5 ds b, | z4+—® o H
/_. ‘
External Radius Steel Layer ; ./ . / \‘ | .- o
(Circular) B Steel Layer
(Straight)
a) Circular Section b) Rectangular Section

Figu22 Riber Sections of Circular and Rectangul ar
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2.6.1.4 Materi al Command

Il n seismic analysi s, it is cruci al t o ac
phenomena such as yielding, friction slip,
strengt h. I n OpenSees, nonl i near matedrsi al pr
which are then integrated into fiber section
are employed, as t-befummneekkeameéabs e( 1Drebement

observed from uniaxi aly matl en ii ainschaanp ar, eppwdes seenn

St rsetsrsai n-cumo/mdnutr est mnxi mad omamemmide f or mhor oe.

BAP2024 wutilizes the ConcreteO1, Concret
concrete and reinforcement behavior. The Con
the behavior of concrete under cyclic | oadir
modeling reinforced concrete elements in se
for | arge models can be computationally int

choose between ConcreteOl and ConcreteO7 for

Erochko (2023) suggests that wusing Concr .
concrete core and cover is a viable alterna
addition to ConcreteOl, Erochko (20RIB3¢ hi ghl
than Steel 01l due to its gr-sgdebd stahsnebsen b
anal ysis often struggles with models that e
make 1t difficult to accur anteelsyt eprse diFatr tthlee
Erochko (2023) points out that Steel 02 is ef

in elements, provi-dohgtaoneasbaaabbaeasmoment
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For shear key modeling, three distinct ur
a single materi al mod e | using the "Series N
model s are " HyMNa eTeentsicon', -P'ebdiaescttilEy aBlt asgt i ¢ C
parameters for the hysteretic uniaxial mat er
di spl acements at each damage | evel

, as cal ct

Silva et al. (2009), which is drscussed in t
2.6.1.5 Geometric Transformation Command

OpenSees converts global coordinates int
using the "Geometric Transformation" comman

coordinate system for each el ement to ensur

coora@iapst ems. It I's also i mportant to cons
(e.g., Deilnreagr ,anRil Corotational Transformati o
command in OpenSees is structured as foll ows

geomTr@anahsf Type $transf Tag $ X

T TransfrBffppg s to the specified transformati
T $tranis$ Tag integer tag that identifies th
T $X$Y Srzalre integers (either "1" or "0") t

system of the el ements.

I n BAP2024, the geometric transformation c¢
bent caps, and shear key el ezx@8n-2B-3@r eandlef i ne
2-31.OpenSedsO0Ndkeimo n stt It aatt etdhaex ilsocadli gmms wi t h t he

l engt h, wh-ialhea xzehse Ilioec aws ¢yri hoh h-aXbeobkscalizi
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for determi n$ X%y t&Ed FaruesaodBdemoRsguated th

t he l-aoxiad af the gir

der

el eamad rst

Therefore,$Xh®vv®es 0€Os 0Oofl" .

Local

»

» X

[For Girder Elements: geomTransf Linear $TransfTag 0 0 ]]

Figu2@& Geometric

(eslaimgen sd i wietch

Transformation for Girder E

X

Y\

For Diaphragm Elements: geomTransf Linear $Transflag 0 0 I ]

[
[

For Bent Cap Elements: geomTransf PDelta $TransfTag 0 0 1 ]

Depth
Local

—

Width

Figu?2® @Geometric Transformation for Diaphragm an
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|

ol
o -

Y A 375‘_
Local . H
Global z N
X

[For Column Elements: geomTransf PDelta $Transflag -1 0 0] w

Figu8® Geometric Transfblremagntosn for Col umn

| >
[

\ No geometric transformation is
required for truss elements

”‘\ Local
Global = X
X

[For Shear Key Elements: geomIransf Linear $Transflag 0 0 I ]

FiguB8t Geometric Transformation for Shear Key

| n BAP2024, t he "Linear™" transformati on
el ement s. For column and bent cap el ement s,
nonlinear cases, while the "Linear" transf o

tramat oon assumes t hat t he t wo nodes of a

di spl acements, ensuring that the el ement's

o

during each time step. I n contrast, the "Cor
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nonlinearity in the transformation matrix. T
to undergo | arge displacement s, causing var.i
As a resul t, both the stiffnesschantdi ner asntsefpo.:
According to Erochko (2023), the " Corotati ol
nonlinear analysis but is also computational
descri bemda vbiyt drd183ajj aronsi demx eonlny ttrlaens d
di spl acements between the two nodes of the
t he "PDelta" transformati on provi des accur
transformati on whi |l e mai ntaining Littmearcomp!

transformati on.

2.6.1.6 Nodal Mas s

Nodal mass i s essential for dynamic anal
exclusively to the transl ational degrees of
includes the mass of the girder, the sl ab,

cadlcated based on th&) trTheatbeyt acaep (6&degsr a
mass of the bent cap, distribut-83d. acberdopg
column nodes include the mass corFrigaupen®i ng
34) . The initial |l oad factors for dynamic anr
scenari o as oull ohedhenAA8SbBIT® BRED1IBridge De
(2020). The live | gadsfaettormatf ®@r Sanredidteltd u a
truck traffic (AASHTO LRFD, 2020) . However,
all these factors for gravity and dynamic an

provided in the program.
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Dead Load & Live Load

LLLELLELE T

b) Girder Nodal Mass Including Girder Weight, Slab
Weight, Dead Load, and Live Load

R R A T e VY

¢) Mass Distribution of Girder Nodes According to Tributary Areas

FiguB82 RBlass Distribution and Tributary Areas ¢

e - T T =T ]
‘\\ c 10 1 0 I O
Sy
L 4
a) Tributary Lengths of Bent Cap Nodes b) Nodal Mass of Bent Cap Nodes

Figu838® MRMass Distribution and Tributary Areas o
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Column Height
= 2

a) Top Column Nodes b) Nodal Mass of a Top Column Node

FiguB8#42 ®ass Distribution and Tributary Areas o

2.6.1.7 EIl ement al Load

El ement al |l oads are essenti al for gravit)
to girder el ements include the weight of the
2-35) . I n contrast, the | oads on bent cap and

own weight3) .(Figure 2
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i |

a) Girder Element in BAP2024 with Tributary Area b) Elemental Load of a Girder Element Including Girder
Weight, Slab Weight, Dead Load, and Live Load

¢) Girder Element with Elemental Load

FiguB8®% Elemental Load Distribution and Tributary

Elemental loads of columns and bent caps include only self weights.

FiguB8& Bl ement al Load Distribution for Column ar

2.6.2 Analysis Commands

The settings of analysis in BAP2024 is af
Theonstcammasd determines how OpenSees manag
degrees of freedom (DOFs) wi t himunmblea esyste
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command dictates the seqegstciemgmamnfd DQFES iinre st
met hodol ogy for storing and soltesagmahe | i ne
specifies the type of cadmgwecigehmzedtiedént of be
solution techniques employedntegaambsmdmnwde non
defines the appbdV¥iar hstuatidcdYMiNei§rpustenadsi ent
anal ysis during each time step. Once all t he

the anal ysi s ianeaeelgyezoemtad. using t he

The analysis parameters in BAP2024 are |

BAP2009, with a minor modification. Specific

the Norm Displacement l ncrement methlaomad et o m
dynamic equilibrium at each time step. The ¢
2-1 .

Tablle A2nalysis Settings for Static and Transi enf

Anal ysi s Static Transient
Constraint Transformation Transformati on
Numberer RCM RCM

System BandGener al BandGener al
Test Norm Displacem Norm Displ acen
Al gori thm Newt on Line Se Modi fi ed Newt o
I ntegrator LoadControl Newmar k

40



2. 6. 3 RZocnontadnedrs

Recorder commands in OpenSees facilitate
component behaviors during analysis. The re
subsequently be wutilized in soft wfauret hseurc h a

anal ysi s. BAP2024 empl oys node recorder a |

the following behaviors:

f Strains and curvatures at both ends o
T Loc al f orces at both ends of the col ul

restrained col umn

=}

1 Di spl acements of wu
T Reactions at the column bases

T Reactions at both ends of the bridge

T Local forces in the shear keys at bot|
T Local forces Iin the discretized super
ends

(@]

1 Di splacements of the discretized supe

T Local forces in the discretized bent (

=

1 Di splacements of the bent cap nodes

2.7 Shear Key and Abut ment

Shear keys in bridge abutments are desic
superstructure under | atey abp)0,06ladmsi.t eAdds annodt erc
repairable damage 1Is expected to occur i nit
protecting the abutment piles from damage. S

properties of sacrificiealabexmenmitser relgaadi k
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performance and concluded dhatnthedeapblet gt

of comrand (eianf carcoeomsesntt h(e i nclined crack:
W 0 W & X
The strength of the concrete is the shear
determined by (Priestley et al ., 1993, as ci
® ¢8 QBQ ni 0 & P

whebies the width of hihe talbathhheind htstaefm twad | g b
to the center of the hQrd ztomeé atompre gxiinmd 03

concrete in psi

Silva et al . (2009) illustrated the mech:

the inclined cradk, amsd phowmo sied FEiheurfe |l 2 owi |

®  YQ YQI Qf né i & — £ — o & W
ci ¢ Q

Considering the size and the yield strength

as
: v o I 18 © p

w O0fRQ%Q 0/ QU Qe Qe - e Q €0Q IR 8 m

I n thi Oyaoi® eepresent the total area and yi
tension tieép,an@Bsdpeadthiev d&loy.al area and yield

|l ine shear reinforcemenbdbpdam@t nditcheat esr d he i
sectional area and yield strengnaghrefetheteosic

t he number of side faces of the vertical and

4 2



b\

Fi guB8® Blechanism of Reinforcement Contribution Acros:¢

Based on experimental results, Silva et e

presented38 nThe glhuy £t &r et i ¢ model consists of

43



Lateral Load, V
Vi C Vig =Ve + Vs
Viv =Vs
B D E
Vi Viv =W
Vi
F
A — A
Ar Apg A A Ay Ap
Lateral Displacement at the Top of the Shear Key
Figaeg8®& Hysteretic Model for Shear Key EIl ement s
Level I
At this stage, cracks begin to develop al
the abutment stem wall
Level I
At point B, the shear key reinforcement s
The internal force and the displacement of
PR .
W W g
Y Ca p
Yy WUg @ o 8
¢c- v U < Ca C
na Q
Q"Q
V) — & o
cuQ
) 8 1

4 4



Il n thisQ,eamt@daxte, the diameter, yield strain

horizontatespastonelye,
Level (I

At point C, this | evel represents the max
t hat both the concrete and reinforcing stee
maxi mum i nternal force and the corkregsmaomrdi ng

given by:

0w W W g v
y - 0 0O "Qi Q 8 o
Level IV
Foll owing Level 11, td)e groadualbluy i dinmiorfi

the cracks widen.t Mg derwveretley o @rmotimitbuuwt)i,on c
zero, |l eaving the shear key strength depende

force and the displacement at the top of the

0w 8 X
o — . Q Q
Y Ng- L )] i g |y
Experi ment al rtelsall ¢ anad malti €« ac @enttrhiaiuti on beco

in the reinfoeaemesat 0O (005.
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Level \Y

At this | evel (point E), the reinforcemei
The internal force r emBaisred tome tshaeme ess irre sl
occurs when the reinforcement reaches the st

of the shear key is given by:

o — . . Q Q
i

g8 w

Based on both test rdaculst d eawred t(lpedrndt iFQa

the strain of reinforcement reaches approxin

Cd 1T

I n BAP2024, shear keys on both sides of the
OpenSees. The properties of the shear key el
hysteretic model (Silva et al ., abdDo0Omataendali m

in OpenSees.
2.8 Nonlinear Dynamic Anal ysi s

In seismic analysis, the internal forces of structural components, such as shear force
and bending moment, can be determined once the relative displacement and absolute
acceleratiod responses to an earthquékare known. Various methods have been
developedo compute the relative displaceméd} velocity (6 , and acceleratiof® at

each time step, including modal and numerical analysis.
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Generally, when a Single Degree of Freedom (SDOF) system is subjected to

earthquakenduced ground motio® , the equation of motion at each time stépcan

be expressed as:

ao w B n ¢® p

wherer is the external force equal tax 0

For a structure with Multiple Degrees of Freedom (MDOF), the mass, damping,
and stiffness parameters are represented in matrix form, leading to multiple equations of
motion corresponding to the degrees of freedom. In simple excitations and elastic systems,
the relative displaceme(u) can be solved using modal analysis and cldeea solutions.
However, in nonlinear systems, the superposition principle is not applicable due to
geometric and material nonlinearity, which causes the stifffi@gs vary ateach time
step. Consequently, findingin nonlinear systems via modal analysis is not feasible. As
Hernandez (2020) suggests, numerical analysis is more suitable for solving the incremental

displacemen(Y6 . The incremental equation of motion can be represented as:

)

ays o o N ® ¢

ayse &6 YQ Wi ® o

where"Qdenotes the restoring force.

The concept of using the incremental equation of motidlugdrated in Figure 2
39. While the entiréQ ¢ relationship is nonlinear, each discretized segment on the curve
can be approximated as linear for each time step. Given that solving linear systems is well

understood, the nonlinear system can be tackled using sequential linearization.
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fs

v,
.

1
: A fs Linear Segments

Au
— U
Figu8®2 Ronlinear Relationship Represented in
2.8.1 Newmar kdés Met hod
Newmar koés met hod is one of t he most Wi

linear and nonlinear dynamic equations, utilizing an implicit integration tech(@azi,
Abbiati, & Agathos, 2017)This method is divided into two special cases: the average
acceleration method and the linear acceleration method. According to Chopra (2012), the

former method is fAunconditionally stablebo

Aconditiloehded T upt ab
The generalized equation for each time step can be expressed as:
ay¥e  nH ® T

whereYnHis the generalized load that must be equilibrated at each time stéq, imrttie

tangent stiffness, which varies in nonlinear systems. After determ¥ijHgndQ, Y6

48
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can be solved using iterative procedures, which are detailed in the subsequent section.
Chopra (2012) and Hernandez (2020) outline t

systems as follows:

Step 1:Select values %0,r a nid

nl -Hh -for the average acceleration me

nl -Hh -for the | inear acceleration met

Step 2:Calculate the initial parameters:

fn}
1

Q- &
0

o} Cd L
. P, I =«
W ; >u/(‘)O( T—oo ® o
o 2o W L p @ ® X
ql Y

St efCald c ijaentdef or eachi t3 nlk, sit,ep2, é.

yaHu ¥ @® ¢ Y
. - [ - p
0 0 0 o ®
Y? iy ¢ 9w

Note that'Q is not constant in nonlinear systems and still containg ank n o w n

v

¥ .

St eCad cMdfartdjpan@usi ng an iterative process
next .
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St efab:c¥d anXp f r &dn:

Yo m)’é —0 Yo p g 0 CP 1

o) : 35(‘) Yé T[;3/(‘)(') qﬂé C®»p
Stegabcol @t @ nda

) 6 Yo C®C

6 6 Yo C®o

0 6 Yo CHT

St elReplibgel and repeat Step 3 to Step
2.8.2 Iterative Procedures

In implicit methods, solving oYp f r &fja n"@ requires a series of iterations

(= 1, aPeachén)e stefp) Various iteration methods are available, such as Newton
Raphson and Modified NewteRaphson methods. Essentiatlyh e "® ¥ rinfEquation

2.54 represents the restoring forc®Q , which must equilibratevi iU The key
concept is to predicYd6 andc o mp ¥0 ea¥6 wi Yo | f the ¥Y¥sidual
YH Y'Q s is less than the specified tolerance t h e  &¢& has comverged, and

the iterative process terminates. If not, further iterations are required until convergence is

achieved.
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2.8. 2. Ra\pehwstoom |t er ati on

The basic concept of NewtdRaphson iteration is illustrated in Figure4@ and

can be described as follows:

Ap; — —
s ’ ( T)L’ . =

4 Py | | |

- I I I

N 1 »~ 1 | | |

(kr) L’ I I (I

/2 | | | |

Z 1 1 1 1

| | | |

| | | |

| | | |

| | | | |

| | | | |

| | | | |

| | | | |

| | | | |
1 ' ' L,
Au} Au? Au!

/_\ui

Figu4@ Rteration Pr-Bapbdsomr Met Nedt on

At each time steffi), the first iteration(j= 1 Begins with an initial prediction of
incremental displacemerfYé . At this position, the restoring forc&/’Q and t he

tangent Qs tciabefdetemsiredNe x YQ i s ¢ o mrglif helresidual

force YY s large, further iterations are needed.

In the second iteratiofi= 2 (Q is extended to the level ¥fjHand a vertical line
is drawn at the intersection point. This line provides the valud® , YQ , and the
updated t an@e.hftyY stil extebds the specified tolerance, the iterative
process continues untfY f al |'s wi thin t&egmicfceipn@abtenvam

FinXd bgcolbefsor the cuirrent time step
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2 .

The modified NewtorRaphson iteration (Figure-£l) is similar to the Newton

8. 2.2

Mo dRdp resddomMelwtt @emat i on

Raphson method, with a slight difference: the modified version uses the initial tangent

stiffness Q

for all iterations within a time step, whereas the NewRaphson method

recalculates the tangent stiffn€%  for each iteration. This modification speeds up each

iteration by avoiding the recalculation of tangent stiffness, though it typically requires more

iterations to achieve convergence. Nonetheless, the modified method converges faster

overall than the regat NewtonRaphson method (Pettit, 2021).

Aﬁ. r 3
l L4
/, /’ /4/'7 N
/ s Iz
// 7 | [ I I I
~ (A o
k )1 e (k)i (le)H R
(Ti,’ I I T I B B
. I I (R O T T
# 1 1 [ I R I I |
| I [ O T T
| | ([ T T I
| I [ T N T I
| | | ([ O T T
| | | (N O T I
| | | ([ T O T I
| | | ([ T N T I
1 I I (N R T T
1 1 ! L] IIIII:_
]
Au} Au? Au;
4 Aul >
Figu4g Rteration Proced®RaphisonMdMei hioed
2.8.3 Convergence Criteria

Newt on

Three convergence critertaresidual force, displacement, and incremental work

convergenceare used to evaluate the accuracy and stability of the iteration results (Chopra,
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2012). When the errors are within the specified tolerance, convergence is achieved, and the

iterative process successfully concludes, ensuring accurate and reliable results.

2.8.4 Analysis Strategy in BAP20214

For the stability of nonlinear analysis, the Newmark method with average
acceleratiof -H  -) is employed due to its unconditional stability for any time step

size. Moreover, five iteration methodsmodified NewtorRaphson, Secant, regular
NewtonRaphson, Broyden, and Newt&aphson with line searchare used sequentially

to ensure convergencany of these methods may fail to achieve convergence during a
time step if poor tangent stiffness occurs or if computing derivatives becomes challenging.

If the first method fails, subsequent methods are utilized in sequence.

Additionally, through various convergence tests conducted for bridge analysis in

BAP2024, it was observed that dynamic equilibrium was attained and the unbalanced

forces at the nodes were negligible or zerao
| ncr emetnh @d . I n contrast, the fANorm Unbal anc
and failure of the dynamic analysis, while

dynamic equilibrium at the nodes, leaving significant unbalanced forces.
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Anal ysis [

Chapt-ént3oduction to the Bridge
FREt owcti ons

Devel opment , Feataumdetsal Wo
Thi s chapt ecomprmrehiedhess va i ntroduction to
Program 2024 (BAP2024) , outlining its devel:
version of BAP. It covers the program's worl

and graphicalGUdser, iorftibeysfi enmpe sau (sdtee pf or 1 nput
data, generating Tcl fi-pescéosi OpensSeks, aed

results graphically.

3.1 Development and Evolution of the Bridge

The Bridge Analysis Program (BAP) was fi

Pedro F. Sil va, a civil and environment al €
Washington University, to assist in the anal
conidoints. The primary focus of BAP is to perf
which are cruci al for understanding the beh:

the context of seismic excitationsal BAPshas

all owing engihewrsdges sremsspahd to earthquak
forces. The original wversion of thebopx ogram
gi rderds circul ar col umns, making it highly s

application to other bridge types. A notable
poptocessing required to evalwuate 1 mportant
di spl acement r-eil me¢e i nshiop #-eisheodhsBpl acieenen a
ductility |l evels of col umns. Users had to m

OpenSees, which added time and complexity t.
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devel opment of newer versions of the prograr
efficiency by aut ematciersg i mgny acfk st he post
Bridge Analysis Progriasn a/eremmban®@ 4t ¢ BIAP
analgyizreder whntihdgesater flexibility and fewe
ver sion. Whil e the initial BAPoxagampde mar i |
circular col umns, BAP2024 expands its capab
bridge configurations, offering a more compr
i mprovements in BAP2024 is its adlvawsxesder esu
to directly interpret thdroetmpldty fgramhOpgeamh Sc
This feature substantiall-grocasmizgs $heeame

extraction and dmnapysaice ments hteldmet fidomasghriapnss,, f

ductil ity pasosceessssneesnt 6§ hat w-e n e enpsriegvweimea a by I
consumheg.l i mitations of the initial versio
advancements introduced in BAP2024Thiims t he f
di scussion will underscore how the new versi
while providing more robust and efficient t
i mpl emented in BAP2024 not onl y porpotviemitzhee wo
accuracy and simplicity of analyzing compl ex
for.ces

3. RAP2024 Workfl ow afdmheghBestigee®ef dbor manc
Anal Yysi@menSees

The Bridge Analysis Program (BAP) I nteg

MATLAB with the Open System for Earthquake
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of fer a comprehensive tool for bridge analy
designed to guide users through a series of
created with MATLABGO6s Graphical User l nt er f &
Tkese -fusieerndly interfaces allow users to inp
interactive el ements such as edit boxes, I
of these GUI components is connectehde to spe
necessary <calculations and processes for t
organized into four key stages: prep-rocessin
processing.

Il n the prepreseessiimgpuphashe, bridge det ai
properties, number of spans, span | engt hs, I
column detail s, shear key det ai S, reinforc
provi delfcheGlhlesc.essary s ttrhuacatuornaalt ipcraolpleyr tciaelsc uali
predefined MATLAB scripts. These properties
properties of structural compbneatemns heandr
plastic hinge | engths at column ends. Additi
determined by acweiughti ngf f oo mpgdreenstes,f super
tributary areas. These calvel apedgpt dpeerdt iné d
model of the bridge.

Il n the process of preparing the finite
automatically generates the nodes and el emer
ot her internally the <calculated parameters.
bui lWdliogks of the model, representing vari ol
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such as beams, col umns, and connections. Ea
cressesctional di mensi ons, and ot her relevant
characteristics of the br-pdget Boosthaay ntc®d n
applied to-wsrmdl atng eraati ons bet ween the b
connections, ensuring the model behaves as
Additionall vy, geometric transformathens are
bridge's shape, such as rotations or transl a
structur al movement s. Once the finite el em
automatically generates files cmwndal 'ns nigo cae |
and el ement definitions, materi al propert.|
configurations. These files are written usir
Tool Command Language (Tcl) to eeas uscf tswearmd .e
The Tcl files also specify the configurati ol
are critical for capturing the desired resu
during the simulation. Theals aanud oamaatleyds ipsr ecpoanr
streamlines the process, making it faster an
for human error.

Once the Tcl files are created, users se
anal ysis by <cl i cBoitnhg ¢'rRauvni tQp eannSde edsy.n'ami ¢ ana
and the results areWsthoetd imetadesisamanderef
need to manually calcul ate all key par amet ¢
commandbsy lmemet o conduct gravity or dynami c
compl ex -anmds utmimeg , pantl gali agl yw Wwhied dridge
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amount of data and degrees of freedom. The u
features, wi || be signifi cfamnitdrnydImorfeorefdti wcd e

ot her user s.

3 Bimitations of the Previous Version and | m

3. 3Ddck I nformati on

The earlier version of the Bridge Anal ys
designed to analeyde boxn ogrieatdee rmulrtiidge s, allo
the number, depth, and thickness of mectangu

specifying either the concrete compressive s
required to manually calcul ate the modul us ¢
value into the program. BAP200®2 empkeogéeduat s
with box beam girders, using a fixed discret
BAP20214 has been devel oped t o anal yze

rectangul-qirr genmrderasgdriAAS8HTOThe superstructu

using a grillage model instead of the spin
di scretinze d es e cstpiam which all ows for eithe
i ncreasing accuracy. I n addition to specifyi
vari ety of deck information as foll ows:

3. 3.Gi.rider Locations

Af t er specifying the number of gi rder s,

automatically <calcul ated, taking into accou
spacings are initially set to be equal, as
feature reduces the time needed to manually
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users can manually adjust the exact | ocati or

uni form, thereby adding greater flexibility

3. 3. 1. 2MdaGti erdieal s

Users can sel ect either concrete or St e
compressive strength and density of the con:
elasticity is automatically calcul at esd. For
of elasticity directly. The program stores t

of the superstructure.

3. 3.GQi.r3der Di mensi on

The GUI for speci fyi nfgr igeinrdd eyr adnidmecnlse aorn.s
define the dimensionssfippoefchgseatiani onsgi &
| f the girder dimensions remain constant al
"copy" buttons to replicate the dimensions
After specifying thke mpeodctiten sdcicnhe s -qQarrSQEeT d r

sectional area, centiOan@,araendumomearti.x adfl yi rce

3. 3.89.a4db I nformati on

Il n BAP2009, only the |l ength and thickne

BAP2024, useaddicdamnahetus d snt isadc h as t he S
compressive strength and density, with the n
Users can also define the overhang | engt h,

determine the effextieve offl gnga ewisdt T hef stl ad

along with the effective flange wi tieh, ar e
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transformed composite sections, as the sl at

properties.

3. 3.Elf.fsecti ve Fl ange Width

Il n bridge structures, the sl ab and girde
However, not all of the slabdés width contril
BAP2024 automatically calcul ates txherafofrect: i
girders, taking into account factors such as
and span | engt h.

3. 3B€nt Cap I nformation

Il n BAP2009, the properties of bent caps

superstructur e. I n BAP2024, however, user s ¢
including concrete compressive strengt h, de
awtmatically calcul ates the section properti e
all ows bent caps to be modeled as either el a

sections are generated based o-4dbastehde- bsepaent i f i

column el ements with integration points at e
3.3CBl umn I nformati on

BAP2009 was l i mited to analyzing bridge
requiring properties such as diameter, rei nf
al | col umns, t hus restricting the program'
si gnitfliycagr eat er flexibility by enabling us
di ameter of each individual column within a
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or rectangular. The number of columns in eac
can define parameters such as concrete compl
patterns for each column individealthege. i Nipat
process for bridges with similar column conf

properties across the bent or the entire str

3. 3Superi mposed Loads

Il n BAP2009, the superi mposed dead | oad w:

Il n BAP2024, users can define both superi mpos
deck. Users caomblisatconeat byl spaeéci fying the
for -weelgtht and superimposed | oads, which wi l
masses and el ement al | oads for the finite el

3. 3BR&dy |l ei gh Damping

BAP2024 introduces a GUI for speci fying
define target damping ratios for the structu
for calculating Rayl eigh damping coetf ficient
il lustrates the relationship between dampi ng

to visualize how these frequencies influence

3. 8Ground Motion Fil es

I n OpenSees, the ground motion file must
Tcl file. Il n BAP2009, users needed to manual
directory and specify the file name in the
all owing users to select a ground motion f il
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program automatically copying the selected

The complete file path and file name are

OpenSees.

3. 3R&s ul t Demonstrati on

Results from OpenSees are exported as text files. BAP2009 did not offer
postprocessing capabilities for result visualization, requiring users to manually process
data in Microsoft Excel to generate graphs or diagrams. BAP2024 significantly improves
this process by providing GUIs with builb graphing capabilities that illustrate bridge

behavior during seismic events. Key visualizations include:

1 Shear brcedisplacementliagramsof columns
1 Forcetime diagramdor columns
1 Displacementime diagramdor columns

1 Superstructure displacememtseachime step

Additionally, users can estimatbe yield displacemenbf columnsby directly
clicking the yield point on the shear fordesplacement diagram in the interface. Ductility
displacement diagrams can also be visualized, allowing examination of column ductility
levels. These features enable users to easily visualize, ettempd compare the bridge's

response with minimal effort, using simple mouse clicks.

3.3.8 Export & I mport Data
BAP2024 offers the ability to export

The exported data i1includes alll bridge i
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anal yses. When i mporting -drmteesrei mathkar ifd d e si, n fu
all owi ng-ptemdmrtnmo ameal yses or review result gi

process.

34l nstall ation I nstructions

't i s i mportant to note that BAP2024 r el
users must register on the OpenSees website,

computers.

StegLoby the BAP2024 zip file to the desi

extract i1its contents. This zip file contain
motion samples, and figures required for the
St eppboavnl oad and install OpenSees on your

instructiongsseddn npe SfecmaErecee da ki . (ber kel ey. edLl

35Launching BAP2024

Ste@pkn the BAP2024 directory.

Ste®Rua: the main MATLAB script by clicking

| aunch the primary GUI of BAP2024.

St epTh3®: main menu of BAP2024 iAd tthiospghaye
interface contains numerous buttons, the wo

three primary stages: input of -prodgsesiimd.orn
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https://opensees.berkeley.edu/wiki/index.php?title=Getting_Started

E menubuttons

Save Open New Untitled 2

—
=
=TT

T
—
A
T

=1

Written By
Pedro F. Silva

This menu creates
*.Tel files for OpenSees and
stores the desired
data in a single file for

Weerawat Charoenwong

Engineering
The George Washington University

—
—

=1

.

36l nput of Bridge

Users begi
3661 Number

The first

Figute Main Screen of BAP2024
I nformati on
n by inputting all the
of Spans Screen
step is to click on the
as -2hown in Figure 3

scr eckinsplsayed
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4 noSpans

Enter Number of Spans

Span No.

Span Length

Connection to Abutment

100

Enter Bridge Radius

Enter Number of Elements Per Span

10

(O Shear Key
@ Bolt

ft

Figu2e Number of Spans Screen

On this screen, users input the number o
di scretized |l ongitudinal el ements per span,
the abut ments. 't should be noted ttthaet t he
number of l ongi tudi nal el ements. The diaphr
el ements in the finite ellenoefntC)hneopdtedr & 2ssu nded
to brace the girders through t hte WKriagihmg gaw s
el ements are modeteldumsi ealgemé mtsd i cTlheawmi dt h
di aphragm are assumed to be six inches and h
36. 2 Superimposed Loads and Load Combinatio

Upon clicking the "Load Combination" butt
di spl ayed3)(.Fignr d& hBs i nterface, user s can
superi mposed dead and |Iive | oads. Additional
| oaedmponent based on the type of analysis an
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[# superimposedLoads - X

| SUPERIMPOSED LOADS I

kY

20 ps

e

| Use psforksfll || | Usesameunits! |

N

psi

I LOAD FACTORS I

R

05

m [
fowm| ]
fomnc| ]

FiguBe Superi mposed Load Screen
36 3 Deck I nformation Screen
The fABridge Deck Geometryo button
details, as -4hown in Figure 3
Slab Information

Figu4e D3eck

6 6

I nformati on

Screen

di

rect



On this screen, users <can provide all n
including slab and girder s pie)ciafnidc acto nopnrse.s sQr
streigtaré entered, BAP2024 automatically c¢
modul us. Additionally, BAP2024 generates an
l engt h, over hang, and the number of girders
girdetryppiacel |y spaced equally. Users retain

needed.

Currently, soffit input is not supported
analyze only rectangul ar, I, and AASHTO | g
information has been entered, user st hseel ect

next screen.
36. 3. 1 CNmmosi te Section Screen

Onetbfee differentcompoeiens $octitdhe wiolnl a

on the girder type selbeet3dedinndas3s il lustrated

4 Deck_Rechtangular_Girder - x

SpanNr.: | 1
7 ‘ Girder Nr.: | 1

Section Nr. : 1 L
. ’ h

Height 114 in

Width 60 in

' Non Composite Section Properties

v
C

Copy this section to all other sections of this girder Iz m
Copy this section to all other sections of all girders in this span n

(from bottom fiber)

— -—

w

Copy this section to all other sections of all girder and span

Copy this girder (all sections) to all other girders in this span

Figube Rectangul ar Section Screen
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& Deck | Girder
TFw
e § [ |
Z
y ._J Wh
Wt
l—
ore ]| |
BFw
Copy this section to all other sections of this girder
Copy this section to all other sections of all girders in this span
Copy this section to all other sections of all girder and span
Copy this girder (all sections) to all other girders in this span {from bottom fiber)

Fi gu6eSl&gcti on

Screen

] Deck Capital|_Girdes

TFw

I I

"7

Th
b

TFw
Wh et TFt 16
T wt 15
Bal Wh 50
BFt I 4“ &
BFt

BFw

Copy this section to all other sections of this girder
‘Copy this section to all other sections of all girders in this span
Copy this section to all other sections of all girder and span
Copy this girder (all sections) to all other girders in this span

(from bottom fiber)

Non Composite Section Properties.

EAD

Fi gu7.e AAASHTO Section Screen
Users can define the dimensions of each s
el ement), allowing for the anal ytshes rfi djg e de
has constant width and depth, wusers can clic
easy transfer of section dimensions from one
is the one currently seleicttyedofi neadch ddodpe @
il lustrat-8d in Figure 3

68



Figu8e Functionality of Copy Buttons

Af ter the dimensions for -ceamphossecet isoencta
properties are automatically <calculated and
screen. These propectienal natade mbmeont esoef
| ocation. The MATLAB <code developed for t h
accuracy testing and has been validated agai

Appendix A. To proceed, users can mmuwutvtigm.t e t
36 3.2 Effective Flange Wi dth Screen

This scre®nd(iRipduwuryes 3 he effective flange

sections (slab and girder), which are autom
i nformation previously input. All wvalues for
Art. 4re. 3.heowh, seeparately for interior and
the next screen by clicking the APl ot Decko
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Effective Flange Width (B_eff) ‘

—

Pressing "Plot Deck"

will obtain
Composite Section Plot Deck

Properties

Figum®e Bf fective Flange Wi dth Screen

36 3.3 Composite Section Property Screen

Thissxreen Pi audwem8s t o vVvisuaseéeacti arhebyde
clicking the API ot Decko button. The compo
cal cul at ed bcacsmrepdo soint et hper onpoenr t i es of the gird
effective fl anger swiadrteh .c rTihteiscea Ip afroarmectoen st r uc
superstructur ecoalsumng eelleamsentcs .befadndi ti onal ly,
t o directly modi fy t he compositeo sehei on
superstructureds stiffness or flexibility.
transfer the modified properties to other s

di fferent structur al behaviors of the bridge
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I Composite Section Properties

MMMM

Bending Modulus, E I I 4287 I I ksi I
Shear Modulus, G I 1786 ksi bomean 1ha slab 0.89443 nType Elastic
and girder
bt I I 845 I I in"2 I Copy the properties to all other sections of this girder
Copy the properties to all other sections of all girders in this span
AN EL) I I 31.7798 I I n I Copy the properties to all other sections of all girder and span
Copy the properties of this girder (all sections) to all other girders in this span
Moment Inertia Y, IY I I 308680 I I in*4 I
Moment Inertia Z, IZ I I 163058 I I i I
Torsional Inertia, Jx I 471738 in"4
=l =

Figut® GBGomposite Section Property Screen

36 4 BProgel e Details Screen

By selecting the fABridge Profiled button
access the sRBrmrieckkqe-I1EPmfuirree 8 screen, users ar ¢

the following information related to the ben

1 Bent cap length
1 Bent cap depth
1 Bent cap width

1 Concrete strength of the bent caps
1 Concrete density of the bent caps

1 Number of columns at the bent caps

Additionally, users must input information regarding the columns, including:
T Location of columns

1 Columnheight
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I f the checkbox next to the column heigh

height will be uniformly applied to all <colu

have the flexibi ity to enter daotwa nfgorf oerach
variations across the bridge. Alternatively,
“"Apply to Al Bents" button to replicate th

streamlining the process ffigrurhaniidgess with co

Once alll Ssubstructure data has been ente
generate the finite element model of the bridggyre3-12). It is recommended that users
click this button after each adjustment to the substructure to ensure the model accurately

reflects the intended design.

4 BridgeProfile - X

Bridge
Profie
Details

Bent No.

Bent Cap Length

©o

HEIHEE

Bent Cap Depth 150

Bent Cap Width

Number of Columns

3.333

i

9.75

Dist. From Bent Center

Column Height 18

1
o

Apply to All Bents!

Figut® Bridge Profile Details Screen



Figut?2 Bxample of a Finite El ement Model of

36. Superstructure Properties Screen

The ASuperstructure Propertieso button or
users with direct access to the composite se

to the superstructure properties without the
36 6 Bent Properties Screen

By selecting the fABent Propertieso buttol
can modify the configuration of the col umns
stiffness factors and fiber detail setef the
model s areomwvma tiaddilcer:etTeles t er mi nol ogy used,

and o6wedges6 for the circular section and 0

section, iI's explained tthgdé&t@gh &eceéemnbgplharpr
section, users are only required to define
automatically adjusted to form a single | aye
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DR IRITRCE

7
/

Circular Section: Rectangular Section:

» Core Fibers: 4 Rings, 16 Wedges *Core Fibers: 8 Horizontal, 8 Vertical

» Cover Fibers: 3 Rings, 16 Wedges *Cover Fibers (Top & Bottom): 8 Horizontal, 1 Vertical
) +Cover Fibers (Sides): 1 Horizontal, 8 Vertical

Figutit® Bxplanation of Defining Fiber Secti

36. 6. 1. Column Geometry Screen

As s hoRing Giné, users can specify wvarious
including shape, di mensi ons, c oen cnrfeotrec epreanpd e
ratiiso automatically calculated and displ ayec
previous screens, users may input detail s
information for a single column and replicat
copy blunttome. Section Type field, |l ocated at
either "Nonlinear"™ or "Elastic." In the nonl

"BeamWi t hHi nge" el ememddcde, wthheay asr é nmd cheel eed a
Bea®o !l umn" el ement s. For the rectangul ar <col

of the rectHWnagusl arh es escitdieo npda(rreelcltealont.o t he gl
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Rectangular Geametry Section Type Honlnear
| CircularGeometry || [|_Section Type | ] | | LSectontywe | ek ]
= ; - e . Bent N. 1 Cotumn Nr.: | 1
Height | 3 n fe 3 sl
Diametar 3 ft e 3 ki 1
- Widih J 2 n We 150 pet
We 150 gt
[ |
L TOP BOTTOM  SIDES —
’ [ [ [ :
No. Bars 12 g . - . E
] B 8 B
I N CE
Bar Area Units 11 10 10 10
14 1 11 1
123 2 18 14 14 14 L
18 - 18 .| l18 - o
Transvserse Reinforcement
: Transvserse Relnforcoment | -
Bar Area Units 3 ~
4] Corcover | Units | EEENNEN -
0.20 2 s 5
M Reinforcement Ratio: | 145 ﬂ 2375 n
Cloar Cover  Units | o Spacing Units | —
2375 in 8 " A A
- - g Apply to All Columns in Bent! "
Spacing Units 10 o Al G in Bridgel No.Tiwsx Mo Twsy i1 Apgly o Al Celumns in Bent!
12 n :"‘ 2 P 14 Apply b Al Columng in Brasge!
I -
Spirsls % Hoops w Reinforesment Rutic: | 2 07 ﬂ
a) Circular Column b) Rectangular Column

Figut#2 Gol umn

36 6. 2 Bent

The Bent Rei

Cap

Geometry

Rei

nf orcementl5GUla,l

nf orcement

Screen

Screen

| iolWsu sutsrea tse d oi

reinforcement properties of the bent <cap. S
choose to model the bent cap eit htere altsemtonl| i
cap elements are modeled using AForceBeamCo
case, they are mod€dledmmusi algem&Enhtasti ¢c Beam

| f users prefer to model the bent cap as
the Section Type field at the top right corn
can be skipped, as the reinforearmemodedleitnag .l s
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el

P

I Bent Reinforcement I I Section Type II Elastic vI
Bent Nr. : 1 v
Longitudinal Reinforcement
TOP BOTTOM SIDES [ & @ |
9 9 3
~ I ~ ~
8 8 8
10 10 10
11 1" "
14 14 14
18 v| |18 v| 18 v
Transvserse Reinforcement
Clear Cover Units
2 in
Spacing Units L& & 8
6 in
Apply to All Bents!
No. Tiesx No. Tiesy
2 0 Reinforcement Ratio: 1.087ﬂ
Figuit® Bent Cap Reinforcement Screen
36 6. 3 Reinforcement Properties Screen
Th&t eanio@2 | is utilized in the finite el
il lTustratdd,i nsErguraee3d3 able to define the
and transverse r eisntfroaricni nrge Isatteied n.s hTihpe csutrrvees ¢
mal e | (Park and Paul €fapttéiv52, Addidiiscumnalsley,
ot her parameters of t he -hStredeelnO 2n) gmortddetei ,of rs(iutc ih
curvature parameter i n t-hter daimmencsdturongrkegac

reveR®aland t

he
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4] reinforcementproperties - X

I Reinforcement Material Properties I

I Longitudinal Yield Stress I I 60 I I ksi I Transverse Yield Stress 60 ksi
| Longitudinal Ultimate Stress I I 100 I I Ksi I Transverse Ultimate Stress 100 ksi
| Longitudinal Youngs Moduius I I 29000 I I ksi I | S S Ry I I 0.004 I

I Ultimate Strain I I 0.2 I

Other Parameters of Steel02 Model

80

60

Stress [ksi]

40 [

20

FiguitéeRed nforcement Properties Screen

I I I I L I I I I
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
Strain

36 6. 4 Concrete Properties Screen

Upon <clicking the AConcrete Propertieso
strain relationships for confifAe&ggd .anmd eurcawao rvfe
for confined concrete is generated based on
unconfined concrete curve is derived from t

di scussed in Chapter 2.
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4. concreteproperties

T

I Concrete Material Properties I

'~ Column Nr.: | 1

Plot Concrete Models

Mander Model Concrete Stress-Strain Relationships

Confined
unConfined

s . . L
0.03 0.04 0.05 0.06
strain (in/in)

0.01 0.02

007

Figuit?2 Goncrete

Properties

Screen

36 7 Shear Key Properties Screen

Upon selecting the "Shear Key Properties™
appdargst &), all owing users to specify the ge
shear keys. Al relevant terminology and the
are provided in Chapter 2.

Users have the option to model the shear
el astic modeling, the shear key properties
i mportant to note that the components relat
Professor Silva and have been in use since B.
in use with only minor modifications.
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|4 ShearKeysMenu - *

Analysis .

Shear Key Geometry ‘

o =
———

—

2500

3000

=]
8

1500

1000

Lateral Load [kips]

3
=)

> 9-

2 4 6 8 10 12
Shear Key Lateral Top Displacement [in]

Figut® Shear Key Properties Screen

37Anal ysis Settings and Running OpenSees

Af ter completing the Dbridge iinfwalmadsd on
configuring the analysis settings. I n this g
Rayl eigh damping, set miscell aneous paramet e

by clicking the fiOpenSees Data Manager o butt
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371 OpenSees Data Manager Screen

Once clicking on the AOpenSees Data Manag
31@ppears. Users are required to do the foll
E openseesdatamanager - X

OpenSees Data Manager

—
=
e
—
e

EEETT|

[

Figuit® 30penSees Data Manager Screen

37.1.1 Create the target directory and fil

Users <c¢click on the AOutput File Nameodo bu

directory and create a file name.
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37. 1.2 Create Recorder Tag Name

Upon c¢clicking the "Recorder Tag Name" bu
shoiwhi g2 ®a, where they can specify the tag I
tag name serves as the prefidxeffaarl tgl It hgee nt earge
is a combination of the terms fABridge, 0 the
each bent, and the number of diFsSg®2@®bzed sh
il lTustrates an example of such a tneogdinfagme. N

this tag name as necessary.

- recorderTagName - x
Meaning:

Enter Recorder Tag Name This bridge model consists of 6 spans, with 2 columns in
each bent, and 5 discretized shear key elements.

Bridgebx2c2¢c2¢2c2cx5x

If recorder tag name =

is not Required enter \\‘ N S X \\\‘\\\\\\\\\\
ab:ve N \\\%\%\\\\\\\&&}\iﬁ\&@i\i\\\\l\\\\\\\\\:\i\\\
N S TNt BN
Return e EEEE T T | :
a) Recorder Tag Name Screen b) Explanation of This Example

Figu2@e Bxplanation of Recorder Tag Name with

37 1.3 Selection of Ground Moti on

For each dynamic analysis, a ground moti c
“"Ground Motion File"™ button, users can selec
their computer. BAP2024 will automateiscally ¢
directory for analysis. |t i's cruci al t hat
for mat : the first column should contain the
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val ues, and the third column the correspond
consist solely of numerical-ndméni,cwchapopattan

example of a ground motion file is provided
37 1. 4 Rayl eigh Damping Screen

When wusers c¢click the "Rayleigh Damping"

appears, Risg&2h.wnOni nt hi s screen, users can d
damping ratio and specify two natur al frequ
(Al pha and Beta). Additionall vy, users can i
periods they Whnhske tboevi &l ot" button is cli

relationship between the Rayl eigh damping r e
Furt hermore, the corresponding modal frequen

t he -duesfeirned i nput s, are displayed numericall

Il n the exarmplg&2®hotwhei modal damping rati ¢

t he Rayl ei gh damping coefficients cal cul at

freqguenci es. Users have chosen to display t|
the structure. Xhefi&&mags"alhdw"Ysmars to def.i
y axes, respectively. Adjusting these I imit

anal ysis or zoom out to view the entire grap
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(4 Rayleigh

RAYLEIGH DAMPING

035

Damping Ratio

Omega, Wn

e

C

0

0

Figu2® RBayl eigh Damping Screen

37.1.5 Create Tcl File

Upon clicking the "Create Tcl File" butt
al |l -dlieame ret information related to the bri
definitions, fiber sections, el ememtheproper
relevant data. Additionally, the analysis s
these files.

37. 1.6 Checking Tot al Load for Each Bent

When users click the "Check Tot al Load f
in Fi-g2irwi I3] appear, di splaying the total I
bent . The | oads are calcul-weedhthasédtber Db
superstructure and bent cap components, as
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tot al | oads are presented separately for gr
for each case may vary (refer to Section 3.3

|l nput ) .-2ZFiigulrestd3rates an exampl eg otfhea tbortiad g

|l oads for five bent s. The tot al i nertia | oa
|l oad factor for dynamic analysis is defined
4 TotalLoadOneBent — *
I Total Load For Each Bent I
Bent Number
N P (gravity) 495.039 kips

P (inertia) 457.838 kips

TEGN

Figu22 Bributary Loads for Each Bent

37.2 Running OpenSees

Once the Tcl files have been <created, u s
OpenSees”" button on the main scref€i8,ofwi BAP2O0

then appear.

I n the "Enter Data Directory"™ field at t
directory name for storing the analysis resu
name of the most recently creatiean ntad nmolcil f ¥
the directory name as needed. This feature i
multiple times with different analysis sett:i

The results of each anavleysdiisr ewitlolr ibees sdaevie dn ei

8 4



4 opensees

Enter Data Directory

Enter PGA Multipliers

4

Figu2® RARnalysis Settings Screen

In the "Enter PGA Multipliers" field, us
dire¢ig@&d2® provides an example where ground

thediyection with a scale factor edndl.z There

directions, as the scale factors for these d

I n the "Analysis Type" field, users can
nonl i near. I n the el astic case, al | uni axi al
the column el ement s, are modeled @ams ehastic
column el ements is modeled using either the
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dependi ng on t(rbferto$ectoon 3.3%6: Berd Praperttes Szreen)wh i | e t he

reinforcement is modeled using the steel 02 n

In the "Ground Motion" section of the screen, information related to the selected
ground motion is displayed, including the time interval (dt) of the recorded ground

acceleration and the total duration of the record.

In the "Analysis" section, users can specify the time interval (DT) and the duration

of the analysis. It is important to note that DT cannot exceed the value of dt.

In the "Convergence" section, users can define the tolerance and the number of
iterations, both of which significantly impact the accuracy and computational efficiency of

the nonlinear analysis.

The checkbox below the "RUN OpenSees" button must be selected to ensure that
the Tcl files are updated with the current analysis settings. If users prefer to manually

modify the Tcl files and avoid overwriting them, they can leave this checkbox unchecked.

Once users have finalized the analysis settings, they can initiate the analysis by
clicking the "RUN OpenSees" button. During the analysis, atial display, as shown

in Figure3-24, will appear, illustrating the bridge's response to the selected ground motion.

8 6



Fi gu?2#&Redli me Display During Analysis

38Po®r ocessing Work
Upon completion of the analysis, -all anal
defined directory. The terms for the anal ysi

in Appendi ces -fCr ammeals Di. n dgr hfeu mpotsito s tof aBAsR Xt 2

users in efficiently organizing and visual:
file combination, exporting and i mporting br
t he graphical demonstration of the results.

38 1 Output File Combinati on

When users click the "Create Output Files
a screen si M5 arpptearBi.gurhe s3 i nterface enabl

selected results from the analysi mbfneds and

output file is stored in the main directory
indicates the total number of | ines in each
six Degrees of Freedom (DiOFs) to include 1in
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4. postprocessor — X

Enter Output File Name

YReactiontLeftAbutment.dat

Select 1 2 3 4 5
dof ONNE@NNEONNEOANEO

oo

Enter Output File Name

Bridge6x2c2c2c2c2cx5xsuperND_reaction_11.out.dat s
Bridge6x2c2c2c2c2cx5xsuperND_reaction_21.out.dat
Bridge6x2c2c2c2c2cx5xsuperND_reaction_31.out.dat
Bridge6x2c2c2c2c2cx5xsuperND_reaction_41.out.dat
Bridge6x2c2c2c2c2cx5xsuperND_reaction_51.out.dat
Bridge6x2c2c2c2c2cxSxsuperND_reaction_17.out.dat
Bridge6x2c2c2c2c2cx5xsuperND_reaction_27.out.dat
Bridge6x2c2c2c2c2cx5xsuperND_reaction_37.out.dat
Bridge6x2c2c2c2c2cx5xsuperND_reaction_47.out.dat
Bridge6x2c2c2c2c2cx5xsuperND_reaction_57.out.dat
Bridge6x2c2c2c2c2cx5xsuperND_disp_11.out.dat
Bridge6x2c2c2c2c2cx5xsuperND_disp_1010101.out.dat
Bridge6x2c2c2c2c2cxSxsuperND_disp_1010102.out.dat
Bridge6x2c2c2c2c2cx5xsuperND_disp_1010103.out.dat
Bridge6x2c2c2c2c2cx5xsuperND_disp_1010104.out.dat
Bridge6x2c2c2c2c2cx5xsuperND_disp_1010105.out.dat
Bridge6x2c2c2c2c2cx5xsuperND_disp_1010106.out.dat
Bridge6x2c2c2c2c2cxSxsuperND_disp_1010107.out.dat
Bridge6x2c2c2c2c2cx5xsuperND_disp_1010108.out.dat
Bridge6x2c2c2c2c2cx5xsuperND_disp_1010109.out.dat  +

Number Lines 3000 Create Output Files

Close Reset

Fi gu28u3 put File Combination Screen

To combine files, users first specify th
DOFs. They then choose the target files fron

proceed by clicking the "Create Ousipugl €i |l es

out put file. For exa2mpl aesens mhpwoptnt i gomt
forces-dinecheovw for alll nodes at the | eft at
|l f users wish to create additional output

repeat t he Pprocess.

38. 2 Creating Bridge Profiles

Upon selecting the fACreate Profileso but

screen simi-26ari st odiFspgluayee d3. Thi s feature ena
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the superstructure at i ts maxi-dnurnme cdtiisopnl adcuerme
the selected ground motion event. Original/l
feature has been I mplemented since BAP2009.
been slightly modified in BAP2024 to facildi

p r o c e Boensurgclarity in its use, the following steps should be followed:

4 profilesMenu - X

Enter Output Profiles File Name

ProfileGirder1.dat
1 2 3 4 5 6
dof Ifo @ IG] [0 [C] 10

Enter Output File Name - -
Prototype_superND_reaction_41.out.dat -~ M

Prototype_superN D_react@on_51 .out.dat Max at Line: 124
Prototype_superND_reaction_17.out.dat
Prototype_superND_reaction_27.out.dat Max at time: 114
Prototype_superND_reaction_37.out.dat
Prototype_superND_reaction_47.out.dat
Prototype_superND_reaction_57.out.dat
Prototype_superND_disp_11.out.dat
Prototype_superND_disp_1010101.out.dat Create Profiles Files and plot
Prototype_superND_disp_1010102.out.dat
Prototype_superND_disp_1010103.out.dat
Prototype_superND_disp_1010104.out.dat Reset
Prototype_superND_disp_1010105.out.dat
Prototype_superND_disp_1010106.out.dat
Prototype_superND_disp_1010107.out.dat
Prototype_superND_disp_1010108.out.dat
Prototype_superND_disp_1010109.out.dat
Prototype_superND_disp_12.out.dat
Prototype_superND_disp_1010201.out.dat
Prototype_superND_disp_1010202.out.dat v

Number Lines 509

Figu2éCr3ate Bridge Profile Screen

Max value: 0. 13997¢

Steps®ktrs begin by entering the desired fi

File Nameo field.

St epUsZ2rs must sel ect Adof -di,roe cwhiiocnh icno rti

gl obal coordinate system.
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St epUs®irs then select the files from whi
i mportant to note that only the files contai

nodes along a single girder should be select

Ste@s4ers click on the AFind Maxi mumo but

in tdhe extion of the superstructure at a spe

and AMax valueo fields. The AMax at Lineo fi
fisl evhere the maximum di splacement occur s, \
bottom | eft of the screen reveals the tot al

Stef@s®rs then click on the ACreate Profi

wi || gener ate adifridct icoomtadiisnglngc emeantY dat a o
di splay a pl ot of the superstructure in a p
directory where the Tecl files are | ocated. I
click the fiReset o button and repeat all t he

Figu2é&s i3l ustrates an example where the
under the name AProfil eGirderl.dat. o The ma X
as 0.139978 inches at 1.14 seconds.offhi s daf

509 |lines in the dataset. The prof-27Te of Gir
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& Figure 1 - =] %
File Ecit View Insen Tocks Desktop Window Help

Ocdds @ 08| :E

0.02 I I I | | I I

Figu2®idplay of Superstucture in Plan Vie

38. 3 PPowtcessing Screen

Upon <cl icki ngPrtocee sfis@Gon gtoo bRuotstton, a screen
Figu2& Wi ll appear.
4 PostProcesses = X

Fi gu2@&8o3rocessing Screen



329

r el

e

38. 3.1 Exporting and I mporting Bridge | nf
Af ter performing an analysis and obtaini
ormation and all plotted results for fut
rs t-enteoidgrall data each timesthgy wis
program. The saved file is in the A. matao
click the Al mport Bridge | nfordmaftiimed bui
ectory. 't i s T mportantanal noite bdaedi dnu
e, t hcerye amhiesta rneew Tecl fil e -sienl etch e ad egsrioruen
i on.

38. 3.2 Col umn Resul ts

Upon clicking the "Column Results" button
wi || appear. On this screendi upleacse mamt \
ationship for selected col umng hduwr iGlug ,t he
rs should follow these steps:
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4 CyclicHysteresis - *
Ground Excitation 08TOpB.txt Plot Record Bent Number Maximum Values for Each Bent
1 5 X Y XY
2
n Max. Displacement 0 0.534 0.534 in.
5
100 Max. Shear Force 0 110.053 110,053 kips
o Column Number Negative Positive
: ~ " N
e — Max. Displacement ~ -0.534 0508 | in.
Max. Shear Force -110.053 90.236 kips
E 0 Column Height 216 in.
@ "
g I Plot Additional Results I Drift Ratio 025 %
fis
&
&
B 50 Line Color Paak Disp
Plot Clear Peak Time
black - ~
0457 3.34
Plot n steps 3010 ‘gii;
Direction 0326 . )
-100 oy Plot Bridge Profile
Ox Select Yield Disp | Ay- | Ay+ | Comy iy
0248
wy 0 zj
- -0.208 v
e - Ductility Ratio u+ 0208
06 0.4 02 0 0.2 0.4 0.8 -
Displacement [in.) - -
[[]show Peaks  Plot Ductility ~ Compare Ductility

Figu2eCyxlic Hysteresis Screen
StepSel:ect the bent number, col umn number

pl ot <col or. Users may check the Show Peaks

values on the pl ot

StepCl2.ck on the "Plotidi plta meme nth er eslhatair ¢
the selected columns will be visualized in t
in. Significant values, such as theetaxi mum
column (both negative and positive) and the
each bent (absolute), wi || al so be display
di spl acement value and its corr ismehdfiingl ds .n

Steps®rs may repeat Step 1 and Step 2 to

and make comparisons. The "Clear button ca

view the results for a single col umn.
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Step 4 (Toptplomtalnesults for specific

number (onf) sitneptshe field below the "Clear"

t

i's important to note that wusers shoul

To obtain the yield displacement of the columns, users should complete Step 1 and

Step 2 to plot the shear force versus displacement relationship and follow these steps:

Option 1: Manual Yield Displacement Extraction:

t

d

T Click on the @AObtain Yield Disp.o

positive yield point.

i me

but

c |

bu

T Click the AObtain Yi esled ebit spg.hée Ipdtotto:

negative yield point.

T 1 f the column di mensions vary, repea

i ndi vidually.
T I f the column di mensions are cons
column and then <click the M@ACopyo

negative yield displacements to al

Option 2: Direct Input:
1 If the yield displacements are known from another source, users can
directly input the positive and negative values into the respective fields.
T The ACopyd button can also be wuti

across multiple columns.
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After completing either Option 1 or Optio

APl ot Ductilitybo button to view the shear
Additionall vy, users can click the Mm&oimpar e L
of all columns on a sing3@®. screen, as il lust

20 - “
I Column Ductility I
3 - Marker Color
e Col 110=0
L ] L ]

1 ]
net o cas
B0
g — [ cos |

g [ =

Col 8
28 e e [ ]
1 2 3 4 5
B - Bent Number
Figu83@o3d umn Ductility Screen

Il n addi ti onf ofideiestphlea cmean relationship a
ductility ratio relationship, users can Vi e\
Addi tional Resultso button,29as As meewn socrr etelne

appear, as Hegonhl.tB8ated in
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& Plot AxialForce_Torsion

05

04+

03F

Displacement [in]

| ColumnR

esults vs. Time |

Max. =0.41847 att = 19.86 s

-200

Axial Force [kip]
& )
8

g

Max. =-25.9038att= 0.1s

The plot on t

pl ot

from

on the

t he |

righ

st bo

M1 Shear forec

M Tor si

aceme

aceme

aceme

forc

on

h

t

X

e | eft
enabl
es for
i n th
in th
i n th
t in t
t in t
t in t

96

all ows

es user s t o

60 ax. =-357.8att = 14.82 |
o4l L1 L1 B ieln o 40704 ot he 44i86 L -
SNV IOLLEARXOPDNP PP PP R PP BRI PP PPA DD 04 03 02 01 0 01 02 03 04 05
Time (sec.) Displacement [in]
Plot Options Bent Number Column Number Line Color Plot X Axis Plot
vt B B Sl . = SheaFoce® A Close
2 2 . . Shear Force (y)
: Clear 3 e Clear
n ie Dispiacement(x =
s & v [1Show Max. 2 Hold s o] mﬂbmmf_h T v & Hold Show Max.
Figu8f Results vs Time Screen

user s to

exami

ob

ne

the X andcNuderes.

e x direction

e y direction

e Xy direct.i
he x direct.i
he y directi

he xy direct

on

on

on

on

S €

C

-

Th



To observe the def or med shape of t he b
corresponding to peak displacement, wusers sh

1 and Step 2:

1T Select one of the peak displacement va
corresponding time of peak displ aceme!
Timeo field.

T Click the APl ot Bridge Profiled button
Il lustrat-8d, i ashéwgonget Be def or med shap
at the specified time. Users have the

steps orr otihfernege d ac.

4\ PlotSuperstructure - X

I Girder Displacement ( Plan View ) I

| ‘ I ‘ ‘ ' ‘ Time Girder Number
0.8
19.7 ~ B ~
08 | 19.71 )
19.72 M
19.73
— 04 |
£ 19.74 .
= 19.75
57| 19.76 If all girders have similar
E 19.77 displacements
g ° 19.78 (with very small differences),
E 19.79 users may see only one line.
5 02|
& " 19.8
: o4r 122; O Hold
7 19:83 Sl Fix Y-Axis

=)
o
T

View Superstructure Deviation

; . \ . . \ .
0 50 100 150 200 250 300 350
Let End Bridge Profile [ft.] Right End Close

Figu82 Girder Displacement Screen

S
®
T

To visualize thegidedersmedi sshlapanedussally, L
the ASee Superstructure Deviationd button. T

33 3.
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[# SuperDeviation — X

Superstructure Deviation

Girder Location [ft.]

0 50 100 150 200 250 300 350
Bridge Profile (left to right) [ft.]

FiguB8® Superstructure Deviation Screen
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Chap4-rototype Develo nt and Validation ¢

pm
in BAP202

e
4

BAP2024 streamlines preprocessirred ahy df aci
dat a, which wusers input through the progral
program automates the <calculation of secti
orgensimaumerous nodes and el ements within fin
the seismic evalwuation of bridge response at
verify that t he pr ogaalmc ualcactuiroan se | eye dpdedr df roa tmis ¢
This chapter validates the pr-ogmpmést aeceapadi
composite section properties for t wo proto
conducted to verify the total gragipryoperad a

node connectivity and accurate | oad assi gnme

4.1 Prototype Devel opment Procedures

Two bridge prototymesi wegireg dewel epedt ibyg
Virgini a. Both are assumed to be Aordinary
from Bri d3jye (NEilgUuBé& n4d Prototype2B (fFiognumBe i 4 g
2) . While the superstr wantchhrasmmgadd bkaet cobpn
specif-deal gyedeBasead DPeosicegn (FBD), taking in
the column tributary area and the seismic re
of each prototype. Trh e( R)e swaosn sxeetr etdarcfti ve, f
di spl acement duc@®)ifloirt y od emagcsal iwmadaukeeu(tt i( Cal t
Seismic Design Criteria, 2019). The assumed

hi ghest seismic hazard zones, specifically
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Figu3.e Mhe soil conditions at these sites we

representing stiff soil

The performance of a single cOluwmat was e\
Anal"ysPirsogram devel oped by Silva (n.d.), a toc¢

Nat ur al Hazar ds course at George Washingt ol
the redesigned columns could resisturntehse desi
for designing the columns$ nofApche@SB b Ph®t ot ype
specifications of the span, deckes-4bdet-not 4caps,

10The process for inputtinagtionfBArRe@adt2idan | fear i

Ap p e n bancde s

Latitude: 37.09, Longitude: -77.55

b Googlel

Figutle B& i dgOe ilm87Vi rgini a
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s
— ‘

Latitude: 37.26, Longitude: -76.65

Figu2e B&idgle i243Vi rgini a

Locations

Prototype A:
California

Latitude: 34.03
Longitude: - 118.43

Prototype B:
Minnesota

Latitude: 36.22

Longitude: -89.76

Lowest hazard

Fi gu8e Locations of Prototypes A and
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A
Y
A

A
A
A/

52' 64'3" 64'3" 64'3" 64'3" 52

L )1

67" 67" 67" &7

Figu4e S49pan and Deck Details for Prototype

16" 190
< > D
7"
I 4.5" 20"
«—> 7'
4.5"I >
7..$ 20"
‘ ’ Girders:
7'¢ Concrete =5ksi

" Wec =150 pcf

19" < 7 > P
Slab:
Concrete =4 ksi
Overhang We = 150 pcf
22"
R Barrier
1.5 We = 150 pef
e
- I 7.5"
22"
Figube G rder and Barrier Details for Proto
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3-4"

Co o[ e o] o Bent Cap:
Concrete = 6 ksi
We = 150 pcf
r A ® ° Long. Bar=#9

an Trans. Bar = #5
Clear Cover =2"
. . Tie Spacing = 6"

68" 196" Section A-A

3

il
w

Column:

Concrete =6 ksi
We =150 pef
Long. Bar = 12#10
Trans. Bar =#5
Clear Cover=2"
Hoop Spacing = 3"

Section B-B

Figu6e Clolumn and Bent Cap Details for Proto

Span 1 Span 2

A

95'2" 842"

J=

30

>

3" 115" 315"

Fi gu7.e S99an and Deck Details for Prototype
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12"

12"

12"

29m

Overhang

3'1.5"

——

Figu8&e 4Barrier

Figu®e Clol umn and

104

Steel Girders:
Steel A992
Density = 490 pcf
Es = 29000 ksi

Slab:
Concrete = 4 ksi

Wec =150 pcf

Barrier
Wec =150 pcf

Det ai |l s

Bent Cap

for

Det ai

Prototype B

S

f

or

Proto






























































































































































































































































































































































































































