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Abstract: Improper disposal of waste tires will not only bring environmental impact and safety risks but
also cause a serious waste of resources. In the field of civil engineering materials, waste tire particles are
used as a substitute for non-renewable aggregates to produce flexible rubber-cement composites (RCC).
To explore the high-speed slicing stability of RCC, this test took normal cement mortar (NCM) and
rubber cement mortar (RCM) as research objects. The SHPB tests with the same impact energy level
and the high-speed slicing tests with a slice thickness range of about 1.4 mm ~ 4.4 mm were carried
out. The results showed that NCM and RCM showed different stability differences in the process of
high-speed slicing. In the case of ensuring the integrity of the slice, the minimum thickness of the slice
can be better decreased with the increase of the rubber content. Finally, from the perspectives of split
Hopkinson pressure bar (SHPB) test results and mesoscopic structure states, the essential reason for
ensuring the stability of high-speed slicing lied in the improvement of rubber particles (dominant role)
and pores on material deformation and flexible energy dissipation.
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1. Introduction

Concrete composites are used in many types of infrastructure and protective engineer-
ing [1-3]. Protecting infrastructure is essential for economic development and improving
the quality of life [1]. However, the poor performance of concrete in ductility, fatigue re-
sistance, impact resistance, and seismic resistance has aroused people’s concern about its
performance [3].

More importantly, with the further development and construction of deep underground
resources and engineering facilities, in a series of disaster prevention and reduction prob-
lems, such as supporting the stability of surrounding rock of roadway/tunnel [4], seismic
stability of the spatial structure [5], protection of vehicle high-speed impact [6], and pro-
tection of explosion impact [7]. It has become the consensus of researchers to use civil
engineering materials with cost-effectiveness, high-deformation, and cushioning energy
dissipation to solve the above problems [4—7]. Therefore, in recent years, people pay more
and more attention to the development of flexible concrete and its mechanical properties test.

“The four major environmental concerns related to the accumulation of waste tyres are
tyre fires, leachates, breeding grounds for pest species, and land use (black pollution)” [8].
At the same time, the rapid development of the construction industry has consumed huge
natural resources, resulting in a continuous decline in natural resources, which has also
accelerated the research work to promote the use of recyclable waste tyres, especially in
the field of civil engineering materials, waste tire particles are used as a substitute for non-
renewable aggregates (natural aggregates) [8,9]. The above alternative makes RCC with bet-
ter flexible deformation and energy dissipation performances has attracted the attention of
researchers in fatigue resistance [ 10], impact resistance [11], explosion resistance [12], seis-
mic resistance [13], and researchers have carried out more experimental research on them.

But so far, the high-speed slicing test of RCC has not been considered by researchers.
Combined with the SHPB impact test, the high-speed slicing stability (Stability refers to
the impact resistance and crack resistance of RCC under dynamic disturbance) of RCC was
discussed to effectively solve the problem of “black pollution” and promote the application
of RCC in disaster prevention and support engineering. This work took NCM and RCM
as research objects, and the SHPB impact tests and the high-speed slicing tests with slice
thickness ranging from about 1.4 mm to 4.4 mm were carried out. The innovation points
are as follows: 1) High-speed slicing test of RCC was carried out for the first time, making
up the blank of high-speed slicing test research of RCC. 2) The relationship between the
thickness, integrity, and stability of RCM high-speed slicing and the content of rubber was
discussed, and the stability mechanism of RCC under high-speed slicing was discussed and
analysed from the point of view of impact deformation, energy dissipation, and mesoscopic
structures.

2. General situation of test

2.1. Materials and mix proportions

Table 1 shows the parameters of materials. The grain size grading curves of the river
sand and rubber particles used in the test are shown in Fig. 1. RCM was prepared by
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replacing natural river sand with an equal volume of rubber particles in the experiment.
According to the standard JGJ/T 98-2010 [14], the mix proportions (W/C = 0.5) are listed

in Table 2.
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Fig. 1. The grain size grading curves of the river sand and rubber particles

Table 1. Physical parameters of materials

River Rubber
Parameter Cement Parameter Parameter .
sand particles
Type P-042.5| Density (kg/m®) 2680 | Surface geometry | regUlAr
specification ’ v & & Y polyhedron
Compressive
strength (MPa) | > 42.5 Fineness modulus 2.36 Density (kg/m3) 1150
— 28 days
CaO (wt.%) 61.9 Particle size (mm) <1.18 Mesh 20
. Passing (%) Rubber
Si0z (wt.%) 20.9 Sieve size 2.36 mm 100% hydrocarbon (%) 42

2.2. Fabrication process

The fabrication process mainly included three aspects: fresh mortar mixing (According
to the standard JGJ/T 70-2009 [15], the stirring time should not be less than 120 s), pouring
molding of the cylindrical specimen (@ 70 mm), and standard curing (Curing for 28 days
in a standard curing environment with a humidity > 90% and temperature = 20 + 2°) [15].
The specific fabrication process is shown in Fig. 2.
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Table 2. Mix proportion design (Mass ratio)

Sample type* Water Cement River sand Rubber particles
NCM-0 1 2 4 0
RCM-20 1 2 32 0.343
RCM-40 1 2 2.4 0.686
RCM-60 1 2 1.6 1.030
RCM-80 1 2 0.8 1.373

*Note: The values in the sample types are rubber content.
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Fig. 2. Schematic diagram of specific fabrication process

2.3. Test methods

To better explore the dynamic stability of rubber-cement composites, this work includes
two different dynamic testing methods: SHPB impact compression and high-speed slicing.
The specific test contents are as follows:

1. SHPB test

With the help of a variable cross-section SHPB loading system, the impact compression
tests of NCM and RCM specimens with a size of @ 70 mm X35 mm were carried out at
the same impact energy level (about 138 J). The schematic diagram of the SHPB loading
system used in the test is shown in Fig. 3, and the relevant parameters of the compression
bars are shown in Table 3.
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Table 3. Parameters of bar components and strain gauges [16]

Incident & . .
. Resistance Semiconductor
Parameter transmitted Parameter . .
strain gauge strain gauge
bars
Di t 74 i
iameter (mm) Resistance value 120 + 1 120
Wave velocity (m/s) 5190 (L)
Young’s modulus (GPa 210 Sitivi
& (GPa) Sensitivity 2+0.01 110 + 0.05
Density (g/cm?) 7.8 coefficient
Striker = Incident bar Transmissionbar ~ Absorption bar
= 4]
i - =—-_ I
Resistance Specimen Semiconductor Damper
:: -\-fe-lc;ci;::e-t;r-i strain Sﬂ'l-l_Sf ____________ { _____________ ] strain gauge

=

Dynamic strain acquisition device |

Fig. 3. SHPB loading system

The strain rate (), strain (&), and stress (07) of the specimen under SHPB dynamic
compression can be calculated by the simplified three-wave method Eq. (2.1) [17].

2.1

£(1) = L% 61 (1) — £x(1) — &1 ()]

t

£(1) = L% / [e1(1) — er(1) — &1 (1] di

0

(1) = ;‘iSEsT ()

where: E — elastic modulus of compression bar (GPa), A — cross-sectional area of compres-
sion bar (m?), C — wave velocity of compression bar, Ag — initial cross-sectional area of the
specimen (m?), Lg —initial length of the specimen (m), &7 — incident strain in compression
bar, eg — reflected strain in compression bar, e — transmitted strain in compression bar.

The incident energy (Wy), reflection energy (Wg), transmission energy (Wr), and
damage energy (Wp) of the specimen under SHPB dynamic compression can be calculated
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by Eq. (2.2) [17].

Wi (1) = AEC | £ (1)dt
O/t
(2.2) Wk (1) =AEC/ ex(t)dt
0
Wr (1) = AEC | &3(1)dt
/
Wp (1) = Wi (t) = Wr(t) — Wr (1)

2. High-speed slicing test

The thin slice cutting tests of cylindrical specimens NCM and RCM were carried out
by using a high-speed cutting machine with a rotational speed of 2890 r/min and a blade
thickness of about 3.15 mm. The details are as follows: 1) According to the rubber content,
the specimens were divided into five groups, each group of three parallel specimens. 2) The
slice thickness was kept between about 1.4 mm and 4.4 mm. 3) The states of the specimens
in the process of slicing were recorded by photography and video.

3. Test results and discussion

3.1. SHPB test

1. Typical three-wave graph

Typical three-wave graphs of the specimens under the SHPB impact compression
tests are shown in Fig. 4. It can be seen from Fig. 4 that the incident wave curves basically
coincide, which effectively ensured that the test was carried out at the same level of incident
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Fig. 4. Typical three-wave graphs of specimens under SHPB tests
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energy (impact energy). It can be found that with the increase of rubber content, the peak
values of the reflected waves and transmitted waves increased and decreased respectively,
which showed that the addition of rubber played a serious role in hindering the propagation
of stress waves [16, 17].

2. Stress-strain curve and dynamic strength

The stress-strain curves and dynamic strength of the specimens under the SHPB impact
compression tests are shown in Fig. 5. As can be seen from Fig. 5a, compared with the
NCM, the stress-strain curves of RCM showed an obvious yield platform. The length
of the yield platform (Aeg) increased significantly with the increase of rubber content (the
maximum increase is 89.35%), which indicated that RCM had excellent ductile deformation
characteristics. As can be seen from Fig. 5b, the dynamic strength of the specimens
decreased significantly with the increase of rubber content (the maximum decrease is
87.53%), and the attenuation rate of dynamic strength decreased with the increase of
rubber content.

a) Stress-strain curves b) Dynamic strength
70 80
0 —a— NCM-0 68.99
60 ] — RCM-20
—h— RCM-40 :-€ A0 -
504 v— RCM-60 =
£ 4] . o - o
S : B 404 | 56.81%
2 304 g 29.8
= 2
“1 20 '5
104 . &
. B Ag=0.0169 .
0.000 0.004 0.008 0.012 0.016 0.020 0 20 40 60 80
Strain Rubber content (%a)

Fig. 5. Stress-strain curves and dynamic strength of specimens under SHPB tests

3. Strain-time curve and ultimate strain

The strain-time curves and ultimate strain of the specimens under the SHPB impact
compression tests are shown in Fig. 6. As can be seen from Fig. 6a, the strain-time curves
can be divided into three evolution stages: non-strain damage (OA), strain damage (AB),
and strain stability (BC). The specific manifestations are as follows:

1. OA stage (0 ~ 60 ps): at this stage, the specimens mainly occurred initial compaction
deformation and elastic-plastic deformation, which belonged to the pre-peak deforma-
tion stage, so there was basically no strain damage at this stage (strain damage is the
damage caused by excessive strain).

2. AB stage (60 ~ 180 ps): at this stage, the specimens mainly occurred yield-plastic
deformation, and the specimens produced strain damage due to excessive plastic strain.
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3. BC stage (180 ~ 210 ps): at this stage, the specimens mainly occurred fracture-plastic
deformation, the strain tended to be stable, and the strain damage of the specimen

reached the maximum.
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Fig. 6. Strain-time curves and ultimate strain of specimens under SHPB tests

It can be seen from Fig. 6b that the ultimate strain of the specimens increased with the
increase of rubber content (the maximum increase is 96.12%), which showed that RCM

had excellent deformability.

4. Strain rate-time curve and average strain rate

The strain rate-time curves and average strain rates of the specimens under the SHPB
impact compression tests are shown in Fig. 7. As can be seen from Fig. 7a, the strain rate-
time curves can be divided into three evolution stages: rapid growth (OA), slow decreasing
(AB), and rapid decreasing (BC), in which the AB stage was the main stage of strain rate
loading. It can be seen from Fig. 7b that the average strain rates of the specimens increased
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Fig. 7. Strain rate-time curves and average strain rates of specimens under SHPB tests
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with the increase of rubber content (the maximum increase is 91.28%), which showed that
RCM had better strain rate sensitivity.

5. Energy-time curve and energy ratio

The energy-time curves and energy ratio of the specimens under the SHPB impact
compression tests are shown in Fig. 8. According to Fig. 8a—8c, the energy-time curves can
be divided into three evolution stages: non-energy damage (OA), energy damage (AB), and
energy stability (BC). The specific results are as follows:

1. OA stage (0 ~ 60 ps): in this stage, the energy was the early energy in dynamic loading,
and the reflected energy, transmitted energy, and damage energy were all small, and the
smaller early energy does not cause energy damage to the specimen (energy damage is
the damage caused by excessive driving energy).

2. AB stage (60 ~ 180 ps): in this stage, the energy was the main energy in dynamic
loading, and the reflected energy, transmitted energy, and damage energy all increased
rapidly. When the energy reaches the maximum energy that the specimen can carry, the
specimen will inevitably produce energy damage, and this stage was the main stage of
damage to the specimen.

a) Reflected energy-time curves b) Transmitted energy-time curves
140 50
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':1:: 60 et k=1 Non-energy stage
s & S
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Fig. 8. Energy-time curves and energy ratio of specimens under SHPB tests
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3. BC stage (180 ~ 210 ps): in this stage, the energy was the later energy of dynamic
loading, and the reflected energy, transmitted energy, and damage energy tended to be
stable, which indicated that the energy damage of the specimen reached the maximum.

As can be seen from Fig. 8d, with the increase of rubber content, the reflected energy
ratio and damage energy ratio showed the trend of increasing (the maximum increase is
140.45%) and decreasing (the maximum decrease is 52.13%), respectively. The above
results showed that the addition of rubber effectively dissipated the external impact energy
and reduced the damage degree of the specimen.

6. Dynamic compression damage state

The damage states of the specimens under the SHPB impact compression tests are
shown in Fig. 9.

Ratial eracks

Intact

Fig. 9. Damage states of specimens under SHPB tests

As can be seen from Fig. 9, the failure degree of the specimen decreased obviously
with the increase of rubber content. The specific manifestations are as follows:

1. The composite compression failure with multiple fracture cracks converging to the
central area of the specimen and peeling off at the edge of the specimen mainly occurred
in the specimen NCM-0, and the broken fragments had obvious dynamic ejection
behavior.

2. The compression damage with edge circumferential-radial compound fine cracks mainly
occurred in specimen RCM-20.

3. The compression damage with edge radial fine cracks mainly occurred in the specimens
RCM-40 and RCM-60. 4) The specimen RCM-80 was basically intact. In conclusion,
compared with NCM, RCM showed excellent impact resistance, that was, dynamic
impact stability.
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3.2. High-speed slicing test

1. High-speed slicing state

As can be seen from Fig. 10, under the condition of little difference in slice thickness,
the high-speed slicing stability of the specimen was better with the increase of rubber
content. In the process of high-speed slicing, NCM was not only constantly ejected the
slice fragments, which can not form a complete sheet, but also accompanied by a lot of dust,
extremely harsh noise, and obvious sparks (Fig. 10). However, RCM can form a complete
sheet, and with the increase of rubber content, dust, noise, and sparks were obviously
alleviated (Fig. 10). NCM and RCM showed completely different deformation and fracture
characteristics in the high-speed slicing test (Fig. 11).

Fig. 10. The high-speed slicing process of specimens with different rubber content

The above fully showed that NCM and RCM showed completely different stability
differences in the process of high-speed slicing. The reasons are as follows: 1) When
cutting NCM, the high-speed blade and NCM have a “rigid-rigid” confrontation state.
The thin slice can not resist the dynamic disturbance of the high-speed blade due to its
hard brittleness, which leads to the ejection of the slice fragments (Fig. 11). 2) When
cutting RCM, the high-speed blade and RCM form a “rigid-flexible” acceptance state, and
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NCM-0 RCM-20 RCM-40 RCM-60 RCM-80
Fig. 11. The high-speed slicing states of specimens with different rubber content

the thinner slice can alleviate the dynamic disturbance of the high-speed blade due to its
ductility, thus forming a relatively complete sheet, and the integrity of the slice increased
with the increase of rubber content (Fig. 11).

2. High speed slicing thickness

The thinnest slice of the parallel specimen with different rubber content was selected
as the research object of slice thickness, and the thinnest thickness, maximum thickness,
and average thickness of the slice were measured (Fig. 12). In the case of ensuring the
integrity of the slice, the thinnest thickness, maximum thickness, and average thickness
of the slice decreased with the increase of rubber content, and the relationship between
slice thickness and rubber content was a negative linear correlation. The above results fully
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Fig. 12. Thickness of high-speed slices of specimens with different rubber content
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showed that rubber particles played a substantial role in effectively improving the stability
of high-speed slicing of cementitious composites.

3.3. Mesoscopic structure and slicing stability mechanism

The macroscopic failure of the material is essentially represented by the fracture and
slip damage of the structure on the mesoscopic scale and microscopic scale [18]. Combined
with the high-speed slicing test, the hierarchical structure of the test material is shown in
Fig. 13 [18]. For high-speed slicing testing, the mesoscopic structural state of the material
can directly reveal the macroscopic slicing stability mechanism of the material.

2 e L]
E e Blast
Stiuctyre 1o0d
Stisme 7| Wall_
load
e, W~ ! Meso  Slicingr Macroscopic
L structure
e
e i
Micro structure
............. : _.}_'L_r.(_'.‘.._'!'.‘__'t'_r_‘______..._._{ : Mesoscopic |
i
Microscopic Analytical level i
Nt
Scale 1072 10-7 107€ 1075 107* 1072 1072 10-1 10% 10*! 10*2 10*3 ... (m)

Fig. 13. Hierarchy diagram of testing material

As can be seen from Fig. 14, in the interior of NCM, there was a tight bond between the
sand and the hardened cement matrix, and there were only a small number of small pores.
However, in the interior of RCM, there was an obvious interfacial transition zone (ITZ)
between rubber particles and hardened cement matrix, and there were a large number of
pores [19]. From a qualitative point of view, the porosity of the specimen increased with
the increase of rubber content, which led to the rougher surfaces of the slices.

According to the SHPB test results and the mesoscopic structure states of specimen
slices, the stability mechanism of high-speed slicing can be analyzed from three aspects:
stiffness and strength, ductile-plastic deformation, and buffering energy dissipation. The
details are as follows:

1. In the aspect of stiffness and strength: From the point of view of structural damage,
a large number of pores and rubber particles with low stiffness and low strength in
the RCM seriously weakened the stiffness and strength of cement mortar [11], and
greatly reduced the cutting resistance of high-speed blade, which provided conditions
for effectively reducing the dynamic disturbance under high-speed cutting.

2. Inthe aspect of ductile-plastic deformation: A large number of pores and rubber particles
with high-elastic deformation in the RCM significantly improved the ductile-plastic
deformation properties of cement mortar [10]. In particular, a large number of rubber
particles with high-elastic deformation made cement mortar had the elastic deformation
properties of rubber particles to a certain extent, which greatly reduced the hard-
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Fig. 14. Mesoscopic structures of specimens with different rubber content

brittleness of cement mortar, which provided conditions for ensuring the deformation

stability of the specimen in the process of high-speed slicing.

3. In the aspect of buffering energy dissipation: A large number of pores and rubber
particles with high-damping energy dissipation in the RCM effectively improved the
buffering energy dissipation performance of cement mortar [19]. In particular, a large
number of high-damping energy dissipation rubber particles made cement mortar had
the high-damping energy dissipation capacity of rubber particles to a large extent, which
provided conditions for the specimen to effectively dissipate dynamic disturbance energy
in the process of high-speed slicing.

It should be emphasized that although the strength of RCC with high rubber content is
lower, its excellent high deformation, energy dissipation, and crack resistance are worthy
of attention. For different engineering applications, there are many methods to solve the
low strength problem of RCC. For example, RCC can be used as a “flexible-deformation
energy absorption layer” in “rigid-flexible coupling” protective structures [17].

4. Conclusion

This work took NCM and RCM as research objects. The SHPB tests with the same
impact energy level and the high-speed slicing tests with slice thickness ranging from about
1.4 mm to 4.4 mm were carried out, and the following conclusions were determined:

1. The SHPB test results showed that RCM had excellent impact resistance, mainly in

the deformation, energy dissipation, and damage state.
2. The stability of high-speed slicing was better with the increase of rubber content,
and the noise and dust were obviously alleviated with the increase of rubber content.
3. In the case of ensuring the integrity of the slice, the minimum thickness of the slice
can be better decreased with the increase of the rubber content, and the relationship
between slice thickness and rubber content was a linear negative correlation.
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4. The porosity inside the cement mortar increased with the increase of rubber content,

which led to the rougher surfaces of the slices, resulting in obvious initial structural
damage.

5. The SHPB test results and high-speed slicing states fully showed that the flexible

RCC had excellent high-ductility-plastic deformation capacity and cushioning energy
dissipation capacity, which provides support for the effective application of RCC in
disaster prevention and support engineering.
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