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Abstract

The track system consists of structural components like sleeper that has to be designed to
accommodate the maximum tonnage. The main function of sleeper is to transfer the load from
the rail to the ballast via the rail pad and to the under laying formation. The analysis and design
of concrete sleepers requires the assessment of load on the sleepers, ballast pressure distribution,
selection of the dimensions of the sleeper followed by bending moment calculations at rail seat
and center section of sleeper and finally checking of the stresses in sleeper ensuring the factor of
safety. The aim of this paper is to analyze and design a pre-stressed pre-tensioned concrete
sleeper having an optimal shape, strength and tendon type and profile with reference to the
current sleeper type which is used by ERC. The existing sleeper length, fastening system,
spacing and area of reinforcement are maintained constant. The research is done by conducting
literature review related to this paper work, design data and input parameters are collected from
ERC, analysis of the existing sleeper have been made, proceeding the parametric optimization of
new model with respect to geometry (shape), concrete grade, pre-stressing tendon type and
profile. The optimization output shows that increasing the concrete grade results an increase in
sleeper capacity but has no more effect on moment capacity which is largely dependent on the
section dimension of the sleeper, tendon strength and eccentricity. Increasing the diameter of the
tendons has direct relation on sleeper capacity and inversely related to pre-stresses losses which
exceed the maximum limit beyond a certain magnitude (9mm diameter). The shape of the sleeper
is investigated based on the ballast pressure which shows wider dimension at the end and
tapering to the center; the reduction is gradual to avoid stress concentration. The final optimized
design outputs and analysis result of the existing sleeper are compared with respect to raw
material consumption for production and its capacity. The analysis and design of turnout
sleepers, sleepers with additional rails, the effect of the length and spacing of sleeper on its
capacity, and the fastening system with relation to lateral and longitudinal loading are
recommended for further researches.

Keywords: Analysis and Design, current (existing) sleeper, modeling, optimization, prestressed
concrete sleeper
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1. INTRODUCTION

1.1 Background

Railway transportation is one of the safest transportation systems for both passenger and freight
transport across the area of long distance and massive loads. Railways are required to guide and
facilitate the safe, cost effective and convenient operation of goods and people. Among the mega
projects that Ethiopia has been implementing, the construction of railway network via out the
country is one of them. The rail infrastructure requires structural elements of ballast, sleeper, rail
and others to carry and transfer the load effectively and to provide smooth and level riding
surface. In the track system the load from the wheel will be transmitted to the rail and to the
sleeper that can be transferred to the ballast material and then to foundation soil. Therefore the
design and analysis of sleeper is very important for safe, economical and effective railway
transport system.

The evolution of concrete sleepers has taken place due to the shortage of timber, economical
consideration coupled with changing of traffic pattern. With the development of concrete
technology in 19™ century, cement concrete established its place as a versatile building material
(Gupta, 2012).

Sleepers play important roles in railway track system. The primary function of the sleepers is to
transfer the vertical, lateral and longitudinal rail seat loads to the ballast, sub-ballast and sub-
grade layers. They also serve to maintain track gauge and alignment by providing a stable
support for the rail fasteners. The vertical-loads cause bending moments in the sleeper which
their amounts are dependent upon the degree and quality of ballast layer compaction underneath
the sleeper. The performance of a sleeper to withstand lateral and longitudinal loading is relied
on the sleeper’s size, shape, surface geometry, weight, and spacing. Current practices regarding
the analysis and design of sleepers comprise three steps. These are: 1) estimation of vertical rail
seat load, 2) assuming a stress distribution pattern under the sleeper, and 3) applying vertical
static equilibrium to a structural model of the sleeper (Sadeghi, 2012).

This thesis research focused on the analysis and design of pre-stressed concerts sleeper that will
be used in the construction of ballasted track in Ethiopia. The design basis depends on Standard
Australia 1085.14-2003 with reference to AREMA 2010 for some parameters. The suitable
shape, cross section, concrete grade and the type and position of pre-stressing wires will be
selected. The result obtained from the research has been compared with currently used type of
concrete sleeper in terms of cost (indirectly with its raw material consumption) and strength and
geometry of the concrete. The end product of the study was to produce an appropriate pre-
stressed concrete sleeper compatible to our environment.



The functions of the sleepers are to transfer the vertical, lateral and longitudinal rail seat loads to
the ballast and formation, and to maintain the track gauge and alignment by providing a reliable
support for the rail fasteners. The vertical loads subject the sleeper to a bending moment which is
dependent upon the condition of the ballast underneath the sleeper. The performance of a sleeper
to withstand lateral and longitudinal loading is dependent upon the sleeper's size, shape, surface
geometry, weight and spacing.

Before the sleeper can be analyzed in terms of its capacity to withstand the bending stresses
caused by the vertical rail seat loads the sleeper support condition and its effect upon the contact
pressure distribution must be quantified. The contact pressure distribution between the sleeper
and the ballast is mainly dependent upon the degree of voiding in the ballast under the sleeper.
This voiding is caused by traffic loading and is due to the gradual change in the structure of the
ballast and the sub-grade (AREMA, 2010).

1.2 Statement of the Problem

There is a need and plan of construction of railway lines in Ethiopia to serve the country in the
field of transportation to provide a mass and efficient way of transportation that is growing in
fast all over the world, in Ethiopia majority of railway projects design, supervision and
construction activities are conducted by experts came from abroad due to the limitation of the
Technology in Ethiopia in all aspects of design, construction and supervision. The government of
Ethiopia has planned to transfer the technology in design, construction, supervision and
operation of the railway industry. As a result the capacity building of railway engineers in three
different fields are ongoing that contains the civil engineers involved in the rail track which is
important of analyzing and design of sleepers as one of the major structural element of track
component.

This thesis research focused on the design and analysis of pre-stressed concrete sleeper to
produce an optimal pre-stressed concrete sleeper in terms of concrete grade, shape of the sleeper,
tendon (wire) profile and type based on the permissible limit state design approach of Standard
Australian 1085.14-2003 with reference to AREMMA 2010 for some parameters.

1.3 Objectives

The main objective of this thesis research study was to design and analyze pre-stressed concrete
sleeper in accordance with Standard Australia 1085.14-2003. The paper was focused on the
design of pre-stressed concrete sleeper with high strength, durable and cost effective, the suitable
size, shape and strength have been evaluated in the study. The appropriate grade of the concrete
and the strength and types of pre-stressing wires has been selected. Finally the study came up



with proper size and quality pre-stressed concrete sleeper for the construction of ballasted track
rail lines in Ethiopia.

Specific objectives:
The specific objectives are

a) Identify the suitable type concrete grade in consideration of safety and economy.
b) Determine the cross sectional size and shape of the pre-stressed concrete sleeper
C) Determine the strength, type and Position of each pre-stressing tendon (wires)

The scope of the study was on the major railway projects that are being implemented and will
come into implementation in the subsequent phases. Specifically it focuses on sleepers that are
being used in the main track of Addis Ababa LRT and national rail line of Ethiopia (Addis
Ababa to Djibouti).

1.4 Material and Methods

Design, modeling and analysis methods of pre-stressed concrete sleepers conducted by different
researchers have been collected and reviewed as introductory and background knowledge. The
basic design parameters have been identified and collected from ERC as input parameters for the
design. Analyses of existing sleeper have been conducted as a bench mark for the optimization
and analysis of the proposed sleeper. Theory of mechanics have been used for modeling and
analysis. The optimization of the different parameters have been done by iteration of the
variables using excel spread sheet except the soffit width of the sleeper which is done by using
the software SAFE. Finally verification of the optimal sleeper capacity has been done with
ANSYS based on the laboratory set up and procedure of AS 1085.14-2003.

1.5 Study Area

The study was carried out in Ethiopia, Addis Ababa located in east Africa 3°-15°N latitude and
33°-48°E longitude, taking in to consideration the National railway lines (Addis Ababa to
Djibouti) and Addis Ababa LRT projects.



2.1

2. LITERATURE REVIEW

Introduction to Sleepers (Cross Ties)

Sleepers (cross ties) are member’s which are laid transverse to the track alignment to support the
rails and to transfer the load from the rails to the underlying ballast (Agarwal et al, 2012).

In supporting and guiding railway vehicles, the track structure must restrain repeated lateral,
vertical, and longitudinal forces. As elements of the track structure, individual cross ties receive
loads from the rails or fastenings and in turn, transmit loads to the ballast and sub-grade.
Consequently, the design of a tie affects and is affected by characteristics of other components of
the track structure. The design of cross tie track systems and components must consider (Gupta

et al,
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2.1.1

2012):

The rail, fastenings, tie, ballast, sub-ballast, and sub-grade;
The quality of each component, method of manufacture, installation, and maintenance;
Durability and material specific degradation mode evaluation;
The direction, magnitude, and frequency of traffic-imposed loads;
The effect of climate and environmental factors such as temperature, sunlight and weather;
The overall economics of installation and maintenance; and
The need to support and guide railway vehicles while restraining repeated lateral, vertical,
and longitudinal forces.

Functions of sleepers

In railway track, sleepers perform the following functions (Chandra et al, 2010):
To hold the rails to proper gauge in all situations and support the rails firmly and evenly
throughout.
To distribute the load transmitted through rails over large area of ballast underneath or to
the bridge girders as the case may be.

To hold the rail to proper level in turnouts and crossovers, and at 1 in 20 in ward slope
along straight tracks.
To provide elastic medium between the rails and ballast, and also to absorb the vibrations
caused due to moving axle loads.
To maintain proper alignment of the track. On curves proper cant is provided by raising
the outer rail and tamping the required quantity of ballast bellow the rails.
To provide the general stability and of the permanent way throughout, insulation of track

for the electrified tracks for signaling and easy replacement of the rail fastenings without
any serious traffic disturbances.

2.1.2 Requirements of an ideal sleeper

An ideal sleeper should meet the following requirements (Chandra, 2010):

a) The initial cost and the maintenance cost of the sleepers should be low.



b)

c)
d)

e)
f)

)
h)
i)
j)
k)

The fittings required for fixing on to the sleepers, should be simple which can be easily
adjusted during the maintenance.

The crushing strength of the sleeper should be more with moderate weight.

They should be able to maintain a perfect alignment, gauge and level of the rails and
should afford efficient adjustment and maintenance.

They should provide sufficient bearing area to hold the rail seats and for the ballast to be
supported on, to resist the crushing due to movement of heavy axle loads.

The sleeper spacing’s should be such as to remove and replace the ballast during regular
maintenance operation.

They should be capable to resist the shocks and vibrations caused due to fast moving
vehicles at high speeds.

They should provide insulation facilities for track circuiting on the electrified sections.
The sleepers should be strong enough to withstand the pressure during packing process.
The sleepers should be of such a design that they remain in their positions and do not get
disturbed due to moving trains.

The material used for the sleeper should be such that it does not attract the sabotage and
the theft qualities.

2.2 Types of Sleepers

Based on the type of materials used for the construction of sleepers, they are classified as
wooden (timber) sleepers, steel sleepers, cast iron sleepers, R.C.C sleepers and pre stressed
concrete sleepers (Chandra et al, 2010). Since the intention of this thesis is on pre-stressed
concrete sleepers, the discussion is entirely focused on it.

2.2.1

Pre-stressed concrete sleepers

Prestressed concrete, invented by Eugene Frevssinet in 1928, Pre-stressed sleepers are also two
types (Raju, 2007)

1)
2)

Pre-tensioned sleepers
Post-tensioned sleepers

Sleepers Density

The number of sleepers per rail length is called sleeper density. The spacing of sleepers is
generally indicated by a formula (n+x) where n is the length of the rail in meters and x is the
number of sleepers specified more than n (Chandra, 2010). The sleeper density varies according
to the following factors:

mo Ao o

Speed and axle load

Type of rail section

Type sleepers

Type and depth of ballast
Bearing area of sleeper on ballast
Nature of formation



Table 2.1: The numbers of sleepers per rail length provided on railways in different countries

Country Track type No. of sleepers
India Main track n+3 to nt+6

Britain Main track n+4

America Main track n+9 to n+11

Where n is the rail length in meter

2.3 Concept of pre-Stressing

A pre-stressed concrete structure is different from a conventional reinforced concrete structure
due to the application of an initial load on the structure prior to its use. The initial load or ‘pre-
stress’ is applied to enable the structure to counteract the stresses arising during its service
period. The pre-stressing of a structure is not the only instance of pre-stressing. The concept of
Pre-stressing existed before the applications in concrete (Amlan, 2008).
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(a) Pre-stressing force application
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(c) Transferring of pre-stress
Figure 2.1: Pre-tensioning process



2.3.1 Materials and Manufacturing
A) Materials

Cement

For pre-tensioned sleepers, high early strength Portland cement is normally used sometimes
specified with a low alkali content. Post tensioned and twin block sleepers can be made with
ordinary Portland cement as early strength is less critical (British Rail Research, 1993).

Aggregates

The main requirement is for well-graded materials with a proven durability record especially in
relation to abrasion resistance, frost resistance and freedom from alkali-aggregate reaction.

Admixtures
Water reducing admixtures are widely used to facilitate high early strength development.
Pre-stressing wire and strand

A short transmission length is an essential feature of pre-tensioned sleepers. Smm wire and
9.3mm seven-wire strand are the most widely used tendons. Smaller diameter wires below
2.11lmm and three-wire strand down to 6.3mm are also used in certain countries. For fully
bonded systems the wire should be indented with the euro norm (European Standard pattern) of a
similar pattern, and strand is also frequently indented. For end anchorage sleepers 7mm wire is
mainly used (Amlan, 2008).

Figure 2.2: Types of pre-stressing wires



B) Manufacturing
The manufacturing of concrete sleepers is a highly specialized sector of the precast concrete

industry. The special features are (British Rail Research, 1993):

(a) Demanding tolerance, typically * 3mm for overall dimensions and reinforcement location
and + 0.8mm for the position of cast-in fastening components.

(b) For pre-tensioned sleepers, the development of high early strength (35-40Mpa) at early
ages (14-15hrs) by means of heat curing.

(c) Concrete of high durability to withstand arduous (difficult) in-track conditions, especially
high frequency stress changes.

The manufacturing methods can be classified in to three types:

a) Long line — for pre-tensioned, fully bonded, mono-block sleepers. It was first developed in
UK in 1943-46. At this time, pre-stressing beds were designed to accommodate about 50
pairs of single cavity moulds placed end to end. These were filled at a central point and
moved along the tensioned pre-stressing wire to their curing positions.

b) Short line - for pre-tensioned, fully bonded and end-anchored mono-block sleepers

c) Instant demoulding — for twin block reinforced concrete sleepers and post-tensioned
mono-block sleepers

Current methods generally use gang moulds with four to eight cavities and 30-60 moulds end to

end on each bed. The pre-stressing wire or strands are anchored with tapered wedges and
tensioned in groups corresponding to a line or a complete bed using large double acting
hydraulic jacks, which are also used for detensioning. The end of each mould is closed by means
of plates or bars, which can be removed before the transfer of pre-stress. These also maintain the
correct location of the wires or strands in the moulds. The moulds are positioned on the bed
before concreting usually by a special purpose machine. Heat curing using free steam is giving
way to steam or hot fluid enclosed in pipes under moulds, which is more efficient and capable of
automatic control by monitoring concrete temperature. Electrical curing is also used with a low
voltage alternating current being passed through the concrete during heat curing. Thermally
insulated cover improves the efficiency.

Heat curing enables production to proceed on a 24 hour cycle with the main activity during the
day and heating overnight. After the gentle transfer of the pre-stress, the wires or strands are cut
with abrasive disc or with oxy-acetylene torches, and the sleepers are lifted from their mould and
stacked for dispatch without further curing. In some factories the moulds are pushed off the
sleepers before detensioning; this avoids the need to allow for elastic shortening in moulds.
Before dispatch, rail pads are sometimes fixed to the sleepers with an adhesive which permits
them to be peeled off for later renewal.



Short line method

The short line method is used for bonded wire and end-anchorage pre-tensioned sleepers, the
pre-stressing wires being tensioned against the end of the moulds. Moulds with one to six
cavities can be used, and for fully bonded sleepers there may be several moulds end to end in a
structural frame. Fixed station are used for each operation (tensioning, filling, curing,
detensioning and demoulding), and the moulds are moved between them. Curing is an insulated
enclosure, generally using free steam heating.

Wire is used for pre-stressing, and positive end anchorage such as button heating is preferred to
avoid the loss in tension caused by wire which could be significant with wedge anchors over
short lengths. In end anchorage sleepers, a steel plate used as a reaction for the button-headed
wire is cast into the sleeper. A 24 hour prodction cycle is common, but the short line method can
be operated on a continouos shift system with shorter or longer curing periods.

# Jack
Elevation Threaded roc
Mould Strands
= =
i ==
Plan

Figure 2.3: Short line method of sleeper production

2.4 Analysis and Design of Pre-stressed Concrete Sleepers

The major factors that affects the analysis and design of sleepers are the static and dynamic loads
imposed on the rail seats depends upon the type of track (straight or curved), its construction and
standard of maintenance, the axle load and axle spacing, the running characteristics, speed and
the standard of maintenance of vehicle. The ballast reaction of sleeper is based on the shape of
sleeper, its flexibility and spacing, the unit weight of the rail, the standard of maintenance of the
track and ballast characteristics (UIC, 2004).



2.4.1 Limit States Concept

Limit state deems that the strength of a structure is satisfactory if its calculated nominal capacity,
reduced by a capacity factorg, exceeds the sum of the nominal load effects multiplied by load
factors y.

v X Nominal load effects < ¢ X Nominal capacity, where the nominal load effects (e.g. bending
moments) are determined from the nominal applied loads by an appropriate method of structural
analysis (static or dynamic) (Sakdirat, 2007).

Proposed limit states of pre-stressed concrete sleepers
Ultimate Limit State

A single once-off event such a severe wheel flat that generates an impulsive load capable of
failing a single concrete sleeper. Failure under such a severe event would fit within failure
definitions causing severe cracking at the rail seat or at the mid-span (Sakdirat, 2007).

Ultimate Moment Capacity:

The ULS moment capacity of a PSC section is calculated using the assumption that plane
sections remain plane. This is similar to the approach for ordinary reinforced concrete. There is
one difference; the strain in bonded pre-stress steel is equal to the strain caused by the initial pre-
stress plus the change in strain in the concrete at the pre-stressing steel level. The following
diagram shows the strain diagram at three stages of loading:
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Figure 2.4: Strain diagram

Stage 1

This is the strain diagram at transfer. The strain in the concrete at steel is compressive, with
magnitude of:
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g, =L Pe (2.1)
E\4 I

The stress and strain in the pre-stressing steel are:

B
S = A_p (2.2)
_
£u= (2.3)

Stage 2

The applied moment is sufficient to determine the concrete at the steel level. Provided there is a
bond between the steel and concrete, the change in strain in the pre-stressing steel is equal to that

of the concrete at the steel level. Hence the strain in the pre-stressing steel is now ¢, + &,

Stage 3

This is the strain diagram at the ultimate load. The concrete strain at the steel level, €, , is

related to the concrete strain at the top of the section by similar triangles.

e =& | L— (2.4)

The change in strain in the pre-stressing steel is, by compatibility, the same as €,

Final

The final strain in the pre-stressing steel at ultimate load is thus:

gpu = gpt +gct + gcpu (25)

In this equation, it is only &, that is not known. This can be obtained once a depth of neutral

axis 1s found that balance horizontal forces.

Fatigue Limit State

A time-dependent limit state where a single concrete sleeper accumulates damage progressively
over a period of years to a point where it is considered to have reached failure. Such failure
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could come about from excessive accumulated abrasion or from cracking having grown
progressively more severe under repeated loading impact forces over its lifetime (Sadeghi,
2010).

Serviceability Limit State

This limit state defines a condition where sleeper failure is beginning to impose some restrictions
on the operational capacity of the track. The failure of a single sleeper is rarely a cause of a
speed restriction or a line closure. However, when there is a failure of a cluster of sleepers, an
operational restriction is usually applied until the problem is rectified (Sadeghi, 2010).

2.4.2 Permissible Stress Principle

This method is currently most commonly used to design sleepers. However, the permissible
stress principle does not consider the ultimate strength of materials, probabilities of actual loads,
and the risk associated with failure, all of which could leads to the conclusion of cost in-
effectiveness and over design of current pre-stressed concrete sleepers.

Table 2.2: Maximum permissible stress in the concrete at transfer (AS 1085.14-2003)

Types of stress Maximum permissible stress
Compression where the 0.6 f
distribution of  stress s e

triangular or approximately

triangular

Compression where the 0.5 f
. . . . . . cp

distribution of stress is uniform

or approximately uniform

Table 2.3: Maximum permissible stresses in the concrete, after allowing for all losses of pre-
stress (AS 1085.14-2003)

Types of stress Maximum permissible stress

Compression 0.45 fc

Tension (flexure) 0 4( fv)o.s

Proposed Ultimate Limit State Design Equations: (based on Murray and Bian , 2011)

0.8M, > M*=1.1M ,+ M, (2.6)
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Where:
Mg 1s the moment induced in the sleeper by the design value of the wagon weight force;

M;  is the moment induced in the sleeper by the ultimate impact force / for the specified return
period,

M?*  the bending moment at a cross-section calculated using the design load

2.4.3 Design Models and Method of Analysis

The Beam on an Elastic Foundation Model

The maximum rail seat load can be determined theoretically by using the beam on a continuous
elastic foundation model, and this is the approach suggested by Talbot (1918-1934) and by
Clarke (1957). Using this model the maximum rail seat load q; (kN) can in general be
determined by

q, =SKy, (2.7)

Where
S = sleeper spacing (m),
k = track modulus (MPa) per rail,

ym = the maximum rail deflection caused by the interaction of a number of axle loads about a
given reference position (mm), and

F; = factor of safety to account for variations in the track support caused by variations in the
standard of track maintenance (Clarke, 1957) adopts a value of F; equal to I).

Sleeper strength based on China’s standard approach

» Bearing stress on the top of wood sleeper
R,
o =—%<|o 2.8
S F [ S] ( )

Bending moment in concrete sleeper

» Bending moment distribution is related to the support condition of the ballast
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Figure 2.5: Full support condition of sleeper

» Maximum positive moment under the rail
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Figure 2.6: Zero center binding coefficient condition of sleeper

» Maximum negative moment at the middle

a b
M, =KS(2—;—§ R, <[m,] 2.9)
|
!
Figure 2.7: 75% center binding coefficient condition of sleeper
2 2 _
M. =K. 31" +4e” —8ae—12a)l R, < [Mc] (2.10)
‘ 431 +2e)

» Maximum negative moment of Type III (China)

M, =—Kse+alde <[m ] (2.11)
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2.5 Testing (AS 1085.14-2003)

Two types of testing of sleepers, their constituent concrete, and fastening components cast into
the sleeper are recommended by AS 1085.14-2003. The first is type test and the second is proof
tests.

a) Type tests
Concrete cylinder compressive strength testing, fastening system testing and sleeper testing are

under the category of type test. Type tests are required when the following conditions are
encountered.

1. A new design is submitted to the purchaser;

2. A new manufacturing plant or process is adopted by the manufacturer before or during
production; or

3. The characteristic strength of the concrete or the pre-stressing is varied by the manufacturer.

b) Proof tests
Apart from type testing, proof testing shall be carried out on a routine basis on samples Selected

from normal daily production. Where the appearance of the samples gives reason to believe that
a line of production may not be typical of previous tests, additional testing may be carried out as
agreed between the manufacturer and the purchaser.

¢) Test loads
The test loads, (P, P,, P3, P4) to be used in the tests shall be calculated from the cracking

moment (M) of the section being tested.

Rail seat negative cracking moment, F = _ M. (2.12)
(0.33-0.075)
. . . 2My,
Rail seat positive cracking moment, P, = ——*— (2.13)
(0.33-0.045)
. . M
Centre negative cracking moment, P, = ————— (2.14)
(0.5g-0.075)
. . M
Centre positive cracking moment, P, = ———~—— (2.15)
(0.52-0.075)

Where

g = distance between rail centers, in meters
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M"=Z f,'+§ + Pe (2.16)

1

f=085(r)" (2.17)
Since the scope this thesis is on sleeper analysis and design, the setup of flexural capacity testing
methods according to AS 1085.14-2003 are shown below.

(1) Centre negative bending moment tests

P3
Neoprene supports Meoprene supports
(necprene shore A (neoprene shore A
hardness 90) | hardness 90]
25 x 12 x width of 50 x 25 x width of
sleeper ; g ! sleeper*\

75|75
¢ load and
/ sleeper

f NN NN

o
\—4:_ rail seat

‘\ ¢ rail seat

Figure 2.8: Centre negative moment test (dimensions are in millimeters)

(11) Centre positive bending moment tests

Py

MNeoprene supports Neoprene supports
(neoprene shore A (neoprene shore A
hardness 90] hardness 90)
25 x 12 x width of 50 x 25 x width of
sleaper ; ! ! sleeper
—J_-_"""'-——___ T T
| 75175

1 ¢ load and
/ sleeper
s, T

\\—@ rail seat \Q rail seat

g

Figure 2.9: Centre positive moment test (dimensions are in millimeters)
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(ii1))  Rail seat negative moment test
P

MNeoprene supports
Ineoprene shore A

hardness 90) [
X neoprang shore A
25 x 12 x width of hardness 90)

sleeper—\ 50 x 25 x width of
1 ||

sleeper
-
| \4 Fi ‘\

Meoprene supports

75 75
I
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A — T\ ___—
[ | [
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330 330

Figure 2.10: Rail seat negative moment test (dimensions are in millimeters)

(iv)  Rail seat positive moment test

P2
MNeoprene supports
[necprene shore A
hardness 90)
25 x 12 x width of
sleeper Neoprene supports
N [neoprene shore A
A LLI hardness 320]
[\ | | 50 x 25 x width of
45,45
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|
| |
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Figure 2.11: Rail seat positive moment test, repeated load test, bond development and ultimate
load test (dimensions are in millimeters)



3. ANALYSIS OF THE PRE-STRESSED CONCRETE SLEEPER
CURRENTLY USED BY ERC

3.1 Design Parameters
3.1.1 Design constants and material properties

For the analysis of the currently used type of sleeper, design requirements of the sleeper are
acquired from the operating institution (ERC) based on the feasibility study of Addis Ababa
Djibouti line, Part I general specification, 2012. Thus includes the service life, sleeper spacing,
loading in MGT (Million gross tons annually), design speed and others. The basic design

parameters are summarized in table 3.1 below:

Table 3.1: Design parameters and specification

Description of parameters Units Values Remarks (Data sources)
Axel load Tone 25 ERC feasibility study
Track gauge mm 1435 ERC feasibility study
Load distribution factor (DF) % 50 AS 1085.14-2003
Dynamic augment factor (j) 2.5 AS 1085.14-2003
Maximum speed
+ Passenger train Km/hr 120-160 ERC feasibility study
% Freight train Km/hr 80-120 ERC feasibility study
Sleeper spacing cm 60 ERC feasibility study
Rail type 50kg/m ERC feasibility study
U71Mn
Traction mass Tone 3500 ERC feasibility study
Rail wheel inclination Gradient | 1:40 ERC feasibility study
Maximum Ballast pressure kPa 600-750 AREMA 2010 & AS
1085.14
Minimum radius of curved section m 800 ERC feasibility study
Sleeper stiffness kN/mm % (in compression) | (Esveld, 2001)
Ballast and sub-ballast thickness cm 45 ERC feasibility study
Fastening system Vossloh ERC feasibility study
Track importance factor Class 1 ERC feasibility study
Service life Year 35-40 ERC feasibility study
Track modulus MPa 20-40 AS 1085.14-2003
Factor of safety Unitless | 1.3 Assumed
Concrete grade MPa 60 ERC Design department
Minimum compressive strength of MPa 30 AS 1085.14-2003
concrete prior to transfer
Modulus of elasticity of steel MPa 200000 AS 3600
Modulus of elasticity of concrete MPa 5050 \/70 AS 3600
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3.1.2 Section Properties

Geometry of the sleeper

Figure 3.1: Geometry of the existing Prestressed concrete sleeper (not to scale)
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Figure 3.2: Cross-section of the existing sleeper

Contact area of the sleeper bottom at different sections

At rail seat
A, =300mm* 495mm =148,500mm’

At center
A, =300mm*260mm = 78,000mm”

Elevation cross section areas
At rail seat

A =

g

(&;170) *200 = 45,000mm’

*
Center of gravity from the bottom =y, = (2171(30 ;;(?Oj * 2(3)0 =91.85mm
+
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2 280+170j* 200 — 108.15mm

Center of gravity from the top =y, :( 170 + 280 3
+

; _(200)° 1707 +280° +4*170*280
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1
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V, 108.15
At center
4, = (Mj #160 = 36,000mm’
2*200+250), 160
Cent, ] the bottom = y, = * =77.04
enter of gravity from the bottom =y, ( 200+ 250 j 3 mm
2*250+4200),160
Center of gravity from the top =y, = * =82.96mm
S gravity P =i ( 200+ 250 j 3

I (160)’ [ 2007 +250% + 4*200* 250
¢ 36 200+ 250

} =76,483,950.62mm"*

I, 76,483950.62

7, =& ="Z""27" 2 992 820.5 lmm’
v, 77.037
I

7 =1e (7648395062 _ o), 904 761
v 82.963

Pre-stressing wires

Nominal diameter of tendon (wire) is, @ . =6.3mm

wire

Area of a single wire, 4,,,, =31.17mn?’

ire

Area of pre-stressing wires, 4, =10*31.17mm’ =311.7mm’
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Table 3.2: Centroid of pre-stressing wires from the bottom of the sleeper

Layer  No bars Area y (mm) Ay

(mm’)
1 4 28.26 35 98.91
2 2 14.13 85 120.105
R} 4 28.26 120 339.12
z 70.65 558.135

- > Ay 558.135mm®

= 79mm
> A4 70.65mm

Table 3.3: Eccentricity of pre-stressing wires

Centroid (yb)
of the section  Eccentricity
Location (mm) ,
Rail seat 91.85 12.85
Center 77.04 -1.96

The minus sign indicate the centroid of the pre-stressing wire is above the section centroid.

250mm

| Center section ‘

Figure 3.3: Arrangements of pre-stressed wires for current sleeper

The geometrical dimension of the sleepers, material property and the type and number of pre-
stressing wire governs the flexural capacity of the sleepers. Shear capacity is determined by the

concrete strength.
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3.2 Loading Conditions

The load transfer mechanism from the rail to the sleeper and then to the underlying layer affects
the design of sleepers. Loads considered for the analysis and design of sleepers in this research
include; rail seat loads (static & dynamic), lateral loads and the ballast pressure. The flexural
capacity of the sleeper is determined by the rail seat and ballast pressure loads. Based on
AREMA 2010 the positive and negative moments are located at the rail seat and at the center of
the sleeper. In curved sections of the track in addition to the vertical and rail seat & ballast
pressure loads, it is encountered a lateral load which is important for the design of fasteners.

Loads from the fastener will transfer in to the sleeper requires the analysis of its adequacy.
(AREMA, 2010)

3.2.1 Rail Seat Load

The effective sleeper support area

The effective sleeper support area beneath the rail seat is defined as the product of the
breadth of the sleeper and the assumed value of the effective length of sleeper support at
the rail seat. AREA defines the effective length of a sleeper as the distance from the end
of the sleeper to the extent of tamping inside the rail foot. For common sleeper lengths this
equation can be approximated by

I
=% 3.1)

Where
L = Effective length of sleeper support (mm)
1 =Total sleeper length (mm)

There are no comparable equations derived for concrete or steel sleepers in which the
effective length of sleeper support incorporates the effect of sleeper dimensions. Schramm
defines the effective length of sleeper support under the rail seat for timber, steel and
concrete sleepers as :

L=I-g (3.2)

Where L & I are as previously defined, g is the distance between the center lines of the rail
seats in mm. The quantity (I-g) can also be expressed as twice the overhang length of the
sleeper Q as shown in Figure 3.4 below (Doyle, 1980)
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Figure 3.4: Principal Sleeper dimensions

If the sleepers are not of a uniform breadth such that centre breadth is less than the end-breadth,
it is reasonable to assume an average sleeper breadth over the effective length of sleeper support
when determining the effective support area.

The rail seat load on individual sleeper is dependent on tie spacing, fastening system, rail
stiffness, and ballast and sub-grade conditions with tie spacing having the largest effect. Typical
track design with concrete ties utilizes tie spacing of 60cm which correlates with 50% of the
applied axle load being carried by an individual tie, refer to figure 3.5 and 3.6 (AREMA, 2010 &
AS 1085.14-2003).

i. Static wheel load
The design static wheel load is the maximum load of the wheel which is defined by
the owner in consideration of the tonnage and passenger weight.

ii. Quasistatic load
It 1s the sum of static and the effect of speed on the static load that is governed by
geometrical roughness and unbalanced super elevation. A minimum value is specified
by AS 1085.14 as 140% to 160% of the static load.

iii. Dynamic load
It is the effect of the frequency of wheel rail interaction and the response of the track
component which is to 150% of the static load as minimum value by AS 1085.14.

iv. Combined vertical design load factor (j)
This is the combination of the Quasistatic and dynamic load factor with minimum
value of 250% of the static wheel load According to AS 1085.14.
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Figure 3.5: Estimated distribution of load (D.F), AREMA 2010
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Figure 3.6: Estimated distribution of load (D.F), AS 1085.14-2003



The load carried by a single sleeper is the product of the D.F and static wheel load or it can be
determined from the following equation:

0, =(kz,)s = ’“TQe*x(cos Ax + sin Ax) (3.3)
Where

Qx = the load carried by any sleeper, per rail, in kilo Newton’s, for a single wheel at distance x
x = distance from the sleeper to the wheel load, in meters

zx = rail deflection at distance x from a point load

s = sleeper spacing, in meters

Q = static wheel load, in kilo Newton’s

A = (k/4ET) **

k = track modulus, in mega Pascal’s

E = young’s modulus for the rail steel, in megapascals

I = second moment of area for the rail section, in meters

According to AS 1085.14 the rail seat load (R) is given by:

G (3.4)
100
%k k
R 125KN*250%05 (oo
100
W=Qs (U/64EI) ** (3.5)

40MPa
64 *200,000MPa*3.26 *10° mm*

W =250kN * 0.6m( j =148.65kN

Where

W = Load at rail seat of the sleeper

Q = Static wheel load

S = spacing of sleepers

U = Track Modulus

E = Modulus of elasticity of rail section
I = Moment of inertia of rail section.
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3.2.2 Load distribution on the ballast

The exact contact pressure distribution between the sleeper and the ballast and its variation with
time will be of importance in the structural design of sleepers. It is practically impossible to
predict the exact distribution for a sleeper in the in-track condition (ORE, 1969)

Distribution of bearing pressure

Uniform pressure 2 2
Flexure of sleeper produces - - 4
variations from (a). oy "’lfiifj?/[;j
Tamped either side of rail 2 2

Laboratory test % 2 u]

Principal bearing on rails I hd
'W———:WJ

Maximum intensity at ends b b d
Pz

Maximum intensity in middle b d 1
R/ e

Centre-bound b d b4
ez

End-bound h d | 1
‘27

Well-tamped 4 h
)

Depression at rail seat I b 4
Tz

b 4 b d
) %

> A b o

Moment
Diagram {

s .
<2
ez
47
%7,

b

Figure 3.7: Hypothetical distributions of Sleeper Bearing Pressure and bending Moment

diagrams (Talbot, 1920)
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According to the AREMA design manual the bearing area of the sleeper is 2/3 of the total length
of the sleeper (tamping zone)

.2 2
A ==A==Lb 3.6
b33 (3.6)
Unit load on ballast
F, = 25" = ;Q‘J = 3LQI; (3.7)
' (3)
3
Where;

P, = unit sleeper pressure on ballast
A’y = total tie bearing area (m?)

L = sleeper length (m)

b = sleeper width (m)

Q, = static or dynamic rail seat load (kN)

Case 1

In accordance AS 1085.14 uniform ballast pressure is assumed and the maximum ballast
pressure is estimated based on table 3.4 with a maximum limiting value of 750kPa for high
quality ballast material.

Table 3.4: Maximum ballast pressure (AS 1085.14-2003)

Distance between rail center (g), in Length of ballast Equation for
meter support beneath each maximum ballast
rail seat (a), in meter pressure( P,y ), in
KPa

g>1.5m a=L-g P R
(standard &broad gauge) “b(L-g)

1.5m> g >1.0m a=08(L-g) P R
(narrow gauge) * = 080(L—g)

R
P, = 3.8
“ b(L - g) 3.8)
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Figure 3.8: Pressure distributions for maximum positive rail seat and center moment (As

Case 2

R _ 156.25kN
b(L-g) 0.2525m(2.5-1.51)m

P, = = 625kN | m’

g |

F«‘l lFP

.
I

1085.14, 2003)

According to AREMA 2010 the ballast pressure is

p_20,_ 20, _30,  3*15625kN

> =% _ = 742.6kN
A, (2 ) Lb  2.5m*0.2525m

—Lb
3

*
o 2R _2#156.25
L 25

=125kN/m

Based on AREMA 2010 the average ballast pressure is given by:

ZP(l
P, =

, IF | DF
100 A 100
A
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e 30 )
- 100 A100) _ 544 558N /2

= 3.11
“ 2500%252.5 @10
Where:
P = wheel load in KN
IF = Impact factor
DF = Distribution factor in percent (Figure 3.5 & 3.6)
A = Bearing area of cross ties in mm
1 56.£5kN stom 15(125kN
520mm
W W
990mm 990mm
Figure 3.9: Ballast pressure distributions with zero center binding coefficients
156.%5 kN 156.2§kN
* 1510mm *
r _ T T R L 3 4 1 - S 4 .
- s ; . . a foren . = A B : ) - 4
w w
75w
990mm 520mm 990mm

Figure 3.10: Ballast pressure distributions with 75% center binding coefficients
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3.3 Design Moments
3.3.1 Moment at the rail seat

1. Rail Seat Positive Design Bending Moment
The maximum positive bending moment shall be taken to occur at the rail seat producing

compressive stress at the top and tensile stress at the underside of the sleeper. The value of this
moment, the rail seat positive design bending moment (Mg;), is based on a uniform ballast
support beneath each rail seat. The length of the ballast support beneath each rail seat varies with
track gauge and sleeper length. For track with gauge of 1435 mm or greater, the length of this
support is taken to be equivalent to (L — g) (AS 1085.14-2003).

Table 3.5: Maximum positive bending moment at the rail seat (AS 1085.14-2003)

Distance between rail Length of ballast Maximum positive
center (g), in meter support beneath each bending
rail seat (a), in meter moment at rail seat (M g+
g>1.5m
(standard &broad a=L-g Mo - R(L-g)
gauge) g
1.5m> g >1.0m R(L—g)
MR+ =
(narrow gauge) a= 0.8(L — g) 6.4
M, = M (3.12)
8
v - R(L-g) _15625kN(2.5m~1.51m) _ 1934k N

R+ 8 8
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Figure 3.11: Shear force and bending moment diagrams for zero center binding coefficient
ballast pressure (by using MDSolid 3.5)

2. Rail Seat Negative bending moment
The rail seat negative design bending moment (Mg-) shall be not less than 67 percent of the rail

seat positive design bending moment or 14 kNm, whichever is greater.

M, =max. of (0.67*19.34kNm, 14kN.m) =14kNm
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3.3.2 Moment at the center

1. Center Positive design bending moment
The maximum positive bending moment of the sleeper shall be based on a pressure distribution

beneath each rail seat. The length of the ballast pressure distribution beneath each rail seat and
the centre positive design bending moment (Mc;) shall be calculated from the appropriate
equation given in Table 3.6.

Table 3.6: maximum positive bending moment at the centre

Distance between rail  Length of ballast Maximum positive
center (g), in meter support beneath each bending
rail seat (a), in meter moment at the centre
M C+)
(kNm)
g>1.5m

(standard a=09(L-g) M., =0.05R(L-g)

&broad gauge)

1.5m > g >1.0m a=08(L-g) M., =0.05R(L-g)

(narrow gauge)

M., =0.05R(L-g) (3.13)

M, =0.05R(L—g)=0.05*%156.25(2.5m —1.51m)=7.734kNm

2. Center Negative design bending moment
The maximum negative bending moment shall be taken to occur at the centre of the sleeper,

under partially or totally centre bound conditions producing tensile stress at the top and
compressive stress at the underside of the sleeper. The value of the maximum centre negative

bending moment (Mc-) for track gauge of 1435 mm is based on a uniform distribution of

ballast pressure on the sleeper soffit and is calculated as follows:

M, =R(2g4_Lj (3.14)

2g—-L

=20.3kNm

* _
j=156.25kN(2 1.51m 2.5mj

M, = R(
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But uniform pressure distribution is an ideal and part of the ballast pressure only considered. AS
1085.14 accounts 50% the uniform pressure and 75% in china’s standard case. For this analysis

the center binding coefficient is taken 0.75 and the design bending moment is 15.23kN.m.

O L LT

a__M O B
Frrr e
xX
fmm) O 495, 2005. 2500.

Load Diagram

Irnm ;I | Loads 3 | Feactions 3

Click: an an area for mare infarmation ﬂ
94.38
61.33
0.00 |\
\I 0.00 0.00
-61.37
-94.37
W
(mm) 1250.0
: I
ke - Shear Diagram _[_)_!
20.31 m |
0.00 0.00
-15_.31 -15.31
¥
{mm) 679.91 1250.0 1820.09 2500.0

il-c:N-rn v! Moment Diagram Rl

Figure 3.12: Shear force and bending moment diagrams for fully supported ballast pressure (by
using MDSolid 3.5)
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Figure 3.13: Shear force and bending moment diagrams for 75% center binding coefficient
ballast pressure (by using MDSolid 3.5)

3.4 Stresses due to bending and pre-stresses at transfer

Source of stresses in the concrete at transfer is due to the self weight of the sleeper and the
stresses due to the compression of pre-stressing wires after the releases of the applied tensile load
on the wires. The self weight of the sleeper is modeled as simply supported beam with uniformly
distributed load, even though its cross-section varies via its length. Two cases are treated to
account the right side up and upside down position of the sleeper during casting and storage
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conditions. The stresses at top and bottom fiber are calculated using the following general

equations with some modifications of the subscripts and simplifications.

_ —Pi Pe.y, + M.y,

O,

t
Ag ]g Ig
o, = -P + Pe.y, + M.y,
Ag Ig Ig
Where:

P = Prestressing force

e = the effective eccentricity

M = the bending moment at the rail or center section

A, = the gross sectional area

I, = the gross moment of inertia of the cross section

y: = the distance between top fiber and neutral axis of the cross section

yb = the distance between bottom fiber and neutral axis of the cross section

— A

1250mm

—=B

495mm

ARERR

ARARRR

Figure 3.14: Right sides up positions
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——A

1250mm

495mm

SEREERERRERE

— A

Figure 3.15: Upside down position

3.4.1 Bending stresses

First case (right side up)

At Rail seat (section A-A)

2.5-0.495)=0.531kN.m

= *10° =0.39Mpa (compression)

M =%(L—x): 1.071*().495(
Top fibers
M, 0.531kN.m
Z 1,359,360.73 mm’
Bottom fibers
M, _ 0.531kN.m %105
Z, 1,600,53763 mm’

At center (section B-B)

0.33Mpa (tension)

*

M, :?(L_x)zw(z,s ~1.25)=0.836kN.m

Top fiber

M, _ 0.836kN.m 3 *10° =0.91Mpa (compressian)
Z, 890,130.21mm

Bottom fiber

M, - 0.836kN.m 3 *10° =0.84Mpa (tension)
Z, 958,601.76 mm
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Second case (Upright side down)

At Rail seat (section A-A)

M, :%(L—x):M(Z.S—OA%): 0.531kN.m

Top fiber
M, 0.531kN.m

- *10° =0.39Mpa (compression
Z,  1,359,36073 mm’ pa (comp )

Bottom fiber
M, 0.531kN.m

= 3 *10° =0.33Mpa (tension)
A 1,600,53763 mm

At center (section B-B)

1.071*%1.2

M, :%(L_X)ZM(ZS—1.25)20.836kN.m
Top fiber

M . :

o 0.836kN.m - *10° =0.91Mpa (compressian)

Z, 921,904.74mm
Bottom fiber

M . :

Z, 992,280.51 mm

3.4.2 Stresses due to pre-stress

First case (right side up)
At rail seat (section A-A)

Top fibers
*
B _Fe|_ 267,635.13?/ _267,635.13N 12.853mm _3.42MPa (compression)
4, =z 45,000mm 1,359,360.73mm

Bottom fibers

£+& _ 267,635.13N N 267,635.13N *12.85mm
4, 45,000mm’ 1,600,537.63mm’

=8.10MPa (compression)
Zp

At center (section B-B)

Top fibers
*(—
B Fe|_ 267,635.13?7 _267,635.13N*( 1.936mm) —7.97MPa(compression)
4, z 36,000mm 921,904.76mm
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Bottom fibers

*(—
ﬁ-;-ﬁ _ 267,635.13?7 N 267,635.13N *( 1.936mm) — 6.87MPa (compression)
A, z, 36,000mm 992,820.51mm

g

Second case (Upright side down)

At rail seat (section A-A)
Top fibers

P Pe| 267,635.13N 267,635.13N *12.85mm .
—‘4+1|= —+ 3 =8.48MPa (compression)
A, z 45,000mm 1,359,360.73mm

g t

Bottom fibers
*
ﬁ_& _ 267,635.13?/ B 267,635.13N 12.853mm _3.8MPa (compression)
4, z, 45,000mm 1,600,537.63mm

At center (section B-B)

Top fibers
*(_
ﬁJFE _ 267,635.132\/_ 267,635.13N *( 1.936mm) _6.83MPa(compression)
4, z 36,000mm 921,904.76mm
Bottom fibers

B Pe|_ 267,635.13N  267,635.13N *(-1.96mm)

—+ ; =7.93MPa (compression)
4, z, 36,000mm 992,820.51mm

Total stress at transfer for the first case
At rail seat (section A-A)
Top fibers
P Pe M, .
<5 + . =3.42MPa+0.39MPa =3.81MPa (compression) < 15MPa — OK

g t t

Bottom fibers

P Pe M
A—’ + 1€ Mo 8 10MPa—0.33MPa =7.77MPa (compression) < 15MPa — OK
« L Zp

At center (section B-B)
Top fibers
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P _Pe M,
e

y =7.97MPa+0.91MPa =8.7MPa (compression) <15MPa — OK
z z

g t t

Bottom fibers

> Pe M,
+ ——

P
A—’ =6.87TMPa—0.84MPa = 6.03MPa (compression) < 15MPa — OK
s Zb &

Total stress at transfer for the second case

At rail seat (section A-A)

Top fibers
P _Pe M,

y =8.48MPa+0.39MPa =8.87TMPa (compression) < 15MPa — OK
z z

g t t

Bottom fibers

R_Be M,
-t + —_

g

At center (section B-B)

Top fibers

P _Pe M,
—L

y =3.8MPa—0.33MPa=3.47TMPa (compression) <15MPa — OK
2y G

y =6.83MPa+0.91MPa ="7.7AMPa (compression) < 15MPa — OK
z z

g t t

Bottom fibers
B Be M

o

g

3.5 Stresses calculations at working condition (service)

Rail seat section

Due to positive bending moment

Top fiber stress

P Pe| M, M
A z z z

e t t t

231,380N  231,380N *12.85mm N 531000N.mm +1934*10* N.mm

45,000mm*  1,359,360.73mm’

1,359,360.73mm’

=18.84MPa < 27TMPa

y =7.93MPa—0.84MPa =7.09MPa (compression) < 15MPa — OK
Zy %

— OK
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Bottom fiber stress

231,380N  231380N *12.85mm 531000N.mm+1934*10* N.mm

>+ 3 3 =-1.61MPa >—3.1MPa — OK
45,000mm 1,600,537.63mm 1,600,537.63mm

Due to negative bending moment

Top fiber stress

A z z z

g t t t

{Pe Pee:l M M

231,380N  231,380N *12.85mm 531000N.mm +1411*10* N.mm

> —+ ; =13.72MPa < 27TMPa — OK
45,000mm 1,359,360.73mm 1,359,360.73mm

Bottom fiber stress

231,380N N 231,380N *12.85mm _ 531000N.mm + 1411*10* N.mm

: & . =-2.15MPa > —-3.1MPa — OK
45,000mm*  1,600,537.63mm 1,600,537.63mm

Center section
Due to positive bending moment
Top fiber stress

P Pe| M, M

. Z z, z

228,450N  228,450N *(—1.96mm) N 836000N .mm +8510000N.mm
36,000mm’ 921,904.76mm’ 921,904.76mm’

t t

=16.97MPa < 27MPa — OK
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Bottom fiber stress

228,450N N 228,450N *(=1.96mm)  836000N.mm+7730000N.mm

36,000mm’ 992,820.5 1mmn’

Due to negative bending moment
Top fiber stress

{Pe Pee:l M M

4, z z,  z

992,820.5 lmm’

228,450N  228,450N *(—1.96mm) N 836000N .mm +8510000N.mm

36,000mm’ 921,904.76mm’

Bottom fiber stress

921,904.76mm’

228450N . 228,450N *(=1.96mm) _836000N.mm+7730000N.mm
992,820.51mm’

36,000mm’ 992,820.5 lmm’

3.6 Design Shear Forces

=-193MPa > -3.1MPa — OK

=16.97MPa < 27MPa — OK

=-2.73MPa > -3.1MPa — OK

The shear design procedure for PSC is quite different from ordinary RC. It varies significantly
from code to code. However, there is one issue with PSC that can have a significant influence on
shear design. This is the vertical component of the pre-stress force which can have a significant

beneficial effect (Caprani, 2006).
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Figure 3.16: Shear force development in pre-stressed member

Also, the shear capacity depends on whether or not the section has cracked under the ultimate
flexural moments at the section.

Note that nominal links are required in PSC members, similar to ordinary reinforced members.

Shear force at critical sections
At rail seat
The maximum Shear force at the rail seat is 94.38kN

A, =70.686mm’ A, = 45,000mm’ e=12.85mm
f, =1860Mpa I, = 147,012,345.68mm* concrete = C — 60 =60Mpa
£ <136222Mpa P, = A,(f,, ~initial loss)=267.4TkN

Shear Capacity for Cracked Sections

A section is cracked in flexure if the moment is greater than a design cracking moment, M,,
defined below. The cracked shear capacity, V., is empirically given by (Caprani, 2006):

v :(1—0.55 S ]vcbvd +%V >0.16,d./f, (3.17)

pu

In which:
M = the moment acting atthe section

V =the shear acting atthe section

M, =the moment required to remove 0.8 of the compressive stress atthe level of the prestress

Where:
I 147,012,345.68

M,=08f —=0.8%*
fee 12.85

o C,

*6.24=57.14 kNm
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P Pe

f., =——+——, Assume initial loss2.35%
‘ Ag 4
* 2
_267,470.78 N 267,470.78 *12.85 — 6.24Mpa
45,000 147,012,345.68

f,s =the stress inthe tendonat SLS

S ou = the ultimate tensile strength of the tendon
b, = the shear width of the section

d = the effective depth

v, =thedesign shear strength of the concrete

0.33 0.25 0.33
y, =070 1004, 114001 T a ) _ 346 61kN
125\ bd d 25

Shear capacity for un-cracked sections:
A section is un-cracked if the applied moment is less M,, in such section, the principal

tensile stress in the web is limited to

£ =024.[f. =0.24/60 =1.859 Mpa

Based on a Mohr’s circle analysis, the following equation is derived:

v. =0.67bh(f? + 0.87, 1., )+ v, (3.18)

V., =0.67%200%225/(1.859 +0.8*1.859%5.94)+ 267,470.78373.19kN
In which f, is the compressive stress due to pre-stress at the centroidal axis:
P 267,470.78

B 20741078 564,
Lo = = T 45000 P

V, is the vertical component of pre-stress at the section, resisting the applied shear; and
the remaining variables have their previous meaning.

The design shear resistance at a section is:
Un-cracked: V.=V,
Cracked: V.=min (V¢ Vi)

The shear design is:
V' <0.5V, : No links are required

V<V, +0.4b,d : Shear links are required
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A, 04p,
S, 087f

»

Where:
A, =the link area

S, =the link spacing
S =the characteristics strength of the links

(3.19)

d, = the depth to the furthest steel, ordinary or presstressed, from the compression face

Note:

Consideration need not be given to checking sleeper sections for stress other than flexural stress,
subjected to the design complying with all other clauses of the AS 1085.14-2003.

3.7 Losses of Pre-Stress

In pre-stressed concrete applications, the most important variable is the pre-stressing force. Even during
pre-stressing of the tendons and the transfer of pre-stress to the concrete member, there is a drop of the
pre-stressing force from the recorded value in the jack gauge. The various reductions of the pre-stressing
force are termed as the losses in pre-stress.

The losses are broadly classified into two groups, immediate and time-dependent. The immediate losses
occur during pre-stressing of the tendons and the transfer of pre-stress to the concrete member. The time-
dependent losses occur during the service life of the Pre-stressed member. The losses due to elastic
shortening of the member, friction at the tendon-concrete interface and slip of the anchorage are the
immediate losses. The losses due to the shrinkage and creep of the concrete and relaxation of the steel are
the time-dependent losses.

The loss of pre-stress shall be determined by the methods specified in AS 3600. For Preliminary design, a
value of 25 percent may be assumed.

3.7.1 Losses in Pre-Tensioned Pre-stressed Concrete

A. Short term (immediate) loss

1) Elastic Shortening (deformation) Loss
In pre-tensioning, the strands are stressed before the concrete is cast. Therefore, after jacking (Pj.k) has
been applied, at a level y, the concrete is subjected to the stress:
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Figure 3.17: Pre-tensioning process

P (P
jack (Pace)y My (3.20)
A I 1

4 4 4

Jey =

At the level of the strands, y = e. Hence, the stress in the concrete at that level is:

P P e Me
Jjack Jack 0
= + + 3.21
f; e { Ja 7 ( )

4 4 g

And the concrete at the level of the strands has a strain of:

o o See (3.22)

c,e E

4

Since the strands are bonded to the concrete, they undergo a loss of strain of the same amount, &, ,, with

associated stress and force losses of E,&,, and APE »€c. - Hence:

AFE [P P, e
AP =22 p[ jack jack +Mfe} (3.23)
Ec Ag Ig Ig
At center

* * *
- 70.69*200,000( 98,606.74 N 98,606.74 (1.963)2 N 825,683.59*1.963 —122164kN
32,000 36,000 76,483,950.62 76,483,950.62

At rail seat

~196.35*200,000( 267,470.78 N 267,470.78* (12.85)2 N 825,683.59*12.85 —627TkN
¢ 39,117.13 45,000.00 147,012,345.68 147,012,345.68 '
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Strain compatibility Equation:

Strain in pre-stressing wires = Strain in concrete

re =z, (324)
Afp f f.

£ =Jc¢ A = E {5’ =

Ep E, fp E. b ’ .

The concrete never feels the full jacking force since the strands shorten as the concrete strains.
Hence, elastic shortening loss in pre-tensioning is ‘before-transfer’.

B. Long term (time dependent) losses
1) Shrinkage Loss

Concrete shrinks as it sets and for a period afterwards. The amount of shrinkage depends on the
humidity and the surface area to volume ratio. Once again, as the strands are bonded to the
concrete they undergo the same strain. Hence the loss of pre-stress is:

AP, =AE ¢ (3.25)

p T pTsh
In the absence of any test data a reasonable value of shrinkage strain (gg,) for design shall be assumed as

0.0003 for pre-tensioned members.

At rail seat and center
AP, = 196.35mm’” *200kN / mm*0.0003=11.78kN

Shrinkage loss is long-term. Hence it is ‘after-transfer’.

2) Relaxation Loss

When maintained at a constant strain, pre-stressing strand gradually loses its stress with time
(like a guitar going out of tune). It is due to a realignment of the steel fibers and is the same
phenomenon as creep. Depending on the quality of the steel, relaxation losses can vary in the
range of 3% to 8%. Relaxation is ‘after-transfer’.

Consider an average value 5.5%, then the relaxation loss both at rail seat at the center is
0.055*%98,606.74N = 5.42337kN

3) Creep loss
Creep is the ongoing increase in strain with time, when stress is kept constant. Creep causes a

strain in the concrete adjacent to the strands and over a long time is:
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&, =d,. (3.26)
The creep factor ¢ depends on a number of things such as concrete quality and its age when
loaded. Thus the strands slacken as before, and the loss of force is:

AP, =AE¢ =AEd. (3.27)
P> M e
= ApEpgz{aP’ + L e J
Ag 1 g 1 g
At the center

creep

=196.35mm* *200,000N / mm* *0.0003 * 78890N / mm* = 9.31087kN

AP, =AE e, =AEd.,

At rail seat

AP, =AEe, =AEd.

creep pp©o
=70.69mm” *200,000N / mm’ *0.0003*1840N / mm” = 7.81112kN
Mperm 1s the moment due to the permanent loads such as the pre-stress, dead load and
superimposed dead loads such as parapets and road pavement. As creep loss contributes to a, an
exact calculation is iterative. Creep is long-term; hence it is an ‘after-transfer’ loss.
Total loss at Rail Seat = AP + AP, +Relaxation+ AP,,, =20.1197kN

creep

Total loss at the center = AP, + AP, + Relaxation+ AP, , =18.46076kN

creep

3.8 Permissible Stresses
3.8.1 Permissible Stresses in Concrete
a) At transfer
The maximum permissible stress in the concrete immediately after transfer, and before deferred

losses, shall be the applicable value given in Table 3.7.

Table 3.7: Maximum permissible stress in the concrete at transfer

Compression where the distribution of 0.6 f
stress is triangular or approximately &
triangular

Compression where the distribution of 0.5f
stress is uniform or approximately @
uniform
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0.5/, (3.28)
f.,=05f.,=0.5%40=20MPa

b) After all losses
The maximum permissible stress in the concrete under the working conditions assumed by the

designer, and after allowing for all losses of pre-stress, shall be the applicable value given in
Table 3.8.

The minimum compressive stress at any cross-section through the rail seat area shall be 1.0 MPa
after all losses without any applied load.

Table 3.8: Maximum permissible stresses in the concrete after all losses

Type of stress Maximum permissible stress

Compression 0.45 f

Tension (flexure) 0 4( fv)o.s

0.45f (3.29)

0.4(r. )" (3.30)

f.,=0.45f =0.45%60Mpa=27Mpa

£ =047 =0.4%(60)** =3.1Mpa

3.8.2 Permissible Stresses in Tendons (pre-stressing wires)

Under the working conditions assumed by the designer, the maximum permissible stress in the
pre-stressing tendons shall not exceed 0.8f, for the jacking stress in the pre-stressing tendons
after losses due to jack friction only; and not exceed 0.7f, for the initial stress in a pre-stressing
tendon immediately after transfer.

For design purposes, the tensile strength (f;,) for wire tendons shall be the minimum strength in
the selected tensile strength range given in AS 1310 for that tendon. For strand tendons, the
minimum breaking force given in AS 1311 for the grade specified shall be used for design.
Hence,
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fpu :O.8fp (3.31)
£, =0.7f, (3.32)
Permissible stress at transfer

f,, =0.8%1860Mpa =1488Mpa

Permissible stress at working condition
Se =0.7*186UMpa=1302Mpa

3.9 Development Length and end zone
3.9.1 Transfer of pre-stress in pre-tensioned member
Transfer mechanism of pre-stress

1. Adhesion between concrete and steel
2. Mechanical bond at the concrete and steel interface
3. Friction in presence transverse compression

Transmission (transfer) length

Transmission length is the length over which the pre-stressing force is transmitted from the ends
of the member. The pre-stressing force transmitted beyond the transmission length remains
constant in most cases. The pre-stressing force is zero at end and reaches effective pre-stressing
force zero at the transmission length.

s . o
Lo
L,
Figure 3.18: Transfer of pre-stress in pre-tensioned members
a) Transfer length b) variation of prestress
L = m (3.33)

' B

*1 3 * 3
PR '/ V0410 _
Vi 0.0235
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Bond length

Bond length is the minimum length over which, the stress in the tendon can increase from the
effective pre-stress (fye) to the ultimate pre-stress (f,.) at the critical location.

L,= In=Joe ¢ (3.34)
4r,,
7,, =1.9Mpa L, =M*5=564.93mm
4*1.9
Development Length

Minimum length over which the stress in tendon can increase from zero to the ultimate pre-stress

(fpu)- The development length (L) is the sum of the transmission length (L) and bond length

(Lo).

L,=L +L, (3.35)
L,=574.12+564.93 =1139mm

3.9.2 End zone reinforcement
Transverse tensile stress develops due to pre-stressing forces and hoyer effect which is critical

during the transfer of pre-stress. End zone reinforcement is provided to prevent splitting of
concrete. This reinforcement is provided along the transmission length to carry the tensile stress.
The minimum amount of end zone reinforcement is calculated using the following expression.

_2.5M

S (3.36)

Where:

h = total depth of the section

M = moment at the horizontal plane at the level of CGC due to the
compressive stress block above CGC

f; = permissible stress in the reinforcement
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3.10 Moment capacity of critical sections
Design moment capacity based on allowable concrete stress
Rail seat section
Positive moment capacity

Top MR+[fcw—(fJ+[PZeeJ_[ﬂgoj]Zt

*
w, =[27MPa- 353.241«1\72 L[353.24kN 12.85an [ 0.531kN.m ) #1.359.360.73mm
45,000mm 1,359,360.73mm 1,359,360.73mm
M,, =(27MPa—71.85MPa+3.34MPa—0.39MPa)*1,359,360.73mm’ = 30kN.m
Bottom M, =|f. — T I + Y, Z,
4,)\z, )\ z
k
. =3P 353.24sz _(353.24kN 12.85an o[ OS31kN.m )| 41,600,537 63
45,000mm 1,600,537.63mm 1,600,537.63mm

M,, =(-3.1MPa—7.85MPa—2.84MPa-+0.33MPa)*1,600,537.63mm* =—-21.5kN.m

Governing value 21.5kN.m

Negative moment capacity

w5

*

a, = -3.10Pa- 353.24sz ,[353.24kN 12.85nzm ( 0.531kN.m ) }1.359,360.73mm°

45,000mm 1,359,360.73mm 1,359,360.73mm
M, =(-3.1MPa—-7.85MPa+3.34—0.39MPa)*1,359,360.73mm’ = —10.9kN.m
Bottom M, =|f. - ks _(fie}_{M{,J A

4,)\z, )z
b
a, =(270Pa- 353.24sz _(353.24kN 12.85n31m L[ 0.531kN.m ) }1,600,537.63mm
45,000mm 1,600,537.63mm 1,600,537.63mm

M, = (27MPa— 7.85MPa—2.84MPa+ O.33MPa)* 1,600,537.63mm’ = 26.6kN.m
Governing value 10.9kN.m
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Center section
Positive moment capacity

Top Mc+=[ﬁW£fJ+(gej(Z\;oj]Zt

346.09kN ) 346.09kN *(~1.96mm)) (  0.836kN.m
36,000mm’ 921,904.76mm’ 921,904.76mm’

M, = (27MPa —[ D92 1,904.76mm’

M., =(27MPa—9.61MPa—0.736MPa—0.91MPa)*921,904.76mm’ =14.5kN.m

Bottom Mc+[fw_(1§}_(§e}+(ﬁz40ﬂ2b

*(_—
M, =| =3.1MPa- 346.09kN2 [ 346.09kAN ( 1.963mm) N 0.836kN.m : 992.820.5 lmm’
36,000mm 992,820.51mm 992,820.51mm
M, =(=3.1MPa —9.61MPa +0.68 MPa + 0.84MPa 992,820 .51mm* = —11.1kN .m
Governing value 11.1kN.m
Negative moment capacity
P Pe M
To M, = | ==+ = |- == Z
g . (ﬁw (Ag] (th [Zt j}t
*(_—
M, <[ —3.10mPa- 346.09kN2 ([ 346.09kN *( 1.96;11m) ( 0.836kN.m ) lo21,904.76mm’
36,000mm 921,904.76mm 921,904.76mm

M, =(-3.1MPa—9.61MPa—0.736MPa—0.91MPa)*921904.76mm’ = —13.2kN.m

e 1) ()

346.09kN | (346.09kN *(=1.96mm) o[ 0.836kN.m
36,000mm’ 992,820.5 lmm® 992,820.5 lmm’

M, = (27MPa —( D992,820.5 lmm’®

M. = (27MPa —9.61MPa + 0.68 MPa + 0.84 MPa )992,820.51mm3 =18.77kN.m
Governing value 13.2kN.m

Ultimate moment capacity based on strain compatibility method

Concrete and steel yields at same time, the total strain is the sum of strain components
specified in section 2.3.1. The positive ultimate moment at the rail seat is demonstrated and
the rest are completed by using excel spread sheet.
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dn
Rail seat section
\
g t

E E di=80m
V% 2 e—e— —eo o\ —
O —L e — — —e —
—_—

! / — o — —o o

Rail seat section
(b)
Figure 3.19: Strain compatibility diagram
First layer (1)

_Jp, _1110.25MPa

£, =————=0.0055 Assume  x, =74.07Tmm
" E, 200,000MPa

d, =80mm A, =124.69mnt’ d_. =165mm
Where: d; is the distance to the first layer

Ap; is the area of the pre-stressing wires at the first layer

dmax lowest level of steel in the decompression zone

1

P R _ 1 353.24kN +353.24kzv*(msmm—108.15)2  0.0004
“E\A4 I 39,117MPa | 45,000mm’ 147,012,345.68mm’ '
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Apply similarity of triangle to find the strain in the first layer of pre-stressing steel corresponding

to decompression.

_&.(y.—d,) _0.0004(108.15mm —80mm)

1 =0.0002
d..—, 165mm —108.15mm
o £y, —d,) _ 0.0004(108.15mm—~115mm) _ 000010
d..—Y, 165mm —108.15mm
. e (v, —d,) _ 0.0004(108.15mm —165mm) — 0.0004
d. . —Y, 165mm—108.15mm
The ultimate concrete strain is considered as
&, =0.0035
S e 0.0035( 8O0mm 74'07’"’") =0.00028
’ X, 74.07mm
B =G| | 0.0035(1 Lomm _74'07mmj =0.001934
g X, 74.07mm
b s = £ e | 0.0035(165’”’” _74'07’”’”) =0.0043
' xu 7407mm

Summation of strain components

Epy =Ep tELTEL

£, =&, +tEq 6, 1 =0.0055+0.0002 +0.00028 = 0.006

£, =&, +E, 1 +E,, »=0.0055-0.000048 +0.001934 = 0.00755
£, =&, +E, 1 tE,, »=0.0055-0.0004+0.0043 = 0.00956

The stress at failure corresponding to the total strain is
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fp =K, *gpu if &,, <0.0076
0.3MPa

=1860MPa~— "
T £,, —0.0064

if &, >0.0076

f, \=E,*¢,, ,=200,000MPa*0.006144=1229MPa
£, , =200,000MPa*0.00755=1510MPa

£, =1860MPa———23PL___ _13650pq

0.0043 -0.0064

The corresponding tensile forces are calculated as
r=4,%,

T, =4, ,*f, = 124.69mm’ ¥*1229 MPa = 153.2kN
T,=A4, ,*f, ,=6234mm"*1510MPa = 94kN
T ,=4,:*f, ;= 124.69mm’ *1765MPa = 220kN
The moment produced by each layer of pre-stressing
M, =-T(y,~d,)

M,  =-T (y,—d,)=—1532kN(108.15mm—80mm) = —4.3kN.m

u7

u

M, ,=-T ,(y,—d,)=—94kN(108.15mm—115mm) = 0.65kN.m

M, ;=-T ,(y,—d,)=—220kN(108.15mm—165mm) =12.5kN.m

u

For fully bonded tendon the depth of the compression zone is estimated by

0.65
= = if f <55MP,
p o.ss-o.os(@} if f. “

B, =0.65 a=p*x,=0.65%74.07mm = 48.15mm
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A, = (170mm+20.37mm)*48.15mm = 9,165 4mm’

The compressive force is

C=0.854,f =0.85%9,1654mm’* *60MPa = 467.44kN

The total tension force T should be balanced to the compression force C

T=C

T =T +T,+T, = 467.48kN

My =M, +M, ,+M, ,+ C(yt —%} = 48.15kN.m

Following the same fashion the nominal moment capacity at rail seat and center section are
summarized in table 3.9 below.

Table 3.9: Nominal Moment Capacity of the sections

Section Nominal moment capacity (kN.m)
Positive Negative
Rail seat 48 32
Center 28 27

Cracking moment capacity

Applying the equation discussed in the literature review (section 2.5) results in

M =24.16kN.m

M =15.61kN.m

M. =27.64kN.m

ME, =16.76kN.m

Table 3.10: Summary of the design moments and stresses

Design Stress at the top  Stress at the Maximum Maximum
Locatio  bending of sleeper at bottom of allowable allowable
n moment  design moment sleeper at compression  tensile stress
(kNm) (MPa) design stress (MPa) (MPa)
moment
(MPa)
Rail 14 15.2 1.61 27 3.1
seat
Center 12.55 2.51 14.13 27 3.1
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4. DESIGN AND PARAMETRIC OPTIMIZATION OF PRESTRESSED
CONCRETE SLEEPER

4.1 Modeling of the sleeper

The variables that are being optimized for this design are concrete grade, geometry of the sleeper and
position and type of pre-stressing. The analysis part of the following model is replaced by the soft ware
SAFE to show the interaction of the sleeper and the ballast in static loading case.

Rail

Sleeper

Figure 4.1: Proposed models

4.2 Parametric Optimization
4.2.1 Geometry of the sleeper

The geometry of the sleeper has an influence on the ballast pressure distribution and flexural
capacity of the sleeper. The cross-sectional geometry at critical sections (Rail seat and center)
has been evaluated with reference to safety and economy satisfying the minimum requirement
based on AS 1085.14. Six distinct types of geometries are identified and modeled to evaluate
their capacity, whichever is modified to the best one.

The geometry of the sleeper is directly related to the cross-sectional dimension of the sleeper
especially at the critical sections of rail seat and center part. In this study six types of geometrical
dimensions are proposed and analyzed the response of each case under loading. The better in
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load carrying capacity and minimum in raw material consumption for production have been
selected as best of the others. The proposed types of sleepers are shown in figure 4.2 via figure
4.7 below. The length of the sleeper under each case is kept constant 2.5m as the existing one.

i 1510mm
5m+w | |
280mm d 300mm | I 240mm 250mm | __l ()Onmt_ ,
i 1 1 ! 15im
_ ] ‘ . |
. : L
a a” s o 4 T ;'! g
2 gL a7 0, 2 11 Fp 2
< E P =
. < E anf e I
. = N L8 | o
a4 P w —!
‘ " ) e |- : -
2500mm
Side elevation view
4 a < - T, e = S = -
T e, = R T I :
a B . @/Oa 12 a P Y - : 4 9 O 2 C) - . E
PR - ' R i PR . ‘ a Ty b B 4 o ¢ |g
4. . . " M - <a . . Aty R . . A, =
A ; . 4 a & P s a PR > a o a Y ) a |
2500mm
Topside of the sleeper
345mm 300mm 355mm ‘ S00mm |
‘ 215mm 387,5mm
. . ' — - —
Ta ol ey FRUER A R T T D - : 4 . R .
“a 4 e Ta 0, < . 4 a fiw . - P P LT a 7 v
LS . L . | . T P s . ; % e e 4,
g E R IS R M A - R T - Y B Sy . a
g £ PR o . Pt ., . S . '
S8 | 0 O et e 0 O O
N R IS ol e T . Somen e R a
)y . ot ‘. E ta i N
'l EI . S : LY
s :
2500mm
Underside of the sleeper
|
200mm
y . . 200mm
/ ) “\ P —
\ E /AR
yar -\ & /- \ E
/ \E SoLe -\ 2
Lfaa ’ A - R
_ 400mm _ 270mm
Rail seat | | Center

Figure 4.2: Geometrical dimension of Type-I Sleeper
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Figure 4.3: Geometrical dimension of Type-II Sleeper
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250mm
Center

Cross section at rail seat and center
Figure 4.4: Geometrical dimension of Type-III Sleeper
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Figure 4.5: Geometrical dimension of Type-IV Sleeper
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The geometrical optimization is largely dependent on the allowable ballast pressure under the
sleeper and positive and negative bending moments developed at the rail seat and center section
of the sleeper. The ranging values of the ballast pressure are from 300kPa to 750 kPa, usually
600kPa is adopted as an appropriate average value for design (Talbot et al, 1920).

Table 4.1: Ballast pressure of proposed sleepers with limiting values

B 2

Type-I 1 518.24 750 300 600
Type-II 10 578.7 750 300 600
Type-II1 20 694.44 750 300 600
Type-1V 30 578.7 750 300 600
Type-V 40 771.6 750 300 600
Type-VI 50 631.31 750 300 600
Current 60 578.7 750 300 600
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From the above result the ballast pressure for both sleepers except Type-V seems visible because
of the values are within the ranges. For more accurate and tangible result the ballast pressure
distribution have been analyzed by using the software SAFE. The result shows that the ballast
pressure concentrates more on the right and left end edges of the sleeper and decreases to the
center. Based on these results the shape of Type-I sleeper has been redefined by making more
wider at the edges and tapering to the center due to the assumptions for the design is uniform
ballast pressure along the effective length of the sleeper. The analysis results from SAFE
software are depicted in appendix E.

Table 4.2: Moment Capacity based on allowable stress

Parts  Moment Capacity at bottom ~ Moment Capacity at top
fibers (kN.m) fibers (kN.m)
Positive Negative Positive Negative
Rail seat 15.55 33.85 25.75 14.19
Center 8.34 18.53 10.88 14.2
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Note: the reinforcement type and profile are kept constant of the current sleeper while the cross-
section is type-1.

In order to determine the optimal cross sectional dimensions, the cross sectional area required
carrying the maximum shear at the rail seat and the bending moment at the rail seat and center
section has to be determined.

le b, ol

I T —

Figure 4.9: Cross section to be optimized

The bottom width b, is determined from the ballast pressure requirement, which is found to be
280mm at the rail seat and 235mm for the center section.

4.2.2 Concrete Grade

The concrete grade is one determinant factor for the optimization process. In most design codes
including EBCS the minimum compressive strength of concrete is kept 40Mpa for pre-tensioned
members. The iteration is done in between 40Mpa and 70Mpa, including 60Mpa of the existing
grade of concrete (refer appendix F for the iterations).

The design strength of the concrete should be as high as the required level. As the concrete
strength increases the capacity will increase directly but it will be uneconomical beyond the load
imposed. The capacity of the concrete starting from the minimum design strength has been
iterated to get the optimum capacity. The iteration has been employed for the optimized
geometry done in appendix D based on SAFE software. The limiting factors are the stress levels
allowed during the transfer and service load which are compared with the stresses due to
imposed loads.

4.2.3 Position and type of pre-stressing wires

The pre-stressing wires position and its type has been varied for each geometry case and the best
profile has been identified. The type of wire includes 7-wire strands, 3-wire strands and single
indented wires of different diameters.
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Pre-stressing wires used for pre-tensioned members are high strength wires. In practical case
1770MPa and 1860 MPa ultimate strength are used for pre-stressing. The type of wires used for
this optimal design includes the EN10138-BS5896 7-wire strands having 9.3mm & 8mm
diameter and 1860 MPa ultimate strength, 7mm diameter and 2060MPa ultimate strength, 3-wire
strands 5.2mm and 6.5mm diameter and 1960MPa and 1860MPa ultimate strength respectively,
single wires of 4mm, Smm, 6mm, 7mm and 8mm diameter with 1860MPa, 1860MPa, 1770MPa,
1770MPa and 1670MPa ultimate strength respectively (ArcelorMittal, 2012) online version and
(AS 3600 table 6.3.1).

The profile of each pre-stressing wire has been tested by alternating the position along the
vertical cross sectional elevation of the sleeper. Tabular values of the different trials are shown in
Appendix F; via Fyo.

4.2.4 Selection of the optimized Sleeper

The selection of an optimal result is based on the ballast pressure and flexural capacity
requirements. The average ballast pressure is kept 600kPa. The soffit dimension of the sleeper is
tested by taking random geometry of the sleeper, in which the result shows the stress
concentrates towards the end edges of the sleeper and none of them meets the requirements.
Further reshaping of type-I geometry by widening at the edge and tapering to the center. Finite
element software SAFE is used to evaluate the distribution of the ballast pressure, increasing the
width at the end beyond 310mm did not results reduction in ballast pressure over the effective
length. The center section bottom width is still possible to reduce further, but to avoid stress
concentration it is fixed to 235mm.

The top width of the sleeper determined based on the fastening requirements and reinforcement
accommodation with adequate concrete cover. The minimum clear concrete cover at the soffit of
the sleeper shall be 35mm. elsewhere, the minimum clear concrete cover to tendons generally
shall be 25mm with exception that the tendon may be exposed at end faces. The minimum clear
tendon cover to an insert hole of fitting shall be 12mm. It should be noted that the top width be
enough to the rail load without crashing, assessing all the above conditions the top width is fixed
to 175mm kept constant via the length of the sleeper offsetting 230mm from both ends for lateral
stability purpose.

The concrete grade, pre-stressing wire profiles and types, and depth of the critical cross sections
are determined simultaneously. The iterations are shown in Appendix F,; via Fy. Different types
of pre-stressing wires are tested with different nominal diameter, as the diameters of the pre-
stressing wires are increased the losses at the critical sections are increased, obviously higher at
the center section. More loss is encountered at the center in both cases; losses are limited to 22%
to 25%. Pre-tensioned members are limited to 22% of pre-stress loss. Even thought the length of
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the sleeper is kept constant 2.5m, the development length of tendons will govern the minimum
required length.

4.3 Analysis of Optimized Sleeper

The design parameters depicted in section 3.1.1 are kept constant and all the analysis procedures
are identical to the current sleeper except the optimized parameters. The geometry of the
optimized sleeper is shown in figure 4.11 and its cross-sectional properties are calculated below.
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Figure 4.10: Cross section of optimized sleeper
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Figure 4.11: Geometry of the optimized sleeper
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Cross sectional areas

At rail seat

4
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Pre-stressing wires

Nominal diameter of tendon (wire) is, @, . =7mm

wire

Area of a single wire, 4 . =38.48mm>

wire

Area of pre-stressing wires, 4, =8*38.48mm* =307.87mm’

Table 4.3: Centroid of pre-stressing wires from the bottom of the sleeper

Layer  No bars Area Y Ay (mm’*)
(mmz) (mm)
1 4 153.938 39 6003.58
2 4 153.938 147 22,628.89
Z 307.88 28,632.472

=93mm

- > Ay 28,632.472mm’
YTSTA T 307.88mm

Table 4.4: Eccentricity of pre-stressing wires

Location Centroid (y») Eccentricity

of the section (mm)
(mm)
Rail seat 99.23 6.23
Center 83.23 -9.77

4.3.1 Design Forces

The maximum rail seat load (R) and ballast pressure is determined based on axel load (25
tones) and spacing of the sleeper (60cm). To account the dynamic and qusistatic load effects an
augment factor is taken as 2.5 which is adopted by most known railway institutions. The
distribution factor (D.F) is 0.5 based on figure 3.5 & 3.6 of section 3.2.1.

R=0j(D.F)=125*%2.5*%0.5=156.25kN

The maximum ballast pressure (P,p) is calculated by taking the effective length a=0.99m. For
standard and broad gauge, the maximum ballast pressure is given by AS 1085.14 as

P,= R __ 1562%N 579.2kPa, Where b is the average bottom width over the
b(L-g) 0.27252.5-1.51)
effective length
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4.3.2 Design Moments
Based on table 3.5 of section 3 the maximum rail seat positive bending moment is given by

M, = @ and the maximum rail seat negative bending moment is 67% of the positive
rail seat bending moment or 14kN.m whichever is greater. (AS 1085.14)

Therefore:

v - R(L-g) _156.25kN(2.5m—1.51m)

o =19.34kN.m
8 8

M, =0.67*19.34kN.m =12.96kN.m

Bu the design rail seat negative bending moment should not be less than 14kN.m (AS 1085.14)

The maximum center positive and negative bending moments are determined in similar fashion
of section 3.3.2.

M, =0.05R(L—g)=0.05%156.25kN(2.5m —1.51m)=7.73kN.m
R(2g—L) 156.25kN(2*1.51m —2.5m)

M. = 2

*0.75 = =15.23kN.m

4.3.3 Design Shears

Including the Australian standards, most of the railway institutions dictates that, if the section
is adequate for flexure, it does not required to compute the shear force due to the continuously
supported condition of the sleeper by the ballast. The maximum shear force occurs at the rail
seat with uniform loads.

. . T4
. . - b
1510mm

Figure 4.12: Uniform ballast pressure distribution diagrams
125kN/m

Reaction forces: v l, l, ¢ I

495mm

69

RA=156.25kN



R, =R, =156.25kN

> F,=0

156.25kN +V —125kN /m*0.495m =0
V' =94.38kN

4.3.4 Capacity of the critical sections

Table 4.5: Losses of pre-stresses

Loss types Rail Seat Center
Immediate loss Elastic shortening 3.29% 4.55%
loss
Shrinkage loss 4.52% 4.52%
Time dependent loss Relaxation loss 4.93% 6.82%
Creep loss 5.5% 5.5%
Total loss 18.23% 21.39%
Stress calculations
Table 4.6: Right side up position (Positive moment case)
Components Stresses (MPa)
Applied | Allowable | Remark
At transfer Top 6.87 16.37 OK
Bottom 9.11 16.37 OK
Rail seat | At service Top 17.83 24.75 OK
Bottom -2.61 -2.97 OK
At transfer Top 15.59 16.37 OK
Center Bottom 6.63 16.37 OK
At service Top 20.80 24.75 OK
Bottom -1.75 -2.97 OK
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Table 4.7: Upright side down position (Negative Moment case)

Components Stresses (MPa) Remark
Applied | Allowable
At transfer Top 9.96 16.37 OK
Bottom 6.48 16.37 OK
Rail seat | At service Top -2.16 -2.97 OK
Bottom 14.54 24.75 OK
At transfer Top 7.88 16.37 OK
Center Bottom 13.62 16.37 OK
At service Top -2.41 -2.97 OK
Bottom 19.27 24.75 OK

Table 4.8: Moment Capacity

Rail seat Center Design moment
Remark
Positive | Negative | Positive | Negative Positive Negative
Rail 19.34 | Rail 14
19.82 14.11 9.47 16.18 seat seat OK
Center | 7.73 | Center | 15.23

Shear capacity

The critical section considered for shear check is the rail seat and all the parameters are related to
this section. The design shear strength of a section shall be taken as ¢V, according to AS 3600,

where V, =V, +V,

Shear strength of a section excluding shear reinforcement

1
| (A, + 4,00 ]
For flexural shear cracking: V,. = B,5,5,b,d, b—a’p +V, +P

v_o

d 180
=1.11.6———|>1.1= B =1.11.6-—— | =1.56
A ( 1000} A ( 1000}

B=p=1

A, =4%3.5 * 1 =154mm’
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Ag = cross-sectional area of longitudinal reinforcement provided in the tension zone and fully
anchored at the cross-section under consideration.

V, = the shear force which would occur at the section when the bending moment at that section
was equal to the decompression moment, M,, given by M, =Zo,, . =14.8kN.m

Where o, . =the compressive stress due to pre-stress, at the extreme fiber where cracking

occurs.
: .. M,  148kNm _
For simply supported conditions: V, = M = 1034iNm 72kN
yox 94.38kN

Where, M* and V* are the bending moment and shear force respectively, at the section under
consideration, due to the same design loading.

b,=b,-0.5> d,=227.5mm
Xdp = the sum of the diameter of the grouted ducts, if any, in a horizontal plane across the web.

P =sin30%334.18kN =167kN

P, = the vertical component of the pre-stressing force at the section under consideration.
V. =2855kN

Requirements for shear reinforcement:

The following requirements for shear reinforcement shall apply

V*=9438kN < 0.5*%0.7*285.5kN =99.93kN , no shear reinforcement is required
Minimum shear reinforcement:

_ 035,

vomin

The minimum area of shear reinforcement A4

sV omin

is given by: A4,
sy.f

Use 7mm diameter wire with 500MPa ultimate tensile strength

A =2*7** 1 /4 =TTmm*

SV 2min

, then the spacing stirrups will be

_ Asv,minj;y._/' _ 77*500
0.35b, 0.35*227.5

=483.5mm
Use ¢7 c/c spacing 480mm
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Shear strength of a section with minimum reinforcement:

The ultimate shear strength of a section with a minimum shear reinforcement, 4, . shall be

takenas V, =V, +0.6bd,

v omin

Contribution to shear strength by the shear reinforcement:

The contribution to the ultimate shear strength by shear reinforcement ¥, shall be determined

from the following equations:

A d
V. = (Mj(sin a, coté, +cosa,)
s

Where:

s = the center to center spacing of shear reinforcement, measured parallel to the longitudinal axis
of the member

0, = the angle between the axis of the concrete compression strut and the longitudinal axis of the
member, taken conversely as 45 degree or, more accurately, to vary linearly from 30 degree
when V*=¢0V min to 45 degree when V*= ¢V max

ay = angle between the inclined shear reinforcement and the longitudinal tensile reinforcement.
Development length and end zone reinforcement
Development length of pre-tensioned tendons:

In the absence of substantiated test data, the development length, L, of pre-tensioned tendons for
gradual release shall be taken as the transmission length given in Table 4.9, as appropriate to
type of tendon and the strength of the concrete at transfer f.,. Where strand or wire is un-
tensioned, the development length shall be taken as not less than 1.5 times the value given in
Table 4.9, as appropriate. It shall be assumed that no change in the position of the inner end of
the transmission length occurs with time but that a completely unstressed zone of length 0.1L,
develops at the end of the tendon.

Table 4.9: Minimum transmision length for pre-tensioned memebers (AS 3600)

Type of tendon L, for gradual release \
fcp >32MPa fcp <32MPa
Indented wire 100d, 175dy,
Crimped wire 70d, 100dy,
Regular, super and compact strand 60d, 60ds,

Where dy is diameter of tendon (wire)
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Transmission (transfer) length

Transmission length is the length over which the pre-stressing force is transmitted from the ends
of the member. The pre-stressing force transmitted beyond the transmission length remains
constant in most cases. The pre-stressing force is zero at end and reaches effective pre-stressing
force zero at the transmission length.

Vo ¥10° *10°
L =\/ e =\/\/§ 1 _s61.77mm

' Yij 0.0235

Bond length

Bond length is the minimum length over which, the stress in the tendon can increase from the
effective pre-stress (fye) to the ultimate pre-stress (f,.) at the critical location.

_ ISy

L
b 4z,

P, 7,, =1.9Mpa

_1770-1085.45

, *7 = 631.23mm
4%1.9

Development Length

Minimum length over which the stress in tendon can increase from zero to the ultimate pre-stress
(fpu)- The development length (L) is the sum of the transmission length (L) and bond length

(Ly).

L,=L +L,
=561.774+631.23=1193mm >1.5*100* 7mm =1050mm OK

Transverse tensile stress develops due to pre-stressing forces and hoyer effect which is critical
during the transfer of pre-stress. End zone reinforcement is provided to prevent splitting of
concrete. This reinforcement is provided along the transmission length to carry the tensile stress.
The minimum amount of end zone reinforcement is calculated using the following expression.

_25M  2.5%19.34kN.m
Y fh o 434.78MPa*215mm

Provide 2¢7 at each end having 500MPa ultimate tensile strength

=517mm*

Where

h = total depth of the section
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M = moment at the horizontal plane at the level of CGC due to the compressive stress block
above CGC

f; = permissible stress in the reinforcement

Lateral and Longitudinal Loads
Lateral loads

In order to prevent gauge-widening under traffic, fastenings shall restrain the rail from lateral
movement when a lateral load is applied at the rail head in addition to vertical wheel load as
specified in Clause 4.2.1.1. AS 1085.19 provides requirements for resilient fastenings. The loads
and appropriate limits on lateral movement depend upon the type of traffic and track under
consideration which is not more significant in this analysis as the tensile strength of the tendons
and the shear capacity of the concrete is larger than the overburden loads in to consideration.

Longitudinal loads

The rail shall be restrained to avoid excessive longitudinal movement. A minimum longitudinal
restraint force of 10 kN per rail seat shall be allowed. Maximum movement of the rail relative to
the rail seat under such a load shall not exceed the values given in AS 1085.19.

The fastening system shall be in accordance with AS 1085.19. Where cast-in components are
used, they shall be designed for the full life of the sleeper. The cast-in component shall be set in
the concrete to a level below that of the top tendons.

The resilient fastening assembly shall have a tolerance from the rail seat centre-line to the gauge-
restraining face within the requirements of the purchaser. Abrasion-resistant pads or abrasion-
vibration and impact-reducing pads shall be used between the rail and concrete sleepers to
minimize the possibility of abrasive action in the rail-bearing area of the sleepers.

The rail pads are integral components of the concrete sleeper system. The degree of softness or
hardness of the rail pads should be considered individually for each installation. Factors such as
wheel loads, speed of traffic, grade and degree of curvature should be considered. Based on these
considerations dealing with those parameters are slight importances of PSC.

4.4 FEA of the optimized model as design verification

Finite element analysis (FEA) is a powerful tool which can be applied to the design of irregular
shaped members, whose geometry causes standard analysis to be difficult or more importantly
inaccurate. For flexural members that are exposed to regions of high stress concentration or
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exhibit varying cross-sectional dimensions along their length, the application of FEA modeling
techniques is a valued addition to the analysis process. It allows for the addition of sophisticated
geometry which would have previously been simplified or neglected (Logan, 2007).

For the reasons discussed above, pre-stressed concrete railroad sleepers are an excellent
candidate for analysis using FEA modeling methods. Using the FEA modeling techniques, an
evaluation of an optimized sleeper designs can be completed. Reasons for modeling the sleeper
designs include:

e Having a second numerical analysis technique to compare with theoretical results,

e There are currently few examples of FEA analysis on pre-stressed concrete railroad sleepers,

e FEA analysis offers the ability to evaluate member behavior through the entire loading range
to ultimate capacity,

e FEA analysis allows for the evaluation of many iterations with relatively little computational
expense on the part of the user compared to other numerical

The following sections outline the application of FEA modeling to pre-stressed concrete railroad
sleeper design. To validate the application of FEA modeling to the analysis of pre-stressed
concrete sleeper, a model of an optimized sleeper design can be completed and compared to
numerical results in the calculations. Experimental results for the baseline sleeper design are
available from the sleeper manufacturer and summarized on the design sheet. The validation
model would consist of the overall member geometry and the associated concrete and pre-
stressing materials. Factors to be considered in the FEA model are material properties, pre-
stressing force itself, transfer lengths, bond slip, loading stages and boundary conditions.

In this study, the ANSYS finite element computer program was used to simulate the behavior of
the pre-stressed concrete sleeper capacity done by numerically. The finite element model uses a
discrete model approach. Three dimensional elements have been used to model pre-stressed
concrete sleeper and reinforcement bar elements. This model can help to confirm the
theoretical calculations as well as to provide a valuable supplement to the experimental
investigations of behavior of pre-stressed concrete sleepers.

Element selection

A variety of element types exists for both steel and concrete materials because the purpose and
desired output may vary from model to model. The following section summarizes suggested
elements for use in modeling pre-stressed concrete members.

Solid Elements

Characteristics of solid elements which are necessary for modeling concrete included; the ability
to model the cracking and crushing of the solid matrix, user defined inelastic response. It is
recommended that the user start with the SOLID65 three-dimensional reinforced concrete solid
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element which is defined by eight nodes with each having three degrees of freedom (Figure
4.13). This element must be used in association with the discrete model since edge nodes are not
available. To obtain non planar surfaces associated with the tie geometry prism and tetrahedral
options are available. The SOLID65 is capable of cracking tension and crushing in compression
due to built in algorithms which are dependent on user input of material parameters.

Prigm Option

J

Tetrahedral Option
ingt recommended)

Figure 4.13: SOLID65 Element

Bar Elements

To model pre-stressing the two necessary element characteristics are the ability to perform
inelastic behavior and define an initial strain. It is recommended starting with the LINKS
element (Figure 4.14). This is a truss element which is capable of compression and tension with
three degrees of freedom at each node. Each end node is modeled as a pin connection so no
bending of the element is considered. An advantage of the LINKS element is the ability to
specify an initial strain. This is useful for defining the initial pre-stressing force. In addition, pre-
stressing transfer can be completed by simply varying the initial strain along the length of the
steel mesh.

Figure 4.14: LINKS Element
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Material constants

Parameters needed to define the material models are summarized below in table 4.10

Table 4.10: Material constants for FEA

Poisson ratio 0.2 0.3
Elastic modulus 37452 MPa 200000 MPa
Density 2400kg/m’ 7800kg/m’
shear transfer coefficient o9 e
Yield stress 55 MPa 1770Mpa
Tensile stress 2.97 MPa 1085MPa
Strain value 0.003 0.00542

Load application and boundary conditions

The applied load and boundary conditions for the FEA model is based on the laboratory testing
setup of AS 1085.14-2003 which is discussed in section 2.5. The four models are developed with
respect to the laboratory setup and analyzed. The aim of the model and analysis is to verify the
theoretical calculations done in the design and analysis process instead of laboratory testing.

By employing the same principles of section 2.5, the cracking moments and applied test loads
are calculated as follows:

MY =231kNm — MS =26.6kN.m M =18.25kN.m M. =19.8kN.m
P, =181.0kN P, =186.54kN P, =53.69kN P, =58.25kN
NODAL SOLUTION AN

STEP=1 SEP 30 2014
SUB =1 03:54:03

S —
E-0 2.999 5.997 8.995 11.994
1.499 4,498 7.496 10.495 13.493

Pre-Stresse d Concrete Sleeper Modeling Using ANSYS
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-24.3535 -17.258 =10.162 -3.065

Figure 4.15: Center positive moment analysis result

NODAL SOLUTION AN

STEP=1 SEP 21 2014
SUB =36 14:52:32
TIME=1

SX (AVG)

RSYS5=0

DMX =.254593
SMN =-9.403
SMX =1.72

-9.403 -6.931 -4.46 -1.988 483695
-8.167 -5.695 -3.224 -.75212 T
Pre-Stressed Concrete Sleeper Modeling Using ANSYS

=27:903 -20.807 =ilLg T -6.613 .483469

Figure 4.16: Center negative moment analysis results
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NODAL SOLUTICN AN

STEP=1 SEP 19 2014
SUR =1 05:54:05
TIME=1

34 (AVG)

B5YS=0

DMX =.094735
SMN =-11.046
SMX =1.747

-11.046 -8.203 -5.36 -2.517 +325919
-9.625 -6.782 -3.93% -1.096 1.747

Pre-Stressed Concrete Sleeper Modeling Using ANSYS

Figure 4.17: Rail seat positive moment analysis results

NODAL SOLUTION AN

STEP=1 SEP 19 2014
508 =7 22:35:15
TIME=1

SX {AVG)

REYS=0

DMX =.061439

SMN =-7.898

SMX =1.339

-7.898 -5.84%6 -3.793 -1.74 .312989
-6.872 -4.819 -2.766 -.713445 1.339

Pre-Stressed Concrete Sleeper Modeling Using ANSYS
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-3.522 2.248

Stress (MPa)

2500

-20.831 -15.082 -5.292
-17.947 -12.177 -6.407 -.637312 5.132
Figure 4.18: Rail seat negative moment analysis results
Table 4.11: ANSYS analysis summary of the optimized sleeper
Locatio Design | Stress at the top = Stress at the Maximum Maximum
n bending of sleeper at bottom of allowable allowable
moment | design moment sleeper at compression | tensile stress
(kNm) (Mpa) design stress (Mpa) (Mpa
moment
(Mpa)
Rail 17.97 10.45 1.65 27 3.1
seat
Sleeper 12.81 1.4 12.93 27 3.1
center
-, 635 . - 2.41 I_;’A".I I,-'I\\._
-3.522 \'-“-\_. = /""/. 1.679 II.'i. \
-5.116 ‘,_\ , 1.3 I."’.IJ \ "~\\I-
-6.61 i "-.\ I_,-" .941 flja' ’,I ".,:.‘
-8.104 f 572 j,—-"- -‘-.\.
-9.598 '-.I I.-' .203 ,"'I i "".\
-11.092 f <66 s ,«'j: III".I :,"-
-12.586 : -.535 ' 'r :
-14.08 -.904 ]'u { I:"!\ s B
-15.574 I'}I‘; L I""I ll-.l
' 0 500 1000 1500 2500 e a 500 1000 1500 200
250 750 12 & 250 750 1250 a
Sleeper length (mm)
(a) (b)

Figure 4.19 (a) Top and (b) Bottom fiber stress v, sleeper length (Center positive)
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Stress (MPa)

Stress (MPa)

Stress (MPa)

=-.095
1.905
=1.15
1.46%
=2.206
1.033
=3.262
597
-4.318
161
=5.374
ek -6.43
=1L -7.486
-1.147 ] | | =8, 542
-1.583 -9.598
-2.018 -10.654
0 s00 1000 1500 2000 2500 0 500 1000 1500 2000 2500
250 750 1250 1750 2250 250 750 250 1750 2250
Sleeper length (mm)
(a) (b)
Figure 4.20 (a) Bottom and (b) Top fiber stress v sleeper length (Center negative)
eane 2.338
S i / 7 1.576
104N f T \ 7 818
-2.803 ; / 7
-4.566 ] f . -.698
=32y ~1.456
-8.052 -2.214
-9.855 -2.972
-11.618 -3.73
-13.381 ~4.488
-15.144 =5.246
o 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500
250 750 1250 1750 2250 250 750 1250 1750 2250
Sleeper length (mm)
(a) (b)
Figure 4.21 (a)Top and (b) Bottom fiber stress v, sleeper length (Rail seat positive)
1.481
2.873
.484
154 .
-.512
-.565
~1.508f ¥
-2.284
=-2.504
=4.003
=3:5
=5.722
=-4.496
=7.441
=9.16 -5.492
-10.879 -6.488
-12.598 -7.484
=14.317 =8.48
0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500
250 750 250 1750 2250 250 750 1250 1750 2250

Sleeper length (mm)
(a) (b)
Figure 4.22 (a) Bottom and (b) Top fiber stress v sleeper length (Rail seat negative)
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The moments induced at the critical sections are calculated using the section modulus and
maximum stresses developed from the analysis by using ANSYS.

Rail seat section
Positive moment (Mg+)

M, =Z,f =1,598,614.58mm’ *15.144N / mm’ = 24.21kNm

Negative moment (Mg.)

M, =Z,f. =1,865,05035mm’ *14.32N/mm’ = 26.7 1kNm

Center section
Positive moment (Mc+)

M. =Zf = 990,564.44mm’ *15.574N/mm’ =15.43kNm

Negative moment (Mc.)

M, =2Z,f =1,092,160.79mm’ *10.654MPa = 11.64kNm

Stresses due to pre-stress forces

.11?' -.'__-'bl
077 -.2221
0 320

= L
s r
=

tn
n

Stress (MPa)

-.a08f

1.006]

-1.104"%
2000 2500 0 500 1000 1500 2000
250 750 1250 1750

Slee‘.l;er length (mm)
(a) (b)
Figure 4.23 (a) Top and (b) Bottom fiber stresses v sleeper length due to pre-stress force

2500
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5. CONCLUSION AND RECOMMENDATIONS

5.1 Conclusion

From the analysis procedure for the existing and optimized sleepers, the following points are
stipulated for conclusion.

>

The analysis result of existing sleeper shows that, its flexural capacity is adequate for the
planed 25 tone axel load based the design Code of AS 1085.14. But it is possible to attain the
required load carrying capacity with lower concrete volume and slight shape refinement by
arranging the profile of pre-stressing wires, which is done in this thesis research. Failure
occurs due to fatigue crack at the top of the center section and deterioration of concrete at the
PE holes.

The optimization process in this research is not fully expressed mathematically with
objective function rather an iterative procedure has been employed to make the design and
analysis economical with reference to the existing sleeper. So it is open to further
optimization researches on pre-stressed concrete sleepers.

Iterative procedures have been adopted to observe the response of the proposed sleeper
capacity by varying the shape of the sleeper, concrete grade, tendon (wire) type and profile.
This results in a reduction of concrete volume used and relatively lower concrete grade (C-
55) than the existing one (C-60) satisfying the flexural capacity of the sleeper.

The profile of the pre-stressing wires above and below the CGC is symmetrical (requires
same steel area) to attain the flexural capacity requirements at critical sections (rail seat and
center section).

The soffit of the sleeper dimension is determined by using the software SAFE which shows
that wider dimension is required at the ends and narrowing to the center taking care to avoid
stress concentration.

Lower strength concrete grade below C-40 is not suitable for pre-stressed concrete sleepers
due to insufficiency of transfer strength as a result of pre-stress forces.

The eccentricity of tendons at the rail seat and center section highly governs the flexural
capacity of the section. At the rail seat the eccentricity is below the centroid of the section, at
the center above the CGC ensures the negative moment capacity of the section.

From the optimized result the diameter of 7mm wire having 1770MPa ultimate tensile
strength is selected considering the capacity and safety of the structure. The final optimized
geometry of the sleeper is depicted in figure 4.11.

FEA by using the software ANSYS has been applied to model and verify the numerical
analysis done by code provision. From this analysis the stress induced at critical sections are
proximate to the analysis result and the possible errors are the time dependent losses are not
accounted in case of ANSYS analysis and the analysis setup (model) is based on lab setup
which results in the maximum values for design purpose.

Lateral and Longitudinal loads are significantly considered in the analysis of fastening
systems which is not part of this research and taken as less important of taking in to
consideration during the analysis.
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5.2 Recommendations

Further researches required related to pre-stressed concrete sleepers which are not covered in this
thesis are recommended as follows:

R/
A X4

X/ 7
L X GIR X 4

R/
o0

X/
°

Analysis of special sleepers used for turnouts, “dual gauge” sleepers and sleepers with
additional rails

The effect of sleeper spacing on the capacity of the sleeper

Validation by testing of sleepers obtained via FEA and theoretical calculations based on code
provisions.

The fastening system in relation to lateral load adequacy and its stability

The effect of sleeper length in development length of the tendon

The design and Analysis of post-tensioned concrete sleepers

Most common failure types found in the current sleepers include the failure of the
polyethylene (PE) pipe around the bolt hole. This PE pipe is used for the screw type
fastening system and can lead to concrete deterioration around the hole. Ties which are
found to have PE pipe failures are commonly replaced with a new concrete tie by
providing reinforcement around the hole. Another failure mechanism is fatigue cracking
in the center top of the tie, usually observed on heavy freight lines. Thus, it is vital to
conduct researches on these critical issues which are last but not least recommendation.
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APPENDICES

Appendix A: Section properties of sleepers at rail seat and center section

Rail Seat Section 1

Input Dimensions (mm)

Calenlation of i]xx

Patrs fA{mm2) |vb (mm) |A*yb JIx A*(yb-yb')"2

I_[5500 666667 |366667 [12222222.22 |3488614.54

2 {34000  J100.00 3400000 (11333333333 [2257338 82

3 [5500 66,6667 12222222.23 | 3488614.54

| | 5 9234567.90
A, 45,000.00 |mm”
¥ir 91.85 |mm
1, 147,012,345.68 |mm’
¥ 108 15 mm
7 1.600,537.63 |mm’
2 1.359,360.73 |mm’

Calcalation of T vy

A, 36,000.00 |mm”
Y 77.04 |mm
I, 73,847,839.51 |mm’
¥ 82.96 |mm
7 958,601,76 |mm’
7 290,130.21 |mm’

a) Currently used type sleeper

Rail Seat Section 1

Input Dimensio

Height |
[Part Sbase |

Caleulation of 1]xx

[Parts [A{mm2) [yb (mm) [A*yb  [Ix A (ybyb' )2

T [2000 [53.3333 [106667 [28444d444 _ [1123731.14

2 32000 [80.00 2560000 68206666.67  [280932.78

3 2000 [53.3333 20833333 112373114
3

Patrs |A{mm2) jvb (mm) [A*vb  |[Ix

A*vb-yb')"2

8730 58,3333 510417 |14887152.78

3308256.17

35000 |87.50 3062500 [F9322916.67

3308256.17

[ 1 B

8730 58,3333 [510417 [14887152.78

3l 4083333 119097222.22

Ay 52,500.00

Vo 7178

Iy 129,021,990.74

¥ 97.22

7y 1,658,854.17

7, 1,327,083.33

3

Center Section 2

Calewlation of T vy

3308256.17
9924768.52

Parts [A{mm2) [yb (mm) |A*vh  |Ix A*(yb-yb)"2
T [2635 |50 131250 [3281250.00 _ |1188320.51
2 [30000 7500 |2250000|56250000.00 |315912.18
EN S 131250 53593750
B IE+{6

A, 35.250,00 |’

Yy T1.28 |mm

1, 62,859,740.69 [mm"

¥ 78.72 |mm

2, 88191278 |mm’

2 798,4%8.60 |mm’

b) Type-I Sleeper
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Rail Seat Section 1

Center Section

2

Rail Seat Section 1

Center Section

2

Input Dimensions (mm)

Top width

Calculation of 11xx

Bottom width |

Patrs |A(mm2) |yb (mm) |A*yb

Ix

A*(yb-yb')"2

Height

1 |0 63.3333 |0

0.00

0.00

Part 1 base

2 |57000

95.00

5415000

171475000.00

0.00

Part 3 base

3 |0

63.3333 [0

57,000.00

95.00

171,475,000.00

95.00

1,805,000.00

1,805,000.00

Required lenghts (mm)

Top width

Calculation of T yx

PN 5415000 171475000.00

0.00

0.00

Bottom width

Parts [A(mm2) |yb (mm) |A*yb

Ix

A*(yb-yb)'2

Height

1 0

63.3333 |0

0.00

0.00

Part 1 base

2 57000 [95.00

5415000

171475000.00

0.00

Part 3 base

3 0

63.3333 |0

57,000.00

95.00

171,475,000.00

95.00

1,805,000.00

1,805,000.00

c) Type-II Sleeper

Input Dimensions (mm)

Top width

Calculation of i1xx

P SE+H06

0.00
171475000.00

0.00

0.00

Bottom width

Patrs JA(mm2) |yb (mm) |A*yb

Ix

A*(yb-yb)"2

Height

1 |2500

66.6667

166667

5555555.56

2194787.38

Part | base

2 [40000

100.00

4000000

133333333.33

548696.84

Part 3 base

3 |2500

66.6667

166667

A

45,000.00

Y

96.30

IH

149,382,716.05

i

103.70

Zy

1,551,282.05

Z

1.440,476.19

Required lenghts (mm)
Top width 200

Calculation of 1

¥ ERRRRRE]

5555555.56
14444444444

2194787.38

Bottom width |

Parts [A(mm2) |yb (mm) |[A*yb

Ix

[A*(yb-yb)"2

Height

2250 60

135000

4050000.00

1600000.00

Part | base

36000 190.00

3240000

97200000.00

400000.00

Part 3 base

2250 60

135000

40,500.00

86.67

105,084,375.00

93.33

1,212,512.02

1,125,904.02

d) Type-III Sleeper

BN JE+06

234375.00
101484375.00

1600000.00
3600000.00
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Rail Seat Section 1

Input Dimensions (mm)
Top width 200 Calculation of 11xx

Bottom width | 30 Patrs |[A(mm2) |[yb (mm) |A*yb |Ix A*(yb-yb")"2
Height 201 1 [5000 66.6667 |333333 (1111111111 3555555.56
Part 1 base 2 [40000 ]100.00 |4000000]133333333.33 1777777.78
Part 3 base 5 3 |5000 66.6667 (333333 |I1111111.11 3555555.56
N 4666667 155555555.56 B888888.89

A 50,000.00
Vir 93.33
I 164,444 444 44
i 106.67
7 1,761.904.76
2z 1,541.666.67

Center Section 2

Required lenghts (mm)
Top width 00 Calculation of I xx

Bottom width Parts |[A(mm2) |yb (mm) |A*yb |Ix A*(yb-yb")"2
Height 00 1 5000 66.6667 |333333 [I1111111.11 3555555.56
Part 1 base L 2 40000 100.00  [4000000]133333333.33 1777777.78
Part 3 base | S 3 5000 66.6667 333333 |2083333.33 3555555.56
PN SE+06 14652777778 8888888.89

A, 50,000.00
Vi 93.33
1, 155,416,666.67
Yo 106.67
2, 1.665,178.57
2z 1,457.031.25

e) Type-IV Sleeper

Rail Seat Section 1

Input Dimensions (mm)
Top width 200 1 Calculation of 11xx

Bottom width i Patrs |[A(mm2) |yb (mm) |A*yb |Ix A¥*(yb-yb)*2
Height 300 ] 1 [3750 100 375000 |18750000.00 740740741
Part 1 base s d 2 |60000 |150.00 [9000000 [450000000.00 1851851.85
Part 3 base 25 3] 3 [3750 100 375000 [18750000.00 7407407 41
9750000 487500000.00

A, 67.500.00
Vi 144.44
I 504,166,666.67
Vi 155.56
2, 3,490.384.62
7 3,241,071.43

Center Section 2

Required lenghts (mm)
Top width 150 Calculation of I xx

Bottom width ] Parts [A(mm2) [yb (mm) [A*yb Ix A*(yb-yb)"2
Height 25 1 3125 83.3333 |260417 |[10850694 .44 3985969.39
Part 1 base 2 37500 [125.00 |4687500]195312500.00 1328656.46
Part 3 base 25 | 3 3125 83.3333 [260417 |325520.83 3985969.39
PN SE+06 206488715.28 9300595.24

43,750.00
119.05
215,789.310.52
130.95
1,812,630.21
1,647.845.64

f) Type-V Sleeper



Rail Seat Section

Center Section

|

2

Input Dimensions (mm)

Top width

Calculation of i [xx

Bottom width |

Patrs

A(mm2)

yb (mm)

A*yb

Ix

A*(yb-yb)"2

Height

1

3750

66.666

7 250000

§333333.33

2954755.31

Part 1 base

2

40000

100.00

4000000

133333333.33

1108033.24

Part 3 base

3

3750

66.666

7 1250000

47,500.00

94.74

157,017,543.86

105.26

1,657.407.41

1,491,666.67

Required lenghts (mm)

Top width

Calculation of I

N 4500000

8333333.33
150000000.00

2954755.31

7017543.86

Bottom width |

Parts

A(mm2)

yb (mm)

A*yb

Ix

A*(yb-yb)"2

Height

4500

60

270000

8100000.00

2450000.00

Part 1 base

2

31500

90.00

2835000

85050000.00

1400000.00

Part 3 base

3

4500

60

270000

40,500.00

83.33

101,325,000.00

96.67

1,215,900.00

1,048,189.66

g) Type-VI Sleeper

JE+06

1875000.00
95025000.00

2450000.00
6300000.00
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Appendix B: Design parameters obtained from ERC

Ethiopian Railways Corporation (ERC)
National Railway Network of Ethiopia (NRNE)

Salient Features and Technical Specifications

Table A.1B: Silent Features and Technical specifications of ERC

TECHNICAL ITEM

REQUIREMENT

TRACK

Track Length

Project Specific

Gauge

1,435 mm

Passing Loops

3*km long at 30%km intervals approximately or at stations
(Subject to capacity assessment, performance modelling and route
optimisation studies).

Rail Section

UIC 54 or 60 kg rails CWR on concrete sleepers at 60 cm spacing,

Turnouts and Passing Loops

Suitable for 100 kph in the loop line

Alignment

Where possible, construct as open route (ie. in cutting/
embankment, on bridges/viaducts as much as possible).
Whete tunnels are required, these to be as shott as possible.

Formation Width

*Double Track or Single Track (Suitable for future Double Track).

Horizontal Curvature

>2,000 meters minimum (in urban ateas and approaching
developed cities, lower radii can be permitted).

Ruling Gradient

<1.0% (In exceptional conditions 2% maximum gradient will be
permitted to minimize extent of cut/fill + tunneling works).

Maximum Passenger Train Speeds

160 kph (with future provision for 225 kph operation)

Maximum Freight Train Speeds

120 kph

Permanent Speed Restrictions

<10% of the route mileage

Axle Loading

25 tonnes maximum

Structure Gauge

UIC Compatible

Track Drainage

Pipe with Filter Matetial or Open Channel (Other Railway
Operators Where Risk of “Flash Flooding™).

ELECTRIFICATION

Traction Supply

25 kv 50 Hz via Overhead Iine Equipment

Sub-stations Supply

From two separate sources

ROLLING STOCK

Passenger Rolling Stock

EMU and Locomotive hauled passenger trains

Mainline Locomotives

6,000 HP Electric Traction

Freight Rolling Stock

100 Tonnes gross weight with flats. Examine option for double
stacking contianers. Freight train length 775m

Maintainance Locomotives

2,500 HP Diesel Electric Traction (Can be used for project
construction train operations, initial revenue earning services and
perturbations recovery).

Shunting Locomotives

1,000 HP Diesel Hydraulic Traction or similar
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SIGNALS AND COMMUNICATION

Signalling

Fixed block + Lineside Signals + In Cab Technology. ( Moving Block
Signalling option to be assessed).

Communication

GSM-R or similar fibre optic based. Fixed + maobile telephones.

Train Control

CTC, ATC, ATS, remotely controlled points machines

OPERATION

Trailling Load (Passenger Train)

*600 Tonnes (10 x Passenger Coaches [@23m] + DVT/Baggage

Predicted Journey Time from
Addis to Bedele

Passenger ‘Train 5 Hours (Fastest Train)

Predicted Journey Time from
Addis to Bedele

Freight Train 9 Hours (Fastest Train)

INFRASTRUCTURE

Overbridge (Road over Rail)

*Work in progress

Underbridge (Rail over Road)

*Work in progress

Accomodation Ovetbridge/
Underpass Arrangements on the
“Open” route

*Work in progress

Intersection Bridge (Rail over Rail)

*Work in progress

Culvert *Work in progress
Viaduct *Work in progress
Tunnel “Work in progress
Earthworks *Work in progress
MISCELLANEOUS

Level Crossings

To be avoided-use grade separation wherever possible, Where
necessary in urban/developed areas, temote controlled and
monitored by CCTV

Lineside Fencing

Animal proof fence to be provided in the open country with
accomodation crossings or elevated sections to suit environment and

wildlife

Marshalling Yards

Simple layout (to suit current capacity requirments with provision for
future capacity aspirations).

Strategic Maintenance Depots

Addis Ababa (Sebeta) or Jimma (to be decided on completion of
Transport Planning Studies and associated Capacity Assessment +
Rail Infrastructure Requirements) and Bedele

General Maintenance Depots

At intervals of about 90 km, or convenient nearest town or city.
Provision to be made for stabling of “on track” maintenance plant
(tamping/rail grinding machines etc., provision also to be made to
stable diesel rescue locomotives for recovery of broken down trains

Towns Served

See Route Cortidor map

Station Structures

Platforms (length circa 300m, number to be determined by
capacity assessments/performance modelling), ticket offices, train
muaintenance/cleaning sheds, shoping complex at main stations

Environment

Compliant with national regulation. Pay particular attention to wild
life conservation, forests waterways and water towers
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Type II Currently used type of sleeper

Appendix C

v 100 100 sL L | oaa 0) [
winy fumay| ySwmeyg | gaweeeqs | edipwp | suppdierq | edfy ooq | oewyy uBteoq | owmy jaofedg
LUt Jedse]s JT adi] jo Surwexy g frg 0 pabtay
gzior | wweg | OTveseqosory jweloxy deayrey werdomyiy R I papany
our | ey | WHRDI®) WHOM)S0) SULIBNTR |WT) ONE) fy | udtwoym | dg poserg

WO U 1R ‘Sau0 patearput ATIea]a 1oj 1daoxa ‘BUTMRIp STY) UT SUOTSUBHTP TIY ¢
*fea omes ) fq auop aq osTe PTRoYS WoYjoq o) Je sdmels Ayl Jo YOTUM pue ‘sore ssaoord
[JTM 1769p 8q PNOYS JAdea]s a(} JO 308JJNS A} 12 PATR[UN SIALIOD PR Sa3pa ol ‘g
'SILIOU TEUOTIRU PRYRYel UT Peje[mLio} are Buruejse] or) Jo sejnr uoridedsur
pue SpOYlam 1803 ¢ SIUGEAIINDAI [ROTUNDY} ‘S$9901d Y] 'AT)SNPUT [re [RUOTIEU

9} JO SUOTIBITJI0GdS PateTol 0} Burpicooe pakexp T Suraeap sSTYL '

O (O T
TGCOGLOGL0GL  OFl OCL0CL0SZ0GL0C8

0030

$990)
f TEpET W.mw o¥iz 1155k onft0cs
M L e oo
L 3 s
e = L kel R B h 2 baba ks
= =P CEECETTVES BT PREE
b
05002 B
aued
oer YA} 1 0008 0%
S 0 s T B
P T \{ ! z - =" I..ﬂlleI_..
for £ \ : = - =
b =7 7 S =i
V”\ |...\\¢ s rd = £, s = =
e T o T ¥ 1 A
TN 1 S / = )
_. A . . .m . = _ L %! = Eﬂ.._ﬂ I
_ 705 U0 0%ke, I ot i
Tolee ?
_
S i _
] 1011989 UOTIEAS[]

Figure A.1C: Detail drawing of the existing Type-II sleeper
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Appendix D: Variation of Ballast Pressure distribution analyzed by the software SAFE.
Contour values are in kKN/mm?, e.g -379x10°® kN/mm” = 379kPa compressive pressure. The total

length of sleeper is kept constant 2.5m for all iterations.
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Figure A.2D: Ballast Pressure Response of Type-I Sleeper
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Figure A.3D: Ballast Pressure Response of Type-II Sleeper
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Figure A.4D: Ballast Pressure Response of Type-III Sleeper
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Figure A.5D: Ballast Pressure Response of Type-1V Sleeper
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Figure A.6D: Ballast Pressure Response of Type-V Sleeper
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Figure A.7D: Ballast Pressure Response of Type-VI Sleeper
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Figure A.8D: Ballast Pressure Response of Modified Type-V Sleeper (Iteration-1)
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Figure A.9D: Ballast Pressure Response of Modified Type-V Sleeper (Iteration-2)
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0.32000 m

0.31500 m

Figure A.10D: Ballast Pressure Response of Modified Type-V Sleeper (Iteration-3)

Figure A.11D: Ballast Pressure Response of Modified Type-V Sleeper (Iteration-4)
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Figure A.12D: Ballast Pressure Response of Final optimal sleeper (Iteration-5)

2.50000 m

Figure A.13D: Ballast Pressure Response of existing Sleeper
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Typical Ballast Pressure Distribution Analysed by SAFE
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Appendix E: Analysis Summary Sheet of the existing sleeper

Table A.2E: Analysis Summary Sheet of the existing sleeper

Pre-Stressing Wires
Concrete Type | Nominal Diameter (mm) Eccentricity (mm)
Grade Quantity Area (mm?2) Rail zeat Center
T-wire
C-60 strand 6.30 10.00 311.72 12.85 -1.96

Pre-Stressing forces

Concrete Grade

Jacking

Initial Pre-Stress  (MPa)

Force Final Pre-Stress (MPa) Pre-Stress force after loss (kN)
(kN) Rail seat Center Rail seat Center Rail seat Center
C-60 434.86 1,344.78 1,335.02 1,133.00 1,100.47 353.18 345.85
Applied Stresses in Concrete (Mpa)
At transfer At service (M+) At service (M)
Rail seat Center Rail seat Center Rail seat Center

Concrete Grade | Top | Bottom Top Bottom Top Bottom Top Bottom Top Botom Top Bottom

C-60 5.74] 1235 13.35 0.80 18.08 -1.61 10.64 0.20 -4.53 18.37 -5.27 23.43
Moment Capacity of the section (kIN.m)
Allowable Ultimate
Rail seat Center Rail seat Center
Concrete Grade | Positive Negative Positive Negative Positive Negative Positive Negative
C-60 21.53 10.87 1110 13.23 48,10 3245 25.00 27.39
Allowable Stresses (MPa)
Concrete Pre-stressing tendon
At transfer At Service At transfer At service
Concrete Grade Compression Tension Compression| Tension Tension Tension

C-60 17.86 0.00 27.00 -3.10 1.488.00 1,302.00

Concrete grade| Losses of Pre-stress (%) Transfer Length (mm) Bond Length (mm) Development Length (mm)
Rail seat Center Rail seat Center Rail seat Center Rail seat Center

C-60 18.78 2047 57412 57412 602.65 62215 1.176.77 1,196.27
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Appendix F: Iteration of optimization parameters

F.1 9.3mm diameter (7-wire strand)
| |
200mm
178mm
o . |
=) ®
£ E L] L] —— £
£ ® ® —— £ 3 £
5 ; —
- 280mm mt e 1
| |
|
Rail Seat Center
Pre-Stressing Wires
Nominal Quantity Eccentricity (mm)
Concrete Type Diameter (mm) Area (mm?)
Grade Rail seat | Center
C-40 to C- 7-wire
70 strand 9.3 6 407.57 2.33 -2.51
Pre-Stressing forces
Jacking Initial Pre-Stress Pre-Stress force after
Concrete | Force (MPa) Final Pre-Stress (MPa) loss (kN)
Grade (kN)
Rail
seat Center | Rail seat Center Rail seat | Center
C-40 568.57 | 1332.23 | 1321.07 1068.34 1038.62 435.43 42331
C-45 568.57 | 1332.23 | 1321.07 1078.63 1050.47 439.62 428.15
C-50 568.57 | 1332.23 | 1321.07 1087.49 1060.34 443.23 432.17
C-55 568.57 | 1332.23 | 1321.07 1094.93 1069.15 446.26 435.76
C-60 568.57 | 1332.23 | 1321.07 1101.55 1076.82 448.96 438.88
C-65 568.57 | 1332.23 | 1321.07 1107.39 1083.57 451.34 441.64
C-70 568.57 | 1332.23 | 1321.07 1112.72 1089.57 453.52 444.08
Applied Stresses in Concrete (Mpa)
At transfer At service
Rail
Concrete seat Center Rail seat Center
Grade Botto Botto
Top m Top m Top Bottom Top Bottom
C-40 11.68 | 12.72 | 16.18 | 12.22 9.04 -2.35 -5.95 27.30
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C-45 | 11.68 | 12.72 | 16.18 | 12.22 9.13 -2.25 -5.81 27.41
C-50 | 11.68 | 12.72 | 16.18 | 12.22 9.20 -2.16 -5.69 27.51
C-55111.68 | 12.72 | 16.18 | 12.22 9.27 -2.09 -5.59 27.57
C-60 | 11.68 | 12.72 | 16.18 | 12.22 9.32 -2.02 -5.50 27.67
C-65 | 11.68 | 12.72 | 16.18 | 12.22 9.37 -1.96 -5.42 27.74
C-70 | 11.68 | 12.72 | 16.18 | 12.22 9.42 -1.91 -5.35 27.80
Moment Capacity of the section (kN.m)
Allowable Stresses (MPa)
Concrete Pre-stressing tendon
At transfer At Service At transfer At service
Concrete | Compressi | Tensio | Compressi
Grade on n on Tension Tension Tension
C-40 11.90 0 18.00 | 2.53 1488 1302
C-45 13.39 0 22.50 -2.68 1488 1302
C-50 14.88 0 22.50 -2.83 1488 1302
C-55 16.37 0 24.75 -2.97 1488 1302
C-60 17.86 0 27.00 -3.10 1488 1302
C-65 19.35 0 29.25 -3.22 1488 1302
C-70 20.83 0 31.50 -3.35 1488 1302
Concrete Losses of Pre-stress (%)
grade
Rail seat Center
C-40 23.56 25.72
C-45 22.77 24.81
C-50 22.11 24.04
C-55 21.54 23.37
C-60 21.04 22.79
C-65 20.59 22.29
C-70 20.2 21.83
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Transfer Length (mm) Bond Length (mm) Development Length (mm)
Rail seat Center Rail seat Center Rail seat Center
518.78 518.78 968.86 1005.11 1487.64 1523.89
534.28 534.28 956.14 990.61 1490.43 1524.89
548.54 548.54 945.55 978.53 1494.09 1527.07
561.77 561.77 936.25 967.75 1498.02 1529.52
574.12 574.12 928.10 958.37 1502.22 1523.49
585.73 585.73 920.96 950.11 1506.69 1535.83
596.68 596.68 914.43 942.76 1511.11 1539.44
|
175mm
§ L] £ g L4 ® I %
« £ - £ ]
¥ ® ° & T
B E @
- 280mm o 225mm m1
| \
Rail Seat Center
Pre-Stressing Wires
Concrete Type Nominal Diameter {mm) Eccentricity (mm)
(Grade Quantity Area (mm2) Fail seat Center
C-40to C-70 T-wire strand 830 6.00 407.57 11.56 443
Pre-Stressing forces
Initial Pre-Stress (MPa)
Concrete Grade Jacking Force Final Pre-Stress (MPa) Pre-Stress force after loss (kN)
(kM) ) Fail seat Center Fail zeat Center Rail seat Center
40 568.57 1,32525 1,301.54 1,081.13 1,024 34 440.64 417.70
C45 568.57 1.326.78 1.307.12 1,088.69 1,037 86 443 72 42301
C-30 368.57 1,330.83 131130 1.097.65 1,045 44 447 37 42732
C-35 368.57 1,333.62 131479 1,104.73 1,057 48 45026 42700
C-60 368.57 133371 131758 1,110.61 1,065.16 452 66 434 13
C465 368.57 1,338.50 1,321.07 1,116.69 107289 455432 43728
C-70 368.57 1,340.73 1,323.86 1,121.88 107851 45725 43008
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Applied Stresses in Concrete (Mpa)
At transfer At service (M+) At service (M)
Rail seat Center Rail seat Center Rail seat Center
Concrete Grade Tap Bottom Top Bottom Top Bottom Top Bottom Top Bottom Top Bottom
c-40 147 14.11 18.01 11.87 18.13 119 2.17 210 187 18.33 102 23.13
43 748 14.12 18.08 1192 1817 127 234 222 s 18.42 0.8 2326
30 750 1417 18.13 1196 1822 137 248 233 17 1851 07 2336
C-55 731 1420 18.18 12.00 1825 145 2260 242 g7 18.50 059 23.45
C-60 752 1422 182 12.02 1829 151 270 249 7 18.65 049 2352
C-65 754 1425 1826 12.06 1832 158 2280 257 168 18.72 039 2360
70 7353 1408 1830 12.08 1533 1.63 289 263 14 1878 030 23.66
Moment Capacity of the section (kN.m)
Allowable Ultimate
Rail seat Center Rail seat Center
Concrete Grade | Positive Negative Positive Negative Positive Negative Positive Negative
c-40 1519 13.68 i7.54 3220 3493 2871 2075
C45 1525 1382 i7.71 5389 3646 29.75 3070
C-30 2794 1333 1393 i783 Jié8 3791 20.74 3160
C-35 28.09 1539 14.02 i7.96 37.29 3029 2169 3246
C-60 2821 1544 1411 15.06 3883 40.61 32359 33.27
C-63 2833 1549 1419 1516 60.20 4187 3343 3406
C-70 2843 1334 14.26 1823 61.72 43.09 3428 3481
Allowable Stresses (MPa)
Concrete Pra-stressing tendon
At transfer At Service At transfer At service
Concrete Grade Compression Tension Compression Tension Tension Tension
C-40 11.90 0.00 13.00 -2.33 1.488.00 1.302.00
C-43 1239 0.00 20235 -2.68 1,488.00 1,302.00
C-30 14.58 0.00 22.50 -2.83 1,488.00 1.302.00
C-55 16.37 0.00 24.75 297 1,488.00 1,302.00
C-60 17.56 0.00 27.00 -3.10 1.488.00 1,302.00
C-63 12.35 0.00 2225 -3.22 148800 130200
c-70 20.83 0.00 3150 335 148800 130200
Concrete grade Losses of Pre-stress (%) Transfer Length (mm) Bond Length (mm) Development Length (mm)
Rail seat Center Bail seat Center Bail seat Center Rail seat Center
C40 2250 26.53 518.78 518.78 953.09 1.021.97 147187 1.540.75
[ 5] 2196 23560 33428 33428 94384 1.006.04 147812 1.54032
C-50 2132 2484 4854 34854 932.88 993.00 148142 1.541.63
C-53 2081 2419 361.77 361.77 92421 982.03 1.48598 1.543.80
C-60 2039 23464 37412 37412 917.02 97263 149114 1.546.75
C-63 1995 2309 38373 38373 909.58 963.17 1.49531 1.543.90
c-T0 19.58 2262 396.68 396.68 90322 935.07 1.499.90 1.551.75
F.2 8mm diameter (7-wire strand)
175mm 200mm
@ [ ] L L ] \
£ £
£ £ £ £
2 ° ® 5 " ® ® — &
- ! £ s " { £ 3
e [ £ ® ® =
£ X £ =
— @ — 8
280mm f 235mm 1

| Rail Seat | Center |
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Pre-Stressing Wires

Concrete Type Nominal Diameter (mm Eccentricity {mm)
Grade Quantity Area (mm2) Eail seat Center
C40 to C-70 T-wire strand 8.00 6.00 301.39 3.67 -1.18

Pre-Stressing forces
Initial Pre-Stress (MPa)
Concrete Grade Jacking Force Final Pre-Stress (MPa) Pre-Stress force afterloss (KN)
(EN) Rail seat Center Rail seat Center Rail seat Center

C40 420.72 1,337.81 132044 111528 1,00328 336.36 329.72

C45 420,72 1.340.60 1.33223 1,123.18 110239 L 232 47

C-50 42072 1,34339 1.336.41 1,129.84 110239 24075 33474

C-35 42072 134618 1.33220 1.135.57 1.116.53 4248 236.74

60 42072 134757 1.340.73 1.140.67 1.122.41 24402 23831

C-63 420.72 1,349 66 134269 114511 112755 345 36 240 06

C-70 42072 1335176 1,344 92 1.149.03 1,132,010 346.35 34143

Applied Stresses in Concrete (Mpa)
At transfer At service
Rail seat Center Rail seat Center

Concrete Grade Top EBottom Top Bottom Top Eottom Top Bottom
C-40 8.37 27 11.75 238 6.64 444 -2.03 2543
C45 230 073 11.77 040 a.69 -4.38 885 2550
Cc-50 839 9.73 11.81 044 673 -4.33 -8.89 25.56
C-33 342 978 11.83 046 6.77 -4.28 -881 2561
C-a0 843 979 11.84 047 a.80 -4.25 -8.79 2565
a3 244 980 11.86 048 .92 -4.21 -8.75 2569
C-70 45 092 1198 950 aa3 -4 18 | 2573

Moment Capacity of the section (kN.m)
Allowable Ultimate
Fail seat Center Fail seat Center

Conerete Grade | Positive Negative Positive Negative Positive Negative Positive Negative
c40 17.47 1367 1178 1422 EpnT) 29.79 27.81 27.14
Cc45 17.37 1374 11.86 1430 3898 31.06 2590 2817
C-50 17.63 1378 1192 1438 4038 3225 2993 2915
C-35 1770 1383 1198 14435 41.70 33.38 3094 30.08
C-60 17.76 1337 1203 1450 4297 3447 3185 2097
c-65 17.81 1390 12.07 1435 4418 3551 3273 2182
[aa] 17.86 1394 1212 14.60 4535 36.51 3362 3265
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Allowable Stresses (MPa)

Concrete Pre-stressing tendon
At transfer At Service At transfer At service
Concrete Grade Compression Tension Compression Tension Tension Tension
C-40 11.90 0.00 18.00 -2.33 1.448.00 1.302.00
C-45 13.39 0.00 2025 268 144800 1302.00
C-50 1458 0.00 2230 -2.83 144800 130200
C-55 1637 0.00 2475 -2.97 144800] 130200
C-60 17.86 0.00 27.00 310 144800] 130200
C-65 19.35 0.00 2925 322 144800 1302.00
C-70 2083 0.00 3130 -335 144800 130200
Concrete grade Losses of Pre-stress (%)
Bail seat Center
40 20.05 21.63
C43 1949 2098
C-50 19.01 2044
C-53 18.60 19.96
C-80 18.23 19.34
C-63 179 19.17
Cc-70 17.63 158.83
Transfer Length (mm) Bond Length (mm) Development Length (mm)
Fail seat Center Bail seat Center Bail seat Center
j18.78 518.78 71839 807.08 1.502.69 1.525.83
334238 53428 T75.60 19749 1.309.88 1.331.77
j48.34 34834 768.39 780.36 1.317.13 1.538.10
361.77 361.77 162.56 T82.60 132433 1,344 37
37412 37412 157.19 77641 1.351.51 1.550.53
38573 58373 75232 TTL.00 133824 1.336.73
396.63 306.68 743.36 766.21 1.345.04 1.562.89
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175mm
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E
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280mm T 235mm f
Rail Seat Center
Pre-Stressing Wires
Concrete Type MNominal Diameter {mm Eccentricity {mm)
Grade Quantity Area (mm2) Rail zeat Center
C40 to C-T0 T-wire strand .00 6.00 30159 12.90 -3l
Pre-Stressing forces
Initial Pre-Stress (MPa)
Concrete Grade Jacking Force Final Pre-Stress (MPa) Pre-Stress force after loss (kIN)
(KIN) Fail seat Center Rail seat Center Bail seat Center
C40 42072 1,337.581 1,328.74 1,120.19 1,086.60 33784 32714
C 45 420.72 1,341.99 1.332.23 112877 109594 340.42 330.53
C-30 420.72 1,543.39 1.335.711 113401 1,104.29 34201 333.05
C-35 420.72 1,545.48 1.338.50 113938 111130 343.63 33516
a0 420.72 1,347 57 1.340.73 1.144.32 111724 34512 3695
63 420.72 1,349 66 1,342 69 1.148.92 1,122.47 346.51 33853
C-70 42072 1,331.76 134492 1.1533.23 112761 347.81 34008
Applied Stresses in Concrete (Mpa)
At transfer At service (M+) At service (M)
Rail seat Center Rail seat Center Rail seat Center
Concrete Grade Top Bottom Top Bottom Top Bottom Top Bottom Top Bottom Top Bottom
c-40 533 1075 1327 937 1649 -131 18 81 036 351 1584 437 2139
43 534 10.79 1330 929 i552|  -123 18.90 0.43 348 1591 429 2148
C-30 535 10.80 1333 932 i654|  -119 18.98 0.49 346 15.95 421 2152
.55 533 10.82 1336 934 1656 -115 19.04 0.54 344 15.99 414 2157
60 536 1083 1338 036 ] T 19.10 0.59 B 16.03 40 2162
635 537 1085 13 40 937 1s60| -1a7 19.15 0.63 340 16.07 A0 2166
c-70 538 10.87 1342 930 i6.6i -103 1920 0.67 339 1611 -390 2170
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Moment Capacity of the section (kN.m)
Allowable Ultimate
Rail seat Center Rail seat Center
Concrete Grade | Positive Negative Positive Negative Positive Negative Positive Negative
c40 22905 1237 I1.78 1422 4727 2217 26.54 26.07
C43 23.08 1262 1186 14.30 49.06 2370 27.58 27.02
C-50 2316 265 1192 1438 30.75 33515 2858 2792
C-33 234 12.68 1198 1445 3236 36.53 2952 2878
C-60 2352 1271 12.03 14.50 Jio0 2785 30.42 2059
65 2339 1274 1207 1455 353 3912 312 30.38
C-70 2346 1276 1212 14.60 J6.7% 40.33 321 3113
Allowable Stresses (MPa)
Concrete Pre-stressing tendon
At transfer At Service At transfer At service
Concrete Grade Compression Tension Compression Tension Tension Tension
C-40 11.90 0.00 13.00 -2.53 1.488.00 1,302.00
C-43 1339 0.00 20.25 -2.68 1438.00 130200
c-30 488 0.00 22.50 -2.83 148300 130200
C-35 1637 0.00 2475 -2.97 148300 130200
c-60 1786 0.00 27.00 -3.10 1438.00 130200
c-63 19.25 0.00 29.25 -3.22 148800 130200
C-70 20.83 0.00 31.50 -3.35 148300 130200
Transfer Length (mm) Bond Length (mm) Development Length (mm)
Concrete grade Losses of Pre-stress (%9)
Rail seat Center Rail seat Center Fail seat Center Rail seat Center
c-40 19.70 2210 318.78 318.78 T78.74 31401 1.297.52 1,332.79
C45 19.08 2144 53428 53428 769.72 80427 1.304.00 1,338.33
C-30 18.711 20.84 34854 J48.34 76420 79348 1.312.74 1,344.02
C-335 1832 2034 361.77 361.77 738.33 788.11 1.320.32 1,349.88
C-60 17.97 1881 57412 37412 73335 781.85 132747 1,355.97
C-63 17.64 19.54 383.73 383.73 T48.30 776.34 1.334.23 1,362.07
C-T0 1733 19.17 396.68 596.68 74393 T70.94 1.340.63 1,367.62
F.3 7mm diameter (7-wire strand)
175mm 200mm
L L] L ] L]
E E
£ ° ° £ E ° e S
i £ 2 5
- ® L] £ E - d . ‘—, E <
e . 3 £ i " ° ° £ £ & -
Eloa ® E 2 o
@ o o) o
—_— ) _— = 7
580mm 236mm '
Rail Seat | Center |
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Pre-Stressing Wires

Concrete Type Nominal Diameter {mm) Eccentricity (mm)
Grade Quantity Area (mm2) Rail seat Center
C40to C-T0 T-wire strand 7.00 8.00 307.88 3.00 0.13

Pre-Stressing forces
Initial Pre-Stress (MPa)
Concrete Grade Tacking Force Final Pre-Stress (MPa) Pre-Stress force after loss (KN}
(KINy Rail seat Center Rail seat Center Rail seat Center
C-40 473.67 1.480.11 1.470.84 1,237.93 1.213.77 381.13 373.69
C43 473.67 148320 147424 1.246.88 1.224.02 383.88 376.83
C-30 473.67 1.486.29 1.476.25 1.254.44 1.232.83 386.21 379.56
C-33 473.67 1,489.38 1.480.88 1.260.92 1.240.11 38821 381.80
C-60 47367 1.481.70 1.483.20 1.266.64 1.246.67 389.97 383.82
C-63 47367 148524 1.485.52 127174 1.252.46 39154 383.60
C-T0 47367 1.4835.56 1.488.61 1.276.21 1.257.53 39292 387.16
Applied Stresses in Concrete (Mpa)
At transfer At service
Rail seat Center Fail seat Center
Concrete Grade Top Bottom Top Bottom Top Bottom Top Bottom
C-40 8.04 1141 12.61 11.22 714 -2.99 -8.29 26.98
43 896 11.44 12.64 1123 719 (2.92) (8.21) 27.06
c-30 8.08 11.46 12.65 1127 124 (2.86)| (8.14) 2713
C-35 9.00 11.48 12.69 11.31 727 (2.81) (8.08) 2719
C-60 .01 11.50 1271 11.32 731 (2.76)) (8.02) 2723
C-63 9.02 11.52 12.73 1134 734 (2.72) (7.89) 2729
c-7o 9.03 11.33 12.73 11.37 136 (2.69) (7.94) 2733
Moment Capacity of the section (kN.m)
Allowable Ultimate
Rail seat Center Rail seat Center
Concrete Grade | Positive Negative Positive Negative Positive Negative Positive Negative
c40 19.72 14.35 1344 1503 3881 3047 2064 27.97
C43 19.83 1441 1353 FENE] 4128 3173 30.73 2901
c-30 19.52 1447 1361 1521 42.67 3293 3176 2989
C-35 2001 1432 1368 1528 44.00 3406 3274 3082
C-60 20,07 1436 13.74 1534 43.26 3505 3368 2181
C-65 2012 1439 13.80 1541 46.47 3609 3438 32.66
c-70 20.18 1463 1385 1545 4764 e 3545 3348
Allowable Stresses (MPa)
Concrete Pre-stressing tendon
At transfer At Service At transfer At service
Concrete Grade Compression Tension Compression Tension Tension Tension
C-40 11.90 0.00 18.00 253 1.647.00 1,442.00
C-45 1239 0.00 20.25 -2.68 1.648.00 1.442.00
C-50 14.85 0.00 22.50 -2.83 1,649.00 1.442.00
C-33 16.37 0.00 2475 -2.97 1,630.00 1,442.00
C-60 17.86 0.00 27.00 310 1.651.00 1,442.00
C-63 19.35 0.00 2025 322 1.652.00 1,442.00
C-70 20.53 0.00 31.50 -3.35 1,653.00 1.442.00
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Concrete grade Losses of Pre-stress (%0)
Rail seat Center
c40 19.88 2144
C43 19.30 20.78
C-30 18.81 2021
C-35 18.39 19.73
C-60 18.02 1931
C-63 17.69 18.93
C-70 17.40 18.61
Transfer Length {mm) Bond Length (mm) Development Length (mm)
Rail seat Center Rail seat Center Rail seat Center
518.78 518.78 15717 77942 127595 129820
55428 53428 74893 769.98 128321 1.304 26
348.54 348.54 14197 T61.87 1.290.51 1.310.41
361.77 361.77 73599 735.17 1.297.76 1.316.93
37412 37412 130,73 749.12 1.304.85 132324
38373 383.73 126.03 T43.49 1.311.76 1.320.51
596.68 396.68 12191 73811 1.318.59 1.333.79
175mm
175mm
_ L L
g ° ® E é ;
® . — £ @ = —& g
. ° . = 33‘ - £ EE § -
g B _ il_8
2E0mm 235mm 1
Rail Seat | Center |
Pre-Stressing Wires
Concrete Type Nominal Diameter (mim) Eccentricity (mm)
Grade Quantity Area (mm2) Bail seat Center
C-40to C-70 T-wire strand 7.00 3.00 50788 14.23 -1.77
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Pre-Stressing forces
Initial Pre-Stress (MPa)
C te Grad . i , M ! ]
oncrete Grade Jacking Force Final Pre-Stress (MPa) Pre-Stress force after loss (kIN)
(KIN) Rail seat Center Rail seat Center Fail seat Center
40 475.67 148320 146621 124584 1,202.89 383.36 370.34
C-45 47567 148629 1.470.07 1.234.03 124223 386.09 37352
C-30 47367 1.489.38 147424 1.261.43 ,222.84 388.36 376.48
C-35 475.67 1.492.47 1.477.02 1.268.22 123038 29045 37881
C-60 47567 149402 147934 1.273.06 1.236.88 30194 380.80
C-63 47367 1.493.36 148320 127751 1,244.32 393.31 383.10
c-T0 475.67 1,497.88 148552 1.282.38 124991 29481 35452
Applied Stresses in Concrete (Mpa)
At transfer At service (M+) At service (M-)
Rail seat Center Rail seat Center Rail seat Center
Concrete Grade Top Bottom Top Bottom Top Bottom Top Bottom Top Bottom Top Eottom
C-40 5.60 12.34 1423 11.09 16.73 0.22 19.64 1.88 -3.26 17.36 -3.33 2291
45 561 1256 1427 112 1676 0.29 1873 196 373 1743 346 2299
30 563 1259 1431 1115 1679 0.35 1982 204 321 1750 337 23.07
35 564 1262 1433 1117 1661 0.41 1989 210 318 1755 330 2213
60 564 1263 1433 118 1633 0.45 1093 215 317 1760 34 2318
C-63 565 1264 1439 1n» 16.85 0.49 20.01 2.2 315 1763 -3.17 2324
70 566 1266 1441 1124 16.36 0.54 2007 226 1 1768 ERE) 2329
Moment Capacity of the section (kN.m)
Allowable Ultimate
Rail seat Center Rail seat Center
Conerete Grade | Positive Nezative Positive Negative Positive Negative Positive Negative
C-40 2579 296 1344 1502 3016 32356 2829 24.96
C-45 2393 1304 1353 i513 3ig5 3410 2934 2791
C-30 26.05 13205 1361 1521 3364 35355 30.323 25881
C-35 26.16 1309 1368 1328 3325 3692 3127 2966
C-80 2623 FEN Y 1374 i334 36.79 3524 218 2048
(o857 2631 1314 1380 1547 3827 3951 3204 2j26
C-70 2638 1317 1385 1346 39.68 40.72 3387 2202
Allowable Stresses (MPa)
Concrete Pre-stressing tendon
At transfer At Service At transfer At service
Concrete Grade Compression Tension Compression Tension Tension Tension
C-40 11.90 0.00 18.00 -2.33 1.643.00 1.442.00
C-45 13.39 0.00 20.25 -2.68 1.648.00 1.442.00
C-30 14.58 0.00 2230 -2.83 L64200| 144200
C-53 16.37 0.00 2475 297 1.648.00 1.442.00
C-60 17.86 0.00 27.00 210 1,648.00 1.442.00
c-63 1833 0.00 29.23 -3.22 164200 | 144200
C-70 20.83 0.00 3150 -3.35 1.648.00 1.442.00
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Concrete grade Losses of Pre-stress (%0) Transfer Length (mm) Bond Length (mm) Development Length (mm)
Rail seat Center Fail seat Center Rail seat Center Rail seat Center
C40 1936 2214 518.78 518.78 74038 78044 1.268.66 130822
43 18.83 2147 53428 53428 74234 779.92 1.276.62 1,314.20
Cc-30 18.33 2085 34854 34854 73533 17107 128407 1.319.61
C-33 1791 2036 361.77 361.77 12027 T64.12 120104 132589
C-60 17.60 19984 37412 57412 72481 738.14 1.298.93 1,332.26
C-63 17.31 1246 38373 38373 72072 75128 1.306.45 1337.01
c-70 17.00 12.10 396.68 396.68 71623 746.13 131291 134281
F.4 5.2mm diameter (3-wire strand)
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Rail Seat Center
Pre-Stressing Wires
Concrete Type Nomiral Diameter (mm) Eccentncity (mm)
Grade Quantity Area (mm2) Elail seat Center
C40 to C-70 S-wire strand 320 14.00 29732 3.57 -128

Pre-Stressing forces

Initial Pre-Stress (MPa)
Concrete Grade Jacking Force Final Pre-Stress (MPa) Pre-Stress force after loss
(kIN) Rail seat Center Rail seat Center Rail seat Center
C-40 437.06 1.411.20 1.402.38 1.180.48 1.157.55 350.98 344.16
C45 437.06 141414 140532 1.188.69 1.167.02 33342 346.98
C-30 437.06 1.417.08 140826 1.195.62 1.175.02 33548 34936
C-35 437.06 1.420.02 141120 1.201.57 1.181.89 33723 351.40
C50 437.06 142149 1.414.14 1.206.88 1.187.86 338.83 333.18
C65 37.06 142296 141561 121153 119327 36022 354.78
C-T0 437.06 142590 141561 1.215.00 119821 361.42 33623
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Applied Stresses in Concrete (Mpa)
At transfer At service
Rail seat Center Rail seat Center
Concrete Grade Top Bottom Top Bottom Top Bottom Top Bottom
C-40 8.72 10.09 12.22 9.73 6.96 -4.09 -8.60 23.77
C43 874 10.00 1225 977 101 -4.03 (8.53 25.84
C-50 876 10.13 1227 0.80 7.05 -3.08 (8.46) 2590
C-55 877 10.15 1229 9.82 T.08 -394 (8.41) 2595
C-60 8.78 10.16 1232 984 EAh | -39 (8.36) 2599
C-63 879 10.18 1233 .83 T.14 -3.87 (8.31) 26.03
C-70 881 1020 12.33 083 717 384 (82T) 26.07
Moment Capacity of the section (N.m)
Aflowable Ultimate
Rail seat Center Rail seat Center
Concrete Grade | Positive Negative Positive Negative Positive Negative Pasitive Negative
C-40 18.03 14.10 12.11 14.65 38.05 30.21 28.20 27.61
C45 158.12 14.16 12.19 i4.75 39.52 3143 29.29 28.64
C-50 1820 1422 226 14.83 40.91 2.67 30.32 2962
C-55 1826 14.27 12.32 14.89 42.23 33.80 3130 30.55
C-60 1832 14.31 2.38 1496 43.50 3489 2.2 7]
C-65 1838 1435 242 i5.01 44.71 35.93 3314 2.30
C-70 18.43 14.35 12.46 15.06 45.88 36.93 34.01 33.12
Allowable Stresses (MPa)
Concrete Pre-stressing tendon
At transfer At Service At transfer At service
Concrete Grade Compression Tension Compression Tension Tension Tension
C-40 11.90 0.00 18.00 -1.33 1.567.00 137200
C-45 1239 0.00 2025| -268 1,568.00 1,372.00
C-30 14.88 0.00 22501 -283 1,568.00 1.372.00
C-35 1637 0.00 2475 -2.97 1,568.00
C-60 17.86 0.00 27.00 -3.10 1.568.00
g5 1835 0.00 2925 -3.22 1.568.00
C-70 20083 0.00 2150 -2.35 1.568.00
Concrete grade Losses of Pre-stress (%)
Rail seat Center
Cc-40 19.70 2126
C45 19.14 2061
C-30 15.67 2007
C-35 18.26 12.60
C-60 17.90 19.19
C-63 17.38 18.83
Cc-70 1351 18.4¢
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Transfer Length (mm) Bond Length (mm) Development Length (mm)
Rail seat Center Fail seat Center Fail seat Center
518.78 j18.78 333.36 34905 1.052.13 1.067.82
33428 33428 327.74 542.56 1.062.02 1.076.34
348.54 34854 523.00 337.09 107154 1,083.63
361.77 361.77 518.92 33239 1,080.69 109416
37412 37412 513.20 528.30 1,089.42 1,102 43
383.73 383.73 512,10 32461 1,097 .82 1,110.33
396.68 306.68 30033 321.23 1.106.01 111790
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Rail Seat Center
Pre-Stressing Wires
Concrete Type Nominal Diameter {mm) Eccentricity (mm
Grade Quantity Area (mm2) Rail seat Center
C40ta C-70 3-wire strand 320 14.00 29732 12.80 -3.2
Pre-Stressing forces
Initial Pre-Stress (MPa)
Concrete Grade Jacking Force Final Pre-Stress (MPa) Pre-Stress force after loss (kN)
(EN) Rail seat Center Rail seat Center Rail seat Center
C40 437.06 1.413.41 1,396.50 1.188.36 1,146.50 35332 340.88
C45 437.06 1.416.35 1.400.91 1.193.95 1,156.83 33338 34305
C-30 437.06 1.41929 1.404.59 1.202.82 116354 15762 346.54
C-35 437.06 1.421.49 1.407.33 1.208.43 1,172.86 339.2: 34871
C-60 437.06 1.423.70 1411.20 1.213.60 1,180.29 26083 35092
C-63 437.06 1.42590 1.412.96 1.218.42 1,185.48 26226 33247
c-T0 437.06 1.427.32 141488 122239 119043 363 44 35394
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Applied Stresses in Concrete (Mpa)

At transfer At service (M+) At service (M)
Rail seat Center Fail seat Center Rail seat Center
Concrete Grade Tap Bottom Top Bottom Top Bottom Top Bottom Top Bottom Top Bottom
C-40 5.56 11.19 1376 959 16.70 -0.90 1925 0.66 -3.30 1624 393 21.69
45 5.57 122 13.80 9.63 16732 084 1935 073 327 1630 EF 2176
c-30 5.58 1124 1383 963 16.75 -0.78 19.43 0.0 324 1636 376 21383
[} 5.59 1126 13.86 9,67 1678 074 1950 0.85 33 16.40 369 21388
C-60 560 1127 1389 970 16.79 -0.69 19.57 097 320 16.45 -3.62 2194
C-65 560 1129 1391 971 1681 -0.66 1961 095 319 16.48 =357 2195
Cc-70 561 1131 1393 973 16.8% -0.62 12.66 098 317 16.52 -353 2201
Moment Capacity of the section (lN.m)
Allowable Ultimate
Rail seat Center Rail seat Center
Concrete Grade | Positive Negative Positive Negative Positive Negative Positive Negative
c40 2371 297 217 i483 4799 32350 2691 2d.56
(5] 2382 1285 1219 1475 49.78 34.03 2785 2751
C-30 2392 i299 1226 1483 Ji48 3548 2885 28471
C-35 240 i3.02 1232 1489 33.08 36.86 28.89 2826
C-60 2409 i303 238 i496 462 3518 3079 20.08
C-65 2416 13.08 1242 i5.01 56.10 3944 3165 20.86
C-70 2422 i31i 248 i306 §732 40.66 248 3162
Allowable Stresses (MPa)
Concrete Pre-stressing tendon
At transfer At Service At transfer At service
Conerete Grade Compression Tension Compression Tension Tension Tension
C-40 11.80 0.00 18.00 -2.33 1,368.00 1.372.00
C-43 13.39 0.00 20.25 -2.65 156800 137200
c-30 14.58 0.00 22.50 -2.83 136800 137200
C-35 16.37 0.00 24.75 -2.97 156800 137200
C-a0 I7.86 0.00 27.00 -3.10 1.568.00 1.372.00
C-65 19.35 0.00 29.25 -3.22 1,568.00 1,372.00
c-70 20.83 0.00 3150 -3.35 1,568.00 37200
Concrete grade Losses of Pre-stress (%) Transfer Length (mm) Bond Length (mm) Development Length (mm})
Rail seat Center Rail seat Center Bail seat Center Rail seat Center
C40 19.16 2.01 518.78 51878 32796 336.60 1.046.74 107538
43 18.64 2130 33428 33428 3297 34954 1.057.05 1.083.82
C-50 18.18 2071 34854 34854 518.07 543.58 1.066.61 108212
C-53 17.79 2021 361.77 561.77 51423 338.57 1.076.00 1.100.34
C-60 1744 19.711 37412 37412 310.70 33348 1,084.82 1.107.60
C-63 1711 19.36 58373 585.73 50740 52993 1.093.13 1.115.66
c-70 16.84 19.02 396.68 396.68 304.68 326.33 1.101.36 1.123.23
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Pre-Stressing Wires

Concrete Type Nominal Diameter (mm) Eccentricity (mm
Grade Quantity Area (mm2) Fail seat Center
C-40 to C-70 3-wire strand 520 14.00 20732 §.66 =73

Pre-Stressing forces

Initial Pre-Stress (MPa)
C te Grad . i = / - :
oncrete Grade Jacking Force Final Pre-Stress (MPa) Pre-Stress force after loss (KN)
(kDN Rail seat Center Rail seat Center Rail seat Center
40 437.06 141341 1,396.50 1,190.26 1,144 63 353.89 340.32
C45 37.06 1.416.35 1,400.91 1.187.74 1.133.06 15611 34242
C-30 437.06 1.419.29 1.404.39 1.204.52 1,163.86 358.13 346.04
C-33 437.06 142149 1,407.33 1.210.05 117125 3538.77 34524
C-60 437.06 1.423.70 141120 1.215.16 1 i78 73 36129 33047
C-65 437.06 142590 141295 121992 115399 36271 35202
C-70 437.06 1.427.532 1.414.38 122383 1,189.00 363.87 353.51
Applied Stresses in Concrete (Mpa)
At transfer At service (M=) At service (M)
Rail seat Center Rail seat Center Rail seat Center
Concrete Grade Top Bottom Top Bottom Top Bottom Top Bottom Top Bottom Top Bottom
C-40 6.63 1026 15.49 8.02 17.62 -1.67 20.66 -0.63 -237 1547 -2.33 2038
C45 666 10.28 15.54 305 17.66 161 20.77 -0.358 EEN 1553 242 2045
30 667 1030 1538 8.07 17.69 -1.56 2036 -0.33 231 1558 233 20.50
C-35 6.68 1032 1361 8.09 1771 -132 20904 -0.48 228 15.62 =225 20.55
C-60 669 1033 1565 811 1774 -148 2102 -043 2% 15.66 217 20.60
C63 6.70 1035 15.67 812 17.76 -1.45 2107 -0.40 2 1560 =211 20.62
C-70 6.71 1036 15.69 813 17.77 -1.42 2113 -0.37 an 15.72 -2.06 20.66
Moment Capacity of the section (kN.m)
Aflowable Ultimate
Rail seat Center Rail seat Center
Concrete Grade | Positive Negative Positive Negative Positive Negative Positive Negative
c40 2227 1438 10.68 16.05 4652 3402 2543 28.00
C43 2237 1444 10.75 1615 4831 3356 26.47 2885
c.50 247 14,48 10.81 1625 50.00 37.01 2746 29.85
C.55 2254 1452 10.56 16.32 51.61 3538 2841 3071
c.60 2262 i4.56 1082 16.40 5315 3870 2831 3152
c.63 2268 1459 1085 16.46 5462 40.97 2017 3230
c-70 274 i4.62 10.89 1651 36.04 2.18 2100 33.06
Allowable Stresses (MPa)
Concrete Pre-stressing tendon
At transfer At Service At transfer At service
Concrete Grade Compression Tension Compression Tension Tension Tension
C-40 1190 0.00 18.00 -2.53 1.568.00 1.372.00
C-43 13.29 0.00 2025 -2.68 1,568.00 1,372.00
C-30 1458 0.00 2230 -2.83 1,568.00 1,372.00
C-33 1637 0.00 2475 297 1,568.00 1,372.00
C-60 17.56 0.00 27.00 -3.10 1,568.00 1,372.00
C-65 18.35 0.00 2923 -3.22 1,568.00 1,372.00
c-70 2083 0.00 3150 -3.35 1,568.00 1,372.00

116




Concrete grade Losses of Pre-stress (%0) Transfer Length (mm) Bond Length (mm) Development Length (mm)
Rail seat Center Rail seat Center Rail seat Center Fail seat Center

C-40 19.03 213 318.78 J18.78 326.67 35789 104545 1.076.67

C45 18.52 2142 35428 33428 52133 550.75 105583 1.083.03

C-30 18.06 2083 34854 34854 316.91 34473 106543 100327

C-35 17.68 2032 361.77 361.77 31312 339.67 107489 110144

C-60 17.34 1281 37412 37412 300.63 33454 1.083.73 1.108.66

C-63 17.01 1246 383.73 38573 306.37 53095 1,092.10 1.116.68

c-70 16.73 19.12 396.68 396.68 303.69 52753 1.100.37 112421

F.5 6.5mm diameter (3-wire strand)
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Rail Seat
Pre-Stressing Wires
Concrete Type Nominal Diameter (mm) Eccentricity (mm)
Grade Quantity Area (mm2) Eail seat Center
C40 to C-T0 J-wire strand 6.30 10.00 331.83 300 -128
Pre-Stressing forces
Concrete Grade | 1304ine Force Initial Pre-Stress (MPa) Final Pre-Stress (MPa) Pre-Stress force after loss (kN)
(kN) Fail seat Center Fail seat Center Fail seat Center
40 462.90 133223 132246 1,101.82 1,077.54 363.62 33756
C45 462.90 1.335.02 132523 111044 1.087.52 368.49 560.87
C-30 462.90 1.330.20 1.330.83 1.117.61 1.093.60 570.36 363.33
C-35 46290 1.341.99 133223 1,123.87 1,103.10 37294 366.01
[ 1] 46290 1,343.39 1.335.02 1,129 46 110931 34Te 368.10
C-63 46290 1.346.18 1.337.81 113426 11485 37638 36994
c-70 46290 1.346.87 133920 113871 111993 37786 37163
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Applied Stresses in Concrete (Mpa)
At transfer At service
Fail seat Center Fail seat Center
Concrete Grade Top Bottom Top Bottom Top Bottom Top Bottom
C-40 9.36 10.48 13.06 10.08 741 -3.87 -8.03 23.92
CA45 238 10.51 13.08 10.11 747 -3.8 -1.95 26.01
c-50 041 10.51 13.13 10.13 751 374 -7.38 26.07
C-55 043 10.56 13.15 10.16 7.36 -3.69 -7.81 26.13
C-60 944 10.57 13.17 10.12 759 364 173 26.18
C-65 9.43 10.60 1320 1021 7.63 36 17 2623
c-70 246 10.60 1321 1022 7.66 -3.57 -1.65 2627
Moment Capacity of the section (kN.m)
Allowable Ultimate
Rail seat Center Rail seat Center
Concrete Grade | Positive Negative Positive Negative Positive Megzative Positive Negative
c40 13.37 13.63 1226 1526 37.99 30.53 25.04 27.86
45 13.28 1370 2.35 1536 39.46 3179 2943 28.59
C-50 1323 1377 243 1546 40.86 2.98 3016 2087
C35 13.17 13.82 1249 15.53 42.18 3412 31014 30.80
C-60 13.13 1387 1256 15.61 4344 3520 2.08 3169
[ 13.08 1392 1262 15.68 44.66 36.24 3298 3255
C-70 13.05 13292 1266 1572 4583 3724 3285 3237
Allowable Stresses (MPa)
Conerete Pre-stressing tendon
At transfer At Service At transfer At service
Concrete Grade Compression Tension Compression Tension Tension Tension
C-40 1190 0.00 18.00 -2.53 1.487.00 1.302.00
c-45 1339 0.00 2025 -2.68 1.488.00 1.302.00
c-50 1488 0.00 2250 -2.832 1.488.00 1.302.00
C-55 16.37 0.00 2475 297 1.488.00 1,302.00
c-60 17.86 0.00 27.00 -310 1.488.00 1.302.00
C-65 1935 0.00 2025 222 1,489.00 1,302.00
C-70 2083 0.00 3500 335 1,490.00 1,302.00
Conerete grade Losses of Pre-stress (%0)
Fail seat Center
C-40 2102 2276
CA45 2040 2204
C-50 19.88 2146
C-55 1944 2093
C-50 19.03 2048
C-63 18.69 2008
-7 18.37 19.72
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Transfer Length {mm) Eond Length {mm) Development Length (mm)
Eail seat Center Fail seat Center Fail seat Center
51878 51878 64344 66021 116722 1,187.98
53428 33428 641.03 660.67 1,175.33 1,194 .95
34834 34834 63404 653.76 1,175.33 1,202.30
361.77 361.77 62938 64743 1,191.35 1.200.19
374.12 37412 624.30 64204 1,198.92 1.216.16
383.73 383.73 620.70 637.30 1.206.43 1.223.02
396.68 306.63 616.30 632.96 1.213.57 1,229.64
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Rail Seat
Pre-Stressing Wires
Concrete Type Nominal Diameter {mm)| Eccentricity (mm)
Grade Quantity Area (mm2) Fail seat Center
C40ta C-70 J-wire strand 6.50 10.00 331.83 1223 =377
Pre-Stressing forces
Initial Pre-Stress (MPa)
Concrete Grade Tacking Force Final Pre-Stress (MPa) Pre-Stress force after loss (kIN)
(EIN) Rail seat Center Rail seat Center Rail seat Center
C40 462.90 1.336.41 1.518.28 111116 1.066.38 368.72 35386
C45 462.90 1.339.20 1.322.46 1.118.84 1,076.80 37126 357.32
C-30 46290 1.341.99 1,326.78 112573 1.086.38 373.36 36049
C-35 46290 1.344.78 132874 113209 1,093.01 375.66 362.69
C-60 462.90 1.346.18 1,33223 1.136.64 1,100.47 377.17 365.17
C-63 46290 1.348.97 1.333.02 1.142.14 1,106.79 2T0.00 26727
C-70 46290 1.349.66 1,336.41 114533 1.111.42 350.06 2658.80
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Applied Stresses in Concrete (Mpa]
At transfer At service (M+) At service (M-)
Rail seat Center Rail seat Center Rail seat Center
Concrete Grade Top Bottom Top Bottom Top Bottom Top Bottom Top Bottom Top Bottom
C-40 5.01 11.69 14.70 5.92 17.02 -0.3% 19.86 0.80 -2.97 16.33 -3.33 21.83
45 6.02 171 14.75 9.95 17.06 -0.52 1997 0.85 ETH 16.62 EED 2191
C-30 603 1174 1479 9.99 17.09 -0.46 20.07 0.95 281 16.68 EXE 21.99
355 6.04 1176 14.81 10.00 1711 -0.40 2014 101 288 16.74 -3.05 22.04
C-60 6.05 1178 14.85 10.03 1713 -0.36 2022 107 287 16.78 297 22.10
C-63 6.06 11.80 14.88 10.05 i7.16 -0.31 2029 42 284 16.83 -150 2215
c-70 6.06 1181 14.89 10.07 1717 -0.29 2034 116 283 16.85 -283 22.19
Moment Capacity of the section (KN.m)
Allowable Ultimate
Rail seat Center Rail seat Center
Concrete Grade | Positive Negative Posifive Negative Positive Negative Positive Negative
c40 20.70 1212 12.26 15.26 4505 3281 2671 2677
C43 2063 1217 235 1536 49.54 3435 2773 2772
C-30 20.60 i222 1243 1548 3153 3580 2875 2847
C-35 2056 i226 1249 1533 3314 3718 2969 2947
C-60 2033 i2.29 12.56 15.61 3468 3850 2059 3029
C-63 2049 1233 12.62 1568 jeis 3876 3143 3107
C-70 2047 1235 2.66 1572 3757 40.958 2.2 3182
Allowable Stresses (MPa)
Concrete Pre-stressing tendon

At transfer At Service At transfer At service

Concrete Grade Compression Tension Compression Tension Tension Tension
C-40 11.90 0.00 18.00 -2.33 1,488.00 1.302.00
C-43 1338 0.00 20.23 -2.68 1488.00| 130200
c-50 14.558 0.00 22.50 -2.83 1,488.00 1,302.00
C-33 16.37 0.00 24.73 -2.97 1,488.00 1,302.00
C-60 17.86 0.00 27.00 210 1,488.00 1,302.00
C-63 1935 0.00 2923 -3.22 1488.00| 130200
c-70 20582 0.00 2150 -3.35 1.483.00 1.302.00

Concrete grade Losses of Pre-stress (%) Transfer Length (mm) Bond Length (mm) Development Length (mm)

Rail seat Center Rail seat Center Rail seat Center Rail seat Center
C40 2035 2356 518.78 518.78 640.46 678.76 115924 1.197.54
C45 19.80 281 33428 33428 633.89 66984 1.168.17 1.204.12
C-50 19.30 212 34854 34854 62797 661.63 1.176.51 1.210.19
C-33 1883 21635 361.77 361.77 622.56 633.98 1,184.33 1.217.73
C-60 1852 2111 571412 57412 613.66 649.60 119278 122372
C-63 18.13 20.66 38373 38573 613.96 64419 119969 122092
Cc-10 1780 2033 396.68 396.68 61121 64023 120789 1.23691
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F.6 4mm diameter (wire)

200mm
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Rail Seat Center |
Pre-Stressing Wires
Concrete Type Nominal Diameter {mm}) Eccentricity {mm)
Grade Quantity Area (mm2) Rail seat Center
C-40 to C-T0 single wire 400 2400 301.59 473 01
Pre-Stressing forces
Concrete Grade | 1aclins Force Initial Pre-Stress (MPa) Final Pre-Stress (MPa) Pre-Stress force after loss (kN)
(KN} Rail seat Center Rail seat Center Rail seat Center
C-40 420.72 1.337.81 1.320.44 1.114.86 1.093.37 336.23 329.75
43 420.72 1.340.60 133223 112278 1.102.50 338.62 332.50
C-30 420.72 1.34339 133571 1.129.47 1.110.08 34064 33409
C-35 420.72 1.345.48 1.338.50 1.135.27 1.168.68 34239 336.78
60 420.72 1.347.57 1.340.60 1,140.33 112250 34391 338.54
63 420.72 1.349.66 134269 114478 1,127.62 34326 34008
c-T0 420.72 1.351.76 134478 1.148.74 1.132.18 34643 34146
Applied Stresses in Concrete (Mpa)
At transfer At service
Fail seat Center Rail seat Center
Concrete Grade Top Bottom Top Bottom Top Bottom Top Bottom
c-40 8.04 10.00 1133 9.77 636 420 036 25.73
C43 3.06 10.02 1137 9.79 6.41 (4.14) 929 2382
c-30 807 10.04 1140 281 6.45 (4.09)] 023 2588
C-35 8.09 10.06 1142 o84 648 (4.039), 917 2503
C-60 8.10 10.07 1143 985 6.51 (4.01) 913 2508
C-65 811 10.09 1145 987 6.54 (3.97) 0.00 26.02
c-70 8.12 1011 1147 939 6.56 (3.54) -8.03 26.05
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Moment Capacity of the section (kN.m)
Allowable Ultimate
Fail seat Center Fail seat Center
Conerete Grade | Positive Negative Positive Negative Positive Negative Pasitive Negzative
c40 17.86 1232 211 1384 37.88 29.42 28.18 26.77
C45 17.93 1338 12.19 1392 39.36 30.68 2927 27.81
c.50 18.03 13.43 2.2 1399 40.75 3187 30.30 2879
€55 18.11 13.48 12.33 14.06 42.07 33.00 31.29 2972
60 18.16 13.51 12.37 1441 43.34 34.09 32.22 30.61
C-63 1821 1354 12.43 1417 4455 3513 3372 3146
c-70 1825 1357 2.46 1420 4572 36.13 2399 2.28
Allowable Stresses (MPa)
Concrete Pre-stressing tendon
At transfer At Service At transfer At service
Concrete Grade Compression Tension Compression Tension Tension Tension
C-40 11.90 0.00 18.00 -2.33 1.488.00 1.302.00
C-45 1339 0.00 2025) -268 1,488.00 1.302.00
C-50 14.88 0.00 22.50 -2.83 1.488.00 1.302.00
C-35 16.37 0.00 2475 297 1.488.00 1.502.00
C-60 17.86 0.00 2ro0|  -310 1,488.00 1.302.00
C-65 1935 0.00 2025 -3.22 1.488.00 1.302.00
C-70 2083 0.00 230 -3.35 1.488.00 1,302.00
Conecrete grade Losses of Pre-stress (%0)
Rail seat Center
C40 20.08 21.62
C43 1951 2097
C-30 19.03 2042
C-35 18.62 19.95
C-60 1326 19.33
C-83 1754 19.17
C-70 17.63 18.84
Transfer Length (mm) Bond Length (mm) Development Length (mm)
Fail seat Center Fail seat Center Fail seat Center
518.78 518.78 30218 40349 010093 02227
53428 53428 388.01 398.70 92229 23293
548.54 548.54 38448 %469 933.03 24323
561.77 361.77 38144 o122 943 20 05200
574.12 37412 378.78 388.16 95290 96228
383.73 58373 37643 38546 962.16 97119
596.68 396.68 37435 383.06 97103 e79.74
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280mm 235mm
Rail Seat Center
Pre-Stressing Wires
Concrete Type Nominal Diameter {mm) Eccentricity (mm)
Grade Quantity Area (mm2) Rail seat Center
C40to C-70 Single wire 400 24.00 301.39 1598 -202
Pre-Stressing forces
Initial Pre-Stress (MPa)
Concrete Grade . Final Pre-Stress (MPa Pre-Stress force after loss (kN
Jacking Force (MP3) (N)
(KIN) Rail seat Center Rail seat Center Rail seat Center
C-40 420.72 1.340.60 1.325.23 112222 1,083.7 33845 326.84
C43 420.72 1,343.39 1,328.74 1,129.52 1,092.93 340.65 29.62
C-30 420.72 1.346.18 1,332.23 1.136.11 1,.101.26 34264 33213
C-33 420.72 1.348.97 133371 1,142.17 1,108.90 34447 334.43
C-60 420.72 1.330.08 1.337.81 1,146.21 1,114.69 34569 336.18
C-63 420.72 1.351.76 1.340.60 1.150.44 112069 346,97 33799
-0 420.72 1.333.13 1.341.2% 1,154.12 1,124.38 34508 339,10
Applied Stresses in Concrete (Mpa)
At transfer At service (M+) At service (M-)
Rail seat Center Rail seat Center Rail seat Center
Concrete Grade Top Bottom Top Bottom Top Bottom Top Bottom Top Bottom Top Bottom
C-40 3.06 11.01 12.80 9.64 1627 -1.09 18.43 0.66 -3.73 16.03 -4.76 21.6%
45 507 11.04 12.83 2.66 1629 103 1851 073 371 16.11 468 2176
.30 5.08 11.06 12.86 9.69 16.22 -0.97 18.59 0.80 368 1617 460 2183
C-33 5.09 11.08 12.39 972 16.34 -0.82 18.66 0.86 366 1622 4.33 21.89
60 510 1.0 1201 974 16.35 0.89 1871 0.90 365 1623 448 2193
C-63 5.10 111 12.04 9.76 16.37 -0.85 18.76 0.95 363 1629 443 2198
C-70 511 11.12 1294 9.76 1638 -0.82 1380 085 38 1632 439 2201
Moment Capacity of the section (kN.m)
Allowable Ultimate
Rail seat Center Rail seat Center
Concrete Grade | Positive Negative Posifive Negative Positive Negative Posifive Negative
c-40 2333 1221 1211 13.84 47.63 2681 257
C45 2346 1225 121 1382 40,42 27.86 26.66
c-50 2357 9 2.2 1309 5111 2895 27.56
C-55 23.66 1232 1233 14.06 52.72 29.89 2842
C-60 2372 1235 1237 1411 5426 3079 2923
C-65 2379 1237 1243 1417 55.73 31465 3002
c-70 2383 1239 12.46 1420 5715 3249 w77
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Allowable Stresses (MPa)
Concrete Pre-stressing tendon
At transfer At Service At transfer At service
Conerete Grade Compression Tension Compression Tension Tension Tension
40 11.90 0.00 13.00 253 1.488.00 1.302.00
C45 1339 0.00 2025 -2.68 1.488.00 1,302.00
C.50 1488 0.00 2250 2383 1.488.00 1.302.00
c-33 1637 0.00 2475 -2.97 1488.00]  1302.00
c-60 1786 0.00 27.00 -3.10 148800  1302.00
C-63 18.35 0.00 2925 -3.22 148800  1302.00
C-70 2052 0.00 34.50 -3.35 148800  1302.00
Concrete grade Losses of Pre-stress (%) Transfer Length (mm) Bond Length {mm) Development Length (mm)
Rail seat Center Rail seat Center Rail seat Center Rail seat Center
C40 19.55 2231 318.78 318.78 38831 408.57 907.09 927.33
C45 19.03 21.65 53428 53428 384 47 403.72 918.75 938.00
C-50 18.56 21.06 54854 54854 380.99 39034 92053 94788
C-55 18.12 20.51 561.77 561.77 377.80 39532 93057 957.09
60 17.83 20.09 574.12 574.12 375.68 30227 04080 956.39
C65 17.53 19.66 583.73 58373 37345 38011 95018 97484
7o 17.27 19.40 596.68 596.68 37151 38717 968.19 083.85
F.7 5mm diameter (wire)
\ |
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Rail Seat Center
Pre-Stressing Wires
Concrete Type Nominal Diameter (mm) Eccentricity (mm)
Grade Quantity Area (mm2) Fail seat Center
C40 to C-70 Single wire 3.00 16.00 314.14 1.38 -347
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Pre-Stressing forces

Conerete Grade | Jacking Force Initial Pre-Stress (MPa) Final Pre-Stress (MPa) Pre-Stress force after loss (k)
(kN) Fail seat Center Fail seat Center Fail seat Center
C-40 43825 1.336.41 1,326.65 1,110.03 1,086.05 34873 341.19
43 43833 133920 1.330.13 111821 109547 351.30 34415
C-30 43833 134129 133432 1,125.19 110534 33349 346.62
C-33 438323 13433 33641 1.131.19 111032 35537 34882
60 43833 1.346.18 1.33920 1.136.33 111632 356.00 330.70
63 43835 134897 1.340.73 1,140 89 1,121.73 35842 33240
c-T0 43833 1.351.06 1.342.69 1,144.98 1.126.51 35071 33390
Applied Stresses in Concrete (Mpa)
At transfer At service
Rail seat Center Rail seat Center
Concrete Grade Top Bottom Top Bottom Top Bottom Top Bottom
C-40 8.43 9.49 13.07 8.94 750 4.63 -1.99 23.03
C43 045 231 13.10 897 735 430 (7.90) 25.10
c-50 946 933 15314 9.00 7.60 4354 (7.83) 25.16
C-55 048 955 13.16 202 764 449 (17T 2321
C-60 049 937 13.18 .04 167 446 (7.11) 2525
c-65 9.51 959 1320 905 7.0 442 (7.66) 2520
C-70 953 960 1321 906 173 -439 (1.62) 2535
Moment Capacity of the section (kN.m)
Allowable Ultimate
Rail seat Center Rail seat Center
Concrete Grade | Positive Negative Positive Negative Positive Negative Positive Negative
c40 1718 1482 1128 13.30 37.19 30.96 27.36 2832
45 1727 14.89 1135 15.40 38.66 222 2845 2936
C-50 1735 14.95 1143 15.49 40.05 3341 29.48 3033
C-55 1739 14.98 1148 15.57 4138 34,55 30.46 2126
C-60 17.48 15.05 1154 15.64 2.64 35.63 31.40 2,15
C-65 1752 15.08 1157 15.69 43.86 36.67 32.30 33.01
C-70 1758 15.13 1162 13.75 43.02 37.67 3307 33.83
Allowable Stresses (MPa)
Concrete Pre-stressing tendon
At transfer At Service At transfer At service
Concrete Grade Compression Tension Compression Tension Tension Tension
C-40 11.90 0.00 18.00 -2.33 1.4838.00 1.302.00
C45 i3.39 0.00 2025 -2.68 1,488.00 1.302.00
C-30 14.88 0.00 22.50 -2.83 1.488.00 1.302.00
C-35 16.37 0.00 2475 297 1.488.00 1,302.00
C-60 17.56 0.00 2700| -310 1.488.00 1,302.00
C-63 AN 0.00 2925 -3.22 1.488.00 1,302.00
C-70 2083 0.00 2130 -3.35 1.488.00 1,302.00
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Concrete grade Losses of Pre-stress (%0) Transfer Length (mm) Bond Length (mm) Development Length (mm)
Rail seat Centar Bail seat Center Rail seat Center Rail seat Center
C40 2043 2215 518.78 31878 40340 50018 101218 1,027.96
C45 12.34 2147 53428 53428 488.02 50298 102230 103726
C-30 1234 2001 34834 34834 48342 49780 1,031.97 1,046.34
C-35 1391 2041 561.77 561.77 479.48 43321 1.04125 1.054.98
C-60 1854 1998 37412 31412 476.00 48026 103021 1,063.38
C-63 1822 19.59 58373 58573 473.10 483.70 1.058.83 1.071.43
Cc-To 17.92 1923 306.68 396.68 47041 482.56 1,067.08 107924
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Rail Seat Center
Pre-Stressing Wires
Concrete Type Nominal Diameter {mm) Eccentricity (mm)
Grade Quantity Area (mm2) Fail zeat Center
40 to C-70 Single wire .00 16.00 314.16 10.61 -3.3%
Pre-Stressing forces
Initial Pre-Stress (MPa)
Concrete Grade Jacking Force Final Pre-Stress (MPa) Pre-Stress force after loss (KIV)
(KIN) Rail seat Center Rail seat Center Fail seat Center
C-40 43825 1.339.20 1.321.76 1,11928 L075.07 351.63 3377
C43 43825 1.342.69 132323 1,12732 1,084.57 354 16 340.73
C-50 43825 1.344.78 1,329.44 1.133.33 109378 356.05 343.62
53 43825 1.344.78 133223 113681 110098 35714 34588
C-60 43825 1.349.66 1.335.02 1,144 48 1107.60 35955 34796
63 43825 1.351.06 133641 1,148 49 {11246 360581 340 49
C-70 43825 1.353.15 133920 1,152.88 {11825 36219 33031
Applied Stresses in Concrete (Mpa)
At transfer At service (M+) At service (ML)
Rail seat Center Rail seat Center Rail seat Center
Concrete Grade Top Bottom Top Bottom Top Bottom Top Bottom Top Bottom Top Bottom
c40 6.14 1071 1468 876 1716 -136 1901 010 a8 15.78 328 2093
43 6.16 1074 1472 878 17.20 129 2001 0.03 1585 318 21.00
C30 6.17 1075 1476 881 17.22 124 2010 0.03 1590 309 21.06
C-33 6.17 1075 1479 883 17.24 -1.37 2018 0.08 1592 301 2112
C-60 6.19 10.80 14.82 885 1727 -1i5 2023 013 15.00 -2.94 2116
C-65 6.19 10.81 1483 886 1729 -1z 2030 017 16.02 -280 2120
C-T0 620 1082 1486 888 1731 -1.08 2036 0.21 16.06 -2.83 2124
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Moment Capacity of the section (kN.m)
Allowable Ultimate
Rail seat Center Rail seat Center
Concrete Grade | Positive Negative Positive Negative Positive Negative Positive Negative
c40 28 13.64 1128 1330 4713 2327 26.07 2725
45 n97 1370 1135 13540 4592 24.80 2711 2820
c.30 23.06 1374 1143 1549 30.61 36.25 2810 2910
C.35 1312 1377 1148 1557 3222 37.63 29.05 29.96
C-60 2323 1382 1154 15.64 3376 3595 2995 3077
c-63 2320 1385 1157 15.69 3324 40.21 30.81 3156
c-70 23.36 13.88 11.62 1375 J6.65 4143 3164 3231
Allowable Stresses (MPa)
Concrete Pre-stressing tendon
At transfer At Service At transfer At service
Concrete Grade Compression Tension Compression Tension Tension Tension
C-40 11.90 0.00 15.00 -1.33 1.485.00 1.302.00
C-45 1339 0.00 2025 -2.68 148800 1.302.00
C-30 1458 0.00 2230 -2.83 1488.00 1,302.00
c-33 16.37 0.00 2475 -2.97 1488.00 1302.00
C-60 1786 0.00 27.00 -3.10 1,438.00 1,302.00
C-63 19.25 0.00 29.25 -322 1,488.00 130200
C-70 2082 0.00 3150 335 1488.00 1,302.00
Concrete grade Losses of Pre-stress (24) Transfer Length (mm) Bond Length (mm) Development Length (mm)
Rail seat Center Rail seat Center Rail seat Center Rail seat Center
C40 12.76 2203 518.78 518.78 48732 316.40 1.006.10 1.035.18
€43 10.19 2235 53428 33428 482.03 51015 101631 104443
Cc-30 13.76 2159 34854 34834 478.07 304.09 1,026.61 1.052.63
C-33 18351 21.08 361.77 36177 473.78 400.36 1,037.35 1.061.13
Cc-60 17.96 20.60 37412 37412 470,74 40300 1,044 86 1.069.12
C-63 1767 2025 38373 38573 468.10 401.80 1,053.83 1.077.53
c-T0 17.36 19,84 396.68 396.68 46321 43799 1.061.89 1.084.67
F.8 6mm diameter (wire)
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Rail Seat Center
Pre-Stressing Wires
Concrete Type Nominal Diameter {mm) Eccentricity {mm)
Grade Quantity Area (mm2) Bail seat Center
C-40to C-T0 Smgle wire 6.00 12.00 33929 8.67 3.82
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Pre-Stressing forces
Concrete Grade Jacking Force Initial Pre-Stress (MPa) Final Pre-Stress (MPa) Pre-Stress force after loss (KN)
(EN) Fail seat Center Bail seat Center Bail seat Center
c40 45041 1,2635.11 125714 103936 1,018.05 33263 34542
C43 43041 1.267.76 1.259.80 1.047.92 1.027.79 33355 348.72
C-30 45041 127175 1.262.45 1,055.01 1.036.01 35796 351.51
C-33 45041 1.273.00 1.265.11 1.061.36 1.043.07 360.11 353390
C-60 45041 1274 40 1.267.76 1.,066.90 104221 361.99 35390
C-63 45041 127573 127175 107177 1,034 47 36364 35777
C-70 45041 1.278.38 1.274.40 1.075.99 1,059.28 363.08 35941
Applied Stresses in Concrete (Mpa)
At transfer At service
Bail seat Center Rail seat Center

Concrete Grade Top Eottom Top Eottom Top Eottom Top Eottom
c-40 725 11.73 1047 11.90 3.63 -2.88 -10.20 2734
C-43 727 11.78 1049 11.93 367 -2.80 -10.13 2744
C-30 792 1182 10.51 11.96 in -2.73 -10.06 2732
C-35 729 11.83 10.33 11.98 34 -2.67 -10.01 27.60
C-60 730 11.84 10.55 1201 577 262 996 27.66
C-65 731 11.86 10.38 12.03 3.80 -2.37 -9.82 2701
C-70 732 11.88 10.60 12.08 582 -2.33 -9.88 27.76

Moment Capacity of the section (kN.m)
Aftowable Ultimate
Rail seat Center Rail seat Center

Concrete Grade | Positive Negative Positive Negative Positive Negative Positive Negative
40 19.89 12.34 13.89 1295 40.04 28.45 3002 25.88
c43 2001 12.40 14.00 13.04 41.51 28.71 3122 26.91
€50 20.11 1245 14.09 1341 4291 30.90 3225 27.88
€55 2021 1250 1417 1317 4423 3204 3323 28.82
c-60 2028 12.54 14.24 1323 45.49 EENZ] 3417 29.71
C-63 2036 1257 1431 1328 46.71 3416 3507 30.56
c-70 20.41 2.60 14.36 1333 47.88 3516 35.94 2133

Allowable Stresses (MPa)
Concrete Pre-stressing tendon

At transfer At Service At transfer At service

Concrete Grade Compression Tension Compression Tension Tension Tension
C-40 11.90 0.00 18.00 -2.53 1.488.00 1,302.00
C45 1239 0.00 2025 -2af 1.488.00 1,302.00
C-30 14 58 0.00 2250 -283 1.488.00 1,302.00
C.55 16.37 0.00 2475 -287 1.438.00 1.302.00
C-60 17.86 0.00 27.00( -310 1,488.00 1.302.00
C-65 1935 0.00 2925 -312 1,488.00 1.302.00
C-70 20.83 0.00 50| -335 1,488.00 1,302.00
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Concrete grade Losses of Pre-stress (%0) Transfer Length (mm) Bond Length (mm) Development Length (mm)
Rail seat Center Rail seat Center Rail seat Center Rail seat Center
C-40 21m 2331 518.78 518.78 376.82 393.64 1.085.60 1,112.42
C43 21.06 2258 33428 53428 370.06 383.96 1,104 34 1,12024
C-30 2033 2196 348.54 34854 364.47 379.47 1.113.01 1.128.01
C-33 20.03 2143 361.77 361.77 33945 373.89 1.121.22 1,135.66
C-60 19.63 2096 37412 37412 335.08 369.04 1.129.20 1.143.16
C-63 1926 2057 383.73 383.73 35123 364.89 1.136.96 1.150.62
Cc-T0 18.93 2020 306.68 596.68 34790 361.09 1,144.58 1.157.77
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Rail Seat Center
Pre-Stressing Wires
Concrate Type Nominal Diameter {mm}) Eccentricity (mim)
Grade Quantity Area (mm2) Fail seat Center
C-40 to C-70 Single wire 6.00 12.00 33029 17.90 19
Pre-Stressing forces
Initial Pre-Stress (MPa)
Concrete Grade Jacking Force Final Pre-Stress (MPa) Pre-Stress force after loss (kIN)
(kIN) Rail seat Center Rail seat Center Rail seat Center
C-40 43041 1.267.76 1.253.16 1.045.13 1.008.67 334.61 34223
C-43 43041 1.271.08 1.257.14 103338 101569 23740 345.63
C-30 43041 127374 1.260.46 106021 102716 33072 348351
C-33 43041 1.276.3% 1.263.12 1.066.43 1.034.28 Fai84 35092
C-60 43041 1.278.38 1.263.77 L071.60 1.040.82 F63.59 35314
C-63 45041 1.280.37 1,268.43 1.076.38 1.046.89 F63.21 355.20
C-T0 43041 1.281.70 127042 108022 105197 F66.51 356.93
Applied Stresses in Concrete (Mpa)
At transfer At service (M+) At serviee (M-)
Rail seat Center Rail seat Center Rail seat Center
Concrete Grade Top Bottom Top Bottom Top Bottom Top Bottom Top Bottom Top Bottom
c-a0 431 12.64 1188 1183 15.59 0.10 1754 2298 441 1724 -3.63 2332
45 432 1267 1192 1187 15.61 0.19 17.62 2.39 138 1733 556 2342
c-50 433 12.70 1193 11.90 1563 0.26 17.70 247 136 1740 549 2350
(5] 434 n7n 1197 1193 15.65 0.32 17.76 254 434 1746 543 2357
c-60 434 12.75 1198 1183 1567 0.37 17.82 261 433 1751 -3.37 2364
ca3 435 1277 1202 1198 1568 042 17.87 267 e 1756 531 2370
Cc-70 435 12.78 12.03 12.00 15.70 0.46 1792 272 430 17.60 -527 2375

129




Moment Capacity of the section (kN.m)

Allowable Ultimate
Rail seat Center Rail seat Center
Concrete Grade | Posifive Negative Positive Negative Positive Negative Positive Negative
c40 23358 1112 1359 2.95 30.03 3070 2881 2454
C43 2373 1117 14.00 13.04 5182 3223 29.86 257
C-50 2586 11.20 14.09 1311 3351 3368 2085 26.69
€55 2598 11.23 1417 13.17 5512 35.06 31789 27.54
c-60 26.08 11.26 1424 13.23 56.65 36.38 3269 28.36
C-83 2617 1128 i437 1328 383 3764 3356 2914
C-70 2623 1130 1436 1333 38355 38.86 3439 2590
Allowable Stresses (MPa)
Concrete Pre-stressing tendon
At transfer At Service At transfer At service
Conerete Grade Compression Tension Compression Tension Tension Tension
C-40 11.90 0.00 18.00 -2.53 1.416.00 1239.00
C-45 13.39 0.00 2025 -2.68 1.416.00 1,239.00
c-30 14.88 0.00 2230 -2.83 1.416.00 1,239.00
C-35 1637 0.00 2475 -2.97 1416.00 1,239.00
C-60 17.86 0.00 27.00 210 1416.00 1239.00
C-65 19.35 0.00 29.25 -222 1416.00 1.232.00
C-70 20.83 0.00 2150 -3.35 1,416.00 1,239.00
Concrete grade Losses of Pre-stress (%0) Transfer Length (mm) Bond Length (mm) Development Length (mm)
Rail seat Center Rail seat Center Rail seat Center Rail seat Center
C40 2127 24.02 518.78 518.78 37223 601.03 1.091.03 1.119.83
C-43 20.63 23.26 33428 33428 363.76 393.14 1.100.04 112742
C-50 20.13 2262 34854 34854 360.36 386.46 1,108.90 1,133.00
C-33 19.66 22.09 361.77 361.77 33543 380.83 111720 1.142.60
C-60 19.28 21.60 37412 37412 35137 37367 112549 114979
C-63 18.92 21.14 38373 38373 347.60 370.87 113333 1.156.60
c-70 18.63 20.76 396.68 396.68 34457 366.86 114125 1.163.54
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Rail Seat Center
Pre-Stressing Wires
Concrete Type Nominal Diameter (mm) Eccentricity (mm)
Grade Quantity Area (mm2) Fail seat Center
C-40to C-70 Single wire 6.00 12.00 33029 540 -10.60
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Pre-Stressing forces

Initial Pre-Stress (MPa)
C te Grad . i . oy . ]
oncrete Grade Jacking Force Final Pre-Stress (MPa) Pre-Stress force after loss (KN}
(kIN) Rail seat Center Rail seat Center Rail seat Center
40 43041 127175 125051 1,055.23 1,001.48 358.03 330.79
C-43 43041 127440 125316 1.062.50 1.010.53 360.50 34287
(1] 45041 127573 125714 1.067.80 1,.019.81 26229 24501
C-33 45041 127838 1,261.13 1.073.79 102533 ELEEE) 24597
C-60 435041 128104 1,263.12 107935 1,024 42 26621 335097
C-63 45041 1.283.69 126377 1.084.56 1,040.64 36798 353.08
c-70 45041 1,285.68 126843 1.088.86 1,046.46 260.44 355.05
Applied Stresses in Concrete (Mpa)
At transfer At service (MH) At service (M)
Rail seat Center Rail seat Center Rail seat Center
Concrete Grade Top Bottom Top Bottom Top Bottom Top Bottom Top Bottom Top Bottom
c-40 770 979 1721 594 18.42 219 2176 -167 -1.58 14.95 -143 1936
45 771 981 1725 696 1846 -2.04 21.88 -1.62 EEn 15.01 -131 19.41
C-50 772 9.2 1730 698 1849 -2.09 2200 -1.56 151 15.05 -119 19.47
C-55 084 1733 701 1853 205 211 -151 147 15.00 -1.08 19.52
C-60 086 17.38 702 1856 -2.00 719 147 144 15.14 -1.00 19.56
C-63 088 17.41 7.04 18.59 -1.96 227 143 141 15.18 091 19.60
c-70 990 17.45 703 1861 -193 2235 -1.40 138 1521 -0.84 19.63
Moment Capacity of the section (kN.m)
Allowable Ultimate
Rail seat Center Rail seat Center
Concrete Grade | Positive Negative Positive Negative Positive Negative Positive Negative
c40 2129 1565 956 17.14 43.56 3535 2431 2823
C43 2140 1372 262 17.25 47.35 36.88 2536 2018
c-30 2148 13.77 2.68 17.37 48.04 3833 26.35 21.08
55 2157 15.82 974 17.48 3065 3971 27.29 3193
C-60 2163 15.87 978 17.56 32.19 41.03 2819 3275
(o8 5] 2173 1582 282 17.64 33.66 2.29 2006 2353
C-70 2179 1596 286 17.72 33.08 4351 2989 2428
Allowable Stresses (MPa)
Concrete Pre-stressing tendon
At transfer At Service At transfer At service
Concrete Grade Compression Tension Compression Tension Tension Tension
C-40 11.90 0.00 18.00 -2.53 1.416.00 1239.00
C45 1339 0.00 2025 -2.68 1.416.00 1239.00
C-30 1458 0.00 22.50 -2.83 1,416.00 1,239.00
C-33 16.37 0.00 24.73 287 1.416.00 1,239.00
c-50 17.56 0.00 27.00 -3.10 1.416.00 1,239.00
C-63 18.35 0.00 29.25 -3.22 1.416.00 1,239.00
c-70 20.83 0.00 3150 -3.33 1.416.00 1,239.00
Concrete grade Losses of Pre-stress (%) Transfer Length (mm) Bond Length (mm) Development Length (mm)
Rail seat Center Rail seat Center Rail seat Center Rail seat Center
C40 2051 24 56 518.78 518.78 56429 606.73 1,083.07 112551
C43 1995 2388 33428 33428 33855 399.58 1.092.83 1.133.86
Cc-50 1936 2318 34854 548.54 53437 59225 1.102.91 1.140.79
C-33 19.11 2254 361.77 561.77 549.64 58553 L1114 114730
C-60 18.69 2208 37412 57412 54525 580.72 1.119.37 115484
C-63 1830 21.61 383.73 58573 54114 57581 1,126 87 116154
c-T0 1798 2117 396.68 596.68 337.74 3122 1.134.42 1.167.90
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Rail Seat Center
Pre-Stressing Wires
Concrete Type Nominal Diameter (mm) Eccentricity {mm)
Grade Quantity Area (mm2) Rail seat Center
C40to C-70 Single-wire 7.00 8.00 307.88 1123 77
Pre-Stressing forces
Initial Pre-Stress (WPa)
Conerete Grade Tacking Force Final Pre-Stress (MPa) Pre-Stress force after loss (kIN)
(EIN) Rail seat Center Rail seat Center Fail seat Center
C-40 408.71 1,259.13 1,064.78 1,023.71 32782 315.18
C-43 408.71 1,263.12 1.071.74 103325 2996 31811
C-30 40871 1.266.44 1,078.02 104129 23190 20.59
53 408.71 1,269.09 1.083.17 104805 23248 2267
C-60 40871 1.285.02 1.271.08 1,087.91 1.053.66 23494 324 .40
C-63 408.71 1,286 35 1.273.07 1.091.69 1053883 236.10 325.99
C-70 40871 1,287.68 1.275.06 1.095.19 I1.063.66 33718 32747
Applied Stresses in Concrete (Mpa)
At transfer At service (M+) At service (M-)
Rail seat Center Rail seat Center Rail seat Center
Concrete Grade Top Bottom Top Bottom Top Bottom Top Bottom Top Bottom Top Bottom
c-40 3.60 10.11 1352 833 1671 -187 18.95 044 329 1527 423 2059
C45 561 10.13 1356 838 16.73 -1.82 19.03 -0.37 326 1532 414 20.66
€30 562 1015 1359 840 1676 -1.76 18.13 -0.21 324 1538 406 20.72
55 363 1017 1362 542 1678 -172 1920 026 EES 1542 300 2077
C-60 564 1019 1364 843 16.80 -1.68 1926 022 3 1546 303 20.81
C-65 565 1020 1366 845 1682 -1.65 1931 -0.18 318 1549 -388 2085
70 565 1021 1368 346 16532 -1.62 1936 -0.15 317 1552 383 2088
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Moment Capacity of the section (kN.m)
Allowable Ultimate
Rail seat Center Rail seat Center
Concrete Grade | Positive Negative Positive Negative Positive Negative Positive Negative
4 2189 1281 1081 1436 46.14 3251 25.68 26.27
45 2200 296 1099 1443 4792 3404 2473 2722
C-30 2209 1300 1105 1433 4952 3549 2772 2812
C-35 217 1304 1110 14.60 5123 36.87 2566 2897
C-60 2224 13.07 1115 14.66 3276 3819 28.56 2979
C-65 2230 13.09 1118 14.71 54.24 3846 3042 3037
C-70 2233 1311 1123 1475 35.66 40.67 3125 2132
Allowable Stresses (MPa)
Concrete Pre-stressing tendon
At transfer At Bervice At transfer At service
Concrete Grade Compression Tension Compression Tension Tension Tension
C-40 11.90 0.00 13.00 -2.53 1.416.00 123900
C-43 13.39 0.00 2025 -2.68 1,416.00 1,239.00
C-30 14.58 0.00 2250 -2.83 1,416.00 1239.00
C-33 1637 0.00 2475 297 141600 1,239.00
c-60 17.86 0.00 27.00 -3.10 1.416.00 1239.00
c-63 1933 0.00 2225 -3.22 1416.00 1,239.00
C-70 20.83 0.00 3150 -3.33 141600 1,230.00
Concrete grade Losses of Pre-stress (%0) Transfer Length (mm) Bond Length (mm) Development Length (mm)
Rail seat Center Rail seat Center Rail seat Center Rail seat Center
C40 19.79 22.88 518.78 518.78 64955 68737 116833 1206.15
[ 5] 1927 217 33428 33428 643.14 67859 1.177.42 121287
Cc-50 18.79 21.56 54854 54854 63733 67118 1,185.89 121972
C-33 1841 21.05 361.77 361.77 632.61 664 95 1.19438 122672
C-60 18.05 20.63 37412 37412 62824 63979 120236 123391
C-63 17.76 2024 38573 38373 624.76 633.02 121049 1240.75
C-10 17.50 19.88 396.68 396.68 62153 63038 121821 124726
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Rail Seat Center
Pre-Stressing Wires
Concrete Type Nominal Dhameter {mm) Eccentricity (mm)
Grade Quantity Area (mm2) Fail zeat Center
C40to C-70 Single-wire 7.00 8.00 307.88 6.23 -9.77
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Pre-Stressing forces
Initial Pre-Stress (MPa)
Concrete Grade Jacking Force Final Pre-Stress (MPa) Pre-Stress force after loss (KIN)
(K} Fail seat Center Rail seat Center Rail seat Center
c-40 408.71 1,275.73 1,259.13 1,066.52 1,020.80 32833 31428
C45 408.711 1.278.38 1,263.12 1.073.38 1.030.49 33047 3726
C-30 408.71 1.281.04 1,266.44 1.079.59 1,038 68 33238 2078
C-35 40871 1.283.03 1,269.09 1.084.66 104555 33394 22190
C-60 40871 1.285.02 1,271.08 1.089.34 103126 33538 23.66
C-65 4087 1.286.35 1,273.07 1.093.06 1.056.53 33633 32528
c-7o 408.711 1.287.68 1.275.04 1.096.52 1,061.43 337.59 326.79
Applied Stresses in Concrete (Mpa)
At transfer At service (M=) At service (M)
Rail seat Center Rail seat Center Rail seat Center
Concrete Grade Tap Bottom Top Bottom Top Bottom Top Bottom Top Bottom Top Bottom
C-40 6.83 9.06 1547 6.57 17.74 =274 2051 -1.90 -226 14 40 -2.68 19.13
c45 6.84 9.08 15.52 6.60 1778 269 2062 184 B 1445 236 1919
C-50 5.86 0.10 13.36 6.62 1781 264 20.72 179 210 1430 247 1924
.55 6.87 o011 1550 6.63 17.82 -2.61 2080 175 216 1433 239 19.28
C-60 5.88 013 1561 6.64 17.86 -2.57 2087 172 B 1457 232 193]
C-65 6.99 014 15.63 665 1788 -234 2093 -169 212 14.60 226 1934
C-70 6.80 914 15.66 6.67 17.89 -2.52 2098 -1.66 210 14.62 -220 19.37
Moment Capacity of the section (kN.m)
Allowable Ultimate
Fail seat Center Rail seat Center
Conerete Grade | Positive Negative Positive Negative Positive Negative Positive Negative
c40 19.57 1396 832 1590 4421 3412 2391 27.67
C43 19.66 i4.01 238 16.01 46.10 35.65 2496 25862
c-50 19.75 1407 843 16,10 47.79 3710 2585 28.52
C-33 19.82 i4.1i .47 1618 49.40 3548 2689 30.38
C-80 1988 i414 857 16235 3094 2930 2779 31i9
C-63 19.93 1418 8354 16.31 3242 41.06 25.66 3193
c-70 19.98 14.20 858 16.37 5384 42.28 28,49 3273
Allowable Stresses (MPa)
Concrete Pre-stressing tendon
At transfer At Bervice At transfer At service
Concrete Grade Compression Tension Compression Tension Tension Tension
C-40 1190 0.00 13.00 -2.353 1.416.00 1.239.00
C-45 13.39 0.00 2025 -2.68 1.416.00 1,239.00
C-30 14.88 0.00 2230 -2.83 1.416.00 1,239.00
C-55 16.37 0.00 24.75 -2.97 1.416.00 1,239.00
C-a0 1786 0.00 27.00 -3.40 1.416.00 1.239.00
C-65 19.25 0.00 2925 -3.22 1.416.00 1,239.00
c-70 2082 0.00 3150 -3.35 1.416.00 1.239.00
Concrete grade Losses of Pre-stress (%) Transfer Length (mm) Bond Length (mm) Development Length (mm)
Rail seat Center Rail seat Center Rail seat Center Rail seat Center
C40 19.66 23.10 51878 518.78 647.95 690.05 1.166.73 120883
43 1914 2237 33428 33428 641.62 681.12 1.175.90 121540
C-50 18.68 21.76 34854 34854 63591 13.39 118443 122213
C-53 1829 2124 561.77 561.77 63123 66726 1.193.00 122903
C-60 1794 2081 37412 37412 626.93 662.00 1.201.03 1,236.12
C-63 17.66 041 38373 38373 623.50 637.15 120923 124288
C-T0 17.40 2004 396.68 396.68 62031 632.63 1.216.99 124931
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Rail Seat Center
Pre-Stressing Wires
Concrete Type Nominal Diameter {mm) Eccentrncity (mm)
Grade Quantity Area (mm2) Rail seat Center
C40 to C-70 Single-wire 7.00 8.00 307.88 -1.00 -7
Pre-Stressing forces
Initial Pre-Stress (MPa)
Concrete Grad . i g W g B
oncrete Grade Jacking Force Final Pre-Stress (MPa) Pre-Stress force afterloss (kIN)
(EIN) Rail seat Center Rail seat Center Rail seat Center
C-40 408.71 128037 127175 1.076.63 1,055.02 33147 32482
C-45 408.71 1.283.05 1274 67 1.083.19 1062.55 33349 32713
C-30 408.71 1.28529 127732 1,088.77 106911 33520 22915
C-33 408.71 1.287.01 127071 1.083.37 107486 33662 33092
C-60 408.711 1.282.00 1.281.70 1.097.85 1079.81 338.00 33245
C-63 408.71 129033 128329 1.101.40 1.034.02 33009 33374
c-To 408.711 1.291.66 1.285.02 1.104.71 1,088.07 34004 33499
Applied Stresses in Concrete (Mpa)
At transfer At service (M+) At service (M-)
Rail seat Center Rail seat Center Rail seat Center
Concrete Grade Top Bottom Top Bottom Top Bottom Top Bottom Top Bottom Top Bottom
C-40 9.36 346 11.30 624 19.29 -6.82 1494 -0.40 031 12.15 -130 15.85
[ 0.38 547 1132 623 1922 630 1501 0.35 036 12.18 124 1589
C-30 9.40 548 1133 627 1927 -6.77 15.06 -0.32 040 1221 ERT] 1592
C-55 941 549 1137 628 19.40 -6.75 15.11 -0.29 043 1223 113 15.96
C-60 942 5.50 11.38 629 19.44 -6.73 15.15 -0.26 046 1225 -1.09 15.98
C-65 943 5.50 11.40 630 19.46 -6.71 15.19 -0.24 049 1226 -1.06 16.01
70 044 51 1141 631 1945 570 1522 022 031 1228 102 1603
Moment Capacity of the section (kN.m)
Allowable Ultimate
Rail seat Center Fail seat Center
Conerete Grade | Positive Negative Positive Negative Positive Negative Positive Negative
c-40 11.91 17.61 1075 1697 3481 3943 3038 2490
C43 11.96 17.69 1081 17.06 3643 4107 3171 3625
C.50 12.00 17.75 10.36 17.14 3796 2.60 3300 37.54
C-35 12.03 17.81 10.80 17.21 3841 44.05 3422 3876
C-60 12.07 17.86 10.84 17.27 40.80 45.44 3538 3982
C-65 1210 17.90 1097 1732 4213 46.77 3630 4104
C-70 1212 1794 1100 1737 4241 4503 3757 212

135



Allowable Stresses (MPa)
Concrete Pre-stressing tendon
At transfer At Service At transfer At service
Concrete Grade Compression Tension Compression Tension Tension Tension
C-40 1190 0.00 13.00 -133 1.416.00 1239.00
C-43 13.29 0.00 2025 -2.68 1.416.00 1.239.00
C-50 14.58 0.00 22.50 -2.83 1.416.00 1.239.00
C-53 16.37 0.00 2475 2.7 1.416.00 1239.00
C-60 1786 0.00 27.00 -3.10 1.416.00 1.239.00
C-63 18.25 0.00 28.25 -3.22 1.416.00 1.239.00
c-70 20.83 0.00 31.50 -3.35 1.416.00 1.239.00
Concrete grade Losses of Pre-stress (%) Transfer Length (mm) Bond Length (mm}) Development Length (mm)
Fail seat Center Rail seat Center Rail seat Center Rail seat Center
40 18.90 2053 51878 51878 638.63 638.53 1,157.41 1,177.31
C43 18.40 1996 33428 33428 63259 631.60 1.166.87 1.185.88
Cc-50 1798 1946 54854 54854 627.45 64556 117599 1.194.10
C-53 17.64 19.03 361.77 361.77 62322 64026 1,184.99 1,202.03
C-60 1730 18.66 37412 37412 619.09 635.71 118321 120983
C-63 17.03 1834 58373 58373 61582 631.82 120155 121755
c-70 16.78 18.04 396.68 396.68 612.77 628.09 1,200.435 122477
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Rail Seat Center
Pre-Stressing Wires
Concrete Type Nominal Diameter {mm}) Eccentricity (mm)
Grade Quantity Area (mm2) Fail seat Center
C-40to C-70 Single-wire 3.00 6.00 301.59 1.36 -7.63
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Pre-Stressing forces
Initial Pre-Stress (MPa)
C te Grad . i - M . 9
onerete Grade Jacking Force Final Pre-Stress (MPa) Pre-Stress force after loss (KN)
(kIN) Rail seat Center Rail seat Center Rail seat Center
C-40 37173 1.204.91 1,186.74 1,003.18 958.98 303.15 28922
C45 37075 1,208.04 1,180.88 1.012.19 867.52 20527 29150
C-30 37173 1.209.92 1.183.01 1,017 40 97521 206.84 29412
C-35 3135 1,211.79 1,195.51 1.022.15 98168 20827 296.07
C-60 37775 1.213.67 1,198.02 1,026.52 88763 209.59 29786
C-63 37775 121493 1,199.20 1.030.00 99258 210.64 299 35
C-70 37775 1.216.18 1.202.40 103324 QQ7 78 21162 20092
Applied Stresses in Concrete (Mpa]
At transfer At service (M+) At service (M-)
Rail seat Center Rail seat Center Rail s eat Center
Concrete Grade Top Bottom Top Bottom Top Bottom Top Bottom Top Bottom Top Bottom
c-40 6.04 8.62 13.97 6.9 17.07 512 1942 -1.94 293 14.02 423 19.90
45 6.06 364 14.01 691 1700 -3.07 19.52 -1.89 XS 1407 414 19.96
c-50 6.07 8.66 1404 693 1742 -2.02 19.60 -1.84 287 1411 403 2001
C-55 6.07 367 14.07 6.93 17.15 -3.00 19.67 179 285 1414 -3.98 20.05
C-60 6.08 868 14.10 6.96 1717 -296 1874 -175 283 1418 -392 20.09
C-65 6.00 3,69 14.12 697 1719 -294 19.79 -1.72 281 1420 -3.86 2012
c-7g 6.10 8.70 14.15 6.00 17.20 291 19.83 -1.69 279 1423 -3.80 2015
Moment Capacity of the section (kN.m)
Allowable Ultimate
Rail seat Center Rail seat Center
Concrete Grade | Positive Negative Positive Negative Positive Negative Positive Negative
c40 19.36 13.50 821 1437 43.73 331 2342 26.05
C43 19.66 1355 827 1446 4332 3464 24.43 2698
C-30 19.73 1359 %32 1435 47.21 36.09 2538 27.86
C-33 19.80 13.62 5237 14.62 4582 3747 2629 2570
C-80 1986 1366 947 14.68 3036 3879 2716 26.50
C65 19.91 1368 9.44 1473 5183 4005 27.99 3027
70 19.95 1371 9.45 1479 5325 4127 2879 3101
Allowable Stresses (MPa)
Concrete Pre-stressing tendon
At transfer At Service At transfer At service
Concrete Grade Compression Tension Compression Tension Tension Tension
C-40 11.90 0.00 18.00 -1.33 1,336.00 1.169.00
C-45 13239 0.00 20.25 -2.68 1,336.00 1,169.00
C-50 14.38 0.00 22.50 -2.83 1,336.00 1,162.00
C-35 16.37 0.00 2475 297 1,336.00 1,169.00
C-a60 17.86 0.00 27.00 -3.10 1,336.00 1.169.00
C-65 19.33 0.00 28.25 -3.22 1,336.00 1,169.00
c-70 2083 0.00 3130 -3235 1.336.00 1.169.00
Concrete grade Losses of Pre-stress (%) Transfer Length (mm) Bond Length (mm) Development Length (mm)
Fail seat Center Rail seat Center Rail seat Center Rail seat Center
C40 19.73 2343 518.78 518.78 600.81 T48.44 121839 126722
C45 19.1% 2275 33428 33428 69243 13946 1.226.71 127374
C-50 1877 214 54834 34854 686.04 13136 123548 1279.90
C-35 18.39 21.62 361.77 361.77 681.95 12435 124372 128632
C-60 15.04 21.15 7412 3412 7734 71829 125146 120241
C-63 17.76 2073 38373 38373 73.68 307 123041 120880
c-70 17.51 2034 396.68 396.68 67027 T07.60 1.266.93 130428
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