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PREFACE

In several Nordic universities, research institutes, and companies, research and development are
devoted to steel fibre reinforced concrete structures. The Swedish Concrete Association
published a report on steel fibre reinforced concrete in 1995. At that time, it was considered to
be one of the world's most modern and straightforward handbooks on the design of steel fibre
reinforced concrete structures. Since then, six years have passed. Several doctoral and licentiate
dissertations have been devoted completely or partly to steel fibre reinforced concrete. The
material technology has developed further and some new and more advanced computation
models have been suggested. Furthermore, new test methods have been developed; especially
those dealing with pure tension are interesting since such methods are necessary to improve the
understanding of the structural behaviour of steel fibre reinforced concrete.

In order to exchange information and new research results, the Royal Institute of Technology
(KTH) invited to a Nordic workshop on the design of steel fibre reinforced concrete structures in
June 2001 in Stockholm. The aim was to provide the attendees with the state of the art on design
of steel fibre reinforced concrete structures and to give impact and ideas to the continuing
research and development in this area. Since 1975, more than 60 Nordic workshops have been
organised by the research committee of the Nordic Concrete Federation. This workshop
assembled 27 participants from Denmark, Norway and Sweden. A total number of 14 oral
presentations were given. They are all summarised in these proceedings.

In the final discussion it was concluded that the views of the various speakers are somewhat
contradictory. Some speakers stated that the current design rules are too complicated. Others
said that they are to simple since they do not treat the structural behaviour sufficiently
adequately. Some researchers claimed that current design praxis is too conservative whereas
athers argued that all aspects that may have a negative impact on the design are not included.
Restrain stresses are too often neglected. On the other hand, the material development continues.
This means that steel fibre reinforced concrete might be more competitive in the future. A
unanimous meeting concluded, however, that we have to continue our work with both
improvements of the design methods and modelling of the material behaviour.

Stockholm, November 2001
Johan Silfwerbrand

Organiser of the workshop and member of the Research Committee of the Nordic Concrete
Federation
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Experiences with Betongrapport Nr 4 and the Need for Recognised
Guidelines

Peter Mjornell

M.Sc. Sales Manager Northern Europe

Bekaert Svenska AB

Forsta Langgatan 28 B, 413 27 Goteborg, Sweden
E-mail: peter.mjoernell@bekaert.com

ABSTRACT

The Betongrapport nr 4 of the Swedish Concrete Society has
brought design of steel fibre reinforced design forward since
1995. It has proved to be complex to apply and interpret for
many engineers not working with steel fibre reinforced concrete
regularly, however. Especially the presentation of performance
of steel fibre reinforcement still tends to cause confusion.

Key words: flooring design, performance classes, steel fibre
reinforced concrete.

1 INTRODUCTION

While the Betongrapport nr 4 [1] can be used for general design problems, flooring design is the
most common for steel fibre reinforced concrete today. Focus will be on flooring in this paper.

1.1 Early Flooring Design

Before Betongrapport nr 4 was introduced Bekaert based its flooring design on older Dutch
recommendations. The models were somewhat crude with only elastic analysis and the load
redistribution of a plate on ground was taken into account by using an enhanced design stress.
Basically the Dutch CUR [2] recommendation specify that there is a link between the flexural
toughness and the increased load bearing capacity of a plate on ground. The following stress
enhancement formula was used:

Ri0,30 =30
firesc = (1,6- h)£1+ — | T 1)
70
farex IS flexural residual strength for a plate on ground

This model was derived by studying the behaviour of point loaded plates on ground. Bekaert do
not use this model anymore but is still being used by many designers, especially in the Benelux
countries. Today, Bekaert normally design floors based on the British recommendation TR 34
[3], apart from the Nordic countries.
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Another approach still being widely practised is design based on the assumption that steel fibre
reinforcement increases the first crack strength. The assumption is normally supported by
carefully selected test results. Most research institutes do not support this hypothesis today, for
moderate dosages of steel fibres, but the model is still in practice. Many designers still possess
limited knowledge of steel fibre reinforced concrete and may accept a design based on an
increased first crack strength.

Others still do not design floors at all. Some contractors have one solution for all floors
regardless of loading. E.g. 150 mm and 40 kg/m® of a specific fibre. This solution is then
expected to work on all grounds and loading conditions.

2. DESIGN BASED ON BETONGRAPPORT NR 4
21  Flooring design

Quite early Bekaert attempted to adopt our design methods to the Betongrapport nr 4 in the
Nordic countries. The first hand calculations were done by Carl Lindquist already in 1995. In
the summer of 1995 the first big floor, calculated according to Betongrapport nr 4, was casted in
Gothenburg. It was a floor of 10 000 m? 130 mm thick and reinforced with 35 kg/m® Dramix
ZC 80/0.60.

A design program was developed, together with a design manual [4]. This program is still in use
after several updates and is still one of our most important design tools in the Nordic countries.
The shortcoming of Betongrapport nr 4 is mostly in dealing with structures only subjected to
shrinkage stresses.

The design model has been recognised in Denmark, Finland and Norway as being an acceptable
way to design steel fibre reinforced concrete for the time being.

In the rest of the world Bekaert normally design floors according to TR 34 of the British
Concrete Society. There is also a manual and a design program to support this. The basic
philosophy is the same and also this model rest partly on Betongrapport nr 4 and “Handledning
for dimensionering av fiberbetonggolv’[5].

Bekaert is now in the introduction phase of a new generation on design programs for steel fire
reinforced floors. Apart from a more modern program layout and printing facilities it is also
very flexible to enable easy adjustments to national requirements. The basic ultimate stresses are
calculated using the original formulas of Losberg [6].

The new program will be able to handle different sets of material characteristics and other input
that may vary in national recommendations. It will also be accessible over Internet from this
autumn on, for selected individuals and companies.



2.2 Other design

When designing structural applications such as segmental lining and other precast structures
Bekaert basically apply the same approach. For important structures and/or repetitive solutions
there is often the possibility to test the specific material or even to do full scale testing. Steel
fibre reinforced segmental lining for TBM’s are often tested full scale, as an example.

2.3  Experiencesin flooring

Since 1995 some 5 million m? floors have been reinforced with Dramix® in the Nordic area and
most of these floors have been designed according to Betongrapport nr 4.

Most of these floors have worked very well and there are no indications that the models are off
from a structural point of view. During this period we have no record of any floor, that has not
worked as expected in terms of load capacity.

An interesting conclusion was that the older CUR models gave very similar results as the
calculations according to Betongrapport nr 4. There was often good correlation between
thickness and reinforcement for most loading conditions even if the calculated stresses were
different naturally.

Occasional problems occurring have been more related to practical issues not covered by the
design model. Common problems are, as with all floors, shrinkage cracks, curling problems,
joint problems and finishing issues. These difficulties are not specific for steel fibre reinforced
floors and can only be addressed through a good co-operation between the designer, contractor
and the material supplier. In fact, many contractors experience less such difficulties with steel
fibre reinforced concrete compared to traditionally reinforced floors.

The concrete composition is crucial for several reasons. The shrinkage should be moderate
while still maintaining a relative high slump. A suitable superplasticizer is recommended in
most cases. The sieve curves are especially important when mixing high dosages of high
performance steel fibres. The concrete should have an increased amount of material 0-2 mm to
reduce problems with fibres at the surface. The amount of large aggregates should be limited.

2.4  Successful floor types

Two types of floors, which are described as type A and C in Betongrapport nr 4, generally give
the best results. Saw cut floors with joint distances between 10-20 m have proved difficult in
our experience. Even if it is possible to avoid shrinkage cracks with a good reinforcement, you
often face serious problems at the joints. It is then better to increase the joint distances to a
maximum and make an extra effort to protect the large joint openings.

Type A. Small plates with saw-cut joints

These floors are often casted with a Laserscreed in bays of about 1500 m® and cut the day after.
Joint distances are often limited to 6-8 m and should be at maximum 10 m. The thickness and
reinforcement depend on loading and ground conditions but a thinner floor give more curling.
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Minimum thickness is about 120 mm but a thicker floor is preferred. (Incidentally, it can be
mentioned that 150 mm is a required minimum thickness in many countries for concrete floors.)
Traditionally “type A” floors were casted on low a friction sub-base but this is more and more in
question. Cracks are very rare and instead there are often problems with series of plates moving
to create dominant joints. The friction should certainly be high enough to open most joints on
these floors. This means that the foil may be skipped in some cases.

Type B. Floors without contraction joints.

These floors have proved to work very well throughout Europe, including the Nordic area, and
now make up a serious share of the larger heavy industrial floors. The floors are cast with a
Laserscreed in bays of about 2000 m? and there are no joints or visible cracks in these bays. The
joint openings are large however, often 1 cm or more, and need to be protected with a steel edge.
A very low friction to the sub-base is then needed, along with excellent execution and a low
shrinkage concrete. The jointless floors should be minimum 140 mm thick and reinforced to a
toughness of more than 60 %. Minimum reinforcement is then 35 kg/m*Dramix RC-65/60-BN.
Q-joints are often selected as day joints to combine mould, steel protection and free horizontal
movements.

3. PRESENTATION OF RESULTS
3.1 Testing of steel fibrereinforced concrete

There are several good ways to test the flexural properties of steel fibre concrete and still better
methods to determine both the flexural and tensile properties will probably come into practice in
the next few years. E.g. the RILEM suggestions. The most important thing is that there are
generally accepted methods per market and that most parties recognise them. In most of Europe
the JSCE-SF4 is still predominant, while in the Nordic it is more common to use the ASTM C
1018. Unless there is a rather strict way to compare the performance of different alternatives the
market very rapidly deteriorates into a dosage based market and become the dumping ground of
low-end steel fibres. The tunnel market in Norway is a good example where low-end steel fibres
are used in many tunnels today.

The performance of steel fibre concrete depends as much on the choice of steel fibre as the
dosage. The following two load-deflection curves show the performance of two fibres of the
same length, dosage and geometry, tested according to JSCE-SF4. It is however very difficult
for most engineers to tell the difference by just looking at the products.

It is clear that the same dosage (35 kg/m®) of Dramix® fibres can give residual strengths varying
between 50 and 80 %. Both fibres are 50 mm long and the RC-80/50-BN fibre is 0,62 mm thick
while the RL-45/50-BN is 1,05 mm thick.
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Figure 1 — Load-deflection curves

3.2 Today’'spresentation of performance and function

Steel fibre structures are presented to designers and end clients in different ways today. “Don’t
worry — We take care of everything” is mingled with more or less correct presentations of
performance, properties and functional capacities. We see that the Betongrapport nr 4 was a big
step forward, even if we still see designs based on tests proving an increased first crack strength
of the concrete.

The Betongrapport nr 4 is perceived a bit complicated in terms of performance and it may be
difficult to see what to really ask for as a designer (or from whom for that matter).

In cases were a post crack performance is specified, normally the steel fibre producer or
distributor make a design and take responsibility for the relative flexural toughness (R-values).
The attractive parts of this approach is that it is easy to understand, it has been in practice for
long, and it is low cost in testing. The disadvantage is that you have no absolute assurance that
the selected concrete will give exactly the same flexural strength as when testing. Bekaert do
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normally accept this uncertainty for floors but not for more advanced structures. Apart from
input and modelling information, our design program for Betongrapport nr 4 give the following
final output today.

Baserat pa givna forutsattningar foreslas féljande l6sning:
Plattans tjocklek : 140 mm
Dosering : 35 kg/m®
Fibertyp . RC-65/60-BN
Betong . K30
Fogavstand 9000 X 8000  mmMm

Ovanstaende forslag motsvarar foljande hallfastheter vid provning enligt
ASTM C 1018:92.

Residualhallfasthet (%) Motsvarande spanning (MPa)
Ri020 = 64 firesk = R1020 X 1,2 X Ty = 2,36
Rioze = 61 firesk = Riose X 1,2 X fey = 2,25
@K OMMENTARER

Figure 2 — Program printout

The relative flexural toughnesses and the equivalent flexural strengths are presented at needed
deflections, to compare to eventual material tests performed on the project. However, it is today
rather unusual that such tests really take place. It may happen infrequently on large important
projects but not on smaller projects.



The new design program will contain more detailed information and will also more clearly
distinguish between ultimate and serviceability state.

4, DISCUSSION AND FUTURE TRENDS
4.1 Requirementsand alternatives

It is easy to criticise the relative approach and just state that each and every concrete mix has to
be individually tested. The cost of testing would prohibitive on all but very large flooring
projects however. It is a sure route towards a market situation were individual companies
provide company based assurances. Flooring design will become less transparent and it will not
enhance the quality of flooring.

We also see a rapid development in some countries towards steel fibre reinforced alternatives
for smaller repetitive applications, often marketed by the ready mix industry. Here we find small
house foundations, compression layers, cellar walls and similar applications. Also in this fast
growing segment there is a need for guidelines.

Regardless what test models are selected per country, it is important to have simple and clear
presentation of performance. If we select Rig 30, Re1s, Ix, f1,5mm Or the RILEM recommendation,
is perhaps of less importance. Our solutions today, based on Betongrapport nr 4, present
performance at deflections corresponding to Rig20 and Rigx. “X” depends on the expected
maximum crack width of the construction in mind. This further complicates an already difficult
message for many engineers.

Another requirement is for the test itself to be relative simple to perform and not too costly. The
amount of testing that can be prescribed will depend largely on the cost per test.

4.2  When totest and by whom?

Testing can either be prescribed at especially important projects or that each supplier get some
sort of approved performance per product. This has been suggested in Finland with the BY 8 B
certification. It indicates what sort of toughness a specific product will give at different dosages.
In principle you test at an approved test institute and get an official fibre identification chart.

The other question is who should be responsible for what? Is it the steel fibre supplier that
should be responsible for the performance and function? Should responsibility lie with the
contractor casting the floor, or perhaps with the ready mix producer, marketing steel fibre
reinforced concrete? The fibre supplier normally takes most of the responsibility now, as the
fibre supplier often set the design rules for its products. There is a trend in some European
countries towards a larger involvement of the ready mix producers. This development point in
the direction of more or less official performance classes for steel fibre reinforced concrete.



4.3 Performance classes

In Germany there are plans to establish a DBV-Merkblatt that regulate different levels of
performance for steel fibre concrete. Beam tests will be used to establish equivalent flexural
strengths for different fibres and dosages. Performance will be studied at two pre-defined
deflections. The smaller deflection (per + 0,65 mm) will be for serviceability studies and the
larger deflection (pe + 3,15 mm) will be for the ultimate limit state. The following classes are
being considered:

Table 1 — Performance classes according to DBV-Merkblatt — DRAFT

Class Min-value for equivalent flexural strength (M Pa)
0 <10
0,4 >1,0
0,6 >15
0,8 >20
1,0 >25
1,2 >3,0

The classes obviously refer to the calculated pure tensile strength when using the common
conversion factor of 0,37.

Theoretically performance should be tested at each concrete plant but in practice each producer
will probably test at representative plants and use the data at other plants. The minimum number
of beams will be six per dosage. It is easy to understand the vast number of tests required to test
at all plants.

In Benelux similar ideas will be introduced but there the steel fibre producers will probably
establish performance classes for selected types of concrete. It will probably be based on relative
performance measures.

Performance classes have been discussed in the Nordic before and now could be the time to
attempt to classify performance for steel fibre reinforced concrete. This would counter some of
the confusion and make steel fibre reinforced concrete even more acceptable in the future.

Perhaps there may be possibilities to combine the practical approach applied in Betongrapport
nr 4, with the more recent work in the Danish Materials Technology Development Program,
MUP2 [7]. Also this work point in the direction of performance classification, although from a
different angle.

Another source of inspiration could be the new updated Norwegian rock support guide [8]. It
suggests performance classes based on both beam tests and plate tests and it also indicates what
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tests to be done. For the highest class (2) it is prescribed to test with the right mix on the project,
while else it is enough to declare the performance based on general official testing.
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ABSTRACT

Current Swedish practise in the design of steel fibre concrete
slabs on ground is reviewed and discussed.

Key words: steel fibre concrete, slabs on ground, plastic analy-

sis, punching

1 INTRODUCTION

A concentrated load on a slab on ground is
carried more or less directly by the subgrade.
However, due to the stiffness of the slab, the
subgrade reaction (ground pressure) is spread
over an area outside the load, which creates
bending moments and shear in the slab, see
figure 1.

The design with regard to these effects is the
subject of this paper, and the title suggests
that there may be uncertainties and questions
concerning this. In general, the author does
not have the answers to the questions, but
maybe some of the answers can be found in
other contributions to this seminar.

In the following, “fibre concrete” means steel
fibre reinforced concrete, “reinforced con-
crete” means concrete with ordinary reinfor-
cement whereas “plain concrete” means no
reinforcement at all.

Ground pressure, depending on depression of slab:

S

m Bending moment in slab: m

Figure 1. lllustration of a dab on ground
subjected to a concentrated load.
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In the traditional design of floors and pavements of plain concrete, the maximum bending mo-
ment from an elastic analysis is compared to the maximum flexural capacity of the slab, i.e. the
cracking moment. When the maximum capacity is reached for positive moment, the negative
moment is far below maximum, see curve 1 in figure 2 (the other curves will be discussed later).

Figure 2. Examples of moment dis-
tributions for an interior concen- :
trated load (far from edgesand cor-

ners). ‘
M, = ultimate moment | 2.
Curve 1. elastic analysis y M,
Curve2: plastic analysis with yield m m y
capacity for positive and
maximum capacity for | i M
negative moment N 7 YoM,
Curve 3: plastic analysis with yield \ /
moment for positive and ~/

negative moments

Fibre concrete slabs are sometimes (still) designed in the same way. This gives little or no bene-
fit from the fibres, since the maximum moment capacity does not increase much with the addi-
tion of fibres, see figure 3. The effect of fibres is not significant until after cracking. *

! The conventional representation of the mechanical properties of fibre concrete is the flexural stress, see figure 3,

which is a way to express the moment independently of the cross section depth. Thus, in describing the behaviour

one may use either moment or stress. This should be remembered if the text may seem inconsistent in this respect.
12



Figure 3.

Typical relationship between load
(moment or stress) and deformation
(deflection) for a fibre concrete, re-
sulting from a standard flexural test.

Real stress distribution after cracking  Equivalent distribution

After cracking the flexural stressis

expressed as an equivalent stress,
based on linear distribution. )

D A
M = cracking moment

M, = maximum moment
My = “yield” moment
~o=M/W =6M/h2

2. PLASTIC ANALYSISFOR FIBRE REINFORCED CONCRETE

2.1 General

With fibres a bending moment can be taken even after cracking. The load can be increased be-
yond “positive” cracking, if there is room for a sufficient increase of the negative moment to
compensate for the decrease of positive moment. The load can then be increased until the nega-
tive moment reaches the maximum capacity, while the positive moment stays at some “yield”
level. See curve 2 in figure 3. In a genuinely plastic approach, a “yield moment” would be as-
sumed in both directions, curve 3, but this would normally give a lower load capacity.

Yield line analysis of the slab together with an elastic model for the subgrade was treated by
Losberg [1], and the failure criterion (curve 2 or 3) was also addressed. Reinforced concrete,
which is dealt with in [1], has a behaviour suitable for plastic analysis. This is not true for fibre
concrete, as can be seen in figure 3. Here, the definition of a “yield moment” and the choice of
failure criterion are both more or less open questions.

2.2  Définition of yield moment

For fibre concrete, a fictitious “yield moment” must be defined. It should represent the average
moment in yield lines (cracks). One way is to use yield strength = residual strength, by defi-
nition the average stress within a certain deformation interval oy - dy; see figure 3.

Let Ay be the area OABCD up to deflection dy, and Ay corresponding to ox. Then
fres,x,y = (Ay -A)/ (5y - %)

The areas can be expressed in terms of the toughness index:
Ay = Ac-lx and Ay = Ag-ly where A is the triangular area OAD up to cracking, Ac = fer- er/2

13



From the definition of toughness index also follows: & = der-(X + 1)/2, &y = der-(y + 1)/2

Using these expressions, the residual strength can be written, after simplification:
fres’x’y = fcr'(ly = Ix) / (y' X) = fcr'RX’y, Where RX’y iS the I’eSIdual ﬁl’ength faCtOI'

The deformation interval
varies. In Sweden Rig3o IS
often used, corresponding
to 55 - 155 X Ox. Some
countries go from & to a
fixed value in mm, e.g. 1,5
or 3 mm. Thus, the residual
strength for a given fibre
concrete may differ, see
figure 4. Comparisons must
also consider the size of test
beams, which influences the
value of o.

2.3 Failurecriterion
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Figure 4. Example of different definitions of residual strength,
based on & = 0,05 mm.

For reinforced concrete slabs on ground, the following failure criteria are proposed in [1]:

1. Reinforcement in one layer: after yielding for positive moment, the slab cracks for negative
moments around the load, i.e. cracking moment is used in negative yield lines.

2. Reinforcement in two layers: yield moment in both positive and negative yield lines.

The first case seems to support a failure criterion according to curve 2 in figure 3. However,
there are fundamental differences. For reinforced concrete the yield moment is normally higher
than the cracking moment, but for fibre concrete it is lower. Reinforced concrete can have large
deformations in the ultimate limit state, whereas the deformation capacity of fibre concrete is
limited. Therefore, models developed for reinforced concrete should be applied to fibre concrete
with caution. This leads to a recommendation to use the genuinely plastic approach, i.e. curve 3
in figure 3, yield capacity for both positive and negative moments.
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3. STIFFNESS PARAMETERS

31 Geneal . o | 5=olK

a) "Bed of springs
The subgrade is assumed to behave elastically "Winkler mode!" Modulus of subgrade
in [1]. Then there are two models, illustrated in “Heavy fluid” Hﬁ reaction K (MN/m?)
figure 5. The choice of model will not be fur- f
ther discussed here; it is usually governed by

what type of information is available for the
subgrade.
11111
b) Elastic Elastic modulus
half space E, (MN/m?, MPa)
Figure5.

Alternative models for the subgrade.

A governing parameter for the bending moment in the slab is the ratio between the stiffness of
the slab and that of then subgrade. This ratio is usually expressed in terms of a so-called stiffness
radius, r; this is a fictitious length parameter without a direct physical meaning, but with an ef-
fect on the bending moment similar to that of a span length. The stiffness radius is

r=4/ElI/K or r=3/15- EI/Eg depending on the model (K and Ey, see figure 6; El, see 3.2).

The stiffness radius primarily influences _a

the distribution of the ground pressure,

which in turn influences the bending mo- ’llHlll

ment, figure 6. From this it follows that it

is important to define the stiffnesses, both
for the subgrade and the slab.

N 7
\ /

/
\ 7~1)

This gives rise to some questions, which \ [ stiff slab / lexible subgrade

\
: : : \ | / Large stiffness radius (r = a)
are discussed in the following. \ |/ Ditiouted ground pressure
Vol High bending moment in slab
VL,
H \\ ! // Flexible slab / stiff subgrade
Figure6. Vi Small st s (1
; . \ 1/ mall stiffness radius (r = a/2)
Illustration of the effect of stiffness rela- J‘* Concentrated ground pressure
. . . . Low bending moment in slab
tions on ground pressure distribution and Ground pressure / (P/a?) |
moments.
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3.2 Stiffness of slab

Models for reinforced concrete in [1] are based on slab stiffness for fully cracked section. This
corresponds to elastic behaviour between cracking and yielding, neglecting any contribution
from concrete in tension between cracks (tension stiffening). A low stiffness is favourable, cf.
figure 6, which could lead to the conclusion that it is unsafe to ignore tension stiffening. How-
ever, on the way to a fully developed yield line pattern, the stiffness in the first yield lines will
become lower than the assumed value, due to plastic rotations. Therefore, on the whole it is
probably safe to use the stiffness for fully cracked section.

For fibre concrete the cracking moment is normally the highest moment that can be taken, and
there is nothing like a “cracked elastic stage”. Therefore, the stiffness for uncracked section is
normally used. However, before cracking for negative moment, the stiffness in the positive
“yield lines” will be reduced due to rotations beyond cracking. Questions are then:

Isit unnecessarily conservative to use the stiffness for uncracked section?
Would it be justified to use a somewhat reduced stiffness?

3.3  Effect of long-term deformations

The effect of long-term deformations is closely related to the above discussion of stiffness. Con-
crete and most types of subgrade are characterized by time-dependent deformations under sus-
tained load. (For convenience, the term creep is used here for both concrete and subgrade.)

The effect of creep on the flexural stiffness of the dab is very different for uncracked sections
(plain, or with fibres) compared to that of cracked, reinforced sections, see figure 7. The stiff-
ness of the cracked reinforced section is not very sensitive to creep, see figure 8. For long-term
load, it is then essential to consider creep at least in the stiffness values for the subgrade, other-
wise the result will be unsafe due to underestimation of bending moments; cf. 3.1.

The stiffness of the uncracked section is on the other hand very E.l_/(1+¢,)
sensitive to creep. In principle, a creep factor (1 + ¢) will now I =3 15%
appear on both sides of the fraction line in the expression for r: 9 Pq

If the ¢ -values do not differ too much they will have little effect on r, and thereby on the bend-
ing moment. The important thing is then to use the same type of stiffness values for both con-
crete and subgrade; whether they are long-term or short-term values is less important.

Stiffness values for the subgrade, given in handbooks and codes, are often long-term values in-
tended for calculation of settlements. If they are used in the present application, together with a
short-term modulus for the concrete, bending moments will be overestimated, i.e. the error is on
the safe side. In the opposite case, the error would be on the unsafe side. Thus, a warning is due:

Do not combine short-term values for the subgrade with long-term values for concrete.
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Cracked section with ordinary reinforcement:

El = E,A/(d—x)(d —x/3) | An—

= EAd1L-&)A-¢/3)

where & = ap(1/1+ 2/ ap —1)

ap = AsEs/AcEes
Eer = Ec(1+(0c)
@ = creep coefficient for concrete

Uncracked section (with or without fibres):

El = E h®/12

Figure 7. Flexural stiffness of cracked reinforced and uncracked section respectively.

El, MNmM2
20
15
Uncracked
10
. 5
Figure8. _ — Cracked, # = 0,5 %
Example of the effect of creep in a cracked
reinforced section and an uncracked section 0
i 0 1 2

respectively. Creep coefficient ¢
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4, RESTRAINED IMPOSED DEFORMATIONS

4.1 General

Concrete shrinks and a .
slab (at least outdoors)
can be subjected to
temperature  changes.
These effects cause the

Possible cracks
Tensile force

slab to move, or at least

“try to”, figure 9. """""""

Figure9. <+— Local restraint
The effect of imposed
deformations. | If the slab could move freely

4.2  Takinginto account restraint in design

With elastic analysis (normally used in SLS and in
certain cases in ULS), stresses due to restraint are
simply added to those due to external load, figure 10.

The total stress should normally not exceed the crack-
ing stress. It can be discussed, however, whether it
would be possible to allow some cracking in SLS, and
in that case, whether one could use plastic analysis to
some extent also in SLS.

e e e e — — — — — —
—— Restraint due to friction

GM+ (o=}

Figure 10. Stresses due to restraint
added to those from bending moment
due to external load.

In ULS design of reinforced concrete, the effect of
imposed deformations can be ignored, if the increased
plastic rotation is covered by the rotation capacity.

A similar approach can be used for fibre concrete in
connection with ULS design. Thus, instead of adding
stresses from restraint to those from external load,
deformations are taken into account, e.g. in the form
of increased crack widths, see figure 11.

This can be done by defining the residual strength for

a deformation interval, which includes the effect of
both load and imposed deformation, cf. figure 12.
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Figure 11. Crack width fromre-
straint added to that from load.



fcr -0 I
: Deformation corre-
: sponding to increa-
: sed crack width
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Figure 12. |
Increased  deforma- ! —
tion capacity to cover i
increased crack width |
due to imposed de- !
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4.3 Relation between residual strength and crack width

The residual strength can be related to crack widths with a simple model. Consider a test beam
with one crack, located in the middle, figure 13:

Immediately h
before cracking
A2 5 B

cr

| }

After cracking
Figure 13. ® j s

. . u 8,=6,+6,
Deflection and crack opening. w
12 E

1 i 1

The opening of the crack gives the whole increase of deflection after cracking:
ow = W-(1/4h) For test beams oftenI/h=6 = o, =(6/4)-w=15w
Oy = Ocr + Ow = O (y+1)/2 (total deflection; see 2.2) = y=1+206w/ du

Certain dimensions and a certain flexural strength will give a certain cracking deflection J;.
Example: cracking deflection ¢ =0,15mm=y=1+2.15w/0,15=1+ 20 w.

Thus, a residual strength based on Rig20 would cover a crack width w~ 1 mm. To cover 2 mm,
e.g. to include an imposed deformation, Ri040 should be used. However, these figures are only
examples, based on &¢ = 0,15 mm. Other beam sizes and/or concrete strengths will give other
values. Example: if & = 0,05 mm, Ryo20 would cover only w = 0,3 mm. Different beam sizes
are used in different standards, and test beams do not always represent the dimensions of a slab.
Therefore, this model is, although logical and simple, to some extent built on sand.
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5. PUNCHING

For reinforced concrete, design is based on a nominal shear stress in a cylindrical control section
at a certain distance outside the loaded area. In e.g. the Swedish code this distance is d/2 (d is
effective depth), and the nominal shear strength is 1,5 times that in “ordinary shear”. In EC2
(prEN-version), the distance is 2d but the shear strength is the same as in ordinary shear. Neither
model has anything to do with the real mechanisms of failure, but both are claimed to give good
agreement with test results, of which large large amount exists.

There are few test results for fibre concrete, and the failure mechanism can be different. Despite
this, and in the absence of better alternatives, models for reinforced concrete are often used. A
model based on the Swedish code for reinforced concrete will be described as an example of
this; see figure 14. With the control perimeter at distance h/2, the punching load can be written

Py = hufpg + Ay-p = 2nchfpg + nc®p a+h

a h/2
where L
p average ground pressure within A, U
fod punching strength = k-0,45-f; /yu ]
ft axial tensile strength ~ 0,6-f A
for flexural strength h
k=14 ! Ground pressure p !
The punching stress becomes MM

i Control section
fpd = 1,4'0,45-0,6'fcr/7|\/| ~ 0,4'fcr/7M Length u i -
Area A . |
" Vi

Figure 14. -
Example of model for punching design, based on \ ¢ = (a+h)/2

the Saedish code for reinforced concrete.

The models in [1] include the pressure distribution under the slab, but based on flexural failure,
with a corresponding (large) deflection. In punching the deflection prior to failure is much less,
and so is the ground pressure. On the other hand, a high pressure may be compensated by a
small area; the “real” area is probably much larger than the area within control perimeter h/2.
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Figure 15 illustrates some of the uncertain-
ties related to punching.

Figure 15.
Uncertainties related to punching design of
fibre concrete dabs on ground.

1. Location of control section? MMM HAU
2. Shear strength in control section ? L1l
3. Effect of bending moment ?

4. Effect of ground pressure ?

Some of the questions around punching may be answered in a research project at KTH (see
separate contribution to this seminar by UIf Nilsson). However, ground pressure is not relevant
in that project and this question will therefore remain on the table.

- E

6. DOME ACTION

Tests to study the applicability of yield line theory are reported in [3] (without elastic subgrade).
Load capacities were found to be high above those predicted by the theory, and fibres made little
difference. This is attributed to dome action, possible by axial restraint along the perifery of
slabs and activated by rotation of parts between cracks, see figure 16. The effect is similar to
that of reinforcement, but in the case of external restraint, the lever arm z is reduced with in-
creasing deflection; this is not the case with reinforcement.

External restraint

Comparison: restraint
caused by reinforcement l

Figure 16.
[llustration of dome action.

Thefollowing is worth noticing
e In[3] there was a considerable dome effect even in thin slabs (30-40 mm)
e Slabs on ground are usually much thicker, e.g.100-200 mm
e Good possibilities for restraint in slabs on ground can be expected, at least for interior loads

The following questions arise:
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e |sflexural design at all relevant for interior loads on slabs on ground?
e Will instead punching be the governing criterion?
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ABSTRACT

The use of steel fibres in concrete slabs on grade has several
advantages over conventional welded fabrics: (i) absence of labour
intensive reinforcement work, (ii) a reinforcement type that is less
sensitive to construction variations, and (iii) a probable
improvement of shrinkage crack control. The Swedish Concrete
Association developed design guidelines in 1995. They are
summarised here. The guidelines deal mainly with flexural loading.
Additional details on the estimation of the degree of restraint to
shrinkage movements are given in this paper. This paper describes
also how to handle punching loads.

Key words: SFRC, slabs on grade, flexure, punching, restraint
loading, design.

1 INTRODUCTION

The use of steel fibre reinforcement has increased in concrete slabs on grade, especially in
industrial floors. By choosing steel fibre reinforcement instead of conventional reinforcement, it
is possible to save the labour-intensive and expensive reinforcing work. Most likely, the use of
steel fibre reinforced concrete (SFRC) slabs on grade would increase further if reliable,
approved, and simple design methods were available. In traditional design methods for slabs on
grade, the estimation of mechanical stresses, e.g., truck traffic stresses, is fairly good, whereas
stresses due to restrained shrinkage or thermal movements are either neglected or considered
very roughly. This might be acceptable for conventionally reinforced slabs with sufficient
reinforcement area and large ductility, but will not be suitable for SFRC slabs.

The international engineering society has not established any design methods for SFRC slabs
on grade yet, but several design proposals exist, see, e.g., Falkner et al. [1], Bischoff &
Valsangkar [2], and Skarendahl & Westerberg [3]. Most of these proposals deal solely with
mechanical loading. Bischoff & Valsangkar discern between two design approaches: (i)
providing the slab with a minimum reinforcement sufficient to carry the mechanical load after
cracking and (ii) ensuring that the slab does not crack under the combined action of mechanical
load and restraint load. A similar approach was used by the Saedish Concrete Association in
1995 [4]. It will be described briefly below.
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Traditional design methods for slabs on grade cover the flexural failure due to mechanical
loading, e.g., truck traffic, in a fairly straightforward way, whereas the punching failure is either
neglected or considered very roughly. For large concentrated loads, e.g., stacked containers
supported by small feet, the punching load may constitute the design load. In this paper, a
method on punching design of SFRC slabs on grade is described. It has recently been used for
developing design charts for industrial SFRC pavements, see Slfwerbrand [5].

2. THE SWEDISH DESIGN PHILOSOPHY

The Swedish design method for SFRC slabs on grade was established by the Swedish Concrete
Association in 1995 [4]. The method covers both ultimate limit state and serviceability limit
state. For the ultimate limit state, the designer might select either the uncracked or the cracked
state (Figure 1). In the uncracked state, the concrete slab has to carry both external loads and
restraining loads. In the cracked state, it only needs to carry external loads. The ductility of the
SFRC is assumed to contain any effects of restraint. This assumption is an adoption of
Losberg's statement concerning reinforced concrete pavements: “...temperature and shrinkage
do not influence the ... ultimate moment...” [6]. Losberg’s explanation is that stresses caused
by temperature and shrinkage (restraint stresses) disappear as soon as the reinforcement stress
has reached the yield point (i.e., after cracking). It is obvious that SFRC with sufficient ductility
can be treated in a similar way. Experimental evidence for this statement has been provided by
tests by Alavizadeh-Farhang [7].

Design procedure

v
v v
Ultimate limit state Serviceability limit state
+
$ l Ext. loads + restr. loads
Uncracked state Cracked state Strength at first crack -
v v
Ext. loads + restr. loads Ext. loads
<1 <1
Ultimate strength Strength, increased ductility

Figure 1 — Design procedure according to the Swedish Concrete Association [4].

3. FLEXURAL DESIGN

3.1 Loads and Stresses

Slabs on grade are subjected to external loads from, e.g., lorries and fork-lift trucks and from
the storage of goods. Restraining loads may originate from restrained thermal or shrinkage
movements. Most industrial floors have a fairly constant indoor climate. For such slabs,
concentrated loads and loads due to restrained shrinkage are the most important ones.
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For the uncracked state, the stresses due to concentrated loads could either be computed by
using Westergaard' s theory of elastic slab on a dense liquid (resilient or Winkler) foundation or
the theory of a multi-layered elastic half-space. It is without the scope of this paper to report the
comprehensive research that has been devoted to this area.

For the uncracked state, the tensile stress ot due to restrained shrinkage (for simplicity: called
shrinkage stress below) may be computed by the following simple equation:

Eees

'1+¢ @

ot =V

where, w = degree of restraint (0 < w < 1), E = modulus of elasticity of the concrete slab, & =
free concrete shrinkage, ¢ = concrete creep coefficient.

Eq. (1) is valid for the uniform shrinkage distribution. In reality, the shrinkage distribution is
non-uniform with higher values at the top than at the bottom due to drying mainly upwards. The
uniform assumption is, however, conservative and is therefore used for simplicity.

The degree of restraint y vanishes if the slab may shrink completely freely and equals unity for
complete restraint. It is fairly difficult to determine. It is, however, known to be dependent on
the following factors:

1. Slab length or distance between joints

2. Slab thickness

3. Distributed load in addition to the dead load of the slab

4. Friction between slab and subgrade

5. Presence of haunches or tapered cross section

6. Looking or bond to adjacent structures or construction elements

Haunches and looking to adjacent structures, e.g., walls, columns, foundations, previously cast
floor slabs, should be avoided. If so, the degree of restraint is mainly dependent on the friction
and the ratio between slab size and slab thickness. Based on the Swedish Concrete Association
[4], the following simplified table may be used to roughly estimate the degree of restraint:

Table 1 — Estimation of the degree of restraint y at dab centre

Subgrade Ratio between dab length (joint spacing) and slab
thickness, L/h
10 20 30 50 > 100
Even subgrade + two 0.05 0.15 0.25 0.5 1
sheets of cling film
Compacted gravel 0.1 0.3 0.5
Macadam without levelling 0.2 0.6 1

These values are valid in the interior parts of the slab. At free slab edges and undowelled joints,
there is no restraint against the shrinkage, i.e., the degree of restraint vanishes (Figure 2).
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y=1

15h L-30h 15h

Figure 2 — The degree of restraint y may be assumed to vary linearly from = 0 at dab edges
or undowelled jointsand = 1in an interior part. The figure shows an example of a concrete
dab resting on macadam without levelling.

Recently, a new production method has been developed making it possible to reduce the degree
of restraint further. It uses evenly spaced airbag lifting the slab temporarily during the first
couple of weeks after casting and initial curing enabling free shrinkage and bilateral drying, see
Slfwerbrand & Paulsson [8].

For the cracked state, the yield line theory is used. Consequently, it is not meaningful to
compute stresses. Instead, design load is compared with the load carrying capacity discussed in
the following subsection.

3.2 Material Strength and Load Carrying Capacity
The material strength is evaluated through flexural tests on beam specimens. According to the
Swedish Concrete Association [4], the beam is tested in four point bending (Figure 3).

Recommended measures are beam height h = 75 mm, beam width b = 125 mm, and span length
| = 6h =450 mm.

lF/Z 1F/2

gr 13 | 13 |,|/3’sé|/>7 L b L
I |

7 | | 7

Figure 3 — Beam tests according to the Swedish Concrete Association [4].

From the relationship between computed maximum flexural stress at midspan and midspan
deflection ¢, the following three strength measures are derived:

e First crack strength fgq
e Ultimate strength fg,
e Residual strength fres

Characteristic strength values can either be determined by testing several beams and using
statistics or estimated by testing three beams and defining the characteristic value as 90 % of
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the lowest value. Design values for flexural and tensile strength may subsequently be
determined by using the following table:

Table 2 — Design values for flexural fy and tensile strength f;

Ultimate limit state Serviceability limit
State
Uncracked state Cracked state Uncracked state
Flexural strength fﬂ fu Firesi Foienc
N Vm 7 N Vm 7
Tensile Strength ft 06- fflcrk 0.37- fflresk 0.6- fﬂcrk
Vm 7n nVm:7n

Note. For slabs on grade, the partial coefficient for material 7.y, =1.2 and the partial coefficient for security
class y, =1.0. The coefficient 0.6 is based on unpublished Finnish test results and the coefficient 0.37 is based on
a theoretical discussionin DBV [9].

As stated above, design loads are to be compared directly with the load carrying capacity in the
cracked state. Losberg applied the yield line theory on concrete slabs (pavements) on both a
resilient foundation and an elastic half-space [6]. The load carrying capacity F could be given
by the following principal function:

F=g9g(m m, al) 2
where, g is a function, mand m' are the ultimate bending moment per unit width for positive

(slab bottom) and negative (top) yield lines, respectively, a is the radius of the loaded circular
area, and | is the radius of relative stiffness defined as follows:

| =4/D/k (3)

where, D = Eh*/[12(1-V)] is the flexural rigidity of the slab and k the modulus of subgrade
reaction. In a homogeneous SFRC slab, there is no difference between the ultimate moments in
bottom and top, hence

_ fgh?
6

(4)

where, fq is the design value of the flexural strength according to Table 2.

Losberg [6] presents solution to several loading cases, e.g., interior, edge, and corner loading for
single and twin wheels.

3.3  Dedign Criteriafor Ultimate Limit State

For the uncracked state, the following two design criteria should be fulfilled:
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ofl L Ot o (5)
fg  fi

13.2f <1 (6)
f

where, on is the flexural stress due to external load, o is the tensile stress due to restrained
shrinkage, and fy and f; are the design values of the flexural and tensile strength according to
Table 2, respectively.

For the cracked state, the following design criteria should be fulfilled:
P
13.—<1 7
= (7)

where, P is the design value of the external load and F is the design value of the load carrying
capacity according to Eq. (2). Any effect of restraint, e.g., restrained shrinkage, should be
regarded by increasing the ductility demand when using the residual strength fg.es for computing
flexural strength fg, ultimate moment m, and load carrying capacity F.

4, PUNCHING SHEAR DESIGN
4.1 Derivation of the failureload

If a small area, e.g., a small square with side length b, of a slab on grade is loaded by a large
concentrated force F, there is a risk for a punching shear failure. A frustum of a cone is assumed
to be punched out of the slab. The slope between the envelope surface and the slab plane is
assumed to be 45°. It means that only a tensile stress o acts in the failure surface. At failure, o=
fy, where f, is the shear strength of the concrete slab.

o="fy
R
TT pC LC )
A Mt pixy)

Figure 4 — Assumed failure mode at punching shear failure.

Vertical force equilibrium for the frustum leads to the following equation:

F- % f,-27(c+h/ 22 h+ 1, )by (8)

or
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h
27 - f,(1+—)ch
~ T v( ZC)

9
1-Q'/F ®)
where,
C = radius of a circle with equal perimeter as the loaded square, i.e., ¢ = 2b/n
h = slab thickness
A’ = area of the bottom side of the frustum, A’ = (c’)?
¢’ =radius of the bottom side of the frustum, ¢’ =c+ h
Q’ =

[[ p(x y)dxdy = resultant to the subgrade reaction within the area A’ (For
N

simplification, Q’ may be approximated as the resultant to the subgrade reaction within a
centrally located square with side length b'=+ 7z -c'.)

In many practical cases, the ratio Q’/F is so small that the denominator in Eq. (9) might be put to
unity. However, for small slabs, the subgrade reaction on the bottom side of the frustum might
have a considerable influence on the failure load. In these cases, the distribution of the subgrade
reaction needs to be estimated.

4.2  Estimation of the shear strength of concrete

According to Eq. (9), there is a linear relationship between the failure load F and the shear
strength of concrete, f,. Since the shear strength is impossible to measure directly, it has to be
derived from other properties. Even the existence of a shear strength is questioned. However, it
is often used in design. The Swedish Concrete Association [4] proposed the following
relationships between shear strength, pure tensile strength f¢, and flexural strength feq:

f,=£-045-f, (10)
where,

& =14ifh<02m (12)
& =16-h(m)if0.2m<h<05m

& =13-04h(m)if0.5m<h<1.0m

& =09ifh>10m

and
f,.=037-f (12)
ct cfl

Eqg. (10) is originally based on a relationship for RC slabs in the Swedish Handbook for

Concrete Sructures (BBK 94) [10] and Eq. (12) is adopted from DBV [9]. The flexural strength

is a residual strength considering the load carrying capacity after cracking. Egs. (10) and (12)

lead to a fairly low shear strength. Consider a SFRC slab with h = 0.2 m, fibre content = 40

kg/m?, flexural strength at cracking = 5.0 MPa. The residual flexural strength might be 60 % of
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the cracking strength or 3.0 MPa, fi; = 1.11 MPa, and f, = 0.70 MPa or only 14 % of the flexural
strength at cracking. Are such values likely to be representative in a real case? Available test
results in the literature show that such low shear strength values are too far on the conservative
side.

4.3  Proposed Design Method

Based on the test results reported by Westin et al. [11], Beckett & Humphreys [12], Beckett [13],
Falkner & Teutsch [14], and Barros & Figueiras [15] evaluated in Slfwerbrand [16] and the
Swedish Concrete Association’ s guidelines [4], the following design equations are proposed:

h
27 - fyqg(1+—)ch
7 fygl 20)

o (13)

where, Fq = design load and f,q = design value of the shear strength according to

_Cfen &

14
¢ nym-rn L4 4

fvd =

where, C = 0.45, n = partial coefficient for material uncertainties (often 7m = 1.2), m =
partial coefficient for security class (j» = 1.0 for slabs on grade), & = factor dependent on slab
thickness according to Eq. (11) and £'= crack security coefficient, given by

¢ =2-R/100 (15)

where, R = residual strength factor (in %) defined as ratio between the average load carrying
capacity between certain displacements after cracking and the load at first crack for a standard
test beam loaded in four point bending, see [4]. Unfortunately, the residual strength factor was
not measured in the referred tests. However, it has been experimentally found that for common
concrete strength values, common fibre types, and common fibre contents one may use R = 0 for
p=0and R (%) = p (kg/m® + 20 for p > 15 kg/m®. This has been done here. The relationship
between design loads and observed failure loads (Figure 5) is fairly good.

500

2 oo y = 1,8675x
< I ¢ Beckett
3= * f/‘/
3 300 /.,/‘/; A = Falkner
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Figure 5 — Relationship between design loads and observed punching failure loads.
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CONCLUDING REMARKS

SFRC slabs on grade have several advantages over both RC slabs and jointed plain concrete
slabs on grade. According to the Snedish Concrete Association’s design method for SFRC slabs
on grade, the designer has two options, either for the uncracked state or for the cracked state.
Swedish tests show that thermally precracked SFRC structures have a considerable load
carrying capacity. For the uncracked state, restraint stresses have to be superposed the
mechanical stresses. The designer might, however, consider the beneficial circumstance that the
highest mechanical stresses arise in slab parts (edges, corners) where the restraint stresses
vanish.

The risk of punching failures must be considered in cases with heavy concentrated loads. The
paper proposes a design method for this loading case. Comparisons with test results presented in
the literature show a decent agreement between the computed loads and obtained failure loads.

REFERENCES

1. Falkner, H., Huang, Z., & Teutsch, “Comparative Study of Plain and Steel Fibre Reinforced Concrete Ground
Slabs”, Concrete International, Vol. 17, No. 1, January 1995, pp. 45-51.

2. Bischoff, P.H., & Valsangkar, A.J., “Assessment of Slab-on-Grade Design and Comparison with Model Slab
Behaviour”, Proceedings, 4" International Colloguium on Industrial Floors, Ostfildern, Germany, January
1999, Vol. I, pp. 153-158.

3. Skarendahl, A., & Westerberg, B., “Guide for Designing Fibre Concrete Floors”, CBI Report 1:89, Swedish
Cement and Concrete Research Institute, Stockholm, Sweden, 1989. (In Swedish).

4. Swedish Concrete Association, “Steel Fibre Reinforced Concrete — Recommendations for Design,
Construction, and Testing”, Concrete Report No. 4, 2" Edn, Stockholm, Sweden, 1997. (In Swedish).

5. Silfwerbrand, J., “Design of Industrial Concrete Pavements” (Preliminary title), Report, Dept. of Structural
Engineering, Royal Institute of Technology, Stockholm, Sweden, 2001. (In Swedish).

6. Losberg, A., “Design Methods for Structurally Reinforced Concrete Pavements”, Bulletin No. 250, Chalmers
University of Technology, Goéteborg, Sweden, 1961, 143 pp.

7. Alavizadeh-Farhang, A., “Concrete Structures Subjected to Combined Mechanical and Thermal Loading”.
Bulletin No. 60 (Ph.D. Thesis), Dept. of Structural Engineering, Royal Institute of Technology, Stockholm,
Sweden, 294 pp.

8. Silfwerbrand, J., & Paulsson-Tralla, J., “Reducing Shrinkage Cracking and Curling in Slabs on Grade”.
Concrete International, Vol. 22, No. 1, January 2000, pp. 69-72.

9. DBV. “Technology of Steel Fibre Reinforced Concrete and Steel Fibre Reinforced Shotcrete”, Deutscher
Beton-Verein (German Concrete Society) E.V. DBV-Merkblatter Faserbeton, Fassung, 1992. (In German).

10. BBK 94. Swedish Board of Housing, Building and Planning, “Handbook for Concrete Structures”,
Karlskrona, Sweden, 1994, 185 pp. (In Swedish).

11. Westin, 1., Petersson, O., & Nordin, A., “Steel Fibre Reinforced Industrial Floors”, CBI Report No. 6:92,
Swedish Cement and Concrete Research Institute, Stockholm, Sweden, 1993, 55 pp. (In Swedish).

12. Beckett, D., & Humphreys, J., “Comparative Tests on Plain, Fabric Reinforced & Steel Fibre Reinforced
Concrete Ground Slabs”. Report No. TP/B/1, Thames Polytechnic, School of Civil Engineering, Dartford,
Kent, UK, 1989.

13. Beckett, D., “A Comparison of Thickness Design Methods for Concrete Industrial Ground Floors”.
Proceedings, 4™ International Colloquium on Industrial Floors, Ostfildern, Germany, January 1999, Vol. I, pp.
159-170.

14. Falkner, H., & Teutsch, M., “Comparative Investigations of Plain and Steel Fiber Reinforced Industrial
Ground Slabs”. Report No. 102, Institute for Building Materials, Concrete Structures and Fire Protection,
Technical University of Brunswick, Brunswick, Germany, 1993, 70 pp.

31



15. Barros, J.A.O., & Figueiras, J.A., “Experimental Behaviour of Fibre Concrete Slabs on Soil”, Mechanics of
Cohesive-Frictional Materials Vol. 3, No. 3, July 1998, pp. 277-290.

16. Silfwerbrand, J., “Punching Shear Capacity of SFRC Slabs on Grade”. Proceedings, International Workshop
on Punching Shear Capacity of RC Slabs, Dept. of Structural Engineering, Royal Institute of Technology
(Bulletin No. 57), Stockholm, June 2000, pp. 485-493.

32



Competitive Concrete Solutions for Industrial and Residential Buildings

Tor K. Sandaker
M.Sc.
e-mail: tks@norconsult.no

Norconsult AS
Vestfjordgaten 4
1338 Sandvika
Norway

Author of chapter 5:
M. Sc. Arne Vatnar, Norcem AS, FoU
e-mail: arne.vatnar@norcem.no

Author of chapter 6:
M. Sc. @yvind Bjgntegaard, post doc, NTNU
e-mail: oyvind.bjontegaard@bygg.ntnu.no ,

ABSTRACT

Within the ongoing research project 'Competitive concrete
solutions for industrial- and residential buildings', a main goal is to
establish a design guide for fibre reinforced concrete floors
applicable for the Norwegian market. Up till now, such a
publication has not been performed in this country, even though
the method has been practiced for a long period. Due to the
economical limitations within the project, the work has been
limited to a literature study where the authors have tried to
summarize the calculation methods used in different countries
establishing a design guide applicable for the Norwegian market.

In addition to be a design guide, the publication will contain
advices and experience related to practical execution of typical
fibre reinforced concrete floors.

Key words. fibre reinforced concrete floors, design guide,
competitive concrete solutions
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1 INTRODUCTION

In 1998 Norcem performed a study about the customers and clients view on the concrete line
challenge in the future. Two main aspects were found and performed the main supposition for
an application to the Research Council of Norway in the autumn of 1998:

. There is a too big gap between the research activities and the viewable practical
utility

«  Focus within concrete research should be concentrated to practical use in typical
buildings

The main goal for the initial application was defined:

To develop the concrete material and systems for concrete solutions with respect to
improved competitive strength through election of solutions in future industrial- and
residential buildings

The main aspect was to develop concrete solutions to take care of coming requirements to
environment, aesthetics and effective execution. The following activities were defined:

. DP1: Self compacting concrete
. DP2: Environment and aesthetics
. DP3: Concrete floors

Norcem AS performed the project administration. The research and development activities in
laboratory should be done at Norcem and Sintef/NTNU. All the participants were obligated to
contribute partly to the project through cash or by self-work. The project was started in 1999 and
will end within 2001.

Within the DP3 group it was decided to concentrate the research to the following different
aspects:

Shrinkage and curl

RH-measurements

Design with respect to humidity

Subgrade friction

On-site experiments related to construction
Design guide for fibre reinforced concrete floors

It was decided within the DP3 project to derive a design guide related to fibre reinforced
concrete floors. The main goal was to develop a publication named 'Philosophy and design
guide to fibre reinforced concrete floors'.

Within the DP3 partial project, the following departments and companies contributes:

Norcem
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Norwegian Public Road Administration
Selmer Skanska (previous Selmer)
Skedsmo betong

Norbetong

Unicon (previous Stange betong)
Scancem Chemicals

Veidekke ASA

SINTEF

Tiller Vimek AS

Norconsult AS

So far 11 project meetings has been held in the DP3 group in addition to 2 information seminars
for the entire project. The group performing the publication related to the 'Fibre reinforced
concrete floor' has met in typical working groups in a tight relation.

In total, the estimate of cost for entire project is about 8-10 mill. NOK. The dispose of the partial
project DP3 is about 5 mill. NOK.

2 DESIGN GUIDE TO FIBRE REINFORCED CONCRETE FLOORS

The main aspect has been to develop a design guide applicable for use when designing a
concrete floor including fibre reinforcement. Up till now, such a publication has not been
performed in this country, even though the method has been practiced for a long period. In
design, engineers have used recommendations given by the fibre fabricators and suppliers.
Standards and design guides have been available from other countries; a common Norwegian
guide has therefore been requested for a period of time.

The following design guides and specifications have mainly been used when performing the
document:

ASTM C1018, Standard Test Method for Flexural Thoughness and First-Crack Strength of Fibre-Reinforced
Concrete, 1992.

Cement och Betong Institutet, CBI rapport nr. 1:89, Ake Skarendahl og Bo Westerberg, Handledning fér
dimensjonering av fiberbetonggolv, Stockholm 1989.

Svenska Betongforeningen, Betongrapport nr. 4, Stalfiberbetong, rekommendationer for konstruksjon,
utférande och provning, 1997

Concrete Society, Technical report 34, Concrete Industrial Ground Floors, - A guide to their design and
construction, second edition 1994.

NS 3473 Concrete structures, Design rules, 5" edition, Nov. 1998
2.1  Partial coefficient method
Typical Norwegian design guides follows the partial coefficient method utilizing material

factors and load coefficients. The authors have tried to establish a calculation method following
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these principles based on the limit state consideration in design. The design method is therefore
performed considering the requirements in the following limit states:

- serviceability limit state
- ultimate limit state

Accidental limit state and fatigue limit state have not been considered due to economical
limitations within the project.

Following these principles, the authors have tried to evaluate different well known calculation
methods to fit into the partial coefficient method related to an un-reinforced concrete floor
(ordinary longitudinal reinforcement bars are not used). The following simple consideration
derived:

Serviceability limit state: Design based on elasticity theory
Ultimate limit state: Design based on yield line theory

The yield or first cracking load under a typical out-of-plane load can be determined from elastic
theory, while the ultimate load-carrying capacity is established from plastic theory. As
concluded in [1], this proposed method of analysis is in fair agreement with field observations
on plain and reinforced concrete.

2.2  Calculation according to elastic theory

The classical calculation formulas for a typical concrete floor are based on work performed by
Westergaard in the 1920's. S.P. Timoshenko modified the theory. In the calculation of the elastic
formulas, the uncracked stiffness of the plate is used. The capacity of the concrete section is
defined, based on the assumption that the calculated tension stress in the plate should be equal to
or below the flexural tension strength. Considering a concrete plate including a concentrated
vertical lateral load, internal or at the edge, the maximum tension stress will act just below the
load at the lower face of the plate. In case of a vertical concentrated load acting at the corner of
the rectangular plate, the maximum tension stress will be at the upper face of the plate.

Considering concrete floors on an elastic subgrade calculated based on the elasticity theory, the
load bearing capacity will be lower than when utilizing plasticity theory.

Both TR 34 [2] and BR4 [3] follow this philosophy in the elastic theory consideration.
According to Meyerhof [1], plasticity theory might be used considering concrete plates free of
traditional longitudinal reinforcement.

2.3  Calculation according to plasticity theory

Considerations based on elasticity theory show fair agreement compared to observed
deformations and measured stresses at lower load levels. During the 50'ties and 60'ties plasticity
theory considerations were developed. The main reason was to achieve a calculation model that
showed a better agreement to ultimate loads.

36



Plasticity models include possibility of stress distribution including increased load bearing
capacity of the concrete plate. This statement requires a ductile behaviour at collapse, i.e. the
plate has to be reinforced (including fibre or longitudinal reinforcement). The entire capacity of
the plate will then be the sum of capacities along typical yield lines.

Considering a load increase for an internal load, the concrete section will first reach a capacity
in accordance to elasticity theory where the flexural tension stress is equal to the tension stress
capacity fi,q at the lower face of the plate. This load is defined to P. . At further load increase,
the cross section will crack. Due to the ductile behaviour of the plate, the plate will still have a
load bearing capacity for an increased load. A modified stress level is defined, as a percentage
part R of the maximum tensile stress capacity fi,q .The final rupture will first take place when
the tension stresses at the upper face of the plate are equal to fig. This load level is denoted P;.

circular crock

I .
Erice yioe

g I'_i_“ﬁ//

Figure 1- Yield line theory of a plate

Considering a load level below P, the upper face of the plate will not crack, and the concrete
floor will appear free of cracks (cracks might occur due to shrinkage, temperature, imposed
deformations etc.) . When the load level P; is exceeded, the capacity of the plate is given taking
into account the load capacity of the upper face of the plate is similarly considered as a
percentage part R of the capacity of the maximum tension stress level.

The number R is in the range of 30-80 % of fi,q depending of the chosen fibre type and dosage.
The factor R is in general given by the fibre producers and is defined in accordance to the
Japanese standard JSCE-SF4 or according to the American standard ASTM C 1018.

Technical Report no. 34 (UK) uses the notation "flexural ratio”, Res to state the maximum
tensile strength to be used in the calculations in relation to the flexural tensile strength of a
concrete section. "Betongrapport no. 4" (Sweden) uses an equivalent notation defining the factor
Riox (“'residualhallfasthetsfaktoren™) where X is a strain index often defined to 20, 30 or 50.
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2.4  Loading conditions

The publication concentrates about typical load actions out-of-plane. In general this includes
point loads, line-loads and locally distributed loads. In addition, groups of loads are considered
related to the elastic length parameter of the concrete floor with respect to the stiffness of the
subgrade material.

Other typical load effects acting on floors are static membrane tension. Pure tension and
combination of tension and bending due to gradients will always represent a necessary load
action to consider. Such load effects might be due to temperature (curing and exposed to
exterior effects), shrinkage and different types of rigid or fixed points that contribute to an
unfavourable controlled deformation.

3 FIELD MEASUREMENTS

During the project period, focus has been put on execution of typical fibre reinforced concrete
floors. Different ongoing projects have been used as references focusing into typical well-known
problem areas related to concrete floors to achieve and improve the construction methods. One
typical project is a depot at Langhus close to Oslo where Veidekke ASA was a contractor for
COOP Norway, casting in total 28.350 m? of a fibre reinforced concrete floor.

Based on the calculations, the following main dimensions were chosen:

Concrete grade: C35 NA
Floor thickness: 150 mm
Steel fibre dosage: 33 kg/m® Dramix RC65/60 BN

Typical joint areas were up till 30 x 50 m. A smooth planning machine including a laser screed
planed the floor. A high strength concrete (type Herkulit) improved the surface as a dry mortar
and was littered in wet concrete and finally rubbed down by a flat steel trowel. Finally, the
jointing was performed 19 months after the curing.

Measurements and behaviour of the finite floor shows the following quality goals:

tolerances of the even surface within £ 1 mm equal 74.3 % and = 2 mm equal 92.3 %
documented resistance to wear

in practice no cracks in spite of large contraction joint distances

contraction joint openings as expected in the range of 5-10 mm depending of the joint
distance

e limitation of curl to about 2.5-5 mm

The experience achieved at Langhus will be available through a publication.
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4 SUBGRADE FRICTION

A literature study has been performed at SINTEF to summarise the main aspects and results
from international literature concerning friction coefficients between the concrete floors and the
subgrade.

Cracks in concrete floors are a well-known problem, however still efficient solutions are
wanted. Such cracks often occur due to certain degree of fixing between the floor and the
subgrade. Increased tension stresses develop due to the friction related to horizontal movements
in the layer.

The literature does not give any unique answer to the best method in use to avoid or reduce the
friction problem between concrete and the subgrade. Depending of the chosen technical
solution, the literature does not either give any exact answer to the expected friction coefficient
related to a chosen solution. However, it is stated that i.e. sand gives a lower friction coefficient
compared to broken stone. Use of plastic membrane gives the lowest friction. Including one
layer of plastic between the sand layer and the concrete, the friction coefficient is reduced by
about 50 %.

5 MATERIAL PROPERTIESFOR CONCRETE USED IN FLOORS

Perfect concrete floors requires a combination of fair design and understanding of behaviour of
“floating floors” together with right execution and “good” enough concrete mixture, that means
concrete having proper material properties. The definition of good enough concrete mixture for
floors depends of whom you are talking to. The contractor wants a concrete including a very
high slump that can be smoothed just after casting. The opposite person is the concrete
technologist, who wants a mix with minimum shrinkage. This concrete often requires hard work
for the contractor. A mix design halfway between the two concrete’s is probably a good starting
point.

Concrete is shrinking when drying and will give cracks if the floor is not framed to handle these
movements. The most important material property to control is then the potential of shrinkage,
and when we talk about floors, plastic shrinkage and drying shrinkage in particular.

5.1 Plastic shrinkage

It appears when we still can work with the concrete, i. e 1-3 hours after casting. The shrinkage
appears due to evaporation of water from the surface. When the evaporation is larger than the
transport of water in the concrete, there will be tensile forces working on the particles as a
consequence of underpressure in the concrete” s pore-water. If these forces are greater than the
tensile strength, cracks appear and these are often continuous.

Wind and low relative humidity (RH-%) increases the plastic shrinkage dramatically. Covering

the floor is therefore the most efficient way to prevent plastic shrinkage. Concrete with high

initial temperature combined with cold weather increases the plastic shrinkage due to the

difference in temperature and high evaporation. High content of silica fume and higher concrete
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quality are unfavourable because the concrete is more compact and reduces the possibility of
water transport.

5.2  Drying shrinkage

The drying shrinkage appears months and years after casting and reduces the volume due to
evaporation of water from the capillary pores. Figure 1 shows the mechanism for drying
shrinkage. While drying, a meniscus waterfront appears in the pores. The meniscus adds tensile
forces to the concrete skeleton. These forces make the concrete shrinking. The form of the
meniscus is getting sharper (short radius curve) when the concrete is drying more and more.
Higher forces appear and the concrete shrinks even more. If the floor is not built and act as a
floating floor, cracks will appear due to this drying shrinkage for a long period.

Air

Drying after for example 2 months Drying after for example 6 months

Figure 2- Mechanism for drying shrinkage.

The size of the drying shrinkage varies but is often 0,3 — 0,6 %o (mm/m). It is largest at the
surface where the toughest drying appears. Drying shrinkage is consequently depending of the
dimension, floors with higher thickness gives a slower shrinkage progress.

The material parameters that control the drying shrinkage are mainly the properties of the
cement paste. Rapid cement gives a larger drying shrinkage because this cement is extremely
finely ground and then gives a larger number of fine pores described above. There are more
meniscuses adding tensile forces on the concrete. Larger drying shrinkage appears. The
cement’s chemical composition also affects the size of drying shrinkage.

Concerning drying shrinkage, the water content of the concrete is the parameter that has been
focused most. The drying shrinkage is generally reduced when reducing the water content. If
you reduce just the water content, then you of course achieve a higher concrete quality and the
minimum reinforcement must be calculated according to this. To obtain the same w/c-ratio, the
cement content also has to be reduced. This reduced paste volume contributes to lower drying
shrinkage in general.

The reduction in cement paste described above leads to concrete with lower slump
(consistency). If the same slump is needed, you get this by using larger content of P- or SP-
admixture. This increased content can lead to concrete with higher drying shrinkage. The
positive contribution from the paste reduction is neutralised due to higher content of admixtures.
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Use of P- and/or SP-admixture can influence the size of drying shrinkage in both directions, as
shown above. The admixtures generally reduce the drying shrinkage due to its water reducing
effect. This effect can, as already mentioned, be destroyed because the cement grains are much
more dispersed and give a larger number of capillary pores and meniscuses mentioned earlier.

Aggregates influence the size of drying shrinkage indirectly by the change of water demand.
Coarse aggregate reduces the water demand and then also the drying shrinkage. Larger content
of coarse aggregate give increased rigidity and larger resistance against shrinkage.

6 SHRINKAGE- AND SELF-INDUCED STRESS GENERATION IN STEEL
FIBRE REINFORCED CONCRETE

This is a short note on the experience at NTNU on the shrinkage- and stress development in
steel fibre reinforced concrete. The experience is based on some tests performed in two
experimental rigs measuring free deformation and 100% restraint stresses, respectively, from
the time of setting and the next few weeks. The topic has been investigated only in two test
series, and the two test series are very different both in terms of concrete composition and curing
conditions.

6.1 Test seriesand results

Test series 1 [4, 5], consisting of two tests, was performed with a special very high strength
concrete (feos = 140 MPa) made with w/b=0.23 and a paste volume of 37%. One concrete was
made without fibre and one concrete was made with 77 kg of 12.5 mm long steel fibres (1% of
concrete volume, 2.7% of paste volume). The concretes were subjected to identical test
conditions: The concretes were cured under sealed conditions (i.e. no drying shrinkage) and
imposed to a realistic temperature history with 60°C as maximum. Figure 3 shows the free
deformation results (total deformation) from setting and the first week, where the measured
deformation reflects the sum of thermal expansion and autogenous shrinkage. As can be seen,
there is no effect of the fibres on the measured deformation. Note that the net shrinkage of
around 800 x 107 after 1 week (168 h) is caused by autogenous shrinkage (which is extremely
high), since the temperature is approaching the initial temperature of 20 °C at that time (i.e. no
net temperature change). The parallel stress measurements were in good agreement with Figure
1 in that there was no effect of the fibre addition on the stress development.
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Figure 3. Free deformation results of thermal and autogenous shrinkage

Test series 2 [6], consisting also of two tests, was performed with a normal strength concrete
(fezs = 50 MPa) made with w/b=0.57 and a paste volume of 25%. One concrete was made
without fibre and one concrete was made with 32 kg of 60 mm long steel fibres (0.4% of
concrete volume, 1.7% of paste volume). The concretes were subjected to identical test
conditions: 20 °C constant temperature the entire test, sealed curing the first day and exposure to
50% RH beyond that. Hence, the results from this series are caused by shrinkage (mostly drying
shrinkage, but also a small component of autogenous shrinkage), since there is no thermal
component. The results from this series also showed that there were no significant effect of the
fibre addition on drying shrinkage and the subsequent stress development (and time of cracking)
in the restraint stress rig.

6.2 Final comments

In the case where temperature is the dominating mechanism (often the case in hardening
concrete) it could be expected that fibre additions have no clear effect on the free deformation
and subsequent stress development, since the coefficient of thermal expansion of steel is rather
close to concrete. The NTNU-results supports this assumption.

The amount of work reported on the effect of fibres on shrinkage in concrete from very early on
is, to my knowledge, quite limited. It is, however, likely to expect that fibre addition will reduce
shrinkage, since in this case there are differential strains between the steel fibres and the active
matrix phase (restraining effect). However, it is likely that the effect is marginal, see the
following simple calculation: A fibre content of 1% of concrete volume corresponds to an area
of steel of 1%/3 = 0.33% in a cross section of the concrete (one dimension). Assuming that that
the long term E-modulus of steel is 20 times that of concrete, the ratio between the effective
stiffness of the two phases is 20 x 0.33% = 7%. Hence, the maximum potential for the steel
fibres to restrain shrinkage is 7% - provided perfect bond between steel and concrete. As
discussed above, the NTNU-results showed no clear effect of the fibre addition on the
shrinkage.

Hence, the few preliminary results from NTNU (and some theoretical considerations), dealing
with the hardening phase of concrete, imply that fibre addition may be a better measure for
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improved post-cracking behaviour rather than a measure to reduce shrinkage and stress
development before cracking.
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ABSTRACT

The design of fibre reinforced floors must be done very
carefully in order to take care of all functional requirements as
durability, abrasion resistance, moisture protection, crack width
limitation etc as well as the specific loads and relevant
properties of the sub-base.

The designer has to select the type of floor, closely jointed or
“joint-free”, according to the functional requirements.

To be able to do this in a proper way there is a demand for
more practically applicable guidance then there are at the
moment.

Key words: fibres, concrete floor, design, joints.

1 INTRODUCTION

Concrete floors and especially industrial floors are very important parts of a building. If, for
some reasons, there are any problems with the floor it can have a very substantial influence on
the productivity and thus on the economic result of the industrial activity. Other structures as
walls and roofs can often be repaired or adjusted without major influence on the production.
Accordingly it is very essential to be very careful and systematic when designing a floor in order
to fulfil all demands, static as well as more functional. This is, of coarse, valid for conventional
reinforced as well as for fibre reinforced floors.

The design of fibre reinforced floors are, however, not always done in a proper systematic way.
The design often starts with design of a conventional reinforced floor which is then, just before
the performance, transferred to a fibre reinforced one after proposals form a contractor or a
ready mix concrete supplier. The transformation is often based only on a comparison of the
possibility to fulfil the bearing capacity of the floor, thus maybe neglecting many other
important functional requirements. This may end up in:

. not desired joints
- unacceptable cracking
. unacceptable surface properties
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Our experiences within J&W are that there are a lot of uncertainties especially regarding the
design and performance of concrete industrial floors. In order to increase the knowledge of the
basis for floor design we have made a concrete floor design guide. The guide focus on
conventional reinforced floors but this paper presents the principal steps in the guide though
focussing on the use of fibre reinforcement and gives practical experiences from design of a lot
of fibre reinforced floors.

2. DETERMINATION OF ESSENTIAL DESIGN PARAMETERS.

21  Durability

For floors as well as other concrete structures the expected influence of the environment should
be considered, that is, in terms of resistance against action of

] Freeze/thaw attacks
= Corrosion attack on reinforcement
] Chemical attacks

Frost/thaw attacks are never a problem in tempered buildings and attack on reinforcement, in
this case steel fibres, gives in moist environment discoloration on the concrete surface. This
may, of course, be a disadvantage in certain situations and may call for applying a separate
surface layer as flow-applied flooring, granolithic concrete or polymer based coatings.

In moist environment with presence of chloride ions it can be expected that fibres bridging
cracks will break due to corrosion rather soon. This is normally no problem when the objective
with fibres primary is to distribute cracks, a mechanism that normally is fulfilled within a rather
short time of the life time of a floor. However, when fibres bridging cracks are supposed to
contribute to the bearing capacity of the floor it is of coarse essential that the durability of the
fibres are guarantied during the expected life time for instance by minimising the crack widths.

A recommended principle regarding design to resist chemical attacks is to apply suitable surface
layers or surface treatments when the chemical environment, otherwise, should call for lower
wi/c-ratios of the concrete than 0,55, which normally corresponds to a strength class K40. For
fibre reinforced floors it is recommended to use surface layers such as

. thick (> 10 mm)granolithic concrete layers
. thick (3-15 mm) polymer based coatings

The use of thick layers mean that you become both protections from chemical attack on the
concrete surfaces as well a minimum risk for fibres protruding the concrete surface.
2.2  Abrasion resistance

The requirements regarding abrasion resistance shall be determined in relation to the utilisation
of the floor and the requirements are often expressed as demands on the surface strength.
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The use of fibre reinforcement is sometimes supposed to improve the abrasion resistance of
concrete, probably due to the secondary effect of less aggregate separation in the concrete mass.
For most floor applications the primary objective is to minimise dust formation in the upper
surface layer, which is taken care of in a better way by other measures. Though floors exposed
for heavy impact and wear loads could get an increased abrasion resistance by fibre
reinforcement. That is, the same measures as for conventionally reinforced concrete has to be
taken to fulfil requirements on abrasion resistance. For fibre reinforced floors the preferred
methods are

. application of granolithic concrete by dry topping material or wet-in wet materials
. application of appropriate flow-applied flooring.
. application of polymer based layer

2.3 Moisture precautions

A very essential question to be answered in the design work is weather a dense layer is supposed
to be applied to the floor surface at the moment or in the future. That is, layer such as glued
PVC-carpets or polymer-based layers.

In order to avoid moisture-related problems, measures have to be made to protect the surface
layer. These measures include the use of moisture protecting sheets under the concrete slab to
prevent the moisture in the ground to reach the floor surface as well as minimising the thickness
of the slab and decreasing the w/c-ratio to prevent the build in moisture in the concrete to cause
problems. Figure 1.

“DENSE” COUVERNG
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Figure 1. Principal sub base details for concrete floor on ground.
Left: For floorswithout covering or with vapour proof cover.
Right: For floors with dense covering.

These measures are the same weather the concrete is reinforced by conventional reinforcement
or by fibres. For fibre reinforced jointed floors it should, however, be noticed that the measures
may have an important influence on the shrinkage of the concrete and the friction properties
under the slab, which influence the magnitude of joint movements and the ability for the fibres
to bridge the joints. If the movements in the joint increase there is also an increased tendency for
crawling, which has to be handled, especially if a moisture-protecting sheet is placed under the
slab.
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24  Crack width limitation and joints.

The issues above lead naturally to the most important questions to be solved when designing a
concrete floor. That is

. is it possible to design the floor with shrinkage joints?

. what is the maximum number of joints allowable and what is the maximum joint width
allowed

. should the joint be filled with joint material.

The acceptable crack widths or joint widths should be determined in relation to requirements on

= the utilisation of the floor.

. durability

. protection from radon gas

. the appearance of the floor surface
. hygienic aspects

It is also essential to determine weather the floor slab can be designed separated from
surrounding walls or necessary designed with edge beams.

To be noticed is that the user of the floor often can accept cracks with limited crack widths but
do not prefer wide joints that could cause maintenance problems.

The normal design principal in Sweden and a technique that most designers are used to apply
are floors without shrinkage joints reinforced with continuous bar reinforcement. That is, he do
not have to bother very much about where and how to form joints.

The fibre reinforcement technique, on the other hand, force him to make considerations weather
he should design a floor with low amount of reinforcement and closely spaced shrinkage joints,
a floor with greater amount of fibres and a large distance between the joints or perhaps, if the
floor shall be covered by a carpet etc, without joints and allowing “wild” cracking of the floor.
These are considerations that most designers not are used to and therefore need proper guidance
to carry out the design.

One specific issue that needs certain consideration when applying fibre reinforcement technique
is when designing a floor on ground where there is a risk for ingress of radon gas to the
building. The protection is normally secured by designing a “crack free” continuous floor where
the concrete slab form the primary protection. In order to compensate this function when using
jointed fibre reinforced floors it is recommended to place a single or double layer of plastic
sheet under the slab as a gas proof layer.

25 Evenness, Flatness and Inclination

Requirements on the evenness of the floor surface is related to what kind of surface layer that is
intended for the floor or if the surface is intended to be the wear surface. If the surface is
intended to be a base for plastic sheeting etc the surface should be steel trowelled or levelled by
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flow-applied flooring. For steel fibre reinforced floors the latter method is to be recommended in
order to minimise the risk of fibres protruding the floor surface.

The possibilities to fulfil different requirements on flatness mean no difference weather the floor
is reinforced by bar reinforcement or by fibres. When the utilization of the floor call for
tolerances lower than + 1,5 mm over 2m length a special levelling layer of granolithic concrete
or flow-applied flooring is to be recommended. This is also in good agreement with what is
preferred for fibre-reinforced floors.

2.6 Ingtallationsand embedded items

In floors, and especially industrial floors, there are often different kind of installations and
embedded items that influence the minimum or maximum dimensions of the floor as well as
possibilities to arrange the reinforcement. For instance

. Embedded positioning control coils

While the embedment of position control coils may cause restrictions on the distance to normal
bar reinforcement the use of fibres does not seam to influence the performance of the coils.

. Heating- or cooling coils or hoses

When using plastic hoses for heating the risk for penetration of the hoses by the needle like
fibres during placing and compacting the concrete has been expressed.

. Fixing screws

The use of fibre reinforcement could be expected to be beneficial for the anchorage of
expanding screws, for instance, by decreasing the risk of spalling and thus allowing closer
distances between screws in a group and less distance to the concrete surface.

2.7 Load stuation

The considerations regarding the expected load situation are the same weather the floor is
reinforced with bars or with fibres. It is primary point loads from storage handling devices and
wheel pressure from trucks that are of interest.

Besides the magnitude of the loads it is very important to consider the duration of the loads.

The expected load situation is preferably to be found in the specifications for the floor or in
general reports concerning characteristic loads for different kind of industries.

2.8 Sub base

Important properties of the sub base are the evenness and the stiffness.
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The evenness is of very great importance in the design of “joint-free fibre reinforced floors” but
should be considered also in design of other fibre reinforced floors in order to avoid
unfavourable constrain situations.

Guidance on how to regulate this property in design is indistinct in Swedish regulations but can
be found more stringent in other countries.

The stiffness of the sub-base can be characterized in different ways, which often causes
confusion to the designer. It can be expressed as

. Elastic (Young’s) modulus
. Modulus of sub grade reaction
. CBR-value (California Bearing Ring)

The choice of way to characterize the sub-base is related to the design method applied.

As well as for load considerations it is of the same importance to consider the duration of loads
when applying a value for the stiffness of the sub-base in design. Our experience is that this has
not been done in a proper way when comparing different kinds of floor types.

Floors constructed as unreinforced roller compacted slabs have been designed using values for
the stiffness of the sub-base related to short duration of truck traffic, though storage racks with
considerable static point loads have been placed on the floor.

3. SELECTION OF FLOOR TYPE

After considering the aspects according to 2.1-2.8 the limiting requirements on the floor can be
listed according to table 1.

Table 1. Limiting design parameters for a concrete floor.

Par ameter Design value

W/C Min: Max:
Freeze/Thaw resistance: Class:

Strength class Min: Max:
Floor thickness: Min: Max:
Max crack width:

Continuity in joints required?: Yes: No:

Max joint movement:

The first selection to make is to determine weather the floor shall be reinforced by bars or if it is
possible or preferable to use fibre reinforcement.

If the decision is to design a fibre reinforced floor three main types can be distinguished
characterized according to table 2.
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Table 2. Characteristics for some major types of fibre reinforced floors. /Trandation from 1/

Char acteristic Type A TypeB TypeC

Joint distance 20-30x h 20-30 m 40-50 m

Slab geometry Preferably quadratic quadratic quadratic

Friction to sub-base Low Great Very low

Working characteristics Crack arresting Preferably strain  Preferably strain
hardening hardening

Fibre content Low Great Moderate

Other Low shrinkage

Careful quality control
Prolonged curing
Late loading

Surface movements Some mm Some mm Some cm

Type A: Floor with closely spaced saw cut as shrinkage joints.

Normal maximum joint distance: 4-6 m

The floor is only reinforced according to requirements on load capacity. That is,
normally a rather low amount of fibres and thus economically beneficial.

Many joints could cause maintenance problems and the type should normally be limited
for use when the contact pressure from wheels are less than 5 MPa.

Type B: Eloor with intermediate joint spaces.

The joint space is often enough to allow a small floor to be made without joints or only
with some transversal joints in long and narrow buildings.

A presupposition is that the friction to the foundation is high which must be considered
when combined with measures related to moisture precautions for the floor. A low
friction will result in large movements by the joints.

The toughness properties of the material should be characterized as “strain-hardening”
which, in practice, very seldom is fulfilled. One reason for this is that there are no
practically applied measures to specify this property. An other reason is that there are
difficulties to get a strain-hardening load-deflection curve with the fibre types and the
fibre contents that are used, normally maximum 40 kg/m®.

An alternative type between type A and B is floor jointed by saw cuts about every 10 m in two
directions. This type, which has been common in Sweden, will also result in rather large joint
widths if the friction under the slab is low. Fibres bridging the crack will tend to be pulled out to
a considerable extent that may spoil the load transfer possibility over the crack and also cause
tendency for carving.

Since this joint spacing often mean that joints have to be cut in the working area of the floor it
may cause maintenance problems unless much care are taken to protect the joints in traffic

Zones.

Type C. “Joint-free floor”

This floor type is, in reality, not joint-free though the distances between the joints are of
the magnitude that it is possible to make floors, up to 2000-3000 m? in one pour. When
applied to larger floor areas very stiff shrinkage joints are formed using steel profiles.

It is very important that the friction to the base is low and that tolerance for the evenness
of the base is restricted.
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Additionally, it is important to isolate the slab from adjacent structures that could cause
constraint and also add conventional bar reinforcement at points where peak strengths
can be expected.

The shrinkage potential of the concrete should be minimised by restrictions on the added
water content and great care shall be taken for curing of the floor.

If all these measures are taken the amount of fibres does not have to be extremely high.

4, DESIGN

The design of a floor should preferably be done according to the principals in the Swedish
Concrete Associations” Concrete Report 4. This is at least possible for a “general” designer if
there is a reliable computer program to utilize. Otherwise it is rather difficult to realize the
principals and, thus mainly used by well-informed persons such as researchers, fibre suppliers
and a few consulting engineers.

The design that results in specifications of the requirements on the concrete in terms of residual
strength, faeXR10,x/100, or residual factors ,Ri0,x (%), are not well understood by designing
engineers nor by contractors who are going to bye the fibre reinforced concrete from a concrete
supplier. Although the objective has been to express the requirement on the fibre reinforced
concrete in “functional” terms we still have to translate these to specified fibre types and fibre
contents in kg/m®,

Basically it is a good principle to specify the requirements on the fibre reinforced concrete in
functional terms. This allow for engineering skills in the proportioning of the concrete to find an
optimum combination of the matrix properties and the fibre properties to fulfil the requirements
on the composite material. However, it is not unusual that the fibre type that the concrete
supplier has stored and the concrete recipe he has programmed in his computer determines the
“optimum” combination of fibres and concrete.

This may end up in improper fibre types in relation to the floor dimensions, for instance too
short fibres in a thick floor which means that the fibres gets an unfavourable orientation.

It also happens that the design of the floor thickness only is based on load situations with the
design loads placed in the middle of the slab. That is, without considering load situation over
saw cuts, formed joints or edges. This may result in a economic favourable slab but not always
fulfilling all functional requirements.

The design of the load bearing capacity of fibre-reinforced floors is seldom a problem. The
problem is how to design the floor in the serviceability limit state, that is, how to determine the
proper measures to guaranty a certain maximum crack width. Although the Concrete Report 4
gives principals even how to treat this problem it has happened that the designer strictly follow
what can be seen in figures like figure 2. That is, it is enough to use about 0,2 vol-% fibres or
less than 20 kg/m® to reduce the crack widths to less than 0,2 mm, which never is the fact in
reality
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Figure 2. Average crack width versus fibre volume according to / 2/

The development of design principles for fibre reinforced concrete has mainly been focused on
methods that take into account different ways to describe the toughness behaviour of the
concrete. These methods has, thus, encouraged the use of fibres witch gives high ductility to the
concrete by plastic deformation of the fibres and decreased friction between the fibre and the
matrix when the fibres are pulled out of the matrix. (Curve B in figure 3).

Not all fibres act, however, like this. For example milled fibres have a very high tensile strength
and an excellent bond to the matrix but the ductility of the fibre material itself is low, which may
be noticed as curves between curve A and B in figure 3.
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Figure 3. Bending stress-deformation curves for steel fibre reinforced concrete compared to
plain concrete /3]
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Those fibres are no sufficient for applications with high requirements on ductility as required for
many shotcrete applications but they could be very useful for industrial floor applications. This
is a fact that should be more considered when methods for design in the serviceability limit state
are developed.

It also important to consider the possibility to combine different kind of fibres, steel fibres as
well as polymer fibres, to reach the optimum requirements although this may be contradictory to
what has been said above concerning the practical limitations for the concrete supplier to handle
many constituent materials in an economic way.

5. CONCLUSION

The technique to reinforce concrete with fibres has been used in Sweden for about 25 years. In
many other countries has the application for concrete floors increased to great extent and the
question has often been raised why the application in Sweden does not develop in a similar way.
The primary reason for this is that there still is a lack of guidance for design and performance
that are applicable in practice for a “normal” designer. In particular there is a demand for
guidance for design in the serviceability limit state, that is how to handle requirements on crack
widths and joints for different kind of floor types. Additionally there is a demand for guidance
how to handle other types of functional requirements or how these are influenced by the fibre
reinforcement technique.
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ABSTRACT

Behaviour of Fibrous Cement Based Composites (FCBC) has
been investigated since last four decays. Although, there are a lot
of research on modelling of FCBC for different mechanical
characteristics, there is no constitutive yield and failure criterion
for this material.

A constitutive yield and failure criterion has been researched in
this investigation by the help of the theory of plasticity.

Key words. Fibrous Cement Based Composites, Fiber Reinforced
Concrete, Modelling, Yield and Failure Criteria of Composite
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1 INTRODUCTION

Fibers are spread out in the concrete matrix in contrast to reinforcement bars in Ordinary
Concrete (OC). This makes the resulting performances of FCBC more sensitive to matrix
characteristics. The main factors affecting the matrix characteristics can be grouped as in Tab.1.
These groups can be divided into subgroups, which results in a lagre number of variables.

The approaches to modelling of FCBC depend mainly on fiber characteristics and bonding
strength between fiber and matrix interface. Experimental investigations have showed that the
parameters for defining the FCBC have large scatter. The formulations in the fiber level may
either overestimate or underestimate the capacity of FCBC strongly [1]. Another way of looking
at the FCBC may be seeing it from a larger scale. By means of this way those micromechanical
parameter which have been mentioned above can be included in the final formulation. A yield
and failure criteion which assumes the concrete as a homogeneous material but precise enough
is needed for designing and engineering applications.
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Table 1 — Main parameters affecting the performance of FCBC

Amount

Number

Length

Aspect ratio
Fibers Tensile strength

Shape

Dispersion

Orientation

Bond strength

Water Amount

Amount
Cement Type
Particle size

Amount
Max. size
Size distribution
Strength

Agoregates Surface structure
Shape
Chemical composition
Mica content
Microfiller content

Amount
Suplemantary cementitious additives Type
Dispersion
Amount
Super plasticizier and other admixtures Type
Compatibility
Mixing order All ingredients
. . Type
Vibration Duration
. Type
Curing Duration

2 RESULTS AND DISCUSSIONS

A stress tensor, S can be divided into hydrostatic and deviatoric stresses as given in Eq. (1)
and Fig.1 [2].

G. =S. +06_0. (1)

i . 1 . .
Where, s”. IS stress deviator tensor, o = 5(61 +0, + 03) is hydrostatic stress tensor and

Sij is Kronecker delta (Sij =1ifi =], otherwise Sij = 0).
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Figure 1 - Stresstensor in principal stress space

Experimental investigations have showed that the influence of hydrostatic pressure on yielding
for ductile materials, such as metals, is not appreciable [3]. In contrast, the stresses, which cause
yielding of the brittle materials, are mainly not stress deviator tensor. In other words, the yield
criteria for ductile materials are independent of the hydrostatic pressure and for the brittle
materials the yield criteria are independent of the stress deviator tensor.

OC is generally assumed as brittle material and the Mohr-Coulomb yield criterion which,
accounts for the hydrostatic pressure effect is used widely. The yield surface in three-
dimensional stress space is as in Fig. 2 and given in the following form in Eq. (2) [2].

Figure 2 - Mohr-Coulomb failure surface in the principal stress space

f(ll,JZ,Q)zéllsin¢+Esin(¢9+%}

+Ecos(0+£},in¢—c cos¢g =0 (2)
J3 3
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where,
3,37,

| 1= 0ii is the first invariant of stress tensor

0= gacos is the angle of similarity

J, = sl.sl. is the second invariant of stress deviator tensor

I

‘ is the third invariant of stress deviator

¢ is the angle of friction
C is cohesion coefficient

The von Mises yield criterion which is used for pressure-independent isotropic materials is
given in Eqg. (3). This equation represents a circular cylinder as in Fig. 3 with radius

2 i . . .
p= 5 Tq: where o, ls the yield stress in simple tension.

f(a,)=3,-—% 3)

Figure 3 - Yield surface of von Mises criterion in principal stress space

Fibers increase the toughness and the ductility is a known phenomenon. FCBC can behave like a
brittle or a ductile material depending on volume fraction of fibers, Vf. The same matrix with

different amount of fibers can have different yield and failure stresses. Fig.4 shows plain
concrete and FCBC with V]c =5%.
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Figure 4 - Plain concrete (on the left) and FCBC (on the right) cubes after
compressive strength test [4].

The stress-strain response under compressive stress of both concretes is shown in Fig. 5.
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Figure 5 - Stress-strain curves of plain concrete and FCBC of Vf =5% [4].

The plain concrete has fo =178 MPa and FCBC has fc =219 MPa . The plain concrete shows

a very brittle character while FCBC has very large ductility compared to the plain concrete. Any
mechanical behavior of the plain concrete can be modeled by Mohr-Columb criterion. However,
FCBC has metallic character, which is similar to von Mises model. The most important question
is the failure of the FCBC between these two concretes. These two constitute the upper limit
(ductility) and lower limit (brittleness) character of the concrete as a material. An important
hypothesis can be done such as the yield stresses of all other FCBC of different classes and of
different fiber types are within these two limits. The FCBC with low fiber content may be
assumed as Mohr-Coulomb material and the FCBC with higher fiber content approaches to von
Mises yield surface which is a circle. This assumption is represented in Fig. 6.
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Figure 6 — Proposed yield surface of FCBC in principal stress space

The failure criteria of FCBC may have the form as in Eq. (4).
f(li,Jj,m)=mlj +(1-m)Jj —k% 4)

where, mis a material parameter and function of m= f(V¢,C¢,Cm,M). V§,C§,Cqp, M are
volume fraction of fibers, stiffness of fibers, stiffness of matrix and coupling modulus between
fibers and matrix, respectively. Finally, k% represents the yield stress.

The theoretical and experimental investigations in form of three-axial compression and tension
tests etc. are still being conducted by the author. The results will be published as a Ph.D. Thesis
as a continuation of reference [1].
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ABSTRACT

The present paper discusses the applicability of fracture
mechanical properties in the design of fibre reinforced concrete
structures and places special emphasis on the possibilities of
determination of such properties. It reviews recently proposed
methods and point out the possibility of using the 3 point bending
beam proposed by RILEM in order to verify fracture mechanical
properties used in design.
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1 INTRODUCTION

The use of Fibre Reinforced Concrete, FRC, today is typically limited to non-structural
applications or in secondary elements, where the fibres are employed to serve functions such as
minimizing shrinkage cracking and limit crack widths due to mechanical loading. Structural use
of FRC is scarce, and attempts to use fibre reinforcement as structural reinforcement has so far
been concentrated on replacement of shear reinforcing stirrups in structural members such as
beams as well as replacement of complicated reinforcement arrangements in areas where
concentrated loading is applied to the structure.

While extensive amounts of research have been carried out in FRC, the expected pervasive use
of FRC in the construction industry has not materialized. There are a number of possible reasons
for this phenomenon. Conceptually, while FRC is generally recognized as tougher than
concrete, a logical and systematic translation of this property into structural performance is all
but absent. On a practical level, current design codes for structures do not usually cover FRC
materials. Without design guidelines, engineers find it difficult to incorporate this material into
their structural design. Secondly, test methods that are robust and at the same time properly
characterize FRC are still under debate. Thirdly, without a rational methodology for selection of
fiber, matrix and control of interface, the resulting composite usually does not achieve optimal
behavior, thus negatively affecting the performance to cost ratio.
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2. ON THE USE OF FRACTURE MECHANICSIN DESIGN OF FRC

Traditional design of concrete and reinforced concrete structures typically involve a very few
material parameters describing the mechanical behaviour of concrete, typically only the
compressive strength and the Young’s modulus. Tensile strength is — if applied — typically
deduced from compressive strength. Alternatively, design formulae take tensile strength into
account in an implicit way. To the author’s knowledge, no design formulae contain explicit
information about fracture toughness, even though it is recognized that toughness plays a
significant role for the structural behaviour, both in the serviceability and in the ultimate limit
state. To take the influence of toughness in design into account implicitly is permissible only if
the ratio between strength parameters, typically the compressive strength, and toughness is more
or less constant in the materials under consideration. For special types of concrete such as high
strength concrete and fibre reinforced concrete this turns out not to be the case.

Recently, much focus has been put on the use of fracture mechanical concepts in testing and
design of FRC, [1,2,3]. This has been done in recognition of the fact that fibres in conventional
concrete primarily have a toughening effect while fibres play little or no role with respect to
stiffness and strength. Thus, the effect of the fibres is a pronounced change in ratio between the
(compressive) strength and the toughness. As a consequence the use of standard design tools for
concrete structures in the design of FRC becomes questionable.

The basic fracture mechanical concept suggested to be applied in FRC design is the stress-crack
opening relationship, which is associated with the so-called fictitious crack model. The model
was originally suggested by Hillerborg to be used in concrete and FRC, [4] and [5], and in
recent years it's applicability in FRC design has been demonstrated in a number of different
contexts. The fictitious crack model can be thought of as a cohesive crack model relating the
cohesive stress on the surface of the fictitious crack, ow, with the crack opening, w. This relation
is called the stress-crack opening relationship. For w=0, ow(0)=f:.
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Figure 1. Smplified stress-crack opening relationship suggested for design purpose, the drop-
constant relationship, characterized by a tensile strength f; and a constant stress oy, called the
residual stress, acting on the fictitious crack for crack openings less than a maximum crack
opening Wmax

There are a number of advantages associated with the use of a fracture mechanical approach in
the design of FRC. Several micro-mechanical models are available in order to provide
understanding of the connection between material composition and stress-crack opening
relationship. When failure is not pure compression failure it is well known that there are
significant size effects associated with the failure stress. These size effects originate for a large
part in the fracture process, thus design formulae based on fracture mechanics automatically
takes the structural size into account. Design formulae based on fracture mechanical concepts
typically contain information on crack widths inherently.

The disadvantages of applying fracture mechanics in design are that fracture mechanics
concepts are not very well known in civil engineering community, and that the stress-crack
opening relationship is not a property very well suited for design, especially since the
relationship is highly non-linear and since the stress level as well as the shape depend on
concrete, fibre type, and amount of fibre. To overcome this problem a number of different
simplified stress-crack opening relationships have been suggested, [1], among which the bi-
linear and the drop-constant relationships seem to be the most operational. The simplest, the
drop-constant relationship is shown in Fig. 1. This relationship prescribes a tensile strength f;
and constant stress, oy, called the residual stress up to a maximum crack opening Wimax.

3. ON TESTING OF FRC FOR FRACTURE MECHNICAL PROPERTIES

3.1 General

Determination of fracture mechanical properties of FRC is done via testing. The testing can
typically have two objectives.
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One objective is to obtain as detailed information as possible about the stress-crack opening
relationship using testing designed for detailed investigations. The principles of this type of
testing are outlined in Fig. 2.

Assumptions
on material
behavior

Y

Constitutive models

\ 4
Analysis providing
basic information about
material behavior

A 4

Materials testing

Figure 2. Principles of laboratory testing carried out in order to derive basic information about
material behaviour. After basic assumptions about the material behaviour have been formulated
in terms of a constitutive model the testing results are analysed using this model. In this way the
analysis provides information about the validity of the constitutive model or provides numerical
values for the parametersin the constitutive model.

This kind of testing requires basic assumptions about the material behaviour, i.e. a constitutive
model. In the case of a fracture mechanical approach to FRC this would be the assumption of
the validity of the fictitious crack model. After the testing has been carried out the constitutive
model is used to interpret the results of the testing. The interpretation of the test often requires
structural analysis of the test specimen and loading configuration. The interpretation will help to
shed further light on the assumptions initially made about the material behaviour i.e. of the
validity of the constitutive model. Furthermore, numerical values for the parameters in the
constitutive model are provided, in this case detailed information about the stress-crack opening
relationship, which is the fundamental property in the fictitious crack model. The testing
procedure is often fairly complicated and is typically carried out only in research laboratories.

Another objective for the testing could be determination or verification of the material
parameters introduced in the simplified stress-crack opening relationships introduced in design.
Application of Fiber Reinforced Concrete (FRC) in structural applications requires testing
methods, which are comparable to testing methods applied for conventional concrete with
regards to simplicity and reliability. Furthermore, it is a requirement that the parameters
determined in the testing have a direct link to material properties used by the structural designer.
In Fig. 3., the typical relationship between design and testing is outlined. Design is carried out
under the assumption of certain material parameters. In the case of a fracture mechanical
approach to FRC these parameters would be the material parameters associated with the drop-
constant stress-crack opening relationship outlined in Fig. 1. Subsequent testing of the materials
applied should be able to determine or verify the material parameters used in design through
simple means of interpretation of the test results.
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Figure 3. The typical relationship between design and testing for material parameters. the
structure in question is designed assuming or requiring certain material parameters. When the
structure is build, it should be varified that the design requirements are in fact meet. The test
should be simple and reliable and a simple interpretation should be available to indicate
whether the material used meets the requirements in terms of the design material parameters.

3.2 Theuniaxial tensle test

The uniaxial tensile test seems the most direct and logical way of determining the stress-crack
opening relationship. Recently, RILEM technical committee TC 162-TDF, “Test and design
methods for steel fibre reinforced concrete” published a recommendation for uniaxial testing of
FRC with the aim of determining the stress-crack opening relationship directly [6]. The test rely
on the assumption that it is possible to restrain rotation of the crack surfaces in order to make it
possible obtain more or less uniform crack opening over the whole specimen.

The test is conducted as a displacement controlled tensile test on a notched specimen as shown
in Fig. 4. The specimen can be either cast or cored from an existing structure or structural
element, which is one of the attractions of the method. The test is conducted in a closed loop
mechanical testing machine using the average measurement of the displacement over the notch
as the feed back signal or in another test setup which ensures stable post cracking response such
as placing the specimen in parallel with steel bars in the testing machine. Both ends of the
testing specimen shall be clamped to the testing machine and fixed with respect to rotation in
such a way that rotation is sufficiently eliminated. At the same time care shall be taken not to
introduce pre-stressing of the specimen. This can, for example, be achieved by providing special
fixtures, which allow the test specimen to be glued directly into the test machine. Fixing of the
ends of the specimen is a slightly controversial point, since it has been shown that when testing
plain concrete for fracture energy in tension, the fracture energy is over-estimated when a fixed
specimen is used compared to the situation where the ends of the specimen is allowed to rotate
[7]. However, the test proposed by RILEM is intended not for investigation of the crack
propagation but rather the crack opening process after a certain minimum crack opening has
been achieved. During testing the load and corresponding displacement is recorded digitally.
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Figure 4 The uniaxial tensile test specimen and arrangement according to the recent RILEM
recommendation [6]. The specimen is glued directly into the testing machine resulting in fixing
of both ends of the specimen with respect to rotation. The specimen is instrumented with clip
gauges and/or LVDTs in order to measure crack opening and to check rotation of the crack
faces.

The recommendation specifies a method for interpretation of a single test to obtain the stress-
crack opening relationship between two crack openings: a minimum crack opening w; and the
maximum crack opening applied in the test wy,. The recommendation also defines an average as
well as a characteristic stress-crack opening curve.

The method determines the stress-crack opening curve directly, in the sense that no structural
model is necessary for the interpretation of the results. The stress is determined on the basis of
the load by direct calculation and the crack opening is determined directly from the average
reading of the clip gauges measuring the crack opening apart from a small correction due to the
elastic deformation of the material next to the crack surfaces. Consequently the test method can
be used both to obtain detained information about material behaviour and to determine or verify
simplified stress-crack opening relationships used for design. However, the test method is
demanding both with respect to time and laboratory equipment.

3.3 The beam test

The beam test is well known as a tool for the determination of fracture energy Gr of concrete
[8]. Recently, a method was proposed by the RILEM technical committee TC162 “Test and
Design Methods for Steel Fibre Reinforced Concrete” [9]. This method proposes a 3 point
bending test on a test specimen with a notch, see Fig. 5. The standard specimens proposed has a
span | of 500 mm, a height h of 150 mm, a width, b, of 150 mm and a notch depth ag of 25 mm.
The load P as well as the deflection ¢ is measured. Optionally, the Crack Mouth Opening
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Displacement, CMOD, can be measured at a distance d from the bottom of the beam. Overall
the beam test is less demanding with respect to time and laboratory work than the uniaxial test,
however it should be emphasised that the test is significantly more demanding than e.g. a
standard compression test.

The beam test is intended for use in a design method based on a non-linear stress-strain
relationship. The result of the bending test is interpreted in way that yields so-called equivalent
flexural strengths, which can subsequently be applied in design according to recommendations
by the same committee [10]. The design is based on a non-linear stress-strain relationship in
which key elements are determined by the equivalent flexural strengths determined in the test.
However, it has been shown recently that it is possible to model the behaviour of an FRC beam
with or without a notch with good results using a fracture mechanical approach. This can be
done both using non-linear finite elements and an analytical approach introducing a non-linear
hinge, where the crack is propagating, in an otherwise elastic beam. The approach is discussed
at some length in a paper on structural analysis of FRC structures based on fracture mechanics
from RILEM technical committee TC162, [1].
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Figure 5. The principal test configuration suggested by the RILEM technical committee TC162
[9]. The standard specimen proposed has a span | of 500 mm, a height h of 150 mm, a width, b,
of 150 mm and a notch depth ap of 25 mm. The load P as well as the deflection 6 is measured.
Optionally, the Crack Mouth Opening Displacement, CMOD, can be measured at a distance d
from the bottom of the beam.

The analytical analysis can be based on analytical solutions for the non-linear hinge in terms of
moment versus angular deformation relations. Closed form solutions are available for both the
bi-linear as well as the drop-constant stress-crack opening relationship [11].

The existence of such relative simple solutions for the beam test based on fracture mechanics
obviously opens up for using the beam test for determination of the fracture mechanical
properties, i.e. the stress-crack opening relationship.

When detailed information about the stress-crack opening relationship is required a so-called
back analysis is needed, because it is not possible based on knowledge of the beam response
(load-deflection or load-CMOD) to solve directly for the underlying stress-crack opening
relationship. Back analysis is based on a comparison between the observed response and the
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response calculated with a certain choice of stress-crack opening relationship. This comparison
is quantified in terms of an error. The best choice of stress-crack opening relationship can now
be determined by minimizing the error. Back analysis for the beam test has been studied
extensively for concrete and FRC [12], [13]. However, is was shown in [14] that it is very
difficult with this method to distinguish between tensile strength and the initial part of the stress-
crack opening relationship which seems to indicate that back analysis should not be attempted
unless independent information about the tensile strength exist, especially in the case of FRC,
where the ratio between strength and toughness can vary significantly.

The beam test is suitable for determination or verification of the fracture parameters in the
simplified stress-crack opening relations applied in design, such as the bi-linear or the drop-
constant relationship.

In the case where the simple drop-constant stress-crack opening relationship has been applied
the expected beam response in terms of either a load-deformation or a load-CMOD relation can
be calculated using the analytical model outlined above. For a given test specimen geometry,
this calculation can be based on the assumption of vanishing tensile strength and a certain value
oy of the residual stress. Choosing different values for the residual stress, oy, a series of curves
is produced which can be interpreted as a verification chart. Since the influence of the Young’s
modulus is very weak for practical purposes only a single verification chart is needed for each
type of test specimen. In Fig. 6 a verification chart for the beam suggested by RILEM technical
committee TC 162-TDF [9] is shown together with the relationship between the deflection and
the crack opening displacement, COD, at the bottom of the ligament.

A given test result obtained using a certain test specimen geometry and instrumentation (e.g.
according to [9]) can be compared with the corresponding verification chart. A certain assumed
design value oy, valid up to a certain maximum crack opening Wmax is verified if the measured
load-deflection or load-CMOD curve lies above the curve in the verification chart corresponding
to the same value of oy for all deflections or CMODs less than certain values, dmax 0r CMOD pay.
It can be shown that deflection,s, and CMOD are approximately linearly related to COD (see
Fig. 6), which again can be related to wWnax in design guidelines. This makes use of the
verification charts particularly simple. The use of the verification charts does not involve tensile
strength and again the tensile strength should be determined/verified independently from the
beam test.
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Figure 6. Verification chart for the RILEM 3 point bending test (3PBT), proposed for stedl fibre
reinforced concrete by the technical committee TC 162-TDF. The verification charts can be
used to verify or determine the residual stress oy used in the drop-constant stress-crack opening
relationship. The numbers next to the curves refer to the residual stress oy. The l€eft axisis load,
the right axis is the COD and the almost straight line represents the relationship between
deflection and COD.

3. CONCLUSIONS

A fracture mechanical approach to design of FRC structures is gradually becoming more and
more realistic, also from a practical point of view. A sound basis for such an approach seems to
be the so-called fictitious crack model, which uses the stress-crack opening relationship as a
basic input. Advantages connected to a fracture mechanical approach include: micro-mechanical
models are available in order to provide understanding of the connection between material
composition and stress-crack opening relationship, design formulae based on fracture mechanics
automatically takes the structural size into account and design formulae based on fracture
mechanical concepts typically contain information on crack widths inherently. A number of
standards for test specimens have now been recommended by RILEM. These specimens include
a uniaxial and a bending test specimen. The results of both tests can be interpreted in terms of
fracture mechanical properties. This can be done either in order to get detailed information about
the fracture mechanical parameters or in order to determine or verify simpler stress-crack
opening relationships applied in design. A simple method for determining the residual stress oy
in the drop-constant stress-crack opening relationship is suggested.
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ABSTRACT

A test method for studying the formation of cracks in restrained
concrete overlays has been developed. The set-up consists of 15 cm
thick concrete toppings that are placed on the surface of a bottom
slab constituting a stiff foundation. By exposing the overlays to a
temperature gradient of considerable magnitude, tensile stresses,
gradually leading to the formation of cracks, develop in the
concrete. In this way a total of six overlays have been tested. Three
of the specimens were produced with plain concrete while steel
fibre reinforced concrete was used for the other specimens. Results
show that there was no distinct difference in cracking behaviour for
the fibre reinforced specimens as compared to the plain concrete
specimens. More tests will be performed to further examine the
phenomenon.

Keywords. Temperature load, Restraint, Cracks, Steel fibres.

1 INTRODUCTION

An area of application where steel fibres are frequently used today is as crack distribution
reinforcement in thin ground supported concrete structures such as slabs cast on grade, repairs,
overlays etc. It is quite clear that the major concern for such structures is related to stresses
arising due to restrained deformation. Nevertheless, there is, to the author’s knowledge, no
generally accepted methodology available that enables a designer to predict crack spacing and
widths based on the material properties of steel fibre reinforced concrete. In order to find such
methods of design it is necessary to learn more about the behaviour of concrete structures
subjected to restrained deformation. To develop such a method has been the main objective of
this study.

Most often, imposed deformations in concrete overlays are connected to the process of drying
shrinkage. However, in this case it was decided to apply a temperature differential as a load
rather than a humidity gradient. The main reason for this choice was that drying shrinkage is a
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long-term process that takes several months to develop fully. As a consequence, restrained
shrinkage tests require lots of time to perform. Even so, the outcome of such tests is to a high
degree uncertain. Thus, although it may not represent the actual load case for such applications in
reality the use of temperature loads offers a number of benefits. Amongst other things it makes it
possible to perform a test within a much shorter period of time. This provides a possibility to
develop and refine a test method through a series of rather quick tests before finding a procedure
that works satisfactorily. The test set-up and procedure that was eventually decided for in this
study are described in more details below.

2. TEST PROGRAM

The test methodology described here was developed under a relatively long period of time,
during which several tests were performed in order to refine the technique. For various reasons,
the early tests did not provide information regarding the cracking behaviour of restrained
concrete overlays. Thus, it was decided not to include these tests here. Instead, this report
focuses on the last three tests that have been performed within the frames of a research program.

21  Specimen Details

The aim of the present study was to develop a test procedure that, in a realistic way, simulates
the behaviour of concrete overlays exposed to restraint stresses. To fulfil this objective a test set-
up was developed, see Figure 1 and Figure 2, consisting of a 200x1200x4200 mm bottom slab
(1), constituting the substrate material. In order to be able to control the temperature in the
substrate two coils of heating cables were embedded close to the top and bottom surfaces (2).
Each coil produced a total effect of about 1,6 kW. Furthermore, the slab was prepared with &80
mm holes with an individual distance of 1 m along each side where @50 mm restraining ties were
fitted (3). This made it possible to fasten the slab rigidly to the floor, to simulate a very stiff sub-
grade.

Figure 1 — Principleillustration of the test set-up used in the study.

Concrete toppings (4) with a depth of 150 mm, a width of 300 mm and a length of 1800 mm
were then placed on top of the substrate, which had been previously cleaned and wetted 24 hours
in advance in order to enhance the bond properties. At each test occasion two such specimens
were cast aside each other, one with plain and one with steel fibre reinforced concrete. More
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details regarding the material properties of the concrete and fibres used at each test occasion can
be found in Table 1. As can be seen in Figure 1 and Figure 2 the upper surfaces of the overlays
were also provided with boarders of sheet metal (5). The reason for this was to prevent the cold
water, which was used to create the temperature gradient, from running off the upper surface of
the overlays in an uncontrolled fashion. Also shown are the different gauges for measuring
deformations (6, 7 and 8). These are described in more detail in section 2.3.
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Figure 2 — Sections through the test set-up showing some measures and instrumentation.

2.2 Test Procedure

In order to reach a state of stress in the concrete overlays that would lead to cracking one of the
main issues was to create as large temperature difference between the top and bottom faces of
the test specimens as possible. At the same time it was necessary to restrain the specimens to
avoid free deformation. The testing technique that was adopted to fulfil these requirements is
schematically presented in Figure 3.
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Figure 3 — Schematic illustration showing the different phases of the test procedure.

Each test was initiated by heating up the specimens to a certain temperature using the embedded
heating cables, phase 1 in Figure 3. During the heating process the slab was free to move in order
to avoid pre-stressing the specimens. Also, in order to avoid too great differences in temperature
between the various parts of the test set-up the overlays were covered with a layer of insulation,
see section B-B in Figure 2. After reaching a maximum temperature the bottom slab was fastened
to the floor by applying loads to the restraining ties. By doing so further movements of the test
set-up could be avoided and the bottom slab could be seen as a stiff sub-grade. At this point,
corresponding to the initiation of phase 2, cold water was distributed on the upper surface of the
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concrete overlays, which lead to a rather steep temperature decrease. At the same time the
heating cables in the slab made it possible to maintain a fairly high temperature in the sub-grade.
In this way temperature gradients of substantial magnitude rapidly developed over the depth of
the overlays. As a consequence tensile stresses, that gradually lead to the formation of cracks,
were created in the concrete toppings.

2.3 Instrumentation

The instrumentation that was used in the tests to provide information about temperature
distribution and deformations is evident from Figure 1 and Figure 2. As can be seen
thermocouples were embedded at different levels both in the bottom slab and in the overlays,
sensors 1 to 3 in the slab and 4 to 8 in the concrete overlays. This made it possible to follow the
temperature development throughout the different phases of the testing procedure. Expected
deformations that are valuable to follow for the type of structure studied here are longitudinal
strains in the concrete overlays and the relative movements between slab and toppings at the
ends. For reasons of verification, it was decided to use two different types of strain reading
devices to measure longitudinal deformations on the upper surfaces of the specimens, Vibrating
Wire Strain Gauges (VSG:s) and target points for mechanical measurements, see (7) and (8) in
Figure 1 and Figure 4. As is evident from the name the VSG:s use the vibrating wire principle
when measuring strains. The implication of this is further developed in [1]. Manual measurements
were performed using a mechanical reader of the type Staeger, which was positioned between
two succeeding target points.
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Figure 4 — Strain measurement devices used in the study. A mechanical strain reading device to
the left (Staeger) and a Vibrating Wire Srain Gauge (VSG) to theright.

Horizontal and vertical displacements of the ends of the overlays were measured by means of
Linear Voltage Differential Transducers (LVDT:s) as can be seen in Figure 1 and Figure 2. At
one end the displacements were measured relative to the floor while the displacements at the
other end were measured relative to the bottom slab. The reason for this was mainly a shortage
of available gauges but also the lack of space around the end zones of the overlays. Naturally, to
enable measurements of end lifting and slipping in a correct way it would have been more
reasonable to conduct the measurements relative the slab at both ends. However, measuring
deformations relative to the floor at one end provided valuable information regarding the
displacement of the complete set-up during the heating process. Also, this way of measuring
made it possible to control that the bottom slab would not move during the cooling process.
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2.4 M aterial Details

As the primary objective was to develop a test procedure that gave reliable results no predefined
test program was followed in which a certain mix design was used. Thus, the concrete
composition changed each time as is evident from Table 1. As can be seen a total of three recipes
were designed, one for each test. In each case one mix was produced with steel fibres and one
without. The amount of steel fibres, that were of the type DRAMIX® RC-65/35-BN from
Bekaert, varied from 30 kg/m?® for the first test, 40 for the second and 20 for the last test.

Table 1 — Mix proportions and material properties.

Material Test 1 Test 2 Test 3
Kg/m® kg/m’ kg/m®
PC:1 FRC:1 PC:2 FRC:2 PC3 FRC:3
Cement type Slite Bygg 350 350 360 360 350 350
Limestone filler type Képing 500 150 150 180 180 150 150
Fine aggregate 0 — 8 1010 1010 968 968 1172 1172
Coarse aggregate 8 - 16 673 673 645 645 631 631
Superplasticizer Type Glenium 51 3,5 3,5 2,9 2,9 2,8 2,8
Water 178 178 190 190 192 192
Dramix® RC-65/35-BN 0 30 0 40 0 20
Water / Cement ratio (w/c) 051 051 053 053 0.55 0.55
Compressive strength, f. (MPa) 437 530 460 393 -V -9
Uniaxial tensile strength, fo (MPa) 33 33 272 25 -9 -9
Ultimate flexural strength, fg, (MPa) 563 632 546 546 @ - -

“) No values available.

The type of concrete that was composed was a self compacting one (SCC) with an intended cube
compressive strength of 40 MPa after 28 days. To enhance the stability of the mix limestone
filler, of the type Képing 500, in amounts of 150 and 180 kg/m® were used. The cement was of
type CEM | 42,5 R (Slite Bygg). Both coarse and fine aggregates used in the concrete were
natural rounded materials from Riksten.

3 TEST RESULTS

3.1 Material properties

Material properties obtained from compressive, tensile and four point flexural tests are
summarised in Table 1. The compressive strength was measured on 150 mm cubes while the
tensile strength was obtained from uniaxial tests on &94 mm cylinders. In order to enable
measurements of the crack width during the process of a tensile test the specimens were prepared
with a notch giving a waist diameter of about 74 mm. This made it possible to conduct the tests
under displacement control, which gave valuable information regarding the post cracking
behaviour. A diagram showing the post cracking response of the plain and fibre reinforced
concrete used in the first two tests, test 1 and 2, are shown in Figure 5 (a). Interesting to see is
that the fibre reinforced concrete produced for the second test, FRC:2, exhibits about the same, if
not poorer, performance as compared to the one produced in the first test, FRC:1. This is
somewhat strange considering that the amount of fibres was less for FRC:1 than for FRC:2, 30
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compared to 40 kg/m®. One explanation for this may have been that the number of fibres
positioned in the actual fracture zone was greater for FRC:1 than for FRC:2. In a way this
demonstrates the sensitivity of such test methods. On the other hand, both the compressive as
well as the uniaxial and flexural tensile strengths were lower for FRC:2 which indicates that the
concrete had a somewhat lower quality. This makes comparisons arguable.

4 10 3
~3,5 9 A\ l
g 1+ o 1] !

3 O i e
‘%25 ~==TTop = 7 (ofi} Jash 150 | 150 | 150 ] | Lazs |
0 4 ~ 6 600
[%] = . 3
8 L‘\;\@g&?’ = 5 FRC:P —

@5 9 4 —
o 15N
7 1 ———— —FRCI1 3 Q(PC:landPC:Z
s ERCI2 D — 2 AN
~ 05 1
AC:1and AC:2 .

INRean .

0 0,5 1 15 2 2,5 3 0 1 2 3 4 5
Crack Opening Displacement (mm) Mid point deflection (mm)
(@ (b)

Figure 5 — The diagrams show results from uniaxial tensile testsin (a) and from four point
flexural testsin (b). The reason why only results fromtests 1 and 2 are presented here is that the
results from the third test were not available at the time.

Flexural tensile tests were performed on 75x125x450 mm beams in accordance with the ASTM
C1018 standard, see e.g. [2] for a more detailed description. Results from tests on the plain and
fibre reinforced concrete used in the first two tests are presented in Figure 5 (b). Similar to the
results of the uniaxial tensile tests the fibre reinforced concrete showed a considerably better post
cracking response as compared to the plain concrete.

3.2 Temperature development

An example of the temperature development during the different phases of the testing procedure
for the first test, test 1, is shown in Figure 6. As can be seen there was a temperature difference,
AT1, of maximum 13 °C between the slab and the overlays during the heating process. Generally,
this is not good considering that a temperature difference equals a difference in expansion, which
most certainly will create unintentional stresses in the system. However, as the slab was free to
move during this phase of the procedure this was considered to have less significance for the final
results. Also, prior to fastening the slab to the floor, the heating was turned off so that the
temperature distribution would be more even. Accordingly, as can be seen in Figure 6, there was
only a minor temperature difference, about 3 °C, at this stage.
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Figure 6 — Development of temperaturesin the first test, test 1, during the different phases of

the testing procedure in accordance with Fig. 3. Also, illustrated to the right are the positions of
the thermocoupl es shown in the diagram.

The cooling process was then initiated by flushing cold water on the upper surface of the
overlays. As is quite clear from the diagram this lead to a rather steep temperature fall at the top
of the section, while the temperature close to the bottom of the overlays could be kept on a
rather high level by restarting the heating of the bottom slab. In this way a temperature gradient,
AT2, of up to a maximum of about 34 °C was reached. Evidently, this was enough to create
tensile stresses that exceeded the strength of the overlay material, see Figure 7 and Figure 8. As
the temperature developments for tests 2 and 3 were rather similar they will not be presented
here.

3.3 Development of longitudinal strains

Longitudinal strains were measured using two different systems, Staeger and VSG:s, as shown in
Figure 4. A comparison of the strain readings obtained with the different methods in the third test
is shown in Figure 7 (a) and (b). It is quite clear that both methods of measuring gave reasonable
results. The reason for the differences in magnitude of the readings, that are particularly
conspicuous on the positive side, is that the measuring lengths are different, 150 mm for the
VSG:s and 100 mm for the Staeger.

If the actual results are looked upon it can be seen that a dominating crack has formed
approximately in mid section for both the fibre reinforced (FRC:3) and plain concrete (PC:3)
specimens. In this case the crack width was less for FRC:3 than for PC:3, about 0,15 compared
to 0,25 mm. Also, only two cracks were visible for FRC:3 compared to three for PC:3, which
indicates3 that there may have been a slight contribution of the small amount of fibres used, only
20 kg/m”.
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Figure 7 — Results from longitudinal strain measurements and some illustrations showing the
visual cracksin the overlays from the third test, plain concrete in (a) and fibre reinforced in (b).

Longitudinal strain readings from the other tests, tests 1 and 2, are shown in Figure 8. The reason
why only the Staeger readings are presented here is that there were some practical problems with
the VSG:s which made the results a bit unreliable. Another problem, that becomes evident when
trying to compare the results from the three tests, is that the measuring length of the Staeger
readings, L, used in test 1 was 200 mm while only 100 mm in test 2 and 3. As a consequence
the level of the measured strains over appearing cracks was substantially lower for test 1.

As was the case for the third test, a few dominating cracks with a rather extensive width formed
in the overlays of tests 1 and 2 as well. From the diagrams shown in Figure 8 it is quite clear that
the differences in cracking behaviour between the fibre reinforced and the plain concrete
specimens were not striking. An explanation for this may be that the amount of fibres, 20 - 40
kg/m®, was too low to enable a good crack distribution. Especially when considering the rather
abrupt load that was put on the overlays. Another possible reason may have been that the surface
of the bottom slab was very rough, thus implying that the bond properties between the overlays
and the substrate were exceptional. Naturally, this has also had a certain amount of influence on
the resulting crack pattern.
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Figure 8 — Development of longitudinal strains measured with the Staeger device on the upper
face of the overlays. Notice that the measuring length, Lm, was 200 mm for test 1 while only 100
mm for tests 2 and 3, which explains the rather big strain difference.
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4 CONCLUSIONS

The principle aim of the presented study was to develop a test method for studying the crack
distributing ability of steel fibres in restrained concrete overlays. Accordingly, a test
methodology, where temperature gradients were used as loads, was developed and tested.
Results show that, although there are still some problems that need to be solved, in particular
regarding the way of creating the temperature gradient, it is possible to use the suggested method
for studying the formation and propagation of cracks. Regarding the effect of steel fibres the tests
that have been performed so far have not indicated any distinct differences in cracking behaviour
between fibre reinforced and plain concrete specimens. However, a reason for this may have been
that the amounts that have been used here, 20 — 40 kg/m®, were too low to give a sufficient
contribution to the crack distribution. In particular considering that the temperature load was
applied in a rather abrupt way.
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ABSTRACT

The paper deals with a test specimen for steel fibre reinforced
concrete suggested by Dr Stefan Bernard, Dept. of Civic and
Environmental Engineering, Univ. of Western Sydney, Nepean,
Australia. The test slab is analysed in the elastic state using FEM
and in the plastic state using the yield line theory. Suggestions for
how to replace certain beam test methods with the slab test are
also made.

Key words. Concrete, fibres, slab, test method.

1. INTRODUCTION
1.1 General

One of the most important properties of fibre reinforced concrete is its ability to resist loading
after cracking. This property is normally defined as the load carrying capacity of a certain type
of test beam measured at a specified deflection. In most cases such tests exhibit large variations.
Dr Stefan Bernard, Dept. of Civic and Environmental Engineering, Univ. of Western Sydney,
Nepean, Australia, has invented a test specimen that gives very small variation in the recorded
property. The test specimen is a circular slab, which is supported at three points and loaded at
the centre. See Figure 1.
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100 mm diameter

75x800 mm diameter load point

round panel

Pivoted support
points with steel

bearing plates at
750 mm diameter

Figure 1 - The round, determinately supported concrete panel for testing of fibre reinforced
concrete.
1.2  Other test methods

The most common test methods of today are the EFNARC beam test which is used in Norway
and the modified ASTM C1018 beam test which is used in Sweden.

F/2 F/2
W
7
78
7 1m0 L 150 150 777 12
450
L >500

Figure 2 — Modified ASTM C1018 test beam used in Sveden

2. THEORETICAL ANALYSIS
21  Analysisaccordingtotheory of elasticity

The circular slab was analysed using linear elastic Finite Element analysis under small

displacement conditions. The used mesh is shown in Figure 3 where some calculation results

also are shown. The analysis was carried out using the ABAQUS 5.8 software. Eight node

isoparametric shell elements were used (S8R) except at the centre where six node triangular

shell elements (S3R) were used. Proper Multi Point constraints (MPCs) were applied at all
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locations where mesh refinements or a change of element type was made, see Figure 3. This was
done to secure continuity between elements.

Figure 4 shows the tangential stresses in the soffit along radii located in different angles from
the radius where the support is situated. The curves show that the variation of the tangential
stress is small when moving from the "support radius™ and outwards.

The conclusion of this study is that a radial failure crack might fall anywhere within a large
sector because of the natural variation of the failure strength of the concrete in the slab. The
analysis of the slab according to the yield line theory must therefore take into consideration that
the locations of the radial yield lines are highly arbitrary.
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Figure 3 — Used mesh and principal stressesin the soffit of the dab. P = 30 kN, E = 34 GPa, v
=02
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Tangential stresses along a radius at 5 different
angles to the intended crack direction
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Figure 4 — Variation of tangential stressesin the soffit of the dab.

2.2  Analysisaccordingtoyield linetheory

Geometrical relationships

In the yield line analysis it is assumed that the radial yield lines lie in angles oA, aB and aC
from one of the support radii which is defined as the x-axis in a rectilinear co-ordinate system.
The supports have the co-ordinates (x1, y1, 0), (x2, y2, 0) and (x3, y3, 0). The points of
intersection between the yield lines and the periphery of the slab have the co-ordinates (XA, yA,
dA), (xB, yB, 6B) and (xC, yC, 6C). The co-ordinates of the midpoint of the slab are (0, 0, 50).
See Figure 5.
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(XA, YA, 8A)

Figure 5 — Notationsfor yield line analysis.

The equations for the three planes that are formed when the mechanism is deflected are used for
solving 8A, 6B and 6C when &0 is given. See Eqgs. 1, 2, 3. The values for A, 6B and oC are
then used for the calculation of the angles between the three planes. The type of formula used is
shown in Eq. 4. Thus the relationship between the midpoint deflection and the angular
deflection in the yield lines is established.
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Some numerical studies of the effect of deviation of the yield line from its theoretical position
have been made. In short they showed that a deviation of 10° gave a variation in the angular
displacement of approximately 10%. The study also showed that an increase of the angular
displacement of one yield line was combined with a decrease for another yield line. See Figure
6.
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/ m—+10, +10, 0
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0,01

0
0 0,005 0,01 0,015 0,02 0,025 0,03

Midpoint deflection, m

Figure 6 — Angular displacement in yield lines as a function of midpoint deflection. Curve 0, O,
O represents the theoretical position of all three yield lines. Curves +10, +10, O represents the
case when the two"first" yield lines deviate 10° in positve direction and the "last" one does not
deviate.

Force relationships

As it cannot be assumed that the three slab sectors carry their part of the total load independently
of each other, nodal forces at the points of intersection between the yield lines and the periphery
of the slab are assumed. These are denoted KA, KB and KC. The portion of the total load which
is carried by each sector is denoted P1, P2 and P3, respectively. Since the angular displacement
of each yield line cannot be assumed to be equal, three moment capacities — one of each yield
line has to be assumed: mA, mB and mC. Angles between yield lines and the x-axis as well as
some help angles are defined in Figure 7. A variable of the type dOLAB denotes the distance
between point 0 (the midpoint) and the line between points A and B.
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]
Figure 7 — Notation for forces and angles.

The system of equations for solving the unknowns is shown below.

KA-sin(BA2) — mA-cos(BA2) + mB-cos(pB2) + KB-sin(pB2) = 0 (5)
KB-sin(pB3) — mB-cos(pB3) + mC-cos(BC3) + KC-sin(BC3) = 0 (6)
KC-sin(BC1) — mC-cos(BCL) + mA-cos(aA) + KA-sin(aA) = 0 7)
mA-R-cos(BAB) + mB-R-cos(BAB) — g-dzLAB — P1.dOLAB = 0 (8)
mB-R-cos(BBC) + mC-R-cos(BBC) — g-dsl_Bc — P2:dOLBC = 0 9)
mC-R-cos(BCA) + mA-R-cos(BCA) — g.dlLCA — P3.dOLCA = 0 (10)
PL+P2+P3-P=0 (12)

If the angles between the yield lines and the moments are known then the applied load, the nodal
forces and the portions of the total load carried by each slab sector can be solved. It is not,
however, possible to solve the moments when the angles between the yield lines and the applied
load are known!
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Congtitutive relationship

In order to study the effect of variations in the angles between the yield lines which in turn gives
a variation in the angular displacement in the yield lines a rather extreme relationship between
the moment and the angular displacement of a yield line is chosen. See Figure 8.

Assumed angular displ. - moment relation

2.159x10°2500

2000

m(6
£1500

Moment, Nm/m

1000

.636.322,
500

0 0.005 0.01 0.015 0.02 0.025 0.03
0 .0.026,
Angular displacement, rad

5.112x10 %4,
Figure 8 — Chosen relationship between angular displacement in yield line and the moment
capacity of theyield line.

Results of the yield line study

In Figs 9 — 11 some results are shown. The curves in these figures clearly show that the total
load that the slab carries is constant as long as the average of the three moment capacities of the
yield lines remains constant.
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All moments equal. Influence of positions of the yield lines.
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Figure 9 — Load — midpoint deflection curves for different deviations of the yield lines from the
theoretical position. All moment capacities are equal.

Influence of different moment capacities in the three yield lines.
All yield lines at 60° off support radii.
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Figure 10 — Load — midpoint deflection curves for yield lines not deviating from the theoretical
position. The moment capacities varies but their average is always= m.
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mA=1,1mB, mC=0,9mB. Influence of positions of the yield lines.
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Figure 11 — Load — midpoint deflection curves for different deviations of the yield lines from the
theoretical position. The moment capacities varies but their average is always = m

3. TRANSLATIONS FROM SOME BEAM TESTSTO THE ROUND,
DETERMINATELY SUPPORTED CONCRETE PANEL TEST

In the Nordic countries the so called EFNARC beam or a modified ASTM C1018 beam are used
as a basis for descriptions of the fibre reinforced concrete in contracts. A translation is needed
until the round slab has become common in those countries.

The EFNARC test operates with load — deflection relationships for a well-defined beam i.e. for
some specific deflection values a minimum nominal bending tensile strength is required. It
means that the beam deflection can be translated to an angular displacement of the cracked
section. The same angular displacement in the yield lines of the round panel can be translated to
a midpoint deflection of the round panel. The required nominal strength of the beam can be
translated to a moment capacity of the yield lines of the round panel at least as long as the
thicknesses are about the same. Table 1 shows the midpoint deflections of the round panel
which corresponds to the normally used deflections of the EFNARC beam.

Table 1 — Midpoint deflections for round panel when compared with EFNARC beam test

Midpoint deflection of EFNARC beam Angular displacement Midpoint deflection for round panel
1 mm 0,0044 rad 1,92 mm
2 mm 0,0089 rad 3,85 mm
3mm 0,0130 rad 5,80 mm

From an equation of equilibrium for one sector, where all moments are assumed equal one
obtains

m—pV3 (12)
9R
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With R = 0,8 and r = 0,75, slab thickness = 0,075 and using Navier's formula for bending
stresses one finds

f =192P (13)
where f shall be compared with the required nominal flexural strength.

The modified ASTM C1018 test used in Sweden also operates with load — deflection
relationships but in a dimensionless form. This is obtained by referring all deflections to the
deflection at first crack. Such a method would probably show to be impossible when dealing
with the round panel test. Difficult defintion problems would occur since there are normally
three cracks that forms before the quasi-plastic state is developed. It would also be very difficult
to discover the first crack at the soffit of the slab unless the slab is tested upside down. It is not
recommended to define the requirements on fibre reinforced concrete in terms of residual
strength factors if the intended test specimen is the round panel. For ongoing projects where the
requirements are defined according to the modified ASTM C1018 used in Sweden a translation
is possible, but then a modulus of elasticity for the concrete and a crack stress have to be
assumed.

From E = 30 GPa and f,, = 3 MPa it follows that 8., = 0,0002556 rad and the translation table
below is obtained.

Table 2 — Trandation from modified ASTM C1018 beam test to the round panel test

Toughness index  Angular displacement in ~ Angular displacement in ~ Midpoint deflection for

crack crack round panel
I 1
Is 3,50« = 0,00089 rad 0,385 mm
l1o 5,504 =0,0014 rad 0,61 mm
I30 15,50, =0,004 rad 1,75 mm
Iso 25,50, = 0,0065 rad 2,82 mm

f510 = 192 Pavg , where Payg is the average of P’s at 0,385 and 0,61 mm deflection of the round
panel.
f1050 = 192 Pavg , where Pavg is the average of P’s at 0,61 and 1,75 mm deflection of the round
panel.
f1050 = 192 Pavg , where Pavg is the average of P’s at 0,61 and 2,82 mm deflection of the round
panel.

4 CONCLUSIONS

The following conclusions can be drawn from this limited study.

i. The round, determinately supported concrete panel test gives the averaged moment
capacity of 1,2 m yield lines.
ii.  Itis not possible to discover moment capacity variations within the slab.
iii.  The test is insensitive to variations in the position of the cracks.
iv.  The test results can be translated to EFNARC test results.
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V. The test results can be translated to modified ASTM C1018 test results after some
approximations.
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ABSTRACT

An experimental investigation of the flexural behaviour of Steel
Fibre Reinforced Concrete (SFRC) has been carried out in order to
improve design methods for SFRC tunnel linings and similar
applications. A large number of suspended slabs and beams with
fixed ends were tested, with the intention of gaining a clearer
understanding of how these structural elements behave during
failure. The calculations, which were based on yield line theory,
were in poor agreement with the test results in that the estimated
capacities were consistently lower than the actual load bearing
capacity of the specimens. From the tests it was clear that
compressive arch action enhanced the load bearing capacity of the
specimens and that this phenomenon led to the error in the
calculated values.

Key words: Concrete, fibre reinforced, slabs, structural design,
tunnel linings

1. INTRODUCTION
1.1. General

To use SFRC in tunnels in order to secure the rock has become a very common method all over
the world in recent years. It proffers a rapid rate of application, saving in labour and a good
economy compared to ordinary reinforced concrete, generally in form of steel wire mesh, [1].
However, to make an economical, safe and from an engineers point of view proper design is not
possible today. This is due to the non-linear behaviour of fibre reinforced concrete, the lack of
design methods, which incorporates this behaviour, and the fact that a tunnel lining is a very
complex structure, [2].

1.2  Structural design

If it is assumed that a rock mass cannot support itself even if an adhering shotcrete lining is
applied, a rock-anchored reinforced shotcrete lining must be adopted. The gravity load from the
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loosened rock has in this work been treated as a uniform load acting on the reinforcement. A
tunnel supported by sprayed concrete and rock bolts may then, from a design point of view, be
considered as a slab supported by columns where each column represents a rock bolt,[3]. Under
loading, this slab works as a number of edge restrained circular slabs with the load at the centre.
Furthermore, the interaction between rock bolts and the shotcrete may also be considered as a
beam with fixed ends, see Figure 1. Statically indeterminate structures made of ordinary
reinforced concrete are often designed using yield line theory because of its simplicity and the
efficient use of the material compared to a more conservative design based on elastic theory. It
was therefore interesting to determine if yield line theory is applicable for SFRC as well.

Circular slab
test fixed support

Figure 1 — Analogy between a bolted tunnel lining and test simulation, [4]

A throughout presentation of the study can be seen in, [5].

2. EXPERIMENTAL INVESTIGATION
2.1 General

The concrete used was a standard prescription for shotcrete used in tunnel linings in Sweden.
Although the specimens produced in this investigation were intended to simulate a portion of a
sprayed tunnel lining, all specimens were produced by casting instead of spraying. This was
done because sprayed specimens are difficult to produce with good dimension tolerances in
thickness and levelness. Many specimens were made with prefabricated notches in order to
initiate rupture in those notches. This was done to make it easier to compare the test results with
an expression for the bending moment capacity in the beams and the slabs. The fibre content in
the beam tests was 60 kg/m® and 100 kg/m® , respectively. In the slab tests, the fibre content was
40 kg/m* and 60 kg/m® respectively. These two latter amounts were chosen because they are
very common in applications such as tunnel linings. The dosage rate of 100 kg/m® in the beam
tests was chosen in an attempt to obtain a strain hardening type of SFRC. The fibres used in this
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investigation were Dramix RC-65/35-BN. The variables examined within each set of specimens
included: dosage of fibres, specimen dimensions, and location of prefabricated notches. To
determine the influence of compressive arch action in the specimens, eight slabs and four beams
were manufactured. These were cast with the same type of concrete as the other specimens,
except that there were no fibres in the concrete. Before testing, deep notches were sawn in the
specimens to eliminate the tension capacity of the concrete during failure. This meant that the
resulting load bearing capacity of the specimens could be attributed to the compressive arch
action alone.

2.2  Testing of beams

The beams were of uniform rectangular cross section having nominal dimensions of 100 mm
height, 250 mm width and a length of 1860 mm. The beams were restrained against rotation and
translation at both ends and had a span of 1500 mm, see Figure 2. They were tested under third-
point loading. The experimental program included four types of beams, varying in fibre content
and position of prefabricated notches. The notches were 50 mm deep in the unreinforced beams
and 30 mm deep in the fibre reinforced beams.
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Figure 2 — Test set-up for beam with a notch in the middle

In Figure 3 the support conditions for the beams are detailed.
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Figure 3 — Support conditions for the beams

The load was applied using a hydraulic actuator that was fixed in the test rig.

2.3 Testing of dabs

The slabs were of circular form and were cast with two different spans and two different
thicknesses. A hydraulic actuator applied the load. The displacements at different points of the
slab and the support-ring were measured and recorded with linear variable displacement
transducers.
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Figure 4 — Test set-up for the slabs
The width of the support upon which the slabs were resting on was 125 mm. In addition, a steel

ring was placed around the slab to resist the horizontal forces that arose during each test. The
edge support conditions for the slabs can be seen in Figure 5.
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Figure 5 — Support conditions for the dabs

2.4 Resaultsfrom the beam tests

Almost every beam failed as intended by a bending failure at the prefabricated notches. It was
observed that the shape of the loading-displacement curves differed from the normal shape of
steel fibre reinforced concrete, since the load-bearing capacity generally increased significantly
after the cracking load was reached. The results also indicated that the beams made of plain
concrete displayed almost the same peak load capacity as the reinforced beams. However, the
capacity to carry load at large deformations was a great deal less for the unreinforced beams.
The final condition of one of the beams with a notch in the middle and a fibre content of 60
kg/m3 can be seen in Figure 6.

Figure 6 — Final condition of a fibre reinforced beam with a notch in the middle

Examples of load/displacement curves obtained in the tests are shown below. Figure 7 indicate a
comparison between a fibre reinforced beam and a beam made of plain concrete.
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Figure 7 — A comparison between a fibre reinforced beam (60 kg/m®) and a beam made of plain
concrete

25 Resultsfrom the dab tests

The typical failure mechanism for the slabs was a tough bending failure followed by punching at
the centre, which generally occurred after a large deformation. The slabs with the smaller
diameter had the greatest peak load capacity, while the bigger slabs generally displayed the
toughest type of failure. As can be seen in Figure 8, a large number of radial cracks developed
during each test in the slabs without prefabricated radial notches. The slabs with prefabricated
notches displayed a failure mode in which radial yield lines mainly developed within the
notches.

Figure 8 — Final failure of afibre reinforced dab without notches.
The peak load capacity and the toughness were more or less the same for the slabs whether they

were reinforced with fibres or not. Figure 9 displays a comparison of slabs with a span of 936
mm and a thickness of 40 mm.
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Figure 9 — A comparison between a fibre reinforced slab (40 kg/m®) and a slab made of plain
concrete.

3. ANALYSES

Calculations of structural load capacity in the present specimens have been performed according
to yield line theory. Yield lines in the slabs and in the statically indeterminate beams were
treated like the cracked section of a statically determinate beam. The beams used for
comparisons with the slabs and end restrained beams were cast at the same time and were
separated into two categories. One set called reference beams (which had the same depth as the
slabs and the statically indeterminate beams) and the other were produced and tested in
accordance with the recommendations of the standard-test method, ASTM C1018.

Examples of the comparison between test results and the calculated load capacities can be seen
below. The comparison is presented in diagrams where the load-displacement curve from the
tests describes the average value obtained from one type of test specimen. The theoretical load
capacities are presented as numerical solutions based on the moment crack-rotation relationship
in the cracked section of the reference and ASTM beams.

3.1 Beams
The beam is loaded by two point loads according to Figure 10. A moment m,, causes yield on

the top of the beam. At the supports of the beam, a moment m,, causes yield in the bottom of the
beam.
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Figure 10 — Yield line pattern of the beams with a notch in the middle.

The failure load can be derived as
6
Pa:I.(ma-i_ana) (1)

In Figure 11, an example of comparison between calculated post-crack load capacity and test
result for a beam with a fibre content of 60 kg/m® can be seen.
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Figure 11 — Comparison between a beam with a fibre content of 60 kg/m® and numerical
solutions according to yield line theory based on reference and ASTM beam tests

3.2 Slabs

The slab is loaded with a point load in the middle. A moment m; per unit length causes yield on
the upper surface of the slab. A moment my per unit length causes yield in the bottom of the slab
according to Figure 12,

100



Figure 12 — Yield line pattern of the dabs

The failure load P is obtained as
P=2-7-(m+m) (2

In Figure 13, an example of comparison between calculated post-crack load capacity and test
results for a slab with a span of 682 mm and a fibre content of 60 kg/m* can be seen.

60

Test
Calculation based on reference beams

/ /

/ Calculation based on ASTM beams

]
o

iy
o

Load (KN)

N w
o o
\

=
o

o

10 20 30 40 50
Displacement (mm)

o

Figure 13 — Comparison between a test on a slab with a span of 682 mm and numerical
solutions according to yield line theory based on reference and ASTM beams

4. DISCUSSION AND CONCLUSIONS

It was shown that yield line theory based on the rotation capacity at the yield lines was not able
to predict the load bearing capacity of the test specimens. The calculated capacities were
consistently lower than the actual capacities of the specimens. This can possibly be explained by
the fact that compressive arch action is the main load carrying component of the specimens and
that failure will occur when the concrete reaches its compressive strength limit in the
compressed zones of the specimens. It was also observed that the calculations that were based
on ASTM beam tests consistently resulted in lower load capacities compared with calculations
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that were based on reference beams. The explanation of this is probably that a superior fibre
effect was obtained in the reference beams, due to the fact that they are thinner than the ASTM
beams. It is assumed that the arch effect arises at a deformation level where the concrete stresses
are reasonably small when the slab is fibre reinforced. When the slab is bar reinforced it is
assumed that the compressive stresses in the concrete because of bending alone are already in
the vicinity of the concrete strength when the arch action arises. The remaining capacity of the
compression zone is thus rather limited in the later situation. This assumption requires a
thorough theoretical investigation, which remains to be performed.

In a structure that consists of several slab elements that cannot rotate and expand freely along its
periphery, such as a bolted tunnel lining, compressive arch action will most likely arise in the
element that is overloaded if the surrounding structure can resist horizontal forces. The structure
will then carry the load by a resistance-moment between compressive forces in the element,
instead of equilibrium between the tension zone and the compressive zone of the concrete
section as in ordinary bending. This is very beneficial with respect to the peak load capacity of
the structure, because the best load-carrying characteristic of concrete is its compressive
strength.
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ABSTRACT

Steel fibre reinforcement is commonly used for structural purposes
in shotcrete applications. The influence on residual load-bearing
capacity and mechanisms ruling corrosion of steel fibres in cracked
concrete is not fully investigated. By performing field and
accelerated exposures on cracked steel fibre reinforced concrete
this is investigated. Crack width, fibre length end exposure
environment are main parameters. Results from the first
preliminary evaluations show that corrosion is a potential problem
in environments with presence of chlorides. Measures like addition
of extra amount of fibres, usage of other fibre materials or
increased concrete thickness might be needed. This to ascertain
wanted residual strength in the structure.

Key words: steel fibres, concrete, shotcrete, cracks, corrosion,
service-life.

1. INTRODUCTION
1.1 General

From the design process via construction to maintenance of a structure the service-life should be
focused on. Today’s regulations e.g. TUNNEL 99 (1999) from the Swedish Road Authorities
has service life demands for tunnels with an “expected technical service life” of 120 years
(“normal” maintenance). A question contractors, designers and purchasers should have is
whether steel fibre reinforced shotcrete can fulfil this service life demand. “Normal
maintenance” could not possibly be reconstruction e.g. every 15-25 years with all the costs and
disturbance to the use of a tunnel that would give (traffic problems, loss of production etc.). All
presented experiments and results are from Nordstrom (2000).

1.2  Stedl fibresand the shotcrete technique

Shotcrete is most commonly applied in relatively thin layers (typically 50-100 mm) and the
concrete quality is high. This will give a high degree of shrinkage due to drying out and
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therefore risk for cracks. High air speeds due to ventilation and usage of accelerators further
increase this effect. Loads from movements in the substrate being shot on are another possible
source to cracks. A positive property of shotcrete is that it is always applied on another substrate
and due to the limited thickness the restraint also limits the crack width.

One could suspect that the relatively thin steel fibres would discontinue to carry load relatively
fast due to decrease of fibre diameter caused by corrosion. Especially in cracked concrete.
Previous investigations on cracked concrete however show that steel fibres corrode at a lower
rate than conventional reinforcement at the same conditions. The parameters giving this positive
property are not very well known. It is also possible that the rate of degradation is not linear.

2. FIELD EXPOSURE TESTS

To be able to examine the effect of different parameters on the rate of corrosion, field exposure
tests are ongoing. The field exposure tests where started in September 1997.

21  Test program & specimen

The test program is showed in Figure 1. The mix type and mix design can be found in Table 1
and 2. The accelerator used was based on sodium silicate. Standard Portland cement (trade name
Degerhamn Std P in Sweden) was used. There are three different exposure sites in addition to
the control site in the laboratory:

1. National Road 40 (Rv 40) close to Boras, outdoor along a motor highway.
2. River Dal at Alvkarleby, outdoors with specimen partly immersed in river water.
3. Eugenia tunnel, a road tunnel in Stockholm.

To produce the specimens, large slabs where shot (2x1.25 m) after which beams where sawn
from the slabs. Cracking of the beams was performed by applying a flexural load.

Fibre
length

Method

Crack
width

‘ Concrete Exposure ‘ Time Analyses

residual
strength

30 mm

geometrical |

Eugenia
tunnel

Rv 40
40 mm_[— 0.5 mm
River Dal
0.1 mm Rv 40 l‘
—{ Normal - acc. [ 30 mm
0.5 mm River Dal

0.1 mm Rv 40

Normal

[ Dry-mix | Normal [~ 30 mm

0.5 mm River Dal

Figure 1 - Field exposure test program
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Table 1 - Mix types

Mix Method Accelerator Fibres
WA30 wet-mix yes Dramix 30/0.5
WA40 wet-mix yes Dramix 40/0.5

W30 wet-mix - Dramix 30/0.5

D30 dry-mix - Dramix 30/0.5

Table 2 - Mix design used in field exposure tests
WA30 WA40 W30 D30
w/c 0.42 0.42 042 -
cement (kg/m®) 510 510 510 500
gravel, 0-8 mm (kg/m®) 1202 1202 1202 1101
sand, 0-1mm  (kg/m°®) 298 298 298 398

plasticiser (%/kgC) 1.4 1.4 1.4
accelerator (%/kg C) 3.5 3.5
fibre dosage (kg/m®) 70 70 70 65

2.2  Evaluation after exposure

Two beams for every combination of mix design and exposure condition were brought back to
the lab after exposure. One of the two beams was subjected to continued flexural loading up to
5 mm deflection. The other beam was cut into small plates at different distances from the crack
mouth, as shown in Figure 2.
Nz

=
=
v

75
20
1

| 500

Figure 2 - Dismembering of beams (measurements in mm).

Residual strength

A typical test result is shown in Figure 3 where it can be seen that the residual strength increased
(w= 0.1 mm) after exposure. In Figure 4 the trend after 1 and 2.5 years of exposure is shown.
Beams with a crack width of 0.1 mm show a larger increase in residual strength compared to
specimens with larger crack widths.

10000 % —=-Year 1

—>-Year 2.5

oo a1 1 %5
Figure 3 - Resdual strength before and after 1 and 2.5 years of exposure (mix WA30, w = 0.1
mm, RV40).
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Figure 4 - Development of residual strength with time of exposure. w = 0.1 mm (left) and
w= 0.5 mm (right).

Corrosion of fibres crossing cracks

There was an obvious risk for tensile failure of the fibres if the concrete was broken down by
crushing. Break down by freezing was therefore used. Drying (200°C) followed by water
saturation with vacuum treatment made it possible to fully degrade the concrete by freezing.
After this the fibres crossing the crack could easily be taken out for examination. The depth of
corrosion on single fibres was measured by using a micrometer.

Decrease of fibre diameter (%)
o
Decrease of fibre
diameter (%)
>

1.0/ 2000

0-25

WA40 /2000

0.5/2000
w=1.0/1998
WA40 / 1998
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=

Figure 5 - Decrease of fibre diameter after 1 and 2.5 years of exposure at Rv40. Mix-type WA30
(left). w=0.5 mm (right).

Table 3 - Change of residual strength (in percent) after exposure
Crack  Motorway Road tunnel River Lab
width Rv40 Eugenia Dal
(mm) 1998 2000 1998 2000 1998 2000 1998 2000
0.1 15 29 17 28 10 25 - -
0.5 20 11 12 -6 54 -4 5 -4
1.0 0 9 10 9 -2 -6 - -
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2.3 Discussion

Residual strength

The increase in residual strength with exposure was probably caused by continued hydration of
the concrete and therefore increased anchorage strength. The increase is still higher for smaller
crack widths and the effect of autogenous healing could be one reason. There is a trend that
larger crack widths show the same or lowered residual strength at 2.5 years than at year 1 and
this is probably due to brittle tensile failure of the corroded fibres.

Extent of corrosion

Corrosion was initiated after only one year of exposure at Rv40. It can be seen (in Figure 8) that
the extent of fibre diameter reduction decreased with increased depth into the crack. It also
appears that the 40 mm fibres show more severe damage from corrosion. This supports the
theory that the galvanic effects related to the ratio of anode to cathode area is important. No
significant difference between spraying methods could be seen. The effect of crack width on the
extent of corrosion of fibres is no longer clear after 2.5 years. Fibres in the beams with a crack
width of 0.5 mm had corroded more than those with a crack width of 1 mm. This supports the
theory that crack width mainly affects the time to initiation of corrosion.

Practical consequences

Since corrosion of steel fibres has been initiated after only 2.5 years, the expected performance
in a 120 year scenario should be questioned. There are two possible practical consequences of
this, but these also depend on the results of further evaluations. Firstly, if it is not possible to
achieve a sufficiently long service-life in steel fibre reinforced shotcrete if cracks occur. Then
repair of cracks, use of more corrosion resistant fibres, or addition of an extra layer of fibre
reinforced shotcrete will be required. Secondly, if the rate of corrosion propagation is so slow
for narrow crack widths that cracks up to a certain critical width only decrease the service-life
and residual strength to a limited extent. Then no further measures might be needed.

3. LABORATORY EXPOSURE TESTS

The main objective with the laboratory exposure tests was to make a relative comparison
between different parameters tested under controlled climatic conditions. The field exposure
tests can be used to estimate the degree of acceleration in the laboratory tests.

3.1 Test program & specimen

Three fibre lengths (35, 70 and 105 mm) and three crack widths (0.2, 0.5, 1.0 mm) are tested.
The mix-composition is generally the same as in the field exposures. To make pouring possible
with remained location of fibres the lower part was poured with plastic consistency and the
upper part was poured with a more fluid consistency. The cement used is the same type as in the
field exposure tests (Swedish standard Portland cement, Degerhamn). The specimen are
cylindrical with a diameter of 57 mm and a length of 170 mm with a notch in the middle. The
fibres where made from cutting cold-drawn wire into desired lengths. The wire used is the type
being used in manufacturing of the Dramix-fibre from Bekaert. Demoulding after one day was
followed by three days of water curing. Cracking was performed 5 days after pouring and to
create a crack of desired width the samples where subjected to uniaxial stress and displacement
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controlled loading (0.02 mm/s) To make the cracking of samples rational a device with friction

grips was also constructed. The accelerated exposure test started 30 days after pouring of the
samples. The temperature was 20°C for both environments.

CHLORIDE - Submerged in water with 3.5% chlorides (3 days) + Air with RH 50% (4 days).
TAP WATER - Submerged in water (3 days) + Air with RH 50% (4 days).

3.2  Evaluation after exposure

The dismembering and evaluation was made in the same manner as in the field exposure tests
and samples where taken out at 70 and 120 days of exposure.

Fibre corrosion

In general, corrosion have been initiated on all samples after 70 days. Samples stored in the
CHLORIDE environment corrode more than samples stored in TAP WATER environment. The
influence of both crack width and fibre length is obvious in the CHLORIDE environment.
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Figure 6 - Average loss of fibre diameter in CHLORIDE environment from one sample (37
fibres). Influence of crack width, L=70 mm (left) and fibre length, w=0.5 mm

(right).
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Figure 7 - Average loss of fibre diameter in TAP WATER environment from one sample (37
fibres). Influence of crack width, L=70 mm (left) and fibre length, w=0.5 mm

(right).
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3.3 Correlation between field and laboratory exposure tests

An attempt to correlate the laboratory exposure tests to the field exposure tests is made below.
The shortest fibre length used in the laboratory is 35 mm and 30 mm in field. Studying the right
part of figure 6 it can be seen that an increase of fibres length from 35 to 70 mm gives an
increase in the loss of fibre diameter from 19 to 33 % after 70 days of exposure. In a rough
approximation this can be used to estimate the loss of fibre diameter a 30 mm fibre would have
received in the laboratory exposures. Using linear extrapolation from the results a 30 mm fiber
would have corroded according to equation (4.1). Studying the field exposure tests for 30 mm
fibres and w= 0.5 mm exposed at Rv40 give that the plate nearest the crack mouth show a loss
of 16% of fibre diameter after 2.5 years of exposure which is fairly similar. Therefore the
acceleration factor can be calculated as in equation (4.2).

Adro,0 (70) = Adys o (70) (| | ):19 ~33-19

*5=17% (4.1)
Ly — o 70-35

A¢30,C| (70) = A¢35,CI (70) -

theg  365%25
Arvao = t, 70

13 (4.2)

If a rough estimations is used to extrapolate the future behavior, the samples with 30 mm fibres
and 0.5 mm crack width will have lost about 20% of the fibre diameter (according to the results
after 120 days) after 4 years in the Rv40 environment.

4, SERVICE-LIFE MODEL
4.1  Analytical model

A reduced cross section due to corrosion gives a more brittle tensile failure of the fibres instead
of a ductile pull-out failure. Kosa (1988) has suggested a simplified model for calculation of the
effect. Input needed in the model is the number of fibers in the tensile zone, bond strength, fiber
tensile strength, embedded length of fibers etc. In the model it is assumed that ¥ of the fibre
length is contributing to the bond-strength. The strength ratio (S) represents the residual moment
capacity in percent of the original, uncorroded state. To be taken into consideration when using
the above mentioned model is that only straight fibres is simulated with this model.

0,2h C (@
T1
h
0,8h T
[ T2
X
cracked concrete uncorroded state corroded state

corroded fibers
Figure 8 - Analytical model for flexural load test on a cracked specimen, Kosa (1988)
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Table 4 — Parameters used in analytical and service-life model

Parameter  Description

X depth of the corroded area

N number of fibres in tensile zone

M4,M>5 moment capacity for non corroded / corroded fibres
0,0¢ original / minimum fibre diameter

T.,T> tension force in non-corroded / corroded area
| fibre length

h height of concrete

fp average bond strength

r rate of corrosion

fg tensile strength of the fibre

te service life (years)

S. critical strength ratio

4.2 Definition of limit state

For conventionally reinforced concrete the limit state when the service life ends is defined by
Sarja & Vesikari (1996) as:

1  The steel is depassivated
2  Corrosion of rebars leads to cracking and spalling.

For steel fibres these two criteria are very unfavorable. The first criterion is not suitable since
the propagation of corrosion is much slower than for conventional reinforcement, even with
chlorides present. Therefore the propagation rate should be taken into consideration. Fibres are
also distributed all over the crack plane. Therefore the effect of reduced fibre diameter in a part
of the crack is not as dramatic as corrosion on rebars all in one level. Criteria no. 2 is not valid at
all since the amount of corrosion products is too small to exceed the tensile strength of the
concrete. Taking the propagation period into consideration a suitable limit state is to define an
acceptable reduction in load bearing capacity (i.e. an acceptable/critical strength ratio S_).

4.3 Servicelife

As mentioned earlier the initiation of corrosion is more or less instantaneous for cracked steel
fibre reinforced concrete. The service life (time to reach limit state) should therefore be a
function of the corrosion rate and a critical strength ratio. With an assumed rate of corrosion and
a critical strength ratio the service life can be calculated as in equation (4.3). A full derivation of
the equations and figures used can be found in Nordstrom (2000).

The calculated service life with different corrosion rates and critical strength ratios can be found
in figure 9. With an accepted strength ratio reduction to 70 % this would give a service life of
only 4.23 years with a corrosion rate of 0.06 mm/year. The corrosion rate is taken from the field
exposures where the WA30-mix with a crack width of 1 mm showed an average corrosion of
15 % in the upper 25 mm of the crack. at Rv40. Other assumptions in the calculation can be
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found in table 4. When designing a conventionally reinforced structure durability is taken into
consideration by defining a minimum concrete cover over the reinforcement. In a steel fibre
reinforced concrete structure the designer has to estimate the resulting crack widths from the
design load. With knowledge of crack width, expected environmental exposure and designed
service life the designer can compensate the loss in load-bearing capacity due to corrosion by
increasing the amount of fibers, prescribe stainless steel fibres or increase the concrete
thickness.
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Figure 9 - Propagation scenario for corrosion of steel fibresin cracked concrete.

4.4 Discussion

The use of a model as the one presented is not an attempt to make accurate estimations of the
service-life. It has been presented just to illuminate the need for taking corrosion in cracks into
consideration already in the design stage. In the presented model only a linear elastic approach
is used. Bond-slip behavior and/or friction is not considered at all in the model. Since hooked
end fibres are most commonly used in Scandinavian sprayed concrete applications, an analytical
model requires that friction between fibre and concrete during pull-out has to be taken into
consideration. The loss of fibre diameter is also depending on the actual depth down in the crack
and this effect must be included in a refined model. The model does not either take into
consideration the continued hydration and therefore increased strength or the effect of self-
healing.

5. CONCLUSIONS
Generally the results indicate that corrosion of steel fibres in cracked concrete must be regarded

as a potential service-life problem. Measures taken in the design stage could be addition of extra
amount of fibres, usage of fibres with stainless steel or increased concrete thickness.
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5.1

5.2

5.3

6.

Field exposures
The amount of corrosion is limited after 2.5 years and is most severe for specimens
subjected to a high degree of exposure to deicing-salts at the motorway during the winter-
time.
The residual flexural strength continues to increase after exposure for small crack widths.
Probably due to increased anchorage strength for the steel fibres due to continued hydration
of the concrete. For larger crack widths the trend is that corrosion leads to similar or
reduced residual strength.
The 40 mm long fibres corroded more than the 30 mm long fibres at the same crack width.
The amount of corrosion decreased with an increasing depth from the crack opening.

No significant difference can be seen between different mix-types.

Laboratory exposuretests
In the chloride environment longer fibres corrode faster than shorter ones. An
approximation is that a change of fibre length with 10 mm should give a change in loss of
diameter in a crack of roughly 5%. In the tap water environment the results are more
contradictory.
An increased crack width gives a larger loss of fibre diameter.
The acceleration factor is roughly estimated as 10 times the environment at Rv40. Future
evaluations will give information about the validity of the calculated acceleration factor.
Service-life model
A limit state criterion for obtained service-life of steel fibre reinforced concrete should be

an acceptable level of load-bearing capacity.

REFERENCES

Kosa, K. (1988). Corrosion of fibre reinforced concrete. PhD thesis, University of Michigan,
Ann Arbor.

Nordstrém, E. (2000) Steel fibre corrosion in cracks — Durability of sprayed concrete. Licentiate
thesis, 2000:49, Luled University of Technology, Sweden.

112



Flexural Behaviour of Steel-Fibre-Reinforced High-Perfor mance Concrete

Manouchehr Hassanzadeh

Ph.D., Lecturer

Division of Building Materials

Lund Institute of Technology

P.O. Box 118

221 00 LUND, SWEDEN

E-mail: m.hassanzadeh@byqggtek.lth.se

ABSTRACT

The combined effects of two different aspects of concrete (3
levels of each) were examined: the fibre volume and the matrix
water/binder ratio. The volume fractions of the fibres were 0.5%,
1% and 2%, respectively. The three levels of the water/binder
ratio of the concrete matrix were 0.38, 0.33 and 0.27. The
concrete was subjected to bending, uniaxial tension and
compression tests. An analytical model was used to predict the
flexural behaviour of fibre-reinforced concrete beams on the basis
of the tensile test results.

Key words: Steel-fibre, flexural strength, fracture mechanics,
high-strength concrete, tensile strength.

1 INTRODUCTION

The development of super plasticizers has made it possible to produce concrete with a low W/B
(water/binder) ratio. Concrete with a W/B ratio of less than 0.40 is now easy to manufacture and
to utilize in practical applications. Such concrete is usually referred to as high-performance
concrete or HPC. The advantages of HPC compared with conventional concretes, i.e. concretes
with W/B ratios greater than 0.40, include its having greater strength and durability. HPC has
also been shown, however, to be more brittle than conventional concretes. One way of reducing
the brittleness of HPC is by the admixture of fibres. The aim of the present investigation was to
study the fracture behaviour of HPC that has been reinforced with steel fibres.

Three types of concrete matrixes were compared. These had W/B ratios of 0.38, 0.33 and 0.27,
corresponding to compressive strengths of 106, 111 and 133 MPa. The volume fractions of the
fibres were 0.5%, 1% and 2%, respectively. The fibres had an indented surface and were made
of high-strength steel. Their length and diameter were 35 mm and 0.6 mm, respectively.

The load-deflection and tensile stress-displacement curves of the different fibre-reinforced
HPCs were determined. The geometry of the specimens and the bending-test setup are shown in
figure 1. Two transducers (LVDTSs) with a £2.5 mm measuring range were used to measure the
deflection of the beam. The transducers recorded the displacement of the middle point of the
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beam relative to the supports on both the rear and front side of the beam. In the following,
deflection of the beam refers to the mean value of the relative displacements as just described.
Displacement was the controlling parameter during the tests. The beams were 100 mm thick.
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Figure 1 — Bending-test setup..

Figure 2 shows the type of specimens used in the tension tests. The specimens were sawn from
the beams with a diamond saw. The necklines were produced using a core drill 200 mm in
diameter. The position and direction of the specimens in the beams are likewise shown in the
figure. As one can note, the direction of the tensile stresses in the beams and in the tensile test
specimens is the same. The specimens were 50 mm thick.

120 mm

AL 90 mm | AL

Figure 2 —A specimen for the uniaxial tension tests.

A theoretical model was employed to predict the load-deflection curves of the beams by means
of tensile-stress-displacement curves. The results of the tests and of applying the model are
described in [1] and [2]. In the present paper, further applications of the model are presented.

2. RELATION BETWEEN UNIAXIAL TENSILE AND FLEXURAL BEHAVIOUR

2.1 Introduction

Figure 3a presents a tensile stress-displacement curve schematically. The curve consists of three
major parts, parts 1 and 3 corresponding to a monotonically increasing tensile displacement and
part 2 to the unloading of the specimen. The curve in figure 3a can be decomposed into curves b
and c. Curve b describes the material behaviour of those parts of the specimen in which the
tensile displacement does not exceed the displacement that corresponds to the tensile strength of
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the material. Curve c describes the material behaviour for those parts of the specimen in which
the tensile displacement corresponding to the tensile strength of the material is exceeded. Curve
c is obtained from curve a by subtracting the displacements obtained in part 2 from those
obtained in part 3.

The tensile behaviour just described is in accordance with the “Fictitious Crack Model, FCM”
[3]. Curve b in figure 3 describes the behaviour of the material outside the fracture process zone
and curve c the behaviour of the material inside the fracture process zone. The former will be
referred to as the stress-strain curve and the latter as the stress-displacement curve.
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Figure 3 — Tensile stress-displacement curve.

2.2  Themoment-curvature relationship and the load-deflection curve

Using the notations employed in figure 4 and assuming linear elastic unloading, the total tensile
strain (&, m/m) can be obtained as

Al Al
g =—2+ —% +

9 lg

1)

=g + &, +

w w
W vg, + Y
l, l,

where 4le and A4l, are elastic and plastic displacement, respectively, outside the fracture
process zone, g and &, are the corresponding strains, and lq is the gauge length. Since w is not
proportional to lg, & is a function of |4. Due to derivation of the moment-curvature relationship
being based on the strains involved, a gauge length needs to be introduced. In the analytical
model for fictitious crack propagation in plain concrete beams as derived by Ulfkjer et al. [4], I4
is set to 0.5d (d = beam depth). According to [4], the results of the analytical model agree well
with the results of a more detailed finite-element model. In forthcoming applications, however,
lg will be set to 40 mm, i.e. to 0.4d. The reason for setting it to 0.4d instead of to 0.5d is that in
the tension tests |4 is 40 mm. There was found to be no significant difference between the results
obtained by use of the one set of assumptions or the other.

The model presented below is based on a model described in [5]. The model is derived from an
analysis of simply reinforced concrete beams that fail, due either to failure of the reinforcement
bar or failure of the concrete during compression. The basic ideas of the model presented in [5]
are utilized here for the analysis of fibre-reinforced concrete beams. It should also be noted that
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the basic conception of the model to be presented next is the same as that of the model described
in [4].

Three assumptions are made: (1) plane sections before bending remain plane after bending, (2)
when the concrete is under compression, the stress-strain curve is linear, (3) each beam fibre
deforms independently.

I Alp 40\- I 4(3-
f‘_éﬂelz— w=0 |:| lg 4 w> 0 j['g
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Ale -4l Al Alp/ w /Al Al

Figure 4 — Loading and unloading components of a compl ete stress-displacement curve.

Figure 5 shows the distribution of the strains and stresses over the cross-section. & and & are
the tensile and compressive strains, respectively, at distance y from the neutral axis. ot and o;
are the corresponding tensile and compressive stresses at distance y from the neutral axis. &m
and &cm are the tensile and compressive strains, respectively, on the outside fibres of the beam.
owm and ogm are the corresponding stresses. P; and P, are the resultant of the tensile and of the
compressive forces, respectively. «d is the distance from the outside tensile fibres to the neutral
axis. yxd is the distance from the point upon which P; impinges to the outside tensile fibre of the
beam. b is the width of the beam.
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Figure 5 — Distribution of strains and stresses over the cross-section.

It can be shown that
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For each prescribed value of &m, @ and M can be determined using equations 2-8. Observe that
ot and ot need to be integrated with regard to . The integration can be performed analytically
if the relation between oy and & can be expressed by a function, see e.g. [4]. Otherwise, the
tensile stress-strain curves obtained using the tension tests can be employed instead. In the latter
case the integration can only be performed numerically. By use of equations 1-8, the tensile
stress-strain curves can be converted into moment-curvature curves. The results presented here
were obtained using the stress-strain curves and numerical integration.

For any load, the distribution of the curvature over the beam length can be determined by means
of the moment-curvature relationship and the moment distribution over the beam length. The
moment distribution corresponding to a four-point bend test is shown in figure 6. The deflection
of the midpoint of the beam can be determined as
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The notations are the same as in figure 7.

Note that in the ascending part of the load-deflection curve the curvature at any point along the
beam increases with increasing moment. When the load approaches the failure load of the beam,
a fracture zone develops, in this case at the midpoint of the beam. After the maximum load in a
displacement-controlled test has been reached, all additional rotations take place inside the
fracture zone, whereas in the other parts of the beam the curvature decreases. Since linear elastic
unloading is assumed, the curvature decreases linearly by the same slope as the initial part of the
moment-curvature curve. Consequently, the part of the beam in which the fracture zone is
contained follows the moment-curvature curve entirely, whereas the other parts become
unloaded before reaching their moment capacity.
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2.3 Simulation of the model

The load-deflection curves predicted by the model were shown in [1] to agree well with the
average experimentally determined load-deflection curves, provided the inputs of the model are
derived from the weakest tensile stress-strain and stress-displacement curves. It was also shown
that using the average stress-strain and stress-displacement curves as input parameters leads to
an overestimation of both the failure load and the ductility of the beams. Note that *“stress-
displacement curve” refers to the stress-displacement curve of the fracture process zone
described in section 2.1.

The load-deflection curve calculated using the model is very sensitive to the slope of the first
part of the stress-displacement curve, figure 3c. The higher the slope, the lower the load capacity
and the ductility of the beam are. For design purposes, one needs to determine the most
unfavourable tension curves that can be used to predict the lower bound of the load-deflection
response of the beam. Since only a small number of tensile tests were performed, determining
the most unfavourable tension curves here is statistically uncertain. However, results of the
numerical simulation presented in the next section indicate the influence which the scatter of the
stress-strain and stress-displacement curves has on the load-deflection curves.

3. THE INFLUENCE OF THE SCATTER IN THE TENSION TESTSON THE
LOAD-DEFLECTION CURVES

Figures 8-9 show the stress-strain (@), stress-displacement (b) and load-deflection curves (c).
The solid curves labelled as “Experiments” indicate the results of the experiments that were
performed. Mean curves for the stress-strain and stress-displacement relationships are included.
The mean curves are determined by calculating the mean stress that a given strain or
displacement involves.

The mean curves shown have been used to determine the lower stress-limit of the 90%
confidence interval, o

oc=0-k (10)
_5G
K = T (11)
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where o = mean value of the stress caused by a given strain or displacement, s = standard
deviation of the stress, n= number of samples, which in most of the series is 3. ¢c;= 2.92 is
obtained from the table of a t-distribution with n-1= 2 degrees of freedom. Equation 10 can be
rewritten as

oc=0-1.69-s (12)
The standard deviation of the stresses are calculated for each strain and displacement separately.

The stress-strain and stress-displacement curves determined by use of equation 12 are shown in
figures 8-9, labelled as “90% conf. Int.”. These curves have been used to determine the load-
deflection curves, again designated as “90% conf. Int.”, in figures 8c — 9c.

Load-deflection curves have also been calculated using the material model presented in figure
10. The model consists of a linear stress-strain curve, figure 10a, and a bilinear stress-
displacement curve, figure 10b. The stress-strain curve is defined in terms of the ultimate stress,
oo, and the modulus of elasticity, E. The stress-displacement curve is defined in terms of three
points: o, , Wi, andi =0, 1, 2.

where wp, Wy and w, are set to 0 mm, 0.05 mm and 0.4 mm, respectively, and the stresses, o,
are determined by use of the following equations:

o =oi(l-v-c) (13)

(14)

37

Al

pol
m

where o; is the mean value of the stress at displacement wi , o is calculated from the
experimental stress-displacement curves, v is the coefficient of variation, set to 0.23 in the

calculations, v is calculated on the basis of the results of all the test series, o; is the mean value

of the stress at a given displacement, s; is the standard deviation corresponding to oj,and ¢, is
obtained from the table of the normal distribution, where for the 95% confidence interval c, is
1.96. Inserting values for vand c, into equation 13 leads to the following equation for o:

o, =0.55-0 (15)

Table 1 shows the modulus of elasticity and the stress levels used as input in the model. The
results of the calculations are shown in figures 8c — 9c, where they are designated as ”Bilinear
curve”. Loads and deflections corresponding to tensile crack-opening-displacements of 0.1 mm
and 0.2 mm are shown by the horizontal and vertical dashed lines, respectively. These crack-
opening-displacements correspond to those crack widths that do not endanger durability of the
steel fibres in a corrosive environment, see e.g. [6].
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(@) (b)
Figure 10 — Linear stress-strain curve (a), and bilinear stress-displacement curve (b) of fibre-
reinforced concrete.

Table 1 — The modulus of elasticity and stress levels used as inputs in the model.

W/B Vi (%) E (GN/m?) oo (MN/m?) | o1 (MN/m?) | o (MN/m)
0.5 40 3.2 1.2 0.7
0.27 1.0 45 3.1 1.9 1.2
2.0 45 3.8 2.8 2.0
0.5 41 3.1 0.9 0.6
0.33 1.0 39 3.3 2.5 1.8
2.0 43 3.4 2.8 2.0
0.5 42 5.0 2.0 1.0
0.38 1.0 42 2.7 1.4 0.7
2.0 39 3.3 2.6 1.9

4. DISCUSSION

The fracturing of a beam is a complex process governed by the strength and brittleness of the
cross-sections of the beam. In tests similar to that shown in figure 1, cracks seldom propagate
along the same cross-section. The direction of a cracks changes several times during
propagation. The first crack occurs in the weakest cross-section. What happens after initiation of
the first crack depends on the distribution of strength and ductility within the beam. A crack
seeks sections of lower strength and ductility. The distribution of the fibres has a strong
influence on the direction of cracks that occur.

The model presented in the paper accounts neither for changes in the direction of a crack nor the
influence of the distribution of the strength and ductility of the beam on its load-deflection
response. The model assumes that a crack initiates and propagates on the same cross-section.
This is the cross-section with the lowest tensile strength, moment capacity and ductility. The
changes in crack direction observed in the tests suggest, however, that in practice such cross-
sections do not exist.
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The statistical approaches described above should be considered as attempts to find the
properties of the cross-section that has the lowest tensile strength, moment capacity and
ductility. Although agreement between the calculated load-deflection curves and the curves
obtained from tests is not good, the results show that it is possible - if the tensile stress-strain
and stress-displacement curves correspond to the cross-section that is lowest in tensile strength,
moment capacity and ductility - to predict the lower bound of the load-deflection response of the
beams through use of the tensile stress-strain and stress-displacement curves. It is also possible
to determine the lower bound of the load that corresponds to a given crack opening
displacement.

5. CONCLUSIONS

The load-deflection response of the beam here is sensitive to the slope of the first part of the
stress-displacement curve. The higher the slope is, the lower the failure load of the beam and the
more brittle the fracture behaviour of the beam are.

The model presented in the paper is able to predict the lower bound of the load-deflection
response of the steel-fibre-reinforced concrete beams, provided the tensile stress-strain and
stress-displacement curves used in the model correspond to the cross-section having the lowest
tensile strength, moment capacity and ductility.
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ABSTRACT

Punching shear, caused by a concentrated load, induces a complex
crack pattern and different failure modes in concrete flat slabs. A
series of experiments was conducted to study the influence of steel
fibres on punching shear strength of concrete flat slabs. Five slabs on
columns were tested in this investigation. The main aim of this
investigation was to elucidate if any improvement in the failure
behaviour of the slabs could be observed by using steel fibres. Steel
fibre reinforced concrete has been used both with and without
ordinary flexural reinforcement. The studied variables were concrete
compressive strength, the local usage of steel fibre reinforced
concrete and the usage of post-tensioned unbonded tendons placed in
the slabs without ordinary flexural reinforcement. The beneficial
effects of adding steel fibres to the high strength concrete are
demonstrated. The use of prestressed tendons and steel fibres
increases remarkably the ultimate load capacity and stiffness of the
slab. Replacing the normal strength concrete in the area over the
column with steel fibre reinforced high strength concrete provides an
efficient means of increasing the punching shear capacity of the slab.

Keywords: concrete; high strength concrete; flat plates; punching
shear; reinforced concrete slabs; fibre reinforced slabs; tests;
prestressing; unbounded tendons

1 INTRODUCTION

Due to the flexibility of planning and the low structural depth, which results in economic
structures, the use of concrete flat slabs supported by columns has consistently increased. In
general, concentrated high stresses at the slab-column connection may lead to punching shear
failure. Punching shear failures occur suddenly and the results are catastrophic.

Ordinary concrete is brittle and has very low tensile strength, and cracks at very low applied
loads. Steel bars are used in concrete structures in order to eliminate the insufficiency of tensile
strength and toughness of concrete. Reinforcing work constitutes about 50 % of design, 30 % of
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total labour and 20 % of total production cost of the slab structure. Design engineers must
assign, draw and specify every rebar in the construction. The steel fixing work consumes a lot of
time and causes many injuries and a high level of absenteeism, Ay (1999).

The large quantity of the often different types of reinforcement, i.e. flexural reinforcement,
shear reinforcement and even prestressed tendons, makes it difficult to cast the concrete directly
over the columns. Reduction of the amount of reinforcing rebars is economically advantageous,
which must be taken into consideration in order to achieve cost-effective structures.

High strength concrete (HSC) with compressive strengths in excess of 60 MPa are now
available and have not only higher strength, both in compression and tension, but shows also
higher durability compared to ordinary concrete. The comparison of test results shows that the
utilisation of HSC can result in a significant increase in punching shear strength of slabs,
Hallgren (1996).

The utilisation of steel fibres in concrete has increased considerably, due to its advantages in
stress redistribution and control of cracking, especially in the serviceability limit state. During
hardening, steel fibres prevent expansion of the cracks, caused by the hydration process in the
filler material. That is due to the closer location of the fibres to the concrete surface and well
dispersion of the fibres in the concrete. Steel fibres can also eliminate cracks caused by
differences in temperature or differential hardening. This results in a better control of leakage
and penetration of liquids.

The improvement in the mechanical properties of concrete due to steel fibres is well known. It
commences after cracking and causes a significant enhancement of the loading resistance. This
is due to the redistribution of stresses even after the onset of the cracking. The energy absorption
in the fibre bridging zone of a fibre reinforced concrete (FRC) is a result of several types of
interactions between fibre and matrix, e.g. interface debonding, frictional sliding and inclined
angle effects associated with random fibre orientations. The large amount of fibres, bridging
over an extended length can contribute enormously to the toughening effect of the composite, Li
and Maalej (1996). By contrast, what is not very well known is the steel fibre effectiveness in
arresting crack propagation in a brittle fracture process like punching shear in concrete slabs
without any longitudinal reinforcement, Prisco and Felicetti (1997).

The first objective of this paper is to study the influences of steel fibre on the punching shear
strength of concrete slabs. The other investigated parameters are the influence of the steel fibre
reinforced high strength concrete (SFHSC) and the punching shear strength in the absence of
ordinary flexural reinforcement. The present paper even attempts to identify the effectiveness of
locally placed SFHSC above the column with normal strength concrete cast wet-to-wet around
the SFHSC portion.

2 PREVIOUS RESEARCH

In recent decades, the problem of shear strength in slabs subjected to concentrated loading has
been studied extensively, since it can result in the collapse of flat slab floor systems and column
footings. Punching shear is a brittle failure with little or no warning prior to collapse. This
phenomenon is often coupled with bending and cracking, which changes the post-peak
behaviour of the slab drastically.

Swamy et al. (1979) and, Swamy and Ali (1982) reported the effects of fibre-reinforced
concrete on the punching shear behaviour of slab-column connections. The observed
improvements due to the addition of the 1 % of steel fibres included a 30 % reduction of service

124



load deflection and a 40 % increase in the punching shear capacity. The fibres also gave a 40 %
to 50 % reduction of the tensile strains in the flexural reinforcement at the service load level.
Swamy and Ali also reported that placing of fibre reinforced concrete within a distance of 3h
from the column faces was as effective as constructing the entire slab of fibre reinforced
concrete.

Alexander and Simmonds (1992) tested six specimens in order to investigate the effects of the
fibre reinforced concrete on the punching shear behaviour of slabs. A 0,4 % dosage of 50 mm
long corrugated steel fibre increased the ultimate shear capacity of the slab by 20 %. With a
fibre content of 0,8 %, the shear capacity of the slab increased about 7 %. They also concluded
that adding fibres to the concrete increased the slab ductility and the punching capacity of slab-
column connection.

Shaaban and Gesund (1994) investigated the effects of using steel fibres in the concrete by
testing 13 slab-column specimens. They concluded that using steel fibre reinforced concrete
significantly increases the punching shear capacity of the slab.

Adebar et al. (1997) summarised many of the shear strength tests with steel fibre reinforced
concrete beams without stirrups. The increase in shear strength provided by the fibres ranged
from the highest 170 % to the lowest of about 10 %. Due to different used approaches to
conduct shear tests, it was difficult to identify consistent trends in the experimental results. The
measured results in their investigation showed that at low fibre volumes, the increase in shear
strength was proportional to the amount of fibres, but the rate of increase was reduced at higher
fibre volumes.

McHarg et al. (2000) studied the strategic use of steel fibre reinforced concrete in two-way slabs
by testing six slab-column specimens. Using concrete with 0,5 % steel fibre in the slab around
the column for a distance of at least 3,5h from the column face resulted in a significant
improvement in performance. This included an increase in the punching shear resistance, a
significant increase in the ductility, a greater postcracking stiffness and smaller cracks widths at
service load levels. Furthermore, providing fibre reinforced concrete cover resulted in an
increase in punching shear resistance and better crack control.

3 TESTS
3.1 Test specimens

The experimental program comprises two test series with totally five slabs, series C with two
slabs and series E with three slabs, on punching shear capacity of concrete slabs on circular
column stubs. The slabs had the same dimensions as previously tested slabs in order to make the
comparison easier. The diameter ¢, at which the slabs were loaded, was 2380 mm which
approximately corresponds to zero-moment distribution around a column in a real flat slab
structure. The slabs had a length of 2600 mm and a thickness of 220 mm on a 250 mm circular
column at the centre.

The series C consisted of two slabs, which were cast with normal strength concrete, Swedish
Grade K40, reinforced with steel fibre (SFNSC) without any ordinary flexural reinforcement.
The notation K40 stands for concrete with compressive cube strength of 40 MPa at the age of 28
days measured on at least three cubes. The main reason for this series was to study the influence
of steel fibres on the punching shear strength and on the deformation capacity of the slabs
compared with similar concrete slabs reinforced with ordinary flexural reinforcement. The total
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steel fibre amount in slabs C1 and C2 was 120 kg/m® (~1,5 vol-%) consisting of Dramix RC-
65/35-BN (fibre length, L = 35 mm, fibre diameter, d = 0,55 mm, L/d = 65) and RC-80/60-BN
(fibre length, L = 60 mm, fibre diameter, d = 0,75 mm, L/d = 80), 60 kg/m® each. The
abbreviations stand for R = hooked fibres, C = glued fibres into small bundles, B = Bright and
N = steel with normal tensile strength.

The first specimen C1 was solely cast with steel fibre reinforced concrete, without any flexural
reinforcement bars or any prestressed tendons. The second slab, C2, was arranged with
parabolically aligned prestressed tendons, which were placed according to the current design
codes as shown in Figure 1. No flexural reinforcement bars were used in the slab C2, however
steel fibres were used with the content and type described previously.
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Figure 1 - The distribution of the tendons in slabs C2 and E3.

The series E consisted of three slabs, which were cast with high strength concrete, Swedish
Grade K80, reinforced with steel fibres. The steel fibre amount in these slabs was 120 kg/m®
(~1,5 vol-%) consisting of Dramix RC-65/35-BN (fibre length = 35 mm, fibre diameter =
0,55 mm, L/d = 65).

The specimens E1 and E2 were reinforced with ordinary flexural reinforcement bars and the
reinforcement ratio was 7,8 %o. The reinforcement was arranged as shown in Figure 2. The
specimen E1 was cast entirely with steel fibre reinforced high strength concrete (SFHSC),
Swedish Grade K80, while the specimen E2 had SFHSC only within the immediate column
region. The remaining part of the slab was cast with normal strength concrete (NSC), Swedish
Grade K40. These two different concrete types were cast wet to wet and vibrated afterwards.
The slab E3 had no ordinary flexural reinforcement but prestressed tendons in both directions
placed along the column band, see Figure 1. The concrete used in the slab E3 was SFHSC,
Swedish Grade K80.

The bottom reinforcement consisted of a net with 17¢6 bars in each direction and was placed in
all slabs in order to avoid cracks at the lower side of the slabs during handling and transportation
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of the slabs. The influence of the bottom reinforcement on punching shear capacity of the slabs
is not investigated in this project.
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Figure 2 - Flexural reinforcement distribution in the dabs E1 and E2.

Each specimen of those with unbonded tendons, slabs C2 and E3, had six tendons in each
direction. The tendons were of type BRIDON WIRE 15,7 mm PC STRAND SS 21 36 20 with
0,2-percent proof stress fp, = 1729 MPa and with fy = 1852 MPa. The relative distance between
the tendons was 100 mm as shown in Figure 1.

The measured results of these slabs are compared to the results of some earlier tested slabs by
Hallgren (1996) and Hassanzadeh (1998). The slab B1 was cast with ordinary flexural rein-
forcement and normal strength concrete to estimate the punching shear capacity of the slab. The
specimen B1 had a thickness of 220 mm and a length of the 2600 mm but with chamfered
edges. The ratio of ordinary flexural reinforcement for this slab was 2,86 %o, consisting of a net
with 18¢10 bars in each direction Swedish Grade K500 and with a yield stress about 582 MPa.

The other two slabs used for comparison were HSC2 and N/HSCS8, which were tested by
Hallgren (1996). The slab HSC2 was cast with high strength concrete, the Swedish Grade K100.
The slab had a thickness of 240 mm and a ratio of reinforcement of 0,82 %o.. The slab N/HSC8
had high strength concrete only in the area above the column with a radius of at least B+3,5d on
the top surface of the slab and B+7,5d on the bottom surface of the slab, where B is the diameter
of the column and d is the effective depth of the slab. The remaining part of the slab was cast
with normal strength concrete. The slab had a thickness of 242 mm and a ratio of reinforcement
of 0,8 %o.

3.2 Test set-up, instrumentation

The test set-up is shown in Figure 3. A hydraulic jack was used to apply load to the slabs
through the column stub. 12 tie rods, Dywidag ¢ 26,5, and 12 spreader beams distributed the
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load uniformly along a circle with diameter ¢ = 2380 mm. A heavy, reinforced concrete counter
slab was used to hold back the tie rods.
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Figure 3 - Test set-up.
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The column load was applied in steps of 80 kN during a time period of two minutes. The load
was then kept constant for the next 13 minutes. During this time, the crack pattern was carefully
inspected and marked. In addition, the maximum crack widths were measured in four points on
the topside after each load step.

In order to measure the strains in the concrete in both tangential and radial directions, electrical
gauges were glued to the bottom surface of the slabs at several points in both x- and y-direction.
The slab deflection was continuously measured at seven points along a centre line in the y-
direction on the upper surface of the slabs.
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3.3 Materialsproperties

The mixture properties of concrete used in each specimen are summarised in Table 1. In
addition, the information concerning the mixture properties of both the normal strength concrete
and the high strength concrete used in the slab E2 and the slab N/HSCS8 are given.

Table 1 - Concrete mixture proportions kg/m°.

Slab Bl Cl1C2 El E2 E3  HSC2 N/HSC8
NSC HSC NSC HSC
Cement, ¢ 432 444 485 342 486 486 450 302 483

Fine aggregates, 0-8 mm 866 950 920 1035 967 960 828 1021 850
Coarse aggregates, 8-18 869" 895 886 870 880 880 980 779 937

Silica fume, s - - 19 - 24,7 29,3 50 - 49
Superplastisizer - 7 7719 57 42 20 - 12
Water reducer (Lignin) - - 2.6 1.1 3 - - - -
Water, w 158 203 159 184 174 164 132 206 130
Air entrainer agent 2.4 7 1 - - - - - -
w/ (ct+s) 067 046 032 054 034 032 026 068 0.24
Retarder - - - - - - 55 - 3.0
Steel fibre, Vi % - 15 15 - 15 15 - - -

*816mm  ** Ska (Melaminbased)  *** Ska (Glenium based)

The different properties of the concrete were measured on both cubes and cylinders. The
specimens were cured according to the Swedish Standard SS 13 11 12. Compression and split
strengths of the concrete used in each slab were measured on both cubes and cylinders. The
cubes had a side length of 150 mm, and the cylinders had a diameter of 150 mm and a height of
300 mm. A part of the test results are given in Table 2. The results are based on three cubes for
each slab, measured at the time of testing of the slab. The results of the slabs HSC2 and
N/HSCS8 are also given as they were reported by Hallgren (1996).

Table 2- Measured concrete properties

Slab Bl C1 C2 El E2 E3 HSC2 N/HSC8
NSC HSC NSC HSC

Age/days 39 28 29 34 28 28 28 28 42 42
fupars/MPa 40 -* 37 88 37 55 51 57 32 69
(0.1) (0.1) (0.2) (0.1) (0.3) (0.1) (0.1) (0.2) (0.2)
foobe MPa 512 524 522 869 489 748 750 988 345 100.1
0.3) (0.3) (0.7) (04) (06) (0.9) (L3) (1.9) (0.6) (6.5

Notation: g cuve = Splitting tensile strength, measured on 3 cubes; feccue = COMpressive cube
strength, measured on 3 cubes; * no cube available for splitting tensile strength test

4 RESULTS

In the tests, the applied load, deflection and the concrete strain at the compressive side of the
slab were continuously recorded. The crack widths were measured at four points on the upper
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side located near the slab centre. Some of these data are presented in Table 3 and discussed in
the following paragraphs.

Table 3 - Summary of the test results

Slab h d Pllex  Pid Pt Failure g Vi Py fup

Imm /mm % (% /% ™Mode /mm /% /MPa /MPa
B1 220 190 2.86 - 286 P 33 - 437 17
C1 220 220 O 0 0 F 58 15 342 1.1
C2 220 180 0 41 41 F 218 15 931 38
El 220 184 76 - 7.6 P 24 15 1210 48
E2 220 184 76 - 7.6 P 23 15 1057 4.2
E3 220 190 - 41 41 F 18 15 949 36
HSC2 * 240 194 82 - 8.2 P 11 - 889 33
N/HSC8* 242 198 80 - 8.0 P 14 - 944 34

Notation:  pgex = ratio of flexure reinforcement; piy = reinforcement ratio used when the
prestressed slab istreated as though ordinarily reinforced; pw: = prext pia = total ratio of
reinforcement; V= fibre content by volume; P = brittle punching; F = flexural failure; omax=
maxi mum deflection of the slab; P, = observed ultimate load; f,, = punching shear strength
according to eq.(1); * Sab tested by Hallgren(1996).
Also given in the table is the punching shear strength f,, which is the nominal shear stress in a
cylindrical control section at the distance d/2 from the column. This is calculated using the
following formula, without consideration of its validity to the slab in question, where P, is the
observed ultimate load, d is the effective depth and B is the column diameter.

f= b )
7(d+B)d

The first observed crack in all slabs was in the radial direction at the top of slab centre running
towards the slab edge. The slabs C1, C2 and E3 had two wide cracks extending over the total
slab width. For slab C2 and E3, these cracks were parallel to the tendons in both x- and y-
direction. The failure mode for slabs C1, C2 and E3 was flexural failure. For the rest of the
slabs, a punching failure was observed. The deflections of the slabs were measured throughout
the tests at seven points along a diameter. The deflections of the slabs at the circumference are
shown in Figure 4 as a function of the measured load. The total load reported is the sum of
applied loads and the self-weight of the slab. Since the load was applied upwards through the
column, the deflections shown are the average of the difference between the upward movement
measured at the centre of the slab and the deflections measured at the perimeter.
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Figure 4 - The load-deflection curves of the slabs.

Figure 5 compares the total measured load versus deflection of the tested slabs in order to study
the influence of the different variables on the punching shear capacity of the slabs. The
comparison between the failure load of the slabs B1 and C1 shows that steel fibre reinforced
concrete, SFRC, can not be used alone due to its deficient post-cracking tensile strength. The
utilisation of prestressed tendons and SFRC in slab C2 increased the load capacity of the slab by
about 113 % but decreased the deflection at ultimate load approximately by 35 %. The failure
mode was changed from brittle punching failure for slab B1 to flexural failure for slab C2.

For all slabs in series E, a remarkable increase of the ultimate load capacity was observed. For
slab E1, using SFHSC increased the punching shear capacity of the slab by about 176 %
compared with slab B1. Also, comparison of the result for slab E1 with the result for the slabs
HSC2 showed an increase of approximately 36 % of the punching shear capacity of the slab E1,
though the concrete used in slab E1 had 13 % lower compressive cube strength but 53 % higher
splitting tensile strength.
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Using SFHSC locally in the slab E2 reduced the punching shear capacity of the slab by about
13 % compared with slab E1 but increased the punching shear capacity of the slab by
approximately 140 % compared with slab B1 and 12 % compared with slab N/HSC8. For both
slabs E1 and E2, the deflection at ultimate load increased by about 100 % compared with HSC2
and N/HSCS8, respectively.
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Figure 5 - Comparison of the measured |oad-deflection

A comparison between the measured ultimate load for slabs C2 and E3, which had prestressed
tendons in both directions, showed that the utilisation of the SFHSC had no influence on the
ultimate load but a significant improvement of the slab stiffness.

The deflection curves at different distances from the column centre at various load levels are
shown in Figure 6.
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5 CONCLUSIONS

The following conclusions can be drawn from the results of the experimental program on the
two-way slab specimens, though the reinforcement ratio were not exactly the same for the
compared slabs.

The observed first crack load for the tested slabs with steel fibres were higher compared to the
slabs without steel fibres. Also, the reduction in the crack width for the slabs with steel fibre
reinforced concrete was significant in comparison to those with ordinary reinforcement.

Comparison between the observed ultimate loads indicates that the utilisation of steel fibres in
concrete has a significant influence on increasing the ultimate load capacity of the slabs. The
increase of the punching shear capacity of slabs due to adding steel fibre to the high strength
concrete was about 36 %. Also, the deflections at the same load level was reduced for the slabs
with steel fibres and a larger deflection for these slabs was measured at ultimate load.

Using SFHSC locally in the slab had no significant influence on the slab stiffness but increased
both the punching shear capacity of the slab and its maximum deflection. Hence, It appears that
a significant increase of the punching shear capacity can be gained by replacing the normal
strength concrete in a certain small area over the column with SFHSC.

The comparison between the observed punching loads for two slabs, B1 and C1, shows that the
flexural reinforcement can not totally be replaced by steel fibres. The results of the other
investigations indicate the possibility of replacing the shear reinforcement with steel fibres in
beams and slabs. However, for slabs with both steel fibres and prestressed tendons, i.e. slabs C2
and E3, a remarkable increase in ultimate load capacity and stiffness of the slab was observed.
More investigations are required in order to produce a mechanical model to study the
consequence of omitting the flexural reinforcement at punching failure.
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ABSTRACT

The paper discusses FRC in the context of three different structures
based on results of experiments and models. Various fibres were
tested for (1) notched prisms under uniaxial tension, (2) reinforced
elements in tension, and (3) reinforced beams under transverse load-
ing. A FRC labelled “tough” in one case does not necessarily give a
tough response in all other cases. Instead, the quality of a FRC must
be viewed in its structural context, where the varialflEmetry
Material and Environment(including loading and restraints) inter-
act. This interaction can be quantified by numerical methods.

Key words: Metallic fibres, Nonmetallic fibres, High-strength
concrete, Uniaxial tension, Reinforcing bar, Shear.

1. DEFINITION OF PROBLEM

In moderate amounts (i.e., up to 1 volume-%), fibres are meant to arrest further opening of arisen
tensile cracks. Cracks arise and develop in a reinforced concrete structure (RCS) during its entire
life span. They are caused by mechanical loads (e.g., imposed loading and dead weights) in com-
bination with the surrounding environment, and external as well as internal restraints. There is,
however, no commonly accepted theoretical basihtaw cracks arise and develop in different
concrete structures, and consequently, the contribution of fibres to the overall performance of RCS
under load is not fully understood. The important question is, then, how to use fibres efficiently,
especially considering the current high cost of fibres. Unavoidably, for a rational composition of
fibre reinforced concrete (FRC) there must exist guidelines based on models that are able to de-
scribe and quantify the contribution of fibres to the overall mechanism of function of the RCS. In
fact, the lack of guidelines is the main reason why fibres are not used more extensively in RCS,
also to enhance its torsional or shear capacity, or the bar-to-concrete bonding.

2. METHOD

In the above discussion, the main function of fibres was defined as to arrest tensile cracking in

concrete. The theory describing the function of a RCS, thus, ought to be based on tensile behaviour
of concrete. Figure 1 schematises a theoretical concept that more explicitly takes into account the
tensile behaviour of concrete. In mechanical terms, the behaviour of each substructure in Fig. 1 is
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used as a local (constitutive) law for describing the behaviour of structures at higher levels. Dif-
ferent theories may coexist for the same problem, because the behaviour of the substructure is also
complex. In civil engineering it is problematic to obtain true material properties that are not influ-
enced by the size and shape of the test piece, and the testing procedure. In fact, it seems quite re-
alistic to suppose that there is a coupling of Material-GeometryEnvironmeniat all levels in

Fig. 1, [1, 2]. HereEnvironmentinvolves all types of influences exerted by the surrounding on

the boundaries of the structure, be they variations in temperature and moisture, chemical or bio-
logical attack, or types of mechanical loading and restraints. Because the contribution of each var-
iable to the whole structure is not deterministic, the description of the problem ultimately becomes

a matter of interpretation; hence the lack of consensus on theories mentioned previously. Experi-
ments alone are not enough to bring clarity to the complexity (or indeterminism) of parameters.
There must also exist numerical tools in which the theory is implemented and by which the con-
tribution of essential parameters is quantified, through an iterative procedure.

l Tools of interpretation
RC beam

Computation

Plausible
mechanism

Variables
A

Geometry

Concrete
(compression)

L

Material Environment
_
Concrete

Reinforcement (tension)

Figure 1 - Theoretical concept for reinforced concrete beams.

3. EXPERIMENTS

The effect of fibres on the behaviour of three different types of structures will be discussed here:
(1) Notched concrete cylinder subjected to uniaxial tension test
(2) Pull-tension test on reinforcement bars embedded in concrete prisms
(3) Simply supported slender beams loaded in flexural-shear

The studied cases may be viewed on their own, but a major objective of this paper is to show how
the effects of fibres can be retraced in the performance of the different structures, based on Fig. 1.
3.1 Combination of concrete and fibres

The fibres used in this study are presented in Table 1. They were added to mixtures of high-

strength concrete (HSC) containing around 490 Kyfement, 48 kg/msilica fume, and 4.6-5.2
kg/m3 superplasticizer, [1]. The mixtures had a water-to-cement ratio between 0.32-0.38.
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Table 1 - Types and combination of fibres used in the investigation

Notation Clglnbttaent Material Configuration Densi;y Strength mE(I)ad?JtllliS
kg/m® kg/m MPa GPa
S30/0.6 80 (1.0%) Steel ﬁO.G 7800 1100 200
. . 0
60 30
S60/0.7/0.75 (0.75%) Steel —/———— — 7800 2200 200
40 [ S—
S60/0.7/0.5 (0.50%) Steel 7800 2200 200
S6/0.15 80 (1.0%) Steel — 7800 2600 200
Smix  S30/0.6 40 (0.5%) Steel — 7800 1100 200
S6/0.15 40 (0.5%) Steel _ 7800 2600 200
P50/0.63 9.1(1.0%) Polyolefin — 910 275 2.6
P25/0.38 9.1(1.0%) Polyolefin e 910 275 2.6
Carbon 16 (1.0%)  Carbon — 1600 4350 230

3.2 Uniaxial tension test

The opening resistance of a typical crack can be quantified by uniaxial tension test. The tests here
are according to [1] and carried out on notched concrete cylinders, see Fig. 2. The tension soften-
ing (i.e., increasing crack opening displacement, COD, for decreasing load) is monitored over the
notch and structural effects are eliminated using a deformation control procedure. Some typical
results are given in Fig. 2. The results can be used directly as a “material” law in numerical models
where the FRC is assumed “homogeneous”. In reality, the given curves indirectly reflect various
micro-mechanical effects related to aggregate interlockning, local bonding between matrix and fi-
bres, amount and direction of fibres bridging a crack, and fibre strength. On a general level, pos-
sible spurious structural effects of the testing procedure may question whether the results can be
viewed as a true material attribute; hence returning to the discussion in Section 2.

The amount of fibres used here (up to 1 volume-%) enhanced the crack opening resistance (that
is, tension softening) and had virtually no influence on the tensile strefagtiThe only exception

was fibre S6/0.15, which enhanced both the elastic modulus arig ti¢he concrete. Apparent-

ly, due to their small dimensions, these fibres also increased resistance of cracks that occur prior
to thef ;. Furthermore, the small fibres are much better dispersed, making the scatter in test results
smaller. According to Fig. 2, steel fibres become active as soon as the major fracture localizes,
whereas concrete specimens containing polyolefin fibres behave, at first, very much like a plain
concrete. These fibres offer resistance when the CODs are in the range of 0.2 to 0.3 mm. The cho-
sen carbon fibres have not changed the tensile behaviour of the concrete. In fact, they seem to have
reduced the compressive strength of the plain concrete by approximately 25% [1].
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Figure 2 - Response of specimens according to inlaid figure made of different high-strength con-
crete (HSC) mixtures to uniaxial tension with restrained rotation at load application.

3.3 Reinforced concrete elements in tension

The testing procedure and general behaviour of the elements are described in more details in [1,
2] and more results are presented in [1, 3]. The test shows the combined effect of fibres and ordi-
nary reinforcing bar. A deformed reinforcingl6 bar (Swedish Grade Ks500), embedded in a
80x 80x 960 mm concrete prism, is subjected to axial tension. The results are presented in Fig.
3(a)-(b). At the beginning, the elements behaved almost elastically until transverse cracks ap-
peared (at around 20-30 kN). The arisen cracks did not open uniformly along the elements, mainly
because of nonsymmetric surface configuration of the bar. The created crack fronts are sensitive
to various time-dependent effects, e.g., the rate of loading. Concrete softens along the discrete
cracks according to Fig. 2. In the reference prism of plain concrete (REF), for high load levels, the
cracks penetrated the entire cross-section ceasing to transfer any tensile stresses (i.e., the cracks
became stress-free with widths wider than 0.3 mm, cf. Fig. 2). The loads were then carried by the
confined steel bar. In prisms of FRC, on the other hand, the post-peak softening behaviour con-
tributed to the behaviour of the elements also beyond yielding of the steel, cf. Fig. 2 and Fig. 3.
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Based on what is described above, if the load carried by the confined steel reinforcement bar is
deducted from the test results, what remains would represent the accumulative load transferred in
cracks (i.e., tension softening). This is illustrated by Fig. 3(c), and indeed, there is a similitude be-
tween the “softening curves” in Fig. 3(c) and the tension softening curves of single cracks present-
ed in Fig. 2. The stiffness of the confined reinforcement bar is assumed higher than the bare steel
of the same length (Fig. 3(a)-(b)), because the strains in the steel bar localize to the location of
cracks. The bar stiffness, however, is limited to its “material” stiffriegJ his is clearly due to a
structural effect which also depends on the cover thickness, see [1, 2, 3]. The stiffness of the con-
fined bar increases with the crack spacing which, in turn, increases with the concrete cover. Other
tests have indicated that when the element dimensions are doubled, the behaviour of the element
changes proportionately. These observations imply that the carrying mechanism for the RC ele-
ment is more predictable; hence the problem lends itself to analytical modelling. In [1, 3], the RC
elements were modelled by parallel-coupled springs. The model will later be instrumental for
modelling the RC beam, based on the method given in Fig. 1.
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Figure 3 - Reinforced concrete elements under axial tension. Experimental results are shown in
(a) and (b). In (c) contribution of confined ste®(As0 / L) is deducted from test results, thus
showing accumulated softening in localized cracks in elements.
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3.4 Reinforced concrete beams in shear and bending

A major incentive using fibres for load-carrying is to reduce or where possible eliminate conven-
tional reinforcement in RCS, such as the stirrups in beams under transverse loading. One of the
most important aspects here, apart from the composition of FRC, is variations in structural dimen-
sions, see Fig. 4. The beams where reinforced with enough bending reinforcement to avoid a yield-
ing of the steel and a flexural failure. The reinforcement ratie @/ (b-d) and the aspect ratio
(between shear-span and effective depttl) were fairly similar for the beams. The testing pro-
cedure is described in details in [1, 4].

The behaviour of beams of type B is shown in Fig. 4(a). Results of other beams are presented in
[1, 4]. The appearance of diagonal cracks corresponds to the two jumps on the curve for the refer-
ence beam REF and Carbon-beam. Note that despite lower compressive strength of Carbon-con-
crete, the beam behaviour is almost identical to the REF-beam, as is the softening behaviour of the
two concretes. In fact, there is a connection between the behaviour of all the B-beams and results
of the uniaxial tension tests in Fig. 2. The steel fibres start to act as soon as cracks arise in the beam
and help redistributing the stresses among other existing cracks. Consequently, the fibres not only
make the beam stiffer, the diagonal “shear” cracks become much finer compared with those ob-
served in the beam with stirrups. Polyolefin fibres become active for larger crack widths and the
beam behaviour initially resembles the REF-beam’s. Clearly, fibores may all together alter the
mechanism of failure in the beam depending on when they start to become active. The beam ca-
pacity is limited by the mechanism to which fibres no longer contribute. Thus, the total structural
failure coincides with local failure either at zones where compressive stresses prevail (cf. beam of
Smix or with stirrups) but also at the anchoring zone of the reinforcing bars (as a bond failure).
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Figure 4 - Experimental results on beam under bending and shear.
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Previously, in Fig. 4(a)Material was the main variable where@gometryandEnvironmentvere

kept constant. In Fig. 4(b) the FRC mixture is kept (fairly) constant whilst the beam dimensions
(and, to some degree, also the loading conditions) are changed. When normalizing the curves with
respect to the tensile strength, the relative capacity of the beams decreases with increasing beam
depth. Although the C-beams showed a very tough behaviour, beams of both types A and D failed
very abruptly, but apparently for different reasons. In general, failure occurred in the A-beams
when the compressive capacity of the beams was reached, whereas for the D-beams failure corre-
sponded to formation of a single asymmetric diagonal crack.

4. MODELLING

Apparently, the behaviour of beams is very complex and cannot be predicted with resort to simple
analytical models. Instead, in accordance to the methodology described in Fig. 1, the beams of
type B are modelled by axially loaded elements; hence using a nonlinear truss model, see Fig. 5.
Results from the uniaxial tension tests are used for representing cracks in both the RC elements
and in the RC beam. The RC element, in turn, represents the tensile zone in the RC beam. Based
on what was described in Section 3.3, the RC elements are modelled by coupled spring and cohe-
sive elements, representing the elastic and softening concrete, and the steel. By onset of concrete
softening (i.e., cracking) the forces in concrete and steel (that balance the appliedHéadF o)

are calculated under condition that the system deforms equallyd(Feds= ), see [1, 3]. Some
comparison between experimental and analytical results are presented in Fig. 5(b).

According to Fig. 5(c), the nonlinear truss model gives good predictions of the ultimate beam
loads, albeit the deformations are too stiff. Also important was that the model indicated an alter-
nate mode of failure for the Smix-beam, which, according to Fig. 4(a), seemed to have reached the
ultimate capacity for the beam type. Note that, the obtained variation in predicted load capacity
would not have been possible using strength-based empirical models, because the FRC used had
almost the samé&,. Furthermore, such models consider only specific types of fibre, and cannot
handle a mixture of fibres. On the other hand, according to [5], an empirical model that accounts
for the tension softening of FRC gives better predictions and is independent of the type, amount,
and combination of fibres. The nonlinear truss model better describes bending and arching actions
in beams under transverse loading and the predictions become poorer for the largest beams [1, 4].
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Figure 5 - Application of method in Fig. 1 for modelling some beams of type B.
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5. CONCLUSIONS

A FRC labelled “tough” (or high-performance) according to, e.g., the uniaxial tension test (or a
standardized test method) can for RC beams under transverse loaditgptiiaevery toughand

a very brittle behaviour. The amount and efficiency of fibres in beams must be related to the pre-
vailing load carrying mechanism in the structure. Based on experimental evidence and numerical
modelling it was shown that the mechanisms vary for different beam dimensions. Conclusively,
under the same loading conditiortsnivironmeny, in smaller beams structural effectddterial
andGeometrynteraction) dominate, whereas for larger beams the tension softening along and sta-
bility in propagation of the skew crackvaterial) become decisive. The ultimate capacity of
beams obtained by experiments cannot explain the complexity in structural behaviour, and a nu-
merical tool becomes necessary. Accordingly, for smaller beams where bending and arching ac-
tion seem to prevail, the nonlinear truss model used here is sufficient as a tool of prediction,
whereas for increasing beam depth, a finite element method based on a discrete crack model (of
the skew crack) is more suitable, see further [1, 4].

From a practical point of view, the study here implied that 1% of the chosen types of fibre was in
excess for the A-beamd £ 180 mm) and some of the B-beanas{ 230 mm), which failed very
abruptly (probably in compression). Other experiments on beams of small depths have also shown
a practically nonexistent contribution of steel fibres [6, 7]. On the other hand, 1% fibres seemed
ideal for the C-beamsd(= 410 mm) which showed a very ductile post-peak behaviour. For the D-
beamsd = 565 mm) 1% fibres was not enough to keep the skew diagonal crack together in order
to facilitate a shift of load-carrying mechanism to a more favourable one.

REFERENCES

1. Noghabai, K., “Effect of Tension Softening on the Performance of Concrete Structures - Ex-
perimental, Analytical and Computational Studies”, PhD thesis 1998:21, Lulea University of
Technology, Luled, Sweden, 1998, 147 pp.

2. Noghabai, K., “Reinforced Concrete Elements under Combined Loading and Environmental
Exposure - Survey on Degradation Processes and Experimental Study”, Research report
2001:07, Luled University of Technology, Lulea, Sweden, 2001, 120 pp.

3. Noghabai, K., “Behavior of Tie Elements of Plain and Fibrous Concrete and Varying Cross
Sections” ACI Structural JournglACI, Vol. 97, No. 2, 2000, pp. 277-284.

4. Noghabali, K., “Beams of Fibrous Concrete in Shear and Bending - Experiment and Model”,
Journal of Structural EngineeringAmerican Society of Civil Engineers, Vol. 126, No. 2,
2000, pp. 243-251.

5. Noghabai, K., Olofsson, T., and Gustafsson, J. “Fiber reinforced high-strength concrete
beams in shear’ProceedingsFirst Int. Conf. on High Strength Concrete (eds. A. Aziz-
inamini, D. Darwin and C. French), Kona, Hawaii, July 13-18, 1997, American Society of
Civil Engineers, 1999, pp. 480-493.

6. Balazs, G.L., and Kovacs, I., and Erdelyi, L. “Flexural Behavior of RC and PC Beams with
Steel Fibers”ProceedingsHigh Performance Fiber Reinforced Cement Composites (HP-
FRCC 3, eds. H. W. Reinhardt, and A. E. Naaman), RILEM, 1999, pp. 499-508.

7. Campione, G., and Mindess, S. “Fibers as Shear Reinforcement for High Strength Reinforced
Concrete Beams Containing StirrupProceedingsHigh Performance Fiber Reinforced Ce-
ment Composites (HPFRCC 3, eds. H. W. Reinhardt, and A. E. Naaman), RILEM, 1999, pp.
519-529.

144


Dirch H Bager
Maskinskrevet tekst
144


	0-001 - Preface.pdf
	THE DESIGN OF STEEL FIBRE REINFORCED CONCRETE STRUCTURES
	WORKSHOP PROCEEDING
	FROM A
	NORDIC MINISEMINAR
	STOCKHOLM - SWEDEN
	12. JUNE 2001
	PREFACE
	List of Participants vii   Peter Mjörnell Experiences with Betongrapport Nr. 4 and the Need for Recognised Guidelines 1

	01 Mjoernell
	Peter Mjörnell
	E-mail: peter.mjoernell@bekaert.com
	Class

	Type A. Small plates with saw-cut joints
	3.1 Testing of steel fibre reinforced concrete
	3.2 Today’s presentation of performance and function
	4.1 Requirements and alternatives
	REFERENCES

	02 Westerbergr
	Some Questions Concerning the Design of Steel Fibre Concrete Slabs on Ground
	ABSTRACT
	1.          INTRODUCTION
	Curve 1: elastic analysis
	3.1       General 

	2. PLASTIC ANALYSIS FOR FIBRE REINFORCED CONCRETE
	2.1 General
	2.2 Definition of yield moment
	2.3 Failure criterion

	3. STIFFNESS PARAMETERS
	3.2 Stiffness of slab
	3.3 Effect of long-term deformations

	4. RESTRAINED IMPOSED DEFORMATIONS
	4.1 General
	4.2 Taking into account restraint in design
	4.3 Relation between residual strength and crack width

	5. PUNCHING
	6. DOME ACTION
	REFERENCES

	03 floor design improvements 2
	SE-100 44  Stockholm, Sweden
	ABSTRACT
	Subgrade
	Ratio between slab length (joint spacing) and slab thickness, L/h
	Even subgrade + two sheets of cling film
	Compacted gravel
	Ultimate limit state
	Serviceability limit state
	Flexural strength 
	Tensile strength

	2. THE SWEDISH DESIGN PHILOSOPHY
	Figure 1 –  Design procedure according to the Swedish Concrete Association [4].
	3. FLEXURAL DESIGN
	3.1 Loads and Stresses
	Table 1 – Estimation of the degree of restraint  at slab centre

	3.2 Material Strength and Load Carrying Capacity
	Table 2 – Design values for flexural ffl and tensile strength ft
	CONCLUDING REMARKS
	REFERENCES


	04 Sandaker
	1  Introduction
	2 Design guide to fibre reinforced concrete floors
	2.1 Partial coefficient method
	2.2 Calculation according to elastic theory
	2.3 Calculation according to plasticity theory
	2.4 Loading conditions

	3 Field measurements
	4  subgrade friction
	5 Material properties for concrete used in floors
	5.1 Plastic shrinkage
	5.2 Drying shrinkage

	6 Shrinkage- and self-induced stress generation in steel fibre  reinforced concrete
	6.1 Test series and results
	6.2 Final comments

	REFERENCES

	05 Malmberg
	Bo Malmberg
	ABSTRACT
	To be able to do this in a proper way there is a demand for more practically applicable guidance then there are at the moment.
	Key words: fibres, concrete floor, design, joints.
	Parameter
	W/C                                  
	Joint distance


	1. INTRODUCTION
	Normal maximum joint distance: 4-6 m
	Figure 2. Average crack width versus fibre volume according to ( 2(
	REFERENCES


	06 Ay
	Department of Structural Engineering
	Stockholm, SE-10044, Sweden
	ABSTRACT
	Experimental investigations have showed that the influence of hydrostatic pressure on yielding for ductile materials, such as metals, is not appreciable [3]. In contrast, the stresses, which cause yielding of the brittle materials, are mainly not stre...
	Figure 3 - Yield surface of von Mises criterion in principal stress space
	Figure 4 - Plain concrete (on the left) and FCBC (on the right) cubes after
	compressive strength test [4].
	Figure 6 – Proposed yield surface of FCBC in principal stress space

	REFERENCES

	07 stang
	Ph.D., Associate Professor
	ABSTRACT
	3.1 General
	3.3 The beam test

	REFERENCES

	08 Carlswaerd
	A Test Method for Studying Crack Development in Steel Fibre Reinforced Concrete Overlays Due to Restrained Deformation
	ABSTRACT
	1. INTRODUCTION
	2. TEST PROGRAM
	2.2  Test Procedure
	2.3  Instrumentation

	3 TEST RESULTS
	4 CONCLUSIONS
	REFERENCES

	09 holmgren
	ABSTRACT
	Figure 1 - The round, determinately supported concrete panel for testing of fibre reinforced concrete.
	Figure 2 – Modified ASTM C1018 test beam used in Sweden
	2.1 Analysis according to theory of elasticity
	2.2 Analysis according to yield line theory
	Geometrical relationships
	Force relationships
	Table 1 – Midpoint deflections for round panel when compared with EFNARC beam test
	Table 2 – Translation from modified ASTM C1018 beam test to the round panel test


	4 CONCLUSIONS

	10 Nilsson
	Load Bearing Capacity of Steel Fibre Reinforced Shotcrete Linings
	ABSTRACT
	REFERENCES

	11 Nordstroem
	ABSTRACT
	1. INTRODUCTION
	1.1 General
	1.2 Steel fibres and the shotcrete technique

	2. field exposure tests
	2.1 Test program & specimen
	2.2 Evaluation after exposure
	Residual strength
	Corrosion of fibres crossing cracks

	2.3 Discussion
	Residual strength
	Extent of corrosion
	Practical consequences


	3. LABORATORY EXPOSURE TESTS
	3.1 Test program & specimen
	3.2 Evaluation after exposure
	Fibre corrosion

	3.3  Correlation between field and laboratory exposure tests

	4. service-life model
	4.1 Analytical model
	4.2 Definition of limit state
	4.3 Service life
	4.4 Discussion

	5. Conclusions
	5.1 Field exposures
	5.2 Laboratory exposure tests
	5.3 Service-life model

	6. REFERENCES

	12 Manouchehr Hassanzadeh
	1. INTRODUCTION
	W/B

	13 Ghassem Hassanzadeh
	Influence of Steel Fibre Reinforcement on Punching Shear Capacity of Column Supported Flat Slabs
	Abstract
	1 Introduction
	2 Previous research
	3 Tests
	3.1 Test specimens
	3.2 Test set-up, instrumentation
	3.3  Materials properties

	4 results
	5 Conclusions
	Acknowledgements
	References

	14 noghabai

