. MATERIALS

2-1 Concrete, Streng'th: Requirements ,

‘ ' F . irec d than for reinforced work.
Stronger concrete is usually required for prestressec : o1 L
Present practice in this country calls for 28-day cyhnfier strength of 4000 to 8000.
psi (28 to 55 N/mm?) for prestressed concrete, while the corresponding value
for reinforced concrete is around 3500 psi (24 N/mm?). The usual cube strength

specified for prestressed concrete in Europe is about 450 kg/cm?, based on 10-, -

15-, or 20-cm cubes at 28 days. If cube strength »is taken as 1.25 Fimes the

‘cylinder strength, this would correspond to
450 14.2/1.25="5100 psi cylinder strength
Although the above are the usual values, strengths differing from these are
i pecified. ‘

00;;}‘»;:: 1sltyresrlfgeth is necessary in prestressed concrete for several feasons. First,
in order to minimize their cost, commercial anchorages for prestressing steel are
always 'designed on the basis of high-strength conc.retg. Hence weake‘r concrete
either will require special anchorages or may fail 'under the application of
* prestress. Such failures may take place in bearing or in bond between steel and

concrete, or in tension near the anchorages. Next, concrete of high compressive.

strength offers high resistance in tension and shear, as well as in b_ond and
bearing, and is desirable for prestressed-concrgte structures whose various por-
tions are under higher stresses than ordinary reinforced concrete. Another fac‘to;
is - that high-strength concrete is less liable to the shx"xnk.age cracks whic
sometimes occur in low-strength concrete before the apphcauon.of prestress. .It
also has a higher modulus of elasticity and smaller creep strain, resulting in
loss of prestress in the steel. ' '
smlgcl;;rienée hgs shown that 4000- to 5000~p_si (28 to 34 N/ mmz)_ strength will
generally work. out to be the most economx.c.al mix for Qrcxtressed qoncrgte.
Although the strength of concrete to be specified for each job must be consid-

ered individually, there are some evident reasons why the economical mix -

usually falls within a certain range. Concrete strength of 4000 to 6000 psi (28 to
4] N/mm?) can be obtained without excessive labor or cement. The cost of

6000-psi (41 N/mm?) concrete averages about 15% higher than that of 3000-pst

(21 N/mm?) concrete, while it has 100% higher strength, which can be we}l
utilized and is often seriously needed in prestressed structures. To obtain
strength much greater than 6000 psi (41 N/ mm?), on the other hand, not only
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will cost more but also will call for careful design and control of the mixing,
placing, and curing of concrete which cannot be easily achieved in the field.

Strength of 6000 to 8000 psi (4155 N/mm?) will sometimes be specified for
precast, prestressed concrete beams. These strengths are commonly attained in
plant operations where good quality control can be assured. Higher strengths,
although sometimes adopted, are not in common use at this time.

To attain a strength in excess of 5000 psi (34 N/ mm?), it is necessary to use a
water-cement ratio of not much more than 0.45 by weight. In order to facilitate
placing, a slump of 2 to 4 in. (51 to 102 mm) would be needed, unless more than
ordinary vibration is to be applied. To obtain 3-in. (76 mm) slump with
water-cement ratio of 0.45 would require about 8 bags of cement per cu yd of
concrete. If careful vibration is possible, concrete with i-in. (13 mm) or zero
slump can be employed, and 7 bags of cement per cu yd may be quite sufficient.
Since excessive cement tends to increase shrinkage, a lower cement factor is
desirable. To this end, good vibration is advised whenever possible, and proper
admixtures to increase the workability can sometimes be advantageously em-
ployed.

Not only should high-strength concrete be specified for prestressed work, but,
when called for, such strength should be more closely attained in the field than
for reinforced concrete. Indeed, more parts of prestressed-concrete members are
subjected to high stresses than in reinforced concrete. Consider a simple pres-
tressed beam, for example. While the top fibers are highly compressed under
heavy external loads, the bottom fibers are under high compression at the
transfer of prestress. While the midspan sections resist the heaviest bending
moments, the end sections carry and distribute the prestressing force. Hence, in
a prestressed member, it is more important to secure uniformity of strength,
whereas in reinforced concrete the critical sections are relatively limited. Many
engineers believe that, if the concrete is not crushed under the application of
prestress, it should be able to stand subsequent loadings, since the strength of
concrete increases with age and since excessive overloads are very rare for many
structures. Fortunately, a 10% understrength of the concrete will result in very
little change in strength of a member, but the engineer should use reasonable
precautions to obtain the concrete strength specified.

It is general practice to specify a lower strength of concrete at transfer than its
28-day strength. This is desirable in order to permit early transfer of prestress to
the concrete. At transfer, the concrete is not subject to external overloads, and
strength is necessary only to guard against anchorage failure and excessive
creep, hence a smaller factor of safety is considered sufficient. For example, in
pretensioning work, a strength of 3500 psi (24 N/mm?) at transfer is often
sufficient for a specified 28-day strength of 5000 psi (34 N /mm?).

Direct tensile strength in concrete is a highly variable item, generally ranging
from 0.06f; t0 0.10f;, and may be zero if cracks have developed as the result of
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shrinkage or other reasons. Modulus of rupture in concrete is known to be
higher than its direct tensile Strength; ACI Code suggests 7.5\/Z as gn estimate
of modutus of rupture. : ' ’ ,

Direct shearing strength, not often used.in design, ranges from {0.50]; to
0.70f/. Beam shear produces the principal tensile stress, whose limiting value 1s
comrilonly gaged on the basis of direct tensile strength in concrete. Beam shear
strength is covered in Chapter 7.

2.2 Concrete, Strain Characteristics

In prestressed concrete, it is important to know the strains prodgced ai \:::g ztlcs)
the stresses. This is necessary to estimate tl?e loss of prestress 1n stg:: L«
provide for other effects of concrete shortening. Ij“or thc_e purpose of iscussi " )
such strains can be classified into four types: elastic strains, lateral strains, creep
i inkage strains. , . .

stf;;;:ﬁing;:;sn:k %he term elastic, strains is per}}aps a little a.mb1guousl, 1113;:
the stress-strain curve for concrete is seldom a'stralght line even at norix.na' o
of stress, Fig. 9.1. Neither are the strains entirely recqverable.hBt{t, e;x;rtlar; o ui
the creep strains from consideration,.the lower pornon.of_ the 1lrlxsda 1ancors
stress-strain curve, being relatively str'axght_ may be convem.eptly c;a e eete '["he
is then possible to obtain values for the modulus Qf elasticity o contcr th.e Lhe
modulus varies with several factors," notably the strength of concrete, th » i ;
of concrete, the properties of aggregates apc! .cement, and the (]Mmljruiﬁl o
modulus of elasticity itself, whether tangent, initial, or sccax.lt qxodu uz. 1'111 o
more, the modulus may vary with the speed of load application an . wit
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Fig. 2-1. Typical stress-strain curve for 5000 psi (34 N/mm®) concrete.
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type of specimen, whether a cylinder or a beam. Hence it is almost impossible to
predict with accuracy the value of the modulus for a given concrete.
As an average value for concrete at 28 days old, and for compressive stress up

to about 0.40f, the secant modulus has been approximated by the following
empirical formulas.

A. The ACI Code for Reinforced Concrete specifies the following empirical
formula:

E,=w'S33\/f (2-1)

where the unit weight w varies between 90 and 155 Ib per ft®> (1443 and 2485
kg/m?). For normal weight concrete this expression may be simplified as:

E =57,000Vf
B. Empirical formula proposed by Jensen:

6% 10°

T —— 2-2
1+(2000/f) (2-2)
which gives more correct values for £ around 5000 psi (34 N/mm?).
C. Empirical formula proposed by Hognestad: ’

E,.=1,800,000+460 C(23)

which gives results similar to the last one.

Plotting the above proposals in Fig. 2-2, we can see that those of Jensen and
Hognestad come quite close to the ACI values. Some equations for E_ give
values intended to represent modulus used for computing instantaneous beam
deflections while the others based on measured strains from cylinder specimens.

Authorities differ on the relation between the two kinds of moduli. Some tests
indicate the agreement of these two values; others tend to show that the
modulus for beams is higher than that for cylinders. Not too much work has
been done for the modulus of elasticity of concrete in tension, but it is generally
assumed that, before cracking, the average modulus over a length of several
inches is the same as in compression, although the local modulus in tension is
known to vary greatly. :

Lateral Strains. Lateral strains are computed by Poisson’s ratio.> Owing to
Poisson’s ratio effect, the loss of prestress is slightly decreased in biaxial
prestressing. Poisson’s ratio varies from 0.15 to 0.22 for concrete, averaging
about 0.17.

Creep Strains. Creep of concrete is defined as its time-dependent deforma-
tion resulting from the presence of stress. A great deal of work has been done in
this country on the creep or plastic flow of concrete.>*
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Fig. 2-2. "Empirical formulas for E_ for normal weight concrete.

A bref summary of a comprehensive investigation car.ried out at the stu'ver-
sity of California extending over a period of 30 years 1s now presented_. For
specimens of 4-in. (102 mm) diameter loaded in compression to 800 psi (5.52
N/mm?) at 28 days and thereafter stored in air at 50% relative humidity and

70°F, the findings are:

1. Creep continued over the entire period, but the rate of change at -thg later
ages was very small. Of the total creep in 20 years, 18-35% occurred_m' the
first two weeks of loading, 40-70% within 3 months, afld 60— 83% within 1
year. The average values were 25, 55, and 76% respectx_vgly. T:}rplcal creep-
time ratio curves with upper and lower limits are shown in Fig. 2-3 (from
reference 35). : _ . .

2. Creep increased with a higher water-cement rauo'and with a lower aggre-
gate-cement ratio, but was not directly proportional to the total water
content of the mix. » _

3. Creep of concrete was appreciably ‘greater for type IV (low-heat) than for
the type 1 (normal) portland cement. For type IV cement the creep was
greater for the coarse grind than for the fine, but the reverse was true for the
type I cement.. , . _ _

4. Creep of concrete was greatest for crqshed sandstone aggregate, followed in
descending order by basalt, gravel, granite, quartz, and !1mestone. The creep
for sandstone concrete was more than double that for limestone concrete.

For ages from 28 to 90 days at time of loading, for stresses from BOQ to 1200
psi (2.07 10 8.27 N/ mm?), for storage conditions which ranged from air at 50%
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relative humidity to immersion in water, and for specimen diameters from 4 to
10 in. (102-524 mm), the following statements apply.

1. The older the specimen at the time of loading, the more complete the
hydration of cement, the less the creep. Those loaded at 90 days had less
creep than those at 28 days, by roughly 10%.

2. The creep per unit of stress was only slightly greater at the high stresses than
at the low stresses.

3. The total amount of creep strain at the end of 20 years ranged from 1 to 5
times the instantaneous deformations (averaging about 3 times) while the
combined shrinkage or swelling and creep ranged from 1 to 11 times the
instantaneous deformations, the low values occurring for storage in water or
fog and for limestone aggregates.

4. The creep in air at 50% relative humidity was about 1.4 times that in air at
70% relative humidity and about 3 times that for storage in water.

5. Creep decreased as the size of specimen increased.

Only a limited amount of data is available concerning the creep of concrete
under high stress. Some of these data seem to indicate that when the sustained
stress is in excess of about } of the ultimate strength of concrete, the rate of
increase of strain with stress tends to get higher. It is possibie that this increase
can become quite pronounced as the stress approaches the ultimate strength of
the concrete.

Upon the removal of the sustained stress, part of the creep can be recovered
in the course of time.? Generally, it takes a longer time to recover the creep than
for the creep to take place. For the limited amount of data available, it can be
stated that roughly 80 to 90% of the creep will recover during the same length of
time that creep has been allowed to take place.

In Europe, the term creep coefficient C, is employed to indicate the total
strain §, (instantaneous plus creep strain) after a lengthy period of constant
stress to the instantaneous strain §; immediately obtained upon the application

of stress,” thus s

1
C.= 5,
This coefficient varies widely as reported from different tests, essentially because
of the difficulty of separating shrinkage from creep. For purposes of design, it is
considered safe to take C, as around 3.0. For posttensioned members, where the
prestress is applied late, the coefficient could be a little less; for pretensioned
members, where the prestress is applied at an early age, the coefficient could be
a little more,
This same term, creep coefficient, is sometimes used to denote the ratio of the
creep strain 8, (excluding the instantaneous strain) to the instantaneous strain 8,,
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thus

c=d
< S,

4

Hence care should be exercised to find out the exact meaning of ‘“creep
coefficient” whenever the term is employed. Using the first definition, the creep
coefficient is about 2.5 at the end of one year for the curve in Fig..2-3; using the
second definition, that same coefficient is only 1.5. | 1

Of the total amount of creep strain, it can be roughly estimated that about 3

. - - 1
takes place within the first 2 weeks after application of prestress, another §

within 2 to 3 months, another  within a year, and the last { in the course of
many years, Fig. 2-3. ' o
There is good reason to believe that, for smaller members, creep as well as
shrinkage takes place faster than for larger members. l{pon the -rgmoyal of
stress, part of the creep can be recovered in the course of time. Aggm, owing to
the difficulty of separating shrinkage from creep, the amount and speed of such
recovery have not been accurately measured. . . | o
Shrinkage Strains. As distinguished from creep, shrinkage in concrete is its
contraction due to drying and chemical changes dependent on time and on
moisture conditions, but not on stresses. At least a portion of the .shn'nkage
resulting from drying of the concrete is recoverable upon the restoration of the
lost water. The magnitude of shrinkage strain also varies with many fac}tors, and
it may range from 0.0000 to 0.0010 and beyond. At one extreme, if the concrete
is stored under water or under very wet conditions, the shrinkage may be zero.
There may even be expansion for some types of aggregates and cements. At the
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Fig. 2-3. Creep-time ratio curves.

Concrete, Strength Requirements 47

—
o
o

Upper limit ->/—————-—'—
/

/
Average of ]
56 cylinders>\/////_______..

\

Per cent of shrinkage at 20 yr

:) / 7 /<L0wer limit

010 days 28 days 90 days lyr 2y S5yr 10yr 20yr 30yr
Time after loading (log scale)

Flg. 2-4. Drying shrinkage-time ratio curves.

other extreme, for a combination of certain cements and aggregates, and with
the concrete stored under very dry conditions,” as much as 0.0010 can be
expected. Reference 5 lists test results showing the magnitude of shrinkage and
its rate of occurrence as affected by various factors. Fig. 2-4 shows some typical
shrinkage-time ratio curves taken from that reference.

Shrinkage of concrete is somewhat proportional to the amount of water
employed in the mix. Hence, if minimum shrinkage is desired, the water-cement
ratio and the proportion of cement paste should be kept to a minimum. Thus
aggregates of larger size, well graded for minimum void, will need a smaller
amount of cement paste, and shrinkage will be smaller.

The quality of the aggregates is also an important consideration. Harder and
denser aggregates of low absorption and high modulus of elasticity will exhibit
smaller shrinkage. Concrete containing hard limestone is believed to have
smaller shrinkage than that containing granite, basalt, and sandstone of equal
grade, approximately in that order. The chemical composition of cement also
affects the amount of shrinkage. For example, shrinkage is relatively small for
cements high in tricalcium silicate and low in the alkalies and the oxides of
sodium and potassium.

The amount of shrinkage varies widely, depending on the individual condi-
tions. For the purpose of design, an average value of shrinkage strain would be
about 0.0002 to 0.0006 for the usual concrete mixtures employed in prestressed
construction. The rate of shrinkage depends chiefly on the weather conditions.
Actual structures exposed to weather show measurable seasonal changes in the
shrinkage of concrete—swelling during rainy reasons and shrinking during dry
ones. If the concrete is left dry, there is reason to believe that most of the
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shrinkage would take place during the first 2 or 3 months. If it always wet, there
may be no shrinkage at all. When stored in air at 50% relative humidity and
70°F, there were indications® that the raté of occurrence of shrinkage is
comparable to that of creep and that the magnitude of shrinkage is often similar
to that of creep produced by a sustained stress of about 600 psi (4.14 N/mm?).

2-3 Concrete, Special Manufacturing Techniques

Most of the techniques for manufacturing good concrete, whether for plain or

reinforced work, can be applied to prestressed concrete. However, they must be-
investigated for a few factors peculiar to prestressed concrete. First, they must ~

not decrease the high strength required; next, they must not appreciably increase
the shrinkage and creep; they must not produce adverse effects, such as
inducing corrosion in the high-tensile wires. _

Compacting the concrete by vibration is usually desirable and necessary.
Fither internal or external vibration may be used. In order to produce high-
strength concrete without using an excessive amount of mortar, a low water-
cement ratio and a low-slump concrete must be chosen. Such concrete cannot be
well placed without compaction. There are only a few isolated applications in
which concrete_of high slump is employed and compaction may be dispensed
with. But it will be found preferable to use at least a small amount of
compaction for. corners and around reinforcements and anchorages.

Good curing of concrete is most important. Too early drying of concrete may
result in shrinkage cracks before the application of prestress. Besides, only by
careful curing can the specified high strength be attained in concrete. In order to
hasten the hardening process, steam curing is often resorted to in the precasting
factory; it-can also be employed in the field where the amount of work involved
justifies the installation. When field work of casting must be carried out in cold
weather, steam can profitably be used to raise the temperature of the ingredients
and the placed concrete in order that high strength may be attained within a
reasonable time. - ' _

Early hardening of the concrete is often desirable, ‘either to speed plant
production or to hasten field construction. Early high-strength concrete can be
produced by any one of a number of techniques or combinations of techniques.’
High early-strength cement or steam curing is commonly employed. Admixtures
to accelerate the strength should be employed with caution. For example,
calcium chloride, the most commonly used accelerator, even applied in normal
amounts, will increase shrinkage. There is evidence that it will cause corrosion,

which could be serious for the prestressing steel. When accelerators are used,

care must also be taken not to have the initial set take place too soon.
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Wetting admixtures to improve the workability of concrete may be found to
be profitable, since they may permit easy placing of high-strength concrete
without too high a cement content. Some of these admixtures tend to increase
the shrinkage and may offset the advantage of saving cement. Each must be
judged on its own merits in conjunction with the nature of the aggregates and
cement. Air entrainment of 3 to 5% improves workability and reduces bleeding.
When well-recognized, air-entraining agents are employed, there is no evidence
of increased shrinkage or creep. Hence proper application of air entrainment is
considered beneficial for prestressed concrete. o

Precast segmental construction has been recently developed for prestressed
bridges.!® Breaking up a bridge superstructure into transverse segments reduces
the individual weight and facilitates casting and handling, These segments can
be mass produced in a plant where rigid inspection and control can be effected,
or they can be poured-in-place on a traveling carriage. They are used for longer
spans than could be handled with a single beam cast in one piece, thus enabling
them to compete with structural steel on these larger spans. The joints for
precast segments are very thin epoxy-filled space with the end surfaces being
match cast for fit between segments. Posttensioning tendons are threaded
through to join the segments together, thus forming the completed bridge.

2-4 Lightwelght Aggregate Concrete

Since about 1955, lightweight concrete has been gaining in application to
prestressed construction, especially in California. The main reason for using
lightweight concrete is to reduce the weight of the structure, thus minimizing
both the concrete and the steel required for carrying the load. This is especially
important when the dead load is the major portion of the load on the structure,
or when the weight of the member is a factor to be considered for transportation
or erection.

It used to be a task to produce lightweight concrete of sufficient strength for
prestressing, but this is no longer true. With experience in control and design of
lightweight concrete mixes, 28-day cylinder strength of 5000 psi (34 N/mm?)
can generally be obtained with no difficulty, while 6000-7000 psi (41-48
N/mm?) or more can be reached if desired. Strength at 1-day transfer of 3500 or
4000 psi is frequently attained by the use of high-early-strength cement and
steam curing.

Data giving the physical and mechanical properties of lightweight concrete
made with aggregates throughout the country are given in a paper by Shideler. '
Those related to aggregates in the states of Texas and California are presented in
two other papers.'>'* While these test series did not yield identical values, some
general observations can be made from them. When quantitative values are
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desired for a particular lightweight aggrégaye used in a given_ lc?qallty,‘ it will be
necessary to examine the aggregate and compare 'n w1tt_1 -smnla; ones in- the
series, beén’ng in mind that exact values for either lightweight or regular welght
concrete can be obtained only when extensive tests have been conducted for that
particular aggregate, and the field conditions are 1_1nder Perfcct control. VF_'or-
tunately, a certain amount of tolerance is pemussxblfz so that wh.cn _properiy
designed and built, prestressed, lightweight concrete will b'ehaye.satxsfactonly.
One objection against lightweight concrete for Prestressmg is its low r.nodulus
of elasticity, which indicates more elastic shortening under t!:xe same unit stress.
This means that there is a slightly higher loss of prestress in the stecl.'lt also
means that for cast-in-place structures, a greater elastic movement wﬂ.l take
place under the application of the prestress. As a rough approximation, it may
be said that the E, for lightweight concrete averages about 55% the E, fzo_r
regular weight concrete. For f. between 3000 and 6000 psi (21_an,d 41 N/mm )
using 60% of Hognestad's formula for E, (p. 43). we get a fairly good approxi-
mation, o :
E,=1,000,000+ 250,

where £ = cylinder strength of concrete at the time EF is measured. However, E,
values may easily vary 20% either way from those given by the gbove formula,
depending on various factors, especially the nature of thg lxghtwelght aggregate.
The ACI equation (2-1) uses unit weight w directly to 9btam E, f-or lxghtwexght
concrete. Figure 2-2(b) simplifies use of the ACI equation for esn‘matmg E_ for
ightweight concrete. v

hggoissc%s’s ratio for lightweight concrete is apparently comparable to that for
sand and gravel concrete;' 2values between 0.15 and 0.25 have been reported with

value of 0.19.

an’l?t:,: l-taegnesilea ll;‘trength for lightweight concrete varies with di.fferentAtyp'es of
manufactured material. The properties of concrete made with a particular
lightweight aggregate should be available frogx th_e aggregate manufacturer, anq
actual results from tests should be used when avallabl'e. The ACI Code uses sp!n
cylinder strength as an index for evaluating cracking and shear' s.trength _1ln
lightweight concrete. For normal weight concrete the average splitting tensile

strength, f.,, is approximately 6.7/ f , but it falls below this value for some
lightweigh: concrete. The ACI Code provides that shear strength be modified

using actual f, /6.7 for \/}Z in formulas for shear strength. When the actual f,
is not specified, all values of V f; affecting shear strength »and cracking
moment are multiplied by 0.75 for “all lightweight concrete,” and 0.85 for

“sand-lightweight concrete.” Linear interpolation between these valu_es may be
used when partial sand replacement is used. The unit weight of lightweight
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concrete varies considerably, between 90 and 110 pef (1443 and 1763 kg/m?).
The addition of fine, natural sand somewhat increases the unit weight and is
also known to increase the workability and strength of the mix.

The shrinkage of lightweight concrete is apparently comparable to that of
similar sand and gravel concrete.!®> However, some tests showed that it was
slightly higher by 6-38%;'? while other tests indicated that it was much lower, **
Hence it is concluded that each lightweight aggregate must be studied by itself,
but the chances are that they will have no more shrinkage than sand and gravel
concrete.

Total creep strain in lightweight concrete is again comparable to that in sand
and gravel concrete for specimens under the same sustained stress. Some have
higher creep while others have less, probably by a maximum of some 20%, one
way or the other. For detailed infonnatiop, readers are referred to references 12,
13, and 14. It is generally agreed that both shrinkage and creep are related to the
cement paste and quite independent of the aggregates.

2.5 Self-stressing Cement

Types of cements that expand chemically after setting and during hardening are
known as expansive or self-stressing cements. When these cements are used to
make concrete with embedded steel, the steel is elongated by the expansion of
the concrete. Thus the steel is prestressed in tension, which in turn produces
compressive prestress in the concrete, resulting in what is known as chemical
prestressing or self-stressed concrete.

Modern development of expansive cement started in France about 1940.% Its
use for self-stressing has been investigated 1intensively in U.SS.R. since 1953.1¢
At the University of California, Berkeley, studies were directed toward the use
of calcium sulfoaluminate admixtures for expansive cements in 1956, and their
practical chemistry, manufacture, and potentials were analyzed and described in
a paper by Klein and Troxell.'"” The physical properties of one such expansive
cement were then further investigated, and resuits were presented in a paper by
Klein, Karby, and Polivka,'® while pilotary effort to study the structural possibil-
ities of such expansive cement, when used for prestressing concrete, was de-
scribed in another paper by Lin and Klein."

When concrete made with expanding cement is unrestrained, the amount of
expansion produced by the chemical reaction between the cement and water
could amount to 3~5%, and the concrete would then disintegrate by itself. When
restrained either internally or externally with steel or other means, the amount of

‘expansion can be controlled. By applying restraint in one direction, the growth

in the other two orthogonal directions can be limited because of the crystalline
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nature of the hardened paste. The Russian self-stressing cement fequ_ires hydrg—
thermal curing resulting in a quick setting, while the corgponent_ developed in
California requires water or fog curing under normal temperatures. dine ¢
When high-tensile steel is used to produce the prestress, say corresponding to
tensile stress at 150,000 psi (1,034 N/mm®) and an E; of 27,000,000 psi (186

kN /mm?), an expansion of

150,000
T —0.55%

27,000,000 ¢
is required. For other stress levels, varying amounts of expansion will be
required. For prdper development of the bond between steel and concrete,
mechanical end-anchorages might be necessary unless the steel has sufficient

corrugation to transfer the stress. ) ) o
Because of the expansion in all three directions, it seems difficult to use the

cement for complicated structures cast in place, such as buildings. nge\{er, fgr
pressure pipes and pavements, where prestressing in at least t.wo d;recnons 1s
desired, this type of chemical prestressing can be more econorm_cal than mecha-
nical prestressing; this is also true for precast slabs, walls, a}nd shell_s. Howevc_r,
rio immediate economy is seen in the making of beams which require eccentric-
prestressing. Unless the beam soffit is precast by itself, curvature of the beam
may result from steel embedded eccentrically in the beam. . :

Expanding cement has been successfully applied for many interesting projects,

especially in France. When a concrete block o_f expanding f:ement is cz}st as the
keystone for a concrete arch, it serves as a Jack,. producing the desired ar.ch
compensation to balance rib shrinkage and shqrtemgg. %en used for underpin-
ning buildings, it tends to lift the structure. without jacking. It can be uged-for
préssure grouting or for producing concrete pavements and slabs with no
shrinkage joints.

While many problems remain yet u

control of the stresses and strains, applications for a limited amou-nt of spdnlgag.e
‘compensation are found in the United States, while in the SoYlet Umgn, it is
:frequently used for stressing precast elements for thin shells which require iny

_concentric prestressing.

2.6 Steels for Prestressing
High-tensile steel is almost the universal material Afc_)r prqducing prestress and
supplying the tensile force in prestressed concrete. The ObYIOHS approach toward

nsolved concerning the use of expanding ‘
cement for seli-stressing, such as the chemical and physical stability and exact
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the production of high-tensile stgel is by alloying, which permits the manufac-
ture of such steels under normal operation. Carbon is an extremely economical
element for alloying, since it is cheap and easy to handle.? Other alloys include
manganese and silicon. Other approaches are by controlled cooling of the steels
after rolling and by heat treatment such as quenching and tempering, Beneficial
results have been obtained by quenching from the rolling heat at a given
temperature and also by interrupting the quench at a given temperature.

The most common method for increasing the tensile strength of steel for
prestressing is by cold-drawing, high-tensile steel bars through a series of dyes.
The process of cold-drawing tends to realign the crystals, and the strength is
increased by each drawing so that the smaller the diameter of the wires, the
higher their ultimate unit strength. The ductility of wires, however, is somewhat
decreased as a result of cold-drawing. A curve giving the typical variation of
strength with diameter is shown in Fig. 2-5. The actual strength, of course, will
vary with the composition and manufacture of the steel.

High-tensile steel for prestressing usually takes one of three forms: wires,
strands, or bars. For posttensioning, wires are widely employed; they are
grouped, in parallel, into cables. Strands are fabricated in the factory by twisting
wires together, thus decreasing the number of units to be handled in the
tensioning operations. Strands, as well as high-tensile rods, are also used for
posttensioning,

For pretensioning, 7-wire strands are almost exclusively used in the United
States and have replaced much of wire pretensioning in other countries. Al-
though strands cost slightly more than wires of the same tensile strength, its
better bonding characteristics make it especially suitable for pretensioning.

While the ultimate strength of high-tensile steel can be easily determined by
testing, its elastic limit or its yield point cannot be so simply ascertained, since it
has neither a yield point nor a definite proportional limit. Various arbitrary
methods have been proposed for defining the yield point of high-tensile steel,
such as the 0.1% set, 0.2% set, 0.7% strain, or 1.0% strain. The more commonly
accepted methods are probably the 0.2% set and the 1.0% strain.
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Table 2.1 Properties of Uncoated Stress-Relieved Wire (ASTM A 421)

Nominal Minimum Tensile Strength  Minimum Stress at 1% Extension
Diameter psi (N /mar’) psi (N/mm®)

in. (nm) Type BA® Type WA Type BA® Type‘WA
0.192 (4.88) 2 250,000 (1725) » 200,000 (1380) -

- ‘ 000 (1380)
0.196 (4.98) 240,000 (1655) 250,000 (1725) 192,000 (1325) 200,
0.250 26.35; 240,000 (1655) 240,000 (1655) 192,000 (1325) 192,000 (1325)
0.276 (1.01) @ 235,000 (1622) s 188,000 (1295)

* sizes are not com.moniy furnished in Type BA wire. o
b—lT-hy;e)See BA wiree .nis used for applications in which cold-end deformation is used for

p O in which
i urposes (button anchorage), and type WA is used for apphca.uon.s in W
?;: he:lr}dzgafe a.nchore(‘?i by wedges and no cold-end deformation of the wire is involved
(wedge anchorage). Examples of tendons v'vit.b button anchorages, more common in
United States practice, are shown in Appendix B.

2-7 Steel Wires

Wires for prestressing geﬁerally conform to ASTM S?,eciﬁca_txog A-421 for
“Uncoated Stress-relieved Wire for Prestressed Concrete.” They are made from
rods produced by the open hearth or electric-furnace process. After gold-drawp
to size, wires are stress-relieved by a continuous heat treatment to p;oduce-the
: ibed mechanical properties. ' . )
Pr'f;;?: tensile strength zndpthe minimum yield strength (measure§ by the‘ 1..0%
" total-élongation method) are shown in Table 2_-1 for’ lth'e common sizes c_)f wue:l.l :
A typical stress-strain curve for a’ stress—reheved' 3-in. wire conforxmng Fo 3
ASTM A-421 is shown in Fig. 2-6, with a typical modulus of elastxcﬁy of
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Fig. 2-6. Typical stress-strain curve for prestressing steels.
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29,000,000 psi (200 kN /mm?).. The specified minimum elongation in 10 in. (254
mm) is 4.0%, while a typical elongation at rupture is more likely from 5 to 6%.

Curves for a bar and for a 7-wire strand are also shown in Fig. 2-6, and in
Appendix B. Typical curves are considered to be sufficiently accurate for the
purposes of structural design. For computing exact elongations, it is advised that
accurate stress-strain relationships be obtained from the manufacturer or by
actual testing of specimens.

Wires are supplied in reels or coils. They are cut to length and assembled
either at the plant or in the field. Some steel may need a certain amount of
degreasing and cleaning before placement, in order to ensure good bond with
concrete. Loose rust or scale should be removed, but a firmly adherent rust film
is considered advantageous in improving the bond. ,

In continental Europe, smooth wires 2 and 3 (sometimes 2.5) mm in diameter
and corrugated wires of 4 and 5 mm have been employed in pretensioning work.
Small wires possess higher Junit strength and furnish better bond, which is
helpful. In order to save labor and anchorage costs, larger wires are preferred for
prestressing. ’

In England, wires are based on the British Imperial Gauge, No. 2 which has a
diameter of 0.276 in., exactly 7 mm, while No. 6 has a diameter of 0.192 in.,
which is very close to 5 mm. Hence gage Nos. 2 and 6 are sometimes called for
in posttensioning, while the exact equivalents of 7 and 5 mm (0.276 and 0.196
in., respectively) are also frequently employed. In Germany, corrugated wires
with oval cross section have been used for posttensioning. These wires have
areas of 20, 30, 35, and 40 mm?, with Oval 40 having a major diameter of 11 mm
and a minor diameter of 4.5 mm.

In this country, wires are manufactured according to the U.S. Steel Wire
Gage, No. 2 which has a diameter of 0.2625 in. (6.668 mm) and No. 6 has a
diameter of 0.1920 in. (4.877 mm). Neither of these is the exact equivalent of the
millimeter counterparts. Hence, when the European types of anchorages are
adopted, 0.276-in. and 0.196-in. wires are often specified. For posttensioning
systems developed in the United States, -in. (6.35 mm) wires have been most
commonly incorporated:

2-8 Steel Strands

Strands for prestressing generally conform to ASTM Specification A-416 for
“Uncoated Seven-wire Stress-relieved for Prestressed Concrete.” Two grades are
available, 250 ksi and 270 ksi (1,724 N/mm? and 1,862 N/mm?), where the
grade indicates minimum guaranteed breaking stress. While these specifications
were intended for pretensioned, bonded, prestressed-concrete construction, they
are also applicable to posttensioned construction, whether of the bonded or the




56 Materials

unbonded type. These seven-wire strands all have a center wire slightly la{‘ger
than the outer six wires which enclose it tightly in 2 helix with a uniform pitch
. between 12 and 16 times the nominal diameter of the strand. After stranding, all
strands are subjected to a stress-relieving continuous heat treatment to produce
ibed mechanical properties. : _
theSE\t::::r?re strands com]x)noﬁly used for prestressing conform. to the ASTM
A-416 S}Secific‘ations, having a guaranteed minimum ulti.xnate strefxgth of 250,090
psi or 270,000 psi (1724 N/ mm? or 1862 N/mm?). Their properties are listed in
Table 2-2. Since 1962, the stronger steel known as the 270K grade has been
produced by various companies. For the same nomial size, the 270k grade has
more steel area than the ASTM A-416 grade 250 and is about 15% str'onger (see
Appendix B). The 270K steel is now almost universally used for 7-wire strands
in the United States, for both pretensioned and posttensioned structures. Low-
relaxation strand is also available in both grades. . . :
A typical stress-strain curve for a stress-relived z-in. (127 rr_xm) 7-w;re. strand
(ASTM A-416 is shown in Fig. 2-6 (and Appendix B), which is also typical for'
strands of all sizes. For calculations, 2 modulus of elasticity of 27,500,000 psi
(189,610 N/mm?) is often used for ASTM A-416 250K grad_e and 270K grade
strand. The specified minimum elongation of the strand is 4% in a gage length of
24 in. (609.6 mm) at initial rupture, although typical values are usually in t}_xc
range of 6%. When these strands are galvanized, they are about'15% weaker in

strength and slightly lower in E, depending on the amount of zinc coating used.

‘The galvanized strand is not widely used in structural members and informgtion
about properties should be obtained from the manufacturer.

Table 2-2 Properties of Uncoated Seven-Wire Stréss-ReIieveq
Strand (ASTM A-416) ‘

i Breakin Nominal Area Minimum Load
;?m Strehgﬂ? of Strand at 1% Extension
in. (mm) b (kN) in.? (mnr) Ib (kN)

Grade 250 2650 (34.0)

0.250 (6.35) 9000 (40.0) 0.036 (23.22) .
0.313 (7.94) 14,500 (64.5) 0.058 (37.42) 12,3000 (54.7)
0.375(9.53) 20,000 (89.0) 0.080 (51.61) 17,000 (75.6) -
0.438 (11.11) 27,000 (120.1) 0.108 (69.68) 23,000 (102.3)
0.500 (12.70) 36,000 (160.1) - 0.144 (92.90) 30,600 (136.2)
0.600 (15.24) 54,000 (240.2) 0.216 (139.35) 45,900 (204.2)

| Grade 270 19,550 (87.0)
0.375(9.53) 23,000 (102.3) -0.085 (54.84) , .
0.438 (11.11) 31,000 (137.9) 0.115 (74.19) 26,350 (117.2)
0.500 (12.70) 41,300 (183.7) 0.153 (98.71) 35,100 (156.1)
0.600 (15.24) 58,600 (260.7) 0217 (140.00) 49,800 (221.5)
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As fabricated, 7-wire strands are several thousand feet long. When unwinding
strands, care must be taken in laying them along the path to prevent kinking and
permanent twisting of the strands.

2-9 Steel Bars

ASTM Specifications A-322 and A-29 are often applied to high-strength alloy
steel bars. It is usually required that all such bars be proof-stressed to 90% of the
guaranteed ultimate strength. Although the actual ultimate strength often
reaches 160,000 psi (1,103 N/msm?), the specified minimum is generally set at
145,000 psi (1,000 N/mm?). A typical stress-strain curve for these bars is shown
in Fig. 2-b from which it can be noticed that a constant modulus of elasticity
exists only for a limited range (up to about 80,000 psi (552 N /mm?) stress) with
a value between 25,000,000 and 28,000,000 psi (172,375 and 193,060 N/mm?).

The yield strength of high tensile bars is often defined by the 0.2% set method,
as indicated in Fig. 2-b, where a line parallel to the initial tangent is drawn from
the 0.002 strain, and its intersection with the curve is defined as the yield-strength
point. Most specifications would call for a minimum yield strength at 130,000
psi (896 N/mm?), though actual values are often higher. Minimum elongation at
rupture in 20 diameters length is specified at 4%, with minimum reduction of
area at rupture at 25%. Common sizes and properties of high-tensile rods for
prestressing are listed in Appendix B.

High-tensile bars are available with length up to 80 ft. (24.4 m). Because of
difficulty in shipping, the length may have to be further limited. But sleeve
couplers are available to splice the bars to any desired length. These couplers
have tapered threads in order to develop very nearly the full strength of the bars.
They have outside diameters about twice that of the bar and a length about 4
times its diameter. :

High-strength, specially deformed bars with ultimate strength of 160 ksi (1,103
N/mm?) are available in sizes 1 to 13 in. (254 mm-34.9 mm) diameter.
Ultimate strength of 230 ksi (1,586 N /mm?) is available for these bars with £ in.
(15.9 mm) diameter. The deformations on the bars serve as threads to fit
couplers and anchorage hardware. Splicing of the bars can occur at any point
where the bar may be cut since the coupler threads onto the special rolled-on
deformations which are continuous along the length.

Auxiliary reinforcement using nonprestressed steel is commonly employed in
prestressed construction. Steel of almost any strength will serve the purpose
when properly designed. Generally, reinforcing bars conform to ASTM Specifi-
cations A-15, A-16, and A-305, and welded wire mesh conforms to ASTM
Specification A-185.
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2.10 Fiberglass Tendons

'Fiberglass is manufactured by drawing fluid glass into fine filaments. The
possible use of fiberglass for prestressing has been under investigation for some
years. 2! 22. 23

Although fiberglass has not yet been commercially apphed in prestressed-
concrete construction, it does possess certain superior qualities that indicate high
promise for prestressing. An ultimate tensile strength of 1,000,000 psi (6,895
N/ mmz) is quite commornly obtained. Values as high as 5,000,000 psi (34,475
N/mm?) have been reported for individual silica fibers 0. 00012 in. (0.003048
mm) in diameter, it being known that the strength varies approxxmately in-
versely as the diameter of the fiber.

Fiberglass can be made in three forms: parallel chords, twisted strands, and
parallel fibers embedded in plastic. The last form in the shape of fiberglass rods
is considered most suitable for prestressing because of its relative simplicity for
handling, gripping, and anchoring. At Princeton University, three types of resin
have been tried out as bonding agents in the manufacture of fiberglass rods:
polyester, epoxy, and polyamide resins. To date, the rods laminated with epoxy
resins have appeared to be superior. A short-duration tensile strength has been
obtained in excess of 220, OOO psi (1,517 N/mm?), based on the gross area of the
rod.

Extensive research was conducted by the U. S. Army Corps of Engineers® on
both reinforced and prestressed elements utilizing fiberglass rods and fiberglass
tendons. For the prestressed test series, the fiberglass reinforced beams were
found to be inferior to the prestressed beams with steel reinforcement based on
an equal area of prestressing element. They recommended that fiberglass rein-
forcement be used in conjunction with conventional web reinforcement to avoid
diagonal tension failures and that shallow depths be avoided. Other studies®*?’
have shown that the behavior of fiberglass reinforced beam and slabs is
predictable, but the long-term performance of posttensioned elements with
fiberglass tendons seems questionable. ’

An advantage of fiberglass is its low modulus of elasticity, which ranges from
6,000,000 to 10,000,000 psi (41,370 to 68,950 N /mm?). With its high stress and
low modulus, the percentage of loss of prestress would be quite small. Other
advantages claimed for this material are high resistance to acids and alkalies and
the ability to withstand high temperature. However, some major problems must
be solved before it can be applied in practice. :

1. The static fatigue limit, that is, the long-time ultimate strength of f1berglass
rods as opposed to the short-time ultimate strength This is an important
problem since it is known that the duration of loading has a pronounced
effect on the ultimate strength.
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2. The dynamic fatigue limit of fiberglass or fiberglass rods, although there is
some evidence to indicate that this may not be a serious problem.

3. The chemical stability of fiberglass such as its reaction to the surrounding
concrete, especially under wet conditions.

4. The best methods of fabricating cords from fiberglass to obtain an even
distribution of stress so as to increase the ratio of the strength of cords to the
strength of individual fibers. The minimizing of shearing deformation of the
laminating material, since such deformation could result in the breaking of
the outer fibers with an inner core of fibers remaining intact.

5. The design of suitable end anchorages, since the brittle material is liable to
fail in the grip under the effect of stress concentrations and combined
stresses.

If these problems can be solved, there still remains a last hurdle: the
economics of the application of the material in competition with high-tensile
steel, which is being produced in large quantities and at relatively low cost. On
the other hand, it is conceivable that the special properties of fiberglass might
make it desirable in special situations, especially in very corrosive industrial
environments. .

2-11 Auxiliary Materials— Grouting

Among the special auxiliary materials required for prestressed concrete are those
for the provision of proper conduits for the tendons. For pretensioning, no such
conduits are necessary. For posttensioning, there are two types of conduits, one
for bonded, another for unbonded prestressing.

When the tendons are to be bonded, generally by grouting, the conduits
(ducts) are made of ferrous metal which may be galvanized. Materials com-
monly used for these ducts are 22 to 28 gage galvanized or bright spirally wound
or longitudinally seamed steel strips with flexible or semirigid seams. Rigid
tubing is sometimes provided by stiffening rods placed within the ducts, or rigid
tubes. Corrugated plastic ducts have also come into limited use recently.

It is also possible to form the duct by withdrawing steel tubing or rod before
the concrete hardens. More frequently, the duct is formed by withdrawing
extractable rubber cores buried in the concrete. Several hours after the comple-
tion of concreting, these cores can be withdrawn without much effort, because
the lateral shrinkage of the rubber under a pull helps to tear the rubber away
from the surrounding concrete. In order that the rubber cores may remain
straight during concreting, they are stiffened internally by inserting steel pipes or
rods into axial holes provided in the rubber. To maintain the cores in position
during concreting, transverse steel rods are placed under and over them at 3- to
4-ft (0.91-1.22 m) intervals. Sometimes rubber tubes inflated from their normal
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diameter can be substituted for the above rubber cores. These tubes can then be
deflated and withdrawn. ‘ ‘

When the tendons are to be unbonded, plastic or heavy paper sheathing is
frequently used, and the tendons are properly greased to facilitate }ensio‘m’ng
and to prevent corrosion. Rust inhibitors are usually added to the grease
together with additional compounds to ensure its uniform consistency in ex-

tremes of temperature. Asbestos fibers are often added to the grease to hold it .

together during application. Plastic tubes of the split type should be properly
overlapped and taped along the seams, so as to seal them against any leaka_ge of
mortars, which might bind the tendons to the tubes. When papers are spirally

wrapped ‘around the tendons, care should be exercised in wrapping so as to

avoid jamming of the papers when the tendons are tensioned.

For bonding the tendons to the concrete after tensioning (in the case of
posttensioning), cement grout is injected, which also serves to protect the; steel
against corrosion. Entry for the grout into the cableway is provided by means of
holes in the anchorage heads and cones, or pipes buried in the concrete
members. The injection can be applied at one end of the member until it is
forced out of the other end. For longer members, it can be applied at both ends
until forced out of a center vent. . i -

Either ordinary portland cement or high-early-strength cement may be used
for the grout with water and sometimes fine sand.’® Commercially available
additives developed to assure that sound grouting is possible. These materials
increase the workability of the grout and sometimes provide for shrinkage
compensation. For some situations where the grouting is vertica! in walls Qf
considerable height, special additives which prevent the segregan.on of water
from the grout should be added as tests have shown that the water rise to the top

results in a portion of the tendon being ungrouted. Such an unprotected tendon

may later have severe rusting which can produce failure. To ensure good bond
for small conduits, grouting under pressure js desirable; however, care should be
taken to ensure that the bursting effect of the pressure on the walls of the cable
enclosure can be safely resisted. Machines for mixing and»injecting the grogts
are commercially available. . o
Although sand is not used in grouting practice in the United States, it may
have advantages in tendons with large void areas. Fly ash and pozzolans are
occasionally added as filler material in the United States. Grouting pressure
generally. ranges from 80 to 100 psi (0.55 to 0.69 N /mm?) with a maximum
pressnire specified as 250 psi (1.72 N/ mm?). After the grout has dlschargeq fr9m
the far end, that end is plugged and the pressure is again applied at the injecting

end to compact the grout. Historically, it has been the practice to flush the ducts

with water before grouting is started, the excéss water being removed wjth
compressed air. In recent years, grouting experience has indicated that flushing
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may not be necessary. Grouting should not be done.in cold weather because of
the possibility that ice may be trapped in the duct, later leaving a void with
water which can cause corrosion. The PCI grouting specification has specified
concrete temperature of 35°F as the minimum temperature for grouting,.

Readers are referred to a paper by Professor Milos Polivka?® presented at the
FIP-RILEM Symposium on Injection Grout for Prestressed Concrete held at
Trondheim, Norway, 1961. This paper describes in detail the materials and
techniques used for grouting.

The Prestressed Concrete Institute has published? its “Tentative Recom-
mended Practices for Grouting Posttensioned Prestressed Concrete” in its journal
of November/December 1972. The Post-Tensioning Institute has published a
guide specification for grouting.>

2-12 Fatigue Strength

The fatigue strength of prestressed concrete can be studied from three ap-
proaches: that of concrete itself, that of high-tensile steel, and that of the
combination. It may also be studied by utilizing our knowledge on the fatigue
strength of reinforced concrete, since so much data has already been accu-
mulated.>***' There are, however, some differences between prestressed and
reinforced concrete. For example, in prestressed concrete, compression in the
extreme fibers is frequently near zero under dead load and increases to a
maximum under live load, thus varying throughout a wide range. Furthermore,
high-strength steel is prestressed to a high level, while its stress range is relatively
small.

For prestressed members under the action of design live loads, the stress in
stee] wires is seldom increased by more than 10,000 psi (69 N/mm?) from their
effective prestress of about 150,000 psi (1034 N/mm?). It is safe to say that, so
long as the concrete has not cracked, there is little possibility of fatigue failure in
steel, even though the working load is exceeded. After the cracking of concrete,
high stress concentrations exist in the wires at the cracks. These high stresses
may result in a partial breakage of bond between steel and concrete near the
cracks. Under repeated loading, either the bond may be completely broken or
the steel may be ruptured.

Numerous tests have been conducted on prestressed-concrete members, giving
considerable data on their fatigue strength. The results of these tests confirm the
ability of the combination to stand any number of repeated loads within the
working range. Failure started invariably in the wires near the section of
maximum moment and often directly over the separators where the wires had a
sharp change in direction or at positions where there were preformed cracks in
the concrete.
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Few tests are available concerning the fatigue bond strength between high-
tensile steel and concrete. But, from the results of tests on prestressed-concrete
beams, it seerns safe to conclude that, if properly grouted, bond between the two
materials can stand repeated working loads without failure. This is true because,
before the cracking of concrete, bond along the length of the beam is usually
low. . .

A rational method for predicting the fatigue strength of prestressed concrete
beams in bending has been developed by Professor Ekberg.>? It utilizes fatigue-
failure envelopes for prestressing steel and concrete, and relates them to the
stress-moment diagram for a beam. _ , ’

A typical failure envelope for prestressing steel is shown in Fig. 2-7(a). This
envelope indicates how the tensile stress can be increased from a given lower
level to a higher level to obtain failure at one million load-cycles. Note that all
values are expressed as a percentage of the static tensile strength. Thus the steel
may resist a stress range amounting to 0.27f,, if the lower stress limit is zero, but
only a stress range of 0.18f,, if the lower stress limit is increased to 0.40,,. Ata
lower stress limit of 0.90f,, or over, it takes only a negligible stress increase to
fail the steel at one million cycles. While this fatigue envelope varies for different
steels,3? the curve given here may be considered a typical one.
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Fig. 2-7. Method for predicting fatigue strength of prestressed concrete beams.
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The fatigue-failure envelope for concrete is given in Fig. 2-7(b). This is
analogous to (a) for steel, except it is drawn to cover both tensile and compres-
sive stresses. This diagram indicates that if the lower stress limit-is zero, a
compressive stress of 0.60f, may be repeated one million cycles. If the lower
stress limit is 0.40f, the stress range can be 0.40f;. If the compressive stress
limit is 0.20f, the tensile stress limit, to produce cracking, is 0.05f,.

A typical stress-moment diagram for steel is given in Fig. 2-7(¢), which again
expresses nondimensionally both the stress and the moment by relating them to
the static strength and the ultimate static moment. For example, when the
external moment is 70% of the ultimate static moment, the stress in the steel is
shown to be 0.80f,,. Similarly, Fig. 2-7(d) gives the concrete fiber stresses
relative to the moment. It is noted that under certain loading conditions, either
the top or bottom fibers can be under tension rather than compression.

Combining these four portions (Fig. 2-7) it is possible to determine the
fatigue-cracking moment and the fatigue-ultimate moment as limited by steel or
concrete. Starting on the stress-moment diagrams at the point of dead-load
stress, which represent the lowest possible stress level, we can trace three paths
as follows.

Steel: E-F-G-H
Concrete top fiber: I-J-K-L
Concrete bottom fiber: 4-B-C-D

The point H indicates that for a maximum moment of 0.68M,,,,, the steel will
fail in tension at one million cycles. The point L indicates, for a maximum
moment of 0.84M,,,, the top fiber will fail in compression at one million cycles.
The point D indicates that the fatigue-cracking moment is 0.50M,,;,.

Using this analytical approach, Ekberg studied the effect of the level of
prestress, the effect of over- and underreinforcing, and the cracking characteris-
tics. The following conclusions were reached:

1. Other conditions being equal, reducing the level of prestress considerably
reduces the fatigue-failure moment. This becomes evident when it is realized
that cracking would occur sooner for the lower level of prestress and a wider
stress range would occur for the steel.

2. Since fatigue failure in concrete is not the controlling criterion, over-
reinforcing will generally increase the fatigue strength. The optimum-fatigue
moment occurs for a percentage of steel higher than that indicated for a
static balanced design.

3. The ratio of dead-load moment to live-load moment has very little effect on

the fatigue-cracking moment. Although repetitive loading necessarily re-
duces the cracking moment, prestressing does delay the occurrence of cracks
very substantially.
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It is clear that the shape of the member and the location of the steel also have
to do with the fatigue strength. When reliable fatigue resistance is to be found, it
is desirable that the stress-moment curves and the fatigue-failure envelopes be
obtained for the given case and the analytical method outlined above be

followed for its determination.
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