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NOMENCIATURE

Width of concrete section

Total depth of section

Area of entire concrete section

Area of the prestressing tensile steel

Area of the transformed section

Center of gravity of the concrete section
Center of gravity of steel area

Center of gravity of the transformed section
Distance between C.G. and C.G.C.
Eccentricity of C.G.S. with regard to C.G.C.

Eccentricity of C.G.S. based on the transformed cross
section

Moment of inertia about the centroid of the transformed
cross section

Radius of gyration of the transformed section
Original prestressing force in the cables

Initial prestressing force after transfer of prestress
Final prestressing force, after all losses

Dead load bending moment at the section considered
Dead weight of beam per unit length

Length of beam

Distance along the length of beam from its end
Modulus of elasticity of concrete

Modulus of elasticity of steel

. ) ;
Poisson's ratio equals Es/Ec



P.C.

ACI

ASCE

ASTM

Compressive strength of concrete at time of initial
stress (at transfer)

Compressive strength of concrete at 28 days
Ultimate strength of prestressing steel
Original stress of the prestressing steel
Unit normal stress

Stress at the level of C.G.S.

Unit strain

Strain at the level of C.G.S.

Instantaneous strain at transfer

Creep plus elastic strain at time t

Creep coefficient equal to et/ei

Ratio of ultimate creep to elastic strain of concrete
at transfer

Prestressed concrete
American Concrete Institute
American Society of Civil Engineers

American Society of Testing and Materials

Other terms are defined, where they first appear

xi



CHAPTER I

INTRODUCTION

1.1 General Background

The rapid growth in the use of prestressed concrete, especially
precast prestressed concrete, in the last decade is one of the most impor-
tant developments in the construction industry. The impact of this growth
- involving theory, design, materials and applications ~- has been world-
wide. The general trend now in the construction industry is toward the
ultimate use of prefabricated architectural and structural components.
Close supervision and control of materials and a specialized work force
in a centralized plant is conducive to high quality product. Except for
very large, unwieldly members, the most common method of prestressing is
pretensioning, because of its adaptability to mass production in a plant.
Plant production is not normally subject to delays due to adverse weather condi-
tions, as often happens to job site operations.

A basic factor to the good design of every prestressed concrete
member is an accurate determination of the prestress losses which will
occur in that member. In spite of the importance of determining these
losses, the several prestressed concrete design codes currently in use
in the United States and abroad differ widely and are vague on the methods
and criteria to be used by the designer in determining prestress losses.
This divergence of opinion among the authorities who issue these codes,
indicates the need for further experimental and theoretical studies of

these losses.



1.2 Definitions
The following definition of prestressed concrete is given by
the American Concrete Institute Committee on Prestressed Concrete:
"Prestressed concrete. Concrete in which there have been
introduced internal stresses of such magnitude and distribution
that the stresses resulting from the given external loading are
counteracted to a desired degree. In reinforced-concrete members
the prestress is commonly introduced by tensioning the steel
reinforcement."

There are two methods of application of the prestress:

(a) pretensioning in which the reinforcement is tensioned before the
concrete is placed, and (b) post-tensioning in which the reinforcement
is tensioned after the concrete has hardened. The reinforcement may be
either bonded throughout its length to the surrounding concrete, in
which case it is called "bonded reinforcement", or not bonded to the
concrete in which case it is called "unbonded reinforcement". If the
reinforcement is provided at its ends with anchorages capable of trans-
mitting the tensioning forces to the concrete it is called "end-anchored
reinforcement".

The layout of a prestressed-concrete beam is controlled by two
critical sections: the section of maximum moment and the end sections.
Bent tendons may be used to satisfy the allowable stresses at these two
critical sections. Modern pretensioning plants have buried anchors along
the stressing beds so that the tendons for a pretensioned beam can be bent.

This investigation deals with pretensioned prestressed straight

beams with bent tendons.
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1.3 Prestress Loss in Pretensioned Prestressed Members

Loss of prestress force in prestressed'pretensioned concrete
members is normally attributed to elastic shortening of concrete, creep
of concrete, shrinkage of concrete and creep or relaxation of prestres-
sing strands. The definitions of these terms together with their effect
on the prestress loss will be fully explained in Chapter II of this thesis

entitled "Theoretical Nature of Prestress Loss'.

1.4 Historical Background of Prestress Losses

Several investigations have been made quantitatively on the creep
of ordinary sand and gravel concrete under sustained loads. The principal
investigators are R. E. Davis and H. E. Davié(8u’85’86’87’88’89> of the
University of California who conducted extensive tests in 1925-1937 to show
the effect on the creep of the following: the richness of the mix, grada-
tion of the aggregates, mineral compositions of the aggregates, age at time
of applying load, condition of storage as regards moisture, magnitude of
stress, reinforcement and alternately applying and releasing loads. Since
then other investigators have made extensive tests of creep of concrete
cylinders and prisms but very little has been used in predicting the pre-
stress loss due to creep of concrete(90>.

Magnel(9o> published in 1947 the results of his tests on the
plastic flow of sand and crushed stone concrete and the creep character-
istics of three kinds of high tensile wire commonly used in Belgium. Based
upon his tests, he found that the average plastic flow coefficient is

C = 2.12. However, he recommended the use of a value of C = 2.2. The

plastic flow coefficient or creep coefficient, as Magnel calls it, is



.

the ratio of the total strain €t attained when the load is kept constant
during a certain time, t +to the instantaneous strain €5 of a concrete
prism loaded axially up to a certain stress. Thus, C = et/ei . Magnel
suggested a 15% prestress loss due to creep and shrinkage of concrete.

(48)

Recently C. Z. Erzen gave an expressionvfor creep and dis-
cussed its applications to prestressed concrete. He showed that the losses
due to creep in prestressed concrete beams may be evaluated if the varia-
tion of the modulus of elasticity of concrete with time and the creep
expressions are given. The problem necessitates the solution of an inte-
gral equation. K. Okada(uu> discussed this expression and he feels that
the Erzen method is not necessarily simple nor satisfactory. It is the
writer's opinion that the Erzen expression could be made into a set of
curves to facilitate its application.

B. A. Chowdhry(so) summarized the losses as follows: loss due
to shrinkage 3.5%, loss due to creep of concrete lO% and loss due to creep
of steel 4%, loss due to movement of anchorage 2.5%.

Concerning the prestress loss due to creep in steel, the editor
of Reference 81 commented on certain tests by saying, "It appears that the
effect of creep in steel can be almost annulled by temporary overstressing
of the reinforcement". 1In Reference 54 the author shows how the loss due
to creep in steel is increased by the use of lower strength steel, even
though the loss of steel strength is compensated by the use of a larger
cross-sectional ares. Canta(u9) conducted 30 creep tests with varying

stresses over a wide range using three different kinds of steel. With

cold-drawn steel wire, an almost linear relationship exists between creep
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strain and logarithm of time, as long as stresses are relatively low.
Beyond this, the creep curves tend toward the time axis. Graphs illus-
trate the effect of stress on creep strain and strain rate. Importance
of relaxation is also emphasized.

In 1959 Stussi(gu) gave a long-time law for the relaxation of
steel wires but this law was questioned by the Dutch Committee.(l7)

A good last step in fabricating wire strand or wire is stress

(91)

relieving. Here the tendons are pulled through an air furnace or a
lead bath, which has a temperature of 750 to 800°F, for a few seconds.
This process does produce changes in the physical properties of the
strand. It increases its ultimate elongation, removes some of the
residual stresses and makes the strand much easier to handle on the Job.
Also, any oil, grease, or foreign materials are removed from the surface
of the strands by this treatment. It does reduce the loss due to creep
of steel up to 70% of the ultimate strength,

The amount of shrinkage strains varies with many factors(92)
and 1t may range from none to .0010. There may be even an expansion
for some types of aggregates and ccments. The effect of shrinkage of
concrete on the prestress loss has been investigated thoroughly in
References 19, 33, 50, 51, 60, 69, 72, 73 and 83, but each gives a dif-
ferent value of shrinkage strain.

A series of tests has been conducted at the University of
Michigan to investigate prestress lossﬁll’12’13’9u) This research will

be a continuation of this study and some of the results of these inves-

tigators will be discussed later in Chapter VI.
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Farly attempts to induce a permanent prestress in concrete strucQ
tures failed because of the major leosges produced by plastic flow and
shrinkage of concrete. It was not until Freyssinet, the eminent French
engineer, discovered that by using high tensile steel with very high
elastic limit these losses may be made much less significant compared with
the original prestress.

It appesrs, although the causes of prestress loss are known,
that a rapid and satisfactory procedure for evaluating such losses is not
available. Perhaps the only kind of loss that could be directly estimated
with a rather satisfactory formula is elastic loss. The other three factors
are dependent on so many features. They are dependent, for example, on the
properties of the materials used and the level of stress.

It appears, therefore, that a thorough study of these losses and
their effect on prestressed concrete members is necessary. since a diver-

gence of opinion among the authorities in this field is noted.

1.5 Description of the Testing Program

The present program consisted mainly of three test series. Each
series consisted of casting a main prestressed concrete beam 18 feet long,
a dummy shrinkage beam 4.5 feet long, (both beams are 5x9 inches in cross
section), twelve 6x12 inch test cylinders and two dummy cylinders 6x4 inches.

The steel strands of the main prestressed concrete beam have end
eccentricity different from the middle third of the beam eccentricity. The
beams are symmetrical with respect to their middle section. The strands
were made horizontal in the middle third and then inclined upward at the

outer thirds of the beams. Each main prestressed beam has different end



and middle eccentricities. The shrinkage beams have two unstressed
strands located at two-thirds their depth.

The strains of the concrete and the steel were measured by means
of Whittemore Extensometers. Brass plugs served as gage points. They
were first glued to the side forms at their proper locations. When the
forms were removed the exposed ends of the plugs served as gage points.
Plugs on the steel are glued to it by means of epoxy type cement.

The cylinder creep test was made by loading three cylinders to
a stress level equal to the average original stress of the corresponding
prestressed beam. A creep rack assembly is used for such a test.

Shrinkage of concrete was measured by measuring the change of
strain of unstressed dummy shrinkage beams and cylinders. The strain
readings of the stressed beams and cylinders give the combined effect
of creep plus shrinkage, while the dummy unstressed beam and cylinder
strain readings give the effect of the shrinkage only. By subtracting
the shrinkage effect from the combined effect of shrinkage and creep, one
gets the creep effect.

A creep of steel test was also conducted. A strand of the same
type used in the prestressed beams was stressed to a stress level equal
to that used in stressing the steel of the main beams. A dynamometer was
inserted between the end plate of a stressing frame and the strand chuck.
This dynamometer was used to record the force in the prestressing strand

versus time.



CHAPTER II

THEORETICAL NATURE OF PRESTRESS LOSS

2.1 What Causes Prestress Loss in Prestressed Pretensioned
Concrete Members?

Loss of prestress force in prestressed pretensioned members is
normally attributed to four major factors. These factors are (1) elas-
tic shortening of concrete; (2) shrinkage of concrete; (3) creep
of concrete; and (4) creep of prestressing strand.

A mathematical expression at the zone of complete anchorage is
always available for determining the prestress loss due to the elastic
shortening, while determining the losses due to the other factors is essen-
tially empirical. Experimental work is the basis for determining these

empirical factors.

2.2 Factors which Contribute to Losses

2.2.1 Elastic Shortening of Concrete

When the prestress is transfered to concrete, the concrete member
shortens and so does the prestressed steel. This shortening will cause
loss of prestress and it occurs immediately after transfer. It depends
mainly on the amount of prestress force, its eccentricity and the elastic

moduli of concrete and steel at transfer.

Let
FO = Original prestress force in the cables
F; = Value of prestress force after transfer
My = Bending moment due to the dead load of the

member at the section considered

8-



=
Il

£ Moment of inertia of the transformed section

ey = Eccentricity of the prestress force.

Then the stress in the concrete at the C.G.S. will be:

2
c _ o h Fiep Moy o.1)
C.g.S. A I I .
t t t
and the unit strain at the C.G.S. will be:
€c.g.s. fc.g.s./Ec (2.2)

Since strain in concrete equals the change in strain in steel at C.G.S.

Then, change in stress in steel due to elastic shortening of the member

=n fc.g.s. or,
F; = Fy - unit elastic stress loss x Ag
Fi Fle% Mxet
Fy = Fp - (—+ - ) n Ag
Ay It It
Solving for Fi
F,o+Me, n AS/It
Fi = 1 2 (2.3)
1+ n Ag (Z—+S5 )
I
t +t
Total elastic loss = F_ - F; (2.4)

Equation (2.3) provides a good, rapid, direct way of estimating elastic
loss of prestress force. Probably the only approximation in this equa-

tion is the value selected for concrete modulus of elasticity, since stress
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Strain curve for concrete is seldom a straight line, even at normal levels
of stress.

2.2.2 PShrinkage of Concrete

Shrinkage of concrete is defined as its contraction due to
drying and chemical changes, dependent on time and on moisture condi-
tions but not on stress. At least a portion of the shrinkage resulting
from drying of concrete is recoverable upon the restoration of the lost
water. Thus total shrinkage and the rate of shrinkage are dependent
upon the moisture gradient within the concrete. It is the moisture
gradient which regulates the flow of water through the capillaries.

The shrinkage of concrete is almost directly proportional to
the amount of water employed in the mix. The quality of aggregates is
also an important factor. Harder and denser aggregates of low absorp-
tion and high modulus of elasticity will exhibit smaller shrinkage. The
chemical composition of cement also affects the amount of shrinkage.

Much experimental data is available on shrinkage of concrete of different
kinds and mixes. The designer should select the shrinkage data derived
from mixes which closely resemble the mix to be used and cured under con-
ditions similar to the conditions to which the actual member will be ex-
posed. Shrinkage strains will ordinarily vary from .0001 in/in to

,0005 in/in for standard weight mixes.

2.2,3 Creep of Concrete

Creep of concrete is defined as its time-dependent deformation
resulting from the presence of stress. When a concrete prism is loaded

axially to a certain stress it has an instantaneous strain eia If the
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load is kept constant for a certain period the strain increases to € -

The coefficient of creep is defined as C = et/ei. This coefficient varies
widely, depending upon the stress level, time, age of concrete at the appli-
cation of stress, the quantity of mixing water, the strength of concrete,
the quality of aggregates and cement, moisture content of concrete, the
humidity of the ambient air, and the size of mass.

Very little information is known of the creep of concrete under
higher stresses than those stresses allowed in reinforced concrete struc-
tures. Moreover, the information available is for creep of concrete under
uniform stresses but not under normal prestressed conditions, i.e., where
the prestress force is applied eccentrically with accompanying trapizoidal
or triangular stress distribution.

(1)

Creep of concrete may be duve partly to viscous flow of the
cement-water paste, closure of internal voids and crystalline flow in
aggregates but it is believed that the major portion is caused by seepage
of adsorbed water from the gel that is formed by hydration of the cement.
Although water may exist in the mass as chemically combined water, and as
free water in the pores between the gel particles, neither of these is
believed to be involved in creep. The rate of expulsion of the colloidal
water is a function of the applied compressive stress and the friction
in the capillary channels. The greater the stress, the steeper the pressure
gradient with resulting increase in rate of moisture expulsion and deforma-
tion. The phenomenon is closely associated with that of drying shrinkage.

It is common practice to assume that the total loss due to creep
of the concrete is equal to a constant factor times the elastic losses. This
constant factor may vary from 1 to 3, depending on the conditions which affect

creep in each particular design.
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2.2.4 Creep of the Prestressing Strand

Creep in steel is the loss of its stress when it 1s prestressed
and maintained at a constant strain for a period of time. It can also be
measured by the amount of lengthening when maintained under a constant
stress for a period of time. Creep varies with steel of different composi-
tions and treatments, hence exact values can be determined only by test
for each individual case if previous data are not available. Creep depends
also on the level of prestress. For lower stresses creep of steel could be
negligible. For stresses higher than 0.55 f; creep is known to be increas-
ing rapidly. The original stress of prestressed strands is usually O.7 fé
and thus the creep due to steel strands should be taken into consideration.

Approximate creep characteristics, however, are known for most
of the prestressing steels now on the market,(IS) Compared to stress-
relieved wire, the "as drawn'" wire has somewhat higher creep. Prestretched
wire will have about 2 to 3% creep when subject to 0.5 fé, but when stressed
to 0.7 f; the creep will still be no more than 5%. Time-temperature treated
wire has practically no creep when subject to 0.5 fé. At 0.6 fé it has
slightly more creep than "prestretched" wire, and at 0.7 to 0.8 fé the
creep becomes excessive. Galvanized wires have about the same creep char-
acteristics as the time-temperature treated wires, and should preferably
not be subjected to any stress above 0.6 f; without carefully considering
the effect of creep.

Creep in stress-relieved strands was determined by W. 0. Everling
of U. S. Steel Corporation, Cleveland, Ohio, 1953-1955. 1In general, their

characteristics are similar to those of stress-relieved wires. For high
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tensile bars, some limited tests seemed to show that, for stress up to
about 0.55 fé, creep 1s not more than 5%.

Creep is most probably due to changes along grain boundaries
as a result of plastic deformation of the relatively weak matrix. The
matrix 1s thought to be viscous in nature.

It is a generally accepted fact that total creep of prestressing
strands can be reduced by 30 to 60% by overstressing the strand from 5 to

10 per cent for a period of 2 to 3 minutes before anchorage.



3.1 Sequence

CHAPTER IIT

MATERTALS, EQUIPMENT AND TECHNIQUES
USED IN THE EXPERIMENTS

of Operations

The
the cylinders

1)

sequence of operations involved in maeking the beams and
necessary for each test series is as follows,

Cement the plugs on the wooden forms and the plugs on the
cables. This was usually done four days before tensioning
the cables,

Tension the steel strands. This operation was usually
performed four days before placing the concrete.

Cast the main beam, the shrinkage beam, twelve 6 x 12 inch
cylinders and two 6 x 4 inch cylinders., After approximately
four hours, moist cure with wet burlap until the concrete
attains its desired strength.

Strip forms and commence marking and gaging the beams while
the concrete is curing.

When the concrete attains its desired strength, take initial
set of strain readings.

Transfer the prestress force and take another set of strain

readings.

“1h-
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7) Move to the storage area,

8) Make the concrete cylinder creep test.,

3.2 Concrete

The mix selected for these experiments was a mix recommended
by the Michigan State Highway Department for use in prestressed concrete
bridge members., The mix proportions for a one cubic yard batch were

specified to be as follows:

Cement = 658 1b, (7 sk./c.yd.) Type III (High Early
Strength Cement)
Sand (dry) = 1180 1b. (Glacial sand)

Gravel (dry) 1850 1b., (Glacial gravel)

1

Water (net) 235 1b,

Pozzolith #8 1.82 1b.

i

Vinsol .0789 1b, (.012% by wt, of cement).

i

This mix was designed to give a compressive strength féi =
4000 psi at 48 hours and £l = 5000 psi at 28 days., Unfortunately, the
laboratory was not equipped with a mixer big enough to mix a half cubic
yard of concrete at one time, which is the amount needed for each test
series, Therefore the concrete was ordered ready mixed from a commercial
firm which used Type I cement (ordinary cement) instead of Type 111 as
specified, This resulted in delaying the cutting of the steel strands for

about three days until the desired strength of the concrete cylinders was
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achieved. Placement of the concrete in the forms was facilitated by
means of an internal vibrator,

Each series consisted of casting a main prestressed concrete
beam 18 feet long, a dummy shrinkage beam 4,5 feet long (both beams are
5 x 9 inches in cross section), twelve 6 x 12 inch test cylinders and
two 6 x b inch dummy cylinders which were needed for the cylinder creep
test as will be explained later.

As soon as the concrete took its initial set (4 to 6 hours)
the beams and cylinders were covered with wet burlap, This damp cure
was maintained until the cables were cut. Great efforts were made to
keep the burlap wet to avoid shrinkage strains prior to cutting the cables,

The strength of the concrete cylinders was checked intermittently
until the desired strength was achieved. This took about four days.

Three 6 x 12 inch concrete cylinders and two 6 x 4 inch dummy
cylinders were needed for the concrete cylinder creep test. Another two
were needed for measuring the shrinkage strain of the concrete cylinders,
Brass plugs were attached by means of screws to the inside of the forms
for these five 6 x 12 inch cylinders at their proper locations, Each
cylinder had four plugs, two on opposite sides of the cylinder., Each two
formed a vertical gage length of 10 inches, the upper plug was placed one

inch from the top of the cylinder, and the other at 11 inches, After the
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concrete had hardened and the forms were removed, the screws were taken
off and were replaced by other stainless steel screws with punchmarked
heads drilled and reamed to fit the points of the Whittemore gages,

Whittemore piugs locations on the main prestressed concrete
beams and the shrinkage beams are shown in Figure 3.1. Gages were
located on both sides of the members at the elevation of the C.G.S.

The average of four symmetrical locations was considered in the analysis
of the results.

Two gage lengths were used, one having a 10 inch gage length
and the other having a 2 inch gage length., These 2 inch gages were
located near the ends of the beams and their function was only to measure
the elastic strains near the ends immediately after transfer.

The gage points consisted of 3/8 inch x 1/ inch tapered brass
plugs which were glued to the side forms at their proper locations,
These plugs were punchmarked and then drilled and reamed to fit the
points of the Whittemore gages. The holes of these plugs were then
filled with "plastic clay" so that no glue would get into them and make
it difficult to get them cleaned and ready for measuring. The holes were
on the faces which were in direct contact with the inside of the wooden
forms, These plugs were embedded in the concrete. When the forms were
removed the exposed ends of the plugs served as the gage points. The

holes were then cleaned to remove the plastic clay. Before cutting the
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cables the gage lengths were checked by the Whittemore gages and occasion-
ally drilling new holes was necessary, Great care should be taken in
tapping the punch for these new holes to prevent loosening the plug from
its bond with the concrete,

Care should be exercised, when vibrating the concrete in the
forms, to prevent the vibrator from striking any of the plugs. Some
plugs were lost for this reason and other plugs were later installed.
This was accomplished by drilling a hole in the concrete, at the proper
location, Jjust large enough for a new plug and cementing the plug to the
concrete by means of hydro-stone, Hydro-stone dries fast and thus will
not affect the shrinkage strain of the concrete later,

A great deal of care is required in the gaging operation to
achieve good, reliable strain readings. The main precautions are as
follows: 1) When drilling the plugs it is essential to drill the holes
perpendicular to the plane of the plug's face. Also, it is necessary to
drill the holes deep enough to clear the points of the Whittemore gages,
2) Reaming the holes in order that they will fit the Whittemore gages
exactly.

Duco cement, of the type used for cementing electrical strain
gages, works best for cementing the brass plugs to the forms. The wood
forms should be clean and free from oil, paint or old cement. It is

best to apply an initial coat of cement to the wood only and work it
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thoroughly into the grains by hand rubbing. After this coat has dried
for about 30 minutes or more, another coat of cement was applied to
both the wood and the brass plug, and the plug then set in place. About
24k hours should be allowed for the cement to harden before assembling

the forms.

3.3 Concrete Cylinder Creep and Shrinkage Test

Creep of concrete under sustained stress, equaling the average
compressive stress on the corresponding P.C. beam of the same series
FO/At , was determined on 6 x 12 inch concrete cylinders, Companion
specimens were fabricated for drying shrinkage under no load. Creep
values were obtained by subtracting the drying shrinkage under no load
from the length change of the specimens under sustained load. Cylinder
ends were capped with sulfer mixtures and were made perpendicular to
the long axis priéf to assembly in the spring loaded rack shown in
Figure 3.2. Length changes were measured with Whittemore extensometer
over a 10 inch gage length provided by embedded reference plugs. The
concrete cylinder creep and shrinkage tests were conducted in the same
storage area as the P.C. béams. There was no way of controlling the
temperature or humidity of this storage area.

The creep rack assembly, as shown in Figure 3.2, consists of

five circular plates 14 inches in diameter and approximately 1-1/2 inches
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Figure 3.2 Creep Rack Assembly-Apparatus
for Determining Creep of Con-
crete Cylinders under Stress.
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thick. Four symmetrical héles were drilled through these plates at a
radius of 5-3/8 inches, which are slightly larger than four load bars
1-1/4 inches in diameter. The load bars are 5 feet 9 inches long. A
lower base plate is connected to the top flanges of two I-beams resting

on the ground. Springs are placed on the top of the lower base plate

and then another upper base plate on the top of the springs., A 6 x 4

inch concrete cylinder, three 6 x 12 inch test cylinders and then

another 6 x 4 inch plug concrete cylinder are placed on the top of the
upper base piate. A lower jack plate is placed on the top of the cylinders.
Nuts are then inserted on the top of this plate. A 30 ton simplex hydrau-
lic jack is placed exactly at the center of the lower jack plate. The

ram of the jack is working against another plate, on the top of which
there are two dynamometers, a final upper Jjack plate and then nuts. The
exact force desired on the cylinders could be attained by setting the
calibrated strain corresponding to that force on two standard SR-k4
Wheatstone bridges and jacking against the middle Jjack plate between

the ram of the jack and the dynamometers. Two dynamometers were used
since the capacity of neither one is enough for the desired force.

Great care should be exercised to give a concentric loading on the cylin-
ders., This could be achieved by changing the position of the dynamometers
to get almost equal strain recordings on the two Wheatstone bridges. When

the desired force i1s recorded on the Wheatstone bridges the nuts on the
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top of the lower jack plate are tightened only by hand and not by a

wrench to avold any extra load on the cylinders,

3.4 Steel

Seven-wire, cold drawn, high carbon, stress relieved strand
steel was used for prestressing. The size of the strands used was
7/16 inch  nominal diameter. The modulus of elasticity of the strand
was found to be 28,000,000 psi.

Brass plugs, similar to those used in determining the strain
at the surface of concrete, were used to determine the strain in the
steel strands. The procedure used in cementing these plugs to the cables
is as follows: The strands were tensioned slightly, in their final lay-
outs, Jjust enough to make them straight. The wider faces of the plugs,
which are of tapered shape, were filed to match the profile of the strands,
Devcon 2 ton epoxy adhesive was used to secure the plugs to the strand,
The plugs were kept fastened to the strands by means of clamps for at
least 2L hours, to permit the epoxy to have sufficient strength to hold’
the plugs. Then the clamps were taken away and the glue left to dry for
another three days. Provisions for the change in the gage lengths between
any two plugs due to tensioning the cables should be made, This depends
on the modulus of elasticity of the steel, the gage length and the stress.

After the epoxy had dried, tapered rubber stoppers covering the plugs
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extending from the strands to the inside face of the forms were inserted.
Holes a little larger than the size of the plugs were necessarily drilled
in the rubber so that the plugs would go in and be completely covered by
the rubber. After the concrete had hardened and the forms taken away,
these rubber stoppers were taken from the concrete. It is necessary to
o0il the surfaces of the rubber in contact with concrete but caution should
be taken to avoid any oil on the strands. Holes in the concrete, left

by the removal of the rubber stoppers and extending from the surface of
the concrete beam to the plugs which were cemented to the strand, were
necessary for Whittemore gage legs to go through and measure the strain
of the steel strands. Special Whittemore gage legs (4 inces) were used
for this purpose.

Two major difficulties were encountered in measuring the strain
of steel. First, the tensioning of the cables will always loosen the plugs
and it is probable that the vibration of the concrete would contribute
to this loosening. For these reasons some plugs came off, Wooden exten-
sions to the rubber stoppers were needed at the plug locations on the
middle strands. Although these extensions were oiled, great difficulties
were encountered in taking them off. This contributed to the loosening
of the plugs cemented to the strands. This difficulty was solved by
cementing other plugs, instead of those which were loosened, after the

concrete had hardened. The same rubber was pressed into the holes to
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keep the plugs from falling for the period necessary for the epoxy to
dry. This treatment was successful. The second difficulty was that
longer legs for Whittemore gages are neither stiff nor rigid enough to
translate the same elongation between the gage points on the strand to
the Whittemore dial gage. This difficulty may be solved by placing the
strands closer to the surface of concrete as far as possible and using
shorter legs.

However, the writer suggests the use of brass rings instead
of the plugs. This will help to avoid loosening of the plugs. Another
provision is that the holes in the plugs should be drilled and reamed

after and not before the concrete hardens, The writer believes that

such a technique will lead to better results in measuring the strain of
the steel strands.

Figure 3.3 shows the technique used together with the suggested
one in solving this problem. Figure 3.1 shows the plug locations on the
steel strands.

Three layouts of the steel strands were used. The location of
the steel was varied in these three layouts to give a C.G.S. concrete
stress almost the same in the three series. This permitted the study
of the effect of stress distribution, having a practically constant C,G.S.
stress, on the creep of concrete. The three layouts of the steel strands,

together with the beam cross sections, are shown in Figure 3.4,



-26-

RUBBER STOPPER

BRA 1]
. 0 N\
STRAND : - FORMS
. \\‘////,//”
N — N\
05 EPOXY 10 g \
0o oy
N

RUBBER STOPPER

////FORMS

1
1

7 77727

|
I
L
I

B- SUGGESTED METHOD

Figure 3.3 The Used and Suggested Methods of
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For the three test series, the dummy shrinkage beam has two
unstressed strands located at two-thirds the depth of the beams. The
reason for the shrinkage beam strands, which has nothing to do with the
stresses, is for the purpose of having a dummy shrinkage beam composed
of materials similar to those in the main prestressed beam in order to
have a similar shrinkage behavior.

For the main prestressed beams, the eccentricity of the steel
was kept constant for the middle third of the beams. The three test
series have end eccentricities of -1.0 inch, 0.0 inch and 0.4 inch,
respectively, and middle third eccentricities of 0.5 inch, 1.5 inches and
1.9 inches respectively, The difference between end and middle third
eccentricities is the same in all three test series and it is 1.5 inches.
The first P.C. beam has four strands, while the other two have three
strands each, They were stressed to an original stress of 175,000 psi
(19,057 1b. per cable), The techniques used in stretching the cables

and depressing them will be discussed at this time,

3.5 Geometry of the Deflected Pretensioned Strands

As mentioned before, the steel strands have end eccentricity
which is different than the middle third of the beam eccentricity. The
beams need depressing devices at the one-third points capable of taking
the upward thrust caused by bending the cables., The device used is shown

in Figure 3.5. It consists of a threaded vertical steel rod which goes
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Figure 3.5 Device for Depressing Strands.
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through the middle of a steel channel. This rod can be turned to change
its elevation by a horizontal arm at its top. The channel is supported
under the inside top flanges of the prestressing bed and kept from fall-
ing by steel plates connecting it to the top flange. The bottom edge

of the' steel rod goes into a steel tube and is connected to it in such

a manner to permit the turning of the steel tube freely around the rod,

Welded to the steel tube is a steel block., A vertical groove is cut in
the bottom of the block and a 3/8 inch thick steel plate is inserted in
this groove, It is kept in place by a bolt which goes through the block
and the plate,

Holes Jjust large enough to permit the cables to pass through
are drilled in the steel plate. These holes should match exactly the
location of the steel strands at this point of depressing the cables,
This plate is left in the concrete. The depressing device is movable

by sliding it on the top flange.

3.6 Stressing the Steel Strand

The strands were individually stressed by means of a 30 ton
simplex hydraulic jack. The total force on the strand was measured by
means of a calibrated SR-4 load cell which was inserted between the ram
of the jack and the strand chuck against which the ram worked. The
strand passes through the center of the load cell (dynamometer) to

eliminate eccentricity on the cell. The exact force desired on the
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strand could be attained by setting the calibrated amount of strain
corresponding to that force on a standard SR-4 Wheatstone bridge and
jacking the strand until the bridge was balanced. ©Such an arrangement
is shown in Figure 3.6 and Figure 3.7.

"Supreme'" brand strand chucks were used to anchor the strand
against the end templates of the stressing bed. The strand prestressing
arrangement, is shown in Figure 3.7. It consists mainly of two 24WF120
beams, each 30 feet long. They are placed 3 feet apart. An anchorage
plate is placed at the anchor end and another plate placed at a distance
of 4 feet from the jacking end. The jack works against two vertical
channels, connected by welding with enough distance left between them
to allow the strands to pass through. These two channels are made mova-
ble laterally so that they can be adjusted to the desired location.

The slippage of the chucks was eliminated by Jjacking the
strand to the desired stress, sliding the chuck tightly against the
frame, and then releasing the jack which‘"seated” the chuck tightly
onto the strand. The strand was then rejacked to the desired stress and
the resulting gap between the chuck was tightly shimmed with split wash-
ers; the jack was then released and left so for three to four days.
Before casting the concrete the strands were rejacked again to the
design stress and the resulting gap, now due to creep in steel, was

tightly shimmed with similar split washers., It is the writer's belief
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Figure 3.6 The Prestressing Bed.
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that by doing so the anchorage losses can be ignored and probably a good
percentage of the loss due to the creep of steel could be omitted. This

opinion will be justified later from the results of the steel creep test,

3.7 Transferring the Prestress Force

The prestress force in the steel strands was transferred to
the concrete when the concrete cylinders had attained a minimum compress-
ive strength equivalent to (1/0.6), the meximum compressive strength in
concrete at transfer. The prestress force was transferred by simply
burning the strands with a gas cutting torch. Care was exercised to
cut the strands in a pattern which kept the applied eccentricity as
small as possible at all times. Each strand was cut at both ends before

proceeding to the next strand.

3.8 The Steel Creep Test

A strand 30 feet long, of the same reel of the steel which was
used in the P.C. beams, was tested to determine its creep behavior under
constant strain. The strand was stressed to a stress level of 175,000
psi between the ends of a rigid testing frame. This stress corresponds
to the original steel stress level in the main P.C. beams, The stressing
procedure was similar to that used in stressing the strands of the main
P.C., beams which was discussed in Section 3.6. A dynamometer, which was

previously tested for its creep characteristics and found to not creep
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under the same load as that in the strand, was inserted between the end
plate and the strand chuck. This calibrated dynamometer was used to
record the force in the strand. Two dial gages were placed at the ends
of the testing frame to measure its movement, if any. There was no
movement recorded. The arrangement for the steel creep test is shown

in Figure 3.8.
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Figure 3.7 Hydraulic Jack and Dynamometer Arrangement
Used in Prestressing the Strand.

Figure 3.8 Arrangement for the Steel Creep Test.



CHAPTER IV

DESIGN OF THE TEST BEAMS

L.1 Assumptions
The design of the test beams was based on the following
assumptions:

1. Prestressing strand

Eg = 27,000,000 psi
£, (ultimate) = 250,000 psi
fg (at transfer) = 175,000 psi
2. Concrete
£i; (at transfer) = 3000 psi
£l (at 28 days) = 4000 psi
E, = 60,000 J}éi: 3,794,760 psi (at transfer)
n =2l .7 (at transfer)
3.79476
Total creep of steel losses = .0k Fy
Total shrinkage losses = .00025 AgEg

Total creep of concrete losses = 1.5 x Elastic losses

Elastic losses (F, - F;j) is obtained from Equation (2.3).

However, after the beams were cast, the actual values of con-
crete and steel properties, obtained from the tested cylinders and
strands, were used in recalculéting the stresses in the beams. The
modulus of elasticity of the steel strands used in the experiments was
found to be 28,000,000 psi and fg = 27,000/.1089 = 247,930 psi (see
Figure 5.1).

-36-
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4.2 Sample Calculations

The stresses at Gage No. 50 of Test Series No. 2 will be
illustrated below. The tabulated stresses of all test beams are in-
cluded in Tables 4.1, 4.2, and L.3. These values are computed using

the IBM 7090 electronic computer.

-495PSI. -542 PSI.
TT
4.544" 45"
9“
Yo
- ° c.G.C.
Vs ‘ C.G.
1308 } 2"wzagl _|__ __ __ _ A7 O ’
| “psi. 1 . e CG.S.
45"
4.456"
1
1442 PSI. -1768 PSI. 15"| |"I |"I 15' '
Final Stresses Stresses Immediately 5"
p———

after Losses after Transfer

Figure 4.1. Stresses at Gage No. 50 of Test Series No. 2.

This section is at a distance x = 53.995" from the end of the beam
and the eccentricity of the steel strands is 1.125". PFurther proper-
ties of the section and the materials are as follows:

Cross sectional dimensions = 5" x 9"

No. of 7/16" strands = 3(0.1089 sq. in./strand)

Ag =3 x .1089 = 0.3267 sq. in.
Ec = 4,258,000 psi

n = 28/4.258 = 6.57586

Y (n-1) As e

- AC + (n-l) AS

= 5.57586 X .5267 X 1.125 - .Oh5765”
5% 9 + 5.57586 x .3267
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et = 1.125 = .043765 = 1.08113"
Iy = 2_§§22 + 45 x (L0b3765)° + (6.576-1) x .3267 x (1.08113)°
= 306 inchk

At = 45 + (6.576 - 1) x .3267 = 46.82168 sq. in.

Calculation of Losses

(1) Due to Elastic deformation of concrete
Weight of beam = —2 x 130 = 3.90625 1b/inch
1hh 12
(Assumed weight of concrete beam = 150 1b/cu foot)

Bending Moment My = g x (L - x)
i:é;ggééi x 5%.995 x 162.005
= 17085.94 1b inch
F, = 175,000 x .3267 = 57,172 1b

From Equation (2.3), we have:

1 e%
1+ n Ag (KE + TE)
57,172 + 17,086 x 1.08113 x 6.576 x .3267/306

1+ 6.576 x .3267 (46‘82168 . 1.0811533)(61.08115 )

= 54,361 1b.

Elastic losses = F, - F; = 2,811 1b.

(2) Due to shrinkage of concrete

li

Shrinkage loss = .00025 x 28 x 100 x .3267

2,287 1b.

[
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(3) Due to creep of concrete
Concrete creep loss = 1.5 elastic loss

4,217 1b.

(4) Due to creep of steel
Steel creep loss = .04 Fj = 2,287 1b.
Total losses = 2,811 + 2,287 + 4,217 + 2,287 = 11,602 1b.
% Age Total losses = 11,602 x 100/57,172 = 20.29%

57,172 - 11,602 = 45,570 1b.

Final prestress force

1

Concrete Stresses Immediately After Transfer

_ 54,361 . 54,361 x L4.5437 x 1.08113

Top fiber stresses=

46.82168 306
_ 17086 x L.5W3T _ _ 542 psi
306
Bottom fiber stresses = - hZ%éZiéB - 24,361 x uﬁgz6 x 1.06113
17086 x k. 456 8 .
+ = 502 = - 1768.1 psi
Similarly:
Stresses at C.G.S. = - 1308.27 psi
Stresses at top cables = - 1126.65 psi
Stresses at bottom cables = - 1399.10 psi

Final Concrete Stresses After Losses

Top fiber stresses =~ 45,579 + 45,070 x 4. 5437 x 1.08113

L46.82168 306

17086 x L4.5437
306 -

- 495 psi
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Bottom fiber stresses =~ Mgéé2128 . 15,570 x h';gg x 1.08113
. 1708§02 b 456 1441.9 psi
Similarly:
Stresses at C.G.S. = - 1086.9 psi
Stresses at top cables = - 946.725 psi

Stresses at bottom cables

]

- 1157 psi
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CHAPTER V

RESULTS OF THE TESTING PROGRAM

5.1 Modulus of Elasticity of the Steel Strands

The modulus of elasticity curve for the 7/16 inch diameter cable
is shown in Figure 5.1. This data was obtained from a tensile test con-
ducted at the University of Michigan. The net area of the cable was 0,1089
sq. inch. The elongations of a 24 inch effective gage length were measured
by means of an Extensometer.

From this test, the modulus of elasticity of the steel strand
was found to be 27,988,338 psi and was considered in all computations as

28,000,000 psi. The ultimate strength was found to be 247,930 psi.

5.2 Modulus of Elasticity of Concrete

Modulus tests were run on 6 x 12 inch concrete cylinders cast
with each test series. These cylinders were cured under the same conditions
as the shrinkage and main beams. They were wrapped with burlap and kept wet
for the same period as the beams., One test was performed immediately, prior
to transfer of the prestress force, and a second one was performed at a
cylinder age of 28 days.

However, compression tests were performed before cutting the cables
to assure the desired strength. All specimens were loaded to failure at a
constant rate of strain equal to .005 inches per minute. The strains were
measured by means of a dial gage attached to the concrete cylinders. The
secant modulus teken at one-half of the ultimate strength was used in the
computations. The results of the individual tests are shown in Figures
5.2 through 5.7.

e
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Figure 5.1 Steel: Modulus of Elasticity.
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Figure 5.2 Concrete: Modulus of Flasticity - Test Series No. 1.
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5,3 Calibraticn of the Pressure Cells (the Dynamometers)

The total force in the strands and the load applied to the
concrete cylinders in *he crecp teste was measured by means of two cali-
brated SR-h load celis which wers inserted bebween the ram of the jack
and the strand chuck, against whichk the ram worked. In the case of tho
cylinder creep fests they were pleced on the top of the lower jack pilate,

v

e exact forece desired counld be obtailre

T

d by setting the calibrated

amount. of straln corresponding Lo that force on a standard SR-I Whea!clone

bridge and then jacking the strand wplil the bridge was balanced, The

calibration curves of the load cells are given in Figure 9.8.

5.4 Elastic Lossges of Concrete and Anchorage Length of Steel Strands

=
g
[
=
[
oY
[}
g
]
<
jol}
o]

lastic shortening of concrete at various gage points
along the beams was obtalned frowm the differences between strain readings
teken immedlately before and af'ter transfer of the prestress force., Since
the steel remains bonded to the concrete, except near the ends, the strain
of both concrete and steel at fthe C.G.5., is the same, The strain at the
C.G.S. at the zone of complete anchorage at any point times the modulus

of elasticity of steel will represent the elastic loss of prestress, while
the strain at the C,G.3. times the elastic modulus of concrete at transfer
will represent the stresses in concrete at the C.G.S.

The measured elastic shortening, concrete strains and concrete
strecues  atb! C.G.S, immediately after transfer are recorded in Tables
5.1, 5.2 and 5.3 and the concrete stresses at this stage are plotted in
Figures 5.9, 5,10 and 5,11, These values are plotted versus the distance

‘rom the end of the beam. These curves show clearly how the concrele
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Figure 5.8 Calibration of the Dynamometers.
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TABLE 5.1

CONCRETE STRESSES AT C.G.S. IMMEDIATELY AFTER TRANSFER - TEST SERIES NO. 1

E, = 28,000,000 Psi A, = 4356 sq. inch
E, = 4,807,000 Psi = 45,0 sq. inch

*Distance Avg. Gage Avg. Measured| Concrete

Gage From end of Measured Length | Elastic Strain Stresses

No. Beam in inches | El. Shortening Inch of Concrete fc=EcxeC
Inch € Psi

]

A 3.0 .00011 2 .000055 264
B 11.0 .000375 2 .000186 89k
C 19.0 .000k25 2 .000212 1,019
D 27.0 .000490 2 000245 1,180
E 35.0 .000540 2 .000270 1,300
10 6.0 .00051 10 .000051 2ks
20 4.0 .00109 10 .000109 524
30 22.0 .00175 10 .000175 841
Lo 30.0 .00195 10 .000195 937
50 54.0 . 0030k 10 . 00030k 1,461
60 72.0 .00253% 10 .000253 1,216
70 88.0 .00320 10 .000320 1,538
Cent. 108.0 .00335 10 .000335 1,610

* Distances are measured along the length of the cables, except for gages

Nos. 60, 70 and Center.
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TABLE 5.2

CONCRETE STRESSES AT C.G.S. IMMEDIATELY AFTER TRANSFER - TEST SERIES NO. 2

E, = 28,000,000 Psi A, = .3276 sq. inch
E, = 4,258,000 Psi A, = L45.0 sq. inch
__'__'_,.;.ﬁ,‘:‘;:..;(’-: LTS T 4..A_A[.- prom— pe s
' "Distance ! Avg. Gage | Avg. Measured | Concrete
Gage | From end of § Measured Length| Elastic Strain| Stresses
No. | Beam in inches | El. Shortening; Inch of Concrete fo=E.xe,
Inch € Psi
A 3.0 0 2 0 0
B 11.0 .00010 2 .000050 213
C 19.0 .000175 2 . 000087 370
D 27.0 . 000kkL 2 .00022 937
E 35,0 . 00040 p) .00020 852
10 6.0 .000%% 10 .000033 140
20 14,0 .00076 10 .000076 z2ok
30 22.0 .00130 10 .000130 554
Lo 30.0 .00189 10 .000189 805
50 5k.0 00247 10 . 000247 1,052
60 72.0 .00337 10 .000337 1,435
T0 88.0 .0033 10 .000333 1,418
Cent. 108.0 .00368 10 . 000368 1,567

¥ Distances are measured along the length of the cables, except for
gages Nos. 60, 70 and Center.



TABLE 5.3

CONCRETE STRESSES AT C.G.S. IMMEDIATELY AFTER TRANSFER - TEST SERIES NO. 3

s = 28,000,000 Psi A, = .3267 sq. inch
E, = 4,178,000 Psi A, = U5.0 sq. inch
! *,

Distance Avg. Gage | Avg. Measured | Concrete

Gage From end of Measured Length | Elastic Strain| Stresses

No. |Beam in inches| El. Shortening | Inch of Concrete f=Exe,

Inch €n Psi

A 3.0 .00010 2 .000050 209
B 11.0 .00031 2 .000155 648
o 19.0 .000k5 2 .000225 9ko
D 27.0 .00074 2 .00037 1,546
E 35.0 .00090 2 .000k45 1,880
10 6.0 .0002k4 10 .000120 501
20 14.0 .00099 10 .000099 413
30 22.0 .00168 10 .000168 702
Lo 30.0 .00249 10 .000249 1,040
50 54,0 .0032k4 10 .000324 1,353
60 T72.0 .00383 10 .000383 1,600
70 88.0 .00351 10 .000351 1,466
Cent. 108.0 .00378 10 .000378 1,579

* Distances are measured along the length of the cables, except for
gages Nos. 60, 70 and Center.




stresses at this stage change from zero at the ends t0 maximum at the
center, The calculated values of concrete stresses at the C.G.S. based
on zero anchorage length obtained from Tables 4.1, 4.2 and 4.3 are also
plotted on the same graphs., A study of these graphs shows the good
agreement between the calculated and the measured stresses at the full
anchorage portion of the beams. It shows also the "anchorage 1ength”;
The anchorage length is that length measured from the end of the beam
after which the prestressing force will exert ite full strength on the
concrete beam. The anchorage length in these curves was obtained by
measuring the distance from the end to that point at which the calculated
and the expsrimental curves meet, For the three tests series, 1, 2, and
3, these anchorage lengths are 57.6" (.267 L), 56.8" (,263 L) and 46.8"

(,216 L) respectively.

5.5 Creep and Shrinkage Curves

As stated before, each series of.the three tests consisted of
a shrinkage beam 4.5 feet long supported at several points to avoid bending
stresses as shown in Figure 5.12, a main prestresszd beam 18 feet long
simply supported on concrete blocks as showr in Figure 5.13, three creep
cylinders supported at the bottom cr: springs and loaded to a stress equal
to Fo/At of each corresponding test serieg as shown in Figure 3.2, and
two shrinkage cylinders. Each of the creep and shrinkage cylinders had
two Whittemore gages on opposite sides of the cylinders, Their center

was at the mid-height of each cylinder,
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Figure 5.12
brass plugs on

A Typical Shrinkage Beam.

(Note the
12

the cable.

)

Figure 5.13

Main Prestressed Concrete Beams in
the Storage Area. (Note the use cf con-
crete blocks as end supports and the
arrangement of measuring the growth of
camber at the center of the beams.)
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The shrinkage versus time curves for each test series are shown
in Figures 5.1k, 5.15 and 5.16, A typical Whittemore gage data sheet for
calculating the shrinkage strains from which these curves were plotted
is given in Table 5.k,

The shrinkage strain was measured by dividing the difference
in Whittemore gage readings at the time considered and that reading at the
time of transfer by the gage length, The average reading of all the plugs
on the concrete beam and that on the cables was considered, The average
of the four readings on the two shrinkage cylinders was also plotted.

These shrinkage curves do not represent pure shrinkage, but
rather represent the effects of changes in temperature and humidity as
well as shrinkage. The relative himidity curves are also included on
the same curves. It was not possible to control the atmospheric conditions
of the storage area. The numerous small fluctuations in the shrinkage
curves are due to these changes in atmospheric conditions.

Curves of the elastic and creep strain of concrete versus time
and given for the cylinder creep test and at four locations on the main
prestressed concrete beam., This is shown in Figures 5.17, 5.18 and 5.19.
Each reading of the cylinder test represents the average of the six read-
ings on the three creep cylinders, while the beam readings represent the
average of four symmetrical readings located at the same distance from the
beam ends, All readings are taken at the C.G.S. The four plotted locations
on the prestressed concrete beams are at distances of .0608L, .139L, 0.33L

and 0.5L, i.e., at gages number 20, 40, 60 and center.
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TABLE 5.4

WHITTEMORE GAGE DATA SHEET (SHRINKAGE)

Date - 1/11/1963
Conc. Date - 11/5/1962

Time - 1:00 P.M,
Temps, - 66° - 64L°
Beam - S-3

Cylinders - S-3-1 & S5-3-2

Age - 67 days
Humidity - 90%
Standard Bars:
Beam & Cylinders
(10.07050)
Cable (10.08100)

WHITTEMORE PLUGS LOCATION

Initial Final Average | Average
Gage No.| Reading Reading | Shortening Shrinkage| Shrinkage| Remarks
Tnch x 10°|Inch x 109 Inch x 107 Inch/Inch| Inch/Inch
NE | 3960 3670 290
9 NW| 64ko 6190 250 .000275
SE | 8830 8570 260
SW | 2670 2370 300
NE | 7655 7330 325
19 NW| 4350 Lo75 275 .000282
SE| 4940 4670 270
sw| L4280 Lo20 260 .00028k
NE| 6585 6230 355
29 NW| 9680 9310 370 .000317
SE| L4250 3970 280
SW| Lo2s 4660 265
N| 5600 5340 260 000240
Cable 5| 900 4680 220
o 1IN| 2965 2640 325
Y 1s| 6570 6210 360 .000350 | .000350
5 on| 2840 e’y 350
E% o5 | 80ks 7680 365
S
W N E
o 2 . 19 29
” oo 29“?19 g 0
L—_Cable___J
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TABIE 5.5
WHITTEMORE GAGE DATA SHEET (CREEP)
Beam B-3 Date - 1/11/1963

Age of Concrete - 67 days
Deflection - .015 inch

Initial Final Average
Gage No. Reading Reading | Shortening creep +| Average Average | Remarks
Inch x 107| Inch x 109 Inch x 107 | Elastic + Shrinkage| Creep +
Shrinkege | Inch/Inch| Elastic
Inch/Inch Inch/Inch

NE 5725 5345 380

0 N 2755 2405 350 000365 000284 000081
SE 5560 5230 330
SW 7685 7285 koo
NE 0550 0000 550 T

20 MW 33h5 2800 545 000530 000284 000246
SE 6950 6450 500
SW 1835 1310 525
WE | 10135 9435 700

30 W 6735 5995 740 .000727 000284 000443
SE 6610 5880 730
SW 5825 5085 T80
WE 7970 7080 890

4o o NW 5030 k190 840 .000888 .000284 000604
SE 6920 6025 895
SW ‘7490 6565 925
NE 7150 6060 1090

50 NW 7010 5810 1200 001094 .000284 000810
SE 3750 2750 1000
SW 5200 4115 1085
NE 6940 5760 1310

60 MW 6975 5845 1075 .001227 000284 .000943
SE 3660 2500 1280
SW 7715 6585 1243
NE Lo7s 2875 1200

70 NW 75 6125 1050 .001098 .000284 000814
SE 6100 5000 1100
SW 7275 6235 1040
NE 5440 4200 12ko

8 NW 8885 7675 1210 001216 .000284 .000932
SE 1970 o770 1200
SW 9200 8010 1190
N 6450 5220 1230

S s | 7o 6455 1225 * .

Cent Up 5410 810 .000810 | .000284 | .000526 .

Cent Do 5340 3750 159 .001490 | .000284 | .001206

CABLES

NW  Up 9920 8850 1070

NE Up 7350 640 860 000965 000284 000681

SW  Up

SE  Up - .

W Do | 5350 Lo8s5 1265

NE Do 8900 7550 1350 .001300 000284 .001016

SW Do 4735 34h5 129

SE Do L8lo 3545 1295

CYLINDERS

N 2495 1185 [ 1310

18 4860 3500 1360

2N 6115 4865 1250 .001310 .000350 000960

25 2120 0830 1290

3N 3545 2215 1300

38 4510 3160 1350

* Gages No, 80 end Centers are added together and are considered to be the center
reading in the curves,

C.L.
| s
N E
0 B0 cent.
V- - - = - =y S = R -x
e T T T T T X— X~ —x/»
- 600" >le 31400" -

WHITTEMORE PLUGS LOCATION
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At any gage point, the difference in the strain readings
immediately before and after applying the load on concrete (cutting the
cables in the case of the prestressed beams and applying the loads on
the creep cylinders) will represent the elastic shortening. These elastic
strains are shown in Figures 5.17, 5.18 and 5.19 as vertical lines at the
age of transfer,

The measured creep of concrete was obtained by first finding
the combined value of the creep and elastic strains., This combined value
was obtained from the difference between two strain readings. The first
reading represents the combined effect of the elastic strain at transfer,
creep of concrete strain and shrinkage strains. The second reading repre-
sents the cumulative shrinkage of the corresponding shrinkage beam or
cylinders., The combined value of creep and elastic strains minus the
elastic strain at transfer gives the creep strain,

Table 5.5 represents a typical Whittemore gage data sheet for
creep calculations. This table should accompany another one for shrink-

age calculations, as that of Table 5.k,

5.6 Growth of Camber in the Prestressed Concrete Beams

Growth of camber in the prestressed concrete beams was measured
by means of dial gages located exactly under the center of the beams.
Fach dial gage was attached to a vertical steel rod inserted in a concrete
cylinder. These concrete cylinders were cast on the same days as the
corresponding test series, and were placed directly on the floor., For
this arrangement see Figure 5.20. The ends of the prestressed concrete

beams were simply supported on concrete blocks (see Figure 5.13).
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Figure 5.20 Arrangement for Measuring Growth of
Camber of the Prestressed Concrete
Beams.
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These blocks were placed directly on the floor and were built at their
specified locations. They were filled with concrete of the same mix as
test series Number 2, which was the earliest one. These supports are
believed to be very rigid supports, thus the assumptions were made that
their deflections were zero and no dial gages were placed there., A
11" x 3" x 1/L4" steel plate was placed at the middle of the blocks on
the top of each support. The ends of the beams were placed on the top
of these plates. The edges of the beams coincided with the outer edges
of the plates, thus providing direct supports for the beams equal only
to the width of the steel plates.

Great effort was made in the first and second series to measure
camber, Camber is the central upward deflection, immediately after cut-
ting the cables, due to the application of the prestress force on the
concrete beam. These efforts were uns iccessful, due to the disturbances
caused by horizontal as well as vertical movements of the prestressed
concrete beams at the time of cutting the cables.

The growth of camber curves sre shown in Figures 5.21, 5.22
and 5.2%, There is no similarity whatsoever between any two of these
curves. This, of course, is due to the different eccentricities of steel

used in the beams,

5.7 Creep of the Steel Strands

As defined in Section 2.2,creep of steel is the loss of its stress
when it is stressed and maintained at a constant strain for a period of
time, or the amount of lengthening when maintained under a constant

stress for a period of time. Neither of these definitions is applicable
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in the case of prestressed concrete beams. The fact is, that creep or
relaxation of steel in prestressed concrete beams will occur with simul-
taneous changes in stress and strain of the steel strands, This is due
to creep of concrete and its shrinkage. This investigation is beyond
the scope of this thesis although the writer is aware of its importance,

It is to be noted that tests like those discussed in measuring
creep and shrinkage of concrete will not yield direct data on the loss
attributable to creep of the steel strand,

The test conducted in this investigation is to measure the
loss of steel due to its relaxation under constant strain. The procedure
was outlined in Section 3.8 and Figure 5.24 represents the percentage
loss of prestress after it has been stressed to a stress of 175,000 psi

versus time,



CHAPTER VI

DISCUSSION

6.1 General Discussion

A large number of factors affect prestress force losses; thus
it is not an easy task to generalize the results of this investigation.
However, the writer did try to vary different parameters in this research,
for example, the different eccentricities used in the test program. This
made it possible to study the effect of stress distribution, having a
constant C.G.S. stress, on the creep of concrete. One important factor,
which contributed considerably to the results, was the use of the wrong
type of cement. As mentioned before in Section 3.2, the concrete was
ordered ready-mixed from a commercial firm and they used Type I cement
(ordinary cement) instead of Type III (high early strength cement) as
specified. This resulted in delaying the cutting of the steel strands
for about three days until the desired strength of the concrete cylinders
was achieved. Great efforts were made to avoid shrinkage strains before
cutting the cables. This was done by covering the concrete with wet bur-
lap for that period. The temperature of the storage area was kept with a
reasonable limit of between 60° and 80°F. There was no way whatsoever of
controlling the humidity. Tests were conducted to get the concrete and
steel properties necessary for the calculations. This may have contributed
considerably to the agreement between the calculated and the experimental
results as will be shown later. It would have been preferable to base the
concrete modulus on at least three tests, instead of on one test. The

method used in averaging at least four individual strain readings to obtain

_79_
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the strain for a specific section of the beam, should have minimized
the experimental errors. The technique used in stressing the strands
as discussed in Section 3.6 and the use of well calibrated pressure

cells is believed to have minimized the variation of the steel stress

at anchorage from the design value.

6.2 Modulus of Elasticity Tests of Concrete

Some standards suggest that concrete cylinders should be sub-
Jected to a load of about one-half the ultimate strength and then un-
loaded before taking any strain readings. This is to secure a setting
of the specimen and to make any necessary adjustment to either the com-
pressometer or to the specimen. However, this procedure was not exer-
cised since the loads in the actual beams are applied directly to the
concrete without any preloading. It is assumed that the results ob-
tained without any preloading of the test specimens will be closer to
the actual action of the concrete. The secant modulus of elasticity of
concrete at half the ultimate load was used in the analysis. The stress
strain curves of concrete as shown in Figures 5.2 to 5.8 are not straight
lines, even at lower stress levels. The writer believes that the non-
linearity of the stress strain curve is due partly to the low strength
of concrete used., Within the range of concrete stresses in the beams
(maximum stress ~ 0.6 £l ), the modulus of elasticity of concrete is
almost equal to the secant modulus at half the ultimate strength, which

can be concluded also from Figures 5.2 to 5.8.
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6.3 Elastic Shortening of Concrete

The difference between strain readings taken immediately before
and after the transfer of the prestress force is the elastic strain of con-
crete. That difference times the concrete modulus of elasticity will rep-
resent the concrete stresses, while that difference times the steel modu-
lus of elasticity is numerically equal to the elastic loss of prestress
in the zone of complete anchorage. An expression for the elastic loss
was derived in Section 2.2.1 and the concrete stresses at C.G.S. immedi-
ately after transfer of prestress obtained by this expression were plotted
in Figures 5.9 to 5.11 together with the measured concrete stresses at
the same location. In the region of full anchorage, a very good agreement
between the computed and the measured concrete stresses is noticeable.

The following factors contribute to this agreement.
1. In expression £.3) the actual steel and concrete properties
obtained from actual tests for each test series were used.
Modulus of elasticity of concrete was obtained from one
specimen, although it wculd be better if it was obtained
from at least three specimens.

2. Efforts were made to avoid any variation in the actual
cross-sectional dimensions from the assumed secticn. The
transformed area and the moment of inertia corresponding
te that transformed area were used in the computations.

3, As mentioned before in Section 3.6, the slippage of the
chucks was eliminated by jacking the strand to the desireq
stress, sliding the chuck tightly against the frame, and

then releasing the jack which "seated" the chuck tightly
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onto the strand. The strand was then rejacked to the de-

sired stress and the resulting gap between the chuck was

tightly shimmed with split washers. The jack was then re-
leased and left so for three to four days. The same pro-
cedure was repeated at the day of concreting.

Apparently there is no appreciable loss due to the creep

of steel in the period between the time of concreting and

traﬁsferring of the prestress, which ranges between four
to five days. This cculd be attributed to two factors:

A. The creep of these particular steel strands (about
0.75%) within this period is not considerable as
shown from the results of a steel creep test [Figure
5.24).

B. TImmediately before casting the concrete the strands
were rejacked again to the design stress after it has
been left stressed to the design stress for three to
four days and the resulting gap, now due to creep in
steel and slippage of the chucks was tightly shimmed
with similar split washers. This, the writer believes,
did minimize the creep of steel within the first five
days and thus it would be considered nil in the compu-
tations.

Shrinkage of concrete before transfer of the prestress force

could contribute to the loss of prestress before transfer.

Efforts were made to avoid any shrinkage of concrete before

transfer by keeping the concrete covered by wet burlap.
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However, there must be some shrinkage strain but at what
age the concrete has attained sufficient strength and de-
veloped enough bond with the steel to induce shrinkage
strains in the steel cannot be determined.

6. The method used in averaging four individual strain read-
ings to obtain the strain for a specific section of the

beam should have minimized the experimental errors.

6.4 Anchorage Length of the Steel Strands

The dependence on bond to transmit prestress between steel and
concrete necessitates the use of small wires to ensure good anchorages.
However, the use of seven-wire strand, like that used in this research
program, with its excellent bonding characteristics, in lieu of individual
smooth wires, will permit the use of larger diameters of the steel. The
friction between the steel and concrete, which develops when the diameters
of the individual wires increase when the strands are cut, a function of
Poisson's Ratio, will contribute to decrease the end anchorage length of
the wires.

The following are the factors which affect the anchorage length:

1. Size of the wire diameters.

2. Surface conditions of the strands.

3. Concrete strength.

4. Spacing of the wires.

In a series of tests conducted by J. R. Janney* to investigate

the nature of bond in pretensioned prestressed concrete, he gave the

* Janney, J.R. 'Nature of Bond in Pre-tensioned Prestressed Concrete."
- Journal of the Amer. Conc. Inst., Proceedings, 50, (May, 1954), 717.
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following remarks:

1. The ability of pretensioned wire to transfer stress to
the concrete through bond does not vary a great deal
with wire size within the range of 0.1 to .276 inch in
diameter.

2. If the bonding of pretensioned wire and concrete is
largely a frictional phenomenon, one might not expect
the differences relative to concrete strength, since
it is doubtful that the coefficient of friction between
steel and cement paste is much affected by paste quality.
However, concrete quality probably influences the ability
of the concrete to sustain the radial pressure that re-
sults from the increase in wire diameter.

5. Rusted wires develop the full transfer of prestress at a
more rapid rate and in somewhat less distance from the
free end.

4. The length required to transfer the pretension force to
the concrete varied from about one to three feet from the
ends of the members, depending on the factors previously
discussed.

(12) in a limited series of tests conducted at the

Zuidema
University of Michigan, Ann Arbor, Michigan, concluded that the surface
conditions do effect considerably the anchorage length. In his tests,
he obtained an anchorage length, in general, of less than those obtained

by the writer for the same wire diameter and surface conditions. This

will be due to the strength of concrete he was using. Also, Patel(94> in
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in his series of teéts of three prestressed concrete members having the
same wire diameters and surfacé conditions, by using the proposed mix
with high early strength cement, obtained an average value of anchorage
length of 24 {Eghes./ fhis‘value is considerebly less than the writer's
values. This is attributed again to the strength of his mix at transfer.
It may‘be concluded from the previous discussions that the strength of
concrete is definifely an important factor in the anchorage length.

It may be noticed that in Test Series No. 2, Figure 5.10, there
is no transfer of prestress in the end region of three inches. This might
be due to turning of the cables suddenly at transfer, which.will result
in the breaking of bond at the end and slippage could occur resulting in
zero stress in the cable.

Reduction of thé anchorage length to a minimum is important only
in special instances, where large bending moments and/or shear forces
occur near the ends, as with railroad ties or short cantilevers. In such
cases it is necessary to select a suitable type of prestressing steel in-
suring special mechanical bond. For simply supported and uniformly loaded
beams, however, the anchorage length will be of little influence since
the bending moment incresces iena repidly then the prestress is developed.
Reduction of the anchorage length to a minimum may result in transferring
the prestress to the concrete suddenly and may result in localized high

stresses at the ends.

6.5 Shrinkage of Concrete

Table 6.1 summarizes the shrinkage strains measured at the age

of 40 weeks, together with the ultimate shrinkage strains for the shrinkage
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teams and cyiirders. The ultimate shrinkage strains are extrapclated values
obtained by externding further the shrinkage time curves shown in Figures
5.14, 5.15 and 5.15 until they are asymptotic to a horizortal line. It
appears from these curves that the ultimste shrinkage strains and the

shrinkage strains at the age of 4 weeks are very close to each other,

2

which means that ccrncrete at this age nas attaired most of its shrinkage.

It should be ncted also that this measured shrinkage strain is only a rela-
tive strain, nct acsclute, since it represents the difference in the shrink-
age strain betwecrn the sge of transfer and 40 wecks, which is assumed to

be the effective shrinkage strain to be used in prestress loss calculations.
Whether shrinkage could affect prestress lnss before the age of transfer

is questicnable ard amhigicus. It should be noted also that these shrink-
age -urves do not represent pure shrinkage but rather represent the effects
of changes in *emperature and humidity as well as shrinkage. It is clearly
seen from Figures 5.1%, 5.15 and 5.16 that, in general, the rate of change
of srrinkage strair with time is orposite of that rate of change of humidity.

In

[l

-me parts where tre 1wo rates are of the same sigr, the rate of change
of vemperature with time will be cpposite to that sign. Cf course, there
are a few exceptiors, which may be relsted to expsrimental errors. [t may
also be seen that the temperature variations were kept small, between 60°F
tc 8C'F, except for short periods. This may eliminate the temperature
effect on shrinkage strain to some extent,

rom Table 6,1 it appears that an average ultimate shrinkage
strain of the beams is 0005 inches/inch for all the test series. This

shrinkage strain characterizes this particular kind of mix and was exposed

¥i]

to the same weather conditions.
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TABLE 6.1

AVERAGE MEASURED SHRINKAGE STRAINS OF CONCRETE AT THE AGE
OF 40 WEEKS AND THE ULTIMATE SHRINKAGE STRAINS

Av. Shrinkage Strains in Ultimate Shrinkage
Test In./In. at the Age of L0 Wks. Strains in In./In.
Series
No. £i(psi) Beam Cylinders Beam Cylinders
1 4150 .00048 .00050 .00050 .00050
2 4040 .00045 .00055 .00048 .00055
3 3780 .00049 .00052 .00052 .00055

It appears also from Figures 5.1L4, 5.15 and 5.16 and Table 6.1
that shrinkage of cylinders is more than shrinkage of beams. This is
related to the reinforcement of beams which resists shrinkage. The ratio
of average cylinder shrinkage to average beam shrinkage was 1.06.

It appears also from these curves that about half of the shrink-
age strains occurred during the first 28 days. This ratio confirms work
of other investigators.(12’9u) Thus a shrinkage strain of .00025 inches/
inch, which was assumed in Section 4.1 in calculating the prestress loss,
appears to be very low. The actual measured shrinkage strain is twice
as much as the assumed shrinkage strain.

The last Tentative Recommendations for Prestressed Concrete pub-
lished by ACI-ASCE Joint Committee 3235 recommended a value of shrinkage
strain between .0002 and .0003. However, in the new ACI Code there is no
definite value of this shrinkage strain.

At the same water-cement ratio, the writer concluded from his

and Patel's(9u) investigations, that the concrete made with Type I and
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Type III portland cement with the same water-cement ratio generally
showed similar drying shrinkage values.

However, each mix has its own shrinkage characteristics and
the designer should select the shrinkage data derived from mixes which
closely resemble the mix to be used and exposed to similar weather con-

ditions.

6.6 Creep of Concrete

Table 6.2 summarizes the average measured creep and elastic
strains of concrete measured at the age of L0 weeks, together with the
ultimate creep strains at four locations on the main beams and the cyl-
inders. The ultimate creep strains are extrapolated values obtained by
extending further the creep time curves shown in Figures 5,17, 5.18 and
5.19 until they are asymptotic to the horizontal line. In the same table
the ratios between the ultimate measured creep strain and the measured
elastic strain at the same locations are given.

Table 6.2 and Figures 5.17, 5.18 and 5.19 will now be discussed.

1. The ratio between ultimate creep strain and the elastic

strain at the middle section of the beam is not constant.
This ratio depends upon the stress level, the strength of
concrete, age of concrete at the application of stress,

the quality of aggregates and cement, and the moisture
content of the concrete. The relation between this ratio
and the stress level is taken care of indiréctly by multi-
plying the elastic strain, which is a function of the stress

level, by this ratio to get the ultimate creep strain. What
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TABLE 6.2

AVERAGE MEASURED CREEP STRAINS AND ELASTIC

STRAINS OF CONCRETE

Test Series No. 1 2 3
fé in psi at 28 days 4150 psi Loko psi 3780 psi
Avg. Creep + . 0608L .00026 .00029 .00030
Elastic Strains .139L .00058 .00055 ,00071
In Inches/Inch 333L .00077 .000103 .00115
at the Age of .5L .00089 .00099 .00108
L0 Wks. at: Cylinders .00130 .00116 .001.135
(1618 )* (1220)* (1220)*
. 0608L .00026 .00030 ,00030
Ultimate Creep + |.139L . 00060 .00056 ,00071
Elastic Strains in|,333, .00077 .00103 .00117
Inches/Inch at: .5L .00090 .0010 .0011
Cylinders .00130 .00118 .00115
. 0608L .00011 .00008 .00010
Elastic Strains .139L .00019 .00019 . 0002k
In Inches/Inch .333L .00026 00034 .00038
at: .5L .000335 .00037 00038
Cylinders .000%35 .00033 .000%2
. 0608L .00015 .00022 .00020
Ultimate Creep .139L .000k41 .00037 . 00047
Strain in Inches/ | .333L .00051 .00069 .00079
Inch at: .5L .000565 .00063 ,00072
Cylinders .00095 .00085 .0008%
.0608L 1.3%6 2.75 2,00
Ratio of Ultimate | .139L 2.16 1.95 1.96
Creep Strain to .333L 1.96 2.03 2.08
Flastic Strain at:] .5L 1.69 1.70 1.89
Cylinders 2.83 2.56 2.60

*Number in parenthesis is the original stress of the concrete

cylinders.
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remains are certain other factors, in which each factor
individually is a function of the strength of concrete.

In such a case, that ratio is primarily a function of
strength of concrete. In Figure 6.1 this ratio is plotted
as a function of fé at 28 days; the results of other in-

vestigators(1259h) are also plotted. The equation
r = 28.5/ 5\/}0' (6.1)

which is plotted on the same figure seems to conform to a
reasonable degree of accuracy with the test results. 1In

this equation:

r = ratio of ultimate creep strain to elastic strain
at transfer.
fé = concrete strength at the age of 28 days in psi.

Such an equation, although it is approximate in nature and
needs more experimental verification, gives a reasonable
estimate of r, much better than if it is assumed a con-
stant value. In plants, in which there is close supervision,
control of materials and a specialized work force, the
writer believes that a ratio (r) may be taken as 1.6 for
concrete strength of f! (at 28 days) in the neighborhood

of 6,000 psi.

Cylinders stressed to an average stress of (Fo/At) of their
corresponding beams, behaved differently in the three test
series. In Test Series No. 1, in which the beam has the

smallest eccentricity, the ratio between the ultimate creep
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strain and elastic strain of the cylinders and beam is

1.45. This ratio decreases, as the eccentricity increases,
until it becomes almost one for eccentricity Jjust below

the Kern limit. In general, creep in cylinders is more
than that in beams as was expected. A definite relation
between creep of cylinders and creep of P.C. beams cannot
be derived from this experiment, nor from Patel's investi=-
gationn(94) Cylinders under stress are subject to a con=-
siderably less rate of decrease of load than beams. This

is related to the various losses of prestress force in the
cables. Even with cylinders stressed to the average origi-
nal stress in the beams, the creep of cylinders is higher.
This means that the distribution of stress is definitely
playing a role in the creep of concrete.

From Table 6.2 the average ratio between creep strain and
elastic strain at 1/5, which is the point of cable bending,
is 15% higher than the average ratio at the middle section
of the beams. Since there is a vertical component of the
prestressing force of bent tendons, it will produce shearing
stresses. The stresses along the cables, and thus the
strains, will be higher than if the cables are straight.
However, since the angle of the inclined tendons in this in-
vestigation is too small to produce such an effect, it is
believed that at the point of cable bending there may be
some stress concentrations which result in higher creep

strains.
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6.7 Creep of Steel

Figure 5.24 shows the creep of the steel under constant strain
(seven wire, cold drawn, high carbon stress relieved strands), stressed
to the same original stress (0.7 fé) as the steel of the prestressed
concrete beams.

A percentage loss in steel stress, due to creep, of 5% is
noticeable at the age of 1000 hours. Beyond this time the creep curve
is still increasing reaching an ultimate value of 6%. These values con-
form in general with those obtained in References 93 and 9L. However,
contradictory to Reference 9L, the rate of stress loss due to creep of
steel is not high in the early ages, but this rate conforms with that
obtained in Reference 93. The agreement between the computed and measured
elastic losses as given in Section 6.3, indicates also that creep of
steel is not excessive in the early ages. This comparison is made for
the same kind of steel stressed to the same stress level of 0.7 fg. It
may be noticed in the same figure that points do not fall exactly on the
creep time curve. This is due to the effect of temperature fluctuations
to weather conditions. The writer is not in a position to generalize
these observations, since only one test was conducted on a specific kind
of steel stressed to a specific stress level.

In prestressed concrete beams in which the steel stresses fall
rapidly after cutting of cables, due to elastic shortening, creep and
shrinkage of concrete, loss due to creep of steel is less than 6% obtained
in this investigation. This reduction in the steel stresses may reach

0.55 £, at which the creep of steel is found to be nmegligible.(93)
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An approximate value of 4% loss due to creep of steel may be
predicted in this investigafion of which very little occurred before
transfer of stress. In plants in which the procedure exercised in this
report to avoid creep of steel before transfer (Section 3.6) is impracti-
cal, the same value may be predicted of which oniy 1% occurred before
transfer of prestress.

It may be emphésized that these values refer to this kind of
steel (super stress relieved manufactured by U.S.S.) stressed to the

same stress level of 0.7 fg.

6.8 Total Losses

Table 6.3 summarizes the total prestress losses at the C.G.S.
for each prestressed concrete beam based on actual measured data of
creep and shrinkage strains. These losses are given for the two loca-
tions at mid section and L/§ section.

The average percentage total losses as given in Table 6.3 is
28%. It is not intended here to give the prestress concrete losses as a
percentage, as improperly assumed in some design procedures, but mainly
to indicate that there is a substantial amount of prestress lost. The
designer should compute these losses as accurately as possible to assure
good economical design procedure.

‘A question here may be asked. As the force in the cables de-
creases due to creep and shrinkage, does elastic losses decrease? In an
attempt to answer this question Birkenmaier(7l) gives the following equa-

tion that represents the losses due to creep, shrinkage of concrete and
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the elastic losses taking into consideration the "elastic resilience-'"*
X =K (1 -e™*) (6.2)

in which
X = loss of prestress in units of force due to shrinkage
and creep of concrete and elastic shortening consider-
ing elastic resilience.

x = B where n = Poisson's Ratio

1+ np
A i
and u = ?2 (ef + gi )
he & t
€t
ros Ultimate creep strain of concrete (for the cylinders}
Initial elastic strain
iE
t
M €t
K=Fy - ——=p+qEh p—— (6.3)
et + — —E+et

section
g = ultimate shrinkage strain/r.
Birkenmaier assumed that E. 1s constant with time which is on the safer
side and he assumed also that creep and shrinkage function have the same
form, which is a reasonable assumption as shown from Figures 5.14 to 5.19.
In his expression the ultimate value of creep of concrete cylinders of

the same mix must be used.

% FKlastic resilience is the term used herein to indicate the change in
the elastic shortening of concrete with time, due to the decreasing
prestressing force,
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In this investigation the values of creep of concrete given
are actually the combined effect of creep of concrete and elastic
resilience. In Figure 6.2 the actual creep strains and the measured
creep strains at the C.G.S. of the middle section of the prestressed
concrete beams are given. The actual creep strains are computed after
making the following two assumptions:

1. The modulus of elasticity of concrete is the same as
that at time of transfer of the prestress. An assump-
tion on the safer side.

2. Loss due to creep of steel is 4% of the original pre-
stressing force and this does not change with time. An
assumption that makes some error in the first ten wecks
but beyond that time creep of steel can be assumed con-
stant.

By these two assumptions the prestress force F at any time t is

F=TF, - (.0b Fy + € AgEg) (6.4)

in which
€ = total measured strain at the C.G.S. in inches/inch.

The stresses due to this force F at the C.G.S. are

2
1 et Myet .
ngS = =F {K‘t- + -I—t'} + It (60//
and thus the actual elastic strain is
=f 6.6}
Ecgs cgs/Ec ( ‘



-uOT108g STPPIN 22Uz JO 'S°H°0 2uz 98 339a0u0) Jo desi) 2 9 ANITL

SM33IM NI 31L34ONOD 40 39V

NOiLld3S 370dIW 3HL 40 SS90 LV

NI NIVd1lS d33Y¥)

"HONI 7 S3HONI

ov Ge o¢ G2 oz Sl ol S oo
i NIVY1S d3348D0 Qa3¥nSv3aw — — —
5 NIVHLS d3340 1vN1oV 12000’
4 000"
4
{19000
\ l -
3 8000°0
‘ON S3I1¥3S 1S31




-99-

By deducting this value and the shrinkage strain from the total strain
one gets the actual creep strain. Table 6.4 gives the values of the
actual creep strains which are plotted in Figure 6.2.

By doing so, the ratio between ultimate creep strains to the
original elastic strains at the C.G.S. of the middle section raises to
1.94, 2.03 and 2.17 for the three test series respectively, :.. average
increase of about 16% from the apparent ratios. This might explain why
creep of cylinders is higher than creep of prestressed concrete beams.

In Table 6.5 the Birkenmaier expression, as given in Equation
(6.2), is computed at the middle section of the three beams. In com-
paring the losses as given by his expression with the measured losses
due to creep, shrinkage and elastic shortening of concrefe, his expression
gives smaller values. This may be due to the lower r ratios used in
this investigation, since cylinders were subjected to a decreasing load
and not to constant sustained loads.

Figures 6.3 to 6.5 represent the creep plus elastic strain
versus time curves at the middle section of the prestressed beams.
These curves are given at the top fibers, top cables, C.G.S., bottom
cables and bottom fibers. It was hoped tﬁat these curves would be sat-
isfactory and accurate enough to give a good picture of the strain dis-
tribution, and thus the stress distribution,; at the middle section of the
beams. From this distribution, the actual force in the cables could be
computed by considering a free body diagram of half the beam. Due to
the difficulties encountered in taking the strain reading on the cables
as discussed in Section 3.4, these readings were not satisfactory as

shown from the same curves. In general, they gave strain readings of
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TABLE 6.5

BIRKENMAIER EQUATION OF LOSSES

Test Series

Number 1 2 3
r of

Cylinders 2.83 2.56 2,60

giﬁiﬂiize 500 x i66 480 x 166 520 x 166

q 177 x o 187 x o 200 x T0°
ii/et 13.52 4.60 3,63

K 113,300 81,820 79,250

x .0528 .0568 .0657

xXr .1k9 L1hsh 171

(1 - e™F) .139 .1%5 .157

X(1b.) 15,749 11,048 12,442

figiiégble 17,076 13,539 14,820
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less than was expected and they showed, in some intervals, a negative

rate of change of strain.

6.9 Growth of Camber of the Prestressed Beams

Figures 5.21 to 5.23 represent the growth of camber at the
middle section of the prestressed beams. There is no similarity what-
soever between any two of these curves. This, of course, is due to the
different eccentricities of steel used in the beams. In general, growth
of camber is dependent on two major factors, the rate of decrease of the
prestressing force F and the rate of increase of curvatures, due to
the differential creep strain between the top and bottom fibers. If
the creep effect is more than the loss of prestress effect, the growth
of camber is positive, i.e., upwards, and vice versa. In Figure 5.21
there is a sudden change in this growth at about the age of six wecks,

which may be due to external disturbance of the dial gage.



CHAPTER VII

CONCLUSIONS AND RECOMMENDATIONS

7.1 Conclusions

From the testing program conducted in this investigation, the

following conclusions are derived:

1.

Within the range of concrete stresses in the beam (maxi-
mum stress =< 0.6 féi)’ the modulus of elasticity of ccn-
crete is almost equal to the secant modulus at half the
ultimate strength. Section 6.2,

In the region of full anchorage there is a very good
agreement between the computed and measured concrete
stresses at transfer. Section 6.3.

There is no appreciable loss of prestress due to creep

of the steel in the period between the time of concreting
and transferring of the prestress, which ranges between
four to five days. Section 6.3.

The strength of concrete is definitely an important fac-
tor in the anchorage length. Section 6.L4.

An average ultimate shrinkage strain of .0005 inches/inch
is obtained, of which about half occurred during the first
28 days. Section 6.5.

The ratio between average cylinder shrinkage to average
beam shrinkage is 1.06. Section 6.5.

At the same water-cement ratio, concrete made with Type I
and Type III portland cement showed similar drying shrink-
age values. Section 6.5.
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The ratio between ultimate creep strain and the elastic
strain at transfer is mainly a function of concrete
strength at 28 days. Section 6.6.
Cylinders stressed to an average original stress of
(FO/At) of their correspording beams, showed in general
higher creep values than beams. Section 6.6.
The average ratio btetween creep strain and elastic strain
at the points of cable *ending is 15% higher than that
ratio at the middle section of the beams. Section 6.6.
An approximate value of 4% loss due to creep of steel
may be predicted of which very little occurred before
transfer of the prestress. Section 6.7.
The average percentage total losses in the middle third
of the beams is 28%. Section 6.8,
If the data on creep of concrete is obtained from cylinder
creep tests under sustained loads, the effect of change
in the elastic shortening of concrete with time due to
the decreasing prestressing force must be considered by
using Birkenmaier's equation. Section 6.8,
The actual ultimate creep strain of the beams, with the
effect of the decreasing prestressing force is 16% higher
than the apparent creep strain, which is obtained by

assuming constant elastic strain. Section 6.8.

7.2 Recommendations

To determine the prestress losses which will occur in preten-

sioned prestressed concrete beams with or without bent tendons, the

following recommendations are suggested.
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Flastic losses can be accurately evaluated by equating
the strain of concrete to the change in the strain of
steel at the C.G.S. at transfer. (Section 2.2.1 and
Eouation (2.3)), in the region of full anchorage.
Equation (6.1),

r 28,5/ e
in which r 1s the ratic betweern ultimate creep strain
to elastic strain at transfer, can be used to predict the
concrete creep strain of the prestressed concrete beams.
Such an equation is approximate in its nature and needs
more experimental verification. However, in the absence
of any creep of concrete date, it may be usged.
Loss of prestress due to shrinkage cf concrete has a wide
margin of variation. The cdesigner should select the
shrinkage data derived from mixes which closely resemble
the mix to be used and curel under conditions similar to
the conditions to which the actual member will be exposed.
Loss of prestress due to creep of steel depends on the
type of steel to be used and the level of prestress. For
cold drawn, high carbon, stress relieved strand steel,
stressed to an original stress c¢f C.7 f;y this loss may
be taken as 4% in which only 1% occurs prior to transfer
of prestress,
Care should be taken to avcld loss of prestress due to

slippage of the chucks. This loss can be reduced by
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immediately rejacking the cable and shimming the result-
ing gap tightly by split washers.

The effect of the elastic resilience as discussed in
Section 6.8 should be considered by using Birkemmaier's
Equation (6.2), if the available data on creep of concrete
are for concrete cylinders and not for prestressed beams.
At points of cable bending, there may be some stress
concentration and web reinforcement might help in reducing
this effect.

For simply supported beams under uniform loads the reduc-
tion of the anchorage length to a minimum may result in

localized high stresses at the ends.
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