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The presented study was conducted to assess the shear capacity and the mechanical
behavior of fiber reinforced concrete two-span beams in a five-point bending test. Experi-
mental research was focused on observing changes in the behavior of tested elements
depending on the amount of shear reinforcement (stirrups) and the fiber type used. The
beams had varied stirrup spacing and two sorts of fibers were used as dispersed reinforce-
ment. The steel fiber content was 78.5 kg/m® and the basalt fiber content was 5.0 kg/m>.
Concrete beams without addition of fibers were also examined as reference ones. The
effectiveness of both sorts of fibers as shear reinforcement was assessed on the basis of
strain development and crack pattern analysis. The digital image correlation technique was
used to monitor the development of cracks around the central support of beams. It was
shown that fibers control the cracking process and deformations in reinforced concrete
beams and they can be effectively used as additional or the only shear reinforcement. The
results of shear capacity obtained in the experiment were also compared with the shear
capacity calculated according to current design approaches. This analysis has shown that
fibers enhance the ultimate shear strength of reinforced concrete beams.

© 2019 Politechnika Wroclawska. Published by Elsevier B.V. All rights reserved.

1. Introduction

There are more and more outstanding recent applications of fiber
reinforced concrete in such elements as pavements and wide
range of precast pieces [3], footbridges [4], and tunnels [5]. Among

The development of fiber materials and technology makes it
necessary to search for their new applications for different
construction purposes. Attention should also be drawn to the
modern use of Fiber Reinforced Concrete (FRC), which has
entailed experience be obtained over more than 50 years [1,2].

* Corresponding author.

the benefits of adding fibers to structural concrete there are the
improvements in flexural and tensile performance [6,7]. The
fibers can be used to improve the behavior of structure at
the ultimate limit state or to improve service conditions at the
serviceability limit state. In the ultimate limit state the addition of
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fibers can partially or completely replace the traditional
reinforcement for tensile or shear [8-11]. The behavior of FRC
depends on several factors such as: fiber shapes, constituent
materials, fiber dosage, and the final distribution and orientation
of fibers located in the concrete element [2,12-15].

Various studies on the shear behavior of Steel Fiber
Reinforced Concrete (SFRC) have shown that remarkable
improvement of shear capacity and considerable reduction,
or even total substitution of steel stirrups, may be obtained by
considering the application of steel fibers as shear reinforce-
ment [16-18]. Nonetheless, uncertainties still remain in
determining and quantifying the resistant mechanisms of
FRC under shear stress when optimizing the reinforcement in
each structural problem [19,20]. In order to address this task,
the mechanisms that are activated in a cracked element may
well be identified as follows: tangential stresses in the area of
uncracked concrete (the area under compression in the cross-
section of the beam), engagement of the aggregates (aggregate
interlock or shear friction at the crack), a pin effect of the
longitudinal reinforcement (dowel action), an arch effect, and
residual tensile stress across cracks [1,21,22]. Due to the
mentioned complex mechanisms,the behavior of fiber-rein-
forced concrete members in shear is still an intensively
investigated field of research, and in the last decades several
design approaches have been developed [23-25].

The current design approach of fib Model Code 2010 [26] is
mainly based on the Simplified Modified Compression Field
Theory and the "stress field approach" for shear reinforced
members [27]. Eurocode 2 [28] shear design for members
without shear reinforcement is partially based on an empirical
background. The approach for members with shear reinforce-
ment applies the truss analogy. The shear behavior of fiber-
reinforced concrete is less known due to additional factors as
the effect of steel fibers and particular shear slip and aggregate
interlocking behavior along crack surface [29].

Reinforcing fibers of different materials and sizes have been
shown to increase the energy absorption capacity of concrete,
and in some cases also an increase in strength properties was
observed. Fibers interact with the fracture evolution by
delaying the formation of microcracks and the process by
which the microcracks link to form the macrocracks. Interest
in fiber reinforced concrete structures is growing due to their
enhanced toughness [21]. Compared to ordinary concrete,
steel fiber reinforced concrete has higher flexural strength, and
often compression, and shear strength as well as the increased
fatigue resistance and impact resistance. Additionally, the use
of steel fibers in members under bending ensures an increase
in their resistance to cracking counteracts the effect of
shrinkage and prevents the fracture failure of concrete [2,6,7].

Despite the remarkable development in steel fiber reinforced
concrete, this material is not yet widely used in structural
applications, because it is still difficult to theoretically predict the
structural behaviour of fiber reinforced concrete members with
conventional shear reinforcement. This makes it difficult to
disseminate design methods that take into account the presence
of dispersed reinforcement in concrete. Moreover, none of the
design approaches takes into account the presence of other fibers
in the concrete than steel ones.

In addition to steel fibers, other types of fibers have appeared
with new properties for which applications are sought. For

example, basalt fibers are a new material whose properties are
not yet fully researched. The influence of the mechanical
properties of basalt fibers on the load-bearing capacity and
deformability of concrete members is also not determined. The
most important advantage of basalt fibers is their full corrosion
resistance [30,31]. In addition, this fiber exhibits high strength
and high module performance. According to Sim et al. [32] the
fibers have better tensile strength than the E-glass fibers,
greater failure strain than the carbon fibers as well as good
resistance to chemical attack, impact load and fire. These
features, combined with low cost, could make basalt fibers a
suitable replacement for steel, glass, and carbon fibers in many
applications [14]. Detailed discussion of basalt fibers influence
on the fracture mechanics parameters (such as fracture energy,
critical stress intensity factor) can be found in [33].

Considering potential applicability of basalt fibers, further
experimental studies should be conducted on the use of this
type of fibers in concrete for reinforced structures. The
recognition of the failure mode of concrete elements with
fibers is crucial for the development of design methods that
take the presence of dispersed reinforcement in concrete into
account. Extensive work on the effectiveness of using fibers as
a replacement of stirrups concerned steel fibers [8-11].
However, there are very few works considering other sorts
of fibers in this manner [1].

The aim of the research was the qualitative and quantitative
analysis of the influence of dispersed reinforcement, in the form
of steel or basalt fibers, partially or completely replacing the
typical shear reinforcement of the concrete structure element. In
the examined model two-span beams, the influence of the
quantity and type of dispersed reinforcement on the process of
crack formation and propagation as well as the value of
transversal ultimate force was analyzed. In addition, in order
to verify the values of these forces, comparative calculations of
shear resistance of fiber reinforced elements were made using
calculation models currently proposed by standards and recom-
mendations. In order to obtain test results, including tests of
shear zones at both external and mid-range supports, taking into
account different ratio of bending moment to shear force, as well
as to reduce the scatter of measurement results, two-span beams
were used in the research.

2. Experimental investigation
2.1.  Concrete mix composition and specimen preparation

Two types of fibers with different strength properties were
used. The geometry and properties of fibers are presented in
Table 1. The steel fibers were added to concrete at the content
of 78.5 kg/m3, which gave volume fraction 1.0%, and the basalt
fibers were added at the content of 5.0 kg/m®, which gave
volume fraction 0.19%. The influence of fibers on concrete
properties was referred to the results obtained for the
reference concrete without fibers. The content of both types
of fibers was determined on the basis of the previous test
results conducted on concrete specimens [33] and model
reinforced concrete beams [34]. The analysis of the test results
[33] showed a significant effect of 0.19% of basalt fibers
addition on the fracture toughness of concrete, and further
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Table 1 - Properties of fibers used.

Property Steel fibers Basalt fibers
Fiber shape Hooked end Straight
Length (mm) 50 50
Diameter (mm) 1.00 0.02
Tensile strength (MPa) 900 1680
Elastic modulus (GPa) 200 89
Density (kg/m?) 7850 2660

increase in the fiber content did not improve the properties of
the concrete. The volume fraction of steel fibers 1.0% ensured
the significant effect of fibers in concrete on the shear behavior
of beams and further increase in fiber content required special
treatment to evenly distribute them in concrete mix [34].

Portland cement CEM I 42.5R was used to make concrete for
structural elements. The cement content was 300 kg/m>. The
water to cement ratio was equal to 0.5.

The mixture of sand with a grain diameter up to 2 mm and
coarse aggregate with a grain diameter up to 8 mm was used.
The composition of aggregate was as follows: fraction up to
2 mm - 51%, fraction 2-4 mm - 20% and fraction 4-8 mm - 29%.
The fibers were introduced as a replacement of the adequate
portion of aggregate by volume. The modified polycarboxylate
and phosphonate based super-plasticizer (1% related to
cement mass) was used to minimize fiber clumping and
enhance fiber dispersion in concrete.

The dry aggregate was mixed with steel or basalt fibers,
respectively, followed by cement. The materials were dry
mixed for 2 min. before adding water with super-plasticizer.

Mixing continued for a further 4 min. The time of mixing was
considered sufficient for the proper dispersion of the fibers in
the mix without causing a “balling” effect. The specimens
were then vibrated in moulds and stored under polyethylene
cover for one day. After demoulding, all specimens were cured
in water at the temperature of 18 + 2 °C until they were tested.
The strength properties of concretes with fibers and
reference concrete without fibers were determined. The test
of compressive strength was carried out in accordance with
PN-EN 12390-3 [35] using cubic samples with 100 mm side size.
The flexural strength was determined on specimens of size
100 x 100 x 400 mm according to PN-EN 12390-5 [36]. The
elastic modulus was determined in accordance with PN-EN
12390-13 [37] and the splitting tensile strength according to
PN-EN 12390-6 [38] using cylindrical samples with a diameter
of 150 mm and a depth of 300 mm. Each series of testing the
material properties consisted of 12 specimens.
2.2. Experimental research program for two-span beams
Twenty seven two-span beams were tested in order to identify
the different mechanisms contributing to overall shear
resistance and to assess the nature of the shear failure process
of reinforced concrete beams with dispersed fiber reinforce-
ment. All beams have a total length of 4150 mm and a single
span of 2000 mm (support points were placed at a distance of
75 mm from the utmost edges of the beams) and the
rectangular cross-section with dimensions 120 x 300 mm. In
the research program, the series of beams differing in the
spacing of transversal reinforcement were used to ensure
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Fig. 1 - Longitudinal and transversal reinforcement in beams tested.
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different failure modes. Each series consisted of 3 beams. The
geometric dimensions of the test specimens and the schema
of reinforcement are shown in Fig. 1.

The amount of main longitudinal reinforcement and shear
reinforcement of A-I-0 series were calculated in accordance
with Eurocode 2 [28] assuming a load in the form of a
concentrated force in the middle of each span (P/2 as in Fig. 1).
The degree of longitudinal reinforcement was assumed to be
0.65%, the maximum bending moment and the corresponding
shear forces were calculated, on the basis of which the shear
reinforcement was determined. The redistribution of forces in
the cross-section of beam was assumed in accordance with
Eurocode 2 [28]. In each test series, the top and bottom
longitudinal reinforcements were identical and consisted of
two ¢12 mm (fyr = 500 MPa) bars. The concrete cover of
longitudinal reinforcement was equal to 15 mm and the
length of anchorage of reinforcing ribbed bars 1,4 was equal to
260 mm. The shear reinforcement calculated for A-I-0 series
was reduced by 50% (A-II series) or by total elimination (A-III
series). The stirrups with diameter of ¢6 mm (fyx = 500 MPa)
were used. The ratio of the shear span a,/d means the ratio of
distance from the support to the point of application of the
load a, to the depth of the cross-section d. In case of analysed
series the load was applied exactly in the middle of each span
of the beam, thus the shear span/effective depth ratio a,/d was
equal to 3.7. Beams were reinforced symmetrically with
respect to the central support. The increase in the spacing
of stirrups in particular series was aimed at demonstrating the
possibility of limiting the number of stirrups, whose task will
partially be taken over by the fibers added to the concrete.
Series A-I beams were reinforced with shear stirrups spacing
calculated according to Eurocode 2 [28]. In A-II series, the
stirrups had spacing twice as large as determined according to
Eurocode 2 [28]. There were no stirrups in A-III series beams.
All the beams were prepared at the prefabrication plant. A
description of the beam specimen series is shown in Table 2.

Fig. 2 shows the test stand with equipment used for
measurements. The measurement of support reactions was
made by means of tensometric load sensors arranged in pairs
under extreme supports (2 x 50 kN) and under the central
support (2 x 100 kN). The reaction values were recorded using
a measurement module connected to sensors. The strains at
the top of beams in the concrete compression zone and in the
tensile zone at the bottom of the beams were recorded by
means of strain gauges installed at the concrete surface in the
mid-span of both spans, at the location of top and bottom
reinforcement. The development of crack pattern and the
width of cracks were also measured using Brinell microscope.
However, the manual measurements of cracks may provide only
limited information, therefore, a Digital Image Correlation (DIC)
technique using a digital recording camera “Aramis” by GOM

Fig. 2 - Test setup with beam specimen.

(Fig. 2) was applied in addition, to monitor the development of the
cracks and measure their widths, and to detect strain compo-
nents. DIC is an optical, non-contacting measuring technique,
enabling to determine the displacement and deformation field of
a specimen's surface under any type of loading condition [39,40].
All the data resulting from the tests were recorded automatically
using data logger. The DIC-based non-contact measurement
system was placed on the side of the beam and the crack pattern
around the central support. A uniform/random speckle pattern
was applied on the surface of the beam. With system calibration,
an area (about 1000 x 300 mm - depth of beam) of view of DIC
measurement system can be obtained. In the experiment
performed, two cameras were placed in a way enabling to film
a total area of 1000 x 300 mm by each camera on either side of
the central support.

The beams were loaded in a five-point system using a force
increase every 10 kN, until the specimen failed. The load was
set using a hydraulic servo with a capacity of 500 kN
(HYSDOZOK loading system). The beams have been preloaded
to 30 kN. Then, the time of the load increase was 30 s for 10 kN
(every step in measurement process), then for 30 s a constant
load was kept in order to carry out recording the measured
quantities. The values of loads at which the first crack and the
first diagonal crack appeared were recorded from the indica-
tions of the measuring system performing the test in the next
step of the measurement process. The measurement of
deflection lasted either until reaching the maximum measur-
ing range of the sensor or the measurement sensor was
removed when it was observed that the beam may damage it
during destruction (in the last measurement step the sensor

Table 2 - Designation of beam specimens.

Series Spacing of Reference beams Beams of concrete with Beams of concrete with
stirrups [cm] (no fibers) steel fibers (78.5 kg/m?) basalt fibers (5.0 kg/m?)

A-l 10/20 A-I-0 A-I-S A-1-B

A-II 15/30 A-II-0 A-II-S A-II-B

A-III no stirrups A-III-0 A-III-S A-TII-B
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Table 3 - Strength properties of concretes (average values and range of accuracy).

Fiber type Vs [kg/m’] fem [MPa] fetm [MPa] fa [MPa] E [GPa]

No fibers 0 52.96 (+6.36) 5.14 (+0.33) 3.22 (+0.39) 33.29 (+1.28)
steel 78.5 (1.0%) 52.05 (+6.18) 7.21 (+1.06) 5.45 (+0.51) 33.71 (+0.34)
basalt 5.00 (0.19%) 46.24 (+5.35) 6.72 (+1.22) 4.49 (+£0.24) 32.86 (+2.33)

was removed from the test field under the beam), or the last
measurement result was omitted from the graph (after the
beam has already broken), because it could interfere with the
entire deflection function.

3. Analysis of test results
3.1. Properties of concretes

The test results of concrete strength properties: compressive
strength f.,, flexural strength fo,, splitting tensile strength fg,
and modulus of elasticity E in relation to the fiber types in
concrete (Vy are presented in Table 3.

The presence of fibers has no significant influence on the
average compressive strength f,, of steel fiber reinforced
concrete (Table 3) in comparison to the reference concrete
while the concrete with basalt fibers was characterized by
compressive strength lower by 10% in comparison to the
reference one. The increase in flexural strength f., of concrete
with steel fibers and concrete with basalt fibers in comparison
to the reference concrete was 40% and 30%, respectively. The
increase in splitting tensile strength f, was as high as 69% for
concrete with steel fibers and 40% for concrete with basalt
fibers in comparison to reference one. The incorporation of
fibers into concrete caused the increase in both the ultimate
load and the ductility. Any of the fiber types used had no
influence on the modulus of elasticity E.

3.2. Ultimate load

Table 4 shows the average values of ultimate load P, for beams
made of concrete with fibers and their increase APy in
comparison to the values of destructive loads recorded for the
reference beams (without fibers). The values of the ultimate
forces shown in Table 4 refer to the maximum force at which
their failure occurred. The A-I series beams were assumed as
reference ones due to the fact that they were designed according
to the EC2 guidelines. Comparing the ultimate force values
obtained in the tests for the remaining series of beams to the
forces defined for the A-I series beams is meant to show

the change in the value of the maximum load depending on the
used beam reinforcement model.

For all the A-I series beams failure occurred due to the flexural
tension. The significant deformations due to bending were
observed in the case of the A-II series beams, however they have
eventually failed due to shear. All A-III series beams without
stirups failed due to shear. The influence of the dispersed
reinforcement on the shear capacity can be assessed by
comparing the value of ultimate load in individual series. In
the case of A-I beam series the value of ultimate force increased
slightly for concrete beams with basalt or steel fibers. Greater
increase in Py, caused by incorporation of both types of fibers in
concrete, was observed in series A-II (19% and 31% respectively,
for basalt fibers and steel fibers). In the A-II-B series the value of
ultimate force was comparable to the value of the force recorded
for the A-I-0 series. It can be concluded that the incorporation of
basalt fibers caused an increase in the ultimate force, despite the
use of only half number of stirrups. The average ultimate force in
the A-II-S series (concrete with steel fibers) was considerably
greater than the average force in the A-I-0 series.

The beams of A-III series were not reinforced with stirrups,
and the role of stirrups was taken over by the dispersed
reinforcement. In this case the effect of fiber reinforcement on
beam capacity was the most significant. In beams made of
concrete with basalt fibers the ultimate force increased by 23%,
compared to reference concrete beams. By using concrete with
steel fibers, an increase in the ultimate force of two-span beam
was achieved by as much as 87%. Comparing the ultimate loads
for beams of the A-III series made of concrete with fibers with the
ultimate force recorded for A-I-0 series, only 8% decrease in
ultimate load for A-III-S series and as much as 40% decrease in
the case of A-III-B were observed. The bridging effect of steel
fibers during the failure of beam was more effective compared to
basalt fibers. The rigid steel fibers were drawn out from the
cement matrix, while the thin basalt fibers were broken.

3.3.  Load-deflection characteristics
Figs. 3-5 present the load P versus mid-span deflection a curves for

beams tested. The mid-span deflections recorded at the centre of
both spans of beams were averaged. The load-deflection

Table 4 - Ultimate load P, and their increase AP, in particular series in comparison to series without fibers (average values

and range of accuracy).

Fiber type No fiber (0) Basalt fibers (B) Steel fibers (S)

Series Pyt [kN] Pyt [kN] APy [%] Pyt [kN] APy [%]
Al 222 (+20) 229 (+8) 3 258 (+6) 16
A-TI 193 (+4) 228 (+8) 19 252 (+6) 31
A-II 109 (+20) 134 (+£21) 23 204 (+14) 87
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Fig. 3 - Load P vs. mid-span deflection a for A-I series
beams.

dependencies presented in Figs. 3-5 have been developed on the
basis of average values of measurements taken for three beams,
including settlement of supports.

In all series the deflections of beams made of concrete with
dispersed reinforcement at the same level of load were smaller
than in the reference concrete beams. The addition of basalt
fiber to concrete resulted in a slight reduction of the deflection
as compared to reference concrete members in the A-I series,
while the incorporation of steel fibers into concrete caused the
reduction of deflection by as much as a half for the same level
of load. For A-II-WB and A-II-WS series the deflections of
beams lower by approx. 30-50% in comparison to A-II-0 series
were observed. For the A-III series, with only longitudinal
reinforcement without shear reinforcement, in the case of
concrete beams with steel fibers, the maximum value of
deflection was reduced by 30%, and in the case of using
concrete with basalt fiber this value decreased by 20% in
relation to reference beams.
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Fig. 4 - Load P vs. mid-span deflection a for A-II series
beams.
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Fig. 5 - Load P vs. mid-span deflection a for A-III series
beams.

The comparison of curves in Figs. 3-5 shows that the
addition of fiber (steel or basalt) reinforcement in an adequate
percentage can modify the failure mode. The ductile flexural
mode was revealed by the increase in the ultimate load value
and the post-peak curve, which for beam series with steel
fibers (A-I-S and A-II-S) became almost linear forming a
plateau. In the case of beams of concrete with basalt fibers
nonlinear relationship with gradual reducing slope was
observed up to failure. Both sorts of fibers used provided
significant performance at serviceability limit state by im-
proving the tension-stiffening effect and, therefore reducing
the deflection. However, the steel fibers in considered amount
in concrete were more effective. They caused the elongation of
linear part of curve, the increase in the ultimate load value and
significant changes of post-peak performance. The plateau
could be observed in the load-deflection plot after reaching the
maximum load in the case of concrete beams with steel fibers
(Figs. 3 and 4). The effect of basalt fibers on the reduction of
deflection was particularly evident in the case of the A-II-B and
A-III-B series.

3.4. Crack patterns in beams

The analysis of crack pattern (Figs. 6-8) shows how the
incorporation of fibers in concrete influences the failure mode
of beams with the same transverse reinforcement.

The development of cracking of selected A-I series beams is
shown in Fig. 6. As it was expected, their failure occurred due
to the flexural tension. The cracks perpendicular to the
longitudinal axis appeared as the first ones in the center of
the span of the reference beams (A-1-0) at a load level of 0.3 P,
whereas in fiber-reinforced concrete beams the first cracks
appeared at a load of 0.4 P, As the load increased, further
cracks appeared in the central part of the spans, and they
propagated to a depth of 200 mm from the bottom edge of the
beam. In the case of reference beams (A-I-0) and basalt fiber
reinforced concrete beams (A-I-B), there were also cracks at the
central support at the level load of 0.4 P, while in case of steel
fiber reinforced concrete beams (A-I-S) the first cracks at the
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Fig. 6 — Crack pattern in A-I series beams (destructive crack was marked with a thick line).

central support appeared at a load level approx. 15% higher,
and achieved the length of 200 mm from the top edge of the
beam. The slow and stable development of perpendicular
cracks was observed in all beams. Shear cracks appeared at the
central support atload level equal to 0.7 P, for A-I-0 series, and
aloadlevel equal to 0.8 P, for A-I-B series. In the case of beams
made of steel fiber reinforced concrete, there were no diagonal
cracks at all. The failure of reference concrete beams and
basalt fiber reinforced concrete beams occurred due to flexural
tension in the middle of the spans and on the central support.
The course of the final phase of failure was rather sudden and
had a brittle character with a characteristic crack sound. The
behavior similar to the behavior of plastic body was observed
in the case of A-I-S series, and with the increase in load, the
width of already existing cracks increased, with no new ones
appearing. The destruction process was slow. In beam series
with shear cracks, their propagation ran towards the point of
concentrated load application and towards the level of
longitudinal reinforcement, and then along the longitudinal
reinforcement towards the support.

In the series A-II there were significant differences in the
mode of loss of bearing capacity for individual test members
(Fig. 7). In the case of A-II-0 and A-II-B series, two plastic hinges
were observed, firstly in the middle of the spans, and then the
failure process took place mainly by shearing at the central
support. The destruction process proceeded violently. Perpendic-
ular cracks (at the load level of approx. 0.35 P,;) and longitudinal
ones on the upper surface of beams appeared. The straightening
of the stirrup hooks (during the destruction phase) and separation
of the lateral and bottom cover of reinforcement were observed.
In the case of A-II-S beams, three plastic hinges occurred, first one
over the central support (0.8 Py, and then two hinges in the
middle of spans (0.9 P,y). The failure process proceeded in a soft
manner, and the significant increases in the deflections of the
beams' spans at a constant load were observed.

All beams of A-III series failed due to shear (Fig. 8). The
mechanism of crack formation in A-III-0 and in A-III-B series
beams was similar. The first cracks appeared at the central
support (0.4 Pyy), and then the shear failure of element occurred
violently. The beams failed in the zero moment cross-section and

|' 13 14 é
= —
N\
\ N/ n
\ i 7
17 T\ 7] 7/
7 1 | I i ¥
PaY O 81 215 42 T3 46 7 10
J7 2 6 15 J7
7 LN
71 ] .
77 1 y
y 4 N 7 —1
y 4 N W 4 y AN
y 4 71T\ AY 4 7 /NN
~ i 014 1 413 5 7 23 8 g ~
\VA 16 4 1(@ 15V5 9
vi h ——) /i
17 N i
v N7 y f—
f AN y /-
A\ A y Zm—
1011 2 7 i3 83 16 12

Fig. 7 - Crack pattern in A-II series beams (destructive crack was marked with a thick line).
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Fig. 8 — Crack pattern in A-III series beams (destructive crack was marked with a thick line).

for the highest shear force (approx. 0.3 1 from the central support).
The destructive cracks width reached 34 mm. In the A-III-S series
elements, the first cracks appeared in the spans at a load level of
0.3 Py, followed by a stable development of cracks perpendicular
to the member axis up to 0.8 of the beam depth. At the load level
of 0.8 Py, a diagonal crack appeared, causing damage. The
incorporation of fibers in concrete caused an increase in the value
of load initiating the diagonal crack formation about 15% and 30%
for basalt fibers and steel fibers, respectively.

Crack patterns for concrete beams of A-III series with fibers
and without fibers were significantly different. The reference
beams exhibited a single inclined crack and their failure
occurred due to the brittle shear, while at least two diagonal
cracks (overlapping during failure) appeared in beams made of
concrete with fibers. An increase in the number of cracks in
beams of concrete with fibers is noticeable, however, they
appeared at a higher load than in the reference beams, and
were characterized by a smaller width.

A comparison of the average values of the loads causing the
first crack perpendicular to the axis of the concrete member
and the first diagonal crack loads together with the maximum
widths of these cracks were presented in Table 5.

The main strain distribution and crack pattern around the
central support of beam were recorded using the Aramis GOM
optical data acquisition system. Figs. 9-11 show the strain
images around the beam support at the peak load Py The

analysis of test results allows to assessing the effect of changes
in stirrup spacing on the failure mode of beams made of
concrete with fibers in comparison to reference beams.

The lighter areas in the images of strain fields indicate the
deep range of the tensile zone in concrete caused by intensive
cracking of beams just before failure. In the A-I-0 and A-II-0
series, high tensile stresses along the top reinforcement can be
observed, related to the gradual loss of adhesion of the
longitudinal reinforcement to the concrete. The effect caused
by the slip of reinforcement and the loosening of the concrete
cover can be seen in Fig. 9a and b. During the failure, the cracks
in the beams made of concrete with steel fibers had a much
larger width, and their number was smaller compared to
reference beams and beams of concrete with basalt fibers. In
A-II-B and A-II-S series beams, in contrast to the A-II-0 series
beams of reference concrete, there was no local loss of
adhesion between the longitudinal reinforcement and con-
crete. That was the result of the presence of basalt or steel
fibers that were able to carry the tensile stresses. Fewer cracks
in steel fiber reinforced concrete beams resulted from the
greater modulus of elasticity of these fibers, compared to
basalt fibers and more effective operation of steel fibers in
crack bridging. In the A-III series without the shear reinforce-
ment, the deformations in the support zone were small,
which can be compared with a crack pattern diagram of these
beams (Fig. 8).

Table 5 - Perpendicular crack load and diagonal crack load (average values and range of accuracy)

Series First crack Main crack Diagonal crack Main shear crack
load [kN] width [mm] load [kN] width [mm]
A-1-0 77 (£4.7) 4.87 (+£1.03) 118 (+9.6) 1.58 (0.38)
A-I-B 90 (+£16.3) 3.89 (40.09) 160 (+7.0) 1.86 (+0.41)
A-I-S 95 (9.4) 14.20 (+2.38) 220 (+£16.3) 0.15 (+0.01)
A-TI-0 67 (+9.5) 1.90 (0.60) 100 (+8.2) 0.50 (4:0.04)
A-II-B 73 (£9.0) 4.24 (£0.79) 118 (+£12.5) 0.76 (+0.14)
A-TI-S 85 (410.0) 7.84 (+0.84) 136 (+3.5) 1.40 (+0.16)
A-TII-0 70 (49.5) 1.05 (£0.40) 88 (+2.6) 30.16 (+3.37)
A-III-B 86 (+15.2) 2.03 (+0.06) 92 (£9.0) 28.48 (+2.43)
A-lI-S 80 (+£17.3) 4.03 (£1.21) 123 (£14.2) 23.69 (+4.94)
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Fig. 11 - Images of strain fields in concrete and crack pattern in beam around the central support at the peak load P,: (a) A-I-S;

(b) A-II-S; (c) A-III-S.
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Detailed analysis of the crack pattern in the support zone
allows us to approach the explanation of the role of fibers in
increasing the shear capacity. All A-I beams have been
damaged due to bending. In the support zone, it was possible
to observe cracks perpendicular to the axis of the element
caused by bending (Figs. 9a, 10a and 11a). In the case of beams
reinforced with stirrups (concrete without fibers), the stiffness
distribution is similar to the orthotropic material (the stirrups'
location determines the direction of deformations because
steel stirrups cause the local increase in stiffness). The
operation of stirrups and fibers contributed to the increase
in shear capacity in a continual way. As a result of reducing the
number of stirrups in series A-II, a complex state of stress
occurred, resulting in destruction due to flexural tension and
shear. Beams with only longitudinal reinforcement (A-III
series) failed due to shear. In fiber reinforced concrete beams,
a qualitatively different image of maximum strains was
observed (comparison of Fig. 9b versus 10b and 11b). Due to
the presence of randomly distributed fibers, the concrete
behavior becomes similar to that of an isotropic material.
Hence, the similarity of the crack pattern in concrete with
fibers occurs, e.g. beam reinforced with stirrups of A-1I-S series
(Fig. 11b) and without fibers, e.g., A-III-0 (no stirrups) in Fig. 9c.

4. Comparison of calculated and experimental
values of shear capacity of steel and basalt fiber
reinforced concrete beams

The results of measurements of the maximum shear forces
Ve Were compared with values of shear capacity in cross-
sections near support zones, calculated on the basis of selected
procedures according to the fib Model Code 2010 [26]. The
average values of reactions measured for particular beam
series were presented in Figs. 12-20. The calculated values of
shearresistance were given in the same figures, independently
of the failure mode of beam series. Although the A-I series
beams failed due to bending, Figs. 12-14 were presented to
show the design bearing capacity of beams with full shear
reinforcement, in order to compare their shear resistance with
resistance of beams with number of stirrups reduced to half or
with beams without stirrups. Thanks to this, a set of
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Fig. 12 - Comparison of the shear force value determined
experimentally Vg,, with the shear capacity calculated on
the III level of approximation Vi - series A-I-0 (concrete
without fibers).
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Fig. 13 - Comparison of the shear force value determined
experimentally Vg, with the shear capacity calculated
according to truss methodVyc; and according to SMCFT
Vmc2 - series A-I-S (concrete with steel fibers).

calculations of shear resistance of beams considered in the
article was included and the differences in approach to shear
resistance of beams made of concrete with and without fibers
were presented.

In recommendations of the standard [26] for the dimen-
sioning of concrete members for shear, three levels of
calculation approximation are distinguished, differing in the
completeness of the applied method and the accuracy of
the obtained results. In this research work, the level III
approximation (Vycm) was used to calculate the shear capacity
of beams of concrete without fibers. The level III approxima-
tion is used to design elements in a complex state of stress,
regardless of the amount of transversal reinforcement. The
theoretical basis for shear dimensioning according to [26] the
I1I level of approximation is the Simplified Modified Compres-
sion Field Theory (SMCFT), described inter alia in [23]. At the III
level of approximation, the contribution of concrete in the
transmission of lateral force resulting from the phenomenon
of the aggregate interlock is taken into account.

The level Il approximation corresponds to the general form
of the formulas for the shear capacity calculation and it is
based on the simplified method of compressive stress field
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Fig. 14 - Comparison of the shear force value determined
experimentally Vg, with the shear capacity calculated
according to truss method Vyc; and according to SMCFT
Vmcz - series A-I-B (concrete with basalt fibers).
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Fig. 15 - Comparison of the shear force value determined
experimentally Vg, with the shear capacity calculated on
the III level of approximation Vyci - series A-II-0 (concrete
without fibers).

Fig. 17 - Comparison of the shear force value determined
experimentally Vg, with the shear capacity calculated
according to truss method Vyc; and according to SMCFT
Vmc2 - series A-II-B (concrete with basalt fibers).

theory. According to the approach at level III, the design shear
resistance Vggq, if Vra < VrRamax (Omin) is defined as follows:

Vrd = Vrac + Vras- (1)

The component of the design shear resistance attributed to
the concrete Vgq. is determined on the basis of formula:

Vige = k —Vyfk bu-2, )

where: k,- coefficient determining the concrete share in shear
resistance; f - characteristic value of compressive strength on
the basis of test results; y. - partial safety factor for concrete
without fibres; by, - the smallest width of the cross-section in
the tensile area; z - internal lever arm.

The component of the design shear resistance provided by
shear reinforcement Vg4 is determined on the basis of
formula:

A
Vias = _SS‘” “Z fyya - coth, 3)
w

where: Ay, - area of shear reinforcement; s, - distance between
stirrups; fywa - yield strength of reinforcing steel; 6 - angle
denoting the inclination of compressive stress field.

The standard design methods for shear capacity [26] relate
to concrete with steel fibers. The proposed procedures have
not yet been checked for fibers of other materials and for
concrete different from ordinary one. Therefore, in the present
research work, the approaches that use the residual tensile
strength for bending fr, are adopted to estimate the effect of
basalt fibers on the shear capacity of beams. In order to
estimate the shear resistance of concrete beams with steel and
basalt fibers, two approaches were used: the truss method
(Vmci) and the Simplified Modified Compression Field Theory -
SMCFT (Vpco). For the above approaches, the following
definitions have been adopted:

Vmc 1 - the shear capacity of the fiber concrete member
calculated on the basis of the fib Model Code 2010 procedure
[26] based on the truss method, where the influence of fibers
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Fig. 16 - Comparison of the shear force value determined
experimentally Vg, with the shear capacity calculated
according to truss method Vyc; and according to SMCFT
Vwmc2 - series A-II-S (concrete with steel fibers).

Fig. 18 - Comparison of the shear force value determined
experimentally Vg, with the shear capacity calculated on
the Il level of approximation Vi - series A-III-0 (concrete
without fibers).
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Fig. 19 - Comparison of the shear force value determined
experimentally Vg, with the shear capacity calculated
according to truss method V1 and according to SMCFT
Vmcz - series A-III-S (concrete with steel fibers).

on the shear capacity is taken into account using the ratio of
the characteristic residual tensile strength in bending of fiber
concrete fry,, determined for the opening of the initial crack wy,
to the tensile strength in bending fe, in the case of concrete
with steel fibers w, = 1.5 mm, according to the recommenda-
tions [26], while in the case of concrete with basalt fibers the
maximum w, value obtained during experimental research
[33] is assumed to be equal to 0.8 mm. Load capacity was
calculated according to the formula:

1/3
Ve = 0.18 . [100~p1-(1+7,5-M>~fc4 +0.15-0¢p p - by - d,
Ye fctk
)

where: k - factor that takes into account the size effect; d -
effective depth of cross section; p; - reinforcement ratio for
longitudinal reinforcement; oc, = Npa/A: < 0.2 fq - average
stress acting on the concrete cross section A, for an axial
force Ngq, due to loading or prestressing actions.

Vumc 2 - the shear capacity of a fiber concrete element
calculated on the basis of the fib Model Code procedure [26] based
on a simplified modified compression field theory (SMCFT); in the
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Fig. 20 - Comparison of the shear force value determined
experimentally Vg, with the shear capacity calculated
according to truss method Vi1 and according to SMCFT
Vwmc2 - series A-III-B (concrete with basalt fibers).

given method, the share of fibers in the transfer of shear stresses
was taken into account by introducing the characteristic residual
tensile strength of fiber concrete fr,, determined in the direct
tensile test and the corresponding the ultimate crack width w,
and the change in the minimum angle of the compressed strut.
Load capacity was calculated according to the formula:

1
VMC2:;<k.1/fck+kf-fmk-cot«9> by -z, )

where: yr - partial safety factor for fiber reinforced concrete; k, -
coefficient depending on the longitudinal strain at the mid-depth
of the effective shear depth and aggregate size; k; = 0.8 [26].

Detailed descriptions of the used calculation methods can
be found in [26].

The reaction values were determined on the basis of the
experimental tests conducted as well as calculated on the basis
of the fib Model Code guidelines [26]. The values of reactions
measured during experimental tests (sum of reactions in Figs. 12—
20) agree with the value of the maximum load specified in
Table 4. On the other hand, in the case of values calculated
according to the fib Model Code [26], the formulas proposed in
this standard for the shear capacity calculation were used, taking
into account the parameters appearing in these formulas.

Figs. 12-20 present a comparison of values of shear forces
obtained in the experimental test with the values determined
using the calculation procedures discussed above.

The failure of all A-I series beams occurred due to bending,
and therefore they did not reach the maximum shear capacity
during the test performed. Hence, the calculated values of
shear capacity are greater than the shear forces recorded
during the test.

The effect of dispersed reinforcement on the shear capacity
was taken into account in the calculations of both steel and
basalt fiber reinforced concrete beams, by using the charac-
teristic residual tensile strength of fr, according to [26]. The
shear capacity of the S series beams, calculated for concrete
with steel fibers, depending on the calculation method, was
greater than the experimentally determined capacity by about
38% (for Viic1) up to 46% (for Vicy) (Fig. 13). As well the presence
of basalt fibers in concrete of the B series beams resulted in an
increase of the design shear capacity in comparison to the
force determined experimentally by 19-38% (Fig. 14).

The destruction of A-II series beams took place first of all as
aresult of bending and forming of plasticjoints, and then - asa
result of shear at the central support. Therefore, it is necessary
to evaluate the convergence of the results of the experiment
and calculations and to analyze the relationship of shear
capacity calculated and determined experimentally at the
central support, where the beams failed.

In the case of beams without dispersed reinforcement (A-II-
0), the calculation procedure [26] on the III level of approxima-
tion, allows to exactly determine the values of transverse force
(Fig. 15). In this case, full compliance of the values calculated
with the results of the experiment was achieved. Beams of A-
II-S series failed due to the formation of a plastic hinge at the
central support. The calculated values of shear capacity (Vic:
andVyc,) were found to be up to 17% greater than the
maximum value of the transverse force determined experi-
mentally (Fig. 16).The design shear capacity of beams made of
concrete with basalt fiber (Fig. 17), depending on the method,
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was higher by 8% (Vicy) or less by 12% (Vic1) in comparison to
the value of capacity obtained during the test.

For all A-III series of beams, the failure occurred at the center
support as a result of shearing. Thus, in this case the calculated
and experimental shear capacity of beams determined at the
center support were compared. The values of the calculated
capacities, regardless of the calculation method used, were
smaller than those obtained during the experiment. In the A-III-S
series (Fig. 19) the difference between the value of the load
determined experimentally and calculated according to the truss
method (Vic;) was 17%. This means that the estimated design
values of the ultimate force give a small reserve of capacity, and
at the same time allow to determining the value of this force with
a sufficient approximation. However, based on the analysis of
fiber concrete beams of the A-III-B series (Fig. 20), it was found
that the results obtained using the Vy; calculation method
more accurately reflect the experimental results than the Vi,
calculation (the differences were 16% and 31%, respectively).

5. Conclusions

Based on the experimental study, the following conclusions
can be drawn:

1 The presence of both steel and basalt fibers in concrete affects
the change of the failure mode of beams under bending to a
more ductile character. Steel fibers were more effective in
reducing the cracking and deformations of concrete beams.

2 The beneficial influence of incorporating basalt or steel
fibers in concrete on the load capacity of two-span beams
can be observed on the basis of the ultimate force values
recorded during test.

3 The incorporation of steel fibers at the content of 78.5 kg/m?
(1.00% by volume) into concrete causedup to 30% increase in
the value of load initiating the diagonal crack formation. In
the case of basalt fibers added at the content of 5 kg/m?
(0.19% by volume) the value of this load increased about 15%.

4 Both types of fibers can be considered as an alternative shear
reinforcement replacing, at least partially, steel stirrups.
However, in comparison to concrete beams without fibers,
the beneficial effect of basalt fibers has been revealed in the
series with 50% reduced stirrup reinforcement.
Digital Image Correlation (DIC) analysis of crack pattern
around the central support confirmed the influence of both
sorts of fibers on crack pattern and shear behavior of beams
with reduced reinforcement for shear.
The methods of calculating the shear capacity of beams
made of concrete with fibers and without fibers proposed in
fib Model Code have been verified and the results were found
satisfactory. The calculations adequately reflect the results
of experimental tests in cross-sections in which beams
reached their shear capacity.
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