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Historical Background

* First patent of prestressed concrete was in 1872
by P.H. Jackson at San Francisco - he used a tie
rod (Prestressed) to construct a beam from
individual concrete block.

* Early attempts of prestressing failed due to the
loss of prestressing force with time — a better
understanding of losses was needed, in addition
to, high strength steel.

* In 1928, E. Freyssinet of France started modern
development of prestressed concrete.
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Everyday Life Examples

* Force-fitting of metal
bands on wooden
barrels

Metal bands

* Pre-tensioning the
spokes in a bicycle
wheel

Spokes
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Definition
* Prestressed is a form of concrete in which
internal stresses are introduced by means of a
high strength pre-strained reinforcement.
Prestressing relies on bond and/or bearing
mechanisms to achieve stress transfer to
concrete.

* Prestressing force induce internal actions of
such magnitude and distribution to counteract
the external loading. In Prestressed concrete
members, steel is in tension and concrete is in
compression, even before the application of any
external loading.
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Reasons for Prestressing

* Prestressed concrete has been developed to
overcome some of the limitations of Reinforced
Concrete, namely:

® |n flexure of reinforced concrete member, concrete is
cracked and functions only to hold the reinforced bars
in place and protect them from carrion, thereby,
adding excess weight without additional strength.

® Cracking lowers the moment of inertia of the section,
thereby increasing deflection. Prestressing eliminates
cracks.

" make use of the high strength in tension of
prestressing steel strands which is 270Ksi =1860MPa
(four to five times of that of conventional steel).
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Reasons for Prestressing

® Eliminate cracking at service loading conditions.
® |mprove shear and torsional strengths.

= Add protection to the steel.
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Full & Partial Prestressing

* Full prestressing: sufficient precompression to
ensure “crack free” at full design load. Freyssinet
1930.

* Partial prestressing: precompression is not
enough to prevent cracks under full design load.
Thus, the member will normally contain some
conventional steel bars.

* In many cases, partial prestressing improves the
structural performance and is commonly used.
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Reinforced Concrete Members

1. “jd” almost constant under increasing load

2. “T & C” increase proportionally to applied load
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Prestressed Concrete Members

_)._._S.g_._.-

No Load Dead Load Dead + Live
M=Ta,=Ca, M=Ta,=Ca,

1. Internal lever arm “a” increases under the applied load.

2. T&C remain virtually constant under working load
conditions
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Plain Concrete

b — 2
M, =M, = f, —
t r t 6

= (0.1f,)(0.617bh?)
= 0.0167bh f,
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Reinforced Concrete (Service
limit state

_____ nitstate) .

0.9h (0.9-0.12) h
h ,,,,,,,,,, ——————— e :078h

| :

[e—b —
C-= %(0.45 )(0)(0.36)

=0.081bh*f,
M, =C(0.78h) = 0.0632bh* f,
M,is3.78times l arger

.[0.0617bh?*f, due to D.L moment
M, =0.0632bh* f, , 0 )
0.0465bh" f_due to L.L moment
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Prestressed concrete (working
limit state)

0.45f,

$0.23n

PS+DL+SI PS+DL+SI+LL

C =0.5(0.45 f,)bh = 0.225bhf, M, =C(0.56h)

with superimposed DL : = (0.225bhf,)(0.56h)

a=0.23h = (0.126bh*f.)

with superimposed DL + LL : =2M, (RC element)

a=0.56h =7.5M, (Plain concrete element)
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Advantages of Prestressing

® Section remains uncracked under service loads
® |ncrease in durability by reducing steel corrosion
® Full section is utilized
v Higher moment of inertia (higher stiffness)
v Less deformations (improved serviceability).
® |ncrease in shear capacity.
® Suitable for use in pressure vessels, liquid retaining
structures.
® |Improved performance (resilience) under dynamic
and fatigue loading.
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. |

Advantages of Prestressing

* High span-to-depth ratios
® Reduction in self weight
® More aesthetic appeal due to slender sections.
® More economical sections.
® Larger spans possible with prestressing (bridges,
buildings with large column-free spaces)
® Typical values of span-to-depth ratios in slabs are given
below:
Non-prestressed Slab  28:1

Prestressed Slab 45:1
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Advantages of Prestressing

® Suitable for precast construction
® Rapid construction

Better quality control.

Reduced maintenance.

Suitable for repetitive construction

Multiple use of formwork

® Availability of standard shapes.
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Limitations of Prestressing

* 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.
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Types of Prestressing

Prestressing of concrete can be classified in several
ways. The following classifications are discussed:

* Source of prestressing force:

v' Mechanical: the devices includes weights with or
without lever transmission, pulley blocks, screw jacks
and wire-winding machines. This type of prestressing
is adopted for mass scale production.

v Hydraulic: producing large prestressing forces.
Hydraulic jacks used for the tensioning of tendons,

v Electrical: the steel wires are electrically heated and
anchored before placing concrete in the molds.

v Chemical.
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Types of Prestressing

* External or internal prestressing: location of the
prestressing tendon with respect to the concrete section.

(a) External (b) Internal
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Types of Prestressing

* Pre-tensioning or post-tensioning: based on the
sequence of casting the concrete and applying tension to
the tendons.

v Pretensioning: The tension is applied to the tendons
before casting of the concrete. The precompression
is transmitted from steel to concrete through bond
over the transmission length near the ends.

v Post-tensioning: The tension is applied to the
tendons (located in a duct) after hardening of the
concrete. The pre-compression is transmitted from
steel to concrete by the anchorage device (at the end
blocks)

Dr. Hazim Dwairi The Hashemite University Prestressed Concrete

Types of Prestressing

* Linear or circular prestressing: 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: based on
the directions of prestressing a member.
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Circular
Prestressing

Biaxial
Prestressing
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Advantages of Prestressing

® Section remains uncracked under service loads
» Reduction of steel corrosion (increase durability)

» Full section is utilized (Higher moment of inertia,
higher stiffness, Less deformations.

» Increase in shear capacity

» Suitable for use in pressure vessels, liquid retaining
structures

» Improved performance (resilience) under dynamic
and fatigue loading.
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Advantages of Prestressing

® High span-to-depth ratios
» Larger spans possible with prestressing (bridges,
buildings with large column-free spaces)

» Typical values of span-to-depth ratios in slabs are

given below. Non-prestressed slab 28:1
Prestressed slab 45:1

» For the same span, less depth compared to RC
member.
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Advantages of Prestressing

¢ Suitable for precast construction
» Rapid construction
» Better quality control
» Reduced maintenance
» Suitable for repetitive construction
» Multiple use of formwork
> Availability of standard shapes.
® The following figure shows the common types of
precast sections.
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Double T-section

L-section Inverted T-section I-girders
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Disadvantages of Prestressing

® 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.
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Types of Prestressing

¢ 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.
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Types of Prestressing

® 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.
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Methods of Prestressing

® Mechanical jacking of tendons, very popular

®* Thermal prestressing by application of electric
heat.

® Pre-bending high strength steel beam and
encasing its tensile flange with concrete.

® Chemical prestressing by means of expansive
cement which expands chemically after setting
and during hardening, known as self stressing.
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Forms of Prestressing Steel

® Wires:
» Prestressing wire is a single unit made of steel.
¢ Strands:

» Two, three or seven wires are wound to form a
prestressing strand.

® Tendon:

> A group of strands or wires are wound to form a
prestressing tendon.

¢ Cable:
> A group of tendons form a prestressing cable.

® High-strength Bars.

Dr. Hazim Dwairi The Hashemite University Methods of Prestressing
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Pretensioning

¢ Steel tensioned before casting the concrete.

Strands are tensioned, concrete is cast around
the strands, then the strands released when
concrete attains required strength. Prestressing
force introduced into concrete by bond

» Anchoring of tendons against the end abutments

» Placing of jacks

» Applying tension to the tendons

» Casting of concrete

» Cutting of the tendons.
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Pretensioning
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End
abutment Steel tendon

(a) Applying tension to tendons

(b) Casting of concrete

Cutting of tendon

(c) Transferring of prestress
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A double acting hydraulic jack with a
load cell
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Chuck assembly for anchoring

tendons

Seven-wire strand

Jaw assembly

Retaiming ring
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Methods of Prestressing

Harping Devices

Harping point Hold up device

a) Before casting of concrete

b) After casting of concrete

Dr. Hazim Dwairi

3" @ strand

———— Strand chuck

Center hale
hydraulic jack

Strand chuck

Hold-down
anchors

Harped strand
qroup
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View of the tendons layout and

Casting Bed
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End Abutment

"
4

s

i_'!'i «.‘:!#
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Jacking Abutment
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g off Forms

-

Dr. Hazim Dwairi The Hashemite University Methods of Prestressing

Detensionin
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Final Product

The Hashemite University

Post-tensioning

® In post-tensioning systems, the ducts for the
tendons (or strands) are placed along with the
reinforcement before the casting of concrete.
The tendons are placed in the ducts after the
casting of concrete. The duct prevents contact
between concrete and the tendons during the
tensioning operation.

The Hashemite University
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Post-tensioning

® It is usually in-situ operation, used in large
projects such as continuous long-span bridges.

® Use metal sheath to form a duct or use plastic
duct instead.

® Use small number of large tendons as oppose to
large number of strands in pretensioned:

» Pretensioned rely on bond between concrete and
steel thus we wish to maximize bond surface,
whereas in post-tensioned we rely on mechanical
anchorage at the ends.

» Fewer larger tendons results in less labor

Dr. Hazim Dwairi The Hashemite University Methods of Prestressing

Post-tensioning

® In post-tensioned members, tendons are usually
grouted after anchorage to prevent corrosion:
» Cement or epoxy grout, called bonded members
» Grease or no grout, called unbonded members

® Grout is pumped into duct under pressure to
ensure its full. The behavior of bonded and
unbonded is the same until before cracking,
after cracking they are different.

Dr. Hazim Dwairi The Hashemite University Methods of Prestressing
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Post-tensioning Sequence

» Casting of concrete.

» Placement of the tendons.

» Placement of the anchorage block and jack.
» Applying tension to the tendons.

» Seating of the wedges.

» Cutting of the tendons.

Grout tube Grout tube

Vent — —

| /J]\_/ |
. -.u_:_-'_"‘-—— - ;,ZLH J

Straesig anchnrnge\‘ — Drain Drain — Dead-end anchorage
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Post-tensioning ducts in a box girder

Dr. Hazim Dwairi
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Schematic of Post-tensioning stages

(c) Anchoring the tendon at the stretching end
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Anchoring Devices

sheath
=

trumpet —

— dge
\ wo

~ anchor head

bunonfhead

~—threaded anchor head
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Jacking and Anchoring with Wedges

L P
|

\ A
i

O .
——— Y
{ s ’*y A

\ pressure plate
jack foot
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Couplers for Strands
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Grouting Equipment
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Post-tensioned Bridge Girders

(1)Fabrication of reinforcement
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Post-tensioned Bridge Girders

(2) Placement of tendons
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Post-tensioned Bridge Girders

(3) Stretching and anchoring of tendons

Dr. Hazim Dwairi The Hashemite University Methods of Prestressing
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Post-tensioned Bridge Girders

(4) Reinforcement cage for box girder
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Post-tensioned Bridge Girders

(5) Formwork for box girder

Dr. Hazim Dwairi The Hashemite University Methods of Prestressing
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Post-tensioned Bridge Girders

(6) Post-tensioning of box girder

The Hashemite University

Post-tensioned Bridge Girders

(7) Transporting of box girder

The Hashemite University

Dr. Hazim Dwairi

20



Prestressed Concrete

Hashemite University

Post-tensioned Bridge Girders
(8) Completed bridge
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Pretensioned Concrete

Dr. Hazim Dwairi

Vertical Harping Harping
bulkhead hold-up point hold-down point

%

Prestressing Precast
bed slab concrete elemant

Schematic of Pretentioning Bed
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View of th tendons layout and Casting Bed

View of the tendons layout
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Hold-down anchor for harping pretensioned tendons

Harping of tendons in prestressing bed
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Installing Load cells at the end of the girder to measure
prestress force (Dead End)

View of the lower flange tendons with load cells installed
(Dead End)
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View of all tendons with load cells installed (Dead End)

Jacking the tendons (Jacking or Live End)
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Jacking the tendons (Live End)

Shear reinforcement and strain gauges
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Installing forms

Wiring Instruments
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Concrete mixing plant

Pouring SCC
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Vibrating the regular girders

Making specimens
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J-Ring test

L-Box test in progress
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Data loggers connected to the strain gauges

Thermocouple recorder
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Curing specimens with the girders

Taking forms off
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Taking forms off

Taking forms off
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Taking forms off

Taking forms off
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Torch Detentioning

Torch Detentioning
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Torch Detentioning

Two SCC girders and One regular
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Post-tensioned Concrete
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Precast Segmental Bridges
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CABLE-STAYED BRIDGES

Cable-Stayed Bridges

Spliced Precast Girders

Dr. Hazim Dwairi



Prestressed Concrete

Hashemite University

Installing Ducts

Installing Ducts
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Jacking Tendons

Jacking Tendons
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Jacking Tendons

Figure 5.10 Prestressing jack (Phora: Benaim)
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Figure 5.9d "lvpical prestress anchors: bar anchors (Photo: Benaim)

Stressing Anchorage: VSL Type EC

Stressing Anchorage: VSL Type E

The prestressing force is tansferred to thes concrete
steel-bearing pia

tmner plate. the E anchorage can abso
15 a dead-end anchorage Grout tube

Bearing plate (1teel)

Dt
Anchor haad Siaave
Wedges
Serandy

|

Anchorages
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Anchorages

nC15 anchorage

Freyssinet Anchorage System
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Freyssinet Anchorage System

Stressing Anchorage:
VSL Type SO

VSL Type N Anchorage

ot

Anchorages
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Figure 5.9a Typical prestress anchors: CCL slab anchor for 6 strands (Image: CCL Stressing
Systems Ltd)

Anchorages

Figure 5.9b Typical prestress anchors: CCL anchor for 19 No 15.7 mm strands (Image: CCL
Stressing Systems Ltd)

Anchorages
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Figure 5.9¢ Typical prestress anchors: CCL anchor for 37 No 15.7 mm strands (Image: CCL
Stressing Systems Ltd)

Anchorages

Single Strand Couplers

Single Strand Coupler
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Dwyidag Bars

TENSA Control records
stressing pressure and
glongation and stores data
TENSA 670 kips jack
{15 strands)

Various Jacks
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Figure 5.12 Cables in a typical beam (Photo: Benaim)
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Post-Tensioned Slab
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Post-Tensioned Slab

Post-Tensioned Slab
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Post-Tensioned Slab

Post-Tensioned Slab
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Ducts and 7-wire strands

Ducts at negative moment location
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End of slab

End of slab
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Jacking

s
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Preparing tendons for dead end
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Anchorage

Anchorage
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Anchorages

19/05/2005

Anchorages
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Grouting

Grouting
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(i) Combined Load Concepts

* PS beam is assumed to be homogenous and
elastic. Stress in this beam :

f =_Pi(Pe)yi Mexty

Dr. Hazim Dwairi The Hashemite University Prestresse d Concre te
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Consider rectangular section, simply supported
beam:

A — No prestress (self-weight only) ft

wl?
Let self-weight=w;, MCL:?
+W|2 h12 3wl?
8 2bh®  4bh?
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fl=1"=

B — Eccentric prestress + self-weight
|
: i
i i
i i
S SO SO N SOOI i
i 1
i e
| P_|> cgs 'I <_P‘_
i i
b 1 ft
[ +
Prestress
ONLY | . + =
\ }
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Prestress ONLY

If P

A
A

-

A

Dr. Hazim Dwairi

ec'
I’2

fb—_i

= initial prestress force without losses
P (P
_.+( e)c.

| (P- £)c

if r = radius of gyration = | %C , then
_'(1

_ACLH j

The Hashemite University

Prestresse: d Concre te

Prestress + Self-weight

If beam self
ft :__Pi[l_
A
-P

f*=
A
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_.£1+

r

€.cC

MD
St

b
) M
_zj_’_ Sf

S',S" are section moduli at top and bottom fibers

- o |

—weight causes a moment M

e.ct
Ll
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C — Eccentric prestress + self-weight + Live Load

* Subsequent to erection and installation of the floor or
deck, live loads act on the structure, causing a
superimposed moment M. The full intensity of such
loads normally occurs after the building is complete and
in full use. Thus, some time-dependent losses in
prestress have already taken place and P, should be
considered in calculations.

Dr. Hazim Dwairi The Hashemite University Prestressed Concrete

C — Eccentric prestress + self-weight + Live Load

My = Mp + Mgp +M
* My = moment due to self-weight.
* Mgp = moment due to superimposed dead load

* M, = moment due to live load including impact
and seismic

Dr. Hazim Dwairi The Hashemite University Prestressed Concrete
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Loading Stages

(1) Casting: No concrete stresses

(2) Stressing: P; effect

A
v

Dr. Hazim Dwairi The Hashemite University Prestresse d Concre te
s

Loading Stages

(3) Transfer (temporary load): Prestress + self
weight

—————

—‘— o
-
-

N

v

Dr. Hazim Dwairi The Hashemite University Prestresse d Concre te
s
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(i1) Internal Couple Concept
(C-Line Method)

* Consider a simply supported beam prestressd
with draped tendon:

-

® C-line or center of pressure locates the concrete
compressive force C for a given load level

Dr. Hazim Dwairi The Hashemite University Prestresse d Concre te

e Zero external load (self-weight neglected) —
Hypothetical case:

Leverarm =0
Moment =M =0

R:OT <
* Loaded Condition (including self-weight):
C

—ef Leverarm=e + €’
e

= M/P

9
T

Dr. Hazim Dwairi The Hashemite University Prestresse d Concre te
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(ii1) Equivalent Load Concept
(Load Balancing)

* Consider a simply supported beam prestressd
with draped tendon, the profile of which is
assumed parabolic:

Note the cable ends

e=ax’+bx+c
e=0at (x=0)&Xx=L)=c=0,b=-aL

€=6,, at x=L/2 :>a=_4€2maX
L

max

Dr. Hazim Dwairi The Hashemite University Prestresse d Concre te

de
se=-ax(L-x)= %X(L —X)
Now at any section, moment on concrete due to prestressing

aloneisgiven by :

M :—C.ez—P%x(L—x)

voIM_—tPen o
dx L
2 —

W __ M _ 8P2emax — Constant T

- j \
Equivalent Load

The Hashemite University

Prestresse: d Concre te
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* Hence, the parabolic tendon profile gives an
equivalent uniformly distributed load on the
concrete over the length of the tendon:

4Pe
Psin@d~Ptané = P%z 4Pemax

_8Pe,

\l/ X L \Il-/
W, Zax
pc_o?e'l?LU\LLLu t 14 M NG

* Note that the sum of the vertical & horizontal
forces is zero, since the beam must be in
equilibrium under the action of prestressing.

Dr. Hazim Dwairi

The Hashemite University Prestresse d Concre

* The effect of prestressing and applied load on

the concrete may be simulated as follows:
w,L

e

w
T REREEENENEEEEERREEEN
\l/ 8Pe

_ We—%w\l/@
e S ST PP P

w.L

e

WeLt LTIy _etow, =
2 € € net e
_— %—P f:i+Mnety
P & - |

The Hashemite University
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* Load balancing method of design was first
proposed by T.Y. Lin and is described in detalil
on page 16 of the textbook by Nawy. See also
pp.488 in Collins and Mitchell in relation to slab
design.

* Equivalent loads may be used to input the effect
of prestressing in the form of load into computer
programs for analysis of statically indeterminate
structures.

Dr. Hazim Dwairi The Hashemite University Prestresse d Concre te

(a) Linear Profile

2Pe 2Pe
T\l, \LL
? b tooroooioioimimoo oo imom oo oo imomoo om0 oo ep
T@
L

* Use this profile to support concentrated loads

Dr. Hazim Dwairi The Hashemite University Prestresse d Concre te
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(b) Constant Profile

Pe

A — v

* Use this profile to support uniform moment

Dr. Hazim Dwairi The Hashemite University Prestresse d Concre te

(c) Mixed Profile

P ___________________________________________ P
Pe, Pe,
Tp(eﬁez +e2+e3]
L L, )
* End moments are due to end eccentricity

Hashemite University
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* To avoid tension it's necessary to reduce the
eccentricity so that the centroid of the
prestressing steel at the ends of the beam is
within the middle third for a rectangular section.
This is achieved by using harped or blanketed
strands in pretensioned beams and draped
tendons in post-tensioned beams to maintain
‘emax at mid-span and smaller ‘e’ at ends.

Pretensioned Post-tensioned
Harped at two hold down points Draped parabolic tendons to suit
typical bending moment diagrams

Dr. Hazim Dwairi The Hashemite University Prestressed Concrete
. |
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The Hashemite University

Department of Civil Engineering

Lecture 4 — Materials

Dr. Hazim Dwairi
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Concrete Uniaxial compression
Stress
et o

Stage IV :

£ ——
Stage Ill i

L 2 i
Stage i

30% o ;
Stage | E Strain

0.003
Dr. Hazim Dwairi The Hashemite University Prestressed Concrete
. |
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Concrete Uniaxial compression

» Before application of any load, micro-crack
exit in the zone between the mortar matrix
& aggregate due to drying of cement paste

« Stage I:

> From 0% to 30% .
> Linear stress-strain relationship.

Dr. Hazim Dwairi The Hashemite University Prestressed Concrete

. |

Concrete Uniaxial compression

» Stage Il
» From 30% to 50% .

» Micro —cracks increase in length, width, and number,
however, a stable system of micro-cracks exists.

» Beginning of non-linearity of stress- strain relationship

» Stage Il
» From 50%t075% .
> Cracks in the matrix.
> Unstable crack system in the matrix.
> Non-linear stress-strain relationship.

Dr. Hazim Dwairi The Hashemite University Prestressed Concrete

Dr. Hazim Dwairi 2



Prestressed Concrete Hashemite University

Concrete Uniaxial compression

» Stage IV:
» From 75% to failure.
» Rapid propagation of the cracks in the matrix and
transition zone.
» Rapid increase in the strain.
» Crack system is continuous
» Critical stress: if concrete is subjected to
a sustain load equivalent to 75% of ' , it

will fail after a certain time.

The Hashemite University Prestressed Concrete

Dr. Hazim Dwairi

* Cracks affect the lateral strains and as a
result volume of concrete increases
especially after 75% of f'.. The increase of
the volume causes an outward pressure

on the ties.

€3 Stress Stress

Proportional Limit

Axial Strain
>
The Hashemite University VOI umetric Strai N prestressed Concrete

Dr. Hazim Dwairi
s
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Relationship between short-and
long term loading

Stress

~ t=20min.
N

100%
80% -

Strain

0.003 0.004 0.008

Dr. Hazim Dwairi The Hashemite University Prestressed Concrete

Relationship between short-and
long term loading

» Due to progressive micro-cracking at
sustained loads, a concrete will fail at
lower stress than induced by short —time
loading.

— Normal rate of loading is 35psi/sec (0.24MPa/sec)
— Time to reach max. load =1.5 to 2 minutes

Dr. Hazim Dwairi The Hashemite University Prestressed Concrete
s
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Modulus of Elasticity

E; =initial modulus
E. =secant stiffness
¢ ACI :

E, =0.043w**\/f,  (MPa)

=4700,/f,  (MPa)
e EU code:
E.=9.5(f, +8)"° (GPa)

W .
=9.5(—)(f +8)"3 (GPa
(2400)( . +8)"" (GPa)
e Canadian code
E, =0.043w'%f, (kg/m?)

Dr. Hazim Dwairi The Hashemite University Prestressed Concrete
Strain
/ Unloading

/ Elastic Recovery

Creep strain

8C
loading |/ |
Elastic strain Permanent
€ Deformation
t, t t=00 Time
Dr. Hazim Dwairi The Hashemite University Prestressed Concrete

. |

Dr. Hazim Dwairi 5



Prestressed Concrete

Dr. Hazim Dwairi

Hashemite University

Creep
t, Creep Coefficient for Normal Concrete
h=150mm and RH = 80%
1 34
7 2.4
28 1.8
90 1.5
365 1.1
o.(t,)
g (t) = =1+ C, (tt,)]= L+ C (t;t,)]
E.(t,)

For t,=1 & t=~, C;=2 to 4 (2.35 recommended)
depending on the quality of concrete, ambient
temperature, and humidity, as well as the
dimensions of the element considered.

OR

Dr. Hazim Dwairi The Hashemite University Prestressed Concrete

Creep

Ct = Cu KtKaKththKf Ke
C,: the ratio of creep strain to initial elastic strain
C,: ultimate creep coefficient (1.3 to 4.15)
Ki: time under load coefficient = 1049 tin days
K,: the age when loaded coefficient = 1.25t,**
K,.: the humidity coefficient = 1.27 -0.0067H (%)
Ki, : the min. thickness of member coefficient
K,: the slump coefficient
K: air content coefficient
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Shrinkage

» Drying of concrete in air results in
shrinkage, and if the change in volume is
restrained, stresses develop.

» The restraint may be caused by the
reinforcing steel, supports, or by the
difference in volume change.

* Branson,1977, recommend the following
relationships for the shrinkage strain as a
function of time for RH=40%

Dr. Hazim Dwairi The Hashemite University Prestressed Concrete

Shrinkage

a) Moist - cured concrete at any time (t) after 7 days:
t
Ey, =—\&
SH t 35+t( SH,u)
gy =800x10"° mm/mmif no local data a vailable

b) Steam-cured after age of 1 to 3 days:

EsHt :ﬁ(‘gSH,u)

RH correction :
40% < RH <80% Ksy =1.4—0.01RH
80% < RH <100% kg, =3-0.03RH

Dr. Hazim Dwairi The Hashemite University Prestressed Concrete
_—
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Shrinkage

OR gsh = gsh,uStShStthStSeSc

&4 Unrestrained shrinkage strain
&4 Ultimate shrinkage strain (0.000415 to 0.00107)
s;: The time of shrinkage factor
s,: The humidity coefficient
Sy,- min. of thickness of member coefficient
S.: The slump coefficient
S.. The cement content coefficient

S, = o for moist - curing
5+t

S, = ! for steam - curing
55+t

Dr. Hazim Dwairi The Hashemite University Prestressed Concrete

2. Nonprestressing Reinforcement
(Conventional Steel)

» Low carbon steels exhibit a distance yield
plateau. The length of this yield plateau
decrease with increasing carbon content
with also cause an increase in yield
strength.

* Low carbon steels with f,= 40, 60, 75 ksi
are used for reinforcing bars

Dr. Hazim Dwairi The Hashemite University Prestressed Concrete
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2. Nonprestressing Reinforcement
(Conventional Steel)

f

Stress

Idealized Curve

Strain

0.00207

Dr. Hazim Dwairi The Hashemite University Prestressed Conci

rete

Dr. Hazim

3. Prestressing Reinforcement

» Because of the high creep and shrinkage in
concrete, effective prestressing can be achieved by
using very high-strength steels in the range of 270
ksi (1862 MPa) or more.

» Steel used in prestressing bars and prestressing
strands has high carbon content and thus doesn’t
exhibit a yield plateau. In addition wires used to
manufacture steel strands are cold drawn to
increase their strength.

* Yield strength of prestressing steel is somewhat
arbitrary and defined as the stress corresponding to
a particular strain, usually 0.7% for bars &1.0% for
strands.

The Hashemite University Prestressed Concrete
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3. Prestressing Reinforcement

* Yield strength of prestressing steel is somewhat
arbitrary and defined as the stress
corresponding to a particular strain, usually
0.7% for bars &1.0% for strands.

* |n a Prestressed concrete member, the
prestressing steel is usually stressed initially to
around 60% o this ultimate strength. The
magnitude of normal prestress losses can be in
the range of 241 to 414 MPa, thus conventional
steel would have little prestress left after losses.

Dr. Hazim Dwairi The Hashemite University Prestressed Concrete

Grade 270 strand

270 -

250 - £

. 0.192in. dia wire

/_—\ Grade 160 alloy bar

Stress, psi ¥ 10°
g

100 =
Eﬂi | ’

| Strand E,, = 27.5 X 10° psi
| Wire £,, = 29.0 X 10° psi

50 I Bar £, =27.0 X 10° psi (186.2 X 10° MPa)
i .
I 1% Elongation

U.?B%l
1 I I I I 1
0 0.01 0.02 0.03 0.04 005 ' 006 0.07 infin

Strain

Figure 2.18a Stress-strain diagram for prestressing steel.

Dr. Hazim Dwairi The Hashemite University Prestressed Concrete
s
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Prestressing Steel

L]

<

X

@

(=1

|

@

o)

n

2 Mild Steel ~ “~a,

‘h“
| L | | >
0.02 0.04 0.06 0.08 (in.fin.)

Strain

The Hashemite University

. |
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3. Prestressing Reinforcement

The Hashemite University

* Prestressing reinforcement can be form of single
wires, strands of composed of several wires
twisted to form a single element, and high-
strength bars.

* Three types commonly used in the US:

— Uncoated stress-relieved on low-relaxation wires
— Uncoated stress-relieved and low-relaxation strands
— Uncoated high-strength steel bars

« Strands are usually made of seven wires

Prestressed Concrete

Dr. Hazim Dwairi
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Seven-wires compacted strands:[ASTM A779]
Nominal dia. Nominal breaking Nominal area Nominal

(mm) strength (mm2) weight
(mm.kN) (kg/m)

12.7 209 112.23 0.893
15.24 300 165.12 1.299
17.78 380 223.17 1.749

* Form of prestressing steel
Wires: Prestressing wire is a single unit made of steel.
Strands: Two, three or seven wires are wound to form a
prestressing strand.
Tendon: A group of strands or wires are wound to form a
prestressing tendon.
Cable: A group of tendons form a prestressing cable.

Bar: A tendon can be made up of a single steel bar. The
diameter of a bar is much larger than that of a wire.

Dr. Hazim Dwairi The Hashemite University Prestressed Concrete
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ACI Maximum permissible
stresses

foy- yield strength of prestressing tendons, MPa
f,: yield strength of nonprestressing steel, MPa
fou: tensile strength of prestressing tendons, MPa
f .. compression strength of concrete, MPa

f: compression strength at time of initial
prestress, MPa

* Concrete stress in flexure (after transfer):
extreme compression fiber ..................... 0.60 f
extreme tension fiber, except as in (c)...... 0.25Vf'
extreme tension fiber at end of simply supported
MEMDErS ....ooiiiiiie e, 0.50Vf,

Dr. Hazim Dwairi The Hashemite University Prestressed Concrete

 [f tensile stresses exceed these value,
nonprestressing reinforcement should be used
to resist these stress in tension areas

* Concrete stress in flexure (at service):
extreme compression fiber due to prestress plus
sustained load, where dead &live loads area large part
of total SErvice ...........cccccvvviiiiiiiiiiceeccee, 045f
extreme compression fiber due to prestress plus total
load if live load is transient ........................... 0.60 f
extreme tension fiber in precompressed tensile zone
............................................................. 0.50V f',
extreme tension fiber in precompressed tensile zone if
immediate and long-term deflection comply wiyh ACI-
oo o =S 1.0V f,

Dr. Hazim Dwairi The Hashemite University Prestressed Concrete
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* Prestressing steel stresses

tendon jacking stress.................. 0.94 £, < 0.80f,
after transfer.....................l 0.82 f, < 0.74f,
post-tensioning, after anchorage............... 0.70f,,

AASHTO Max. Permissible stresses, see section
2.9, pp.60 in the textbook by Nawy.

Dr. Hazim Dwairi The Hashemite University Prestressed Concrete
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The Hashemite University

Department of Civil Engineering

Lecture 5 — Losses of
Prestress

Dr. Hazim Dwairi

The Hashemite University

Types of Losses

* |nitial PS force undergoes force loss over
a period of approximately 5 years

Losses of PS

Immediate /\ Time-dependent

Elastic shortening *Concrete Creep
*Anchorage losses *Concrete Shrinkage
*Friction losses Steel Relaxation

Dr. Hazim Dwairi The Hashemite University Prestresse d Concre te
s
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Types of Losses

Losses of PS

Concrete /\ Steel

Elastic shortening *Relaxation
*Creep *Friction
*Shrinkage *Anchorage set

Dr. Hazim Dwairi The Hashemite University Prestressed Concrete
s

General Notes

* Early failures in PS structures were due to the
inaccuracy in predicting losses over time.

* Losses of PS force may be grouped into:
— Immediate during construction
— Time-dependent over an extended period of time

* The jacking force P; (largest force applied to a
tendon) is immediately reduced due to friction,
anchorage and elastic shortening to initial force
P.

Dr. Hazim Dwairi The Hashemite University Prestressed Concrete
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General Notes

* As time passes by, the force reduces gradually,
rapidly at first but then more slowly, due to
creep, shrinkage and relaxation.

* After many years, the force stabilizes to what is
known as effective force P..

* For pretensioning, P; never acts on the concrete,
but only on the anchorage of the casting bed,

* For post-tensioning, P; is fully applied to the
concrete only at the ends.

Dr. Hazim Dwairi The Hashemite University Prestresse d Concre te

General Notes

* An exact determination of the PS losses is not
feasible all the time, sometimes it is reasonable
to lump-sum loss estimates.

* Exact losses affect service load behavior such
as deflection and crack width.

* Overestimation of losses leads to high PS force
causing excessive camber and tensile stresses.

* Underestimation of losses leads to little PS
force, thus not using the system to its full
capacity.

Dr. Hazim Dwairi The Hashemite University Prestresse d Concre te
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Lump-sum Estimate of Losses

* First introduced in the ACI code of 1963. The
current ACI code doesn’t have lump-sum
estimates. However AASHTO and Post-

tensioning institute (PTI) suggest lump-sums.
AASHTO Lump-sum losses *

Type of Steel Total Losses  Total losses
f'.=27.6 MPa '  =34.5 MPa
Pretensioned Strand -—- 310 MPa
Post-tensioned wire or strand 221 MPa 228 MPa
Bars 152 MPa 159 MPa

* Losses due to friction are excluded, it should be computed
according to sec. 6.5 of AASHTO and added.

Dr. Hazim Dwairi The Hashemite University Prestressed Concrete

0

Lump-sum Estimate of Losses

PTI Lump-sum losses for post-tensioning

Type of Steel Total Losses Total losses
(Slabs) F(Beams and joists)
Stress relieved 270-K strands 207 MPa 241 MPa
and stress relieved 240-K wire
Low relaxation 270-K strands 103 MPa 138 MPa
Bars 138 MPa 172 MPa

* These losses are applied to only routine,
standard conditions of loading, normal concrete,
quality control, construction procedure and
normal environmental conditions.

Dr. Hazim Dwairi The Hashemite University Prestressed Concrete
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Type of PS Losses
Type Stage Stress Loss
Pre Post (i, t) Total
Elastic shortening At transfer At sequential  --- Afes
(ES) jacking
Relaxation (R) Before After transfer  Afg(t, t)  Afr
and after
transfer
Creep (CR) After After transfer  Af,cp(ti, )  Af,cr
transfer
Shrinkage (SH) After After stransfer Af g, (t, t)  Afgy
transfer
Friction (F) - At jacking --- Afe
Anchorage Set (A) --- At transfer --- Afop
Total Life Life Af ot t)  Afr
Dr. Hazim Dwairi The Hashemite University Prestressed Concrete
. |

Total Losses

* Pretensioned Members:
VAR = Afpest Afpt Afcpt Afgy,
> Apr: Apr(to’ttr)+Apr(t’[r’ts)
> t, = time at jacking (usually zero)
> t, = time at transfer (usually 18 hours)
>t = time at stabilized loss (usually 5 years)

* Thus,
‘/fpi = pr - Apr(to’ttr) - Apr

\

Jacking stress

Relaxation Elastic Shortening

Dr. Hazim Dwairi The Hashemite University Prestressed Concrete
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Total Losses

* Post-tensioned Members:
VAR = Afppt Af et Af pot Af ot Afcpt Afgy,
> Apr: Apr(ttr’ts)

> Afes is applied only when tendons are jacked
sequentially and not simultaneously.

* Thus,
\/fpi f - Afop - Apr

\ Tendon Friction

Anchorage set

Jacklng stress

Dr. Hazim Dwairi The Hashemite University Prestressed Concrete

(1) Elastic Shortening (ES)

® As concrete is compressed, it shortens the PS steel due
to assumed perfect bond.

* |n post-tensioned beams with single tendon, there is no
need to calculate ES since it is compensated by jacking.
(same for several tendons jacked simultaneously.

* Pretensioned Beams:

P P
—> <«

Dr. Hazim Dwairi The Hashemite University Prestressed Concrete
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PL

Aps =it

ES ECAC

P
g=—1—
ECAC
EP _ nP,

Afps = E &g = A = R =nf,,
S s =1

f.. =stressin the concrete at the steel level
For the general case of eccentric tendon :

_ 2
cS :_})l 1+e_2 +MD.e
i A r I

c

c

M ,, = Self - weight moment

Dr. Hazim Dwairi The Hashemite University Prestressed Concrete

* Post-tensioned Beams: I<A_3,.<A_z>£;
3 2
— 2 [}

Jacking 1st tendon - A, > No loss
Jacking 2" tendon > A, = loss in 15t tendon

Jacking 3" tendon = A; = loss in 18t and 2" tendon and
no loss in 3" tendon

\/Therefore, the 1st tendon suffers the maximum amount of
losses.

NP P, .e.
(AprS)J — nz i(j+1) + i(j+1) " (j+1) 'ej
= I

4

N =number of tendons; Af .c = Average

Dr. Hazim Dwairi The Hashemite University Prestressed Concrete
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(2) Steel Relaxation (R)

* Prestressing tendons undergo relaxation under constant
length, depending on steel stress and time interval. The
loss magnitude depends on the duration of the sustained
PS force, and ratio of f/f,,

The ACI318- 05 limits the tensile stress in the tendons to :
(a) For stress due to tendon jacking :

0941,
S,y =smaller of 0.8f,,

manufaturer recommendation

Dr. Hazim Dwairi The Hashemite University Prestresse d Concre te

(b) Immediately after transfer :

0.82f
S, = smaller 0f{0.74fpy

(c) In post - tensioned members, at the anchorage
and couplers, after transfer :

/i =0.70f,,

* For stress-relieved strands:

Mo =1, ("i—gt](%o.%]

"t'isin hours

Dr. Hazim Dwairi The Hashemite University Prestresse d Concre te
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* For low-relaxation strands:

A = £, 1098 Lo o 55

45 )\ £,
"t"isin hours

* For step-by-step losses:

logz, —log#, i 055

10

Apr :fpi

<=

logz, —log#, | 055

45

Apr :fpi

S e

Dr. Hazim Dwairi The Hashemite University Prestressed Concrete

* ACI-ASCE method of accounting for relaxation:
Apr - [Kre JA(prS + pCR + pSH) X C
Table 3.4 C values Stress-relleved bar

Stress-relieved or low-relaxation R '§ 4
Foilfou strand or wire strand or wire sldgaggea
0.80 128
0.79 1.22
0.78 116 &
077 ©oLn = o
076 105 NEEREEEEL
075 145 1.00 §E2nad x|z
0.74 1.36 0.95 '."’;
0.73 1.27 0.90 -
0.72 118 0.85 =
071 109 0.80 " =
0.70 1.00 0.75 £ =
0.69 0.94 = 070 g |
0.68 0.89 ; 0.66 2 E H
0.67 0.83 0.61 AR 4
0.66 0.78 0.57 <3 :
0.65 0.73 0.53 E 5 3 ;
0.64 0.68 0.49 E E 2 %
0.63 0.63 0.45 ZIF| 2 ]
062 0.58 ) 0.41 i 2 % £
0.61 053 037 2 o e %
0.60 049 033 = R £ 3

Dr. Hazim Dwairi The Hashemite University Prestressed Concrete
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(3) Creep Loss (CR)

* The continuous deformation of concrete over extended
periods of time & sustained loads is know as creep.

* The rate of strains increase rapidly at first, but decreases
with time until a constant value is reached

* Creep strains depend on the applied sustained load, mix
ratio, curing conditions, environmental conditions, and
the age of concrete when first loaded.

Ultimate creep coefficient :

Ecp _ Creepstrain
gy  elasticstrain

C, =

Dr. Hazim Dwairi The Hashemite University Prestressed Concrete

Creep coefficient at time 't":

t0.6

=——C,
©10+%°
* Typical values of the C, ranges between 2 and 4.
recommended value if no information is available is 2.35
* Prestress loss due to creep at time ‘t’ after prestressing
for bonded members is:

E s
Af, pCR — C, E fcs

c

where £, is the stress in concrete at the
level of the centroid of the PS tendon.

* |n post-tensioned unbonded members, the loss is
essentially uniform along the whole span. An average
values of f_ between the anchorage points can be used.

Dr. Hazim Dwairi The Hashemite University Prestressed Concrete
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The ACI - ASCE expession for creep loss s :

E _ _
AprR =K ?ps(fcs _fcsd)

c

K ., =2.0for pretensioned members
=1.6 for post - tensioned members
f.. =stressin concrete at level of steel after transfer

f... =stressin concret at level of steel due to all
superimposed dead load only.
Note : K ., should be reduced by 20% for lightweight concrete
K, =1.6for pretensioned members
=1.28 for post - tensioned members

Dr. Hazim Dwairi The Hashemite University Prestresse d Concre te

(4) Shrinkage Loss (SH)

* The free water normal concrete mixes evaporates with
time, the rate depending on humidity, temperature, and
size and shape of members.

* Drying is accompanied by reduction in volume, the
change occurring at higher rate initially. Approximately
80% of shrinkage occur in the first year.

* The ACI-ASCE committee recommends ultimate
shrinkage strain of (gg), = 780 x 10

* The PCI stipulates a values of (gg,), = 820 x 106
t
(65y), ==—(&4,),; moist curing after 7 days
+

(), =— (&) steam curlng after1to 3days
+

Dr. Hazim Dwairi The Hashemite Un sity Prestresse d Concre te
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* For pretensioned members: Af g, = g5y X Eg
Where, gg, is adjusted for humidity and V/S ratio

* For pretensioned members, transfer commonly takes
place after 24 hours after casting, and nearly all
shrinkage takes place after that.

* For post-tensioned members, stressing may take place
after one day or much later, thus, a large percentage of
shrinkage may already have taken place by then.

* ACI corrects shrinkage strain for environmental
conditions by: g5, = 780 x 106 X yg,

Ysn IS tabulated in ACI committee report R435-95

Dr. Hazim Dwairi The Hashemite University Prestressed Concrete

PCI expression for shrinkage loss is:

6 V
Af sy =8.2x10 KSH(1—0.0024EJ(100—RH)
Where : RH = Relative Humidity

Vv .
E = volume to surface ratio in mm

K, = factor relating to time from the end of moist
curing to application of PSin days

Post-tensioned
Days 1 3 5 7 10 20 30 60
Ksh 0.92 085 080 0.77 0.73 0.64 058 0.45

Pretensioned
Ksy =1.0

Dr. Hazim Dwairi The Hashemite University Prestressed Concrete
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(5) Friction Losses (F)

* For post-tensioned members, the tendons are
usually anchored at one end & jacked from the
other. As the steel slides in the duct during
jacking, friction losses take place making the
tension at the anchored end loss than at the
jacking end.

® The total friction is the sum of:

— Curvature friction due to imposed curvature.

— Wobble friction, due to unintentional misalignment,
even in straight tendons.

Dr. Hazim Dwairi The Hashemite University Prestresse d Concre te

(5) Friction Losses (F)

SN—

P~
~
-~

e

Tendon Jacking Stress

Distance along tendon

Dr. Hazim Dwairi The Hashemite University Prestresse d Concre te
s
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(a) Curvature Effect

N, mﬁda

dF, —— F,=F-dF;

Dr. Hazim Dwairi The Hashemite University Prestresse d Concre te

it 1 denotes the coefficient of friction between tendon
& the duct due to curvature effect, then
dF, = —uFda
dr,
_ = o
121 j “
InF,—-InF, = pua

InF,=-ua; if a=LIR
F2 :Fle—,ua :Fle_ﬂL/R

Dr. Hazim Dwairi The Hashemite University Prestresse d Concre te
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(b) Wobble Effect

if K denotes the coefficien t of friction between te ndon
& the surroundin g concrete due to wobble effect, then
similarly :
F,=Fe™
Superimpos ing both effects :
F, = Fle_ﬂa_KLor o= qu_ﬂa_KL
Thus the friction loss is :
A, F = fi= f,= filt-e ™)
~—fi(ua kL)

From trigonome try o = 8y in radians
X

Dr. Hazim Dwairi The Hashemite University Prestresse d Concre te

Tendons Central Angle

ifyz%m & a/2=4y/x

Then « =8—y in radians

X

Dr. Hazim Dwairi The Hashemite University Prestresse d Concre te

Hashemite University
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Wobble and Curvature

Coefficients
Type of tendon K (1/m) v
Tendons in flexible metal sheeting
1- wire tendons 0.0033 — 0.0049 0.15-0.25
2- 7-wire strands 0.0016 — 0.0066 0.15-0.25
3- High-strength bars 0.0003 — 0.0020 0.08 - 0.30
Tendons in rigid metal ducts (7- 0.0007 0.15-0.25
wire strands)
Mastic-coated tendons (wire 0.0033 — 0.0066 0.05-0.15

tendons and 7-wire strands)

Pre-greased tendons (wire 0.001 - 0.0066 0.05-0.15
tendons and 7-wire strands)

Dr. Hazim Dwairi The Hashemite University Prestressed Concrete
s

(6) Anchorage Slip or Seating
Loss (A)

* |n post-tensioned members, a small amount of
force is lost at the anchorage upon transfer, as
the wedges seat themselves on the tendons, or
as the hardware deform. This magnitude ranges
between 6.35mm & 9.53mm for the two piece
wedges.

* Similarly, in pretensioned, losses may occur due
to slippage at the permanent casting
anchorages, the loss may be compensated by
the overstressing.

Dr. Hazim Dwairi The Hashemite University Prestressed Concrete
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(6) Anchorage Slip or Seating
Loss (A)
My ="2E,
Where .
A , =magnitude of slip
L =tendon length
E s =modulus of prestressing tendon

Dr. Hazim Dwairi The Hashemite University Prestressed Concrete
Pretensioned Members Post-tensioned Members
e N ( )
Elastic Shortening Friction Loss
Loss
s ~ r A
Anchorage Slip
Creep Loss Loss
~ ™\ y N

Shrinkage Loss Elastic Shortening

Loss
a ) 4 N
Relaxation Loss Creep Loss
4 A
(& J
Shrinkage Loss
r R
Relaxation Loss
A J
Dr. Hazim Dwairi The Hashemite University Prestressed Concrete
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Lecture 6.1 — Ultimate
Flexural Design

Dr. Hazim Dwairi

The Hashemite University

Ultimate Flexural Strength

* Up to service load, forces from the internal
couple stay about the same, the moment
increase is achieved by increasing the
moment arm.

* Once cracking occurs, everything
changes. Steel force plus concrete force
increase, as load increases, beam behave
like RC beam (lever arm nearly stay
constant)

Dr. Hazim Dwairi The Hashemite University Prestresse d Concre te
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Cracking Load Moment (M,)

* Decompression: is when the concrete
compressive stress at the bottom reinforcement
of a SS beam is equal to zero

* Mcr when the concrete stress at the tension face
is equal to modulus of rupture.

b
e.c M

(4

Dr. Hazim Dwairi

-P
b _ e
s A

r
M, =fS" +Pe(e+c—b)

f,=062f

@+ 2 )+ S;’ =f

2

The Hashemite University Prestressed Concrete

Strength Reduction Factor
ACI )
1- Beams and slabs in flexure 0.9
2- Columns with ties 0.65
3- Columns with spirals 0.70
4- Columns carrying small axial loads 0.65-0.90r0.70-0.9
5- Beams in shear or torsion 0.75
AASHTO
1- Factory produced members 1.0
2- Post-tensioned cast in place 0.95
3- Shear and torsion 0.9
Dr. Hazim Dwairi The Hashemite University Prestressed Concrete
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Equivalent Stress Block

Figure 4.44 Stress and strain distribution across beam depth. (a) Beam cross section. (b) Strains. (c) Actual stress block. (d) Assumed
equivalent stress block.

The Hashemite University Prestressed Concrete

Dr. Hazim Dwairi

Nominal Flexural Capacity

Iterative Strain-Compatability Method:
« Stage |: Pe alone after all losses

« Stage II: Intermediate step, concrete
decompression at the PS steel level

E, =& =
2 decomp [ E
cc

« Stage lll: Overload to failure, N.A. at ‘c’ from top:

&y =

glzgpezgpe

ps

P e’
——(1+ —2)
r

d—c

(gcu) ’ gT :81+82+€3

The Hashemite University Prestressed Concrete
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i (a) Rectangular Sections

0.85f",
i e
N R B A B (d_alz) __________
_ _ Apsfps
a=pc= :
0.85f b
M,=A,f, (d-al2)
M, =p,f,bd?(1-059,); —p, 1
n_ppfps p( ' a)p)’ @p =Pp f

(a) Rectangular Sections

If mild steel is addes at distance 'd":

d d
M, = ppfpsbd; {1— 0.59(&)17 +d—wﬂ +A4.f, {1— 0.59[7" o, + wﬂ
p

/
w=p—

/.
If Compression steel is addes at distance d':
a= Apsfps + (AS' _A;)

0.851.b

a a co(a
M, = Apsfp.v(dp _E)"'Asfy(d_gj-i-/lsfy(g—d j

Dr. Hazim Dwairi The Hashemite University Prestresse d Concre te
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ﬁ’ﬂb) T-Sections

----- 1@ -~ Divideit into two parts:
Ay, T,,=comp.forceinweb C,
0 00 OM T,, = comp.forcein flange C,
T,+1. =T, +T,
T, =4, f
I, =4,

T, =A4,f,=085fab,
T,=A,f, =085/ (b=b)h,

Dr. Hazim Dwairi

The Hashemite University

- Total Tension=T7, +7,

Prestressed Concrete

a= Apsfps + Asfy _O§5ﬁ'(b _bw)hf
0.85/b,

M, = prfps(d—%)+Asfy(d—dp)+0.85ﬁ(b—bw)hf(dp _%)

if fpe <O.5fpu
if f,.205f,
*bonded tendons :

use strain compatability
use ACl approximate method :

fo d,

Lo =fp{1—y—{ppf—"?‘+i(a)—w')D

So=p>

p 2o 4 (o w)2017 d <0.15d
p f‘c dp p

Dr. Hazim Dwairi The Hashemite University

Prestressed Concrete

Dr. Hazim Dwairi



Prestressed Concrete Hashemite University

v, =055 it 125080

pu

7, =040 it 25085

pu

y,=0.28 if In 5 0.90

pu
*unbonded tendons

@) L/h<35= f, =f,+69+ /. /100p,
fps < fpy
fos < fro +414MPa
(b)L/h>35= f, = f,. +69+ f./300p,

fps < fpy
Sps < Jfpe +2071MPa

Dr. Hazim Dwairi The Hashemite University Prestressed Concrete

Min. Area of Steel

* Insure that:
~M,21.2 M,
— A, 1in=0.004 A,

* Atis the section area between extreme tension
fiber and cgc line of gross section.

+ Inflat plates if tension stress exceeds 0.17\/76'
use mild steel such that 4, =N,/05f, ; N,
concrete tension force due to D+L loads.

* In slabs at negative moment 4, i, =0.00075A/ jn
each direction, I=span length parallel to
reinforcement used

Dr. Hazim Dwairi The Hashemite University Prestressed Concrete
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Maximum Area of Steel

» Rectangular sections with PS only

* Rectangular secticc)ns with PS and tensile and

S .
2 <0.32
I B

@, =P,

compressive reinforcement

o, +di(a)—a)') <0.36 5,

P

* Flanged sections

Dr. Hazim Dwairi

0.85a

0, + L (w,-w,)=
dp 4

<0.363,

The Hashemite University

Prestresse: d Concre te
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Lecture 6.2
Preliminary Ultimate Limit

State Design Example

Dr. Hazim Dwairi

The Hashemite University

Preliminary Design Steps

¢ Select a trial depth ‘h’ based on one of the
following criteria:
— 75% of the depth required for R/C section
— 50 mm per one meter of span

¢ Select a trial flange thickness such that the total
area of the flange A is:

M

n

A= Mo
0.68f_h

Dr. Hazim Dwairi The Hashemite University
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Preliminary Design Steps

® Compute a preliminary area of prestressing
steel:
M n

Ay =
= 0.72f ,h

* Assume a reasonable value of f ¢ at failure. If f
< 0.5 f,, use strain compatibility analysis, and if
foe > 0.5 f,, use the following ACI approximate
method:

Dr. Hazim Dwairi The Hashemite University

Preliminary Design Steps
® Bonded Tendons

Y f d ,
fo=Ff,lI1-"L<p,F+—(0-o
p p[ Bl{pfc dp( )}]

® Nonbonded Tendons, span /depth < 35

f
f.=f +70+——
ps pe
100p,

® Nonbonded Tendons, span /depth > 35

‘-
f.=f_ +70+—=
ps pe

300p,

Dr. Hazim Dwairi The Hashemite University
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Preliminary Design Steps

¢ Determine if the section is rectangular or flanged
by locating the N.A. if ‘@’ is less than h; then
rectangular, otherwise it is flanged.

Af o +ATF +AS
Rectangular: a=-%2%"__>Y 37

0.85f b
A _f
Flanged: a=—2~%_ -
0.85f b,
where At =A f +Af —0.85% (b-b, )h

Dr. Hazim Dwairi The Hashemite University

Preliminary Design Steps

® Find ¢M,, for rectangular sections:
Rectangular section with prestressing steel only

fps _%fps

Or =0 TPp
c

bd, f,
Rectangular section with compression stee/
O =0, + LE (co - 03')

p d )

If o, <0.36p, then:

a a . a .
Mﬂ =Apsfps (dp —2]+Asfy(d —Zj"‘Asfy(z—d j

Dr. Hazim Dwairi The Hashemite University
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Preliminary Design Steps

® Find ¢M, for flanged sections:
Use b,, to compute the indicies:

dp

If o, <0.368, then:

a : h
Mn =Apsfps (dp _2j+Asfy (d _dp)+0'85fc (b _bw)hf (dp —ij

Or :mpw+ ((’QN_(DI)

Ao s

a=——">—
0.85t b,

At = AT +AF, —0.85 (b —h, )h

Dr. Hazim Dwairi The Hashemite University

Preliminary Design Steps

Ifo, >0.36B, the section Is overreinforced.
M, =1.b,d7(0.36B, - 0.08p])+0.85t (b b, )h (d, -0.5h, )

® Check for the minimum area of steel
requirement, i.e., A, > 0.004A

® For unbonded tendons check if M, 2 1.2M_,
¢ Select size and spacing of mild reinforcement
® Verify that M, < ¢M,

Dr. Hazim Dwairi The Hashemite University
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Example 1

® A bonded post-tensioned concrete beam has a
flanged cross-section as shown. It is prestressed
with tendons of area 1750 mm? and effective
prestress of 1100 MPa. The tensile strength of

the tendon is 1860 MPa. 25

®* The concrete has f, = 60 MPa. 175

® Estimate the ultimate flexural ool 0| £
strength of the member. b

Values are in mm.

Cross-section at mid-span

Dr. Hazim Dwairi The Hashemite University

Solution

Sincet . >0.5%,, use ACI approximate method
Analyze section as rectangular

— 'Yp fPU d '
foo=fo, (l—Bl{ppfc,+dp(m—m)

f,, =1860MPa,y, =0.55,p, = 0.65

A, 1100

= = 0.00485
bd, 460 x 785

Pp

o=0n =0

f  =1860 J—aﬂ 0.00485@ =1623MPa
P 0.65 60

Dr. Hazim Dwairi The Hashemite University
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Solution

Locate the neutral axis

A f
a= wle _ A790x1623 5. h, =175mm
0.85f.b  0.85x60 x460
.. beam section is rectangular as assumed

Determine the ultimate flexural strength:

f 1623
=w,=p, > =000485——=0.131
Wy (Dp pp f 60

C
since o, < 0.36p, = 0.234 , beam Is under-reinforced.

a
M/? = ApSf ps (dp —Zj
121

=1750 ><1623><(785 _2] =2,058kN .m

€5, =0.00966 = ¢ =0.9 = ¢M |, =1,852kN .m

Dr. Hazim Dwairi The Hashemite University

0

Example 2

¢ Design 18m span simply supported pretensioned beam
with M; = 435 kN.m (this includes self weight moment of
Mp = 55 kN.m). Assume the ultimate total moment M, =
650 kN.m (this includes My = 66 kN.m). The prestress at
transfer is f,; = 1035 MPa and at service f,, = 860 MPa.
Based on the grade of concrete M35, the allowable
compressive stresses are 12.5 MPa at transfer, 11.0 MPa
at service, and no tension stresses are allowed at any
stage.
¢ The properties of the prestressing strands are given
below:
— Type of prestressing tendon : 7-wire strand
— Ultimate strength =, = 1860 MPa
— Nominal diameter = 12.8 mm
— Nominal area = 99.3 mm?

Dr. Hazim Dwairi The Hashemite University
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Solution — preliminary section

Choose a preliminary section.
h =(50mm /m)x18m =900mm

.M 723 x 10°
Flange area = A, = L=
0.68f .h  0.68 x 35 x 900

Assume Flange width =b = 350mm
33,754
350
Assume web thickness t,, = 100mm ; this should

= 33, 754mm?

Flange thickness=h, = =96mm ~ 100mm

be verified for shear requirements.
M 723 x 10°

n

,4 " = =
o 0.72f wh  0.72x1860 x 900

= 600mm?

. Try Seven 12.8mm diameter 7-wire strands=695mm?

Dr. Hazim Dwairi

The Hashemite University

Section Properties:
A, = 140,000mm?

|, =1.412x 10" mm*
=100,833mm?

S =31.37 x 10°mm?

for zero tension stresses,
kern points are:

rZ

kI:kb:7_

=234+

€ ma

oSelect e, = 300mm

Selected section properties

hsoo.oﬁ

100.0j

100.0

900.0 700.0  —-—+-—-
2 100,833 T cge
r_2.%55 _ oogmm

c, 450 300.0

J— &

cgs

136 x 10°
695 x 1035

=423mm

ishemite University
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Check section at service
_ 860

Y= =0.83;, 1-y=017
1035
St:(l—Y)MD+MSD+ML
thi _fc
St 0.17 x136 + 380 _ 3665 x 10°mm®
0+11
Sb:(J—Y)MD"‘MSD"‘ML
1:t _yfci
Sb _ 0.17 x136 + 380 :38.85X106mm3
0+083%x12.5

S values less than S=31.37 x 10°mm?®
.. Revise the beam section

Dr. Hazim Dwairi

The Hashemite University

Section Properties:

Revise the section

Dr. Hazim Dwairi

f~——450.0 —
A, =195,000mm? i —
_ 10 4

I, =1.876 x 10" mm loo_oﬁL
r? =96,218mm?
St =5° =41.69x10°mm? 150.0
C, =C, =450mm

r? 900.0 700.0 — 01—
Kk, =k, =—=214mm W cge

Cy

182 350.0
My =0.195 x 24 x =J90kN .m
8 l cgs

M, =380 +190 = 570kN .m 1
M, =584+1.2(190) = 812KN .m 1

The Hashemite University
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Revise section

f;i =1, _%t(fﬁ -fi)

f, =0-050(0+125)=-6.25MPa
P, =Af,; =1,219kN

M D

P.

t
e. =(fy _f;i)%+

41.69 x 10° . 190 x 10°
1,219x10° 1,219 x10°
e, =370mm USE e, = 350mm

1,219 x10°
ps 1035
USE Twelve 12.8mm diameter 7-wire strands

Ay =1,192mm?

Dr. Hazim Dwairi The Hashemite University

. |

e, =(0+625)

=1,178mm?

Check flexural capacity ¢M,

Strain due to effective prestressing (s, ):

. fpe: 860
e E 193 x 10°

ps

P, =12x99.3x860 =1,025kN
Strain due to decompression (s, ):

= 0.0045

P e?
€2 = Egecomp AceEc (1 +r_2)
2
g, = 1,025,000 (1+ 350 ) = 0.00043
195,000 x 27 , 800 96,218

Dr. Hazim Dwairi The Hashemite University
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Strain Compatibility Method

Trial 1: assume f,; = 1400MPa

At 1192x1400
C0.85t,  0.85x 35 x 450
= Flanged section
56,094 = (450 — 150 )(100) + 150a = a = 174mm

B,=085- g(35 - 30)=0.814

=56,094mm? > A,

¢ =2 —214mm; d, =450+ 350 = 800mm

1

d, -c _
gy =P & = 800 - 214 (0.003) = 0.0082 > 0.005
c 214

.. Ductife behavior

ps

€, =€, +&,+853=0.0131

Dr. Hazim Dwatrt ite University

Strain Compatibility Method

From stress-strain diagram f,; corresponding

toe, =0.0131 is f,; = 1515MPa Not O.k.

0.9835

f =E,¢.|00165 + -
(2+(118¢,,)°)

ps ps < ps

Dr. Hazim Dwairi The Hashemite University
s
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Strain Compatibility Method

Trial 2: Assume f,, = 1490MPa

a=198mm,c =243mm; ¢, =0.0067 ;

Thus: €, =0.0118

From stress-strain diagram f,; corresponding

tog, =0.0118 is f, = 1480MPalclose enough O.k.

M, = 0.85f ab; (d - h?f) +

0.85f b, (a—h; )(d, —h —(a-h )/2)
oM, =1,160kN.m >> M, = 812kN.m  O.K.
No need for mild steel

Dr. Hazim Dwairi The Hashemite University

Min. & Max. Area of Steel

Check for minimum area of steel :
A =450 x 100 + 150 x 350 = 97 , 500mm?
A, . =0.004(97500) = 390mm? < 1,192mm? O.K.

Check for maximum area of steel:

s, min

d , 0.85a
{wpw g (% “’W}: d
p p
_ % - 0.210 < 0.36B, = 0.293 OK.

Dr. Hazim Dwairi The Hashemite University
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Solution — Check Stress Limits

Stresses at transfer:
P, =12x99.3x1035 =1, 233kN

P. ec M
ftlo__igg_>t)_"D
AC( rz) St

‘ 1,233,000 350 x 450 190 x 10°
fl=— (1- ) -
195,000 96,218 41.69 x 10°

f''=4.027 —4.557 = —-0.530MPa(compression ) < —12.5MPa
M D
b

P ec
fP :_/T'(“T?b”

C

f° =—16.678 +4.456 = —12.132MPa < —12.5MPa
.. At Transfer: no tension and compression stresses
are less than the limit

Dr. Hazim Dwairi The Hashemite University

Solution — Check Stress Limits

Stresses at Service:
P, =12x99.3x860 =1,025kN

P ec M
fto_"erg Tty UT
Ac( rz) S'

. 1,025,000 350 x 450 570 x 10°
flo_2 22 22 ] — ) -
195,000 96,218 41.69 x 10°

f'=43347 - 13.660 = -10.313MPa < —~11.0MPa O.K.

P ec M
fPlo—e(14+20 )4 T
AC( r2) sP

f° =_13.858 + 13.660 = —0.198MPa(compression) O.K.
The section is Okay

Dr. Hazim Dwairi The Hashemite University
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Final Designed Section at Midspan

t—— 450.0 —ﬂ

100.0 —

150.0

900.0 700.0 | —-—p-—"1—-—¢gc

350.0

cgs

!
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Lecture 6 — Flexural Design

Dr. Hazim Dwairi

The Hashemite University

“Every Design is Essentially an
Analysis.” - Nawy

e Stages at which stresses are estimated
— Initial Prestress
— Self-weight application
— Superimposed dead load
— Decompression in steel
— Service load limit
— Ultimate load state

* According to current practice PS members
are proportioned using allowable stress
design (ASD)

Dr. Hazim Dwairi The Hashemite University Prestresse d Concre te
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* Cross-section dimensions, Prestress force, and
eccentricity are selected to keep stress within
specified limits.

* Beams designed this way must satisfy deflection

requirement and other load combinations must
be checked

* Basic flexure theory assumptions

— Plane section before bending remain plane after
bending (i.e. small deflections)

— Material is elastic

— Effect of transformed section is neglecte
— Section is uncracked

— No variation of PS force along the beam
— Effect of small curvature is neglected

Dr. Hazim Dwairi The Hashemite University Prestressed Concrete

Equal

Flexural Stress Distribution
Throughout Load History

T Cc C C Eéf’c

C C C or zero T
@) (b) ©) ) ©) ®

(a) Beam section

(b) Initial stressing stage

(c) self-weight and effective prestress

(d)Full D.L. + Py

(e) Full service load + P4

(f) Ultimate limit state for under-reinforced beam

Dr. Hazim Dwairi The Hashemite University Prestressed Concrete
s
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f

c

Maximum Fiber Stresses

@ P, Stresses

@ P; + My Stresses

@ P, + My, Stresses

@ P, + My + Mg, + M, Stresses

Dr. Hazim Dwairi

Vol (%
Ct
CgC_ ...........................
cd 4
3 2)(1
| |
Mg+ M, AfP My
ft b SP

f

ci

The Hashemite University

Prestressed Concrete
. |

Ultimate

First cracking

Service load limit ----

Load Deflection Curve

Steel yielding

Dr. Hazim Dwairi

Decompression -----
Balanced ---------
Full dead load
Service load limit
- - ﬁg
// A
ATART A

The Hashemite University
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Selection of Geometric Properties

* Select the min. section moduli St & SP that

satisfy stress limits at stage of loadings:
f, =0.25,/ f;OR f, =0.45,/f OR

f, = 0.5/, for SSat support f.=06,f,
f, =05,/ f.OR
f, =061, =yt

Long - term deflection is met

(a) At Transfer (B) At Service

Dr. Hazim Dwairi The Hashemite University Prestresse d Concre te

Selection of Geometric Properties

* Stresses at transfer:

-P ect) M
ct :Ac.[l_rz]_spg N C)
b
o —:i [1+‘*°2J—'\§§’£ iy (2)
r

P, = initial prestressing force

* Effective stresses after losses:

t
f! :_:e(l—eczj— '\gf’ < f,

r
_ b
protefg, 80 ) Mo g
A r S

P, = effective prestressing force after losses

Dr. Hazim Dwairi

The Hashemite University Prestresse d Concre te
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Selection of Geometric Properties

* Service load final stresses:
-P ect) M
fl= 9(1——2} T < f, ©)

A r St
_ b
£ _ A'?e(j__,.erizj—%sft .......... (4)
* Where:

" M= Mp + Mgp + M,
= P, = initial prestress
= P, = effective prestress after losses

Dr. Hazim Dwairi The Hashemite University Prestresse d Concre te

Selection of Geometric Properties

* Decompression stage is when the stress
at the cgs is equal to zero. The change in
the concrete stress due to decompression

IS: 2
fdecomp :i 1+e_2
A, r

* For variable tendon eccentricity:
assume the effective prestress P,=yP,
i.e. loss of prestress = P, — P, = (1-y) P,

Dr. Hazim Dwairi The Hashemite University Prestresse d Concre te
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Selection of Geometric Properties
R )¢ Mo
from Eq(l)r[l -z J_ fy+— (5)

_ t
from Eq(3)%{1—%}=%— f,
r
P 1_e_ct My +Mg+M
A: r2 - St
using Eq(5) :
}/(fli_'_l\gtD): Mp+Mop+M,
:(1_7)MD+MSD+ML
Sl

L_fc

}}rti - fc

Dr. Hazim Dwairi The Hashemite University Prestresse d Concre te

Selection of Geometric Properties

. gt> (1_7)MD+MSD+ML
ﬁti_fc

similarly:
L ghs -)Mp +Mgy + M,
ft _7fci

Furthermore :
c' S_b ﬂti — fc

° St ft_yfci

h '"h S'+S° 'h  S'4S°

Dr. Hazim Dwairi The Hashemite University Prestresse d Concre te
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Required Eccentricity

* At critical section, usually midspan,
eccentricity can be determined using
concrete centroidal stress under initial
conditions: f

ti

€ = (fti - fcgc)%_t—i- IVFI).D h Cb b Lo

I:)i = fcgcAc

Dr. Hazim Dwairi The Hashemite University Prestresse d Concre te

Beam with Constant Eccentricity

* |f the PS force and the eccentricity are
kept constant along the span, as is often
convenient in PS construction, the stress
limits will most likely be exceeded at
several point in the span, especially at
supports.

e Certain alternatives are available for
reducing excessive stresses at supports,
as follows:

Dr. Hazim Dwairi The Hashemite University Prestresse d Concre te
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1. Debonding

12 cables

ANERYY
Yy e

4 cables sheathed
without grouting

2. Raised Tendons

A A
’,,,/ ”, ,l ”,,/ ) ﬁ
= L/4 :
3. Supplementary nonprestressed
steel e

* Minimum section moduli values are:

2MD+MSD+ML
ﬂti_fc

St

and:
bZMD+MSD+ML

ft _7fci

S

* Required eccentricity at critical section:

t
€ = (fti - fcgc )SF

Dr. Hazim Dwairi The Hashemite University Prestresse d Concre te
s
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Shape Selection

* A unique feature PS concrete design is the
freedom to select cross-sectional properties to
suit special requirement at hand

* In steel structures, choices are limited to
standarized shapes in tember, rectangular
sections are almost always used. Since mid-
span moment normally controls PS design, the
larger the mid-span eccentricity, the smaller is
the needed PS force, and the design is more
economic. in this case a large top flange is
needed, resulting in T or | sections.

Dr. Hazim Dwairi The Hashemite University Prestresse d Concre te

* For short span beams, rectangular sections may
provide the most economical section because
forming costs are minimized for longer spans,
the more efficient flanged sections are preferred.

* | —sections are used as floor beams with
composite slab topping in long-span parking
structures.
| and T- sections are commonly used for bridge
structures.

Double T- sections are widely used in floor
systems in building and parking structures,
because of the large compressive area available
in slab.

Dr. Hazim Dwairi The Hashemite University Prestresse d Concre te
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* Large hollow box girders are used in very large
span segmental bridge construction. These
girder have high torsional strength and
strength/weight ratio.

Dr. Hazim Dwairi The Hashemite University Prestresse d Concre te
s

Typical Span-Depth Ratio

Type Span/Depth Ratio
|-Beam and single T-beam 24 - 36
Double T-beams 30 -40
Bridge Girders 25-30
One way Solid Slabs 35 -50

One way Hollowcore Slabs 40 - 50
Two-way Solid Flat Plates 40 - 50

For long spans with high self weight to superimposed load ratio, the bottom
flange may be eliminated all together .

Dr. Hazim Dwairi The Hashemite University Prestresse d Concre te
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Concrete Protection and Tendon
Spacing

* ACI 7.7 imposes the minimum cover distance for
PS concrete member.

* For post-tensioned members, the cover
requirements apply to the ducts and metal and
fitting.

* |f the member is designed for a service load
tension in excess of 0.5,/f, , cracks in concrete
are likely, and the cover requirements must be
increased by 50%.

Dr. Hazim Dwairi The Hashemite University Prestresse d Concre te

Concrete Protection and Tendon
Spacing

* At the mid-span and any elsewhere than at the
ends, spacing between bars and strands is the
larger of d, and 25 mm.

* At the ends of the pretensioned members,
spacing is increased for proper bond, S 2:
— 4d,, for wires
— 3d,, for strands

* Elsewhere, bundling of no more than four
tendons or bars is permitted.

Dr. Hazim Dwairi The Hashemite University Prestresse d Concre te

Dr. Hazim Dwairi 11



Prestressed Concrete

Dr. Hazim Dwairi

Hashemite University
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Flexural Crack Control

* Flexural tensile cracks may be limited or
eliminated completely by prestressing. However,
partial prestressing has gained increasing
popularity due to technical and economical
reasons resulting in need for crack width control.

* No special provisions are included in the ACI
code for PS concrete. The provisions for regular
RC members are applicable.

The Hashemite University Prestressed Concrete
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Envelopes for Tendon Placement

* There is an envelope within which the
prestressing force can be applied with causing
no tensile stresses or allowable stress

_p t
0= —P'[l— °e j
A, r

r2 St
e:k = —— = —
et A
Similarly ,
rz s°
e:k = —= —
Cocet A

Prestressed Concrete

The Hashemite University
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Envelopes for Tendon Placement

* In a similar manner, kern points can be
established to the right and the left.

* To design the tendon along the span to develop
no tension or limited tension, a draped or harped
tendon should follow the shape of the bending
moment diagram.

* Draped tendons are used for uniformly distributed
loading

* Harped tendons are used for concentrated
loading.

Dr. Hazim Dwairi The Hashemite University Prestresse d Concre te

Envelopes for No Tension

* Lower cgs envelope:

M
K amin = PD
_c9c . _._._. qemose=: ‘ i
ke C
s - ST e =Ky +apy,
o
* Upper cgs envelope:

C amax = T

Lege . Pua o 4 P,
c9s t po—>T € = Qnax ~ kb

Dr. Hazim Dwairi The Hashemite University Prestresse d Concre te
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Envelopes for Limiting Tension

* Additional eccentricity at the bottom:

Dr. Hazim Dwairi

fu Pe,
fo =50
cgc K, t
_— . — ; ..... 1 ....... kb C e' _ ftl S
cas ST b P
o e’b+am£ I
* Upper cgs envelope: Pe
e, f = ot
b
N S b
cgc | B || L f.S
TR~ R gro=oogp s oos T et —
f
Dr. H;zim Dwairi The Hashemite University Prestressed Concrete

Tendon Profiles

Permitted Tension
No Tension

Dr. Hazim Dwairi The Hashemite University Prestressed Concrete
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Flexural Design of Composite
Beams

(ﬁfu—ay& concrere silab.

=1 i _L//‘(nﬁ A i | = /7'7l
(ecwst Shb fnel
prasteased
i Bearmr

Situ-cast slad
Pogananan T { 8 5
A\ afya
Precist
beam
Wy = W + Wop + W, + W,
m‘:’;::ir?;d in case of ! +Mn;,',u:‘dwﬁ P;h;':,, W, Wy
{a} b fe) [} (]

Figure 4.32 Flexural stress distribution in composite beams. (a) Composite
beam, (b} Concrete stress distribution. (c) Concrete stress distribution with pre-
cast beam shored. (d) Live-load stress for shored case, or live load plus superim-
posed dead load for unshored case. () Final service-load stress due to all loads. Prestressed Concrete

Dr. Hazim Dwairi

(a) Unshored Slab Case

* Before casting the top slab “ no composite action”
P e.c‘j My + Mg

fl=—=tl1-
A r? S!

C
b Additional composite
_ Pe (1_ €.C j_ M p M SD superimposed DL

= A 2 gb

r
C
* After top slab hardens “composite actiont”. New

section moduli shoutld be used.
ft:—Pe 1_e.c _MD+MSD _MCSD +M

A, r St S,
(1_e.cb Mp+Mg Mo +M,

- P,
A

fo =

Dr. Hazim Dwairi
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(b) Fully Shored Slab Case

* Before casting the top slab & shoring

. —P ec') M,
L R Iy

C
b Additional composite
fb - P, 1— ec | _ Mo superimposed DL
A S°

C
* After top slab hardens “composite actiont”. New
section moduli should be used.

t
ci_—P,_ec J_MD Mg +Mp +M,
2 t t
. r S S,
b
fb_—Pe 1_e.c _MD Mgp+Mep + M
A, r? S° S?
Dr. Hazim Dwairi he Hashemite Uni ty Prestresse d Concre t

Effective Flange Width

* Only part of the slab contributes to the
stiffness increase in the composite

section.
byt - .
" ! P S Il
v R 7, R IR
A P Y) Le
%;1 W%;eaf‘ev‘e AW

Dr. Hazim Dwairi The Hashemite University Prestresse d Concre te
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Effective Flange Width

* by IS the smallest of:

Edge Beam Intermediate Beam
b,, + 6h; b,, + 16h;
ACI b, + 1/2L, b, + L,
b, +L/12 L/4
b,, + 6h; b, + 12h;
AASHTO b, +1/2L, b, + L,
b, +L/12 L/4

*If the modulus of elasticity of the top slab E,, and of
the precast beam E_, then the effective flange width
b must be modified by the modular ration ‘n’
b, = b
m eff
Dr. Hazim Dwairi The Hashemite University E c Prestresse d Concre te

End Zones and Development
Length

* The interlock or adhesion between the PS
tendon circumference and the concrete over a
finite length of the tendon gradually transfers the
concentrated prestressing force to the entire
concrete section at planes away from the end
bock & towards the midspan.

* Minimum development length (ACI318-05,
section 12.9.1)

_ e foo— fre _
Min.l, = o1 d, + — = d, ; MPa

Dr. Hazim Dwairi The Hashemite University Prestresse d Concre te
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End Zones and Development
Length

2‘;" d, = I, = transfer length = the distance over which the

( =50d,) strand should be bonded to the concrete to
develop the effective prestress after losses.

f.—f

%db = |, = flexural bond length = the additional

(~150d,) length overwhich the strand should be
bonded so that a stress inthe PS steel at

nominal strength, f__, may develop.

ps 1

Dr. Hazim Dwairi The Hashemite University Prestresse d Concre te
s

Transfer Zone in Pretensioned

Beams
A, = 0.021 :i:‘ ; SI &BS
t

S

A, = total area of stirrups pver trans fer length I,
h = pretension ed beam length
f. = average stress in stirrups =138MPa for crack control

S

Dr. Hazim Dwairi The Hashemite University Prestresse d Concre te
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Post-tensioned Anchorage Zone

» Length of anchorage zone is at which the
PS force transfer into a linear distribution
across the section depth and according to
St. Venant’s principle is equal to ‘h'’.

» This zone consists of:
— General zone: its length along span is ‘h’

— Local zone: it’s the insert prism of concrete
surrounding & immediately ahead of the
anchorage device.

Dr. Hazim Dwairi The Hashemite University Prestresse d Concre te

General Zone Design

» Confinement of the anchorage zone is
required to prevent bursting and splitting
due to high concentrated forces acting on
the concrete section.

* Analysis methods:
— Linear elastic analysis including FEM
— Strut and Tie models

— Approximate methods: applicable to rectangular cross
sections without discontinuities>

Dr. Hazim Dwairi The Hashemite University Prestresse d Concre te
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X
cgc
: {
y
. Burstin

P| Lt | ursting
> crack
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Lecture 7 - Design for Shear

Dr. Hazim Dwairi

The Hashemite University

Shear Stresses

torsional shear stress.

® Shear stresses in beams generate due to either
bending, which is referred to as flexure-shear
stress, or twisting, which is referred to as

® Consider the following simply supported
conventional beam under uniform loading:

diagram |

Momentd: -
fagram ¢

Dr. Hazim Dwairi

i,
] : E SN
1 2 ! by
& Variation  variation
dmsr | of normal  of shear
force I\V‘ stress (A stress (1)
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If 5, > tensile strength of concrete,
then cracking occurs. Slide 13 ﬂﬂ!—>
Dr. Hazim Dwairi The Hashemite University

Principal Stress Trajectories
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Shear Transfer Mechanism

® Consider a free body formed by one possible
diagonal crack

Vs
V is transmitted in beams without web reinforcement by three ways:

1. V, = shear transferred across compression zone (20% ~ 40%)
2. V, = aggregate interlock and friction across rough crack (33% ~ 40%)

3. V4 = Dowel action of longitudinal reinforcement (15% ~ 25%)

Dr. Hazim Dwairi The Hashemite University

Modes of Shear Failure

® The occurrence of a mode of failure depends on
the span-to-depth ratio, loading, cross-section of
the beam, amount and anchorage of
reinforcement.

1) Diagonal tension failure
2) Shear compression failure
3) Shear tension failure

4) Web crushing failure

5) Arch rib failure

Dr. Hazim Dwairi The Hashemite University
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(1) Diagonal Tension Failure

® An inclined crack propagates rapidly due to
inadequate shear reinforcement

----- Ll

Dr. Hazim Dwairi The Hashemite University

(2) Shear Compression Failure

® There is crushing of the concrete near the
compression flange above the tip of the inclined
crack.

Dr. Hazim Dwairi The Hashemite University
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(3) Shear Tension Failure

® Due to inadequate anchorage of the longitudinal
bars, the diagonal cracks propagate horizontally
along the bars.

.
5 .

Dr. Hazim Dwairi The Hashemite University

(4) Web Crushing Failure

® The concrete in the web crushes due to
inadequate web thickness.

AR

Dr. Hazim Dwairi The Hashemite University
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(5) Arch Rib Failure

® For deep beams, the web may buckle and
subsequently crush. There can be anchorage
failure or failure of the bearing.

Dr. Hazim Dwairi The Hashemite University

Effect of Prestressing Force

® Prestressing is beneficial for shear because it
reduces the diagonal tension.

® The diagonal tension is reduced to a large
extent in prestressed beams, compared to non-
prestressed beams.

® The diagonal crack is flatter, resulting in more
stirrups crossing the crack line.

® Prestress force from inclined tendons reduces
external shear force on a section.

Dr. Hazim Dwairi The Hashemite University
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¢ Consider the following P/S beam: point 1 is
analogous to point B in slide 3. ]
Y \lf \l/ \l/ A 4
Pe o Fe
Lo =
v
- N (~Foa¥)
O-
L 1 a8
= u—’a > 450
Shear stress and Principal
prestress stresses Mohr’s circle

Effect of Prestressing Force

® In presence of prestressing force, the length and
crack width of a diagonal crack is small. Thus,
the aggregate interlock and compression zone
of concrete are larger as compared to a non-
prestressed beam under the same load.

® Hence, the shear strength of concrete (V)
increases in presence of prestressing force. This
is accounted for in the expression of V..

Dr. Hazim Dwairi The Hashemite University
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Effect of Prestressing Force

® Typically, for I-beams, cracking will initiate not at
the N.A., but at the junction of the lower flange
and the web (high shear stress, lower
compression).

® Also, cracking will not initiate near the supports
(high shear stress, but high pre-compression
also).

® Therefore, diagonal cracking is likely at about
the quarter span.

Dr. Hazim Dwairi The Hashemite University

Concrete Shear Strength

® It is necessary to determine whether flexure
shear (V) or web shear (V) control the
concrete shear strength. (ACI 11.4.3)

R
DAGINT S

Flexural and flexure-shear

Flexural and  Web- Web-shear
flexure-shear shear

Fig. R11.4.3—Types of cracking in concrete beams

Dr. Hazim Dwairi The Hashemite University
s
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Concrete Shear Strength

; V.
Vg = 0.05\Jfb,d, +V, + (M)

max
0.42\f b,d, >V >0.14,ff b,d,
M, =S°(0.5\f +f, —f,)

® V, = shear force at section due to unfactored dead load

® V, = factored shear force at section due to externally
applied load causing M.,

¢ f. = concrete compressive stress due to P, at extreme
fibers of section.

® f, = stress due to unfactored dead load at extreme fiber
resulting from self-weight only.

Dr. Hazim Dwairi The Hashemite University

Concrete Shear Strength

Vo, = (0.29\f; +0.3 Jo,d, +V
V., =miniV, &V, )

* V, =the vertical component of the effective prestress at a
particular section = 0; since tendon slope is small

* d, = distance from extreme compression fiber to the
centroid of prestressed steel or 0.8h which ever is greater

i f_c The resultant compressive stress at either the centroid
of the section or at the junction of the web and flange.

Dr. Hazim Dwairi The Hashemite University
s
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Concrete Shear Strength

* In a prestressed member for which f . > 0.4f,,
and pretensioned members where the transfer
length of the prestressing steel > h/2 use:

v,d,
v /s

0.42\ft 0,d, >V >0.17[tb,d,

4P <cq
M

u

V, = (0.05.fi, +4.8

Dr. Hazim Dwairi The Hashemite University

Shear Reinforcement

¢ Critical section is at h/2 from face of support.
® Casel: V, < ¢V, /2
No shear reinforcement is required if
® Casell: $V /2 <V, < ¢V,
Minimum shear reinforcement is required
except in:
» Slabs and Footings

» Concrete Joist Construction

» Beams with h not greater than the largest of
(250mm, 2.5h;, and 0.5b,,)

Dr. Hazim Dwairi The Hashemite University
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Shear Reinforcement

® Caselll: V, = ¢V,
Shear reinforcement is required

Vs :V_U_Vc
¢
S _Anydp
req'd V

S

CaselV: V, > &/Ebwdp
Enlarge the section

Min. Shear Reinforcement
600mm |
3 itV <4\fib,d,
4 J
300mm
3, it V> ain,
8 J
S ax = Smaller of 16AL,
b, \Jf.
Af
0.35h,,
80A,f d /
Afyd, bw}f fpe20.4fpu
Apsfpu dp
Dr. Hazim Dwairi The Hashemite University
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Horizontal Shear

® For flanged section although the web carried
vertical shear, there is horizontal shear stress in
the flange.

Dr. Hazim Dwairi

The Hashemite University

. |

vV, =
h
b,

oo

Dr. Hazim Dwairi

Principal Tensile Stress f,

2

Horizontal Shear at Service

Max. horizontal Shear Stress, v,,,

_VQ

f

C

2_
h

[

2
KS

Compressive

Stresses

AASHTO Limitsv,, to 1.1MPa, if exceeded, special
vertical ties or dowels are needed

The Hashemite University

Horizontal
Shear

Dr. Hazim Dwairi
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Horizontal Shear at Ultimate

¢ Direct Design Method:
Case I: V, <V, =0.55¢b,d
no vertical ties are needed, only roughen the
precast element surface.
Case II: V, <V, =0.55¢b,d . for not roughened surface

V, sV, = 3.50¢b,d . for roughened to 6mm

amplitude
0.35h,,
.. A, fy
Use minimum dowels: ~Y- = [arger of ,
S b, yf.
16f,

Dr. Hazim Dwairi The Hashemite University

Horizontal Shear at Ultimate

Case Ill: V,, > 3.500,d

Use shear friction theory, such that: A, = VF“

HTy
Surface Type 1)

Concrete placed monolithically 1.4,
Concrete placed against hardened concrete 1.00
with surface intentionally roughened to 6mm amplitude '
Concrete placed against hardened

) , 0.61
concrete not intentionally roughened
Concrete anchored to as-rolled structural

0.7A,

steel by headed studs or by reinforcing bars
Dr. Hézmrrorwremr TS TSI T eSSy
. |

Hashemite University
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Horizontal Shear at Ultimate

where:

A=1.0 for normal weight concrete
A=0.85 for sand-lightweight concrete
A=0.75 for all other lightweight concrete

For all cases: V,, < {0'2 feb, Ly

5.500,1,

b, = width of precast section web
d,. = depth from compression fiber of the composite

section to the centroid cgs
A, = Area of concrete resisting shear=b,d

Dr. Hazim Dwairi The Hashemite University

Horizontal Shear at Ultimate

Pttt et

; b s
Moment diagram | ; Moment diagram '

2, / 2, \
1 ? - o

Dr. Hazim Dwairi The Hashemite University
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Anchorage of Stirrups

® The stirrups should be bent close to the
compression and tension surfaces, satisfying the
minimum cover.

® Each bend of the stirrups should be around a
longitudinal bar. The diameter of the longitudinal
bar should not be less than the diameter of
stirrups.

® The ends of the stirrups should be anchored by
standard hooks.

Dr. Hazim Dwairi The Hashemite University

Anchorage of Stirrups

® There should not be any bend in a re-entrant
corner. In a re-entrant corner, the stirrup under
tension has the possibility to straighten, thus
breaking the concrete cover.

Incorrect detailing Correct detailing

Dr. Hazim Dwairi The Hashemite University
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Shear Design Example

® Design the stirrups of a 10.7m span simply
supported prestressed beam with the shown
section at midspan. Longitudinal ¢12
reinforcement is used to hold the stirrups.
® The properties of the section is as follow:
> A, = 159,000 mm?
> 1 =1.7808 x 101 mm*
> A, =960 mm?
® Assume the concrete has f ;=35MPa, and P/S
steel has f,, = 1470MPa and f . = 860MPa.

Dr. Hazim Dwairi The Hashemite University

Dr. Hazim Dwairi

Shear Design Example

® The service load including the beam selfweight
is 30.2kN/m & the ultimate is 45.3kN/m

® The width of the bearings is 400 mm. The clear
cover to longitudinal reinforcement is 30 mm.
435

100] EREE= ]

920

R A ,\ (10) 7-wire strands

with 2, = 826 kN

Dr. Hazim Dwairi
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(1) compute V, at face of support:

v, =Wk —oq3km
v =Yo_=g23n
0.75

V,@h /2 =296kN
(3) compute V, at critical section.

=707KkN .m
= 750mm

dp
v, d

P =156 .. USE 1.0
M

Dr. Hazim Dwairi u The Hashemite University

(2) compute V, at critical section of h/2 from support:
V,@h/2=243-453(0.92 / 2) = 222kN

M,@h /2 =243(0.46) - 45.3(0.46)° / 2

Since f,, > 0.4f,, use ACI approximate equation
v,
d
M, 209,
V.= (00535 +4.8x1)(100)(750) = 382kN
(4) since V,, <V, Use min. area of shear reinforcement

V, =(0.05\{ +4.8

assume 610 closed stirrups, A, = 157 mm?

S ax = Smaller of

Dr. Hazim Dwairi

USE ¢10 closed stirrups at
6oomm S = 600mm

3 —
4" -egomm A,JS = 0.262 mm2/mm

16A f
L,y =1,758mm
b, +/f

Af,
0.35h,

80A,f d [
M bl = 630mm
Apsfpu dp

The Hashemite University

c

=1,857mm

Dr. Hazim Dwairi
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(5) Dowel Design for Composite Action
service load Horizontal shear stress:
Q; =(435)(100)(460 - 50) = 17,835 x 10°
V =302x10.7 /2 =162kN
oV (162 x10%)(17,835 x 107 )
" b (1.7808 x 10%° )(100)
Ultimate load Horizontal Shear:
V, = 242.4kN
Provided V , = 3.5b,d . = 3.5(100)(750) = 262.5kN

ReqdV V2424 323kN > Provided V

o 075
3

AP Vi 323x107_ spgm? 4, = 5.35m)
L uf,  1.4x414

=0.104mm? / mm

=1.62MPa

Dr. Hazim Dwairi The Hashemite University

Check min. dowels:

0.35h, _ 0.085mm? / mm

Ar — g

S —Larger of b \/r Controls

WY —0.089mm? / mm
161,

Assume $10 stirrups, A, = 157mm?

S = ﬂ =1,510mm > 600mm > 0.75h
0.104

USE $10 closed stirrup at S=600mm
Extend vertical shear stirrpus to work as dowels
Thus, USE $10 closed stirrup at S=300mm

Dr. Hazim Dwairi The Hashemite University

Hashemite University
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435.0

920.0

: floo.o

$10@600mm

T

1

$10@300mm

100.0

cge

290.0

,,,,, i ___Y cgs

© ; floo.o

The Hashemite University
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Lecture 8
Deflection and Camber

Dr. Hazim Dwairi

The Hashemite University

Introduction

® Prestressed concrete beams are more slender
than R.C. beams, high span/depth ratios; thus,
more deflection.

¢ Camber may be important. Camber may
increase, with concrete creep and with time.

» Bridge camber may cause pavement to be uneven,
even dangerous.

» Excessive roof camber may create drainage
problems.

» Excessive floor camber — partition cracking and
other non-structural cracking.

Dr. Hazim Dwairi The Hashemite University
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Introduction

® The total deflection is a resultant of the upward
deflection due to prestressing force and
downward deflection due to the gravity loads.

® Only the flexural deformation is considered and
any shear deformation is neglected in the
calculation of deflection.
®* The deflection of a member is calculated at least
for two cases:
» Short term deflection at transfer
» Long term at service loading

Dr. Hazim Dwairi The Hashemite University

Introduction

® The short term deflection at transfer is due to the
initial prestressing force and self-weight without
the effect of creep and shrinkage of concrete.

® The long term deflection under service loads is
due to the effective prestressing force and the
total gravity loads.

® The deflection of a flexural member is calculated
to satisfy a limit state of serviceability.

Dr. Hazim Dwairi The Hashemite University
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® The methods of calculation of deflection are

Dr. Hazim Dwairi The Hashemite University

Deflection due to Gravity Loads

taught in structural analysis-I course. Such
methods used are:

» Double integration method

» Moment-area method

» Conjugate beam method

» Principle of virtual work

¢ Students are expected to review at least one of
the above mentioned methods.

Dr.

Deflection due to Gravity Loads

| I . i 3 K {

‘%HH—_J A-____.—-’A‘ (a) A= SWL4
]——L/2—~|-—L/2—-| 3841
i 8

SN CE & a=LfL
| = 18E1

' e wlL?

L—L/z i1 ! ©  A=3%4E

Hazim Dwairi The Hashemite University
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Deflection due to Gravity Loads

LLL

wi?

(d} A=—
L _i REI
P

e =—
l . | 3EI

—— A—-_
(hf\” T . )
(fn a=ML

= 16EI

IR,

Dr. Hazim Dwairi The Hashemite University

Deflection due to Prestressing Force

® The prestressing force causes a deflection only
if the CGS is eccentric to the CGC.

¢ Deflection due to prestressing force is calculated
by the load-balancing method.

P

—l

Dr. Hazim Dwairi
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Parabola

_ 5 pel?
48 El

_ 1 Pel?
12 El

L/2 L/2

Dr. Hazim Dwairi The Hashemite University

i ——————— ]e_ ‘‘‘‘‘‘ 7A:(3—432)PEL2

24E|
alL (1-2a)L alL
______________________________ _£%E
:e "8 El
TS
L

Dr. Hazim Dwairi

The Hashemite University
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€1 1 _________________ P TPOIa _________ B £ e,
I o T
L

_1Pel® 5 Pe,l”
8 EI 48 El

Dr. Hazim Dwairi The Hashemite University
s

Moment of Inertia

® Class U: f, S0-52\/E
» Use gross section moment of inertia, |

* Class T: 0.62\f, <f, <\t
> Use effective moment of inertia, I,

® Class C: f; >\/E

> Use effective moment of inertia, I,

Dr. Hazim Dwairi The Hashemite University
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Effective Moment of Inertia

M

or 7 _ 1:tl _fr
fL

M a

M, = Max. service unfactored live load moment
fy = total service load concrete stress

f, = modulus of rupture

f_ = service live load concrete stress

The Hashemite University

Dr. Hazim Dwairi

Cracked Moment of Inertia

The PCI Approach.
Iy = (npAnd7 +nAd?)(2-2.6,n,p, +np, )
n, = S

EC

EC

The Hashemite University
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Long-term Deflection

Approximate Method.
Due 1o prestress:

To account for the
effect of creep on
self weight

A +A
AFinal = _Ape _(%qu

P
A, ==A

pe P.
Due to prestress & Self weight: /

Ay +A
AFinaI:_Ape _(%jcu +('Z+CU)AD

Dr. Hazim Dwairi The Hashemite University

Long-term Deflection

Due to prestress, Self weight , sustained
dead load & live load

A +A
AFinaLI == Ape - (%jcu + ('Z +Cu )(AD-'LASD)-I_AL

Alternatively, use long-term multipliers
from PCI (Table 4.8.2)

Deflection limits in ACI (Table 9.5-b)

PCI design aids 11.1.3 and 11.1.4 for typical
elastic deflections

Dr. Hazim Dwairi The Hashemite University
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Example

® The simply supported I-beam shown in cross-
section and elevation is to carry a uniform
service live load totaling 8kN/m over 12m span,
in addition to its own weight. The beam will be
pretensioned using multiple seven-wire strands,
eccentricity is 130mm and constant. The P/S
force immediately after transfer is 750kN,
reducing to 530kN effective. The 28 day
compressive strength of concrete is 40 MPa.
Calculate deflections and check with allowable

values.
Dr. Hazim Dwairi The Hashemite University
8 KN/m
vaomm . LI RRREERRRRREERRRRREARRCREKRRRRREKACREEARE
T -
-r) —————————————————————————————— <«
NN \%%TK
| 300mm |
4 |
125mm A= 110,000 mm?
) e 100mm |, =4.685 x 10° mm*
350mm S =1.562 x 107 mm*
N ) r2 = 42,595 mm?
130mm
O _____
125mm

Dr. Hazim Dwairi The Hashemite University
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Compute Stresses at Transfer and
Service

Dr. Hazim Dwairi The Hashemite University

-3.75MPa -12.80MPa

+3.16MPa -9.89MPa

Approximste Method.:

f, = +3.16MPa < f, = 0.62/40 = 3.92MPa
. Class U: use 1,

E, = 470040 = 29, 725MPa

_Pel? 750 x10° x 130 x 12000°
' 8El  8x29,725x4.685 x 10°
Ap =-12.6mm T

A, =-12.6 230 =-89mm T
Fe 750

Ap

Dr. Hazim Dwairi The Hashemite University
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Long-term deflection at 360 days
Creep Coefficient at 360 days.

t0.6 3600.6
C=—  c =250 /235
Yo% 107 350"'5+10( )

C,=0774x235=182
Ap +A

P,
Asep = _APe Tect
Agy = —8.9 @(1.82) = -285mm 1
Long-term deflection at full service load:
Ap +Ap
Aney = —Ap, —— 2 “Ci+ (Ap +Ap J(I+C )+ AL

Dr. Hazim Dwairi The Hashemite University

Instantaneuos deflection due to selfweight

_swLlt 5 x 2.75 x 12000
P 384El 384 % 29,725 x4.685 x 10°
Ap =+53mm {
Instantaneuos deflection due to Live load
5w L7 5 x 8 x 120007

" 384El 384 x 29,725 x4.685 x 10°
A, =+155mm {
There Is no superimposed dead load, .. Ay, =0
Ay =—28.5+5.3(1+1.82)+155
Ay = +2.95mm

Dr. Hazim Dwairi The Hashemite University
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. |

PCI multipliers for long-term
deflection and camber
Without With
At Erection composite |composite
topping deflection

Deflection (downward)

component — apply to the elastic

deflection due to the member 1.85 1.85
weight at release of prestress

Camber (upward) component —

apply to the elastic camber due 18 18

to prestress at the time of ) '
release of prestress

Final Without | With
Deflection (downward) component —
apply to the elastic deflection due to the 2.70 2.40
member weight at release of prestress

Camber (upward) component — apply to
the elastic camber due to prestress at 2.45 2.20
the time of release of prestress

Deflection (downward) — apply to the
elastic deflection due to the 3.00 3.00
superimposed dead load only

Deflection (downward) — apply to the
elastic deflection caused by the - 2.30
composite topping

12
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Use PCI multipliers in previous
example

Selfweight multiplier = 2.7
Camber due to P, multiplier = 2.45

A, = (2.45)(~12.6)+ (2.7 )(5.3) + (15.5)
Ape =—1.06mm T

=\

ACI maximum permissible deflections

TABLE 9.5(b) — MAXIMUM PERMISSIBLE COMPUTED DEFLECTIONS

Type of member Deflection to be considered Dellection limitation

Flat roois not supporting or attached to non- | Immediate deflection dus to live load L
structural slements likely to be damaged by ¢/180°
large deflecticns

Floors not supporting or attachad to nonstruc- | Immediate deflection dus to live load L
:‘eriTl alsz:r_:ame likely to be damaged by large 6360
lections

Roof or floor construction supporting or That part of the total deflection occurring after
attached 1 nonstructural elements likely to be | attachment of nonstructural elements (sum of £/48DF
1 by large ¢ the leng-term deflection due to all sustained

Reof or floor construgtion support ﬁﬁf@:‘: f:: 'E;?Fm deflection due to any

attached 10 nenstructural elamanusﬂr?ut Tikely to
be damaged by large deflactions

t240%

* Limit not intended 1o safeg. mlnel pondhg Paonding should be checked by suitable ealcula&onu ol deflection, nMnu addsd deflections dua to ponded
water, and considering Iong-ta m effects of lo:ga refiability of provisions for
T Long-tarm deflection shall ba doeonmmdh aeeordancawmsszs anE 4.3, but may be radmsd bylmomtuldalladwncalculntedhnwmrbdcre attach-
ment of norstructural elemente. This amount ehall be d inad on basis of P ring data relating to fi sim-
ilar 10 these baing consicered.
* Limit mey b i are taken 1o prevant damage 1o supponed or atachad alements.
ﬂnﬁl‘:'snall not ;;ﬂgmeter than tolerance provided lor nonstructural slements. Limit may be exceeded if cambaer is provided so that total deflaction minus camber

Dr. Hazim Dwairi The Hashemite University
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AASHTO maximum permissible

deflections
Maximum permissible
. deflection
Type of Deflection .
member considered Vehicular Ver::;:;zta:i::d
traffic only P traffic
Simple or Instantaneous
: ' 1 l
continuous ﬁ\f Tgazewiﬁi — —
spans ) P 800 1000
impact
Cantilever 1 )
arms 300 375

Dr. Hazim Dwairi
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