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SUMMARY

A mechanical model is presented which is able to predict strain softening of concrete in tension.
An arbitrary loading history can be described. Scale effects are taken into account. The report
includes a critical review of test set-ups to study the material properties of concrete in tension.
Finally, a basic concept for using concrete tensile strength in design is described.

RESUME

Un modele mécanigue est présenté qui permet de relever la baisse de la résistance a la traction
d'un béton mis en tension. L'évolution de la mise en charge est décrite, de méme que |'on tient
compte des effets de I'échelle de mesure. L'article présente également un rapport critique sur les
installations utilisées dans |'étude de la résistance a la traction du béton. Finalement, un concept
de base est donné pour utiliser a bon escient cette résistance lors du dimensionnement de
structures.

ZUSAMMENFASSUNG

Es wird ein mechanisches Modell vorgestellt, das das Verformungsvermégen von Beton unter
Zugbeanspruchung mit den wesentlichen Abhéngigkeiten beschreibt. Eine beliebige Last-
geschichte kann damit verfolgt werden. Es kbnnen Massstabseffekte beschrieben und Versuchs-
aufbauten zur Bestimmung des Verhaltens von Beton auf Zug kritisch diskutiert werden.
Schliesslich werden Aussagen zur Ausnutzung des Betons auf Zug bei der Dimensionierung der
Tragwerke gemacht.
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1. INTRODUCTION

In general, concrete is considered to be a brittle material. Especially in the case of tensile
loaded concrete a very brittle behavior is expected, but in some cases, e.g. anchorage, tensile
loaded concrete exhibits a very ductile behavior, also. In the case of pure bending, concrete
may exhibit a ductile behavior. Figure 1 shows three load-crack-mouth-opening displacement
curves {Load-CMOD-curve) [16]. The test specimen were notched beams under three point
bending. They were made of HSC (C80) which is normally judged to be brittle; nevertheless,
the behavior was ductile. The brittleness or ductility of concrete is not only governed by the
material behavior but to the same extend by the size and the loading conditions.
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Fig. 1: Load - CMOD - curve for different depths d

2. MODELING OF STRAIN SOFTENING

The ductility or brittleness of concrete depends on the strain-softening behavior of concrete.
There is a big difference in strain softening of concrete and e.g. steel. Having passed the yield
point, steel first shows a strain hardening and after reaching the tensile strength, a strain sof-
tening behavior. Concrete shows no — or almost no ~ strain hardening. The strain softening
starts immediately after the elastic limit is reached, it occurs due to cracking and not due to
yielding as in steel.
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The tensile behavior of concrete may be explained by Figure 2. A deformation controlled cen-
tric tension test may be undertaken at the specimen shown in Figure 2 left. The specimen is
loaded with the force P. The total deformation is measured over the length 1. On the left side of
Figure 2 the specimen is plotted for the load steps A, B and C. The load steps are marked also
at the load-deformation-curve on the right side. Load step A is before peak load; load step B at
peak load and load step C after peak load, at the descending branch of the load displacement
curve.
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Fig. 2: Tensile behavior of concrete

Even before the peak load is reached, some micro-cracking occurs (Fig. 2A). As the micro-
cracking is uniformly distributed on the macro level, a uniform strain over the length of the
specimen may be assumed. The strain € is plotted over the length of the specimen in Fig. 2,
next to the specimen.

Immediately before the peak load an accumulation of micro-cracking occurs at the weakest part
of the specimen. On the macro level this leads to an additional strain over the length h of this
weak part. A crack band with the crack-band width h develops (see Fig. 2B).

Having passed the peak load the crack band localizes. The crack band width diminishes and
the deformation within the crack band increases. The final failure occurs due to one single
crack.

The total deformation of the specimen may be split up into the bulk deformation and the
deformation of the crack band. The deformation of the crack band may be described either as
an additional strain of a crack band with a fixed length A* or as the crack width of a single
crack. In the case of a single crack the crack band width diminishes to zero.
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For most applications the crack band model and the single crack model are equivalent, but
occasionally, the assumption concerning the crack band width (equals zero or greater zero and
constant) may influence the result of a calculation. To create new crack surfaces the crack
propagation criteria must be fulfilled over the crack band width. A crack starts propagating if
the stress is equal to the tensile strength: either at one point (single crack) or over the crack
band width (crack band).

In the case of, for instance, a three point bending test this leads to a dependency of the crack
load from the crack band width (See Fig. 3).

l Pcrack.E Pcrack,B

Ry =

Fig. 3: Crack load of a three point bending test

As mentioned the micro crack accumulation starts within a crack band. The width of this crack
band diminishes with increasing deformation. This leads at last to one single crack. The crack
band width is not constant.

In this sense any assumption of a constant crack band width ~ equal or unequal zero — is ar-
bitrary.

Hillerborg introduced the fictitious crack model, where he collected the deformation of the
crack band to the crack-width w of one single ‘fictitious crack. The relation between the crack
width of the “fictitious‘ crack and the stress is the o-w-relation. Two mechanisms contribute
to the stress transfer over the crack. At the beginning of cracking it is merely a ‘fictitious’
crack. The crack width is the collected deformation of a band of micro-cracks. Within this
crack band material bridges transfer the load. After the formation of a real single crack the
stress transfer is possible due to aggregate interlock. In most cases a crack will run along the
interfaces between the aggregate grains and the cement paste. The grains are pulled out of the
paste. Due to this, friction forces between grains and matrix occur. The grains act like friction
blocks and transfer friction forces over the crack.
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Many experimental results are available for the o-w-relation in the case of monotonic loading.
Fig. 4 shows some suggestions taken from [1,2,3,4,5). With the exception of the linear model,
which is often chosen because of iis simplicity, all o-w-relations show the same behavior. The
first branch of the relation is very steep, whereas the second branch is more flat. Most practical
applications are unsensitive to the exact shape of the o-w-relation. It makes no difference which
of these suggestions is chosen.
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Fig. 4: o-w-relations

Contrary to the monotonic loading, only few models are available for the case of cyclic loading.
Figure 5 shows the models of Rots [6], Gylltoft 7], Reinhardt [8] and Duda [5]. The first three
models use polygonal courses for the description of the hysteresis loop and an additional model
for the envelope curve. The model of Duda is a rheological material model and describes both
the envelope curve and the hysteresis loops.
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The bulk behavior is described by a o-¢-relation (see Figure 2). This relation is linear almost
up to the peak load. The modulus of elasticity is equal to the initial tangential modulus of
elasticity of the pressure part of the material behavior. The Poisson's ratio is in the order of y =
0.15 .. 0.25. Just before the peak load is reached, the o-¢-relation bends of from the linear be-
havior. For the state of loading where the nonlinearity starts very different experimental results
are available. In some experiments the nonlinearity starts at about half of the peak load, in
other experiments the curve is linear up to the peak load. These differences in the experimental
results are caused by the different boundary conditions. Any kind of unsystematic loading, like
internal bending due to non-uniform cracking, residual stresses due to differential shrinkage,
notch effects, etc. causes nonlinearities. Theoretical considerations {5] show that even when the
material behaves linear-elastic up to the tensile strength, a specimen may behave non-linear
before the peak load is reached {see Fig. 10). The nonlinear behavior of test specimens is more
a specimen behavior than a material behavior. Because of this, it seems to be fair to assume
linear elastic bulk material behavior up to the tensile strength, for the loading and unloading
path.

o a
tf et
for fet| A
d \\ B
’
/ A s E
- v, 8
€ ‘ R
4 gogc'if
! [-———
Rots . Gyll toft

w [m]

?52 Reinhardt Duda

Fig. 5: Material models for cyclic loading
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3. MAIN PARAMETER INFLUENCING STRAIN-SOFTENING

The strain-softening behavior of tensile loaded concrete can be described with the o-w-relation.
The parameters of the o-w-relation are:

- tensile strength f,
- fracture energy G
- the shape of the curve

The tensile strength is a generaly accepted material parameter of concrete. There are standard
tests (axial tensile test, bending test, brazilian test) for the determination of f,. The tensile
strength of concrete is influenced by the same parameters as the compressive strength. These
parameters are water/cement ratio, strength of cement, the strength and the kind of aggregate.
The tensile strength can be approximated from the compressive strength e.g. Riisch [9]:

fa=c-/f?

The factor c is a empirical constant. For the 5% fractil ¢ = 0.17, for the mean ¢ = 0.24 and for
the 95% fractil ¢ = 0.32 is valid.

The fracture energy is the energy needed for the creation and complete opening of one unit new
crack surface. It is equal to the area under the o-w-relation (hatched areas in Fig. 4). This
leads to

Gr = fo ) gu(w) - dw

The upper limit of integration w, is equal to the crack width in which the crack is stress free.
For models without such an ultimate crack width the upper limit is infinity. The fracture energy
depends on:

- aggregate
* grading curve
* maximum aggregate size
* aggregate surface (rough or smooth)
* aggregate strength

- concrete strength

- water/cement ratio

- age

- curing

- temperature

- loading rate

- workability, consistence
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One of the most important influencing factors is the percentage of coarse aggregate grains.
The coarse grains are the bridges between the crack interfaces. Therefore, G¢ increases both
with the percentage of coarse grains and with the maximum grain size (dpgaz). In Figure 6
experimental results from Mihashi [10], Petersson {1], Wolinski [11], Kleinschrodt [12] Roelfsta
(13}, Wittmann [14], Carpinteri [15] and Duda [5] and a theoretical model introduced in Duda
[5] are shown. The increase of G (y - axes) with the maximum grain size (x - axes) is obvious.
There is a big scatter in the results of the different sources. The fracture energy depends not
only on d,,4, but also on the other parameters as mentioned above.

These other parameters are different for different sources, what explains the big scatter.
Furthermore it is impossible to change only one parameter (e.g. dn..) without changing also
at least one of the others.
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Fig. 6: Fracture energy over maximum aggregate size

Crushed aggregate with rough surfaces causes an increase in Gr compared with water-worn
gravel with a smooth surface. The relation between the strength of the aggregate and the ce-
ment paste influences also the shape of the o-w-relation. Figure 7 shows typical ¢-w-relations
of normal-, high strength- and light weight-concrete. In the case of comparatively weak cement
paste and strong aggregate grains the crack runs through the paste and at the interfaces bet-
ween the grains and the paste. The grains are pulled out of the cement matrix, transferring
friction forces over the crack. When the cement paste reaches the strength of the aggregates,
either due to the increased strength of the cement paste in the case of high strength concrete
or due to the relative weak aggregates in the case of light-weight concrete, the crack will split
most of the grains. The stress transferring capacity for greater crack width decreases rapidly.

Due to this high-strength and light-weight concrete behaves much more brittle than normal
coencrete.
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N
44\ — normal—strength concrete
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34\ —~ high—strength concrete
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Fig. 7: o-w-relation of normal-, lightweight- and high strength-concrete

The water/cement ratio influences G similar to its effect on the strength (See also Hordijk
[17}). The maximum will be reached with W/C = 0.4. Higher and lower values lead to a
decrease in Gp.

4. CRITICAL REVIEW OF TEST SETUPS

Various test setups are used to study the material properties of tensile loaded concrete. Some
of these will be introduced and discussed.

4, [ and un-notched centric tension test

It is self-evident to study the tensicn behavior of concrete with centric tension tests. A test
setup may be as shown in Figure 8 at the left side. Loading plates are glued to both ends of
the specimen. A test including also the descending path of the load deflection curve is feasible
under deformation-control only. In the case of a cylinder (length = 300 mm) made of normal
concrete the outcome of this test will be approximate as plotted on the right side in figure
8. The total deformation (Al) is the sum of the bulk deformation (¢ - I) and the crack width
(w). Due to the elastic unloading of the bulk there will be a snap-back in the load-deformation
curve. As the test is controlled by increasing the total deformation, it is impossible to control
the test between point A and B. Due to the elastic unloading of the testing machine, the test
fails between the points A and B in an unstable manner. As the distance between point A
and B represents about two third of the peak load, it is not reasonable to study the post peak
response of concrete with such a kind of test.
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To avoid the unstable failure the test must be controlled by a deformation which does not
exhibit any snap-back. This is possible by using notched specimens. The crack-mouth-opening
displacement of the notch can be used to control the test. From the theoretical point of view
it is easy to run such a test, but in reality, there are still problems with the stability of the test
and with the non-uniform crack opening.

{} load
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Fig. 8: Test setup for centric tension test
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Fig. 9: Centric tension test

Figure 9 shows the results of a centric tension test with a notched specimen (Cornelissen [4]):
on the left side the average stress over the average deformation of the crack-band, at the right
side the crack profile for different load steps. The crack opening is non uniform. As the stress
depends on the crack width the stress distribution is also non-uniform. Consideration of only
the average stress and the average deformation is a pure approximation for the real o-w-relation.
Figure 10 shows the average o-w-relation and the recalculated ‘real’ o-w-relation of this test.
The difference in the tensile strength is about 12%.
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Fig. 10: Average and ‘real® o-w-relation

4.2 The brazilian test (splitting test).

Mixed Mode
Mode I

The splitting test is widely used to determine the ten-
sile strength of concrete. A concrete cylinder or prism
is loaded between two edges. The specimen fails due
to a tension crack parallel with the load direction (see
Figure 11). It is a reasonable test for the determination
of the tensile strength, but there is no way of getting a
reasonable post peak response with this test. At peak

- load wedge-shaped concrete pieces develop next to the

FJ

Fig. 11: Brazilian test

edges. The post peak response is governed by the mi-
xed mode (tension and shear) behavior at the interface
between the wedges and the bulk.

Mode I (tension) occurs only in the center of the specimen. It seems to be impossible to extract
the mode I material behavior from of the complicated mixed mode behavior of a brazilian test.

4.3 Three and four point bending tests

Bending tests are much easier to perform than centric tension tests. There is no need to glue
load plates at the specimen. Because of the redistribution of stress, the descending part of the
load deformation curve is less steep than in the case of pure tension.

Most bending tests are performed with notched beams because the place of cracking is fi-
xed by the notch. Depending on the geometry and the material properties, the snap-back
problems already mentioned may also occur with bending tests. Four point bending tests are

advantageous as there is no shear-force

between the loading points. With three point bending
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tests there is always a shear force acting between the crack-interfaces (See Fig. 12). This may
disturb the test-resulis.

{P | lPIZ lPIZ

£

a

Shear +tension tension

Pl2 P/2
P12 Pr2

Fig. 12: Shear forces in three and four point bending

In order to extract the material behavior from the specimen behavior a recalculation is neces-
sary. Depending on the available soft- and hardware equipment this recalculation procedure
may be considerable time consuming.

4.4 Compact tension testes

Two different types of compact tension tests are shown in Figure 13. The compact tension
specimens have the same fracture surface as other specimens, however, they are smaller in
dimension. This may be advantageous for casting and handling the specimen. The crack inter-
face is under pure tension. A recalculation equivalent to the recalculation of bending tests is
necessary.

Fig. 13: Compact tension test



A G. KONIG, H. DUDA 617

4.5 Conclusions

A lot of different test setups are in use. Depending on the aim of the test, the available test
machine, the hard- and software equipment, etc. any of these may be advantageous or disad-
vantageous.

5. SCALE EFFECTS

When geometrical similar specimens do not behave similar for different sizes, we are dealing
with a scale or size effect. Size effects occur anywhere in concrete. They are most significant
in the case of tensile or shear load and less significant in the case of compression. A very
well-known size effect is the dependence of the flexural strength of plain concrete on the depth
of the beam. The increase in flexural strength is caused by the strain-softening behavior of
concrete. The dependence of the flexural strength on the depth, the eccentricity, and the o-
w-relation was analyzed using finite elements. The depth was varied between 5 cm and 2 m,
the eccentricity between zero (tension) and infinity (bending). The four different o-w-relations
plotted in Figure 14 where assumed.

0 20 40 60 80 100 120

w [um]

Fig. 14: o-w-relations

Type A: normal concrete, C25, Type B: high strength concrete, C80,
gravel, dymqar = 8 mm crushed limestone, d,,.; = 8 mm
Type C: normal concrete, C35, Type D: normal concrete, C25

gravel, dmar = 32 mm crushed basalt, ey, = 16 mm
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The flexural strength f.; is defined as the ratio between the ultimate bending moment M, and
the moment of resistance.

M, -6
b-d?
The ratio of flexural strength f.; and tensile strength f., is plotted in Figure 15 over the depth

of the beam. It is obvious that the increase in flexural strength depends on the depth and on
the kind of o-w-relation.
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Fig. 16: Relative flexural strength of concrete under bending and normal force
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A normal force action simultaneously with a bending moment influences the increase in flexural
strength. In Figure 16 the relative flexural strength is plotted over the depth for different relative
eccentricities e/d. The flexural strength for normal force N, and bending moment M, = e- N,
is defined as:

N, /e-6
fcf—m(T“)

The increase in flexural strength occurs due to the redistribution of the tensile stress. The
stress distribution under ultimate bending moment is plotted in Figure 17 for depth d = 10cm,
d = 40cm and d — oo.

d=10cm d=40cm d=o

T~ . <
" % f

—
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—0 +0 —0 +0 —0
Fig. 17: Stress distribution for different beam depth

The extension of the redistribution zone depends on the o-w-relation. The relative size of this
zone is small for big beam depth and for small eccentricities.

The increase in flexural strength depends not only on the depth but to the same extend on the
eccentricity and on the material properties. Even in this very simple case it is impossible to
describe the size effect by a simple equation depending only on a geometrical parameter e.g.
the depth of the beam. Generalized for other cases it must be concluded that any equation
describing the size effect only with ageometrical parameter is a pure approximation of the real
behavior.

6. BASIC CONCEPT FOR USING CONCRETE TENSILE STRENGTH

Whether the concrete tensile strength can be used or not depends essentially on the post
peak response of the structural member. It must be distinguished between a pre-announced
and an abrupt failure without any warning. In most cases the pre-announcements are visible
cracking or unusually increasing deformations. In the first case one can hardly trust in the
concrete tensile strength. In the second case the tensile strength may be used.

To decide whether there will be a gradual or sudden drop in bearing capacity the deformation
behavior of concrete has to be calculated. In the case of pure tension this can be done using
the material models as described in this paper.
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There are some cases where the tensile strength of concrete is already used. It is known from
experience that we can trust in the tensile strength, for instance in the case of very thin slabs
or anchorage of reinforcement bars. The analysis of these cases shows that the redistribution
zone is large compared to the total loaded area.

Large stress redistribution capacity leads to a large deformation before and after the peak
load is reached. In this case tensile strength of concrete may be used. The redistribution zone
may be large due to the geometry and/or due to the material behavior.

In cases where the redistribution zone is large due to the geometry, the tensile strength is often
unwittingly made use of. Here, the advanced material models may be used for better under-
standing.

The other application - and perhaps the most interesting one - is whether or not one can
predict a small or large redistribution zone in a given situation and whether or not one can rely
on the tensile strength in said situation.

There is a very steep decay in the first branch of the o-w-relation. In many cases this also
leads to a steep decay in the load déformation curves of structural members made of plain
concrete.

With the knowledge of the reason of sudden or gradual failure new advanced concrete mix-
tures can be found which exhibit a less steep decay in the bearing capacity after the first
cracking (e.g. the admixture of fibers).

7. CONCLUSIONS

To describe the behavior of tension loaded members both the tensile strength and the defor-
mation capacity is needed. In most cases it is much more important how the concrete behaves
after cracking than to know the stress at which the first crack occurs. A concrete should not be
judged by his strength only. The ductility represented by the fracture energy is as important
as the strength, in some cases even more important.
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