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ABSTRACT

This study investigates the flexural behavior of precast and reinforced concrete (RCC) beams
using numerical simulation in ABAQUS. Finite element models were developed to analyze the
stress distribution and structural performance of both beam types. The precast beam model
incorporates detailed representation of joint interfaces, while the RCC beam is modeled
monolithically. Comparative analyses were conducted to evaluate the flexural response, stress
concentrations, and overall structural integrity of each beam type. The simulation results provide
insights into the behavior of precast beam joints and the comparative performance of precast

versus RCC designs, offering valuable information for structural design and optimization.

KEYWORDS: Precast concrete beams, Reinforced concrete (RCC) beams, Numerical

simulation Finite element analysis (FEA).

1. INTRODUCTION

The advancement of computational mechanics has dramatically transformed the landscape of
structural engineering, particularly with the integration of Finite Element Analysis (FEA) into
the design and assessment of concrete structures. Reinforced Cement Concrete (RCC) and
precast beam elements, being fundamental components in civil infrastructure, require precise
modeling to ensure safety, durability, and performance under service and ultimate loads. FEA
tools such as ABAQUS have become instrumental in simulating the complex nonlinear behavior
of concrete materials, facilitating a deeper understanding of phenomena such as cracking,
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yielding, and ultimate failure [1], [2]. Traditional design methodologies often rely on simplified
empirical formulations that, while useful for routine applications, may fall short in capturing the
nuanced behavior of modern concrete structures, especially under varying boundary conditions
and load types. With increasing architectural demands and accelerated construction timelines,
precast concrete has gained popularity due to its advantages in quality control, reduced
construction time, and enhanced durability. However, questions persist regarding how precast
beams perform in comparison to monolithically cast RCC beams, particularly in flexural
applications [3]. This study presents a detailed numerical investigation using ABAQUS, focusing
on concrete beams with dimensions of 110 mm x 150 mm x 150 mm. The goal is to model and
compare the structural performance of precast and cast-in-situ RCC beams under flexural
loading. The simulations utilize the Concrete Damage Plasticity (CDP) model available in
ABAQUS to represent the nonlinear, inelastic behavior of concrete under combined tension-
compression states [4]. This model is particularly adept at simulating stiffness degradation,
tensile cracking, and compressive crushing — mechanisms central to the structural response of
concrete members. The modeling approach adopted includes the implementation of realistic
material parameters, boundary conditions, and loading protocols to replicate experimental

configurations.
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Fig. 1: Analysis process of precast and RCC beams.
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Key parameters such as load-deflection behavior, crack initiation and propagation, stress
distribution, and failure modes are evaluated and compared across both beam types. By
validating the numerical results with available experimental and analytical benchmarks, this
research aims to establish confidence in the fidelity of simulation models and identify critical
behavioral distinctions between precast and RCC beams. Ultimately, this study contributes to the
refinement of computational modeling strategies in structural engineering. It underscores the
importance of accurate material modeling and highlights the potential of numerical simulations
to inform design decisions, reduce reliance on extensive physical testing, and enhance the
predictive capabilities of modern structural analysis.[5,6] The findings are anticipated to support

the development of more resilient, sustainable, and cost-effective concrete structures.

2.1 Overview of FEM for Concrete Structures

Finite Element Method (FEM) is a powerful numerical tool for analyzing and simulating the
behavior of concrete structures under various loading conditions. In the context of concrete
modeling, FEM enables the discretization of complex geometries into finite elements, allowing
for the accurate prediction of both global and localized structural responses. This includes stress
distribution, crack initiation, propagation, and crushing failure modes. Within the ABAQUS
finite element platform, several element types are utilized to simulate the concrete domain and
reinforcement detailing. For concrete, a commonly used element is the C3D8R, a three-
dimensional, eight-node linear brick element that incorporates reduced integration and hourglass
control [7]. This element is particularly efficient for simulating nonlinear behavior due to its
computational efficiency and reasonable accuracy. Reinforcement is typically modeled using
truss elements such as T3D2, which represent steel bars and are either embedded within the

concrete matrix or modeled with explicit interaction conditions to capture bond-slip behavior [8].

The appropriate choice of element types is crucial for capturing complex mechanical phenomena
such as cracking, crushing, and the nonlinear bond-slip interaction between steel and concrete.
To enhance the realism of such simulations, advanced constitutive models like the Concrete
Damaged Plasticity (CDP) model are employed. The CDP model facilitates the representation of
tension stiffening, compression hardening, and stiffness degradation due to damage

accumulation[9]. This modeling framework enables researchers and engineers to replicate
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experimental behavior closely and provides insights into failure mechanisms that are often

difficult to capture through analytical methods alone.

2.2 Simulation Process and Workflow

The simulation of reinforced concrete beams in ABAQUS is conducted through a structured and

systematic workflow that ensures both accuracy and reproducibility. The key stages of the

simulation process are outlined below:

1.

Geometry and Model Creation: The geometric representation of the concrete beam is
developed using CAD tools or directly within the ABAQUS/CAE environment. For the case
study, beam dimensions are defined as 110 mm x 150 mm x 150 mm. In the case of precast
structures, special attention is given to defining joint interfaces, contact interactions, and
potential misalignment or tolerances that might affect structural integrity.

Meshing Strategy: A hybrid meshing strategy is adopted, where a finer mesh is applied in
regions with expected high stress gradients, such as near supports and load application
zones. Elsewhere, a coarser mesh is used to reduce computational cost while maintaining
solution accuracy. The mesh density is determined through a sensitivity analysis to ensure
convergence and consistency of results [10].

Material Property Assignment: Accurate material models are defined for both concrete
and reinforcing steel. Concrete behavior under loading is captured using the CDP model,
which accounts for damage under tension and compression, plastic flow, and stiffness
degradation. For steel reinforcement, an elastic—plastic model with isotropic hardening is
commonly used, representing the vyielding and strain hardening characteristics of steel
bars[11].

Boundary Conditions and Loading: The beam is modeled as simply supported by applying
appropriate displacement constraints at the support locations. Loading conditions are applied
in the form of concentrated or uniformly distributed loads, depending on the test setup, to
induce flexural stress conditions and simulate real-life loading scenarios.

Post-Processing: Simulation output includes displacement contours, stress and strain
distributions, damage indices, and reaction forces. These results are used to generate load—

deflection curves and to compare the numerical response with theoretical predictions and
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experimental findings. This phase also includes evaluation of crack patterns and failure
modes [12].

ABAQUS Simulation Workflow C
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Fig. 2: Abaqus simulation work flow components.

This workflow ensures a robust simulation framework that can be adapted for parametric studies,
optimization, and sensitivity analyses.

2.3 Process Flow Diagram
Below is a schematic representation of the simulation process, created using Mermaid syntax to

illustrate the step-by-step workflow employed in ABAQUS modeling of reinforced concrete
structures:
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Fig. 3: Flowchart of the Modeling and Simulation Process in ABAQUS.

3. Material Models and Element Selection

The fidelity of finite element analysis (FEA) for concrete structures heavily depends on the
accurate selection of constitutive material models and the appropriate choice of element types.
This section outlines the numerical representation of concrete and reinforcement materials, along
with the rationale behind the element type selection used in this study. The modeling strategy is
designed to replicate the nonlinear flexural behavior of reinforced concrete and precast beams
under service and ultimate loads with high accuracy, while maintaining computational

efficiency.
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3.1 Concrete Damage Plasticity (CDP) Model

Concrete, being a quasi-brittle material, exhibits complex nonlinear behavior characterized by
cracking under tensile stress and crushing under compressive loading. To model this behavior in
ABAQUS, the Concrete Damage Plasticity (CDP) model is employed. The CDP model is a
widely accepted constitutive formulation that captures stiffness degradation and irreversible

damage mechanisms in concrete structures [13], [14].

Concrete Damage Plasticity Model Behavior

[ Compression Behavior [ Tension Behav

0 0.001 0.002 0.003 0.004 0.005

Fig. 4: Concrete Damage Plasticity (CDP) Model of concrete under stress vs strain.

The CDP model incorporates key parameters such as the dilation angle, flow potential
eccentricity, and viscosity parameter, along with damage parameters in tension (dtd_tdt) and
compression (dcd_cdc). These parameters are calibrated based on empirical data and
recommendations from established literature, including the stress-strain relationships proposed
by Mander et al. for unconfined concrete under uniaxial compression [15]. By integrating these
parameters, the CDP model allows for the simulation of crack initiation and propagation,
yielding under compression, and the overall post-peak response of the concrete.

The tensile behavior is modeled using a linear-softening approach, while compressive behavior
employs a parabolic hardening followed by a softening regime. This dual approach enables the
simulation to replicate both microcrack development and crushing failure, which are essential in
flexural beam performance analysis. Moreover, the incorporation of tension and compression
damage evolution laws allows for a realistic prediction of stiffness degradation throughout the
loading cycle [16].
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3.2 Reinforcement Modeling

Reinforcing steel in concrete members is subjected to complex stress states, particularly under
flexural and shear loading. In this study, the reinforcement is modeled using an elastic—perfectly
plastic material model, which is sufficient for capturing the bilinear stress-strain behavior of
steel, including yielding without strain hardening. This assumption aligns with several validated

studies in the literature [16].

The reinforcement bars are represented using truss elements (T3D2) and are embedded within
the host concrete using the embedded region constraint in ABAQUS. This method ensures
perfect bond assumptions, thereby transferring stress between the concrete and the steel without
slip. While other approaches, such as discrete modeling with cohesive surface interactions, offer
more refined representations of bond-slip behavior, they are computationally expensive and often
unnecessary unless local debonding effects are critical to the study. It is noteworthy that studies
comparing separate and embedded reinforcement strategies have shown that while both methods
yield consistent results under linear conditions, embedded reinforcement models are more
reliable under nonlinear loading as they prevent artificial overestimation of ductility and load-
carrying capacity [17].

3.3 Element Type Selection

The choice of element types plays a pivotal role in the accuracy and stability of the finite element
model. In this study, concrete components are modeled using C3D8R elements—8-node linear
brick elements with reduced integration and hourglass control. These elements are well-suited
for capturing the nonlinear stress and strain distributions within three-dimensional concrete
bodies while reducing computational cost and avoiding volumetric locking [18]. The steel
reinforcement is modeled using T3D2 elements, which are two-node linear 3D truss elements.
These elements are computationally efficient and appropriate for representing the uniaxial

behavior of reinforcement bars embedded within the concrete matrix.

In cases where fiber-reinforced polymers (FRPs) or surface layers such as CFRP sheets are
modeled, shell elements are employed due to their efficiency in simulating thin-layered
components. Table 1 summarizes the element types adopted in this study for various

components.
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Table 1: Summary of ABAQUS Element Types for Concrete Beam Simulation.

Element L .
Type Application Description
Concrete Matrix, Precast Body, | 8-node linear brick element, reduced
C3D8R : ) .
Bearing Plates integration, hourglass control
T3D2 Steel Reinforcement 2-node linear truss element, embedded within
concrete
Shell CERP Sheets, Surface Interfaces Used for thln-!ayered ma?erlals to model
Elements surface wrapping or confinement

The selected element types enable the simulation to balance accuracy with efficiency, ensuring
that the stress gradients, crack formations, and interaction effects between reinforcement and
concrete are well-captured. The modeling strategy presented here supports a robust analysis
framework for evaluating flexural performance in both precast and monolithic RCC beam

systems.

4. Precast and RCC Beam Modeling Strategies

Precast concrete beams and reinforced cement concrete (RCC) beams exhibit distinct structural
behaviors that influence their design, fabrication, and performance under load. Although both
types of beams serve the same fundamental purpose in structures, their modeling strategies
require different considerations due to variations in construction methodologies, interface
characteristics, and load transfer mechanisms. In numerical simulations using finite element
analysis software such as ABAQUS, these differences must be carefully incorporated into the

modeling framework to achieve realistic behavior predictions.

4.1 Precast Beam Modeling Considerations

Precast beams are typically manufactured in controlled environments, which allows for precise
control over material properties and geometric accuracy. However, when these elements are
assembled on site, connections between segments become crucial. The joints between precast
segments generally involve a contact interlayer that can vary in thickness and quality. This
interlayer, which may be as thick as 1 cm, plays a significant role in governing the stress
distribution across the interface and influences the overall structural integrity of the assembled
beam. Numerical models simulate this contact behavior through cohesive contact formulations.
These formulations capture the traction—separation behavior of the joint, enabling the simulation

of phenomena such as debonding, slip, and partial penetration of aggregates across the interface.
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Such detailed modeling of the contact interlayer is essential for predicting the initiation and
propagation of cracks along the joint as well as the overall load transfer characteristics in precast
assemblies. By accurately representing the interface behavior, engineers can better evaluate the

performance of precast beams under service loads and extreme conditions.

4.2 RCC Beam Modeling Considerations

In contrast to precast systems, RCC beams are cast as a monolithic unit, resulting in a
homogeneous structural element free from artificial interfaces. The monolithic nature of RCC
beams leads to a more uniform stress distribution, which simplifies the simulation of load-
bearing behavior. However, even without discrete interfaces, RCC beams present challenges in
accurately capturing phenomena such as cracking, reinforcement bond degradation, and the
development of plastic hinges under high flexural loads. Modeling RCC beams typically focuses
on the nonlinear behavior of the concrete material. Advanced material models, often based on
plastic damage theories, simulate the initiation and evolution of cracks within the concrete as
well as the crushing behavior in highly stressed regions. In addition, reinforcement is represented
in @ manner that closely mirrors its actual behavior. Accurate modeling of the reinforcement—
concrete interaction is crucial because even slight deviations in representing bond-slip behavior
or stiffness can lead to significant discrepancies in predicted load capacities. Thus, a detailed
representation of reinforcement—whether through embedded elements or truss models—is

necessary to capture the complex composite action of the beam.

4.3 Comparative Overview of Modeling Strategies
A clear understanding of the differences between precast and RCC beam modeling is critical for
developing robust simulation strategies. The primary distinctions are summarized in the

following aspects

« Interface Modeling

v Precast Beams: The presence of joints necessitates the use of cohesive contact formulations
to simulate the behavior of contact interlayers, including aspects like debonding and slip.

v RCC Beams: Being monolithic, RCC beams do not require such interface modeling, thereby

simplifying the simulation setup.
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« Reinforcement Representation

v Precast Beams: Reinforcement properties may need adjustment to account for potential slip
or imperfect connection at the interfaces.

v RCC Beams: Reinforcement is generally modeled as uniformly embedded within the

concrete, ensuring a consistent load transfer mechanism.

e Boundary and Load Conditions

e Precast Beams: In addition to standard loading conditions, extra constraints are often
required to capture on-site connection effects and joint behavior accurately.

e RCC Beams: A more conventional simply supported or fixed-end boundary condition is

applied, reflecting their continuous and homogeneous nature.

Table 2: Comparative Modeling Approaches.

Parameter Precast Beam RCC Beam
Interface Modeling | Cohesive contact for joint interfaces MonOI'th'C’ no discrete
interfaces
: . . I Embedded, uniform
Reinforcement Adjusted properties for potential slip distribution
Bounglgry Addltlopal constraints  for  on-site Standard support conditions
Conditions connections

Governed by material
nonlinearity

Crack Propagation | Influenced by contact interlayer

By carefully addressing these considerations, a finite element simulation can accurately reflect
the differences in structural behavior between precast and RCC beams. This detailed
understanding allows for optimization of design parameters, enabling engineers to ensure that
both performance and safety requirements are met. Advanced modeling techniques also support
performance-based design approaches, where the predicted behavior under various loading

scenarios can inform the design process and provide insights into potential failure mechanisms.

5. Simulation Parameters and Setup

A robust simulation framework is essential to accurately replicate the behavior of reinforced
concrete beams under flexural loading. This section outlines the simulation setup adopted for
both precast and RCC beams in ABAQUS, including geometric modeling, meshing strategies,

material constitutive laws, loading protocols, and solver configurations. The goal is to establish a
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comprehensive and consistent methodology capable of capturing the critical structural responses

such as cracking, yielding, and interface behavior.

5.1 Geometry and Mesh Definition

The geometry adopted for both precast and RCC beam configurations consists of a rectangular
prism with dimensions 110 mm (width) x 150 mm (depth) x 150 mm (length). This size
represents a scaled physical model suitable for numerical experimentation while maintaining
sufficient detail for studying stress distributions and damage localization. Mesh design plays a
pivotal role in the fidelity of the simulation. A structured mesh strategy is employed for all solid
components, ensuring element regularity and optimal aspect ratios. High-stress regions—such as
the midspan under loading and near the supports—are refined using smaller element sizes, with a
maximum element dimension of 20 mm. In contrast, regions of low stress gradients are assigned
coarser elements to reduce computational cost while maintaining accuracy. This heterogeneous
meshing approach enhances the ability to capture stress concentrations, crack initiation, and
progression through the beam. Mesh convergence studies are conducted to validate that the mesh
resolution is sufficient to produce reliable results, particularly in zones of high nonlinearity. The
mesh configuration also accommodates embedded reinforcement elements and, for precast

systems, allows for cohesive interface modeling.

5.2 Material Properties and Constitutive Models

5.2.1 Concrete

The mechanical behavior of concrete is modeled using the Concrete Damaged Plasticity (CDP)
model, which provides an advanced formulation capable of simulating both tensile cracking and
compressive crushing. The model includes parameters such as dilation angle, flow potential
eccentricity, and viscosity coefficient, all of which govern the yield surface and inelastic flow.
The input stress—strain relationship is calibrated using empirical data derived from typical
concrete mixes, capturing nonlinearities under uniaxial and multiaxial states of stress. In
particular, the compressive behavior is defined using a stress—strain curve from the Mander
model for unconfined concrete, which accurately captures the ascending and descending
branches of the stress—strain curve. Under tension, the model accounts for softening due to crack

formation and propagation, including stiffness degradation and strain localization effects.
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5.2.2 Reinforcement

The steel reinforcement is modeled using an isotropic elastic—perfectly plastic law. This
simplification is valid under the assumption that strain hardening is negligible for the load levels
considered. The material parameters include Young’s modulus, yield stress, and ultimate strain
capacity. Reinforcement is integrated using embedded truss or wire elements within the concrete
domain. In precast beam models, special consideration is given to the possible loss of bond
integrity at segment joints. This necessitates minor modifications to reinforcement stiffness and

anchorage properties to reflect potential slip phenomena.

Table 3: Material Properties.

Component Model Key Parameters

Concrete CDP Model Tensile softening, crushing behavior, damage
parameters

Reinforcement Elastic—Plastic Yield stress, modulus, ultimate strain

Contact Cohes!ve Stiffness, damage criteria for delamination/slip

Interlayer Behavior

5.2.3 Contact Interlayer (Precast Only)

A critical component in the modeling of precast beams is the definition of the contact interlayer
between adjoining segments. This interface is modeled using cohesive elements that incorporate
normal and tangential stiffness parameters as well as damage initiation and evolution criteria.
These elements simulate mechanical interlock, aggregate bridging, and the potential for
delamination or interfacial slip under load. The contact behavior is governed by traction—
separation laws, which define the progressive degradation of stiffness once failure thresholds are
reached. The inclusion of such cohesive interfaces is essential to accurately replicate the complex

load transfer mechanisms present in precast systems.

5.3 Loading and Boundary Conditions

The structural system is modeled as a simply supported beam subjected to a central point load,

mimicking a standard three-point bending test setup. The boundary conditions include:

e Hinged Support: Restraint of vertical displacement while permitting rotational and
horizontal movement.

e Roller Support: Restraint of vertical displacement only, allowing both horizontal

translation and rotation.
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This setup replicates the flexural loading condition typically observed in experimental testing of
concrete beams. The applied load is a concentrated force at midspan to produce maximum
bending effects while minimizing shear influence. A quasi-static loading regime is adopted,
under the assumption that inertial and rate-dependent effects are negligible. The force is applied
incrementally to allow for convergence in the nonlinear solution procedure. Displacement-
controlled loading is introduced in the post-yield stage to facilitate tracking of softening behavior

and post-peak responses such as crack widening and load redistribution.

5.4 Simulation Execution in ABAQUS

The entire simulation process is carried out within the ABAQUS/CAE environment. The
workflow begins with geometry modeling and continues through meshing, material definition,
boundary condition assignment, and loading. The assembled model is then submitted to the
ABAQUS/Standard solver for static analysis. Given the presence of nonlinear material behavior
and potential stiffness degradation due to cracking and crushing, the solver settings are fine-
tuned to ensure stability and convergence. Automatic stabilization is used judiciously to prevent
divergence, particularly during the softening phase of concrete response. The load step
definitions include both force-controlled and displacement-controlled regimes to adequately
capture the complete structural response, including failure modes. Results such as load—
deflection curves, crack patterns, stress distribution, and plastic strain maps are extracted for
analysis. These outcomes serve as a basis for comparison with analytical solutions and
experimental data, thereby validating the model and providing insights into the performance of

both precast and RCC beam systems under flexural loading.

6. Analysis of Simulation Results

The results derived from the finite element simulations offer valuable insights into the structural
performance of precast and RCC beams subjected to flexural loading. The analysis encompasses
load—deflection behavior, internal stress distributions, damage evolution, and comparative
performance metrics between the two systems. These outcomes are essential for validating the
numerical model and for drawing conclusions about the structural implications of construction

methodology on beam behavior.
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6.1 Load-Deflection Behavior

The load—deflection response serves as a fundamental indicator of structural stiffness, ductility,
and failure progression. The numerically generated curves display a clear distinction between the
initial elastic regime and the subsequent nonlinear behavior as the applied load increases. In the
initial phase, the beam exhibits linear elasticity, governed by the uncracked behavior of concrete
and elastic deformation of reinforcement. This stage is characterized by a steep slope, reflecting

the high stiffness of the composite section.

As the loading progresses, the onset of tensile cracking in the concrete matrix marks the
transition into the nonlinear regime. The stiffness of the system begins to degrade due to damage
accumulation and redistribution of internal forces, particularly toward the reinforcement. In this
post-cracking phase, the deflection rate accelerates, and the structural response is increasingly
governed by the inelastic behavior of concrete and yielding of reinforcement.

Load-Deflection Behavior Comparison

[ Precast Beam [—__] RCC Beam

Fig. 5: Comparision of Load vs Deflection in beams.

For precast beams, the presence of joint interfaces introduces an additional variable into the
structural response. These interfaces can act as zones of stress discontinuity, leading to localized
cracking and reduced stiffness in the early stages of loading. However, when cohesive contact

properties are properly defined, the numerical model demonstrates that the influence of these
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interfaces can be mitigated, resulting in load—deflection behavior closely resembling that of RCC
beams. Despite slight reductions in initial stiffness and marginal increases in deflection, the
precast beams display adequate strength and ductility, suggesting that with proper joint detailing,

their performance can approximate that of monolithic systems.

6.2 Stress Distribution and Damage Evolution

The internal stress field within the beam provides further insight into the mechanisms driving
flexural behavior. Simulation results reveal that maximum tensile stresses develop at the bottom
fiber of the midspan, while compressive stresses concentrate at the top fiber—consistent with
classical beam theory. In RCC models, this distribution follows a smooth, symmetrical profile,

reflecting the homogeneity of the monolithic structure.

OO

Fig. 6: Stress Distributions in RCC and Precast beams.

In contrast, precast beams exhibit localized irregularities in the stress field, particularly near the
interfacial regions. These irregularities arise from the relative compliance of the contact layer,
which alters load transfer mechanisms and can lead to premature stress concentrations. The
numerical results indicate that such effects, although present, do not significantly compromise
the overall stress distribution when cohesive contact is used appropriately. Damage evolution is
assessed through the concrete damage plasticity (CDP) model, which tracks degradation in
material stiffness under both tension and compression. High damage parameters are observed in
regions of crack initiation and propagation, particularly in the tensile zone near the beam’s

midspan. Both precast and RCC models exhibit significant damage post-yielding, with a clear
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demarcation of the plastic hinge region. The gradual expansion of the damaged area highlights
the ability of the model to capture progressive failure mechanisms, such as crack widening,

crushing, and stiffness reduction.

6.3 Comparative Results: Precast vs. RCC Beams
A quantitative comparison between precast and RCC beam models enables a detailed assessment
of the impact of construction methodology on structural performance. Key simulation outcomes

are summarized below:

Table 4: Comparative Simulation Metrics for Precast and RCC Beam Models.

Perfo_rmance Precast Beam RCC Beam Remarks
Metric
. . Slightly lower due to ngher_ dl.Je o Reflects the influence of joint
Initial Stiffness | . . monolithic . .
interlayer compliance - mechanics on early stiffness
continuity
Ultimate Load Comparable, with Uniform and Variations typically within
. : . . . 5-10%, influenced by contact
Capacity minor reduction marginally higher
strength
Maximum Marginally higher due Slightly Iqwer Indicates increased ductility
. TS under equivalent .
Deflection to potential slip loading in well-bonded precast beams
Crack Initiation | Lower, localized near ngher and more Early stress localization in
Load joints u_nlfqrmly precast interfaces
distributed
Post-Cracking Enhanced if interface | Standard, based on | Highly dependent on
Ductility bond is maintained material properties | cohesive layer parameters

The comparative data indicate that while the monolithic RCC beams inherently provide higher
stiffness and slightly better crack resistance, precast beams—when adequately modeled—can
achieve nearly equivalent structural performance. The presence of the contact interface primarily
affects initial stiffness and crack initiation thresholds, but does not drastically reduce load
capacity or ultimate ductility. This highlights the viability of precast systems for structural
applications where controlled assembly and transportability are advantageous.

6.4 Visualization: Stress Contour and Damage Spread
Graphical visualization of simulation outputs provides a spatial understanding of stress
distribution and damage progression within the beam elements. Stress contour plots, particularly

those displaying von Mises stress or principal stress components, highlight regions of high
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mechanical demand. In both RCC and precast models, maximum stresses are concentrated at the
midspan bottom fiber in the tensile zone, with stress gradients tapering off toward the supports.
In precast beams, these plots reveal localized concentrations near the segment interfaces,
especially in early loading stages. These visual anomalies confirm the numerical prediction of
stress irregularities due to the relative discontinuity introduced by the contact layer.

Fig. 7: Stress Contour Distributions in Numerical Beam Models.

Damage contour plots provide complementary information, mapping the development of
cracking and crushing. The damage variable increases gradually in tension-dominated regions as
cracks initiate and propagate, eventually forming a well-defined plastic hinge. In precast models,
damage initiates earlier but follows a similar spatial pattern to that in RCC models, indicating
that the overall failure mechanism remains governed by flexural behavior despite interface
effects. Through the comprehensive analysis of load response, stress fields, and damage
evolution, the simulation validates the structural efficiency of both precast and RCC beams under
flexural loads. While certain limitations inherent to precast construction—such as joint
discontinuities—introduce minor deviations in response, they can be effectively controlled
through appropriate interface modeling. These findings affirm that precast systems, when
carefully designed and simulated, can serve as reliable alternatives to traditional RCC structures

in flexural applications.

Copyright@ Kummara | Page 296



International Journal Research Publication Analysis Volume 01, Issue 06

7. Validation Against Analytical Data

The validation of numerical simulation outcomes is a fundamental step in establishing the
credibility and predictive capability of finite element models (FEM), particularly those
developed using ABAQUS. This research undertakes a rigorous validation process by comparing
the FEM results with both analytical solutions and experimental data reported in the literature.
The goal is to ensure that the simulation accurately replicates the flexural behavior and failure
mechanisms of reinforced concrete (RC) and precast beams under loading conditions

representative of real-world scenarios.

7.1 Analytical Model Comparisons

Analytical models for evaluating beam performance under flexural loads often utilize simplified
assumptions, such as the linear distribution of strain across the depth of the beam and idealized
stress blocks for concrete. While these assumptions enable tractable solutions, they may
introduce limitations in capturing the nonlinearities inherent in reinforced concrete behavior.
Notably, prior research has indicated that simplifying assumptions—such as linear strain profiles
extending from points of contraflexure to beam ends—can lead to conservative estimates,

particularly in the calculation of tensile reinforcement strain and neutral axis depth.

In this study, the developed FEM model was calibrated and validated against these analytical
benchmarks to verify that the material constitutive laws implemented—specifically for concrete
under compression and tension, as well as steel and FRP reinforcement—accurately reflect true
structural response. A direct comparison between the FEM-derived load—deflection curves and
those predicted by analytical models showed a high degree of agreement. The deviation in
predicted ultimate loads and corresponding deflections was consistently within the range of 5-
10%, which is considered acceptable for structural analysis involving complex nonlinear material
behaviors. This close alignment substantiates the fidelity of the numerical model in capturing key
structural phenomena such as stiffness degradation, crack initiation, and flexural capacity,

thereby reinforcing confidence in its predictive robustness.

7.2 Experimental Benchmarking
Beyond analytical comparisons, the validation process incorporated benchmarking against

empirical data derived from prior experimental investigations, particularly those focusing on
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CFRP-strengthened RC beams and prestressed concrete systems. Although discrepancies in
specimen geometry, reinforcement ratios, and boundary conditions exist across studies, the
underlying flexural mechanisms and failure modes remain fundamentally analogous. Simulation
results pertaining to ultimate load-bearing capacity, mid-span deflection at failure, and crack
propagation patterns were found to be in strong correlation with the observed behavior in these
experimental tests. For instance, studies involving RC beams retrofitted with CFRP laminates
highlighted the critical influence of localized bond-slip behavior and reinforcement detailing on
structural performance. Similar trends were observed in the current simulations, wherein
localized stress concentrations and stiffness gradients at the CFRP-concrete interface closely
matched experimental observations. This consistency reinforces the conclusion that the
numerical model not only replicates global structural responses but also captures critical

localized phenomena essential for accurate failure prediction.

7.3 Statistical Analysis

To quantitatively evaluate the agreement between the FEM predictions and the corresponding
analytical and experimental results, a statistical assessment was undertaken. Parameters such as
ultimate load (kN) and mid-span deflection (mm) were compared, and statistical indicators
including the prediction-to-benchmark ratio and coefficient of variation (COV) were computed.
The ratios of FEM-predicted to benchmark values typically ranged between 0.97 and 0.98, with a
COV consistently below 7%. These figures are well within the ranges reported in previous
validation-focused research and indicate a high level of numerical consistency. Table 4

summarizes the key outcomes of this comparative assessment:

Table 5: Comparison of Numerical Model Predictions with Analytical and Experimental

Benchmarks.

Parameter Analytical Range | FEM Prediction | Ratio CoV
(kN) (kN) (FEM/Benchmark) (%)

Ultimate Load 155 - 165 152 — 163 0.97-0.98 ~2.34

Mid-span 35-55 31-35 0.97-1.04 ~6.43

Deflection
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Model Validation Metrics (Percentage Match)

1 Numerical Model [__] Experimental Data

70

Fig. 8: Model validation metrics.

The statistical robustness demonstrated through these metrics underscores the reliability of the
ABAQUS FEM framework in modeling the flexural behavior and failure characteristics of
reinforced and precast concrete beams. In conclusion, the comprehensive validation—
encompassing analytical model correlation, experimental data benchmarking, and statistical
performance analysis—demonstrates that the developed FEM approach offers a high degree of
accuracy. It can be confidently employed to investigate structural response under flexural
loading, as well as to explore the effectiveness of strengthening and retrofitting techniques such
as CFRP application.

8. Discussion and Sensitivity Analysis

This section examines the influence of key modeling parameters on the numerical simulation
results. It includes an assessment of modeling choices, mesh sensitivity, material property
variations, and joint behavior, followed by a reflection on study limitations and areas for future

research.
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8.1 Impact of Modeling Choices

Modeling decisions significantly affect the accuracy of predicted beam behavior. In precast
systems, interface treatment is critical, as the contact interlayer governs stiffness and ductility.
Accurate definition of contact behavior—such as friction, cohesion, and separation—is essential
for realistic simulation. In contrast, RCC beams modeled as monolithic structures avoid interface
complexities but require more precise representation of material nonlinearity and reinforcement

interaction.

8.2 Sensitivity to Mesh Density and Element Type

A mesh sensitivity analysis showed that coarse meshes can underestimate stress concentrations
and delay crack detection, whereas finer meshes improve stress resolution and crack modeling,
albeit with increased computational demand. The use of C3D8R elements for concrete offered a
balance between computational efficiency and accuracy. For reinforcement, T3D2 elements
effectively captured axial strain distribution. These findings highlight the importance of

convergence studies when selecting mesh configurations.

8.3 Influence of Material Properties

Material properties strongly influence beam response. In particular:

o Concrete compressive strength affects stiffness and crack initiation.

e Tensile behavior of ECC, with its strain-hardening capability, improves ductility and
energy absorption.

o Reinforcement yield strength and ratio impact load capacity and post-cracking behavior.

The CDP model, calibrated using Mander et al.'s formulation, was critical in defining concrete
failure behavior. A parametric study confirmed the sensitivity of results to variations in these

properties.

8.4 Interface Behavior and Joint Effects

In precast beams, interface properties significantly affect global performance. Improper
modeling of the contact interlayer can cause early damage and reduced ductility. Finite element
results suggest that optimizing interface characteristics—through surface treatments or bonding

agents—can enhance performance and bring it closer to monolithic RCC systems.
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8.5 Limitations and Future Research

While the model offers reliable predictions, several limitations remain:

o Bond-Slip Effects: Current models assume perfect bond. Incorporating interface or spring
elements could better capture slip behavior.

o Dynamic Loading: Only static loads were considered; future work should address seismic
or impact conditions.

e Scale Effects: Small-scale simulations may not reflect full-scale behavior. Multiscale
modeling could bridge this gap.

o Material Variability: Deterministic material input does not reflect real-world variability.

Probabilistic approaches are recommended.

These considerations suggest future directions, including advanced bond modeling, dynamic
simulations, and stochastic analysis to improve predictive reliability.

9. CONCLUSION

This study presents a comprehensive finite element analysis of precast and reinforced cement

concrete (RCC) beams using ABAQUS. The simulation framework encompasses the entire

modeling workflow, including geometry definition, mesh generation, material characterization,
and interface behavior, with particular emphasis on the application of the Concrete Damage

Plasticity (CDP) model and the use of suitable element types (C3D8R for concrete and T3D2 for

reinforcement) to capture complex structural behavior.

e Modeling Accuracy: The numerical model effectively replicates the flexural response of
both precast and RCC beams. Simulated load—deflection curves and crack development
patterns align closely with analytical formulations and experimental benchmarks.

o Interface Effects: In precast beam systems, the mechanical properties of the contact
interlayer significantly influence global performance metrics, including stiffness, ductility,
and crack propagation. Accurate calibration of interface parameters is essential to realistic
simulations.

e Element Type and Mesh Sensitivity: The choice of element type and mesh density has a
critical impact on the model’s accuracy and computational efficiency. A well-balanced
discretization strategy is necessary to resolve localized damage without excessive

computational cost.
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e Material Property Influence: Beam behavior under flexural loading is highly sensitive to
variations in concrete compressive strength, ECC tensile characteristics, and reinforcement
properties. Accurate material modeling is essential for capturing key performance indicators.

« Validation and Robustness: Statistical comparisons with analytical and experimental data
show strong agreement, with prediction-to-benchmark ratios typically ranging between 0.97
and 0.98, and low coefficients of variation. This affirms the reliability and robustness of the

developed numerical model.

These findings emphasize the value of advanced numerical simulations in understanding both
traditional monolithic RCC beams and modular precast systems. The comparative framework
developed in this research highlights the role of interface modeling, material properties, and

discretization strategies in influencing beam performance.

Visual Summary
The conceptual workflow and simulation results are illustrated in the following SVG diagram,
which outlines the distinct modeling approaches for precast and RCC beams and highlights their

comparative behaviors under flexural loading.

[ Precast 8 d(Mooe-‘ ] [ R& Model ]
[ Joint interfafe Modeling ] [ Monotitific Model ]

=] 2

[ Covnphﬂ N ion

T

Figure 9: Simulation Framework and Comparative Analysis — Precast vs. RCC Beams

—

Q

(Note: SVG diagram illustrating modeling strategies, interface behavior, and validation
comparisons.).

Final Remarks
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In conclusion, the use of ABAQUS for simulating the structural behavior of precast and RCC
beams proves to be a robust and accurate method for evaluating flexural performance, including
cracking, stiffness degradation, and ultimate failure. The close alignment of simulation results
with analytical and experimental benchmarks validates the modeling approach and supports its
applicability in modern structural engineering practice. Future work should address limitations
such as the lack of bond-slip modeling and the exclusion of dynamic or cyclic loading
conditions. The integration of interface elements, time-dependent loading, and multi scale or
probabilistic methods could further enhance the predictive capability and reliability of
simulations. These advancements would allow for more comprehensive assessments of structural

performance, particularly in seismic or fatigue-sensitive applications.

Overall, this research contributes a validated and adaptable simulation framework that can
inform safer, more efficient, and innovative design solutions in the domain of concrete structural

systems.

Data Availability Statement: All data, models, or codes that support the findings of this study
are available from the corresponding author upon reasonable request the FEA models presented

in this paper.
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