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Abstract

There is a need for a more rational and unified approach to all types of concrete struc-
ture, reinforced of prestressed.

The first chapter explains in a historical review why the approach of reinforced concrete
and that of prestressed concrete have hitherto been very different. In outlining the
historical background it is also shown why there is so much confusion about partial
prestressing. In the second chapter it is explained with the aid of several examples that
also in prestressed concrete structures it is of prime importance to provide some basic
normal reinforcement. It is also pointed out that, in general, it is not possible sufficient-
ly to control the effects of imposed deformations and that normal reinforcement is
always needed for the purpose.

The avoid any misunderstanding, a new designation of reinforced and prestressed
concrete structures is introduced, namely, “Structural concrete”. In chapter three this
designation is defined. In addition, it is explained how important the role of the reinfor-
cement in these structures is and how it will be possible to introduce prestressing as an
artificial loading. The five main steps of design of structural concretes are discussed.
In chapter four some components of the “structural concrete” model are discussed,
namely: Prestress as an artificial load; the tension member in structural concrete
(control of cracking); the beam model with the incorporated tension member; and time-
dependent effects. In two appendices the engineering models of the tension member
and the beam, respectively, are described in greater detail for direct use in practice.



Structural concrete: Science into practice

Introduction

In the last two decades there has existed a tendency to “split up” concrete structures
into an increasingly large number of categories or so-called “classes”.

In the fifties, besides reinforced concrete, there was a revolutionary development of
prestressed concrete. This new construction method seems now to be subjected to an
“erosion process”. In Germany limited prestressing (beschrinkte Vorspannung) was
introduced. From the beginning there were already some ideas about partial pre-
stressing. And in the field of this partial prestressing there is in turn a development
towards new categories, characterised by several “degrees of prestressing”. Other
categories of prestress level have also been introduced. One can really speak of confu-
sion, especially if one also realises that structures belonging to these categories can be
designed with different combinations of reinforcing and prestressing steel. For each
combination, specific research programs are carried out and new theories for design and
dimensioning are developed.

In this paper it will be endeavoured to present a new, clear view of concrete structures.
In the model that will be presented, and which is designated as “structural concrete”,
there exist many structural design possibilities without having recourse to any cate-
gories, classes, etc. Therefore, instead of reinforced concrete or fully prestressed con-
crete or limited or partially prestressed concrete, only one designation is chosen, name-
ly “structural concrete”.

In this paper it will be shown why such a model is necessary, what the components are
and how this model can be used in the design and dimensioning of concrete structures.
The author believes that this new approach will present fresh challenges to concrete de-
signers and lead to better concrete structures in some cases, especially with regard to
economy and durability. He already has the experience that design based on this new
approach opens new possibilities for concrete as a structural material. He hopes in this
way to contribute to a forward-looking promotion of concrete, and he will therefore be
grateful for any support for, and critical comment on, these proposals. Only in thorough
discussion between specialists can a new approach be developed.

The discussion can start now!

1 A brief historical review
1.1 Reinforced concrete

In the last decade of the 19th century reinforced concrete came into widespread use as
a structural material.
In those days the calculation of the bearing capacity of reinforced concrete beams was



based on the so-called modulus method (n-method). This method has, for very nearly a
century now, proved to be a very suitable one.

In 1903 the first Swiss “Provisional Standards” for concrete structures were published
by S.ILA. Around the same time Standards for reinforced concrete structures were is-
sued in Austria and in Germany. In the Netherlands the first Standard was published bij
the Royal Institute of Engineers in 1912 [1]. The modulus method assumes that in bend-
ing plane sections remain plane (Bernoulli’s assumption), that the reinforcement resists
all the tensile force, and that there is a certain ratio (n) between the moduli of elasticity
of steel and concrete. This method been used up till now in many countries. And in
countries which abandoned this method there is already a discussion going on about re-
introducing it [4]. It is interesting to note that in the Standards for reinforced concrete
little, if anything, is said concerning the control of crack width and of deflection. By
adopting in the Serviceability Limit State (S.L.S.) “permissible” stresses for concrete in
compression and for steel in tension and compression, with stress levels dependent on
material properties, sound behaviour of the reinforced structure in service was assured.
And many still existing reinforced concrete structures, designed in accordance with
these rules, have shown that this approach really was satisfactory. Of course the calcula-
tion model used in the modulus method does not predict the stresses in the structures
very well, but it is very practical and useful. In the early sixties the “Modern Approach”
developed by C.E.B. was introduced [26]. This approach was used as a basis for newly
published Standards and Codes. The Ultimate Limit State (U.L.S.) was introduced with
a great flourish. And every specialist realised that, using this approach, the overall safe-
ty of every structure was the same, whereas that was not the case with the modulus me-
thod. In using the new approach drawbacks could not be avoided! At the time of the in-
troduction of reinforced concrete and its calculation method the number of concrete
structures to be built was small and the design of these structures was in the hands of a
few specialists. So the modulus method could be tried out in practice and was found to
guarantee sound concrete structures. In the sixties, concrete structures were widely
used. So, if the new approach had its limits, which were not very well defined, overstep-
ping these limits would cause problems.

The main problems encountered were unpredicted heavy cracking of the concrete and
unforeseen large deflections of beams and slabs, also increasing over longer periods.
Accordingly in those years there was a “boom” in crack width formulas and an ongoing
discussion about deflection and its method of calculation. In fact, these discussions are
not over yet. As a result crack formulas are regularly revised. Besides one is often faced
with problems of whether the concrete tensile zone is really cracked or not.
Especially in the case of slabs (low reinforcement ratio) this phenomenon can cause
considerable differences in deflection, also in course of time causing unforeseen
damage to brick walls, etc. supported on these slabs.

In the codes of practice one cannot find any relationship between serviceability limit
state, crack width, crack spacing and deflection. Yet in actual fact this relationship is ve-
ry close!



1.2 Prestressed concrete

During and especially after the Second World War prestressed concrete was developed
and brought into practical use. Freyssinet annouced it in 1942 as a “revolution in the art
of construction” because, due to this revolution,...

“Artificial loads and forces are introduced into structures for an unlimited time in such
a way that, in collaboration with all loads exerted on the structures, no stresses will
develop which cannot be resisted by the materials with complete safety for an unlimited
time” [5].

After more than 40 years of use of prestressed concrete it must be agreed that the intro-
duction of the prestressing technique really was a “revolution”, especially if the full im-
pact of this new construction method on the development of concrete structures as a
whole, as compared with the development of reinforced concrete in those days, is duly
realised. As Magnel, in 1948, wrote in his book [6], all the shortcomings of reinforced
concrete are overcome by prestressed concrete, such as cracking of the tensile zone,
problems with shear forces, cracking of concrete due to shrinkage and the impossibility
of taking advantage of improvement (increase) in the strength of concrete and reinforce-
ment.

In those days it emerged very clearly that, by prestressing, the whole cross-section is
activated to carry the loads. The stress distribution over the section, both due to bend-
ing and due to shear, is well known. Prestressed concrete structures were designed for
the serviceability limit state with permissible stresses in the concrete and steel.
Because uncracked concrete structures had been developed the role of the normal rein-
forcement was greatly reduced. In fact, it had a significant function to perform only in
the anchorage zone. The reinforcement used in prestressed concrete was almost non-
existent in many structures. On studying those old design drawings it is remarkable that
hardly any reinforcement was used. From my own experience I know that this
statement is true. Omission of reinforcement in prestressed concrete structures has in
general been practised up till now. In several modern Codes of Standards for pre-
stressed concrete no or virtually no rules are given for the dimensioning of the reinforce-
ment. It must be admitted that many “old” prestressed concrete structures have
behaved very well over long periods, but it is obvious that this omission of reinforce-
ment has also caused severe drawbacks. They will be discussed later in this paper.
In this review it must be mentioned that already at the start of prestressed concrete
construction it was realised that not only the behaviour under service conditions, but
also the safety against failure was important. In the Netherlands “Recommendations for
prestressed concrete” issued by the first national study group on prestressed concrete
“the STUVO” (founded in 1949) it is prescribed that the safety against failure must be
checked. In these recommendations the so-called “Stuvo formula” is given [10]:

My=(d—0.1h)-Ay-fyy-c

¢ =1 in the case of full bond of prestressing steel
¢ =0.65 in the case of no bond of prestressing steel



This formula is still used in the Netherlands Standard NEN 3880 [22]. Perhaps the
growing interest in the need to check the factor of safety was, in the fifties, the reason for
the C.E.B.’s approach to reinforced concrete design on the basis of U.L.S. with check for
S.L.S. On the other hand, up till now prestressed concrete structures are primarily
designed on the basis of S.L.S. with check for U.L.S. This again illustrates the confusing
approach to the design of concrete structures!
e Reinforced concrete since 1960:

U.L.S. check S.L.S.
e Prestressed concrete:

S.L.S. check U.L.S.
Why use these different approaches? Should not the same approach be adopted for both
constructions methods? This is also a question to which an answer must be given.

1.3. Partially prestressed concrete

It is obvious that though it was considered a revolution that concrete structures could be
designed in such a way that most of the concrete is under compression, so that no cracks
can occur, there was no general agreement with the ideas of some specialists to allow
cracks in prestressed concrete structures.

As far back as 1948 Magnel suggested in his book [6] that “perhaps a solution with only
half the prestressing force is advisable, because, if under a certain load, a crack appears
in the tensile zone, it will close if the load is decreased. Such a beam will be more eco-
nomical than a fully prestressed concrete beam”.

In fact, it was Abeles in the U.K. who tried to introduce partial prestressing. He pro-
posed reducing the steel stresses - or using a number of unstressed wires - in preten-
sioned prestressed concrete in order to limit the initial compressive stresses in the pre-
compressed tensile zones, without reducing the failure load of the structure. The
elements produced in this way were roof girders, bridge beams and electrification poles
[11].

Results of tests carried out on these elements show that under service load hardly any
cracking occured in the tensile zone.

Freyssinet strongly deprecated this approach and - speaking to Abeles - he said in a
lecture presented at the second F.LP. congress in Amsterdam in 1955:

“The bolts connecting the wheels to the axles of racing cars are always turned as tightly
as possible and not ‘partly tight’. This must also be the case with prestressing!”

In 1956, Swiss engineers introduced partial prestressing into bridge design.

From the book published to mark the inauguration of the Weinland-Briicke (May 1958)
it appears that in the transverse direction the upper flange of the box girder is partially
prestressed by combining normal reinforcement and prestressing technique.

Under service conditions the stresses are checked on the assumption of uncracked
sections and the stresses are also checked, on the assumption of a reinforced concrete
section with a cracked tensile zone [43].

These new developments were introduced by M. Birkennmaier, among others. Since that



time the use of partially prestressed concrete has been developed by Swiss engineers.
Therefore already in 1968 it was possible for the S.I.A. to publish a Standard which offi-
cially opened the way to the use of partial prestressing [15], and partial prestressing has
been the normal form of prestressed concrete construction in that country ever since.
This means that an impressive body of know-how on the behaviour of these structures
is already available. In general, “partial prestressing” has hitherto been a matter of
debate, and no commonly accepted approach has as yet emerged.
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Fig. 1. Weinland bridge, Switzerland. Reinforcement, prestressing and internal forces. (Repro-
duced from [43] pages 132, 133).

There are several reasons for this situation.

1. There is no generally accepted approach to partial prestressing. As long ago as 1968
the present author published a “staircase” of possibilities [12, 13].
That staircase still exists, but it is hardly understood how the steps really belong
together.

staircase

over-fully prestressed concrete (minimum compressive stress)

fully prestressed concrete (no tensile stresses allowed)

limited prestressing of concrete (some tensile stresses allowed)
prestressed concrete with cracks allowed

combination of prestressing and reinforcement

reinforced concrete with some artificial forces introduced by prestressing

reinforced concrete with “prestressed” reinforcement

O = N W A N

reinforced concrete




It is evident that in these possibilities one uses:

e only prestressing steel

e only reinforcing steel

e or a combination of both types of steel

In the U.S.S.R. and other countries of Eastern Europe, slabs and beams assignable to
“step 1” were extensively used for many years. In fact, with the exception of Switzer-
land and Eastern Europe, there cannot be said to have been any widespread accep-
tance of partial prestressing in other countries.

. Inomata, reporting the results of the F.I.P. symposium held at Bucharest in 1980,
speaks of “confusion” with regard to the definition of partial prestressing (18, 19).
This confusion exists also with regard to defining the “level” of prestressing. Some
authors define serviceability limit state conditions and use the concept “degree of
prestressing”:

M20
Mmax

Others define ultimate limit state conditions and use concepts such as:
e “mechanical reinforcement ratio”:

As 'fsy + Ap 'fpk
Ac'fcc

e “ratio of prestressing”

Ap 'fpk
As 'fsy + Ap 'fpk

Also of importance is the magnitude of the mean compressive stress which is
artificially introduced, and/or the magnitude of the bond between the tendons and
the concrete.

. In general, it is not clearly explained to practical designers what advantages are to be
derived from the use of partial prestressing. There is hardly any information on the
range of application of partial prestressing, its economic possibilities and its struc-
tural advantages.

An international symposium on partial prestressing was organized in Brussels as
long ago as 1966 [12]. For the first time an exchange of experience took place, but it
had only a very limited result.

The precast concrete industry in the U.S.A. is up till now not convinced that the use
of partial prestressing will result in economic advantages. They only expect advan-
tages of minor importance such as an increase in the factor of safety, the control of
camber and the possibilities of reduction of initial compressive stresses [23].

In Switzerland partial prestressing has been used on a large scale since its intro-
duction in 1968 with the S.I.A. Standard. Almost every prestressed concrete struc-
ture in that country is partially prestressed because this technique has been found to
result in more ecomomical solutions.



The design and dimensioning of partially prestressed concrete structures are rela-

tively complicated as compared with normal reinforced or prestressed concrete
structures.
The designer is confronted with theoretical problems which are not solved in a very
practical manner.

A simple approach to the design is not possible in many cases. The problems mentioned

are:
4.1.

4.2.

4.3.
4.4.

The influence of time-dependent effects on the stress distrubition in sections and
therefore on the load under which cracks are initiated in the tensile zone.

A concrete structure is conceived as consisting of sections in which the stress dis-
tribution is calculated independently of other sections. In doing so, one is confront-
ed with the stress distribution in a concrete section with prestressing steel and nor-
mal reinforcement. Due to time-dependent effects a redistribution of stresses over
the section will take place. This means that compressive stresses develop in the
normal reinforcement and that the tensile stresses in the prestressing steel and the
compressive stresses in the concrete tensile zone are reduced [14].

In statically indeterminate structures it is almost impossible to calculate these
effects and, if possible at all, the calculations are very complicated and time-
consuming. The results cannot be interpreted very clearly, because loads normally
change with time and therefore time-dependent effects are involved. Under
uncreasing or decreasing load the section acts as a composite section (concrete and
steel) and must be treated accordingly.

In the Swiss approach these complications are neglected. The losses of prestress
are determined in the same way as in normal prestressed concrete structures. This
“simple approach” has contributed greatly to the use of partial prestressing in that
country.

In fact, it is the “sectional approach” to the structure that complicates the calcula-
tion. On the other hand the “structural approach”, considers the structure as a
whole and not as an assembly of substantially independent sections.

Control of crack width.

No suitable methods for crack width control have yet been developed. The ”crack
formulas” used in reinforced concrete design are often adopted for the purpose,
and/or bar spacing is specified in relation to a limitation of the diameter of rein-
forcing bars [16]. In some cases hypothetical tensile stresses are introduced as a
basis for crack width control [17].

In Switzerland the reinforced concrete section of partially prestressed concrete is
treated as an eccentrically loaded section, concrete in tension being neglected [15].
This approach has proved to be very simple and practical.

The calculation of deformations (deflection, camber) is not at all simple.

The requirements with respect to the durability of the structure:

The conditions under which cracks are allowed in the concrete tensile zone are not
well defined.

This also relates to the minimum requisite cover to the tendons.



There are no requirements with respect to the maximum permissible stresses in
the prestressing steel crossing cracks and with respect to the permissible amplitude
in steel stresses in dynamically loaded structures.

4.5. The generally accepted method for the design of reinforced concrete structures in

the ultimate limited state cannot simply be applied to partially prestressed con-
crete structures [25].
Therefore it is impossible to give adequate rules for the detailing of the reinforce-
ment, because control of crack width and deflection is always necessary. This
means that there is a need for clear information on how to design partially pre-
stressed concrete.

1.4 Siructural concrete

At the “Advance Research Shop on Partial Prestressing”, held in Paris in 1984 [21],

the author made some statements on partial prestressing.

The first statement was as follows:

“Prestressed concrete has since about 1940 developed as a completely new method of

construction in concrete side by side with reinforced concrete. Although this separate

development has vastly increased the application of prestressed concrete and of con-

crete construction in general, it is now time to integrate the two construction methods

(reinforced and prestressed concrete) into one common and general “structural con-

crete” method.

This can lead to:

e new possibilities of concrete construction by utilizing the whole range between fully
prestressed and normally reinforced concrete;

e improvement of long-term behaviour of concrete structures (deformations, durabil-
ity,) both in the serviceability and in the failure states.

Integration of reinforced and prestressed concrete does not lead to abolition, but to ex-

tension and improvement, of building in concrete”.

In the present paper the features of the “Structural Concrete*”’model will be described
in detail in order to initiate discussion also at international level.

2 Structural problems illustrating the need for adequate normal reinforcement
2.1 Statically indeterminate prestressed concrete bridge beams

The longitudinal shape of the tendon profiles in statically indeterminate structures is
shown in Fig. 2.

This figure shows that the prestressing tendons are mainly concentrated in the bottom
flange of the beams at midspan and in the top flange above the supports. This tendon
profile can be determined bij means of the graphical method introduced bij Guyon and
shown in Fig. 3. This approach can be assumed to be well known to every designer of
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Fig. 2. Tendon profile - statically indeterminate beam.
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Fig. 3. Determination of the longitudinal shape of the tendon profile in a statically indeter-
minate beam.

prestressed concrete structures. It must be realised that the basis of the approach is o
avoid tensile bending stresses at every section of the beam.

Of course this graphical method can also be used in a case where limited tensile stresses
due to bending moments are allowed at every section. But due to the need to avoid (or
to limit) tensile stresses, the tendon profile in the longitudinal direction is more or less
imposed. The designer is very limited in his scope for choosing a simple tendon profile.
This imposed approach is the cause of many practical and structural problems such as:
construction problems;

problems caused by imposed deformations;

rotational capacity;

shear resistance.

All of these problems can be reasonably solved by using adequate reinforcement, as will
be shown here.

2.1.1 A simple tendon profile in view of construction problems

As already mentioned, the tendon profile in the longitudinal direction can be compli-
cated if it is based on the assumption that no (or limited) tensile stresses are allowed at
every section of a beam. Fig. 4 clearly illustrates the effect of this approach in the case of
a multispan box girder structure for a bridge.

Tendons are distributed in the bottom flange of the box girder at midspan and in the
upper flange over the supports. This means that the tendons are curved in several planes
(the webs and the flanges). The tendon profile is complicated and this awkward to
achieve in practice. But it can also cause secondary effects, affecting the durability of
the structures.

Because of the complex profile of a tendon it may occur that in certain - unpredictable -
parts of the tendon considerable transverse (radial) forces are exerted by it on the
concrete and that the latter is unable to resist these forces.

11



Fig. 4. Horizontal plan of tendons in a box girder (width exaggerated).

In French this effect is called “poussée a vide” (see Fig. 5). It sometimes causes con-
siderable splitting or spalling of concrete structures on exposed surfaces which will sub-
sequently play a major part in determining the appearance of these structures [48].
In the case of curved tendons lying side by side there is also the possibility that, on
stressing the cable in the other duct, this cable will be pressed into the inner duct due to
insufficient spacing of the ducts in relation to the magnitude of the radial force in the
curved parts.

Besides these effects, in multicurved tendons there is likely to be a high risk that the
tendons are not properly grouted.

Recent research in the Netherlands has shown that due to bleeding in the grout, also in
cases of secondary grouting of tendons, the ducts are not completely filled with
hardened cement paste [47].

Because this effect can be observed primarily in the upper part of curved tendons, there
is a possibility of severe corrosion of the prestressing steel in these - not correctly grout-
ed - ducts. This also shows that a simple tendon profile (in one plane) is very much to be
preferred because the undesirable phenomenon of insufficient filling of ducts with
grout will occur less in the case of such a tendon profile.

A simple profile means that there are no sharp curvatures over the supports. The
tendons run smoothly through the concrete structure. Therefore they are not confined
to the zone shown in fig.3. As a result, tensile stresses or perhaps cracks may develop in
certain parts of the structure where the centre of gravity of the tendons is situated out-
side the zone of confinement in the case of full prestressing. Of course, in these zones
normal reinforcement is now needed to control crack width. In a case where the number
of tendons is to be reduced to obtain a simpler tendon profile as compared with full pre-
stressing, normal reinforcement must be used to guarantee structural safety and
serviceability.

\%M_,W ‘;ﬂ/«%\\: :

Fig. 5. Radial forces causing damage. Fig. 6. Tendon pressed into an adjacent tendon.
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2.1.2. Imposed deformations

In 1980 some damage was discovered in a number of bridges and viaducts in the Federal
Republic of Germany (West Germany) and Austria. Wittfoht published a very interest-
ing paper [27] wich will here be referred to. It deserves careful study. The problems will
be discussed here very briefly.

The cross-sectional area of normal reinforcement in prestressed concrete bridges is,
generally speaking, very limited. This means that there are zones in statically indeter-
minate structures in which the tendons “undulating in the longitudinal direction” are
more or less confined to the centre of the concrete structure (box girder, for example).
These zones are in the vicinity of the “zero moment” zones of statically indeterminate
beams (see Fig. 2).

In general the cross-sectional area of the reinforcement in these zones is also very small
in relation to the concrete section. In certain bridge construction techniques the con-
struction joints are situated in these zones.

This means that the anchorage of most of the tendons are located at these joints and that
couplers are used in the tendons. Also, to fulfil practical requirements of execution,
hardly any reinforcement is continued across these construction joints. In this zone only
the anchorages of the prestressing tendons are situated, with the transverse reinforce-
ment needed to transfer the prestressing forces to the concrete.

In the case of imposed deformations (e.g., solar radiation causing a temperature
gradient over the depth of the structure) bending moments will be generated due to
restrained curvature. The magnitude of these bending moments depends also on the
stiffness of the structure (e.g., depth-span ratio). In the case of solar radiation these
bending moments will be positive over the whole length of the statically indeterminate
structure. They are constant over the whole length, with the exception of the end spans.
Inthe zero moment zones of the structure the tensile stresses resulting from these bend-
ing moments can, up to a certain magnitude, be resisted by centrically compressed con-
crete sections. However, due to the presence of relatively large anchorage elements a
part of the compressive forces is redistributed by time-dependent effects and therefore
more or less “flow” through the steel components and not through the concrete inter-
faces of the construction joint. This means that the compressive stresses are often consi-
derably reduced. At the construction joints the tensile strenght of the interface will be
low. Therefore imposed bending moments can, in many cases, exceed the cracking mo-
ment of these zones, so that large cracks will appear in the vicinity of the construction
joints. See Fig. 7, taken from [28].

This means that, after cracking, this joint will act more or less as hinge, this reducing the
effect of solar radiation, but adversely affecting the safety of the structure because the
anchorages and their couplers are subjected to hinge effects due to rotations.

This can also be the case in zero moment zones if the solar radiation is so intense that
the resulting bending moments exceed the cracking resistance of solid concrete
sections.

In some cases the radiation effects are increased by effects due to too much friction in

13



Fig. 7. Cracks in bridge structures:
a. Bridge slab.
b. Box girder (span-by-span construction).

the bridge bearings, which can result in large tensile forces if the temperature of the

structure falls (at night, in winter, etc.)

If sufficient longitudinal reinforcement is present in these zones, only controlled crack-

ing will develop in consequence of these imposed effects. Due to this cracking the struc-

ture will “soften” over a certain length, this reducing the imposed bending moments or

imposed tensile forces.

Fig. 8 shows the distribution of bending moments over the length of a bridge structure:

1. due to normal loads;

2. with the influence of solar radiation, assuming constant stiffness over the length of
the structure (no cracked zones) - linear elastic behaviour;

3. with the influence of solar radiation and the effect of “softening” due to controlled
cracking of certain zones.

Because the effect of solar radiation is, generally speaking, a stochastic effect, a struc-

ture should always be so designed that its sensitivity to these effects is fairly low. In

A

T

Fig. 8. Bending moments in a statically indeterminate beam.
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other words, one has to design in such a way that, due to softening of some zones with
accepted controlled cracking, the structure will respond within accepted limits of crack
widths, steel stresses, etc.

The effectiveness of this approach is also demonstrated by research carried out by
Cooke, Priestly and Thurston in the U.S.A. [29].

It will be stated here that, generally speaking, “ONE CANNOT SUFFICIENTLY CON-

TROL the effect of restrained imposed deformations by prestressing”.

This statement will be explained as follows:

1. In most cases the magnitude of an imposed deformation is not known very accurate-
ly. For example, the magnitude of heat flux into a concrete structure by solar radia-
tion depends on several factors such as time, season, duration of the heat flux, wind,
orientation of a structure with respect to the sun, etc. In some cases measurements
are made to determine this influence, but it is never certain that the measurements
have been performed on a “normal” day or on a day with very exceptional conditions.
So the distribution of this imposed deformation over a very long period is unknown.
It means that one cannot determine the probability that a certain imposed deforma-
tion will occur (once a year, once in a hundred years, etc.). So it is impossible “to take
account of the sun with sufficient accuracy in design calculations.” It means that a
particular assumption may be very greatly exceeded. The same considerations apply
to settlement, shrinkage, creep, etc.

Therefore it is necessary so to design a structure that it is less sensitive to the effects
of restrained imposed deformations.

2. The magnitude of an imposed deformation often makes it necessary to introduce
very high initial compressive stresses. In the case of a temperature change of short
duration or an one day/one night effect the response of a structure is almost linearly
elastic. So every change of temperature of one degree Celsius changes the stress by
an amount E. - @, i.e. means 0.3-0.5 N/mm?/°C. A daily change in temperature of a
restrained structural concrete element results in changes of stress of the order of 3-5
N/mm?. This value is already far beyond the tensile strength of the concrete. But in
many cases the imposed deformation is much more important, e.g. — 100 x 10~® and
perhaps — 300 to — 500 x 107, Then the extra compressive forces which have to be
introduced by prestressing in order to prevent cracking of the magnitude of 10-15
N/mm?. This will be impractical, uneconomical and in many cases impossible,
because the initial compressive stresses are too high and decrease considerably in
time due to creep effects.

Combining the two observations, it can be concluded that an uncracked prestressed
concrete structure is not well suited to resist imposed deformations from a natural
source. The structure is too stiff to respond adequately to imposed deformations, and it
has not enough sensitivity with respect to the stochastic character of imposed deforma-
tions of natural origin. As will be shown in this case, the acceptance of controlled crack-
ing can in many cases provide a solution for dealing with imposed deformations. In this
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respect prestressing plays a role of minor importance. This statement will be illustrated
with some examples.

Underpasses under major roads

For the convenience of pedestrians and cyclists small tunnels are often constructed
under main roads. They may have a length of 40 m or more. The same construction is

used for culverts in which canals or streams are routed across main roads. To prevent
cracking perpendicular to the axis of these small tunnels, prestressing is sometimes
used, thus introducing compressive stresses into the concrete. In fact, the structure is
thereby predeformed longitudinally.

Because, after construction, these tunnels are embedded in the dams of the road, sub-
stantial friction between the soil and the concrete structure can develop in course of
time. Due to temperature drop, combined with the effect of shrinkage of the concrete
and relaxation of the compressive stresses, the ultimate tensile strain of the concrete,
though somewhat improved by the predeformation, is too low to resist this imposed
effect without cracking. Since insufficient or indeed hardly any longitudinal reinforce-
ment is used, some large cracks will develop. Of course the same effect will also cause
cracks in underreinforced underpasses built of normal reinforced concrete [46].
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Fig. 9. Large cracks in an underreinforced underpass (measures in mm).

Box girders for bridges

The box girder is a well known and frequently used structural element in long-span
bridges.

In view of imposed deformations, the cantilevered parts of the top flange of the bridge
deck are in a much more unfavourable condition than the “spine beam” which is formed
by the actual box section.

In this box girder the daily change in temperature is small, due to the mass of the struc-
ture and the climate inside the “box”. The cantilevered parts, however, are exposed to
the open air both on the upper and on the lower face.
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Their dimensions are mostly kept to a minimurm, in order to reduce the dead load of the
bridge structures. Therefore these cantilevered slabs are prestressed transversely and
are uncracked. It is assumed that in prestressing the box girder its cantilevered parts are
also prestressed in the longitudinal direction. This would be true if the temperature of
the whole structure were constant with time. But this is not the case!

The cantilevered parts subjected to imposed deformations by day and night. This means
not only a continuous interchange of forces in the box girder beam between the spine
and cantilevers - temperature rise causes increase in compressive stresses and some
creep effects in the flanges, this relieving the spine; lowering of the temperature
produces the opposite effect but will also induce tensile stresses in the cantilevers,
resulting in cracks. If not enough longitudinal reinforcement is provided in these canti-
levered slabs, large cracks may appear in the transverse direction, especially over the
supports of the box girders if they are statically indeterminate.

Fig. 10. Box girder with flanges.

2.1.3. Rotational capacity of support zones

In fully prestressed concrete structures the tendons are mostly curved sharply over the

supports with the maximurm permitted curvature, as already mentioned. This means

that in the zones near the supports they ,dive” into the concrete structure, this leaving

its top zone without adequate reinforcement.

1t is well known that in normally reinforced concrete structures the reinforcement must

also be installed in the top zone near the supports. Due to oblique cracks in these zones

the cracks in the top part of the structure will develop over a considerable part of the

zone near the supports.

The bending moment distribution in these parts is “shifted” towards the span over a dis-

tance equal to the depth of the structure. But in fully prestressed concrete structures the

“reinforcing tendons” are sharply curved downwards in the immediate vicinity of the

support! Desk research carried out by Stuvo (30) has shown that fully prestressed con-

crete bridge structures actually display brittle behaviour near failure.

The following has emerged from that research:

a. The so-called “parasitic” bending moments still exist at failure. This means that at
failure the distribution of bending moments over the length of the structure is almost
the same as under linear-elastic conditions.
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b. In calculating the failure load of fully prestressed concrete structures it is not
permissible to use full plasticity because that will result in a much overestimated
failure load.

In fact the conclusion of this Stuvo report is that at failure fully prestressed concrete
structures do not behave with a fully plastic failure mechanisme. This means that, in
general, the rotational capacity of the support zone is insufficient. At failure only a
few large cracks will develop over the support and no oblique cracks. Because oblique
cracks increase the size of the elongation region of the upper zone, they contribute con-
siderably to the rotational capacity of the support zone (see fig. 11). But these cracks are
possible only if sufficient tensile reinforcement is provided in this zone. And of course
this reinforcement must be anchored in the concrete outside the support zone, in due
conformity with the rules widely accepted for reinforced concrete structures.

45° 145°

a +2h

Fig. 11. Cracking near the plastic hinge over the support.

Ifthe support zone is adequately reinforced it will possess sufficient rotational capacity;
in that case it will be possible to assume full plasticity of a hinge over the support
without overestimating the failure load.

Of course the amount of reinforcement in this zone must be in accordance with the laws
of sound reinforcement of the tensile zone. This requirement is fulfilled only with a
relatively large area of bonded reinforcement!

Fig. 11 shows the crack pattern of a support zone. The length of the plastic hinge over
the support is assumed to be (a + 2/). The maximum rotation of this hinge is (on both
sides of the support) 3x,(a + 2h), if %, is the maximum curvature at failure.
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2.1.4. Shear resistance

The shear resistance of the support zone can be considered in close relationship with

the rotational capacity of this zone.

In fig. 12 it is shown how in a fully prestressed concrete girder the failure load is trans-

mitted to the supports by the interaction of the concrete structure and prestress.

The load on the structure is carried in the span by:

a. The upward load exerted by the curved tendons as such (radial forces).

The curvature of these tendons is increased by the deflection of the girder. The
tensile forces carrying this part of the load are assumed to have the same magnitude
as the prestressing force before cracking of the tensille zone.

b. The upward load exerted by the (upward) curved compressive zone (arch action).
It can, however, be shown that in many cases the compression line (line of thrust) is
almost linear. This means that at failure the compressive force does not transmit any
load to the support zone.

This compressive force is assumed to have the magnitude of the prestressing force at
the ends of the statically indeterminate structure.

c. The load carried by a “reinforced” concrete structure composed of bonded tendons,
with increased tensile stresses due to partial cracking of the bottom flange.

Remark: Only the extra tensile stresses besides those introduced by prestressing are taken
into account here!

This part of the load is transferred to the support zone by arch action of the compressive
zone and curvature of the “reinforcement”.

The concrete arch and the “reinforcement” are connected to each other in the non-
cracked parts of the girder. Fig. 12 clearly shows that this “reinforced” concrete
structural element is not adequately reinforced.

The arch cannot develop properly and its anchorage in the “reinforcement” is poorly
detailed. This is also the case because stirrups cannot play a role in this anchorage zone!

tendons

Fig. 12. Transfer of load to support (no longitudinal reinforcement).
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In the same way - but upside down! - the load is transferred from the span to the support
in the support zone. Here, too, there is seen to be a pocrly detailed “reinforced” concrete
structure.

Fig. 13 shows the same girder, but now also provided with sufficient normal reinforce-
ment, mostly combined with reduction of the amount of prestressing. In this case the
reinforced concrete structure is satisfactorily detailed. The arch (or truss system) is
anchored in the tensile zone. The arch action of the compressive zone is therefore well
developed.

The stirrups reinforce this anchorage and “lift” the forces anchored at the bottom of the
beam towards the top of the beam. At the top of the beam these forces are in equili-
brium with those of the support zone and are transferred to the supports in the same way
as in the span. Comparison of the two diagrams clearly shows that without suitably
detailed longitudinal reinforcement a prestressed concrete structure cannot behave
well at failure. There is no clear “flow” of forces through the structure.
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Fig. 13. Transfer of load to support (sufficient longitudinal reinforcement).

From these four observations discussed in 2.1, it will be apparent that in every statically
indeterminate beam system, including prestressed concrete, adequate reinforcement is
necessary. This means that as a basis for such a concrete structure a certain minimum
amount of reinforcement is necessary to ensure sound structural behaviour under
service condictions and at failure.

2.2 Flat slabs and beam-and-slabs systems

Prestressing is often used, mainly with unbonded tendons, in the construction of car
parks, residential and other buildings. Here again the application of prestressing tech-
niques has caused many problems.

2.2.1 Flat slabs

In the Netherlands the use of unbonded tendons was introduced in the early seventies.
The field of application was slabs and flat slabs. Only the last-mentioned structures will
be discussed here.

Introduction of a prestressing technique into flat slab construction means simply that
the Standards for prestressing (the so-called part F of the Netherlands Standard) are
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applied to flat slabs. This Standard was not written with flat slabs in mind, but they were
not excluded either!

As aresult, flat slabs were designed and constructed according to these parts of the Stan-
dard. This resulted in the absence of normal reinforcement, with the exception of the
zones around the supporting columns. It is well known that the reinforcement also plays
a very important part during construction. Due to hardening of the concrete (shrinkage,
temperature) tensile stresses will already develop a few hours after concreting. At this
stage the role of the reinforcement is very important in avoiding cracks or in limiting
crack widths. Due to lack of any reinforcement, large cracks developed in the slabs in se-
veral directions, sometimes causing parts of slabs to become completely detached - ex-
cept for a few unbonded tendons - and collapsing after a time.

Of course very soon measures were taken to prevent these effects. Up till now, no
adequate solution for this problem has been found. This is only possible by adopting a
different approach in which basic reinforcement is required both in reinforced concrete
and in prestressed concrete structures. Now some “fudging” has been done by issuing
an extra Standard (part H of the Netherlands Standard) stating requirements for normal
reinforcement to be provided in slabs. But it is evident that problems such as those
mentioned here can in future be avoided only by adopting an entirely new conception of
concrete structures.

2.2.2 Beam-and-slab systems

In large office buildings or industrial buildings the concrete structure often consists of
slabs monolithically connected to the supporting beams. These statically indeterminate
beams are supported by columns. Normally such forms of construction are used in
multi-storey buildings.

The beam and slabs jointly transfer the load to the supporting columns. The beam is in
fact converted into a T-Beam by this combined action of slab and beam (see Fig. 14).

I -

slab

Prestressed concrete beams
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Fig. 14. Beam-and-slab system.
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If the beams are prestressed longitudinally, there arises a problem concerning the
effective flange width to take into account for calculating the section properties
(moment of inertia, section modulus, location of centre of gravity) of the T-beam in the
span and over the supports, because the effective flange width affects these properties.
In fact this problems cannot be adequately resolved in this way because the prestressing
force exerted by the tendons at the end supports is carried - after a zone of distortion -
by the entire cross-section comprising beams and slabs, but the upward or downward
load due to the curved tendons and the whole load of the structure is carried by part of
the beams and slabs acting together as T-beams.

It can be shown that in this case a good design can be obtained only by considering the
combined action of a reinforced concrete structure artificially loaded by prestressing. In
this respect the problems already referred to in 2.1 are of importance [50].

3 The model of structural concrete
3.1 Why structural concrete?

In this paper it has already been explained that in practice a very important distinction
has been introduced between reinforced concrete, partially prestressed concrete, pre-
stressed concrete with limited prestressing, fully prestressed concrete, etc.
Standards or codes of practice are issued in many countries for several of the above-
mentioned categories of concrete structures. The designation “structural concrete”
combines all these categories into one construction material called “structural concre-
te”. This means that there no longer exists any distinction in structural approach to the
categories mentioned.

The second reason for this designation lies in the diagnosis made in the foregoing chap-
ters that there is, generally speaking, always a need for a certain minimum amount of
reinforcement in every concrete structure, not just in reinforced concrete. In contrast
with common practice the basis of every structure - reinforced or prestressed - will
be, in this approach, a reinforced concrete structure which is not, or is somewhat, or is
substantially strengthened by the introduction of artificial loads (or forces) by means of
prestressing systems.

As requisite minimum reinforcement in a structure can also be provided in pretensio-
ned prestressed concrete, the prestressing steel in such structural elements is fully bon-
ded to the concrete and well distributed over the cross-section.

So in this case it acts as bonded reinforcement even already in the early stage after con-
creting and during hardening of the cement paste. Of course one has to be careful
because the sensitivity of the prestressing steel to corrosion is much greater than that of
normal reinforcement. The prestressing steel is directly embedded in the concrete with
normal cover, so one must be very cautious about allowing cracks in the tensile zone of
pretensioned prestressed concrete beams. Because such structural elements are facto-
ry-produced, their shape, cross-section, etc. are developed for economical factory pro-
duction. Therefore the design of these elements is quite different from the design prin-
ciples applied to normal concrete structures, mainly concreted in situ.
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Because the designation “structural concrete” is now used for all concrete structures
containing basic reinforcement, unreinforced concrete structures must now be designa-
ted as “unreinforced structural concrete” (dams, walls of housing structures etc.).
This type of concrete structure has to be treated differently from the structural concrete
discussed in this paper.

Structural concrete covers the whole field of application of (normally) reinforced con-
crete structures with or without artifcial loading by prestressing. The following defini-
tion of structural concrete can therefore be given:

“Structural concrete” structures are built of reinforced concrete which can - optionally in
combination with artificial loading, introduced by prestressing techniques - resist, in a con-
trolled way, all the actions exercised on these structures by loads, imposed deformations
and other influences (earthquakes, explosions, etc.) Moreover, these structures must be
constructed in a safe and economical way.

In this definition “controlled way” indicates control of deformations, cracking, durabili-
ty, structural safety, etc.

It must be clear stated that there are perhaps other possibilities which can be regarded
as partially prestressed concrete. In view of its importance in the field of developments
in concrete construction, “structural concrete” as has already been defined here will be
mainly considered in this paper.

3.2 The role of the reinforcement

In structural concrete the role of the reinforcement is very important. This means that -
in general - every concrete structure needs basic reinforcement. In combination with
added reinforcement and/or prestressing the structure will resist all the influences
acting on it (loads, imposed deformations, etc.) In general terms the role of this rein-
forcement can be described as follows.

3.2.1 During the period of construction

Limiting cracking of the “green” concrete due to shrinkage, temperature gradients, etc.
In this part of the life of a concrete structure the role of the reinforcement is already very
important and cannot be neglected.

32.2 Serviceability limit state

Control of crack width due to the influence of loads and imposed deformations: Espe-
cially in the cases where free deformation of a concrete structure subjected to imposed
deformations is resisted by other structural components or by the shape of the structure
itself (circular tanks) the role of the reinforcement in controlling crack widht is pre-
dominant. In these cases it is hardly possible to control these effects by prestressing as
such, as has already been explained in Section 2.

Normal reinforcement not only contributes to controlled cracking but - in the case of
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concrete structures with a cracked tensile zone - also affects the stiffness of the struc-
ture. In the case of imposed deformations it therefore reduces the internal forces intro-
duced by these deformations.
In concrete structures the normal reinforcement is very important to control crack
width under the influence of several actions. Therefore it is necessary to provide the
practical designer with appropriate “design tools” for the calculation of the correct rein-
forcement.
The control of crack width of concrete depends on a number of factors, such as:
1. the tensile strength of the concrete;
2. the bond behaviour of the reinforcement.
With regard to this behaviour the surface of the bar (plain or ribbed), the concrete
strength and the cover to the reinforcement are of importance;
. the diameter of the reinforcing bars;
. the detailing of the reinforcement - bar spacing and quantity of reinforcement;
. the magnitude of the imposed deformations (shrinkage, temperature);
. the crack widths which are permitted in view of durability.
Only a simple but adequate model, to be used in several types of structures, can fulfil
the designers’ requirements. Such a model will be described in Chapter 4.

[SANRSAE

323 Abnormal conditions, calamities

Normal reinforcement contributes to the fire resistance of concrete structures. In the
case of earthquakes, adequate reinforcement can provide sufficient ductility of a con-
crete structure, especially of its connections, and can therefore prevent premature
failure. Under impact loading the reinforcement also provides sufficient resistance of
the structure thus affected. In the case of impact by (very) cold liquids (so-called “cold
spot” problems) adequate reinforcement can provide sufficient structural safety.

324 Ultimate limit state

Normal reinforcement can ensure overall structural safety. With adequate reinforce-
ment a concrete structure can behave in a ductile manner. This reinforcement can make
sure that there is sufficient plasticity of the structure on approaching failure. In this con-
text the rotational capacity of statically indeterminate beams over supports, already dis-
cussed earlier, calls for mention. It is very important that concrete structures should
“give warning” of overloading before they collapse due to excessive cracking and deflec-
tion. Brittle failure of an overloaded concrete structure can be permitted only under
very severe restrictions.

3.3 The introduction of prestressing

In general the prestress which is introduced into concrete structures can be primarily
regarded as an artficial load (see Fig.19).

24



This artificial load normally consists of two components:

- compressive force introduced into the structure in the anchorage zone;

- transverse forces perpendicular to the axis of the prestressing tendons in the curved
part of these tendons.
Particularly this transverse force can, more or less, “balance” the load on the struc-
ture. Already in the sixties this approach was developed by several designers, e.g.,
T.Y. Lin in the U.S.A.

Of course this behaviour of the prestress is very important under normal conditions. If

the prestressing steel is bonded to the concrete it acts - more or less - as reinforcement

in the case of cracking of the tensile zone.
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Fig. 15. Prestressing and normal reinforcement in slab to column connection.

It depends on the strength of the bond, as compared with the bond of normal reinforce-
ment, whether this contribution of the prestressing steel to controlling the crack width
is of interest or not. The fact that - in the case of a cracked tensile zone - the stressin the
prestressing steel may increase shows that this phenomenon must not be ignored.
There is a possibility that the magnitude of the increase in stress in the prestressing steel
across cracks is unacceptable under static conditions (durability) as well as under dyna-
mic loading. Bonded prestressing steel also contributes to increasing the failure load of
concrete structures.

The introduction of prestressing as a very real “artificial loading” can be illustrated by
prestressing with unbonded tendons, widely used in flat slabs (see fig.15),and by the use
of external tendons in bridges built in France and in the U.S.A.. (see Fig. 16). In both ca-
ses the function of the prestressing is mainly that of an artificial loading. The pre-
stressing steel does not play a role in controlling crack width (if cracks are permitted).
Also, at failure the increase in the tensile force in the external (or unbonded internal)
tendons is small because it is caused only by the deflection of the whole structure.
This shows the importance of the model of structural concret, a mode] with always a
certain minimum of reinforcement. In this respect it must be mentioned that several of
the bridges built with external described here because they are composed of prefabrica-
ted (precast) elements without longitudinal reinforcement across the joints.
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Fig. 16. Box girder prestressed with external tendons; taken from [49].

3.4 The design procedure

The designe procedure for “structural concrete” will be described here in more detail.
The procedure may comprice several steps (see fig. 17).

341 Step 1: The starting point is a concrete structure or a concrete
structural element of which are known:

The shape and dimensions of the cross-section, e.g. rectangular beam, T-beam, box
girder, slab;

the span, distance between columns, supporting slabs;

the type of support;

the construction method (concreted in situ, precast construction);

the quality of the materials (concrete and steel) to be used in the structure.

i

This concrete structure, presumed to be of reinforced structural concrete, is provided
with basic reinforcement, e.g. a certain minimum cross-sectional area of reinforcement
in beams, slabs and columns. The reinforcement is also installed in the cross-section
and in the transverse direction of box girders. This basic reinforcement is, in general,
specified in the national standards for reinforced concrete structures.

It is assumed that the loads, imposed deformations, etc. are also known.

This basic reinforcement can be determined with the rules, given in C.E.B. model code
and National Standards.

It is assumed that in step 1 the loads and the expected imposed deformations for which
the structure must be designed are also known.
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Fig. 17. The model of structural concrete. Notation is explained in Chapter 8.

3.42 Step 2: Artificial loading (see fig. 18)

The structure is assumed to be prestressed. (This is not essential per se! In some cases
this step can be omitted. It is then a case of designing an “ordinary” reinforced concrete
structure!).
There are a number of reasons for considering the introduction of prestressing in a
basically reinforced structure, e.g.:
- Limiting the deflection of the structure:
By prestressing, a part of the total load acting on a concrete structure can be balanced,
no time-dependent deflection of the structure will occur (only axial shortening);
- Influencing the live load causing tensile flexural stresses:
In this case it is possible to influence the live load which will cause cracks in the
tensile zone and therefore also the live load at which existing cracks will close on
unloading. The choice of the magnitude of the live load at which cracks start to re-
open can be based on the need for sufficient stiffness of the structure under certain
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load conditions and the need to avoid open cracks in the tensile zone under sustained
load, e.g. with a view to ensuring the durability of the structure in an aggressive
environment;

- Assurance of liquid-tightness - depth of the compressive zone, limitation of crack
width in the tensile zone - in walls of liquid-containing tanks;

This can be especially of importance in the case of temperature gradients in the wall.
In circular tanks the circumferential prestress is, in fact, a preload of the wall in the
opposite direction to that of the liquid load;

- Balancing of a part of the live load on heavily loaded concrete structures:

The aim of this balancing may be to reduce the depth of the structure or to obtain a
simple cross-sectional shape, e.g. T-section instead of I-section. The shape can this be
made very suitable for constructing the mould and therefore contribute to greater
economy of construction;

- Influencing the behaviour of a restrained concrete structure in such a way that above
a certain level of imposed deformations the structure will “soften” due to controlled
cracking, this avoiding an unacceptable increase in internal force caused by these im-
posed influences, such as temperature gradient, shrinkage gradients, settlements.

To determine the mode of prestressing, it is necessary primarily to choose:

1. The prestressing system; the type and tensile capacity of the tendons to be used; bon-
ded or unbonded tendons.

2. A simple shape of the tendon profile over the length of the structure. The curvature
of the tendons must, preferably, lie within one plane (no curvature outside this
plane!). This is very important with view to economical construction, effective grou-
ting of the ducts, and the possible occurrence of unforeseen transverse forces in
curves of tendons near the surface of the structure, causing spalling of the concrete
cover, as already discussed.

3. The magnitude of the initial prestressing force including the effects of friction of
tendons in the ducts during the prestressing operations.

4. The magnitude of the working (effective) prestressing force, i.e. taking account of the
losses of prestress due to shrinkage and creep of the concrete and relaxation of the
steel.

In this step the bending moments, the shear forces and the deformations can be calcula-

ted assuming a linear-elastic state of stress in the structure.

The result of this design step will be a concrete structure with basic reinforcement and a

number of tendons with simple profiles over the length of the structure.

3.43 Step 3: Checking the factor of safety - Ultimate Limit State
(U.L.S))

In this step the failure load of the structure will be calculated. If the factor of safety is
acceptable and in conformity with the requirements, no further investigations are
necessary in this step. If the factor of safety is insufficient, normal reinforcement can be
added in the tensile zone to fulfil the requirements. In the calculation of the failure load
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of the structure the rotational capacity of critical zones (especially over the supports)
must be taken into account. If this capacity is insufficient, adequate measures must be
taken.

3.44 Step 4: Checking the structure in the Serviceability Limit State
(S.L.S.)

In this step the following effects must be checked:

- Deformations, including time-dependent ones; stiffness of the structure:;

- Maximum steel stresses in the normal reinforcement as well in the prestressing steel;

- The amplitude of the steel stresses in the case of cyclic loading;

- The crack width (and its development with time), especially with regard to require-

ments of durability;

The safety of the structure in various stages of the construction process.

If this check reveals that some requirements are not fulfilled, it will be necessary to take

a step back in the design process either by reshaping the cross-section (for example,

altering the depth) or by changing the artificial loading by prestressing and/or normal

reinforcement.

The normal reinforcement must be so detailed as regards bar diameter and bar spacing

that the requirements of crack width and crack distribution can be fulfilled.

In Chapter 4 some components of the model of structural concrete are described which

can be used as design tools.

The relationship load (bending moment) - crack width - stiffness can be determined

with these components. In the case of alternating (dynamic) loads the amplitude of the

changing steel stress can also be calculated.

If it is not possible to achieve a sound structure ~ with respect to crack width, stiffness,

variation in steel stresses, etc. - with practical values for bar diameter and bar spacing,

then it will be necessary to go back into the design procedure.

The following possibilities must be considered:

- enlarging the cross-section of the longitudinal reinforcement (in most cases this is
neither economical nor practical);

- increasing the artificial load due to prestressing;

- adapting the cross-sectional dimensions of the concrete with respect to depth and
other dimensions or shape.

In the case of imposed deformations it must be checked that:

- cracking of the concrete tensile zone does not start below a certain agreed level of
bending (load + imposed deformations);

- the stiffness of the structure is so reduced that the reduction of bending moments and
forces which is due to imposed deformation is sufficient. If this reduction is not suffi-
cient, the decompression bending moment must be decreased by reduction of the
prestressing forces.

In this step it must also be checked that the other requirements are fulfilled in choosing

a certain level of artificial loading (prestressing).
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Fig. 18. Moment-curvature relationship of structural concrete.

Fig. 18 illustrates the approach with a moment-curvature diagram. In this diagram the
following bending moments are indicated:

M, =due to balanced load

M; =due to dead load

My, = Mg =due to decompression of tensile zone (in fact, the “start” of the
behaviour of the structure in the manner of normal reinforced
concrete)

M, .x=due to total load

M, =crack pattern fully developed under rapidly imposed loading

M, =crack pattern fully developed under slowly imposed loading

In this diagram the dot-dash line shows the moment-curvature relationship for the case
where M is held constant at every level.
The time-dependent deformations have taken place at the end of the period
t=0-t=o00.
The diagram shows that, due to these time-dependent effects, the bending moment M;,
is much smaller than M;;. This means that, for example in the case of slowly developing
settlements, the “softening” of the structure already starts at lower bending moments
than in the case of rapidly imposed loading (e.g. daily changes in temperature).
There are several considerations on which the choice of magnitude of the artificial load
introduced by prestressing may have to be based:
Arrow 1 Radial forces due to curved prestressing tendons balance the dead load and
normal sustained load.
In this case no important time-dependent deflection will occur.
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Arrow 2 The bending moment M, due to dead load (and sometimes in combination
with normal sustained load) is smaller than the decompression moment M,y
This means that under normal conditions there are no open cracks in the
tensile zone because there are now active compressive stresses in this tensile
zone.

Arrow 3 In the case of the maximum bending moment M.« the crack distribution in
the tensile zone is not fully developed. It means that the crack width is
controlled and some unforeseen extra imposed deformations will not cause
excessive cracking.

Arrow 4 Choice of the magnitude of the artificial loading by prestressing to such a
level that under rapidly imposed deformations the cracks in the tensile zone
are under control also in the case of repeated imposed effects (solar radia-
tion). As already explained, the bending moment M, due toslowly increasing
imposed deformation settlements will be smaller than M;, due to rapidly in-
creasing deformations.

345 Step 5: Detailing of the reinforcement - shear - torsion

Step 5 will comprise other checks, such as: shear resistance, effect of torsion and, last
but not least, detailing the reinforcement and the prestressing. This means, for exam-
ple, determining the cross-sectional area of stirrups.

The given design procedure is a well-known one. If step 2 in this procedure is omitted,
one is left with the normal procedure used for reinforced concrete structures.

The set-up of the procedure also shows the smooth transition from “normally” reinfor-
ced concrete due to the introduction of prestressing techniques towards partially and
fully prestressed concrete. It must be realized that in the latter case a suitable quantity
of basic - normal - reinforcement is also required!

3.5 Possibilities for the introduction of prestressing in reinforced concrete structures

Introduction of prestressing offers many (new) possibilities in the design of concrete
structures, such as:
1. Possibility of simple and more economical methods of construction;
Simple tendon profile over the length of the structure;
Limiting the number of tendons by taking full account of the normal reinforcement
[24];
Simple shape of moulds [24];
Limiting initial compressive stresses - after prestressing - in precast elements, thus
increasing the loadbearing capacity in some cases (e.g. short span - large live loads)
[24];
Simple way of reinforcing flat slabs and beam-slab systems, for example;
Simple wall-to-base connections in liquid-containing tanks [24; 41];
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Simple methods of construction, e.g. in bridge construction, by limiting steps in the
construction procedure.

2. Increasing the loadbearing capacity of heavily loaded structures, such as the roofand
invert of submerged tunnels, loadbearing walls, etc. In several cases the depth ofa
structure can be reduced [24].

3. Control of crack width:

- due to imposed deformations (temperature gradient - settlement);
- to fulfil requirements of liquid-tightness [41];
- heavily loaded structures of limited depth.

4. Limiting the amplitude of steel stresses under cyclic loading.

5. Improving the durability of concrete structures by avoiding cracking or allowing
cracks only under incidential heavy loading.

6. Control of deformation of concrete structures under long-term loading (dead load),
e.g. in the case of bridges, flat slabs, roofs. In this way the stiffness of the structure can
be improved. This means that under certain conditions more slender structures can
be used.

7. Limiting the influence of imposed deformations by allowing controlled cracking
(controlled “softening”).

8. Limiting bending moments and shear forces by the introduction of load-balancing
prestressing forces.

9. Improving the behaviour of concrete structures, such as their rotational capacity,
torsional stiffness, shear resistance.

3.6 Conclusion

The possibilities of a new approach - structural concrete - have been indicated in this
chapter. It will be clear that in the model presented here there is no significant dif-
ference in the design procedure between the case where no prestressing is employed
and the case where prestressing techniques are introduced.

For both cases the model is consistent and can be used in the same way.

Of course for checking the behaviour of the structure or for use in the design stage the
designer must have various resources at his disposal. In the next chapter some com-
ponents of this model will therefore be described.

4 Components of the “structural concrete” model
4.1 Prestressing used as artificial loading

The determination of the internal forces in a reinforced or prestressed concrete struc-
ture is always based on the calculation of stresses in the concrete and steel at a section or
several sections.

In prestressing concrete structures the stresses due only to prestressing are calculated
with an eccentric force acting at the section. In statically determinate structures the
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eccentricity of this force is equal to the eccentricity of the centroid of the prestressing

steel. In statically indeterminate structures the prestressing force only acting at a

section will, in general, not coincide with the centroid of the prestressing steel.

In this case the so-called secondary (or “parasitic”) bending moments must be taken in-

to account. In fact, these bending moments are not “parasitic” but are caused only by

statically indeterminate effects! In 1957 Mehmel already introduced prestressing as an

artificial load acting on a statically indeterminate structure. This approach was also

introduced by T. Y. Lin in the U.S.A. and by the present author in the Netherlands

[31 - first edition 1963]. ‘

As is generally known, the influence of the prestressing can be separated into three

parts:

1. A centric compressive force, acting in the end zone of a concrete structure (the
anchorage zone).

2. A radial load perpendicular to the centre-line of curved tendons, acting on the
concrete structure. This load can act upwards or downwards, depending of the direc-
tion of curvature of the centre-line in question.
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Fig. 19. Artificial loading by prestressing.
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3. Bending moment in the end zone acting on the concrete structure if the centroid of
the prestressing tendons (with anchorages) does not coincide with the centroid of the
end zone.

By introducing the prestress as an “externally” acting artificial load the structure can

be considered as a total system (structural approach) and no longer as an assembly of a

number of sections (sectional approach).

This structural approach is of major importance for the “structural concrete” model

because now the artificial load, due to prestressing, acts on a - reinforced - concrete

structure.

Some examples of this approach are given in Fig. 19.

4.2 The tension member of structural concrete

The model of the tension member will be briefly described. Background information
and applications are presented in Appendix 1.

421 The tension member of reinforced concrete
42.1.1 The “spring” in the distortion zone of a crack

The distortion zone of a crack is that part of a reinforced concrete tension member in
which the stresses in the concrete and reinforcing steel are influenced by the initiation
of the crack. Outside the distortion zone, the stresses in the concrete and steel are
constant and there are no bond stresses between the reinforcing bars and surrounding
concrete.

If an uncracked reinforced concrete tension member is loaded in tension, the tensile
force is thus resisted by concrete and reinforcement as well.

At a certain magnitude of the tensile force the tensile strength o, of the concrete and its
elongation capacity &, will be reached in the weakest part of the tendon. The tensile
strength of the concrete is in general not constant over its length but varies randomly
from section to section.

After initiation of the first tensile crack the tensile force in the crack is resisted only by
the reinforcement. The tensile force in the reinforcement in the crack is transferred to
the concrete in the distortion zone on both sides of the crack. This means that the stres-
ses in the concrete increase from zero (near to crack) to a value which is again constant
outside the distortion zone. Because the tension member is cracked at its weakest place
the concrete can resist - without cracking - the tensile stresses o, outside the distortion
zone.

For reasons of equilibrium at every section of the distortion zone the total tensile force
resisted by concrete and reinforcement is constant equal to the externally acting tensile
force.

Due to the initiation of a crack the reinforced concrete tension member undergoes an
extra elongation caused by the increasing deformations of the reinforcement over the
distortion zone.
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Fig. 20. Stresses in steel and concrete and bond stresses over one half of the distortion zone.

This part of the reinforced concrete tension member acts more or less like a “spring”.
The external tensile force is, however, limited by the tensile strength o, of the concrete
in the next weakest part of this member!

The crack width is determined by the extra elongation of the reinforcement over the dis-
tortion zone and the shortening of the concrete over this zone.

If the tensile force on the tension member is gradually increased, more cracks will be
initiated and a crack pattern will develop over the length of this member.

4.2.1.2 Behaviour under restrained imposed deformations

Toillustrate the behaviour of the reinforced concrete tension member under increasing
load the case of imposed deformation will be described here. In this case the length of
the tension member is held constant if, for example, the tendon is subjected to a gradual
lowering of temperature.

This means that the tension member is assumed to be fully restrained at the ends. In the
first phase this member behaves in the manner described in 4.2.1.1. Now the external
force is initiated by the restraint of the tension member.

Due to the initiation of the first crack, however, the external force decreases suddenly
by “spring action” of the zone around the first crack. As a result, the tendon undergoes
an overall reduction of stiffness; so the external force decreases. The magnitude of this
force depends also on the stiffness and the length of the tension member.

If the drop in temperature takes place gradually, the tensile force in the reinforcement
concrete tension member will increase again till in the next weakest zone a crack occurs
and the same effect as that associated with the first crack will be repeated.

Fig. 21 shows the serrated curve of the reinforced concrete tension member under
imposed deformation. This diagram shows also that the decrease in the tensile force is
smaller in relation to the previous decrease upon initiation of a new crack.

The distortion zone of the first cracks will generally not overlap. However, if more
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Fig. 21. The N —¢'[1 relationship for a reinforced concrete tension member under imposed
deformation.

cracks develop, the distortion zones of some cracks may overlap. It can be shown that
partial overlapping of distortion zones does not greatly influence the “spring action” of
each crack. After a certain drop in temperature the crack pattern in the reinforced
concrete tension member is fully developed. This means that no new cracks will be
initiated if a further drop in temperature occurs, because the tensile stresses in the
remaining uncracked concrete zones are so small that new cracks cannot be formed.

Any further drop in temperature will then only result in widening of the already existing

cracks and only exceptionally in the initiation of a new crack.

The following assumptions are made in this engineering model:

1. The external tensile force causing a fully developed crack pattern is 20% larger than
the external tensile force causing the first crack.

2. The mean spacing of cracks is 0.75/, if [ is the total length - on both sides of the
crack - of the distortion zone.

With these assumption the following can be calculated:

1. The crack width under the maximum tensile force causing a fully developed crack
pattern. It can be shown that the model is valid only if the distance between two
cracks is at least eight times the bar diameter (> 8 ).

2. The elongation &,y of the reinforced concrete tension member under this force.

In Fig. 20 this elongation can be calculated from the hatched area of OABC.

Since o, is related to the tensile stress g, in the concrete just before cracking and

also g, outside the distortion zone, this hatched area is dependent only on the magni-

tude of g5, and /.. Because the mean crack spacing is assumed to have the magnitude

0.751,,, the maximum elongation of the tension member is dependent only on o, ., and

on the shape of the curve AC. This shape depends on the bond behaviour of the reinfor-

cement.

4.2.1.3 The designer’s resources

In Fig. 22 the relationship is shown, for given bond-slip behaviour, between:
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- the steel stress o, in the reinforcement in a crack if ¢ < &,,,,;
- the bar diameter as a function of the permissible mean value of the crack width;
- the maximum elongation &,,,, of the reinforced concrete tension member.

Pk

} crack width

I
\[” Gs,cr
€1 > y

€

Fig. 22. Relationship o0 — €nax; 0scc— @ fOr a given crack width w,.

Fig. 23 shows the relationship between the steel stress o, in a crack, two values of the
concrete tensile stress o, causing the next crack if ¢ < ¢, and the relative area g of the
reinforcement.

If a value ¢, of the imposed deformation as given in Fig. 22 shows that g, o, > 0 ;, it is
advisable to choose a value of the steel stress which is higher than o, because in that
case the sensitivity of the crack width with respect to ¢, is small.

For a given value of o, ., the crack width w,, depends on the bar diameter @,. The larger
the bar diameter, the larger the crack width. Because the relative area of the reinforce-
ment is constant for a certain value of o, it also means that reduction of bar diameter
and therefore of bar spacing will result in a smaller crack width.

Fig. 23 shows that the area 4,(= ¢ 4.) of the longitudinal reinforcement depends on
the tensile strength o... With increasing tensile strength the required area 4, increases
considerably. In this respect one has to consider carefully the magnitude of the tensile
strength ¢.. As is generally known, this strength is for example reduced under
sustained load. This favourable effect can, if relevant, be taken into account.

Some graphs with the above-mentioned relationships are reproduced in Appendix 1.

Gs,cr
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Fig. 23. Relationship o, — ¢ for two values of the tensile strength o.,.
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4.2.1.4 The N-¢ relationship for a reinforced concrete tension member

In Fig. 24 this N-¢ relationship is given for static loading and gradually increasing
imposed deformation.
The following parts can be distinguished in the N-¢ diagram:
a. N< Ny 1, e<ég.
Uncracked concrete
b. N1 < N<12N 15 €< €< Emax-
Development of the crack pattern.
Softening effect due to increasing number of cracks.
If N =1.2N_, the crack pattern is assumed to be fully developed.
C. 12Ny | <N <Ny, Emax < €< &gy

Note: In the model is assumed that there is no tension stiffening left if the reinforcement
starts to yield. Depending on the amount of reinforcement, some tension stiffening
can, however, exist when yielding of the reinforcement occurs. In this engineering
model this effect is neglected because it is only of minor importance with regard to
crack width, etc.

Fig. 24 clearly shows that in the engineering model of a reinforced concrete tension
member, as presented here, there exists a close relationship between the external force,
the steel stresses in a crack, the crack width (and mean distance of cracks) and the
elongation.

N
Nsy **************** d
|
|
‘ |
/ |
. |
7 ‘
|
e = - [
Neraa | l)/
|
| '/I :
IX(EAIS | ,
L | I
0 ECr EmOX sy

e(1/1)
Fig. 24. N-¢ diagram for a reinforced concrete tensions member.

Cyclic loading

Cyclic loading influences the concrete tensile strength as well as the bond behaviour
between reinforcement and concrete.

Fig. 24 clearly shows that in the case where Npyax > 1.2N under cyclic loading the
deformations of the tension member are limited. The limit is given by the N-¢ relation-
ship of the reinforcement as such, assuming no tension stiffening of the concrete.
Because no increase of the number of cracks is expected, the maximum crack width can
easily be determined.
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In the case of cyclic imposed deformations with & > ¢,,,, a limit is also very clearly given
by the N-¢ relationship of the reinforcement only.

However, one has to be careful with the effect of cyclic loading if the crack pattern in the
reinforced concrete tension member is not fully developed. In that case cyclic loading as
well as cyclic imposed deformations can result in widening of some existing cracks due
to decrease in the effectiveness of the bond-slip behaviour.

Time-dependent effects

The same comments as those relating to cyclic loading can be made here. If N > 1.2
N the limits of deformation and crack width are well known. If N < 1.2N,_, one has
to be careful in estimating the maximum crack width. Perusal of the literature shows
that in this case the maximum crack width may increase by 40%.

42.2 The reinforced concrete tension member with artificial loading
by prestressing

A reinforced concrete tension member can be artificially loaded by a centric prestress.

Unbonded tendons

If this prestress is obtained with unbonded tendons, the prestressing steel only applies a
normal compressive force to the section. Due to time-dependent effects (shrinkage,
creep, relaxation) this compressive force will decrease with time.

The deformations of the tension member under tensile forces are relatively small with
respect to the elongation of the prestressing steel. Therefore it can - provisionally -
be assumed that the prestressing force P will remain constant during loading of the
member in tension. On the assumption the concrete tension member will crack under a
tensile force (N,_; + P). The crack pattern will be fully developed at the tensile force
(1.2 Ny_1 + P).

This shows that in fact the prestressing force P acts only as an artificial load. Of course
one can also calculate more accurately and take into consideration some increase of P.
In doing so one finds a fully developed crack pattern at a tensile force of:

12Ny 1+ P +Ap'6max'Ep

In general this small increase of P can be neglected.

Bonded tendons

In the case of bonded tendons (in grouted ducts) these tension members will, more or
less, act as reinforcement if N > N_; + P.

It must be realized that, in general, the bond behaviour of prestressing tendons is dif-
ferent from (less effective than) the behaviour of the normal reinforcement. It means
that one is confronted with a complex behaviour of the cracked structural concrete
tension member. The bond between the prestressing tendon and the concrete is favour-
able in some respects but unfavourable in others.
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Favourable:

- reduction of steel stresses in the normal reinforcement;

- reduction of crack width;

- possibility of reduction of normal reinforcement in controlling crack width;

- reduction of the amplitude of steel stresses in normal reinforcement under cyclic loa-
ding.

Unfavourable:

- increase of steel stresses in the prestressing steel across cracks;

- increase of amplitude of steel stresses in prestressing steel under cyclic loading in
relation to the assumption of no bond.

It is therefore necessary to introduce low bond characteristics of the prestressing steel in

the case where this bond is favourable and high bond characteristics in the case where

this bond is unfavourable.

As will be shown in more detail in Appendix 1, the present author has introduced a

reduction factor ¢ for the calculation of the contribution of the prestressing tendons to

the behaviour of the structural concrete member.

The area A4, of the prestressing steel is reduced by this factor in the calculation. Thus:

Aps=As+c- A, (with c<1)

For ¢ a very simple formula is given to calculate a low value in the case where bond is
favourable:

1 o
== (see Appendix 1)

V/n o,

In the case of unfavourable effect of bond it is proposed to calculate with ¢ =1.
It is of great importance to carry out more research on the important aspect of the bond
behaviour of prestressing tendons in cracked tensile zones.

Note: In the case of unbonded tendons ¢ can always be assumed to be zero.
To avoid longitudinal cracking under prestressing tendons the cover to these tendons
must be at least 1.5 times the diameter (of the sheath) of the tendon.

4.3  The structural concrete beam

Background information is given in Appendix 2.

43.1 From tension member to beam in structural concrete

Fig. 25 shows, in general, how the model of the structural concrete beam is conceived.
The structural concrete tension member is assumed to be the “reinforcement” of the
beam.

Of course in Fig. 25 the model has been simplified, assuming a long zone of constant

40



[I—
D

Fig. 25. Simplified model of a structural concrete beam with a cracked tensile zone.

bending moment in the beam. In most cases this zone will be of limited length, but the
model can therefore also be used as a practical assumption and thus as an engineering
model.

The link between the behaviour of the beam without cracked tensile zone and the
model shown in Fig. 25 is given by the bending moment at which the first flexural cracks
will occur.

43.2 Flexural tensile strength
The bending moment causing cracks in the tensile zone can be calculated from:
Mcr Wcs acrﬂ

In this formula W is the section modulus with respect to the tensile zone and o, g is
the so-called flexural tensile strength. In fact, this flexural tensile strength is not really a
strength characteristic of the material concrete but is a notational strength introduced
for simplicity of calculation. The magnitude of o, depends on the direct tensile
strength of the concrete and the strain gradient in the tensile zone.

Fig. 26 shows the influence of the strain gradient on the magnitude of the flexural
tensile strength.

In the case of a steep gradient (large strain decrease with respect to the depth) the
flexural tensile strength will be high in relation to the direct tensile strength. In the case
of a low gradient this flexural tensile strength will tend to the value of the direct tensile
strength. In the case of centric tension (strain gradient is zero) only the direct tensile
strength has to be considered in the calculation.

A formula for the relationship o q— 0, is given in Appendix 2. In this formula the
depth of the tensile zone is of primary importance.
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Fig. 26. Flexural tensile strength versus direct tensile strength.
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The flexural tensile strength is increased by:

- decreasing depth of reinforced concrete elements, e.g. beams in relation to slabs;
- increasing compressive forces (due to artificial loading) in structural concrete.
Due to increase of the compressive forces acting on a section the depth of the tensile
zone will decrease. Introduction of compressive forces into flexural members will cause
the “flexural tensile strength” to increase!

433 The principle of determining the cross-section of the structural
concrete tension member in the engineering beam model

To determine the relationship between bending moment and curvature (deflection),
crack spacing, crack width, etc. a beam model composed of a compressive zone and a
structural concrete tension member can be used.

The transition from the uncracked phase to the phase with cracked tensile zone will be
described here.

Fig. 27 shows the stress distribution in a structural concrete beam section just before
and just after initiation of the first crack in the tensile zone.

M <M,

The flexural tensile strength g, 4 is calculated as a function of the depth of the tensile
zone. The force in the prestressing tendon has the magnitude P. The bending moment
M., is transferred by the section due to the combined action of the prestressing force, the
compressive force on the section and the internal lever arm z.

Mcr=P‘Zcr

M>M,

Directly after initiation of the first crack the internal lever arm will be z, which is calcu-
lated on the assumption that there is no tension stiffening of the concrete in the tensile
zone. This assumption is satisfactory because this calculation is related to a cross-
section.

After the tensile zone has cracked, the bending moment M., is resisted by further com-
bined action of the compressive zone and the structural concrete member because:

Mcr = (P + Ncr—l) *Z

Gecfl

Fig. 27. Internal forces in a beam section.
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Thus:
ZCI
Ner =P'(7— ]>

The cross-sectional area “4.” of the “structural concrete tension member” can now be
calculated, if necessary, assuming that the first crack in the tendon is initiated at a
tensile force N,_; because the tensile strength o, reached.
So:

“Ac”' acr + (As -+ C.AD) .gcr.Ep :Ncr—l

Because ¢, has a value between 100 x 107 and 150 x 107 and E,=205,000 N/mm?,
the value of ¢.,-E, can be approximated with sufficient accuracy by adopting 25 N/mm?.
Therefore:

P-(E;—r—l)—25-(As+c~Ap)

“A 9 __
¢ =

UCI

Note: If it is desired to determine only the crack width and the crack spacing, it is not
necessary to determine “A.”.
The internal lever arms z,, and z must be calculated accurately because the difference
between the ratio z.,/z and the unity (1) is small. It means that the magnitude of the
tensile force N._, is very sensitive because:

V4
Ncr—l =P'($_ 1)

If z,./z increases by 10%, N._, may increase by 100%.

In the case of reinforced concrete the same approach is possible. Now z must be calcu-
lated for the stress distribution, calculated with the so-called modulus method. This
means that no tension stiffening of the tensile zone must be taken into account. In
general, introduction of this tension stiffening does not affect the magnitude of z con-
siderably.

If the relation is established between the beam and the structural concrete tension
member, the N-¢ relationship for the latter can be determined. The tension member to
which this N-¢ relationship applies is used to calculate the moment-curvature relations-
hip of the beam, with a cracked tensile zone.

Fig. 28 shows this M-x relationship for a structural concrete element. Due to the artifi-
cial loading by the prestress P the bending moment M, is increased from zero (reinfor-
ced concrete) to:

M20=P(e+k1)

This bending moment M, is the “zero point” of the behaviour of this beam, assuming
normal reinforced concrete.
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Fig. 28. Moment-curvature relationship for a structural concrete element.

Fig. 28 illustrates very clearly that, from the point of view of load bearing capacity, pre-
stressing can simply be regarded as an artificial loading!

4.4  Simplified calculation of time-dependent effects on the magnitude
of artificial loading by prestressing

In [38] the possibilities of a simplified calculation of time-dependent effects are

discussed. In that paper it is shown that in fact a “simple” calculation of the losses of pre-

stress due to shrinkage and creep of concrete is possible and that, in general, no

complete calculation of redistribution of stresses due to time-dependent effects is

necessary to determine the load at which the concrete section of the extreme fibres of a

section are decompressed.

In the so-called simple calculation the following are determined:

- the effective shrinkage shortening of the concrete &g o;

- the concrete stress oy, at ¢ = 0 under sustained load in the section at the level of the
centroid of the prestressing steel;

- the creep factor o,.

The simplified calculation of time-dependent effects is a safe method because it

neglects the reducing influence of the normal reinforcement on the loss of prestress.

The shortening of the concrete due to shrinkage and creep can be calculated from the

formula:

Tcpo

E.

Eco = Ecsy0 T D

The loss of prestress due to shrinkage and creep can be calculated by multiplying &.., by
the modulus of elasticity I;T , and the cross-sectional area 4, of the prestressing steel.

The relaxation loss Ag, ,, ¢can than be calculated from the CEB-FIP formula:
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In this formula Ag,, 1499 is the relaxation loss over a period of 1000 hrs and 00 the initial
stress in the prestressing steel. For ¢ = o the effective steel stress a,, ., can be calculated
as follows:

Opw = 0Opo— A0y o, - E},

This simple method can also be used in the.case where there is a relatively large cross-
sectional area of normal reinforcement. Calculations with sophisticated models have
shown that the simple method gives values of the decompression load which are a good
approximation of the values obtained from a more complex calculation. For an
explanation of this conclusion see [38].

Fig. 29 is reproduced from this report. It shows the calculated decompressive bending
moment M,, for double-T-beams as a function of several degrees of prestressing K .
In Fig. 29 the solid line gives the relationship between M,y and K calculated by the sim-
ple method, and the other lines give this relationship calculated with Dischinger’s ap-
proach. Three values of shrinkage and creep are taken into consideration to check the
sensitivity of the calculations.

The diagram shows a slight increase of M,, for the simple approach as compared with
the calculation according to Dischinger. In this case the simple calculation will also
result in a slight underestimation of the crack width.

It can be stated that in most cases encountered in practice the simple approach to the
decompression load results in acceptable values for this load and for the crack width. It
must be realised that mostly the crack widths are slightly underestimated if the bending
moment My, is calculated by the simple method. In this context it must be mentioned
that a realistic and economic calculation method has hitherto not been developed,
especially not for statically indeterminate structures.

In the author’s opinion there is in fact no need for a very sophisticated calculation
method of time-dependent effects, because using such a method will spuriously suggest
that the result of the calculation must possess high accuracy.
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Fig. 29. Decompression moment on a double-T-beam
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The creep and shrinkage behaviour of concrete cannot be predicted within a small range
of deviation. In reality the deviation in this behaviour - and therefore in the actual
deformations - is large. We must at present accept these large deviations because on the
site, but also in the factory, we have not yet enough knowledge and resources to produce
concrete with accurately known time-dependent behaviour.

If the deviations are so considerable, why then use a complex method of calculation
which gives supposedly very “accurate” results?

So we must be realistic and practical. It means that we must detail the reinforcement in
our structures in such a way that deviations in time-dependent effects will not greatly in-
fluence the cracking of our concrete.

If we design our structures on the basis of this approach, a simple calculation of time-
dependent effects will be sufficient to result in a sound concrete structure.

5 Conclusion

The “structural concrete” has been described in this paper. It is explained why, in in the
author’s opinion, there is a need for a new approach of the design of concrete structures.
The model also offers the possibility of considering the behaviour of rather complex
concrete structures in a different way.
By introducing the prestress as a mode of artificial loading of (reinforced) concrete
structures, new applications in concrete structures, including ordinary reinforced ones,
become possible.
The designer, however, will have to be “released” from the “shackles” of thinking in ca-
tegories such as reinforced concrete, prestressed concrete, etc. This change-over is not
as simple as it may appear. It demands a new and fresh look at the behaviour of concrete
structures and it also demands some imagination to device new possibilities.
But experience has shown the author that many designers are willing to do this.
Interesting solutions have already been implemented. The new generation of engineers
- the students - is adapting very rapidly and easily to this new approach.
The possibilities offered by this approach will therefore certainly be tried out in the
future.
This paper has been written with the aim to invite more designers to prove that this
approach is a suitable one and opens up the way to other applications in the technology
of concrete structures.
Of course this paper constitutes only a first step in this direction. Components of the
model are described, but one must take care not to assume that the model and the
engineering models described in the appendices are complete. Structural concrete
opens new fields and new applications, but it also raises fresh problems.
In conclusion some of these problems will be mentioned:
« The behaviour of the reinforced concrete tension member in structural concrete:

- the “bond” of prestressing tendons in ducts;

interaction between these tendons and the normal reinforcement;
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- aspects of cyclic loading and time-dependent effects and its influence on the
width of cracks;
- improvement of bond behaviour.

x The behaviour of the beam:
- improvement of the approach to the concrete tension member in the beam;
- improvement of a simple approach to the calculation of time-dependent effects.

x Design of the concrete structure and its detailing:
- development of simplified methods for the detailing of concrete structures such as
anchorage zones, support zones, etc.
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7 Notations
A, cross-sectional area of concrete
A, cross-sectional area of prestressing steel
A cross-sectional area of normal reinforcement
A cross-sectional area of stirrups
B indication of concrete quality (characteristic cube strength), e.g. B 30
C factor in the bond-slip relationship 7= C-6N
E, modulus of elasticity of concrete
E,=E; modulus of elasticity of steel (reinforcement or prestress)
F, external centric force at which the first crack is initiated
Fy external centric sustained force
Fro external centric decompression force at = oo
I, moment of inertia of a concrete section
. Fro My
K degree of prestressing, K =7"—; K=
max M max
M, bending moment due to load exerted by curved tendons
M, bending moment at which the first crack in the tensile zone is initiated
M, bending moment due to dead load
M, bending moment due to live load
M o My =Mq+ M,
My=M,. bending moment of decompression; concrete stress at top (or bottom) fibre
(tension zone) is zero
M, ultimate bending moment
N normal force
N factor in the bond-slip relationship 7,,=C .oN
Neo normal force of decompression (tension member)
Nt normal force at which the first crack is initiated (tension member)
Nes normal force at which the crack pattern is fully developed
Nt tensile force caused by an imposed deformation due to drop in temperature AT
P, initial prestressing force
P, effective prestressing force at ¢ = oo, taking all losses of prestress into account
R radius of the centre line of curved tendons
T temperature
W, section modulus (concrete section only)
W, section modulus (composite section of concrete and steel)
Wea with respect to upper fibre (compression)
Wee with respect to bottom fibre (tension)
a length of support zone
depth of the tensile zone in flexure
b, width of web; I-beam, T-beam, box girder
¢ factor associated with bond - Stuvo formula
¢ factor associated with bond of tendons; C=Vl—-ﬁ
n @,
d effective depth
distance between the centroid of the tensile reinforcement and the top fibre of the
compressive zone
e distance between the centroid of a group of tendons and the centre of gravity of the
concrete cross-section
f strength
Sec characteristic compressive strength of concrete
Seem mean value of compressive strength of concrete
Su characteristic tensile strength of concrete
Jox characteristic tensile strength of prestressing steel
Sou “guaranteed” tensile strength of prestressing steel (designation used in the fifties)
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Tepo
Oy

Ucr,ﬂ

po

characteristic yield strength of reinforcement

depth of a cross-section

distance between upper (k;) or lower (k,) kern point and the centre of gravity of the
cross-section

length, span

length of distortion zone on both sides of a crack

length of distortion zone on one side of a crack

. E
modular ratio T

number of wires in a prestressing tendon; every wire in a strand counts
equally distributed load
time; t=0; t=00
distance from centroid of concrete section to extreme fibre; », top fibre;
y, bottom fibre
crack width (general)
crack width in the case of a developing crack pattern
lever arm
lever arm just before the initiation of the first crack
coefficient of thermal expansion
factor of tension stiffening
displacement of a section of a bar in relation to the concrete section outside the
influence zone of bond
J, in a crack (“slip”)
mean value of elongation (shortening) of an element
effective shortening of concrete due to shrinkage and creep
effective shrinkage of concrete - at t=oo
ultimate concrete strain in tension; elongation capacity
the maximum e'ongation of a structural concrete tension member if the
crack pattern is just fully developed
curvature of a section
curvature of a section just before failure
. . As . As + CAp
reinforcement ratio; 1 respectively —q
c c
concrete stress (general)
concrete stress f= oo, all losses of prestress having taken place
compressive stress in concrete at the centroid of the prestressing steel
tensile strength and also the tensile strress in the concrete outside the distortion zone
of a crack
flexural tensile strength
stress in prestressing steel (general)
initial stress
effective stress
stress in reinforcement (general)
steel stress in a tension member outside the distortion zone of a crack,
just before initiation of a crack
steel stress in a crtack just after initiation of a crack
bond stress
bond stress in a section x
bond stress in the vicinity of a crack
factor over the period t=0 to t =
diamneter of a reinforcing bar
diamneter of a wire (e.g. one wire of a strand) of prestressing steel
effective relaxation loss of prestressing steel, dependent on Opo
relaxation loss of prestrressing steel over a period of 1000 hours
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8

Notation ~ concrete mechanics

1. Type of external load Code
Centric normal force N
Bending moment M
Shear A\
Torsion T
Eccentric normal force (N + M) MN
Bending moment and shear MV

2. Material behaviour Code
Linearly elastic LE
Non-linearly elastic NLE
Plasticity (in failure) PL

3. Cracking of the tensile zone Code
Uncracked U
Cracked R

4. Parts of the cross-section taken into consideration Code
Concrete C
Normal steel reinforcement S
Prestressing steel P

Examples

N.LE.U.C Unreinforced section, centric normal force, linearly elastic material behaviour.

M.LE.R.CS Reinforced concrete beam section in bending with cracked tensile zone

(modulus method).

MN.LE.U.C Beam section with eccentric prestressing force.

Only the concrete section is taken into consideration in the calculation
of stress distribution.

MN.PL.R.CSP Beam section in ultimate limit state.
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Normal reinforcement and prestressing steel are taken into consideration
in the calculation of failure.
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APPENDIX 1

Engineering model of the tension member in structural concrete

1 Bond-slip relationship

The bond-slip relationship of reinforcing bars and prestressing steel can experimentally be deter-
mined by the RC 8 test devised by RILEM-CEB-FIP and called “Bond test reinforcing steel;
2. Pull-out test”.

This test was first proposed by Rehm [32].

Such a relationship is presented in Fig. Al-1.

With curve-fitting the experimental data can be written as an exponential curve:

Tesx = C. 6xN
In this curve the two factors are related as follows:

N with the shape of the 7-6 diagram
C with the bond strength

pL]
[
06

04

arctan f,

0,2

I

0 005 01 OB 02 6 [mm)

Fig. A1-1. Bond-slip relationship of reinforcing bars.

In the subjoined table some values of N and C are given in the case of bars with sufficient concrete
cover (at least 2—3 @,).

type C[feem N

normal reinforcing bars

fr~0.065 (Fig. Al1-1)

general case 0.38 0.18
upper bars 0.32 0.28

prestressing steel complying

with Standard EU 138

wires 0.17 0.32
strands 0.12 0.27

Note: f.., can be approximated as f..,=f..+4 N/mm?.

2 The stresses in the distortion zone of a crack

I is the length of the distortion zone on one side of a crack.

2.1 Shape factors
The shape factor So is defined as the ratio:
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hatched area ADC i
m—=50 (see Fig. 20)

The shape factor So¢ is defined in the same way.
Therefore:

Ist

s Tesx* dx

St= o 0
Tcs,cr' lst

It can be shown analytically that in the distortion zone of a crack both S¢ and St are dependent of
the magnitude of g, and 7,
The magnitude of the shape factors is dependent only on the factor N in the exponential curve of
the bond-slip relationship [34 and 35]:
_1-N, 1-N_ So 1+N

Se="75"; 1+N° St- 2

St=

2.2 The relationship between o, Oy, and o,

In Fig. A1-2 this relationship is given for the case where the distortion in the end zone (“Goto
effect”) is neglected.

10 6.1 U
S I N —
AT 77
= | bar —» N . \ influence zone

= ISR

constant deformation

st *Jl

T

5“ @ distortion in endzone

Fig. A1-2. Stress in the distortion zone of a crack.
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c
Og =05+ o'cr'A_
S

g, =n-0, (assumption of linearly elastic behaviour of concrete and steel)

This relationship is chosen because it simplifies the formulas

4

Gs,cr
1+n-0

(-3
as,crzacr n—=

Oscr— Os0=

3 The length [, of the distortion zone and the relative displacement &, (“slip”) in a crack
between a bar and the concrete surface

The tensile force A, - g, + A;- o5, outside the distortion zone is resisted in the crack by the tensile
force A;- g, in the reinforcement.
Therefore the tensile force As(as,Cr — 0,,) is transferred by bond to the concrete in the distortion
zone.
If the minor influence of the lack of bond in the end zone just near a crack is neglected, the equi-
librium of tensile force and bond force can be written as follows:

as,cr 1

2
]+n.Q'Zn' ngST'lst'Tcs,cr‘”' Dy

The length [, can be calculated with the exponential bond-slip relationship:
| = Gs,cr' Dy
*“(1+n-)4.St-C.6%

The relative displacement J,, is determined by the extra elongation of the reinforcing bar and the
shortening of the concrete over the distortion zone with a length /.

Therefore:

as,cr — Oy 1(1

6,=S0 T"’ Ec)'lst

Os.cr
E,

On combining the formulas for / and J ., the crack width and the length of the distortion zone can
be expressed in known parameters:

0,=S0- Ay

1

1+N Dk 1 ag,cr m‘
5":( 2 "4 CE(T+n-0)
6cr'Es
=2 T"N)-0..,
with:
mo ()
as,cr"'acr n 0
or with:

Oy o= % +25 N/mm?
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4 The elongation of a tension element of reinforced concrete over the distortion zone [,
This elongation can be calculated by using the distribution of steel stresses over the distortion
zone:
1
€mean = E {SU(Us,cr - aso) + aso}

 Ouer 0.5(1—=N)+n-g
€mean = Es : 1+n'Q

The total elongation of this tension element - after initiation of the crack - is:

Emean” Ist

Fig. A1-3 gives the relationship between @; @,; ., 05 and €mean.

3
0,25 40, [10°mm) ®,25
150 B 25
®, 16 General case &, 16
+100
by 8
st [mm] ) VA _ 2617164 119 094 077p[%]
300 250 200 150 1000 SO S0 100 150 200 250 300G
l L1200 [N/mnf]
|
+400
$, 8,16 en25
1600 .
¢k25 ¢kls ¢k8 v E:mec1n1 [107"1

Fig. Al-3. Relationship between: ¢; @y; Ocr; 05 and Emean; Soe= 25 N/mm?; reinforcing bars -
general case.

5 Reinforced concrete tension member
5.1 Tensile strength o, to be taken into account

Relationship between the tensile strength and the compressive strength, used in these calcula-
tions:
characteristic lower strength:
fo=0.87(1+0.05f.,)
mean strength:

fctm= 145fct
characteristic upper strength:

fctk,0.95 = 1-9fct
the tensile strength is reduced by 40% under sustained load:

fcl,m= O'6fct

56



Example (values in N/mm?)

fcc fct fclm fctk,0,95 fcl,oo
25 2.0 2.9 3.8 1.2

35 24 3.5 4.6 1.4

In the calculation the tensile strength g.,_, - initiation of the first crack - is taken into account as
follows:

Slowly imposed deformation o._;: 0.62f
(settlement; shrinkage)

Sustained load 012 0.5 foim

Rapidly imposed deformation o.,_1: 0.75fcim
(solar radiation)

The tensile strength o,_, - crack pattern just fully developed - is taken as 1.20,,_,. This assump-
tion is based on investigations.

5.2 Maximum elongation ¢, - crack pattern just fully developed

Investigations indicate that the mean distance of cracks can be taken 1.5/, =0.75/,,, enabling &,
to be calculated as follows:
_ Oyer 0.67(1=N) +n-¢
Emax ="F 1+n-0

This calculation is based on the assumption that partial overlapping of distortion zones does not
greatly influence the addition of the elongation of two distortion zones.

lmin=1l =
" min~'st v lmo)( let
L A
Osx Imean=1-5lst
Os,cr
1}
\ » X
M €mean?2 ¥ €mean! .
€
1 £

Fig. A1-4. Overlap of the distortion zones.

In the general case of bars (N =0.18) &, can be estimated:

o
— —6 _ s,Cr
emax=(35+2.70,,) x 107¢ or &pa= T7E

S
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5.3 Crack width

A E< Emax
In this case the mean crack width we_can =20
d., can be calculated as follows:

1 Ocr—2 2
O =02 \N+ —Q— or T +25 N/mm

Investigations have shown that the maximum crack width must be determined, taking into
account dispersion and the effect of the distortion in the end zone (“Goto effect”) as shown in
Fig. A1-2.
Therefore:

Wer—0.95= l'chr—mean

b. &> e&max
In this case the maximum crack width w can be approximated by:

1.5, 0, N
V=TE G STA

This value of this crack width is an upper bound.

5.4 N-¢ diagram - static loading
Because the magnitude of N and of ¢ is known, the N-¢ diagram can be drawn (see Fig. 24).

Oer—1
Ncr—l':Ac'Ucr~1+As'aso; Eerm1= E

Ncr—2 = 1-2]Vcrfl
N

5 €or—2= Emax

sy :As'fsy 5 €y

5.5 Cyclic loading

Experiments have shown that cyclic loading can increase the crack width by 20-50% if the crack
pattern is not fully developed (&< €max)- In that case a single crack can widen considerably as com-
pared with the case of a dense crack pattern (small distances between cracks).

In all cases with &> ¢, the crack width is limited.

The most unfavourable assumption (resulting in a maximum crack width) will be to neglect
tension stiffening and to assume unrestrained shrinkage of the concrete between two cracks. The
maximum crack distance can therefore be assumed to be 2/.

High steel stresses in the cracks, e.g. 300 N/mm?-400 N/mm?, will more particularly cause im-
portant crack growth due to cyclic loading.

5.6 Sustained load

In the case of a sustained tensile force similar effects in the behaviour of tension members have
been observed as in that of cyclic loading. This effect is, however, less important with higher rein-
forcement ratios.

It is therefore recommended to assume a 40% increase in crack width due to time-dependent
effects. This is a safe value because it is associated with low reinforcement ratios.

The design must therefore be based on a mean crack width which is only 70% of that calculated in
5.3 with the model of the reinforced concrete tension member. The maximum crack width
depends on how much elongation occurs (see 5.3).

58



6 Tension member of structural concrete, with artificial loading by centric prestress

In this case it is important to consider the influence of the bond of tendons on the behaviour of the
tension member after initiation of the first crack.

If the bond behaviour of tendons is assumed to be comparable with that of bars and the bond-slip
relationship can also be written as an exponential curve:

ics,x = C_ ' 65

then a solution can be given for performing a calculation to take the contribution of tendons into
account.

If the increase in the stress in prestressing steel crossing a crack is c~asvc,(c§ 1), then the magni-
tude of ¢ can be estimated: ¢ can be determined in such a way that the crack width calculated with
an increase c-d, in the steel stress in a tendon (acting as reinforcement) is equal to the crack
width calculated with an increase g, ., of the steel stress in the reinforcement itself. With this
assumption the magnitude of ¢ can be deduced:

1 o [

C=V‘Z—z—p X 2.
with
S, 0+N 1+N C
YT A+N1+N C

There is not enough information available for determining the magnitude of x accurately.
Moreover a number of variables are of importance in this respect, such as:

- quality and corrugation of the sheath;

- number of wires or strands in a tendon;

- strength of the grout;

- degree of filling of the duct with grout.

A study of the scarce available information indicates a possible fluctuation of x between 0.18 and
0.45.

The diameter @, of the duct varies between 40 and 80 mm.

The diameter @, of the reinforcing bars will, in general, be 10, 12 or 16 mm.
Combination of these values results in a variation of

D4
X

between 0.8 and 1.2 in the case of wires and occasionally up to 1.5 in the case of strands.
Therefore it is proposed to use - as a low value - in the case of favourable effect of the cooperation
of tendons as reinforcement in structural concrete tension elements:

1 o
c=—=—t c<l1

Vi o

Instead of with

4
Q= 4,
the magnitude of ¢ can then be calculated from:
As+c-A,

A,
The stress increase Ag, ., in the prestressing steel due to the initiation of cracks is then:
Aa'p,c;r =COgcr

The N-¢ diagram of the structural concrete member can be determined in the same way as
described in 5.4. If o,= 0, then ¢ must be assumed to be 1.
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GENERAL CASE B 25
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Fig. A1-5. Concrete strength B () 25.
Bars: general case - f; =0.065.
Relationship assuming & < &, between we; ¢y; 05 0o € and &p,,.

7 Example of a road without expansion joints and provided with continuous reinforcement
(related with Fig. A1-5)

Effective shrinkage ¢ ., =—300 x 1075,

Maximum temperature drop (seasonal) —25°C; a=12x 107°.

Maximum crack width 0.30 mm.

Dispersion, cyclic loading and sustained load must be considered in the design, on the assumption
of
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0.3
wcrgm=0.15 mm.

Tensile strength o,,=0.,_,=0.75f.m=2.2 N/mm?.
Maximum imposed deformation - 600 x 107°.
Therefore:

as,c,>620—$—35 =187 N/mm? if & < £,

Because:

Ocr—2

—Q——+ 25=0,; 0>14x107°

The cross-sectional area of the reinforcement is very large!

If bars @, 16 are used, g, may increase to 220 N/mm? if w,,<0.15 mm, as Fig. A1-5 shows.
Then ¢>11.3 x 107*. Again a large area of the reinforcement.

If bars @, 12 are used, then 0>9.4 x 1072

In a road slab with a depth of 180 mm therefore 15 @, 12 are necessary to fulfil the requirements,
e.g. @, 12-130 (two layers).

Note that a large quantity of reinforcement has to be used.

Check of crack width:

2.2 3 )
Tt =g 710 10_3+25—253 N/mm
1+n-0=1.068
1
_, (L1812 1 253 [T _ s
Wer =L X4 X038 x 29 x 205000 X 1.068| —0-1> mm

emax =(2.7x253435) x107°°=718x 107  (e<e,y)
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APPENDIX 2

Engineering model of the beam in structural concrete

1 Flexural tensile strength

As already shown, the magnitude of the flexural tennsile strength o, depends on the direct
tensile strength of the concrete and the strain gradient in the tensile zone.

The magnitude of this strength is, in accordance with investigations published in Heft 269 of Deut-
scher Ausschuss fiir Stahlbeton, calculated from:

Oorn=0.8+ 0.4(2a)™°%). g, (a in m)
where
a=the depth of the tensile zone

In reinforced concrete beams a =0.5A.

In structural concrete beams a can be substantially lower than 0.5 due to the influence of the pre-
stressing force.

The flexural tensile strength of structural concrete beams will be higher than that of normal rein-
forced concrete beams of the same depth if the structural concrete beams are also prestressed.
The ratio o, /0, is limited to 2.

The flanges of box girders must be conceived as structural concrete tension elements loaded in pu-
re tension.In that case o, q= 0.

2 The area “A4.” of the reinforced concrete tension member in reinforced concrete beams
of rectangular cross-section (see Fig. 25)

In the calculation of N, the magnitude of z is estimated as 0.94.
Therefore:

MCr
Ne-1=029

Because:
Ncrfl =“Ac”'acr—1(1 + n'Q)

M.
T09d -0,

In this formula:
M, =W,(08+0.417"%) 0.,

If W,, is approximated with an average value 1.13 W,=0.19b-h%, the area “4.” of the reinforced
concrete tension member can be calculated from:

“4.7=(0.14+0.09217°% .- (h in m)
Example:
h=03 m 05m 1.0m

“Ac”
b-h

“A” fl'A
c s

=0.33 0.28 0.23

3 Moment-curvature relationship of a part of a reinforced concrete beam

The relationship between bending moment curvature - steel stress in the reinforcement - crack
width - crack distance can be determined with the well-known theory of the modulus method
(M.LE.R.CS.).
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Instead of the stiffness of the tensile reinforcement 4,- E; now the mean stiffness of the reinforce-
ment of the reinforced concrete tension member has to be taken into account. This mean stiffness
is associated with the mean value of the steel Stress o; y.., and can be calculated by introducing the
tension stiffening factor a,.

This factor depends on the magnitude of the tensile force N in the tension member:

v O __ O
ts T -
* Osmean  el/IE,

In this formula ¢/// is the mean elongation of the reinforced concrete tension member at a tensile
force N (see Fig. 21 and 24).

This force is associated with a bending moment M because N =M |z

By introducing a, ; the mean depth 4, of the compression zone - linearly elastic behaviour - can be
calculated:

hx=d{_n'al,s'g+l/(n'al,s'g)2+2n'al,s'Q}

z =d——%hx

Investigations have shown that this engineering model gives crack spacings which are of the same
magnitude as those measured in experiments. Further information is given in [35].

4 The area “A4.” of the structural concrete tension member
4.1 Calculation of the internal lever arm z.,

The stress distribution in a cross-section due to prestressing and the bending moment M,, is
shown in Fig. 27.

The magnitude of 0., 3 depends on the depth a of the tensile zone, but in turn the depth a depends
on o q.

The stress distribution can be determined and M., calculated by an iterative procedure:

M Ple+k,) B

Wcz_ We = Tern

Mcr= Ucr,ﬂ' WcZ + P(e + kl)
The centroid of the result compressive force on the concrete section can now be determined.
The distance between this centroid and the centroid of the prestressing force on the concrete

section (in the absence of any combination with bending moments due to dead load, etc.) is the
internal lever arm z,.

(MN.LE.U.C))

Note: In freely supported beams the centroid of the prestressing force coincides with the centroid of
the prestressing steel. In statically indeterminate structures this is not necessary the case!

4.2 Calculation of the internal lever arm z when the first crack in the tensile zone has been initiated

As already is mentioned in 4.3.3, z can be calculated on the assumption that there is no tension
stiffening of the concrete zone, because this calculation relates to a cross-section.

This means that contrtibution to the stiffness of the concrete in the tensile zone is not taken into
account.

The factor ¢, associated with the bond of tendons, can in this calculation be taken as c=1. The
sensitivity of z with respect to the magnitude of ¢ can be checked, if desired.

Calculation of z (see Fig. A2-1).

In this case it is assumed that in the tensile zone the centroids of the prestressing steel and of the
normal reinforcement coincide.

If this is not the case, the calculation of z is somewhat more complex, but based on the same
approach.
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Nsp P
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Q'/
Nep=(Ag+ Ap)d-hy) Uy Eg

Fig. A2-1. Derivation of z under M,,.

Concrete mechanics model MN.LE.R.C.P.S.

In the calculation the concrete stresses in the compression zone are assumed to be in the linearly
elastic part of the stress-strain diagram.

With an assumed magnitude of the depth &, of the compression zone all the properties of the part
of the section under compression can be determined, such as (see Fig. A2-1 - hatched area):

ch; chl; ch2; klx; klx;ylx; Yaxs Acx; etc.

Therefore if , is known and the curvature , of the section is known, the mean compressive stress

Gomx Of the compression zone can be calculated:
acmx=_xx'y2x'Ec

Equilibrium of forces and moments in the section:
- Horizontal forces:

Aoy Oy + (A + A,)(d — hy) - % Eg+ P =0
- Bending moments:
{Po+(d,+4,)(d—h) x E}-z=M,
On elimination of x, from both equations the following expression is obtained:

MCI_ Acx’yZX(d—ylx"'k]x) . n__é
Poo —Acx'y2x_(As+Ap)(d—hx)'n’ _Ec

The depth h, in the case M =M., can be determined graphically or by interpolation.

The ratio on the left-hand side can be calculated for several values of 4, because the magnitude of
this ratio depends only on the assumed magnitude of h, (and the associated section properties)
and the magnitude of (4,+4,) and n.

If h, is determined, it means that the left-hand ratio is equal to M et/ Poo-

The the lever arm:

zzd_‘ylx+klx=d_hx+y2x+klx

Note: To check the sensitivity of z with respect to ¢ the calculation can be repeated with a cross-
sectional area of reinforcing steel and prestressing steel of the magnitude (AS + c-Ap)
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5 The moment-curvature relationship of a part of a structural concrete beam

As already shown in 4.3.3, the tensile force N,,; in a structural concrete tension member can be
determined with:

zcr
Ny_1=P,, (7— 1)
with
Ny —25(A,+c-A,)

UC r

“qr =
=

The N-¢ diagram of the structural concrete tension member can now be determined (see Appen-
dix 1-5.4 and Appendix 1-6).

The tensile force N.,_, for the fully developed crack pattern can be taken as equal to 1.2N,_, and
€cr—2 = €max (from M20)'

Ny=(4+4,) foy+P.. with e=¢,

For every value of the tensile force N, the elongation ¢, of the structural concrete tension member
is known and therefore also the value of the tension stiffening factor a,:

N\
Fs= (As+ Cx'Ap)'Es
€x

N
e EfA+cy-A,)

The factor ¢, takes into account the increase in collaboration of reinforcement and prestressing
steel with increasing crack width; c, approximates the value 1 with increasing magnitude of the
tensile force.

With the N-¢ diagram of the structural concrete tension element the M -x diagram of the beam can
be determined by introducing this element (and its influence on the tension stiffening of the rein-
forcement) as the “reinforcement” of this beam. See also Fig. 28.

Again the relationship between the external load, the stresses in the reinforcement, the crack
width, the crack distance and the curvature can be determined in this way.

With the same aproach, already explained, and assuming N,,_,=1.2N,_, itis possible to calculate
Mcr—Z:

at,s

Mcr—2 Acx 'yZX(d —JYix+t klx)

P. ~Amym— At cA)d—h)na,

In this case:

_ Us,cr—Z

Notes: 1. If a,s>1, the mean tensile stress in the reinforcement in a crack is Q15 O mean- 1His steel
stress Osmean I8 the tensile stress in the reinforcement of the tension element.
2. Especially in the case of structural concrete with relatively large prestress the value of
the tensile stress o.._, in a crack may be small and therefore also Iy and I.
As already mentioned in 4.2.1.2, in the case where the crack spacing is less than 8o,
the model is of no value. It can be shown that in that case the minimum crack spacing to be
taken into account will be 8 @,. The value of 8 &, takes account of twice the end distortion
on both sides of a crack (2 x 2 @,) and twice the length (2 @,) of the zone over which the
tensile force of a bar is transmitted to the concrete. However, the crack width can be calcu-
lated from the formulas of Appendix 1.
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7 Example structural concrete T-beam

T-beam (see Fig. A2-2).

Concrete strength B 35; f.,=35 N/mm?; fc,—2 4 N/mm?.

Normal reinforcement 8 zk 12; £, =400 N/mm?.

Prestressing steel 518 mm ,f,,k- 1860 N/mm?; 0p=1150 N/mm?.
Section modulus W,,=48.8 x 10° N/mm’

k; =119 mm
A, =410x10° mm?
y, =520 mm

1200

596 kN 727kN

: J —qv | /
145N/mm?2

] I — JECEE

/596 kN / 131kN + S96kN

Mcr (c=0.48)

=520
700
539
624

Y2
w"_____.
T
950

w
N
)

100

Fig. A2-2. Cross-section of T-beam.

Calculation of Gy if Oy is 2.2 N/mm®:

P, =596 kN
o= —1.45 N/mm?

After some iterations it is found:

a =340 mm

Ocn= (0.8+0.4 x (0.68)™°%) x2.2=2.9 N/mm?
Calculation of M, and z:

M, =2.9 x 48.8 x 10°+ 596 x 10*(520— 100 + 119)
M =462.8 KNm

_462.8
=596

According to Appendix 1:

1 12
=% <360
To show the influence of the bond of the tendons (factor ¢) on the stresses, three values of ¢ are
chosen in the calculation (0, 0.48 and 1).

=0.78 m (see Fig. A2-3)

c= 0.0 0.48 1.0
hy 182 189 193 mm
Zg 639 637 636 mm




Calculation of crack width if e=e¢

M/Py,
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hy/d

Fig. A2-3. M/P— h, relationship (a,s=1).

max*

Because:
MCI
Ncr—l = _Pcn
ZCI’
Ncr—l
US Cr— =T
,cr—1 Asp
as,cr—-z =1.2x Us,cr—-l
c= 0.0 0.48 1.0
Ney 128.3 130.5 131.7 kN
O 1 141.7 113.2 92.6 N/mm?
Oscr—2 170.1 135.9 111.1 N/mm?
Wer 0.06 0.04 0.03 mm
Alyern 130 109 94* mm
* The crack spacing is equal to the minimum distance 8 @y
Calculation of the crack width if M=M,,,,:
M .x=508 kNm
M
P_m =0.85m
c= 0.0 0.48 1.0
hy 161 170 175 mm
Z max 646 643 642 mm
N, 190 194 195 kN
A 210 168 137 N/mm?
w(a,,=1) 0.13 0.09 0.06 mm
w(a,#1) 0.10 0.07 0.05 mm
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