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In this study, the lateral impact tests of six RC piers which were protected by closed-cell aluminum foam (CCAF) were carried out
by making use of an ultrahigh drop hammer horizontal impact test system. The protective eﬀects of CCAF with diﬀerent densities
on the piers were then analyzed. The data regarding the piers’ impact force, displacement, reinforcement strain, and crack and
damage development were mainly collected during the experimental testing processes. The results indicated that, when the impact
energy was less than 7258 J and the density of the CCAF was 0.45 g/cm3, the cumulative impact force and displacements of the
piers decreased by 67% and 35%, respectively. Therefore, it was considered that the CCAF with a density of 0.45 g/cm3 had
displayed the best protective eﬀects at that stage. It was also observed that when the impact energy was greater than 7258 J and the
density of the CCAF was 0.55 g/cm3, the cumulative impact force and displacements of the piers decreased by 25% and 18%,
respectively. Therefore, the CCAF with a density of 0.55 g/cm3 had displayed the best protective eﬀects at that stage. Furthermore,
under the conditions of constant accumulative impact energy, the protective eﬀects of CCAF on the piers were observed to be
weakened if it entered the densiﬁcation stage too early and high-yield platforms were formed due to the density levels becoming
too high. However, it was found that reasonable density and thickness increases could eﬀectively delay the entry of CCAF into the
densiﬁcation stage, which eﬀectively reduced the shearing eﬀects which occurred when the impact speeds were too high, thereby
preventing the shear failure of the piers.

1. Introduction
At the present time, due to frequent natural disasters such as
tsunami, debris ﬂow, and man-made disasters, which are
known to have negative impacts by ships and vehicles,
concrete piers often become damaged by irreversible
impacting events. In particular, in some important traﬃc
hubs, concrete piers have often suﬀered from the damaging
eﬀects of more than one irreversible impact [1]. Therefore,
the protection of concrete piers has become particularly
important in order to avoid future large property losses.
CCAF is a new type of engineering protective material.
In recent years, several in-depth research studies regarding

the physical and mechanical properties of CCAF have been
completed. For example, Wang et al. [2] conducted compression tests on CCAF and found that the stress-strain
curves of the CCAF showed linear elastic stages, plastic
platform stages, and densiﬁcation stages. Gibson et al. [3]
conducted quasi-static compression tests on CCAF material
and found that there were wide yield platforms formed
during the compression process. In another related study,
Miltz and Gruenbaum [4] proposed energy absorption efﬁciency curves and an ideal energy absorption eﬃciency
curve in order to evaluate the energy absorption capacities of
aluminum foam material. Also, Li et al. [5] found that CCAF
with high porosity levels had displayed obvious impact
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cushioning eﬀects. Li et al. [6] found that the larger the
pore size, the higher the yield stress within certain ranges
of the pore sizes for CCAF with the same density. Santosa
and Wierzhicki [7] examined the deformation mechanism
of CCAF by establishing a numerical model of CCAF cellbody crushing behaviors. Klintworth and Stronge [8]
carried out an elastic-plastic deformation analysis of
aluminum foam. The results revealed that the plastic
deformation analysis values were higher than the test yield
stress of the foam material. Paul and Ramamurty [9]
conducted an experimental study on the dynamic strain
rate eﬀect of CCAF materials, and the results showed that
the yield stress under dynamic load was signiﬁcantly
improved compared with quasi-static load. Guo and
Gibson [10] carried out ﬁnite element simulations of
aluminum foam material parameters. The obtained results
indicated that cell loss had little inﬂuencing eﬀects on the
plastic yield strength of the aluminum foam honeycomb
structure. Simone and Gibson [11] proposed an ideal
model to calculate the strength and stiﬀness values of
foamed metal materials, At the same time, he pointed out
that the theoretical values are higher than the experimental values. The reason for this phenomenon could be
explained by the uneven mass distribution of the CCAF
cell walls, wrinkles, and bends. Guo et al. [12] studied the
dynamic mechanical properties and energy dissipation
eﬃciency of the CCAF material and found that CCAF with
a pure aluminum matrix under low and medium strain
rates had displayed no strain rate eﬀects. Meanwhile, the
CCAF with high brittleness and low relative density levels
had displayed better energy absorption characteristics.
Xian et al. [13] investigated the dynamic compression
performances of CCAF material and made a comparison
of the eﬀects of diﬀerent loading speeds on the dynamic
mechanical properties of CCAF. The research results
showed that under high-speed compression conditions,
the constitutive curves of CCAF remained the same as
those observed under quasi-static compression conditions. As can be seen from the aforementioned studies, indepth examinations of the properties of aluminum foam
materials, including many experimental tests, have already been carried out. Liu et al. [14] found that the failure
and lateral displacement of high-performance composite
walls strengthened with CCAF were reduced to varying
degrees under the eﬀects of explosive impact loads. Yuan
et al. [15] determined through ﬁnite element simulations
that the blast resistance of the concrete slabs increased
with increase in the thicknesses of CCAF reinforcement
material. Zhang et al. [16] carried out numerical simulations of the applications of CCAF sandwich structures in
bridge anticollision designs and found that the protective
structures could eﬀectively reduce the damage degrees of
impacted bridge piers. Gao et al. [17] determined through
experimental explosion tests that the aluminum foam
protective layers could eﬀectively reduce the deﬂection
deformations of concrete slabs and reduce the damage
degrees of impacted concrete structures. Xia et al. [18]
conﬁrmed that under moderate explosive load conditions,
CCAF material with diﬀerent density gradients only

Advances in Materials Science and Engineering
transferred small explosion pressure to protected structures, which alleviated the impact damages of reinforced
concrete slabs. Li et al. [19] veriﬁed that CCAF material
entering the densiﬁcation stage would rapidly increase
impact responses, thereby posing threats to the structural
safety of protected bodies.
In terms of the research conducted regarding the impact resistance of bridge piers, Zhou et al. [20] proposed an
impact force formula for evaluating pier damages by introducing concrete damage factors. Liu et al. [21] used the
numerical analysis software LS-DYNA to establish a ﬁnite
element model of a trolley impacting concrete piers and
studied the dynamic response of the concrete piers under
the conditions of the protection of CCAF material. The
obtained results indicated that aluminum foam absorbed
67% of the impact energy and eﬀectively prolonged the
impact eﬀect times. Fan et al. [22] carried out numerical
simulations of the applications of CCAF sandwich structures in bridge anticollision measures and found that the
applications of protective structures could eﬀectively reduce the damage degrees of bridge piers impacted by vehicles. In another related study, Wu Zu et al. [23]
conducted pendulum tests and ﬁnite element analysis to
ascertain that the irregular structures of CCAF material had
obvious protective eﬀects on single pier impact events. Xu
[24] carried out pendulum impact tests on piers installed
with CCAF protection devices and found that the strain
responses of the piers protected by CCAF were reduced by
80%, when compared with the strain responses of unprotected piers. In view of the high risks of concrete piers
undergoing the impact loads of rolling stones, Wu et al.
[25] proposed a CCAF ﬁlling structure for concrete pier
protection, and the results showed that increasing the
thicknesses of the CCAF material had favorable eﬀects on
reducing the impact responses of the concrete piers. Tian
and Zhu [26] determined that the two composite section
protection methods of externally bonded steel slabs and
externally coated aluminum foam could eﬀectively reduce
the dynamic responses and damage degrees of reinforced
concrete columns under collision and impact conditions
and both could eﬀectively change the global failure modes
of reinforced concrete columns from bending and shear
failures to bending failures. Saatci and Vecchio [27] found
that the damage mode of reinforced concrete structures had
a close connection with the impact velocity. If the impact
velocity was higher, the shearing eﬀects on reinforced
concrete members became increasingly obvious and shear
failures were more likely to occur. It was found that the
CCAF material was highly consistent with the anti-impact
protection requirements of the bridge piers in terms of
energy consumption, buﬀering, and so on. However, there
have been few studies conducted regarding the use of CCAF
as an anti-impact protection material for piers. Therefore,
at the present time, experimental impact resistance testing
of the bridge piers under the conditions of CCAF protection requires further exploration.
In this paper, an ultrahigh heavy drop hammer impact
test system was adopted. Scale models of large reinforced
concrete piers were made in order to conduct lateral impact
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tests on reinforced concrete piers, and these piers were
protected by the CCAF material. The inﬂuencing eﬀects of
the diﬀerent stress stages of the CCAF material on the
mechanical properties of bridge piers undergoing changes in
the density of the CCAF and cumulative impact loads were
examined. The results obtained in this study provided
valuable references for the future selection of anti-impact
protection material for reinforced concrete bridge piers.

2. Overview of the Experimental Testing Process
2.1. Testing Process Design. In this study’s experimental tests,
a total of six scale models of piers with the same reinforcements were designed. These were divided into Group A
and Group B specimens. Then, three types of closed-cell
aluminum foam material, with densities of 0.45 g/cm3,
0.55 g/cm3, and 0.65 g/cm3, respectively, were selected for
the protection of the reinforced concrete piers in each group
of specimens. Among those, the aluminum foam thickness
of the Group A piers was 75 mm, and the aluminum foam
thickness of the Group B piers was 100 mm. Images of the
closed-cell aluminum foam material are shown in Figure 1.
The pier bodies had sectional diameters of 340 mm and
heights of 2,200 mm, and the design dimensions of the
platform were 900 × 900 × 400 mm. The commercial concrete casting member used in this study’s tests was C40 in
strength grade and 30 mm in protective layer thickness. The
design parameters of the specimens are shown in Table 1.
During the testing processes, twelve standard cubic blocks of
concrete were constructed and the measured average
compressive strength after curing was 45.63 MPa. In addition, ten ordinary grade-III steel bars (HRB400) with diameters of 20 mm were arranged longitudinally for the piers.
The stirrups were ordinary grade-I reinforcements
(HPB300) with diameters of 8 mm. The reinforcement cages
were connected using a welding method, and images the
reinforcements are shown in Figure 2. The mechanical
property parameters of the reinforcement material measured in this study’s tensile tests are detailed in Table 2.
The static compression tests of CCAF specimens used in
this study’s impact tests were carried out using a universal
hydraulic servo. The standard stress-strain curves collected
during the compression tests are shown in Figure 3. As can
be seen from the ﬁgures above, the stress-strain curves of the
diﬀerent densities of the CCAF materials had great similarity
in terms of the development trend, with the linear elastic
stage followed by the yield platform stage and then the
densiﬁcation stage. In addition, a comparative analysis of the
stress-strain curves in the ﬁgure showed that as the density of
CCAF increased, its elastic modulus in the linear elastic stage
would increase and the stress value in the yield platform
stage also went up, However, the eﬀective lengths of the yield
platform stage decreased, as well as the compact strain levels.
Furthermore, during the stage of the yield platform, the
CCAF material displayed the ability to produce large plastic
deformations at relatively low stress levels when subjected to
large compressive loads. Therefore, that stage had shown
excellent energy absorption characteristics, and its energy
absorption formula could be expressed as follows [28]:

Figure 1: Images of the CCAF material.
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where W represents the integral area of the CCAF under
stress-strain conditions, which indicates the energy absorbed
per unit volume; σ 0 is the yield platform stress; σ indicates
the ﬂow stress of the CCAF material; εm denotes the compact
strain of the CCAF material; and εy is the corresponding
strain at the end of the elastic stage of the CCAF material.
In accordance with formulas (1) and (2), the stress values
of yield platforms and the energy absorption values of the
CCAF material with diﬀerent densities were calculated, with
the results shown in Table 3.
2.2. Experimental Design. As shown in Figure 4, the lateral
impact test of the pier specimens was carried out by using
the ultrahigh weight multifunctional drop hammer impact
test device. The test device consisted of a vertical drop
hammer drive system, an axial compression system, and a
transverse rigid boat. The principle of the test device was
to control the impact energy of the boat model by
adjusting the weight and dropping height of the vertical
drop hammer. The free-falling body of the drop hammer
was used to pull the boat model in order to horizontally
impact the pier model along a ﬁxed track. The maximum
free fall distance of the drop hammer could reach 18 m,
and the weight of the drop hammer could be controlled in
the range of 166 kg–1500 kg by adjusting the counterweight plates, Besides, the maximum impact energy
generated by the fall of the drop hammer was 265 KJ, the
parameters relating to the setting of the drop hammer and
the boat in this test are shown in Table 4. Prior to the
impact occurrences, the CCAF cushioning material was
ﬁxed on the rigid bow of the impact boat model, as can be
seen in Figure 5.
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Table 1: Design parameter table of piers.

Group
A
B

Specimen no.
Z1
Z2
Z3
Z4
Z5
Z6

Pier diameter (mm)

Longitudinal reinforcement

Stirrup

Strength grade of concrete (MPa)

340

10Φ20

Φ8@50

45.63

2200

ø50

Hole ø70

900

HRB 400 Rebar
HRB300
ø8@50 Hoop

HRB300
ø8@50 Hoop

1100

Closed-cell
aluminum foam

340

HRB400
ø16 Rebar

30

340

400

Hole ø70
900

Figure 2: Reinforcement schematics of the specimens (unit: mm).
Table 2: Properties of the reinforcement material.
Reinforcement category
HRB400
HPB300

Reinforcement diameter (mm)
20
8

Elastic modulus (GPa)
200

The base of the pier specimens were ﬁxed on the
foundation by means of prestressed bolts, so that the pier
specimens were considered to be the approximate equivalent
of a rigid section. The top of the column was subjected to an
axial pressure of 250 kN (as shown in Figure 6) which was
applied by a hydraulic jack mounted on the cross beam of the
reaction frame. After the specimens of reinforced concrete
piers were installed, the drop hammer was raised to the
design heights, respectively, and then released in order to
pull the boat model toward the specimens for impact
simulation. Then, cumulative impact tests were carried out
on the pier specimens protected by diﬀerent densities of
CCAF cushioning material. The heights and locations of the
impact points were equivalent designs made according to the
locations and distributions of the impact force on the piers.
For example, the impact points were 1,100 mm away from
the top of the column in the current experiments.
In the present study, each pier specimen was impacted
nine times according to the experimental design and the
impact scheme is detailed in Table 4. First of all, the theoretical impact velocity of the boat model was calculated
according to the principle of energy conservation as follows:
m2 gh �

1
m + m2 v21 + μm1 gh,
2 1

(2)

Yield strength (MPa)
486
302

Ultimate strength (MPa)
640
419

where m1 and m2 represent the mass of the boat model and
drop hammer (kg), respectively; g indicates the acceleration
of gravity (taken as 9.81 m/s2); h denotes the height of the
drop hammer (m); μ is the friction coeﬃcient between the
boat model and the steel rail; and for diﬀerent m1 and h, the
friction coeﬃcients were approximately 0.12.
2.3. Collection of the Experimental Data. The main purpose of
this study’s experiments was to compare the dynamic responses
and damage changes of the two groups of pier models under
horizontal impact load conditions. The experimental data
collected were mainly about instantaneous impact velocity,
impact force, reinforcement strain, pier displacement, specimen
crack development, and concrete damage generated by the
collision process. A highly sensitive pressure sensor was installed on the head of the boat model to measure the piezoelectric signal of the impact force. The concrete damages and
cracks were measured using a concrete ultrasonic detector
ZHC-U81. In order to measure the strain on the reinforcement
at key stress positions, resistance strain gauges were utilized to
the reinforcement at various locations, and the distributions of
the measuring points are illustrated in Figure 7. At the same
time, the lateral displacements at the locations from top to
bottom of 100 mm, 800 mm, 1,500 mm, and 2,100 mm at the
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9
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6

6
3
0.0

3
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Figure 3: Stress-strain curves of the closed-cell aluminum foam.
Table 3: Parameters of the CCAF material.
Group
A

B

Material (specimen) no.
B1 (Z1)
C1 (Z2)
D1 (Z3)
B2 (Z4)
C2 (Z5)
D2 (Z6)

Volume density (g/cm3)
0.45
0.55
0.65
0.45
0.55
0.65

Dimension (mm)
210 × 100 × 75
210 × 100 × 75
210 × 100 × 75
210 × 100 × 100
210 × 100 × 100
210 × 100 × 100

backs of the piers were measured using a pull rod type displacement meter, as detailed in Figure 8.

3. Experimental Results and Analyses
This study ascertained from the horizontal impact test results that the dynamic response data of RC piers protected by
the CCAF material with diﬀerent densities had been successfully obtained. Then, in accordance with the stress
changes of the three stages of the CCAF material, the dynamic time history response curves with an impact velocity
of 1.14 m/s (for example, the 3rd impact), impact velocity of
1.76 m/s (for example, the 6th impact), and impact velocity of
2.43 m/s (for example, the 9th impact) were selected as

Yield platform stress (MPa)
8.41
12.92
17.64
8.54
12.65
17.87

Energy absorption (J)
7180
10927
15717
9574
14570
20956

examples for further analysis. The impact force responses, tip
displacement responses, reinforcement strain responses,
damages to some parts of the specimens, and the derivation
and development of cracks were analyzed.
3.1. Time History Analysis Results of the Impact Force.
The time history curves of the impact force of the two groups
of specimens at impact velocities of 1.14 m/s, 1.76 m/s, and
2.43 m/s are detailed in Figure 9.
Figures 9(a) and 9(b) show the time history comparison
curves of the impact force of the two groups of piers under the
action of the impact velocity of 1.14 m/s. It can be seen in the
ﬁgures that the cumulative impact energy was small at that
time. Also, it can be seen that the impact force peak values of
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Axial pressure device

Crown block

Impact specimen
Drop hammer
m2

Laser velocimetry
Headstock

h

Impact car

m1
2600

Drop weight track

1100

Trolley track

400

Wire ropes

Figure 4: Ultrahigh drop hammer impact test system (unit: mm).
Table 4: Impact testing scheme.
Number of
impacts
1
2
3
4
5
6
7
8
9

Height of the
drop hammer
(m)
0.7
1
1.5
2
2.6
3.5
4.5
5.5
6.6

Boat
weight
(kg)

1200

Axial
pressure
(KN)

Weight of the
drop hammer
(kg)

Theoretical
velocity (m/s)

216

0.77
0.93
1.14
1.32
1.50
1.74
1.97
2.18
2.39

25

Measured average
Energy
velocity (m/s)
accumulation (J)
0.76
0.96
1.14
1.32
1.54
1.76
1.98
2.21
2.43

606
1574
2939
4768
7258
10511
14627
19756
25956

Figure 6: Scale modes of the pier specimens.
Figure 5: Locations of the protective CCAF material.

the specimens in Group A and Group B increased by 30.35%
and 53.70%, respectively, when the density of the closed-cell
aluminum foam increased from 0.45 g/cm3 to 0.55 g/cm3 at
that stage. In addition, when the density increased from

0.55 g/cm3 to 0.65 g/cm3, the impact force peak values of the
specimens in Group A and Group B would increase by 53.51%
and 51.95%, respectively. These ﬁndings indicated that when
the impact energy was low, the density of the CCAF increased.
Subsequently, the impact force responses of the bridge piers
were enhanced and the energy absorption eﬀects were
weakened.
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1100
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900

1100

1

4
Impact position

5

Steel bar strain gauge

70

3
4 (5,6) 1 (2)
3

6

Impact position

2

Figure 7: Distribution of the reinforcement strain measurement
points.

Axial pressure device

600
100

1100

700

Horizontal impact hammer

700

Displacement sensor

Recation wall

Prestressed bolt
Base

Figure 8: Distribution of the pier displacement measurement
points.

Figures 9(c) and 9(d) show the time history comparison
curves of the impact force of the two groups of piers under
the impact velocity of 1.76 m/s. It can be seen in the ﬁgures
that when the density of the CCAF increased from
0.45 g/cm3 to 0.55 g/cm3, the impact force peak values of the
specimens in Group A decreased by 25.57% and the impact
force peak values of the specimens in Group B decreased by
24.11%. Furthermore, when the density of the CCAF increased from 0.55 g/cm3 to 0.65 g/cm3, the impact force peak
values of the specimens in Groups A and B were observed to
increase by 38.87% and 36.89%, respectively. These results
indicated that under the conditions of energy impacts, the
CCAF with a density of 0.55 g/cm3 had eﬀectively reduced
the impact responses of the piers and displayed the best
energy absorption eﬀects.
Figures 9(e) and 9(f ) show the time history comparison
curves of the two groups of bridge piers under the impact
velocity of 2.43 m/s. As can be seen in the ﬁgures, the density

of the CCAF increased from 0.45 g/cm3 to 0.55 g/cm3 and
the impact force peak values of the specimens in Groups A
and B decreased by 22.15% and 28.17%, respectively.
However, when the density of the CCAF increased from
0.55 g/cm3 to 0.65 g/cm3, the impact force peak values of the
specimens in Group A and Group B would increase by 3.9%
and 3.47%, respectively. These results indicated that when
the impact energy is large, the impact response of the pier is
the highest and the energy absorption eﬀect is the lowest
when the density of the CCAF material is 0.45 g/cm3, and the
impact energy density increases from 0.55 g/cm3 to
0.65 g/cm3, where there was no signiﬁcant change in energy
absorption.
In order to further compare and analyze the impacts of
the density changes in the CCAF material on the pier dynamic mechanical properties, the experimental results of the
peak impact force statistics for the two groups of piers are
shown in Table 5.
The two groups of peak impact forces and impact velocities measured in Table 5 were then ﬁtted, and the results
are shown in Figure 10. Overall, in this study, it was conﬁrmed that under the inﬂuence of cumulative impacts, the
pattern presented by the ﬁtting curves of the peak impact
force and velocity had roughly corresponded to the stressstrain curves of the CCAF material. For example, when the
impact energy was lower than 2939 J, the impact force increased approximately linearly with the impact velocity.
Moreover, under the same working conditions, the Z1 and
Z4 piers protected by the CCAF material with a density of
0.45 g/cm3 displayed the smallest impact force peak values.
At that time, the energy consumption of the CCAF was
mainly assumed by both the linear elastic stage and the yield
platform stage. Then, with the decrease in density, the yield
plateau of CCAF decreases, so the yield plateau of 0.45 g/cm3
CCAF enters ﬁrst. Therefore, when the impact energy was
low, it was observed that the CCAF material with a density of
0.45 g/cm3 could provide the best protection for piers, which
had displayed the best energy consumption eﬀects than
other densities of the CCAF material.
However, when the impact energy of the rigid boat
model was greater than 2939 J, it was found that by increasing the impact energy incessantly, the peak impact force
of the aforementioned Z1 and Z4 piers was approximately
equal at the velocity intervals of 1.14 m/s to 1.32 m/s and
then increased rapidly. Therefore, corresponding to the
CCAF protection, the CCAF material with a density of
0.45 g/cm3 was found to have lower yield platform stress and
lower total energy consumption of plastic deformations.
When the impact energy was 7258 J, the total energy
absorbed by the CCAF reached the ultimate energy consumption at the yield platform stage. Then, the CCAF entered the densiﬁcation stage and the energy dissipation
capacity of the material began to sharply weaken, resulting in
the impact force peak values increasing rapidly.
It was found in this study that when the impact velocity
was greater than 1.14 m/s, with the increase in the impact
velocity, the peak values of the impact force for the Z2, Z5,
and Z3 piers increased. However, that of the Z6 pier only
slightly increased at the beginning, but the increases were
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Figure 9: Time history curves of the impact force.
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Table 5: Impact force tests and comparison results.
Number of impacts

Impact velocity (m/s)
0.76
0.96
1.14
1.32
1.54
1.76
1.98
2.21
2.43

1400000

1400000

1200000

1200000

1000000

1000000

Impact force (N)

Impact force (N)

1
2
3
4
5
6
7
8
9

A
Peak impact force (N)
Z1
Z2
Z3
141325
185191
227778
286790
349726
561243
391589
510449
783568
411929
559816
798734
584181
618146
836631
832042
619288
860014
935698
674108
873605
1041921
764427
890564
1194067
929493
965748

800000
600000

800000
600000

400000

400000

200000

200000

0

B
Peak impact force (N)
Z4
Z5
Z6
120032
123848
209523
213523
291601
490077
304444
467919
710989
332313
518272
742452
502325
612651
806947
847526
643180
880424
980534
712285
906452
1132032
811211
928309
1260716
905478
936921
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Figure 10: Impact force peak values and velocity curves.

observed to become gradually signiﬁcant at the end.
Therefore, it was concluded that under certain working
conditions, the peak impact force of the Z2 and Z5 piers was
lower than that of the Z3 and Z6 piers. It was observed that
corresponding to the CCAF protection, when the impact
velocity is between 1.14 m/s and 2.43 m/s, the CCAF
absorbed the impact energy in a near-constant stress state at
the beginning. According to the results of the impact force,
the impact energy had not fully met the energy required for
the plastic deformation of the CCAF in the aforementioned
velocity intervals and the yield platform stress of the CCAF
with a density of 0.55 g/cm3 was found to be lower than that
of the CCAF with a density of 0.65 g/cm3; this makes it more
diﬃcult for the CCAF with a density of 0.65 g/cm3 to reach
the yield platform stage, so the energy absorption eﬀect of
the pier decreases when the yield platform stress is high.
3.2. Displacement Time History Analysis Results. The top
displacement time history curves of the two groups of
specimens at the impact velocities of 1.14 m/s, 1.76 m/s, and
2.43 m/s are shown in Figure 11.

Figures 11(a) and 11(b) show the top displacement time
history comparison curves of the two groups of specimens
under the impact velocity of 1.14 m/s. As can be seen in the
ﬁgures, the density of the CCAF increased from 0.45 g/cm3
to 0.55 g/cm3 and the displacement peak values of the
specimens in Group A and Group B increased by 16.91% and
28.42%, respectively. In addition, when the density of the
CCAF increased from 0.55 g/cm3 to 0.65 g/cm3, the displacement peak values of the specimens in Groups A and B
increased by 25.49% and 29.16%, respectively. Therefore, it
was conﬁrmed that the increase in density of the CCAF
could signiﬁcantly increase the displacement response of the
piers and the increase in density of the CCAF material at this
impact energy was not beneﬁcial to the protection of the
piers.
Figures 11(c) and 11(d) show the top displacement time
history comparison curves of the two groups of specimens
under the impact velocity of 1.76 m/s. As detailed in the
ﬁgures, when the density of the CCAF material increased
from 0.45 g/cm3 to 0.55 g/cm3, the displacement peak values
of the specimens in Group A and Group B decreased by
19.84% and 11.43%, respectively. However, when the density

Advances in Materials Science and Engineering
90

90

80

80

70

70
Displacement (mm)

Displacement (mm)

10

60
50
40
30
20
10

60
50
40
30
20
10

0

0

–10
0.000 0.025 0.050 0.075 0.100 0.125 0.150 0.175 0.200
Time (S)

–10
0.000 0.025 0.050 0.075 0.100 0.125 0.150 0.175 0.200
Time (S)
Z4–0.45 g/cm3–1.14 m/s
Z5–0.55 g/cm3–1.14 m/s
Z6–0.65 g/cm3–1.14 m/s

Z1–0.45 g/cm3–1.14 m/s
Z2–0.55 g/cm3–1.14 m/s
Z3–0.65 g/cm3–1.14 m/s

(b)

90

80

80

70

70
Displacement (mm)

Displacement (mm)

(a)

90

60
50
40
30
20

60
50
40
30
20

10

10

0

0

–10
0.000 0.025 0.050 0.075 0.100 0.125 0.150 0.175 0.200
Time (S)

–10
0.000 0.025 0.050 0.075 0.100 0.125 0.150 0.175 0.200
Time (S)

Z1–0.45 g/cm3–1.76 m/s
Z2–0.55 g/cm3–1.76 m/s
Z3–0.65 g/cm3–1.76 m/s

Z4–0.45 g/cm3–1.76 m/s
Z5–0.55 g/cm3–1.76 m/s
Z6–0.65 g/cm3–1.76 m/s
(d)

90

90

80

80

70

70
Displacement (mm)

Displacement (mm)

(c)

60
50
40
30
20
10

60
50
40
30
20
10

0

0

–10
0.000 0.025 0.050 0.075 0.100 0.125 0.150 0.175 0.200
Time (S)
Z1–0.45 g/cm3–2.43 m/s
Z2–0.55 g/cm3–2.43 m/s
Z3–0.65 g/cm3–2.43 m/s

–10
0.000 0.025 0.050 0.075 0.100 0.125 0.150 0.175 0.200
Time (S)
Z4–0.45 g/cm3–2.43 m/s
Z5–0.55 g/cm3–2.43 m/s
Z6–0.65 g/cm3–2.43 m/s

(e)

(f )

Figure 11: Top displacement time history curves.
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increased from 0.55 g/cm3 to 0.65 g/cm3, the displacement
peaks of the specimen in Groups A and B would increase by
13% and 4.35%, respectively. These results indicated that the
CCAF material with densities of 0.45 g/cm3 and 0.65 g/cm3
had both made the deformation of the piers increase, particularly the displacement of the top of the piers.
Figures 11(e) and 11(f ) detail the top displacement time
history comparison curves of the two groups of specimens
under the impact velocity of 2.43 m/s. As shown in the
ﬁgures, the density of the CCAF material had increased from
0.45 g/cm3 to 0.55 g/cm3. The displacements of the specimens in Group A decreased by 26.35%, and the displacements of specimens in Group B decreased by 28.57%. In
addition, when the density increased from 0.55 g/cm3 to
0.65 g/cm3, the displacements of the specimens in Group A
increased by 12.61%, and the displacements of the specimens
in Group B increased by 12.98%. The results indicated that
adjusting the density of CCAF material to 0.55 g/cm3 could
signiﬁcantly reduce the deformation of piers under conditions of high impact energy of the boat, thus increasing the
impact bearing capacity of piers.
The deformation of the pier specimens under impact
loading had a signiﬁcant impact on the overall damage, In
order to further compare and analyze the protection eﬀect of
CCAF material on piers under diﬀerent impact energies, the
peak displacement statistics of the six specimens are shown
in Table 6.
Then, in order to analyze the variation law of the
inﬂuencing eﬀects of the density changes on top displacement peaks, the impact velocity and displacement peak
curves under the same impact energy were examined and
compared, as shown in Figure 12.
Figure 12 intuitively shows the inﬂuencing eﬀects of the
changes in density of the CCAF on the lateral displacement
responses of the pier specimens. It can be seen in the ﬁgure
that, prior to the impact velocity reaching 1.54 m/s, the
displacement peak change curves of the Z1 and Z4 bridge
piers protected by CCAF with a density of 0.45 g/cm3 were
lower than those of the Z2, Z5, and Z3 piers, as well as the
Z6 pier, which were protected by CCAF with densities of
0.55 g/cm3 and 0.65 g/cm3, respectively. The reason for this
phenomenon was that the CCAF material with a low
density also had a relatively smaller yield platform stress. In
the cases of low impact energy, the lower the yield platform
stress was, the greater the CCAF deformation would be and
the better the energy absorption eﬀects would be. Therefore, the less the impact energy transferred to the pier, the
more the impact responses of the pier will be reduced.
Comprehensive analysis showed that when the impact
velocity was small, the impact energy of the boat was lower
than 7258 J. The density of 0.45 g/cm3 CCAF material
would display the best reduction eﬀects on the displacement responses of the pier specimens under this condition.
Besides, the increase in the impact velocity would make the
boat energy higher than 7258 J and the growth amplitude of
displacement change curves of the Z1 and Z4 bridge piers
was found to rapidly increase, which was mainly because
the CCAF material with a low density had smaller yield
platform stress and weaker total energy absorption eﬀects.
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It would ﬁrst reach the total energy which could be
absorbed at its yield platform stage. Then, the material had
basically lost its protection eﬀects on the piers after entering
the densiﬁcation stage.
It was found that when compared with the Z3 and Z6
piers protected by CCAF with a density of 0.65 g/cm3, the
displacement peaks of the Z2 and Z5 piers protected by the
CCAF with a density of 0.55 g/cm3 were lower and that type
of foam had the best reduction eﬀects on the displacement
responses of the piers. It was determined that this could
mainly be attributed to the CCAF with a high density having
a higher yield platform. Therefore, under certain impact
energy conditions, the high yield platform stress weakened
the plastic deformations of the CCAF and decreased the
adsorption eﬀects of the impact energy. As a result, more
energy was transferred to the piers and the displacement
responses of piers had increased. It was concluded in this
study that the protective eﬀects of the CCAF on the piers
would be weakened if the material entered the densiﬁcation
stage too early and high yield platforms were formed due to
the density levels becoming too high.
In this study’s comparison of the specimens in Group A
and Group B, it was observed that the displacement responses of the bridge piers decreased to diﬀerent degrees
when the thicknesses of the CCAF increased from 75 mm to
100 mm, regardless of the velocity intervals. Therefore, it was
assumed that increases in the thicknesses of the material
could potentially enhance the energy absorption capacity of
the aluminum foam and improve the protection eﬀects of
the bridge piers.
3.3. Time History Analysis Results of the Reinforcement Strain
Levels. In regard to the strain responses of the reinforcements of the bridge piers, the time history curves of the
reinforcement strain at No. 5 point located on the back of the
impact point of the bridge pier were selected as the representative in this study, in order to compare and analyze the
changes in the strain responses of the reinforcements in the
bridge piers protected by closed-hole aluminum foam
material with diﬀerent densities. The time history curves of
the strain at No. 5 point of the two groups of specimens at
the impact velocities of 1.14 m/s, 1.76 m/s, and 2.43 m/s are
detailed in Figure 13.
Figures 13(a) and 13(b) detail the time history comparison curves of the reinforcement strain of measurement
point No. 5, which was located on the back of the impact
point of the two groups of specimens under the impact
velocity of 1.14 m/s. The ﬁgures reveal that the density of the
CCAF material increased from 0.45 g/cm3 to 0.55 g/cm3 and
the strain peaks of the specimens in Group A increased by
29.03%. The strain peaks of the specimens in Group B were
determined to increase by 18.82%. It was found that when
the density increased from 0.55 g/cm3 to 0.65 g/cm3, the
strain peaks of the specimens in Group A increased by
60.80% and the strain peaks of the specimens in Group B
increased by 72.85%. Therefore, it was conﬁrmed that under
that impact energy, the strain peak values of No. 5 reinforcement increased with the increases in the density of the
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Table 6: Top displacement tests and comparison results.

Number of impacts

A
Peak value of top displacement
(mm)
Z1
Z2
Z3
10.67
11.45
12.41
13.74
20.54
22.69
24.42
28.55
35.83
29.20
37.08
42.86
42.09
40.50
43.81
57.64
46.21
52.21
67.58
51.56
56.36
82.53
58.22
62.21
89.17
65.68
73.96

Impact velocity (m/s)

1
2
3
4
5
6
7
8
9

0.76
0.96
1.14
1.32
1.54
1.76
1.98
2.21
2.43

B
Peak value of top displacement
(mm)
Z4
Z5
Z6
10.26
11.20
11.67
12.36
17.55
19.55
20.15
25.88
33.42
27.32
35.43
37.52
40.12
37.90
43.68
59.23
52.46
54.74
69.56
54.26
62.13
83.14
60.82
65.36
87.65
62.61
70.74
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Figure 12: Top displacement peak curves.

CCAF protective material. Consequently, the strain responses of reinforcement in the bridge pier also increased.
Figures 13(c) and 13(d) detail the strain time history
comparison curves of the two groups of reinforcements
under the impact velocity of 1.76 m/s. It can be seen in the
ﬁgures that when the density of the CCAF increased from
0.45 g/cm3 to 0.55 g/cm3, the strain of the specimens in
Group A decreased by 44.05%. Meanwhile, the strain of the
specimens in Group B decreased by 36.69%. It was observed
that when the density increased from 0.55 g/cm3 to
0.65 g/cm3, the strain of the specimens in Group A increased
by 97.68% and the strain of the specimens in Group B increased by 82.85%. Then, by comparing the collected data, it
was found that the CCAF with a density of 0.55 g/cm3 had
signiﬁcantly decreased the reinforcement strain of the piers
under that impact energy, which also indicated that the
selection of the density of CCAF needed to be within a
reasonable range in order to optimally reduce the strain
responses of the bridge pier reinforcements under certain
impact energy conditions.

Figures 13(e) and 13(f ) show the time history comparison curves of the reinforcement strain under the impact
velocity of 2.43 m/s. As detailed in the ﬁgures, the piers
protected by CCAF material with a density of 0.55 g/cm3 still
had achieved the lowest strain peak values. The peak strain of
the piers protected by the CCAF material with a density of
0.45 g/cm3 was observed to be larger than the reinforcement
strain peak values of the piers protected by the CCAF
material with a density of 0.65 g/cm3. At that time, when the
density of the CCAF increased from 0.45 g/cm3 to
0.55 g/cm3, the strain of the specimens in Group A decreased
by 44.65%. Meanwhile, the strain of the specimens in Group
B decreased by 47.17%. It was found that when the density
increased from 0.55 g/cm3 to 0.65 g/cm3, the strain of the
specimens in Group A increased by 19.9% and the strain of
the specimens in Group B increased by 24.14%. These results
indicated that neither the densiﬁed low-density aluminum
foam nor the high-density CCAF with high yield platform
stress could eﬀectively reduce the strain responses of bridge
pier reinforcements.
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Figure 13: Time history curves of the strain of No. 5 reinforcement.
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Table 7: Ultimate crack development and failure modes of the specimens.

Group

Specimen
no.

Z1

A

Z2

Z3

Left side of the impact
point

Front-bottom of the impact
point

Back-bottom of the impact Right side of the impact
point
point
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Table 7: Continued.

Group

Specimen
no.

Left side of the impact
point

Front-bottom of the impact
point

Back-bottom of the impact Right side of the impact
point
point

Z4

B

Z5

Z6

3.4. Analysis Results of the Crack Derivation and Failure
Modes. After the impact process, the damage cracks in the
piers were observed and recorded as shown in Table 7, which
contains front, back, and side views of the pier specimens. It
is important to note that the main area of damage to each
specimen is concentrated in the lower part of the pier
columns and the black line in the table showed the direction
of the cracks.
As can be seen from the ﬁnal damage diagram of pier in
Table 7, the concrete damage of the bridge pier is mainly
manifested as bending cracks at the bottom of the front face,
crushing of the concrete at the bottom of the back, and
oblique cracks on the left and right sides. Dense bending
cracks had appeared at the front-bottom area of column Z1.
Also, obvious diagonal cracks had appeared at the left and
right bottom sections, and the concrete at the bottom back
area was crushed. This was considered to be the most seriously damaged area when compared with the other ﬁve pier
specimens, in which a bending shear failure mode was

observed. Due to the low density and thickness of the closedcell aluminum foam, it would enter the densiﬁcation stage
earlier in the process of repeated impacts, after which the
energy dissipation capacity of the CCAF material starts to
weaken signiﬁcantly, even to the point of losing its protective
eﬀect. Therefore, when the impact velocity was getting higher
and higher, the failure mode of the bridge pier changed from a
bending mode to a bending shear model due to the inﬂuence
of the shearing eﬀect [28].
There were only a few bending cracks observed in the
midspan of column Z2, which indicated that the CCAF
material had good energy absorption eﬀects during the
entire process of the cumulative impacts, and the damages to
the bridge pier were eﬀectively reduced. There were three
bending cracks observed at the bottom of column Z3, and a
few short diagonal cracks had appeared at the bottoms of the
left and right sides. The concrete at the back-bottom section
of the Z3 pier specimen was crushed. However, the overall
damage degree was lower than that of the Z1 pier specimen
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Table 8: Changes in the ultrasonic velocities of the concrete piers.

Group

Specimen
no.

Z1
A

Z2

Z3

Z4

B

Z5
Z6

Impact
velocity (m)
0.76
1.14
2.43
0.76
1.14
2.43
0.76
1.14
2.43
0.76
1.14
2.43
0.76
1.14
2.43
0.76
1.14
2.43

Average sound
velocity (km/s)
Before
After
impact
impact
4.179
4.174
4.161
4.146
3.658
3.483
4.04
4.032
4.018
4.001
3.777
3.675
4.1
4.084
4.054
4.012
3.457
3.247
4.333
4.327
4.316
4.307
3.826
3.643
4.102
4.096
4.087
4.076
3.851
3.751
4.131
4.118
4.092
4.062
3.414
3.310

Reduction of sound
velocity (km/s)

but higher than that of the Z2 pier specimen. The main
reason for those results was that the density of the CCAF
material was too high under the aforementioned working
condition, and the stress of the yield platform was also
higher. Therefore, it could be seen that under the conditions
of certain impact energy, the stress of the high yield platforms will eﬀectively reduce the plastic deformations of the
CCAF material as well as limit the absorption of impact
energy. It was found that the more the energy acting on the
overall responses of the piers, the greater the damage degrees
of the piers would be aggravated. The damage development
degrees of the three piers in Group B were found to be
similar to those of Group A. However, with the increases in
the thicknesses of the CCAF material, the overall damage
degrees of the piers were signiﬁcantly reduced. This study
found that when compared with the Z1 pier specimen, the
widths and lengths of diagonal cracks at the bottom of both
sides of the Z4 pier specimen were smaller. This was not only
related to the overall degree of the damages but also due to
the increases in the thicknesses of CCAF material, which
decreased the shear eﬀects suﬀered by the bridge piers at the
local response stage. As a result, the shear failures suﬀered by
the piers had become weakened.
3.5. Damage Analyses of the Concrete Piers. In the present
study, ultrasonic nondestructive testing was carried out
using a probe emitting elastic waves. The elastic waves are
received by ultrasonic transducers after propagating in a
structure or material. The waveform, frequency, amplitude, and sound velocity of the collected ultrasonic signals
were analyzed in order to determine the composition,
internal structure, and mechanical characteristics of the

0.005
0.015
0.175
0.008
0.017
0.102
0.016
0.042
0.21
0.006
0.009
0.183
0.006
0.011
0.1
0.013
0.03
0.204

Total reduction of sound Change rate of sound
velocity (km/s)
velocity (%)

0.696

16.65

0.365

9.03

0.853

20.80

0.69

15.9

0.351

8.57

0.821

19.84

concrete structures [29]. It has been found that this type of
method can be used to evaluate the damages of concrete
structures. In this experiment, the changes in the ultrasonic wave velocities were used to measure the damage
degrees of high damage areas of bridge pier specimens. The
changes in the acoustic parameters at 40 measuring points
in the high damage areas of the specimens are shown in
Table 8.
It can be seen in Table 8 that after each impact, the
average ultrasonic velocities of the measuring points decreased and the damage degree of the pier increased
gradually because the impact mode was cumulative impact
and the impact velocity increased gradually with the increase
of the times of impact. At the same time, it is observed that
the decrease in wave velocity would increase, which indicated that the change in ultrasonic wave velocity reﬂected the
damage degree of concrete to some extent. According to the
analysis results of the two groups of piers, as the impact
energy reached 2939 J, the cumulative reductions in the
sound velocities of the Z1, Z2, and Z3 specimens in the ﬁrst
group were 0.033 km/s, 0.039 km/s, and 0.088 km/s, respectively. Meanwhile, the cumulative reductions in the
sound velocities of the Z4, Z5, and Z6 specimens in the
second group were 0.026 km/s, 0.026 km/s, and 0.069 km/s,
respectively. The accumulative reductions in the sound
velocities were found to increase with the increase in densities of the CCAF material, which indicated that the increase in the densities of the CCAF under the conditions of
energy impacts had increased the damage degrees of the
concrete pier specimens. However, generally speaking, this
study found that when the impact energy had accumulated
to the maximum value, the sound velocity reductions of the
Z2 and Z5 pier specimens were the lowest. These ﬁndings
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indicated that, when undergoing cumulative impacts, the
CCAF material with a density of 0.55 g/cm3 had achieved the
best protection eﬀects on the pier specimens.

4. Conclusions
In this research investigation, the inﬂuencing eﬀects of
changes in the densities and thicknesses of closed-cell aluminum foam protective material on the impact responses of
reinforced concrete piers were analyzed in depth. The following conclusions were drawn:
(1) This study found that by analyzing data such as
impact force, displacements, and damages, the eﬀects
of the three stages of CCAF material on the dynamic
responses of pier specimens could be clearly distinguished. It was observed that when the CCAF
material was in the yield platform stage, the protection eﬀects for the pier were the highest. In addition, it was also observed that when the CCAF
material entered the densiﬁcation stage, it basically
lost its protection function for the piers and replacement would be required in order to prevent the
occurrences of failure modes.
(2) It was found that prior to the impact velocity
reaching 1.54 m/s and when the density of CCAF
material was 0.45 g/cm3, the accumulative impact
force, displacement, reinforcement strain, and ultrasonic wave velocity values of the bridge piers were
reduced on average by 67%, 35%, 80%, and 84%,
respectively. At that stage, the CCAF material with
the density of 0.45 g/cm3 was found to have displayed
the best protective eﬀects. In addition, when the
impact velocity was greater than 1.54 m/s and the
density of the CCAF material was 0.55 g/cm3, the
cumulative impact force, displacement, reinforcement strain, and ultrasonic wave velocity values of
the bridge piers were reduced on average by 25%,
18%, 23%, and 85%, respectively, and the crack
development of the piers had also been signiﬁcantly
weakened. At that stage, the CCAF material with a
density of 0.55 g/cm3 had displayed the best protection eﬀects.
(3) It was found that when the thickness of the closedcell aluminum foam material was increased from
75 mm to 100 mm, the protective eﬀects of the piers
were enhanced. Therefore, it was considered that
reasonable increases in the density and thickness
values could delay the closed-cell aluminum foam
material entering into its densiﬁcation stage. As a
result, the impact energy absorption eﬀect could be
enhanced and the shear failures of the piers
weakened.
(4) The results obtained in this study revealed that under
the conditions of certain cumulative impact energy,
the low-density CCAF material entering the densiﬁcation stage too early would have poor total energy
absorption eﬀects. Meanwhile, the CCAF material
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which formed high yield platforms due to too highdensity levels was found to have weak energy dissipation eﬀects of plastic deformation. As a result,
more energy was transferred to the piers. In summary, the protection eﬀects of both scenarios on the
piers would be weakened. It was observed that with
increased impact velocity, the shear eﬀects of the
piers became enhanced. The failure mode of the piers
with weakened protection eﬀects was observed to
change from a bending failure mode to a bending
shear failure mode.
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