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Study on strain wave propagation and explosion resistance
mechanism of rubber-cement composite plate structure
under central explosion loading
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Abstract: Rubber-cement composites (RCC) is an environmentally friendly, green, and sustainable cement-
based energy-absorbing materials. To study the dynamic response characteristics of RCC under explosion
shock, the central explosion tests of RCC plate specimens were carried out by using the two-dimensional plate
blasting (TDPB) test system. In the aspect of strain wave propagation, the characteristics and laws of explosive
strain wave propagation in RCC plate structure were analyzed. In terms of damage characteristics, the
macro-damage modes of RCC plate specimens under central explosion were analyzed, and the formation and
propagation mechanisms of radial explosion growth cracks and the formation mechanism of central annular
spalling were revealed. In terms of explosion resistance characteristics, combined with the meso-fracture
morphology of RCC, the synergistic characteristics of mechanics and energy dissipation among cement
mortar matrix, rubber particles, and pore structure were analyzed from the meso-level, and the explosion
resistance mechanism of RCC plate structure was further revealed. RCC effectively combined the explosion
resistance concepts of “coupling rigidity with flexibility” and “overcoming rigidity by flexibility”, showing
excellent explosion resistance ability. Finally, in view of the key scientific problem existing in RCC, the
scientific and effective solution was discussed deeply, and the development method and research directions
of the new RCC were further prospected.
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1. Introduction

Energy-absorbing materials are the core part of multi-level protective structures, which
play a key role in coordinating deformation and cushioning-giving way with high-strength
resistant materials and weakening the strength of shock waves [1]. Therefore, the related
research on energy-absorbing materials has always been a key concern in the field of protection
engineering, which has important practical significance in improving the explosion resistance
and impact resistance of multi-level protective structures (Fig. 1).

dissipatioh’layes

rotected object

Fig. 1. Schematic diagram of a typical multi-level underground protective structure

Rubber polymers have mechanical properties such as low impedance, high damping, and
viscoelasticity, and show excellent properties of energy absorption and isolation, which can
reduce the peak value of stress waves and prolong the pressure rise time of stress waves [2].
When impacted by external forces, rubber viscoelastic damping materials can convert part of
the input energy into thermal energy consumption by overcoming the internal friction work
between macromolecular chains, so as to achieve energy absorption characteristics [3]. It is
worth noting that with the rapid development of the automobile industry, waste tire rubber from
all over the world has become a kind of “black pollution” [4]. Sustainable development has
become a basic issue related to the present and future of mankind. In the face of environmental
problems, countries around the world have proposed to speed up the green and low-carbon
transformation to achieve green recovery and development. Combined with the background of
the “double carbon strategy”, rubber-cement composites (RCC) can be made by filling waste
tire rubber particles into cement-based materials. RCC is environmentally friendly, green, and
sustainable cement-based energy-absorbing materials [4, 5], which has important practical
significance to promote the green development and engineering application of RCC.

However, although the research on the dynamic response of RCC under explosive shock
loading has made remarkable progress [6,7], more importantly, the strain wave propagation law
and damage and explosion resistance mechanism of RCC under explosive shock loading are
still not clear enough. Based on this, the central explosion tests of RCC plate specimens were
carried out by using the TDPB test system. The characteristics and laws of explosion strain
wave propagation in RCC plate structure were analyzed, and the formation and propagation
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mechanisms of radial explosion growth cracks, the formation mechanism of central annular
spalling, and the mesoscopic explosion resistance mechanism were revealed. The research
results provide a theoretical reference for further promoting the green development and
engineering application of RCC in explosion resistance protection.

2. Materials and methods

2.1. Raw materials and preparation methods of RCC plate specimens

The size of the RCC plate specimens used in the central explosive shock test was /
300 mm X w 300 mm X & 30 mm. The RCC plate specimens were prepared by mold pouring.
(1) Raw materials: the mixed water was laboratory tap water, the cementitious material was 42.5
grade ordinary Portland cement, the fine aggregate was natural river sand with a particle size
of 0.075 ~1.18 mm (apparent density was 2680 kg/m?), and rubber particles were waste tire
rubber particles with a 20 mesh (apparent density was 1150 kg/m?). (2) Rubber particles were
mixed with equal volume instead of natural river sand, and the selected volume substitution
ratios were 20%, 40%, 60%, and 80%, respectively. (3) Curing conditions (standard curing):
curing humidity was more than 90%, curing temperature was (20 + 2)°, and curing time was
28 days. The grain size distribution curves of the river sand and rubber particles for the test are
shown in the Fig. 2. The mass mix proportion design of RCC is shown in Table 1. The static
compression performance of RCC is shown in Table 2.

Table 1. Mass mix proportion design of RCC [8,9]

Sample types* Water Cement Sand Rubber
RCC-20% 1 2 32 0.343
RCC-40% 1 2 2.4 0.686
RCC-60% 1 2 1.6 1.030
RCC-80% 1 2 0.8 1.373

*Note: The values in the sample types are rubber content.

Table 2. Static compression performance of RCC [9]

. Static strength Deformation
Sample size Sample types
(MPa) modulus (GPa)
RCC-20% 2291 3.802
® 70 mm X A 140 mm RCC-40% 9.26 1.615
RCC-60% 7.32 1.311
RCC-80% 6.18 1.021
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Fig. 2. The grain size distribution curves of the river sand and rubber particles for the test [8]

2.2. TDPB test system and test methods

The TDPB test system and test methods are shown in Fig. 3. The self-developed TDPB test
system in the impact dynamics laboratory of Anhui University of Science and Technology
is used in the central explosion shock test. The TDPB test system is mainly composed of
the confining pressure loading system (jack, reaction frame, loading plate, motor, oil pump),
control system (multi-directional compression-decompression controller), explosive loading
system (detonating device, special small detonator with 0.3 g charge (Diazodinitrophenol,
DDNP)), and data acquisition and processing system (strain gauge, bridge box, strain amplifier,
oscilloscope, computer).

DDNP has been widely used as an initiating explosive for industrial detonators because of
its advantages such as low mechanical sensitivity, fast detonation growth, high flame sensitivity,
excellent initiation and explosion performance, abundant raw material sources, relatively safe
production operation, and low cost [10, 11]. The parameters related to the explosive power and

initiation performance of DDNP are shown in Table 3.

Table 3. Parameters related to the explosive power and initiation performance of DDNP

Structural formula

Related parameters

. Relative | Explosive | Explosive | Explosive Explosive
Chemical . :
formula density heat volume | temperature | velocity*
(kg/m’) | (kkg) | (Likg) ©) (m/s)
CeHoN4O5 1630 1400 600 ~700 4950 6600

*Note: When the density is 1.50 g/cm3 and there are constraints, the explosive velocity is

6600 m/s [12].
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Explosion test effect Schematic diagram of TDPB experimental system
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Fig. 3. Central explosion tests of RCC plate specimens

The diameter of the round blasthole at the center of the RCC plate specimen was 8 mm
(the charge decoupling coefficient was 1.18). The explosion shock pulse signals were collected
by pasting strain gauges. The strain gauges were pasted along the diagonal direction of the
RCC plate specimen, and the four strain gauges correspond to four data acquisition channels
(CHI, CH2, CH3, CH4). The active small confining pressure was applied around the plate
specimen to prevent block separation and fragment ejection of the RCC plate specimen under
explosive loading [9].

3. Results and analysis

3.1. Propagation laws of strain waves

Taking the acquisition channels CH1 and CH4 as examples, the strain wave propagation
characteristics of the explosion tests in the center of the RCC plate specimens are shown in Fig. 4.

From Fig. 4(a,b), it can be seen that the strain waves of RCC plate specimens under
central explosion showed several positive and negative strain peaks, and showed the evolution
characteristic of attenuation with the increase of time. The positive and negative fluctuation
of strain waves indicates that the measuring point is subjected to tension-compression action
caused by explosive load. It is worth noting that the fluctuation of strain waves was more
significant with the increase of rubber content, which indicated that RCC showed better
deformability with the increase of rubber content.
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Fig. 4. Propagation characteristics of strain waves in central explosion tests of RCC plate specimens: (a)
CH1-strain waves, (b) CH4-strain waves, (¢) CH1-strain wave-1, (d) CH4-strain wave-1
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From Fig. 4(c,d), it can be seen that strain wave-1 was the first waveform collected by the
channels, and strain wave-1 showed the evolution characteristic of “first negative then positive”,
which indicated that the RCC plate specimens were subjected to the stress of “first compression
and then tension” under the central explosive load. It can be found that for channel CH4
with a short blast center distance, the strain wave-1 under different rubber content basically
coincided completely. For channel CH1 with a long blast center distance, the coincidence
degree of strain wave-1 decreased under different rubber content, and the fluctuation stability
of strain wave-1 decreased with the increase of rubber content, but the amplitude of strain
wave-1 had little difference under different rubber content. The above phenomena showed that
the increase of rubber content enhanced the instability of the strain wave to some extent, but
the effect of rubber content on the strain wave decreased obviously with the decrease of blast
center distance.
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3.2. Macro-damage mechanism and mesoscopic explosion resistance
mechanism

The macro-damage states of explosion in the center of RCC plate specimens and meso-
fracture morphology are shown in Fig. 5. It can be seen from Fig. 5(a) that with the increase of
rubber content, the RCC plate specimens showed the macro-damage evolution characteristics
of “radial explosion growth cracks + central annular spalling + blasthole expansion — central

RCC-20% RCC-40%

RCC-20% RCC-40% RCC-60% RCC-80%

(b)

500 ym

200 pm 300 pm

Fig. 5. Macro-damage states of explosion in the center of RCC plate specimens and meso-fracture
morphology: (a) Macroscopic damage states, b) Meso-fracture morphology (OM), c) Meso-fracture
morphology (SEM)
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annular spalling + blasthole expansion”. The comprehensive failure mode of “two radial
explosion growth cracks + central annular spalling + blasthole expansion” mainly occurred
in RCC-20%, while the comprehensive failure mode of “central annular spalling + blasthole
expansion” mainly occurred in RCC-40%/60%/80%. The above phenomena showed that
the explosion resistance of RCC plate specimens under central explosion load increased
significantly with the increase of rubber content.

(1) Macro-damage mechanism

The RCC plate specimen is subjected to complex mechanical actions such as explosion

shock stress waves and detonation gas expansion and extrusion under the central explosion
load, which are the essential reasons for the comprehensive failure modes. Combined with
explosion mechanics and energy theory, the damage mechanism of the above macro-damage
modes was analyzed as follows [9, 13, 14]:

— The formation and propagation mechanisms of radial explosion growth cracks: According
to the dynamic tensile stress failure criterion, it is precisely due to the combined effect
of explosion shock stress waves and detonation gas expansion and extrusion that the
tangential derived tensile stress is greater than the dynamic tensile strength of RCC-20%,
resulting in radial tensile cracks in RCC-20% plate specimens. According to the minimum
energy principle, the radial tensile cracks first extend vertically along the internal weak
structure surfaces to the boundary of the specimen.

— The formation mechanism of central annular spalling: It is mainly the expansion and com-
pression of detonation gas that causes the compression-shear fracture in the central blast-
ing area, which leads to the formation of the central annular exfoliation zone in the central
blasting area. In addition, under the action of the bottom sealing constraint, the blasthole
will also form the energy-concentrated jet effect of transmitting the explosion energy
upward, which further aggravates the formation of the central annular exfoliation zone.

(2) Mesoscopic explosion resistance mechanism

Meso-morphology is an important reflection of macroscopic characteristics [8, 15-18].

It can be seen from Fig. 5(b,c) that the meso-morphology of RCC was mainly composed of
complex porous or multicellular structural surfaces formed by the bonding of cement mortar
matrix, rubber particles, interfacial transition zone (ITZ), and pore structures, and the number
and density of pores increased with the increase of rubber content. Therefore, combined
with the mechanical and energy dissipation characteristics of different materials in RCC, the
explosion resistance mechanism of RCC can be further analyzed from the meso-level:

— Cement mortar matrix: Cement mortar matrix is an elastic-plastic material formed by
cement hydration reaction together with fine aggregates. Because of its better skeleton
bearing capacity and stress resistance, resulting in outstanding rigid explosion resistance
ability of RCC plate specimens under central explosive load.

— Rubber particles: Rubber particles are a high-damping viscoelastic material that can
reflect the dual effects of elastic solid energy storage and viscous liquid energy dissipa-
tion [19-21]. Due to its excellent viscous cushioning deformation and energy dissipation
characteristics, the attenuation of stress waves is achieved effectively, resulting in out-
standing flexible explosion resistance ability of RCC plate specimens under central
explosive load.
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— Pore structures: The pore structures are a multicellular plastic material formed during
the preparation of fresh RCC due to the introduction of air. Due to its excellent plastic
cushioning deformation and energy dissipation characteristics, the stress wave attenuation
and shock absorption are achieved effectively, resulting in outstanding flexible explosion
resistance ability of RCC plate specimens under central explosive load.

To sum up, based on the mechanical and energy dissipation characteristics of different
materials, RCC effectively combined the explosion resistance concepts of “coupling rigidity
(cement mortar matrix) with flexibility (rubber particles, pore structures)” and “overcoming
rigidity (explosive shock load) by flexibility (cushioning deformation, energy dissipation, stress
wave attenuation)”, which realized the synergism between different materials and showed
excellent explosion resistance ability.

4. Discussion and prospect

4.1. Key scientific problem existing in RCC and effective solution

Compared with fiber-reinforced concrete and plastic concrete, RCC has more outstanding
performance in fatigue resistance, impact resistance, and explosion resistance. However, the low
strength of RCC is the key factor that makes it difficult to be used as the main impact resistance
and bearing structures, which undoubtedly limits the scope of engineering application for RCC.
If a kind of ultra-high strength rubber concrete (UHSRC) that can withstand high strength load
and dissipate impact energy is developed, it will be able to better realize the application of
RCC in protection engineering and seismic engineering and promote the resource utilization
of waste tire rubber.

So far, whether physical or chemical modification of rubber particles or fiber reinforcement,
not only the process is complex, but also the modification effect is not satisfactory, and even
there are obvious differences in the research results of many scholars [22]. To solve this problem,
the author’s research team conducted key exploratory research in the previous stage, and
achieved satisfactory results (Figs. 6, 7) [22]. A kind of UHSRC was developed by reducing the

100
— RO%-SF0% — RO%SF0% — RO%SF0%
80} - - RO%-SF3% - - RO%SF3% 80 - - RO%-SF3%
L -~ 0.85-RI10%SF3% - 2-R10%SF3% -+ 4R10%SF3%
g 600 - 085R20%SFI% —- 2-R20%SF3% | o 60t - 4-R20%-SF3%
S F i oo 0.85-R30%-SF3% - 2-R30%-SF3% L e 4R30%SF3%
S 40} | %
20} f
./'
o 1 2 3 5

&l% % &l%
(@) (b) (©)
Fig. 6. Stress-strain curves of UHSRC specimens under three kinds of rubber particle sizes [22]:
(@) n = 0.85 mm, (b) ) n = 2.00 mm, (c) ) n = 4.00
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water-cement ratio and using steel fiber and silica fume to control the strength at the same time,
and the static uniaxial compression test was carried out. The effects of the rubber substitution
ratio and its particle size on the strength, deformation, and toughness of UHSRC specimens were
analyzed, and the crack initiation mechanism and energy transformation relationship of UHSRC
were clarified by combining meso-fracture morphologies and macro-failure morphologies.

Fig. 7. Macro-failure morphologies of UHSRC specimens under three kinds of rubber particle sizes [22]:
(a) R0%-SF0%, (b) R0%-SF3%, (c) 0.85-R10%-SF3%, (d) 0.85-R20%-SF3%, (e) 0.85-R30%-SF3%,
(f) 4-R20%-SF3%, (g) 2-R20%-SF3%, (h) 0.85-R20%-SF3%

4.2. Experimental limitations and follow-up study

In this research work, only the central explosion tests of single plate specimens with different
rubber content have been carried out, the anti-impact and explosion tests of UHSRC and its
multi-level protective structure have not been carried out, and there is a lack of corresponding
numerical simulation analysis. At present, to further verify the test results of single plate
specimens with different rubber content under central explosion, the corresponding numerical
simulation analysis was carried out, and the numerical simulation analysis of multi-level
protective structure with “rock-RCC-rigid concrete (rigid-flexible-rigid)”” under impact load
was carried out (Fig. 8). The results showed that RCC had excellent energy absorption and
explosion resistance, and it can coordinate the deformation with rigid protective materials in
the protective structure, and effectively change the stress wave propagation path and improve
the protective ability. It should be noted that more scientific, rigorous, accurate, and effective
numerical simulation analysis will be carried out in the follow-up research.



www.czasopisma.pan.pl (g :N www.journals.pan.pl
POTSRAAKADENIA MUK

STUDY ON STRAIN WAVE PROPAGATION AND EXPLOSION RESISTANCE MECHANISM... 183

Step 30-dynamic load Step 50-dynamic load Step 100-dynamic load

Fig. 8. Numerical simulation test of explosion shock wave action for multi-level protective structure

In the later research, focusing on the background of “protection needs” and “double carbon
strategy”’, aiming at the above problems, it is proposed to further develop a multi-medium
structural cement-based energy absorbing material, namely the multi-cell viscous fluid rubber
concrete energy absorbing material (MCVFRCEAM). The dynamic mechanical behavior
and damage evolution characteristics of MCVFRCEAM under impact load will be studied
systematically, and the deformation characteristics and energy dissipation mechanism, the law of
stress wave propagation and attenuation, and the dynamic coupling action mechanism between
different media will be further revealed. The focus of the research is to establish the coupling
energy dissipation model of MCVFRCEAM according to the energy dissipation models of
different characteristic elements (Fig. 9). The purpose of this later research is to improve the
meso-energy dissipation structure design and dynamic energy dissipation theory system of RCC.
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Fig. 9. Schematic diagram of energy dissipation model with restricted viscous fluid in cell body of
MCVFRCEAM
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5. Conclusions

In this work, combined with the environmental protection concept of explosion-resistant
materials and the high damping and energy dissipation characteristics of waste tire rubber,
a new method for preparing green and sustainable RCC from waste tire rubber with high
damping was proposed. The central explosion shock tests of RCC plate specimens were carried
out by using the self-developed TDPB test system. The following conclusions were drawn:

1.

The fluctuation of strain waves was more significant with the increase of rubber content,
which indicated that RCC showed better deformability with the increase of rubber
content. The increase of rubber content enhanced the instability of the strain wave to
some extent, but the effect of rubber content on the strain wave decreased obviously with
the decrease of blast center distance.

With the increase of rubber content, the RCC plate specimens showed the macro-damage
evolution characteristics of “radial explosion growth cracks + central annular spalling +
blasthole expansion — central annular spalling + blasthole expansion”, which showed
that the explosion resistance of RCC plate specimens under central explosion load
increased significantly with the increase of rubber content.

The RCC plate specimen is subjected to complex mechanical actions such as explosion
shock stress waves and detonation gas expansion and extrusion under the central explosion
load, which are the essential reasons for the comprehensive failure modes.

Based on the mechanical and energy dissipation characteristics of different materials,
RCC effectively combined the explosion resistance concepts of “coupling rigidity with
flexibility” and “overcoming rigidity by flexibility”, which realized the synergism
between different materials and showed excellent explosion resistance ability.

The research results of this work profoundly revealed the law of explosive strain wave
propagation, dynamic damage mechanism, and explosion resistance mechanism of RCC
plate structure under central explosive load, and further provided a theoretical reference
for the green development and engineering application of RCC in explosion protection.
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