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Abstract

The rehabilitation of concrete structures has been a subject of extensive investigation, exploring various facets. One such avenue
involves the incorporation of fiber additives into concrete materials. In parallel, the construction of reinforced concrete structures
inevitably encounters construction errors, necessitating constant efforts from researchers to devise solutions for mitigating their
impact. In the context of this research, a series of experiments was conducted involving the construction and testing of five reinforced
concrete moment-resisting frames. The initial sample served as the control, while two additional samples were integrated with
polypropylene and metal fibers. The subsequent two samples deliberately introduced a manufacturing error through the application
of air-entraining admixture materials at the beam-to-column connection. This deliberate error aimed to assess the influence of
additive fibers on frames affected by manufacturing errors. Several critical parameters were subjected to evaluation, including
ultimate strength, stiffness, ductility, energy dissipation capacity, and strength reduction factor. The results of these assessments
demonstrated that the utilization of additive fibers contributes to an enhanced overall performance of the frames, as inferred from
the aforementioned seismic parameters. Furthermore, it was established that the incorporation of these additive fibers substantially
alleviates the impact of manufacturing errors on moment-resisting reinforced concrete frames. Although a significant reduction
in energy dissipation capacity was observed in samples with manufacturing errors, the other seismic parameters remained relatively
unaffected. Subsequently, numerical models were generated in ABAQUS software to validate the experimental findings, and their
outcomes were compared with the results derived from the physical experiments.
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1 Introduction

Reinforced concrete structures have perennially stood as
a pivotal research domain, given their fundamental sig-
nificance and wide-ranging applications within the con-
struction and infrastructure sector. Researchers have dil-
igently explored ways to address the limitations of these
structures, focusing on enhancing their seismic perfor-
mance through various avenues [1, 2]. These include refin-
ing design methodologies, altering construction geom-
etries, elevating the performance of reinforced concrete
materials, and resolving recurrent issues in the execution
of these structures. A persistent issue in reinforced con-
crete structures is their compromised performance due
to construction errors, with errors in the concreting and
processing of concrete materials being among the most
influential factors. Accurate rebar placement and vigilant

supervision during concreting of structural elements can
effectively thwart significant damage to reinforced con-
crete structures.

One proposed solution to enhance the performance of
reinforced concrete structures is the incorporation of dif-
ferent additive fibers and powders [3, 4] Notably, polypro-
pylene fibers and steel fibers have been introduced in var-
ious forms to the construction industry in recent decades,
and their effectiveness has been scrutinized in research
endeavors. The utilization of concrete additive fibers
has yielded results that include augmenting the ultimate
strength, stiffness, and seismic resilience of reinforced
concrete frames [5]. Furthermore, these fibers can influ-
ence crack patterns and safeguard structures against dete-
rioration from environmental factors like corrosion, frost,
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and fire [6]. The connections within reinforced concrete
moment-resisting frames play a pivotal role in determin-
ing the overall performance of these structures. The effi-
cacy of force transmission from slabs to beams and from
beams to columns hinges on the correct functioning of
these connections. Employing concrete materials with
optimal characteristics, combined with measures to pre-
vent construction errors, can mitigate damage to rein-
forced concrete structures during seismic events. Key
instances of construction errors in reinforced concrete
moment-resisting frames encompass high rebar density
at joints, inadequate post-concreting monitoring, and the
failure to adhere to a concrete mixing plan.

Numerous research studies have addressed these issues,
striving to enhance the performance of reinforced con-
crete structures. Several such studies are detailed below.

The deployment of polypropylene fibers in concrete
materials has been the subject of extensive investigation.
Findings suggest that polypropylene-reinforced rebars can
elevate load-carrying capacity, ductility, energy absorp-
tion, and stiffness in comparison to steel rebars, especially
in the face of corrosion [7]. Additionally, combining basalt
and polypropylene fibers can serve as a viable alternative
to steel reinforcement in concrete, with polypropylene
playing a prominent role in enhancing shear strength and
ductility [8]. Furthermore, the addition of rubber pow-
der to concrete materials containing polypropylene fibers
can increase damping capacity but may reduce compres-
sive strength [9]. Introducing polypropylene fibers in
cases where manufacturing errors have led to inadequate
rebar overlap in reinforced concrete beams can enhance
energy absorption and load-carrying capacity [10]. These
fibers have also exhibited positive effects on structures
such as shotcrete covers in tunneling and double-sided
slabs [11, 12], resulting in improved performance, reduced
cracking, and better behavior during substantial deforma-
tions. Moreover, using polypropylene fibers in fire-dam-
aged reinforced concrete structures has revealed a 20%
reduction in the bearing capacity of concrete materials and
bending capacity [13, 14].

Another avenue explored in the literature to enhance
the performance of concrete structures is the use of steel
fibers. Researchers have consistently reported the benefi-
cial impact of steel fibers in reinforced concrete materials.
These fibers alleviate and enhance crack patterns and can
elevate compressive strength, modulus of elasticity, and
bending strength in concrete. Optimal percentages and
models of steel fibers have been suggested through various
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tests. These tests have demonstrated a 16% improvement
in crack patterns when steel fibers are integrated [15].
Although the use of steel fibers can enhance seismic
parameters in experimental samples, it cannot fully com-
pensate for manufacturing errors, such as insufficient rebar
usage [16—20]. In cases of fire-damaged reinforced con-
crete beams, steel fibers can increase load-carrying capac-
ity by 65% and improve performance [21]. Additionally,
research has explored the utilization of recovered steel
fibers and compared them with glass polymer composite
plates (GFRP) [22, 23]. These studies have demonstrated
that steel fibers can inhibit corrosion in concrete materials
and boost shear resistance by up to 120%, with hooked
steel fibers showing a more favorable crack pattern com-
pared to pleated steel fibers.

Using concrete additive fibers to mitigate concrete fail-
ure in freezing conditions, investigating crack patterns
during repeated freeze-thaw cycles, and optimizing cir-
cular reinforced concrete column foundations in bridge
construction using concrete additive fibers constitute
additional noteworthy research domains [24-26]. These
studies are grounded in numerical modeling, reveal-
ing crack patterns in reinforced concrete structures and
the seismic performance of reinforced concrete columns
when composite fibers are employed. The application of
air-entraining admixture materials to combat corrosion
and freezing in concrete's internal cracks has also been
scrutinized [27, 28]. These investigations have highlighted
the reduction of freezing in concrete as a result of using
air-entraining admixture materials.

This research encompasses two primary objectives.
Firstly, it evaluates the utilization of polypropylene fibers
and steel fibers in concrete materials through two exper-
imental samples, comparing the results with a reinforced
concrete moment-resisting frame sample without additive
fibers. Secondly, the study creates deliberate manufactur-
ing errors in two moment-resisting frame samples using
air-entraining admixture materials at the beam-column
connections to investigate the impact of additional poly-
propylene and steel fibers. The research findings under-
score the constructive role of concrete additives in mitigat-
ing the consequences of construction errors in connection
on the overall performance of these structures.

2 Experimental plan

Within the scope of this research, five scaled-down mod-
els of reinforced concrete moment-resisting frames were
meticulously fabricated and subsequently subjected to
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comprehensive testing. To ensure uniformity and adherence
to rigorous standards, the rebar placement and construction
procedures for these specimens were meticulously executed
in strict accordance with established design regulations, fol-
lowing the dimensions and specifications outlined in the
study conducted by TahamouliRoudsari et al. [29] in 2018.

These experimental samples featured a uniform
cross-section for both the beams and columns, measuring
150 x 150 mm. The beams were each reinforced with four
No. 10 rebars, while the columns were fortified with four
No. 14 rebars. The stirrup rebars for both beams and col-
umns were No. 8 in size and were spaced at 45 mm inter-
vals. A comprehensive depiction of the moment-resisting
frames constructed for the experimental specimens in this
research is presented in Fig. 1.

The first experimental sample in this study comprised
a reinforced concrete moment-resisting frame constructed
with concrete materials devoid of additive fibers (referred
to as RCMRF). Subsequently, the second (RCMRF-PP)
and third (RCMRF-SF) samples incorporated polypro-
pylene and steel fibers in their concrete materials, respec-
tively. The fourth specimen featured a moment-resisting

frame with polypropylene fibers intentionally afflicted by
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Fig. 1 Details of reinforced concrete moment-resisting frames used
in experimental samples

a construction error at the beam-to-column connection,
facilitated through the use of air-entraining admixture
materials (RCMRF-PP-AEA). In the fifth experimental
sample, a manufacturing error was intentionally induced
by introducing air-entraining admixture materials to the
reinforced concrete frame with steel fibers (RCMRF-SF-
AEA). It's important to note that the concrete materials
remained consistent across all samples, with the differen-
tiating factor being the use of additive fibers and air-en-
training admixture materials.

The concrete materials employed in all experimental
samples adhered to identical specifications, as previously
described. This encompassed coarse aggregate charac-
terized by a specific weight of 2.72 t/m?® and fine aggre-
gate with a specific weight of 2.68 t/m> The preparation
of concrete entailed the utilization of potable water with
a pH level of 7. Furthermore, a super-lubricant, compris-
ing 1-1.6% of the total weight, was added to enhance
concrete workability. The determination of the appropri-
ate super-lubricant percentage was based on a slump test
conducted in accordance with the BS 1881-102:1983 [30].
The concrete mixing plan was implemented following the
guidelines outlined in Table 1, which delineated the weight
ratios of the constituent ingredients.

The additives employed in this research, according
to the specific objectives, encompassed polypropylene
fibers, steel fibers, and air-entraining admixture materi-
als. For clarity, a representative image of these materials
is provided in Fig. 2. The steel fibers utilized were of the
stainless steel variety, featuring an end hook, a length of
35 mm, and a diameter of 0.80 mm, resulting in an aspect
ratio of 43. This particular type of steel fiber boasted a stan-
dard tensile strength of 1400 MPa, a modulus of elasticity
measuring 200 GPa, and a density of 7.85 g/cm®. A com-
prehensive breakdown of its specifications can be found in
Table 2. Furthermore, micro polypropylene fibers, adher-
ing to the specifications delineated in Table 2, were also
incorporated into the concrete mix.

The proportions of polypropylene and steel fibers used
in this research were determined based on the findings of
Esfandiari and Heydari [31] in 2021. According to their
research, the recommended usage ratio for polypropyl-
ene fibers is 0.15% by weight of cement, while for steel

Table 1 Specifications of concrete materials used in experimental samples

Sand Coarse Fine Water  Cement Material
aggregate  aggregates
1011 407 332 216 407 Weight (Kg)
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Fig. 2 Steel and propylene fibers used in experimental samples (a) steel fibers and (b) polypropylene fibers

Table 2 Characteristics of polypropylene additive fibers and steel fibers in experimental samples

Properties Specific mass Fiber length Fiber diameter Elongation Tensile strength Young modulus
P (glem?) (mm) (um) (%) (MPa) (MPa)

Polypropylene fiber (P) 0.91 14 35 35 293 3400

Steel fiber (S) 7.85 35 800 20 1400 200000

fibers, the optimal ratio is 1.5% by weight of cement.
Consequently, these ratios were adopted for the incorpora-
tion of fibers in the experimental samples.

In the case of the RCMRF-PP-AEA and RCMRF-SF-
AEA samples, air-entraining materials were additionally
introduced within the beam-to-column connection range,
as per the research objectives.

In the laboratory, all the samples underwent quasi-static
loading through a displacement-controlled loading sys-
tem. Loading on the samples was administered in a cyclic
manner, adhering to the loading protocol as outlined in
ACI 374.1-05 [32]. This loading protocol stipulated that the
displacement applied to the specimen, determined in rela-
tion to yield displacement, was imposed on the structure in
a sequence of triple cycles and half cycles with a single rep-
etition. The loading protocol diagram that illustrates these
specifications is provided in Fig. 3 for reference.

During the tests, a hydraulic actuator with a capacity
of 1000 kN and a load cell capable of handling 1000 kN
loads were employed. The load cell's accuracy was within
+200 N. Displacement values were measured using
a Linear Potentiometer Transducer (LPT) with a precision
level of £0.5 mm.

To secure the samples during testing, they were firmly
anchored to the robust laboratory floor using 12 sturdy
bolts, each with a diameter of 27 mm. Additionally, a lat-
eral anchoring system was implemented to prevent any
lateral movement of the samples. At the foundation level
of the samples, two steel heels were strategically used to
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Fig. 3 Loading protocol

restrict the samples from slipping and to align them with
the movement of the actuator. For visual reference, the
laboratory test setup for the samples is illustrated in Fig. 4.

The RCMRF specimen was designated as the control
sample for the testing. Initially, during the loading pro-
cess, minimal cracks emerged in the vicinity of the beam-
to-column connection. Up to a displacement equal to 1%
of the drift, there was no notable change in the rate of force
increase relative to displacement. However, as loading pro-
gressed on the RCMRF sample, the cracks in the beam-
to-column connection area began to enlarge, resulting in
a decline in the rate of force increase. Once the displace-
ment reached 6% of the drift, the experiment reached its
conclusion, with the ultimate force recorded at 39.69 kN.
Visual records of the test conducted on the RCMRF sam-
ple are depicted in Fig. 5 for reference.
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During the test conducted on the RCMRF-PP sam-
ple, where polypropylene fibers were introduced, a linear
increase in force was observed, akin to the control sample,
until reaching a 1% drift, indicating the elastic behavior
of the sample. However, in contrast to the control sample,
this sample exhibited significantly higher force values.

()
Fig. 5 Test images related to the RCMRF experimental sample (a) the beginning of test (b) column at 4% drift (c) deep cracks in the connection of
the beam to the column at the end of test (d) the end of the test

The maximum force recorded for the RCMRF-PP sample
was 46.05 kN at a 4.5% drift. As the cracks in the con-
nection between the beam and the column, as well as in
the area of the column foot, increased, the sample expe-
rienced a relatively minor decrease in strength. This out-
come aligns with the anticipated effects of polypropylene



fibers, as the sample displayed fewer and shallower
cracks. Visual documentation of this experiment is avail-
able in Fig. 6 for reference.

In the third experimental sample featuring steel fibers
(RCMRF-SF), a noticeable increase in strength was
observed, accompanied by a significant reduction in
cracks when compared to the control sample. Similar to
the RCMRF-PP sample, the force increase rate was lin-
ear up to a 1% drift, and the final force was recorded at
44.42 kN when the drift reached 4.5%. The connection
in this sample exhibited fewer cracks, indicative of the
favorable impact of utilizing hooked metal fibers at the
optimal weight ratio. Fig. 7 provides visual documenta-
tion of the RCMRF-SF experimental sample for reference.

The fourth sample, RCMRF-PP-AEA, where air-en-
training admixture materials were employed in its con-
nections, exhibited a distinctive behavior during testing.
Notably, this sample displayed a greater number of cracks
at the joint area from the outset of the test. Interestingly,
the force rate was nearly identical to that of the control
sample, which could be attributed to the presence of poly-
propylene fibers in the experimental mix. In this sample,

©
Fig. 6 Test images of RCMRF-PP sample (a) beginning of test (b) column in 4% drift (c) connection of the beam to the column on the actuator side
(d) end of the test
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the final force was recorded at 40.58 kN when the drift
reached 3.5%, after which there was a noticeable decline
in force values. This premature failure in the sample can
be attributed to a manufacturing error in the connection
area. Visual records of this experiment can be found in
Fig. 8 for reference.

The second sample, RCMRF-SF-AEA, featuring
a manufacturing error at the beam-to-column connec-
tion, demonstrated a performance similar to that of the
RCMRF-PP-AEA sample. The sample displayed a linear
response until it reached a 1% drift, at which point deep
cracks began to emerge at the beam-to-column junction,
continuing until a 3.5% drift was achieved. The final resis-
tance force for this sample, at a 3.5% drift, was recorded
at 40.17 kN. The presence of air-entraining admixtures
in this sample contributed to significant damage in the
beam-to-column connection. Fig. 9 provides visual doc-
umentation of this experiment for reference.

The laboratory results are depicted in the form of hys-
teresis diagrams in Fig. 10. An overall examination of
these graphs reveals that, in general, the samples with
additional fibers, and without manufacturing errors,

@
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© (d)
Fig. 7 Images related to the RCMREF-SF sample test (a) the beginning of test (b) the column foot in 4% drift (c) the connection of the beam to the
column at the end of test (d) the end of the test

o ST [ A

© (d)
Fig. 8 Images of RCMRF-PP-AEA sample (a) at the beginning of the test (b) beam to column connection at 4% drift (c) beam to column connection
at the end of the test (d) end of the test
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@
Fig. 9 Images related to the test of RCMRF-SF-AEA sample (a) at the beginning of the test (b) column foot connection at 4% drift (c) beam to column

connection at the end of test (d) end of the test

exhibited superior performance compared to the control
sample. The higher final strength and stable hysteresis
cycles can be attributed to the improved performance of
samples containing additive fibers.

Conversely, in the samples with manufacturing errors,
the loss of strength compared to the samples with additional
fibers underscores the importance of precision in connec-
tion implementation. Furthermore, the premature failure
due to increased cracking in the experimental samples
highlights the significance of well-executed connections.

Nonetheless, the presence of additional polypropylene
fibers and steel fibers proved effective in preventing strength
loss when compared to the control sample. A comprehen-
sive review and evaluation are provided in Section 3.

3 Result assessment

To accurately evaluate the experimental results, it is nec-
essary to obtain the seismic parameters using the labo-
ratory output information. To reach this purpose, the
backbone diagram should be obtained from the hystere-
sis diagram, and then using the instructions provided in

FEMA 440 (2005) [33] regulations, the equivalent bilin-
ear diagram should be drawn for each of the experimental
samples. Seismic parameters investigated in this research
included ultimate strength, stiffness, ductility, and energy
dissipation capacity. The ultimate strength is the highest
force number recorded in the tests for each sample. Also,
the energy dissipation capacity is obtained from the cal-
culation of the area under the diagram in all cycles of the
hysteresis diagram. To calculate the stiffness and ductil-
ity, it is necessary to define the yield point for each back-
bone diagram using a bilinear diagram.

In order to obtain a backbone curve from a hystere-
sis diagram, the maximum displacement points recorded
for each loading drift in the cycles in which that drift
was repeated should be compared with each other; and
the point with the lowest force recorded for that loading
drift chosen to consider the low cycle fatigue effect in the
backbone diagram. Using FEMA 440 instructions, it is
possible to draw an equivalent bilinear diagram on the
backbone diagrams and obtain the yield point of the back-
bone diagram. This diagram is drawn based on the energy
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Fig. 10 Hysteresis diagrams related to experimental samples (a) RCMRF (b) RCMREF-PP (¢) RCMRF-SF (d) RRCMRF-PP-AEA (¢) RCMRF-SF-AEA

equivalence method, in which the area under the backbone
and the equivalent bilinear diagrams must be the same.
Also, the two conditions of the yield point force being less
than the maximum force of the backbone diagram and
the crossing of the two diagrams within 0.6 of the yield
point from each other are also included in this instruction.
Fig. 11 showcases the backbone diagrams and equivalent
bilinear diagrams for the experimental samples.

The seismic parameters investigated in this study are
detailed and presented in Table 3. The results, in general,
suggest the effective performance of polypropylene fibers
and steel fibers in the experimental samples. Notably, in

the experimental samples with manufacturing errors, the
presence of polypropylene and steel fibers is observed to
prevent a significant decline in seismic parameters when
compared to the control sample.

However, it's worth noting that the energy dissipation
capacity has decreased in samples with manufacturing
errors due to the early reduction in force during the hys-
teresis cycles.

The ultimate strength of the tested samples exhibits
a noticeable increase as a result of the presence of poly-
propylene fibers and steel fibers. Specifically, polypropyl-
ene fibers and steel fibers have enhanced the final strength
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Fig. 11 Backbone and equivalent bilinear diagram for experimental samples (a) RCMRF (b) RCMRF-PP (c) RCMRF-SF (d) RCMRF-PP-AEA
() RCMRF-SF-AEA

Table 3 Seismic parameters calculated for experimental samples

Seismic parameters based on reverse calculations

Specimen Fu (kN) K (kN/m) Duct. EDC (kN m) R

RCMRF 39.69 2183.74 5.93 32.66 5.63
RCMREF-PP 46.05 3067.82 6.95 37.77 6.11
RCMRE-SF 44.42 3008.40 6.72 37.35 5.96
RCMRF-PP-AEA 40.58 217778 5.83 19.16 5.75
RCMREF-SF-AEA 40.17 2219.37 572 19.67 5.69

by 16% and 12%, respectively, when compared to the con-
trol sample. Importantly, in the presence of air-entraining
admixture, acting as an artificial manufacturing error, the
final strength values did not decrease in comparison to

the control sample. This outcome can be attributed to the
effective performance of the additive fibers in these sam-
ples. Fig. 12 visually represents the bar chart of ultimate
strength for the experimental samples.
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Fig. 12 Bar graph of ultimate strength for experimental samples

Stiffness in the experimental samples has experienced
substantial changes. The stiffness of RCMRF-PP and
RCMRF-SF samples increased by 40% and 37%, respec-
tively. The use of polypropylene fibers and steel fibers has
effectively reduced the crack pattern and enhanced the
integrity of the moment-resisting frame, which is a likely
reason for the increased stiffness in these samples.

Even in the samples with manufacturing errors, stiff-
ness remains comparable to the control sample. This indi-
cates that the utilization of these fibers can effectively mit-
igate the impact of manufacturing errors in critical areas
of the frame, such as the connection of the beam to the
column, preventing any deterioration in the frame's per-
formance. Fig. 13 illustrates the bar graph of stiffness for
the experimental samples.

Ductility is a critical seismic parameter for assessing
the performance of a reinforced concrete moment-re-
sisting frame. In the tested samples, it's evident that the
inclusion of polypropylene fibers and steel fibers has led
to increased ductility values compared to the sample with
concrete materials without fibers. The increase of approxi-
mately 15% in samples with polypropylene and steel fibers
demonstrates the positive impact of these fibers on the
performance and flexibility of reinforced concrete frames.

In the samples with manufacturing errors, the ductil-
ity values have decreased by 2% and 4% for the RCMRF-
PP-AEA and RCMRF-SF-AEA samples, respectively,

in comparison to the control sample. However, given the
relatively minor nature of this decrease, it can be con-
cluded that the use of additive fibers can effectively pre-
vent the loss of ductility when manufacturing errors are
present. Fig. 14 provides a bar chart representing the duc-
tility values in the experimental samples.

In the RCMRF-PP and RCMRF-SF samples, the energy
dissipation capacity increased by 15%, indicating optimal
performance in the use of fibers. However, in samples with
manufacturing errors, the premature drop in force values
at lower drifts resulted in a 40% reduction in energy dis-
sipation capacity.

By comparing these values, it can be concluded that
while the presence of polypropylene fibers and steel fibers
can increase or maintain parameters such as ultimate
strength, stiffness, or ductility, the capacity for energy
dissipation experiences a significant drop in the presence
of manufacturing defects in the beam-to-column connec-
tions of the experimental samples. Fig. 15 provides a bar
chart illustrating the energy dissipation capacity in the
experimental samples.

The strength reduction factor is determined by divid-
ing the elastic force demand of the design by 0.6 of the
yield point force. In this research, the results indicate
that the presence of polypropylene fibers and steel fibers
did not have a significant effect on this seismic parame-
ter. The increase of less than 10% in RCMRF-PP and
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Fig. 14 Bar chart of ductility for experimental samples

RCMREF-SF samples cannot be considered a significant
improvement. Moreover, the effect of manufacturing
errors on the strength reduction factor in the presence of
additive fibers in these samples was also very insignifi-
cant. Fig. 16 provides a bar chart illustrating the strength
reduction factor in the experimental samples.

4 Numerical modeling

Conducting a substantial number of experiments to assess
the factors influencing column behavior is not only expen-
sive but also time intensive. Therefore, utilizing simu-
lation through the finite element method offers a prac-
tical solution to create accurate models for real-scale
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Fig. 16 Bar chart of strength reduction factor for experimental samples

experiments. Simulations are advantageous because they
are relatively free from many of the constraints associ-
ated with experimental work, and they are renowned for
producing valuable and reliable results [16, 34, 35]. To
assess the laboratory results through numerical models,
three experimental samples — RCMRF, RCMRF-PP, and

RCMREF-SF — were meticulously replicated within the
ABAQUS finite element software.

In the modeling part of this research, in Abaqus finite
element software, solid elements were used to model the
concrete frame, and wire elements were used to model the
rebars. The specifications of the materials were taken based



on the results of the compression tests on the cubic and
cylindrical prisms that were made from the materials used
in the experimental samples and assigned to the modeled
frame. Quad elements were used for meshing, and based on
mesh sensitivity analysis, the dimensions of the mesh were
considered to be 5 cm for the solid element of the frame and
3 cm for the rebars, based on this, 630 cubic meshes were
created in the reinforced concrete frame.

These models were constructed using solid elements and
subjected to a quasi-static, monotonic loading regime with
an 80 mm displacement, equivalent to an 8% drift. Quad mesh
elements were employed in these models, and the force-dis-
placement profiles derived from these numerical simulations
exhibit a satisfactory alignment with the experimental data.

The boundary conditions in the numerical models were
judiciously established to mirror the actual test setup,
including the constraint of out-of-plane movement. Fig. 17
provides a visual representation of the numerical model-
ing procedures applied to the experimental samples.

Furthermore, it's essential to highlight the signifi-
cance of this numerical modeling approach. By employ-
ing finite element software like ABAQUS, engineers, and
researchers can gain valuable insights into the behavior
of reinforced concrete structures, enabling them to opti-
mize designs, assess the impact of different materials,
and explore structural performance under various loading
conditions [36]. Such modeling can also serve as a cost-ef-
fective and efficient means to complement experimental
studies, facilitating the exploration of a broader range
of scenarios, including those that may be impractical or
too costly to reproduce in a physical laboratory. In this
way, the synergy of experimental and numerical methods
enhances our understanding of structural mechanics and
contributes to the ongoing advancement of construction
and engineering practices.

The accuracy and reliability of the numerical models
were ensured by obtaining material specifications from
compression tests conducted on cubic and prismatic samples
fabricated from the materials used in the experimental sam-
ples. These material properties encompass elastic, plastic,
and concrete damage plasticity characteristics, both in the
compressive and tensile domains. These crucial data were
meticulously integrated into the numerical models [37, 38].

As a result, the outcomes obtained from these numer-
ical models closely align with the experimental findings,
demonstrating a commendable equivalence between the
two. Fig. 18 visually depicts the numerical modeling and
experimental results for the three samples.
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(®)

©
Fig. 17 (a) Boundary conditions in the modeling of frames (b) Mises's

stress in the RCMRF frame numerical model (c) Mises's stress in the
RCMREF rebars numerical model

This harmonious relationship between numerical and
experimental data is not merely coincidental but rather the
product of a systematic and well-calibrated approach to
numerical modeling. The precision and credibility of such
models in replicating real-world behaviors contribute sig-
nificantly to our understanding of structural mechanics,
thereby informing the design, assessment, and refinement
of reinforced concrete structures. This approach is invalu-
able in improving safety, efficiency, and resilience in the
construction and infrastructure industry.
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5 Conclusions

Reinforced concrete moment-resisting frames are com-
plex structural elements, where connections play a pivotal
role in ensuring structural integrity and safety. Research
efforts aimed at enhancing the performance of these struc-
tures have led to the exploration of various additives for
concrete, with a particular focus on steel fibers and poly-
propylene fibers. In the pursuit of advancing our under-
standing of these materials and their impact on structural
behavior, this research involved the construction and test-
ing of five one-third-scale experimental samples of rein-
forced concrete moment-resisting frames.

The experimental samples were rigorously tested under
quasi-static and cyclic loading conditions, each designed
to serve a distinct purpose in evaluating the impact of
concrete additives and manufacturing errors. The con-
trol sample employed plain concrete, devoid of additives,
while the subsequent experimental samples incorporated
polypropylene fibers and steel fibers to assess their influ-
ence on the frames' bending behavior. Additionally, two
samples were intentionally subjected to manufacturing
errors within the beam-to-column connection region, with
the inclusion of specified fibers.

The results of these comprehensive experimental tests,
coupled with the calculation of critical seismic parame-
ters, provided invaluable insights into the performance of
these structural frames. It was observed that both polypro-
pylene fibers and steel fibers significantly augmented the
ultimate strength, stiffness, and load-carrying capacity of
the samples. Ductility, a vital seismic parameter, exhibited
substantial growth with the incorporation of these addi-
tive fibers. Moreover, the energy dissipation capacity of
the samples with fibers surpassed that of the control sam-
ple, aligning with ultimate strength and stiffness. These
findings underscore the potential for polypropylene and
steel fibers to markedly improve the seismic performance
of bending frames.

To further investigate the resilience of these additive-en-
hanced frames, two additional experimental samples were
crafted with intentional manufacturing errors, involving
the application of air-entraining admixture material in the
beam-to-column connection region. Remarkably, stiffness
and ductility exhibited only marginal decreases in com-
parison to the control sample. This suggests that the use
of fibers at optimal weight ratios can effectively mitigate
premature failures in frames with manufacturing errors.
Notably, the coefficient of behavior parameter was calcu-
lated for all samples, revealing that the impact of polypro-
pylene fibers and steel fibers on this parameter was rela-
tively negligible.

In parallel to the experimental tests, numerical mod-
els of three experimental samples were meticulously
constructed using ABAQUS finite element software.
The material characteristics integrated into these models
were derived from the strength tests conducted on cubic
and prismatic samples composed of the same materials
used in the experimental samples. The remarkable cor-
relation between the numerical models and experimental
results further underscores the reliability and precision of
the numerical simulations.



In summary, this research contributes significantly to the
understanding of how additive fibers, such as polypropyl-
ene fibers and steel fibers, can enhance the performance of
reinforced concrete moment-resisting frames. Moreover,
it highlights the potential for these fibers to mitigate the
effects of manufacturing errors, fostering structural resil-
ience and safety. The close alignment between experimen-
tal and numerical results underscores the efficacy of numer-
ical modeling as a tool for predicting and understanding
structural behaviors, ultimately advancing the construction
and infrastructure industry's knowledge and practices.
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