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Abstract

High rate of strain is frequently experienced by reinforced concrete (RC) structures subjected to dynamic
movements like impact loading. If the impact energy is not adequately absorbed, this can result in significant
damage or failure. The dynamic behavior of RC deep beams exposed to different impact velocities and drop
masses is investigated numerically in this work using the finite element program ABAQUS. To determine how to
effectively mimic nonlinear material behavior and damage development, six RC beam models were created and
examined using the Concrete Damaged Plasticity (CDP) model. Mid-span deflection, support reactions, internal
energy absorption, and patterns of compressive and tensile damage under various impact scenarios were the
primary areas of the analysis. The findings demonstrated the essential role impact velocity plays in structural
performance. Greater energy absorption, larger deflections, and more serious damage were the results of higher
velocities. Beam 5 demonstrated a stable and balanced structural response among the examined configurations,
demonstrating effective loss of energy with controlled deformation and minor damage. These results highlight
the need of choosing suitable beam designs to enhance the performance of RC deep beams under dynamic loads
for safer structural design and demonstrate that impact velocity has a significant impact on damage severity.

Keywords: Impact Loading; Concrete Damaged Plasticity (CDP); Impact Velocity; Compressive and Tensile
Damage; Energy Absorption.

1 Introduction

Accidental strikes, falling objects, and car crashes frequently expose structures to abrupt impact stresses. High
strain rates and quick force transfer are applied to structural materials by these dynamic events, particularly
reinforced concrete (RC) deep beams. Impact loads, as compared with static loads, result in abrupt shear failure,
early cracking, and rapid stress concentrations. Under impact conditions, RC deep beams frequently exhibit more
brittle damage, rapid crack propagation, and significant mid-span deflection. Designing safer components for
buildings, bridges, and safety systems requires an understanding of how these beams perform in a variety of
situations.

The static performance of RC deep beams has been the subject of numerous studies. Bending and cracking
behaviour in beams strengthened with GFRP bars has been effectively simulated using nonlinear finite element
simulation (Metwally, 2015). Web openings impact crack development patterns and lower load-carrying ability
(Senthil et al., 2018; Campione and Minafo, 2012). It has been demonstrated that the addition of steel fibres and
recycled stone aggregate improves ductility and shear strength (Kachouh et al., 2022; Conforti and Minelli,
2015). Moreover, size effects have been shown to cause larger beams to fail more abruptly (El-Sayed and
Shuraim, 2015). Recent studies have concentrated on the impact and dynamic behaviour of RC deep beams.
Failure mechanisms have been found to be significantly influenced by impact velocity (Zhao and Qian, 2019). It
has been demonstrated that CFRP strengthening increases impact resistance (Sha and Hao, 2015). Several
models have been created to mimic the impacts of rapid loading and damage development in RC beams in an
attempt to better understand that behaviour (Yang et al., 2006; Cotsovos and Pham, 2008)

Despite these efforts, the combined effects of different impact velocities and drop weights on the failure modes

and energy absorption capacity of RC deep beams remain underexplored. To address this gap, the present study
uses ABAQUS to develop detailed nonlinear finite element models of RC deep beams subjected to vertical
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impact. The analysis focuses on three key response parameters: mid-span deflection, reaction force, and absorbed
internal energy. Concrete behavior is modeled using the Concrete Damaged Plasticity (CDP) model, which
simulates the material’s nonlinear stress-strain response, crack evolution, and stiffness degradation. Special
attention is given to the development of concrete compressive and tensile damage, allowing the identification of
critical failure zones and progression of damage under impact. The results of this study aim to improve
understanding of the dynamic behavior of RC deep beams and contribute to the development of safer, more
impact-resistant structural designs.

2 Methodology

Figure 1. shows the main processes of the finite element simulation technique and the modelling process used in
this investigation. The behavior of reinforced concrete (RC) deep beams under vertical impact was examined by
modelling. The beam geometry, which measured 1200 mm x 500 mm x 80 mm and had simply supported
boundary conditions at both ends to reflect genuine structural behavior, was chosen based on prior experimental
studies (Maaddawy and Sherif, 2009).

I
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Figure 1: Flowchart of the study

Concrete material behavior was defined using the Concrete Damaged Plasticity (CDP) model in ABAQUS,
which can capture nonlinear responses including tensile cracking, compressive crushing, and stiffness
degradation.

3.1 Materials

The reinforcing steel used in this investigation had a yield strength of 418 MPa and was modelled as S355 grade.
To compensate for their different mechanical behaviors, concrete and steel's material properties were defined
independently in ABAQUS. Key characteristics, such as density, Poisson's ratio, compressive and yield
strengths, and modulus of elasticity, are compiled in Table 3.1. For concrete, the Concrete Damaged Plasticity
(CDP) model was used to simulate nonlinear behavior under impact loads. The plasticity parameters used in the
CDP model are listed in Table 3.2 (Hafezolghorani et al., 2017).

Table 3.1: Material Properties

Parameter Concrete (Grade 25) Steel (S355)
Modulus of elasticity 25253 MPa 210832 MPa
Yield strength - 418 MPa
Compressive strength 25 MPa -
Density 2.40E-09 tonne/mm? 7.80E-09 tonne/mm?
Poison’s ratio 0.2 0.3
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Table 3.2: Plasticity Properties of Concrete

Parameter Value
Dilation angle 31
Eccentricity 0.1
Fb0/fc0 1.16
Viscosity 0
k 0.67

All material data were sourced from the Ahmed EIKady CDP Generator for concrete (Elkady and Elkady, 2023)
and the Steelmat Generator for steel (Elkady, 2023). These generators provide reliable input values based on
validated experimental databases.

3.2 Numerical Modelling

In this study, a reinforced concrete deep beam was modeled in ABAQUS using the Dynamic Explicit step to
simulate impact loading. A rigid striker was dropped at the mid-span of the beam from heights of 500 mm and
1000 mm. Based on these heights, initial velocities of 3.13 m/s and 4.43 m/s were applied to simulate falling
conditions. The impact mass was changed between 300 kg, 500 kg, and 1000 kg to study different levels of
force. A total of six beams were tested under these conditions. The details of each case, including the drop
height, mass, and initial velocity, are listed in Table 3. This method helped to clearly observe how the beam
responds under different impact levels by tracking deflection, support reaction, and energy absorption.

3.2.1 Modeling of the deep beams

The reinforcement detailing used in this study was adopted from a previous experimental investigation
(Maaddawy and Sherif, 2009), as illustrated in Fig. 2 The deep beam had a total length of 1200 mm, an effective
span of 1000 mm, and a rectangular cross-section of 500 mm x 80 mm. The tension reinforcement consisted of
four 14 mm diameter deformed steel bars, while the compression reinforcement included two 8 mm diameter
bars. Web reinforcement was provided using 6 mm diameter smooth bars, arranged at 150 mm spacing in both
vertical and horizontal directions. The vertical bars were provided as closed stirrups, while the horizontal bars
were placed longitudinally on both faces of the beam. To simulate realistic boundary conditions and corrosion
protection, a clear cover of 15 mm was maintained at the top and bottom and 10 mm on the vertical sides.
P
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Figure 1: Detailing of the beam

Table 3: Designations and details of RC deep beams modelled under impact load

Beam ID Mass (kg) Drop Height (mm) Initial Velocity (m/s)

Beam 1 300 500 3.13
Beam 2 500 500 3.13
Beam 3 1000 500 3.13
Beam 4 300 1000 443
Beam 5 500 1000 443
Beam 6 1000 1000 4.43

3.2.2 Boundary Conditions and interactions

In this study, the reinforced concrete deep beam was modeled with simply supported boundary conditions, where
both ends of the beam were fixed at the base. The impact load was applied at the top mid-span of the beam using
a rigid striker. The contact between the support and the beam was defined as surface-to-surface with tie
constraints, ensuring no slip at the supports. For the impact, surface-to-surface contact was also used between the
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striker and the beam surface, with hard normal and frictional tangential behavior to simulate real impact
conditions. By leveraging the embedded area technique, the steel reinforcement was positioned inside the
concrete, enabling the bars to move with the concrete as it was loaded

4, Numerical Results and Discussions

This section presents the computations for reinforced concrete deep beams under various loading loads. The six
beam types that have been studied with different impactor masses and drop heights are listed in Table 3.
Important response parameters were studied, including mid-span deflection, reaction force at the supports, and
internal energy absorption. Concrete tensile and compressive damage were also included in the analysis, enabling
a thorough evaluation of failure and cracking patterns in every case. Impact velocity is the primary factor
influencing the dynamic response and failure mechanism of RC beams under drop-weight loading, according to
the research carried out by Zhong et al. (2023). The observed failure types gradually changed from flexural to
flexural-shear, shear, and ultimately punching failures as the impact velocity rose. Higher velocities cause greater
displacement and energy absorption, as seen by the almost linear increase in both peak and residual mid-span
displacements with the ratio of impact kinetic energy to static bearing capacity. How the beam reacts to increased
velocity and load intensity is immediately reflected in the comparison of outcomes across various impact
instances.

4.1 Absorption of Internal Energy

The internal energy captured by the reinforced concrete deep beams during impact loading is presented in Table
4. With the impactor released from a height of 500 mm (Beam 1, Beam 2, and Beam 3), the absorbed energy was
fairly consistent, ranging from 46,840 J to 47,256 J. Despite variations in the mass of the impactor, the initial
velocity remained steady at 3.13 m/s, which led to similar levels of energy absorption. When the drop height was
increased to 1000 mm, the initial velocity increased to 4.43 m/s, resulting in a notable rise in the absorbed
internal energy. Beams 4, 5, and 6 absorbed energies ranging from 1,752,833 J to 2,067,623 J. This clearly
shows that beams impacted from a higher height with greater velocity absorbed much more energy. The results
highlight how drop height and initial velocity strongly affect the energy transferred into the beam during impact,
leading to higher internal energy dissipation.
Table 4: Absorbed internal Energy while dropped

Beam ID  Energy (J)
Beam 1 46840.41
Beam 2 47173.47
Beam 3 47256.76
Beam4  1752833.38
Beam5  1934003.63
Beam 6  2067623.50

4.2 Mid - span deflections

Fig. 3 presents the mid-span deflection curves of RC deep beams subjected to vertical impact loading over a time
interval of 1 second. Prior to impact, the beams exhibited negligible displacement. A sharp increase in deflection
was observed immediately following impact, corresponding to the applied initial velocity and impactor mass.
Beams subjected to higher velocities and greater drop masses demonstrated amplified deflection responses.
Notably, Beam 6, impacted with the highest initial velocity and mass, experienced the maximum deflection.
Post-impact, the displacement curves reached a plateau, indicating structural stabilization.
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Figure 2: Deflection curves
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4.3 Reaction forces at support

Fig. 4 shows the variation of reaction forces at the support over time during impact loading. The forces fluctuate
throughout the loading phase, forming wave-like patterns that reflect the response of the RC deep beam. Beams
subjected to lower initial velocities with smaller impactor masses exhibit sharper and more frequent oscillations
after impact. In contrast, beams with higher initial velocity and higher impactor masses increase the peak
reaction force but show reduced oscillations in the reaction forces, indicating less elastic-like and damped
behavior.

force (N}
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Figure 3: Reaction forces at support during impact load (a) Beam 1, (b) Beam 2, (c) Beam 3, (d) Beam 4, (e)

Beam 5, and (f) Beam 6
4.4 Damage evaluations

Figures 5 and 6 show the concrete compressive and tensile damage in six RC deep beams under different impact
conditions. Beams impacted with a lower initial velocity of 3.13 m/s and different masses (Beam 1 to Beam 3)
experienced smaller damage areas in both compression and tension. However, when the initial velocity increased
to 4.43 m/s, the damage became more severe. Beam 6, which had the highest mass (1000 kg) and velocity,
showed the largest compressive damage under the impact point and the widest tensile cracks across the beam.
This indicates that higher impact energy causes more serious damage in both compression and tension zones of
the beam.
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Figure 4: Concrete compressive damage, (a) Beam 1, (b) Beam 2, (c) Beam 3, (d) Beam 4, (e) Beam 5, and (f)
Beam 6
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Figure 5: Concrete tensile damage, (a) Beam 1, (b) Beam 2, (c) Beam 3, (d) Beam 4, (e) Beam 5, and (f) Beam 6
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5. Conclusions

The numerical investigation revealed that both initial velocity and drop mass significantly influence the dynamic
response of RC deep beams under impact loading. The numerical results in this study (Zhong et al., 2023)
confirmed the findings of demonstrating that impact velocity is the dominant factor governing the dynamic
response and failure mechanism of reinforced concrete beams under drop-weight impact. Among all
configurations, Beam-6, with the highest mass and velocity, experienced the most severe compressive and tensile
damage due to high internal energy absorption and dissipation. However, its support reactions lacked consistent
wave propagation, indicating unstable behavior and a higher potential for structural damage. In contrast, Beam 5
achieved comparable internal energy absorption with less visible damage, demonstrating more stable and
controlled response. Beams 1, 2, and 3, subjected to lower velocities and smaller masses, showed minimal
damage and absorbed less energy. Among all tested cases, Beam 5 (500 kg impactor, 4.43 m/s velocity)
exhibited a stable and controlled deformation response with effective energy dissipation and limited damage,
suggesting a balanced design configuration for enhanced impact resistance.

References

Campione, G. and Minafo, G. (2012). Behavior of concrete deep beams with openings and low shear span-to-
depth ratio. Engineering Structures, 41, 294-306.

Conforti, A. and Minelli, F. (2015). Compression field modeling of fiber reinforced concrete shear critical deep
beams: A numerical study. Engineering Structures, 91, 112-128.

Cotsovos, D.M. and Pham, T.M. (2008). A predictive model for reinforced concrete beams under impact loading.
International Journal of Impact Engineering, 35(5), 319-335.

Elkady, A. (2023). ABAQUS_SteelMat_Generator: A tool for generating metal plastic and damage parameters
for ABAQUS. Zenodo, Version V23, 4.

Elkady, A. and Elkady, A. (2023). ABAQUS_CDP_Generator: A tool for generating concrete damage
parameters for ABAQUS. Zenodo, Version V23, 4.

El-Sayed, A.K. and Shuraim, A.B. (2015). Size effect on shear resistance of high strength concrete deep beams.
Alexandria Engineering Journal, 54(3), 593-604.

Hafezolghorani, M., Hejazi, F., Vaghei, R., Jaafar, M. S., & Karimzade, K. (2017). Simplified damage plasticity
model for concrete. Structural Engineering International, 27(1), 68-78.
Kachouh, H., Boulekbache, B., Hamrat, M. and Amziane, S. (2022). Numerical modeling of concrete deep
beams made with recycled aggregates and steel fibers. Construction and Building Materials, 314, 125560.
Maaddawy, T.E. and Sherif, S. (2009), “FRP composites for shear strengthening of reinforced concrete deep
beams with openings”, Compos. Struct., 89(1), 60-69.

Metwally, 1.M. (2015). Three-dimensional nonlinear finite element analysis of concrete deep beams reinforced
with GFRP bars. HBRC Journal, 11(1), 134-142.

Senthil, P., Palani, G.S., lyer, N.R. and Santhi, A.S. (2018). Computation of stress-deformation of deep beam
with openings using finite element method. Materials Today: Proceedings, 5(1), 2088-2096.

Sha, Y. and Hao, H. (2015). Laboratory and numerical study of CFRP-strengthened RC piers against barge
impact. Advances in Structural Engineering, 18(6), 791-808.

Yang, K.H., Chung, H.S. and Ashour, A.F. (2006). Influence of reinforcement detailing on the behavior of
reinforced concrete deep beams with openings. ACI Structural Journal, 103(6), 779-787.

Zhao, W. and Qian, K. (2019). Shear mechanisms in reinforced concrete beams under impact loading.
Engineering Structures, 199, 109616.

Zhong, J., Song, C., Xu, J., Cheng, Y., & Liu, F. (2023). Experimental and numerical simulation study on failure
mode transformation law of reinforced concrete beam under impact load. International Journal of Impact
Engineering, 179, 104645.

189



