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Preface

This reprint describes the mechanical properties of reinforced concrete materials, including

theoretical, experimental and numerical studies, to evaluate the general deformation response,

damage evolution and failure patterns of ordinary and high-performance reinforced concrete

materials under various loading conditions (e.g., quasi-static, dynamic, fatigue, and impact). Its

target audience is civil engineering and related professionals in higher education institutions, as

well as relevant engineering and technical personnel, such as material scientists, structural protection

personnel, and restoration personnel. The published articles are results of collective works of research

teams; however, the list of first authors (in alphabetical order) includes K. Dong, Y. Wu, X. Ma, X.

Zhang, F. Wang, L. Wang, H. Lai, W. Zhang, Z. Z. Xiong and W. Wang. The editors are grateful for the

collaboration of the authors and the excellent help of the MDPI publishers.

Wei Wang

Editor
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Editorial

Mechanical Research on Reinforced Concrete Materials

Wei Wang

Key Laboratory of Impact and Safety Engineering, Ningbo University, Ministry of Education,
Ningbo 315211, China; wangwei7@nbu.edu.cn

Reinforced concrete (RC) is a commonly used construction material in civilian and
military buildings due to its superior material characteristics compared to steel and timber
(e.g., higher durability, corrosion resistance, and fire resistance). These inherent properties
of reinforced concrete make it suitable for the construction of most civil engineering
structures, for example, bridges, dams, nuclear containment structures, protective/defense
structures, and residential/embassy buildings. Concrete is a frequently used material
that is subjected to intense dynamic loading in civil and defense engineering, such as
blast and impact loadings, which can induce high pressure, high strain rates, and a large
amount of strain in concrete structures. The response of such structures is very complex
due to the effects of high inertia, high strain rate, high temperature, and shock waves
traveling through the reinforced concrete. Although the mechanical behavior of reinforced
concrete has been investigated by many researchers using experimental and theoretical
approaches for 200 years, establishing an accurate and comprehensive description of the
actual mechanical behavior exhibited by reinforced concrete under service and ultimate
conditions remains a challenge.

The purpose of this Special Issue is to investigate theoretical, experimental, and
numerical studies on the mechanical properties of reinforced concrete materials, to evaluate
the general deformation response, damage evolution, and failure patterns of ordinary
and high-performance reinforced concrete materials under various loading conditions
(e.g., quasi-static, dynamic, fatigue, and impact).

Dong et al. [1] studied the influence of relative density and water content on the
dynamic characteristics of coral sand using an SHPB device, and obtained a stress–strain
curve of the material under uniaxial strain compression with different relative densities
and water contents. The results showed that the strain rate became less sensitive to the
stiffness of coral sand with an increase in relative density.

Wu et al. [2]. studied the effects of different reinforcement distributions and blasting
distances on the antiknock performance of RC plates. The results showed that the degree
of damage on a single-layer steel plate was more serious than that on a double-layer steel
plate under contact explosion and non-contact explosion. When the scale distance was the
same, the degree of damage on single-layer and double-layer steel bars first increased, and
then, decreased with an increase in distance.

Ma et al. [3] studied the structural behavior of full-iron tailing-reinforced concrete
(FITRC) columns under high eccentric loading. Six FITRC column and two CRC column
specimens were examined to investigate the effects of different raw materials, section
dimensions, and eccentricities on the mechanical behavior of RC columns under high
eccentric compression. They found that under high eccentric short-term loads, the failure
modes of the FITRC and CRC columns were similar, and their failure manifested as
yielding of the tensile and compressive rebars and concrete crushing in the compression
zone. Additionally, the moment augmentation factor of the FITRC columns should be
1.15 for safety reasons.

Zhang et al. [4] investigated the bond behavior between PVA-fiber-reinforced concrete
and steel rebar corroded in a chloride environment. The effects of PVA fibers and corrosion
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loss on bond behavior were clarified. They found that with the increase in the fibers, the
corrosive cracking became more obvious. Moreover, the PVA fiber generally showed a
negative effect on bond behavior but a positive effect on the descending branches in the
case of splitting failure.

In their innovative study, Wang et al. [5] used superfine cement to modify coral
aggregates. The effects of the water–cement ratio and curing time on the water absorption
and strength of modified coral aggregates were investigated. The experimental results
showed that when the water–cement ratio exceeded 1.25, the slurry did not form a shell
on the surface of the coral aggregates and the water absorption of the coral aggregates
increased significantly. The strength of the modified coral aggregates cured for a short
duration was slightly lower than that of unmodified coral aggregates, while the strength
of the coral aggregates cured for 28 days was approximately 20% higher than that of the
unmodified coral aggregates.

Wang et al. [6] analyzed the anti-explosion performance of RC slabs by studying the
residual bearing capacity of RCs slab under close-in blast loading, and it was found that the
load distribution of the RC slabs was extremely uneven under these conditions. The range
and degree of damage of the low-reinforcement-ratio slab were significantly higher than
those of the high-reinforcement-ratio slab. Increasing the reinforcement ratio can inhibit
the crack extension and reduce the residual displacement of a component, and reduce the
decrease in bearing capacity after damage.

Lai et al. [7] presented a new method to study the dynamic mechanical properties
of concrete under low pressure and a high strain rate via the inversion of spherical wave
propagation. The dynamic parameters of the rate-dependent constitutive relation of elastic
concrete were determined by measuring the velocity histories of spherical waves. The
numerical constitutive relation was expressed in the form of distortion, and it was found
that the distortion law had an obvious rate effect. The research results showed that the
strain rate of concrete had a considerable effect when the strain rate of concrete was in the
range of 102 s−1.

Zhang et al. [8] used a true triaxial split–Hopkinson pressure bar system to conduct
dynamic compression tests on ultra-high-performance concrete with different steel fiber
contents (0.5%, 1% and 2%) under triaxial constraint. The results showed that the dynamic
peak axial stress–strain and dynamic peak lateral stress–strain of UHPC are very sensitive to
the strain rate, and the dynamic strength failure criterion of UHPC under triaxial constraints
was established.

Xiong et al. [9] proposed a non-explosive method to simulate the explosion load
of reinforced concrete slabs, and conducted experiments and numerical simulations to
evaluate the effectiveness of this method. The experimental results showed that there was
almost no difference between the pressure wave and the pressure peak produced by the
simulated explosion load and the actual explosion. In addition, cone rubber was more suitable
than plane rubber as an impact buffer material when simulating the explosion load.

Wu et al. [2] carried out field chemical explosion experiments on RC slabs with the
same reinforcement ratio but different reinforcement distributions, and with the same blast
distance but different scale distances. The effects of different reinforcement distributions
and explosion distances on the antiknock performance and damage forms of RC plates
were studied. It was found that double-layer and multi-layer reinforcement improved the
blasting resistance of RC plates.

Yang et al. [10] studied shear horizontal (SH) wave scattering using a circular pipeline
in an inhomogeneous concrete with density variation. A model of inhomogeneous concrete
with density variation was established in the form of a polynomial–exponential coupling
function. The results showed that the inhomogeneous density parameters, the wave
number of the incident wave, and the angle of the incident wave in concrete were important
factors affecting the distribution of dynamic stress around the circular pipe in concrete with
inhomogeneous density.
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Dong et al. [11] established theoretical models to calculate the mass erosion and heat
conduction of projectile noses, including models of cutting, melting, the heat conduction of
flash, and the conversion of plastic work into heat. The coupling numerical calculation of
the erosion and heat conduction of the projectile nose showed that melting erosion was the
main factor affecting mass loss at high-speed penetration, and the mass erosion ratio of
melting and cutting was related to the initial velocity.

Wang et al. [12] used SHPB to study the dynamic mechanical properties of UR50 ultra-
early-strength cement-based self-compacting high-strength material. The experimental
results showed that the dynamic compressive strength increased with an increase in strain
rate, which had an obvious strain-rate-strengthening effect. The damage variables at
different strain rates were fitted, and it was found that an increase in strain rate had an
obstructive effect on the increase in the damage variable and the increase rate.

The research papers included in this Special Issue demonstrate the usefulness of global
institutional collaborations in helping to share knowledge and deepen our understanding
of various topics in the field of reinforced concrete materials.

Finally, the editors would like to express their sincere thanks to the authors who
actively participated in the peer review process, and to the editorial team of Materials for
their cooperation and support.

Funding: This research was funded by National Natural Science Foundation of China (grant number.
11302261 and 11972201).

Acknowledgments: The editors would like to thank the authors who submitted their papers to this
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editors for their contributions to improving these submissions.
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Dynamic Compressive Mechanical Properties of UR50
Ultra-Early-Strength Cement-Based Concrete Material under
High Strain Rate on SHPB Test

Wei Wang 1,2, Zhonghao Zhang 1, Qing Huo 1, Xiaodong Song 1, Jianchao Yang 3,*, Xiaofeng Wang 3, Jianhui Wang 3

and Xing Wang 3

1 Key Laboratory of Impact and Safety Engineering, Ningbo University, Ministry of Education,
Ningbo 315211, China

2 Institute of Advance Energy Storage Technology and Equipment, Ningbo University, Ningbo 315211, China
3 Institute of Defence Engineering AMS, PLA, Luoyang 471023, China
* Correspondence: jiebao9630@163.com

Abstract: UR50 ultra-early-strength cement-based self-compacting high-strength material is a special
cement-based material. Compared with traditional high-strength concrete, its ultra-high strength,
ultra-high toughness, ultra-impact resistance, and ultra-high durability have received great attention
in the field of protection engineering, but the dynamic mechanical properties of impact compression
at high strain rates are not well known, and the dynamic compressive properties of materials are the
basis for related numerical simulation studies. In order to study its dynamic compressive mechanical
properties, three sets of specimens with a size of Φ100 × 50 mm were designed and produced, and a
large-diameter split Hopkinson pressure bar (SHPB) with a diameter of 100 mm was used to carry
out impact tests at different speeds. The specimens were mainly brittle failures. With the increase in
impact speed, the failure mode of the specimens gradually transits from larger fragments to small
fragments and a large amount of powder. The experimental results show that the ultra-early-strength
cement-based material has a greater impact compression brittleness, and overall rupture occurs at low
strain rates. Its dynamic compressive strength increases with the increase of strain rates and has an
obvious strain rate strengthening effect. According to the test results, the relationship curve between
the dynamic enhancement factor and the strain rate is fitted. As the impact speed increases, the
peak stress rises, the energy absorption density increases, and its growth rate accelerates. Afterward,
based on the stress–strain curve, the damage variables under different strain rates were fitted, and the
results show that the increase of strain rate has a hindering effect on the increase of damage variables
and the increase rate.

Keywords: ultra-early-strength concrete; split Hopkinson pressure bar (SHPB); impact mechanics;
dynamic response; strain rate effect

1. Introduction

With the rapid development of precision-guided weapons, facilities in the field of pro-
tection engineering are facing a serious threat of weapons, “accurately and aggressively”.
Therefore, the design and construction of military protection engineering must consider
the dynamic response characteristics and parameters of concrete. Ultra-early-strength
cement-based materials, because of their excellent performance, have attracted great at-
tention in airport engineering repairs and protection engineering. Ultra-early-strength
cement-based materials are usually subjected to strong dynamic load impact compressions
during service, like ammunition penetration and explosion. Under blast loads, concrete
structures can crater on the surface, peel off the concrete on the back, or even crack [1–3].
The dynamic compression performance of the material plays an important role in studying
the dynamic mechanical response process of materials under penetration and explosion.

Materials 2022, 15, 6154. https://doi.org/10.3390/ma15176154 https://www.mdpi.com/journal/materials
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Therefore, investigating the performance of ultra-early-strength cement base under dy-
namic load and establishing a dynamic stress–strain curve has important military value and
engineering significance.

At present, although domestic and foreign researchers have carried out many ex-
perimental studies on concrete materials, there are few studies on the dynamic mechani-
cal properties of UR50 ultra-early-strength cement materials under high dynamic loads.
Pang et al. [4] studied activated fly ash concrete under high strain rates with an SHPB
device. Its dynamic strength is affected by both temperature and the water–binder ratio.
At room temperature, the dynamic strength is directly proportional to the water–binder
ratio, but there is a negative correlation at high temperatures. Hu et al. [5] applied an SHPB
device to study the spalling strength and strain rate effects of concrete materials finding
that spalling strength and strain rate are positively correlated. Zhu et al. [6] conducted a
numerical simulation study on the SHPB test of cement materials. The strain value and
strain rate of cement materials will be strongly affected by the amplitude of the incident
wave. Bragov et al. [7] investigated the mechanical properties of fine-grained concrete at
high strain rates with an SHPB device. Levi-Hevroni et al. [8] used the SHPB test to explore
the dynamic reinforcement factor and tensile strength of concrete first, then applied the test
data to calibrate the three concrete material model parameters in LS-DYNA. Zhang et al. [9]
studied the influence of the specimen shape on the dynamic increase factor under a high
strain rate based on the SHPB test device. The results showed that the dynamic enhance-
ment factor of the tubular specimen was lower than that of the cube. Wang et al. [10]
studied the physical mechanism of the static–dynamic composite multiaxial strength of
concrete under the premise of considering the cohesive and frictional strength. Gu et al. [11]
introduced the theory of non-local circumferential dynamics to the analysis of dispersion
and impact failure of elastic waves in SHPB tests and verified the feasibility of the analysis
by experiments and numerical simulations. Hassan and Wille [12] studied the dynamic
mechanical properties of ultra-high-performance concrete (UHPC) at high strain rates
based on the SHPB test device. Erzar and Forquin [13] studied the effects of aggregate
and free water on the mechanical properties of concrete materials under high strain rates
through experiments and numerical simulations.

With the development of research, some scholars have begun to explore the dynamic
mechanical properties of new composite concrete materials. Wang et al. [14] studied the
failure mode and energy absorption mechanism of autoclaved aerated concrete under low-
velocity impact. Kang [15] explored the mechanical behavior of foam-insulated concrete
sandwich panels under uniform loads through experiments and numerical simulations.
Wang et al. [16] studied the mechanical properties of lightweight aggregate foam concrete
at different compression rates and found that the compressive strength is directly propor-
tional to the density of the foam concrete. Shafigh et al. [17] used oil palm shells to prepare
lightweight concrete and tested the compressive strength under different curing times.
Cao et al. [18] discussed the influence of specimen size on the dynamic compression perfor-
mance of fiber-reinforced reactive powder concrete at high strain rates. Xiong et al. [19]
studied the dynamic mechanical properties of Carbon Fiber Reinforced Polymer (CFRP)
confined concrete at a high strain rate based on an SHPB test device with a diameter of
155 mm. The results show that CFRP-confined concrete is not sensitive to the strain rate
effect. Liu et al. [20] used a separate SHPB device with a diameter of 100 mm to study the
influence of the content of the redispersible polymer emulsion powder on the dynamic me-
chanical properties of Carbon Fiber Reinforced Polymer Concrete (CFRPC). The dynamic
compressive strength of carbon fiber composites increases firstly and then decreases with
the increase of polymer content. Wei et al. [21] used SHPB to study the dynamic response of
a ceramic shell for titanium investment casting under high strain rates. Ceramic shells are
highly sensitive to the strain rate effect, and the path of crack propagation is different under
quasi-static and high strain rate loads. Sun et al. [22] used a 75 mm diameter SHPB to study
the dynamic mechanical properties of steel fiber-reinforced concrete at different strain
rates and steel fiber content. As the strain rate or steel fiber content increases, the ductility,
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strength, and toughness will increase. Scott et al. [23] established a constitutive model
of the dynamic response characteristics of concrete materials based on a large amount of
experimental data. Georgin and Reynouard [24] established a viscoelastic model of the
strain rate effect and applied it in a numerical simulation. Xiuli et al. [25] used SHPB to
conduct a uniaxial dynamic compression test of concrete materials, and based on this,
established a non-linear uniaxial dynamic strength criterion for concrete materials. The
temperature has a certain influence on the dynamic properties of materials. Aiming at the
dynamic mechanical properties of concrete specimens under the coupled action of high
temperature and impact, Huo et al. [26] used SHPB to carry out the impact resistance test of
concrete-filled steel tube specimens at a high temperature of 400 ◦C, and the results showed
that the restraint of steel tubes improved the impact resistance of concrete specimens.

With the development of material technology, convenient, efficient, and excellent-
performance concrete materials have begun to attract people’s attention. Ultra-early-
strength cement-based self-compacting high-strength material has the advantages of good
fluidity, ultra-fast hardening, and high strength. It is easy to use and can be mechanically
stirred by adding water on site. It has attracted the attention of the field of protection
engineering. However, there is little research on ultra-early-strength cement-based self-
compacting high-strength materials. In contrast to previous studies, the dynamic com-
pressive properties of the material were not investigated. In order to study the dynamic
mechanical response process of materials under the action of penetrating explosions and
lay the foundation for numerical simulation research, this paper conducts related research.
In this paper, a separate SHPB test device with a diameter of 100 mm and an ultra-early-
strength cement-based self-compacting high-strength material with a product code of
“UR50” were used to conduct impact tests at different loading speeds to explore the dy-
namic mechanical properties of this new type of concrete material and provide data support
for studying the impact resistance and numerical simulation of UR50 ultra-early-strength
cement-based materials.

2. UR50 Ultra-Early-Strength Concrete Material

UR50 ultra-early-strength cement-based self-compacting high-strength material is
a special cement-based material. It is a pre-dry mixed powder composed of aggregate,
cement, functional mineral powder, nano filler, specially modified additives, and special
steel fiber. The maximum particle size of the aggregate is less than 5 mm. The product is
processed and mixed in the factory and packed in bags, and the shelf life is about 6 months.
After adding water and mixing on site, it has good fluidity, ultra-high strength, ultra-high
toughness, ultra-impact resistance, and ultra-high durability. Wang et al. [27] found that
the microstructure was greatly improved compared to conventional high-strength concrete,
the pores were eliminated, and the nano-microstructure was strengthened. The design of
dry mixing and pre-dispersed low-proportion components greatly improves the strength
and durability of concrete, and this method makes the microstructure of concrete denser.

UR50 ultra-early-strength cement-based self-compacting high-strength material is
convenient to use, and after adding water and mechanical mixing, concrete materials with
excellent fluidity, super-fast hardening, and high strength can be obtained immediately. The
amount of water added is 9.3 ± 0.5% of the weight of the dry powder. The slump extension
of the mixed concrete can reach 770–830 mm, and the pouring can be self-compacting
without vibration.

The early strength of UR50 ultra-early-strength cement-based materials has developed
rapidly, and the compressive strength can reach 50 MPa in 2 h, 70 MPa in 24 h, and even
the later compressive strength exceeds 80 MPa. The compressive strength changes with
time, as shown in Table 1.
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Table 1. Mechanical properties of UR50.

Times Compressive Strength (MPa) Flexural Strength (MPa)

2 h 54.0 7.2
24 h 71.0 9.7
7 d 80.0 9.7
28 d 81.2 10.1

3. Dynamic Test with SHPB

3.1. Experimental Specimen

The size of the experimental specimen was designed as Φ100 × 50 mm in order to
avoid the side wall effect caused by the specimen mold during the curing process and
the discreteness of the specimen itself caused by the inconsistent curing and vibrating
conditions. It was ensured that the test specimen met the relevant international specifica-
tions [28]. Adopting the method of pouring ultra-early-strength cement-based material
panels and after curing for 28 days, the core was taken from the panel by using the coring
machine to take it out of the poured ultra-early-strength cement-based material panel. The
thickness of the ultra-early-strength cement-based material plate was about 60 mm, and
the plate was vibrated evenly with a vibrating table and then placed in the pool for curing
for a scheduled time and then taken out. The inner diameter of the core bit was 100 mm.
After the core is taken, the upper and below faces were ground to a thickness of 50 mm
with a grinder and polished to make a test specimen with a size of Φ100 × 50 mm. There
were three sets of test specimens and each group had three specimens. The finished test
specimens are shown in Figure 1.

 

Figure 1. Physical image of processed specimens.

3.2. Experimental Device

The impact compression test equipment was a Φ100 mm SHPB of the Engineering
Protection Research Institute. The test device is mainly composed of an operating console,
launching device, impact bar (bullet), speed measuring device, incident bar, transmission
bar, support, absorption bar, buffer device, measuring device, etc. The pressure bar is
made of high-strength spring steel, as shown in Figure 2a. In order to effectively eliminate
the influence of friction on the support, rolling bearings were installed at the support
of the device. The length of the incident bar was 4500 mm, and the aspect ratio of the
transmission rod was 25, which meets the relevant requirements [29]. The length of
the transmission bar was 2500 mm, and the length of the striker bar was 500 mm and
800 mm, respectively. The compressed gas pressure was controlled by the operating console
to control the impact speed of the bullet. The impact speed was measured by the speed
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measuring device. Strain gauges were attached to the incident bar and transmission bar to
measure the incident wave, reflected wave, and transmitted wave. The strain gauge was
connected to the super dynamic strain gauge through the Huygens bridge, and after being
amplified by the strain gauge, it was saved as a transient record. The original waveform
was analyzed and processed by a self-compiled data processing program to obtain the
stress–strain rate relationship, as shown in Figure 2b.

 
(a) 

(b) 

Figure 2. An SHPB device separated by 100 mm. (a) Physical map of the SHPB device. (b) Schematic
diagram of the SHPB device.

3.3. Experimental Design

In the experiment, the impact velocity of the bullet was altered by changing the driving
air pressure so as to obtain the stress–strain curve of the material under different strain rates.
A total of three kinds of loading speeds (impact speeds of 5 m/s, 10 m/s, and 15 m/s) for
the SHPB impact compression experiments were carried out. Three repeated experiments
were carried out for each speed state, and the average curve of these three experiments
was taken as the stress–strain curve of the material under the strain rate. The experiment
process of ultra-early-strength cement-based material is shown in Figure 3. The experiment
loading speed and test specimen number are shown in Table 2.
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Figure 3. Physical photos of the test process.

Table 2. Experimental program.

Speeds Specimen Number Measured Size of Test Specimen

5 m/s
S_5-1 Φ101.50 × 48.84 mm
S_5-2 Φ100.76 × 49.44 mm
S_5-3 Φ101.08 × 51.44 mm

10 m/s
S_10-1 Φ101.40 × 49.24 mm
S_10-2 Φ101.05 × 50.40 mm
S_10-3 Φ101.40 × 50.54 mm

15 m/s
S_15-1 Φ101.32 × 50.12 mm
S_15-2 Φ101.38 × 50.32 mm
S_15-3 Φ101.42 × 51.10 mm

3.4. Calibration of SHPB

The basic principle of SHPB is to decouple the wave propagation effect and the strain
rate effect of the material and then separate the strain rate effect of the material. Figure 4a
shows the electrical signal curve collected by the data acquisition system, which represents
the curve of voltage change over time. The recorded data can be restored to stress and strain
curves by data processing software. Figure 4b is the three-wave diagram of the incident
wave, reflected wave, and transmitted wave obtained from the experiment. The comparison
wave is the incident wave + the reflected wave. It can be seen from the figure that the
transmitted wave is in good agreement with the comparison wave, which meets the criterion
of εt(t) = εr(t) + εi(t), proving that the test data are valid and can be used for analysis.

In order to make the stress pulse have enough time to reflect back and forth before
the failure of the ultra-early-strength cement-based material specimen to obtain a uniform
distribution of stress in the specimen, wave shapers were installed on the impacted end
of the incident bar, which can eliminate the overshoot and wave oscillation of the stress
wave caused by the dispersion effect of the large-size SHPB device, and it is helpful to
obtain the true response characteristics of the material. In the experiment, under different
loading conditions, different shapers were selected. Among them, the shaper used under
low strain rate loading conditions (impact velocity 5 m/s) was a Φ16 × 0.5 mm copper
sheet. Under the condition of medium strain rate loading (impact velocity 10 m/s), a
Φ30 × 2 mm copper sheet shaper was used. Under high strain rate loading conditions
(impact velocity 15 m/s), the shaper is a Φ30 × 4 mm copper sheet. By choosing a proper
shaper, the dispersion effect can be eliminated effectively, the change in the waveform when
the wave propagates in the waveguide bar is reduced, and the accuracy of the experiment
is improved.
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(a) (b) 

Figure 4. Original stress wave. (a) SHPB test collection wave. (b) The three waves graph.

Assuming that the strain rate is constant during the loading process, the average strain
rate during loading can be determined by Formula (1):

.
ε = ε/t (1)

If t = 100 μs and the failure strain ε = 8500 με, it can be determined that the highest
strain rate that can satisfy the stress uniformity is 85 s−1. It is particularly pointed out that
the strain rate of the specimen is not constant during the experiment. During the data
processing, the average strain rate of the loading stage before the failure of the specimen is
taken as the average strain rate.

4. Test Results

4.1. Average Strain Rate of 7.5 s−1

Table 3 shows the macro morphology of UR50 ultra-early-strength cement-based speci-
mens after impact compression at different stages when the impact velocity is
5 m/s (the average strain rate is 7.5 s−1) in three repeated experiments. It can be seen
from the table that at an impact velocity of 5 m/s, the specimens were damaged under the
impact compression stress wave. The specimen ruptured into a number of larger fragments,
indicating that the ultra-early-strength cement-based material has a greater impact com-
pression brittleness. Under the low strain rate, the overall fracture will occur, but under
the same strain rate conditions, ordinary concrete will generally not fail. The stress–strain
curve and the average stress–strain curve obtained by repeating the experiment three times
at an impact velocity of 5 m/s are shown in Figure 5.

Figure 5. Stress–strain curve of 5 m/s.
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Table 3. Test results at an impact velocity of 5 m/s.

Test No. Before the Test After the Test Recycled

S_5-1

   

S_5-2

   

S_5-3

   

4.2. Average Strain Rate of 15.3 s−1

The macro morphology of the ultra-early-strength cement-based material specimen
after three repeated experiments, when the impact velocity is 10 m/s (the average strain rate
is 15.3 s−1), can be seen in Table 4. It can be seen from the table that, at an impact velocity
of 10 m/s, the specimen was severely damaged under the impact of the compression
stress wave. Because of the short time of the load, cracks appeared throughout the whole
specimen at the moment of impact and rapidly expanded until it broke into many smaller
pieces. The stress–strain curve and the average stress–strain curve obtained by three
repeated experiments are shown in Figure 6. The consistency of the repeated experiments
is great.

12
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Table 4. Test results at an impact velocity of 10 m/s.

Test No. Before the Test After the Test Recycled

S_10-1

   

S_10-2

   

S_10-3

   

Figure 6. Stress–strain curve of 10 m/s.
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4.3. Average Strain Rate of 23.5 s−1

The macro morphology of the ultra-early-strength cement-based material specimens
in each stage of the three repeated experiments, when the impact velocity is 15 m/s (the
average strain rate is 23.5 s−1), can be seen in Table 5. At an impact velocity of 15 m/s, the
specimen was impacted within a very short time after the bullet was launched, accompa-
nied by a loud noise. Afterward, it can be observed that the concrete specimens were a
comminuted failure under the impact compression stress wave, and the specimens were
broken into a large amount of powder and small pieces. Figure 7 shows the stress–strain
curve and the average stress–strain curve obtained from three repeated experiments at an
impact velocity of 15 m/s. It can be seen from the figure that the curve rises sharply at
the beginning of the impact, and subsequently, the compressive strength of the specimen
quickly reached the peak point due to its own strain rate sensitivity, and the second half of
the curve began to gradually decrease after the end of the loading.

Table 5. Test results at an impact velocity of 15 m/s.

Test No. Before the Test After the Test Recycled

S_15-1

   

S_15-2

   

S_15-3
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Figure 7. Stress–strain curve of 15 m/s.

5. Discussion

5.1. Strain Rate Effect and Analysis of Compressive Strength

Figure 8 is a summary of the stress–strain curves of ultra-early-strength cement-based
materials at different strain rates. The impact velocities are 5 m/s, 10 m/s, and 15 m/s,
and the corresponding average strain rates are 7.5 s−1, 15.3 s−1, and 23.5 s−1, respectively.
Experimental results show that ultra-early-strength cement-based materials are strain-rate
sensitive materials, and the stress–strain curves of the materials at different strain rates
are significantly different. When the strain rate is 7.5 s−1 (impact velocity 5 m/s), the
stress–strain curve shows a yield platform, and it shows that under this loading condition,
the ultra-early-strength cement-based material specimen enters an obvious yielding stage
from the elastic stage.

Figure 8. Dynamic stress–strain curve at different strain rates.

After reaching the peak point, the specimen was damaged. The stress–strain curve
cannot be unloaded to the zero point, indicating that during the loading process, damage
evolution occurred inside the concrete, and the specimen produced plastic deformation.

When loading at 10 m/s and above, the stress strain curve of the ultra-early-strength
cement-based material does not show an obvious yield platform, and it transitions directly
from the elastic stage to the yield stage. An obvious strain softening phenomenon appears
after the peak stress (the stress decreases with increasing strain), indicating that the speci-
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men still has the load-bearing capacity. The stress–strain curve at the strain software stage
is no longer the mechanical response of the initial complete material, but the specimen still
has a certain residual strength at this time. At this stage, the stress–strain curve still has
engineering significance for analyzing the damage and destruction of concrete structures
under the explosion and impact load, so the curve of the strain-softening stage is still
retained in data processing.

The phenomenon that the dynamic compressive strength of concrete materials in-
creases with the increase in strain rate has been confirmed by extensive experiments, but
there is no unified conclusion on the mechanism of the strain rate effect of strength. The
increase in the strain rate causes an increase in the strength of concrete materials, which
is generally caused by the free water viscosity effect and the crack propagation inertia
effect. The inertial effect of crack propagation is generally caused by the concrete ma-
trix and aggregates. Considering that the ultra-early-strength cement-based materials
do not contain aggregates, which is different from ordinary concrete, the main reason
that the dynamic compressive strength of ultra-early-strength cement-based materials
increases with the increase of the strain rate may be the effect of free water viscosity inside
the material.

The dynamic increase factor, DIF, the ratio of the dynamic strength to the static strength
of concrete, is used to characterize the dynamic characteristics of brittle materials frequently.
Table 6 shows the dynamic compressive strength of ultra-early-strength cement-based
materials obtained by SHPB impact compression loading experiments at three different
strain rates.

Table 6. Dynamic compressive strength under different strain rates.

Strain Rates Dynamic Compressive Strength (Mpa)

7.5 (s−1) 93.954 95.982 91.836
15.3 (s−1) 146.194 149.262 144.668
23.5 (s−1) 173.013 175.845 170.697

In this paper, the DIF model Formula (2) of the concrete under the one-dimensional
stress state approved by the Euro-International Committee for Concrete (the CEB) is used
to fit the experimental data in Table 6.

DIF =
fc

fco
=

⎧⎨
⎩
( .

ε.
εs

)αc .
ε < k

βc

( .
ε.
εs

)γc .
ε ≥ k

(2)

In the formula, fc is the corresponding compressive strength (MPa) when the strain
rate is

.
ε, fc0 is the static compressive strength (MPa),

.
ε is the strain rate,

.
εs(

.
εs = 3 × 10−5 s−1)

is the quasi-static strain rate, αc, βc and γc are fitting parameters, and k is the critical strain
rate. The fitting results are as follows:

DIF =
fc

fco
= 0.0018

( .
ε
.
εs

)0.5211

7.5 s−1 ≤ .
ε (3)

Figure 9 shows the relationship between the dynamic enhancement factor of ultra-
early-strength cement-based materials and the strain rate. It can be seen from the figure
that the dynamic compressive strength of the material has a significant strain rate effect,
and as the strain rate increases, the dynamic compressive strength increases significantly.
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Figure 9. Relationship between DIF and strain rate.

5.2. Energy Absorption Density Analysis

Toughness is the ability of a material or structure to absorb energy under a load
until it fails. It not only depends on the bearing capacity but also on the deformation
capacity [30]. The methods to determine the toughness index include the energy method,
intensity method, energy ratio method, characteristic point method, etc. In this paper, the
energy method was used, and the area enclosed under the stress–strain curve is used to
represent the characterization method of absorbed energy. The energy absorption density
can be calculated by Formula (4).

ω =
∫

σ ∗ (ε)dε (4)

Figure 10 shows the energy absorption density curve at different loading speeds
obtained by Formula (4). It can be seen from the figure that under different impact speeds
(strain rates), the energy absorption density increases with the increase of strain, and as
the impact velocity increases, the growth rate of the energy absorption density accelerates.
Figure 10a shows the relationship between energy absorption density and strain when the
impact velocity is 5 m/s. The average energy absorption density at the stress peak point
is about 1.5 × 105 J/m3, and the corresponding peak strain is 3100 με. When the impact
velocity is 10 m/s, as shown in Figure 10b, the corresponding curve of each test piece is
relatively concentrated, and the corresponding energy absorption density at the peak stress
point is about 3 × 105 J/m3.

Relative to the impact velocity of 5 m/s, the energy density value doubles but the peak
strain hardly changes. When the impact velocity increases to 15 m/s, the corresponding
curves of each test piece are scattered slightly. As shown in Figure 10c, the curve becomes
steep, compared with the low-speed impact, the corresponding energy absorption density
at the peak stress point is about 2.3 × 105 J/m3, and the corresponding peak strain is about
1500 με. According to the energy density absorption value, peak stress, and corresponding
peak strain of the specimen under different impact speeds, it can be concluded that, as the
impact velocity increases, the peak stress rises, the energy absorption density increases and
its growth rate accelerates, as shown in Figure 10d. The peak strain at an impact velocity of
15 m/s is lower than that of low-speed impact (5 m/s and 10 m/s).
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(a) 

 
(b) 

(c) 

Figure 10. Cont.
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(d) 

Figure 10. Energy absorption density–strain curve. (a) Impact velocity of 5 m/s. (b) Impact velocity
of 10 m/s. (c) Impact velocity of 15 m/s. (d) Average value.

5.3. Damage Evolution Process Analysis

Under the impact load, cracks will appear inside the specimen, and the cracks will
gradually propagate from the inside to the outside. When the cracks propagate to the
boundary of the specimen, they will cause penetration and breakage. In this section, from
the perspective of continuum mechanics, the region containing many scattered micro-cracks
is regarded as a local uniform field, the overall effect of the crack in the field is considered,
and the damage state of the uniform field is described by defining an irreversible related
field variable, which is the damage variable D. Under uniaxial compression, the constitutive
relation of concrete material after damage can be expressed as [31]

σ = Eε(1 − D) (5)

where σ is stress, ε is strain, E is elastic modulus, and D is the damage variable. The damage
variable is obtained by the transformation of Equation (5):

D = 1 − σ

Eε
(6)

The strain ε can be expressed as

ε = εe + εp (7)

where εe is the elastic strain and εp is the plastic strain. The elastic strain εe can be derived
from stress σ.

εe =
σ

E
(8)

The plastic strain εp is expressed as

εp = ε − σ

E
(9)

The relationship between the damage variable and the plastic strain under different
loading speeds (strain rates) is shown in Figure 11. The damage variable D is calculated by
calculating the elastic modulus E according to the linear elastic segment of the stress–strain
curve and then substituting the stress and strain into Equation (6).
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(a) (b) 

 

(c) (d) 

D D

D

D

Figure 11. Damage evolution variable. (a) Impact velocity of 5 m/s. (b) Impact velocity of 10 m/s.
(c) Impact velocity of 15 m/s. (d) Average value.

With the increase of the impact velocity, the crack propagation inside the specimen is
hindered, and the evolution speed of the damage variable decreases, and under the same
plastic strain, the damage variable corresponding to the high strain rate is lowered. When
the stress of the concrete material is 70% of its peak value, it will enter the plastic stage [31].
According to the test results, when the ultra-early-strength cement-based material loses its
bearing capacity, the corresponding damage variable is between 0.8 and 0.9, approximately.

According to the result of the analysis, the damage variable is related to strain rate
.
ε

and plastic strain εp. On this basis, the average value of the three damage variables under
different strain rates was fitted. The comparison result of the fitting is shown in Figure 12. It
can be seen from the figure that both are in a high degree of agreement. The fitting formula
is as follows:

D = 0.363 × ln(1 + Aεp)
A = 2437 ∗ sin(0 .054 ∗ .

ε + 1.39) 7.5 s−1 ≤ .
ε ≤ 23.5 s−1 (10)

From the average value of the stress–strain curve of three repeated tests at different
strain rates, the elastic modulus E (GPa) of the ultra-early-strength material at different
strain rates is obtained. The relationship between elastic modulus E and strain rate is
shown in Figure 13, and R2 is 0.98. By fitting the elastic modulus E at different strain rates,
it is found that the relationship between the strain rate and the elastic modulus can be
expressed as:

E = 3.297
.
ε + 33.53 7.5 s−1 ≤ .

ε ≤ 23.5 s−1 (11)
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Figure 12. Comparison of damage variable fitting results.

Figure 13. The relationship between elastic modulus and strain rate.

By substituting the evolution variable expressions (8) and (10) under different strain
rates into Equation (9), the stress–strain expression of the ultra-early-strength cement-based
material can be obtained. The comparison between the results calculated by Equation (9)
and the measured stress–strain results under different strain rates is shown in Figure 14.
It can be found from the figure that the stress–strain curve calculated from the damage
variables is in good agreement with the test results. Therefore, the internal damage evo-
lution process of ultra-early-strength cement-based materials can be characterized by the
damage variables.

Figure 14. Comparison of fitting results with test results.
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6. Conclusions

In order to explore the dynamic mechanical properties of UR50 ultra-early-strength
cement materials, an experimental study on the dynamic mechanical properties of ultra-
early-strength cement-based materials at high strain rates was carried out using a large-
diameter SHPB. The macroscopic failure morphology, dynamic stress–strain curve, and the
relationship between dynamic compressive strength and strain rate of specimens under
different strain rates (impact velocity) were obtained. According to the experimental results,
the main conclusions are as follows:

(1) Under different loading conditions, different types of copper sheets were selected
as the shaper to eliminate the dispersion effect. Under the same impact velocity, the
stress–strain curves of the three specimens are in good agreement, which ensures the
validity and reliability of the experimental results;

(2) The compression brittleness of ultra-early-strength cement-based specimens is rela-
tively large, and the failure mode is a mainly brittle fracture, and with the increase
of loading speed, the failure mode of the specimens gradually transited from larger
fragments to small fragments, with an eventual large amount of powder;

(3) The dynamic compressive strength of ultra-early-strength cement-based materials
increases with the increase of the strain rate, which has an obvious strain rate strength-
ening effect. Fitting determines the relationship curve between the dynamic increase
factor, DIF, and the strain rate. It has a linear relationship with the logarithm of the
strain rate. The higher the strain rate, the larger the DIF, indicating that it has the
advantage of impact-resistant mechanical properties;

(4) The concept of absorption density is introduced to facilitate a better understanding of
the toughness of ultra-early-strength cement-based materials. As the impact velocity
increases, the peak stress rises, the energy absorption density value increases, and its
growth rate accelerates. The peak strain at an impact velocity of 15 m/s is lower than
that of low-speed impact (5 m/s and 10 m/s);

(5) Based on the theory and method of continuum mechanics, the evolution process of
the damage variables of ultra-early-strength cement-based materials was analyzed
from a macro perspective. The damage variable equations at different strain rates
were fitted according to the test results and based on the stress–strain curve, and the
rationality of the damage evolution process was proved. With the increase in strain
rate, the internal crack propagation of the specimen is hindered, and the increase rate
of the damage variable decreases. Under the same plastic strain, the damage variable
of the specimen under the high strain rate is relatively small.

In general, UR50 ultra-early-strength cement-based materials are more brittle in shock
compression and will undergo an overall fracture at low strain rates. The dynamic com-
pressive strength increases with the increase of the strain rate and has an obvious strain
rate strengthening effect. However, further research on UR50 ultra-high early-strength con-
crete (UHESC) under SHPB-impact tests should be conducted. Additional research is also
needed for the UR50 concrete base with high-speed impact to explore impact performance.
The results of this research will further the development of dynamic material simulation
methods and material models.
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Abstract: To confirm the effect of confining pressure on the dynamic mechanical behavior of ultrahigh-
performance concrete (UHPC), this study used a true triaxial split Hopkinson pressure bar test system
to perform dynamic compression tests on UHPC under triaxial constraints. The confining pressure
range considered was 5~10 MPa, the strain rate range was 35~80 s−1, and the steel fiber contents
were 0.5%, 1% and 2%. The three-dimensional dynamic engineering stress-strain relationship and
equivalent stress-strain relationship of UHPC under different confining pressures and different strain
rates were obtained and analyzed in detail. The results show that under the confinement condition,
the dynamic peak axial stress–strain and dynamic peak lateral stress–strain of UHPC have strong
sensitivity to the strain rate. In addition, the dynamic peak lateral stress–strain is more sensitive
to the confining pressure than the dynamic axial stress. An empirical strength enhancement factor
(DIFc) that considers the strain rate effect and confining pressure was derived, and the impact of the
coupling between the enhancement caused by the confining pressure and the strain rate effect on
the dynamic strength of the UHPC under triaxial confinement was discussed. A dynamic strength
failure criterion for UHPC under triaxial constraint conditions was established.

Keywords: ultrahigh-performance concrete (UHPC); dynamic impact; static triaxial constraint; strain
rate effect; failure criterion

1. Introduction

In current construction projects, concrete materials (normal reinforced concrete (NRC),
mortar and ultrahigh-performance concrete (UHPC)) are still widely used. With the devel-
opment of society and the increase in the global population, conflicts in some parts of the
world are increasing. To protect the safety and property of the public, the dynamic behavior
of concrete materials under impact loads caused by projectile impacts and explosions has
attracted much attention. In such cases, the concrete material undergoes multiaxial com-
pression with high confinement [1,2]. Therefore, the study of the mechanical response of
concrete materials under triaxial compression not only is very important for the structural
design of military and civil protection engineering projects, but also is conducive to the
development and verification of constitutive models.

Researchers have performed many studies on the static response of concrete materials
under triaxial compression conditions and have obtained many important conclusions.
These studies are helpful for understanding the effect of constraint conditions on concrete
strength, deformation capacity and failure mechanisms. Wang et al. [3] conducted a
series of triaxial compression tests on a 100 mm cube test specimen with an unconfined
compressive strength of approximately 10 MPa and obtained an approximately linear
relationship between the normalized triaxial compressive strength and the constraint
ratio. Noori et al. [4] prepared two kinds of steel fiber-reinforced mortar and ordinary
high-performance concrete cylindrical specimens with 1% and 2% steel fiber volume
fractions and conducted triaxial compression tests. The results show that the increase in
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confining pressure increases the peak value of axial stress-strain, making the test specimen
exhibit stronger ductility. The addition of steel fibers is beneficial to improve the energy
absorption capacity of these materials. Ren et al. [5] and Lu et al. [6] obtained a triaxial
stress–strain relationship through triaxial compression tests on UHPC, and discussed
the failure criterion and toughness of UHPC under triaxial compression. Chi et al. [7]
developed a failure envelope based on the five-parameter failure criterion through a true
triaxial compression test of hybrid steel–polypropylene fiber-reinforced concrete (HFRC).
The proposed envelope curve can provide accurate approximations of the ultimate strength
for plain concrete and fiber-reinforced concrete under static loading. Sirijaroonchai et al. [8]
studied various fiber types (high-strength hooked steel fibers and ultrahigh-molecular-
weight polyethylene fibers) and fiber volume fractions (1~2%) through passive triaxial
testing of high-performance fiber-reinforced cement-based composites under different
confining pressures (41 MPa and 52 MPa). The results showed that for a higher confinement
ratio, the confinement effect introduced by various types and volume fractions of fibers
decreases. Jiang et al. [9] conducted triaxial compression tests under passive confinement
on cube specimens of normal reinforced concrete (NRC) by means of a newly developed
triaxial test system. Compared to the traditional triaxial compression calibrated model, the
peak strength prediction error was within ±10%. These results provided new ideas for
studying the failure mechanism of concrete under passive confinement.

In addition, Imran et al. [10], Vu et al. [11] and Piotrowska et al. [12] systematically
studied the influence of water content, fiber, aggregate and cement paste on the triaxial
compressive properties of concrete.

However, to date, the dynamic response of concrete under triaxial confinement has
seldom been discussed [13], mainly because it is still challenging to perform tests by
coupling confining pressure and dynamic loading. At present, based on traditional split
Hopkinson pressure bar (SHPB) test technology, there are two methods to achieve triaxial
compression: namely, the active confining pressure method and the passive confining
pressure method. The active confining pressure loading system applies radial confining
pressure to the specimen before dynamic loading. Gran et al. [14] studied the dynamic
behavior of concrete when considering confinement using an active confining pressure
device. The results showed that, compared with the quasistatic condition, the strain rate
effect was not observed when the strain rate was 0.5 s−1. However, when the strain rate
reached 1.3~5 s−1, the shear failure envelope established by the triaxial compression data
was 30~40% higher than that under static loading. Zeng et al. [15] used an MTS device
to obtain a series of complete stress-strain curves for specimens subjected to different
strain rates and confining pressure combinations. The results confirmed that there was a
significant coupling effect between the strength enhancements controlled by the strain rate
and confining pressure. Based on the 1D SHPB test system, Xue and Hu [16] precharged the
cement mortar test specimen with a constant liquid confining pressure through hydraulic
cylinders and found that the strain rate effect was significant for cement mortar under
confining pressure. Similarly, Marvern et al. [17] and Gary et al. [18] applied confining
pressures of 3~10 MPa to concrete specimens. The experiments found that the concrete
specimen strength had strain rate sensitivity under this range of confining pressures. Under
a confining pressure of 5 MPa, the strength of concrete increased by 30% when the strain rate
increased from 250 s−1 to 600 s−1. Yan et al. [2] and Fujikake et al. [19] implemented a series
of triaxial dynamic compression tests of concrete under low-strain-rate loading conditions
(<2 s−1) and found that with an increasing confining pressure, the strain rate effect was
weakened. When the confining pressure exceeded the uniaxial compressive strength of
concrete, the strain rate sensitivity of the concrete basically disappeared. Fu et al. [20]
studied the dynamic compression characteristics of hybrid fiber-reinforced concrete under
confining pressure and established an empirical dynamic strength criterion by using the
active confining pressure applied via the SHPB test. The passive confining pressure method
is a relatively new technology that has been widely used in recent years. In this method, a
lateral ring is added around the sample to limit its expansion, thus generating a constraining
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force, which is the lateral confining pressure [11]. Liu et al. [21] used an SHPB dynamic
loading device to investigate the dynamic mechanical properties of NRC under constraint
conditions. The confining pressure was obtained by imposing a transverse metal sleeve
on the axially loaded specimen. The test results show that the dynamic peak axial stress,
dynamic peak lateral stress and peak axial strain of concrete are very sensitive to the strain
rate under constraint conditions. Li et al. [22] simulated the SHPB test of concrete materials
using the finite element method and the Drucker–Prager (DP) model. They found that due
to the limitation of the lateral inertia effect, the apparent strength increase in the concrete
material was due to the influence of the hydrostatic pressure rather than the strain rate
sensitivity of the material.

Notably, in the active confining pressure method, the pressure (σ2 = σ3) is considered
to be a constant value, but it is difficult to simultaneously measure the changes during
the impact loading process, and the hydraulic oil is prone to leak under a high confining
pressure [15,18]. Under passive constraints, the confining pressure depends on the gap
between the specimen and the sleeve and the material properties and thickness of the
sleeve. It is relatively difficult to precisely control the gap between the specimen and the
sleeve, and the lateral stress varies during the dynamic loading process [23].

Researchers have made enormous efforts to obtain the true triaxial stress state of
the test specimen and the stress response state in different directions during the dynamic
impact process. Cui et al. [24] used a newly developed three-dimensional SHPB (3D-
SHPB) device to simultaneously compress a test specimen with the same amplitude in
three mutually perpendicular directions to obtain the volume characteristics of concrete
under dynamic hydrostatic pressure. Liu et al. [25] conducted a series of experiments
on cement and concrete specimens using the 3D-SHPB loading system to investigate the
mechanical properties and fracture behavior of concrete-based materials under coupled
static-dynamic loading conditions. The test results showed that the value of the dynamic
uniaxial compressive strength of concrete was much higher than the static uniaxial com-
pressive strength, but that it decreased with axial prestress. The dynamic compressive
strength under a triaxial constraint is approximately 3 times higher than the quasistatic
uniaxial strength. Xu et al. [26] used their own developed dynamic test system under static
triaxial constraints to investigate the dynamic compressive performance of NRC specimens
under different static triaxial constraint conditions. The three-dimensional dynamic en-
gineering stress–engineering strain relationship, dynamic volumetric strain–hydrostatic
pressure relationship and equivalent stress–equivalent strain relationship were obtained
and analyzed in detail. The findings indicated that the load path dependence and the strain
rate dependence were significant. Liu et al. [27] carried out a series of dynamic and static
compression tests on NRC with the 3D-SHPB system. It was concluded that there was
an obvious strain rate effect on NRC when it was under triaxial confining pressure. The
confining pressure has an effect on the dynamic stress of concrete, but with the increase in
strain rate, the effect gradually decreases.

In summary, the mechanical response of concrete materials under triaxial confining
pressure that has been mostly focused on is the quasistatic mechanical response. Due to the
limitations of the test conditions, only a few dynamic tests under triaxial confining pressure
have been carried out at present. The research target has mostly been NRC. However, the
application of UHPC in the field of modern protective engineering is increasing. Research
on the dynamic mechanical response of UHPC under triaxial compression is still lacking.
In this work, dynamic mechanical tests of UHPC under triaxial confining pressure were
carried out by using a true triaxial split Hopkinson pressure bar system. Considering the
influence of the confining pressure stress and strain rate, the engineering stress-strain and
equivalent stress-strain relationships of UHPC were analyzed. The dynamic strengthening
mechanism of UHPC under triaxial constraints was discussed, and the dynamic failure
criterion was fitted based on the test results.
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2. True Triaxial Test

2.1. Sample Materials

The UHPC used in this paper was composed of Chinese standard grade 52.5 P.II
Portland cement, silica fume, fine aggregate and a water reducer, and the mix ratios are
shown in Table 1. The steel fibers were copper-plated straight steel fibers, and the volume
additions were 0.5%, 1% and 2%. The fiber length, diameter and tensile strength were 12
mm, 0.2 mm and 2850 MPa, respectively.

Table 1. Mix proportions of concrete (unit: kg/m3).

Cement
Silica
Fume

Fine
Aggregate

Superplasticizer Water
Steel

Fibers

U0.5 850 200 1000 40 150 39
U1 850 200 1000 40 150 79
U2 850 200 1000 40 150 158

The size of the SHPB test specimen used in this experiment was 50 mm × 50 mm × 50 mm,
as shown in Figure 1. To ensure the smoothness of the test specimen and reduce the stress
concentration during the experiment, the two end faces of the test specimen were polished
after curing so that the parallelism deviation of the three opposite faces was less than
0.25 mm, and the dimensional accuracy of the test specimen was kept within ±0.5%. The
end-face flatness deviation was less than 0.05 mm, the adjacent surfaces of the cubic test
specimen had good verticality and the maximum deviation was less than 0.3◦. To reduce
the discreteness of the test results, 2 specimens were tested for each confining pressure and
each strain rate, for a total of 54 specimens.

  
Figure 1. Trial mold and test specimen.

In addition, a total of nine 100 mm × 100 mm × 100 mm cube test specimens were
prepared. The average strength of three specimens of each type was taken as the quasistatic
compressive strength of each type of UHPC material. The measured strength and average
strength are shown in Table 2.

Table 2. UHPC’s 28 d compressive strength (unit: MPa).

Measured Strength Average Strength

U0.5 110.4 110.0 115.6 112.0
U1 126.4 130.5 131.0 129.3
U2 146.4 150.2 149.8 148.8

2.2. Triaxial Test
2.2.1. Test Equipment

This work adopted a true triaxial split Hopkinson pressure bar test system, and a
diagram of the test setup is shown in Figure 2.
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(a) Experimental facility 

(b) Diagram of test setup 

Figure 2. The true triaxial split Hopkinson pressure bar loading system.

The experimental system included two parts: 1© A true triaxial static load application
system, which was composed of hydraulic cylinders ((4), (8) and (11) in Figure 2) that were
oriented in three orthogonal directions, and their corresponding reaction supports, which
could test the cube compressive stress in three directions. 2© A bullet launching and signal
test system, which was mainly composed of a high-pressure gas cannon (1) in the impact
direction (x-direction); an incident square rod (2) and a supporting square rod (3) horizontal
to the impact direction; a supporting square bar ((6) and (7)) in the y-direction; and a
supporting square bar ((9) and (10)) in the z-direction, where the y- and z-directions are
perpendicular to the impact direction. The experiment console (12) controls the hydraulic
system and the launch system. The hydraulic station (13) provides hydraulic oil for the
three hydraulic cylinders in the servo control process.

As shown in Figure 3, to reduce the loss of equipment, a gasket made of the same
material as the steel rod was added to the surface of the specimen, and its surface was evenly
coated with Vaseline to reduce the interface friction [28]. During the test, the specimen is
placed at the intersection of the six bar axes. The incident rod, specimen, transmission rod
and servo-controlled hydraulic cylinder are constrained by the x-axis steel frame, and the
static constraint in the x-axis direction (σx-static) can be realized by pumping the hydraulic
cylinder. A cylindrical impactor impacts the incident square rod through the predesigned
hole in the steel frame. The cylindrical absorbing rod passes through the hole in the hollow
servo-controlled hydraulic cylinder, where it makes contact with the transmission rod and
transfers a part of the transmitted waves to the momentum trap. The static constraints
(σy-static and σz-static) in the y-axis and z-axis directions are loaded in the same way as that in
the x-axis direction, both by pumping hydraulic cylinders. The diameter of the cylindrical
impacting rod was 42 mm, and the length was 500 mm. The lengths of the incident rod and
the transmission rod were 2500 mm and 2000 mm, respectively. Their cross-sections were
squares of 50 mm × 50 mm. The diameter of the cylindrical absorption rod was 42 mm,
and the length was 800 mm. In this study, the lengths of the left and right rods along the
y-axis were both 2000 mm, and their cross-sections were squares of 50 mm × 50 mm; the
lengths of the upper rod and the lower rods along the z-axis are both 1600 mm, and their
cross-sections were also squares of 50 mm × 50 mm [26].
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Figure 3. Standard cubic specimen placed between the bars of the loading element.

2.2.2. Testing Techniques

In this work, the difference between the traditional SHPB test and 3D-SHPB test was
that the 3D-SHPB test was mainly divided into two stages. In the first stage, the static
load was preloaded, the six surfaces of the cube were in contact with six square steel rods,
and then the load was applied to the test specimen through the hydraulic device and
six steel rods. The static loads were σx-static, σy-static and σz-static. In the second stage, a
dynamic load was applied, and the impacting rod was launched in the x-direction. The
impact of the impacting rod on the incident rod generated elastic compression waves,
named incident waves (εi), which propagate toward the specimen. When the incident wave
reached the incident rod/specimen interface, due to the impedance mismatch between the
incident rod/transmission rod and the test specimen, the incident wave was divided into
the reflected wave εr and the transmitted wave εt, and the reflected wave was propagated
in the opposite direction of the incident rod. The transmitted waves passed through
the specimen and entered the transmission rod, which was also the cause of the plastic
deformation of the test specimen. At the same time, due to the dynamic load applied to the
x-axis, the test specimen experienced lateral expansion (i.e., the Poisson effect). Therefore,
a wave was measured with the four square bars in the y-axis and z-axis directions: εy-left,
εy-right, εz-up and εz-down.

At the same time, the basic principle of the true triaxial split Hopkinson pressure
bar system is the same as that of the traditional SHPB test technique, and the theory of
one-dimensional wave propagation in an elastic bar also needs to be followed. Therefore,
the stress along the x-axis σx−dyn, the corresponding strain εx−dyn and the corresponding

strain rate
·
εx−dyn are still calculated using the three-wave method [24]:

σx−dyn(t) =
Ps−x

As−x
=

EA0

2As−x
[εi(t) + εr(t) + εt(t)] (1)

εx−dyn(t) =
C0

ls−x

∫ t

0
[εi(t)− εr(t)− εt(t)]dt (2)

.
εx−dyn(t) =

dεx−dyn(t)
dt

=
C0

ls−x
[εi(t)− εr(t)− εt(t)] (3)

where C0, E and A0 are the wave velocity, elastic modulus and cross-sectional area of the
pressure bar, respectively. Ps−x, ls−x and As−x are the pressure in the x-axis direction and
the length and area of the sample along the x-axis, respectively. εi, εr and εt are the incident
wave, reflected wave and transmitted wave, respectively.

For the y-axis and z-axis directions, the particle velocity and stress state at both ends
of the test specimen can be directly obtained from the strain gauge signals on the square
bar. Therefore, the stress, strain and strain rate along the y-axis and z-axis are calculated as
follows [29]:

σk(t) =
A0

2Ak
E0
∣∣εk,1(t) + εk,2(t)

∣∣ (4)

εk(t) = −C0

Lk

∫ t

0

∣∣εk,1(t) + εk,2(t)
∣∣dt (5)
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.
εk(t) =

|ΔV|
Lk

=
C0
∣∣εk,1(t) + εk,2(t)

∣∣
Lk

(6)

where k represents the y-axis or z-axis and Lk and Ak are the length and area of the
sample in the k-direction (y-axis or z-axis), respectively. Δv is the velocity difference
between opposing surfaces in the k-direction. When k represents the y-axis, εk,1 and εk,2
are εy,le f t and εy,right, and when k represents the z-axis, they are εz,up and εz,down. The other
parameters are the same as in Equations (1)~(3).

3. Test Results and Analysis

Notably, the application condition of the above equations is that the stress in the
x-direction in the specimen should reach the equilibrium state, and the two waves in the
y-direction and the two waves in the z-direction both have good consistency, which will be
discussed in Section 3.1.

3.1. Test Waveform Analysis

Before the dynamic test, a stress equilibrium check must be performed [30].
Formulas (7)~(9) can be used to check the stress equilibrium state of the test specimen.

σx−t = σx−i + σx−r (7)

σy−le f t = σy−right (8)

σz−up = σz−down (9)

where σx−t, σx−i and σx−r represent the transmitted stress, incident stress and reflected
stress of the test specimen in the x-axis direction, respectively; σy−le f t and σy−right represent
the dynamic stress on the left and right sides of the test specimen in the y-axis direction,
respectively; and σz−up and σz−down represent the dynamic stress on the upper and lower
sides of the test specimen in the z-axis direction, respectively.

Figure 4 shows a typical stress equilibrium examination performed by U0.5 when the
triaxial static pressure is 5 MPa and impact velocity V = 13 m/s. The test specimen reached
the stress equilibrium, which confirmed the validity of the dynamic mechanical property
test results under true triaxial static loading in the present study.

3.2. Dynamic Stress-Strain Relationship

Table 3 lists the dynamic mechanical properties of UHPC under triaxial compression.
The strain rates in the table are the strain rates in the x-axis direction. It can be seen from
the table that the dynamic compressive behavior of UHPC with three fiber dosages was
very sensitive to the strain rate. Under the same fiber dosage, the peak stress of UHPC
in the x-axis direction increased significantly with an increasing strain rate. The increase
in confining pressure has less of an effect on the strength in the x-axis direction but has a
greater impact on the strength in the y-axis and z-axis directions. The dynamic response
of the U0.5 test specimen under triaxial confining pressure was taken as an example for
detailed analysis.

Figure 5a shows the typical experimental results of the specimen under triaxial con-
fining pressure. It can be seen from the figure that the dynamic response of the specimen
under confining pressure goes through five stages. In the first stage, the stress–strain
curve is slightly concave, indicating that the internal voids of the concrete are compacted
under loading. However, it should be noted that the dynamic response of this stage will
be different at high strain rates, as there is no obvious compression stage at high strain
rates [31]. In the second stage, the stress increases linearly with strain. In the third stage,
the growth trend of stress slows with increasing strain, probably because the existence of
the confining pressure limits the free development of internal cracks in the specimen and
increases the energy dissipation rate of concrete. In the fourth stage, the stress reaches the
peak value, and with the increase in strain, the stress does not increase, showing an obvious
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plastic stage. In the fifth stage, with the further increase in strain, the stress decreases
suddenly. Compared with the traditional 1D SHPB test, the strain softening behavior in
this study was not obvious. Figure 5b shows the corresponding typical strain time-history
curve. It can be seen that the strain increased rapidly with the loading time until the peak
strain was reached. With continuous loading, the peak strain increased slowly until the
specimen failed.

 

  

x-direction 

Figure 4. Cont.
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y-direction 

 

 

 

z-direction 

Figure 4. Stress equilibrium.
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Table 3. Mechanical properties of UHPC under true triaxial dynamic compression.

Sample No. Strain Rate (s−1)
Confining Pressure (MPa) Dynamic Pressure (MPa)

x y z x y z

U0.5

~35
5.0 5.0 5.0 124.8 7.2 5.4
7.5 7.5 7.5 118.8 9.3 10.0

10.0 10.0 10.0 119.1 11.0 8.1

~60
5.0 5.0 5.0 183.6 8.9 8.3
7.5 7.5 7.5 181.7 11.2 9.4

10.0 10.0 10.0 183.1 13.9 10.8

~80
5.0 5.0 5.0 257.2 14.7 15.9
7.5 7.5 7.5 263.6 17.4 18.1

10.0 10.0 10.0 264.4 22.5 17.3

U1

~35
5.0 5.0 5.0 138.0 7.8 7.8
7.5 7.5 7.5 143.2 7.8 9.86

10.0 10.0 10.0 144.9 8.5 11.8

~60
5.0 5.0 5.0 187.7 10.2 8.8
7.5 7.5 7.5 188.4 10.9 10.8

10.0 10.0 10.0 190.7 11.7 14.0

~80
5.0 5.0 5.0 273.7 15.8 15.7
7.5 7.5 7.5 272.3 14.9 17.2

10.0 10.0 10.0 283.1 16.2 16.1

U2

~35
5.0 5.0 5.0 153.1 7.3 11.1
7.5 7.5 7.5 151.4 9.8 8.2

10.0 10.0 10.0 154.1 14.5 8.9

~60
5.0 5.0 5.0 188.5 11.4 10.6
7.5 7.5 7.5 192.3 11.8 11.0

10.0 10.0 10.0 185.6 12.1 8.6

~80
5.0 5.0 5.0 288.1 16.8 18.5
7.5 7.5 7.5 288.8 19.4 20.2

10.0 10.0 10.0 290.0 18.6 18.0

 
 

(a) stress–strain curve (b) strain time history 

Figure 5. Typical curve in x-direction.

Figure 6 shows the dynamic stress-strain relationship along the x-axis direction under
the action of triaxial confining pressure. During the test, the strain rate range was 35~80 s−1,
and the static load was in the range of 5~10 MPa. The test results show that under the
same static load, the dynamic stress and dynamic strain of the test specimen in the x-axis
direction increased with an increasing strain rate; for example, when [σ x-static, σ y-static,
σ z-static] = [5, 5, 5], as the strain rate increased from 35 s−1 to 80 s−1, the dynamic stress
increased from 138 MPa to 264.4 MPa, and the dynamic strain increases from 0.005 to 0.01,
showing a significant strain rate effect, which was also consistent with the results of the
traditional 1D SHPB test. Under the same strain rate, as the lateral confining pressure
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increased, the dynamic stress-strain in the x-axis direction increased slightly, but the effect
was insignificant.

 
(a) x-axis direction 

  
(b) y-axis direction (c) z-axis direction 

Figure 6. Stress-strain curve.

Figure 6a shows that under the same confining pressure, with the increase in the strain
rate the elastic modulus increased slightly, which was consistent with the conclusion of
the 1D SHPB test. At the same strain rate, the increase in confining pressure had a small
effect on the elastic modulus, which may be due to the limitations of the experimental
conditions. The strain rate range and the preset confining pressure range in the study were
narrow, resulting in similar test results. Reference [21] suggested that the confining pressure
limits the deformation of concrete to improve the energy dissipation rate of concrete under
compression, improve the deformation ability of concrete and reduce the deformation
modulus. A follow-up study will further analyze and discuss the relationship between the
elastic modulus and the size of the preloaded pressure through simulation research.

The impact load was applied to the test specimen along the x-axis. Due to the dynamic
Poisson effect, deformation of the test specimen along the y-axis and z-axis was inevitable.
Figure 6b,c show the dynamic response of the y-axis and z-axis, respectively, when the
impact velocity was 30 m/s; that is, the strain rate was about 80 s−1. With the increase in the
static load and the confining pressure, the lateral stress-strain of the test specimen increased.
Compared to the dynamic response on the x-axis, the dynamic stress and strain of the y-axis
and z-axis are more sensitive to the static load of the confining pressure. For example, when
the static load of the confining pressure [σ x-static, σ y-static, σ z-static] = [5, 5, 5] increased to
[σ x-static, σ y-static, σ z-static] = [10, 10, 10], the peak stress along the y-axis increased from
15 MPa to 22.5 MPa, an increase of approximately 50%, and the peak strain increased from
0.0004 to 0.0008, an increase of approximately 100%. Since the static load was the same σ

y-static = σ z-static, the stress-strain relationship of the z-axis was similar to that of the y-axis.
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3.3. Relationship between Dynamic Equivalent Stress and Equivalent Strain

The equivalent stress and equivalent strain are [32]

σ =

√
1
2

[
(σx − σy)2 + (σy − σz)

2 + (σz − σx)
2
]

(10)

where σx = σx−dyn + σx−static, σy = σy−dyn + σy−static and σz = σz−dyn + σz−static, and

ε =

√
2
9

[
(εx − εy)2 + (εy − εz)

2 + (εz − εx)
2
]

(11)

where εx = εx−dyn + εx−static, εy = εy−dyn + εy−static and εz = εz−dyn + εz−static.
Figure 7 shows the relationship curve of the equivalent stress and effective strain of the

U1 test specimen under different strain rates when the hydrostatic pressure was [10, 10, 10].
Similar to the engineering stress-strain relationship, the equivalent stress-strain was roughly
divided into five stages, namely, the compaction stage, linear increase stage, slow increase
stage, plastic stage and stress unloading stage. As the impact velocity increased from
13 m/s to 30 m/s and the strain rate increased from 30 s−1 to 80 s−1, the slope before the
peak was almost unchanged, while the equivalent peak strength increased from 134.7 MPa
to 266.95 MPa, an increase of 98.2%; additionally, the equivalent peak strain increased from
0.0031 to 0.0085, an increase of 174.2%. This exhibited a clear strain rate effect.

 
Figure 7. Equivalent stress-strain curves of U1 under different strain rates.

Figure 8 shows the relationship between the equivalent stress and the effective strain of
the U1 specimen when the strain rate was 60 s−1 and the confining pressure increased from
5 MPa to 10 MPa. The equivalent peak strength increased from 177.5 MPa to 178.2 MPa,
an increase of 0.3%; the equivalent peak strain increased from 0.0046 to 0.0048, an increase
of 4.3%. This shows that when the strain rate was 30~100 s−1, the effect of the confining
pressure on the equivalent stress-strain was insignificant. This was consistent with the
study by Xu et al. [26] on the dynamic strength response of normal strength concrete under
triaxial confining pressure.

3.4. Dynamic Strength Enhancement Factor

Based on the traditional 1D SHPB test, the dynamic increase factor (DIF) of strength is
defined as the ratio of the dynamic strength to the quasistatic strength of the test specimen
under uniaxial compression, and it is widely used to analyze the mechanical response
of material under dynamic impact loading [22,33]. Notably, the dynamic mechanical
properties of traditional concrete only use the dynamic strength in the impact direction,
and it is difficult to reflect the influence of static loading. Therefore, the test data in this
paper were analyzed by using the equivalent strength enhancement factor (DIFc), which
can be expressed as:

DIFC = σ/σc (12)
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where σ is the dynamic equivalent strength and σc is the unconfined quasistatic compressive
strength of concrete. The dynamic equivalent strength factor DIFc of UHPC measured in
this experiment under the action of true triaxial confining pressures of 5~10 MPa is plotted
in Figure 9. As shown in Figure 9, as the strain rate increased, the DIFc increased rapidly.
At the same rate, the DIFc was significantly higher than the DIF value under conventional
SHPB compression.
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Figure 8. Equivalent stress-strain curve of U1 when the strain rate was 60 s−1.

 

Figure 9. DIF (DIFc) for the compressive strength of UHPC [22,26,33–35].

This indicates that the enhancement of concrete strength under the coupling action of
confining pressure and strain rate is greater than the enhancement effect of a single strain
rate effect.

For concrete-like materials, several empirical formulas have been proposed based on
conventional SHPB tests to estimate the influence of the strain rate effect on compressive
strength, and the results are summarized in Table 4. Based on the data studied in this
paper, we fitted the DIFc. Due to the lack of test data for UHPC under dynamic loading
and confining pressure, it is difficult to accurately determine the transition strain rate in
this study, so we refitted the DIFc based on the CEB model. The empirical formula of the
DIFc is shown in Table 4, and the CEB model specification is used for the strain rates lower
than the transition strain rate.
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Table 4. DIF(DIFC) empirical formula.

Refs DIF(DIFc) Relations

CEB mode [34] DIF =

{
(
•
ε/

•
ε0)

0.014 f or
•
ε ≤ 30 s−1

0.012(
•
ε/

•
ε0)

1/3 f or
•
ε ≤ 30 s−1

Tedesco & Ross [35] DIF =

{
0.00965 log

•
ε + 1.058 ≥ 1.0 f or

•
ε ≤ 63.1 s−1

0.758 log
•
ε − 0.289 ≤ 2.5 f or

•
ε > 63.1 s−1

Li & Meng [22] DIF =

{
1 + 0.03438(log

•
ε + 3) f or

•
ε ≤ 102 s−1

1.729(log
•
ε)

2 − 7.1372 log
•
ε + 8.5303 f or

•
ε ≥ 102 s−1

Xu & Shan [26] DIFc =

{
1 + 0.02192(log

•
ε + 3.771) f or

•
ε ≤ 25.7 s−1

2.147(log
•
ε)

2 − 5.408 log
•
ε + 4.466 f or

•
ε > 25.7 s−1

Ren & Wu [33]
DIF =

⎧⎨
⎩ (

•
ε/

•
ε0)

0.014
f or

•
ε ≤ 30 s−1

0.5835 log (
•
ε)

2 − 1.5905 log
•
ε + 2.1988 f or

•
ε > 30 s−1

Present study
DIFc =

⎧⎨
⎩ (

•
ε/

•
ε0)

0.014
f or

•
ε ≤ 30 s−1

1.7883 log (
•
ε)

2 − 3.7413 log
•
ε + 2.5824 f or

•
ε > 30 s−1

4. Discussion

4.1. Analysis of the Dynamic Enhancement Mechanism under Confining Pressure

Many experimental and theoretical studies have been conducted on the sensitivity of
concrete materials to the loading rate [36,37]. The physical mechanisms of the strain rate
effect can be classified into three aspects [21]: the thermal activation mechanism, viscosity
mechanism (Stefan effect) and inertia mechanism. Additionally, studies have shown that
there is a coupling effect between the enhancement caused by the confining pressure and
the strain rate effect. However, there is still no consensus on the mechanism of the concrete
strain rate effect when considering the confining pressure.

The thermal activation mechanism causes a thermal vibration effect on an atomic scale.
Thermal vibration will break the atomic bonds, resulting in microcracks. The stronger
the dynamic load is, the more microcracks that form. When a test specimen is in the low
strain rate range, the failure of the concrete is mainly caused by the development of a small
number of cracks, and the cracks will develop along the weakest path. With an increasing
strain rate, the stress wave cannot be transmitted out of the specimen in a short time, and
many microcracks will be generated in the test specimen to dissipate this energy. Therefore,
macroscopically, the increase in dynamic strength is small under a low strain rate, and the
increase in dynamic strength is large at a high strain rate. When confining pressure exists
in the test specimen, the magnitude of the strength increase caused by the strain rate effect
is reduced because the confining pressure limits the development of microcracks, which is
similar to the conclusion of Liu et al. [21]; when the strain rate increases, the magnitude of
the strength increase caused by the strain rate effect is reduced. Due to the change in the
energy consumption mode, this weakening effect gradually decreases.

The viscosity mechanism is related to the water content of concrete and can be simply
summarized as follows: there is a thin layer of viscous film (free water) between the concrete
matrix units on both sides of the microcrack, with a certain distance h between them. When
two matrix units are separated by velocity v, an opposing force is generated [38]. The
greater the speed, the greater the opposing force. In the compression test performed in this
work, the separation and slip of the surface parallel to the inclined crack were considered,
as shown in Figure 10. It can be seen from the figure that in the test specimen with added
confining pressure, the existence of the confining pressure reduced the slip rate of the
concrete matrix elements on both sides of the microcrack, thus weakening the dynamic
enhancement of compressive strength.
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Figure 10. Weakening of the Stefan effect induced by confinement.

Researchers generally believe that the inertia effect mainly controls the dynamic
strength of concrete under a high strain rate. When concrete is in the high strain rate range,
the macroscopic bearing capacity of a concrete material increases with the increase in strain
rate, while the true dynamic strength has a limit value at a very high strain rate. In the
high strain rate range, the concrete can still bear a load, but ultimately the concrete will fail
after unloading. Therefore, the inertia effect was not considered within the scope of the
present study.

In summary, when the strain rate is low, the strength increase caused by the strain
rate effect is small, while the strength increase caused by the confining pressure is the main
reason for the improvement in concrete strength. With an increasing strain rate, the increase
in strength caused by the strain rate effect becomes the main reason for the improvement
in concrete strength, as shown in Figure 11. However, the contribution of the confining
pressure and strain rate effects to the increase in strength at different stages needs to be
further study. In addition, in the dynamic impact process, the confining pressure will
have a negative effect on the strength increase caused by the strain rate effect, but with the
increase in strain rate, this negative effect will gradually weaken.

Figure 11. Mechanism of confining pressure and strain rate effects of concrete.

4.2. Failure Criterion

According to the three-parameter failure criterion proposed by Bresler–Pister in an
octahedral stress space [39], the failure envelope surface of this failure criterion tends to
be a quadratic surface, which is smooth and convex in shape. The model expression is
as follows:

τ0 = a − bσ0 + cσ2
0 (13)
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where a, b and c are material parameters, which together determine the shape and size
of the failure envelope. To be suitable for general situations, normalization is performed
by the corresponding uniaxial compressive strength fc to determine the failure surface
parameter. By fitting the normalized compression test data, the UHPC failure surface
parameters related to the uniaxial compressive strength are obtained. And, τ0 and σ0 are
calculated as follows:

τ0 =
τoct

fc
; σ0 =

σoct

fc
(14)

where

τoct =

√
(σx − σy)2 + (σy − σz)

2 + (σz − σx)
2

3
; σoct =

σx + σy + σz

3
(15)

To consider the effect of the strain rate on the failure criterion of concrete under true
triaxial dynamic loading, Equation (13) is rewritten as:

τ0 = a•
ε
− b•

ε
σ0 + c•

ε
σ2

0 (16)

where a•
ε
, b•

ε
and c•

ε
are the rate effect parameters and τ0 and σ0 are calculated according to

Equations (14) and (15). Equation (16) was used to perform regression analysis on the test
data, and the obtained rate effect parameter values are shown in Table 5. The relationship
of the corresponding values τ0~σ0 is shown in Figure 12.

Table 5. Values of fitting parameters under different strain rates.

Strain Rate/s−1 a b c R2

35 −0.69 −4.31 −3.82 0.84
60 −0.32 −2.28 −1.12 0.91
80 −1.21 −4.02 −1.76 0.91

 
(a) 35 s 1 (b) 60 s 1 

(c) 80 s 1 

Figure 12. True triaxial dynamic failure criterion in octahedral stress space.

5. Conclusions

The dynamic compression test of UHPC was conducted using a true triaxial SHPB test
system setup. The strain rates were in the range of 35~80 s−1, and the confining pressure
was 5~10 MPa. Based on the results of the dynamic compression test, the dynamic strength,
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equivalent stress-strain, DIFc, enhancement mechanism and failure criterion of UHPC were
investigated. The main conclusions are as follows:

1. The peak stress, peak strain, equivalent peak stress and equivalent peak strain of
UHPC increase obviously with an increasing strain rate in the x-axis loading direc-
tion. The confining pressure has little influence on the dynamic response in the
x-axis direction, but has a greater influence on the stress and strain in the y-axis and
z-axis directions.

2. The equivalent strength enhancement factor DIFc of UHPC under confining pressure
is established and fitted. Under the same strain rate, the equivalent strength, DIFc,
is larger than the DIF obtained from the 1D SHPB test. Based on this, the empirical
formula of the DIFc of UHPC under confining pressure is fitted.

3. There is a coupling effect between the enhancement caused by the confining pressure
and the strain rate effect. When the strain rate is low, the extent of the dynamic
strength increase caused by the strain rate effect is small, and the strength increase
caused by the confining pressure is the main reason for the increase in concrete
strength. As the strain rate increases, the weakening effect of the confining pressure
gradually weakens, and the strength increase caused by the strain rate effect becomes
the main reason for the increase in concrete strength.

4. An improved three-parameter dynamic failure criterion is established and calibrated
for this failure criterion.
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Abstract: This study presents a non-explosive method for simulating blast loading on reinforced
concrete (RC) slabs. The method involves using a newly developed blast simulator to apply a speedy
impact load on the slab, which generates a pressure wave similar to that of an actual blast. Both
experimental and numerical simulations were carried out to evaluate the effectiveness of the method.
The experimental results showed that the non-explosive method can produce a pressure wave with
a peak pressure and duration analogous to those of an actual blast. The numerical simulations
also showed good agreement with the experimental results. Additionally, parameter studies were
conducted to evaluate the effects of the rubber shape, the impact velocity, the bottom thickness,
and the upper thickness on the impact loading. The results indicate that pyramidal rubber is more
suitable as an impact cushion for simulating blast loading than planar rubber. The impact velocity
has the widest range of regulation for peak pressure and impulse. As the velocity increases from 12.76
to 23.41 m/s, the corresponding range of values for peak pressure is 6.457 to 17.108 MPa, and for
impulse, it is 8.573 to 14.151 MPa·ms. The variation in the upper thickness of the pyramidal rubber
has a more positive effect on the impact load than the bottom thickness. With the upper thickness
increasing from 30 mm to 130 mm, the peak pressure decreased by 59.01%, and the impulse increased
by 16.64%. Meanwhile, when the bottom part’s thickness increased from 30 mm to 130 mm, the peak
pressure decreased by 44.59%, and the impulse increased by 11.01%. The proposed method provides
a safe and cost-effective alternative to traditional explosive methods for simulating blast loading on
RC slabs.

Keywords: blast simulator; impact loading; reinforced concrete slabs; parameter studies

1. Introduction

Critical infrastructure in sectors, such as energy, communications and government,
are highly vulnerable to the threat of improvised explosives, as demonstrated by the
ongoing terrorist attacks around the world. To ensure the security and stability of societies,
governments are faced with a serious challenge and there is an urgent need for a cost-
effective testing tool to support the study of blast effects in the near zone of structures, so
that new blast-resistant structures can be developed, validated and deployed more quickly.

Blast testing has long been the primary means of studying close-in blast loading [1–3].
The explosive is capable of exerting a pressure of several tens to hundreds of megapascals
on the specimen within a short period of time after detonation, and such test conditions
are difficult to replicate by other means. Schenker [4] conducted full-scale blast tests on
concrete slabs to obtain dynamic response test data for concrete elements and verified these
via numerical calculations. Dharmasena et al. [5] used stainless steel honeycomb sandwich
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panels and investigated the extent of damage to specimens at 100 mm blast distance and
trinitrotoluene (TNT) doses of 1.0, 2.0 and 3.0 kg respectively. However, this research tool is
characterized by the difficulty of measuring dynamic mechanical parameters, large scatter,
low repeatability and poor visibility of component damage. Therefore, non-explosive
methods that are safe, controllable and can be studied in the laboratory, such as the gas
gun, the shock tube and blast simulator, has emerged. Since the blast shock wave causes
damage to the human brain at pressures lasting a few milliseconds in the approximate
range of 68.95 to 690.48 Pa [6], the gas gun is well suited for shock wave testing in this
low-pressure range. Bartyczak [7] improved the existing gas gun method and investigated
the impact resistance of helmet materials. Schleyer [8] summarized a series of tests with
shock tubes on large structures, which proved that the tubes were suitable for simulating
the loads generated by far ranges explosions. In order to investigate the effect of concrete
strength on the dynamic response of concrete slabs under blast loading, Thiagarajan [9]
conducted impact tests on four types of concrete slabs using a shock tube to simulate air
blast loading.

To solve the problem of not being able to load full-scale components with gas guns,
and to compensate the limitations of shock tubes for near-zero blast studies, the first blast
simulation device [10] has been developed (2006) at the University of California, San
Diego (UCSD) for the investigation of the blast resistance of different walls, columns and
composite structures. Oesterle [11] investigated the impact resistance of concrete masonry
walls containing different reinforcements at impulse of 1000–20,000 Pa· s. Gram [12]
carried out impact and blast tests on reinforced concrete columns and compared the
results of the two tests, which showed good similarity in deformation and failure modes
of the specimens. Rodrigueznikl [10] first captured the formation of shear cracks and
the spalling of the concrete protective layer when studying reinforced concrete columns
under 6800–15,700 Pa· s impulse. This impulse corresponds to the blast load of 560 kg
of high explosive on a vehicle at 0.9 m from the ground and 3.5–6.1 m blast distance.
Freidenberg [13] carried out impact tests on high-strength prototype walls, all of which
simulated blast distances of several meters and charge sizes of several hundred kilograms
equivalents, and produced planar shock waves similar to those produced by car bombs.
Huson [14] demonstrated the use of water bags to apply loads to composite sandwich
members and member joints. Wolfson [15] briefly discuss the dynamic response and
damage patterns of honeycomb structures under the action of a proximity blast by firing
different types of impact modules. The European Commission Joint Research Centre (JRC)
has proposed the development of explosion simulation capabilities similar to those of the
United States. The European Laboratory for Structural Assessment (ELSA) has constructed
a new testing facility called the electronic blast simulator (e-BLAST) [16–18], which uses
servo-controlled drive technology to simulate the loading of structures by air shock waves
without the use of explosives. The facility uses three synchronized electric linear motors
to accelerate the impact module and load the structure under study. Elastic materials are
placed between the impact mass and the structure to maintain consistency with relevant
air shock wave pressures. This method will not only describe the effects of explosions on
structural systems but also evaluate reinforcement and retrofitting techniques for buildings
and bridges to resist terrorist bomb attacks. It will also help investigate the problem of
progressive collapse, where local damage spreads disproportionately and leads to overall
destruction, as seen in the Oklahoma City bombing.

Currently, there is a lack of research on RC slabs using blast simulators, and the range
of impact intensities for simulated blast loading is not sufficient to cover a wide range
of blast environments. To address this issue, this paper conducted nine impact tests on
reinforced concrete slabs using the newly developed VMLH Blast Simulator. The study
also included numerical calculations to investigate the effects of rubber shape, impact
velocity, and the bottom and top thicknesses of the pyramidal rubber on the impact loading.
Additionally, two equivalence criteria are proposed and used to compare the test results
with ideal blast loading. The VMLH Blast Simulator has the ability to safely and precisely
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apply blast-like loading to components within a controlled laboratory setting, addressing
the limitations of traditional explosion testing in terms of data collection, testing duration,
and expenses.

2. Experiment Program

2.1. Non-Explosive Blast Simulator

A new impact-based facility has been developed that vertically fires multi-mass im-
pact modules to load large components at precise high velocities (VMLH). The VMLH
Blast Simulator is powered by a high-speed gas-hydraulic actuator, as shown in Figure 1.
Compared to traditional chemical explosion tests, this equipment has the advantage of
easy data acquisition, high reproducibility and reliability, especially without the fireball
generated by the explosion, and the ability to use high-speed cameras to capture the
deformation–destruction evolution of the component.

 
Figure 1. Diagram of the VMLH Blast Simulator.

Before the test, the nitrogen cylinder is inflated and stored. During the test, the high
pressure nitrogen is released instantaneously, and the piston rod and impact module con-
nected by the brittle bolt are accelerated together. Then, during the acceleration process, a
number of high-speed switching valves in the hydraulic system are opened simultaneously,
and the oil in the impact cylinder flows back rapidly; when the impact module reaches the
set speed value, the oil pressure rises, producing a buffering effect on the piston rod to slow
down. At this point, the brittle bolt breaks, and the impact module, which is separated
from the piston rod, starts a short free fall movement until it hits the specimen vertically.
The test process is shown in Table 1.

The VMLH Blast Simulator is designed to simulate the effects of an explosion on a
component or structure. Similar to other blast simulators [12,17], it achieves this by creating
non-elastic collisions between the impact module and the specimen. This is carried out by
adding a shock-absorbing layer between them, which transmits the load to a reinforced
concrete slab in the form of waves. In this article, silicone rubber is arranged between
the impact module and the specimen to adjust the shape of the force during the collision.
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When the impact module falls on the rubber, the rubber undergoes elastic deformation,
producing lateral waves or shear waves. These waves propagate along the rubber until
they reach the edge of the reinforced concrete slab and are reflected back. The rubber
also produces longitudinal waves or compression waves, which propagate through the
reinforced concrete slab, reach the lower surface of the slab, and are reflected back. These
waves cause vibration and deformation of the slab. When the explosion load is applied to
the component, a pressure wave called the explosion wave will be generated. This pressure
wave will propagate inside the component and the surrounding medium, causing damage
to the component and the surrounding environment. Under the action of explosion load,
the stress and deformation inside the component will undergo drastic changes, which may
lead to the fracture, deformation or collapse of the component.

Table 1. Test procedure of the VMLH Blast Simulator.

t= 0 0 < t < t−i t = t−i t = ti

Inflation Acceleration Separation Impact

2.2. Test Specimen

The dimension of these slabs are 1200 mm length, 900 mm width and 180 mm depth.
They are reinforced in both directions with a 10 mm steel bar reinforcement mesh with
100 mm spacing and 25 mm of concrete cover. All the RC slabs were cast from the same
batch of commercial concrete with a strength class of C40. Five 150 mm cubes were cast and
tested. The average strength of the concrete cubes after 28 days of curing is 45.6 MPa. The
type of reinforcement is HRB400E, which has a yield strength of 435 Mpa and a Young’s
modulus of 209 Gpa. The dimensions of the slab, in addition to the reinforcement detailing
and supporting conditions, are shown in Figure 2.

(a) (b)

Figure 2. Preparation of RC slabs. (a) Dimensions and reinforcement; and (b) supporting structure.
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2.3. Impact Cushion

Silicone rubber (referred to as rubber for short) is well-established, inexpensive to
prepare, and can be reused in trials. The silicone rubber is placed on the surface of the
specimen. On one hand, it prevents direct contact between the impact module and the
specimen, which may cause damage to the metal material. On the other hand, the existence
of the rubber achieves flexible contact with the specimen, avoiding small angle deviations
that may occur during the falling process of the impact module, which may cause uneven
loading of the specimen. More importantly, the viscoelastic material properties of the
rubber determine the waveform of the load transmitted by the impact. Therefore, rubber
was chosen as the impact cushion, and two shapes were designed, as shown in Figure 3.
The planar rubber size is 500 mm × 500 mm with a thickness range of 20~100 mm. The
pyramidal rubber size is 100 mm × 100 mm, and the height is 50 mm, where the values of
bottom thickness h1 and upper thickness h2 are 20 mm and 30 mm, respectively.

(a)

(b)

strapping ropes

Figure 3. Impact cushion and installation. (a) Planar rubber; and (b) pyramidal rubber.

2.4. Experimental Setup

A set of displacement sensors was used to measure the impact module speed, as
shown in Figure 1. Two accelerometers (SD1407) were attached to the impact module for
measuring acceleration, with a range of 5000 g and a sensitivity of 2.2~2.64 pc/g, as shown
in Figure 4a. Four load cells (KD3050) were used to measure the impact forces, with a range
of 5000 g and a sensitivity of 19.6~19.88 mv/kN, as shown in Figure 4b. These were placed
in the holes of the mounting platform, followed by the cover plate and pre-tightened with
a screw. To prevent the mounting platform from oscillating significantly during the test, it
was secured using two strapping ropes, as shown in Figure 3.

The test data were acquired using the super dynamic signal test and analysis system
(DH5960), and the PCO high-speed camera was used to record the impact module from the
acceleration to impact with the specimen mass, as shown in Figure 4c. The data acquisition
system was set up with six channels, two of which were accelerometers and four were load
cells, and the sampling rate was set to 500 kHz. The high-speed camera was connected to
a computer with the Camware4 commercial software installed to manage the recording
process, as shown in Figure 4d. The high-speed camera used in this test has a frame rate of
up to 4500 fps and a resolution of 680 × 1200 pixels.
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(a) (b)

(c) (d)

Load cells

Mounting platform

High-speed camera

Figure 4. Composition of the measurement system. (a) Accelerometer sensors; (b) Impact force
sensors; (c) Data acquisition system; and (d) High-speed cameras.

3. Experimental Results and Discussion

The impact tests were carried out using a 100 kg impact module with an adjustable
impact speed and impact cushion to apply a range of impact loading to the specimens.
A total of nine tests were carried out on four specimens. For tests 1 to 5, planar rubber
thicknesses ranging from 20 to 100 mm, and impact velocities of approximately 15 m/s
were selected. Tests 6 to 9 used pyramidal rubber in a 5 × 5 arrangement, with impact
velocities of 10 to 25 m/s. Tests 10 and 11 were repeat control tests of Test 3. Table 2
summarizes the impact velocity, contact force and loading time for each test and provides
the results for the pressure and shock volumes. The calculation of the parameters and the
analysis of the test results are presented below.

Table 2. Experimental results (force, time, peak pressure, and impulse).

Tests
No.

Specimen
No.

h
(mm)

v
(m/s)

F
(kN)

T
(ms)

P
(MPa)

I
(MPa·ms)

1 1 20 15.58 2526.507 6.034 10.106 8.482
2 1 40 15.56 2121.595 7.801 8.486 8.720
3 2 50 15.56 1991.483 8.164 7.966 9.119
4 2 70 15.61 1690.673 9.166 6.763 9.755
5 2 100 15.63 1108.908 12.326 4.436 10.452
6 3 50 12.76 1611.070 6.848 6.457 8.573
7 3 50 15.61 2072.210 5.594 8.766 10.402
8 3 50 19.49 2894.249 5.481 11.577 11.915
9 4 50 23.41 4277.063 5.322 17.108 14.151
10 5 50 15.53 2103.832 7.862 8.415 9.779
11 5 50 15.65 2064.585 8.258 8.258 9.224

Notes: h—Planar rubber thickness; v—Velocity; F—Force; T—Time; P—Peak pressure; I—Impulse.
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Based on the assumption of uniform loading, we do not want the specimen to ex-
perience significant deformation and damage, as this would not be conducive to the
repeatability of our measurement results. As you can see, this is reflected in the test speed,
which is controlled below 25 m/s, far below the equipment’s speed limit, making the
specimen less prone to damage. Figure 5 shows the damage to the specimen before and
after a single impact, with several cracks appearing but with no significant deformation
occurring. Due to the distance of the specimen’s bottom from the buffer bar being only
about 100 mm, it was not possible to effectively place the displacement sensors to obtain
the mid-span deflection value of the specimen.

(a) (b)

Figure 5. Damage condition of the specimen after a single impact. (a) Before the test; and (b) After
the test.

3.1. Methodologies for Calculated Parameters
3.1.1. Load

The accelerometers and load cells were strategically placed to capture test data, which
was then used to calculate pressure and impulse. Assuming that the VMLH Blast Simulator
applies a uniform load to the surface of the specimen, the accelerometer data was converted
to force by multiplying it with the weight of the impact module, and to pressure by dividing
it by the impact area. Similarly, load cell data was converted directly to pressure by dividing
it by the impact area. For instance, the pressure and impulse data obtained from Test 8 are
illustrated in Figure 6. The impact loads obtained from both methods were found to be
very similar, which is why the load cell data was primarily used for subsequent analysis.

(a) (b)

Figure 6. Impact loading measured using accelerometers and load cells. (a) Pressure profile; and
(b) Impulse profile.
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3.1.2. Velocity

A high-speed camera was used to record the impact test procedure. Figure 7 illustrates
the four distinct stages of compression, acceleration, separation, and impact. Following
the separation from the brittle bolt, the impacting module is still 0.9 m away from the
specimen surface and begins to fall freely. As a result, the velocity of the impact module
at the moment of impact with the specimen can be determined by calculating the final
velocity of the displacement sensor.

(a) (b) (c) (d)

Figure 7. High-speed video of impact test. (a) Inflation; (b) Acceleration; (c) Separation; and
(d) Impact.

3.2. Comparison of Impact Loading and Blast Loading

A typical blast scenario is shown in Figure 8, which includes a spherical charge of TNT
weight, W, at a standoff distance, R, away from a structure [19,20]. The detonation of the
explosive creates a shock wave that forms a reflected wave when it reaches the surface of
the structure. Under these conditions, an example of a typical reflected pressure profile at a
point on the structure is also shown in Figure 8, where Pr is the peak reflected overpressure,
and Tp is the positive phase duration. The area under the pressure–time history is the
specific impulse (hereafter simply referred to as impulse). As the value of the negative
pressure is much smaller than the positive pressure [21], this study will only focus on the
positive phase of the impulse, Ir. Various methods have been used to evaluate the true
values of Pr, Tp and Ir [22].

Figure 8. Blast scenario with representative pressure profile.

Close-in charges, such as roadside car bombs, last between 2 and 4 ms and have an im-
pulse maximum of about 11 Mpa·ms to 15 Mpa·ms [19,23,24]. As long as the characteristic
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response time of the specimen is greater than four times the duration of the impulse, the
impulse will dominate the response of the specimen, regardless of the exact shape of the
pressure–time history [25]. Civil structures, including individual elements, such as beams
and slabs, meet this condition. Therefore, this paper discusses two equivalence criteria
for simulating blast loading, one that considers only the impulse force without regard to
the exact shape of the pressure curve, and the other that considers both the impulse and
the pressure–time curves. An example of equivalent conversions for Test 4 is given in the
Table 3, where the parameters of blast environment have been obtained using graphical
methods in TM5-1300 [24]. The data in the TM5-1300 manual is based on real test data and
empirical formulas, and has been verified and applied multiple times, and widely cited in
a series of studies [26–29]. In Figure 9, the pressure–time history of Test 6 is compared to
the corresponding ideal blast profile, which is calculated using ConWep [30]. The ConWep
algorithm is an empirical formula for calculating explosive loads. By inputting parameters,
such as the type, mass, initiation method, distance, and height of the explosive, various as-
pects of the explosive load can be calculated [31]. The pressure–impulse criterion is used to
evaluate the blast loading, and it is found that the blast loading closely matches the pressure
and impulse of the impact loading. This comparison shows that both equivalence criteria
are suitable for simulating blast loading. However, when using the pressure–impulse
criterion for conversion, the resulting impact is equivalent to a blast condition; when using
the impulse criterion, the results are not unique and the charge must be assumed before the
corresponding blast parameters can be calculated.

Table 3. Equivalent conversion of impact loading and blast loading.

Q
Impact Environment Explosive Environment

v
m/s

P
MPa

I
MPa·ms

W
kg

R
m

Z
m/kg1/3

P
MPa

I
MPa·ms

1© 12.76 6.457 8.869 2690.679 12.728 0.915 6.457 8.869
2© 12.76 6.457 8.869 216 2.964 0.494 31.206 8.869

Note: Q—Criteria for equivalence; v—Velocity; T—Time; P—Peak pressure; I—Impulse; W—Spherical charge of
weight; R—Standoff distance; Z—Scaled distance; 1©—Pressure–impulse criterion; 2©—Impulse criterion.

  
(a) (b) 

Figure 9. Comparison of impact loading and ideal blast loading. (a) Pressure–impulse criterion;
(b) Impulse criterion.

3.3. Analysis and Discussion

The results of tests 1 to 5 are shown in Figure 10. As the thickness of the planar
rubber sheet increases, the peak pressure decreases and the impulse also tends to increase
gradually. However, there is a significant difference in the curve profile between the impact
loading and the ideal blast loading. For example, at a cushion thickness of 50 mm, the
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impact loading first rises rapidly, then falls rapidly to zero, then rises again to around
2 MPa and finally falls slowly. This phenomenon is due to the oscillations of the rubber.
The phenomenon of secondary peaks may be related to the compression of the rubber.
After the initial contact, the rubber is compressed and removed from the specimen surface,
at which point the contact force is almost zero; as the rubber reaches the densification
stage, the load increases again and the curve becomes smoother. Therefore, the shock
loads generated under the above conditions cannot be converted to blast loading using the
pressure–impulse criterion, thus, the impulse criterion should be used.

Figure 10. Pressure–time history versus thickness.

The results of tests 6 to 9 are shown in Figure 11. The shape of the pressure profile is
characterized by a steep increase in pressure followed by a rapid decay for a duration of
approximately 3 to 5 s, which is normal for the equivalent blast loading. From the peak
trend, it is evident that pressure and impulse increase as the shock velocity increases. The
impact loading is smoother due to the pyramidal shape of the rubber. Compared to the
planar rubber case, the pressure tends to fall more gently after reaching its peak, although
the difference is not significant initially. This makes it possible to apply both equivalence
criteria to simulate blast loading when pyramidal rubber is used as the impact cushion.

Table 4 presents the impact force, loading time, pressure, and impulse for three re-
peated tests, along with the average and variance of the data. In addition, Figure 12 shows
the pressure and impulse time history curves of the three sets of repeated experiments. The
results indicate that the equipment has high loading accuracy and the data collection relia-
bility of the test is also high, meeting the requirements of load repeatability for mechanical
impact simulation explosion tests.

Table 4. Experimental results of three repeated tests.

Tests
No.

F
(kN)

T
(ms)

P
(MPa)

I
(MPa·ms)

3 1991.483 8.164 7.966 9.119
10 2103.832 7.862 8.415 9.779
11 2064.585 8.258 8.258 9.224

Average 2053.3 8.095 8.213 9.374
Variance 2167.392 0.029 0.035 0.084

Notes: F—Force; T—Time; P—Peak pressure; I—Impulse.
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Figure 11. Pressure–time history versus impact velocity.

(a) (b)

Figure 12. Comparison of impact loading of three repeated tests (a) Pressure–time curve; and
(b) Impulse–time curve.

4. Numerical Simulations

In this study, we utilized the non-linear dynamic analysis software LS-DYAN to
simulate the impact loading caused by RC plates when subjected to a blast simulator.
Through a comparison of the numerical simulations and experimental test data, we were
able to verify the accuracy of the numerical model and the reliability of the test method.
Additionally, we investigated the effect of rubber shape, the impact velocity, the bottom
thickness, and the upper thickness on the impact loading.

4.1. Material Models
4.1.1. Concrete

The CSCM CONCRETE (MAT_159) material model, which is available in LS-DYNA,
is used to simulate the dynamic performance of reinforced concrete protection structures
during vehicle collisions [32]. This material model was developed by the Federal Highway
Administration and its parameters are defined based on the results of cubic compression
tests. Table 5 shows the parameters of this material model that are used in the present study
to model concrete. It is important to note that this material model is specifically designed
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to simulate the behavior of roadside reinforced concrete protection structures and has been
validated for this purpose.

4.1.2. Steel

The steel of the slabs in the present study is modeled using the material model Plastic
Kinematic (MAT_003) in Ls-Dyna [33], which is an elastic-plastic model with kinematic
and isotropic hardening. Reports of material property tests provided by steel producers
are used in the numerical simulation of test cases. The expression for the dynamic yield
strength of steel, taking into account the effect of strain rate on the intrinsic structure
relationship of the material, is as follows:

σy =
[
1 +

( .
ε/C

)1/P
](

σ0 + βEPεP
e f f
)

(1)

where, σy is the dynamic yield strength of the steel,
.
ε is the strain rate, C and P are the

parameters of the strain rate, σ0 is the initial yield strength of the steel, β is the hardening
parameter, EP is the hardening modulus, and εP

e f f is the effective plastic strain. The input
material parameters of steel in the current study are tabulated in Table 5. The Plastic
Kinematic material model in Ls-Dyna is capable of accurately capturing the complex
material behavior of steel under such extreme loading conditions.

4.1.3. Rubber

Blatz–Ko rubber is a combination of Blatz and Ko [34] defined by a hyper-elastic rubber
model using type II Piola–Kirchoff stresses. The Blatz–Ko strain energy density function is
a powerful tool for modeling compressible types of rubber, and it can be expressed in a
precise mathematical form.

W =
1
2

G
(

I2

I3
+ 2

√
I3 − 5

)
(2)

where, G is the shear modulus at infinitesimal deformation, E is the Young’s modulus of
elasticity and υ is the Poisson’s ratio. I(n = 1, 2, 3) is the invariant of the Cauchy–Green
deformation tensor. Equation (2) contains only one material constant, G. The material
parameters are shown in Table 5.

Table 5. Input parameters for concrete, steel and rubber material models.

Material Parameter Value Comments

Concrete

RO (Density) 2400 kg/m3
Material test dataFPC (Uniaxial compression strength) 45.6 MPa

NPLOT 1

According to [32,35,36]

INCRE 0
IRATE (Rate effects options) 1

Elements erode 1.1
RECOV 0

IRETRC (Cap retraction option) 0
Pre-existing damage 0

DAGG (Maximum aggregate size) 24 mm
UNITS (Units options) 4

Steel

Density 7800 kg/m3

Material test data
Young’s modulus 2.09 × 105 MPa

Poisson’s ratio 0.3
Yield stress 435.3 or 450.1 MPa

Rubber
Density 1.27 kg/m3

According to [34,37]Poisson’s ratio 0.463
Shear modulus 24 MPa
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4.2. Model Calibration and Validation
4.2.1. Numerical Model

The test results clearly indicate that using flat rubber as an impact cushion leads to a
secondary peak in the impact load, which is distinct from blast loading and thus unsuitable
for simulating them. Therefore, a parametric analysis of pyramidal rubber was conducted
to investigate the impact loading characteristics, taking into account the effects of impact
velocity and rubber thickness. Figure 13 illustrates the numerical model used in this study.
Initially, the original design was a 500 mm long and 500 mm wide pyramidal rubber during
the experiment, which required a large mold for processing. Considering the cost and
processing time, it was divided into 25 small pyramidal rubbers measuring 100 mm in
length and width, each requiring only a small mold. In the numerical calculations, since
the dispersed small pyramidal shapes needed to be considered for contact, we simplified
the model accordingly. Based on the comparison between the numerical and experimental
results, this simplification was found to be feasible.

Figure 13. Finite element model.

The model comprises an RC plate, rubber, steel impact module, and fixture. Meshing
was performed using 8-node solid hexahedral cells, and mesh convergence analysis was
conducted to determine the appropriate cell size. Based on the convergence analysis, a
concrete mesh size of 7.5 mm was used, which was doubled outside the range of ±600 mm
from the center of the slab to reduce calculation time. The impact module had a cell size of
10 mm in both the side length and thickness direction. The upper half of the rubber was
pyramidal and tangentially treated to achieve a mesh size of approximately 10 mm. The
grid division details are presented in Figure 14. Further mesh refinement was found to
yield similar simulation results, but would significantly increase calculation time. Details
of the mesh refinement analysis will be presented in Section 4.2.3.

4.2.2. Boundary Conditions

Reasonable boundary conditions are crucial for obtaining accurate numerical results.
In this study, we assume the supporting structure of the RC slab to be a rigid body that
is fixed, and thus surface-to-surface contact was used, which uses a penalty function to
determine the contact force to define the contact between the specimens and the supporting
structure to constrain the specimens. To simplify the calculation and save computing re-
sources, we directly define the impact velocity using *INITIAL_VELOCITY_GENERATION,
applying a downward vertical initial velocity to the impact module. Additionally, a surface-
to-surface contact was used to define the contact between the impact module, rubber,
and concrete.

4.2.3. Grid Refinement Analysis

The numerical model’s grid size was determined by conducting five analyses with
varying grid resolutions, and the results are presented in Table 6. The grid convergence
tests involved five cell sizes, namely 5 mm, 7.5 mm, 10 mm, 20 mm, and 30 mm. The
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peak pressures calculated for the models with the five grid sizes were found to be very
similar, with a maximum error of only 3.41%. This indicates that reducing the grid size has
little impact on the numerical results, but it significantly increases the computational time.
Therefore, a grid size of 7.5 mm was selected for this study to strike a balance between
accuracy and computational efficiency.

(a) (b)

(c)

Figure 14. Detail of the grid division. (a) Impact module; (b) Rubber; (c) and RC slab.

Table 6. Mesh sizes and results for mesh refinement analysis.

Unit Size (mm) 5 7.5 10 20 30

Pressure (MPa) 26.420 26.505 26.107 25.934 25.631
Impulse (MPa·ms) 17.058 17.358 17.445 17.322 17.203

Computational time (min) 34 13 7 2 1

4.2.4. Comparison of Experimental and Numerical Results

The numerical model was calibrated by comparing the results of numerical calculations
with the experimental test results. In Figure 15a,b, the pressure–time histories of Test 9
and the peak pressure and impulse of Tests 6 to 9 are presented, respectively. Additionally,
the percentage differences between the experimental results and the numerical results are
presented in Table 7. The comparison results indicate that the pressure curve obtained via
numerical simulation is in good agreement with the measurement results.

56



Materials 2023, 16, 4410

  
(a) (b) 

Figure 15. Comparison of numerical and experimental results. (a) Pressure profile; and (b) Peak
pressure and impulse.

Table 7. Comparison of numerical calculations with experimental test.

Tests
No.

Experimental Test Simulation Deviation

Pressure
(MPa)

Impulse
(MPa·ms)

Pressure
(MPa)

Impulse
(MPa·ms)

Pressure
(%)

Impulse
(%)

6 6.457 8.870 6.083 9.489 −5.602% 6.979%
7 8.289 10.912 8.35 11.242 0.736% 3.024%
8 11.577 11.912 12.18 13.307 5.209% 11.711%
9 17.108 14.152 16.646 14.997 −2.700% 5.971%

4.3. Parametric Studies
4.3.1. Effect of Rubber Shapes

The effect of rubber shape on the impact loading was investigated by comparing the
results of six rubber shapes that are shown in Figure 16. The impact velocity was 20 m/s
and the values of h1 and h2 are 20 mm and 30 mm, respectively. Figure 17a shows the impact
response of six rubber shapes of rubber as an impact cushion for a reinforced concrete slab
with a thickness of 180 mm. As expected, the pressure–time curve is smoothest when the
upper side la is equal to 0. As la gradually increases, the pressure–time curve begins to
oscillate and reaches a maximum when la is 100 mm. In addition, Figure 15b, highlights
the peak pressure and impulse of the impact response for la from 0 to 90 mm and the
fitted curve, excluding the case where the upper side la is 100 mm. The peak pressure
and impulse of the upper side between 0 and 90 mm can be calculated according to the
following equation.

Pl a = 22.124 + 4.409 × sin(π × (la − 9.254)/9.72), 0 ≤ la ≤ 90 mm (3)

Il a = 22.668 + 2.543 × sin(π × (la + 0.498)/6.49) , 0 ≤ la ≤ 90 mm (4)

4.3.2. Effect of Impact Velocities

To further characterize the effect of velocity on the impact loading characteristics,
velocities ranging from 10 to 50 m/s were set, and numerical calculations were carried
out. Figure 18 shows the load profile and the relationship between peak pressure and
impulse versus velocity. As the speed increases, the peak pressure gradually increases,
while the time of the load decreases accordingly, a connection can be established using
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Equation (5). The impulse also increases with velocity, unlike the pressure, which increases
at a progressively slower rate and can be described using Equation (6).

Pv = −21.275 + 17.135e−v/28.489 (5)

Iv = 565.256 − 13.415e(−v/9.804) − 555.419e(−v/1972.268) (6)

Figure 16. Schematic of rubber shapes variation of the upper side.

(a) (b)

Figure 17. Influence of rubber shapes on the impact loading. (a) Pressure–time history; and (b) Peak
pressure and impulse.
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(a) (b)

Figure 18. Influence of impact velocity on the impact loading. (a) Pressure–time history; and (b) Peak
pressure and impulse.

4.3.3. Effect of Bottom Thicknesses

The effect of bottom thickness h1 on the impact loading was investigated by comparing
the results of ten bottom thicknesses. At an impact velocity of 20 m/s, the h2 value was
held constant at 30 mm while the h1 varied from 20 mm to 170 mm, as illustrated in
Figure 19. The peak pressure initially decreases significantly as h1 increases, and then
gradually decreases while impulse increases linearly with the h1, as shown in Figure 20. To
simplify the calculations, the results are fitted with the peak pressure calculated as shown
in Equation (7) and with the impulse calculated using Equation (8).

Ph1 = 5.454 + 10.794e−h1/4.983, 2 cm ≤ h1 ≤ 17 cm (7)

Ih1 = 61.479 − 48.185e−h1/310.853, 2 cm ≤ h1 ≤ 17 cm (8)

Figure 19. Schematic of the variation of the rubber bottom thickness h1.
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(a) (b)

Figure 20. Influence of bottom thickness h1 on the impact loading. (a) Pressure–time history; and
(b) Peak pressure and impulse.

4.3.4. Effect of Upper Thicknesses

Similarly, the effect of upper thickness on the impact loading was investigated by
comparing the results of nine upper thicknesses of pyramidal rubber. At an impact velocity
of 20 m/s, the bottom thickness h1 was held constant at 20 mm while the h2 thickness
varied from 10 mm to 130 mm, as detailed in Figure 21. The impact response of nine upper
thicknesses of rubber as impact cushion for a reinforced concrete slab with a thickness of
180 mm is shown in Figure 22.

Figure 21. Schematic of the variation of the rubber upper thickness h2.

It can be seen that the pressure gradually decreases while the time of load and impulse
increase accordingly as h2 gradually increases. It is worth noting that when h2 is between
70 mm and 130 mm, the impulse is almost unaffected, accompanied by a significant
reduction as h2 continues to increase. To simplify the calculations, the results are fitted with
the peak pressure calculated as shown in Equation (9) and with the impulse calculated
using Equation (10).

Ph2 = 2.664 + 45.495e−h2/1.14 + 9.17e−h2/10.12, 1 cm ≤ h2 ≤ 17 cm (9)

Ih2 = 7.811 − 2.927 × h2 − 0.41 × h2
2 + 0.026 × h2

3 − 6.441−4 × h2
4, 1 cm ≤ h2 ≤ 13 cm (10)
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(a) (b)

Figure 22. Influence of upper thickness h2 on the impact loading. (a) Pressure–time history; (b) Peak
pressure and impulse.

5. Summary and Conclusions

In this study, experimental tests were performed on four specimens to demonstrate
the feasibility of the VMLH Blast Simulator for simulating blast loading. A numerical
model was also developed to predict the impact loading using LS-DYNA. The validity of
the model has been calibrated against experimental test results. Using the calibrated model,
further studies are carried out to investigate the effect of different parameters on the impact
loading of RC plates. The parameters investigated within the scope of this study were
rubber shapes, impact velocities and the bottom thicknesses and the top thicknesses of the
pyramidal rubber. The following conclusions can be drawn from the detailed experimental
and numerical studies presented in this paper.

(1) The use of pyramidal rubber with a 0 mm upper side was more effective in
regulating the peak pressure and impulse of impact loading compared to planar rubber with
a 100 mm upper side. This was evident in the pressure–time curve, which closely resembled
ideal blast loading. However, when la was between 40 mm and 100 mm, the pressure profile
oscillated significantly, making it unsuitable for the pressure–impulse criterion.

(2) The impact velocity was found to have a significant effect on the pressure and im-
pulse of impact loading. For a pyramidal rubber thickness of 50 mm, both pressure and im-
pulse increased rapidly with increasing velocity. When the speed increases from 12.76 m/s
to 23.41 m/s, the corresponding range of peak pressure is from 6.457 to 17.108 MPa, with an
increase of 164.22%. The corresponding range of impulse is from 8.573 to 14.151 MPa·ms,
with an increase of 65.07%.

(3) Variations in the upper thickness of the pyramidal rubber have a more positive
effect on the impact loading than the bottom thickness. Notably, increasing the top thickness
from 30 mm to 130 mm resulted in a 59.01% decrease in peak pressure and a 16.64% increase
in impulse. Conversely, increasing the bottom thickness from 30 mm to 130 mm resulted
in a 44.59% decrease in peak pressure and an 11.01% increase in impulse. As the bottom
thickness increases, it takes longer for the rubber to compress and become compressed.
When bottom thickness is 110 mm, the pressure reaches its peak and then barely changes in
a time of approximately 2 ms, which is unsuitable for using the pressure–impulse criterion
for modeling blast loading. Increasing the upper thickness only allows the pressure to rise
and fall more smoothly without changing its shape characteristics, making it possible to
adopt both criteria for simulating blast loading.

(4) The impact loading and blast loading can be converted using the “pressure-impulse”
and “ impulse” criterion. By obtaining the peak pressure and impulse of the impact loading,
a corresponding explosive environment can always be found. These criteria can be widely
applied in simulating blast loading using non-explosive methods.
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Abstract: A 37-mm-diameter split Hopkinson pressure bar (SHPB) apparatus was used for impact
loading tests to determine the effects of the relative density and moisture content on the dynamic
properties of coral sand. The stress–strain curves in the uniaxial strain compression state were
obtained for different relative densities and moisture contents under strain rates between 460 s−1 and
900 s−1. The results indicated that with an increase in the relative density, the strain rate becomes
more insensitive to the stiffness of the coral sand. This was attributed to the variable breakage-
energy efficiency at different compactness levels. Water affected the initial stiffening response of the
coral sand, and the softening was correlated with the strain rate. Strength softening due to water
lubrication was more significant at higher strain rates due to the higher frictional dissipation. The
volumetric compressive response of the coral sand was investigated by determining the yielding
characteristics. The form of the constitutive model has to be changed to the exponential form, and
different stress–strain responses should be considered. We discuss the effects of the relative density
and water content on the dynamic mechanical properties of coral sand and clarify the correlation
with the strain rate.

Keywords: coral sand; strain rate; moisture content; relative density; volumetric compressive

1. Introduction

Reef flats and lagoons in tropical coastal areas of the world are generally covered by
coral sand, which is also called calcareous sand because of its high calcium carbonate con-
tent [1]. During the past years, due to the development and utilization of marine resources,
many countries have established wharves, airports, oil depots, and other infrastructure
on island reefs. Researchers have conducted many studies on the mechanical properties
of coral sand as related to engineering needs and the results provided valuable technical
support for human exploration and utilization of marine resources [2–5].

Coral sand is porous and brittle due to a large number of inherent defects in the
interior of the particles [6]. It originates from dead coral and shellfish, and is widely used
in reef construction. As an engineering material, sand has strong adaptability and should
not only be able to support the designed static load but also withstand dynamic loads such
as strong shocks, penetrations, and accidental or man-made explosions [7,8]. For a large
number of impact engineering problems and accidental emergencies, whether dealing with
specific engineering problems or conducting experimental research, the most common
three-dimensional stress state of the material is the one-dimensional strain state due to the
instantaneousness of the load [9]. Under strong dynamic loads, the mechanical properties
of the coral sand have to be determined at a high strain rate (HSR) for safe use in reef
development [10].

Coral sand has complex mechanical behaviors under HSR loading and these behaviors
differ from those under static loading. Many external factors affect the dynamic mechanical
properties of coral sand, such as the relative density, moisture content, particle gradation,
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and sampling location [11]. These factors, together with the intrinsic strain rate, determine
the dynamic mechanical behavior of coral sand. In the moist ocean environment, the water
saturation of coral sand and the compactness depend on the location [12,13]. Researchers
conducted numerous studies on terrigenous silica bedrock soils and analyzed the influence
of compaction and saturation on quartz sand [14–22]. However, the mechanical properties
of coral sand are substantially different from those of terrigenous sand; thus, the results
obtained from quartz sand are not applicable to biogenic coral sand [23,24]. Few studies
have been conducted on the HSR characteristics of coral sand. Xiao, Lv, Wu, and Wei
investigated the particle breakage characteristics and influence of the moisture content; the
study focused on the comparison of coral sand and quartz sand to explain the different
dynamic mechanical characteristics attributed to the fragile particles of coral sand [25–30].
However, the effects of different strain rates of coral sand have not been comprehensively
considered, especially the relationship between the inherent strain rate sensitivity and
external natural or artificial conditions, such as compactness and water content.

In this work, one-dimensional strain impact loading tests at different strain rates
were performed to determine the dynamic responses of coral sand for different relative
densities and moisture contents. Based on previous work [31], the effect of the strain
rate and stiffness of coral sand was investigated in detail at different relative densities.
In addition, impact loading tests on coral sand with different moisture contents under
various strain rates were conducted by a split Hopkinson pressure bar. The effect of the
loading rate on partially saturated coral sand was evaluated by determining the mechanism
of the softening and yielding response. A novel compressive equation of state (EOS)
model describing the relationship between the average pressure and volumetric strain was
established by considering different stress–strain responses. The results of this study have
great significance for theoretical calculations related to coral reef engineering.

2. Introduction of the SHPB Test

2.1. Test Device and Test Method

A dynamic mechanical test was conducted with a Φ37 mm split Hopkinson pressure
bar (SHPB) made of aluminum alloy with a density of 2.85 g/cm3, an elastic modulus of
72 GPa, and an elastic wave speed of about 5026 m/s. The test device is illustrated in
Figure 1. The lengths of the incident bar and the transmission bar are 2000 mm, respectively,
and the length of the striker bar is 400 mm. Through the instantaneous release of high-
pressure nitrogen, the striker bar is driven to impact the incident bar at high speed to
produce a stress pulse, a pulse shaper made of rubber (Φ10 mm × 1 mm, Young’s modulus
of 7.83 MPa) is attached to the front face of the incident bar. A sleeve made of high-strength
steel (Young’s modulus 210 GPa, Poisson’s ratio 0.29) with an inner diameter of 37 mm
(a tolerance of 0~0.01 mm) and an outer diameter of 43 mm is used to restrict the lateral
displacement of the sample. A pair of high-precision semiconductor strain gauges are
symmetrically attached to the outer walls of the incident bar, the transmission bar, and the
sleeve to measure the strain during loading.

 

Figure 1. Schematic diagram of modified SHPB.
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The strain gauge is a semiconductor strain gauge with the type of SB-3.8-120-p-2 made
from Avic Zhonghang Electronic Measuring Instruments Co., Ltd. of Hanzhong, Hanzhong,
China, with a resistance value of 120 ohms, and the sensitivity coefficient k = 110. The Elsys
TranNET FE data acquisition system produced in Switzerland is used for data acquisition,
where the sampling frequency is set as 2 MHz, so the data interval obtained is 0.5 μs. The
metric signals are transmitted through the Wheatstone bridge and amplifier oscilloscope
and converted to voltage signals that are stored in a computer. The strain value at the
measured position is calculated by Equation (1) using the parameters of the strain gauge
and the amplifier oscilloscope.

ε =
Vm

ζ · k · Va/η
(1)

where, Vm is the measured voltage signal, ζ is the factor of Wheatstone bridge by using
the quarter-bridge, half-bridge and full-bridge, and ζ = 0.25, 0.5, and 1.0, respectively. The
half-Wheatstone bridge was used for the tests in this paper, k is the sensitivity coefficient of
the strain gauge, Va is the input voltage of the Wheatstone bridge, η is the amplification
factor of the amplifier in the data acquisition system.

In addition, when the stress wave propagates in the bars, the tensile fracture occurs
at the connection between the strain gauge and the conductor. As shown in Figure 2, soft
foam can be filled between the conductor and the bar, so that the conductor has a flexible
buffer when under axial tension, which greatly avoids a conductor fracture.

 
Figure 2. Strain gauge pasting and protection.

Assuming that the sample is exposed to uniform stress with uniform deformation dur-
ing the loading process, the following equation applies: εi(t) + εr(t) = εt(t). According to
the one-dimensional stress wave theory, the strain rate

.
ε(t), axial strain εx(t) and axial stress

σx(t) of the sample during the testing process are obtained using Equation (2) [16,17,28,32].

.
ε(t) = −2 C0

Ls
εr(t)

εx(t) = −2 C0
Ls

∫ t
0 εr(t)dt

σx(t) = A0
As

E0εt(t) = E0εt(t)

⎫⎪⎬
⎪⎭ (2)

where As and A0 are the cross-sectional areas of the specimen and bar, respectively, εi(t),
εr(t), and εt(t) are the strain of the incident, reflected, and transmitted signals, respectively,
Ls is the length of the specimen.

When the sample is compressed and deformed under impact loading, the radial
expansion is restrained by the elasticity of the sleeve. The circumferential strain of the
sleeve is calculated according to the pulse measured by the strain gauge on the outer wall of
the sleeve. The pressure on the inner wall of the cylinder σrr and the radial displacement of
the inner wall of the sleeve εrr are obtained according to the dimensions of the thick-walled
cylinder [17,28]. Since the sample is closely attached to the sleeve during compression,
based on the interfacial equilibrium condition, the confining pressure and radial strain at
the center of the sample are obtained using Equation (3).

{
σrr = σθθ = 0.5

(
α2 − 1

)
Eslεsl

εrr = εθθ = 0.5
[
(1 − νsl) + (1 + νsl)α

2]εsl
(3)
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where α is the ratio of the outer diameter to the inner diameter of the sleeve; Esl, νsl, and εsl
are Young’s modulus, Poisson’s ratio, and the measured strain of the sleeve, respectively.
The three principal stress components of the stress tensor are obtained from the measured
axial and circumferential pulses. The average pressure P and the volumetric strain εv of
the sample are defined in Equation (4).

P =
1
3
(σx + 2σrr), εv = εx + 2εrr»εx (4)

2.2. Coral Sand Samples

The coral sand investigated in this study (ECS) was obtained from the Hainan province
in China near the location where the sand used by Lv (LCS) was obtained [28]. The content
of CaCO3 is over 90%. For the analysis of the mechanical properties, particles with a
diameter larger than 2.23 mm and smaller than 0.15 mm were excluded; the mass of these
particles was less than 8% of the total. The physical properties of the dry ECS and LCS
are shown in Table 1; the ASTM standard was used [33]. The specific gravity of the ECS
and LCS is 2.81. The particle size distribution of the sieved sand is shown in Figure 3, and
the scanning electron microscopy (SEM) micrographs are shown in Figure 4. The ECS has
superior grading than the LCS.

The preparation of sand specimens has been described in detail in previous stud-
ies [19,28,31]. Certain discreteness in the mechanical properties of geotechnical materials
requires that the sampling error is strictly controlled during the experiment. First, sieving
was conducted prior to sampling using nine different sieve hole sizes and weighing was
conducted by particle group using an electronic scale with an accuracy of 0.01 g. This was
followed by uniform mixing with a measurement uncertainty of the total mass of ±0.03 g.
Second, the length and flatness of the test device were strictly controlled, and the error
was within 0.04 mm to ensure the uniform size of the specimens in repeated tests. The
test device after assembly is shown in Figure 5. Coral sand is located between two platens
which are the same material and diameter as the bar, and have a length of 30 mm. The
screws are used to secure the sleeve and SHPB system during assembly, and should be
removed during the tests.

Table 1. Physical properties of the dry coral sand.

Sand Type
D50 Particle Size

(mm)
Coefficient of
Uniformity Cu

Coefficient of
Curvature Cc

Maximum Dry
Density ρmax

(g/cm3)

Minimum Dry
Density ρmin

(g/cm3)

ECS 0.48 2.36 0.92 1.317 1.136
LCS 0.55 1.86 0.95 1.377 1.180

Figure 3. Particle size distribution of the coral sand.
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Figure 4. SEM image of the porous coral sand.

Figure 5. Test section for the coral sand sample.

After repeated tests and checks, three relative densities were selected, and the relative
density Dr can be expressed as Equation (5). The experimental parameters of the specimens
are shown in Table 2.

Dr =
(ρd − ρmin) · ρmax

(ρmax − ρmin) · ρd
· 100% (5)

Table 2. Specimen parameters in the experiments of different densities.

Relative
Density Dr

Specimen
Quality (g)

Specimen Parameters
Repeated Times

Density ρd (g/cm3) Thickness (mm)

30%
15

1.178 11.86
5~860% 1.219 11.46

90% 1.260 11.08

The impact loading tests of the moist coral sand were conducted at a relative density
of 60%. The different moisture content conditions are shown in Table 3. The dry density of
the coral sand was 1.219 g/cm3, and the void ratio e was 1.306. The maximum moisture
content in this study was 30%, and the maximum saturation was 64.54%. To ensure the
uniform distribution of water in the sample, the dry sand is divided into 3–5 parts. Every
part is placed in the sleeve and subsequently, a syringe is used to sprinkle the equal division
of water into the sand. After 3~5 time repetitions, the thickness of the sample is adjusted
using the platens.
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Table 3. Experimental parameters of the specimens with different moisture contents.

Moisture Content Saturation Degree Density (g/cm3)

0% 0% 1.219
2% 4.30% 1.242
4% 8.61% 1.266
6% 12.91% 1.290
8% 17.21% 1.315
10% 21.51% 1.339
20% 43.03% 1.461
30% 64.54% 1.583

3. Test Results and Discussion

3.1. Pulses and Stress Analysis

In the SHPB test, how to handle the contact fit between the sleeve and the sample,
bar, and the platen has a significant influence on the accuracy of the test results. The
friction force on the inner wall of the sleeve is a key factor that needs to be avoided. Most
scholars use vaseline or lubricating oil to reduce the friction effect of the contact during the
test, but many scholars still have a very large initial oscillation in the transmission curve
obtained. Martin [16] stated that the vibration of the transmission pulse in the initial stage
of loading was a problem that is difficult to explain. This problem can be neglected in high-
strength quartz sand but coral sand has low particle strength, and multiple peaks caused
by the vibration in the initial stage may result in the misinterpretation of the mechanical
properties. Various confining sleeves have been used and shown that the initial vibration
may be caused by the asymmetric contact friction between the sleeve and the platen or
bar. As shown in Figure 6, the wavy vibration caused by friction is eliminated by ensuring
strict processing accuracy, polishing, and grinding of the inner surface of the sleeve, and an
application of a thin layer of lubricating oil prior to the experiment.

 
Figure 6. Transmission signals obtained using different sleeves.

The sample is connected to the end of the Hopkinson bar through the platen. The
incident and transmission strain signals without the specimen (validation test) but assembly
sleeve and platens are shown in Figure 7. The results show that the platen and the sleeve
have little influence on the test accuracy, and the one-dimensional propagation of the
stress pulse is ensured. Typical signals recorded from the strain gauges with the specimen
including the incident pulse, reflect pulse, transmission pulse, and strain signal of the
sleeve during the test are shown in Figure 8.
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Figure 7. Incident and transmission strain signals without the specimen.

 
Figure 8. Typical signals recorded from the strain gauges with the specimen.

The different strain rates of the specimen are obtained by adjusting the velocity of the
striker bar. As the velocity increases, it becomes challenging to ensure uniform loading of
the sample under HSR loading. The stress equilibrium at the front and back ends of the
sample is the key standard for determining the effectiveness of the test. The back end can
be directly measured using transmitted waves of the transmission bar, while the front end
requires the use of incident wave subtract reflected measured from the incident bar, i.e.,
σi − σr. The most common method to achieve stress equilibrium is using pulse shaping
technology, which increases the rise time of the incident pulse. Figure 9 shows the stress–
time history curves of the front and back ends for the HSR and the lowest sample density
in the test. It is observed that the stress values are similar at the front and back ends of the
sample, indicating that the specimen is under uniform stress during dynamic loading.

Test reproducibility is an important aspect of geotechnical material testing. The strain
pulses recorded by the dynamic strain gauges and the stress–strain curves under the same
conditions were obtained using Equation (1). As shown in Figure 10, the consistency of
multiple tests demonstrates high reliability and good reproducibility of impact loading.
The maximum value of the circumferential strain recorded on the sleeve is in the range of
10−5~10−4 and the axial strain value of the sample is in the range of 0.08~0.18. This result
demonstrates that the sample is in a state of one-dimensional deformation during impact
loading. Since the sample deformation is constrained by the steel sleeve, its pressure is
very high although the circumferential strain is small and the pressure can be calculated by
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Equation (2). The larger axial deformation is due to the free compression of the bars on the
specimen, which is determined by the impact velocity and specimen properties.

Figure 9. Dynamic stress equilibrium check of the sand sample.

Figure 10. Reproducibility of the axial stress–strain of the test results.

3.2. Strain Rate Effected by Compaction of Dry Coral Sand

The stress–strain curves of the dry coral sand for the three densities at the strain rates
of 460 s−1, 650 s−1, 800 s−1, and 900 s−1 were obtained in the literature [31]. The mechanism
of the strain rate effect was analyzed, but the relationship between compactness and strain
rate was not analyzed in detail in the literature [31]. The curves represent the average of
multiple tests (Figure 11). For dynamic compression, the stress–strain responses in this
study were significantly different from the experimental results of Lv [28]. An inflection
point (yielding point) [10] was observed in the initial deformation stage; this was not
observed by Lv. Different yielding characteristics of the stress–strain curves of sand have
been reported in the literature, but few scholars have explained the underlying reasons [10].
Lin compared the mechanical properties of Ottawa sand and distinguished two types
of responses, i.e., fluid-like and solid-like behaviors; it was concluded that yielding was
related to the particle size distribution [20]. The yielding mechanism of coral sand during
initial loading is related to the sudden collapse of the specimen skeleton caused by extensive
particle breakage. The ECS grading was better than the LCS grading, and the average
particle size was smaller; therefore, the ECS particles are more difficult to breakage due to
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the initial strong skeleton support. When the loading pressure of the specimen exceeded
the initial strength (i.e., the yield stress), many were crushed, resulting in a solid mass;
therefore, yielding occurred rapidly. However, the LCS particles that were crushed during
the entire compression and the curve exhibited fluid-like characteristics.

 

 

Figure 11. Stress–strain curves of dry coral sand under different compactness: (a) 460 s−1 (b) 650 s−1

(c) 800 s−1 (d) 900 s−1.

Static compression tests were conducted on the coral sand with the three relative
densities using a conventional material test system (MTS) [31]. The yielding points occurred
at a strain of 0.02 (Figure 12). This result is similar to the yield strain under HSR loading.
With the increase in the compaction level and the increase in the strain rate, the coral sand
exhibited increasing stiffness. The dimensionless normalized stress [10] was determined
by the ratio of the HRS stress from the dynamic uniaxial compression test and the static
stress from a conventional quasi-static test to evaluate the increase in strength due to HSR
loading at different strains. As shown in Figure 13, the normalized stress is almost constant
during the yielding of the soil skeleton. At the same HSR loading, as the density decreases,
the normal stress level increases, indicating that the strain rate sensitivity is closely related
to the relative density. This phenomenon is related to the breakage-energy efficiency. A
decrease in the compaction level results in higher particle degrees of freedom, thereby
increasing the proportion of frictional dissipation [34]. Therefore, the ratio of the crushing
energy to the total input energy (i.e., breakage-energy efficiency) decreases. The lower the
breakage-energy efficiency during compression, the larger the strain rate effect is [18,20].
This explains why the coral sand shows an increasing strain rate sensitivity when the
compaction level decreases.
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Figure 12. Axial stress–strain curves of dry coral sand under static loading [31].

Figure 13. Normalized stress of dry coral sand at different strains in the HSR uniaxial compression tests.

3.3. Effect of Moisture Content on Dynamic Mechanical Properties of Coral Sand

The test results of different moisture contents at strain rates of 460 s−1, 650 s−1, and
800 s−1 are shown in Figure 14. The highest strength of the sample is observed at moisture
contents between 6% and 8% and the lowest strength occurs at 20%. The moisture content
has little influence on the strength of the coral sand under unsaturated conditions, but some
observations regarding the mechanical properties can be made. Generally, the water has a
softening effect on the strength of coral sand. Research has shown that water significantly
reduces the strength of terrestrial soil, such as quartz sand and clay before reaching a high
saturation state [10,16]. However, in this experiment, the influence of the water on the
entire strength of the ECS is smaller than that of LCS [29]. Water reduces the friction of
particles [10,16,29], and the difference between the responses of the two samples is related
to the difference in the frictional dissipation of the particle motion during compression.
The frictional dissipation results from the movement of the unbroken particles and the
movement of the small sub-particles when the particles are crushed. The ECS has superior
grading than the LCS; therefore, there is less particle breakage and the friction dissipation
is lower in the ECS than the LCS during compression. As a result, the moist ECS does not
decrease significantly due to the lower lubrication efficiency.
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Figure 14. Stress–strain curves of the samples with different moisture contents at different strain
rates: (a) 460 s−1, (b) 650 s−1, (c) 800 s−1.

The strength of water-bearing sand is higher than that of dry sand during the initial
compression process but it is slightly lower than that of dry sand with increasing defor-
mation. This yielding phenomenon is observed at the strain rate of 460 s−1 and 650 s−1

(Figure 14a,b). These properties are related to the high porosity of coral sand. In this study,
the increase in the initial modulus occurs because water is present in the cavities of the
particles, resulting in an increase in the strength of the skeleton. However, the water in the
supporting pores lubricates the secondary particles as the particles are crushed, causing a
decrease in the modulus after yielding.

This effect is also related to the strain rate. It was interesting that when the strain rate
increased, the position of the intersection point (where the stress is equal to that of dry
sand) moves towards the origin of the coordinates on the abscissa. As shown in Figure 14,
the intersection points are located between 0.04 and 0.08 for the strain rate of 460 s−1,
between 0.02 and 0.07 for 650 s−1, and near 0.01 for 800 s−1. That is, as the loading rate
increases, the initial stiffening response for moist sand occurs at a different location on
the curve. This phenomenon is also closely related to the strain rate effect of coral sand.
The results in Section 3.2 and those of Huang provide the explanation [18]. As the loading
speed increases, the friction dissipation ratio increases, and the water lubrication becomes
more effective.
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The stress increases sharply at the strain rate of 800 s−1 for the initial moisture content
of 30%, indicating that the coral sand exhibits a hardening response in the compaction state.
The saturation is about 77% upon reaching the compaction point. This demonstrates that
coral sand reaches the compaction state earlier than quartz sand or clay, whose saturation
is more than 90% [16]. Although there are few inter-particle pores in the hardened section,
some unbroken coral sand still has a high internal porosity and does not reach a high
saturation state. The strain still increases in the sample due to the release and compression
of internal pores caused by particle breakage. However, the compression mechanism
in the hardening response is different from that of the non-compaction stage due to the
disappearance of the inter-particle pores. In the compaction state, the specimen cannot
be easily compressed due to the absence of inter-particle movement. Therefore, the stress
increases rapidly with a higher modulus.

The research on the mechanical properties of dry coral sand is relatively comprehen-
sive. In order to quantitatively analyze the impact of water content on coral sand, the
obtained regular conclusions are applied to previous studies. Based on the dimensionless
stress ratio, the relationship between the stress ratio of water containing coral sand and dry
sand at different strain rates is established, as shown in Figure 15. It can be more clearly
seen that as the strain rate increases, the softening effect of water on coral sand becomes
more pronounced.

 

 

Figure 15. Normalized stress of moist coral sand to dry coral sand: (a) 460 s−1, (b) 650 s−1, (c) 800 s−1.
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3.4. Effect of Lateral Pressure and Equation of State

The circumferential strain of the sleeve at strain rates of 460 s−1, 650 s−1, 800 s−1 and
900 s−1 was obtained from the pulses recorded at the outer face of the sleeve. The signals
were converted into the confining pressure of the sample using Equation (3). As shown
in Figure 16, the duration of the pressure increases from zero to the peak value in about
290 μs, which is consistent with the axial loading duration of the sample. The confining
pressure increases with the increase in the compaction level at the same strain rate.

 

  

Figure 16. The confining pressure of the coral sand samples at different strain rates: (a) 460 s−1

(b) 650 s−1 (c) 800 s−1 (d) 900 s−1.

The relationship between the average pressure and volumetric strain (P − εv) of the
coral sand at different strain rates is calculated using Equation (4), as shown in Figure 17.
However, in this study, in the initial compression stage of the coral sand, the slope of these
curves of the coral sand decreases or even remains constant. Therefore, it is necessary to
establish the constitutive model and fit the EOS for the solid-like response of the coral sand
using exponential form.

The EOS is using the form of P = a × εv
b. The fitting results of the EOS for the three

relative densities at different strain rates are shown in Table 4. The value of the goodness of
fit R2 > 0.95 indicates that the power exponent form is suitable to describe the solid-like
response of coral sand.
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Figure 17. Relationship of average pressure and volumetric strain at different strain rates: (a) 460 s−1

(b) 650 s−1 (c) 800 s−1 (d) 900 s−1.

Table 4. Fitting parameters of the EOS.

Strain Rate
Dr = 30% Dr = 60% Dr = 90%

a b a b a b

460 s−1 15.83 0.63 15.31 0.50 14.92 0.45
650 s−1 13.85 0.50 23.80 0.64 26.80 0.62
800 s−1 23.86 0.74 21.65 0.60 27.87 0.61
900 s−1 27.79 0.73 28.51 0.68 30.86 0.62

4. Conclusions

Coral sand has high porosity, irregularly shaped particles, and strain-rate dependency,
and exhibits complex mechanical properties. An understanding of the essential mechanical
properties allows us to determine the influence of the relative density and the water content
on the dynamic mechanical behavior of coral sand, thus providing scientific guidance for
practical engineering design and applications. The following conclusions were determined
based on the HRS impact experiments of coral sand:

(1) A significant correlation was observed between the strain rate and the stiffness with
increasing relative density of coral sand. The breakage-energy efficiency decreases
with an increase in the relative density, and the strain rate becomes more insensitive
to the stiffness of the coral sand.
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(2) The initial stiffening response of the moist coral sand decreased as the loading rate
increased. Water had a softening effect on the strength of the coral sand after yielding.
Due to the increase in the frictional dissipation of the coral sand with increasing strain
rates, the lubrication effect of the water was more noticeable as the strength decreased.

(3) The internal porosity is an important factor affecting the compaction characteristics of
coral sand at high saturated moisture content. The hardening state occurred when the
inter-particle pores disappeared, and sand breakage became more difficult due to the
restricted inter-particle movement.

(4) The compressive response of coral sand should be determined before establishing the
pressure-volumetric strain equation. The exponential form of the EOS has to be used
for solid-like coral sand.
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Abstract: Reinforcement is one of the important factors affecting the anti-blast performance of
reinforced concrete (RC) slabs. In order to study the impact of different reinforcement distribution
and different blast distances on the anti-blast performance of RC slabs, 16 model tests were carried out
for RC slab members with the same reinforcement ratio but different reinforcement distribution and
the same proportional blast distance but different blast distances. By comparing the failure patterns
of RC slabs and the sensor test data, the impact of reinforcement distribution and blast distance on
the dynamic response of RC slabs was analyzed. The results show that, under contact explosion and
non-contact explosion, the damage degree of single-layer reinforced slabs is more serious than that
of double-layer reinforced slabs. When the scale distance is the same, with the increase of distance,
the damage degree of single-layer reinforced slabs and double-layer reinforced slabs increases first
and then decreases, and the peak displacement, rebound displacement and residual deformation
near the center of the bottom of RC slabs gradually increase. When the blast distance is small, the
peak displacement of single-layer reinforced slabs is smaller than that of double-layer reinforced
slabs. When the blast distance is large, the peak displacement of double-layer reinforced slabs is
smaller than that of single-layer reinforced slabs. No matter how large the blast distance, the rebound
peak displacement of the double-layer reinforced slabs is smaller, and the residual displacement is
larger. The research in this paper provides a reference for the anti-explosion design, construction and
protection of RC slabs.

Keywords: reinforced concrete slabs; blast resistance; reinforcement distribution; blast distance;
anti-blast performance; model tests

1. Introduction

In today’s world, peace and development have become the main theme of the times,
and the world is in a relatively peaceful and stable situation. However, violent terrorist
attacks and local wars caused by religious and racial discrimination and hegemonism have
emerged in an endless stream, posing serious challenges to the safety protection design of
buildings and structures around the world [1–3]. In addition, in the process of industrial
production and processing, the use of various flammable and explosive dangerous goods
is inevitable, which will bring potential risks to the safety of buildings and structures and
seriously threaten the safety of people’s lives and property [4,5]. The explosion load is
ignored in the design and construction of traditional buildings. Attention should be paid to
the anti-explosion design of important buildings such as stations, schools, business centers
and other places with dense traffic. It is necessary to perform a good job in the prevention
of violent terrorist attacks [6–8].
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The basic structural elements of a building include beams, slabs, columns and walls.
Studying the impact of blast load on individual structural elements is of great significance [9–12].
When studying the overall building, various structural elements are coupled with each
other, and it is difficult to distinguish the contribution of a certain structural element to the
blast resistance of the building.

Slabs are important load-bearing components in buildings, so it is important to study the
anti-explosion performance of slabs for the design and protection of buildings [13,14]. Traditional
research is mainly based on typical RC slabs. By changing the reinforcement ratio [15–25],
strength of the concrete [16–18], span of the slab [16], thickness of the slab [17,19,20], strength
of the reinforcement [18] and scale distance [20,21], the data on the failure form, blast pit,
displacement and reflected overpressure of the reinforced concrete slab after the explosion
are obtained. The damage degree and anti-explosion performance of the RC slab are
evaluated by the bearing angle [18], displacement [22], residual bearing capacity [23] and
P-I curve [16,24]. Among them, the reinforcement ratio is the most influential factor.

Recent research on slabs mainly includes the application of new materials, reinforce-
ment technology and the introduction of new failure prediction methods. In terms of new
materials, on the one hand, RC slabs are made of carbon-fiber-reinforced polymer [26], low
ductility reinforcement [27] and basalt-fiber-reinforced plastic bars [28], so the loss of slabs
under an explosion load is smaller.

On the other hand, by changing the material of concrete, the RC slabs are made
of ultra-high-strength concrete [29], ultra-high-performance fiber-reinforced concrete [30],
superabsorbent polymer honeycomb concrete [31], 200 MPa ultra-high-performance fiber-
reinforced concrete [32] and ultra-high-ductility concrete mixed with ultra-high-performance
concrete [33,34], which have a better anti-explosion performance than ordinary RC slabs.

In terms of reinforcement technology, Mendonca et al. [35] studied the use of foam to
strengthen RC slabs through experiments and concluded that the slabs strengthened with
foam had different pressure modes compared with ordinary slabs, and that the displace-
ment and acceleration increased instead. Maadoun et al. [26] strengthened the RC slab by
bonding carbon-fiber-reinforced polymer (CFRP) and concluded that the strengthened slab
has a better flexural bearing capacity and stiffness under an explosive load. Gao et al. [36]
verified the finite element model of the ultra-high-performance concrete slab strengthened
with polyurea based on the experiment. Through changing the reinforcement ratio and
scale distance to carry out an anti-explosion numerical simulation of the slab, they obtained
the prediction formula of the end rotation angle of the ultra-high-performance concrete
slab strengthened with polyurea under a near-field explosion. Gao et al. [37] carried out an
explosion resistance experiment of an RC slab with a porous energy-absorbing material
foam aluminum protective layer, verified the finite element model based on the experi-
mental data, studied the damage rule of the foam aluminum density and longitudinal
reinforcement ratio on reinforced concrete and concluded that the greater the reinforcement
ratio, the better the explosion resistance effect of the RC slab. Thiagarajan and Reynolds [38]
studied the anti-explosion performance of high-strength concrete slabs strengthened with
high-strength vanadium steel through an explosion simulator, concluded that slabs with a
larger spacing of steel bars have a smaller ductility and gave the damage mode of the panel.

In terms of introducing new failure prediction methods, Almustafa et al. [39] studied
the influence of 10 input characteristics on the maximum displacement of RC slabs under
an explosive load based on the random forest algorithm. This method has achieved good
results in predicting the maximum displacement of RC slabs, and is more efficient and
accurate than the existing numerical calculation methods. Shishegaran et al. [40] evaluated
various models based on normalized square error and fractional deviation and concluded
that the best model for predicting the maximum deflection of the plate is multiple Ln
equation regression.

In the latest research, both the application of new materials and the reinforcement of
slabs will increase the construction cost of buildings. In previous studies, increasing the
reinforcement ratio can enhance the anti-explosion performance of RC slabs, which will
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also lead to increased costs. In this paper, by fixing the reinforcement ratio and changing
the distribution of reinforcement in the slabs, the difference in anti-explosion performance
between single-layer reinforced slabs and double-layer reinforced slabs with the same
reinforcement ratio under contact explosion and non-contact explosion was studied. This
can determine which type of reinforcement distribution in slabs has a better blast resistance
without increasing costs. In previous studies, the conditions for changing the scale distance
to change the blast load were discussed. By using a fixed scale distance, the influence of
blast distance on the blast resistance of RC slabs was studied in this paper, which can verify
whether the load conditions determined by scale distance are reliable.

2. Test Overview

2.1. Design of Specimens

The size of slabs was 2000 mm × 2000 mm × 100 mm, and they were HRB400E-
reinforced and had a diameter of 8 mm. The concrete strength grade was C40, and the
thickness of concrete protective layer was 20 mm. Single-layer two-way reinforcement
and double-layer two-way reinforcement were adopted for the components. The spacing
of single-layer reinforcement slabs was 100 mm, the spacing of double-layer two-way
reinforcement was 200 mm, and the spacing of layers was 600 mm. The number of single-
layer reinforced slabs was S1–S8, and the number of double-layer reinforced slabs was
D1–D8. The information of RC slab specimens is shown in Table 1, and the reinforcement
diagram is shown in Figure 1.

Table 1. Information of RC slab specimens.

Types of RC Slabs Model of Reinforcement Model of Concrete Reinforcement Ratio (%) Number

Single-layer reinforced slab HRB400E C40 0.45 8
Double-layer reinforced slab HRB400E C40 0.45 8

(a) 

 
(b) 

Figure 1. Reinforcement diagram of RC slabs; unit is mm. (a) Single-layer reinforced slab; (b) double-
layer reinforced slab.
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2.2. Test Conditions

The working conditions of contact explosion are shown in Table 2, and the working
conditions of non-contact explosion are shown in Table 3.

Table 2. Working conditions of contact explosion.

Types of RC Slabs Specimen Charge (kg)

Single-layer reinforced slab

S1 0.2
S2 0.4
S3 0.8
S4 1.6

Double-layer reinforced slab

D1 0.2
D2 0.4
D3 0.8
D4 1.6

Table 3. Working conditions of non-contact explosion.

Types of RC Slabs Specimen Charge (kg) Blast Distance (m)
Scale

Distance (m·kg−1/3)

Single-layer
reinforced slab

S1 0.2 0.25 0.43
S2 0.4 0.32 0.43
S3 0.8 0.40 0.43
S4 1.6 0.50 0.43

Double-layer
reinforced slab

D1 0.2 0.25 0.43
D2 0.4 0.32 0.43
D3 0.8 0.40 0.43
D4 1.6 0.50 0.43

2.3. Material Properties
2.3.1. Material Properties of Concrete

The concrete specimens were poured at the same time. Six concrete cubes with a size
of 150 mm × 150 mm× 150 mm were retained for compression test when pouring the
specimens. They were cured in the same environment as the components. The compressive
strength of the six concrete cubes was 45.8, 48.2, 47.4, 46.8, 46.4 and 47.6 MPa, respectively,
and the average compressive strength of the cubes was 47.0 MPa.

2.3.2. Material Properties of Reinforcement

The model of reinforcement was HRB400E, and the diameter was 8 mm. Its mechanical
properties are shown in Table 4.

Table 4. Mechanical properties of reinforcement.

Model of
Reinforcement

Elastic Modulus
(GPa)

Yield Strength
(MPa)

Tensile Strength
(MPa)

Yield Strain (%) Elongation (%)

HRB400E 200 455 587.5 0.23 21

2.4. Arrangement of Test

The sample of reinforced concrete slab was fixed onto a rigid frame made of I-beam,
which adopts one-way support. Two clamps were installed on each side of the slab through
bolt fastening. The contact explosion test installs explosives in the center of the slab, and the
non-contact explosion test lifts explosives directly above the center of the slab. The explo-
sives used in the test were stacked by standard TNT explosive blocks. The mass of standard
TNT explosive block is 200 g, and the structural dimension is 100 mm × 50 mm × 25 mm,
detonated with digital detonator. A displacement sensor with model DH5G107 was ar-
ranged in the center of bottom face to measure the dynamic displacement of the mid-span
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of the slab. Due to the fact that the concrete at the center of the bottom face may fall
due to collapse, placing the displacement sensor here will damage. Therefore, move the
displacement sensor RC board side by 30 cm. The experimental layout is shown in Figure 2.

  
(a) (b) 

Figure 2. Experimental layout diagram. (a) Overall layout of the experiment; (b) arrangement of
displacement sensor.

3. Test Results and Analysis of Contact Explosion

3.1. Damage Form of Contact Explosion

Under the contact explosion, the dynamic response law of the RC slab was studied by
changing the charge. The contact explosion experimental results are shown in Table 5 and
Figure 3.

 

  
(a) (b) 

Figure 3. Contact explosion failure mode of RC slabs. (a) Single-layer reinforced slab; (b) Double-layer
reinforced slab.
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Table 5. Test results of contact explosion of RC slabs.

Types of RC Slabs Specimen Description of Phenomenon

Single-layer
reinforced slabs

S1
The reinforced concrete slab has a through hole, with a hole diameter of 15 cm. Four bars
are exposed transversely and two bars are exposed longitudinally. The bending value of
the bars is 2 cm.

S2
The reinforced concrete slab has a through hole, with a hole diameter of 21 cm. Five bars
are exposed horizontally, four bars are exposed longitudinally and the bending value of
the bars is 5 cm.

S3 The reinforced concrete slab has a through hole, with a hole diameter of 23 cm. Five bars
are exposed horizontally and longitudinally, and the bending value of the bars is 10 cm.

S4
The reinforced concrete slab has a through hole, with a hole diameter of 27.5 cm. Five bars
are exposed transversely and seven bars are exposed longitudinally. The bending value of
the bars is 10.5 cm.

Double-layer
reinforced slabs

D1
The reinforced concrete slab has a through hole, with a hole diameter of 14 cm, and two
bars are exposed horizontally and longitudinally. The bending value of the first layer of
reinforcement is 3 cm, and the bending value of the second layer of reinforcement is 4 cm.

D2
The reinforced concrete slab has a through hole, with a hole diameter of 18 cm. Two bars
are exposed horizontally and longitudinally. The bending value of the first layer of
reinforcement is 4 cm, and the bending value of the second layer of reinforcement is 6 cm.

D3

The reinforced concrete slab has a through hole, with a hole diameter of 22 cm. Two bars
are exposed horizontally and longitudinally. The bending value of the first layer of
reinforcement is 6.5 cm, and the bending value of the second layer of reinforcement
is 10.5 cm.

D4

The reinforced concrete slab has a through hole, with a hole diameter of 23.5 cm. Two bars
are exposed horizontally and longitudinally. The bending value of the first layer of
reinforcement is 7.5 cm, and the bending value of the second layer of reinforcement
is 11.5 cm.

3.2. Failure Mode of Contact Explosion

The failure mode of the RC slab under the contact explosion load is mainly local
failure, which can be summarized into four types, namely explosion pit, explosion collapse,
explosion penetration and explosion punching. The schematic diagram of the four failure
modes is shown in Figure 3. Within the range of charge in this paper, the single-layer
reinforced slab and double-layer reinforced slab both show explosive penetration damage,
and the concrete medium near the center of the top face is crushed and peeled off to form
a blast hole. The compression stress wave caused by the explosion will be reflected on
the bottom face, and the resulting reflection stretching effect will cause the bottom face
concrete to crack and collapse, thus forming a collapse hole. In addition, the top face blast
hole and bottom face collapse hole will penetrate up and down.

3.3. Analysis of Damage Area of Contact Explosion

The damage area of the top face, the damage area of the bottom face and the diameter
of the through hole of RC slabs under contact explosion are shown in Table 6.

Table 6. Measurement data of damage form under contact explosion.

Types of RC Slabs Specimen Charge (kg)
The Damage Area of

Top Face (cm2)
The Damage Area of

Bottom Face (cm2)
Diameter of Through

Hole (cm)

Single-layer
reinforced slabs

S1 0.2 750 1400 15
S2 0.4 1000 1950 21
S3 0.8 1100 2225 23
S4 1.6 1275 2850 27.5

Double-layer
reinforced slabs

D1 0.2 650 1375 14
D2 0.4 825 1500 18
D3 0.8 975 1925 22
D4 1.6 1125 2125 23.5
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Under the contact explosion, the top face is compressed and destroyed to form a
blasting pit. The parameters that affect the blasting damage form of the top face include
the explosion source factors (such as charge and explosive density) and the medium factors
(such as concrete strength, concrete density, reinforcement strength, reinforcement density
and wave velocity). Due to the main compression failure of the top face, it is assumed
that the damage area of top face A1 is a function of charge M, the density of explosive
ρ1, compressive strength of concrete fc, density of concrete ρ2, compressive strength of
reinforcement fc′, density of reinforcement ρ3, wave velocity V and thickness of slabs H.
It is assumed that the damage area of bottom face A2 is a function of charge M, density
of explosive ρ1, tensile strength of concrete ft, density of concrete ρ2, tensile strength of
reinforcement ft′, density of reinforcement ρ3, wave velocity V and thickness of slabs H. It
is assumed that the through hole diameter D is a function of charge M, density of explosive
ρ1, compressive strength of concrete fc, tensile strength of concrete ft, density of concrete
ρ2, compressive strength of reinforcement fc′, tensile strength of reinforcement ft′, density
of reinforcement ρ2, wave velocity V and thickness of slabs H. The dimension of each
parameter is shown in Table 7. For the dimensional analysis of the damage area of top face
A1, it can be expressed as Equation (1):

A1 = f (M, ρ1, fc, ρ2, fc′, ρ3, V, H) (1)

Table 7. Dimension of blasting parameters.

Parameter Symbol Dimensions

Charge M M
Density of explosive ρ1 ML−3

Compressive strength of concrete fc ML−1T−2

Tensile strength of concrete ft ML−1T−2

Density of concrete ρ2 ML−3

Compressive strength of reinforcement fc′ ML−1T−2

Tensile strength of reinforcement ft′ ML−1T−2

Density of reinforcement ρ3 ML−3

Wave velocity V LT−1

The damage area of top face A1 L2

The damage area of bottom face A2 L2

The diameter of through hole D L
Thickness of slabs H L

Select M, fc, ρ2 as independent variables and list three dimensionless Π values as
shown in Equation (2):

∏1 = ρ1
Ma1 fc

a2 ρ2
a3 , ∏2 = fc

′
Mb1 fc

b2 ρ2
b3

, ∏3 = ρ3
Mc1 fc

c2 ρ2
c3 ,

∏4 = V
Md1 fc

d2 ρ2
d3

, ∏5 = A1
Me1 fc

e2 ρ2
e3 , ∏6 = H

M f1 fc
f2 ρ2

f3

(2)

The expression of each dimensionless quantity Π is shown in Equation (3):

ML−3 = Ma1(ML−1T−2)
a2(ML−3)

a3

ML−1T−2 = Mb1(ML−1T−2)
b2(ML−3)

b3

ML−3 = Mc1(ML−1T−2)
c2(ML−3)

c3

LT−1 = Md1(ML−1T−2)
d2(ML−3)

d3

L2 = Me1(ML−1T−2)
e2(ML−3)

e3

L = M f1(ML−1T−2)
f2(ML−3)

f3

(3)
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Determine the indexes of Π according to the principle of dimensional consistency as
shown in Equation (4):

∏1 = ρ1
M0 fc0ρ2

1 , ∏2 = fc
′

M0 fc1ρ2
0 , ∏3 = ρ3

M0 fc0ρ2
1 ,

∏4 = V
M0 fc1/2ρ2

1/2 , ∏5 = A1
M2/3 fc0ρ2

2/3 , ∏6 = H
M1/3 fc0ρ2

−1/3

(4)

The dimensional function relationship can be obtained as shown in Equations (5) and (6):

A1

M2/3ρ22/3 = f (
ρ1

ρ2
,

fc
′

fc
,

ρ3

ρ2
,

V
fc1/2ρ21/2 ,

H
M1/3ρ2−1/3 ) (5)

A1 = M2/3ρ2
2/3 f (

ρ1

ρ2
,

fc
′

fc
,

ρ3

ρ2
,

V
fc1/2ρ21/2 ,

H
M1/3ρ2−1/3 ) (6)

The explosion and the material of media in the experiment are constant and the density
of explosive ρ1, compressive strength of concrete fc, density of concrete ρ2, compressive
strength of reinforcement fc′, density of reinforcement ρ3, wave velocity V and thickness of
slabs H are constant, so the above function form can be simplified as Equation (7):

A1 = k1M2/3 + a (7)

In the same way, the functional form of the damage area of the bottom face can be
simplified as Equation (8):

A2 = k2M2/3 + b (8)

The functional form of the diameter of through hole can be simplified as Equation (9):

D = k3M1/3 + c (9)

Based on the test data of single-layer reinforced slabs and double-layer reinforced
slabs, the fitting formula of the damage area of the top face A1, the damage area of the
bottom face A2 and the diameter of through hole D are obtained by fitting the function
form derived from dimensional analysis, as shown in Equations (10)–(15). The fitting curve
is shown in Figures 4–6, and the determination coefficient R2 of the fitting curve is greater
than 0.8. For the explosion test, the fitting result is ideal. It can be seen from the formula
that k1, k2 and k3 are parameters reflecting the anti-explosion performance of the medium.
The smaller their values, the better the anti-explosion performance of the RC slab.

Single-layer reinforced slabs: A1 = 0.047M2/3 + 0.067 R2 = 0.902 (10)

Double-layer reinforced slabs: A1 = 0.044M2/3 + 0.055 R2 = 0.919 (11)

Single-layer reinforced slabs: A2 = 0.132M2/3 + 0.108 R2 = 0.942 (12)

Double-layer reinforced slabs: A2 = 0.076M2/3 + 0.114 R2 = 0.906 (13)

Single-layer reinforced slabs: D = 0.199M1/3 + 0.046 R2 = 0.913 (14)

Double-layer reinforced slabs: D = 0.162M1/3 + 0.055 R2 = 0.882 (15)
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Figure 4. The change rule of the damage area of top face under contact explosion with the charge.

 

Figure 5. The change rule of the damage area of bottom face under contact explosion with the charge.

 

Figure 6. The change rule of the diameter of through hole under contact explosion with the charge.

4. Experimental Results and Analysis of Non-Contact Explosion

4.1. Damage Form of Non-Contact Explosion

Under the non-contact explosion, the dynamic response law of the RC slab is studied
by changing the charge. The contact explosion experimental results are shown in Table 8
and Figure 7.
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Table 8. Test results of non-contact explosion of RC slabs.

Types of RC Slabs Specimen Description of Phenomenon

Single-layer
reinforced slabs

S5 There are traces of explosion on the top face, but no crater or crack is formed; there is a
small crack in the center of the bottom face.

S6

There are traces of explosion on the top face, but there are no explosion pits and tiny
cracks; there is a seismic collapse pit on the bottom face with an area of 1075 cm2 and a
depth of 4.5 cm. Three bars are exposed horizontally and one bar is
exposed longitudinally.

S7
There are traces of explosion on the top face, but there are no explosion pits and tiny
cracks; there is a collapse pit on the bottom face with an area of 975 cm2 and a depth of
4 cm. Two bars are exposed horizontally and two bars are exposed longitudinally.

S8
There are traces of explosion on the top face, but there are no explosion pits and tiny
cracks; there are circumferential cracks and cracks emanating from the center to the
periphery on the bottom face, and the diameter of circumferential cracks is 7 cm.

Double-layer
reinforced slabs

D5 The reinforced concrete slab is free of damage and cracks.

D6

There are traces of explosion on the top face, but there are no explosion pits and tiny
cracks; there is a seismic collapse pit on the bottom face with an area of 1400 cm2 and a
depth of 3.5 cm. One steel bar is exposed horizontally and two steel bars are
exposed longitudinally.

D7
There are traces of explosion on the top face, but there are no explosion pits and tiny
cracks; there are circumferential cracks and cracks emanating from the center to the
periphery on the bottom face, and the diameter of circumferential cracks is 6 cm.

D8
There are traces of explosion on the top face, but there are no explosion pits and tiny
cracks; there are circumferential cracks and cracks emanating from the center to the
periphery on the bottom face, and the diameter of circumferential cracks is 5 cm.

 

  
(a) (b) 

Figure 7. Non-contact explosion failure mode of RC slabs. (a) Single-layer reinforced slab; (b) double-
layer reinforced slab.

4.2. Failure Mode of Contact Explosion

The failure modes of RC slabs under non-contact explosive loads are mainly local
failure and overall bending failure. The explosion shock wave causes damage on the blast
face of the slab, and there is no crack or fine crack on the blast face. When the compression
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stress wave propagates to the bottom face of the slab, it will reflect and transmit, and the
compression stress wave will be transformed into a tensile wave. Because of the low tensile
strength of the concrete, the center of the bottom face will crack due to bending, the concrete
will crack or even peel off and the slab will be bent.

4.3. Analysis of Damage Area of Contact Explosion

The damage area of the bottom face is shown in Table 9.

Table 9. Measurement data of damage form under non-contact explosion.

Types of RC Slabs Specimen Explosive Mass (kg) Blast Distance(m)
Scale

Distance (m·kg−1/3)
The Damage Area of the

Bottom Face (cm2)

Single-layer
reinforced slab

S5 0.2 0.25 0.43 -
S6 0.4 0.32 0.43 1075
S7 0.8 0.40 0.43 975
S8 1.6 0.50 0.43 -

Double-layer
reinforced slab

D5 0.2 0.25 0.43 -
D6 0.4 0.32 0.43 1400
D7 0.8 0.40 0.43 -
D8 1.6 0.50 0.43 -

It can be seen from Figure 7 and Table 9 that the damage of the single-layer reinforced
slab is more serious than that of the double-layer reinforced slab. When the scale distance
is constant, with an increase in the blast distance, there will be slight cracks on the top face
of the slab. The blast face of the slab will gradually increase from only cracks to concrete
falling off, and then the concrete falling off area will gradually decrease until only cracks
appear. The severity of the damage form will first increase and then decrease. This is
because the initial burst distance and charge quantity are relatively small. Due to the size
effect, it is difficult for the smaller-size explosives to damage the larger-size reinforced
concrete slab. With an increase in the blast distance and charge quantity, the shackles of
the size effect are broken, and the explosive produces large local damage on the reinforced
concrete slab, but the damage at this time is caused by the joint action of the blast load
and explosive gas after the explosion. With a further increase in the blast distance and
charge quantity, the damage caused by explosives on the reinforced concrete slab gradually
changes from local damage to overall damage. Due to the increase in blast distance, the
explosive gas after the explosion of explosives escapes into the air. At this time, only
the blast load acts on the reinforced concrete slab, resulting in a gradual reduction in the
damage caused by explosives on the reinforced concrete slab.

4.4. Response Analysis of Displacement

The comparison of displacement–time-history curves of single-layer reinforced slabs
and double-layer reinforced slabs is shown in Figure 8. The displacement data of the test
are shown in Table 10.

Table 10. The displacement data of test.

Specimen The Peak of Displacement (mm) The Peak of Rebound Displacement (mm) Residual Deformation (mm)

S5 −3.99 1.85 −0.70
S6 −8.24 5.87 −1.99
S7 −13.19 11.64 −4.25
S8 −17.99 18.40 −5.61

D5 −4.10 −1.10 −1.97
D6 −10.10 4.28 −4.06
D7 −11.98 9.59 −4.36
D8 −13.91 13.12 −6.95
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(a) (b) 

  
(c) (d) 

Figure 8. Comparison of displacement–time-history curves of single-layer and double-layer RC slabs.
(a) 0.2 kg; (b) 0.4 kg; (c) 0.8 kg; (d) 1.6 kg.

It can be seen from Figure 8 and Table 10 that the peak displacement of a single-layer
reinforced plate is 3.99 mm and 8.24 mm, respectively, the peak displacement of a double-
layer reinforced slab is 4.10 mm and 10.10 mm, respectively, and the peak displacement of
a single-layer reinforced slab is smaller when the blast distance and charge are relatively
small; that is, the blast distance is 0.25 m and 0.32 m and the charge is 0.2 kg and 0.4 kg.
When the blast distance and charge are relatively large—that is, when the blast distance
is 0.40 m and 0.50 m and the charge is 0.8 kg and 1.6 kg—the displacement peak of the
double-layer reinforced slab is 11.98 mm and 13.91 mm, respectively, the displacement
peak of the single-layer reinforced slab is 13.19 mm and 17.99 mm, respectively, and the
displacement peak of the double-layer reinforced slab is smaller. When the blast distance
and charge are relatively small, the RC slab is mainly subject to local damage. At this time,
the reinforcement of the single-layer reinforced slab is closer to the bottom face, and its
displacement peak value is smaller. When the blast distance and charge are relatively large,
the RC slab is mainly subject to overall damage. At this time, the overall structure of the
double-layer reinforced slab is better, and its displacement peak value is smaller. The peak
rebound displacement of a single-layer reinforced slab is 1.85, 5.87, 11.64 and 18.40 mm,
respectively, and that of a double-layer reinforced slab is −1.10, 4.28, 9.59 and 13.12 mm,
respectively. The peak rebound displacement of a single-layer reinforced slab is greater
than that of a double-layer reinforced slab. The residual deformation of a single-layer
reinforced slab is 0.70, 1.99, 4.25 and 5.61 mm, respectively, and that of a double-layer
reinforced slab is 1.97, 4.06, 4.36 and 6.93 mm, respectively. The residual deformation of a
single-layer reinforced slab is less than that of a double-layer reinforced slab.

The comparison of displacement–time-history curves of RC slabs with different blast
distances is shown in Figure 9. It can be seen from Figure 9 that the peak displacement,
rebound peak displacement and residual deformation of both single-layer and double-layer
reinforced slabs increase with an increase in the blast distance and charge.
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(a) (b) 

Figure 9. Comparison of displacement–time-history curves of RC slabs with different blasting
distances. (a) Single-layer reinforced slab; (b) double-layer reinforced slab.

5. Discussion

In this paper, the damage degree of RC slabs can be determined through the failure
patterns and test data. From the perspective of failure patterns, the degree of damage
to reinforced concrete slabs increases with an increase in charge under contact explosion,
and, under the same conditions, the damage degree of double-layer reinforced slabs is
significantly smaller than that of single-layer reinforced slabs. The damage degree of RC
slabs increases with an increase in charging under a non-contact explosion, and, under
the same conditions, the damage degree of double-layer reinforced slabs is significantly
smaller than that of single-layer reinforced slabs.

However, from the perspective of test data, the results of the test are not entirely
consistent. The damage of RC slabs is often related to the dynamic response of the RC
slabs. The parameter tested in this paper was displacement, and the maximum bearing
rotation angle θmax can be calculated through the peak displacement. The dimensionless
parameter θmax is a standard for evaluating the degree of damage to reinforced concrete
slab components. The calculation formula for the maximum bearing rotation angle θmax is
shown in Equation (16) [41]:

θmax = tan−1
(

xmax

L/2

)
(16)

where L is the span of the RC slabs and xmax is the maximum displacement at the mid-span
of the RC slabs.

In ref. [41], it is pointed out that the larger the maximum bearing rotation angle θmax,
the greater the degree of damage to the RC slabs. For RC slabs of the same size, the
larger the peak displacement, the greater the degree of damage to the RC slabs. From
the test data, it can be seen that, with an increase in the blast distance and charge, the
peak displacement gradually increases, which means that the degree of damage to the
RC slabs increases. When the blast distance and charge are small, the displacement of
the double-layer reinforced slabs is greater than that of the single-layer reinforced slabs,
which means that the damage degree of the double-layer reinforced slabs is greater than
that of the single-layer reinforced slabs. When the blast distance and charge are large, the
displacement of the single-layer reinforced slabs is greater than that of the double-layer
reinforced slabs, which means that the damage degree of the single-layer reinforced slabs is
greater than that of the double-layer reinforced slabs. This is not entirely consistent with the
results obtained based on the failure patterns. When the degree of damage determined by
different standards is inconsistent, it is necessary to comprehensively consider the degree of
damage obtained by various standards. Usually, the standard with the most severe degree
of damage can be used as the criterion.

Liu et al. [42] conducted experiments on arch structure with the same scale distance
(0.5 m·kg−1/3) and different blast distances and found that, the larger the blast distance,
the more severe the damage to the arch structure and the larger the peak displacement.
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However, in this article, an inconsistent conclusion was drawn, where, the larger the blast
distance, the greater the failure of the slab, which first increases and then decreases, but the
peak displacement always increases. The difference in scale distance between the two is
not significant, and the reason for different conclusions may be due to the different range
of blast distance. In the experiment of the former, the blast distance range was 0.5–1.0 m,
whereas, in the experiment of this paper, the blast distance range was 0.25–0.50 m.

6. Conclusions

In this paper, field chemical explosion experiments were carried out on RC slabs with
the same reinforcement ratio but different reinforcement distribution and the same blast
distance but different scale distance. The influence of different reinforcement distribution
and different blast distance on the anti-blast performance of RC slabs was studied and the
damage form and test data of RC slabs were compared and analyzed.

1. The charge increased from 0.2 kg to 1.6 kg under contact explosion, and the damage
of single-layer reinforced slabs was more serious than that of double-layer reinforced
slabs. The fitting relationships of two RC slabs between the damage area of the top
face, the damage area of the bottom face, the diameter of the through hole and charge
were obtained. The damage area of the top face of single-layer reinforced slabs was
12.8–21.2% larger than that of double-layer reinforced slabs. The damage area of the
bottom face of single-layer reinforced slabs was 1.8–34.1% larger than that of double-
layer reinforced slabs. The diameter of the through hole of single-layer reinforced
slabs was 4.5–17.0% larger than that of double-layer reinforced slabs.

2. When the scale distance was the same, the blast distance increased from 0.25 m to
0.50 m under non-contact explosion, the damage degree of single-layer reinforced
slabs and double-layer reinforced slabs increased first and then decreased and the
peak of displacement, the peak of rebound displacement and residual deformation
near the center of the bottom face gradually increased.

3. When the blast distance was small, the peak displacement of single-layer reinforced
slabs was 2.8–22.6% larger than that of double-layer reinforced slabs. When the
blast distance was large, the peak displacement of double-layer reinforced slabs was
10.1–29.3% larger than that of single-layer reinforced slabs. No matter how the blast
distance changed, the peak rebound displacement of the double-layer reinforced
slabs was 17.6–27.1% smaller than that of the single-layer reinforced slabs, and the
residual deformation of the double-layer reinforced slabs was 1.03–2.81 times that of
the single-layer reinforced slabs.

4. When designing and constructing RC slabs, double-layer or multi-layer reinforcement
can be considered to improve the blast resistance of RC slabs. When studying blast
load conditions, not only scale distance but also blast distance should be considered.
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Abstract: In this paper, the shear horizontal (SH) wave scattering by a circular pipeline in an
inhomogeneous concrete with density variation is studied. A model of inhomogeneous concrete with
density variation in the form of a polynomial-exponential coupling function is established. By using
the complex function method and conformal transformation, the incident and scattering wave field
of SH wave in concrete are obtained, and the analytic expression of dynamic stress concentration
factor (DSCF) around the circular pipeline is given. The results show that the inhomogeneous density
parameters, the wave number of the incident wave and the angle of the incident wave in concrete are
important factors affecting the distribution of dynamic stress around the circular pipe in concrete
with inhomogeneous density. The research results can provide a theoretical reference and a basis
for analyzing the influence of circular pipeline on elastic wave propagation in an inhomogeneous
concrete with density variation.

Keywords: inhomogeneous concrete; SH wave; circular pipeline; complex function method; dynamic
stress concentration factor

1. Introduction

In recent years, there has been significant interest in studying the propagation of
elastic waves in solids, as it is crucial for understanding wave propagation mechanisms in
engineering applications such as non-destructive testing of structures and the use of new
materials [1–8]. Concrete, being a common and popular engineering material, has been
extensively studied for its elastic wave propagation mechanism [9–14]. In many concrete
structures, circular cavity structures such as pipelines are present, and understanding their
response to dynamic loads is important for engineering purposes. At present, there are
many different applications for elastic wave propagation in concrete. Many studies have
focused on structural damage or defects in concrete. For instance, Ziaja [15] used elastic
wave propagation to monitor the state of GFRP-reinforced concrete structural members.
They used PZT (lead-zirconate-titanate) sensors to record the changing state of elastic waves
caused by cracks and crack propagation in GFRP reinforced concrete structures, considering
the material discontinuity caused by cracks and the influence of strain field on wave
propagation. Yoon [16] analyzed the applicability of the elastic wave of impact echo (IE) and
evaluated six types of prestressed concrete structures using multichannel analysis of surface
waves, electromagnetic waves, and shear waves. A more accurate classification method for
internal defects in pipelines was proposed by using electromagnetic wave, IE, and principal
component analysis (PCA). Beniwal et al. [17] proposed two different ultrasonic imaging
techniques designed to use more information contained in the scattered fields for concrete
using scattered elastic compression and mode conversion shear wave field modes. Guo [18]
established the basic equation of elastic wave propagation in damaged concrete media
based on the basic principles of classical elastic dynamics and the damage mechanics model,
and derived the fundamental solution of the system. Due to the existence of damage in the
structure, the wave response of concrete, including the shape, amplitude, and propagation
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time of ultrasonic waves in the structure, will change obviously. Additionally, many
scholars have used the impact-echo method to detect defects in concrete structures [19,20].
Ali [21] described the theoretical basis of a crack detection and location method for concrete
samples based on the time for elastic waves generated by crack formation to reach a set of
sensors located at the sample boundary, and presented a location method based on acoustic
emission detection, and developed a discretization scheme for two-dimensional elastic
equations. Uenishi [22] used a two-dimensional in-plane time-harmonic elastodynamics
model to analyze the effects of P wave and SV wave incidence on a circular tunnel with
lining located at a finite depth from a nearly flat free surface of a homogeneous isotropic
linear elastic medium. They also discussed the influence of wavelength and incidence angle,
covering layer thickness, and relative compliance on the relative compliance of the linear
elastic lining. The results of spalling of lining concrete, buckling of side wall reinforcement,
and disengagement of subgrade from invert were given.

In practical engineering structures, the uneven density of concrete can significantly
impact the mechanical properties of materials and structures. For example, Lu and Liu [23]
analyzed the maximum first principal stress and mid-span deflection increment of density
gradient concrete continuous rigid frame bridges under shrinkage and creep effect. Their
research aimed to address the problems of excessive mid-span deflection and box girder
cracking. The results showed that the effect of shrinkage and creep was reduced by a
continuous rigid frame bridge with density gradient concrete. This research provided
a theoretical basis for the successful application of continuous rigid-frame bridge with
density gradient concrete. Not only do inhomogeneous concrete structures appear in
practical projects, but the 3D printing technology of concrete is also becoming increas-
ingly mature, making it possible to prepare concrete materials with gradually functional
gradients [24]. Foamed concrete with functional gradients also plays a role in protecting
the structure. For example, Strieder [25] used a simplified model to study the influence
of gradient concrete material distribution on crack reduction in mass concrete structures.
It also demonstrated that graded concrete may help reduce the confinement stress and
weaken the risk of cracks during the hardening of concrete. Wang [26] proposed a layered
graded foamed concrete-filled tensile honeycomb structure, which achieved multi-level
structural protection by adjusting its overall compression deformation mode to layer-by-
layer deformation mode. For example, the coagulative density of the new material UR50
ultra-early-strength concrete could reach 2600 kg/m3. This concrete is characterized by
ultra-high strength, ultra-high toughness, ultra-impact resistance, and ultra-high durability.
Wei et al. [27,28] also researched the mechanical properties and penetration resistance of
this high-density concrete. The density of foamed concrete was relatively low, and the
density span was large, ranging from 300 kg/m3 to 1600 kg/m3. Therefore, some scholars
investigated the performance and structure of foamed concrete with different densities [29].
Foamed concrete backfill has been proven to be an ideal material for improving the bearing
capacity of underground engineering structures, except for buried pipelines. Wang [30]
studied the effect of foamed concrete backfill on improving the anti-knock performance
of buried pipelines. In addition, the study of elastic wave propagation in heterogeneous
concrete is of great significance. The propagation characteristics of elastic waves can be
used to analyze the structural characteristics of heterogeneous concrete. Metais [31] investi-
gated the impact of multiple scattering on the dispersion curve of phase dry surface waves
by considering elastic circular inclusions in an elastic matrix. The dispersion curves were
calculated using the global neighborhood algorithm and were inverted to obtain a solution
for layered media with linear uniform and isotropic elastic layers. The study quantified
the effect of multiple scattering on the results. As the phase velocity of surface waves does
not change with frequency, a solution consisting of uniform layers was obtained through
inversion. Many scholars have studied the dynamic stress response of homogeneous con-
crete with defects by numerical simulation or experiment. The dynamic stress response
of inhomogeneous concrete with defects is rarely reported. For example, variations in
density and shear modulus in inhomogeneous concrete, and structural forms of defects in
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concrete. These factors will affect the dynamic stress response of concrete to elastic waves.
Even less research has been done on the analytical solutions to such problems. This paper
aims to investigate the scattering of SH waves in inhomogeneous concrete containing a
circular pipeline using complex function theory and conformal transformation proposed
in Refs. [32–36]. In Section 2, the model of density inhomogeneous concrete and the wave
field model are introduced. The governing equation is given in Section 3. In Section 4,
the stress and displacement fields of the concrete are derived. In Section 5, unknown
factors are solved according to boundary conditions, and the expression of dynamic stress
concentration factor (DSCF) around the circular pipeline is obtained. In Section 6, the
influence of reference wave number and two kinds of density inhomogeneous parameters
on DSCF around the circular pipeline is discussed. Finally, Section 7 summarizes the work
of this paper.

2. Concrete and Waves Field Model

2.1. Concrete Model

The density of concrete will change in the actual engineering structure [23]. In addition,
long and thin pipelines such as drainage pipelines will also exist in concrete structures.
In view of the above possible situations, this paper assumes that the density of concrete
is inhomogeneous. We propose a concrete structure model in which a large volume of
concrete contains a relatively small circular pipeline. It is assumed that concrete media is
infinite in a two-dimensional plane, and the shear modulus of the concrete μ is considered
to be a constant value of μ0. The density of the concrete is expressed as a polynomial and
exponential coupling function, which changes with x and y in two directions simultaneously
and continuously. This problem model is shown in Figure 1. The expressions of concrete
density are given by the following equations.

ρ(x, y) = ρ0 · A(x, y) · B(x), (1)

A(x, y) = β2
1β2

2(x2 + y2), (2)

B(x) = exp(2β2x), (3)

where ρ0 is the reference density of the concrete, β1 and β2 are the inhomogeneous param-
eters of density; The expression of function A is the polynomial structure of x and y, the
expression of function B is the exponential form.

x,y x y  x

S

O x

y

R

x,y x y  x

S

y

x
R

O

(a) (b)

Figure 1. Model of inhomogeneous concrete containing a circular pipeline.

Since the numerical value of the density of the concrete should exist and be real, neither
the inhomogeneous parameters β1 or β2 in the density distribution function expression
can be equal to 0. Moreover, the values of inhomogeneous parameters β1 and β2 affect the
variation form of concrete density. The variation of inhomogeneous parameters β1 affects
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the density value in the infinite concrete, while the variation of inhomogeneous parameters
β2 not only affects the density value, but also directly affects the density distribution in the
concrete.

Then, the expression of wave number k is given by the following formula:

k(x, y) = k0

√
A(x, y) · B(x), (4)

k0 =
ω0√

μ0
ρ0

, (5)

where k0 is the reference wave number, ω0 is the circular frequency.

2.2. SH Waves Field Model

The scattering field model is shown in Figure 1. The radius of the circular pipeline is R,
and the center of the circular pipeline coincides with the coordinate origin O. The density
inhomogeneous parameter β2 in Figure 1a is a positive number, whereas in Figure 1b,
the density inhomogeneous parameter β2 is negative. The change from yellow to purple
represents that the concrete density changes from large to small. It can be seen from Figure 1
that the density changes in the 2D direction, and is symmetrically distributed along the
x-axis. Based on the symmetry of density in the concrete, the incident SH wave is assumed
to incident horizontally along the x-axis. When β2 is positive, SH waves are incident from
the low density to the high density of the concrete; when β2 is negative, SH waves are
incident from the high density to the low density of the concrete. The incident direction of
the two cases is completely opposite.

3. Governing Equation

In the Cartesian coordinate system, the wave equation in the concrete with inhomoge-
neous density is given by the following equation:

∂2 ϕ(x, y)
∂x2 +

∂2 ϕ(x, y)
∂y2 + k2(x, y) · ϕ(x, y) = 0, (6)

where ϕ(x, y) is the displacement in the wave field, which is the function of x and y.
Based on the complex function theory, a set of complex variables, z = x + iy and

z = x − iy, where introduced to transform the wave Equation (6) into the following equation:

∂2 ϕ

∂z∂z
+

1
4

k2(z, z) · ϕ = 0, (7)

where k(z, z) is expressed as k(z, z) = k0β1β2|z| exp[0.5β2(z + z)] in the coordinates of the
complex variables.

To solve wave Equation (5), we need to introduce a new set of variables ζ and ζ

ζ = w(z) = β1(z − 1
β2

) exp(β2z) , ζ = w(z) = β1(z − 1
β2

) exp(β2z). (8)

By introducing a new set of variables, the Helmholtz equation with variable coefficients
can be transformed into the standard one, allowing for the easy derivation of analytic
solutions for displacement and stress fields using the separation of variables method. The
standard form of the Helmholtz equation is expressed as:

∂2 ϕ

∂ζ∂ζ
+

1
4

k2
0 ϕ = 0. (9)
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4. Fields of Displacements and Stresses

The propagation direction of the incident wave is horizontal and the incident angle
is 0◦. In the ζ-plane, the displacement of the wave field can be obtained by using the
Helmholtz equation in the standard form, and the expression of the incident waves ϕ(i) is
as follows.

ϕ(i)(ζ, ζ
)
= ϕ0 exp

[
ik0

2
(
ζ + ζ

)]
, (10)

where ϕ0 is the amplitude of the incident wave.
In addition, a circular pipeline exists in an infinite inhomogeneous concrete, and the

scattering waves ϕ(s) from the circular pipeline is,

ϕ(s)(ζ, ζ
)
=

∞

∑
n=−∞

Cn H(1)
n (k0|ζ|)

(
ζ

|ζ|
)n

, (11)

where Cn are undetermined coefficients and H(1)
n is the first kind Hankel function of nth order.

In the concrete, the displacement field should be the superposition of incident waves
and scattering waves displacement, so the displacement fields in the concrete with inhomo-
geneous density can be expressed as:

ϕt = ϕ(i) + ϕ(s), (12)

where ϕt represents the total displacement field.
In the complex plane, the expression of hoop stresses and radial stresses in the concrete

with inhomogeneous density is given by the following equation,

τrz = μ0

(
∂ϕ

∂z
eiθ +

∂ϕ

∂z
e−iθ

)
, (13)

τθz = iμ0

(
∂ϕ

∂z
eiθ − ∂ϕ

∂z
e−iθ

)
, (14)

where r, θ, and z are the cylindrical coordinates.
By introducing variables ζ and ζ, Equations (13) and (14) can be transformed into the

following,

τrz = μ0

(
∂ϕ

∂ζ

dζ

dz
eiθ +

∂ϕ

∂ζ

dζ

dz
e−iθ

)
, (15)

τθz = iμ0

(
∂ϕ

∂ζ

dζ

dz
eiθ − ∂ϕ

∂ζ

dζ

dz
e−iθ

)
. (16)

By substituting the displacement of incident waves and scattering waves into Equa-
tions (15) and (16), the stresses field in the infinite inhomogeneous concrete in the ζ plane
can be obtained,

τ
(i)
rz =

1
2

iμ0k0 ϕ0β1β2[z exp(β2z + iθ) + z exp(β2z − iθ)] exp
[

ik0

2
(
ζ + ζ

)]
, (17)

τ
(i)
θz = −1

2
μ0k0 ϕ0β1β2[z exp(β2z + iθ)− z exp(β2z − iθ)] exp

[
ik0

2
(
ζ + ζ

)]
, (18)

τ
(s)
rz =

μ0k0β1β2

2

∞

∑
n=−∞

Cn

{
H(1)

n−1(k0|ζ|)
(

ζ

|ζ|
)n−1

z exp(β2z + iθ) −H(1)
n+1(k0|ζ|)

(
ζ

|ζ|
)n+1

z exp(β2z − iθ)

}
, (19)

τ
(s)
θz =

iμ0k0β1β2

2

∞

∑
n=−∞

Cn

{
H(1)

n−1(k0|ζ|)
(

ζ

|ζ|
)n−1

z exp(β2z + iθ) +H(1)
n+1(k0|ζ|)

(
ζ

|ζ|
)n+1

z exp(β2z − iθ)

}
. (20)
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5. Boundary Conditions and Dynamic Stress Concentration Factor of Circular Pipeline

According to the relationship between the infinite concrete and the circular pipeline,
it can be determined that the stress freedom should be satisfied on the boundary of the
circular pipeline. Therefore, the radial stresses should be zero on this boundary (|z| = R) as

τ
(t)
rz = τ

(i)
rz + τ

(s)
rz = 0, |z| = R. (21)

According to Equation (21), the radial stresses expressions of the incident and scattered
waves are substituted into Equation (19), and the following expressions can be obtained,

∞

∑
n=−∞

Cnξn = ξ, (22)

where

ξn = H(1)
n−1(k0|ζ|)

(
ζ

|ζ|
)n−1

z exp(β2z + iθ)− H(1)
n+1(k0|ζ|)

(
ζ

|ζ|
)n+1

z exp(β2z − iθ), (23)

ξ = −iϕ0[z exp(β2z + iθ) + z exp(β2z − iθ)] exp
[

ik0

2
(
ζ + ζ

)]
. (24)

To solve the unknown coefficient Cn, multiply both sides of Equation (22) by e−imθe,
and perform integration over the interval of 2π to obtain Equation (25).

∞

∑
n=−∞

Cn

2π

∫ π

−π
ξne−imθdθ =

1
2π

∫ π

−π
ξe−imθdθ, (m = 0,±1,±2, . . . ,±n). (25)

Then the dynamic stress concentration factor around the circular pipeline in the
concrete can be obtained, which is given by the following formula,

τ∗
θz =

∣∣∣∣∣τ
(t)
θz
τ0

∣∣∣∣∣, (26)

τ
(t)
θz = −[z exp(β2z + iθ)− z exp(β2z − iθ)] exp

[
ik0
2
(
ζ + ζ

)]
+ i

ϕ0

∞
∑

n=−∞
Cn

{
H(1)

n−1(k0|ζ|)
(

ζ
|ζ|
)n−1

z exp(β2z + iθ) + H(1)
n+1(k0|ζ|)

(
ζ
|ζ|
)n+1

z exp(β2z − iθ)
} , (27)

where τ
(t)
θz = τ

(i)
θz + τ

(s)
θz , τ0 = μ0k0 ϕ0β1β2.

6. Numerical Results and Discussion

After establishing the scattering model of elastic waves by circular pipeline in the
infinite inhomogeneous concrete, the DSCFs around the circular pipeline can be obtained
when SH waves propagate in the horizontal direction. The distribution and variation rule
of the DSCFs around the circular pipeline are analyzed and discussed. The dimensionless
variables used in the analysis are reference wave number k0R, density inhomogeneous
parameters β1 and β2, respectively. When other variables are the same as each other and
the values of β2 are opposite number to each other, the density distribution in the concrete
is symmetric about the y-axis. When β2 is positive, it can be considered that SH waves are
incident horizontally from low density to high density in the concrete. When β2 is negative,
SH waves are incident horizontally from high density to low density in the concrete.

To analyze the impact of different values of inhomogeneous parameters on DSCF, the
values of inhomogeneous parameters adopted in this paper were based on the selected
variables in the study of reference [37]. The values of variables in reference [37] can be found
in Appendix A. The distribution of DSCFs around the circular pipeline is given in Figure 2
when the density inhomogeneous parameter β1 = 0.5. The values of k0R are 0.5, 1.0 and
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2.0, respectively. The density inhomogeneous parameter β2 in Figure 2a,b is 0.1 and 0.5. As
can be seen from the figure, since the distribution form of the inhomogeneous concrete is
symmetric about the x-axis, and SH waves are also positively incident along the x-axis, the
distribution of the DSCFs around the circular pipeline is also symmetric. When the reference
wave numbers k0R become two times larger, the amplitude of the DSCF around the circular
pipeline increases. It can be inferred that higher DSCF values will be obtained in the case
of high-frequency waves at this density. When β2 increases, the maximum value of DSCF
also increases, and the extreme point of DSCF shifts toward the back wave surface, and
the distribution of DSCF around the circular pipeline becomes more regular. Figure 2c,d
shows that when β2 is negative, the direction of density distribution in the concrete changes
concerning the symmetry of the y-axis. Contrary to the results in Figure 2a,b cases, the
amplitude of DSCF decreases with the increase of reference wave number k0R, and higher
DSCF values are obtained in the case of low-frequency waves. Compared with the case
when β2 is positive, the maximum value of DSCF when β2 is negative is smaller. However,
in the same way, that β2 is positive, the extreme points of DSCF will shift toward the back
wave surface of the circular pipeline with the increase of the absolute values of β2. Thus,
it can be inferred that when SH waves are incident into the concrete from two opposite
directions, the distribution law and magnitude of DSCF will be changed.

k0R
k0R
k0R

k0R
k0R
k0R

(a) (b)

k0R
k0R
k0R

k0R
k0R
k0R

(c) (d)

Figure 2. DSCF distribution around the circular pipeline with different reference wave numbers
k0R(β1 = 0.5).

By comparing the results of the DSCFs around the circular pipeline in the radial and
linear terms of the density given by Jiang [37], the distribution of DSCFs around the circular
pipeline given in Figure 2 shows that when the density of the concrete is distributed in
the form of a polynomial-exponential coupling, more extreme points appear in the DSCF
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curves. The amplitudes of DSCF all appear on the surface, and there is no obvious offset
with the increase of reference wave number or inhomogeneous parameters. It shows that
when the density of the concrete is distributed in this form, the influence on the distribution
of DSCF around the circular pipeline is more severe.

The values of DSCFs under different reference wave numbers k0R are given in
Figures 3 and 4. The values of k0R are set as 0.5, 1.0 and 2.0, respectively.

k0R
k0R
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k0R
k0R
k0R

k0R
k0R
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(a) (b) (c)

Figure 3. DSCF distribution around circular pipeline with different reference wave numbers k0R
(β2 = 0.5).
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Figure 4. DSCF distribution around circular pipeline with different reference wave numbers k0R
(β2 = −0.5).

Figure 3 shows the distribution of DSCF around the circular pipeline when the β2 = 0.5
and β1 = 0.3, 0.6, 0.9. The DSCFs around the circular pipeline increase with larger reference
wave number k0R. When β1 increases, it can be seen that the distribution of DSCF around
the circular pipeline (20~40◦ and 320~340◦) becomes regular, and the number of extreme
points of DSCF around here decreases. When k0R and β1 change, the distribution of
extreme points of DSCF is dominated by the back wave surface. Figure 4 shows the DSCF
distribution around the circular pipeline when the β2 = −0.5. It can be seen that when
β2 is negative, the maximum value of DSCF decreases with the increases of k0R, but its
maximum value decreases slightly. The DSCF around the circular pipeline is complex, and
there is no obvious distribution change with the increase of β1, and the maximum value
of DSCF is much smaller than the result in Figure 3. Thus, it can be found that when the
incident direction of SH waves is from low density to high density, the distribution of DSCF
in the process is more regular.

In the discussion of the influence of reference wave number k0R on DSCF around the
circular pipeline, it is obvious that the inhomogeneous parameters β1 and β2 will have a
significant influence on DSCF around the circular pipeline. Figure 5 shows the variation of
DSCF distribution around the circular pipeline with the values of β2, when the k0R = 0.5,
1.0 and 1.5. We set the β1 = 2.0 and changed the β2 = 0.2, 0.3 and 0.4. As can be seen
from Figure 5, when the β2 increases, the maximum value of the DSCF around the circular
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pipeline increases along with it. Although the values of β2 are small and the increment
of each change is small, the amplitude of the DSCFs around the circular pipeline is very
obvious, because the change of β2 has a drastic impact on the density distribution and value
in the concrete. In addition, as the reference wave number k0R increases into an arithmetic
sequence, it is found that the distribution of DSCF near 40◦ and 320◦ of the circular pipeline
becomes more regular, and the number of extreme points of DSCF decreases. Figure 6
shows DSCF around the circular pipeline with the values of β2 = 0.8, 1.0 and 1.2. When
the value of β2 is large, the maximum value of the DSCF around the circular pipeline will
not change significantly with the values of k0R variation. Therefore, it can be inferred that
when β2 increases to a certain value range, the change of reference wave number has a
small impact on the amplitude of DSCF around the circular pipeline. In addition with the
increase of β2, the distribution of DSCF near 20◦ and 340◦ of the circular pipeline gradually
becomes complex, and the number of extreme points of DSCF tends to increase. These
changes are completely contrary to the changes when β2 is small.
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Figure 5. Distribution of DSCF around circular pipeline with different inhomogeneous parameter
β2(β2 = 0.2, 0.3, 0.4), (β1 = 2.0).
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Figure 6. Distribution of DSCF around circular pipeline with different inhomogeneous parameter
β2(β2 =0.8, 1.0, 1.2), (β1 = 2.0).

The distribution of DSCFs around the circular pipeline with β1 is given in Figures 7 and 8.
The reference wave number k0R = 0.5, 1.0 and 1.5. Figure 7 set the β2 = 0.5, and change the
β1 = 1.2, 1.6 and 2.0. As can be seen from Figure 7, when the β1 increases, the maximum
value of DSCF around the circular pipeline increases along with it. When k0R increases, it
can be found that the distribution of DSCF near 30◦ and 330◦ of the circular pipeline changes
gradually, and the number of extreme points of DSCF decreases. In addition, k0R increases in
an arithmetic sequence, and the maximum value of DSCF increases in an arithmetic sequence.
Figure 8 shows the distribution of DSCF around the circular pipeline at β2 = −0.5. SH waves
are incident horizontally from high density to low density in the concrete. It can be found
that the distribution of DSCF around the circular pipeline is more complex than in Figure 7, in
which multiple extreme points appear on the back wave surface, and when β1 increases, it
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has little influence on the amplitude of DSCF. When k0R increases, the peak values of DSCF
almost do not change, remaining within 0.4, which is smaller than the maximum value of
DSCF in Figure 7. Only the distribution of DSCF near 30◦ and 330◦ of the circular pipeline
changed slightly. It can be inferred that when SH waves are incident from high density to
low density, the changes of k0R and β1 have a very limited impact on the amplitude and
distribution of DSCF around the circular pipeline, and no obvious changes will occur.
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Figure 7. Distribution of DSCF around circular pipeline with different inhomogeneous parameters
β1 (β2 = 0.5).
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Figure 8. Distribution of DSCF around circular pipeline with different inhomogeneous parameters
β1 (β2 = −0.5).

The distribution of DSCF around a circular pipeline is shown in Figures 2–8, and in
most cases, there are significant differences in the distribution of DSCF between 20~40◦
and 320~340◦. In order to analyze and summarize the distribution characteristics of DSCF
around the circular pipeline more intuitively, this paper selects three observation points on
the circular pipe at θ = 20◦, 30◦, and 40◦, and provides the changes in DSCF values under
different variable influences in Tables 1–3.

The results of the values of DSCF at positions θ = 20◦, 30◦, and 40◦ on a circular
pipeline with β1 = 2.0 and k0R = 0.5, 1.0, 1.5 are shown in Tables 1–3. It can be visually
observed that the values of DSCF at the position of θ = 30◦ on the circular pipeline are
relatively more sensitive to changes in β2 and k0R compared to the other two observation
points, based on both horizontal and vertical comparisons of the data in the three tables. It
can be inferred that changes in the parameters of inhomogeneous density and reference
wavenumber have the most significant impact on the values of DSCF at the position of
θ = 30◦ on the circular pipeline. Therefore, the position θ = 30◦ is selected as the observation
point. The continuous variation of DSCF with β1, β2 and k0R at the observation point is
analyzed and discussed.

106



Materials 2023, 16, 3693

Table 1. The values of DSCF at different positions of circular pipeline with k0R = 0.5 (β1 = 2.0).

k0R β2 DSCF (θ = 20◦) DSCF (θ = 30◦) DSCF (θ = 40◦)

0.5

0.2 0.1349 0.0971 0.0562
0.3 0.1846 0.1558 0.1810
0.4 0.2520 0.3571 0.3985
0.5 0.6116 0.6885 0.7974

Table 2. The values of DSCF at different positions of circular pipeline with k0R = 1.0 (β1 = 2.0).

k0R β2 DSCF (DSCF (θ = 20◦) DSCF (θ = 30◦) DSCF (θ = 40◦)

1.0

0.2 0.3018 0.2555 0.2124
0.3 0.4973 0.5548 0.6070
0.4 0.8678 1.2262 1.2294
0.5 1.6774 2.2196 1.9365

Table 3. The values of DSCF at different positions of circular pipeline with k0R = 1.5 (β1 = 2.0).

k0R β2 DSCF (θ = 20◦) DSCF (θ = 30◦) DSCF (θ = 40◦)

1.5

0.2 0.4653 0.4670 0.4509
0.3 0.8378 1.0856 1.1452
0.4 1.4758 2.0635 1.9871
0.5 2.0386 2.9974 2.4527

In Figure 9, DSCF changes continuously with β1 at 30◦ of the circular pipeline with
k0R = 1.0, 2.0 and 3.0. The β2 of Figure 9a–c are 0.5, 1.0 and 1.5, respectively. It can be seen
that with the continuous increase of β1, the DSCF curves fluctuate significantly at the 30◦
of the circular pipeline. As the reference k0R increases, the oscillation frequency of DSCF
curves increases. Another interesting point can be found in Figure 9b,c. Although the
vibration frequencies of the DSCF curves in the subgraph are different, the maximum and
minimum values in the same vibration cycle are approximately the same. It can be inferred
that changing the density of the concrete with β1 can compensate for the influence of the
reference wavenumber on the amplitude of DSCF. In addition, it can be observed that when
the values of β2 increases, the oscillation frequency of DSCF curves will increase, but the
oscillation amplitude of DSCF curves will decrease. It can be inferred that with the increase
of concrete density and change of distribution, the amplitude of DSCF tends to be stable,
and the fluctuation gradually decreases. The DSCF continuously changes curves with β1 is
given in Figure 9d–f, β2 = −0.5, −1.0 and −1.5. SH waves incident horizontally from high
density to low density of the concrete. It can be seen that compared with Figure 9a–c, the
oscillation frequency of DSCF curves is relatively fast when the values of β2 are negative,
and the minimum value of each vibration period is approaching 0. Similarly, the maximum
and minimum values of the three DSCF curves under different reference wave numbers
are approximately the same in the same vibration period.

In Figures 10 and 11, the DSCF curves continuously change with β2 at 30◦ of the
circular pipeline k0R = 1.0, 2.0 and 3.0 are given. The values of β1 are 0.1, 0.3, 0.5. The
values of β2 in Figure 10 are the positive of number of continuous changes with a range of
0.1~2.0, while β2 in Figure 11 are the negative number of a continuous range of −2.0~−0.1.

It can be observed in Figure 10 that the overall variation trend of DSCF curves increases
with the increase of β2. When β1 = 0.1, it can be found that within the range of 0.1 < β2 < 1.5,
the DSCF curves change with different values of k0R basically coincide without significant
difference. When β2 > 0.5, the DSCF curves have obvious differences. When β1 = 0.3, the
DSCF curves have obvious differences after β2 > 0.5. When β1 = 0.5, the DSCF curves have
obvious differences after β2 > 0.2. Figure 11 shows the horizontal incident of SH waves
from high density to low density of concrete. It can be found that as the absolute value of
β2 increases, the DSCF curves at 30◦ of the circular pipeline have an obvious oscillation
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phenomenon. When the values of k0R and β1 increase, the frequency of oscillation of DSCF
curves will be higher, which is obviously different from the corresponding situation in
Figure 10. When the values of β1 and β2 are both small, different k0R has little influence on
the DSCF results at 30◦ of the circular pipeline. As the values of β1 increases the absolute
value of β2, which causes differences between DSCF curves under different k0R conditions,
will decrease, which is the same as the situation in Figure 10. This indicates that the density
of the concrete with this density form will increase with the increases of β1, so that the
DSCF curves with different wave numbers appear in advance.
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Figure 9. The change of DSCF at the 30◦ position of the circular pipeline with the inhomogeneous
parameter β1.
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Figure 10. The change of DSCF at the 30◦ position of the circular pipeline with the inhomogeneous
parameter β2 (0.1 ≤ β2 ≤ 2.0).

In Figure 12, the continuous change of DSCF curves with k0R at 30◦ of circular pipeline
is given. In Figure 12a–c, β1 = 1.0, 1.5 and 2.0, β2 = 0.8, 1.0, 1.2. It can be observed that SH
waves are incident horizontally from low density to high density of the concrete. It can be
observed in Figure 12 that with the continuous change of k0R, the vibration amplitude of
DSCF curves decreases. When the values of β1 and β2 increase, the oscillation frequency
of DSCF curves will increase. In Figure 12d–f, the values of β2 = −0.8, −1.0 and −1.2, SH
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waves are incident horizontally from the high-density to the low-density direction of the
concrete. In this case, compared with the case in Figure 12a–c, the maximum value of DSCF
curves is less than, and the minimum points on the DSCF curves are all approaching 0. It
can be found that similar to the continuous change of DSCF with β1 the maximum and
minimum values of different DSCF curves in the same vibration period remain the same
regardless of the values of β1 in each subgraph of Figure 12.
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Figure 11. The change of DSCF at the 30◦ position of the circular pipeline with the inhomogeneous
parameter β2 (−2.0 ≤ β2 ≤ −0.1).

In Figure 13, the continuous changes of DSCF curves with k0R at 30◦ of the circular
pipeline are given. β2 = 1.2, 1.6, and 2.0, β1 = 0.1, 1.0 and 2.0. It can be observed that with
the increase of β2, the peak value of DSCF also increases, the oscillation of DSCF curves will
appear earlier and the oscillation frequency will be higher. At the same time, the larger β2
is, the closer the occurrence time of the maximum values of DSCF at the position of 30◦ is to
the quasi-static condition (k0R = 0.1). With the continuous increase of k0R, the amplitude of
DSCF curves decreases. In addition, larger β1 causes faster oscillation frequency of DSCF
curves. Interestingly, even when the value of β1 changes, the DSCF curves with β2 = 1.2
always have an amplitude range of 4 to 6, the DSCF curves with β2 = 1.6 always have an
amplitude range of 6 to 8, and the DSCF curves with β2 = 2.0 always have an amplitude
range of 8 to 11.
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Figure 12. The change of DSCF at the 30◦ position of the circular pipeline with the reference wave
number k0R (β2 = ±0.8, ±1.0, ±1.2).
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Figure 13. The change of DSCF at the 30◦ position of the circular pipeline with the reference wave
number k0R (β1 = 0.1, 1.0, 2.0).

7. Conclusions

In this paper, the scattering of SH waves by circular pipeline in inhomogeneous con-
crete with polynomial-exponential coupling density distribution is studied based on the
method of complex variable function. The analytical solution of dynamic stress concentra-
tion around circular pipeline is derived under this type of concrete with density variation.
This paper discusses the effect of different dimensionless parameters on the distribution
of DSCF around the circular pipeline. It provides a theoretical reference and a basis for
analyzing the influence of defects on wave propagation in an inhomogeneous concrete
with density variation. The specific conclusions are as follows:

(1) When the density inhomogeneous parameters β1, β2 and the reference wave number
k0R change, all the maximum values of DSCF always appear on the back wave surface
of the circular pipeline. In most cases, the maximum value of DSCF is concentrated
within the range of 20~40◦ and 320~340◦ at the position of circular pipeline, and the
number of extreme points of DSCF in this range also changes significantly.
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(2) When the value of β2 is used to change the incident angle of SH wave, the peak values
of DSCF around the circular pipeline when the values of β2 is positive are much
higher than that when β2 is negative. Meanwhile, the distribution of DSCFs around
the circular pipeline is more regular.

(3) At 30◦ of the circular pipeline, with the dimensionless parameter increasing, the DSCF
values at this position will have an obvious oscillation phenomenon. At this position,
when β2 remains unchanged, β1 and k0R changes, the maximum and minimum
values of different DSCF curves in the same fluctuation cycle are the same. When β2
is negative, the DSCFs at the position of 30◦ are higher than that of positive β2.

The conformal transformation method used in this paper requires a high level of
expression for the non-uniformity of concrete density, which is not yet achievable in reality.
Although the inhomogeneous concrete model we presented does not exist in reality, we
hope that in the future, the changing form and structural model of concrete density we
proposed can be applied to concrete materials, and our research method can be applied to
the elastic dynamic research of other inhomogeneous concrete forms.
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Appendix A. An Example of Choosing Values for Inhomogeneous Density Parameter

and Reference Wave Number

Reference [37] presents an inhomogeneous medium with a circular cavity, and its
density expression is given as:

ρ = ρ0

[
4α2
(

x2 + y2
)
+ 4αβx + β2

]
, (A1)

where, α and β represent inhomogeneous parameters. When β/α < 5, the density of the
medium is considered to vary continuously in two dimensions.

In the example, in order to analyze the variation of DSCF around a circular cavity
under different reference wave numbers, reference wave numbers of 0.1, 0.5, 1.0, and 2.0
were selected. Therefore, in this article, we selected reference wave numbers of 0.5, 1.0, 1.5,
and 2.0.

In the process of selecting values for inhomogeneous parameters in this example, it
was controlled within the range of β/α < 5. The selected values for α and β are listed in
Table A1.

Although the density variation form we provide is different from the density form in
the example, we still give the range of variation for β1 values from 0.1 to 2.0 and β2 values
from −2.0 to −0.1 and 0.1 to 2.0. However, it should be noted that the selection of values
for inhomogeneous parameters can affect the accuracy of the results, and different values
may be more suitable for different applications.

To illustrate the impact of inhomogeneous density and reference wave number values
on the results, we analyzed the DSCF variation around a circular pipeline using different
values for these parameters. We found that the selection of the density function exponent
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(β2 value) has a relatively large impact on the results compared to the values of β1 and
reference wave number. This is because the selection of beta value can not only change
the distribution form of density in the material, but also change the direction of density
distribution.

In summary, our research results indicate the importance of carefully selecting the
parameters used in inhomogeneous density concrete models, and emphasize the need for
further research to better understand the impact of inhomogeneous density parameters
and reference wave numbers on the DSCF obtained from these models.

Table A1. The values of α and β.

α β

Case 1

1.0

0.4

Case 2 0.5

Case 3 0.6

Case 4 1.0

Case 5 1.8

Case 6 2.0

Case 7 0.4

1.0

Case 8 0.5

Case 9 0.6

Case 10 1.8

Case 11 2.0
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Abstract: The mass erosion of the kinetic energy of projectiles penetrating concrete targets at high
speed is an important reason for the reduction in penetration efficiency. The heat generation and
heat conduction in the projectile are important parts of the theoretical calculation of mass loss. In
this paper, theoretical models are established to calculate the mass erosion and heat conduction of
projectile noses, including models of cutting, melting, the heat conduction of flash temperature, and
the conversion of plastic work into heat. The friction cutting model is modified considering the heat
softening of metal, and a model of non-adiabatic processes for the nose was established based on the
heat conduction theory to calculate the surface temperature. The coupling numerical calculation of
the erosion and heat conduction of the projectile nose shows that melting erosion is the main factor
of mass loss at high-speed penetration, and the mass erosion ratio of melting and cutting is related
to the initial velocity. Critical velocity without melting erosion and a constant ratio of melting and
cutting erosion exists, and the critical velocities are closely related to the melting temperature. In the
process of penetration, the thickness of the heat affected zone (HAZ) gradually increases, and the
entire heat conduction zone (EHZ) is about 5~6 times the thickness of the HAZ.

Keywords: concrete; penetration; melting and cutting erosion; temperature; heat conduction;
coupling numerical calculation

1. Introduction

Underground protective fortifications are mostly built with high-strength concrete and
are mainly used to resist the shock wave generated by the explosion and the penetration of
kinetic energy projectiles. The research on kinetic energy projectiles penetrating concrete
is mostly concentrated on the depth of penetration (DOP), while the change of projectile
kinetic energy, the optimization of nose shape, and ballistic stability are perceived as impor-
tant research aspects [1,2]. According to the different initial velocities of the projectile, the
penetration process can be divided into a rigid region of penetration, a semi-fluid region of
penetration, and a hydrodynamic region of penetration by studying the interaction between
the projectile and the target [3]. With the increase in the initial velocity of penetration,
it is found that the projectile has increasingly obvious mass erosion [4], which causes
nose deformation and even disintegration of the projectile during the penetration process;
consequently, the penetration efficiency and ballistic stability will be seriously affected [5].

Research on mass erosion began in the 1990s. Forrestal and Frew [6,7] carried out a
series of tests on the high-speed penetration of sharp projectiles into concrete and focused
on the shape changes of the projectile before and after the penetration. Significant mass
loss after the penetration of the projectile was observed, mainly manifested in the abrasion
and deformation of the projectile nose, which led to a sharp reduction in the efficiency of
improving DOP by increasing the projectile velocity. In the theoretical calculation of the
DOP for the projectile penetrating concrete, the projectile is regarded as a rigid body with
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an unchanged mass in most simulation models. This assumption is reasonable when the
initial impact velocity of the projectile is relatively lower [8,9]. However, the calculation
models of rigid penetration under the conditions of medium or low initial velocity are
not suitable for predicting the penetration with erosion at high initial velocity due to the
disregard of mass loss. The linear relationship between the mass loss and the initial kinetic
energy of the projectile was established through fitting the test data by Sliding et al. [10]
and Chen et al. [11]. The calculation efficiency was greatly improved by the fitting model,
but the applicability of the model was limited due to the lack of theoretical connotation.

In order to further understand the erosion mechanism and establish a scientific
penetration-erosion theoretical model, Jones [12], He [13], and Guo [14] analyzed the
metallography of the projectile after the test and found that there was a sign of metal
melting and quenching in the heat affected zone (HAZ) of the nose surface. Adiabatic shear
bands were also observed in some areas, indicating that the temperature of the nose was
higher than the melting temperature during penetration. The molten metal layer would
separate from the surface of the projectile and produce new molten liquid metal on the new
layer. Obvious furrow scratches were also detected on the nose and fine aggregate particles
were also embedded in the surface after the test, indicating that the surface of the nose was
subjected to temperature softening and cut by the aggregate. Zhao [15] found, using the
results of Forrestal’s test, that with the increase in aggregate hardness, the mass loss of
the projectile became more obvious. In summary, the reasons for the mass reduction after
penetration could mainly be attributed to the melting of the nose surface under high-speed
friction and the cutting by the concrete aggregate at the interface. These findings provide a
strong scientific basis for the mechanism and the numerical calculation of mass erosion.

Based on the erosion mechanism, He [16] and Li [17] successively carried out theoreti-
cal research on the model of erosion calculation and established a mass erosion calculation
method combined with a high-speed friction theory and melting model. A coupling model
of erosion calculation taking into account aggregate cutting and thermal melting was estab-
lished by Ning [18], in which the accumulated friction energy was converted into thermal
melting energy. Based on the assumption that the penetration is an adiabatic process,
the mass loss is calculated by the receding of the nose surface. Guo [19] calculated the
temperature within the thickness of the thin layer on the surface of the nose using the axial
one-dimensional heat conduction model and obtained the temperature rise ratio of the
typical position generated by friction heat.

There is a coupling relationship between the temperature change of the projectile and
mass erosion. It is an important prerequisite for numerical calculation to further understand
the energy-force-heat conversion mechanism of the projectile during the process of penetrating
concrete. The softening, material flow, and mass loss of the projectile resulting from a high
temperature and high-stress state are the mechanisms of material failure during the penetration
process [14]. The essence of the projectile temperature rise is the conversion of plastic work
to heat, and the heat generated by high-speed friction between the projectile and the target
when the projectile impacts the concrete. The rapid rise of temperature can lead to the melting
of the projectile surface, and the cutting efficiency was affected by the change of hardness
of the HAZ on the projectile surface. On the other hand, when the temperature gradient is
generated on the surface of the nose, part of the thermal energy will be propagated from the
high-temperature zone to the low (including the interior of the nose and the concrete), and
the conduction and dissipation of this part of energy should be considered when calculating
the temperature and mass erosion of the nose.

Alloy steel with thermal softening behavior (including AISI 4340 alloy steel, et al.)
is selected as the projectile material, and its strength and hardness will be reduced when
exposed to higher temperatures [20,21]. The influence of thermal softening on friction
cutting has not been discussed in existing theory. With further research, the temperature
of the projectile in the process of penetrating concrete has gradually been paid attention
to. It is unscientific to regard the nose surface as an adiabatic layer in the existing erosion
model when calculating temperature. For the same projectile shape and concrete strength,
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the penetration duration is mainly determined by the initial velocity and the mass of
the projectile. If the surface is taken as an adiabatic layer, the calculation will be less
accurate with a longer penetration time; therefore, this consideration is key to scientifically
predicting the erosion and temperature evolution law to carry out the coupling model with
heat generation, heat conduction, and mass erosion of the projectile.

We conducted coupling calculations on the mass erosion and surface temperature
during the process of projectiles penetrating into concrete. Based on the heat transmission
theory, high-speed friction theory, and the conversion of plastic work into heat theory,
the coupling model of projectile mass erosion and temperature on the nose surface in the
process of penetrating concrete are investigated in this paper. In Section 2, the hardness
caused by the temperature rise on the surface of the nose is described as dimensionless
by the material constitutive model considering the temperature, and the cutting mass loss
model during penetration is modified. The projectile temperature rise caused by flash
temperature heat conduction and conversion of plastic work into heat is also considered.
Models of coupling penetration, mass loss, and heat conduction were established. The
erosion calculation of the penetration process was achieved through the assumptions and
calculation process provided in Section 3. The numerical calculation of the dynamic me-
chanical parameters, surface temperature, and mass loss during the projectile penetration
into concrete was carried out in Section 4. The effectiveness of the coupling erosion model
was verified by comparing the calculation results and tests, while the mass erosion and
surface temperature of the projectile were also calculated and analyzed.

2. Thermal and Dynamic Model of Penetration Process

Due to the interaction between the projectile nose and target during the process of
penetrating concrete, the plastic deformation caused by extrusion and high-speed friction
in the relative sliding process mainly appears at the nose of the projectile. Some researchers
have shown that a small number of scratches were observed on the body, but they are
negligible compared with the mass loss of the nose. Therefore, the mass erosion calculation
always ignores the body. Compared with a medium and low initial velocity, the mechanical
essence is more complex when the projectile penetrates concrete at high velocity. In
particular, the conversion of work to heat has an apparent influence on the deceleration and
temperature of the projectile in the penetration process. Thus, the calculation should couple
the thermal and dynamic mechanical processes of the projectile in high-speed penetration.

In this paper, we summarize the research results of scholars, including their calculation
models, which mainly consist of the dynamic mechanical model of the penetration, the
conversion of plastic work into heat model, the temperature rise model, and the conduction
of heat model of the projectile. These models are further researched in the next chapter.

2.1. Dynamic Mechanical Model in Penetration Process

The dynamic mechanical parameters of the penetration process have been studied
in detail. The theoretical aspect is mostly based on the cavity expansion theory. The
cavity expansion theory used for the calculation of the penetration process was originally
proposed by Forrestal and Tzou [22] in 1997. The surface pressure of the projectile nose
can be calculated by this theory, based on which the resistance function of the projectile
can be described as well. The positive pressure on the surface of the projectile nose can be
expressed as:

σn = S fc + ρcv2
n (1)

where vn is the cavity expansion velocity of the target at the interface of the nose and target
during penetration, which can be expressed as vn = vpcosϕ; vp is the projectile velocity;
and ϕ is the included angle between the projectile axis and the normal direction of the
nose surface, as shown in Figure 1. Here, ρc is the density of concrete target and f c is the
compressive strength without confining pressure of concrete. The parameter S = 82.6f c

−0.544

is fitted by test results [7].
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Figure 1. Two-dimensional sectional coordinates of projectile nose.

(a) Crater stage:
It is assumed that there is no mass loss in the crater stage of the mass erosion calculation

model [18]. Because the accumulated plastic work during the crater stage is relatively little,
the temperature rise of the projectile is not significant as well, so the temperature of the
nose surface does not reach the metal melting temperature. In this paper, the dynamic
relationship of this stage is coupled with mass erosion in the numerical calculation for more
accuracy, and the depth of the crater stage can be expressed as:

H1 = k′d (2)

where k′ is a parameter which can be expressed as k′ = 0.707 + h0/d, in which h0 is the
length of the nose and d is the diameter of the projectile.

When the penetration depth is x ≤ H1, the axial resistance of the projectile in the crater
stage can be expressed as:

F = cx (3)

where c is a constant. According to the theoretical formula proposed by Forrestal et al. [23],
the velocity of the projectile at the end of the crater stage can be expressed as:

v1
2 =

m0v2
0 −

(
pd3k′/4

)
S fc

m0 + (pd3k′/4)N∗rc
(4)

where m0 and v0 are the initial mass and velocity of the projectile impacting the target,
respectively. N∗ is the shape factor of the projectile nose, which can be expressed as
N∗ = (8ψ − 1)/24ψ2, where ψ is the initial caliber-radius-head(CRH) of the projectile nose,
defined as the ratio of the nose radius to the projectile diameter. According to the dynamic
cavity expansion theory, considering the integral effect of penetration resistance on the
projectile nose, the shape factor can also be defined as [24]:

N∗ = − 8
d2

∫ b

0

yy′3

1 + y′2
dx (5)

where y = y(x) is the boundary function describing the shape of the nose.
(b) Tunnel stage:
When the penetration depth is x > H1, the projectile enters the tunnel stage. The pressure

on the nose surface is divided by area and the axial resistance on the projectile is [23]:

F = πd2
(

S fc + N∗ρcv2
)

/4 (6)

The basic parameters such as the relationship between deceleration, velocity, pene-
tration depth, the pressure of the nose surface, and the time of projectile in the process of
penetration can be calculated based on the above dynamic mechanical models. During
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high-speed penetration, the mass erosion at the nose of the projectile involves physical
and mechanical parameters including projectile friction, melting, temperature rise, and
heat conduction, which need to be calculated in combination with the thermodynamic
theoretical model.

Through the conclusions obtained from current research results, the results were
calculated with fewer errors when the generation of heat on the nose part was considered
only and the body part of the projectile was ignored. Therefore, the mass erosion and heat
conduction of the projectile nose during penetration can be divided into four areas, as
shown in Figure 2, which are, respectively: the mass loss zone, the high-temperature heat
affected zone (HAZ), the heat conduction zone, and the undisturbed zone. Each zone has
a different calculation method due to its generation mechanism, and adjacent zones are
continuously distributed in the surface space of the nose and have a close thermodynamic
relationship. These models in different regions based on their generation mechanisms will
be analyzed and established in this paper.

Figure 2. Thermal boundary of the projectile nose during penetration.

2.2. Temperature Rise of Projectile Caused by the Conversion of Plastic Work into Heat at the Boundary

The pressure on the nose of the projectile is extremely high during the penetration,
which causes elastic-plastic deformation of the surface. Moreover, the instantaneous dislo-
cation of the lattice will produce an increase in internal energy, resulting in a temperature
rise that is distributed in a gradient from the surface of the projectile to its interior part.
The stress distribution of the projectile nose can be calculated iteratively using the surface
pressure given by Equation (1).

The conversion of plastic work into heat is most evident in the HAZ. According to
hardness analysis of the surface of the projectile after penetration by Jerome et al. [25], it
has been found that the hardness in the HAZ region is relatively higher. This phenomenon
indicates that the hardening process occurs after quenching when the projectile material
is heated to the austenite transformation temperature. Therefore, on the basis of scientific
evidence, we demarcate the temperature index of the HAZ inner layer as the boundary
condition. In addition, the temperature (TH) range of the normal austenitizing of AISI-4340
steel for direct quenching is 1088K~1118K.

Molinari et al. [26] proposed a formula to calculate the HAZ thickness, which can be
expressed as Equation (7), where tp is the time of heat conduction and the HAZ thickness,
H(t), is the heat diffusion length in the characteristic time:

H(t) =
1
ς

(
λp

ρpcp

Lp

vr

)1/2

(7)

Here, ς = 1/
√

2π is the characteristic constant, cp is the specific heat capacity, ρp is
the density of projectile material, Lp is the length of the projectile, and vr is the relative
sliding velocity of the projectile and target. For 4340 steel, the thermal conductivity is
λp = 44.5 W/(m · K).
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In the process of penetration, severe plastic deformation occurs on the contact surface
of the concrete, which consumes a lot of energy and results in a temperature rise. As
one of the most widely used and classic thermodynamic constitutive models of metal
materials at high strain rates, the Johnson-Cook (J-C) constitutive model composed of three
polynomials [27] is applied to the calculation of projectile stress when penetrating the
concrete. The strain rate term and temperature term are combined with the traditional
stress-strain expression relationship. Thus, this model is applicable for the calculation of
high strain rates and high temperatures in the penetration process. The flow stress, σ, can
be expressed as a function of the effective plastic strain, ε, the effective strain rate,

.
ε, and

the temperature, T. The J-C model is expressed as:

σ = (A + Bεn)

(
1 + Cln

.
ε
.
ε0

)[
1 −

(
T − T0

Tm − T0

)m]
(8)

where
.
ε0 is the reference strain rate; T0 is the room temperature; Tm is the melting tempera-

ture of the projectile material; and A, B, C, n, and m are material constants.
The numerical method for constitutive equation calculation using the integration rate

is introduced as the algorithm of stress update. The stress, σij(t + Δt), at t + Δt can be
obtained by integrating the stress rate:

σij(t + Δt) = σij(t) +
.
σijdt (9)

According to the normal stress of the projectile described in Equation (1) and the J-C
constitutive model, the relationship between the temperature gradient and time in the
HAZ can be calculated. Furthermore, elastic-plastic work is converted to heat energy in the
extrusion process, and the temperature rise of the nose can be expressed as [28]:

Tw =
β

ρpcp

∫
σdε (10)

where β is the coefficient of the conversion of plastic work into heat and cp is the specific
heat of the projectile material.

In summary, the temperature rise caused by the conversion of plastic work into heat
in the HAZ and inner zone can be calculated by Equations (8)–(10).

2.3. Friction Cutting Considering Thermal Softening of Material

It should be noted that the surface of the nose is a special kind of metal with high
temperature and high stress resistance that directly contacts the aggregate during the
penetration process. In the present cutting model, it is assumed that the hardness of the
projectile and aggregate is constant [17,18]. Because the aggregate particles are constantly
updated on the surface of the nose in the penetration process, this assumption mentioned
above will cause rare errors. However, cutting and melting are interrelated. In other words,
the hardness changes caused by the high temperature of the surface have an important
influence on the cutting of the nose.

The relationship between temperature, stress, and strain can be established based on
the J-C model. Agreements are obtained that the hardness of the nose surface and the
aggregate in the concrete both affect cutting erosion. The hardness of steel is related to
heat-treatment. A large number of tests have shown that the hardness and yield strength of
steel can be regarded as a linear relationship, approximately. According to the test results
shown in Figure 3, the relationship between the tensile strength, σb(MPa), of steel and
Brinell hardness, Hp, is expressed as follows [21,29,30]:

σb = K × Hp + b (11)

where K and b are the fitting parameters obtained from the tests. For alloy steel, K can be
taken as 3.36 and b can be taken as 30.92.
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Figure 3. Relationship between Brinell hardness and tensile strength [29].

With a tensile strength of 1080 MPa, the corresponding Brinell hardness is about
320 HBS; AISI-4340 alloy steel is often chosen as a material in the design of penetrating
projectiles. The hardness decreases when the strength of the material reduces because of
the high temperature. Therefore, the hardness value can be obtained through the strength
value. Since the Mohs hardness of quartz aggregate has been adopted in the theoretical
formula in literature [18] for calculation, the parameter of relative hardness is introduced in
order to adapt to the general calculation of the model, and the dimensionless analysis of the
softening behavior of AISI-4340 steel can be described. The softening relative hardness ratio
of projectile material is defined as the ratio of the initial hardness under room temperature
to the softening hardness under high temperature:

η(t) =
Hp-Normal

Hp-Soft(t)
(12)

In the process of penetration, the hardness of concrete aggregate, Hc, is defined as
a constant. In Equation (12), the hardness of alloy steel, Hp-Soft(t), is a variable param-
eter related to the penetration time. The initial hardness is the test result at laboratory
temperature. The hardness of surface metal will decrease with the rise of temperature.

In the classical Rabinowicz cutting theory [31], using single-point abrasive particles
to apply a load of p on a soft metal surface and press it into the depth of h, the volume
expression of cutting when the wear sliding unit distance on the metal surface is:

V = K
p

Hm
(13)

where Hm is the Mohs hardness of the bearing surface and K is the wear coefficient which
depends on the hardness of abrasive particles and the hardness of the metal.

Through microscopic inspection and observation on the surface of the recovered
projectile after penetration, it is found that the furrow shape of the nose surface distribution
is similar to the particle wear. Equation (13) can be borrowed in cutting calculation. For
penetration, the pressure, p, of particles can apply the nose surface pressure described in
Equation (1). Since the hardness of steel is proportional to the yield strength, the relative
hardness described in Equation (12) can be introduced to modify the classical cutting model.
Therefore, the change of hardness on the nose surface caused by melting is considered in
the model, and the modified cutting volume of a unit area can be expressed as:

dVc = ηK1
σn

Y
vrdt (14)

where K1 is the wear parameter applicable to the projectile penetrating concrete, which is
related to the relative hardness of the contact. The specific calibration method has been
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studied in the literature [18]. Y is the yield strength of the projectile material and vr is
the relative sliding velocity of the projectile target surface, which can be expressed as
vr = vpsinϕ (see Figure 1). Therefore, for the mass loss caused by cutting, the cutting
quality per unit area can be expressed as:

Δmc = ρp × ΔVc = ρpK1

∫ te

0
η

σnvr

Y
dt (15)

The strength, temperature, and hardness of the projectile can be calculated, respec-
tively, and the mass loss models of the projectile considering cutting and thermal softening
during the penetration of concrete are established based on these equations above.

2.4. Melting and Heat Conduction

For the calculation of the temperature rise of the projectile nose, it is not scientific to
assume the melting of the layer on the surface of the projectile is an adiabatic process. The
temperature rise caused by the conversion of plastic work into heat is applied to the whole
nose. The friction on the surface of the projectile will produce a “heat supply”. There will
be heat conduction from the surface of the projectile to the interior when the “heat supply”
capacity is higher than the temperature rise of the plastic work.

2.4.1. The Heat Conduction of Flash Temperature

The friction under high-speed sliding is very different from that under low-speed
sliding on the surface. During high-speed penetration, the surface temperature will reach
and even exceed the melting temperature [32,33]. Meanwhile, the large deformation, phase
transformation, and melting at the friction interface make the analysis more complex in
penetration. The friction heat generated between the projectile and the target during
penetration is also a complex physical problem to solve. Moreover, the heat transfer
rate involved in the calculation of heat conduction is a time-dependent parameter. The
heat energy is concentrated on the thin-layer surface area of the projectile nose, and the
temperature rises in a very short time, in what is known as “flash temperature”.

During high-speed penetration, the temperature of the nose surface rises rapidly due
to the intense heat flow of the surface melting, resulting in the heat conduction to the
internal projectile, to be specific, which is called the heat conduction of flash temperature.
In the flash temperature stage, the surface temperature of the nose is much higher than
that of the interior. Although the metal melting only takes a very short time and can
be considered to be completed instantaneously, the continuous high-temperature liquid
melting material has a great influence on the temperature of the internal projectile, especially
after the temperature of the exposed surface layer has changed and affected the subsequent
penetration parameters.

2.4.2. Melting Temperature and Mass Loss

The molten metal on the surface of the projectile is separate from the projectile. The
key to the calculation is the temperature of the liquid metal layer covering the surface of
the nose. In this paper, the hypothesis that there is no temperature gradient in the liquid
metal is proposed. If the conversion of plastic work into heat in the melting zone is ignored,
it can be assumed that all the heat comes from friction. The heat flux density in the melting
zone can be calculated according to the following equation:

q = f · vr = qp + qc (16)

where qp is the heat flowing to the projectile nose per area and qc is the heat flowing to the
concrete target per area; qp and qc can be expressed as:

qp = −λp
∂T

∂
→
n p

, qc = −λc
∂T

∂
→
n c

(17)
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where
→
n p and

→
n c are defined as the normal direction along the relative sliding surface of

projectile and concrete, respectively.
The friction is related to the positive pressure, σn, on the surface of the projectile nose.

The coefficient of dynamic friction is taken as μ and the friction can be expressed as [34,35]:

f = μσn + τ0 (18)

where τ0 is the shear strength of concrete, and the relationship between the shear strength
and the compressive strength without confining pressure is expressed as τ0 = fc/

√
3. The

dynamic friction coefficient is the key parameter in Equation (18). Many tests have shown
that the coefficient of friction is not a constant value, but varies when the projectile is at
different relative sliding velocities. In this paper, the coefficient of friction proposed by
Klepaczko is used in the model. The coefficient of friction takes into account adiabatic
shear, thermal conductivity, and other factors, and is expressed as:

μ =
τ0

p

(
c′

Λ

)[〈
1 − (Θb(v))

2
〉
+

β(Θb)v
τ0h

]
· [1 − (1 − fa0)exp(−D(p − p0))] (19)

The parameters in Equation (19) can be found in the literature [36]. As shown in
Figure 4, the relationship between the coefficient of friction and the relative sliding velocity
clearly indicates that the friction coefficient decreases with the increase in velocity.

Figure 4. Relationship between coefficient of friction μ and sliding velocity vr [36].

Conventional projectiles are usually axisymmetric. The nose section area is divided
into Nx and Ny points in the horizontal and vertical directions, so the number of grids is
(Nx − 1) × (Ny − 1). Therefore, the temperature at any point can be calculated. The melting
area of every time-step under two-dimensional conditions can be calculated based on the
temperature. The melting volume can be obtained by integrating along the symmetrical
axis. Then, the melting volume per unit time-step (tn−1 to tn) can be expressed as:

ΔV(T, t) = V(T, tn)− V(T, tn−1) (20)

Therefore, the temperature rise of the projectile nose during penetration can be cal-
culated by Equation (10), while the loss mass of melting per unit area of the nose can be
calculated by Equation (21) from the initial time to the end time of penetration, te:

Δmm = ρp × ΔVm =
∫ te

0
ΔV(T, t)dt (21)
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2.4.3. Calculation of Temperature Distribution of Projectile Nose during Penetration

According to Section 2.2, the calculation of the temperature distribution of the projectile
nose includes the flash temperature rise caused by friction, the temperature rise caused
by the conversion of plastic work into heat, and the heat conduction of the nose. Based
on Fourier’s law and heat balance theory, the basic theory for the heat conduction of the
projectile follows Equation (22):

ρpcp
∂Tt

∂t
= λp

(
∂2Tt

∂x2 +
∂2Tt

∂y2

)
(22)

The initial condition for solving Equation (22) is T(x, y, 0) = T0 = 298 K; the boundary
condition of heat flow flash temperature is qp(x, y, t) = −λp

∂T
∂
→
n

; the boundary temperature
of the inner layer in HAZ is TH = 1088 K~1118 K.

It can be seen from Equation (16) that the heat flow boundary is closely related to
relative velocity, and the flash temperature period mainly exists in the high-speed stage of
penetration. Melting and cutting erosion may have different proportions due to different
speed stages, which are introduced in detail below.

3. Calculation Algorithm of The Coupling Model

3.1. Assumptions

Since the penetration process is an extremely complex mechanical process, the numer-
ical calculation needs to be carried out with some assumptions, as follows:

• The projectile penetrates concrete normally, and the projectile is regarded as a standard
axially symmetrical structure;

• The mass loss and conduction of heat during the penetration process only occurs at
the projectile nose;

• The material of the projectile is isotropic, its density and thermal conductivity remain
stable during penetration;

• The influence of phase changes of material on penetration and heat conduction is ignored;
• The aggregate particles in concrete are evenly distributed.

3.2. Discretization

With a thickness scope of the HAZ from microns to millimeters, a multi-scale dis-
cretization method is adopted in order to improve the calculation efficiency. As shown in
Figure 5, the micro-scale grid division is employed on the surface of the projectile and the
independent verification of the size grid is conducted during the calculation.

Figure 5. The micro-scale grid division of the receding model of the nose at time t.
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3.3. Coupled Algorithm: Simulation of Penetration Process

When the assumptions described in Section 3.1 are determined, the thermal-mechanical-
erosion of the projectile penetrating concrete can be calculated based on the model estab-
lished in Section 2. The calculation process is as follows:

1. Inputting the initial parameters and initial boundary conditions of the projectile and target;
2. Discretization of the projectile nose;
3. Calculating the mechanical parameters in the dynamic process of the projectile in the

crater stage and tunnel stage;
4. Calculating the surface pressure and stress of the projectile nose;
5. Calculating the flash temperature boundary, conduction of heat, plastic work, and

total temperature of the nose surface.
6. Updating the stress state and the relative hardness of the surface;
7. Calculating the cutting mass loss and the melting mass loss;
8. Updating the nose shape and the mass of the projectile;
9. Increasing the time-step and repeating calculations from step (3) till the projectile

velocity drops to zero.

4. Results and Discussion

4.1. Comparison between Theoretical Calculation and Tests
4.1.1. Theoretical Prediction and Experimental Results of Mass Erosion

In the theoretical calculation of the DOP prediction, the most representative formula
that calculates the depth of penetration when projectiles penetrate semi-infinite targets was
proposed by Forrestal [37], which is a semi-empirical formula based on the test results, and
is expressed as follows:

H =
2m0

πd2ρN
ln

(
1 +

ρNv2
1

S fc

)
+ 2d (23)

According to the test results, Silling points out that when the penetration velocity does
not exceed 1000 m/s [10], the mass loss of the projectile has a linear relation with the initial
kinetic energy. The mass loss remains at a constant level while the velocity is over 1000 m/s,
and the mass loss rate of the projectile can be described by Equation (24).

δ =
Δm
m0

=

{
c0 · v2

0/2 , v0 ≤ 1000 m/s
c0/2, v0 > 1000 m/s

(24)

Here, Δm is the mass loss after penetration and c0 is the constant fitted according to the tests.
The molten metal separated from the surface of the projectile and the Mohs hardness

of the aggregate in the target are taken into comprehensive consideration for the mass loss
calculation of the projectile by He [38]. Ignoring the application limiting of the penetration
velocity, the model proposed by Jones et al. [12] is modified as follows:

Δm = ηa
πd2τ0N∗

1 H
4κQ

(25)

where ηa is the parameter related to Mohs hardness of the aggregate, N∗
1 is the initial value

of the dimensionless longitudinal cross-sectional area of the nose, κ = 4.18 J/cal is the
mechanical equivalent of heat, Q is the melting heat of the unit mass projectile material,
and H is the ultimate DOP of the rigid projectile. Those models are representatives for
predicting DOP and mass loss, which will be compared with the present model in the
numerical calculation in the next section.

4.1.2. Comparison and Analysis of Calculation Results with Test Results

In order to determine the rationality of the model considering the temperature to
predict the mass loss of the projectile established in this paper, the test results in the
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literature [6,7] are used for comparison. The parameters and material properties of the
projectile and target required for calculation in the test are shown in Tables 1–4.

Table 1. Parameters of projectiles (4340 Steel).

Case 1 Case 2 Case 3 Case 4

m0 (kg) 1.6 0.478 1.62 0.478
d (mm) 30.5 20.3 30.5 20.3
CRH 3 3 3 3

Ln (mm) 50.5 33.7 50.5 33.7
Lp (mm) 304.8 203.2 304.8 203.2

Table 2. Parameters of concrete.

Case 1 Case 2 Case 3 Case 4

Aggregate Material Quartz Quartz Limestone Limestone
f c (MPa) 51 62.8 58.4 58.4

ρc (kg/m3) 2300 2300 2320 2320
Moh’s hardness of the aggregate 7 7 3 3

K1 2 × 10−4 2 × 10−4 6 × 10−5 6 × 10−5

Table 3. Johnson-Cook constitutive model of 4340 steel material.

ρp(kg/m3) A B C n m T0(K) Tm(K)

7850 792 510 0.014 0.26 1.03 298 1793

Table 4. Parameters required for heat conduction and temperature calculation.

kp(W/(m·K)) cp(J/kg·K) kc(W/(m·K)) cc(J/kg·K) β

44.5 477 1.65 880 0.9

The consistency between test results and the theoretical prediction is the standard for
verifying the effectiveness of theoretical predictions. Based on the parameters in Tables 1–4,
the DOP in Case 1–Case 4 obtained by using the model and algorithm established in this
paper is shown in Figure 6. It can be seen that the calculation results of DOP by the model
and calculation method considering the erosion effect established in this paper is in good
agreement with the test results. The DOP of the projectile considering mass loss is lower
than when mass loss is not considered. Because the parameter S, which affects the DOP,
is obtained by result fitting, it is necessary to calibrate this value for the requirements of
erosion penetration calculation.

The consistency for deceleration is found in the influence of mass erosion for the cal-
culation of Case 1–Case 4, so we only take Case 1 to analyze in this paper. The deceleration
was calculated and the results, whether considering mass erosion or not, are shown in
Figure 7. In the process of projectile penetration, the mass of the projectile and the CRH
of the nose decreases gradually, resulting in an increase in the deceleration. It can be seen
that mass erosion is one of the most important factors affecting the penetration efficiency of
the projectile. The mass loss is considered in the numerical calculation in the crater stage.
Due to the influence of mass erosion, the deceleration in the crater stage is greater than that
without mass erosion consideration, especially for low initial velocity conditions. With the
increase in initial velocity, the influence of mass loss on the deceleration gradually decreases
in the crater stage. This is mainly because the mass loss in the crater stage is a parameter
related to time. The projectile with higher initial velocity has a shorter crater time and less
melting mass loss for the same crater depth, so it has less influence on deceleration.
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(a) (b) 

Figure 6. Comparing predicted results with different models and test data in Cases 1–4: (a) DOP, (b) δ.

Figure 7. The relationship between deceleration and time considering mass loss.

Due to the influence of mass erosion, the deceleration is higher than in the calculation
data which does not consider the mass loss, especially in the middle and final stages of
the whole penetration process, so the penetration time is shortened. With the increase in
the initial penetration velocity, the cumulative mass erosion has a deeper influence on the
deceleration in the tunnel stage.

4.1.3. Analysis of the Proportion of Mass Loss for Two Mechanisms

The proportion of mass loss caused by cutting and melting in total mass erosion
is different. In order to further reveal the mechanism of mass loss during high-speed
penetration, quantitative analysis of the two mechanisms of mass erosion is convenient
for the design and optimization of the projectile. The percentage of cutting erosion and
melting erosion in the total mass loss is calculated and shown in Figure 8. It can be clearly
seen that the mass loss caused by melting is relatively higher in the velocity scope of the
study, indicating that the melting of the nose surface is the main factor of mass erosion.
In Case 1 and Case 2, the mass loss caused by melting contributes to about 81% of the
total mass loss. In Case 3 and Case 4, the mass loss caused by melting contributes to 91%
of the total mass loss due to the lower hardness of the aggregate. It can be seen that the
proportion of the mass loss caused by the two mechanisms is closely related to the hardness
of the aggregate. When the projectile uses the same material, the higher the hardness of
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the aggregate, the higher the cutting erosion proportion. In the velocity range from 400 to
1200 m/s, the melting-cutting erosion ratio and velocity have low relevance, and the mass
loss of the projectile is approximately linear with the initial velocity. In this view the linear
fitting of Equation (24) in this velocity range is reasonable.

Figure 8. Relationship between mass loss of two mechanisms and initial penetration velocity.

4.1.4. Critical Velocity of Erosion Affected by Melting vs, vc

Case 3 had the condition that the projectile penetrates concrete at an initial velocity of
445 m/s. When the velocity decreases to about vs = 370 m/s, the melting mass decreases
rapidly and the inflection point appears. The surface of the nose will not melt when the
velocity decreases to vc = 106 m/s, and only cutting erosion occurs in the subsequent
penetration process, as shown in Figure 9. When the projectile penetrates at an initial
velocity of 1069 m/s, there is no disappearance of melting erosion even as the velocity
decreases to the critical velocity. This phenomenon is related to the time accumulation of
heat conduction of flash temperature. Because the velocity of heat conduction is higher
than the receding velocity of erosion, the HAZ layer is a zone with a temperature gradient.
When the projectile penetrates at low initial velocity, the influence of the initial melting
flash temperature on the heat conduction is negligible, resulting in a small thickness of
the HAZ layer. The surface internal energy is not enough to melt the material when the
velocity is reduced to the critical velocity, vc, and only cutting erosion occurs after that. In
the case of high-speed penetration, the HAZ surface temperature of the projectile surface
is still high even though the projectile has reduced to the critical velocity, and the energy
generated by friction is enough to heat the surface to the melting temperature.

Figure 9. Relationship between mass erosion and time at two different initial velocities (445 m/s; 1069 m/s).
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4.1.5. The Influence of the Melting of Mass Erosion

It can be inferred from Section 4.1.3 that when metal materials with high melting
temperatures are used on the surface of the nose, mass erosion can be largely reduced. For
high melting temperatures such as wolfram (melting temperature: 3708 K) and molybde-
num (melting temperature: 2918 K), the final mass erosion at different initial penetration
velocities is calculated and compared with 4340 steel, assuming that the hardness of the
two materials is equal with that of steel. As shown in Figure 10, the material with a high
melting temperature as the projectile surface can significantly reduce the mass loss in the
process of penetration at the same initial penetration velocity.

 
Figure 10. Effect of metals with different melting temperatures on mass erosion.

It can be seen from the previous section that there is a critical velocity, vc, for losing
the melting erosion. In order to explore the law of melting at different initial velocities, the
mass erosion during penetration at different initial velocities is calculated. It is found that
vc increases with the increase in the melting temperature of materials.

When the velocity is lower than vc, the mass loss is caused by cutting completely. The
surface temperature of the projectile nose is relatively low, especially at low speed, and
does not reach the melting temperature, so the mass loss of the projectile is less due to
the thermal softening behavior. When the initial velocity exceeds the vc, melting erosion
emerges. With the increase in initial velocity, the proportion of melting erosion increases
gradually. At critical velocity, vs, the ratio of mass loss caused by melting and cutting tends
to be stable, and melting erosion is the main factor of mass loss. For Case 1 in this paper,
the vc of 4340 steel is 175 m/s and the vs is 379 m/s; the vc of molybdenum under the same
hardness is 311 m/s and the vs is 530 m/s; and the vc of wolfram under the same hardness
is 364 m/s and the vs is 616 m/s.

The core reason for the reduction or disappearance of melting erosion is that the
melting efficiency is reduced or even insufficient due to the reduction in heat on the
projectile surface. The critical velocity, vc and vs, is affected by multiple factors such as
velocity, melting temperature of the material, nose shape, properties of concrete, and
the temperature of the HAZ caused by heat conduction during penetration. Further
quantitative analysis is not conducted in this paper, and detailed numerical calculation is
required for specific conditions.

4.2. Temperature Field of the Nose Surface

Analyze the condition in which the projectile penetrates concrete at an initial velocity
of 1069 m/s in Case 1. The temperature fields of the nose at different times during the
penetration process are shown in Figure 11. The molten liquid metal with flash temperature
(over 3000 K) is eliminated. Due to the extremely short time for the conduction of heat, the
HAZ is only on the surface of the projectile and the surface temperature is between 1500 K
to 1793 K, which is consistent with the law obtained by Guo [19]. However, the dynamic
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boundary effect of the erosion process is also considered in this paper, and the results are
more scientific and accurate.

  
(a) t = 0.5 ms,  = 1.36% (b) t = 1 ms,  = 2.33% 

  

T/K 

(c) t = 1.5 ms,  = 3.23% (d) t = 2 ms,  = 4.10% 

  
(e) t = 2.5 ms,  = 4.89% (f) t = 3 ms,  = 5.66% 

  

(g) t = 3.5 ms,  = 6.39% (h) t = 3.92 ms (End),  = 7.01% 

Figure 11. Temperature field of the nose surface (Case 1, v0 = 1069 m/s). (a–h) each picture shows
the outer contour of the projectile nose after erosion at current time, and displays the temperature
gradient of the nose cross-section. Where δ represents the percentage of mass loss at the current time.
Due to the axisymmetric structure of the projectile, only half of the projectile nose is displayed.

The austenitizing temperature for direct quenching of AISI-4340 steel is about TH = 1088 K.
It is defined as the HAZ where the surface temperature is higher than TH, and the heat
conduction zone where the surface temperature is higher than T0 = 298 K. The thickness
changes of the HAZ and the entire heat conduction zone (EHZ) on the nose surface at the nose
tip (Point A), the nose middle (Point B), and the nose end (Point C) during the penetration
process are shown in Figure 12. The result shows that the thickness of the HAZ increases with
the increase in the penetration time, and the thickness of the EHZ is about 5~6 times of the
thickness of HAZ. The thickness of the HAZ and EHZ at the tip is significantly higher than
those at the middle and end of the nose and the thicknesses of the HAZ at the middle and end
of the nose are approximately equal. The thickness of the heat conduction zone at the end of
the nose is slightly higher than that at the middle. This distinction is mainly caused by the
difference in erosion thickness. The erosion thickness gradually decreases from the tip to the
end of the nose, and the receding displacement at the tip is significantly higher than that at the
middle and end. The difference in HAZ thickness between the middle and the end of the nose
is quite slight, but the difference in erosion thickness has an influence on the EHZ.
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Figure 12. Thickness of the HAZ and EHZ on nose surface (Case 1, v0 = 1069 m/s).

5. Conclusions

In this paper, a coupling calculation model of penetration, mass erosion, and heat
conduction in the process of the projectile penetrating concrete at high speed is established,
and the numerical calculation of dynamic mechanical parameters, surface temperature,
and mass loss in the process of penetration is carried out. The effectiveness of the coupling
erosion model is verified by comparison with experimental data, and the internal mecha-
nism of the erosion process is analyzed. The maximal velocity of projectile for the erosion
study is 1201 m/s in this paper and the projectile may be destroyed once it exceeds this
limited velocity. The conclusions are as follows:

(1) When the projectile penetrates concrete at high speed, the influence of mass erosion
on the deceleration of the projectile increases with the increase in initial velocity. The
proportion of melting erosion is higher than that of cutting erosion. The proportion of
cutting and melting is closely related to the hardness of the aggregate in concrete. The
higher the hardness of the aggregate, the higher proportion of cutting mass loss.

(2) There are critical initial velocities of the projectile without melting erosion and
critical initial velocities with stable proportional for melting and cutting erosion. The critical
velocity is mainly related to the melting temperature of the material on the nose surface.
When the velocity is lower than critical velocity vc, only cutting erosion occurs; when it
is higher than vc but lower than vs, the proportion of melting increases with the increase
in velocity. When the velocity is higher than critical velocity vs, the ratio of melting and
cutting erosion does not change with the different initial velocities.

(3) The thickness of the high-temperature heat affected zone and the entire heat
conduction zone on the surface of the projectile nose are closely related to the time of
penetration, and both increase with the increase in penetration time. The thickness of the
entire heat conduction zone is about 5~6 times of the high-temperature heat affected zone.
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Abbreviations

The following abbreviations are used in this manuscript:
DOP Depth of penetration
CRH Caliber-radius-head
HAZ Heat affected zone
EHZ Entire heat conduction zone
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Abstract: Corrosion-effected bond behavior between polyvinyl-alcohol-fiber-reinforced concrete and
steel rebar under a chloride environment is the experimental subject studied in the present work.
Twenty-four pull-out specimens are designed and subjected firstly to an accelerated corrosion test.
The effects of polyvinyl alcohol fibers on the cracking behavior, chloride penetration of concrete
members and the corrosion loss of steel rebars during the corrosion test are discussed. After this,
these corroded specimens are subjected to a pull-out test. The failure mode, the bond-slip curves
and the typical bond-stress values are measured during the test. The effects of polyvinyl alcohol
fibers and corrosion loss on bond behavior between polyvinyl-alcohol-fiber-reinforced concrete and
steel rebar are clarified. Results show that the polyvinyl-alcohol-fiber-reinforced concrete exhibits
worse resistance to corrosion damage than plain concrete. The cracking width, chloride penetration
depth in concrete and the corrosion loss of steel rebar are more serious for the specimens with more
polyvinyl alcohol fibers. The polyvinyl alcohol fibers also negatively affect bonding in ascending
branches for both the specimens, but improve the bonding in descending branches after peak stress in
the case of splitting. In the present test, the bond strength of corrosive specimens is increased slightly
and then decreases gradually with the deepening of corrosion loss. The failures of specimens change
from pull-out to splitting-pull-out as the corrosion time exceeds 30 days. Compared with uncorroded
specimens, the maximum degradation of bond strength is about 50.1% when the corrosion is increased
from 0% to 15%.

Keywords: polyvinyl alcohol fiber; bond degradation; corrosive damage; experimental study

1. Introduction

Polyvinyl alcohol (PVA) fiber is a kind of organic synthetic material, which has many
advantages compared with other fiber materials. PVA fiber has high strength and ductility
with a relatively high elastic modulus [1], outstanding resistance to corrosion without
toxicity, high hydrophilicity and tolerance of the alkaline environment in concrete, strong
bonding with the cement matrix [2], low cost, and effective restriction of cracking of
concrete over long term [2]. PVA fiber can substantially improve the post-cracking behavior
of concrete, enhancing the ductility [3] and toughness [4]. It also increases the splitting
tensile strength [5] and flexure strength [6]. Besides that, the frost resistance [7] and fatigue
life of concrete are enhanced with the addition of PVA fiber [8,9].

At present, PVA fibers have been widely used in civil engineering such as in fiber-
cement as asbestos replacement, Engineered Cementitious Composites (ECC), strength-
ening of enlarged section for concrete structures, and various kinds of shotcrete, which
play a promising role in toughening and reducing cracking in concrete [10]. Meanwhile,
some studies have been reported that the content of PVA fibers significantly affect the
fluidity of concrete mixtures [11]. The flowability of concrete decreases obviously with
the increase in PVA fibers, which will lead to increased porosity and micro-damage in the
matrix [12]. In this case, PVA-fiber-reinforced concrete would be susceptible to environ-
mental erosion, resulting in a serious durability problem. Some studies have been carried
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out on the durability [13,14] of PVA concrete, such as tests of its frost and permeability
resistance [15]. Nowadays, however, very few works have been performed to clarify the
corrosion-effected bond behavior between PVA-fiber-reinforced concrete and steel rebar
subjected to a chloride environment.

Extensive works have been carried out to investigate the effect of corrosion on the
bonding between concrete and rebar [16–18]. Goksu and Inci [19] found that the better
mechanical interlock between slightly corroded rebar and surrounding concrete increased
the bond strength between the rebar and surrounding concrete, as was also reported in the
studies by Choi [20] and Kim [21]. However, for a higher degree of corrosion, the breaking
down of the mechanically weak layers of the corrosion products with increasing corrosion,
and the ductility of the structure, more rapidly decrease in this case [21,22]. Rakesh et al. [23]
presented that the bond strength was enhanced prior to corrosion cracking and then rapidly
reduced with increase in corrosion level. Khaled and Ted [24] studied the effect of corrosion
on the bond between rebar and concrete; they found that the 15% corrosion loss in steel bar
mass can decrease approximately 35.6% of the bond strength. The material properties and
the mechanism of PVA-fiber-reinforced concrete are significantly different from those of
plain concrete. It has been reported that PVA fiber increases the splitting tensile strength [25]
and flexure strength [26,27] of concrete as compared with plain concrete. Besides that, the
bridging effect of fibers in concrete result in a difference in the bonding mechanism. The
bond behavior between the PVA-fiber-reinforced concrete and steel rebar corroded under a
chloride environment is still not well understood.

In this paper, an experimental test is proposed to study the corrosion-effected bond
behavior between PVA-fiber-reinforced concrete and steel rebar under a chloride environ-
ment. In the subsequent sections, the paper carries out work on the following parts. In
Section 2, four specimens with different PVA fiber contents were designed and subjected
to accelerated corrosion in chloride solution. The bond stress and slip of the specimens
were tested by pull-out tests, and corrosion loss and chloride penetration depth were
measured. In Section 3, chloride penetration depth, corrosion loss of steel rebars and
corrosion-induced concrete cracking of specimens with different contents of PVA fibers
are described. In Section 4, the effects of PVA fiber and corrosion loss on bond behavior
between concrete and steel rebar are clarified. Based on the research, several conclusions
are drawn in Section 5.

2. Experimental Program

2.1. Detail of Specimens

Twenty-four pull-out specimens were prepared in the present test, which were designed
based on the Standard for Test Methods for Concrete Structures (GB 50152-1992) [28]. All the
specimens were designed with the same size, which consisted of a 150 mm × 150 mm × 150 mm
concrete cube in which a steel rebar was embedded, as shown in Figure 1. The diameter and the
length of the steel rebar were 12 mm and 360 mm, respectively. The embedment length between
the steel rebar and concrete was set as 60 mm for all the pull-out specimens, i.e., five times the
diameter of the rebar, which was obtained by installing PVC tubes on both ends of the specimen
to avoid the contact between concrete and rebar. The embedded length in the present work
were designed based on the standard GB 50152-1992 [28] and similar experimental studies in
the published papers [29–31].

The factors considered in the tests included four fiber volume contents (0%, 0.2%, 0.4%
and 0.6%) and six salt solution immersive times (0 days, 10 days, 20 days, 30 days, 40 days
and 50 days). Designation of specimens was coded with two parts. The first part represents
the content of PVA fibers. The second part indicates the immersive times where 0 d, 10 d,
20 d, 30 d, 40 d and 50 d stand for immersive times of 0 days, 10 days, 20 days, 30 days,
40 days and 50 days, respectively. For example, PVA0.2-20d means that the fiber volume
content was 0.2% and the immersive time was 20 days.
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Figure 1. Detail of the specimen (Units: mm).

2.2. Materials and Mixture Design

The concrete was mixed using ordinary Portland cement, river sand, coarse aggre-
gate, water, polycarboxylate superplasticizer and PVA fibers. The cement utilized in
the test was ordinary Portland cement of 42.5 grade. The maximum coarse aggregate
size was 20 mm with continuous graded crushed stone. The fine aggregate is natural
river sand, and its fineness modulus is 1.82 by sieving test. PVA fibers produced by
Kuraray in Tokyo, Japan were employed in the test. The diameter and length were 39 μm
and 12 mm, respectively. The elastic modulus and the tensile strength of the fibers were
42 GPa and 1.6 GPa. The tested yield strength and ultimate tensile strength of the steel
rebar were 454 and 521 MPa, respectively.

All specimens had the same mix proportions except the content of PVA fiber. The
content of the cement was 485 kg/m3. The water–cement ratio was 0.42. The contents of
coarse aggregate and fine aggregate were 1092 kg/m3 and 619 kg/m3, respectively. The
content of the water-reducing agent was 0.8% by weight of cement. The content of PVA
fiber was the percentage of concrete volume.

In the present test, the mixture was mixed with a forced mixer for 6 min. The fine and
coarse aggregate were first dry mixed for 2 min. After that, water and water-reducing agent
were pre-mixed and added into the mixture by 70% and mixed for 1 min. The PVA fibers
were then dispersed gradually into the mixture and mixed thoroughly for 2 min. Finally,
the remaining water and water-reducing agent were added the mixture, then mixed for
another 1 min.

After the mixing procedure was completed, tests were conducted on the fresh mixture
to determine the fluidity of the concrete. The slumps were 180 mm, 102 mm, 45 mm and
12 mm for concrete mixtures with 0%, 0.2%, 0.4% and 0.6% PVA fibers, respectively. It was
found that the slump decreased by about 43%, 75% and 93% when the fibers were increased
from 0% to 0.6%. This indicated that the PVA fiber obviously affected the fluidity of the
concrete. This is consistent with the results reported in previous research studies [11]. This
could be attributed to the roughness of the fiber surface, and the increase in the interface
friction between cement and fiber.

Pull-out specimens and some reserved samples with the same content of PVA fibers
were cast using the same mixing batches, which were demolded after 24 h and cured in
the room at 20 ± 2 ◦C and 95% relative humidity. At the age of 28 days, the reserved
samples were subjected to a mechanical property test and the pull-out specimens were
subjected to the accelerated corrosion (see detail in the following section). The compressive
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strength, splitting tensile strength and flexural strength were tested according to GB/T
50081-2019 [32] and direct tensile strength tests were undertaken based on the method
suggested by Dashti [33]. The mechanical property strengths of the samples with different
PVA fiber contents and the coefficient of variation (Cv) are shown in Table 1. The coefficient
of variation of the data obtained is less than 10%, which is weak variability, and thus the
mechanical properties obtained below are accurate.

Table 1. Mechanical property strength of specimens.

Specimen Series Fiber Content (%)
Compressive
Strength/Cv

(MPa/%)

Splitting Tensile
Strength/Cv

(MPa/%)

Flexural
Strength/Cv

(MPa/%)

Direct Tensile
Strength/Cv

(MPa/%)

PVA0 0 39.98/3 2.76/3 3.32/3 2.85/3
PVA0.2 0.2 38.21/3 3.35/3 3.48/2 3.00/2
PVA0.4 0.4 35.06/3 3.47/2 3.74/5 3.10/2
PVA0.6 0.6 37.23/5 3.69/2 3.81/2 3.25/4

2.3. Accelerated Corrosion

The electrochemical method was employed in the present study to accelerate the
corrosion of specimens. Specimens were laid flat along the rebar on the corrosion tank and
partially submersed in 5% sodium chloride solution. The stainless bar was connected with
the negative terminal of the supply, and the steel rebar was connected with the positive
terminal. The direct current flowed from the positive terminal to the rebar, and then
through the saturated concrete and saline solution to the stainless bar, and finally back to
the negative terminal. Figure 2 shows the setup of the accelerated corrosion system.

 
 

(a) (b) 

Figure 2. Setup of accelerated corrosion. (a) Setup device; (b) scene for the corrosion.

Before the accelerated corrosion test, specimens were partially submersed in sodium
chloride solution for 3 days to saturate the concrete. The solution was kept approximately
10 mm below the rebar and the ends of the specimens were coated with anti-rust oil to
prevent the permeability of chlorine salts along the rebar–concrete interface. A constant
current was applied with the corrosion current density of 300 μA/cm2.

In this study, the corrosion current and pH of the solution were monitored and adjusted
twice a day to ensure that they were in a stable state. To ensure the effectiveness of the
liquid at a constant concentration, the solution was renewed at weekly intervals. Moreover,
corrosion of rebars could induce the cracking of concrete covers. Therefore, the cracking on
concrete surfaces was observed and measured to investigate the restraint of PVA fibers on
corrosion-induced concrete cracking.
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2.4. Pull-Out Test

After accelerated corrosion, the specimens were subjected to a pull-out test, the test
instrument is MTS-809 in the laboratory of Xiangtan University, the manufacturer of the
instrument is the American MTS company (Monroe, NC, USA), and the maximum axial
force capacity is 100 kN. A special loading frame was designed in the present test, as shown
in Figure 3. The loading end of the specimens and the loading frame were fixed by the
upper and lower clamps of the MTS, respectively. The position of the upper plate of the
loading frame can be adjusted to fully contact with the specimen surface, which was used
to minimize the effect of uneven stress and to prevent unexpected lateral movement of
specimens during the loading process. The pull-out force was automatically measured by
the test machine. The relative slip between the steel bar and concrete was measured by an
extensometer clamped at the free end of the specimens. Additionally, a dial indicator was
set transversely on the specimen surface to measure the development of the crack during
the loading test.

  
(a) (b) 

Figure 3. Loading instrument and detail device. (a) Loading instrument; (b) detail of device.

The pull-out tests were monotonically loaded using a displacement-control mode
at a speed of 1 mm/min. The experimental data, including pull-out force, relative slip
and crack width were synchronously collected at the rate of 1 datum/s. The test was
stopped as the splitting of specimens or the residual pull-out force trended to be constant.
The measured slip between concrete and rebar at the free end was employed to represent
the slip characteristic of the specimens. Additionally, the average bond stress along the
embedded length of the rebar was used to represent the stress characteristic, which can be
expressed as

τ =
F

πdL
(1)

where F is the measured pull-out force; d is the nominal diameter of steel bar; and L is
the embedded length of the steel bar in concrete. Bond stress and slip discussed in the
following sections were obtained based on the above method.
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2.5. Measurement of Corrosion Loss and Chloride Penetration Depth

After the pull-out tests, the specimen was split along the direction of rebar and the
rebar was taken out to measure the actual corrosion loss. The rebars were cleaned with
oxalic acid solution and then neutralized with alkali. After drying, the corrosion region,
i.e., the bond region, of the steel rebar was cut off. The mass of the cut rebar was measured
by using an electronic scale with the precision of 0.01 g. The actual mass loss of the corroded
rebar was calculated as follows:

ρc =
m1 − m0

m1
(2)

where ρc is the actual corrosion loss of rebar; m1 is the mass of the original rebar; m0 is the
mass of the corroded rebar.

Besides that, the split specimen was employed to measure the penetration depth of
chloride in PVA-reinforced concrete based on the AgNO3 colorimetric method [34]. The split
specimen was cut transversely in the middle, and AgNO3 solution with the concentration of
0.1 mol/L was evenly sprayed on the cutting faces of the concrete. The area penetrated by the
chloride turned white, whereas the inner area turned brown, as shown in Figure 4, and the
depth of chloride penetration was determined by the color difference.

Figure 4. Color comparison.

According the recommendations of the NT Build 492 [35], the measurements of the
depths of the white area were employed to represent the performance of chloride pene-
tration, whereas the penetration depths was measured by using a slide caliper. From the
center to both edges, tests were undertaken at intervals of 10 mm. Seven depths were
measured and the average of the value was the chloride penetration depth, as shown in
Figure 5b. The depth in the edge area of the specimen was not measured to avoid the edge
effect caused by uneven saturation.
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Figure 5. Discoloration border: (a) discoloration boundary; (b) illustration of chloride discoloration
depth measurement.

3. Corrosion Damages

3.1. Crack Behavior

In the corrosion process, the electrical potential applied to the positively charged steel
bars attracted negatively charged chloride ions from the salt solution into the concrete.
When the chloride ions permeated into the surface of the steel rebar, the bar began to corrode.
However, corrosion deteriorated the steel ribs and filled the concrete–steel interface with
rust products [36]. The expansive nature of the corrosion products could result in the
initiation of a corrosive crack [37]. In these cases, the specimens were monitored with the
method of periodic observation to determine the formation and propagation of corrosive
cracks. The typical crack observation for specimens is shown in Figure 6.

Figure 6. Crack observation.

Figure 7 shows the crack behavior of the PVA-12 series in different corrosive days. In
particular, for the specimen with 0% PVA fibers, no sign of cracking was observed during
the corrosion. The initial longitudinal crack along the direction of the rebar was observed
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on the bottom of the other specimens after about 25 days. The width of the initial crack
increased obviously with the increment of PVA fibers, and after the corrosion time reached
30 days, the rising slope of the crack width growth curve also increased with the increase
in PVA fiber. The slope of the ascending branch reflects the speed of rebar corrosion, which
depends mainly on the resistance against chloride penetration for concrete. This indicates
that the porous structure caused by addition of PVA fibers degrades the density of concrete.
On the other hand, the growth rate of the crack width decreases gradually with the increase
in the corrosion times. This could be attributed to the fact that the corrosion products flow
out along the crack, which results in a reduction in the cycle of extrusion stress caused by
corrosive products.

Figure 7. Crack width for different days.

Details of the maximum crack widths for corrosive specimens are shown in Figure 8.
All the specimens show an incremental trend in crack width with the increase in corrosion
times and PVA fibers. For instance, the mean maximum crack of specimens with 40 d and
50 d corrosion times was 2.24 and 5.19 times that of the specimen with a 30 d corrosion time,
respectively. In this test, after adding PVA fiber, when the corrosion time reached 40 days
and the PVA fiber content increased from 0.4% to 0.6%, the corrosion crack increment
reached a maximum of 66.7%. Therefore, there is no positive influence of PVA fibers on
corrosion cracking. As the corrosion level increases, the risk of corrosion of reinforcing steel
within the concrete rises, which will harm the durability of the concrete. After the corrosion,
the specimens were removed from the setup for visual inspection and pull-out tests.

Figure 8. Maximum crack width.
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3.2. Corrosion Loss

The corroded steel rebars were measured and the percentage of mass was computed
using Equation (2), and the actual corrosion level is shown in Table 2. It can be seen that
after the same number of corrosion days, there is significant difference in the corrosion
degree of specimens with different fiber doping. The difference was mostly derived from
the following three aspects. First, the permeability of the concrete with different PVA fiber
contents was not included in the calculation of the theoretical level of corrosion. Although
the specimens were immersed in the solution for three days prior to the accelerated corro-
sion, it would have taken a longer period for the chloride permeate to reach the surface of
the steel rebar. Secondly, the incorporation of fibers increases the pore space of concrete,
making the epoxy coating less protective than expected, which means that the corrosion
range was larger than expected and resulted in a current density under 300 μA/cm2. Fur-
ther, manual measuring errors during the weighting process of the rebar could also have
caused the variation in corrosion loss.

Table 2. Experimental parameters and results of pull-out tests.

Test Content of
PVA Fiber (%)

ρc (%) fcu (MPa) ft (MPa) fts (MPa) ftf (MPa)
Failure
Mode

τons
(MPa)

τmax
(MPa) S0 (mm)

PVA0-0 0 0.0 39.98 2.85 2.76 3.32 P 4.95 21.08 1.53
PVA0.2-0 0.2 0.0 38.21 3.00 3.35 3.48 P 5.86 19.57 1.42
PVA0.4-0 0.4 0.0 35.06 3.10 3.47 3.74 P 6.10 19.10 1.34
PVA0.6-0 0.6 0.0 37.23 3.25 3.69 3.81 P 5.75 18.18 1.69
PVA0-10 0 0.6 39.98 2.85 2.76 3.32 P 6.36 22.20 1.94

PVA0.2-10 0.2 0.7 38.21 3.00 3.35 3.48 P 10.14 21.30 1.54
PVA0.4-10 0.4 0.9 35.06 3.10 3.47 3.74 P 10.40 19.41 1.58
PVA0.6-10 0.6 1.0 37.23 3.25 3.69 3.81 P 13.27 18.90 1.11
PVA0-20 0 1.1 39.98 2.85 2.76 3.32 P 10.64 19.38 1.00

PVA0.2-20 0.2 3.9 38.21 3.00 3.35 3.48 P 10.71 18.26 1.12
PVA0.4-20 0.4 4.4 35.06 3.10 3.47 3.74 P 8.65 16.20 1.04
PVA0.6-20 0.6 5.5 37.23 3.25 3.69 3.81 P 5.69 14.05 1.24
PVA0-30 0 1.9 39.98 2.85 2.76 3.32 S-P 17.19 18.60 0.02

PVA0.2-30 0.2 4.8 38.21 3.00 3.35 3.48 S-P 14.24 15.55 0.26
PVA0.4-30 0.4 7.3 35.06 3.10 3.47 3.74 S-P 13.13 13.70 0.21
PVA0.6-30 0.6 9.9 37.23 3.25 3.69 3.81 S-P 11.83 12.45 0.19
PVA0-40 0 2.3 39.98 2.85 2.76 3.32 S-P 18.00 18.17 0.02

PVA0.2-40 0.2 8.6 38.21 3.00 3.35 3.48 S-P 12.14 14.56 0.09
PVA0.4-40 0.4 11.3 35.06 3.10 3.47 3.74 S-P 9.55 12.59 0.08
PVA0.6-40 0.6 13.2 37.23 3.25 3.69 3.81 S-P 9.48 9.97 0.05
PVA0-50 0 3.1 39.98 2.85 2.76 3.32 S 16.98 17.88 0.07

PVA0.2-50 0.2 12.7 38.21 3.00 3.35 3.48 S-P 13.54 13.72 0.03
PVA0.4-50 0.4 14.6 35.06 3.10 3.47 3.74 S-P 9.94 10.13 0.04
PVA0.6-50 0.6 16.9 37.23 3.25 3.69 3.81 S-P 8.91 9.38 0.19

Notes: P means pull-out failure of specimens; S means splitting failure of specimens; S-P means splitting-pull-out
failure of specimens.

Figure 9 shows the typical appearance of rebar with different corrosion levels. From
top to bottom, the rebars were sequentially removed from the concrete with PVA fiber
contents of 0%, 0.2%, 0.4% and 0.6%. The actual corrosion loss of the rebar was marked cor-
respondingly. Compared with the appearance of the uncorroded rebar shown in Figure 9a,
the rebar with lower corrosion loss, shown in Figure 9b,c, presented slightly concave corro-
sion pits, and the ribs coming out of the corrosion pits showed slight damage. At 9% and
12% corrosion levels, the area of the corrosion pits increased, accompanied by heavily
damaged ribs, as shown in Figure 9d,e. At 15% corrosion level, the area of the corrosion
pits increased further, as shown in Figure 9f, and the ribs had almost disappeared, resulting
in a relatively smooth surface. In this case, the corrosive damage gradually deepened on
the surface of the rebar with the increase in corrosion loss.
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(a) (b) 

 
(c) (d) 

 
(e) (f) 

Figure 9. Appearance of corroded rebar: (a) 0%; (b) 3%; (c) 6%; (d) 9%; (e) 12% and (f) 15%.

Based on the test results, the PVA-fiber-reinforced concrete specimens exhibited rel-
atively worse corrosion resistance in the chlorine salt environment compared with the
specimen with 0% fiber content. The more PVA fiber, the higher the corrosion loss of rebar
with the same corrosive time. For example, the increase in PVA fiber volume content from
0% to 0.2%, 0.4% and 0.6% in the PVA-15 series specimens increased the corrosion loss by
about 9.6%, 1.9% and 2.3%, respectively. The corrosion loss of the specimens without the
addition of PVA fibers was usually lower in the present test, which may be the reason why
corrosion cracking did not occur. Therefore, the addition of the PVA fibers led to smaller
and more closely spaced cracks in the concrete, resulting in reduced permeability resistance
of the concrete.

3.3. Chloride Penetration

Figure 10 shows the colorimetric pictures of specimens with different contents of PVA
fibers and salt solution immersive times. From left to right, the concrete sections were taken
from the specimens with PVA fiber contents of 0%, 0.2%, 0.4% and 0.6%. As can be seen
from Figure 10, the precipitated reaction products and color variation were clear on the
concrete surface. The color change boundary was obviously different with the increase in
immersive time. During the time of chloride penetration, all directions of the concrete were
affected, which caused the white area to appear around the concrete cross-section. The
color of part of the concrete surface became darker, which can be attributed to products of
the oxidation reaction.
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(a) (b) 

  
(c) (d) 

Figure 10. AgNO3 colorimetric results: (a) 20 d; (b) 30 d; (c) 40 d; (d) 50 d.

In this test, the chloride penetration depths were measured from the side of the
concrete. The color rendering within the boundary range of the concrete surface was
not measured, to eliminate the influence of the boundary effect. The results of the
depth measurement are summarized in Figure 11. Almost all of the chloride penetration
depths are raised with the increase in immersive time. For example, the increase in
corrosive time from 20 d to 30 d, 40 d and 50 d in the PVA0 series specimens increased
the penetration depth by about 12.1%, 20.3% and 28.7%, respectively. The more the PVA
fiber contents, the more obvious the penetration depth. For instance, the penetration
depth of PVA0.2 series specimens increased by about 15.6%, 24.9% and 35.1% under the
same corrosive conditions compared with the PVA0 series. It can also be noticed that
when the same immersive times were used, incorporation of PVA fibers provided an
additional penetrative path and increased the chloride penetration rate into the concrete,
as compared with the concrete of the PVA0 series. The increase in depth was pronounced
in the PVA0.6 series. In general, the addition of PVA fibers showed a negative effect on
resistance to the chloride ion penetration.

After that, the concrete was cut into flat pieces, for which the area of 50 × 50 mm was
selected for image processing to observe the tiny holes on the concrete surface through
Image-J software. Firstly, the picture of the concrete pieces was gray processed as shown
in Figure 12a. It can be seen that the concrete aggregate and mortar are lighter in color
than the holes. Then arbitrarily determine a line segment that passes through a region
with significantly higher grayscale values, such as the a-b line in Figure 12a. Then, the
gray value along the a-b line segment, shown in Figure 12b, was determined. The curve
shows that the gray value at the hole was significantly reduced. The gray level threshold
of 130 was preliminarily selected in the present test and areas with a gray level below this
threshold were identified as concrete pores.
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Figure 11. Chloride penetration depth.

(a) (b)

Figure 12. Detail of the specimen pieces and gray level. (a) Specimen pieces; (b) gray level.

Figure 13 shows the binary processing image of concrete pieces in different PVA fiber
volume contents. The number of pore structures on the surface of PVA0 series concrete
was small, and the diameter of the holes was much smaller than that of the fiber concrete.
The diameter and number of harmful holes were increased obviously with the increase
in fiber contents. In this case, the incorporation of PVA fiber reduces the overall density
of the concrete, which is consistent with the decrease in the compressive strength of fiber-
reinforced concrete.

(a) (b) (c) (d)

Figure 13. Binary processing image. (a) PVA0; (b) PVA0.2; (c) PVA0.4; (d) PVA0.6.
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4. Bond Behaviors

Test results of the pull-out specimens, including the failure mode, the actual corrosion
level ρc, the bond stress at onset slip of free end τons, the maximum bond stress τmax and
the slip corresponding to the maximum stress S0 are summarized in Table 2. Because there
is only one pull-out specimen per group, there is no coefficient of variation (Cv) here.

4.1. Failure of Pull-Out Specimens

The specimens failed in three different modes: pull-out failure, splitting-pull-out
failure and splitting failure. For the first one, the specimens failed gradually with the pull-
out of the steel rebar without concrete cracking. For the second one, the specimens retained
their integrity after the concrete splitting and the bond stress was not completely lost. For
the third one, the specimens failed suddenly with the splitting of concrete accompanied
by a loud crash. After that, the concrete members were completely broken apart. These
three failure modes are shown in Figure 14.

(a) (b) (c)

Figure 14. Typical failure of specimens: (a) pull-out failure; (b) splitting-pull-out failure and
(c) splitting failure.

Failure modes of all specimens are summarized in Table 2. It can be seen that the
failure modes were affected by the corrosion level and PVA fiber volume contents. The
specimens with 0 d, 10 d and 20 d corrosive times failed in pull-out mode due to the lower
corrosion level and larger relative concrete cover depth. For the specimens of 30 d, 40 d and
50 d corrosive times, there was greater expansibility of corrosion products, with the result
that the failure was splitting-pull-out mode. In particular, the specimen PVA0-50 failed
in splitting mode. It could be attributed to the damage caused to the concrete and rebar
by prolonged immersion in chloride solution. This indicates that the failure mode of the
specimen tends towards splitting-pull-out damage as the corrosion time exceeds 30 days.

4.2. Effects of PVA Fibers

Figure 15 shows the bond stress–slip curves for specimens with different PVA fiber
volume contents in the same rebar corrosion level. Since the corrosion degree of the steel
bars in the PVA0 series specimens was generally low, this curve has been omitted from the
comparison of the curves with a high corrosion degree, as shown in Figure 15d–f, below.
As mentioned before, the curves are significantly affected by the failure modes. In addition,
the additional PVA fibers also show an evident effect on bond stress–slip curves. The slope
of the ascending branch of the bond stress–slip curve and the bond strength decreased with
increasing PVA fibers for all specimens except for the 1% series specimen PVA0.6. The slope
of the ascending branch reflects the bond stiffness of specimens, which depends mainly on
the mechanical action between concrete and rebars. This indicates that the porous structure
caused by the addition of PVA fibers degrades the mechanism between concrete and rebar.
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(a) (b)

(c) (d)

(e) (f)

Figure 15. Bond stress–slip curves for the specimens with different PVA volume contents:
(a) 0% series; (b) 1% series; (c) 5% series; (d) 8% series; (e) 12% series; (f) 15% series.

The addition of PVA fibers shows a positive effect on the descending branches for
specimens which failed in splitting-pull-out mode. After the curve has passed the peak
load stress, the decline in bond stress can be effectively relieved with the increase in fiber
content. Besides that, the residual stress was obvious for specimens with the addition of
PVA fibers. The reasons should be attributed to the bridging effects of PVA fibers after the
peak load stress of specimens, which effectively restrains the cracking and slows down the
decrease in bond stress.
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Details about the comparison of bond strength for specimens with different fiber
volume contents are summarized in Figure 16. All the specimens show a descending trend
in bond strength with the increase in PVA fiber. For example, the increase in PVA fiber
volume content from 0% to 0.2%, 0.4% and 0.6% in specimens from the 1% corrosion level
series decreased the bond strength by about 4.05%, 8.89% and 2.61%, respectively. The
maximum decrement is about 20.85% in the present test.

Figure 16. Bond strength of specimens with different contents of PVA fibers.

Figure 17 shows the comparison of crack width before and after the pull-out test for
PVA-40 series specimens with different fiber volume contents. As mentioned before, the
larger the volume content of PVA fibers, the larger the corrosion crack width of the concrete.
However, in the pull-out test, it was found that the anti-drawing cracking property of the
specimens gradually increased with the increase in PVA fiber content. Here, 0%, 0.2%,
0.4% and 0.6% of the PVA fibers caused the propagation of crack widths of about 3.5 mm,
2.6 mm, 1.1 mm and 0.7 mm, respectively. In this case, PVA fibers play a positive role
in restricting the split-induced cracking. This indicates that PVA fibers restrict both the
micro-cracking and macro-cracking of specimens which failed by splitting. The restriction
effects on macro-cracking seem much more significant than that on micro-cracking.

Figure 17. Crack width before and after pull-out test.
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4.3. Effects of Corrosion Loss

Figure 18 shows the bond stress–slip curves for the specimens with different corrosion
loss. The specimens in each subgraph have similar PVA fiber volume contents, but different
corrosion levels. The curves match well with the failure modes for specimens with different
corrosion levels. The curves show a gradual descent for specimens with low corrosion
levels after the maximum bond stress, whereas there is an obvious rapid segment for
specimens with high levels. Besides that, corrosion level also affects the initial bonding
stiffness and bond strength of specimens. The initial bonding stiffness of each specimen
usually increases gradually and then decreases with an augment in the corrosion of the steel
rebar, except for individual specimens. The more the PVA fibers, the greater the difference
of initial bond stiffness caused by different corrosion levels. In addition, the bond stress
increases slightly at 1.0% corrosion loss. Specimens with high corrosion level have low
bond stress.

(a) (b)

(c) (d)

Figure 18. Bond stress–slip curves for the specimens with different corrosion loss: (a) PVA0 series;
(b) PVA0.2 series; (c) PVA0.4 series; (d) PVA0.6 series.

The reason could be mainly attributed to the difference of the mechanical interlocking
force between rebar and concrete. For cases with low corrosion levels, the positive effect
was generated on bond properties because the slight corrosion of the steel bar improves the
frictional resistance on the contact surface. However, with further increases in the corrosion
level, the relative height of the ribs of the steel rebar gradually decreased. This caused the
mechanical interlocking force between the concrete and the ribs of the rebar to significantly
diminish. Besides that, cracking due to the volume expansion of the corrosion products
reduced the confinement effect of the concrete. For the initial bonding stiffness of most
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specimens, however, the inflection point occurs at a higher corrosion level. The uneven
corrosion of the rebar results in the corrosion damage on the upper surface being less than
that on the lower surface. In this case, it could provide a certain friction at the beginning of
the pull-out process. As the load increased, the friction was consumed and had no effect on
the maximum bond stress. Therefore, the bond stress of all specimens initially increased
slightly and then gradually decreased with further corrosion of the rebar.

Details about the comparison of bond strength and slip corresponding to bond strength
for specimens with different corrosive times are summarized in Figure 19. As mentioned
before, almost all of the bond strength and slip corresponding to bond strength increase
with the increase in corrosive times. In particular, the bond strength and slip corresponding
to bond strength increases slightly at low corrosive levels. For instance, the increase in
corrosive time from 0 d to 10 d in PVA0.2 series specimens increased the bond strength by
about 8.8% and the corresponding slip by about 8.4%. However, the increase in corrosive
time from 10 d to 20 d, 30 d, 40 d and 50 d in specimens from the same series decreased
the bond strength by about 14.3%, 14.8%, 6.3% and 5.8%, and decreased the corresponding
slip by about 27.0%, 77.2%, 65.0% and 60.9%. Compared with uncorroded specimens, the
maximum degradation of bond stress is about 50.1%, of which the corrosive time is 50 d.
The more the PVA fibers, however, the greater the difference in the data, which is caused
by corrosion loss. In general, the corrosion level of the rebar shows an obvious effect on
bond strength and slip corresponding to bond strength for all specimens.

(a) (b)

Figure 19. Bond stress–slip curves for the specimens with different corrosion loss. (a) Bond strength;
(b) slip corresponding to bond strength.

5. Conclusions

This study experimentally investigated the bond behavior between PVA-fiber-reinforced
concrete and steel rebar corroded under a chloride environment. The effects of PVA fibers
and corrosion loss on bond behavior were clarified. The following conclusions may be drawn
based on the present study:

• The PVA-fiber-reinforced specimens exhibited worse resistance to corrosion damage
than plain specimens; the harmful fine pores in fiber concrete provide channels for
chloride penetration. The maximum increment of crack width is about 66.7% in the
present test for PVA-fiber-reinforced specimens. With the increase in the fibers, the
corrosive cracking become more obvious.

• PVA fiber generally showed a negative effect on bond behavior, but a positive effect on
the descending branches for the case with splitting failure. PVA fibers decreased both the
initial bond stiffness and bond strength in the present test. The maximum decrement of
bond strength was about 31.49%, for samples with PVA fiber contents of less than 0.6%.
The lowest extension of crack width was about 0.7 mm with the addition of PVA fibers
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in the pull-out test, in which the PVA fibers can restrict the split-induced cracking and
protect against the failure of specimen in a more ductile way.

• With the deepening of corrosion loss, the bond strength of corrosion specimens
first slightly increased, and then gradually decreased. Compared with plain spec-
imens, the maximum degradation of bond stress was about 50.1%, for which the
corrosion level was 15%. Specimens with a greater corrosion level usually had a
greater initial bonding stiffness, but lower bond strength than specimens with a high
level after uneven corrosion.

• There are no forces between the PVA-fiber-reinforced concrete and the reinforcement
in the chloride environment explored in this paper. In engineering practice, PVA-fiber-
reinforced concrete is often in the load-bearing state received under the influence of
the external environment; the rust characteristics in the load-holding state remain to
be further analyzed and studied.
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Abstract: In this study, full iron tailings concrete (FITC) was created using iron tailings from a tailings
pond in Qian’an, China. Iron tailings account for 86.8% of the total mass of solid raw materials
in the FITC. To enable large-scale use of FITC, a comprehensive investigation of the structural
behaviour of full-iron tailing-reinforced concrete (FITRC) specimens is warranted. Therefore, eight
rectangular reinforced concrete (RC) columns with conventional reinforced concrete (CRC) as a
control were tested to investigate the effects of section dimensions, initial eccentricities, and concrete
strengths, on the structural behaviour of FITRC columns under large eccentric short-term loading.
The experimental and analytical results indicated that the sectional strain of the FITRC columns
satisfied the plane-section assumption under short-term loading, and the lateral deflection curve
agreed well with the half-sinusoidal curve. In addition, the FITRC columns exhibited a slightly lower
cracking load and lower ultimate load capacity than the CRC columns, and the crack widths were
larger than those of the CRC columns. The reduction in the load capacity observed in the FITRC
was within the permissible range stated in the design code, thereby satisfying the code requirements.
The deformation coefficients of the FITRC and CRC columns were identical, and the cracking and
ultimate loads calculated according to the current code and theories were in good agreement with
the measured results.

Keywords: iron tailings; RC column; large eccentric; short-term load; bearing capacity; ductility

1. Introduction

Tailings are a major source of solid waste generated by the separation of valuable
fractions from ore during mining operations [1,2]. Improper disposal of tailings occupies
land resources, pollutes the environment, and releases hazardous substances [3]. In China,
tailings are widely distributed [4] with a low utilisation rate [5]. Figure 1 shows pho-
tographs of piles of iron tailings. In 2018, 475 million tonnes of iron tailings were produced
in China, accounting for 39.22% of the total tailings [6] (Figure 2). In 2019, 536 million
tonnes of tailings were produced in China, of which 116 million tonnes were compre-
hensively utilised [7]. This represents a utilisation rate of 21.6%, which is significantly
lower than the average utilisation rate in developed countries [8]. In addition, tailings
dams pose a debris-flow hazard. Sudden failures of tailings dams occurred in Xiangfen
County, Shanxi Province, China, in 2008 [9], and Jiaokou County, Shanxi Province, China,
in 2022 [10]. These disasters injured hundreds of people and caused significant losses.
Because of these problems, tailings have received considerable attention from the scientific
community [11,12]. The optimal approach for dealing with the problems associated with
iron tailings is to develop technologies for their large-scale use [13].
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(a) (b) 

Figure 1. Photos of iron tailings stacking dam in Hebei, China: (a) mining and tailings site;
(b) tailings site.

Figure 2. Breakdown of tailings production in 2018.

Concrete is a leading construction material, with an annual global consumption of
approximately 25 billion tonnes [14]. The construction sector is responsible for over 30% of
global greenhouse gas emissions [15]. In China, cement production is expected to reach
approximately 2.38 billion tonnes in 2021 [16]. Several studies have recommended the
use of tailings in the cement and concrete industry [17–24] to significantly reduce carbon
dioxide emissions and consumption of natural resources [25].

Iron tailings are inert at room temperature [26,27]. Previous studies have used iron
tailings as coarse [28,29] and fine aggregates [30–35], as well as silica materials for the
production of aerated concrete at high temperatures [36–38]. Some studies have also
used iron tailings as an admixture [39–44] and examined the activation of iron tailings
powder [45,46]. The use of iron tailings in concrete has the potential to reduce the storage
of iron tailings, reduce land use and reduce environmental pollution. At the same time, the
replacement of fly ash with iron tailings powder as an admixture could reduce the cost of
concrete and promote the sustainable development of concrete. In addition, iron tailings
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can improve the carbonation resistance, frost resistance, and sulphate erosion resistance of
concrete [47,48].

To enable the extensive application of iron tailings in reinforced concrete, it is imper-
ative to validate the structural behaviour of reinforced concrete samples containing iron
tailings compared with plain concrete. A study was conducted to compare the flexural
behaviour of iron tailings sand concrete beams and conventional concrete (CC) beams [49].
The results showed that the two types of concrete beams exhibited similar flexural be-
haviours and that the calculation of the crack width of iron tailings sand concrete beams
should be corrected when the replacement rate of iron tailings sand is greater than 40%.
Another study [50] investigated the axial compressive behaviour of short iron tailings sand
concrete columns. The results showed that the iron tailings sand concrete short columns
were comparable to CC short columns in terms of axial compressive strength, deformation,
and ductility. The seismic behaviour of iron tailings sand concrete columns was inves-
tigated [51]. The results showed that the failure patterns of iron tailings sand concrete
columns and CC columns were almost identical, while the flexural capacity of the iron
tailings sand concrete columns was slightly different from that of the CC columns, and iron
tailings sand could completely replace conventional sand. Compared with CC columns, the
axial compressive properties of full iron tailing concrete columns satisfied the requirements
of the current code [52]. Further, the calculation model that considered the hoop restraint
effect could more accurately predict the axial compressive bearing capacity of full iron
tailings concrete columns.

These studies show that the mechanical behaviour of reinforced concrete (RC) speci-
mens made from iron tailings sand replacing fine aggregates is marginally different from
that of conventional reinforced concrete (CRC) specimens. However, very few studies
have been conducted on the mechanical behaviour of full iron tailings reinforced concrete
(FITRC) specimens. The novelty of this study is the use of full iron tailings concrete (FITC),
which was produced using iron tailings powder as an admixture, iron tailings gravel as a
coarse aggregate, and iron tailings sand as a fine aggregate. To the best of our knowledge,
this is the first investigation of the structural behaviour of FITRC columns under large
eccentric loads. We aimed to comprehensively evaluate the characteristics and limitations
of FITRC columns to provide a theoretical basis for the large-scale use of iron tailings. We
believe that this study will be of practical significance to structural engineers in China.
Previous dam failures in tailings ponds have caused significant casualties and property
losses and have adversely affected the environment. Therefore, large-scale use of iron
tailings in RC can effectively dispose of iron tailings, reduce the consumption of resources
needed for cement production and sand mining, and ensure sustainable development.

2. Materials and Experimental Design

2.1. Materials

Table 1 shows the chemical compositions of the iron tailings, fly ash, river sand, and
conventional gravel. Iron tailings are siliceous, with a silica content exceeding 60%.

Table 1. Main chemical composition of concrete raw materials.

Specimens SiO2 Fe2O3 MgO Al2O3 CaO CaCO3

Iron tailings 68.2% 12.5% 6.8% 5.1% 4.8% 0.0%
Fly ash 52.2% 5.6% 1.3% 26.5% 4.2% 0.0%

River sand 44.0% 3.3% 16.0% 6.4% 27.5% 0.0%
Conventional gravel 15.0% 0.3% 16.2% 0.2% 0.0% 68.1%

All the samples were in powder form (<50 μm). The mineral composition of the raw
materials was determined using X-ray diffraction (XRD). Quartz is the primary mineral
in iron tailings, with trace amounts of anorthite, haematite, and microcline (Figure 3),
all of which are inert materials that do not undergo hydration. This indicates that iron
tailings have low cementitious reactivity in their original state. The particle sizes of the iron
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tailings were reduced, the original microstructure of the iron tailings was altered, and the
reactivity of the iron tailings was improved by mechanical grinding. Cement consists of
primary active cementitious materials, such as dicalcium silicate (C2S), tricalcium silicate
(C3S), tricalcium aluminate (C3A), and tetracalcium aluminoferrite (C4AF). The main
mineral constituents of fly ash are mullite, sillimanite, and quartz. The primary mineral
constituents of river sand are cordierite, dolomite, cossyrite, and quartz. The primary
mineral constituents of the conventional gravel are calcite, dolomite, and quartz.

Figure 3. XRD patterns of concrete raw materials.

Figure 4 shows the microscopic morphologies of the cementitious materials. The
cement (Figure 4a) and iron tailings powder (Figure 4b) had varying particle sizes and
many angularities. The fly ash particles were mostly spherical in shape (Figure 4c) with
heterogeneous surfaces and showed some micro-porosities. Compared to iron tailings, fly
ash can morphologically reduce the fluidity of concrete mixtures.

  
(a) (b) 

Figure 4. Cont.
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(c) 

Figure 4. SEM micrograph at 4000× magnification of particles: (a) cement; (b) iron tailings; (c) fly ash.

Ordinary Portland cement (P.O 42.5) was selected, and its primary indices are listed in
Table 2. Iron tailings powder was sourced from Qian’an, Hebei, China, and mechanically
activated by grinding in a single-shaft horizontal ball mill. Grade II fly ash was used.
Table 3 lists the physical indices of the two mineral admixtures, and Figure 5 shows the
particle size distributions of the two admixtures.

Table 2. Primary technical indices of Portland cement.

Apparent Density Flexural Strength (MPa) Compressive Strength (MPa)
(kg·m−3) 3 d 28 d 3 d 28 d

3090 6.9 10.8 31.2 52.7

Table 3. Primary technical indices of mineral admixtures.

Specimens D10 (μm) D50 (μm) D90 (μm) SSA (m2·kg−1) AD (m2·kg−1)

Iron tailings
powder 1.51 15.51 74.84 480.6 2770

Conventional
gravel 3.02 26.51 98.18 415.1 2180

Figure 5. Particle size distribution curves of two mineral admixtures: (a) particle size distribution;
(b) cumulative particle size distribution.
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Table 4 summarises the primary indices of the iron tailings gravel and conventional
gravel, showing that iron tailings gravel is superior to conventional gravel in terms of
compressive strength and rock crushing index; however, the rate of expansion caused by
the alkali–aggregate reaction of iron tailings gravel is inferior to that of conventional gravel.
It is also superior to conventional gravel in terms of soundness. Iron tailings sand has a
fineness modulus of 2.8, apparent density of 2780 kg·m−3 and bulk density of 1666 kg·m−3.
River sand has a fineness modulus of 2.6, apparent density of 2650 kg·m−3 and bulk density
of 1623 kg·m−3.

Table 4. Main technical indices of coarse aggregate.

Specimens
Compressive Strength

of Rock (MPa)
Crushing
Index (%)

Soundness
(%)

Alkali–Aggregate
Reaction (%)

AD
(m2·kg−1)

BD
(kg·m−3)

Iron tailings gravel 62.2 6.05 3.5 0.051 2730 1570
Conventional

gravel 60.0 6.56 3.7 0.042 2700 1550

2.2. Experiment Design

The concrete mix proportions were designed according to the JGJ55-2011 specification
in China [53]. In total, four concrete mix proportions and two strength grades were tested
(grades C35 and C45). The specific proportions are listed in Table 5. Considering that fly
ash can reduce the fluidity of concrete mix, FITC is superior to CC in terms of workability
at the same water/binder ratio and water-reducing agent dosage. The mass of the iron
tailings was 87.0% of the total mass of the FITC.

Table 5. Design of mix proportions.

Specimens
Water
Binder
Ratio

Water
(kg)

Cement
(kg)

Iron
Tailings
Powder

(kg)

Iron
Tailings

Sand
(kg)

Iron
Tailings
Gravel

(kg)

Fly
Ash
(kg)

River
Sand
(kg)

Conventional
Gravel (kg)

Water
Reducing

Agent (kg)

Slump
(mm)

Dispersion
(mm)

FITC45 0.32 170 369 158 739 1017 - - - 3.1 210 520 × 530
CC45 0.32 170 369 - - - 158 706 976 3.1 200 470 × 490

FITC35 0.40 170 301 129 775 1071 - - - 2.5 215 515 × 535
CC35 0.40 170 301 - - - 129 746 1031 2.5 205 475 × 490

The mechanical behaviour of the concrete, including cubic and prismatic compressive
strength, splitting tensile strength, modulus of elasticity, and Poisson’s ratio, was tested
according to GB/T 50081-2019 [54]. The test results are presented in Table 6. The cubic,
prismatic compressive, and tensile strengths of FITC were slightly lower than those of
CC, and the modulus of elasticity of FITC decreased by 19.1% and 18.4%, respectively,
compared with CC.

Table 6. Mechanical behaviour of concrete.

Specimens
Cubic Compressive

Strength
fcu (MPa)

Prismatic Compressive
Strength
fc (MPa)

Splitting Tensile
Strength
ft (MPa)

Static Modulus of
Elasticity
Ec (MPa)

Poisson’s
Ratio

ν

FITC45 53.5 38.1 3.5 3.22 × 104 0.27
CC45 55.9 41.4 3.7 3.98 × 104 0.24

FITC35 44.4 34.8 3.2 3.05 × 104 0.25
CC35 47.8 36.3 3.4 3.74 × 104 0.23
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An HRB400 grade rebar was selected, consisting of 14 mm and 16 mm diameter
longitudinal bars and 8 mm diameter stirrups. Figure 6 shows the stress–strain curves of
the rebars, and Table 7 lists the primary engineering indices of the rebars. Symmetrical and
asymmetrical reinforcements were used for the RC columns. Figure 7a shows the details
of the reinforcement. Two axial linear variable differential transformers (LVDTs) and five
lateral LVDTs were placed on the RC columns, as shown in Figure 7.

Figure 6. Stress–strain curve of rebars.

Table 7. Mechanical behaviour of rebars.

Reinforcement
Diameter (mm)

Yield Strength
fy (MPa)

Ultimate Strength
fu (MPa)

Elastic Modulus
Es (MPa)

Percentage Elongation
after Fracture (%)

8 460 676 2.06 × 104 17.2
14 430 598 2.09 × 104 19.0
16 466 689 2.07 × 104 20.3

To mitigate the effect of an additional bending moment on an eccentrically pressurised
column specimen, the span-depth ratio (L/h) should not exceed 5. The 1200 mm high
specimen had 150 mm × 250 mm sectional dimensions and symmetrical reinforcement of
two 14 mm rebars in tension and two 14 mm rebars in compression made of C45 strength
concrete. The 1500 mm-high specimen had a 200 mm × 300 mm section and asymmetric
reinforcement with three 16 mm rebars in tension and two 16 mm rebars in compression
made from C35 concrete. To ensure that the specimens could withstand a large eccentric
load, cow legs were placed at the top and bottom of the specimen. The concrete was poured
into three FITRC columns and one CRC column.

Before the start of the experiment, the RC columns were placed at the location specified
by the initial eccentricity e0 and preloaded. The preload did not exceed 20% of the ultimate
load, and the column stability was evaluated. The columns were formally loaded in several
stages of 5%–15% of the calculated ultimate bearing capacity Nu. Once the specified load
was reached after each loading stage, the load was maintained for 3 min to fully release
the strain in the RC, and the strain and displacement were measured at the corresponding
time points.
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(a)

(b)

Figure 7. Compression test on RC columns under large eccentric loading: (a) geometry and reinforce-
ment details of RC columns (unit: mm); (b) test setup.

3. Experimental Results and Discussion

3.1. Failure Modes and Crack Propagation

The failure modes of the FITRC and CRC columns under large eccentric loads were
similar. The failure of all specimens was manifested by longitudinal bar yielding in the
tension zone, followed by concrete crushing in the compression zone (Figure 8). The
eccentricity of the FITRC45 and CRC45 columns was 0.60 and that of the FITRC35 and
CRC35 columns was 0.70. In a previous study [55], the eccentric compressive behaviour of
iron tailings sand RC columns was investigated, and similar results were obtained.
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(a) (b)

(c) (d)

Figure 8. Typical failure modes of RC columns: (a) FITRC45-2 column specimen; (b) CRC45 column
specimen; (c) FITRC35-2 column specimen; (d) CRC35 column specimen.

Cracks occurred in the tension zone at the midspan point along the lateral depth of the
FITRC45 and CRC45 columns when the load reached approximately 0.2 Nu and propagated
with increasing load, resulting in new microcracks. When the load reached approximately
0.9 Nu, vertical cracks were observed in the lateral compression zone of the column spec-
imens and began to propagate. When the ultimate load Nu was reached, the concrete
cracks in the compression zone elongated and were accompanied by the appearance of
new microcracks. Some of the concrete was crushed as the test specimen continued to be
loaded, and the ultimate compressive strain of the concrete in the compression zone was
reached; thus, the axial load on the column specimens decreased. Similar failure processes
were observed for FITRC35 and CRC35 columns.
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Regardless of whether the eccentricity was 0.60 or 0.70, the final failure of all the
RC columns was demonstrated by the crushed concrete in the outer layer of the stirrups
and the intact concrete in the inner layer of the stirrups. This can be attributed to the fact
that the stirrups significantly restrained the concrete in the inner layer and inhibited its
deformation. In addition, Figure 8 shows that the area of crushed concrete was related to
the eccentricity of the specimen section; that is, a smaller eccentricity indicated a larger area
of crushed concrete.

Figure 9 shows the load–maximum crack width curves of the RC columns. The crack
width propagation trends of FITRC and CRC columns remained similar for eccentricities
of 0.60 and 0.70, and the curves of the four RC columns overlapped. Considering that
the splitting tensile strength of FITC was lower than that of CC, the crack width of FITRC
columns was larger than that of CRC columns at the same load level.

(a) (b)

Figure 9. Load–maximum crack width curves of RC columns: (a) e0/h0 = 0.60; (b) e0/h0 = 0.70.

3.2. Load–Deflection Relationships

Figure 10 shows the axial load–deflection relationship (axial and lateral displacements)
of RC columns under large eccentric loads. Axial and lateral displacements were measured
using a vertical displacement gauge and a displacement gauge at the midspan point along
the column depth, respectively. The negative and positive values in the figure indicate
the axial and lateral displacements, respectively, at the midspan point along the column
depth. Prior to longitudinal bar yielding, there was an approximately linear relationship
between the loads and displacements of all the RC columns. After tensile yielding of the
longitudinal bars, the stiffness of the RC columns decreased and the load-deflection curve
increased nonlinearly until the peak load was reached when the concrete cover was crushed
and spalled. After the peak load, the curve shows a decreasing trend; the load of the RC
columns showed a rapid reduction of 5–10% followed by a more gradual reduction, and
ductile failures occurred in the specimens. The vertical and lateral displacements of the
CRC columns were clearly smaller than those of the FITRC columns. In particular, there
were smaller lateral displacements compared to vertical displacements, considering that
the modulus of elasticity of CC was approximately 19% greater than that of FITC (Table 6).
Similarly, the peak loads of the CRC columns were slightly higher than those of the FITRC
columns (Table 8).
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(a) (b) 

Figure 10. Load–deflection curves of RC columns: (a) e0/h0 = 0.60; (b) e0/h0 = 0.70.

Table 8. Main performance indices of RC columns.

Specimens Nu (kN) Δp (mm) Δy (mm) Δ0.85 (mm) μ λ

FITRC45-1 437.7 6.06 5.23 8.04 1.54 1.33
FITRC45-2 416.2 5.75 4.00 8.58 2.15 1.49
FITRC45-3 470.1 6.63 4.71 7.75 1.65 1.17

CRC45 487.4 4.91 2.46 6.89 2.80 1.40
FITRC35-1 642.5 14.23 6.62 19.80 2.99 1.39
FITRC35-2 631.0 13.73 6.72 17.32 2.58 1.26
FITRC35-3 624.0 13.80 6.60 19.17 2.90 1.39

CRC35 669.1 11.46 4.28 15.02 3.51 1.31

Figure 11 shows the lateral displacements of four typical RC columns distributed along
the column depth (measured using five displacement gauges). The RC columns exhibited
similar lateral displacements at the different loading stages. Furthermore, the columns
showed slow and rapid increases in lateral displacement in the early loading stages and
as the peak load approached, respectively. The lateral deformations of the RC columns
were caused by first- and second-order moments. In accordance with the literature [56], the
lateral deformations and sinusoidal waveforms of columns hinged at both ends remained
similar. Therefore, the lateral deformation of the RC columns can be expressed as follows:

DL = Δp sin
(

π · l
L

)
(1)

where Δp is the maximum displacement at the midspan point along the column depth,
l is the location along the column depth, L is the column depth, and DL is the lateral
displacement of the column at l. Figure 11 compares the lateral deformations of the RC
columns and the sinusoidal model, which agree well for eccentricities of both 0.60 and 0.70,
thereby indicating that the sinusoidal model can effectively predict the lateral deformations
of FITRC columns at different loading stages.

3.3. Deformation and Ductility

Table 8 lists the primary test results of the RC columns, including the peak load Nu,
displacement at the corresponding peak load Δp, and yield displacement Δy. The behaviour
parameters of the RC columns were quantified to determine the deformation capacity of the
RC columns. In seismic design, the inelastic deformation capacity of specimens is generally
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quantified using the displacement ductility factor [57] and deformation coefficient [58]. The
displacement ductility factor indicates the ductility behaviour of the specimens, which can
be calculated as follows.

μ =
Δ0.85

Δy
(2)

The deformation coefficient indicates the deformation capacity of the specimens after
reaching the peak load and can be calculated as follows.

λ =
Δ0.85

Δp
(3)

 
(a) (b) 

 
(c) (d) 

Figure 11. Lateral deformation along the section depth of typical RC columns: (a) FITRC45-2
column specimen; (b) CRC45 column specimen; (c) FITRC35-2 column specimen; (d) CRC35
column specimen.

Here, Δ0.85 is the corresponding displacement at Nu of 0.85 in the load decreasing
stage [57], Δp is the peak lateral deflection at the peak load, and Δy is the corresponding
displacement at the yield load when the limit is reached in the elastic stage. The yield
displacement Δy can be obtained using a graphical method [57] (Figure 12).
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Figure 12. Definitions of yield displacement Δy and ultimate displacement Δ0.85.

Table 8 shows that the mean ductility factors of the FITRC45 and FITRC35 columns
were 1.78 and 2.82, respectively, and the ductility factors relative to the CRC45 and CRC35
columns were reduced by 36.6% and 19.5%, respectively. Therefore, an increase in section
size and eccentricity reduced the difference in ductility between FITRC35 and CRC35
columns. A previous study [52] examined the axial compressive properties of full iron
tailings RC columns and also found that the ductility coefficients of FITRC columns were
lower than those of CRC columns. The mean deformation coefficients of the FITRC45
and FITRC35 columns were 1.33 and 1.35, respectively, and the deformation coefficients
relative to CRC45 and CRC35 columns were reduced and increased by 5.27% and 2.80%,
respectively. In the load-decreasing phase, the deformation capacities of FITRC and CRC
columns were identical.

As can be seen from Table 8, the lateral deflection Δp corresponding to the peak load
of the FITRC columns was greater than that corresponding to the peak load of the CRC
columns, and the mean values of Δp of the FITRC45 and FITRC35 columns increased by
25% and 21%, respectively, compared to the CRC45 and CRC35 columns.

3.4. Load–Strain Relationships

Figure 13 shows the load–rebar strain curves of typical RC columns, where c is Asc of
the compressive rebars, which were close to the axial compressive force with a negative
strain value, and t is Ast of the tensile rebars, which were away from the axial compressive
force (Figure 7) with a positive strain value. εy14 and εy16 are the tensile yield strains of
rebars with diameters of 14 and 16 mm, respectively. Figure 13 shows that the strains of
Ast in the RC columns were greater than εy14 and εy16, and the yield strain of rebars in
the compression zone was reached before the peak load was reached. The stress state is a
typical feature of compression failure at large eccentricities. In addition, the strain of rebars
in the FITRC columns was significantly higher than that in the CRC columns for both Asc
and Ast, because FITC had a lower modulus of elasticity than CC. In addition, the prismatic
compressive and cracking strengths of FITC were slightly lower than those of CC. As a
result, the ultimate load of the FITC columns was lower than that of the CRC columns,
while the lateral deflection and axial displacement of the FITC columns are greater than
those of the CRC columns.

Concrete strain gauges were placed along the section depth of the RC column, as
shown in Figure 7a, to study the strain distribution of the concrete during loading.
Figure 14 shows the strain distribution of typical concrete. Under large eccentric loads, the
concrete in the tension zone of the RC columns cracked, resulting in failure of the concrete
strain gauges near the tension zone. In particular, the strain distributions in the concrete
before and after cracking were recorded. Figure 13 shows that the concrete strain was
linearly distributed along the depth of the RC column section. Therefore, FITRC columns
satisfied the planar section assumption, and the flexural capacity of FITRC columns can be
theoretically calculated according to the planar section assumption.
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(a) (b)

Figure 13. Load–rebar strain curves of typical RC columns: (a) e0/h0 = 0.60; (b) e0/h0 = 0.70.

(a) (b)

(c) (d)

Figure 14. Typical concrete strain distribution along the section depth at the mid-span point:
(a) FITRC45-2 column specimen; (b) CRC45 column specimen; (c) FITRC35-2 column specimen;
(d) CRC35 column specimen.
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4. Analysis of Sectional Capacities

4.1. Moment Magnification Factor

Considering the axial and flexural deformations that occurred in the RC columns
under large eccentric loads during the experiment, the axial capacity, moment, and crack
resistance should be calculated across the section at the mid-span of the column depth.
Figure 15 shows a schematic of the second-order effects of the RC columns. Under the
eccentric axial load N with initial eccentricity e0, the lateral displacement Δp of the RC
columns across the column depth at the midspan allowed the eccentricity of the axial load
relative to the centre of mass of the section to reach Δp + e0. Meanwhile, the moment
of the RC columns increased from M1 = Ne0 to Mmax = M1 + M2 = N (e0 + Δp), which is
known as the second-order effect of eccentrically loaded columns [59,60]. During design,
the second-order effects are accounted for using the moment augmentation factor [61].

Figure 15. Schematic diagram of the second-order effect.

According to [62], the relationship between the ultimate sectional curvature ϕp and Δp
of RC columns can be expressed as:

ϕp = Δp

(π

L

)2
(4)

This equation is valid only if the first- and second-order deformations of a column can
be expressed as sinusoidal shapes.

Therefore, the moment augmentation factor η can be expressed as:

η =
e0 + Δp

e0
= 1 +

ϕpL2

e0π2 (5)

In the design code, an additional eccentricity ea is introduced because of uncertain
load locations, uneven concrete quality, and construction variations, and a value of 20 mm
is considered with an eccentricity of ei = e0 + ea.

4.2. Bearing Capacity

In general, the bearing capacity under eccentric compression is calculated using the
equivalent rectangular stress diagram [61], assuming that the FITRC columns satisfy the
plane section assumption, and the theoretical calculation can be performed according to
GB 50010-2010 [61]. Furthermore, to simplify the calculation process, the tensile strength of
the concrete was ignored. Figure 16 shows a simplified diagram for calculating the section
of an RC column subjected to compression failure under a large eccentric load.
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(a) (b)

Figure 16. Simplified diagram for calculation of the section subjected to compression failure under
large eccentric loading: (a) strain diagram of the specimens; (b) equivalent calculation diagram.

The compressive stress curve of the concrete in the compression zone was replaced
with an equivalent rectangular diagram. According to the equilibrium conditions of the
forces, the following formula was obtained.

Nu = α1 fcbx + fyc Asc − fyt Ast (6)

Here, α1 is the equivalent rectangular stress block coefficient of concrete in the com-
pression zone, defined as 1.0; b and h are the sectional dimensions of the RC columns; fyt and
fyc are the yield strengths of the tensile and compressive longitudinal bars, respectively; Ast
and Asc are the sectional areas of the tensile and compressive longitudinal bars, respectively.
According to the resultant point of various forces on the tensile specimens in Figure 16b,
the moment equilibrium conditions were determined and expressed as:

Nue = α1 fcbx(h0 − 0.5x) + fyc Asc(h0 − asc) (7)

e = ηei + 0.5h − ast (8)

where e is the distance from the point of axial force to the resultant point of Ast of tensile
longitudinal bars, h0 is the distance from the resultant point of Ast of tensile longitudinal
bars to the edge of the compressive concrete, x is the depth of concrete in the compression
zone, ast is the distance from the resultant point of Ast of tensile longitudinal bars to the edge
of the tensile concrete, and asc is the distance from the resultant point of Asc of compressive
longitudinal bars to the edge of the compressive concrete.

4.3. Crack-Resistant Load

According to the SL191-2008 standard in China [63], the crack resistance of RC columns
under eccentric compression should be calculated as follows:

Ncr ≤ γmαct ft A0W0

ei A0 − W0
(9)

where γm is the plastic section modulus, with the rectangular section set to 1.55; αct is the
tensile stress limit coefficient of concrete, offset to 0.85; A0 is the area of the transformed
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section; and W0 is the elastic section modulus of the tensile edge of the transformed section,
calculated as:

A0 = bh + αE Ast + αE Asc (10)

W0 = I0/(h − y0) (11)

I0 = (0.0833 + 0.19αEρ)bh3 (12)

y0 = (0.5 + 0.425αEρ)h (13)

where I0 is the moment of inertia of the column section, y0 is the distance from the axis of
gravity of the transformed section to the compression edge, and ρ is the reinforcement ratio
of the tensile longitudinal bars.

4.4. Experimental Verification of Theoretical Predictions

According to the aforementioned formulae, the moment augmentation factor and bear-
ing capacity of the RC columns were calculated using the measured mechanical parameters
of the rebar and concrete, respectively, and compared with the experimental results. As
shown in Table 9, the theoretically calculated cracking load and ultimate bearing capacity
were in good agreement with the measured results, with a maximum error of only 16%. In
addition, there was a strength safety margin, which verifies that the calculation formulae
are effective for FITRC columns under large eccentric loads.

Table 9. Bearing capacity of RC columns.

Specimens Ncr (kN) Nu (kN) Ncr-t (kN) Nu-t (kN) Ncr
Ncr−t

Nu
Nu−t

FITRC45-1 89.5 437.7 85.3 405.2 1.05 1.08
FITRC45-2 89.5 416.2 85.3 405.2 1.05 1.03
FITRC45-3 90.3 470.1 85.3 405.2 1.06 1.16

CRC45 90.8 487.4 86.8 418.6 1.05 1.16
FITRC35-1 116.5 642.5 110.8 598.9 1.05 1.07
FITRC35-2 116.5 631.0 110.8 598.9 1.05 1.05
FITRC35-3 116.3 624.0 110.8 598.9 1.05 1.04

CRC35 116.2 669.1 111.9 608.4 1.04 1.10

Table 10 lists the moments of the RC columns and the calculated moment augmentation
factor. According to the structural design code [61], the moment augmentation factor η
should be 1.0 when L/h ratios do not exceed 5.0. Furthermore, the moment augmentation
factor of the FITRC columns is greater than that of the CRC columns in the control group.
The measured moment augmentation factors of the six FITRC columns are close to each
other, with a maximum value of 1.079, whereas the η value of the FITRC columns increases
by a maximum of 1.5% compared to the CRC columns. This is because the L/h ratios of
the RC columns in this study do not exceed 5.0 and the impact of the second-order effects
is marginal.

Table 10. Moments of RC columns.

Specimens Nu (kN) Δp (mm) η
M1

(kN·m)
M2

(kN·m)
Mmax

(kN·m)
M2

M2(CRC)

FITRC45-1 437.7 6.06 1.048 54.7 2.7 57.4 1.11
FITRC45-2 416.2 5.75 1.046 52.0 2.4 54.4 1.00
FITRC45-3 470.1 6.63 1.053 58.8 3.1 61.9 1.30

CRC45 487.4 4.91 1.039 60.9 2.4 63.3 1.00
FITRC35-1 642.5 14.23 1.079 116.3 9.1 125.4 1.19
FITRC35-2 631.0 13.73 1.076 114.2 8.7 122.9 1.13
FITRC35-3 624.0 13.80 1.076 112.9 8.6 121.6 1.12

CRC35 669.1 11.46 1.063 121.1 7.7 128.8 1.00
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In addition, Table 10 shows that the second-order moments of the FITRC columns are
larger than those of the CRC columns. Furthermore, the average ratio of the second-order
moments of the three FITRC45 columns to the CRC45 columns is 1.14, and that of the three
FITRC35 columns to the CRC35 columns is 1.15. Therefore, if the second-order effect is to
be considered in the structural design, the moment augmentation factor η of the FITRC
columns should be 1.15 for safety reasons.

5. Conclusions

This study investigated the structural behaviour of FITRC columns under large ec-
centric loading. Six FITRC columns and two CRC column specimens were examined to
investigate the effect of different raw materials, section dimensions, and eccentricities, on
the mechanical behaviour of RC columns under large eccentric compression. The following
conclusions were drawn from this study:

1. Under large eccentric short-term loads, the failure modes of the FITRC and CRC
columns were found to be similar, and the failures were manifested by the yielding of
the tensile and compressive rebars and concrete crushing in the compression zone. The
long-term behaviour of FITRC (creep and shrinkage) requires further investigation.

2. As the prismatic compressive and tensile strengths of the FITRC columns were slightly
lower than those of the CRC columns, the ultimate load capacity of the FITRC columns
was slightly lower than that of the CRC columns, and the crack widths of the FITRC
columns were greater than those of the CRC columns.

3. The sectional strain of the FITRC columns, which was similar to that of the CRC
columns, satisfied the planar section assumption, and the lateral deflection curve
agreed well with the half-sinusoidal assumption, which is consistent with the CRC
column assumption in the current specifications.

4. Compared with the CRC45 and CRC35 columns, the ductility factors of the FITRC45
and FITRC35 columns were 36.6% and 19.5% lower, respectively. The underlying
cause of this phenomenon was the comparatively low modulus of elasticity of FITC,
which resulted in a more pronounced lateral deformation of the FITRC columns when
subjected to eccentric loading than the CRC columns under equivalent conditions.

5. Based on the current Chinese standards, the theoretical calculations for the cracking
load and ultimate load capacity of FITRC columns are relatively accurate. The calcula-
tion results indicate that FITRC columns have a certain safety reserve, and that FITC
has the potential for practical application in the construction sector.

6. Because the lateral deflection of the FITC columns was greater than that of the CRC
columns, the second-order moments of the FITC columns were greater than those of
the CRC columns. If the second-order effect is considered in the structural design, the
moment augmentation factor of the FITRC columns should be 1.15 for safety reasons.
Therefore, FITRC columns with high L/h ratios should be investigated further.

The ductility factor of FITRC columns is much lower than that of CRC columns, so
the ductility of FITRC columns can theoretically be improved by stirrup reinforcement.
However, this hypothesis requires further investigation.
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Abstract: In marine engineering, using corals as aggregates to prepare concrete can reduce both the
exploitation of stones and the transportation cost of building materials. However, coral aggregates
have low strength and high porosity, which may affect the workability and mechanical properties
of concrete. Hence, superfine cement is used innovatively in this study to modify coral aggregates;
additionally, the effects of the water–cement ratio and curing time on the water absorption and
strength of modified coral aggregates are investigated. Modified coral aggregate concrete is prepared,
and the effect of using modified superfine cement on its workability and strength is investigated.
Experimental results show that when the water-cement ratio exceeds 1.25, the slurry does not form a
shell on the surface of the coral aggregates and the water absorption of the coral aggregates increases
significantly. The strength of the modified coral aggregates cured for a short duration is slightly lower
than that of unmodified coral aggregates, whereas that cured for 28 days is approximately 20% higher
than that of unmodified coral aggregates. Using superfine cement to modify coral aggregate concrete
can improve its workability, but not its compressive properties.

Keywords: coral aggregate concrete; superfine cement; aggregate modification; physical property;
mechanical property; concrete workability

1. Introduction

Owing to the development and increased utilisation of the ocean, a significant amount
of marine infrastructure is being constructed, which necessitates more building materials.
Corrosion-resistant structural steels have been developed, such as fibre-reinforced polymer
bars [1–3], stainless-clad bimetallic steel [4–8], and titanium-clad bimetallic steel [9–11]. The
application of reinforced concrete structures in marine engineering is becoming increasingly
extensive. Concrete, as one of the main raw materials for reinforced concrete structures,
is in high demand. Aggregates constitute 70% to 80% of concrete volume and contribute
significantly to concrete [12,13]. For construction on islands and reefs distant from the
mainland, the transportation of sand aggregates significantly increases the construction
cost [14]. Therefore, alternative materials that satisfy engineering requirements must
be identified. Sea sand has been used as a fine aggregate to prepare concrete [15–17].
Coral is a relatively easy building material for marine engineering. In the 1830s, corals
were first used as aggregates in concrete. After investigating coral aggregate concrete
buildings in Guam, Howdyshell [18] concluded that coral aggregates can be used in
concrete structures. In recent years, scholars have extensively investigated coral aggregate
concrete. Wu et al. [19] investigated the physical and mechanical properties of different
coral aggregates, revealed the pore morphology and distribution of coral aggregates. The
results indicated that the mechanical properties of coral aggregate are poor due to its
high porosity. Ma et al. [20] prepared high-strength coral aggregate seawater concrete
and investigated its impact resistance, which illustrated that the high porosity of coral
aggregate led to a large dynamic increase factor of concrete. Chen et al. [21] revealed
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the internal damage and fracture mechanism of coral aggregate concrete via numerical
simulations and discovered that microcracks initiated from concrete pores expanded into
aggregates. Cai et al. [22] performed a comparison between coral aggregate concrete and
ordinary Portland cement concrete, which revealed the low strength of coral aggregate
under impact load. Furthermore, the energy required for coral aggregate concrete to
initiate the main crack is much lower than that of ordinary Portland cement concrete.
Zhou et al. [23] discovered that coral aggregates had a lower strength but higher porosity
than sand gravel, which resulted in the strength of coral aggregate concrete being lower
than that of ordinary concrete. The above research indicates that although coral aggregate
can be used to prepare concrete, the workability and mechanical property of coral aggregate
concrete are relatively poor.

To effectively improve the workability and mechanical properties of coral aggregate
concrete, the coral aggregates to be used must be pretreated. Coral aggregates are char-
acterised by low density, high crushing index, high porosity, and high water absorption,
which are typical of lightweight aggregates; therefore, coral aggregates can be regarded as a
lightweight aggregate. To modify lightweight aggregate concrete, researchers typically use
inorganic cementitious materials to treat the aggregates, reduce the aggregate porosity, and
improve the aggregate strength and durability. He et al. [24] formed a slurry comprising
80% cement, 10% fly ash, and 10% silica fume to modify recycled aggregates of broken brick
concrete. The results showed that the slurry increased the apparent density and strength of
recycled brick concrete aggregates. Yang et al. [25] investigated the strengthening effect of
cement paste on the mechanical properties of broken brick aggregate concrete. It was found
that the broken brick aggregate concrete demonstrated better mechanical properties and
higher resistance to chloride ion migration after being treated with a cement-coal fly ash
slurry via soaking for 4 h. Compared with before modification, the compressive strength
of the brick aggregate concrete increased by 22–34% after modification. Hossein et al. [26]
improved the durability of recycled concrete aggregate concrete by soaking it in silica
fume paste. The results showed that the water absorption of recycled aggregates decreased
by 14–22%, and the resistivity increased significantly after modification with silica fume
paste. The above research shows that the inorganic cementitious materials modification
method can improve the mechanical properties and durability of lightweight aggregate
concrete. However, the above modification methods still cannot satisfy the requirements
of coral aggregate concrete, due to the high porosity and low strength of coral aggregate.
At present, the research on modification methods of coral aggregate is relatively limited,
and the influence of modification on aggregate properties and concrete performance is
still unclear.

Considering the high porosity of coral aggregates and the typical methods used
to modify porous lightweight aggregates, superfine cement is used innovatively in this
study to modify coral aggregates. Changes in the water absorption and strength of coral
aggregates before and after modification are investigated. Modified and unmodified coral
aggregates are used to prepare coral aggregate concrete. Subsequently, the effects of using
modified superfine cement on the workability, strength, and failure mode of coral aggregate
concrete are revealed. The aim of this study is to provide a new method for modifying coral
aggregates, which can promote the use of coral aggregate in the construction of islands and
reefs. The experimental results are conducive to the design and construction of modified
coral aggregate concrete structures.

2. Materials and Methods

2.1. Materials
2.1.1. Coral

The coral aggregates used in this study were obtained from the South China Sea.
As shown in Figure 1, corals have different shapes, which may be elongated, forked or
irregular. In addition, there are many holes in the coral, showing a honeycomb-like surface.
The aggregate particle size distribution indicates the proportion of aggregates with different
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particle size ranges relative to the total aggregate quality. The particle size distribution
affects the slump, expansion, consistency, bleeding rate, and other performances of concrete
mixtures [27,28], as well as the mechanical properties [29] and durability [30] of concrete.
In accordance with GB/T 17431.1-2010 [31], the coarse aggregates used in this experiment
were screened and analysed to obtain the gradation of the coral aggregates, as shown in
Figure 2. The experimental coral aggregates satisfied the requirements of GB/T 17431.1-
2010 [31] in terms of the upper and lower limits of gradation for lightweight aggregates
measuring 5–20 mm. Table 1 lists the physical properties of the coral aggregates used in the
experiment.

Figure 1. Coral.

Figure 2. Coral aggregate gradation.

Table 1. Bulk density, apparent density, and porosity of coral aggregate samples.

Physical Properties

Coral Aggregate

Sample 1 Sample 2 Sample 3 Average
Standard
Deviation

Bulk density (kg/m3) 998 1065 1007 1023 36
Apparent density (kg/m3) 2437 2509 2481 2475 36

Porosity (%) 59.0 57.6 59.4 58.7 1.0
Crush index (%) 31.9 31.3 32.0 31.7 0.4

Water absorption (%) 12.96 12.88 13.09 12.98 0.11
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2.1.2. Cement and Superfine Cement

Owing to the high porosity of coral aggregates, the coral aggregates were modified by
soaking them in a high-activity micro-inorganic cementitious material. The internal pores
and microcracks of the coral aggregates were filled with slurry to improve the internal
structure of the aggregates as well as the workability and mechanical properties of the
concrete. Ordinary Portland cement, which is typically used for modification, features a
large particle size; thus, the particles do not permeate easily into microcracks. Generally,
particles of ordinary Portland cement can only penetrate into pores larger than 0.2 mm;
therefore, the modification effect on porous aggregates is unsatisfactory, and improvements
to fine pores require cement with a smaller particle size. Superfine cement is a high-
performance cement-based grouting material with a much higher fineness than ordinary
cement [32]. It has higher strength and better groutability. Because of the superfine grain
size and larger surface area of cements, superfine cement slurry has good fluidity and
particle filling [33]. Therefore, to fill the fine pores of coral aggregates and reduce the water
absorption and crushing index of aggregates, superfine cement was adopted to strengthen
and modify the coral aggregates. The superfine cement used in the current experiment was
1250 mesh superfine cement produced by China Resources, and its performance index is
shown in Table 2. The cement used to prepare concrete was P.O 42.5 ordinary Portland
cement produced by Sichuan Esheng Cement Plant, which satisfies the requirements of
GB175-2020 [34], and its performance index is shown in Table 3.

Table 2. Performance index of superfine cement.

Specific Surface Area
(m2·kg−1)

Particle Size Distribution (μm)
Compressive Strength

(MPa)
Flexural Strength (MPa)

D50 D90 Average 3 d 28 d 3 d 28 d

800 ≤3.5 ≤10 3.5 ≥40 ≥70 ≥8 ≥11

Table 3. Performance index of cement.

Specific Surface Area
(m2·kg−1)

Standard
Consistency

(%)

Setting Time (min)
Compressive Strength

(MPa)
Flexural Strength (MPa)

Initial Final 3 d 28 d 3 d 28 d

360 28.00 225 295 33.6 55.7 6.3 8.6

2.1.3. Seawater

Water is a basic component of concrete that also significantly affects its durability,
strength, and workability [35–37]. Using seawater to prepare concrete can solve the prob-
lem of freshwater resource shortage on islands. However, seawater contains numerous
ions, which may affect the performance of concrete. Previous studies have shown that
Cl- in seawater affects the strengthening of concrete [38] and that SO4

2− may result in
the expansion and cracking of concrete by affecting the formation time of gypsum and
ettringite [39]. In the current experiment, artificial seawater was used to mix concrete and
prepare a slurry of modified coral aggregates. The artificial seawater was prepared based
on ASTM D1141-2013 [40]. The composition of the seawater is shown in Table 4. Similar
configuration methods have been used in several studies [41–43].

Table 4. Chemical composition of artificial seawater used in current study.

Chemical NaCl MgCl2 Na2SO4 CaCl2

Concentration (g/L) 24.53 5.2 4.09 1.16
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2.1.4. Sea Sand

The mineral composition of sea sand is similar to that of river sand; however, the
content of shells and organic matter in sea sand deteriorates the strength and durability
of concrete [44]. In addition, sea sand contains more ions than river sand. In this study,
undiluted sea sand was obtained from the South China Sea. Based on the classification
method presented in GB/T 14684-2011 [45], the grain size distribution of sea sand belongs
to Zone II, and the fineness modulus is between 2.3 and 2.6. The particle size distributions
are listed in Table 5. The mud, mica, and shell contents of sea sand were all less than 1.0%,
1.0%, and 5.0%, respectively.

Table 5. Sea sand particle gradation.

Sieve Diameter 4.75 mm 2.36 mm 1.18 mm 600 μm 300 μm

Cumulative percentages of sieve residue (%) 4.0 14.0 29.4 49.0 68.6

2.2. Coral Aggregate Modification

The method of preparing aggregates reinforced by modified slurry is to soak aggre-
gates in the slurry for a period of time, remove the aggregates before the initial setting of
the slurry, and perform natural curing after the surface slurry has solidified. This process
ensures a tight slurry shell on the aggregate surface. However, it is disadvantageous to the
aggregates in two aspects: the smooth shell on the aggregate surface reduces the friction
between the aggregates and cement gels as well as reduces the bite force between the
aggregates, which improves the mechanical properties of the concrete; additionally, the
slurry shell forms additional pores, which increases the water absorption of the aggregates,
thereby improving the water absorption of the modified aggregates to an extent greater
than that before modification. The appropriate slurry water-cement ratio (W/C) and mod-
ification process must be identified. When the W/C of the slurry is relatively large, the
slurry will be very thin, making it impossible to fill the aggregate pores when the slurry is
solidified. On the contrary, the slurry will be very thick when the W/C is relatively small.
The thick slurry will form a thick slurry shell outside the coral aggregate. The thick shell
may affect the strength of the aggregate and lead to unexpected water absorption. Based on
the results of pre-test, the values of W/C of slurry was determined as 1.0, 1.25, 1.5 and 2.0.

The superfine cement was placed in a stirrer, and artificial seawater was added to the
stirrer based on the W/C values specified. Both materials were mixed well. After the slurry
was prepared, coral aggregates were soaked in it and stirred to ensure that the aggregates
were in full contact with the slurry. When the aggregates were soaked, they were stirred
once every hour to avoid bonding between the aggregates and ensure the uniformity of
the modification. Before the initial set was formed, the aggregates were removed from
the slurry. The aggregates were continuously sieved using a dense mesh to filter out the
excess modified slurry and avoid the formation of an excessively thick slurry shell on the
aggregate surface. Subsequently, the aggregates were arranged flat on a net and dried at
room temperature for 24 h, during which the aggregates were flipped to prevent them from
bonding with each other. In order to reduce the impact of the environment [46,47], coral
aggregates were placed in the standard environment (20 ± 2 ◦C and 95% relative humidity)
for curing for 3 d, 7 d, 14 d and 28 d, respectively.

2.3. Physical and Mechanical Property Test

To investigate the effect of superfine cement modification on the coral aggregate
concrete, the properties of coral aggregate concrete and coral aggregates before and after
the modification were evaluated. When mixing concrete, the dry aggregate will absorb the
moisture of the concrete mixture, resulting in a change in the effective W/C of concrete,
thus affecting the construction process and mechanical properties of concrete. Therefore,
the water absorption of aggregate must be considered when designing the concrete mix
proportion. Furthermore, coral aggregate has a high porosity, which may cause its water
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absorption to be different from that of ordinary aggregate. Therefore, it is necessary to
clarify its water absorption. In accordance with the GB/T 17431.2-2010 standard [48],
dry coral aggregates were sieved and soaked; subsequently, their masses before and after
water absorption were weighed. The water absorption rate of the coral aggregates was
calculated using Equation (1) [48], where m0 is the mass of the aggregates in the saturated
surface condition, and m1 is the mass of the dry aggregates. Concrete is composed of water,
cement and aggregate, constituting 70% to 80% of concrete volume. Aggregate strength
greatly affects concrete strength. Therefore, it is necessary to clarify the strength of the
aggregate. The strength of the coral aggregates was evaluated using the crushing index (Cr).
The mass of the coral aggregates (G0) was weighed, and then loaded using a pressure
tester. Subsequently, the assembly was pressurised to 200 kN at a rate of 1 kN/s and
then unloaded. A 2.5 mm sieve was used to remove crushed fine particles, and the mass
remaining on the sieve (G1) was weighed. The Cr of the coral aggregates was calculated
using Equation (2) [49].

The concrete shall meet the strength requirements to ensure the safety of the structure.
In addition, it shall have good workability to facilitate transportation and construction. The
physical and mechanical properties of the coral aggregates differed significantly from those
of natural aggregates. Therefore, the workability and mechanical properties of seawater
and sea sand concrete with coral aggregates differed significantly from those of seawater
and sea sand concrete with natural aggregates. To investigate the effect of superfine cement
modification on the coral aggregate concrete, modified coral aggregate concrete was pre-
pared by replacing natural coarse aggregates with coral aggregates at replacement rates of
0%, 25%, 50%, 75%, and 100% by volume. There were three specimens in each aggregate
replacement rate. The effects of the modification and replacement rate on the workability
of coral aggregate seawater sea sand concrete were analysed. The mix ratio of the concrete
is shown in Table 6. To reflect the workability of the concrete, the slump, expansion, and
bleeding rate of the newly mixed modified coral aggregate concrete were tested based on
GB/T 50080-2016 [50]. Axial compression experiments were performed to evaluate the
mechanical properties of the concrete. Specimens measuring 100 mm × 100 mm × 300 mm
were prepared by mixing coral aggregate concrete. The specimens were subjected to stan-
dard maintenance for 28 d, after which their compressive performance was evaluated using
a pressure-testing machine. The loading rate was maintained at 0.5 MPa/s until the speci-
men was destroyed. The deformation of the specimen during compression was recorded
using a displacement meter. The experimental procedure satisfied the requirements of
GB/T 50081-2019 [51].

ρ =
m0 − m1

m1
× 100% (1)

Cr =
G0 − G1

G0
× 100% (2)

Table 6. Mix design of concrete (kg/m3).

Number
Replacement Rate

of Aggregate
Water Cement Sea Sand

Aggregates
Water

ReducerGravel Coral
Modified

Coral

P0 0% 200 500 830 1074 0 0

0.05%

P25W
25%

200 500 830 805.5 175.3 0
P25G 200 500 830 805.5 0 175.3
P50W

50%
200 500 830 537 350.6 0

P50G 200 500 830 537 0 350.6
P75W

75%
200 500 830 268.5 525.8 0

P75G 200 500 830 268.5 0 525.8
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Table 6. Cont.

Number
Replacement Rate

of Aggregate
Water Cement Sea Sand

Aggregates
Water

ReducerGravel Coral
Modified

Coral

P100W
100%

200 500 830 0 701.1 0
P100G 200 500 830 0 0 701.1

Note: “W” and “G” refer to the coral aggregates before and after modification, respectively.

3. Results and Discussion

3.1. Water Absorption of Coral Aggregate

When preparing concrete, the water content of the aggregate affects the water and
aggregate consumption of concrete. To ensure the workability and strength of concrete, the
water absorption of the aggregate should be considered when designing the mix proportion.
The surface of the modified coral aggregates (Figure 3) formed a layer of slurry shell, which
appeared greyish-white. After modification, the aggregate became smoother and the
number of pores reduced significantly, which considerably affected the water absorption of
the coral aggregates. The water absorption of the coral aggregate was measured at 0.15,
0.5, 1, 6, and 24 h of immersion to understand its variation with immersion time, as shown
in Figure 4. Compared with unmodified coral aggregates, the coral aggregates modified
by superfine cement paste exhibited a significantly reduced level of water absorption after
immersion. When W/C was 1.0, the water absorption of the modified coral aggregate was
only 60% of that of the unmodified coral aggregate. Within 1 h of immersion, the water
absorption capacity of the aggregates increased significantly. The water absorption of the
aggregate reached 97% to 99% of the 24 h water absorption after soaking for 1 h. Therefore,
the coral aggregates can be assumed to have reached the saturated-surface-dry state after
1 h of immersion. Thus, the coral aggregates should be soaked for more than 1 h in advance
when used for fabricating coral aggregate concrete. As shown in Figure 4, the effect of the
curing age of the modified coral aggregates on the water absorption is negligible. This is
because the final setting time of the aggregate surface slurry is less than 3 d, and the slurry
shell has already solidified during the curing time test on the third day, which effectively
inhibited the water absorption and discharge effect of the aggregate. Therefore, the water
absorption rate of the aggregate under different curing times was considerably lower than
that before modification; however, the former did not differ significantly. Meanwhile, the
W/C significantly affected the water absorption. Figure 5 shows the water absorption of
the coral aggregates modified by cement slurry of different W/C values after 28 d of curing.
The water absorption rate of the aggregate increased gradually with the W/C of the slurry.
When the W/C increased from 1.0 to 1.25, the change range of aggregate water absorption
was less than 2%. After the W/C exceeded 1.25, the water absorption of the aggregate
increased significantly. When the W/C was 1.5, the water absorption increased by 11.13%.
When the W/C was 2.0, the water absorption is 40.71% higher than when W/C = 1.0. This
is because when the W/C was less than 1.25, although a denser slurry shell was formed on
the surface of the aggregate, an overly thick shell formed additional pores, thus resulting
in an insignificant decrease or a slight increase in the water absorption of the aggregate.
When the W/C exceeded 1.25, the slurry was too thin to form a slurry shell on the surface
of the coral aggregates, which resulted in an unsatisfactory filling and wrapping effect on
aggregate pores and a significant increase in water absorption. Numerical fitting can show
the evolution law of data and is often performed for data analysis [52,53]. Equation (3)
was proposed to quantify the relationship between the W/C and the water absorption of
modified coral aggregates via numerical fitting, where ρ represents the water absorption
rate of the modified coral aggregates and ω represents the W/C of the slurry. The water
absorption of different types of aggregates was compared (Figure 6). It can be seen that
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the water absorption of modified coral aggregate was bigger than that of recycled concrete
aggregate, but less than that of recycled clay bricks aggregate.

ρ = 2.44 × ω2 − 4.37 × ω + 8.96 (3)

  
(a) (b) 

Figure 3. Appearance of coral aggregates: (a) unmodified; (b) modified.

Figure 4. Water absorption of coral aggregates after different soak times.

Figure 5. Effect of W/C of cement on water absorption of coral aggregates.
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Figure 6. Comparison of water absorption of different types of aggregates [54,55].

3.2. Strength of Coral Aggregates

Tests were conducted to determine the effect of strength modification on the coral
aggregates. Based on Figure 7, the crush value (Cr) of the aggregates at each W/C was
greater than that before modification for curing times of 3 and 7 d. This is owing to the
insufficient strength enhancement of the cement slurry encapsulating the aggregates in a
short duration. The cement slurry was susceptible to breakage under the pressure of the
testing machine and fine particles were filtered using a 2.5 mm sieve, which resulted in an
increase in Cr. Figure 8 shows the Cr of the modified coral aggregates with different curing
times. When the W/C of the slurry was 1.0 and 1.25, a dense slurry protective layer was
formed on the surface of the aggregate; thus, the aggregate strength increased significantly
after 14 and 28 d of curing. After 28 days of curing, the Cr of the aggregates with W/C of
1.0 was decreased by 21.98%. However, when the W/C was 1.5 and 2.0, the Cr of the coral
aggregates decreased slightly with the increase of curing time. the Cr variation range of
aggregate with W/C of 2.0 was within 4.43%. This may be due to the extremely high W/C
of the superfine cement slurry and the inadequate slurry attached to and absorbed into
the aggregate. In addition, a slurry with a high W/C cannot solidify for a long time, thus
causing the slurry to be lost easily during the curing process; consequently, the formation
of a compact slurry protective layer on the surface of the aggregate is hindered. Owing
to these reasons, the Cr of the aggregates did not differ significantly from that before
modification even at curing age of 14 and 28 d. The experimental results suggest that the
slurry W/C should not be less than 1.25. Additionally, the modified aggregate must be
maintained for 28 d, and until the strength of the slurry on the aggregate surface develops
to a certain extent, it cannot be used for pouring concrete. The Cr of different types of
aggregates was compared (Figure 9). It can be seen that the Cr of modified coral aggregate
was between recycled concrete aggregate and recycled concrete and clay brick aggregate.

3.3. Workability of Concrete

Based on the discussion presented in Sections 3.1 and 3.2, concrete was fabricated using
coral aggregates modified by a slurry with a W/C of 1.25 and cured for 28 d. The natural
coarse aggregates were replaced by volume at 0%, 25%, 50%, 75%, and 100% replacement
rates to analyse the effects of modification and replacement rate on the workability of
seawater and sea sand concrete. The slump and expansion of concrete, which reflect the
fluidity of concrete as well as the cohesion and water retention properties of concrete,
are important indicators for determining the workability of concrete. Figures 10 and 11
illustrate the effects of the modification and replacement rate on the slump and expansion
of seawater sea sand concrete. As the coral aggregate replacement rate increased, the
slump and expansion increased; meanwhile, the slump and expansion of the modified
coral concrete at the same replacement rate were significantly lower than those before
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modification. When the replacement rate was 100%, the slump and expansion of the
modified concrete reduced by 16.14% and 14.97%, respectively. With the same concrete
mix proportion, the slump of modified coral aggregate concrete was 2.97 times that of
gravel aggregate concrete. This was primarily attributed to the significant water absorption
and discharge effects of the coral aggregates. During mixing, the pre-wetted aggregate
released water into the concrete mixture, thus increasing the concrete slump and expansion.
After aggregate modification, the water absorption and discharge effects of the concrete
improved; consequently, the slump and expansion of the concrete decreased and the
cohesiveness and water retention properties of the concrete improved.

Figure 7. Cr of coral aggregates modified by slurry of different W/C values.

Figure 8. Cr of modified coral aggregates with different curing times.
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Figure 9. Comparison of Cr of different types of aggregates [56–58].

Figure 10. Relationship between aggregate replacement rate and slump.

The phenomenon where coarse aggregates sink due to gravity and water arises when
the concrete mixture is placed for a long duration is referred to as water bleeding. Large
cement particles, unreasonable aggregate gradation, excessive moisture release from aggre-
gates, additives, etc. contribute to water bleeding in concrete. Water bleeding affects the
workability and mechanical properties of concrete. Severe water bleeding results in severely
deteriorated mechanical and durability performances of concrete as well as concrete de-
formation and the excessive development of incipient cracks. The water bleeding rates
of coral aggregate concrete before and after modification were obtained experimentally,
as shown in Figure 12. The water bleeding rate of the concrete increased significantly,
which was consistent with the coral aggregate replacement rate. At the same replacement
rate, the bleeding rate of the modified coral aggregate concrete was lower than that before
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the modification. At 0% replacement rate, water was completely used for aggregate pore
filling and cement hydration, and no water bleeding occurred. When the replacement
rate was 100%, the bleeding rate of the modified coral aggregate concrete decreased by
47.4% compared with that of coral aggregate concrete. This was primarily because the
modified aggregate surface formed a dense slurry shell, thus significantly reducing the
water absorption and discharge effects of the coral aggregates, and hence a significant
improvement in the bleeding rate of the coral concrete. In addition, after the pre-wet
treatment of the coral aggregates, a dense cement gel was formed at the aggregate-cement
interface during the mixing process, which prevented the internal water escape of the coral
aggregates and improved the water bleeding of the coral concrete.

Figure 11. Relationship between aggregate replacement rate and expansion degree.

Figure 12. Relationship between aggregate replacement rate and bleeding rate.
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3.4. Axial Compressive Strength of Concrete

Before the compressive strength test, the density of coral aggregate concrete and
modified coral aggregate concrete was measured. As shown in Table 7, it can be seen that
the density of modified coral aggregate concrete was slightly higher than that of coral
aggregate concrete, and the density of both was bigger than that of ceramsite lightweight
aggregate concrete. Axial compression tests were performed on gravel aggregate concrete,
coral aggregate concrete, and modified coral aggregate concrete test specimens. During the
loading process, numerous tiny cracks first appeared near the corners of the specimens. As
the load continued to increase, the cracks continued to extend toward the opposite corner,
whereas the number, length, and width of the cracks increased. Subsequently, the cracks
continued to lengthen and widen, eventually penetrating through the entire specimen;
additionally, cracks appeared obliquely along the specimen, as shown in Figure 13. The
gravel aggregate concrete, coral aggregate concrete, and modified coral aggregate concrete
test specimens indicated damage along the diagonal direction of the specimens. This was
due to the frictional force between the upper and lower bottom surfaces of the specimen
and the pressure on the specimen caused by the instrument during loading. Friction
provides redundant constraints such that the maximum stress of the test specimens is
near its diagonal. Despite the diagonal damage pattern of the specimens, more vertical
cracks appeared in the coral aggregate concrete specimens. Due to the low strength of
coral aggregate, cracks first formed near the coral aggregates. Then the miniscule cracks
lengthened and widened with the load increased, thus resulting in more vertical cracks. For
the gravel aggregate concrete, cracks appeared in the cement firstly. With the load increased,
micro-cracks gradually converged and finally formed a continuous main crack. The axial
compressive strength of the specimen was obtained via an axial compression test, as shown
in Figure 14. The axial compressive strength of the coral aggregate concrete was much
lower than that of the gravel aggregate concrete. The axial compressive strength of the
gravel aggregate concrete was 46.92 MPa, whereas that of the coral aggregate concrete was
only 28.99 MPa (coral aggregates) and 31.13 MPa (modified coral aggregates). The fracture
surface of modified coral aggregate concrete passed through the aggregate. However, the
gravel aggregate concrete broke along the interface between aggregate and cement, with
the same loading conditions and mix proportion of concrete. Due to the low strength of the
modified coral aggregate, the crack was less hindered during expansion. Therefore, the
modified coral aggregate concrete was more likely to fail than gravel aggregate. The water
absorption and release of the coral aggregates may affect the mechanical properties of the
concrete in terms of two aspects. First, the water release of the aggregate will increase the
W/C of concrete and degrade its mechanical properties. Second, during concrete hardening,
water released from the aggregate is vital to internal curing and thus the concrete strength.
Owing to these reasons, the modification of superfine cement does not significantly improve
the compressive properties of coral aggregate concrete. To avoid the adverse effects of
unstable water absorption and discharge, a precise proportion of concrete, which is difficult
to achieve in practical engineering, must be ensured. Therefore, although superfine cement
modification cannot significantly improve the strength of concrete, it can considerably
diminish the water absorption and discharge of aggregates, thus avoiding the adverse
effects of unstable water absorption and desorption.

Table 7. Density of different kinds of concrete.

Coral Aggregate
Concrete

Modified Coral
Aggregate Concrete

Gravel Aggregate
Concrete [59]

Ceramsite Lightweight
Aggregate Concrete [60]

Density (kg/m3) 2169 2233 2400–2600 ≤1950
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(a) (b) (c) 

Figure 13. Failure mode of specimens: (a) gravel aggregate concrete specimen; (b) coral aggregate
concrete specimen; (c) modified coral aggregate concrete specimen.

Figure 14. Axial compressive strength of specimens.

4. Conclusions

In this study, superfine cement was used to modify coral aggregates, and the physical
and mechanical properties of modified coral aggregates were experimentally investigated.
Subsequently, the effect of superfine cement modification on the workability and strength
of coral aggregate concrete was investigated. The main results obtained were as follows:
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(1) The water absorption of the modified coral aggregates increased with the slurry W/C.
When the W/C was less than 1.25, the variation in the water absorption rate was not
apparent; when the W/C exceeded 1.25, the slurry was overly thin, which prevented
the formation of a slurry shell on the surface of the coral aggregate; consequently, the
water absorption increased significantly with the W/C. After the coral aggregates
were modified by superfine cement slurry, the water absorption of the aggregate
reduced significantly, and the coral aggregate reached the saturated surface dry state
after soaking for 1 h.

(2) The Cr of the modified coral aggregate was higher than that of the unmodified coral
aggregate when the curing time was shorter. When the W/C of the cement slurry
exceeded 1.25, the Cr of the modified coral aggregate started to be lower than that of
the unmodified coral aggregate after 7 d of curing and then decreased significantly
as the curing time increased. A slurry with a W/C greater than 1.25 could not be
solidified for a long time; hence, a compact slurry protective layer could not be formed
on the aggregate surface. The Cr of the aggregates did not change significantly as
curing progressed.

(3) As the coral aggregate replacement rate increased, the slump and expansion of the
concrete increased; meanwhile, at the same replacement rate, the slump and expansion
of the modified coral concrete were significantly lower than those before modification.
The slump and expansion of the modified concrete decreased by approximately 16.14%
and 14.97% at 100% replacement rate, respectively. The dense slurry shell formed on
the surface of the modified aggregate significantly reduced the water absorption and
discharge effects of the coral aggregates, and the water secretion rate of the modified
concrete was 47.4% lower compared with that before the modification.

(4) After the axial compression failure, the gravel aggregate concrete, coral aggregate
concrete, and modified coral aggregate concrete exhibited damage along the diagonal
direction of the specimens. Compared with the gravel aggregate concrete, the coral
aggregate concrete showed more vertical cracks. The axial compressive strength of the
coral aggregate concrete was approximately 60% that of the gravel aggregate concrete.
The effect of superfine cement modification on improving the compressive properties
of the coral aggregate concrete was insignificant.

(5) Based on the test results, it is suggested that the W/C of superfine cement shall be
1.25. The coral aggregate shall be cured for not less than 7 days after modification,
and the soaking time of the modified coral aggregate shall not be less than 1 h.
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Abstract: The paper presents a new method to study the dynamic mechanical properties of concrete
under low pressure and a high strain rate via the inversion of spherical wave propagation. The
dynamic parameters of rate-dependent constitutive relation of elastic concrete are determined by
measured velocity histories of spherical waves. Firstly, the particle velocity time history profiles in
the low stress elastic region at the radii of 100.6 mm, 120.6 mm, 140.6 mm, 160 mm, and 180.6 mm are
measured in the semi-infinite space of concrete by using the mini-explosive ball and electromagnetic
velocity measurement technology. Then, based on the universal spherical wave conservation equation
and the fact that the accommodation relationship in state equation satisfies linear elastic law, the
inverse problem analysis of spherical waves in concrete (called “NV + T0/SW”) is proposed, which
can obtain the dynamic numerical constitutive behavior of concrete in three-dimensional stress by
measuring the velocity histories. The numerical constitutive relation is expressed in the form of
distortion, and it is found that the distortion law has an obvious rate effect. Finally, the rate-dependent
dynamic parameters in concrete are determined by the standard linear solid model. The results
show that the strain rate effect of concrete cannot be ignored with the strain rate range of 102 1/s.
This study can provide a feasible method to determine the dynamic parameters of rate-dependent
constitutive relation of concretes. This method has good applicability, especially in the study of the
dynamic behavior of multicomponent composite materials with large-size particle filler.

Keywords: spherical waves; wave propagation method; particle velocity histories; linear constitutive
relation of concrete; rate-dependent

1. Introduction

Concrete is widely used in engineering, and these concrete engineering facilities are
often subjected to various effects, such as earthquakes, weapon strike explosions, and
engineering blasting. There are usually spherical wave problems such as point explosion
and point impact. Then, it is necessary to deal with the propagation of spherical waves in
concrete [1–3]. The dynamic response or spherical wave propagation in concrete under
spherical impact completely depends on the dynamic properties of the concrete. Therefore,
it is important to study the dynamic properties of concrete under a high strain rate, which
has attracted the attention of many researchers [4–6]. Bischoff et al. [4] review experimental
techniques commonly used for high strain rate testing of concrete in compression and
characteristics of the dynamic compressive strength and deformation behavior. Malvar and
Ross [5] undertake a literature review to characterize the effects of strain rate on the tensile
strength of concrete. Cusatis [6] presents a previously developed meso-scale model for
concrete, including the effect of loading rate, and the rate dependence of concrete behavior
is assumed to be caused by two different physical mechanisms. Some studies [7–10]
indicated that the different strain-rate sensitivity is determined in concrete under different
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strain rates. Al-Salloum et al. [7] studied the dynamic behavior of concrete experimentally
by testing annular and solid concrete specimens using a split Hopkinson pressure bar
(SHPB). Wang et al. [8] designed a large-diameter SHPB with a diameter of 100 mm used to
carry out impact tests at different speeds. The results show that the increase in the strain
rate has a hindering effect on the increase in damage variables and the increase rate (impact
speeds of 5 m/s, 10 m/s, and 15 m/s). Wang et al. [9] provided guidance for selecting pulse
shapers for concrete SHPB experiments. Grote et al. [10] applied SHPB and plate impact to
achieve a range of loading rates and hydrostatic pressures.

Meanwhile, researchers have carried out many studies on rate-dependent materials of
spherical waves [11–16]. Luk et al. [11] developed models for the dynamic expansion of
spherical cavities from zero initial radii for elastic–plastic rate-independent materials with
power-law strain hardening. Wegner et al. [12] presented a new formulation of the govern-
ing equations of spherical waves, in which the resulting system of five equations is treated
as a strictly hyperbolic system of first-order hyperbolic partial differential equations, and
the method of characteristics is adapted to obtain numerical solutions. Forrestal et al. [13]
developed a spherical cavity-expansion penetration model for concrete targets, and pre-
dictions from the compressible penetration model are in good agreement with depth of
penetration data. Lai et al. [14,15] used the ZWT linear and nonlinear visco-elastic constitu-
tive model to set up the governing equations for linear and nonlinear visco-elastic spherical
waves, and published numerical results using the characteristics method. Lu et al. [16]
established the linear visco-elastic ZWT constitutive equation under a three-dimensional
stress state by ignoring the relaxation effect of the low-frequency Maxwell element and the
nonlinear spring element. The absorption and dispersion phenomena of the spherical wave
propagation in the visco-elastic solid were analyzed. At present, with the development
of experimental technology, researchers are interested in wave propagation technology
(WPT) [17–20]. Zhu et al. [17] set up the error in the determination of dynamic stress–strain
curve of rate-dependent brittle materials with the traditional SHPB techniques with either
a three-wave method or a two-wave method, which is not accepted. Wang et al. [18]
developed an experimental apparatus for spherical divergent wave propagation in solids.
Liu et al. and Sollier et al. [19,20] completed a series of experiments to measure the shock
initiation behavior using eleven embedded electromagnetic particle velocity gauges. The
dynamic performance experiment of concrete is different from the quasi-static test. The
behavior of materials under spherical impact cannot be separated from the analysis of
spherical wave propagation (wave propagation effect). The core problem in carrying out
this research is that the effects of wave propagation and strain rate are often coupled. When
studying the dynamic constitutive relation of materials with high strain rates, the wave
propagation effects in the experimental process, especially in the specimen, should not
be ignored.

In order to solve the above-mentioned difficulties and deal with the coupling problem,
people have developed WPT to study the dynamic properties of materials subjected to
dynamic loads [21]. In various wave propagation analysis techniques, Lagrangian analysis
has attracted the attention of many researchers [22–26], because there are no other pre-
assumptions about the constitutive relation of the materials under study. In the case of
spherical waves, the constitutive equation of spherical waves consists of two parts: the
volumetric part and the distortional part [27]. The traditional Lagrange analysis of wave
propagation is based on the conservation equations without any pre-assumption of material
constitutive relation. However, when the radial particle velocity profiles are measured by
velocity gauges at the Lagrangian coordinates ri (i = 1,2, . . . ), it is still difficult to solve
the other two unknowns from the two constitutive equations with unknown dynamic
parameters (Equations (1a), (1b), and (2)), which is different from the rate-independent
elastic problem for parameters of constitutive equations, which are constant. In the work
outlined in this paper, a series of particle velocity wave profiles of concrete in the far-
field or low-pressure region under spherical impact loading is measured. Then, based
on the universal spherical wave conservation equation and the fact that the volumetric
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part of constitutive relation satisfies linear elastic law, the Lagrangian inverse analysis of
spherical wave problems and particle velocity history measurements (the inverse analysis)
are carried out to obtain the numerical constitutive relation, expressed in the form of
distortion. Furthermore, it is found that the rate-dependent characteristics of spherical
wave distortion is different from the rate-independent case and therefore an appropriate
rate-dependent constitutive model is chosen to describe this problem. Finally, the dynamic
parameters in constitutive relation of concrete with high strain rates are obtained by the
standard linear solid model.

2. Materials and Methods

2.1. Theoretical Concepts of Spherical Waves in Concrete

Many materials have significant rate correlation characteristics under the loading
of short-duration explosion and impact [28–30]. Concrete materials also have relevant
characteristics under short-history loading [31–33]. The fracture strain of concrete under
a high strain rate is as low as a magnitude of 10−3, and the behavior of concrete under
one-dimensional and multidimensional stress under static load also shows great differences.
Therefore, the concrete can be regarded as a linear viscose-elastic material, not just a linear
elastic material.

First, the description system of spherical wave propagation is established in the
spherical coordinate system (Figure 1a). The governing equation system of a linear viscose-
elasticity (Figure 1b) spherical wave is composed of two parts: the conservation Equations
(1a) and (1b) and the constitutive Equations (2a) and (2b) (the volumetric part 2a and the
distortional part 2b), representing the physical properties [34]. The linear viscose-elasticity
is reflected in the distortion relation of the constitutive Equation (2b):

∂εr

∂t
=

∂v
∂r

, (1a)

∂εθ

∂t
=

v
r

, (1b)

∂σr

∂r
+

2(σr − σθ)

r
= ρ0

∂v
∂t

, (1c)

Figure 1. Schemes of governing equations: (a) micro-element in spherical coordinate system; (b) the
standard linear solid constitutive model.
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The linear viscose-elastic constitutive equation in differential form based on the stan-
dard linear solid model can be effectively used to describe the dynamic constitutive proper-
ties of concrete (3a) [35], and Figure 1b shows how the model works.

∂σr

∂t
+ 2

∂σθ

∂t
− 3K

(
∂εr

∂t
+ 2

∂εθ

∂t

)
= 0, (2a)

∂εr

∂t
− ∂εθ

∂t
=

1
2G

(
∂σr

∂t
− ∂σθ

∂t

)
+

(σr − σθ)− 2Ga(εr − εθ)

2GθM
, (2b)

The relevant material parameters are characterized as a linear elastic response (3b),
volume deformation (3c), linear bulk modulus (3d), linear Young’s modulus (3e), and linear
shear modulus (3f). According to conventional considerations, it is assumed that Poisson’s
ratio u is constant, and the elastic stage is independent of other strains and strain rates.

∂σ

∂t
+

σ

θM
= (Ea + EM)

∂ε

∂t
+

Eaε

θM
, (3a)

σ = Eaε (3b)

Δ = εr + 2εθ (3c)

K =
E

3(1 − 2ν)
(3d)

E = Ea + EM (3e)

G =
E

2(1 + ν)
, (3f)

In this way, in order to describe the linear viscose-elastic spherical wave propagation
problem, based on the standard linear solid constitutive relation, the governing equation
reflecting the linear and high strain rate effect of materials is established.

2.2. Experimental Method

In order to understand the propagation characteristics of spherical waves in con-
crete, an experimental method is developed to measure the particle velocity histories of
spherical waves. The experiment adopts the electromagnetic method, and the sample is
a cylinder with a diameter equal to the height. Because the arrangement of particle ve-
locimeters have accurate representative characteristics, the method has strong advantages
in studying the dynamic properties of multicomponent composites containing fillers, such
as polymer–matrix composite materials, concrete, and rock in 3-D stress. In the spherical
wave experiment, the characteristic size of the sample can be meters, which is more than
ten times larger than the size of concrete coarse fillers, so that the information of wave
histories can accurately reflect the wave propagation characteristics. A group of particle
velocity waves v(ri,t) at different radii distance ri from the center of the sphere is measured
by a series of embedded magneto-electric velocimeters.

In the experiment, a mini-charge is detonated in the center of a cylindrical concrete
block with a diameter of 25 cm and a length of 25 cm, and a spherical impact is loaded by
detonating an explosive with a weight of 0.1 g/0.8 g. The principle of the spherical particle
velocity history device is shown in Figure 2 [36]. The experimental specimen consists of
two equal-height cylinder parts. A series of concentric toroidal magneto-electric particle
string gauges is arranged on the mating surface. Explosive charges are placed in the cavity
at the center of the sample; the soft detonating cord for initiation is entered along the mini
hole of the upper half of the sample, and the upper and lower parts are bonded with epoxy
resin after the gauge and the explosive charge are placed. After initiation, the particle
velocimeters move to cut the magnetic field to form voltage signals, and the particle velocity
histories at a series of radii can be obtained from the calibration results.
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Figure 2. Scheme for velocity history test device in concrete with mini-charge: (a) mini-charge with
soft detonating cord and long cylindrical block of concrete; (b) experimental concept for spherical
wave experiments.

2.3. Inverse Method

The particle velocities in spherical wave propagation are easy to measure, but other
physical quantities are difficult to measure directly at the same time. In order to obtain
accurate information about other physical quantities during spherical wave propagation,
and then obtain the constitutive relation of materials, Lagrangian inverse analysis is a good
alternative, which is based on conservation equations and does not make any assump-
tions [37–40]. Next, the “second type inverse problem” in mathematics is dealt with to
determine the dynamic constitutive properties of concrete. In the study of spherical waves,
when the particle velocities at a series of different Lagrangian coordinates ri are obtained, it
is difficult to calculate other unknown quantities from the former (2a, 2b). So we developed
a new spherical wave analysis method “NV+T0/SW” to deal with this problem [14].

2.3.1. The Method Solving Strain (εr, εθ)

The differential relation of strain (εr, εθ) and the particle velocity is established by
the conservation equation. Now, the initial condition t = 0, v(ri,t)=0 is known, and v(ri,t)
at different positions ri (i = 1,2, . . . ,) is also known. So, the time numerical integration
operation can be performed to determine εθ(ri, t). Then, the first derivative ∂v(ri,t)/∂t
can be obtained by numerical differential operation. Similarly, the strain εr(ri,t) can be
determined by integrating time.

2.3.2. The Method Solving Strain (σr, σθ)

However, the stresses σr and σθ are still unknown. The system composed of volume
and shape deformation is to be determined. The solving of σr and σθ in this way is not
sufficient, and one of the equation relations must be known first. In the elastic range, it
is accepted that the volume deformation satisfies the linear law of elasticity (2a) and is
independent of the rate. Then, it is easy to determine this relationship under quasi-static
conditions. The calculation process related to quantity εr and εθ, ∂σθ/∂t, and ∂σr/∂t can
be expressed in Equations (4) and (5b).

In order to establish the magnitude relationship at each radius, the path-line processing
method can be used to define the total derivative of a certain magnitude on the path-line
(Grady, 1973), and the path-lines P1, P2, P3 . . . Pi . . . Pm can be established as shown in
the figure. In this way, when the spherical particle velocity histories v(ri,t) at multiple
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Lagrangian radii r=ri are provided, and their related other time and position differential
components ∂v(ri,t)/∂t can be easily determined.

∂σθ

∂t
=

1
2

((
3K

∂εr

∂t
+ 2
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∂t

)
− ∂σr

∂t

)
(4)

dσr

dr

∣∣∣∣
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∣∣∣∣
r

dt
dr

=
∂σr
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∣∣∣∣
t
+

∂σr

∂t

∣∣∣∣
r

1
r′

∣∣∣∣
p

(5a)

substituting (4) into (5a), the calculation formula of partial derivative about stress ∂σr/∂t
can be expressed as (5b).

∂σr

∂t
= r′

(
dσr

dr

∣∣∣∣
p
− ρ0

∂v
∂t

+
2(σr − σθ)

r

)
(5b)

The zero initial condition is known at different positions of wave propagation (σr = 0
along path-line P1), and the stress σr at different radius r=ri along the path-line P2 (Figure 3)
is obtained through the integration of partial derivative ∂σr(ri,t)/∂t by using the constructed
path-lines (5). Then, ∂σθ(ri,t)/∂t is known from (4), and the circumferential stress at
different positions r = ri on the path-line P1 σθ(ri,t)|P = j can be calculated by integrating
∂σθ(ri,t)/∂t. Similarly, the stress σr(ri,t)|P = j + 1 and σθ(ri,t)|P = j + 1 on all path-lines can be
determined by cycling in sequence. Note that this method can be used to load the whole
process, which is called “NV + T0/SW” for short.

Figure 3. Results of velocity histories in concrete: (a) schematic diagram of test location layout in
Mid-plane; (b) the series of measured particle velocity profiles.

2.3.3. Solving for G and θM

An advantage of “NV + T0/SW” is that there are no assumptions of the constitutive
equation of materials, directly giving the stress–strain numerical relation. However, now
there is a next step to take when the dynamic properties of materials are known. So, its
description with a known standard linear solid constitutive model is provided in future
work, and the dynamic shear modulus G and one Maxwell element material parameters
θM can be determined by the following method (6).

G =
σr − σθ

2(εr − εθ)
(6)
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θM =
(σr − σθ)− 2Ga(εr − εθ)

2G
(

∂εr
∂t − ∂εθ

∂t

)
−
(

∂σr
∂t − ∂σθ

∂t

) (7)

3. Results

3.1. The Experimental Results

Based on the experimental method as described in the previous section, the particle
velocity profiles (Figure 3) in the low stress elastic region at the radii of 100.6 mm, 120.6 mm,
140.6 mm, 160 mm, and 180.6 mm are measured accurately in the semi-infinite space
of concrete by using the mini-explosive ball and electromagnetic velocity measurement
technology. Here, the radius of the mini-explosive ball is 5 mm, with an explosive equivalent
of 1.00 g TNT. As shown in Figure 3b, the maximum particle velocity is lower than 4 m/s,
and the experimental model is a one-dimensional spherical symmetry problem. At same
time, the static mechanical property parameters of concrete can be easily measured, as
shown in Table 1.

Table 1. Concrete static parameters for ‘NV+T0/SW’.

Symbol ρ υ CK K Ga Ea

Units kg/m3 1 m/s GPa GPa GPa
Value 2380 0.23 4347 19.26 12.68 31.20

3.2. The Inverse Numerical Results

In the series of measured particle velocity histories shown in the Figure 4, the path-line
is constructed from the initial zero value line. The path-line is divided into regions by the
peak value. The analysis value of the path-line is interpolated at equal time intervals in
each region to serve as the basis of the inversion analysis framework. With these path-line
values covering the particle velocity field, the physical quantities of the spherical wave can
easily be solved by the aforementioned method, i.e., “NV + T0/SW”. Since the constitutive
relation of materials is often described by volume deformation and shape deformation with
multidimensional stress state, it is convenient to reflect the stress characteristics under 3-D
stress. The results are expressed as spherical profiles of volumetric part and distortional
part, such as stress histories σr + 2σθ, strain histories εr + 2εθ, stress histories σr − σθ,
and strain histories εr − εθ .The numerical results are shown in Figures 5 and 6, and the
numerical constitutive relation, expressed in the form of volume and distortion, is shown
in Figure 7. The volumetric constitutive relation satisfies linear elastic law with linear bulk
modulus K, but the distortional constitutive relation does not. It is not difficult to find that
the latter relation has an obvious rate effect.

Figure 4. The schemes of inversion analysis with path-line.
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Figure 5. A comparison of positive and inverse results: (a) the volumetric part histories of stress
σr + 2σθ; (b) the volumetric part histories of strain εr + 2εθ.

Figure 6. A comparison of positive and inverse results: (a) the distortional part histories of stress
σr − σθ; (b) the distortional part histories of strain εr − εθ.

Figure 7. The numerical rate-dependent constitutive relation: (a) the volumetric relation of stress
(σr + 2σθ)/3 and strain εr + 2εθ stress σr − σθ; (b) the distortional relation of stress σr − σθ and
strain εr − εθ.
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3.3. The Determination of Dynamic Parameters G and θM

According to the above theory, the dynamic parameters G and θM can be determined
from Equations (6) and (7), and the concrete static parameters and the numerical distortion
relations of stress σr − σθ and strain εr − εθ are taken as the known conditions using the
inverse method. The concrete static parameters used in the inverse analysis are the results
of our experimental research on concrete under one-dimensional stress, and ρ and ν are
measured from concrete samples, as shown in Table 1.

Note that Equation (6) is suitable for the series numerical distortion relations with
different strain rates at each radius, so the average value of dynamic parameters G can be
calculated easily with Equation (6), as shown in Table 2. Similarly, the dynamic parameters
θM can be obtained through Equation (7), and the values of θM are also listed in Table 2.
The results show that the dynamic shear modulus G is larger than the static modulus Ga
and decreases with the reducing of strain rate (Figure 7b). At the same time, the dynamic
relaxation time θM increases with a reducing strain rate and is in the magnitude range of
10−6 s.

Table 2. Dynamic parameters by ‘NV+T0/SW’.

Symbol 2G G E θM

Units GPa GPa GPa μs
Value at r0 39.68 19.84 48.81 −1.14
Value at r1 39.51 19.75 48.60 −1.22
Value at r2 38.58 19.29 47.45 −1.41
Value at r3 35.90 17.95 44.16 −1.40
Value at r4 34.22 17.11 42.09 −1.42

4. Discussion

Firstly, a series of particle velocity histories of spherical waves in concrete is measured
by magneto-electric velocimeters at each radius, which provides a basis for an experimental
study on the dynamic properties of concrete in 3-D stress state under high strain rates.
The particle velocimeter is a very thin ring coil, which is very suitable for measuring the
physical quantities in spherical waves that change with the spherical radius. It is a good
choice for measuring the signals of spherical waves for non-perspective materials, except
for magnetic materials. Secondly, by analyzing the experimental data v(ri,t) of the spherical
particle velocity wave of concrete, the Lagrangian “NV + T0/ SW” inverse analysis is
carried out using the path-line method, and the wave propagation information of each
physical quantity of the spherical wave is obtained. The numerical constitutive relation is
expressed in the form of distortion and has an obvious rate effect. The results shown in
Figure 7 demonstrate the obvious different behaviors of concrete between dynamic loading
and static loading normally, and the strain rate effect of concrete cannot be ignored with
the strain rate range of 102 1/s. The numerical constitutive relation is deduced directly
from the measurements and analyses of wave propagation signals, which should be more
appropriate for the coupled effects between wave propagation and rate dependency, are
considered. Next, the rate-dependent dynamic parameters in concrete are determined by
the standard linear solid model, which is a typical and useful model for analyzing stress
relaxation and creep behaviors of viscoelastic solids. The results of dynamic parameters
show that the dynamic shear modulus G is larger than the static modulus Ga and decreases
with the reducing of strain rate (Figure 7b). Furthermore, the dynamic relaxation time θM
increases with reducing strain rate and is in the magnitude range of 10−6 s.

5. Conclusions

The goal of this research was to expand the knowledge about the possibilities of
studying rate-dependent constitutive relation and the determination of dynamic parameters
based on spherical waves in concrete. According to the former, the main conclusions drawn
from the above results are as follows:
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1. The series particle velocity of spherical waves in concrete specimens is measured by a
magneto-electric velocimeter, which visually shows the propagation characteristics of
spherical waves of particle velocity. It provides convenience for the interpretation of
spherical wave information in concrete. At the same time, it also creates good support
for the experimental study of constitutive relation of dynamic properties of strong
impact in multidimensional stress state of concrete (inverse analysis).

2. The inverse problem is solved by the newly proposed “NV + T0/SW” Lagrangian
analysis method, with the measured series velocity profiles as known conditions.
The results provide a basis of a further study on how to determine accurately and
effectively rate-dependent constitutive relation of concrete at high strain rate. When
the numerical constitutive relation is expressed in the form of distortion, it is found
that the distortion law has an obvious rate effect.

3. Based on a series of numerical constitutive relation with different strain rates at each
radius, the rate-dependent dynamic parameters in concrete are determined by the
standard linear solid constitutive model. The dynamic shear modulus G is larger than
the static modulus and decreases with reducing strain rate. The dynamic relaxation
time θM increases with the reducing strain rate and is in the magnitude range of 10−6 s.

It should be emphasized that, if more experimental data in the strain rate range and
more continuous particle velocity profiles are measured through the improvement and
development of experimental loading and data acquisition technology, the results obtained
by this method will be enriched into a series. This method has good applicability, especially
in the study of the dynamic behavior of multicomponent composite materials with large-
size particle filler for the characteristic size of specimens in spherical wave experiments
could be in the order of meters.
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Abstract: In this paper, the blast-loading experiment and numerical simulation are carried out for RC
slabs with two typical reinforcement ratios. The time history of reflected shockwave pressures and
displacement responses at different positions on the impact surface of the specimens are obtained, and
the influence of the reinforcement ratio on the dynamic responses and failure modes of the RC slabs
is analyzed. Based on the experimental data, the simulation model of the RC slab is verified, and the
results indicate good agreement between the two methods. On this basis, the residual load-bearing
capacity of the damaged RC slabs is analyzed. The results show that the load distribution on the
impact surface of the slab is extremely uneven under close-in blast loading. The resistance curve
shape of the RC slabs varies markedly before and after blast loading, and its load bearing capacity
and bending stiffness deteriorate irreversibly. Increasing the reinforcement ratio can impede crack
extension, reduce the slab’s residual displacement, and, at the same time, reduce the decrease of
the damaged slab’s load-bearing capacity. The findings of this study will provide insights into the
anti-explosion design and damage evaluation of RC slabs.

Keywords: reinforced concrete slab; blast loading; residual load-bearing capacity; dynamic response;
blast resistance

1. Introduction

The reinforced concrete (RC) slab is a typical load-bearing structural member in
reinforced concrete buildings. Due to the influence of factors such as structural layer
thickness, reinforcement ratio, and impact surface area, RC slabs tend to undergo larger
deformation, more severe failure, and other forms of damage than RC beams/columns
under the blast shockwave loading of the same intensity [1–3]. Figuring out the dynamic
response and damage characteristics of RC slabs under shockwave loading induced by
chemical explosions, and quantitatively and accurately evaluating the degradation of their
load-bearing capacity, are of referential significance for the anti-explosion design of RC
slabs and the evaluation of damage effects of weapons.

At present, considerable research efforts have been made by researchers at home and
abroad concerning the failure modes and dynamic response of RC slabs under blast loading,
yielding a series of results [4–6]. Lan et al. [7] conducted an experimental investigation
of 74 groups of RC slabs under different charge quantities and stand-off distances and
analyzed the differences of their damage and failure modes. Huff [8] also systematically
studied the failure modes of a typical two-way RC slab under blast loading by experiments.
Wang Wei et al. [9,10] carried out a series of experiments and numerical simulations to study
the damage and failure of square RC slabs subjected to close-in explosions and obtained
their damage–failure modes and criteria. Most experimental studies have also focused on
determining new technologies to improve the deflection response and damage resistance of
reinforced concrete slabs under explosive loads [11–14]. With respect to damage assessment
of RC slabs, the P-I curve is often employed to assess the damage of structural members

Materials 2022, 15, 6449. https://doi.org/10.3390/ma15186449 https://www.mdpi.com/journal/materials
207



Materials 2022, 15, 6449

under blast loading [15–18]. As the equivalent single-degree-of-freedom (SDOF) analysis is
simple and practical, it has been widely used in component damage assessment [17,19–21].

In fact, the dynamic response and failure modes of RC slabs are very complex because
of the different blast-loading conditions (charge type, charge shape, scaled distance, etc.)
and properties of the structure itself (concrete strength, reinforcement ratio, stirrup ratio,
support boundary, etc.) [22–24]. Currently, the anti-explosion performance of RC slabs is
evaluated mainly based on their dynamic response and the macro-damage modes of the
damaged members. However, for the uneven load distribution in RC slabs subjected to
close-in explosions, few analyses has been done using the performance index of the residual
load-bearing capacity of damaged RC slabs to quantitatively evaluate the degradation of
their bearing capacity.

In this paper, blast-loading experiments are conducted for RC slabs with two typical re-
inforcement ratios. The time history of the reflected shockwave pressures and displacement
responses at different positions on the impact surface of the slabs are obtained, and the
differences of the macro-damage modes of the two RC slabs at the same scaled distance are
analyzed. The numerical simulation model of the slabs is constructed with finite element
program LS-DYNA and corrected by the experimental data. On this basis, the residual
load-bearing capacity of the damaged RC slabs with different reinforcement ratios is ana-
lyzed, the quantitative residual load-bearing capacity results are given, and the damage
degrees of slab members with different reinforcement ratios are compared and analyzed.

2. Experimental Study

2.1. Test Specimen Design

According to the code for the design of concrete structures in China (2011 edition), RC
slabs with two typical reinforcement ratios are designed and their geometric dimensions are
both 1200 × 500 × 100 mm (length × width × thickness, respectively). The reinforcement
drawings of the test specimens are shown in Figure 1 and both use double-layer two-way
reinforcement. When the slab thickness is 100 mm~150 mm, the common diameter of the
stressed reinforcement in the slab is 8~12 mm. Therefore, the longitudinal reinforcement bar
diameters of the two RC slabs are 12 mm and 8 mm, and the corresponding reinforcement
ratios are 1.41% and 0.63%. The stirrup diameter is 4 mm. The longitudinal bar is an
HRB400 steel bar, the stirrup is an HPB235 steel bar, the concrete grade is C30, and the
thickness of the protective layer is 50 mm.

Figure 1. Schematic drawings of RC slab reinforcement.

During the experiment, the two RC slabs are placed vertically through independently
designed supporting tools, as shown in Figure 2.

Slab A with the low reinforcement ratio, slab B with the high reinforcement ratio, and
the pressure test tool are arranged in an equilateral triangle around the charge, with an
interval of about 120◦ between them. The tool is fixed on the ground by multiple pegs
and reinforced by welding the angle iron to the structure to ensure that the supporting
tool does not move during the experiment. The four corners of the slab specimens are
all clamped to give them full restraints. Steel plates are welded between the clamped
corners to strengthen the restraint effect, so the boundary conditions can be regarded as
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fixed supports on four sides. The explosive used is a bare spherical TNT-RDX-Al explosive
charge and its way of initiation is central detonation. The mass ratio of TNT to RDX was
4:6, which was composed of two nearly identical hemispheres. The TNT equivalent is 10 kg.
The explosion origin or center is 1200 mm from both the centers of the RC slabs and the
pressure tool and 700 mm above the ground. Explosives are positioned by the nylon rope
hanging on the lifting bracket and fixed by the mesh pocket and white cloth belt to ensure
that the ball center is at the center of the component’s blast surface. In addition, a metal
shield is also set behind the component, which is welded by several steel plates to prevent
shock wave damage to the test sensors and cables behind the component.

Figure 2. Test site layout.

Figure 3 shows the layout of the pressure, acceleration and displacement sensors used
in the experiment.

Figure 3. Layout of pressure and displacement measuring points, (a) the layout of the pressure sensors,
(b) the layout of the acceleration and displacement sensors, and (c) overall survey point distribution.

Considering that the distribution of blast loads at different positions of the RC slabs
subjected to close-in blast loading differs greatly, four PCB piezoelectric pressure sensors,
numbered P1~P4, are arranged according to symmetry. Among them, the measuring point
P1 is facing the explosion center, which is taken as the origin of the coordinate system,
where the horizontal direction is the X-axis and the vertical direction is the Y-axis. The
parameters of the pressure-measuring points are listed in Table 1.
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Table 1. Coordinates of the pressure-measuring points.

Measuring Point X/m Y/m
Distance from Explosion

Source/m
Scaled

Distance/m/kg1/3
Angle of

Incidence/◦

P1 0 0 1.2 0.557 90
P2 0.16 0 1.211 0.562 82.4
P3 0 0.3 1.237 0.574 75.96
P4 0.16 0.3 1.247 0.579 74.18

The displacement is measured by the contact pen-type displacement sensors, which
are arranged on the back surface of the slabs. The embedded parts are fixed in the holes
drilled beforehand using anchoring adhesive. The embedded parts and sensors are in
threaded connection. Each slab is equipped with five displacement sensors, which are
arranged at intervals along the length of the slab.

2.2. Experimental Results and Analysis
2.2.1. Blast-Load Measurement

The blast loading-time history of the measuring points P1~P3 are shown in Figure 4.

(a) (b) (c)

Figure 4. Comparison between measured overpressure curves of shock waves at different measuring
points and ConWep calculation results: (a) the blast loading−time history of the measuring point P1,
(b) the blast loading−time history of the measuring point P2, and (c) the blast loading−time history
of the measuring point P3.

It can be seen from the figure that the trend of the reflected pressure waveforms at
different measuring points are basically the same, exhibiting the typical law of exponential
attenuation. Specifically, as P1 is closest to the explosion center, the reflected pressure here
has a typical double-peak structure, and the peak overpressure of the next peak crest is
remarkably higher than that of its previous peak crest. The analysis shows that the first
wave crest is caused by the reflection of the incident wave on the wall, and the second one
may be induced by the action of high-temperature detonation products on the sensitive
surface of the sensor. Then the characteristic parameters of each measured curves are
extracted as shown in Table 2.

Table 2. Characteristic parameters of pressure measuring points.

Measuring Point
Scaled

Distance/m/kg1/3
Peak Positive
Pressure/MPa

Shock Wave
Arrival Time/ms

Specific
Impulse/MPa × ms

Angle of
Incidence/◦

P1 0.557 32.32 0.36 3.35 90
P2 0.562 26.47 0.363 3.02 82.4
P3 0.574 23.58 0.38 2.93 75.96
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From the table, the peak overpressure and specific impulse of the shock waves decrease
with the increasing scaled distance, the peak positive pressure and specific impulse of
normal reflection are the largest, and the blast load distributed on the surface of the RC
slabs is obviously uneven. Figure 4 gives the overpressure-time history obtained based on
the Kingery–Bulmash [25] method to calculate the blast parameters from the air explosion.
This empirical model has been embedded into a variety of calculation programs such
as ConWep and LS-DYNA (i.e., the keyword *LOAD_BLAST) and has high reliability.
In general, the peak overpressure and positive pressure action time of the measured
overpressure-time history and the ConWep pressure-time history are relatively consistent,
showing good agreement.

2.2.2. Displacement Response-Time History

Figure 5 presents the measured displacement-time history of slab A.

Figure 5. Measured displacement−time history of slab A.

The displacement data represent the displacement of the slab along the propagation
direction of the shock wave, and the negative sign represents the displacement of the slab
toward the detonation center. The peak displacement and residual displacement of each
measured displacement curve of the slab A are extracted, as shown in Table 3.

Table 3. Parameters of slab A displacement measuring points.

Displacement Measuring Point D1 D2 D3 D4 D5

Peak displacement/cm 0.51 1.18 1.97 1.98 0.89
Residual displacement/cm −0.37 1.18 1.97 1.73 0.38

It can be seen from the table that when RC slab A with the low reinforcement ratio
is subjected to explosion shock waves, its peak displacement at the center can reach
1.98 cm and the residual displacement is about 1.73 cm. The maximum displacement of
the slab at the position farther away from the center gradually decreases. It can be seen
from the diagram that with the increase of the distance from the center of the plate, the
peak displacement of the plate gradually decreases, and with structural vibrations, the
slab rebounds to some extent after reaching the peak displacement. The rebound is most
obvious at D1 near the support, with a negative displacement of about 8 mm. It is important
to note that both the distance from D5 and D1 to the support is basically the same, but as
the ground has enhancement effect on shock waves, the blast loading strength below the
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slab is higher than that above the slab, resulting in some difference in the displacement
response between the two points.

Similarly, Figure 6 shows the measured displacement curves of slab B with the high
reinforcement ratio.

Figure 6. Measured displacement−time history of slab B.

The peak displacement and residual displacement of each measured displacement
curve of slab B are extracted, as shown in Table 4.

Table 4. Parameters of slab B displacement measuring points.

Displacement Measuring Point D6 D7 D8 D9 D10

Peak displacement/cm 0.67 0.92 1.41 1.09 0.79
Residual displacement/cm 0.03 0.31 0.58 0.80 0.08

It can be seen from the table that the peak displacement of the D8 measuring point in
the center of the plate is 1.41 cm and the residual displacement is about 0.58 cm. The farther
the measuring point is from the center of the plate, the smaller the positive displacement;
the larger the rebound displacement is, and the longer the time to reach the maximum
positive displacement peak, which conforms to the general deformation law of rectangular
RC plate under an explosive shockwave.

The comparison of Figures 5 and 6 shows that the reinforcement ratio of the component
will significantly affect the dynamic response of the RC plate under a shockwave. The
peak displacement and residual displacement of the slab with high reinforcement ratio are
smaller than that of the slab with a low reinforcement ratio, and the overall displacement
response rebounds to a large extent, indicating that the degree of damage of the slab with
a high reinforcement ratio is relatively small, and the deformation recovery ability is still
strong after the shock wave.

2.2.3. Comparison of Damage Modes

Figure 7 gives a comparison of the damaged modes of the two RC slabs after the experiment.
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(a)

(b)

Figure 7. Comparison of damage modes of the two RC slabs: (a) damage effect of slab A (low
reinforcement ratio), and (b) damage effect of slab B (high reinforcement ratio).

The impact faces of the two plates are kept intact. As can be seen, there are multiple
longitudinal and transverse cracks on the back surface of slab A, obvious oblique shear
cracks on both ends of the slab, broken concrete in the middle near the edge, and exposed
reinforcing bars (rebars), which means serious damage. There are only small longitudinal
and transverse cracks appearing on the back surface of slab B, and the crack width is
significantly smaller than that of slab A. There is no obvious concrete crushing phenomenon,
which is mild damage.

3. Numerical Simulation

3.1. Finite Element Model

To further study the anti-explosion performance of the RC slabs under close-in blast
loading, a finite element model (FEM) is constructed using the multi-material fluid-structure
coupling algorithm, as shown in Figure 8.

Figure 8. Finite element model.

The model is composed of rebars, concrete, clamps, and air. The separate modeling
method is employed for the RC slabs, and the rebars and concrete are coupled through the
keyword *CONSTRAINED_BEAM_IN_SOLID [26]. The rebars are modeled with beam
element, and the rest with 3D solid element. The explosive and air are modeled using
Eulerian grids, and the clamps and concrete slabs using Lagrangian grids. The keyword
*RIGIDWALL_PLANAR [26] is adopted to define the influence of using a rigid wall to
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simulate the ground. The reflection-free boundary condition is used for the air domain
boundary, and the model’s unit system is m-kg-s.

3.2. Material Model

The explosive is described with the key word *MAT_HIGH_EXPLOSIVE_BURN [27]
and the JWL equation of state (EOS), which is expressed as:

P = A
(

1 − ω

R1V

)
e−R1V + B

(
1 − ω

R2V

)
e−R2V +

ωE
V

(1)

where P is the pressure of detonation products, V is the relative volume, E is the initial
internal energy density, and A, B, R1, R2, and ω are the EOS parameters. The JWL EOS
parameters of the TNT explosive can be found in reference [25].

The air is defined by the combination of *MAT_NULL and *EOS_LINEAR_POLYNOMIAL
equation of state [27], and the linear polynomial EOS is given by:

P = C0 + C1μ + C2μ2 + C3μ3 +
(

C4 + C5μ + C6μ2
)

E1 (2)

where μ = ρ
ρ0

− 1, ρ represents the current air density, ρ0 is the initial air density, P is
the air pressure, C0~C6 are the coefficients of the polynomial equation, E1 is the internal
energy density, and V0 is the initial relative volume. The parameters for air can be seen in
reference [25].

The steel clamps, two-way HRB400 steel bars, and HPB235 stirrups are simulated with
a type 3 bilinear elasto-plastic model (*MAT_PLASTIC_KINEMATIC) [27] in LS-DYNA,
which is an isotropic-kinematic hardening or mixed isotropic-kinematic hardening model
that can approximately simulate the elasto-plastic stage of rebars, and simplify the plastic
and hardening stages into an oblique line [17]. The relevant material parameters are listed
in Table 5.

Table 5. Material parameters of rebars and clamps.

Parameter ρ/kg·m−3 E/GPa Vs σy/MPa Et/GPa C/s−1 Ps Fs

HRB400
7850 210 0.28

400
2.1

40 5 0.2HPB235 235
Clamp 300 0 0

The concrete material is defined by the keyword *MAT_CONCRETE_DAMAGE_REL3 [27].
In the model, three strength failure surfaces (initial yield surface, ultimate strength surface,
and softening strength surface) are employed to describe the plastic properties of concrete
materials, which takes into account the characteristics of such materials such as elastic
fracture energy, strain rate effect, and restraint effect. The input only requires three pa-
rameters of the concrete material, namely density, uniaxial ultimate compressive strength,
and Poisson’s ratio, and the remaining parameters are automatically generated by the sys-
tem [27]. The material parameters include density ρ0 = 2300 g/cm−3, uniaxial compressive
strength f ′c = 30 MPa, and Poisson’s ratio ν = 0.2. Under blast loading, the strain rate
of the reinforced concrete is up to 100~10,000 s−1. The strength of the materials under
dynamic loading is fundamentally different from that under quasi-static loading. Therefore,
the strain-rate effect of materials needs to be considered for blast-loading analysis. In the
material model, the defined strain-rate curve can be called by LCRATE.

3.3. Finite Element Model Verification

Spherical explosive blasts propagate outward in the form of spherical shockwaves in
free air, so the one-dimensional spherically symmetric model can be used to simulate the
three-dimensional diffusion of blast shockwaves, which will greatly reduce the number of
grids and improve the computational efficiency. Figure 9 shows the variation law of peak
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overpressure with scaled distance calculated by models with different grid sizes. From the
figure, as the scaled distance increases, the sensitivity of peak overpressure to grid size
gradually decreases.

Figure 9. Comparison of calculation results under different grid sizes.

When the scaled distance is less than 0.8 kg/m3, the peak overpressure is highly
sensitive to grid size and has great discreteness, indicating that the grids need to be fine
enough to ensure the computational accuracy. Considering the size of the three-dimensional
model, and the computational accuracy and efficiency, the 10 mm grid size is selected for
the subsequent finite element modeling and analysis.

To further verify the accuracy of the FEM, the time-history curve of shockwave over-
pressure obtained by finite element calculation is compared with the measured results, as
shown in Figure 10.

(a) (b)

Figure 10. Comparison of pressure−time history, (a) the comparison of pressure−time history of the
measuring point P2, (b) The comparison of pressure−time history of the measuring point P3.

It can be seen from the figure that the measured results are in good agreement with
the calculated pressure curves. The calculated values and measured values of the peak
overpressure at P2 and P3 have a deviation of 0.7% and 5%, respectively, and for the
corresponding specific impulse at the two points, the deviation between the calculated and
measured values is 27% and 13%, respectively.

Figure 11 gives the comparison between the measured displacement curves and the
calculated results of D3 and D4.
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(a) (b)

Figure 11. Comparison of displacement−time history: (a) the comparison of displacement−time
history of the measuring point D3, and (b) the comparison of displacement−time history of the
measuring point D4.

According to the figure, the peak displacement arrival time of the calculated curve is
slightly earlier than the measured result, and the calculated peak displacement is larger
than the measured value, but the residual displacement error of the two values is less than
1%, so the results have good agreement. Considering that the residual displacement of
the RC slabs is the permanent displacement of the structure after the blast shockwaves,
it can better characterize the degree of plastic damage of the slabs compared to the peak
displacement. Therefore, it can be concluded that the calculation results can accurately
reflect the dynamic mechanical response of the RC slabs. On the whole, the FEM proposed
in this paper can accurately reflect the dynamic response characteristics of the RC slabs and
the calculation results are reliable.

3.4. Analysis of Finite Element Calculation Results
3.4.1. Explosion Load Analysis

Based on the simulation results, the load distribution on the impact surface of the RC
slabs at the scaled distance of 0.56 m/kg1/3 is obtained, as shown in Figure 12. In the figure,
the X-axis and Y-axis represent the directions of the short span and long span of the slab,
respectively.

(a) (b)

Figure 12. Contour plots of load distribution in RC slab: (a) peak overpressure, (b) specific impulse.

According to Figure 12a, the peak overpressure on the impact surface of the RC slab
is large in the center and gradually decreases at both ends along the long-span direction.
Due to the ground reflection effect, the peak overpressure at the end near the ground is
slightly larger than that at the top, but along the short-span direction it is basically the
same. Different from the peak overpressure distribution, the specific impulse of the impact
surface of the RC slab in Figure 12b gradually reduces along the long-span direction, and
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the impulse near the ground is about two times that at the top. It shows that the ground
makes the shockwave appear to be strengthening and creates a convergence effect at the
bottom of the component. Therefore, the load distribution in the RC slab in the close-in
explosion experiment is affected by many factors, such as the ground, the distance from
the explosion center, and the angle of incidence. Although peak overpressure and impulse
are unevenly distributed, there exists a distribution law.

3.4.2. Damage Analysis of RC Slab

The contour plots of the plastic damage of the two slabs are presented in Figure 13,
where (a) front face and (b) rear face.

(a) (b)

Figure 13. Comparison of damage contours of slab A and slab B: (a) Front face, (b) Rear face.

As can be seen from the figure, the damage distribution of the two RC slabs is similar.
Taking the damage distribution of the blast face as an example, whether it is plate A or
plate B, the damage is basically distributed along the reinforcement around the frame and
the lateral constraint direction. The damage distribution of RC slabs is mainly along the
transverse and longitudinal reinforcement and is obviously affected by frame constraints.
The damage degree of RC plates with different reinforcement ratios is significantly different.
The damage range and damage degree of the plates with small reinforcement ratios are
significantly higher than those of the plates with large reinforcement ratios, regardless
of the blast front or back surface. There is a large rectangular plastic strain zone in the
center of the back blasting surface of the small reinforcement ratio plate, and several plastic
strands appear along the short-span direction. The concrete in some areas is in almost
complete failure, showing typical bending failure characteristics.

3.4.3. Residual Displacement Analysis

Figure 14 shows curves of the residual displacement distribution of the two slabs
along the long-span direction.

From the figure, the curves of their residual displacement along the long-span direction
under shockwave loading take the shape of a parabola, but the displacement of slab A is
obviously smaller than that of slab B. At the symmetrical position along the slab center, the
displacement at the end near the ground is slightly larger than that at the other end, mainly
because of the ground reflection effect, which is consistent with the phenomenon observed
in the experiment.
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Figure 14. Comparison of residual displacement of the RC slabs along the long−span direction.

3.4.4. Residual Bearing Capacity Analysis

To further quantitatively evaluate the degradation of the bearing capacity of damaged
RC slabs, the residual bearing capacity of damaged RC slabs was simulated by restarting
in LS-DYNA, and the quasi-static loading was carried out by slowly applying the dis-
placement perpendicular to the panel at each node of the component face. The method of
applying a displacement load is shown in Figure 15.

Figure 15. Schematic diagram of application method of displacement load.

Extract the reaction force at the support, and finally get the curve of the residual
bearing capacity of the damaged member with displacement, as shown in Figure 16.

From Figure 16, the residual load-bearing capacity curves of the two damaged RC
slabs under the same blast-loading conditions are obviously different. For slab A, when
the mid-span displacement increases to 20 mm, its bearing capacity reaches the maximum,
about 2000 kN; when the mid-span displacement increases to 50 mm, its bearing capacity
almost decreases to 0, indicating that the slab has been completely damaged at this time.
For slab B, when the mid-span displacement increases to 45 mm, its bearing capacity
reaches the maximum, around 2250 kN, and when the displacement continues to increase
to 105 mm, its bearing capacity is close to zero. The above data fully shows that increasing
the reinforcement ratio can not only ensure that the RC slab has a high residual bearing
capacity after explosive loading, but also ensures that the damaged members have better
ductility and good energy-absorption effect.
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Figure 16. Residual load-bearing capacity curves of the two damaged RC slabs.

Figure 17 gives the comparison of the load-bearing capacity of the two RC slabs before
and after the blast-loading test.

(a) (b)

Figure 17. Comparison of load−bearing capacity between undamaged and damaged slabs: (a) slab
A with low reinforcement ratio, and (b) slab B with high reinforcement ratio.

It can be seen from the figure that the shape of the bearing capacity-displacement
curves of the RC slabs after blast loading have changed to some extent; specifically, the
peak bearing capacity decreases to varying degrees, and the mid-span displacement corre-
sponding to the peak bearing capacity increases, which is mainly due to the degradation
of the bending stiffness after cracks appear in the damaged slabs. From the values, the
bearing capacity of slab A decreases by 750 kN, or 26% compared to the undamaged slab;
the residual load-bearing capacity of slab B decreases by 600 kN, or 20% compared to the
undamaged slab, which is slightly smaller than that of slab A.

4. Conclusions

In this paper, the blast-loading experiment and numerical simulation were performed
for reinforced concrete (RC) slabs with two typical reinforcement ratios. The environmental
parameters of relevant loads and the damage data of displacement response of the speci-
mens were obtained, and the calculation model was verified based on the measured data.
Finally, the residual load-bearing capacity of the damaged RC slabs was analyzed. The
main conclusions are as follows:
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1. The load distribution in the RC slabs under close-in blast loading was extremely
uneven. The peak overpressure on the impact surface of the slabs was large in the
center along the long-span direction and gradually decreased at both ends. The
specific impulse was gradually reduced along the long-span direction. The impulse
near the ground was about two times that at the top.

2. The damage distribution of the two RC slabs with different reinforcement ratios was
similar, but the degree of damage differed markedly. A large rectangular plastic strain
zone appeared in the center of the back surface of the slab with a low reinforcement
ratio, several plastic strands along the short-span direction could be observed, and the
concrete in some areas almost completely failed, and the damage range and degree
are significantly higher than those of the slab with a high reinforcement ratio.

3. Compared with the undamaged slabs, the shape of the resistance curves of the dam-
aged RC slabs saw significant changes, and their load-bearing capacity and bending
stiffness were irreversibly degraded. Increasing the reinforcement ratio can not only
inhibit the crack extension and reduce the residual displacement of components, but
also reduce the decrease of bearing capacity after damage.
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