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This paper demonstrates the effect of adding basalt fibers into a concrete matrix and altering tie spacing
on the behavior of short concrete columns since short columns are more robust than long ones and are
primarily used in structures. Also, the impact of changing the reinforcement ratio on column behavior is
numerically discovered. Three volume fractions of basalt fiber and three-tie spacing are adopted. The
results illustrate that no-fiber columns sustain more than 50 % of the failure load before cracking, while
this percentage raised to 75 % upon adding basalt fiber to concrete. 0.3 % of basalt fiber increases the
compressive strength, cracking and ultimate column loads better than 0.6 %. Likewise, the impact of
basalt fiber on the crack load is more pronounced than on the maximum load of the column. Basalt fiber
columns exhibit lower longitudinal displacement than no-fiber ones at the cracking state. The shortening
increases with increasing tie spacing, whereas decreasing tie spacing barely increases the ultimate load
of the column. The numerical analysis provides close results to the experimental ones and shows that
increasing the reinforcement ratio raises the column's load capacity. For the same tie spacing, increasing

the reinforcement ratio raises the loading capacity of columns, and the longitudinal displacement barely
increases upon increasing spacing. Generally, basalt fibers delay cracking and improve the column

loading capacity.
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NOMENCLATURE

BE Basalt fiber per/Pero Crack load of f_iber column to _crack load of
analogous no fiber column ratio

BFRC Basalt fiber reinforced concrete Pcr/Pu Cracking to maximum load ratio

cov Coefficient of Variation Pu Maximum load, kN

f'c Compressive strength, MPa S Tie-spacing, mm

FE Finite element SD Standard Deviation

LVDT Linear Variable Differential Transformer Acr longitudinal displacement at cracking load, mm

Pcr Cracking load, kN Au longitudinal displacement at maximum load, mm

1. INTRODUCTION

Basalt fiber is a new natural fiber extracted from frozen
lava of volcanic rocks gathered on the surface of the
earth's crust [1-4]. Basalt fiber has high stability and
insulating features [5, 6]. The main property that makes
basalt fiber attractive for the use in concrete is its high
ability to absorb strain energy upon increasing the load
and enhancing the ductility [7], besides its contribution
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to reduce the drying shrinkage, which improves the
impermeability of concrete and increasing the strength
and load capacity of structural elements. Many studies
investigated the impact of adding basalt fibers on the
mechanical properties of concrete. Different percentages
as volume fractions or as a percent of cement content
were added to the concrete matrix to show their effect and
to decide the best content. Each researcher selected the
optimal ratio according to the added percentages in the
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experiments where these percentages differ from one to
another. Qin et al. [8] found that increasing basalt fiber
content raised splitting tensile strength, and 1.25 %
awarded the highest increment. Kirthika and Singh [9]
decided that 0.75 % gave more increment in tensile
strength, while 0.5 % accorded the best compressive
strength. Ramesh and Eswari [10] found that 1.5 % basalt
fiber content awarded the highest tensile strength, while
Jia et al. [11] found that 0.2 % basalt fiber assigned the
highest tensile strength among three percentages: 0.1,
0.2, and 0.3 %.

For compressive strength: several researchers
suggested that basalt fibers have no significant effect.
The researchers attributed that to reducing workability
upon adding basalt fibers because of the large surface
area of the microfiber and suggested using a
superplasticizer to improve the concrete workability®.
Sun et al. [12] found that the 6 mm length fiber and 0.2
% volume fraction awarded the best effect on concrete
specimens. Jia et al. [11] concluded that the compressive
strength was slightly enhanced upon adding basalt fiber
up to 0.2 %, while at 0.3 % basalt fiber, the compressive
strength decreased. Li et al. [13] found that the
compressive strength slightly declined with the addition
of basalt fibers as compared to plain concrete. However,
the failure mode was changed from brittle to ductile in
compression. Dilbas and Cakir [14] found that the 0.25
% basalt fiber awarded the best increment in compressive
strength, while 1.0 % content gave the best result for
tensile strength.

Ayub et al. [6] investigated the impact of 1.0 %, 2.0
%, and 3.0 % basalt fiber on the mechanical properties of
high-performance concrete (HPC). The results showed
that adding basalt fiber at 1.0 % and 2.0 % slightly
increased compressive and tensile strength, while 3.0 %
basalt fiber content decreased compressive strength by
9.45 % compared to HPC without fiber.

Ghanbari et al. [15] investigated the addition of basalt
fibers to ultra-high-performance concrete (UHPC). The
results showed that 0.5 %, 1.0, and 1.5 % basalt fiber
raised compressive strength by 44 %, 51 %, and 41 %,
respectively. High et al. [16] clarified that 1.78 kg/m3
basalt fibers raised the compressive strength of normal
concrete at 3 days by 5.48 %, at 7 days by 14.12 %, and
at 28 days by 5.63 %. Krassowska and Kosior [17]
showed the incorporation of 2.5 kg/m?® and 5.0 kg/m?®
basalt fiber into normal concrete increased the
compressive strength by 4.75 % and 0.98 %, respectively.
Hirde and Shelar [18] clarified that the maximum
increment in compressive strength was at 3 % content,
while 4 % awarded the highest increment in splitting
tensile strength by 33.6 %. lyer et al. [19] showed that 18
kg/m?® was the best content to improve compressive and
flexural strengths. Incorporating basalt fibers into
concrete reduced drying shrinkage and contributed to
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minimizing the voids in size and quantity [20]. On the
other hand, incorporating basalt fibers with the concrete
matrix can enhance the absorbed energy and ductility
[21]. Also, the numerous basalt filaments for any volume
fraction and their orientation in different directions
contribute to disrupting cracks in the concrete and
impeding their progress, which highly improves the
strength [15, 21]. Therefore, basalt fibers act to confine
concrete internally.

Generally, it appears that adding basalt fibers to
normal, high, and ultra-high-strength concrete can
enhance their mechanical properties. Increasing
compressive strength can affect the loading capacity of
the compressive members, such as columns in buildings
and infrastructures.

Columns are the prime compression members [22].
The loading capacity of short columns depends on the
concrete cross-section resistance and the stresses carried
by the longitudinal rebar [23]. However, steel ties are
always used as transverse reinforcement to prevent the
buckling of individual longitudinal bars and to hold them
in place before and during concrete pouring [23].
Therefore, ACI 318-Code [7], Eurocode 2 [24], and other
codes regarded only the concrete cross-section and
longitudinal rebars and excluded transverse steel ties in
determining the nominal strength of columns, despite the
ties having a significant action in confining the concrete.
The confining role of the ties for concrete can increase
the compressive strength of the concrete and thus
increase the bearing capacity of the column [25, 26].
Mokhtar et al. [27] investigated the influence of tie
spacing on the behavior of short columns. They found
that decreasing tie-spacing increases bearing capacity.
Also, the longitudinal displacement increased with
decreasing the tie spacing due to raising the confinement
effect on concrete. Hoshitha et al. [20] also studied the
effect of tie spacing on short columns. Test results
showed increasing cracking and ultimate loads with
decreasing spacing between ties. That was due to the
enhancement of lateral confinement for the concrete core.
Naji et al. [28] investigated on Columns Reinforced with
Steel Fibers Mokhtar et al. [27] studied the influence of
distribution ties on short-column loading capacity. The
results showed that more stress occurred near the fixed
end of the column. Nemati- Aghamaleki et al. [29]
studied on compressive behavior of concrete-filled
double-skin circular tubes with active confinement.

According to the action of basalt fibers in providing
internal confinement and ties in providing external
confinement for concrete in columns, the idea of this
study arose. Therefore, this study aims to demonstrate the
effect of tie spacing and the addition of basalt fibers to
the concrete matrix on the behavior of short column and
their loading capacity. Three tie-spacing and three basalt
fiber volume fractions are assumed. Three columns with
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variable tie spacing per mix are cast to arrive at nine
columns. Furthermore, three bar diameters are adopted as
additional ~ parameters, which are numerically
investigated via Abaqus software to show their impact on
the short-column behavior, as illustrated in Figure 1.

2. EXPERIMENTAL INVESTIGATION

2.1.TestSpecimens  Nine identical circular section
short columns were prepared for testing. The column had
a diameter of 150 mm and a length of 750 mm. The
longitudinal rebars were equal for all columns using 4
bars of 8 mm diameter to give a reinforcement ratio of
1.13 %. The ties were 5.5 mm diameter bars. The
concrete cover was 20 mm. The tie spacing was 80 mm,
120 mm, and 180 mm, as shown in Figure 2. Another
parameter adopted was the addition of basalt fibers to the
concrete matrix to clarify their effects. According to the
results obtained from the literature, the lower percentages
of basalt fibers have a better effect on concrete strength.
Therefore, three-volume fractions were assumed; 0.0, 0.3
%, and 0.6 %.

1289

2. 2. Material Properties and Mix Proportion
The mechanical properties of steel rebars used in the
columns are listed in Table 1. Tensile testing of rebars are
performed according to ASTM A370 [30] and EN 10002
[31].

An identical mixture was used for all columns. The
change was in chopped basalt fiber volume fraction and
high-range water reducer admixture (HRWRA) dosages.
Ordinary Portland cement (ASTM Type 1) conforms to
ASTM C150-16 [30], a fine natural aggregate with a
fineness modulus of 2.75 and compacted density of 1656
kg/m3, was used in the mixtures. Coarse aggregate was
natural crushed gravel with a maximum size of 14 mm
and compacted density of 1527 kg/m3. Fine and coarse
aggregate conform to lraqi Specifications (IS No.
45/1984) [32]. Three volume fractions of basalt fiber
were added to a similar concrete mixture, 0.0 %, 0.3 %,
and 0.6 %. Therefore, three mixes were prepared to cast
nine columns.

Chopped basalt fibers as short filaments collected in
slices of 12 mm long and (16-18) um diameter were
utilized, as shown in Figure 3. Basalt fiber has a modulus
of elasticity of (85-90) GPa, a density of 2800 kg/m?, and
3.2 % elongation at breaking [3]. Basalt fiber
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Figure 2. (a) Details of columns showing the spacing between the ties (b) Rebar configuration
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TABLE 1. Mechanical properties of steel rebars used in the experiments

Nominal Actual Rebar Yield stress,

Ultimate strength,

Modulus of Maximum

diameter mm diameter, mm  area, mm? fy, MPa b fu, MPa b elasticity, Es, GPa elongation, % Sb
8.0 7.954 49.69 563 3.64 624 4.06 200 7.678 0.19
55 5.100 20.43 394 1.85 443 0.83 200 1.192 0.02

is an inert substance; it does not participate in chemical
reactions [6]. The mix proportion is listed in Table 2.

The water-to-cement ratio was kept constant at 0.5.
Upon adding basalt fibers, the workability was
excessively decreased. Therefore, Sika Viscocrete-180G
has a specific gravity of 1.065 gm/cm? and was used as a
high-range water reducer and super plasticizing
admixture having a polycarboxylates polymer base.

The prepared mixture was cast into the column mold
and compacted with a 16 mm steel rounded end rod to
ensure that the concrete reached all parts inside the mold,
as shown in Figure 4. Three or more cylinders with
(100x200) mm size were also cast from the same mixture
as control specimens for testing cylinder compressive

il >

Figure 3. Chopped basalt fibers

TABLE 2. Mix proportions of concrete used in the experiments

Basalt fibers HRWRA

Mix Cement Fine aggregate, Coarse aggregate, Water content,

symbol content, kg/m?® kg/m?® kg/m? kg/m?® Vf*9% Content kg/m® % **  Dosage, L/m’
MBF0.00 430 823 847 215 0.00 0.00 0.00 0.00
MBF0.30 430 823 847 215 0.30 8.43 0.75 3.23
MBF0.60 430 823 847 215 0.60 16.90 1.25 5.38

* Volume fraction of concrete
** Percent of cement content

strength. All specimens were entirely covered with
polyethylene sheets to prevent water evaporation.
Twenty-four hours after casting, the specimens were de-
molded, then cured in water for 28 days. One day before
testing, the specimens were taken out of the water and
left to dry to examine in a saturated, dry surface
condition.

2. 3. Test Setup and Instrumentation A
compression bearing was subjected to the top section of
the column. Two steel bolsters representing bases support
the column from top and bottom. They were made of a
steel ring have a diameter slightly larger than the column
diameter. These bolsters were used to install the column
in the testing device, as shown in Figure 5. Rubber pads
of 150 mm diameter and 5 mm thickness were placed
between the base of the bolsters and the concrete column
at the top and bottom to avoid the impact load. A
universal testing machine of 1000 kN capacity was
applied to test the columns. A load cell of 1000 kN
capacity was placed over the upper bolster to record the
load increment. An LVDT tool was used between the
upper and lower bolsters to record the axial displacement.

A data logger was used to record the loads and
displacements at each increment.

For (100x200) mm concrete cylinder specimens, a
Matest compressive testing device with 2500 kN capacity
was used. All columns and control specimens were tested
at 28-day ages.

&

Figur4 Concrete pourin in amold



Q. Hasan et al. / IJE TRANSACTIONS A: Basics Vol. 36 No. 07, (July 2023) 1287-1299 1291

Figure 5. Test setup and instrumentation

3. EXPERIMENTAL RESULTS AND DISCUSSION

The devices used to record the loads and displacements
were tested before the actual loading of column
specimens. The column was preloaded by 40 kN for 3
minutes to observe the measuring system. Next, the
actual loading was carried out with an increase of 40 kN
per grade up to 160 kN, then 20 kN until failure. Each
load grade was sustained for 2 minutes to observe the
appearance of cracks and allow the stability of the load
to record the data. The loading system is shown in Figure
5.

3. 1. Compressive Strength Results Three or
more concrete cylinders were tested per every mix at 28
days, and the average value was regarded for
compressive strength. Test results are shown in Table 3.

According to the compressive strength results, it is
clear that raising basalt fiber content to 0.6 % enhances
compressive strength. However, 0.3 % of basalt fibers
increase compressive strength more than 0.6 %. The best
increase in compressive strength was 23.69% at 0.3%
basalt fibers. Comparing this result to Kirthika and
Singh's [9] results, they found that 0.5% increased
compressive strength by 26.8%. Also, Dilbas and Cakir
[15] found that 0.25% of basalt fibers (BF) awarded the
best compressive strength.

The micro diameter of basalt fibers awards plenty of
filaments. The low percentage of basalt fiber can orient
in all directions within the concrete matrix. The bonding

TABLE 3. Cylinder compressive strength per basalt fiber
content

Comp. Percentage of

BF . ;

strength, f'c,  increase in f'c, SD cov
content, % MPa %
0.00 32.42 0.00 1516 0.047
0.30 40.10 23.69 1.091 0.027
0.60 35.46 9.38 1.346 0.038

strength between the filament and concrete matrix
increases because of its micro diameter, giving high
internal confinement and reducing early shrinkage. These
features enhance compressive strength.

On the other hand, the microfilament is flexible and
can be bent and curled during mixing and running in a
concrete mixture. When the number of filaments is extra-
large, the percentage of curled ones increases to entrap
dry mortar inside and form voids. Therefore, the number
of voids increases inside the concrete microstructure, and
the voids increment reduces the strength. Furthermore,
the micro diameter of filaments raises the fibers' surface
area to increase the water molecules' demand. So not all
filaments will get the quantity of water they need to
adhere to them. When the fiber content is relatively high,
the number of non-bonded filaments increases, besides
increasing the voids formed by the curled fibers;
therefore, the strength comparatively decreases.

3. 2. Short Column Results Table 4 lists the test
results of cracking and ultimate loads sustained by short
columns with the corresponding longitudinal
displacements. The columns are divided into three groups
according to the basalt fiber content. Each group consists
of three columns with three different tie spacing.
Columns are coded with the letter “C” to indicate a
circular column, the letter “S” indicates tie spacing, and
the number following it refers to tie spacing value. The
other number refers to the basalt fiber percentage. For
instance, CS80-0.3 represents a short circular column
with 80 mm tie spacing and 0.3 % of basalt fibers.

Short columns without fibers sustain more than 50 %
of the failure load before cracking, whereas incorporating
basalt fibers into the concrete matrix raised the cracking
load to about three-quarters of the failure load.

3. 3. Effect of Basalt Fiber Content on Short
Column Loading Capacity The addition of basalt
fibers to the concrete matrix enhanced short column
capacity. The 0.3 % of basalt fibers increased loading
capacity by more than 50 % at the cracking state and
between (15-19) % at the ultimate state. At 0.6 % of
basalt fiber content, the cracking load was increased by
about 50 % over the no-fiber short columns, while at the
maximum loading, the increase was between (7.7-11.0)
%. Generally, 0.3 % of basalt fiber enhanced the bearing
capacity of the short column more than that of 0.6 % at
cracking and ultimate state, as shown in Figures 6 and 7.
The results also clarified that the effect of basalt fibers on
cracking loads was more than on the maximum loads.
The cracking load was about 55% of the ultimate load for
no fiber columns, while this ratio increased to 75%
approximately for BFRC columns, as shown in Figure 8.

On the other hand, basalt fibers reduced the
longitudinal displacement at the cracking state. However,
at the ultimate state, there was no evident effect for the
fibers on the longitudinal shortening.
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TABLE 4. Short-column test results for cracking and ultimate state

BF Cracking

Ultimate load, Ultimate

Column ID content Pe load, Pcr, kN Acr, mm Pu, kN displacement, Au, mm Per/Pu Per/Pero
CS 80-0.00 0 32.42 256.40 1.65 470.18 3.2 0.545 1.00
CS120-0.00 0 32.42 258.89 1.86 461.64 3.0 0.561 1.00
CS180-0.00 0 32.42 257.05 1.80 453.72 3.2 0.567 1.00
CS 80-0.30 0.3 40.10 405.80 1.20 558.65 3.2 0.726 1.58
CS120-0.30 0.3 40.10 406.87 1.22 532.73 3.6 0.764 1.57
CS180-0.30 0.3 40.10 399.65 1.18 521.33 3.7 0.767 1.55
CS 80-0.60 0.6 35.46 386.50 1.28 521.67 3.7 0.741 151
CS120-0.60 0.6 35.46 386.02 1.34 498.73 3.7 0.774 149
CS180-0.60 0.6 35.46 382.50 1.33 488.50 3.2 0.783 1.49
ms=g0mm  MWS=120mm 5=180 mm —%—BF=0.0 —&—BF=03% —o—BF=0.6%
0 I~ 0.80
i R § E’ 3 3 075 | ?/;-—‘;
o § § § g 0.70 -
§ E 0.65 -
g 0.60 -
0.55 - —
0.0 0.3 0.6 0.50 ' ' ' ' ' '

BASALT FIBER CONTENT, %

Figure 6. Cracking load increment ratio vs. basalt fiber
content
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a
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Figure 7. Ultimate load increment ratio vs. basalt fiber
content

As stated previously, basalt microfilaments with 16-
18 um diameter can bond firmly with concrete matrix to
form a spatial network surrounding the granules of coarse
aggregate. Therefore, that network can improve the
combination of concrete ingredients. The spatial network
encases the coarse aggregate to hinder its movement

60 80 100 120 140 160 180 200
Tie spacing, mm
Figure 8. Effect of basalt fibers on cracking and ultimate loads

during compression. Also, it can enhance the interfacial
transition zone between coarse aggregate and cement
paste and reduce the number and size of voids inside the
concrete microstructure. These improvements are
positively reflected in the concrete strength and are more
effective when filament distribution is uniform and in all
orientations. When the number of filaments steadily
increases, and some remain uncombined to the matrix,
the wvoids increase and cause reduced strength
comparatively.

High bonding strength due to the micro diameter with
the huge number of combined filaments requires more
energy to overcome the bonding strength between
filaments and concrete matrix. These features enhance
cracking loading. Therefore, the cracking loads in BFRC
short columns are more than in no fiber columns. Similar
reasons apply to the longitudinal displacement of BFRC
short columns.

3. 4. Effect of Tie Spacing On Loading Capacity
Three tie spacing were used in the three groups of
columns: 80 mm, 120 mm, and 180 mm, to clarify the
influence of changing tie spacing along with basalt fiber
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content on the cracking and ultimate loading capacity.
According to the results, the smaller the tie spacing, the
slightly higher the loading capacity of the short column
at the peak state.

For conventional concrete columns, the increment
ratio in ultimate load was 1.85 % and 3.63 %. For BFRC
columns with 0.3 %, the increment ratio was 4.9 % and
7.2 % upon reducing spacing by 40 mm and 100 mm,
respectively. For 0.6 % of basalt fibers, the increment
ratio in ultimate load was 4.6 % and 6.8 %, respectively,
as shown in Figure 9. The increase in the loading capacity
of BFRC columns was more than that of conventional
concrete columns.

At a cracking state, non-apparent variation in the
loads occurred for the same basalt fiber content, which is
considered logical since the effect of fibers and steel ties
occurs after cracking, as illustrated in Table 4.

Both ties and basalt filaments provide confinement to
the concrete. Steel ties externally confine the concrete
core, and basalt filaments provide internal confinement
to the matrix because of their relatively high bond
strength with concrete. The external and internal
confinements restrict the concrete from expanding
laterally. Therefore, they enhance the concrete strength
in tension and compression. Additionally, the internal
confinement of basalt fiber can improve the compressive
strength and delay the initial cracking, which, in turn,
increases the loading capacity of short columns.

However, the influence of internal confinement
caused by basalt fiber on small specimens of concrete
cylinders is more pronounced than on larger column
specimens. That may be because the small size of
concrete cylinders awards further restriction of stress
transmission through small size.

3. 5. Failure Pattern  Through the test, columns did

not originate transverse cracks, while vertical cracks
occurred near supports before failure. Upon increasing

g &= BF=0.0 =—6—BF=0.3% =-i#=-BF=0.6%

[e)]

H

N

Percentage of increase of Pu, %

o

N
o

80 120 160 200
Tie spacing, mm

Figure 9. Influence of basalt fibers and tie spacing on
ultimate load

1 http://www.wiley.com/go/permissions

the load, the cracks developed gradually, then the
concrete was crushed, and the column failed. However,
the steel ties remained sound when the columns were
damaged. All the columns have failed due to the crushing
of concrete at the upper or lower third or both ends near
the bolsters, as illustrated in Figure 10. That was because
the stresses were concentrated near the loading point.
During crack propagation and before failure, the concrete
cover fell off. At fracture, the cracks propagated
longitudinally and focused near the bolsters. After the
peak, the load dropped slowly but never less than 40 %
of the column loading capacity, which refers to ductility
acquired by the column when adding basalt fibers.
Generally, BFRC short columns were cracked later than
the non-fibrous columns.

4. NUMERICAL ANALYSIS OF COLUMNS

A numerical analysis via Abaqus software was developed
to trace the structural behavior of columns under axial
compressive loading. It was performed by displacement
control to capture the load at each increment.

4. 1. Numerical Simulation of Columns The
analyzed column consists of a concrete column with a
circular section of 150 mm diameter, longitudinal rebars
of 8 mm diameter, transverse ties of 5.1 mm diameter,
and steel supporting plates. The concrete column and
steel plates are discretized with a 3-dimensional
continuum of 8 nodes and a reduced integration element
(C3D8R). Steel rebars are discretized by 2 nodded link
elements (T3D2). C3D8R has 8 nodes with 3 degrees of
freedom per node. This element can model solids in 3
dimensions with or without reinforcement. It can
consider tensile cracking, compressive crushing, and
large strains [33]. T3D2 element is used to model one-
dimensional rebar regarding axial strain only as a truss
element®. Figure 11 depicts the discretization of the
columns.

- . ;‘ o .
Figure 10. Failure patterns of short columns
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Figure 11. The meshing of concrete columns and rebars

The relationship between the concrete and rebars is
assigned via the embedded region. The rebars are
embedded inside the host region of concrete. The steel
plates are constrained as a rigid body to prohibit
deformation during loading. The lower plate is assigned
as fixed support by preventing the transition and rotation
in all directions. The load is applied to the upper steel
plate. The elements of all parts are seeded by a 20 mm
mesh size in all orientations. The interaction between the
steel plates and concrete column is selected to be a
contact with the normal behavior of hard contact type to
prevent penetration between them and tangential
behavior with a friction coefficient of 0.45 between
concrete and steel. The analysis is done with a static
general step.

4. 2. Material Models The elastic behavior of
concrete is defined by its modulus of elasticity and
Poisson's ratio. The plastic behavior of concrete is
defined by the concrete damage plasticity (CDP) model
to define different transition laws of strength under
compression and tension [33]. To define the CDP model,
the stress-inelastic strain including compression
hardening and softening, and tensile stiffening are
determined according to the experimental results for
compressive strength. Hognestad and Eurocode, Eu-2004
[24] formula is adopted to capture the compressive
stresses at the successive strains as follows;

o= ol ()

o =2k @
E. = 3320,/f! + 6900 ®)
£ =2 @
Epl. = &€~ % (5)

Oc

dc=1—ch (6)

where:
o. = Compressive stress at corresponding strain, MPa
£., = Compressive strain at compressive strength.
&, = Strain at 40% of compressive strength (elastic limit).
E. = Modulus of elasticity, MPa.
&y, = Plastic strain, and dc = damage parameter

The yield tensile strength is considered (1/10 -1/12)
of compressive strength. Steel rebars are defined by the
yield stresses for 5.1 mm bars and 8 mm bars, as
determined experimentally. The failure surface of the
finite elements is defined by the five parameters adopted
in Abaqus, which are the dilation angle (y), eccentricity
(€), the ratio of biaxial to uniaxial stress (fbo/fco), the
shape of failure surface (K), and the viscosity parameter
(1). These values are illustrated in Table 5.

4. 3. Model Validation and Analysis Results  The
performed finite element model was validated by
comparing its results with the experimental ones. The
ultimate loads, longitudinal displacements, and crack
patterns are compared with the experimental results to
gauge the efficiency of the simulated model for
predicting the structural behavior of columns.

4. 4.Loads and Longitudinal Displacements  The
finite element (FE) loads and longitudinal displacements
(A) are illustrated in Table 6. At the cracking state, the
FE loads underestimate the experimental ones because
the FE results in Abaqus depend on the cracking stress of
concrete, which is determined to be 40 % of compressive
strength. The ratio between an experiment to FE cracking
loads ranges between (1.08-1.09) for columns without
fibers and between (1.21-1.23) for BFRC columns. The
increase in cracking loads for no fiber columns by (8-9)
% indicates that cracking does not occur at 40 % of
concrete strength. That is due to the effect of ties in the
columns. The additional change in fibers column
experimental results refer to the influence of basalt fiber,
where the microfilaments provide confinement to the
concrete matrix. That confinement delays cracking and
restricts crack initiation and propagation until it acquires
enough energy to overcome the bonding forces between
microfilaments and the matrix. For columns without
fiber, the cracking displacements underestimate the
experimental results. For columns with fibers, the FE
cracking loads underestimate the experimental ones by
(8-9) %. That reflects the action of basalt fibers in
restricting the cracking and providing confinement.

At peak state, the FE loads approach the experimental
ones. The ratio between an experiment to FE loads ranges
between (0.94-1.03). The FE displacements are also close
to the experimental results. The ratio between the
experiment to FE displacement is (0.91-1.10). The results
also clarify that the displacement increases with
increasing tie spacing for all basalt fiber content, which
is due to the increase of confinement effect of ties.
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Generally, the displacement increases more than
conventional concrete upon adding basalt fibers. Figures
12, 13, and 14 depict relationships between loads and
longitudinal displacement for whole columns. According
to these figures, the columns' behavior is similar until
cracking loads, after which differences appear up to
failure. After maximum loads, the columns continue in
almost horizontal loads with increasing longitudinal
displacement indicating the ductility of the columns.
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4. 5. Crack Pattern The numerical analysis results
showed that all columns failed due to concrete crushing.
The loading in Abaqus was carried out by displacement
control. Upon increasing loads, the cracks initiated near
the upper and lower supports then propagated to the third
bottom in some columns or to the mid-length in others,
as illustrated in Figure 15. However, the failure pattern
of the FEA corresponded to the experimental results.

TABLE 5. The properties of materials used to simulate the short columns in Abaqus

Material Properties
Elastic modulus, Ec Poisson's ratio
Variable, according to f'c 0.18
Concrete
" € Fool feo K n
25 0.1 1.16 0.67 1E-12
Diameter = 8 mm Diameter = 5.1 mm
Steel rebars Es Yield stress Poisson's ratio Es Yield stress Poisson's ratio
200 GPa 563 MPa 0.30 200 GPa 394 MPa 0.30
TABLE 6. The FEA results compared to experimental results
Pcr, kN Pcr Acr, mm Acr Pu, kN Pu Au, mm Au
Column ID
EXP FEA EXP/FEA EXP FEA EXP/FEA EXP FEA EXPIFEA EXP FEA EXP/FEA
CS 80-0.00 256.4 237.8 1.08 1.65 0.97 171 470.18 495.64 0.95 3.2 3.17 1.01
CS120-0.00 258.9 238.2 1.09 1.86 0.97 191 461.64  489.39 0.94 3.0 3.24 0.93
CS180-0.00 257.1 237.6 1.08 1.80 0.97 1.86 453.72  482.34 0.94 3.2 3.57 0.90
CS 80-0.30 405.8 331.9 1.22 1.20 1.46 0.82 558.65  539.99 1.03 32 3.49 0.92
CS120-0.30 406.9 330.6 1.23 1.22 1.46 0.84 532.73  533.39 1.00 3.6 3.69 0.98
CS180-0.30 399.7 329.2 121 1.18 1.46 0.81 521.33  526.04 0.99 3.7 3.94 0.94
CS 80-0.60 386.5 320.2 1.21 1.28 1.46 0.88 521.67 510.83 1.02 3.7 3.37 1.10
CS120-0.60 386.0 318.9 121 1.34 1.46 0.92 498.73  504.37 0.99 3.7 3.46 1.07
CS180-0.60 382.5 317.3 121 1.33 1.46 091 488.50  497.25 0.98 3.2 351 0.91
e §= G = = S=80 == S=120 o= S=180
600 S=80 S=120 S=180 600
500 500
400 400
~ 300 5 300
kel kel
© ©
S 200 S 200
100 i 100
Basalt fiber=0.0 Basalt fiber=0.3 %
0 0
0 1 2 3 4 5 0 1 2 3 4 5

Longitudinal displacement, mm

Figure 12. Load-longitudinal displacement relation of the
column without basalt fiber

Longitudinal displacement, mm

Figure 13. Load-longitudinal displacement relation of the
column with 0.3% basalt fiber
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Figure 14. Load-longitudinal displacement relationship of the column with 0.6% basalt fiber
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N

CS120-0.30 CS80-0.30 CS120-0.00 CS120-0.60

CS80-0.00

CS80-0.60

CS180-0.00

Figure 15. A crack pattern of the columns

The longitudinal bars and transverse ties did not reach
yielding at the ultimate loads for all columns. That
referred to the failure was occurred due to concrete
crushing. The longitudinal bars sustained (70-88) % of
yield stress at the maximum loads. The longitudinal bars
of columns CS80-0.3, CS120-0.3, and CS180-0.3 endure
the highest stress. On the other hand, the middle tie bore
the higher stress at the ultimate load, which indicated a
column tendency to buckle.

CS180-0.30 CS180-0.60

4. 6. Parametric Study A numerical study was
performed to demonstrate the effect of reinforcement
ratio on the column loading capacity by changing the
longitudinal bar diameter. Three bar diameters were
adopted: 6mm, 8mm, and 10mm, to award 0.64 %, 1.13
%, and 1.78 % reinforcement ratios (p), respectively. The
yield stress of the bar was not changed, and all other
parameters remained the same. The results of FEA are
illustrated in Table 7.

TABLE 7. Loading capacity and Longitudinal displacement upon changing reinforcement ratio

db=6 mm, p=0.64 %

db=8 mm, p=1.13 % db=10 mm, p=1.78 %

Column 1D
Pu, kN Au, mm Pu, kN Au, mm Pu, kN Au, mm

CS 80-0.00 458.54 3.24 495.64 3.17 510.57 1.95
CS120-0.00 451.36 3.47 489.39 3.24 500.00 1.99
CS180-0.00 444,83 3.58 482.34 3.57 495.24 2.10
CS 80-0.30 504.71 3.49 539.99 3.49 575.30 2.30
CS120-0.30 496.10 3.68 533.39 3.69 564.60 2.34
CS180-0.30 489.20 3.94 526.04 3.94 554.75 2.36
CS 80-0.60 473.98 3.44 510.83 3.37 530.96 2.08
CS120-0.60 465.73 3.49 504.37 3.46 521.03 2.10
CS180-0.60 460.90 3.53 497.25 3.51 514.00 2.20
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According to the results of numerical analysis,
increasing the reinforcement ratio raises the loading
capacity of the column for all basalt fiber contents. The
0.3 % basalt fiber content causes the highest increment in
column loading capacity.

At 0.0 % basalt fiber ratio, raising the reinforcement
ratio from 0.64 % to 1.13 % and 1.78 % increases the
maximum loading by 8 % and 11 %, respectively. While
at 0.3 % and 0.6 % basalt fiber content, increasing the
reinforcement ratio from 0.64 % to 1.13 % and 1.78 %
raises the ultimate loading of the column by (7.5-8) %
and (12-14) %, respectively.

On the other hand, for the same tie-spacing,
increasing the reinforcement ratio raises the load capacity
of columns where the 0.3 % basalt fiber content awarded
the highest increment in all cases, as shown in Figures
16, 17, and 18.

Despite increasing reinforcement ratio in the column,
the failure remained due to concrete crushing before the
rebars reached yielding.

When the tie-spacing decreases and the reinforcement
ratio increases, the loading capacity of the column further

=t db=6mm —@— db=8mm db=10mm
600
560
=
v
B 520
o
C
E 480
©
o
o 440
©
E S=80mm
£ 400
0 0.15 0.3 0.45 0.6 0.75

Basalt Fiber content, %

Figure 16. The effect of bar diameter on loading capacity when tie

spacing is 80 mm
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increases. It is well known that the stresses in columns
are borne by concrete and steel rebar. Therefore,
increasing the area of rebars with its relatively high yield
stress increases the stresses sustained by the column
section. Also, decreasing tie spacing increases external
confinement on a concrete core to raise the loading
capacity of the column.

The longitudinal displacement slightly increased
upon increasing tie spacing. However, it decreased with
increasing the reinforcement ratio. Furthermore, for a
1.78 % reinforcement ratio, the lowest longitudinal
displacement was recorded numerically. Also, no
significant  changes occurred in  longitudinal
displacement at a higher reinforcement ratio.

Axial deformation is proportional to the axial load and
column length and inversely proportional to the sectional
area and elastic modulus. Since column length, cross-
sectional area, and elastic modulus are constant, the
change in rebar area is considered the prime determinant
for axial deformation besides the load. Therefore, when

the reinforcement area increases, the longitudinal
displacement decreases.
=t db=6mm =@ db=8mm db=10mm
600
Z 560
=)
©
2 520
c
£
= 480
o
2
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= 400
0 0.15 0.3 0.45 0.6 0.75

Basal fiber content, %

Figure 17. The effect of bar diameter on loading capacity
when tie spacing is 120 mm
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Figure 18. The effect of bar diameter on loading capacity when tie spacing is 180 mm
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5. CONCLUSIONS

This research presents experimental and numerical
investigations on the combined effect of basalt fibers and
tie spacing on the behavior of short columns. Loading
capacity at cracking and ultimate state with
corresponding longitudinal displacements and the crack
pattern is experimentally discovered. Then a numerical
analysis is performed via Abaqus software to clarify the
effect of reinforcement ratio on the loads and
displacements. The following conclusion can derive:

Short concrete columns without fibers sustained more
than 50 % of the failure load before cracking. Addition
of basalt fiber delays cracking and increases the cracking
load to about 75 % of the failure load. 0.3 % of basalt
fibers increases the compressive strength and short
column's load at cracking and ultimate state more than
0.6 %. The impact of basalt fibers on cracking load is
more pronounced than on maximum load.

Basalt fiber reduces the longitudinal displacement at the
cracking state. However, it has no evident effect on the
displacement at the ultimate state.

The smaller the tie spacing, the slightly higher the
ultimate load of the short column. Adding basalt fibers
reduces the longitudinal displacement at cracking. The
longitudinal displacement increases upon increasing tie
spacing.

The numerical analysis awarded results close to the
experimental ones at ultimate loading. Also, the
empirical and numerical failure was the same for all
columns by crushing concrete, while the longitudinal and
tie rebars did not yield at maximum load.

Increasing the reinforcement ratio with keeping tie-
spacing constant increases the loading capacity of
columns. The increment in ultimate loads increases with
decreasing tie spacing.
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