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Brittle characteristics, low tensile strength, and rapid crack 

propagation upon exposure to impact loads are some of the 

issues associated with concrete. This study predicts reinforced 

concrete (RC) beam failure modes under impact loads using 

experimental tests and numerical simulations. This paper 

simulates the drop test of a hammer using the nonlinear finite 

element method (FEM) and the powerful FE analysis software 

LS-DYNA. The developed model, unlike other numerical 

research, boasts a high computational speed and can effectively 

simulate real impact test conditions, like a vehiclecollosion with 

a bridge barrier. Also, the material models introduced for 

concrete and steel can be used in low to high strain rates for 

impact with different loading rates (LR).The components of the 

model include concrete, rebar, stirrup, and hammer. The 

reinforcement is modeled by beam elements, while the other 

parts consist of solid elements with an average size of 10mm. 

CONCRETE DAMAGE and PEICEWISE LINEAR 

PLASTICITY are used for describing the material behavior of 

concrete and rebar-stirrup, respectively. The interaction 

between parts, due to the different behavior of their materials, is 

carefully considered in the analysis. The difference in maximum 

displacement at beam midpoint between the impact test and the 

numerical simulation is less than 8%, highlighting an acceptable 

agreement between the results. The plastic strain contour for the 

RC sample test S1616 shows flexural failure modes at a drop 

height of 0.15 meters. The effects of the loading rate (LR) and 

concrete compressive strength are discussed. For every 10 MPa 

improvement in concrete compressive strength, mid span 

displacement decreased by about 10%. Impact force increases 

by roughly 31% at high loading rates (LR = 10 m/s), and 

compressive strength ranges from 32 MPa to 52 MPa. 
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1. Introduction 

Designs for reinforced concrete (RC) constructions should be for low-speed impact loads due to 

their exposure to falling rocks in mountainous areas, as well as heavy loads falling in factories and 

warehouses. The main weaknesses of concrete include brittle behavior, low tensile strength, and 

rapid expansion of cracks, so that when exposed to dynamic loads such as impact, in addition to its 

damage, it may damage the surrounding environment due to spalling [1–3]. So, in recent years, 

evaluating the performance and reducing the vulnerability of RC structures under the influence of 

impact loads has become an important issue for engineers and designers. 

Impact loading is a very intense loading mode that is applied in a very short time. In impact loading, 

the behavior of materials is different in the fracture zone pattern and impact energy consumption 

mechanism. Brittle materials typically consume elastic energies as surface energy without forming a 

failure area. Plastic failure areas in ductile materials can consume a lot of energy. For semi brittle 

materials, a large failure area that consumes a large amount of energy before failure is usually 

formed. 

So far, a lot of research has been done regarding the effect of impact on concrete. ACI 544 [4] has 

proposed the weight drop test to evaluate the impact resistance of concrete. This test is widely used 

due to its simplicity and low cost, but the data obtained from it often has a large dispersion [5] and 

coefficient of variation greater than 25%. In the Reddy study [6,7], the behavior of HSC slabs was 

compared to entrenched reinforced slabs in the same arrangement. When strengthening investigated, 

dynamic measures including maximum acceleration and index of structural damage—the energy 

needed to generate a unit fracture length from an impact—were found to be dependent on steel 

ratio. 

In order to accurately assess the safety of RC beams subjected to impact loading, the estimation of 

the bending capacity and the response of their maximum deformation is considered an important 

index of failure [7–11]. On the other hand, providing a reliable model based on numerical methods 

such as finite element (FE), boundary element (BE), etc., which has the ability to examine the 

impact load behavior of RC structures, has always been considered by researchers by extracting 

parameters and relationships affecting cracking. They have proposed factors to prevent and reduce 

damage to these structures [12–14]. 

Utilizing both experimental and numerical methods, Anil et. al. [15] examined the behaviors of RC 

beams in ECC concrete with PVA fibers, as well as in low- and normal-strength concrete. Ozbolt et 

al. [16] created a numerical simulation of RC beams under impact for failure patterns and the effect 

of shear reinforcements. They discovered that the loading rate has a significant effects on the failure 

mechanism of RC beams. Several numerical investigations employing FE code are conducted for 

impact assessments of RC beams. 

The load-carrying capacity of RC beam column joints was calculated using soft computing 

approaches, such as multilinear regression with a genetic algorithm and an artificial neural network 

(ANN) [17–19]. The experimental and numerical analyses are performed on the strength of concrete 

beams reinforced with steel bars and Fiber-Reinforced Polymer (FRP) under impact [20,21]. 

Recently, wavelet transform-based numerical models have been suggested to assess damages and 

crack propagation trends in reinforced concrete beams of different severities and locations [22,23]. 

This paper uses the powerful FE analysis software LS-DYNA to simulate the drop hammer test on a 

RC beam based on Fujikake et al.'s experimental test [14]. The numerical model presented in this 

study can be a practical tool to predict the failure modes of RC beams under different loadings and 
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reduce the costs of destructive tests. This FE code performs numerical calculations quickly in 3D 

analysis compared to other numerical research. The material model of the RC beam in this study 

can represent concrete's complex behavior in compression and tension at different strain rates and 

predict the crack pattern. The suggested FE model enables parametric impact loading assessments, 

such as bridge structure under vehicle collisions. The agreement of the results obtained in the 

numerical analysis with the experimental test confirms the validity of the numerical model in this 

paper. 

In the nonlinear analysis to evaluate the bending capacity of RC beams, the effect of the vertical 

distance from which an object falls and the quantity of reinforcement placed along the length of a 

structure are considered. The fracture index of RC beams is based on the maximum mid span 

deformation of the RC beam and the maximum impact load. After the validation of the numerical 

result, the mesh convergence study for RC beam deflection and impact force is performed for the 

independence of the results from the element size. The loading rate and compressive strength of 

concrete were the variables examined in the parametric investigation. The bending failure mode of 

RC beams with low 32 MPa, medium 42 MPa, and high 52 MPa compressive strength are 

compared at LR= 2, 4, 6, 8, and 10 m/s. 

2. Experimental test description 

2.1. Impact response of concrete 

The behavior of concrete beam under impact loading includes two phases of response, according to 

Fig. 1. The stress wave at the loading point, which occurs very quickly after the impact, causes the 

local response, and the elastic-plastic deformation, which occurs over a long period of time in the 

entire concrete structure, causes the overall response. The overall response is mostly determined by 

the loading rate effect and the structure's dynamic behavior. 
 

 
Fig. 1. Impact response of RC. 

 

2.2. Drop hammer test of rc beam 

As shown in Fig. 2, the dimensions of the drop impact test [24] are 1700 mm in length and 150 mm 

x 250 mm in cross-sectional area.  According to Table 1, the longitudinal reinforcement includes 

D16 with a yield stress of 426 MPa. D10 bars with a distance of 75 mm and yield stress of 295 MPa 

have been used as stirrups. 
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Fig. 2. Dimensions of RC beam with steel bar. 

 

In accordance with the JSCE concrete standard [24], the RC beam's bending and shear strengths are 

computed, and specified in Table 2. 
 

Table 1. Rebar arrangement in concrete. 

Tension state Compression state  

𝑨𝒔 (2mm ) Number-Size (mm) 𝑨𝑺
′  (mm2) Number-Size (mm) Sample 

397 2_D16 397 2_D16 S1616 

 

Table 3 shows the concrete mix fraction in this test. Concrete has compressive strength equivalent 

to 42 MPa, and the employed aggregates have a maximum size of 10 mm. 
 

Table 2. Bending and shear strength of rebars. 

RS /RM 
Shear strength 

RS 

Bending strength 

RM 
Sample 

2.55 232 91.1 S1616 

 

For applying impact loading, according to Fig. 3.a drop hammer setup was used. A 400-kg hammer 

is dropped from the upper surface and in the middle span of the RC beam by a height of 0.15 m. RC 

beam support along a 1400 mm span with its special design allows for free rotation; while the 

displacement degree of freedom is fixed. Hammer-RC contact force and the middle deformation of 

the concrete beam are measured using a dynamic force sensor (load cell) and a laser displacement 

sensor, respectively (Fig. 3). A thin plastic sheet is installed on the bottom surface of the RC, which 

increases the accuracy of the laser sensor to record the response by 100 kHz sampling. 

 
Fig. 3. Details of the experimental setup. 
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3. Finite element method simulation 

In this paper, the powerful finite element (FE) analysis software LS-DYNA is used to simulate the 

hammer drop impact on RC with the explicit dynamic nonlinear finite element method (FEM). This 

software describes material behavior using roughly 190 material behavior models and 13 equations 

of state (EOS). 

.  

 
Fig. 4. Finite element model for drop hammer impact on RC. 

By applying the correct conditions of the physics of the problem, including the material model, 

boundary conditions, contact algorithms, loadings, and good element quality for meshing, it is 

possible to extract results with high accuracy in comparison with experimental tests. The numerical 

model is developed according to Fujikake et al.'s [25] with the dimensions of Fig. 3, in LS-DYNA 

is shown in Fig. 4. The material model of concrete includes the definition of the stress-strain 

relationship, the failure criterion, and post-cracking behavior. LS-DYNA software has several 

material models to describe concrete behavior. 

3.1. Constitutive material models 

MAT_CONCRETE_DAMAGE material model is capable of modeling the complex behavior of 

concrete in compression and tension under loads, even with a high strain rate [26]. 
 

Table 3. Mix proportion of concrete [25]. 

Slump (cm) Air  )%(  
Unit weight (kg/m3) 

Ad G S C W 

15.5 4.5 4.16 943 726 416 185 

G=gravel, S=sand, C=cement, W=water. Ad=addition. 
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The theory of concrete fracture in this material model is based on Malvar's [27] and the fracture 

surface of concrete is defined according to the Willam-Warnke [28] as follows: 

Maximum failure level: 

∆σm = a0 +
p

a1+a2p
 (1) 

Residual failure level: 

∆σr = a0 +
p

a1f+a2fp
 (2) 

Yeild failure level: 

∆σy = a0y +
p

a1y+a2yp
 (3) 

Advanced failure level: 

∆σe = rf∇σ(
p

rf
) (4) 

The parameters 𝑎0, 𝑎1 and 𝑎2 are constants obtained from triaxial compression tests and unconfined 

compression tests. The enhancement factor for concrete strength 𝑟𝑓 is obtained from Fig. 5. 

Multiplying this coefficient by concrete's static compressive strength gives the improved strength at 

each strain rate. 
 

 
Fig. 5. The enhancement factor for concrete strength per strain rate. 

 

MAT_PEICEWISE_LINEAR_PLASTICITY material model is used for steel behavior. This 

material model in LS-DYNA software is an elastoplastic material model with the ability to define 

the plastic part in stress-strain curve. In this material model, there is also the ability to define the 

strain rate effect. The criterion for eroding elements in this material model is plastic strain, or the 

minimum time step. If the elements reach the failure strain or the time step of the solver is smaller 

than the specific amount determined in the material model, the software will remove those elements 

from the calculations. According to Fig. 6, in this model, the stress-strain curve is defined 

depending on the strain rate. 

To model the dynamic behavior of steel rebars, the parameters of increasing resistance are 

considered. The yield stress function of steel rebar based on Von Mises theory is as follows: 

σy = β[σ0 + fh(εeff
p

)] (5) 
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β = 1 + (ε̇
c⁄ )

1
r⁄
 (6) 

fh(εeff
p

) = Ep(εeff
p

) (7) 

Since the material of the hammer is very hard steel and does not change its shape, the rigid material 

model has been chosen for it. Meshing is of special importance in explicit analysis. The length of 

the element should be strictly controlled, and a regular grid should be used. 

 

 
Fig. 6. Strain rate effect on the effective plastic strain of steel [29]. 

According to Fig. 4 three-dimensional solid elements with an average size of 10 mm are used to 

model the hammer (impactor) and concrete; this type of element has an 8-node cubic geometry and 

each node has 9 degrees of freedom, including displacement, velocity and acceleration. The beam 

element is also selected for modeling the rebars and stirrup. The components of the FE model, 

including the physical properties of the material model and the type and number of elements, are 

specified in Table 4. 
 

Table 4. Finite element model components. 

 Concrete 
Rebar & Stirrup 

(Reinforcements) 

Hammer 

(Impactor) 

Material model *CONCRETE_DAMAGE_REL3 *PIECEWISE_LINEAR_PLASTICITY *RIGID 

Material 

parameters 

ρ = 0.0024 
𝑔𝑟

𝑐𝑚3⁄  

𝑆𝑐 = 42 𝑀𝑝𝑎 

ρ = 0.00783 
𝑔𝑟

𝑐𝑚3⁄  

𝐸 = 2𝑒5 𝑀𝑝𝑎 

𝜗 = 0.3 

𝜎𝑦 = 295 & 426 𝑀𝑝𝑎 

𝐸𝑡 = 689 𝑀𝑝𝑎 

𝜌 = 0.1.5 
𝑔𝑟

𝑐𝑚3⁄  

𝐸 = 2.07𝑒5 𝑀𝑝𝑎 

𝜗 = 0.3 

Element type Solid (Hex:CST) Beam (Hughes-Liu) Solid (Hex:CST) 

Number of 

elements 
63750 680 -1104 10368 
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The parameters 𝜌, 𝜗, 𝜎𝑦, 𝐸, 𝐸𝑡 and 𝑆𝑐 are density, poisson's ratio, yield stress, elastic modulus, 

tangent modulus and compressive strength of concrete, respectively. 

3.2. Contacts & interactions 

The contact algorithm is used to express the concept of interaction between different components in 

numerical simulation. In this study, AUTOMATIC_SURFACE_TO_SURFAE contact model was used 

for modelling the interaction between RC and hammer. The interaction between reinforcement and 

concrete, due to the different behavior of steel and concrete, should be carefully considered in FE 

analysis [30,31]. The inconsistency in the different behavior of steel and concrete due to the higher 

elastic modulus of steel compared to concrete and also the difference in the behavior of concrete in 

tension and compression leads to the separation of the contact between steel and concrete, and the 

result is slippage of reinforcements, local deformations and cracking. For this purpose, in this paper, 

*CONSTARINED_LAGRANGE_IN_SOLID issused. 
 

4. Result and discussion 

4.1. Validation of numerical model 

The common failure mode observed in the drop impact test is illustrated in Fig. 7 for 1616S sample. 

The beams show general bending failure at the fall height of 0.15 m. Local failure along with 

concrete crushing is observed in close proximity to the loading area, with a drop distance of under 

1.2 meters. 

 
Fig. 7. Failure modes of S1616 sample [25]. 

In the following section, we present a comparison between the drop hammer test and two major 

characteristics of the finite element method (FEM) to verify numerical simulation results. 
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Fig. 8. Comparison of effective plastic strain of RC (failure mode); Sample S1616. 

 

We discuss the maximum displacement at the midpoint of the RC beam and the impact force 

parameters. For the purpose of verifying the numerical model, the bending failure mode of concrete 

(crack pattern) that occurs after hammer contact is also assessed. 

The primary aim of this study is to validate a sample of experimental tests conducted by Fujikake et 

al. [14]. Once the accuracy of the numerical model has been verified, several parametric analyses 

can be performed using it. A total of 12 samples of RC beams were assessed for their response to 

impact [14]. In this study, we have selected the S1616 sample by 0.15 m drop height for precise 

verification among these samples. 

Fig. 8 shows the numerical simulation results with LS-DYNA FE software for the effective plastic 

strain (bending failure mode) of RC beam sample S1616. As can be seen in the contour of the 

plastic strain, the bending failure modes are consistent with the results of the drop impact test in 

Fig. 7 at a height of 0.15 m. 
 

 
Fig. 9. Comparison of mid span displacement for Sample S1616. 

Concrete vertical displacement comparison at mid span for the test and the numerical model for 

sample S1616 with a fall height of 0.15 m is shown in Fig. 9. The trend of the deflection of the RC 

beam for the numerical model and the test are similar. The maximum value of the displacement of 

the middle of the concrete beam span is 6.4 mm in the drop impact test and 5.9 mm in the numerical 

simulation. The difference is less than 0.5 mm (less than 8%,), which indicates the good agreement 

of the obtained results. 
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Fig. 10. Comparison of impact force for test and FE model; Sample S1616. 

In Fig. 10, the impact force for the test and the FE model for the S1616 sample with a fall height of 

0.15 m are obtained. As can be seen, the impact force starts with a high amplitude and then with a 

relatively low amplitude, with several consecutive peaks that reach zero in about 20ms. The 

numerical model's trend of changes and the number of maximum points match the experimental 

results (Fig. 10). The peak value shows a difference between numerical and experimental models. 

As can be seen in Fig. 3, the impactor geometry used in the drop hammer test was not exactly 

hemispherical with a radius of 90 millimeters, compared to the numerical model. This is the reason 

for the observed discrepancy. In this regard, it is important to point out that we considered the 

hemisphere shape, which is the closest geometry of the impactor in the experimental setup. 

The mesh convergence study is shown in Fig. 11 for the element sizes of 5, 10, and 20 mm, which 

models have the number of elements 596512, 75902, and 10982, respectively. As can be seen, RC 

beam mid-span deflection (Fig. 11-a) and the impact force (Fig. 11-b) as well as the change trends 

of the graphs for three different element sizes, are close to each other. For this reason, in order to 

save time and cost of numerical calculations, the element size of 10 mm is considered for analysis. 

 

 
Fig. 11. Mesh convergence study; (a) RC beam deflection, (b) Impact force. 
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4.2. Effect of the loading rate (LR) 

By validating the numerical model with experimental data, in this section, the parametric study is 

performed for the loading rate (LR), in other words, the instantaneous velocity of hammer-RC beam 

impact. For this purpose, to observe the different behavior of S1616 the loading rates from low to 

high rates of 2, 4, 6, 8, and 10 m/s are considered. As expected, the deformation of the middle of the 

RC beam should increase with the increase in the loading rate. Fig. 12 shows that the maximum 

deflection occurs at LR=10 m/s 10 with 184 mm. 

 
Fig. 12. Deflection at different loading rates. 

The maximum impact force under different loading rate conditions is shown in Fig . 13.  With the 

gradual increase of the loading rate from LR=2 m/s to LR=10 m/s, the impact force also increases 

from 189 kN to 900 kN, respectively. 

 

Fig. 13. Maximum impact force at different loading rates. 

As expected, the contour of the effective plastic strain of concrete (Fig. 14) shows that the lowest 

and highest flexural failure modes occur at LR=2  m/s and LR=10 m/s, respectively. 
 

 
Fig. 14. Concrete plastic strain contour at different loading rates (m/s). 
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4.3. Effect of the concrete compressive strength 

As shown in Figs. 15 and Table 5. the deflection of the RC beam decreased through strengthening 

the compressive strength. For every 10 MPa concrete compressive strength improvement, (32 MPa, 

42 MPa and 52 MPa), mid span displacement decreased by approximately 10%. 

 
Fig. 15. Mid span displacement at different concrete strength. 

The impact forces for concrete with low 32 MPa, medium 42 MPa, and high 52 MPa compressive 

strength are compared at  LR=2, 4, 6, 8, and 10 m/s. 

Table 5. Comparison of models. 

Model LR (m/s) Sc (MPa) IFmax (kN) 𝜹 (mm) 

S1616 1.715 42 
120 (EXP) 6.4 (EXP) 

170 (FE) 5.9 (FE) 

C2S32 2 

32 

 

189 7.7 

C4S32 4 403 32 

C6S32 6 547 76.1 

C8S32 8 622 127 

C10S32 10 769 188 

C2S42 2 

42 

189 7.41 

C4S42 4 433 29.7 

C6S42 6 620 72.3 

C8S42 8 790 124 

C10S42 10 900 184 

C2S52 2 

52 

197 7.16 

C4S52 4 461 27.6 

C6S52 6 682 69 

C8S52 8 851 121 

C10S52 10 1006 181 

EXP: Experimental result 

FE: Finite element result 

LR: Loading Rate 

Sc: Compressive strength of Concrete 

IF: Impact force 

𝛿: Mid span deflection of RC beam 

 

 

As shown in Fig. 16 and Table 5. in the case of low loading rate  (LR=2 m/s), concrete compressive 

strength has little effect, and the impact force is almost the same in 3 different cases. With growth in 

the loading rate of the impact force, there are significant changes in concrete compressive strength. 
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Regarding LR=10 m/s for low (32 MPa) to high (52MPa) compressive strength, impact force is 

increased by approximately 31%. 

 
Fig. 16. Impact force at different concrete strengths and loading rates. 

5. Research significance 

In this study, a nonlinear FE numerical model for predicting the bending failure mode of RC beam 

is developed using LS-DYNA. In 3D analyses, the speed of numerical calculations for this FE code 

is significantly high compared to other numerical research.. The obtained results are significant for 

the structural design and evaluation of reinforced concrete columns subjected to impact. We 

validate the numerical model by comparing it with laboratory data with a reasonable level of 

accuracy. The material model of the RC beam in this work can describe concrete's complex 

compression and tension behavior at varied strain rates., as well as predicting the crack pattern of 

concrete. The proposed FE model enables a comprehensive parametric study for various impact 

loading analyses, such as the bridge structure under vehicle collisions. 

6. Conclusion 

This work analyzes RC beam bending failure modes under drop hammer impact using experimental 

and numerical modeling methods. The hammer's free fall impact on RC is simulated using 

advanced LS-DYNA software and FE numerical approach. The numerical model can predict an 

accurate response of RC beam bending for failure modes and crack patterns under impact 

forces. For a wide range of impact loading analyses, including those involving bridge structures and 

vehicle crashes, the proposed FE model allows for an extensive parametric investigation in future 

studies. 

Deformation in the middle of the beam span and impact load are two important indexes to evaluate 

the RC beam damage. The results show that the maximum displacement of the concrete at mid span 

in the test and numerical simulation have less than 8% difference, which indicates a good agreement 

of the obtained results. The effective plastic strain contour of the RC beam sample S1616 indicates 

the similarity of the flexural failure modes with the experimental results at the fall height of 0.15 m, 

and therefore the validity of the numerical model is confirmed. 

This model can be used to develop parametric studies including fall height, configurations of 

longitudinal and transverse rebar, impact load conditions, compressive strengths of concrete, etc. to 

evaluate the failure modes of RC beams. In this paper, a parametric study was conducted for 5 

different loading rates and 3 concrete compressive strengths. The results show that: 
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1. The mid span displacement is decreased by approximately 10% for every 10 MPa increase in 

concrete compressive strength (32, 42, and 52 MPa). 

2. The concrete's compressive strength at low loading rates (LR = 2 m/s) does not have a major 

effect on the impact forces. 

3. At a low compressive strength of 32 MPa to a high compressive strength of 52 MPa, the impact 

force increases by approximately 31% when LR is 10 m/s. 

Due to cost and computing time, the numerical model for impact cannot accurately model long RC 

beams or simulate high strain rate impact conditions. To take on these issues, a more efficient 

numerical model with improved computational precision is needed. 
 

Notation 

Rebar area, mm2 𝐴𝑠 

Bending resistance of rebar, kN 𝑅𝑀 

Shear resistance of rebar, kN 𝑅𝑆 

Rebar dimension, mm 𝐷 

Constant of triaxial compression test 𝑎0, 𝑎1, 𝑎2 

Confining pressure of concrete at failure level, MPa 𝑝 

Concrete stress at maximum failure level, MPa ∆𝜎𝑚 

Concrete stress at yield failure level, MPa ∆𝜎𝑦 

Concrete stress at residual failure level, MPa ∆𝜎𝑟 

Concrete stress at advanced failure level, MPa ∆𝜎𝑒 

Enhancement factor for concrete strength 𝑟𝑓 

Hardening function 𝑓ℎ 

Effective plastic strain 𝜀𝑒𝑓𝑓
𝑝

 

Initial yield stress, MPa 𝜎0 

Stiffness, MPa 𝐸 

Tangent stiffness, MPa 𝐸𝑡 

Strain rate 𝜀̇ 

Plastic stiffness 𝐸𝑝 

Density, 
𝑔𝑟

𝑐𝑚3⁄  𝜌 

Strain rate parameter 𝛽 

Poisson ratio 𝜗 
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