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ABSTRACT

This paper investigates the structural behavior of composite HSC columns reinforced
longitudinally and transversely with BFRP bars under centrically axial loads. five full-scale
concrete columns with a 200x200mm cross section and 2000mm in height were tested under
axial monotonic loading. The Influence of the type of the reinforcement (steel and BFRP) and
the concrete strength under concentric loading on the performance of the specimens was
investigated. The samples were examined under concentric compressive load up to failure.
The results showed that the BFRP bar reinforced HSC (BFRP-HSC) specimens is as efficient
as the steel bar reinforced HSC (steel-HSC) specimen in sustaining concentric axial load. The
load—axial displacement, load—lateral displacement and failure mode of all the BFRP-
reinforced HSC columns are presented and compared to that of the steel-reinforced HSC
columns.

Also, a non-linear finite element analysis (NLFEA) using ANSYS Software ver. 14.5 was
carried out to validate the behaviour of HSC-BFRP reinforced concrete columns under centric
loads. The analytical results were agreed with the experimental results.
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1. INTRODUCTION

As of late, fiber-reinforced polymer (FRP) composites are accepting expanded consideration
due to its predominant execution compared to customary steel [1]. A few exploratory and
numerical thinks about explored the application of FRP composites as fortifying and
reinforcing fabric for strengthened concrete (RC) structures [2—-5]. In common, the execution
of RC structures depends not as it were on mechanical characteristics of concrete and
fortification but moreover on the composite activity between the two components [6,7]. This
can be the case for any sort of fortification, counting FRP composite materials [8,9]. FRP bars
had numerous preferences over steel bars, such as no erosion indeed in cruel chemical
situations, a thickness of one-fifth to one-quarter of that of steel bars and great
electromagnetic separator property. The utilize of FRP bars as elective fortifications in
strengthened concrete was an inventive arrangement to overcome the erosion issue of the
steel [10—12].

Basalt FRPs (BFRPs) have risen as a promising elective to routine FRPs in strengthening
concrete structures [13]. BFRP has been demonstrated to appear beneficial characteristics in
mechanical, chemical, working temperatures, and tall proportion of execution to taken a toll
in comparison to other FRPs. So, Ibrahim et al. [14] proposed BFRP bars for application
within the FSRC framework. Within the ponder of Ibrahim et al. [15], bond-slip behavior
between BFRP bars and concrete was inspected through pull-out tests on 10-mm-diameter
BFRP bars with five distinctive surface conditions. To speak to the neighborhood bond stress-
slip relationship of the tried bars, Ibrahim et al. [15] appeared that the well-known BPE bond-
slip show [16] can be connected.

By and by, extant studies on the application of FRPs to concrete structures basically center on
the holding behavior between FRP bars and concrete [17-21] in conjunction with the flexural
exhibitions of concrete individuals strengthened with FRP bars [22-27] and the mechanical
properties of FRP-RC structures [28—32]. There's a lack of considers on the compression
execution of FRP-RCCs and particularly on FRP-RCCs beneath offbeat loads. Subsequently,
test considers on the mechanical properties of BFRP-RCCs are of awesome importance in
growing the application of FRP bars in concrete structures.

BFRP has accumulated consideration as a substitution for other FRPs since of its cost-
effectiveness, ease of fabricate, high-temperature resistance, freeze-thaw execution, great
resistance to erosion, acids, and vibration and affect stacking [33-37]. Additionally, BFRP
bars have way better strength in antacid conditions than AFRP and GFRP [35,38]. Due to
these extraordinary highlights, there's an expanding application of BFRP bars in gracious
designing structures. During the final few a long time, numerous endeavors have been made
to examine the mechanical behavior of BFRP fortified concrete and steel strengthened
geopolymer concrete auxiliary individuals counting pillars, columns, chunks and boards, in
specific, the bond behavior between concrete and support, and by and large execution. The
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flexural and shear execution of concrete pillars fortified with BFRP bars has been tentatively
considered and displayed in Refs. [39-43], which appeared that concrete pillars strengthened
with BFRP bars had higher qualities than control steel-reinforced bars with the same
fortification proportion, and carried on very so also to that of bars fortified AFRP and GFRP
bars.

This study aims to investigate the performance of using BFRP bars as longitudinal
reinforcements on concrete columns and basalt stirrups when subjected to a centric load. For
this purpose, five square RC columns with a cross-section of 200 mm X 200 mm and a height
of 2000 mm were examined and tested till failure.

2. Experimental Study
The column specimens were examined under SO00kN universal testing machine The
aim of this study was getting the ultimate failure load, ultimate mid span deflection, and
failure mode for control column with respect to the others reinforced using basalt bars.

2.1. Material used

Fine aggregate: with 2.64 and 2.74 fineness modulus and specific gravity [44].
Coarse aggregate: with 2.89 specific gravity [44].

Cement: CEM I 42.5 N- Ordinary Portland with a specific gravity 3.15 [44].
Silica Fume: with 2.30 specific gravity.

Tapped Water: for mixing & curing.

Super plasticizer: 1.2kg/litre density [44].

NSk W =

Reinforcing steel: reinforcing normal mild steel 24/35 (plain bars) of diameter 6
mm & reinforcing high grade steel 36/52 (deformed bars) of diameter 10 and 12

mm [44].
8. Basalt fiber reinforced polymers (BFRP) bars; see Table 1 & Fig. 1.

Table 1: BFRP properties [43].

Property Measured Value
Density (MPa) 2.68
Tensile Strength, fu (MPa) 1400
Tensile Modulus (Gpa) 56
Ultimate Strain, €u (%) 24
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Fig. 1. BFRP stirrups & Ribbed BFRP bars.

2.2. Experimental program and test setup

Five concrete columns having the cross section dimensions of 200 mm x200 mm with 2000
mm long were casted as indicated in Table 2. The concrete mix for the test specimens was
designed to obtain compressive strength of 55SMPa at 28days age. The mix proportions were 2
sand: 1 cement, water cement ratio was 0.35 and 2.0% super plasticizer by weight of cement.
Two types of reinforcing bars were employed. All samples were examined under centric axial
compression loadings. By using compression testing machine with capacity of S000KN as
shown in Fig. 2.b, the load was applied via loading cell which was acting at the column head.
Incremental load was applied with an increment of 5 to 20KN for all the test specimens.

()
Fig.2: Experimental stages, a) Casting Columns; b) RFT. Basalt & Steel Cages c¢) Test Setup.
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3. Test Results and Discussion

The performance of the concrete columns reinforced with either steel reinforcement or BFRP
basalt bars with different diameters and confined with different number of stirrups is
presented and discussed below. The ultimate strength, lateral deflection and cracks pattern
were investigated.

Table: 2 Details of tested concrete columns

Specimen Description Reinforcing ratio RFT Configuration
1d. (%)
Cs Control specimen 200x200x2000 mm reinforced by 1.130
4012 longitudinal steel bars and 12 @ 8 steel
stirrups
CiBi12 Concrete column reinforced using 4®12 1.130

longitudinal Basalt bars and 15 @ 8 steel stirrups

Ca-Bi0 Concrete column reinforced using 4®10 0.785
longitudinal Basalt bars and 15d8  steel stirrup

Csni2 Concrete column reinforced using 4®12 1.130
longitudinal Basalt bars and 10 ®8 Basalt stirrup I

Ca-BI0 Concrete column reinforced using 4®10 0.785
longitudinal Basalt bars and 10 d8  Basalt stirrup 1

3.1 Experimental Ultimate load.

The the control specimen Cs was the control concrete column which reinforced with using
4®12 longitudinal steel bars and 7® 8/ m steel stirrups. The experimental failure load was
669.0 KN. For Ci-s12 which reinforced using 4012 basalt bars and 7® 8/ m steel stirrups, the
failure load was 854.0 KN. This increase in failure load is due to the high tensile strength of
basalt bars with an enhancement ratio 27.6%.

For column Cz-B1o which use 4®10 longitudinal Basalt bars and 7@ 8/ m steel stirrups, the
experimental failure load was 739.0 KN with an enhancement ratio of 18.5 % due to the
tension tensile strength of basalt bars.

For C3-si2which reinforced using 4®12 basalt bars and 5O 8/ m steel stirrups, the failure
load was 840.0 KN. This increase in failure load is due to the high tensile strength of basalt
bars and good confinement of Basalt stirrups although its number is less than Cs in meter
but it had high tensile strength with respect to steel.

The enhancement ratio in failure load is 25.5%. For C4si0 which reinforced using 4®10
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basalt bars and 5® 8/ m Basalt stirrups, the failure load was 720.0 KN with an enhancement

ratio of 7.6% with respect to Cs.

According to the results in Table 3 the effect of using basalt reinforcement is so effective in
increasing the failure load capacity especially in using basalt stirrups which impact in
increasing the confinement of columns. The average enhancement ratio in case of using basalt
bars or basalt bars and basalt stirrups is about 20.0% as shown in Table 3 & Fig. 3 to Fig. 5.

Table 3: Deformation of tested concrete columns

Exp. A lateral Pumax Ductility Energy % of Energy
Specimen Failure Ld (KN) (mm) (A0.8Pymax/A  Absorption, Absorption
Id. PUmax) KN.mm enhancement
Cs 669.0 425 115 1591.0
Cii2 854.0 5.30 1.07 2239.0 40.7
Cas10 739.0 4.50 1.13 1784.0 12.1
Csan2 840.0 5.10 1.08 2142.0 34.6
Casio 720.0 4.10 1.07 1601.0 0.63
Average 22.0
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Fig. 3: Comparison between experimental failure load (kN).
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Fig. 4: Experimental failure load (kN) for different columns
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Fig. 5: Comparasion between percentage of experimental failure load enhancement.

3.2Experimental cracks of concrete columns

The cracks for concrete columns will be discussed. The initiation of cracks in column Cs was
unseen but the first seen one was at load of 250kN at the column head under the point of load
concentration. The cracks propagated till reach the maximum load of 669.0kN. Then, load
decrease in load take place and the cracks propagated and increased showing failure of
column. This propagation in cracks is normal in columns due to the distance between column
stirrups as shown in Fig. 6.

For columns specimens which reinforced using basalt bars only Ci-si2 and Ca-B10, the first
crack appears at lateral stage due to its tensile strength which were at 370.0 KN and 320KN.
For the specimens use basalt bars and stirrups with less number and large spacing between
stirrups Cs-g12 and Ca-B1o, the first crack also delayed to be at 350.0KN and 290.0KN.

This due to the high efficiency of stirrups tensile strength. The experimental crack pattern is
indicated in Fig. 7.
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Fig. 6: Comparison between first crack loads and Max. Load for different columns
3.3 Mode of Failure

The concrete column Cs failed in a mode of compression failure accompanied with local
crushing and spalling of the concrete cover and at the head under the point of applied load.
For the other concrete columns reinforced using BFRP bars, near failure the load reach the
maximum value and after this value the load decreased up to 70% to 50% of the maximum
load with increasing the descending part of load displacement curves. This increases of
descending part represent type of ductility and safe line in using the structures as shown in
Fig. 3. The failure of the concrete columns reinforced by basalt bars take mode of brittle
failure especially after reaching the allowable value of tensile strength of bars and stirrups
which increase the confinement of column, leading to increase of ultimate load.
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3 bl Y d) J
Fig. 7: Cracking pattern; a) Cs; b) Ci-12; ¢) C2-10; d) C3-12; €) Ca-B10

3.4 Ductility and Energy Absorption of Tested Columns

The calculated ratio between the deformations at 0.8 of ultimate load in the descending part to
the deformation at the ultimate load is the ductility, but the energy absorption of the specimen
is the total area under the load deflection curve.

Ductility obtained from the experimental test was shown in Fig. 8 and Table 3 discussed as
the following. The ductility obtained for the control specimen Cs was 1.15 but a progressive
increase in ductility obtained for different specimens.
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For columns reinforced using BFRP bars, the ductility varied between 1.13 to 1.07 with a
decrease in ductility varied between 1.73% to 7.0%. This decrease may be due to the
behaviour of basalt bars failure.

Fig. 9 shows the energy absorption for the tested columns. The progressive increase of energy
absorption was observed while for the specimen Cs the energy absorption recorded 1591.0
KN.mm. By comparing this value with the recorded for different columns it shows good
enhancement. It can be state that it delayed the appearance of the first cracks and increased
the service load capacity.

The calculated energy absorption for Ci-si2, C2-10, C3-B12 and Ca-Bio were 2239.0KN.mm,
1784.0KN.mm, 2142.0KN.mm and 1476.0KN.mm respectively. It developed with high
ultimate loads, crack resistance, high durability, high ductility and energy absorption
properties, which are very useful for dynamic applications.
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Fig. 8: Comparisons between the obtained ductility for tested specimens
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Fig. 9: Comparisons between the energy absorption for tested specimens
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3.5 Lateral Deformation for concrete columns

For columns which examined, the lateral displacement is the most affected in the column. So,
column in this case of using reinforcing steel recorded the maximum values of lateral
displacement to be 4.25mm at load of 669.0KN which is the failure load of specimen Cs as
given in Table 4. For the column specimens reinforcing using BFRP bar especially 4 ® 12 the
lateral deformation enhanced to be 3.65mm at load of 669.0KN but at its failure load it
recorded 5.3 mm. for specimen Cz-B10 the maximum lateral displacement at failure load was
4.5 mm but at failure load of Cs it was 3.70mm. it may be explained due to good confinement
of basalt stirrups while it had high tensile strength. For the specimens Cs.si2 and Ca-gio the
lateral displacements were 5.lmm and 4.lmm compered to be 3.85mm and 3.95mm
respectively at load of 669.0KN for the control column. This relative increase in lateral
displacement due to decreasing number of basalt stirrups and increasing the space between
them which effect on confinement. Finally, due to prefect confinement happened due to the
usage of Basalt stirrups enhanced the behavior of the tested columns. It can be state that it
delayed the appearance of cracks and increased the load capacity. Also, it enhanced the lateral
deflection as shown in Fig. 10.
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Fig. 10: Comparisons between lateral deflections for tested columns, a) lateral deformation at max.
Load; b) lateral deformation at max. Load of Cs
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4. Non-Linear Finite Element Analysis (NLFEA)

NLFEA was carried out to investigate the behaviour of the HSC concrete columns reinforced
by basalt FRP using ANSYS-14.5 computer program [45]. The study contains the pattern of
cracks, the ultimate failure load and the load-deflection curves.

4.1. Reinforced Concrete Columns Modelling
3-D modelling was conducted for HSC columns reinforced by BFRP bars using ANSYS-14.5.

Element solid65 was used for representing the concrete columns and element link10 was used
for representing reinforcing steel & basalt bars as in Fig. 11.

ANSYS

[ )

ANSYS
R14.5

\
77
/
/

R
R
¥

VAR AN J
;\X \);\,f\f\‘(r\xf :x ;(\’{_,Q
\){ AR N KA A AR

) FAVAVAVAVAYAN AYA

NIG099.9.9.9.9

LAY

WAVAVAYAY.
A X \y/{vh\‘f \
)‘t K‘ }\ \,"'\ I\ fﬂ f“\ A
XXX XXX

A\

.-‘f[nt 4

i/

NN A
‘\\ \}( kY,
Wl

(a) (b)
Fig.11: Analytical Model, a) link10 for bars, b) solid65 for concrete.

4.2 NLFE ultimate loading carrying capacity
Table 4 shows the ultimate failure loads of all columns. The ultimate failure load of control

column Cs is 603 KN. The columns from Ci-si2to Casi0 had relatively higher ultimate failure
loads than control which ranged from 630kN to 718kN.
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The analytical enhancement in ultimate load capacity pu was recorded by specimens Ci-si2, Co-
10, Cs-12and Ca-s10 with enhancement of 19.1 %, 5.14%, 4.48% and 6.10% respectively.

4.3 NLFE lateral deformation

Table 4 shows the lateral displacement of all columns. The lateral displacement for Cs was
3.80 mm for the reference specimen. For Ca-sio, C3-s12 and Ca-sio the lateral displacement was
4.50 mm, 3.60 mm and 3.85 mm respectively.

Using the basalt stirrups instead of steel stirrups increased the confinement of the columns,
ductility and analytical failure load as in Table 4. So, using basalt bars generally enhanced the
behavior of the analytical columns.

5. Comparison between experimental and finite element analysis results

The objective of the comparison of experimental and finite element results is to confirm that
analytical 3D models are meet to represent the behavior response of the HSC basalt FRP
columns. The five analytical 3D models were compared with the experimental results in
expressions of ultimate load, ultimate deflection, and crack pattern.

This is compatible with Tu et al. [46]. They showed that decreasing the stirrup spacing might
avoid the failure of buckling for the longitudinal bars and enhanced the ductility and failure
ultimate load of the GFRP-RC columns.

5.1 Ultimate failure load

Fig. 12 showed a good acceptable agreement between the experimental & NLFEA ultimate
failure load capacity Pu nirea/Pu op. Also, Fig. 14 presented compatibility between the
analytical & experimental studied. Referring to Table 4, Pu nirea/Pu «p ratio for control
specimen column Cs was 0.90. While ratios were 0.84, 0.86, 0.75 and 0.89 for Ci-si2, Ca-sio,
Cssizand Casiorespectively. The average agreement for all specimens is equals to 0.85 which
reflected the effect of using finite element analysis.

5.2. Ultimate lateral deflection

Fig. 12 showed an acceptable agreement between the experimental & NLFEA ultimate failure
load capacity Au nirea/ Au exp.. Figure 12 showed comparison between experimental lateral
deflection and NLFEA one. Figure 14 showed the load deflection curves for all columns in
both experimental and analytical manners. The load displacement curves for tested specimens
and analytical results showed a good acceptable agreement. Referring to Table 4, Au nLrea/
Au exp. of the control specimen column Cs was 0.89. While ratios were 0.85, 0.80, 0.75 and
0.89 for Ci-si2, C2-B10, Cs-12and Ca-siorespectively. The average agreement for all specimens is
equals to 0.85 which reflected the effect of using finite element analysis.
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Fig. 12 Comparison between experimental and analytical failure load

[ "] o th

Delection (mmy)

b
=W okt W th o Lhoh ooy

=

C1-B12

C21-B10

C3-B12

C4-B10

EIXP

4.25

5.3

4.5

5.1

4.1

ONLFEA

3R

4.5

3.6

3.85

3.65

Fig. 13 Comparison between experimental and analytical lateral deflection

IUSER © 2017

http://www.ijser.org



INTERNATIONAL JOURNAL OF SCIENTIFIC & ENGINEERING RESEARCH, VOLUME 10, ISSUE 9, SEPTEMBER-2019

ISSN 2229-5518

Table:4 Comparisons between experimental and finite element results

PUmax Lateral AUmax
) Failure Load Agreement Displacement Agreement
Specll(rlnen Reinforcement Pumax (kKN) (%0) Avmax (mm) (%)
EXP. NLFE NLFE/EXP. EXP.  NLFE  NLFE/EXP.
Cs 4012+1508 stirrups 669.0 89.0
CiBn2 4®12 BFRP+15®8 steel stirrups 854.0 2(1)28 ggg 2§(5) 228 85.0
Ca1o 4010 BFRP+15®8 steel stirrups 739.0 634.0 86.0 4'50 3.60 80.0
Csi2 4012 BFRP+10d8 basalt stirrups 840.0 ’ ) ' ’ 75.0
C 4012+10 @8 basalt stirrups 720.0 630.0 750 510 385 89.0
B0 ' 640.0 89.0 410  3.65 :
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Fig. 14 Comparison between EXP. and NLFEA load-displacement curves for columns

5.2. Ultimate lateral deflection

Fig. 12 showed a good acceptable agreement between the experimental & NLFEA ultimate
failure load capacity Au nLrea / Au exp. Fig. 12 showed comparison between experimental
lateral deflection and NLFEA one. Fig. 14 displayed the experimental & analytical load-
deflection curves for all columns. The load displacement curves for tested specimens and
analytical results showed a good acceptable agreement. Referring to Table 4, Au n rea/ Au
exp. Of the control specimen column Cs was 0.89. While ratios were 0.85, 0.80, 0.75 and
0.89 for Ci-s12, C2-B10, Cs-si2and Ca-siorespectively. The average agreement for all specimens is
equals to 0.85 which reflected the effect of using finite element analysis.

5.3. Pattern of cracks

The crack patterns obtained from experimental work and non-linear finite element analysis
for all columns presented an approximately similar patterns of crack propagation in
compression failure. Fig.15 specify control specimen column Cs. These cracks are horizontal
flexural tension crack at column edges and transverse vertical cracks that happened in
concrete crushing. The analytical model of crack propagation is in good acceptable agreement
with experimental one.
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ANSYS

145
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Fig. 15 Pattern of cracks for examined control column Cs

6. Conclusions

Based on the obtained results and observations of the experimental and the analytical study
presented in this research paper and considering the relatively high variability and the
statistical pattern of data, the following conclusions can be drawn:

e Using the reinforcing steel bars as column reinforcement has effect in the column
carrying capacity, especially in case of using steel stirrups which increase the
confinement leading to increase the carrying capacity.

e Basalt FRP bars have high tensile strength relative to steel bars. This led to increasing
the carrying load capacity of concrete columns at small bars diameters.

o Using BFRP stirrups increase the confinement of concrete, which decrease the lateral
displacement, cracks numbers, crack width and increasing the column capacity.
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e Experimental results revealed that using Basalt FRP bars as reinforcement contributed
to higher ultimate load, ductility and higher energy absorption.

e  When comparing the obtained lateral deflection for column Cs with the other which
used the BFRP bars or stirrups have a great effect in enhancing, the deflection
showing good confinement and improvement in ductility and energy absorption.

e There is a good acceptable agreement between experimental & analytical one. This
might be recognized that wisely under taken experimental study was done and might
be supportive for future parametric studies.
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