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Abstract

In this study, the effect of the change of stirrup ratio and polypropylene (PP) fiber ratio on the behavior of reinforced concrete beams
was investigated. The variables of this study consisting of without stirrup, spacing up to 20 %, 40 % and 80 % of beam depth as stirrup
spacing and 0.125 % and 0.500 % of the weight of reinforced concrete beam were used as PP fiber ratios. In the context of experimental
study, 1/2 scaled 12 reinforced concrete beams were tested with 4-point bending mechanism. In the light of the obtained data, the
load-displacement, stiffness and energy absorption graphs were plotted. The results were interpreted comparatively. According to
the results, it is observed that the PP fiber additive significantly changed the behavior of the reinforced concrete beams, and the fiber
effect decreased in proportion to the increase of the stirrup rate. It has been observed that the cracks spread more to the beam

surfaces with the increase of PP fibers. In addition, the increase in the fiber ratio especially in the non-stirrup beams increases the

bending capacity.
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1 Introduction

Concrete, which is the most used building material in the
world, has many advantages and disadvantages. Low ten-
sile strength and moment bearing capacity are some of
them. Researchers have done many studies to increase
the tensile and flexural strengths of concrete. In order to
increase the tensile strength of concrete, various fibers
were added, and specimens were tested to obtain the
desired strength values.

In recent years, various fibers have been produced for
different purposes in line with the developing technology.
The usage areas of fiber-reinforced concrete vary depend-
ing on the structure of the fibrous material [1, 2].

Steel fibers are mostly used in industrial facilities, high-
way pavements, bridge stands, piled foundations, airport run-
ways, explosion-hazardous buildings, hydraulic construc-
tions with cavitation loads, tunnels and galleries [1, 3-7].
Polypropylene fibers have many applications that they are
mostly used in concrete road superstructures, industrial
flooring, shotcrete applications, airports, fire resistant con-
crete structures, concrete pipes and military security struc-
tures [1, 8]. In addition, there are many recent studies on

polypropylene fibers in the literature. Especially the effects
of polypropylene fibers on the shear capacity of reinforced
concrete beams were studied by many researchers [9-11].
Besides, researchers have also turned to more specific top-
ics such as the use of polypropylene fibers in precast tun-
nel segments [12—14], hollow core slabs [15, 16] and dou-
bles [17], in recent years. According to the researches, the
effect of both fiber types on concrete is different from each
other. Polypropylene fibers give positive effect in bending
elements. The energy consumption capacity and the duc-
tility of reinforced concrete beams in which polypropylene
fibers are used were higher than most of the fibers [18-21].
Furlan and de Hanai [22] examined the effect of PP and
steel fibers on the behavior of reinforced concrete beams.
According to their findings, it has been revealed that poly-
propylene fibers at the same rate provide higher bend-
ing strength and deformation capacity than steel fibers.
In addition, the only bending damage occurred in beams
using PP fiber, while the beams using steel fibers had
bending and shear damages. Reinforced concrete beams,
the structural elements that transfer loads to the columns,
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are one of the most important structural support elements
in buildings where the reinforced concrete structure sys-
tem is used. The behavior of beams under the internal and
external forces of buildings is very important for structural
safety. For this reason, the behavior of reinforced concrete
beam elements under various loads and conditions should
be determined. Ever since the beginning of the usage of
reinforced concrete structures, various experimental stud-
ies have been conducted by the researchers on the basis of
element. Numerous experimental studies have been con-
ducted on reinforced concrete beams [18, 23-34]. These
studies aimed to determine the shear resistance by using
PP fibers used in reinforced concrete structures.

It is known that stirrup is a very important element in
terms of shear safety in reinforced concrete beams. In many
studies, the effect of stirrup on the behavior of a reinforced
concrete beam was investigated, and important findings
have been obtained [35-37]. The beam sizes were chosen
to be quite small in the studies conducted only to exam-
ine the material characterization. However, the fact that the
dimensions of the specimens used in these studies are very
small compared to the beam dimensions used in the build-
ings, and that there is no reinforced concrete reinforcement
in these specimens to cause the results to be unrealistic.
The reason for using small specimens in experiments is
due to the problems experienced in the production of large-
scale test elements and inadequate test devices. However,
the beam sections are larger in real buildings. Therefore,
performing experiments using the samples closer to the real
beams will bring the test results closer to the real values.

In the light of all these evaluations, an experimental
study was performed to measure the flexural strength and
energy absorption capacity of reinforced concrete beams
with polypropylene fiber. In this study, a total of 1/2 scale
12 reinforced concrete beams, 4 of which are without
fiber and 8 of which are PP fiber-reinforced, were pro-
duced. The beams were tested under monotonic loading in
a 4-point bending mechanism. The stirrup spacing in all
beams and the fiber ratio in fiber-reinforced beams are the
variables of this study. As a result of this study, load-dis-
placement curves, stiffness graphs and energy absorp-
tion graphs of the beams were plotted, and the results
were evaluated comparatively. Furthermore, the cracks
were plotted during the experiment, and the effects of the
cracks on the beam behavior were examined. According to
the results, it was observed that the shear behavior of the
reinforced concrete beams changed significantly with the
change of stirrup spacing and PP fiber ratio.

Unal et al. | 523
Period. Polytech. Civ. Eng., 65(2), pp. 522-536, 2021

1.1 Research significance

As a result of a comprehensive literature review, there
are not many studies on how the ratio of polypropylene
fibers to stirrups affects the behavior of reinforced con-
crete beams. Since stirrups should be used in reinforced
concrete beams used in structures, the compatibility of the
fibers with stirrups should be investigated. Therefore, this
study investigates how different PP fiber ratios with dif-
ferent stirrup spacing affect shear and bending behaviors,
failure mode and energy consumption capacity of rein-
forced concrete beams when used at varying stirrup ratios.

2 Material and methods

In this study, the effect of PP fibers on the shear and flexural
behaviors of reinforced concrete beams was investigated
experimentally. In the context of experimental study, total
of 12 reinforced concrete beams were tested with a 4-point
bending mechanism. The damages occurred during the
experiment were marked, and the behaviors of the speci-
mens were interpreted. Fiber ratio and stirrup spacing are
the variables of this study.

While calculating the design shear load carrying capacity
in conventional reinforced concrete beams, the cross-sec-
tional area of the stirrups, the tensile strength of the stir-
rups, the spacing of the stirrups and the tensile strength of
the concrete are taken into account. In this study, the ten-
sile strength of concrete was increased by adding PP fiber
to reinforced concrete beams, thus the shear force carrying
capacity of the beams was increased a little.

While determining the amount of PP fiber, a calcula-
tion was made as 3.2 kg/m’ in one group and 12.8 kg/m’
in the other group of experiments. While calculating PP
fiber ratios, first of all the beam volume was determined,
then the estimated beam weight was calculated according
to the concrete unit volume weight. Later, the weight of
PP fiber to be used in beams was determined according to
3.2 kg/m’ and 12.8 kg/m’. The ratio of PP fiber weight to
reinforced concrete beam weight used in test elements was
0.125 % in one group, while it was calculated as 0.500 %
in another group. Therefore, since 10 kg/m’ PP fiber has
a volume of approximately 1.1 %, 0.35 % by volume in
L2 specimens and 1.40 % by volume in L3 specimens
were used. The stirrup spacings are without stirrup, spac-
ing up to 20 %, 40 % and 80 % of beam depth. The length
of the loading point/effective depth ratio (a/d) of the beams
was selected as 3. The certain properties of the specimens
were coded, and nomenclature was made. In the test ele-
ments, El refers to specimens without stirrup, E2 refers
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to spacing up to 80 % of beam depth stirrup spacing,
E3 refers to spacing up to 40 % of beam depth stirrup
spacing, and E4 refers to spacing up to 20 % of beam
depth stirrup spacing. In addition, L1 refers to specimens
without fiber, L2 refers to 0.125 % by weight fiber ratio and
L3 represents 0.500 % by weight fiber ratio. The charac-
teristics of the test elements are given in Table 1.

2.1 Material properties

Concrete mixture calculation was made according to
C25/30 (cylinder compressive strength was 25 MPa, cubic
compressive strength was 30 MPa). Portland Cement
(CEM-I-42.5), fine aggregate, coarse aggregate and water
were used in the concrete mixture. The produced concrete
was subjected to pressure test using 150 mm cube and
150 mm diameter - 300 mm high cylinder standard samples.
The concrete pressure test results are shown in Table 2.

Table 1 General properties of specimens

Stirrup
Beam Depth High Long. Mont. (radius/ PP Fiber
Name (mm) (mm) Rein. Rein. spacing Ratio
(mm))
B-El-L1 125 250 308 - - 0%

B-E2-L1 125 250  3¢8 248  ¢6/200 0%
B-E3-L1 125 250 348 208  ¢6/100 0%
B-E4-L1 125 250 368 208  46/50 0%

B-El-L2 125 250 368 - - 0.125 %

B-E2-L2 125 250 368 268 $6/200 0.125 %

B-E3-L2 125 250 368 2¢8 $6/100 0.125 %

B-E4-L2 125 250 368 2¢8 $6/50 0.125 %

B-E1-L3 125 250 368 - - 0.500 %

B-E2-L3 125 250 368 2¢8 $6/200 0.500 %

B-E3-L3 125 250 348 2¢8 $6/100 0.500 %

B-E4-L3 125 250 348 2¢8 6/50 0.500 %

Table 2 Concrete pressure test results

S?mple No / Load Stf::geth Aé‘:;jf ’ g’c};zr?;:}f (/?;E;adii

Fiber Ratio (kN) (MPa) Strength (MPa) Strength
(MPa) (MPa)

1/0 % 867 38.53 36.1 30.82 28.88

2/0 % 760 33.78 27.02

3/0 % 810 36.00 28.80

4/0.125 % 832 36.98 37.35 29.58 29.88

5/0.125 % 888 39.47 31.57

6/0.125 % 801 35.60 28.48

7/0.500 % 604 26.84 31.26 21.47 25.01

8/0.500 % 705 31.33 25.06

9/0.500 % 801 35.60 28.48

S420 steel was used in beams as reinforcement. The rein-
forcement details of the reinforced concrete beams are
shown in Fig. 1.

Forta-Ferro brand PP fiber was used in the study. Fiber
properties are given in Table 3.
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Fig. 1 Reinforcement rebar detailing: (a) El, (b) E2, (c) E3, (d) E4
(Measure in mm)

Table 3 Properties of PP fiber

Properties Value Properties Value

. 100 % Pure . . o
Raw Material Copolymer PP/PE Melting point  162-168 °C
Length 54 mm Burning point 398 °C
Tensile 550-750 MPa Water Zero
strength Absorption
Elasticity Acid/Alkali
Module 3750 MPa Resistance Excellent
Surface Texture Deformed Surface Standard ASTMC-1116
Density 910 kg/m’ Diameter 0.677 mm




2.2 Mechanical characterization test results

In order to determine the material mechanical character-
ization, the samples of 150 x 150 x 550 mm were pro-
duced according to EN 14651 [38] and tested in a three-
point bending apparatus (Fig. 2). In the experiments,
a 100 kN capacity load cell was used for load measure-
ments and two linear variable differential transformers
(LVDT) with 0.001 mm sensitivity for crack mouth open-
ing displacement (CMOD) measurements. The samples
are; the control sample, the sample containing no PP fiber,
the PP-0.125 sample containing 0.125 PP fiber by weight,
and the PP-0.500 sample containing 0.500 PP fiber by
weight. Table 4 shows the values of flexural test results.
In Table 4, the definitions of abbreviations are as follows:
J; 1s the nominal stress at limit of proportionality, f, , is
the residual strengths at CMOD of 0.5 mm and f;; is the
residual strength at CMOD of 2.5 mm.

In Fig. 2, the nominal stress values versus CMOD
are given according to EN 14651. PP has been observed
that the change in fiber percentages does not have a sig-
nificant effect on the limit of proportionality. However,
changes were observed depending on PP fiber percent-
ages after fracture. PP fibers showed a softening behavior
with a sharp load drop after the peak load, followed by
an increment of the residual strength. The control sample
has completely lost its load carrying capacity after frac-
ture. PP-0.125 and PP-0.500 samples showed decreases in
the nominal stress value up to f; | after fracture, and after

Table 4 Bending properties of concretes

Series f, (MPa) fr1 (MPa) Jrs (MPa)
Control 2.61 - -
PP-0.125 295 1.57 1.40
PP-0.500 2.81 1.53 2.41

Stress (MPa)

—Control
—PP-0.125
—PP-0.500

0 0,5 1 15 2 2,5 3 35
CMOD (mm)

Fig. 2 Nominal stress versus CMOD curves
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this value, the nominal stress value increased up to fg;.
The nominal stress values of PP-0.500 and PP-0.125 sam-
ples are approximately same in f, ;. However, the nominal
stress value of the PP-0.500 sample is 72 % higher at f
than the PP-0.125 sample. This indicates that the PP-0.500
sample has a higher load carrying capacity at advanced
displacement levels.

2.3 Test setup and measurement method

A total of 12 specimens produced in the scope of the
study were tested in Konya Technical University Civil
Engineering Department Earthquake Research Laboratory
under monotonic loading.

The stress was applied as impulse method with the help
of hydraulic jack in the experiments. Load measurements
were determined with the help of load cell, and the dis-
placements on the specimens were determined by potenti-
ometric rulers. The capacity of load cells used for the load
measurements is 500 kN in pushing and pulling. The dis-
placement values were measured using potentiometric
rulers with a capacity of 300 mm. The hydraulic cylinder
used to load the specimens has an elongation capacity of
300 mm. The load and displacement values which were
read from the measuring instruments during the experi-
ments were transferred to the computer via data gathering
system and recorded.

2.3.1 Test setup

The specimens used in the experimental study were
manufactured in Konya Technical University Civil Engin-
eering Department Earthquake Research Laboratory.
After the approximate bearing capacity of the specimens
was determined theoretically, the loading system was
designed according to the loads that would come to the
specimens. The schematic representation of the test setup
is shown in Fig. 3.

Hydraulic Cylinder-
Load Cell

/Loading Points
I Reinforced Concrete Beam

\ % 1 /
Potentiometric Ruler

Support Region

Loading Beam

Sub Support
2

/Rjgid Slab

Fig. 3 The test setup
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2.3.2 Measurement method

One load cell was used to measure the load, and three
potentiometric rulers were used to measure the displace-
ments on the specimens due to the applied load during the
experiments. The three potentiometric rulers under the
specimens were used to obtain mid-point load-displace-
ment, stiffness and energy graphs.

The potentiometric rulers and the load cell were con-
nected to a data acquisition device that can record 8 data
per second. The load and displacement values were first
transferred to this device, then to another device called the
device gate and finally stored on the computer. The data
transferred to the computer was seen on the computer
screen by means of a program and the load-displacement
curves were plotted simultaneously with the experiment.

The experiments were started with load control, and
after the nominal yield value of the system was reached
(after the load-displacement curve reached the horizontal
position), the experiments were continued with the dis-
placement control. The load was continued until the major
damages on the specimens occurred. The loading was car-
ried out with 5 kN load increases up to the nominal yield
point in the experiments. After the nominal yield value
was reached, the loading was continued with 5 mm dis-
placement increases up to 50 mm displacement level, and
it was continued with 10 mm displacement increases after
50 mm displacement level. The loading was terminated
when the capacity of the loading system was reached or
when major damages were seen on the beams.

The cracks and damages occurred on the specimens
during the experiments were recorded. The load mid-
point deflection curves were plotted according to the
data obtained from the potentiometric rulers and the load
cell. In addition to graphical comparisons, the behav-
ioral patterns of the specimens were also compared. For
this purpose, the fracture pattern and the crack distri-
bution occurred during the experiments were examined
comparatively.

2.3.3 Drawing the graphs of the experiments
The data obtained by the load cell and the potentiometric
rulers during the experiments were transferred to a data
acquisition device, and then they were processed, vari-
ous graphs were drawn, and the experimental results were
interpreted. The graphics drawn within the scope of the
study were created as follows:

Load-Displacement Graph: The displacement values
were obtained from the potentiometric ruler placed exactly

at the mid-point of the test elements. Furthermore, the data
obtained from the load cell located at the mid- point of the
beam were divided into 2, thus, the load values at the load-
ing point were determined. According to these resulted
load and displacement values, a load-mid-point displace-
ment graphwas drawn at which the horizontal and vertical
axes respectively indicate the displacement values and the
load values.

Stiffness Graph: The slope of the curve in the load-cen-
tral point displacement graphs obtained from each loading
during the experiments gives the stiffness of the test spec-
imens. Therefore, for each loading, the angle between the
line drawn to this peak and the horizontal axis is of a func-
tion of stiffness. The obtained angles constitute the verti-
cal axis, and the loading number constitutes the horizontal
axis in the Stiffness Graph.

Cumulative Energy Graph: The energy consumption
capacities of the test specimens were determined by cal-
culating the area under the load mid-point displacement
graph. After the total energies consumed in the first and
second loadings were summed, the cumulative energy
graphs were drawn. These values were summed up after
each loading, and the cumulative energy graph was drawn.
In the graph of cumulative energy consumption, the ver-
tical axis indicates the amount of consumed cumulative
energy, while the horizontal axis indicates the central
point displacement.

3 Evaluation and discussion of test results

3.1 Specimen behaviors and failure mechanisms

In order to investigate the effect of PP fiber ratio on the
beam behavior, all the test specimens were compared with
each other. In the study, flexural beams were produced by
taking the shear span to effective depth ratio (a/d) as 3.
The fracture distributions and the resulting damages of the
specimens tested in the 4-point bending mechanism are
shown in Figs. 4 and 5. In addition, the load-displacement
curves obtained from the experiments are given in Fig. 6,
Fig. 7 and Fig. 8. The curves were grouped as two groups to
examine the effects of the stirrup distance change and the
fiber ratio change (Fig. 6 and Fig. 7). In addition, the test
results are given in Table 5 and Table 6. The general beam
behavior, collapse modes, strength, stiffness, ductility and
energy absorption capacities were determined by using the
load-displacement curves of the specimens, and the results
were evaluated. The effects of different fiber ratios and
different stirrup spacing on the beam behavior were also
investigated in the study.



Table 5 Overall results after tests

Specimen Load Capacity (kN) Deflection (mm)
Yield Ultimate At Yield At Failure
B-El-L1 22.69 25.18 7.85 65.29
B-E2-L1 25.38 28.59 13.45 180.26
B-E3-L1 24.58 27.40 10.50 179.13
B-E4-L1 24.65 27.86 8.96 180.35
B-El-L2 25.01 27.17 9.13 96.84
B-E2-L2 24.68 26.72 8.46 48.52
B-E3-L2 23.40 28.21 8.50 166.21
B-E4-L2 23.81 28.15 8.76 165.16
B-EI-L3 29.61 33.84 13.84 150.06
B-E2-L3 26.49 29.47 10.47 152.06
B-E3-L3 24.48 29.39 10.15 180.39
B-E4-L3 24.70 28.41 6.87 107.46
Table 6 Overall results after tests
Specimen Ductiility St:{flggss Al]jsr;er;ifon Failure
Ratio (KN/mm) Capacity Mode
(kN.mm)
B-El-L1 8.32 2.89 1360 Flexure + Shear
B-E2-L1 13.40 1.89 4430 Flexure
B-E3-L1 17.04 2.34 4460 Flexure
B-E4-L1 20.13 275 4470 Flexure
B-E1-L2 10.61 2.74 2300 Flexure + Shear
B-E2-L2 5.73 2.92 1210 Flexure + Shear
B-E3-L2 19.55 2.75 4420 Flexure
B-E4-L2 18.85 272 4370 Flexure
B-EI-L3 10.84 2.14 4250 Flexure
B-E2-L3 14.52 2.53 4320 Flexure
B-E3-L3 17.77 2.41 4750 Flexure
B-E4-L3 15.64 3.59 2800 Flexure + Shear

The flexural cracks occurred until the yield point was
reached after the start of the experiment. All of the speci-
mens reached the yield point. However, B-E1-L1, B-E1-L2,
B-E2-1L2 and B-E4-L3 collapsed due to shear fracture after
reaching the yield point. In these specimens, the shear
fracture occurred at the displacement levels of 65.29 mm,
96.84 mm, 48.52 mm and 107.46 mm respectively, and the
experiments were terminated. These specimens showed
flexural behavior up to a certain point of the loading and
showed shear behavior after that point. In other specimens,
the flexural behavior occurred, and the loading was contin-
ued as much as the loading system capacity was reached.
These specimens failed after the concrete at the outermost
of the pressure zone crushed.
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The expected behavior was observed in B-E1-L1 and
B-E1-L2 at which the shear fractures occurred, since they
had no stirrups. The shear fracture occurred at B-E1-L2 and
then B-E1-L1 due to fiber additive. That is, a 0.125 % fiber
additive can be said to have a positive effect on ductility.
Although B-E4-L3 had the lowest stirrup spacing and the
highest fiber ratio, it showed an unexpected behavior and
collapsed due to shear fracture possibly due to high fiber
ratio and the energy accumulated in the fibers. The sud-
den discharge of energy occurred after a certain point, and
a sudden failure occurred with this discharge. Although
there were fiber additives in the samples B-E1-L2, B-E2-L.2
and B-E4-L3, a sudden collapse occurred sometime after
these samples reached the yield point. While the cracks
in these samples were observed during the experiment,
it was observed that the width of a crack increased com-
pared to other cracks. Thus, in these specimens, the col-
lapse occurred in the places where this large crack occurred.
In some experimental studies with PP fibers, it has been
stated that a crack can open more than other cracks and col-
lapse may be observed [10, 11, 39, 40]. Although this frac-
ture causes the decrease of ductility, such a fracture will not
occur in the beams at service loads. Because, the fracture
occurred in these beams longs after the yield point. All the
other specimens exhibited a very ductile behavior.

The effect of stirrup spacing on the crack distribution
of the specimens is quite high. As the stirrup spacing
decreases, the number of cracks increases and the crack
intervals decrease. Increased energy absorption has also
occurred with more cracks. In the specimens with less stir-
rup spacing, the cracks are spread over the whole beam
face. For the specimens with more stirrup spacing, the num-
ber of cracks is low. In these specimens, the width of the
cracks between the loading points and the brace regions is
quite large. For this reason, the specimens with less stirrup
spacing are more effective to prevent the shear behavior.

All cracks and damages occurred at the end of the
experiments were recorded. They are shown in Fig. 4.
When the damages and cracks in the test specimens were
examined, the bending cracks occurred between the two
loading points, and the bending + shear cracks occurred
in the area between the loading points and the supports.
Since there was no stirrup in the sample B-E1-L1, the shear
fracture occurred at an angle of 45 degrees from the load-
ing point after the yield. In this sample, the number of
cracks is very low and the fracture was sudden and brit-
tle. (Fig. 4(a)). It was observed that the width of a crack
just below the loading point increased more than the
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other cracks in samples B-E1-L2, B-E2-L2 and B-E4-L3.
(Fig. 4(e), Fig. 4(f), Fig. 4(j), Fig. 4(1)). In some of the
studies on PP fibers in the literature, it was observed that
a crack under the loading point expanded, and the fracture
occurred in these regions [10, 11, 39, 40]. After the beams
reach their yield point, the crack gaps will try to widen
further, but the fibers will not allow it. For this reason, it is
thought that the energy accumulation occurs in the fibers
inside the cracks, and the energy is suddenly released after
the fibers break after a while. For this reason, it is predicted

that a sudden break occurs. Especially after the yield point,
it was observed that the crack spacing increased more in
these regions because the curvature of the beam changes
below the loading point. Therefore, fractures occur where
the loading point is.

There were more cracks in fibrous specimens than non-
fibrous specimens. In addition, it was observed that the crack
widths in the fibrous specimens were considerably less than
the non-fibrous specimens. This shows that the fibers can be
very useful for limiting the crack width (Fig. 5).

()

Q)
Fig. 4 Cracks and damages (a) B-E1-L1, (b) B-E2-L1, (c) B-E3-L1, (d) B-E4-L1, () B-E1-L2, (f) B-E2-L2, (g) B-E3-L2, (h) B-E4-L2, (i) B-E1-L3,
(j) B-E2-L3, (k) B-E3-L3, (1) B-E4-L3



Fig. 5 Condition of fibers in cracks in the specimen

3.1.1 Strength

Load bearing capacities, ductility ratios, stiffness, energy
absorption capacities and failure modes of the specimens
are given in Table 5 and Table 6. In addition, the load-
displacement curves shown in Fig. 6 were plotted in order
to examine the effect of the stirrup spacing on the beam
behavior. In Fig. 7, the load-displacement curves are plot-
ted in order to examine the effect of fiber on beam behavior.
The load-displacement curves of all test elements are
given in Fig. 8.

It can be said that the yield point of the specimens with-
out fiber is approximately the same when Fig. 6(a) exam-
ined. In other words, it is seen that the change of the stir-
rup spacing does not cause a big change on the yield point.
However, the non-fibrous B-E1-L1 has less load bearing
capacity than the other specimens. In addition, since this
specimen collapsed due to shear fracture, its ductility is
considerably lower than the other specimens.

In Fig. 6(b), the effect of the stirrup spacing change on
the beam behavior of the specimens with 0.125 % fiber
ratio is seen. The yield points are approximately at the
same level in these specimens. However, it is seen that the
ductility values are quite low for B-E1-L2 and B-E2-1L.2
specimens since shear fracture occurs on them. In addi-
tion, it is seen that the load bearing capacities of these
specimens are less than those of the other specimens.

The load-displacement graphs of the specimens with
0.500 % fiber content are shown in Fig. 6. When the yield
points are examined, it is seen that this fiber ratio is more
effective in specimens without stirrup. The load values of
the B-E1-L3 test element at the yield point are 10.54 %,
17.33 %, 16.58 % higher than the B-E2-L3, B-E3-L3 and
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Fig. 6 Load- Mid Point Deflection curves for synthetic fiber ratio
(a) 0 %, (b) 0.125 %, (c) 0.500 %

B-E4-L3 test elements, respectively. However, the maxi-
mum load bearing capacities are approximately the same.
This shows that 0.500 % fiber ratio is more effective in
specimens without stirrup and in specimens with high
stirrup spacing.

In order to examine the effect of fiber ratios on beam
behavior, the specimens were compared with each other in
Fig. 8. As seen in Fig. 7(a), both yield point and load bearing
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capacity of the specimens without stirrup increased with
. . . . 35
the increase of fiber ratio. The yield point of the B-E1-L3
was 16.75 % and 23.37 % higher than the yield point of SELLL
the B-E1-L2 and B-E1-L1, respectively. Similarly, the load B-E2-LI
bearing capacity of B-E1-L3 is 17.67 % and 25.29 % higher :g:ﬁjﬂ
than the load bearing capacity of B-E1-L2 and B-EI-L1 :Egg
respectively. These results show that the beam behavior —B-E3-L2
. . . . .. —B-E4-L2
improves itself with the increase of fiber ratio in the spec- —BELI3
imens without stirrup. o
In Fig. 7(b), the yield points of the specimens B-E2-L1, —B-E4-L3

B-E2-L2 and B-E2-L3 are approximately the same.
However, when the load bearing capacities are exam-
ined, the load bearing capacity of B-E2-L3 has 15.51 %
and 19.71 % higher than the load bearing capacity of the
B-E2-L1 and B-E2-L2, respectively. It is seen in Fig. 7(c)
and Fig. 7(d) that the frequent stirrups eliminate the fiber
effect. The yield points of these specimens are approxi-
mately 25 kN, and their load bearing capacities are about
28 kN. The load-displacement curves of all specimens are
given comparatively in Fig. 8.

0 20 40 60 80 100 120 140 160 180 200
Mid Point Deflection (mm)

Fig. 8 Load - Mid Point Deflection curves for all specimens

3.1.2 Stiffness

In order to examine the effect of stirrup spacing on beam
behavior, the stiffness (slope angle) curves were plotted
(Fig. 9). Stiffness curves were plotted in order to examine
the effect of fiber on beam behavior (Fig. 10). The stiffness
curves of all specimens are given in Fig. 11.
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In Fig. 9(a), it is seen that the stiffness of the beams % 70
-
decreases with the increase in the stirrup spacing. As seen g w
in Table 6, the yield stiffness of these specimens varies g % “B-E4LI
=2 —B-E4-L2
between 1.89 and 2.89. In Fig. 9(b) and Fig. 9(c). It is seen ;_ 40 ~BE4L3
. . .. S 30
that the beam stiffness is at similar levels throughout the @
20
experiments. 0
Fig. 10 shows the effect of fiber ratio on beam stiff- 0
. . . . 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32
ness. As seen in Fig. 10(a) and Fig. 10(b), it was deter-
Load Number
mined that the stiffness of the beams increased as the fiber @

ratio increased. However, it is seen that the stiffnesses of Fig. 10 Stiffness curves for stirrup effect (a) E1, (b) E2, (¢) E3, (d) E4
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Fig. 11 Stiffness curves for all specimens

the specimens in Fig. 10(c) and Fig. 10(d) are similar. This
shows that the fiber effect is more visible in the specimens
with high stirrup spacing. Thus, it is seen that the fiber
ratio has a significant effect on the stiffness of the speci-
mens with low stirrup ratios and specimens without stir-
rup, depending on the fiber ratio. In Fig. 11, the stiffness
graphs of all specimens are given comparatively.

3.1.3 Energy dissipation

In order to examine the effect of stirrup spacing on beam
behavior, the cumulative energy graphs shown in Fig. 12
were plotted. In Fig. 13, the cumulative energy graphs were
plotted to examine the fiber effect on the beam behavior.
The cumulative energy graphs of all specimens are given
in Fig. 14. The energy consumption capacities of the speci-
mens without shear fracture took similar values according
to the graphs. The energy consumption of the specimen
with shear fracture is considerably lower than that of other
specimens. Especially, it is seen that the energy consump-
tion values of the specimens with less stirrups and of spec-
imens without stirrup are lower than those of other spec-
imens. It is observed that the fiber ratio effect increases
the energy consumption capacity of the specimens without
stirrup. As can be seen in Table 6, the energy consumption
values of all specimens displaying bending behavior are in
the range of 4250-4750 kNmm. For the samples at which
shear fracture occurred after the yield point, B-E1-L1 has
1360 kNmm, B-E1-L2 has 2300 kNmm, B-E2-L2 has
1210 kNmm and B-E4-L3 has 2800 kNmm energy con-
sumption values.

3.1.4 Ductility

The ductility rates obtained by proportioning the failure
displacement to yield displacement in the specimens are
given in Table 5 and Table 6. All of the specimens reached
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Fig. 12 Cumulative Energy curves for synthetic fiber ratio (a) 0 %,
(b) 0.125 %, (c) 0.500 %

the yield point, and all specimens showed flexural behav-
ior up to this point. Sometimes after the yield point was
reached, the shear fracture was observed at some speci-
mens. The ductility rates of these specimens are quite low
compared to other specimens. It is seen that the ductil-
ity of the specimens without stirrup and with high stirrup
spacing (B-E1-L1, B-E1-L2, B-E2-L2) is quite low com-
pared to other specimens.
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Fig. 14 Cumulative Energy curves for all specimens

In the light of all these evaluations, the load capac-
ity and the deflection values were given in Table 5. Also,
the ductility ratio, stiffness, energy values were given in
Table 6. Besides these values, the failure modes of spec-
imens were given in Table 6. In this table, while deter-
mining the failure mode, the behavior up to the yield
point and the behavior after the yield point are taken as
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5000 basis. Therefore, all samples exhibited flexural behavior
4500 up to the yield point. Sudden fracture occurred in some
i 8000 —B-EI-L1 samples at the displacement levels after the yield point.
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2 2200 BE3LL The expression "Flexure + Shear" has been used in these
< 3000 —B-E4-] . . .
B Cobiie samples because of the bending behavior up to the yield
= 2500 T . . . .
2 —B-E2-L2 point and shear behavior after the yield point.
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£ 500 —BEAL2 In the light of all this information, it was concluded
= —B-E1-L3 S
E o o o that the use of PP fiber significantly changes the mechan-
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S £50 —B-E3-L3 ical properties of the reinforced concrete beams. When
—B-E4-L3
0 fibers are used in beams without stirrups, the shear dam-
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Mid Point Deflection (mm) age was not encountered during the collapse. In addi-

tion, the ductility ratio of the non-stirrup beams with afi-
ber ratio of 0.125 % and 0.500 % is respectively 27.5 %
and 30.3 % higher than that of non-fibrous beams. As the
fiber ratio increased, it was observed that the number of
cracks increased. In L2 type beams, the energy consump-
tion value increases approximately 92 % up to samples
with 40 % stirrup ratio, while this value is approximately
12 % for L3 type beams. As the fiber ratio increases at
the samples without stirrup, the yield stiffness decreases.
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However, when the stirrup beams were examined, the
yield stiffness of L2 and L3 beams increased by an aver-
age of 23 % compared to L1.

4 Conclusions

Within the scope of the study, 12 reinforced concrete beams
were tested in 4-point bending mechanism. The main
parameters in this study are the stirrup spacing and PP
fiber ratio. The shear span to effective depth ratio (a/d) was
taken as 3, and the flexure behaviors of the beams were
examined during the experiments. The load bearing capac-
ities, ductility ratios, energy consumption capacities, stiff-
ness, failure modes and general load-displacement behav-
iors of 12 beams were examined. The following results
were obtained in the light of the data acquired.

* Through the test elements, the shear fracture occurred
at the specimens without fiber and with fibers of 0.125
% fiber ratio. However, the specimen with a fiber ratio
of 0.125 % showed a more ductile behavior than the
other specimens. In addition, the shear fracture did
not occur at the specimen without stirrup with a fiber
content of 0.500 %, and the beam presented a bend-
ing behavior completely. This shows that the ductility
of the beams increases, and the flexural behavior of
the beams increases significantly with the increase of
fiber ratio for the specimens without stirrup.

e It was observed that the number of cracks in the
specimens increased with the decrease of the stir-
rup spacing. Thus, the increase in the stirrup rate
increases the energy consumption. It is seen that the
cracks are distributed over the whole beam surface,
and the flexural behavior increased in specimens
with low stirrup spacing.
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