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Completed State and Construction Stage Analyses of a Suspension Bridge

Introduction

Suspension bridges can generally be classified as long span structures.
Suspension bridges comprise longitudinal deck (main girders) supported
by hangers suspended from cables. The cables are connected to anchors
at each end.

The analysis of a suspension bridge is divided into completed state

analysis and construction stage analysis.

The completed state analysis is performed to check the behavior of the
completed bridge. At this stage, the structure is in balance under self-
weight, and the deflection due to the self-weight has already occurred.
This stage is referred to as the initial equilibrium state of the suspension
bridge. The initial equilibrium state analysis will provide the coordinates
and tension forces in the cables. The completed state analysis of the
suspension bridge is performed to check the behavior of the structure
under additional loads such as live, seismic and wind loadings. The self
weight loading in the initial equilibrium state will also be added to the total
loading for the completed state analysis.

Suspension bridges exhibit significant nonlinear behavior during the
construction stages. But it can be assumed that the bridge behaves
linearly for additional loads (vehicle, wind load, etc.) in the completed state
analysis. This is due to the fact that sufficient tension forces are induced
into the main cables and hangers under the initial equilibrium state loading.
It is thus possible to perform a linearized analysis for the additional static
loads at the completed state by converting the tension forces in the main
cables and hangers resulting from the initial equilibrium state loading into
increased geometric stiffness of those components. This linearized
analytical procedure to convert section forces to geometric stiffness is
referred to as the linearized finite displacement method. This
procedure is adopted because a solution can be found with relative ease
within acceptable error limits in the completed state analysis.

Construction stage analysis is performed to check the structural stability
and to calculate section forces during erection. In carrying out the
construction stage analysis, large displacement theory (geometric
nonlinear theory) is applied in which equilibrium equations are formulated
to represent the deformed shape. The effect of large displacements
cannot be ignored during the construction stage analysis. The

construction stage analysis is performed in a backward sequence from the
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state of equilibrium as defined by the initial equilibrium state analysis.

This tutorial explains the overall modeling and result analyzing capabilities
for the completed state and construction stage analyses of a suspension

bridge.

Procedure for Completed State Analysis

§® User may directly
model the structure
by fixing the towers &
sag points without
using the Wizard.

$ Calculate cable
coordinates and
initial member forces
satisfying the initial
equilibrium state.

Eliminate Suspension

Bridge Analysis Control
Data in order to
complete the initial
equilibrium state
analysis.

Initial equilibrium state analysis using Suspension Bridge Wizard9
(Calculation of 1st cable coordinates)

|| Modify the model & boundary conditions to reflect the true structure.

\4

|| Accurate shape analysis (use Suspension Bridge Analysis Control) @

|| Eliminate Suspension Bridge Analysis Control Data @

Apply loadings to the completed structure for which initial member forces
have been reflected into the geometric stiffness: Linearized finite
displacement theory applied
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Fig. 1 Analytical Model

Bridge Dimensions

The example model is a suspension bridge having a total length of 650m as shown in
Fig. 1. Detailed bridge dimensions are shown in Fig. 2.

Spans: L = 125.0 + 400.0 + 125.0 = 650 m
Bridge width: B =11.0 m

20.72m

32@12.5=400 m

;L >
> < >

L 10@12.5=125m
rARN

L

10@12.5=125m

Fig. 2 General Profile
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Completed State Analysis Modeling

Structural Modeling

In this tutorial, the suspension bridge modeling sequence is as follows.
First, create the model for the completed state analysis, perform
completed state analysis, and then create the construction stage analysis

model under a different name.

The suspension bridge modeling procedure for the completed state

analysis is as follows:

1. Define material and section properties
2.Analyze initial equilibrium state (using Suspension Bridge Wizard)
3.Create a model and enter boundary conditions
- Divide pylon (tower) members to generate pylon transverse beams
- Create & remove pylon transverse beams
- Enter boundary conditions
4.Accurate initial equilibrium state analysis
- Define structure groups
- Enter self weight
- Perform analysis
5.Input static loads & modify boundary conditions

6.Perform completed state analysis
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Assign Working Environment

Open a new file (DI New Project), save as “Suspension Bridge .mcb”
(H Save) and assign a unit system.

File/ 1 New Project
File / & save (Suspension Bridge)
Tools / Unit System (alternatively select from the status bar at
the bottom of the screen)
Length>m ; Force>tonf .1

]

Unit System

Length Farce (Mass) Heat

* m N (ka) " cal

" cm £ kN (kon) " kcal
" kgt

i kaf  (ka) & 3
{* tonf (ton)

C e CObf (k) L

in " kips (kips/g) " Btu

Temperature

f* Celsius " Fahrenheit

Mote : Selected units are displayed in relevant
dialog boxes, Yalues are NOT changed with
Hnits.

[ SetfChange Default Unit System

QK | Apply | Cancel

Fig. 3 Assign unit system

In this tutorial, 3-dimensional analysis will be performed.
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Define Material Properties

§® Because the self
weight of Deck is
directly entered as
nodal loads by the
user, Weight Density
is assigned 0.

Input material properties for cable, hanger, deck (main girder) and pylon.

Model / Properties / Material
Name>Cable
Type>User Defined
Modulus of Elasticity (2.0e+7)
Weight Density (8.267)

Material Data = x|
!
Material D [ Name [Cable ‘
Elasticity Dai
UserDefned
ype of Desian [User Defined  ~
Standard [None -
x| "
= 0B — =
Mateial | Section | Thickness Slser |
| hikoms| e | oo
Standard | =l
1D [ Name [ Twpe [ Standard [ DB (TWE of Material N —
1 Cabla User Def, @ lsotopic  C Orthatropic
2 Hanger Usar Def, ~User Defined
eck User Def, Delet Modulus of Elasticity : [ Z.0000e+007 tan/ms
4 Pylon User Def, Uelete
Poisson's Rain 03
&I Thermal Cosflicient ¢ [ 0, 00002 +000 1/[T]
Import Weight Density B.257 tont/me
Renumber | [~ Use Mass Density: 0 tont/me/g
Modulus of Elastictty : [TTO00=000 tant/me
Polsson's Ratin T
Thermal Cosfficient : [TLOI0=00 14(7]
Weight Density T T tentime
I~ Use lvlass Density T toni/mera
Plasticity Dat
4 3
I | IC] ( Plastic Material Name [NONE |
@ ~ Thermal Transfer
ose
——I Specific Heat 0 keal-g/anf[T]
Heat Conduction ¢ [0 keal/mhr(T]
OK__ | Cancel | Aply

Fig. 4 Define material properties Fig. 5 Material data

By the same method as above, input material properties for hangers, deck
(main girders) and pylons using Table 1.

Table 1 Element material properties

[unit: tonf, m]

Classification Cable Hanger Deck Pylon
Type User Defined User Defined User Defined User Defined
Modulus of Elasticity 2.0x 10 1.4 x107 2.1 x 10 2.1 x10
Poisson’s Ratio 0.3 0.3 0.3 0.3
Weight Density 8.267 7.85 0.00 “ 7.85




Completed State and Construction Stage Analyses of a Suspension Bridge

Define Section Properties

Input the section properties using Fig. 6 and Table 2 as follows:

Model / Properties / E Section
Value>SectionID (1) ; Name (Cable)
Size>D (0.23) ; Stiffness>Area (0.04178) .

Table 2 Section properties [unit: m]
Classification Cable Hanger Deck Pylon Pylon-trans

Area 0.04178 0.00209 0.5395 0.16906 0.1046

Ixx 0 0 0.4399 0.1540 0.1540

lyy 0 0 0.1316 0.1450 0.1080

Izz 0 0 3.2667 0.1143 0.0913

Note that D=0.23 is used for graphical representation only, and the
numerical properties in Section Properties (ie, A=0.04178) are used for
analysis. They do not have to necessarily correspond. After entering the
Size and clicking on Calc. Section Properties produces the numerical
properties, which can be subsequently changed.

| 3 x
o | S | Th\cknessl hC | Combined | PSC | Tapered | Composite |
SeEim(D [ [ @ seiic Foung |
1D | Wame Type Shape ._
WW - | Hame [Cable W Bullt-Up Section
anger alue Madify. .
3 Deck Value B
4 Pylon Value B Delete =
5 Pylan-trans Value B D 02300 m
Copy
Topes Calc, Section Properties
Area 4,17800e-D02 m*
Benumber bay 0.00000e+000|m
sz 0.000002+000|m>
[ 0.00000e+000 | me
lyy 0.00000e+000 | me
22 0.00000e+000 | me
Cyp 0.0000|m
Cym 0.0000|m
Cep 0.0000m
Czm 0,0000/m
Qub 0,0000|mé
Qzb 0,0000|me
Peri0 | 0.00000e+000/m
Close Pert| 0,00000e+000|m
Centy 0.0000/m =l
I¥ Consider Shear Deformation,
Offset : Center-Center
Change Offset ..
~
Show Calculafion Resulfs., | OK__ | Cancel ( Lpply
N~

Fig. 6 Input section properties (cable)
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Input section properties for other elements using Fig. 7 and 8.

] x| x|
DB/User Value |SRC | Combined | PSC | Tapered | Composits | DB/User Value |SAC | Combined| PSC | Tapered | Composite |
Section ID 2 I. T j Section b [3 | Ot j
Name [Hanger ¥ Buit-Up Section Name [Deck ¥ Buili-Up Section
D 0,0500m H 1.6000|m
B 11,0000[m
Calc. Section Properties tw 0.0400|m
Area 2.090002-003 m> il 0.0400)m
Asy 0.00000=+000|m: (¢ | 00000jm
Asz 0.00000+000|m> 12 0.00001m
Iz 0.00000e-+000 | me d i
I 0 000006 =000 | me Calc. Ssction Properiiss
[ 0,00000=-+000 | me Area 5395002001 |me
Cvp 0.0000|m sy 0.00000=+000 |
Cym 0.0000|m sz 0.00000=+000 |
czp 0.0000|m [ 4,33300=-001 |m*
Czm 0.0000|m gy 1.315002-001 |
ayb 0.0000|m: Izz 3.26670=+000|m*
azb 0.0000/m: Cyp 0.0000|m
PeriO | 0.00000e-000/m Cym 0.0000)m
Peril 0,00000e+000[m Czp 0.0000)m
Centy 0.0000/m =l Cam 0.0000|m =
¥ Consider Shear Deformation, ¥ Consider Shear Deformation,
Offset ¢ Center-Center Offset ¢ Center-Center
Change Offset,.. Change Offset
ShewCaIEuENen REsutE | Ok | Cancel | spply | Show Caleulation Aesuliz,, | 0K | cancel | apply |
£ £

DB/User Value |SAC | Combined | PSC | Tapered | Composite |

e 7
Narne [Pylan ¥ Built-Up Section

Section 1D Ifl

DB/User Value |SAC | Combined | PSC | Tapered | Composite |

e |
Nama [PYn1ans [ Buili-tp Section

Section 1D IE

H 2.3000(m H 2.5000(m
B 2.0000(m B 2.3000(m
tw 0.0400(m tw 0.0400(m
[l 0.0400|m [l 0.0400|m
c 0.0000|m c 0.0000|m
12 01,0000 m 12 01,0000 m
Calc. Section Properties Calc. Section Properties
Area 1.690602-001 [me Area 1.046002-001 [me
Ay 0.00000e+000|mé Ay 0.00000e-+000|m=
Asz 0.00000e-+000|m: Asz 0.00000e-+000|m:
Iz 1540002 -001 | m¢ Iz 1540002 -001 | m¢
Iyy 1,450002-001 |mé Iyy 1,080002-001 | mé
Izz 1,143002-001 |me Izz 9.13000e-002|ms
Cyp 0.0000|m Cyp 0.0000|m
Cym 0.0000(m Cym 0.0000(m
Czp 0.0000(m Czp 0.0000(m
Czm 0.0000/m =l Czm 0.0000/m =l
[¥ Consider Shear Deformation, [¥ Consider Shear Deformation,
Offset : Center-Center Offset : Center-Center
Change Offset Change Offset
Shov Calculation Results,., | OK Cancel Lpply Shoy Caleulafion fesuls,.,_| OK Cancel Lpply

Fig. 8 Input section properties for Pylon & Pylon-trans beam




Completed State and Construction Stage Analyses of a Suspension Bridge

Initial Equilibrium State Analysis

In the completed state analysis of the suspension bridge, the deflections
due to self-weight have already occurred, and the structure has come to
an equilibrium state. In this initial equilibrium state, the cable coordinates
and tension forces are not simply assumed by the designer, but rather they
are automatically determined by using equilibrium equations within the

program.

Using the Suspension Bridge Wizard function, the coordinates of the
cables and the initial tension forces within the cables and hangers and the
forces in the pylons can be calculated automatically. The initial
equilibrium state is determined by inputting the basic dimensions of cable
sag, hanger spacing and the self-weight applied to each hanger. The
cable and hanger tension forces determined by the Suspension Bridge
Wizard are automatically converted into increased geometric stiffness
using the Initial Force for Geometric Stiffness function within the

program.

Self-weight applied to each hanger

Fig. 9 2-dimensional basic shape for suspension bridge
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§® The program automatically
calculates the self weight of
the cables. Only the self
weight of the Deck needs to be
entered.

To obtain the initial tension forces and basic shape, input appropriate data

into Suspension Bridge Wizard as per Fig. 10.

Model / Structural Wizard / Suspension Bridge

Node Coordinates & heights > 3-Dimensional (on)
A (0), (0), (20.48) ; A1(3.6), (0), (20.72) ;
B (128.6), (0), (60.8) ; C (328.6), (0), (27)
Height (60.8)
Hanger Distance (m)
Left (10@12.5)
Center (32@12.5) J
Material> Main Cable (1: Cable) ; Side Cable (1: Cable)
Typical Hanger (2: Hanger) ; End Hanger (2: Hanger)
Deck (3: Deck) ; Pylon (4: Pylon)
Section> Main Cable (1: Cable) ; Side Cable (1: Cable)
Typical Hanger (2: Hanger) ; End Hanger (2: Hanger)
Deck (3: Deck) ; Pylon (4: Pylon)
Deck System
Width (11)
Shape of Deck (on) ; Left Slope (2.0) ; Arc Length (400)
Advanced...(on)
Advanced unit weight of deck system
Load Type > Point Load (on)
Left (9@52.9375) *
Center (31@52.9375)

Wd (Weight of Deck per unit length) : 4.235 tonf/m (assumed)
Ld (Longitudinal spacing of hanger) : 12.5 m
Ignore hanger self-weight

10
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As explained earlier, the geometric shape of the suspension bridge,
especially the cable coordinates cannot be arbitrarily determined by the
designer. Rather they will be determined by the catenary equation
satisfying the equilibrium condition within the program. Using the
Suspension Bridge Wizard function, the geometric shape and initial
tension forces can be calculated. As shown in Fig. 10, all coordinates of
the suspension bridge, including the coordinates of the cables can be
determined automatically by entering the coordinates of the pylons, sag
(B-C), slope of deck, hanger spacing and self weight applied to the

hangers.

Fig. 10 Suspension Bridge Wizard Input Window

1

Suspension Bridge Wizard E|
Mode Coaordinates 8 Heights Properties
v 3-Dimensional Unit  m
Material Section
* ¥ z
Main Cable 1 1; Cahl ~| 1 1; Cabl =
e [ frcas e 3
Side: Cable 1 1t Cable x| |1 1t Cable hd
Al 3.6 a 20.72
Typical Hanger 2 : 2 :
5 [ms [0 [me ¥ q [2: Hanger | ]z [z Hanger ~|
c 206 ,07,277 End Hanger z |z: Hanger j |2 |2: Hanger j
[ Asymmetric Bridge Cech 3 [aioek x| s [3peak NN 1 cvanced unit Weight of Deck System §|
Pylon 4 4: Pylon h |4 4: Pylon hd
o] | J | J Load Type
E Deck System {* Point Load " Distributed Load
I E=2 CR ET
widthw) 11 W [~ Depth(h Left 9@52.59575 torf
Hi Hz
Height |60.8 Unit Weight tonfim W Advanced... nker 31@52.9375 tanf
Right tanf
Hanger Diskance{m) [ Distance fram Deck to Pylon Iv Shape of Deck (ex 1 3, 4, 5@5)
Left 10@1Z.5 Dist. () Dist.(m) Left Slope(e) 2,77 Cancel
Center [32@12.5 =1 =2 #rc Lengthim) 650]
Right | Gz | G| Right Slopef=h)
Yiew option
B D
Pylon %-Z Plane -
Hanger < Cable o fs Hanger & Bitmap
il o Toiog] . -
hil et - |2
7 G1rp G2 ec G3 1 G4
z 1.2 1.2 - 12 -
" Distance ™| “ Distance - Distance
" Left N Center el Right
k
open.. | savess.. | oK | Close ‘
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Fig. 11 is the 3D shape generated by the Suspension Bridge Wizard function.
The main cables and hangers are generated as cable elements, and the deck
and pylons are generated as beam elements.

81Civil 2006 - [C:\Civil 700 Tutorials\Suspension Bridge\Suspension Bridge] - [Model View]

%L Bl [t View bodel Load @nalyss Resuks Deson Mode Query Tnos Window el -8
Wizard | Nods | Element | Property | BC/Mass | Stage [ Load | Moving | Settiement | Result | Influsnce LinesfSurfaces | Query,
N Ff; Bese - BB R | A e J
insE| 1SRie I LHK @D O BY DS A6 T L3 HEEEEY
Trea Menu 2% 47 Gt modelview | -
Menu | Tables | Group | Works “
@ Stuicture Anabsis <
+ & Configuration ®
4 @) Geomely o
+ % Stalic Loads
+1 B, Response Spectium Analysis ©
+ P Time History Analysis =)
+| &5 Maving Load Andlysis A
+ T Setlement Analsis Data =3
+1 4% Composie Section Analysis Data i
[E{ Hest of Hychation Analysis Data o
iest Anslysis Data -
uction Stage Analysis Data -
] s =
+1 45 Design @
& Guery &l
-
-
+
+
o3
s
%
iessags Windon 2x
=
]\ Commane \dMessage £ Andysis Messag ILe o
For Help, pressFL Monel | Ui 19.52, 61244,0 | 1952, 612.44,0 ot w||m =] ]| 1] o |[rence] 2l T i [z =

Fig. 11 Initial equilibrium state analysis using Suspension Bridge Wizard
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Divide pylon elements to create pylon transverse beams

Align nodes 258 & 260 in line with node 215 and align nodes 262 & 264 in
line with node 247.

@

Model / Nodes/ * | Translate Nodes
il Select Nodes 258, 260, 262, 264
Mode > Move (on)
Translation > Equal Distance (on) ; dx, dy, dz: 0, 0, 2.796635
( z coordinate of nodes 258, 260, 262, 264 = 20.72 and
z coordinate of nodes 215 & 247 = 23.516635)
Number of times: 1 4

To create the pylon transverse beams, divide the pylons as shown in Fig.

12.
Model / Elements / E Divide Elements
& select Intersect (Elements: 255, 258, 260, 263)
Input the distances to Divide>Element Type>Frame
locate the pylon transverse Unequal Distance (1.25, 18.75) o o

beams from the top of the

pylons.

Shrink Elements

(€ Civil 2006 - [C:\Civil 700 Tutorials\Suspension Bridge\Suspension Bridge *] - [Model View]

L’i File Edit Wiew WModel Load Analysis Results  Design  Made _Cue Tools  window  Help &
i Freaue... | | UCS/GES | View Co...| Activation| |: Wizard Nudmuev C/Mass | Stage | Load | Moving | Settlement | Result | Influence Lines/Surfaces | Query
LR el = | U A HAE PR RGPS |
DEH X 20 8Re% LEE ED0BY 2538 3 C 5, msomomzs - [E] 4
Tree enu 2% (4 7 Model View | b
Node | Element | Boundary | Mass | Load
Divids Elements |
v @

Mode Number |26
Element Nurber |

Divide
Element Type

@ Frame " Sold
€ Planar

" Equal Distance

(% Unequal Distance
(" Parametric Unequal Distance
 Parall Bracing
" Divide by Nods

r |

—

L
N
@
Rl
©
@
*
&
@
&

(Example; 5,3,4.5,385.0) -
-
[ MergeDuplcate Modes .| e—-" R -
t
'
X
s
&

Message Window 2 x

=

[A[A[3 [T\ Command Message £_AnaveisWessoss L« |

For Help, press F1 Nonel | Ui 109,19, -972.34, 0 | G 109.19, -972.34,0 Jtort ~|[m =] | 42| »l[frenc=] 1M = 2 &

Fig. 12 Pylon element division
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Create pylon transverse beams

Generate the pylon transverse beams as follows:

ﬂ Zoom Window (Magnify the left pylon as Fig. 13)
Model / Elements / m Create Elements
Element Type>General beam/Tabered beam
Material>4: Pylon ; Section>5: Pylon-trans
Intersect>Node (on) ; Elem (on)
Nodal Connectivity (260, 258) ; (269, 267) ; (268,266) . |

€1Civil 2006 - [C:\Civil 700 Tutorials\Suspension Bridge\Suspension Bridge] - [Model View]

:Gi File Edit Yiew Model Load Analysic  Results  Design  Mode Que Tools  Window  Help -8
: dfSnap | UCSIGCS | View Co.... Activation /PPNl Nuuuevtv BC/Mass | Stage | Load | Moving | Settlement | Result | Infiuence Linesf5urfaces | Query

L B =y B0 AR R AR s I

DEE 2 SRS E CHE REDCIBY BB A8 8 =% Ty

Tree Menu 2X 45 Model view | bx

Mode | Element | Boundary | Mass | Load

[oeoetomens =] -] 268,

Blstart Nurber
Node Humber 2|
Element Number ZE_| |

Element Type

(General bsamjTapsred beam =

Ref.
i

I

z

BB drw 2090 Y

Material

e 6

Section ——— | 258
Mo, Mame |
s [scpvontrans <] .. |1
Orntation ——
@ Betainge O Ref. ot
€ Ref.estor

-
-
t
¥

o ] e
[~ ot &
B En
Inkersect; ¥ Nods [ Elem .| T
d essage Window ax
TA[ATF ]V, CommendVessage ), Analysis Message Le i
For Help, press Fi Monel U 1098, 6.1, 0 61098, 6.1,0 ot [ =] | 4] 2| feonce] 1M =i T2 =

Fig. 13 Generate pylon transverse beams (left pylon)
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Generate the pylon transverse beams for the right pylon.

Zoom Fit
g Zoom Window (Magnify the right pylon as Fig. 14)
Model / Elements / ﬂ Create Elements
Element Type>General beam/Tabered beam
Material>4: Pylon ; Section>5: Pylon-trans
Intersect>Node (on) ; Elem (on)
Nodal Connectivity (264, 262) ; (273, 271) ; (272, 270) . o

€1Civil 2006 - [C:\Civil 700 Tutorials\Suspension Bridge\Suspension Bridge *] - [Model View]

Gy Bl Edt Vew Model Load Anabsis Resuls Desgn Mode jQuai Toos Window Help _a
: GJsnap | UCSIGCS | View Co. . Acivaton| |2 pard | iocH @; roperty | BC/Mass | Stage | Load | Moving | Settement | Resul | Tnuence Lines/Strfaces | Ouery

LR R A =y 818 RN HAEIX D FE J

DEE 2 8RiEE IHEREEE BY HE A6, T - % [=Ela
Tree Menu BX 4G ModelView | b x|

Mode | Element | Boundary | Mass | Load

272
[ocatetlmens <] ]
Nodle Number Bz | 2
Element Number : [281 .| [

Element Type

(General bsamjTapsred beam =

Ref.
i

I

z

73
<,

o) me idn=oaaades

——— 264—_ [

S | 262 .

Mo, mame L
S [s:prontrans <] . -
R — t
L

@ Bstadngle (" Ref. Point
 Ref. Vector

o =l (eal

PTGty
(7.7 i

= &
Intorsect; [V Node |9 Eem .| T

r

Message Window X
apply Close
AT, Commendessage ) Analysis Message L« o
Pt el T T e e | O e S i | L

Fig. 14 Generate pylon transverse beams (right pylon)
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Remove pylon transverse beams

Remove the very top pylon transverse beams generated by the Wizard.

Model / Elements / Delete Elements
@ Select Identity-Elements

(257, 262)
Type>Selection (on) .

551 Civill 2006 - [C:\Civil 700 Tutorials\Suspension Bridee\Suspension Bridge] [BEE

i File Edt View Model Lload Analysis Resuts Design  Made Tools Window Help
3 Freque.., | Gridfanap | UCSISCS | Yier o, Activaion | |7 Whaard NV raperty | BCiMass | Stage | Load | Maving | Settlement | Resuk | Influence Unes/surfaces | Query

HP i NG GEHMAY X R AP I

DEE X 2 - SR EIEHK ED0 BY 256 § [ =
Tree Menu BX 4 Gy Modklvew ) Gi Model View: 1 | ey
Hode | Element | Boundary | Mass | Load ool Via = o HE

i & o7 262

Node humber 2| *-\_\\-?_\

Element Number s [281 . '\-\i_\
—

Type

 Picking

 Selection

[V with Fres Hodes

apply Close

B Rd&re 2AIPF Y

|
| /><
| | =
A | a
-
t
¥
el
4
&
o e

Message Window ax

[\ CommandTvessage )\ Analysis Message IE 0|
For Help, pressFL Norel | U: 126.27,-1.22,0 | i 1z6.27, 1220 [ont v][m =] < 41| »l|[onc=] [T =i T2 =

Fig. 15 Remove pylon transverse beams
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$¢ Rotational

about the bridge axis is

provided
bearings.

at

Input Boundary Conditions

Input boundary conditions for the pylons, cable anchors and the ends of
the side spans.

Cable anchors: fix (Nodes: 1, 103, 53, 155)

Pylon base: fix (Nodes: 259, 261, 263, 265)

(Fixed supports are automatically generated and entered upon execution
of Wizard.)

Ends of side spans: hinge with rotational restraints (Nodes: 205, 257)

@ Iso View ; ﬂ Zoom Window

Model / Boundary / Supports
Zoom Fit Q| Zoom Window
2 select Single (Nodes: 205, 257)
Support Type>D-ALL (on) ; Rx(on) ; Rz (on) @ o

restraint

the

€1Civil 2006 - [C:\Civil 700 Tutorials\Suspension Bridge\Suspension Bridge] - [Model View]

iG) Bl Edt Vew Model Load Anabss Resuls Desgn Mode Query Tooks Wil
Grid/Snap | UCSJGCS | View Co... Activation| |} d | Node | Element | Propert [Jrace | Losd | Moving | Settlement | Result | Infiuence LinesfSurfaces | Query
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Fig. 16 Input Boundary Condition
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ADVANCED APPLICATIONS

In this model, the boundary condition for the deck at the pylons is roller,
which is separated as shown in Fig. 17. Assign the boundary condition
for the deck at the pylons as a roller condition using the Beam End

Release function.

Zoom Fit ; Q Zoom Window (Magnify the left pylon part as
shown in Fig. 17)
Model / Boundary / Beam End Release
Boundary Group Name>Default
Options>Add/Replace
g Select Single (Elements: 212)
General Types and Partial Fixity
My (i-Node) (on) ; Fx (j-Node) (on) ; My (j-Node) (on)
2| Select Single (Elements: 213)
General Types and Partial Fixity
Fx (i-Node) (on) ; My (i-Node) (on) ; My (j-Node) (on) o
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Fig. 17 Input connection condition for the deck at the left pylon
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Completed State and Construction Stage Analyses of a Suspension Bridge

Similarly, assign the boundary condition for the deck at the right pylon.

Zoom Fit
ﬂ Zoom Window (Magnify the right pylon part as shown in Fig. 18)
Model / Boundary / Beam End Release
Boundary Group Name>Default
Options>Add/Replace
g Select Single (Elements: 244)
General Types and Partial Fixity
My (i-Node) (on) ; Fx (j-Node) (on) ; My (j-Node) (on) ; J
g Select Single (Elements: 245)
General Types and Partial Fixity
Fx (i-Node) (on); My (i-Node) (on) ; My (j-Node) (on); A
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Fig. 18 Input connection condition for the deck at the right pylon
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ADVANCED APPLICATIONS

In the case of a suspension bridge with dead anchors for cables in which
decks (girders) are initially unconnected with hinges while being hung from
the hangers and subsequently connected, the decks are unstressed at the
initial equilibrium state. In such hinge construction, the Beam End Release
function is used to release moments in the decks prior to carrying out the
initial equilibrium state analysis using Suspension Bridge Analysis Control.

When releasing moment about My, only one element at a node is released
to avoid instability as shown in Fig. 19.

Hanger

y

X Rigid
Deck

a) Unstable model b) Stable model

Fig. 19 Pin connection of decks

As shown in Fig, 20, j-end of the decks is Beam End Released in the part
®, and i-end of the decks is Beam End Released in the part ®@.

HMW
e ey

Fig. 20 Pin connection of decks (construction stages)



Completed State and Construction Stage Analyses of a Suspension Bridge

Define boundary group
Group tab
Group>Boundary Group>New...

Name (Pin Connection) =

The decks in the parts ® and @ in Fig. 21 are Beam End Released at i-
end about My .

Model / Boundary / Beam End Release
Options>Add/Replace
Select Window (Elements: @, @ in Fig. 21)
(Elements: 204t0211 230t0243)
Boundary group name > Pin Connection
General Types and Partial Fixity>My (i-Node) (on) d
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Fig. 21 Definition of pin connections of decks
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ADVANCED APPLICATIONS

The decks in the parts @ and ®@ in Fig. 22 are Beam End Released at |-
end about My .

Model / Boundary / Beam End Release
Options>Add/Replace
Select Window (Elements: @, @ in Fig. 22)
(Elements: 214t0228 246t0253)
Boundary group name > Pin Connection
General Types and Partial Fixity>My (j-Node) (on)
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Fig. 22 Definition of pin connections of decks
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Completed State and Construction Stage Analyses of a Suspension Bridge

Define Structure Groups

In order to carry out the analysis for cable initial shape for the total
structural system, which contains the pylons and decks, using Suspension
Bridge Analysis Control, we need to define Structure Groups for Sag Points,
whose coordinates are unchanged, and Nodes, which need to be updated.

Group tab
Group>Structure Group>New...
Name (Nodes to be updated) il

Name (Sag Points) fild
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Fig. 23 Define Structure Groups

23



ADVANCED APPLICATIONS

In order to execute Suspension Bridge Analysis Control, we define
Structure Groups for the nodes joining the cables and hangers and the
nodes corresponding to Sag Points of cables at the center span.

Group > Structure Group
gl Select Identity-Nodes
(2to10, 12to42, 44to52, 104to112, 114to144, 146to154)
Nodes to be updated (Drag & Drop)

| select Identity-Nodes (27, 129)
Sag Points (Drag & Drop)
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Fig. 24 Define Structure Groups
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Completed State and Construction Stage Analyses of a Suspension Bridge

Input loadings

The Static Load Case, Self Weight, is automatically generated and
entered upon execution of Wizard. Define a Load Group for Self Weight
and modify the Load Group of Self Weight already created.

Load / Self Weight
Load Case Name > Self Weight (Select)
Load Group Name >
Define Load Group > Name >L_G ; &l A
_Gose |,
Load Group Name > L_G

Self weight factor > Z = -1
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Fig 25. Entry of self weight excluding the decks
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ADVANCED APPLICATIONS

§¢ Since the Weight Density
of the decks is 0, the self
weight of the decks cannot
be considered by the Self
Weight function.

Because the weight of the decks was entered 0, we specify the self
weight of the decks. @
Wd (Weight of Deck per unit length) : 4.235 tonf/m (assumed)
Ld (Longitudinal spacing of hanger) : 12.5 m
Ignore hanger self-weight
Self weight of the decks acting on the hangers
Deck : Wd/2 x Ld =4.235/2 x 12.5 = 26.469 tonf

Load / Nodal Loads
71 select identity — Nodes (54to102 156t0204)
Load Case Name > Self Weight
Load Group Name >L_G ; Options > Add
Nodal Loads
Fz:-26.469 .
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Fig. 26 Self weight of decks
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Completed State and Construction Stage Analyses of a Suspension Bridge

Suspension Bridge Analysis Control

Suspension Bridge Analysis Control executes accurate initial equilibrium
state analysis for the total structural system, which reflects modified pylons
and decks, based on the cable coordinates generated from Suspension
Bridge Wizard, unstressed length and horizontal tensions.

Analysis / Suspension Bridge Analysis Control
Control Parameters> Number of Iterations ; (10)
Node Group to be Updated ; (Nodes to be updated)
Convergence Tolerance ; (1e-005)

Sag Point Group ; (Sag Points)
Constant Horizontal Force of Cable>(off)
Load Case to be Considered; (Self Weight)

§  Accurate initial [ Add
equilibrium state Scale Factor; 1 _I._I
analysis is performed
for the self weight of . v .
the bridge. Analysis / ﬂ Perform Analysis

Suspension Bridge Analysis Control

Contral Parameters

Mumnber of Ikerations : 10 =

Canvergence Tolerance : 1e-005

Mode Group ko be Updated ; Modes ko be updat »
Sag Poink Group : 5a3 Paints d

[ Constant Horizonal Force OF Cable

Cable Group
Horizonal Force kanf

Load Cases ko be Considered

Load Case ! |SeIF Wweight j J

Scale Factor | 1

Load Case | Siale | Add

Self weight 1 m

Remaove Suspension Bridge Analysis Data |

[o]4 | Cancel |

Fig. 27 Suspension Bridge Analysis Control
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ADVANCED APPLICATIONS

§ The values of Initial
Forces calculated by
Suspension Bridge
Analysis Control can be
readily  checked in
tables by right-clicking
in Works Tree.

Upon execution of Suspension Bridge Analysis Control, Initial Forces
(Large Displacement) are calculated, which are used to represent the initial
equilibrium state in large displacement analysis and construction stage
large displacement analysis. Initial Forces (Large Displacement) includes
Initial Forces for Geometric Stiffness and Equilibrium Element Nodal Force.
Initial Forces (Small Displacement) are calculated, which are used to
represent initial equilibrium state in linear analysis. Initial Forces (Small
Displacement) includes Initial Element Forces. The calculated values can
be checked in tables.

Load / Load Tables / Initial Forces for Geometric Stiffness @
Load / Initial Forces / Large Displacement / Equilibrium Element
Nodal Force

Load / Initial Forces/ Small Displacement/ Initial Element Forces 1

Initial Forces (Large Displacement)

Initial Forces for Geometric Stiffness

This is used to represent initial equilibrium state in construction stage
large displacement analysis and large displacement analysis. The
program internally generates external forces, which are in equilibrium
with the entered member forces as well as the initial forces. Once the
initial forces are considered for formulating geometric stiffness, the data
is ignored in linear analyses such as completed state analysis.

Equilibrium Element Nodal Force (used in construction stage
analysis)

Equilibrium Element Nodal Forces are used specifically for backward
construction stage large displacement analysis. Without loads, which
are in equilibrium with these nodal forces, the nodal forces cause
deformation. The nodal forces are ignored in large displacement
analysis having no construction stages.
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Completed State and Construction Stage Analyses of a Suspension Bridge

Initial Forces (Small Displacement)

Initial Element Forces

Initial element forces are considered in formulating geometric stiffness in
completed state linear analysis. This data is ignored if large
displacement analysis is carried out.
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Fig. 28 Initial Forces Tables
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ADVANCED APPLICATIONS

Remove Nonlinear Analysis Control Data and
Suspension Bridge Analysis Data

Linearized finite displacement analysis is sufficient for the completed state
analysis, so it is carried out as such. However, because initial equilibrium
state analysis is carried out by nonlinear analysis when Suspension Bridge
Wizard is executed, Nonlinear Analysis Control Data is generated. We now
need to remove Nonlinear Analysis Control Data to perform linear analysis.
Also, once we obtain member forces to formulate geometric stiffness
through Suspension Bridge Analysis Control, we can then remove
Suspension Bridge Analysis Data to perform completed state analysis.

Analysis / Nonlinear Analysis Control...
Rermove MNonlinear &nalysis Contral Data | N

Analysis / Suspension Bridge Analysis Control...
Femove Suspension Bridge Analysis Data I N

X

Monlinear Analysis Control

Monlinear Type
v Geometry Monlinear [ Material Monlinear

Iteration Method
(* Mewton-Raphson " Arc-Length (" Displacement-Cantral

fumber of Load Steps : 1

|
Maximurn Mumber of Iterations/Load Step : 30 =

Convergence Criteria

[~ Energy Morm :
[v Displacement Narm 0.001
[~ Force Morm

Load Case Specific Monlinear Analysis Control Data

Load Case | Add

MadifyfShow

Delete
@onlinear Analysis Control Data | QF, | Cancel |

Fig. 29 Remove Nonlinear Analysis Control Data
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Completed State and Construction Stage Analyses of a Suspension Bridge

Suspension Bridse Analysis Control

Control Parameters

Mumber of Tkerations : 10 =i

Convergence Tolerance 1e-005

Mode Group to be Updated : Modes to be updat =
Saq Point Group : Sag Paints -

[ Constant Hotizonal Force OF Cable

Cable Group
Harizonal Farce tonf

Load Cases to be Considered

Load Case : |SeIF Weight ﬂ J

Scale Factor : | 1

Load Case | Scalz | Add

Self Weight 1 ModiFy
Delete

@3 Suspension Bridge Analysis Data |
o]4 | Cancel |

Fig. 30 Remove Suspension Bridge Analysis Data
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ADVANCED APPLICATIONS

Remove and Modify Beam End Release Conditions
for Deck

After initial equilibrium state analysis, completed state analysis is performed
with the decks being connected. As such, we now remove the Beam End
Release conditions for the decks.

Tree Menu>Works tab
Boundaries>Beam End Release>Type 1 : Delete J
Boundaries>Beam End Release>Type 4 : Delete

31 Civil 2006 - [C:\Civil 700 Tutorials\Sus pension Bridge\Suspension Bridge *] - [Model View]
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=5 Inil Forces far G eometic St
= Equibrium Element Nodal Forces 9
-} =2 Initial Forces [Small Displacement] @
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- R Stuctues —
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%P Elements : 278 d
%5 Tension Only: 202 -
%5 Beam: 76 g
- HE Propetties o
-1 [x] Mateial: 4 @
[&] 1:cable
[x] 2: Hanger E
[x] 3:Deck a
[x] 4:Pyion &
- L Sectin:§ Te——
I 1:Cabe
I 2:Hanger
I 3:Deck L
T 4:Pon =
T 5:Pyontians -
-y Boundaiies -
- £ Supports: 10 &
¥
e
N Assn +
b= Tope 3100010000010 Seject assigned Elements k3
P Type 4 [000000000010]  Seiect Assigned Elements Plus
=1 g FigidLink: 49 Unselect Assigned Elements
A Type 1 [Master Node=208  Unselect All
$ e e s paae s Cenents 5 x
4 Mot Mgy v Pisigned Eements Fus
vpe & [MasterNodeall 1oy e pcsigned Hements
& Tope5[Master Nodes212 0y
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Fig. 31 Delete Beam End Release
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Completed State and Construction Stage Analyses of a Suspension Bridge

The pylons and decks are connected to carry out the completed state

analysis.

So we remove the Beam End Release conditions for the decks.

Tree Menu>Works tab
Boundaries>Beam End Release>Type 1 : Properties

My (i-Node) (off)

Boundaries>Beam End Release>Type 2 : Properties ./

My (j-Node) (off) o

il 2006 - [C:\Civil 700 Tutorials\Suspension Bridge\Suspension Bridee] - [Model View]
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Fig. 32 Modify Beam End Release
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ADVANCED APPLICATIONS

Input center span stay

At the center part of the center span, we model the center stay, which will
equalize the movement of the girders and the main cable in the axis of the
bridge. The structural type of the center stay is normally a center diagonal
stay type or a linking type. In this tutorial, we will model the center stay
that connects the girders and cables using the Elastic Link function.

Zoom Fit ﬂ Zoom Window
ﬂ Node Number (on)
Model / Boundary / Elastic Link
Boundary Group Name>Default
Options>Add
Link Type>General Type>SDz (1e11)
2Nodes (27, 78)
Copy Elastic Link>Distance>Axis>y (on)>Distances (11)

E5.Civil 2006 - [C:\Civil 700 Tutorials\Suspension Bridge\Suspension Bridee *] - [Model View]
e

Fle Edt Yiew Model Load Analysis Resuts Design Mgde Query ook Window Help -a

ap UCSIGES | View Co... A rd | Node | Elemert | Property | BCfMass | Stage | Load | Moving | Settlement | Result | Influen
L E 2 PEP £ P bd - R[S T @ |

DEE 2 SRS IEEAAEG EY BE ad § - %, N

Tree Menu 2% (47 model view | -
Nock | Element | Boundary. | Mass | Load
elastic Link. =]
Boundery Group Neme
efat -] -
Options
@ add  Delete

Elastic Link Data

N1
Lk Type
(% General Type  ( Rigid Type
© Tensconly " Compoonly

Sox |0 tonfjm

Sy [0 e
sz [0 o lrec]

=4 & B0

I shear Spring Location
Distance Ratio From End 1

@
Dy: B &
v Copy Elastic Link.
© NodeInc, @ Distance Messaga window ax
e Cx Gy 2
Distances: | 11 )
[\ Commandiessage ) Analysis Message L )
For Help, press Fi None!  Ui359.%, 3721,0  G:359.9, 37,21, 0 et <[ <] 245 pllnen=] I 2

Fig. 33 Connection of Deck (main girders) and cables
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Completed State and Construction Stage Analyses of a Suspension Bridge

Input Load Cases and Static Loads

In order to examine the behavior of the suspension bridge at the stage of
the completed state, we assume static vehicle test loading and input the
static loads as shown in Fig. 35. We first generate static load cases as
shown in Fig. 34.

Load / Static Load Cases
Name (LC1) ; Type > User Defined
Description (Static Load Test) I
Name (LC2) ; Type >User Defined
Description (Static Load Test)
Name (LC3) ; Type > User Defined
Description (Static Load Test)

Static Load Cases El
Mame @ |LC3 add
Type : |User Defined Load (USER) j Madify
Description : |5tat|c Load Test %
No Name | Type | Description A
1| Self Weight Dead Load (D) Self Weight
2|LCA User Defined Load (USER)  Static Load Test
3|Lc2 User Defined Load (USER)  Static Load Test
4|LC3 User Defined Load (USER)  Static Load Test
#*
v
< >
Close

Fig. 34 Define Static Load Cases
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ADVANCED APPLICATIONS

Assume the vehicle weight as 46 tonf, and apply the load at three different

locations as separate load cases.

46 tonf 46 tonf 46 tonf
LC3 LC2 LC1
(210) (223) (231) 1

‘62.5m 100 m |‘ 100 m ,‘

Fig. 35 Static Load cases

Apply static loads to the main girders.
Load / Nodal Loads
%1 select Identity-Nodes (231)
Load Case Name>LC1
Load Group Name>Default ; Options>Add
Nodal Loads>FZ (-46)

ﬂ Select Identity-Nodes (223)
Load Case Name>LC2 ;
Nodal Loads>FZ (-46)

ﬂ Select Identity-Nodes (210)
Load Case Name>LC3 ;
Nodal Loads>FZ (-46)

36




Completed State and Construction Stage Analyses of a Suspension Bridge

(€1 Civil 2006 - [C:\Civil 700 Tutorials\Sus pension Bridge\Suspension Bridge *] - [Model View]
o
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Fig. 36 Input static load (LC1)

Perform Structural Analysis (Completed State Analysis)

We will perform structural analysis as the modeling for the completed state
analysis is now completed.

Analysis / g Perform Analysis
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ADVANCED APPLICATIONS

Review Results of Completed State Analysis

Static Analysis Results

Review displacements and member forces for the three static load cases.

Review deformed shape

@ Front View

Result / Deformations / ﬂ Deformed Shape
Load Cases / Combinations >ST: LC1
Components>DXYZ

Type of Display>Undeformed (on) ; Legend (on)
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Fig. 37 Deformed shape (LC1)

Review deformed shapes for load cases 2 & 3 using the same procedure.

Result / Deformations / ﬂ Deformed Shape
Load Cases / Combinations >ST: LC2
Components>DXYZ
Type of Display>Undeformed (on) ; Legend (on)
Load Cases / Combinations >ST: LC3
Components>DXYZ
Type of Display>Undeformed (on) ; Legend (on)
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Completed State and Construction Stage Analyses of a Suspension Bridge

Review displacements in a tabular format at the loading locations.

Results / Result Tables / Displacements

Records Activation Dialog>Node or Element>210 223 231
Loadcase/Combination> LC1, LC2, LC3 (on)

4 7 Model View /" i Result-[Displacement] ] P X
Node Load DX g =34 R¥ Ry RI -
(m) (m) (m) rad) | s | (rad)
[ 210 Lt -0.001584 0000000 0061719 0000000 0000032  0.000000
223 Lo 0001280 0000000 -0031706 0000000 0002235 0000000
231 LC1 0000000 0000000 -0.315526 0.000000 0000000  0.000000
210 LC2 -0.001177 0000000 0045566 0000000 0000025  0.000000
223 LC2 -0.050588 0000000 -0.371545 0000000 0000412 0.000000
23 LC2 -0.051855 0000000 -0031578 0000000 -0.003484  0.000000
210 LC3 0006252 0000000 -0243521 0000000 -0.000093  0.000000
223 LC3 -0.015743 0000000 0046235 0000000 -0.000331  0.000000
231 LC3 0015836 0000000 0062986 0000000 -0.000000 0.000000
M Records Activation Dialog, X
Mode or Element Loadcase/Combination
al Mone Inverse Prev
Select Type
Element Type < A
TRUSS -~
BEAM Delete
PLANE STRESS
rlaTe [Fetm |
PLAME STRAIN
ARISYMMETRIC v Intersect
—
Co D) o
[« [ [\Displacements / K [+

Fig. 38 Displacement table
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ADVANCED APPLICATIONS

Review bending moments

Review bending moments in the deck.

Result / Forces / ™ Beam Diagrams
Load Cases/Combinations>ST: LC1 ; Components>My
Display Options>5 Points ; Line Fill
Type of Display>Contour (on) ; Legend (on)
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Fig. 39 Bending moment diagram for Deck (LC1)
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Completed State and Construction Stage Analyses of a Suspension Bridge

Review axial forces

Review axial forces in the main cables.

Result / Forces / @ Truss Forces
Load Cases/Combinations>ST:LC1
Force Filter>All
Type of Display>Contour (on) ; Legend (on)
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Fig. 40 Max tension forces in the cables (LC1)
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ADVANCED APPLICATIONS

Review the cable axial forces in tabular format.

Results / Result Tables / Truss / Force
Records Activation Dialog>Node or Element>
Select Type>Material>1: Cable ml
Loadcase/Combination> LC1, LC2, LC3 (on)

4 G Model View /" B Result-[Truss Force] |
Force-l Force-J
Bem | Lo [ ot

| 1Ll 6.992882 46.992802
— 2Lc1 47775 4TINS
1 3Lct 47.386831 47385831
1 4 L 47 466779 47 466779
] 5 LC 47 523318 47 523318
] B LC1 47 569330 47 569390
1 7 Lct 4716301 47518301
1 8 Lct 47686107 47685107
— g e SrIURAE) G M Records Activation Dialog, X
L 10 LC1 47 846743 47 846743 s

11 LC1 47 508972 47 508972 "
— I (s Node o Element Loadease/Combination
] 13 LCt 47324842 47324842 all ‘ None ‘ e | i
] 4L 47285963 47285963
1 15 Lt 47 JB5734 47 265734 | Quosz 10200153 )
L 16 LC1 47 248683 47 249688
] 17 L1 47 227988 47 227968
] s 47193418 47193418
] s 47140437 47140437
] = 471084276 4T.0B4276
1 21 L 46 960837 46860937
] 22 1 46 827757 46827757

23 L 46 BES151 4B BE5151
T L 46.480536 46.480595 lotessce
] s 45296667 46.295667
] =®mLa 46153906 46163906

27 L 46163906 46163906
] =L 46208657 4B.286887 _cerd |
] 29 L1 46 480596 46 480598
] wmLa 45665151 46655151
] s 45927757 46827757
] =L 46.950937 46.950837
L 33 L 47 064276 47 064276
] 34 LC1 AT 140437 47 140437
] s 47193418 47193418
] ®mLa 472279686 47227966

47249609 47249699

«» [\Truss Force 1
Message Window

Fig. 41 Table of tension forces in the main cables

The above output of axial forces shows the additional axial force in the
cables. At the initial equilibrium state, tension forces due to the self
weight have already occurred. Therefore, the total member forces in the
cables and hangers then become the summation of the above axial forces
and the Initial Force for Geometric Stiffness introduced during

preprocessing.
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Completed State and Construction Stage Analyses of a Suspension Bridge

The following procedure will generate the total axial forces, which include

both the initial forces and additional forces determined previously.

Load / Initial Forces / Small Displacement / Initial Forces Control Data
Add Initial Force to Element Force (on)
Load Case > LC1 J

Initial Force Contral Data | |

—Jw &dd Initial Force to Element Force

Load Case |1W'l;|

—I— Initial Force Combination

Load Cage ;| Self Weight = L
Ecale Factor ;|1

Load Case | Scale | Edd

[dodify |
Deleta |

018 I Cancel |

Fig. 42. Initial Force Control Data

Analysis / g Perform Analysis
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ADVANCED APPLICATIONS

Review the cable axial forces in the tabular format.

Results / Result Tables / Truss / Force
Records Activation Dialog>Node or Element>
Select Type>Material>1: Cable ml
Loadcase/Combination> LC1 (on)

4 % Madel View /" 1 Result-[Truss Force] ] b %
Forced | Force-d -
Bem | Load | \gnit | T ‘ il
1Lt 15451142 1547.3362
] 2Lc1 15535919 15546336
] 3Lct 15612423 15623752
] 4Lct 15694724 15706966
] 5Lct 15782907 15796066
] & LCt 1567 7045 15691123
7Lct 15877232 1599.2232
1 alLct 1608.3610 16099535 ecords Activation Dialog 3]
1 aLct 16196359 16213212
] o 1B31 5344 16333127 Hode o Elernent LoadcasefCombination
11 Lt 15002108 15687944
— ] oz 1580.5030 15791792 | nene | e | prev | [Ceek 'htET -
I R E 15714455 15702142 ‘ =] [ito52 1020153
] s 1563.0474 1561.9083
] s 15552932 1554.2461 Selsct Type
16 L1 15484719 1547.2166 [ E—
— 1 it 1541 6765 15408127 Materis ||
18 L 15356026 1535.0302
— 1 s 15305472 15288661 ook |
20 L 15259080 15253150
— 1 aza 15218631 15213640 (B |
22 101 15184715 1518.0833 [T
] = 15156752 15153578 4
] = 15135030 15132763
] =muwa 15119783 15118424
] = 15111524 15119071 Cancel
] 15114071 15111524
] ma 15116424 15119783
— ] mia 15132763 15135030
— ] ama 15153578 15156752
— ] #a 15180633 15184715
— ] =i 15213840 15215831
— ] mwa 15253180 1525.9080
— ] mw 15296661 1530.5472
- 15350302 15355026
] =mwa 15406127 1541 6765
7 L 1547 2166 15481719 hd
<[+ ]\ Truss Force 1K1 | »]_‘

Fig. 43 Sum of initial forces and additional forces in cable
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Completed State and Construction Stage Analyses of a Suspension Bridge

Modeling for

& Model View
mpleted state

Co

Backward Construction stage 1 e
Pin connection for
the deck

Construction Stage Analysis

A suspension bridge is relatively unstable during construction compared
with the completed state. Therefore, geometric nonlinear analysis (large
displacement analysis) must be performed instead of linearized finite
displacement analysis or P-Delta analysis. = Moreover, construction
sequence analysis is warranted to reflect the forces and displacements of
previous stages in the subsequent stages.

In this chapter, we will perform a backward construction stage analysis for
the construction of a suspension bridge starting from the completed state
analysis model that was created earlier. The backward analysis
sequence used in this tutorial is shown in Fig. 44.

Backward Construction stage 6

Backward Construction stage 7

Fig. 44 Sequence of backward construction stage analysis
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ADVANCED APPLICATIONS

Assign Working Environment

To generate a construction stage analysis model using the final stage
analysis model, we first save the completed state analysis model data under
a different file name.

File / Save As (Suspension Bridge Construction.mcb)

To generate a construction stage analysis model, the following should be
added to the completed state analysis model.

Modeling

» Define construction stages
Define elements, boundary conditions and loadings pertaining to each
construction stage.

» Define Structure groups
Group elements that are added / deleted at each construction stage.

» Define Boundary groups
Group boundary conditions that are added / deleted at each construction
stage.

» Define Load groups
Group loads that are added / deleted at each construction stage.

Analysis
> Nonlinear Analysis (geometric nonlinear analysis)

» Construction Stage Analysis
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Completed State and Construction Stage Analyses of a Suspension Bridge

Define Construction Stage Names

Define construction stages for backward construction stage analysis.
First, define all the names to be used for the construction stages by using
the Construction Stage dialog box. Then, define Structure Groups,
Boundary Groups and Load Groups pertaining to each construction stage,
and assign each group to a corresponding construction stage.

In this tutorial, there are eight construction stages defined including the
completed state as shown in Fig. 45.

Load / Construction Stage Analysis Data / Fi Define Construction

@  Define the names of Stage
the construction stages Construction Stage> GEenerate
using the same prefix . o)
and different  suffix Stage>Name (CS) ; S?}fﬂx (0to7)
numbers. Save Result>Stage (on) =

. — Gtage
@  When generating e —

Mame ‘m
output for each Construction e Suffi o7 __~
LTI

construction stage, the

output for each [Mame [ Duration [Date [ Step [ Result | Add | Duratian [0 = day(s)
construction stage is %Eﬁl H H H 3233 Insert Prev | ~ Additional Steps
Cs2 0 i 0 Stage Add Delete |
saved and produced. et i 8 8 Stage Insert Next | Baw l— M_d‘f _Cel ete
Egg g g g gtage —— ( Example: 1,37, 12 ) _bodfy | _Clear |
e 0 ECTIT|
C36 o 0 0 Stage f Auto Generation e
C57 i i il Stage todify/Show

Delete | Step Mumber :|u =
Generate Steps
Cloze |

53 sult
’7 v Stage I~ Additional Steps

0K | Cancel| Apply|

Fig. 45 Define the construction stage names using the
Construction Stage dialog box
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ADVANCED APPLICATIONS

Assign Structure Groups

Assign elements, which are added or deleted in each construction stage,
to the Structure Groups. First, create the name of each Structure Group,

and then assign the corresponding elements.

Tree Menu>Group tab
Group>Structure Group> New... (right-click on Structure Group)
Name (S_G) ; Suffix (0, 2to7)

€1Civil 2006 - [C:\Civil 700 Tutorials\Suspension Bridge\Suspension Bridge Construction *] - [Model View]
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Fig. 46 Define Structure Groups
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Completed State and Construction Stage Analyses of a Suspension Bridge

Assign elements, which are added/deleted in each construction stage to a
corresponding Structure Group. At the completed state - final stage (CS0)
and the stage in which the deck is pin connected (CS1), the corresponding
elements are identical, and only the boundary condition is changed.
Therefore, we will define the construction stage as Structure Group S_GO.

Tree Menu>Group tab
@ Select All
Group>Structure Group>S_GO0 (Drag & Drop)

€1Civil 2006 - [C:\Civil 700 Tutorials\Suspension Bridge\Suspension Bridge Construction *] - [Model View]
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Fig. 47 Define Structure Group (S_GO0)
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ADVANCED APPLICATIONS

Define the deck and hangers, which are deleted in the backward
construction stage CS2, as Structure Group S_G2.

%  When selecting elements, Tree Menu>Group tab
all elements intersected by Select Window (Elements: Fig. 48 @, (2))9

the selection window can be

selected if the selection Group>Structure Group>S_G2 (Drag & Drop)
window is created from right S G2>Inactivate G
to left. -

@ To define the structure

group precisely, inactivate the 5 ce et gew ol i sy gemis Qoo bode Query Dok indow teb .=
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Fig. 48 Define Structure Group (S_G2)
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Completed State and Construction Stage Analyses of a Suspension Bridge

Define the deck and hangers, which are deleted in the backward

construction stage

CS3, as Structure Group S_G3.

Tree Menu>Group tab
Select Window (Elements: Fig. 49 @, @)
Group>Structure Group>S_G3 (Drag & Drop)
S_G3>Inactivate

E51.Civil 2006 - [C:\Civil 700 Tutorials\Suspension Bridge\Suspension Bridge Construction *] - [Model View]
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Fig. 49 Define Structure Group (S_G3)
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ADVANCED APPLICATIONS

Define the deck and hangers, which are deleted in the backward

construction stage CS4, as Structure Group S_G4.

Tree Menu>Group tab

ﬂ Zoom

Window (Fig. 50 @)

Select Window (Elements: Fig. 50 @)

Zoom
ﬂ Zoom

Fit
Window (Fig. 50 ®)

Select Window (Elements: Fig. 50 @)
Group>Structure Group>S_G4 (Drag & Drop)
S_G4>Inactivate

BEE

S5 Civill 2006 - [C:\Civil. 700 Tutorials\Suspension Bridge\Suspension Bridge Construction *] - [Model View]

3 Tendon Group : 0
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Fig. 50 Define Structure Group (S_G4)
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Completed State and Construction Stage Analyses of a Suspension Bridge

Define the deck and hangers, which are deleted in the backward

construction stage CS5, as Structure Group S_G5.

Tree Menu>Group tab
Select Window (Elements: Fig. 51 @, @)
Group>Structure Group>S_G5 (Drag & Drop)
S_Gb5>Inactivate

6% Civil 2006 - [C:\Civil 700 Tutorials\Sus pension Bridge\Suspension Bridge Construction *] - [Model View]
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Fig. 51 Define Structure Group (S_G5)
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ADVANCED APPLICATIONS

Define the deck and hangers, which are deleted in the backward
construction stage CS6, as Structure Group S_G6.

Tree Menu>Group tab
Select Window (Elements: Fig. 52 @, @)
Group>Structure Group>S_G6 (Drag & Drop)
S_G6>Inactivate

6% Civil 2006 - [€:\Civil 700 Tutorials\Sus pension Bridge\Suspension Bridge Construction] - [Model View]
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Completed State and Construction Stage Analyses of a Suspension Bridge

Define the deck and hangers, which are deleted in the backward

construction stage CS7, as Structure Group S_G7.

Tree Menu>Group tab
ﬂ Zoom Window (Fig. 53 @)
Select Window (Elements: Fig. 53 @)
Group>Structure Group>S_G7 (Drag & Drop)
S_G7>Inactivate

€1Civil 2006 - [C:\Civil 700 Tutorials\Suspension Bridge\Suspension Bridge Construction *] - [Model View]
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Fig. 53 Define Structure Group (S_G7)
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ADVANCED APPLICATIONS

Assign Boundary Groups

Assign boundary conditions for each construction stage to Boundary
Groups. First, we generate the name of each Boundary Group, and
assign boundary conditions for each construction stage to a corresponding
Boundary Group already generated.

E Activate All
Group tab>Boundary Group>New... (right-click on Boundary Group)
Name (B_G)
Name (Stay) J
Name > (Pin Connection) already exists

E51.Civil 2006 - [C:\Civil 700 Tutorials\Suspension Bridge\Suspension Bridge Construction *] - [Model View]
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Fig. 54 Create Boundary Group Names

56



Completed State and Construction Stage Analyses of a Suspension Bridge

We now group boundary conditions for the pylons, cable anchorages and
deck ends. Using the Drag & Drop function, we change the boundary
condition group name (Default) already defined to B_G.

@ Select All

Tree Menu>Group tab
Group>Boundary Group>B_G (Drag & Drop)
Select Boundary Type .
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Fig. 55 Changing boundary condition group name
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ADVANCED APPLICATIONS

Grouping center span stay

Assign the center span stay, modeled by Elastic Link, as a Boundary
Group named “Stay”.

Tree Menu>Group tab
@ Select All
Boundary Group>Stay (Drag & Drop)
Select Boundary Type>Elastic Link (on)
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Completed State and Construction Stage Analyses of a Suspension Bridge

Pin connections at deck

We assign hinge conditions to the deck in the same way as we did for the
completed state analysis. We specify Beam End Release about moment
My at the i-end of the deck in the parts @ & @ of Fig. 57 and assign
them to the boundary group, “Pin Connection”, at the same time.

Model / Boundary / Beam End Release
Boundary Group Name>Pin Connection
Options>Add/Replace
Select Window (Elements: Fig. 57 @, @)
(Elements: 204t0211 230to243)
General Types and Partial Fixity>My (i-Node) (on)
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Fig 57 Define Pin Connections at deck
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ADVANCED APPLICATIONS

We specify Beam End Release about moment My at the j-end of the deck
in the parts @ & @ of Fig. 58 and assign them to the boundary group,
“Pin Connection”, at the same time.

Model / Boundary / Beam End Release
Boundary Group Name> Pin Connection
Options>Add/Replace
Select Window (Elements: Fig. 58 @, @)
(Elements: 214t0228 246t0253)
General Types and Partial Fixity>My (j-Node) (on)
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Fig 58 Define Pin Connections at deck
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Completed State and Construction Stage Analyses of a Suspension Bridge

@  The load type that is
applied to construction
stage analysis must be
selected as Construction
Stage Load.

Static Load

Define Construction Stage Loads and Load Groups

We will remove the loads used in the completed state analysis since they

are not used in construction stage analysis. loads in

Since the
construction stage analysis were not defined in the completed state
analysis, we will define the loads for the construction stages and define the

Load Groups simultaneously.

Load / Static Load Cases
No 2~4 (LC1, LC2, LC3) selected &I
No 1 (Self Weight) selected
Type (Construction Stage Load) Q&I
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Fig. 59 Define construction stage static load

We will use the Load Group (L_G) already defined for the completed state
analysis. When elements are eliminated in construction stages, the self
weights of those elements are also eliminated. In construction stage
analysis, the Equilibrium Element Nodal Forces calculated in the process
of the completed state analysis are applied to the member internal forces.
Therefore, the construction stage process is modeled such that only the
deck and hanger elements are eliminated in each stage and their internal

forces are redistributed 100% to the contiguous elements.
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ADVANCED APPLICATIONS

Define Construction Stages

Assign the previously defined structure groups, boundary groups and load
groups to the corresponding stages. Table 4 shows the elements,
boundary conditions and load groups that are activated or deactivated in
each construction stage.

Table 4 Element, boundary condition and load group for each construction stage

Stage Structure Group Boundary Group Load Group
Activate Deactivate Activate Deactivate Activate Deactivate

CS0 S_GO0 B_G, Stay L G

CS1 Pin Connection Stay

CS2 S_G2

CS3 S_G3

CS4 S_G4

CS5 S_G5

CS6 S_G6

Cs7 S_G7

CS0: Completed state (final stage)

CS1: just before the decks (main girders) are rigidly connected (pin
connection stage)

CS2 ~ CS7: construction stages in which the decks (main girders) and
hangers are erected (refer to Fig. 43)
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Completed State and Construction Stage Analyses of a Suspension Bridge

Define the construction stage CS0 (Completed state stage)

Load / Construction Stage Analysis Data / Fi Define Construction Stage

Name>CS0 | Modify/Shaw |

Save Result>Stage (on)

Element>Group List>S_G0
Boundary> Group List> B_G, Stay ; Activation>
Load>Group List>L_G ; Activation>

;. Activation>

add |

Add
Add

J

x|

Add
Insert Prev
Insert Mext

Generate

Stage o

Stage Madify/Show |)
Delete

Close

dditional

|

Name ¢ [CSO

0 = dayts)

Save Result
[ ¥ Stage I~ Additonal Steps

Current Stage Information,,, |

Duration

Day : [0
( Example: 1,3, 7,14 )

Autn Generation
Step Number ([T =
Generate Steps

Add | Delete
Moty | _Clear

undary | Load |

D

Group List .. | [-Aetivati
o 2

Element Force

bge i [T = day(s) | | Redistribuion : [0 =] 5
Group List Group List

Hame [Age [ Hame. [ Fedist, I
5-G0 0

Delete

add | Modify | Delete

ok | cancel | ey |
~ Additiana] Step t Additianal Step:
Name i [C50 Day : [0 _|M5”:" —ID;‘E‘E Name  : [CS0 Day : [0 _Mﬁ“;' E;‘*‘E
Modfy | Clear Modfy | Clear
Dumton + [T cayce) | | ( Examalei 13714 ) Modiy | _Clsar | bwaion [T 2] taye || ( BAmRlei LT 14 Modiy | _Clsar |
Slep  [Day | Sep [Day |
Save Result Auto Generation Save Result Auto Generation
[ Stege [ Addtional Steps Step Number ([T = ¥ Sege [ Addiionsl Steps Step Number ([T =
Generate Steps Generate Steps
Current Stage Information | Current Stage Information... |
E\ame@nad | Eloment| Boundy_Lowd 1)
Group List o | b Group List .. | [-Activat
Tn-Connection Support/ Spring Position
© Original & Deformed Active Day : [First =[8a(s) | | inaciive Day : [First =] dav(s)
Group List Group List Group List Group List
Hame [Posftion | Name fame [Da I Hame [Da I
_G Deformed LG First
Stay Deformed
< Delete Add Delete < | Yodify | Delste Add | Modity | Delete
ok | cancel | apty | ok | cancel | eenly |

Fig. 60 Define construction stage CSO
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ADVANCED APPLICATIONS

Define Construction Stage CS1(Pin Connection stage).

Load / Construction Stage Analysis Data / Fi Define Construction Stage

Name>CS1 Modify/Show |

Save Result>Stage (on)

Boundary> Group List> Pin Connection; Activation> Add

Boundary> Group List> Stay ; Deactivation> il A

Ed|
Additional Step:

MName 5] Day IU— ﬁdt‘i Delete
Duration [0 = dayts) { Example: 1,3 7, 14 3 _Modify | Clear
[Step  [Day |

Auto Generation

Save Result
’7 v Stage [~ Additional Steps Step Mumber :[0 =]

Generate Steps

Current Stage Inforrnation,,, |

Element Boundary | Load |

Group List ... | ~Activaton——— —Deactivation
B & m Support / Spring Position

¢ Qriginal & Deformed

Eroup List Group List

FPosition | o ATanme—~, [
‘ Stay )

in-Connec,J Deformed

4dd | Modify | Dalsts TTERT Delste |

0K | Cancel I Apply |

Fig. 61 Define Construction Stage CS1
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Completed State and Construction Stage Analyses of a Suspension Bridge

§ When elements are
deactivated, a percentage of
the internal forces of the
elements being deactivated
is redistributed to
contiguous elements.

Define Construction Stage CS2.

Load / Construction Stage Analysis Data / Fi Define Construction Stage
Name>CS2 | Modify/Show |
Save Result>Stage (on)
Element> Group List> S_G2 ;

Element Force Redistribution 100% ;
Add

@

Deactivation>

Compose Constructi g B
Stage Additional Steps———————————
Mame o (e Day : ID— ﬂl %
Dusion [0 = daytey | ¢ Evamelsi L3704 [ By | [ e |

Auto Generation

Save Fesult
’V v Stage [~ Additional Steps Step Number [T =

Generate Steps

Current Stage Information..., |

Elernent | Boundary | Load |

Group List ... | [Activation y e
[Modes 1o be upds Element Farce
g?ggpmms Age ! IE| = day(s) N Redistribution : [100
5.E3

5_G4 Group List Group

5_G5

S_G6 Mame [ Age | ame | FE
SHCTl 5.G2 100

add | Modify | Delete | | | [CAG8 ] Modity | Delete |

0K | Cancel | Apply I

Fig. 62 Define Construction Stage CS2
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ADVANCED APPLICATIONS

For efficiency, we will use the MCT Command Shell even though the
remaining construction stages (CS3-CS7) can be defined using the same
procedure as above. Repetitive input such as defining the construction
stages can be easily input using the MCT Command Shell. The
techniques used to input the construction stage information by the MCT

Command Shell is as follows:

Tools>MCT Command Shell
Command or Data (*STAGE) __Insert Data |

+ MCT Command Shell

=10l

\nsanCnmma@| Ingert Data | D’\a(e Data

N~ —
+STAGE fine Construction Stage =
© HAME=MAME, D\JRATION, BSAVESTAGE, bSAVESTEP  line 1
: STEP=DAV1, D2, ... i line 2
s AELEM=GROUP!, JAGE1, GROUPZ, AGEZ, . s line 3
: DELEM=GROUP!, BREDIST!, GROUPZ, REDISTZ, ... ; line 4
: ABNDR=BGROUP1 J POS1, BGROUFZ, POSZ, .. s line 5
BGROUFZ, .. s line B
3 ALOAD=LGROURY, DAY1. LBROURZ, DaVe, ... 5o line 7
. DAY1. LBROUPZ, DAVE, ... s line 8

, YES, MO

G0, 0

ABNDR=B_G, DEFORMED, Stay, DEFORMED
ALOAD=L_G, FIRST
NAME=CS1, 0, YES, HO
ABMDR=Pin-Connect ion, DEFORMED
DENDR=Stay
HAME=CS2, O, YES, HO
DELEW=5_GZ, 100
HAME=CS3, O, YES, NO
HAME=C34, O, YES, NO

= Command or Dafg

HAME=CSB, O, YES, NO
HAME=CSG, O, YES, NO
HAME=CS7, 0, YES, NO

Sy

KT}
Run Clear Goto Line © Close |,
Z|

Fig. 63 MCT Command Shell

As shown in Fig. 62, the construction stage information comprises eight

lines of commands. Each command is defined below.

NAME: construction stage name, number of days of construction
for the stage, flag for saving output

STEP: time Step

AELEM: activated structure group and its initial age

DELEM: deactivated structure group and its internal force

redistribution factor for its section forces

ABNDR: activated boundary group and location

DBNDR: deactivated boundary group

ALOAD: activated load group and time step

DLOAD: deactivated load group and time step

66



Completed State and Construction Stage Analyses of a Suspension Bridge

Modify the information for the construction stages CS3-CS7 using the MCT

Command Shell as shown in Fig. 64.

o ] 4
= | | | command or Data : [+5TAGE ~| Insert Command Insert Data | Delete Data |
., DEFORMED, Staw, DEFORMED ;I

ABNDA=Pin-Connection.
DBHDR=Stay

NAME=CSZ, 0, YES, NO
DELEW=3_GZ, 100

NAME=CE3, 0, YES, NO
DELEW=3_G3. 100

HAME=CS4, 0, YES, NO
DELEM=5_GA, 100

NAME=CSE, 0, YES. NO
DELEM=5_G5, 100

NAME=CSG, O, YES. NO
DELEM=5_GB, 100

WE=CS7, 0, YES,

4
Clear | Goto Line @ Cloge |

Fig. 64 MCT Command Shell

After input has been completed in the MCT Command Shell, we then

simply click the LI button to compose the construction stages

with the following messages generated.

Warning in line 27 : *STAGE LIOIE!ZF &2
Warning in line 30 : *STAGE LIOIE{Jt &2
Warning in line 33 : *STAGE OIE{7} B2
Execute HCT command - O error(s), 8 warning(s)
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ADVANCED APPLICATIONS

@  Construction stages can
be easily viewed on the
Model View by simply
selecting the construction
stages using the direction
key on the keyboard, if the
Stage Toolbar is activated.

Confirm whether the construction stages have been correctly defined or

not on the Model View.

View / E Display
Boundary tab
Support (on) ; Beam End Release Symbol (on)
Rigid Link (on) ; Elastic Link (on)
Load tab
Load Case>All (on) ; Nodal Load (on)

Stage>CS3 @

1 Ele Edt View Hodel Lood Analysis Resuls Design Lo
[ Grnas | UCS/ocs | o Co  Vicy ad Wovna | Setemert | Resut | nuenco Lnes/ur o (LR Y
LT TR T ) A STE R e A b E e

WD @0 S ) ST CETEERR =

Property | Boundary |

Misc View | Design

Mise | Load | Mew
Tree Menu 2 x
LoagCasg——————————
Bound:
Weru | Tatles | Groun Warks | Node | Element | Property A e I Load Value .| ";
B viois  Case Selection [STHNONE = =
-/ B AnsbsisCortolDas ‘rr Al £ Group Selection ‘ SEmpEEm [ | ®
+| %7 Inital Forces (Large Displacemert) LUy SCIETBIE _I =
A Stuciures [ Support = [TModal Body Force =
o® Nodes : 237 [CPoint Spring Support [WNodal Load -
185 Elemant 200 Stage Toolbar = [eneri soins sumpor e — B
-1 HE Properies [Elastic Link [ 1Beam Load A
| [Z] Materal: 4 SS::E E:t #3‘;2' Gl [IPrestress Load e =
+ X Secion'5 [ IPretension Load o
Lope (CJElastc Link Number SFioor Load
7 Boundaries |1 General Link i
- | JFioor Load Name
A Suppons £ 10 | Genersl Link Number ,
[ JFloor Load Area “
+ P4 BeamEnd Release - 35 ["1General Link Local Axis
[ JFinishing Material Load =
g Rigd Link - 37 [C1General Link Type | Pracsirs | nad | B
B B iy [ Chings Ganera Lk roeries S
+ (i) Statio Load Case 1 [Sel Weight  Self weigh] [4Beam End release Symbol [
ETC Loads I™ Display by Group - || &

¥ Display by Member
Recetall |

-1 BB Construction Stage: 8 I Display by Groun o I~ Display by Selection
+) R 5300 dae) " Display Option |
™ Display by Selection [ Display by Member

Fesetail | oK Cancal | ool |

Display Option |

oK Cancel | Apply |

-
-
+
L)
e
4
&
Massage Windor ax
[TT TP, CommandWessage ), Analysis Message el ol
For Help, pressFL Mone! | U 12,0384, 1156411, G:612.0384, 115611 ot v||m w] @ 1| b [frence] (2] T i [ 2 =

Fig. 65 Check the defined construction stage (CS3) shown on Model view
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Completed State and Construction Stage Analyses of a Suspension Bridge

€  Equilibrium Element
Nodal Force calculated
in the completed state
analysis is reflected in
the internal member
forces.

Input Construction Stage Analysis Data

Select the Last Stage and analysis type for the construction stage analysis.
Select the large displacement analysis option, as the effect of large
displacements cannot be ignored when calculating forces for construction

of a suspension bridge.

Nonlinear construction stage analysis is carried

out while reflecting the Equilibrium Element Nodal Forces calculated in the

completed state analysis.

Stage>Base

Analysis / Construction Stage Analysis Control Data

Final Stage> Last Stage (on)

Analysis Option> Include Nonlinear Analysis (on)
> Independent Stage (on)
>Include Equilibrium Element Nodal Forces (on)g

Convergence Criteria>Displacement Norm (on) A

Constructic

ontrol Data

Final Stage
& a5 SiEe

¢ Other Stage

ption
v Include Nonlinear &nalysis
@ Independent Stage

I~ Incl enendant Effect

© Accumulative Stage
v Include Equilibrium Element Nodal Forces

Monlinear Analysi
Number of Load Steps © 1
Maximurn Mumber of lerations/ Load Step : =
| Convergence Criteria nacgp blarma .01

T ]

Cable-Pretension Force Control

|1T Internzl Farce € External Force & Add € Replace

o

n
|—Cnnvergance for Creep It

Mumber of terations: [ _I:I

Tolerance @ |[L.01 |

I~ Only User's Creen Cogfficient
= Internal Time Step for Creep @
I Auta Time Step Generation for Large Time Gap

TiTimeGap T> 10 [T =
T [T =
T> 1o [T =

Ty
Ty 8000 [T =

¥ | Wariation of Comp, Strength:

¥ | Tendon Tension Loss Effect { Creep & Shrinkage )
I~ Consider Re-Bar Confinement Effect

™ Tendon Tension Lose Effect ¢ Elastic Shortening .

- Time Di Effect ‘
¥ | Creep & Shrinkage Frame Output
Typ T Calculate Concurrent Farces of Frame
’— ) Creep  Shrinkage & Creep & Biikage ‘ I¥ | Calculate Output of Each Part of Composite Section
€ Load Cases to be Distinguished from Dead Load for €5, Output

Load Case # =] _I Load Case A

Load Type for C.5, (Erection Load) @ |Dead Load (D)

Conyert Final Stage Member Forces to [nitial Forces for Post €8,
¥ Truss | Eezm —‘

4

I [nitial Tangent Displacement for Erected Structures —————
& Al ¢ Group  |Modes to be updated =
™ Lack-of=Fit Force Contra MNodes to be updated =

Consider Giress Decrease at Lead Length Zone by Post-tension
& Linear [nferpolation € Constant @ Strese

T Secondary Dead Load Effect far Grid fode!

Load Caze : |

I

Load Case A

Delete

Beam Section Property Chang
IV ¢ Constant. & Change with Tendon

I~ | Bave Output of Current Stage(Beam,/Truss)
Remove Construction Stage Analysis Control Data | 0K | Cancel |

Fig. 66 Construction Stage Analysis Control Data dialog box

Perform Structural Analysis (Construction Stage Analysis)

Now that we have completed the construction stage analysis model, we

will perform structural analysis.

Analysis / g Perform Analysis
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ADVANCED APPLICATIONS

Review Construction Stage Analysis Results

@ If the basic Deformation
Scale Factor is too large,
adjust the factor to view the

deformed shape.

@ Review the deformed
shapes for different
construction stages by

changing the construction
stages by using the Stage
Toolbar. Mouse wheel or
up/down keys on the
keyboard may be used.

Review the change in the deformed shapes and section forces for each
construction stage.

Review Deformed Shape

We will examine the global behavior of the structure by checking the

deformed shape at each construction stage. The deformed shape at the

construction stage CS7, which represents the completed pylons and main
cables, is shown in Fig. 66.

Result / Deformations / ﬂ Deformed Shape
Load Cases / Combinations >CS: Summation

Components>DXYZ
Type of Display>Undeformed (on) ; Legend (on)
Deform rd>Deformation Scale Factor (0.2) |
Stage Toolbar>CS7
& BEE
i3 Bl Edt View Hodel Load fnolysis Resubs Desin Mode Query Toos Window Hglg _ax
inap | UCS[GCS | View Co...| Activation| |3 oy BC/Mad Moving | Settlement | Result | Influsnce LinesfSurfaces | Query
? 8P upD o D BT B b | Lk I
L | ShieE LHK AEADG BY B ad A =i ald
2 X 147 Model view | -
Reactions | Deformations | Forces | Stresses WIDAS, Civil L
sosr-pROCESEOR | L
Deformed shape o | Toeronm s |y
Load CasesCombinations RESULTANT @
C5: Summation ] -
e %-DIRe z.190t-001 |©&
3 NOBE- 46 @
3 o v-prr- o.000e+000 |
5 ) b
Deformation Details 2-DIR= 2.367E+000 | gy
:Dx Deformation Scele Factori | 0.200000 COMB.=  2.367E4000 | S
DXy 3
Deformation Type WODE= 129 E
* Nodal Deform i SCALE FACTOR= E
I Real Displacement (Auto-Seale OFf)
[~ Relative Displacement
I Apply upon OK
Cancel
=
£
T €53 Sumation
= WX 129
I=Ij=1] G
T NIT: n
‘t—'
[T [P\ Cormand Message )\, Analysis Message Le o
For Help, press F1 Mode- 107 U 53.12361, 11, 34,860 6 53.12361, 11, 34860 [tort. v |m =] 4| 4] - [[ronce] (2| 0 =i [ 2 =

Fig. 67 Check the deformed shapes for different construction stages
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Completed State and Construction Stage Analyses of a Suspension Bridge

Review the change of the center span sag, which is used as a measure of
erection precision during construction at each construction stage, by a
graph.

Result / Stage/Step History Graph
Define Function>Displacement> Add New Function
; Node Number (27)

Displacement>Name (Sag)
Components>DZ .
Mode > Multi Func.
Step Option > Last Step
X-Axis > Stage/Step
Check Functions To Plot > Sag (on)
Load Cases/Combinations > Summation

Graph Title > Sag
Graph N

§0.Civil 2006 - [C:\Civil 700 Tutorials\Suspension Bridge)Suspension Bridge Construction *] - [Stage History Graph]

i) B Edt Vew Hodel Load fnolysis Resuks Design Mode Query Iook Window Help

Lex
i Freque... | Gridfsnap| UCS/GCS | View Co...| Activation| |} Wizard | Node | Element | Praperty | BC/Mass  Stage | Load | Moving | Settlement | Result | Influsnce LinesfSurfaces | Query
%[ Jf¢! o7 R R Y I
D2 (2 (SRi%E | | 1§ - & = |16 & 8]
Tree Menu AX 4G Model view / % Stage History Graph | box
Stageistep Graph |
Diplacement | l \DeﬂneFunctmn sag =
Displacemnent v
Name: [Sag ‘Add New Function b B saeom
Node Mumber: [27 Pode 2.4 —
G i — @ MulkiFune. " MultiLCase Z—E :
Step Option 18 — -
C AlSeps @ Lk P!
= Al Steps Last Step.
R-xis 14 —
G StagelStep ¢ Time(day) T
.
feck Functions To Plat o —
W3ag .
g o
5 »:-Completed State
£ o
g 0z
o 0.4 —
E 0.5 —
e J
B
Mndify Delete c1e —
il
Load Cases/Combinations 1 -
|Summation hd -i.8 A
s Backward Analysis
Graph Title Sag s
g—— -4 — ———
e d
<EEZND L) i
Stage/Step (Stage:Step)
Message Window o x
[T 15T, Command Message ) Analysis Message 1L« 0|
For Help, press FL Mone! | Ui 522,109, 11, 60,64 G 529.4032, 14, 6084 [tant | |m  v] @ 48] ¥ [frence] (2] T i [z =

Fig. 68 Changes of the Sag magnitudes through construction stages
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ADVANCED APPLICATIONS

Determine a setback
Review the magnitude of a setback for the pylons at the stage when the
deck (main girders) and hangers have not been erected.

Result / Deformations / *=| Deformed Shape
Stage Toolbar>CS7

Load Cases / Combinations >CS: Summation
Components>DX

Type of Display>Undeformed (on) ; Legend (on)

€1 Civil 2006 - [C:\Civil 700 Tutorials\Suspension Bridge\Suspension Bridge Construction] - [Model View]

iG) Bl Edt Vew Moddl Load nalyss Resuks Desgn Mods Query Ioos Widow Help

_ax
idfsnap | UCS/GCS | View Co...| Activation | |2 Wizar roperty | BC/Mass | Stage [ Load | Moving | Settlement | Result | Influence Lines/Surfaces | Query
! LE DR tid =Py A =g B I AL |
DB (o (SR EIEKRAETE BY BEIB 7 - & =
Tree Menu 2% (4§ Model View | bx m’
Reactions | Deformations | Forces | Stresses TIDAS/Civil 1
posr-rmocesson_ |
DeFormed Shape o | verome s |y
Load Cases/Combinations X-DIRECTION B
e —
=l xotre 21002001 | )
T a— [Te— =)
e c vomre .o00mso00 | G
& L
L wooE= 1 7
Z-DIR= 0.000E+0000 ‘f\
e [— a
DK oy pz 3
DXy « ovz DXz 3
wooEs 128 =3
 onz &
scaLE FACTOR= 3
Type of Display 1.500E+002
1 .| ¥ Undeformed
[~ vaes .| I legend .|
[~ animate .| T Mirored .|
-
-
.
smaoe:csn
-
oy — t5: sumation
Last Step -
=l [ t
s 1
FILE: SUSPERSTON.
WIT: W 3
DATE: 06/19/2006 -
vrev-ommecTIon | 9%
[
N o
Message Window o x
[ 10T\ Cormand Message )\ Analysis Message

3

Il |
For Hel, press F1 Frome 1€ U 526.6,0, 1061 | Gi5286,0,1061 ot =|[m =] 42| > [feence] I iz =
Fig. 69 Review setback value

Setback value

Suspension bridges are designed to have no bending moments in pylons
at the completed state stage by maintaining the applied horizontal forces in
equilibrium at the tops of the pylons. However, if the cable is erected with
the same center span length of the completed state stage, the resulting
horizontal forces at the tops of the pylons are not in an equilibrium
condition, and hence, cable slip will likely occur. The tops of the pylons
are relocated (a type of horizontal camber) to set the horizontal cable
forces balanced left and right. Generally, the tops of the pylons are pulled
toward the side spans by wire ropes, and this is called setback.
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Completed State and Construction Stage Analyses of a Suspension Bridge

We will now review the horizontal displacements changing with the
construction stages at the top of a pylon by using a graph. As shown in
Fig. 69, the horizontal displacement in backward construction stage CS7
becomes the setback value of the pylons.

Result / Stage / Step History Graph
Define Function>Displacement> Add New Function

Displacement>Name (Right Tower) ;
Node Number (43)
Components>DX
Mode > Multi Func.
Step Option > Last Step
X-Axis > Stage/Step
Check Functions To Plot>Right Tower

Graph Title (Right Tower Displacement) Cizpl

J

6% Civil 2006 - [C:ACivil 700 Tutorials\Suspension Bridee\Suspension Bridz Construction *] - [Stage History Graph]

Edt View Model Load anal

Resuks

n Mede Query Teds Window el - ax
Node | Element | Property | BCMass | Stage [ Load | Having | Sektlement | Resuk | Influ es | Query

J[£f Pz cs7 - BB | Rl | A b i J

| Gridjsnap [ Ues{acs | view Co...

B3|

IDESH 2 - SRS | J | § - & =
e ony X 47 Model view / B stage History Graph | b x|
Stageftep Graph |
Define Function Right Tower Displacement =
[ — Setback Value
DEEa ] Add New Function 019 — =
Displacement Modz 0.37 —
Name: [Fiai Tower & MabiFunc, Wl LCase oas —
ol 4
Node Number: [43 Step Option -
" Al steps @ Last Step. 0.1 —
o S i ] Backward Analysis
@ Stagefstep (" Timeiday) 07—
oK Cancel Check Functions To Plot 005 — E
s ..~ Completed State Stage
g o0 —
8 o
g
§ove -
Modify Delete -0.09 —
Load Cases/Combinations o1 : —
roph Tt A Rt TowerDepiocensr 3 ]
Graph Close. I
s | |
TA[ AP [T CommendMessage ) Analysis Message Tle o
For lp, press F1 Nerel |U:0,0,2048 0,029 Tt =l =] 2 4] 2 lronce] W =11z =

Fig. 70 Horizontal displacements of a pylon with changing construction stages
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ADVANCED APPLICATIONS

Review moments

Review the moments in the deck (main girders) and pylons (towers) for
each construction stage. It is the characteristic of an earth-anchored
suspension bridge that the deck (main girders) are subject to no moments
due to dead loads during the construction stages and at the initial
equilibrium state. Whereas, the towers are not subject to moments at the
initial equilibrium state with the horizontal forces in equilibrium, but

moments are developed during construction as shown in Fig. 70.

Result / Forces / ™ Beam Diagrams
Construction Stage > CS2
Load Cases>Combinations>CS: Summation
Components>My
Display Options>5 Points ; Line Fill
Type of Display>Contour (on) ; Legend (on)d

il 2006 - [C:\Civil 700 Tutorials\Suspension Bridge\Suspension Bridge Construction] - [Model View]

Ble Edb Yiew Model Load nalysis Design Mode Query Toos Window Help -8x

i Freque... | GridfSnap | UCS/GCS | View Co...| Activation| i Wizard L Property | BC/Mass  Stage Load | Moving | Settlement | Result | Influence LinesfSurfaces | Query
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Tres Meny 2% 97t model view | S B
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PosT-rROCESSOR |
Boam Diagrams [ T BEn pIacman ®
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CS: Summation | e 83695324002 |IQy
Step [Last Step - e.eamssernnz |
i 5.cz1084002 | gy
— s.e0asgesnnn |22
e e 2.2826204002 | ¥
cn cm 7.80872e400L cﬁ‘
Gy Cw O 0.00000e+000 | “G
o -2.28262e4002 | T8
r -3.50030e4002 | gy
Display Options. -5.32610e+002 ﬁ

o  HaFil -6.54785e+002
o HES & Line Fil -8.3535924002
Scale: [1o0o00 | SodFil

Type of Display
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I vales .| ¥ legend .|
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I ;256
’Sutput Section eratmn - FILE: SUSPENSION-
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I o o DATE: 06/19/2006
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EE] i

N
Message Window ax
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Fig. 71 Review of moments at each construction stage
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Review axial forces

Review axial forces in the main cables & hangers for each construction
stage.

Result / Forces / @ Truss Forces
Construction Stage > CS2
Load Cases / Combinations>CS: Summation
Force Filter>All
Type of Display>Contour (on) ; Legend (on) J

&% Civil 2006 - [C:\Civil 700 Tutorials\Suspension Bridge\Suspension Bridge Construction] - [Model View]

%3 Fle Edt Vew Model Load Anahss Resuls Desgn Mode Query Toos Window Help -&x
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iDSHE| X2 | SRisE LHEAFADG BY 55 38 ¢ - & - glE)
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Fig. 72 Review of axial forces in the main cables and hangers
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ADVANCED APPLICATIONS

Review the change in tension forces in the cable adjoining the top of the
right pylon for each construction stage.

Result / Stage/Step History Graph

Define Function>Truss Force/Stress>  Add MNews Function

Truss Force/Stress >Name (Cable Force) ; Element No (43)
Force (on) ; Point>i-Node 4

Define Function>Beam Force/Stress> _ Add New Function

Beam Force/Stress >Name (Tower Axial Force) ; Element No (261)
Force (on) ; Point>i-Node ; Components>Axial

Mode > Multi Func.

Step Option > Last Step

X-Axis > Stage/Step

Check Functions To Plot>Cable Force ; Tower Axial Force

Graph Title > Cable Force and Tower Axial Force
Graph N

&.Civil 2006 - [C:\Civil 700 Tutorials\Suspension Bridge\Suspension Bridge Construction *] - [Stage History Graph]
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Fig. 73 Graph showing the change in main cable tension
force at each construction stage
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Completed State and Construction Stage Analyses of a Suspension Bridge

Review deformed shape using animation

Review the deformed shapes for each construction stage using the
Animation function.

ﬂ Hidden (toggle on)
Result / Deformation / ﬂ Displacement Contour
Components>DXYZ
Type of Display > Contour (on) ; Deform (on)
Legend (on) ; Animate>;|
Animation Details>Animate Contour (on)
Repeat Full Cycle > (on)
Frames per Half Cycle (5~50)>(8)
Frames per Second (5~50)>(8)
Construction Stage Option>Stage Animation
From>CS0 ; To>CS7
& Record .
A close
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Fig. 74 Review of deformed shapes for each construction
stage using the Animation function
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