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not prestressed

No stresses are shown for the
concrete below the WA The
stress shown below the N A is
for the steel
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PRESTRESSED — NO CRACKS AND
ONLY SMALL DEFLECTIONS




not prestressed prestressed
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No stresses are shown for the All of the concrete 15 1n
concrete below the NA. The compression. The stress in the
stress shown below the N A 1s steel 1s not shown; it would
for the steel. have some residual tension.
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Live End After Concreting

Before Concreting

n...l

Formwork

Pocket Former

Non Shrink Mortar Filler
Anchorage

Grout Vent

75 x 20 Flat Duct

Dead End

Grout Vent

End of Duct to be Sealed

Strand Upset Ends
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. Theeaded bars, 28 5 mm oia , 32 mm dia and 36 mm

Threaded bars, 16 mm dia



Type of cabla Coupled bars | Uncoupled bars | Parallel wires Strands
7138 26 (216 128 47 27 #1158
Steel 8351030
15 mm

HiAm anchorage for parallel wiras {the casing can
alse be threadad and ancharad by a bearing nul)

Locked-coil
cables

AMovable Freysaingl anchorage, fype D, for strands Strongtold anchorage, trpe &




Prestressing for statically determinate beams









Detail A Section B-8






CFRP RHods on span
Photographs of the Installation of the P-T Svstem on Bridge



- S P =
Mg, S h’?’\:x

Preparing the anchorage (bond-type)

Injection of mortar into the tendon
mouated anchorazes.

Drilling of holes into girders for the Placement of temporary reaction
introduction of aramid tendons. devices between girders.

= — e Installation and jacking of external View of anchorage block showing
Cutting of tendons between girders steel cables. position of 6 AFRF tendons.
after cure of concrete in anchor blocks.

End view of a.m:or blocks with external ] . | -
cables and anchorages. L
- =

Technora 9-bar tendon in a stainless steel bonded anchorage.






-
o

+ Existing

2 Hold down _,/ beam

__— Turn down nut
to induce load

Fig. 7.21 o -s—tressing a steel beam

Existing beam

Post-lensioning
{Provide corrosion
protection measures)
Provide reunded edges on boftom of
WT wabs 1o prevent corner bearings

King-post support
WT section

Existing beam

B WT section

| Post tensioning

Fig. 7.22 King-truss type prestressing



L 4

(a) Metallic Terminal (M-S-R) (b) Metallic Termunal With (¢} Non-Metallic Terminal
Multi-Frxing (M-M-R) (N-M-5)

znds of the “Resin Filling” type




Lock Nut

Sleeve

* Grout

Leadline

Leadline Sleeve

Cut-away of anchorage used for internal post-tensioned cables.



Negative Moment

o Positive moment -

m :
@
Q
=
uwnjod

uwnjon

f——] s 2
) u!..l.ll'l|ﬂ:|
#—10vsS <

Soil Pressure

Soil Pressure

Positive moment _—) Negative Moment
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Soil Pressure

Negative Moment
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[ 218m |

| (727
Wﬁxlz—/—@_ Mechanical clevis
connection -
14 rrm (8,167 ';4’-62-'
Safety Catch ¥
Cable
543:?.}"—/
1.4 m
) e 137 m
{40-3/47 457

Clevis
| 274m |
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270k Low-Relax
7-Wire P.T. Strand

.

. Coating

25 Mil Polyethylene
Sheathing

- Reinforcing
Mesh

25 Mil Intumescent
Fire Retardant Coating

40 Mil Polyethylene
Sheathing
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(c) Flat plate
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(d) Flat slab with drop panels
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(e) Band beam and slab
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(a) (b) (c)
One-way slab panels
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Two-way slab panels

Fendon layouts (arrows indicate reinforced concrete spans)

Spokes

: R
Force-fitting of metal bands on wooden barrels Pre-tensioning the spokes in a bicycle wheel

= }

Place and stretch mild steel rods, prior to concreting

Release the tensmn am:l cul: the rcu:ls after concreting

Prestressing of concrete beams by mild steel rods



Original length of steel rod (L.,)

Original length of concrete beam (L;)
a) Beam before applying prestress

Reduced length of concrete beam ({3)
A T I A B P e T SR Y P S T

b) Beam at transfer of prestress
Final length of prestressed beam (.4;)

c) Beam after long-term losses of prestress
Variation of length in a prestressed beam
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Compression (C) Tension (T) Cand T

Stones, Bricks Bamboo, Ropes Timber
' ¥ >
Concrete Steel bars, wires Structural steel
| Passive combination | . Reinforced
! ' Concrete
High Strength High Strength
Concrete Steel
| Active combination | Prestressed
Concrete

1) Section remains uncracked under service loads
» Reduction of steel corrosion
« Increase in durability.
» Full section is utilised
« Higher moment of inertia (higher stiffness)
» Less deformations (improved serviceability).
» Increase in shear capacity.
» Suitable for use in pressure vessels, liquid retaining structures.

» |Improved performance (resilience) under dynamic and fatigue loading.

2) High span-to-depth ratios
For the same span, less depth compared to RC member.

« Reduction in self weight
« More aesthetic appeal due to slender sections

« More economical sections.



3) Suitable for precast construction
The advantages of precast construction are as follows.

L

L

Rapid construction
Better quality control
Reduced maintenance
Suitable for repetitive construction
Multiple use of formwork

== Reduction of formwork
Availability of standard shapes.
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T-cacti Double T-section

Inverted T-section

Typical precast members




L-section Inverted T-section I-girder

Box section Composite beam-slab T-section

Examples of composite flanged sections



Limitations of Prestressing

Although prestressing has advantages, some aspects need to be carefully addressed.
» Prestressing needs skilled technology. Hence, it is not as common as reinforced
concrete.
+ The use of high strength materials is costly.
« There is additional cost in auxiliary equipments.

« There is need for quality control and inspection.

External or internal prestressing
This classification is based on the location of the prestressing tendon with respect to the

concrete section.

Pre-tensioning or post-tensioning
This is the most important classification and is based on the sequence of casting the
concrete and applying tension to the tendons.

Linear or circular prestressing
This classification is based on the shape of the member prestressed.

Full, limited or partial prestressing

Based on the amount of prestressing force, three types of prestressing are defined.

Uniaxial, biaxial or multi-axial prestressing

As the names suggest, the classification is based on the directions of prestressing a
member.



Prestressing bed
(a) Applying tension to tendons

(c) Transferring of prestress

Stages of pre-tensioning

The essential devices for pre-tensioning are as follows.
+« Prestressing bed
« End abutments
+ Shuttering / mould
« Jack
= Anchoring device
= Harping device (optional)



The essential devices for post-tensioning are as follows.
1) Casting bed
2) Mould/Shuttering
3) Ducts
4) Anchoring devices
5) Jacks
6) Couplers (optional)
7) Grouting equipment (optional).

Prestressing bed
Anchoring
device

Prestressing bed, end abutment and mould

A series of moulds

Prestressing bed

Schematic representation of Hoyer system
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Plan or Elevation Free bodies

A tension frame

Elevation
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Plan

Stress bench — Self straining frame
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Plan

Tension in
strands

Free body diagram of stress bench



Plan
The stress bench after casting concrete

Chuck assembly for anchoring tendons

Seven-wire strand

Jaw assembly

Retaiming ring



Harping point Hold up device
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Harping of tendons
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Hold-dowwn anchor for harping of tendons



The various stages of the post-tensioning operation are summarised as follows.
1) Casting of concrete.
2) Placement of the tendons.
3) Placement of the anchorage block and jack.
4) Applying tension to the tendons.
5) Seating of the wedges.
6) Cutting of the tendons.

(c) Anchoring the tendon at the stretching end

Stages of post-tensioning (shown in elevation)

Mould
r _________________________ |
|
T
Casting bed

Casting bed, mould and duct



strand

wedge

anchor head



Grout

Duct —connection
Bearing Anchor head
ate Wedges

Strands

bu!tonq head

———threaded anchor head

Anchoring with button heads



' /) Sequence of Anchoring

Placing of anchor block and
wedges
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Positioning Il-:lf the jack



Seating of Sequence of anchoring

wedges

CS trumpet

" Anchor head

s ‘swands Final form of an anchoring device
grout cap (optional)
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\ - pressure plate
\ jack fool

R jack piston

% Jacking and anchoring with wedges
“~ grand

Grout tube Bearing plate
N type EC. ESor E Duct

Comprm-iian fittings

Tension ring Coupler for strands






Couplers for strands
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(a) Fabrication of reinforcement



(b) Placement of tendons
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(c) Stretching and anchoring of tendons

Anchoring Devices
In post-tensioned members the anchoring devices transfer the prestress to the concrete.
The devices are based on the following principles of anchoring the tendons.

1) Wedge action

2) Direct bearing

3) Looping the wires



Losses

| 1
[ Immediate ] [Time dependent]

1 1 | 1
Elastic Friction || Anchorage Creep Shrinkage || Relaxation
shortening slip

Causes of the various losses in prestress

Original length of member at transfer of prestress

Elastic shortening of a pre-tensioned axial member



Length of tendon before stretching ,

w,, (self-weight)
IHHHHHHIHHHlHHll

Elastic shortening of a pre-tensioned bending membet

Friction » Creep of Concrete
_ + Shrinkage of Concrete
Anchorage Slip

« Relaxation of Steel

Force Variation Diagram  « Total Time Dependent Losses



| |
Stressing anchorage « Drain Drain — Dead-end anchorage

Grout tube Vent —+ Gmm__J

A typical continuous post-tensioned member

£
J‘f m ‘Hl
/ 5
& : )
r’. ﬂ“ N: [N . S -
i/ y :
F % +
/ \ P+ dP
,f lN ‘“'-L,_ P+ dP .
;;“‘*w‘:-{._{_ LRk ey Force triangle

Force acting in a tendon of infinitesimal length

In the above sketch,
P = prestressing force at a distance x from the stretching end
R = radius of curvature

da = subtended angle.

Thus the friction (dP) depends on the following variables.
« Coefficient of friction (u)
« Curvature of the tendon (da)

« The amount of prestressing force (P)



The wobble in the tendon is effected by the following variables.
- Rigidity of sheathing
» Diameter of sheathing
« Spacing of sheath supports
« Type of tendon

« Type of construction

The friction due to wobble is assumed to be proportional to the following.

« Length of the tendon

» Prestressing force

Variation of prestressing force after stretching

Values of coefficient of friction

Type of interface U
For steel moving on smooth concrete 0.55.
For steel moving on steel fixed to duct 0.30.
For steel moving on lead 0.25.
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Variation of prestressing forces

Typical values of anchorage slip

Anchorage System Anchorage Slip (As)
Freyssinet system
12 - 5mm @ strands 4 mm
12 - 8mm @ strands 6 mm
Magnel system 8 mm

Dywidag system 1T mm
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Variation of prestressing force after anchorage slip

Py,
F'.,I..h_‘_ _______ )
i \l ----- P, after stretching
I i~ Pafter setting
| | Rhbeyond /g,
— B

Force variation diagram near the stretching end



d) After anchorage slip at left end

Force variation diagrams for stretching in stages

1) The creep is due to the sustained (permanently applied) loads only.
Temporary loads are not considered in the calculation of creep.

2) Since the prestress may vary along the length of the member, an average value
of the prestress can be considered.

3) The prestress changes due to creep and the creep is related to the
instantaneous prestress. To consider this interaction, the calculation of creep can
be iterated over small time steps.



Time steps in the step-by-step procedure

Step Beginning End

1 Pre-tension: Anchorage of steel Age of prestressing

Post-tension: End of curing

2 End of Step 1 30 days after prestressing or
when subjected to superimposed
load
3 End of Step 2 1 year of service
4 End of Step 3 End of service life

Circular indentations

Examples of indented wires



Twisted strand Deformed bar

Indented wires, twisted strands and deformed bars
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Variation of prestress in tendon along transmission length



Original # e
diameter +-— I — ] ofter

c) Transferring of prestress
Hoyer effect



1) Type of tendon
» wire, strand or bar
2) Size of tendon
3) Stress in tendon
4) Surface deformations of the tendon
» Plain, indented, twisted or deformed
5) Strength of concrete at transfer
6) Pace of cutting of tendons
» Abrupt flame cutting or slow release of jack
7) Presence of confining reinforcement
8) Effect of creep
9) Compaction of concrete
10)Amount of concrete cover.

Values of transmission length

For plain and intended wires Li=100 @

For crimped wire L;=65¢

For strands L;=30 ¢

L, i

L J

End of a simply supported member



R

R
HSCR S VETROR T
4o s

A
F ks
i e

End of a member with fixity

The development length (Ly) is the sum of the transmission length (L) and the bond
length (Lb).
Ly =L+ Lp

e

A : e 15
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Ly

Variation of prestress in tendon at ultimate



Ly

Assumed variation of prestress in tendon along the bond length

The bond length depends on the following factors

1) Surface condition of the tendon
2) Size of tendon

3) Stress in tendon
4) Depth of concrete below tendon

pioe (fpu 'fps)ﬂo

b
4z,

Design bond stress for plain bars

Grade of concrete M30 M35

M40 and above

g (N/mm?) 1.5 .7

1.9
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Transverse stress in the end zone of a pre-tensioned beam



_ Variation of moment
Free body diagram of at horizontal plane
zone below crack along depth

Forces in the end zone

Tensile stress Compressive stress
trajectories , trajectories

T~ % .

5% < |y =larger

transverse
dimension of
end zone

Bearing plate -

Stress trajectories in the end zone

Stress trajectories in the end zone of a post-tensioned beam



Local zone General zone
Bearing plate Yo -
Local and general zones in the end zone
t i
0.1)51 | 0.9,
e >
O |

Transverse stress in the end zone



Besides the bursting force there is spalling forces in the general zone.

Snalling force Bursting force
Spalling and bursting forces in the end zone

0.02

L 4

1 Yo
Variation of bursting force with size of bearing plate
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E |
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>
,
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(1) (2)
End views of end zones with varying size of the bearing plate



Mat Links

Types of end zone reinforcement

e ———— -

=

End and isometric views of end zone
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Spiral reinforcement in the end zone
(Reference: Dywidag Systems International)

(a) Fabrication of end zone reinforcement



(b) Anchorage block and guide

(c) End zone reinforcement with guide and duct



(d) End block after castin
The important properties of aggregate are as follows.
1) Shape and texture
2) Size gradation
3) Moisture content
4) Specific gravity
5) Unit weight
6) Durability and absence of deleterious materials.



Admixtures
1) Air-entraining admixtures

2) Water reducing admixtures

3) Set retarding admixtures

4) Set accelerating admixtures

5) Water reducing and set retarding admixtures

6) Water reducing and set accelerating admixtures.

The common mineral admixtures are as follows.
1) Fly ash
2) Ground granulated blast-fumace slag
3) Silica fumes
4) Rice husk ash
5) Metakoline
These are cementitious and pozzolanic materials.

Strength of Concrete
1) To sustain the high stresses at anchorage regions.

2) To have higher resistance in compression, tension, shear and bond.
3) To have higher stiffness for reduced deflection.
4) To have reduced shrinkage cracks.



Frequency i
: /1.650

L}

5% area Tek fom
28 day cube compressive strenath

Idealised normal distribution of concrete strength

Tensile Strenath

The tensile strength of concrete can be expressed as follows.
1) Flexural tensile strength: It is measured by testing beams under 2 point loading
(also called 4 point loading including the reactions).
2) Splitting tensile strength: It is measured by testing cylinders under diametral
compression.

3) Direct tensile strength: It is measured by testing rectangular specimens under
direct tension.

Durability of Concrete
1) Sulphate and other chemical attacks of concrete.
2) Alkali-aggregate reaction.
3) Freezing and thawing damage in cold regions.

4) Corrosion of steel bars or tendons.



High Performance Concrete
1) High strength
2) Minimum shrinkage and creep
3) High durability
4) Easy to cast
5) Cost effective.

f;-“
fo

& Ec T‘:"
a) Concrete cube under compression, b) Design stress-strain curve for

concrete under compression due to flexure

Fore.< &<t

f. = compressive stress

fex = characteristic compressive strength of cubes
&. = compressive strain

£ = strain corresponding to f = 0.002

£q, = Ultimate compressive strain = 0.0035



£y / Characteristic curve

0.447 £, : Design curve

i) Ear E¢

Stress-strain curves for concrete under compression due to flexure

fo =

.r::-“
fok

Fam. T
o/
an
W

l":IZI ‘Ec

compressive stress

fex = characteristic compressive strength of cubes in N/mm?

£ = compressive strain

g =

k. =

n
EE.‘.I'
E: =

Il

strain corresponding to fa

1fore. <&

0.67 + (fa / 77.5) for £, > &. The value of k should be greater than 1.
Eg/ (Eei— Es)

initial modulus

secant modulus at f = fo [ .



Ec

(b)

a) Concrete panel under tension, b) Stress-strain curve for concrete

under tension

Some special types of high performance concrete are as follows.

1) High strength concrete

2) High workability concrete

3) Self-compacting concrete
4) Reactive powder concrete

5) High volume fly ash concrete
6) Fibre reinforced concrete

Prestressing Steel

Forms of Prestressing Steel
Types of Prestressing Steel
Properties of Prestressing Steel
Codal Provisions of Steel



Properties of Prestressing Steel
The steel in prestressed applications has to be of good quality. It requires the following
attributes.

1) High strength

2) Adequate ductility

3) Bendability, which is required at the harping points and near the anchorage

4) High bond, required for pre-tensioned members

5) Low relaxation to reduce losses

6) Minimum corrosion.

Strands
A few wires are spun together in a helical form to form a prestressing strand. The
different types of strands are as follows.

1) Two-wire strand: Two wires are spun together to form the strand.

2) Three-wire strand: Three wires are spun together to form the strand.

3) Seven-wire strand: In this type of strand, six wires are spun around a central wire.

The central wire is larger than the other wires.

Cross-section of a typical tendon



: T
Reinforcing bars strands and bars

Ll T




Wedge gnips

Coupon specimen

Extensometar

(b) Failure of a strand

Modulus of elasticity
Type of steel Modulus of elasticity
Cold-drawn wires 210 kN/mm?
High tensile steel bars 200 kN/mm?®
Strands 195 kN/mm®
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Proof | .. -
stress J
JIII"
i
J’j’r
:_f
0.002 &y
Proof stress corresponds to inelastic strain of 0.002
f f;
0.95%, 0.955

08, [ 7 / 0.855 [ 7 /
£
& /
£
/ / A
0.002 0.005 ¢, 0.002 0.005 &,

Stress relieved wires, As-drawn wires
strands and bars

Characteristic stress-strain curves for prestressing steel

+ low relaxation
5

as-drawn

& -
Variation in the 0.2% proof stress for wires under different treatment processes



e
Characteristic curve
BFf
OB 1 Design curve
Ep

Characteristic and design stress-strain curves for prestressing steel

fa

Fast loading

Effect of relaxafion With sustained loading

&p

Effect of relaxation due to different types of loading conditions

100
90 F
pi -
5 sl TN/
i 701 4
Eu_
| | | |

50
10 100 1000 10,000 100,000
Time (hours)

Variation of stress with time for different levels of prestressing



The following photos show the test set-up for relaxation test.

Specimen

Load cell

(a) Test of a single wire strand

Specimen

(b) Test of a seven-wire strand

Set-up for relaxation test



Relaxation losses at 1000 hours

Cold drawn stress-relieved wires 5% of initial prestress
Indented wires 5% of initial prestress
Stress-relieved strand 5% of initial prestress
Bars 49 N/mm”*

Relaxation losses at 1000 hours at 27°C

Initial Stress Relaxation Loss {Nfrnmzj
0.5f 0
0.6f .« 35
0.7 70
0.8f % g0

Durability

1) Epoxy coating
2) Mastic wrap (grease impregnated tape)
3) Galvanized bars

4) Encasing in tubes.

The creep occurs due to two causes.
1. Rearrangement of hydrated cement paste (especially the layered products)

2. Expulsion of water from voids under load



The creep strain depends on several factors. It increases with the increase in the
following variables.

1) Cement content (cement paste to aggregate ratio)

2) Water-to-cement ratio

3) Air entrainment

4) Ambient temperature.
The creep strain decreases with the increase in the following variables.

1) Age of concrete at the time of loading.
2) Relative humidity
3) Volume to surface area ratio.

Creep coefficient 8 for three values of age of loading

Age of Loading Creep Coefficient
7 days 22
28 days 16
1 year 1.3

Shrinkage of Concrete
Shrinkage of concrete is defined as the contraction due to loss of moisture. The study of

shrinkage is also important in prestressed concrete to calculate the loss in prestress.
The shrinkage occurs due to two causes.

1. Loss of water from voids
2. Reduction of volume during carbonation



g

Shrinkage strain

& Time (linear scale)

Variation of shrinkage strain with time

Like creep, shrinkage also depends on several factors. The shrinkage strain increases
with the increase in the following variables.
1) Ambient temperature
2) Temperature gradient in the members
3) Water-to-cement ratio
4) Cement content.
The shrinkage strain decreases with the increase in the following variables.
1) Age of concrete at commencement of drying
2) Relative humidity
3) Volume to surface area ratio.
The shrinkage strain also depends on the type of aggregate.

For pre-tension &g = 0.0003

For post-tension e 0.0002
™ log, (t+2)



Properties of Grout
The desirable properties of grout are as follows.

1) Fluidity

2) Minimum bleeding and segregation
3) Low shrinkage

4) Adequate strength after hardening
5) No detrimental compounds

6) Durable.

£] Fast loading

Slow loading

'Effectnh:reep

2
L

&

Stress-strain curves for concrete under compression

o, ue= uWltimate creep strain

£~ elastic strain

strain

h

Time (linear scale)

Variation of strain with time for concrete under compression
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¢ Creep recovery
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Residual strain

Time (linear scale)
Variation of strain with time showing the effect of unloading
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L
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Stress versus strain for concrete

Stress versus strain for prestressing steel

o

2

L

[ 3
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Stress versus strain for reinforcing steel



Axial force -

ra

Deformation

-

Prestressed section
MNon-prestressed section

Axial force versus deformation curves

Reinforced concrete
G>GC 5~

Variations of internal forces and lever arms

C4, T1 = compression and tension at transfer due to self weight
C;, T: = compression and tension under service loads

wy = self weight

ws = service loads

z1 = lever arm at transfer

Z» = lever arm under service loads.
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a) Based on stress concept.

b) Based on force concept.
c) Based on load balancing concept. A simply supported beam under UDL

1 [ /-1

Internal —P/A +Pey/T  +My/I Resultant
forces in (stress (stress (stress stress
concrete dueto P) dueto P.e) dueto M) profile

Stress profiles at a section due to internal forces

- C
&, I i
L — € I
" S o
Internal forces at pl‘ﬁl:ressmg Internal forces after
(neglecting self-weight) loading
Internal forces at a section
For a Parabolic Tendon
-‘-""'-:—'»:_'__'_'E_ 'l'_'_'_:.-iz"_"'ﬁ
, W _
- - >
M=W al=P
Free body diagram of concrete P:’a E
up = E
m d_a(a-dag)wmﬁ
Bending moment diagram v 24E]

Simply supported beam with parabolic tendon



b) For Singly Harped Tendon

BPe
2 wup = >
M=t ; L M
B A E:r'..--l.-f“IJ

384E] Bending moment diagram

c) For Doubly Harped Tendon

P
m=Yol _ pe
4
= 4Pe
SR Free body diagram of concrete
W
48FE] e 1 .

M
Bending moment diagram

£
Internal forces in Resultaﬁt stress
concrete profile

. Internal forces and resultant stress profile at cracking
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Location of Resultant stress
resultant profile
compression

Resultant stress profile when compression is at upper kern point

a) Cracking moment.
b) Location of kern points.
c) Location of pressure line.

s ——)
CGC é :
—1 CGS
Lr;a&":t“f Resultant stress
compression profie

Resultant stress profile at cracking of the bottom edge

Pressure line cL

Pressure line at transfer



! ;Pfessure line CIL

ay C
Locus of &,,,,

Limiting zone for a simply supported beam

f
Lo
Bonded
|
|
< |
- Load
Self Cracking
weight load
Service Ultimate
load load

Variation of stress in prestressing steel



Eour > Erniinat Epu = Epu bt e S Eetit
Under-reinforced Balanced Over-reinforced

Strain profiles along the depths of three prestressed members
Assumptions for Analysis

1) Plane sections perpendicular to the axis of the member remain plane till the
ultimate state.

2) Perfect bond is retained between concrete and prestressing steel for bonded
tendons.

3) Tension in concrete is neglected.

4) The design stress versus strain curves of concrete and steel are considered.

The methods of analysis will be presented for three types of sections.

1) Rectangular section: A rectangular section is easy to cast, but it is not an efficient
section.

2) Flanged section: A precast flanged section, with flanges either at top or bottom
needs costlier formwork. But the section is efficient in flexure. A flanged section
can also be made of precast web and cast-in-place slab.

3) Partially prestressed section: A section in a member containing both prestressed

and non-prestressed reinforcement.
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Sketches for analysis of a rectangular section

b = breadth of the section

d = depth of the centroid of prestressing steel (CGS)

A, = area of the prestressing steel

Ag, = strain difference

Xy = depth of the neutral axis at ultimate

&w = sfrain in prestressing steel at the level of CGS at ultimate
fou = stress in prestressing steel at ultimate

In the force diagram,
C,=0.36f,x,b
Tu = Al
The strengths of the materials are denoted by the following symbols.
fex = characteristic compressive strength of concrete
for = characteristic tensile strength of prestressing steel
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Two possibilities of strain profile in a flanged section
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Sketches for analysis of a flanged section

= breadth of the flange

= breadth of the web

= depth of the flange

= depth of the centroid of prestressing steel (CGS)

= area of the prestressing steel

= strain difference in the prestressing steel when strain in concrete is zero
= depth of the neutral axis at ultimate

= strain in prestressing steel at the level of CGS at ultimate

= sfress in prestressing steel at ultimate



The variables in the above figure are explained.

b = breadth of the section

d = depth of the centroid of the reinforcing steel (tension side)

d’' = depth of the centroid of the reinforcing steel (compression side)
dp = depth of the centroid of prestressing steel (CGS)

A: = area of the reinforcing steel (tension side)

As' = area of the reinforcing steel (compression side)

A, = area of the prestressing steel

Ag, = strain difference in the prestressing steel when strain in concrete is zero
Wi = depth of the neutral axis at ultimate

Es = strain in reinforcing steel (tension side) at ultimate

&' = strain in reinforcing steel (compression side) at ultimate

& = strain in prestressing steel at the level of CGS at ultimate

fs = stress in reinforcing steel (tension side) at ultimate

fs' = stress in reinforcing steel (compression side) at ultimate

fou = stress in prestressing steel at ultimate.

The expressions of the forces are as follows.
C,, =0.36f, x b,
C, =0.447f, (b -b, )D;

Tow = Al
Ta= AT,
The strengths of the materials are denoted by the following symbols.
Ay = part of A, that balances compression in the outstanding flanges
Apw = part of A, that balances compression in the web
fox = characteristic compressive strength of concrete

fok = characteristic tensile strength of prestressing steel
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The analysis of behaviour involves the following three principles of mechanics.
1) Equilibrium of internal forces with the external loads at any point of the
behaviour. There are two equilibrium equations.
a) Force equilibrium equation
b) Moment equilibrium equation.
The internal forces in concrete and steel are evaluated based on the respective

strains, cross-sectional areas and the constitutive relationships.

2) Compatibility of the strains in concrete and in steel for bonded tendons. This
assumes a perfect bond between the two materials. For unbonded tendons, the
compatibility is in terms of deformation.

3) Constitutive relationships relating the stresses and the strains in the materials.

The relationships are developed based on the material properties.



Moment |
Ultimate strength

..... N Serviceload level
) Cracking load levels
< > Curvature
L ¥
Prestressed section Non-prestressed section
Moment versus curvature curves
Frequency

5% probability
of exceedence

racte
value

Values of load

Idealised normal distribution for a dead load
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Extreme value distribution
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Internal force Stress in
in concrete concrete

Stress in concrete due to compression at bottom kern point

In the above sketch,

A = gross area of cross section
fy = maximum compressive stress in concrete at bottom edge
h = total height of the section

ki, k» = distances of upper and lower kern points, respectively, from CGC
¢y, ¢ = distances of upper and lower edges, respectively, from CGC
Fo = prestress at transfer after initial losses.

The shift of C due to self-weight gives an expression of e.
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Stress in concrete due to compression at top kern point

In the above sketch,
fy = maximum compressive stress in concrete at top edge.

The shift of C due to the total moment gives an expression of Ps.
Pe = Mr l(e + ki)

Considering fos = 0.7, , the area of prestressing steel is recomputed as follows.
Ay =Pol fpa



a) At Transfer
The stress at the bottom can be calculated from the average stress —FPo/lA.

To satisfy |fa] = fecan, the area of the section (A) is checked as follows.

Az Poh
fmﬂ'l'ﬂr

If A is not adequate then the section has to be redesigned.

b) At Service
The stress at the top can be calculated from the average stress —PJA.

o

Ff==
t (-

B[, 0

To satisfy |f] = fecan the area of the section (A) is checked as follows.

P.h
foca Ch

Az

If A is not adeguate then the section has to be redesigned.

fﬁ_fg,_ﬁ’[e'%]”"
A /
Substituting /= Arf and rFlc, = k;
E—M"'
fn=‘% 1+-.—.$L

To satisfy |fy]| = focan the area of the section (A) is checked as follows.

E"'M’.
A= i y i Fa
fﬂ:.‘ ki'

The following example shows the design of a Type 1 prestressed member.
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Stress in concrete due to compression above bottom kern point

Type 1 Type 2
Eccentricity o Moy k, | o= M., +f, Ak, sk,
P
0 0
Effective prestress A= M, p = M -T, Ak,
° e+k, E’ e+k,
Minimum area based on A Ph A FP;h
stress at bottom at transfer focanCi FecanCi = FotanCe
Minimum area based on AS P.h Az P.h
stress at top at service focarCs focanCs = ForanCe
¢
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Limiting zone for a simply supported beam
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Stress in concrete due to compression at bottom kern point

M
i PI] -Em-” * k! = =
M e
or, ., = P“” +k, M,
0 or, B = kt
A
k ,_C' EI’
== k? te -
- b 1:, min | Cg
0
Internal forces Stress in
concrete

Stress in concrete due to compression at top kern point
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Internal forces Stress in
concrete

Stress in concrete due to compression outside bottom kern point

P = Mo, * Lo AK, 6. . +R*=m
max b Pu et PEI-
GT‘, e 2 Msw + f:i.aﬂ"’qkh + kb or e -~ MT - fmAk! k
e =) ' el .
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K,
Recs ¥
k T
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Internal forces Stress in
concrete

Stress in concrete due to compression outside top kern point

Type 1 Type 2
Maximum eccentricity 5= M., s M., +1, Ak, i
RO Py ”

Minimum eccentricity M _
=gk | T
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Tendon Profile y = {i’:’fﬁ—j x(L-x)

[V
Hera,
L = span of t peam
x = distance 'om one end
Y = vertical dplacement of the tendon (from the level at the ends) at distance x

w v
Profile of a parabolic tendon

Ym = vertical displacement of the tendon (from the level at the ends) at the

middle of the beam

- '
|V X
L V
Profile of a parabolic tendon
Points of contraflexure
/( (inflection points)
CGCl _._._._._ 5 7/45_1 Yo _ﬁ._._.,.z._; R
P A A
Points of maximum
eccentricity
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Profile of CGS in a continuous beam
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Plot of a parabolic segment

"

! = length of the parabolic segment

x = distance from the point of maximum eccentricity

y = vertical displacement of the profile at distance x

Vm = displacement of the point of contraflexure from the point of maximum
eccentricity.

Tendon profiles in a continuous bridge girder




Shift in the CGS of a tendon from the centreline of duct



Unbonded
tendon

Crack pattern with and without non-prestressed reinforcement for beams

with unbonded tendon

Clear spacing = 3 x wire diameter

> 1% x maximum aggregate size.

For large bars or tendons,
Clear spacing =40 mm
= maximum size of tendon / bar

> maximum aggregate size + 5 mm.

Horizontal spacing 240 mm

! 2 maXimum aggregate size + 5 mm
ertical spacing

Vertcal spacing > 50 mim,




Fabrication of reinforcement

LR

Stresses in an Uncracked Beam

ol
- Variation Variation
Shear  ~__ of normal  of shear
force Vet stress () stress (v)
diagram =R
Momentd
iagram ”

Variations of forces and stresses in a simply supported beam

¥
. Q a,
Ml X
I % M
— a
State of Principal
pure shear stresses

v

/- S
0, o
= 450

Mohr’s cirde

State of stresses at a point on the neutral axis of a beam



¥
""‘_\._

e

Inclination of crack at the level of neutral axis

Inclination of crack close to the edge under tension
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State of stresses at a point close to the edge under tension
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a) Initiation of flexural cracks
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L’f“"” LR e e “‘EJ

b) Growth of flexural cracks and formation of flexure shear
and web shear cracks.

o R o o
‘L/////Namr;nnﬁl.\\ \\\\"J

“"Web | Flexure |  Flexural | Flexure | Web .
shear shear cracks shear shear
cracks cracks cracks  cracks

c¢) Cracks before failure

Formation of cracks in a reinforced concrete beam

Modes c_rf Failure

/1/ 1) Diagonal tension failure
S, ¥s
¥ 2) Shear compression failure

' 3) Shear tension failure
74
: oW 4) Web crushing failure

Internal forces at a flexure shear crack  5) Arch rib failure

V. = Shear carried by uncracked concrete

V., = Shear resistance due to aggregate interlock
Vs = Shear resistance due to dowel action

Vs = Shear carried by stirrups

Vp, = Vertical component of prestressing force in inclined tendons
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Diagonal tension failure

Shear compression failure

Shear tension failure Web crushing failure
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Formation of cracks in a prestressed beam
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Typical variation of spacing of stirrups
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Cross-section Elevatll:nn

Cross-section and elevation of a beam showing stirrups

Re-entrant comer \Iﬁ

Incorrect detailing Correct detailing

1) Stresses in an uncracked (homogenous) rectangular beam without prestressing
due to pure torsion (in absence of flexure), with constant torque along the span.

2) Crack pattern under pure torsion.

3) Components of resistance for pure torsion.

4) Modes of failure under combined torsion and flexure.

5) Effect of prestressing force.



Variation of
torsional shear
Beam subjected to pure torsion stress (t) in the
cross-section

i

B

a) Initiation of torsional cracks in longer side

=

b) Initiation of torsional cracks in shorter side

j

c) Spiral torsional cracks

Formation of cracks in a beam subjected to pure torsion



Figure 5-4.6 Internal forces in a beam

The components can be denoted as below.
T = torsion resisted by concrete

T. = torsion resisted by the longitudinal and transverse reinforcing bars.

Zone

S
""'-._.‘ ?::.r

ldealised pattern for Mode 1 failure
Modified bending failure



ldealised pattern for Mode 2 failure

Lateral bending failure

ldealised pattern for Mode 3 failure

MNegative bending failure

4 Ultimate strength

Torque

Cracking torque levels
/ Effect of Prestressing Force

* * Twist

Prestressed beam Non-prestressed beam



L = clear span of the beam
fu = distributed torque per unit length.

Beam subjected to distributed torque

vjv. 10

Interaction diagram for shear and torsion
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A, =-4A, -[%)E+{ﬂm+ﬂa}“+ﬁ}+%

APy = magnitude of deflection due to Py

AP, = magnitude of deflection due to Pe

P. = effective prestressing force after long term losses.
Ap. = deflection due to dead load (including self-weight)
Ag = deflection due to sustained live load

A = deflection due to additional live load

1) The total deflection due to all loads, including the effects of temperature, creep
and shrinkage, should not exceed span / 250.

2) The deflection after erection of partitions or application of finishes, including the
effects of temperature, creep and shrinkage, should not exceed span/350 or 20

mm, whichever is less.
3) If finishes are applied, total upward deflection due to prestressing force should

not exceed span / 300.

ForL=10m
For cantilever beams Lids7
For simply supported beams L/d=20
For continuous beams L/d=26
ForL>10m
For simply supported beams L/d=(20 =10/ L)
For continuous beams L/d=(26 x 10/ L)



The crack width of a flexural crack depends on the following quantities.
1) Amount of prestress
2) Tensile stress in the longitudinal bars
3) Thickness of the concrete cover
4) Diameter and spacing of longitudinal bars
5) Depth of member and location of neutral axis
6) Bond strength
7) Tensile strength of concrete.
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Back span Cantilever span Cantilev;r socis

(a) Cantilever in a building frame (b) Cantilevers in a bridge girder



Moment diagram for LL on back span
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Moment diagram for LL on cantilever span
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Envelop moment diagrams for dead and live loads



Limiting zone
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Limiting zone for a non-prismatic beam

Py
a) Uniform cross section

ey

Fa

b) Varying cross section in the cantilever span

Beams with single cantilever span



Faky Fa

a) Uniform cross section
W
b) Varying level of soffit

e e

raa o)
c) Varying level of top of beam

Beams with double cantilever spans

Moment diagram for LL on every span

Moment diagram for LL on one span
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Free body diagram of concrete

Simplified free body diagram
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Profile after linear transformation
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Linear transformation of the profile of the CGS

Profile after linear transformation
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Profile of the CGS

Pressure line for linearly transformed profiles of the CGS
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(a) Loading on a cohtinuous beam
(b) Moment diagram
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(c) Concordant profile

a) Uniform cross section
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b) Varying cross section

1

c) Combination of a) and b)
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d) Uniform cross section with overlapping:tendons

Profiles of CGS for continuous beams
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a) With additional tendon
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b) With coupling of tendons

Cast-in-place
/ Topping

S &
|| |

¢) Composite construction with continuity reinforcement

Partially continuous beams
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100 % banded through ' 100 % banded in one direction

columns in both directions and distributed in other
direction
cSs MS CS
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75 % in column strip and 75 % in CS and 25 % in MS
25 % in middle strip in in one direction and
both directions distributed in other direction
Fop - Fog

fos T g

a) In presence of b) In presence of  ¢) In absence of
transverse beam  column capital transverse beam
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Recess former
(a) Anchorage device at stretching end
Grout tube

Flat duct

--Buib
(b) Anchorage device for dead end with bulb



Grout tube

e

— Compression
fittings

(c) Anchorage device for dead end with plate




Partially prestressed Prestressed circular and
column hexagonal piles

Compression failure

Balanced failure
Tension failure

| A

T e

Use of buttress in circumferential prestressing



Forces due to vertical load

Cr = coefficient for hoop tension T=CrwHR,
Cu = coefficient for bending moment M=CywH
Cy = coefficient for shear V=CywH

Ring beam

Cylindrical wall

SERES




Tendon for vertical

prestressiniof wall
Tendons for - j
prestressing of ring o
beam Tendon for dome
prestressing
o
Tendons for :
prestressing of wall
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Forces at the base of dome
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R, sing
Plan of ring beam

Forces in the ring beam

H =\ cotd . =H R, sing
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Bottom Slab Key

Top Slab K
" i Cantilever Tendons anchored

on the segment joint face:
“Face Anchored”

Top Temporary PT Bars
g Cantilever Tendons anchored in blisters

{Similar blister for continuity tendons but it

Bottom Continuity would appear reversed in this view)

Anchor Blister
Web Shear Keys

Bottom Continuity Tendons

Bottom Temporary PT Bars  1ypical Balanced Cantilever Segment

Section B-8

Bottor Continuity Tendons for Balanced Cantilever Construction.



Detail A

Vertical Post-Tensioning in Diaphragms.

Transverse Post-Tensioning in the Top Siab of Box Girde



Transverse Post-Tensianing in Diaphragms.
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i I I Detail A—
(Typical)
G Fier ,— Closure Joint Closure Joint - \ ¢ Pier
|
MZ\\A AL T W
Typical Interior Span

Section B-B

Interior Span Post-Tensioning for Span-By-Span Construction.



Permanent PT Tendons |
Anchored on Face

Temporary PT Bars for Segment Erection

Post-Tensioning in Hammerhead Piers



Fost-Tensroning in Straddle Bents.




Post-Tensioning in Canbilever Piers.
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Rebar Jack
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(1) Pre-stress rebar
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(3) Release rebar
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() Tendons stressed between abutments

FAAN 7

(b) Concrete cast and cured

1 —] B

(¢) Tendons released and prestress transferred

Pretensioning procedure.



(c) Tendons anchored and subseauently grouted
Post-tensioning procedure.
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step 2 - tensioning of prestressing steel against
hardened concrete
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step 3 - anchoring of prestressing steel
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pretensioned steel
stressing bed / =
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step 1 - tensioning of presiressing steel in stressing bed before
casting concrete

step 2 - casting of concrete around tensioned steel, fc=0

/-cul strands member shortening
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step 3 - release of strands from stressing bed causing
shortening of member s & i = s
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Wadges Pocked formar

Posi-lansiondng of a floor

S

E, (kN/mm?)

na
L=

p [ | T I NN N W TN NN AN NN NN M S |
20 30

Concrete strength £, (N/mm?)

Variation of E_ with 28-day strength
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Creep coefficient for plain concrete
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Monostrand system Flat duct system
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Unbonded and bonded tendons
Round duct
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{bonded)



151+ PR

10 _ (i
@ gE on strand
s 4
£ I
= o B ——

qelaxation srand | . .....eeeepe

£ 40 o
E 0.8 [ -
w 06
& 04
£ T A ! A B A

0.2 1 week—— 6 weeks 1 year 11.4 years— 57 years

0.1 |

10 100 1000 10,000 100,000 500,000
Relaxation and time Test duration (hours)
L | B
'
ITRNE]
H =
1
il R

Multistrand anchorage

Duct diameter




/ Concrete face
M

ortar

Jointing tape

Wedges

Typical monostrand anchorage assembly

Grease

Cap

Slide barrels and
wedges on strand

Anchorage
Spiral reinforcement

Position barrels and i
wedges on the anchorage,
and place jack

Hydraulic jack

Extension
measuring ruler

Grip strands in jack,
take up slack, stress
tendon and record

extension
b =
Extension
Lock
wedges

Stressing of a tendon



(a) Swaged barrel and plate

Crimped wire

Spacer mesh
" / Sk Dead-end anchorages
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Swaged barrel
Bearing plate
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(b) Unravelled strand with crimped wire ends
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SPACER PLATE DUCT

- Dead end anchorages

ANCHOR PLATE
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ANUCHOR HEAD

/ Flat stressing anchorage
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SWAGED ENDS
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GROUT TUBE ~——

CAST IN ANCHOR
ANCHOR HEAD

CAST COUPLING
RLOCK

Flat coupler

Diameter

Mormal Compact

Prestressing strand



Exploded view of monostrand anchorage

Monosirand Jack
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Stressing pocket
/ / Live-end anchorage \
e | -
==

F_-'---'---'—"'——-_ p— =

\ 1

gl Starter bars Dead-end anchorage

Live anchorage for stressing from slab surface
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Prestressing force
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0 Distance from anchorage
(a) ()

Variation in prestress due to draw-in at the anchorage.



(a) Beam elevation after inchned cracking
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Transfer of shear at an inclined crack.



Shear force

Steel stress

Variation of steel stress near the free end of a tendon (ACI 318-83).
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E E Distribution of transverse stress behind single central anchorage.
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(b) Transverse stress along member axis for various anchorage plate sizes.

Transverse stress distribution for central anchorage (after Guyon 1953).
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Transverse stress isobars for end zones with multiple anchorages (Guyon 1953).
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compression
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Two closely spaced symmetric anchorage plates.
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(a) Bursting in the vertical plane
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(a) Beam elevation.
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(b) Unrestrained deflection due to primary moment.
—
(¢) Restrained deflection. * f

Two-span prestressed beam with constant eccentricity.




Curvature

Moment-curvature relationship for a ductile partially prestressed cross-section.

e 8 M,
W = Lz
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A B
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]
+M,
| nesm,
(m) (b) w2 = LI

Moment redistribution in a propped cantilever.



infill strip
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/l/ Say 1000 mm

(a) Infill or gap strip

Metal tube

/ Dowel
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Slip strips

(b) Slotted support




Stressing anchorage  Dead-end anchorage

1st stage \ 2nd stage
f LW T

Slip strip

(a) Stepped joint

Stressing anchorage Dead-end anchorage

/
1st stage / 2nd stage

S

f / \
. \
Cast-in dowel / Cast-in tube

Contraction joints This end of dowel greased

(b) Dowel joint



Precast edge beam or  Precast edge beam or
4 :/ previously cast wall previously cast wall

Dead-end anchorage Stressing,  \_

o
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(a) __ e | Starter hi:rs ] ()

Starter bars
Stressing Concrate
- anchorage cast -l
later

i | \ = -

(b) _I4l " pead-end anchorage / (d)
4 cast into wall Starter bars -
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YL A Etre::tlng

Wall-floor construction joints = / poc
Stressing anchorage _[11 (g}

and duct cast into wall



Resisting force

Shear wall
Inertia force Inertia force

Y, 7
i £

Slab ) [ ] {,*' Possible failure plane in slab
/

—

Drag bars

Provision of drag bars between sfab and shear wall



Anchorages

/

R A Strands

Tendons as column ties

live anchorage
flat duct

Cross-section of duct

dead end Details of typical flat-ducted tendons.
anchorages
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Shrinkage at time ¢

Ultimate shrinkage
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Stress at Time ¢

Final Stress
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Load

Membrone Action Stesl Coble
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Membrane Action Concrete Arch

Deflection

.. Different Actions in Laterally Unrestrained Slab Strip
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Description of Post-tensioning Systems

1. Parallel-wire systems
2. Multi-strand systems
3. Single-strand systems
4. High-tensile-strength bar systems

Pressure




Prestressing force = P

- P
L"" / Strut (C = strut load) """—Je—
Wa "WT
Y
Tie (T = tie load)
Upright Ple + d)
==

Elevation of strut-and-tie pretensioning bench.

Recess to accommodate stressing mechanism
P , P
'—ﬂ/ ;_—Cuncrete hinge \ -

L V4 ’ ~— ) L
LJ Strut (strut load = P)

Abutment
Elevation of abutment-and-strut pretensioning bench.

Vertical forces resulting from
deflecting tendons
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Elevation of a tendon-deflecting pretensioning bench.



Fixed upright Removable upright

Alternate upright positions
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Stressing end Dead end
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Pretensioning bench with adjustable length.

Fixed upright

Fixed upright Removable uprights
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Stressing Intermediate Alternate
end abutment stressing
end

Pretensioning bench with intermediate abutment.
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Independent abutments in soil.



Prestressing force
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Soil overburden
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0/94f,, = 0/94 x (0/85f,,) = 0/94 x (0/85 x 250 x 6/9) = 1378 MPa



0/8f,, = 0/8 X (250 x 6/9) = 1380 MPa

fpj = 1163 < min{0/94f,, & 0/8f,,} = 1378 MPa
Padsl (S0 Gy Se al> e 50
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Figure 32 Continuous Beam — Two Unequal Spans — Concentrated Load on Each
Span Symmetrically Placed
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