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In this study, the impact test of two groups of reinforced concrete piers protected by closed-cell aluminum foam is carried out by
using the ultrahigh drop hammer impact test system. /e purpose of this study is to explore the impact resistance and protective
performance of closed-cell aluminum foam under the impact load on the concrete bridge pier after replacing the ordinary
reinforcement with stainless steel reinforcement. /e study results show that the impact force is related to the overall stiffness of
the specimen, as well as to the failure mode. When the impact velocity is less than 1.42m/s, the closed-cell aluminum foam is in an
elastic or yielding stage. /e change rate of impact force (231 and 97.5, respectively), tip displacement (33.5 and 18, respectively),
and ultrasonic damage rate of the concrete in the two groups of specimen is relatively small, while the change rate of the two
groups of specimen remains approximately consistent. In addition, when the impact is greater than 1.42m/s and the closed-cell
aluminum foam is in the densification stage, the change rate of the impact force (increase from 231 to 819 and from 97.5 to 984.5),
the tip displacement (increase from 33.5 to 67 and from 18 to 62), and ultrasonic damage rate of concrete are larger, which results
in an increase in the dynamic response of the structure.

1. Introduction

With the development of transportation industry, traffic
accidents, such as ship collision with bridge piers, car col-
lision with guardrails, and superhigh vehicle collision with
pedestrian overpasses, occur frequently, resulting in sig-
nificant economic losses [1–3]. A reinforced concrete (RC)
pier is an integral load-bearing component of bridge
structure, and its impact resistance is very key to the overall
safety of concrete structure [4–6]. Due to the excellent
impact energy consumption of closed-cell aluminum foam
and strong corrosion resistance of stainless steel rein-
forcement, it is of great significance to study the protective
performance of closed-cell aluminum foam under the im-
pact load on the concrete piers after replacing the ordinary
reinforcement with stainless steel reinforcement of equal
strength, as this can provide a useful reference for the design
of reinforced concrete structures in impact resistance design
[7–10].

At present, research regarding reinforced concrete
members under impact load performed throughout the
world mainly focuses on three aspects: theoretical analysis,
experimental research, and numerical simulation. Wang
considered the influence of axial force on the lateral impact
resistance test of RC columns, and the results showed that
the shear failure and bending failure of RC columns may
occur under the action of lateral impact load, while the
bending failure tends to occur with the increase of axial
compression ratio [11]. Additionally, Li et al. [12] used finite
element method analysis ANYSYS/LS-DYNA to study the
dynamic response of reinforced concrete columns under the
impact of rigid sphere, and the results showed that it is
reasonable and effective to use the bond-slip separate model
to simulate the dynamic response of reinforced concrete
columns; Zhou and Zhang [13, 14]studied the impact per-
formance test of a stainless steel reinforced concrete pier, via
which the maximum impact force of the pier specimen was
determined. /e test results showed that the stainless steel
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reinforced concrete pier specimen possessed strong ductility,
energy absorption capacity, and impact resistance under the
impact load. Due to the strong deformation and energy
absorption characteristics of closed-cell aluminum foam, in
many cases aluminum foam is introduced to the field of
impact resistance of bridge piers as an energy dissipation
buffer material, and the dynamic response of aluminum
foam to the protection of bridge piers under impact load is
studied and analyzed so as to reveal the energy dissipation
buffering mechanism of aluminum foam. At present, re-
search regarding closed-cell aluminum foam performed
throughout the world mainly focuses on static and dynamic
mechanical properties. /e results of these studies have
shown that there are three distinct stages in the compression
process of closed-cell aluminum foam, namely, linear elastic
stage, plastic platform stage, and densification stage [15, 16].
Upon observing these three stages, it is found that a high and
wide platform is present in uniaxial compression experi-
ments involving closed-cell aluminum foam. During the
compression process, a large amount of energy is absorbed
by the stage under approximate constant stress. /e longer
the platform is, the stronger its energy dissipation capacity
will be [17–19]. In order to better evaluate the energy ab-
sorption capacity of aluminum foam, Zeng and Alejano
[20, 21] proposed an energy efficiency curve and an ideal
energy efficiency curve. /e results of the study showed that
the ideal energy absorption efficiency of the aluminum foam
material may exceed 0.8, and the maximum energy ab-
sorption capacity can reach 3430 kJ/m3. In addition, scholars
throughout the world have studied the closed-cell aluminum
foam by the drop hammer impact test and Hopkinson bar
test and have attained a further understanding of the dy-
namic compression performance and impact resistance of
closed-cell aluminum foam. Li et al. [22] studied the dy-
namic compressive properties of closed-cell aluminum
foam, and the study results showed that the stress-strain
curves of closed-cell aluminum foam under high-speed
compression were the same as those under quasistatic
conditions. Li et al. [23] studied the critical conditions for
the protection of closed-cell aluminum foam under low
velocity impact, and the results showed that when the impact
velocity was lower than the critical impact speed, the stress of
the aluminum foam would not exceed the compression
stress of the platform. Foam aluminum with high porosity
can greatly reduce the shock response speed and has a good
protective effect. Lan et al. [24] analyzed the energy ab-
sorbing ability and impact resistance of closed-cell alumi-
num foam, reviewed the research progress of the influence of
strain rate and impact velocity on the energy absorption
characteristics of aluminum foam, and explained the pos-
sible influences. Sun et al. [25] studied the dynamic response
of aluminum foam sandwich panels under blast impact. /e
results show that the change of material is highly sensitive to
impact strength, laminates, and gradient of aluminum foam
core. Wang et al. [26] studies the antiriot performance of
aluminum foam sandwich panels. /e results show that
under the condition of keeping the thickness of the total
laminate unchanged, increasing the thickness of the back-
board at a relatively low blasting strength is conducive to

improving the blast resistance. Sun et al. [27] studied the
behavior of aluminum foam sandwich plate under low ve-
locity impact. /e results show that the density gradient of
foam aluminum sandwich has significant effect on the failure
and deformation of the sandwich plate. Zhang et al. [28]
carried out a drop hammer loading test on the lateral impact
resistance of RC bridge pier model and analyzed the in-
fluence of the buffer device on the dynamic response of the
specimen. Xu [29] carried out the pendulum impact test on
the bridge pier with a closed-cell aluminum foam protection
device and then compared and analyzed the influence law of
aluminum foam on the bridge pier. In the above studies, the
protective performance of closed-cell aluminum foam is
mainly analyzed from the perspective of energy absorption,
while less attention is paid to the potential threat to the safety
of protection caused by the rapid increase of stress resulting
from the compaction. Meanwhile, there have been few re-
ports on the use of closed-cell aluminum foam as an energy
absorbing material to protect reinforced concrete bridge
piers in combination with the structural response speed./e
study of the entire process of the impact of protective
materials requires further discussion and analysis.

Taking the engineering application of stainless steel
reinforced concrete piers of the Hong Kong-Zhuhai-Macao
Bridge as the research background, the present paper adopts
the domestic advanced ultrahigh dropping hammer impact
test system, uses closed-cell aluminum foam as a pier
protection device, carries out horizontal impact tests on the
concrete piers after equal-strength replacement with stain-
less steel reinforcement protected by the closed-cell alu-
minum foam, and studies the influence of the closed-cell
aluminum foam on the impact damage of concrete piers
after equal-strength replacement with stainless steel rein-
forcement under the effect of horizontal impact loading.

2. Test Overview

2.1. Design of Specimen. In order to study the impact re-
sistance after equal-strength replacement with stainless steel
under the effect of impact load under the protection of
closed-cell aluminum foam, the double-column round pier
is used as the test prototype in this paper, and four reduced
scale models are designed with a scale of 1 : 5, as shown in
Figure 1. /e column cross section of the specimen is
340mm in diameter and 2,200mm in height. /e longitu-
dinal reinforcement of the specimen consists of an S2304
duplex stainless steel bar and HRB400 ordinary steel bar
produced by the French UGITECH company. /e stirrup is
a grade I ordinary steel bar HPB300, with a diameter of
8mm and spacing of 50mm. /e reinforcement is welded,
and the concrete strength is C40. /e protective materials
used in this test are closed-cell aluminum foam, with a length
of 210mm, width of 100mm, respective thicknesses of
50mm and 100mm, and density of 0.4 g/cm3, as shown in
Figure 2. /e mechanical properties are measured in the
laboratory (see Table 1 for the design parameters of the
specimen).

/e stress and strain curves of the closed-cell aluminum
foam, with the dimensions of 100∗100∗50mm and
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100∗100∗100mm, were obtained by the uniaxial compres-
sion test. /e stress-strain curve of the closed-cell aluminum
foam under the uniaxial compression test is shown in
Figure 3.

From the stress-strain curve, we can determine the work
done by deformation [30]:

W � 
εm

0
σdε, (1)

where w represents the deformation work of closed-cell
aluminum foam absorbed; σ is the flow stress of closed-cell
aluminum foam; and εm is the flow strain of closed-cell
aluminum foam.

σ0 �


εb

εa

σ(ε)dε

εb − εa

,
(2)

where σ0 is the strain of yield platform; εa is the yield strain;
and εb is the densification strain.

/e material parameters of the closed-cell aluminum
foam are calculated using formulae (1) and (2), as shown in
Table 2.

And 12 cubes (150mm× 150mm× 150mm) were made
to carry out the compressive test; the compressive test was
carried out on the universal electrohydraulic servo testing
machine to obtain the yield strength and ultimate strength of
the reinforcement. /e mechanical properties of the con-
crete are shown in Table 3.

In the test, the steel bars in the specimen were tensioned
to obtain the yield strength, ultimate strength and bearing
capacity of the stainless steel bars and ordinary steel bars.
/e stress with the residual strain of the stainless steel bars of
0.2% was the yield strength, the details of which are shown in
Table 4. Table 5 shows a comparison of the strength re-
placement of the pier specimens.

2.2. Data Collection. /e test mainly collects the data of
impact force, specimen displacement, strain of rein-
forcement, crack development of specimen, and concrete
damage. Among these, the impact force is measured by the
pressure sensor at the head of the trolley, the dynamic
strain of reinforcement is measured by the strain gauge,
and a total of eight strain gauges of reinforcement are
arranged according to the stress characteristics of the
specimen, with their distribution as shown in Figure 4. In
addition, four displacement meters (as shown in Figure 5)
are arranged at the locations of 100mm, 800mm,
1,500mm, and 2,100mm from top to bottom on the back
of the specimen so as to collect the data of lateral dis-
placement of bridge column. Finally, an HC-U81 concrete
ultrasonic detector is used to detect the main failure area
of the specimens.

2.3. Test Device and Design. /e test is completed on a
multifunctional ultrahigh heavy drop hammer testing ma-
chine, as shown in Figure 6. /e multifunctional ultrahigh
heavy drop hammer testing machine is mainly composed of
a trolley, a vertical drop hammer, and a steel wire rope. /e
kinetic energy of the trolley is provided by adjusting the
height of the vertical drop hammer (as shown in Figure 7).
Among them, the maximum lifting height of drop hammer
is 18m, the change range of drop hammer is 166–1,500 kg,
and the mass of the trolley is 1,200 kg which can also be
changed through the counterweight mass block. In this test,
the counterweight of the drop hammer is 196 kg and that of
the trolley is 1,200 kg.

According to the experimental design, each pier is im-
pacted six times, and the impact scheme is shown in Table 6.

Before the impact, the upper end of the column is ap-
plied with an axial pressure of 250 kN, in order to limit the
horizontal displacement of the column (as shown in

Figure 2: Closed-cell aluminum foam material.
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Figure 1: Schematic diagram of the specimen (dimension unit:
mm).
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Figure 8). /e base of the pier specimen is fixed to the
foundation with four prestressed bolts, which can be ap-
proximately equivalent to a rigid section. After the specimen

is placed, the closed-cell aluminum foam cushioning ma-
terial is fixed on the rigid bow of the impact boat model (as
shown in Figure 9).
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Figure 3: Stress-strain curves of closed-cell aluminum foam under the uniaxial compression test.

Table 2: Parameters of closed-cell aluminum foam material.

Material no. Volume density (g/cm3) /ickness (mm) Porosity (%) Compressive strength (N/mm2) Tensile strength (N/mm2)
A1 0.4 85 5.7 3.0 3183
A2 0.4 85 6.0 3.0 4880

Table 3: Mechanical properties of the concrete.

Concrete strength grade Concrete strength (N/mm2) Modulus of elasticity (N/mm2)
C40 44.83 3.28×104

Table 4: Properties of the reinforcement materials.

Longitudinal reinforcement Steel diameter (mm) Yield strength (N/mm2) Ultimate strength (N/mm2) Elasticity modulus (N/mm2)

HPB400 20 440 580 2.00×10525 470 640

S2304 16 670 734 1.93×10520 720 858

Table 1: Design parameters of specimen for test.

Group Specimen no. Longitudinal reinforcement (mm) Stirrup (mm) Concrete strength grade Aluminum foam no. used for
specimen

— S1-16 10S16 Φ8＠50 C40 A1
Z2-20 10Φ20 Φ8＠50 C40 A1

— S1-20 10S20 Φ8＠50 C40 A2
Z2-25 10Φ25 Φ8＠50 C40 A2

Note. S represents the stainless steel reinforcement (S2304).
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3. Test Result and Analysis

/rough the horizontal impact test, the dynamic response
data of concrete piers after equal-strength replacement with
stainless steel reinforcement can be obtained under different
impact energies and under the protection of the closed-cell
aluminum foam. /ese data mainly include the time history
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Figure 7: Vertical drop hammer.

Table 5: Comparison of the equal-strength replacement of the pier specimens.

Group Specimen
no.

Bearing capacity of
single reinforcement

(N)

Reinforcement
number

Axial bearing
capacity of
member (N)

Relative ratio of
axial bearing
capacity of

members (%)

Section bending
rigidity

(×1012 Nmm2)

Relative ratio
of section
stiffness (%)

— S1-16 134643 10 5324885 0.31 26.57
−0.75Z2-20 138160 10 5308977 26.77

— S1-20 224510 10 6188177 0.55 25.84
−4.57Z2-25 230593 10 6154133 27.08
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curve of impact force, time history curve of displacement,
time history curve of strain of steel bar, damage of some
parts of the specimen, and fracture propagation and failure

mode. In order to better analyze the dynamic response of the
two groups of specimens, the zero point of time is deter-
mined as the point when the trolley reaches the laser speed
measurement system at the end of the track, namely, when
the acquisition system is triggered.

3.1. Response Analysis of Impact Force. Under the condition
of closed-cell aluminum foam, there is a significant differ-
ence in the ability to resist impact before and after the equal-
strength replacement with stainless steel bars. Figure 10
shows the time history curves of impact force of the first
group (S1-16 and Z2-20) and the second group (S1-20 and
Z2-25) of specimens which are raised to 4m and 10m,
respectively. For specimens S1-16 (S for stainless steel) and
Z2-20, the 50mm closed-cell aluminum foam is adopted,
while for specimens S1-20 (S for stainless steel) and Z2-25,
the 100mm closed-cell aluminum foam is used.

It can be seen from Figure 10 that the change trend of the
time history curve and peak value of impact force before and
after the equal-strength replacement with stainless steel are
consistent compared with that of ordinary reinforced
concrete specimens. /roughout the impact process, the
impact force rapidly reaches the peak value within 0.05 s, and
the peak duration is very short. At the same time, the peak
value of the impact force is affected by the natural frequency
of the component and overall stiffness of the component.
/e compression stress-strain curves of the closed-cell
aluminum foam in Figure 3 show three stages: the linear
elastic deformation stage, plastic platform stage, and den-
sification stage. Finally, the peak impact test results of the
two groups of piers are compared, and the results are shown
in Table 7.

As shown in Table 7, the impact forces of specimens S1-
16/S1-20 and Z2-20/Z2-25 gradually draw near to each other
with the loss of the buffering effect of the aluminum foam
under the same impact condition before and after the equal-
strength replacement of stainless steel reinforcement. When
the specimen is dominated by bending failure (such as in the
first group), the impact force of S1-16 is greater than Z2-20.
However, due to the fact that the ductility of ordinary re-
inforcement is greater than that of stainless steel and that
stainless steel has high strength and toughness, the overall
rigidity of the specimen is improved. In addition, when the
specimen is dominated by shear failure (such as in the
second group), the impact force of S1-20 is less than that of
Z2-25. /is occurs due to the fact that the shear failure is
dominated by the staggered deformation of the concrete

Table 6: Impact scheme.

Specimen no. Impact times Height of the drop hammer (m) Average impact velocity (m/s) Accumulated
energy (J)

Stress stage of closed-cell
aluminum foam

S1-16 1 2 0.72 311.04
Yield stage2 4 1.10 1037.04

Z2-20 3 6 1.42 2246.88
S1-20 4 8 1.67 3920.22

Densification stageZ2-25 5 10 1.84 5951.58
6 12 2.08 8547.42

Figure 8: Impacted specimen and constraints.

Figure 9: Horizontal traction impact test machine.
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section and that the cross section of the ordinary reinforced
concrete pier has a slightly larger flexural rigidity than that of
the stainless steel concrete pier. /is indicates that the
impact force is related to the overall stiffness as well as to the

failure mode of the specimen. By comparing the peak impact
force of two groups, the impact speed is fitted with the
impact force, as shown by the peak impact force in the first
and second groups in Figure 11.
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Figure 10: Time history curve of the impact force when the drop hammer is lifted to 4m and 10m, respectively.

Table 7: Impact test results and comparison.

Height of the drop hammer (m) Average impact velocity (m/s)

1st group 2nd group
Peak impact
force (kN) Relative ratio (%)

Peak impact
force (kN) Relative ratio (%)

S1-16 Z2-20 S1-20 Z2-25
2 0.72 111.57 85.91 23.00 89.3 115.2 22.48
4 1.10 200.49 157.29 21.55 124.61 158.78 21.52
6 1.42 313.66 208.15 33.64 153.47 188.43 18.55
8 1.67 478.85 424.91 11.26 349.4 385.91 9.46
10 1.84 672.11 607.87 9.56 578.77 635.43 8.92
12 2.08 830.39 747.48 9.98 781.72 823.17 5.04
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It can be seen from Figure 11 and Table 5 that, overall,
with the increase of impact speed, the change trend of impact
force of the two groups of specimen remains approximately
the same and presents a two-stage phenomenon. In the first
stage, when the impact velocity is small (e.g., less than 1.42m/
s), the impact force of specimens S1-16/Z2-20 and S1-20/Z2-
25 increases at a slope of 287, 175, 91, and 104, respectively,
the rate of change is small, and the relative ratio of impact
force is stable at 26% and 21%, respectively. /e main reason
for this is that, at this time, the closed-cell aluminum foam is
in an elastic stage and yielding stage and thus has a strong
energy dissipation capability. In the second stage, when the
impact velocity is high (e.g., greater than 1.67m/s), the impact
force of S1-16/Z2-20 and S1-20/Z2-25 increases linearly (from
287 to 804, from 175 to 834, from 91 to 976, and from 104 to
993), with a large change rate, and the relative ratio of force is
to better analyze the protective ability of closed cell aluminum
foam cushioningmaterial under the cumulative impact on the
test specimen, not to describe the impact force (from 26% to
9% and from 21% to 7%). /is is due to the fact that the
closed-cell aluminum foam has been transferred from the
yield platform stage to the densification stage, as a result of the
accumulation of impact energy, and the densification stage
causes the stress to rapidly increase and the energy absorption
to sharply decrease./is property is consistent with the stress-
strain curve obtained from the uniaxial compression test of
the closed-cell aluminum foam, as shown in Figure 3.

3.2. Displacement Time History Curve. Figure 12 shows the
time history curve of the top displacement of the specimen in
the first group (Z1-16/Z2-20) and second group (S1-20/Z2-25)
when the drop hammer is lifted to 4m and 10m, respectively.

Figures 12(a) and 12(c) show that the respective maxi-
mum displacement of the first group of specimens (Z2-20:

4m and S1-16: 4m) is 24.45mm and 17.79mm when the
drop hammer is lifted to 4m, while that of the second group
of specimens (Z2-25: 4m and S1-20: 4m) is 20.39mm and
13.15mm. It can be seen from Figures 12(b) and 12(d) that
when the drop hammer is lifted to 10m, the maximum
displacement of the first group of specimens (Z2-20: 10m
and S1-16: 10m) is 79.66mm and 54.33mm and that of the
second group of specimens (Z2-25: 10m and S1-20: 10m) is
58.95mm and 46.49mm. From the above, we can see that
under the condition of using closed-cell aluminum foam as
the buffer layer, the impact displacement of the concrete
piers after equal-strength replacement with stainless steel
reinforcement is smaller than that of ordinary reinforced
concrete piers. Finally, the peak displacement test data of the
two groups of pier specimens are compared and analyzed,
and the results are shown in Table 8.

Table 8 shows that the ability of members to resist impact
deformation is improved under the same impact energy
before and after equal-strength replacement with stainless
steel. /at is to say, under the same impact conditions, the
displacement increment of the stainless steel reinforced
concrete pier is smaller than that of the ordinary concrete
pier, and the relative ratio of the displacement peak value is
greater than 20%, which is mainly due to the higher strength
and toughness of stainless steel which improves the ability of
members to resist the impact deformation. By comparing the
top peak displacement of the two groups, the impact velocity
is fitted with the peak displacement at the top, as shown in
Figure 13.

It can be seen from Figure 13 that, overall, with the
increase of impact speed, the displacement change trend of
the two groups of specimens is approximately the same and
presents a two-stage phenomenon. In the first stage, when
the impact velocity is less than 1.42m/s, the top displace-
ment of specimens S1-16/Z2-20 and S1-20/Z2-25 increases
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Figure 11: Peak impact force of the first and second groups.

8 Advances in Materials Science and Engineering



0.05 0.10 0.15 0.20 0.250.00
Time (s)

–5

0

5

10

15

20

25

30

35

40

45

50
To

p 
di

sp
la

ce
m

en
t (

m
m

)

S1-16-4m
Z2-20-4m

(a)

S1-16-10m
Z2-20-10m

0.05 0.10 0.15 0.20 0.250.00
Time (s)

–10

0

10

20

30

40

50

60

70

80

90

100

To
p 

di
sp

la
ce

m
en

t (
m

m
)

(b)

0.05 0.10 0.15 0.20 0.250.00
Time (s)

S1-20-4m
Z2-25-4m

–5

0

5

10

15

20

25

30

35

40

45

50

To
p 

di
sp

la
ce

m
en

t (
m

m
)

(c)

S1-20-10m
Z2-25-10m

0.05 0.10 0.15 0.20 0.250.00
Time (s)

–10

0

10

20

30

40

50

60

70

80

90

100
To

p 
di

sp
la

ce
m

en
t (

m
m

)

(d)

Figure 12: Time history curve of top displacement when the drop hammer is, respectively, lifted to 4m and 10m.

Table 8: Top displacement test results and comparison.

Height of the drop
hammer (m)

Average impact
velocity (m/s)

1st group 2nd group
Displacement

peak values (mm) Relative ratio (%)
Displacement

peak values (mm) Relative ratio (%)
S1-16 Z2-20 S1-20 Z2-25

2 0.72 10.19 14.96 31.89 10.98 14.55 24.54
4 1.10 17.79 24.45 27.24 13.15 20.39 35.51
6 1.42 32.11 41.71 27.81 20.75 31.48 34.09
8 1.67 41.76 60.94 31.47 32.1 42.37 24.24
10 1.84 54.33 79.66 31.80 46.49 58.95 21.14
12 2.08 70.13 90.39 22.41 57.55 75.1 23.37
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slowly and shows a linear increase at the slopes of 30, 37, 13,
and 23, and its change rate is small. /is is mainly due to the
fact that the closed-cell aluminum foam is in the elastic or
yielding stage and thus can absorb the impact energy more
effectively. In the second stage, when the impact velocity is
greater than 1.42m/s, the top displacement of specimens S1-
16/Z2-20 and S1-20/Z2-25 increases rapidly and shows a
linear increase (from 30 to 58, from 37 to 76, from 13 to 57,
and from 23 to 67), and the change rate is larger. /e main
reason for this is that with the increase of impact energy, the
closed-cell aluminum foam reaches the densification stage
and gradually loses its cushioning ability, while the stiffness
of the closed-cell aluminum foam increases after compaction
and densification. /is in turn leads to an increase in the
structural impact response acceleration and displacement so
that the dynamic response of bridge pier is increased in the
densification stage. /erefore, when the closed-cell alumi-
num foam is used as the cushion material of the pier, the
foam aluminum must eventually be replaced.

3.3. TimeHistory Curve of Concrete Damage Strain Detection.
Figure 14 shows the peak strain change curve of the #4 steel
bar at the lower part of the front of the impact point when
the first group (S1-16/Z2-20) and second group (S1-20/Z2-
25) of drop hammers are lifted to 4m and 10m.

It can be seen from Figure 14 that the strain time history
curve and peak change trend of the equal-strength re-
placement specimen are basically the same. Under the same
impact energy, the strain changes of the ordinary reinforced
concrete specimen and stainless steel specimen are almost
the same. From the perspective of the strain of the rein-
forcement, the stainless steel reinforcement can be used to
replace the ordinary reinforcement in the pier. Next, from
the stress-strain formula (σ � ε × E), the stress value of the

reinforcement is obtained. Finally, the stress values of the
different yield strengths of reinforcement are compared
(Table 4), and the peak strain and stress of two groups of #4
reinforcement shown in Table 9 are obtained.

According to the strain value of reinforcement shown in
Table 9, it is observed that the peak strain of reinforcement of
each specimen also increases with the increase of impact
height. Under the conditions of closed-cell aluminum foam
protection, the peak value of reinforcement strain of spec-
imens S1-16 and S1-20 is smaller than that of Z2-20 and Z2-
25 before and after the equal-strength replacement with
stainless steel. /is is mainly due to the fact that the high
strength and plasticity of stainless steel bars improve the
impact resistance of the piers and reduce the ductility of the
piers. /e densification of closed-cell aluminum foam has a
certain effect on the strain of reinforcement at the first group
of measuring points, yet the influence on the strain of re-
inforcement at the second group of measuring points is not
significant, which is mainly caused by the different impact
resistances and impact failure modes of the component.
According to the peak strain of the two groups of #4 re-
inforcement shown in Table 9, the stress value of rein-
forcement is obtained from the strain, and the relationship
between the stress of reinforcement and impact velocity is as
shown in Figure 15.

It can be seen from Figure 15 that, under the impact load,
the steel stress shows different results due to different failure
modes of the two groups before and after the equal-strength
replacement with stainless steel. When the specimen is
dominated by bending failure (such as in the first group), the
stress of reinforcement gradually increases with the increase
of impact speed. At this time, the ductility of reinforcement
more accurately reflects the fact that it can consume a
portion of the energy under impact load through rein-
forcement deformation, thereby resulting in the increase of
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Figure 13: Top peak displacement of the first and second groups.
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stress of reinforcement. At the same time, when the spec-
imen is dominated by shear failure (such as in the second
group), the stress of reinforcement tends to be flat with the
increase of impact speed. /e shear failure is dominated by

the staggered deformation of concrete section, and there is
less energy available for consuming the impact load through
the reinforcement deformation, thereby resulting in the slow
growth of the stress of the reinforcement. /is shows that,
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Figure 14: Time history curve of strain of the #4 steel bar when the drop hammer is lifted to 4m and 10m.

Table 9: Peak strain and stress test results of #4 reinforcement.

Height of drop hammer (m) Average impact velocity (m/s)

1st group 2nd group

No. 4 peak (με) No. 4 stress
(MPa) No. 4 peak (με) No. 4 stress

(MPa)
S1-16 Z2-20 S1-16 Z2-20 S1-20 Z2-25 S1-20 Z2-25

2 0.72 543.38 694.88 104.87 138.98 203.14 355.09 39.21 71.02
4 1.10 864.53 1050.23 166.85 210.05 460.43 634.13 78.28 126.83
6 1.42 1564.35 1573.97 325.08 314.79 550.25 809.56 106.20 161.91
8 1.67 2314.26 2387.23 465.95 — 652.21 872.95 125.88 174.59
10 1.84 2543.88 2564.25 516.06 — 958.06 1004.32 184.91 200.86
12 2.08 2812.34 2816.18 546.64 — 1011.43 1198.64 195.21 239.73
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under different failure modes, the bearing capacity of the
reinforcement of the component differs in terms of resisting
the impact deformation.

3.4. ConcreteDamageDetection. Table 10 shows the changes
of acoustic parameters recorded by an HC-U81 concrete
ultrasonic loss meter after damage. After the concrete
specimen is damaged, the transmission means of the ul-
trasonic wave will change, in turn leading to the increase of
the transmission time of ultrasonic wave, i.e., a decrease in
the sound speed.

It can be seen from Table 10 that the respective average
change rates of ultrasonic sound speed of the first group of
specimens (S1-16/Z2-20) are −20.7% and −22.17%, while
those of the second group (S1-20/Z2-25) are−15.16% and
−17.54%. From the perspective of damage, the change rate of
sound velocity of concrete piers is similar before and after
the equal-strength replacement with stainless steel bars. By
fitting the ultrasonic sound speed reduction and impact
speed measured by each specimen, the ultrasonic sound
speed reduction and impact speed shown in Figure 16 can
then be obtained.

It can be seen from Figure 16 and Table 10 that, overall,
with the increase of impact speed, the change trend of
concrete damage of the two groups of specimens is ap-
proximately the same and presents a two-stage phenome-
non. In the first stage, when the impact velocity is less than
1.42m/s, the respective sound velocity reductions of the first
group of specimens (S1-16/Z2-20) are −0.14 km/s and
−0.152 km/s and those of the second group (S1-20/Z2-25)
are −0.102 km/s and −0.127 km/s. By comparing the sound
velocity reduction of the two groups, the sound velocity
reduction is smaller, which is mainly a result of the superior
energy-dissipating capacity of the closed-cell aluminum
foam in the elastic and yielding stages. In the second stage,

when the impact velocity is greater than 1.42m/s, the first
group of specimens (S1-16/Z2-20) has a sound speed re-
duction of −0.755 km/s and −0.848 km/s, while the second
group (S1-20/Z2-25) has a sound speed reduction of
−0.509 km/s and −0.606 km/s. Comparing the sound speed
reduction of the two groups, we can see that the sound speed
reduction is greater. /is is mainly due to the fact that the
closed-cell aluminum foam reaches the densification stage
and gradually loses the buffer capacity with the increase of
impact energy. On the contrary, this will increase the
damage of the specimen, which can be verified by both
impact force and displacement. Under the same impact
speed, the change rate of sound speed of ordinary reinforced
concrete specimens before and after impact is slightly larger
than that of the stainless steel reinforced concrete specimens,
which is mainly a result of the fact that stainless steel bars
have greater strength and toughness compared with ordi-
nary steel bars, so the stainless steel reinforced concrete piers
show superior resistance to impact deformation.
Figure 16(b) shows that when the impact velocity is not
greater than 1.67m/s, the reduction of ultrasonic velocity is
relatively gentle, which is mainly because the thickness of the
foam aluminum is 100mm. /is indicates that the thickness
of foam aluminum can delay its entry to the densification
stage to a certain extent.

3.5. CrackDevelopment and FailureMode. Upon comparing
the test results of the two groups of specimens, it is observed
that when the impact height reaches a certain degree, large
cracks appear at the bottom of the impact front area, while
part of the concrete at the bottom of the impact back is
crushed. In addition, at the impact point in the center of the
affected frontal area, a small portion of the concrete is
observed to be crushed, but the cracks are not obvious.
Moreover, the crack development characteristics are very
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Figure 15: Fitting of stress and impact velocity of #4 reinforcement. Note: the reinforcement reaches yield when Z2-20 is 1.42m/s, at which
point its elastic modulus cannot be determined, and thus only the first three values are taken.
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consistent with the main stress characteristics of the spec-
imen. Table 11 shows the final crack development and failure
of each specimen.

From Table 11, upon comparing the test results of
stainless steel reinforced concrete specimens and ordinary
reinforced concrete specimens, it is evident that the first

group of specimens (S1-16/Z2-20) is dominated by bending
failure, and the cracks of the specimens begin from the
bottom area of the impact surface and then continue to
derive and expand with the increase of impact energy. Under
a certain level of impact energy, horizontal cracks appear
near the impact surface and impact back area of the
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Figure 16: Correlation diagram between ultrasonic velocity reduction and impact velocity.

Table 10: Change of ultrasonic velocity of concrete.

Specimen
Height of

drop hammer
(m)

Average
impact

velocity (m/s)

Average sound
velocity (km/s) Reduction of the

sound velocity
(km/s)

Total reduction of
the sound velocity

(km/s)

Change rate of
the sound
velocity (%)

Specimen
(%)Before

impact
After
impact

S1-16

2 0.72 4.323 4.305 0.018
−0.14

−0.895 −20.7

4 1.10 4.305 4.256 0.049
6 1.42 4.256 4.183 0.073
8 1.67 4.183 4.016 0.167

−0.75510 1.84 4.016 3.739 0.277
12 2.08 3.739 3.428 0.311

Z2-20

2 0.72 4.51 4.491 0.019
−0.152

−1 −22.17

4 1.10 4.491 4.439 0.052
6 1.42 4.439 4.358 0.081
8 1.67 4.358 4.181 0.177

−0.84810 1.84 4.181 3.876 0.305
12 2.08 3.876 3.51 0.366

S1-20

2 0.72 4.031 4.018 0.013
−0.102

−0.611 −15.16

4 1.10 4.018 3.985 0.033
6 1.42 3.985 3.929 0.056
8 1.67 3.929 3.849 0.08

−0.50910 1.84 3.849 3.724 0.125
12 2.08 3.724 3.42 0.304

Z2-25

2 0.72 4.179 4.164 0.015
−0.127

−0.733 −17.54

4 1.10 4.164 4.119 0.045
6 1.42 4.119 4.052 0.067
8 1.67 4.052 3.967 0.085

−0.60610 1.84 3.967 3.824 0.143
12 2.08 3.824 3.446 0.378
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Table 11: Development and failure of the final crack of each specimen.

Specimen no. Front bottom Back bottom Front bottom (right) Front bottom (left)

S1-16

Front bottom

11
00

ZL: 460mm
ZW: 0.52mm

11
00

Back bottom

ZL: 411mm
ZW: 0.65mm

11
00

Front bottom
(right)

ZL: 330mm
ZW: 0.17mm

11
00

Front bottom
(left)

ZL: 420mm
ZW: 0.21mm

Z2-20

11
00

Front bottom

ZL: 600mm
ZW: 0.67mm

11
00

Back bottom

YS 11
00

Front bottom
(right)

ZL: 560mm
ZW: 0.45mm

11
00

Front bottom
(left)

ZL: 433mm
ZW: 0.36mm

S1-20

11
00

Front bottom

ZL: 0mm
ZW: 0mm

11
00

Back bottom

ZL: 73mm
ZW: 0.8mm

11
00

Front bottom
(right)

ZL: 440mm
ZW: 0.12mm

11
00

Front bottom
(left)

ZL: 450mm
ZW: 0.21mm
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specimen and continue to develop with the increase of
impact energy. /e second group of specimens (S1-20/Z2-
25) is dominated by shear failure without horizontal cracks
but forms main oblique cracks of about 45° along the
damaged surface, and the development of the cracks is
similar to typical shear cracks found in nature./e key to the
failure of members is the shear action under the impact load.
/e failure is controlled by an oblique shear crack which
develops from the reinforced concrete column foundation
toward the main diagonal direction, while the failure surface
extends from the bottom of the impact back to the top.
Table 12 shows the number, length, and maximum width of
cracks in the lower area of the front of the specimen under
different energies.

It can be seen from Table 12 that with the increase of
impact energy, the change trend of the crack number, length,
and width of equal-strength replacement specimen remains
consistent. In addition, under the same impact energy, the
crack number, length, and main crack width of concrete pier

after equal-strength replacement with stainless steel rein-
forcement are relatively approximate to each other.

4. Conclusion

In this paper, two groups of specimens of reinforced con-
crete bridge piers are studied via horizontal impact tests.
/rough the analysis of the recorded results of failure mode,
crack development process, impact force, displacement time
history, and concrete damage of reinforced concrete bridge
piers under different impact speeds, impact energies, and
multiple impacts, the following conclusions are obtained:

(1) Under the protection of closed-cell aluminum
foam, the impact force of S1-16 is greater than that
of Z2-20 when the specimen is dominated by
bending failure (such as in the first group) before
and after the equal-strength replacement with
stainless steel. Due to the fact that the ductility of

Table 11: Continued.

Specimen no. Front bottom Back bottom Front bottom (right) Front bottom (left)

Z2-25

11
00

Front bottom

ZL: 0mm
ZW: 0mm

11
00

Back bottom

ZL: 0mm
ZW: 0mm

11
00

Front bottom
(right)

ZL: 440mm
ZW: 0.12mm

11
00

Front bottom
(left)

ZL: 450mm
ZW: 0.2mm

Table 12: Number, length, and maximum width of cracks in the lower area of the front of the specimens under different energies.

Height of drop hammer (m)

1st group 2nd group

Number of
cracks

Lengths of the
main cracks

(mm)

Widths of the
main cracks

(mm)

Number of
cracks

Lengths of the
main cracks

(mm)

Widths of the
main cracks

(mm)
S1-16 Z2-20 S1-16 Z2-20 S1-16 Z2-20 S1-20 Z2-25 S1-20 Z2-25 S1-20 Z2-25

2 0 0 0 0 0 0 0 0 0 0 0 0
4 0 0 0 0 0 0 0 0 0 0 0 0
6 0 0 0 0 0 0 0 0 0 0 0 0
8 0 1 0 406 0 0.21 0 1 0 270 0 0.09
10 1 2 400 520 0.15 0.31 1 2 380 400 0.11 0.12
12 2 3 460 600 0.52 0.67 2 3 450 430 0.2 0.17
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the ordinary steel bar is greater than that of the
stainless steel bar and that the stainless steel has
greater strength and toughness, the overall stiff-
ness of the specimen is improved. Furthermore,
when the specimen is dominated by shear failure
(such as in the second group), the impact force of
S1-20 is smaller than that of Z2-25. Due to the fact
that the shear failure is dominated by the staggered
deformation of the concrete section and that the
section bending rigidity of the ordinary reinforced
concrete pier is slightly greater than that of the
stainless steel concrete pier, it is evident that the
impact force is not only related to the overall
stiffness but also to the failure mode of the
specimen.

(2) In the first stage, when the impact velocity is less
than 1.42m/s, the closed-cell aluminum foam is in
the elastic or yielding stage. /e change rate of
impact force of the two groups of specimens is
smaller (231 and 97.5), and the respective relative
ratio of impact force is stable at 26% and 21%.
When the change rates of the top displacement are
33.5 and 18, the strain of reinforcement and ul-
trasonic damage of concrete is small. In general,
the impact effect and dynamic response change
rule of the two groups of specimens are approxi-
mately equivalent.

(3) In the second stage, when the impact is greater than
1.42m/s, the closed-cell aluminum foam is in the
densification stage, and the change rate of impact
force of the two groups of specimens is greater (from
231 to 819 and from 97.5 to 984.5), and the relative
ratio of impact force decreases (from 26% to 9% and
from 21% to 7%). /e change rates of the top dis-
placement (from 33.5 to 67 and from 18 to 62) and
ultrasonic damage of concrete of the two groups are
both greater, which will increase the dynamic re-
sponse of the structure. /e effect of closed-cell
aluminum foam densification on the ordinary
reinforced concrete members is greater than that on
the stainless steel reinforced concrete members. By
increasing their thickness, the aluminum foam will
be delayed from entering the densification stage to a
certain extent.

(4) Based on the damage mode of concrete and speci-
men, it can be seen that, under the protection of
closed cell aluminum foam, the failure modes of
both, as well as the crack number and distribution
and concrete damage, are approximately consistent
before and after the equal-strength replacement of
stainless steel. Moreover, the lateral deformation of
pier impact is smaller after the equal-strength re-
placement with stainless steel reinforcement.
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