Response of steel fiber reinforced high strength concrete
beams: Experiments and code predictions
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The shear-flexure response of steel fiber reinforced concrete (SFRC) beams was investigated. Thirty-six reinforced concrete
beams with and without conventional shear reinforcement (stirrups) were tested under a four-point bending configuration to
study the effectiveness of steel fibers on shear and flexural strengths, failure mechanisms, crack control, and ductility.
The major factors considered were compressive strength (normal strength and high strength concrete up to 100 MPa), shear
span-effective depth ratio (a/d 4 1.5, 2.5, 3.5), and web reinforcement (none, stirrups and/or steel fibers).

The response of RC beams was evaluated based on the results of crack patterns, load at first cracking, ultimate shear

capacity, and failure modes.

The experimental evidence showed that the addition of steel fibers improves the mechanical response, i.e., flexural
and shear strengths and the ductility of the flexural members. Finally, the most recent code-based shear resistance
predictions for SFRC beams were considered to discuss their reliability with respect to the experimental findings. The crack
pattern predictions are also reviewed based on the major factors that affect the results.
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1. Introduction

A promising solution for improving the mechanical perfor-
mance of RC beams is to employ steel fiber-reinforced concrete
[1,2]. It is well recognized that randomly distributed discontinuous
steel fibers in a concrete matrix bridge tension cracks and enhance
the overall response. In particular, experimental investigations
have established that a suitable amount of steel fibers added to the
concrete matrix significantly improves the shear and flexural
strengths and ductility of steel fiber reinforced concrete (SFRC)
flexural members [3,4]. As a consequence, fibers can potentially be
used to replace conventional shear reinforcement, as shown in
Refs. [5—13]. Despite the significant increase in concrete mix costs,
the use of steel fiber reinforced concrete could be of interest to
provide a design alternative for the shear reinforcement. Experi-
mental investigations have been conducted to study the shear
behavior of SFRC beams in the past [1,2,4—16]. In those papers, the
effect of certain factors, such as shear span-effective depth ratio,
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fiber volume content, concrete strength, and longitudinal rein-
forcement ratio on the shear strength of SFRC members have been
discussed. Although several experimental studies have been con-
ducted to date to evaluate the shear capacity of SFRC beams, few
studies are available on the shear strength of high strength SFRC
members [ 14—16]. Hence, further experiments are needed to assess
the response of high strength SFRC beams, especially with refer-
ence to more recent code provisions. Indeed, the influence of steel
fibers in enhancing the shear strength of reinforced concrete (RC)
members has been recognized in the fib Model Code for Concrete
Structures 2010 (MC2010) and ACI 318 [17,18]. In the MC2010 [17],
fiber reinforced concrete is considered as a material for structural
members. The shear resistance of FRC members without shear
reinforcement is defined as an extension of the shear strength
suggested by Eurocode 2 [19]; an additional term that included the
toughness properties of FRC is introduced by modifying the longi-
tudinal reinforcement ratio. The ACI 318-11 Code allows a partial
replacement of the minimum shear reinforcement with a fiber
amount greater than 0.75% of the volume in the concrete compo-
sition (crimped or hooked fibers) for a concrete strength lower than
40 MPa and beam depth lower than 60 cm.

The prediction models to calculate the shear resistance (all of
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them empirical) are unavoidably affected by the complexity of the
problem. As stated above, the shear resistance is a function of
several parameters such as shear span to effective depth ratio,
longitudinal reinforcement ratio, fiber volume, fiber aspect ratio,
and concrete tensile and compressive strengths.

As observed in Ref. [7], a first group of prediction models con-
siders concrete and fibers with a separate contribution to shear
resistance, whereas a second group suggests improved concrete
shear resistance directly. A more coherent method, with a strain-
based approach, has been suggested by Choi et al. [20].

This paper takes an experimental approach to study the shear-
flexure response of steel fiber reinforced concrete beams. Thirty-
six reinforced concrete beams, with and without conventional
shear reinforcement (stirrups), were tested under a four-point
bending configuration to investigate the effectiveness of steel fi-
bers on shear and flexural strengths, failure mechanisms, crack
control, and ductility.

Both normal vibrated concrete and high strength concrete
beams (up to 100 MPa) were considered. Three different groups
categorized by their shear span-effective depth ratio (a/d = 1.5, 2.5,
3.5) were tested. The response of reinforced concrete (RC) beams
was assessed based on the results of crack patterns, load at first
cracking, ultimate shear capacity, and failure modes. The experi-
mental evidence confirmed that the addition of steel fibers
improved the mechanical response, both in terms of flexural and
shear strengths and the ductility of the flexural members. The most
recent code-based shear resistance formulas for RC beams are
considered; additionally, the crack pattern predictions are
reviewed based on the major factors that affect the results.

2. Experimental research

The experimental program considered three types of concrete
designed for a compressive strength fe, at 28 days, of approxi-
mately 40, 75 and 90 MPa. The mix-design and the main me-
chanical properties at the time of the test are reported in Table 1.

The compressive strength was evaluated on the 150 mm stan-
dard cube (at least three), the tensile strength on plain concrete was
evaluated by splitting tests (diameter 100 mm length 200 mm), and
the bending strength was evaluated on prisms (side
150 x 150 x 600 mm) on a three-point test configuration according
to EN 14651 [21]. For fiber reinforced concretes, the associated
stress at a Crack Mouth Opening Displacement (CMOD) of 0.5 mm
(fr1) and of 2.5 mm (fg3) are also reported (Fig. 1).

The high strength concretes were made with the addition of
different mineral admixtures: fly ash was added to the concrete

Stress (MPa)

e e el

CMOD (mm)

Fig. 1. Bending test on concrete T75F: CMOD vs stress.

with the characteristic strength of 75 MPa, while microsilica was
added to the mix with the strength of 90 MPa. For each type of
concrete, two mixes were considered, plain and with steel hooked
fibers of low (40) and high tenor (75 and 90) carbon content, and
length of 30 mm. The first type of fibers had an aspect ratio equal to
48 and a tensile strength of 1250 MPa, while the second type had an
aspect ratio equal to 79 and a tensile strength of 2300 MPa. The
powder addition (microsilica and fly ash) led to a different
compressive strength at the time of the test with respect to the
designed one.
Beams of three different span/depth ratios were cast (Fig. 2):

- S:15 x 30 x 240 cm? tested with shear span a/d = 1.5;
- M: 15 x 30 x 290 cm? tested with shear span a/d = 2.5;
- L:15 x 30 x 340 cm? tested with shear span a/d = 3.5.

For each size and mix, beams with and without stirrups
(diameter ¢ 6/15 cm) were examined, a total of 36 beams. All
specimens had the same longitudinal reinforcement B450C (2 ¢
16), while in the beams with shear reinforcement, 2 ¢ 8 were used
as compression steel. The average yielding strength of the longi-
tudinal reinforcement was 522 MPa and that of transversal rein-
forcement was 533 MPa. The effective depth of the cross section, d,
was 26 cm.

Each beam was given a proper code in order to identify all the
features: T-fek cube (compressive strength)- size (S, M or L) -shear
reinforcement (N = none, S = stirrups)- fibers (N = none,
F = fibers).

Table 1
Mix-design and mechanical characteristics.
T40 T40F T75 T75F T90 T9OF

Cement CEM II-AL 42,5 R (kg/m?) 300 300 /l /l I/ /|
Cement CEM I 52,5 R (kg/m3) i /] 380 380 405 405
Fly ash (kg/m?) 80 80 60 60 /l /l
Microsilica in slurry al 50% (kg/m?) Il /! /! Il 90 920
Sand + aggregates (kg/m>) 1870 1870 1905 1905 1920 1920
Naphthalene sulfonate superplasticizer (1/m?) 45 6 /! Il /! /!
Acrylic superplasticizer (I/m>) Il /! 5,5 7 10 12
Water (1/m3) 175 175 150 150 80 80
Steel fiber low tenor C (kg/m?) Il 50 /! /! /! /!
Steel fiber high tenor C (kg/m?) /! /! /! 50 /! 70
fem (MPa) 64.5 62.5 86.7 104.8 94.9 91.8
Standard Deviation (MPa) 4.7 4.4 9.8 0.6 7.7 73
feem (MPa) 46 5.1 5.3
ferm (MPa) 6.85 11.70 8.03 12.30 741 12.04
fr1 (MPa) 10.40 11.70 11.26
frs (MPa) 5.50 6.76 6.7
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Fig. 2. Test configuration (measure in cm).

The tests on medium and long beams were carried out with an
MTS hydraulic jack with a load capability of 250 kN, while for the
short specimens, another MTS hydraulic jack of 1000 kN was used.
The tests were displacement controlled, and the beams were
monitored by means of 10 inductive transducers (LVDT+ 5 mm) set
as shown in Fig. 2. A potentiometer, 25 cm gage length, was placed
on the middle section to measure the vertical displacement.

3. Experimental results

Different behavior and failure modes were observed depending

on the shear reinforcement, fibers and shear span-to-depth ratio.
Fig. 3 shows typical crack patterns for each type of reinforcement.

In all cases during the test, cracks appeared between the load
points (constant bending moment). By increasing the load, other
cracks appeared in the regions with shear and flexure, leading to
beam failure.

In particular, beams without fibers and without stirrups (NN)
exhibited a brittle diagonal shear failure as shown in Fig. 3, for
shear span-to-depth ratios of 2.5 and 3.5. Short beams presented
the same type of shear failure, but the overall response showed
ductility (Fig. 5).
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Fig. 3. Typical crack patterns.

Beams with stirrups as shear reinforcement (SN) were charac-
terized by a more ductile behavior (Fig. 5). Concrete crushing in the
compressive zone (Fig. 3) and a large number of cracks with
branching led to failure with the detachment of a large material
volume.

Beams with fibers, both with (SF) and without stirrups (NF),
failed in a ductile manner by flexure (Fig. 5).

Also in these cases, a large number of cracks were observed,
with the main crack leading to beam failure with the rupture of the
longitudinal rebar and crushing of the concrete in the compressive
zone of the beam (Fig. 3).

For the amount of fibers considered, it appears that shear
reinforcement did not influence the type of failure.

4. Discussion

In Table 2, the maximum moment and the type of failure are
reported. It may be observed that with the exception of beams
without fiber and without stirrups, all beams made with the same
mix and reinforcement exhibit the same type of failure and similar
maximum moment. Short beams without fibers and without shear
reinforcement collapsed by diagonal failure but with significant
ductility, whereas longer beams failed in brittle manner due to

diagonal failure (in one case, the diagonal failure was followed by
bond collapse).

Fig. 4 shows the maximum moments obtained for the different
type of beams, with fiber-reinforced concrete leading the way. In
fact, it seems that for the geometries and the fiber amount
considered, stirrups do not alter the type of failure and the
maximum moment. Obviously, without fibers, stirrups have a
fundamental influence, except in the case of short beams, where
the small shear span—to-depth ratio (1.5) led to a ductile post peak
branch due to the arch action.

The considered parameters (compressive strength, fibers, shear
reinforcement, shear span to depth ratio) also had a fundamental
influence on the moment-displacement curves as shown in the
following.

4.1. Influence of fibers and shear reinforcement

Fibers and shear reinforcement affect not only the ultimate load
but also the overall structural behavior. Fig. 5 shows the moment-
displacement curves for small, medium, and long beams with
the same compressive strength (T90), comparing different
reinforcements.

Up to cracking (bending moment between 12 and 15 kNm), the

Table 2

Maximum moment and type of failure: D (diagonal shear failure) — B (bond failure) - F (flexure) — C (compressive zone crushing).
Beam Mmax(KNm) Failure Beam Mmax(kNm) Failure Beam Mmax(kNm) Failure
Short Medium Long
T40S-NN 50,90 D T40M-NN 35,95 D+B T40L-NN 37,87 D
T40S-SN 53,29 C T40M-SN 51,47 C T40L-SN 51,25 C
T40S-NF 56,21 F T40M-NF 55,42 F T40L-NF 54,69 F
T40S-SF 54,85 F T40M-SF 54,46 F T40L-SF 53,76 F
T75S-NN 51,78 D T75M-NN 48,33 D+C T75L-NN 49,96 D
T75S-SN 53,33 C T75M-SN 54,38 C T75L-SN 53,56 C
T75S-NF 64,37 F T75M-NF 62,25 F T75L-NF 62,07 F
T75S-SF 63,90 F T75M-SF 62,88 F T75L-SF 63,82 F
T90S-NN 54,93 D T90M-NN 33,71 D T9OL-NN 43,52 D
T90S-SN 52,31 C T90M-SN 52,45 C T90L-SN 52,58 C
T90S-NF 62,77 F T90M-NF 64,75 F T9OL-NF 63,91 F
T90S-SF 62,76 F T90M-SF 62,75 F T90L-SF 62,05 F
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Fig. 4. Maximum moments.

behavior of all beams was similar, while in the inelastic range,
fibers (both with and without stirrups) enhanced strength,
ductility, and stiffness in all cases. As stated above, it appears that
in fiber reinforced beams, stirrups did not modify the overall
behavior, as shown by the similar curves (Fig. 5 - NF, SF).
Comparing beams without conventional reinforcement, with and
without fibers (NN, NF), it may be observed that fibers strongly
affect the results, not only in terms of strength, but above all in
terms of ductility. In fact, except for short beams, the failure of
unreinforced beams was due to brittleness. Short beams without
fibers exhibited a similar response both with and without stirrups
(NN, SN).

Because fiber-reinforced beams did not exhibit shear failure, it
could be interesting to check whether the sectional analysis for
SFRC proposed by MC2010 [17] is able to predict the ultimate state
limit design moment. This moment is calculated considering a
rectangular stress distribution for concrete both in tension and in
compression (Fig. 6). The proposed analysis takes into account both
the effect of fibers and of high strength concrete. The latter is
calculated considering two factors, A (which defines the height of
the compressive zone) and n (which defines the effective strength),
as follows:

A=0.8 for f, <50MPa

A =0.8— (fq — 50)/400 for 50 < fy < 100MPa

n=1 for fy <50MPa

n=1-(fq—50)/200 for 50<fy < 100 MPa

The contribution of steel fibers is established assuming a uni-
form stress distribution equal to frqy and evaluated according to
MC2010 [17] (section 5.6) on the basis of the experimental results
from bending tests (based on EN14651 [21]) (Table 1).

Table 3 reports the average experimental maximum moment
and its coefficient of variation (v) for each beam type (Type NN is
not considered as those beams exhibited shear failure), the ultimate
limit moment (Mgq) assessed considering the design value of the
materials' properties, and the ratio between the experimental and
the design bending moment. This last parameter, which could be
considered as a safety factor, varies between 1.27 and 1.41. For
beams made of concrete T75F and T90F, the safety factor is similar
to that of beams without fiber steel reinforcement, whereas con-
crete T40F shows a lower safety factor. Nevertheless, it seems that
MC2010 [17] is a suitable design code even for fiber-reinforced
concrete. This is confirmed by considering the ratio between the
experimental and the “theoretical” (M) moments evaluated ac-
cording to MC2010 [17], considering the actual materials' proper-
ties (average experimental strengths of concrete and
reinforcement) without (M) or with (Mg,«) the contribution of
steel fibers (Table 3).

Note that for concrete without steel fibers, the prediction of
MC2010 [17] is excellent, while it seems that neglecting the tensile
strength, the ultimate moment is underestimated approximately
20% for beams T75 and T90 and between 4 and 7% for beam T40,
respectively.

The fiber contribution was accounted for considering the design
tensile strength f.q, determined with the stress frs associated at the
value of the CMOD equal to 2.5 mm according to MC2010.

The resulting theoretical moment Mg+ underestimates the
experimental moment of T75 and T90 by approximately 6% and
overestimates the experimental moment of T40 by approximately
5%. Indeed, by considering a rigid plastic stress distribution (Fig. 6),
a proper value of the tensile strength should be chosen according to
the actual stress-strain curve, and assuming a single value at a
certain displacement seems too simplistic.

Nevertheless, it is worth noting that for design reasons, MC2010
[17] seems to be an excellent guideline, since the safety factor is

and similar for both plain and SFRC.
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Table 3
Average experimental moment, design moment, ratios between experimental and predicted moments.
Beam Type Average Mmax (KNm) v (%) Mgg (KNm) Mmax/Mga Mimax/Men* Muax/Mn™*
T40-SN 52.00 2.15% 37.98 1.37 1.00
T40-NF 55.44 1.37% 42.74 1.30 1.07 0.96
T40-SF 54.36 1.02% 42.95 1.27 1.04 0.94
T75-SN 53.76 1.03% 38.16 1.41 1.02
T75-NF 62.90 2.03% 45.55 1.38 1.20 1.05
T75-SF 63.53 0.89% 45.49 1.40 1.20 1.06
T90-SN 52.45 0.26% 38.28 1.37 0.99
T90-NF 63.81 1.56% 45.12 1.41 1.22 1.07
T90-SF 62.52 0.65% 45.1 1.39 1.18 1.05

4.2. Influence of the concrete compressive strength

Beams made with different concrete grades, without fibers and
with stirrups but with the same reinforcement and shear span-to-
depth ratio, showed a similar overall response (Fig. 7). In all other
cases, however, the strength and the stiffness increased with the
concrete grade. Note that the curves T75 and T90 are similar
because at the time of the test, the average compressive strengths
were comparable.

To discuss the behavior of the different types of beams and to
take into account the different concrete strengths (fcn), it is useful
to evaluate the normalized shear strength as:

Vmax

bd/fem

Fig. 8 shows the normalized shear strength as a function of the
shear span to depth ratio of beams without stirrups — with/
without fibers (a), with stirrups — with/without fibers (b), without
fibers — with/without stirrups (c), with fibers — with/without
stirrups (d).

In all cases, it seems that high strength concrete presented a
lower performance with respect to normal strength concrete.
Indeed, even if the higher strength was achieved with concrete C90,
the higher normalized shear strength was always reached with
concrete C40. This experimental evidence could be explained by
the higher bond strength between the fiber and the concrete matrix
in the higher strength concrete, leading to the fracture of some fi-
bers (instead of fiber pullout across cracks).

In addition, the limited aggregate interlock in high strength
concrete could be a parameter that affected the results. In this
concrete, the higher strength of the concrete matrix and inter-
facial transition zone lead to the fracture of the aggregates, as

(1)

Tnn

shown in Fig. 9, resulting in a limited interlock. Indeed, in all
high-performance beams, the observed fracture passed across
the aggregates.

On the other hand, it is clear that fibers have a strong effect in
beams without stirrups and improve the response in beams with
stirrups. The comparison between beams with fibers with/without
stirrups (Fig. 8d) shows that fibers are more effective than stirrups.
Clearly, this is valid for the type and amount of fibers considered.

The influence of the different concrete strength seems to be
reduced when the beam length is increased.

4.3. Influence of shear span to depth ratio

Table 2 and Fig. 4 show that in beams with a web reinforce-
ment (stirrups and/or fibers) that failed in flexure, the shear
span-to-depth ratio did not affect the response. Conversely, in
the case of beams without fibers and without stirrups, this
parameter had a strong influence on the experimental results.
Fig. 10 shows the maximum moment as a function of the shear
span-to-depth ratio. For all concrete grades, the lower moment
was obtained for the shear span-to-depth ratio of 2.5, while short
beams (a/d = 1.5) led always to a higher moment due to the arch
action. The results obtained for beams T40 and T90 agree with
the typical Kani's valley [22], while beam T75M-NN showed an
atypical behavior.

In this case, the shear failure produced a limited crushing of the
compression chord (Fig. 11a). This second type of failure emerged
after the first sudden drop (indicated with the arrow in Fig. 11b) in
the moment displacement curve. The displacement control setup of
the test helped to avoid the brittle shear collapse and the devel-
opment of another failure mechanism, which involved a concrete
crushing in the compression chord. Short beams always led to a
higher moment due to the arch action.
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4.4. Cracking behavior

The experimental evidence showed different crack onsets and
crack patterns depending on the concrete and beam type.

Table 4 reports the average experimental and theoretical
cracking moment (Mcrexp, Mcrth), crack opening (Wexp, Win), and
spacing (Sexp, Sth)-

It appears that fibers increased the experimental cracking
moment by approximately 20% only for concretes T75F and T9OF.
For other concrete mixes, the cracking moment was quite similar
(coefficient of variation of approximately 8%). Stirrups seem to
have a minor effect on the cracking moment (which was slightly
lower in beams with shear reinforcement), while they strongly
affected the crack-opening in beams without fibers. Indeed, for the
SFRC, the crack opening and the crack spacing were smaller with
respect to the counterpart without fibers. In beams without stir-
rups and fibers, however, the crack openings were larger (increase
of crack opening of approximately 27% with respect to beams with
stirrups). The main parameter that affects the crack spacing seems
to be fiber reinforcement, which leads to a reduction of approxi-
mately 28%.

The experimental cracking moment was visually detected and
confirmed by the load-displacement curve, while its theoretical
value was evaluated as:

Mcr,th = (fctm.ﬂ - osh) Wij]f (2)

where W, ; =I"/yjy is the section modulus of the homogenized
section, femm g is the flexural tensile strength, and gy, is the stress in
the concrete due to shrinkage. The flexural tensile strength and the
strain due to shrinkage were evaluated according to MC2010 [17]
on the basis of the compressive strength for both plain and fiber-
reinforced concrete.

Fig. 12 shows the ratio between the experimental cracking
moment and the theoretical one. Note that there is good agreement
between the experimental and theoretical results for fiber rein-
forced beams, while the prediction for beams without fibers and
with shear reinforcement does not appear to be accurate. The
prediction for beams without shear reinforcement (with or without
fibers) is very good, with the exception of concrete T90. In this case,
however, the experimental cracking moment was much lower
(lower than the one observed in concrete T40).

The experimental crack opening and crack spacing (Table 4)
were assessed at a load level associated with the design moment
(approximately 38 kNm for plain concrete and 45 kNm for fiber
reinforced concrete) and taking into account flexural cracks only
(in the central region of the beam under a constant bending
moment).

The design moment of fiber reinforced concrete was evaluated
according to MC2010 [17], considering the simplified stress distri-
bution (rigid-plastic) for concrete in tension.

According to code, the theoretical crack width wy, can be eval-
uated as:
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Wih = 2ls,max(fsm — €cm — €cs)s (3)
where Ig may is the length over which the slip between concrete and
steel occurs.

Thus, the maximum crack spacing results s = 2Ig max, esm and ecm
are the average strains in reinforcement and concrete and e is the
strain of the concrete due to free shrinkage.

The length Is max Was evaluated as:

1 (feem — fresm)

Thms

thsm) Ps

4
Ps,ef “)

Is max = k- C+

where k is an empirical parameter that takes into account the in-
fluence of the concrete cover (assumed equal to 1), c is the concrete
cover, and 7y, is the mean bond strength between steel and
concrete assumed to be:

A .
Tpms = 1.8 fetm, Ppeff = ﬁ? Aceff = bhc,eff with hc,eff
ce

:min(2.5(h—d); h;" ; g)
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Fig. 10. Ultimate moment as a function of the shear span-to-depth ratio, Concrete T40,75,90.
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Fig. 11. (a) Failure of beam T75M-NN and (b) load-displacement curve.

The term fem is the average value of the tensile strength of the
concrete matrix, while the term fgs, is considered only for fiber-
reinforced concrete; it is a reduced tensile strength according to
the procedure described in MC2010 [17].

In particular, frs, = 0.45fr1, where fpq is the tensile strength
associated with a CMOD of 0.5 mm experimentally evaluated by
three point bending tests according to EN14651 [21] (Table 1, Fig. 1).

The relative mean strain was evaluated as:

as — Bosr (5)

Esm — &m — €cs = E
s

where:

B = 0.6 (short term loading), o5 is the steel stress in a crack, g is
the maximum steel stress at a crack formation phase:

_ fctm _thsm
o (¥t ®

and o, is the ratio Eg/Ecp.
On the basis of the experimental values for the materials’
strength, it seems that the cracking behavior of fiber-reinforced



Table 4

Experimental and theoretical, moment at first crack (M, exp, Mer, th), crack width (Wexp, W) and crack spacing (Sexp, Sth)-

Mcr, exp (kNm) Mcr, th (l(NITl) Wexp (mm) Wth (mm) Sexp (mm) Sth (mm)
N T40 12.22 12.31 0.336 0.327 148.5 2214
T75 13.89 13.83 0.359 0.320 162.2 226.4
T90 12.04 14.31 0.380 0.317 148.6 227.6
T40F 11.91 12.01 0.265 0.149 93.1 77.7
T75F 1533 14.83 0.228 0.145 139.6 75.5
T9OF 15.10 14.13 0.208 0.163 151.7 86.4
S T40 10.51 12.21 0.298 0.327 168.4 2214
T75 12.51 13.72 0.282 0.320 148.6 226.4
T90 11.75 14.20 0.260 0.317 142.4 227.6
T40F 12.92 11.92 0.264 0.149 1125 77.7
T75F 15.462 14.72 0.244 0.145 94.8 75.5
T9OF 14.421 14.02 0.215 0.163 125.2 86.4

0.8
£

2 06

Q

5

S 04 e
0.2 —8—5
O-O T T T

T40  T75  T90  T4OF  T75F  T9OF

Fig. 12. Ratio between experimental cracking moment and theoretical one.

concrete is not well predicted by MC2010 [17]. The crack width of
plain concrete is well estimated particularly in beams without fi-
bers, as shown in Fig. 13 where the ratio between the experimental
crack width and MC2010 [17] prediction is plotted. It emerges that
the prediction of crack spacing (Table 4) is not accurate for both
plain and SFRC. Nevertheless, the crack spacing, evaluated accord-
ing to MC2010 [17], is the maximum crack spacing; thus, consid-
ering an average crack spacing (1.5 Iy max), the prediction for plain
concrete improves, as shown in Fig. 14, where the ratio between the
experimental crack spacing and the average theoretical spacing is
plotted.

Regardless, it seems that MC2010 [17] does not well predict the
cracking behavior of fiber-reinforced beams. In fact, the crack

2.0
iy o~

s TN
12 </
1.0 — /
0g | —a— g
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Fig. 13. Ratio between experimental crack width and theoretical one.

spacing, and consequently the crack width, depends on an
empirical value (k) and several mechanical parameters (Eq. (4)),
including the average tensile strength of the concrete matrix feem
and the reduced tensile strength fgp,. The latter is derived from
experimental standard tests (three point-bending tests), while the
value of the tensile strength fm, in this study was evaluated by
means of splitting tests. Nevertheless, the experimental evalua-
tion of the tensile strength is challenging, as the test methods
(direct or indirect) and the boundary conditions in direct tensile
tests (freely hinges or fixed platens) [23—26] strongly affect the
results. Eq. (4) is highly sensitive even to a slight variation of fe¢m;
indeed, as shown in Fig. 15, an increase of 10% or 20% in the tensile
strength improves the crack width and crack spacing prediction.
Similarly, by increasing the empirical value k (suggested equal to
1), better results are obtained. In conclusion, it seems that Eq. (4)
still requires some adjustment for fiber-reinforced materials, and
further research is needed to better predict the experimental
behavior.

4.5. Shear strength

Shear strength is affected by several parameters that are con-
nected even to the concrete composition. For this reason, in the last
several decades, many attempts have been made to study the shear
strength in special concretes such as high performance, fiber-
reinforced, and self-compacting concretes [1,2,5—16,27,28].

Regarding fiber-reinforced concrete, several studies and guide-
lines propose different equations [7] that consider the fiber effect
either within the concrete contribution (accounted using fiber
reinforced material properties in tension) or separate from it
(accounted with a separate fiber-factor).

3.0

T40 T75 T90 TAOF  T75F  TOOF

Fig. 14. Ratio between experimental crack spacing and theoretical average value.
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Fig. 15. Fiber reinforced beams: Ratio between experimental crack width/spacing and theoretical one.

Among them, MC2010 [17] proposes a revised formula from EC2
[19] including fiber effect for beams without shear reinforcement:

1/3
018 4, @>(1oopw(1+7.5fm)fck) )bd
ctk

Vo —
fe™ Ty d f:

3/2
< (0‘035 1+\/220> \/f:>bd
(7)

where 7, is the partial safety factor (equal to 1.5), while fg is the
characteristic value of the ultimate residual strength at the ultimate
crack opening equal to 1.5 mm, and f is the characteristic value of
tensile strength of concrete without fibers.

In fact, MC2010 [17] presents a new approach in which the
designed shear resistance of a member without shear reinforce-
ment is evaluated at different levels of approximation, also
considering the aggregate size and the longitudinal strain at the
mid-depth of the effective shear depth (ex).

In particular, for a plain concrete member without shear rein-
forcement, the shear resistance is given by:

Vide = ke L2 21 (82)
' Ye
while for fiber-reinforced concrete, Eq. (8a) becomes:

1
Viar = - (koy/ft + 0.8 ot 0)2b (8b)

The value \/f; shall not be greater than 8 MPa, while the
parameter k, is defined at different levels of approximation:

180

(8c)

04 1300

IHevel : kv = 1775006, 1000 + kggz

(8d)

The parameter that considers the maximum aggregate size dg is
defined as kg = ﬁ >0.75.

For concrete strengths higher than 70 MPa, dg shall be taken as
zero to account for the loss of aggregate interlock in the cracks due

to fracture of aggregate particles.

ky is assumed as Eq. (8¢) for p,, <0.08, /fo/fyk and as Eq. (8d) for

pw > 0.08 fck/fyk-
0 is the angle of the compressive stress field relative to the
longitudinal axis of the member and

29° 4+ 7000y < ¢ < 45°, where ey = 2E1A - (T + VEd>
S41s

A suggested value of & is 0.001, in good agreement with the data
from this experimental research.

In the case of beams with shear reinforcement, the shear
resistance is given by the concrete (Vgq.) and steel (Vggs)
components: '

30\ V3.
Vrd = Vrde + Vras < Vramax = ke —) sz sin ¥ cos ¥
' ' ' ck c

(9)

In the case of fiber reinforced concrete, Vg, . is replaced by Vgy ¢
(Eq. (8b)), while the steel contribution is defined (with or without
fibers) as:

A
VRds = %zfyd cot ¥. (10)

The variable k. considers the influence of the state of strain in
the web and will be defined depending on the level of
approximation:

Ilevel : Vig = Va5 < Vramax With 9 =30° and k.
=0.55

II level : VRd = VRd,S < VRd,max with 19min

= 20° +10000¢x and k, = 0.65;

1
<
1.2+ 5561 —
&1 = ex + (ex + 0.002)cot2v

Il level : Vgg = Vrgc+ Vras < Vramax (P = Pmin

= 20° + 10000¢y)
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In this research, shear failure was observed only in beams
without shear reinforcement and without fibers. Indeed, beams
without stirrups but with fibers exhibited the same bending failure
as their counterparts with stirrups.

For this reason, the comparison between experimental results
and shear code prediction is valuable mainly for beam NN.

A comparison (Table 5) between the experimental observed
shear capacity (Vexp) and the design resistance evaluated according
to MC2010 [17] at the first (Egs. (8a,8¢)) and at second level (Egs.
(8a, 8d)) shows that the code predictions are on the safe side and
considerably underestimate the shear strength only for short
beams (even accounting for the reduced shear*). It should be
highlighted that for beams made with concrete 75 and concrete 90,
the shear prediction is the same because of the limit imposed on
the value of /f;< 8 MPa.

By neglecting that limit and considering the experimental
concrete strength and by assuming a safety factor v, equal to 1, the
ratio between the experimental values and the theoretical ones
(Egs. (8a), (8c) and Eqgs. (8a, 8d)) is plotted in Fig. 16.

It seems that even the first level approach is able to predict the
experimental behavior, and it is safer than the second level
approach. Indeed, the latter seems to be unsafe for medium and
long T90 beams (ratio equal to 0.95 and 0.87, respectively) and for
long T40 beam (ratio equal to 0.92).

Nevertheless, some inferences can be made even for beams with
stirrups and/or fibers.

ky

Table 5
Experimental and predicted shear strength (* Shear strength reduced according to
MC2010).

Beam Vexp (KN) Vexp (kN) Vra (9 = 30°)
I level Il level
T40-S-NN 130.51 87.01* 23.05 27.90
T75-S-NN 132.77 88.51* 26.07 31.55
T90-S-NN 140.85 93.90* 26.07 31.55
T40-M-NN 55.31 23.05 27.90
T75-M-NN 7435 26.07 31.55
T90-M-NN 51.86 26.07 31.55
T40-L-NN 41.62 23.05 27.90
T75-L-NN 54.90 26.07 31.55
T90-L-NN 47.82 26.07 31.55
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Fig. 16. Beams NN: Ratio between experimental shear strength and theoretical one
evaluated at I and at II level.

The MC2010 [17] prediction for beams with stirrups without
fibers (SN) is based on the classical approach according to Eq. (10)
(first and second level approach). In this case, the ratio between
experimental and predicted values varies between 1.32 and 1.53 for
short (S) and medium (M) beams, while it lies between 0.94 and
0.98 for long beams; however, since the observed failure was due to
flexure, no interesting conclusion can be drawn.

Similar observations can be made for beams with stirrups and
fibers (SF), whatever the level approach.

Regarding fiber reinforced beams without stirrups (NF), the
shear strength can be evaluated according to Eq. (7) or Eq. (8b).
Alternately, among the several prediction methods available in
literature [7], an approach is presented that was developed for the
fibers considered in this experimental campaign. The latter two
predictions give comparable results, while Eq. (7) gives a shear
strength of approximately 1/3. Even if we do not know the ultimate
shear strength, Eq. (7) is definitely on the safe side. Nevertheless,
additional tests with high longitudinal reinforcement ratios to
avoid bending failure should be performed to confirm this result.

5. Conclusions

An experimental investigation into the behavior of high per-
formance concrete beams subjected to shear and flexure is pre-
sented. The test variables that are adopted as major factors are
concrete grade, shear span-to-depth ratio, and the incorporation of
web reinforcement (stirrups and/or steel fibers). From the study,
the following conclusions may be drawn:

The inclusion of steel fibers in high performance concrete beams
causes an important increase in shear and bending strength. For the
tested beams, steel fibers may be an alternative to shear rein-
forcement (1% of volume).

The behavior of all beams up to cracking was similar, after which
point beams with fibers (both with and without stirrups) showed
not only enhanced strength but also enhanced ductility and
stiffness.

Beams with shear reinforcement and/or fibers failed due to the
crushing of the compressive zone in a ductile manner, showing the
yielding of the longitudinal reinforcement. In beams with fibers,
one main crack was usually localized in the central part of the
beam.

The normalized shear strength of high strength concrete is
lower with respect to normal strength concrete; this drawback is
mitigated in fiber-reinforced materials.

For the considered type and amount of fibers, fibers appear to be
more effective than stirrups.

The prediction of the design moment and experimental cracking
moment based on MC2010 [17] seems to be accurate. Nevertheless,
the crack width and the crack spacing prediction are reasonable for
plain concrete but unreliable for fiber-reinforced concrete. It ap-
pears that code provisions are too sensitive to some parameters
(i.e., tensile strength), whereas a calibration of coefficients used in
numerical predictions is required.

MC2010 [17] provisions are too conservative for short beams;
nevertheless it seems that whatever the level considered, it is able
to predict the behavior of high strength SFRC beams.
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