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Basic Principles of Reinforced Concrete Design
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" Deflection issue




PRE-STRESSED CONCRETE SEMINAR

Deflectlon Response of RC Beams
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Concrete Beam Behavior — Initial Stage

First Cracks Appear, End of Elastic beam behavior. The principles learned during the
Mechanical of Material Courses are not longer useful.

First Cracks
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Concrete Beam Behavior — Intermediate Stage

New Cracks Appear. The first cracks open more and more each time that the load
increase . There is not sign of failure of the concrete located in the compression side of
the beam ( Top Side of the beam for this load condition)

Py

New Cracks Appear Existing Cracks Open 5
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Concrete Beam Behavior — Ultimate Stage

Steel Reinforcement P

Comb teeth’s
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Concrete Beam Behavior — Ultimate Stage

At ultimate load ( P, ) The resisting moment can't be computed using the principles
of mechanics of materials due that the section has suffer a considerable inelastic
deformation. For this case the resisting moment shall be computed using equilibrium
principles. Or in other words the resisting moment can easily computed at any
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as the value of “C” or “T” multiplied by “z
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Stresses Induced by the Acting Load

Top face feels compression

........................................................................................

Bottom face feels tension

EFFECT OF THE LOADS
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Minimum Thickness

ACI - Table 9.5(a) — Minimum thickness, h

Member Simply On_e end BOth ends Cantilever
supported | continuous | continuous
Beams or ribbed
one-way slabs ¢/16 £/18.5 2121 218

h.i,= 50°/16 =3.125 ft=37.5">28" ; L/h,,=50"/3.125 =16

It is curious, | can obtaining thx 2
~

capacity needed with a 12”x 28”
beam but probably if | use this one, 3
the deformation will be greater than g

the code limits. If | increase the beam —
size the opposite situation occurs. | “l ‘Il
am wondering if something different
could be done???
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Result Discussions
Wp =b*h*y=(12"*38")/144*.15 k/ft3= 0.475 k/ft  Wsy, 1mp=0.560 k/ft
My ={(1.2%(Wp + Wgypimp) +1.6W ) * L°}/8

Imp

WLL_bal_38” — 052 k/ft VS WLL-baI-28” — 061 ldft
WLL-tens-38” = 0.49 k/ft Vs. WLL-tens-28” = 0.99 k/ft

It is curious, | can obtaining the_\ E
E " 2N

capacity needed with a 12”x 28”
beam but probably if | use this one, 3
the deformation will be greater than i

the code limits. If | increase the beam ﬁﬁ. I
size the opposite situation occurs. |
am wondering if something different
could be done???
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SAFE SUPERIMPOSED SERVICE LOAD

W

sup-lmp

Key

3553 — Safe superimposed service load, plf.
0.4 — Estimated camber at erection, in.
0.2 — Estimated long-time camber, in.

+ W, |_p.1.25=0.56 k/ft + 0.52 k/ft =1.08 k/ft

Reinforced Concrete

> 38"

Pre-stressed

Concrete

28

79

”
Table of safe superimposed service load (plf) and cambers (in.) ¢ -
Desig- | No. ys(endlin. Span, ft v
nation |Strand y"{cﬁf )16 18 20 22 24 26 28 30 32 34 36 40 42 44 46 48[ 50 | 52
300 |3558 2772 2212 1799 1484 1239 1045
12RB16| 58-S 3,00 04 05 06 08 09 10 1.1
' 02 02 02 02 03 03 03
300 |6163 4825 3867 3159 2620 2201 1868 1600 1380 1198 1046
12RB20| 88-S 3.00 04 05 06 07 09 10 1.1 13 14 15 1.7
' 02 02 03 03 04 04 04 05 05 05 05
360 |B950 7018 5636 4613 3835 3230 2749 2362 2045 1782 1562 1375 1216 1079 960
12RB24/ 108-S [ S'co 04 04 05 07 08 09 10 11 1.3 14 15 16 18 19 20
' 02 02 03 03 03 04 04 05 05 06 06 06 06 07 06
4.00 9781 7866 6448 5370 4532 3866 3329 2890 2525 2220 1962 1741 1552 1387 1244 [1118 {o0s
12RB28| 128-S | o 04 05 06 07 08 09 10 12 13 14 15 17 18 19 20f 21 |22
' 02 02 03 03 04 04 05 05 06 06 07 07 07 08 08| 08 |os
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Dr. Wendy

Result Discussions

Clearly here we have a problem. If | want to
maximize the capacity of the structure to
sustain very heavy Live Loads Like in bridges,
| need to reduce the effect of the dead load.
But If | reduce the size of the elements the
deflections will increase and | will obtain
deflections values that will be greater than the
values prescribed by the code. Let me see if
pre-stressing the structure | solve the problem.
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Pre-Stressed Effects

Possible TENSION at top face

Deflected shape

Bottom face feels COMPRESSION
EFFECT OF THE POST-TENSIONING

OPPOSITE EFFECT FROM THE LOADS

Cracks, deflections, loadings, behavior is controlled

by active reinforcement called post-tensioning.

13
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Pre-Stressed Load Application Procedure

Prestressing Z Casting Bed
Steel
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Post-tensioned Load Application Procedure

'/— Beam

Z Anchorage

Tendon in
Duct or Tubing
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Equivalent Pre-Stressed Effects
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Equivalent Pre-Stressed Effects

U

L g




PRE-STRESSED CONCRETE SEMINAR

Pre-Stressing, Post-Tensioning Advantage

Main Advantages:
— Reduction of slab thickness (material savings).
— Thinner slabs mean savings in time and labor.
— Reduction of deflections.
— Reduction of building height (cladding, mechanical, etc.)
— Reduction of building weight (foundation savings).

— Because prestressing steel has higher strength than mild steel,
PT slabs are built with approximately 60 to 70% less steel (more
space for MEP installations).

— Reduction of cracking due to permanent pre-compression, better
corrosion resistant

— Architectural freedom of larger spans and irregular slab
geometries

— Reduction in construction time since early stripping of formwork
IS permitted
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Pre-Stressing Constructlon Advantage
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Pre-Stressing Construction Advantage
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Pre-Stressing Element Connections
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Pre-Stressing Element Connections
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Pre-Stressing Element Connections

Pre-Topped Diouble Tee
Typical Detail2
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Pre-Stressed Slabs

POST-TENSIONING
INSTITUTE *

= Varies around the country
m Possible to achieve a 2-day cycle {(may need
overtime)
m Typical construction cycle
“Eastcoast3 day
“West coast 34 day
m Typically need about 50% of crew for post-
tensioned buildings
m Re-shoring is not required once the slab has
been post-tensioned

O pomghe PrasTcrpaure Inaanes Al nhas vt

POST-TENSIONING
INSTITUTE *

Phato Courtasy of Yealtar P Moom & Ascodates, Inc.

4/11/2002 11:56am
/ ———

POST-TENSIONING
INSTITUTE *

Phato Courtesy of G Navila
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Pre-Stressed Slabs

POST-TENSIONING SOTTURE S TG One-Way Siab & Wide Shaliow Beam
INSTITUTE *

POST-TENSIONING

INSTITUTE * Layout Flexibility

Phato Courtasy o vsum.mm t-Tansion Ltd

'IT L Ay d
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Pre-Stressed Slabs

| POST-TENSIONING ] rostrensioninG
INSTITUTE * ! INSTITUTE *

POST-TENSIONING

+ INSTITUTE * POST-TENSIONING

INSTITUTE *

Photo Courtasy of samcoast Post-Tanslan Ltd

ENCAPSULATED STANDARD ANCHORS
ANCHOR




PRE-STRESSED CONCRETE SEMINAR

| POST-TENSIONING
INSTITUTE *

Photo Courtesy of Suncoast Post Tanddan Ltd

| POSI-TENSIONING
INSTITUTE *

Phato Courtesy of Suncoast Post-Tandan Ltd
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Phato Courtasy of DYWD:
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Pre-Stressed Slabs
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re-Stressed Slabs
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Pre-Stressed Slabs




PRE-STRESSED CONCRETE SEMINAR

Pre-Stressed Slabs
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Pre-Stressed Slabs
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Pre-Stressed Slabs
S -

- ———




PRE-STRESSED CONCRETE SEMINAR

Pre-Stressed Beams
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Pre-Stressed Beams
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Pre-Stressed Beams
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Pre-Stressed Beams
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Pre-Stressed Beams
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Pre-Stressed Beams
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Pre-Stressed Beams
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Pre-Stressed Columns
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Post-Tensioned Beams
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Post-Tensioned Beams

- AVE
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Post-Tensioned Beams
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d Beams
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Post- Tensioned Beams
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Post-Tensioned Beams

=

3 <7 l.'.
P .
'G &' -~

-5
‘“l.
4
£y =~ .

Q E Ry | o
= S g4 ;s‘i —

————— T S

PR BREETAY W W
W v TR ) \

5'\t$§-i\\$-f' r— AR RN
N AN A A TRRERANA { b

B e aud ‘

—_———

SETRITRE U
5

MRRRRANRN

g e gmsmmm\ o esmme

- D e ppep—p—

LS @ . ¢
———— = ) \



PRE-STRESSED CONCRETE SEMINAR

Post-Tensioned Beams
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Post-Tensioned Anchorages
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Post-Tensioned Anchorages

E

Multistrand Post-Tensioning
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Post-Tensioned Anchorages
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Post-Tensioned Bars
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Pre-stressed Building Examples

Y . g ] ' \ S Pt e o .
Pre-stressed arches at the Moscone Center - San Francisco —
1981. Demonstrated effective use of prestressing to meet strict

architectural guidelines (spans of 275 ft)




PRE-STRESSED CONCRETE SEMINAR

Pre-stressed Building Examples

Juan Pachin Vicens Auditorium - sports venue in the city of Ponce, Puerto
Rico — Designed by T.Y.Lin and built on 1972, 138 ft cantilevered.
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Materials for Reinforced and
Pre-stressed Concrete
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Presentation- References
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Compressive Strength of Concrete

« Compressive strength

o ¥

ASTM C 31
ASTM C 39

”n
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Compressive Strength of Concrete

« Compressive strength Curve

Stress
A

f’

C

/| E, = w.1533F

» Strain
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Compressive Strength of Concrete

« Compressive strength Curves

Compressive stress, f_ (ksi)

0 1 ] i
0.001 0.002 0.003 0.004

Strain, €. (in/in)
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Tension Strength of Concrete

* Tensile strength

— Varies between 8% and 15% of the compressive
strength
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Tension Strength of Concrete

* Modulus of rupture (flexural test)
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Tension Strength of Concrete

* Modulus of rupture (flexural test)

— ASTM C 78 — Standard Test Method for Flexural
Strength of Concrete (Using Simple Beam with
Third-Point Loading)

— ASTM C 293 — Standard Test Method for Flexural
Strength of Concrete (Using Simple Beam With
Center-Point Loading)
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Tension Strength of Concrete

« Split cylindertest P

™

\

d




PRE-STRESSED CONCRETE SEMINAR

Tension Strength of Concrete

« Split cylinder test i

f
ct n/d
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Tension Strength of Concrete

« Split cylinder test

— ASTM C 496 — Standard Test Method for Splitting
Tensile Strength of Cylindrical Concrete Specimens
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Tension and Compression Strength Relationship

* Relationship between compressive and
tensile strengths

— Tensile strength increases with an increase
IN compressive strength

— Ratio of tensile strength to compressive
strength decreases as the compression
strength increases

— Tensile strength oc Vf',
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Tension and Compression Strength Relationship

* Relationship between compressive and
tensile strengths
— Mean f, = 6.4F
— For deflections (Eqg. 9-10):
o f. = 7.5
— For strength (ACI 11.4.3.1):
e f. = 67,
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Shrinkage, Creep and Thermal Expansion

« Shrinkage
* Creep
 Thermal expansion
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Shrinkage

« Shrinkage

— Shortening of concrete during hardening and
drying under constant temperature
* Moisture diffuses out of the concrete
« Exterior shrinks more than the interior

* Tensile stresses in the outer layer and
compressive stresses in the interior
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Shrinkage

« Shrinkage

Shrinkage
Strain

_— |

Time

16
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Shrinkage

« Shrinkage

— When not adequately controlled, can cause:
« Unsightly or harmful cracks
« Large and harmful stresses
 Partial loss of initial prestress

— Reinforcement restrains the development of
shrinkage
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Creep

* Creep

Load removed

. A
Strain Load applied .

Elastic recovery

«4;_Creep strain \_:Wcovery
Elastic strain Permanent
Deformation
>

18 Time
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Creep

* Creep strains can lead to
— Increase In deflections with time
— Redistribution of stresses
— Decrease In pre-stressing forces

19
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Thermal Expansion

* Thermal expansion

— Coefficient of thermal expansion or
contraction

 Affected by:

— Composition of the concrete
— Moisture content of the concrete
— Age of the concrete

20
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Thermal Expansion

* Thermal expansion

— Coefficient of thermal expansion or contraction

« Normal weight concrete
— Siliceous aggregate: 5 to 7 x 106 strain/°F
— Limestone/calcareous aggregate: 3.5 to 7 x 10 strain/°F

* Lightweight concrete
— 3.6 t0 6.2 x 10 strain/°F

* A value of 5.5 x 10° strain/°F is satisfactory



PRE-STRESSED CONCRETE SEMINAR
Reinforcing Steels

 Deformed Bar Reinforcement
 Welded Wire Reinforcement
* Pre-stressing Steel
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Deformed Bar Reinforcement

« ASTM A 615, Specification for Deformed and
Plain Carbon-Steel Bars for Concrete
Reinforcement

« ASTM A 706, Specification for Low-Alloy Steel
Deformed and Plain Bars for Concrete
Reinforcement

« ASTM A 996, Specification for Rail-Steel and
Axle-Steel Deformed Bars for Concrete
Reinforcement
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Deformed Bar Reinforcement

Main Ribs

| Letter or Symbol
! for Producing Mill
I

H , Bar Size #11
Y I Type Steel™

114 N
N i
'.Ik—/l Grade Mark—{®

} b

Grade Line(One line only)
*Bars marked with an S and W meet both A615 and A706
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Deformed Bar Reinforcement

>

Stress, f

neglect in design

——X design stress-strain curve—\

fo =1,

—
€y Strain, &g
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Deformed Bar Reinforcement

Bar Designation Area (in.?) Weight (plf) Diameter (in.)
No. 3 0.11 0.376 0.375
No. 4 0.20 0.668 0.500
No. 5 0.31 1.043 0.625
No. 6 0.44 1.502 0.750
No. 7 0.60 2.044 0.875
No. 8 0.79 2.670 1.000
No. 9 1.00 3.400 1.128
No. 10 1.27 4.303 1.270
No. 11 1.56 5.313 1.410
No. 14 2.25 7.650 1.693
No. 18 4.00 13.600 2.257

y4e)
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Pre-stressing Steel

e Strands
— Seven-wire
— Three- and Four-wire

 Wire
e Bars
— Plain
— Deformed
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Pre-stressing Steel

« ASTM A 416, Standard Specification for Steel

Strand, Uncoated Seven-Wire for Prestressed
Concrete

« ASTM A 421, Standard Specification for
Uncoated Stress-Relieved Steel Wire for
Prestressed Concrete

« ASTM A 722, Standard Specification for
Uncoated High-Strength Steel Bars for
Prestressing Concrete
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Pre-stressed 7-wire strand
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Prestressing Steel

» 7-Wire Strands, f, = 270 ksi
Nom'”?:nD)'ameter Area (in2) | Weight (pif)
3/8 0.085 0.29
7/16 0.115 0.40
1/2 0.153 0.52
9/16 0.192 0.65
3/5 0.217 0.74
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Prestressing Steel

270 |
/
/
/
/
; Minimum Yield Strength at 1%
250 II Elongation for 270 ksi (ASTM A 416)
X
230
> Minimum Yield Strength at 1%
2 Elongation for 250 ksi (ASTM A 416)
a
]
B 210
190
ASTM A 416
170 Min. Yield Strength at 1% Elongation
For 270 ksi: 243 ksi
For 250 ksi: 225 ksi
150
0.010 0.015 0.020 0.025 0.030

0 0.005
Strain, gps in./in.



PRE-STRESSED CONCRETE SEMINAR

Prestressing Steel

A
Grade 270 strand
270 |
Grade 250 strand
250 |- f,, ¥
0.192 in. dia wire
200 —

=
>
g 150 |- \
S Grade 160 alloy bar
n
100 |-
Strand E,, = 27.5 X 108 psi
{ Wire £,, =29.0 X 10° psi
50 | ! Bar E,, = 27.0 X 10° psi (186.2 X 10° MPa)
l
|
I

0 0.0 0.02 0.03 0.04 0.05 0.06 0.07 in/in
Strain
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Prestressing Steel

SEVEN-WIRE GRADE 270 LOW-RELAXATION STRAMNDS
Mominal Ares U timate Yield
Morminal of Strength of =trength of . . .
Diameter of Strand Strand Strand 075xf <A, | 0.90xf, xA;
Strand
* ]
Fog f, %A £y Al
in in’ lbs lbs lbs lbs
38 (0.375) 0.0as 22880 20B60 17210 185590
7416 (0.438) 0.115 31050 27950 23290 25180
12 (0.500) 0.153 41310 37180 3059380 33480
172 (special) 0167 45000 40500 33750 36450
0.B50 0217 55590 52730 43540 47480

The '4" (special) strand shown above is not listed in ASTM A416.  Itis a 4" diameter strand
designed to have a minimum breaking strength of 45000 |bs. and a minimum yield strength of
40 500 |bs.

f: = III.BEIxf'S= yield stress of prestressing steel (AASHTO 9.1 2).

0.759=f, = ﬁ.: =required tensianing force per strand immediately prior to release (after losses due
to anchorage =et and other factors). This force shallbe entered in the table on
the standard beam detail sheet as the "Prestress Force Per Strand”
(AASHTO 9.15.1).

0.590 xf » &Y= maximum tensioning force per strand for short periods of time prior to seating to
offset seating and friction losses (AASHTO 91510
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L osses In Pre-stressed
Concrete
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Pre-stressed Losses

The fraction of the jacking force (Pj) that is eventually transferred to the
concrete after releasing the temporary anchor or withdrawal of the
hydraulic jack is the Pi.

This force also keeps on decreasing with time due to time-dependent
response of constituent materials; steel and concrete and reduced to a
final value known as effective pre-stressing force, BPI.

{ Pi= Jacking Force ](Initial Prestress Force)

| |
1 1 1
[ Anchor Slip EULHMRCBLESECE  Friction ] [ Elastic Shortening ]
|

[ P;= Force at Transfer ]

Creep ] ( Shrinkage } [ Relaxation ]

|
[ BP; = Effective Force ]
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Pre-stressed Losses

Pi —

BPi —

Relaxation before transfer l

0 Time after stressing the tendon
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Topics Addressed

* Pre-stressed Losses
— Elastic Shortening
— Creep of Concrete
— Shrinkage of Concrete
— Steel Relaxation
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Pre-stressed Losses

Essentially, the reduction in the pre-stressing force can be grouped into
two categories:

Immediate elastic loss during the fabrication or construction process,
Including elastic shortening of the concrete, anchorage losses, and
frictional losses.

Time-dependent losses such as creep and shrinkage and those due to
temperature effects and steel relaxation, all of which are determinable at
the service-load limit state of stress in the pre-stressed concrete element.

An exact determination of the magnitude of these losses, particularly the
time-dependent ones, is not feasible, since they depend on a multiplicity
of interrelated factors. Empirical methods of estimating
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Pre-stressed Losses

losses differ with the different codes of practice or recommendations,
such as those of the Pre-stressed Concrete Institute, the ACI-ASCE joint
committee approach, the AASHTO lump-sum approach, the Comite’
Eurointernationale du Be'ton (CEB), and the FIP (Federation
Internationale de la Pre’contrainte). The degree of rigor of these
methods depends on the approach chosen and the accepted practice of
record
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NOTATION

A, = total area of pre-stressing steel
e = eccentricity of center of gravity of pre-stressing steel with respect to center of
gravity of concrete at the cross-section considered

E. = modulus of elasticity of concrete at 28 days
E.. = modulus of elasticity of concrete at time prestress is applied
E. = modulus of elasticity of prestressing steel. Usually 28,500,000 psi

f.4s = Stress in concrete at center of gravity of prestressing steel due to all

superimposed permanent dead loads that are applied to the member after it has
been pre-stressed

f.;, = net compressive stress in concrete at center of gravity of prestressing steel
Immediately after the pre-stress has been applied to the concrete.

f.,a = @verage compressive stress in the concrete along the member length at the center
of gravity of the pre-stressing steel immediately after the prestress has been
applied to the concrete
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NOTATION (Cont.)

f,= stress in concrete at center of gravity of prestressing steel due to weight of

structure at time prestress is applied
stress in prestressing steel due to Ppi = Ppi/Aps
specifi ed tensile strength of prestressing steel, psi

moment of inertia of gross concrete section at the cross-section considered

My= bending moment due to dead weight of member being prestressed and to any

other permanent loads in place at time of prestressing
My = bending moment due to all superimposed permanent dead loads that are applied

to the member after it has been prestressed

P, = prestressing force in tendons at critical location on span after reduction for
losses due to friction and seating loss at anchorages but before reduction for ES,

CR, SH, and RE
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Elastic Shortening of Concrete (ES)

For members with bonded tendons:
ES = Kes Es 1:cir/Eci (1)

where K., = 1.0 for pre-tensioned members

K = 0.5 for post-tensioned members where tendons are tensioned in
sequential order to the same tension.

With other post-tensioning procedures, the value for Kes may vary from
0to 0.5.

1:cir = Kcirfcpi - fg (2)

Where: K, = 1.0 for post-tensioned members
K., = 0.9 for pre-tensioned members

For members with bonded tendons:
ES = Kes ES fcpa/Eci (18.)
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Creep Loss (CR)

In general, this loss is a function of the stress in the concrete at the
section being analyzed. In posttensioned, nonbonded members, the loss
can be considered essentially uniform along the whole span. Hence, an
average value of the concrete stress between the anchorage points can be
used for calculating the creep in posttensioned members.
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Creep of Concrete (CR)

In general, this loss Is a function of the stress in the concrete at the
section being analyzed. In post-tensioned, non-bonded members, the loss
can be considered essentially uniform along the whole span. Hence, an
average value of the concrete stress between the anchorage points can be
used for calculating the creep in post-tensioned members.

For members with bonded tendons:
CR=K,E* (fcir ) fcds) / E. (3)
Where: K, = 2.0 for pre-tensioned members

K., = 1.6 for post-tensioned members

For members made of sand-lightweight concrete the foregoing values of
Kcr should be reduced by 20 percent.

For members with unbonded tendons:

CR= Kcr Es/ Ec* 1ccpa (3&)
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Shrinkage of Concrete (SH)

As with concrete creep, the magnitude of the shrinkage of concrete Is
affected by several factors. They include mixture proportions, type of
aggregate, type of cement, curing time, time between the end of

external curing and the application of pre-stressing, size of the member,
and the environmental conditions. Size and shape of the member also
affect shrinkage. Approximately 80% of shrinkage takes place in the first
year of life of the structure. The average value of ultimate shrinkage
strain in both moist-cured and steam-cured concrete is given in the ACI
209 R-92 Report.

For post-tensioned members, the loss In pre-stressing due to elastic
shortening and shrinkage is somewhat less since most of the elastic
shortening and some shrinkage has already taken place before post-
tensioning.
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Shrinkage of Concrete (SH)

SH =8.2 10-6 KyE, (1-0.06 V/S) (100 - RH)  (4)

where K, = 1.0 for pretensioned members
K, IS taken from Table for post-tensioned members.

TABLE 1

Values of K, for Post-Tensioned Members

Time, days”

1

3

5

7

10

20

30

60

Ksh

0.92

0.85

0.80

0.77

0.73

0.64

0.58

0.45

*Time after end of moist curing to application of prestress
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Relaxation of Tendons (RE)

RE=[Kre-J(SH+CR+ES)]C  (5)

where the values of K. ., J, and C are taken from Tables 2 and 3.

re’

TABLE 2
Values of K., and J

Type of Tendon Kre (PSi) J

270 Grade stress-relieved strand or wire 20,000 0.15
250 Grade stress-relieved strand or wire 18,500 0.14
240 or 235 Grade stress-relieved wire 17,600 0.13
270 Grade low-relaxation strand 5000 0.040
250 Grade low-relaxation wire 4630 0.037
240 or 235 Grade low-relaxation wire 4400 0.035
145 or 160 Grade stress-relieved bar 6000 0.05
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Relaxation of Tendons (RE)

TABLE 3
Values of C
Stress relieved Stress relieved
foilfpu strand or wire low relaxation strand or wire
0.80 1.28
0.79 1.22
0.78 1.16
0.77 1.1
0.76 1.05
0.75 1.45 1.00
0.74 1.36 0.95
0.73 1.27 0.90
0.72 1.18 0.85
0.71 1.09 0.80
0.70 1.00 0.75
0.69 0.94 0.70
0.68 0.89 0.66
0.67 0.83 0.61
0.66 0.78 0.57
0.65 0.73 0.53
0.64 0.68 0.49
0.63 0.63 0.45
0.62 0.58 0.41
0.61 0.53 0.37
0.60 0.49 0.33
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Relaxation of Tendons (RE)
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ing steels at 70 percent of the ultimate. (Courtesy, Post-Tensioning Institute.)
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Relaxation of Tendons (RE)

f/fyi, Percent

60 - —
50 L | :
10 100 1000
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Time, hours

Stress-relaxation relationship in stress-relieved strands.
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Annual Average Relative Humidity

Annual Average Ambient Relative Humidity (in %)
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Approximated Methods for Losses Computations

AASHTO Lump-Sum Losses
AASHTO Lump-Sum Losses

Total loss

Type of prestressing steel f/ = 4,000 psi (27.6 N/mm?) £/ = 5,000 psi (34.5 N/mm?)
Pretensioning strand 45,000 psi (310 N/mmz)
Posttensioning” wire or strand 32,000 psi (221 N/mm?) 33,000 psi1 (228 N/mm?)
Bars 22,000 psi (152 N/mm?) 23,000 psi (159 N/mm?)

* Losses due to friction are excluded. Such losses should be computed according to Section 6.5 of the AASHTO
specifications.

Approximate Prestress Loss Values for Posttensioning

Prestress loss, psi

Posttensioning tendon material Slabs Beams and joists
Stress-relieved 270-K strand and stress-relieved 240-K wire 30,000 (207 N/mm?) 35,000 (241 N/mm?)
Bar 20,000 (138 N/mm?) 25,000 (172 N/mm?)

Low-relaxation 270-K strand 15,000 (103 N/mm?) 20,000 (138 N/mm?)
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Types of Prestress Losses

Stage of occurrence

Tendon stress loss

Pretensioned Posttensioned During time Total or
Type of prestress loss members members interval (#;, t)  during life
Elastic shortening of concrete (ES) At transfer At sequential jacking . Afses
Relaxation of tendons (R) Before and after transfer  After transfer Afor (ti, 1) Afor
Creep of concrete (CR) After transfer After transfer Afocr (i, 1) Afscr
Shrinkage of concrete (SH) After transfer After transfer Afpsu (i, 1) Afosh
Friction (F) . At jacking . Afor
Anchorage seating loss (A) . At transfer Afsa
Total Life Life Afyr (8, 1) Afyr
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Pre-stressed Losses

AASHTO-LRFD
Specifications
| Measured’ PCI-BDM
Girder Refined Lump-sum
Loss Loss | Ratio* | Loss | Ratio* | Loss | Ratio*
Nebraska G1 31.96 3685 | 1.15 [5224] 163 | 5020 157
Nebraska G2 35.65 38271 107 [5224] 147 |s029]| 1.41
New
Hampshire 43.51 3984 | 092 [5426] 125 | 5051 1.16
G3
New
Hampshire 42.33 3984 | 094 [5426] 128 |s051| 1.19
G4
Texas G7 25.35 32.11 | 127 5252 207 [4883 ] 1.93
I(-'
“’“é”f;gm” 42.06 4033 | 096 |66.86| 1.59 |5269| 1.25
—
“ainllggm“ 39.98 1033 1.01 |6686| 167 | 5269 132
Average --- --- 1.05 — 1.57 --- 1.41
Standard — | o012 | - | 026 | — | 025
deviation

! Modified for time infinity.
# Patio to measurad losses.
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EXAMPLE

For the simply supported double-tee shown below, estimate loss of
prestress using the procedures as outlined earlier under “Computation of
Losses.” Assume the unit 1s manufactured in Green Bay, WI.

10| - OII

- -

53/4" =~ =

Y [ N (

SR,

»—<+— 3 3/4"
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EXAMPLE

live load = 40 pst

roof load = 20 pst

dead load = 47 pst = 468 plf

span = 48 ft

_f(;i = 3500 pSi

f2 = 5000 psi

8 - 0.5 1n. diameter low-relaxation strands
A . = 8(0.153in.2) = 1.224in.2

ps
e = 9.77 1n. (all strands straight)
fpu = 270,000 psi

fp}, = 0.90‘[“pu

jacking stress = 0-74pr = 200 ks1
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EXAMPLE
Assume the following for loss computations:
E. = 3590 ksi
E. = 4290 ksi
E, = 28,500 ksi1
Section Properties
A, = 449 in.?
[. = 22,469 in.?
yp = 17.77 1n.
y¢ = 6.231n.

V/S = 1.35m.
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. Elastic Shortening of Concrete (ES): using Eq. (1)

0.725

— .f-::ir _ . .
ES = K. E; E—.,:] = 1.0 (28,500) 3500 5.8 ksi
where |
K. = 1.0 for pretensioned members
feir = Kcirfcpi - fg

5
k[ Poi, Pt | Mge
CIr
Ac L Le

= 0.725 ksi

0o (245 245 x 9.772] 1617 x 9.77

+
449 22,469 22,469

Keir = 0.9 for pretensioned members



PRE-STRESSED CONCRETE SEMINAR

EXAMPLE

Ppi = 0.74fpuApS = 0.74 (270) (1.224) = 245 kips

[2
M, = 0.468 X 482 X E = 1617 in.-kips (dead load of unit)

Creep of Concrete (CR); u-sing Eq. (3)

E 28,500 .y
CR = K, E—z (e~ foas) = 20X =2 .(0.725 -0.30) = 5.6 ksi
| 977
where 4, = My, — = 691 X = 0.30 ksi
| 1. 22,469

Lo
Mg, = 0.02 X 10 X 482 X e 691 in.-kips (roof load only)

and K., = 2.0 for pretensioned members.
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EXAMPLE

3. Shrinkage of Concrete (SH); using Eq. (4)

v
SH = 8.2 X 100 K E, (1 -0.06 E) (100 - RH)

= 8.2 X 106 X 1.0 X 28,500 (1 - 0.06 X 1.35) (100 - 75) = 5.4 ksi

RH = average relative humidity surrounding the concrete member from Fig.
For Green Bay, Wisconsin, RH =75%

and K¢, = 1.0 for pretensioned members.
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EXAMPLE

4. Relaxation of Tendon Stress (RE); using Eq. (5)
RE = [K.-J(SH+CR+ES)]C
= [5-00454+5.6+35.8)]0.95 = 4.1 ksi

where. for 270 Grade low-relaxation strand:

K. = 5 ksi Table 2

J = 0.040 Table 2 |
fhi

C = 095Table3 for 0= = 0.74)
fpu
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3.

Total allowance for loss of prestress

ES+CR+SH+RE =58+5.6+54+4.1 = 20.9 ksi

Stress, fp, and force, P, immediately after transfer.

p?

Assume that one-fourth of relaxation loss occurs prior to release.

f, = 0.74f,, - (ES + 1/4 RE)

= 0.74 (270)- [58 + 1/4 (4.1)] = 193.0 ks1
P, = f)A, = 193.0 X 1.224 = 236 kips
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7. Effective prestress stress f, and effective prestress force P, after all losses
fo = 0-74pr - allowance for all prestress losses
= 0.74 (270) - 20.9 = 179 ks1

P f. A, = 179 X 1.224 = 219 kips

e — ‘selMps
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% Centro de Transferencia de Tecnologia en Transportacion

ABC: Vigas Pretensadas para Puentes
Principios Basicos de Diseno

Pre-stressed concrete Design
Service Design
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Introduction to the Service Design Concepts

Serviceability Limit State Design (SLS) is design of prestressed concrete
member at the service load stage. The SLS design is related with the
working stress design method because the allowable stress limit
controls the design process. SLS design approach, control the selection
of the geometrical dimension and the layout of the prestressing steel
regardless if it is pre-tensioned or post-tensioned member. After the SLS
design is satisfied then the other factor such as shear design, torsion
design, ultimate strength design, control of deflection and
cracking are satisfied. Different with reinforced concrete design, in
prestressed concrete design several load stage must be checked such
as when load transfer stage, service load stage and ultimate load stage.
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Basic Assumptions in the Service Design Method

There are three basic concepts may be applied to design the prestressed
concrete member using, as follows:

1. The material Is assumed as an elastic composite Material.

2. The compressive stress is carried by the concrete material and the
tensile stress Is carried by the prestressing steel.

3. Pre-stressed concrete section Is assumed un-cracked due to service
load
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Loading Stages

Pre-stressed concrete design must consider all the loading stages
started from the initial pre-stressing force until the limit state of
faitlure. For each loading stage the actual stress must be checked and
compare with the allowable stress defined by the code. At the
ultimate stage the flexural capacity must be compared with the
ultimate bending moment or shear. For serviceability limit state
design the two loading stages may governs the design, as follows :

1. Initial Loading , a loading stage where the prestressing
force is transferred to the concrete without any external
loading except the self weight of the structural member.

2. Final Service Loading, a loading stage where the
prestressing force already reduced by several losses and full
service load is applied.
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Loading Stages

Complete loading stages for Serviceability limit state design of
prestressed concrete member are as follows :

Initial Loading
a. Initial Prestressing Force.
b. Self Weight (DL)

Final Service Loading
a. Full Dead Load (SDL) + Effective Prestressing Force.
b. Full Service Load (DL+SDL+LL) + Effective Prestressing Force.

The loading stages for of prestressed concrete member at Ultimate limit
state design are as follows :

Full Ultimate Load (& DL + [ SDL + O LL)
Where: o S o6 are combination Factors
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Initial Loading Stage

THE TRANSFER STAGE

The intial pre-stresing force Pi IS acting In the concrete element, after

the Transfer stage occurs. The process of transferring the force acting
in the hydraulic jack to the concrete element 1s called “The transfer
stage” The external load acting at this stage is normally the self
weight (DL) of the structural member. After the force acting in the
hydraulic jack is transferred, the concrete element is under one of
several critical conditions for the reasons described as it follow
follows :

1. The pre-stressing force is maximum because the losses has not yet
occurred.

2. The acting external loading is minimum.

3. The concrete strength is minimum as the concrete is still young.
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Service Loading Stage

Service load stage is a loading stage where the pre-stress long term loss
already taken. The pre-stress long term loss already taken is the creep
loss, shrinkage loss and steel relaxation loss. The external loading at this
stage is the full service load these are self weight (DL), superimposed
dead load (SDL) and live load (LL).

This stage is critical because of as follows :

1. The pre stressing force is minimum because all the losses already
taken.

2. The applied loading is maximum because all the service loads already
applied.

3.The pre stressing force at this loading stage is designated as Pe€.
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Stresses and Moments Sign Convention
(') eO yﬁ (+) yt M, =Bending Moment
A

M :.(j_x__ M,
1 X N - \
(+)e ONA e
Cop(+) = ) M|(+) 4 . .
Gbot(_) _ (+) M (_) yt

| “Sad” Beamis (-) “Happy” Beam is (t)
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Stresses Sign Convention

Stresses in Beams

lP

Axial Load in Beams

- = ¢

(+)0:a

ﬁ

" iy o N

Combined Bending and Axial Loading

("‘)Gx-top

I\/IXZ

‘(_) Gy hottom

I (O

X

b o - _._>

Ciop = (+) Gx-toe + (+) Oxa

N

N
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What’s Look Different ?7???

There is nothing new, however to be
consistent with many authors, now
Compression stresses are positive and
tension stresses are negative

M,,=Bending Moment
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Stress Diagram

The following figure shows the stress diagram for each loading stage, as
follows :

Initial Service )
all G1 (:jf=a
. CS
proStress __ self weight_ O Loses |~ Sup- Imp + Live Load
| ) — + Time = + ) — '
fﬂl Mmin / AM

all all
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Loading- Stresses

Initial Loading — Stress Expression

Final Service Loading - Stress Expression

O, = Initial concrete compressive (transfer stage)
o, = Initial concrete tensile stress (transfer stage)
0., = Service concrete compressive stress (service load stage)
O, = Service concrete tensile stress (service load stage)

Mp. = Moment due to the beam self weight
Mgp = Moment due to superimposed dead load
M., = Moment due to acting live load
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Kern Center Concepts
The Max eccentricity limit so that no tensile stress will develop an
where in the member could be found by settings =0 ; ﬂ

o - (+)Ay[ (-) K,

S
() k,

S
or: et=kt=(—)—b ;eb:kb:(+)—b -
Vb It (')@’b

ALLOWABLE SERVICE STRESSES DENOMINATION
o, & = concrete compressive stress (transfer stage)

o, &' = concrete tensile stress (transfer stage)

0.2 = concrete compressive stress (service load stage)
0,2 = concrete tensile stress (service load stage)

M . =M ; M =M +M +M P.=F ; P.=F =nxF
min DL max DL SDL LL | i e i

13
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Central Kern

Central kern 1s a region which 1s an axial
compressive force of any magnitude will not
produce any tension at this section.

The central kern 1s depends to the cross
section. The central kern 1s i1ndependent to

the gﬁﬁW%Qﬂ ~~AMmNnracacisra fFfAavra anA allAwrahlae

. : ; Zy 1 Z /
¢ Typical equations for xx axis : ky = ——2=— ; ky =t
stre: A Aeyp b Ac Acyy
| | |
i i | 48 |
KN : l ) i
: : 6 R
G . ae ol .
- @ Ih/g_?i, 52 ir/z 36 @ 118.67
A S | A L Y_.
b v |
Y !}3 g 6 e
T T : ) i
b Yi W oa
> I%I
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Basic Concepts

Initial Loading Stress Expression
Geometry
i P P_ @ @@ Related
|
Cytop @ @ @ =0 O Code
\ ! Related
P P (e) @ @@ 77, Geometry
— _ — N :@‘\“”'I Limits
OO

Final Service Loading - Stress Expression

s p Pk)y My My My
G — e_e 0 t_l_ DLt_I_ SDLt_I_ LLt:G
A | | | | cs
s p Pk)y My My My
Gbot: e_l_e 0O b DL b  SDL b  LL b:G
A | | | | ts
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Pre-stressed Equations to Remember

Initial Loading — Stress Expression

P P( )y M y P - e0 MDL g
9] - — —G = — —2t>0 ow
I ORI O,

: é&efulum
i R P_(e )y M Yy P. e
0, =—+-—>L_ Dt b:G.:_X[lJr( )]___<0 Allow

A | | i A ()t t Ci
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Sign Convention Summary

The sign convention for bending moment is as follows :
1. Plus sign (+) is used to for positive bending moment which is compression in the top fiber
and tension in the bottom fiber.

2. Minus sign (-) is used to for negative bending moment which is tension in the top fiber and
compression in the bottom fiber.

The sign convention for bending moment due to pre-stressing eccentricity is as follows :
1. The bending moment is positive (+) if the eccentricity goes up ward / above the neutral axis.

2. The bending moment is negative (-) if the eccentricity goes down ward / below the neutral
axis.

The sign convention for pre stressing force is as follows :
1.  The pre-stressing force is always in plus (+) sign.

The sign convention for pre-stressing eccentricity is as follows :
1. The eccentricity is positive (+) if goes down ward / below the neutral axis.

2. The eccentricity is negative (-) if goes up ward / above the neutral axis.

The sign convention for concrete stress is as follows :
1. Plussign (+) is used to for compressive concrete stress.

2. Minus sign (-) is used for tensile concrete stress.
17
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Loading Stages - Stresses
Initial Loading — Stress Expression

Final Service Loading - Stress Expression

Using the the previous equations will be re-writted as:
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Loading Stages - Stresses
Initial Loading — Stress Expression

Final Service Loading - Stress Expression
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Loading Stages- Exentricity

Initial Loading — Excentricity

Final Service Loading - Excentricity Expression
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Loading Stages- Forces
Initial Loading — Force Expression

Final Service Loading - Force Expression
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Loading Stages - Forces

Initial Loading — Force Expression

Final Service Loading - Force Expression
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Service Condition Allowable Stresses

As explained before that pre-stressed concrete design in the
serviceability limit state is controlled by the allowable stress determined
by the code. The allowable stress is both for allowable stress in concrete

and allowable stress in pre-stressing steel. There are at least four stress
limitations, as follows :

1. Tensile stress and compressive stress at transfer stage.
2. Tensile stress and compressive stress at service load stage.
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Service Condition Allowable Stresses
Allowable concrete stresses for transfer stage and
service load stage

TRANSFER STAGE SERVICE LOAD STAGE
Psi MPa Psi MPa

STRESS

Compressive fy=060fy | f,=0860f, | f.=045f, | f,=045f,

Tensile fy = 3,1 = !1 Jis | R= 6T\ f = ;«Jﬁ
Tensile 1 1
{At support of Ty = E\."f',:i fi = 5 e.u'ﬂ = Eﬁil'lf'.: ft = 5 «.I'E
simple hearm)
Tensile

(One way system, _ I 1 — ) — .
fii =3 II'|=I =T f=12.0F P = I'f'_
long term deflection i ==ld ki g Vv H t vle t =4Tc

considered)

. = allowable concrete compressive stress (transfer stage)

. = allowable concrete tensile stress (transfer stage)

f. = allowable concrete compressive stress (service load stage)
= allowable concrete tensile stress (service load stage)

f; = initial concrete compressive strength

f'. = 28 days concrete compressive strength

~h
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Service Condition Allowable Stresses

Allowable steel stresses for transfer stage and
service load stage

TRANSFER STAGE
STRESS JACKING PRE-TENSIONED POST-TENSIONED
AFTER PRESTRESS AFTER TEHDON
TRANSFER ANCHORAGE
Tensile oy = 0945, 20804, [ fi=082%, =0.74, Ty = 0807,
where
Trd = jacking stress
T = initial tendon stress
fow = wield strength of prestressing steel
fou = ultirmate tensile strength of prestressing steel

The walle of fpy 15 as follows

TAELE 7.4 YIELD STREWGTH OF PRESTRESSING STEEL

TYPE ¥IELD STREHMNGTH
Stress Relieved Tendon Ty = 0.85%,,
Low Relaxation Tendan Ty = 0.90%,,
Prestressing Bar Ty = 0800,
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Design of Flexural Members

The design process is more difficult than analysis process because the
unknown variables are more than when the section is analyzed. In the
design process When need to find the minimum section to satisfy the
allowable stress. After the section is determined then the actual stress
also must be checked. Two governs condition are the maximum pres-
tressing force with minimum external load and minimum pre-stressing
force with maximum external load.

ECCENTRIC PRESTRESSING

The figure below shows the stress history of the eccentric pre-stressing
system. Two stress conditions are used to determine the minimum
section modulus. For eccentric pre-stressing the minimum section Is
controlled by maximum eccentricity at mid span.
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Stress History
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Stress History

The followings are the explanation of the stress history, as
follows :

The actual stress due to pre-stressing and external load is shown
with dashed line. Due to initial pre-stressing the stress will be
tension In the top fiber (must be less than allowable tensile stress
fti ) and compression in the bottom fiber (must be less than
allowable compressive stress fci ).Due to effective pre-stressing
the stress will be compression in the top fiber (must be less than
allowable compressive stress fc ) and tension in the bottom fiber
(must be less than allowable tensile stress ft ).The top fiber is
controlled by the initial allowable tensile stress fti and allowable
compressive stress fc. The bottom fiber is controlled by the
Initial allowable compressive stress fci and allowable tensile
stress f, .
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Stress History
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Stress History

As previously explained the top fiber is controlled by the initial
allowable tensile stress f; and allowable compressive stress fc. So the

section modulus for the top fiber St will be derived based on the two
allowable stresses above.

Initial Loading — Stress Expression

Final Service Loading - Stress Expression
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Stress History

Assuming that all pre-stressed losses have occurred leads to a
loading for which:

Which can also be written as :

Therefore:
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Stress History

Now If we add a moment of amplitude AM to the section the
corresponding additional stress on the top fiber will be :

And the resulting stress due to the initial stress at the top plus the
additional stress due to the moment AM must be less than or equal to
the allowable compressive stress

Using previous equations it results that :
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Preliminary Sizing
The previous equation can be expressed as:

By similarly examining the state of stress on the bottom fibber, it
can be shown that:

Note that:
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Trade name: Dw-Care

Equipment Manufacturer: Mier Systems, Inc., Pewaukee, Wisconsin

[COC0O00]

0000
000

Sedion Untopped with 2" topping
wuidth
H A, Vo I 1k Yh | wt
depth in2 in int | pf in in*t | pst
-0 B 142 | 305 1] 3| 496 19475 62
A0 B 1923 | 3487 | 1831 | &0 543 3047 TE
G A0 [ 215 ) 5490 | FFER | 55| 689 4514] 84
Gt A2 | 264 | BEF | | BB TE | TERE| 94
G5 | 280 | FEF | EEd | TS| 9.2 | 13225 101

Mote: Allzediors not aeailable from all producers. Cheds v ailability with [ocal manufacturers.
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Trade namme: Dfnaspan@
Equipment Manufacturer: Dynamold Corporation, Salina, Kansas

Section Urtopped with 2" topping
width

[00CC000) o el ]
depth 2 in in | psf in int | pst

A= |13z | zo0| 25| 35| 08| eM0| @D

F-G-D-GE = "T F 1 gorxe |65 | z0z| 7os| 43| 45| 154z es

FP x| 235 | 303 | 7751 | 61| 616 | =06 | &6

(0000000000000 0,; [#rxo [0 as1[z6] 68| 626 mu| o«
T af | 2 | 505 | 1996 | 44| 490 | oi6 | 6o

R e T e |40 | 306 [ 3525 61| 547 | 64| &6
f(:l O000 {j -:] 00 @? gt | 55z | 406 | sazz | s sos| 1oz | o4
F.0Mx 12 | 615 | 595 10505 | S0 7.32 | 16507 | 105

Mote: All sections not available from all producers. Check availability with local manofacturers.
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Centroid Marnent Section Modulus .
Depth Area to af Weight

Beam Buottorn | mertia &
Type 150 pef

o A ¥b | Stap Shott

fir fin) fin) 107 inh {irt fin® {bsdlin. Tt
PCB-2 36 364 1483 50.93 2578 3220 384
PCB-3 45 a60 2027 125.34 G186 a070 583
PCB-4 a4 a9 2473 260,73 39048 10543 922
FPCB-5 63 1013 31.96 521.18 TETY 16307 1055
PCB-6 T2 1085 36.38 733.32 20887 20187 1130
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Pre-stressed Equations to Remember

Initial Loading — Stress Expression
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Pre-stressed Equations to Remember

Final Service Loading - Stress Expression
S p P()y My M y My
e € 0 { DL t LL t

C ,=—— + 4 —SbL 1 =0
A | | | | cs
S P. eo M DL M SDL M LL Allow
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e
Gsb _ P. L€ o yb . DLyb - SDLyb __UN\b _ 3
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@) . o) :_ex 1_|_ 0 . DL SDL__LL_Z‘j ow
o = O =X ((‘)kt S



PRE-STRESSED CONCRETE SEMINAR

Pre-Stressed Design — The Procedure

The pre-stressed concrete design start by suggesting cross sections
that could be solution to the problem. Having these sections the next
step will be to determine the required pre-stressing force and its
eccentricity at the critical section. After the pre-stressing force is
determined this pre-stressing force is used along the span and we must
compute the eccentricity at other location so there is no allowable
stress IS exceeded. The common method is by computing the
eccentricity envelope which is the maximum location that produces
concrete stress less than allowable value. The spreadsheet that
accompany this presentation will be used to clarify the whole
concepts.
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Pre-Stressed Concrete Design - Example

This example was taken from the Pre-stresses concrete Design Book

by Antoine Naaman. In the example the author has used Z for the

section modulus insteadof the typical mechanic of materials Books
that normally use S.

Consider the pretensioned simply supported member shown in Fig. 4.15 with a span length of 70
feet. It is assumed that f: = 5000 psi, f;=4000 psi, &,;=-189 psi, 5,; = 2400 psi, &, = -424 psi,
Gesus — 2250 psi for sustained load, and ., = 3000 psi for the maximum service load. Normal
weight concrete is used, i.e., y.= 150 pcf, live load = 100 psf and superimposed dead load = 10 psf.
Assume: f,, =150 ksi; 7 = Jpe! fpi = F 1 F;=0.83; f,; =180.723 ksi; and (e,)p = yp - 4 = 23.1 in.

In order to calculate the stresses, the geometric properties of the section (given in Fig. 4.15) and
the applied bending moments are needed.
e  Minimum moment: M,,;, = Mg = 0.573(70%/8) = 350.962 kips-ft

e  Moment due to superimposed dead load: Msp = 0.04(70%/8) = 24.5 kips-ft
e  Moment due to live load: M; = 0.4(702/8) = 245 kips-ft
e  Additional moment due to superimposed dead load and live load:
AM = 0.44(70%/8) = 269.5 kips-ft
e  Maximum moment: M, = M,i,, + AM = 620.462 kips-ft
e  Sustained moment: Mj,; = Mg + Msp = 375.462 kips-ft
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Pre-Stressed Concrete Design - Example

I‘ 48 in >| SECTION PROPERTIES

A = 550 in?

A
/‘ | = 82,065 in*

y,=12.9in; y,=27.1in
40in 7 =6362in%; Z, = 3028 in®

ki=-5.511in; k,=11.57in
v W, = 0.573 kif

8in

7
*' 70 ft ’;‘g

(a) anvestigate flexural stresses at midspan given: F = 229.5 Kips (corresponding to ten }z-in
diameter strands), F; = F/q = 276.5 kips, and ¢, = 23.1 in.
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Pre-Stressed Concrete Design - Example

‘a) Investigate flexural stresses at midspan given: F = 229.5 Kips (corresponding to ten %:-in
diameter strands), F; = F/n = 276.5 Kkips, and ¢, = 23.1 in.

Referring to the four stress inequality equations given in Table 4.2 (way 1) and multiplying the values
of moments by 12,000 in order to have units of pounds per square inch leads to:

Condition I: Oy = i[1 - ei] - Mopin > Oy
A, ky, f
276500 23.1 350.962 x 12000 5 v :
O, = ]l - + = 161 psi > o, = —189 psi OK
550 11.57 6362
The results for the other conditions are given as follows:
Condition II: o.; =1219 psi < G,; = 2400 psi OK
Ocs = 754 psi < G, = 3000 psi for M,
Condition I1I: or OK

Ocsus = 292 Psi < g = 2250 psi for M

Condition 1V: O =—292 psi > G,; = —424 psi OK

Sus

Therefore the section is satisfactory with respect to flexural stresses.

fb) Plot the feasibility domain for the above problem and check geometrically if allowable
stresses are satisfied.

The equations at equality given in Table 4.2 (way 2) are used to plot linear relationships of ¢, versus
1/F;on Fig. 4.16. They are reduced to the following convenient form, the first of which is detailed:

Condition1: e, <ky +(1/ F;Y(Mpin —5,;2Z,) = 11.57+(1/ F;)(350.962 x 12000 + 189 x 6362)
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Pre-Stressed Concrete Design - Example

Beam Section

4 5

v

(+) =

Figure 4.16 Feasibility domain for example 4.9.1.

which can be put in the following convenient form, for this as well as for the other conditions:

10°
Condition T: e, =11.57+5410| —
i
. 10°
Condition IT: e, =—-551+11.4787| —
i
10°
e, =11.57-14.024 o for M,
Condition III: [6 !
e, =1 1.57711.818(11(3 ] for M, = Controls
i

10°
Condition IV: e, =—=551+7.424| —

i
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Pre-Stressed Concrete Design - Example

where ¢, is in inches and F; is in pounds. Also equation V showing (e,)mp = 23.1 in is plotted in Fig.
4.16. The five lines delineate a feasibility domain ABCD.
Let us check if the given values of F; and e, are represented by a point which belongs to the
feasible region:
1 1

7 = ———=36x10°
I 276,500
The representative point is shown in Fig. 4.16 as point 4. Since it is on line 4D, it belongs to
the feasible region and therefore all allowable stresses are satisfied. Note that all stresses would still
be satisfied if the eccentricity is reduced to approximately 21 in for the same force. This is shown as
point 4” on line 4B and allows the designer to accept a reasonable tolerance on the value of e,

actually achieved during the construction phase.

(¢) Assuming the prestressing force is not given, determine its design value and corresponding
eccentricity.

This is essentially a typical design problem where the concrete cross section is given. It can be solved
directly analytically or from the graphical representation of the feasibility domain. In any case, the
graphical representation helps in the analytical solution. It dictates the choice of point 4 of Fig. 4.16
as the solution that minimizes the prestressing force. Point 4 corresponds to the intersection of line V
representing (e,)y, with that representing stress condition IV. The corresponding value of F is

obtained by replacing e, by (e,)yp in Eq. IV (way 3) of Table 4.2; that is:

Mooy +GrsZp _ 620.462x12000— 424x 3028
(€)mp — ki 23.1+5.51

=215,3681b

and

1
=——=1259,479 b =259.5 kips
0.83 .

i
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Pre-Stressed Concrete Design - Example

Graphically the coordinates of 4 can be read in Fig. 4.16 as e, = 23.1 in and 1/F;=3.9 X 1076
which leads to F; ®257,000 1b = 257 kips. It can be seen that the graphical solution gives essentially
the same answer as the analytical one. Note that the practical value of the prestressing force to use in
the design should correspond to an integer number of tendons. In this case, exactly 9.38 strands cach
with a final force of 22.95 kips would be required. The number is rounded off to 10. The resulting
higher prestressing force allows for an acceptable tolerance on the value of e,, which can be varied

now from 23.1 in to 21.33 in (see Table 4.5).

(d) If the beam is to be used with different values of live loads, what is the maximum value of
live load it can sustain?

Referring to the stress inequality conditions, it can be observed that conditions I and II (which do not
depend on the live load moment) do not change and therefore lines I and II of Fig. 4.16 are fixed.
Increasing the value of the live load will increase the value of My, and thus will change the slopes
of lines III and IV so as to reduce the size of the feasible domain. Consequently, point 4 of the
feasible domain will move in the direction of 4D and line B4 tends to rotate (about the intercept point
ky) toward CD. Similarly line III will rotate about the intercept, kp, towards line I. The maximum
-value of live load correspond to the line that merges first with the other one. In this case, it is the live
load that will make lines II and IV coincide or have same slopes. Therefore:
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Pre-Stressed Concrete Design - Example

Mmax + Etszb
n

=11.4787 x10°

which leads to M, = 10,811,193 Ib-in = 900.93 kips-ft. Subtracting from M5 the values of
moments due to dead load and superimposed dead load (375.462 kips-ft), leads to a live load moment
of 525.468 kips-ft, from which the live load can be determined as 858 plf or 214.5 psf. The
representative point in Fig. 4.16 is D which shows the following coordinates: e, =23.1 in and 10%/F;
= 2.5, i.e., F;= 400,000 1b = 400 kips. The reader is encouraged to check numerically in this case
that the two allowable stresses &, and &, are attained exactly while the two others are satisfied, as
indicated by the geometric representation. Note that such a design may have to be revised if the
assumed value of e, cannot be practically achieved. Note also that while the limit capacity of this
prestressed beam in now attained from an allowable stress point of view, it can still be designed to
carry a larger live load should partial prestressing be considered.
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% Centro de Transferencia de Tecnologia en Transportacion

ABC: Vigas Pretensadas para Puentes
Principios Basicos de Diseno

Ultimate Flexural Design
Capacity
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Load Combinations

U=14(D +F)
U=12D+F+T)+16(L+H)+05(L orSorR)
U=12D+ 1.6 (L, or SorR)+ (1.0L or 0.8W)
U=12D+1.6W+1.0L+0.5(L,orSorR)
U=12D+ 1.0E+ 1.0L +0.25

U=0.9D + 1.6W + 1.6H

U=0.9D + 1.0E + 1.6H
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Strength Design

Strength design iIs based using the rectangular stress block

The stress In the pre-stressing steel at nominal strength, f, can be
determined by strain compatibility or by an approximate empirical
equation

For elements with compression reinforcement, the nominal strength
can be calculated by assuming that the compression reinforcement

yields. Then verified.

The designer will normally choose a section and reinforcement and
then determine if it meets the basic design strength requirement:

oM >M
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Stress Block Theory

» The Whitney stress block is a simplified stress distribution
that shares the same centroid and total force as the real
stress distribution

| 0.85(; J | 0.85f,
I id | A, b d_ 1 U
T c Stress 1 c B [ 0.85f.ba
* distribution ‘ !
d dp —-——-"—-+"na d 9 —;——-——‘~—n.a.
Mn Mn
\ \
—— Aps fps = Aps fps
Gt s y ; For Equilibrium at Nominal Resistance:
For Equilibrium at Nominal Resistance: ' >y
q 0.85f;ba = A cfps +Asfy - Ay
Stress Distribution = A f,c + Agfy - A'fy Ma = Agsts (dp - a/2) + Agf, (d - a/2)
+ Agf(a/2 - d)
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Equivalent Stress Block — b, Definition

B, =0.85
when f < = 4,000 psi

B, =.85—0.05 {fc (ksi) — 4(ksi)}

B, = .65 when f,c> 8,000 psi Y w wm om o W
P

C

&
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Strength Design F

Start

owchart

1
v Non=Prestressed N i —————————— -
€s Relnforcement = ! 1
Only Determine fs B 1
N by Strain 1
foe = 056, / Compatlbliity o
(Figure 4 ,12.3) 1
iYes 1
Determine f,. by Straln Compatibliity® ]
Y Span to Depth N b =
es Ratlo 5359 4/ o Bonded Element £, (F|gureo:t.12.3) :
Mo ¥, 1
A - foo= Tou (1 = Rl 224 + & (w2 - )
o = foq+ 10,000 + 355 fos =fse + 10,000 + 355 T < Mk K :
t, >f = (£, +60,000) foy = Tps < (fae + 30,000) e e o e e ] e e
1
L 5L & & & & & &L % 5 & & &L & o i i i L5 i Loy
I I I I I I I I
a——Pesfes + Asly - Asfy
- 0.851'b
—h
< Flanged Sectlon / No
Revlse a + v l
= (b - es
i| _(i bw)hﬁr\ Deslgn as a
w — Fhcomp = A Mo a<h Yes Rectangular
8= Ay /by = Section

M, = A,

fed

e v B
by + AT, d- AL ]d'- D851 (A; 5+ ALD)

a a ¥ OEE .
Mo = Apsfps(dp =5 )+ Asly (d=5) + AL 15 (5 -d)
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Find depth of compression block

Apsfps + Asfy = Ay
0.851b

: |
: |
| v / Non-Prestressed \ \ :
I €S Reinforcement 0 ; :
I \ Only / |
|
' < foe > 0.5, >ﬂ. !
- |
| !
|
I ‘ Yes |
|
|
| Yes Span to Depth No Yes
: Ratio < 35 Bonded Element :
: | No I
U] = fut 10,000 + 718 f o =fo +10,000 +otc |
: 100p, ps = Tse 300p 3 |
L6y 2 < (@, +60 000) " Foy > fos < (fee + 30,000) !
: | | .
|
: |
: |
: |
|
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Depth of Compression Block

[

Assumes
compression

Where: steel yields

A, is the area of tension steel
A'. is the area of compression steel
f, Is the mild steel yield strength
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Flanged Sections

@ Checked to verify that the compression block is truly rectangular

Apsfps + Agfy = ASfy

! I
' 0.85f.b 1
! I
I ' I
| A comp= ab I
I I |
| \ :
I Flanged Section / No I
l Revise a v |
=(b- es
I if —(,2 bw]h,& / ' Design as a I
: wi_A oo, e - No a<h Yes Rectangular l
| a= Aw/Bw \ - f Section I
! I
! |
! I
! |
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Compression Block Area

 If compression block is rectangular, the flanged
section can be designed as a rectangular beam
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Compression Block Area

 If the compression block is not rectangular (a> hf)

—

to find “a” —=
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Determine Neutral Axis

* From statics and strain compatibility
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Check Compression Steel

: !
Yes / S A > No
! * \ c>3d
: < ' \ No
c/d{>0.375
: / 4 fe<f, |
¢ =0.9 ‘ 4
Revise |
* a

. Verlfy that compression steel has reached yield using
strain compatibility
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Compression Comments

By strain compatibility, compression steel yields if:

If compression steel has not yielded, calculation for “a”
must be revised by substituting actual stress for yield
stress

Non prestressed members should always be tension
controlled, therefore ¢/ d, < 0.375

Add compression reinforcement to create tesnion
controlled secions
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Moment Capacity

« 2 equations
— rectangular stress block in the flange section
@ — rectangular stress block in flange and stem

section
Yes / Flanged Section \ No

N e/ l

b

|

h
M = Apfsth + A 0-A, 0 - 085 (A 5 + A Mo = Acsholdy -3) + At (0-5) + AL T3 (3
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Strength Design F

Start

owchart

1
v Non=Prestressed N i —————————— -
€s Relnforcement = ! 1
Only Determine fs B 1
N by Strain 1
foe = 056, / Compatlbliity o
(Figure 4 ,12.3) 1
iYes 1
Determine f,. by Straln Compatibliity® ]
Y Span to Depth N b =
es Ratlo 5359 4/ o Bonded Element £, (F|gureo:t.12.3) :
Mo ¥, 1
A - foo= Tou (1 = Rl 224 + & (w2 - )
o = foq+ 10,000 + 355 fos =fse + 10,000 + 355 T < Mk K :
t, >f = (£, +60,000) foy = Tps < (fae + 30,000) e e o e e ] e e
1
L 5L & & & & & &L % 5 & & &L & o i i i L5 i Loy
I I I I I I I I
a——Pesfes + Asly - Asfy
- 0.851'b
—h
< Flanged Sectlon / No
Revlse a + v l
= (b - es
i| _(i bw)hﬁr\ Deslgn as a
w — Fhcomp = A Mo a<h Yes Rectangular
8= Ay /by = Section

M, = A,

fed

e v B
by + AT, d- AL ]d'- D851 (A; 5+ ALD)

a a ¥ OEE .
Mo = Apsfps(dp =5 )+ Asly (d=5) + AL 15 (5 -d)
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Stress In Strand

f. - stress in the strand after losses
fou - Is the ultimate strength of the strand
fos - stress in the strand at nominal strength

pp= (Ay)/(bdy) Pre-stressed Reinforcement

This portion of the flowchart is dedicated to determining the stress in the prestress reinforcement

1
@ < fse 2 0.5h
eres
Yes Span to Depth No
Ratio < 35 }i< Bonded Element
F No
_ i _ x
fos = fse + 10,000+ 100pp fps = fse + 10,000 +mp
foy = fos—= (e +60,000) foy = fos < (fse + 30,000)
' + .
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Stress In Strand

« Typically the jacking force is 65% or greater
* The short term losses at midspan are about 10% or less
* The long term losses at midspan are about 20% or less

The most commonly used prestressing material in the United States is Grade 270 ksi1 low-relaxation, seven-wire
strand, defined by ASTM A 416. The most common size 1s 0.5-1n., although there is increasing use of 0.6-in.
strand, especially for post-tensioning of large scale projects. The properties of these strands are as follows:

Nominal Diameter, in. 0.5 0.6
Area, sq. In. 0.153 0.217
Tensile strength fpu, ksi 270 270
Tensile force capacity, kips 41.3 58.6

Jacking stress, ksi = 0.75 fpu 202.5 202.5
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Stress In Strand

fou - Is the ultimate strength of the strand
fos - stress in the strand at nominal strength

o = (A*f,)/( bdf';) Non Pre-stressed Reinforcement
o = (AgF,)/(bdf;) Non Pre-stressed Reinforcement
pp= (Ay)/(bdy) Pre-stressed Reinforcement

This portion of the flowchart is dedicated to determining the stress in the prestress reinforcement

Determine fi¢
by Strain
Compatibility

Determine f,; by Strain Compatibility®

or

— Y f; d '
fPs_ fpu(1 = EF;[PF,—E:.* + d—p(‘-‘-" - w")])
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Stress In Strand
* Prestressed Bonded reinforcement

( f \
f =f -Ll—y—pp-pu+d(®—m')J
ps pu Bl D flc dp

vp = factor for type of prestressing strand, see ACI 18.0

= .55 for f, /f,, not less than .80
= .45 for f, /f,, not less than .85

.28 for f,, /f,, not less than .90 (Low Relaxation Strand)

pp = prestressing reinforcement ratio
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Compression Block Height

L d' Assumes compression
[ b -1y steel yields
| |

iiiii

Prestress component

Where
A,s - area of prestressing steel
fos - prestressing steel strength
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Flexural Strength Reduction Factor

Yes

Yes

4 <C/dt>0.375> *

See figure next Page $=0.9
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Flexural Strength Reduction Factor

« Based on primary reinforcement strain
 Strain Is an indication of failure

mechanism
* Three Regions

c/d, => 0.6
¢ = 0.70 with spiral ties
¢ = 0.65 with stirrups

c/d, <=0.375

¢ = 0.90 with spiral ties or
stirrups

0.90

0.7
0.65

-

$
0.50

With Spirals

$=0.57 +67¢,

A

>
\

Other

\__p=048"+83¢,

Compressl|on
Controlled

Transition Tension

~ | Controlled

Strain, £y = 0.002
c/d,= 0.600

0.005
0.375
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Transition Zone

e 0.002 <e<0.005 at extreme
steel tension fiber, or

¢ 0375 < C/dt < 06 With Spirals ¢ =0.57 + 67 ¢,
0.90 | |
= 0.57 + 67(c) or L P
¢ = 0.48 + 83(g) with spiral 32—
ties | ther \__ =048+ 83¢,
o T <
¢ = 0.37 +0.20/(c/d,) or o
® =0.23 +025/(C/dt) | Compresslon _ Tension _
b Wlth StirrUpS Controlled Controlled
Strain, €, = 0.002 0.005

c/d,= 0.600 0.375
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Strand Slip Regions

 ACI Section 9.3.2.7

‘where the strand embedment length is
less than the development length’

¢ =0.75
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Limits of Reinforcement

« To prevent failure immmediately upon cracking,
Minimum A, is determined by:

* Agmin IS allowed to be walved if tensile
reinforcement is 1/3 greater than required by
analysis
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Limits of Reinforcement

« The flexural member must also have adequate
reinforcement to resist the cracking moment

— Where

Correction for initial
stresses on non-
composite, prior to
topping placement

Section after composite
has been applied,
Including prestress forces



PRE-STRESSED CONCRETE SEMINAR

Critical Sections

Uniform Load Uniform Load

! 1r¢1r1rr1r1r11r¢1rr

>\,/ Prestressed
Prestressed —— ] Relnforcement

Relnforcement

xH‘F'I‘f'I’“"If‘fH'

Strand Development

" . Length (Sectlon 4.2.3)
Critical Section

Crltical Sectlon
d}Mn—l

f‘b M
(a) Beam with Strands Depressed (b) Beam witg Straight Strands.:
at Midpoint - Uniform Load Some Debonded Near End

Debonded Length

M,
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Example from PCA

Example 24.3—Flexural Strength of Prestressed Member Using Approximate Value
for f
ps

Calculate the nominal moment strength of the prestressed 12"
member shown. -
fo = 5000 psi I A
fpu = 270,000 psi (low-relaxation strands; f,y = 0.90f,) b
I-10
21 _ O”
* & 80 0 08 ! ]
/ !

/

L &-1 strand ( Grade 270)



PRE-STRESSED CONCRETE SEMINAR

Example from PCA

Code
Calculations and Discussion Reference
. Calculate stress in prestressed reinforcement at nominal strength using approximate value
for f,s. For a fully prestressed member, Eq. (18-3) reduces to:
Tp fpu ]
f. =f I - Pp —, Eq. (18-3)
»o ( By P
(. 028 270
= | - X 0.00348 x — | = 725 i1
270 [ 0.80 5 ) 252 ksi
where
f
Y = 0.28 for % = (.90 for low-relaxation strand
pu
B; = 0.80 for.fé_ = 5000 psi 10.2.7.3

A 6 % 0.153
pp= 2 = == =0.00348
bd, 12 x 22
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Example from PCA

Code
Example 24.3 (cont’d) Calculations and Discussion Reference
2. Calculate nominal moment strength from Eqs. (9) and (10) of Part 24
Compute the depth of the compression block:
A
2= TB5eE 005218 >1<22525 =dadin
020l 09 XL Eq. (10)
. | d
M = Apglps | dp - 5 Eq. (9)
| 4.54 e .
M, = 0.918 X 252 22—7 = 4565 in-kips = 380 ft-Kips
3. Check if tension controlled 10.3.4
4.54
c/d, = (alBl)/dp = (m}‘ﬂ
c/d, =0.258 <0.375 R9.3.2.2

Tension controlled ¢ =0.9
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