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Résumé

Ce travail, réalis¢ dans le cadre d’un projet de fin d’études, vise la conception et I’¢tude d’un pont
situé entre les points kilométriques 00+262 et 00+493, sur une longueur totale de 231 métres. Ce pont
s’inscrit dans le cadre d’un projet de rétablissement de la voie ferrée et de suppression du passage a
niveau dans la région d’El KERMA, a ORAN.

L’introduction de cette thése présente une étude bibliographique sur le phénomeéne de torsion dans
les ponts. Aprés une présentation du projet, la conception structurelle a débuté par la proposition de
trois variantes distinctes afin de répondre aux besoins du projet. Le meilleur choix a été sélectionné sur
la base d’une analyse multicritéres ; le pont retenu est un pont voussoir & hauteur constante réalisé par
la méthode de construction en encorbellement successifs. Une étude détaillée de la superstructure et de
I’infrastructure a ensuite été menée, incluant 1’étude de la précontrainte, 1’étude sismique ainsi que le
dimensionnement des différents équipements constitutifs du pont. La modélisation a été effectuée a
’aide du logiciel MIDAS CIVIL, et les vérifications réglementaires ont été réalisées conformément aux
normes et régles en vigueur.

Mots-clés : Béton précontraint, précontrainte par post-tension, pont courbe, pont voussoir,
infrastructure, spectre de réponse.

Abstract

This work, carried out as part of a graduation project, aims to design and study a bridge located
between kilometer points 00+262 and 00+493, with a total length of 231 meters. This bridge is part of
a railway reinstatement project and the removal of a level crossing in the El Kerma area of Oran.

The introduction of this thesis provides a bibliographical study on the phenomenon of torsion in
bridges. Following a project presentation, the structural design began by proposing three distinct
variants to meet the project's requirements. The optimal design was selected based on a multi-criteria
analysis; the chosen structure is a constant-depth segmental bridge constructed using the balanced
cantilever method. A detailed study of the superstructure and substructure was then carried out,
including prestress design, seismic analysis, and the dimensioning of the various bridge components.
Modeling was performed using MIDAS CIVIL software, and design checks were carried out in
accordance with applicable standards and codes.

Keywords : Prestressed concrete, post-tensioning, curved bridge, segmental bridge, substructure,
response spectrum.
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GENERAL INTRODUCTION

GENERAL INTRODUCTION

Transport is one of the fundamental pillars of sustainable development and the prosperity
of any country. Efficient transport systems and modern networks are therefore a necessity for
economic development, social well-being, large-scale production, and environmental
preservation.

In Algeria, the transport sector, particularly urban transport, is undergoing a real
transformation. A large number of projects have been completed or are in the process of being
carried out in order to make this sector more efficient and effective in its contribution to the
country's economic development.

In line with the national momentum, the Algerian Ministry of Transport issued a ministerial
decree mandating the removal of level crossings across the country due to safety and traffic
flow concerns. This decree is the direct reason for the present work.

The aim of our work is to present, below, the design and study of a curved viaduct with a
length of 231 meters located in El Kerma, Oran, which was supervised by the design office
"SAETT".

This present thesis, which constitutes our final year project, is divided into five main parts:

1. The first part is an introduction to research, dealing with the behavior of bridges
under torsion.

2. General presentation of the project as well as all the data necessary for the design,
the assessment of loads and surcharges, and the calculation hypotheses.

3. The proposal and sizing of variants, the preparation of a cost estimate, and a multi-
criteria analysis.

4. The study of the superstructure as well as the sizing of all the components of the
deck, followed by the resulting verifications.

5. The study of the substructure based on the soil characteristics.

Concluding with a general conclusion that closes the dissertation.
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CHAPTER I. BEHAVIOR OF BRIDGES UNDER TORSION

I.1. INTRODUCTION

This literature review addresses the behavior of structural members subjected to complex
loading, commonly known as torsion. Torsion refers to the twisting of a straight bar when it is
subjected to moments (or couples) that tend to produce rotation about its longitudinal axis.

The idealized case of torsional loading is illustrated by a straight bar fixed at one end and
subjected to two pairs of equal and opposite forces. The first pair consists of forces P; applied
near the middle of the bar, while the second pair consists of forces P, applied at the end. Each
pair forms a couple that induces torsion.

According to statics, the moment of a couple is equal to the product of one of the forces and
the perpendicular distance between their lines of action:

T1=P1'd1 T2=P2'd2

H/PI F
t Axis
Py

} . of bar
d| P
ds
T Pzdg

)
1 =Pi4d, Ty =

(a)

-

e
(©)

Figure L.1. Circular bar subjected to torsion by
the couples T1 and T2.

In this chapter, a structured literature review is presented on torsion and its effects on
engineering structures, particularly bridges. Numerical applications involving bridge deck
sections are also provided at the end of the chapter.

I.2. TORSION IN BRIDGE STRUCTURES

Torsion is a common phenomenon in bridge structures. However, it is often neglected
because it is difficult to evaluate and, in simple bridges (such as multi-girder bridges), its effects
are usually not critical. In such cases, torsion is taken into account using simplified methods
such as the Guyon-Massonnet method.

For more complex bridges, torsion must be explicitly considered in design. This includes:

- Suspension bridges
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CHAPTER I. BEHAVIOR OF BRIDGES UNDER TORSION

Curved bridges
Skew bridges

Bridges subjected to eccentric loading

1.3. CAUSES OF TORSION IN BRIDGES
Torsion in bridge structures may arise from several causes:
1. Differential vertical movements, especially under seismic actions (yaw motion).
2. Wind loads, which can induce torsional vibrations.
3. Structural asymmetry of the load-bearing system.

4. Geometric curvature of the bridge (e.g., curved alignments), where self-weight
induces torsion in addition to bending and shear.

5. Eccentric loading, due to uneven traffic distribution or lane positioning.

1.3.1. Example: Tacoma Narrows Bridge (1940)

The first Tacoma Narrows suspension bridge was opened on July 1, 1940. On November 7,
1940, under a wind speed of approximately 65 km/h, large torsional oscillations developed. At
around 10:00 AM, significant twisting motion began, and the bridge collapsed at 11:10 AM.

Although the bridge had been designed to resist wind loads, the aeroelastic flutter were not
properly considered, which led to its failure.

Figure 1.2. Tacoma Bridge Torsion Mode.

1.3.2. Example: Golden Gate Bridge

On December 1,1951, a storm caused torsional vibrations in the Golden Gate Bridge,
leading to minor damage. Rehabilitation works (1953—1954) included adding bracing elements
under the deck, increasing its torsional stiffness.

GAHAM & ARAR -3-
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Figure 1.3. Model of the closed rectangular deck after renovation.

The original shape of the deck consists of a 152-meter section of the original Golden Gate
Bridge deck structure, without the roadway it supports. The lateral lattice girders, connected
by the frame that supports the roadway, form an inverted open 'U' profile (Fig. 1.4, left). The
renovated deck shape (the bridge as it exists today) is shown in (Figure 1.4, right). To the
original shape (below), bracing elements have been added, so that the cross-section now takes
the form of a closed rectangle.

Figure 1.4. (Left) Original deck shape, (Right) Renovated deck shape.

This solution was later adopted in other bridges, including the redesigned Tacoma bridge.

Figure I.5. The Tacoma Bridge after renovation.
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CHAPTER I. BEHAVIOR OF BRIDGES UNDER TORSION

Over time, engineers have developed new deck configurations. The following figures
illustrate examples of deck shapes capable of resisting torsional effects (Figures 1.6,7).

| 150 9.00 1.50 |

| |

3.00 3.00 3.00
| | | I

Figure 1.6. Cross-section of the Maréchal-Joffre Bridge.

1.0 550 , 3.50 ,

52.04

Figure I.7. Cross-section of the Millau Viaduct.

1.4. PURE, FREE, AND UNIFORM TORSION

Pure, free, and uniform torsion refers to a loading condition where the torsional moment
remains constant along the member, and no restraints prevent warping of the cross-sections.

In contrast:

Non-uniform torsion: variable torsional moment
Restrained torsion: warping is prevented

This study focuses on:

Open thin-walled sections
Closed thin-walled sections

1.4.1. Parameters of Pure Torsion

Pure, free, and uniform torsion is defined by three fundamental parameters, summarized in
Table I.1:
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- J: torsional constant, which represents the resistance of a given cross-section to
torsion. The larger the value of ], the greater the torsional stiffness of the member.

- @: angle of distortion, which measures the rotation of one end section of a
member of length Lrelative to the other end, under the effect of torsion.

- Tpax: Maximum shear stress developed in the cross-section due to the applied
torsional moment.

Table I.1. Stresses and strains for the three types of sections.

Section Type Torsional Constant | Shear Stress T Rotation 6

Sl _1 _T-r 0 = T-L

Solid circular =1 T= D =G L

. 1 T thax T-L
Thin-walled open =_ .3 T= 0=_——

p J=33(s- ) , o

4AT, Tt T L

Thin-walled closed ] = T=— "8 0= —
% 2 Crmin Am G-]J

Where:

T': torsional moment

L: length of the member

G: shear modulus

A,,: area enclosed by the median line
t: thickness

s: length of segment

For sections combining open and closed parts (e.g. box girder bridges), torsional behavior
depends on both contributions.

1 1
512 pe3 44, 5 bt?
3 ds 3
t

Figure 1.8. Section with open and closed compartments of a hollow box girder bridge.

NUMERICAL EXAMPLES

1.4.2. Example 1: Open vs Closed Section

In this application, the torsional resistance of two bridge deck sections is studied. These
sections are similar to the configurations of the Golden Gate Bridge before and after its

rehabilitation.
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CHAPTER I. BEHAVIOR OF BRIDGES UNDER TORSION

250
250

—— ——

400 J | 400

—4—
—4

Figure 1.9. Comparison of torsional behavior of two sections: open (right), closed (left).

Consider a bridge with a span L = 4m , subjected to a torsional moment T = 3 MN.m,
with a shear modulus G = 76 GPa.

The deck is assumed to have:

- an open section (Figure 1.9 — left),

- aclosed section (Figure 1.9 — right).

» Open Section
. 1
- Torsional constant: J, = Zgbt3 =3 x3x4Xx(0.3)°=0.162m*

T-tjpax _ 3%0.3

A = o162 = 5.56 MPa

- Maximum shear stress: T, =

T-L 3x4

=————=974%x10"*rad ~ 0.056°
GJ, 76000x0.162

- Angle of twist: 8, =
Closed Section
442,  4x4?

- Torsional constant: J; = s = a =12 m*
t 0.3

X/
°e

T-tmax _ 3%0.3
Jr 12

- Maximum shear stress: Tf = = 0.75 MPa

T-L 3x4

— =—"—""—=1.32%10"*rad ~ 0.0075°
GJr  76000x1.2

- Angle of twist: O =
s Comparison
Jr 1.2

=" ~7.41
Jo 0.162

The closed section has a torsional constant much greater than that of the open section, which
indicates a significantly higher resistance to torsion.

0o
7.44

In fact: T = % Gf =~

% Equivalent Height for Open Section

To achieve the same torsional rigidity as the closed section, the open section must satisfy:
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; 1bt3+2 1Ht3
= — X —
]0 3 3
1 1
§><4><(0.3)3+2><§><H><(0.3)3=1.2
H =64.67m

Thus, the open section would need to increase its height from 4 m to 64.67 m, which
represents approximately 16 times its original height, in order to achieve the same torsional
rigidity as the closed section.

K/

s Conclusion of the Example

The closed section exhibits a much better behavior under torsion compared to the open
section.

This example clearly demonstrates, from a numerical standpoint, that the rehabilitation
solution applied to the Golden Gate Bridge transforming the deck from an open section to a
closed section is highly effective and appropriate in improving torsional performance.

1.4.3. Example 2 — Torsional Resistance of Different Bridge Types

In Algeria, when dealing with curved bridges, designers generally adopt one of the
following three structural solutions:

- Box girder bridge
- Composite box girder bridge
- Composite twin-girder bridge

As previously mentioned, torsion must always be taken into account in curved bridges.
Therefore, the following application aims to evaluate the torsional resistance of these three
bridge types (representing sections of a curved bridge deck), and to perform a comparative
study in order to determine the most efficient configuration.

The geometric characteristics of the three variants are illustrated in Figures 1.10,11,12.

L 230 L 500 , 250 |

r t —— 1

N ] |

&
30
[
=
=
1 300 |

Figure 1.10. Cross-section of the box girder bridge.
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s 250 . 500 . 250 s
1 I I 1
T 2
30
]
A
| 300 |
T T
Figure I.11. Cross-section of the composite box girder bridge.
. 250 . 500 , 250 .
| 1 I ) [
| ]
Ty]
[N
=
—
[haw}
30

Figure I.12. Cross-section of the composite twin-girder bridge.

The following assumptions are adopted:

T =8MN.m Ggtoep =76 GPa Gopnerete = 12 GPa

Table 1.2. Calculation results for the three types of sections.

Parameter Box Girder Bridge Composite Box Girder | Twin-Girder Bridge
442, 443, 2
J1 (m?) s =11.52 S =11.835 5191:3 =0.054
t t
J> (m?) ~bt® =0.026 ~bt? =82x 107 ~bt? =82x 107
J (m*) 11.546 11.992 0.0622
T1 (MPa) 2t+ =4.05 ”;A =413
Tlmax — 38 59

1, (MPa) ”T"‘ =0.21 T'tmax _ o)

0 (°) ;’;—j =0.013 Z—j =0.002 Z—i =0.388
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% Modification for Composite Section

For the composite bridge, the slab thickness is transformed into an equivalent steel
thickness:

. r e . _ Gsteel _76_
using TGCvol 12 e’ = ;= withn = ———=—-=6.33
'\/ﬁ Gconcrete 12
, 0.25 0.14
e = =0.14m
16.33

% Interpretation of Results

The comparison leads to the following relationships:

] composite box > ] box > > ] twin girder
T composite box < Thox << Tiwin girder
ecomposite box < ebox << Qtwin girder

+* Conclusions

The box girder bridge (closed section) exhibits significantly better torsional behavior than
the twin-girder bridge (open section).

The composite box girder performs even better than the conventional box girder. This
highlights that the type of construction material plays a crucial role in torsional resistance. The
use of steel enhances torsional stiffness.

T

| Tmax = 133.33 MPa |

| Twax=20.78 MPa_ |

v
v
w
v

Figure I1.13. Representative diagram of shear stress flow for the box girder section.

Figure I.13 indicates that for a segmental bridge, the box girder (closed compartment) carries
most of the torsional load, whereas the flanges contribute very little—approximately seven
times less.

1.5. CONCLUSION

From this chapter, it can be concluded that the cross-sectional shape of a bridge deck plays
a decisive role in its torsional stability. Closed sections (e.g. box girders) perform significantly
better under torsion compared to open sections (e.g. T-beams, I-beams, U-beams).
Additionally, the construction material has a significant effect on torsional resistance.
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Based on the bibliographic research, the behavior of bridges under torsion is a very extensive
topic, highlighting the importance of the relationship between torsion and deck geometry.

This modest study serves as an introduction to research in structural engineering.
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CHAPTER II. PROJECT PRESENTATION

I1.1. INTRODUCTION

To successfully achieve its spanning and service objectives, the design of a bridge must
satisfy a number of functional and natural requirements derived from road alignment data and
environmental constraints, while reconciling them with the expectations of the project owner.
A bridge study can only be undertaken once sufficient information has been collected regarding
both the structure and its location. All this data is necessary and indispensable to carry out the
study under proper conditions, and must therefore be defined beforehand, which is precisely
the subject of this present chapter.

I1.2. PRESENTATION OF THE STRUCTURE

I1.2.1. Project Objective

The present final year project aims to carry out detailed technical studies for the construction
of a road bridge located on National Road 2A (RN2A), between PK00+262 and PK00+493, in
the Oran El Kerma region. This bridge is part of the ministerial decision for the suppression of
level crossings, which requires the replacement of existing at-grade intersections with
dedicated crossing structures in order to improve traffic safety and flow.

The following figure shows an aerial view of the project site.

n -
-

e it
4 .

- -

Ly

T L 7 ;
.

i B ¢ b
t <y
PR ™ o

Figure II.1. Structure location on Google Earth.

11.2.2. Site Location

The structure is located on National Road 2A, between PK0+262 and PK0+493, in the Oran
region, running from El Kerma to Senia.
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I1.2.3. Obstacle to Cross
The structure passes over the following obstacles:
- arailway line at PK00+393
- atwo-lane road at PK00+330
- and a two-lane road at PK00+450.

I1.3. PROJECT DATA
11.3.1. Functional Data

I1.3.1.1. Plan Alignment Characteristics

The geometric characteristics of the horizontal alignment of the main axis of the structure

are defined as follows:

- Start of structure at PK 00+262: Straight alignment, L = 6.12 m;

- PK 00+268.12 to PK 00+330.13: Circular curve, R =120.00 m, L =62.01 m.

- PK 00+330.13 to end of structure: Straight alignment, L = 162.87 m;

Road
PK: 00+450

Structure Beginning

PK: 00+262

Structure End

PK: 00+493

~ 231.00

Railway
PK: 00+393

Road
PK: 00+330

%

Figure I1.2. Plan view of the elevated track.

I1.3.1.2. Longitudinal Profile

Longitudinally, the alignment of the structure presents the following characteristics:

- Start of structure at PK 00+262: Circular curve, R=2000m,L=216.08 m

- PK 00 +478.08 to end of structure : straight alignment P = -5.60%

Structure Beginning

PK: 00+262

Road
PK: 00+450

Road
PK: 00+450

Road
PK: 00+450

4 4 o U

Structure End

PK: 00+493

Iy

14.90,P=5.6%,

{ 74%’ &L,,E, B - 174[,7 &: ‘Eﬁ:;: »‘0.:;7 ]

Figure I1.3. Longitudinal profile of the elevated track.
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I1.3.1.3. Cross Section
The cross section of the project is defined as follows:
- Two-lane carriageway: 7.40 m;

- Two sidewalks: 1.50 m each;

1040

im

06 =eeer =

Figure I1.4. Cross-section of the elevated track.

: Asphalt concrete wearing course
: Precast cornices

: Safety barrier

: Electrical conduit bank

: Guardrail

: Concrete sidewalk C20/25

AN DN R~ WN =

I1.3.1.4. Clearance
The structure crosses the following obstacles, requiring the minimum clearances below:

- Railway line: minimum clearance = 6.50 m;

- Roadway: minimum clearance = 5.25 m;

AT 7 ,;éf i Bl 1
//-_///// /// // /// // s A N
////_ //////_/ 205577 77 7 ////// 7 /// %5 ///// ///////,m / / 777 ////////_//// ,///,ﬂ//////f////
Pa—-W =

CIF] EI1F] -

6.50

| 10.20,P=2% | 15.20

&g | = - o
B s

Figure IL.5. Representative diagram of the clearance envelope.

11.3.2. Natural Data

11.3.2.1. Topography

According to the analysis of the topographic survey, the site is generally flat.
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11.3.2.2. Geotechnical Conditions

The geotechnical investigation aims to determine the nature, arrangement, and thickness of
the different soil layers, as well as their physical, mechanical, and chemical properties, in order
to adapt the project to the ground conditions, including:

- Foundation system: type and embedment depth;
- Bearing capacity;

- Assessment of potential risks: stability, soil aggressiveness, swelling.

I1.3.2.3. Seismicity of the Site

Seismicity is determined according to the Algerian seismic design regulations applicable to
engineering structures (RPOA 2008).

% Seismic zone classification (Article 3.1.1, RPOA 2008): According to the
seismic zoning map (Figure 3.1 of RPOA), the region of ORAN belongs to Zone
JIER

¢ Bridge classification (Article 2.2, RPOA 2008): Bridges crossing or running
along major substructure links are classified in Group 2 (important bridges);

s Zone acceleration coefficient A (Article 3.1.2, RPOA 2008): Defined
according to the seismic zone and bridge importance; according to Table 3.1 of
RPOA, A =0.20.

11.3.2.4. Climatology
% Temperature:

Warm temperate climate in ORAN; seasonal temperature variation between -15°C and
+35°C;

% Wind:
Wind effects on the structure defined by RCPR as a uniformly distributed load of 2.00
kN/m?.
I1.4. CONCLUSION

The study of the project site is a crucial step; proper consideration of the environment and
the obstacles to be crossed (natural and functional data) is required before starting the design
and analysis of the structure itself.
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CHAPTER III. DESIGN AND DIMENSIONING

IILI.1. INTRODUCTION

This chapter addresses the design and preliminary sizing of the bridge, aiming to determine
the most suitable structural type that satisfies site constraints, architectural and landscape
requirements, while remaining within the economic limits.

To achieve these objectives, a multi-criteria analysis is conducted for each proposed
alternative to identify the solution with the optimal characteristics based on:

- The nature of the obstacle to be crossed
- The location of supports
- Construction techniques and available means according to site accessibility

- The aesthetic quality of the structure

I11.2. DESIGN APPROACH

To narrow down our choice, we will first provide a brief overview of the typical span ranges
of bridges according to construction methods and materials used.

II1.2.1. Span Range
Table I11.1. Span Range.

Bridge Type Span Range

Constant-Height 25t0 30 m

Ribbed Slab Bridge
Variable-Height 35t045m
Prestressing (PRAD) 10 to 30 m
Precast Beams

Post-Tensioning (VIPP) 20to 50 m

Twin-Girder 40 to 90 m

Composite Bridge Four-Girder 40 to 110 m
Steel Box Girder 50 to 150 m

Prestressed Bridge Constructed by Balanced Cantilever — Constant Height 40 to 80 m
Prestressed Bridge Constructed by Balanced Cantilever — Variable Height 65 to 200 m
Cable-Stayed Bridge Over 100 m

Suspension Bridge Over 100 m

Tpe——
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CHAPTER III. DESIGN AND DIMENSIONING

I11.2.2. Bridge Length

The length of the bridge depends on site-specific constraints, as well as the design of the
approach embankments and the end supports. According to SETRA guidelines, the normal
embankment height ranges from 6 to 8 m.

I11.2.3. Selection of Design Alternatives

For this project, the alignment follows the route planned for the elimination of the level
crossing at ORAN EL KERMA. The deck design is influenced by the possible placement of
supports, the spans to be crossed, clearance requirements, and the construction method. The
obstacle to be crossed is significant, so traffic flow must not be interrupted during construction.

These site-specific considerations mainly affect the location of supports and the construction
procedure to be adopted.

Based on these criteria, the considered alternatives are:
- Prestressed concrete bridge constructed using the balanced cantilever method—
Constant Height
- Composite bridge with an open steel box girder

- Arch bridge with a lower deck

I11.3. DESIGN AND SIZING OF VARIANT 1: PRESTRESSED CONCRETE
BRIDGE CONSTRUCTED BY BALANCED CANTILEVER-CONSTANT
HEIGHT

I11.3.1. Preliminary Sizing of the Superstructure

The balanced cantilever construction method is well-suited for medium-span bridges,
reaching up to approximately 150 m. It is particularly advantageous in urban areas where
maintaining traffic flow on surrounding roads is essential.

This method involves building the bridge deck outward from the piers, either by casting the
segments in place or by using precast segments, the latter being the chosen approach for this
variant.

I11.3.1.1. Longitudinal Design

The choice of spans is determined by the possible placement of supports, a key step in
identifying feasible solutions while staying within the typical span range for segmental bridges.
For this variant, a five-span bridge is adopted, consisting of three main spans of 56 m each,
flanked by two end spans of 36 m, resulting in a total bridge length of 242 m.

I11.3.1.2. Segment Division

For a bridge constructed with precast segments using the balanced cantilever method, three
types of segments are distinguished:
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Table III.2. Segment Division.

Segment Types Description Retained value

For precast bridges, the dimensions of pier segments
Pier Segments are often incompatible with the capacity of the 1.6 m
transport and erection equipment.

Typical segment lengths generally range between 2

Typical Segments and 2.6 m. 22m

They must allow operators to tension the prestressing
Closure Segments | tendons freely without being too slender, with lengths 1.6 m
ranging from 1.5 to 3 m.

Using this segmentation, the bridge will consist of a total of 113 segments distributed as

follows:
- 102 typical segments
- 4 pier segments
- 2 abutment segments

- 5 closure segments

I11.3.1.3. Transverse Design

Since the deck width is less than 20 m, the most economical solution is a closed-box section.
Its preliminary sizing is shown in the table below, based on the SETRA guidelines for
prestressed concrete bridges constructed using the balanced cantilever method :

C D C

R,

Figure II1.1. Transverse cross-section of a cantilever segment.

Figure II1.1 illustrates the notations used, while the selected values are listed in the table
below :

AusTo:
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CHAPTER III. DESIGN AND DIMENSIONING

Table II1.3. Cross-Section Dimensions of the Segment.

Element Formula Retained value
Segment height h L/25 <h<L/20 2.40 m
Segment width B B=1 10.40 m

C C=B/4 2.60 m
D D=B/2 520m
Upper slab thickness e; e;>16cmto 18 cm 25 cm
e, C/8<e,<(C/7 37 cm
e; e;=0.1 +D/25 40 cm
. D/30 <e, <D/25 30 em

€4 min= 20 cm

Web inclination 10 <B<30% 30%

Typical: B, = ——+1.252~0.125
Web thickness E, E, =40 cm

. L
Special: E, =0.26 + 200

Lower slab thickness E>20+d+e
E =40cm
E.=E,=E E>18t022 cm
Upper gusset angle 30° <a <45° a =30°
Lower gusset angle 30° <a <45° a =30°
Radius Ri=08m;R;=0.7m -

II1.3.2. Substructure Design

I11.3.2.1. Piers

Piers play a crucial role in the structural behavior of the bridge deck. The deck may be fully
fixed or simply supported on the piers, allowing all applied loads to be transmitted to the ground
through the footing and piles (in the case of deep foundations).

The design of the piers depends on the construction method of the deck, the type and
execution method of the foundations, and certain site-specific natural or functional constraints.

The table below summarizes our choice of piers for this variant:
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Table I11.4. Selection and Dimensions of the Pier for Variant 1.

Element Value / Description Figure
Shape: .Rectangular Wi‘th . igg .
circular connections
Section =
3.82 x 1.60 m?
Dimensions =
®=1.60m
P1 6.18 m
P g
P2 6.75 m f—
Height
P3 6.27 m o
P4 6.16 m o
deep foundation on 9
piles S 385
Type
O=120m ‘ l
Foundation Ul
L=20.00 m 120, 360 . 360 4120
960
Footing 9.60 x 9.60 x 2.20
Dimensions (mxmx>m)
I11.3.2.2. Abutments

The abutment is a fundamental element of any bridge structure, serving a dual role. It acts
as a support for the deck, being subjected to similar forces as the piers, and also functions as a
retaining wall, resisting earth pressure and surcharge from the embankments.

Based on geotechnical results and site conditions, the use of filled abutments appears to be
the most suitable solution for this bridge. The design and construction of this type of abutment

are relatively straightforward.

A filled abutment consists of an exterior face forming a front wall fixed on a footing, topped
by a parapet wall, and extended by return walls that, in this case, connect on both sides of the

bridge with retaining walls over a total length of 49 m.

This type of abutment includes the following elements:

- Front wall supports the bridge deck.

- Return walls retain the embankment fill.

- Parapet wall protects the deck end by retaining earth and securing the pavement

joint.
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CHAPTER III. DESIGN AND DIMENSIONING

- Transition slab reduces the effect of elevation differences between the roadway

and the bridge, ensuring user comfort.

The dimensions of the abutment elements are defined below:

Table IIL.5. Selection and Dimensions of the Abutment for Variant 1.

Element Value / Description Figure
Thickness 2.89m
Front wall Length 10.40 m
Height 4.15/3.80 m
Thickness 0.40 m Tﬂf
Parapet Length 10.40 m o —— ﬁt
wall S s
Height 2.82m o
Return Thickness 0.50 m =
wall < L — =
20, 789
Transition Height 0.30 m S
slab Width 420m w L]U w
120, 360 . 360 4120
deep foundation on 960
9 piles
Type
®=120m
Foundation L=20.00 m
. 9.60 x 10.80 x 2.20
Footing
(mxmXxm)
GAHAM & ARAR -21- /—\
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CHAPTER III. DESIGN AND DIMENSIONING

II1.3.3. Verification of Variant 1

I11.3.3.1. Modelling and Results

- The deck is modelled as a beam element, with its cross-section imported from
the drawing software AutoCAD 2026, using its real geometric dimensions.

- Regarding boundary conditions, the structure is: Double-supported at abutment
C1, simply supported at the remaining supports

- For structural analysis,We apply a load of G+1.2A(])

i Base i

MOMENT-y

3.20167e+04
2.36258e+04
1.5234%+04
€.84397e+03
0.00000e+00
-9.93785e+03
-1.83288e+04
-2.67197e+04
-3.51106e+04
o -4.35015e+04

; l __.,.mmlm """ G -5.18924e+04
]_> ----- lllllr" -6.02833e+04

Figure II1.2. Bending moment for variant 1.

I11.3.3.2. Estimation of Prestressing Tendon Sections.

The prestressing sections are primarily estimated at the supports, based on the
assumption that internal prestressing fully counteracts the effects of permanent and
variable loads, while passive reinforcement is considered as minimum construction
reinforcement.

The prestressing area is evaluated at:

- Mid-span
- Pier (support section)

The prestressing system adopted consists of 13T15 tendons.

«» Determination of the number of tendons

The prestressing force must satisfy:
Meye - v

P
(elv+%)
Mext v

P> I

(57 +3)

(for cantilever tendons)

(for continuity tendons)

Where :

e: eccentricity of the prestressing tendon
A, prestressing steel area to be determined
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CHAPTER III. DESIGN AND DIMENSIONING

M,,;: maximum bending moment due to load combination G + 1.2Q
v, v': distances from the centroid to extreme fibers

I: moment of inertia of the section

B: segment area

The initial prestressing force is given by: Py = 059 - 4
With :
0,0 = 1488 MPa (initial stress for 13T15 tendon)

Ay = 1820 mm?(area of one tendon)

Thus : Py =2.71MN
Prestress losses are assumed as: AP = 25%
Results :
At Pier: At Mid-Span:
Myier = 60.28 MN\m Myig—span = 32.02 MN\m
P > 4246 MN = n > 20.88 P >23.78MN =>n > 11.69
Adopted: 24 tendons of 13T15 Adopted: 12 tendons of 13T15

«» Stress Verification

The stresses in concrete must satisfy the following conditions:

1 P P-en—M)-v'
- Lower Fiber Stress gy = 7 + %

(P-eg—M)-v
I

- Upper Fiber Stress 0, = g—
- Allowable Stresses
Ope = 0.6 frp5 = 0.6 X 35 = 21 MPa
Opt1 = — 1.5 fi28 = —1.5 X 2.7 = —4.05 MPa (outside cover zone)
0pt2 = —1.0 - fiog = —2.70 MPa (within cover zone)

+ Numerical verification

Table II1.6. Stress Verification.

M, v v S I d P Osup Oinf
Section Obs
(MN.m) (m) (m) (m?)  (m*) (m) | (MN) (MPa) (MPa)

Pier 60.28 | 1.36 | 1.04 | 1331 | 7.33 | 0.15  48.78 | 3.90 349 | OK

Mid-Span | 32.02 | 1.45 095 6.84 542  0.15]2439 | 6091 1.37 1 OK

111.3.3.3. Conclusion

The computed stresses in both sections remain within the allowable limits for
concrete in both compression and tension. Therefore, the selected prestressing tendons
(13T15) and their corresponding numbers are adequate and ensure the structural safety
of the bridge deck.
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CHAPTER III. DESIGN AND DIMENSIONING

I11.4. DESIGN AND PRELIMINARY SIZING OF VARIANT 2: OPEN
STEEL BOX GIRDER BRIDGE

The simplest open steel box girder decks consist of a reinforced concrete slab
supported by a U-shaped steel structure. This structure is formed by longitudinal plates
creating the outer U-shape (top flanges, webs, and bottom plate), and transverse
elements of two types: diaphragms located at supports and frames placed along the
spans. The typical span range for such composite structures is between 50 m and 150
m. Beyond this range, closed steel box girders or orthotropic decks become more
economical. This configuration provides high torsional stiffness with low steel weight,
making it ideal for curved highway bridges.

Figure II1.3. Balambu Steel Box Bridge, Nepal.

I11.4.1. Preliminary Sizing of the Superstructure

I11.4.1.1. Longitudinal Design

For this variant, an open steel box girder bridge with continuous spans, skew
alignment, and constant depth is adopted. The total bridge length is 227 m, consisting
of three main spans of 55 m and two end spans of 30 m.

I11.4.1.2. Transverse Design

With a relatively wide deck (10.4 m), the common solution is to connect a reinforced
concrete slab longitudinally to the steel box girder using shear connectors, and
transversely to cross beams spaced at 5 m.

The open steel box girder is composed of a bottom flange, inclined webs, and a top
flange connected to the slab, ensuring good torsional stiffness and efficient load
distribution.
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CHAPTER III. DESIGN AND DIMENSIONING

111.4.2. Design of Structural Elements

111.4.2.1. Bottom Plate
The bottom plate is a steel plate of constant thickness along each segment, usually
stiffened by U-shaped ribs, T-sections, or sometimes flat plates.
111.4.2.2. Webs
The webs are plates of constant thickness, generally inclined relative to the bottom
plate, and stiffened by flat or T-shaped elements.
111.4.2.3. Frames

Frames are transverse elements, highly perforated and welded to the top flanges,
webs, and bottom plate. They prevent excessive transverse deformation of the box
girder and are typically spaced between 4 and 7.5 m; in this project, a spacing of 7.5 m
is adopted.

111.4.2.4. Slab

In the case of a bridge without cross beams, SETRA guidelines recommend a
variable thickness slab.

111.4.2.5. Steel Grade Selection

The structural steel used is of grade S355 N, which ensures adequate toughness,
defined as the ability of the steel to absorb impact energy without brittle failure.

-———

Figure II1.4. Steel box girder example.

The selected dimensions are summarized in the table below.
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CHAPTER III. DESIGN AND DIMENSIONING

Table II1.7. Sizing of the steel box girder.

LT

L

bs

[5a]
o

DA

l LTF | ks
Element Formula Retained value
Spacing between L=0.50 t0 0.55 Lt 550 m
webs
Webs Web height H=1/30to 1/40 1.60 m
Web inclination 0to 50 % 30 %
Web thickness e, 16 to 35 mm 20 mm
Width 500 mm <bs <1200 mm 1 100 mm
Top flange
Thickness 20<ts< 150 70 mm
Bottom .
Thickness e, 25 to 80 mm 40 mm
plate
At webs : 0.13 + (2225 Da=35cm
Slab Thickness 26 L
At mid-deck : 0.12 +5 Dg=23 cm

111.4.2.6. Connection Between the Slab and Steel Beams

In composite steel—concrete structures, the slab is cast directly onto the steel beams.
However, the natural bond between concrete and steel is generally insufficient to ensure
effective composite action over time. To overcome this limitation, specific mechanical
devices known as shear connectors are used.

These connectors enable interaction between the concrete slab and the steel beam,
allowing both materials to act together structurally. As a result, the concrete contributes
to the bending resistance of the beam, while the steel provides tensile strength. This
composite behavior significantly improves the overall performance of the structure.
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The main role of the connection is to prevent relative longitudinal slip and uplift of
the slab with respect to the steel beam, thereby ensuring full composite action.

Figure IIL.5. Sizing and arrangement of studs.

I11.4.2.7. Design and Preliminary Sizing

In this project, the slab-to-beam connection is achieved using headed stud shear
connectors. A stud diameter of d;, = 22 mm is adopted, in accordance with Eurocode
4, which permits stud diameters between 16 mm and 22 mm, provided that the diameter
does not exceed 1.5 times the flange thickness of the steel beam to which it is welded.

The remaining geometric characteristics of the studs are selected based on code
requirements and are summarized in the table below.

Table II1.8. Summary of the stud dimensions.

Characteristic Symbol | Eurocode 4 Requirement | Value (mm)
16 <dp < 22mm
Stud diameter dp 22
dp < 1.5¢
Stud height h h>=34d, 150
Head diameter d; d, >1.5d, 50
Head height h; h, >0.4d, 10
Distance to slab edge ep ep = 25 mm 180
Concrete cover thickness e, e, = 50 mm 300
Transverse spacing €q eq = 2.5dp 300
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CHAPTER III. DESIGN AND DIMENSIONING

I11.4.3. Preliminary Sizing of the Substructure

111.4.3.1. Preliminary Sizing of Piers (SETRA Guide)

For this variant, and according to SETRA guidelines , wall-type piers are selected.
This type satisfies both mechanical efficiency and aesthetic requirements. The
dimensions of the piers are presented in the table below:

Table II1.9. Selection and Dimensions of the Pier for Variant 2.

Value / .
Element ety o Figure
Rectangular i
Shape with circular 226 '
connections
Section o C Q Q
550x 1.60m? |
Dimensions \
®=1.60m
Pl 6.98 m
P2 7.05 m
Height T
P3 6.75 m
P4 6.34m -
deep &
foundation on
Type 6 piles §I
®=120m - ’ '
Foundation _ w J(J w
L=20.00m 120, 30 | 360 120
, 9.60 x 6.00 x 20
Footing 1.60
Dimensions )
(m>xmxm)

111.4.3.2. Preliminary Sizing of Filled Abutments (SETRA Guide)

For the abutments, the same type as Variant 1 (filled abutments) is adopted. Their
dimensions are defined according to the document “Bridge Design and Construction:
General Principles — Foundations — Supports — Standard Structures” and are
summarized in the table below.
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CHAPTER III. DESIGN AND DIMENSIONING

Table II1.10. Selection and Dimensions of the Abutment for Variant 2.

- ¢ Value / Fi
emen Description lgure
Thickness 2.30m
Front wall Length 10.40 m
Height 540/445m
Thickness 0.30 m
Parapet
wall Length 10.40 m ) 30
Height 2.39m & E 70 }%
Ret
et Thickness 0.50 m 199
wall =
Transition Height 0.30m
slab S 330 4 29 4
Width 4.70 m 7 MJN Mlmr
deep 120y 360 360 4120
foundation on %60
Type 9 piles
®=120m
Foundation L=2000m
9.60 x 10.80
Footing x2.20
(m>*mxm)
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CHAPTER III. DESIGN AND DIMENSIONING

I11.4.4. Verification of Shear Buckling Resistance of the Web

The web is transversely stiffened at a spacing of 8 m. According to Eurocode 3 (Article 5),
the susceptibility of the web to shear buckling must first be assessed by checking its
slenderness.

. 4 MIDAS/Civil
| Base B POST-PROCESSOR
BEAM DIAGRAM
SHEAR-z
4.12818e+03
3.36354e+03
2.593902+03
1.83427e+03
1.069632+03
0.000002+00
-4.596432+02
-1.22428e+03
-1.988922+03
-2.753552+03
-3.518182+03
-4.282832+03

. DENEEENEE |

I T = T

Figure II1.6. Maximum shear force variant 02.

The verification consists of comparing the actual slenderness ratio h,,/t,, with a limiting
value depending on the material parameter &, the shear buckling coefficient k., and the factor
7.

hw < 31 ek, e = 235
tw n fy
a hy, 2
= ke = 534+4(™) (@2 1)
Numerical Application :
e=0.381
a=22=-485>1
1545
k., =5.51
Bw _ 1% _ 7725
tw 20
Since : 77.25 > 51.06

The web is susceptible to shear buckling, and a detailed verification is required.

111.4.4.1. Shear Buckling Resistance

b,Rd
- The design resistance is given by: V, g = Vpy ra

.. tw\?
- Critical shear stress: 7., = 09 k; E (h—w)

w

) ) ...V
- The verification criterion is: " Ed -1

Iy

- Reduced slenderness: 4, = N

N

1 g fuaalt
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CHAPTER III. DESIGN AND DIMENSIONING

. 1.37
- Reduction factor: y,, = ———
0.7+,
. . wath tw nfy hy, ty
- Resistance: V; = mln( ; )
bw,Rd YM1\/§ VM1\/§

Numerical Application :

T, = 174.51 MPa

A, = 1.09

Xw = 0.77

Vyra = 4.88 MN

Vea  4.28

Vb,:d = o5 = 0877 <1

111.4.4.2. Conclusion

The web is adequately resistant to shear buckling, and the verification is satisfied.

II1.4.5. Lateral Torsional Buckling Verification

The top flange is subjected to compression in the span and is therefore potentially vulnerable
to lateral-torsional buckling.

This risk is critical during Phase 2 (slab casting), when the concrete is still fresh and
composite action is not yet developed. At this stage, the top flange remains laterally
unrestrained and must be checked for stability. After hardening, the slab provides restraint and
carries the compressive stresses, eliminating the buckling risk. Therefore, the verification is
performed only for the construction phase.

I11.4.5.1. Section Verification

The local stability of the compressed flange is verified according to TGC Volume 10 to
ensure that the section proportions are adequate or to justify the use of an effective width.

. . h E
- Web—flange interaction: £ < 0.4 —
tw fy

- Flange local buckling: b’;—/z < 0.56 \/fz
f y

Numerical Application :

1545

228 = 7725 £ 236.62 = OK
%3/2 =7.85<13.62=> OK

The web—flange interaction is satisfactory, but the flange is too slender. An effective width

is therefore adopted:
E
y
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I11.4.5.2. Lateral-Torsional Buckling Resistance

The resistance is evaluated according to TGC Volume 12, based on the critical stress and

buckling length.

The bracing stiffness is determined by applying a unit load H = 1N, leading to a

displacement: v =20 % 1077 mm/N
Table II1.11. Geometric properties of the reduced section.
Parameter Expression / Source Value
Steel area / 2.65
Centroid position / 505
Moment of inertia / 509
Compressed height h, =Hr- Zs 1 040
. —Z¢
Stress ratio Y= h 0.49
c
" 16
Buckli fficient = 5.35
HEKTING cocTieien 1+ Y+ A+ )2+ 0.112(1 — §)?
Effecti d E h
e W}Te‘i’;’}r:tlpresse heor = 0.86 VK X g x h—; X t, 651.34
y
.. hc tw(hc - hc,eff)
Eccentricity e=- Ay — ty (e — b o) 15.71
Effective moment of Lo h_(Z: C Agty(he —heer)  ty(he — heerr)? 506.74
inertia T4 A, —ty(he — he ) 12 ‘
Elastic section Lefr
W, s = .
modulus “eff “h.+e 479.99
Compressed flange he eft
area AD = beff tw + % tw 17.41
Flange inertia / 0.76
4EI
Buckling length Iy = 4/“ D 2 581.61
eV
This gives: [p =2581.61 mm
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Since this is smaller than the actual spacing (7 500 mm), the governing value is: [, =

7 500 mm

And the definition of 1): W = min

Mmax

1 is the ratio between the minimum end moment and the maximum end moment of
the considered segment
The signs of moments are taken into account

N MIDAS/Civil
i Base N POST-PROCESSOR
BEAM DIAGRAM
MOMENT-y
2.52988e+04
1.91196e+04
1.294052+04
6.761342+03
0.00000e+00
-5.59693e+03
-1.17761e+04
-1.79552e+04
-2.41343e+04
-3.03135e+04
-3.64926e+04

=
\'s
|
g
|
1
NN

I — 4. 26718404
Figure II1.7. Maximum bending moment variant 02.

We have : Mmpin =0 KN.m , Mpax = -42 671.81 kN.m
Thus : Yy=0=>n=1
Where : Muin =-42 671.81 kKN.m , Mmax = 25 298.83 kN.m
Thus : W = % = —0.59
We then take the value n = 1 and calculate:
The reduced lateral buckling length: [, = I, = 7 500 mm

ip = %’ k:il_z: O-cr,D:%J Ap = U::D

1

®p =05[1+ap(Ap —02)+ 13| ,xp =——F—— ,Mp =0p X W,
D [ p\p D] D %ﬁ@ D D ceff

Numerical Application :

ip = 208.93 mm , 1, = 35.90

Ocrp = 1608.16 MPa , A, = 0.47

&, =0.71,xp = 0.81,0p = 285.78 MPa , M;, = 137 169.14 kN\m
137 169.14

M e
kd 1.05
Mgg < Mgq

=130 637.28 kN\m , Mz, = 42 671.81 kN\m

The beam is safe against lateral-torsional buckling during construction.
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IT1.5. DESIGN AND SIZING OF VARIANT 3: ARCH BRIDGE WITH LOWER
DECK

Arch bridges are among the oldest types of structures used to span obstacles, often large
gaps. They were initially built in stone and masonry and have evolved with modern materials,
leading to metal arch bridges capable of very long spans (over 400 m).

The proposed bridge is a lower-deck arch bridge, consisting of two vertical steel arches
connected by hangers, with two longitudinal steel side girders integrated with bridge cross
members supporting a reinforced concrete deck (forming a composite section) and a roadway
platform.

Figure II1.8. Pearl River Bridge.

IT1.5.1. Longitudinal Design

Choosing appropriate spans is essential to ensure the bridge fits its site while effectively
crossing the obstacle. For this project, three identical spans of 77 m each are selected, supported
by two arches and inclined columns/braces, resulting in a total bridge length of 231 m.

II1.5.1.1. Geometric Characteristics of the Arch

The arch is defined by the following set of characteristics:

Z

1

Figure I11.9. Geometric characteristics of the project's arch.
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CHAPTER III. DESIGN AND DIMENSIONING

% Span [:

The span of the arch is the horizontal distance between its two spring points or ends. It is
determined by the engineer based on the obstacle to be crossed (in this case: railway tracks,
traffic lanes, and sidewalks). For this project, a span of [ = 77 m was chosen to satisfy site
constraints.

% Rise f:
The rise of the arch represents the vertical distance from the line connecting the spring points

to the highest point of the midline. It is determined by the slenderness ratio 4; = f /[, which,
according to civil engineering guidelines (Volume 12, Steel Bridges), must satisfy:

l< <l
6_f_5

For a 77 m span, a rise of f = 14 m is typically used.

% Geometric equation:

The arch is assumed to follow a symmetric parabolic shape. Its equation as a function of the
horizontal coordinate x is:

4f

Z=17

x-(l—x)

II1.5.2. Design of Structural Elements

The arch bridge consists of several load-bearing elements, each playing an essential role in
load transfer. Loads applied on the deck are first carried by the slab, which works mainly in
bending, then transferred to the cross beams and to the lateral beams. These beams distribute
the loads through hangers to the arch, which works primarily in compression with some
bending, before transmitting the forces to the supports and foundations.

By

Hangers

i
e
EPIAL

Lateral beams

Figure I11.10. Figure showing load transmission.

Tpe——
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CHAPTER III. DESIGN AND DIMENSIONING

II1.5.2.1. Arch

The arches must be designed to primarily resist compression as well as bending forces. Their
resistance to buckling and bending depends on the inertia of the cross-section; therefore,
sections with high inertia about both axes are preferred, such as tubular or welded box sections.
For this project, a welded box section is adopted with dimensions 1200 x 700 mm? and a
thickness of 40 mm.

I11.5.2.2. Lateral beams

The lateral beams consist of a constant rectangular tubular steel section. Their height is
determined according to civil engineering guidelines using the slenderness ratio
Ay = (hy + hy)/l, generally between 1/30 and 1/45. With h; = 1200mm, we adopt h, =
1150mm, leading to a section of 1150 x 600 mm? with a thickness of 30 mm. These beams are
designed to resist bending due to deck loads and may also carry horizontal thrust from the arch,
resulting in tensile forces.

II11.5.2.3. Cross beams

The deck is stiffened by cross beams that transfer slab loads to the lateral beams. It consists
of a steel grid of HEB 600 beams, 10.40 m long, spaced every 2.5 m (except the last at 1.0 m),
giving a total of 95 beams. They mainly work in simple bending.

I11.5.2.4. Deck slab

The roadway platform is supported by a reinforced concrete slab with a thickness of 0.25
m. The connection with the transverse beams is ensured by shear connectors.

I11.5.2.5. Hangers

Hangers are vertical tension elements transferring loads from the deck to the arch and may
be made of cables or bars, while rolled sections are rarely used. Threaded steel bars are
preferred due to simpler assembly, easier prestressing, and a higher modulus of elasticity (about
15% greater than cables). In this project, Macalloy 460 high-strength carbon steel bars (fy =
460 N/mm?) with rolled threads are adopted. Each hanger includes adjustable right/left
threaded end fittings and is supplied with the required accessories. The nominal diameter of the
hangers is selected from the available range according to the loads they must carry under
different loading cases.

Figure II1.11. Macalloy bar system.
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In this project, M64 bars with a diameter of 60 mm are adopted.

To ensure a regular longitudinal distribution and adequate wind permeability, hanger
spacing should generally exceed 3 m. For an arch span of L = 77 m, and for symmetry reasons,
a spacing of 5 m is adopted, resulting in 78 hangers connecting each side girder to the arch.

The dimensions of the selected sections are presented in the table below:

Table II1.12. Definition of Structural Element Sections.

Element Dimensions Figure
h=1200 mm TLT
Arch / Column b =700 mm =
o™ T=40mm
tw =40 mm I

600
h=1150 mm — 1
Lateral beams b =600 mm 3
tw =30 mm T T=30mm
h =600 mm
300
0
b =300 mm
Cross beams o
tr=30 mm @
tw = 15.5 mm
h =400 mm *fﬂ%
Bracing system h =400 mm S
tw =20 mm t=20mm
Hangers ® = 60 mm

GAHAM & ARAR -39 - //_\

Tpe——

it
E

E
SFE



CHAPTER III. DESIGN AND DIMENSIONING

II1.5.3. Substructure Design

I11.5.3.1. Supports Design

The choice of the static system for an arch bridge is critical and is influenced by the
construction method. Common systems include double-fixed, double-hinged, or three-hinged
arches. In this project, a double-fixed system is adopted at the arch ends on the piers, either
cast directly into the supports or using fixed bearing devices. End spans are simply supported
on the abutments.

I11.5.3.2. Piers

Piers transfer arch forces to the foundations. For this variant, wall-type piers are chosen,
with their dimensions summarized in the table below:

Table I11.13. Selection and Dimensions of the Pier for Variant 3.

Element Value / Description Figure
Rectangular with 1 650
Shape . . 550
circular connections )
b
Section
11.00 x 1.50 m? 2
Dimensions e
®=1.50m | -
P1 7.87 m
Height
P2 7.77 m
: I__ 1
deep foundation on 9 o mm
piles
Foundation Type D=120m 5
L=20.00 m = 290
Length 13.10 m -\
Width 9.60 m 8
Footing —UL H OL J7
Height 220m 120, 360 ; %0 120
960
I11.5.3.3. Abutments

As with the previous variants, filled abutments are chosen. Their dimensions are defined
according to the document “Bridge Design and Construction: General Principles — Foundations
— Supports — Standard Structures”, as summarized in the table below:

1 g fuaalt
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CHAPTER III. DESIGN AND DIMENSIONING

Table II1.14. Selection and Dimensions of the Abutment for Variant 3.

Element Value / Description Figure
Thickness 1.65m
Front wall Length 10.40 m
Height 591/5.13m
Thickness 0.30 m
Parapet wall | Length 10.40 m g C;KJ &E:
. J I
Height 1.64 m
Return wall | Thickness 0.50 m 2
Transition Height 0.30m
g 380
slab Width 455m > L
deep foundation on TZLHM 360 MM 60 MHJE
9 piles ' 90 !
Type ®=120m
Foundation L=2000m

12.60 x 9.60 x 2.20

Footing (mxmxm)
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Theme : Design and analysis of a road bridge for railway line reinstatement
including the removal of the level crossing at KERMA ORAN PK 262-+00.

Chapter III : Design And Dimensioning

Variant 03 : Arch bridge with lower deck

Page : 42 ZENSTP-




CHAPTER III. DESIGN AND DIMENSIONING

II1.5.4. Structural Modelling

As with the previous two variants, the modelling of this alternative was carried out using
MIDAS Civil 2022 VERSION.

The following modelling assumptions were adopted:

- All load-bearing elements of the structure are modelled as beam elements.

- The hangers are modelled as tension-only bar elements, since they are designed to
carry axial tensile forces exclusively.

- Regarding boundary conditions, the structure is: Simply supported at the abutments,
Fully fixed at the ends of the arches

- For structural analysis, We apply a load of G+1.2A(])

Figure I11.12. Calculation model of variant 3.

IIL.5.5. Verification of Bridge Components

The selected cross-sections must withstand the internal forces induced by the applied loads.
Therefore, stress verifications are performed according to the structural behavior of each
component to ensure adequate sizing.

At this stage, the following elements are checked:

II1.5.5.1. Verification of Hangers under Tension

The hangers are vertical elements working in pure tension. Their role is to connect the arch
to the deck and transfer loads between them.

For this project, Macalloy M64 bars were selected, characterized by:

- Diameter: 60 mm
- Minimum elastic resistance: 1204 kN
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MIDAS/Civil

Fi Base 8 | POST-PROCESSOR
BEAM DIAGRAM
AXIAL
9.91043e+02
B 5.985332+02
—t s.06023e+02
—T 7.13513e+02
—T ©.21003e+02
T 5.28493e+02
=T 4.35984e+02
It 3.4387¢e:02
iy fl ) —t 2.s0964e+02
s /;//.'I ﬂl It h\\\ce/ — 1.s8454e+02
/- [’rj | 5\\\ 1\ ﬁ.%[ﬂ/ *’ - 0.00000+00
S ‘\, EANEN /[’/,ff/’/ A | 4 NRox -2.€56592+01
; z,,fff),/_. ,/I Hh \}\\_\-. \} il ErE
Jh iR RXX
Fisd i)
CB: A

Figure I11.13. Maximum tensile force in the hangers at SLS.

From the structural analysis model, the maximum tensile force in the hangers is:
T nax = 991.04 kN
Since : 991.04 kN <1 204 kN

the selected hanger diameter is adequate and verified at the Serviceability Limit State (SLS).

II1.5.5.2. Verification of the Arch Section Combined Biaxial Bending

The arch, being the main structural element, is primarily subjected to axial compression
combined with biaxial bending. Its verification at the Ultimate Limit State (ULS) consists of

checking the resistance of its cross-section.
% Cross-section classification
According to Eurocode 3, the resistance of a section depends on its classification.

The arch section is classified as Class 1.

- Web Classification

For a compressed and bent plate element where a < 0.5 we must verify:
¢ 36¢
—_ S [
t a
Where :
a: imperfection factor; a = 0.34
c: height ofthe web; c = h — 3t =1 080 mm
t: thickness of the plates ; ¢ = 40 mm

= /235/f, ; with f, = 355 MPa

Result :

c
;=27S 85.76

1 g fuaalt
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CHAPTER III. DESIGN AND DIMENSIONING

=the web is class 1

- Flange Classification

Similarly, the classification of the flanges is verified, where crepresents the flange width,
defined as: c=b-3t

c 580
—-=——=14.50<85.76
t 40

=The flanges are class 1

++ Resistance of the cross-section

For a Class 1 section subjected to axial force and biaxial bending, the following condition

(My.Ed >a+ ( M, g4 >ﬁ <1
MNy,Rd MNz,Rd N

must be satisfied:

Where :
a=F=166/(1-1.13n2) < 6;n=—2L ;a=£<6
NpiRrd
With :
e oo Slastic axial resistance. afven byt N — AT
pLRra: design plastic axial resistance, given by: Npj pg = Yaro

M, g4, M, gq, and Ngg: design bending moments about the y and z axes, and the
design axial force, respectively.
My pq and My, pq: reduced design bending resistances about the yy and zz axes,

respectively, expressed as:

1—-n
(MNy,Rd = Mpiyra ‘T-05a. with My, ra < Mpyy ra
" w
1—n

M =M -——— with M <M
Nz,Rd plz,Rd 1-0. 5af Nz,Rd plz,Rd

Where :
w l'fy
M l,Rd:p—
P Ymo
A—thf )
aszwr[hawSO.S
A-2ht, .
af=Tw1thafSO.5

The axial force and bending moment diagrams are presented in the following section.
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fﬁ Base

Al

Figure II1.14. Diagram of the maximum normal force.
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Figure II1.15. Maximum bending moment diagram My.
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Figure I11.16. Maximum bending moment diagram Mz.

The calculated values are summarized in Table I11.15.

MIDAS/Civil

POST-PROCESSOR

BEAM DIAGRAM
MOMENT-z
€.97605e+03
5.62313e+03
4.27021e+03
2.9172%e+03
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0.00000e+00
14146e+03
.49438e+03
.84730e+03
-20022e+03
.55314e+03
.90606e+03
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Table II1.15. Table showing the calculated values.

Parameter Value Parameter Value
A 0.146 m? Npird 54.53 MN
Wiy 0.06 m* Mpi.yrd 20.44 MN.m
Wiz 0.04 m* Mpi.zRrd 13.98 MN.m
tr=tw 40 mm Mn.y.rd 22.08 MN.m
Ay 0.5 Mn.zrd 13.64 MN.m
ar 0.34 NEd 10.36 MN
n 0.19 My Ed 10.00 MN.m
a=p 1.59 M_Ed 7.91 MN.m

Therefore, the selected section is adequate and safe for the applied loads.

II1.5.6. Conclusion

II1.6. QUANTITATIVE AND COST ESTIMATE

All detailed calculations of the cost estimates for the three proposed variants are presented
in Tables I11.16, I11.17, and I11.18.

Based on these calculations, the total cost including all taxes (TTC) for each variant is
determined as follows:

Table II1.16. Quantitative and Cost Estimate for Variant 1.

Quantitative and Cost Estimate for Variant 1

Ne Description of Items U Quantity Unit Price Amount
(ET)
Poste 1 : Piles
2.1 Drilling of @1200 mm vertical -y ggo 5500000 59 400 000.00
piles in non-rocky soil
2.2 | Supply and installation of @50/60 ML 3240 2 500.00 8 100 000.00
steel tubes for sonic testing
2.3 | Sonic integrity testing U 54 45 000.00 2430 000.00
2.4 | Pile head trimming U 54 25 000.00 1 350 000.00
2.5 | Static load test of isolated piles U 2 400 000.00 800 000.00
under axial compression
TOTAL (Poste 1) 72 080 000.00
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Poste 2 : Concrete

2.1 | Lean concrete (10 cm) for M3 60 10 500.00 630 000.00
foundation beds
2.2 | Concrete RN25 for piles M3 1222 13 500.00 16 497 000.00
2.3 | Concrete RN30 for footings (piers, ~ M? 1262 15 000.00 18 930 000.00
abutments)
2.4 | Concrete RN30 for piers M3 263 16 000.00 4208 000.00
2.5 | Concrete RN30 for abutments M3 341 16 000.00 5456 000.00
2.6 | Concrete RN35 for segments M3 1 680 35 000.00 58 800 000.00
TOTAL (Poste 2) 104 521 000.00
Poste 3 : Steel
0.1 Reinforcing steel Fe ES0 for T 379 132.000.00 50 028 000.00
substructure
2.2 | Reinforcing steel Fe ES0A for T 320 132 000.00 42 240 000.00
segments
2.3 | Prestressing steel for segments T 68 490 000.00 33320 000.00
2.4 | Prestressing steel for segment T 440 14 000.00 6 160 000.00
erection
TOTAL (Poste 3) 131 748 000.00

Poste 4 : Lump Sum — Bridge Works

a. Site installation and mobilization
b.Equipement removal

4.1 | ¢c. Demobilization, clearing F - 40 000 000.00 40 000 000.00
d.stripping of topsoil,
e. Execution studies
Segment shoring using temporary

4.2 | towers (including relocation F - 15000 000.00 15000 000.00
between supports)

TOTAL (Poste 4) 55 000 000.00
Total Excluding VAT 363 349 000.00
VAT (19%) 69 036 310.00
Total Including VAT (ATI) 432 385 310.00

Four hundred thirty-two million, three hundred eighty-five thousand, three hundred ten
Algerian dinars.

Table II1.17. Quantitative and Cost Estimate for Variant 2.

Quantitative and Cost Estimate for Variant 2

Unit Price

(ET)

Ne Description of Items U Quantity Amount

Poste 1 : Piles

1 g fuaalt
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CHAPTER III. DESIGN AND DIMENSIONING

2.1 Drilling of 91200 mm vertical -y gq9 5500000 46200 000.00
piles in non-rocky soil
2.2 | Supply and installation of @50/60 ML 2520 2 500.00 6 300 000.00
steel tubes for sonic testing
2.3 | Sonic integrity testing U 42 45 000.00 1 890 000.00
2.4 | Pile head trimming U 42 25 000.00 1 050 000.00
2.5 | Static load test of isolated piles U 2 400 000.00 800 000.00
under axial compression
TOTAL (Poste 1) 56 240 000.00
Poste 2 : Concrete
2.1 | Lean concrete (10 cm) for M3 46 10 500.00 483 000.00
foundation beds
2.2 | Concrete RN25 for piles M3 951 13 500.00 12 838 500.00
2.3 | Concrete RN30 for footings M3 701 15 000.00 10 515 000.00
2.4 | Concrete RN30 for piers M3 212 16 000.00 3392 000.00
2.5 | Concrete RN30 for abutments M3 354 16 000.00 5 664 000.00
2.6 | Concrete RN35 for deck slab M3 650 18 000.00 11 700 000.00
TOTAL (Poste 2) 44 592 500.00
Poste 3 : Steel
2.1 | Reinforcing steel Fe ES0 for T 273 1250000 3412 500.00
substructure
2.2 | Reinforcing steel Fe ES0A for T 163 12 500.00 2037 500.00
deck slab
2.3 | Structural steel for steel box girder T 871 340 000.00 296 140 000.00
2.4 | Assembly and erection of steel T 871 80 000.00 69 680 000.00
deck
TOTAL (Poste 3) 371 270 000.00
Poste 4 : Lump Sum — Bridge Works
a. Site installation and mobilization
b. Equipement removal
4.1 | ¢. Demobilization, clearing F - 40 000 000.00 40000 000.00
d.stripping of topsoil,
e. Execution studies
4.2 | Scaffolding for deck erection F - 15 000 000.00 15000 000.00
TOTAL (Poste 4) 55 000 000.00
Total Excluding VAT 527102 500.00
VAT (19%) 100 149 475.00
Total Including VAT (ATI) 627 251 975.00

Six hundred twenty-seven million, two hundred fifty-one thousand, nine hundred
seventy-five Algerian dinars.
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Table II1.18. Quantitative and Cost Estimate for Variant 3.

Quantitative and Cost Estimate for Variant 3

Unit Price

N° Description of Items U Quantity Amount
(ET)
Poste 1 : Piles
o1 | Drilling of @1200 mm vertical -y 949 5500000 52800 000.00
piles in non-rocky soil
2.2 | Supply and installation of @50/60 ML 2 880 2 500.00 7 200 000.00
steel tubes for sonic testing
2.3 | Sonic integrity testing u 48 45 000.00 2 160 000.00
2.4 | Pile head trimming U 48 25 000.00 1200 000.00
2.5 | Static load test of isolated piles U 2 400 000.00 800 000.00
under axial compression
TOTAL (Poste 1) 64 160 000.00
Poste 2 : Concrete
2.1 Lean concrete (10 cm) for M3 52 10 500.00 546 000.00
foundation beds
2.2 | Concrete RN25 for piles M3 1 085 13 500.00 14 647 500.00
2.3 | Concrete RN30 for footings M3 1086 15 000.00 16 290 000.00
2.4 | Concrete RN30 for piers M3 261 16 000.00 4176 000.00
2.5 | Concrete RN30 for abutments M3 350 16 000.00 5 600 000.00
2.6 | Concrete RN35 for deck slab M3 610 18 000.00 10 980 000.00
TOTAL (Poste 2) 52 239 500.00
Poste 3 : Steel
2.1 | High-bond reinforcing steel Fe 342 132000.00 45 144 000.00
ES50A for substructure
2.2 | High-bond reinforcing steel Fe T 153 132 000.00 20 196 000.00
ES50A for deck slab
2.3 | Structural steel for arch T 721 360 000.00 259 560 000.00
2.4 | Structural steel for deck (girders+ T 487 320 000.00 155 840 000.00
cross beams)
2.5 | Assembly and erection of steel T 1208 80 000.00 96 640 000.00
deck and arches
7.6 Supply and installation of
galvanized steel tie rods (Macalloy T 7.20 800 000.00 5760 000.00
Mo64 type) for stay cables
TOTAL (Poste 3) 583 140 000.00

Poste 4 : Lump Sum — Bridge Works
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CHAPTER III. DESIGN AND DIMENSIONING

a. Site installation and mobilization
b.Equipement removal

4.1 | ¢c. Demobilization, clearing F - 50 000 000.00 50000 000.00
d.stripping of topsoil,
e. Execution studies
4.2 | Scaffolding for deck erection F - 10 000 000.00 10000 000.00
TOTAL (Poste 4) 60 000 000.00
Total Excluding VAT 759 539 500.00
VAT (19%) 144 312 505.00

Total Including VAT (ATI)

903 852 005.00

Nine hundred three million, eight hundred fifty-two thousand and five Algerian dinars.

Table I11.19. Total Cost of Each Variant.

Variant 1

Variant 2

Variant 3

432 385 310.00 DA

627 251 975.00 DA

II1.7. MULTICRITERIA ANALYSIS

903 852 005.00 DA

The multicriteria analysis constitutes a decision-support approach used to compare the

different design alternatives based on a set of predefined criteria.

In this study, the three proposed bridge variants are evaluated with respect to their aesthetic
quality, economic cost, maintenance requirements, construction techniques, and execution
time. This assessment is carried out in accordance with standard engineering practices and

supported by the techno-economic judgment of field engineers.

Table I11.20 Multicriteria Analysis of the Variants.

Variant

Advantages

Disadvantages

Variant 1
Prestressed concrete
bridge constructed
by balanced
cantilever method

Steel box
girder bridge

Variant 2:

- Rapid construction when using
precast segments
- Flexible execution by multiplying
casting/erection fronts
- Good cost—aesthetic ratio.
- Well-mastered and widely used
technique

- Slim deck (reduced structural
depth)
- Lightweight structure
- Good architectural appearance
- Suitable for medium to long spans

- Significant structural depth (=2.4
m segments)

- Requires qualified labor for
prestressing

- Large structural elements
- Complex execution

- Requires highly skilled labor
(welding)

- More complex execution
- High cost compared to Variant 1
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= 3 - Excellent adaptation to functional
E E and site constraints - Requires highly skilled labor
&5 % - Slim deck (welding and assembly)
2 5 & | - Lightweight and efficient structural - Complex construction technique
s gn behavior - Relatively high cost compared to
S = - Outstanding architectural and other variants

aesthetic value

I11.8. CONCLUSION

After analyzing the different comparison criteria and based on the quantitative cost estimate,
it is observed that, in terms of economy and construction time, Variant 1 is the most
advantageous solution. It ensures a significant reduction in overall cost while allowing
relatively rapid execution, thanks to the use of well-mastered construction techniques such as
the balanced cantilever method.

However, from a techno-economic perspective, Variant 2 provides certain advantages,
particularly due to its lightweight structure and its suitability for medium to long spans. It also
offers a more refined architectural appearance and better structural efficiency. Nevertheless, its
higher cost and the complexity of execution, especially due to welding requirements, reduce
its competitiveness compared to the first variant.

As for aesthetics, Variant 3 is clearly the most attractive solution, offering outstanding
architectural quality and excellent adaptation to site constraints. It also provides a slender
structure and efficient structural behavior. However, this variant involves a high level of
technical complexity and significantly higher costs, which make it less suitable in the context
of this project.

Therefore, considering that the primary objective of this study is to achieve an optimal
balance between cost, feasibility, and construction time, Variant 1 is selected as the final
solution. This choice is justified by its economic efficiency, reliability, and the use of well-
established construction methods, making it the most appropriate option for the project.
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CHAPTER IV. LOADS AND CALCULATION HYPOTHSES

IV.1. INTRODUCTION

The design and analysis of bridge elements are governed by the choice and quality of
construction materials, as well as by the loads applied to the structure and the predefined
calculation assumptions in accordance with current standards and project requirements. The
structure must ensure proper behavior during both the construction and service phases under
the effect of various actions, including self-weight, traffic loads, superstructure loads, and
sidewalk loads. This chapter defines the construction materials and their characteristics, and
evaluates the different loads and actions, whether permanent, functional, or natural, that may
affect the structure throughout its service life.

IV.2. DESIGN CODES AND CALCULATION RULES

The design of the structure will be carried out in accordance with the codes and regulations
applied in Algeria, as well as relevant Eurocodes:

- BAEL 91 revised 99: Design and calculation rules for reinforced concrete structures
using the limit state method;

- BPEL 91: Design and calculation rules for prestressed concrete structures using the
limit state method;

- RCPR: Rules defining loads for the calculation and testing of road bridges, including
traffic and thermal actions;

- RPOA 2008: Seismic design rules for civil engineering structures;

- Fascicule 62: Design and calculation rules for foundations of civil engineering
structures;

- SETRA Guide: Technical guidelines from the Service d'Etude Technique des Routes
et Autoroutes;

- Eurocode 3: Design of steel structures;
- Eurocode 4: Design of composite steel-concrete structures;
- D.T.R. C 2-4.7 RNV (2013): Regulatory document for snow and wind loads.

IV.3. MATERIAL CHARACTERISTICS

The choice of construction materials largely determines the design and calculation of the
bridge. The main materials used in the structure are concrete and steel (both active and passive).

IV.3.1. Concrete

IV.3.1.1. Mechanical Properties

Concrete is a generic term for a monolithic composite construction material made from
aggregates (sand, gravel) bound together by a binder. The mechanical properties of concrete,
such as compressive strength, modulus of elasticity, and durability, are considered in the design
to ensure structural performance throughout the service life of the bridge.
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Table IV.1. Mechanical Properties of Concrete.

Element fe2s (MPa) frs (MPa)
Superstructure Deck 35 2.70
Blinding Concrete 16 1.56
Substructure Piles 25 2.10
Foundations 30 2.40

Remark :
- Concrete density: 25 kN/m?.
- Tensile strength at 28 days: fing=0.6 + 0.06 X feos.

1V.3.1.2. Allowable Compressive Stresses
+ At Ultimate Limit State (ULS) :
fou=0.85X f;/(6 Xyp)(MPa)

Coefficient 6 depends on the probable duration of the considered action:

1 ift >24h
0=709 ifl<t<24h
0.85 ift<1lh

Coefficient yy strength reduction factor, depending on the situation:

1.5 transient situation

1.5 durable situation
Yp =
1.15 accidental situation

.,

¢ At Serviceability Limit State (SLS) :
fbc = 0.6 X f28(MPa)

Table IV.2. Allowable Concrete Stresses.

States Limit Stresses Deck Piles Foundations
Y, = 1.50 19.83 14.17
ULS fou (MPa)
y, = 1.15 30.43 21.74
SLS fre (Gpe) (MPa) 21.00 15.00
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IV.3.1.3. Concrete Deformation

% Longitudinal :

The longitudinal modulus of elasticity of concrete, E;;, as defined by the BAEL rules, is

ij>
given as follows:

(11 000 x ° /fq- instantaneous modulus, <24 h
Eij =
3700 x 3/fcj long-term loading

«» Transversal :

According to Hooke’s law, the transverse modulus of elasticity is given by:

G E
S 2(1+v)

*

++ Poisson’s ratio (v) :

where vis the Poisson’s ratio, defined as the ratio between lateral and longitudinal
deformation, as follows:

_ {0. 2 at Serviceability Limit State (SLS)
V1o at Ultimate Limit State (ULS)

IV.3.2. Reinforcements
The steels used in the prestressed concrete structure are of two types:

% Passive steel: to resist shear forces and control cracking.

% Active steel: for prestressing.

I1V.3.2.1. Passive Reinforcements

The chosen type of passive reinforcement is high-bond steel of grade Fe E500, with the
following characteristics:

% Yield strength: f, = 500 MPa
% Modulus of elasticity: E; = 200 000 MPa
The standard commercial diameters of independent HA bars are (in mm):
8 10 12 14 16 20 25 32 40
The usual delivery lengths are: 12 meters for straight bars.

The table below presents the allowable stress values according to BAEL:
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Table IV.3. Allowable Stresses in Passive Reinforcement.

Obtained Value (MPa)
cracking Allowable Stress Formula
Super Infra
S — Durable or transient: y; = 1.15 43478 434.78
Slightly harmful | 0s= 2
S — Accidental: y, = 1.00 500.00 500.00
harmful 0s= max{};—e ,110,/n X ft; } ,n = 1.6 for HA bars 250.00 250.00

Very harmful os=max {0.4 x f,, 88,/n X ft]-} ,h = 1.6 for HA bars 200.00 200.00

I1V.3.2.2. Active Reinforcement (Prestressing Steel)

The selected prestressing reinforcement is composed of T15 TBR strands (Very Low
Relaxation), characterized by the following mechanical properties:

- Ultimate tensile strength: f,,., = 1 860 MPa

- Yield strength: f,,, = 1674 MPa

- Modulus of elasticity: E;,, = 190 000 MPa

- Cross-sectional area of one strand: A, = 140 mm?
- Duct diameter: @ = 80 to 100 mm

- Relaxation coefficient at 1000 hours: p = 2.5%

- Anchorage slip: g = 6 mm

% Prestressing Justification Class

Class II The structure is designed according to Prestressing Justification Class II.This class
allows the development of tensile stresses in concrete under service conditions, but strictly
prohibits the formation of cracks.

Class Execution Service
Rares Frequent Q-Perm
Class II I .

AS5f L 0.6f FL5fi 1 0.6f5 -15fi i 0.6f; -15fii 0.5f;

-0.7 fi - fii

Figure IV.1. Permissible stress limits of Class II of prestressing.
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CHAPTER IV. LOADS AND CALCULATION HYPOTHSES

IV.4. EVALUATION OF ACTIONS
IV.4.1. Evaluation of Non-Traffic Actions

IV.4.1.1. Permanent Loads

Permanent loads arise from the self-weight of structural materials and all integrated
permanent elements, such as pavement, equipment, and backfill. These loads are typically
calculated automatically using structural analysis software based on the geometry and material
properties. The unit weights of materials are taken according to design standards:

- Reinforced concrete: 25 kN/m?

- Plain concrete: 24 kN/m>
- Steel: 78.5 kN/m®
- Asphalt: 23.0 kN/m?
- Compacted fill (backfill soil): 20 kN/m>
- Natural ground: 18 kN/m>
% Additional Permanent Loads CCP

Table IV.4. Estimation of Additional Permanent Loads.

1040
06 06
Element Density (kN/m?®) | Linear Load (kN/ml) Load (kN)

1. Asphalt Pavement BB 24 14.80 3 581.60
2. Precast cornices 25 2.44 590.48
3. Safety Barrier / 2x0.60 290.40
4. Sidewalk 25 16.53 4 000.26
5. Guardrail / 2x0.50 242.00

Total Load / 35.97 8 704.74
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Table IV.5. Estimation of Total Weight of Segments.

24 x 2.20 + 1.60 = 54.40

12 Segments x 2.20

1¥spy 12 Segments x 2.20

T

N° Segment L Segment (m) Section (m?) Load (KN)
1.20 13.40 402.08
VSCl1

0.40 6.84 68.38
VC 1.60 6.84 273.51
Vo1 2.20 6.84 376.07
V02 2.20 6.84 376.07
Vo3 2.20 6.84 376.07
Vo4 2.20 6.84 376.07
V05 2.20 6.84 376.07
Vo6 2.20 6.84 376.07
V07 2.20 6.84 376.07
V08 2.20 6.84 376.07
V09 2.20 6.84 376.07
V10 2.20 6.84 376.07
V11 2.20 6.84 376.07
Vi2 2.20 6.84 376.07

0.60 13.40 201.04

1/2 VSP
0.20 6.84 34.19
TOTAL 42 549.57
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s Total Weight of the Deck

The total weight of the deck is calculated by summing:

Table IV.6. Load Summary.

Linear load Load
Segments 175.82 42 549.57
CCP 35.97 8 704.74
Total 211.79 51254.31

1V.4.2. Evaluation of Traffic Loads

IV.4.2.1. Load Systems to Consider

According to R.C.P.R, the following live load systems are considered:

- Standard road traffic system — Type A(L)

- Standard road traffic system — Type B (B¢, By)
- Military load system —

Mc 120

- Exceptional convoy — D240
- Overloads on sidewalks

1V .4.2.2. Bridge Characteristics

containment devices or curbs.

% Carriageway Width: The carriageway width is defined as the distance between the

% Loadable Width: The carriageway width minus 0.5 m for each containment device.

0

lc

0

(R

Figure IV.2. Carriageway and loadable width.

The characteristics of the bridge are summarized in the Table IV.7.

Table IV.7. Bridge Characteristics.

Carriageway Width 7.40
Loadable Width 6.40
Number of Lanes 2
Lane Width 3.20
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+ Bridge Classes :The classification of bridges according to loadable width is
summarized in the following table:

Table IV.8. Road Bridge Classes.

Bridge Class Description
1* Class Lr>7
2md Class 5.50 <Lr<7
3" Class Lr <5.50

Based on its Carriageway width, our bridge is classified as 1% Class according to RCPR
standards.

IV.4.2.3. Load Cases

The different arrangements of live loads on the deck are illustrated in the figure below:

: : : : DL
ITitiiiiisid
¢ : : o
@ i (Casc 04 ) . ‘E@
gj,:‘i_%!'{il,lyJ,J,H,\!yJ,l\lén . S
FTITIT1833333 4431331331
¢ : ¢ Tk
% iHHHHﬂl @
gi%“ilHHlHHiHHHHHi —

Case 08

FTTTITIII3d 33333833333 T TTTITIT
55“ o [o) %

Case 09

QL’JL_QHLHHHHHHHHHH @
Q Q = =

MHHJHHHHHHHHHHHHHL%
o Q =

Case 11

M\HHHHHHHHHHHHHHL%
Q Q Q

Figure I'V.3. The 11 possible load cases.
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CHAPTER IV. LOADS AND CALCULATION HYPOTHSES

IV.4.2.4. Load System A(L)
The Type A traffic load is calculated as:

A(L)=2.30
@ +12+L

The coefficient a,is defined as the maximum of the following two values:

a; - A(L) }

A1 =max{4—o.002-L

L= loaded length of the deck (m)

Depending on the bridge class and the number of loaded lanes, the value of A(L)is
multiplied by the coefficient a; given in Table IV.9.

Table IV.9. Coefficient a,.

Number of loaded lanes
Bridge Class 1 2 3 4 5
1% Class 1.00 1.00 0.90 0.75 0.75
2md Class 1.00 0.90 - - -
31 Class 0.90 0.80 - - -

The load A; is multiplied by a coefficient: a, = %,Where v is the lane width and v, =
3.50 m. For this bridge a, = 1.09375.

The results are summarized in Table IV.10.

Table IV.10. Values of A(L)for the 11 possible load cases.

A(L) as a function of the number of
A1=A() A2 =a2A1
Load Case | L (m) loaded lanes (kIN/m)
(KN/m?) (KN/m?)
1 lane 2 lanes

Case 1 37 9.65 10.55 33.76 67.53
Case 2 56 7.59 8.31 26.58 53.16
Case 3 74 6.49 7.09 22.70 45.40
Case 4 93 5.73 6.27 20.05 40.10
Case 5 112 5.20 5.69 18.21 36.42
Case 6 130 4.84 5.29 16.92 33.85
Case 7 149 4.54 4.96 15.88 31.75
Case 8 168 4.30 4.70 15.05 30.10
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Case 9 186 4.12 4.50 14.41 28.83
Case 10 205 3.96 4.33 13.86 27.71
Case 11 244 3.71 4.05 12.97 25.94

IV.4.2.5. Load System B

The B load system consists of three independent subsystems, which must be applied

separately:
- System Bc: composed of standard trucks (300 kN)
- System Bt: composed of groups of two axles, known as “tandem axles”
- System Br: composed of a single isolated wheel (100 kN)
< Bc Load System / Article 4.5.1 (RCPR)
The Bc system consists of standard trucks (300 kN), as shown in Figure IV.3.

Longitudinally

/
60 kN 120 kN 120 kN Transversely
Plan view —
8}:
i,
|
450 150 25 200 (Dimensioning in cm)

Figure IV 4. Bc loading system.

B, =2x(300XxN)
N=number of lanes considered in the calculation

The load values of the B¢ system are multiplied by a coefficient b, which depends on the
bridge class and the number of traffic lanes considered. The values of b, are presented in the

table below
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Table IV.11. Values of bc.

Number of loaded lanes
Bridge Class 1 2 3 4 5
1* Class 1.20 1.10 0.95 0.80 0.70
2nd Class 1.00 1.00 - - -
31 Class 1.00 1.00 - - -

Therefore, the values to be considered are:

Table IV.12. Values of Bc.

Number of lanes Bc (KN) bc Bc x be (kN)
1 600 1.20 720
2 1200 1.10 1320

¢ Bt Load System / Article 4.5.3 (RCPR)

The Bt system consists of groups of two axles, referred to as tandem axles (160 kN).

Side view Front view

v v
160KN 160KN
Top view
‘ 200 Joo* 200
t-ég N ..

Figure IV.S. Bt loading system.
B, =2 %X (160 x N)
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N=number of lanes considered in the calculation

The Bt load values are adjusted by a coefficient b;, depending on the bridge class.

Tableau IV.13. Values of b:.

Bridge Class Value
1% Class 1.20
27 Class 1.00

The values to be considered are shown in the table below:

Table IV.14. Values of Bt

Number of lanes B¢ (KN) Bt Bt x bt (kN)
1 320 1.20 384
2 640 1.20 768

¢ Br Load System / Article 4.5.2 (RCPR)

The Br system consists of a single isolated wheel (100 kN).

Longitudinale Transverse Plan View

N ]

Y

100 kN 100 kN

y
A

Figure IV.6. Br loading system.

IV.4.2.6. Military Loads — Mc120
- Total weight: 1 100 kN
- Track length: 6.10 m
- Track width: 1.00 m
- Transverse direction: only one convoy, regardless of the roadway width

- Longitudinal direction: the number of vehicles is limited, with a spacing of
30.5m
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Side view

NoJoJololo)o)X

L 60 |

100]

W%
S

230

100 230 [100)

[100]

L = ol =)
ﬂl%%%%%%%%

610
Figure IV.7. Mc120 load convoy.

1V.4.2.7. Exceptional Loads — D240

The D240 convoy consists of a trailer carrying 2 400 kN, with the weight assumed to be
uniformly distributed. It travels alone, both longitudinally and transversely, regardless of the
width or length of the bridge.

Top view

|

1860

320

Side view

Figure IV.8. D240 exceptional convoy.

IV.4.2.8. Dynamic Amplification Coefficient

The B and Mc120 load systems are increased by a coefficient §, known as the dynamic
amplification coefficient. This coefficient allows converting a dynamic study into a pseudo-
static analysis, where dynamic effects are replaced by static loads amplified by 6.

The D240 load system is not amplified because of its slow speed; its load is considered
directly as a static load.

0.6 0.4

+
1+4Xg 1+0.2XL

5=1+
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Where :

L= length of the element (m)
G=permanent load (self-weight + CCP)

S= maximum live load

The table below summarizes the values of the dynamic amplification coefficient §:

Table IV.15. Dynamic Amplification Coefficients for the Deck.

S (KN) 1320 768 100 1100

Load Case L (m) G (KN) Bc (KN) Bt (KN) B: (KN) Mc120
Case 1 37 7951.15 1.072 1.062 1.049 1.068
Case 2 56 11 784.00 1.049 1.042 1.034 1.046
Case 3 74 15902.31 1.038 1.032 1.026 1.036
Case 4 93 19 735.15 1.030 1.026 1.021 1.029
Case 5 112 23 568.00 1.025 1.022 1.018 1.024
Case 6 130 27 686.31 1.022 1.019 1.015 1.021
Case 7 149 31519.16 1.019 1.017 1.013 1.018
Case 8 168 35352.00 1.017 1.015 1.012 1.016
Case 9 186 39 470.31 1.015 1.013 1.011 1.015
Case 10 205 43 303.16 1.014 1.012 1.010 1.013
Case 11 244 51254.31 1.012 1.010 1.008 1.011

1V.4.3. Other Live Loads

IV.4.3.1. Braking Forces

The roadway loads from the A and Bc load systems can generate braking forces, which act
on the surface of the roadway in either traffic direction. In typical cases, the resultant of these
forces can be assumed to be centered along the longitudinal axis of the roadway.

¢ Bc Load System

The braking force that can be developed under Load System Bc is limited by the weight of
a standard vehicle, taken as 300 kN.

% A Load System
The braking force corresponding to the A load system is calculated as:

Fe AXS
"~ 20+0.0035 xS
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Where :

S=loaded area in m?
F=braking force in KN

Table IV.16. Braking force F(kN) of the A load system on the deck.

Load Case L (m) 1 Lane 2 Lanes
Case 1 37 61.20 119.96
Case 2 56 72.16 140.06
Case 3 74 80.65 155.13
Case 4 93 88.62 168.87
Case 5 112 95.96 181.23
Case 6 130 102.54 192.04
Case 7 149 109.17 202.72
Case 8 168 115.55 212.80
Case 9 186 121.40 221.87
Case 10 205 127.40 231.02
Case 11 244 139.23 248.58

1V.4.3.2. Sidewalk Loads
A uniform load of 1.5 kN/m? is applied on the sidewalks, reserved exclusively for pedestrian
and bicycle traffic, in order to produce the maximum anticipated effect.

IV.4.4. Climatic Actions

IV.4.4.1. Thermal Action

% Uniform Temperature Variation:

According to RCPR, for a northern Algeria region (temperate climate), the uniform
temperature variation ranges between +35 °C and —15 °C.

The linear thermal expansion is expressed as:

Al=a X AT X L

Where :

a= thermal expansion coefficient (1.1 X 107> °C~* for concrete and 1.22 x

1075 °C ™ for steel)
AT= temperature variation, with reference temperature T, = 15 °C

fasT
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L= length of the structure (m)

+* Thermal Gradient

According to the RCPR regulations, our structure is Type 3 (concrete deck). Therefore, the
thermal gradient resulting from a short-duration, unilateral heating or cooling of the load-
bearing structure during the service phase is taken as:

- During the service phase: A(0)=+7 °C.
- During the construction phase: A(0)=+ 12 °C.
Table IV.17. Thermal gradient.

Construction phase Service phase
Type 01 (steel deck) + 18° +10°
Type 02 (composite deck) +15° + 8°
Type 03 (concrete deck) + 12° + 7°

IV.4.4.2. Wind Action

The wind acts horizontally on the exposed surfaces of the deck and substructures. It is
considered as a constant pressure of 2.00 kN/m?, with a design wind variation of +7°.

IV.4.5. Accidental Actions

Forces acting on the structure in the event of vehicle derailment are considered eccentric by
+1.5 m from the lane axis.

1V .4.6. Seismic Action

Seismic actions are considered in accordance with RPOA. The seismic zone classification
for this structure is Zone Ila (medium seismicity).

I1V.4.6.1. Zone Acceleration Coefficient

Based on seismic zone Ila and the importance of the bridge (Bridge Group 2): A = 0.20

IV.4.6.2. Site Classification:

According to the geotechnical study, the site is Class S3 (soft soil).

IV.4.6.3. Response Spectrum
¢ Horizontal Components

The elastic response spectrum (S,) for the two horizontal components is given as a function
of the elastic period Tand damping ratio ¢ by:
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( T
A-g-S-[1+T—-(2.5n—1)] 0<T<T,
1
25n-A-g-S T,<T<T,
SH(T, &) = T
ae(T"$) 2.5n~A-g-S-?2 T,<T<30s
3T,
\ 2.5n-A-g-S-<F> T>30s

Where :

A= acceleration coefficient 0.20

g= gravitational acceleration 9.81 m/s?

S=site coefficient 1.20

T4, T = site characteristic periods T; = 0.20 s, T, = 0.50s
1= damping correction factor n = m

&= damping ratio 5%

T= fundamental period of the structure T = \/W )

M= total mass of the system

K= total stiffness of the system

From these parameters, the response spectrum curve for the structure is obtained, as shown
below.

075
0,7
0,65
0,6

0,55 §

_D
2 h 2
= LR ER
et

0,354

Spectre Sae 19

=
ta
.

0,25
0,2
0,15
0,1
0,05

Périnde (sec)

Figure IV.9. Elastic response spectrum : horizontal component.

% Vertical Component

The elastic response spectrum for the vertical component is expressed as a function of the
elastic period Tand the damping ratio ¢ by:
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( T
A-g-a-[1+T—-(2.5n—1)] 0<T<T
1
25n-A-g-«a T,<T<T,
SY.(T, &) =< T
ae(T4) 2.577-A-g~a-72 T,<T<30s
3T,
\ 2.5n-A-g-a-(F) T>30s

Where :

a= coefficient accounting for the importance of the vertical component in high-
seismicity zones a = 0.7

T4, To= characteristic periods associated with the site T; = 0.20 s, T, = 0.40s
A= zone acceleration coefficient

g= gravitational acceleration 9.81 m/s?

1= damping correction factor

&= damping ratio

The response spectrum curve for the vertical component is obtained as shown below:
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Figure IV.10. Elastic response spectrum : vertical component.

IV.5. LOAD COMBINATIONS

IV.5.1. Combination of Seismic Components

According to RPOA, the effects of the different components of the overall seismic motion

are combined as follows:
Eq =ExiO.3Eyi0.3EZ
E, =Eyi0.3Exi0.3Ez
E; =EZiO.3Exi0.3Ey
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where Ey, E,, and E, are the seismic effects in the X, Y, and Z directions, respectively. The

effect of the vertical seismic component on piers can generally be neglected in low-seismicity
zones.

IV.6. CONCLUSION

The loads evaluated in this chapter will be input into MIDAS Civil 2022 to determine the
maximum internal forces, which form the basis for the structural design addressed in the
following chapter.
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V.1. INTRODUCTION

The construction of bridges using the balanced cantilever method consists of building the
deck from the piers by casting segments, either in prefabrication workshops or directly in

formworks supported by movable equipment. These segments are connected by prestressing
tendons and installed symmetrically at the ends of the already constructed part of the deck.
When the two advancing ends reach the vicinity of the closure joint between adjacent spans on
either side of a pier, the structure is referred to as a cantilever. A key characteristic of this type

of bridge is that it must be analyzed during both the construction phase and the service phase.

In this chapter, the calculations corresponding to these two phases are carried out.

V.2. STABILITY DURING THE CONSTRUCTION PHASE

V.2.1. Different Phases of Cantilever Construction

The different construction phases of a cantilever starting from a pier are illustrated in the

figure below:

iﬁ@

Phase 00 Phase 05 Phase 11
I voa Vo8 e
} w [ | m-
Phase 01 Phase 06 Phase 12
VSP Viod W05 Voo g_g
@ T S - mm—
Phase 02 Phase 07 Phase 13
Vi1
Vo1 vn5 V1o Rkl
= I L L1
[ 11
Phase 03 Phase 08 Phase 14
Vo1 W02 V06 4 Vi1 3'1_]2
e ]
E TTT1] T I [T
Phase 04 Phase 09 Phase 15
W12
V02 Vo3 Vi2 e
== T |
Ll

Figure V.1. Sequence for constructing a balanced cantilever.
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V.2.2. Loads to Be Considered
The loads considered for the verification of a cantilever are defined according to SETRA
guidelines. These include the self-weight, random construction loads, and accidental actions.
V.2.2.1. Self-Weight of the Cantilever

The self-weight corresponds to the weight of the cantilever, determined from the cross-
section using a unit weight of 25 kN/m?.

To obtain the most unfavorable loading condition, one half-cantilever is increased by 2% to
define the maximum value, while the other is reduced by 2% to define the minimum value:

Gmar =1.02 G Gomin = 0.98 G

Table V.1. Evaluation of Self-Weight of Each Half-Cantilever.

Half-Cantilever (Reduced) Half-Cantilever (Increased)
Phase

G (kN) Gumin (kN) G (kN) Gmax (kN)
Phase 1 235.23 230.52 235.23 239.93
Phase 2 235.23 230.52 611.30 623.53
Phase 3 611.30 599.07 987.37 1007.12
Phase 4 987.37 967.63 1363.44 1390.71
Phase 5 1363.44 1336.17 1 739.51 1774.30
Phase 6 1739.51 1704.72 2115.59 2157.90
Phase 7 2 115.59 2073.28 2491.66 2 541.49
Phase 8 2491.66 2441.83 2 876.73 2925.08
Phase 9 2 876.73 2 819.20 3243.80 3 308.68
Phase 10 3243.80 3178.92 3619.87 3692.27
Phase 11 3619.87 3 547.47 3995.94 4 075.86
Phase 12 3995.94 3916.02 4372.02 4 459.46
Phase 13 4372.02 4 284.58 4 748.09 4 843.05
Phase 14 4 748.09 4 653.13 4 748.09 4 843.05
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V.2.2.2. Random Construction Loads
Random construction loads correspond to personnel and materials placed on the cantilever
during construction. These loads are represented by two actions:
¢ Uniformly distributed load (Qrrai1):

Applied on the increased half-cantilever, Qpg41 = 0.2 kN/m?. For a deck width of B =
10.4 m:

QPRAl =0.2x%x10.4 = 2.08 kN/m
% Concentrated load (Qrra2):

Applied at the tip of the cantilever on the last completed segment, representing the weight
of rollers, compressors, and small equipment.

«* Vertical Wind Effect

The additional vertical effect of wind, Q, is represented as a uniformly distributed load with
an intensity of 100 to 200 N/m, depending on the site characteristics. This distributed load is
applied vertically, from the bottom to the top, on the main horizontal truss of a half-cantilever.

Qprag = 102 KN
Qprai= 2.08 KN/

EEERERENEEEN NN NNy

[ 1]

w = 0.2 KN/ml

n-1 cantilever n cantilever

W ww

Figure V.2. Temporary construction situation to be considered.

V.2.2.3. Accidental Actions

The accidental action considered is the fall of a precast segment during placement. A
dynamic amplification factor of 2 is applied.

To represent the most unfavorable scenario, it is assumed that the fall occurs during the
placement of the last pair of segments:

Fo = Googment X 2 = —752.14 kN

1 g fuaalt
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QPRAZ =102 KN
Fu=-1580.55 KN Qprai= 2.08 KN/m

TTTT T LI

n-1 cantilever n cantilever

L

Figure V.3. Accidental situation to be considered.

V.2.3. Load Combinations

The critical phase is considered to be the placement of the last pair of segments. It is assumed
that both cantilever arms have been advanced, with one segment already positioned while the
other is yet to be placed.

According to the SETRA design guidelines, two types of load combinations must be
considered during construction:

% Fundamental Combination (Type A): Verification with respect to the ultimate limit
state of static equilibrium. The cantilever must not lift off its bearings.

% Accidental Combination (Type B): Verification with respect to the ultimate limit state
under accidental loads. In this case, the cantilever may lift off its bearings, but structural
safety must be ensured.

Table V.2. Summary of Load Combinations.

Type of combination Gmax Gmin Qrrai Qrra2 Qw Fa
Al 1.10 1.10 1.25 1.25 1.25 /
Type A
A2 0.90 0.90 1.25 1.25 1.25 /
Bl 1.10 1.10 1.00 1.00 / 1.00
Type B
B2 0.90 0.90 1.00 1.00 / 1.00

V.2.4. Evaluation of Internal Forces

For the evaluation of internal forces, a finite element software model is used. In this model,
the deck is considered to act as a bi-cantilever.
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Figure V.4. Calculation model for the balanced cantilever.

The 12th construction phase produces the maximum internal forces. The results are
summarized in the tables below:

Table V.3. Evaluation of forces in temporary and accidental situations.

Combination A1 Combination A2 Combination B1 Combination B2

Phase M M M M

oNm) | T ovivmy T aivmy TN vy TN

Axis VSP 76.60 5.53 63.43 4.56 75.77 549 62.60 4.52

End VSP 72.24 5.37 59.83 443 71.44 5.33 59.04 4.39

End V01 60.91 4.93 50.49 4.07 60.20 4.89 49.78 4.03

End V02 50.55 4.49 41.93 3.71 49.92 4.46 41.30 3.67

End V03 41.15 4.06 34.16 3.35 40.59 4.02 33.61 3.32

End V04 32.70 3.62 27.18 2.99 3222 3.58 26.71 2.96

End V05 25.22 3.18 20.99 2.64 24.82 3.15 20.59 2.60

End V06 18.69 2.75 15.59 2.28 18.37 2.71 15.26 2.24
End V07 13.13 2.31 10.97 1.92 12.87 2.28 10.72 1.89
End V08 8.53 1.87 7.15 1.56 8.34 1.84 6.96 1.53
End V09 4.88 1.44 4.11 1.20 4.76 1.41 3.98 1.17
End V10 2.20 1.00 1.86 0.84 2.14 0.97 1.80 0.82
End V11 0.48 0.56 0.39 0.49 0.48 0.54 0.39 0.46
End V12 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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V.3. EVALUATION OF INTERNAL FORCES DURING SERVICE

A key feature of balanced cantilever bridges is that they must be analyzed both during
construction and in the service phase.

In this chapter, the calculations are carried out for the service phase, when the bridge is in
use and all traffic loads are applied. The analysis is performed using MIDAS Civil 2022
structural analysis software.

V.3.1. Phases of Deck Construction
The construction phases of the deck are sequenced as illustrated in the figures below:

Phase 1: Excavation and pile drilling

Phase 2: Placement of reinforcement and concreting of the piles

Phase 3: Construction of the pile footing

Phase 4: Construction of the pier

Phase 5: Installation of the first segment on the pier

Phase 6: Arrangement of the segments

Phase 7: Construction of the first cantilever

Phase 8: Construction of the second cantilever

Phase 9: Construction of the third cantilever and installation of the closing joint
between pier 1 and 2

Phase 10: Construction of the fourth cantilever and installation of the closing joint
between pier 2 and 3

Phase 11: Installation of the closing joint between pier 3 and 4, and arrangement of
the last edge segments

Phase 12: Installation of the edge closing joints

A Yl W -_L A Y

Phase 01 Phase 03
e O N
G o I D i
Phase 04 Phase 05 Phase 06
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Figure V.5. Bridge construction sequence.
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V.3.2. Modeling

Modeling is a critical part of any structural study. Regardless of the complexity of the model,
the objective is to develop a model capable of accurately representing the behavior of the
structure under different conditions.

For this project, the modeling is performed as follows:
The structure is defined using beam elements.
Sections and materials have already been defined in previous chapters.

Supports are considered as simple supports, except for one at abutment C1, which is
modeled as a double support.

Loads and load combinations are defined according to RCPR 2008, as described in
Chapter IV

Figure V.6. Analysis model.

V.3.3. Load Combinations

According to RCPR 2008, the following load combinations must be considered for the
service phase using MIDAS Civil 2022 VERSION :

Table V.4. Load Combinations During Service Phase.

Combination G A(L) Bc Bt Mc120 D240 St
COMB 1 1.35 1.60 0.00 0.00 0.00 0.00 1.60
COMB 2 1.35 0.00 1.60 0.00 0.00 0.00 1.60
ULS | COMB 3 1.35 0.00 0.00 1.60 0.00 0.00 1.60

COMB 4 1.35 0.00 0.00 0.00 1.35 0.00 0.00

COMB 5 1.35 0.00 0.00 0.00 0.00 1.35 0.00
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COMB 1 1.00 1.20 0.00 0.00 0.00

0.00

1.00

COMB 2 1.00 0.00 1.20 0.00 0.00

0.00

1.00

SLS | COMB 3 1.00 0.00 0.00 1.20 0.00

0.00

1.00

COMB 4 1.00 0.00 0.00 0.00 1.00

0.00

0.00

COMB 5 1.00 0.00 0.00 0.00 0.00

1.00

0.00

V.3.4. Results

The structural analysis software uses the finite element method and elasticity theory to

determine the internal forces (M, N, and T) and the deformations of the structural elements.

}-ﬁ Base

B |

J]IL,Y ' I e —

W —

Figure V.7. Bending moment at ULS (envelope).
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Figure V.8. Bending moment at SLS (envelope).
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Figure V.9. Shear force at ULS (envelope).
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Figure V.10. Shear force at SLS (envelope).

V.4. CONCLUSION

In this chapter, we have seen that the study of a cantilever bridge deck built with precast
segments is divided into two phases.

The first phase occurs before the cantilevers are completed, where the stability analysis is
mandatory. In this phase, the mechanical system is isostatic, and the maximum moment occurs
at the supports on the piers.

The second phase occurs after the cantilever segments are joined and the continuity tendons
are tensioned, at which point the structural system becomes hyperstatic. The behavior of the
continuity tendons will be analyzed in the following chapter.
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VI.1. INTRODUCTION

The application of prestressing in cantilever bridges is carried out mainly in two stages:

¢ Cantilever Stage: The cantilevers are maintained in equilibrium on their piers, and the
segments are joined together by horizontal prestressing (cantilever tendons).

% Continuity Stage: The cantilevers are connected to each other and to the end spans,
which are constructed on falsework, using continuity prestressing.

These stages are explained in more detail below, starting with the determination of the
required number of tendons, followed by the calculation of tendon losses, and ending with
the verification of concrete stresses.

VI1.2. CANTILEVER PRESTRESSING STUDY

Cantilever tendons are placed near the top flange of the box girder and are tensioned
symmetrically relative to the pier axis as construction progresses. Their purposes are:

- To assemble the successive segments during construction and resist negative moments
due to the self-weight of the cantilevers and construction loads.

- To contribute, together with continuity tendons, to resisting negative moments caused
by permanent and live loads during service.
VI.2.1. Determination of the Number of Cantilever tendons

The number of cantilever tendons is determined by the following relation:

N P
n_—
(1—AP) - P,

Where :
P= prestressing force
n= number of tendons
P = limit prestressing force provided by a 15T15 tendon, class 1 860
AP= estimated losses, 25%

« Evaluation of P,:

Initial stress:

0p0 = min(0.8f,,4,0.9f pe,) = 1488 MPa
Po = apo X Stendonts =2100 II'lIIl2 = Po =3.12 MN

+ Evaluation of P :
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Where :

v= distance from the centroid of the section to the top fiber

Numerical Application :

I=longitudinal moment of inertia of the section

e= tendon eccentricity relative to the centroid

M= maximum moment due to self-weight and live loads

S= cross-section of the segment at the pier axis

M = 76.60 MN\m(Load Combination A1 — Axis VSP, see Chapter V)

d=0.15m,/ =7.35m* S =13.40 m?,v = 1.04m

Py = 3.12 MN, AP = 25%
P =54.04 MN = n > 23.06 = n = 24 tendons of 15T15

The number of tendons required for each segment is summarized in the table below.

Table VI.1. Estimation of the number of cantilever tendons.

Position | x (m) (Mllzl/l.m) (II;II) v (m) (11114) S(m?)  e(m) (NfN) Tenljlons Value
Axis VSP 0 76.60 240 | 1.04 | 7.35 | 13.40 0.89 54.04 23.06 24
End VSP | 0.80 72.24 240 | 094 | 546 6.84 0.79 44.07 18.81 24
End VO1 | 3.00 60.91 240 | 094 | 546 6.84 0.79 37.16 15.86 24
End V02 | 5.20 50.55 240 | 094 | 546 6.84 0.79 30.84 13.16 22
End VO3 | 7.40 41.15 240 | 094 | 546 6.84 0.79 25.10 10.71 20
End V04 | 9.60 32.70 240 | 094 | 546 6.84 0.79 19.95 8.51 18
End VO5 | 11.80 25.22 240 | 094 | 546 6.84 0.79 15.38 6.56 16
End V06 | 14.00 18.69 240 | 094 | 546 6.84 0.79 11.40 4.87 14
End V07 | 16.2 13.13 240 | 094 | 546 6.84 0.79 8.01 3.42 12
End VO8 | 18.4 8.53 240 | 094 | 546 6.84 0.79 5.20 2.22 10
End V09 | 20.6 4.88 240 | 094 | 546 6.84 0.79 2.98 1.27 8
End V10 | 22.80 2.20 240 | 094 | 546 6.84 0.79 1.34 0.57 6
End V11 | 25.00 0.48 240 | 094 | 546 6.84 0.79 0.29 0.13 4
End V12 | 27.20 0.00 240 | 094 | 546 6.84 0.79 0.00 0.00 2
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NB The number of prestressing tendons must be even and integer, as the box girder has
two webs. tendons must be symmetrically placed to prevent torsional effects.
VI1.2.2. Tendon Layout and Concrete Cover

To ensure proper concrete placement through the construction funnel and avoid interaction
between duct bundles during tensioning, minimum spacing and concrete cover must be
respected:

- Horizontal spacing between tendon axes: e, = 2 X ®; — e, = 20 cm
- Vertical spacing between tendon axes: e, = 2 X &5 — e, = 20 cm
- Concrete cover: C = max(3/4a,®,d) - C = 10cm
Where :
a= horizontal dimension of the rectangle enclosing the duct or bundle of ducts
&= duct diameter (100 mm)

d= 4 cm for typical structures

VI1.2.3. Tendon Layout in Plan

In plan view, prestressing tendons run parallel to the longitudinal axis of the box girder. To
anchor into the web axis, tendons follow an S-shaped path, though straight paths without plan
variation are also possible.

Xi Xi+l
o'
pit1
¥/} — — ™\ — — — —
I;I \&%
o L] .
L1 L2 L

Figure VIL.1. Tendons plan layout.
2
- Parabolic equation in plan: Z(x) = Zo + (Z1 — Z,)) (?)

(x;)? o (p)?

- Radius of curvature ata point: R; = ————, R;,1 =
LT 2z’ Y T 2(zi1-2i42)

.. . . 2 i —Zj
Slope in intermediate section: ;1 = arctan (%)

2r))

Slope in anchorage section: ;.1 = arctan ( .
i+1

Where :
Z;, Z; 1= vertical deviation of the tendon

L;, L; 1= length over which curvature occurs (length of a segment)
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B= deviation angle
R ,in= minimum radius of curvature, R,;, > 3 m

For this study, both curves have the same shape but opposite directions, implying x; = x;,4.

VI1.2.4. Tendon Layout in Elevation
Tendon paths must satisfy the following:
- Avoid tendon crossing, especially at the webs
- tendons follow a straight path up to the last segment, then a parabolic deviation occurs

e —
I

do ‘ 4
_-‘—f-’ﬁs:gﬂ_% dli -
R

Figure VI.2. Tendons elevation layout.
. . . . X 2
- Parabolic equation in elevation: y(x) = dg + (dq — dy) (7)

2

>R,
2(d1—dy) min

- Radius of curvature at a point: R(x) =

- Deviation angle: a(x) = arctan (—Z(dll_zd())x)
Where :

d,= distance from tendon centroid to top fiber
d,= distance from anchorage to top fiber

[= length over which curvature occurs

Rpin =3 m

Equations and parameters are detailed in Appendix C.

VI.3. CONTINUITY PRESTRESSING STUDY

Continuity prestressing consists of tendons tensioned after keying to resist the hyperstatic
moments generated in the structure, as well as positive bending moments caused by service

loads.

VI1.3.1. Determination of Continuity tendons in the Main Span

In the intermediate span, continuity tendons are intended to resist maximum positive

bending moments. The required number of tendons is calculated based on the maximum

positive moment obtained from a finite element analysis using the following relation:

M-v

I
e .

:1 v’
st

I

n>————, e=v —d
0.75 X Py

P
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Where :

The

M= bending moment from the most unfavorable load combination
v'= distance from the centroid of the section to the top fiber

d= distance from the section centroid to the tendon anchor

I= moment of inertia of the section

S= section area of the segment

AP= estimated prestress losses (25%)

P o= ultimate prestressing force provided by a single tendon

number of continuity tendons for the main span (P1 — P2 — P3— P4) is summarized in

Table VI.2. An example calculation for the most stressed segment V12 is given below:

Numerical Example :

M =46.36 MN-m (COMB-SLS: Envelope, see Chapter V)
d=0.15m;1=546m*; S=6.84m% v'=1.46 m
Pop=3.12 MN; AP=24.12 % = P=24.93 MN

n>10.51 = adoptn = 12 tendons of 15T15

Table VI.2. Estimation of the number of continuity tendons for the main span.

Section M MN.m) | v'(m) | v(m) I (m%) S (m?) e(m) | P(MN) | N Tendons | Value
End V03 0.00 1.46 0.94 5.46 6.84 1.31 0.00 0.00 2
End V04 3.06 1.46 0.94 5.46 6.84 1.31 1.65 0.69 2
End V05 12.70 1.46 0.94 5.46 6.84 1.31 6.84 2.88 4
End V06 21.16 1.46 0.94 5.46 6.84 1.31 11.40 4.81 6
End V07 28.41 1.46 0.94 5.46 6.84 1.31 15.30 6.45 8
End V08 3442 1.46 0.94 5.46 6.84 1.31 18.54 7.82 10
End V09 39.23 1.46 0.94 5.46 6.84 1.31 21.13 8.91 10
End V10 4293 1.46 0.94 5.46 6.84 1.31 23.12 9.75 12
End V11 45.28 1.46 0.94 5.46 6.84 1.31 24.39 10.28 12
End V12 46.36 1.46 0.94 5.46 6.84 1.31 2493 10.51 12
End V12 45.95 1.46 0.94 5.46 6.84 1.31 24.75 10.44 12
End V11 44.04 1.46 0.94 5.46 6.84 1.31 23.72 10.00 12
End V10 41.12 1.46 0.94 5.46 6.84 1.31 22.14 9.34 12
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End V09 36.98 1.46 0.94 5.46 6.84 1.31 19.92 8.40 10
End V08 31.55 1.46 0.94 5.46 6.84 1.31 16.99 7.16 8
End V07 24.85 1.46 0.94 5.46 6.84 1.31 13.38 5.64 6
End V06 16.97 1.46 0.94 5.46 6.84 1.31 9.14 3.85 4
End V05 7.95 1.46 0.94 5.46 6.84 1.31 4.28 1.80 2
End V04 0.00 1.46 0.94 5.46 6.84 1.31 0.00 0.00 2

V1.3.2. Layout of Continuity tendons in the main span

After determining the required number of tendons for each segment, their layout is
illustrated in three views: plan view, elevation, and cross-section.

The equations and parameters governing the tendon paths are provided in Appendix C.

VI1.3.3. Determination of Continuity tendons in the End Span

The continuity tendons in the end spans have the same function and are calculated using the
same formula as for the main span tendons. The required number of tendons for the end span
is summarized in Table VI.3.

Numerical Example :

M =24.47 MN-m (COMB-SLS: Envelope, see Chapter V)
d=0.15m;I1=546 m* S=6.84m? v'=1.36m

Pop=2.71 MN; AP=25% = P=13.18 MN

n>6.41 = adopt n = 8 tendons of 13T15

Table V1.3. Estimation of the number of continuity tendons for the side span.

Section | M (MN.m) @ v'(m) v (m) I (m*) S (m?) e(m) | P(MN) | N Tendons | Value
End V04 0.00 1.46 0.94 5.46 6.84 1.31 0.00 0.00 2
End V05 6.12 1.46 0.94 5.46 6.84 1.31 3.29 1.60 4
End V06 12.61 1.46 0.94 5.46 6.84 1.31 6.79 3.30 4
End V07 17.72 1.46 0.94 5.46 6.84 1.31 9.54 4.64 6
End V08 21.43 1.46 0.94 5.46 6.84 1.31 11.54 5.62 6
End V09 23.74 1.46 0.94 5.46 6.84 1.31 12.79 6.22 8
End V10 24 .47 1.46 0.94 5.46 6.84 1.31 13.18 6.41 8
End V11 23.75 1.46 0.94 5.46 6.84 1.31 12.79 6.22 8

1 g fuaalt
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End V12 21.68 1.46 0.94 5.46 6.84 1.31 11.68 5.68 8
End VC3 19.32 1.46 0.94 5.46 6.84 1.31 10.41 5.06 6
End VC2 14.89 1.46 0.94 5.46 6.84 1.31 8.02 3.90 6
End VClI 9.10 1.46 0.94 5.46 6.84 1.31 4.90 239 4
End VSC 1.95 1.46 0.94 5.46 6.84 1.31 1.05 0.51 4

VSC 0.00 1.36 1.04 7.35 13.40 1.21 0.00 0.00 2

VI1.3.4. Layout of Continuity tendons in the end span

After determining the required number of tendons for each segment, their layout is
illustrated in three views: plan view, elevation, and cross-section.

The equations and parameters governing the tendon paths are provided in Appendix C.
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( Layout of cantilever tendons VSP axis Sedle 1:20 )

< Combined profile of cantilever tendons Scale 1:100 )
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V1.4. EVALUATION OF PRESTRESS LOSSES

In general, prestress loss refers to the difference between the force applied by the jack during
tensioning and the actual force present in a tendon at a specific time.

In prestressed concrete, these losses are far from negligible and can reach 20% to 30% of
the initial prestress. They can be categorized into instantaneous (short-term) losses and time-
dependent (long-term) losses.

VI1.4.1. Instantaneous Prestress Losses
Instantaneous losses occur at the moment the tendons are tensioned. They include:
- Friction losses
- Anchor slip losses
- Elastic shortening of concrete
The total instantaneous loss is expressed as:

Ao; = Agy + Aagy, + Ao,

VI1.4.1.1. Friction Losses

Friction losses occur due to the interaction of the tendon with its duct, especially in curved
paths or deviations in the tendon trajectory. The actual tendon path rarely follows a perfectly
straight line, and even in linear segments, small parasitic deviations exist. These losses can be
expressed by the following formula:

AGs(x) = 0y - (1—e~ U 0+¢D)
Where:

opo: initial tendon stress

e: base of natural logarithms

f: coefficient of friction along curves (rad™*)

¢: coefficient of friction along straight segments (m™)

0: cumulative angular deviation of the tendon over distance x (rad)
x: distance from the section considered (m)

A

X

Figure V1.3. Friction along the tendon during tensioning.
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During construction, the tendon may experience angular deviations a in elevation and f in
plan, yielding:

0 =a+ [ (successive deviations)

6 = \/tan? a + tan2 B (simultaneous deviations)

VI1.4.1.2. Anchor Slip Losses

Anchor slip occurs due to the movement of the tendon relative to its anchor, or
deformation/settlement of the anchor itself. The effect diminishes with distance from the

anchor and can be defined as:
Aoy(x) =2-0po-k(d—x)
f : ﬁ Ep '8

k="t 1 d=
l d) O'P()'k

Where :

d: length over which anchor slip occurs
g =2 mm: magnitude of anchor slip
Ep =190 000 MPa: modulus of elasticity of the tendon steel

V1.4.1.3. Elastic Shortening Losses
Since prestressing is applied sequentially to multiple tendons, the initial shortening of the
concrete affects subsequently tensioned tendons.

If a member contains n tendons, the first tendon experiences the effect of the n-1 subsequent
tendons, whereas the last tendon does not experience this loss. The average loss due to concrete

elastic shortening can be calculated as:

1 E,
Oc =5 "7 Obpj
2 Ep;
P+P-e2 M, e
o‘ [ — —
T BT I, I¢

Where :

ob: final concrete stress after stabilization of instantaneous losses
Ep: modulus of elasticity of prestressing steel

Eci: instantaneous modulus of concrete

P: prestressing force, P = Po(1 - AP)

Mp: bending moment due to self-weight of the member

VI1.4.2. Time-Dependent Prestress Losses

Long-term losses occur gradually over time and include:

- Losses due to concrete shrinkage
- Losses due to concrete creep
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- Losses due to steel relaxation

The total long-term loss is:
5
Aoy = Ao, + Aoy + gAap

VI1.4.2.1. Shrinkage Losses

During hardening, concrete undergoes volumetric reduction due to evaporation of excess
water and chemical reactions. If to is the age of the concrete at the time of tendon tensioning,
the remaining shrinkage is:

Ao, = Ep €+ [1—71(tp)]

In practice, r(to) can be neglected compared to 1, giving: Aor = Ep.er, with typical er =
2x107* for temperate humid climates.

VI1.4.2.2. Creep Losses

Creep is the time-dependent deformation of concrete under sustained stress. It develops
gradually after loading and in addition to shrinkage. The creep-related prestress loss is:
Oy — Op

Eyj

Ao-fl= Ep'Ef,Ef =

Where : oM 1s the maximum concrete stress after instantaneous losses; according to BPEL,
oM <~ 1.5 ob.

E . :
Where :Agf; = 2.5 0(%) E—" , ob : Final stress in the concrete at the tendon level.
bi

V1.4.2.3. Steel Relaxation Losses

Steel relaxation leads to a reduction of tendon stress over time, depending on steel type and
treatment. It can be estimated as:

6 for
Aap:E'Pmoo'(H—ﬂo)‘o'i(x),lvl:ﬁ

Where :
p1ooo = 2.5%: guaranteed relaxation at 1 000 hours
oi: initial tendon stress
po = 0.43: coefficient for very low relaxation (TBR steel)
V1.4.2.4. Total Prestress Losses
Total prestress losses are the sum of instantaneous losses and time-dependent losses:

Aoy = Ao + Aoy

V1.4.3. Application to Cantilever Tendons

The results of the prestress loss calculations for each tendon are presented in Table V1.4 and
detailed in Appendix C.
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Table V1.4. Average tension loss percentages (%) of the cantilever tendons.

Section Acy Aoy Ace AGi Aoy Aon Acp Aca AGiot

Axis VSP | 7.80 0.28 0.51 8.58 2.55 3.78 4.13 9.78 18.36

End VSP | 7.65 0.30 1.25 9.21 2.55 7.53 4.04 13.45 22.66

End V01 6.59 0.92 1.54 9.05 2.55 8.73 4.06 14.67 23.72

End V02 6.41 1.81 1.53 9.75 2.55 8.52 3.95 1437 | 24.12

End V03 6.17 1.83 1.53 9.54 2.55 8.37 3.99 14.25 23.79

End V04 5.97 1.76 1.48 9.21 2.55 7.98 4.03 1390 | 23.11

End V05 5.71 2.01 1.40 9.12 2.55 7.45 4.05 13.38 22.50

End V06 5.14 231 1.30 8.75 2.55 6.84 4.11 12.81 21.57

End V07 4.70 2.72 1.17 8.60 2.55 6.09 4.13 12.09 20.68

End V08 4.10 327 1.02 8.39 2.55 524 4.16 11.26 19.65

End V09 3.30 4.11 0.84 8.25 2.55 4.28 4.18 10.32 18.57

End V10 2.69 5.49 0.63 8.82 2.55 3.18 4.10 9.15 17.97

End V11 1.69 7.28 0.40 9.38 2.55 2.02 4.03 791 17.29

End V12 | 0.00 9.05 0.17 9.22 2.55 0.93 4.01 6.76 15.97

V1.4.4. Verification of Normal Stresses

The application of prestressing induces normal stresses in both the top and bottom fibers,
during the construction phase as well as the service phase. These stresses must be verified
against the allowable limits specified by the applicable regulations.

The verification condition is:
Opc = 0 = 0p;
The stress at a given fiber is calculated as:

P P-e M

a(y)=§+ 7 -y+7-y

Where :

P= prestressing force including losses

B= cross-sectional area

I= moment of inertia of the considered section

eo= eccentricity of the resultant prestressing tendon
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M= external bending moment
y= distance from the centroid to the extreme fiber

VI1.4.4.1. Verification of Stresses During Construction Phase

The first stage of stress verification is governed by:

O-_bC = 0.6 fC28 = 21 MPa
Opt1 = —1.5 fi29 = —4.05 MPa (outside cover zone)
Opt2 = —0.7 fi28 = —1.89 MPa (cover zone)

VI1.4.4.2. Verification of Stresses During Service Phase

For the service phase analysis, two verification cases are considered:
< Unloaded condition: only the self-weight of the deck is taken into account
< Loaded condition: both permanent loads and live loads are considered

The verification criteria in this phase are:

O-_bC =0.6 fCZS = 21 MPa
0pt1 = —1.5 fi2g = —4.05 MPa (outside cover zone)
Opez = —1.0 fi,5 = —2.70 MPa (cover zone)

The results are presented in Appendix C, where all stresses are verified.

V1.4.5. Reinforcement in Tensile Zones

In zones where tensile stresses occur in concrete, it is necessary to provide a minimum area
of passive reinforcement A, in accordance with Article 6.1.32.4.1 of the BPEL rules.

The required reinforcement area is given by:

A - B Nee [y
1000 f, op

Where :

B,= net area of concrete in tension

o g~ absolute value of the maximum tensile stress
N g,= resultant tensile force

f o= yield strength of the reinforcement steel

op=10.08 MPa
000000000 V00000000
XX 000
P <& & Gnp=1.013 MPa
o066 G+ o .
op=1.88 MPa

Figure VI.4. Detail of the tension zone under longitudinal actions.
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According to the previous figure and the stress verification table (Appendix C), we have:

Bt = 1.57 mz

0p: = 1.88 MPa

ONBt = 1.013 MPa
Thus :

N, = 1.59 MN

A - 1.57 N 1.59 2.7
$7 1000 500 1.88
Adopted reinforcement: = 2 layers of HA14 spaced at 20 cm

= 61.37 cm?(5.90 cm?/m)

VLS. VERIFICATION OF SHEAR STRESSES

VI1.5.1. Verification with Respect to SLS
The shear-resistant part of a box girder is mainly the web, while the top and bottom flanges,
due to their inertia relative to the centroid, primarily resist bending.
VI.5.1.1. Determination of Shear Force
% Shear Force Due to External Loads

The shear force due to external actions corresponds to the resultant of all applied loads and
is expressed as:

V=Vq+Vg =8.31 MN
Where :

Vg

Vq: shear force due to variable loads

: shear force due to self-weight

% Shear Force Due to Prestressing

The actions acting on the considered element are reduced to the vertical components of all
applied forces:

A positive external shear force
A vertical component of the prestressing force P - sin a, which reduces the shear
force

Thus : Vp=P-sina

Numerical Example :

Py = 3.12 MN
AP = 24.12%
®Amoy = 0.178 rad

n = 24 tendons
P =56.91 MN
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Vp =10.08 MN
% Reduced Shear Force at Serviceability Limit State
The following condition must be verified:

Tmax < min(‘[_l, ﬁ)

With :
_ Vred
b,z
Such that :
T5=0.4-fy - (fy + 0x)
_ fei
t2=2-22(0.6 f;;—0,) (fyj + 0x)
fcj
Where :

oL N
o, longitudinal normal stress at the centroid Txcosa

z:leverarm (z = I/S), and by simplification: z = 2(1 + p)
I
v'-v-B
b,,: effective web thickness, equal to the difference between the total web thickness
and the diameters of the ducts crossing the web: b,, = 2(by —n - k - ®)
b,: total web thickness

p: mechanical reinforcement ratio of the section: p =

n: number of tendons
k = 0.5: coefficient for cement grout injection
®: diameter of the duct

Numerical Example :

Amoy = 0.178rad = V., = 8.31 MN

P =56.91MN, Vp = 10.08 MN, V.., = 1.77 MN
B, = 6.55m? = g, = 8.55MPa

fe2g = 35MPa, f;,5 = 2.7 MPa,

I, =522m* B, = 6.55m3,b, = 0.7m
p=0.578,z=1.894m

T, = 3.49 MPa, T, = 4.65 MPa

Tmax = 1.68 MPa

Conclusion: Tmax < T

= Shear stresses are verified near the studied section
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VI.5.2. Verification at Ultimate Limit State (ULS)
The verification of structural elements at the ultimate limit state involves:

¢ Checking the concrete compression struts

% Checking the resistance of transverse reinforcement

VI1.5.2.1. Concrete Compression Struts

First, the angle B, formed by the concrete struts with the mean fiber of the beam is
determined using:

21, ) .
tan(2p,) = ﬁ,Wlth B, =30

x y
Where :
. P-cosa
0y, 0,: normal stresses at the centroid 0, = N o, = 0
n
; v ‘S
T,,: reduced ultimate shear stress T,, = ’;L‘;"
n'tn

Vi rea: maximum reduced shear force at ULS in the considered section

+» Verification Condition for Concrete Struts

The verification of concrete compression is expressed as:

0.85 - fc28
TyS———-, <
Vb - Sin(2B,)
For B, = 30°, this simplifies to:

chB
6

Ty <

Numerical Application :

Viyis = 11.23 MN, Vp = 10.08 MN, Vyy0q = Vs — Vp = 115 MN
I, =522m* S, = 6.55m3 b, = 0.7m,r, = 2.06 MPa
oy = 855MPa g, =0, f,, = 12.86° = B, = 30° (adopted)

Verification: 7, = 2.06 < 3?5 = 5.83 MPa

= Concrete compression struts are verified

VIL.5.2.2. Resistance of Transverse Reinforcement
The required transverse reinforcement area A; is given by:
A; - .
AcSe =tanp, - (ru— %)
bn “St° Vs
Where :

A,: total area of transverse reinforcement per spacing
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S¢: spacing of reinforcement
f e: yield strength of steel
¥s = 1.15: safety factor

« Minimum Reinforcement Condition

A b,
Zt50.6.2n s

S e

Numerical Application :

1, = 2.06 MPa f,,5 = 2.7 MPa f, = 500 MPay, = 1.15 b, = 0.7 m S, = 30°
Ac_ 06Dy

> 9.66 cm?/m

St e Vs

= To be verified in the transverse design study

V1.6. CONCLUSION

The study of prestressing is an essential part in the design of a segmental bridge constructed
by the balanced cantilever method. The different types of tendons are determined according to
the bending moments that must be resisted.

The decrease of moments from the fixed support makes it possible to progressively
terminate the cantilever tendons within each segment. Following the same principle, and based
on the moments at mid-span, the required continuity tendons are determined.

Finally, a verification of stresses at the joints is carried out in order to identify the sections
where additional passive reinforcement is required to compensate for tensile stresses in the

concrete.
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VIL1. INTRODUCTION

This chapter focuses on the determination of transverse reinforcement (passive
reinforcement) in the webs, as well as in the upper and lower slabs.

Since the structure has a constant depth, the transverse bending analysis is carried out on the
typical cross-section, with particular attention given to the standard segment.

At the level of the segment cross-section, the self-weight and the various service loads
generate external forces, which are balanced by shear stresses resulting from the shear force.

VIIL.2. EVALUATION OF FORCES

VII.2.1. Modeling

The modeling is carried out using a finite element—based software. The segment is
represented by a closed frame, supported at the lower part of the webs by two simple supports
(double-simple) located at the ends of each web.

A unit length of 1 m is adopted for each segment, and the sections of the different elements
of the box girder are considered as equivalent sections in terms of both weight and inertia.

Figure VII.1. 3D view of the typical segment.

VII.2.2. Determination of internal forces/stresses

The loads to be considered are defined beforehand in Chapter IV. The segment must be
reinforced under a moment specific to the most unfavorable combination, given by RCPR.

These combinations are those listed in Tables V.4 established in Chapter V.

VII.2.3. Results

The results are summarized in the following table:
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Table VII.1. Extreme moments in the segment at the keystone.

Upper slab Lower slab Web
Mpax (KN-m) 249.90 46.70 276.70
ULS
Muin (kKN-m) -336.00 -61.30 - 60.80
Minax (KN-m) 185.10 34.60 208.30
SLS
Mumin (KNm) -251.60 - 45.40 - 45.00
4 Base MW ngtrzfr:c}ggslca
oy
- s
o 1-24651e+02
n | -,
3 7 —T -8.43541=+01
\\\ L] //Q It -1.26155e+02
& '—"- -1.67956e+02
\ Y B
.
i - L
Figure VIL.2. Maximum moment for the SLS combination G + D240.

VIL.3. REINFORCEMENT

To ensure proper reinforcement design, the segment is subdivided into several elements,
defined as follows: a top slab working in simple bending, two webs working in combined
bending, and a bottom slab working in simple bending.

VIL.3.1. Reinforcement Design of the Upper Slab of VSP

Cracking is considered detrimental; therefore, the design of the rectangular section is carried
out at the Serviceability Limit State (SLS).

+ Bottom reinforcement layer:

Numerical Application :

b=1.00 m (calculated per linear meter)
h=035m,c =0.05m, Mg, = 185.10 kN\m
Ope = 21 MPaj;o, =250MPa,d =09 X h=315cm

_15_"_bcxd:17_56cm,z:d—§=25-650m

T 15040,
M; =05Xb Xx X0, Xz=471.28kN\m

Since M; = M,,, = the section is without compression reinforcement (S.S.A.C).
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Aser = e — 28.72 cm®\ml = Proposed reinforcement: 6HA25

ZXOgt

Minimum reinforcement (CNF): 4,,,;;, = 0.23 X ];ﬂ XbXd =3.91cm?

e

Since Apin < Aser = the non-fragility condition is satisfied.

% Top Reinforcement Layer

Numerical Application :

h=0.35m,d =0.32m,x = 0.18m,z = 0.26 m, Mg,,, = 251.60 kN\m
M; = 05X b X x X0, Xz=346.50 kN\m

Since M; = M., =the section is without compression reinforcement
(S.S.A.C).

Ager = 38.97 cm? =Proposed reinforcement: 6HA32

Amin = 3.91 cm? =The non-fragility condition is satisfied.

¢ Longitudinal Reinforcement

The longitudinal reinforcement is considered as construction reinforcement only, since the
total approach is adopted, meaning that prestressing tendons carry all loads and surcharges of
the structure.

Numerical Application :

A

Ag = TSt = 16.08 cm? = A reinforcement of 10HA14 is proposed.
ftj

(CNF): A = 0.23 X =2 X b x d = 3.35cm? < A, = Condition verified.

e

VIL3.2. Passive Reinforcement of the Segments

The reinforcement results are summarized in the following table:

Table VIL2. Passive reinforcement of the segments.

Transverse Longitudinal
Element
Layer As %) %]
Sup 39.70 6HA32 SHA20
Upper slab
Inf 28.50 6HA25 SHA16
Sup 6.60 SHA14
Lower slab SHA10
Inf 5.00 SHA14
External 24.80 6HA25
Web SHA16
Internal 24.80 6HA25
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N.B: The bending moment diagrams as well as the shear force diagrams are presented in
the appendix B.

VII.4. TORSION EFFECT

Torsion is a common phenomenon in structures, often neglected due to its complexity and
generally limited impact. However, it must be considered when it contributes to structural
stability, as is the case for the segment loaded outside its plane of symmetry.

Torsional effects are introduced in the webs by adding longitudinal and transverse
reinforcement to the previously determined reinforcement. The torsion effect is checked in the
curved zone with a radius of 125 m.

Hi Base i B

DATE: 05/24/2026
VIEW-DIRECTION
i

Figure VIL.3. Torsional moment diagram.

The torsional moment My = M4y 515 = 4 143.41 kN\m

. S M
The shear stress due to this low torsion is given by: T = b—é

Where :

M, : maximum torsional moment, M; = 4 143.41 kN\m
b: thickness of the two webs, b = 2 X 0.40 = 0.80 m
Q: torsional area, O = 10.65 m?

U: perimeter of the segment, U = 24.04 m

7: allowable shear stress, T = 0.1 X f.,g = 3.5 MPa

S;: spacing of the bars, S; = 20 cm

Y partial safety factor, taken as y, = 1.15

. 555 N
1 I
AN W W A W W
494 |

Figure VIL.4. Section Q.

210
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VII.4.1. Reinforcement Calculation

M, 4143.41 x1073
“bQ  0.8x10.65
MUy, 4.14 x 24.04 x 1.15

A, = =
720 f ° 2x10.65x% 500
_ MSys 414x0.2x115

YT 20f  2x10.65 x 500

T

= 107.47 cm?

= 0.89 cm?

These areas are divided by two since the calculation is performed for both webs.
Therefore, the required reinforcement is:
< Longitudinal (per web): 53.74 cm? = 8HA32 per web

2

¢ Transverse (per web): 0.45 cm* = (negligible)

The figure below illustrates the reinforcement details for the typical segment:

=0.52MPa<3.50MPa = 1,x< T
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VILS. STUDY OF PRESTRESSING DIFFUSION AND ANCHORAGE

The anchorage force induces high compressive stresses over a small concrete surface. This
force then spreads over a larger area within the segment. After a certain distance, called the
regularization length, the Saint-Venant principle is assumed to apply, and the normal stress
distribution becomes linear.

Four cases of prestressing force diffusion are distinguished:

- Centered straight tendon
- Eccentric straight tendon
- Multiple straight tendons
- General case: multiple curved and inclined tendons

Let:

S4: end section where the tendons are anchored
S,: regularization section located at a distance
d: height of section S,

The tendon stressing is performed after 4 days of concrete curing:

- J  _ .
fej= 2761085 17.33 MPa for f.j < 40 MPa

fij = 1.64 MPa

VILS5.1. Regulatory Provisions According to BPEL

VII1.5.1.1. Surface Effect

In the immediate vicinity of the anchorage, surface confinement reinforcement is required :

0.04xP : __ 2
A, =—"% with og==f,

O 3
Where :

P,ax: the maximum prestressing force in the considered section, Py,,x = 2.84 MN
Result : A, =3.41cm? = 5HA10

VIIL.5.1.2. Bursting Effect

++ Concrete tensile stress:

a; P
=0.5( ——’)xe"‘“" <1.25f,

d] X d;

Oy
d;: height of the symmetric prism at level j,
d; = min(c,c¢') = min(1.20;0.48) = 0.48 m
a;: dimension of the anchorage plate at level j, a; = 0.25 m

e: width of the web,e =2 X 0.4 =0.8 m
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=1.77 MPa < 2.05 MPa = Condition verified

Result :

+ Concrete Compressive Stress

Pmax
Pxj = exd; fc]
2.84
Result : O3 = 58048 7.40 MPa < 11. 55 MPa = Condition verified

» Bursting Reinforcement

R/
*

For each anchorage at level j, the required steel area is

0.25 (1—ﬂ)P
. d; max
A= 5 = 6.80 cm?
K] X§fe

Note : K; = 1.5 for an intermediate anchorage

The final transverse steel area is

A, = max| A,; % = 6.80 cm?
§fe

Note : These reinforcements are distributed over a length d
VILS.2. Bossage Study
The continuity tendons are housed in the bottom slab and may be deviated within special

prisms called bossages.

[a
// / //// /’”//

Figure VILS. Bossage steel.
Under the effect of the prestressing force P, transverse fibers of the slab are subjected to

deformation, generating a dragging force behind the bossages
To limit this effect, specific passive reinforcement is introduced. Three categories of passive

reinforcement are distinguished (for tendon CCO1)

* Bursting Reinforcement A4,

L)

These reinforcements are placed over a distance of 1.2 C ahead of the anchorage plate

measured from the end of the boss.

- 107 - £ |
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_0.15P b _fe
YU fya=11s
Where :
P: is the prestressing force at anchorage, P = 3.12 MN
Result :
0.15x3.12
Ay =———— =10.78 cm?
434.78

% Intermediate Stitching Reinforcement A,
These reinforcements are distributed between the boss head and the beginning of the tendon
curvature.
0.4P
2 —_—
f yd

+ Reinforcement for Deviation Force A;

= 28.75 cm?

These reinforcements are located in the curved zone of the tendon.

2 P
A3 = —xX — X sina = 16.43 cm?
3 fyd

Where :

a:is the angle between the prestressing tendon and the upper fiber of the slab,
a = 0.35 rad.

Adopted Reinforcement

% A; =10.76 cm?— 2 double stirrups HA14
< A, = 28.75 cm?— 4 double stirrups HA16
% A3 = 16.43 cm?®— 5 stirrups HA16

5,15,15,15,15,15,15

&4

s
—
—

2HA14

=L
T
=x

Figure VIL.6. Bossage reinforcement diagram.

VII.6. CONCLUSION

The modeling of the segment using dedicated software made it possible to determine the
different internal forces under various load combinations. This subsequently enabled the design
of the passive reinforcement for the structural elements of the segment.

GAHAM & ARAR - 108 - //_\

1 g fuaalt

H
ik
E
E
iER



CHAPTER VIII

SEISMIC STUDY AND
BRIDGE COMPONENTS



CHAPTER VIII. SEISMIC STUDY AND BRIDGE COMPONENTS

VIIL.1. INTRODUCTION

Bridge equipment plays a fundamental role in ensuring the serviceability and durability of
the structure. It consists of a set of devices with various characteristics, designs, and operating
principles, whose purpose is to enable the bridge deck to properly fulfill its function,
particularly with respect to user safety and comfort.

Among these equipment elements, particular attention is given to bearing devices, pedestals,
and expansion joints.

In this study, the focus is placed on the analysis of essential equipment, especially the
bearing devices, considering their behavior at the Ultimate Limit State and under exceptional
loading conditions when required.

VIIL.2. BEARING DEVICES

Bearing devices are structural components that ensure the connection between the bridge
deck and its supports. Their primary function is to transfer vertical loads from the
superstructure to the substructure, while also accommodating horizontal forces and movements
such as displacements and rotations.

VIIIL.2.1. Selection of Bearing Type

For the present bridge, laminated elastomeric bearings have been adopted. These bearings
are composed of layers of elastomer—generally neoprene—stacked together with interleaved
steel plates acting as reinforcement.

This type of bearing is widely used in reinforced and prestressed concrete bridges due to the
advantages it offers:

Ease of installation
Simplicity in adjustment and inspection
Efficient distribution of horizontal forces among multiple supports

Relatively low cost

The selected bearings are of Type B, consisting of n elastomer layers and n + 1 steel plates.
The entire assembly 1s covered by a peripheral elastomer layer of sufficient thickness to ensure
durability and protection.

g

a',b'orD'

a,borD

Figure VIIL.1. Geometric definition of a bearing device.
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The main parameters defining the bearing are:

T: total thickness of elastomer

Tp: total thickness of the bearing

n: number of elastomer layers

t;: thickness of a single elastomer layer

e: cover thickness (protective elastomer layer)

VIII.2.2. Evaluation of Normal Forces on Bearings

The reactions and the corresponding vertical forces applied to the bearings are determined

at the Ultimate Limit State (ULS).
Table VIII.1. Reaction applied to the bearing devices.

Combination | Abutment 01 = Pier 01 Pier 02 | Pier 03 | Pier 04 | Abutment 02
G 1.58 6.38 7.07 6.06 5.50 1.49
1.35G+1.6A(1) 2.51 10.19 10.76 8.96 8.17 2.33
1.35G+1.6B¢ 3.09 9.90 10.45 9.36 8.60 3.11
1.35G+1.6B; 2.57 9.33 10.23 8.79 8.04 2.54
1.35(G+Mc120) 291 9.54 10.01 9.09 8.35 2.95
1.35(G+D240) 3.47 10.08 10.88 9.63 8.89 3.49

VIIIL.2.3. Design of the Bearing Device

According to the SETRA technical guide, the plan dimensions of the bearing device are
determined based on the normal stress under the maximum reaction at the Ultimate Limit State.

VIIL.2.3.1. Bearing Area

The verification of the non-crushing condition allows the determination of the bearing

dimensions.
N
ﬁ < 0 44m = 20 MPa
Numerical Application :
For abutments : For piers :
Npax = 3.49 MN Nmax = 10.88 MN
axb>1745cm? axXb>5440 cm?
Adopted:a X b = 500 X 500 mm? Adopted: a X b = 800 X 800 mm?
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CHAPTER VIII. SEISMIC STUDY AND BRIDGE COMPONENTS

VIIL.2.3.2. Thickness of the bearing T

Verification of the non-buckling condition to determine the elastomer height:

a a
—<T< =
10 5
Where :
T: thickness of the bearing
a: larger side of the elastomer
Numerical Application :
For abutments : For piers:

a=500 = 50<T <100 mm a=800 = 80mm<T <160 mm

VIIL.2.3.3. Design of Steel shims

To determine the thickness of the steel shims, the following tensile stress conditions must
be verified:

with:
Noax a-b a o,
g, = B=————,0,=235MPa,G =0.9MPa,t.>— —
m=ab P 2 6arb % ? V78,
Numerical Application :
For abutments : For piers :
o, = 13.96 MPa 0y = 17.00 MPa
B =13.86 = t;, > 2.14 mm B =2222=t;,>2.60 mm
Adopted: t; = 3 mm Adopted: t; = 3 mm

The dimensions are summarized as follows:

For abutments : For piers :

6 elastomer layers: t; = 10 mm 7 elastomer layers: t; = 16 mm
7 steel shims: tg = 3 mm 8 steel shims: tg = 3 mm

Edge cover: 4 mm Edge cover: 4 mm

External cover: 5 mm External cover: § mm
50050091 mm? 800x800x152 mm?

VIII.2.4. Evaluation of Horizontal Displacements

VIII.2.4.1. Displacements due to static actions

The static force at the top of each support is given by:
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_Ax-G-a-b

Hsta -
Tq

Where :

G: shear modulus of the bearing, G = 0.9 MPa
Ax: deformation due to the applied force

a X b: dimensions of the bearing

T': thickness of the elastomer layers

% Action due to shrinkage

_A-G-a-b
T T
With : A. =& 1X; |

Where :

&, is the shrinkage coefficient ;&, = 2 x 10~%

% Action due to temperature variation

HT:AT-G-a-b
T
With : Ar=¢&r-1X;|l,er=AT -«
Where : Ar=35°C,a =105, =35x107*
% Action due to creep
_Aﬂ-G-a-b

nme—r
With : Apr= €51 X; |
And : g =Kpx107*

Where :
Kp: creep coefficient (between 2 and 3)
Adopted: K = 2.5 = ¢ = 2.5x 107*
VIII.2.4.2. Displacements due to dynamic actions

The only dynamic action considered is the braking force:

- Due to truck Be: Fr = 300 kN
- Dueto load Al: F. = 248.58 kN
The displacement is calculated as:
Feoo T
AfT = —fr q
2-G-a-b
The braking forces are distributed according to the stiffness of each support.
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VIIIL.2.4.3. Center of rigidity

The center of rigidity with respect to abutment Cj is:

X;K;
Xcr/c1 = ZZ;(' - =120.03m
3

Where :

K;: stiffness of support
X;: position of the supports
| X; |: distance between the support and the center of rigidity

The following table summarizes the horizontal forces and displacements in the deck:

Table VIIIL.2. Forces and horizontal displacement of the deck.

Ki Xii = A Ar | An | Ax | H: | Hr | Han  Hg
(MN/m) | (m) (m)  (m) (m) (m) (MN) (MN) (MN) (MN)

Cl 6.43 120.03 | 0.024 | 0.042 A 0.030 | 0.010 | 0.077 | 0.135 | 0.096 | 0.023

P1 8.89 84.03 | 0.017 | 0.029 | 0.021 | 0.013 | 0.076 | 0.132 | 0.094 @ 0.033

P2 8.86 28.03 | 0.006 = 0.01 | 0.007 | 0.013 | 0.025 | 0.044 | 0.031 0.033

P3 8.89 27.97 | 0.006 | 0.01 | 0.007  0.013 | 0.025 | 0.044 | 0.031 | 0.033

P4 8.89 83.97 | 0.017 | 0.029 | 0.021 | 0.013 | 0.076 | 0.132 | 0.094 | 0.033

C2 6.43 119.97 | 0.024 | 0.042 | 0.030 | 0.010 | 0.077 | 0.135 | 0.096 @ 0.024

VIIL.3. SEISMIC ANALYSIS

The verification of structures with respect to seismic design actions must ensure that the risk
of failure under a potential earthquake remains sufficiently low.

VIIL.3.1. Structural Characteristics Related to Seismic Analysis

The RPOA 2008 provides a set of classifications required to define the seismic condition of
the studied structure. These classifications constitute an essential prerequisite for the selection
of the analysis model, the calculation method, and the parameters to be used:

% The bridge is classified, with respect to seismic risk, as Group 2 (important
bridge).

% The structure is located in seismic zone Ila (moderate seismicity).

% The zone acceleration coefficient is A = 0.2 (RPOA, Table 3.1).

% The soil belongs to category S3 (soft soil).

% The damping ratio of the material constituting the supports is § =5%.

% The shear modulus of elastomeric bearings is G = 0.9 MPa.
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VII1.3.2. Calculation Method

In general, the analysis of a bridge is carried out either using the single-mode spectral
method (fundamental mode) or the response spectrum method (linear dynamic analysis).

The single-mode spectral method is applicable to bridges that simultaneously satisfy several
criteria, including the curvature criterion: “The curvature (angle swept in plan by the tangent
to the axis) must be less than 30 grads.”This condition is not satisfied in our case, since the
curvature of the structure is 32 grads.

Therefore, the response spectrum method is adopted.

VIIL.3.3. Response Spectrum

For the multimodal analysis, the use of calculation software is required. For this purpose,
the longitudinal model is reused by combining the beam and segmental parts, while modeling
the piers and bearings, and performing a modal spectral analysis.

Figure VIII.2. Multimodal calculation model.

VIII1.3.4. Significant Modes

All modes that significantly contribute to the total structural response must be taken into
account. In other words, the modes considered are those for which the sum of the effective
modal masses Y, (M;) reaches at least 90% of the total mass of the bridge.

VIIL.3.5. Bearing Verification

The transfer of vertical and horizontal loads, as well as rotations through the bearings, leads
to deformations accompanied by stresses that must be limited to avoid any damage.

The verification is carried out according to RPOA 2008, and we check:

VIIL.3.5.1. Compressive Strength
The average compressive stress must satisfy:

Nmax
Oap =5 < 20 MPa
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Numerical Application :

For abutments :

349
om = 05%05
13.96 < 0,44,, = 20 MPa = OK

= 13.96 MPa

VIIL.3.5.2. Buckling Safety
We must verify: y5 - Py, < P,
Where :

Ys: safety factor; Y5 = 3
P,,: maximum vertical load at ULS
P : critical buckling load
p 4-G-B-S*-d
° h
Where :
G: shear modulus ;G = 0.9 MPa

B:bearingarea;B=ax b

For piers :

10.88
Om = ————=
0.8 X 0.8
17.00 < 0,4m = 20 MPa = OK

= 17.00 MPa

d: sum of one elastomer layer thickness and one steel shim thickness;

d= ti + ts

h: total height of the bearing

S:shape factor ;S = axb
:shape factor ;S = 2t(@+b)

Numerical Application :

For abutments :

_ 500x500
~ 2x10(500 +500)

d =0.01+ 0.003 = 0.013m

12.5

h=0.091m,B = 0.5 x 0.5 = 0.25 m?
b 4% 0.9 x0.25 % 12.52 x 0.013

¢ 0.091
P. = 20.08 MN
P, = 3.49 MN

Ys+ B, = 3% 349 =10.47 MN
Ys - B, < P. = Condition satisfied

VII1.3.5.3. Distortion Limitation

For piers :

G 800 x 800
2% 16(800 + 800)

d = 0.016 + 0.003 = 0.019m
h =0.152m,B = 0.8 X 0.8 = 0.64 m?

=125

4 %09 x0.64%x12.52 x0.019

P
¢ 0.152
P. = 45.00 MN
P, = 10.88 MN

ys - B, = 3% 10.88 = 32.64 MN
Ys - B, < P. = Condition satisfied

The distortion § = tan(y) represents the ratio of the horizontal displacement d to the total
thickness of the elastomer T. It must be limited as follows:
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{&:417+4w0—a7xu25—p) ifp < 0.25
5. =1.4(1-2p) ifp > 0.25

Where :

v

14
= . 5=
p p. '’ T

69 = % bounded by the intervall 0.70 < §y < 2

T: total thickness of the elastomer
b: the smaller side of the rectangular bearing

Numerical Application :

For abutments : For piers :
349 0.17 0.25;8, = 7.14 10.58 0.24 0.25;8, = 6.25
=—=0. ;< 0. ; = /. =—=0. ; . ; = 0.
P =008 p 0 P = 4500 p< 0
we opt 6y =2 we opt §, = 2
6., =0.7+4(2-0.7)(0.25 — 0.17) 8§, =0.7+4(2-0.7)(0.25 — 0.24)
6., =112 6. =0.75
6—212—303 6—206—161
70 7 128
6 < 6, = Condition not satisfied § < 6, = Condition not satisfied

Therefore, non-distortion devices must be installed at the abutments and piers.

VII1.3.5.4. Condition for Non-Sliding

To ensure the stability of the bearing pads against sliding under dynamic conditions, the
following condition must be verified: H < f-N

Where :

H: horizontal force
N: vertical force
f: friction coefficient

01+0'6
f=0. -
Numerical Application :

For abutments : For piers :
N = 2.06 MN N = 7.54 MN
Om = 8.24MPa = f =0.17 o, = 11.78 MPa = f = 0.15
H = 1.09 MN H = 4.36 MN
H > 2.06 X 0.17 = 0.35 MN H > 754 x0.16 = 1.13 MN
= Condition not satisfied = Condition not satisfied

Therefore, anti-sliding devices must be installed at the abutments and the piers.
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VIII.4. CONCRETE BEARING PEDESTALS

The bearing pedestal allows the distribution of concentrated loads coming directly from the
deck, which may cause cracking. For this purpose, confinement and bursting reinforcement are
provided to transfer these stresses to the supporting element, as well as to correct any slope of
the deck.

VII1.4.1. Design of Bearing Pedestals for piers and abutments

The dimensions (A’ B’ h)are chosen so as to accommodate the bearing devices. The
following dimensions are selected:

< Piers

A=B+200>A4=800+200=1000mm

B=A+200>= B =800+ 200 =1000mm

hz%:’hZO.SOmWeopt:h=0.55m
0

«* Abutments

A=B+200 =>4 =500+ 200 = 700 mm

B=A+4+200= B =500+ 200 =700mm
2B,

hZP—$h20.35mWeopt:h=0.40m
0
With :

B():AXB

Py =2(A+B)

VII1.4.2. Reinforcement of Bearing Pedestals for the Pier

The reinforcement areas are determined according to the SETRA guide (P.P.73).

) . .
** Tie Beam Reinforcement:

The reinforcement area for confinement can be determined using rules analogous to the
strut-and-tie method or the method based on the equilibrium of forces.

0.25 X N

C
O-S

+* Horizontal Reinforcement:

To limit crack propagation, the horizontal reinforcement placed below the confinement must
resist 12.5% of the applied load:
0.125 X N

A, =
Os

+«* Upper Reinforcement:

Placed as close as possible to the top face of the bearing, consisting of crossed reinforcement
bars:
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_0.04xN

s
Os

+* Lower Reinforcement:

A lower bursting reinforcement is placed at a depth between h/3 and h from the top face of
the bearing:

_ 010xN

i =
Os

The reinforcement of the bearing pedestal is shown in the Table VIII.3.

Table VIIL.3. Summary of the reinforcement for the bearing pedestals.

Piers Abutments
Reinforcement Type Reinforcement | Spacing (cm) = Reinforcement SIE:;:;I g
Tie Beam Reinforcement 16HA25 12.5 10HA16 15
Horizontal Reinforcement 16HA16 12.5 8HA14 17.5
Upper Reinforcement 10HA12 20 6HA10 20
Lower Reinforcement 14HA16 15 8HA12 17.5
* : : ,|
\ W 7777777 FTFITFT I IIFTITFIFITFTFFIFTITIFTTT s =
= SHA12 \ -----
0 3HA10
Figure © il I 5HA16
e = | 8HA16 | T | 4HA14
THA16 3 | 4HA12
N AN
70
/ 190 7 Ve rd

VIIL.S. ROADWAY EXPANSION JOINT

Bridge decks undergo longitudinal dimensional variations due to temperature changes,
shrinkage, creep, and service load deformations. It is therefore necessary to allow the deck to
expand freely by providing a gap at one or both ends.

VIIL.S.1. Design

According to the regulations, the actions to be considered are temperature effects and time-
dependent concrete deformations (shrinkage and creep).

Ws

Where :

W: total joint movement

W p: movement due to time-dependent deformations (shrinkage + creep)
Wp =540 cm
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CHAPTER VIII. SEISMIC STUDY AND BRIDGE COMPONENTS

Wr: thermal movement ; W = 4.20 cm
W: seismic movement ; Wg = 12.59 cm

The seismic movement has been determined during the seismic load analysis.

Thus : the total expansion joint movement is equal to: W = 10.86 cm

VIILS.2. Type of Joint
The type of roadway expansion joint is selected based on the calculated movement.

Referring to the CIPEC expansion joint catalog, for a movement of 10.86 cm, the suitable
type is the Wd joint family (medium movement joints).

These joints belong to the cantilever tooth-type joints, designed for heavy and intensive
traffic. This type of joint offers exceptional durability and robustness.

Table VIIL.4. Wd joint models.

Type 100 grades 80 grades 60 grades 40 grades 30 grades
Wd60 60 61 71 66 67
Wdg0 80 84 92 85 86
Wwd110 110 116 104 92 90
Wwd160 160 169 158 141 139
Wd230 230 185 127 102 97

The selected model, based on the joint movement and the skew of the structure, is the

Wd110 expansion joint.

The allowable movements for this type of joint permit transverse displacements under
service conditions, as well as longitudinal displacements up to 110 mm.
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VIIL.6. GUARDRAILS AND RESTRAINT SYSTEMS

The sidewalks provided on the structure are intended for maintenance access; therefore,
guardrails are installed to ensure user safety. Since guardrails also play an important role in the
architectural appearance of the structure, an appropriate type is selected so as not to obstruct
the view.

Vehicle restraint systems are designed to contain vehicles, control their trajectory after
impact, and prevent accidents.

Figure VIIL.3. Guardrail model.
VIIL.7. DECK DRAINAGE

The deck must be equipped with appropriate drainage systems such as inlets, gutters, and
drainage pipes to ensure proper surface water evacuation and to prevent rainwater
accumulation on the roadway during precipitation.

VIIL.8. DECK WATERPROOFING

The purpose of deck waterproofing is to enhance the durability of the slab by preventing
reinforcement corrosion and concrete deterioration caused by water infiltration.

Several techniques can be used for deck waterproofing, such as mastic asphalt systems,
bonded thin-film membranes, and prefabricated sheet membranes.

For the present project, a bonded thin-film waterproofing system is selected, as it is more
efficient and economical for a prestressed concrete box girder bridge.
VIIL.9. CONCLUSION

In this chapter, the role of each deck equipment element and their design methods have been
presented in order to ensure user comfort and safety.

The arrangement of the deck with these components represents one of the final stages in the
design of the bridge superstructure, before proceeding to the study of the substructure in the
next chapter.

1 g fuaalt
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CHAPTER IX. INFRASTRUCTURE STUDY

IX.1. INTRODUCTION

The transmission of loads applied to the superstructure to the ground, more specifically to
the underlying substratum, is ensured by the substructure. The latter must be properly designed
to meet functional requirements of the crossing while also resisting both static and dynamic
actions.

In this chapter, the main components of the substructure are examined, including piers,
abutments, their foundations, and associated structural elements. The chapter concludes with
an overview of the construction phases of the bridge.

IX.2. ABUTMENT STUDY

Abutments are the end supports of a bridge, serving as fundamental components of the
substructure that ensure the connection and continuity between the bridge structure and the
underlying soil.

The abutment plays a dual role: on one hand, it acts as a support, transferring the loads from
the deck to the foundation; on the other, it functions as a retaining wall, bearing the earth
pressure from the embankment behind the abutment.

Considering the natural and functional characteristics of the site (such as the presence of
retaining walls behind the abutment to support the access embankment), a backfilled abutment
is chosen for this design.

I1X.2.1. Elements of a Backfilled Abutment

A backfilled abutment consists of the following key elements:

X3

<

Parapet Wall: Designed to isolate the deck from contact with the backfill.

Bearing Slab: Supports the end of the deck and transfers the loads to the foundation.

Protection Wall: Shields the bearing devices from direct contact with the

embankment or external forces.

%  Front Wall: Transmits vertical loads from the deck and supports the embankment
behind the abutment.

% Return Wall: Wall parallel to the bridge axis, serving to support the backfill.

» Rear Corbel: A trapezoidal-shaped structure at the back, supporting the transition
slab.

< Front Corbel: Supports the roadway joint and provides clearance beneath the

X3

<

X3

4

7

7

abutment.

< Transition Slab: A slab implemented to prevent settlements occurring between the
roadway and the access ramps.

< Footing: The part that supports loads from the deck as well as its own self-weight.

I1X.2.2. Dimensioning of the Abutment

The chosen dimensions are presented in the table on the following page.
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Table IX.1. Dimensions of the abutment.

90
o |
S ‘L/ﬁL
249 4
wn
o
270 , 289
o T T
&
1201 360 360 ' 120
Element Dimensions (m) Element Dimensions (m)
h=4.15 h=0.30
Front wall 1=10.40 Transition slab 1=9.40
e=2.89 b=4.20
h=2.82 b=0.4
Parapet wall 1=10.40 Corbel 1=10.40
e=0.40 S=0.24 m?
h=2.20
Return wall e=10.50 Footing 1=10.80
b=9.60

IX.2.3. Evaluation of Actions
Two critical sections must be considered for this evaluation:

1. The section at the base of the front wall concerning the reinforcement design (Z = 2.2
m).
2. The lower face of the footing concerning the foundation's stability (Z = 0 m).
Since the checks in both directions can be performed independently, only the longitudinal
direction check is presented in this chapter. The transverse direction check follows a similar

process.
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IX.2.3.1. Determination of Static Actions

The calculation of the static earth pressure and the inertia forces, performed with standard
assumptions, results in the following parameters:

Ko = 0.33 Vegnerete = 25 KN/m® y 5 = 18 kN/m®

Table IX.2. Determination of static stresses.

Designation N (KN) H (KN) Irv(x/0) Iru(y/0) Mrv/o MFrH/0
Footing 5702.40 / 0.00 1.10 0.00 /
Front wall 3118.31 / 0.66 4.28 2 058.08 /
Transition Slab 148.05 / 3.55 5.92 525.58 /
Return wall 463.50 / 2.79 343 1293.17 /
Corbel 62.40 / 2.28 5.63 142.27 /
Parapet wall 293.28 / 1.90 5.54 557.23 /
/
Upstream earth |, 5 /¢ / 2.80 3.41 9.592.13
weight
Barth weighton o s / 3.64 6.4 108344 /
transition slab
Earth pressure / 1390.70 / -2.24 / -3 110.54
Live load
surcharge (10 390.60 / 1.45 / 566.37 /
kN/m?)
Surcharge
pressure (10 / 238.18 / -3.47 / -826.49
kN/m?)

The support reaction of the deck leads to:

Table IX.3. Actions transmitted by the deck.

Designation N (KN) H (KN) Irv(x/0) Iru(y/o) Mrv/o MFrH/0
Al 373.00 / 0.00 / 0.00 /
Bc 119750 / 0.00 / 0.00 /
Mc120 132590 / 0.00 / 0.00 /
D240 1 997.80 / 0.00 / 0.00 /
St 80.40 / 0.00 / 0.00 /
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Hf+r 173.30 -6.35 / -1 098.55

HT® 135.40 -6.35 / -857.25
Braking (Al) 18.60 -6.35 / -118.11
Braking (Bc) 24.50 -6.35 / -155.58

Note: The results of the horizontal forces induced by temperature variations (T), wind (W),

and live loads are negligible.

The table below summarizes the load combinations for the Serviceability Limit State (SLS)
and Ultimate Limit State (ULS).

Table IX.4. Combinations of actions applied to the abutment.

Designation N (KN) H (KN) Mu My AM

(kN.m) (kN.m) (kN.m)

1351135 | 1644.70 | -5549.93 | 1525190 | 9701.97

G+0.6T+1.2Q 13980.07 | 1930.52 | -6541.71 | 15931.54 | 9 389.83

" G+0.6T+1.2A(1)+ST 1403935 | 1667.02 | -5691.66 | 1525190 | 9 560.24
z G+0.6T+1.2Bc+ST 15028.75 | 1674.10 | -5736.62 | 1525190 | 9515.28
G+0.6T+Mc120 1483725 | 1644.70 | -5549.93 | 1525190 | 9701.97
G+0.6T+D240 15509.15 @ 164470 | -5549.93 | 1525190 @ 9701.97
1.35G+0.9T 1824032 | 223250 | -6453.80 | 20590.06 | 14136.26
1.35G+0.9T+1.6Q 1886528 | 2613.59 | -7776.18 | 21496.25 | 13 720.07
- 1.35G+0.9T+1.6(A()+ST) | 18965.76 | 2262.26 | -6642.78 | 20590.06 | 13947.29
Z 1.35G+0.9T+1.6(Bc+ST) | 20284.96 | 2271.70 | -6702.72 | 20590.06 | 13 887.34
1.35G+0.9T+1.35Mc120 | 20030.28 | 2232.50 | -6453.80 | 20590.06 | 14136.26
1.35G+0.9T+1.35D240 2093735 | 223250 | -6453.80 | 20590.06 | 14136.26

IX.2.3.2. Determination of Seismic Forces

The dynamic calculation of the abutment takes into account:Inertia forces, dynamic earth

pressure and loads transmitted from the deck

< Calculation of Seismic Inertia Forces on the Abutment:
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According to the RPOA, the abutment is divided into elementary volumes on which the
horizontal acceleration is applied. The forces are calculated at the base of the front wall and at
the lower face of the footing.

The horizontal and vertical seismic forces are determined using the following formulas:
Fh=PPth Fv=Ppka
Where :

P p:is the self-weight of the element

k, = A, where Ais the dynamic acceleration coefficient, which is equal to 0.2 in our
case.

k,=0.3xk,

Thus, the static loads previously calculated are adapted for dynamic conditions as follows:

Table IX.5. Calculation of forces due to the abutment under dynamic conditions.

Designation N (KN) H (KN) Irv(x/0) Iru(y/0) MFrv/o MFrH/0
Footing 342.14 114048 0.00 1.10 0.00 1254.53
Front wall 187.10 623.66 0.66 4.28 123.49 2 666.16
Transition Slab 8.88 29.61 3.55 5.92 31.53 175.29
Return wall 27.81 92.70 2.79 3.43 77.59 317.96
Corbel 3.74 12.48 2.28 5.63 8.54 70.26
Parapet wall 17.60 58.66 1.90 5.54 3343 32495
h 1
Upstream cart 205.55 685.15 2.80 3.41 57553 | 233637
weight
Barth weight on 17.86 3933 3.64 6.44 65.00 38337
transition slab
Sum 810.68 270227 / / 915.11 7 528.89

+* Calculation of Dynamic Thrust:

According to the RPOA (Regulation for Seismic Design of Structures), during an
earthquake, the total dynamic thrust incorporates both the static and dynamic effects of the
active earth pressure. The dynamic thrust is given by the following formula:

1
Fyg = EY(liKv)HzKad

cos*(p — 0)

floa = ing sin(g—0-p) |
2 sin@ sin(p — 6 —
cos 0[1+\/ cos@ cosp
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Where :

0= Angle determined by seismic forces, calculated as: @ = arctan (llj'l‘( )

¢= Angle of internal friction of the embankment (°)

k= Horizontal seismic coefficient

k,= Vertical seismic coefficient

B= Angle between the embankment surface and the horizontal (usually f = 0)

Table IX.6. Coefficient for calculating dynamic earth pressure.

y(kN/m?) 18.00 01° (1+kv) 10.68

¢°= 30.00 02° (1-kv) 12.01

kn= 0.20 Kad (1+ky) 0.46

kv = 0.06 Kad (1-kv) 0.48

The dynamic thrusts acting on the abutment for both cases are equal to:
Table IX.7. Calculation of dynamic earth pressures.
Designation N (kN) H (kN) Mrv/o (kN.m) Mrn/0 (kN.m)

Pas (1+kv) / 2216.08 / -5126.53
Pad (1-ky) / 205222 / 4747.46

+* Calculation of Seismic Loads Due to the Deck

The forces induced by the deck in the case of an earthquake are determined using the
Response Spectrum Method (as defined in Chapter VIII), utilizing the calculation software

MIDAS 2022.

The calculation results for a horizontal earthquake (where the vertical seismic forces are
neglected, as discussed in Chapter VIII) are provided in the table below:

Table IX.8. Seismic forces due to the deck.

N (kN)

H (kN)

My (kN.m)

M (KN.m)

Total

Neglected

1037.10

0.00

-6 585.59

«* Combination of Seismic Actions on the Abutment

The evaluation of the total seismic action is carried out for three cases:

- Case 1: Horizontal earthquake (1+k,,)
- Case 2: Horizontal earthquake (1—k,,)
- Case 3: Vertical earthquake

GAHAM & ARAR
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Since all inertial forces act in the same direction, it is appropriate to consider them
simultaneously. These forces include the inertia effects of the abutment mass, the soil above
the footing, as well as the dynamic earth pressures.

The combination of actions is performed as follows:

R/

¢ Inertial forces are directly summed: F, . = 2.F

where F represents the inertia forces of the abutment, the soil, the footing, and the

dynamic thrust.

% Forces in each direction are combined quadratically: F =

Table IX.9. Evaluation of seismic actions on the abutment.

2 2
Fdeck + Fl

nertial

N (kN) H (kN) M (kN.m)
Case 1 0.00 5026.50 7010.08
Case 2 0.00 486628 7148.87
Case 3 810.68 0.00 915.11

IX.2.3.3. Total Seismic Load Combination

According to RPOA 2008, the load combination at the Seismic Limit State (ALS) is defined
¢G+0.2-Q+0.4-T+E

as:

Let: R=G6+0.2-Q+0.4-T
Table IX.10. Determination of Rmax and Rmin.
N (kN) H (kN) M (kN.m)
Rimax 1391091 231.90 13 786.83
Rumin 13 602.03 230.72 13 779.33

It is essential to identify the critical load combinations in order to reduce the extent of the

calculations. Therefore, the focus is placed on the following governing combinations:

Table IX.11. Combinations of total seismic actions on the abutment.

N (kN) H (kN) M (kN.m)
Rumax - Ent + 0.3Ev 14 154.11 5258.40 7051.28
Rumin - Exi - 0.3 Ev 13 358.82 5097.00 6 355.93
Rumax + Ev - 0.3 En 14 721.59 1739.85 1259891
Rumin- Ev- 0.3 En 12791.35 1 690.61 10719.56

GAHAM & ARAR
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CHAPTER IX. INFRASTRUCTURE STUDY

IX.2.4. Reinforcement Design of Abutment Elements

IX.2.4.1. Front Wall

The front wall, considered as fixed at the base into the footing, is subjected to combined
bending and axial force. It is mainly loaded by:

- Inertia forces
- Earth pressures
- Reactions transmitted by the bridge deck

The vertical reinforcement of the wall is determined using the software ROBOT-Expert,
by considering a rectangular section with dimensions: 1.0 X 2. 88 m?

The unfavorable design forces used for the reinforcement calculation are presented in the
following table:

Table IX.12. Unfavorable stresses at ULS and SLS for the front wall.

ULS SLS
Mimax 151.09 Mimax 117.41
Neor 116191 Neor 860.67
Tmax 185.72 Tmax 136.94
Neor 932.95 Neor 691.35
Reinforcement Results

- Vertical reinforcement: A = 28.9 cm? Provided as: 6HA25, with spacing s =
17.5cm

- Horizontal reinforcement: A, = % Provided as: 6HA14, with spacing s = 17.5 cm

- Secondary (construction) reinforcement: Ay = % Provided as: 6HA16, with spacing
s =17.5cm

IX.2.4.2. Parapet Wall

The parapet wall, assumed to be fixed at its base, is designed under simple bending due to
the following horizontal actions:

- Earth pressure
- Pressure from a localized surcharge behind the wall
- Braking force

7

< Moment Due to Earth Pressure

The bending moment at the fixed base due to earth pressure is expressed as: M,, = %’
With : P = K,yHL
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Where :

P: Earth pressure force
K ,: Active earth pressure coefficient K, = 0.33

¥: Unit weight of the backfill y = 18 kN/m>
H: Height of the parapet wallH = 2.82 m
L: Unit length (per linear meter) L = 1 m

Final Results :

Mp = 22.20 kN.m/m at SLS
Mp = 29.97 kKN.m/m at ULS

< Moment Due to Local Surcharge
The bending moment at the fixed base due to a localized load is given by:

u 12K h h—x
P€ 7 0.75+2h ), 0.25+x

dx

Where: K=K, X8 Xy
With :

y: Load factor (y = 1.2 atSLSandy = 1.6 at ULS)
6: Dynamic amplification factor § = 1.06
h: Height of the parapet wall

Values of K :

K =0.51atSLS
K = 0.68 at ULS

The values of Mpc/K for different values of h are presented in the following table:

Table IX.13. Moment MPc /K due to a local load as a function of h.

h (m) 0.50 0.75 1.00 1.50 2.00 2.50 3.00

Mp. /K (t.m/ml) 2.23 3.40 4.41 6.11 7.45 8.56 9.49

By performing a linear interpolation for h = 2.82 m, we obtain: % = 9.16 t\m

Thus :

Mp, = 46.64 kN.m/m at SLS
Mp, = 62.18 kN.m/m at ULS

% Moment Due to Braking Force

The braking effect of a single wheel from an exceptional convoy load is considered. The
fixed-end moment is given by:
2u-P-h
0.25+ 2h
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Where :

u: Load factor (u = 1.2 at SLSand u = 1.6 at ULS)
P: Load per wheel P = 60 kN
h: Height of the wall h = 2.82m

Results :

M; = 68.94 kN.m/m at SLS
M; = 91.93 kN.m/m at ULS

R/

« Total Bending Moment

The total moment at the fixed base is obtained by summing all previously calculated
contributions:

M = 137.78 kN.m/m at SLS
M = 184.08 kN.m/m at ULS

% Reinforcement Design

The main reinforcement is determined using ROBOT-Expert, assuming simple bending of
a rectangular section with dimensions:1.0 X 0.40 m?

Results :

- Main reinforcement (backfill side): A, = 17.6 cm? Provided as: 6HA20, with
spacing s = 17.5 cm

- Secondary reinforcement (deck side): Ay = % Provided as: 6HA 12, with spacing s =
17.5cm

- Transverse reinforcement: Ag; = % Provided as: 6HA10, with spacing s = 17.5 cm

1X.2.4.3. Return Wall

The return wall ensures the retention of the embankment soil at the bridge approach.The
structural analysis of the wall is carried out using ROBOT STRUCTURAL ANALYSIS
SOFTWARE 2026 VERSION. The wall is assumed to be fixed at both ends and is subjected
to the following loads:

- Earth pressure: P,,;; = 0.5 X (0.333 X 18 X 6.942 X 1) = 144.35kN/m
- Surcharge pressure: B, = 3.33 kN/m?

- CCP weight: Peg = 13.15 kN/m.

- sidewalk overload S;= 0.75 kN/m.

- Self-weight of the wall

The numerical model of the return wall developed using the software is illustrated in the
following figure.
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® 2e0mm.tme

Figure IX.1. Modeling of the return wall / Mxx and Myy moments.

V—&—a— )

The reinforcement design is carried out using ROBOT-Expert software, and the results are

as follows:
Table IX.14. Calculation of reinforcement for the return wall.
Mmax. Mmax.
Designation (kNm:n/SII;151) (kNm:n/UI;Sl) As (cm?) Reinforcement
Horizontal 113.76 161.39 11.00 6HA16
Vertical 90.00 113.42 8.60 5SHA16

1X.2.4.4. Transition Slab

The transition slab is a reinforced concrete slab placed beneath the road surface at the ends
of the bridge. Its primary function is to prevent any settlement or differential settlement that
may occur due to the potential compression of the backfill behind the abutment.

The slab is treated as a simply supported rectangular slab, although in reality, it is supported
by elastic foundations across its entire surface (in direct contact with the ground). The slab is
subjected to its own weight, superimposed loads, and the weight of the embankment above it.

Table IX.15. Evaluation of forces on the transition slab.

Load type Q (kN/ml) M (kKN.m/ml) V (kN)
Self-Weight 7.50 16.54 15.75
Pavement 1.92 4.23 4.03
Backfill 14.80 32.63 31.08
Superimposed loads 10.00 22.05 21.00

Results :

Service Bending Moment: M, = Mg + 1.2 X My = 79.87 kN\m/m
Service Shear Force: Vi, = Vg + 1.2 X V = 76.06 kN/m
Ultimate Bending Moment: M, = 1.35 X Mg + 1.6 X My = 107.38 kN\m/m
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Ultimate Shear Force: V;; = 1.35 X Vi + 1.6 X Vj; = 102.26 kN/m

The main reinforcement is calculated using ROBOT-Expert software, assuming simple
bending for a rectangular section with dimensions 1.0 X 0.3 m?.

Results :

- Main Reinforcement:A; = 14.4 cm? Provided as: SHA20, with spacing s = 20 cm
- Construction Reinforcement: A = % Provided as: SHA12, with spacing s = 20 cm

- Transverse Reinforcement:Ag; = % Provided as: SHA12, with spacing s = 20 cm

1X.2.4.5. Corbel

The corbel is a support for the transition slab. It is subjected to the reactions from the
permanent loads and the surcharge from the embankment. The reaction at the supports of a

simply supported beam is given by the formula: R = %L

Where :

L: Length of the transition slab L = 4.20 m
q = 24.22 kN/m for permanent loads
q = 10 kN/m for surcharge on embankment

For the reinforcement design, the crow is assumed to work in axial compression.

-

Figure IX.2. Upper reinforcement of the corbel.

The reactions at the limit states are calculated as follows:

AtSLS: R = 76.06 kN/m
AtULS: R = 102.26 kN/m

The main reinforcement is calculated using ROBOT-Expert software for a rectangular
section with dimensions 1.0 X 0.60 m?.

Results :

- Main Reinforcement:A; = 11.2 cm? Provided as: SHA20, with spacing s = 20 cm
- Construction Reinforcement: A = % Provided as: SHA12, with spacing s = 20 cm

- Transverse Reinforcement:Ag; = % Provided as: SHA12, with spacing s = 20 cm
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IX.2.5. Foundation Calculation

The number of piles required to transfer the loads to the ground and their depth depends on
the bearing capacity of a pile, which is determined by the tip resistance q,, and the unit friction
resistance ¢, as given in the geotechnical report, along with the vertical load due to the deck
and the abutment.

IX.2.5.1. Estimating the Pile Bearing Capacity

According to the Fascicule No. 62, the bearing capacity of a pile is determined by the tip
resistance Qp,and the unit friction resistance Qg,,. It is calculated as follows:

{ D?
qu = T " qpu
Zp
Qsu =mD qsy dz
Z

Where :

qpu: Point rupture stress

g, Unit friction resistance

z;: Depth of the top of the pile
Z,: Depth of the base of the pile

Note :

- The values of g, and g, are determined from pressuremeter tests, and these
values will be provided in the annex of the report.

- After reviewing the pressuremeter test results from the geotechnical report, a pile
depth of 20 meters has been chosen for the abutment piles.

- At this depth, the piles will be anchored in a very hard marl layer, which showed
limit pressures 1.4 MPa which will be more than sufficient to carry the loads.

In accordance with the guidance provided in Chapter C.4 of Fascicule No. 62, the axial load
at the top of the pile must remain between two limits, Q,,;, and Q,,,x, defined below based on
the combination of actions considered:

Table IX.16. Qmax and Qmin for each limit state.

Limit State Qmin Qmax
ULS (Fundamental) -Qu/ 1.4 Qu/ 1.4
SLS (Rare) -Q«/ 1.4 Qc/ 1.1
ALS (Seismic) -Qu/ 1.3 Qu/1.2
Where :

Q,,: Ultimate compressive load capacity of the pile @, = Qpy + Qsy
Q.. Ultimate tensile load capacity of the pile Q¢ = Qgy
Q.: Creep (service) load in compression @, = 0.5 Qpy, + 0.7 Qgy,
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Q;c: Creep (service) load in tension Q. = 0.7 Qg

The calculated bearing capacities at the ULS and the SLS are presented in the following
table:

Table IX.17. Estimation of the bearing capacity of the abutment piles.

ULS Designation Value
Qmax 375643 kN qpu 1800 kPa
Qmin -2302.14 kN 2 gsu 855 kPa

SLS Qsu 3223 kN
Qmax 297645 kN Qpu 2 036 kN
Qmin -1611.50 kN Qu 5259kN

ALS Q. 3274.10 kN
Qmax 4382.50 kN Qu 3223kN
Qmin -247923 kN Qe 2256.10 kN

IX.2.5.2. Calculation of Actions on Piles

The load applied to each pile is determined based on the total number of piles and their
spacing, as follows:
+ Mx 'z:yi + My 'in

X)) X))

Bl=

Ri:

Where :

R;: Load carried by each pile

N: Total axial load
N

n: Total number of piles, with: n >

max

M,, M,: Bending moments about the x and y axes

x;, ¥;: Coordinates of each pile relative to the centroid of the footing
The adopted pile configuration is as follows:

- Number of piles: Three rows of 3 piles (total = 9 piles)
- Spacing: 3.60 m

- Diameter: 1.2 m

- Depth: 20 m

The actions on the piles at the following limit states are presented in the tables below:

1 g fuaalt
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Table IX.18. Estimation of actions on abutment piles at SLS.

1% row 2" row 3" row
SLS
Rt (kN) R (kN) Rs (kN)
G+0.6T 1147.38 1501.26 1855.14
G+0.6T+1.2Q 1213.91 1 553.34 1892.77
G+0.6T+1.2A(1)+ST 1212.61 1 559.93 1907.25
G+0.6T+1.2Bc+ST 1324.62 1 669.86 2015.10
G+0.6T+Mc120 1294.70 1 648.58 2002.47
G+0.6T+D240 1369.36 1723.24 2077.12
Table IX.19. Estimation of actions on abutment piles at ULS.
1% row 2" row 3" row
ULS
R1 (kN) Rz (kN) Rs3 (kN)
1.35G+0.9T 1500.88 2 026.70 2 552.53
1.35G+0.9T+1.6Q 1 589.58 2096.14 2 602.70
1.35G+0.9T+1.6(A(1)+ST) 1590.23 2107.31 2 624.38
1.35G+0.9T+1.6(Bc+ST) 1739.58 2253.88 2768.19
1.35G+0.9T+1.35Mc120 1 699.76 2225.59 2751.41
1.35G+0.9T+1.35D240 1 800.55 2326.37 2 852.20
Table IX.20. Estimation of actions on abutment piles at ALS.
1% row 2" row 3" row
ALS
R1 (kN) Rz (kN) Rs (kN)
Rmax - En + 0.3 Ev 1343.23 1572.68 1802.13
Rmin + En- 0.3 Ev 1283.62 1484.31 1 685.00
Rmax - Ev- 0.3 En 1153.45 1 635.73 2 118.02
Rmin - Ev - 0.3 En 1014.55 1421.26 1827.97

Observations : It can be clearly observed that:
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- Maximum pile loads:

Rmax.SLS =2077.12KkN < Qmax,SLS =2976.45 kN
Riaxars = 2 118.02 KN < Qpax ars = 4 382.50 kN

= No risk of punching failure
- Minimum pile loads:

Rmin.SLS = 1 147 38 kN > 0
Rmin.ULS = 1 59023 kN > 0

=No risk of uplift

IX.2.5.3. Reinforcement of the Abutment Footing

The footing is a key element of the substructure, performing a dual function:

- ensuring the fixity of the support,
- and distributing the loads to the piles.

For the reinforcement of the footing, the strut-and-tie method is used, governed by the
following conditions:

\
\
b,
- —
a > 45° b/4
L b ‘
"33 ‘
h=H-d L = .
Il @, @ J L}\,
0 Figure IX.3. Notations of the strut-and-tie method.
Where :

L: spacing between piles
b: thickness of the front wall

Numerical Example :

L=360m;b=28m;H=220m
d=01m;h=210m

L b

———=1.08m
2 4

a, = a, = arctan = 62.78° = Condition satisfied

L_b
271
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According to the SETRA document, the required area of lower transverse reinforcement
determined by the strut-and-tie method is:

L_b
2 4

Numerical Example :

Ruax.sLs = 2 07712 kN ; Rypay aLs = 2118.02 kN

2
O_-a,SLS = gfé = 333.33 MPa 5 O_-a,ALS = fe = 500 MPa

AS,SLS = 32.09 sz ;AS,ALS = 21.81 sz
= A, = 32.09 cm?

Transverse reinforcement placed in the strips centered on the piles, with a width (L) defined

The adopted reinforcement layout is as follows:

Lower transverse reinforcement: Ag = % = 9.44 cm?/m Adopted: 4HA25 bars with
a spacing of 25 cm

Upper transverse reinforcement: Ag; = % = 3.15cm? /m Adopted: 4HA14 bars with
a spacing of 25 cm

Lower longitudinal reinforcement: Ag, = % = 4.72 cm? /m Adopted: 4HA16 bars
with a spacing of 25 cm

Upper longitudinal reinforcement: Ag; = == = 2.36 cm?/m Adopted: 4HA12 bars

As1
4

with a spacing of 25 cm

Side reinforcement: Ay, = % = 0.974cm? /m Adopted: 4HA10 bars with a spacing of

25 cm

IX.2.5.4. Reinforcement of Abutment Piles

The pile is a reinforced concrete element subjected to combined bending and axial loading.
Its behavior in the soil is governed by the following differential equation:
d*y
El At +C,by=0
Where :

b: Diameter of the pile
C,.: Subgrade reaction modulus
y: Lateral displacement of the pile

EI

The solution of the equation introduces the parameter: a = * s
u

Where :

a: represents the elastic length of the pile
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The pile is subjected to bending moments along its length. Assuming zero displacement
and rotation at the pile head (fixed-head piles), the bending moment is determined using the
Winkler—Werner method:

_ P
i1 = _ Xep Terp
Xom 4
With :
1o +|C,b
4E1
Where :

A: Damping coefficient (Werner parameter)
Xop» Xom: Coefficients obtained from Werner charts, depending on A - L

P: Shear force at the pile head: P = %

H: Total horizontal force
n: Number of piles

Results :

The calculated values of internal forces and moments in the piles are summarized in the
following table:

Table IX.21. Determination of stresses at the head of abutment piles.

L (m) 20 A 0.229
E (MPa) 32 164 AXL 4.58
Cu (MN/m3) 30 Xop 1.32
b (m) 1.20 Xom 1.57

I (m*) 0.1018 P (kN) 584.26

n 9 M (kN.m) 213462

The reinforcement design for the piles is performed using ROBOT-Expert software for a
circular section with a diameter of 1.2 meters, subjected to simple bending.

Results :
- Main Reinforcement: A, = 113.10 cm? we opt 24HA25, with a spacing of S; = 15 cm.
- Horizontal Reinforcement: Ag; = % For the stirrups, we use 14HA/ml, with 12.5 cm
spacing in the critical zone and 20 cm in the normal zone.

The figure below illustrates the reinforcement details for the abutment, pile and its
foundation:
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IX.3. PIER STUDY

Piers are intermediate supports that transfer loads from the superstructure to the foundations
and, ultimately, to the underlying soil. They play a crucial role in the structural behavior of the
bridge deck, which may be simply supported or partially restrained depending on the design.

For the present structure, wall-type piers are adopted. These piers have a rectangular cross-
section with rounded connections at the edges, which improves both their structural
performance and aerodynamic behavior while reducing stress concentrations.

Table IX.22. Dimensions of thepiers.

Element Value / Description Figure
Rectangular with circular
Shape: .
connections
Section w
3.82 x 1.60 m? °
Dimensions =
O®=1.60m o
o
P1 6.18 m =l
<] 385
P2 6.75m S
Height |
- 27 I W
120, 360 . 360 1120
T 2l o
P4 6.16 m 960

IX.3.1. Determination of Actions

Two critical sections need to be considered:

1.

The section at the base of the anchor block, concerning the reinforcement of the block
itself (Z = 2.2 m).

The lower face of the foundation slab, concerning the equilibrium of the foundation
(Z=0m).

IX.3.1.1. Determination of Actions under Static Loading

The calculation of inertia loads, carried out with the classical assumptions, leads to:

Table IX.23. Forces due to inertial loads.

Designation N (KN) H (KN) Irv(x/0) Iru(y/0) Mgrv/o MrH/0
Footing 5068.80 / 0.00 1.10 0.00 /
Pier 120743 / 0.00 5.58 0.00 /
Sum 627623 / / / 0.00 /
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Table IX.24. Forces due to the deck.

Designation N (KN) H (KN) Irv(x/0) Iru(y/o) Mrv/o MrH/0

G 13 026.90 / 0.00 / 0.00 /

Al 1 559.70 / 0.00 / 0.00 /

Be 944.60 / 0.00 / 0.00 /

Bt 516.80 / 0.00 / 0.00 /

Mc120 886.40 / 0.00 / 0.00 /
D240 1 894.80 / 0.00 / 0.00 /

St 316.80 / 0.00 / 0.00 /
Hf+r / 170.00 / 8.85 / 1521.50
HT® / 132.00 / 8.85 / 1181.40

Braking (Al) / 27.80 / 8.85 / 248.81
Braking (Bc) / 33.60 / 8.85 / 300.72

Note: The values of the load combinations for the pier at SLS and the ULS are provided in
Appendix C.

IX.3.1.2. Evaluation of Seismic Forces Acting on the Pier

Table 1X.25 summarizes the seismic actions applied to the piers, including inertia forces
generated by the structure and seismic reactions transmitted from the bridge deck.

Table IX.25. Evaluation of seismic actions on the pier.

Designation | N (KN) Hi (KN) | Hr (KN) My (kN.m) My (kN.m) M (kN.m)
Pier 7245 | 24149 | 241.49 0.00 1345.10 | 1345.10
Footing 304.13 | 1013.76 | 1013.76 0.00 1115.14 | 1115.14
Seismic deck | 0.00 | 1603.00 1 858.50 0.00 10138.10 | 15153.00

In this case, the actions are combined quadratically: F = \/ F2ok + Flertielles

2

IX.3.1.3. Combinations of Seismic Actions on the Pile

According to the RPOA 2008, the seismic action combination is defined as follows:

G+0.2-Q+04-T+E

GAHAM & ARAR
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Itis recommended to combine these actions in order to determine the most unfavorable case.

IX.3.1.4. Combinations of Seismic Directions

According to the RPOA, the effects of different components of the overall motion are
combined as follows:

E1:EL+03(ET+EV)
EZZET+03(EL+EV)
E3:EV+03(EL+ET)

Table IX.26. Combinations of seismic directions.

EL Er Ev Eq E: Es
Hr (kN) 2 035.99 0.00 0.00 2 035.99 610.80 610.80
Hr (kN) 0.00 2242.69 0.00 672.81 2 242.69 672.81
Me (kN.m) | 10242.72 0.00 0.00 10242.72 3072.82 3072.82
Mr (kN.m) 0.00 15223.20 0.00 4 566.96 15223.20 4 566.96
N (kN) 0.00 0.00 376.58 112.97 112.97 376.58

IX.3.1.5. Calculation of forces from the deck

The calculation for the efforts coming from the deck in the dynamic case is described as
follows, according to the RPOA:

R=6+0.2-Q+0.4-T

Table IX.27. Forces from the deck.

Runax Runin
He (kN) 229.52 228.36
Hr (kN) 0.00 0.00
M. (kN.m) 1 54926 154143
Mr (kN.m) 0.00 0.00
N (kN) 13 405.86 13204.18

For the pier and foundation analysis, we have 6 combinations that account for the maximum

and minimum possible effects of seismic forces:

E1 = El + Rmax + PPPS

EZ = EZ + Rmax + PPPS
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CHAPTER IX. INFRASTRUCTURE STUDY

Where :

E3 = E3 + Rmax + PPPS

E4=

—E; + Ryyin + PPpg
= _EZ + Rmin + PPPS
= —E3 + Rmin + PPPS

PPrs: The normal load on the pier and the foundation, which is 6 276.23 kN.

Table IX.28. Seismic stresses on the pier.

E1 E:2 Es E4 Es Es
Hr (kN) 2265.51 840.32 840.32 -1 807.63 -382.44 -382.44
Hr (kN) 672.81 2242.69 672.81 -6 72.81 -2242.69 -672.81
Mr (kN.m) | 11 791.98 4 622.08 4622.08 -8701.29 -1531.39 -1531.39
Mr (kN.m) 4 566.96 15223.2 4 566.96 -4 566.96 -15223.2 -4 566.96
N (kN) 19 795.06 19 795.06 20 058.67 19367.44 19367.44 19103.83

IX.3.2. Pier Reinforcement:

The pier is subjected to combined biaxial bending, with a normal force from the deck and
bending moments.

Table IX.29. Evaluation of maximum pier forces at limit states.

SLS ULS ALS
ML max 2591.20 ML max 3 598.44 ML max 11 791.98
M, max 0.00 Mr,max 0.00 M max 15223.20
Tmax 289.52 Tmax 402.06 Tmax 2 265.51
Neor 20753.45 Neor 28077.47 Neor 19795.06

The main reinforcement is calculated using the ROBOT-Expert software for a rectangular
section with two circular connections, subjected to bending with combined deflection. The
results are as follows:

- Main Reinforcement: A; = 17 cm?/ml we opt 4HA25/ml, with a spacing of S, =
25cm.

- Horizontal Reinforcement: A = % For the stirrups, we use HA12/ml, with 20 cm

spacing .
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CHAPTER IX. INFRASTRUCTURE STUDY

I1X.3.3. Foundation Calculation:

The determination of the number of piles required to transfer loads to the soil and the
necessary depth depends on the bearing capacity of the pile. This is calculated based on point
resistance (qpu) and unit side friction resistance (qsu), which are determined from the
geotechnical report.

IX.3.3.1. Estimating the Pile Bearing Capacity

We will follow the same approach as in section 1X.2.5.1 to calculate the bearing capacities
of the pile foundations under the limit states.

The results of these calculations are shown in the table below:

Table IX.30. Calculation of the bearing capacity of pier piles.

ULS Designation Value
Qmax 4 437.14 kN qpu 1 893 kPa
Qmin -2907.86 kN 2 qsu 1 080 kPa

SLS Quw 4071 kN
Qmmax 3 563.82 kN Qpu 2 141 kN
Qmin -2035.50 kN Qu 6212 kN

ALS Q. 392020 kN
Qmax 5176.67 kN Qu 4071 kN
Qmin -3131.54 kN Qe 2 849.70 kN

IX.3.3.2. Calculation of Actions on Piles

For the pile foundation, due to the significant forces transmitted, we opt for a configuration
with three rows of 9 piles. One row will be positioned along the centerline of the foundation
slab, while the other two rows will be spaced 3.6 meters apart.

The piles have the following specifications:

- Diameter: 1.2 meters.
- Depth: 20 meters.
- Total number of piles: 9 piles.

The calculations for actions on the piles are based on the approach outlined in [X.2.5.2 for
limit states. The results of these calculations are detailed in the corresponding tables below.

1 g fuaalt
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CHAPTER IX. INFRASTRUCTURE STUDY

Table IX.31. Calculation of actions on pier piles at SLS.

1% row 2" row 3" row

SLS
R: (kN) R: (kN) Rs3 (kN)
G+0.6T 2041.54 2144.79 2 248.05
G+0.6T+1.2A()+ST 2 270.87 2 387.95 2 505.03
G+0.6T+1.2Bc+ST 2 185.98 2305.94 2425.90
G+0.6T+Mc120 2 140.02 2243.28 2 346.54
G+0.6T+D240 2252.07 2355.33 2 458.58

Table IX.32. Calculation of actions on pier piles at ULS.

1* row 2" row 3" row

ULS
Ri (kN) R: (kN) Rs (kN)
1.35G+0.9T 2 751.15 289547 3039.79
1.35G+0.9T+1.6(A(1)+ST) 3066.32 3229.07 3391.82
1.35G+0.9T+1.6(Bc+ST) 2 953.12 3 119.72 3286.31
1.35G+0.9T+1.35Mc120 3035.37 3179.69 3324.01
1.35G+0.9T+1.35D240 2 798.67 2942.99 3087.31

Table IX.33. Calculation of actions on pier piles at ALS.

1" row 2" row 3" row

ALS
Ri (kN) R: (kN) Rs (kN)
E: 1 653.53 2199.45 2745.38
Ex 1985.47 2199.45 2413.44
Es 2014.76 2 228.74 2442.73
E4 2 554.78 2151.94 1749.10
Es 2222.84 2151.94 2 081.04
Ee¢ 2 193.55 2 122.65 2051.75

Observations: It can be clearly observed that:
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- Maximum pile loads:

Rmax.SLS =2505.03 kN < Qmax,SLS = 3563.82 kN
Rpax.urs = 3391.82 kN < Qpax urs = 4437.14 kN
Rmax.ALS =2745.38kN < Qmax,ALS =5176.67 kN

= No risk of punching failure

- Minimum pile loads:

Ropinsis = 2041.54kN > 0
Rmin.ULS = 2 751 15 kN > 0
Rmin.ALS = 1 653 53 kN > 0

= No risk of uplift

1X.3.3.3. Pile Footing Reinforcement

The reinforcement of the pile footing is calculated using the same method applied for the
abutment footing.

The adopted reinforcement layout is as follows:

Lower transverse reinforcement: Ag = % = 14.47 cm? /m Adopted: 4HA25 bars with
a spacing of 25 cm

Upper transverse reinforcement: Ag; = % = 4.82 cm?/m Adopted: 4HA14 bars with
a spacing of 25 cm

Lower longitudinal reinforcement: Ag, = % = 7.24 cm? /m Adopted: 4HA16 bars
with a spacing of 25 cm

Upper longitudinal reinforcement: Ag; = % = 3.62 cm? /m Adopted: 4HA12 bars
with a spacing of 25 cm

Side reinforcement: Ay, = % = 1.45 cm? /m Adopted: 4HA10 bars with a spacing of

25 cm

IX.3.3.4. Pile Footing Reinforcement

The reinforcement of the pile footing is calculated using the same method applied for the
abutment footing.

Table IX.34. Determination of stresses at the head of pier piles.

L (m) 20 A 0.229
E (MPa) 32 164 AXL 4.58
Cu (MN/m3) 30 Xop 1.32
b (m) 1.20 Xom 1.57

I (m*) 0.1018 P (kN) 251.72

n 9 M (kN.m) 919.73
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The reinforcement design for the piles is performed using ROBOT-Expert software for a
circular section with a diameter of 1.2 meters, subjected to simple bending.

Results :

Main Reinforcement: A, = 113.10 cm? we opt 24HA25, with a spacing of S, =
15 cm.
Horizontal Reinforcement: Ag; = % For the stirrups, we use 14HA/ml, with 12.5 cm

spacing in the critical zone and 20 cm in the normal zone.

The figure below illustrates the reinforcement details for the pile and its foundation:
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Reinforcement of the pier and its foundation

Chapter IX : Infrastructure Study

Theme : Design and analysis of a road bridge for railway line reinstatement

including the removal of the level crossing at KERMA ORAN PK 262-+00.




GENERAL CONCLUSION

GENERAL CONCLUSION

The work presented in this report is part of our final year project, entitled: “Design and

Analysis of a Road Bridge For Railway Line Reinstatement Including The Removal of The
Level Crossing at KERMA ORAN PK 00+262.”

This study allowed us to acquire the necessary skills to design multiple alternatives for a

structure, perform a multi-criteria analysis to select the most suitable solution, and size,
calculate, and verify the chosen option. Throughout this process, we relied on an extensive
bibliography, applicable standards and references, and the use of several design and calculation
software, including AUTOCAD, ROBOT STRUCTURAL ANALYSIS, ROBOT EXPERT,
REVIT, and MICROSOFT OFFICE EXCEL.

Studying a bridge highlights the application of all theoretical knowledge acquired during
our engineering curriculum, such as strength of materials, soil mechanics, structural mechanics,
and steel framework, among others.

Through this project, we were able to visualize the different phases of execution of a civil

engineering structure and apply various regulations (BAEL, RPOA, Eurocode), while
integrating technical, economic, safety, and aesthetic constraints into the design.

This final year project represents a synthesis of the knowledge gained over three years at

the National Higher School of Public Works and constitutes an important step toward a
professional career as well as potential advanced studies.
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APPENDIX A. RESULTS OF GEOTECHNICAL TESTS
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Figure A.1. Cored borehole log SC1.
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Figure A.2. SC1 cored borehole to a depth of 20 meters.
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APPENDIX A. RESULTS OF GEOTECHNICAL TESTS

Table A.1. Menard pressuremeter test SCP-1 to a depth of 30 meters.

Depth E (bars) PL (bars) Pf (bars)
02.00 040.82 04.66 03.98
04.00 134.48 10.64 08.75
06.00 086.24 10.41 07.02
08.00 136.33 11.80 07.55
10.00 110.32 11.74 09761
12.00 077.62 7.30 05.64
14.00 094.06 7.53 05.50
16.00 190.81 13.81 10.12
18.00 96.25 14.83 12.21
20.00 158.96 14.11 11.46
22.00 093.82 14.18 09.16
24.00 128.40 12.87 10.53
26.00 155.84 14.78 10.69
28.00 244.02 17.98 13.79
30.00 222.81 17.64 13.96
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APPENDIX B. RESULTS OF NUMERICAL CALCULATION
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i Base Mg POST-PROCESSOR
BEAM DIAGRAM
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Appendix B.1. Bending moment of a cantilever under combination Al.
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Appendix B.2. Bending moment of a cantilever under combination A2.
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Appendix B.3. Bending moment of a cantilever under combination B1.

R MIDAS/Civil
|i Base i | i POST-PROCESSOR
BEAM DIAGRAM
MOMENT-y
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Appendix B.4. Bending moment of a cantilever under combination B2.
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Appendix B.5. Longitudinal bending moment under combination G+1.2A1+St.
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Appendix B.6. Longitudinal bending moment under combination
1.35G+1.6AH+1.6St.
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Appendix B.7. Longitudinal bending moment under combination G+1.2Al1+St.
MIDAS/Civil
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Appendix B.8. Longitudinal bending moment under combination
1.35G+1.6A1+1.6St.
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Appendix B.9. Longitudinal bending moment under combination G+1.2Bt+St.
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Appendix B.10. Longitudinal bending moment under combination

1.35G+1.6Bt+1.6St.
MIDAS/Civil
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Appendix B.11. Longitudinal bending moment under combination G+Mc¢120.
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Appendix B.12. Longitudinal bending moment under combination
1.35G+1.35Mc120.
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K sase | b

A L [l

i

o - e 0 II i

o

MIDAS/Civil

POST-PROCESSOR

BEAM DIAGRAM
MOMENT-y

.58152e+04
.68130e+04
78109e+04
88088e+04
£80669e+03
00000e+00
19755e+03
71997e+04
.62018e+04
.52039e+04
.42060e+04
.32081e+04

0 OO W N W e

|
-

[}

©

[

Appendix B.13. Longitudinal bending moment under combination G+D240.

% Base W

T g - P q II' y

MIDAS/Civil
POST-PROCESSOR
BEAM DIAGRAM

MOMENT-y
6.185052+04
- 4.96976e+04
=T 3.75448e+04
I 2.53919e+04
1 1.32390e+04
—T 0.00000e+00

—T -1.10667e+04
—T -2.32195e+04
=T -3.53724e+04
= —4.75253e+04

- -5.96781e+04
7.18310e+04

Appendix B.14. Longitudinal bending moment under combination

1.35G+1.35D240.
i Base iR
i [ S N &
y 74
\ y
N i

MIDAS/Civil

POST-PROCESSOR

BEAM DIAGRAM

MOMENT-y

-

.07975e+01
.87902e+00
.00000e+00
.95785e+00
.87628e+00
.37947e+01
.87132e+01
-36316e+01
.85500e+01
-34685e+01
.83869e+01
-33053e+01

o

o

@

|
o

-

|
=

)

|
S}

w

-

Appendix B.15. Transverse bending moment under combination G+1.2AI1+St.

i sse s

MIDAS/Civil
POST-PROCESSOR

BEAM DIAGRAM

MOMENT-y

.44378e+01
.73013e+00
.00000e+00
.68522e+00
-23929e+01
.910062+01
.58082e+01
.25159e+01
.92236e+01
.59313e+01
.26389%e+01
.93466e+01

o 4 -

@

-

-

(5]

w

|
=

|
@
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Appendix B.16. Transverse bending moment under combination

1.35G+1.6AH1.6St.
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APPENDIX B. RESULTS OF NUMERICAL CALCULATION

1% Base

H | i

MIDAS/Civil
POST-PROCESSOR
BEAM DIAGRAM
MOMENT-y

2.08252e+02
1.66452e+02
1.24é51e+02
8.28497e+01
4.10487e+01
0.00000e+00
-4.25531e+01
-8.43541e+01
-1.2€155e+02

-2.09757e+02

; -1.67956e+02

-2.51558e+02

Appendix B.17. Transverse bending moment under combination G+1.2Bc+St.

H‘l‘ Base

1% Base

3 |

MIDAS/Civil
POST-PROCESSOR
BEAM DIAGRAM
MOMENT-y

2.76690e+02
- 2.20988e+02
1.652852+02
1.09583e+02
:::] 5.38803e+01
0.00000e+00
—T -5.75245e+01

—T -1.13227e+02
-1.68929e+02

-2.24632e+02
E -2.80334e+02
—-3.36037e+02

Appendix B.18. Transverse bending moment under combination

1.35G+1.6Bc+1.6St.

H |

MIDAS/Civil

POST-PROCESSOR

BERM DIAGRAM
MOMENT-y
1.27198e+02
1.00847e+02
7.44952e+01
4.81437e+01
2.17922e+01
0.00000e+00
.09108e+01

|
W

o ] |
o e @ 0

-09965e+02
-36317e+02
.62668e+02

.72622e+01

36137e+01

Appendix B.19. Transverse bending moment under combination G+1.2Bt+St.

MIDAS/Civil
POST-PROCESSOR
BEAM DIAGRAM

Hi sase 31k

MOMENT-y

-

T (R
R S R Y

o N e v -

.69639e+02
34443e+02
92468e+01
40508e+01
.88548e+01
.00000e+00
.15372e+01
.67332e+01
.11929e+02

.47125e+02
.82321e+02
.17517e+02

Somat e i

Appendix B.20. Transverse bending moment under combination
1.35G+1.6Bt+1.6St.

ApsTP
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APPENDIX B. RESULTS OF NUMERICAL CALCULATION

MIDAS/Civil
Fi Base A it POST-PROCESSOR
R HERM: DIRGRAMES
MOMENT-y
4.29410e+401
3.385262+401
2.476432+01
1.567592+01
6.587502+00
0.000002+00
-1.15893e+01

|
-
- 1 -2.0677¢€=+01

\ /// -2.97660e+01
/ -3.88544e+01
/ -4.79428e+01
X 4
\ / -5.70312e401
i /

Appendix B.21. Transverse bending moment under combination G+Mc120.

2 < MIDAS/Civil
i Base | B POST-PROCESSOR
BEAM DIAGREM
MOMENT-y
.79704e+01
.57011e+01

o

=R SRR

34318e+01
116242401
89313e+00
00000e+00
H y —1 -1.56455e+01
X — - - It -2.79148e+01

/ =7 —4-01841e+01

/ o —5-24534e+01
/ --6A47228€+01

Y\ S 7.69921e+01

Appendix B.22. Transverse bending moment under combination
1.35G+1.35Mc120.

MIDAS/Civil

i Base i | POST-PROCESSOR

MOMENT-y

2.02809e+02
1.62319e+02
1.21829e+02
8.13400e+01
4.08504e+01
0.00000=+00
-4.012862+01
-8.06181e+01

-1.21108e+02

\ / el —1-61597e+02

-2.02087e+02
7 -2.42576e+02

Appendix B.23. Transverse bending moment under combination G+D240.

@ s MIDAS/Civil
i Base R it POST-PROCESSOR
BEAM DIAGRRM

MOMENT-y
2.73791e+02
.19131e+02
€4470e+02
09809e+02
5148le+01
.00000e+00
.41736e+01
-1.08834e+02
.634952+02
.18156e+02
.72817e+02
.27478e+02

o v - =N

|
@

A
(S

|
)

-
S
|

w

Appendix B.24. Transverse bending moment under combination
1.35G+1.35D240.
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APPENDIX C : CALCULATIONS OF THE RETAINED VARIANT

Study of prestressing and justification of segments

Student Engineers : GAHAM & ARAR

Project : Final Year Project

STUDY OF THE CANTILEVER PRESTRESSING

Data

Prestressing reinforcements
Tendon type 15TIS
Class 1860 D duct 0.10 m
Ultimate strength fprg 1 860 MPa f 0.18 (rd™")
Elastic limit fpeg 1 674 MPa i) 0.002 (m™)
Modulus of elasticity Ep | 190 000 MPa g 4 mm
Strand section At 140 mm? o 043
Tendon section Ap 2 100 mm? P1000n 25
Maximum force Fpo 206.1 KN

Calculation of Po

Py = 6,9 X S¢endonistis

Op0 = min (0.8 fprg M 0.9 fpeg)

P
an Gpo 1488 MPa
. 0
M- Po 3.12MN
_ 1 AP 25%
P= 1 e-v”’ d 15
st—T1 -
e=v —d

Segment data
Lvsp 1.60 m
Lvs 220m
Dys 12

GAHAM & ARAR /ﬁ



VIV ® WVHVD

Determination of tendons number

" Nbre Nbre Gsup cinf

x(m) | M (kN.m) H@m) | v'm) | v(m) | I(m*) | Sm?» | e(m) | P(MN) tendons retenus | (MPa) (MPa) OBS
Axe VSP 0 76 599.97 2.40 1.36 1.04 7.35 13.40 0.89 54.04 23.06 24 0.44 9.11 OK
End VSP | 0.80 72 243.10 2.40 1.46 0.94 5.46 6.84 0.79 44.07 18.81 24 3.44 15.61 OK
EndV01 3.00 70 619.59 2.40 1.46 0.94 5.46 6.84 0.79 37.16 15.86 24 5.39 12.60 OK
End V02 | 520 50 550.61 2.40 1.46 0.94 5.46 6.84 0.79 30.84 13.16 22 5.85 10.15 OK
End V03 | 740 41 145.15 2.40 1.46 0.94 5.46 6.84 0.79 25.10 10.71 20 6.14 7.95 OK
End V04 | 9.60 32700.21 2.40 1.46 0.94 5.46 6.84 0.79 19.95 8.51 18 6.28 6.00 OK
End VO5 | 11.80 25215.79 2.40 1.46 0.94 5.46 6.84 0.79 15.38 6.56 16 6.24 431 OK
End V06 | 14.00 18 691.90 2.40 1.46 0.94 5.46 6.84 0.79 11.40 487 14 6.04 2.88 OK
End V07 | 16.20 13128.53 2.40 1.46 0.94 5.46 6.84 0.79 8.01 342 12 5.68 1.70 OK
End V08 | 18.40 8 525.68 2.40 1.46 0.94 5.46 6.84 0.79 5.20 222 10 5.15 0.77 OK
End V09 | 20.60 4 883.35 2.40 1.46 0.94 5.46 6.84 0.79 2.98 1.27 8 4.45 0.10 OK
End V10 | 22.80 2201.54 2.40 1.46 0.94 5.46 6.84 0.79 1.34 0.57 6 3.59 -0.31 OK
End V11 | 25.00 480.26 2.40 1.46 0.94 5.46 6.84 0.79 0.29 0.13 4 2.56 -0.47 OK
End V12 | 27.20 0.00 240 1.46 0.94 5.46 6.84 0.79 0.00 0.00 2 1.32 -0.30 OK

Allowable concrete stress characteristics

fes 35 MPa Opi1 -4.05 MPa Ope 21 MPa fo 1.99 MPa Ob2 -2.99 MPa
fts 2.70 MPa Opz -1.89 MPa fer 23.18 MPa Opi1 -1.39 MPa Ope 13.91 MPa

AANIVIHYE dHL A0 SNOILVINDTVD : D XIANdddV



APPENDIX C : CALCULATIONS OF THE RETAINED

Tendon plan layout

X 2 Xi z Xi z
IO =Zo+(Z1-Z) ()’ R@®=— 2  Riam-—
1 2x(Zi—Zi+1) 2x(Zi+1—Zi+2)
2x(Zi-Zi+1 . n
B[(X_) _ Arctg ( + ) — Xi - Xi+l -
Xi o
pi+1
» ( ) Zo — —
X (Zi+1
Bi-1(x)= Arctgi+ %1
Xi+1 0
- L1
L | Zi | Zin| Xi | X Rin Bi | Bin .
Vsr Tendons ’ Ri (m Equation
m @ m @ m ™ @ () cad) i
End V1 T1 Straight line
End V2 T2 1.10 | 020 | 0.10 | 1.10 | 1.10 | 6.05 6.05 | 0.18 | 0.18 | 020 | -0.0826 | X?
End V3 T3 2,20 1 020 | 0.10 | 220 | 220 | 2420 | 2420 | 0.09 | 0.09 | 0.20 | -0.0207 | X2
End V4 T4 Straight line
End V5 T5 220 1020 | 010|220 | 220 | 2420 | 2420 | 0.09 | 0.09 | 0.20 | -0.0207 | X2
End V6 T6 220 1020 | 010 | 220 | 220 | 2420 | 2420 | 0.09 | 0.09 | 020 | -0.0207 | X2
End V7 T7 330 | 040 | 020 | 330 | 330 | 2723 | 2723 012 ] 0.12 | 040 | -0.0184 | X2
End V8 T8 330 {040 | 0.20 | 3.30 | 330 | 2723 | 2723 | 0.12 | 0.12 | 040 | -0.0184 | X2
End V9 T9 440 | 0.60 | 030 | 440 | 440 3227 | 3227 |0.14 | 0.14 | 0.60 | -0.0155 | X2
End V10 TI0O | 440 | 0.60 | 030 | 440 | 440 | 3227 | 3227 | 0.14 | 0.14 | 0.60 | -0.0155 | X2
End V11 T11 550 | 0.80 | 040 | 5.50 | 550 | 37.81 | 37.81 | 0.14 | 0.14 | 0.80 | -0.0132 | X
End V12 T12 | 550 | 080 | 040 | 550 | 550 | 37.81 | 37.81 | 0.14 | 0.14 | 0.80 | -0.0132 | X

Tendon elevation layout

-

X, - X
=do+ (dh—do)x (=) R{x)=— > Ruin 0On = artg(2x (d —do)) x —
Y =dot (4= () W= 22X (@ —d) x
1
‘dl]
1 & d:
R
GAHAM & ARAR /[/_\
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APPENDIX C : CALCULATIONS OF THE RETAINED

Vsr Tendons | L (m) (;ino) (I(:i) Ri (m) a (rad) Equation
End V1 T1 2.20] 035 0.60| 0.60 0.21 035 | + 0.052 | X2
End V2 T2 2.20] 035] 0.60 9.68 0.21 035 | + 0.052 @ X
End V3 T3 2.20] 035] 0.60 9.68 0.21 035 | + 0.052 @ X2
End V4 T4 4401 0.15] 0.60| 21.51 0.17 035 | + 0.023 | X2
End V5 TS 440 0.15] 0.60| 21.51 0.17 0.15 | + 0.023 | X
End V6 T6 4401 0.15] 0.60 | 21.51 0.17 0.15 | + 0.023 | X2
End V7 T7 440 0.15] 0.60| 21.51 0.17 0.15 | + 0.023 | X2
End V8 T8 440 0.15] 0.60| 21.51 0.17 0.15 | + 0.023 | X2
End V9 T9 440 0.15] 0.60| 21.51 0.17 0.15 | + 0.023 | X2
End V10 T10 440 0.15] 0.60| 21.51 0.17 0.15 | + 0.023 | X2
End V11 T11 440 0.15] 0.60| 21.51 0.17 0.15 | + 0.023 | X2
End V12 T12 440 0.15] 0.60| 21.51 0.17 0.15 | + 0.023 | X2
GAHAM & ARAR 41\




VIV  WVHVD

~d18N3

Loss calculation

1. Friction tension losses :

o) 0.002 m-
f 0.18 MG(X):GPM(I_E—(fXﬂ+(9><X))
0 1488 MPa
X Tendons L (m) & 0 0 Axe | End g 1v1 EndV2 EndV3 EndV4 EndV5 EndV6 EndV7 EndV8 End V9 End V10 End V11 End V12
(rad) | (rad) | (rad)  YSP | VSP
300 | T1 | 220 | 021 | 021 @ 021  63.96 | 6168
520 | T2 | 220 | 041 | 027 021 11975 117.57 61.68 0
740 T3 | 220 | 027 | 023 | 021 | 92.57 | 90.34 | 72.44 | 61.68 | 0
9.60 T4 | 220 017 | 017 | 017 | 71.41 | 69.14 | 62.88 | 56.60 | 5029 | 0
11.80 | TS | 220 | 024 | 019 | 017 | 97.10 | 94.87 | 88.73 | 82.56 | 62.33 | 5029 | 0
1400 T6 | 220 | 024 | 019 | 017 | 103.21 100.99  94.87 | 88.73 | 82.56 | 62.33 | 50.29 | 0
1620 | T7 | 220 | 029 | 020 | 017 | 120.61  118.42| 112.38 | 106.32| 100.22 | 94.10 | 66.31 | 50.29 | 0
1840 TS | 220 | 029 | 020 | 017 | 126.61| 124.43| 118.42 | 112.38 | 106.32  100.22 = 94.10 66.31 | 5029 0
2060 T9 | 220 | 031 | 021 | 0.17 | 138.45| 136.38| 130.42 | 124.43 118.42 112.38 | 10631 74.79 | 68.56 | 5029 | 0
2280 | TI0 | 220 | 031 | 021 | 017 14446 14231 13638 13042 124.43 118.42  112.38 10631 74.79 | 68.56 | 5029 | 0
2500 TI1 | 220 | 033 | 022 | 017 |153.97| 151.83| 145.94  140.02 134.08 128.11 | 122.11 116.09 110.04| 7621 | 69.98 | 5029 | 0
2720 | TI2 | 220 | 033 | 022 | 0.17 | 159.82| 157.70| 151.83  145.94 140.02  134.08 @ 128.11 122.11| 116.09| 110.04 | 7621 | 69.98 | 50.29 | 0.0
Average 11600 113.80 98.00 9537 91.87 88.88 8495 7656 69.96 61.02 49.12 40.09 25.14  0.00
Asa (%) 780 765 659 641 617 597 571 514 470 410 330 269 169 000
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Q 2. Anchor set Josses
>
n
E g 0.002 g Ee
oo 5 190 000 MPa A6y(X) =2 x 6 x Kk (d - X) , avec k—fxEJrga et d= ok
>
E X | Tendons L k d |AVSP [EVSP| EV1l | EV2 | EV3 EV4 | EV5 | EV6 | EV7 EV8 | EV9 |EV10 | EV11l E V12
3.00 T1 3.00 | 0.002 [11.30 49.40 | 54.16 | 67.26
5.20 T2 440 | 0013 | 438 - - 86.36 |173.66
740 T3 440 | 0011 | 474 | ~ 139 | 85.93 | 160.47
9.60 T4 660 | 0007 | 625 ] _ 3508 | 7881  121.64
11.80 T5 6.60 | 0.007 | 597 - - - - 33.45 | 80.41 | 127.36
14.00 T6 6.60 | 0.007 | 597 R R R - - 33.45 80.41 | 127.36
16.20 T7 6.60 | 0.008 | 5.79 R R R - - - 31.55| 81.37 | 131.18
18.40 T8 6.60 | 0.008 | 5.79 R R R - - - - 31.55 | 81.37 [131.18
20.60 T9 6.60 | 0.008 | 5.70 R R R R - - - R 3043 | 81.86 | 133.30
22.80 T10 6.60 | 0.008 | 5.70 R - R - - - - R R 30.43 | 81.86 | 133.30
25.00 T11 6.60 0.008 | 5.65 R R R - - - - R R - 29.70 82.16 | 134.62
27.20 T12 6.60 | 0.008 5.65 R - R - - - - R R - - 29,70 | 82.16 | 134.62
Average 4.12 451 13.75  26.87 | 27.27 | 26.17 | 2991 | 3433 | 40.50 | 48.69| 61.22 | 81.72 108.39 134.62
As a (%) 0.28 0.30 0.92 1.81 1.83 1.76 2.01 2.31 2.72 3.27 411 5.49 7.28 9.05
3. Tension 1 i _simul S
2 Ebi 35981.73 MPa
P Pxe Mp xe
AG«(X) = 2,64 X Gv(X) , avec : Obi = E + e E, 190 000 MPa

Po 3.12 MN




AANIVIHYE dHL A0 SNOILVINDTVD : D XIANdddV

®)
=
2> Abcs nTendons  v(m) | d.,(m | e, (m) I (m4) S (m?*) M (MN.m) P (MPa) Ace (MPa) Ace (%)
i Axe VSP 24 1.04 0.23 081 | 735 | 13.40 76.60 2.87 735 0.51
> End VSP 24 0.94 0.23 0.71 546 | 6.84 7224 2.88 18.66 1.25
E End V1 24 0.94 0.22 072 | 546 | 6.84 60.92 2.89 22.94 1.54
End V2 22 0.94 0.21 073 | 546 | 6.84 50.55 2.87 22.79 1.53
End V3 20 0.94 0.20 075 | 546 | 6.84 41.15 2.87 22.80 1.53
End V4 18 0.94 0.20 074 | 546 | 6.84 32.70 2.88 22.07 1.48
End V5 16 0.94 0.21 073 | 546 | 6.84 2522 2.88 20.87 1.40
End V6 14 0.94 0.21 073 | 546 | 6.84 18.69 2.89 19.38 1.30
End V7 12 0.94 0.23 072 | 546 | 6.84 13.13 2.89 17.44 1.17
End V8 10 0.94 0.24 070 | 546 | 6.84 8.53 2.89 15.14 1.02
End V9 8 0.94 0.26 068 | 546 | 6.84 4.88 2.89 12.47 0.84
End V10 6 0.94 0.30 064 | 546 | 6.84 2.20 2.87 9.37 0.63
End V11 4 0.94 0.38 057 | 546 | 6.84 0.48 2.84 6.02 0.40
End V12 2 0.94 0.60 034 | 546 | 6.84 0.00 2.94 251 0.17
4.Total instantaneous losses ;
AVSP EVSP EVl EV2 EV3 EV4 EV5 EV6e | EV7 EV8 | EV9 EVI10 E V1l E V12
Instantaneous losses as a (%) 858 | 921 | 9.05 | 9.75 | 954 | 922 | 9.12 | 875 | 8.60 | 839 | 825 | 882 | 9.38 | 9.22
Instantaneous losses as a (Mpa) | 127.65 136.98| 134.68| 145.03| 141.94|137.12|135.74| 13026/ 127.90| 124.86| 122.81| 131.18| 139.55 137.13
A\
3 el
1
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e
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APPENDIX C : CALCULATIONS OF THE RETAINED

L Shrinkage losses
Shrinkage losses
AG,— = Ep & EP 190 000 MPa g
€ 0.0002 Losses (Mpa) As a (%)
38 2.55
2. Creep losses:
Aon—2.5 E Gb__£+P><e2 _Mpxe Ebi 35981.73 MPa
=230 (g, "B Ie Ie Ep 190 000 MPa
N dmoy €moy Mg P Acf Aot
I (m% | S (m?
Abcs Tendons| © ™ (m) (m) (m®) | S (m?) (MN.m) \pay | (MPa) | (%)

Axe VSP 24 1.04 0.23 0.81 735 | 13.40 63.26 2.86 | 56.24 | 3.78
End VSP 24 0.94 0.23 0.71 546 6.84 59.57 2.84 | 112.09| 7.53

End V1 24 094 | 022 | 072 | 546 | 684 50.06 | 2.84 | 129.89 8.73
End V2 22 094 | 021 | 073 | 546 | 684 4137 | 2.82 | 12678 8.52
End V3 20 094 | 020 | 075 | 546 | 684 33.51 | 2.83 | 12462 837
End V4 18 094 | 020 | 074 546 | 684 2648 | 2.84 | 11878 7.98
End V5 16 094 | 021 | 073 | 546 | 684 2027 | 2.84 | 110.88 7.45
End V6 14 094 | 021 | 073 | 546 | 684 1489 | 285 | 101.74| 6.84
End V7 12 094 | 023 | 072 | 546 | 684 1034 | 2.86 | 90.64 | 6.09
End V8 10 094 | 024 | 070 | 546 | 684 6.62 2.86 | 77.96 | 524
End V9 8 094 | 026 | 068 | 546 | 684 3.72 287 | 63.62 | 4.28
End V10 6 094 | 030 | 064 546 | 684 1.65 2.85 | 4737 | 3.8
End V11 4 094 | 038 | 057 | 546 | 684 0.41 2.83 | 30.04 2.02

End V12 2 094 | 0.60 | 034 | 546 | 684 0.00 2.84 | 1254 | 0.84

3. Relaxation Josses ©

AGp= L X P1000 (u - un)x 6i(X) .avec: B= oix)

100 fore

Abcs n Tendons | ©i (Mpa) n n0 | Acp (MPa) | Acp (%)

Axe VSP 24 1360.35 | 0.731 | 0.43 61.50 4.13
End VSP 24 1351.02 | 0.726 | 0.43 60.06 4.04
End V1 24 1353.32 | 0.728 | 0.43 60.41 4.06
End V2 22 1342.97 | 0.722 | 0.43 58.83 3.95
End V3 20 1346.06 | 0.724 | 0.43 59.30 3.99
End V4 18 1350.88 | 0.726 | 0.43 60.04 4.03
End V5 16 1352.26 | 0.727 | 0.43 60.25 4.05
End V6 14 1357.74 | 0.730 | 0.43 61.09 4.11
End V7 12 1360.10 | 0.731 | 0.43 61.46 4.13
End V8 10 1363.14 | 0.733 | 0.43 61.93 4.16
End V9 8 1365.19 | 0.734 | 0.43 62.25 4.18
End V10 6 1356.82 | 0.729 | 0.43 60.95 4.10
End V11 4 1348.45 | 0.725 | 0.43 59.66 4.01
End V12 2 1350.87 | 0.726 | 0.43 60.03 4.03
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AVIV ® INVHVD

Total deferred 1 :

5
Acda =Acr +Acn +—Adp

6
8. Total losses :

Axe End End End End End End End End End End End End End

VSP VSP Vi1 V2 V3 V4 V5 Vo6 V7 V8 V9 V10 Vi1 V12

Deferred losses as a (%) 9.78 13.45 14.67 14.37 14.25 13.90 13.38 12.81 12.09 11.26 10.32 9.15 791 6.76
Instantaneous losses as a (%) 8.58 9.21 9.05 9.75 9.54 9.22 9.12 8.75 8.60 8.39 8.25 8.82 9.38 9.22
Total (°/o) 18.36 22.66 23.72 24.12 23.79 23.11 22.50 22.57 20.68 19.65 18.57 17.97 17.29 15.97
Total (MPa) 273.14 | 337.10 | 35291 | 358.83 | 353.97 | 343.93 | 334.82 | 320091 307.75 | 292.42 | 276.30 | 267.34 | 257.31 | 237.70
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Stress verification for the construction phase

Opo 1488 MPa
P Pe,+M
Po 3.12 MPa 6(‘ ): —+ Y
B I
AP 24.12 MPa
x (m) " MMNm) v'@m) v@m)  Imb Smy) ™ pMN) B Ot OBS
tendons (m) (MPa) (MPa)
Axe VSP 0 24 76.60 1.36 1.04 7.35 13.40 0.81 56.91 -0.08 9.90 OK
End VSP 0.80 24 72.24 1.46 0.94 5.46 6.84 0.71 56.91 2.83 16.85 OK
End V01 3.00 24 60.92 1.46 0.94 5.46 6.84 0.72 56.91 4.88 13.67 OK
End V02 5.20 22 50.55 1.46 0.94 5.46 6.84 0.73 52.17 5.49 10.95 OK
End V03 7.40 20 41.15 1.46 0.94 5.46 6.84 0.75 47.43 5.93 8.49 OK
End V04 9.60 18 32.70 1.46 0.94 5.46 6.84 0.74 42.68 6.05 6.54 OK
End V05 11.80 16 2522 1.46 0.94 5.46 6.84 0.73 37.94 6.00 4.85 OK
End V06 14.00 14 18.69 1.46 0.94 5.46 6.84 0.73 33.20 5.78 3.41 OK
End V07 16.20 12 13.13 1.46 0.94 5.46 6.84 0.72 28.46 5.40 2.23 OK
End V08 18.40 10 8.53 1.46 0.94 5.46 6.84 0.70 23.71 4.86 1.31 OK
End V09 20.60 8 4.88 1.46 0.94 5.46 6.84 0.68 18.97 4.15 0.64 OK
End V10 22.80 6 220 1.46 0.94 5.46 6.84 0.64 14.23 3.27 0.23 OK
End V11 25.00 4 048 1.46 0.94 5.46 6.84 0.57 9.49 2.23 0.08 OK
End V12 2720 2 0.00 1.46 0.94 5.46 6.84 0.34 9.49 1.94 0.52 OK
fe28= 35 MPa
Opr1 -4.05 MPa Outside the cover section
Gbe = 21 MPa
Ope2 -1.89 MPa Within the cover section
fuos = -2.7 MPa
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APPENDIX C : CALCULATIONS OF THE RETAINED

STUDY OF CONTINUITY PRESTRESSING

Data
Prestressing reinforcements
Type 15T15 For the main span
Type 13T15 For the side span
Class 1860
Tendon type : 15/13T15
Class : 1860 D duct 0.10 m
-1
Ultimate strentgh fore | 1860 MPa J 0.18 (rd")
1
Elastic limit fpe 1 674MPa o 0.002 (m)
Modulus of elasticity Ep | 190 000 MPa g 4 mm
Strand section A1t 140 mm? o 043
Tendon section Ap.c 2 100 mm? P1o00n 25
Tendon section Ap.r 1 820 mm?
Maximum force Fpo 206.1 KN

Calculation of Po

P0 = 6p0 X Stend0n15/13T15

Op0 = min (O.Sfprg 5 0.9fpeg)

P
n= 0.75x P, Gpo 1488 MPa
M-v Po 3.12 MN For the main span
. v .
p—_1 Po 271 MN For the side span
1. e v”
S |
e=v—-d AP 24.12%
d 15cm
Segment data
Lvsp 1.60 m
Lys 220m
Nvs 12
GAHAM & ARAR



APPENDIX C : CALCULATIONS OF THE RETAINED

Determination of the tendons number ( Main Span)

(klilv-[m) o' (m) | o) | T(? S (m) | em) (MPN) tijll:l:sls Tenljions
End V4 0.00 1.46 0.94 5.46 6.84 1.31 0.00 0.00 2
End V5 | 7946.24 1.46 0.94 5.46 6.84 1.31 4.28 1.80 2
End V6 | 16 968.89 | 1.46 0.94 5.46 6.84 1.31 9.14 3.85 4
End V7 | 2484989 | 1.46 0.94 5.46 6.84 1.31 13.38 5.64 6
End V8 | 31545.62| 1.46 0.94 5.46 6.84 1.31 16.99 7.16 8
End V9 | 3698081 | 1.46 0.94 5.46 6.84 1.31 19.92 8.40 10
End V10 4111598 | 1.46 0.94 5.46 6.84 1.31 22.14 9.34 10
End V11 | 44 038.16| 1.46 0.94 5.46 6.84 1.31 23.72 10.00 12
End V12 | 45951.73 | 1.46 0.94 5.46 6.84 1.31 2475 10.44 12
End V12 | 46 287.06 | 1.46 0.94 5.46 6.84 1.31 2493 10.51 12
End V11 | 45282.36| 1.46 0.94 5.46 6.84 1.31 2439 10.28 12
End V10 | 42 930.33 | 1.46 0.94 5.46 6.84 1.31 23.12 9.75 12
End V9 |39231.79| 1.46 0.94 5.46 6.84 1.31 21.13 8.91 10
End V8 | 3441733 | 146 0.94 5.46 6.84 1.31 18.54 7.82 10
End V7 | 28410.10 | 1.46 0.94 5.46 6.84 1.31 1530 6.45 8
End V6 |21159.62| 146 0.94 5.46 6.84 1.31 1140 4.81 6
End V5 | 12696.24 | 1.46 0.94 5.46 6.84 1.31 6.84 2.88 4
End V4 | 3055.83 1.46 0.94 5.46 6.84 1.31 1.65 0.69 2
End V3 0.00 1.46 0.94 5.46 6.84 1.31 0.00 0.00 2
Determination of the tendons number ( Side Span)
(klilv-[m) o' (m) | o(m) | [(m9|Sm) | e(m (MPN) t?r?gsns TenNdons
End V4 0.00 1.46 094 5.46 6.84 1.31 0.00 0.00 2
End VS | 6115.02 1.46 094 5.46 6.84 1.31 3.29 1.60 4
End V6 | 1260635| 1.46 094 5.46 6.84 1.31 6.79 3.30 4
End V7 |17716.72| 1.46 094 5.46 6.84 1.31 9.54 4.64 6
End V8 | 21432.04| 1.46 094 5.46 6.84 1.31 11.54 | 5.62 6
End V9 |23741.79| 1.46 094 5.46 6.84 1.31 12.79 6.22 8
End V10 | 24 468.99 | 1.46 094 5.46 6.84 1.31 13.18 6.41 8
End V11 | 2375240 | 1.46 094 5.46 6.84 1.31 12.79 6.22 8
End V12 | 21 684.23 | 1.46 0.94 5.46 6.84 1.31 11.68 5.68 8
End VC3 | 19322.65| 1.46 094 5.46 6.84 1.31 1041 5.06 6
End VC2 | 14 888.54 | 1.46 0.94 5.46 6.84 1.31 8.02 3.90 6
End VC1 | 9101.88 1.46 0.94 5.46 6.84 1.31 4.90 2.39 4
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APPENDIX C : CALCULATIONS OF THE RETAINED

End VSC2| 195270 | 1.46 0.94 5.46 6.84 1.31 1.05 0.51 2
End VSC1 0.00 1.36 1.04 8.04 | 1347 | 1.21 0.00 0.00 2

Plan tendon layout

Z Zo+(Z1-Zo) (O)R (X) x)° s Ri1(x) LID)
— + _ — il == i+1 =
® o+ (Za ) (l) 2x(Zi—Zi+1) 2x(Zi+1—Zi+2)
. . Xi Xi+l
Bi(x) _ Arctgz X (Zl -ZTi+ l) o
Xi
Bin1
o - e
i+ L
Pi-1(x)= Arctgm o { x‘mﬁ
Xi+1 L L2 EI

Zi | Zit1 | Xi | Xit1 | Ri | Rt Bi Bi+1
(m) | (m) | (m) | (m) | (m) (m) (rad)  (rad)

Vrs Tendons

Equation

End V3 T1 Straight line
End V5 T2 02 | 0.1 | 1.1 1.1 | 6.05|6.05|0.18| 0.18 |02]| -0.083 | X2

End V6 T3 04 | 02 | 22 | 22 |1210|12.10| 0.18 | 0.18 |04 | -0.041 | X

End V7 T4 Straight line

End V8 T5 02 | 0.1 1.1 1.1 | 605|605 0.18| 0.18 |02| -0.083 | X2

End V10 T6 04 | 02 | 22 | 22 |1210/(12.10] 0.18 | 0.18 |04 | -0.041 X2

Elevation tendon layout

1

do
z E
R

y =do+ (& — o) x (&)’ R(¥)-— > Run tn = artg(2< (dh — do)) x —
1 2 x (d1—do) I

GAHAM & ARAR ANSTP:
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H
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APPENDIX C : CALCULATIONS OF THE RETAINED

Vrs Tendons L do di Ri (m) ¢ Equation
(m)  (m) | (m) (rad)
End V3 Tl 220 035 0.84 |14.03| 021 | 0.15 | 0.69 | x?
End V5 T2 220 | 035 0.84 |14.03| 0.21 | 0.15 | 0.69 | x?
End V6 T3 220 035 0.84 1403 021 | 0.15 | 0.69 | x*
End V7 T4 440 0.15  0.84 4.94 035 035 049 X’
End V8 T5 440 0.15 084 494035 035 049 %’
End V10 T6 440 0.15 | 0.84 | 494 | 035 035 | 049 | x°
Plan tendon layout
l ) .
Bi(x) = Arctgz X(Zi-Zi+1) = X Yt T - o
Xi
[
7o — N — —
B 1(x)= ArctgB7D %1 k&g
Xi+1 L. L:
X A 2
Z0) =Zo+(Zi-Lo) CZAX) =Zo + (L1 - Zo) (T)
Vis Tendons Zi | Zinn | Xi | Xi+1 | Ri | Rit1 Bi Bi+1 it
(m) | (m) | (m) | (m)  (m) (m) (rad) (rad)
End VSC T4 020 | 0.10 | 220 | 2.20 | 24.20(24.20| 0.09 | 0.09 | 02 | -0.021 | X
End V1 T3 Straight line
End V3 T2 020 | 0.10 | 220 | 1.60 | 24.20(12.80| 0.09 | 0.12 | 02 -0.028 X2
End V12 Tl Straight line
End V10 T1 Straight line
End V8 T2 020 | 0.10 | 2.20 | 2.20 |2420/24.20| 0.09 | 0.09 | 02 -0.021 X2
End V6 T3 Straight line
End V5 T4 020 | 0.10 | 2.20 | 2.20 |24.20(24.20| 0.09 | 0.09 | 02 -0.021 X

Elevation tendon layout

1
‘dﬂ
= E
7{:\@

2 i-Zi+1
Y= @-ax O B Arg

X
On = artg(2x (dv — do)) < l_‘
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APPENDIX C : CALCULATIONS OF THE RETAINED

Vrs Tendons @ | @) | @ Ri (m) (rad) Equation

End VSC| T4 440 | 0.15 084 1403 | 021 | 0.15 | 0.69 | X
End V1 T3 440 | 0.15 0.84 1403 | 021 | 0.15 | 0.69 | X
End V3 T2 220 035 084 494 | 035|035 049 | x*
End V12 T1 2201 035 0.84 494 | 035035 049 | ¥
End V10 T1 2201 035 0.84 494 | 035|035 049 | ¥
End V8 T3 2201 035 0.84 494 | 035|035 049 | ¥
End V6 T2 440 | 0.15 0.84 1403 | 021 | 0.15 | 0.69 | X
End V5 T1 3.80 | 0.15| 0.84 1046 | 025 | 0.15 | 0.69 | x

GAHAM & ARAR /HS/—I\P\
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@
E E Stress verification for the service phase
>
<
& Gpo 1488 MPa
E Po 3.12MN For the main span fas=  35MPa
Gbc = 21 MPa
2.71 MN i
) Po For the side span fas = 57 MPa
AP | 25% obt | -4.05MPa
Gbt2 -2.7 MPa
1. Unloaded bridge : ( 7)_ P Pe, +M
oly )= —+ ———¥
B |
Cantil Continui v' I S | ef | ec Pf Pc oS
M (kN.m) antilever | Continuity D) ] up GInf OBS
tendons tendons | (m) m~)| (m? | (m) | (m) | (MN) (MN) (MPa) | (MPa)
Beginning VSC1 0 0 2 1.36 | 1.04 | 7.35|13.40 0.00 | 0.52 | 0.00 | 4.10 0.00 0.70 OK
Beginnig V01 -1 115.66 0 2 1.46 | 0.94 | 546 | 6.84 | 0.00 | 0.97 | 0.00 | 4.10 0.11 1.37 OK
Beginnig V02 -5528.56 0 4 1.46 | 0.94 | 546| 6.84 | 0.00 | 1.08 | 0.00 | 8.21 0.63 2.09 OK
Beginnig V03 -8 992.7 0 6 1.46 1 0.94 | 546| 6.84 | 0.00| 1.09 | 0.00 | 12.31 1.04 2.98 OK
Beginnig VC C1-P1 | -11 508.06 0 6 1.46 | 0.94 | 546| 6.84 | 0.00| 1.09 | 0.00 | 12.31 1.47 2.31 OK
Beginnig V04 -12 734.38 2 8 1.46 1 094 | 546 | 6.84 | 034 1.09 | 4.10 | 1641 | 2.35 4.00 OK
Beginnig V05 -13591.4 4 8 1.46 1 094 | 546| 6.84 | 0.57| 1.09 | 821 | 1641 | 3.66 3.50 OK
Beginnig V06 -13 499.64 6 8 1.46 1 094 | 546 | 6.84 | 0.64 | 1.09 | 1231 | 1641 | 4.80 3.27 OK
Beginnig V07 -12.459.11 8 8 1.46 1 094 | 546 | 6.84 | 0.68| 1.09 | 1641 | 1641 | 5.79 3.27 OK
Beginnig V08 -10 469.82 10 6 1.46 1 094 | 546| 6.84 | 0.70| 1.09 | 20.51 | 12.31 | 6.76 1.75 OK
Beginnig V09 -7531.75 12 6 1.46 1 094 | 546| 6.84 | 0.72 ] 1.09 | 24.62 | 1231 | 7.44 2.23 OK
Beginnig V10 -3 644.92 14 4 1.46 | 0.94 | 546 | 6.84 | 0.73 | 1.08 | 28.72 | 8.21 8.11 1.19 OK
Beginnig V11 1190.69 16 2 1.46 1 094 | 546| 6.84 | 0.73 | 0.97 | 32.82 | 4.10 8.63 0.37 OK
l}n Beginnig V12 6 975.06 18 2 1.46 | 0.94 | 546| 6.84 | 0.74 | 0.52 | 36.93 | 4.10 9.13 1.13 OK
E Beginnig V13 13 708.2 20 0 1.46 | 0.94 | 546| 6.84 | 0.75| 0.00 | 41.03 | 0.00 8.94 1.44 OK
)
=
/
Q
>
an
>
<




Beginnig V14 21390.12 22 0 146 | 094 | 546 | 6.84| 0.73 | 0.00 | 45.13 | 0.00 8.59 3.51 OK
Beginnig V15 30020.8 24 0 146 | 094 | 546 | 6.84| 0.72 | 0.00 | 49.23 | 0.00 8.13 5.75 OK
Beginning VSP 39 600.25 24 0 146|094 | 546 | 6.84 | 0.71 | 0.00 | 49.23 | 0.00 6.40 8.44 OK
Axis VSP P1 43 381.04 24 0 1.36 | 1.04| 7.35|13.40/ 0.81 | 0.00 | 49.23 | 0.00 3.18 4.32 OK
Beginnig V16 39120.57 24 0 146|094 | 546 | 6.84 | 0.71 | 0.00 | 49.23 | 0.00 6.48 8.31 OK
Beginnig V17 28221.99 24 0 146 | 094 | 546 | 6.84| 0.72 | 0.00 | 49.23 | 0.00 8.44 5.27 OK
Beginnig V18 18272.18 22 0 146 | 094 | 546 | 6.84| 0.73 | 0.00 | 45.13 | 0.00 9.12 2.67 OK
Beginnig V19 9271.14 20 2 146 | 094| 546 | 6.84| 0.75| 0.00 | 41.03 | 4.10 | 10.30 0.85 OK
Beginnig V20 121887 18 2 146 094 | 546 | 6.84| 0.74 | 097 | 36.93 | 4.10 9.81 0.08 OK
Beginnig V21 -5 884.63 16 4 146 094|546 | 6.84 | 0.73 | 1.08 | 32.82 | 8.21 9.61 0.39 OK
Beginnig V22 -12 039.36 14 6 146 094|546 | 6.84 | 0.73 | 1.09 | 28.72 | 12.31| 9.37 0.76 OK
Beginnig V23 -17 245.32 12 8 146 094|546 | 6.84 | 0.72 | 1.09 | 24.62 | 1641 | 8.94 1.43 OK
Beginnig V24 -21 502.51 10 10 146 | 094 | 546 | 6.84| 0.70 | 1.13 | 20.51 | 20.51| 8.18 2.61 OK
Beginnig V25 -24 810.93 8 10 146 | 094 | 546 | 6.84| 0.68 | 1.13| 16.41 | 20.51| 7.60 1.98 OK
Beginnig V26 -27 170.58 6 12 146 094|546 | 6.84 | 0.64 | 1.13 | 12.31 | 24.62| 6.64 3.47 OK
Beginnig V27 -28 581.46 4 12 146 094|546 | 6.84 | 0.57 | 1.13 | 821 | 24.62| 5.74 3.34 OK
Beginnig VC P1-P2 | -29 043.58 2 12 146 094|546 | 6.84 | 034 | 1.13 | 4.10 | 24.62 | 4.65 3.50 OK
Beginnig V29 -28 776.62 2 12 146 | 094 | 546 | 6.84| 0.34 | 1.13| 4.10 | 24.62| 4.60 3.57 OK
Beginnig V30 -27 580.38 4 12 146 | 094 | 546 | 6.84| 0.57 | 1.13| 821 | 24.62| 5.56 3.61 OK
Beginnig V31 -25435.37 6 10 146 094|546 | 6.84 | 0.64 | 1.13 | 12.31 | 20.51| 6.54 2.09 OK
Beginnig V32 -22 341.6 8 10 146 094|546 | 6.84 | 0.68 | 1.13 | 16.41 | 20.51| 7.18 2.64 OK
Beginnig V33 -18299.05 10 8 146 094|546 | 6.84 | 0.70 | 1.09 | 20.51 | 1641 | 7.94 1.45 OK
Beginnig V34 -13307.73 12 6 146 094|546 | 6.84 | 0.72 | 1.09 | 24.62 | 12.31 | 8.43 0.69 OK
Beginnig V35 -7367.64 14 4 146|094 | 546 | 6.84 | 0.73 | 1.08 | 28.72 | 8.21 8.75 0.19 OK
Beginnig V36 -478.79 16 2 146 | 094 | 546 | 6.84| 0.73 ] 0.97 | 32.82 | 4.10 8.92 -0.07 | OK
Beginnig V37 7358.84 18 2 146 | 094 | 546 | 6.84| 0.74 | 0.52 | 36.93 | 4.10 9.07 1.23 OK
Beginnig V38 16 145.23 20 0 146|094 | 546 | 6.84 | 0.75| 0.00 | 41.03 | 0.00 8.52 2.09 OK
Beginnig V39 25 880.4 22 0 146|094 | 546| 6.84 | 0.73 | 0.00 | 45.13 | 0.00 7.81 4.71 OK
Beginnig V40 36 564.33 24 0 146|094 | 546 | 6.84 | 0.72 | 0.00 | 49.23 | 0.00 7.01 7.50 OK
Beginning VSP 48 197.03 24 0 146 | 094 | 546 | 6.84| 0.71 | 0.00 | 49.23 | 0.00 4.92 10.74 | OK
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VIV % WVHVD

Axis VSP P2 52 724.46 24 0 1.36 | 1.04 | 7.3513.40| 0.81 | 0.00 | 49.23 | 0.00 1.86 6.05 OK
Beginnig V41 48 368.7 24 0 146 | 094 | 546 | 6.84| 0.71 | 0.00 | 49.23 | 0.00 4.89 10.78 | OK
Beginnig V42 37 208.08 24 0 146|094 | 546 | 6.84 | 0.72 | 0.00 | 49.23 | 0.00 6.90 7.67 OK
Beginnig V43 26 996.23 22 0 146|094 | 546 | 6.84 | 0.73 | 0.00 | 45.13 | 0.00 7.62 5.01 OK
Beginnig V44 17 733.15 20 2 146|094 | 546 | 6.84 | 0.75| 0.00 | 41.03 | 4.10 8.84 3.11 OK
Beginnig V45 9418.84 18 2 146 | 094 | 546 | 6.84| 0.74 | 0.97 | 36.93 | 4.10 8.40 2.27 OK
Beginnig V46 20533 16 4 146|094 | 546 | 6.84 | 0.73 | 1.08 | 32.82 | 8.21 8.24 2.51 OK
Beginnig V47 -4 363.47 14 6 146 094|546 | 6.84| 0.73 | 1.09 | 28.72 | 1231 | 8.05 2.81 OK
Beginnig V48 -9 831.47 12 8 146 094|546 | 684 | 0.72 | 1.09 | 24.62 | 1641 | 7.66 341 OK
Beginnig V49 -14 350.71 10 10 146 094 | 546 | 6.84| 0.70 | 1.13 | 20.51 | 20.51 | 6.95 4.52 OK
Beginnig V50 -17 921.17 8 10 146 094|546 | 6.84 | 0.68 | 1.13 | 16.41 | 20.51 | 6.41 3.82 OK
Beginnig V51 -20 542.86 6 12 146 094|546 | 6.84 | 0.64 | 1.13 | 12.31 | 24.62| 5.50 5.24 OK
Beginnig V52 -22 215.79 4 12 146 | 094 | 546 | 6.84| 0.57 | 1.13| 821 | 24.62| 4.64 5.05 OK
Beginnig VC P2-P3 | -22 939.94 2 12 146 | 094 | 546 | 6.84| 0.34 | 1.13| 4.10 | 24.62| 3.60 5.13 OK
Beginnig V53 -22 863.57 2 12 146 094|546 | 6.84 | 034 | 1.13| 4.10 | 24.62| 3.59 5.15 OK
Beginnig V54 -21 929.37 4 12 146 094|546 | 6.84 | 0.57 | 1.13 | 821 | 24.62| 4.59 5.12 OK
Beginnig V55 -20 046.4 6 10 146 094|546 | 6.84 | 0.64 | 1.13 | 12.31 | 20.51| 5.62 3.53 OK
Beginnig V56 -17 214.66 8 10 146 094 | 546 | 6.84| 0.68 | 1.13 | 16.41 | 20.51| 6.29 4.01 OK
Beginnig V57 -13434.16 10 8 146 | 094 | 546 | 6.84| 0.70 | 1.09 | 20.51 | 1641 | 7.10 2.75 OK
Beginnig V58 -8 704.88 12 6 146 094|546 | 6.84| 0.72 ] 1.09 | 24.62 | 1231 | 7.64 1.92 OK
Beginnig V59 -3 026.84 14 4 146 | 094 | 546 | 6.84| 0.73 | 1.08 | 28.72 | 8.21 8.00 1.35 OK
Beginnig V60 3599.98 16 2 146 094 | 546 | 6.84| 0.73 | 0.97 | 32.82 | 4.10 822 1.02 OK
Beginnig V61 11 175.56 18 2 146|094 | 546 | 6.84 | 0.74 | 0.52 | 36.93 | 4.10 8.41 2.25 OK
Beginnig V61 19 699.92 20 0 146|094 | 546 | 6.84 | 0.75| 0.00 | 41.03 | 0.00 7.90 3.04 OK
Beginnig V62 29 173.04 22 0 146 | 094 | 546 | 6.84| 0.73 | 0.00 | 45.13 | 0.00 7.25 5.59 OK
Beginnig V63 39 594.93 24 0 146 | 094 | 546 | 6.84| 0.72 | 0.00 | 49.23 | 0.00 6.48 8.31 OK
Beginning VSP 50 965.59 24 0 146|094 | 546 | 6.84 | 0.71 | 0.00 | 49.23 | 0.00 4.44 1148 | OK
Axis VSP P3 55397.73 24 0 1.36 | 1.04| 7.35|13.40/ 0.81 | 0.00 | 49.23 | 0.00 1.48 6.55 OK
Beginnig V64 50 681.65 24 0 146|094 | 546 | 6.84 | 0.71 | 0.00 | 49.23 | 0.00 4.49 11.40 | OK
Beginnig V65 38 530.15 24 0 146 | 094 | 546 | 6.84| 0.72 | 0.00 | 49.23 | 0.00 6.67 8.02 OK
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VIV % WVHVD

Beginnig V66 27 327.41 22 0 146 | 094 | 546 | 6.84| 0.73 | 0.00 | 45.13 | 0.00 7.57 5.10 OK
Beginnig V67 17073.45 20 2 146 | 094 | 546 | 6.84| 0.75] 0.00 | 41.03 | 4.10 8.96 2.94 OK
Beginnig V68 7 768.25 18 2 146|094 | 546 | 6.84 | 0.74 | 0.97 | 36.93 | 4.10 8.68 1.83 OK
Beginnig V69 588.17 16 4 146|094 | 546 | 6.84 | 0.73 | 1.08 | 32.82 | 8.21 8.50 2.12 OK
Beginnig V70 -7 995.83 14 6 146 094|546 | 6.84 | 0.73 | 1.09 | 28.72 | 12.31| 8.67 1.84 OK
Beginnig V71 -14 455.25 12 8 146 | 094 | 546 | 6.84| 0.72 | 1.09 | 24.62 | 1641 | 8.46 2.18 OK
Beginnig V72 -20 000.38 10 10 146 094|546 | 6.84 | 0.70 | 1.13 | 20.51 | 20.51| 7.92 3.01 OK
Beginnig V73 -24 493.67 8 10 146 094| 546 | 6.84| 0.68 | 1.13 | 16.41 | 20.51 | 7.55 2.06 OK
Beginnig V74 -27 955.09 6 12 146 094 | 546 | 6.84| 0.64 | 1.13 | 12.31 | 24.62| 6.78 3.26 OK
Beginnig V75 -30 383.65 4 12 146 094 | 546 | 6.84| 0.57 | 1.13 | 821 | 24.62| 6.05 2.86 OK
Beginnig VC P3-P4 | -31 770.61 2 12 146 094|546 | 6.84 | 034 | 1.13 | 4.10 | 24.62| 5.12 2.77 OK
Beginnig V76 -32 062.82 2 12 146 094|546 | 6.84 | 034 | 1.13 | 4.10 | 24.62| 5.17 2.69 OK
Beginnig V77 -31 459.58 4 12 146 | 094 | 546 | 6.84| 0.57 | 1.13 | 821 | 24.62| 6.23 2.57 OK
Beginnig V78 -29 819.93 6 12 146 | 094 | 546 | 6.84| 0.64 | 1.13 | 12.31 | 24.62| 7.10 2.76 OK
Beginnig V79 -27 147.23 8 10 146 094|546 | 6.84 | 0.68 | 1.13 | 16.41 | 20.51 | 8.00 1.35 OK
Beginnig V80 -23 442.39 10 10 146 094 | 546 | 6.84 | 0.70 | 1.09 | 20.51 | 20.51 | 8.66 1.87 OK
Beginnig V81 -18 706.64 12 8 146 094|546 | 6.84 | 0.72 | 1.09 | 24.62 | 1641 | 9.19 1.04 OK
Beginnig V82 -12 941.53 14 6 146 094 | 546 | 6.84| 0.73 | 1.08 | 28.72 | 1231 | 9.55 0.49 OK
Beginnig V83 -6 148.92 16 4 146 | 094 | 546 | 6.84| 0.73 | 0.97 | 32.82 | 8.21 9.81 0.08 OK
Beginnig V84 1 669.01 18 2 146 094 | 546 | 6.84| 0.74] 0.52| 3693 | 4.10 | 10.05 | -0.29 | OK
Beginnig V85 10 509.75 20 0 146 | 094 | 546 | 6.84| 0.75] 0.00 | 41.03 | 0.00 9.49 0.58 OK
Beginnig V86 20 370.49 22 0 146 | 094 | 546 | 6.84| 0.73 | 0.00 | 45.13 | 0.00 8.76 3.24 OK
Beginnig V87 31248.09 24 0 146|094 | 546 | 6.84 | 0.72 | 0.00 | 49.23 | 0.00 7.92 6.07 OK
Beginnig VSP 43 135.66 24 0 146|094 | 546 | 6.84 | 0.71 | 0.00 | 49.23 | 0.00 5.79 9.39 OK
Axis VSP P4 47 866.23 24 0 1.36 | 1.04 | 7.3513.40| 0.81 | 0.00 | 49.23 | 0.00 2.54 5.15 OK
Beginnig V88 43 677.61 24 0 146 | 094 | 546 | 6.84| 0.71 | 0.00 | 49.23 | 0.00 5.70 9.53 OK
Beginnig V89 33271.92 24 0 146|094 | 546| 6.84 | 0.72 | 0.00 | 49.23 | 0.00 7.57 6.62 OK
Beginnig V90 23 885.49 22 0 146|094 | 546 | 6.84 | 0.73 | 0.00 | 45.13 | 0.00 8.16 4.18 OK
Beginnig V91 15514.95 20 0 146|094 | 546 | 6.84 | 0.75| 0.00 | 41.03 | 0.00 8.62 1.92 OK
Beginnig V92 8160.18 18 2 146 | 094 | 546 | 6.84| 0.74 | 0.52 | 36.93 | 4.10 8.93 1.44 OK
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Beginnig V93 1 828.35 16 2 146 094 | 546 | 6.84| 0.73 1 0.97 | 32.82| 4.10 8.52 0.54 OK
Beginnig V94 -3479.62 14 4 146 | 094 | 546 | 6.84| 0.73 | 1.08 | 28.72 | 8.21 8.08 1.23 OK
Beginnig V95 -7762.17 12 6 1461 094 | 546 | 6.84 | 0.72| 1.09 | 24.62 | 12.31 7.48 2.17 OK
Beginnig V96 -11 018.05 10 6 146 094 | 546 | 6.84 | 0.70 | 1.09 | 20.51 | 12.31 6.86 1.60 OK
Beginnig V97 -13 246.75 8 8 146 094 | 546 | 6.84 | 0.68 | 1.09 | 1641 | 16.41 592 3.06 OK
Beginnig V98 -14 27593 6 8 146 094 | 546 | 6.84 | 0.64 | 1.09 | 12.31 | 16.41 4.93 3.06 OK
Beginnig V99 -14 239.49 4 8 146 094 | 546 | 6.84 | 0.57| 1.09| 821 | 1641 3.78 3.32 OK
Beginnig VC P4-C2 | -13 254.28 2 8 146|094 | 546 | 6.84| 034 1.09| 4.10 | 1641 2.44 3.87 OK
Beginnig V100 -11934.73 2 6 146 094 | 546 | 6.84| 0.00 | 1.09 | 4.10 | 12.31 2.14 2.80 OK
Beginnig V101 -9291.17 0 6 146 | 094 | 546 | 6.84| 0.00 | 1.09 | 0.00 | 12.31 1.09 2.90 OK
Beginnig V102 -5 698.84 0 4 1461 094 | 546 | 6.84 | 0.00 | 1.08 | 0.00 | 8.21 0.66 2.05 OK
Beginnig VSC -1157.74 0 2 146 094 | 546 | 6.84 | 0.00| 097 | 0.00 | 4.10 0.11 1.35 OK
End VSC 0.00 0 2 1.36 | 1.04 | 7.35|13.40/ 0.00 | 0.52 | 0.00 | 0.00 0.00 0.00 OK
2. Unloaded bridge :

M (kN.m) Cantilever = Continuity V' v (m) I4 S | ef [ ec | Pf | Pc  oswp oif | e

tendons tendons | (m) (m*) (m* (m) (m) (MN) (MN) (MPa) (MPa)
Beginning VSC1 0 0 2 1.36| 1.04 | 7.3513.40|/ 0.00 | 0.52 | 0.00 | 4.10 0.00 0.70 OK
Beginnig V01 -1 119.61 0 2 1461 094 | 546 | 6.84 | 0.00| 0.97 | 0.00 | 4.10 0.11 1.36 OK
Beginnig V02 -5571.33 0 4 1461 094 | 546 | 6.84 | 0.00| 1.08 | 0.00 | 8.21 0.63 2.08 OK
Beginnig V03 -9 056.71 0 6 146 | 094 | 546 | 6.84 | 0.00 | 1.09 | 0.00 | 12.31 1.05 2.97 OK
Beginnig VC C1-P1 | -11 575.74 0 6 146 | 094 | 546 | 6.84 | 0.00| 1.09 | 0.00 | 12.31 1.48 2.29 OK
Beginnig V04 -12 793.07 2 8 146 | 094 | 546 | 6.84 | 034 | 1.09| 4.10 | 16.41 2.36 3.99 OK
Beginnig V05 -13 621.7 4 8 1461 094 | 546 | 6.84 | 0.57| 1.09 | 821 | 1641 3.67 3.49 OK
Beginnig V06 -13 483.99 6 8 1461 094 | 546 | 6.84 | 064 | 1.09 | 12.31| 1641 4.80 3.27 OK
Beginnig V07 -12 379.94 8 8 146 | 094 | 546 | 6.84 | 0.68 | 1.09 | 16.41 | 16.41 5.77 3.29 OK
Beginnig V08 -10 309.54 10 6 146 | 094 | 546 | 6.84 | 0.70 | 1.09 | 20.51 | 12.31 6.74 1.79 OK
Beginnig V09 -7272.8 12 6 146 | 094 | 546 | 6.84 | 0.72 | 1.09 | 24.62 | 12.31 7.39 2.30 OK
Beginnig V10 -3269.71 14 4 1461 094 | 546 | 6.84 | 0.73 | 1.08 | 28.72 | 8.21 8.05 1.29 OK
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Beginnig V11 1 699.71 16 2 146 | 094 | 546 | 6.84| 0.73 | 0.97 | 32.82 | 4.10 8.55 0.51 OK
Beginnig V12 7 635.48 18 2 146|094 | 546 | 6.84 | 0.74 | 0.52 | 36.93 | 4.10 9.02 1.30 OK
Beginnig V13 14 537.6 20 0 146|094 | 546 | 6.84 | 0.75| 0.00 | 41.03 | 0.00 8.79 1.66 OK
Beginnig V14 22 406.06 22 0 146|094 | 546 | 6.84 | 0.73 | 0.00 | 45.13 | 0.00 8.41 3.78 OK
Beginnig V15 31 240.86 24 0 146 | 094 | 546 | 6.84| 0.72 | 0.00 | 49.23 | 0.00 7.92 6.07 OK
Beginning VSP 41 042 24 0 146|094 | 546 | 6.84 | 0.71 | 0.00 | 49.23 | 0.00 6.15 8.83 OK
Axis VSP P1 44 911.23 24 0 1.36 | 1.04 | 7.3513.40| 0.81 | 0.00 | 49.23 | 0.00 2.96 4.61 OK
Beginnig V16 40 524.42 24 0 146 | 094 | 546 | 6.84| 0.71 | 0.00 | 49.23 | 0.00 6.24 8.69 OK
Beginnig V17 29299.92 24 0 146 | 094 | 546 | 6.84| 0.72 | 0.00 | 49.23 | 0.00 8.26 5.55 OK
Beginnig V18 19 041.76 22 0 146|094 | 546| 6.84 | 0.73 | 0.00 | 45.13 | 0.00 8.99 2.88 OK
Beginnig V19 9 749.94 20 2 146|094 | 546 | 6.84 | 0.75| 0.00 | 41.03 | 4.10 | 10.22 0.98 OK
Beginnig V20 142447 18 2 146 | 094 | 546 | 6.84| 0.74 | 0.97 | 36.93 | 4.10 9.77 0.14 OK
Beginnig V21 -5934.66 16 4 146 | 094 | 546 | 6.84| 0.73 | 1.08 | 32.82 | 8.21 9.62 0.37 OK
Beginnig V22 -12 327.44 14 6 146 094|546 | 6.84 | 0.73 | 1.09 | 28.72 | 12.31| 9.42 0.68 OK
Beginnig V23 -17 753.88 12 8 146 094|546 | 6.84 | 0.72 | 1.09 | 24.62| 1641 9.03 1.29 OK
Beginnig V24 -22 213.98 10 10 146 094|546 | 6.84 | 0.70 | 1.13 | 20.51 | 20.51| 8.30 242 OK
Beginnig V25 -25707.74 8 10 146 094 | 546 | 6.84| 0.68 | 1.13 | 16.41 | 20.51 | 7.75 1.74 OK
Beginnig V26 -28 235.15 6 12 146 094 | 546 | 6.84| 0.64 | 1.13 | 12.31 | 24.62 | 6.83 3.18 OK
Beginnig V27 -29 796.22 4 12 146 094|546 | 6.84 | 0.57 | 1.13 | 821 | 24.62| 5.94 3.02 OK
Beginnig VC P1-P2 | -30 390.94 2 12 146 094|546 | 6.84| 034 | 1.13 | 4.10 | 24.62| 4.88 3.14 OK
Beginnig V29 -30 208.78 2 12 146 094|546 | 6.84| 034 | 1.13 | 4.10 | 24.62| 4.85 3.19 OK
Beginnig V30 -29 113.1 4 12 146 094|546 | 6.84 | 0.57 | 1.13| 821 | 2462 5.83 3.20 OK
Beginnig V31 -27 051.08 6 10 146 094|546 | 6.84 | 0.64 | 1.13 | 12.31 | 20.51| 6.82 1.66 OK
Beginnig V32 -24 022.72 8 10 146 | 094 | 546 | 6.84| 0.68 | 1.13| 16.41 | 20.51 | 7.46 2.19 OK
Beginnig V33 -20 028.01 10 8 146 | 094 | 546 | 6.84| 0.70 | 1.09 | 20.51 | 1641 | 8.24 0.99 OK
Beginnig V34 -15 066.96 12 6 146 094|546 | 6.84 | 0.72 | 1.09 | 24.62| 12.31 | 8&.73 0.22 OK
Beginnig V35 -9 139.57 14 4 146|094 | 546 | 6.84 | 0.73 | 1.08 | 28.72 | 8.21 9.06 -0.28 | OK
Beginnig V36 -2245.84 16 2 146|094 | 546 | 6.84 | 0.73 | 0.97 | 32.82| 4.10 9.23 -0.54 | OK
Beginnig V37 561424 18 2 146 | 094 | 546 | 6.84| 0.74 | 0.52 | 36.93 | 4.10 9.37 0.76 OK
Beginnig V38 14 440.67 20 0 146 | 094 | 546 | 6.84| 0.75] 0.00 | 41.03 | 0.00 8.81 1.63 OK
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Beginnig V39 24 233.43 22 0 146 | 094 | 546 | 6.84| 0.73 | 0.00 | 45.13 | 0.00 8.10 4.27 OK
Beginnig V40 34 992.54 24 0 146 | 094 | 546 | 6.84| 0.72 | 0.00 | 49.23 | 0.00 7.28 7.08 OK
Beginning VSP 46 717.99 24 0 146|094 | 546 | 6.84 | 0.71 | 0.00 | 49.23 | 0.00 5.17 1034 | OK
Axis VSP P2 51286.97 24 0 1.36 | 1.04| 7.35|13.40/ 0.81 | 0.00 | 49.23 | 0.00 2.06 5.78 OK
Beginnig V41 47 013.05 24 0 146 | 094 | 546 | 6.84| 0.71 | 0.00 | 49.23 | 0.00 5.12 1042 | OK
Beginnig V42 36 099.01 24 0 146|094 | 546 | 6.84 | 0.72 | 0.00 | 49.23 | 0.00 7.09 7.37 OK
Beginnig V43 26 151.31 22 0 146 | 094 | 546 | 6.84| 0.73 | 0.00 | 45.13 | 0.00 7.77 4.78 OK
Beginnig V44 17 169.95 20 2 146 | 094 | 546 | 6.84| 0.75] 0.00 | 41.03 | 4.10 8.94 2.96 OK
Beginnig V45 915494 18 2 146 | 094 | 546 | 6.84| 0.74 | 0.97 | 36.93 | 4.10 8.44 2.20 OK
Beginnig V46 2 106.27 16 4 146 094|546 | 6.84 | 0.73 | 1.08 | 32.82 | 8.21 8.24 2.52 OK
Beginnig V47 -3 976.06 14 6 146 094|546 | 6.84 | 0.73 | 1.09 | 28.72 | 12.31| 7.98 292 OK
Beginnig V48 -9 092.04 12 8 146 094 | 546 | 6.84| 0.72 | 1.09 | 24.62 | 1641 | 7.54 3.61 OK
Beginnig V49 -13241.68 10 10 146 | 094 | 546 | 6.84| 0.70 | 1.13 | 20.51 | 20.51| 6.76 4.82 OK
Beginnig V50 -16 424.98 8 10 146 094|546 | 6.84 | 0.68 | 1.13 | 16.41 | 20.51| 6.16 4.22 OK
Beginnig V51 -18 641.93 6 12 146 094|546 | 6.84 | 0.64 | 1.13 | 12.31 | 24.62| 5.18 5.75 OK
Beginnig V52 -19 892.54 4 12 146 094|546 | 6.84 | 0.57 | 1.13 | 821 | 24.62| 4.24 5.67 OK
Beginnig VC P2-P3 | -20 176.81 2 12 146 | 094 | 546 | 6.84| 0.34 | 1.13 | 4.10 | 24.62| 3.12 5.87 OK
Beginnig V53 -19 768.86 2 12 146 094|546 | 6.84| 0.34 | 1.13 | 4.10 | 24.62| 3.05 5.98 OK
Beginnig V54 -18 362.72 4 12 146|094 | 546 | 6.84 | 0.57 | 1.13 | 821 | 24.62| 3.98 6.08 OK
Beginnig V55 -15990.24 6 10 146 094 | 546 | 6.84| 0.64 | 1.13 | 12.31 | 20.51| 4.92 4.62 OK
Beginnig V56 -12 651.42 8 10 146 094|546 | 684 | 0.68 | 1.13| 1641 | 20.51| 5.51 5.23 OK
Beginnig V57 -8 346.26 10 8 146 094|546 | 6.84 | 0.70 | 1.09 | 20.51 | 1641 | 6.23 4.11 OK
Beginnig V58 -3074.75 12 6 146 094|546 | 6.84 | 0.72 | 1.09 | 24.62 | 12.31| 6.67 342 OK
Beginnig V59 3163.1 14 4 146 | 094 | 546 | 6.84| 0.73 | 1.08 | 28.72 | 8.21 6.94 3.01 OK
Beginnig V60 10 367.3 16 2 146 | 094 | 546 | 6.84| 0.73 | 097 | 32.82 | 4.10 7.05 2.83 OK
Beginnig V61 18 537.84 18 2 146|094 | 546 | 6.84 | 0.74 | 0.52 | 36.93 | 4.10 7.14 4.22 OK
Beginnig V61 27 674.72 20 0 146|094 | 546 | 6.84 | 0.75| 0.00 | 41.03 | 0.00 6.53 5.17 OK
Beginnig V62 37 777.94 22 0 146|094 | 546 | 6.84 | 0.73 | 0.00 | 45.13 | 0.00 5.77 7.89 OK
Beginnig V63 48 847.51 24 0 146 | 094 | 546 | 6.84| 0.72 | 0.00 | 49.23 | 0.00 4.89 10.78 | OK
Beginning VSP 60 883.42 24 0 146 | 094 | 546 | 6.84| 0.71 | 0.00 | 49.23 | 0.00 2.73 14.13 | OK
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Axis VSP P3 65 565.29 24 0 1.36 | 1.04 | 7.3513.40| 0.81 | 0.00 | 49.23 | 0.00 0.04 8.43 OK
Beginnig V64 59 665.2 24 0 146 | 094 | 546 | 6.84| 0.71 | 0.00 | 49.23 | 0.00 2.94 13.81 | OK
Beginnig V65 44 529.23 24 0 146|094 | 546 | 6.84 | 0.72 | 0.00 | 49.23 | 0.00 5.63 9.63 OK
Beginnig V66 30 508.06 22 0 146|094 | 546 | 6.84 | 0.73 | 0.00 | 45.13 | 0.00 7.02 5.95 OK
Beginnig V67 17 601.71 20 2 146|094 | 546 | 6.84 | 0.75| 0.00 | 41.03 | 4.10 8.87 3.08 OK
Beginnig V68 5810.17 18 2 146 | 094 | 546 | 6.84| 0.74 | 0.97 | 36.93 | 4.10 9.02 1.31 OK
Beginnig V69 -4 866.55 16 4 146|094 | 546 | 6.84 | 0.73 | 1.08 | 32.82 | 8.21 9.44 0.66 OK
Beginnig V70 -14 429.38 14 6 146 | 094 | 546 | 6.84| 0.73 | 1.09 | 28.72 | 1231| 9.78 0.12 OK
Beginnig V71 -22 908.05 12 8 146 094|546 | 684 | 0.72 | 1.09 | 24.62 | 1641 | 991 -0.08 | OK
Beginnig V72 -30207.18 10 10 146 094 | 546 | 6.84| 0.70 | 1.13 | 20.51 | 20.51| 9.68 0.28 OK
Beginnig V73 -36 162.99 8 10 146|094 | 546 | 6.84 | 0.68 | 1.13 | 16.41| 20.51 | 9.55 -1.06 | OK
Beginnig V74 -40 773.76 6 12 146 094|546 | 6.84 | 0.64 | 1.13 | 12.31 | 24.62| 8.99 -0.17 | OK
Beginnig V75 -44 038.16 4 12 146 | 094 | 546 | 6.84| 0.57 | 1.13| 821 | 24.62| 8.40 -0.79 | OK
Beginnig VC P3-P4 | -45 951.73 2 12 146 | 094 | 546 | 6.84| 0.34 | 1.13| 4.10 | 24.62| 7.56 -1.02 | OK
Beginnig V76 -46 287.06 2 12 146 094|546 | 6.84 | 034 | 1.13| 4.10 | 24.62| 7.62 -1.11 OK
Beginnig V77 -45 282.36 4 12 146 094|546 | 6.84 | 0.57 | 1.13 | 821 | 24.62| 8.61 -1.12 | OK
Beginnig V78 -42 930.33 6 12 146 094|546 | 6.84 | 0.64 | 1.13 | 12.31 | 24.62| 9.36 -0.75 OK
Beginnig V79 -39231.79 8 10 146 094 | 546 | 6.84| 0.68 | 1.13 | 16.41 | 20.51 | 10.08 | -1.88 | OK
Beginnig V80 -34 188 10 10 146 | 0.94| 546 | 6.84 | 0.70 | 1.09 | 20.51 | 20.51 | 10.51 -1.00 | OK
Beginnig V81 -27 800.61 12 8 146 094 | 546 | 6.84| 0.72| 1.09 | 24.62 | 1641 | 10.76 | -1.39 | OK
Beginnig V82 -20071.7 14 6 146|094 | 546| 6.84 | 0.73 | 1.08 | 28.72| 12.31 | 10.77 | -142 | OK
Beginnig V83 -11 003.79 16 4 146|094 | 546| 6.84 | 0.73 | 0.97 | 32.82| 821 | 10.65 | -1.22 | OK
Beginnig V84 -599.77 18 2 146|094 | 546 | 6.84 | 0.74 | 0.52 | 3693 | 4.10 1044 | -090 | OK
Beginnig V85 11137.03 20 0 146|094 | 546 | 6.84 | 0.75| 0.00 | 41.03 | 0.00 9.38 0.75 OK
Beginnig V86 24 202.86 22 0 146 | 094 | 546 | 6.84| 0.73 | 0.00 | 45.13 | 0.00 8.10 4.26 OK
Beginnig V87 38 593.58 24 0 146 | 094 | 546 | 6.84| 0.72 | 0.00 | 49.23 | 0.00 6.66 8.04 OK
Beginnig VSP 54 297.88 24 0 146|094 | 546 | 6.84 | 0.71 | 0.00 | 49.23 | 0.00 3.87 1237 | OK
Axis VSP P4 60 706.62 24 0 1.36 | 1.04| 7.35|13.40/ 0.81 | 0.00 | 49.23 | 0.00 0.73 7.53 OK
Beginnig V88 56 160.51 24 0 146|094 | 546 | 6.84 | 0.71 | 0.00 | 49.23 | 0.00 3.55 12.87 | OK
Beginnig V89 44 799.66 24 0 146 | 094 | 546 | 6.84| 0.72 | 0.00 | 49.23 | 0.00 5.59 9.70 OK
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Beginnig V90 34 474.29 22 0 146 | 094 | 546 | 6.84| 0.73 | 0.00 | 45.13 | 0.00 6.34 7.01 OK
Beginnig V91 25187.53 20 0 146 | 094 | 546 | 6.84| 0.75] 0.00 | 41.03 | 0.00 6.96 4.51 OK
Beginnig V92 16 942.18 18 2 146|094 | 546 | 6.84 | 0.74 | 0.52 | 36.93 | 4.10 7.42 3.79 OK
Beginnig V93 9740.7 16 2 146|094 | 546 | 6.84 | 0.73 | 0.97 | 32.82| 4.10 7.16 2.66 OK
Beginnig V94 3585.24 14 4 146 | 094 | 546 | 6.84| 0.73 | 1.08 | 28.72 | 8.21 6.87 3.12 OK
Beginnig V95 -1522.36 12 6 146 094|546 | 6.84 | 0.72 | 1.09 | 24.62 | 12.31| 6.40 3.84 OK
Beginnig V96 -5 575.94 10 6 146 | 094 | 546 | 6.84| 0.70 | 1.09 | 20.51 | 1231 | 5.92 3.06 OK
Beginnig V97 -8 584.77 8 8 146 094|546 | 6.84| 0.68 | 1.09 | 1641 | 1641 | 5.12 4.30 OK
Beginnig V98 -10 348.66 6 8 146 | 094 | 546 | 6.84| 0.64 | 1.09 | 12.31 | 1641 | 4.26 4.11 OK
Beginnig V99 -11 010.1 4 8 146|094 | 546| 6.84 | 0.57 | 1.09| 821 | 1641| 3.22 4.19 OK
Beginnig VC P4-C2 | -10 705.2 2 8 146 094|546 | 6.84 | 034 | 1.09| 4.10 | 1641| 2.00 4.55 OK
Beginnig V100 -9 868.76 2 6 146 | 094 | 546 | 6.84| 0.00 | 1.09 | 4.10 | 1231| 1.79 3.35 OK
Beginnig V101 -7 873.45 0 6 146 | 094 | 546 | 6.84| 0.00 | 1.09 | 0.00 | 1231 | 0.85 3.28 OK
Beginnig V102 -4911.8 0 4 146|094 | 546 | 6.84 | 0.00 | 1.08 | 0.00 | 8.21 0.52 2.26 OK
Beginnig VSC -983.81 0 2 146|094 | 546 | 6.84 | 0.00 | 0.97 | 0.00 | 4.10 0.08 1.40 OK
End VSC 0 0 2 1.36 | 1.04| 7.35|13.40/ 0.00 | 0.52 | 0.00 | 4.10 0.00 0.70 OK
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APPENDIX C : CALCULATIONS OF THE RETAINED

Seismic study

Student Engineers : GAHAM & ARAR

Project : Final Year Ptoject

Bearing Device : Sizing / According to SETRA Technical Guide

Bearing area :

Gmax = Rmax / axb < Gadm = 20 MPa Rmax : Bearing reaction at SLS.
R, ax-piles 10.88 MN R,ax-cul 3.49 MN
axb > 5440 cm x cm axb > 1745 cm x cm
We opt :
Piers axb~= 800 x 800 mm?
Abutments| axb= 500 x 500 mm?

2. Calculation of bearing thickness T :

a/l10 <T<a/5 ( non-buckling condition ; where a is the longest side )

Piers 80.00 <T<160.00 mm

Abutments| 50.00<T<100.00 mm

3. Sizing of shims :

The thickness of the shim must satisfy the following two conditions :

ao
{tt: 2_ ZEH;‘_;ZI ol :0, = 235 kg/mm? (for steel 24-1) g, = N:;X:ﬁ = 26(:;+b)
Piers Abutments
Om 17.00 13.96 Static modulus of elasticity
B 22.22 13.86 G 0.90MPa
ts 2.60 2.14

For the pier, We opt :

Elastomer layers : ti 16 mm
Ta = 152
Steel shims : ts 3 mm ¢ mm
. T= 128 mm
Edge covering : 4 mm
External covering top and bottom 8 mm
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APPENDIX C : CALCULATIONS OF THE RETAINED VARIANT

For the abutment, We opt :

Elastomer layers : ti 10 mm

Steel shims : ts 3 mm

Edge covering : 4 mm
External covering top and bottom 5 mm

Study of the abutment elements

Student Engineers : GAHAM & ARAR

Project : Final Year Project

Study of the front wall (Calculation relative to the base of the wall).

Evaluation of self-weight forces

Désignation N (kN) H (kN) | IFV(x/o)  IFH(y/0) | MFV/o MFH/o
Front wall 311831 / 0.66 2.08 2058.09 /
Transition slab 148.05 / 2.30 5.94 525.58 /
Corbel 62.4 / 2.28 3.43 142.27 /
Prapet wall 293.28 / 1.9 3.34 557.23 /
Earth weight on TS 297.65 / 3.64 4.24 1083.44 /
Earth pressure / 976.19 / -1.57 / -1532.61
Surcharge load 10kN/m* 197.4 0 2.30 0.00 454.02 0
Surcharge pressure 10kN/m? / 161.65 / 336 / -542.33
Forces due to the deck
Rg 3033.50 / 0.00 / 0.00 /
R(Al) 373.00 / 0.00 / 0.00 /
Rbe 1197.50 / 0.00 / 0.00 /
RMc120 132590 / 0.00 / 0.00 /
RD240 1997.80 / 0.00 / 0.00 /
RST 80.40 / 0.00 / 0.00 /
Hf+r / 173.00 / -4.15 / -1 098.55
HT®° / 135.00 / -4.15 / -857.25
Braking (Al) / 18.60 / -4.15 / -118.11
Braking (Bc) / 24.50 / -4.15 / -155.58
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APPENDIX C : CALCULATIONS OF THE RETAINED VARIANT

Load combination

At ULS
NRY | HRN ot AM KNm)

1.35G+0.9T 9386.80 | 167290 | -4323.60| 589492 157132
1.35G++0.9T+1.6Q 9 702.64 193154 | -5191.32 | 6621.35 1430.03
1.35GH0.9T+L.6(A(FST) | 1011224 | 170266  -4512.57 589492 | 138234
1.35G+0.9T+1.6(Bc+ST) 1143144 | 1712.10 | -4572.52 | 589492 1322.40
1.35G+0.9T+1.35M¢c120 11176.77 | 167290 | -4 323.60 | 5894.92 157132
1.35G+0.9T+1.35D240 12083.83 | 167290 | -4 323.60 | 5894.92 157132

Most unfavorable stresses

Minax = -868.00 kN.m/ml

Minax = -868.00 kN.m/ml

Tmax = 308.18 kN./ml

Tmax = 308.18 kN./ml

At SLS
NRN | OHE) N i AM KN

G+0.6T 6953.19 | 1230.19 | -3 145.51 | 4 366.60 1221.09
G+0.6T+1.2Q 7190.07 142416 | -3796.31 | 491143 1115.12
G+0.6T+1.2A()+ST 7481.19 125251 | -3287.25| 4366.60 107936
G+0.6T+1.2Bc+ST 847059 |1259.587|-3332.20| 4366.60 103440
G+0.6T+Mc120 8279.09 1230.19 | -3145.51 | 4366.60 1221.09
G+0.6T+D240 8 950.99 1230.19 | -3 145.51 | 4 366.60 1221.09

Most unfavorable stresses

Minax = -868.00 kN.m/ml

Minax = -868.00 kN.m/ml

Tiax = 308.18 kN./ml

Timax = 308.18 kN./ml

Determination of WERNER coefficients for pile calculation.

AxL 1 1.5 2 3 4 6

Jop 4.03 1.96 1.35 1.16 126 1.45

oM 6.76 2.55 1.62 148 1.54 1.65
GAHAM & ARAR /EH/I\\




APPENDIX C : CALCULATIONS OF THE RETAINED VARIANT

Study of the pier

Student Engineers : GAHAM & ARAR

Project : Final Year Project

At ULS
N(®&N) | H®&N) Mu(kN.m)  Mv (kN.n) AM (kN.m)
1.35G 26 059.23 | 348.30 3117.29 0.00 3117.29
1.35G+1.6A1+1.6ST+0.9T |29 061.63 | 392.78 3515.38 0.00 3515.38
1.35G+1.6Bc+1.6ST+0.9T |28 077.47 | 402.06 359844 0.00 359844
1.35G+1.35Mc120+0.9T 28 617.21 | 348.30 3117.29 0.00 3117.29
1.35G+1.35D240+0.9T 26 486.91 | 348.30 3117.29 0.00 3117.29
Most unfavorable stresses
My = -868.00 kN.m/ml \ My = -868.00 kN.m/ml
Toax = 308.18 kN./ml \ Toax = 308.18 kN./ml
At SLS
N(N) | H&N) Mu(kNm)  Mv (kN.m) AM (kN.m)
G+0.6T 19 303.13 | 249.20 223034 0.00 223034
G+1.2A1+ST+0.6T 21491.57 | 282.56 2 52891 0.00 2 52891
G+1.2Bc+ST+0.6T 20 753.45| 289.52 2591.20 0.00 2 591.20
G+Mc120+0.6T 20 189.53 | 249.20 223034 0.00 223034
G+D240+0.6T 2119793 | 249.20 223034 0.00 223034
Most unfavorable stresses
My = -868.00 kKN.m/ml \ Mionax = -868.00 kKN.m/ml
Toax = 308.18 kN./ml \ Toax = 308.18 kN./ml
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APPENDIX D : REINFORCEMENT

Segment reinforcement

Upper slab reinforcement (section design for simple bending)

1. Assumptions:

Concrete: fck = 35.0 (MPa) Reinforcing steel: fyk = 500.0 (MPa)

o Cracking category: limited

e Account for compressed reinforcement

¢ No seismic design provisions

e Calculations according to BAEL 91 mod. 99

2. Section:

&

Y_ faral
I

=1 b

b =100.0 (cm)
h =35.0 (cm)
d, =5.0 (cm)
d, =5.0 (cm)

3. Applied moments:

Mmax (kN*m) Mmin (kN*m)
Ultimate Limit State ( fundamental ) 249.90 -336.00
Serviceability Limit State 185.10 -251.60
Accidental Limit State 0.00 0.00

4. Results:

Steel:

Theoretical area A, =285 (cm2) A, =39.7 (cm2)
Minimum area A min = 4.1 (cm2)

Theoretical p = 2.27 (%)

Minimum Pmin = 0.14 (%)

Case analysis:

Case ULS M,..x = 249.90(kN*m) M,,;, =-336.00 (kN*m)

Safety factor: 1.34 Pivot: A

Neutral axis location: y =7.3 (cm) Internal forces leverarm: Z =27.1 (cm)

Concrete strain: g = 3.20 (%o0) Stress in steel:

Steel strain: & =10.00 (%0) in tension o, =434.8 (MPa)
in compression o, =200.1 (MPa)
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APPENDIX D : REINFORCEMENT

Case SLS M,.x = 185.10(kN*m) M,,;, =-251.60 (kN*m)
Safety factor: 1.00
Neutral axis location: y =122  (cm)
Internal forces lever amm: Z =259 (cm)
Maximum stress in concrete: o, =113 (MPa)
Concrete stress limit 0,6 fcj=21.0 (MPa)
Stress in steel:
tension o, =247.3 (MPa)
compression o, =100.6 (MPa)

Steel stress limit:

Geum = 250.0(MPa)

Lower slab reinforcement (section design for simple bending)

1. Assumptions:

Concrete: fck = 35.0 (MPa)

e Cracking category: limited

Reinforcing steel: fyk = 500.0 (MPa)

e Account for compressed reinforcement

¢ No seismic design provisions

e Calculations according to BAEL 91 mod. 99

2. Section:
=

L» ——
Acz

Y‘ Asi
|

-\:l'_T " b -

b =100.0 (cm)
h =35.0 (cm)
d, =5.0 (cm)
d, =5.0 (cm)

3. Applied moments:

Mmax (kN*m) Mmin (kN*m)

Ultimate Limit State ( fundamental ) 46.70 -61.30
Serviceability Limit State 34.60 -45.40
Accidental Limit State 0.00 0.00
4. Results:
Steel:
Theoretical area A, =5.0(cm2) A, =6.6(cm2)
Minimum area Aq min = 4.1 (cm2)
Theoretical p =0.38 (%)
Minimum Pmin = 0.14 (%)
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APPENDIX D : REINFORCEMENT

Case analysis:

Case ULS M, . =46.70 (kN*m) M,,;,=-61.30 (kN*m)
Safety factor: 1.42 Pivot: A
Neutral axis location: y =24 (cm) Internal forces lever aim: Z =29.0 (cm)
Concrete strain: g, = 0.87 (%o0) Stress in steel:
Steel strain: & =10.00 (%0) in tension o, =434.8 (MPa)
Case SLS M,..x = 34.60 (kN*m) M, =-45.40 (kN*m)
Safety factor: 1.00
Neutral axis location: y =6.6 (cm)
Internal forces lever am: Z =278 (cm)
Maximum stress in concrete: o, = 2.1 (MPa)
Concrete stress limit 0,6 fcj=21.0 (MPa)
Stress in steel:
tension o, =223 (MPa)
compression o, =220 (MPa)
Steel stress limit: Ogiim = 250.0(MPa)

Web reinforcement (section design for combined bending)

1. Assumptions:

Concrete: fck = 35.0 (MPa) Reinforcing steel: fyk = 500.0 (MPa)

e Cracking category: limited

¢ No seismic design provisions

e Calculated as a beam

e Calculations according to BAEL 91 mod. 99

2. Section:

=}

l» ——
Mgz

T‘ A
I

-t b

b =100.0 (cm)
h =40.0 (cm)
d,=5.0 (cm)
d,=5.0 (cm)

3. Applied forces:

Case N°  Type N (kN) M (kN*m)
1. uLS 173.90 276.70
2. SLS 126.10 208.30
4. Results:
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APPENDIX D : REINFORCEMENT

Steel section area:

Theoretical area A, =248 (cm2) A, =0.0(cm2)
Minimum area A min = 4.6 (cm2)

Theoretical p =0.71 (%)

Minimum Pmin = 0.13 (%)

Case analysis:

Case N° 1: Type ULS N=173.90 (kN) M =276.70 (kN*m)

Safety factor: 1.38 Pivot: A

Neutral axis location: y =83 (cm) Internal forces lever aim: Z = 31.7 (cm)
Steel strain: g = 10.00 (%o0) Stress in steel:

Concrete strain: g =3.12 (%o0) in tension o, =434.8 (MPa)
Case N° 2: Type SLS N=126.10 (kN) M = 208.30 (kN*m)

Safety factor: 1.00

Neutral axis location: y=13.8 (cm) Internal forces lever arm: Z = 30.4 (cm)
Maximum stress in concrete: o, = 10.8 (MPa)

Stress limit: 0,6 fcj =21.0 (MPa)
Stress in steel:
tension o, =250.0 (MPa)
Stress limit in steel: Gsiim = 250.0(MPa)
Front wall reinforcement

Section design for combined axial load and bending

1. Assumptions:

Concrete: fck = 30.0 (MPa) Reinforcing steel: fyk = 500.0 (MPa)

e Cracking category: limited

¢ No seismic design provisions

e Calculated as a column

e Calculations according to BAEL 91 mod. 99

2. Section:

-1 b

b =100.0 (cm)
h =289.0 (cm)
d,=5.0 (cm)
d,=5.0 (cm)
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APPENDIX D : REINFORCEMENT

3. Applied forces:

Case N°  Type N (kN) M (kN*m)
1. uLS 1161.91 151.09
2. SLS 860.67 117 .41

4. Results:

Steel section area:

Theoretical area A, =28.9 (cm2) A, =28.9(cm2)

Minimum area A, min = 57.8 (cm2) Maximum area A . = 1445.0 (cm2)
Theoretical p =0.20 (%)

Minimum Pmin = 0.20 (%) Maximum p,.x = 5.00 (%)

Case analysis:

Case N° 1: Type ULS N =1161.91 (kN) M =151.09 (kN*m)

Safety factor: 40.55 Pivot: C

Neutral axis location: y =335.1 (cm) Internal forces lever arm: Z = 150.0(cm)
Steel strain: g, = 0.00 (%o) Stress in steel:

Concrete strain: g =3.17 (%o0) in compression o, =434.8 (MPa)
Case N° 2: Type SLS N =860.67 (kN) M=117.41 (kN*m)

Safety factor: 49.06

Neutral axis location: y =681.7 (cm) Internal forces lever am: Z = 152.5(cm)
Maximum stress in concrete: o, =04 (MPa)

Stress limit: 0,6 fcj =18.0 (MPa)
Stress in steel:

Compression o' = 5.5 (MPa)
Stress limit in steel: o, = 250.0 (MPa)

Parapet wall reinforcement

Section design for simple bending

1. Assumptions:

Concrete: fck = 25.0 (MPa) Reinforcing steel: fyk = 500.0 (MPa)

e Cracking category: limited

e Account for compressed reinforcement

¢ No seismic design provisions

e Calculations according to BAEL 91 mod. 99

2. Section:
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Y‘ Agi
I

=t b .
b =100.0 (cm)
h =40.0 (cm)
d, =5.0 (cm)
d, =5.0 (cm)
3. Applied moments:
IVlmax (kN*m) IVImin (kN*m)

Ultimate Limit State ( fundamental ) 184.08 0.00
Serviceability Limit State 137.78 0.00
Accidental Limit State 0.00 0.00
4. Results:
Steel:
Theoretical area A, =17.6 (cm2) A, =0.0(cm2)
Minimum area A min = 3.6 (cm2)
Theoretical p = 0.50 (%)
Minimum Pmin = 0.10 (%)
Case analysis:
Case ULS M, . = 184.08(kN*m) M,,, =0.00 (kN*m)
Safety factor: 1.34 Pivot: A
Neutral axis location: y =6.8 (cm) Internal forces lever am: Z = 32.3 (cm)
Concrete strain: g, =240 (%o0) Stress in steel:
Steel strain: & =10.00 (%o0) in tension o, =434.8 (MPa)
Case SLS M,.x = 137.78(kN*m) M,,;, = 0.00 (kN*m)
Safety factor: 1.00
Neutral axis location: y =11.2 (cm)
Internal forces lever am: Z =313 (cm)
Maximum stress in concrete: o©,=7.9 (MPa)
Concrete stress limit 0,6 fcj=15.0 (MPa)
Stress in steel:

tension o, =250.0 (MPa)
Steel stress limit: Ogiim = 250.0(MPa)

Return wall reinforcement Mxx

Section design for simple bending

1. Assumptions:

Concrete: fck = 30.0 (MPa) Reinforcing steel: fyk = 500.0 (MPa)
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e Cracking category: limited

e Account for compressed reinforcement

¢ No seismic design provisions

e Calculations according to BAEL 91 mod. 99

2. Section:

&

Y_ Agq
I

=1 b
b =100.0 (cm)
h =50.0 (cm)
d, =5.0 (cm)
d, =5.0 (cm)
3. Applied moments:

Mmax (kN*m) Mmin (kN*m)
Ultimate Limit State ( fundamental ) 161.39 0.00
Serviceability Limit State 113.76 0.00
Accidental Limit State 0.00 0.00
4. Results:
Steel:
Theoretical area A, =11.0(cm2) A, =0.0(cm2)
Minimum area A min = 4.9 (cm2)
Theoretical p =0.24 (%)
Minimum Pmin = 0.11 (%)

Case analysis:

Case ULS M, . = 161.39(kN*m) M,,,, =0.00 (kN*m)
Safety factor: 1.29 Pivot: A
Neutral axis location: y =3.5 (cm) Internal forces leveram: Z =43.6 (cm)
Concrete strain: g, = 0.85 (%o0) Stress in steel:
Steel strain: g, = 10.00 (%o0) in tension o, =434.8 (MPa)
Case SLS M, . = 113.76(kN*m) M,,,, = 0.00 (kN*m)
Safety factor: 1.00
Neutral axis location: y =106 (cm)
Internal forces lever amm: Z =415 (cm)
Maximum stress in concrete: o, =5.2 (MPa)
Concrete stress limit 0,6 fcj=18.0 (MPa)
Stress in steel:
tension o, =250.0 (MPa)

Steel stress limit: O im = 250.0(MPa)

GAHAM & ARAR



APPENDIX D : REINFORCEMENT

Return wall reinforcement My,
Section design for simple bending

1. Assumptions:

Concrete: fck = 30.0 (MPa) Reinforcing steel: fyk = 500.0 (MPa)

e Cracking category: limited

e Account for compressed reinforcement

¢ No seismic design provisions

e Calculations according to BAEL 91 mod. 99

2. Section:

&

Y‘ Asi
|

-\:l'_T " b -

b =100.0 (cm)
h =50.0 (cm)
d, =5.0 (cm)
d, =5.0 (cm)

3. Applied moments:

Mmax (kN*m) Mmin (kN*m)
Ultimate Limit State ( fundamental ) 113.42 0.00
Serviceability Limit State 90.00 0.00
Accidental Limit State 0.00 0.00

4. Results:

Steel:

Theoretical area A, =86 (cm2) A, =0.0(cm2)
Minimum area A min = 4.9 (cm2)

Theoretical p =0.19 (%)

Minimum Pmin = 0.11 (%)

Case analysis:

Case ULS M.x = 113.42(kN*m) M,;, = 0.00 (kN*m)

Safety factor: 1.45 Pivot: A

Neutral axis location: y =28 (cm) Internal forces leveraim: Z =43.9 (cm)
Concrete strain: g, = 0.65 (%o0) Stress in steel:

Steel strain: & =10.00 (%0) in tension o, =434.8 (MPa)

Case SLS M,.x = 90.00 (kN*m) M,;,=0.00 (kN*m)
Safety factor: 1.00
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Neutral axis location: y =9.6 (cm)
Internal forces lever arm: Z =418 (cm)
Maximum stress in concrete: o, = 2.1 (MPa)
Concrete stress limit 0,6 fcj=18.0 (MPa)
Stress in steel:

tension o, =241 (MPa)
Steel stress limit: Oqim = 250.0(MPa)

Transition slab reinforcement
Section design for simple bending

1. Assumptions:

Concrete: fck = 30.0 (MPa) Reinforcing steel: fyk = 500.0 (MPa)

e Cracking category: limited

e Account for compressed reinforcement

¢ No seismic design provisions

e Calculations according to BAEL 91 mod. 99

2. Section:

Y‘ Asi
I

=t ], b i
b =100.0 (cm)
h =30.0 (cm)
d, =5.0 (cm)
d, =5.0 (cm)
3. Applied moments:

Mmax (kN*m) Mmin (kN*m)
Ultimate Limit State ( fundamental ) 107.38 0.00
Serviceability Limit State 79.87 0.00
Accidental Limit State 0.00 0.00
4. Results:
Steel:
Theoretical area Ay, =144 (cm2) A, =0.0(cm2)
Minimum area A min = 3.2 (cm2)
Theoretical p =0.58 (%)
Minimum Pmin = 0.13 (%)

Case analysis:
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Case ULS M, .x = 107.38(kN*m) M,,,, =0.00 (kN*m)
Safety factor: 1.35 Pivot: A
Neutral axis location: y =4.6 (cm) Internal forces leveraimm: Z =23.2 (cm)
Concrete strain: g, = 2.26 (%o) Stress in steel:
Steel strain: g = 10.00 (%o0) in tension o, =434.8 (MPa)
Case SLS M,.x =79.87 (kN*m) M,,,=0.00 (kN*m)
Safety factor: 1.00
Neutral axis location: y =85 (cm)
Internal forces lever am: Z =222 (cm)
Maximum stress in concrete: o, =8.5 (MPa)
Concrete stress limit 0,6 fcj=18.0 (MPa)
Stress in steel:
tension o, =250.0 (MPa)

Steel stress limit: Osiim = 250.0(MPa)

Corbel reinforcement
Section design for axial compression

1. Assumptions:

Concrete: fck = 30.0 (MPa) Reinforcing steel: fyk = 500.0 (MPa)

o Cracking category: limited

e Account for slenderness

¢ No seismic design provisions

e More than half of loads applied after 90 days
e Calculations according to BAEL 91 mod. 99

2. Section:

Y_

-f b

b =100.0 (cm)
h =40.0 (cm)
d=5.0(cm)

3. Forces:

N (kN)
Ultimate Limit State ( fundamental ) 102.26
Serviceability Limit State 76.06
Accidental Limit State 0.00

4. Results:

Material resistance:

GAHAM & ARAR



APPENDIX D : REINFORCEMENT

Total cross section area B =4000.0 (cm2)
Reduced section area B, =3724.0 (cm2)
Buckling length l, = 0.6 (m) Buckling length l, =0.6 (m)
Moment of inertia |, =533333.3 (cm4) Moment of inertia 1, =3333333.3 (cm4)
Radius of gyration i, =11.5 (cm) Radius of gyration i, =28.9 (cm)
Slenderness Ay =52 Slenderness A, =21

o =0.85 N, (only concrete) =7003.35 (kN)
Concrete:

5 (SLS )=0.2 (MPa) 0,6 fj = 18.0 (MPa)

Steel:

Theoretical area A, =112 (cm2)

Minimum area A in = 11.2 (cm2) Maximum area A, . = 200.0 (cm2)
Theoretical p =0.42 (%)

Minimum Pmin = 0.28 (%) Maximum p;.x = 5.00 (%)

Abutment pile reinforcement

Section design for axial load and biaxial bending

1. Assumptions:

Concrete: fck = 25.0 (MPa) Reinforcing steel: fyk = 500.0 (MPa)

e Cracking category: limited
e Account for seismic design provisions
e Calculation according to BAEL 91 mod. 99

2. Section:

D

D =120.0 (cm)
d=50 (cm)

3. Applied forces:

Case N°  Type N (kN) M, (kN*m) M, (kN*m)
1. ULS 2096.14 1061.06 0.00
2. SLS 1553.34 783.74 0.00
3. ALS 1572.68 2134.62 0.00

4. Results:

Steel section area:
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Theoretical area A, = 113.1 (cm2)

Minimum area Ag min = 113.1 (cm2) Maximum area A, . = 565.5 (cm2)
Theoretical p =1.00 (%)
Minimum  p,, = 0.50 (%) Maximum pn.c = 5.00 (%)

Case analysis:

Case N°1: Type ULS N =2096.14 (kN) M, = 1061.06 (kN*m) M, = 0.00 (kN*m)

Safety factor: 3.20 Pivot: B

Neutral axis location: y =65.8 (cm) Eccentric: Z =841 (cm)
Concrete deformation: g = 3.50 (%0) Stress in steel:

Steel deformation: g = 2.60 (%o0) in tension o, =434.8 (MPa)

in compression o, =434.8 (MPa)

Case N°2: Type SLS N =1553.34 (kN) M, =783.74 (kN*m) M, =0.00 (kN*m)

Safety factor: 2.43

Neutral axis location: y =61.7 (cm) Eccentric: Z=89.3 (cm)
Maximum stress in concrete:c, = 6.2 (MPa)

Stress limit: 0,6 fcj =15.0 (MPa)

Stress in steel:

intension o, =79.6 (MPa)

in compression o, =84.7 (MPa)
Maximum stress in steel: 6, = 250.0(MPa)

Case N°3: Type ALS N =1572.68 (kN) M, = 2134.62 (kN*m) M, = 0.00 (kN*m)

Safety factor: 1.58 Pivot: B

Neutral axis location: y =38.9 (cm) Eccentric: Z=96.3 (cm)
Concrete deformation: g = 3.50 (%o) Stress in steel:

Steel deformation: €, =6.83  (%o0) in tension o, =500.0 (MPa)

in compression o, =500.0 (MPa)

Pier reinforcement
Section design for combined axial load and bending

1. Assumptions:

Concrete: fck = 30.0 (MPa) Reinforcing steel: fyk = 500.0 (MPa)

e Cracking category: limited

¢ No seismic design provisions

e Calculated as a column

e Calculations according to BAEL 91 mod. 99

2. Section:

GAHAM & ARAR /ﬁ



APPENDIX D : REINFORCEMENT

5}
l» -"3"52
S
- EC I
-5t b
b =100.0 (cm)
h =170.0 (cm)
d,=5.0 (cm)
d,=5.0 (cm)

3. Applied forces:

Case N° Type N (kN) M (KkN*m)
1. ULS 5180.35 663.91
2. SLS 3829.05 2175.64
3. ALS 3652.23 2808.67
4. Results:

Steel section area:

Theoretical area A, =17.0 (cm2) A, =17.0 (cm2)

Minimum area A min = 34.0 (cm2) Maximum area A . = 850.0 (cm2)
Theoretical p =0.20 (%)

Minimum Pmin = 0.20 (%) Maximum p..x = 5.00 (%)

Case analysis:

Case N°1: Type ULS N =5180.35 (kN) M =663.91 (kN*m)

Safety factor: 5.00 Pivot: C

Neutral axis location: y =184.3 (cm) Internal forces lever arm: Z =91.3 (cm)
Steel strain: e =0.00 (%o0) Stress in steel:

Concrete strain: g, = 3.31 (%o0) in compression o, =434.8 (MPa)
Case N° 2: Type SLS N =3829.05 (kN) M =2175.64 (kN*m)

Safety factor: 2.41

Neutral axis location: y=101.0 (cm) Internal forces lever arm: Z = 131.3(cm)
Maximum stress in concrete: c, =6.4 (MPa)

Stress limit: 0,6 fcj =18.0 (MPa)
Stress in steel:

tension o, =26.3 (MPa)
compression o, =91.9 (MPa)
Stress limit in steel: Gsiim = 250.0(MPa)

Case N°3: Type ALS N=3652.23 (kN) M=2808.67 (kN*m)

Safety factor: 2.67 Pivot: B
Neutral axis location: 'y =55.1 (cm) Internal forces lever arm: Z =143.0 (cm)
Steel strain: ¢, =6.99 (%o) Stress in steel:
Concrete strain:g, = 3.50 (%o0) in tension o, =500.0 (MPa)
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in compression

5/ =5000  (MPa)

Pier pile reinforcement

Section design for axial load and biaxial bending

1. Assumptions:

Concrete: fck = 25.0 (MPa)

e Cracking category: limited
e Account for seismic design provisions
e Calculation according to BAEL 91 mod. 99

2. Section:

D

D=120.0 (cm)
d=50 (cm)

3. Applied forces:

Case N°  Type

1. ULS

2. SLS

3. ALS
4. Results:

Steel section area:

N (kN)

3119.72
2305.94
2199.45

Theoretical area A, =113.1 (cm2)
Minimum area A min = 113.1 (cm2)

Theoretical p

= 1.00 (%)

Minimum  p.i, = 0.50 (%)

Case analysis:
Case N°1: Type ULS
Safety factor:

Neutral axis location:
Concrete deformation:

Steel deformation:

Case N° 2: Type SLS

Safety factor:

N = 3119.72 (kN)
5.70
y =135.8 (cm)
g =322  (%o)
g, =0.00  (%o)
N =2305.94 (kN)

6.41

Reinforcing steel: fyk = 500.0 (MPa)

M, (kN*m) M, (kN*m)
163.21 0.00
117.51 0.00
919.73 0.00

Maximum area A, . = 565.5 (cm2)

Maximum pg.x = 5.00 (%)

M, = 163.21 (kN*m) M, = 0.00 (kN*m)

Pivot: C
Eccentric: Z=574 (cm)
Stress in steel:

in compression o, =434.8 (MPa)

M, = 117.50 (kN*m) M, = 0.00 (kN*m)

GAHAM & ARAR



APPENDIX D : REINFORCEMENT

Neutral axis location: y =251.5 (cm) Eccentric: Z=594 (cm)
Maximum stress in concrete:c, = 2.3 (MPa)
Stress limit: 0,6 fcj=15.0 (MPa)

Stress in steel:
Maximum stress in steel: oy, = 250.0 (MPa)

Case N°3: Type ALS N =2199.45 (kN) M, =919.73 (kN*m) M, =0.00 (kN*m)

Safety factor: 4.40 Pivot: B

Neutral axis location: y =695 (cm) Eccentric: Z=825 (cm)
Concrete deformation: g, =350  (%o) Stress in steel:

Steel deformation: e, =2.28 (%o) in tension o, =455.5 (MPa)

in compression o, =500.0 (MPa)

GAHAM & ARAR
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