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In this study, an ultrahigh drop hammer impact test system was adopted for multiple horizontal impact tests on stainless steel-
reinforced concrete columns and ordinary-reinforced concrete columns with the same longitudinal reinforcement diameter. /e
damage performance after impact was studied, and the finite element model was established. /e test measured the impact force,
displacement, cracking of the specimen during the impact, and the concrete damage near the bottom of the specimen. /e test
results showed that the failure mode of the stainless steel-reinforced concrete specimen under multiple impacts was the same as
that of the ordinary reinforced concrete specimen. Under the same impact conditions, the maximum impact force, the maximum
displacement, and the damage degree of stainless steel-reinforced concrete column specimen were lower than those of the
ordinary reinforced concrete specimen.

1. Introduction

Compared with ordinary steel bars, stainless steel bars have
better advantages in strength, ductility, corrosion resistance,
and maintenance cost. A large number of stainless steel bars
were used in the Hong Kong-Zhuhai-Macao Bridge that has
been opened to traffic. It is a development trend to replace
ordinary reinforced concrete structures with stainless steel
bars. Reinforced concrete columns are one of the most
important components in bridges and building structures.
Damage or damage under impact loads may cause partial or
total collapse of the structure, causing catastrophic
consequences.

Tian and Zhu [1] established a damage assessment
method for members based on the vertical residual load
capacity of reinforced concrete columns after impact, which
was used to determine the damage degree of reinforced
concrete columns under impact loads and analysis of the
protective measures for column protection. Cheng et al. [2]

conducted a numerical study on the dynamic response of
reinforced concrete columns under impact and analyzed the
effects of collision velocity, mass, collision shape, re-
inforcement ratio, and concrete strength grade on de-
formation and impact force. Loedolff [3] conducted a
horizontal impact test on the impact resistance of reinforced
concrete cantilever columns. Liu et al. [4] studied the failure
mode and transformation mechanism of axially compressed
reinforced concrete columns under lateral impact loads
using the finite element method. Demartino et al. [5] and Cai
et al. [6] carried out an experimental study on the impact
resistance of scaled reinforced concrete bridge piers. Zhou
et al. [7] established a reliability analysis method for shear
performance of reinforced concrete piers under falling rock
impact load and discussed the influence of different pa-
rameters on the shear performance of columns. Wang et al.
[8] studied the dynamic response of simply supported RC
columns with axial compression under lateral impact loads
and analyzed the effect of loading rate, longitudinal
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reinforcement ratio, and stirrup reinforcement ratio on the
failure mode and carrying capacity. Zhao and Qian [9] used
numerical simulation to study the performance of reinforced
concrete piers under lateral impact loads, to analyze the
dynamic response and impact resistance of the piers under
lateral impact loads, and to discuss the effects of different
collision parameters on the failure mode and the damage
mechanism of reinforced concrete piers. Zhang et al. con-
ducted an experimental study on the impact resistance of
stainless steel-reinforced concrete [10, 11] and used ultra-
sonic waves to simple analyze the damage of the pier
specimens after impact [12].

In the present study, based on the application of stainless
steel-reinforced concrete piers of the Hong Kong-Zhuhai-
Macao Bridge, an ultrahigh multifunctional drop hammer
impact test system was applied for the experimental research
of the cumulative damage of stainless steel-reinforced
concrete columns under the horizontal impact loads. Also,
the ordinary reinforced concrete specimens with the same
longitudinal reinforcement diameter were compared and
analyzed. /e results have reference significance for the
impact analysis and design of stainless steel-reinforced
concrete columns.

2. Experimental Programme

2.1. Design of the Specimen. In this experimental study, two
cylindrical column specimens were designed, one of which
was a stainless steel-reinforced concrete column numbered R1
and the other which was an ordinary reinforced concrete
column numbered R2. /e specimens were made of C40
concrete, with column section diameters of 340mm and a
column height of 2,200mm. /e experimental stainless steel
bars were an S2304 duplex stainless steel reinforcement, and
the longitudinal reinforcement used in the ordinary RC
bridge pier specimen was HRB335 reinforcement. /e design
parameters of the test specimens are shown in Table 1, the
properties of the steel materials are shown in Table 2, and the
detail drawing of reinforced concrete is shown in Figure 1.

2.2. Test Device. /is study’s experiment was conducted
using an ultrahigh drop hammer impact test system. By
adjusting the vertical height of the drop hammer, the free fall
of the drop hammer could be used as the traction of a car
with different motion rate levels. /e mass of the drop
hammer was 196 kg, the impacting car body was 1.2 t, the
bottom of the column test specimen was fixed with high-
strength bolts, and the vertical shaft pressure of 250 kN was
applied on the top of the test specimen, as shown in Figure 2.

During the test, the impact force, displacement, and
crack development of the test specimens were collected and
recorded. Four displacement meters were arranged at the
back of the specimen from top to bottom at 100mm,
800mm, 1,500mm, and 2,100mm, as shown in Figure 3, and
numbered as #1, #2, #3, and #4. In order to obtain the
damage degrees of the specimens, a ZBL-U520 nonmetal
ultrasonic detector was used to test the specimens and the
main detection parts were the bottoms of the specimens.

2.3. Model Test. /e drop hammer was lifted to a certain
height and then released, in order to track the car’s impact
on the specimen. /e impact velocity was obtained using a
laser velocity measuring system set at the end of the track,
and the impact force was measured using a pressure sensor
set at the impacting car’s head. In order to record the crack
development during the impact of the specimen, the crack
width of the specimen was measured by a crack width
measuring instrument. /e data acquisition system uses the
high performance dynamic signal analysis system DH8302
of Jiangsu Donghua Test Technology Co., Ltd.

3. Results and Discussion

3.1. Time-History Curve for the Impact Force. Figure 4 shows
the time-history curve of the impact force of the stainless
steel-reinforced concrete specimens with the drop hammers
lifted to 2m, 4m, 6m, and 8m, respectively. As the impact
energy continues to increase, the maximum impact force
also increases. /e maximum impact force under the impact
of 2m, 4m, 6m, and 8mwas 130264N, 196819N, 236707N,
and 269763N, respectively. It can be seen from Figure 5 that
under the same impact conditions, the maximum impact
force of ordinary reinforced concrete specimens was
142136N, 215166N, 285176N, and 317289N, respectively.
By comparing the stainless steel-reinforced concrete spec-
imens with ordinary reinforced concrete specimens under
the same impact conditions, it was found that the impact
force peak of stainless steel-reinforced concrete specimens
under the same impact condition was significantly lower
than that of ordinary reinforced concrete column specimens,
and the shock during the impact of the ordinary reinforced
concrete specimen was more complicated than the stainless
steel-reinforced concrete specimen. /is was mainly due to
some characteristics of the stainless steel reinforcement
itself.

3.2. Research onDamage Degree Based on the Damage Factor.
In order to obtain an accurate description of the damage
degree of the specimens, the damage degree of the specimens
are quantitatively described based on the ultrasonic wave
velocity, and the damage factor D is introduced.

/e damage factor is defined as follows:

D � 1 −
v2

v20
, (1)

where v is the wave velocity after damage and v0 is the initial
wave velocity.

From the change of the ultrasonic wave velocity before and
after the impact, the damage factor of each specimen can be
obtained according to the aforementioned formula./e change
of the damage factor after each impact is shown in Table 3.

It can be seen from the table that after each impact, the
damage degree of the column specimens will increase and
the ultrasonic wave velocity of the specimens will reduce
after the damage. With each impact, the damage factor was
changing; that is, after each impact, the degree of damage to
the specimens was increasing. In order to more intuitively

2 Advances in Materials Science and Engineering



obtain the relationship between the damage degree of the
specimens and the damage factor D after each impact, the
relationship between the damage factor and the impact after
the cumulative damage condition is shown in Figure 6.

It can be seen from Figure 6 that the specimens were
regarded as nondamaged before impact. After each impact,
the damage factor was increased. Under the same impact
condition, the damage factor of the stainless steel-reinforced
concrete specimen was smaller than the ordinary reinforced
concrete specimen, indicating that the damage degree of the
stainless steel-reinforced concrete specimen under the same
impact condition was lower than that of the ordinary
reinforced concrete specimen.

3.3. Crack Description and Analysis. Each of the specimen’s
crack initially developed from the bottom of the positively

impacted specimen. With the increase in the impact energy,
the crack propagated from the bottom of the positive impact
to the center. Meanwhile, the crack correspondingly occurred
to the impact back and point. As the impact energy continued
to increase, the original crack at the midlower section of the
front continued to develop toward the center. At the same
time, the crack located on the reverse side continued to
develop upwards. When the impact energy reached a certain
level, a larger crack occurred at the bottom of the impact
front, and the concrete on the impact back began to partially
crush. /e crack development areas were quite consistent
with the main force areas of the specimens. /e following
table shows the width development of a major crack at the
lower section of the impact front for each of the specimens
with the changes in the drop hammer’s height.

It can be seen from the aforementioned Table 4 that with
the increase in the impact energy the width of this major

Table 1: Specimen design parameters.

Specimen no. Longitudinal reinforcement Stirrup Concrete strength grade
R1 10S16 Φ8@50 C40
R2 10Φ16 Φ8@50 C40
S represents the stainless steel reinforcement.

Table 2: Steel reinforcement material performance.

Reinforcement category Yield strength (MPa) Tensile strength (MPa) Elongation (%) Elastic modulus (MPa)
Reinforcement HRB335 368 552 16 2.0×105

Stainless steel reinforcement S2304 748 866 17 1.93×105

340

2200

400

900

900900

Ф8@50

S16 or Ф16

S16 or Ф16Ф8

Figure 1: Detail drawing of reinforced concrete (unit: mm).
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crack also increased. However, under the same impact
condition, the development width of this major crack of the
stainless steel-reinforced concrete specimen was lower than
the crack width of the ordinary reinforced concrete
specimen.

3.4.DisplacementTime-HistoryCurve. Figures 7 and 8 show
the time-history curves of the four measuring points of
the drop hammer when it was lifted to 8m. /e

displacements of the four measuring points were syn-
chronously changed. /e four displacement values of the
R1 specimen were 17.3mm, 11.3mm, 4.9mm, and 1.2mm,
respectively, and the four displacement values of the R2
specimen were 19.1mm, 12.4mm, 5.2mm, and 1.7mm,
respectively. As it can be seen from the aforementioned
data, the displacements of stainless steel-reinforced con-
crete specimen are lower than those of the
ordinary reinforced concrete specimen under the same
condition.

Drop hammer

Impacting car

Laser velocity measuring system

Impacting car’s head

Axial force loading device

Specimen

Pulley

Figure 2: Ultrahigh drop hammer impact test system diagram.
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Figure 3: Arrangement diagram for displacement of specimen (unit: mm).
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3.5. Stress Nephogram. /e finite element model of the
specimen being impacted was established by using LS-
DYNA. Figures 9 and 10 show the numerical simulation

stress diagrams of the two specimens under the impact
energy of the drop hammer to 8m. /e figures show the
impact of the impact body on the left side of the specimen.

R1-2m
R1-4m

R1-6m
R1-8m

–80

–40

0

40

80

120

160

200

240

280

320

Im
pa

ct
 fo

rc
e (

kN
)

0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.20.6
Time (s)

Figure 4: Impact force history of the R1.
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Figure 5: Impact force history of the R2.

Table 3: Damage factor changes under continuous impact.

Specimen Numbers of impacts
Acoustic velocity average (km/s)

Damage factor Impact height
Before impact After impact

R1

1 4.167 4.156 0.0053 2m
2 4.156 4.127 0.0139 4m
3 4.127 4.051 0.0365 6m
4 4.051 4.018 0.0162 8m

R2

1 4.258 4.243 0.0070 2m
2 4.243 4.202 0.0192 4m
3 4.202 4.065 0.0641 6m
4 4.065 4.024 0.0201 8m
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It can be seen from the stress diagram that before the
impact, since the vertical load has been applied on the top
of the specimens, the stress value at the top of the specimen
was large. When the impact body has just come into contact
with the specimens, the stress is greater near the position of
the impact point and at the bottom of the reverse side. As
the impact continues, the stressed part gradually increases
mainly at the bottom of the back, and then the area of the
back bottom and the area of the impact point develop
toward both sides. From the whole impact process, the

main stress change areas of the two specimens were con-
centrated near the bottom of the impact back and the
impact point, and the stress changes at the same position
were about the same. When the specimen impacted the
bottom stress to the maximum, the specimen displacement
also reached the maximum. However, it can be seen from
the figure that at the same time, the maximum stress of the
stainless steel-reinforced concrete specimen was
smaller than that of the ordinary reinforced concrete
specimen.
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Figure 6: Damage factor change curve after each impact.

Table 4: Crack development under different impact energies.

Specimen
Crack widths at each drop hammer height (mm)

2m 4m 6m 8m
R1 0 0.230 0.294 0.318
R2 0 0.298 0.422 0.554
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Figure 7: Displacement history of R1-8m.
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Figure 8: Displacement history of R2-8m.
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4. Conclusions

In this paper, multiple horizontal impact tests were carried
out on the stainless steel-reinforced concrete column
specimen and the ordinary reinforced concrete column
specimen with the same longitudinal reinforcement di-
ameter and established the finite element model. /e fol-
lowing conclusions were obtained by analyzing the impact
time history, displacement time history, concrete damage
variation, and crack recording results of reinforced concrete
column specimens under step impact loading.

(1) With the increase of impact energy, the impact peak
gradually increased. By comparing with the ordinary
reinforced concrete specimen, the maximum impact
force and displacement peak of the stainless steel-
reinforced concrete specimen are smaller under the
same impact conditions.

(2) Based on the ultrasonic wave velocity and in-
troducing the damage factor, the damage degree of
the specimen was quantitatively described and
compared with the ordinary reinforced concrete
specimen with the same longitudinal reinforcement
diameter, the damage degree of the stainless steel-
reinforced concrete specimen was lower.

(3) /e crack of the specimens start from the bottom
area of the front surface of the impact. As the impact
energy increases, it gradually extended toward the
middle direction. At the same time, the crack oc-
curred at the opposite side of the impact surface and
the impact point and gradually developed toward the
upper and middle parts of the back surface. When
the impact energy reached a certain level, a large
crack appeared at the bottom of the impact front, and
the concrete at the bottom of the impact was crushed,
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Figure 9: Stress nephogram of R1-8m (Unit: Pa): (a) R1-8m (T� 0.030 s), (b) R1-8m (T� 0.035 s), (c) R1-8m (T� 0.062 s), and (d) R1-8m
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Figure 10: Stress nephogram of R2-8m (Unit: Pa): (a) R2-8m (T� 0.030 s), (b) R2-8m (T� 0.035 s), (c) R2-8m (T� 0.062 s), and (d) R2-8m
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which was consistent with the finite element simu-
lation results.
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