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A research study of the
impact testing of stainless
steel reinforced concrete
piers with different
reinforcement ratios

X Zhou, R Zhang, G Zhang, R Xiong

In this study, a domestically advanced super-high heavy-hammer impact test machine system
was used to perform horizontal impact tests on five 1/5 reduced scale models of stainless
steel reinforced concrete piers with different ratios of longitudinal reinforcements. The impact
velocity and force of the ship model, displacement of the specimen measurement point,
reinforcement strain, cracks, and ultrasonic velocity data during the impact process were
collected and analysed. The results showed that, under these test conditions, the increase of
reinforcement ratio can improve the lateral impact resistance of reinforced concrete piers to a

certain extent.

INTRODUCTION

As the main components which support
the vertical loads of bridges, reinforced
concrete piers are exposed to the potential
risk of ship collisions, and strong lateral
impacts could potentially result in signifi-
cant losses (Larsen 1993; Tongyu & Wu
2003; Zhibin & Qizhi 2007). Due to the
known superiority (Huanxin et al 2011)

of stainless steel reinforcements from the
perspective of strength, ductility, corro-
sion resistance, maintenance costs, and so
on, the main development trend has been
to replace ordinary steel bars with stain-
less steel bars in marine environments in
order to resolve durability problems.

In recent years, researchers in China
and throughout the world have carried
out various studies regarding the effects
of impact loading on reinforced concrete
structures. Thilakarathna et a/ (2010)

did numerical research on the impact
resistance of reinforced concrete axial
loading columns under lateral impact
loads, and put forward a method suitable
for evaluating the impact resistance of
columns under the most common impact
mode. Remennikov and Kaewunruen
(2006) also conducted tests on the impact
resistance properties of reinforced concrete
columns, and confirmed that the impact
resistance of reinforced concrete columns
was related to the impact velocity and
specimen size. Jianguo et al (2016) studied

the dynamic responses and mechanical
properties of reinforced concrete structures
under strong impact loads, and analysed
the shortcomings of the research studies
regarding the dynamic characteristics,
penetration mechanism, and numerical
methods of reinforced concrete under
strong impact loads. Haibin et a/ (2009)
studied the failure mode of reinforced
concrete columns under impact loads,

and obtained a formula for calculating the
dynamic responses of two single degree-
of-freedom models (bending deformation
and direct shear deformation) of reinforced
concrete columns undergoing the effects
of impact loading. Nan et a/ (2010) studied
the mechanical properties of reinforced
concrete columns undergoing the effects
of impact loading. The calculation results
showed that the load durations and peak
values were important factors which deter-
mined the failure mode of the structural
members. Li and Cong (2013) carried

out damage assessments and protection
technology research for reinforced concrete
columns undergoing the effects of impact
loading. The research results indicated
that the damages were related to the mass
and speed of the impacting objects. Fan
and Yuan (2012) examined the dynamic
responses of bridge structures undergoing
the effects of ship impacts through an
impact spectrum analysis, which proved
the correctness of the impact spectrum
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analysis method. Consolazio and Cowan
(2003) compared and analysed the influ-
ences of pier shapes and sizes on the
impact force and pier deformation. Sha and
Hao (2012; 2013) obtained the influential
effects of the weights and impact veloci-
ties of ships on the impact force through
testing and numerical simulation. Junjie
and Cheng (2007) analysed pier damage
status under impact force using a finite
element model. The results showed that
the peak value of the ship-pier impact force
was significantly reduced in the concrete
damages. Linfeng and Wenliang (2013), and
Hongxuan (2008) examined a calculation
method for the impact forces of piers.
Studies regarding the effects of reinforce-
ment ratios on reinforced concrete members
have also achieved many results. For exam-
ple, Tiejun et al (2014) examined the influ-
ences of reinforcement ratios on the elastic-
ity modulus of reinforced concrete members
through experimental testing processes.
Haipeng et al (2010) performed an experi-
mental study on the seismic behaviour of
recycled concrete columns, and showed
that the bearing capacity, stiffness and
energy dissipation capacity of the recycled
concrete columns were all improved with
increases in the reinforcement ratios. Yu et
al (2011) demonstrated through the lateral
testing of concrete columns that increases
in the ratios of longitudinal reinforcements
could improve the lateral bearing capacities
of frame columns. Li et al (2013) studied
the dynamic responses and failure modes
of reinforced concrete columns under
the effects of impact loading. The results
showed that increases in the ratios of longi-
tudinal reinforcements and stirrups could
effectively improve the impact resistance
of reinforced concrete columns. Many of
the previous studies confirmed that stain-
less steel materials display good practical
performance. The results of the studies on
the corrosion resistance of stainless steel
reinforced concrete (Schnell & Bergmann
2007; Hartt et al 2006; Bertolini & Pedeferri
2002) have shown that the corrosion resis-
tance of stainless steel reinforced concrete
was much higher than that of ordinary
reinforced concrete. The results of the tests
performed by Yousef et a/ (2013) and Zhou
(2008) indicated that stainless steel had bet-
ter energy dissipation properties, resistance
to fatigue damages, and ductility. Currently
research results regarding the impact
mechanical properties of stainless steel piers
undergoing different reinforcement rates are
rarely reported.

In this study, a domestically advanced
super-high heavy-hammer impact test
machine system was used to perform
impact tests on stainless steel reinforced
concrete piers under different reinforce-
ment ratios. The influences of the different
ratios of longitudinal reinforcements on
the impact resistance of stainless steel
reinforced concrete piers undergoing the
effects of horizontal impact loading were
also investigated in this study.

OVERVIEW OF THE
EXPERIMENTAL TESTING PROCESS

Specimen design

The specimen for this study’s experimental
test was a reduced scale model of a pier
which had been designed and fabricated

to a 1:5 proportion. It was based on the
principle of similarity (Min 2014) using the
reinforced concrete piers of actual projects
as prototypes. By the second theorem of
similarity, the main mechanical properties
of the pier model can be expressed as:

F(, W, L0, E)=0 M

Where P, W, [, f, I, o, E are impact, the
modulus of bending at the cross section,
length of bridge pier, central deflection,
cross-sectional moment of inertia, stress
and modulus of elasticity respectively.

Therefore, the corresponding 7 function
can be set as follows:

7T = P% W [%3 f% [% g% E%7 )

Where a; — a- is the power of the corre-
sponding physical quantity.

According to the basic dimension of
force and length, the corresponding dimen-
sion relation matrix is as follows:

P w I f I o E
L 0 3 1 1 4 -2 =2
F 1 0 0 0 O 1 1

According to the dimensional analysis, it is
concluded that:

[L]: 3oy + a5 + ay + dag — 20 — 20, =0 (3)
Fl:a; +ag+a;=0 (4)

Taking a;, a5 as the basic unknown quan-
tity, we can conclude that:
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ay = —(ag + ay) (5)
@y = —3a, — a, —4as + 204 + 20 6)

Then the 7 function is:

(e U T

= (m)*2 (7794 (715)5 (m,)*6 (r5)%7 7)
2
Where 7, = V_V’ Ty = i, Ty = i, Ty = i7
B l 14 p
e = BB
TP

The following similarity conditions are
determined according to the third theorem
of similarity:

—Z:L—— ,—4— ’ JL=L

SL SL SL SP

SESL2 _ ®)
SP

Where S is the similarity constant, i.e. the
ratio of the model parameters to the actual
pier parameters.
As a result, the similarity constants of
this test are as follows:
B Geometric dimensions: S; = 1:5
B Material physical constants and stresses:
Sp=S8So=1
B Concentrated load: Sp = SL2 =125 (9
B The modulus of bending at the cross
section: Sy, = SL?’ =1:125
B Central deflection: Sp=5,=15
B Cross-sectional moment of inertia:
S; =S =1:625
In total, five designed models of stainless
steel reinforced concrete cylinder piers with
different ratios of longitudinal reinforce-
ments were completed. The design param-
eters are shown in Table 1. All the columns
were made from a single concrete batch.
The C40 concrete used in this test was
provided by a large commercial concrete
company with consistent production quality.
In the production of the test piece, 12 cubes
(150 mm x 150 mm x 150 mm) were made
of the same batch of concrete and cured
according to the specification standard. The
mechanical properties of the concrete were
measured with a pressure-testing machine,
and the average value is shown in Table 2.
A certain length was intercepted from the
same batch of steel bar materials, and the
corresponding material parameters were
measured on the universal testing machine,
as shown in Table 3.
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Table 1 Design parameters of the model

Specimen Number of longitudinal Longitudinal reinforcement Longitudinal
Type of concrete
number tendons diameter (mm) reinforcement ratio

S10-12

S6-20 6
S10-16 10
$8-20 8
S10-20 10

Note: S represents the stainless steel (52304)

Table 2 Mechanical properties of the concrete

Modulus of
elasticity

Standard value

of compressive
strength (MPa) (MPa)

C40 41.69 3.25x%10*

The pier model had a column height
of 2 200 mm, and a sectional diameter of
340 mm. The bridge pier model concrete
was the same as the actual bridge pier
for C40 concrete, and the longitudinal
reinforcement was 52304 duplex stain-
less steel (UGIGRIP1.4362), which was

obtained from the UGITECH Co (France).

The stirrup used I-grade ordinary steel
bars (HPB300) with diameters of 8 mm.
The ratio of stirrup reinforcement is the
same as that of the actual pier, 1.55%. The

®8/50 cm
20 ®8/50 cm
16 ®8/50 cm
20 ®8/50 cm
20 ®8/50 cm

Table 3 Material properties of the reinforcement

1.25%
C40 2.08%
C40 2.21%
C40 2.77%
C40 3.46%

Rebar categor Yield strength Tensile strength Modulus of
e (MPa) (MPa) elasticity (MPa)

Longitudinal reinforcement (52304)

Stirrup (HPB300) 300

longitudinal reinforcements which were
used in the pier models adopted symmetri-
cal reinforcements along the direction of
the circular sections, in line with welding
construction procedures. In this study,
the S10-12 pier model was selected as an
example, and the main pier reinforcement
is detailed in Figure 1. The bottom of the
pier model was fixed with a high-strength
bolt, and 250 KN vertical axial pressure
was applied to the roof of the specimen.
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The axial compression ratio was the same
as that of the actual pier 0.15. The axial
pressure was provided using a jack with a
sliding connection to the reaction frame, as
shown in Figure 2.

Test device

The loading device in this study’s testing
process was a multi-functional super-high
heavy-hammer impact test machine sys-
tem, as shown in Figure 3. The hammer

Figure 1 Reinforcement drawing of S10-12 (mm)
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Figure 2 Restraint device for $10-12
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drop drove the horizontally placed ship
model, causing it to horizontally impact
with the pier specimen along a fixed track
through wire rope. The impact energy for
the ship model test was provided by chang-
ing the counter weight and lifting height
of the drop-hammer, as well as the mass
of the ship model. The designed counter
weight for the drop-hammer and the ship
(impact body) weight were 196 kg and

1 200 kg, respectively.

In this study’s experimental testing, a
data acquisition instrument obtained from
the National Instruments Corporation
was used to acquire the data of the velo-
city, impact force, strain, displacement
and damage. The main measurement

Vertical structural element

Laser displacement sensor

Axial force loading device

m2
Drop weight
Instrumented hammer
Load cell
Test truck <
@) O | [0
bY

\ Steel wire

—p—

(e)

Figure 3 Multi-functional super-high heavy-hammer impact test machine system: (a) drop-hammer tester, (b) horizontal impact system,
(c) impact-hammer head, (d) laser velocity measurement system, (e) test model
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instruments which were used in this test
included a laser velocity measurement
system, crack-width measuring instrument,
non-metal ultrasonic detector, and high-
speed camera. Origin8.5 software was also
utilised for processing the acquired data.

Arrangement of the

measurement points

The impact point of the pier model was
arranged at a location which was 1 140 mm
from the roof of the model. Figures 4 and

5 detail the distribution and numbering of
the measurement points for the strain of
the reinforcement and concrete, and the
displacement of the pier model. A laser
velocity measurement system was used at a
location close to the impact point in order
to acquire the impact velocity of the ship
model. Also, two pressure sensors were
installed at the impact hammer head posi-
tion of the ship model for the purpose of
measuring the impact force.

Test procedure

After lifting the drop-hammer to heights
of 2, 4, 6 and 8 m, respectively, the drop-
hammer released in order to drive the
ship model to impact into the pier model.
During each of the impacts, measurements
and records of the impact velocity of the
ship model, impact force, displacement

of the measurement points, strain of the
reinforcement and concrete at the meas-
urement points, ultrasonic damages to
the concrete, and crack development were
recorded.

TEST RESULTS AND ANALYSIS

In this research study, a comparative analy-
sis of the impact time history curve, peak
value of impact force, as well as the peak
value of the roof displacement, peak value
of the reinforcement strain at the measure-
ment point, and damage status of the five
pier models under the effects of different
impact velocities, were completed in

detail. Furthermore, an examination of the
impact force and dynamic responses of the
pier models with different reinforcement
ratios under the effects of the same impact
energy was conducted.

Impact force, displacement and
strain response characteristics

A summary of all of the test results showed
that the reinforcement ratio had little
influence on the variation trends of the
impact force and dynamic responses of
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Figure 6 Impact time history of the stainless steel reinforced concrete pier model

the pier model during impact. The impact
process was analysed by taking the impact
force, column roof displacement, and time
history curve of the #3 reinforcement of
specimen S6-20, at a drop-hammer height
of 8 m, as detailed in Figure 6. Figure 6
shows that the ship model started to come
in contact with the pier model at the time
of 0.737 seconds. The impact force, dis-
placement and strain responded at almost
the same time. The impact force first expe-
rienced a pulse peak, and then vibrated.

The vibration peak value gradually
decreased and tended to be zero. Finally,
the impact force was totally unloaded, and
the impact process was very short (about
0.00582 seconds). The displacement and
strain did not stop when the impact was
completed, and after a short delay (the
difference between the peak reaching time
of the impact force, and the peak reaching
time of the displacement and strain, was
0.03110 seconds) they reached peak values
at the same time, and then tended to be

horizontal. The deformation recovered
with a certain residual deformation. The
peak duration was approximately 0.09563
seconds, and the ascending phase of the
peak value was observed to be steeper than
the descending phase.

The displacement and strain history
curves were relatively simple, that is, rising
from the origin to the peak, then decreas-
ing and becoming stable, the impact time
history curve was slightly different. The
influence of the reinforcement ratios on

300 000 300 000 300000
(a) S10-12-8m (b) S6-20-8m (c) S10-16-8m
g 200000 A g 200000 - g 200000 A
S 1 S ] 8 ]
- - -
® 3 3
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E i E i E i
O T T T T O T T T T O T T T T
0 0.01 0.02 0 0.01 0.02 0 0.01 0.02
Time (s) Time (s) Time (s)
300 000 300 000
(d) S8-20-8m (e) S10-20-8m

z | z |
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S ] 8 l

‘g kY]
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Figure 7 Time history curve of impact forces: (a) $10-12, (b) $6-20, (c) S10-16, (d) S8-20, (e) S10-20
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Figure 8 Velocity-impact force fitting curve: (a) $10-12, (b) $6-20, (c) S10-16, (d) S8-20, (e) S10-20

the impact force is discussed further on in
this study. The time history curves of the
impact forces of the five specimens under a
drop-hammer height of 8 m were selected
for comparison purposes, as shown in
Figure 7.

As can be seen in Figure 7, the rein-
forcement ratios had only small effects on
the durations of impact forces. The S10-12
specimen had the minimum reinforce-
ment ratio, and the duration of the impact
force was observed to be only slightly

16

increased, with an obviously small peak
value of the impact force. These findings
indicated that the column had low rigidity,
with large plastic deformation during the
impact process. The time to reach the peak
value of the impact force was observed

to be reduced with the increases in the
reinforcement ratios, which indicated that
the increases in the reinforcement ratios
improved the rigidity of columns, and
reduced the impact times. When the time

history curve of the impact force rises

Volume 61 Number1 March 2019

and reaches the peak, different degrees of
oscillation appear, especially the oscillation
degree of specimen S10-12 is weak, which
is because the stiffness of S10-12 specimen
is insufficient, the damage of S10-12 is
large, and the impact energy consumption
is larger. The time history curves of S10-16
and S8-20 were different from those of
other specimens, indicating that the pres-
sure sensors on the impact hammer were
not stable after the impact, and had little
influence on the test results.

Journal of the South African Institution of Civil Engineering




Table 4 Test results of the impact forces

Impact velocity (m/s)

Impact veloaty (m/s)

comte | orap  fmeRctvelocity () | comie | oren
number height Average value number height
(measured value)
2m 1.14 (1.30) 69 744.76
4m 2.09 (1.88) 107 139.83 4m
S10-12 $8-20
6m 2.68(2.79) 195 909.62 6m
8m 3.37(3.72) 222 660.27 8m
2m 114 (1.17) 94 575.73 2m
4m 2.09 (2.12) 151 208.9 4m
S6-20 S10-20
6m 2.68(2.71) 217 656.41 6m
8m 3.37(3.28) 279 084.21 8m
2m 114 (1.22) 8332549
4m 2.09 (2.12) 191 926.35
$10-16
6m 2.68 (2.75) 235 400.86
8&m 337 (3.35) 269 865.94

Reinforcement ratio-impact

force response analysis

For each impact, the height of the drop
weight was recorded, the speed of the boat
model hitting the specimen was measured
and recorded with the laser velocimetry
system, and the peak impact force meas-
ured by the pressure sensor was recorded,
as shown in Table 4.

In this study, a fitting process was
conducted on the peak values of the impact
forces during each impact, with the impact
velocities of the five specimens. It was
found that the linear fitting was good, and
the results are shown in Figure 8.

As can be seen in Figure 8, the peak
values of impact forces increased with the
growth of the impact velocities, and they
showed an approximately positive linear
correlation. The different reinforcement
ratios were found to have no major influ-
ence on the linear correlations between
the peak values of impact forces and the
impact velocities. After four cumulative
impacts, each impact increased the damage
to the test piece, reduced the stiffness of
the test piece, and the impact force changed
accordingly, that is, the cumulative dam-
age of the test piece was different, and the
impact force growth rate was different.
Therefore, the slope of the velocity-impact
force fitting curve indirectly reflected the
cumulative damage to the test piece, and the
cumulative damage to the test piece with
different reinforcement ratios was different
(the same as the displacement and strain).
The slope of the velocity-impact force fitting
curves (ranked as per the increases in the

reinforcement ratios) were sequentially 0.53,
0.69, 0.69, 0.368 and 0.56, which indicated
that the reinforcement ratios had no major
influence on the growth speeds of the peak
values of the impact forces.

In order to analyse the influence of the
reinforcement ratios on the peak values
of impact forces under the same velocity,
the average velocities (1.14 m/s, 2.09 m/s,
2.68 m/s and 3.37 m/s) of the specimens
were used as comparison. The relationship
between the peak values of impact forces
and the reinforcement ratios is shown in

Impact
(measured value)
1.14 (1.16) 89 182.21
2.09 (2.12) 154 903.54
2.68 (2.44) 208 480.62
3.37 (3.30) 268 708.08
1.14 (0.87) 120 802.68
2.09 (2.19) 189 659.68
268 (2.71) 241 561.85
337 (3.18) 285 244.04

The peak values of the impact forces
were shown to increase with increases in
the reinforcement ratios under the same
impact velocity, as detailed in Figure 9.
When the reinforcement ratio was
increased from 1.25% to 2.21%, the peak
value of the impact force was increased
by 34.70% on average, which indicated
a large amplitude of increase. When the
reinforcement ratio was increased from
2.21% to 3.46%, the peak value of the
impact force was increased by 19.44%
on average, which indicated a smaller

Figure 9. amplitude of increase. The turning
300 000
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Figure 9 Reinforcement ratios impact force curves
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Figure 10 Velocity-displacement fitting curve: (a) $10-12, (b) $6-20, (c) S10-16, (d) S8-20, (e) S10-20

point at which the peak value of the
impact forces increased with the increase
of the reinforcement ratios occurred

at approximately 2.21%. This was an
advancement of approximately 0.3% when
compared with the maximum impact
turning point for ordinary steel reinforced
concrete structures, with increases in

the reinforcement ratios as described by
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Mi et al (2017). It was determined in this
study that the reinforcement ratios had a
relatively larger influence on the impact
forces when the reinforcement ratio was
large. This is due to the fact that the
concrete cracks and the reinforcement
played the main roles after multiple
impacts, resulting in the reinforcement
ratios having more obvious influences on

the impact forces. These results confirmed
that, under the conditions of this study’s
testing process, the increases in the
reinforcement ratios improved the rigidity
of the specimens to a large extent, and
increased the impact force. Furthermore,
the influences on the rigidity of the
specimens after multiple impacts were
found to be more significant.
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Table 5 Roof displacement test results

Impact veloaty (m/s)

Sample
number

114 (1.30)

4m 2,09 (1.88)
S10-12

6m 268 (2.79)

8m 337 (3.72)

2m 1.14 (1.17)

4m 2.09(2.12)
56-20

6m 2.68 (2.71)

8m 3.37(3.28)

2m 1.14 (1.22)

4m 2.09(2.12)
S10-16

6m 2.68 (2.75)

8m 3.37 (3.35)

Reinforcement ratio-displacement
response analysis

For each impact, the height of the drop-
hammer was recorded, the speed of the boat
model hitting the specimen was measured
and recorded with the laser velocimetry
system, and the maximum displacement
measured by the pull rod displacement
meter was recorded, as shown in Table 5

A fitting process was conducted on the
peak values of the roof displacements of
each impact and the impact velocities of
the five specimens. It was determined that
the linear fitting was good, with results as
shown in Figure 10.

As can be seen in Figure 10, the
displacement peak values increased with
the growth of the impact velocities, and
displayed an approximately positive linear
correlation. The reinforcement ratios were
determined to have no major influence on
the linear correlations between the replace-
ment peak values and the impact velocities.
The slopes of the velocity-displacement
fitting curves (ranked as per the growth of
the reinforcement ratios) were sequentially
0.53, 0.74, 0.61, 0.60 and 0.53, with the
exception of the S10-12 specimen with a
smaller reinforcement ratio, in which the
growth speed of the displacement peak
value was observed to decrease with the
growth of the reinforcement ratios.

In accordance with the linear relation-
ship of the velocity-displacement, the
average speeds (1.14 m/s, 2.09 m/s, 2.68 m/s
and 3.37 m/s) of the specimens under the
designed drop-hammer height were taken
as the comparison speeds. The relationship

Drop
height Average value
(measured value)

Displacement
(mm)

777
10.88 4m
$8-20
16.75 6m
20.22 8m
512 2m
10.11 4m
$10-20
15.49 6m
2040 8m
4.25
9.35
12.86
17.32

between the displacement peak values
and the reinforcement ratios is shown in
Figure 11.

As detailed in Figure 11, the peak values
of the roof displacements decreased with
the increases in the reinforcement ratios
under the same impact velocity. When the
reinforcement ratio increased from 1.25%
to 2.21%, the peak value of the displace-
ment decreased by 20.13% on average,
which indicated a larger amplitude of
decrease. However, when the reinforcement
ratio increased from 2.21% to 3.46%, the
peak value of the displacement decreased

Sample Drop
number height Average value
(measured value)

Impact veloc|ty (m/s)
Displacement

(mm)

1.14 (1.16) 414
2.09(2.12) 9.03
2.68 (2.44) 1212
3.37 (3.30) 16.81
1.14 (0.87) 241
2.09 (2.19) 8.71
2.68 (2.71) 11.69
337 (3.18) 14.71

by 14.32% on average, which indicated a
relatively smaller amplitude of decrease.
The turning point in which the displace-
ment peak value increased with the rein-
forcement ratio was approximately 2.21%.
This suggested that the influences of the
reinforcement ratios on the displacement
peak values were obvious under the same
impact velocities.

Reinforcement ratio-strain
response analysis

For each impact, the height of the drop-
hammer was recorded, the velocity of

Displacement (mm)
1

H=0= 114 m/s
9 4 =O= 209 m/s
| =O=268m/s

=O= 337 m/s
O T T T T T T T T T T T

T
1.0 1.2 14 16 1.8 20 2.2
Reinforcement ratio (%)

24 26 28 30 32 34 36

Figure 11 Reinforcement ratio-displacement curve
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Figure 12 Velocity-strain fitting curve: (a) $10-12, (b) $6-20, (c) $10-16, (d) S8-20, (e) S10-20

the boat model hitting the specimen was
measured and recorded with the laser
velocimetry system, and the peak value of
the steel bar strain measured by the steel
bar strain gauge was recorded, as shown in
Table 6.

A fitting process was conducted on the
#3 reinforcement strains of each impact and
impact velocities of the five specimens, and
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it was determined that the linear fitting was
good. The results are shown in Figure 12.
Figure 12 illustrates that the peak values
of the strain increased with the growth
of the impact velocities, displaying an
approximately positive linear correlation. It
was observed that the different ratios of the
reinforcements had no significant influence
on the linear correlations between the peak

Volume 61 Number1 March 2019

values of the strain and the impact veloci-
ties. The average increase rates (ranked

as per the increases in the reinforcement
ratios) of the peak values of the strain were
0.61, 0.52, 0.60, 0.48 and 0.41 in sequence.
Also, the growth rates of the strain peak
values of the reinforcements decreased
with the increases in the reinforcement

ratios overall.
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Table 6 #3 strain test results

Sample

number Drop height

1.95 (2.10)
4m 2.76 (2.68)
S10-12
6m 3.39 (344)
8m 391 (3.83)
2m 1.95 (1.95)
4m 2.76 (2.82)
56-20
6m 3.39 (345)
8m 391 (3.99)
2m 1.95 (1.90)
4m 2.76 (2.80)
S10-16
6m 339 (343)
8m 391 (3.97)

In this research study, in accordance
with the linear relationship of the velocity
and strain, the average speeds of the five
specimens (1.14 m/s, 2.09 m/s, 2.68 m/s
and 3.37 m/s, respectively) at the designed
drop-hammer height were taken as the
comparison speeds. The relationship
between the strain peak values and the
reinforcement ratios was as shown in
Figure 13.

As can be seen in Figure 13, the strain
peak values decreased with the increases
in the reinforcement ratios under the
same impact velocity overall. When the
reinforcement ratio was increased from
1.25% to 2.21%, the peak value of the strain
was reduced by 39.63% on average, which
indicated a larger amplitude of decrease.
However, when the reinforcement ratio
increased from 2.21% to 3.46%, the peak
value of the strain was decreased by
27.40%, which indicated a relatively smaller
amplitude of decrease. The turning point
in which the strain peak values increased
with the increases in the reinforcement
ratios occurred at approximately 2.21%.
For example, when the reinforcement ratio
was increased from 2.08% and 2.21%, the
variations of strain fluctuated. This was
determined to possibly be due to the differ-
ent reinforcement methods.

Damage detection and analysis

In this study it was observed that the initial
crack of each specimen occurred at the
bottom area of the impacted surface. The
crack developed towards the middle area

Impact velocity (m/s)

Average value
(measured value)

Sample
number

Impact velocity (m/s)

Drop height Average value
(measured value)

0.00152 1.95 (1.89) 0.00063
0.00190 4m 2.76 (2.81) 0.00126

S8-20
0.00281 6m 3.39(3.32) 0.00166
0.00340 8m 391 (3.98) 0.00230
0.00054 2m 1.95 (1.89) 0.00026
0.00126 4m 2.76 (2.84) 0.00093

$10-20
0.00166 6m 3.39 (3.45) 0.00126
0.00205 8m 391 (3.99) 0.00155
0.00072
0.00151
0.00210
0.00240

from the bottom of the impacted surface
with the increased impact velocity. Then,
the back area of the impact point also
began to undergo cracking. It was observed
that, with the continuous increases in the
impact velocity, the cracks at the back of
the impacted area developed towards the
middle-upper area, and the increases in
the reinforcement ratios had only a smaller
influence on the crack development mode.
Then, when the impact velocity reached a
certain degree, larger cracks occurred at
the bottom section of the front impacted

surface (approximately 150 mm from

the bottom), which became the fixed

main crack. It was found that part of the
concrete at the bottom of the impacted
back area was crushed, and a small part

of the concrete at the impact point in

the middle of the front impacted surface
was also crushed, but without obvious
cracks. At this point, a long and thin crack
occurred in the middle of the back area of
the impacted section. The failure mode of
the specimen at the last impact is shown in
Table 7.

00034
0.0032 1
0.0030
0.0028 1
0.0026 1
0.0024 1
0.0022
0.0020
0.0018 -
0.0016 -
0.0014 -
0.0012
0.0010 -
0.0008 -

0.0006
1 =0= 114 m/s
0.0004 7 o= 209 m/s
00002 1 =0= 268 m/s
1=0O= 337 m/s

Strain

O T T T T T T T T T
1.0 12 14 16 18

T
20

T
2.2
Reinforcement ratio (%)

T T
24 26

Figure 13 Reinforcement ratio-strain curve
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Table 7 Width of the main crack

Sample number Front bottom
o~ —

Frontal middle Back middle

S10-12

S6-20

S10-16

$8-20

$10-20
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Table 8 Widths and lengths of the main cracks

Longitudinal

Sable reinforcement
number .
ratio

S10-12
S6-20 2.08% 0.1
S10-16 2.21% 0.12
S8-20 2.77% 0
S10-20 3.46% 0

Through the analysis conducted in this
study, a certain regularity in the width
and length of the main cracks was found,
and such regularity could be regarded as
the basis by which to evaluate the damage
degrees of the specimens. Therefore, the
measurements of the widths and lengths
of the main crack of each specimen under
each impact event were taken, as shown in
Table 8.

Table 8 reveals that the widths and
lengths of the main cracks of the speci-
mens decreased with increases in the rein-
forcement ratios under the same impact
velocities. These findings confirmed that

320 0.14 342
299 0.18 321
0 0.04 214
0 0.02 198

the reinforcements played the main roles
after the tension failures of the concrete
had occurred, and the increases in the
reinforcement ratios effectively improved
the impact resistance performances of
the piers.

In accordance with conclusions detailed
by Yubin et al (2014), the ultrasonic velo-
city was found to have a high sensitivity
to the detections of the impact damages.
Therefore, 20 measurement points were
chosen from the middle and bottom sec-
tions of the specimens, along the height
direction. Then an ultrasonic test instru-
ment was used to measure the sound

Table 9 Changes in the ultrasonic velocity in the concrete

Sample Drop Average velocity (km/s) B Tota!
number | height (%) reduction
Before theimpact | After theimpact (km/s)
2m 4235 4183 123
4m 4183 4162 ~050
51012 -0.146
6m 4162 4161 -0.02
8m 4161 4.089 173
2m 4.276 4.273 -0.07
4m 4.273 4043 ~0.70
$6-20 -0143
6m 4243 4.201 -099
8m 4.201 4133 ~162
2m 4.189 4162 ~0.64
4m 4162 4126 -086
S10-16 ~0119
6m 4.126 4.100 -0.63
8m 4.100 4,070 ~0.73
2m 4176 4172 010
4m 4172 4138 ~081
58-20 ~0132
6m 4138 4047 2220
8m 4047 4044 ~007
2m 4209 4209 0
4m 4.209 4163 ~1.09
$10-20 0127
6m 4.163 4118 -1.08
8m 4118 4082 087
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0.20

0.06

0.05

484 0.29 534
485 0.24 521
432 0.09 489
386 0.08 451

velocity of an ultrasonic wave penetrating
through the concrete at each measurement
point along the diameter direction. The
average value of the 20 measurement points
was obtained in order to assess the overall
damage status of the specimens, as shown
in Table 9.

Table 9 illustrates that the average
ultrasonic velocity at the measurement
points decreased after each impact event.
It can be seen that the specimen had dif-
ferent degrees of damage after each impact.
This indicated that the variations in the
ultrasonic velocity reflected the damage
degrees of the concrete to a certain degree.
The total decreases in the ultrasonic
velocity after four impact events were
used to assess the damage of each of the
specimens. Therefore, under the condi-
tions of this study’s testing process, it was
concluded that the concrete damage was
decreased by 12.81% on average when the
reinforcement ratio was increased from
1.25% to 3.46%. These findings confirmed
that the increases in the reinforcement
ratios reduced the concrete damage to a
certain extent.

CONCLUSIONS

During this study’s examination of the

impact forces and dynamic responses of

pier models with different reinforcement
ratios under the same impact energy, the
following main conclusions were reached:

B Under the same impact energy effect,
the time history curve of the impact
force, time history curve of the roof
displacement, and time history curve
of the reinforcement at the bottom of
the front impact surface with different
reinforcement ratios, displayed consist-
ent variation tendencies.

B The peak value of the impact force
showed an almost linear positive cor-
relation with the impact velocity. For
example, when the reinforcement ratio
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was increased from 1.25% to 2.21%,

the peak value of the impact force was
increased by 34.70% on average, which
indicated a larger amplitude of increase.
However, when the reinforcement ratio
was increased from 2.21% to 3.46%,

the peak value of the impact force was
increased by 19.44% on average, which
indicated a relatively smaller amplitude
of increase. It was determined that

the turning point in which the peak
values of impact forces increased with
the increases in the reinforcement
ratios was approximately 2.21%, which
was an advancement of approximately
0.3% when compared with ordinary
steel bars.

B The peak value of the roof displacement
displayed an almost linear positive cor-
relation with the impact velocity. For
example, when the reinforcement ratio
was increased from 1.25% to 2.21%,
the peak value of the displacement was
decreased by 20.13% on average, which
indicated a larger amplitude of decrease.
However, when the reinforcement ratio
was increased from 2.21% to 3.46%,
the peak value of the displacement was
decreased by 14.32% on average, which
indicated a relatively gentle amplitude
of decrease. It was determined that the
turning point in which the displacement
peak values increased with the increases
in the reinforcement ratios occurred at
approximately 2.21%.

B The strain of the reinforcement at the
bottom of the front impact surface
showed an almost linear positive cor-
relation with the impact velocity. When
the reinforcement ratio was increased
from 1.25% to 2.21%, the peak value
of the strain was decreased by 39.63%
on average, which indicated a larger
amplitude of decrease. However, when
the reinforcement ratio was increased
from 2.21% to 3.46%, the peak value of
the strain was decreased by 27.40% on
average, which indicated a relatively
gentle amplitude of decrease. In this
study, it was observed that the turning
point in which the peak values of the
strain increased with the increases in
the reinforcement ratios occurred at
approximately 2.21%.

B Larger cracks occurred at the bottom of
the impact surfaces, and were approxi-
mately 150 mm from the bottom. The
widths and lengths of main cracks
decreased with the increases in the rein-
forcement ratios. The ultrasonic velocity
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was shown to effectively reflect the con-
crete damage status, and higher vari-
ations in the sound velocity indicated
more extensive damage. The concrete
damage decreased with the increases
in the reinforcement ratios. When the
reinforcement ratios increased from
1.25% to 3.46%, the damage was found
to decrease by 12.81% on average.
To sum up, the reinforcement ratio of
stainless steel pier increases to a certain
extent to reduce the lateral displacement,
steel strain and damage of the pier under
lateral impact load, that is, to improve the
impact resistance of the pier. Especially
after concrete cracking, the effect is more
obvious. On the basis of replacing com-
mon steel bar with stainless steel bar to
solve the problem of bridge pier corrosion,
in order to prevent impact accident, the
reinforcement ratio of the bridge pier
should be increased in a certain range of
reinforcement ratios, especially at the bot-
tom of pier.
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