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Collision on reinforced concrete (RC) piers by moving vessels or vehicles is a significant issue. This paper presents the static and
impact behavior of RC piers with different hollow ratios. Three specimens were statically tested to obtain the load-displacement
response. Low-velocity collision on eleven RC piers was conducted under the same velocity of 2.42 m/s. The damage process,
failure mode, and force response were comprehensively analyzed. The experimental results indicate that the hollow ratio plays a
significant role in the failure mode and ultimate load of RC piers under static and impact loadings. For RC piers with a hollow ratio
of 0 and 0.4, the global failure dominated the damage process. However, failure of piers with a hollow ratio of 0.6 was governed by
the local damage near the loading point. The static load capacities of the RC piers with a hollow ratio of 0.4 and 0.6 were 1.27% and
60.5% smaller than that of the solid pier, respectively. RC piers with a higher hollow ratio or lighter drop weight suffer smaller peak
impact force. The increase of the longitudinal reinforcements leads to a promotion of the peak and mean impact force. Fur-
thermore, the numerically predicted failure modes and impact load response show satisfactory agreement with the

experimental results.

1. Introduction

Reinforced concrete (RC) structures are commonly used in
bridge engineering across the world. Bridge piers are vul-
nerable to accidental impacts by moving vessels or vehicles,
which may trigger localized damage or even total collapse of
bridge structures [1-3]. The structural safety under impact
load should be carefully assessed. The impact load due to
vessel or vehicle collision is characterized by a high intensity
but a short duration. Stress wave propagation, strain rate
effect, and inertial effect should be considered in the complex
dynamic analysis for RC structures [4]. Therefore, to ensure
the structural efficiency and promote performance level
during the whole life cycle, it is necessary to investigate the
impact behavior of RC structures.

Assessments of the dynamic behavior of solid RC
structures by experimental, numerical, and analytical
techniques have been well documented in the literature.
Fujikake et al. [5] carried out drop hammer impact tests and
nonlinear analysis on RC beams considering variations of

drop heights and longitudinal rebars. The amount of rein-
forcements had a significant effect on the failure modes. The
dynamic response and impact force-time histories were
mainly affected by the drop height and the flexural rigidity of
RC beams. Kishi and Mikami [6] designed a great number of
statically flexure-controlled RC beams with different cross
section dimensions, clear spans, and reinforcement ratios. A
performance-based design formula was proposed based on
the results of the drop weight impact test. Zhao et al. [7]
proposed a simplified method to predict the peak force and
midspan displacement of simply supported RC beams
subjected to impact loading. Guo et al. [8] investigated the
dynamic deflection response of simply supported and fully
clamped RC beams by theoretical and numerical methods.
The results show that the maximum deflections are almost
proportional to the input impact energy. Demartino et al. [9]
conducted the horizontal impact test on shear-deficient RC
piers with two boundary conditions, i.e., one fixed end and
another cantilever or simply supported end. Obvious di-
agonal crack originated from column foot to the impact


mailto:zhulunjut@njtech.edu.cn
https://orcid.org/0000-0002-0262-3928
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/9926010

point, indicating a brittle shear failure mode. Fan et al. [10]
performed the drop hammer test, compression test, and
numerical analysis of circular RC columns to evaluate the
residual axial capacity after impact. The residual capacity
depended on the deformation and failure mode due to
impact load. Ye et al. [11] investigated the effect of the
slenderness ratio, reinforcement ratio, and axial compres-
sion ratio on the impact force and dynamic response of RC
columns by a horizontal impact test machine. Results
showed that the higher column slenderness ratio led to a
larger value of the generalized ratio of peak impact force and
longer impact duration. The enhancement of the rein-
forcement ratio and axial compression ratio could increase
the average impact force. The existence of axial load relieved
the residual deformation of the column. Zhou et al. [12]
experimentally compared the impact response of RC piers
with ordinary steel bars and stainless-steel bars under the
protection of closed-cell aluminum foam. The results show
that the impact forces of the stainless-steel RC piers were
greater than that of ordinary RC piers, and the use of
stainless-steel bars increased the possibility of shear failure
modes. Yilmaz et al. [13] carried out the drop weight test to
determine the influence of the axial load, impact energy, and
shear reinforcement spacing on the impact performance of
square RC columns. Wei et al. [14] conducted an experi-
mental and numerical study of RC and ultra-high perfor-
mance concrete (UHPC) columns under low-velocity
impact loading. The results show that RC columns experi-
enced brittle shear failure, while UHPC columns only
showed minor flexural damage. Wu and Xu [15] experi-
mentally evaluated the damage degree of stainless-steel-
reinforced concrete piers with different longitudinal bars
under four impact velocities and found that increasing the
reinforcement ratio can obviously reduce the damage level.

In terms of vessel or vehicle impacts on RC bridge piers,
numerical methods are widely used due to the efficiency and
economic benefit. Sha and Hao [16, 17] conducted the
pendulum impact tests and numerical simulations of cir-
cular RC piers under barge collision. Structure-related and
load-related factors such as pier diameter, pier height, im-
pact location, velocity, and mass were carefully examined.
An empirical formula was proposed to calculate the barge
impact force. Wang et al. [18] proposed a period-dependent
impact factor method to estimate the dynamic response of
bridge piers under vessel collision. The precision was vali-
dated by dynamic time history method of two example
bridges. Sharma et al. [19] proposed the performance-based
procedure to evaluate the dynamic shear force capacities of
RC columns corresponding to performance levels. Li et al.
[20] conducted a simulation analysis of vehicular collision
on seismic designed RC piers and evaluated the damage level
based on the damage index considering the pier diameter
and shear-span ratio. Auyeung et al. [21] introduced a
damage ratio index to correlate the damage level to target
performance level in the design of bridges under vehicle
collision. It was found that pier diameter governed the global
failure type, and the transverse reinforcement ratio deter-
mined the local damage. Chen et al. [22] simulated the
failure process of three-column RC piers under vehicle
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collision and proposed a safety assessment method to de-
termine the shear failure. Do et al. [23] numerically in-
vestigated vehicle collision on RC bridge columns. The
vehicle impact force, the dynamic shear capacities, and
failure modes of RC columns can be predicted by a sim-
plified analytical model.

Hollow RC structures are widely used as bridge piers
owing to the proper balance between performance and cost
[24, 25]. It is necessary to evaluate the influence of cross-
sectional changes on structural safety under different load
cases [26, 27]. However, few investigations on the low-ve-
locity impact responses of hollow RC structures have been
found in the literature. Most studies have focused on the
seismic performance of hollow RC piers. Yeh et al. [28]
conducted an experimental investigation on the seismic
behavior of rectangular RC piers with different hollow ratios.
The results showed that the main crack patterns of RC
members were bending failure, bending-shear failure, and
shear failure. Lee et al. [29] investigated the seismic behavior
of circular hollow RC columns under cyclic loading. The
damage process of flexure-controlled columns and com-
pression-controlled columns varied, due to the different
neutral axis location at failure. Qi et al. [30] performed the
shaking table test of three scaled rounded rectangular hollow
piers. Unlike the column response in common semistatic
test, a second plastic hinge region appeared near the mid-
span of the pier. The increased volumetric stirrup ratio led to
a better seismic performance.

Several investigations have been conducted on the lateral
impact behavior of other hollow piers, such as partially
concrete-filled steel tubular columns, concrete-filled double-
skin steel tube columns, and hollow-core fiber-reinforced
polymer (FRP) concrete-steel columns. Zhu et al. [31] ex-
perimentally and numerically investigated the lateral impact
performance of hollow and partially concrete-filled steel
tubular columns. The results indicated that the concrete
filling height had a great influence on the local impact re-
sistance and global crack patterns. Wang et al. [32, 33]
experimentally and numerically investigated the influence of
some key factors (such as impact height, hollow ratio, axial
load) on the impact force and displacement response of
concrete-filled double steel tubular members. An empirical
formula for dynamic increase factor was proposed to cal-
culate the lateral impact capacity. The results showed that the
hollow ratio was the main parameter influencing the peak
force and the suggested value for the hollow ratio was less
than 0.7. Li et al. [34] conducted the field blast test, axial
compression test, and numerical simulation to investigate
the postblast behavior of concrete-filled double-skin steel
tube columns. Damage could be rapidly evaluated by the
proposed empirical formula calculating the residual axial
capacity. Wang et al. [35] investigated the influence of axial
force on impact performances of concrete-filled steel tubular
members and proposed an analytical method to calculate the
deflection by equivalent single degree of freedom (SDOF)
model. Aghdamy et al. [36] analyzed the impact response of
concrete-filled double-skin steel tube columns by numerical
methods. The diameter-to-thickness ratio of outer tube, the
slenderness ratio, and the hollow ratio were the key
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structure-related parameters affecting the impact response.
Wang et al. [37] performed the drop hammer test of FRP-
UHPC-steel double-skin tubular columns. The above-
mentioned literatures indicated that the hollow ratio had a
significant influence on the impact response of concrete
members.

Opverall, most of the existing studies focus on the impact
performance of solid RC beams and piers. However, the
considerable number of studies on impact performance of
hollow columns with steel-concrete, steel-concrete-steel,
and FRP-concrete-steel materials can provide useful refer-
ence. However, there is limited experimental data related to
the low-velocity impact behavior of hollow RC columns.
Thus, the objective of this research is to evaluate the static
and impact performance of RC piers with different hollow
ratios. The vertical static tests on three RC piers were firstly
carried out. The damage process, failure mode, and the load-
midspan displacement were fully discussed. The impact tests
on eleven rectangular RC piers were subsequently con-
ducted. The design variables included the hollow ratio, the
amount of longitudinal reinforcements, and the impact
energy. Effect of these parameters on the failure mode and
load response was comprehensively analyzed. Numerical
models of the impact test were further developed using
ANSYS/LS-DYNA. The simulated failure modes and load
histories were compared with the experimental results.

2. Experimental Program

Vertical static tests and low-velocity impact tests were
conducted. The test specimens, experimental setup, and
layouts of instrumentation are discussed in detail.

2.1. Test Specimens. A total of nine hollow RC piers and five
solid RC piers were cast with the same materials. Figure 1
presents the detailed dimensions of test specimens. All RC
piers were 1550mm in length, 300 mm in height, and
200 mm in dimension. A RC footing with a cross section of
410 mm x 480 mm was built to create fully fixed boundary
condition. The RC piers were designed according to two
variables: the hollow ratio # and the amount of longitudinal
reinforcements N. The hollow ratio is defined as the ratio of
A, to A. The parameters A; and A are the cross-sectional area
of the inner void and the solid pier, respectively. The wall
thickness for two types of hollow piers are 44 mm and
27mm. The layouts of the reinforcements on the cross
section are shown in Figure 2. The diameter of longitudinal
and shear rebars was 6 mm for all specimens. The spacing of
shear reinforcements was 100 mm. The yield strength of all
reinforcements was 310 MPa. The cubic compressive
strength of concrete was 30 MPa.

Three specimens were tested under static loading. The
impact test involved eleven piers, including three groups, i.e.,
DA group with =0, DB group with #=0.4, and DC group
with #=0.6. Details of the specimens are summarized in
Table 1. Three main parameters including the hollow ratio 7,
the impact energy E, and the total number of longitudinal
reinforcements N were considered. The following naming

rules are used to characterize each specimen. The letter “S”
or “D” denotes that the specimen is under static or dynamic
loading. The letters “A,” “B,” and “C” represent a hollow
ratio of 0, 0.4, and 0.6, respectively. The numeric value “20”
or “30” denotes that N =20 or N =30. The last Roman
numerals “I,” “II,” and “III” denote that the mass of the
impactor (M) is 230 kg, 330 kg, and 430 kg, respectively. The
impact height was designated to be constant as 0.3 m;
therefore all specimens had an identical impact velocity with
a value of 2.42 m/s. Thus, the impact energy was changed by
adjusting the drop weight.

2.2. Test Setup and Instrumentation. Figures 3(a) and 3(b)
show the experimental setup for the vertical static test and
low-velocity impact test of the RC piers, respectively. All
piers were fixed at one end and simply supported at the other
end. A steel beam placed on the concrete base was bolted to
the floor to achieve the fixed boundary condition. A steel
roller-bearing was installed at a distance of 150 mm from the
free end of the pier, as depicted in Figure 4(a). For impact
loading, an additional top steel roller-bearing connected to
the bottom one was used to prevent the pier from vertical
bouncing.

In the static test, a 100-ton Jack was employed to exert
vertical force with an interval of 5kN. A T-shape steel
loading head was placed at the midspan to transfer local
linear force to each specimen. The 40Cr steel loading head
had a semicircular nose with a radius of 25 mm, as illustrated
in Figure 4(b). The vertical deflection at the midspan was
measured by a YHD displacement sensor with a range of
200 mm. In addition, another two small range displacement
sensors were fixed at the supported ends.

The low-velocity dynamic test was conducted by a drop
hammer impact system in Nanjing Tech University, China.
The drop hammer consists of a hammer body with ad-
justable weight and a changeable hammer head. The ham-
mer head for the impact test was the T-shape one used in the
static test. The mass of the hammer head is 30 kg. The mass of
the hammer body can vary from 200 kg to 1200 kg with an
interval of 50 kg. Therefore, the selected drop weights were
230kg, 330kg, and 430kg. The test results were automati-
cally recorded at a sampling rate of 400 kHz.

3. Test Results and Discussion
3.1. Response under Static Loading

3.1.1. Crack Patterns. Figure 5 presents the failure modes of
specimens under static loading. Damage was concentrated in
the midspan area. The experimental results showed that the
wall thickness of concrete pier played a significant role in the
damage process and failure mode. For specimen SA20, one
vertical crack initially occurred near the lower edge of the
pier, with the corresponding load being 100.9kN. The
flexural crack then developed and propagated vertically
toward the upper edge. Meanwhile another vertical crack
was observed near the initial flexural crack. Since the
maximum bending moment occurred at the midspan, the
flexural cracks were recognized around the middle of the
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FIGURE 2: Cross-sectional arrangements of steel rebars (unit: mm).

(a) =0, N=20. (b) n=0.4, N=20. (c) =0.6, N=20. (d) n=0, N=30.

TaBLE 1: Details of the specimens and the experimental results.

Specimen N M (kg) E()) F, (kN) T, (ms) F e (kN) Failure mode
SA20 20 142.73 Bending failure
Static test SB20 20 140.91 Bending and local failure
SC20 20 56.36 Local failure
DA201I 20 230 676 102.59 10.3 28.67 No obvious damage
DA20II 20 330 970 163.85 12.8 57.04 Bending failure
DA20III 20 430 1264 185.90 11.1 52.05 Bending failure
DA3O0III 30 430 1264 254.20 11.0 74.08 Bending failure
DB20I 20 230 676 80.48 10.4 33.88 Shear failure
Dynamic test DB20I1 20 330 970 91.84 12.0 50.65 Bending-shear failure
DB20III 20 430 1264 130.27 14.7 50.24 Bending-shear failure
DB30III 30 430 1264 133.97 12.0 74.79 Bending-shear failure
DC201I 20 230 676 40.29 14.2 20.00 Local failure
DC201I 20 330 970 63.78 18.4 24.25 Shear and local failure
DC301I 30 230 676 58.68 11.8 28.77 Local failure

pier. Another two diagonal cracks occurred at the half span
near to the fixed end, whereas no oblique cracks were ob-
served at the half span near to the simply supported end. The
main reason was the different shear force distribution. The
cracks became wide when the load increased. The bending
crack eventually developed as the primary crack. Longitu-
dinal steel rebars in the textile region broke after the
maximum load. Hence, the flexural crack width and the
midspan displacement continued to grow. The failure was
governed by two vertical cracks at the midspan, indicating
specimen SA20 exhibited the overall bending failure mode.

Crack distribution of specimen SB20 was similar to that
of specimen SA20. However, obvious spalling of the concrete

cover was observed in the front and rear side of the pier.
Concrete in the upper compression region was crushed,
while fracture of reinforcements in the lower tensile zone did
not happen. Thus the final main flexural width of specimen
SB20 was much smaller than that of specimen SA20. The
specimen with a hollow ratio of 0.4 exhibited the overall
bending failure mode, as well as the local damage mode.
For specimen SC20, a tiny vertical crack and a small
oblique crack originally emerged at the bottom side of the
pier. The concrete beneath the hammer head was partially
crushed at a load of 40 kN. As the load continued to increase,
the bottom cracks expanded slowly and failed to develop as
main cracks. However, the upper crushed area obviously
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FIGURE 4: Details and photos of the steel roller-bearing and drop hammer head (unit: mm). (a) The steel support. (b) The drop hammer head.

enlarged, indicating local failure developed into the main
damage. Moreover, indentation into concrete near the load
point of specimen SC20 was severe, due to thin wall
thickness and small local stiffness.

3.1.2. Load-Midspan Displacement Relationships. The load-
midspan displacement curves obtained from static tests are
illustrated in Figure 6. The characteristic points such as
ultimate load and the corresponding displacement are
identified. When the concrete crack firstly appeared on
specimen SA20, the load was 100.91 kN and the midspan
displacement was 1.68 mm. Compared with specimen SA20,
the cracking loads of specimens SB20 and SC20 were re-
duced by 23.4% and 62.4%, respectively. Meanwhile the
corresponding midspan displacement was increased by
73.8% and decreased by 18.4%, respectively. The elastic
stiffness of the pier seems to have a great influence on the

static cracking performance. The larger the elastic stiffness,
the bigger the cracking load. The ultimate static loads for
specimens SA20, SB20, and SC20 were 142.73 kN, 140.91 kN,
and 56.36 kN, respectively. Results indicate that a relatively
small hollow ratio (i.e., # =0, 0.4) has little effect on the static
load capacity. Nevertheless, an excessive increase in the
hollow ratio (i.e., #=0.6) can significantly reduce the ulti-
mate load.

The vertical load of specimen SA20 dropped from
120kN to 104kN due to the fracture of bottom tensile re-
inforcements. Then the vertical load remained basically the
same, but the midspan deflection increased from 16.3 mm to
30.36 mm, revealing a platform in the load-displacement
curve. For specimen SC20, the local crushing of concrete and
the buckling of reinforcements contributed to the rapid
decrease of the load curve. In addition, the load-displace-
ment curve of specimen SC20 showed a rising tendency at
the final stage. This abnormal rising was mainly caused by
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resistance from the upper rebars after the full crushing of
concrete near the loading point. Based on the shape of the
load-displacement curves, specimens SA20 and SB20 gen-
erally exhibited a certain ductility, while specimen SC20
showed the brittle behavior.

3.2. Response under Impact Loading

3.2.1. Failure Mode. Damage of solid piers under impact
loading is shown in Figure 7. Specimen DA20I had no
obvious damage, except for slight concrete cover spalling in
the local region underneath the drop hammer. Other
specimens of DA group exhibited narrow vertical cracks
initiating from the underside. Specimen DA30III possessed
more tensile longitudinal reinforcements than specimen
DA20I1I, indicating minor bending cracks.

Figure 8 demonstrates the crack patterns for specimens
of DB group subjected to impact loading. All specimens
except for DB20I exhibited vertical cracks as well as diagonal
shear cracks, indicating bending-shear failure. The shear
cracks fully developed and located within one-quarter to
one-half span from the fixed end. Meanwhile another two
parallel shear cracks originating from the fixed end were
observed on specimen DB30III. This is most likely due to the
increase in longitudinal reinforcements, resulting in higher
bending capacity and being inclined to shear damage. Since
the lowest impact energy is of specimen DB20I, only oblique
cracks were observed as shown in Figure 8(a).

Figure 9 displays the failure modes of specimens of DC
group under impact loading. Both indentation into concrete
near the impact region and local crushing of concrete
appeared on all specimens. This can be attributed to the fact
that the RC pier with a hollow ratio of 0.6 has a small area of
concrete, i.e., a small local stiffness; therefore the structure
response is concentrated to the local region near the load
point. It is similar to the response of specimen SC20 under
static loading. In addition, specimen DC20II exhibited two
diagonal shear cracks.

To sum up, the hollow ratio of RC piers played an
important role in the failure behavior under impact loading.
Failure modes for all piers are listed in Table 1. RC piers with
a hollow ratio of 0 and 0.4 generally exhibited the global
failure modes, whereas failure of hollow piers of DC group
was governed by local damage near the drop hammer. Solid
piers with drop weights of 330kg and 430kg failed in a
flexural mode. Specimens of DB group with hammer weights
of 330kg and 430kg exhibited the bending-shear failure
modes.

3.2.2. Impact Force. The impact force mainly depends on the
impact energy, the local stiffness of the contact surface, and
the global stiffness of the specimen. Figure 10 demonstrates
time histories of the impact force for specimens with dif-
ferent hollow ratios. Specimens DC20II and DC30I
exhibited distinct impact load-time history curves. The
impact load near the peak value was relatively steady.
However, the impact load curves for other specimens de-
veloped the same trend. The impact force sharply increased

to the first peak value, then reduced rapidly, developed
several other peak values, and finally reduced to zero. The
first peak lasted about 2 ms. The total duration time ranged
from 10.3 ms to 18.35ms.

The peak impact force F , the total duration time T';, and
the average impact force F,,. are tabulated in Table 1. The
values of three physical quantities can be obtained from the
impact force-time curves. F, is the transient maximum value
of the impact force. T ; is the total duration of the load curve.
F,.. is the average value of the impact force during the time
length of T;. F,,. is defined as the ratio of the area enclosed
by the force-time curve to the duration time.

It can be seen from Figure 10 and Table 1 that drop
weight had a significant effect on the transient peak load.
Compared with specimen DA20I, the maximum impact
force for specimens DA20II and DA20III was increased by
59.7% and 81.2%, respectively. Specimens of DB group and
DC group also confirmed this trend. When the drop weight
changed from 230kg to 330kg, the duration times for
specimens of DA group, DB group, and DC group were
prolonged by 24.3%, 15.4%, and 29.2%, respectively.
Meanwhile the corresponding average loads were increased
by 98.9%, 49.5%, and 21.2%, respectively. It is noted that the
growth rates of average force tended to slow down, for the
impact case with a higher hollow ratio. However, the average
load was almost unchanged when the drop weight varied
from 330kg to 430kg.

The impact force responses with different drop weights
are shown in Figure 11 and Table 1. The effect of the hollow
ratio on impact force can be concluded. It is evident that RC
pier with a higher hollow ratio suffers smaller peak impact
force due to the relatively low contact stiffness and overall
stiffness. The maximum impact loads for specimens DB20I
and DC20I were 21.5% and 60.7% lower than that of
specimen DA20I, respectively. With the impact case of
M =330kg, the peak impact force values for specimens of
DA group, DB group, and DC group were 163.85kN,
91.84 kN, and 63.78 kN, respectively. The peak impact loads
of specimens DB20II and DC20II were 56.1% and 38.9% of
the corresponding solid pier, respectively. The peak impact
force of specimen DB20III was 130.27 kN, which was 29.9%
lower than specimen DA20IIL. The mean impact force
exhibited small variations with the collision case of =0 and
7 =0.4, regardless of N =20 or N =30. But an apparent drop
of average force emerged, as the hollow ratio changed from
0.4 to 0.6. Results indicate that a smaller hollow ratio (i.e.,
=0, 0.4) produces minor effect on the average impact load,
but a relatively large hollow ratio (i.e., #=0.6) can signifi-
cantly decrease the average impact load. The effect of the
hollow ratio on average impact force was similar to that on
static ultimate load.

When the total longitudinal reinforcements varied from
20 to 30, the stiffness of the specimens became larger.
Consequently, the peak and mean impact force enlarged,
and the duration time was reduced, as shown in Figures 10
and 11(c) and Table 1. For specimens DA20III and DA30II],
the peak impact force values were 185.90 kN and 254.20 kN,
respectively, increasing by 36.7%. Meanwhile the corre-
sponding average force increased by 42.3%, and the related
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FIGURE 9: Failure modes of hollow piers under impact loading (1 =0.6). (a) DC20I. (b) DC20II. (c) DC301.

duration time was slightly shortened. For specimens from
DB group and DC group varying the longitudinal rebars, the
ultimate impact loads were increased by 2.85% and 45.6%,
respectively. However, the mean impact force values were
increased by 48.9% and 43.8%, respectively.

From the impact results, it can be concluded that the
impact energy (i.e., the drop weight) and the hollow ratio as
well as the amount of longitudinal reinforcements had a
significant effect on the peak force. With the case of #=0and
7 =0.4, or the case of M =330 kg and M =430kg, the average
load had a relatively small variation. When the drop weight
varied from 230kg to 330kg, or the hollow ratio changed
from 0.6 to 0.4, the average load was substantially enhanced.

An increase of the longitudinal reinforcement led to the
promotion of the peak and mean impact force.

4. Finite Element Analysis of RC Piers under
Impact Loading

4.1. Finite Element Model. Numerical models of drop impact
on RC piers were established by the explicit finite element
program ANSYS/LS-DYNA [38], as shown in Figure 12. A
mesh size of 10 mm was used for the RC piers. This element
size was selected based on mesh sensitivity analysis. The
longitudinal and transverse rebars were discretized into
10mm long beam elements. The drop hammer and the
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support rollers were meshed with a minimum mesh size of
6 mm and a maximum mesh size of 10 mm. The pier foot was
prevented from moving in all directions. The support rollers
were simulated with constrained vertical displacement but
free rotation. The initial velocity was assigned to the drop
hammer. For specimen DB20IIL, the drop hammer, the
concrete pier, and the support rollers were modeled using
84038, 130680, and 2112 eight-node solid hexahedron ele-
ments, respectively. The numerical models for other spec-
imens differed in the total element number of the drop
hammer, the concrete pier, and the reinforcements, due to
the variations of the drop weight, the hollow ratio, and the
amount of rebars.

The contact surfaces between each part were carefully
defined. Both surface-to-surface and node-to-surface con-
tact algorithms were employed. The former algorithm was
used to model the interactions between the loading im-
pactor, the support rollers, and the RC pier, whereas the

latter algorithm was selected for the contact between the
steel rebars and the drop hammer. The dynamic and static
coefficients of friction were both set as 0.3 [39, 40].

4.2. Material Models. The plastic kinematic model
(* MAT_3) from LS-DYNA material library [38] was se-
lected for the drop hammer and the longitudinal and
transverse rebars. The strain rate effect was considered by the
Cowper-Symonds model. The main parameters were defined
as follows: strain rate parameter C=40.4s", strain rate
parameter P = 5 [41], strain hardening parameter =0, and
yield stress for reinforcing bars o, =310 MPa.

The continuous surface cap model (* MAT_159) [38]
was employed to represent the nonlinear behavior of con-
crete pier. This material model was validated to predict the
dynamic behavior of RC structures under low-velocity
impact loading [11, 21, 41]. The main parameters were
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automatically generated by defining the unconfined cylinder
compressive strength and aggregate size with a value of
24MPa and 10mm, respectively. The erode parameter
controlling element erosion was 1.05.

MAT_RIGID ( * MAT_20) [38] was used to model the
support rollers. Young’s modulus and Poisson’s ratio of the
steel material were defined since unrealistic values may
result in numerical problems in contact.

4.3. Comparisons of the Numerical and Experimental Results.
Figure 13 shows the simulated concrete damage contours for
the representative specimens. Effective plastic strain ranged
from 0 (blue) to 1 (red). Vertical cracks, diagonal shear

cracks, and local crushing of concrete were reasonably
predicted. The predicted damage distribution was basically
consistent with that of the experimental results.

Figure 14 illustrates the comparisons of the simulated
and experimental impact force histories. The predicted load
curves generally exhibited a similar shape with the experi-
mental results, in spite of some deviations in the peak value
of feature points. The numerical results tend to underesti-
mate the peak force and the impact duration except for
specimen DC20II. The average loads obtained from the
predicted force-time curves for specimens DA20II, DB20III,
DB30III, and DC20II were 53.27 kN, 54.49kN, 65.96 kN,
and 26.56 kN, respectively. The average loads were estimated
with an error less than 11.8%.
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5. Conclusions

This study investigated the static and impact behavior of RC
piers with different hollow ratios. Three specimens were tested
under static loading. Low-velocity impact tests were carried out
by a drop hammer impact system. The impact test involved
eleven piers divided into DA group, DB group, and DC group.
Three parameters were considered, namely, the hollow ratio,
the amount of longitudinal reinforcements, and the impact
energy. The damage process, failure mode, and force response
were comprehensively analyzed. Numerical simulation for
representative specimens was performed. The results presented
in this paper support the following conclusions.

(1) The hollow ratio played a significant role in the damage
process and failure mode of all RC piers. The solid RC
pier under static loading exhibited the overall bending
failure mode. Specimen SC20 showed only local
damage. Two types of damage were observed on
specimen SB20. When subjected to impact loading, RC
piers with a hollow ratio of 0 and 0.4 exhibited the
global failure modes, whereas failure of hollow piers of
DC group was governed by the local damage near the
drop hammer.

(2) The load-displacement curves indicated specimens

SA20 and SB20 generally exhibited a certain duc-
tility, while specimen SC20 showed the brittle be-
havior. A relatively small hollow ratio (i.e., #=0, 0.4)
had little effect on the static load capacity. However,
excessive increases in the hollow ratio (i.e., #=0.6)
significantly reduced the static ultimate load.

(3) The impact energy (i.e., the drop weight) and hollow

ratio, as well as the number of longitudinal rein-
forcements, had a significant effect on the peak force.
With the case of #=0 and #=0.4, or the case of
M=330kg and M =430kg, the average load had a
relatively small variation. When the drop weight
varied from 230kg to 330kg, or the hollow ratio
changed from 0.6 to 0.4, the average load was sub-
stantially enhanced. The increase of the longitudinal
reinforcements led to a promotion of the peak and
mean impact force.

(4) According to the failure pattern and load curves

under static and impact loadings, a hollow ratio of
0.4 is suggested in the preliminary design of a RC
bridge pier due to a balance of structure cost and load
resistant characteristic.
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(5) The numerical models of RC piers were established.
The simulated failure modes and predicted load
response showed satisfactory agreement with the
experimental results.
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