https://doi.org/10.3311/PPci.22070 | 23
Creative Commons Attribution ®

Periodica Polytechnica Civil Engineering, 68(1), pp. 23-36, 2024

Experimental and Numerical Behavior of Basalt Fiber
Reinforced Short Concrete Columns Under Axial Loading

Dhiyaa H. Mohammed', Adil M. Jabbar?*, Qais A. Hasan'

' Civil Engineering Department, University of Technology, 10066, Baghdad, Iraq
2 Civil Engineering Department, College of Engineering, Wasit University, Wasit, 52001, Al Kut, Iraq
* Corresponding author, e-mail: adilmahdi@uowasit.edu.iq

Received: 17 February 2023, Accepted: 14 July 2023, Published online: 16 August 2023

Abstract

This paper presents experimental and numerical investigations to reveal effecting of incorporating basalt fibers into a concrete matrix
on the structural behavior and loading capacity of axially loaded short columns. Six volume fractions of chopped basalt fibers are added
to the same concrete mixture to prepare six identically reinforced columns. The results illustrate that the bonding forces between
microfilaments and matrix increase to provide good internal confinement for concrete ingredients, which enhances compressive
strength and column loading capacity. The 0.3% basalt fiber awarded the best compressive strength, while 0.15% and 0.3% awarded
the best load capacity to the column. The Addition of basalt fibers delays cracking to increase the cracking load by about 50% more
than no fiber column, which indicates that it needs more energy to overcome the bonding strength between filaments and matrix.
At the ultimate state, the loading capacity increases by 15% and 17% for 0.15% and 0.3% of basalt fibers and by 10% and 12% for
0.45% and 0.6% of basalt fiber. The 0.75% decreased compressive strength by about 6% but raised the column's ultimate load by 18%.
Therefore, basalt fiber benefits the cracking load more than the maximum load. The finite element showed approaching the peak load

in numerical and experimental results. The longitudinal rebars and ties do not yield at the ultimate state. Increasing the reinforcement

ratio raises loading capacity while lowering the yield stress of bars minimizes the maximum load.
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1 Introduction
Reinforced concrete (RC) short columns are prime com-
ponents in RC structures. Short columns represent a sup-
porting element for other structural members. They are
utilized in bridge piers, building skeletons, and other con-
crete structures. Columns' loading capacity and durability
are essential to the safety, applicability, and economy of
the whole structure. Nowadays, there is effectiveness at
enhancing the mechanical properties of concrete by merg-
ing different types of fibers with concrete matrices, such
as steel fibers [1], glass fibers [2], synthetic fibers [3, 4],
carbon fibers [5], polyvinyl alcohol fibers [6], and basalt
fibers [7]. That is mainly because the suitable volume con-
tents and fiber properties and length can effectively merge
with the weak matrix in concrete to adequately restrain the
expansion of internal cracks in concrete and then enhance
the mechanical properties of concrete.

Generally, numerous types of fiber-reinforced concrete
have different effects on mechanical properties or applica-
tion features. For instance, adding steel fiber to concrete

can enhance energy absorption and tensile strength, but
steel fiber cannot resist corrosion. Adding glass fiber into
concrete can improve energy absorption, but its resistance
declines in the long term. Although carbon fibers attribute
to hardness and high strength, their cost is high [8]. Due to
the above issues, basalt fiber is significantly researched
since it has high tensile strength, corrosion resistance,
suitable chemical soundness, no environmental effects,
and no pollution [9]. Therefore, it is insistent to investigate
the mechanical properties of basalt-fiber-reinforced con-
crete (BRFC) and the related concrete members.

Basalt fiber is a new type of natural fiber having a chem-
ical composition similar to glass fibers, silicates account
for approximately 50% of its composition, but it has higher
strength and higher resistance to alkali, acid, and salt
attacks [10—13]. These features put it in a promising rank to
use in concrete mixtures to enhance some mechanical prop-
erties. Basalt fibers have produced in several shapes and
lengths. They can be found as chopped fibers, filaments,
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or minibars of fine filaments collection glued together by
epoxy resin [11, 14]. Chopped basalt fibers have been used
in many studies to clarify their effects on concrete proper-
ties. Branston et al. [15] found that adding basalt fiber to
the concrete mix at (0.3-0.5)% by volume can increase its
strength, while above 0.5%, it will be detrimental to con-
crete strength. Ayub et al. [16] specified 1% basalt fiber
content as the optimal ratio. However, the benefits dosage
of basalt fibers is less than that of steel fibers, it was found
that adding 12 kg of chopped basalt fibers to 1 m? of con-
crete can enhance its flexural strength at the same level of
increasing it when using 40 kg/m? of steel fibers [15].
Adding basalt fibers to the concrete ensures micro-rein-
forcement of the mixture in the three directions and
obstructs micro-cracks [17, 18]. Information indicates that
using 3 kg/m? of basalt fibers in concrete increases the ten-
sile strength by 29%, while adding 25-45 kg/m* of steel
fibers increases the tensile strength by only 12—17% in nor-
mal-strength concrete (NSC). On the other hand, using 0.9 kg
of basalt fibers per 1 m? of cement mortar can raise tensile
strength by 49% and compressive strength by 58% [17].
The impact of basalt fiber on the mechanical properties
of concrete depends on the added volumetric ratio.
Borhan [19] determined 0.3% of basalt fibers in NSC confer
the best compressive strength, whereas 0.5% decreased it.
Dias and Thaumaturgo [20] found that 0.5% and 1.0%
of basalt fibers decreased compressive strength by 4.5%
and 36%. El-Din et al. [21] detected that using 18 kg/m?
(0.64% by volume) of basalt fibers promoted compressive
strength by 15%. El-Gelani et al. [22] found that 1.8 kg/
m? of basalt fibers increased the compressive strength by
5.7% at a 28-day test and the flexural strength by 16.5%.
Revade and Dharane [23] stated that incorporating basalt
fibers into NSC at 1.0%, 1.5%, and 2.0% by weight of
cement raised the compressive strength by 13.2%, 11.8%,
and 10%, respectively, and splitting tensile strength by
11.3%, 17.4%, and 20.8%, respectively. Galishnikova
et al. [24] stated that the compressive strength of HSC
was not affected by increasing chopped basalt fiber con-
tent. Abdulhadi [25] explored basalt fibers' effect on the
strength of 30 MPa NSC. The author used 0.3%, 0.6%,
0.9%, and 1.2% basalt fibers in a concrete mix. The results
presented that the added fibers minimized compressive
strength. However, 0.3% and 0.6% of basalt fibers pro-
moted tensile strength by 2.6% and 22.9%, while 0.9%
and 1.2% decreased the splitting tensile strength by 11.3%
and 19.8%. Krassowska and Kosior-Kazberuk [26] used

50 mm length basalt fibers at 2.5 and 5 kg/m?. The results
showed that adding basalt fibers raised compressive
strength by 4.76% and 0.99% and splitting tensile strength
by 10.06% and 16.39%, respectively.

It is also shown that the water content in the mixture
has a co-effect on compressive strength, where Algin
et al. [27] searched the influence of basalt fibers on the
mechanical properties and workability of two w/c ratios
of normal concrete. The results indicated that the slump
decreased with increasing basalt fiber content. A slight
increase in compressive strength occurred upon increas-
ing basalt fiber from 0% to 0.8%. At 0.8% basalt fiber,
an increase of 16% and 10% in compressive strength for
w/c ratio of 0.59 and 0.47, respectively, while splitting
tensile strength increased by 34% and 26% for the same
wi/c ratios. Al-Kharabsheh et al. [28] showed that lower-
ing slump with increasing basalt fiber content. The authors
attributed the decrease in workability to the adsorption
of mixing water by basalt fibers and the increase in sur-
face area due to its small diameter. Increased surface
area required more mortar to facilitate sliding. However,
a large surface area can increase the viscosity of concrete.
On the other hand, the authors suggested that increasing
basalt fiber content could raise air voids and lower the unit
weight of concrete [29]. Therefore, adding a superplasti-
cizer is advised to reduce air voids.

Several studies have shown an increase in compressive
strength when basalt fiber content is increased up to 1.5%.
However, this increase is uneven, and no precise explana-
tions were given for the reasons. Ramesh and Eswari [8]
showed that slight increment in compressive strength upon
adding basalt fiber at 1.5%, while 2% content decreased it.
They attributed the reason for lowering compressive strength
at 2% content to the weak bond between the concrete and
the basalt fibers. Therefore, they concluded that the excess
percentage of basalt fibers will not bond with the matrix and
generates additional voids that make them points for stress
concentration causing brittle failure. Another research by
Meyyappan and Carmichael [30] studied the variety of
basalt fiber's effect between the ages of 7 and 28 days on
specimens. They used 0.5%, 1.0%, 1.5%, 2.0%, 2.5%, and
3.0% basalt fibers in M30 concrete. The results showed an
increase in compressive strength at the age of 7 days by
55-64% compared to the strength at 28 days. However, their
results showed raising the compressive strength by 11.45%
at a 1.0% ratio of basalt fiber, while at 3.0% content, the
compressive strength decreased by 33.87%.



Short columns have high stiffness that tempts most of
the force acting on a building. The inappropriate design
of short columns to support these loads may lead to dam-
age and shear failure. The behavior of the short column
under extreme load is known as the short-column effect.
Therefore, Special attention is needed for short column
design, especially for earthquake-prone areas. The failure
of a short column is catastrophic as they undergo brittle
shear failure. Consequently, different methods are tried
to enhance the short column strength. One of these meth-
ods is increasing its capacity by incorporating fibers in the
concrete constituted to minimize brittle failure [31].

Several researchers have searched basalt fiber's influ-
ence on the mechanical properties of concrete, and oth-
ers focused on the impact of basalt fibers on the structural
behavior of concrete beams. Jabbar et al. [32] found that
adding basalt fibers to ultra-high-performance concrete
can delay the first cracking load and enhance compres-
sive strength in beams. Wang and Zhang [33] also found
that adding basalt fiber can restrict the expansion of flex-
ural cracks in beams. However, few studies focused on the
influence of basalt fiber on the loading capacity of short
columns. The use of basalt fibers as micro-reinforcement
for short concrete columns was tested by Wang et al. [34].
The authors tested the suitable length and concluded
that the 12-24 mm chopped basalt fibers were the opti-
mal lengths to arrive at the best compressive strength,
and 0.15% basalt fiber content is the best volume frac-
tion. Wang et al. showed that adding basalt fiber at 0.15%
enhanced the loading capacity of short columns by 28%
for 12 mm and 20% for 18 mm long. Wang et al. [35] found
that using a 0.15% ratio of basalt fiber could enhance the
loading capacity of a spirally reinforced short column by
about (28-29.5)%.

Since basalt fibers have enhanced compressive strength,
this research aims to investigate the effect of their addi-
tion to concrete on the loading capacity and the structural
behavior of short columns to reach the best volume frac-
tion. Six volume fractions of basalt fibers were experimen-
tally investigated for concrete compressive strength and
structural behavior of short columns. Loading at the first
crack and ultimate state with corresponding longitudinal
displacements were discussed. The study was completed
by conducting a finite element analysis (FEA) to investi-
gate the column structural behavior, the stresses in longi-
tudinal bars and ties, and the effect of changing reinforce-
ment ratio with yield stress on the loading of the columns.
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2 Experimental investigation
2.1 Column specimens
Six identical circular section short columns were prepared
for the test. The column had a diameter of 150 mm and
a length of 750 mm. The slenderness ratio was 5, which
was less than 12. It was longitudinally reinforced by 4 bars
of 8 mm diameter and transversely by 5.5 mm diameter
ties. The tie-spacing was constant at 120 mm, as shown in
Figs. 1 and 2. A concrete cover of 20 mm was provided.
The reinforcement ratio was 1.13% for all columns.

The spacing between ties was specified according to
the ACI 318-19 [36] requirements. The physical properties
of steel rebars are listed in Table 1.
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Fig. 2 Details of rebars used to reinforce the columns
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Table 1 Mechanical properties of steel rebars used in experiments

Nominal diameter, Actual diameter, Area of the rebar, Yield stress, fy, Ultimate strength, Modulus of Maximum
mm mm mm? MPa fu, MPa elasticity, £, GPa elongation, %
8 7.954 49.69 563 624 200 7.678

5.5 5.100 20.43 394 443 200 1.192

2.2 Material properties and mix proportion

An identical mix was used for all columns. The difference
was in chopped basalt fiber content and high-range water
reducer admixture (HRWRA) dosages. A mix proportion
included 430 kg/m? of ordinary Portland cement (ASTM
Type 1), an 823 kg/m? natural fine aggregate with a 2.75
fineness modulus and compacted density of 1656 kg/m?,
and 847 kg/m? crushed natural gravel with a maximum
size of 14 mm and compacted density of 1527 kg/m?,
which was used as coarse aggregate. Water content was
215 kg/m? to award a 0.5 water-to-cement ratio. Five
basalt fiber percentages were added to the identical con-
crete mixture as a volume fraction: 0.15%, 0.30%, 0.45%,
0.6%, and 0.75%, besides one without fibers as a reference
mix. Therefore, six mixtures were used to cast six col-
umns. The water-to-cement ratio was kept constant at 0.5.
During the experimental mixtures, it was found that the
workability of concrete decreased with increasing basalt
fiber content. To modify the workability, a superplasti-
cizer of type Sika Viscocrete-180G was added in increas-
ing doses with increasing fiber content by a ratio of 0.4%,
0.6%, 0.8%, 1.0%, and 1.25% of cement weight. Sika
Viscocrete-180G is a high-range water reducer and super
plasticizing admixture with a polycarboxylates polymer
base [37]. Chopped basalt fiber has a (16—18) um diam-
eter and a 12 mm length. It was as filaments collected
together in slices. The tensile strength of the solo fila-
ment is 1500 MPa, and the density of basalt fiber equals
2800 kg/m3 [17].

The prepared mixture was poured 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.
Three or more cylinders with (100 x 200) mm size were
also cast from the same mixture as control specimens for
testing cylinder compressive strength, as shown in Fig. 3.

All specimens were entirely covered by polyethylene
sheet to prevent water evaporation. Twenty-four hours
after casting, the specimens were de-molded, then cured
in water at 23 + 2 °C 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 bear load was subjected to the top section
of the column. Two steel bolsters representing bases sup-
port the column from top and bottom. They were made of
a steel ring of a diameter slightly larger than the column
diameter. The bolsters were used to install the column in
the testing device, as shown in Fig. 4. Rubber pads having
a diameter of 150 mm and a thickness of 5 mm were placed
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Fig. 4 Loading system for short columns



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 steel bolster to record the load increment. An LVDT
tool was placed between the upper and lower bolsters to
record the axial displacement. The toots have access to a Data
Logger to record the readings successively during the test.

For (100 x200)mm concrete cylinder specimens, a Matest
compressive testing device of 2500 kN capacity was used,
as shown in Fig. 5. All columns and control specimens were
tested at 28-day ages.

3 Experimental results and discussions
The examination included testing the devices used to
record the load and displacement, which was done by pre-
loading each specimen by 40 kN and kept for 3 minutes to
notice the reliability of the loading and measuring system.
The actual loading was subsequently started with gradation
loads. The columns were loaded by 40 kN per grade up to
160 kN, then by 20 kN until failure. Each load increment was
kept for 2 minutes. The loading system is shown in Fig. 4.
The tested short columns exhibited an ability to bear
more than half of the failure load before the first crack
occurred. The loading ability increased when basalt fibers
were added to the concrete matrix to reach three-quarters
of the failure load. The column continued to bear loading
even after falling the concrete cover. After the peak, the
column also continued to carry loading despite the load
dropping gradually but never less than 40% of the col-
umn's ultimate load, which refers to ductility acquired by
the column upon adding basalt fibers because of gradually
de-bonding them from the matrix.

3.1 Test results of compressive and tensile strength
For compressive and splitting tensile strength, three or
more concrete cylinder specimens of (100 x 200) mm were
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Fig. 5 Testing of control specimens for compressive strength

tested per every basalt fiber content at 28 days for each
strength, and the average value was considered. Test results
are listed in Table 2.

Increasing basalt fiber content up to 0.6% raised the com-
pressive strength, while the 0.75% content caused decreas-
ing compressive strength by 5.92%. The percentage of
increment of compressive strength increased up to 0.3%
basalt fiber content, which awards a higher increment, then
decreased after 0.3% content, as illustrated in Table 2.

The lower the content of basalt fibers, the higher the
increment in splitting tensile strength. 0.15% and 0.30%
of basalt fibers are the best content that raised the ten-
sile strength more than the other volume fractions. Both
percentages increase tensile strength by about 36% over
non-fiber concrete. However, 0.75% awards the lower
increment in tensile strength.

Basalt fiber is a microfilament that has a 16—18 um diam-
eter. Even when its content is small, it gives plenty of fila-
ments. The low percentage of basalt fiber could distribute
in all directions within the concrete matrix. And because
of its micro diameter, the bonding strength between the

Table 2 Cylinder compressive strength per basalt fiber content

BF content % 1., MPa PoV of £, % SD Ccov fspt, MPa PoV of fspt, % Ccov
0.00 32.42 -- 1.52 0.047 3.61 0.00 0.031
0.15 38.87 19.90 1.45 0.037 4.92 36.29 0.005
0.30 40.10 23.69 1.09 0.027 4.90 35.73 0.003
0.45 37.20 14.74 0.50 0.013 4.62 27.98 0.005
0.60 35.46 9.38 1.35 0.038 4.28 18.56 0.004
0.75 30.50 -5.92 1.21 0.040 4.04 11.91 0.008

J.'= cylinder compressive strength, PoV= Percentage of variation, fspt = Splitting tensile strength, COV = Coefficient of variation
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filament and concrete increases, giving high internal con-
finement and reducing the early shrinkage. These features
enhanced compressive strength.

When the percentage expands over 0.3%, the number
of filaments increases, then large numbers of filaments
accumulate and warp because of their flexibility to form
small balls in which mortar is trapped. The number of
balls increases with a further increase in basalt fiber con-
tent. The straight-distributed filaments contribute to rais-
ing the strength, while the twisted and balled ones act as
voids inside the concrete microstructure to concentrate
the stresses and lead to a relative decrease in the strength.

It can be considered that 0.3% of basalt fiber is the best
volume fraction to enhance compressive strength among the
five ratios adopted in this study. However, the lower percent-
ages of basalt fibers award better results for compressive
strength than higher percentages in the small specimens.

3.2 BFRC short column results

Test results of short columns are listed in Table 3. Basalt
fiber percentages up to 0.6% increase the ultimate loading
capacity of the short columns, while 0.75% content reduces
it by 9%. Adding basalt fibers to the concrete matrix at
0.15% and 0.3% raises the load-bearing capacity of the col-
umns by 17% and 15%, respectively. The 0.45% and 0.6%
increase the column ultimate bearing by a lower percent-
age: 12% and 8%, respectively, as illustrated in Table 3.

At the first cracking stage, the addition of basalt fibers
contributes to delaying the initial cracking and raises the
loading capacity by about 50% more than the no-fiber
concrete column at 0.6% basalt fiber content and lower.
However, for 0.75% basalt fiber content, the first cracking
load raises only by 18%, as illustrated in Fig. 6.

The results show that basalt fibers have beneficial to the
first cracking load more than that to the ultimate loading
of the short columns due to the relatively high bonding
strength between basalt filaments and concrete matrix,
which needs more energy to overcome the bond.

—f— Ultimate state

—=— Cracking load state

=1
)
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2
3
o
5
3 060
=
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0.00 0.15 0.30 0.45 0.60 0.75
Basalt fiber content, %
Fig. 6 The loading capacity of short columns at cracking and peak state

for different basalt fiber content

The chopped microfilaments of basalt fibers can be
well combined with the concrete matrix to form a spa-
tial network. That network can improve the combina-
tion of concrete constituents, including cement paste to
coarse aggregate. The spatial network encases the coarse
aggregate and acts as a hindrance to aggregate movement
during compression, which can enhance the properties
of an interfacial transition zone between coarse aggre-
gate and cement paste. Thus, basalt fiber can provide
peripheral restraint to withstand the transverse expan-
sion upon applying compressive stresses on the specimen.
Accordingly, basalt fibers' presence can prevent a genera-
tion of a large number of micro cracks and discontinuity
of the existing ones. That makes the erection and evolu-
tion of cracks need more energy to beat the relatively high
bonding forces when compression is applied to a spec-
imen. The regular arrangement of the fibers within the
concrete microstructure contributes to this behavior by
better effectiveness. Therefore, the loading capacity of the
BFRC short column is significantly improved, and the ini-
tial cracking is delayed.

Table 3 Short columns' results at first cracking and peak states

Ultimate displacement Pcr/

Column ID f[ 'MPa Cracking load Pcr., KN Acr.mm  Ultimate load Pu, kN Au, mm Pcr/ Pu Pero Pu/ Puo
CS120-0.00 32.42 258.89 1.86 461.64 3.0 0.56 1.00 1.00
CS120-0.15 38.87 387.77 1.08 538.57 35 0.72 1.50 1.17
CS120-0.30 40.10 406.87 1.22 532.73 3.6 0.76 1.57 1.15
CS120-0.45 37.20 388.70 1.28 516.65 3.2 0.75 1.50 1.12
CS120-0.60 35.46 386.02 1.34 498.73 3.7 0.77 1.49 1.08
CS120-0.75 30.50 305.60 1.44 420.70 2.7 0.73 1.18 0.91




The behavior of BFRC has been interpreted as follows:
Before the extension of cracks in the concrete matrix
resulting from the loads or external influences, the random
spread of basalt fibers contributes to enhancing the inter-
nal confinement of the concrete matrix, which raises the
load before cracking. When the loading reaches sufficient
energy to overcome the bond strength between microfi-
bers and concrete matrix, the cracks begin to extend. That
happens after overcoming the bonding strength. On the
other hand, the relatively strong bond between microfibers
and the matrix hinders the progression of cracks and acts
to bridge the adjacent parts of the crack to award concrete
with ductility. The failure occurs upon the withdrawal of
all the filaments along the sides of the crack.

On the other hand, the presence of steel ties with the
basalt fibers improves the ductility of the short column
after the peak state due to the high energy required to
overcome the bonding force of the huge number of fine
filaments of basalt fiber.

3.3 Effect of basalt fibers on compressive strength and
loading capacity of columns

The percentage of increment in small specimens is more
pronounced than in larger ones at 28 days, where the addi-
tion of basalt fibers has a higher impact on the compres-
sive strength of small-sized cylinders than on the longer
columns, as shown in Fig. 7. The internal confinement
caused by basalt fibers, in addition to the external con-
finement represented by the small size due to the geom-
etry of the cylinder (height-to-diameter ratio equals 2.0)

—a— Compressive strength —#=—Cracking load —#—Ultimate load
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Fig. 7 Relationship between basalt fiber content and cylinder compres-
sive strength, cracking load, and ultimate load of short columns
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compared to the large size of the column resulted from the
geometry (height-to-diameter ratio equals 5.0), contrib-
utes to increasing its effect on the compressive strength
of small concrete cylinders. Also, the control of work-
ing on small specimens is better than on the relatively
larger specimens of columns with rebars. However, basalt
fiber's effect on the cracking load of short columns is the
greatest because of the high bonding force between the
microfilaments and the matrix, which needs more energy
to overcome the bonding forces. In any case, increasing
the cracking load more than the maximum bearing load
inversely affects the structural behavior of the column
because of the approaching between them. So, it will not
give an early indication of the possibility of failure. On the
other hand, incorporating basalt fibers into the concrete
matrix award more durability and ductility.

3.4 Failure mode of columns

During the test, vertical cracks occurred before column
failure near supports. Upon increasing the load, the cracks
developed gradually in number and width, then the con-
crete was crushed, and the column failed. However, the
steel ties remained sound when the columns were damaged.
All the columns failed due to the crushing of concrete at the
upper or lower third or both ends near the supporting bol-
sters, as illustrated in Fig. 8. That was because the stresses
were concentrated near the loading point and the longitudi-
nal bars did not yield. At failure, the cracks propagated lon-
gitudinally and focused near the supporting bolsters.

The cracks propagated to the mid-length in column
CS120-0.3 and the concrete cover fell, while in column
CS120-0.15, the cracks extended to near the middle with-
out the concrete cover falling. These columns experi-
enced the highest load capacity. Generally, BFRC short
columns were cracked later than the non-fibrous col-
umns. According to the crack pattern of columns, the

Fig. 8 Failure patterns of short columns
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bearing region of the column needs to be strengthened and
increased its confinement to allow the load to move to the
other parts of a column and increase its loading capacity.

4 Numerical analysis of columns

A numerical analysis was developed in the Abaqus soft-
ware to trace the structural behavior of columns under
axial compressive loading. The finite element analysis
(FEA) was performed by displacement control to capture
the load at each increment.

4.1 Numerical simulation of columns

The tested specimen consists of a concrete column with
a circular section, longitudinal rebars of 8 mm diameter,
transverse ties of 5.1 mm diameter, and supporting steel
bolsters. The concrete column and steel bolster are dis-
cretized with a 3-dimensional continuum that has 8 nodes
with reduced integration (C3D8R). Steel rebars are discret-
ized by 2 nodded link elements (T3D2). C3D8R elements
have 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, compres-
sive crushing, and large strains [38, 39]. T3D2 element is
used to model one-dimensional rebar assuming axial strain
only. Fig. 9 depicts the discretization of the column.

The relationship between concrete and the rebars is
assigned by an embedded region, where the rebars are the
embedded substance, and the concrete is the host region.
The steel bolsters are constrained as a rigid body to prevent
their deformation during loading. The lower steel bolster
is assigned as fixed support by preventing the translation
in the three directions. The load is subjected to the upper
bolster as implemented in experiments. The elements of all

e
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T

T

T rrrrrriy T

Fig. 9 Simulation and discretization of Column in Abaqus

parts are seeded by a 20 mm size mesh in all orientations.
The interaction between the steel bolsters and concrete col-
umn is selected to be a contact with the normal behavior
of hard contact type to prevent penetration between them
and allow separation after contact, and tangential behav-
ior with a friction coefficient of 0.45 between concrete and
steel. The friction coefficient between concrete and steel
ranges between 0.29 to 0.6, as stated by Guo et al. [40],
Rinker et al. [41], and Zhao and Zhu [42]. Friction coeffi-
cient sensitivity was checked by the software and chosen to
be 0.45 throughout the numerical analysis due to the com-
pressive stress considering the effect of a compressed rub-
ber pad between concrete and steel. The analysis is carried
out via a static general step.

4.2 Material models

The elastic behavior of concrete is described by its elastic
modulus and Poisson's ratio. The plastic behavior of con-
crete is defined by the concrete damage plasticity (CDP)
model to define different transition laws of strength under
compression and tension [38, 39]. To represent the CDP
model, the stress-inelastic strain of compression hard-
ening - softening, and tensile stiffening, are determined
according to the experimental results for compressive
strength. Hognestad and Eurocode Eu-2004 [43] formula
is adopted to capture the compressive stresses at the suc-
cessive strains as follows:

2
o.= /|2 g—"—[‘g—“] , (1)
8(.’() 8(.’(7
2/,
Eeo = E_c s )
E, =3320, £ +6900, 3)
0.4f,
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O
‘("pL =& EL ’ (5)
(e}
d =1-—%, 6
c f'C ( )
where:

o= Compressive stress at corresponding strain, MPa,
& = Compressive strain at compressive strength,

co
¢, = Strain at 40% of compressive strength (elastic limit),
E_ = Modulus of elasticity, MPa,
E,= Plastic strain, and d = damage parameter.

P c



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
practically.

The surface failure of the finite elements is defined by
the five parameters adopted in Abaqus, which are the dila-
tion angle (y), eccentricity (€), the ratio of biaxial to uniax-
ial stress (f, /f. ), the shape of failure surface (K), and the
viscosity parameter (). These values are listed in Table 4.

4.3 Model validation and analysis results

The implemented finite element model was validated by
comparing it with the experimental data of the tested col-
umns. To gauge the efficiency of the simulated model
that predicts the structural behavior of columns, ultimate
loads, longitudinal displacements, and crack patterns are
compared with the experimental results.

4.3.1 Ultimate loads and longitudinal displacements
The FE loads compared to the experimental ones are illus-
trated in Fig. 10 for cracking and peak states. At the crack-
ing state, the FE loads underestimate the experimental
ones because the results of the analysis by Abaqus depend
on the first crack stress, which is considered 0.4 of com-
pressive strength. The relatively high cracking loads of
the experimental results are due to the additional confine-
ment of the concrete resulting from the basalt filaments in
the concrete matrix in addition to steel ties. At peak state,
the experimental loads are close to the numerical ones.
The ratio of the FE loads to the experimental ones ranges
between (1.0-1.09). The slight increase in numerical loads
belongs to the high stiffness of concrete, as the numerical
simulation of concrete does not contain voids, as is the
case in the practical one.

Fig. 11 illustrates the numerical relationships between
load and longitudinal displacement for all short columns.
The columns show similarity in behavior until the initial
cracking occurs. The load variation appears after that due
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Fig. 10 The ratio of FEA to the experimental loads at cracking and the
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Fig. 11 Load versus longitudinal displacement of short columns

to the effect of fibers on concrete strength, which provides
confinement for the concrete and increases its tensile and
compressive strength. The variation in displacement is
due to the high stiffness shown by the numerical models
for the same reason previously mentioned.

Table 4 The properties of materials used to simulate the short columns in Abaqus

Material Properties
Elastic modulus, £, MPa Compressive strength, /', MPa Tensile strength, f, Pa Poisson's ratio
Conerete Variable, according to f.’ According to the experiment results 0.18
v € Sodlleo K H
25 0.1 1.16 0.67 1E-15
Diameter = 8 mm Diameter = 5.1 mm
Steel rebars E Yield stress Poisson's ratio E Yield stress Poisson's ratio
200 GPa 563 MPa 0.30 200 GPa 563 MPa 0.30
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At cracking loads for FEA, the longitudinal displace-
ments for all columns are the same, where the ratio of FEA
to experimental displacement ranges between (0.84—1.12).
At the peak state, columns C120—-0.30 and C120—0.15 show
the highest displacement, respectively, as in the experi-
mental results, followed by columns C120—0.45 and C120—
0.60, as illustrated in Table 5.

4.3.2 Crack pattern

According to the numerical analysis, all columns failed
in approximately the same pattern. The failure was due to
concrete crushing.

Upon increasing loads, the cracks developed near the
upper and lower supports and then extended to the lower
third of the column. The cracks were concentrated on one
side of the column at the maximum load that the column
bear. The failure pattern of the FEA corresponded to the
experimental results at the lower third of the columns,
as illustrated in Fig. 12.

4.3.3 Steel rebar stress

At the maximum load, the longitudinal rebars did not yield
for all columns, which indicates that the failure occurred
because of the concrete fracture. However, the longi-
tudinal rebars sustained (70—88)% of the yield stress at
the maximum loads. The longitudinal rebars of column

Table 5 The longitudinal displacements at cracking and ultimate state
for FEA and Experimental results

Acr, mm Acr Au, mm Au
Exp. FEA FEA/EXP Exp. FEA FEA/EXP
CS120-0.00 1.36  1.214 0.893 3.0 311 1.060
CS120-0.15  1.08  1.212 1.122 35  3.63 1.087
CS120-0.30  1.22 1.206 0.989 3.6 3.68 1.119
CS120-0.45 1.28 1.213 0.948 32 347 1.190
CS120-0.60 1.34  1.203 0.898 37 346 1.028
CS120-0.75 1.44  1.203 0.835 2.7 3.14 1.249

Column ID

CS120-0.15 sustained the higher stress, while the column
CS120-0.75 rebars sustained the lower stress, which corre-
sponds to the experimental results.

Similarly, the transverse ties did not yield at the peak
state for all columns. The middle tie sustained the high-
est stress, which is listed in Table 6. That indicated the
tendency of the short column to buckle. Also, columns
CS120-0.15 and CS120-0.30 recorded the highest stresses
in the middle tie, while CS120-0.00 recorded the low-
est value, which coincided with the maximum loads sus-
tained by the columns, as shown in Fig. 13. Table 7 lists
the stresses in the longitudinal bars and transverse ties.

4.3.4 Parametric study

Two additional parameters were numerically studied.
The first one included changing the reinforcement ratio
by using 6 mm, 8 mm, and 10 mm bar diameters to give
0.64%, 1.13%, and 1.78% reinforcement ratios, respec-
tively. Test results are shown in Fig. 14. The results indi-
cate that increasing the reinforcement ratio raised the load
capacity of the columns. Alter the reinforcement ratio
from 0.64% to 1.13% and 1.78% increased column loading
capacity by about 7% and 14%, respectively. The results
also showed that the stresses sustained by rebars did not
reach yielding. Thus, the failure was due to crushing con-
crete before yielding rebars, as illustrated in Table 7.

LI

CS120-0.00 CS120-0.15 CS120-0.30 CS120-0.45 CS120-0.60 CS120-0.75

Fig. 12 Crack modes of the columns according to the FEA

Table 6 The ultimate loads and rebar stresses in the columns upon changing the reinforcement ratio

Yield stress, fy = 563 MPa

Column ID db=6 mm db =8 mm db =10 mm
Pu, kN Rebar stress, MPa Pu, kN Rebar stress, MPa Pu, kN Rebar stress, MPa

CS120-0.00 4433 401.7 476.80 406.9 509.7 3533
CS120-0.15 521.3 4434 557.62 493.3 595.9 404.6
CS120-0.30 498.1 435.0 533.39 457.0 567.1 377.6
CS120-0.45 473.8 428.0 517.69 440.2 526.1 3373
CS120-0.60 470.0 409.5 504.37 440.9 537.5 371.5
CS120-0.75 4253 391.7 458.87 401.5 458.4 294.9
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Fig. 13 The stresses sustained by the rebars of the short columns at maximum loading
Table 7 The stresses in the longitudinal bars and transverse Bdb=6mm Wdb=Smm = db=10mm
ties of the columns o
o g =
Percentage Percentage - W B0 ] N o &
Long. bar R Transverse . o ow o &0 =g Iz
Column ID & of yield . of yield - 2" zal® =23 @
stress Tie stress o & 5 i3 5 m % =
stress stress g g
=z
CS120-0.00 408.8 0.726 124 0.315 =
<
CS120-0.15 493.3 0.876 171 0.434 g
CS120-0.30 457.0 0.812 195 0.495
CS120-0.45 440.2 0.782 189 0.480
CS120-0.60 440.9 0.783 188 0.477
CSIZO_075 4015 0713 172 0437 C5120-0.00 €5120-0.15 C5120-0.30 C5120-0.45 C5120-0.60 €5120-0.75

The second parameter was the variation of yielding stress
of the rebar, while the diameter remained constant at 8 mm.
Three yield stresses were adopted: 350 MPa, 450 MPa,
and 563 MPa. The results showed that raising yield stress
from 350 MPa to 450 MPa increases the load capacity by
(1.0-2.8) % for all columns except CS120-0.00, where there

SHORT COLUMN

Fig. 14 The ultimate loads in columns for changing the
reinforcement ratio

was no change in ultimate load. However, altering yield
stress from 450 to 563 MPa did not affect the maximum
load because the stresses sustained by rebars remained
under-yielding in both cases, as illustrated in Table 8.

Table 8 The ultimate loads and rebar stresses in the columns upon changing the yield stress

Rebar diameter, db = 8 mm
Column ID fy =350 MPa fy =450 MPa fy =563 MPa
Pu, kN Rebar stress, MPa Pu, kN Rebar stress, MPa Pu, kN Rebar stress, MPa

CS120-0.00 482.3 350.0 476.8 406.9 476,80 406.9
CS120-0.15 5423 350.0 557.6 446.5 557.62 4933
CS120-0.30 520.2 350.0 533.2 430.1 533.39 457.0
CS120-0.45 509.4 350.0 509.4 424.2 517.69 440.2
CS120-0.60 492.9 350.0 504.4 442.8 504.37 440.9
CS120-0.75 454.5 350.0 458.9 401.5 458.87 401.5
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5 Conclusions

This research introduces experiments to investigate the
impact of adding basalt fibers to the concrete matrix on the
structural behavior of short circular columns. These effects
include loading capacity, cracking load, crack pattern, and
compressive strength of the concrete. Then, the short col-
umns are numerically simulated by Abaqus software to
investigate the stresses in longitudinal bars and transverse
ties, besides testing two additional parameters: reinforce-
ment ratios and yielding stresses. The following conclu-
sions can derive:

Basalt filaments provide good internal confinement to
the concrete, which can restrict early shrinkage, reduce the
voids' number and size, and consequently enhance concrete
strength.

Basalt fiber can enhance column ductility after the peak
state. Therefore, it is significant in improving the struc-
tural behavior of short columns.

Increasing basalt fiber content up to 0.3% raises com-
pressive strength. However, between (0.45-0.6)% volume
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