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Abstract - The occurrence of recent earthquakes has put in evidence, yet again, that reinforced concrete buildings are not as
safe as thought. This circumstance is true, even in areas where there are seismic standards that have the purpose of guaranteeing
that buildings are safe during earthquakes. Besides, this situation reveals the need for a better understanding of how factors,
like the variability of concrete strength, can affect the performance of structures. On one hand, the strength of concrete is very
important to consider in the occurrence of an earthquake because it can have an important effect on how a building responds
to these kinds of loads. This study observes the changes in the strength of concrete, and also analyzes how ductile mid-rise
reinforced concrete buildings are, because these types of buildings are common in the Peruvian city landscape. With the aim of
attaining the objectives of this research, a four-story model was first created and later analyzed. This model was thoroughly
analyzed in four different concrete scenarios with different strengths: 21, 28, 35, and 42 MPa. In order to execute these analyses,
it was necessary to do three things: to create the capacity curves, to identify the yield and ultimate displacements, and to calculate
ductility as the ratio of the two. The outcomes evidenced that as the concrete strength increased, the building's base shear
capacity also increased, but by about 4.4%. To be more specific, the pressure increased from 360 tons at 21 MPa to 376 tons at
42 MPa, but this strength rise also made the material 28% less flexible. This circumstance means that the material could not
deform or absorb energy as easily during an earthquake. In short, stiffer concrete can make structures stronger, but it can also
make them less ductile. This situation makes them more likely to fail during earthquakes. This study exhibits how material quality
affects the performance of structures against earthquakes. This research also provides important information that can be used
with the objective of improving building design, quality control, and planning structural reinforcements in areas where
earthquakes are common. One important thing to mention is that the analysis looked at a regular, average-height model. Hence,
in the future, irregular structures and the use of probabilistic methods ought to be studied with the objective of making these
findings more relevant.
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The aim of the investigation is to analyze how the natural
changes in strong concrete, which are common in real
construction situations, directly affect the safety of a building.
Besides, while building codes determine minimum standards,
the reality is that they are usually neglected; one clear example
of this is when the employed material may not comply with
the required compressive strength or other properties [7]. This
circumstance of choosing the wrong material can have a big
impact on the stiffness, ductility, and the ability to absorb
energy of a structure, weakening its resistance to earthquakes
[8]. Additionally, it is very important to understand how
strong these buildings are in different situations because this
information can be used to make better building plans,
improve quality control, and support effective repairing
strategies, especially in cities that have a large population
where there is a risk of earthquakes [2, 9-12].

Contemporary investigations on the seismic resistance of
reinforced concrete buildings are generally classified into
these three categories: nonlinear performance-based analysis,
data-driven prediction methods, and research on structural
typologies and seismic protection systems. Additionally,
earthquake engineering has thrived in recent years because it
has evolved toward more advanced assessment techniques that
permit overcoming the limitations of linear elastic analysis.
Seismic design based on performance is a design that employs
methods like static pushover and time history analysis, and it
is now a common and practical way to evaluate how well
structures can resist seismic forces [13-15]. At the same time,
new technologies, like machine learning, have been utilized
with the aim of improving the prediction of seismic demand,
expected damage, and basic vibration periods of buildings
[16-19]. Other investigations have explored the influence of
specific building designs, nonstructural elements, and the
means for earthquake protection on the behavior of buildings,
and how these factors influence it. These investigations have
exposed not only how well energy dissipation devices and
seismic isolation work, but they have also revealed the impact
of masonry infill walls and irregular configurations (such as
soft stories or hillside construction) on load distribution and
overall vulnerability. Furthermore, the results of the numerical
simulations performed on mid- and high-rise buildings have
provided valuable information on dynamic performance; these
outcomes help in the atomization of both the design practices
and the retrofit solutions [20-26].

Even though there have been big advances in the way
research is done, there are no studies that look at how things
like concrete compressive strength variability affect important
nonlinear seismic performance parameters in a step-by-step
way. Some recent studies have used probabilistic pushover
analysis to evaluate the seismic capacity of particular
structural designs under various loading conditions. Machine
learning techniques have also facilitated more precise
estimates of fundamental periods in reinforced concrete
buildings. This has enabled better assessments of how material
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variability influences dynamic response and vulnerability [27,
28]. However, many studies still focus on assessing damage
after an earthquake or how things slowly get worse over time.
These studies show the consequences of poor construction
quality, but they do not explicitly model how this affects how
things perform over time. There are not many studies that
directly link changes in how strong concrete is under pressure
(f'c) to how flexible it is, how the capacity curve changes over
time, and when plastic hinges appear. These are all important
factors in assessing how well a building can withstand
earthquake events.

The main purpose of this current research is to employ the
nonlinear static analysis with the objective of understanding
how uncertainty in concrete compressive strength affects the
ductility of reinforced concrete buildings. This investigation is
dissimilar from previous research, given the fact that this
paper focuses on compressive strength (which is the main
variable that affects the behavior of the curve), on the
flexibility of the duct, and on the formation of a plastic hinge.
The most important contribution of this paper is that it clearly
and physically demonstrates how the quality of the employed
material affects the ease with which it fails during the
occurrence of an earthquake. This study provides practical
tools to support performance-based assessment, structural
design, and seismic retrofitting of reinforced concrete
buildings. Likewise, this research employs a special kind of
computer program with the objective of studying how
uncertainty in materials affects structures.

2. Materials and Methods

The structural ductility of a reinforced concrete building
was evaluated in this research paper; this evaluation was
conducted through the analysis of the influence of material
uncertainty on the concrete's compressive strength. With the
purpose of achieving the objectives of this investigation,
different scenarios had to be created with the aim of exposing
the changes in the quality of the material. Additionally,
nonlinear static analyses were executed with the objective of
getting capacity curves and key ductility-related parameters,
such as the initial stiffness, the maximum base shear, and the
ratio between ultimate and yield displacements. The process
involved the creation of a structural model where different
strengths of the concrete were assigned, and the results across
different scenarios were systematically compared as well.
This process was carried out with the aim of comprehending
how changes in material properties affect ductility.

2.1. Structural Configuration

To analyze this, a typical reinforced concrete residential
building model was used. This model is representative of
common construction practices in highly seismic urban areas
of Peru. This structural typology is chosen to create a realistic
picture of how buildings usually behave in engineering. This
lets the study focus specifically on how the variability in
concrete properties affects the main variable of interest.
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2.1.1. Inclusion Criteria

The structural model is like a reinforced concrete building
with a regular layout in its plan and elevation. This condition
was chosen to get rid of the effects of geometric irregularities
and make sure that the analysis focuses only on material
uncertainty. Figure 2 shows a bird's-eye view of the building
that was used as the study model.

Fig. 2 Geometric configuration of the structural model used in the
analysis

The design was developed following the rules of the
Peruvian Technical Building Standard E.060 Reinforced
Concrete [29] and the Standard E.030 Seismic Resistant
Design [30]. This makes sure that the model is technically
valid and follows the current Peruvian regulations.

2.1.2. Description of the Building Model

The model shows a four-story Reinforced Concrete
building designed for people to live in. Each floor is 3.0 meters
tall, but the first floor is 3.5 meters tall. The building has three
4.50-meter spans in the X direction and five 5.0-meter spans
in the Y direction. This creates a regular pattern in the
building's layout. The building's structure includes strong,
reinforced concrete frames that resist the forces that make
buildings collapse. The floor slabs are 20 centimeters thick.
They are lightweight, and they are a common construction
method in local residential buildings.

The definition of gravity loads was based on Standard
E.020 Loads [31]. For the 20-centimeter-thick, lightweight
slabs, a self-weight of 300 kilograms per square meter was
considered, based on a unit weight of 2400 kilograms per
square meter for concrete. An extra 100 kilograms per square
meter was added for architectural finishes. A load of 150
kilograms per square meter on each partition was put with the
purpose of representing the weight of the inside walls,
following the advice of the experts [32]. Finally, a live load of
200 kgf/m? was included for residential use.

Figure 3 shows the overall structure of the model,
including where the beams and columns are placed. The
columns were designed with square cross-sections that are 55
centimeters by 55 centimeters. This is similar to the sizes used
in mid-rise residential buildings. Table 1 shows the details of
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the longitudinal and transverse column reinforcement. Table 2
shows the beam reinforcement specifications in summary.
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Fig. 3 Plan layout of the structural model and beam section labels

Table 1. Details of longitudinal and transverse reinforcement adopted in
55 x 55 cm column sections

C55x55
Longitudinal Transverse
Reinforcement Reinforcement
© 7
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0P 3/8
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. * R@25
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Table 2. Details of longitudinal reinforcement adopted in the beams of
the structural model

V1-25X50
Left Right
25 25
6 5/8" 6 5/8"
V2-25X50
Left Right
25 25
80 5/8" 8 5/8"

2.2. Analytical Modeling

The analysis was performed using ETABS software,
which is commonly used in structural engineering for the
simulation of reinforced concrete buildings. This tool allowed
the incorporation of nonlinear behavior through the definition
of plastic hinges and the generation of capacity curves. This
enabled a realistic evaluation of seismic behavior [33].

2.2.1. Modeling of Beams and Columns
The numerical model was developed following the code
criteria and considering the concrete property variation
scenarios defined in the study. This was done in accordance
with the guidelines proposed in Nonlinear Structural Analysis
for Seismic Design [34]. To show how rapid transitions in
structural state can occur, plastic hinges were added to beams
and columns. The idealized plans for this are shown in Figure
4. Model "a" was used for beams, and model "d" was used for
columns.

(a) ()

AAAAA

F:hc@

Finite
section element

Nonlinear
spring hinge

Finite length
hinge zone

Plastic
hinge

J “

Y
Concentrated plasticity

Fig. 4 Idealized models of beam-column elements

2.2.2. Modeling of Floor Slabs
The floor slabs were modeled as membrane-type
elements, which allowed for the adequate representation of

.
Distributed plasticity
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their capacity to transmit gravitational loads without adding
flexural stiffness [32]. At each level, a rigid diaphragm was
used to simulate how the floors would behave as a whole and
ensure that forces were correctly distributed to the frames.
This simplification is appropriate for buildings with regular
geometry. It allows the analysis to focus on material
uncertainty, avoiding biases caused by geometric or modeling
irregularities.

2.2.3. Modeling of Material Nonlinearity

The nonlinearity of reinforced concrete was incorporated
by defining plastic hinges in beams and columns. This was
done by following the guidelines of FEMA 356 [35] and
ASCE 41 [36] for evaluating seismic performance. These
hinges were placed at the ends of the structural elements. This
allowed the representation of the initiation and propagation of
plastic deformation. It also allowed the representation of the
progressive degradation of stiffness and strength.

To show what could happen, the consideration of
different concrete compressive strength scenarios was needed.
These scenarios show the uncertainty that is part of
construction. Table 3 shows the values used in each scenario,
along with the mechanical properties that were derived, such
as the modulus of elasticity and indirect tensile strength. These
differences allowed us to see how the quality of the materials
affected the structure as a whole.

Table 3. Mechanical properties of concrete in the different analysis

scenarios
Scenario f’c (MPa) E ¢ (MPa)
1 21 21,500
2 28 24,900
3 35 27,800
4 42 30,400

2.3. Case Studies and Analysis Variables

The analysis was performed using the concrete
compressive strength scenarios summarized in Table 3. The
building geometry, structural system, and loading conditions
were kept constant. This approach was used to make sure that
the results show only the effect of how different materials can
vary, and not the effect of other possible variables.

The main purpose of this research is to study how much
the structure can bend. The results were unraveled by looking
at the capacity curves that are created through nonlinear static
analyses. The ductility was determined by the relationship
between the ultimate displacement (Au) and the yield
displacement (Ay), as shown in Equation 1.
Ay
=5 1

Figure 5 shows the steps for identifying the parameters
that define the overall ductility of the structure. Also, the
process of how the plastic hinges formed in the beams and
columns was recorded. This information can help us
understand why the building might have collapsed.
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Fig. 5 Idealized Capacity Curve and Definition of Structural Ductility

2.4. Performance and Analysis Control Criteria

Nonlinear static analysis was controlled by monitoring
the lateral displacement at the roof level, which was
designated as the primary node. This parameter allowed us to
track how the capacity curve progressed until it reached one
of the limit states defined in ASCE 41 [36]. These include the
formation of a global collapse mechanism, loss of numerical
convergence, or a maximum displacement equal to 4% of the
total building height.

The performance levels of the structure were divided into
three categories. The Immediate Occupancy (10) level is when
there are small differences between floors, and the first plastic
hinges start to form. The Life Safety (LS) level is associated
with a moderate need for flexibility and the widespread
development of hinges in beams and columns. The Collapse
Prevention (CP) level is marked by a big decrease in stiffhess
and strength, as well as the possibility of losing overall
stability.

To go along with the analysis control, the process of
plastic hinge formation in beams and columns was closely
watched. This made sure that the observed failure patterns
matched the expectations from a ductile structure. It also
confirmed that the structural ductility assessment was done
under conditions that were both technically sound and
representative.

3. Results

Nonlinear static analysis allowed us to create capacity
curves for each concrete compressive strength scenario. These
curves were employed with the purpose of determining
important  structural ductility parameters, like yield
displacement, ultimate displacement, and their relationship.
The results showed that the structure's initial stiffness,
ultimate strength, and ability to withstand deformation
without failing depend on the quality of the material used. To
make the findings easy to understand, the capacity curves are
shown in a comparative format, followed by the ductility
values and related parameters for each scenario that was
analyzed.
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3.1. Capacity Curves

Figure 6 shows the capacity curves for the 21, 28, 35, and
42 MPa scenarios. In all cases, the behavior is roughly linear
at first. It reaches a point where it cannot change anymore, and
then it becomes inelastic. In this phase, the structure becomes
very resistant and starts to break down a little.

The results show that the system gets stronger as the
concrete quality improves. It can hold about 360 tons at 21
MPa, 368 tons at 28 MPa, 373 tons at 35 MPa, and 376 tons
at 42 MPa. However, the total displacement was almost 0.28
m in all cases, while the yield displacement decreased from
0.034 m to 0.024 m between the 21 MPa and 42 MPa
scenarios. This trend shows that, while lateral strength
increases with f'c, overall ductility decreases because there is
a reduced range of inelastic deformation available.

400

g
S 250
= 200
<
=
» 150
100 —21 Mpa
——28 Mpa
50 =35 Mpa
42 Mpa
0 7" I L L
0.00 0.05 0.10 0.15 0.20 0.25 0.30

Displacement (m)
Fig. 6 Capacity curves for the different concrete strength scenarios

3.2. Structural Ductility

The ductility parameters for each concrete strength
scenario are shown in Table 4. The values show that, while the
Ultimate Displacement (Au) stays almost the same at around
0.28 m, the Yield Displacement (Ay) goes down step by step
from 0.0338 m in the 21 MPa scenario to 0.0243 m in the 42
MPa scenario. This change makes the material less ductile (),
going from 0.122 to 0.088 between the extreme analyzed
cases.

Table 4. The parameters associated with structural ductility

Concrete Ay Au 1)

21 Mpa 0.033762 0.277671 | 0.12158994
28 Mpa 0.029246 0.277735 | 0.10530182
35 Mpa 0.026398 0.275696 | 0.09575039
42 Mpa 0.024279 0.274717 | 0.08837822

In summary, the results show that making the concrete
stiffer makes the building stronger, but also makes it less
flexible. While the total displacement remains almost the same
at about 0.28 m, the displacement that results from yield
strength decreases with higher material strength. This limits
how much the material can deform without failing. This means
that, on average, ductility decreases by about 30% between the
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21 MPa and 42 MPa scenarios. This confirms that higher-
strength concretes have a lower capacity for dissipating
seismic energy.

4. Discussions

The results show that making the concrete stronger can
help the building resist sideways forces, as seen in the higher
maximum base shear stress values. However, this
improvement is balanced by a big decrease in overall
flexibility, meaning it cannot absorb as much energy when it
is not in a solid state. This found pattern in the results matches
the findings of other recent studies that reported that high-
strength concretes behave more brittlely because they cannot
change their shape that much after being pulled or pushed [20,
21]. Nevertheless, this present study provides a direct,
nonlinear structural explanation of this effect on a global level.

In addition, the capacity curves manifest that the
maximum displacement is almost the same across different
concrete strengths. Nonetheless, the minimum displacement
decreases steadily. Research using probabilistic thrust analysis
has exhibited how changes in material properties can affect the
inelastic response [27, 28]. Nevertheless, the findings
presented in this paper clearly demonstrate how changes in f'c
alone can lead to a decrease in the overall ductility and
deformation capacity of the concrete. The data reveal that
higher concrete strength does not necessarily lead to better
seismic performance; this result exhibits the need to consider
the quality of the material in terms of both strength and how
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