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Abstract

The modern research is aimed to enhance the tensile properties of concrete so that its performance should be made bet-
ter in various reinforced concrete structures. In the current study, twenty hybrid-fiber-reinforced concrete (HFRC) columns
and one plain concrete column were cast to examine the effect of hybrid fibers on the axial capacity, load-deflection
response and cracking patterns of columns under axial concentric loading. All specimens were square in cross section
having a side length of 150 mm and a height of 1200 mm. Two different types of fibers were used; one is steel fibers (SF)
and second is polypropylene fibers (PPF). Four different volumetric ratios of SF (0.7%, 0.8%, 0.9%, 1.0%) and five different
ratios of PPF (0.1%, 0.3%, 0.5%, 0.7%, 0.9%) were used in the current study. The results indicate that the combination of
0.8% SF and 0.5% PPF performed well for load-carrying capacity and a combination of 0.9% SF and 0.3% PPF presented
the best performance for the ductility of HFRC columns. Moreover, a constitutive finite element model (FEM) was pro-
posed using concrete damaged plastic (CDP) model in ABAQUS for predicting the axial behavior and crack patterns of
HFRC columns under concentric loading. A close agreement was observed between the experimental measurements
and FE predictions. Finally, a detailed comparison of theoretical axial capacities of HFRC columns was performed using
the predictions of various codes and proposed equations.

Keywords Finite element analysis (FEA) - Axial capacity - Steel fibers - Polypropylene fibers - Damaged plasticity model -
Hybrid fibers

1 Introduction improve the properties of concrete to enhance the seismic

behavior of different structural components which can be

The brittleness of concrete with its increased strength is
the main concern of concrete. Therefore, increasing the
strength of concrete leads to lower ductility which is a seri-
ous drawback of using concrete in construction works. The
plain concrete is a highly brittle material with inadequate
flexural strength and tensile strength, low energy absorp-
tion and low toughness [1, 2]. This drawback between
strength and ductility of concrete can be compensated
by incorporating short fibers [3]. Thus, there is a need to

achieved by adding different types of fibers in plain con-
crete [4]. However, the fibers can bridge the loads through-
out the cracks and increase the toughness and limit the
crack propagation in concrete [5]. The hybrid-fiber-rein-
forced concrete (HFRC) using a combination of different
fibers such as the steel fibers with high elastic modulus
and the polymetric fibers with low elastic modulus is pri-
marily developed to attain a desirable balance between
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the strength and ductility of the material against blast and
impact loading [6].

It can be observed from the previous experimental
studies of steel and metallic fibers [7-14], natural fibers
[15] and polymetric fibers [16-18] that the incorpora-
tion of single type of fibers in concrete does not signifi-
cantly influence the various characteristics of concrete
except strain and crack resistance, while the incorpora-
tion of hybrid fibers effectively increase the resistance to
cracking and strain efficiency in several levels [19, 20]. To
improve the ductility, bridge the cracks and prevent their
propagation in the concrete, the addition of fibers is an
effective way [21]. Some hybrid fibers cementitious com-
posites can improve the performance of concrete struc-
tures under different cyclic, seismic, static and impact
loadings and can be used for the retrofitting of different
masonry and concrete structures [22-24]. The fibers in
concrete with low-volume fractions acts as the secondary
reinforcement against cracking. Though fibers do not sig-
nificantly increase the compressive strength of concrete,
they improve the flexural and tensile strength of concrete
[25-29].

Although many researchers investigated the perfor-
mance of HFRC through analytical modeling [30-33] which
played a significant role in investigating the behavior of
HFRC, but these researches could not fully explore the
fundamental mechanism and performance under differ-
ent loading conditions. Therefore, to overcome this defi-
ciency of analytical modeling one can move toward the
three-dimensional finite element modeling (FEM) which
saves cost and time in comparison with experimental work
and can investigate the complex damaging mechanisms
of the concrete [34]. The finite element model should fol-
low the assumptions and boundary conditions made in
experiments but also it should be simple with balanced
mesh size, element types and complexity to accurately
predict the behavior of structural members in minimum
time. Thus, we can say that numerical modeling is an effi-
cient tool for the analysis and design of structures in the
engineering research area if we have strong background
knowledge of finite element modeling [35]. Chowdhury
et al. [36] performed the experimental investigation and
finite element analysis (FEA) of brick and stone-made
concrete reinforced with steel fibers (SF) and concluded
that by the addition of volumetric ratio of 1.5% SF fibers,
the tensile and compressive performance of concrete
increased up to 146% and 17%, respectively. Moreover,
they also found a good correlation among the experimen-
tal and FEA predictions.

It was observed from previous studies that no numeri-
cal model was proposed for predicting the axial behavior
of HFRC columns. The aim of the present research is to
experimentally and numerically collaborate the structural
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Table 1 Characteristics of cement used in the present research

S.No Description Results
Specific gravity 3.030
Initial setting time 91 min
Final setting time 225 min
Consistency 28.75%
Compressive strength at 28 days 42 MPa
Fineness of cement 319 m¥/kg
Table 2 Specifications of coarse and fine aggregates
S.No Description Fine aggregates Coarse
aggre-
gates
Specific gravity (SG) 2.67 2.71
Fineness modulus 241 -
3 Water absorption 1.21% 0.82%

performance of hybrid-fiber-reinforced concrete (HFRC)
square compression members under axial concentric load-
ings. A total of 21 square columns were cast with different
low-volumetric ratios of SF and polypropylene fibers (PPF)
to examine their effect on the cracking and load-carrying
behavior under axial loading. Furthermore, a nonlinear
FEA model was simulated and calibrated using the experi-
mental outputs. A good relationship between the results
of the FEA model and experimental work was observed.
Predictions of axial strength of HFRC columns were also
performed using various international standards. The out-
puts of this research are helpful for the structural designers
while designing the concrete columns with hybrid fibers.
Moreover, the FEM saves the time and cost of testing and
casting the specimens.

2 Experimental program

Ordinary Portland Cement (Type-Il, Grade 43) confirming
the specifications of ASTM C150/150M-18 [37] was used
in the present research for the fabrication of HFRC speci-
mens. Some of the characteristics of the cement are given
inTable 1.

Coarse aggregates were selected as per ASTM C33-18
[38] specifications. The selected aggregate specification
number was 67 where the maximum passing size of aggre-
gate was taken as 19 mm keeping in view the maximum
designed cover for columns was 20 mm so that the con-
crete may pass through cover easily and furthermore to
avoid honeycombing. The specifications of coarse and fine
aggregates are given in Table 2.
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Table 3 Specifications of steel and polypropylene fibers

Table 4 Specifications of superplasticizer

Property Description/value Description/value
for SF for PPF

Length 25+1 mm 14 mm

Aspect ratio (L/D) >45 (52) -

Diameter 0.55+0.05 mm 22 uym

Ultimate strength > 600 MPa 400 MPa

Specific gravity 7.82 0.91

Melting point 2530°C 1700 °C

Young'’s modulus 20 (kN/mm?) 0.45 (kN/mm?)

Elongation at failure  3.5% 15%

Hooked ended steel fibers (SF) were used as a reinforce-
ment in addition to monofilament polypropylene fibers
(PPF) with the specifications as presented in Table 3 and
shown in Fig. 1.

Superplasticizer increases the fluidity in order to allow
the flow of fluid under gravity for the achievement of the
required degree of consolidation in concrete [39]. Chem-
rite NN, as a superplasticizer, was used with the specifica-
tions (Table 4) fulfilling the specifications of ASTM C494 /
C494M-17 [40].

The quantities of various constituents of concrete used
in the present work are given in Table 5.

2.1 Specimens design

The extensive ratios of fibers were included in the test
program, because the literature represented that the peak
strength shall lie within this range since the hybrid con-
crete is not a common area of research; hence the data
in the field are fewer and that leads to a wide range of
samples, and another purpose for such a large number of

S.No Description Details

1 Density of at 25 °C Approximately 1.18 kg/I
2 pH value 8.00

4 Toxicity Non-toxic

5 Transportation Non-hazardous

Table 5 Quantities of concrete constituents

Material quantity Unit weight (Kg/m?)
Cement 468.26

Coarse Aggregates 1310.86

Fine aggregates 655.43
Superplasticizer 0.5% by volume
Water 220.08

Steel fibers (SF)
Polypropylene fibers (PPF)

0.7-1.0% by volume
0.1-0.9% by volume

specimen was to bind up the research in hybrid concrete
columns using steel fibers and polypropylene fibers pro-
viding the baseline for design of hybrid concrete columns.
The test program was an extensive program setup includ-
ing twenty different mix ratios of hybrid-fiber-reinforced
concrete all along with a control specimen of reinforced
cement concrete which had no fibers. The cross-sectional
details are depicted in Fig. 2. The cross section of the
specimen was scaled-down for a two-story model build-
ing having conventional live loads supporting 10 m on
both sides, and hence the column was considered of about
4 m high. The said column was axially loaded and a short
column hence the steel and other cross-sectional details
also scaled-down except the shear reinforcement which

Fig. 1 a Steel fibers and b polypropylene fibers
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Fig.2 Cross-sectional details
of specimens
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was subject to ACI 318-08 [41] minimum requirements.
The cross section was squared to 150 mm side length. The
length of the column was maintained at 1200 mm because
of the available maximum gauge length in 5000 kN capac-
ity compression testing machines at the Department of
Civil Engineering, University of Engineering and Technol-
ogy, Taxila, Pakistan. While the cover was maintained at
20 mm minimum as the maximum size of aggregate under
consideration was 19 mm so this was decided to provide
the minimum cover of 20 mm violating the scaled-down
requirement of maximum 10 mm. The longitudinal steel
was kept uniform throughout the length of columns by
providing four 12.7 mm diameter bars having a yield
strength of 418 MPa. The transverse reinforcement was
provided to HFRC columns using 6.35 mm diameter steel
stirrups at 142 mm c/c spacing as presented in Fig. 2. The
specifications of the mix design and compressive strengths
of mixes are presented in Table 6.

2.2 Testing procedure of specimens

The specimens were brought to the platform of compres-
sion testing machine after 28 days of casting including
7-day normal water curing. The experimental program was
so devised that the columns compression testing machine
would stay for five seconds at every stress interval which
was maintained at 0.2-0.26 MPa corresponding to a load
of 5-6 KN depending upon the stress release in the mate-
rial. The relevant axial strains were continuously measured
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with load application at specific intervals. Meanwhile, the
vertical deflections with strain gauges were also measured
at intervals of every 50 KN load and were noted manu-
ally to find out the coherence between the material strain
and load-deflection strain. The testing arrangement of the
HFRC column is shown in Fig. 3.

3 Finite element modeling
3.1 Concrete and steel behavior

A general-purpose program ABAQUS was used for the
finite element (FE) simulations of HFRC columns. The bot-
tom end of the specimens was restrained in all directions
for displacement and rotation, and the top end was kept
free. The contact/bond between reinforcement and con-
crete was defined by using embedded region constraint
available in ABAQUS which perfectly connects the degrees
of freedoms (DOF) of truss elements to the 8-noded brick
elements of concrete. The steel plates were connected to
the top and bottom of the column using tie constant for
the application of uniformly distributed load on the top
and boundary conditions on the bottom. The numerical
simulations of the behavior of reinforced concrete (RC)
under multi-axial loading is a challenging task. Three mod-
els are there for the numerical simulations of RC: concrete
damaged plastic (CDP), smeared crack and brittle crack
models. One can accurately predict the behavior of RC
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Table 6 Test matrix of the

Mix ratio name Sample label SF (%) PPF (%) Total volume of ~ Compressive
present research fibers (%) strength (MPa)
M1 HC0.0-0.0 0.0 0.0 0.0 30.05
M2 HCO0.7-0.1 0.7 0.1 0.8 34.38
M3 HCO0.7-0.3 0.7 0.3 1.0 34.92
M4 HCO0.7-0.5 0.7 0.5 1.2 33.69
M5 HCO0.7-0.7 0.7 0.7 14 33.30
M6 HCO0.7-0.9 0.7 0.9 1.6 32.34
M7 HCO0.8-0.1 0.8 0.1 0.9 32.89
M8 HC0.8-0.3 0.8 03 1.1 37.81
M9 HCO0.8-0.5 0.8 0.5 1.3 32.73
M10 HC0.8-0.7 0.8 0.7 1.5 32.05
M11 HC0.8-0.9 0.8 0.9 1.7 31.04
M12 HCO0.9-0.1 0.9 0.1 1.0 32.76
M13 HC0.9-0.3 0.9 03 1.2 33.03
M14 HC0.9-0.5 0.9 0.5 14 33.56
M15 HC0.9-0.7 0.9 0.7 1.6 33.11
M16 HC0.9-0.9 0.9 0.9 18 3233
M17 HC1.0-0.1 1.0 0.1 1.1 33.17
M18 HC1.0-0.3 1.0 0.3 13 35.17
M19 HC1.0-0.5 1.0 0.5 1.5 36.67
M20 HC1.0-0.7 1.0 0.7 17 31.57
M21 HC1.0-0.9 1.0 0.9 1.9 29.74

Fig.3 a Testing of HFRC column specimens. b Strain gauges on the
surface of columns

by using (CDP) model which is available in the ABAQUS
standard [42-45]. This model defined the damage mecha-
nism of concrete in two ways: one is compressive crushing
under multi-axial loading and the second is tensile crack-
ing. Both the crushing and cracking behaviors of con-
crete were defined in ABAQUS. In numerical simulations,
the elastic behavior was defined using two parameters
of concrete, i.e., elastic modulus and Poisson’s ratio. The
plastic behavior of concrete which is a sub-part of the CDP
model was defined using various parameters of concrete

obtained from the calibration. The CDP model consists of
three behaviors of RC: plastic behavior with dilation angle,
viscosity and shape factor parameters, loading eccentric-
ity and stresses ratio; compressive behavior with concrete
compressive and tensile damage parameters and tensile
behavior with yielding stress and tensile strains. The CDP
model for plain concrete structures [46] is presented in
Fig. 4a. According to the stress-strain model (Fig. 4b)
proposed by Eurocode 2 [47], the linear elastic behavior
of concrete can be taken up to 40% of its compressive
strength (fc). For the simulations of plastic behavior, all the
plastic parameters were calibrated for different values as
discussed in the calibration section. For the simulations of
compressive behavior of concrete, the stresses were cal-
culated using the empirical equation proposed by [48] as
represented by Eq. (1)

E.e

() N

Similarly, the strains model (Egs. 2 and 3) proposed by
Majewski [49] were used in the present research for the
predictions of strains of RC. The tension and compres-
sion damage parameters of concrete in the CDP model

were defined using Egs. (4) and (5). The stress—strain
curves of HFRC with different quantities of hybrid fibers

o, =
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Fig.4 a Plain concrete CDP model [46], b stress—strain model [47]

were constructed using the experimental compressive
strength values of the mixes provided in Table 6.

£cq = 0.0014[2 — e 002 _ @=01400c | .
Equr = 0.004 — 0.0011 [1 _ e—o.oz15fm] 3)

1 —n)enE
g = LMk (@)
o+ (1 —nJ)elE,

n

in
g =M (5)
o, + (1 —nYelE,

where £ and €I" are the strains in the inelastic region of
concrete in compression and tension, respectively, and 7,
and 7, are some portions of concrete strain in tension and
compression that can be taken as 0.6 and 0.4, respectively.
E, is the elastic modulus of concrete and . and o, are the
uniaxial compressive and tensile stresses of concrete. For
the simulations of the tensile performance of HFRC, the
tension stiffening model [50] was used as presented in
Fig. 5. The numeric values of the ultimate tensile strengths
of HFRC mixes were determined using Eq. (6) [51].

f = 0.33\/f:/(MPa) (©)

For the modeling of reinforcement, a bilinear elasto-
plastic material model was selected [45, 52] with a hard-
ening ratio of 1% as represented in Fig. 6. The yielding of
steel bars was 418 MPa, and elastic modulus was taken
as 200GPa.
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Fig.5 Tension stiffening model for HFRC used in the present work

Fig. 6 Bilinear behavior of steel bars



SN Applied Sciences (2020) 2:701 | https://doi.org/10.1007/s42452-020-2461-5

Research Article

3.2 Validation of control model

For the numerical work, it is essential to calibrate the
numerical results using the experimental results. For
calibration, a specimen (HCO0.7-0.1) was selected and its
finite element model was constructed using ABAQUS. The
geometry and boundary conditions for the FEM of col-
umns are represented in Fig. 7. The loading was applied
in the form of the displacement control technique. A con-
centric load of 20 mm was implemented at the top center
of the HFRC column specimens to investigate the axial
behavior of HFRC columns.

The sensitivity analysis of the load-deflection curve
of control specimen for the different values of viscosity
parameter (VP), stress ratio (oy,,/0.,), shape factor for
yielding (Kc), dilation angle (y), and loading eccentricity
(e) was assessed as presented in Fig. 8. The numeric values
used for VP were 0.0005, 0.001, 0.0015, 0.002 and 0.0025.
It was observed that the percentage increase of 30% in
the ultimate load of the control model was occurred by
increasing the VP from 0.0005 to 0.0025. The close agree-
ment between experimental and FEA results was found
at a value of 0.002. The different values used for the dila-
tion angle of RC were 30, 34, 38, 42 and 46°. The effect of
the dilation angle was insignificant in the elastic region,
but in the plastic region of the load-deflection curve, it
was found to be effective. Similarly, the calibration of the
control model for oy, /0., and € was performed, and it was
observed that the variation of these parameters does not
affect the load-deflection behavior of HFRC columns. Thus,
the default values for these parameters, i.e., 1.16 and 0.1
were taken for stress ratio and eccentricity, respectively.
However, the shape factor Kc has an effect on the inelastic
region of the load-deflection curve only. The best results
were obtained using a value of 0.67 for the shape factor.

Fig.7 Finite element model

showing, a geometry, b (@) (b)
meshed elements, c embed-
ded steel to concrete, d
boundary conditions and
loading
Y
<2 3

The effect of variation of mesh size for the concrete and
steel bars elements was also examined. The used mesh
sizes were from 20 to 35 mm with an increment of 5 mm.
The best approximation was achieved at a mesh size of
20 mm which can be observed from Fig. 8.

The study of various element types for the RC and
reinforcement was done for hexahedral, tetrahedral and
triangular elements of concrete and two-noded and three-
noded truss elements of steel bars. The C3D8R elements
for concrete and T3D2R elements for steel bars gave close
agreement for the load-deflection curve of the control
model as presented in Fig. 9.

4 Results and discussion

The percentage discrepancy of the control model for
the experimental and FEA results was 2.27% for ultimate
load and 3.28% for deflection at ultimate loading. This
discrepancy may be due to a large number of reasons
such as (1) The dissimilitude in the properties of materi-
als that were used in the concrete mixture. The actual
properties of concrete such as dilation angle, damage
parameters and viscosity parameter, etc., may not be
the same as considered in the finite element simulations
after the extensive calibration. (2) The experimental limi-
tations including casting, fabrication and instrumenta-
tion. The fabrication of the specimens such as placing
and compaction of concrete may vary for each of the
specimen causing the variations in results. But in FEA,
the errors due to fabrication of specimens cannot occur,
because it does not consider the fabrication process of
specimens. (3) The selected boundary conditions in the
finite element simulations. It is a very difficult and chal-
lenging task to simulate the actual testing conditions.

(© g (d)
Y Y
<2 =2
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Fig.8 Load-deflection sensitivity analysis due to variations of a viscosity parameter (VP), b dilation angle (DA), c size of elements (MS), d

shape factor (Kc)

During FEA of compression test, the degrees of freedom
(DOF) on the bottom end of the specimen was kept fixed
in all directions and top end was kept free to translate
and rotate in any of the direction, but in experimental
tests, some of the DOF may not be zero on the bottom
and the some of the DOF may be zero on the top end of
the specimens causing the inconsistencies of the results.

The experimental and finite element results of all the
HFRC column specimens in terms of ultimate loading
capacity and axial deflection corresponding to the ulti-
mate loads are presented in Table 7. After the selection of
the control FEA model, it was used for the analysis of all
remaining HFRC columns in order to obtain their numeri-
cal load-deflection curves. It can be observed from the
results that the average percentage difference among the
FEA and experimental outputs of all HFRC specimens was
4.72% and 12.52% for ultimate loading capacity and cor-
responding axial shortening, respectively.
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4.1 Cracks patterns

Due to the brittle nature of concrete, the concrete cover
was spalled out and cracks were penetrated the con-
crete material quite earlier for the plain concrete column
as compared with the HFRC columns. This is because of
the fiber matrix in the concrete stopping the peeling off
concrete material into debris. The description of the crack
patterns produced in each of the column specimens was
mentioned as for the specimen HC0.0-0.0, the concrete
cover at failure site spalled with exposed reinforcement,
and the failure pattern was mainly vertical cracks near one
corner and diagonal crack near edge; for HC0.7-0.1, there
were diagonal cracks at the center of column, horizontal
cracks at one side and the diagonal cracks at another side.
Similarly, for different specimens, the failure was in the
form of either vertical cracks at the end or diagonal cracks
at the center or end of the columns.
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Fig. 9 Load-deflection sensitivity analysis due to different elements types of concrete and reinforcement
Table 7 FEA and experimental results of ultimate crack load and corresponding deflections
Specimen Experimental results FEA results %age differ-  %age differ-  Avg. %age Avg. %age
label - - - - enceinulti- enceindef. Discrepancy Discrepancyin
Ultimate load - Deflection Ultimate load - Deflection mate loads atult.loads inult.loads  deflections at
(KN) at ult. load (kN) at ult. load ult. loads
(mm) (mm)

HC0.0-0.0 558.32 4.06 697.72 4.89 24.97 20.44 4.72 12.52
HCO0.7-0.1 761.9 5.19 744.61 5.02 2.27 3.28
HC0.7-0.3 751.16 5.98 746.34 5.13 0.64 14.21
HCO0.7-0.5 768.75 6.27 741.91 5.32 349 15.15
HCO0.7-0.7 695.69 545 722.31 5.88 3.83 7.89
HCO0.7-0.9 568.5 6.74 628.7 5.65 10.59 16.17
HC0.8-0.1 759.24 6.41 744.52 4.95 1.94 22.78
HC0.8-0.3 800.69 8.46 782.51 7.07 2.27 16.43
HC0.8-0.5 821.75 7.85 729.94 6.19 11.17 21.15
HC0.8-0.7 698.77 6.92 727.68 5.86 4.14 15.32
HC0.8-0.9 534.23 4.96 562.43 4.95 5.28 0.20
HC0.9-0.1 702.2 6.24 730.04 4.89 3.96 21.63
HC0.9-0.3 784.11 9.79 730.94 9.78 6.78 0.10
HC0.9-0.5 742.95 9.27 739.92 9.94 0.41 7.23
HC0.9-0.7 763.33 8.65 731.21 7.63 4.21 11.79
HC0.9-0.9 643.62 5.27 644.78 4.89 0.18 7.21
HC1.0-0.1 592.55 5.79 604.46 5.09 2.01 12.09
HC1.0-0.3 720.07 5.81 737.68 5.21 245 10.33
HC1.0-0.5 645.4 5.99 630.32 4.99 234 16.69
HC1.0-0.7 542.6 5.93 552.52 5.02 1.83 15.35
HC1.0-0.9 511.74 7 534.44 7.52 444 743

This was also observed that in the specimen as the
percentage of fibers was increased, the pattern of cracks
changed very significantly. For instance, the control

specimen had spalled all its covers and cracks appeared
very quickly on loading those cracks penetrated deeper
on further loading and became a reason for failure. The

SN Applied Sciences

A SPRINGERNATURE journal



Research Article

SN Applied Sciences (2020) 2:701 | https://doi.org/10.1007/s42452-020-2461-5

spalled cover showed the tale of failure in samples. And
as the minimum percentage of fibers (0.1% polypropyl-
ene fibers and 0.7% steel fibers in HC0.7-0.1) were added
to the sample, the cracks immediately stopped and were
noticeably patterned vertically at the ends and diagonally
at the sides.

Thus, providing an optimum percentage of fibers as
a combination of polypropylene fibers and steel fibers
making a total to 1.0%, as the total percentage increases
beyond 1.0% the material of columns becomes brittle and
the width of the crack becomes more prominent after this
percentage. After that the cracks start traveling vertically
downward at the fiber percentage higher than 1.5%. The
reason behind this anomalous behavior of fiber-reinforced
concrete is that the fibers start taking load after a certain
limit and the stirrups inside the columns expand, pushing
the cover of concrete, which is well confined by the fibers.
As the push of stirrups and the force because of the bend-
ing of steel reinforcement reach the ultimate limit of fibers
binding force to that of concrete, they start pushing the
concrete cover, hence creating a wider crack.

This can be inferred that up to 1.0% addition of fibers
in short columns make their behavior less brittle and pre-
vents cover spalling in columns up to 100%. Because of the
crack arresting nature of fibers added to concrete, a similar
trend of the control specimen with abrupt failure and the
fibers keeping the cover from spalling was observed [53].
The cracks generally propagated from the point of applica-
tion of load to inwards, as can be seen in HC0.7-0.3, HCO.7-
0.7, HC0.8-0.1, HC0.8-0.9, HC0.9-0.3, HC0.9-0.7, HC1.0-0.1,
HC1.0-0.3, HC1.0-0.5 and HC1.0-0.7 of Fig. 10 up to the
location of one third the height of column specimen. Gen-
erally, it was noted down that micro-cracks appeared on all
sides of columns depicting that maximum stress concen-
tration was almost negligible, and it was also noted that
the width of cracks kept decreasing from end to the center.

The crack patterns in finite element work were repre-
sented using the plastic strain (PE) as presented in Fig. 10
which represents that the proposed FEA model traced the
experimental crack patterns accurately. The crack patterns
are always perpendicular to the direction of the positive
principal plastic strain in the concrete damaged plastic
model, and thus, they represent the cracking behavior
of concrete accurately [45, 51]. Most of the columns were
failed either at the top portion or at the bottom side which
accurately predicted by the finite element model.

4.2 Ultimate loads and corresponding deflections

The values of the ultimate crushing load for all the col-
umn specimens are given in Table 7. The ultimate load-
carrying capacity of the columns has increased from
2.17 to 81.95%; this is also noticeable that the specimens
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HC-0.7-0.7, HC0.7-0.9, HC0.8-0.9, HC0.9-0.7, HC0.9-0.9,
HC1.0-0.7, and HC1.0-0.9 show a minimum increase in the
ultimate load-carrying capacity of columns. It is important
to note that in all these samples the total percentage of
fibers becomes more than 1.5% by volume of concrete
except for HC-0.7-0.7 which has 1.4%. The reason for the
unusual performance of this specimen may be associated
with the testing of this specimen in the compression test-
ing machine. A minor slippage of the upper load plate was
occurred due to the disturbance of the upper surface of
the specimen which was unleveled despite providing a
layer of plaster with steel collars. This may also be noted
that as the polypropylene fibers percentage crosses the
threshold of 0.5% by volume the increase in ultimate load-
carrying capacity starts decreasing, while the maximum
values are exhibited on either 0.3% or 0.5% polypropylene
fibers by volume of concrete. This behavior is because at
lower percentages of polypropylene fibers the improve-
ment in ultimate load-carrying capacity is seen because
of the crack arresting phenomenon and the load taken by
fibers to withstand the cracks and avoid failure. But as the
addition of polypropylene fibers is made beyond a certain
threshold, the ultimate load-carrying capacity is reduced
because a higher volume of polypropylene fibers starts
interfering with the cohesion of the concrete matrix.

The ultimate loads of HFRC columns for different quan-
tities of SF and PPF are represented in Fig. 11. The general
trend of the curves represents that the axial capacity and
axial deflection of columns increase with the percentage
content of steel and polypropylene fibers up to a certain
quantity, and then both the parameters decrease with a
further increase in fibers content. When polypropylene fib-
ers increase from 0 to 0.5% at 0.7% steel fibers, the maxi-
mum percentage increases in the load and axial deflec-
tion were 37.69% and 54.43%, respectively. Similarly, when
the polypropylene fibers increase from 0.1 to 0.9% at 0.9%
steel fibers, the maximum increase in load and capacity
was observed at 0.5% polypropylene fibers which were
8.23% and 22.46%, respectively. Similarly, at 0.9% steel
fibers, the maximum load and deflections were observed
at 0.3% polypropylene fibers, and at 1.0% steel fibers, the
maximum load and deflections were observed at 0.3%
and 0.9% of polypropylene fibers, respectively. The maxi-
mum capacity was observed at 0.8% steel fibers and 0.5%
polypropylene fibers for specimen HC0.8-0.5 with values
of 821 kN and the maximum deflection was observed at
0.9% steel fibers and 0.3% polypropylene fibers for speci-
men HCO0.9-0.3 with a value of 9.79 mm. Generally, this
study portrayed that the axial capacity of HFRC columns
increases with the enhancement in the quantity of hybrid
fibers up to a certain content (normally 1.5%), but further
increase in fiber content causes the decrease in the axial
strength of specimens. The proposed constitutive FEA
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Fig. 10 Crack patterns of all
the HFRC column specimens
obtained from experiments
and FEA
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Fig. 11 Experimental (EXP) and
FEA results for ultimate capaci-
ties and corresponding axial
deflections of HFRC columns,
respectively, for different ratios
of SF and PPF
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models predicted the ultimate load and corresponding
deflections accurately. The trends of fiber-contents against
axial loads and axial deflections curves were similarly giv-
ing the maximum values at the same quantities of fibers
as experimental results.

4.3 Axial load-axial shortening behavior

The difference in load first and the final crack load was
observed ranging from 2.48 to 180.54% the first crack load.
This percentage difference can be depicted as the ductil-
ity induced into the samples with the addition of fibers.
This can be noted in Table 7 and Fig. 12 that the speci-
men containing 0.7% polypropylene fibers has the least
percentage difference of first crack loads. Another trend
is noticeable here, that the difference initially decreases
up to the addition of 0.7% polypropylene fibers then once
again rises. The decrease in the value is attributed to the
relatively brittle nature of randomly distributed fibers. This
is because of the crack arresting nature of fibers until their
ultimate strain is reached and when the ultimate strain of
fibers is reached it fails relieving the cracks which abruptly
expand on the failure of fiber elements. Hence, the differ-
ence of first visible crack load to the ultimate crack load
keep decreasing up to a certain limit. After that limit, the
fibers start affecting the bonding of concrete due to which
the first crack load is reduced, and the section starts crack-
ing rapidly; hence the difference between first and ulti-
mate crack loads keeps increasing.

It can be observed that the load-deflection response of
HFRC columns was predicted by the proposed finite ele-
ment model with high accuracy. The maximum discrep-
ancy for the ultimate loading capacity was observed for
the specimen with plain concrete (HC0.0-0.0) with a value
of 24.97%, and the minimum discrepancy was observed
for HC0.9-0.9 which was 0.18%. The maximum discrepancy
for the axial deflection at the ultimate load was observed
for HC0.8-0.1 with a value of 22.78%. Similarly, the mini-
mum percentage discrepancy of 0.1% was represented
by specimen HC-0.9-0.3 for deflection. The average per-
centage discrepancies between the experimental and
FEA results of HFRC columns were 4.72% and 12.52% for
axial strength and corresponding axial shortening, respec-
tively. These minor discrepancies may be attributed to the
following reasons. (1) Minor inaccuracies due to the dif-
ference between actual and testing and boundary con-
ditions. (2) Differences in strengths of materials such as
concrete and steel reinforcement. (3) Faults in the manu-
facturing of specimens in the laboratory. (4) Inaccuracies
are due to assumptions and conditions made during FEA.
(5) Initial geometric imperfections of specimens. (6) Faults
in the manufacturing of materials in factory giving differ-
ent properties of each material such as cement or steel

bars. (7) Accuracy of testing instruments. However, the
overall experimental load-deflection curves of all the col-
umns were tracked accurately by the FEA results showing
that the selected constitutive FEA model can be utilized for
the simulations of HFRC compression members.

4.4 Ductility of HFRC columns

Figure 13 represents the ductility indices of all the HFRC
columns. Ductility is the amount of energy absorbed by
the concrete structural element after peak load-carrying
capacity. It was observed that the trend of increase or
decrease in the ductility of specimens was the same as
that of the axial shortening of columns. The ductility index
was calculated by using the relationship [54]:

Area;s,,

P Aredgs,, @
where Area, s, is the total area of the load-deflection curve
up to 75% of ultimate load-carrying capacity and Aredgs,,
is the total area of the load-deflection curve of HFRC col-
umns at 85% of the ultimate load-carrying capacity of
columns. However, the ductility index of HFRC columns
increased with the increasing volumetric fraction of the
hybrid fibers, but it can be observed that with the increase
in the quantity of PPF, the ductility index of HFRC columns
increases significantly. The ductility of the column with
0.8% SF and 0.3% PPF was similar to that of the plain con-
crete column. The columns HC0.7-0.3, HC0.8-0.9, HC0.9-0.7
and HC1.0-0.9 presented the highest ductility indices that
were 27.5%, 65%, 53.34% and 55.84% higher than of the
plain concrete column. The ductility index was observed to
be the highest for the specimens with 0.8% steel fibers and
0.9% polypropylene fibers. Therefore, it can be concluded
from the current study that the ductility of HFRC columns
improves by enhancing the quantity of steel and polypro-
pylene fibers. This improvement is due to the bridging
effect of hybrid fibers on the HFRC columns.

5 Theoretical capacity of hfrc columns

The experimental and FEA results of axial nominal load-
carrying capacity of HFRC columns were compared with
the empirical predictions of various previously proposed
capacity equations and international standards for col-
umns with different reinforcement types to investigate
which equation gives better results for the nominal capac-
ity of HFRC columns.

Generally, the axial capacity of reinforced concrete col-
umns is equal to the sum of the load-carrying capacities of
concrete core and internal reinforcement. According to ACI
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Fig. 12 Complete axial load-
deflection curves of HFRC
columns
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Fig. 13 Ductility indices of various HFRC column specimens

318-11 [55], the axial capacity of short columns can be cal-
culated using Eq. (8).
Py = 0.85f/ (Ay — Ag) + Aqf, (8)
where P, is the axial load-carrying capacity of the column,
fc’ is the concrete compressive strength, Ag is the cross-
sectional area of the concrete region, A, is the total cross-
sectional area of internal steel reinforcement, and fy is the
yield strength of reinforcement.

According to British Standard BS 8110 [56], the nominal
axial load-carrying capacity of short columns under concen-
tric loading is defined as:

N=F +F (9)

where N is the nominal capacity of steel-RC columns, F_
is the portion of the axial strength of columns carried by
the concrete core and Fs is the portion of the axial strength
of columns due to the longitudinal reinforcement. Thus,
Eq. (9) can be written as:

N = 0.45f A, + 0.87f A, (10)

In this equation, f_, is the concrete strength, A_ is the
cross-sectional area of the concrete core, £, is the yield
strength of reinforcement and A, is the cross-sectional area
of longitudinal reinforcement in the column.

According to Canadian Standard 1984 [57], the axial
strength of the column (P,) is defined as presented in
Eq. (11).

P, =051f A, +Ayf, (11)
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where A, is the cross-sectional area of concrete. A previ-
ously proposed equation for glass fiber-reinforced con-
crete (GFRP) columns was also evaluated to examine its
performance for HFRC columns. Afifi et al. [58] proposed
an empirical model for the axial capacity of GFRP-RC col-
umns represented by Eq. (12).
P, = 0.85f/(Ay — Ap) + ayfp,Ar (12)
where P, is the axial capacity of GFRP reinforced column,
f!is the concrete strength, Ay is the gross cross-sectional
area of concrete, A, is the cross-sectional area of main FRP/
steel reinforcement, o, is the reduction factor. The value of
this factor can be taken as 0.35 [59, 60].

The performance of all the above-mentioned codes and
equations for various reinforcement types in RC columns
is presented in Fig. 14. The predictions of ACI code [55]
overestimated the axial capacities of HFRC columns show-
ing that this equation cannot be used for the calculation
of load-carrying capacity of HFRC columns. Furthermore,
British Standard [56] and Canadian Standard [57] under-
estimated the axial capacity of HFRC columns.

As concerned with the equation given by Afifi et al.
[58], the predictions were close to experimental measure-
ments. Although this equation was proposed for the axial
load-carrying capacity of the GFRP-RC columns, its predic-
tions gave a better performance for the capacity of HFRC
columns as compared with other equations given by ACI
318-11 [55], British Standard BS 8110 [56] and Canadian
Standard 1984 [57]. The average percentage discrepancies
for ACI 318-11 [55], British Standard BS 8110 [56], Cana-
dian Standard 1984 [57] and Afifi et al. [58] were 23.64%,
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Fig. 14 Experimental results and predictions of various codes and equations for the axial capacity of HFRC columns

22.66%, 14.06% and 10.55%, respectively. Thus, the equa-
tion of GFRP-RC columns given by Afifi et al. [58] can pre-
dict the axial behavior of HFRC columns with compara-
tively higher accuracy. Moreover, a constitutive empirical
model should be proposed for predicting the behavior of
HFRC columns with high accuracy.

Figure 15 represents the ratios of experimental to pre-
dicted values of the axial load-carrying capacity of HFRC

columns. The ratios of experimental to predicted values by
ACI Code are smaller than all other codes and equations
due to the overestimation of the ACI Code for the axial
capacity of HFRC columns. ACI Code gave the accurate
prediction for the column specimen with 0.8% steel fibers
and 0.5% polypropylene fibers (HC0.8-0.5), but most of the
ratios were smaller than unity. The ratios of experimental
to predicted values by British Standard were larger than all
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Fig. 15 Ratios of experimental to predicted values of the axial capacity of HFRC columns
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other codes and equations due to the underestimation of
this code for the axial capacity of HFRC columns. The equa-
tion proposed by Afifi et al. [58] gave ratios that were very
close to the unity showing that this equation predicts the
axial load-carrying capacity of HFRC columns accurately.

6 Conclusions

The main conclusions drawn from the present research
work are as under:

The maximum load-carrying capacity of HFRC columns
was achieved at a combination of 0.8% steel fibers and
0.5% polypropylene fibers by the total volume of the
specimen. Similarly, the maximum deflection at the ulti-
mate load was achieved while using 0.9% steel fibers and
0.3% polypropylene fibers. The proposed FE model gave
the maximum load-carrying capacity at a combination
of 0.8% steel fibers and 0.3% polypropylene fibers, and
the maximum deflection was achieved at a combination
of 0.9% steel fibers and 0.5% polypropylene fibers. It was
observed that the axial loading capacity of HFRC columns
increased with the increase in hybrid fibers upto a certain
content (1.5% by volume), and then, it started to decrease
with the increase in fiber quantity. Furthermore, the ductil-
ity of the specimens was seemed to be increased with the
quantity of fibers (up to 1.9%).

This can be observed that up to 1.0% addition of fibers
in columns makes their behavior less brittle and prevents
cover spalling in columns up to 100%. When the total per-
centage increases beyond 1.0%, the material of columns
becomes brittle and the width of the crack becomes
more prominent after this percentage. The proposed FE
model predicted the crack patterns of HFRC columns with
accuracy.

The ductility index of HFRC columns was observed to be
the highest for the specimens with 0.8% steel fibers. The
ductility was maximum for the specimen with 0.8% steel
fibers and 0.9% polypropylene fibers.

The proposed FE model captured the load-deflection
behavior of HFRC columns accurately. The average per-
centage discrepancies between the experimental meas-
urements and FE predictions for the axial loading capac-
ity and corresponding deflection were 4.72% and 12.52%,
respectively. These minor discrepancies represent that the
proposed FE model is accurate enough to closely predict
the axial behavior of HFRC compression members.

The extensive study of various international standards
for predicting the axial load-carrying capacity of columns
represents that the proposed equation by ACI Code for
steel-reinforced columns cannot accurately predict but
overestimates the results for the axial loading capacity of
HFRC columns by 23.64%. Conversely, the British Standard

and Canadian Standard underestimate the axial capacity
of HFRC columns by 22.66% and 14.06%, respectively. The
equation proposed for GFRP-RC columns by Afifi et al.
(2013) gave the close approximations for the axial capaci-
ties of HFRC columns with 10.55%. Thus, this equation can
be used for approximately predicting the axial capacity of
HFRC short columns. Furthermore, there is a need to pro-
pose an empirical model that can predict the axial behav-
ior of HFRC columns with higher accuracy.
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