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Abstract: To promote the application of rubber-cement composites as the main bearing structure
and key components in practical engineering under frequent dynamic disturbances, in this work, the
split Hopkinson pressure bar (SHPB) cyclic impact tests of rubber-cement composite specimens with
four different confine modes were carried out in which the impact load increased sequentially. The
relationship between average strain rate, ultimate strain and impact times and the relationship between
peak stress, damage energy, ultimate strain and incident energy were analyzed. The results showed
that the appropriate confine reinforcement treatment can make rubber-cement composite give full play
to its deformation ability when it was completely damaged. Carbon fiber-reinforced polymer (CFRP)
sheet and steel cylinder can work together with the rubber-cement composite matrix to resist impact
load, which effectively improves the structural strength, damage fracture energy, and cyclic impact
resistance of the rubber-cement composite. Finally, based on the effect difference of confine modes, the
simplified plane force models of rubber-cement composite specimens with four different confine modes
were established, which clearly revealed the completely different impact resistance mechanism of the
rubber-cement composites with different constraints under cyclic impact loading.

Keywords: split Hopkinson pressure bar (SHPB), carbon fiber-reinforced polymer (CFRP), rubber-
cement composite, cyclic impact, damage fracture energy, impact resistance
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1. Introduction

With the rapid development of the automobile industry, hundreds of millions of waste
tires have been produced all over the world, which makes the resource utilization of waste
tires become an issue of common concern all over the world [1]. At present, due to the
unreasonable disposal of a large number of waste tires, “black pollution”, waste of re-
sources, and safety problems are becoming more and more serious [2]. Fortunately, mixing
waste tire rubber particles into normal cement-based materials to prepare rubber cement
composites/rubber cement-based materials can become a feasible method for recycling
waste tire rubber and protecting the environment [3]. Some previous studies have shown
that rubber-cement composites are green and sustainable impact-resistant cement-based
materials, which have a broad application prospect in earthquake resistance [4], bridge
piers [5], and roads [6] because of their outstanding cushioning energy dissipation and
anti-fatigue properties.

To better apply rubber-cement composites to practical projects disturbed by frequent
shocks, researchers have done a lot of research work on the dynamic mechanical properties
and dynamic response characteristics of rubber-cement composites. Pan et al. [7] through
the split Hopkinson pressure bar (SHPB) impact simulation test, the dynamic characteristics
of rubber concrete under different strain rates were studied, and a mesoscopic model
which can accurately predict the static and dynamic characteristics of rubber concrete was
established. Lai et al. [8] used the SHPB test system to carry out the high strain rate impact
compression test of fiber-reinforced rubberized concrete, and the research showed that it is
a promising material for structural resistance to impact and explosive loading. Subashree
and Thenmozhi [9] used the drop weight test system to study the impact resistance and
energy absorption performance of rubber concrete slabs. Liu et al. [10] used the SHPB test
system to study the dynamic compression performance of rubber-modified self-compacting
concrete with waste tires under multiple impact loads. The study showed that the addition of
rubber aggregate improves the material’s resistance to multiple impact loads, deformation
resistance, and energy absorption capacity.

However, rubber concrete still has a long way to go in practical application because the
low strength and fatigue damage accumulation of rubber-cement composites under cyclic
impact can not be used as the main bearing structure and key components under frequent
dynamic disturbance. Due to the superior mechanical properties of fiber-reinforced poly-
mer (FRP) and steel cylinder/steel tube materials, FRP and steel cylinder/steel tube are
widely used as reinforcement materials in civil engineering [11, 12]. Researchers have also
done a lot of research work on the dynamic mechanical properties and dynamic response
characteristics of carbon fiber-reinforced polymer (CFRP) and steel cylinder/steel tube
reinforced concrete materials. Maazoun et al. [11] studied the bond interaction mecha-
nism between CFRP and concrete under explosive loading and determined the parameters
that affect the bond strength between CFRP and concrete under explosive loading. Xiong
et al. [13] used the SHPB test system to study the high strain rate compression behav-
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ior of CFRP-confined concrete. Xiao et al. [14] used the SHPB test system to study
the mechanical behavior of concrete-filled steel tubes under high strain rate compression
and discusses the confinement stress and the confinement coefficient under high strain
rate loading. Mastor et al. [15] carried out an experimental study on the performance
of rubberized pozzolanic concrete-filled hollow steel columns under monotonous and
cyclic lateral loads. The results show that when the axial load is 20%, the energy dis-
sipation capacity of rubberized pozzolanic concrete-filled hollow steel column increases
the most.

Many studies have shown that [16—19] for rock and concrete materials, the SHPB is a
widely used, reliable and safe scientific test system to study the dynamic mechanics and
damage characteristics of materials under high strain rate. Based on the above research, in
this work, combined with the previous research work [20], the rubber-cement composite
was strengthened by combining the superior mechanical properties of CFRP and steel
cylinder. The SHPB cyclic impact tests of rubber-cement composite specimens with four
different confine modes were carried out in which the impact load increased sequentially.
The relationship between average strain rate, ultimate strain and impact times and the
relationship between peak stress, damage energy, ultimate strain and incident energy were
analyzed. Finally, based on the effect difference of confine modes, the simplified plane
force models of rubber-cement composite specimens with four different confine modes
were established. The purpose of this paper is to promote the application of rubber-cement
composites as the main bearing structure and key components in practical engineering
under frequent dynamic disturbances.

2. General situation of test and analysis
of calculation principle

2.1. SHPB test system

The schematic diagram of the SHPB test system used in the test is shown in Fig. 1. The
physical and technical parameters of the bars and gauges in SHPB are listed in Table 1.
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Fig. 1. SHPB test system
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Table 1. Physical and technical parameters of the bars and gauges in SHPB [21]

Incident & Resistance strain
Parameter .. Parameter
transmission bars gauge
Diameter (mm) 50 )
- Resistance value (€2) 120+ 1

Wave velocity (m/s) 5190
Young’s modulus (GPa) 210 . .

- 3 Sensitivity coefficient 2+0.01
Density (g/cm”) 7.8

2.2. Stress balance analysis and processing method

Stress balance error analysis can effectively reflect the stability and reliability of data in
the process of SHPB testing [22,23]. For this reason, the dynamic wave balance analysis of
the SHPB system in the empty bar (No specimen) state was carried out, as shown in Fig. 2.
According to the observation for Fig. 2, it was known that the stress waves basically reached
the stress balance during the SHPB test, and it was proved that the results of this study are
reliable. What needs further consideration is that Fig. 2b showed that there was a small
fluctuation error in the reflected wave curve. To avoid this error, the calculation formulas
of strain rate, strain, and stress under the two-wave method composed of the incident wave
and transmitted wave were used in the experimental data processing. The equation of the

two-wave method under cyclic impact compression is as follows [24]:

t
2C/ (e1¢+1) = er(isn)) dt
_ 0
i+l = L I
s(i-1) — €iLs(i-1)
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Fig. 2. Stress balance analysis in SHPB test: (a) typical three-wave graphs; and (b) stress uniformity

verification
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where: E — elastic modulus of compression bar, A — cross-sectional area of compression
bar, C — wave velocity of compression bar, €;,] — compressive strain of the specimen under
the (i+1)-th cycle impact, &;,+; — compressive strain rate of the specimen under the (i+1)-th
cycle impact, 0y — compressive stress of the specimen under the (i+1)-th cycle impact,
&1(i+1) — incident strain of the incident bar under the (i+1)-th cycle impact, &7 (;41) — the
transmission strain of the transmission bar under the (i+1)-th cycle impact, Dg; — diameter
of specimen under the i-th cycle impact, Lg ;1) — length of the specimen under the (i—1)-th
cycle impact (When i = 0, then Lg(_1) = Lso, Lso is the initial diameter of the specimen).

2.3. Energy calculation principle

During the SHPB test, the process of energy propagation and energy conversion is as
follows (Fig. 3): (1) The incident wave o carries the incident energy W; to the contact
surface X1 and generates the reflected wave og and transmitted wave o at the contact
surface X1. The reflected wave o carries the reflected energy Wgr and propagates in
the opposite direction. (2) The transmitted wave or; carries the remaining energy and
propagates along the positive direction and penetrates the specimen to the contact interface
X2. Similarly, the transmitted wave o produces a transmitted wave o, at the contact
interface X2. (3) The transmitted wave o5 carries the transmitted energy Wr and continues
to propagate in the positive direction to the absorption bar and the damper. Therefore, in
the process of SHPB one-dimensional stress wave propagation, it is mainly accompanied
by incident energy Wy, reflected energy Wg, transmitted energy Wr, and damage energy
Wp, including ejection kinetic energy Wk, sound energy Wsound energy, thermal energy
WThermal energy» and radiant energy WRadiant energy [25]

'/ // X1 x2 \\ \‘
! 1
Incident bar Specimen Transmission bar
\ Wr Tl \ N\
—x1 Op Lokl Wr ——P
P a; Ory= 0 :
No energy uil 12 u No energy
exchange exchange
—— Wp . &
\ 4 W, \
pC psCs pC
\\ II’
\ S SHPB closed system o K
\ /
. External environment A

Fig. 3. Principle schematic diagram of stress wave propagation and energy dissipation in SHPB test

The principles of stress wave propagation and energy dissipation in SHPB test are as
follows [22]: The wave impedance (pC) of SHPB is larger than that (o5 Cys) of the specimen,
which results in the mismatch of the wave impedance between the SHPB and the specimen,
which leads to the reflection and transmission of stress waves on the contact surfaces X1
and X2. According to the law of conservation of energy, “the change of the total energy



www.czasopisma.pan.pl P N www.journals.pan.pl
Y
—

522 R. YANG, Y. XU, P. CHEN, L. CHENG, J. DING, H. FU

of a system can only be equal to the amount of energy coming into or out of the system,
and the total energy is the sum of the mechanical energy, thermal energy, and any form of
internal energy except thermal energy of the system”. The whole SHPB test system can be
regarded as a closed thermodynamic system (Fig. 3). Then, in the process of SHPB testing,
the incident energy must be transformed into other different forms of energy and dissipated
with the propagation of stress waves and the motion of the bars.

According to the two-wave method [22], the equations for calculating the incident
energy, reflection energy and transmission energy under cyclic impact compression can be
further deduced:

t

(22) Wy = AEC/ &7, dt
0
t
2.3) Wgri = AEC/ (8%1- +£%—i - 281[87‘[) dt
0
t
(2.4) Wri = AEC/ &7 dt
0

where: Wj; — incident energy under the i-th cycle impact, Wg; — reflection energy under
the i-th cycle impact, Wr; — transmission energy under the i-th cycle impact.

According to the kinetic energy theorem, the equation for calculating the ejection
kinetic energy of fragments in case of failure is [25]:

n X X
1
(2.5) Wk Total = E Wi — Wk = § Wki,j = 3 § mij"%j
i J J

where: Wik Total — total fragment ejection kinetic energy of the specimen during the whole
SHPB cycle impact tests, Wg; — fragment ejection kinetic energy of the specimen under
the i-th cycle impact, m;; — mass of the j-th fragment under the i-th cyclic impact, v;; —
ejection velocity of the j-th fragment under the i-th cyclic impact.

The thermal energy, sound energy, and radiant energy in the SHPB test process are
called other energy, so the calculation method of other energy is [25]:

n
(26) WO,Total = Z WOi - WOi = Wrhermal energy,i +WSound energy,i + Wradiant energy,i t...
i

where: Wo Total — oOther energy during the whole SHPB cycle impact tests, Wp; — other
energy under the i-th cycle impact, Wrnermal energy,i — thermal energy under the i-th cycle
impact, Wsound energy,; — sound energy under the i-th cycle impact, WRadiant energy,i — radiant
energy under the i-th cycle impact.
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According to the law of conservation of energy, the equation for calculating the damage
energy of specimens under cyclic impact load is [25]:

n
2.7 Wb Total = Z Wpi = Wp; =Wy = Wg; = Wr; = Wi — Wo;

where: Wp 1ol — total damage energy of the specimen during the whole SHPB cycle
impact tests, Wp; — damage energy of the specimen under the i-th cycle impact.

In the process of energy calculation, it is worth further exploring that the presence or
absence of specimens has a completely different influence on the stress wave propagation
and energy conversion in SHPB (Fig. 4). The state of stress wave propagation and energy
conversion in SHPB without specimen is shown in Fig. 4a. In the case of no specimen
placed in the SHPB, the materials of the incident bar and the transmission bar are the
same, which makes the wave impedance of the incident bar and the transmission bar match
completely, thus causing the incident wave to be almost completely converted into the
transmitted wave [22]. However, it is still possible that the end faces of the incident bar and
the transmission bar are not in full contact, resulting in a slightly reflected wave due to the
inclusion of air medium between the ends of the two bars, which is equivalent to changing
the cross-sectional area ratio between the incident bar and the transmission bar. The state
of stress wave propagation and energy conversion in SHPB with specimens is shown in
Fig. 4b. When the specimen is placed between the incident bar and the transmission bar,
the wave impedances of both the incident bar and the transmission bar can not match the
wave impedances of the specimen, which causes the incident wave to be mainly converted
into reflected wave and transmitted wave [22,24]. It should be noted that no matter whether

Incident bar Transmission bar Incident bar Specimen  Transmission bar
e
Or LWK I
oy or Wy &= o
= |V} = W; o, Wp — Wr
=_— IV}
Wo
Wo )
o= WThermalenergy+ WSound en rgy+ WRadiant energy+ """
x
WD = WThermal energy+ WSound energy+ WRadiant energy+ """ . WK = Z WKj - WKj = %mj . sz
J
99% 50%
., —
! v,
v, !
=, .,
v, v,
I, =,
26%
0% %
o
0% 0% 3%
Y
1% 20%
Wy =Wr+ W Wi = Wg+ Wp+ Wr+ Wi+ Wy
(@) (b)

Fig. 4. The mechanism of energy dissipation and the distribution of different energies in SHPB test:
(a) empty bar test; and (b) specimen test [22,25]
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there are specimens in SHPB or not, there will be dissipation of other energy in the impact
process, and the default in the discussion is that the dissipation values of other energy with
and without specimens are equal.

From the relevant literature [25, 26], it can be seen that in the process of SHPB and
explosion impact, the kinetic energy of the specimen fragments is very small, accounting
for no more than 5% of the input energy. At the same time, other energy is even less than
the kinetic energy of the fragments. To calculate the damage energy of the specimen under
cyclic impact load, the ejection kinetic energy and other energy which account for a very
small proportion can be ignored. It is also known that the integral area of the stress-strain
curve is the damage energy per unit volume of the specimen, so the damage energy of the
specimen under cyclic impact load is [27]:

£

(2.3) Wp; = VSO/ oide; =Wy — Wgi — Wr;
0

where: Vgo — initial volume of the specimen. In the process of calculating the damage
energy, to facilitate the calculation, it can be assumed that the volume of the specimen
remains unchanged during the whole cyclic impact process.

2.4. Test materials and specimen preparation

The raw materials used in the test were mainly mix proportion materials and confine
materials, as shown in Table 2 and 3. The grain size distribution curves of the river sand
and rubber particles for the test and the mass mix proportion design of rubber-cement
composite are shown in the Fig. 5. Mass mix proportion: water (1) cement (2): rubber
particles (0.52): river sand (2.8) [28]. The preparation process of specimens was mainly
divided into two stages: (1) the preparation of rubber-cement composite specimens (Fig. 6)
and (2) the confines of rubber-cement composite specimens (Fig. 7).

100 %
§ —=&— Rubber particles 8.18% g3
Y —e— River sand . 15.85%®
%D 80+ —&— Upper limit value >
5 (ASTM C33/C33M-18) [30]
% 604 —#— Lower limit value
_g- (ASTM C33/C33M-18) [30]
=
2
0,
g 44.33% 31.64%
= 204 B water
g : B Cement
3 0 i : = § = B River sand ; N
< 0 1 2 3 4 5 E== Rubber particles

Sieve diameter (mm) Mix proportion design of rubber-cement composite

(a) (b)

Fig. 5. (a) The grain size distribution curves of the river sand and rubber particles for the test and (b)
the mix proportion design of rubber-cement composite
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Table 2. Physical parameters of mix proportion raw materials [29]

Parameter Cement | Parameter | River sand | Parameter Waste tlr_e rubber
particles
. . Density Surface Irregular
T fi P-O 42. 2
ype specification 0425 (ke/m’) 600 geometry polyhedron
Compressive strength Fineness Density
42. 2. 112
(MPa) — 28 days > 425 modulus 60 (kg/m3) 0

Table 3. Physical parameters of confine materials and CFRP sheet impregnated adhesive

CFRP CFRP sheet Steel
Parameter [29] Parameter . . Parameter .
sheet impregnated adhesive cylinder
Theoretical . DE in, (2 .
. coretica 0.111 Composition M pqu resi, (2) Height (mm) 100.50
thickness (mm) Curing agent
Tensile strength Mixed Thickness
3325 . 2(1):1(2 1.96
(MPa) proportion 1M1 (mm)
. Design value .
Ela“&’;:f“ms 240-10°|  of shear 18 In“eii‘;r)neter 51.67
strength (MPa)
. Solid content Density
El t ¥/ 1.74 .6 7.85
ongation (%) (%) 99 @ /cm3)
/ Water @ . . \‘\
I Mix 2 2) Standard curing H
: + sl1ir ?;Ir ak:git 50 mm (Tempera:ure: ;L()iZDC: S S @ i
i 34 minutes. Humidity: > 90%) for !
! Cement ‘ 28 days. @ @ @ '
e |
¢ Rubber. @ @ @ !
! particles !
: + Pouring forming @ @ @ i
| River Rubber-cement !
% sand ‘ @ 50 mm X 25 mm composite specimens /,'

et impregnated

|’ : adhesiye El
HEP Upperand |!!
: @ + lower end ::
il - CFRP end face faces o
1 No confine confine n®
| l\\ (No-C) CFRP Single layerconfine  CTRE-E-C 11
[ yteginegfogieoytogleglegieglleglegieegtegieggtegieggleginglegiegglegiegegiegteyteg No confine
! II, CFRP sheet impregnated A (No-C)
§: adhesiye 1
1 5 H
v 1
i CFRP CFRP side P Steels
|+ No confine ' 1 cylinder
\ confine CFRP-S-C |
W (No-0O) Single layer confine U

Steel cylinder
side confine

R

SC-8-C

Fig. 7. Confines of rubber-cement composite specimens
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2.5. Test methods and results

In this work, the cyclic impact tests of the specimens (No-C, CFRP-E-C, CFRP-S-C,
and SC-S-C) were carried out in which the impact load increased sequentially. Specifically,
the impact pressure of the first impact compression was 0.2 MPa, the impact pressure of
the second impact compression was 0.3 MPa, and the impact pressure of the third impact
compression was 0.4 MPa, and so on, until the specimen was completely damaged. The
test results show that (Fig. 8), the cyclic impact times of No-C, CFRP-E-C, CFRP-S-C, and
SC-S-C were 3, 4, 4, and 7, respectively.

A

0.9

08 —————— 8
0.7 e

0.6

0'5______————________T‘v_”_,v__,,.

777777777777777 — SC-S-C
04 e f CFRP-E-C
0.3 e
0.2 e o @ iCFRP-S-C

0 1 2 3 4 5 6

Number of cyclic impacts

Cyclic impact pressure (MPa)
|
|
{

-
oo
A

Fig. 8. Cyclic impact results of specimens with four different confine modes

3. Analysis of SHPB test results

3.1. Energy validity verification

To ensure the validity of the test, it is necessary to judge the stability of the incident
energy through the relationship between the incident energy and the cycle impact pres-
sure/cycle impact times, and then verify the validity of the incident energy. Fig. 9 shows

300 300
® No-C ® No-C
——R=0.96283 R*=0.96283
2509 o CcFRPEC 2509, CFRP-E-C
_ —— R*=0.99995 N R*=0.99995
2= 2004 e CFRP-S-C 2= 2004 & CFRP-S-C
Eﬂ —— R=0.96754 E,; —— R*=0.96754
8 150 © scsc S 1504 © SCSC
o ——R=099805| % o —— R'=0.99805 ’
= W, =413.03003 P - 68.9966 = E—— | W,=41.303 n - 27.6936
S 100+ ! 3 100+ P
= W, =411.1406 P - 49.73286 = W, =41.11406 - 8.6188
=] ‘ = |
= 5ol W,=403.80897 P - 59.12921 504 | W, =40.3809 7 - 18.74831
LW, =40.94322 n - 14.13207;
0 T T T T T T T 0+— T T T T T T
0.2 0.3 0.4 0.5 0.6 0.7 0.8 1 2 3 4 5 6 7
Cyclic impact pressure (MPa) Impact times
(@ (b)

Fig. 9. Energy validity verification: (a) incident energy and cyclic impact pressure; and (b) incident
energy and cyclic impact times
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that there was an ideal positive proportional relationship between the incident energy and
the cycle impact pressure/cycle impact times, and the incident energy fitting curves of
specimens No-C, CFRP-E-C, CFRP-S-C, and SC-S-C were almost parallel to each other,
which undoubtedly showed the effectiveness of the incident energy. Furthermore, it can
effectively analyse the evolution characteristics of various energies of specimens in the
process of cyclic impact, which provides a guarantee for effectively exploring the damage
evolution of specimens in the process of cyclic impact from the perspective of energy.

3.2. Relationship between average strain rate, ultimate strain
and impact times

The relationship between the average strain rate, ultimate strain and impact times of
the specimens under four different confine modes during the cyclic impact test is shown
in Fig. 10. It can be seen from Fig. 10 that there was an ideal linear relationship between
the average strain rate, ultimate strain and impact times, and the correlation coefficient
R? > 0.9. With the synchronous increase of impact times and impact load, the average
strain rate and ultimate strain increased synchronously, and the ultimate strain showed

150 0.04 200 - 0.06
®  Strain rate ®  Strain rate
—— Fitting curve No-C 4 —— Fitting curve CFRP-E-C °
@ Ultimate strain @ Ultimate strain +0.05
1204 —— Fitting curve —— Fitting curve

N +0.03 1504 .

Ta &, =43.655n-6.74333 | % &, = 36,7631 +29.89 L0.04 5
12} g ) @ Y 2 g
2 907 R=o0007s g 2 R'=099347 %
£ £ = F0.03 &
g ] +0.02 g 1004 \ -8
@ 60 2, = 001167 n+0.00144 - @ £, =0.01121 n +0.00835 =

e F0.02
R= 097679 R=0.97606
30 T T T 0.01 50 T T T T 0.01
1 2 3 1 2 3 4
Impact times Impact times
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Fig. 10. Relationship between average strain rate, ultimate strain and impact times: (a) No-C; (b)
CFRP-E-C; (c¢) CFRP-S-C; and (d) SC-S-C
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an obvious strain rate effect. According to Egs. (3.1) and (3.2), the cumulative average
strain rate and cumulative ultimate strain of the specimen under cyclic impact load can be
calculated, as shown in Fig. 11. As can be seen from Fig. 11, the cumulative average strain
rate and the cumulative ultimate strain showed a completely consistent change with the
change of confining conditions. Compared with specimen No-C, the cumulative ultimate
strains of specimens CFRP-E-C, CFRP-S-C, and SC-S-C increased by 95.75%, 57.71%,
and 324.20% respectively, which greatly improved the ultimate deformation capacity. It
was undeniable that the ultimate deformation of the specimen with the confine of the steel
cylinder was much better than that of the CFRP sheet, which showed that the appropriate
confine reinforcement treatment can make rubber-cement composite gave full play to its
deformation ability when it was completely damaged.

n
(31) éave, Total = Z éave,i

L

n
(3.2) Eult, Total = Z Eult,i

1
where: £ave, Total — cumulative average strain rate of the specimen during the whole cyclic
impact process, &uit, Total — cumulative ultimate strain of the specimen during the whole
cyclic impact process, €ave,; — average strain rate of the specimen at the i-th cycle impact,
&ult,; — ultimate strain of the specimen at the i-th cycle impact.

1050 0.35

900 . e 200k 0.30

750 F0.25

600+

4504

[s7.71%
300

0%

Cumulative average strain rate (s“)

150

T T T T 0.05
No-C CFRP-E-C  CFRP-S-C SC-S-C

Specimen types

Fig. 11. Cumulative average strain rate and cumulative ultimate strain

3.3. Relationship between peak stress, damage energy,
ultimate strain and incident energy

In the process of material deformation caused by an external load, the energy of material
failure is input into the material. Therefore, for cement-based materials, the failure of
materials is nothing more than that the material exceeds the ultimate stress, ultimate strain,
and ultimate damage fracture energy under the action of external load. Then, itis particularly
important to explore the relationship between the peak stress, damage energy, ultimate strain
and incident energy of the specimen under cyclic impact load. The relationship between
peak stress, damage energy, ultimate strain and incident energy is shown in Fig. 12.
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Fig. 12. Relationship between (a) peak stress, (b) damage energy, (c) ultimate strain
and incident energy

Fig. 12a and 12b shows that the peak stress and damage energy of the specimens with
four different confine modes showed a consistent evolution trend, that was, the peak stress
and damage energy of the specimens basically showed a trend of “increase at first and then
decrease” with the increase of cyclic incident energy. The variation trends of peak stress
and damage energy with incident energy can be divided into four evolution stages: OA, AB,
BC, and CD.

In the OA stage, on the whole, it can be found that the peak stress of the specimen
CFRP-E-C was the smallest, the peak stress of the specimen CFRP-S-C was the largest,
and the peak stress of the specimens No-C and SC-S-C were in the middle and there was
little difference. In the AB stage, the growth rate of peak stress decreased, even the peak
stress of specimens No-C and CFRP-E-C decreased, and the peak stress of specimen No-C
was lower than that of specimen CFRP-E-C. In the BC stage, the peak stress of specimen
No-C disappeared (complete failure), and the peak stress of specimens CFRP-E-C and
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CFRP-S-C decreased rapidly. In the CD stage, the peak stress of specimens CFRP-E-C
and CFRP-S-C disappeared (complete failure), and the peak stress of specimen SC-S-C
increased continuously, but the peak stress of specimen SC-S-C decreased under the seventh
impact.

Figure 12c shows that the ultimate strain of the specimens with four different confine
modes increased linearly with the increase of cyclic incident energy. The variation trends of
ultimate strain with incident energy can be divided into two evolution stages: OA and AB.

In the OA stage, on the whole, the order of the ultimate strain at the same incident energy
level was: CFRP-E-C>No-C>SC-S-C>CFRP-S-C. In the AB stage, the ultimate strain
of specimen No-C disappeared (complete failure), and the ultimate strain of specimens
CFRP-E-C, CFRP-S-C, and SC-S-C increased continuously, but the ultimate strain of
specimens CFRP-E-C and CFRP-S-C reached the maximum under the fourth impact and
then disappeared (complete failure). The difference was that the ultimate strain of the
specimen SC-S-C can still continue to increase.

3.4. Analysis and discussion of key issues

According to the analysis results and phenomena in “3.3. Relationship between peak
stress, damage energy, ultimate strain and incident energy”, the following three key issues
were illustrated:

1. Inthe initial stage, the reason why the peak stress and ultimate strain of specimen CFRP-
E-C are the minimum and the maximum respectively is that: The density, modulus, and
wave impedance of CFRP sheet and CFRP sheet impregnated adhesive (after curing)
are lower than those of rubber-cement composite, which leads to the relatively large
compaction effect of CFRP sheet and CFRP sheet impregnated adhesive on the end face
of CFRP-E-C in the first impact process, hinders the propagation of stress wave and
increases the reflection of the stress wave. In the following stage, the compression effect
of specimen CFRP-E-C in the first impact and the restraint crack resistance of CFRP
sheet on the end face of rubber-cement composite ensure the propagation of stress wave
under the second and third impacts, so that the peak stress of CFRP-E-C is greater than
that of specimen No-C.

2. In the process of the first three impact energy inputs, the reasons why the peak stress
and ultimate strain of the specimen SC-S-C are less than and larger than the specimen
CFRP-S-C respectively are as follows: (1) For the specimen SC-S-C, there is a very
small gap between the rubber-cement composite and the steel cylinder at the beginning,
resulting in the steel cylinder can not well restrain the transverse expansion deformation
of the rubber-cement composite during the first two impacts. It was not until the third
impact that the rubber-cement composite had a better extrusion effect with the steel
cylinder due to sufficient transverse expansion deformation, thus giving full play to the
restraint effect of the steel cylinder. However, this process also caused serious damage
to the rubber-cement composite. (2) The difference is that for specimen CFRP-S-C, the
CFRP sheet is in close contact with the side of the rubber-cement composite at the
beginning. When the axial load is applied, the CFRP sheet and the side of the specimen
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will produce extrusion immediately, which effectively prevents the lateral expansion

deformation of the rubber-cement composite and reduces the damage degree.
3. In the whole process of impact energy inputs, the reasons why the peak stress and

ultimate strain of specimen CFRP-E-C are always less than and larger than specimens
CFRP-S-C and SC-S-C, respectively, are as follows: (1) The damage of rubber-cement
composite under impact compression load often occurs on the side first because of trans-
verse expansion deformation. Compared with specimen CFRP-E-C, for the specimens
CFRP-S-C and SC-S-C, CFRP and steel cylinder directly restrain the side of rubber-
cement composite, which restrains the occurrence and development of the damage to
a great extent. (2) Although the CFRP sheet and CFRP sheet impregnated adhesive of
the end face of the specimen CFRP-E-C had a relatively large compaction effect in the
first impact process, the CFRP sheet and CFRP sheet impregnated adhesive of the end
face always existed, so the wave impedance mismatch issue between the CFRP sheet
and CFRP sheet impregnated adhesive and rubber-cement composite always existed.

3.5. Simplified plane force models

To analyze the force characteristics of different confined rubber-cement composite under
cyclic impact load, the three-dimensional specimen was simplified to the two-dimensional
plane specimen, and the plane force analysis was carried out, which more clearly highlighted
the completely different impact resistance mechanism of different confined rubber-cement
composite under cyclic impact load, as shown in Fig. 13.
1. Under the impact load, specimen No-C mainly uses the axial structural resistance
F 4 and the radial structural resistance Fy, produced by the rubber-cement composite
matrix in the ¥ and X directions to resist the axial impact load F and the radial
expansion tension Fg respectively.

2. Under the impact load, in addition to the structural resistance of the rubber-cement
composite matrix, specimen CFRP-E-C also mainly uses the radial end friction force
Fc_E generated by the CFRP sheet in the X direction to resist the radial expansion

tension Fg.
3. Under the impact load, in addition to the structural resistance of the rubber-cement

composite matrix, specimen CFRP-S-C also mainly uses the radial passive confining
pressure Fc_c produced by the CFRP sheet in the X direction to resist the radial
expansion tension Fg.

4. Under the impact load, in addition to the structural resistance of the rubber-cement
composite matrix, specimen SC-S-C also mainly uses the radial passive confining
pressure Fs_c produced by the CFRP sheet in the X direction to resist the radial
expansion tension Fg.

From the above plane force analysis, it can be seen that the CFRP sheet and the steel
cylinder can control the radial expansion deformation by providing the rubber-cement
composite matrix with end friction and passive confining pressure. CFRP sheet and steel
cylinder can work together with the rubber-cement composite matrix to resist impact
load, which effectively improves the structural strength, damage energy, and cyclic impact
resistance of the rubber-cement composite.
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Fig. 13. Simplified plane force states of specimens with four different confine modes:
(a) No-C; (b) CFRP-E-C; (¢) CFRP-S-C; and (d) SC-S-C

4. Conclusions

In this work, the cyclic impact tests of rubber-cement composite specimens with four
different confine modes were carried out in which the impact load increased sequentially.
The following conclusions were drawn:

1. With the synchronous increase of impact times and impact load, the average strain rate
and ultimate strain increased synchronously, and the ultimate strain showed an obvious
strain rate effect. The appropriate confine reinforcement treatment can make rubber-
cement composite gave full play to its deformation ability when it was completely
damaged.

2. The peak stress and damage energy of the specimens basically showed a trend of
"increase at first and then decrease" with the increase of cyclic incident energy. The
variation trends of peak stress and damage energy with incident energy can be divided
into four evolution stages. The variation trends of ultimate strain with incident energy
can be divided into two linear evolution stages.

3. Based on the effect difference of confine modes, the simplified plane force models
of rubber-cement composite with different confines under cyclic impact loading were
established. From the simplified plane force models, it can be seen that the CFRP sheet
and steel cylinder can work together with the rubber-cement composite matrix to resist
impact load, which effectively improves the structural strength, damage energy, and
cyclic impact resistance of the rubber-cement composite.
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