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1. Introduction

Reinforced concrete column elements experience a reduction in strength over time due to various
loads such as compression, bending, etc. To enhance the compressive, moment, and shear capacities
of existing columns, methods such as jacketing with fiber-reinforced materials or steel plates are
commonly employed. However, these methods have disadvantages such as application difficulty,
increased costs, and the unavailability of certain materials [1,2].

In Turkey, buildings constructed before 1997 face structural issues in their columns due to factors
such as the non-mandatory use of ready-mix concrete, the use of plain (unribbed) reinforcement,
and insufficient quality control during construction. As a result, reinforced concrete buildings may
experience sudden collapses over time. This issue is not exclusive to Turkey but is prevalent in
many other countries as well. Even in the absence of earthquakes, sudden collapses in buildings can
occur due to inadequate cross-sectional dimensions and insufficient strength, leading to creep
effects because the buildings are not constructed in accordance with national regulations.
Retrofitting panels, which contain steel fibers, are essentially reinforced concrete elements and are
more economical compared to other Retrofitting methods. Additionally, their production and
application are extremely simple. Materials like CFRP can cause concrete disintegrate, especially
when used in low-strength concrete, and if the jacketing covers the entire element, detecting this
issue can be very challenging. Strengthening with steel profiles also has disadvantages, such as
insufficient fire resistance. Therefore, using concrete panels for column retrofitting is expected to
yield advantageous results. Based on the mechanical properties investigated in this study, column
retrofitting studies will be undertaken [3,4].

In the literature, no similar studies on the retrofitting of reinforced concrete columns using steel-
fibered concrete panels have been found. Buyukkaragoz (2020) previously conducted studies on
strengthening masonry walls under shear using concrete panels, which yielded highly successful
results. Experimental results on hollow brick walls and aerated concrete walls retrofitted with fiber-
reinforced concrete panels indicated that the retrofits applied to the aerated concrete were more
effective. Notably, the experiments revealed that the retrofitted test elements remained intact as a
whole, even after failure [3,5,6].

As is well known, concrete serves as a quintessential example of a quasi-brittle material, posing a
persistent challenge in the context of fracture failure within materials science and engineering, as
discussed by Han et al. (2024) in their examination of the quasi-brittle nature of various engineering
materials. Therefore, for decades, both three-point and four-point flexural strength tests have been
implemented to represent the tensile strength of concrete through the modulus of rupture.
Furthermore, by virtue of the quasi-brittle nature concrete, prior studies such as Osgouei et al.
(2023) indicated that most of the tested beams were fabricated with initial notches to induce the first
crack at the mid-span of the beam, and finite element models (FEM) were subsequently developed
accordingly. Even concrete structures fabricated with advanced technologies to produce thin,
resilient concrete, such as those studied by Eller et al. (2023), cannot be accurately represented by
feasible finite element models due to the quasi-brittle nature of concrete and the thinness of the
concrete body [6-8].

In this study, the concrete panels employed for retrofitting contain steel fibers at volume fractions of
0%, 1%, and 2%. Based on previous studies, the effective volume fraction of steel fibers ranges
from 0% to 2%. Additionally, exceeding a volume fraction of 2% can lead to agglomeration. These
panels were produced with a thickness of 10 mm, and the steel fibers used were Dramix ZP 305
fibers, manufactured in accordance with ASTM A820 [9] standards [10-12].
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Given the lack of definitive recommendations from prior studies regarding finite element modeling
of thin steel-fibered concrete, the current investigation aims to make a concerted effort towards
addressing this gap. To achieve and elucidate this objective, a flowchart has been developed and is
presented in Figure 1.
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Fig. 1. Schematic Flowchart Outlining the Methodology and illustrating the Conceptual Framework of the
Current Investigation.
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SF steel-fiber

Sp: specimen

Pp: peak load

Py: ultimate load

Ap: peak displacement

Ay: ultimate displacement

Ay: the model’s maximum y deflection

F¢: compressive strength of cylindrical specimens
Fei: splitting tensile strength

Fei: splitting tensile formula

ot: bending strength capacity or Modulus of Rupture
oi: formula of Modulus of rupture

ox: modeled Bending strength capacity

u: ductility ratio

Ef: energy consumption

incr.: increment

2. Experimental program

2.1. Mixture

In the TS EN 206 standard [13], concrete is defined as a material that acquires the necessary
properties through cement hydration, formed by a mixture of fine aggregate, coarse aggregate,
cement, and water, with or without the addition of mineral and chemical admixtures. Due to the 10
mm thickness of the panels, coarse aggregate was not utilized. The materials used in the production
of the panels are listed in Table 1 [14].

Table 1. Mixture Design of Cement Mortar.

Materials Weight (kg/m?)

Cement 955
Aggregate 992
Water 305
constituents’ weight 2252
w/c 0.33

Superplasticizer 2.75%

Steel-fiber SF 0%, 1%, 2%

2.1.1. Cement

In this study, CEM 1 32.5 R type cement, compliant with TS EN 197-1 [15] standards, was utilized
[16].

2.1.2. Aggregate

Throughout the panel manufacturing process, only sand was employed, with a maximum particle
size of 16 mm, ensuring compliance of the aggregate with TS EN 802 [17] and ASTM C1116 [18]
standards.

2.1.3. Water

As stated in TS EN 1008 [19], if water is potable, it can also be used as mixing water. The mixing
water used in concrete construction serves three purposes: curing, washing, and mixing. The water
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used is sourced from potable water flowing through the city water network. In accordance with the
specifications outlined in ASTM C1116 [18], ensure that the pH value of the mixing water is 7 or
above, and that it appears pure and colorless.

2.1.4. Superplasticizer

In this study, Sikament FFN was used as a superplasticizer admixture for concrete, which
significantly reduces the mixing water content while enhancing both early and final strengths, or
imparts high fluidity to the concrete with the same amount of water. This usage conforms to the
specifications outlined in TS EN 934-2 [20] Tables 3.1 and 3.2. Due to significantly low w/c ratio,
the relatively fine maximum particle size of the aggregate, and the inclusion of steel fibers in the
current study, adding a superplasticizer is highly essential [21,22].

2.1.5. Steel-fiber

Steel fibers are steel materials utilized in the construction industry as an alternative to mesh
reinforcement. They enhance properties such as the strength, toughness, and resistance to cracking
and abrasion of concrete. Typically, these steel fibers are circular in cross-section, although
rectangular cross-sections are also used. The lengths of these fibers range from 30 to 60 mm, with
diameters between 0.5 and 1.0 mm, and their tensile strengths vary from 345 N/mm? to 2000
N/mm?. Steel fibers with hooked ends provide higher adhesion compared to those with straight ends
[23,24].

The volume fractions of steel fibers added to concrete can vary between 0.5% and 2.5%. Research
indicates that adding more than 2% steel fibers can affect the formation of smooth surfaces and
adhesion in 10 mm thick panels, with optimal benefits achieved at a ratio of 1-2% [25,26].

The properties of the steel fibers (Dramix ZP305) used in this study, produced in accordance with
ASTM A820 [12], are detailed in Table 2. below. These Dramix ZP305 fibers have hooked ends to
ensure better adhesion.

Table 2. Dramix ZP305 Features.

Physical and mechanical properties
length (mm) 60
Diameter (mm) 0.9
Aspect ratio 65
Net weight gr/cm3 7.85
Tensile strength MPa 1250

2.2. Test setup and instrumentation

Determining the mechanical properties of the concrete mixtures used is of great importance for both
analytical and numerical analysis. Therefore, this section evaluates the compressive strength,
splitting tensile strength, and three-point bending strength tests in terms of experimental conditions,
the standards employed, and the results obtained.

2.2.1. Compressive strength

The test method was conducted in accordance with ASTM C39M [27]. For determining the
compressive strength of the panels, a total of nine samples were used for each designed compressive
strength category, as shown in Figure 2. The cylindrical specimen had dimensions of 200 mm in
height and 100 mm in diameter, as shown in Figure 2.a [27].
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The compressive strengths of the panels, based on the volume fractions of steel fibers, are provided
in Table 3. The test device features a motor-controlled hydraulic loading system with an adjustable
speed, allowing the experiments to be performed at a fixed loading rate. For all test specimens, a
loading rate of 3.1 kN/s was applied, as depicted in Figure 2.b [27].

fLomes BeF )

BT Ss

Fig. 2. illustrates the compressive strength test of the concrete used in the panels: a) the failure modes of the
elements depending on the steel fiber ratio, b) the display panel for test results on the test apparatus.

Table 3. Compressive Strength of the Panels.

volume fraction (vf) 0% 1%* 2%*
specimen 1 43.48 52.39 54.88
specimen 2 45.40 54.71 57.21
specimen 3 48.54 51.19 53.52

Average 45.81 52.76 55.21

* Mixtures containing steel fibers have not exhibited any significant cracks.

2.2.2. Splitting tensile strength

As is known, there are three distinct experimental methods for determining concrete tensile
strength: the direct tension test, the bending test, and the split tension test. The tensile strength
results obtained using these methods differ from one another. Therefore, when reporting the tensile
strength of concrete, it is essential to specify which method was employed. In the split tension test,
the tensile stress developed in cylindrical specimens is calculated using Eq.1.
24P
1

m*L*D 1)
Herein, P represents the compressive load applied to the cylinder, L denotes the length of the
cylindrical specimen, and D is the diameter of the cylindrical specimen. [28-30]

This test method was conducted as described in the ASTM C 496/C 496M — 04 [25] standard. Nine
cylindrical specimens measuring 200x100mm were utilized for this purpose. The experiment was
carried out using a testing device with an axial load capacity of 1000 kN, located at the Structural
Mechanics Laboratory of the Faculty of Technology, Civil Engineering Department, Gazi
University. As shown in Figure 3.a, a compressive load was applied to the upper and lower bearing
strips at a rate of 10 kN/s. As illustrated in Figures 3.b and 3.d, the cylinders reinforced with steel

fi=
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fibers exhibit no signs of disintegration. Conversely, as depicted in Figure 3.c, the cylinders lacking
steel fibers have fractured into two distinct pieces [25].

Fig. 3. Splitting Tensile Strength of Panels: a) cylinder splitting test, b) cylindrical test specimen without
steel fibers, c) inability to split the cylindrical specimens containing 1% and 2% steel fibers under the
splitting load, d) the cylindrical specimens containing 1% and 2% steel fibers remain intact without splitting
under the load.

The experimental results are presented as averages in Table 4. Furthermore, the results obtained
from the experiments have been compared to evaluate the Split Tension formula of ACI-318 [31], as
shown in Tables 2 and 3 [28][32,33].

Table 4. Results of the Cylinder Splitting Test.

SF (%) Sp.* 1 Sp.* 2 Sp.* 3 Average (MPa)
0 3.499 3.945 3.325 3.590
1 6.555 6.264 6.657 6.491
2 7.586 7.474 7.474 7.511

* Sp is the abbreviation for specimen.

2.2.3. Three point flexural strength

The bending test was conducted to determine design information about the material's strength and
to identify the mechanical properties of the material against bending. One face of column elements
subjected to horizontal loads (such as seismic loads) is exposed to bending. The fundamental
principle of this test is to observe the performance of the plates used in the test under bending. Since
the column equation is derived based on the ideal moment condition, it is desired that the shear
stress in the column remains negligible compared to the normal stresses. [34,35] When a force is
applied to the test specimen, if compressive stress occurs in part of the specimen's section and
tensile stress occurs in the remaining part, the specimen is in a state of bending. In specimens under
bending, compressive stresses develop in regions close to the upper surface, while tensile stresses
develop in regions close to the lower surface. Terms used in the bending test include:

Bending moment (M), Bending stress (o), Load (P), Distance between supports (L), Moment of
inertia (I), Distance from the section’s centroid to the outermost layer (c).
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_PiL
M= 4 (2)
o = M/C 3)

For the successful execution of the bending test, certain steps must be followed. Initially, the
diameters of the supports and the mandrel were determined to be suitable for the material to be
used. Additionally, the span between the supports was adjusted in accordance with the relevant
standard ASTM C 293 [36] and C 78 [34,37-39]. After the apparatus was set up, the specimen was
placed on the supports and loading was initiated on the test element. The load was applied through
the mandrel, subjecting the element to bending forces. At the start of the test, the load was applied
along the cross-section at the center of the panel. During the loading process, load and displacement
measurements were obtained using a computer program compatible with the test setup. Since the
panels tested will be applied to sparsely spaced stirrup columns at a 1/3 scale, these panels were
designed and manufactured in the dimensions of 10 x 100 mm and 10 x 150 mm, as shown in
Figure 4.
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Fig. 4. Representation and Dimensions of Steel Fiber Panels on Columns.

The experiments were conducted using the three-point bending test apparatus located in the
Construction Laboratory of the Civil Engineering Department at Ankara University, as shown in
Figure 5. The test apparatus is equipped with a motor-controlled hydraulic loading system with
adjustable speed, allowing the experiments to be performed at a constant loading rate. The
experiments were carried out at a relatively slow loading rate of 1 kN/s to observe the response of
the plates to loading after the initial crack.

During the experiments, an electronic displacement measurement device, referred to as the Three-
Point Bending Test Apparatus, was used. This device measures displacements in various directions
with an accuracy of 0.0001 mm and transfers these measurements to a computer via a data collector.
For each test specimen, a load-displacement graph was plotted. Measurements for all test specimens
were taken from the midpoint of load application. A total of nine panels were used for this test.
Thus, due to the thinness of the panels and the necessary sensitivity to carry out the experiment, the
average results of three panels for each mixture were used. The test procedure for a test specimen is
shown in Figure 6. The distance between the two supports is L=540 mm, and the edge distance on
both sides is 30 mm.

The load-displacement curves obtained from the test specimens are presented in Figure 7. The area
under the load-displacement curves represents the amount of energy consumed, and the obtained
values are provided in Table 2.5. The peak load (Pp) represents the maximum bending load which is
experienced by each plate whereas the ultimate load denotes the point of failure, occurring when the
loading decreases to reach 80% of the peak load.
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Fig. 5. Three-Point Bending Test Apparatus Located in the Construction Laboratory of the Civil Engineering
Department at Ankara University.

Fig. 6. Three-Point Bending Test.
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Fig. 7. Load-Displacement Curves of the Panels.

3. Results and analysis

In the current study, only the mechanical properties of the panels, specifically the results from
compressive and tensile tests, are presented. The average results of the three experiments described
in the Experimental Program section are compiled in Table 5. All formulas presented in this section
are valid only for a mixture with a 0% volume fraction of steel fibers. The aforementioned formulas
do not take into account the effects of steel fiber reinforcement or high-strength concrete.
Nevertheless, the obtained results have been used for comparison purposes or to analyze the
enhancements provided.

Table 5. Tests Results.

SF (%) F. (MPa) Increment (%) Fe (MPa) o: (MPa)
0 45.81 0 3.59 4.32
1 52.76 15.2 6.49 9.18
2 55.21 20.8 7.51 10.26

3.1. Splitting tensile strength test analysis

In order to effectively analyze and evaluate the increase provided by adding steel fibers to the
proposed retrofitting panels in the mixture through splitting tensile tests, the increases have been
calculated compared to the steel fiber-free mixture as shown in Table 6. Additionally, for
comparative purposes, the modified formula of the Brazilian tensile method specified in ACI-318
[31] was utilized.

fo=0.56,/f; (MPa) 4)

fc: represents the compressive strength obtained from the experiments [28,33].
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Table 6. Analysis of Splitting Tensile Strength Test.

SF (%) Fo (MPa) increment (%) For (MPa)
0 3.590 0 3.698
1 6.491 80.8 3.932
2 7.511 109.2 4.061

When the ratio of the experimental result of the steel fiber-free mixture to the result obtained from
the analytical formula is examined, a ratio of 0.97 is obtained. This result indicates that the
experimental and analytical formula results are very close.

3.2. Three point flexural strength test analysis

Similar to the Splitting Tensile Strength, the three-point bending beam experiment is also illustrated
in Table 3.3. As referred to, the three-point modulus of rupture can be calculated in accordance with
the formula:

o= 0.70\/1‘_c Mpa (5)

Table 7. Analysis of the Three-Point Bending Beam Experiment.

SF (%) oi (MPa) Increment (%) o (MPa*)
0 4.32 0 4.62
1 9.18 112.5 4.92
2 10.26 137.5 5.08

*Ugur Ersoy, “Reinforced Concrete Behavior and Calculation Principles”, Three Point Flexural Strength Test [28].

The area under the load-displacement curves in Fig. 7. represents the energy consumed up to the
collapse point of the panels (Er), as provided in Table 3.4. Ductility is the capacity to undergo
deformation without significant loss in strength. Consequently, the variation in ductility ratios
among the test specimens indicates the behavior exhibited after the onset of plasticization. The
ductility ratio (p) is derived from the load-displacement graph shown in Fig. 7. by dividing the yield
displacement (initial crack or 0.75Pp) by the ultimate displacement.

(collapse crack or 0.8Pp). The ductility ratio (p) has been calculated using Eq.6 and is presented in
Table 8:

=5y (6)

Where (p) represents the ductility ratio, (0y) is the displacement at the initial crack or 0.75Pp, and
(ou) is the displacement at the collapse crack or 0.8Pp. [40,41]

Table 8. Ductility ratio and Energy consumption values.

SF (%) u Incr. (%) E¢ (N.mm) Incr. (%)
0 1.11 0 70 0
1 17.81 1504 5100 7185

2 21.41 1828 7010 9914
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4. Three point flexural strength fe modelling

In this section, the three-point bending beam experiment has been modeled using the ANSYS 15
finite element principle. The formulas and experimental results mentioned in Chapter 3 of the study
have been tested. However, the closest result to the tensile test in bending, which was given by the
direct tensile formula TS500-2000 [42]:

for=0.35,/F, (7)

In addition, it is presented in Table 9. Since this formula does not consider the effect of steel fibers,
it was assumed that the steel fibers are distributed horizontally at a 45-degree angle in all directions
in the concrete modeling using the Solid65 element type in the ANSYS program. The maximum
load obtained from each test specimen was applied to the test model by taking advantage of non-
linear analysis. Additionally, the same loading and support conditions were applied. The
compressive stress capacity is provided in Table 10. As the error rate did not exceed 10%, the model
can be considered acceptable. To assign the modeled bending strength capacity, the stress in the X-

direction was utilized, as it corresponds to the resultant stress. [43—45].

Table 9. The values of the TS500-2000 formula in the modeling.

SF % Direct tensile formula (MPa)
0 2.312
1 2.457
2 2.537

Table 10. Flexural strength capacity and the maximum stress resistance obtained from the modeling.

SF (%) ot (MPa) ox (MPa) Error % Ay (mm)
0 4.32 -4.25 1.6 2.57
1 9.18 -8.90 3.1 4.51
2 10.26 -9.9 3.5 5.42

e The model of the three-point bending beam with steel fibers at a volume fraction of 0 percent;
as illustrated in Figure 8, subsequent to the application of support and loading conditions, the
state of the beam post-deformation and the stress values.

e The model of the three-point bending beam with steel fibers at a volume fraction of 1 percent;
as illustrated in Figure 9, subsequent to the application of support and loading conditions, the
state of the beam post-deformation and the stress values.

e The model of the three-point bending beam with steel fibers at a volume fraction of 2 percent;
as depicted in Fig. 10, following the application of support and loading conditions, the post-

deformation state of the beam and the stress values.
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Fig. 8. The model of the three-point bending beam with a 0% volume fraction of steel fibers.

2.79487

-

1.21183
-.053222

-1.31827

-6.37847 -3.54837
-2.58332

-7.64352 -5.11342
Fig. 9. The model of the three-point bending beam with a 1% volume fraction of steel fibers.
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Fig. 10. The model of the three-point bending beam with a 2% volume fraction of steel fibers.
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5. Conclusion

As mentioned in the literature review section of the introduction, there is currently no viable model
for thin concrete, nor is there any material that can accurately represent steel-fibered concrete or
ductile concrete in ANSYS or any other finite element method (FEM) program. Therefore, both
linear and non-linear analyses were utilized, incorporating numerous presumptive results and
formulas, in an effort to develop the most feasible and realistic model possible. In this section,
experimental results have been compared with analytical and numerical results.

o It has been observed that the inclusion of steel fibers offers a limited increase in
compressive strength, yet markedly enhances the tensile strength.
o As demonstrated in the splitting tensile strength section, cylinders without steel fibers were

bisected, while those containing 1% and 2% volume fractions of steel fibers experienced
only compression. Similarly, panels reinforced with steel fibers, as shown in the three-point
flexural strength section, remained intact. The inclusion of steel fibers significantly
contributed to preserving the structural integrity of the elements, thereby enhancing the
overall safety and longevity of retrofitted structures, along with facilitating the repair and
replacement of these retrofitting plates.

. The incorporation of steel fibers into concrete at volume fractions of 1% and 2%,
respectively, has resulted in an increase in split tensile strength by 80.8% and 109.2% in this
study.

. The addition of steel fibers to concrete at volume fractions of 1% and 2% has been observed
to increase the tensile strength in bending by 112.5% and 137.5%, respectively, in this study.

o Due to the 10 mm thickness of the panels and the semi-rigid behavior of the concrete,

increasing the steel fiber content to 1% and 2% augmented the energy absorption capacity
by 7995% and 11027%, respectively, and the ductility ratio by 1504% and 1828%,
respectively.

J As seen in load-deflection curves, steel fiber-reinforced panels consume significantly more
energy compared to non-steel fiber panels until they reach their capacity and fail. Due to this
contribution, it is believed that these panels can provide a certain level of ductility to
columns with low ductility ratios.

o This study aligns with the findings of previous research. Yavuz Bayraktar et al. (2023)
reported significant increases in compressive strength, splitting tensile strength, and flexural
strength when using steel fibers with less than 1% volume fraction and a length of 30 mm.
The compressive strength results obtained in this study are consistent with those reported by
Yavuz Bayraktar et al. (2023). While their study achieved higher compressive strength, the
splitting tensile and flexural strengths observed were either equivalent to or lower than those
in the present study [25].

Several key factors may contribute to these differences:

1.Fiber Length: The length of steel fibers plays a critical role, as shorter fibers tend to enhance
compressive strength while potentially reducing tensile strength [46].

2.Incorporation of Additives: The addition of materials such as limestone and recycled fine
aggregate can significantly influence the overall performance characteristics of the
composite material.

3.Volume Ratio Changes: Variations in the volume fractions of steel fibers used in the two
studies may also account for the observed differences in mechanical properties.
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In conclusion, the results of the current study are compatible with those of Yavuz Bayraktar et
al. (2023), highlighting the importance of fiber length, additive inclusion, and volume
fraction in governing the mechanical behavior of steel fiber-reinforced concrete composites
[25,46].

The results obtained from the modeling study were also compatible with the values obtained
from the experimental results.

The stress results from the modeling were consistent with the experimental data, showing a
maximum error rate of 3.5%. However, due to the Solid 65 element's compatibility with
thicker reinforced concrete, full alignment could not be achieved between the displacement
values obtained from the modeling of thin steel-fibered concrete plates and the experimental
results.

Following the completion of the tests and modeling, significant enhancements attributed to
the inclusion of steel fibers were observed. Consequently, steel-fibered concrete panels were
utilized to retrofit 30 columns subjected to axial loading, employing epoxy as the adhesive
material. This retrofitting approach resulted in substantial improvements, with the loading
capacity and energy absorption capacity increasing by 71% and 428%, respectively.
Furthermore, the strengthening method demonstrated advantages in terms of cost-
effectiveness, ease of application, and rapid implementation.

The fabricated plates can be employed to rehabilitate or retrofit a wide range of construction
components and structural types. Moreover, considering the cost-effectiveness of the
retrofitting or rehabilitation process, along with the ease of application and molding, these
plates may facilitate the incorporation of concrete additives to produce higher-quality
concrete, potentially enabling the use or combination of different types of fibers.
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