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Abstract: In order to improve the weak impact resistance of non-autoclaved concrete pipe piles,
this study replaced sand in the concrete with rubber particles of different volume contents to obtain
rubber-modified non-autoclaved concrete pipe piles (with volume contents of 0%, 5%, 10%, and
15%). The dynamic impact response characteristics of rubber-modified non-autoclaved concrete pipe
piles were obtained through large-scale axial hammer impact experiments. The results indicate the
following. (1) Non-autoclaved concrete pipe piles without rubber additives were prone to expansion
deformation instability under impact. When the rubber content was 10%, the expansion deformation
of the piles was the weakest, and the state was the most stable. (2) When the impact energy exceeded
48 KJ, the deformation energies of piles with 5% and 10% rubber contents significantly increased.
(8) The damage levels of the piles after hammer impact were classified into four grades: no damage,
mild damage, moderate damage, and severe damage. When the impact energy was greater than or
equal to 48 kJ, rubber-modified non-autoclaved concrete pipe piles exhibited damage. The zone with
no damage for piles with 10% rubber content was the smallest, making it less prone to damage under
impact loads. The rubber-modified non-autoclaved concrete pipe piles with 10% rubber content
not only had excellent impact resistance but also utilized the advantages of being environmentally
friendly and energy-saving. They filled a certain knowledge gap in green building materials.

Keywords: rubber-modified non-autoclaved concrete pipe piles; drop hammer impact; impact energy;
damage level; three-dimensional digital speckle technology

1. Introduction

The current prestressed high-strength concrete pipe piles (PHC piles) mainly adopt
steam curing and high-temperature and high-pressure secondary curing technology, which
allows for the rapid attainment of PHC piles that meet the usage requirements within
24 h. However, the energy consumed during the production of pipe piles is mainly
derived from coal [1]. Burning coal generates a large amount of harmful gases such as
sulfur dioxide and nitrogen oxides, causing pollution to the environment. In 2020, the
carbon emissions from China’s construction industry accounted for 50.9% of the country’s
total carbon emissions, with building material production accounting for 28.2% [2]. In
order to reduce carbon emissions and achieve the goals of the ‘dual-carbon’ strategy,
all pipe pile factories were required to cease the use of coal and instead utilize natural
gas, which has lower pollution levels. However, not only did natural gas incur higher
costs, but its carbon emissions were also not low. The emission of CO and CO, after the
combustion of natural gas per cubic meter can reach 21.2 kg and 6.7 kg, respectively [3].
In this context, the non-autoclaved curing technology has emerged. This technology
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eliminates the need for the second round of high-temperature and high-pressure curing
in traditional methods and only involves steam curing. As the non-autoclaved curing
technology eliminates the high-temperature and high-pressure curing steps, the production
cost is significantly reduced. According to Chinese standards, the carbon emissions from
the non-autoclaved curing process were reduced by 17.2% compared to autoclaved curing
pipe piles (AP) [4]. In addition, compared to AP concrete, non-autoclaved pipe piles (NAP)
concrete exhibited significant improvements in frost resistance, sulfate resistance, strength,
and other properties [5-7].

The compressive strength of NAP concrete could reach 90 MPa [8]. However, similar
to many high-strength concretes, NAP concrete also exhibited a high brittleness index
with a tensile-compressive strength ratio of only 0.043 [9]. And its dynamic compression
enhancement factor was mostly within the range of 1.0~1.2, which was smaller than that
of AP concrete [9]. Liu et al. [10] conducted drop hammer impact tests on NAP and AP,
and found that under high-energy impact, NAP experienced failure first. In practical
applications, under impact loads such as hammering piles and earthquakes, NAP was
prone to brittle failure. Water from the external environment could enter the pile body
through cracks and corrode the steel bars, greatly affecting the performance of the pipe
piles. This defect has seriously affected the widespread application of non-autoclaved
curing technology. In addition, high temperatures during a fire caused significant damage
to the strength of ordinary concrete [11]. To improve the mechanical performance of
concrete, researchers often add glass fibers and expansion agents to concrete and even
used steel structures [12-14]. However, these methods have shown limited effectiveness in
enhancing the impact resistance of concrete. On the other hand, with the rapid development
of China’s automotive industry, the pressure caused by waste tires on the environment
is increasing. In 2022 alone, the number of scrap tires in China reached approximately
350 million, and this number is still growing at an annual rate of 6% to 8% [15]. Some
experts and scholars uphold the concept of green energy-saving and have attempted to
crush the rubber materials in waste tires into particles and add them to the concrete. This
approach had yielded recycled rubber concrete with lower brittleness and higher impact
resistance [16-21]. Our team attempted to incorporate recycled rubber particles into NAP
concrete to produce rubber-modified non-autoclaved pipe pile (NAPR) concrete. It was
found that the addition of recycled rubber significantly enhanced the crack resistance and
impact resistance of NAPR concrete [9].

Although there have been some achievements in the research on NAPR concrete
materials, the research at the component level is still lacking, especially regarding its impact
resistance performance, which remains unclear. In practical engineering, pipe piles are
prone to impact damage during hammering pile construction. Based on this background,
this study investigates the dynamic impact response characteristics of NAPR through axial
falling hammer impact experiments and explores the influence of recycled rubber on the
impact resistance performance of NAPR.

2. Preparation of Non-Autoclaved Concrete Pipe Piles
2.1. Concrete Materials for Non-Autoclaved Pipe Piles

Due to the omission of energy-intensive high-temperature and high-pressure curing
steps in NAP, the fine grinding sand in the original concrete mix cannot react to form tober-
morite [22]. As a result, the strength of the concrete cannot meet the strength requirements
specified in relevant Chinese standards for prestressed high-strength concrete pipe piles,
which is greater than 80 MPa [23]. To meet this standard, slag powder and silica powder
were used to replace fine grinding sand to enhance the concrete strength. The specific mix
proportions are listed in Table 1.
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Table 1. Mix proportions of concrete (kg/m3).

Slag Silica Water Reducer Water to
Cement  1-2 Stones  0-5 Stones Sand Powder Powder (Solid Content 40%) Water Glue Ratio
282 910 310 705 141 47 5.64 100 0.213

As shown in Figure 1, the cement selected was PII 42.5R Portland cement produced by
China Resources Cement Limited in Jiangmen City, Guangdong Province, China. The sand
chosen was medium sand with a fineness modulus of 2.6. The specific surface areas of slag
powder and silica powder were 412 m?/kg and 21 m? /kg, respectively. The water reducer
was QL-PCS5 type polycarboxylate high-efficiency water reducer with a solid content of 40%
produced by Jiangmen Strong Building Materials Technology Co., Ltd. in Jiangmen City,
Guangdong Province, China. In order to enhance the impact resistance of NAP, rubber
particles with a diameter of 0.85 mm were used for partial replacement of sand in a volume
substitution method, with replacement rates of 5%, 10%, and 15%.

4—_.
(a) Cement (b) Sand (c) Rubber particles

r“‘

Solid Content 40%

.

(d) Water reducer (e) Slag powder (f) Silica powder

i LR

Figure 1. Raw materials for the concrete part of NAPR.

2.2. Forming of Non-Autoclaved Concrete Pipe Piles
2.2.1. Production Process

As shown in Figure 2, several important preparation steps of the NAPR fabrication
process include concrete mixing, mixture filling, prestress application, centrifugal molding,
and steam curing. NAPR needs to be cured in a 90 °C steam chamber for twenty-four hours,
after which the cover can be removed and the mold dismantled.

Concrete mixing - - A

Figure 2. Preparation process of NAPR.
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Figure 3 depicts the finished product of NAPR. From the figure, it can be observed
that compared to AP, NAPR has an overall darker color, appearing as deep gray. The
surface of the pile body is smooth and free from defects. The pipe piles are in a standard
cylindrical shape without any deformation. The inner wall of the piles is smooth, with
an intact protective layer and no exposed sand or gravel. The formed NAPR meets the
structural requirements of high-strength prestressed piles [24].

Standard Circle |

Autoclaved

| §
concrete pipe piles ©  “Smooth

inner wall

No exposed sand and gravel
A

Figure 3. Appearance of NAPR.

2.2.2. Parameters of Pipe Piles

Prestressed high-strength concrete piles are divided into four major categories: A type,
AB type, B type, and C type. For construction projects, A type and AB type can meet most
requirements. The vertical bearing capacities of these two types of piles are the same. The
non-autoclaved pipe piles prepared in this study were of the A type, and the structure and
some of the reinforcing parameters of the piles are listed in Table 2. Combined with Figure 4,
it can be seen that the outer diameter of the pile was 400 mm, and the wall thickness was 95
mm. Since this study focuses on the vertical impact resistance of NAPR and does not involve
the bending resistance of the piles, in order to control variables, the dense area of spiral hoops
was removed, and the spacing between all spiral hoops was selected as 80 mm.

Table 2. Structural parameters of NAPR (mm).

Specifications and Dimensions Prestressed Steel Reinforcement Stirrup
Qutmde Wall Thickness Length Diameter Dls.trlbuhon Diameter Distance
Diameter Diameter
400 95 12,000 9 308 4 80+5

M .
VAV R A AL

L=12,000mm
L,=80+5mm
D=400mm
D;=210mm
Dp=308mm

Figure 4. Schematic diagram of NAPR structure.
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The study only focuses on the axial impact resistance test of NAPR, without consid-
ering the impact stability of the piles and the influence of length. As shown in Figure 5,
the full-length piles were cut into one-meter-long short piles according to the experimental
conditions, and the end faces of the piles were polished after cutting to ensure that the
inclination unevenness of the end face was less than 0.5 mm [24]. For ease of analysis, the
specimens of non-autoclaved pipe piles were named based on different rubber contents.
For the name of NAPRX, “NAPR” refers to rubber-modified non-autoclaved pipe pile,
and “X” indicates the rubber content in percentage. For example, NAPR5 represents the
non-autoclaved pipe pile with a rubber content of 5%.

Non-autoclaved concrete §
pipe piles

Figure 5. Specimens of NAPR.

3. Large-Scale Drop Hammer Impact Experiment
3.1. Experimental Equipment

The experimental equipment used for the axial drop hammer test on piles in this
study was the Vertical Ultra-Heavy Drop Hammer Experimental Apparatus in the School
of Transportation, Civil Engineering & Architecture at Foshan University of Science and
Technology, China. As shown in Figure 6, the Vertical Ultra-Heavy Drop Hammer Experi-
mental Apparatus mainly consisted of five parts: the base, support, rail, hammer head, and
operating system, which could achieve numerical control and dynamic data acquisition.
The maximum height of the drop hammer was 18 m, the maximum mass of the hammer
head was 1200 kg, and the maximum impact energy was 170 kJ, which could meet the
requirements of axial drop hammer impact tests on piles.

Lead rail

7 Hammer
Hammer

Pile cushions

N

Steel bracket

Pipe pile
Steel pedestal

Fixed steel
support

Figure 6. Vertical Ultra-Heavy Drop Hammer Experimental Apparatus.
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3.2. Experimental Scheme

Before the experiment, it was necessary to fix the NAPR on the base using a custom
fixture. To ensure that the impact load of the falling hammer was evenly applied to the
end face of the NAPR, a steel cap with an inner diameter of 420 mm was installed at the
end of the pile. In addition, to ensure the stiffness of the steel cap and reduce experimental
errors caused by deformation, the thickness of the steel cap was 50 mm. In order to
avoid the phenomenon of stress concentration during the drop hammer test, 30 mm thick
cardboard was added as a cushion between the steel cap and the pile end. The direct
impact of the hammer head on the steel cap was prone to causing damage. In order to
protect the hammer head, 40 mm thick plywood was placed on the steel cap. The specific
arrangement is illustrated in Figure 7. Three sets of strain gauges were pasted on the
vertical surfaces of the pile body at heights of 250 mm, 500 mm, and 750 mm to obtain the
axial and transverse strains of NAPR in the drop hammer test. Additionally, in order to
obtain the deformation characteristics of the surface of the NAPR during the impact process
of the falling hammer, a three-dimensional digital image correlation (DIC) technique was
employed. Matte paint was used to spray good speckle points on the surface of the pile,
and three-dimensional DIC technology could obtain the local deformation field of the pile
body by calculating the displacement of the speckle points on the surface of the pile during
the experimental process.

Wooden
hammer pad '“"-
Random 3
speckle
Steel cap
Paper
pile pad
Resistance |
. strain gauge |
' Fixed
fixture

Figure 7. Preparation before the experiment.

Figure 8 is a schematic diagram of the axial drop hammer experiment for NAPR.
After completing the preparation work, the high-speed cameras and drop hammer control
system were calibrated and adjusted. It was found that when the two high-speed cameras
were 2 m away from the piles and at an angle of 30 degrees, the calibration results were
the best and the required measurement surface could be fully captured. Therefore, the
two cameras were fixed at 30 degrees at a distance of 2 m from the piles [25]. Finally,
the drop hammer was controlled to reach the predetermined height through the system
software and complete the axial drop hammer impact experiment. During the experiment,
three types of data were primarily collected: impact load, surface strains of the pile body;,
and high-speed speckle photos. The frequency of collecting impact load was 500 kHz, the
frequency of collecting strain was 100 kHz, the resolution of the high-speed camera was
1024 x 1024, and the collection frequency was 12,500 frames per second.
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Figure 8. Schematic diagram of axial drop hammer test on NAPR.

According to Chinese standards, it is known that the maximum impact energy exerted
on the piles during actual pile-driving construction will not exceed 50 kJ [26]. In this
experiment, this impact energy was used as a reference to obtain the dynamic response
characteristics of the piles under different impact energies by adjusting the drop hammer
height. The weight of the hammer head in the drop hammer device was chosen as 1200 kg,
and the experimental drop heights were 2 m, 4 m, 5 m, and 6 m, corresponding to the
impact energies of 24 kJ, 48 kJ, 60 kJ, and 72 k], respectively.

4. Dynamic Response Characteristics of NAPR
4.1. Drop Hammer Impact Force
4.1.1. Impact Loading

The impact energies of the axial drop hammer test for NAPR with different rubber
contents were controlled by the drop heights. As shown in Figure 9, the impact load on the
non-steam pressure-cured piles decreased with the increase of the rubber content.

The ultimate bearing capacities of conventional precast concrete piles during pile driving
ranged from 1500 kN to 3000 kN and could reach up to 4000 kN in larger cases [27-30].
However, in this experiment, the NAPR achieved a maximum dynamic bearing capacity of
5000 kN, which was significantly higher than that of conventional precast concrete piles.
When the impact energy was 60 k], the average impact loads of NAPR with rubber contents
of 0%, 5%, 10%, and 15% were 5939.7 kN, 5763.9 kN, 5702.8 kN, and 5675.7 kN, respectively.
The impact loads with the addition of rubber pieces were reduced by 3%, 4%, and 4.4%
compared to the impact loads without the addition of rubber pieces. When the impact
energy was 72 k], NAPRS5 exhibited the maximum impact load of 6500.4 kN.

Comparing the effect of rubber content on the impact loads of piles, it was found that
when the impact energy was below 48 k], the impact loads were mainly influenced by the
impact energy, and the effect of rubber content was relatively small. Especially when the
impact energy was 24 kJ, the impact loads were not affected by the rubber content, which
were the same as that of NAPR with different rubber contents. When the impact energy
exceeded 48 k]J, the influence of rubber content on the impact load gradually manifested.
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With the increase in rubber content, the impact loads under the same impact energy showed
a trend of first increasing and then decreasing with the increase in rubber content. The
impact load of NAPR was maximum when the rubber content was 5%.

7000
6000
@ 5000 -
v
2
= 4000 |
3 —8— 24k]
E- —@— 48k]
— 3000 —&— 60kJ
—w— 72kl]
2000
R B
1 L 1 " 1 L 1
0 5 10 15
Rubber content (%)

Figure 9. Relationship between impact load and rubber content for different impact energies.

4.1.2. Deformation Energy

The drop hammer impact test had a short duration, on the millisecond scale, where
the drop distance of the hammer during contact with the bearing surface of the pile was
used as the deformation displacement of the pile [10]. The calculation formula is shown in
Equation (1).

z(t) = ﬂ F(t) —mg p, (1)

m

where F(t) is the impact load of the hammer, m is the total mass of the hammer weight, and
g is the acceleration due to gravity.

In Figure 10, the impact load—displacement curves for NAPR with different rubber
contents and under different impact energies are presented. The impact load increased
with the increasing impact energy. At the same time, the shorter duration of the impact
resulted in an increased slope of the load-displacement curve in the linear segment. Greater
impact energy and shorter impact duration meant that the pile was more likely to undergo
brittle failure. However, as the impact energy increased, the postpeak segment of the
load-displacement curve became smoother. From the curve, it could be observed that as
the rubber content increased, the difference in the peak loads decreased for each impact
energy. This indicated that the trend of increasing the impact load with the increasing
impact energy was diminishing. Comparing the impact loads of 60 kJ and 72 kJ, it could
be observed that with the rubber contents of 5% and 10%, the impact loads increased by
19.2% and 7.9%, respectively. Interestingly, with a higher rubber content, the increase in
the impact load was relatively smaller. This indicated that rubber particles have a better
cushioning effect on high impact energies.

As shown in Figure 11, the deformation energy generated during the impact process of
the NAPR can be regarded as a significant indicator to measure the self-energy absorption
capacity of the pile. It could be observed from the figure that when the impact energy
was less than 48 kJ, the deformation energies of the steam-free piles with different rubber
contents were almost the same. When the impact energy exceeded 48 k], the deformation
energy of the NAPR increased the fastest. When the impact energy exceeded 60 k]J, the
deformation energies were significant for the rubber contents of 5% and 10%, measuring
25.2 k] and 21.9 K], respectively. In addition, as the impact energy increased, the proportion
of the deformation energy to the impact energy increased. When the impact energies were
24 kJ, 48 kJ, and 60 kJ, the deformation energies of the piles were 3.47 kJ, 10.5 kJ, and 19.3 k],
respectively. The proportions of the deformation energy to the impact energy were 14.46%,
21.9%, and 32.2%, respectively. The reason for this was that as the impact energy increased,
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especially when the impact energy exceeded 48 k], the pile underwent damage, resulting in
significant increases in deformation. The evolution trend lines of the deformation energies
of NAPR with four different rubber contents were compared. It could be observed that
as the impact energy increased, the growth trends of the deformation energies of NAPR
with 0% and 15% rubber contents were slowing down, while the growth trends of the
deformation energies of NAPR with 5% and 10% rubber contents remained significant.

! 7000
6000 ——24Kk)
6000 - - —48k)
. 5000 Brl e 60kJ
Z Z 5000 F i (P10
5 4000 =
g 8 4000 H: - b
2 b4 A 5\
& : .
S 3000 = e .
2 5 30001, \
% 3 E" '{[’ \\ AN
i t ~
2 = 2000 N S
i =0
1000 1000 o0 NG e e
0 0 N 1 |“~'.“'-| " 1 . ----
0.000 0.002 0.004 0.006 0.008 0.000 0.002 0.004 0.006 0.008 0.010
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Figure 10. Impact load—displacement curves.

35
O NAPRO
O NAPRS

30 1
— A NAPRIO .7
] NAPRI5 i’
=asp Vv . s s
2 Trend line of NAPRO o R

. 7

b5 — — -Trend line of NAPRS o e /A
5 20 [~ Trend line of NAPR10 O 7
5 -~ -~ Trend line of NAPRIS| ’_-/A\"/"' v
g 15F L
< 10
jo)
a u}

5

1 1 1 1 1
20 30 40 50 60 70 80
Impact energy (kJ)

Figure 11. Relationships between the deformation energy and impact energy of NAPR with different

rubber contents.
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4.1.3. Strain of Pile Body

During the axial hammer impact experiment, strain gauges with a gauge length of
100 mm and a resistance of 120 () were attached to the pile shaft to measure the strains of
the pile. As shown in Figure 12, taking the impact energies of 24 kJ and 72 k] as examples,
the axial strains, transverse strains, and lateral deformation coefficients of NAPR with
different rubber contents were analyzed. Whether the impact energy was low impact
energy of 24 k] or high impact energy of 72 kJ, the axial and transverse strains of the pile
both exhibited decreasing trends as the rubber content increased.

o

o

0.53488

. . 0.04 ~ z . 0.10 =
S s o02f ® S
\ = & o—_ g
o= a <
- 1002 F g \ ° 0.05 Z
o o - =1 o— Py
—o— Axial strain g, 2 Z 0.1 F _0.50971 —o— Axial strain g, Z
15 <
—o— Transverse strain &4 0.00 z S —o— Transverse strain &, | ) 00 Z
LB g £ BV g
0.28261 E g ool 0.29188 0.28478 g
1-002E 7 1{-0.05 E
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=
—0.04 —-0.1 —-0.10
bt 10 15 0 5 10 15
Rubber content (%) Rubber content (%)
(a) 24 k] (b) 72 k]

Figure 12. Strain characteristics of the pipe pile body under different impact energies.

The ratio of the transverse strain to the axial strain is called the lateral deformation
coefficient, which reflects the expansion deformation of the NAPR. The lateral deformation
coefficient of the pile body reflects the pile’s stability under impact to some extent [31,32].
From the figure, it can be seen that whether there is low impact energy (24 kJ) or high
impact energy (72 kJ), the lateral deformation coefficient of the NAPR without rubber is
the largest, exceeding 0.5, indicating that the NAPR without rubber is prone to expansion
deformation. When the impact energy was 24 k], the lateral deformation coefficients of
the piles with the rubber contents of 5% and 15% were relatively small, with the values of
0.16456 and 0.15116, respectively. However, when the impact energy was 72 k], the lateral
deformation coefficients of the piles with these two rubber contents increased to 0.29188 and
0.28478, respectively, representing increases of 77.4% and 88.4%. In comparison, the lateral
deformation coefficient of the NAPR with 10% rubber content did not change significantly
under low and high impact energies, indicating a more stable deformation state.

4.2. Deformation of Pile Body

The strain gauges had limited detection range and deformation area on the pile body.
In order to obtain the local strain field evolution characteristics [33], three-dimensional
digital speckle (DIC) technology was used to detect the deformation of a part of the pile
body during the hammer impact test process. The deformation characteristics of NAPR
with different rubber contents were similar during the hammer impact process. As shown
in Figure 13, taking the local axial strain and displacement contours of the pile under 60 kJ
energy impact without rubber as an example, it can be found that the deformation of the
pile went through three stages according to the strain contour. The first stage was the
stress wave generated by the hammer impact propagating downwards from the impact
end. In the second stage, the stress wave reached the bottom pressure plate and partly
propagated vertically in the opposite direction in the form of an emission wave. The pile
still had some downward stress waves from the hammer impact. In the third stage, after
the hammer impact, the pile mainly had the upward reflected wave left. In contrast to the
strain, the distribution of displacement during impact was not uniform, as observed from
the change in the displacement contour in Figure 13b. The displacement contour at the
impacted end was concave-arc-shaped, with greater deformation on the outer side and
smaller deformation on the inner side. The fixed end at the bottom was opposite to this,
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with a convex-arc-shaped displacement contour and greater deformation on the inner side
and smaller deformation on the outer side.
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Figure 13. Deformation contours of pipe pile body under hammer impact: (a) Axial strains; (b) Ax-
ial displacements.

The deformation of NAPR bodies is mainly influenced by the impact energy. As
shown in Figure 14, taking the example of NAPR without rubber, five monitoring points
were arranged along the vertical direction of the pile body to detect the strains at different
positions of the pile under different impact energies. The distance between adjacent
monitoring points was 150 mm.

Figure 14. Layout of detection points.

As shown in Figure 15, with the increase in impact energy, the strains at various
parts of the pile body increased, and the strains were greater closer to the impacted end.
According to the strain values and strain contours corresponding to different time points, it
could be found that before the strain reached its peak value, the deformation of the pile
body was mainly in the first stage, i.e., influenced by the downward impact stress wave.
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After the strain reached its peak value, it entered the second stage, where the upward
reflected wave gradually affected the deformation of the pile body. Finally, when the strain
decreased further, the deformation of the pile body entered the third stage, where only
the upward reflected wave remained. Comparing the strain values at position P4 under
different impact energies, it was found that the strain values under four different impact
energies were 0.01411, 0.02242, 0.03156, and 0.04783, respectively, and the maximum strain
occurred within 30~40 ms. Comparing the strains under three different impact energies
of 24 kJ, 48 kJ, and 72 k], it was found that their strain growth rates were 58.89% and
113.34%, respectively, indicating that the strain growth rate increased with the increasing
impact energy.
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Figure 15. Strain evolutions of pipe pile body under different impact energies.

Taking the strain at point Py as the research object, the deformation characteristics of
NAPR with different rubber contents under different impact energies were compared. As
shown in Figure 16, the strain of the NAPR at the impact end generally increased with the
increasing rubber content. The reason why the strain of the pile with 5% rubber content was
the largest under the impact energy of 48 kJ was that all piles with different rubber contents
began to show a small amount of damage under this impact load, and the pile with 5%
content had the greatest brittleness. When it was damaged, brittle fracture was the main
mode, and the deformation produced was larger than in other NAPR with different rubber
contents. However, with the further increase in impact energy, other NAPR with different
rubber contents also showed larger deformation and the measured strain once again met the
rule of increasing with the increasing rubber content. In addition, when the impact energy
was less than 72 kJ, the deformation time of the pile with 15% rubber content was longer,
indicating that its energy absorption effect was good. However, when the impact energy
was 72 kJ, its deformation time was significantly shortened, because this impact energy
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exceeded its absorption limit, and an obvious impact hardening phenomenon appeared in

the pile.
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Figure 16. Strain evolutions of NAPR with different rubber contents.

4.3. Damage to Pipe Piles
4.3.1. Failure Modes

The failure mode of NAPR under axial hammer impact is also an expression of its
dynamic performance. As shown in Figure 17, taking the rubber content of 15% and the
impact energy of 72 kJ as an example, when subjected to a drop hammer impact, cracks
began to appear at the impacted end of the pipe pile. With the further increase in the impact
load, these cracks started to develop along the axial and transverse directions, eventually
forming a crack network, and clear damage appeared near the end of the pipe pile.

Figure 18 illustrates the failure modes of NAPR with different rubber contents under
various impact energies. When the impact energy was 24 k], the pile bodies of NAPR
with different rubber contents remained intact, and no defects or cracks were observed
on the inner and outer walls. When the impact energy was 48 kJ, the impact load caused
plastic deformation of the concrete material in the NAPR, resulting in damage for piles
with different rubber contents. For 0% and 5% rubber contents, large block-like fractures
appeared at the bottom of the NAPR, with the most severe fracture occurring at 5% rubber
content. At 10% rubber content, a long, slender crack appeared in the pile body. With 15%
rubber content, only a few small microcracks appeared at the bottom of the pile. Therefore,
it was evident that rubber significantly reduced pile damage under low impact energy.



Buildings 2024, 14, 489

14 of 21

742.4ms

744.0ms ' 745.5ms

Figure 17. The process of axial hammer impact on NAPR.

When the impact energy reached 60 kJ, it fell into the high impact energy range, and
NAPR with different rubber contents all experienced plastic deformation and significant
damage. With 0% rubber content, three axial cracks connecting the upper and lower ends of
the pile appeared on the outer wall. With 5% rubber content, two axial cracks penetrating
the pile body appeared, with the least number of cracks. With 10% rubber content, the pile
body of the piles showed three axial through cracks, similar to the damage observed when
no rubber was added. With 15% rubber content, a large number of axial cracks appeared
in the pile body, and several transverse cracks were also generated. This was because
the concrete material in the NAPR with this content had weaker strength, and under the
influence of reflected stress waves, the tensile stress generated exceeded the tensile strength
of the concrete material.

When the impact energy was 72 kJ, the NAPR exhibited significant deformation and
extensive damage. With 0% rubber content, the pile body showed a dense network of
cracks, primarily consisting of numerous axial splitting cracks and some transverse cracks,
and even a small area of collapse and fracture. With 5% rubber content, the pile body
exhibited axial and transverse cracks, but compared to other rubber content levels, this
concentration had the smallest number of cracks. With 10% rubber content, the pile body
near the impact end experienced extensive cracking and damage, with the pile tilting and
deforming. With 15% rubber content, the pile body near the impact end also underwent
extensive cracking, and the bond between the steel reinforcement and concrete became
weak, resulting in exposed reinforcement. This was because the bond strength between the
concrete and steel reinforcement was insufficient to meet the normal working performance
of the pipe pile.
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4.3.2. Damage Levels

The damage degrees of NAPR under different impact energies were divided into
four levels: no damage, mild damage, moderate damage, and severe damage. Only local
damage or minor cracks constituted mild damage. The appearance of several through
cracks constituted moderate damage. The appearance of a crack network, and even the
occurrence of severe localized damage resulting in loss of working performance, constituted
severe damage. Combining the damage degree, an analysis of the momentum and load
results of NAPR vyielded the corresponding damage level division area. In explosions
and impact loads, the steel reinforcement ratio and concrete material were the key factors
determining the damage of concrete components [34], and except for the differences in the
rubber and sand contents, the four types of NAPR, including morphology, reinforcement
ratio, cement matrix, etc., were all the same. Therefore, the division function of different
damage levels could be approximately considered the same. Taking the division function
of the severe damage area of the NAPR with 15% rubber content as the benchmark function
for damage level, the divisions of the damage level areas of NAPR with different rubber
contents were performed, and the benchmark function is shown in Figure 19d.

As shown in Figure 19, when the NAPR was subjected to impact from a drop hammer,
the damage level corresponded to the allocated damage grade region. Without adding
rubber, the NAPR would experience at least mild damage when the impact exceeded
8.9 kN-s and the load exceeded 2606.7 kN. When the impact exceeded 16.1 kN-s and the
load exceeded 4390.8 kN, the pile would experience at least moderate damage. Severe
damage would occur when the impact exceeded 22.0 kN-s and the load exceeded 5998.6 kIN.
With a rubber content of 5%, the NAPR would experience at least mild damage when the
impact exceeded 10.1 kN-s and the load exceeded 2184.9 kN. Moderate damage would
occur when the impact exceeded 20.5 kN-s and the load exceeded 5309.6 kN. Severe damage
would occur when the impact exceeded 25.6 kN-s and the load exceeded 6256.9 kN. With a
rubber content of 10%, the NAPR would experience at least mild damage when the impact
exceeded 12.1 kN's and the load exceeded 3611.7 kN. Moderate damage would occur when
the impact exceeded 18.7 kN-s and the load exceeded 5561.2 kN. Severe damage would
occur when the impact exceeded 24.8 kN-s and the load exceeded 7010.0 kN. With the
rubber content of 15%, the NAPR would experience at least mild damage when the impact
exceeded 8.3 kN's and the load exceeded 3007.0 kN. Moderate damage would occur when
the impact exceeded 14.7 kN-s and the load exceeded 4400.0 kN. Severe damage would
occur when the impact exceeded 20.0 kN-s and the load exceeded 5606.7 kN. It could be
observed that when the rubber content was 15%, the NAPR required the minimum impact
and load to form mild, moderate, and severe damage. When the rubber content was 10%,
the NAPR required the highest impulse and impact load to form mild damage, indicating
its strong resistance to damage.

To further analyze the influence of rubber on the impact damage of NAPR, the areas
of each damage grade region of various rubber contents at impulse of 308.3 kN.s and
load of 8000.0 kN were compared. As shown in Figure 20, it could be observed that the
zone of no damage was the largest for the NAPR with a rubber content of 10%. This
indicated that the 10% rubber content provided better resistance to damage and optimal
impact resistance performance. The zone of mild damage was the largest for the NAPR
with a rubber content of 5%, indicating that this content was more prone to mild damage.
The zones of mild, moderate, and severe damage were all larger for the NAPR with a
rubber content of 15%, especially for severe damage, which had the highest proportion.
This indicated that the NAPR with a 15% rubber content were more susceptible to severe
damage. This was because the excessive rubber content significantly reduced the strength
of the NAPR concrete itself and the bond strength with the steel reinforcement.
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Figure 19. Classification of impact damage levels for NAPR.
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Figure 20. Damage evaluation of NAPR with different rubber contents.
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5. Conclusions

Based on the results obtained from the axial drop hammer impact tests conducted on
NAPR, the following conclusions can be drawn.

(1) When subjected to low impact energy (less than 48 kJ) impacts, the impact load
of NAPR was minimally affected by the rubber content. When subjected to high impact
energy (greater than 48 kJ) impacts, the impact load of NAPR increased initially and then
decreased with the increasing rubber content, with the maximum impact load occurring at
a 5% content level.

(2) When the impact energy was less than 48 k], the deformation energies produced by
NAPR with various rubber contents during the drop hammer impact process were similar.
However, as the impact energy increased, the deformation energies of NAPR with 5% and
10% rubber contents increased significantly.

(3) When no rubber particles were added, the NAPR exhibited a pronounced trend of
expansion deformation under axial impact. With the increase in rubber content, the axial
deformation of NAPR increased. However, at higher impact energies (72 kJ), the 5% and
15% rubber content piles also showed trends of expansion deformation, whereas only the
NAPR with 10% rubber content exhibited a smaller lateral deformation coefficient, making
them less susceptible to instability failure.

(4) When the impact energy exceeded 48 k], NAPR exhibited damage, which is catego-
rized into four levels: no damage, mild damage, moderate damage, and severe damage.
Among these, the piles with 10% rubber content had the largest undamaged area, while
those with 5% rubber content were most susceptible to damage, and those with 15% rubber
content were even more prone to severe damage.

(5) Based on the deformation, deformation energy, and damage degree of NAPR in
the axial drop hammer tests, it can be found that the pipe pile had the best deformation
and energy absorption effects when the rubber content was 10%, and it was also the most
difficult to damage. It exhibited excellent impact resistance. The best rubber content,
ultimate bearing capacity, and damage level evaluation obtained in the tests can provide
an important basis for subsequent on-site NAPR impact tests and durability tests.
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