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Effectiveness of stirrups and steel fibres as shear reinforcement
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Abstract

This paper presents the results of experimental tests carried out on rectangular simply supported beams made of hooked steel

fibre reinforced concrete with and without stirrups, subjected to two-point symmetrically placed vertical loads. The tests, carried out

with controlled displacements, allow one to record complete load–deflection curves by means of which it is possible to deduce

information on dissipative capacity and ductile behaviour up to failure. Depending on the amount of transverse reinforcement,

volume fraction of fibres added in the mix and shear span, the collapse mechanism is due to predominant shear or flexure, thus

showing the influence of the aforementioned structural parameters on the load carrying capacity and the post-peak behaviour of the

beam. In particular, the results show that the inclusion of fibres in adequate percentage can change the brittle mode of failure

characterizing shear collapse into a ductile flexural mechanism, confirming the possibility of achieving analogous performance by

using reinforcing fibres instead of increasing the amount of transverse reinforcement. The ultimate values of the shear stresses

recorded experimentally are compared with the corresponding values deduced by semiempirical expressions available in the liter-

ature and the correlation is satisfactory.

� 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

In seismic resistant reinforced concrete framed

structures designed in agreement with the criterion of

‘‘capacity design’’, when severe actions occur a very

dissipative collapse mechanism is required. Conse-

quently, in order to allow attainment of the complete

flexural bearing capacity in the critical regions, it is
necessary to avoid the premature shear collapse that

occurs when high values of shear stress are achieved and

the shear reinforcement is not adequate. This is because

shear collapse implies a sudden brittle failure that is very

dangerous. For this reason, several codes [1–3] require a

high percentage of transverse reinforcement in the crit-

ical regions. Many studies have been addressed to de-

termine a suitable resisting mechanism and consequently
to propose a theoretical model aimed at evaluating the

mean value of the ultimate shear stress. These studies

start from models based on flexure–shear interaction in

beams without shear transverse reinforcement [4–6];
*Corresponding author. Tel.: +39-091-6568436; fax: +39-091-

6568407.

E-mail address: lamendol@stru.diseg.unipa.it (L. La Mendola).

0958-9465/$ - see front matter � 2003 Elsevier Ltd. All rights reserved.

doi:10.1016/j.cemconcomp.2003.07.001
some of them propose a model taking into account the

presence of the stirrups and the way in which they can

interact with the beam and arch contributions [7].

Many reports published over the past 25 years have

considered the possibility of utilizing fibre reinforced

concrete by assigning the function of shear reinforcement

to the fibres [8–24]; the achievable advantages are em-

phasized by ACI Committee 544 [25] and by RILEM TC
162-TDF [26]. Experimental investigations have shown

that the inclusion of steel fibres in the concrete, using

adequate quantities, improves the shear resistance be-

cause of: increase in tensile strength, delaying the for-

mation and growth of cracks; smaller distance between

fibres with respect to that between stirrups, implying

greater effectiveness in the crack-arresting mechanism

and better distribution of tensile cracks. In particular,
Narayanan and Darwish [10] observe that the crack

pattern that develops in fibre reinforced concrete beams

subjected to shear is similar to that observed in the cor-

responding reinforced concrete beams with conventional

stirrups. This remark comes from comparison between

the performances of beams reinforced only with stirrups

and of beams without stirrups but prepared with fibrous

concrete using fibres in a percentage equivalent to that of
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Table 1

Concrete mix design details

Cement (Portland 42.5) 450 kg/m3

Sand 850 kg/m3

Coarse aggregate (da ¼ 10 mm) 1050 kg/m3

Water 160 kg/m3
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the stirrups in the shear span of the corresponding con-

ventionally reinforced beams: the improvement in the

ultimate mean shear strength is not significant, but the

first crack shear strength increases noticeably. The same
authors, in a subsequent paper [11] come to the conclu-

sion that the fibres cannot entirely replace the conven-

tional shear reinforcement when the structural elements

are subjected to very high shear stress. However, the use

of fibres reduces the severity of the failure mode, which

can change from a brittle shear into a ductile flexural

failure. This conclusion is found in most papers in which

this subject is treated. They are often based on a large
number of experimental tests, which are utilized to

achieve an expression for predicting the shear strength

share due to the fibres. This share is related to an im-

provement in the dowel action and in the arch action of

the beam [8,10]. It can be related to the pullout resistance

offered by the fibres crossing the cracked section, taking

into account that the fibre length is less than that re-

quired to develop the ultimate tensile strength of the fibre
itself. Several authors have proposed empirical expres-

sions and analytical models to evaluate the contribution

of fibres to the ultimate shear strength [9,10,12,14–

17,20,22,24]; it can be observed that this contribution

depends essentially on the volume fraction of the fibres,

on their geometric characteristics and on the fibre-matrix

interfacial bond that determines the resistance to fibre

pullout.
A limited amount of experimental data is available in

the literature concerning the shear behaviour of beams,

in which coupled use of fibres and conventional trans-

verse reinforcement is realized. In this paper an experi-

mental investigation on 16 beams is described. Eight

specimen types were prepared by considering two per-

centages of stirrups, two volume percentages of fibres

and, in order to allow a more efficacious comparison,
also beams in plain concrete with and without stirrups

and beams in fibrous concrete without stirrups were

prepared. The aim of the investigation, carried out by

considering two different values of shear span for the

two series of eight beams, consists of the evaluation of

the improvement in the post-peak behaviour due to the

presence of fibres and in particular to the coupled effect

of fibres and stirrups. Therefore controlled displacement
tests are carried out in order to record the complete

load–deflection curve, allowing to deduce information

about the dissipative capacity of the structural member

up to rupture.
2. Experimental programme

2.1. Materials

The concrete used to prepare the beams was made

from Portland cement type 42.5, sand, aggregate and
water using the mix proportions given in Table 1. The

maximum size of coarse aggregate (10 mm) was chosen

in accordance with the RILEM TC 162-TDF recom-

mendations [27]. Hooked-end steel fibres were used; they

were joined together by a water soluble glue to ensure

good dispersion in the concrete. The fibres had the fol-

lowing characteristics: length Lf ¼ 30 mm; equivalent

diameter Df ¼ 0:5 mm (aspect ratio Lf=Df ¼ 60); nomi-
nal tensile strength of 1115 MPa. Two volume percent-

ages of fibres, Vf ¼ 1% and 2% with respect to the

volume of concrete, were used, equivalent to 80 and 160

kg/m3 respectively. Since addition of fibres reduces the

workability of the fresh concrete, a superplasticizer with

a dosage of 1.5% by weight of cement was added to the

mixes. In order to design the beams in the absence of

shear reinforcement, knowledge of the compressive
strength of the plain concrete described above was

necessary. To this purpose three cylindrical specimens

with diameter 100 mm and height 200 mm were cast.

Moreover, to obtain more details on the strength and on

the deformation capacity of the concrete, simulta-

neously with the preparation of the beams made of plain

concrete and of fibrous concrete, six cylindrical speci-

mens of the same dimensions were prepared in order to
carry out three compressive tests and three indirect

tensile tests for each type of concrete.

The longitudinal reinforcement of the beams consti-

tuted of deformed bars with diameter 20 mm, bent at the

ends to ensure a good anchorage condition, while the

transverse reinforcement was realized by using deformed

bars with diameter 6 mm. The steel bars in both cases

were type fyk P 435 MPa.
2.2. Beams

Eight types of beams, with different amounts of stir-

rups and/or fibres, were prepared. For each type, two

beams with the same transverse reinforcement were pre-

pared, in order to consider two different values of shear

span, so as to evaluate the influence of this parameter on
the shear–moment interaction phenomenon. All the

beams had a rectangular cross-section of dimensions

b ¼ 150 mm, h ¼ 250 mm and length of the span

L ¼ 2500 mm. The area As of the longitudinal reinforce-

ment was designed to obtain, in the absence of specific

shear reinforcement, a premature shear mode of failure.

The ultimate moment of the beam, in the presence of

shear, evaluated as the sum of the two contributions due
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to beam and arch effects, is provided by the following

expression [5]:

Mu ¼ 0:83nq
1
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in which q ¼ As=ðbdÞ is the tensile reinforcement ratio

evaluated with reference to the effective beam depth d,
f 0
c is the compressive concrete strength in MPa, a=d is

the shear span-to-depth ratio, n is a function taking

into account the aggregate size effect,

n ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ d=ð25daÞ

p ð2Þ

with da maximum size of the aggregate.

The flexural capacity of the beam, calculated ac-
cording to ACI Building Code recommendations [1], is

expressed as

Mfl ¼ bd2qfy 1

�
� qfy
1:7f 0

c

�
ð3Þ

with fy the yield strength of the reinforcing bars.

Taking into account that the tensile reinforcement of

the beams consists of two longitudinal deformed bars

with diameter 20 mm, the relative flexural capacity

Mu=Mfl with variation in the dimensionless shear span

proves to be that shown in Fig. 1, in which the data

necessary to construct the valley of diagonal failure [4]
are also given. In particular, f 0

c is obtained as the mean

value of the cylindrical strength of the three specimens of

plain concrete; fy is the mean value obtained by the

tensile test on three specimens of steel bar; the effective

beam depth d is kept the same in all beams both in the

presence and in the absence of stirrups, with a cover

equal to 15 mm in the case of beams with stirrups, and

21 mm in the absence of stirrups. The Mu=Mfl versus
a=d curve shows a minimum value corresponding to
d 

a 

Fig. 1. Classification of beams based on Kani’s valley.
ða=dÞc ¼ 2:31; this value of the a=d ratio is a ‘‘critical

value’’ because it discriminates between two failure

modes: for a=d > ða=dÞc the beam mechanism governs

and the failure is usually termed as a diagonal-tension
(DT) failure; for a=d < ða=dÞc the arch mechanism gov-

erns and the failure is usually termed as a shear-com-

pression (SC) failure. The values of a=d relative to the

two series of eight beams were chosen in order to obtain

the two different failure modes, compatible with the

limits of the testing setup arrangement for the experi-

mental investigation: a=d ¼ 2:8 for the series A and

a=d ¼ 2:0 for the series B.
When stirrups were used, two longitudinal bars with

diameter 10 mm were inserted in the compressive region

of the beam, in order to assure a good arrangement

of the stirrups.

In Fig. 2 the different types of specimens investigated,

by varying the transverse reinforcement with spacing

s ¼ 200 mm or s ¼ 60 mm, are shown.

Each beam is marked with a letter followed by two
indexes: the letter represents the shear span chosen for

the test (A for a=d ¼ 2:8 and B for a=d ¼ 2:0); the nu-

merical indexes that follow refer to the fibre percentage

(0 in absence of fibres; 1 for Vf ¼ 1% and 2 for Vf ¼ 2%)

and to the stirrup reinforcement (0 in the absence of

stirrups; 1 for s ¼ 200 mm and 2 for s ¼ 60 mm) re-

spectively.
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Fig. 2. Geometry and reinforcement details.
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3. Material properties

3.1. Concrete

Three compressive tests were carried out for each

type of concrete. A universal testing machine with

controlled displacement, having a maximum load ca-

pacity of 600 kN was utilized. In order to minimize

possible rotational effects due to not uniform distribu-

tion of the compressive load, a spherical joint was lo-

cated between the loading jack of the machine and the

plate in contact with the specimen. Fig. 3 shows the
curves obtained as the mean of the results of three tests

for each concrete type; only the curves for the mean of

the results are represented, because the results obtained

for each single test were very close to each other.

The normal stress r was calculated as the ratio be-

tween the applied load and the nominal area of the

cross-section. Considering possible different local de-

formations of the specimen, the strain e was deduced as
the mean value of readings of three LVDT’s located in

plan in such a way as to form an angle of 120� with one

another, on a gauge length equal to 100 mm. They were

placed in the middle part of the specimens, to ensure

recording of deformations not affected by boundary

condition effects. During the tests, the strain values re-

corded by the three LVDT’s in the ascending branch of

the r–e curves were very close to one another; in the
post-peak branch, the maximum scatter of the different

readings was 15%.
Fig. 3. Results of compression tests on plain and fibrous concrete.

Table 2

Properties of concrete mixtures

Vf (%) f 0
c (MPa) e0 � 103

0 41.20 2.513

1 40.85 2.780

2 43.23 2.898
The curve relative to the plain concrete shows a

quasi-elastic initial branch, followed by a nonlinear

branch up to the maximum stress value at which

cracking appears with very rapid propagation of cracks.
This phenomenon does not allow valid recording in the

post-peak branch. The curves for the fibrous concrete

are very close to the one for the plain concrete in the

ascending branch; but their post-peak branch is signi-

ficantly different because of a more gradual micro-

cracking process allowing more ductile behaviour. The

mean values of the most important characteristics ob-

tained from the tests carried out are contained in Table
2, in which f 0

c is the maximum stress, e0 the corre-

sponding strain value and Ec the initial tangent modu-

lus.

Several papers show that the use of splitting-tension

tests to determine improvement in the tensile strength

due to the fibres is appropriate [9,10,13–15,19–21,28,29].

In particular, Nanni [28] dedicates his paper to this

specific objective, providing experimental data to en-
courage wider acceptance of this test. In accordance

with this suggestion three splitting-tension tests for each

type of mix were carried out on cylindrical specimens.

The results obtained are presented in Fig. 4 in terms of

load–displacement diagrams for the different fibre per-

centages considered.

The curves show a remarkable increase in the peak

with an increase in the fibre content and a sub-hori-
zontal post-peak branch when fibres are used. The mean

values of the maximum strength f 0
t obtained from the
Ec (MPa) f 0
t (MPa)

26 094 2.02

26 236 4.65

26 373 5.49

u
F

Fig. 4. Results of splitting-tension tests on plain and fibrous concrete.
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three tests for each fibre percentage considered are

contained in Table 2. Moreover, a comparison with

some data present in the literature is shown in Fig. 5, in

which results of tests relative to normal strength con-

crete and steel fibres with similar characteristics to those

utilized in this investigation are represented. The ordi-

nate indicates the increase in strength obtained as the
difference between the values f 0

t for the fibrous and plain

concrete. It can be stressed that the splitting tensile

strength increases more than twofold at a fibre volume

of 2%, as also observed in [20,29].
3.2. Steel

To characterize the steel of the deformed bars with

diameter 20 mm and diameter 6 mm, forming the ten-

sion reinforcement and the stirrups respectively, three

tensile tests on specimens of 300 mm length for each

type of bar were carried out. The same universal testing

machine (with controlled displacement) used for the

compressive tests was employed, with a load cell of
capacity 600 kN for the bars of 20 mm diameter and a

load cell of 120 kN for the bars of 6 mm diameter.

The characteristic values, evaluated from the mean r–
e curves, can be assumed to be the following: Young’s

modulus Es ¼ 232000 MPa; yield strength fy ¼ 610

MPa for the longitudinal bar and 510 MPa for the bar

constituting the transverse reinforcement.
4. Test arrangement and procedure

Tests on the beams were executed using the same

testing machine with controlled displacement as used for

the tests on the materials, with maximum capacity equal

to 600 kN. The load P was applied via spherical joint

attached to a rigid steel beam resting on the reinforced
concrete beam by means of two steel cylinders. These
cylinders make it possible to realize the shear span

necessary for the tests by their different location. A load

cell connected to a data acquisition system made it

possible to record the actual load. The supports were
provided by steel cylinders that ensures the absence of

significant components of horizontal reactions during

the test. These cylinders were placed on a very rigid steel

beam that provided the reaction load (clean span

Lc ¼ 2300 mm).

During the test, carried out employing a displacement

rate of 0.5 mm/min, the displacements were measured

using three LVDT’s: one placed in the section corre-
sponding to the mid span in the lower part of the beam;

the other two placed at the supports of the beam. The

effective deflection of the beam at each displacement step

was obtained by means of the value recorded at the mid

span section decreased by the mean value of the dis-

placements at the supports of the beam. The latter dis-

placements, in all tests, showed linear variation with the

applied load, and their values were between 4% and 6%
of the deflection.

The results of all tests, carried out with monotoni-

cally increasing displacements, are shown and discussed

in the next section.
5. Results and discussion

5.1. Beams without shear reinforcement

The beams prepared with plain concrete and without

stirrups were tested for both shear spans, in order to
verify the expected failure modes. The results obtained

are shown in Fig. 6 in terms of P–d curves, P being the

total load transmitted by the testing machine and d the

deflection measured as specified before. Both curves

show a reduced flexural capacity, as expected. In par-

ticular, it can be observed that: the beam A00 reaches the

ultimate condition for Pu ¼ 81 kN, corresponding to a

value of Mu ¼ 24:834 kNm; this moment value com-
pared to Mfl calculated by using Eq. (3), in which

fy ¼ 610 MPa and f 0
c ¼ 41:2 MPa (Mfl ¼ 69:583 kNm),

provides Mu=Mfl ¼ 0:357 with respect to the theoretical

value 0.423; the beam B00 reaches the ultimate condition

for Pu ¼ 99 kN and a reduced flexural capacity

Mu=Mfl ¼ 0:312 with respect to the theoretical value

0.418. Therefore, both experimental values prove to be

lower than the expected values by 16% and 25%, re-
spectively, but this occurrence is not very significant,

considering that the results refer to a single test for each

load condition. However, the pattern of the theoretical

curve (Kani’s valley) in Fig. 1 is confirmed, although it

overestimates the actual values. Fig. 6 also shows the first

cracking and the crack pattern at the end of the tests. In

both cases the failure is characterized by formation of

diagonal cracks. The pattern of the load–deflection
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Fig. 6. Load–deflection curves for beams without shear reinforcement.
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Fig. 7. Load–deflection curves for the series A beams (a=d ¼ 2:8).
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curves reveals what was observed during the tests: for

beam A00 the beam effect prevails in the rupture mech-

anism and the failure is due to the overcoming of the

tensile strength of the concrete, followed by inclined
cracks that become unstable and extend up to the com-

pressive zone; for beam B00 the arch effect governs the

failure with diagonal cracking followed by concrete

splitting along the predominant crack. For this reason,

after the ultimate load is reached, rapid increase of the

crack width appears, corresponding to a sudden loss of

bearing capacity not allowing any significant recording

in the post-peak branch of the curve. Finally in the same
figure the straight lines corresponding to the initial the-

oretical elastic behaviour are shown. They are obtained

by assuming that the cross-section remains uncracked

and the concrete has the same elasticity modulus values

in compression and in tension. Moreover, shear de-

formability is considered, assuming a Poisson’s ratio

equal to 0.2 in the evaluation of the shear elasticity

modulus.

5.2. Beams with shear reinforcement

In this section the results obtained from the tests car-

ried out on beams with shear reinforcement, constituted
of stirrups and/or fibres, are presented. The load–deflec-

tion curves obtained from series A, with a=d ¼ 2:8, are
presented in Fig. 7. The curve relative to the beam

without fibres and stirrups is also represented (Fig. 6) for
an immediate comparison of the different responses. In

the same diagram the theoretical value of the ultimate

load Pfl ¼ 227 kN, corresponding to the case in which the

beam reaches the full flexural capacity (Mu=Mfl ¼ 1), is

indicated. The comparison of the curves shows that the

addition of shear reinforcement in an adequate percent-

age canmodify the failure mode: the change from a brittle

shear into a ductile flexural failure mode is revealed by
the ultimate load value (close to Pfl) and the post-peak

curve, which in the first case is very steep, while in the

second case it is almost horizontal.

In Fig. 8 the crack patterns at failure of series A

beams are represented: it can be observed that the flex-

ural failure mode (beams A02, A20, A21, A12) is char-

acterized by cracks that appear progressively, allowing

the beam to reach significant ductility. When brittle
failure occurs (beams A00, A01, A10, A11), the cracks

are more localized and most of them are located above

and along the inclined line joining the support with the

point at which the load P=2 is applied. The experimental

investigation also showed that, when stirrups are in-

cluded, they are subjected to large deformations, which

can imply attainment of the yield limit, as was observed

in [7]. On the other hand it is known that the use of
stirrups improves the beam action by increasing: the

dowel action, because of the support offered to longi-

tudinal bars; the strength of the concrete teeth, due to an

inclined compression field associated with the truss

mechanism; the interlock strength, due to crack opening

control. When the spacing between the stirrups is larger

(s ¼ 200 mm) as in the case of beam A01, rupture of the

stirrup crossing the cracked section occurs; this phe-
nomenon can be reduced by the inclusion of fibres,

as found in beam A11.
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Fig. 8. Crack patterns at ultimate condition in the series A beams.
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Fig. 9. Load–deflection curves for the series B beams (a=d ¼ 2:0).

B12

B21

B11

B20

B10

B02

B01

B00

stirrup  rupture

stirrup  rupture

Fig. 10. Crack patterns at ultimate condition in the series B beams.
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The load–deflection curves obtained by tests carried

out on series B beams (a=d ¼ 2:0) are shown in Fig. 9. A

comparison with the results of beams in series A high-

lights more brittle behaviour. Only beams B12 and B21
were able to reach full flexural capacity. The others

beams are characterized by brittle failure with diagonal

cracking, in some cases involving rupture of stirrups. It

can be observed that when the diagonal crack crosses
several stirrups, the failure is progressive and the cracks

are more spread, as shown by the comparison between

the crack patterns of beams B01 and B02, represented

in Fig. 10 together with those of the others types.

For series B beams, the use of stirrups is less effective

with respect to what happens for the beams of series A;

this is because the failure is governed by the arch effect,

implying deformations that do not allow a meaningful
development of the truss mechanism associated with the

presence of stirrups.

By analysing the crack pattern of the beams at the

end of the tests, it is possible to point out a correspon-

dence between the cracking mechanism and the pattern

of the load–deflection curves.

The experimental investigation carried out shows in

general that the addition of fibres improves the struc-
tural response, both for the series A beams and series B

beams, so much that an adequate content of fibres can



Fig. 11. Flexural failure of beam A12: (a) general view; (b) detail.

Fig. 12. Shear failure of beam B02: (a) general view; (b) detail.
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change the failure mode, as happens for beam A11 and

beam B11. The effectiveness of the fibres as shear rein-

forcement is more pronounced for the series A beams in

which several cracks develop that significantly involve
the pullout resistance of the fibres. This observation is

confirmed by the comparison between the responses of

beams without stirrups and with different amounts of

fibres, Vf ¼ 1% and 2%. Fig. 7 shows a considerable

improvement in the response in the series A beams when

fibres with volume percentage 2% are used rather than
1% (curves relative to beams A10 and A20), whereas

Fig. 9 shows almost coincident curves for beams B10

and B20.

Finally, Figs. 11 and 12 show respectively the pho-
tographs at the end of the tests of beam A12, in which

flexural failure has occurred, and of beam B02, in which

shear failure with a crack involving rupture of the

crossing stirrup has occurred.
6. Ultimate shear strength

In this section a comparison between the values of

ultimate shear stress obtained by the experimental in-

vestigation (vu ¼ Vu=ðbdÞ, being Vu ¼ Pu=2) and the

values deduced by using the expressions proposed in the

literature is carried out. In particular, for the beams

without specific shear reinforcement, the expression

used to calculate the ultimate moment by Eq. (1) is

utilized:

vc ¼ va þ vb ¼ 0:83 � n � ffiffiffi
q3

p � v ð4Þ

with

v ¼
ffiffiffiffi
f 0
c

p
þ 250

ffiffiffiffiffiffiffiffiffiffiffiffiffi
q

ða=dÞ5

s
ð5Þ

in which va and vb are the shear stresses due to the arch

and beam actions respectively. A third term must be

added in Eq. (4) when stirrups are included as in Russo

and Puleri [7]:

vs ¼
1:67

ffiffiffiffi
f 0
c

p
v

qwfyw ð6Þ

in which qw ¼ Aw=ðbsÞ is the stirrup ratio evaluated with

reference to the spacing s and fyw is the yield strength of

the stirrups. Eq. (6), governed by the parameter
ffiffiffiffi
f 0
c

p
=v,

takes into account the different contribution made by

the stirrups in the case in which the failure mode is

governed by the arch effect or by the beam effect. The

comparison between observed and predicted values is

given in Table 3.
For the beams made of fibrous concrete three differ-

ent expressions proposed in the literature are used below

for comparison with experimental results.

The contribution due to the fibres evaluated as pro-

posed by Al-Ta’an and Al-Feel [12] consists of an em-

pirical expression based on a regression analysis carried

out on experimental data for 89 beams:

vf ¼
8:5

9
kVf

Lf

Df

ð7Þ

in which k is a factor reflecting the fibre shape. For

hooked fibres, like those utilized here, Al-Ta’an and Al-

Feel propose the value k ¼ 1:2. This value is adopted
here. The contribution of the fibres is added to that



Table 3

Ultimate shear stresses for beams with plain concrete

Type Observed vu (MPa) Predicted [Eqs. (4) and (6)] vu (MPa) Observed vu/predicted vu

A00 1.233 1.467 0.840

A01 2.723 2.605 1.045

A02 3.470 5.261 0.660

B00 1.507 2.031 0.742

B01 1.833 2.853 0.642

B02 4.340 4.772 0.909

The beam notation is as follows: A and B refer to the shear span–depth ratio; the first digit indicates the absence of fibres; the last digit refers to the

percentage of stirrups.

Table 4

Ultimate shear stresses for beams with fibrous concrete

Type Observed vu (MPa) Predicted [Eqs. (4), (6)

and (7)] vu (MPa)

Predicted [Eqs. (4), (6)

and (8)] vu (MPa)

Predicted [Eqs. (9) and

(6)] vu (MPa)

Observed vu/mean of

predicted vu

A10 2.934 2.143 2.384 2.396 1.271

A20 3.145 2.853 3.335 2.829 1.046

A11 3.034 3.279 3.521 3.533 0.881

A12 3.526 5.932 6.173 6.185 0.578

A21 3.744 3.998 4.481 3.975 0.902

B10 3.503 2.706 2.947 2.607 1.272

B20 3.516 3.416 3.898 3.078 1.015

B11 3.678 3.527 3.768 3.427 1.029

B12 4.767 5.442 5.683 5.342 0.868

B21 5.276 4.248 4.730 3.909 1.228

The beam notation is as follows: A and B refer to the shear span–depth ratio; the first digit refers to the percentage of fibres; the last digit refers to the

percentage of stirrups.

Eqs. (4), (6)

Eqs. (4), (6), (7)
Eqs. (4), (6), (8)
Eqs. (9), (6)

Fig. 13. Measured and calculated mean ultimate shear stresses.
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furnished by Eq. (4) for beams without stirrups and by

Eqs. (4) and (6) in the presence of stirrups.

Swamy et al. [16] have proposed an expression to

evaluate the contribution due to the fibres as a function
of the average fibre-matrix interfacial bond stress s:

vf ¼ 0:37sVf
Lf

Df

ð8Þ

in which s is assumed equal to 4.15 as suggested in

[10,14,22] for steel fibres, in the absence of specific

pullout tests on the fibre reinforced concrete used in this
investigation.

Finally, the empirical relation proposed in [9] is also

utilized to determine the shear strength of fibre rein-

forced concrete beams:

vc þ vf ¼ k0f 0
t

d
a

� �0:25

ð9Þ

in which k0 is a constant equal to 2/3 because f 0
t is the

indirect tensile strength determined with the splitting-

tension tests. For the beams with stirrups the contribu-

tion vs provided by Eq. (6) is added.

In Table 4 the results obtained by using different ex-

pressions are contained; moreover, in order to calculate

the ratio between the observed and predicted values the

mean values furnished by the three expressions have

been calculated.
The values contained in both tables are represented in

the diagram in Fig. 13. It can be observed that the

predicted values obtained by evaluating the contribu-

tion of fibres with different expressions present in the
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literature are quite close to one another. The difference

between the experimental results and the prediction,

except for some cases, can be deemed acceptable, also

considering the limited number of beams tested for each
type. The more pronounced difference for beam A12 is

probably due to the close spacing of the stirrups in re-

lation to the fibre length used here, which in some cases

can determine inadequate compaction of the concrete.
7. Concluding remarks

The experimental investigation presented here, car-

ried out by displacement controlled tests on beams

under combined actions of flexure and shear, shows the

possibility of changing the failure mode, making it more

ductile, by using fibre reinforced concrete.

The experimental results obtained confirm some re-

marks that other authors have also made, and precisely:

• during the tests, in fibre reinforced concrete beams a

more progressive cracking process has been observed,

with reduced crack widths;

• it is possible to obtain comparable performances in

terms of ultimate strength by using steel fibres as

shear reinforcement in an adequate dosage instead

of stirrups, although a coupled use is more suitable

because stirrups allow a greater deformation capacity
beyond the elastic limit;

• the presence of fibres proves to be more efficacious in

beams in which the failure in the absence of adequate

shear reinforcement is governed by a beam effect.

Moreover, the load–deflection recording including

the post-peak branch, allows one to draw the following

conclusion:

• the inclusion of fibres can modify the brittle shear
mechanism into a ductile flexural mechanism, thus al-

lowing a larger dissipation of energy, as can be seen

by observing the crack pattern and the load–deflec-

tion curves.
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