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ABSTRACT 
 

Effect of flexural stiffness 

on the impact behavior of RC beam 

subjected to low-velocity impact loading 
 

Ahn, Hyukjun 

Department of Civil & Environmental Engineering 

The Graduate School 

Seoul National University 

 

The recent increase in terrorism and accidents has led to an increasing 

opportunity of structures being exposed to impact loads. As a results, the social 

need for impact resistance design of structures is increasing. Structural behavior 

under impact load conditions is very different from static load condition. 

Consequently, the guidelines designed for static loads are not applicable to impact 

resistance design. There are UFC-3-340-02 and ACI 349-13 for impact resistance 

design, but these two are guidelines for high-velocity impact loads with special 

facilities such as military and nuclear power plants, respectively. Therefore, there 

are no guidelines for impact resistance design to infrastructure with a relatively 

high risk of low-velocity impact load. 

In order to propose guidelines for impact resistance design of infrastructure, 

performance based design methods have been proposed through the maximum 

deflection of members under low-velocity impact loading. Therefore, predicting the 

maximum deflection of a member under low-velocity impact loading became very 

important. Empirical formulas were proposed by previous researchers to predict the 

maximum deflection of RC beams through drop weight impact test to simulate the 

low-velocity impact loading. Empirical formulas that can reflect the effect of the 
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impact energy and static flexural capacity as well as the momentum of drop weight, 

cross section size, and concrete compressive strength are used. 

However, the proposed empirical formula does not reflect the effect of 

flexural stiffness of RC beam. There were no previous researches that investigated 

the effect of flexural stiffness on impact behavior of RC beam. Therefore, 

preliminary finite element analysis was performed to confirm the effect of flexural 

stiffness on the maximum deflection. The results of finite element analysis 

confirmed that flexural stiffness affects the maximum deflection of the RC beam 

under impact load. 

Therefore, in this study, the research objective was to investigate the effect of 

flexural stiffness of RC beam on impact behavior subjected to low-velocity impact 

loading through drop weight impact test. Furthermore, based on the experimental 

results, modification of previous empirical formula was conducted to reflect the 

effect of flexural stiffness. In addition, static flexural test was conducted on all RC 

beams that performed drop weight impact test to assess the residual performance of 

damaged beams. Residual performance of damage beams can be useful in terms of 

determining repair, strengthening and usability. 

Through the drop weight impact test, impact behavior such as local damage, 

failure mode, impact force, inertial force, reaction force, and deflection of the RC 

beam under impact loads were investigated, and the results were analyzed in terms 

of flexural stiffness. Furthermore, residual performance was identified for damaged 

RC beams. Displacement ductility ratio and flexural stiffness of damaged beams 

compared to the intact beams were evaluated to quantitatively assess the reduction 

of performance of member. 

Finally, new empirical formula was proposed by modifying the previous 

empirical formulas based on drop weight impact test. Previous and newly proposed 

empirical formula were compared and analyzed through previous research data, 
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confirming that the newly proposed empirical formula predict well that other 

formulas. However, for some cases where the impact behavior was different, such 

as collapse of beam in the previous data, the difference between predicted and test 

data was very large. Therefore, in order to propose a range of usability of empirical 

formula, it is necessary that research in the failure mechanism of the structure 

under impact loads needs to be followed. Except for data with different impact 

behaviors, the empirical formula proposed in this work can be sufficiently utilized 

to predict maximum deflection over a wide range of variables. These results are 

expected to be used as the basis for impact resistance design guidelines for 

infrastructure. 

Keywords: Impact response, Impact resistance, Drop weight impact test, 

Empirical formula, Impact damage, Residual performance  

Student Number: 2019-25198 
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NOTATIONS 

 

Symbol  Definition and description 

sA  
= Nominal area of longitudinal tension reinforcement 

sA  = Nominal area of compression reinforcement 

b  = Width of concrete section 

c  = Distance from extreme compression fiber to neutral axis 

d  = Distance from extreme fiber to centroid of longitudinal 

tension reinforcement 

d   = Distance from the extreme fiber to the centroid of 

compression bars 

E
 

= Impact energy 

cE  = Elastic moduli of concrete 

kE  = Kinetic energy of drop weight 

sE  = Elastic moduli of reinforcement 

cf   = Compressive strength of concrete 

yf  = Yield strength of reinforcement 

g  = Gravitational acceleration 

h  = Drop weight 

crI  = Moment of inertia of cracked section 

L
 

= Span length 

m  = Mass of drop weight 
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yM  = Flexural strength of mid span at yield of reinforcement 

n  = Elastic ratio of reinforcement to concrete 

mP  = Mean impact force 

sP  
= Static flexural capacity of RC beam 

uP  = Ultimate flexural capacity of RC beam 

yP  = Yield load of RC beam 

t = Time 

v  = Impact velocity  

max  = Maximum deflection 

rd  = Residual deflection 

y  = Deflection at the yield loading 

y  = Deflection at the yield loading 

u  = Ultimate displacement 

  = Tension reinforcement ratio 

  = Compression reinforcement ratio 

  = Displacement ductility ratio 

y  = Curvature of mid span at yield of reinforcement 
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1. Introduction 

1.1. Research Background 

Recently, the interest in impact-resistance design of structures in on the rise 

due to the increase in terror and collision accident, such as rock falling, collision of 

car, ship and aircraft, etc. The structure behavior under these impact loading 

condition is significantly different from that of static loading. Therefore, design 

guidelines for the structures under the static loading cannot be applied in impact 

resistance design of structures. 

There are UFC 3-340-02 and ACI 349-13 which is the design codes for the 

structures under the impact and blast loading. These codes regulate the behavior of 

members to displacement ductility ratio and rotation angle under impact and blast 

loading. However, these codes apply only to specific structures, such as military 

facility and nuclear power plant, and high-velocity loading condition. So, there is 

no design guideline for infrastructures that have high risk for low-velocity impact 

loading due to the collision. 

To this end, for impact resistance design of infrastructures, maximum 

deflection, a key parameter for regulation of displacement ductility ratio and 

rotation angle in UFC 3-340-02 and ACI 349-13, has become one of the important 

indicator of impact resistance of members. Therefore, as a performance-based 

impact resistance design approach, studies for prediction of the maximum 

deflection of RC beam subjected to low-velocity impact loading have been 

conducted by many researchers. Several methods have been proposed for 

prediction methods including analytical, numerical, and empirical approaches. 

Analytical methods are often used to model a dynamic problem using SDOF 

or two DOF or three DOF spring-mass systems. A spring-mass model represent the 
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resistance of members as a spring and use equivalent mass of members to obtain 

displacement and inertial force of members. Because of the simplicity of modeling, 

SDOF and two DOF spring-mass systems were widely used to explain the impact 

behavior of beam by many researchers (Stochino et al., 2014, Yoo et al., 2015, 

Pham et al., 2018). In addition, time-varying two DOF model was also proposed to 

consider stress wave propagation effects occurred by impact loads (Yi et al, 2016). 

Furthermore, three DOF spring-mass systems were often adopted as several 

reasons. Three DOF spring-mass systems can be used to obtain the impact force 

which is major response to impact behavior. Also, it can model the shear behavior 

in impact region caused by the force transfer mechanisms of impact loads (Zhao et 

al., 2018). However, these spring-mass approaches has many difficulties in 

assuming such as dynamic strength increment of materials affecting dynamic 

structural behavior, equivalent mass of members according to impact behavior, and 

proper damper system. 

Numerical methods like finite element analysis and energy based methods are 

also used to simulate or predict impact behavior of members. There have been a 

few finite element analysis studies about the impact problem (Saatci and Vecchio, 

2009, Cotsovos, 2010, Kishi et al., 2011, Ozbolt et al., 2011, Anil et al., 2016, 

Pham and Hao, 2017, Yu et al., 2021). The finite element analysis is carried out by 

using explicit numerical methods in the commercial software. However, the high 

accuracy of finite element analysis results requires modeling techniques and a time 

consuming task. Energy based methods are often used to predict impact behavior 

especially deflection (Fujikake et al., 2009, Hwang et al., 2019, Kurihashi et al, 

2020). This method is made to estimate the impact energy-deflection relationship 

of RC beam considering the effects of various parameters based on energy 

conservation law. However, this method also includes the assumptions of dynamic 

strength increment due to strain rate effect and equivalent mass of member like the 

spring-mass method. 
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As it is very hard to determine the assumptions of the aforementioned 

methods, a few empirical formula has been proposed to predict behavior based on 

experimental results. Empirical formulas are widely used because they are easier to 

predict impact behavior than other methods. Therefore, empirical formulas are 

being modified by several researchers to expand the range of use. Variables 

affecting impact behavior are further considered within the empirical formula and 

the validity of empirical formula is being verified by expanding the range of 

variables. Previous studies of empirical formulas to date are as follows. 

1.1.1 Tachibana et al. (2010) 

Tachibana et al. (2010) performed the drop weight impact test to propose a 

performance based design method for RC beams under low-velocity impact 

loading. Total 21 types of beam with rectangular cross section 150 to 300 mm 

width, 150 to 400 mm height, and 1 to 4 m span length were tested with varying 

impact energy. The relationship between impact force and deflection of mid span 

was investigated and it was used to distinguish the impact behavior of RC beam. In 

addition, the relationship between impact energy, maximum deflection, and static 

flexural capacity was proposed based on relationship between mean impact force 

and static flexural capacity. Finally, the equation (1.1) to (1.3) were suggested. 

max

1
mP 


                            (1.1) 

1.36m sP P                            (1.2) 

max 0.52 i

s

E

P
                             (1.3) 

 

where,  
m

P  is mean impact force (kN); 
max
  is maximum deflection of mid 

span (mm); 
s

P  is static flexural capacity (mm); and 
i

E  is impact energy (J). 
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1.1.2 Kishi and Mikami (2012) 

Kishi and Mikami (2012) performed the drop weight impact test to establish 

an impact-resistance design procedure for RC structures based on performance 

based design concept. Total 36 RC beams with rectangular cross section 150 to 250 

mm width, 200 to 400 mm height, and 2 to 3 m span length were tested with 

varying impact energy. To design structures according to required static flexural 

capacity of RC beam determined by maximum and residual deflection, empirical 

equations for predicting deflection were proposed based on experimental results. 

Finally, the equation (1.4) to (1.5) were suggested. 

0.42 i
rd

s

E

P
                             (1.4) 

max 0.63 i

s

E

P
                             (1.5) 

 

where, 
rd

  is residual deflection of mid span (mm); 
i

E  is impact energy (J); 

s
P  is static flexural capacity (kN); and 

max
  is maximum deflection of mid span 

(mm) 

1.1.3 Zhan et al. (2015) 

Zhan et al. (2015) performed the drop weight impact test to better 

understanding of the impact behavior and provide a substantial volume of test data. 

Total 18 RC beams with rectangular cross section 120 mm width and 120 mm 

height, and 1.2 m span length were tested with various compressive strength of 

concrete, amount of longitudinal rebar, and impact energy. Based on test results, 

empirical formulas were proposed to predict maximum and residual deflection as 

equation (1.6) to (1.7). For equation (1.7), it is the same as the equation proposed 

by Kishi and Mikami (2012). The data comparison was also conducted with 

previous research data (Tachibana et al., 2010, Kishi and Mikami, 2012) and the 
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difference between the results was explained by the difference of method to 

evaluate of static flexural capacity. 

0.50 i
rd

s

E

P
                             (1.6) 

max 0.63 i

s

E

P
                             (1.7) 

 

where, 
rd

  is residual deflection of mid span (mm); 
i

E  is impact energy (J); 

s
P  is static flexural capacity (kN); and 

max
  is maximum deflection of mid span 

(mm) 

 

1.1.4 Adhikary et al. (2016) 

Adhikary et al. (2016) proposed two empirical formulas from the analysis of 

the experimental database. The database used in this study, comprised 174 beams 

tested under drop weight impact test. Out of the 174 specimens, 53 specimens were 

of static shear failure type and the remaining 121 specimens were static flexural 

failure type beam. Therefore, the proposed two empirical formulas can be used for 

the case of static shear failure type and static flexural failure type beams, 

respectively as equation (1.8) to (1.9).  

max 0.614 i

s

E

P
                             (1.8) 

max 0.574 i

b

E

P
                             (1.9) 

 

where, 
i

E  is impact energy (J); 
b

P  is static shear strength (kN); 
b

P  is static 

flexural capacity (kN); and 
max
  is maximum deflection of mid span (mm) 
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1.1.5 Yu et al. (2021) 

Yu et al. (2021) performed the drop weight impact test to overcome the 

limitations of previous studies such as limited impact energy ranges and few 

investigated parameters. Therefore, tests were conducted with five variables: 

impact energy, drop weight momentum, static flexural capacity, cross-section size, 

and concrete strength. Total 15 RC beams with rectangular cross section 400 mm 

width, 500 to 800 mm height, and 3.3 m span length were tested. Finally, the 

limitations of the previous studies were experimentally verified, and an empirical 

formula was newly proposed as equation (1.10). Furthermore, the proposed 

empirical formula was analytically verified through massive parametric study. 

   
0.56 0.412 3

max 2.56 s cr cm v P I f


                 (1.10) 

 

where, 
max
  is maximum deflection of mid span (mm); m  is drop weight 

mass (ton); v  is the impact velocity (m/s); 
s

P  is static flexural capacity (kN); 
cr

I  

is the moment of inertia of cracked section (m4); and 
c

f  is concrete compressive 

strength (MPa) 

Through the literature review, it has been confirmed that the previously 

proposed empirical formulas for predicting maximum deflection can take into 

account many variables. However, while these formulas were considering the effect 

of static flexural strength, effect of flexural stiffness which is defined as a slope up 

to yielding point in load deflection curve was not considered. An example of 

general load deflection curve and definition of flexural stiffness is as shown in 

Figure 1.1. Theoretically, in three-point loading condition, flexural stiffness can be 

obtained the ratio of yielding load to deflection according to yielding load 

calculated by the following equation (1.11) to (1.12) according to equivalent stress 

block method of ACI 318. 
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Figure 1.1 General load deflection curve 
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Therefore, the effects of flexural stiffness on maximum deflection should be 

reflected in previously proposed empirical formula. However, no previous study 

has studied the effect of flexural stiffness on impact behavior of RC beam. In order 

to identify the effect of flexural stiffness, preliminary finite element analysis was 

conducted and the tendency of the maximum deflection according to flexural 

stiffness was investigated. 
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1.2. Preliminary FE Analysis 

Preliminary finite element analysis was performed using the commercial 

software LS-DYNA which is based on explicit numerical methods. This software 

has been widely used to analyze the structural behavior to impact loads. FE model 

was established based on the test conducted by Yu et al. (2021). Considering the 

symmetricity of the test condition, half of the RC beam and drop weight were 

model as shown in Figure 1.2. The material model MAT_CONCRETE_DAMAGE 

_REL3 (MAT072R3) was used to model the concrete. The material model 

MAT_PIECEWISE_LINEAR_PLASTICITY (MAT024) was used for the 

reinforcements and supports. MAT_RIGID (MAT020) was used to model the drop 

weight with assumption that deformation of drop weight is relatively small. The 

perfect bond between concrete and reinforcements are assumed by 

CONSTRAINED_LAGRANGE_IN_SOLID keyword. The contact condition 

between drop weight and RC beam and between RC beam and supports were 

modeled by AUTOMATIC_SURFACE_TO_SURFACE keyword. In the impact 

problem, there are dynamic strength increment due to strain rate dependency of 

material. However, in this preliminary finite element analysis, the models of DIF 

applied to each material were not discussed in detail because the purpose of this 

analysis was to investigate the effect of flexural stiffness. 

 

Figure 1.2 FE modeling of drop weight test 
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An analysis on 4 cases of beams with different flexural stiffness was carried 

out. Flexural stiffness of the cases was calculated in three-point bending condition.  

The details of 4 cases are as shown in Table 1.1. The variable, flexural stiffness, 

was adjusted through the span length and amount of tensile reinforcement.  

Table 1.1. Details of preliminary finite element analysis cases 

Case 

Section 

width 

(mm) 

Section 

height 

(mm) 

Static 

flexural 

capacity 

(kN) 

Shear 

strength 

(kN) 

Impact 

energy 

(kJ) 

Flexural 

stiffness 

(kN/mm) 

1 

400 500 535 835 30 

103 

2 70 

3 44 

4 22 

 

Comparing the maximum deflection results of preliminary FE analysis with 

those of the previously proposed empirical formulas is as shown in Figure 1.3. 

Tachibaba et al. (2010) model, Kishi and Mikami (2012) model, and Adhikary et al. 

(2016) model showed consistent results regardless of flexural stiffness. However, 

Yu et al. (2021) model showed opposite tendency to FE analysis. The reason for 

this opposite tendency is moment of inertia of cracked section. The values of 

flexural stiffness and moment of inertia of cracked section for this 4 analysis cases 

show the opposite tendency as shown in Table 1.2. It can be determined that, as in 

the equation (1.10) proposed by Yu et al. (2021), the effect of moment of inertia of 

cracked section is reflected and shows opposite tendency to FE analysis results. 

Consequently, through the preliminary FE analysis, it is confirmed that all 

previously proposed empirical formulas cannot reflect the effects of flexural 

stiffness. For accurate prediction of maximum deflection, it is required to reflect 

the effects of flexural stiffness, and an experimental study for modification of 

empirical formula is required. 
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Figure 1.3 Maximum deflection results of analysis cases with previous empirical formulas 

 

Table 1.2 Flexural stiffness and moment of inertia of cracked section for analysis cases 

Case 
Flexural stiffness 

(kN/mm) 
cr

I   

(x 109 mm4) 

1 103 1.09 

2 70 1.28 

3 44 1.53 

4 22 1.93 
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1.3. Research Objectives 

In this study, experimental identification of effects of flexural stiffness of RC 

beam on impact behavior, which has not been considered in previous studies is 

performed. In addition, effect of flexural stiffness of RC beam on maximum 

deflection, which is being used one of the impact resistance index, is 

experimentally investigated. Based on test results, a new empirical formula is 

proposed that can affect flexural stiffness of beam. Furthermore, residual 

performance evaluation of damaged beam is additionally conducted. To overcome 

the limitations of the number of previous studies in evaluating residual 

performance, the residual behavior is quantitatively assessed for all damaged 

beams. 
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2. Experimental Program 

2.1. Drop Weight Impact Test 

2.1.1. Introduction 

In this part, the procedure of the drop weight impact tests performed in this 

study is described including material test. Drop weight impact test is commonly 

carried out to simulate the low-velocity impact loading condition. For the drop 

weight impact test, the drop weight impact tester of Extreme Performance Testing 

Center (EPTC) at Seoul National University (SNU) was used. Total 9 RC beams 

with rectangular section 300 mm width, 450 mm height, and 2.3 to 3.3 m span 

length were tested with various impact energy. The details of test variables and test 

specimens are going to be introduced in following contents. Test set up of the drop 

weight impact test and the instrumentations to measure the response in the drop 

weight impact test are also discussed in detail. 

2.1.2. Test Variables 

In this study, test variables were impact energy and flexural stiffness of RC 

beam. In previous studies, the effect of static flexural capacity, momentum of drop 

weight, moment of inertia in crack section, and compressive strength of concrete 

on the maximum deflection was already investigated. However, the effect of 

flexural stiffness of RC beam was not investigated by previous researches, so in 

Part 1, preliminary finite element analysis was performed and it was found that 

flexural stiffness also can affect maximum deflection of beam. Therefore, three 

cases for flexural stiffness and two cases for impact energy were selected as 

variables. Three RC beams with different flexural stiffness were used, and the 

value of flexural stiffness itself does not have significant meaning. The flexural 

stiffness can be obtained by equation (1.11) to (1.13) discussed in Part 1 and varied 
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by adjusting the span length and tensile reinforcement ratio of beam. Impact energy 

30 kJ and 50 kJ were used with drop weight mass 2,500 kg considering the mass 

range of rock fall occurred in Korea. Impact energy can be obtained as kinetic 

energy equation (2.1) and varied by controlling the drop height to 1.22 m and 2.04 

m. 

21

2
kE mv mgh                          (2.1) 

 

The test variables and their values are summarized in Table 2.1. Specimen 

designation according to test variables are as shown in Figure 2.1. For example, 

E30-FS1 means that design impact energy is 30 kJ and design flexural stiffness of 

beam is 41 kN/mm. 

Table 2.1 Test variables and designed values 

Test variables Value Designation 

Impact energy 

(kJ) 

30 E30 

50 E50 

Flexural stiffness of beam 

(kN/mm) 

41 FS1 

63 FS2 

91 FS3 

 

 

Figure 2.1 Designation for drop weight impact test 
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2.1.3. Test Specimen 

In this study, total 9 RC beams were fabricated with 3 different flexural 

stiffness. All specimens were designed as static flexural failure type, which means 

static flexural capacity is less than static shear strength. The detail of specimens is 

shown as Table 2.2 and Figure 2.2. Flexural stiffness of specimens is calculated 

with three-point loading condition. This is because flexural stiffness can change 

arbitrarily depending on the load span in four-point loading condition. 

 

 
(a) 

 

    
(b) 

 

       
(c) 

Figure 2.2 Detail of specimens; (a) FS1; (b) FS2; (c) FS3 
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Table 2.2 Detail of specimens 

Specimen 

Section 

width 

(mm) 

Section 

height 

(mm) 

Span 

length 

(m) 

Static 

flexural 

capacity 

(kN) 

Tensile 

rebar 

Shear 

strength 

(kN) 

Flexural 

stiffness 

(kN/mm) 

FS1 

300 450 

3.3 519 6-D22 

710 

41 

FS2 2.7 485 
2-D22 

2-D25 
63 

FS3 2.3 515 4-D22 91 

 

The longitudinal reinforcements at the bottom were places as a double layer 

with different number and diameter for each specimen. The transverse 

reinforcements were evenly placed at 200 mm intervals for all specimens. After the 

assembly of reinforcements, concrete was poured in the mold and cured. The entire 

process of fabrication is as shown in Figure 2.3. 

         
(a)             (b)             (c) 

     
    (d) 

Figure 2.3 Process of fabrication; (a) Reinforcements assembly; (b) Mold for concrete 

pouring; (c) Concrete pouring; (d) Specimens after curing 
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2.1.4. Material Properties 

Concrete mix proportion for design compressive strength 40 MPa is specified 

in Table 2.3. Total 27 150ⅹ300 mm cylinders were fabricated for 9 RC beams, and 

3 specimens were tested to determine the properties of the concrete in each beam. 

Compressive strength tests were conducted according to ASTM C39 and the test 

results of each specimen are summarized in Table 2.4. The compressive strength 

tests showed difference from design value, but all the specimens showed the same 

compressive strength. Therefore, tendency of design value of flexural stiffness, the 

test variable, was not affected by compressive strength test results. Tensile tests of 

steel reinforcements were also conducted. Test results of three type reinforcements 

were as shown in Table 2.5. 

Table 2.3 Concrete mix proportion 

Concrete 

compressive 

strength 

(MPa) 

Unit weight 

(kg/m3) 

Water Cement 
Fine 

aggregate 

Coarse 

aggregate 
Admixture 

40 149 490 725 1,100 4.90 

 

Table 2.4 Compressive strength of concrete 

Specimen ID cf    

(MPa) 

FS1 56.5 

E30-FS1 54.6 

E50-FS1 55.0 

FS2 53.0 

E30-FS2 56.2 

E50-FS2 55.6 

FS3 55.9 

E30-FS3 53.2 

FS3 53.0 
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Table 2.5 Details of reinforcing steel properties 

Specimen 
Area 

(mm2) 

Nominal 

diameter 

(mm) 

Yield 

strength 

(MPa) 

Ultimate 

Strength 

(MPa) 

D10 71.3 10 461 587 

D22 387.1 22 553 678 

D25 506.7 25 526 687 

 

 

 

2.1.5. Test Setup 

All drop weight tests were conducted with drop weight impact tester of EPTC 

at SNU. This drop weight impact tester can control drop weight mass up to 3 ton 

and drop height 15 m. The drop weight impact tester is as shown in Figure 2.4. The 

overview of drop weight impact test is as shown in Figure 2.5. 

 

Figure 2.4 Drop weight impact tester at SNU 
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Figure 2.5 Overview of drop weight impact test 

 

Drop weight consist of guide frame and added mass parts as shown in Figure 

2.6. The mass of drop weight can be adjusted by added mass parts. Thus, the drop 

weight mass was set 2,500kg which is designed value by added mass parts.   

 

Figure 2.6. Parts of drop weight 

 

The RC beams are set up as shown in Figure 2.7. The setup consists of two 

bottom and two upper supports, and rods and nuts to connect the bottom and upper 
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supports. Unlike static load condition, upper supports should be placed because of 

the high risk of overturning of beam during the impact test. 

 

Figure 2.7. Drop weight impact test setup 

 

2.1.6. Instrumentation 

For observation of impact behavior of RC beam, the impact force occurring 

between drop weight and RC beam, the inertial force of beam, the reaction force at 

the support, and deflection of the beam were measured. Also, the strain of the 

concrete and reinforcement were obtained using strain gauges to capture the 

dynamic material properties and damage of the beam. In this section, the detailed 

information of instrumentation such as sensors and data acquisition is described. 

2.1.6.1. Accelerometer 

Accelerometers were attached at the drop weight and RC beam to obtain 

impact force and inertial force. ICP type accelerometers with a capacity of 5,000 g , 

10,000 g and 50,000 g were used and attached in the longitudinal direction of drop 

weight and RC beam. Each accelerometer represents a certain area of members, 

and the values of them were used to calculate impact force and inertial force 
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occurred in impact test. The location of accelerometers was selected to properly 

capture the entire force of impact and inertial force of drop weight and RC beam 

through finite element analysis. The arrangement of accelerometer on RC beam in 

FS1 case is shown as Figure 2.8. The details of arrangement of accelerometers are 

as shown in Figure 2.12 with black marks. 

 

 

Figure 2.8 Installation of accelerometers on drop weight and beam 

 



２１ 

 

2.1.6.2. Load cell 

Two load cells with a capacity of 300 tonf were used to measure the reaction 

force. Load cells with steel box for protecting load cells from the damage were 

placed in each support of beam as shown in Figure 2.9. Additionally, eight donut 

shape load cells were used to measure the axial force in the rods used for fixing the 

upper and bottom supports as shown in Figure 2.10. 

 

Figure 2.9 Installation of support load cell 

 

  

Figure 2.10 Installation of donut load cells 
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2.1.6.3. Laser Displacement Sensor 

Nine laser displacement sensors were placed along the beam as shown in the 

Figure 2.11. Laser displacement sensors were used to measure the deflection shape 

as well as deflection in the mid span of RC beam. In consideration of the 

characteristics of impact loading that cause large shear cracks in impact region, 

laser displacement sensors were placed narrowly in the mid span and the placement 

interval were set differently for each specimen. The details of arrangement of laser 

displacement sensors are as shown in Figure 2.12 with gray marks. 

 

Figure 2.11 Installation of laser displacement sensors 
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      (a) 

 

 
      (b) 

 

 

 
      (c) 

Figure 2.12 Details of accelerometer and laser displacement arrangement; (a) FS1; (b) FS2; 

(c) FS3 
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2.1.6.4. Linear Variables Potentiometer 

Linear Variables Potentiometer (LVP) was placed in the middle of the span 

with laser displacement sensors to cross validate the values. Two LVPs with a 

capacity of 100 mm were placed on both sides of the beam as shown in the Figure 

2.13. 

  

Figure 2.13 Installation of LVP 

 

2.1.6.5. Strain Gauges 

Strain gauges with gauge length 5 mm and 60 mm were attached to 

reinforcements and concrete in RC beams. Strain gauges on longitudinal 

reinforcements were attached at top and bottom reinforcements. For the 

reinforcements in bottom layer, post-yield strain gauges were used and they were 

attached at various intervals for each specimen. The intervals were set narrower in 

the mid span than in other areas of beam by considering the characteristic of 

behavior of beam in impact loading to better capture damage mechanism. Strain 

gauges on transverse reinforcements were attached at the same intervals of 200mm 

from the middle of the beam. Three strain gauges for concrete were attached at the 
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middle of the beam along the height of the beam. The overall overview of the 

gauge attachment is as shown in Figure 2.14 to 2.15. In the Figure 2.14, black and 

gray marks mean post-yield strain gauge for steel and normal strain gauge for steel, 

respectively. 

 
      (a) 

 

 
      (b) 

 

 
      (c) 

Figure 2.14 Details of steel gauge attachment 
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      (a) 

 

 
      (b) 

 

 
      (c) 

Figure 2.15 Details of concrete gauge attachment 

 

2.1.6.6. High Speed Camera and Data Acquisition 

Two high speed cameras were used to capture the impact behavior of RC 

beam during the test. One was used to capture the overall behavior of RC beam and 

the other to focus on the behavior of impact region as shown in Figure 2.16. 

  

Figure 2.16 High speed camera setup 
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The data acquisition system and real time processing software manufactured 

by DEWETRON with sampling rate capacity 1 MHz was used in the experiments. 

The details of the system are summarized in Table 2.6. In this experiment, the 

sampling rate of 500kHz was applied. Additionally, high rate data logger with 

sampling rate capacity 10 kHz was used to measure the donut shape load cell 

values. Cut-off frequency of accelerometers is determined by the comparison 

displacement obtained by integration of acceleration and displacement obtained 

by laser displacement sensor. 

Table 2.6 Details of the data acquisition system 

Model Description Image 

DEWE 800 Control of instrumentation system 

 

DEWE-50-PCI-32 
Channel expansion frame 

 32 signal converters 
 

DEWE 30-16 
Channel expansion frame 

 16 signal converters 
 

HIS-STG-D 
Signal converter 

(General sensor) 
 

MSI-BR-ACC 

Signal converter 

(Piezoelectric sensor) 

Signal conversion  

DEWE-ORION-1616-100 
A/D converter 

Conversion of digital signal 
 

DRA-30A Digital dynamic strainmeter 
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2.2. Static Flexural Test 

2.2.1. Introduction 

As mentioned in research objectives, residual performance of damaged beams 

was investigated through the static flexural test. The degree of damage caused by 

impact loading or the usability of damaged members can be identified by 

investigating residual performance. However, there have been few studies that have 

evaluate the damage level of the members subjected to the impact loading. 

Therefore, for all specimens damaged to impact loading, static flexural test was 

conducted. Furthermore, the extent of the damage was quantitatively assessed 

compared to the flexural capacity of the intact beams. 

 

2.2.2. Test Specimen 

Six RC beams damaged to drop weight impact test and three intact beams 

were tested in static flexural test. Three intact beams were fabricated at the same 

time as the beams for drop weight impact test. The properties of the concrete and 

reinforcements are also the same those of the drop weight impact test. The details 

of the specimen are discussed in Section 2.1.3. 

 

2.2.3 Test Setup 

All specimens were tested with four-point loading flexural test. The span 

lengths of the beams were the same of specimens for the drop weight impact test. 

The distance of two concentrated loads is determined 250 mm for preventing deep 

beam behavior. The monotonic loading was applied to the beam with 150 tonf 
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actuators at a constant rate of 2 mm/min. Deflection of the mid span of the beam 

was measure by LVDT with capacity of 100mm. In addition, the concrete and 

reinforcements strain were measured using the strain gauges which was attached in 

the drop weight impact test. An example of test setup in E30-FS1 case is as shown 

in Figure 2.17. In the case of damaged beams, the flexural test was conducted 

without any repair to observe the effect of the damage caused by the impact 

loading. 

 

Figure 2.17 Static flexural test setup of E30-FS1  
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3. Experimental Results 

3.1. Drop Weight Impact Test 

3.1.1. Failure Mode 

3.1.1.1. Crack Pattern 

Crack patterns of specimens damaged by impact load are shown in Figure 3.1. 

The gray area is the region where concrete spalling occurred due to impact load. In 

the impact loading condition, it is known that impact load induces sever shear 

cracks in the impact region. It is very different failure mechanism from static load 

condition. In the static flexural test, beams designed to ensure flexural failure 

typically shows vertical flexural cracks in the bottom of beam and cracks propagate 

to the top of beam. And then, diagonal crack also appears in the supports. However, 

all specimens show sever diagonal shear crack, shear plug, in the impact region. 

Therefore, in impact loading condition, shear failure is critical even for beams 

designed for flexural failure. Additionally, vertical flexural cracks propagated from 

the upper fiber can be seen because negative moment is occurred due to the time 

lag between inertial force and reaction force. Before the stress wave reaches the 

support and induces the reaction force, impact force is resisted only by the inertial 

force occurred along the span, which causes negative moment in the early stage of 

drop weight impact test. Besides, concrete spalling is also observed in all 

specimens in contact area. The degree of damage or spalling area seems to increase 

as the impact energy increases. Discussions on the dominant range of damage and 

concrete spalling by impact loads will be addressed in the following sections. 
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(a) 

 

 
(b) 

 

 
(c) 

 

 
(d) 

 

 
(e) 

 

 
(f) 

Figure 3.1 Crack pattern of specimens after impact test; (a) E30-FS1; (b) E50-FS1; (c) E30-

FS2; (d) E50-FS2; (e) E30-FS3; (f) E50-FS3 
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3.1.1.2. Deflection Shape 

In the impact test on RC beam, shear deformation is dominant unlike under 

static loading (Zhao et al, 2017). Two types of shear failure can occur in drop 

weight test as shown in Figure 3.2. Therefore, deflection shape can be very 

different if shear failure occurs due to impact loads.  

 
(a) 

 

 
(b) 

 

 
(c) 

Figure 3.2 Shear failure modes in drop weight test (Zhao et al, 2017); (a) Failure types; (b) 

Type I failure; (c) Type II failure 

  

However, the deflection shape when deflection of mid span has maximum 

value and residual value as shown in Figure 3.3 allowed to determine that shear 

failure has not occurred in all experiments and that they all exhibited the same 

failure mode. In the case of E30-FS3, the deflection shape was not measure due to 

sway of displacement sensors during the drop weight test. 
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(a) 

   
(b) 

Figure 3.3 Deflection shape; (a) at maximum deflection with 30 kJ and 50kJ; (b) at residual 

deflection with 30kJ and 50kJ 

 

3.1.2. Local Damage 

3.1.2.1. Concrete Spalling 

During the drop weight impact test, concrete spalling is occurred in all 

specimens in the impact region. The example of concrete spalling is as shown in 

Figure 3.4. To determine the extent of spalling according to the variables, the width 

and height of the spalling area were measured. The summarized information is as 

shown in Table 3.1 
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(a)                               (b) 

Figure 3.4 Concrete spalling in impact region; (a) E30-FS2; (b) E50-FS2 

 

Table 3.1. Spalling area of each specimens 

Specimen 

Width 

(mm) 

Height 

(mm) 

Front Back Mean Front Back Mean 

E30-FS1 342 184 263 87 62 74.5 

E30-FS2 293 265 279 64 76 70 

E30-FS3 264 206 235 75 57 66 

E50-FS1 804 526 665 94 104 99 

E50-FS2 374 350 362 92 94 93 

E50-FS3 226 187 206.5 61 105 83 

 

Bases on the width and height of the spalling are, FS1 specimens shows large 

spalling area compared to other specimens. It can be said that specimens subjected 

to same impact energy suffered more local damage with less flexural stiffness. It 

can be determined that the local damage is mainly controlled by impact force and 

contact duration. Therefore, in the impact loading with same impact energy, it can 

be inferred that FS1 specimens show the larger spalling area because lower flexural 

stiffness can lead to longer contact duration. All specimens show the same 

tendency regardless of impact energy. Based on this result, it can be concluded that 

local damage of the member with low flexural stiffness should be considered for 

impact loads. 
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3.1.2.2. Damage Dominant range 

Not only the spalling area comparison according to variables, but also the 

damaged dominant range where local damage caused by the impact load is 

investigated. For that purpose, the gauge values of the longitudinal reinforcements 

observed during the drop weight test are used. In this section, only strain gauges 

attached in longitudinal flexural reinforcements are used. Gauge designation of 

longitudinal flexural reinforcements can be seen in the Figure 3.5. 

 

 

Figure 3.5 Designation for longitudinal reinforcements and concrete 

 

For investigating damage dominant range, the maximum flexural strain 

occurred in longitudinal reinforcements during the drop weight impact test is 

plotted according to impact energy as shown in Figure 3.6. In the FS2 and FS3 

specimen, there are no center longitudinal reinforcement in bottom layer, so values 

of gauges attached in only front and back are compared. 
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  (a) 

  
  (b) 

  
  (c) 

Figure 3.6 Maximum tensile strain with respect to impact energy; (a) FS1 series, (b) FS2 

series; (c) FS3 series 

 

For all specimens, the maximum tensile strain is very large in impact region, 

and it decreased near the supports. In the E30-FS1, a range that showed maximum 

tensile strain even larger than the yield strain is 200 mm distance from the center of 

the beam. In the E50-FS1, where impact energy is larger, a range that showed 

maximum tensile strain even larger than the yield strain is 400 mm distance from 

the center of the beam. FS2 specimens showed the same tendency. When impact 
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energy 30kJ and 50kJ subjected, a range that showed maximum tensile strain even 

larger than the yield strain is 200 mm and 400 mm distance from the center of the 

beam, respectively. However, FS3 specimens showed a different tendency. In the 

E30-FS3, a range that showed maximum tensile strain even larger than the yield 

strain is 200 mm just like other specimens. But in the E50-FS3, a range that 

showed maximum tensile strain even larger than the yield strain is also 200 mm. 

Therefore, it is confirmed that damage dominant range can vary depending on 

flexural stiffness of beam and local damage can be more localized in high flexural 

stiffness beam. It is necessary to closely examine the local damage caused by 

impact load for beam with high flexural stiffness. 

 

3.1.2. Impact Force 

Figure 3.7 shows the time history of the impact force for all specimens. The 

signals cut in the middle of time are due to the strange signal of one of the three 

accelerometer placed in the drop weight. However, the peak point of the impact 

force has been identified in all cases, and the tendency of peak to occur early in the 

impact test and to dissipate later can be seen in all cases. The impact duration 

considered a major response along with the maximum impact force was difficult to 

compare precisely due to the noise of the accelerometer signal. Experimental 

verification between other methods of measuring impact forces rather than 

accelerometers is likely to be necessary later. 
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(a)                                (b) 

 

 
(c)                                (d) 

 

 
(e)                                (f) 

Figure 3.7 Impact force time history; (a) E30-FS1; (b) E50-FS1; (c) E30-FS2; (d) E50-FS2; 

(e) E30-FS3; (f) E50-FS3 
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To investigate the effect of variables on impact force, maximum impact force 

was plotted as shown in Figure 3.8. Impact force was proportional to impact energy, 

and inversely proportional to flexural stiffness. It is already well known that impact 

energy has a significant effect on maximum impact force by many researches. And 

it can be inferred that the impact force inversely proportional to flexural stiffness is 

due to the cross sectional properties of each beam. Impact force in the early stage 

of drop weight test, the boundary condition does not affect impact force (Pham et al. 

2017). In other words, it can be inferred that the impact force profile is determined 

by the properties of beam at the impact region. FS1 specimens are series with the 

smallest flexural stiffness in this study, but they are most heavily reinforced. 

Therefore, the flexural rigidity of the cross section becomes smaller as FS1 to FS3 

series, which is why the maximum impact force is also considered to show this 

tendency. 

 

Figure 3.8 Maximum impact force according to flexural stiffness 

 

 

 

 



４０ 

 

3.1.3. Inertial Force 

Figure 3.9 shows the time history of the inertial force for all specimens. In the 

early stage of the drop weight impact test, the inertial force of the RC beam resists 

most of the impact force. Therefore, the initial time history of inertial force was 

similar to the impact force time history, which initially shows peak and is 

subsequently dissipated. After dissipation of impact force, inertial force was 

resisted by reaction force. In other words, inertial force acts in the direction of 

gravity, which can also be seen as positive inertial force in Figure 3.9. For all 

specimens, inertial force profile all showed similar shapes. 

 
(a)                                (b) 

 

 
(c)                                (d) 
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(e)                                (f) 

Figure 3.9 Inertial force time history; (a) E30-FS1; (b) E50-FS1; (c) E30-FS2; (d) E50-FS2; 

(e) E30-FS3; (f) E50-FS3 

 

To investigate the effect of variables on inertial force, maximum inertial force 

was plotted as shown in Figure 3.10. Maximum inertial force was proportional to 

impact energy, and inversely proportional to flexural stiffness. This tendency 

should be considered together with the weights of each specimen. Inertial force 

includes the effect of flexural stiffness because it resists impact forces affected by 

flexural stiffness, but inertial force also greatly affected by self-weight. In this 

study, the smaller flexural stiffness has longer span, which leads to increase the self 

-weight of beam. Therefore, the tendency obtained from this test reflected the 

influence of both flexural stiffness and the self-weight of RC beam. 

 

Figure 3.10 Maximum inertial force according to flexural stiffness 
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3.1.4. Reaction Force 

Figure 3.11 shows the time history of the reaction force for all specimens. In 

the early stage of the drop weight impact test, the reaction force appeared later than 

other responses such as impact force and inertial force. This phenomenon is caused 

by the time difference between the time stress waves occur in the impact region 

and the time they reach the supports, and many studies have shown the same 

phenomenon. Additionally, Negative reaction force occurred at the beginning and 

the end of the drop weight test, and the same occurred in all specimens. This 

phenomenon has been seen in several previous studies (Cotsovos et al., 2010, 

Tachibana et al., 2010, Bhatti et al., 2011, Kishi et al., 2012 Yu et al. 2021). Finally, 

it was the result of test setup, and this was subsequently explained in detail. 

 
(a)                                (b) 

 

 
(c)                                (d) 
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(e)                                (f) 

Figure 3.11 Reaction force time history; (a) E30-FS1; (b) E50-FS1; (c) E30-FS2; (d) E50-

FS2; (e) E30-FS3; (f) E50-FS3 

 

Figure 3.12 shows the time histories of the reaction force measured by support 

load cell and the forces measured by donut load cell. Donut load cell was installed 

at the bottom of the rod which was placed to connect upper and bottom supports as 

explained in Part 2. Reaction force of upper plates can be obtained through the 

measurement of donut load cell. There was an initial force in the donut load cell to 

fix the bottom and upper supports. However, when the impact load was applied, it 

was identified that the force of donut cell was dissipated and the bottom load cell 

showed negative reaction force. This means that the nuts of the rod connecting the 

upper and bottom supports was released by the impact load. The difference 

between the initial force value of a donut cell and the dissipated reaction force 

measured by support load cell is shown in Table 3.2. Therefore, this phenomenon 

can occur sufficiently depending on the test setup, and standardized methods for 

drop weight impact test setup are required for accurate data comparison among the 

researchers. 
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(a)                                (b) 

 

 
(c)                                (d) 

 

 

 
(e)                                (f) 

Figure 3.12 Forces of support load cells and donut cells time history; (a) E30-FS1; (b) E50-

FS1; (c) E30-FS2; (d) E50-FS2; (e) E30-FS3; (f) E50-FS3 
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Table 3.2. Verification of force dissipation with support load cells and donut cells values 

Specimen Location 
Initial value (1) 

(kN) 

Residual value (2) 

(kN) 

Difference 

|(1)-(2)| 

E30-FS1 
Support load cell 0 -171 171 

Donut cell -226 -23 203 

E30-FS2 
Support load cell 0 -205 205 

Donut cell -217 -23 194 

E30-FS3 
Support load cell 0 -123 123 

Donut cell -220 -73 147 

E50-FS1 
Support load cell 0 -113 113 

Donut cell -143 0 143 

E50-FS2 
Support load cell 0 -119 179 

Donut cell -201 -25 176 

E50-FS3 
Support load cell 0 -217 217 

Donut cell -224 -9 215 

 

To investigate the effect of variables on reaction force, maximum reaction 

force was plotted as shown in Figure 13. Maximum reaction force was proportional 

to impact energy, but there was no tendency according to flexural stiffness. The 

behavior of the member under impact load is also affected by the mass ratio of drop 

weight to member (Huawei et al. 2020). Therefore, further analysis of the reaction 

force is required in various aspects, including mass ratio. 

 
Figure 3.13 Maximum reaction force according to flexural stiffness 
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3.1.5. Deflection 

Before the analysis of deflection, there were some issues related to measuring 

the deflection. Deflection of mid span was measured by LVP and laser 

displacement sensor. The results of LVP and laser displacement sensor located in 

the mid span are as shown in Figure 3.14. The signal of laser displacement sensor 

had a time lag. Therefore, it was necessary to confirm which of the two signals was 

correct over time. Comparing the deflection obtained by acceleration sensor 

together, it can be confirmed that LVP signals are reasonable in time history. 

However, the maximum deflection measured by LVP showed bigger than that 

measured by laser displacement sensor and integration of acceleration as shown in 

Table 3.3. Therefore, the value of the laser displacement sensor is reasonable than 

LVP sensors. The time lag of laser displacement sensor is due to delays in its own 

systems that convert analog signals into digital signals. So, the extent of time delay 

was constant in every case. Test verifying the time delay of two signal was 

additionally performed to calibrate the signal of laser displacement sensor. Figure 

3.15 shows the time histories of the deflection of mid span which is calibrated. As 

mentioned in the deflection shape part, in the case of E30-FS3, the laser 

displacement sensors were not working due to sway of displacement sensors during 

the drop weight test. Therefore, time history of E30-FS3 was not measured, but the 

maximum deflection of E30-FS3 can be replaced by the deflection obtained by 

accelerometer and this value is quite reasonable according to the values of each 

equipment of another cases Table 3.3. 
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Figure 3.14 Deflection measured by various sensors 

 

 

Table 3.3 Maximum deflection measured by various sensors 

Specimen 

Max. deflection (mm) 

Laser 
Acceleration 

Integral 
LVP 

E30-FS1 43.48 43.25 53.10 

E30-FS2 41.87 41.68 47.62 

E30-FS3 - 39.67 - 

E50-FS1 71.92 67.020 - 

E50-FS2 68.30 63.12 75.5 

E50-FS3 62.33 61.55 70.26 
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(a)                                (b) 

 

  
(c)                                (d) 

 

 
(e)                                (f) 

Figure 3.15 Deflection time history; (a) E30-FS1; (b) E50-FS1; (c) E30-FS2; (d) E50-FS2;  

(e) E30-FS3; (f) E50-FS3 

 

To investigate the effect of variables on deflection, maximum deflection was 

plotted as shown in Figure 3.16. As the impact energy increases, the maximum 

deflection increased. The flexural stiffness and maximum deflection had inversely 

 

 

Not  

measured 
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proportional relationship, which is the same tendency with preliminary finite 

element analysis result. Therefore, based on this results, modification of empirical 

formula to predict maximum deflection is conducted. Finally, the maximum values 

of impact responses are summarized in Table 3.4. 

 

Figure 3.16 Maximum deflection according to flexural stiffness 

 

Table 3.4. Maximum and residual values of impact responses 

Specimen 

Maximum value 
Residual 

value 

Impact 

force 

(kN) 

Inertial 

force 

(kN) 

Reaction 

force 

(kN) 

Deflection 

(mm) 

Deflection 

(mm) 

E30-FS1 3018 2084 1035 43.5 28.63 

E30-FS2 2892 1900 880 41.9 31.99 

E30-FS3 2738 1802 912 39.7 34.2 

E50-FS1 4357 2413 1268 71.9 53.12 

E50-FS2 3827 2378 1132 68.3 56.24 

E50-FS3 3784 2328 1278 62.3 54.75 
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3.1.6. Strain 

3.1.6.1. Strain Gauge Designation 

Various types of gauges were attached as mentioned in Part 2 to determine the 

strain occurring on concrete and steel reinforcements during the drop weight 

impact test. Figure 3.17 shows the gauge designation for concrete and longitudinal 

reinforcement and Figure 3.18 shows the gauge designation force transverse 

reinforcement. 

Figure 3.17 Designation for concrete and longitudinal reinforcements 

 

 

Figure 3.18 Designation for transverse reinforcement 
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3.1.6.2 Longitudinal Reinforcement Steel Strain 

Figure 3.19 shows the results of strain time histories for longitudinal 

reinforcements in 1st bottom layer of all specimens. For all specimens, strains of 

20,000 to 40,000 microstrain occurred in the early stage of the test and 

subsequently tended to decrease. As discussed in local damage part, very large 

strain more than yield strain occurred at a gauge 200mm way from the center of the 

beam which is impact region. In some cases, strains near the impact region 

recovered to near the yield strain, but in others large residual strain remained. 

Many gauges in the impact region were damaged during the drop weight impact 

test. However, the maximum strains of longitudinal reinforcements outside the 

impact region were near the yield strain, and the residual strains were very small. 

 

 

 
(a) 
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(b) 

 
(c) 

 

 
(d) 

 

 
(e) 
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(f) 

Figure 3.19 Strain time histories of longitudinal reinforcement in 1st bottom layer; (a) E30-

FS1; (b) E50-FS1; (c) E30-FS2; (d) E50-FS2; (e) E30-FS3; (f) E50-FS3 

 

Figure 3.20 shows the results of strain time histories for longitudinal 

reinforcements in 2st bottom layer of all specimens. Similar to longitudinal 

reinforcements in 1st bottom layer, the strains were increasing sharply up to 40,000 

microstrain in the early stage of test. But most of the gauges were damaged by the 

impact load. 

 
(a)                                (b) 

 

 
(c)                                (d) 
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(e)                                (f) 

Figure 3.20 Strain time histories of longitudinal reinforcement in 2st bottom layer; (a) E30-

FS1; (b) E50-FS1; (c) E30-FS2; (d) E50-FS2; (e) E30-FS3; (f) E50-FS3 

 

Figure 3.21 shows the results of strain time histories for longitudinal 

reinforcements in top layer of all specimens. In the early stage of the test, before 

dissipation of impact force, the compressive stress was applied, resulting in 

negative strain values. After that, all top reinforcement showed positive strain 

values and fluctuated in the free vibrating phase of RC beam during the test. 

 
(a)                                (b) 

 

 
(c)                                (d) 
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(e)                                (f) 

Figure 3.21 Strain time histories of longitudinal reinforcement in top layer; (a) E30-FS1; 

(b) E50-FS1; (c) E30-FS2; (d) E50-FS2; (e) E30-FS3; (f) E50-FS3 

 

3.1.6.3. Transverse Reinforcement Steel Strain 

Figure 3.22 shows the results of strain time histories for transverse 

reinforcements of all specimens. With the exception of a few reinforcements, 

transverse reinforcements showed maximum values near the yield strain. In the 

case of transverse reinforcements, a ranges with a large strain tended to be different 

from the flexural reinforcement. The strain of transverse reinforcements was the 

highest at more than 400 mm form the center of the span. This tendency can be 

seen for all specimens. Although it did not appear well in the FS1 specimens, other 

specimens tended to increase their maximum strain of transverse reinforcements as 

the impact energy increased. And when the impact energy increases, the FS2 and 

FS3 specimens which had high flexural stiffness had a large increase in the 

maximum strain of the transverse reinforcement. Therefore, shear deformation can 

be critical for RC beams with high flexural stiffness. 

  
(a) 



５６ 

 

 

  
(b) 

 

  
(c) 

 

  
(d) 

 

 
(e) 
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(f) 

Figure 3.22 Strain time histories of transverse reinforcement; (a) E30-FS1; (b) E50-FS1; (c) 

E30-FS2; (d) E50-FS2; (e) E30-FS3; (f) E50-FS3 

 

3.1.6.4. Concrete Strain 

Figure 3.23 shows the results of strain time histories for concrete of all 

specimens. Since the gauges were attached to each height, the behavior of the cross 

section was investigated according to the test progress. For the concrete gauges on 

top of the beam, in the very early stage, it showed slight tensile strain and 

compression strain, and later tended to decrease deformation. It can be inferred that 

at the moment the drop weight impacted with the beam, tensile strain momentarily 

occurs and later compression strain occurs as the beam deflected. Finally, concrete 

spalling damaged the gauge attached part, resulting in a meaningless value. All 

concrete gauges attached to the center and bottom of the cross section showed 

tensile strain, but it was difficult to achieve significant results in most cases 

because tensile cracks were occurred in the impact area in an instant. 
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   (f) 

Figure 3.23 Strain time histories of concrete; (a) E30-FS1; (b) E50-FS1; (c) E30-FS2; (d) 

E50-FS2; (e) E30-FS3; (f) E50-FS3 
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3.2. Static Flexural Test 

3.2.1. Crack Pattern 

Figure 3.24 and Figure 3.25 shows the crack patterns of non-damaged beams 

and damaged beams after the flexural test, respectively. In the cases of damaged 

beams, the thick lines are cracks occurred in drop weight impact test, and the thin 

lines indicates new cracks appeared in the static flexural test. In the case of intact 

beams, a typical flexural failure mode with vertical flexural cracks at the initial 

stage and later diagonal cracks was shown. 

The damaged beams showed few new cracks. In the case of E30, which is 

damaged to less impact energy, there were relatively more new cracks than in the 

case of E50. New cracks were observed mainly near the loading region. However, 

the width of the existing cracks was increasing only and it was dominant failure 

behavior of damaged beams. 

 
(a) 

 

 
(b) 

 

 
(c) 

Figure 3.24 Crack patters of non-damaged beams after static flexural test; (a) FS1; (b) FS2; 

(c) FS3 
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(a) 

 

 
(b) 

 

 
(c) 

 

 
(d) 

 

 
(e) 

 

 
(f) 

Figure 3.25 Crack patters of damaged beam after static flexural test; (a) E30-FS1; (b) E50-

FS1; (c) E30-FS2; (d) E50-FS2; (e) E30-FS3; (f) E50-FS3 
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3.2.2. Load-Deflection curve 

Figure 3.26 shows the load-deflection curve for beams damaged to drop 

weight test and non-damaged beams. In the E50-FS1 and E50-FS2 case, the test 

was terminated early because the hydraulic actuator was overturned. The hydraulic 

actuator could not apply the load due to the local damage occurred in drop weight 

impact test.  

 
(a)                                (b) 

 

 
     (c) 

Figure 3.26 Load deflection curves of specimens; (a) FS1 specimens; (b) FS2 specimens; 

(c) FS3 specimens 
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3.2.3. Strain 

3.2.3.1. Longitudinal Reinforcement Steel Strain 

Figure 3.27 to 3.28 shows the strain force curve of longitudinal 

reinforcements. The designation of gauges is identical to designations of gauges for 

drop weight impact test. However, there were many gauges damaged by drop 

weight impact test for all specimens, especially in impact region. Similar to the 

static loading condition, the strain placed in the center of the beam showed the 

highest strain according to applied load. It was confirmed that the damaged beam 

was sufficiently resistible to moment even in the impact region. There were no 

particularly different cases of strain profile. 

 

 
(a) 
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(b) 

 

 
(c) 

 

 
(d) 
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(e) 

 

 
  (f) 

Figure 3.27 Strain force curve of longitudinal reinforcement in 1st bottom layer; (a) E30-

FS1; (b) E50-FS1; (c) E30-FS2; (d) E50-FS2; (e) E30-FS3; (f) E50-FS3 

 

 
(a)                                (b) 
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(c)                                (d) 

 

 
(e)                                (f) 

Figure 3.28 Strain force curve of longitudinal reinforcement in top layer; (a) E30-FS1; (b) 

E50-FS1; (c) E30-FS2; (d) E50-FS2; (e) E30-FS3; (f) E50-FS3 

 

3.2.3.2. Transverse Reinforcement Steel Strain 

Figure 3.98 shows the strain force curve of transverse reinforcements. The 

designation of gauges is identical to designations of gauges for drop weight impact 

test. The transvers reinforcements within the section 200mm away from the center 

of the beam, which is impact region, tended not to increase their strain as the 

applied load increase. This tendency can be seen in all damaged beams. It can be 

inferred that impact region of damaged beams cannot carry the load due to the 

concrete damage. 
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  (e) 

 

 
  (f) 

Figure 3.29 Strain force curve of transverse reinforcement; (a) E30-FS1; (b) E50-FS1; (c) 

E30-FS2; (d) E50-FS2; (e) E30-FS3; (f) E50-FS3 

 

3.2.4 Residual Performance 

To determine the residual performance of RC beams damaged by the impact 

load, flexural capacities with the intact beam was compared. Yielding and ultimate 

load, displacement ductility ratio and reduction of flexural stiffness of beams are 

summarized in Table 3.5 to 3.7. Flexural stiffness was taken as secant stiffness 

which is defines as the slope from origin to yielding point in load-deflection curve. 

In this case, there are several methods to estimate yielding point as shown in Figure 

3.30. In this study, the most practicable and realistic method (c) in Figure 3.30 was 

used (Pam et al 2001). The yielding point was obtained by the secant stiffness at 

75% of the ultimate load of specimens according method (c) in Figure 3.30. 
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Table 3.5 Flexural capacity in FS1 specimens 

Specimen yP  

(kN) 

u
P  

(kN) 

y  

(mm) 

u
  

(mm) 

Displacement 

ductility ratio 

Reduction of 

flexural stiffness 

(%) 

FS1 531 571 16.9 23 1.36 Ref. 

E30-FS1 463 493 19.7 26.9 1.37 25.3 

E50-FS1 - - - - - - 

 

Table 3.6 Flexural capacity in FS2 specimens 

Specimen yP  

(kN) 

u
P  

(kN) 

y  

(mm) 

u
  

(mm) 

Displacement 

ductility ratio 

Reduction of 

flexural stiffness 

(%) 

FS2 483 527 12.7 21.6 1.70 Ref. 

E30-FS2 478 509 15.9 21.9 1.38 20.8 

E50-FS2 - - - - - - 

 

Table 3.7 Flexural capacity in FS3 specimens 

Specimen yP  

(kN) 

u
P  

(kN) 

y  

(mm) 

u
  

(mm) 

Displacement 

ductility ratio 

Reduction of 

flexural stiffness 

(%) 

FS3 506 547 10.5 19.5 1.86 Ref. 

E30-FS3 490 528 12.4 21.2 1.71 17.9 

E50-FS3 479 524 13.9 17.5 1.26 28.5 
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(c) 

Figure 3.30 Methods for estimating yielding point of member 

 

Except for FS1 specimens, all damaged beams were almost identical in terms 

of flexural strength compared to the intact beams. However, displacement ductility 

ratio and flexural stiffness of damaged beams was significantly reduced. In 

particular, flexural stiffness resulted in a reduction of up to 28% compared to intact 

beams. Flexural stiffness of specimens with small flexural stiffness was more 

reduced. Flexural strength is heavily affected by flexural reinforcement, buy 

flexural stiffness is affected by flexural rigidity of cross section. It can be 

considered that the flexural strength was not affected because the damage to the 

reinforcement did not occur significantly, and the flexural stiffness was greatly 

reduced because most of the concrete damaged a lot due to impact load. Therefore, 

RC beams damaged by impact load should be closely examined for repair and 

strengthening in terms of serviceability. 
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4. Modification of empirical formula  

4.1. Parameter Identification 

In this study, modification of empirical formula was carried out including the 

results of Yu et al. (2021), which identified various variables affecting maximum 

deflection. The relationship between the maximum deflection and the variables 

identified in this study and Yu et al. (2021) is as shown in Table 4.1. 

Table 4.1 Relationship between maximum deflection and parameters 

 Parameters Notation Relationship 

Study of 

Yu et al. 

(2021) 

Impact energy (kJ) 2
mv  Proportion 

Momentum (ton·m/s) mv  Proportion 

Static flexural capacity (kN) s
P  

Inverse 

proportion 

Moment of inertia of cracked section (m4) cr
I  

Inverse 

proportion 

Concrete compressive strength (MPa) 
'

cf  
Inverse 

proportion 

This study Flexural stiffness (kN/mm) /
s y

P   Inverse 

proportion 

 

Based on these relationship, regression analysis was conducted with total 21 

drop weight impact test data including data from Yu et al. (2021) and this study to 

make a model of modified empirical formula. Before the regression analysis, P-

values of each variable were calculated to identify the effect of each variable on the 

maximum deflection. First, a null hypothesis that each variable affects the 

maximum deflection was established, and the P-values of each variable were 

checked. If the P-value is larger than significance level, it rejected the hypothesis 

that the variable affects the maximum deflection. The P-value for each variable is 

summarized in Table 4.2 and significance level is set to 0.05 that is a typical value. 
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Table 4.2 P-values for parameters from the data from Yu et al. (2021) and this study 

Parameter m  v  
s

P  
cr

I  '

cf  /
s y

P   

P-value 1.33x10-9 1.40x10-8 0.04 0.22 0.02 2.5x10-4 

 

P-value of moment of inertia of cracked section is larger than significance 

level. In other word, it is hard to determine that moment of inertia of crack section 

has on effect on the maximum deflection. Therefore, regression analysis was 

performed as equation (4.1) with data of Yu et al. (2021) and this study. 

max s c ym v P f                              (4.1) 

To verify the proposed model, comparison of the prediction results of the 

proposed model with previous study data that conducted the drop weight impact 

test was performed. 

 

4.2. Model Verification 

Total 101 data were used to verify the proposed model. Data includes a total 

of seven researches, including this study. And the data contain a very wide range of 

variables. Detail of data is summarized in Table 4.3. With these data, comparison 

between the proposed model in this study and those proposed in the previous study 

were performed. The results are as shown in Figure 4.1. The ratio predicted and test 

values and the coefficient of variation of these ratios are specified on the graph in 

each model. 

 

 



７４ 

 

Table 4.3. Previous test data for low-velocity impact tests 

Author No. of test 
Section width 

(mm) 

Section height 

(mm) 

Span length 

(m) 

Compressive 

strength of 

concrete 

(MPa) 

Static flexural 

capacity 

(kN) 

Impact energy 

(kJ) 

This study 6 150 450 2.3 to 3.3 53.0 to 56.5 485 to 519 30.0 to 50.0 

Yu et al. 

(2021) 
15 400 500 to 800 3.3 22.5 to 45.3 553 to 938 30.0 to 50.0 

Kishi et al. 

(2002) 
9 150 250 1.5 to 2.0 33.0 39 to 53 0.2 to 5.4 

Fujikake et al. 

(2009) 
12 150 250 1.4 42.0 91 to 163 0.6 to 9.4 

Tachibana et al. 

(2010) 
20 150 to 300 150 to 400 1.0 to 4.0 24.0 17 to 67 0.2 to 3.8 

Kishi and Mikami 

(2012) 
26 150 to 250 200 to 400 2.0 to 3.0 23.5 to 39.2 38 to 238 2.4 to 14.7 

Zhao et al. 

(2018) 
3 200 500 5.0 24.8 to 30.6 206 36.0 to 43.1 

Total 101 150 to 400 150 to 800 1.0 to 5.0 23.5 to 56.5 17 to 938 0.2 to 50.0 



７５ 

 

 
 

 

Figure 4.1 Model verification 

 

The proposed model in this study showed the best predictions in terms of 

average of ratio and C.O.V. Therefore, sufficient verification was conducted for the 

proposed model in this study, and regression analysis was further performed to 

proposed a final empirical formula based on this model. However, the proposed 

model also had cases of outliers that differed greatly form predicted and test values. 

Looking at the outliers concerned, these cases were data on the specimens that 

showed different behavior from other impact behavior of beam. Among the 3 

outliers, one with very large predicted values was determined to show different 

behavior in the study of Tachibana et al. (2010). The remaining 2 outliers are the 

cases in which beams were completely collapsed by the impact load in the study of 

Kishi et al. (2002). Therefore, it is difficult to use empirical formula for cases 

where impact behavior is different. Therefore, a follow-up study of the mechanism 
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of failure by impact load is necessary to accurately propose the range of 

availability of empirical formula. 

 

4.3. Proposed Empirical Formula 

In many scientific field, statistical models with regression analysis were often 

used. There are explanatory and predictive models. Explanatory model aims to 

maximize the explanation ability within the data by utilizing the given data set. 

Predictive model is the method for predicting the data which is not included given 

data set. In this study, empirical formula was proposed as explanation model to 

enhance the explanation ability within the data that performed the validation of 

proposed model. Therefore, the empirical formula, including all previous research 

data used for model validation except outlier, was proposed as equation (4.2). The 

fitted data and R-square value is as shown in Figure 4.2 and exhibit very high R 

values. The proposed empirical formula can be fully utilizable within the data that 

performed the verification. 

 
0.51

2 3 0.27

max 0.91 0.12

0.39 y

s c

m v

P f



                      (4.2) 

 

where, 
max
  is maximum deflection of mid span (mm); m  is drop weight 

mass (kg); v  is the impact velocity (m/s); 
s

P  is static flexural capacity (kN); 
c

f  

is concrete compressive strength (MPa); and 
y  is the deflection at the yielding 

point of RC beam (mm) 
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Figure 4.2 Proposed empirical formula with previous research data 
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5. Conclusion 

In this study, to overcome the limitation that there were no studies that 

investigated the effect of flexural stiffness of RC beam on impact behavior, drop 

weight impact test was performed with flexural stiffness and impact energy as 

variables. In addition, static flexural test was conducted on all RC beams that 

performed drop weight impact test to assess the residual performance of damaged 

beams. 

Through the drop weight impact test, it was confirmed that flexural stiffness 

of RC beam affected impact behavior. Impact behavior such as local damage, 

failure mode, impact force, inertial force, reaction force, and deflection of the RC 

beam under impact loads were investigated, and the results were analyzed in terms 

of flexural stiffness. Local damage of RC beams with high flexural stiffness were 

more localized. Impact and inertial force tended to be inversely proportional to 

flexural stiffness, and flexural stiffness did not have tendency to reaction force. 

Maximum deflection tended to be inversely proportional to flexural stiffness, 

which was the same tendency as preliminary finite element analysis. Therefore, 

based on these experimental results, modification of empirical formula to 

predicting maximum deflection was conducted to overcome the limitations that 

previously proposed formulas cannot consider the effect of flexural stiffness of RC 

beam.  

Finally, new empirical formula was proposed by modifying the previous 

empirical formulas based on drop weight impact test. Previous and newly proposed 

empirical formula were compared and analyzed through previous research data, 

confirming that the newly proposed empirical formula predict well that other 

formulas. However, for some cases where the impact behavior was different, such 

as collapse of beam in the previous data, the difference between predicted and test 



７９ 

 

data was very large. Therefore, in order to propose a range of usability of empirical 

formula, it is necessary that research in the failure mechanism of the structure 

under impact loads needs to be followed. Except for data with different impact 

behaviors, the empirical formula proposed in this work can be sufficiently utilized 

to predict maximum deflection over a wide range of variables. 

Through the static flexural test, the residual performance of impact damaged 

beam was also compared to intact beams. Displacement ductility ratio and flexural 

stiffness of damaged beams were evaluated to quantitatively assess the reduction of 

performance of member. Displacement ductility ratio decreased by about 33% 

compared to undamaged beams, and flexural stiffness decreased by about 29%. 

Therefore, RC beams damaged by impact load should be closely examined in terms 

of serviceability. These results are expected to be used as the basis for impact 

resistance design guidelines for infrastructure. 
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국문초록 

저속 충돌 하중을 받은 RC 보의 

충격 거동에 휨 강성이 미치는 영향 

 

안 혁 준 

 

 

최근 테러 및 사고들의 증가로 구조물들이 충돌하중에 노출되는 

빈도가 증가하고 있다. 이에 따라 구조물의 내충격 설계에 대한 사회적 

요구가 증가하고 있다. 충돌 상황하의 구조물 거동은 정적 하중 

상황과는 매우 다르다. 따라서 현제 정적 하중에 대해 설계하도록 

되어있는 가이드라인들은 내충격 설계에 적용이 불가능한 상황이다. 

구조물의 내충격 설계를 위한 설계 가이드라인은 UFC-3-340-02 와 ACI 

349-13 이 있으나 이 두 규정은 각각 군사 시설 및 원자력 발전소 등의 

특수시설과 높은 속도의 충돌하중에 대한 설계 가이드라인이다. 따라서 

비교적 저속 충돌 하중 위험이 높은 사회기반시설의 내충격 설계를 위한 

가이드라인은 따로 없는 상황이다. 

사회기반시설의 내충격 설계 가이드라인 제안을 위해, 저속 충돌 

하중을 받은 부재의 최대처짐값을 통한 성능기반 내충격 설계 방안 

지속적으로 제안되어왔다. 이에 따라 저속 충돌 하중을 받은 부재의 

최대 처짐을 예측하는 것이 매우 중요해 졌으며, 저속 충돌 하중을 

모사하기 위한 자유낙하 실험을 통해 RC 보의 최대 처짐을 예측하기 

위한 경험식들이 많은 선행 연구자들에 의해 제안되었다. 충돌 에너지와 

부재의 휨 성능을 대표하는 정적 휨 강도뿐만 아니라, 충돌 하중의 
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운동량, 단면 크기, 콘크리트 압축강도 등의 영향을 반영할 수 있는 

식들이 사용되고 있다. 

하지만, 현재 제안된 경험식들은 부재의 휨 강성의 영향은 반영하고 

있지 못한다. 휨 강성이 RC 보의 충격 거동에 미치는 영향에 대해 

검토한 선행연구의 부재로, 최대 처짐에 미치는 영향을 확인하기 위해 

사전 유한요소해석을 수행하였다. 유한요소해석을 통해 부재의 휨 

강성이 충돌 하중을 받은 부재의 최대 처짐에 영향을 미침을 확인하였다. 

따라서, 본 연구에서는 자유낙하실험을 통해 저속 충돌 하중을 받은 

RC 보의 휨 강성이 충격 거동에 미치는 영향을 파악하고자 하였다. 또한, 

충격 응답 중 처짐의 경우, 실험 결과를 바탕으로 휨 강성의 영향을 

고려할 수 있도록 기존 처짐 예측식의 개정을 수행하는 것을 목표로 

하였다. 이에 추가적으로, 충돌 하중으로 손상 받은 보의 보수, 보강 및 

사용 가능성 측면에서 손상 받은 보의 잔류 성능을 평가하기 위해 

자유낙하실험을 수행한 모든 RC 보에 대해 정적 휨 실험을 추가로 

수행하였다. 

자유낙하실험을 통해 충돌 하중을 받은 부재의 국부 손상, 파괴 

모드, 충격력, 관성력, 반력, 처짐 등의 충격 거동에 대해 확인하였으며, 

해당 결과를 부재의 휨 강성 측면에서 분석하였다. 또한, 손상 받은 

RC 보에 대해 잔류 성능을 파악하여, 손상 받지 않은 보 대비 손상 받은 

보의 변위 연성도와 휨 강성을 평가하여 부재의 성능 저하를 정량적으로 

파악하였다. 

마지막으론, 자유낙하실험 결과를 바탕으로 최대 처짐 예측을 위해 

제안되어 있는 기존 경험식들을 수정하여 새로운 경험식을 제안하였다. 

기존 경험식들과 새롭게 제안한 경험식들을 선행연구 데이터를 통해 
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비교 분석하여, 본 연구에서 제안한 경험식이 높은 예측률을 보임을 

확인하였다. 그러나, 선행연구의 데이터 중 부재가 파괴 되는 등 충돌 

하중에 의한 부재의 거동이 달랐던 몇몇 케이스에 대해선 예측값과 

실험값이 매우 큰 오차를 보였다. 따라서 경험식의 사용 가능 범위를 

제안하기 위해선, 충돌 하중 하 구조물의 파괴 메커니즘에 대한 연구가 

후속 되어야 할 필요가 있을 것으로 판단된다. 이러한 몇몇 거동이 다른 

데이터를 제외하였을 때, 본 연구에서 제안한 경험식은 넓은 변수 

범위에서 최대 처짐을 예측하는데 충분히 활용 될 수 있다. 이러한 

결과들이 사회기반시설의 내충격 설계 가이드라인의 기반으로 활용될 수 

있을 것으로 기대된다. 

주요어: 충격거동, 내충격 성능, 자유낙하실험, 경험식, 국부 손상, 잔류 

성능 
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