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Nowadays only a very few design tools are available to analyze the mechanical
behaviour of SFRC (steel fibre reinforced concrete) structures. This is due to the
fact that primarily the post-peak behaviour is affected by the presence of steel
fibres while most design tools used by the structural engineer takes only pre-peak
behaviour into account.

Basically there are two possible ways to describe the behaviour of SFRC under
tension, especially the non-linear postcracking behaviour: the stress-strain rela-
tion (o-¢) and the stress-crack opening relation (o-w). These two models have
been restraint by RILEM TC162-TDF to set up testing and design methods for
SFRC. The o-e-design method is based on Eurocode 2 and the design parame-
ters in the o-e-relation are determined by means of a displacement controlled
bending test on notched prisms. The o-w-method, however, is derived from the
fictitious crack model according to Hillerborg and the direct determination of the
ow(w)-relation is done by means of a displacement controlled uni-axial tension
test on notched specimens. In this contribution only the o-e-design method and
companion bending test will be discussed.

Besides also a more fundamental calculation method for crack widths will be
presented and compared with test results.

1. Introduction

Since the early seventies, steel fibres are used in concrete to improve its
performances. Steel fibres have been proven, mainly by empirical observa-
tions, to improve significantly the behaviour of concrete beams and slabs
in the serviceability limit state (SLS) by limiting the crack widths and by
assuring a more favourable crack distribution.

Promising research results allow also the consideration of using steel fibre
reinforced concrete (SFRC) in structural applications (ultimate limit state —
ULS) e.g. as shear reinforcement in beams, in tunnel elements, etc. However,
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the utilisation of SFRC for structural purposes is quite limited in Europe,
mainly due to the lack of National and European Building code requirements
for this material.

It is very important to envisage the establishment of a theoretical ba-
sis, both for SLS and ULS, in order to allow the design of SFRC-materials
for optimum performance. Empirical and semi- empirical design methods
bind the designer to certain fibre types and impede a rational optimisation
process. In this context, it is very important to realise that current design
and test methods for conventionally reinforced concrete structures do not
provide such opportunities. This is due to the fact that the “post-peak be-
haviour (toughness)” is primarily affected by the presence of fibres whilst
most design tools used by the structural concrete designer only take pre-
peak behaviour (typically Young’s modulus and compressive strength) into
account. A key requirement for the inclusion of SFRC in future design codes
is consequently a well-founded and reliable way to measure and introduce
toughness properties of SFRC in the design approach.

To tackle the problems as mentioned above on an international basis
a RILEM Technical Committee, i.e. TC162-TDF (Test and Design Methods
for Steel Fibre Reinforced Concrete) has been setup in April 1995. Most of
the members were already active in standardization with regard to SFRC in
their own country.

This contribution reports the work done by this Committee with regard
to the o-e-design method. Additionally a more fundamental approach with
regard to the calculation procedure of crack widths (Dupont [1]) that consi-
ders both the interaction between the SFRC and the reinforcement bar and
the postcracking tensile strength of the SFRC will be discussed. The RILEM
TC162-TDF calculation procedure as well as the more fundamentally based
model have been compared with experimental results of 19 full-scale beams.

2. RILEM TC162-TDF — BRITE EURAM project BRPR-
CT98-0813

The objectives of TC162-TDF are:

e to develop design methods to accurately evaluate the behaviour of
SFRC in structural applications (both in SLS and ULS);

e to make recommendations for appropriate test methods to characterise
the (toughness) parameters that are essential in the design methods.

From the beginning it was decided that both items should be treated
simultaneously because they are interrelated.
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Basically there are two possible ways to describe the behaviour of SFRC
under tension, especially the non-linear postcracking behaviour: the stress-
strain relation (o-€) and the stress-crack opening relation (o-w) . These two
models have been restraint by RILEM TC162-TDF to set up testing and
design methods for SFRC. The o-e-design method is based on Eurocode 2
and the design parameters in the o-e-relation are determined by means of a
displacement controlled bending test on notched prisms. The o-w-method,
however, is derived from the fictitious crack model according to Hillerborg
and the direct determination of the o,,(w)-relation is done by means of a dis-
placement controlled uni-axial tension test on notched specimens.

Consecutively, the Technical Committee consists of two groups, i.e. one
group describes the postcracking behaviour of SFRC by means of a stress-
strain diagram (o-€) and the other by using a stress-crack opening relation
(o-w).

Four “draft recommendations” and two “final recommendations” have
been published in “Materials and Structures”™

e bending test [2, 3]

e o-¢-design method [4, 5]

e uni-axial tension test [6]

e o-w-design method [7].

Between 01.03.1999 and 28.02.2002 the Brite Euram project “Test and De-
sign Methods for Steel Fibre Reinforced Concrete”, contract no. BRPR-CT98-
0813 has been carried out. The partners in this project were: N.V.Bekaert
S.A. (Belgium, co-ordinator), Centre Scientifique et Technique de la Con-
struction (Belgium), Katholieke Universiteit Leuven (Belgium), Technical
University of Denmark (Denmark), Balfour Beaty Rail Ltd (Great Britain),
University of Wales Cardiff (Great Britain), Fertig-Decken-Union GmbH
(Germany), Ruhr-University-Bochum (Germany), Technical University of
Braunschweig (Germany), FCC Construction S.A. (Spain), Universitat Poly-
técnica de Catalunya (Spain).

In this project the robustness and repeatibility of both test methods,
as proposed by RILEM TC162-TDF, have been thoroughly investigated
by means of a round robin study [8]. Some new recommendations to im-
prove these standard tests could be identified and have been discussed in
the RILEM Committee. This has resulted in the final recommendation for
the bending test, which has been published in Materials and Structures in
November 2002 [3].

Consecutively, both design approaches of RILEM TC162-TDF have been
checked in the Brite Euram project using an extensive test program, compri-
sing laboratory tests on larger specimens and tests on real structural applica-
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tions, the latter in co-operation with the industrial partners. The main topics
were bending (SLS and ULS) [9], and shear (ULS) [10]. Some adjustments
of the o-e-method have been proposed and are taken up in the final recom-
mendation of the o-e-design method, which has been published in October
2003 [5].

All reports of the Brite Euram project are collected on a CD-ROM which
can be ordered from one of the partners. RILEM Committee TC162-TDF
has been closed by the Workshop “Test and Design Methods for Steel Fibre
Reinforced Concrete — Background and Experiences”, 20-21 March 2003 in
Bochum. The workshop gave background information to the recommenda-
tions, examples of design and applications [11].

Hereafter, an overview will be given of the latest version of the test and
design method based on the o-¢-relation as proposed by RILEM TC162-TDF.

The objective of the o-e-group was to propose a design method which
fulfills the following requirements:

¢ it should be simple enough so that it can be used by a structural engi-
neer for practical applications;

e it should be compatible with the present design regulations for rein-
forced and prestressed concrete;

e it should make optimum use of the postcracking behaviour of SFRC.

The European pre-standard ENV 1992-1-1 (Eurocode 2: Design of Con-
crete Structures — Part 1: General rules and rules for buildings) [12] has
been used as a general framework for this proposed design method. The cal-
culation guidelines are valid for SFRC with compressive strength of up to
C50/60. Steel fibres can also be used in high strength concrete, i.e. concrete
with a characteristic cylinder compressive strength fsox > 50 MPa. However,
care should then be taken that the steel fibres do not break in a brittle way
before being pulled out.

It must be emphasized that these calculation guidelines are intended for
cases in which the steel fibres are used for structural purposes and not e.g. for
slabs on grade. They also do not apply to other cases such as those in which
increased resistance to plastic shrinkage, increased resistance to abrasion or
impact, etc. are aimed at.

Since Eurocode 2 takes only the pre-peak behaviour of concrete in tension
into account and due to the fact that primarily the post-peak behaviour is
affected by the presence of steel fibres, a o-e-relation which describes the
postcracking behaviour of SFRC has to be developed.
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3. Bending test [2, 3]

3.1. Scope

In order to determine the parameters which characterize the postcrac-
king behaviour of SFRC, experimentally, displacement (deflection or crack
mouth opening displacement (CMOD)) controlled three-point bending tests
are conducted on notched prisms (150 x 150 x 550 mm?).

This test method evaluates the tensile behaviour of steel fibre-reinforced
concrete either in terms of areas under the load-deflection curve or by the load
bearing capacity at a certain deflection or crack mouth opening displacement
(CMOD). This standard is not intended to be applied in the case of shotcrete.
This test method can be used for the determination of:

e the limit of proportionality (LOP), i.e. the stress which corresponds to
the point on the load-deflection or load-crack mouth opening displace-
ment curve (= Fp) defined in part 3.5 as limit of proportionality;

e two equivalent flexural tensile strengths which identify the material
behaviour up to the selected deflection. These equivalent flexural tensile
strengths are determined according to part 3.5;

e four residual flexural tensile strengths which identify the material be-
haviour at a selected deflection or CMOD. The residual flexural tensile
strengths are calculated according to procedures in part 3.5.

If the objective of the test is to calculate equivalent flexural tensile
strength, it is necessary to measure the deflection. However, if only residual
flexural tensile strengths are calculated, one can choose between the measure-
ment of deflection and/or CMOD. A relation between mid span deflection
and CMOD is given in 3.6.

The beam specimen is foreseen of a notch, otherwise it is not possible to
measure CMOD.

3.2. Test specimen

Concrete beams of 150 x 150 mm cross section with a minimum length of
550 mm are used as standard test specimens. The standard test specimens are
not intended for concrete with steel fibres longer than 60 mm and aggregate
larger than 32 mm. The procedure for casting of the specimens and filling of
the mould is shown in Fig. 1. It is desirable that portion 1 is twice that of
portion 2. The mould shall be filled in one layer up to approximately 90% of
the height of the test specimen. The filling procedure of the mould is very
important in order to obtain an uniform fibre distribution and the same is
certainly true with regard to the compaction procedure. The mould shall
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Numerals indicote the order of casting

Ficurg 1. Method for filling the mould.

be topped up and levelled off while being compacted. Compaction shall be
carried out by external vibration, no internal vibration is allowed. In the case
of self-compacting steel fibre concrete, the mould shall be filled in a single
pour and levelled off without any compaction.

The specimens are demoulded between 24 and 48 hours after casting
the concrete. Afterwards they are stored at +20°C and R.H.> 95% until
preparation for testing. The beams are notched using wet sawing. Each beam
is turned 90° from the casting surface and the notch is then sawn through the
width of the beam at mid span (see Fig. 2). Following the notching the same
curing conditions for the specimens as before are continued for a minimum of
3 days. The curing can be discontinued not more than 3 hours before testing
leaving sufficient time for preparation including any location of measuring
devices and transducers. Testing shall normally be performed at 28 days. The
width of the notch is not larger than 5mm and the beam has an unnotched
depth hsp of 125 mm+1 mm. The device for measuring the dimensions of
the specimens has an accuracy of 0.1 mm. The dimensions of the specimen
shall not vary by more than 2mm on all sides. Additionally the difference in
overall dimensions on opposite sides of the specimen should not be greater
than 3mm.

CASTING SURFACE

Pl

NOTCH

hs
CROSS — SECTION SPECIMEN

FIGURE 2. Place of the notch.
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3.3. Apparatus

A testing machine which is capable of producing a constant rate of in-
crease of deflection (6) or CMOD of the test specimen, preferably a closed
loop machine, should be used. The stiffness of the testing equipment has
to be large enough to avoid unstable zones in the F-§ (F-CMOD) curve.
Tests during which instabilities occur have to be rejected. The two supports
and the device for imposing the displacement are rollers with a diameter of
30mm=1 mm as shown in Fig.3. All rollers should be manufactured from
steel. Two rollers, including the upper one, should be capable of rotating
freely around their axis and of being inclined in a plane perpendicular to the
longitudinal axis of the test specimen.

lF

SUPPORT LOADING DEVICE

SUPPORT

FIGURE 3. Support system.

The apparatus measuring deflection should be capable of recording accu-
rately the mid span deflection, excluding extraneous deformations due to de-
formations of the machine and/or of the specimen supports. Normally deflec-
tion is measured at one side of the specimen (= ) and the transducer has to
be carefully mounted in order to minimise the effect of rotation. A schematic
illustration of a possible measuring set-up is shown in Fig.4. The original
distance between the reference points for the measurement of the opening
of the mouth of the notch (CMOD) is not greater than 40 mm (Fig. 4). It is
recommended that the notch mouth opening displacement measuring system
is installed along the longitudinal axis at the mid-width of the test specimen,
so that the distance between the bottom of the specimen and the axis of
the measuring system is 5mm or less as explained in 4.4. The accuracy of
the load measuring device is required to be equal to 0.1 kN. The accuracy of
the deflection and the notch mouth opening displacement measuring system
requires to be 0.01 mm.
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FIGURE 4. Measuring set-up.

3.4. Procedure

The span length of the three-point loading test is 500 mm (Fig.4). The
testing machine should be operated so that the measured deflection of the
specimen at mid span increases at a constant rate of 0.2 mm/min until the
specified final deflection is reached. During testing the value of the load and
deflection at mid span (4) are recorded continuously. When the test is exe-
cuted by means of CMOD-control, the machine shall be operated in such
a manner that the CMOD increases at a constant rate of 50 um/min for
CMOD from 0 to 0.1 mm, until the end of the test at a constant rate of
0.2mm/min. During the first two minutes of the test, data shall be logged
with a frequency not smaller than 5 Hz; thereafter, up to the end of the test
the frequency shall not be smaller than 1 Hz. At least 6 specimens shall be
tested in the same conditions.
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3.5. Calculation

The load at the limit of proportionality (= Fr in N) is determined ac-
cording to an appropriate diagram in Fig. 5 or Fig. 6.
Fp is equal to the highest value of the load in the interval (6§ or CMOD)

of 0.05 mm. The moment at mid span of the test beam corresponding to Ff,
is:

Fr
My =

0|

[Nmm], (3.1)

where L = span of the specimen [mm)].

F [N]

-

Ft- highest volue in the
interval of 0.05 mm

O ===z

FiGURE 5. Determination of Fr, and equivalent tensile strength.
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Ficure 6. Determination of Fy and residual tensile strengths.
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FicURE 7. Assumed stress distribution for the calculation of fit,L and feq or fr.

Assuming a stress distribution as shown in Fig. 7, the limit of proportio-
nality fit, can be calculated using the following expression:

fitL = == [N/mm?*], (3.2)
2bh§p

where b = width of the specimen [mm]|, hsp, = distance between tip of the
notch and top of the cross section [mm)].

The energy absorption capacity Dgz2 (Dpz3) is equal to the area un-
der the load-deflection curve up to a deflection 62(d3) (Fig.5). Dpz2(Dgz3)
consists of two parts:

e plain concrete = D%, [Nmm)],

o influence of steel fibres = Dgzg and Dézﬁ [Nmm].

The dividing line between the two parts can be simplified as a straight
line connecting the point on the curve corresponding to F}, and the point on
the abscissa “d7, + 0.3 mm”. &y, is the deflection at the limit of proportionality.
The deflections é2 and 43 are in turn defined as:
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e 52 = 4y + 0.65mm,
® 03 = 0r + 2.65 mm.

Fy(F3) is equal to the mean force recorded in the shaded area
Dgz,z(Déz‘a) and can be calculated as follows:

D£Z2

F=—22 [N (3.3)
Df

Fy=—2= [N]. (3.4)

f
_FRL_ DggyL
M:=53= 0502 MNmml (8.8)
f
F3L DggzsL

Assuming a stress distribution as shown in Fig.7, the equivalent flexural

tensile strength feq2 and feq3 can be determined by means of the following
expressions:

£
_3Dgz, L 2
fe‘lv2 s 5 0.50 bhgp IN/mm ]1 (3'7)
f
3Dgz3 L 2
Jaqia= 2725 O, [N/mm?]. (3.8)

The postcracking parameters of SFRC which are used in the o-e-design
method are the residual flexural tensile strengths fr;. They can be calcu-
lated either from a load-deflection curve or from a load-CMOD-diagram since
there exists a correlation between deflection and CMOD as explained in (3.6)
and (4.4).

Residual flexural tensile strengths fr; at the following mid span deflec-

tions (dg,;) or crack mouth opening displacements (CMOD;) can be calcu-
lated:

0Rr,1 = 0.46 mm — CMOD; = 0.5mm,
dr,2 = 1.31mm — CMOD; = 1.5 mm,
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O0r3 = 2.15mm — CMOD3 = 2.5 mm,
5R.4 = 3.00mm — CMOD4 = 3.5 mm.

FR; is the load recorded at dg ; or CMOD;. Assuming a stress distribution as
shown in Fig. 7, the residual flexural tensile strength fr; can be determined
by means of the following expression:

_ 3Fpl
~ 27bh2,

fri [N/mm?). (3.9)

Note: if the crack starts outside the notch, the test has to be rejected.

3.6. Equivalence between § and CMOD

The following average relationship between CMOD and § was determined:
CMOD = 1.185 + 8 with § = —0.0416 mm.

It must be stressed that this relationship is only applicable in the post-
peak region of the load-CMOD (load-d) curve. The beam response at CMOD
0.5mm, 1.5mm, 2.5 mm and 3.5 mm is of special interest. The corresponding
values of § were mentioned before. In the case where CMOD is measured at
a certain distance y (see Fig. 4) below the beam, resulting in a measurement
CMODy, the following relationship between CMOD and CMOD, can be
adopted:

H+y

H

CMOD,, = CMOD [mm], (3.10)

with H = total heigth of the beam.
More explanation will be given in 4.4.

4. Round robin analysis of the bending test [8,13-15]

4.1. Test programme

The test programme included both plain and steel fibre reinforced con-
crete beams. The material variables for the SFRC beams consisted of two
concrete strengths (C25/30 — normal strength concrete (NSC) / C70/85 —
high strength concrete (HSC)), three fibre dosages (25, 50 and 75kg/m3)
and three types of fibres (Dramix 80/60 BN, 65/60 BN and 80/60 BP). The
plain concrete beams essentially play the role of control specimens and were
a means of investigating the strengths, limitations and sensitivity of the pro-
posed test method, as they do not contain variations introduced by fibre
distribution and orientation.



TEST AND DESIGN METHOD FOR STEEL REINFORCED CONCRETE... 147

Five laboratories were involved in the round robin programme:
¢ Belgian Building Research Institute
e Technical University of Denmark

e Katholieke Universiteit Leuven

e Ruhr-University of Bochum
¢ Cardiff University (Task co-ordinator).

The round robin test programme was divided into two phases. The main
objective of the first phase was to investigate the strength and limitations
of the RILEM proposed beam test. Table 1 presents details of the test pro-

gramme.

TaABLE 1. Overall round robin test programme.

Testing | Number of specimens
lab

First phase Second phase

C25/30 C25/30 C70/85

Okg/m® | 50! kg/m® | 25%kg/m® | 75?kg/m? | Okg/m?® | 25° kg/m®
1 8™ 8 6 6 6 6
2 8 8 6 6 6 6
3 8 8 6 6 6 6
4 8 8 6 6 6 6
5 8 8 6 6 6 6
Total 40 40 30 30 30 30

Superscript 1 indicates Dramix 80/60BN‘*) was used
Superscript 2 indicates Dramix 65/60 BN was used
Superscript 3 indicates Dramix 80/60 BP was used

(*) 80: aspect ratio of the fibre (length/diameter = L/N)

60: length of fibre
B: no coating

N: low carbon, i.e. minimum yield strength of 1100 MPa
P: high carbon, i.e. minimum yield strength of 2500 MPa.

4.2. Results

(L in mm)

Figures 8 and 9 present typical P-§ and P-CMOD curves for the plain
NSC and HSC beams. Figures 10 and 11 show the corresponding results for
the SFRC beams specimens.
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FiGURE 9. Typical P-CMOD curves for plain concrete.
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Ficure 10. Typical P-é-curves for SFRC.
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Ficure 11. Typical P-CMOD curves for SFRC.
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4.3. Evaluation of the bending test

The round robin test programme showed that the three-point bending
test on a notched prism is a good robust test which is relatively easy to
carry out. In particular, the test boundary conditions are able to adapt and
tolerate surface non-uniformity in the test specimens. The test specimens are
sufficiently large to allow a range of fibre sizes and fibre dosages to be tested
as part of development work with new fibres or as control test specimens.
Care should be taken to avoid improper or/and excessive vibration, as it
would lead to undesirable fibre orientation.

The main limitation of the beam test is that it is not suitable for testing
shotcrete and concrete in existing structures.

It has been shown that the load-CMOD curve (rather than the load-
deflection curve) can be used to calculate the proposed Rilem design para-
meters, i.e. residual strengths at predetermined CMODs (or deflections 9):
fr,1: CMOD = 0.5mm - fg 4: CMOD = 3.5mm. The calculation procedure
to obtain the residual strengths is very short and simple to carry out. The
procedure for calculating the equivalent flexural tensile strengths, feq2 and
feq,3, however, is quite lengthy and relatively difficult to carry out.

The notch has the advantage that it allows CMOD to be used to control
the test itself. This is significant in the case of low fibre dosages and/or high
strength concrete mixes since the bending test is much more stable with
CMOD-control than with é-control.

A detailed analysis of both intra-lab, inter-lab and within-mixes results
showed that although inter-lab variations do occur, this was relatively small
compared to the inherent material variation which is the dominating factor
resulting in relatively high coefficients of variation observed in the round
robin test programme. This variation was greatest at the lowest fibre dosage
(25kg/m3, variation from 15 to 25%) and decreased as the fibre dosage in-
creased (75kg/m3, 10 to 20%). This is due to the difficulty in achieving
a uniform fibre distribution especially with low fibre contents. A fibre count
showed that the toughness parameters were directly related to the number of
fibres intersecting the fracture surface. Another possible reason for the high
variation is that the specimens have relatively small cross sections. A small
variation or difference in number of fibres has a direct and relatively large
influence on the toughness of the material tested. This phenomenon would
be more pronounced in specimens with lower fibre dosages. Finally, since
compaction of SFRC mixes inevitably leads to a degree of fibre orientation
(which more often than not is advantageous) care needs to be exercised to
ensure that the preparation of the beam specimens is similar to that of the
real structure.
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In the draft recommendation of the bending test the mid span deflection
had to be measured on both sides of the beam (referred to as 4; and d2). A
systematic fibre counting exercise was carried out on several beam specimens
to investigate whether there is a correlation between differences between 4,
and d2 and the fibre distribution. The findings of the investigation suggest
that differences between 6; and d, are not strongly linked with the fibre dis-
tribution regardless of concrete strength. It is likely that this phenomenon
arises because the supports and loading points have enough degrees of free-
dom to accommodate any unevenness of the specimen surface. This reflects
well on the robustness of the proposed test method as it means that the
proposed boundary conditions are able to adapt and tolerate (to a certain
degree) surface uniformity. However, it is also suggested that significant dif-
ferences between d; and 2 may be brought about by experimental errors.

In the final version of the bending test, the deflection has only to be
measured at one side of the beam specimen.

Additionally, an investigation was carried out to evaluate the objective-
ness of the calculation procedure proposed by RILEM TC162-TDF to obtain
the necessary design parameters. It was found that the prescribed calculation
procedure was satisfactory, as the variation between the design parameters
calculated at different laboratories was generally within the range of £+ 5%.

4.4. Relationship between § and CMOD

A detailed analysis was carried out to investigate the influence of different
test configurations on measurements of CMOD. Linear elastic fracture me-
chanics (LEFM) and non-linear fracture mechanics methods (NLFM) were
utilised to investigate the problem analytically. From the analytical studies
carried out, it is proposed by the consortium of the Brite Euram project that
the CMOD should not be measured at a distance (= y) more than 5 mm from
the bottom fibre of the beam as shown in Fig. 4. A larger distance than5 mm
will cause the deviation between the measured CMOD,, and the true CMOD
to reach an unacceptable level.

In the postcracked phase, it can be shown by comparing the NLFM anal-
ysis and experimental results that the average mid span deflection § can be
related to CMOD using the simple rigid body model shown in Fig.12.

The relation § to CMOD,, is as follows:

5 L
5 (4.1)

1
CMOD, 4d’
where L = span of the beam [mm]|, d = the apparent depth about which the
beam rotates [mm)].
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Ficure 12. Rigid body model of the beam test.

The only problem is to evaluate the value of d, i.e. the crack length.
In the postcracked phase it can be assumed that the point at which the
beam rotates is situated at the very top surface of the beam. Apart from
using the experimental results for the verification of equation (4.1), a com-
puter program developed at the Technical University of Denmark, DTU, was
used in addition to the simple proposed model. A series of different material
behaviours was investigated resulting in a series of slightly different CMOD-
d-relationships. The final, universal relationship between CMOD and § is
based on an averaging of the different relationships, that means that this
relationship is independent of the fibre content and of the concrete strength:

CMOD = 1.184 + 3 with 8 = —0.0416 mm.

Analysis with regard to the accuracy of the proposed rigid body model was
carried out using both experimental and analytical results. In both plain
and especially for SFRC beams, it was found that there was close agree-
ment between the model and the experimental and analytical results. The
conversion from CMOD to the equivalent mid span deflection 6., revealed
good agreement between the load-average mid-span deflection (F-8) curve
and load-equivalent mid-span deflection (J.) curve.
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5. o-e-design method [16]

5.1. Material properties

5.1.1. Compressive strength. The compressive strength of steel fibre re-
inforced concrete (= SFR-concrete) should be determined by means of stan-
dard tests, either on concrete cylinders (® = 150 mm, A = 300 mm) or con-
crete cubes (side = 150mm). The design principles are based on the cha-
racteristic 28-day strength, defined as that value of strength below which no
more than 5% of the population of all possible strength determinations of
the volume of the concrete under consideration, are expected to fall. Har-
dened SFR-concrete is classified in respect to its compressive strength by
SFR-concrete strength classes which relate to the cylinder strength fryx or
the cube strength fre cube (Table 2). Those strength classes are the same as
for plain concrete.

TABLE 2. Steel fibre reinforced concrete strength classes: characteristic com-
pressive strength frx (cylinders), mean fiim,a and characteristic ficik,a flexural
tensile strength in N/mm?; mean secant modulus of elasticity in kN/mm?.

Strength | C20/25 | C25/30 | C30/37 | C35/45 | C40/50 | C45/55 [ C50/60
class of

SFRC :
frek 20 25 30 35 40 45 50
Stetm,A 3.7 4.3 4.8 5.3 5.8 6.3 6.8
Srerw,a 2.6 3.0 3.4 3.7 4.1 4.4 4.8
Efcm 29 30.5 32 33.5 35 36 37

5.1.2. Flexural tensile strength. When only the compressive strength
frex has been determined, the estimated mean and characteristic flexural
tensile strength of steel fibre reinforced concrete may be derived from the
following equations:

fictm,ax = 0.3 - (fia)*? [N/mm?], (5.1)
fretax = 0.7+ fretm,ax [N/mm?), (5.2)
frctax = 0.6 - fret [N/mm?], (5.3)
etk = 0.7+ fretm.A [N/mm?). (5.4)

The corresponding mean and characteristic values for the different steel fibre
reinforced concrete strength classes are given in Table 2.

If bending tests are performed, the following method [17] can be used
to determine the characteristic value of the limit of proportionality (LOP)
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(cfr. bending test) [3]:

fretkL, = fretmL — kx8p  [N/mm?, (5.5)

with feex 1: characteristic value of LOP [N/ mm?], fietm,L: mean value of LOP
[N/mm?|, s,: standard deviation [N/mm?|,

Z ffctm L— ffct L)

n—l

Sp = ' (56}

n: number of specimens, ky: factor dependent on the number of specimens;
some values are given in Table 3.

The maximum value of expression (5.4) and (5.5) can be taken as the
flexural tensile strength of the SFR-concrete.

TABLE 3.
N 1 2 3 4 5 6 8 10 | 20 30 4
kxknown |2.31]2.01|1.89)|1.83|1.80|1.77|1.74|1.72|1.68 | 1.67 | 1.64
kxunkrmwn ™ = 3.37 (12632331218 200(1.92]|1.76|1.73|1.64

In Table 3, kxunknown means that the coefficient of variation of the popu-
lation is unknown; instead of the standard deviation of the population, the
standard deviation of the spot check will be used.

The mean value of the secant modulus Efcr, in kN/mm? is also given in
Table 2

5.1.3. Residual flexural tensile strength The residual flexural tensile
strength fr i, which is an important parameter characterising the postcrac-
king behaviour of steel fibre reinforced concrete, is determined by the CMOD
(crack mouth opening displacement) — or deflection controlled bending test
[3]. The residual flexural tensile strengths fr.1, fr.4 respectively, are defined
at the following crack mouth opening displacement (CMOD;) or mid span
deflections (0g;):

CMOD,; = 0.5mm — dg,; = 0.46 mm,
CMOD4 = 3.5mm — dp4 = 3.00mm,

and can be determined by means of the following expression:

3FR;L

SbhZ [N/mm2], (5.7)
sp

fRi=



TEST AND DESIGN METHOD FOR STEEL REINFORCED CONCRETE... 155

CMOD [mm)

/0.05
CMOD_CMOD,=0.5 CMOD,=15 CMOD,=2.5 CMOC,=35

Figure 13. Load - CMOD diagram.

where b = width of the specimen [mm], hs, = distance between tip of the
notch and top of cross section [mm]|, L = span of the specimen [mm|, Fr; =
load recorded at CMOD; or ég; [N] (see Fig. 13).

The relation between “characteristic” and “mean” residual flexural tensile
strength is given in 5.1.2 (Eq. (5.5)).

Hardened SFR-concrete is classified by using two parameters that are de-
termined by the residual flexural strengths fr ; and fgr 4. The first parameter
F Ly s is given by the value of fr 1 reduced to the nearest multiple of 0.5 MPa,
and can vary between 1 and 6 MPa. The second parameter F'Lj 5 is given by
the value of fr 4 reduced to the nearest multiple of 0.5 MPa, and can vary be-
tween 0 and 4 MPa. These two parameters denote the minimum guaranteed
characteristic residual strengths at CMOD values of 0.5 and 3.5 mm, respec-
tively. The residual strength class is represented as FL FLgs/FL335, with
the corresponding values of the two parameters. For example, a SFRC with a
characteristic cylinder compressive strength of 30 MPa, and fr,;1 = 2.2MPa
and fr4 = 1.5 MPa would have FLys = 2.0 MPa and FL35 = 1.5 MPa and
be classified as C30/37 Fy, 2.0/1.5.

5.2. Design at ultimate limit states: bending and axial force

5.2.1. General. The design method was originally developed without size-
dependent safety factors. A comparison of the predictions of the design
method and of the experimental results of structural elements of various
sizes revealed a severe overestimation of the carrying capacity by the design
method. In order to compensate this effect, size-dependent safety factors have
been introduced. It should be outlined that the origin of this apparent size-
effect is not yet fully understood. Further investigation is required in order to
identify if it is due to a discrepancy of material properties between different
batches, to a size-effect intrinsic to the method, or a combination of both.
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In assessing the ultimate resistance of a cross section, the assumptions
given below are used:

plane sections remain plane (Bernoulli hypothesis);

the stresses in the steel fibre reinforced concrete in tension as well as in
compression are derived from the stress-strain diagram shown in Fig. 14
and explained after Fig. 15; ;

the stresses in the reinforcement (bars) are derived from an idealised
bi-linear stress-strain diagram,;

for cross sections subjected to pure axial compression, the compressive
strain in the SFR-concrete is limited to -2%o. For cross sections not
fully in compression, the limiting compressive strain is taken as -3.5%o.
In intermediate situations, the strain diagram is defined by assuming
that the strain is -2%o at a level % of the height of the compressed zone,
measured from the most compressed face;

for steel fibre reinforced concrete which is additionally reinforced with
bars, the strain is limited to 25%o at the position of the reinforcement
(Fig. 15);
to ensure enough anchorage capacity for the steel fibres, the maxi-
mum deformation in the ultimate limit state is restricted to 3.5 mm. If
crack widths larger than 3.5 mm are used, the residual flexural tensile
strength corresponding to that crack width and measured during the
bending test has to be used to calculate o3. It is recommended that
this value, which replaces fg 4, should not be lower than 1 N/mm?;
in some cases, as mentioned below, the contribution of the steel fibres
near the surface has to be reduced. For this reason the steel fibres
should not be taken into account in a layer near the surface:
for exposure class 2 [12]: if crack width is larger than 0.2 mm (ser-
viceability limit states: see 5.4), the height of the cracked zone
has to be reduced by 10 mm. This rule is only applicable in the
ultimate limit state.

for exposure classes 3 and higher: special provisions have to be
taken.

The o-e-relation for compressed SFRC is identical to that of plain con-

crete.

The stresses o9 and o3 in the o-e-diagram are derived from the resi-
dual flexural tensile strength as explained below. The residual flexural tensile
strengths fr; and fgr 4 are calculated considering a linear elastic stress distri-
bution in the section (see 3.5) (Fig. 16a). However, in reality, the stress distri-
bution will be different. To calculate a more realistic stress o¢ in the cracked
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FIGURE 14. Stress-strain diagram and size factor k.

FIGURE 15. Stress and strain distribution.
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FIGURE 16. Stress distribution.

part of the section, the following assumptions have been made (Fig. 16b):
o the tensile stress ®; in the cracked part of the steel fibre concrete
section is constant;
e the crack height is equal to £0.66hsp, at Fgr 1, to £0.90hs, at Fgrg4
respectively.
Requiring M; = M>, oy can then be expressed as:

of1 = 0-45fﬁ,1, (5-8)
o4 = 0.37fr 4. (5.9)

5.2.2. Calculation of crack width. Crack control is required in all struc-
tures. This crack control can be satisfied by at least one of the following
conditions:

e presence of conventional steel bars,

e presence of normal compressive forces (compression - prestressing),
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e crack control maintained by the structural system itself (redistribution
of internal moments and forces limited by the rotation capacity).

In structurally indeterminate constructions without conventional rein-
forcement but with a compression zone in each cross section, the crack width
may be determined as follows (see Fig. 17):

e determination of the neutral axis on the basis of Fig. 17,
e determination of the compressive strain €g max Of concrete,

e determination of an idealised tensile strain g ¢ taking into account the
Bernoulli hypothesis:

h—=zx
Efc,t = Efc,max (5-10)
e calculation of the crack width in the ultimate limit state:
w = €get (h—x). (5.11)

In statically determinate constructions (bending - pure tension), crack
control is only possible if a high amount of steel fibres is used or if there is
a combination of steel fibres and conventional reinforcement.
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In structures with conventional reinforcement the calculation of the crack
width corresponds to that of normal reinforced concrete. However, the stress
in the steel bars has to be calculated, taking into account the beneficial effect
of the steel fibres, i.e. a part of the tensile force Fi.; which is taken up by
the steel fibres (see Fig. 18).

5.3. Design at ultimate limit states: shear

The calculation for shear shown here applies to beams and plates con-
taining traditional flexural reinforcement (bar and mesh). It also applies
to prestressed elements and columns in which axial compression forces are
present. The approach proposed is the best possible until further evidence
becomes available. When no longitudinal reinforcement or compression zone
is available, no generally accepted calculation method for taking into account
the effect of the steel fibres can be formulated.

Bent-up bars shall not be used as shear reinforcement in beams except
in combination with steel fibres and/or stirrups. In this case at least 50%
of the necessary shear reinforcement shall be provided by steel fibres and/or
stirrups.

For shear design of members with constant depth, the member is assumed
to consist of compressive and tensile zones of which the centres are separated
by a distance equal to the internal lever arm z (Fig.19). The shear zone
has a depth equal to z and width b,,. The internal lever arm is calculated
perpendicular to the longitudinal reinforcement by ignoring the effect of any
bent-up longitudinal reinforcement.

compression chord

A R
r’ ";v....' 1

0y

‘ .
KOO RAN
'shear L_._'

Ficure 19. Strut and tie model.
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The parameters given in Fig. 19 are:

a: the angle of the shear reinforcement in relation to the longitudinal axis
(45° < a < 90°),

0: the angle of the concrete struts in relation to the longitudinal axis,

Fy: tensile force in the longitudinal reinforcement [N],

F,: compressive force in the concrete in the direction of the longitudinal
axis [N ])

byw: minimum width of the web [mml],

d: effective depth [mm],

s: spacing of stirrups [mm)],

z: the internal lever arm corresponding to the maximum bending moment
in the element under consideration [mm| in a member with constant

depth. In the shear analysis, an approximate value z = 0.9d can nor-
mally be used.

The standard method, i.e.: 8 = 45°, will be used for the shear analysis.

5.3.1. Standard method. The design shear resistance of a section of
a beam with shear reinforcement and containing steel fibres is given by the
equation: '

Vra3 = Ved + Vid + Vi, (5.12)

with: Vgq: the shear resistance of the member without shear reinforcement
given by [18]:

Vea = {0.123: (10001 fa)/® + 0.15%} bud,  [N] (5.13)
where
k=1+”% (d in mm) and k < 2, (5.14)
As
= — < i A
p=gg <% (5.15)

Here: A, = area of tension reinforcement extending not less than “d+ anchor-
age length” beyond the section considered (Fig.20) (mm?); b, = minimum
width of the section over the effective depth d [mm].
N
o= (N/mm?), (5.16)
Ngq = longitudinal force in section due to loading or prestressing (compres-
sion: positive) [N]. In the case of prestressing, “h” should be used in stead of
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“d’ in formula (5.13). Vy4: contribution of the steel fibre shear reinforcement
given by:

Via = 0.7kekyTeqbwd [N], (5.17)
where k; = factor for taking into account the contribution of the flanges in
a T-section:

kf=1+ﬂ(££) (%) and kf < 1.5, (5.18)

with hs = height of the flanges [mm], by = width of the flanges [mm], by, =
width of the web [mm)]

n=bff_tfbwg3 and ng%,
k|=1+1}¥ (dinmm) and k<2, (5.19)

Tiq = design value of the increase in shear strength due to steel fibres:
Tia = 0.12fRk 4 [N/mm?, (5.20)

Viwd: contribution of the shear reinforcement due to stirrups and/or inclined
bars, given by:

Asw
8

Vid= 0.9dfywa (1 + cot a) sina [N], (5.21)
where s = spacing between the shear reinforcement measured along the longi-
tudinal axis [mm|, @ = angle of the shear reinforcement with the longitudinal
axis, fywd = design yield strength of the shear reinforcement (N/mm?).

When checking against crushing at the compression struts, Vrqz is given
by the equation:

WRa2 = ~2l-vfcd().9dbW (1+cota) [N], (5.22)
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with

Frek
200
For vertical stirrups, or for vertical stirrups combined with inclined shear
reinforcement, cota is taken as zero.

v=0.7-

>0.5 (frex in N/mm?). (5.23)

5.4. Design at serviceability limit states

5.4.1. General. When an uncracked section is used, the full steel fibre
reinforced concrete section is assumed to be active and both concrete and
steel are assumed to be elastic in tension as well as in compression.

When a cracked section is used, the steel fibre reinforced concrete is as-
sumed to be elastic in compression, and capable of sustaining a tensile stress
equal to 0.45fR,;.

5.4.2. Limit states of cracking. In the absence of specific requirements
(e.g. watertightness), the criteria for the maximum design crack width (w;q)
under the quasi-permanent combination [12] of loads, which are mentioned
in Table 4 for different exposure classes [12], may be assumed.

TABLE 4. Criteria for crack width.

Exposure | steel fibres steel fibres + or- | steel fibres +
class!*? dinary reinforce-
ment
post- pre-tensioning
tensioning
1 (**) {**) 0.2 mm 0.2 mm
2 0.3 mm 0.3 mm 0.2 mm decompression
*)
3 special crack limitations dependent upon the nature of the
4 aggressive environment involved have to be taken
5

(*): the decompression limit requires that, under the frequent combination of loads [12],
all parts of the tendons or ducts lie at least 25 mm within concrete in compression

(**): for exposure class 1 [12], crack width has no influence on durability and the limit
could be relaxed or deleted unless there are other reasons for its inclusion.

5.4.3. Minimum reinforcement. The following formula is proposed for
calculating the minimum reinforcement A in order to obtain controlled crack
formation:

Av= (kekby fioat = 005 frm) 22 (mm®),  (5:24)
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where:

frm,1 = the average residual flexural tensile strength of the steel fibre
reinforced concrete at the moment when a crack is expected to oc-
cur (N/mm?).

As = area of reinforcement within tensile zone (mm?). If A, is smaller than
zero only steel fibres are necessary.

Aq = area of concrete within tensile zone (mm?). The tensile zone is that
part of the section which is calculated to be in tension just before
formation of the first crack.

os = the maximum stress permitted in the reinforcement immediately after
formation of the crack (N/mm?). This may be taken equal to the yield
strength of the reinforcement (fyx). However, a lower value may be
needed to satisfy the crack width limits.

frctef = the tensile strength of the concrete effective at the time when
the cracks may first be expected to occur (N/mm?). In some cases,
depending on the ambient conditions, this may be within 3 — 5 days
from casting. Values of fief may be obtained from formula (5.1) by
taking as fr the strength at the time cracking is expected to occur.
When the time of cracking cannot be established with confidence as
being less than 28 days, it is recommended that a minimum tensile
strength of 3N/mm? be adopted.

. = a coefficient which takes account of the nature of the stress distribution
within the section immediately prior to cracking. The relevant stress
distribution is that resulting from the combination of effects of loading
and restrained imposed deformations.

k. = 1 for pure tension (e = M/N = 0).
k. = 0.4 for bending without normal compressive force (e = c0).
In the range between e = 0 and e = oo:

e e/h<0.4
1+ =5
ky=—C4k 5.25
o= Tk (5.25)
e e/h>04
14 0
B 5.26
T 25(1+2) el

k = a coefficient which allows for the effect of non-uniform self-equilibrating
stresses. The value can be taken as 0.8 as a first approximation. For
further details, see ENV 1992-1-1 [12].
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k, = a coefficient which takes account of the prestressing effect:

« €y evke
R R Y L .
=1 kc(l ke + 2.4 sh), (5.27)
where: o
a = the ratio of prestressing = ———, (5.28)
l"-ﬁffct,ef
N,
Ocp = ASd [N/mm2|,
C

Nsq = prestressing force [N],
A, = cross section of concrete (mm?),
ey = the eccentricity of the prestressing force [mm].
Ife, =0
kp=1——(1—ke), (5.29)
ke

for pure bending (k. = 0.4), it follows that:

kp =1—1.50. (5.30)

5.4.4. Calculation of crack width. Crack control is only possible if at
least one of the conditions mentioned in 5.2.2 is satisfied. The calculation of
the design crack width in steel fibre reinforced concrete is similar to that in
normal reinforced concrete. However, it has to be taken into account that
the tensile stress in steel fibre reinforced concrete after cracking is not equal
to zero but equal to 0.45 frm,1 (constant over the cracked part of the cross
section).

Equation (5.24) can be used to calculate the reinforcement Ag (mm?)
which satisfies the crack width limit. With yp = fyx/os = 1.4 the crack
width is approximately limited to 0.25 mm:

ﬁ _ kckpkffct,ef— %fﬁm,l

Act {%

(5.31)

In ordinary reinforced concrete, the following formula is used to calculate the
crack width:

wk = BSrmEsm, (5.32)
where:
wy = the design crack width [mm],
srm = the average final crack spacing [mm],
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€sm = the mean steel strain in the reinforcement allowed under the relevant
combination of loads for the effects of tension stiffening, shrinkage, etc.

B = a coefficient relating the average crack width to the design value,

= 1.7 for load induced cracking and for restrained cracking in sections
with a minimum dimension in excess of 800 mm,

= 1.3 for restrained cracking in sections with a minimum depth,
breadth or thickness (whichever is the lesser) of 300 mm or be-
low.

Values for intermediate section sizes may be interpolated.
£sm may be calculated from the relation:

: 2
= 2 [1 B (‘;—) } , (5.33)

where:

0s = the stress in the tensile reinforcement calculated on the basis of
a cracked section (N/mm?),

o= the stress in the tensile reinforcement calculated on the basis of
a cracked section under loading conditions causing first cracking
(N/mm?),
B1 = coefficient which takes account of the bond properties of the bars
= 1.0 for high bond bars, '
= 0.5 for plain bars,

B2 = a coefficient which takes account of the duration of the loading or of
repeated loading,

= 1.0 a for single, short term loading,
= 0.5 for a sustained load or for many cycles of repeated loading,.

For members subjected only to intrinsic imposed deformations, o may be
taken as equal to o;.

The average final crack spacing for members subjected principally to
flexure or tension can be calculated from the equation [19]:

- P (50
Stm = (50 + 0.25k;1 ko 5 ) (L /¢) [mm], (5.34)

where:
50/(L/®) < 1,
&y, = the bar size in mm. Where a mixture of bar sizes is used in a section,
an average bar size may be used,
k1 = a coeflicient which takes account of the bond properties of the bars,
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k1 = 0.8 for high bond bars and 1.6 for plain bars. In the case of imposed
deformations, k; should be replaced by k; - k, with k being defined in
5.4.3,

ko = a coefficient which takes account of the form of the strain distribution.

= 0.5 for bending and 1.0 for pure tension,

pr= the effective reinforcement ratio, As/Aceff Where A is the area of re-
inforcement contained within the effective tension area Aces. The ef-
fective tension area is generally the area of concrete surrounding the
tension reinforcement of depth equal to 2.5 times the distance from the
tension face of the section to the centroid of reinforcement [12],

L = length of steel fibre [mm],

® = diameter of steel fibre [mm].

For steel fibre reinforced concrete, o and o, in (5.33) are calculated ta-
king into account the postcracking tensile strength of the steel fibre reinforced
concrete, i.e. 0.45 frm,1, in the cracked part of the section.

5.5. Detailing provisions

The rules applicable to normal reinforcement (bar, mesh) and prestressing
tendons can be found in ENV 1992-1-1 [12]. Only requirements applicable to
“steel fibre reinforced concrete” will be discussed below.

5.5.1. Shear reinforcement in beams. A minimum shear reinforcement
is not necessary for members with steel fibres. But it must be guaranteed
that the fibres have a significant influence on the shear resistance. Fibre type
and fibre dosage must be sufficient so that a characteristic residual flexural
tensile strength fri 4 of 1N /mm? is achieved.

6. Comments from the BRITE EURAM project: o-c-design
method [19]

6.1. Limitation with regard to the size factor sy

The size factor presented in Fig. 14 is only valid when the stress-strain
diagram as shown in Fig. 14 is used. It should be noted for the design pro-
cesses that the size factor depends on whether multiple or single cracks occur.
The larger the crack width in ultimate limit state becomes, the stronger the
size effect will be. Furthermore, it should be considered that the size factor is
influenced by the fibre length. In the test program presented in [9] only one
fibre length (60 mm) was investigated. Theoretical investigations show that
for shorter fibres a stronger size effect takes place.
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6.2. Serviceability limit state of cracking

The corrosion resistance of cracked concrete (350kg/m® of cement;
W/C = 0.45) was examined in subtask 5.1 of the Brite Euram project. In
all exposure classes, except wetting in 5% NaCl drying in COs2, no corrosion
could be found inside the concrete nor in the cracks up to 0.5 mm during the
whole exposure period of 18 months. In some samples wetted in NaCl and
dried in COg2, only superficial brown rust on some fibres bridging the cracks
could be found. There was no decrease in fibre diameter.

Out of this research, it may be expected that in the absence of chlorides
no corrosion can be expected up to crack widths of 0.5 mm; in the presence
of chlorides it is recommended to limit the crack width to 0.2 mm.

The accuracy of the recommended calculation procedure for crack widths
in RILEM TC162-TDF has been verified by means of experimental results.
The comparison between calculated values and test results shows that es-
pecially for larger fibre contents, the agreement is relatively well (see also
Section 7).

7. Calculation of crack widths with the o-s-design method [1]

It is known that the calculation of crack widths is not an easy job. A lot of
complicated parameters, like the postcracking strength and the bond stress-
slip relation strongly influence the results. These parameters are not only
difficult to determine accurately, but they are also not taken into account or
simplified too much by the existing cracking models.

The RILEM TC162-TDF method is a rather easy method that is very
close to the approach in Eurocode 2 [12]. However, the method is an empi-
rical method. In search for a more fundamental calculation method, a new
physical model has been developed to describe the cracking behaviour of
a beam in bending. The model is quite complicated and requires the right
input parameters. However, it is not the objective to use this model for daily
calculations, but it can help to better understand the mechanism of crack
formation.

7.1. Development of a new physical model to simulate the forma-
tion and growth of cracks

7.1.1. Calculation of crack spacing. When a beam is loaded with a
bending moment or axial tensile force, the tensile force is carried partially by
the reinforcement bars and partially by the concrete. If the load is increased
and the concrete tensile stress reaches the tensile strength, cracks are formed
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in the weakest sections. For plain concrete, all of the tensile force is taken
by the reinforcement bar at the place of the crack. For SFRC the fibres also
carry a part of the tensile force, but this part is still smaller than the part
carried by the concrete before cracking. Else the material would be strain
hardening. The difference in tensile force carried by the reinforcement bars
before cracking and after cracking is gradually transferred to the concrete by
bond stresses. The anchorage length is defined here as the distance needed to
transfer this difference in tensile force. In other words, the anchorage length
is the distance between a crack and the nearest section where the strain in
the reinforcement bar is equal to the strain in the surrounding concrete. Over
this distance the tensile stress in the concrete is reduced. Therefore, at the
moment of cracking it is impossible that two cracks are formed with a crack
spacing smaller than 2 times the anchorage length. It is assumed that all the
first-order cracks are formed when the bending moment reaches a value of 1.2
times the cracking moment. When the load is further increased second order
cracks are formed in between the first order cracks. After the completion
of the second-order cracking pattern, the minimum distance between two
cracks is equal to the anchorage length. The maximum distance is equal to 2
times the anchorage length. From this it is concluded that the average crack
spacing is equal to 1.5 times the anchorage length.

In Fig.21, a fragment of a beam is shown. The beam is loaded with
a constant bending moment M., equal to the cracking moment if the ten-
sile strength would be 1.2f.. The tensile strength f. is the flexural tensile
strength, corrected for the depth of the beam and determined according to
Fig. 14. Section 2 is a cracked section, while section 1 is a section that is just
about to crack. The general calculation procedure consists of two steps. In
a first step the anchorage length L in Fig. 21 is determined, assuming that
the tensile stress in section 1 is equal to 1.2 times the tensile strength f..
and furthermore assuming that the cracking stress in section 1 is equal to
0.8 times the tensile strength f. These last assumptions are made to take
into account the scatter observed in the experimental determination of the
tensile strength.

It is furthermore assumed that the influence of the fibres in section 2
can be simulated with a drop-constant stress-strain relation. The stress oy is
calculated as 0.39 - fg,1 (see paragraph 5.7 in [1] and Fig.21). Section 1 is
an uncracked section where the strain in the reinforcement bars is equal to
the strain in the surrounding concrete. The position of the neutral axis can
be calculated exactly in sections 1 and 2 by means of a static equilibrium of
axial forces and bending moments. For sections that lie in between section
1 and 2 it is assumed that the position of the neutral axis is constant over
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FIGURE 21. Beam part between a cracked section and a section that has just
reached the point of cracking.

a small interval and can be calculated as follows:

22— 2

[

Zxy =21+

Oy, (7.1)

where:

zx = the position of the neutral axis at place z [mm]|;

21 and 29 are the positions of the neutral axis in section 1 and 2, respectively
[mm];

02 = the slip between reinforcement and surrounding concrete in section 2
[mm];

dx = the slip between reinforcement and surrounding concrete in place z
[mm].

Equation (7.1) is an assumption, based on the observation that the posi-

tion of the neutral axis varies in the same way over the length L as the slip

d. To start the calculations a value of §; must be assumed and afterwards, if
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this slip was not correct, an iteration step can be performed. Convergence is
very fast.

In step one the unknown parameters are:

e the length L [mm];

e the steel strain in section 1: g4;

e the steel strain in section 2: eg3;

e the compressive strain in section 1: €.1;

e the compressive strain in section 2: €¢2;

e the position of the neutral axis: y and z [mm];
e the slip § as function of z [mm).

For the calculation of the length L and slip 4, a differential equation
must be solved. All other unknown parameters can be solved by simple static
equilibrium of forces and moments. According to the hypothesis of Bernoulli
the following relations can be written:

d—2z; d— 2z
€s1 = €11 ) €52 = €2 ' (7-2)
n Y2
2 z
Ecl = €1 —, €2 = Er2—- (7.3)
n Y2

The hypothesis of Bernoulli is only valid in sections 1 and 2. In all other
sections, the strain in the reinforcement bar is different from the strain in
the surrounding concrete. In reality this is also the case in section 2, where the
real tensile strain in the concrete is equal to the postcracking tensile strength
divided by Young's modulus. However, by adding to this real tensile strain
the contribution of the crack width (w/Lch) (Leh = characteristic length),
a virtual strain is obtained in section 2. This virtual stress-strain relation
in section 2 makes that it is reasonable to assume that the strain in the
reinforcement is equal to the strain in the surrounding concrete in section 2.
Requiring static equilibrium of normal forces for section 1 results in:

d—z1

%bzlgcscl = %bylEcstl + AgEgeq1 — AsEcen (74)

n
with:

E.: Young’s modulus of concrete (N/mm?),

Es: Young’s modulus of steel (N/mm?),

Ag: steel section (mm?),

d: effective depth of the beam [mm)],

b: width of the beam [mm)].
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Requiring static equilibrium of normal forces in section 2 results in:

1 0.8¢, 0.8¢
Ebz2EcEc2 = by20 8fct & + by ( Et;t) + AsEgseqo — Asoy. (7’5)

Requiring static equilibrium of moments for section 1 results in:

1 1 d—2z)°

Requiring static equilibrium of moments for section 2 results in:

1, 1, , 0.8c¢ |2 i 0.8¢; 0.8ec; l)
3b22Ec£c2+ 3by20.8fct( e ) + (bygorr 1 = s + 5

From equations (7.4) to (7.7) the strain distributions in sections 1 and 2 can
be calculated. This results in the complete knowledge of stresses and strains
in sections 1 and 2. The only remaining unknown parameters are the length
L and the slip ¢ as a function of z. If a static equilibrium of normal forces
and moments is written for an arbitrary section at place z, the following
equations are found:

%szcec = %byEcet + A, (Esss Bl . Z) (7.8)

1 d— 1
EbzzEcac + A, (Esas — E.e, z) (d-z)+ EbyzEcst =M. (7.9

Extracting €. from equation (7.8) gives:

d-=z
EC — ;Et + b EC (ESES Ecet 'y ) . (7-10)
Substituting equation (7.10) into equation (7.9) gives:

2A d—2z
et

d—
+ As (Eses — Ece

"‘) (d-z)+ %byzEcst =M. (7.11)

From equation (7.11), &; can be written as a function of &:

M — AEse, (d— )

SyhE. — AE S22 (d—3)

gy =

(7.12)
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This leaves only the strain €5 to be determined. Since the steel rebars are
slipping relative to the surrounding concrete, the steel strain is composed of
two parts. The first part is the strain of the surrounding concrete, while the
second part is the strain due to the slipping of the rebars:

d— dé
Es = &t " = -+ % (713)
Equation (7.12) is substituted in equation (7.13):
dé(z) M — AsEges (d— %) d-2z (7.14)

do _ss*%bthc—AEd‘(d 5y

If the derivative of equation (7.14) is calculated, then equation (7.15) is found.
It is assumed here that the moment M is independent on the position z along
the longitudinal axis, i.e. the bending moment is constant in this zone of the
beam. Furthermore the position of the neutral axis (z and y) is assumed to
be constant over a small interval. In each small interval the value of z and y
can be calculated by means of equation (7.1):

d25(27) _ d& 1 AsE; (d - %) (d - z}
d? ~ de | lby?hE. - AEc(d-z2) (d- %)

(7.15)

To solve this differential equation a relation must be found between the slip ¢
and the strain &5, both functions of z. The horizontal equilibrium of the steel
reinforcement between the place z and the place z + dz results in (Fig. 21):

fisEses +7(z) m-op-dz = AsEs (e + d,esl. (7.16)

"

@=TEER

Substituting expression (7.16) in equation (7.15) results in:

Pé(z) _
Tdz? ()

8

- orgb[ AEg(d—%) (d—z)

lby2hE"-‘ — AsEc(d - 2) (d - %):l ’ (7.17)

A

Now only a relation has to be assumed describing 7 as a function of d(x).
This chosen 7-é-relation is equation (7.18).

5 P (1 - ue_’\‘s) . (7.18)



174 L. VANDEWALLE

The determination of Tax is explained in [20-22]. The parameters p and
A can be determined as explained in paragraph 7.2.4 of [1]. Substituting
equation (7.18) in equation (7.17) gives:

d%s(x —No(z
% = A Tmax (1 — pe >) ; (7.19)

The solution of equation (7.19) is analogue as the procedure explained by
Vandewalle [12] for tension bars in plain concrete. A few new parameters are
introduced:

Ad0(z)=0(z) VTmax A Az=a p=d£=(p'. (7.20)
i rpeem? doe

Equation (7.19) can now be written as:

. A0 W
¥ Tda " dpda dp’ ¥ dp

~

(7.21)

¢'dp = (1 — pe™?) dp.

If this last expression is integrated, equation (7.22) is obtained:

gr=2 f (1-pe®)dp (7.22)
4
o' =2[p+p-e ¥ +Ci.

For the determination of the integration constant C; the following boundary
conditions have been taken into account:

0=0=¢=0,

0 /=0 (7.23)

For:::=0—>{

This results in:
Cy = —-2pu. (7.24)
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Equation (7.22) can now be used to determine the course of the slip § as
function of z:

, d
ofes ﬁ —\2ptpe?) -2 (7.25)
Y

a ®
e
" s V2(p+pe?) -
Integrating expression (7.25) leads to:

a+Co=azx+Cy = (7.26)

| 7
V2(p+pe?)—2u

F

The integration constant Cj in equation (7.26) is determined with the fol-
lowing boundary condition:

z=0-— {G - 0, (727)

Equation (7.26) cannot be solved analytically. If z and 4 are equal to 0, the
function F is infinite. Therefore, a numerical procedure has been worked out

in which the exponential function contained in the function F is replaced by
[20):

e =1 - 0.9664¢ + 0.3536,°. (7.28)

Equation (7.26) can now be written as:

a+Cy=ax+Cy = g (7.29)
/29 — 1.9328p + 0707207
F
Assume that:

t=14+cp 2 2 2

t° — 1 =2cp + cp*,
_0.7072 } =" cd‘p a (7.30)

= 1-0.9664 = o
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Ficure 22. Calculation scheme for the determination of the anchorage length.

Then it follows that:

at+Cr=az+Cr= (7.31)

1 dt
V(1 — 0.96641) / VEZ -1

Y
a+Cy = |t+\/—|

Ve(l-0. 9664,u

\

If z and 6 are 0, then « is also 0 and ¢ is equal to 1. Hence it follows from
equation (7.31) that Cj is equal to 0. The function (7.31) is only used for
values of ¢ that are in the very close neighbourhood of 0. If ¢ becomes larger
than 0.01, the function F is further used to make a numerical integration.
Practically, the length L can now be determined with a simple excel sheet
(Fig. 22).

For a series of & values the corresponding value of z is calculated with
equation (7.31) or by means of numerical integration of equation (7.26). With
each value of 4, also a value of 7 can be associated. Once 7 is known as
a function of x, the total shear force AF; can be numerically calculated. The
anchorage length is found as the value of z for which the total shear force is
equal to the difference in steel force between section 1 and section 2:

* L
AF; = AsEs(esg —€51) =T - 0¢ - /‘r(.’c)dz. (7.32)
0

Following the above explained approach the length L can be determined. The
average final crack spacing is now assumed equal to 1.5L.

7.1.2. Calculation of the crack width. In the second step of the cal-
culation, the crack widths are calculated for a series of bending moments.
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FiGURE 23. Beam fragment between a cracked section and a section that is
situated in the middle of two cracks.

Therefore, the length of the model is now fixed at half the average final crack
spacing or 0.75L. In section 2, the boundary conditions remain the same, but
in section 1, the strain distribution is now different. Since the length of the
model is no longer L, the stress in the bottom fibre of section 1 is now lower
than the tensile strength.

Also in section 1 the strain in the reinforcement is no longer equal to
the strain in the surrounding concrete. The neutral axis in section 1 will be
higher than in the first step of the calculation. Furthermore, due to the close
presence of the crack, the assumption of Bernoulli (plane sections remain
plane) is no longer valid in section 1. This results in 4 unknown parameters
for section 1: the steel strain &5, the tensile strain in the concrete &¢;, the
compressive strain in the concrete ., and the position of the neutral axis
z1. To be able to solve the problem, one of the unknown parameters must be
chosen. In this case it is assumed that the neutral axis is at the same position
as in section 2. Later on the calculations will show that the position of the
neutral axis in section 1 has virtually no influence on the calculation of the
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crack width. This leaves only the 3 strains in section 1 to be determined.
By means of a static equilibrium of axial forces and bending moments, the
strains .1 and &¢; can be written as a function of €5; (see equations (7.10)
and (7.12)). eq is found by iteration. First a value of €5, is assumed. With
this value, equation (7.22) is solved. Due to the fact that the strain in the
reinforcement is no longer equal to the strain in the surrounding concrete,
the boundary conditions in section 1 are now changed:

d=0=¢p=0,
Forz =0 — P 4 . "y (7.33)
&=t —euSr oy =8 —2ey AL,

This results in a new integration constant:

2
Ci= [)‘531 _ M (d_ zl)] - 2. (7.34)

a a Y

From equation (7.22) and (7.34) the following relation can be derived:

2
[E Aeg (d Aest  Aenr ((;r z)] oy (735)

Rtk

If the relation found in equation (7.12) is filled into equation (7.35), an ex-
pression is found for the strain ¢4 as function of z:

f2lo+ neel + 20 _c_l] Doy [y _ A, (452)(d - 3)]

- [ a6 50 () (0 9)

-2z

) M
+y[ﬂv§£—AsEc (%ﬁ)(d—g)] +(d—2) AsEs (d—§)

(7.36)

For the chosen value of £5; the value of &5 is calculated by means of equation
(7.36) for x equal to 0.75L. This is done in the following way: Using equation
(7.36) a new column can be added to in Fig.22 in which the strain &5 is
calculated. In the table the value of &5 can be found that corresponds to
= 0.75L. This strain €5 must be equal to the strain &5 that was determined
from equations (7.5) and (7.7). The procedure is repeated, each time for a new
€s1, until the demand is satisfied. Once this has been done the average crack
width is found as twice the value of the slip ¢ at a distance z = 0.75L.



TEST AND DESIGN METHOD FOR STEEL REINFORCED CONCRETE... 179

7.2. Experimental program

At the Department of Civil Engineering of the Catholic University of
Leuven(Belgium) a test program was executed that involved 4-point bending
tests on 19 full-scale beams. All beams had a depth of 300 mm and a width of
200 mm. The span was always equal to 2300 mm. The investigated parameters
for the 19 beams were the reinforcement ratio, the fibre dosage and the fibre
type. The concrete cover on the longitudinal reinforcement is equal to 30 mm.
Details for all beams can be found in Table 5.

TABLE 5. Test parameters.

Beam | Fibre dosage | Fibre type Span (*) | Reinforcement
kg/m?3 mm # ¢ [mm|
1 0 - 1000 3 920
2 20 RC 65/60 BN (**) | 1000 3 $20
3 60 RC 65/60 BN 1000 3 $20
4 0 - 1000 3 ¢16
5 20 RC 65/60 BN 1000 3 ¢16
6 60 RC 65/60 BN 1000 3 ¢16
7 0 - 1000 3 ¢16
8 20 RL 45/50 BN 1000 3 ¢16
9 60 RL 45/50 BN 1000 3 ¢16
10 0 - 1000 3 ¢20
11 20 RL 45/50 BN 1000 3 920
12 60 RL 45/50 BN 1000 3 ¢20
13 40 RC 65/60 BN 1000 3 $16
14 40 RC 80/35 BN 1000 3 ¢16
15 60 RC 80/35 BN 1000 3 ¢16
16 40 RC 65/60 BN 1000 3 ¢20
17 0 - 1500 3 ¢20
18 20 RC 65/60 BN 1500 3 ¢20
19 60 RC 65/60 BN 1500 3 ¢20

(*): Span means here the zone between the loading points (= zone of constant moment
in which the crack widths are measured)

(**): R: hooked end fibre - C: fibres are glued in bundles, L: fibres are not glued - 65:
aspect ratio of fibre (=length/diameter = L/¢ ) - 60: length of fibre (= L in mm)
- B: no coating - N: low carbon, i.e. minimum yield strength of 1100 MPa.

A picture of the test set-up is shown in Fig.24. All beams were tested
under load control. The size of the load steps was so that the beam failed
after 10 to 15 load steps. After each load step, the deflection was measured
as well as the crack widths on both sides of the beam. The crack widths
were measured at + 1cm above the bottom of the beam, only in the zone
of constant moment (between the loading points). The measurement of the
crack widths was done with a small, calibrated microscope. The smallest scale
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FIGURE 24. Test set-up for all beams.

division in the microscope corresponds to 0.02 mm. Furthermore, due to the
freaky shapes of the cracks it was sometimes difficult to decide how large
the crack width was. Finally, it must be said that a crack width can only
be measured after the crack has been detected. The smallest crack widths
that could be detected had already a crack width of 0.02 to 0.03 mm. This
implies that the cracks that have a crack width smaller than 0.02 to 0.03 mm
are not detected and not taken into account in the calculation of the average
crack width. The result is that the average experimentally observed crack
width is a little overestimated. The effect of this becomes more important for
beams with a high reinforcement ratio and a high fibre dosage, since for these
beams the number of very small cracks that remain undetected is higher. For
all these reasons, the author thinks that, although the measurements were
taken with great care, there is a high degree of uncertainty regarding the test
results.

Together with each beam 10 cubes were cast to measure the mean cube
compressive strength fem cube as well as 8 RILEM 3-point bending speci-
mens to measure the postcracking behaviour. The mean cylinder compres-
sive strength fom is taken equal to 0.8 - fem cube- The Young’s modulus of
steel is taken equal to 200000 MPa, while the Young’s modulus of concrete is
calculated with the formula provided in Eurocode 2 [12]:

E. = 9500 /Fem. (7.37)

The tensile strength fe a 300 is calculated from the flexural strength by ap-
plying the size factor proposed by RILEM TC162-TDF [5]:

1600 — d
fet.8,300 = fer, - a5 (7.38)

The material properties for all beams are shown in Table 6.

http://rcin.org.pl
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TaBLE 6. Material properties for all beams.

Beam | fem fevaao0 | fra fra
N/mm* | N/mm* | N/mm? | N/mm?

1 40.2 3.6 0 0
2 40.0 3.5 1.6 1.1
3 38.7 3.9 4.2 3.5
4 40.2 3.6 0 0
5 40.0 3.5 1.6 1.1
6 38.7 3.9 4.2 35
7 29.8 34 0 0
8 26.8 3.2 1.1 0.8
9 27.5 2.8 2.7 2.1
10 20.8 34 0 0
11 26.8 3.2 1.1 0.8
12 275 2.8 2.7 2.1
13 48.0 4.7 4.1 3.7
14 46.0 4.5 4.9 29
15 50.6 5.0 6.1 3.8
16 47.4 44 4.0 3.5
17 40.0 3.5 0 0
18 41.2 4.2 2.3 1.5
19 40.3 4.6 5.9 4.7

7.3. Comparison of experimental and theoretical crack widths

The experimental results as well as the theoretical results calculated with
the new RILEM method and with the newly developed physical model are
shown in Figs. 25-43.
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FiGURE 25. Experimental and theoretical crack widths for beam 1.
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FIGURE 26. Experimental and theoretical crack widths for beam 2.
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Fi1GURE 27. Experimental and theoretical crack widths for beam 3.
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Ficure 28. Experimental and theoretical crack widths for beam 4.
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Ficure 29. Experimental and theoretical crack widths for beam 5.
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Fi1GURE 30. Experimental and theoretical crack widths for beam 6.
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FiGuRre 31. Experimental and theoretical crack widths for beam 7.
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FicuRrE 32. Experimental and theoretical crack widths for beam 8.
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FiGURE 33. Experimental and theoretical crack widths for beam 9.
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FIGURE 34. Experimental and theoretical crack widths for beam 10.
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Ficure 35. Experimental and theoretical crack widths for beam 11.

60 kg/m® RL 45/50 BN, 3 420
03T

0.25 1

Crack width (mm)

Bending moment (kNm)

= Experimental crack widths ——RILEM TC162-TDF
= = *Alternalive calculation method

FIGURE 36. Experimental and theoretical crack widths for beam 12.
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FiGURE 37. Experimental and theoretical crack widths for beam 13.
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FiGuRrE 38. Experimental and theoretical crack widths for beam 14.
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Fi1GurE 39. Experimental and theoretical crack widths for beam 15.
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FIGURE 40. Experimental and theoretical crack width for beam 16.
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FIGURE 41. Experimental and theoretical crack width for beam 17.
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FI1GURE 42. Experimental and theoretical crack width for beam 18.

Crack width (mm)

60 kg/m® RC 65/60 BN, 3 $20

Bending moment (kNm)

» Experimental crack widths =——RILEM TC162-TDF
= = ‘Alternative calculation method

FIGURE 43. Experimental and theoretical crack widths for beam 19.
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7.4. Conclusions

A large test program has been executed on 19 full-scale beams. The in-
vestigated parameters are the reinforcement ratio, the fibre dosage, the fibre
type and the concrete strength. It can be concluded from the test results
that steel fibres have a strong beneficial effect on crack widths. For the same
amount of longitudinal reinforcement, the addition of 60 kg/m3 of steel fibres
results clearly in a reduction of the crack widths. The benefit of the steel fi-
bres is more obvious for the beams with 3¢16 than for the beams with 3¢20.
This is logical since the portion of the fibres in the total tensile force of the
beam is higher in this case.

Two calculation methods have been investigated. The first calculation
method is a semi-empirical method which is based on the calculation method
of Eurocode 2. The first method is also the new proposal of the RILEM
committee TC162-TDF. The second method is quite complicated and based
on a physical model. The physical model takes into account the bond between
the reinforcement bars and the surrounding concrete as well as the influence
of the postcracking tensile strength on the steel strain in a cracked section.

In comparing the calculated crack widths with the experimentally deter-
mined crack widths it becomes clear that, taking into account different as-
sumptions as well as the uncertainty on the experimental results, the newly
proposed alternative calculation method provides good predictions for all
beams. Also the semi-empirical model provides accurate predictions of the
crack widths. Since the semi-empirical method is much easier to use and
the calculated crack widths are good predictions of the experimental crack
widths, this method is by far the most suitable to be used as a standard
method for crack width calculation. The newly proposed alternative calcula-
tion method on the other hand is rather complicated to use, but in return,
it offers a very good insight in the mechanisms that determine the formation
of cracks. With the alternative calculation method it becomes possible not
only to calculate the crack width, but also the slip at any place between
the reinforcement and the surrounding concrete as well as the course of the
steel strain along the reinforcement. The physical model provides also the
possibility to calculate more complicated structures. In case special types of
reinforcement (glass or carbon fibre) are used, this can be taken into account
by determining the correct bond stress-slip relation and using the correct
Young’s modulus.
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