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FINAL AND FORWARD STAGE ANALYSIS FOR CABLE-STAYED BRIDGES

Summary

Cable-stayed bridges are structural systems effectively composing cables, main girders and towers.
This bridge form has a beautiful appearance and easily fits in with the surrounding environment due to
the fact that various structural systems can be created by changing the tower shapes and cable
arrangements.

To determine the cable prestress forces that are introduced at the time of cable installation, the initial
equilibrium state for dead load at the final stage must be determined first. Then, construction stage
analysis according to the construction sequence is performed.

In general, with forward construction stage analysis, we cannot obtain cable pretension loads for each
stage which satisfy the initial equilibrium state at the final stage. By using cable pretension loads
resulting from backward stage analysis, we can perform forward stage analysis. However, newly
added function, Lack-of-Fit Force finds cable pretension loads for each construction stage from cable
pretension loads at the final stage without backward stage analysis.

This tutorial explains techniques for modeling a cable-stayed bridge, calculating initial cable prestress
forces, performing construction stage analysis and reviewing the output data. The model used in this
tutorial is a three span continuous cable-stayed bridge composed of a 110 m center span and 40 m side
spans. Fig. 1 below shows the bridge layout.
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Fig. 1 Cable-stayed bridge analytical model



FINAL AND FORWARD STAGE ANALYSIS FOR CABLE-STAYED BRIDGES

Bridge Dimensions

The bridge model used in this tutorial is simplified because its purpose is to explain the analytical
sequences, and so its dimensions may differ from those of a real structure.

The dimensions and loadings for the three span continuous cable-stayed bridge are as follows:

Bridge type Three span continuous cable-stayed bridge
Bridge length L=40m+110 m+40 m=190 m
Bridge Height Lower part of tower: 20 m, Upper part of tower: 40 m

Tower

Cable Cable
Tower X

L Girder \_ Girder|

40m

A

40m | 110m
I

i
A 4
A
. A
v

Fig. 2 General layout

Loading

We input the initial
cable prestress force
values, which can be
calculated by the built-in
optimization technique
in MIDAS/Civil.

Classification

Loading Type

Loading Value

Dead Load

Self weight

Automatically calculated within the program

Cable Prestess Force

Pretension Load

Cable prestress forces that satisty initial
equilibrium state at the final stage @

Derrick Crane

Nodal Load

80 tonf

Jack Up Load

Specified Displacement

10 cm




FINAL AND FORWARD STAGE ANALYSIS FOR CABLE-STAYED BRIDGES

Working Condition Setting

To perform the final stage analysis for the cable-stayed bridge, open a new file and save it as ‘Cable
Stayed Forward’, and start modeling. Assign ‘m’ for length unit and ‘tonf’ for force unit. This unit
system can be changed any time during the modeling process for user’s convenience.

File / IJ New Project
File / . Save (Cable Stayed Forward)

Tools / Unit System
Length>m; Force (Mass)>tonf

Errr‘ £ 7

| ]
For o, i £ Tade:23 110,00 0.0 Toant =llm =1 el wlfren=] 2=

Fig. 3 Assign Working Condition and Unit System



FINAL AND FORWARD STAGE ANALYSIS FOR CABLE-STAYED BRIDGES

Definition of Material and Section Properties

Input material properties for the main girders, tower-bottom, tower-top and cables. Click&l
button under Material tab in Properties dialog box.

Model / Properties / k=i Material
Name (Girder); Type of Design>User Defined
Modulus of Elasticity (2.1e7); Poisson’s Ratio (0.3)
Weight Density (7.85)

Input material properties for the tower-bottom, tower-top and cables similarly. The input values are

shown in Table 1.

Table 1 Material Properties

D Component Modulus of Eiasticity s e Weight De?sity
(tonf/m") (tonf/m”)
1 Girder 2.1x107 0.3 7.85
2 Lower Tower 2.5%10° 0.17 2.5
3 Upper Tower 2.1x10’ 0.3 7.85
4 Cable 1.57x107 0.3 7.85

.
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Fig. 4 Defined Material Properties



FINAL AND FORWARD STAGE ANALYSIS FOR CABLE-STAYED BRIDGES

Input section properties for the girders, tower-bottom, tower-top and cables. Click&lbutton
under Section tab in Properties dialog box.

Model / Properties / E Section
Value tab
Section ID (1); Name (Girder)
Section Shape>Solid Rectangle; Stiffness>Area (0.8)

Input section properties for the tower-bottom, tower-top and cables similarly. The values are shown in
Table 2.

Table 2 Section Properties

ID Component Are;a IX:( Iy?: IZT
(m?) (m’) (m") (m")
1 Girder 0.8 15.0 1.0 15.0
2 Lower Tower 50.0 1000.0 500.0 500.0
3 Upper Tower 0.3 5.0 5.0 5.0
4 Cable 0.005 0.0 0.0 0.0

i Secl\nnl i Sae
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Fig. 5 Defined Section Properties



FINAL AND FORWARD STAGE ANALYSIS FOR CABLE-STAYED BRIDGES

Final Stage Analysis

After completion of the final stage modeling for the cable-stayed bridge, we calculate the cable initial
prestress forces for self-weights and additional dead loads. After that, we perform initial equilibrium
state analysis with the calculated initial prestress forces.

To perform structural modeling of the cable-stayed bridge, we first generate a 2D model by Cable
Stayed Bridge Wizard provided in MIDAS/Civil. Initial cable forces introduced in the final stage can
easily be calculated by the Unknown Load Factors function, which is based on an optimization
technique. The final model of the cable-stayed bridge is shown in Fig. 6.

0 able Stayed Forward] - [Modal View]
£ froboe fesdts Qeon Mgde  (Query [oos edow  pek
i Freque.,. | GridfSnap | UCSISCS [ Wiew Co...| etivation | |2 Wizard | Wode | Element | Progerty | BoMass | Stage | Lnsd | Moveng | Settlement | Rest | Infiuence Unes(Surfaces | Query
(et PR T - P e o B Dl |
DS > o 8RiEE DEE 4f0 e BY 258/ -2 -ji=[Ea
Tees Moy 2% 4 ‘mmm| b=
Mo [ Tabkes | Gronpy | Works T

I Sanctnn furvseie
| B Condigsion
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-
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Fig. 6 Final Model for Cable-Stayed Bridge



FINAL AND FORWARD STAGE ANALYSIS FOR CABLE-STAYED BRIDGES

Bridge Modeling
In this tutorial, the analytical model for the final stage analysis will be completed first and
subsequently analyzed. The final stage model will then be saved under a different name, and then

using this model the construction stage model will be developed.

Modeling process for the final stage analysis of the cable-stayed bridge is as follows:

Main Girder Modeling

Tower Modeling

Cable Modeling

Tower Bearing Generation

Boundary Condition Input

Initial cable Prestress Force Calculation by Unknown Load Factors
Loading Condition and Loading Input

Perform Structural Analysis

Unknown Load Factors Calculation

A A




FINAL AND FORWARD STAGE ANALYSIS FOR CABLE-STAYED BRIDGES

Main Girder Modeling

First generate nodes, and then model the girder (9@ 10+2@5+9@10m) by using the Extrude Element
function.

@ Front View, s Node Snap (on), ﬂ Element Snap (on)
Auto Fitting (on), ﬂ Node Number (on)
Model / Nodes / ﬂ Create Nodes

Coordinates (-95,0,0) J

Model / Elements / @ Extrude Elements
@ Select All
Extrude Type>Node->Line Element
Element Attribute>Element Type>Beam
Material>1 : Girder ; Section>1 : Girder
Generation Type>Translate
Translation>Unequal Distance ; Axis>X
Distances>9@10, 2@5, 9@10
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Fig. 7 Generation of Main Girders



FINAL AND FORWARD STAGE ANALYSIS FOR CABLE-STAYED BRIDGES

Tower Modeling

First generate nodes at the lower ends of the towers, and then model Lower Tower (10m+5m) using
the Extrude Element function.

Model / Nodes / ﬂ Create Nodes
Coordinates (-55 , 0, -20)
Copy>Number of Times (1) ; Distance (110, 0, 0)

Model / Elements / @ Extrude Elements
Select Window (Nodes : ® in Fig. 8 ; Node 22, 23)
Extrude Type>Node->Line Element
Element Attribute>Element Type>Beam
Material>2 : Lower Tower ; Section>2 : Lower Tower
Generation Type>Translate
Translation>Unequal Distance ; Axis>z
Distances>10, 5 4
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Fig. 8 Generation of Lower Tower



FINAL AND FORWARD STAGE ANALYSIS FOR CABLE-STAYED BRIDGES

To generate the Upper Tower (10m+5m+3@10m), select nodes and use the Extrude Element function.

Model / Elements / @ Extrude Elements
Select Window (Nodes : ® in Fig. 9 ; Node 26, 27 )
Extrude Type>Node—>Line Element
Element Attribute>Element Type>Beam
Material>3 : Upper Tower ; Section>3 : Upper Tower
Generation Type>Translate
Translation>Unequal Distance ; Axis>z
Distances>15, 3@10
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Fig. 9 Generation of Upper Tower
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FINAL AND FORWARD STAGE ANALYSIS FOR CABLE-STAYED BRIDGES

Cable Modeling

Generate cable elements using Truss of the Create Element function. Also check Element’s Local
Axes during the generation of cables.

g Display

Element> Local Axis(on) «

Model / Elements / m Create Elements
Element Type>Truss
Material>4: Cable ; Section>4: Cable; Beta Angle (0)
Nodal Connectivity ( 34, 1) ; Nodal Connectivity ( 34, 3 )"
Nodal Connectivity ( 34, 7)® ; Nodal Connectivity (34, 9 )"
Nodal Connectivity ( 35, 13 )™ ; Nodal Connectivity ( 35, 15 )"
Nodal Connectivity ( 35, 19 ) ; Nodal Connectivity ( 35, 21 )
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Fig. 10 Generation of Cables
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FINAL AND FORWARD STAGE ANALYSIS FOR CABLE-STAYED BRIDGES

¢ stiffress of link is
defined as the force
required for unit
displacement.  Rotational
Stiffness is defined as
moment required for unit
rotation (in radians).

§ Beta Angle is entered to
define the orientation of
member.

Tower Bearing Generation

Model the tower bearings using the Elastic Link elements.

Bearing properties are as follows:

SDx: 500,000 tonf/m
SDy: 100,000,000 tonf/m
SDz: 1,000 tonf/m

Model / Boundaries / Elastic Link

ﬂ Zoom Window (@ in Fig. 11)

Options > Add ; Link Type > General Type

SDx (tonf/m) (500000) ; SDy(tonf/m) (100000000) ; SDz(tonf/m) (1000) @
Shear Spring Location (on)

Distance Ratio From End I : SDy (1) ; SDz (1)

Beta Angle > (0) @

2 Nodes (26,5)

2 Nodes (27,17)
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Fig. 11 Tower Bearing Generation
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FINAL AND FORWARD STAGE ANALYSIS FOR CABLE-STAYED BRIDGES

Boundary Condition Input

Boundary conditions for the analytical model are as follows:
e Tower base: Fixed condition (Dx, Dy, Dz, Rx, Ry, Rz)
e Pier base: Hinge condition (Dy, Dz, Rx, Rz)

Input boundary conditions for the tower and pier bases.

Auto Fitting

Model / Boundary / Supports
Select Window (Nodes : @ in Fig. 12 ; Node 22, 23)
Boundary Group Name > Default
Options > Add ; Support Type > D-ALL , R-ALL

Select Window (Nodes : @ in Fig. 12 ; Node 1, 21)
Boundary Group Name > Default
Options > Add ; Support Type > Dy, Dz, Rx, Rz d
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Fig. 12 Specifying Fixed Boundary Conditions for Tower and Pier Bases
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FINAL AND FORWARD STAGE ANALYSIS FOR CABLE-STAYED BRIDGES

Cable Initial Prestress Calculation

The initial cable prestress, which is balanced with dead loads, is introduced to improve section forces
in the main girders and towers, cable tensions and support reactions in the bridge. It requires many
iterative calculations to obtain initial cable prestress forces because a cable-stayed bridge is a highly
indeterminate structure. And there are no unique solutions for calculating cable prestresses directly.
Each designer may select different initial prestresses for an identical cable-stayed bridge.

The Unknown Load Factor function in MIDAS/Civil is based on an optimization technique, and it is
used to calculate optimum load factors that satisfy specific boundary conditions for a structure. It can

be used effectively for the calculation of initial cable prestresses.

The procedure of calculating initial prestresses for cable-stayed bridges by Unknown Load Factor is
outlined in Table 3.

Table 3. Flowchart for Cable Initial Prestress Calculation

Step 1 Cable-Stayed Bridge Modeling

-

Generate Load Conditions for Dead Loads for Main Girders and

Step 2 Unit Pretension Loads for Cables

-

Step 3 Input Dead Loads and Unit Loads

-

Step 4 Load Combinations for Dead Loads and Unit Loads

-

Calculate unknown load factors using the Unknown Load Factor

Step 5 function

-

Step 6 Review Analysis Results and Calculate Initial Prestresses

14



FINAL AND FORWARD STAGE ANALYSIS FOR CABLE-STAYED BRIDGES

Loading Condition Input

Input loading conditions for self-weight, superimposed dead load and unit loads for cables to calculate
initial prestresses for the dead load condition. The number of required unknown initial cable prestress
values will be set at 4, as the bridge is a symmetric cable-stayed bridge, which has 4 cables on each
side of each tower. Input loading conditions for each of the 4 cables.

Load / Static Load Cases

@ It may be more Name (Self Weight); Type>Dead Load @
convenient to use the Description (Self Weight) 4
MCT Command Shell for
the input of loading Name (Additional Load); Type>Dead Load
conditions.

Description (Additional Load)

Name (Tension 1); Type>User Defined Load
Description (Cablel- UNIT PRETENSION) J

Name (Tension 4); Type>User Defined Load
Description (Cable4- UNIT PRETENSION) J

Name (Jack Up); Type>User Defined Load
Description (Support Movement) J

Input the loading conditions repeatedly from Name (Tension 1) to Name (Tension 4).

Static Load Cases E‘
Name ¢ | el weight add
Type 8 |Dead Load (D) j m
Description ! |SE|F weight %
No Name Type | Description £
» 1| Self Wyeight Dead Load (D) Self Waight
2| Additional Load Dead Load (D) Additional Load
3|Tension 1 User Defined Load (USER)  Cable 1 - Linit Pretension
4|Tension 2 User Defined Load (USER)  Cable 2 - Unit Pretension
5|Tension 3 User Defined Load (USER)  Cable 3 - Linit Pretension
G| Tension 4 User Defined Load (USER)  Cable 4 - Unit Pretension
7|Jack Up User Defined Load (USER)  Suppart Movement
*
v
< b
Close

Fig. 18 Generation of Loading Conditions for Dead Loads and Unit Loads
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FINAL AND FORWARD STAGE ANALYSIS FOR CABLE-STAYED BRIDGES

Loading Input

Input the self-weight, superimposed dead load for the main girders, unit loads for the cables and Jack
Up loads. After entering the self-weight, input the superimposed dead load that includes the effects of
barriers, parapets and pavement. Input unit pretension loads for the cable elements for which initial
cable prestresses will be calculated. First, input the self-weight.

Zoom Fit

Load / Self Weight
Load Case Name>Self Weight
Load Group Name>Default
Self Weight Factor>Z (-1)

Sy ke e
.| Gredfsnan | UCSIGS | hesn o, | Activation| | "Winerd | Node | Elemert | Property | Cffeass | tage [ Load | Moving | Sebtkment | Resuk | Infuence Lnes(Surfaces | uery ||
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w—_-xlﬁmm Vx|
Node | Gemert | Boundary | Mass Load | [

T —

=
Aoad Toup Mare

Sell Weht Factor

et

D S S T T T T S RTH T ST R ST R TR RS AR

e pe——) I@E—ﬁ:rjsms e AR
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Hesage Wk LR
-
>
J K I3 A hoekysis Waszage [ sl | iC
Fox e, gress FE Mo 11 20,0, a0.0.0 ont =1l =1 <] pllwe=] 2IW=ITE =

Fig. 19 Entering Self-Weight
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FINAL AND FORWARD STAGE ANALYSIS FOR CABLE-STAYED BRIDGES

Load superimposed dead loads for the main girders.

Input the superimposed dead load —3.0 tonf/m, which is due to barriers, pavement, etc by the Element
Beam Loads function.

Load / Element Beam loads
Select Window (Nodes : @ in Fig. 20 ; Node 22, 23)
Load Case Name>Additional Load; Options>Add
Load Type>Uniform Loads; Direction>Global Z
Projection>No
Value>Relative; x1 (0), x2 (1), W (-3)

A Enter superimposed dead load #
—3.0 tonf/m on main girders )

SRt t P0G #dsw eGP AL

@
Fmsagm Wrddow ax
>
TR s 7 sl | i
For v, s 1 Rt 050,0,0 @06.0 Toont =ITm =1 <l 1 e =] I TS 2

Fig. 20 Entering Superimposed Dead Loads to Main Girders
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FINAL AND FORWARD STAGE ANALYSIS FOR CABLE-STAYED BRIDGES

Input a unit pretension load to each cable. For the case of a symmetric cable-stayed bridge, identical
cable initial prestresses will be introduced to each of the corresponding cables symmetrically to the
bridge center. As such, we will input identical loading conditions to the cable pairs that form the
symmetry.

Load / Prestress Loads / Pretension Loads

2 Select Intersect (Elements: @ in Fig. 21 ; Element : 33, 40)
Load Case Name>Tension 1; Load Group Name>Default
Options>Add; Pretension Load (1) J

Load Case Name>Tension 4; Load Group Name>Default
Options>Add; Pretension Load (1)
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Fig. 21 Entering Unit Pretension Load to Cables
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Input the unit pretension loads for all the cables repeatedly from Tension 2 to Tension 4 according to

Table 4.
Table 4. Loading Conditions and Element Numbers
Load Case Element No. Load Case Element No.
Tension 1 33,40 Tension 3 35,38
Tension 2 34,39 Tension 4 36,37

Check the unit pretension loads entered for the cables using Display.

Lo G Vi .-“_
- iy | tode | Dwswre | mrosty | banduy | e | .
Cprane Lol | - | iy =
A Retiace (" Doete i {
= e D ;
5 iz T -
:'.
£ " A
13 =
' b
I
J
P
9,
&

M W
P £ 7 L A |

For s, e Torwl U000 w60 Toomt =ITm =1 <4l plfrens] 21T =T 2

Fig. 22 Unit Pretension Loads entered for Cables
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@ Specified displacements
of supports are entered
for arbitrary loads.

Enter Jack Up loads to the piers at each side span by the Specified Displacements of Supports.

Jack Up load is as follows:

Vertical Displacement : 0.01 m

Load / Specified Displacements of Supports @

Select Window (Nodes : @ in Fig. 23 ; Node 1, 21)
Load Case Name>Jack Up ; Options>Add
Displacements> Dz (0.01)

(7 Civil 2006-LAN - [C:ACivil 700 Tuteriak
PO B fd yew bodd Load g Bewlts Deson Mode Query fook edow bl

Stayed Forward] - [Wodsl View]

Mede | Blervert | Bouredary | Mass Load |

[soectien Disiasmants of suppon v .|

Load Ca Name
dackLb i
Laad G e
= +] ]

Optiars
= add [ Regle Delete

Diiplocernents dlocal Direction)

Fr Help, presi F1

. Hodel View |

e
i Freque... | GridfSne | UCSIGES | Wew Co. | Artaion| | Wizwd | Wede | Element | Property | BCMass | Stage | Load | Mevng | Settienent | Result | Inflence Ues/Sirfaces | Query
EAPIxs s rue@.n R L A
PDER -l - SRIEE LEHE AEACG BY 5 a8 ¢ =& éﬁlﬁﬂ
Tres Mooy LN L

Bl iest t Hp50imE Fdse =000 N

w

=l | |
N1 1:0.0,0 000 tant =1lm =1 <l 42| pllee=] 2Tz 2

Fig. 23 Entering Jack Up Loads

Perform Structural Analysis

Perform static analysis for self-weight, superimposed dead loads, unit pretension loads for the cables
and Jack Up loads.

Analysis /% Perform Analysis
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Final Stage Analysis Results Review

Load Combination Generation

Create load combinations using the 4 loading conditions for cable unit pretension loading, self-
weights, superimposed dead loads and Jack Up loads.

Results / Combinations
Load Combination List>Name>LCB 1
Active>Active ; Type>Add
LoadCase>Self Weight (ST); Factor (1.0)
LoadCase>Additional Load (ST); Factor (1.0)
LoadCase>Tension 1(ST); Factor (1.0)
LoadCase>Tension 2(ST); Factor (1.0)
LoadCase>Tension 3(ST); Factor (1.0)
LoadCase>Tension 4(ST); Factor (1.0)
LoadCase > Jack Up (ST) ; Factor (1.0)

ioix
Garaesl | Stoel e | Caarote Deskgn | S5¢ Cesin |
Load Combinstion Lt Load Cases and Factors
No | Mame | Active | Type Description = [ | LoadCase Faclor =
* 1|LCE (Acte |Add | P |Seitvieigh(sT) | 1.0000
. | |Adstionsl Losd( | 1.0000
[ Tensi 1.0000
T 10000
T |__1.0000
I i . 10000
[ |Jack UpiST) 10000
-
al I Dl 1 o
ooy | e | awodenerson.. | | copyitn | [seevean -
P ;| FATUTORIAL FICIRCstle Stayed DrelCatie stay | Drowse | | s |

Fig. 24 Creating Load Combinations
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Unknown Load Factors Calculation

Calculate unknown load factors that satisfy the boundary conditions by the Unknown Load Factor
function for LCB1, which was generated through load combination. The constraints are specified to
limit the horizontal deflection (Dx) of the tower and the bending moment (My) of the girders.

Specify the load condition, constraints and method of forming the object function in Unknown Load
Factor. First, we define the cable unit loading conditions as unknown loads.

Results / Unknown Load Factor
Unknown Load Factor Group>m|

Item Name (Unknown); Load Comb>LCB 1

Object function type>Square; Sign of unknowns>Both
LCase > Tension 1 (on)

LCase > Tension 2 (on)

LCase > Tension 3 (on)

LCase > Tension 4 (on)

+ Unknown Load Factor Detail

Constraints

Item Mame:

— ilelement 5
Laad comb : CLcet - =

Object Function
’7(" Linear * Sguare )i Max abs

Sign of unknown;
’7(" Negative < {+ Both ; Positive
i Add New |
Unknown LCase
1 - Selfiiight Madify |
2 - Additional Load Del
3 v Tension1 Ltel
4 v Tenzion2
5 v Tensiond K I Cancel I
= P ——
/] _

Select All | Unselect All Get Unknown Load Factors | QK I Cancel |

#

Fig. 25 Unknown Load Factor Detail Dialog Box
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@ In this tutorial, we will
apply constraints to
restrict the horizontal
displacement of the
tower and the bending
moment of the main
girders. Since the
analytical  model is
symmetric, we will apply
the constraints to only
half of the tower and the
main girders.

Specify the constraining conditions, which restrict the horizontal displacement (Dx) of the tower and
the bending moment (My) of the main girders by the Constraints function.

Constraints > Consrn
Constraint Name (Node 34)
Constraint Type > Displacement
Node ID (34) ¥
Component > Dx
Equality/Inequality Condition > Equality ;
Value (0)

Constraints > Consrin
Constraint Name (Element 5)
Constraint Type > Beam Force
Element ID (5) @
Point > I-end
Component > My
Equality/Inequality Condition > Equality ;
Value (-300)

Constraints > Consran
Constraint Name (Element 6)
Constraint Type > Beam Force
Element ID (6) @
Point > J-end
Component > My
Equality/Inequality Condition > Equality ;
Value (-200) J

Constraints > Consran
Constraint Name (Element 8)
Constraint Type > Beam Force
Element ID (8) @
Point > J-end
Component > My
Equality/Inequality Condition > Equality ;
Value (-400) J
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i Unknown Load Factor Detail

Item Mame: I Unknawn
. lerment 5
@  The constraints for Laad Comb ILCBI 'I lement &

Constraints

] [V|elemert &
calculating Unknown N —— : |
Loa'd Factors can be ’7(" Linear {* Square " Max Abs U
easily entered by
MCT command Shell. Sign of un@owns - Constraint Mame :  [IEEERER
" Megative {* Both " Positive Constraint Type : [Dieplacement

Unknown LCase NodelD: B
1 l Selfveight
2 [ Addfitional Load Companent
3 v Tension1 « D¥ DY  DZ
4 v Tenszion2 - A% ~ RY -~ R7
5 v Tenszion3
| Termimed
d
—Equality/Inequality Condition
Select Al | Unselect Al Get Unknown Load Factors
= Equality & Value 0
" Inequality | | ¢ Other Mode  |U

Cancel

Fig. 26 Constraint Dialog Box

@ The explanations for ~We now check the constraints used to calculate the cable initial prestress and unknown load factors in
the  calculation  of  Unknown Load Factor Result. @
unknown load factors can
be found in “Solution for
Unknown Loads using

|
Optimization Techniques” Unknown Load Factor Group> Geit Uniumivn Loed) Femines | |
in  Analysis for Civil
Structures.

Fig. 27 shows the analysis results for unknown load factors calculated by Unknown Load Factor.

Unknown Load Factors

(Cable Initial Prestress)
* Unknown Load Factor Result -0l x|

Selféfeight A”‘?"‘”:a': Tension! | Tension2 | Tension3 | Tensiond | slack Up

Factor 1.000 1 DDD: 333.808 254370 183.011 340835 E 1.000
element & | element 6 | "Elemment 8°° Mode"dd" *|" """ ° sesopesceseeert
Yalug -300.000| -200.000( -400.000 0.000

Upper Baund

Lower Bound

Make Load Combination ()  Generats Excel File

f* Result £ Influence Matrix

Fig. 27 Analysis Results for Unknown Load Factors
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We now check to see if the calculation results satisfy the constraints by auto-generating a new loading
combination using the unknown load factors by the Make Load Combination (D in Fig. 27). The

Unknown Load Factors can also be generated by clicking on Generate Excel File (® in Fig. 27).

Marme : [LCEA

Description : |

Ok, I Cancel |

Fig. 28 Auto-generation of LCB2 Using Unknown Load Factors

Results / Combinations

From Tension 1 (ST) to Tension 4 (ST), all the load factors obtained from the analytical results as

shown in Fig. 27 are automatically entered.

i
General |stee\ Design | Conerste Design | SRE Design |
~Load Combination List ~Load Cases and Factors
No Name | Active Type Description = LoadCase Factor =
1|LCE1 Active | Add » | Selfeight( 1.0000
» 2|LcB2 Active | Add Additional L 1.0000
* Tensionl(S 333.8075
Tengion2(S 264.3697
Tengion3(S 193.0110
Tengiond(S 340.8343
Jack Up(ST 1.0000
*
| | 3 =
Copy | mport... putoGeneration... | SpreadsheetForm | Capy inko | [5teel Design -
FileHame; | FATUTORIALIHPACHINCable Staved BridgeiCable stay | Browse Make Load Corrbination Shest | | Close |

Fig. 29 New Load Combination Auto-generated by Unknown Load Factors
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If the default Deformation
Scale Factor is too large,
we can adjust the factor.

Deformed Shape Review

We now confirm deflections at the final stage to which cable initial prestresses, self-weights,
superimposed dead loads and Jack Up loads are applied.

Result / Deformations / ﬂ Deformed Shape
Load Cases/Combinations>CB:LCB 2
Components>DXYZ
Type of Display>Values (on); Legend (on)
Values 224> Value Output Details
Decimal Points > (4) ; MinMax Only (on) ;
Deform -1 > Deformation Scale Factor (0.5)

ﬂ Zoom Window

Min & Max (on) J

d Forward] - [Mode! View]
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Fig. 30 Check Deformed Shape
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Forward Construction Stage Analysis

When a cable stayed bridge is designed, the structural configuration, cable sections and tension forces
are generally calculated from the overall analysis of the completed state.

Apart from the analysis for the completed state, construction stage analysis is also required for design
of the cable stayed bridge. Depending on the temporary support method, the structural system of a
cable stayed bridge changes drastically during construction. The structural system may become
unsafe and/or unstable during the construction compared to the completed state. This necessitates a
construction stage analysis, and the analysis based on the construction sequence is referred to as
Forward Analysis. Stresses, deflection, sequence, constructability, etc. can be checked through
Forward Analysis. One of the difficulties associated with forward stage analysis is to find tension
forces at construction stages. With the facility of the lack of fit force functionality, additional
pretension loads, which are introduced during the installation of cables, are calculated, and member
forces are preloaded at Key Segment such that member forces at key segment closure are the same as
those at the completed state. Using these pretension and member forces, forward stage analyses are
performed.

To perform a construction stage analysis, construction stages should be defined to consider the effects
of the activation and deactivation of main girders, cables, cable anchorage, boundary conditions, loads,
etc. Each stage must be defined to represent a meaningful structural system, which changes during
construction.

ERECTION CALCALATION | STRUCTURAL
STAGE OPERATION sTER SYSTEM
M= 7

6 6-7
n-5 £ &
n-& - 5
z £-5
é - i =8 ¥ " -~ ;a"
B - é - - =
n-3 =] | Et &
" I
o &
§ e B e
& i i T = )
n-2 |& —  —— = = E
% E 2-3
&
]
1Yo
el e e 4 2
-
-
- — - T = 1
L 1
- FiMAL SYSTEM
A\ ey Tt \
T o, 4 Mo
[— it

Fig. 31Construction Sequence and Analysis Sequence for a Cable Stayed Bridge
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(1) Calculating Lack of Fit Force - Truss

First, displacements at each end of cables are calculated at a stage immediately before the cables
are installed. Using the displacements at each cable end, the program calculates the additional
cable pretension (AT), the difference between the cable length (L) at the completed state and the
cable length (L") during the construction. This additional cable pretension (AT) is added to the
initial Pretension (T) determined from the initial configuration analysis; that is, it is entered as

Pretension during the construction to perform forward analysis.

(ub = uj - ui)

ub

o
F (vb=vj-vi)
p 4

L'-L =AL = VbCosf + UbSing

at=EAAL
L
T.=T +AT

Fig. 32 Calculating Lack of Fit Force of Truss
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(2) Calculating Lack of Fit Force — Beam

At the time of key segment closure for a 3-span continuous cable stayed bridge, cantilevers of the
center span are deflected. If the key segment is closed in this state, no member force takes place at
the key segment (only member forces due to self-weight take place) and there is discontinuity
between the cantilevers and the key segment. To connect the key segment to each cantilever
member continuously, Lack-of-Fit Force function calculates specified displacements required at
each end of the key segment and converts the specified displacements into member forces to apply

these forces to the key segment.

Key Segment

Reference Level

Key Segment

Reference Level

Fig. 33 Calculating Lack of Fit Force of Beam
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Construction Stage Category

In this tutorial, 13 construction stages are generated to simulate the changes of loading and boundary
conditions.

Forward analysis is performed using Cable Pretension obtained from the initial equilibrium state
analysis. Lack-of-Fit Force function is applied to cables, key segment in the center span and side span
girders activated at Stage 2. We apply Lack-of-Fit Force function to a side span girder erection stage
where girders are connected to the supports and accordingly structural system changes, not to mention
the key segment closure in the center span.

The construction stages applied in this tutorial are outlined in Table 5.

Table 5 Construction Stage Category

Stage Content Remark
Stage | Install towers, end supports in the side spans, temporary bents, and
temporary connection between tower-girder

Stage 2 Install side spans (Elements 1 to 5 & 16 to 20) Lack-of-Fit Force
Stage 3 Apply Derrick Cranel load
Stage 4 Remove temporary bents and generate cables (Element 34, 39) Lack-of-Fit Force
Stage 5 Generate main girders (Element 6, 7, 14, 15)
Stage 6 Generate cables (Element 35, 38) Lack-of-Fit Force
Stage 7 Remove Derrick Cranel load and apply Derrick Crane2 load

Stage 7-1 Generate cables (Element 33, 40) Lack-of-Fit Force
Stage 8 Generate main girders (Element 8, 9, 12, 13)
Stage 9 Generate cables (Element 36, 37) Lack-of-Fit Force

Stage 10 Remove Derrick Crane2 load and apply Derrick Crane3 load

Stage 11 Remove Derrick Crane3 load
Stage 11-1 Generate KEY SEG (Element 10, 11) Lack-of-Fit Force
Replace the connection between tower-girder and apply Jack Up Rigid link>
Stage 12 L
load Elastic link

Stage 13 Apply additional dead loads (Final Stage)
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Forward Construction Stage Analysis
Forward analysis reflects the real construction sequence.

In this tutorial, we will examine the structural behavior of the analytical model and the changes of
cable tensions, displacements and moments.

The analytical sequence of forward construction stage analysis is as shown in Fig. 34.

Ele £ Yuw Medw Lead frabysis Busuts Design Made Quiry Tods Wedow Help
Mol Viaw |

Stage 1

] Wodel  ETRO0 T [ =il =] 2l b=l 17 W =0T T =

Fig. 34 Analysis Sequence by Forward Construction Stage Analysis
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We will generate a construction stage analytical model using the model used in the final stage analysis
by saving the file under a different name.

File / Save As (Cable Stayed Forward Construction)

The following steps are carried out to generate the construction stage analysis model:

1. Save a forward stage analytical model
Change the truss element used in the final stage analysis to cable element.
Define load cases for forward analysis.

2. Define Construction Stage names
Define each construction stage and the name.

3. Define Structural Group
Define the elements by group, which are added/deleted in each stage and to which Lack-of-
Fit Force is applied.

4. Define Boundary Group
Define the boundary conditions by group, which are added/deleted in each stage.

5. Define Load Group
Define the loading conditions by group, which are added/deleted in each stage.

6. Define Construction Stages
Define the elements, boundary conditions and loadings pertaining to each stage.
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Save a Forward Stage Analytical Model

In order to create the construction stage analysis model from the final stage model, delete the load
combinations LCB 1 & 2 and unit pretension loading conditions, Tension 1 to Tension 4. To input
Pretension Loads calculated by forward stage analysis, define a new loading case for Cable
Pretension.

Results / Combinations
Load Combination List>Name>LCB 1, LCB 2 _Delete.
Load / Static Load Cases
Name (Tension 1) ~ Name (Tension 4
Name (Pretension); Type > User Defined Load
Description (Pretension from Forward Analysis) J

) Delete

Static Load Cases le
Mame Add
Type ‘User Defined Load (LISER) j Madify
Descriptian : ‘ Pretension from Forward Analysis Delete
No Name | Type | Description £
1] Self Weight Dead Load (D) Self Weight
2| Additional Lo Dead Load (D) Additional Load
3|Jack Up User Defined Load (USER)  Support Movement
» 4|Pretension  User Defined Load (USER)  Pretension from Forward Analysis
*
A
< >
Close

Fig. 35 Entering Initial Prestress Loading Condition
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In construction stage analysis for cable-stayed bridges, geometrical nonlinear analysis for cable
element should be performed. To consider the sag effect of cable element in cable-stayed bridges, the
truss elements used in the final stage analysis should be transformed to cable elements. In a cable-
stayed bridge, an equivalent truss element is used for the cable element. This element considers the
stiffness due to tensioning.

Model / Elements /ﬂ Change Elements Parameters

@ Select identity - Elements
Select Type>Element Type
Nodes (off) ; Elements (on)
(Truss) 4

Parameter Type > Element Type (on)

Mode> From> Truss (on) ; To > Tension only/Hook/Cable(on)

Cable (on) J

jL Bl £ yew Modd Load  doshen Beadts Desgn Mgde Query ook findow  bel

-8
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PRI E s 2 @ e 2 F &
iDEE X SRESE LT LEE 6 BY Dcas ¢ F 20 o i[5 6
Tor Mo A% 4T Hodd View sn;‘_
Medde  Elment | Bourey | Maed | Losd l’
‘@ All | Mone | Inverse| Prey | "
[Ber. ®
todoturber ¢ [% L. [~ Modes l— B
e 5l [¥ Elements [33todl @
K
Select Type : P
Element Type | [fEE E.
Delete :
Etﬁ¥£ STRESS =
PLANE STRAIN _Reslice | 2
y ééEEMMETHIC >| Intersect A
S T Mutiiple @
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C T ek Cable a8
(™ hd B L n -
-
+
_toor |_ome | ¥
=
-
&
L
@
Mg Wirdce o=
I B T e Tl | L
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Fig. 36 Change of Truss Element to Cable Element
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Define Construction Stage

We now define each construction stage to perform forward construction stage analysis. First, we
assign each construction stage name in the Construction Stage dialog box. In this tutorial, we will
define total 13 construction stages including the final stage.

Load / Construction Stage Analysis Data / | Fi Define Construction Stage

@  Define multiple construction
Generata

stages simultaneously by
assigning numbers to - a Stage>Name (Stage); Suffix (1to7) @
particular name. @ i

Save Result>Stage (on) _| pl

Generate

) ) Stage>Name (Stage7-1)
@  For generating analysis

results, the analysis results in Save Result>Stage (on) i‘ A
each construction stage are Generate
saved and subsequently

Stage>Name (Stage); Suffix (8to11)

Save Result>Stage (on) M J
Generate

generated.

Stage>Name (Stagell-1)

Save Result>Stage (on) M J
Generate

Stage>Name (Stage); Suffix (12t013)

Save Result>Stage (on) i‘ pl

x| x|

Marme | Duration [ Date [ Step [ Result | Add
Stagel 1] I] 0 Stage
Stage? 0 0 0 Stage Insert Prey
Stage3d 0 ] 0 Stage
Staged 0 1] 0 Stage ey
Stageh 0 0 0 Stage - ayLs
Stagef 0 0 0 Stage —
Stage? O ] 0 Stage o —Additional Steps

Iodify/Show |

. S I— ME.I Delete
_ Delete | ( Evample: 1.3, 7, 14 3 Modifu | Clear |

—#Uto Generation
LClose |
Step Mumber :|D 3.‘

Generale Steps I

Save Result

[ Additional Steps

0K | Cancel| #\pplyl

Fig. 37 Construction Stage Dialog Box
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x|

Mame [ Durafion [ Date. | Step | Result | Add 4
Stagel 0 0 0 Stage - o
Stagez 0 0 0 Stage Ingert Prev AR Lo
Stage3 O 1] 0 Stage - 1
Staged 0 ] 0 Stage Insert Me .~ = .
Stage5 0 i 0 Stage —. Duration ] = day(s)
Stageb 0 0 0 Stage
Stage? 0 1] 0
i i 0

Stage?-|

clage Mt — Addftional Steps-
tage Modity, ik | ’ . -
Dele pay:[ ﬂdé | Delete
Let'el ( Example: 1.3 7 14 ) Modify | Clear
Cloge |

Auto Generation

Step Mumber [0 =]

Ganerate Staps

Save Result
[ Additional Steps

ok | Cancel| Apply |

Fig. 38 Construction Stage Dialog Box

Marne | Duration | Date [ Step [ Result |
Stagel 0 0 0 Stage
Stagez 0 a 1] Stage o
Staged a 1] Stage Suffin
Staged n 0 n Stage -
Stage5 D il il Stage Duration day(s)
Staget 0 ] 1] Stage ——
tagei-1 [ tage ST S ; Add | Delete
Staged O 0 0 Stage = Day ¢ ;I il
Staged O il il Stage Delate { Evamplai 1.3 7 14 5 Modify | Clear
Stagell 0 n n Stage
Stagell 0 0 0 Stage _

Auto Generation

Close.
Step Mumber :[0° =]
Generate Steps

Save Result
I~ Additional Steps

ok | Cancel| &pply |

Fig. 39 Construction Stage Dialog Box
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& x
Mame | Duration [Date [ Step [ Result | Add
Stagel i} 0 0 Stage -
Stage? 0 i i Stage Ingert Prev
Staged 00 0 1] Stage —
Staged 0 0 i] Stage Insert He )
Staged 0 0 I Stage - Duration
Stagef O 1] 0 Stage ——
gtage; | 8 8 8 gtage e fSh ~ Additional Steps-
taged-1 O tage Miodity, 0
Stage@ O 1] 0 Stage = Day ¢ &I %I
Staged 0 0 0 Stage Delete ( Evarmplei1.3.7.14 Muodify Qlearl
Stagell 0 1] i} Stage 25 e LY
Stegell 0 D 0 Stage :
Stagel,., O 1] 0 Stange Auto Generation
Step Nurmiber i =
Generate Steps

Sawve Result
[~ Additional Steps.

K, | CanCEI| AE]J\V|

Fig. 40 Construction Stage Dialog Box

Marne | Duration | Date. [ Step | Result «|
Staged 00 1] ] Stage
Stageh 0 i] 1] Stage o
Stagef 0 i] 1] Stage Suffin
Stage] D 0 0 Stage S T = davis
Stage?-1 0 0 0 Stage Duration S
Staged 0 0 0 Stage —
glage?n 8 8 8 gtage = /Sh - Additianal Steps
oell | toge | Modify/Show | 200 | Dole |
Stagell O i I Stage = Day ! ﬁd?l Delete
Stagel,,. O 0 i Stage Delete | ( Ewample:1.3.7.14 3 Modity | Clear |
Stagel? 0 il 1] Stage
Slageld 0 0 0 Stage

Auto Generation
< | » Close |

Step Mumber [0 =]

Generate Staps

Save Hesult
[~ Additional Steps

ok | cancel | | Agply |

Fig. 41 Construction Stage Dialog Box
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Assign Structure Group

Assign the elements, which are added/deleted in each construction stage by Structure Group. After
defining the name of each Structure Group, we then assign relevant elements to the Structure Group.

Group tab
Group>Structure Group>New ...
Name (Stage); Suffix (1to13) L 484 |
Name (Lack of Fit Force) &I

57 Civil 2006-LAN - [£:ACivil 700 Tuteriak\Cable Stayed Forward Construction] - [Model Yisw]
i) e B8 D Mot lowd Qs Beds Oeon Mgde Query [k pndow beb
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Fig. 42 Defining Structure Group

Assign the elements, which become added/deleted in each construction stage, to each corresponding
Structure Group. The tower erection stage is defined as the Stage 1 Structure Group. We skip Stage 3
and Stage 10 because they are construction stages, in which Derrick Crane load at the center span is
applied, and as such there are no added/deleted elements involved.
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FINAL AND FORWARD STAGE ANALYSIS FOR CABLE-STAYED BRIDGES

Group > Structure Group
Select Window (@ in Fig. 43)
Stage 1 (Drag & Drop)
Select Window (® in Fig. 43)

Stage 2 (Drag & Drop)

Stage 2

.
........................

I I 1 101 [0 8 A | ] .
For o, prema P Merwt 08,0 anas Townt =1lm =1 4l pifens] F 1M =
Fig. 43 Defining Structure Group Stage 1 ~ Stage 2
Group > Structure Group
Select Intersect (D in Fig. 44 )
Stage 4 (Drag & Drop)
Select Window (® in Fig. 44)

Stage 5 (Drag & Drop)

: m_géu!
Drag & Drop
Stage 5

B0 13

SEEER " A 1 mf | LIS | L}
o o, v P el GO0 T Toont =llm =1 1] plfe=] 2 1M =

Fig. 44 Defining Structure Group Stage 4~ Stage 5
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FINAL AND FORWARD STAGE ANALYSIS FOR CABLE-STAYED BRIDGES

Group > Structure Group
Select Intersect (@ in Fig. 45)
Stage 6 (Drag & Drop)
Select Intersect (@ in Fig. 45)

Stage 7 (Drag & Drop)

o o

\ /
E IR S VOV WO WA TR L. (5 IO .8 I

b -

Drag & Dr

Stage 7

LTI

GEER A s O]
Fox b, e P Nowl 080 GOBE Teont =1lm =l <] =] 10T =1

Fig. 45 Defining Structure Group Stage 6~ Stage 7
Group > Structure Group
Select Window (( in Fig. 46)
Stage 8 (Drag & Drop)
Select Intersect (@ in Fig. 46)
Stage 9 (Drag & Drop)

T

Stage 9

5 wun 1

g A f | O] +
et :0,8,0 800 Trond =llm =1 i ] 2lfren =] 1T

Fig. 46 Defining Structure Group Stage 8~ Stage 9

Fon v, e L
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FINAL AND FORWARD STAGE ANALYSIS FOR CABLE-STAYED BRIDGES

Assign the Structure Group, which is required to define the stage (Stage 11) to which key segment is
added in forward construction stage analysis.

Stage 11 is the stage in which key segment is installed and at the same time the center span is closed.

E Select Window (( in Fig. 45)
Stage 11 (Drag & Drop)

wg & Drop

. \\\

\\\ ‘t\ Stage 11
A o

, weoosss

N e -
Y N S N S T VI s R
.

ol

LK , i ] 2
Fou o, s L el B 0.8.0 CTYY Tont =llm = 40l effn=] ZIWEST 7 2

Fig. 47 Defining Structure Group Stage 11

4



FINAL AND FORWARD STAGE ANALYSIS FOR CABLE-STAYED BRIDGES

Group > Structure Group
Select Node : 1to6 10to12 16t021 (@ in Fig. 48 )
Select Element : 1to5 10 11 16t020 33t036 37t040 (@ in Fig. 48)
Lack of Fit Force (Drag & Drop)

Lack of Fit Force

AEEER A f Mal g
Fou o, s L e 1] .80 CTYY Tont =llm =l 4] klen=] ZIWE31T:

Fig. 48 Defining Structure Group Lack of Fit Force
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FINAL AND FORWARD STAGE ANALYSIS FOR CABLE-STAYED BRIDGES

Assign Boundary Group

Assign the boundary conditions, which become added/deleted in each construction stage, to each
corresponding Boundary Group. After defining the name of each Boundary Group, we then assign
relevant boundary conditions to each Boundary Group.

E Active All

Group tab
Group>Boundary Group>New ...
Name (Fixed Support (Tower))
Name (Hinge Support (Pier)) J
Name (Elastic Link (Tower))
Name (Temporary Support (Tower))
Name (Temporary Bent)

i1 2006-LAN - 100 Tutorials\Cable Stayed Forward Cons J
WL B Bl e Moo Losd frdves feodc Qeegn Mpde Query ook fnder e -8
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Lalrins s (p)ir @0 o) He BB R Bk b -
iDwd » o - -  SRiSE LCE A0 R BY G a8 ¢ =2 = |: 2[5 &
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/ i
// I kY @y
D 1 Temporary Bent ) '/, ] _:'I ) ) \\. . &)
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-
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t
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Hinge Support (Pier)
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—_— &
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Message Windon L)
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Fig. 49 Defining Boundary Group
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FINAL AND FORWARD STAGE ANALYSIS FOR CABLE-STAYED BRIDGES

Reassign the Fixed Support (Tower) and Hinge Support (Pier) conditions, which were already defined
for the final stage analysis, to Boundary Group for the construction stage analysis.

Group>Boundary Group
Select Window (@@ in Fig. 50)
Fixed Support (Tower) (Drag & Drop)
Select Boundary Type>Support (on)

Select Window (@ in Fig. 50)
Hinge Support (Pier) (Drag & Drop)
Select Boundary Type>Support (on)
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Fig. 50 Generating Fixed Support (Tower) and Hinge Support (Pier) Conditions
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FINAL AND FORWARD STAGE ANALYSIS FOR CABLE-STAYED BRIDGES

We also reassign the boundary condition for the Elastic Link (Tower) to a Boundary Group. We
will input the boundary condition as Elastic Link-General Type between the tower and the girder.
The stiffness is as follows:

SDx : 500,000 tonf/m, SDy : 10,000,000 tonf/m, SDz : 10,000,000 tonf/m

SRx : 0 tonf/m, SRy : 0 tonf/m, SRz:O0 tonf/m

Model / Boundaries / Elastic Link
Boundary Group Name > Elastic Link (Tower)
Options > Add ; Link Type > General Type
SDx (tonf/m) (500000) ; SDy(tonf/m) (10000000) ; SDz(tonf/m) (10000000)
SRx (tonf/m) (0) ; SRy(tonf/m) (0) ; SRz(tonf/m) (0)
2 Nodes (26, 5)
2 Nodes (27, 17) J

1 Cavil 2006-LAN - [C:ACivil 700 Tulerisb\Cable Stayed Forward Construction] - [Model Yiew]
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Fig. 51 Generating Boundary Condition for Elastic Link (Tower)
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FINAL AND FORWARD STAGE ANALYSIS FOR CABLE-STAYED BRIDGES

We also reassign the boundary condition for the Temporary Support (Tower) to a Boundary Group.
We will input the boundary condition as Elastic Link- Rigid Type between the tower and the
girder.

Model / Boundaries / Elastic Link
Boundary Group Name > Temporary Support (Tower)
Options > Add ; Link Type > Rigid Type
2 Nodes (26, 5)
2 Nodes (27, 17) J

i Froqua... | idiSnap | UCSIGCS | Wess o, Arthabon || Wi | Nede | Elment | propesty | BCMass | Stage [ Lnad | Mevng | Sestienert | Resilt | Infhaence Lnes[Sisfaces | Qusry

I wllrlm 2 3 v 2B QLo e o it Gl R b -
DE@ X/ o SRS LEEAEDGBEY BE A § vy =L S|
Tros Mo B¥ 4 Model View n:;;
3
L
B
a
@
&
'
T Ral Ey
[ { . <
S =
Yu, Nz -
\ZM &
[ d
I Tent.-oly T tl
o [0 ok g
oy banfin X i <21 a
L tordn .
o -
wy [Ttk +
@z [ o) +
r |4
Dxitarcn Rt From End | o
o [0 mw [0 F
e £

@,
@
Hessage Window ax
EIEI D A ! el | |
For b, press Pl Tl 120, 0,0 000 tant =1lm =1 <l wlfen=] 2T Si= A

Fig. 52 Generating Boundary Condition for Temporary Support (Tower)
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FINAL AND FORWARD STAGE ANALYSIS FOR CABLE-STAYED BRIDGES

We also assign the boundary condition for the temporary bents to a Boundary Group. We will input
the boundary condition as Point Spring Support. The stiffness is as follows:

SDx : 0 tonf/m, SDy : 10,000,000 tonf/m, SDz : 10,000,000 tonf/m

SRx : 10,000,000 tonf/m, SRy : 0 tonf/m, SRz: 10,000,000 tonf/m

Model / Boundary / Point Spring Support
Select Window (@ in Fig. 53; Node 2, 4, 18, 20)
Boundary Group Name>Temporary Bent
Options>Add
SDx (tonf/m) (0) ; SDy(tonf/m) (10000000) ; SDz(tonf/m) (10000000)
SRx (tonf/m) (10000000) ; SRy(tonf/m) (0) ; SRz(tonf/m) (10000000) .J

5 Civil 2006-LAN - [C:ACivil 700 TuteriabiL Saywd Forward Construction] - [Model Yiew]
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Fig. 53 Generating Boundary Condition for Temporary Bents
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FINAL AND FORWARD STAGE ANALYSIS FOR CABLE-STAYED BRIDGES

Assign Load Group

Assign the loading conditions, which become added / deleted in each construction stage, to each
corresponding Load Group. The loads considered in this forward construction stage analysis are self-
weight, superimposed dead load, cable pretension 1, 2, 3, 4, Jack Up load and Derrick Crane load 1, 2,
3. First, we generate the name of each Load Group and then assign corresponding loading conditions
to each Load Group.

Group tab

Group>Load Group> New...
Name (Self Weight) J
Name (Additional Load)
Name (Pretension Load 1)
Name (Pretension Load 2)
Name (Pretension Load 3)
Name (Pretension Load 4)
Name (Jackup Load) J
Name (Derrick Crane 1)
Name (Derrick Crane 2)
Name (Derrick Crane 3)
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Fig. 54 Defining Load Group
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FINAL AND FORWARD STAGE ANALYSIS FOR CABLE-STAYED BRIDGES

Modify the Load Group “Default”, which was defined for self-weight in the final stage analysis, to
“Self Weight”.

Model / Load / Self Weight
Load Case Name>Self Weight
Load Group Name>Self Weight

Operation>.

TTF inrags ), Antysis Mannage Ils O
For iy e FL Mot 11 0:0,0,8 0,00 Tront =1lm =1 <t 42 2= 2l MTI 7 =

Fig. 55 Modifying Load Group for Self-Weight
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FINAL AND FORWARD STAGE ANALYSIS FOR CABLE-STAYED BRIDGES

Reassign the superimposed dead load and Jack Up load, which were defined for the final stage
analysis, to Load Group.

Group > Load Group
@ Select All
Additional Load (Drag & Drop)
Select Load Type>Beam Loads (on)
@ Select All
Jack Up Load (Drag & Drop)
Select Load Type>Specified Displacements of Supports (on)
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Fig. 56 Defining Load Group for Superimposed Dead Load and Jack Up Load
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FINAL AND FORWARD STAGE ANALYSIS FOR CABLE-STAYED BRIDGES

Input Derrick Crane loads. Derrick Crane shifts its position according to construction sequence.
Apply Derrick Crane 1, 2, 3 loads to the corresponding positions. In order to input Derrick Crane

loads, define a new loading case for Derrick Crane.

Load / Static Load Cases
Name (Derrick Crane) ; Type > Construction Stage Load
Description (Derrick Crane Load)
Load / Nodal Loads
Select Window (@ in Fig. 58; Node 6, 16 )
Load Case Name>Derrick Crane
Load Group Name> Derrick Crane 1 ; Options>Add
Nodal Loads>FZ (-80)

Select Window (® in Fig. 58; Node 8, 14)
Load Case Name> Derrick Crane
Load Group Name> Derrick Crane 2 ; Options>Add
Nodal Loads>FZ (-80)

Select Window (® in Fig. 58; Node 10, 12)
Load Case Name> Derrick Crane
Load Group Name> Derrick Crane 3 ; Options>Add
Nodal Loads>FZ (-80)

Static Load Cases &l
Mame B £ ane add
Type 8 |Cnnstructinn Stage Load (C5) j Madify
Description ; | Derrick Crane Load Delete
No Name | Type | Description e
1|Self Weight Dead Load (D) Self Weight
2| Additional Lo Dead Load (D) Additional Load
3|Jack Up User Defined Load (USER)  Support Moverment
4|Pretension  User Defined Load (USER)  Pretension fram Forward Analysis
» 5| Dertick Cran Construction Stage Load (C Derrick Crane Load
*
3
< >
Close

Fig. 57 Generation of a Loading Condition for Derrick Crane

51



FINAL AND FORWARD STAGE ANALYSIS FOR CABLE-STAYED BRIDGES

| |
M1l 6:0,0,0 @0.8.0 Trant =1lm =1 <1420 =] 2T =

Fig. 58 Entering Derrick Crane Loads
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FINAL AND FORWARD STAGE ANALYSIS FOR CABLE-STAYED BRIDGES

Input Cable Pretension calculated by the final stage analysis to individual cable elements as
Pretension Loads.

Load / Prestress Loads / Pretension Loads

%% Select Intersect (Elements : @ in Fig. 59; Element : 36, 37)
Load Case Name> Pretension ; Load Group Name > Pretension Load 1
Options > Add ; Pretension Load (340.835)

Load Case Name> Pretension ; Load Group Name > Pretension Load 4
Options > Add ; Pretension Load (254.370)
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Fig. 59 Entering Cable Pretension obtained from forward analysis

Input the pretension loads in Table 6 to each cable element repeatedly.

Table 6. Cable Pretension (Pretension Loading) calculated by Initial Equilibrium State Analysis

Element Pretension Element Pretension
Load Group . Load Group .
No. Loading No. Loading
Pretension Pretension
36,37 340.835 35,38 193.011
Load 1 Load 3
Pretension Pretension
33,40 333.808 34,39 254.370
Load 2 Load 4
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FINAL AND FORWARD STAGE ANALYSIS FOR CABLE-STAYED BRIDGES

Assign Construction Stage

We now assign the predefined Structure Group, Boundary Group and Load Group to each
corresponding construction stage. First, we assign Stage 1 to Construction Stage as the 1% stage in
forward analysis. Stage 1 is a construction stage, which installs towers.

Load / Construction Stage Analysis Data / | Fi Define Construction Stage
Stage 1 MI
Save Result>Stage (on)
Element tab>Group List > Stage 1
Activation>__A49
Boundary tab>Group List > Fixed Support (Tower)
Boundary tab>Group List > Temporary Support (Tower)

Support/Spring Position > Deformed (on)

Activation>___ 39
Load tab> Group List>Self Weight
Activation>___ 39 o

Duration | Date S [ Result [ &g |
S S S g::gz Insert Prev
H H H g:ggz Insert Next
0 0 0 Stage
0 0 0 Stage Generate
Addiona! S i i i Stage
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o Stagell 0 0 0 Stage
Save Flesult At Gt Stagel2 0 0 0 Stage
 Stage I Addiionsl Stap Sta Nombl Stageld 0 0 0 Stage Close
Gonora
Cumern Stage | A
@smanl B“‘““"’ | Lowd
Group List . | Deactivation
Elament Force
Mgt & [0 E day(s) | Fadistibution : T 3 X
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Fig. 60 Defining Elements for Stage 1
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FINAL AND FORWARD STAGE ANALYSIS FOR CABLE-STAYED BRIDGES

Compose Construction Stage x|
501 Additional Step:

Add Delete
Wame ¢ | Stagel Day: |0 _ 2 | _pelee |

o T = ¢ Example: 1,3, 7, 14 ) vady | _dear |
uration = s

Auto Generation

Save Result
’7 W Stage I™ Additional Steps Step Number : |0 3

| Generate Steps

Current Stage Information...

Flemert d |

Group List ~Deactivat
Hinge Support (Pier) SUpport { Spring Position
Elastic Lk (Tower) || |~ cyiging)
Temporary Benit
Group List Group List
Name [ Posttion Mame

Fixed Support (Tow... Deformed
Temparary Support... Deformed

N — |
add | modiy | Delete A Dekote

ok | cancel | eey |

Fig. 61 Defining Boundary Conditions for Stage 1
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Fig. 62 Defining Loads for Stage 1
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FINAL AND FORWARD STAGE ANALYSIS FOR CABLE-STAYED BRIDGES

Define Construction Stage for each construction stage from Stage 2 to Stage 13 using Table 7 Forward
Construction Stage Category.

Table 7. Forward Construction Stage Category

Structure Boundary Load Group
Activation| Deactivation Activation Deactivation Activation Deactivation
Fixed Support (Tower)
Stage 1 Stagel (Deformed) Self Weight
Temporary Support...
(Deformed)
Hinge Support (Pier)
Stage 2 Stage2 Te(ril);g:;egzsnt
(Deformed)

Stage 3 Derrick Cranel

Stage 4 Stage4 Temporary Bent | Pretension Load 4

Stage 5 Stage5

Stage 6 Stage6 Pretension Load 3

Stage 7 Derrick Crane2 Derrick Cranel
Stage 7-1 Stage7 Pretension Load 2

Stage 8 Stage8

Stage 9 Stage9 Pretension Load 1

Stage 10 Derrick Crane3 Derrick Crane2
Stage 11 Derrick Crane3
Stage 11-1 | Stagell

Sage 12 Gl I

Stage 13 Additional Load
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Construction Stage Models

Stagel: Install towers

Stage2: Install side spans

Stage3: Apply Derrick Crane 1

Stage4: Generate cables

: b1y
£ £ 1
1 o FARR
-~
- o e
]
Stage5: Generate main girders Stage6: Generate cables
g ' [y
I Fin
] | 1
!3 H 8

e,

Y

Fig. 63 Modeling Construction Stages (Stagel~Stage6)
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Stage7: Remove Derrick Crane 1 and apply Stage7-1: Generate cables
Derrick Crane 2 : )
| R
1 FN AR
g ) - v | ) -
J1% . Fe AR *
[ o L [ o ]
ye]
Stage8: Generate main girders Stage9: Generate cables
[ g, Y
i b . w, § 54 .
FAAR S ; . FAARN s
L= e L= e
° .
Stage 10: Remove Derrick Crane 2 and apply Derrick Stagel1: Remove Derrick Crane 3
Crane 3
Y Y
£ |
& H g P ‘r" x P .i'; | ‘r" X
3 } 4
Ve A ° P B e
[ s o - o
° .

Fig. 64 Modeling Construction Stages (Stage 7~Stage 11)
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Stagel1-1: Generate KEY SEG

Stage12: Apply Jack Up Load

-]

Stage13: Apply additional loads (Final Stage)

Y
f{-;'sg‘g
| Ny gi"gai’q
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3
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Fig. 65 Modeling Construction Stages (Stage 11-1~Stage 13)
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Input Construction Stage Analysis Data

Analysis / Construction Stage Analysis Control
Final Stage>Last Stage (on)
Cable-Pretension Force Control > Internal Force (on)
Initial Tangent Displacement Erected Structures> All (on)
Lack of Fit Force Control (on) > Lack of Fit Force (Select) J

x|
2l Stage -~ Monlinear Analysis
i Other Stage Stagel ¥ Nurnber of Load Steps ¢ ||
; T Magimum Mumber of Herations/ Load Step Ell =
~ finalysis Option == [ i ]
I Include Monlinear Analysis Ernspgan S e 7? o I,I ' i 7
@ |ndependent © pocumblEfive Stage L e ATT Eikl
7 Include Equlllarlim Element Modal Eorees g = 0,01
J [nclude Time Depandant Effect ~Cable-Pretension Force Control
- Time: Dependent Effect G Internal Foree ¢ Extemal Force G pdd e Heplace ‘
¥ Creep & Shrinkage - Frame Output
- Type - [~ Caleulate Concurrent Forces of Frame
| C Creep " Shrinkage & Creep & Shrinkage | ¥ Calculate Output of Each Part of Compasite Section
- Creep rLoad Cases ta be Distinguished from Dead Load for C.5, Output
~Convergence for Creep teraton ————————————————————— ned Casa I _i it .
: i “| o |[LoadCase | agd
‘ Murnber of terations! [5 E Tolerance + [0.01 ‘ _I
- — Delete
I~ Only User's Creep Cosfficiant
™ Internal Time Gtep for Creep 2 _.:i ) )
¥ Auto Time Step Gensration fof Large Time Gap Load Type for €5, (Erection Load) @ [Dead Load (0} |
| T:Time Gap T> 10 IE _uZI T 100 15 _uZi 1 Conver Final Stage Member Farces to nitial Forces for Post C8, —
Ty om0 [T = T il = | 2| T I B ‘
T> fono [0 = <~hlaitial Tanaent Displacement for Erected Sinictuse—
v Tendon Tensian Lass Effect ( Creep & Shrinkaga ) & Al -  Group B ———
[~ Consider Fie-Bar Canfinement Effect Lack-of-Fit Force Coptal> CILack of Fit Force S
7 Varlation of Comp, Strenath 1 Consider Stress Dacrease at Lead Length Zone by Fost-tension
¥ Tendon Tension Loss Effect { Elastic Sharening ) | & Lnear Interpalation € Canstant | Stese =
1~ Secondary Dead Load Effect for Grid Madel ——— [ Bieam Section Propery Changes
Losd Gasels [ =] [Load Case I add | | ¢ Constant & Change with Tendan ‘
Pelets T~ Save Quiput of Current Stage(Bearm,/Truss)
Remove Construction Stage &nalysis Contral Data | a5 I Cancel |

Fig. 65 Construction Stage Analysis Control Data Dialog Box

Adjusting Cable-Pretension using Cable-Pretension Force Control and Lack of Fit
Force Control

Cable-Pretension Force Control function is used to control Cable-Pretension for construction stage
analysis of a cable stayed bridge. In general, due to force redistribution we cannot expect the resultant
cable forces whose magnitude is the same as the Pretension Loads entered. External Force type is
selected when the user directly enters cable pretension. In this tutorial, since we use pretension
obtained from the completed state, we select Internal Force type and Lack-of-Fit Force Control to
automatically calculate pretension for each stage.

60



FINAL AND FORWARD STAGE ANALYSIS FOR CABLE-STAYED BRIDGES

Main Control Data

For convergence, we change the default for Number of Iterations/Load Case (20) to 30.

Tension / Compression Truss Element (Elastic Link / Inelastic Spring)

Number of Iterations/Load Case > 30

X

Main Control Data

Jv Auto Rotational DOF Constraint for TrussfPlane StressfSolid Elements
Jv Auto Mormal Rotation Constraint for Plate Elements

Tension | Compression Truss Element (Elastic Link § Inelastic Spring)

Mumber of TherationsiLoad Case 30 =i

Canvergence Tolerance 0,001

W Consider Section Skiffness Scale Fackor For Stress Calculation
v Consider Reinfarcement faor Seckion Skiffress Caloulakion

QK

Perform Structural Analysis

Perform construction stage analysis for self-weight, superimposed dead load, Jack Up load and
Derrick Crane load.

Analysis /% Perform Analysis
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&  If the Stage Toolbar
is active, the analysis
results can be easily
monitored in the Model
View by selecting
construction stages
using the arrow keys
on the keyboard.

@ If the default
Deformation ~ Scale
Factor is too large,
we can adjust the
Scale Factor.

Review Construction Stage Analysis Results

Review the changes of deformed shapes and section forces for each construction stage by construction
stage analysis.

Review Deformed Shapes

Review the deformed shape of the main girders and towers for each construction stage.

Stage Tab > Stage Toolbar >Stage 6 ¥
Result / Deformations / ﬂ Deformed Shape
Load Cases/Combinations>CS:Dead Load
Components>DXYZ; Type of Display>Undeformed (on); Legend (on)
Deform 2 > Deformation Scale Factor (0.5) “A
Values _I > Value Output Details
Decimal Points > (4) ; MinMax Only (on) ; Min & Max (on)
Stage/Step Real Displ. (on)

2006-LAN - [£:ACivil 700 Tuteriab\Cable Stayed Forward Construstion] - [Mad
P00 Be Bl yew Modd Load eshin Beeits Deson Mgde Querr ek
i Frequa... | GrfSnae | UCSJGES | Wew o Acthation | || Wizwd _Wede | Element | Prapesty

Weng | Settlemert | Ren® | Infloence LnesiTifaces | Query

IRl E SRR 0 - | I e S R J
iDEl SRS LEELEATG BY 25 a8 ¢ - 2 - Ji = S[E]
Toos Mer 3% 4 G rodel view | b=
Feattions  Debomalions | Firces | Stresses r e
POST-FROCESSIR
DEFOFNED SHAFE
1 Deformation Scale Factor: IDEI— oo
Deformation Type——————————————— e
& Modal Deform Feal Defarm 2-IR- -3.3352-003

COMB.=  7.405E-003
NIIEs 35

[~ Real Displacement (Auto-Scale Off)
[~ Relative Displacernent

¥ &pply upon OK

™ Gurrent Srp Dol Cancel |

¥ SagnfThen Resl Dl ‘

SEALE FACTORe
1. 26aE+003

Trpe of Display
F ] W Undeformed
o | W tegeed
r |

I trersd .|

$rLiest t Qo2 H00BE Fd5w 2@ =N

oot ] o | 10000
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STAGE: Staget
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Last Seep
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Message Window a =
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Fig. 66 Deformed Shape for Each Construction Stage from Forward Analysis
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Review Bending Moments

For each construction stage, we review bending moments for the main girders and towers.

Result / Forces / ™ Beam Diagrams
Load Cases>Combinations>CS:Summation
Components>My
Display Options>5Points; Solid Fill
Type of Display>Contour (on); Legend (on)
Values 221 > Value Output Details
Decimal Points > (3) ; MinMax Only (on) ; Min & Max (on)
Stage Toolbar>Stage 10 J

USRiEE LEE A0 G BY 25 AE - =i &8
3% 5 Gy Model View TR
Peortioms_Defeamalions | Forves | Sresses ! RIDARICIvIT
POST-PROCEISIR

] |l TERN DIAGRAN

ORENT=y
1048004003
7677 aRe00E
A BEESARAONE
2.0a83Te00E
0. 0000084000
3. 9B00DEMODE
6. 304184002
5. 208374002
1.2022604003
1.4836704003

1. 76509e+003

2. 0465164003

4 81

1
i, {' 3093

STACE: Stageln
£8: Fussation
Last Seep
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Message Window ax
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Fig. 67 Bending Moment Diagram for Each Construction Stage from Forward Analysis

63



FINAL AND FORWARD STAGE ANALYSIS FOR CABLE-STAYED BRIDGES

Review Axial Forces

For each construction stage, we review axial forces for cables.

Result / Forces / @ Truss Forces
Load Cases/Combinations>CS:Summation
Force Filter>All; Type of Display>Legend (on)
Values 24> Value Output Details
Decimal Points > (3) ; MinMax Only (off)
Output Section Location > Max (on)
Stage Toolbar>Stage 10

mIDASCaviL
FOST-FROCESSIR

THUSS PORTE
THNS, sComP.
2342164003

2. 2004m400E

21010008

2. TTSEIe00E

2. 3500564002
2.2084384002
2.0867204002
1.92500e4002
1.70329e4002

Bt Riesd t OEESOBE dsw =000 =N

DATE: 05/17/2006
VIEW-DIRECTION
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@
HMessage Window ax
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Fig. 68 Changes of Axial Forces for Each Construction Stage from Forward Analysis
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Review Nodal Displacements & Member Forces Used for
Calculating Lack-of-Fit Forces

For each construction stage, we review nodal displacements and member forces used for calculating
Lack-of-Fit Forces.

Result / Result Tables / Construction Stage / Lack of Fit Force / Truss

i
ii

i

i Al Additonal Siep=0 T Typack af it Foace KT} | I

af | b ARV, Commarimmiiags ) Anatyaia Meseags | el | |
For Hiok press FL Frome 3 U 95,0, 5 cEmOE Frant =1Tm =1 42| plfee=] 2 (TS5 =

Fig. 69 Nodal Displacements and Member Forces used to calculate Lack-of-Fit Forces for Each
Construction Stage
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Compare Final Stage Analysis Results with Forward Stage
Analysis Results

Compare cable pretension, deflection and moments of girders for final stage analysis with those for
forward analysis. The comparison of cable pretension for final stage analysis and that for forward

analysis is shown in Table 8.

Table 8. Comparison of Cable Pretension for Final Stage Analysis and that for Forward Stage Analysis

Cabl.e Pretension Cable Pretensiop Difference (%)
Element (Final Stage) (Forward Analysis)
1 J I J I J
33 316.875 315.305 317.833 316.263 -0.30% : -0.30%
34 236.369 234.799 237.021 235.451 -0.28% | -0.28%
35 192.503 190.933 192.250 190.680 0.13% | 0.13%
36 344.595 343.025 344.431 342.861 0.05% | 0.05%
37 344.595 343.025 344.431 342.861 0.05% : 0.05%
38 | 192503 | 190933 | 192250 | 190680 | 0.13%  0.13%
39 236.369 234.799 237.021 235.451 -0.28% | -0.28%
40 316.875 315.305 317.833 316.263 -0.30% -0.30%

Compare girder deflection for final stage analysis with that for forward analysis.

Table 9. Comparison of Girder Deflection for Final Stage Analysis and that for Forward Stage Analysis

Node Fm(?‘:l rSnt)a £e RogEate Difference (%)

1 10.000 0.00%

2 6.902 -0.67%
3 4.710 -1.50%
4 1.948 -2.83%
5 -0.622 -0.19%
6 -3.512 -2.55%
7 -5.752 -3.36%
8 -7.958 -3.61%
9 -9.752 -3.68%
10 -11.898 -333%
11 -12.270 -3.26%
12 -11.898 -333%
13 -9.752 -3.68%
14 -7.958 -3.61%
15 -5.752 -3.36%
16 -3.512 -2.55%
17 -0.622 -0.19%
18 1.948 -2.83%
19 4.710 -1.50%
20 6.902 -0.67%
21 10.000 0.00%
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Compare girder moments for final stage analysis with those for forward analysis.

Table 10. Comparison of Girder Moments for Final Stage Analysis and those for Forward Stage Analysis

Node Final Stage Forward Difference
(tonf-m) (tonf-m) (%)
1 0.00 ~0.00 -
2 267.82 1263.15
3 -392.35 -401.70
T N U2 > 10935
5| 30000 -307.59
6 214.00 211.19
7| 20000 | 19803
s [ tesoo | 168.86
9 -400.00 -392.25
10 528.00 535.75
11 644.00 651.75
12 528.00 535.75
13| 40000 392,25
14 164.00 168.86
15 [ 20000 -198.03
16 21400 | 20119
17 -300.00 -307.59
18 117.82 109.35
19 -392.35 -401.70
20 267.82 263.15
21 0.00 0.00 -
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