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Abstract

This study presents a stochastic approach to assess bending moment demand in rein-
forced concrete beams subjected to vertical loads, incorporating uncertainties in material
properties, geometry, and loading conditions. A Monte Carlo simulation framework was
developed in Python version 3.9.3 using the OpenSeesPy library to analyze the variabil-
ity of internal forces based on probabilistic input parameters. The analysis focuses on
a four-span continuous beam representative of typical structural configurations in buildings.
Probability distributions were assigned to key structural design parameters such as the unit
weight of concrete (p), beam dimensions (b, h), column dimension (a), and applied loads,
based on standard statistical assumptions and design guidelines. A total of 10,000 simulations
were performed to obtain statistical descriptors of bending moment demand across the
different spans. The results reveal significant variability in moment magnitudes, under-
scoring the importance of accounting for uncertainty in structural design. The proposed
methodology enables the estimation of demand distributions and the identification of
critical spans with higher sensitivity to parameter variations. Although the study does
not evaluate structural capacity or failure probability, it contributes to the integration of
stochastic techniques in the preliminary stages of design. Future work may include the
incorporation of reliability 16 indices and comparisons with design code values.

Keywords: Monte Carlo simulation; flexure; uncertainty; variability; OpenSeesPy

1. Introduction

The design of reinforced concrete structural elements is typically based on determin-
istic methods that rely on characteristic values of material properties and applied loads.
However, semi-probabilistic approaches currently adopted in design codes may lead to
an incomplete assessment of structural demand. This occurs when statistical models are
simplified or when phenomena such as cumulative degradation and extreme actions are
considered separately, without accounting for their interaction. Such omissions may com-
promise design reliability, particularly for existing structures or those subjected to changing
conditions. In contrast, probabilistic approaches allow for a more realistic representation
of the inherent uncertainties in structural behavior, providing a more consistent basis for
engineering decision-making [1]. For instance, Ribeiro et al. [2] demonstrated through non-
linear finite element analysis and comparison with experimental data that, in continuous
reinforced concrete beams subjected to column-loss scenarios, deterministic models based
on ACI 318-19 [3] significantly underestimate flexural and shear demands at beam ends,
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potentially triggering premature failures by flexure—shear interaction or reinforcement
rupture. According to Jahani et al. [4], Monte Carlo simulation is a widely used technique
for evaluating failure probability, as it enables the treatment of complex limit state functions
without requiring mathematical simplifications. Although this method requires a large
number of simulations to obtain accurate results for low-probability events, its capability
to capture the overall structural behavior makes it a fundamental tool in modern structural
engineering. In the work of Scherer et al. [5], a structural reliability analysis of reinforced
concrete beams designed according to the Brazilian code NBR 6118:2014 [6] was presented.
Using the First-Order Reliability Method (FORM) combined with finite element analysis,
the authors evaluated the influence of inherent variables and demonstrated that the reliabil-
ity index decreases significantly when live loads govern the load combination, due to their
higher statistical uncertainty compared to dead loads. Similarly, Ramezanianpour et al. [7]
argue that purely deterministic approaches “are not capable of adequately assessing the
service life of corroded concrete structures,” emphasizing the need to incorporate proba-
bilistic methods. In this context, Ahsana [8] developed a stochastic framework for flexural
resistance considering the progressive reduction in reinforcement cross-section due to
corrosion, within Monte Carlo simulations. By incorporating random variables such as
chloride concentration, diffusion coefficient, and corrosion rate, the study demonstrated
the possibility of generating fragility curves to evaluate deterioration over time. Moreover,
Zhou [9] highlighted that structural reliability depends not only on the natural variabil-
ity of parameters but also on epistemic uncertainties inherent to modeling assumptions,
reinforcing the need for probabilistic approaches in design and assessment. The ultimate
flexural strength of reinforced concrete beams is influenced by factors such as the concrete
compressive strength and loading conditions, all of which involve quantifiable degrees of
uncertainty. Recent studies have demonstrated that Monte Carlo simulation is an effective
tool to model such uncertainties and evaluate structural reliability. For instance, Li et al. [10]
developed a probabilistic model for the shear strength of deep beams, based on a database
of 645 experimental tests, confirming the potential of this approach for ultimate strength
analysis. Similarly, Nunes et al. [11] used probabilistic methods—specifically FORM and
Monte Carlo simulation—along with random variable characterization to estimate the
failure probability of reinforced concrete beams and crack widths, incorporating the effects
of shrinkage and creep in accordance with NBR 6118:2023. In the same vein, Félix et al. [12]
applied Monte Carlo simulation to estimate the probability of steel depassivation in struc-
tures exposed to carbonation or chlorides, showing that variables such as concrete strength
and cover significantly influence structural durability. Likewise, Kim et al. [13] developed
a probabilistic model to evaluate the flexural strength of reinforced concrete elements
used in underground box culverts, accounting for uncertainties in material properties,
geometric dimensions, and construction errors. Based on flexural experimental testing
and Monte Carlo simulations, they statistically characterized the load-bearing capacity
of these structural elements. Additionally, Blagojevic’ et al. [14] analyzed how variability
in the properties of steel fiber reinforced concrete (SFRC) affects the flexural behavior
of beams. Through numerical simulations and sensitivity analysis using Sobol indices,
they identified that residual tensile strength is the principal source of uncertainty. Several
studies have also explored the application of probabilistic methods to the flexural behavior
of reinforced concrete elements. Zhang [15] reported differences of over 6% between deter-
ministic and probabilistic estimates in beams reinforced with high-strength steel. Szép [16]
compared the behavior of reinforced concrete beams exposed to elevated temperatures and
demonstrated that probabilistic modeling provided better agreement with experimental
results, particularly in terms of nonlinear response. Nevertheless, to date, few studies have
focused exclusively on reinforced concrete beams under flexure, integrating a probabilistic
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approach with direct application to urban buildings in Lima, where factors such as material
variability and environmental conditions can influence structural response. This research
aims to fill that gap by proposing a probabilistic model to estimate the acting bending
moment in typical reinforced concrete beams, considering variability in materials, geometry,
and loads. As shown in Figure 1, this study addresses the limitations of calculating bending
moments using deterministic methods, which do not reflect the inherent variability of
structural parameters. To this end, results obtained through deterministic calculations will
be compared with those from a probabilistic approach based on Monte Carlo simulations.
This methodology allows for the inclusion of uncertainties arising from the construction
process itself and from poor practices—often linked to informality—as well as variations
in loading due to changes in use throughout the service life of the structure. This leads
to a more realistic assessment of structural performance, avoiding both the oversizing of
some elements and the underdesign of others. Such conditions directly impact structural
efficiency and resource optimization.

Ultimate Flexural Strength
of Reinforced Concrete
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Figure 1. Research problem.

2. Methods

A probabilistic evaluation of the ultimate bending moment in reinforced concrete beams
is carried out. For this purpose, a model was developed to incorporate the uncertainty of
variables that influence flexural design in beams, including concrete properties, geometric
dimensions and applied loads. Through Monte Carlo simulation, the probabilistic distribution
of maximum positive and negative bending moments acting on the beam can be obtained. The
procedure incorporates construction practices commonly used in buildings in Lima, aiming
for a more realistic assessment of the structural performance of beams.

2.1. Definition of the Structural Model

The structural system considered corresponds to reinforced concrete frames, com-
monly used in mid-rise residential and commercial buildings in Peru. A total of ten frames
were analyzed, each consisting of one primary and one secondary beam, with variations
in geometry to evaluate their influence on flexural behavior. Table 1 summarizes the di-
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mensions, including story height, column and beam sections, and clear spans. Although
these ten cases are not the result of a statistical sampling, they were selected to cover
ranges and configurations representative of common practice in local design, providing
a practical basis for the probabilistic evaluation. It should be noted that, although the span
ratios in some cases fall within the range typically associated with bidirectional slab action
(0.5 < Ix/ly <2.0), the present study adopts a one-way slab simplification. In this approach,
the load is assumed to act mainly along the shorter direction, transferring the majority of the
load to the primary beams. This modeling choice was made to maintain consistency across
the ten frame configurations and to focus the analysis on the variability of flexural demands
in beams, avoiding additional complexity related to bidirectional load distribution. While
these ten cases provide a practical and representative basis for the probabilistic evaluation,
it is acknowledged that they do not capture the full diversity of reinforced concrete frame
configurations in practice. Therefore, the conclusions should be interpreted within this scope.

Table 1. Geometry of frames with primary and secondary beams.

Column Seconda Prima Seconda Prima
Frame Height (m) Column (cm) Beam (cr:\))’ Beam (:Iyn) Span (mr)y Span (Irny)

1 3.00 45 x 45 25 x 30 30 x 45 3.0 4.5
2 3.00 50 x 50 25 x 35 30 x 50 3.5 5.0
3 3.30 55 x 55 25 x 35 35 x 55 4.0 6.0
4 3.30 55 x 55 25 x 40 35 x 60 4.5 6.5
5 3.50 65 X 65 30 x 45 40 x 65 5.0 7.0
6 3.50 65 X 65 30 x 50 40 x 70 5.5 7.5
7 3.70 70 x 70 35 x 55 45 x 75 6.0 8.0
8 3.70 70 x 70 35 x 60 45 x 80 6.5 8.5
9 3.90 75 x 75 40 x 65 50 x 85 7.0 9.0
10 3.90 80 x 80 40 x 70 50 x 90 8.0 10.0

As shown in Figure 2, the structural model of the frames was developed using the
OpenSeesPy library. Subsequently, the values of bending moments and diagrams were
obtained. The modeling also considered:

e  Real projects executed in Lima.
e  Current Peruvian codes (E.060: Reinforced Concrete; E.020: Loads).
e  Best practices in regional structural design.

Modeling of the frames usin: Calculation of Bending Moment Diagrams
2 2 (BMD) and Shear Force Diagrams (SFD) for
OpenSeesPy q

primary and secondary beams

Figure 2. Procedure for obtaining bending moments.
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2.2. Identification of Random Variables

The probability distributions assigned to random variables must reflect both theoret-
ical foundations and practical considerations to ensure reliable modeling. In the case of
structural loads, this study adopts normal distributions, consistent with classical reliability
approaches that characterize variability through mean and standard deviation. Kolo [17],
in his study on the structural reliability of reinforced concrete beams using FORM, assumed
normal distributions for all geometric and mechanical properties, noting that this type of
distribution adequately models the unit weight of concrete and both dead and live loads.
Similarly, Taj [18] applied Monte Carlo simulation to reinforced concrete beams under
flexure, generating random variables for distributed loads based on normal distributions
through the Box-Muller transformation, demonstrating their suitability for load modeling.
Costa [19] also adopted normal components for sustained loads in his stochastic model of
live loads, while extraordinary actions followed a Gamma distribution, showing that nor-
mality is a widely accepted approximation for permanent and variable actions. In addition,
a recent review [1] highlights the relevance of the JCSS Probabilistic Model Code (PMC),
which provides generic probabilistic models for loads and resistances, recommending the
normal distribution for permanent and variable actions due to its symmetry, theoretical ba-
sis, and ease of integration into reliability methods. Taken together, these works justify the
adoption of the normal distribution for load modeling in the present study. For geometric
dimensions, the triangular distribution was selected. Unlike loads, field data on dimen-
sional variability are scarce, and construction practices typically lead to bounded deviations
around nominal values. Kaminski [20] analyzed uncertainty in truss member lengths using
triangular, uniform, and Gaussian distributions, concluding that the triangular distribution
provided the second-best reliability index and a realistic representation when values tend
to concentrate around the mean. Tytarenko et al. [21], on the other hand, assigned a normal
distribution to cross-sectional widths in a Monte Carlo reliability model of reinforced con-
crete beams, demonstrating that geometric variables can also be treated probabilistically,
though requiring statistical records. In this study, due to the lack of detailed measurement
data, nominal values were assumed as the most probable dimensions, while construction
tolerances defined lower and upper bounds (£0.02 m for beam widths and column sides,
and +0.05 m for beam depths). Thus, the triangular distribution captures both the practical
variability observed on site and the bounded nature of geometric imperfections, providing
a robust yet realistic representation for reliability assessment. Table 2 summarizes the random
variables considered in this study, together with their probability distributions and parameters.
In the case of variables modeled with a normal distribution, the notation p corresponds to the
mean value and o to the standard deviation.

Table 2. Summary of uncertain variables.

Variable (Unit) Distribution Parameters
Beam width (m) Triangular min =b — 0.02, max = b + 0.02
Beam height (m) Triangular min =k — 0.05, max =/ + 0.05
Column side (m) Triangular min =a — 0.02, max =4 + 0.02
Concrete density (kg/ m3) Normal u=2400, 0 =120
Slab dead load (kg/m?) Normal =300, 0 =30
Live load (kg/ m?) Normal u=250,0 =100
Finish load (kg/ m?) Normal u=100,0=20
Partition wall load (kg/ m?) Normal u=150,0=230

It is important to note that the concrete compressive strength (f’,) and reinforcement
yield strength (f,) were not modeled as random variables in this stage of the study. Since
the analysis focuses on the probabilistic evaluation of flexural demand (internal forces) under
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gravity loads, the inclusion of these material strengths does not influence the distribution of
moments obtained through elastic analysis in OpenSeesPy. Their role is instead fundamental
in capacity assessment, which lies outside the scope of the present demand-oriented study.

2.3. Monte Carlo Simulation

For the estimation of flexural demand, 10,000 simulations were performed using the
Monte Carlo method. To verify the adequacy of this number of iterations, additional analyses
were conducted for the positive bending moments in the primary beam of frame 6. As can be
seen in Table 3, the relative differences with respect to the benchmark of 10,000 simulations
were reduced to only 0.26% and 0.18% for the mean values, and to 0.13% and 0.09% for the
95th percentile, respectively, which are negligible. Since increasing the number of iterations
implies higher computational cost without significant changes in results, 10,000 simulations
were adopted.

Table 3. Convergence analysis of Monte Carlo simulations for positive bending moments in the
primary beam of frame 6, relative to 10,000 iterations.

Number of Mean Relative Differences 95th Percentile Relative Differences
Simulations with Respect to 10,000 (P95) with Respect to 10,000
1000 13,009.91 0.34 15,651.80 0.13
5000 12,998.06 0.43 15,615.16 0.37
10,000 13,054.20 0.00 15,672.41 0.00
50,000 13,020.53 0.26 15,652.02 0.13
100,000 13,031.31 0.18 15,658.25 0.09

2.4. Processing and Analysis of Results

Based on the results from the Monte Carlo simulation, a statistical analysis is carried
out for each generated sample. Percentiles are computed to assess the likelihood of different
values for ultimate bending moments (P5, P50, P95). Subsequently, a sensitivity analysis
is conducted to determine which variable most significantly influences the variability
in bending moments of the beams. These results enable a more accurate evaluation of
structural safety and provide insights for improving the design of reinforced concrete
structural elements. Figure 3 illustrates the flowchart of the methodology used in this study
to perform the probabilistic analysis of bending moments in beams.

e Assignment of means, standard
START DeﬂmnoT of t;el deviations, and probability
structural mode distributions
Does it meet

Sample tion f h Input of data into cod ted Check input
ample generation for eacl nput of data into code generate Sl p

variable (10,000 iterations) using the OpenSeesPy library SoED data

Yes
Monte Carlo simulation
for each beam

Calculation of probable
bending moments

7 - \

. .

| .

| - : Statistical
A

| | analysis

| |

| |

\ /

Post-processing of
results

Was the

) ; :
Validated simulation
34.1%| 34.1% executed

correctly? Discarded

00 01 02 03 04

Figure 3. Flowchart of the methodology.
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3. Results

In this study, the deterministic bending moment values were obtained through elas-
tic analyses in OpenSeesPy, using the nominal load intensities and geometric dimensions
specified in the Peruvian standards [22,23]. These results represent the conventional design
approach, in which parameters are considered fixed and free of variability. By contrast, the
probabilistic analysis accounted for uncertainty by assigning triangular distributions to the
geometric dimensions and normal distributions to the applied loads, with 10,000 Monte
Carlo simulations performed for each frame configuration. From the resulting distributions,
the 95th percentile was selected as a representative upper-bound demand level, indicating
a bending moment that is exceeded in only 5% of the simulated cases. This percentile provides
a probabilistic measure of extreme but plausible demand and should not be interpreted as
a code-defined characteristic or design value.

3.1. Positive Bending Moments

It was observed that the mean values of the positive bending moments increase as
the dimensions and applied loads increase. As shown in Table 4, these values range from
2596.7 kg-m to 34,396.31 kg-m for the main beams. In the case of secondary beams, mean values
range from 316.73 kg-m to 4393.33 kg-m. This trend is consistent for the P95 values, indicating
that under more extreme conditions, positive moments may reach up to 41,044.03 kg-m
for Frame 10. Moreover, it is evident that main beams exhibit a greater increase in bending
moments compared to secondary beams, which experience less variation.

As shown in Figure 4, for Frame 10 and main beams, the P95 represents a 19.33%
increase over the mean value. Similarly, as shown in Figure 5, the secondary beams exhibit
an 8.67% increase.

Maximum Positive Moment Distribution
i

==+ Mean =34,323.81
600

500

400

Rate

200

100

20,000 25,000 30,000 35,000 40,000 45,000 50,000
Moment (kgm)

@

Figure 4. Cont.



Constr. Mater. 2025, 5, 72 8 of 18

Cumulative Function - Positive Moment

1.0 === Mean=3432381
—=- P95=41,060.85

o o o
> = @

Cumulative probability

(=
N

0.0

20,000 25,000 30,000 35,000 40,000 45,000 50,000
Moment (kgm)

(b)

Figure 4. (a) Probability distribution of positive bending moments for the main beam of Frame 10,
(b) Cumulative distribution function for positive bending moments in the main beam of Frame 10.

Table 4. Summary of positive bending moments for main and secondary beams.

Main Beams Secondary Beams
Frame
P50 (kg-m) P95 (kg-m) P50 (kg-m) P95 (kg-m)
1 2596.75 3161.50 316.73 351.46
2 3560.23 4315.54 449.89 495.28
3 5949.05 7174.10 564.39 616.55
4 8109.72 9831.12 772.85 844.88
5 10,068.59 12,081.64 1074.78 1171.74
6 13,054.20 15,672.41 1402.08 1527.24
7 16,603.52 19,920.73 1935.07 2107.61
8 20,824.01 24,981.35 2446.75 2670.98
9 25,723.45 30,675.43 3269.21 3560.50
10 34,396.31 41,044.93 4393.33 4774.12

Maximum Positive Moment Distribution
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Figure 5. Cont.
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Figure 5. (a) Probability distribution of positive bending moments for the secondary beam of Frame
10, (b) Cumulative distribution function for positive bending moments in the secondary beam of
Frame 10.

The sensitivity analysis for positive bending moments is shown in Figure 6. For
main beams, the tornado diagram corresponds to Frame 6, while for secondary beams
it corresponds to Frame 1. In both cases, the most influential variable is the live load,
whereas the least influential is the beam width. In secondary beams, beam height also
shows significant influence on moment variation.

Tornado Diagram - Positive Moment
i
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i
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Column dimension -
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Figure 6. Cont.
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Tornado Diagram - Positive Moment
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Figure 6. (a) Tornado diagram for positive bending moments in main beams, (b) Tornado diagram
for positive bending moments in secondary beams.

3.2. Negative Bending Moments

The trend for negative bending moments is similar to that of positive moments, in-
creasing with greater dimensions and applied loads. As shown in Table 5, the mean values
range from —3090.40 kg-m to —44,345.52 kg-m for main beams, and from —504.12 kg-m to
—6954.30 kg-m for secondary beams. Moreover, the P5 values show that the most ex-
treme cases can reach —52,686.07 kg-m, indicating that the variability of negative bending
moments can be substantial under extreme scenarios.

Table 5. Summary of negative bending moments for main and secondary beams.

Main Beams Secondary Beams

Frame
P50 (kg-m) P95 (kg-m) P50 (kg-m) P95 (kg-m)

1 —3090.40 —3719.69 —504.12 —539.95
2 —4569.24 —5503.59 —731.45 —781.66
3 —7711.45 —9276.79 —979.14 —1046.49
4 —9826.77 —11,787.37 —1285.72 —1373.83
5 —13,583.08 —16,224.02 —1835.83 —1963.19
6 —16,709.78 —19,990.22 —2311.35 —2466.98
7 —21,134.30 —25,215.49 —3127.09 —3340.29
8 —25,175.70 —30,052.25 —3807.73 —4065.95
9 —31,024.77 —36,862.13 —5005.26 —5343.13
10 —44,345.52 —52,686.07 —6954.30 —7436.24

As shown in Figure 7, for Frame 10 and main beams, the P95 represents an 18.81%
increase over the mean value. Likewise, for secondary beams (Figure 8), the increase is 6.93%.
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Figure 7. (a) Probability distribution of negative bending moments for the main beam of Frame 10;
(b) Cumulative distribution function for negative bending moments in the main beam of Frame 10.

The sensitivity analysis for negative moments is presented in Figure 9. Similarly to
the case of positive moments, live load is the most influential variable for both beam types.
Variables related to applied loads are the most significant contributors to the variability of
negative moments.

3.2.1. Comparison of Deterministic and Probabilistic Values

Deterministic values provide a single estimate of structural behavior, whereas proba-
bilistic values capture variability due to the uncertainty of the parameters used to compute
bending moments in beams. This comparison allows the evaluation not only of expected
moments under average conditions but also of potential extreme scenarios. By consider-
ing parameter uncertainty, the deterministic value is compared against the probabilistic
values exceeding the 95% probability threshold, representing the likely range of actual
bending moments.
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Figure 8. (a) Probability distribution of negative bending moments for the secondary beam of Frame
10, (b) Cumulative distribution function for negative bending moments in the secondary beam of
Frame 10.

3.2.2. Primary Beams

As shown in Table 6, the highest variability in positive moments is observed in Frame 1,
with a variation of 21.86%, while the lowest is found in Frame 9 with 19.20%. Regarding
negative moments, Table 7 reveals that Frame 2 shows the highest variation at 20.64%,
whereas Frame 9 presents the lowest at 18.66%.

3.2.3. Secondary Beams

As shown in Table 8, the highest variability in positive moments for secondary beams
is found in Frame 1 (11.16%), whereas the lowest is in Frame 10 (8.71%). For negative
moments (Table 9), the maximum variation is again in Frame 1 (6.92%), and the minimum
is observed in Frame 9 (6.67%).
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Figure 9. (a) Tornado diagram for negative bending moments in main beams, (b) Tornado diagram

for negative bending moments in secondary beams.

Table 6. Comparison between deterministic and probabilistic analysis of positive bending moments

in primary beams.

Frame Deterministic (kg-m) Probabilistic P95 (kg-m) Variation (%)
1 2594.31 3161.50 21.86
2 3547.26 4315.54 21.66
3 5944.56 7174.10 20.68
4 8095.36 9831.12 21.44
5 10,057.93 12,081.64 20.12
6 13,021.96 15,672.41 20.35
7 16,606.45 19,920.73 19.96
8 20,806.74 24,981.35 20.06
9 25,734.65 30,675.43 19.20

10 34,331.85 41,044.93 19.55
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Table 7. Comparison between deterministic and probabilistic analysis of negative bending moments
in primary beams.

Frame Deterministic (kg-m) Probabilistic P95 (kg-m) Variation (%)
1 —3090.55 —3719.69 20.36
2 —4562.07 —5503.59 20.64
3 —7719.65 —9276.79 20.17
4 —9829.22 —11,787.37 19.92
5 —13,588.90 —16,224.02 19.39
6 —16,696.45 —19,990.22 19.73
7 —21,141.70 —25,215.49 19.27
8 —25,187.88 —30,052.25 19.31
9 —31,065.87 —36,862.13 18.66
10 —44,310.12 —52,686.07 18.90

Table 8. Comparison between deterministic and probabilistic analysis of positive bending moments
in secondary beams.

Frame Deterministic (kg-m) Probabilistic P95 (kg-m) Variation (%)
1 316.17 351.46 11.16
2 449.60 495.28 10.16
3 563.90 616.55 9.34
4 772.65 844.88 9.35
5 1074.16 1171.74 9.08
6 1400.59 1527.24 9.04
7 1933.30 2107.61 9.02
8 2442.65 2670.98 9.35
9 3268.74 3560.50 8.93

10 4391.41 477412 8.71

Table 9. Comparison between deterministic and probabilistic analysis of negative bending moments
in secondary beams.

Frame Deterministic (kg-m) Probabilistic P95 (kg-m) Variation (%)
1 —505.00 —539.95 6.92
2 —732.40 —781.66 6.73
3 —979.95 —1046.49 6.79
4 —1287.58 —1373.83 6.70
5 —1836.79 —1963.19 6.88
6 —2312.22 —2466.98 6.69
7 —3127.78 —3340.29 6.79
8 —3807.60 —4065.95 6.79
9 —5008.97 —5343.13 6.67

10 —6957.83 —7436.24 6.88

3.3. Comparative Reinforcement Demand Under Deterministic and Probabilistic Moments

The analysis focused on the negative bending moments of the main beams, since these
regions govern the design of top reinforcement in continuous spans and are particularly
sensitive to the adopted load model. The reinforcement requirements were calculated
in accordance with the Peruvian Concrete Code E.060, assuming a concrete compressive
strength of f/, = 210 kg/cm? and a steel yield strength of f, = 4200 kg/cm?. Table 10
summarizes the comparison between reinforcement areas obtained from deterministic and
probabilistic ultimate moments for ten representative frames. Here, As; corresponds to
the steel area derived from deterministic moments, while A, corresponds to the steel area
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associated with the probabilistic demand (P90). The percentage variation indicates the
relative increase in reinforcement required when uncertainties are explicitly accounted for.

Table 10. Comparison of reinforcement areas for negative bending in main beams.

Frame Deterministic (kg-cm)  Probabilistic (kg-cm) A1 (cm?) Asz (cm?) Variation (%)
1 —3090.55 —3719.69 2.14 2.59 21.03
2 —4562.07 —5503.59 2.81 3.41 21.35
3 —7719.65 —9276.79 4.29 5.18 20.75
4 —9829.22 —11,787.37 497 6.00 20.72
5 —13,588.90 —16,224.02 6.29 7.56 20.19
6 —16,696.45 —19,990.22 7.14 8.61 20.59
7 —21,141.70 —25,215.49 8.37 10.05 20.07
8 —25,187.88 —30,052.25 9.31 11.17 19.98
9 —31,065.87 —36,862.13 10.75 12.83 19.35
10 —44,310.12 —52,686.07 14.55 17.45 19.93

The results show that, across all frames, the required reinforcement area increases by
approximately 19-21% when probabilistic effects are considered. For instance, in Frame
10 the reinforcement area grows from 14.55 cm? to 17.45 cm?. This systematic increase
highlights the practical implications of adopting a probabilistic framework: the inclusion
of uncertainties in material and load parameters dire.

4. Discussion of Results
4.1. Research Gaps and Contributions

The calculation of ultimate moments using probabilistic methods, in contrast to de-
terministic approaches, allows the incorporation of uncertainty into structural analysis.
The present study demonstrated that incorporating uncertainty in the analysis of primary
beams results in an average increase of 20.49% in positive bending moments and 19.63% in
negative bending moments. In secondary beams, the effect is lower, with increases of 9.41%
and 6.78% for positive and negative moments, respectively. These findings suggest that
2 deterministic values commonly used in beam design may underestimate actual structural
demands, particularly in primary beams where load transfer is concentrated. For engineer-
ing practice, this implies that reinforcement areas based on deterministic bending moments
may be unconservative, potentially affecting safety margins and serviceability. Conversely,
explicitly considering probabilistic variability provides a more robust basis for structural
design and highlights the necessity of integrating uncertainty into routine calculations. It
is important to emphasize that the reinforcement design was carried out in accordance
with the Peruvian Standard E.060, ensuring consistency with national regulatory practice.
However, the probabilistic methodology applied in this study is not currently implemented
within Peru. This highlights its innovative character and potential to complement existing
design approaches, offering a more comprehensive framework for structural assessment
in the local context. By quantifying the magnitude of demand increases, the results con-
tribute directly to assessing the adequacy of rebar sizing and design margins under realistic
variability conditions.

4.2. Study Limitations

This study considered a sample of 10 independent frames and only gravity loads
were taken into account. The exclusion of seismic and other lateral actions was intentional,
aiming to isolate the contribution of gravity-induced demands. However, given their
critical importance in reinforced concrete frames located in seismic regions, the present
results should not be extrapolated to lateral performance. Instead, these effects are reserved
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for future, more specialized studies where their probabilistic variability can be rigorously
modeled. Another limitation lies in the scope of the probabilistic analysis: the present
work quantifies variability in bending moment demands but does not evaluate structural
capacity or compare demand distributions against probabilistic resistance models. The
results obtained allow for estimating reinforcement areas in accordance with Standard E.060,
but reliability indices and failure probabilities are not provided. Therefore, the study should
be interpreted as a contribution to the understanding of variability in structural demand,
rather than as a direct safety or reliability assessment. In addition, key material properties
such as concrete compressive strength (f’.) and reinforcement yield strength (f,) were not
modeled as random variables. This omission is justified because the bending moments
calculated with OpenSeesPy through elastic analysis depend on geometry, stiffness, and
applied loads, but not directly f’'_or f,. Nevertheless, these properties are fundamental
for capacity evaluation, and their exclusion implies that the present study cannot provide
complete reliability indices. Additionally, the analysis focuses on the initial condition of
the structure. Long-term deterioration mechanisms such as corrosion-induced section loss,
creep, and shrinkage were not included, restricting the applicability of the results to as-built
or short-term conditions. The study also relies on a limited sample size of ten frames with
specific span arrangements. While these reflect common local practice, the conclusions
must be interpreted within this scope.

4.3. Future Research

This study can serve as a basis for application in a real building project, where the flex-
ural moments affecting each existing beam are analyzed using the methodology proposed
in this research, also considering seismic effects and their associated uncertainty. Future
studies should incorporate demand-to-capacity comparisons by explicitly modeling key
material properties, such as concrete compressive strength (f’.) and steel yield strength (f,),
as random variables within the Monte Carlo framework. The inclusion of deterioration
mechanisms, such as chloride-induced corrosion, creep, and shrinkage, would also allow
for extending the applicability of the method to life cycle and durability assessments. Fur-
thermore, the Monte Carlo method could be extended to analyze other structural elements
such as columns, slabs, or shear walls. Integrating different sources of uncertainty into
probabilistic models would provide a more comprehensive framework for reliability assess-
ment. Finally, experimental validation or field data calibration is recommended to enhance
the robustness of the conclusions and support their adoption in engineering practice.

5. Conclusions

This research concludes that a probabilistic analysis for the calculation of the bending
moment acting on beams, using Monte Carlo simulation, allows for modeling the variability
that the moment may experience due to the uncertainty of parameters such as the specific
weight of concrete, beam and column dimensions, and applied loads. Compared to the
deterministic approach, the method used in this research shows that for primary beams,
the positive moment may increase by an average of 20.49%, while negative moments may
increase by up to 19.63%. Although the effect is smaller in secondary beams, an average
variation of 9.41% for positive moments and 6.78% for negative moments is still observed.
Additionally, the sensitivity analysis reveals a direct relationship between the live load factor
and the moments, with this factor being the most influential, followed by permanent loads.
This highlights the relevance of Standard E.020 for load assignment according to the use and
function of the spaces. A change in use, such as converting a bedroom into a storage room,
entails a significant increase in the live load applied on the slab and, consequently, in the
structural demand of the beam. Therefore, it is essential to correctly define the intended use
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of the space, and for the standard to adequately address the live loads associated with each
type of occupancy. The variability in bending moment calculation—ignored in conventional
design—directly affects structural safety. This study focuses on the acting moment, in contrast
to previous studies that concentrate on ultimate resistance. It is concluded that the applied
methodology enables a more rigorous structural performance analysis by considering the
effects generated by the variables. Its integration as a complement to resistance-based design
allows for a more realistic and safer evaluation of the structure; thus, it is recommended that
this methodology be applied in future real-world projects.
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