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In this study, two groups of RC beams were subjected to low-speed drop weight impact test by using the domestic advanced
ultrahigh heavy-duty drop weight impact testing machine system. -e main aspects studied are the influence of the combination
of different impact velocity and mass on the dynamic response and local and global damage change of RC beam under the same
impact energy. Next, the numerical model considering material strain rate is established using ABAQUS finite element software to
verify and expand the experimental results. -e results show the following: (1) under the condition of equal energy, the peak value
of impact force measured in this experiment increases with the increase of impact velocity, yet the mid span displacement and
rebar strain first increase and then decrease. In addition, when the impact velocity is 2.25m/s and the impact mass is 400 kg, the
beam has the most serious damage; (2) compared with the mass, the impact velocity has more obvious effects on the peak value of
cumulative impact force, mid span displacement, and rebar strain; (3) with the decrease of the impact velocity (the increase of the
mass), the local damage of the beam is gradually weakened and the overall damage is gradually exacerbated. -e failure mode of
the beam is transformed from local punching shear failure to overall static failure type.

1. Introduction

In some special scenarios, RC beams may be impacted by
heavy objects during service, such as containers falling from
port terminals and stones rolling down mountains [1]. In
order to avoid catastrophic structural failures, impact loads
should be additionally considered in the structural designs of
RC beams in potential special scenarios cases.

Under the conditions of impact loads, material may be
subjected to the strain rate effects, and the dynamic con-
stitutive will be quite different from the static constitutive.
-e strain rate effects will change the strength and stiffness
levels of the reinforcements and concrete material, resulting
in the bearing capacity of the beams becoming improved
when compared with that under static load conditions [2].
At the same time, the stress wave effects will also change the
stress distribution range of the beams after impact occurs,
and the stress of the beams will transition from midspan to
support with the propagation of the stress waves [3]. -e
shear effects will mainly affect the midspan. -erefore, the

higher the impact velocity is, the more obvious the shear
effects will be, and the more serious the local damages will
be. -e influencing effects on the overall failure will tend to
first increase and then decrease [4]. It has been found that
the inertial force effects are the key factors which will affect
the overall failure of the RC beams, and the size and range of
the inertial force distribution are the main reasons for the
changes in the overall failure modes of the beams [5]. -ese
four types of effects jointly impact the mechanical behaviors
of the beams under impact load conditions and are quite
different from the impacts observed under static load
conditions. -e influences of impact loads on the impact
resistance behaviors of beams have always been a hot topic in
this field of research. Li [6] used falling weight impact tests
and found that the higher the impact velocity is, the more
quickly the stiffness of the damaged beams would decrease.
However, it was observed that with enhancements of the
strain rate effect, the impact resistance bearing capacity of
the beams had increased. Zhou et al. [7] also carried out
falling weight impact tests of stainless-steel concrete beams.
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-e results revealed that the stainless-steel concrete beams
still maintained better dynamic mechanical properties under
high impact velocity conditions and that the impact force,
displacements, and strain levels had noticeably increased
with the increases of impact velocity. However, during the
impact process, when the impact force reaches the peak
value, the specimen begins to displace and the specimen does
not appear to undergo obvious damage, except for the local
area.-e impact force is transformed into the corresponding
inertial force and supporting reaction force. -erefore, the
impact resistance of the beam is not accurately reflected by
the impact force. In another related study, Gholipour et al.
[8] used the finite element software LS-DYNA to simulate
the influence of a close-in explosion loading, with varied-
rate impact loadings on the residual capacities and damage
behavior of reinforced concrete beams. -ey proposed the
residual flexural and shear capacities model of beams based
on damage index and investigated different loading phases
so as to assess the sensitivities of the RC beams to the impact
loading rate when subjected to different combinationmodes.
-rough experimental testing, Fang et al. [9] found that the
impact durations were reduced with the increases in impact
velocity, and the impact durations were also increased with
the increases in impact mass. Kishi et al. [10] found that the
bearing reaction force increased with increases in impact
velocity when the impact velocity was small. However, when
the velocity reached a certain value, the bearing reaction
force had not further increased.-ese findings indicated that
the bearing reaction force cannot precisely express the
impact bearing capacity of the beam. Ozbolt and Sharma
[11] adopted numerical simulations to determine that, with
increases in impact velocity, the failure modes of the ex-
amined beams had changed from bending failures to shear
failures. Dey et al. [12] observed that the peak values of the
impact force and the stiffness of fiber reinforced concrete
beams gradually decreased under the same cumulative
impact velocity conditions. Zhou et al. [13] found that the
peak values of the cumulative impact force increased with
the increases of impact velocity. In addition, the mechanical
behavior of the beam changes with the type of impact load.
-e above experiments mainly covered the influence of the
loading method on the dynamic response and mechanical
behavior of the beam under different energy impacts.
However, there are relatively few experimental studies
addressing the falling weight impact of beams, under the
same collision energy, with different loading methods. In
particular, there remains a lack of research regarding the
development and change of beam damage during single and
cumulative impacts with equal energy.

At the same time, the local damages to the beam-
hammer contact areas in the midspan were obvious under
the impact loads, and the local damages had affected the
overall damage to the beams. Zhang et al. [14] studied the
nonlinear dynamic response and failure behavior of simply
supported beam under the action of medium velocity impact
load and explosion load and found that the lower part of the
middle span of the beam was first spalled due to local
punching failure. Dou et al. [15] carried out the falling
weight impact tests by using high-strength concrete beams.

-e results revealed that increases in the concrete strength
had little effect on the overall dynamic responses of the
beams, yet could potentially reduce the local damage degrees
of the beams. In the falling weight research conducted by Jin
et al. [16], it was found that the higher the stirrup rein-
forcement ratios were, the smaller the local damages would
be, and the beams were more prone to bending failures. -e
influences of impact velocities on local and overall damage
degrees were investigated by Zhao and Yi [17]. It was found
that the higher the impact velocity was, the smaller the
proportion of kinetic energy from the falling hammers being
converted into overall deformation energy consumption
would be. In addition, more energy was used for the local
damages in the beam-hammer contact areas. Due to the
complexity and short durations of the local beam damages
[18], the influences of the changes in impact velocity and
mass on the scope, degree, and type of local damage required
further investigation. In particular, the influencing effects of
the local damages on the overall damage degrees remained
unclear. In addition, combinations of experimental research
techniques and numerical simulations were believed to have
the potential to better illustrate the mechanical behaviors
and damage changes of beams under impact load conditions.
At the present time, equivalent degrees of freedom methods
and simple elastoplastic impact analysis methods are the
main finite element analysis methods used in the study of
beams subjected to impact loads [19, 20]. For example, Jin
et al. [21] examined the impact resistance of steel fiber-
reinforced concrete beams by combining experimental
methods and numerical simulations. It has been found that
the addition of steel fibers to concrete beams can reduce the
beam deformation and enhance the shear resistance of the
beams. Zhang et al. [22] studied the mechanical behaviors of
the beam under falling weight impact loads and high
temperature dead loads through experimental processes and
finite element methods.

In this investigation, a domestic advanced ultrahigh
heavy-type falling weight impact testing machine systemwas
utilized to carry out impact tests on two groups of reinforced
concrete beams with bending failure and shear failure, re-
spectively, under static load conditions. -en, combined
with a finite element model, the influencing effects of drop
hammers with different masses and velocity combinations
on the mechanical behaviors and damage changes of rein-
forced concrete beams under the same energy were studied.
-e results obtained in this study may potentially provide
important technical support for future impact resistance
beam designs, as well as the evaluations of the impact re-
sistance of existing structures.

2. Design of the Experimental Test

2.1. Specimen Design and Testing Method. In this study’s
experimental testing processes, two groups of reinforced
concrete rectangular beams with different reinforcement
ratios were designed. -e specimens were 2.0m in length
with net spans of 1.8m, section sizes of
b × h � 150mm × 300mm. and reinforcement cover thick-
nesses of 25mm. -e longitudinal reinforcements were
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HRB400 reinforcements with yield strength of 420MPa, and
the stirrups were HRB300 reinforcement with yield strength
of 302MPa. -e concrete strength grade was C40, and the
strength measured by the test was 43.7MPa. -e specimens
were constructed by adopting formwork pouring and
manual vibration methods and then cured at room tem-
perature for 28 days. A section of the Group A beam is
shown in Figure 1.

-e longitudinal reinforcement ratio of Group A was
relatively small, the bending-to-shear capacity ratio of the
beams was 88.36KN/140.37KN, and the main failure mode
was bending failure under static loads. -e longitudinal
reinforcement ratio of Group B was higher than that of
Group A, the bending-to-shear capacity ratio of the beams
was 143.26KN/140.37 KN, and the main failure was shear
failure under static loads. -e design of this study’s ex-
perimental tests is shown in Table 1. -ree identical spec-
imen beams from each group were impacted with the same
energy. However, the weights and speeds of the falling
weights were different. Cumulative impact tests were carried
out on the L16-1 and L16-3 beams, and single impact tests
were conducted on the remaining beams. -e impact ve-
locity values and the impact force of the falling weights,
midspan displacements, reinforcement strain of the mea-
suring points, and damage development of the specimens
during the impact processes were collected and recorded.
-en, by comparing and analyzing the two groups of beams
with different mechanical properties, the impact resistance
responses of the RC beams under equal energy impact loads
could be accurately evaluated.

-e calculation equation of the design parameters in
Table 1 is as follows:

EI �
mv

2

2
,

v �

����������

2(g − a) × h



,

a �
F

m
,

(1)

where EI is the impact energy, m is the weight of the drop
hammer, v is the theoretical impact velocity, g is the ac-
celeration due to gravity, a is the acceleration caused by
friction, h is the measured height of the drop hammer, and F

is the measured track friction force.

2.2. TestingDevice andDataAcquisition Process. -is study’s
tests were carried out in the ultrahigh falling weight impact
laboratory of Foshan University, and the device used for the
testing processes is shown in Figure 2. As can be seen in the
figure, the beam was placed on a fixed hinge bearing and the
impact point of the hammer head was in the midspan area. A
force sensor was embedded in the hammer head in order to
measure the time history of the impact force. -e hammer
was a cylindrical flat hammer head with a diameter of
200mm. -e falling hammer had gone into a free fall state
approximately along the vertical guide rail and impacted the
beam at its midspan position. -e mass of the falling weight

could be adjusted by adding or reducing counterweight
plates. Considering the friction between the falling hammer
and the track, the instantaneous speed of the falling weight
was measured by a laser speed measuring device. When the
hammer head contacted the beam, the instantaneous ve-
locity changed and the data acquisition was triggered. -e
midspan deflection under the impact load wasmeasured by a
pull lever-type displacement meter arranged in the midspan
of the beam. In addition, a resistance strain gauge was used
to measure the strain of stressed reinforcements, and the
distribution of the measuring points is detailed in Figure 1.
Among the measuring points, the No. 1 and No. 4 measuring
points were located at the midspan position of the beam. In
order to measure the maximum strain of the load-bearing
reinforcements, the No. 2 and No. 3 measuring points were
located at the symmetrical position of one-quarter of the
beam, and the strain under impact was relatively small.
-ese findings provided important references for the sub-
sequent comparisons of the reinforcement strain level of
different beams. Also, a high-speed camera was adopted to
record the impact test processes.

3. Analysis of the Impact Test Results

In this study, the test results of the Group A and Group B
beams with different reinforcement ratios under equal en-
ergy impact loads were processed. -e peak values of the
impact force and rebound mechanism, peak displacements,
and residual displacements, as well as the peak values of the
reinforcement strain, were further analyzed. -e cumulative
impact tests of the two beams in Group A were carried out
three times, and the impact test results are detailed in
Table 2.

In Table 2, L16-1 represents that the beam is impacted by
the first type of load, and L16-1-1 represents the first impact
of the beam under the first type of load. -e reinforcement
strain is expressed by microstrain: 1 ξ � 106 μ ξ.

3.1. Analysis of Primary Impact Data. -e time-history
curves of the impact force are shown in Figure 3. -e impact
force level when the falling hammer collided with the beam
was measured by a built-in force sensor in the hammer head,
and the impact force time-history curves of the three beams
in each group were merged into one chart. In this study’s
experiments, at the moment when the drop hammer collided
with the beam, the impact force was observed to rapidly
reach a peak value and then decreased rapidly, forming a
wave peak. -en, the impact force vibrated and tended
toward the horizontal. Due to the relatively large contact
stiffness of the beam-hammer in the test, the signal trans-
mitted by the force sensor will have overshoot phenomenon,
so the impact force of some beams will appear negative
values. By comparing the two figures, it could be seen that
under the same energy impact load, when the impact ve-
locity increased from 1.84m/s to 3.18m/s, the peak impact
force of the Group A beam increased by 70% and that of
Group B increased by 61%. Furthermore, the peak impact
force increased by 4% from beam L16-1 to beam L20-1, and
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the peak impact force of the four remaining beams increased
at different degrees with the increases in the reinforcement
ratios. In addition, during the oscillation processes of the
impact force curves after the first peak value was attained,
only the impact force time history curves of the L16-1 and
L20-1 beams with higher speed appeared to display sec-
ondary peak values.-e secondary peak values of the impact
force of the L20-1 reinforced beam with a larger rein-
forcement ratio were higher than those of the L16-1 rein-
forced beam. -e main reason for this phenomenon was
that, in the existing impact force formula [23], the power of
the mass was secondary to the power of the velocity.
-erefore, the impact velocity had greater impacts on the

trends of the impact force time-history curves than the mass.
In addition, the reinforcement ratio of the L20 beam was
larger, so the overall stiffness of beam was greater. -e
stiffness affects the magnitude and frequency of subsequent
peaks of the beam impact force time-history curve. As a
result, the increases in velocity and stiffness were the main
reasons for the subsequent peak values of the beams under
the action of equal energy impact loads.

-e displacement time-history curve of the beam under
impact load is shown in Figure 4. After the drop hammer
had collided with the beam, the midspan displacements were
observed to increase with the downward movement of the
beam and then decreased after reaching a peak value to form
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Figure 1: Reinforcement diagram of the Group A beam (mm).
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Figure 2: Falling weight impact test device (mm).

Table 1: Experimental test design.

Group Specimen
no.

Bottom
reinforcement

Erection
bar Stirrup

Primary
impact

energy (J)

Falling
weight
(kg)

Falling height (theoretical impact velocity)

First Second -ird

A
L16-1

2Φ16

2Φ10 ϕ8@
150

1011.24 200 1.02m (3.18m/s) 2.04m (5.06m/s) 3.06m (6.39m/s)
L16-2 1012.50 400 0.50m (2.25m/s) —
L16-3 1015.68 600 0.33m (1.84m/s) 0.66m (2.92m/s) 0.99m (3.69m/s)

B
L20-1

2Φ20
1011.24 200 1.02m (3.18m/s)

—L20-2 1012.50 400 0.50m (2.25m/s)
L20-3 1015.68 600 0.33m (1.84m/s)
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a main wave peak. Following that, the midspan displace-
ments continued to decline and then rose once again after
reaching the minimum value. -is had resulted in the
formation of a wave trough. When the displacements had
risen to a certain value, the displacement curve tended to be
horizontal. -e displacement time-history curve of some
beams shows negative values. -e main reason is that the
first impact energy in this experiment is relatively small, and
the proportion of energy consumed by the elastic defor-
mation of the beam has increased. So, there will be a greater
degree of rebound.-ere were residual displacements which
were observed in the midspan due to the plastic damage of
the beam during the process of impact. It can be seen when
comparing the two images shown in Figure 4 that under the
action of equal energy impact loads, the peak displacements
of the beam first increased and then decreased with the
increase in impact velocity. In addition, with the increases in
the reinforcement ratios, the peak displacement of the beam
had decreased. -e residual displacements of the beam were
mainly related to the reinforcement ratios and impact en-
ergy. -erefore, it was indicated that the impact velocity and
mass had little influence on the residual displacements.

As can be seen in Figure 5, the reinforcement strain
increased when the falling hammer collided with the beam
and decreased after reaching the peak, forming a main wave
peak, and then tended to be horizontal. -e duration of the
main wave peak was approximately 14 to 28ms, which was
similar to that of the main wave peak of the displacement
time-history curve. -erefore, by comparing A and B in
Figure 5, it was found that, under the action of equal energy
impact loads, the peak strain of the reinforcement first in-
creased and then decreased with the increases in the impact
velocity. In addition, with the increases in the reinforcement
ratio, the peak strain of the reinforcement had decreased.

As detailed in Figures 3–5, the occurrence of peak values
of the displacements and reinforcement strain was delayed
relative to the peak values of the impact force. -is was
due to the fact that the beam was in the local response
stage before the development of the midspan displace-
ments. At that stage, the impact force of the falling
hammer gradually had transformed into the inertial force
of beam itself, and the inertial force had propagated to
both ends of the beam in the form of stress waves. -en,
when the stress waves reached the bearings and the beam
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Figure 3: Time-history curves of the impact force: (a) Group A; (b) Group B.

Table 2: Test results.

Group Specimen
no.

Impact velocity (mass)
m/s (kg)

Peak value of the impact
force (N)

Peak value of the displacements
(mm)

Peak value of the strain
(μξ)

A

L16-1-1 3.18 (200) 505968 10.28 1620
L16-1-2 5.06 (200) 883159 18.25 —L16-1-3 6.39 (200) 1139481 29.24
L16-2 2.25 (400) 337214 19.46 2235
L16-3-1 1.84 (600) 297582 11.02 2004
L16-3-2 2.92 (600) 476215 20.00 —L16-3-3 3.69 (600) 592120 31.54

B
L20-1 3.18 (200) 526625 9.51 1034
L20-2 2.25 (400) 465193 16.71 1279
L20-3 1.84 (600) 327335 10.70 1146
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began to respond as a whole. -e joint action of the in-
ertial force and the bearing reaction force caused the
entire beam to undergo downward accelerated motion.
During that process, a small part of the mechanical energy
of the falling hammer was used for the impact energy
consumption in local areas of the beam-hammer contact.
A large portion of the mechanical energy was stored by the
beam and consumed by the following three parts: energy
consumption by local damages; energy consumption by
overall damages; and energy consumption by the defor-
mations of the reinforcements and concrete material. In
this study’s experimental tests, the midspan displacements
and reinforcement strain of the beam were observed to

first increase and then decrease with the increases in the
impact velocity. -ese findings indicated that combina-
tions of different velocities and masses had resulted in the
greatest damage and failure under the actions of equal
energy impact loads.

3.2. Analysis of Cumulative Impact Data. Figure 6 shows the
time-history curve of the impact forces of beams L16-1 and
L16-3 under the actions of equal energy cumulative impact
loads. -e difference between the peak impact force of the
L16-1-1 and L16-3-1 beams was determined to be 208,386N.
-e difference between the peak force of the L16-1-3 and
L16-3-3 beams was 547,361N, which indicated that the
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Figure 4: Time-history curves of the displacements: (a) Group A; (b) Group B.
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Figure 5: Time-history curves of the strain: (a) Group A; (b) Group B.
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impact peak value of the beamwas greater when the hammer
velocity was higher (lower mass) regardless of whether it was
a single impact or cumulative impacts. In regard to the
cumulative impacts of a single beam, the increase rates of the
three impact force peaks of beam L16-1 were 74% and 51%,
respectively, when the impact velocity increased from
3.18m/s to 6.39m/s. In addition, it was observed that when
the impact velocity increased from 1.84m/s to 3.69m/s, the
three impact peak values of beam L16-3 increased by 43%
and 38%, respectively. -ese results suggested that with the
increases in the cumulative impact times, the stiffness
damages to the beam gradually increased, and the increase
rate of peak value of the impact force became smaller. In
addition, the impact speed of beam L16-1 is higher than
beam L16-3 each time, so that the increase rate of the
corresponding peak impact force is also greater.-erefore, it
was concluded that the velocity had greater influences on the
peak impact force than the material mass under equal energy
cumulative impact load conditions.

Figure 7 shows the displacement time-history curves of
the L16-1 and L16-3 beams under the action of equal energy
cumulative impact loads. -e trends of the displacement
time-history curves of each beam subjected to three cu-
mulative impacts were observed to be approximately the
same. In regard to the cumulative impact of a single beam,
when the impact velocity increased from 3.18m/s to 6.39m/
s, the increase rate of the three displacement peak values of
beam L16-1 was determined to be 78% and 106%, respec-
tively. In addition, when the impact velocity increased from
1.84m/s to 3.69m/s, the increase rates of the three times
displacement peak values of beam L16-3 were found to be
81% and 104%, respectively.-ese results indicated that with
the increases in the cumulative impact times, the stiffness
damage of the beam had gradually become aggravated, and
the increase rate of midspan peak displacements of the beam
was greater. -erefore, the larger the midspan peak dis-
placements were, the greater the residual displacements
would be, and the more serious the damage of beams would
be. At the same time, through numerical simulation,
Wongmatar et al. [24] derived the calculation formula be-
tween the maximum displacement (δmax) and the ratio of
impact energy (Ek) to static flexural capacity (Pu):
δmax � 0.72(Ek/Pu). Combined with this experiment, when
the beam is subjected to cumulative impact load, the Ek

increases. Due to the damage of the beam in the previous
impact, the Pu decreases, so the Ek/Pu increases and the δmax
increases. Under the same impact way, the impact energy
and static bending capacity are the main factors affecting the
maximum deflection of the beam. In the present study, the
changes in the cumulative impact time-history of the re-
inforcement strain were found to be similar to those of
midspan displacements.

As can be seen in Figures 6 and 7, under the condition of
equal energy impact loads, the peak value of the impact force
increased with the increases in impact velocity (decreased
mass) according to this study’s comparison between beams
L16-1 and L16-3. However, the displacements had displayed
no obvious changes. -erefore, if the local damages were
ignored, the damage degrees of the beam could be expressed

by the midspan displacements [25], which indicated that it
was not accurate to express the impact bearing capacity of a
beam by using the impact force. -e fact that, under equal
energy cumulative impact loads, the relative changes in the
displacements of the beam L16-1 and beam L16-3 were
observed to be very small, may have indicated that the
damage degrees of the beams were mainly related to the
impact energy levels.

4. Numerical Simulations and Verifications

4.1. Model Establishment and Strain Rate Effect. In order to
further study the local failure and overall damage of the
beam under equal energy impact load, the finite element
software ABAQUS display dynamics module is used to
carry out three-dimensional numerical simulation of the
experiment. As shown in Figure 8, the drop hammer
impact model of the reinforced concrete beam is estab-
lished. -e hammer head is simplified as a cylinder, with a
radius of 200mm; the impact position is in the middle of
the span.-emass of the falling weight can be controlled by
modifying the material density and model size, wherein it is
defined that the falling weight only moves in the vertical
direction. Additionally, through a predefined field, the
impact velocity of the falling hammer is set. -e support is
simplified to the rectangular frame structure, shown in
Figure 8, to simulate the pressure plate on the upper part of
the beam during the test, and is consolidated with the
beam. Next, a coupling point is set directly below the
support, and through the coupling point, the constraint
type of the beam is set to be simply supported. -e drop
hammer and the support are defined as rigid bodies. -e
bond slip between rebar and concrete is not considered,
and the rebar cage is embedded in the concrete matrix in
the form of Embed. -e contact between the drop hammer
and beam and the beam and support is set as a universal
contact. -e concrete uses three-dimensional eight-node
linear reduction integral solid element C3D8R and intro-
duces element hourglass control. -e reinforcement bar
adopts the three-dimensional truss element T3D2, and the
approximate global size of the mesh is 25mm.

Due to the complexity of the dynamic responses of
reinforced concrete structures under impact load condi-
tions, this study’s examination of the concrete material
adopted the damage plastic model (CDP) which was pro-
posed by Lubliner et al. [26]. -e model parameters are
shown in Table 3. -is model has the ability to analyze the
mechanical responses of concrete structures under dynamic
loading conditions as well as monotonic and cyclic loading
conditions. It also considers the differences in the material
tension and compression properties. -e CDP model is able
to describe the irreversible damages to concrete material and
can also provide a description of the stiffness degradation
behaviors of the material. -e characteristic curves of the
uniaxial compression and tension of the concrete charac-
terized by decrease in stiffness are detailed in Figure 9. In the
present study, the constitutive model of the longitudinal
reinforcements and stirrups was the bilinear elastic-plastic
model [27].
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-e strain rate effect is also referred to as the sensitivity
rate of the material. Due to the strain rate effects of the
materials, the strength of the reinforcements and concrete

material tend to increase under dynamic loads. -ese strain
rate effects can be expressed as dynamic amplification factors
(DIFs). In this study, the dynamic amplification factors
(TDIFs) of the concrete tensile strength, as well as the dy-
namic amplification factor model (CDIF) of the concrete
compressive strength proposed by CEB [28], were used for
the numerical simulations as follows:
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�

εct
εcto
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− 1
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Figure 7: Time-history curves for the displacements after cumulative impacts: (a) L16-1; (b) L16-3.

Figure 8: Numerical model diagram.

0.046 0.048 0.050 0.052 0.054 0.056 0.058 0.060
–200000

0

200000

400000

600000

800000

1000000

1200000
Im

pa
ct

 fo
rc

e (
N

)

Time (s)

L16-1-1 3.18m/s
L16-1-2 5.06m/s
L16-1-3 6.39m/s

(a)

0.046 0.048 0.050 0.052 0.054 0.056 0.058 0.060
–200000

0

200000

400000

600000

800000

1000000

1200000

Im
pa

ct
 fo

rc
e (

N
)

Time (s)

L16-3-1 1.84m/s
L16-3-2 2.92m/s
L16-3-2 3.69m/s

(b)

Figure 6: Time-history curves for the cumulative impact force: (a) L16-1; (b) L16-3.
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where fct,imp is the tensile strength of the concrete under
dynamic loading; fctm indicates the tensile strength of the
concrete under static loading; εct denotes the material strain
rate; and εcto is the strain rate value under static loading
conditions. -e scope of the application was 10− 6 ∼ 300s− 1:

CDIF �
fc,imp

fcm
�

εc

εco
 

0.014

, εc


≤ 30s− 1

,

0.012
εc

εco
 

1/3

, εc


> 30s− 1

,

⎧⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

(3)

where fc,imp is the compressive strength of the concrete
under dynamic loading conditions; fcm indicates the
compressive strength of the concrete under static loading
conditions; εc refers to the material strain rate; and εco is the
strain rate value under static loading conditions. -e scope
of the application was −30 × 10− 6 ∼ 300s− 1.

-e Cowper-Symond model [29] was introduced in this
study to represent the strain rate effects of the reinforce-
ments, and its expression was f•

y/fy � 1 + (ε•/D)1/P. It was
assumed that the model did not change with the strain
strengthening effects. -e values of D and P were related to
the ultimate strengths of the reinforcements, which were
taken as 40 and 5, respectively, in this study.

4.2.Model Validation. -e validity of this study’s model was
verified by comparing the damages, impact force, and

displacement results among the numerical simulations and
test results.

It can be seen in Figure 10 that part of the concrete in the
local range of the contact area between the L16-1 concrete
beam and the hammer head was crushed, and the cracking in
the concrete at the middle and lower parts of the span was
mainly formed into three oblique cracks with angles of 45°,
as well as a small number of vertical cracks. In beam L16-3,
mainly oblique cracks from midspan to support and vertical
cracks in the midspan had formed (Figure 11). -e crushing
of the concrete in the local range of the midspan of the L16-3
beam was observed to be smaller than that of the L16-1
beam, and themidspan displacements of the two beams were
similar. -e inclination angles of the oblique cracks which
had formed in the midspan and the beam ends were the
largest. -e inclination angles were observed to gradually
increase from the bottom to the top and tended to the
horizontal in the midspan area. -e numerical simulation
results are similar to the experimental results.

-e impact force time-history curves and midspan
displacement time-history curves of numerical simulation
and test results for the L16-3 beam are presented in Fig-
ures 12 and 13, respectively. It was concluded that the impact
force time-history curves trends were observed to be similar.
In addition, the peak values of the impact force and dis-
placements were similar, with errors no greater than 10%.
-is study’s numerical model was able to accurately reflect
the impact responses of the beams. Figure 14 shows the
kinetic energy, internal energy, and hourglass energy curves
obtained by the numerical simulation of beam L16-1. -e

Table 3: Parameter table of concrete damage plasticity model.

Mass density Young’s modulus Poisson’s ratio Dilatancy angle Eccentricity fb0/fc0 k Viscosity parameter

2450 kg/m3 3.25×104 MPa 0.2 35° 0.1 1.16 0.6667 0.0005
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Figure 9: Concrete uniaxial tension and compression characteristic curves.
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ratio of hourglass energy to kinetic energy is within 10%,
which shows that the mesh convergence result is better. As a
result, the impact resistance of the beams and the influence
of the different control variables on the mechanical be-
haviors of the beams under impact load conditions could be
effectively analyzed.

5. Analysis of the Local and Overall Damages

-e damages in the beam-hammer contact areas and
punching failure areas of the beammidspans were defined as
local damages, and the approximate range is shown in
Figure 10. -e scope, type, and degrees of the local damages
were all determined to affect the overall damages of the
beams. In the research investigation, the development of
local damages to the beams under equal energy impact loads
and the local damages influencing effects on the overall

damages to the beams were determined by using a finite
element method.

5.1. Analysis of Local Damages. Figure 15 shows the devel-
opment process of the local damages of the L16-2 beam. It
could be seen in the figure that, starting from the impact
acting point, the stress had diffused downward and toward
both ends of the beam. -en, with the development of the
time history, the stress was mainly diffused at an oblique
angle of 45° in the local range before it was transmitted to the
bearings. Next, at the end of the local responses, the stress
had propagated from the beam-hammer contact area to the
beam end bearings. Figures 16 and 17 show the compressive
damages and tensile damages of the beam at the end of the
peak impact force, respectively. At that time, the stress waves
had not yet been transmitted to the bearings, and the beam

Local failure area

(a)

Local failure area

(b)

Figure 10: Beam L16-1.

(a) (b)

Figure 11: Beam L16-3.
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was in a local response stage. It can also be seen in the figures
that, under the equal energy impact loads, the scope and
degrees of the local damages to the beam had increased with
the increases in impact velocity, and the local damages to the
beam decreased with increases in the reinforcement ratios.
-erefore, combined with the test results displayed in
Figures 10 and 11, it was clear that the oblique angles of the
local cracks decreased with the decreases in impact velocity,
and the cracks tended to be vertical cracks. -erefore, the
local damages to the beams clearly varied with the changes in
the impact loads and reinforcement ratios and affected the
overall damage of the beam.

5.2. Analysis of the Overall Damages. -e failure modes and
crack development of beams under impact loads are gen-
erally very different from those under static loads. Due to the

joint influence of four types of effects, beams subjected to
bending failures under static loads may also experience shear
failures under impact loads. As detailed in Figure 18, the
beam-hammer impacts were divided into a local response
stage and an overall response stage. During the local re-
sponse stage, the beam was impacted by the hammer, and
the first impact damages occurred at the contact position.
-e beam-hammer contact location was covered by the
concrete of the compression area, and the damages to
concrete in the compression area led to decreases in the
bending resistance of the beam, thereby influencing the
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Figure 14: Energy time-history curve.
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Figure 15: Development of the local damages: (a) 1ms, (b) 1.2ms,
(c) 1.4ms, (d) 1.7ms.

(a)

(b)

(c)

(d)

Figure 16: Local compressive damages: (a) L16-3-C, (b) L16-2-C,
(c) L16-1-C, (d) L20-1-C.
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(b)

(c)

(d)

Figure 17: Local tensile damages: (a) L16-3-T, (b) L16-2-T, (c)
L16-1-T, (d) L20-1-T.
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failure mode of the beam. -en, the stress waves had
propagated downward and toward the left and right ends of
the beam. However, prior to the stress waves reaching the
bearings, the connection part between the bearings and the
beam had not yet been affected by the impact load and could
be regarded as a fixed hinge support area. As a result, the
load-bearing span of the beam was reduced and concen-
trated in the local midspan areas. -e bending strength of
the beam in the midspan areas then increased with the
decreases in the load-bearing span. -erefore, it could be
discerned that the beams under impact loads had mainly
formed oblique cracks due to shear failures in the midspan
areas, which appeared to be A-shaped in the local range.-is
was considered to be a unique shear effect of the beam under
the impact loading conditions and had mainly occurred
during the local response stage. When the stress waves were
transmitted to the bearings, the beam began to move in a
downward direction as a whole under the joint actions of
inertia force and bearing reaction force. -is was the key to
determining the overall failure mode of the beam. It was
found in this study that, if the resultant force of the com-
bined inertia force and bearing reaction force was greater
than the bending capacity of the entire beam, then bending
failure would occur. Otherwise, shear failure would occur.
However, if the resultant force was greater than both the
bending resistance and shearing resistance of the beam, then
bending shear failure would occur.-erefore, in this study, it
was concluded that the local punching shear failure had not
accurately represented the failure types of the entire beam.

Figure 19 shows a schematic diagram for the beam
damages under equal energy impact loads. It can be seen in
the figure that the impact velocity of the L16-1 beam was
high, the local damages were relatively large, and no obvious
cracks were observed in other parts of the beam. A large part
of the mechanical energy of the falling hammer had been
converted into energy consumed by actions of the local
failure. -is had resulted in that fact that the resultant force
of the combined inertial force and bearing reaction force
during the overall response stage was less than that of the
bending and shearing resistance capacity of the entire beam.
-en, it was found that, with the decreases in impact ve-
locity, the beam tended toward static load conditions, and
the local damages in the midspan areas were noticeably
smaller. In addition, more energy acted on the overall re-
sponse stage of the beam. -e inertial force effects played a
major role during the overall response stage, part of which
caused the beam to produce a downward acceleration. Also,
the other part was used to generate the supporting force.-e
curve distribution of the inertial force had reduced the
bending moment in the midspan of the beam, which caused
the beam to be more prone to shear failure. However, it was
observed that with the decreases in impact velocity, the
effects of the inertial force were weakened and the beam was
closer to the failure type of static loading. -erefore, it was
indicated in this study that with the decreases in impact
velocity, the extent and scope of local failures had decreased;
the inclined angles of the inclined cracks in the midspan had
also decreased; finally, the load on the beam tended to be

(a) (b) (c)

(d) (e) (f )

Figure 18: Crack development diagram of the L16-2 beam: (a) 1ms, (b) 1.5ms, (c) 5ms, (d) 8ms, (e) 10ms, (f ) 15ms.

(a) (b)

(c) (d)

(e) (f )

Figure 19: Schematic diagram of the beam damages: (a) L16-1, (b) L16-2, (c) L16-3, (d) L20-1, (e) L20-2, (f ) L20-3.
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static load, and the bending moment in the midspan of the
beam increased. -e Group A beam mainly experienced
bending failure under static loading conditions. With the
decrease of impact velocity, the widths of the inclined cracks
from the beam’s midspan areas to the bearings decreased
gradually from the L16-2 beam to the L16-3 beam. In ad-
dition, the bending cracks gradually increased in the mid-
span areas, and the failure mode of beam tended to be the
bending failure of static load. In the same way, the Group B
beams mainly underwent shear failure under static loading,
and the inclination angles of the inclined cracks in the
midspan areas were observed to gradually decrease due to
the weakening of the local failures with the decreases in
impact velocity. However, the inclined cracks from the
beam’s midspan areas to the bearings were found to grad-
ually widen, and the beam tended to display a shear failure
mode.

6. Conclusions

In this paper, the mechanical behaviors of RC beams under
equal energy impact loading conditions were examined by
using both experimental tests and numerical simulations.
-e impact force, displacement, strain, and damage values
obtained from this study’s tests were analyzed in order to
obtain the following conclusions:

(1) Under the action of equal energy impact loads, the
peak values of the impact force of the beams were
found to increase with the increases of impact ve-
locity. In addition, the impact velocity and stiffness
levels of the beams had increased the size and fre-
quency of subsequent peak values of the beams. -e
displacement and reinforcement strain of the beams
first increased and then decreased with the increases
of impact velocity. When the impact velocity is
2.25m/s and the impact mass is 400 kg, the beam has
the most serious damage.

(2) It was found that, with the cumulative impact, the
stiffness of the beam decreased and the displacement
increase rates of the L16-1 beam during the last two
impacts were 78% and 106%, respectively. Further-
more, the initial impact displacement peak value and
cumulative impact displacement peak value increase
rates of beam L16-3 and beam L16-1 were similar.
-e increase rates of the impact force peak values of
the L16-1 beam during the last two impacts were 74%
and 51% and those of the L16-3 beam were 43% and
38%, respectively. -e stiffness losses of the beams
aggravated the development of cumulative impact
displacements and reduced the increase rates of the
impact force.

(3) According to the experimental results and tensile
and compression damage obtained from the nu-
merical simulation results, it can be concluded that,
under the same energy impact load, as the impact
velocity increases, the local damage of the beam
increases. -is is mainly reflected in the scope and
extent of local damage and the development of

diagonal cracks. Additionally, as the impact mass
increases, a greater amount of energy acts on the
overall response stage of the beam, and the overall
damage becomes more severe. Furthermore, the
failure mode of the beam L16 has also changed, so
that when the impact velocity is 1.84m/s, the beam
mainly undergoes bending failure. Secondly, when
the impact velocity is 2.25m/s, the beam undergoes
bending and shear failure; eventually, when the
impact velocity is 3.18m/s, the beam mainly un-
dergoes partial punching and shear failure. -e
damage development of beam L20 is similar to that
of beam L16.

In summary, in this study, the influence of different
loading types (including single loading and cumulative
loading and different combinations of impact velocity and
mass) on the damage degree and failure mode of reinforced
concrete beams under the same total impact energy is
studied by experiments and finite element simulation. -is
provides a reference for the damage assessment of the
specimen after having been subjected to the same energy and
different impact methods.-e specimens that are susceptible
to high-speed impact loads, which should strengthen the
anti-impact protection at the point of impact, and the
specimens, which are susceptible to low-speed impact loads,
should be designed to strengthen the overall shear resistance.

7. Discussion

In this study, experimental testing was carried out under
low-velocity impact conditions. It was observed that, within
a certain range, the range of the local punching shear of the
beams increased with the increases in the impact velocity.
-is was considered to be related to the internal bonds of
concrete beams. However, at higher impact velocities, the
changes in the local damage ranges of the beam require
further study. -e impact force values can reflect the impact
resistance of a beam to a certain extent. However, during the
examination of impact force in this study, the expressions of
the impact resistance capacities of the beam were not found
to be accurate. Consequently, it was recommended that the
expressions of the impact bearing capacities of the beams be
further investigated in future research studies.
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