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ABSTRACT

INVESTIGATION OF INITIAL CONSTRUCTION STAGES OF
INCREMENTALLY LAUNCHED POST-TENSIONED CONCRETE BOX
BRIDGES

Altinsoy, Zafer
Master of Science, Civil Engineering
Supervisor: Prof. Dr. Alp Caner

February 2021, 111 pages

The incremental launching method is a fast, popular construction method for post-
tensioned concrete bridges with mid-span size. It does not require scaffolding under
the deck; therefore, it is especially preferred when a bridge passes over a deep valley,
high traffic area, or an environmentally sensitive area. Due to its dynamic nature of
the launching, the design and optimization of incrementally launching bridges
require special attention. A launching nose is used to decrease the moments on the
bridge deck during the launch. Infinite beam model and semi-infinite beam models
are the most common models for the optimization of the launching noses. Both
models are based on advanced stages of the construction; however, to have an
accurate design, initial construction stages should also be investigated. In this thesis,
a model for the initial construction stages is developed. The new initial stage model
includes the movement of the newly casted section and the cantilever deflection of
the launching nose, which are not included in the current advanced stage models.
The initial stage model is compared with the current advanced stage models. It is
observed that moments in the initial stages are higher than the advanced stage
moments in some cases. Therefore, the initial stages also should be checked during
the design stage.



Effects of launching nose’s design parameters (length, unit weight, and stiffness) on
the maximum deflection are investigated. It is found that all three parameters are
affecting the maximum deflection, and launching nose length is the most effective

parameter.

Keywords: Incremental Launching Method, Launching Nose, Post-tensioned

Concrete Bridges, Prestressed Concrete Bridges, Optimization
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0z

ITME SURME Y(");}JTE;}/HYLE YAPILAN ARDGERMELi KUTU KESITLI
BETONARME KOPRULERIN INSAATLARININ iLK ASAMALARININ
INCELENMESI

Altinsoy, Zafer
Yiiksek Lisans, Insaat Miihendisligi
Tez Yoneticisi: Prof. Dr. Alp Caner

Subat 2021, 111 sayfa

Itme Siirme yontemi ardgermeli betonarme képriiler igin siklikla kullanilan hizli bir
yapim yontemidir. Bu yontem 6zellikle koprii derin bir vadiden, yogun trafikli bir
alandan ya da cevresel acidan hassas bir bolgeden gegerken tercih edilir. Itme
Siirmenin dinamik dogasindan kaynakli tasarim ve optimizasyon asamalari 6zel
dikkat isteyen bir yontemdir. Yapim sirasinda koprii kirislerinde olusacak momenti
disiirmek icin kilavuz gaga kullanilir. Sonsuz kiris ve yari-sonsuz kiris modelleri
kilavuz gaga’nin optimizasyon ¢alismalarinda en ¢ok kullanilan modellerdir. Bu iki
model de ingaatin ileri bir agamada oldugunu varsayiyor ancak dogru bir tasarim i¢in
ingaatin ilk asamalar1 da dikkate alinmadir. Bu tezde ingaatin ilk agamalar1 i¢in yeni
bir model gelistirilmistir. Bu yeni ilk asamalar modeli hali hazirdaki modellerde
olmayan yeni hazirlanan kirigin hareketini ve kilavuz gaganin segimini de dikkate
almaktadir. {lk asamalar modeliyle ileri asama modelleri karsilastirilmistir. Bu
karsilastirmalarda bazi durumlar i¢in ilk asamalarda olusan momentlerin ileri
asamalardan olusanlardan daha yiiksek oldugu gézlemlenmistir. Bu yiizden tasarim

asamasinda ilk asamalarin da kontrolii gereklidir.

vii



Kilavuz gaganin tasarim parametlerinin (boy, birim agirlik, rijitlik) maksimum
segime etkileri incelenmistir. En etkilisi kilavuz gaganin boyu olmakla birlikte {i¢

parametrenin de maksimum segimi etkiledigi bulunmustur.

Anahtar Kelimeler: itme Siirme Yoéntemi, Kilavuz Gaga, Ardgermeli Betonarme

Kopriiler, Optimizasyon
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CHAPTER 1

INTRODUCTION

1.1  Aim & Scope

The incremental launching method (ILM) is a relatively new, fast bridge deck
construction method that does not require scaffolding under the deck. Therefore, it
is mostly preferred when bridges pass over a deep valley, high traffic area, or

environmentally sensitive area (Laviolette, Wipf, Lee, Bigelow, & Phares, 2007).

Briefly, in this method, deck segments are prepared behind the abutment and shifted
toward to next pier with hydraulic pushers. After the first segment's launching, the
second segment prepared on the yard and pushed just like the first one. This process
is repeated until the launch of the last segment. During this procedure, all deck cross-
sections will undergo cycling positive and negative bending moments rather than
service life situation where positive moment affects the deck sections, and negative
moments affects the support sections. Also, the front section will act as a cantilever
before it reaches the next support; this will create tremendously high negative
moments on the last support section. Therefore, ILM requires special techniques to

control these cycling moments and the cantilever moment.

Lightweight steel launching noses attached to the front deck are used to reduce these
moments. This nose will increase the total cost of the construction. Engineers aim to
optimize the launching nose design to reduce the construction cost. The dynamic
nature of launching and interaction of launching nose and deck makes the analysis
of the bridge more complicated than the ordinary bridges; therefore, different

methods are developed to optimize the design of the launching nose. These methods



focused on the advanced stages of the launching. However, the initial stages of the

construction also should be checked.

This thesis aims to prepare a simple model of the initial construction stages of
incrementally launched bridges for the preliminary optimization of the launching
nose. This new initial stage model also considers the movement of the newly casted
section at the yard and deflection of the cantilever launching nose, which were not
considered in the current advanced stage models.

Chapter 2 Literature Review starts with the history and current research topics on the
incremental launching method. Then details of the incremental launching method

with its advantages and disadvantages are explained.

In Chapter 3, the advanced stage analysis model and optimization methods are
explained. Current preliminary design models for the optimization studies are the
infinite beam model and the semi-infinite beam model. These advanced stage models
are explained in detail. Then current optimization studies: trial and error method,

analytical method, and numerical method are explained.

The semi-infinite beam model is an advanced construction stage model that aims to
represent the infinite beam model's behavior with a defined number of spans. An
analysis code for the semi-infinite beam model is developed in MATLAB; then, this

code is used for its comparison against the infinite beam model.

Chapter 4 explains the new initial stage analysis model. Analysis code for the new
initial stage model is also developed in MATLAB. Details of the code and the
method are explained. Then, the initial stage model is compared with the advanced

stage models.

This new method also includes the deflection control. Current methods are focused
on bending moments on the spans, and they do not take deflection into account, but
large deflections occur on the cantilever launching nose during the launch.
Therefore, launching nose design parameters' effects on tip deflection are examined.
Deflections are examined on both theoretical and realistic models.



MATLAB code prepared for the initial construction stage analysis is shared in
Appendix A. This analysis code’s verification with the SAP2000 structural analysis

software is explained in Appendix B.

Post-tensioned reinforced concrete bridges are chosen for this thesis due to their
popularity with this method, but most of the equations are also applicable for the

other types of bridges (steel, composite, etc.).






CHAPTER 2

LITERATURE REVIEW

2.1  History & Current Status

Figure 2.1. Launch of the Rio Caroni Bridge (Rosignoli, 2014)

The incremental launching method (ILM) first started to be used in steel bridges
constructions in the late 19" century (Fontan, Diaz, Baldomir, & Hernandez, 2010);
however, the first one is unknown. Its adaptation on concrete bridges and studies on
the topic started in the mid-20" century. The first incremental launched concrete
bridge without falsework is constructed on the Caroni River in Venezuela (Zellner
& Svensson, 1983) in 1961, designed by Fritz Leonhardt. 480m post-tensioned
concrete deck and 17m steel launching nose for deflection control are launched as



one unit (Figure 2.1). In the current practice, the launching nose method is still in
use, but bridges are not launched as a whole. They launched as one segment
(approximately equal to half a span length) at a time, which decreases the area
requirement behind the abutment. The first example of this method is applied on a
bridge on Inn River (Austria) in 1968 (Zellner & Svensson, 1983).

Itis estimated ILM is used in more than 1000 bridges all around the world (Laviolette
et al., 2007). The exact number of the incrementally launched bridges in Turkey is
unknown, but the Kobuk and Bayindir Bridges in Ankara (Popov & Seliverstov,
1998), Cayirkdy Viaduct in Kocaeli (Ozel, Kutsal, & Ozkul, 2019) are some
examples in Turkey.

ILM does not require scaffolding under the deck. Therefore, it is generally used when
a bridge passed a deep valley, environmentally sensitive area, or high traffic area.
The bridge deck will be constructed on these areas without affecting the area under
the deck. Common span lengths of post-tensioned concrete ILBs are 40m to 65m
(Rosignoli, 2000). It can also be applied on bridges with span lengths longer than
70m, but they generally require temporary piers between main piers (Marchetti,
1984). These span sizes are changes for the different types of bridges. For example,
Vaux Viaduct is a steel-concrete composite bridge with a maximum span length of

130m and constructed without temporary piers (Navarro, Lebet, & Beylounii, 2000).

Research on ILM is increasing each day, which focuses on different aspects of the
method: analysis, optimization, case studies, and material behaviors. Several
textbooks are written on the area: Incrementally Launched Bridges: Design and
Construction is written by Gohler & Pearson (2000) and Bridge Launching by
Rosignoli (2002, 2014). AASHTO published a comprehensive report on the topic:
Bridge Construction Practices Using Incremental Launching (Laviolette et al.,
2007).

Due to the dynamic nature of ILM, the usage of traditional commercial analysis
software is not always sufficient. For each launching phase, different configuration

needs to be analyzed with the chosen increment step size. Studies offer different and



faster solution methods for incrementally launched bridges. Rosignoli (1997)
suggests using the reduced transfer matrix (RTM) based on the transfer matrix
method. Sasmal et al. (2004) developed a computer software based on the transfer
matrix method for the analysis of ILB, which also taken account settlement and
thermal effects. Sasmal & Ramanjaneyulu (2006) proposed the transient transfer
matrix (TTM) method, which also considers the effects of prestressing, linearly
varies weighted launching nose, and support bearing stiffness. Arici & Granata
(2007) further improved the method to apply on curved bridges, which also considers
torsional effects, and Granata (2014) analyzed non-uniform torsion on ILBs. Shojaei
et al. (2015) mentioned these two methods are insufficient for parametric studies.
Also, they are not commonly used methods in optimization studies. Therefore, RTM
and TTM are out of this thesis's scope.

Apart from TTM and RTM, Marchetti (1984) developed a simple nose-deck model.
Rosignoli (1998) further developed this nose-deck interaction model with the
assumption of the infinite section behind the launching span. This model is mostly

the standard model the optimization studies.

Later Shojaei et al. (2015) developed a simplified semi-infinite beam model based
on their finite element modeling. Also, Xu & Shao (2012) suggested an advanced
new beam element for finite element solutions of ILBs. These infinite and semi-
infinite beam models' limitations and comparisons are discussed in detail in Chapter
3.

Advancements in design studies lead to different and more accurate optimization
studies. Rosignoli (1998) suggested keeping negative moments on the last support at
the minimum using trial and error to have the optimum launching nose. Wang et al.
(2010) also followed a similar approach and developed a relationship between
optimum relative unit weight and length. Rather than using trial and error or
analytical equations, the feasible directions optimization algorithm is also used to
have an optimized launching nose (Fontan et al., 2010; Hirmand, Moghadam, &
Riahi, 2013). Later, Fontan et al. (2013) and Hernandez & Fontan (2014) further



developed the method to optimize cross-section and launching nose simultaneously.

Details of the optimization methods are explained in Chapter 3.2.

During the launch, steel launching noses are subjected to concentrated forces from
the bridge supports, which travel through the length. Launching noses of the post-
tensioned concrete box bridges are mostly consist of two 1-beams with slender web
sections. Due to this slender shape, patch loading problems might occur on the
launching nose. This phenomenon is studied extensively. Granath (1998) conducted
a laboratory experiment to investigate the distribution of support reactions on the
steel girder. Granath et al. (2000) also made numerical analyses studies on the patch
loading phenomenon. Finally, Granath (2000) suggested a serviceability limit states
for I-shaped steel girders subjected to patch loading. Chacon & Zorrilla (2015)
proposed a strain gauge arrangement as a structural health monitoring method to
investigate patch loading phenomena during the launch. Chacoén et al. (2016) did an
experiment for the numerical validation of the incremental launching method of a

steel bridge.

Due to different loads on the construction phase and service phase, prestressing
schemes of prestressed concrete bridges require special attention and studied by
different researchers (Granata, 2015; Rosignoli, 1999). Apart from post-tensioned
concrete bridges, the incremental launching method is also used and studied on
different types of bridges. Wu et al. (2018) studied the effects of height difference
between a steel bridge's trusses during the launching. Hu et al. (2015) conducted
laboratory testing on a hybrid arc-girder bridge.

If the required preventative actions were not taken, problems might occur during the
construction of the ILBs. Figure 2.2 shows the collapse of the San Cristobal Bridge
in Mexico (Nader, Manzanarez, Lopez-Jara, & De La Mora, 2007). In the bridge,
shear studs between the steel girder and concrete deck failed due to their insufficient
numbers. This failure causes the loss of composite action and consequently the

failure of the bridge.



Figure 2.2. Collapse of the San Cristobal Bridge (Nader et al., 2007)

Several notable examples of the recent incremental bridges are Reno Bridge in Italy
(Ferretti, 2016; Furlanetto, Torricelli, & Marchiondelli, 2010), Millau Viaduct in
France (Buonomo et al., 2004), lle Falcon Bridge (Favre, Badoux, Burdet, &
Laurencet, 1999), and Vaux Viaduct in Switzerland (Navarro et al., 2000), Panval
Nadhi Viaduct in India (Ramakrishna & Sankaralingam, 1997), M7 motorway
viaducts in Hungary (Lontai, Nagy, & Mihalek, 2008), Woronora Bridge in Australia
(Bennett & Taylor, 2002), River Esk Bridge (Liddle, 2010), Stewarts River and the
Camden Haven River Bridge in the UK (Burkitt, Team, Structures, & Alliance,
2009).

Other than the classic post-tensioned concrete box girder bridges, other types of
bridges were also constructed with ILM. One example is llsun Bridge in South
Korea, the world's longest and widest prestressed concrete box girder with a
corrugated steel web section bridge (Jung, Kim, Sim, & Kim, 2011). Another
example is Jiubao Bridge in Hangzhou, China; it is a hybrid arch-girder bridge
constructed using ILM (Hu et al., 2015; Shao, 2013). Table 2.1 shows the notable



examples of the incremental launching bridges with their length, maximum span

length, and launching nose length.
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2.2 Application

In the incremental launching method, deck segments are prepared behind the
abutment. These segments are generally cast around half a span length (20-30m)
(Rosignoli, 1998). After the casting, it pushed (launched) up to the next support pier,
and the same process repeated for all decks. For shorter bridges, pistons connected
to the backside of the deck are commonly used for pushing. For longer bridges,
friction launchers (Figure 2.3) connected to under the deck are used (Rosignoli,
2000).

wlilz 4

i
:

|

I

Figure 2.3. Friction Launchers (Furlanetto et al., 2010)

Low friction Neoflon (PTFE) pads are used at the top of the bearings on the
intermediate piers to reduce the friction between the concrete deck and the piers. The
kinetic friction coefficient of well-lubricated Neoflon pads is lower than 2%
(Rosignoli, 2014). This low friction will decrease the required launching forces. It

will also mitigate the extra bending moments that occur on the deck due to friction.

Lateral guides are used to align deck direction during the launching to ensure it stays
in the intended direction. These lateral guides also resist the transverse forces acting

11



on the girders, such as wind and seismic effects during the launching. Therefore,
transverse wind forces and earthquake effects should also be considered in lateral

guides' design (Rosignoli, 2014).

The most common type of section of ILB is box sections, which have high torsion
rigidity. The deck girder should also be straight or have a constant curvature so that
each segment of the bridge will follow the same path over the piers, from start to
end. Figure 2.4 and Figure 2.5 show a picture and drawing of an incrementally

launched bridge with constant curvature.

Figure 2.5. Curved Mechelse Steenweg Bridge drawing (De Clercq & De Ridder,
2003)

12



While the basic principle of the method is relatively simple, its implementation
requires special attention. Due to the nature of the ILM, the following issues occur
during the bridge's construction, and they need to be checked and solved prior to the
construction. Firstly, when the first segment is pushed, it will act as a cantilever
beam, and its open end will deflect due to its own self-weight. This vertical deflection
will increase up until the span reaches the next pier. When the tip is reached the next
pier, it will be hoisted with hydraulic equipment. This vertical deflection should be

less than a defined maximum value so that it can be easily realigned.

Finally, on a fully constructed bridge, the support sections are undergoing negative
bending moments, and span sections are undergoing positive bending moments.
However, it is not the case for the construction phase of incrementally launched
bridges. During construction, each cross-section of the bridge deck will act as both
the mid-span section and supports section alternately, as shown in Figure 2.6.
Therefore, all cross-sections will be under the cycling loading of both positive and
negative bending moments. Due to this situation, similar cross-sections are used on

both midspan and support sections, unlike the bridges built with other methods.

S T T R |

Figure 2.6. Configuration changes during the launch

13



Different active and passive solutions are made to limit these problems. One solution
is using a cable-stayed system (Figure 2.7), which consists of one vertical mast and
tendons connecting the tip of the bridge and two spans behind (Rosignoli, 2002).
When the frontier section passes the support and becomes a cantilever, stresses on
tendons increased with prestressing equipment. This new tension force on the deck
will decrease the vertical deflection and carry the span's self-weight, which causes a
decrease of the excessive moment. However, this technique is discouraged due to the
requirement of continuous adjustments of the cable forces, complexity, and potential
of creating stress concentration (Rosignoli, 1998). Thus, this method is beyond this

thesis's scope.

Figure 2.7. Bridge Launching with Cable-Stayed System (Rosignoli, 2014)

The deflection of the cantilever part increases with the span size. Longer spans cause
longer cantilever sections, which cause higher deflection and bending moment
values. As a solution, temporary piers (Figure 2.8) are used to decrease the span
lengths. These piers are constructed on the mid-length of the spans prior to the
launching, and they halved the span length. After the construction of the bridge, they

14



dismantled. This method is time-consuming and increases the material cost.

Therefore, it is only optimum for the bridge with longer spans.

Figure 2.8. Millau Viaduct before the last launch (Buonomo et al., 2004)

The main cause of the deflection and excessive moments is the self-weight of the
cantilever section, so the solution is apparently lightening the self-weight. The most
common solution to this problem is using a launching nose to decrease the weight.
Launching nose is a steel girder that is much lighter than the original concrete deck.
Thanks to its lightweight, both deflection and moment due to cantilever action will

decrease.

Launching noses varies in shapes and sizes according to the requirement of the
project. The most common type for steel bridges is truss sections (Figure 2.9). And
two tapered I-girder on two sides, braced with each other (Figure 2.10) is the
standard geometry for post-tensioned concrete bridges (Rosignoli, 2002). The tip of
the launching nose will be subjected to lower forces and moments than the nose's
starting part. Therefore, it allows the usage of tapered girders. This tapered geometry

will reduce the nose weight and the cost.
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Figure 2.10. Steel launching nose with I-girders (Lopez, 2010)
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Even though the launching nose decreases the vertical deflection and bending

moment, each cross-section still undergoes both positive and negative moments

alternatively. Bridge cross-sections should be designed according to these moments,

and the launching nose should be designed to minimize these moments.

2.3

Advantages & Disadvantages

The incremental launching method has the following advantages over the more

traditional methods:

Falsework, which is a costly and time-consuming activity, is not required
under the deck.

ILM has a lower impact on the area under the bridge due to the non-
requirement of the falsework. Especially preferable for bridges pass over a
deep valley, high traffic, or environmentally sensitive area.

ILM does not require crane transportation (for precast girders) or concrete
pumps (for cast-in-situ) under the deck as the balanced cantilever method
requires.

Girder segments can be prepared longer than the balanced cantilever bridges,
which cause a lesser number of connection joints and potential weak points
(Rosignoli, 1998).

Preparation of the girder segments on the ground increases work safety.

The concentrated working area increases the overall quality. Work can be

monitored easily, and the process can be automized.

And the following disadvantages:

ILM needs specials equipment (launching nose, temporary bearings, and
hydraulic jacks), which increases the cost.

While the method is widely accepted as economical up to 65m span lengths,
for longer spans, construction of the temporary piers is required, which

increases the overall construction cost.
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e During the launching phase, the bridge deck and supports will be under
different loading conditions than the final stage. Therefore, it should be
designed with special considerations to resist both final and launching phase

forces, which may increase the deck dimensions and cost.
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CHAPTER 3

ADVANCED STAGE ANALYSIS AND OPTIMIZATION METHODS

3.1 Launching Nose — Deck Interaction Analysis

An incrementally launched bridge will undergo completely different forces and
moments during the construction stage. Calculation of these forces requires special
attention. Each launching session consists of two phases. Phase 1 (0 < x < L — L,,)
(Figure 3.1) is started with the pushing of the newly casted section and continues up
to the tip of the launching nose reach the target pier, and Phase 2 (L — L, < x <L)
(Figure 3.7) began when the launching nose reaches the target pier and ends when
the concrete deck reaches the target pier. Deck behavior changes dramatically
between these phases due to the addition of support A to the system; therefore, they

require different force and moment equations.

Different models exist to understand the behavior of these stages. They explain the
moments, shear forces, and rotations on the support points and spans. Most of the
studies use the same dimensionless theoretical model, which helps us to understand
the behavior with a generalized example. This theoretical model is based on three
main parameters: relative length (aL), relative unit weight (oq), and relative bending
stiffness (oer) of the launching nose to the bridge deck. It can also apply to real
models with some small modifications. The most commonly used models for the
optimization studies are the infinite beam model and semi-infinite beam model; both

are explained in this chapter. The following notation will be used:

e (: unit weight of the deck
e L: span length of the deck
e El: bending stiffness of the deck

e (n: unit weigh of the launching nose
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3.11

Ln: length of the launching nose

Enln: bending stiffness of the launching nose

X: distance between the tip of the deck and launched support
a=x/L

aq= q/ gn: relative unit weight of the launching nose

aL= L / Ly: relative length of the launching nose

aei= El / Enln: relative bending stiffness of the launching nose
Support A: target support at the start of the launch

Support B: last already launched support at the start of the launch

Support C, D, and E: already launched supports at the start of the launch

Infinite Beam Model

The infinite beam model is a commonly used model for ILB developed by Rosignoli

(1998). This model has the following assumptions:

Both nose and deck have constant stiffness and unit weight.

The bridge consist of many same lengths spans behind the support C.
Therefore, the system is assumed to be a continuous beam with infinite spans.
Launch prestressing is centroidal, so it will not create any additional

unknown redundant.

Regarding these assumptions:

It is common to bridge decks to have constant cross-sections but, launching
noses are generally consist of tapered steel girders or truss sections. They
vary in both stiffness and weight from one end to the other. However, Shojaei
et al. (2015) mention that it only causes a small error (<2%). So, this
assumption is applicable.

Same length spans are possible, but the following calculations are only

applicable for advanced construction steps where lots of sections are already
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launched. For the initial construction stages, different models are required.
Therefore, a new initial stage model is developed and discussed in Chapter

4: Initial Stage Analysis Model.

3111 Phasel:0<x<L-L,
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Figure 3.1. Phase 1 of the Launching

Figure 3.1 shows the configuration of the bridge during phase 1. A continuous beam
system under its own dead load with pin supports only creates moments on
intermediate supports; therefore, at the start of the launch, already launched sections
at the behind of support B are not effective on the moment on support B. Moment of
support B (Mgy) is only related to the cantilever launching nose's weight and length.

Therefore Mg: moment is (Rosignoli, 1998):

Mp1 __Gn (L_">2 (3.1)
ql? 2q\ L

When launching started concrete deck also became cantilever and increase the

negative moment on support B:

q *x?

2

L
Mpy = — — Lngn(x + ?n) (3:2)
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And its dimensionless presentation:

M a’ a
q—Llez—T—aLaq(a+7L) (3.3)

Figure 3.2 shows the bending moment on support B during the launch for chosen
parameters (L,=0.5, gn=0.1). The x axis shows the distance between the tip of the
launched concrete deck and the last support (a) of the theoretical model. the y axis
shows the dimensionless form of the bending moment at support B (M/gl"2). -1/12
(1/91%) is the typical moment value for support joints on a continuous beam with
many equal spans under its own dead weights (Fontan et al., 2010). Therefore, it is
also shown in the figures. The negative bending moment on support B increases

continuously from the start of the launch to the end of phase 1.
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Figure 3.2. Bending Moment at Support B during phase 1 (aL =0.5 aq =0.1)
Mc equation is as follows (Rosignoli, 1998):

ql2  C3+C ql?2 Cy3+Cy ql?

(3.4)
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With the following constants:

1
= 35
“1= 357 (35)
1
= 3.6
C2 = Gar (36)
C; = ! (3.7)
° 2V3EI '
qL®
= 3.8
Co = 2agr (38)
qL’®
C: = ——— 3.9
> 24 \3EI (39)
If we put constants in the equation, it becomes:
M 1++3 V3 M
. 5L (3.10)

al?  4(3+2v3) 3+2v3qL2

Figure 3.3 shows the negative bending moment on support C during phase 1 of the
launch for chosen parameters (oL =0.5 aq =0.1). Contrary to Mg, Mc starts with the

maximum value and decreases until the end of phase 1.
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Figure 3.3. Bending Moment at Support C During Phase 1 (aL =0.5 aq =0.1)
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Shear on support B (Rg) is as below (Rosignoli, 1998):

Ry (1+ a)? L,
— =t — 311
qlL qL2 * 2 q L (1 rat ZL) (3.11)

And if we include Mg: in Rg equation, it becomes (3.12):

B _Mc Mor Ly oia,+ 3.12
M, M 3.13
RBZT_%‘l'(_‘l'xq_"Qn n) ( )

Figure 3.4 shows the shear force change on support B during phase 1 for the
chosen parameters (oL =0.5 oq =0.1)
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Figure 3.4. Shear Force at Support B during Phase 1 (aL =0.5 aq =0.1)

In most cases, the maximum negative moment condition occurs on support B rather
than support C or other rear supports. Therefore, most of the studies focus on the
maximum moment on support B and parameters that affect it. Figure 3.5 and Figure
3.6 show the effects of the launching nose length and unit weight on the support

moment. The graph for stiffness change is not shown because it is not an effective
parameter in phase 1 moments.
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Figure 3.5. Bending Moment at Support B during phase 1 for different relative nose
lengths (aq =0.1)

Figure 3.5 shows the relation between bending moment and relative launching nose
length. A shorter launching nose causes lower bending moments on support B than
the longer launching nose for a chosen intermediate point. However, it is not correct
for the peak moment values. Shorter noses cause higher peak moment values than

the longer launching noses on phase 1.
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Figure 3.6. Bending Moment at Support B during phase 1 for different relative unit
weights (aL =0.5)
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Figure 3.6 shows bending moment changes with respect to launching nose relative

unit weights. Heavier noses cause higher moments than lighter noses.

From the formulations and graphs above, we can conclude that the relative launching
nose unit weight and unit length are important parameters to determine the moment
of support B. At the same time, stiffness is not effective in phase 1. It is also found
that longer and lighter launching noses cause lower bending moments on support B
during phase 1.

3112 Phase2:L—-L,< x<1
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Figure 3.7. Phase 2 of the Launching

Phase 2 (Figure 3.7) starts when the launching nose reached the bearings on target
support A. When the tip of the launching nose reaches the support A, it may not be
on the same level with temporary bearings due to vertical deflection. In that case, it
hoisted with special equipment to realign with a temporary bearing on support A. In
Phase 1, the launching deck was cantilever; however, when it reaches support A, the
dead load of the launching section will be carried by both support A and B, which
will reduce the negative bending moment on support B. Due to different
configuration and the addition of support A, the bending moment formula for support

B is changed, and stiffness also became a part of the equation (Rosignoli, 1998):
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Cs+C, 2

MBZ_(C3+C1C2 C“_Cs)in“L;qqn@(L a—l)

= (3.14)
qL? CZ
R
With the following new constants (Rosignoli, 1998):
1 El
_ _ _ 3
Co = 357 [1 + (—Enln 1) (1-—a) ] (3.15)
c 1], (1 a) N El <1 a’ N a3> (3.16)
=—la‘|z—= -+ — :
7T EI 2 3) EJ,\6 2 3
qL3 3 a3 CZ4
Cs = 2E1{[“(2 — ) +_(1 — 9 ]<___> B <?_T>}
5 (3.17)
qL [ 2(1 — o) + 5 _ 4 3 _ 2 ]
+ 24ETE.L, 4a(1—a)’ + (4a 15a* + 20a”® — 10a“ + 1)

Figure 3.8 shows the bending moment changes on support B during phase 1 and 2.
Mg reduces drastically when the launching nose reaches the next support A. At the
start of phase 2, the previously cantilever launching nose and the bridge deck started
to be carried by both A and B supports. During phase 2, the launching nose again

became a cantilever, and it causes an increase at the moment on both supports.
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Figure 3.8. Bending Moment at Support B during launch (aL =0.5 aq =0.1 ag =0.2)

The phase 2 Mc equation is the same as phase 1. Mc changes over the launching are
shown in Figure 3.9. Mc is like the opposite of the Mg; it increases at phase change

and then slowly decreases up to the end of the launch.

-0.105 T T T T T T T T T

Mc
112 | 4

'

o

JN
T

-0.095
-0.09 J

-0.085 J

-0.08 - M~

-0.075

-0.07 J

Bending moment at support C (M/qu)

-0.065

T
1

-0.06 1 1 1 1 1 1 1 1 1

Figure 3.9. Bending Moment at Support C during launch (aL =0.5 oq =0.1 ag =0.2)
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When the launching nose reaches support A at the start of phase 2, it started to be
carried by support A, and it causes a reaction on support A. Equation of shear force
at support A (Ra) is (Rosignoli, 1998):

R_A _ MBZ a’ an Ln ( Ln) (3.18)

AT R I A G T)

The above equation (3.18) can also be written as follows (3.19). Mgz is the moment
formula due to the cantilever action from phase 1. Figure 3.10 shows Ra change

during phase 2. It continues to increase up to the end of the launch.

R M M
74 _ &8 Bl (3.19)
qL  ql* ql?
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Figure 3.10. Shear Force at Support A during phase 2 (oL =0.5 aq =0.1 ag =0.2)

Maximum span moment equations on span AB (3.20) and BC (3.21) are shown
below (Rosignoli, 1998). Figure 3.11 shows that the maximum moment on the front

span gradually increases up to the end of the launch. Figure 3.12 shows the maximum
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moment on the BC span during the launch. 1/24 (1/gl?) is a typical maximum

moment value for continuous beam spans; therefore, it is also shown for reference.

2 2
MAB,max _ R_A<1 —a - q_nL_n) + 1 (R_A) + lqn (L_TL) (q_n — 1) (3.20)

ql2  qL q L/ 2\qL 2q\L q
M 1/M, Mz 1\* M
BC,r;zax _ _(_C__B+_> + -2 (3.21)
ql 2\qL? ql? 2 qL?
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Figure 3.11. Maximum Moment on Span AB during phase 2 (oL =0.5 0q =0.1 ag
=0.2)
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Figure 3.12. Maximum Moment on Span BC during launch (aL =0.5 og=0.1 og
=0.2)

The bending moment at the nose-deck interface formula during the launch is
equation (3.22). Figure 3.13 shows the change of this moment during the launch. In
phase 1, the moment on connection is only due to the self-weight of the launching
nose. Therefore, it is constant and negative up to the end of phase 1. In phase 2, it
will be part of a span AB and changes to a positive moment. First, it will increase
and then decrease during phase 2. At the end of the launch, it will again become a

support joint and will be equal to its starting value.

M Ry o _7<L_n)2 (3.22)
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Figure 3.13. Bending Moment on Node-Deck Interface during launch (oL =0.5 aq
=0.1 ag =0.2)

3.1.1.3  Effects of parameter changes on moments

Three main parameters affect the moment and shear forces on supports and spans:
relative length (aL), unit weight (og), and stiffness (aei) of the launching nose. Figure
3.14 shows the effects of changes on relative length to the Mg for fixed relative unit
weight and stiffness (oq =0.1 agl =0.2). Even though different lengths cause different
moment profiles during the launching, they all converge to a similar value during
phase 2. Shorter launching noses tend to have peak moment values at the end of
phase 1. When the nose gets longer, this phase 1 peak value decreases, and it may be

even lower than the end of the launch moment value if the nose is long enough.
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Figure 3.14. Bending Moment at Support B changes with respect to different
relative lengths (0q =0.1 ag =0.2)

Figure 3.15 shows a similar moment change graph for support C. Its behavior is like
the opposite of support B, but the governing moment tends to occur at the start of the

launch. Relative length change only causes minor changes on this maximum value.
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Figure 3.15. Bending Moment at Support C changes with respect to different
relative lengths (0q =0.1 ag =0.2)
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Figure 3.16 shows the effects of change in relative unit weight on the support B for
the same relative length and stiffness values (o =0.1 g =0.2). Heavier launching
nose causes higher bending moments on phase 1 due to the cantilever state, but it
does not cause any significant change during phase 2.
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Figure 3.16. Bending Moment at Support B changes with respect to different
relative unit weight (a. =0.5 ag =0.2)

Figure 3.17 shows the relative unit weight effects for support C, where lighter

launching noses cause higher bending moments.
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Figure 3.17. Bending Moment at Support C changes with respect to different

relative unit weight (oL =0.5 ag =0.2)
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Figure 3.18 shows the effect of changes in relative bending stiffness to bending
moment on support B. It does not cause any change in Phase 1. Lowering bending
stiffness causes an increase on moments during phase 2, but it does not cause any
change on the final end of the launch moment. Launching noses with different
stiffness values converge on the same value at the end of the launch. Therefore, a
launching nose with a very high stiffness value (agi =0.4 for this example) is
unnecessary. Even though it causes less negative moment during phase 2, it still

reaches the same final moment value as low stiffness launching noses.

Bending moment at support B (M/qLZ)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
o

Figure 3.18. Bending Moment at Support B changes with respect to different

relative bending stiffness (aL =0.5 aq =0.1)

Figure 3.19 shows the effects of relative bending stiffness change on the moment of
support C. Higher bending stiffness causes higher negative moments on support C
during phase 2; nevertheless, maximum negative moment on support C generally

occurs at the start of phase 1.
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Figure 3.19. Bending Moment at Support C changes with respect to different
relative bending stiffness (o =0.1 aq =0.1)

3.1.2 Semi-Infinite Beam Model

The semi-infinite beam model is based on the infinite beam model. The infinite beam
model assumes an infinite continuous beam with equal spans. The semi-infinite beam
model also has the same assumption, but it aims to represent this behavior with a
defined number of spans, making it easier to analyze. It aims to create a simple finite
element model for the nose-deck behavior. This approach creates a more familiar
model for the designers where they can easily understand, apply, and make necessary

changes when it is required.
The semi-infinite beam model has the following assumptions (Hirmand et al., 2013):

e ILM prestressed concrete bridges are mostly consisting of box sections that
have very high torsional stiffness. Therefore, the torsional moment is not
critical, and sections can be considered as straight beams.

e Effects of settlement and temperature are neglected.
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e Due to the cyclic nature of positive and negative bending moments during
the construction phase, prestressing is concentric.

e Stiffness and unit weights of the deck and launching nose are constant
through the length.

e Shear effects on the behavior and the internal forces of the deck can be
neglected.

e All spans are equal in length.

e The bridge consists of a very high number of sections behind the launching
span. Therefore, it can be considered as a continuous beam with infinite

spans.

The above assumptions are also applied to the infinite beam model. But the semi-
infinite beam model aims to express this infinite beam behavior with a less number
of beams. Forces and moments during the launch primarily affect the front spans,

and as we go further from the launching span, these effects diminish.

Figure 3.20 shows the rotation changes on a support point during the launching.
When 3 spans are completely launched, angular displacement at the furthest point
getting closer to zero, which can be expressed as a fixed support deck (Hirmand et
al., 2013).
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Figure 3.20. Variation of the rotation of the deck (Hirmand et al., 2013)
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Thus, this infinite beam structure may be expressed as follows: one fixed support at
the end, pin supports on the intervals, and cantilever at the other end (Hirmand et al.,
2013). Figure 3.22 shows this idealization. But this is a supposition, and it may be
incorrect; therefore, it needs to be checked. In Chapter 3.3, semi-infinite beam
models are compared against the infinite beam model to understand whether they

show the same behavior or not.

E D C B
l ; 3 /_X_/_Ln_/
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Figure 3.21. Semi-Infinite Beam Model with 3 launched spans
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3 2 s 'y A

Figure 3.22. Structural idealization of Semi-Infinite Beam Model

The system may be solved easily with ordinary slope deflection equations or finite
element modeling. Hirmand et al. (2013) stated that the third support behind the
launching span (E) has a rotation value approximately equal to 0. Therefore, it is

chosen as fixed support (Figure 3.21 and Figure 3.22).
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Hirmand et al. (2013) and Shojaei et al. (2015b) ‘s models have 3 already launched
spans behind the launching span. But there are studies that suggest 2 spans behind
the launching section is sufficient. Wang et al. (2010) suggest that support D takes
no effect from the stresses due to the front-end launching nose and has approximately

0 rotation, and therefore, point D can be modeled as fixed support (Figure 3.23).

D C B A
E—dn—r
T
I // 1 // 1

Figure 3.23. Semi-Infinite Beam Model with 2 spans behind

Both infinite and semi-infinite models assume that many sections are already
launched, but this assumption is not correct for the launching of the initial sections.
Therefore, a new model for the initial stages has been developed and then compared

with the semi-infinite beam models in Chapter 4.

3.2  Optimization of Incrementally Launched Bridges

Engineers try to reach optimum safety, time, and cost for a given structure under
defined circumstances. The incremental launching method is chosen for its
advantages in these areas. While non-requirement of scaffolding decreases the cost,

method's application requirements will increase the cost.

Deck sections will be under cyclic loading of both positive and negative bending
moments during the launch. These loads are different from the service life loads and
will cause changes in the deck cross-sections, increasing the total cost. The launching

nose should be chosen to minimize these moments.
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On the other hand, the launching nose itself will be an extra cost, and therefore,
engineers will try to design a lightweight, shorter nose. An optimum launching nose

should reduce the moments on the deck and should not be an overdesign.

In this chapter, various optimization studies focused on dimensioning of the
launching nose are explained. These methods assume that many sections are already
launched. In other words, they are based on the advanced stage models explained in
the previous chapters. Also, none of these models are considered the deflection of

the cantilever launching nose as a parameter.

3.2.1 Trial and Error Method

Rosignoli (1998) used a trial and error method to optimize the launching nose based
on the infinite beam model. As explained in the previous chapter, support B is
generally considered as the most critical point for a system with many equal spans.
Early studies on the optimization focused on minimizing the negative moment on B
(Rosignoli, 1998). The moment diagram of support B for chosen parameters (oL =0.5
agq =0.1) with different relative stiffnesses is shown in Figure 3.24.
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Figure 3.24. Bending Moment at Support B for different relative bending
stiffnesses (aL =0.5 aq =0.1)
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For this situation, the peak moment occurred at the end of phase 1, and after that, the
bending moment is less than the peak value up to the end of the launch. It is known
that phase 1 moment values are significantly depending on launching nose length.
To decrease the peak value of phase 1, the launching nose length is increased (Figure

3.25). The relative length of 0.8 is chosen for this new configuration.

-0.18

14 14
IS >
|

o
N
.
N

s

Bending moment at support B (M/qu)
S 5 9 :
o o o
S [+ oo
N

o
o
X

o

o

L L L L L L L L L
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Figure 3.25. Bending Moment at Support B for different relative bending
stiffnesses (aL =0.8 aq =0.1)

Longer launching nose causes a decrease on the maximum moment on phase 1. Then
the maximum negative bending moment occurs in phase 2. As shown in Figure 3.25,
moments in phase 2 are significantly dependent on the launching nose's relative
stiffness up to 85% of the launch. In the last portion, launching noses with different
bending stiffnesses reach the same moment values. A higher value of relative
stiffness is better in this situation, but a stiffness ratio higher than 0.2 would be
overdesign. A launching nose with a relative stiffness ratio whose peak corresponds
to the end of the launch moment should be chosen to have an optimum design in

phase 2. In this case, it is ag =0.2.

Also, in the current configuration, the launching nose is unnecessarily long
(overdesigned). Launching can be shortened until the first and second peaks are

equal (Figure 3.26) with the trial and error method (Rosignoli, 1998).
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Figure 3.26. Bending Moment at Support B (aL =0.65 aq =0.1 ag =0.2)

Figure 3.26 shows an optimum design of a launching nose for a chosen fixed unit
weight ratio (oq =0.1). To summarize, an optimum launching nose satisfies the
equalization of contact (end of phase 1) and end of launch (end of phase 2) moments
(Rosignoli, 2002). Rosignoli (1998) suggested using trial and error to find optimum
values. Figure 3.27 shows optimum relative lengths with respect to different relative
unit weight values. Of course, this optimization is limited by real-life material
behavior and design considerations. Launching nose unit weight has the following

constraints (Rosignoli, 1998):

q, = kLy
0.012 < k < 0.02 for highway bridges (3.23)
0.018 < k < 0.03 for railway bridges (3.24)
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Figure 3.27. Optimal relative length for the negative bending moment as relative

unit weight changes (Rosignoli, 2014)

3.2.2 Analytical Method

Apart from the trial and error method, an analytical approach has also been
developed (Hirmand et al., 2013; Wang et al., 2010). These methods use the semi-
infinite beam model. Formulas for Mg: and Mg; are already known. The target is to
find other parameters when Mg: at the end of phase 1 (3.25) is equal to Mg at the
end of the launch (3.26). Following equations are derived (Wang et al., 2010):

Mpi(x=1—-L,) = (0.5a,a, + aja (1 — a;) + 0.5(1 — a;)?)qL? (3.25)
Mg, (x = 1) = (0.134a}a, — 0.106)qL’ (3.26)

When equations (3.25) and (3.26) are solved together, the result is the best relative
length with respect to relative unit weight (3.27) (Wang et al., 2010). Figure 3.28

shows the graph of this equation.

aZ — 1.42318a, + 0.212 + a, — 1

S (3.27)
Lbest = 0.732a, — 1
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Figure 3.28. Relationship between optimized relative length and relative unit

weight of the launching nose

Equation (3.28) and Figure 3.29 shows a similar equation from Hirmand et al.
(2013). In this equation, aqis written in terms of .. However, both of these equations
do not consider the possible phase 2 peaks due to the low relative stiffness ratio
(Figure 3.25). To use these equations, relative stiffness should be chosen such that it
will not create a bending moment value during phase 2 higher than the end of launch
bending moment.

_0.3942 —a;, + 0.5a7
%qbest = (0 3654a, — Da,

(3.28)
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Figure 3.29. Relationship between optimized relative unit weight and relative

length of the launching nose

3.2.3 Numerical Method

Besides basic trial & error and analytical methods, more advanced numerical
optimization methods are also developed to find the optimum launching nose design
in incrementally launched bridges. Previous methods were focused on finding the
best situation via equality of bending moment of support B at the end of phase 1
(x=1-Ln) and end of phase 2 (x =L) while keeping phase 2 intermediate moments
less than this equal optimum moment value. However, Fontan et al. (2010) state that
this is a heuristic supposition, and it may be incorrect; therefore, it needs to be tested
with other methods. Fontan et al. (2010) used the method of the feasible direction to
solve this phenomenon with the following objective function (3.29), which focused

on reaching the minimum bending moments without any supposition.

min max [Mg,(1 —a;), Mz, (a)] (3.29)

With this method, they reached a smaller Mg value, but the result was unrealistic.

Required launching nose length is equal to span length (oL =1); it should have lower

45



unity weight value (ag1=0.171) and relative stiffness (ag1=0.273). Figure 3.30 shows
the result of this optimization. It is known that a long launching nose requires higher

values of relative stiffness and unity weight (Fontan et al., 2010).
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Figure 3.30. Optimum evolution of Mg (Fontan et al., 2010)

On their trials, they have also encountered results where support C has higher
negative bending moment values than support B for very high relative lengths.
Therefore, Mc is also added to the objective function (3.30).

Min max [Mp1 (1 — a.), Mz (a), M¢1(0), Mcz(a)] (3.30)

Later on, they added span moments to the objective functions (3.31), but they were
not determining factors for chosen parameters (Fontan et al., 2010). Constraints for
the relation between relative length and relative unit weight (Equation (3.23) and
(3.24)) are added based on Rosignoli (1998). Method of feasible direction with
additional objective functions and constraints is more useful than the other methods
because of its ability to check more than one condition. However, the lack of relation

between relative stiffness and other parameters might cause unrealistic results.
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Mg, (1 —a,) Mpy(a) Mc1(0) Mcy(a) _MABZ(a)

minmax [ T, T, T W (3.31)
_M361(0) _MBCZ(a)] .
w, ’ w;

3.3  Comparison of the Advanced Stage Analysis Models

In this chapter, the analysis model for the current advanced stage semi-infinite beam
model is explained and compared with the infinite beam model to understand
whether the semi-infinite beam model matches with the infinite beam assumption or

not.

3.3.1 Development of FEM Analysis for the Semi-Infinite Beam Model

FEM analysis code is developed based on the semi-infinite beam model. In summary,

the code structure is as follows:

e Form element stiffness matrices [Kel]

e Form element force matrices based on fixed end moments [Fel]
e Assemble global stiffness and force matrices [Fq] [Ka]

e Solve global force equations to find deflections [Fg]=[Kc]*[u]

e Find member end forces using local force equations [Fei]=[Kel]*[u]

A system with boundary conditions is required for structural calculations. Figure
3.32 shows an example of a semi-infinite beam model of phase 1, before the
launching nose reaches the target pier. It is a continuous beam under its own dead
load supported by the piers. Uplift will not occur on any support point even under
the worst conditions; maximum cantilever weight is not more than the previous
spans. Therefore, all support points are modeled as restricted against the vertical

movement. The rearward joint is treated as a fixed joint due to its small rotation
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(Hirmand et al., 2013). Figure 3.33 shows the structural idealization of the semi-
infinite beam model. Other support points allowing rotations are defined as pin

supports.

Figure 3.31 shows the degrees of freedom of a member. Only the dead loads of the
bridge deck and the launching nose are applied as external loads. The following are
neglected in this formulations: temperature effects, settlements of piers, and shear
effects (Hirmand et al., 2013).
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Figure 3.31. Degrees of freedom of a member
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Figure 3.33. Structural idealization of Semi-Infinite Beam Model — Phase 1
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In current models in the literature, the furthest cantilever part of the launching nose

(Figure 3.32) was not modeled and expressed only as its external moments and force

effects. Therefore, these semi-infinite beam models do not give any information on

the deflection of the launching nose. In this thesis, that part of the launching nose is

also modeled to calculate the deflection of the launching nose. A launching nose is

assumed to have constant thickness and unit weight over the length. This assumption

corresponds to current models' assumptions (Rosignoli, 1998; Shojaei et al., 2015).

Symbols used in this chapter are:

L: Span length

g: Unit weight of the deck

Lx: Launched span length

Ln: Launching nose length

S: Bending stiffness of the deck

Sn: Bending stiffness of the launching nose

gn: Unit weight of the launching nose

Element stiffness matrices of a regular deck section and phase 1 cantilever launching
nose are defined and showed in (3.32), (3.33), and (3.34). Stiffness matrices of other

elements are also prepared in similar manners.

Kdeck =

r 12 xS
L3
6 xS
12
12 %S
13
6 %S

LZ

6*S
L2
4 %S

L
6 S

12

2x*S
L
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12 %S

-4

6 %S
12
12 xS
3

6*S
o

6 %S ]

L2
2%S

6 xS

L

LZ
4 %S

(3.32)



12 %S 6%*S 12+S  6xS 7
L3 12 L3 12
6*S 4x%S 6%S 2%S
L% Ly L% Ly
Kjaunched span — 12 %S 6%xS 12%S 6 xS
B 12 B 12
6x%S 2%8S 6 xS 4 %S
12 Ly Lz Ly
r 12+ S, 6 *S, 12%S, 6*S, ]
L3 La L3 L3
6 %S, 4 xS, _6*Sn 2 %S,
K B 12 Ly 12 Ly
launching nose — 12 %S, 6*S, 12+S, 6 %S,
1 L3 Ly’
6 %S, 2 %S, _6*Sn 4 %S,
2 L, 12 Ly

(3.33)

(3.34)

During the launching phase of the incremental launch, each part only carries its own

weight. The system does not have any external loads. Fixed end forces and moments

due to these self-weights are calculated for each element showed in (3.35), (3.36),

and (3.37).

F Fixed

pFixed . = 12

Lq ]
1% *q
12

launched span = | 1, *q
X

_Lixq
12 |
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(3.36)



Ly *q T

L5 +q

FFixed _ 12

launching nose — L, *q
2 3.37
g (3.37)
12

The global stiffness matrix (Figure 3.34) and forces matrix (3.38) are assembled

based on element stiffness and fixed end forces matrices.

Lxq
2
I? x q
12
Lx*q
0
Lx*xq
0
Lxq Lyxq
2 + 2
FFixed = 2 12 (338)
global q*LX_L * q
12 12
Ly*xq Lnp*dqn
- 4+ —
2 2
2 2
qn *Ln  Li*q
12 12
Ln *dp
2
2
Ly *qn
12
12%S 6%S 12+%S  6%S
I = T = 0 0 0 0 0 0 0 0
6%S 4% 6xS 2%S
I I - I 0 0 0 0 0 0 0 0
12%S 6%S 24§ 12+xS  6+S
T 7 B 0 0 B 0 0 0 0 0 0
6%S 2%S 8xS 6*S 2%S
I I I - I 0 0 0 0 0 0
128§ 6%S 24§ 128 6%S
0 5 Tk - 0 - B 0 0 0 0
0 6xS 2xS 0 8xS 6%S 2xS 0 0 0 0
A L L Nz L
0 0 0 0 12+ S 658 12*S+1Z*S 6%S 6%S 125§ 6%S 0 0
L3 L2 L? Lx®  Lx? L2 Lx3 Lx?
0 0 0 0 6*S 2xS 65 6xS 4xS 4xS 6%S 2xS 0 0
12 L Lxz 12 Lt T Lx? Lx
0 0 0 0 0 0 12%S 6%S 12%S 12xSn 6xSn 6%S 12%Sn  6x5Sn
s T Lx? Lx3 + Ln3 Ln?  Lx*  Ln3 Ln?
0 0 0 0 0 0 6xS 2xS 6xSn 6xS§ 4*S+4*Sn 6 xSn 2x5n
Lx? Lx Ln? Lx? Lx Ln Ln? Ln
0 0 0 0 0 0 0 0 12+ Sn 6*Sn 12 % Sn 6% Sn
ZE T n? Ln3 T n?
0 0 0 0 0 0 0 0 6% Sn 2%5n 6% Sn 4% Sn
Ln? Ln T2 Ln

Figure 3.34. Global Stiffness Matrix — Phase 1
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F — FFixed=K*y (3.39)

The stiffness equation (3.39) is solved using symbolic parameters. Symbolic
parameters are used for representative solutions in MATLAB. With this method, we
can get the exact equations without using any real or arbitrary value. The results will
be in terms of parameters only. After the general stiffness matrix equation solution,

results are used to solve the element stiffness equations to get member end forces.

As a result, the equation of all element nodes' deflections, rotations, forces, and
bending moments are derived. These equations are based on element dimensions,
materials, and launching increments. If the classical methods were used, it would
require a complete rerun of the software to solve each increment step. But with this
method, only one analytical solution for each phase is enough. Now all force and

deflection equations are presented in simple analytical form.

Assign values to each parameter is enough to get any solution. In that part, the
launching step (x) is defined as an array (0 to L) with the size of 100. Using element-
wise calculation between x and other parameters will give all results for each

increment step of the launch without using any loop.

Furthest support point A is not effective in phase 1, but when the launching nose
reaches support A at the end of phase 1, this support point also became a part of the
system. Therefore, behavior changes completely in phase 2. Figure 3.35 shows the

configuration of phase 2.
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Figure 3.35. Semi-Infinite Beam Model with 3 launched spans — phase 2
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A new model is prepared for phase 2. Support A is added as pin support (Figure
3.36), and the launching nose element is divided into two: launching nose behind the
support A and cantilever launching nose part in front of support A. Stiffness and
force matrices of the decks are the same but launching nose matrices are changed.

New stiffness matrices are shown in (3.40) and (3.41). New fixed end moment
matrices are shown in (3.42) and (3.43).
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Figure 3.36. Structural idealization of Semi-Infinite Beam Model - phase 2

12 %S, 6 %Sy 12 % S, 6 * Sy
L-L)* @O-1)2 (@©-L (L -L)?
6 * S, 4 %S, 6 %S, 2 %S,
L — Ly)? L - L L — Ly)? L—-1L
s = Yo fas B les (3.40)
(L - Lx)3 (L - Lx)z (L - Lx)3 (L - Lx)z
6 * S, 2 %S, 6 %S, 4 %S,
[ L - L2 L — L, T(L-Lp? L- L
12 * S, 6 %S, 12 * S, 6 %S,
(Ln -L+ Lx)3 (Ln -L+ Lx)z B (Ln -L+ Lx)3 (Ln -L+ Lx)z
6 %S, 4 %S, 6 * Sn 2 *Sn
Kiaunching = (Lp — L + Ly)? L, — L+ Ly (Lp — L+ Ly)? L, — L+ Ly
nose (2) B 12 % S, B 6 %S, 12 * Sn B 6 *S, (3_41)
(Ln -L+ Lx)3 (Ln -L+ Lx)z (Ln -L+ Lx)3 (Ln -L+ Lx)z
6 *S, 2 *Sn 6 * S, 4 xS,
| (L, — L+ L,)? L, — L+ Ly "~ (Ly — L+ Ly)? L, — L+ Ly

(3.42)
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2
(qn * (L - Lx)z
FFiXEdlaunching nose (1)= — 12
dn * (L - Lx)
2
_n*(L-Lo?
12 E

[ qn*(Ln_L+Lx) |
2
qn * (Ln —L+ Lx)z
FFiXedlaunching nose (2)= — Qn * (Lnl_z L+Ly) (343)
2
qn * (Lp — L+ Ly)?
o 12 |

Global force (3.44) and stiffness (Figure 3.37) matrices are assembled. Then the

above solution process is repeated for phase 2 to get phase 2 results.

Lxq
2
L2 *q
12
Lxq
0
Lxq
0
Lxq Lyxxq
2 + 2
q*lf LP=q
) 12 12
Fleedglobal = Ly*q qp*(L—Ly) (344)
+
2 2
dn* (L—LY? 15xq
12 12
qn * (L—Ly) qp* (L, —L+Lx)
+
2 2
qn * (Ly — L+ Lx)? qn * (L — Lx)z
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All previously explained methods are aimed to explain a continuous beam structure
with infinite span. The infinite beam model was the first one of these models, and
other models are claimed to represent the same behavior with a defined number of
spans. In this chapter, semi-infinite beam model with 2 spans launched (Figure 3.39)
and 3 spans launched (Figure 3.40) are compared against the infinite beam model

(Figure 3.38) to see whether they demonstrate the same behavior or not.

Infinite beam model formulations are provided (Rosignoli, 1998) and explained in
Chapter 3.1.1; however, logic is explained for semi-infinite beam models (Hirmand
et al., 2013; Wang et al., 2010), but detailed formulations are not provided.
Therefore, an analysis code is developed and explained in the previous chapter.

=
=
=

Figure 3.38. Infinite Beam Model
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Figure 3.39. Semi-Infinite Beam Model with 3 spans behind
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Figure 3.40. Semi-Infinite Beam Model with 2 spans behind

A comparison with only one configuration may result in an incidental match with
methods. Therefore 3 different configurations are chosen to compare the infinite
beam model and semi-infinite models (2 and 3 spans launched). Commonly used
relative length (0.=0.5), unit weight (0q=0.1), and stiffness (agi=0.2) values are
chosen for the normal launching nose. For shorter noses, it is assumed that shorter
noses require lower unit weights; therefore, their stiffness values are also smaller.

And longer launching noses are heavier with high stiffness values.

Bending moments on support B and C are used for these comparisons, which are the
current optimization studies' main parameters. Selected configurations are as

follows:
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o 0.=0.3 0q=0.05 0gi=0.1 — Shorter, lighter and lower stiffness launching nose
e 0.=0.50aq=0.1 ag=0.2 — Normal launching nose

e 0.=0.8 0q=0.2 aei=0.4 — Longer, heavier and higher stiffness launching nose

Table 3.1, Table 3.2, and Table 3.3 show the percent differences of negative bending
moment on support B semi-infinite beam models (2-spans and 3-spans) against the

infinite beam model for 3 different kinds of launching nose.
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Figure 3.41. Bending Moment at Support B for different models (oL =0.3 agq =0.05
agl =0.1)

Table 3.1 Percent Differences of Mg for short launching nose

a Max
0 0.25 0.5 0.75 1 Moment
Semi 2 spans — Infinite  0.00%  0.00% 0.00% 0.11% 0.10% 0.00%

Semi 3 spans — Infinite  0.00%  0.00% 0.00% 0.01% 0.01%  0.00%

Compared Models
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Figure 3.42. Bending Moment at Support B for different models (oL =0.5 aq =0.1
agl =0.2)

Table 3.2 Percent Differences of Mg for normal launching nose

a Max
0 0.25 0.5 0.75 1 Moment

Semi 2 spans — Infinite 0.00% 0.00% 0.00% 0.09% 0.09% 0.00%
Semi 3 spans — Infinite 0.00% 0.00% 0.00% 0.01% 0.01% 0.00%

Compared Models
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Figure 3.43. Bending Moment at Support B for different models (ar =0.8 og =0.2

OlE| :0.4)

Table 3.3 Percent Differences of Mg for long launching nose

a Max

Compared Models
0 0.25 0.5 0.75 1 Moment
Semi 2 spans — Infinite  0.00% -0.12% 0.01% 0.04% 0.03% 0.00%
Semi 3 spans — Infinite  0.00% -0.01% 0.00% 0.00% 0.00% 0.00%
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Table 3.4, Table 3.5, and Table 3.6 show the percent differences of negative bending
moment on support C semi-infinite beam models (2-spans and 3-spans) against the

infinite beam model for 3 different kinds of launching nose.
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Figure 3.44. Bending Moment at Support C for different models (oL =0.3 agq =0.05
ag) =0.1)

Table 3.4 Percent Differences of Mc for short launching nose

a Max

0 0.25 0.5 0.75 1 Moment
Semi 2 spans — Infinite  1.37% 0.86% -1.31% -0.70% -0.54% 1.37%

Semi 3 spans — Infinite  0.10% 0.06% -0.09% -0.05% -0.04%  0.10%

Compared Models
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Figure 3.45. Bending Moment at Support C for different models (o =0.5 0g =0.1
agl =0.2)

Table 3.5 Percent Differences of Mc for normal launching nose

a Max
Compared Models
0 0.25 0.5 0.75 1 Moment
Semi 2 spans — Infinite  1.23% 0.53% -2.26% -0.49% -0.46% 1.23%
Semi 3 spans — Infinite 0.09% 0.04% -0.16% -0.04% -0.03% 0.09%
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Figure 3.46. Bending Moment at Support C for different models (oL =0.8 aq =0.2
OlE| :0.4)

Table 3.6 Percent Differences of Mc for long launching nose

o Max

Compared Models B
0 0.25 0.5 0.75 1 Moment

Semi 2 spans —Infinite 0399 0.44% -0.04% -020% -0.12%  0.52%
Semi 3 spans—Infinite 0 03% 0.03% 0.00%  -0.01% -0.01% 0.04%

As a result of these graphs and tables, we gain the following information. Bending
moments on support B are in agreement for all methods. The maximum deviation
during the launch is less than 1%. And the maximum moment that occurs on support

B is the same for all models.

Bending moments on support C are in agreement for the infinite beam model and 3-

spans semi-infinite beam model; the maximum deviation is less than 1%. 2-spans
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semi-infinite beam model gives slightly higher moment results, but the difference is
less than 2%.

According to these trials, we can conclude that semi-infinite beam methods give
reasonable results for infinite beam behavior. The 3 spans model gives almost the
same results, and the 2 spans model gives slightly higher results for support B. In
the following chapters, 3 spans semi-infinite beam model will be used for
representing advanced construction stage behavior.
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CHAPTER 4

INITIAL STAGE ANALYSIS MODEL

A structural analysis code in MATLAB has been developed to analyze the
incrementally launching bridges' initial construction stages. This code has been used
to determine quick formulations for optimum design parameters of the launching
nose in terms of inertia, unit weight, and length. Such equations can usually save
optimization time for a designer using a standard commercial software with many
time-consuming iterations. This new model also considers the deflection of the
cantilever launching nose and movement of the newly casted section at the yard

during the launch.

In this chapter, the new initial stage model is explained and compared with the
advanced stage (semi-infinite beam) model. Finally, the effects of design parameters

on the deflection of the cantilever launching nose are inspected.

4.1  Development of FEM Analysis for Initials Stages of the Launching

All the explained methods assume that many sections are already launched. These
methods are good at expressing the behavior in advance stages of the construction
(Hirmand et al., 2013; Rosignoli, 1998), but early stages also require examination.

Therefore, a model for the analysis of the initial stages has been developed.

Semi-infinite beam models assume a rearward joint as a fixed joint based on its low
rotation results (Figure 3.36). However, a real-life system does not have any fixed
connection against rotation. Therefore, in a more realistic model, all joints should be
assumed as pin connections (no restraint against the rotation). The newly casted span
at the yard is not considered in the moment calculations on current semi-infinite

models because the rearward joint is treated as fixed. In the new model, the rearward
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joint has a pin connection; therefore, a new section at the yard will also be effective.
This element has 2 degrees of freedom connections on both sides. The new model is
expected to present a more realistic modeling of the situation. Figure 4.1 shows the
idealization of this model.

ection at the yard

Y D C B A
Ax e In_
A A A A A
4 1Lx W L 2 L W I

Figure 4.1. Idealization of Initial Stage Model with 2 launched span — Phase 1

The front part of the model is the same as the previous advanced stage models. It
includes launched spans, launching span, and launching nose. The difference is the
newly casted member in the yard. The length of this element (L-Lx) and the location
of the rearward joint change during the launch. The length will start as a whole
section (L), and it will reduce up to zero when launching is finished. Figure 4.2 and
Figure 4.3 show a sketch of the launching of the 3™ span, but the same approach can

be applied for other stages as well.

ection at the yard
Y / D C

-
=
=

A—L-Ix

Figure 4.2. Initial Stage Model with 2 launched span — Phase 1
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Figure 4.3. Initial Stage Model with 2 launched span — Phase 2

Many assumptions of the current advanced stage models are also applied to the initial
stage model. All spans are assumed to have the same span lengths, and there are not
any height differences between supports. The deck section is constant and linear

through the length without any curvature.

Several effects are not considered in this method. Moments on the deck due to
friction between deck girder and piers are not considered; it is assumed that low
friction neoprene pads between girder and bearings will reduce these effects. The
axial force that occurs on the deck is also not considered due to these low friction
pads. The dead load of the deck and the launching nose are the only external loads
applied to the system; wind and seismic effects are neglected. These wind and
seismic effects are mainly effective in the design of the lateral bracings. Shear effects

on the behavior are not considered similar to the current methods.

The newly prepared concrete deck section’s stiffness matrix and fixed end moments
are shown in (4.1) and (4.2). Stiffness matrices of the other deck and launching nose

elements are the same as the previous models.
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Global force and stiffness matrices for phase 1 and phase 2 are different than each

other, similar to the advanced stage methods. Equation (4.3) and Figure 4.4 shows
the global force and stiffness matrices of phase 1.
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68



12§ 6%S 12 «S 6%S 0 0 0 0 0 0
(L—Lx)? (L —-Lx)?* (L-Lx)? (L—Lx)?
6+S 455 6+5 258 0 0 0 0 0 0
(L —Lx)? L—Lx (L —Lx)? L—Lx
12 S 6%S 12 %S 12§ 6%S 6%S 12+S  6%S§ 0 0 0 0
C-1x° (L-Loz [ "(L-Lo® 2 @L-Lx)? A 2
6%S 2%S 6%S 6%S 4xS 4§ 6%S 2§ 0 0 0 0
[ L-Lx 2 L-1Lx? L L-Lx 2 L
12%S 6%S 24§ 12xS 6xS
0 0 T Ty B 0 T B 0 0
0 0 6%8 2xS 0 8x8 6%S 2xS 0 0
2 L L L2 L
0 o o 0 12 S 6%S 12%S 12xS 6%S5 6%S 12«5 6%S
3 L2 L3 Lx®  Lx? 2 Lx? Lx?
0 0 0 0 6%S 2xS 6%xS 6%xS  4xS 4xS 6xS 2xS
12 L Lx? L2 L Lx Lx? Lx
0 o o 0 0 o 12+S 6%S 12«5 12+Sn 6+Sn 6%*S
Lx3 Lx? Lx? Ln3 Ln?  Lx?
0 0 0 0 0 0 6%S 2%S 6+Sn 6%S 4xS 4xSn
Lx? Lx Ln? Lx? Lx Ln
0 0 0 0 0 0 0 0 12 Sn 6xSn
Ln? Ln?
0 0 0 0 0 0 0 0 6 *Sn 2+Sn
Ln? Ln

Figure 4.4. Global Stiffness Matrix — Phase 1

Equation (4.4) and Figure 4.5 shows the global force and stiffness matrices of

phase 2.
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Figure 4.5. Global Stiffness Matrix — Phase 2

4.2  Comparison of Initial Stages and Advanced Stage Behaviors

Advance stage models are used in the current optimization studies, but they may
leave out some of the critical cases occurring on the initial stages. In this chapter,
advanced and initial stages models are compared to understand whether any critical

cases occurred on initial stages or not.

For these checks, bending moment values on support B and C, shear forces on
support B, and the deflections of the cantilever launching nose are compared between
advanced stage behavior and initial stages (1 & 2 spans launched). The maximum
moment on support B and C are the critical parameters of the current optimization

studies. Three different sets of parameters are used in comparisons:

e 0.=0.3 0q=0.05 ag =0.1 — Shorter, lighter and lower stiffness launching nose
e 0.=0.5 aq=0.1 ag1 =0.2 — Normal launching nose

e 0.=0.8 0q=0.2 ag1 =0.4 — Longer, heavier and higher stiffness launching nose

Table 4.1, Table 4.2, and Table 4.3 show the percent difference of negative bending
moment on support B on initial stage models (1 span and 2 spans) against the
advanced stage model. The moment on support B during phase 1 same for all the
models because phase 1 moment is only related to the cantilever span and launching
nose. Some differences were observed on phase 2. 2 spans initial stage model has

1% lower bending moment value, and 1 span initial stage model has 5% higher
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bending moment value than the advanced stage. However, these differences do not
affect the maximum moment. In all cases, the maximum moment on support B is the

Same.

Even though initial stages are not critical for the chosen launching nose parameters,
it may be a critical issue for longer and lower stiffness launching noses. Long
launching noses with lower bending stiffnesses tend to have critical bending value
on phase 2. In that case, a 5% increase on phase 2 of 1 span initial stage model may

cause problems.
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Figure 4.6. Bending Moment at Support B (ar =0.3 0q =0.05 og =0.1)

Table 4.1 Percent Differences of Mg for short launching nose

a Max
Compared Models
0 0.25 0.5 0.75 1 Moment
2 spans — Advanced 0.00% 0.00% 0.00% -0.89% 0.09% 0.00%
1 span — Advanced 0.00% 0.00% 0.00% 4.34% 1.36% 0.00%
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Figure 4.7. Bending Moment at Support B (aL =0.5 aq =0.1 ag =0.2)

Table 4.2 Percent Differences of Mg for normal launching nose

o Max
Compared Models
0 0.25 0.5 0.75 1 Moment
2 spans — Advanced 0.00% 0.00% 0.00% -1.01% 0.08% 0.00%
1 span — Advanced 0.00% 0.00% 0.00% 4.60% 1.22% 0.00%
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Figure 4.8. Bending Moment at Support B (o =0.8 aq =0.2 o) =0.4)

Table 4.3 Percent Differences of Mg for long launching nose

a Max
Compared Models
0 0.25 0.5 0.75 1 Moment
2 spans — Advanced 0.00% -0.41% -1.33% -1.19% 0.03% 0.00%
1 span — Advanced 0.00% 1.43% 4.99% 4.84% 0.39% 0.00%
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Table 4.4, Table 4.5, and Table 4.6 show the percent difference of negative bending
moment on support C on initial stage models (1 span and 2 spans) against the
advanced stage model. 2 spans initial stage model generally has 5-7% higher
moments during the launch. But maximum Mc generally occurs at the start of the
launch, and 2 spans initial stage model has 5-7% lower value at the start of the

launch.

1 span initial stage model has 5% to 36% lower moments during the launch. But its
initial moment value is 18% (o =0.3) to 23% (oL =0.8) higher than the advance
stage. Differences for the maximum moment is 18% (o =0.3) to 21% (ar =0.8). This
big difference may cause critical problems, especially for the longer and lower
stiffness launching noses where the moment on support C is higher than the support
B. In that case, if only the advanced stage is considered, then moment calculation

might result in a %20 lower than the actual value that occurred on the initial stage.
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Figure 4.9. Bending Moment at Support C (o =0.3 aq =0.05 ag =0.1)

Table 4.4 Percent Differences of Mc for short launching nose

o Max
Compared Models
0 0.25 0.5 0.75 1 Moment
2 spans — Advanced -548% 157% 6.55% 558% -0.50% -3.94%
1 span — Advanced 18.33% -5.04% -29.73% -27.27% -7.40% 18.33%
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Figure 4.10. Bending Moment at Support C (oL =0.5 g =0.1 ag =0.2)

Table 4.5 Percent Differences of Mc for long launching nose

a Max
Compared Models
0 0.25 0.5 0.75 1 Moment
2 spans — Advanced -560% 1.66% 7.19% 554% -043% -4.80%
1 span — Advanced 19.01% -5.67% -36.18% -25.19% -6.40% 19.01%
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Figure 4.11. Bending Moment at Support C (oL =0.8 aq =0.2 ag =0.4)

Table 4.6 Percent Differences of Mc for long launching nose

o Max
Compared Models
0 0.25 0.5 0.75 1 Moment
2 spans — Advanced 6.33% 153% 6.01% 5.46% -0.11%  0.45%
1 span — Advanced 23.11% -5.35% -22.55% -22.21% -1.67% 20.95%
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Table 4.7, Table 4.8, and Table 4.9 show the comparison of shear force acting on the
support B on the initial stage models (with 1 and 2 spans launched) against the
advanced stage model for 3 different types of launching noses. 2 spans initial stage
model shows almost the same maximum shear forces with the advanced stage model
with 0.2-0.5% differences. Even though the 1 span initial stage model shows slightly
higher results (2-2.5%) than the advanced stage model, the difference is relatively

small.
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Figure 4.12. Shear Force at Support B (ar =0.3 0ag =0.05 ag =0.1)

Table 4.7 Percent Differences of Rg for short launching nose Force

a Max
0 0.25 0.5 0.75 1 Force
2 spans — Advanced 1.40% -0.21% -0.42% -0.56% 0.05% -0.23%

Compared Models

1 span - Advanced -468%  0.68% 1.91% 272% 0.76%  2.56%
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Figure 4.13. Shear Force at Support B (aL =0.5 0 =0.1 ag =0.2)

Table 4.8 Percent Differences of Rg for normal launching nose Force

o Max

Compared Models B
0 0.25 0.5 0.75 1 Force

2 spans — Advanced 1.25%  -0.20% -0.39% -0.58% 0.05%  -0.39%
1 span - Advanced -4.23% 0.67% 1.95% 2.66% 0.67% 1.95%
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Figure 4.14. Shear Force at Support B (oL =0.8 0 =0.2 ag =0.4)

Table 4.9 Percent Differences of Rg for long launching nose Force

o Max

0 0.25 0.5 0.75 1 Force

Compared Models

2 spans — Advanced 0.88%  -0.23% -0.74% -0.63% 0.01% -0.46%
1 span - Advanced -3.22% 0.81% 2.79% 257%  0.20% 2.25%

Table 4.10, Table 4.11, and Table 4.12 show the comparison of tip deflection on the
initial stages model (with 1 and 2 spans launched) against the advanced stage model
for 3 different types of launching nose. Tip deflection values change during the
launching, but the most critical deflection occurs at the end of phase 1 when the
launching nose reached the target pier. After this maximum deflection, it hoisted
with hydraulic equipment. This maximum deflection is taken into account for the

comparisons between models.
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The initial stage (1 span) model shows 6% less deflection than the advanced stage
model for short and normal launching noses. For the longer launching nose
difference is negligible (0.5%). The initial stage (2 spans) model shows almost the
same deflection as the infinite model. The maximum difference is %1.35 for the
maximum deflection. It can be said that the initial stages deflection is not

significantly different than the advanced stage.

0.02 T T T T T T

-0.02 \ h
-0.04 b

-0.06 - J

Tip Deflection (u/[qL °/S])

-0.08 h

Infinite
L R 2 spans | |
1 span

_012 1 1 1 1 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

(%

Figure 4.15. Tip Deflection of the Launching Nose (oL =0.3 aq =0.05 ag =0.1)

Table 4.10 Percent Differences of Tip Deflection for short launching nose

a Max
Compared Models _
0 0.25 0.5 0.75 1 Deflection
2 spans — Advanced 443%  -271% 2.15% 0.70% -0.07%  0.54%
1 span — Advanced -14.80% 8.70% -9.75% -3.41% -1.10%  -6.02%
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Figure 4.16. Tip Deflection of the Launching Nose (aL =0.5 aq =0.1 ag =0.2)

Table 4.11 Percent Differences of Tip Deflection for normal launching nose

o Max
Compared Models _
0 0.25 0.5 0.75 1 Deflection
2 spans — Advanced 7.58% 6.63% 1.35% 0.86% -0.11% 1.35%
1 span — Advanced -25.71% -22.66% -6.82% -3.93% -1.65% -6.82%
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Figure 4.17. Tip Deflection of the Launching Nose (aL =0.8 aq =0.2 ag =0.4)

Table 4.12 Percent Differences of Tip Deflection for long launching nose

a Max
Compared Models )
0 0.25 0.5 0.75 1 Deflection
2 spans — Advanced -3.54% 1.97% 3.23%  -28.93% 0.01% 0.14%
1 span — Advanced 1291% -6.90% -12.11% 117.62% 0.22% -0.58%
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4.3 Deflection of the Cantilever Deck and Launching Nose

Launching noses have two main contributions to the bridge during launching:
decrease of the moment occurs due to cantilever span and decrease of deflection of
cantilever span. Recovering from very high deflections would be problematic.

Therefore, the deflection should be limited to a chosen maximum value. Rosignoli
(2014) mentions that 0.1 — 0.2m deflection might occur on prestressed concrete

bridges and 1m or more deflection in steel girder bridges.

There are some studies that report the deflection occurs during the construction.
Reno Bridge, a post-tensioned bridge, had 0.1m deflection (Ferretti, 2016). Parana
River Bridge is a steel bridge with a 100m span reached 0.93m deflection (Malite,
Takeya, Gongalves, & De Sales, 2000); Wupper river valley bridge (72m span) is a
composite bridge with 1.3m deflection (Marzahn, Hamme, Prehn, & Swadlo, 2007).
San Cristobal bridge is also a composite bridge and had 1.05m deflection with a
180m span (Nader et al., 2007). Vaux bridge is a composite bridge with a very large
span length of 130m, and maximum deflection during the launch reached 4.5m
(Navarro et al., 2000).

Deflections should be carefully monitored during the launch. Nader et al. (2007)
stated that during the San Cristobal bridge's launching, minor cracks occurred on the
bridge and caused the decrease of the inertia. Consequently, this leads to an increase
in the deflections. This logic may also apply backwardly. If the deflections during
the launching are larger than the analysis results, unexpected cracks might have
occurred on the bridge. It would be wise to check for cracks on the bridge in that

situation.

In this chapter, the effects of launching nose design parameters (relative length, unit
weight, and stiffness) on deflection were inspected. The previous chapter shows that
advanced and initial stage deflection behaviors are not significantly different from
each other. In this chapter advanced stage model with 3 spans launched is used for

the comparison.
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Figure 4.18 shows the relative launching nose length effects on the tip deflection for
the chosen fixed relative unit weight and stiffness (aq =0.1 agi =0.2). Shorter noses
cause significantly higher deflections. Figure 4.19 shows the maximum deflection
for each relative length. When the relative nose length decreases from 0.8 to 0.4,
maximum deflection increased more than 2 times. A parabolic relation exists
between tip deflection and relative launching nose lengths. Very short noses might

cause unexpectedly large deflections.
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Figure 4.18. Tip Deflection of the Launching Nose changes with respect to
different relative lengths (0q =0.1 ogl =0.2)
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Figure 4.19. Maximum Tip Deflection of the Launching Nose with respect to

different relative lengths (0q =0.1 gl =0.2)
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Figure 4.20 shows the effects of relative unit weights of the launching nose to the tip
deflection for the chosen fixed relative length and stiffness (aL =0.5 ag) =0.2). As
expected, heavier noses cause significantly higher deflections. Figure 4.21 shows the
maximum deflection for different relative unit weights. A linear relationship between

maximum deflection and relative unit weight can be easily observed.
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Figure 4.20. Tip Deflection of the Launching Nose changes with respect to

different relative unit weight (oL =0.5 ag =0.2)
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Figure 4.21. Maximum Tip Deflection of the Launching Nose with respect to

different relative bending stiffnesses (oL =0.5 ag =0.2)
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Figure 4.22 shows the effects of relative unit weights of the launching nose to the tip
deflection for the chosen fixed relative length and unit weights (aL =0.5 aq =0.1).
Launching noses with lower stiffness values cause higher deflections. Figure 4.23
shows the maximum deflection for different relative stiffnesses. Stiffness changes
on lower stiffness values are much more effective than the changes on higher
stiffness values. When the required stiffness is satisfied, it is not cost-effective to
increase further. This behavior is similar to stiffness’s effect on bending moment on
support B, where increasing stiffness excessively did not decrease the maximum

moment.

For these comparisons, it can be concluded that all three parameters are effective on
the maximum cantilever deflection. The most important parameter is the relative
launching nose length. For the case of excessive deflections, the first solution might

be increasing the relative nose length.
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Figure 4.22. Tip Deflection of the Launching Nose changes with respect to

different relative stiffnesses (oL =0.5 aq =0.1)
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Figure 4.23. Maximum Tip Deflection of the Launching Nose with respect to

different relative stiffnesses (oL =0.5 aq =0.1)

Following real-life cross-section data based on Yalin (2019) will be used to present

the deflection of the launching nose and the effects of parameters more clearly.

Unit Weight=25 kN/m3
e A=13.73m?

1=22.75 m*
E=36 GPa
e |=60m

Following 3 sets of launching nose parameters will be used.
[ ]

aL =0.3 aq =0.05 ag) =0.1 — Shorter, lighter and lower stiffness launching
nose

aL =0.5 ag =0.1 agr =0.2 — Normal launching nose

aL =0.8 aq =0.2 agl =0.4 — Longer, heavier and higher stiffness launching
nose

Figure 4.24 shows the deflection of the cantilever launching nose for 3 different

kinds of launching nose. Maximum deflection changes from 0.27cm to 0.55cm. A
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very short launching nose causes high deflections, and longer launching noses cause
lower deflection values. Increasing the length of the launching nose decrease the
deflection but a longer launching also requires higher unit weight (Equations (3.23)
and (3.24)). Therefore, decreasing deflections beyond a certain point is harder.
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Figure 4.24. Tip Deflection of the Launching Nose for realistic example with

different launching nose types

Figure 4.25 shows the relation between cantilever deflection and the negative
bending moment on support B during phase 1 for 3 types of launching noses. It can

be seen that there is an almost linear relationship between the negative moment and
deflection during the launch.

Figure 4.26 shows the relation between cantilever deflection and the shear force on

support B. A similar correlation can also be observed between shear force and
cantilever deflection, both increase during phase 1.
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Figure 4.26. Shear force at support B with respect to Tip Deflection with different

launching nose types

It is mentioned that very high tip deflections might cause problems. When the nose
is reached the next pier, hydraulic equipment is used to realign the launching nose to
the bearing level. An uplift force is applied to the launching nose by hydraulic
equipment to lift it. This force is limited by the equipment's capacity; therefore, the

nose should be designed with this consideration. Figure 4.27 shows the change of
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the required uplift force against the maximum deflection for different kinds of

launching noses. It shows that launching noses with high deflections also requires
higher uplift forces.
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Figure 4.27. Maximum Tip Deflection vs. Uplift Force for different launching nose

types
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CHAPTER 5

SUMMARY AND CONCLUSIONS

5.1 Summary

The current launching nose optimization methods in the literature only consider the
advanced stage of the launching. Therefore, in this thesis, a finite element model for
the initial stage analysis has been developed in MATLAB to investigate the initial
stage of the construction. This initial stage model also has new features such as
deflection check and the movement of the newly casted section at the yard. Both

were not considered in the current advanced stage models.

In current advanced stage methods, the rearward joint is modeled as a fixed joint.
However, in reality, there is no restriction against the rotation on the yard. Therefore,
this part is modeled as a pin joint in the initial stage model. The newly casted section
at the yard will move during the launch; consequently, the rearward joint will also
move. Therefore, the newly casted section is modeled with dynamic dimensions
during the launching. Current methods do not consider the deflection of the
cantilever deck section and launching nose. However, excessive deflections may
occur during the launching, especially at the end of phase 1, just before the launching
nose tip reach the target pier. Thus, the cantilever launching nose is also modeled in

the new model to have the deflection results.

Advanced stage models use a theoretical dimensionless model; this same model is
also used in the initial stage model. It is assumed that all the span sizes are the same
without any curvature; the launching nose and deck girder crosssections are constant
through the length. Only dead load is applied on the system during the launching.
Loads due to the wind and seismic effects are not considered. It is also assumed

neoprene plates between the girder and the piers will decrease the friction between
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the girder and the piers. Therefore, effects due to friction are neglected. Shear,

temperature, and settlement effects are also not considered in the design.

The initial stage models with 1 and 2 launched spans are compared against the
advanced stage model to understand differences between the initial stage and
advanced stage behaviors. 3 different sets of launching nose parameters (short,
normal, and long) are chosen for this comparison. Normal launching parameters
(0.=0.5 0q=0.1 0gi=0.2 ) are chosen based on the popular models in the literature.

Short and long nose parameters are derived from the normal launching nose.

Three main parameters' effects on the deck moments have been studied in the
literature, but their effects on the deflection have not been studied because current
models do not check the cantilever deflection. Therefore, the change of the deflection
based on main design parameters (relative length, unit weight, and stiffness) is
studied in this thesis. Deflection changes on a realistic model are also explained.

5.2 Conclusion

Following conclusions has been reached in the analysis and the comparisons in this

thesis:

e Maximum moments on support B (launching support) are the same for the
semi-infinite beam models and infinite beam model but the maximum
moment on support C (one support behind the launching support) are
different on each model. The semi-infinite beam model with 2 spans shows
slightly higher moment results on the support C than the infinite beam model;
however semi-infinite beam model with the 3 spans almost shows the same
behavior as the infinite beam model. Thus, the semi-infinite beam model can
be used for representing advanced construction stages.

e The numerical optimization method is the most comprehensive optimization
method for the preliminary launching nose design. This method checks the

maximum moment conditions on several supports and span points and also
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includes restrictions regarding the relative length and unit weight
relationship.

Following results have been reached in the comparison of the initial stage
and advanced stage models.

o Maximum moment values on support B are the same for all methods.

o Initial stage models’ maximum cantilever deflection and maximum
shear force on support B are not significantly different from the
advanced stage models.

o The maximum negative moment on support C is around 20% higher
on the initial stage model than the advanced stage model. This case
might especially be critical for the long launching noses where the
maximum critical moment occurs on C rather than B. Therefore, the
initial stage launching should also be checked in case of maximum
moments occurrence on support C.

It is found that all three main launching nose parameters are effective on the
maximum deflection. Relative length is the most effective parameter on the
maximum deflection. Launching noses with a. lower than 0.6 will be
subjected to excessive deflections. Relative unit weight is the second
important parameter on the deflection. Launching noses heavier than aq=0.2
might cause undesirable deflections. Relative stiffness is the least effective
parameter; it only slightly affects the maximum deflection. The launching
nose should have an ov value higher than 0.6 and oq value lower than 0.2 to
have reasonably low cantilever deflection.

It is observed that the moment and shear effects on the last launched support
have a direct relationship with the deflection during the launch. Also required
uplift force to realign the launching nose to the bearing level is related to the

maximum deflection of the launching nose.
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Recommendations for future research:

e Current optimization methods only consider the advanced stage of the launching,
and they do not check the deflection of the cantilever launching nose. These
optimization methods can be improved further to analyze both the initial and
advanced stages while considering deflection.

e Currently, it is assumed that launching nose unit weight and stiffness are constant
through the length, but in practice, launching noses of the post-tensioned
concrete box bridges are generally made of tapered | beams that have varying
weight and stiffness. These tapered noses can be modeled accurately with finite
element methods. Then, these models can be compared with the linear noses to
test the current linear nose assumption's accuracy.

e The current methods assume that span lengths are equal and bridge geometry is
linear; however, this may not correct all bridges. Span lengths can be different,
especially on the first and last spans of the bridge. This change’s effects on the
launching moments should be studied. Also, a bridge may have curvature; in that
case, the effects of the torsional moments and uneven shear effects on the design
are required to be studied.

e Launching noses have three main parameters: relative length, unit weight, and
stiffness. Constraints between the launching nose’s unit weight and length are
provided by Rosignoli (1998). However, the relation between stiffness and other
parameters is unknown; without these relationship constraints, optimization
studies may result in unrealistic nose designs. The relationship between stiffness
and other parameters should be studied to have better optimization methods.

e Shear related deflections are not considered in the current methods. Effects of
shear related internal forces and deflections on the incremental launching bridges
can be further studied.

e The only external load acting on the system is the dead load of the bridge deck
and the launching nose in the current models. However, wind and seismic effects
might also occur during the launching and effects the design. Their effects on the

launch nose can be studied.
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e Friction between bearings and girder does not take into account in the current
methods. The occurrence of the extra moment on the deck section due to this

friction also required to be studied.
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APPENDICES

A. MATLAB Analysis Code

This chapter explains the structural analysis code developed in MATLAB for the
initial construction stage analysis of the incremental launching method. The code

structure is as follows:

a. phaselinitialStage.m: finite element solution script of phase 1 of the

launching

b. phase2initialStage.m: finite element solution script of phase 2 of the

launching
c. createElement.m: function for creating element stiffness and load matrices

a. phaselinitialStage.m

syms E I L g En In ILn gn S Sn Lx dum...
vVl v2 v3 v4 V5 V6 M1 M2 M3 M4 M5 Me...
dl fil d2 fi2 d3 fi3 d4 fi4 d5 d6 fi5 fi6

numLaunchedSpan=1;
numMember=numLaunchedSpan+3;
numDof=numMember*2+2;
memberLenght=1;

$Creates element stiffness and FEM matrix

%Newly casted span at the yard
i=1;
element (i) =createElement (q,L-Lx,S,0,L-Lx) ;

%3Already launched spans

for i=2:numMember-2

element (i) =createElement (q,L,S,element (i-1) .coor(2),element (i-
1) .coor (2) +memberLenght) ;

end

%$Launching span
i=numMember-1;
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element (i) =createElement (q,Lx,S,element (i-1) .coor (2),element (i-
1) .coor (2)+Lx) ;

%$Launcing nose

i=numMember;

element (i) =createElement (qn,Ln, Sn,element (i-1) .coor (2) ,element (i-
1) .coor(2)+Ln);

% Create empty global stiffness and fixed end moment matrix
K (numDof, numDof) =dum;
FEM (numDof, 1) =dum;

%$Assemble global stiffness and FEM matrix

for i=1:numMember

k(i) .stiffness (numbDof, numDof)=dum;

k(i) .stiffness (i*2-1:1*242,1i*2-1:1*2+2)=element (i) .stiffness;
K=K+k (i) .stiffness;

fem (i) .fixes (numDof, 1)=dum;

fem(i) .fixes (i*2-1:1*24+2)=element (i) .FEM;
FEM=FEM+fem (i) . fixes;

end

%$Clear the dummy
dum=0;
K=subs (K) ;
FEM=subs (FEM) ;

%$Assign constraints to the nodes
switch numMember
case 4
Ext=[V1;M1;V2;M2;V3;M3,;V4;M4;V5;M5];
fi=[dl;fil;d2;£fi2;d3;£fi3;d4;£fi4;d5;fi5];
M1=0;
M2=0;
M3=0;
M4=0;
M5=0;
dl=0;
d2=0;
d3=0;
v4=0;
v5=0;
unk=[fil;fi2;£fi3;fi4;£i5;Vv1;Vv2;V3;d4;d5];
case 5

Ext=[V1;M1;V2;M2;V3;M3;V4;M4;V5;M5;V6;M6];
fi=[dl;fil;d2;£i2;d3;£fi3;d4;fi4;d5;fi5;d6;fi6];
M1=0;
M2=0;
M3=0;
M4=0;
M5=0;
M6=0;
dl=0;
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d2=0;

d3=0;

d4=0;

v5=0;

vVe6=0;

unk=[fil;fi2;£fi3;fi4;£fi5;fi6,;V1;V2;V3;V4;d5;d6];
end

%$Solve global stiffness equation
egn= (Ext==K*fi+FEM) ;

solve (eqn) ;

sol=solve (eqn, unk) ;

%$Assign results to each node
switch numMember
case 4
fil=subs(sol.fil)
fi2=subs(sol.fi2)
fi3=subs (so0l.fi3);
fid=subs(sol.fi4)
fiS5=subs (sol.fib)
Vl=subs (sol.V1l);
V2=subs (s0l1.V2)
V3=subs (s0l.V3);
d4=subs (sol.d4)
d5=subs (so0l.db)
case 5
fil=subs(sol.fil)
fi2=subs (so0l.fi2)
fi3=subs(so0l.fi3);
fid=subs(sol.fid)
fi5=subs(sol.fibh)
fi6b=subs(sol.fio6)
Vl=subs(sol.V1l);
V2=subs (s0l.V2)
V3=subs (s0l.V3)
Vi=subs (so0l.V4);
d5=subs (sol.db)
d6=subs (so0l.do6)
end

%Solve element stiffness matrix equations
for i=1:numMember
element (i) .deflection =fi(2*i-1:2*1i+2);

element (i) . forces=subs (element (i) .stiffness*element (i) .deflection+e

lement (1) .FEM) ;
end
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b. phase2initialStage.m

syms E I L g En In Ln gn S Sn Lx dum...
V1l V2 v3 V4 V5 V6 V7 M1 M2 M3 M4 M5 M6 M7...
dl fil d2 £fi2 d3 fi3 d4 fi4 d5 d6 fi5 fie d7 fi7

$number of variables
numLaunchedSpan=1;
numMember=numLaunchedSpan+4;
numDof=numMember*2+2;
memberLenght=1;

%$Creates element stiffness and FEM matrix

%Newly casted span at the yard
i=1;
element (i) =createElement (q,L-Lx,S,0,L-1Lx) ;

%Already launched spans

for i=2:numMember-2

element (i) =createElement (q,L,S,element (i-1) .coor (2) ,element (i-
1) .coor (2) +memberLenght) ;

end

%$Launching span

i=numMember-2;

element (i) =createElement (q,Lx,S,element (i-1) .coor(2),element (i-
1) .coor(2)+Lx) ;

%$Launcing nose left side

i=numMember-1;

element (i) =createElement (gn,L-Lx, Sn,element (i-1) .coor (2) ,element (i-
1) .coor (2) +memberLenght-1Lx) ;

$Launcing nose right side

i=numMember;

element (i) =createElement (qn, Ln-L+Lx, Sn,element (i-

1) .coor (2) ,element (i-1) .coor (2) +Ln+Lx-memberLenght) ;

% Create empty global stiffness and fixed end moment matrix
K (numDof, numDof) =dum;
FEM (numDof, 1) =dum;

%Assemble global stiffness and FEM matrix

for i=1:numMember

k(i) .stiffness (numbDof, numDof) =dum;

k(i) .stiffness (i*2-1:1i*2+2,i*2-1:1i*2+2)=element (i) .stiffness;
K=K+k (i) .stiffness;

fem (i) .fixes (numDof, 1)=dum;

fem (i) .fixes (1i*2-1:1*2+2)=element (i) .FEM;
FEM=FEM+fem (i) . fixes;

end
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Q

% Clear the matrix
dum=0;

K=subs (K) ;
FEM=subs (FEM) ;

%$Assign constraints to the nodes
switch numMember
case 5
Ext=[V1;M1;V2;M2;V3;M3,;V4;M4,;V5;M5;V6;M6];
fi=[dl;£fil;d2;fi2;d3;£fi13;d4;£fi4;d5;£f1i5;d6;fi6];
M1=0;
M2=0;
M3=0;
M4=0;
M5=0;
M6=0;
dl=0;
d2=0;
d3=0;
v4=0;
d5=0;
Ve=0;
unk=[fil; fi2;£fi3;fi4;£i5;£fi6,;V1;V2,;V3;d4;V5;d6];
case 6
Ext=[V1;M1;V2;M2;V3;M3;V4;M4,;V5;M5;Ve6;M6;VT7;M7];
fi=[dl;fil;d2;fi2;d3;£fi3;d4;fid4;d5;£fi5;d6;£fi6;d7;£1i7];
M1=0;
M2=0;
M3=0;
M4=0;
M5=0;
M6=0;
M7=0;
d1l=0;
d2=0;
d3=0;
d4=0;
v5=0;
de=0;
vV7=0;
unk=[fil;fi2;fi3;fid;£i5;fi6;£i7;V1;V2;V3;V4;d5;V6;d7];
end

$Solve global stiffness equation
egn= (Ext==K*fi+FEM) ;

solve (eqgn) ;

sol=solve (eqgn, unk) ;

%$Assign results to each node
switch numMember
case 5
fil=subs(sol.fil);
fi2=subs (so0l.fi2);
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fi3=subs(sol.fi3)
fid=subs(sol.fid);
fiS5=subs (so0l.fib)
fie=subs(so0l.fio6)
Vl=subs(so0l.V1l);
V2=subs (s0l.V2)
V3=subs (s0l.V3)
d4=subs (sol.d4);
V5=subs (s0l.V5)
d6=subs (so0l.do6)
case 6
fil=subs(sol.fil)
fi2=subs(so0l.fi2)
fi3=subs(sol.fi3)
fid=subs(sol.fid);
fi5=subs (sol.fih)
fi6=subs (sol.fi6)
fi7=subs(sol.fi7)
Vl=subs(sol.V1l);
V2=subs (s0l.V2)
V3=subs (s0l.V3)
Vd=subs (so0l.V4) ;
d5=subs (sol.db5)
Vo=subs (s0l.V6)
d7=subs (so0l.d7)
end

%Solve element stiffness matrix equations
for i=1:numMember
element (i) .deflection =fi(2*i-1:2*1i4+2);

element (i) . forces=subs (element (i) .stiffness*element (i) .deflection+e
lement (i) .FEM) ;
end

c.createElement.m

function element=createElement (gq,L,S,start, toe)

element (1) .stiffness=[12*S/L"3 6*S/L"2 -12*S/L"3 6*S/L"2;
6*S/L"2 4*S/L -6*S/L"2 2*S/L;
-12*S/L"3 -6*3/L"2 12*S/L""3 -6*S/L"2;
6*S/L"2 2*S/L -6*S/L"2 4*S/L];

element (1) .FEM=[g*L/2; g*L"2/12; g*L/2; -g*L"2/12];

element (1) .coor=[start, toe];

end
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B. SAP2000 Verification

SAP2000 models are prepared to verify the MATLAB code prepared for the initial
stage analysis model with the 2 launched support. All support joints are modeled as
pin joints, as mentioned in Chapter 4. The following configuration (Figure B.1) is

used for the deck cross-section.

e Unit Weight=25 kN/m?

e A=14m?

o [=2275m*
e E=36 GPa
e | =60m

For the launching nose, below set of parameters is chosen:

e a.=0.50aq=0.1ag =0.2 — Normal launching nose

General Data

Material Name and Display Color C40/50

Material Type Concrete
Material Notes Modify’Show Notes...
Weight and Mass Units.
Weight per Unit Volume KN, m, C ~
Mass per Unit Volume 2.5493

Isotropic Property Data

Modulus of Elasticity, E
Poisson, U
Coefficient of Thermal Expansion, A
Shear Modulus, G 15000000

Other Properties for Concrete Materials

Specified Concrete Compressive Strength, fc 40000.
Expected Concrete Compressive Strength 40000.

[] Lightweight Concrete

|:| Switch To Advanced Property Display

Cancel

Figure B.1. The material property of the deck cross-section
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Four different increment steps of the launching are chosen for the comparison. These

increment steps cover both phase 1 and phase 2 of the launching (Table B.1).

Table B.1 Increment Steps

Phase 1 End of Phase 1  Start of Phase 2 Phase 2
o 0.25 0.50 0.50 0.75
X 15m 30m 30m 45m

Figure B.2, B.3, B.4, and B.5 show the moment diagrams for different increment
steps on SAP2000.

DECK DECK DECK . SE

Figure B.2. Moment diagram for x=15m

DE o, DECK T DECK Mﬁp\ NOSE

/s L 111111 L Y /I

Figure B.3. Moment diagram for x=30m, just before nose touch support A

DECK/l DECK DECK . CK NOSE
AN AN

Figure B.4. Moment diagram for x=30m, nose reached support A

%g: i DECK il i DECK ; DECK NOSE NOSE

Figure B.5. Moment diagram for x=45m
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Table A.2, A.3, A4, and A.5 shows the differences between MATLAB structural
analysis code and the SAP2000 results. Differences for all examined parameters are
lower than the %0.1. Therefore, it can be said that the structural analysis code
prepared on MATLAB is in agreement with the SAP2000.

Table A.2. Percent Differences for the x=15m

Rs (kN) Mg (kN-m)  Mc (kN-m)

SAP2000 16041 ~70850 ~116040
MATLAB 16042 -70812 -116090
Difference 0.01% -0.05% 0.04%

Table A.3. Percent Differences for the x=30m, just before nose touch support A

Rs (kN) Mg (kN-m)  Mc (KN-m)

SAP2000 24058 -204678 -83732
MATLAB 24061 -204630 -83792
Difference 0.01% -0.02% 0.07%

Table A.4. Percent Differences for the x=30m, nose reached support A

Rs (kN) Mg (kN-m)  Mc (KN-m)

SAP2000 20691 -115775 -107978
MATLAB 20698 -115820 -108020
Difference 0.03% 0.04% 0.04%

Table A.5. Percent Differences for the x=45m

Rs (kN) Mg (kN-m)  Mc (kN-m)

SAP2000 22907 -128901 -103598
MATLAB 22913 -128950 -103640
Difference 0.03% 0.04% 0.04%
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