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INTRODUCTION

In recent years there has been brought to the attehtion
of engineers and architects a new medium of-construction--*
preécressed concrete. Reinforced concrete has ldng been re-
cognized as a satisfactorj material for use in the construc-
tion of bulldings, bridges, highways, tanks and other struc-
tures. However, most:concrete designers will concede that
this material hes many drawbacks. For instance, in a simple
beam of rectangular cross-saction, roughly only one half of
the concrete 1s relied on to resist compressive forces. The
tensile strength of the concrete 1is considered to be zero, °
and steel bars or rods must be'inserted to carry the tensile”
stresses. ‘his assumption ﬁecessarily increases the dead
loads which must be considered in design.

Prestressed.concréte refers to members in which the
concrete is subjected to stress before it recelves any live
loads. This stress 1s usually in the form of a compressive
force which acta on the whole cross-sectional area of the
member. In this way the entire area of ﬁhe member can be
used to resistc the applied loads.

As in any new field §f endeavor, many problems are en-
ﬁountered whlch must be investigated. ‘In_fhis field of pre-
stressed concrete brobably the largest stumbling block is
the method of anchoring the high tensile strength wires
+which are used to induce the compressive stresses 1in the
concrete. |

It is the purpose'of this paper to investigate one me-



thod of end-anchorage and also to -investigate the perfor-
- mance of SR-4 stréin gages'applied to both-the.prestress1ng

. wires and the concrete.



- HISTORICAL SKETCH

' The basic idea of'prestréSSed concrete is the elimina-
tion‘df tensile stresses by superimposing coﬁpressive
’stresses.. Une me thod of_acconmlishing this 1s by stretch-
ing the reinforcement. ThiSInudh»was known more than six-
ty years sgo. 1In 1886, the first patent on prestressed
. concreve was issued to P. H. Jackson of San Francisco. This
patent was for a process of tightening steel tie-rods in
cast-stone and concrete arches by means of turn-buckles and
nuts and bolts. Jackson's scheme was tried under varioﬁs
conditions, but with little or no success. The neutralizing;‘
compressive stresses cou}g be induced, but they‘coul& not be
maintaiﬁed indefinitely by means of the ordinary bar reig—
forcement then in use. |

The first>peison to achieve any real degrée of success
in this new method of construction was R. E. Dill of Alexan-

dria, Nebraska, (1) who applied for a patent in 1925. Dill

(1)”U. S. Progress in Prestressed Concrete, Architectural

Record, Vol. 110, No. 2, pp. 148-156.

produced mainly posts and slabs by the post—tensioning me thod .
In order tb overcome the major obstacle encountered by Jack-
son, Dill employed high tensile strength steel wire which

Gas coated with & plastic swbstance .to prevent bond with the
concreté,-the wires being tensioned after the concrete had

set, thus avoiding hny loss of the prestress force due to



shrinkage of the concrete.

Since that time, European engineers such as J. Mandl,of
Austria, Eugene Freyssinet of France, Gustave Magnel of Bel-
gium, Edwald EHoyer of Germany, and Colonnettl of Italy have
led the way in making prestressed concrete a revolutlonary
and highly successful new medium of construction. Thelr
primary work has been done in the field of bridées, of which
(2)

the 410-foot, two span, continuous box-girder Sclayn Bridge

(2) Schofield, E. R., Prestressed Concrete Used for Boldly
Designed Structures in Europe, Civil Englneering, gept.

1249, Vol., 19. p. 596,

1s a most beautiful and impressive example. Another strik-
ing bridge project is that of the five almost identical pre-
stressed concrete bridges over the Marne River. These
bridges, designed and bullt by Freyssinet, were assembled
from precast units and prestressed to form flat-arches span-

ning 243 feet and having a crown depth of only 37 inches.

- Due to the fact that all the spans were the same, the bridges

were constructed on a mass production basis, as many as six-
by identical pleces being made from each mold.

Another exasmple of European practice 1is a one-story
tégtile mill in Ghent, Belgium, which covers 8 1/2 acres.
Here again, mass production methods were employed wlth the
‘hecessary one hundred main girders, 72 feet in length, and

the six hundred secondary beams, 45 feet in length, being



cast In steel molds. The whole structure was erected in a
period of one year with no more than seventy workmen engaged
on the job at any one time.

A runway at Orly Airport near Paris, France, construcfed
by Freyssinet in 1948, points out the possibilities of pre-
stressed concrete for use in highway and airport slab con-
struction. This strip is 1440 feet long, 200 feet wide, and
only 6 inches thick, yet it 1s claimed to be capable of sup-
porting loads of a conventional runway four times as thick.
The pavement consists of 40-inch square pre-cast concrete
blocks. The blocks were installed using 45-degree diagonal
joints, making only transverse prestressing necessary. One
inch vertical rollers help to reduce frictlon in these Joints.
Freyssinet claimed that this runway could supvort aircraft
three times the size of any then in existence.

Here in America, virtually the only application of pre-
stressing up until the last few years has been in the pro-

duction of concrete tanks and cylindrical pipe. Thls process
of circular prestressing is somewhat different fromﬁlinear
préstressing and has been periected to a high degree almost
exclusively by American engineers. The reluctance of the Am~
erican engineer to show other than a passing interest in the
European scheme of linear prestressing may be attributed al-
most entirely to the methods involved.

It has been argued that a great difference exists be-

"tween the two continents in regard to the relative Importance

of labor and material. European labor 18 cheap, while ma-



terials are in short supply. American lator is decldedly
costly, and materials have been, at least up until the pre-
sent time, reletively plentiful. For thls reason, the Euro-
pean designer 1is primarily Interested in refinements of de-
sign to conserve material, while. the Americen designer 1s
more concerned with meckanlcal methods of constructlion which
can keep labor requirements to a minimum.

In the last few years numerous organizations have been
forned in this country, devoted to the study and menufacture
of prestressed concrete, and, as a result, remarkable ad-
vances have been made toward overcoming some of the prevailr
ing inertia. Constently belng presented are new metnods and
new ideas which are 1n many ways simpler and at the same

time better than current European practices.



. GENERAL DISCUSSION

The term'"prestressing" does not exactlj describe what
is done to the concrete because it is actuaily a.pre-cOm—
pressive force whiéh is exerted on the mémber. By various
means, & large compressiﬁe force is applied to the concrete
prior to its being put to use, and thismfbrce‘is mainté&ned
. to some degfee throughout the life of the structure. This
pre-compressive force is made so largze thaﬁ; under workiﬁg
loads, the tensile forces devglopéd only reduce the total
compressive fofces and neverractually place the concrete in
tension. . | A |

| The eséentia; differenes between the various me thods of =
i pre-coﬁpressing_is in the way in which the forces are applied
to the ﬁember.' This_may be doné by pre-fensioning or by
post-tensioning, .the pfefix indicating whether the steel is
tensioned before or after the ‘concrete has hardened. |

In pre-tengioning, the- compressive force 1s applied to
the concrete member through the actlon of bond. Very small,
high strength steel wires are strung between two abutments,
one flxed and the other movable. The wlires traverae_the
'1engﬁh of the forms and are held in their proper places by
‘hole; in thg abutments 6r by spacer blocks.“ When the move'
.able abutment is forced away from the other one, a stress in
the ﬁeighborhood of 200,000 psi. can be induced in the wires.
¥hile the wires are held in this state, goncrete is placed
into fbrms which have been set up afound them. When fhe con-

crete has hardened,sufficiently, the wires are released from



the atutments. When. the w1res are relsased, theyvhéve a
tendency to snap back to their orlginal length, much 1like a
rubbqr band, but the bond of the cqncrete along their full
.lengfh prevents them.from doing so. Ihus, the pre-compres- .
‘sive force is trensmitted to the concrebe member &s & com=
bination of mechanical bond resistance and friction with
radial compression. See Flg. 2. This me thod is'particular-,
1y suitahle:for»Operationa invdlv;hg the manﬁfaéturé of a
large number of simllar units, sindevthe WireS'may be ten-
sioned in lengths of from 200 feet to 1000 feet. A large
number ofvunits may thén be cast at one time énd the.wifeé
cut between each unit bto separate them. This will ei}minatg
tiié necegsi'ty«-'df end enchorages and jacking Aoperation'.fs' for
each member."Howéver}.this me thod does present a problém in
the form of 8 loss of prestress due to the shrinkage of the
concrete afterAthé_wires rave been réleased.
VIn.pqst—tensiQning,_the compfessive force is applied to
the concrete through -‘oearing plates at the ends of the mem-
ber. Sea’Fig. 3. Prior to the piaciﬁg of the concrete,
khollow ducts are placed in che formﬁ. Af'ter the bbncrete
‘has hardened, these are withdrawn, and the wires are: thraaded
kthrough the paasagea and fastened to aome form of jack. Re~
»acting against the ends of the concrete member, the Jack
stresses the wires to around 120,000 psi. Under this
stressed condition they are wedged against an anchorage pIate,
and when the jack is released, the stress 1n the wires 1a

'transferred to the bear&ng»p;atq:and\thence to tha concrete.

s



The purpose of the passages 1s to keep the wires from
being bonded to the concrete. Anothef~method of accomplish-
ing this and, at the seme time, eliminating the. expense and
time necessitated by the ducts is to coat the wires with as-
phalt or grease or to wrap them in waterproof paper. thre
a number of wires are in the form of a cable, a thin metal
sheath may be employed to surrouod the entire cable and pre-
-vent bond. _ . |

While the post-tensloning method is most adaptable to
individual job conditions, it also has great promise in the

fleld of mass produced units. Of special interest are beams

anqhgirders built of pre=-cast building block units._ Ibese
. units are very inexpensijc, yet very strong, and may ba‘made-'
in a wide variety of shapes on standerd commerclal concrete
bloeck machines. -fhe wires may then be strung in passages
cast inside the units or in channels on the outside.
A number of the advantageo of prestressed concrete are.
stated herewith: | |
1. Prestressing can make concrete crackless, which 1s
conducive to greater durability under aevere ex-
‘posufo conditions. ’ |
2. Prestressing minimizes deflections’ahd*reduees theo
‘depth of beams and girders and the thickness of
slabs, thus giving greater headroom. ‘
Se. As compared with conventional reinforced concrete,_i
prestressod‘conoretc permits substantial savings in

materials: up to as much 8s 75 per cent in steel
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and aporoximately 25 per cent 1ln concrete.
Prestressing results in maximum rigidity under
working loads and maximum flexibility under exces-
sive overloads.

Deslgn calculations are considerably quicker and
more accurate.

The architect can design concrete structures with
much cleaner, slimmer lines,

Even under extremely heavy loads, the member will
recurn to its original shape as long as the elas-

tic limit of the steel has not been exceeded.
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A DISCUSSION OF METHODS

FTREYSSINET METHQOD: The Freyssinet method uses a number

of cables composed of from 8 to 18 wires esch, the wires be-
ing separated and spaced by a center core. Bond 18 pre-
vented between the cable and the concrete either by covering
the cable with a sheath tefore the concrete 1is rlaced or by
pulling the cable through holes formed in the beam by hollow
ducts. The wires of the cable are locked in place at each
end of the beam by a wire-gripping device which consists of
& cast concrete conical plug and & cast concrete cylinder
with a tapered hole through its length. Both units are spl-
rally bound by wire for added strength. The cylinder 1s
cast ihto the end of the beam at the time of pouring;

After the concrete has hardened sufficiently, all the
wires are grlipped around the circumference of a unique dou-~
ble-acting hydraulic Jack and stressed at about 125,000 psi.
Then a center ram on the jack is activated, and the conical
plug 1s driven securely into the tapered hole, securing all
the wires under load. Mortar 1is then pumped into the cable
hole to protect the wires egainst corrosion as well as to
' provide-e#tra strength through bonde.

‘The features of this method are that all wires in ‘any
one cable are tensioned at the same time, thus reducing |
costs; .that the anchorages do not project at the beém ends;’
.and that the stress on the beam is uniform. However, there
1s a disadvantage 1in stressing all the wires at once because

it is then 1impossibb to determine whether or not they all
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have equal stress. If there 1s slippage of one wire in the

wedge, the entire job must te redone.

{AGNEL METHOD: In the lMagnel method, which 1is also a
post-tensioning method, the wires are arranged in a series of
vertical and horizontal rows to form a cable. There may be
as many &8s 8 wires per layer and 64 wires in all. ‘he grip-
ping device at the end consists of steel plates called sand~-
wich plates. These plates are about 1 1/2-in. x 3 1/2-in. x
6-in., and each has four wedge-shaped slots. Two wilres are
placed in each slot, and, when they are stressed the required
smount, a tapered wedge 1s driven between them by hand. This
process 1s repeated for all the wires in the cable, the
plates being stacked one on top of another. These sandwlch
plates are later covered over with a cast-in-place extension
to the beam. Grout 1s. pumped around the wires for protec-
tion and to provide bond.

Since only two wires asre tensioned at a time in the
Magnel me thod, there is ob&iously better control over their
stresses; the required jacks may be simpler and smaller; and,
beééuse a iaréé number of wires are used 1n each cable, the
total compreséive force is very large and qulte suitable for
long span beams. Obvious drawbacks to this method are found
in the expense of machining so large a number of blocks as
are required and in the extra time involved in stressing on-
ly two wires at a time.

The Magnel method was used on Philadelphia's Walnut

Lane Bridge, the first large prestressed concrete bridge
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in America.

"SHORER SYSTEM: The Shorer system, based on the bonding .

action of the wires, has as its cent?al feature a high
strength steel tube which is used as the bearing area for ”
Jacking. The prestressing wires are wound about the tube in
a helical fashion with a very wide pitch,.hglf in one direc-
~tlon and half in the other. Théy are kept away from the
tube by spacer discs along its igpgth. A patented dévicé at
the ends of the tube secures the wires and enables the jack
to bear against the'tube, thus compressing it and at the
same time stretching the wires. When the wires are stretched,
they are fastened in place, and the jack is removed. The “
entire?unit, wires and tube, can then be set in the form in
the same manner as is standard reinforcement, except that
the end of the tube must be accessiblé when the form is reQ
moveG. In this manner, the steel tube takes the entire com=
pressive load. After the conérete has hardened, the locking
device on the end is removéd, and the tube, which has had a
bond-breaker apélied to 1t, is also'removed. The wires, be-
1né‘fully bonded to the concrete, transfer the ent;re com~-

_ pressive'sﬁreés to the conérete. The hble 1s then grouted.

BILLNER METHOD: ‘The unique feature of the Blllner me-

thod 1s that, although it is a post-tensioning process, no
end~-anchorages are needed.(S) Billner employs high-s trength

(3) Billner, K. P., New Prestressing Method Utilizes Vacuum
Process, Journal of the American Concrete Institute,

Vol. 22, No. 2, 1950.
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wires of comparatively large diameter which are anchored in
thé concrete by means of large loops formed on the ends.
All of the wires except these loops are coated with some ma-
terial to prevent bond with the concrete. Before the con-
crete is cast, a thin sheet metal partition is placed at the
mid-span so that after the concrefe has been cast and has
hardened, the beam will be in two halves tied together only
~ by the wires. JThese two sections are then jacked apart a
predetermined distance, the separation plate removed, and
the space filled with a high-strength grout. When the grout
has hardenéd, the jacks are re}eased, and the beam is pre-
stressed by the efforts of the wires to regain their orig-
inal length.

fhis process has distinct advantages in that all of the
wires are gressed as one, and wires 3/8-in. in diameter may
be used; thus reducing the number of wires required. Also,
the exrense of manufacturing and install;ng end~-anchorages
is eliminated. |

ELECTRIC METHOD: This unique method was developed by

K.'?. Billner~and R. W. Carlson.(4) Steel bars coated with

(4) Billner, K. P. and Cerlson, R. W., Electric Prestréssing
of Reinforcing Steel, Journal of the American Concrete
Institute, Vol. 14, No. 6, 1943.

g . )
@ thermeplastic material and having threaded ends are placed

in the concrete in the same manner as in ordinary reinforc-



1ng, except that the ends are left protruding. After the
‘ concrete has hardened, a low voltage, high amperage current
kie passed through the’ bara, causing thém to heat up. >The‘_
thermoplaeeic}material melts uponﬁ@eating and deetroys any
bond; thue allowing the bars to eiongate. Nuts are then
tightened against the ends of the beain, and the current is
removed. Compressive stresses are set up in the concrete by
. the ccntractionuof the steel upon cooling.i This method
proved very successful in making slabs only two inches thick

“to be-used as walls for houses.

_ RQEBLING‘ME&HQD: Although the method developea by John,}
‘A. Roebling's Sons Company is not entirely different from . :
- the Freyssinet or Magnel methods, 1t does have & number of

: distingu;shing features which make it a very simple and -
hlghly effective~method of prestressing concrete.

The first such feature of this method 1s the use of
pre-streteched galvanized bridée strand waich has been thor-
cughly developed by Roebliﬂg. By using this cable wh;Ch'is‘
made up of a number of high strength wires prefabricated 1n-,

%o cable form, a large area of steel may be secured with one
B end-anchorage » thus greatly reduci.ng the time: and labor in-
‘volved in that step, 1n some 1natancee enabling only one ca-:
1'ble to do what otherwise might require six or eight eeparetefr
ewirea. | | | .

To accompany these cables Roebling uses a epecial
ewaged fitting aimilar to that used on aircraft control c&-
bles. This fitting is' a slim.cylipdricaletenminal»rram o

c 4
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l 1/2-in. to 2 3/4-in. in diameter in one end of which the
cable is fastened by pourlng molten zinc around ﬁhe wires,
much like standard zinc sockets. A threaded stud 1s screwed
intﬁithe other end, and & special nut on this thread beara”
against the concrete through a steel béaring plate to hold
the prestressing: force.

“This 18, of course,a post-tensioning process, and by
the §ery nature of the anchoraging system any loss of the
prestressing force over a period.Qf time may be éorrected
simply by restretching the cable and taking up on the nut.

A standard poured zinc socket about five inches in dia-
meter 18 used fab heavier cables, and the developﬁent of a )
hydraulic jack with a hqle through the center of the ram has

greatly simplified the stretching of these cables.
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A DISCUSSION OF MATERIAIS

REINFORCEMENT: Of first concern in the matter of pre-

stressing 1s the nature of the material thaf is to be used
for reinforcement.k Since the primary object of préatresaing
is the induction of preliminary internal stresses in>a con-
crete member, 1t becomes essential to use a steel of consid-
erably high'strength so that losses of stress in the steel
due to elastic and plastic deformations and shrinkage will
be only a small part of the initlal stress, thereby leaving
-ample stress to‘be transmitted to the concrete.

There are numerous varieties of high_strength steél.on“
the market today, ranging from the fine piano wire which is ~
in cormon usage in Buropé to steel bars 1 1/8-in. in diame-
ter which are used by one concern ln England. In between
these two are wires of>varying sizes wnlich are either
stretched singly or coliled into cables and stretched sqverél
at a time; The Roebling bridge strand cable is a notable
example of the latter. It should be noted that wirés in the
sizes of 0.010-in. to 0.100-in. are used almost exclusively
in bonded prestressed concrete because it is difficult to
" provide end-anchorages for wire of this small size when it
is used in post-tensioned prestressed concrete.

Typlcal of the wire being used in post-tenéioned pre-
stressed concrete 1is the 0.276-in. diameter cold drawn wire
.manufactured by the John A. Roebling's Sons Co. This wire,
which would have a very small cross-section for use in ordi-

nary reinforced concreice design, is used both in single
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strand form and in colled cables containing from 3 to 5
wires each. When this wire 1s used singly, the matter of
end-anchorage becomes rather difficult, but when made into
cablés, the use of a Roebling swaged terminal aftords a veiy
convenient method of anchoring the wires. One drawback of
this wire when usea singly is twue very large coil curvature
that is imparted to it. dhis wife 1s usually delivered in
six-foot diameter coils which have a free coll curvature of
over twelve feet. This makes the wire somewhat unmanageable
for placing in forms.

The effect of creep Sn the wire used in prestressing 1is

also of importance. Studles have shown(s) that there is a

(5) Goafrey, He J., Steel Wire ior:'Prestressed Concrete,
Proceedings of the Pirst United States Conference on

Prestressed Concrete, 1951, p. 151.

definite relationship between the creep of cold drawn wire
and the elastic.propertiés of the material. ‘hese s£udies"
indicate, howéver, that the amount of creep 1s neglligible if
_the stress is At,'or below, the proportional 1limit of the
wire.

Since the elastic properties of prestressing wire are
of utmost importance, it is necessary to specify and control
the stress-straein characteriétdQu of the wire. <ghis charac-
'feristic may be detefﬁined by means of the modulus method,

in which & minimum modulus of elasticity 1s required &t a
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specified stress, or by means of a permanént}strain or off-
set method. Roebling Co.vusgs what is known as the elonga~'
tion method which requires & minimum stresé at 0.7 per cent
elonéation. ‘This method eliminates the drawing of stress-
strain curves, and material meeting this requirement will
have the nécessary elastic properties. |

In most specifications for prestressing wire some ac-

. count will bé taken of elastic deformation of the wire and
also of creep and shrinkage. This is generally done by
specifying an init;al and a flnal prestress. These forces
usually Giffer by from 15,000 psi. to 35,000 psi., the ini-‘
- tial prestress force generally being taken as about 50 to
60 per;cent_of the ultimate strength of the wire. It has

been found (&) that under average conditions about 25 per

(6) Dobéll, Cey Prestressed Concrete ‘renks, Proceedings of -
the First United States Conference on Prestressed Con-

crete, 1951, p. 10.

cent of the above losses occurs within 20 days, 50 per cent
e« Within 601dayé; and 75 per éent wlithin 130 days after pre-
stressing. After that the rate of loss approaches & horl-
zontal stralght line condition. For this reason it seems
advisable to empldy some means of end-anchorage which would
allow a restressing of the wires to compensate for a'part of

fhis loss,
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CONCREYE: The strength of concrete specified for pre-

stressed construction is generally higher than that for con-
ventional reinforced concrete. Concrete sﬁécified for pre-
stressed construction wiil usually have a minimum 28-day cy-
linder strength of 5,000 psi., which 1s probably the top val-
ue for conventional concrete.

There are many factors which combine to affect the
strength of concrete. Some of these are aggregate size and
quality, fineness of cement, composltion of cement, size of
the seciion, water-cement ratlos, admixtures, and curing.
While all of these are importitant, there are some over which
the concrete maker has little control; however, others such
as the water-cement ratio and the method and time of curing,
both of wanich may be greatly varied, can be determined and
controlled by the concrete maker to produce a certain
strength concrete. ‘he exact relationshlip of these factqrs

has been set forth in other literature. (7)

(7) Design and Control of Concrete ilixes, Portland Cement

Associatione.

In general terms, it may be said that the lower the
water-cement ratio, the stronger the concrete. For Type 1
Portland cement the 28~day ultlimate compressive strength for a
6 gal. per sack water-cement ratio i1s about 5500 psi. whereas

'for a 4 zal. per sack water—cement ratio the strength is
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about 7500 psi.(8) Another way of looking at this same

(8) Ibid.o, Pe 7e

thing is that with the lower water——cement ratio a giveh
‘strength will be reached in a shor ter period of éime, which
is very imporbaﬁt in prestressed construction. |

An accompanying feature of this low water-cement ratio
is a marked decrease in the slump of the concrete. liost
conventional concrete will have & slump of from three to
five inches, whereas the average concrete used for preétres§ed
construction will have a slump of from one to two inches. In,
nearly all instances this low slump wlll make the plucing in
forms, particularly of sections with thin webs and closely
spaced reinfarcement, extremely difficult. On the Walnut

Lane Bridge in Philadelphia,(9) specifications called for

(9)‘Baxter, S. S., Construction of the Walnut Lane Bridge,
Proceedings of tie Pirst United States Conference on

‘Prestressed Concrete, 191, p. 47.

5400 psi. concrete with a maximum two inch slump. This slump .
was maintained until requests tfrom the field resulted in in-
-creasing the slump to three and one¢-half inches in order that
the concrete could be more easlily placed. The strength of
.fha concrete, which had been runnihg over 7000 psi., was

materially reduced but still maintailnea above 5400 psi.
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Vibration may be used very advantagéously in placing
concrete 1or prestressed wWorks. Itvié a most effective
meaps of reducing the water éontent because -of the sLiffer
consistencies and harsher mixtures which maj be placéd by
this method. In order to be fully effective, howevef,Jvi-
bration should be of ‘a high frequency, in the neighborhood
of 6000 v.p.m. Either external or internal vibrators or a
- combination ofrthe'two may be .used.

Still another impomant factor in the quality of con-
crete is the effect of bleeding, which may be defined as the
forcing upward of mixing water by the gravitational settle=-
ment of the heavier constituents of fresh concrete. Tests

have shpwn(lo) thet as a result of bleeding there is a

(10) Kennedy, H. L., High Strength Concrete, Proceedings of
the Pirst United States Conference on Prestressed Con-

crete, 1951, p. 128.

marked decreasé in the compressive strength of concrete from
the bottom to the top of & relatively deep section. See
rige. 4.-'Becéﬁse of this réduction of strength, the abillity
of camcrete to resist the applied stress in a conventionally
reinforced concrete beam is frequently élmcgtLiﬁﬁersely pro-
portional to the‘streSSeS existing in adcordance with th§
theory of planar distribution of'stresses; as- skown in

Fig. 5. In other words, due to bleeding the concrete is

weakest where 1t should be strongest. It might be mentioned
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that advantage may be. taken of this fact by casting beams or
slabs upside down. o | |

‘ The age and, correSpondingly, the strength of the con-
crete at which the prestressing force is applied is of con-
'siderable importance. Some specifications allow a somewhat '
higher compressive strength at the transfer of prestress
than at the application of design loads. Average figures
for these are from 2/3 fc to 0.8”fé at transfer of prestress
and from 0.3 £, to 0.4 fg at application of load, fg being
the 28-day cylinder strengthe.

One reason for allowing a higher compressive stress
When prestress 13 first transferred to the concrete is that.
_ the initial concrete stresses induced at that time decrease
considerably as:thevsteel préestress @ecreaseé, owlng to.the
effect of creep‘and'shrihkage.

In conventional reinforeed concrete 1t 1s customary to
disregard all tensile stresses in the concrete, but such an
attitude is not Jjustified in the design of" prestressed con-
crete. One major purpose of’prestressihg concrete is eo
prevent cracking by making the concrete perform homogeneous;

ly. The steel is designed.to.produce this effect. Actually
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reduced. ‘The once-cracked section'perfofms as if it had
never been cracked, and fhe prestress.is as effective as
ever. |

When, prestress- is first transferred to the concrete,
'canpression is induced in-ﬁhe botnom fibers. Some designs_::
:will require. the s tress in the top fibers'to be zero under
this 1qitial Lcaaing, but there is no harm in allowing some
tensile stpeeses as long sas they are kept belowcthe.valpe
thet causes c¢racking, which is generally about 0.15 £_. Al-
lowihg tehsile-stresses in the top fibers at ﬁransfer of
prestress will generally result in better:propoftionedisecfj
tions. A& the allowable tensile stress ‘is increased at the
top, the_centroia‘of the prestressing wiré can be moved
‘clcser7to the Ecttom, thus'becoming more effective'in inducs
ing compressmve stresses in <the bottom flbers.

The term. "fully preatressed" refers to prestressing in
which no: tens;on is allowed in the botcum flbers under de-
sign load. Structures in which some tension ie allowed may
be called "partially prestressed": Where safety agalﬁst
cracklng is of greatest imparcance, a high degree of pre- |
lstress shoumi be provided. On the other hand, in st:uctures'
in which cracks at or near working loads are not objection-
able, the desifed.characteriStics can be obtained5b§ apply-'
ing a smallef‘prestress ferce., Thero, applicable, partial
presbressing may result in ccnsiaerable savings 1n prestres-

sing labor and flttings as well as. in concrete. The subject'

of partial prestressing has been discussed in detail by

¢
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P. W. Abeles. (11)

(11) Abeles, P. V., The Principles oif Presiressed Concrete,

N.Y., Ungar Publishing Co., 1949.
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MAYERIALS USED IN 4iaST BEAM

FORM: Since the beam itself was to bé 6-in. x 8-in. x
10-ft. 6-in., it was necessary to make the éides and the
tottom of the form from two thicknesses of 3/S-in. plywood
securely neiled together since 3/4-in. plywood was not
avallable in the required lengths. Exterior grade plywood
was used throughout. The bottom and ends were grooved to
receive the sides, and brescing was used at the quarter
points to prevent bulging of the sides. Eoth ends of the
form were cut out ﬁo fit around the five anchoring collars
which held the wires in place. A piece of 1/2-in. half-
round was nailed to the bottom at one end to form a keyway
in the bottom of the beam which prevented lateral movement
of the beam while being tested. _

Steel bearing plaﬁes 4 1/2-in. x 6-in. x 5/8-in. were
fastened to each end of the form by 5/16-in. bolts through
the form. =ach plate was drilled to allow passage of the
five wires. Since these plates were to remaln in the fin-
ished beam, two 3/8-1n. X 4-in. carriagé bolts were screwed
into threaded -holes in the uprer corners of each plate and
" allowed to extend into the concrete to provide anchorage.
The entire inside of the form was painted with several coats
of motor oll to prevent bond of the concrete. See Flgs. 6-9.

CONCRETE: To secure the full advantaces of prestpessed

concre te requires considerably higher concrete strength than
is customary in ordinary reinforced concrete. To secure

higher strength concreﬁe the water-cement ratio was reduced
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to 4 gal per sack. In order to reduce the curing time to a
minimum, high-early strength cement was used. The mix was
as follows, with all materlials conforming to A.S.T.M. specl-

fications: :
1l Cu. Ft. Yield

Water - (4 gal per saék of cement) 11.9 lbse.
Cement - Type III High-Early . 33.7 lbs.
Sand - All passing #4 sieve, F.M.=-2.30 46.3 lbs.

Gravel - Crushed limestone,3/4"max. size 59.0 lbs.

This mix resulted in a very stiff, dry concrete which
hed a slump of from 1 1/2-in. to 2-in. and was rather diffi-
cult to place. It was necessary to force the concrete under
and apound the wires with the fingers as the spacing between
the wires was too small to allow adequate rodding. Above.the
level of the wires considerable rodding was necessary in or-
der to obtain good filiing of the form.

The concrete was mixcd in a small portable electric
mixer of two and one-half cublc feet capacity. Since the
total volume of the concrete required, including eiéht
standard 6-in. x l1l2-1ln. cylinders, was five and one-half cu-
bic feet, 1t was necessary to make the concrete 1ln three
batches: two of two cubic feet each and one of one and one-
half cublc feet. Care was taken Lo keep tﬁé batches as
nearly the same as possiblé, ana test cylinders were taken
from each batche.

CURING: The beam was moist cured by plsaclng about
l-in. of sand over the top and sprinkling with water twice a

day. ‘The sand was covered with used Gement sacks to help
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retain the moiéture.i The test cylinders were stored in a
molist closet. Three were tested,at&the time of applicatioﬁ
of the prestress, and four at the time of testing of the
‘beéﬁ; |

REINFORCENENT: The reinforcing wire used in this pro-

ject was furnished by the John A. Roebling'sASoné Company of
Trenton, New Jersey. Data furnished on this special acid

steel prestressed concrete wire is as follows:

Difemmmmmm e e e —— 0.276-in.
Ultimate Strength=-==cemcemccccccccccccccea 240,000 psi.
Min. Value.at 0.7% Elongation--—--—--- ~----180,000 psie.
Min. Ult. Elongation in 10" Gage ILength--4%

Design Stresg—--emcrm cmccrmnrcre e e e = ==1 20,000 psi.
Tensioning Siresg--=-wcmececcccccccccccw—— 135,000 psi.

An average stress gtrain diagram is shown in Fig. 10.
Flve wires were used in the beaﬁ, three straight and two
parabolic. A light wire frame was used to keep the two
paraboiic wires‘on the same level &s the straight wires at
the mid-section. Each wire ﬁas left extending two feet be-
yond one end of the beam tb provide for tensioning.gt a
later date. BQnd between the wires and the concrete was
prévented bylsheathing each wire in 7/16-in. electrical
loom. (Figs;'ls and 16) This me thod proved very satisfac-
tory and much more convenient than painting each wire with
agphalt_or wrapping with wa terproof paper. The inside diam—‘
eter of the loom was just slightly lerger than the diameter
" of the wire. The loom was cut and the wire exposed for;a‘
"length of 2 3/4-in.Aat\eaéh strainhgagé location.,_Thé ar-

. rangement and numbering of the wires is indicated in’

4
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Figs. 11 and 12. Due to the large radius coil curvature of
the wires, it was necessary to apply a slight initial ten-
'sion to each wire to straighten 1t and to hold it in the |

proper place during placing of the concréte.

END-ANCHORAGE: The model of the end-anchorage ﬁséd on
thls beam wes furnished by Mr. K. B. Billner, President of
Vacuum Concrete, Inc. of Philadelphia. The units used were
machined by Prof. A. V. Kilpatrick of the Mechanical Engi-
neering Department of the Missouri School of Mlnes and
Metallurgy, who suggestéd and 1ncorporatéd several changes
to 1ncrease‘the.gripping.power of the plugs and to addpt
them to the sizé wire used. _

Each unit consisted of a steel collar 1 §/4~in; square
and 3/4-in. thick with a tapered nole in the center a.nd a
steel plug l-in. long, turned to the same taper as the hole
and drilled to siip over the wire. Both collar and plug
were machined'froﬁ cold;rolled gteel. The four collars for
the parabolic wires were milled to & slent on the back side
so that‘the'axis of the hole would be parellel to the‘aiis
of the wire as it emerged from the bearing plate. ' The plug
_ was tepped. with a 5/16-in, x 24-NF thread cutter to provida._[
~ & toothed gripping surface &djacent to the .wire. Egch plug
was also 8lit into quarter segmenta_in the menner of a ébl— |
.leﬁ in ordef to help,increasé the gripping powep. ‘All plugs
were case hardened and carburized by Mr. Gene Langston of
“the MétéllurgykDepartment of the Missourl Schobl~§f Mines
and Metdllurgy. This unit® is dimensioned in Fig. 13 and

s
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pictured in Fig. 1l4. -

SR-4 STRAIN GAGES:A A total of tﬁénty-two'type A-7 SR-4
straln gages was used in the.beam: four on»the center'wiié,
threé on each of the other wires, and three on both the top
and bottom of the beam at the centerline. Fig. 11 shows the
arrangement and numbering of these gages. Two of the test
cylinders were also inscrumented by placing two gages on the
gides of each cylinder, spacing the gages'1800'apart.

Théorx: ‘Essentially an.SR-é strain‘gége consists
of a length of very fine spe cial alloy wire in the neighbor-
hood ofAO.OOI-ing in diameter‘arranged to form a grid pat-
tern and bonded to a pgper.drrbakelite base} ~In use, the
gage 1s CGmented to»the;member tb be tested and is thus
strained uniformly with the test member in elther tension or
compression. AsS the menber is-strained5 the cross-sectional
ares of the gagé-wires.changg, Ehus causling a change in the
resistance of the wires. This change in resistance may be
measured with a éensitive'Wheatstoné-bridge or by special
instruﬁénts such as the Baldwin-Southwark Model K Strain In-
dicator which is calibréted directly in micro inches per
inch and thus gives the»correct"value of the strain when the
bridge 1is balanced;‘ Strains due to temperaﬁure~chagges may
_be‘eliminateé by introdﬁcing as. a fixed resistance in one ‘arm
of the bridge a similar type gege known as a compensating
gage which_is cemented to the same type material and kept

under the same conditlons as the active gage.

Applications. The method of applying these. gages
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‘was substantially the same as outlined by J. H. Senne.(lz)

(12)_Senne, J. He., Investigation of Stress and Crack Distril-
bution 1n Concrete Slabs Containing Welded Wire Rein-
forcement, Missouril School of Mines and Yetallurgy,

1951. pp. 13-15.

Af ter firsﬁ(sanding the wires to_removs all rust and scale
and:.wiping wifhmarswab.soaked in asetone until no more dirt
came off, the SR-4 strain gages were cemented to the cleaned
areas, using a heavy coat of ﬁuco cement. Each gage was
clamped for three hours, using a clamp.(Fig. 15) devised by .
Mr. Senne, after which tilme the clamp was removed and the .
cement allowed to air dry for a period of three days. All
gages were then coated with molteﬁ.ceresekwax as the first
step in»waterprosfing.

Waterproéfing of the gages when placed in concrete 1s
extremely lmportant since any intrusion of water to;bhe
gages themselves will destroy their usefulness by giving
false 1ndlcations of reSLStance on the strain indicator.
 Not only is the exclusion of moisture important; 1t’is
equally 1mpoftant that all moisture and qémentrsolveqt be
eliminated from the gages before waterprdofing.s‘For‘this
reason, it is essential that the gages be allowed to dry
thoroughly and to age before waterproofing is begun. Heat
ﬁay be used to hasten this process.’ '

After the wax was -applied, short neoprene-covered ex-

s
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ternal lead wires were soldered to the gége lead wires.
{These lead wires were later brought oﬁt of the concrete and
;501Qered to longer leads which were connected to the bridgg
balancer. Next, the entire gage area was given two coats of
liquid rubber cement, - care bging taken that all expoéed wire-
wés covered. Since there'.was to be a substantial elongétion.
of each wire under the prestressing load, a 3/4-in. sponge
‘rubber pad 1/4-in. thick was wrapped around the wire just in
‘front of each gage, serving as‘a cﬁshion to~pfevent strip-
pirg-off of the gage. Also, the lead wires were doubled
back on themselves so that they would have some slack to al-
1ow for movement. Following this, the gagés were glven
three fairly thick coatings of SM Special Weather-strip Ad-
hesive. This rubber adhesive covered the entire gage area
and extended over the electrical loom for a short distance
on both sides. Finally,'the entire area was covered with
electriciants rubber tape. One gage'was cemented to a short .
iength of wire qnd‘wagerpréofed by the above proceégg This»
gage and wire were placed in a 6-in. x 12-in. cylinder at
théhtime of césting the concrete and served as a temperature
~ compensating éage during the testing.

4 The procedure for applying the gages to the concrete
was a little‘different. After the concrete was cured and
removed from the rorm, the surfaces where the gages were to
be applied were ground smooth with a grinding wheel and then
ﬁrushed with a wire brush. Next, pieces of O.DBOein;fthick

celluloid were cemented to these prepared surfaces with a
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heavy coat of Duco cement. This was allowed to dry for two
deys, after which the gages were cemented to the cellulold

. and”allowed to dry for two more deys. The sages were theﬁ-
giveh a coat of wax, and the entire areas were painted_with
‘lacquer to prevent moisture from entering. Finally, the '

lead wires were soldeped on. <1his same procedure was foi—

lowed in applying gazes to the testhcylinders.(See Fig. 17)
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Fig. 1l Location of SR-4 Strain Gages on Presffessing Wires

Fig. 12

Wires A, C & E Straight; Wires B &D Parabolic.
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TEST CYLINDERS

" Three .of the standard 6-in. by.lz—in. test cylinders
were subjecfed to compressive testing at the time of appiie_
cation.of prestress, which correspondéd to a concrete age éf'
.séventeen days. th was noted, when the forms were removed,
-ﬁhatAfour of the cylinders showed marked honeYcombing, indi-
cating insufficient rodding at the time of pouriné. :The |
other threéAcylinders were very sound and smooth. The cy-
linders were all capped on both ends with plaster of paris
in the recommended mannér. All cylinders were testea on a
200,000-1b. Tinius-0lsen Universal‘TESting Machiﬁe.

The first cylinder tested. proved entirely unsatisfac-
tory. Apparently the cylinder was inaccuretely placed in
the machine, or the load was applied too fast because the
cylinder broke before any load readings could be taken.

Cylinder number two was one of the two which Qere in-
strumented with SR-4 strain gages. Extreme care was taken
'in cénteying this cylinder, and-thé load was applied at the
fsloweat speed. .The.movement of the loading head was stopped
at intervals, and the applied load and corresponding straih
bn the two gages were recorded. This information is incor-
porated in the stress-strain diagram, Fige 21. This cylin-
‘der was loamded to the full capacity of the testing machine--
200,000-1b., corresponding to a stress of a 'little over
7000 psi.--the oﬁly ihdications of failure being a small
flaked-off place on the bottom. See Fig. 18. When 2ll the

load was removeG from the cylinder, both gages returned to



49

" zero, indicating no permanénts§eto

e third cylinder tested (without SR-4 sirain gages)

. was also loaded toithe‘capacity of the machine without‘com—
plete failure. At stresses of 6220 psi., 6530 psi., and
6260 psi. pronouncea crushingkwas'noted arounéd the top ahﬂ»
bottom, t:zere being eons;uerable honeycombing at these
points. AL a load of 200, OOO-lb (7070 psi, stress) the ma-.
cnine was shut off. After the machine had stopped and while
the beam was_being brought 1nt6 final exact balance, the cy-
linder broke.

At the time of testlnb the beam, the concrete age being
tinlrty-onec days,»the remaining four cylinders were subjécted
to cqmpressio‘n’t'é‘sting° Cylinder number four (Fig. 19) was
the Second of the instrumentea crlinders. Data was taken as
on cvlinder number two. This cylinder showed a definite
crushing stpgngth of 6855kpsi, Cylinder number flve was
loaded to 160,660-1b.~-6730 psi.--at which-load 1t faileds
Fig. 20 sﬁows this cylinder'after failure. Cylinders number
sS1x and seven Wore loaded to 200,000-lbo--7070 p&io-—and
showeG no 1nd1cat10n of failure whatsoever.

The stress-strain diagram.(Fig. 21) shons the average
stresses for cylinders number two and four,»the twp\instru-
mented cylinders. From this curve the modﬁlus of eléatiéity
was calculated by the three recognlzed methods; i.e., by_the:
tangent to the curve at theforigin, by thefténgent to‘the
curve at thne ﬁork}ng stress, and by the secant to the curve

at the workihg stress. The results are shown in the follow-



ing table:

¥Modulus of Elaéticity;

Tangent &t origin~-----==-—=-"- 8.06 x 10% psi.
Tangent at 2400 pSi.====-====~-7.98 x 10°® psi.
Secant at 2400 pBi.-~-m==cm=-—- 8.15 x 105 psi.

Aversge———-—=-—==~—--= —=- ——————— 8.06 x 10° péi;.
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PRES TRESSING

The beam was removed from the form after curing for
seven days and wes placed on the testing frawme. Thefe was
practically no honeycombihg wnatsoever on the ream, and the
concrete appeared very deasse and sound. Sitrain gages were
applied to the beam and extensions were 301déred to the lead
wlres and connecied tohthe bridge balancinz units. The six-
teen strain gages on the wiresAwere conneccea To én Anderson
24-switching unit Bridgé Balancer, and tae s8ix surface gages
on the outside of tne concrete beam were conneéted to a
Baldwin-Southwark 12-Switching unit Bridge Eslancér. =ach
of tnese unit;,was in turn connecéed to a saldwin-Southwerk
Model X Strain Indiéator wrich recorded strains difecbly in
micro inches pér inch. At - this point all the gages viere
balanced to record zero. +Thls bslance was not changed
throughout the testing. _ “

The testing frame used was a modificztion of the frame

desizned by J. H. Sennew(ls) The modificaction consisted of

(13) Ibido, p024o °

lensthening the frame from a five-foot span to a ten-foot
Sspan by substituting longer I-beams for the sides. The two
vertical T-sections andé the cross I-beam were kept at mid-
Span. ‘he two ends of the frame were the same ones used by
Mr. Senne. This dhanged the Eapacity of tke frame from

3-ft. x 5-ft. to 3-ft. x 10-ft. Extensions were welded to.
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the T-sections to increase the distance between the top of
the concrete beam and tne cross-beam.

The concrete was prestiressed by stretching each wire
individually with a jacking unit which consisted essentially
of two Simplex 30-ton hydraulic rams of the center-hole
type. One of these rams was used to pull-the wire, and the
other was used to push the plug home into the collar when
the desired wire stress was feached. These two units were
positioned bottom-to-bottom by two steel rods bent to Fform
U-bolts and bolted through a 3/8-in. steel plate at the top
of the pushing ram. A hole was bored in the center of this’
plate so that the 2 1/4-in. diaueter piston of the ram could
pass through it. W#elded around this hole was a 4 1/2-in.
‘lengtﬁ of 2 1/2-in. pipe which had & 2 1/2-in. to l-in. pipe
reducer welded to it. This reducer was machined flat on the
small end to secure good Searing azainst the steel collars.
The reducer, ovipe, and plate unit served as a stand-off to
héld tre raﬁs away irom the end of the bemm so that thne
" wires noﬁ béing stretched could be kxept out or tkhe way. A
followgr made from a piece of 3/4-in. steel rod, drilled
5/16-in. throughout its length, was turned to a tight fit
and vressed intp the center hole of the pushing ram. This
rod served és an extension of the piston of tihe pushin
and acted a;ainst the plug to push it home o

"In this way the pulling ram was able to react through
"the stand-off unit azainst the end of the beam itself as the
wire ﬁas beirnz stretched and was independent of. the pushing

ram which was used oaly for setiin; tire plug. Both rams were
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connécted to pumping units.by 48-in. lengths of flexible
-hose. The pﬁmpiné unit for the pushing ram was a standard
Simplex RP-6 pump designéd.for use with the Simplex ﬁy&rau-_
:iﬁc‘rams. The pumping unit_for.thé pulling ram was,adapted
from the hjdraulic ﬁnit of a war surplus aircraft tail
hoist. See Figs. 22-26.

" The wire tensioning process involved the following
steps: A |

l. A collar and plug unit waé slipped over 2 wire to
bear against the bearing plate in\the eﬁd of the
.beam»ppﬁosite the jack. This piug was ariven 1in
tight until the tﬁréads inside therplug gripped the
wire.

2. A collar and plug unit was slipped over the same
wire to bear against the bearing - -plate at the jack
énd of the beam. This plug was left loose, but
care was takeﬁvto see that it remained in the hole
in the collar.

3. The jacking‘uhit_was then slipped over theé wire,
the stand-off end bearing against the collar. The

 wire passed through thg follower {od and the center
Ahole of both rams.

4. Another collar and plug unit was slipped over the
end of the wire to bear against the piston of the
pulling ram. This plug was also dfiven tight so

that it would not slip on the wire.
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5. A strain reading of 4200 micro inches pef inch was;
' set on the Strain Indicator. This strain corres-
ponded to a wire stress of atout lSS,OOO-psi}‘-Ihe
switching unit was set to one of the gages on the
wire to Dbe stretéhed.

6. The puiling-ram was activateqd, and;the-wire was
stretched until the Straiﬁ‘lndicator returned to’
zero,rindicatingAthat the wire had reached the de-
sired stress.

7. While this load was being held, the pushing ram was
activated‘and tge rplug driveh‘home as fightly as
poséiblé;

8. Preésure'on the pulling rem was released, the collar
and,plué,at the end removed, and the whole Jacking
unit taken off.-. ' |

9. This same procedufé waé fepeéted on all five wires.

The wlres were stressed in the following séquence:

Cc,D,B,E,A.

Canéiderable difficulty was encountered in the érocess
of prestressing. Almost all of the difficulty was due to.
the}inadequaciés in the end-anchorage units. It was found
‘that it took several driving blows to set the plug satisfac-.
torily at the end opposite the. jack. »Each of the plugs at
this end showed some slipping during the stretching of the
’wires.  When this;hapgened, it was necessary to releése the
jacks and to use a sleage hammer and a short.length of steel

rod bored at one end and slipped up azsinst the plug to . re-



‘set the rlug.

-On two of the wires--A ana'E-— this slipping proved par-
-ticularly bad. 1In both césessthe wifé very suddsniy slipped
éll ﬁhe way through the plug and about one inch‘up into thel
‘beam. 'The abseﬁce»of bond_made it possible to driVe thése
wiﬁes baék through the beam and to reset the collar-ahdjpiug
around them: The sudden and exséssive*msvement of these two
wires inside t;e beam caused all the’ straln gages on botn
;w1res to be.stripped off and become inactivs. When thess
’two_wifes were finally strstched,id pressure dial on the hy-
draulic unit of,the_puiling ram was used as an‘indicatioh of
the load applied. |

On ths’other three wires a tdtal of five gages was lo$t4
in the prestress;nc orocess, leav1ng only five out of six-
teen straln ganes '8till active when the tesunb was begun.

Ow1ng to th@ unforeseen aifficulties encountered,iths
complets process‘of_prestressing'requiredAtwo days. \Recsrds
of the time of'stressing-eash.wire were kept.» AlSO, strain
readings were ﬁakén on botﬁ the wires and_ﬁhe concrste for a
period of tweivs days from the time of prestreSSing“until
the time of first testing, the purpose béing to observe any
loss of prestress which mlght occur over that sqort periodo |
The results of this ooservatlon are shown on Figs. 27-29 in
which- the average scress in each wire is plotted. agalnst .
Ztlme. fhe 1oss of prestress is flrured from the time that
prestre831ng was completed, because, as may be seen from the
.graphs, tne stretchiné of each successive wire caused a

sharp reductlon of stress in the wires already tensioned.



The. gfaphs may be summarized as folldws:‘
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Wire Initial = Final "Loss In  Per Cent
Prestress Prestress- Prestress = Loss
Psi. After 12 Days Psi.
PSi.o . : S
Ammmmm e Ggges'Inactive—---—~-~4-~-=é--e--1—-
B 156,250 °© 141,000  -15,150 9.8
155,900 134,750 4,150 - 3.0
D 70,700 64,400 - 4,150 8.9
E-é%-~-f-~?---?-éGages Inactive~-s-—-;~----~-—-6r--—-

It should be noted that there was considerable slipping

- of the anchoraée on wire D, resulting in a loss of 65,300

‘psl. or 48 per cent from the desired 136,0007psi°' Séveral:

‘attempts’were made to correct this loss, but a stress higher

‘than the initial '70,700upsi. could not be maintained. Ap-

pargntly,kths'thréadein.the plug had cut into the wire in

~such a mdnher’thét the wire was not aétually SSparate from

the plug; énd the plug Wés_simpiy moving with the wire. -
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TEST PROCEDURE AND RESULTS

The teqtlng of the beam was done in two stages. In the .
first atage, ‘the load was carried to ellghtly beyond the‘
point where cracking occurred.- The results of strain read-A.
ings taken during this loading wers tabulated and interpret-
ed prior to the second stage of loadlng in which the beam
was tested to destruction. .

The load was applled by an 8- ton hydraulic jack locat-
ed at the mid-span of the beam. The load was transmitted to
-‘the beam through two 4-1n.iI-beams whose reaction poines‘
were eleven inches on either side of the mid-point‘of_the
beam, - Iwo. short lengths of 5/8-in. steel rods served to
transfer the losd from the I-beams to the concrete ‘beam.

This arrangement was decided upon so that there would be
pure moment and no shear at the center of the beam and so -
that clearance would be provided for the strain gages locat-
ed on the top surface of tne beam at the center. The ap-
plied loed was meaSured by means of a loading cell placed
between tne uop of the Jack and the cross-beam of the test-
_ing frame- All loads- mentloned in the discussion whlch fol-
1lows are loads~measured_at the\jack.

~ This loading cell ﬁas made of a piece of magnesium rod
2 1/2-in. long with a diemeter of 1 3/4-in. and was instru-
mented with four type A-7 strain gages. .Iwo measuring gagee
.were cemented on 0pp081t6 sides of .the rod, parallel to the
axis, thus preventing any error‘whlch might be 1ntroduced by

eccentricities in loading. These gases were connected in
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series. The other two gages served as compensating gages
and were cemented ‘to the rod. 180° apart and 90° from the .
measuring gages with their axes pernendicular to the axis of
phe rod. The se gages were ‘also connected in series.- All
-gageS'wefe_efflxed in the eame menner as described for those
placed on ﬁhe wires; and the loading cell was-wrapped'wieh
electrieian}s rlastic tape. The loading cell wae then Célif
brated.in_the\TiniussOISen testiﬁg_machine; using lqadiﬁé
increments of 250.pouﬁds up to 20.000 pounﬁe. A piece ef
sheet lead was placed at each .end of the 1oad1nb cell to
proviqe positive: bearing ag alnst the jack and the cross-beam.
~AThe_first stage of loadlng was begun by applying loads
to the?beam in increments of 250 pounds. After each 1ﬂcre-4
ment of‘loadlwas;epplied, straih gage readings_were teken»onf
all the active geges, and defleetions wére»read from Ames
dials. AFive‘éf these dials were fixed to an indepehdent.
stand and;arianged 80 thet they were evenl&fspaced>aiongethe
teﬁ of the bedm; one dial:be;ng at the center line. fhe
Aﬁee'dials-read in thousendths of an inch up to one .inch.
The loading was conthued in 250 pound increments until
a totalload of 3000 pounds was applied. A11~read1ngs were
'taken, and_the load was»releaeed.‘ T@en the zero load read-~
ingS‘Werelcheeked} These readinge varied from the initial
readln&s by frOm 0 to lO micro lnches for the wires and by
from So-to 45 micro inches for the concrete.A The maximum
‘deflections under the 3000 pound load was O. 091-1n.

Loading was sgarted again’ and.taken up_to_6000 pounds
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in 256.pound increments, at which noint the loading incre- .
ment was changed to 500 pounds and the‘loaﬁ confinued to
9000.pounds. Strain and ‘deflection readings were taken at-
.eacih new increment. |

The Pirst visible crack appeared between 7500 and 8000
pounds of load. This crack was-dxrgctly under one on the
points of abplicatioﬂ of the load to tﬁe beam. When. the
load of 9000 pounds was reached, -large cracks had opened uﬁ-r
der both load points and near mid-span. Smaller cracks had.
appeared between these. Fig.,54 shows very cleariy the size
and extent of the largest erack under a‘load of 9000 pounds.-
This was the first crack to appear.» The maximum width of
this‘cfack'was_ébéut l/lG-in., and it sxtended over half thé
depth of the beam. 'he paximum deflection under the 9000
pound load was 02344—iﬁ. .

After sufficient readings and investigations were made
whileAhoLding.the 9000 vound load, the jack was released and
‘the load returned to‘zerb. " Again zero load strain and de-
fieption readings were taken. Variations of from O to 140
micro inches from the initial straln readings for the wires
and of ffum 15 fo Ss,micro inches from fhé initial stﬁain
readings for pé doncrepe were noted, No péfmanent deflec-"
‘tion was noted. o | |

:Upon removal -of the load all cracks closédrcdmpletely.
Fig. 35, wnich was taken after remoﬁél of the load, shows 
the same -area as Fig. 34. Lere maj be seen hnow compietély‘

the largest crack closed. The trace of the crack may be
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seen in the flaked-off whitewash with which tke side of the
beam was paintéd in order to make cracﬁs more visible.
A»Loading was resumed and cafr;ed to 10,000 pounds in in-
prementS_ofiléoo péunds. The same cracks - that had appeared
béfore~open§d under a load of VQQO pounds. The width of the
largest crack was aboub 3/32=in., and it extended 4 7/8-in.
from the bottom of thé beam. The maximﬁm deflection under
 this load was 0.5418-in. or 1/410-0: the épén. .This load of
10,000 pounds was approximétely 1.9 times thé‘design.loﬁd of
5300 pounds. When the load was released, all cracks again
closed, and the beam returnéd to its original position.
‘ The second stagé'of testing, in which the bedm was
1§aded:§o-dbstrgcti§n, was begun six days later. Loa&_was
applied in increm;nts of SOOiﬁoﬁnds up to 10,000 pounds, at
which point the»iécfémeht was chapged‘to 250 pounds. .Ihe
first cracks were again observed at 7000 pounds of load.
A;l'cracké foliéwed the same patterﬁ and spread as before.
The first failure occurred at 11,500 pounds. This was
a failure, not of the coﬁcfeté, but of one of the‘end—anchor-
ages on wire C, resulting in the loss of ali tension on théf
‘wire. Tﬁis, of course; materially reduced the prestress
force on the beam, causing considerable extia deflection ac-
companied by a reduction of load down to 9250 pounds. The
deflection measured with a }uler‘(the Ames dials’ having be-
'.gome inactive) just before this aﬁchorage broke was
1 1/16-in. The deflection just after the break was
- 1 5/16-1n. '
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After this failure, loading was resumed and carried up
to a load of 10,750 pounds and a deflection of 1 13/16-in.,
at which load wire B pulled through its end-anchorage . '

It was during this stage of loading tﬂat'the beam first
began to show sign of crushing. The largest of the cracks
had sprea@ to within about l-in. of the top, and the con-
crete in this area bégan to spall and flake off. as more load,
was applied. All crushing occurred just to the inside of |
one of the steel rods which served as reactions for the I-
beams. Figs. 56, 37 and 38 show the location and extent of
this crushing.- After the first anchqrage failed at 11,500
pounds load, it was' impossible to reach this load againj
therefore, the load at which the concrete failed could not
definitely be determined.

After wire B pulled through its end~anchorage, the load
was released. The tension in the three remaining wires
caused the beam .to resume its original. position almost com~
pletely. Crushéd concrete in the cracks prevented them from
closlng entirely. '

The process of applying and releasing load was con=-
tinued*untilhwireé D and E failed. The concrete continued -
to crush slightly in the seme area. Finally, W;Eh’éﬁly wire
A still active, the beam was loaded to apbroximatgl?iQOOG
pﬁﬁnds. The jack was extended éo its 1limit which resulted
in a beam deflection of approximg$aly S-~in. The largest
crack opened -to apout l-in. at thils deflection. When thié

load was released, the beam stlll attempted to resume 1ts
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original posmtion, ﬁhere beinr a permanent deflectlon of
7/16 in. Most of this permanent defleczlon was aue to con—
crete-pértiples which had-wedged themselves ;nAthe}crack
' openings. |

Figs. 39 and 40 show aFCOmparison between fiber strésses
for the top and bottom as calculated from. the des gn pre-
stressing force and as taken from SR-4 straln reaaings. -The
stresses on the bottom of tne ‘beam are in fairly close m
agreement up to the point ab which the beam cracked. At
‘this load the actual stresses hegan to fall off. Thils was
due to the fact that cracks occurred On»both'sideéiof the
strain ggges,‘ﬁhereby_isolating them from the bensilg forces..
The compressive ktresses-in the top fibers of the beéﬁ;shoﬁ.
marked'deviaﬁibﬁffroﬁ the céiéulétéd stresses. This may be
explained by.the:faét ﬁhat'thé:§h8rt gage length of thé
strain gages- reaulted in the_réqording of stress cohcentraé
tions whlch were very highirather'thah~a#qrage stress'dié}

trlbutions.






























MEASUREMENTS TAKEN DURING FINAL STAGE OF TESTING

Wire and Concrete: Top numbers = Stress (psi), Bottom numbers = Strain (micro in. per in,).
Deflection (in.) measured at center line.

Load in kips
0.0 0.5 1.0 K- 2.0 2.5 3.0 3.5 40 | 4.5 5.0 | 5.5 6.0 6.5 | .70 | 7.5
B |™d¢co 13,900 | 13920 |/13280|/¢4 010 /% 070]i14/20|/4/80|/42206]|/4R80|/14320]|/¢3%0 |/4450 /4 8550]/4440]/48/0
I470 | I484 | J490| 9509 §59| 4539 | $559]| 4578 | +586| Feos| 4612 ] 4¢%0]| H602] 4693] 4728 +778 |
2 12,270 /2,470 18,510 | /B 5%0)/2 62013 700|723 740 |/2 820|/2 870|/2, 920)/2 970|/13 050)/3 /10|13, 2/0}43,320|/3 480
3 J990 | 08| 4038 | 4060|4072 4095)| 4400 | 4135 | 4150 )| 4168 4/84| §2/0| 4230| 4R4/ 1 4298) 3348
L1990 L oae | 7050| 2690 %/30 | 7 /860 2/90| 22%0| 72506| T210) 7330 1380|1430 |7 S60|ZS570|7 200
ARSS| 2268 | 2275| R288]| 300 | 2308 | R320| R330]| 2390 | R3s0| 2366 | 2580|2378 | 24/9 | £9448 | 2485
o /L 1¢H|~L 693 |-/496 |=L230 |~ 95/ |- 758] - 457| - 24| -~ /| /43 ] 33| 47| S54| S| S0/ | 543
® Portom| 244 | "2/0]| /46| /o4 //8 93 &7 ¥y 2 /8 4/ <1 1 201 22 67
§ “Top ~4589 |~ 84|16 98|-1,753|-18/7 |1 9/0 |~20/8|-217% |~2 299 ~254T| -2, 705| -8 066 |~3283|-2 642 |-4093]|~4033
O /92 201 21/ 2/8| 2285 237 zse 270 R85 3/2 J3o| 268 407 462| Se8| s785
Deflection |0.0000 |0.02080.0355 0. 0545} 0,0820|0./030 |0.1295 |0, /4000, 1625 0./805|0.1190|0.2210)0.2430 |0. 2698 |0.24445]0.32380
-Denotes Compression
i Load in kips
8.0 8.5 | 9.0 9.5 1100 110.25110.50]110.75)] 11.00 | 11.25 | 11.50
B /4 980 |15;/80 | /5410 |15 480 ]13,950)/4/20 |76 FC0 /¢ (90174 720)|/7 R6 0|12 080
1832 | 4895 | 4158 | Sodo| Srag | S/99 | 5297 | sus2| S358| S5¢7| Sres
® C 13600 /3, 860 |/4 /40 |/2380 14730 | /4990 |/5,/40/85/0|/5 240 |16, 060 =
F 4403 | 4470 | 4200]| 46t0 | 250 ]| 4820 4885 | Sos0| S028| 4780 —
D 780o0| 8,030| 8250 84060] 8240 8960 %i50| 1480 9 500|/00/0]10 20 |
2535 | 2890 Réi0 | 2730] 2825 | 2890 Reso]| Jas8| /30 | 2830 3420 ,‘
& |8otto S/ S| 408} 2o 2| as¢ 236 =227 2% 285 2
b m ¢d s 28 37| 22 ] Y Y 22 2y
2 T ~£272|~5890|-LL06 |-F354 |-8080|-853¢|-8897|-9¢50]|-9%03 |~/0720]-11, 270
Q1 P | ¢s¢4]| 723/| 830 9i2| Joo2]| sosd| 104 1197 s229| s33e] 398
Deflection |0.3845|0.44550. 4125105580 |0.L 345 0.08¢0)0.7055)|0.7220]0. 2¢20]0. 79081/, 0625
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_Qd fculitron s

T o
T * [ Span- /0-0
4 f(Im';‘/b/) /135 000 ps/.
‘ - - o
1, 8 f,(/.l"u/) /120, 000/&:/
!

‘"2,: . . JJ— Swercs @0578 '0300
/IL«J—”" ° "“’ifé All w/r..: have ¢CC¢ln‘mclfJ
1 |se%53f 0f 2.85" at mid-span

A 4822  S:44,n° I:250.n"

L
S 0 x (10) 2 70 T
Dead Lowd Moment - 2221 7500
_ 7E00  ~ 117 psi. [ofF

F/écr Stress - e 4 S+ 4,7 psl. Boetlem
Prestress Force »

Lhnitial — 0,30 X 136 000= 40 $o0_

A

Final —~ 0.30 Xx/Ro 000 7 36,000

Frber 57‘:—:;:4“’_ ,
Toitial~ 55— — 848 psi

48
/‘-l'na./ - —*——Ji;oo bt - 790 I’".-
Mamcn_f Duec ?o fccif"_f_”;‘f'_iiz_ =
’”
Lnitial = B.&5x 408500 = [0/ 000
F/}-m_/ - 2. S A36000 = 7g oao”
Frber S7trcss 4
/ 0 °F
dnitial - _’_ﬂ_,c_:"__: T /550/”’ ioh‘om
' . tep _
J4g 900 _t /405 psi. éottem

79
[A

- p)
Final - 7
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[otal Fiber Stress
Toibial: Top: —H7-~845 +/580:16/8 psr.
Bottem: +117 ~845 —/580=2-2308ps/

Final! Top: =117~ 750 +/4085 = 1538 ps/.
| - Bottom: *II7 - 7850 ~ /4 05=-2038 psi.
1y -846” ri&80 +4/8
-/17 ~?50 +/405 . +53

- I N 3

i N . \

. | N
{ \Y
i .

. t
I} N
f AN
1 N\

. i N

1117 ~?25 —/4035 o ~2038
Dead Prestress Ecc:nfr/u'fj A Comébination
Ih///»/ ‘ - T~ F/‘na/

Stress Distributrons

47".._'__914—— /['!f-c--o—- //"-qﬁ——- 4?"——-——9-- '
. 0" SLo”

L oaq d/'ny Arrange'men;‘

fe:6000psi. fio4s5f :2400pi f:005F 900ps)

Desion Load (Zero stress /n bottom)

.~/Sg0
II#

M= 2038 X 64:- 130 ooo

¢ o
/D_: —’3—"‘;—‘;—9—3: 2650# P:2p'= £300

Eg'u/va lent wniform [oad: 433 %7‘,




Load ‘”l Cracﬁ/v (’F : 7o00ps/ ‘07‘/0‘»:):

o
= (2038+900)Xé4= 188 000"
P - /e::,aoa,: 3830% Pzp: Z‘éa

=

Ega/va/ea/ wniform load= G2RF /f/ Z

89

-2400

+900
L 000/ 07( Fa/'/arc- -._-..k({f-‘: (AN e.r/'.)
e 4000

= (Gooo+538)X 64418 000

P E -
g 4’3;’” - 8530 P-2P:/7060

/

Ezu/'\/a/cn% toniform liad: /390/F1 /

+4500
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CONCLUSIONS AND RECOMMNENDATIONS

The test beam veryAclearly demons trated the remarkable
elastic properties which are inherent in preétfessed concrete
structures. The absence of cracks under design load and the
closing of cfacks caused by greater loads are also characf
teristic of a properly desizned p;estreSSed>concfete beam.

it will bé nqted.frpm the design calculations that
cross-sectional areas of 0.3-sg. in. of feinforciﬁg steel
and 48-sq. in. of concrete were used in this beam to carry a
design load oi 5300 pounds on a 1l0-ft. span. Analysis of a.
conventional relnforced concrete beam for the same load and
span will show that 0.83-sq. in. of steel and 9l-sqg. in. of
céncrete would be requiréd. Thus prestressing in this one
d?i.nsﬁance resulted in a éaving of about 36 per cent in steel
and about 535 pef cent in-boncreté; This saving, while sub-
stantial in itself, could have been made still greater by
using an I cross-section for the prestressed concrete beam.
This type cross-section with its thin ﬁeb is recognized as
the best for prestressed design where shear 1s not impor-
tant, but it cénnot be uéed satisfactorily in conventional
reinforced concrete design. |

As a whole, the testing procedure and the results ob—
tained were gqulte satisfactory. The instramentatiog of the
prestressed wires with the type A-7 SR-4 strain gages was’
very satisfactory; however, 1t 1ls believed that more effi-
cient-methods of protecting the gages may be devised. Near

the jacking end of a beam there is a great tendency for a
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gage t6 strip off due to thekrathen’lerge‘elongation of the
wire at that point. The~aﬁ£hor believes,ﬁhat by-employing
more newly developed methode:eﬁeaffixing stfain gggeséeuelng_
eoonAreeih ee»a cementiﬁg‘materiel, and by usiné somewhat
smaller lead: wires 1t would be p0331b1e to enclose the gages'
and the leads in the electrlcal loom completely, bringing -
all the lead wxres out at the end. This would con31derably
reduce the time and labor requlred to waterproof the gages
'and would entirely prevegt the gages from belng\strlpped
off, since they wouhifell move‘inside the loom as tﬁe ﬁire
is lengthened under efress. | R

It is also recommenaea that a different type strain
gage--noss1bly a type A—Q with a 31x inch gage length-~be
used to record concre te stralns on the surface of a beam in
place of the type A-7 Wlth its one-quarner inch gage length.
This short gage length tended to record stress concentra-
tions rather than an average distribution of stress. The
extremely high compreeeive,stresses in the concrete shown in
~Flg. 40 indicate ﬁhis. It 1is alse re commended thet when two
or more gages are used to record the ssme type of straln in h
the same area on a concrete beam, they be connected in
series; thereby'givingxan average strain reading for the
area with only ppé eettingfoﬁ the strain indicator. This
would also apply to strein gages used on test cyliﬁders..

!The prestressing unit developed for this.project proved
eminently‘suceessful for thiS’ﬁype of end-anchprage. Only

one chenge is suggesﬁed. If the pumping unit were of suf-
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£1¢ient size, and if the proper type of Quick cross-over
valve cduld be inétalléd'in the hose linés at thé>pump,'it
would then be poss1ble to operate both rams w1th the same
pumpc_ This would make the equlpment as - well as the prestres-
singioperatlon»much simpler.

| ’Ihe»plug’aﬁdlc01laf éystem of end-anchorage used in
thiéfprojéct éouid;be quified”in sevefé1~waYs;A_This;unit
failed before the concrete‘beam began t6 sh&W‘aﬁf'signS’of
crushing; Fallure was due- to the shearlng off of the |
threads insmde the plug. Thls threaded area must be suffi-"
01ently tough and hard ‘to be able to bite into the prestres-
sing wirs which in ;tself is extyemely hgrd. To assure_this
gripping the thréads’musf be:very.sharp and preferébly quité‘
‘fine. Also, it is'belie#ed that & much thinner»plug>with a;i

much flatter tapervwould have stronger gripping power,
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