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I. IVTRCDTCTION

Prestressing of corcrete is probably the most imvortant develop-
ment in Civil Engineering in recent years. After two decades of
effective life prestressed concrete is revolutionizing an ever wider
field of construction, due to its elegance, its soundness, its saving
of materials and, where properly used, its economy.

In spite of its great success, neither a code of nractice nor
design specifications are available in this country. The limited
information, suggestions and research firdings are scattered in
téchnical papers and books and therefore cannot be used easily by
young beginning designers.

The author who at this stage is a beginner but intends to make
the field of prestressed concrete his life time career, believes that
prestressed concrete construction will continue to grow in importance
and in near future will in many applications replace not only ordinary
reinforced concrete but also steel and timber., This belief inspired
him to study a&ll possible publications on the subject not only in
Enslish but also some in French, German and Dutch.

The aims of this paper are, 1) to present the theory of pre-
stressed concrete in as simple a manner as possible and 2) to compare

in details both methods of tersioning.



A short history of development and an outline of theory are
followed by discussion of pretensioning and postternsioning. The
design of identical single span deck bridge by both methods serves
as the basis of comparison and gives a typical method of design.
Various advantages and disadvantages of each method are pointed out.
The design examples presented may be applied equally well to struc-
tures other than bridges.

This paper is the author's first step into the science of
prestressed concrete, and he has fresh in memory the difficulties
encountered while studying the subject. If he succeeds in present-
ing the principles and design procedures of prestressed concrete in
a simple manner understandable to the beginner, his efforts will have

been worth-while.



IT., GETERAL PRII'CIPLES AND PRCPIRTIES

Prestressing is a technique of construction whereby initial
compressive stresses are set up in a member, to resist or annul the
tensile stresses produced by the load.

Since concrete is a material with a high compressive strength
and a relatively low tensile strength, the advantages of prestressing
in corcrete corstruction are almost unli-ited. In reinforced concrete
the steel takes the stresses that the concrete cannot talze and is thus
an indispensable nart of the structure.

In prestressed concrete, up to the 1limit of the working load,
the steel is not used for reinforcement but only as a means of pro-
ducing a compressive stress in the concrete. A member rade of pre-
stressed concrete is permanently under compression, the stress varying
with the load between chosen maxima and minima. As a consequence,
there is complete avoidance of cracks under normal loads, and under an
overload - providing it is not greater than the elastic limit - the
cracks will close again without any deterioration in the structure.
Prestressed concrete has a far greater resistance than reinforced
concrete to alternatinz loads, impact loads, vibration and shock, and
the permanent copression reduces to a great extent the principal
tensions produced by shear forces.

One advantage of prestressing is that under dead load the section
may be designed to the minimum concrete stress at the top fibres and

the maximum concrete stress at the bottom fibres. 'hen the live load



is applied the stresses will be reversed, giving the maximum concrete
stress at the top and the minimum concrete stress at the bottom
fibres.

With prestressed concrete it is possible to obtain lighter
members than with reinforced concrete, and considerable savings of

concrete and steel are effected.



III. HISTCRY AXD DoVELOPMIEXT

The details of the first work where the tensioninz of rein-
forcement steel was applied to the manufacture of —mortar slahs were
rublished in 1236, The steel was tcrsioned before the corcrete was
placed and relecased when it had hardened. The purpose was not, how-
ever, to reduce tensile stresses in the concrete but rather to produce
simultaneous failure of both steel and concrete. The presert basic
principle was not understood.

In 1228, use vas macde of prelinmirary conpressive stresses to
increase the load bearinz capacity in concrete arches and floors,
These streszes vere applied by turnbuckles or some such arranzement
on tie rods. 3Zetueen 1396 and 1907 numerous atte-pts were made to
improve reinforced concrete by tensioning the reinforcement. In these
early expcrinents, however, mild steel was vsed as reinforcenent and
the inportance of hizh quality concrete was not fully realized, so
that in every case the initial prestress was lost almost irrediately.

Thus, just after the turn of the c:entury the advantagzes of
prestressing were susvected by the enthusiastes, but they were still
unable to make the process really practicable, The chief reasons for
ti:is were lack of knowledge of their materials and lack of reliable
materials. The small nretensions which were applied were therefore

almost swallowed up by shrinkage, creep and plastic flow losses. In

the early 1900's the French enzineer E. Freyssinet turned his attention

to the study of prestresszing. In 1908 he carried out tests on a large



tie member prestressed vith steel wires tensioned after the concrete

had set and anchored by wedges in steel plates. These tests, together
with observations of other structures under load, led him to suspect

the importance of creep and the necessity of reducing its effect by

the use of high tensile steel and high guality concrete. However,

it was not until nearly twenty years later that he was able to put his
theories into practice. By that time - 1928 -~ Faber and Glanville in
England had published the results of their research on creep in concrete
which confirmed Freyssinet's own deductions and enabled him to establish
his theory of prestressing. The emergence of prestressed concrete as

a practical technique dates effectively from this moment.

In Americe, attempts were made in 1923 to stress the steel after
most of the shrinkage had taken place. Hard steel of high elastic
limit was used and bond was prevented by coating the wires. One end
of the wires was hooked and bonded while the other end was threaded
outside the concrete member. The tension was produced by screwing a
nut on this threaded portion. Small units such as fence posts and
channel slabs were manufactured in this fashion. The application wvas
also made to cylindrical concrete containers: high tensile steel hoops
were tensioned by means of turnbuckles and then embedded in concrete.
In Germany a bowstring arch bridge was constructed in about 19282 with
better quality steel. Tie rods were placed outside the main structure
and after the concrete had hardened were tensioned with hydraulic jacks

which could be adjusted to compensate for losses in stress.



In America again, an interesting experiment was made in 1930
in the application of heat to prestressing. Bars were embedded in
concrete and coated with sulphur. A heavy low voltage current was
passed through these bars raising the temperature, melting the
sulphur and thus breaking the bond with the concrete. The extension
was taken up and anchored, and on cooling the sulphur hardened and
remade the bond. Prestressing by heat was used again in 1939 by
Freyssinet on the exposed end of the balancing tower of a French
hydro-electric scheme. Much attention has been devoted in the last
ten years to practical methods of posttensioning, and anchorage
systems have been evolved of which the most notable are those de-
veloped by Freyssinet and by Gustav Magnel in Belgium.

Hoyer in Germany developed Freyssinet's early pretensioning
technique, using thin piano wires, and produced floor beams, sleepers
and similar members by this method.

In 1939, F.0O. Anderegg working in America, applied prestressing
to burnt clay building blocks. High tensile steel ties were threaded
through holes in blocks, stressed and grouted in position. The Swiss
firm A.C. Stahlton, further developed this application by using in-
dented steel wires to increase the bond between steel and concrete.

Many developments of prestressing have since been made, but they
all come under two headings: pretensioning and posttensioning. Each
of these two systems has its own special applications in the manu-

facture of concrete members.



IV. PRETENSIONING

In pretensioning the steel is first stressed and the concrete
cast around it, When the concrete has attained sufficient strength,
the steel is released and stress is retained by bond with the concrete.
The steel is usually in the form of 14 gauge, 12 gauge or 0.2 in dia-
meter wire, the diameter being kept small to increase the bond. Bond-
ing may further be improved by notching the wire. The most usual method
of p:etensioning is known as the "long line® system by which a number
of units may be produced at once. Wires are stretched between anchor-
ages at opposite ends of a long "stretching bed" and the concrete cast
round them with spaces or spacers at the desired intervals, When the
concrete has hardened sufficiently the stress is released and the wires
cut between each unit. Vibration is used to produce high strength con-
crete, and some special form of curing is often applied to accelerate
hardening.

Pretensioning may also be applied to individual units. In this
case the wire is stressed and anchored in each mould and the units may
be steam cured in an oven. This method has the advantage that a com-
paratively small factory space is required and a more rapid turnover
can be obtained. Another advantage is that if an anchorage slip should
occur only one unit would be affected whereas in the case of long line
process a number of units might be weakened. The cost of the individual
moulds is the only extra expense attached to this method and this may

be absorbed in the mass production.



V. POSTTZHSICKING

In posttensioning the concrete is cast and allowed to harden
before the prestress is applied.

The wires or cables may be placed in position and cast into
the concrete, being prevented from bonding by some form of sheath
or by other means, or holes may be cast in the concrete and the wires
or cables passed through after hardeninz has taken place., They may
then be stressed against the ends of the unit and anchored, and may
subsequently be grouted in to protect the steel and give the addi-
tional safeguard of bond between the steel and the concrete. “ith
posttensioning there is no limitation on the diareter of the ten-
sioned steel, and the concrete need not be of super high strength,
unless high concrete stresses occur; but obviously the bond resist-
ance is reduced with larger steel bars, However, good bond due to
grouting greatly improves the properties.

Unlike pretensioning, cables can be curved in posttensioning.
This is an advantage because the existence of a vertical component
of the prestressing force due to the inclination of the cables vastly

reduces the shear stresses,

10.
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VI. THECRY AND STRESS AJALYSIS
Stresses
To start with, two assumptions will be made:
l. Plane transverse sections of the beam remain plane 'and normal

to the longzitudinal axis when the beam is bent.

2., The material of the beam obeys Hooke's law :
|
] . A_‘J = —.-F’ !
(Y s
— : 8 -0
8
Fig. 1 Fig. 2

In Fig. 1 is shovn a beam in which A.A., is the line of centroids and
BB is the line of the prestressing cable, in which there exists a
tensile force F. It is assumed that the horizontal component (H) of
the cable force (F) is constant throughout the length of the beam.
At any section of the beam, the forces in the beam and in the cable
must be in equilibrium and it is therefore possible to equate forces
and moments at any section. From Fig. 2 we can vrite:

H=F cos®..... (1)
Equating forces in the direction of AA it is seen that the reaction
-H of the cable upon the concrete will produce a compressive stress

in the concrete given by:

H
fl?T oooooo(z)

where A is the area of the section of the beam.



Equating forces in the vertical direction it is seen that there will
be a shear force S over the section of the beam due to the cable
reaction given by:

S=F sin@=Htan ©.... . (3)
From (1), since the reaction -H from the prestressing cable is not
applied alonz the line of centroids AA but is eccentric by the
amount -e it will produce a bending moment on the section given by

M=He o v o v v v oeeoeana (4)
This bending moment will set up stresses in the beam, the values

being given by the standard formula:

%L:EEI.........(5)

f2.= T

The algebraic sum of these two stress systems gives an expression for

the total stress on the section when the beam is in the unloaded state.
= -y lex . L1
Thus fp f2 + fl H E[ .A]. e o o (6)

This is shown in the stress diagrams of Fig. 3.

+oS =

Direct stress Bending stress Prestress

Fig. 3
Under working conditions a beam will have to be safe when it is within
the range of conditions between dead load only and dead load plus maxi-
mum live load. It is necessary, therefore, to investigate the stress

distributions of these two states.
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In the dead load state, that is when the beam is acted upon only
by its weight, there will exist at the section considered a bending
moment of value -Mg which will cause a stress distribution.

fd=-—I'- ..-.ooooooo(7)

This is to be added algebraically to the unloaded prestress expres-

sion (6) to obtain the total stress.
—gler 1| Y&
That is -H[I -A]— I e o o o o o (g)

The addition of stresses is shown in Fig. 4.

B/ -

Prestress Dead Load Prestress
+ Dead Load

Fig. 4

Further, the addition of a live load to the beam causes an additional
bending moment -Mp resulting in additional stresses.

fL=-M‘—IZ 0000000000(9)

I
Adding this expression to that of (8) gives an expression for the

stress at the upper 1imit of the range of loading conditions.

f = H‘-II A' le Mg+ Mx.l . . o (20)
The result is shown in Fig. 5.
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Prestress Live Load Prestress
+ Dead Load + Dead Load
+ Live Load

Fig. 5

The theory developed is applicable to all sections of a beam
for any distribution of loading and for uniform or variable sections
along the length of the beam.

The critical section of a prestressed beam, as in fact with
other types of beam, will be generally that at the point of maximum
bending moment., When designing a beam, therefore, the section of
maximum bending moment must be considered first.

By inserting the values for the dead load and the live load
bending moments at the critical section into the expressions (8) and
(10) we obtain the stress distribution in terms of the unknown beam
characteristics and, by noting what are the 1limiting stress values
which can be tolerated in the concrete, these required beam character-
istics may be found. The section of the beam will be used most effi-
ciently if the maximum and minimum stresses in both limiting cases of
loading are in fact the maximum and minimum allowable stresses.

When designing for the point of maximum bending moments, the

limiting stress diagrams will be as shown in Fig. 6.
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I ———
j Prestress

Prestress + Dead load
4+ Dead load + Live load

Synmetrical section

15.

It is readily seen from Fig. 6 that if the maximum working stress

is -f, then the average stress on the section is - 1/2 f, and this is
produced by the prestressing reaction -H so that:

H=4% T (11)
Under the condition of dead load only, Fig. 6 shows that the stress
is zero at y = + % at the top fibre, where "d" is the depth of the

beam. Thus this may be included into expression (2) giving:

VM. d
- ed 1 d
o - H [ZI - A} - 2I [ ] 3 . ] ° (12)
Similarly under the condition of dead load plus maxinum live load the

stress becomes zero at y = - -% at the bottom fibre. Thus expression

0 =H [%‘%— + ﬂ + %I [}{d+ IIL] . (13)

Adding these two above exvressions we have:

(10) becormes:

s

~
—
jo N

:

O ¢ V3|

g
n

N

H



and substituting the above expression (11) for H, (14) becomes:

ML

f, = T e e e e e e e (15)

If therefore, the shape of the section to be used is known,
the section modulus Z will fix the dimensions of the section. It
will further be noticed that the size of the beam section is dependent
only upon the concrete stress and the live load bending moment. Also,
theoretically the dead load does not influence the beam size, but
only the cable eccentricity.

Rearranging expression (12) gives:

Mg 21 .
e—I_-I-+A_d 0000.00.0.(1)

whilst rearranging expression (14) gives:

M 41
—L = —e e o o o o @ & o o oo o o
H Ad a7)

therefore this latter expression (17) may be inserted into the
former (16) giving:

M M
=44k
e—H+2Hn'.oooooooo(18)

The expressions (11), (15) and (18) enable the values of the horizontal
component of tension H, the maximum cable eccentricity -e and the beem
section dimensions to be readily calculated from the known moment and
stress values,

Unsymmetrical sections
' There exist two distinct groups of unsymmetrical beams, owing to

16.

the fact that prestressed beams possess direction sense. The distinction

lies in the position of the centroid.



Case 1

Consider first the case of an unsymmetrical

T
Y. section with the centroid displaced towards
A
the upper fibre as shown in Fig. 7. In this
Ya
case bending will cause a greater stress

variation at the lower fibre and, since the
Fig. 7.
greatest permissible stress range is from full

working stress to zero stress, this must occur here.

The form of the stress diagrams will thus be as in Fig. 8.

Mg Mg + Mp

! K ;n l

h———fh-———4

Fig. 8.

Using these limits we can substitute in the expressions (38) and (10).

From (8) _ 1
°¥1 YaT1
O = H I.-I—- I- "—f- e o o o o o o o o o (19)
ey, 1] My
2 a’2
-] = - —+-+——oco'.oooo- 20
fe i L I A J I (20)
:_H T+K Td"'ML e o o o o o o (21)



ey, 1lf ¥
_ 1_| .21
-Kfc—H[-I'-"A - I Md+ML e o o o (22)
where (20) and (21) give
y .
fc=—§ ML e © e o o o &6 o o o ° oo o o (23)
and (19) and (22) give
N
Kfc=i-)'fl. 10000000000000(24)
Y
whence K== T e 6 e o e s e e e e e s e (25)
¥2

Here we see again that the beam size is determined by the live load
bending moment alone.

Multiplying (19) and (20) by yp and yy respectively and adding yields
an expression for H,

H=—24 (26)

- d L] L] L] L] L] L ] L] L [ ] L ] L ] L] L] L] L]
where d = y;+ y, = beam depth,
Subtracting (21) from (19) yields an expression for the cable eccen-

tricity which is easily cast into the form.

My T2 Mp

e=_%+ —0000000000000(27)

4 H
Case 2
— In the other case of non-symmetrical section
Y where the centroid is displaced downwards
* (fig. 9) ¥, >7,-
Y
: From the equations (8) and (10) we again

Fig. 9. obtain expressions for Mj, H, and e.

13,



y
J‘.‘ = —]——I: ® o ® o o o o s o o o (2’:)

e e oo (29)

|
Q.

.

.

o
Y
e

| Z’a M.
e = b + £ . . L L d L . L] 30
g = (30)

In both cases the expressions reduce to (11), (15) and (18) when the
section becomes symmetrical.

Shear

The shear stress at any point is given by the expression

J1
= S
fs - Ib yb dy e e o o o o o (31)

y

which reduces to the simple expression

_ 38
fs - 2A e ©® o o o e s o o e o (32)

for the maximum stress in a rectangular bean.
If fg represerts the shear stress, f the value of the lorgitu-
dinal compressive stress, and fp the principal tensile stress due

to these stresses, then the usual statical aralysis yields the vell

knowvn f 1
nown formula > >

+f ... (33)

£ S

2

0] L)

T

According to Professcr A. L. L. 3aker special shear rein-
forcement is unnecessary provided that the principal tensile stress

at failure does not exceed the concrete tensile strength.

12,
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Losses in prestress

Five kinds of losses in prestress usually occur:

1.

5.

Elastic compression of concrete caused by pretensioned
bonded wires.

Shrinkage of concrete.

Creep of concrete.

Creep of steel wires.

Anchorage slip.

Little is known of these effects, particularly in relation to

the improved materials in recent use. It is usual to allow a certain

percentage of the initial prestress to cover these losses.

In case of pretensioning Kurt Billig of England suggests loss

of 30,000 p.s.i. while Gustav Magnel of Belgium recommends to use a

loss of 20 percent of initial prestress.

With posttensioning Billig's figure is 15,000 p.s.i. while

Magnel allows 16 percent of initial prestress.



N
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VII. DESIZHN OF PRESTRES:CED CCTCRETE BRIDEE DETK

In the following paces the procedures suitable for the desizgn
of pretensioned and posttensioned prestressed reinforced concrete
single span bridce deck will be presented. The desisns do not give
the best or the most economical solution but merely show the way to
deal with the prcblem. Methnod used is approximate but its accuracy
should suffice for most vroblems encountered in ordinary vnractice.

Description of Deck

The deck structure considered is simply suprorted and has a
66 ft. span. The hichway is 26 ft. wide (tio lanes) and is flanked
by 2 ft. wvide curb walks. The bridze deck is composed of 15, I-shaped
girders. The bottom flange is 2 ft., wide an? adjacent bottom flanges
are placed close together., Width of top flanges is reduced and the
deck is made to act intezrally by fillinz the gaps between tep
flanges with carefully placcd and vibratzd hizh strength concrete.
Sides of the top flanses zre at an ancle (see cross section) to
further insure integral action and to make sure that no separation
can occur in the joints. The deck slab is finally stresced laterally
by tie rods with end beering plates and nuts providing anchorage. The
live loed is H 15-44 and design requirements adhere in ceneral to
Standard Specifications for Hiszhway Bridges, Fifth Edition, 1949

adopted by the American Association of State Nizthway Officials.



AAZ. 7.0, snecifications which were written hefore corsideration
was siven to prestressed corcrete do nct irclude requirements
specifically intended for that type of corstruction. Therefore
those requirewents are ta¥en from a prepeocal for a draft code cof
Practice for Prestrecssed Reinrforced Jorcrete by Kurt Billis of
Znland.

Specifications

Lcad - H 15-44

Roadway - 26 ft. (two lanes) with two 2 ft. curbs and overall
width of 30 ft.

Depth of joist, nct more than 26 inches.

Design for dead load, live load and impact.

Insact factor = EZS‘EZCEEE = .26 (p.135 A.A.S.H.0.)

Yaximum live load moment per lane (p.23% A.A.S.H.0.)
484.1 x 12 000 = 5 810 000 in 1b.

Maximum live load shear ver lane (p.23% A.A.S.F.C.)
35.3 x 1 0CO = 35 300 1lbs.

Maximum deflection allowed for live load plus impact.
1/300 times span (p.16% A.A.S.H.0.)

Coricrete strength at time girder is subjected to pnrestress
5 000 p.s.i. (n = 6)

Allowable corcrete stress in extreme fiber in compression
2 000 p.s.i.

I'o tensile concrete stresses are a2lloved anyvhere on the cross
section of the prcstressed joist under any combiration of
desizn loads.

For check on craclking load allowable concrete stress in ex-
treme fiber in tension : 700 p.s.i.



Ultimate load moment not less than 2.5 (D.L. + L.L.)
First crack moment 1.5 (D.L. + L.L.)
Tensile strength of steel wire : 250 0CO p.s.i.

Allowable initial steel stress : 0.6 x 250 000 = 150 000 p.s.i.
(Magnel)

The wire diameter shall be 022 in, with a nominal cross-
sectional area of 0.031 in®.

Loss in prestress (pretensioned) due to all causes
20 percent of initial prestress.

Loss in prestress (posttensioned) shrinkase and creep
16 percent of initial prestress.

Diaphragms
Depth - same as depth of the girder
Width - 6 inches
Location - at center, quarter points and ends (5 per girder)

Cables - provide two cables in each diaphrasm, one 7" below
the top, the other 5" above the bottom of the girder.

Area of each cable - 0.37 sq. inch (12-0.2 in. wvires)

Prestress force in each cable 60 000 1b. initially.



14-1°

"n-9*

A,

Pretensioned 3ridze Deck

A e A ~ 3 A~ e~
Dimencions and nronorties of crocs-scction,

The most suitable layout cannot be commited solely by appolication

of equations but must larzely be based on erpsrience and judzncnt.

our case it was ascumed that shallow girders (d = 26") wcre recuired

and tiie section shown in Fiz. 10 was acopted.

Fig. 10

Area Statical Momen
6x 9= 54 5 x 3= 182
5 x 26 =130 30 x 13 =1 690
4 x19 = 76 76 x 24 =1 224
A = 260 3 676
147
L ]
©
—— 5”-—
1 Y
} 9
o o
L]
L}
W
L 24

temernt of Irertia

2 .
5, (& 4+ 11.19)

12

130 (2% 4+ 1.1

In

= 6 300
2) = 7 500
) = _7.550
I =21 350 ir%

yp = 2528 = 14,1 in,

260

T2
2=1_213%
A 260

= 26 - 14.1 =11.9 in.



2

. 667 x270::12 .

1N = 29 e Male - 1 765 000 1b.

g 8 EL:I:- in

cast in place concrete weizhs CQZi Q - €2 1bs. per ft. of girder

2

AIvh -

v, =R . /11 0CC in 1b.

.C. 3 ==

the curb and railinz weigh 200 1lb. per ft.

‘\\'
EI

_ 2x200x66°x12

(o] o

= 2 610 000 in 1b.

Curb and r=ils are placed after the deck has been concreted,
therefore for simplification Nc is added to the live load moment

171, = 2:1.26x5 810 000

100

14 630 000 in 1b.
2 €1C CCO0 in Ib.

kpp = 17 240 000 _in 1v.

Live load moment per girder = ;z_%gg_ggg =1 143 000 in 1b.

Total load moment per girder = Mg+ Meet FIL

1 765 000
411 000

1142 60O
My = 3324 000 in 1b.

Tcecentricity

At support the gravity load moment is zero using (6) and equating

2
it to zero (no tension allowed) we obtain: e = L=
nd N

A
in our casse e = —k_ .96 inches
< 14.1 5 7



N

o
.

Stress checked for total desisn load moment.

Vi 3 324 000x14.1 ]
top fo = TN = 51 550 = 2 140 p.s.i.
Mi 3 324 000x11.9
bottom f, = T V2= 1 350 =1 320 p.s.i.

Section is fully developed. (Bigher than allowable stress in top
fiber will be reduced when higher I of composite section is substituted).

Determination of wire areas

Total design load moment My acting together with prestress
force H applied with eccentricity 5.96 in. gives the critical stress
at the bottom fiber. Using (10) and setting the bcttom fiber stress
equal to zero, which is the 1limiting value in the design specifica-
tions, gives:

Mt _ 3 324 000

5 = R = 255 000 1lbs.
"t e B4 4 5,06

V2 11.9
allowing 20 percent for losses - initial orestress = 528—399 = 319 CCO 1lbs.
" 319 00 .
( R ?———7 vire area = f%é—%:% = 7,12 sq.in,
»
< 2,12
top wires area = 52“ 3.%4 = 0.2% sqg.in.
L] 9 IS .
‘g bottom wires area= 22%' 3.06 = 1.74 sq.in.
. S
o @
N +*
R R |
L__ -~ @ s e ee oo oo oa =il

Fig. 11
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Use 12 wires at top - 12x0.031 = 0.37 sq. in.

56 wires at bottom - 56x0.031 = 1.74 sq. in.
For arrangement of wires, ses Fig, 11,

Investization of stresses

For investigation of stresses transformed section could be used,
giving more exact results. This refinement is not necessary however,
because the use of gross section gives the discrepancy which is in-

significant and a slight error is on the safe side.

Prestress
top -
e eas 5,90x1/4.,1 1l _
= 9 e =
initial fp 319 000 [ 21 050 o) ]O
X _ 5,06x1/.1 1l
=9 . - =
final  fj = 255 000 [ LS - 575 ]o
bottom -
N _ 5.96x11.9 1 _
initial fp = 319 000 [- 1 850 = 320 ]2 260 p.s.i. (comp)
. _ 5.96x11.9 1 |5 e .
final fo = 255 000 [- 1 350 = 30 -]l 210 p.s.i. (comp)

Prestress comwbined with D,L, of girder

top - £ = L1060 CCOxlA.1

g 21 350 1 140 p.s.i. (comp)

_ 1 7¢(5 coo11,9
bottom - fg = 51 850

Comhined stresses

965 p.s.i. (ten)

top - initial and firal £ =041 140 =1 140 p.s.i. (cop)
bottom - initial £ =2260 - 955 =1 295 p.s.i. (comp)
bottom - final £ =1°%10 - 965= 245 p.s.i. (comp)



Prestress combined vith D.L. of zirder and cast in place corcrete

- = 411 000x14.1 _ ¢ : .
top fc.c. 1 550 265 p.s.i. (comp)

_ 411 000x11.9
C.Co 21 850

224, p.s.i. (ten)

bottom - £

Combined stresses

top - initial and final £ =0 + 1 140 + 265 =1 405 p.s.i. (co"n)
bottom - initial £ =220 - 965 ~22, =1 071 p.s.i. (comp)
botton - final £f=1¢210 - 95 - 22, = €21 p.s.i. (comp)

Moment of inertia of comnosite section

After the cast in place concrete has gained sufficient strenzth
and the lateral tie rods have been tizhtened, the entire concrete deck
acts as an integral unit and a new moment of inertia is used to deter-

mine the stresses due to live load. (See Figz.12)

Aresa Staticzl Yoment VMoment of Inertia
62 2
6 x 19 = 114 114 x 3= 3242 114 ( 5t 9.05%) = 9 630
267 2\ _
5 x 26 = 130 130 x 13 = 1 690 130 ( 5 +0.95 ) = 7 340
2 -
Lx19=_76 76 x 24 = 1 824 76 ( %5 +11.957)= 10 940

A= 320 3 856 I =27 960 in®
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) T 1
* ! \ N
s ; \ ;
% _38% .
7= 320 - 12.05 in.
Y A
N N Y2 = 26 - 15.05 = 13-95 ino
‘lo — 6"-4——
«
n
)
L_ A\ g
247
Fig. 12

Prestress corbined with D.I, of zirder, cast in nlace concrete and L.L,.

2 000x12.0 .
top - fp g, = L 23 93(% 2 = 495 pus.i. (comp)

hottom fL.L. = 1 1/*'82208‘233-95 -

573 p.s.i. (ten)

Combined stresses

top - initial and final £ =0 + 1 140 + 265 + 495 = 1 900 p.s.i. (comp)

bottom - initial f

2 260 - 965 - 224 - 573

4938 p.s.i. (comp)

bottom - final f =1 310 - 965 - 224 - 573

48 p.s.i. (comp)

Exterior girder

Interior and exterior gzirders are alike. Stresses in an extorior
girder due to prestress and cirder weight are the same, Exterior

girder is assumed however to carry the total weight of curb and rail-

ing instead of wheel loads.

Investigating stresses for desicn load:



too - p = £.205 000x12,05

bottom - £ = L1.305000713.95

_ 20066312 _

Me 3

1 305 000 in 1b.

37 940 = 562 p.s.i. (comp)

57 650 650 pes.i. (ten)

Comhined stresses

bottom - initial f =2 260 - 965 - 224 - 650

bottom - final £ =1 210 - 965 = 224 - 650

top - initial and final £ =0 + 1 140 + 265 + 562 = 1 967 p.s.i. (comp)

21 p.s.i.(comp)

29 p.s.i.(ten)

Stress distrihution curves

o

140 19085 1900
. —

1

F b4 F/. t
Fl iz
il
1 |
\ 1

b)
c)
a)

1810 |62/ P74

b c d
Fig. 13
Prestress alone
Prestress plus dead load of joist
Prestress plus total dead load
Prestress plus total cead and live load

I = initial F = final

R



l'oment at first crack

fcr

- 743x27 960 -
3.95

N
J.‘;t

Ratio of the two moments =

which is close to 1.5 called for

Moment at ultimate load

fg = 250 000 p.s.i.

f's= 5 000 p.s.i.

at working load M

at craciting load ¥= 3

700 + 48 = 748 p.s.i.

1 496 000 in 1b,

= 3 324 000 in 1bh.

324 000 + 1 496 000 = 4 220 000 in 1b.

4 320 070 _ 4 45
3 324 000 ¢

in Swiss and En<lish specifications,

. . . 1 1

Plasticity ratio = = = 0.39

? 14+ e - 14 2 000 *

4 000 4 OCO

A 1.74

Steel ratio p = = = ———— = 0.00527
P =54~ 14x23.5
2 pfs 2x0.00527x250 000
N i i = = = 0.390
Neutral axis ratio k (l+]3)f'c (190.39) 5 00 3
2
Moment arm ratio j=1- %%gfgyk:z 1-0.370x0.380 = 0.260
Ultimate moment M, = Agfgid = 1.74x250 000x0,260x23,5 = ¢ 200 070 in :
ot o
. _ u = g 300 000 =2 65

WO S Tz, 3 224 o0
or Multimate = 2. 65 times Md.L.+L.L.

Deflection

Allowable L.L.+ Inpact deflection A =

66::12 -
800

0.99



Assume the modulus of elasticity of corcrete Ec = 5x106 pP.S.i.
2
v 3 A6x12) "~

Actucl L.L.+ irmpact deflection A = ox1 142 000(66x17)" - 0.54

485 000 000x27 <60
0.5, & 0.99

Shear stress is maximum at the centroid and is given by

= S9 b =5 in. 4
S bl I =21 250 in
- 2
Q=6x9 (14.1-2) + 22eed” - 600 4 496 =1 096 in?
live load shear = 35 300 1o,
curbs anrd rails shear = 200 x 33 = _6 600 1b.
41 900 1lb.
live load shear per girder = 4172%9 = 5527 1b,
dead load shear per cirder 33 (270+63) = 10 929 1b.
total end shear per girder S = 16 580 1b.
_ 16 5201 096 _ .
. . 2 200 o .
Horizontal copressive stress f = %0 - 930 p.s.i.

The stresses fg and f produce a nrincipal tersile stress vhich

at the centroid at the supwort is given by

fp = - g + | D2 +22=_-29, (5’—24(1)2 + 166° = 27 p.s.i.
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8., Posttensioned Bridse Deck

The design procecure for posttersioning is essentially the sare
as for pretensioninz, but since the first method allows the use of
curved cables which offer certain advantaces, this will be illustrated
in the next example.

Dimensiors and nronerties of cross scction

For better comparison, the same section is used as in nretensioninz,

A =260 sqg. in.
y; = 1l4.1 in.
y2 =11.9 in,
I =21850 in%

Desion Loads and Moments

Same as in pretensioning.
Mg =1 765 000 in 1b.
Me.eo, = 411 000 in lb,
My.1, =1 148 000 in 1b.
Mg = 3 324 000 in 1b.

Eccentricity at mid Spnan

At nid span all cables are at the bottom

P B I B NS

/ ‘X (see Fig.1l4) and their center of gravity
) is assumed to be 2% inches above the
girder soffit.
) :; e = 11.9 - 2.5 = 9.4 in.
] .

24| e

7] 6°

Fig.14
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Determination of wire oreas

As before
Nt 3 324 000
H = = = 202,200 1bs.
e 49,
3’2 1109

allo'ing 16 percent for losses - initial prestress =

202 200
0.

8, = 240 200 1lbs.

: _ 240 800 _ .
wire area = T2 058 = 1.605 sq.in.

Magrel cables will be used (0.2 in vires placed in layers of
four with 3/16 in clear spacing).
No. of wires required = 1.605 52
0.031
Use three cables 20 wires each (total 60 wires).

Tccentricity at sucport

Two cables will be kept straisht and orly one will be curved.

L

At suprort, in order to keep stress

in the top fiber equal to zero

n9”’

-——

J 2 o
& r ) .
Y e = = = A 5.96 inches
hy 1 14l
AN
L Te position of curved cable:
0
9
+ Y =3x5.96 = =2x9.4 + 1 X
/ TC
z o X = 40.92 above the centroid of the section.
. By
107 - See Fig.l15.

Fig.15
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Investigation of stresses at mid span

Prestress
top -
—~ 1]
initial £, =240 800 ] 9-&4&421 3 - 56 | 532 p.s.i. (ten)
- [ 9.4x141 _ 1 |,
final fp 202 200 5 850 525 446 p.s.i. (ten)
bottom - -
§ -
initial £, = 240 800 _-9-2{%‘03 - 5t |= 2 260 p.s.1. (comp)
_ [ i
final £, =202 200 | -2AEeud 2607 =1 815 p.s.i. (comp)

gtress combined with D of girder

1 140 posoio (cmp)
965 p.s.i. (ten)

top - fg

bottom - fg

Combined stregses
top - initial £ =-532 + 1 140 = 608 p.s.i. (comp)
final £ = -446 +1 140 = 694 p.s.i. (comp)
bottom- initial £ = +2 160 -~ 965 =1 195 p.s.i. (comp)

final £ =41 815 - 965 = 850 p.s.i. (comp)
estress combiped with D,L, of girder and cast in place concre
top = £, o. =265 p.s.i. (comp)
bottom - £, , = 224 p.s.i. (ten)

Combiped stresses
top - initial f = 608 + 265 = 873 p.s.i. (comp)
final f£= 694+ 265= 959 p.s.i. (comp)
bottom- initial £ =1 195 - 224 = 971 p.s.i. (comp)
final £ = 850 - 22, = 626 p.s.i. (comp)



Prestress combined with D.L, of girder, cast in place

37.

conerete and L.L.

top - f1r, = 495 p.s.i. (comp)
bottom - L1, = 573 p.s.i. (ten)
Combined stresses
top - initial £ = 873 + 495 =1 368 p.s.i.
final £ = 959 + 495 =1 454 p.s.i.
bottom -~ initial f = 971 - 573 = 398 p.s.i.
final £ = 626 - 573= 53 p.s.i.
Exterior girder (check for stresses)
top - fir, = 562 p.s.i. (comp)
bottom - f17, = 650 p.s.i. (ten)

Combined stresses

top - initial f = 873 + 562 = 1 435 p.s.i.
final £f= 95 + 562 =1 521 p.s.i.
bottom - initial £ = 971 - 650 = 321 p.s.i.
final £ = 626 - 650 = 24 p.s.i.
S trib
94 99
,“'I, &3 I '
|
\
\ |
FI\ I Fl| L
\
|
1 |
\ ]
\ |
'l’l‘;f I ‘::/ , i
b c

Fig. 16

(comp)
(comp)
(comp)

(comp)

(comp)
(comp)
(comp)
(ten)

1464
I /368 |,




38.

(Fig.16)
a) Prestress alone
b) Prestress plus dead load of joist
c¢) Prestress plus total dead load
d) Prestress plus total dead and live load
I = initial F = final

Moment at first crack

for = 700 + 53 = 753 p.s.i.

= 153x27 960 _
Mor = 29555 - = 1 510 000 in Ib.

My at working load M = 3 324 000 in 1b.

My at cracking load M = 3 324 000 + 1 510 000 = 4 834 000 in lbs.

_ 4 834 000 _
Ratio of the two moments = 3324 000 = 1.46
which is close to 1.5 called for in Swiss and English specificatims.
Moment at ultimate load

Plasticity ratio @ = 0.39

Ag  60x0.031
Steel ratio p = ba 1x33.5 = 0.00565
2 pfy 2x0.00565x250 000
Neutral axis ratio k = TP, = 190.39) 500 - 0.406

_ . M+ _ 4 -
Moment arm ratio  j = 1- 37-%_%; k = 1- 0.37x0.406 = 0.85

Ultimate Moment M,=Agfgjd= 1.86x250 000x0.85x23.5 = 9 270 000 in 1b.

Mu 9 270 000
Ratio = = = =
Mpr4r.n. 3 324 000

2.8

or Myjtimate = 2.8 times Mp 141,.1.
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Shear
35%0" 67330ms, 1 = 21 850 ink
| b =5 in.
:3 | Bentcable Q=1 096 in3
=;r—: S = 16 580 1b.
gi_ T‘"sm"dsu”orh In this case the vertical com-
ponent of the tension in the
bent cable which is directed
Fig. 17 downward will reduce the end

shear due to vertical loading

which is acting upward.

Permanent tension in single cable = %@ = 67 330 1b.

slope = exd0,32 _ 0575

12x33
Sy = 67 330 x .0575 = 3 880 1bs
_ (5-57) Q@ 12 700x1 096
fﬂ = b1 = 5x21 850 =127 pos.io

Horizontal compressive stress f = .223_5.%0. = 780 p.s.i.

The stresses fg and f produce a principal tensile stress given by:

tr = - %. + “ (.§ + 2,0 - '.7%'2 +\J (129)2 +127°= 20 p.s.i.

Comparing with pretensioning, this is a 26 percent reduction in

shear stress.
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VIII. DISCUSSION AND CCNCLUSIONS

Prestressed Concrete has many advantages as compared with ordinary
reinforced concrete, Some of them are:

1. Entire absence of permanent cracks

2. Reduction in depth of section which is important in floor and

bridge construction.

3. Reduction of the weight of structure

4. Increased economy

a) Saving of steel

b) Saving of concrete

¢) Reduction in maintenance cost
d) Increased life of structure

5. Low shearing stresses

6. Elimination of excessive deflections

There are certain advantages and disadvantages in using either
method of tensioning.

The pretensioning is most suitable for units of small cross section
vhich could not easily accomodate the comparatively bulky posttensioning
cable. The system is also well adapted to the mass production of large
members of similar units, such as railway sleepers, floor joists, beams,
poles, piles, etc., when it is found to be very economical. It has how-
ever, certain disadvantages which make its use more limited than that of

the other method in the case of very large members. The wires must be



straight, so that the shear-resisting properties of curved-up cables
are not enjoyed. With this method loss of prestress could occur from
shrinkage of the concrete as well as elastic deformation and creep in
the steel and the concrete.

One fundamental advantage of posttensioning is that, as the
reaction from stressing the wires is taken on the concrete, there is
no loss of stress due to elastic deformation, as with pretensioning.
Furthermore as the concrete has hardened, the shrinkage in the concrete
has already taken place, leaving only creep losses in the steel and
concrete.

Another advantage of posttensioning is that the wires may be
bent upwards towards the support, giving an active vertical component
of the prestressing force acting against the shear force and enabling
high shear loads to be taken. On the basis of our design we notice
that comparing with pretensioning a reduction of prestress force and
steel area and an increase in ultimate moment results when the wires
are posttensioned. It is also seen that the bent cable causes a sub-
stantial reduction in the total vertical shear on the section. The main
disadvantage of posttensioning is the limitation to size. ;f the members
are too small the cost of prestressing may not be worth-while, for in
every case anchorages are required at each end of the cable and jacking
costs are unaffected by the length of cable. Therefore, for short spans
pretensioning is believed to be more economical, but as the spans become

longer, the conditions tend to favor posttensioning.



APPENDIX A
Notation
A = Area of concrete
Ag = Area of steel
b = Width of beam
d = Depth of beam
E = Elastic modulus with various subscripts
e = Effective cable eccentricity
F = Cable force
f = Stress, with various subscripts
H = Horizontal component of cable force
I = Second moment of area of section
j = Moment arm ratio
K = Stress ratio
k = Neutral axis ratio
1 = Beam length
M = Bending moment, with various subscripts
p = Steel ratio
r = radius of gyration
S = Shear force with various subscripts

o D N 4

Distance from centroid, with various subscripts
Section modulus
Cable inclination

Plasticity ratio

43.



APPENDIX B

Summary of Proposed Design Specifications for Prestressed Concrete

Kurt Billig Ritter & Lardy Gustave Magnel
England (1) Switzerland (2) Belgium (3)
Min. cyl. strength at 273f'c = 273f'c = o
l. release of prestress 3200 psi, 4400 psi. c

Min. cyl. strength at
2, application of load

f', =4 800 psi. £',= 6 600 psi.

£'o = 5 100 psi.

Allow, compr. stress at

1 ] n
3, release of prestress 0.48%¢ 0.48%¢ 0.45 £%
Allow., compr. stress at ' '
4, application of load 0.4f'¢ 0.48%¢ 0.33f%¢
Allow. tensile stress 10 percent 10 percent of
5, without special reinf, of allow,.compr. - allow, compr,stress
Allow, tensile stress stress for 20 percent of
6, with special reinf, special cases - allow,compr,stress
7. Modulus of rupture 0.18f', 0.15f'¢ -
8, Modulus of elasticity  4x10° pei, 5.7x10% psi, -
coeff,of shrinka 0,0003 in./in.  0,0005 in./in. -
0.45 (5 gal.
10, Max, w/c ratio per_sack) - -
dl. Max, slump 1 in, - -
0.04f', but
2 d bond 250 psi, - -
Allow. principal ten- 10 percent of
13, gile stress at N,A, - 115 psi. allow, compr,stress
Length of ordinary 8 days _ _
Ultimate strength of £g = 200 000~ = -
220 000 psi. fg = 215 000 psi.
Yield point 0.2% resid- _ _
16, ual straip fy = 074, fy = 0-8% Iy
Max,., initial prestress 0.85fy or 0.85f, or -
17. 1in bonded wire 0.70f's 0.70£%
Max, initial prestress 0.75fy or
18. in bondless wire 0.60f% - 0.8fy or 0.6f,
Ultimate elongation of
19, steel 5 percent - - ,
Loss in prestress, bonded 16 percent of
20, wire, shrinkage and creep <0 000 Pei. - initiel prestress
Loss in prestress, bonded 20 percent of
21, wire, due to all causes 30 000 psi. - initial prestress _
Loss in prestress, post- 16 percent of
tensioned, shrinkage and 15 000 psi. - initial prestress
22, _ecreep
= = 2,0(DL+LL)
23, Ultimate moment = 2.5 (DL+LL) = 2,5 (I1L) -
24, Cracking moment =1.5 (DLHIL) = 1,5(DL4LL) -

(1) A Proposal for a Draft Code of Practice for Prestressed R.C., London, 1948
(2) Vorgespannter Beton, Zurich, 1946
(3) Prestressed Concrete, London, 1948
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