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This study examines various reinforcement detailing approaches in Single-Story-Single-Bay (SSSB) reinforced concrete (RC) frames using the design tool SAP 2000 and nonlinear finite element analysis (NLFEA) with ABAQUS. A finite element model of the SSSB was developed in ABAQUS, adjusted based on experimental data from prior tests. The Concrete Damaged Plasticity (CDP) model simulated the behavior of concrete, while steel reinforcement bars were modelled as bilinear elastoplastic materials. After calibration, the peak lateral load and displacement values from the FEA models closely matched experimental results. The Control Model (CM) served as a basis for new models: (i) Half Diameter of Stirrups in the Beam (HDB), (ii) Half Diameter of Stirrups in both Beam and Columns (HDBC), and (iii) Double Spacing of Stirrups in Beam and Columns (DSBC). This analysis evaluated the effect of key design parameters, specifically the transverse reinforcement ratio (ρt), on SSSB’s load-carrying capacity. Results showed HDB had a 10.2% increase in lateral load compared to CM, while HDBC and DSBC demonstrated decreases of 15.8% and 15.5%, respectively, relative to experimental values.
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1 INTRODUCTION
Since the mid-1950s, the construction boom in multi-story buildings has significantly expanded the roles and expertise required of structural engineers (Mohamed et al., 2009). These professionals are now responsible for ensuring the safety, durability, and cost-effectiveness of RC multi-story buildings. Over the years, structural engineering has introduced various complex analysis methods to meet these demands (ACI, 2014; EC2. Eurocode 2, 2004). Today, advanced tools are used to design new structures by updated guidelines and assess existing RC structures against these new standards (Cotsovos, 2010; Behnia et al., 2014; Said et al., 2013; Soyoz and Feng, 2009; Lignola et al., 2009; Lee et al., 2011; Zhang and Foschi, 2004; Zhao et al., 2011). This evolution has led to more intricate and detailed analyses, necessitating greater computational resources and time. Modern requirements emphasize the use of tools capable of making accurate predictions, especially concerning brittle failure modes (Abaqus, 2012; ADINA, 2015; SAP, 2013; DIANA, 2008). In recent years, significant progress has been made in developing models to predict the brittle behaviour of RC frame elements precisely. These analytical tools are crucial for several purposes, including (i) designing new RC structures, (ii) evaluating existing RC structures following contemporary standards, (iii) assessing the strength, safety, and integrity of deteriorated or damaged structures, (iv) resolving issues that emerge post-construction or due to changes in the use or functionality of existing structures, and (v) analysing the causes of structural failures or collapses (Christidis et al., 2013; Koppitz et al., 2013; Flores, 2004; Schueremans and Gemert, 2004; Zhang et al., 2025; Zha et al., 2023; Long and Lee, 2015).
To address these challenges in the construction industry, structural engineers must assess the performance and response of RC structures under extreme loading conditions (Lee et al., 2011; Zhang and Foschi, 2004; Ali et al., 2014; Balouch, 2021; Elshamandy et al., 2018; Greifenhagen and Lestuzzi, 2005; Hadad et al., 2015). This assessment involves evaluating the load-carrying capacity of RC structures, particularly their brittle response, and the failure mechanisms that occur to prevent catastrophic failure. Currently, engineers use nonlinear analysis procedures to study the brittle behavior of RC structures, which involve complex calculations. However, this nonlinear finite element analysis (NLFEA) software package, such as ABAQUS (Abaqus, 2012) and ADINA (ADINA, 2015) are commonly used for research purposes. The packages used in the industry for the analysis of such behaviour (i.e., SAP 2000 and ETABS) (SAP, 2013) are generally effective in predicting flexural failure modes; they often struggle with accurately forecasting shear (brittle) failure modes (Stratford and Burgoyne, 2003). Shear failures are brittle and occur with little warning, making accurate predictions in structural analysis essential. This ensures safe and cost-effective design solutions for RC frame structures. Inaccurate predictions may lead to unsafe designs by overestimating load-carrying capacity and ductility (Cotsovos, 2013; Guner and Vecchio, 2010; Sharma et al., 2011; Vecchio and Emara, 1992; Lai et al., 2022; Zhou et al., 2020; Ali Al-Tameemi et al., 2024; Theodossopoulos and Sinha, 2013; Nordell, 1965; Kadid and Boumrkik, 2008; Sung et al., 2013; Sharma et al., 2013).
Nonlinear finite element analysis (NLFEA) (Abaqus, 2012; ADINA, 2015) is a valuable supplement to experimental studies, providing a deeper understanding of the behavior of RC members under various loading scenarios. Researchers can accurately simulate complex structural responses by utilizing sophisticated NLFEA tools (Abaqus, 2012; ADINA, 2015). These tools incorporate advanced 3D finite element meshes to model structural geometry in detail, nonlinear material laws to capture the realistic behavior of concrete and reinforcement under stress, and failure criteria to predict crack propagation, yielding, and ultimate failure modes (Abbas et al., 2016; Abbas et al., 2010; Afifi et al., 2014; Ahmad and Shah, 2009). Furthermore, iterative solution techniques are employed to address the complexities of nonlinear behavior, ensuring convergence and stability in the analysis. This approach provides a powerful means of evaluating RC member performance, offering insights that are often challenging to achieve through experimental testing alone (Chaallal et al., 2003; Foster et al., 1996; Krawinkler and Seneviratna, 1998; Sipos et al., 2013).
Shame et al. (Hadad et al., 2015) selected a case study of a single-story-single-bay (SSSB) RC frame to investigate the effect of detailing on its capacity. After calibration, the peak lateral load and displacement of the finite element analysis (FEA) models closely matched the experimental results. The calibrated Control Model (CM) served as a base for new FEA models, including: (i) Half Diameter of Stirrups in the Beam (HDB), (ii) Half Diameter of Stirrups in both Beams and Columns (HDBC), and (iii) Double Spacing of Stirrups in Beams and Columns (DSBC). This study examined the effect of design parameters, including the transverse reinforcement ratio (ρt), on the load-carrying capacity of short-span slender beams, with a focus on brittle failure modes. Results showed that the HDB model had 10.2% more lateral load than CM, while HDBC and DSBC were 15.8% and 15.5% less compared to experimental values.
2 CASE STUDY
To enhance the strength and stiffness of multi-story structures, which are inherently more vulnerable to seismic and wind forces, the cross-sectional dimensions of structural members are often increased progressively from top to bottom. While this approach ensures structural safety, it can render the design uneconomical. Consequently, it becomes essential to incorporate specialized mechanisms or systems to improve the lateral stability of the structure (Hadad et al., 2015). Braced frames address lateral forces through the bracing action provided by diagonal members. Fully braced frames offer higher rigidity compared to other configurations. However, from an economic perspective, partially braced frames are advantageous as they induce minimal forces in the structure while maintaining displacements within acceptable limits (Hadad et al., 2015).
In 1980, a 12-story reinforced concrete building was retrofitted after a minor earthquake exposed seismic vulnerabilities. The retrofitting included bracing the perimeter frames on the shorter, weaker axis and adding a robust external steel truss system to resist overturning forces. The truss was designed for easy access to the building’s interior and underground parking, while the floor slabs were reinforced to transfer shear forces to the new stiff frames (Hadad et al., 2015). This study examines the structural behavior of steel and concrete cross-bracing and its influence on the lateral load-carrying capacity and energy dissipation characteristics of reinforced concrete frames. Furthermore, it provides a comparative analysis of braced frames versus infilled frames. The findings offer valuable insights into strengthening concrete frames by utilizing crossed steel and concrete systems to enhance their lateral load resistance and overall structural performance.
The selected case study of the Single-Story Single Bay (SSSB) RC frame was experimentally established by (Hadad et al., 2015). The design specifications and dimensions of the frame are illustrated in Figure 1. Experimental findings showed that the frame exhibits ductility and fails in a flexural mode. The concrete bracing could be integrally cast with the frame or connected separately with embedded dowels. The concrete mix aimed for a compressive strength of about 27.5 MPa after 28 days. Materials included ordinary Portland cement, natural sand, well-graded crushed limestone, and water. High-strength deformed steel bars of 12 mm and 10 mm were used for reinforcement, along with 6 mm mild steel bars for stirrups (Hadad et al., 2015).
[image: Technical drawing of a concrete structure with cross-sections. Two vertical walls supporting 100 kilonewtons each are shown, with dimensions 1640 millimeters tall and 3430 millimeters wide. Sections AA and BB detail reinforcement bars. Section AA, dimensioned 120 by 200 millimeters, features D6 stirrups spaced 160 millimeters apart and four D12 bars. Section BB, dimensioned 120 by 200 millimeters, includes D6 stirrups spaced 145 millimeters apart, four D12, and two D10 bars.]FIGURE 1 | Dimension and RCC details of the SSSB RC Frame.Figure 2 depicts the general layout of the experimental setup and the instrumentation system utilized for testing all specimens. Each specimen’s lower beam was anchored to a rigid platform with two anchors. During testing, cyclic loading was applied using a displacement-controlled hydraulic jack. In the control specimen, initial cracks appeared on the tension side of the column near the base at around 6 mm of top displacement. As the lateral load increased, more cracks formed near the beam-column connections, with diagonal cracks emerging at higher load levels. Ultimately, failure occurred due to the shear failure of these connections, as shown in Figure 2.
[image: A cracked and reinforced concrete structure is set within a workshop environment with a multicolored tiled wall in the background. The concrete frame is supported by a blue metal brace.]FIGURE 2 | Experimental results of SSSB RC Frame (Hadad et al., 2015).3 FINITE ELEMENT ANALYSIS OF RC STRUCTURAL CONFIGURATIONS
Renowned for finite element analysis (FEA) (Abaqus, 2012; ADINA, 2015) and precision in simulating materials such as concrete and steel, ABAQUS (Abaqus, 2012) facilitated the development of finite element models to predict the behavior of RC frames accurately. In this modelling framework, concrete was represented with a 3D solid stress section, while reinforcement bars used wire elements with 3D deformability. Reliable simulations involved appropriate boundary conditions and gradual loading configurations. The model was refined to address variations in key parameters, including the concrete’s shape factor, viscosity, dilation angle, and mesh characteristics. A parametric study was conducted using the updated finite element model to assess the impact of these parameters on the behavior of the RC frame, enhancing the robustness of the numerical predictions.
3.1 Compressive uniaxial stress-strain relationship for concrete
The simplified upper-bound relationship between tensile stress and displacement used in this research is illustrated in Figure 3. For the CPD model, there are key parameters that must be defined, including (i) the viscosity parameter, which helps smooth out the material response in Abaqus/Standard, and (ii) the dilation angle, ψ, representing the angle of inclination of the failure surface relative to the hydrostatic axis. The dilation angle controls the plastic flow and overall material behavior under loading (Abaqus, 2012).
[image: Graph showing stress-strain relationship. Compressive stress and tensile stress are plotted on the y-axis, with strain on the x-axis. Key points include \( f'_{c} \) for compressive strength, 0.3\( f'_{c} \) and \( E_{co} \), as well as tensile strength \( f_{t} \).]FIGURE 3 | Complete Stress-strain curve for Concrete (Abaqus, 2012).The different concrete material properties used in ABAQUS Standard, defining materials and step modules, are given in.
Table 1 The elasticity modulus (Ec) of concrete was calculated using the ACI code given by Equation 1.
Ec=4700fc′(1)
TABLE 1 | Different properties used in ABAQUS for concrete (Abaqus, 2012).	Parameters	Values
	Concrete density (ton/mm3)	2.4 X 10−9
	Poisson’s ratioν	0.2
	Concrete Compressive Strength (MPa)	35.06
	Elasticity modulus, Ec (N/mm2)	26,587
	The initial increment size of loading	0.01
	Maximum increment size of loading	0.1
	Minimum increment size of loading	1E-050
	Number of increments	100,000


The CPD model (Abaqus, 2012) initially developed for concrete materials (Abaqus, 2012) is versatile enough to simulate the behavior of other quasi-brittle materials, such as masonry and mortar. This model is designed to capture two primary failure mechanisms: tensile cracking and compressive crushing. The key inputs required for the CDP model are the material’s uniaxial stress-strain behavior under tension and compression (Abaqus, 2012). In tension, the material is assumed to exhibit linear-elastic behavior up to its peak tensile strength, beyond which it follows a softening curve, as illustrated in Figure 4a. In compression, the response begins with a linear elastic phase, transitions to a hardening region, and finally undergoes softening, as depicted in Figure 4b. These behavioural characteristics allow the CDP model (Abaqus, 2012) to accurately represent the progressive damage and nonlinear response of quasi-brittle materials under complex loading conditions.
[image: Two stress-strain graphs labeled (a) and (b). Graph (a) shows a linear rise to peak stress \(\sigma_0\), then a sharp decline. Graph (b) shows a curve rising to peak stress \(\sigma_{cu}\), then gradually declining. Both graphs have marked points for elastic modulus \(E_0\) and adjusted modulus \((1-d)E_0\).]FIGURE 4 | CPD modelling (a) under tension and (b) under compression (Abaqus, 2012).The main advantage of this material model is its ability to differentiate between tension and compression behaviours, capturing variations in yield strengths, tension softening, and elastic stiffness degradation. In concrete, this stiffness reduction is primarily due to tensile cracking and compressive crushing, as represented by scalar-damage theory. A single scalar damage variable quantifies the extent of damage and modifies the elastic stiffness. The stress-strain relationship, incorporating this damage parameter, is expressed in Equation 2, illustrating the material’s transition from an undamaged to a damaged state.
σ=1−d·D0el/ε−εpl=Del/ε−εpl(2)
where D0el is the initial undamaged elastic stiffness of the concrete and Del = (1-d) ∙ D0el is the degraded elastic stiffness of the concrete, and d is the scalar stiffness degradation variable, the range of which is 0 ≤ d ≤ 1, where the value 0 corresponds to undamaged material and one to fully damaged material. The effective stress is defined in Equation 3.
σ¯=D0el/ε−εpl(3)
and is related to the Cauchy stress through the scalar degradation variable as Equation 4.
σ¯=D0el/ε−εpl(4)
3.2 Parameters for concrete behaviour
Different parameters, including the dilation angle, define the plasticity model of concrete ψ, the plastic potential eccentricity (ɛ), the ratio of compressive stresses in the biaxial state to the uniaxial state σb0/σc0, shape factor (Kc), and the viscosity parameter. The values of the dilation angle and viscosity parameter were taken from calibration. The yield shape surface (Kc) and eccentricity (ɛ) values are 2/3 and 0.1, respectively, recommended by the concrete damaged plasticity model. The specified value of the stress ratio σb0/σc0, is 1.16 by (Abaqus, 2012) proposed Equation 5 to quantify this stress ratio σb0/σc0 based on a large body of statistical data.
σboσco=1.5fc′−0.075(5)
The compressive stress-strain diagram for concrete is shown in Figure 5, according to Eurocode 2 (EC2. Eurocode 2, 2004) According to the ABAQUS manual (Abaqus, 2012) the linear elastic behavior can be taken up to 0.4fcm (EC2. Eurocode 2, 2004) proposed the approximate relationships built on the experimental results provided by Equations 6, 7 to determine the strain εc1 at the average compressive strength of concrete and the ultimate strain εcu1.
εc1=0.00142−e−0.024fcm−e−0.140fcm(6)
εcu1 =0.004−0.00111−e−0.0215fcm(7)
[image: Graph showing the stress-strain curve for concrete. The curve peaks and then declines. Key points marked: \( \sigma_c \), \( \varepsilon_c \), \( f_{cm} \), \( f_{cu} \), \( \varepsilon_{c1} \), \( \varepsilon_{cu1} \). It includes a tangent with slope \( E_{cm} \) and angle \( \alpha \).]FIGURE 5 | Concrete modelling in ABAQUS (EC2. Eurocode 2, 2004).Equation 8 provided by EuroCode 2 (EC2. Eurocode 2, 2004) the research used nonlinear behaviour of structures to model the concrete stress-strain relationship.
σc=fcmkη−η21+k−2η(8)
Where in Equation 9
k=1.05Ecmεclfcm, η=εcεcl(9)
EuroCode 2 (EC2. Eurocode 2, 2004) also proposed an equation for the non-linear behaviour of the stress-strain relationship of structures, given by Equation 10
σc=Eoε1+εεco2(10)
Where, εco is compressive strain at peak loads, and according to EuroCode 2 (EC2. Eurocode 2, 2004) is equal to 0.002. EuroCode 2 (EC2. Eurocode 2, 2004) modified the tension-stiffening model of RC given by Figure 6. In this modified model, the only change was that the sudden drop of the tensile stress-strain curve at the critical strain εcr was from the ultimate stress σto to 0.77σto, instead of 0.80σto.
[image: Graph illustrating the relationship between averaged tensile strain (ε_t) and tensile stress (σ_t). The curve rises steeply to a peak at 1.25 ε_cr, then declines, crossing stress values 0.77 σ_t0, 0.45 σ_t0, and 0.10 σ_t0, at strain levels ε_cr, 4 ε_cr, and 8.7 ε_cr, respectively. Both axes have marked values and dashed lines for reference points.]FIGURE 6 | Tensile behaviour of Concrete in ABAQUS (EC2. Eurocode 2, 2004).The Tensile behaviour of Concrete in ABAQUS was estimated by using Equation 11 (EC2. Eurocode 2, 2004)
ft′=0.33fc′(11)
The softening branches in concrete’s compressive and tensile behaviours indicate crushing and cracking. The elastic range is defined by Young’s modulus and Poisson’s ratio, while the inelastic range uses stress-inelastic strain data. Additional plasticity parameters, such as dilation angle, viscosity parameter, stress ratio, eccentricity, and shape factor (K), are needed to accurately describe the material’s plastic behavior (Abaqus, 2012). The dilation angle reflects the material’s internal friction angle and affects shear dilation during plastic deformation. Plastic Potential Eccentricity measures how quickly the hyperbolic flow potential converges, typically set at 0.1. The stress ratio compares compressive yield stress in biaxial and uniaxial states, with a default of 1.16. The shape factor (K) indicates the hydrostatic effective stress ratio between tensile and compressive meridians, affecting the yield surface shape, and ranges from 0.5 to 1, with a default value of 0.667. Lastly, viscosity is a regularization parameter that converges the concrete’s constitutive equations during Abaqus/Standard analyses (Abaqus, 2012), helping ensure numerical stability. These parameters, as summarized in Table 2, are critical for accurately modelling the nonlinear behavior of concrete under various loading conditions.
TABLE 2 | Properties of concrete used in the model (Abaqus, 2012).	Material	Concrete
	Poisson’s ratio	0.2
	Modulus of elasticity (MPa)	*DS
	Cylinder compressive strength (MPa)	*DS
	Tensile Strength (MPa)	*DS


a Depends on Studies = DS.
4 MODELING AND CALIBRATION OF CONTROL MODELS
4.1 FEM modelling
Figures 7, 8 explain the detailed modeling process of the RC frame in ABAQUS (Abaqus, 2012). The front view of the SSSB is depicted in Figure 7a, while Figure 7b shows the beam-column connection, where the column’s bottom face is the master surface and the beam’s top face is the slave surface. This interaction approach also applies to the connection between the beam and the steel plates in Figure 7c. The RC frame’s support conditions, fixed at the bottom, are illustrated in Figure 7d. A 60 mm thick rigid steel plate was attached to the beam using a 'tie constraint' per ABAQUS standards, with the plates modeled as rigid elements having a Young’s modulus of 210 GPa and a density of 7.85 × 10−9 ton/mm3. Lateral loading was implemented to maintain the top end of the beam in a free state, thereby ensuring accurate representation of support conditions and load application. This approach guarantees a precise assessment of both support and loading parameters.
[image: Four-panel graphic showing 3D models of a frame from different angles. (a) Front view highlighting the structure. (b) Perspective view with red highlights on joints. (c) Different perspective emphasizing joint details. (d) Another angle showing base details with red highlights.]FIGURE 7 | Modelling of SSSB in ABAQUS (a) 3D model, (b) Connection between Beam & Columns, (c) Connection between steel plates and beam, and (d) Fixed support condition of Column.[image: Four-panel diagram showing different views of a finite element model of a frame structure. Panel (a) shows the structure with a solid view. Panel (b) displays it with selected sections highlighted. Panel (c) provides a wireframe view. Panel (d) presents a three-dimensional perspective highlighting the frame's geometric complexity.]FIGURE 8 | Modelling of SSSB in ABAQUS (a) Meshing of 3D model, (b) Steel Mesh in the frame, (c) Steel Mesh, and (d) Embedded steel mesh with concrete.Figures 8a–d, illustrates the modelling of the steel cage in the SSSB RC frame. As per the ABAQUS guidelines, the steel mesh should be embedded within the concrete, as shown in Figure 8b. Using this technique, the nodes of the reinforcing bar elements were constrained to maintain compatibility with the degrees of freedom (DOF) of the surrounding host elements (concrete), as depicted in Figure 8c. To evaluate the lateral load-deflection behaviour of the SSSB RC frame up to failure, a static load was applied to the beam’s left side through the displacement control method, by using the Static General option in Abaqus. The displacement increment was set to 10 mm, allowing for a gradual and controlled application of load until structural failure occurred.
4.2 Calibration of CPD parameters
The essential parameters for the damage plasticity model of concrete were calibrated using experimental data in conjunction with the Static General Load option in Abaqus. The calibrated values include: (1) viscosity parameter: 0.0028, (2) dilation angle: 38°, (3) shape factor: 0.677, and (4) stress ratio: 1.0, as described in Table 3. A static load was applied until failure, with displacement increments under control. The numerical load-deflection curves for the analysed RC frame were compared with experimental results, confirming that these calibrated values accurately simulate the material’s behavior under load.
TABLE 3 | Concrete damage plasticity parameters used in ABAQUS modelling (Abaqus, 2012).	Sr No	Descriptions	Values	Calibrated
	1	Viscosity Parameter, v	0.0018,0.0028,0.0038	0.0028
	2	Dilation Angle, ψ	33°, 38°, 43°	38°
	3	Shape Factor, Kc	0.667, 0.9, 1.0	0.677
	4	Stress ratio, σb0/σco	1.0, 1.16. 1.32	1


The load-deflection curves of the examined reinforced concrete (RC) frame, when compared to those obtained through experiments, indicated the following calibrated parameter values: (1) a viscosity coefficient of 0.0028, (2) a dilation angle measuring 38°, (3) a shape factor of 0.677, and (4) a stress ratio of 1.0. These calibrated parameters were determined based on the results from the control model (CM) tests, as shown in Figures 9 –12.
[image: Line chart showing the relationship between displacement in millimeters and lateral load in kilonewtons for varying viscosities and CM-EXP. Viscosities are 0.0018 in red, 0.0028 in blue, and 0.0038 in green. The black line represents CM-EXP. Each line shows a general trend of increasing lateral load with displacement.]FIGURE 9 | Lateral load-axial deformation response of CM against different values of viscosity.[image: Line graph showing the relationship between displacement in millimeters on the x-axis and lateral load in kilonewtons on the y-axis. Four lines represent different dilation angles: black for CM-EXP, red for 33 degrees, blue for 38 degrees, and green for 43 degrees. The graph indicates that higher dilation angles result in higher lateral loads.]FIGURE 10 | Lateral load-axial deformation response of CM against different values of dilation angle.[image: Line graph depicting the relationship between displacement in millimeters on the x-axis and lateral load in kilonewtons on the y-axis. It features four lines: black (CM-EXP), red (Kc-0.667), blue (Kc-0.9), and green (Kc-1.0). Each line shows different loading behaviors as displacement increases, with the green line reaching the highest load.]FIGURE 11 | Lateral load-axial deformation response of CM against different values of shape factor.[image: Line graph showing the relationship between lateral load (kN) and displacement (mm). Three lines represent different stress ratios: black (CM-EXP), red (1.0), blue (1.16), and green (1.32). The load increases as displacement increases, with variations between the lines.]FIGURE 12 | Lateral load-axial deformation response of CM against different values of stress ratio.The calibrated Control Model (CM) was subsequently utilized for the numerical analysis of additional models, as detailed in the following section. Figure 9 illustrates the effect of the viscosity parameter on the columns' load-deflection response. The performance of the viscosity parameter is influenced by the size of the time increment used in the analysis. To achieve optimal results, smaller viscosity parameter values should be evaluated in conjunction with the pseudo-time scale of the finite element analysis. According to (Khan et al., 2020; Saeed et al., 2015; Ahmad et al., 2023; Raza et al., 2021; Ahmad et al., 2021; Raza et al., 2019; Ahmad and Cotsovos, 2023; Ahmad and Raza, 2020; Khan et al., 2015) the time increment step should be approximately 15% of the pseudo-time to ensure greater accuracy. In this study, the time increment step was set to automatic, with both the initial and maximum increment sizes fixed at 0.01 throughout the analysis. The most accurate approximation of the viscosity parameter was 0.0028, selected from the tested values of 0.0018, 0.0028, and 0.0038. This calibration was conducted with the dilation angle held constant at 38° and the mesh size set at 20 mm, ensuring consistency across the simulations and providing reliable results for the numerical modelling.
The dilation angle is a key material parameter for concrete, physically interpreted as the internal friction angle of the material. A sensitivity analysis of the dilation angle was conducted to evaluate its influence on the axial load-deflection response of the control sample. The Drucker–Prager plastic potential function is mathematically defined by Equations 12, 13, where αp represents the dilatancy parameter for concrete. The flow potential function utilized in the CPD model is derived from the Drucker–Prager hyperbolic function (Abaqus, 2012). This function, expressed in Equation 12, is derived from Equation 13. In this formulation, ψ represents the dilation angle, which defines the angle of inclination of the failure surface about the hydrostatic axis. The parameter ε denotes the eccentricity of the plastic flow potential function, which governs the shape of the hyperbolic flow potential curve.
G=2J2+αpI1(12)
Additionally, σt0 refers to the uniaxial tensile strength of the concrete at failure. Using the Drucker–Prager plastic potential function, as defined by Lee and Fenves (Abaqus, 2012) in Equation 13, the value of the dilation angle ψ is set to 38.
Gσ=εσt0⁡tan⁡ψ2+q¯2−p¯tan⁡ψ(13)
In Equation 13, ψ is the dilation angle, ε is the eccentricity of the plastic flow potential function needed to modify the shape of the hyperbola and σt0 is uniaxial tensile strength of concrete at failure can be rewritten as Equation 14.
Gσ=εσt0⁡tan⁡ψ2+q¯2+13I1⁡tan⁡ψ(14)
For the considered range of αp, the dilation angle (ψ) is expected to lie between 31° and 42°. This study analysed dilation angles of 33°, 38°, and 43°.
The results revealed that a dilation angle of 38° provided the best agreement with the experimental data when the viscosity parameter was set to 0.0028, and the mesh size was 20 mm. Consequently, a dilation angle of 38° was selected for all specimens' finite element (FE) simulations. Figure 10 illustrates the influence of the dilation angle on the axial load-axial deformation response for the control model (CM). The load-deflection curves indicate that, although changes in the dilation angle affect the results, their influence is relatively minor compared to the significant effect of the viscosity parameter.
As it is exhibited by Figures 9, 10, the load-displacement curve in relation to viscosity and dilation angle exhibits a comparable trend. This correlation can be attributed to the opposing effects of these variables on one another. During the calibration process, when one parameter is altered, the other remains constant, allowing for a comprehensive examination of the specific impacts involved.
Figure 11 illustrates the impact of different shape factor values, denoted as Kc, on the load-deflection behavior observed in the control specimen. The analysis encompasses three specific Kc values—0.667, 0.9, and 1.0—chosen to represent a range from a lower bound of 0.667 to the upper limit of 1.0. These values were selected to investigate how variations in the shape factor affect the structural response under applied loads, particularly in terms of deflection characteristics. The results indicate that increasing Kc has no significant impact on the load-displacement curve, as illustrated in Figure 11. Consequently, a value of Kc = 0.667 was selected to achieve optimized results while minimizing computational time for the control model (CM).
For the calibration of the Stress ratio, σb0/σco (Abaqus, 2012) as shown in Figure 12, the different values 1.0, 1.16, and 1.32 are used. However, all the values exhibited the same results. Thus, the value of 1.0 is used to get the optimized results and analysis time for the CM.
4.3 Stresses of calibrated model
Figure 13 provides a comprehensive visualization of the structural response and failure mechanisms of the SSSB RC Frame at ULS, emphasizing the critical role of material behaviour and damage distribution. Figure 13, numerical predictions derived from finite element analysis conducted using ABAQUS demonstrate the detailed distribution of critical parameters along the span of the SSSB Reinforced Concrete Frame at the ULS;
	a. Stress (S33): The distribution of vertical stress (S33) along the span reveals tensile and compressive areas in the concrete frame under load.
	b. Strain (E33): Vertical strain (E33) distribution reveals deformation patterns indicating stress concentrations along the frame.
	c. Compressive Damage (DAMAGEC): Visualization of compressive damage (DAMAGEC) highlights zones of concrete degradation, especially in beam-column connections.
	d. Plastic Equivalent Strain (PEMAG): The Distribution of plastic equivalent strain (PEMAG) shows permanent deformations and significant inelastic behavior.
	e. Comparative Values: Graphical comparison of S22 (horizontal stress), E33 (vertical strain), and PEMAG (plastic strain) provides insights into their interactions along the frame.

[image: Four colored stress distribution diagrams labeled (a), (b), (c), and (d) show varying stress intensities in a structural setup, with increasing concentrations from blue to red. Diagram (e) displays three corresponding color scales labeled S, S33; E, E33; and PEMAG, depicting data ranges for each stress measure from blue (low values) to red (high values).]FIGURE 13 | SSSB RC frame (a) stress S33, (b) strain E33, (c) DAMAGEC, and (d) PEMAG at ultimate limit state (e) values for S22, E33, and PEMAG.The SSSB RC frame serves as the control model in this research due to the wealth of experimental test data available. Initially, flexural cracks were detected near the column bases when horizontal displacement reached approximately 6 mm. As the lateral load increased, additional cracks formed, especially around the connections between beams and columns, revealing significant stress concentrations in those areas. Eventually, diagonal cracks developed in the upper sections of the columns, extending into the beam-column joints. This underscores the progressive damage mechanisms and the susceptibility of these connections when subjected to lateral loading. Furthermore, the DAMAGE figure from ABAQUS is presented in Figure 15c, which compares the Damage with the experimental results and SAP 2000 results.
Figure 14 provides an in-depth view of the reinforcement’s stress and yield characteristics, emphasizing their role in resisting lateral loads and contributing to the specimen’s overall structural performance. Figure 14 Numerical predictions from the ABAQUS (Abaqus, 2012) finite element analysis illustrating the reinforcement behavior in the SSSB RC Frame at the ULS.
	a) Axial Yield Criterion (AC Yield) Distribution: This illustrates where the axial yield criterion is met or exceeded in the reinforcement bars, indicating the onset of plastic deformation under load. It highlights critical zones of yielding, essential for evaluating structural capacity and safety.
	b) Maximum Principal Stress (S, Max) Distribution: This analysis examines the distribution of maximum principal stress in reinforcement bars, with a focus on areas experiencing high tensile forces. These stress concentrations identify regions at risk of failure under tensile loading, providing insights for structural integrity and potential design optimizations for performance under extreme loads.
	c) The plot of the Axial Yield Criterion (AC Yield) and Maximum Principal Stress (S, Max) outlines the stress-strain behavior of reinforcement bars under load. It highlights the transition from reinforcement to plastic deformation, providing insights into axial stresses and principal tensile forces. This information is crucial for assessing structural performance and identifying areas needing design modifications for enhanced safety and resilience. Positive values indicate tensile stresses and strains, while negative values reflect compressive ones. The highest stress and strain values are observed at the base of the column and within the beam-column joint region.

[image: Panel (a) shows a structural analysis with color-coded stress distribution labeled "AC YIELD" indicating areas of varying stress levels. Panel (b) displays a similar structure labeled "S, Max. Principal" with corresponding stress levels. Panel (c) includes two color legends detailing the numerical stress values for each analysis with gradients from red to blue.]FIGURE 14 | SSSB RC frame (a) AC yield and (b) maximum principal stress at ultimate limit state (c) values for AC yield and s, maximum.Figure 15a: This figure illustrates the results of the push-over analysis conducted in SAP 2000 (SAP, 2013), focusing on the formation, location, and classification of plastic hinges in the frame members at the ULS. The plastic hinges are categorized into distinct performance levels B (Barely Yielded), IO (Immediate Occupancy), LS (Life Safety), CP (Collapse Prevention), D (Damaged Beyond Repair), and E (Failure)—providing a detailed depiction of the progressive failure mechanisms within the structure. Figure 15b: This counterpart visualization presents the corresponding predictions from ABAQUS. It offers an alternative perspective by showcasing the extent and severity of damage in the frame members as they approach failure. The ABAQUS (Abaqus, 2012) model captures the structure’s nonlinear behavior with higher fidelity, highlighting stress concentrations and regions of significant plastic deformation.
[image: Comparison of three results for a structural frame. (a) Experimental Result shows cracks marked in red and yellow lines on a grey frame. (b) SAP Result depicts a deformed frame with colored stress contours against a black background. (c) ABAQUS Result presents a color-coded finite element analysis of the frame, indicating stress distribution with blue to red gradient.]FIGURE 15 | Results of (a)experimental (b)SAP 2000, (c)ABAQUS for SSSB RC Frame.Figure 16 presents a comparative analysis of the load-deflection curves, showcasing the overall response of RC frames under applied loading as predicted by ABAQUS (Abaqus, 2012) and SAP 2000 (SAP, 2013) and the experimental data obtained during physical testing. The load-deflection curve from SAP2000 consistently predicts a higher load-carrying capacity for the RC frames than what is observed in experiments, highlighting the shortcomings of its modelling method. Conversely, the predictions made by ABAQUS are more in line with experimental results, successfully replicating the structural response under different loading conditions and demonstrating its reliability in modelling the complex behavior of RC frames.
[image: Line graph showing lateral load versus displacement. The x-axis represents displacement in millimeters ranging from 0 to 60, while the y-axis shows lateral load in kilonewtons from 0 to 80. Three lines represent different models: solid black for CM-EXP, dashed red for ABAQUS, and dotted blue for SAP. The SAP line generally shows higher lateral loads for given displacements.]FIGURE 16 | Comparison of Load-Deflection curves for SSSB RC Frame.5 NEW FEM MODELS
To evaluate the influence of varying reinforcement detailing, this study proposes analysing three numerical models following the calibration of the control model. A parametric study will be conducted, systematically altering the transverse reinforcement (stirrups) in the beams and columns. This adjustment entails deliberately decreasing the diameter of the stirrups or widening their spacing to promote a shear-critical failure mode. The Control Model (CM) served as the reference point for creating three new finite element analysis (FEA) models that featured different stirrup arrangements. These models comprised:
	i. Half Diameter of Stirrups in Beam (HDB) focuses on examining the consequences of exclusively decreasing the stirrup diameter within the beam section.
	ii. Half Diameter of Stirrups in Beam and Columns (HDBC) assesses the effects of uniformly reducing the stirrup diameter across both beam and column elements.
	iii. Double Spacing of Stirrups in Beam and Columns (DSBC) investigates the structural behavior when the spacing of stirrups is increased twofold in both beam and column areas.

Table 4 provides a comprehensive overview of the case studies for short and slender RC SSSB frames under shear failure (SF) conditions. This approach aims to deepen the understanding of how different reinforcement configurations impact the structural behavior and failure mechanisms of RC frames.
TABLE 4 | Case studies of SB RC frame SF.	Sr No	Description	Models
	1	Control Model	CM
	2	Half Stirrups’ diameter in Beam	HD
	3	Half Stirrups’ diameter Beam and Columns	HDBC
	4	Stirrups’ double spacing in Beam and Columns	DSBC


5.1 Case for HDB
For RC frame analysis (SSSB RC Frame C-SF), modifications have been made to examine the behavior of a modified frame known as HDB. The beams in this modified frame have transverse reinforcement that is half the size of the stirrups used in the control model. As a result, as shown in Table 4, the transverse reinforcement in the beams is reduced by 75% compared to the original frame that was experimentally studied. The transverse reinforcement arrangement in the modified frame under consideration is shown in Figure 17.
[image: Structural diagram of reinforced concrete beam system with dimensions and load specifications. Two sections, AA and BB, are shown. Section AA details D3 reinforcement with 4D12 bars at 160 millimeters. Section BB details D6 reinforcement with 4D12 plus 2D10 bars at 145 millimeters. Dimensions are given in millimeters, with a load of one hundred kilonewtons applied at two points.]FIGURE 17 | Reinforcement details of HDB.Figure 18 comprehensively illustrates the structural response of the HDB with reduced transverse reinforcement, emphasizing its impact on stress distribution, damage patterns, and failure mechanisms. Figure 18 described the stress (S33), strain distribution (E33), compressive damage (DAMAGEC), plastic equivalent strain (PEMAG), and their contour damage distribution in the modified specimen HDB at the ULS.
[image: Four images labeled (a) through (d) show color-coded stress and strain distributions on L-shaped frames, with variations primarily in blue, green, and red. Below, image (e) contains three color scales with values indicating different metrics labeled S33, E33, and PEMAG, averaging seventy-five percent. Each scale uses a gradient from red to blue, representing different value ranges.]FIGURE 18 | Hdb RC frame (a) stress S33, (b) strain E33, (c) DAMAGEC, and (d) PEMAG at ULS (e) values for S22, E33, and PEMAG.Figure 19 provides an in-depth view of the reinforcement’s stress and yield characteristics, emphasizing their role in resisting lateral loads and contributing to the specimen’s overall structural performance. The analysis presents numerical predictions of AC Yield and Maximum Principal Stress (S, Max) from ABAQUS for the Half Diameter of Stirrups in Beam (HDB) model at ULS. It reveals stress distribution and deformation patterns in reinforcement elements, emphasizing critical areas where materials approach capacity. This visualization illustrates how a reduced stirrup diameter affects the beam’s structural integrity and load resistance under extreme conditions, offering insights into the performance of reinforced concrete components at failure.
[image: Two finite element analysis diagrams show results for an L-shaped structure. Diagram (a) illustrates AC yield with a color gradient scale from blue to red indicating values from 0 to 1. Diagram (b) presents maximum principal stress with a similar color scale ranging from 0.5597 to 606.7. Diagram (c) displays the legends for AC yield and maximum principal stress, with corresponding color gradients and numerical values.]FIGURE 19 | Hdb RC frame (a) AC yield and (b) maximum principal stress at ultimate limit state (c) values for AC yield and s, maximum.Figure 20 provide a comparative analysis of the structural behavior of the modified Half Diameter of Stirrups in the Beam (HDB) model, as predicted by SAP2000 and ABAQUS. Together, these figures underscore the differences in predictive accuracy and detail between ABAQUS (Abaqus, 2012) and SAP 2000 (SAP, 2013) offering a comprehensive understanding of the structural response and damage mechanisms in the modified HDB model under extreme loading conditions.
[image: Two simulation results are compared. (a) SAP Result shows a structure with colored stress contours, outlined with a gradient indicating deformation. (b) ABAQUS Result displays a grid-like structural model with color gradients, illustrating stress distribution across the structure. Both results include color legends for interpretation.]FIGURE 20 | Results of (a) SAP 2000, (b) for HDB at ULS.Figure 21 offers a comparative evaluation of the load-deflection behaviour derived from experimental data and computational simulations. This comparison highlights the accuracy and reliability of the modelling techniques used to capture the structural response of the control specimen, providing insights into the applicability of each approach.
[image: Line graph showing the relationship between lateral load (kN) and displacement (mm). The black line represents CM-EXP, the red dashed line represents ABAQUS, and the blue dashed line represents SAP. The graph shows increasing lateral load with displacement, peaking between 40 and 50 mm, then decreasing slightly.]FIGURE 21 | Comparison of Load-Deflection curves obtained for HDB.5.2 Case for HDBC
To investigate the behavior of the RC frame with reduced transverse reinforcement, the Half Diameter of Stirrups in the Beam and Columns (HDBC) model was analyzed in comparison to the Control Model (CM), as outlined in Table 4. This modification results in a 75% reduction in transverse reinforcement in both the beams and columns compared to the original frame tested experimentally. A significant reduction in stirrup dimensions was implemented to assess its impact on structural performance, particularly in terms of load-carrying capacity, ductility, and damage progression. Figure 22 illustrates the transverse reinforcement details for the modified frame, including the updated configurations and reduced dimensions. These adjustments highlight the impact of transverse reinforcement on the structural behavior under loading conditions, providing a clear contrast between the CM and HDBC models. This comparison offers valuable insights into the critical role of stirrups in maintaining the stability and integrity of RC frames under applied loads.
[image: Structural diagram showing a reinforced concrete section with dimensions and loading details. Two sections labeled A-A and B-B are highlighted. Section A-A has a 120 millimeter width with four D12 bars and D3 ties at 160 millimeter intervals. Section B-B has a similar width, uses four D12 and two D10 bars, and D3 ties at 145 millimeter intervals. The primary structure shows two 100 kilonewton forces applied at the top, with horizontal dimensions of 3430 millimeters and vertical dimensions of 1640 millimeters.]FIGURE 22 | Reinforcement details of HDBC.Figure 23 comprehensively illustrates the structural response of the HDBC with reduced transverse reinforcement, emphasizing its impact on stress distribution, damage patterns, and failure mechanisms. Figure 23 described the stress (S33), strain distribution (E33), compressive damage (DAMAGEC), equivalent strain (PEMAG), and the contours of these values in the modified HDBC at the ULS.
[image: Finite element analysis results of a column-beam connection in four sub-images labeled (a) to (d), showing stress distributions with color gradations from red (high) to blue (low). Sub-image (e) provides color scales for variables S33, E33, and PEMAG, each with color-coded ranges indicating values used in the analysis.]FIGURE 23 | Hdbc (a) stress S33, (b) strain E33, (c) DAMAGEC, and (d) PEMAG at ULS (e) values for S22, E33, and PEMAG.Figure 24 provides an in-depth view of the reinforcement’s stress and yield characteristics, emphasizing their role in resisting lateral loads and contributing to the specimen’s overall structural performance. Figure 24 describes the axial yield criterion (AC Yield), Maximum Principal Stress (S, Max), and numerical predictions from the ABAQUS finite element analysis, which illustrate the reinforcement behaviour in the HDBC at the ULS.
[image: (a) Finite element analysis model displaying stress distribution with a color gradient scale from red to blue. (b) Similar model focused on maximum principal stress distribution. (c) Two color scales, left one for AC Yield ranging from +1.000e+00 to +0.000e+00, and right for Max. Principal Stress ranging from +6.067e+02 to -1.5597e-01.]FIGURE 24 | Hdbc (a) yield of AC and (b) maximum principal stress during ULS (c) data for AC yield and s, Max.Figures 25, 26 present a ABAQUS (Abaqus, 2012) and SAP 2000 (SAP, 2013) comparative analysis of the predictions obtained from SAP2000 and ABAQUS for the modified HDBC frame. The analysis reveals that SAP 2000 (SAP, 2013) tends to overestimate the load-carrying capacity of the modified frame compared to the predictions provided by ABAQUS (Abaqus, 2012). This observation highlights differences in the modelling and computational approaches of the two software tools.
[image: Comparison of simulation results in two panels. Panel (a) shows a SAP result with a skewed structure, highlighted by different colors on a black background. Panel (b) shows an ABAQUS result with a grid of squares in shades of blue, representing stress distribution within the structure. Both panels appear to illustrate structural behavior or deformation analysis.]FIGURE 25 | Results (a) SAP 2000, (b) Abaqus for HDBC.[image: Line graph showing lateral load in kilonewtons versus displacement in millimeters for three data sets: CM-EXP (solid black line), ABAQUS (dashed red line), and SAP (dotted blue line). Each line shows an upward trend, with CM-EXP peaking and then declining, ABAQUS plateauing, and SAP continuously increasing.]FIGURE 26 | Comparison of Load-Deflection curves obtained for HDBC.5.3 Case for DSBC
To investigate the behavior of the RC frame, increasing the spacing of the stirrups twice in beams and columns as DSBC, the model was analyzed in comparison to the CM as outlined in Table 4. This modification results in a 50% reduction in transverse reinforcement in both the beams and columns compared to the original frame tested experimentally. A significant reduction in stirrup dimensions was implemented to assess its impact on structural performance, particularly in terms of load-carrying capacity, ductility, and damage progression. Figure 27 illustrates the transverse reinforcement details for the modified frame, including the updated configurations and reduced dimensions. These adjustments highlight the impact of transverse reinforcement on the structural behavior under loading conditions, providing a clear contrast between the CM and DSBC models. This comparison offers valuable insights into the critical role of stirrups in maintaining the stability and integrity of RC frames under applied loads.
[image: Structural diagram showing a reinforced concrete frame with two sections labeled A-A and B-B. The frame, subjected to 100 kilonewtons of force, has dimensions of 3430 millimeters in width and 1640 millimeters in height. Sections A-A and B-B detail reinforcement specifics, with Section A-A featuring D6 at 320 millimeter spacing and 4D12 bars, while Section B-B includes D6 at 290 millimeter spacing and a combination of 4D12 and 2D10 bars.]FIGURE 27 | Reinforcement details of DSBC.Figure 28 comprehensively illustrates the DSBC’s structural response to reduced transverse reinforcement, emphasizing its impact on stress distribution, damage patterns, and failure mechanisms. Figure 28 described the stress (S33), strain distribution (E33), compressive damage (DAMAGEC), plastic equivalent strain (PEMAG), and contours of these values distribution in the modified DSBC at the ULS.
[image: Four heat map diagrams (a-d) show color-coded stress and strain distributions across a rectangular frame at different stages. Panel (e) features three legends, labeled S, E, and PEMAG, each with color scales representing numerical data from red (higher values) to blue (lower values).]FIGURE 28 | DSBC (a) stress S33, (b) strain E33, (c) DAMAGEC, and (d) PEMAG at ultimate limit state (ULS) (e) values for S22, E33, and PEMAG.Figure 29 provides an in-depth view of the reinforcement’s stress and yield characteristics, emphasizing their role in resisting lateral loads and contributing to the specimen’s overall structural performance. Figure 29 describes the axial yield criterion (AC Yield), Maximum Principal Stress (S, Max), and numerical predictions from the ABAQUS finite element analysis illustrating the reinforcement behaviour in the HDBC at the ULS.
[image: Two diagrams labeled (a) and (b) show structural analysis models with different stress contours. Diagram (a) shows "AC Yield" stress distribution, and diagram (b) shows "S, Max. Principal" stress distribution. Both have a color scale from red to blue indicating stress levels. The bottom image (c) presents close-ups of the color scales and corresponding numerical stress values for each analysis.]FIGURE 29 | Dsbc (a) yield for AC and (b) maximum principal stress at ultimate limit state (c) Measurements for AC yield and s, maximum.Figures 30, 31 present a comparative analysis of predictions obtained from ABAQUS (Abaqus, 2012) and SAP 2000 (SAP, 2013) for the modified DSBC frame. The comparison reveals that SAP2000 overestimates the modified frame’s load-carrying capacity compared to ABAQUS. This highlights differences in the computational methodologies and structural behavior predictions of the two tools for the modified DSBC frame.
[image: Comparison of SAP and ABAQUS simulation results. Image (a) shows the SAP result with a deformed structure on a black background, highlighting points in pink and blue. A color scale below indicates various parameters. Image (b) displays the ABAQUS result with a grid structure in blue and yellow, including annotations and a deformation scale.]FIGURE 30 | Results of (a) SAP 2000, (b) Abaqus for DSBC.[image: Line graph showing lateral load versus displacement for three models: CM-EXP in solid black, ABAQUS in dashed red, and SAP in dashed blue. Load increases with displacement initially, then decreases after a peak.]FIGURE 31 | Comparison of Load-Deflection curves for DSBC.5.4 Comparative study between FEM models
Figure 32 illustrates the comparison of lateral displacements by encompassing (i) experimental results, (ii) ABAQUS (Abaqus, 2012), and (iii) SAP-2000 (SAP, 2013) for the four case studies mentioned above, i.e., (a) CM, (b) HDB, (c) HDBC, and (d) DSBC. The experimental results are only available for the CM configuration, showing a lateral displacement of approximately 60 mm, whereas no experimental data is reported for HDB, HDBC, and DSBC.
[image: Bar chart comparing lateral displacement in millimeters for different case studies: EXP, ABAQUS, and SAP. Categories include CM, HDB, HDBC, and DSBC, represented by blue, orange, yellow, and purple bars, respectively. The highest displacement is in EXP for CM, around sixty-five millimeters, with ABAQUS and SAP showing varied results among categories.]FIGURE 32 | Lateral displacement comparison of all models.In the numerical simulations, ABAQUS shows varying lateral displacements, with the CM model reaching 30 mm, while other configurations (HDB, HDBC, DSBC) exhibit lower values. This indicates ABAQUS’s sensitivity to material properties and boundary conditions. In contrast, SAP results display uniform lateral displacements of 90 mm across all configurations, suggesting insensitivity to material variations or oversimplifications in modelling. Notably, the experimental displacement for the CM configuration is significantly higher than the predictions from both ABAQUS and SAP 2000, indicating challenges in accurately capturing real-world structural behavior in numerical simulations. In summary, while the numerical tools offer valuable insights, the consistency in SAP-2000 results and discrepancies from experimental data highlight the need for improved modelling. Furthermore, validating all configurations experimentally is crucial for enhancing reliability and strengthening the correlation between experimental and simulation results.
Figure 33 illustration compares lateral load across (i) experimental results, (ii) ABAQUS, and (iii) SAP-2000 for four case studies: (a) CM, (b) HDB, (c) HDBC, and (d) DSBC. Experimental data is only available for the CM configuration, which shows a lateral load of approximately 60 kN. The lack of data for HDB, HDBC, and DSBC limits validation of the numerical simulations. ABAQUS shows varying lateral load capacities, with HDB having the highest load, followed closely by CM; HDBC and DSBC exhibit slightly lower values. This indicates ABAQUS’s sensitivity to material properties and boundary conditions. In contrast, SAP-2000 displays a uniform lateral load of 90 kN across all configurations, suggesting that it may not effectively capture material-specific variations. The difference between the experimental load for the CM configuration and the numerical predictions from ABAQUS and SAP-2000 suggests limitations in the simulation models, which may not fully capture real-world conditions, such as imperfections and nonlinearities. While numerical simulations provide insights into structural performance, the consistent results from SAP, combined with the lack of experimental data for certain configurations, underscore the need for validation across all setups. Additionally, improving modelling strategies in numerical tools could enhance predictive accuracy. The FEA model, HDB, shows a 10.2% increase in lateral load compared to CM, while HDBC and DSBC exhibit discrepancies of −15.8% and −15.5%, respectively, compared to the experimental values.
[image: Bar chart comparing lateral loads for case studies of SSSB across three scenarios: EXP, ABAQUS, and SAP. Four models are represented: CM (blue), HDB (orange), HDBC (yellow), and DSBC (purple). Vertical axis shows load in kilonewtons, ranging from 0 to 90.]FIGURE 33 | Lateral Load comparison of all models.6 DISCUSSION AND CONCLUSION
Based on the findings derived from the analysis of the four examined cases, the finite element method (FEM) models demonstrated the behavior of reinforced concrete (RC) frames characterized by varying detailing. The results of these investigations underpin the following conclusions:
	• Incorporating shear effects is essential for the safe and realistic evaluation of the strength and ductility of RC frames, particularly critical frames that are still encountered in practice.
	• Numerical simulations using ABAQUS demonstrate sensitivity to material properties and boundary conditions, while SAP results show uniformity across configurations, suggesting potential oversimplifications. Refining numerical modeling approaches and incorporating material-specific variations are critical for improving predictive accuracy and bridging the gap between experimental and simulated outcomes.
	• The comparison of experimental and numerical results reveals significant discrepancies, particularly for the CM configuration, highlighting the limitations of numerical models in replicating real-world structural behavior. The absence of experimental data for DSN and HDN configurations underscores the need for comprehensive experimental validation to enhance the reliability of numerical simulations.
	• Numerical simulations conducted using ABAQUS exhibit sensitivity to variations in material properties and boundary conditions, while SAP results demonstrate consistency across configurations. This suggests potential oversimplifications in the models. It is essential to refine numerical modeling techniques and integrate material-specific variations to enhance predictive accuracy and bridge the gap between experimental results and simulated outcomes.
	• The comparison between experimental and numerical results highlights significant discrepancies, especially in the CM configuration, thereby emphasizing the limitations of numerical models in accurately reflecting real-world structural behavior. Moreover, the absence of experimental data for the HDB, HDBC, and DSBC configurations points to the necessity for comprehensive experimental validation to improve the reliability of numerical simulations.
	• The Finite Element Analysis (FEA) model, referred to as HDB, demonstrates a lateral load that is 10.2% greater than that of the control model (CM). In contrast, the results from the HDBC and DSBC models reveal notable discrepancies, with values that are 15.8% and 15.5% lower, respectively, in comparison to the experimental findings.

These observations highlight significant concerns regarding the foundational assumptions underpinning current methods for assessing reinforced concrete (RC) structures. The findings indicate an urgent need to develop more sophisticated design and evaluation tools capable of accurately capturing the behavior of RC structures under complex loading scenarios, including high temperatures, fire, impact, blast, and environmental factors. Furthermore, the results highlight the need to reassess the principles and assumptions underlying existing RC design codes to ensure their reliability and relevance in contemporary structural engineering practice.
These observations raise critical concerns about the underlying assumptions used in current methods for assessing RC structures. The findings suggest a pressing need for the development of more advanced design and assessment tools that can realistically capture the behavior of RC structures under complex loading conditions, including high temperatures, fire, impact, blast, and environmental actions. Furthermore, the results underscore the need to reassess the principles and assumptions underlying current RC design codes to ensure their reliability and applicability in contemporary structural engineering practice.
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