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Abstract. To examine the compressive dynamic performance of rubber concrete, a uniaxial compression experimental
study on rubber concrete was carried out using a hydraulic servo based on five different rubber substitution rates under
eight different earthquake magnitude loading strain rates. The compressive failure modes and stress-strain curves of rub-
ber concrete were obtained. By comparatively analyzing the mechanical characteristics of rubber concrete under differ-
ent loading conditions, the following conclusions are drawn: with the increase in rubber substitution rate, the integrity
of concrete upon compressive failure is gradually improved, and rubber particles exhibit an evident modification effect
on cement mortar at the concrete interface. Under the influence of loading strain rate, the patterns of compressive failure
mode of rubber concrete with different substitution rates are similar to that of ordinary concrete. Under the same loading
strain rate, with the increase in rubber substitution rate, the compressive strength of rubber concrete gradually decreases
while the plastic deformation capacity gradually increases. For the same rubber substitution rate, the compressive strength
and elastic modulus of rubber concrete gradually increases with the increase in loading strain rate. The increase in rubber
substitution rate gradually reduces the increasing amplitude of compressive strength and elastic modulus of rubber con-
crete under the influence of loading strain rate. Meanwhile, an equation was proposed to describe the coupling effect of
rubber substitution rate and strain rate on the compressive strength dynamic increase factor of rubber concrete, and the
underlying stress mechanism was further discussed. These results have significance in promoting the application of rubber
concrete in engineering practice.

Keywords: substitution rates, rubber concrete, earthquake magnitude strain rate, compressive mechanical performance,
experimental study.

Introduction

Rubber concrete is a type of green building material
formed by replacing all or part of the aggregates in or-
dinary concrete with rubber particles. It is featured with
high crack resistance, high wear resistance, and strong dy-
namic performance. In addition, the rubber particles in
rubber concrete are mostly sourced from recycled waste
tires, which can help avoid the impact of waste tires on
environmental safety (Grinys et al., 2012; Luo et al., 2020).

Thus, rubber concrete has been widely reviewed for its
high scientific research value and engineering application
prospects (Ren et al., 2020; Pelisser et al., 2011; Adeboje
et al.,, 2020).

At present, rubber concrete research generally focuses
on mix proportion, durability, and mechanical perfor-
mance. Studies on the mechanical performance mainly
concentrate on the content, particle size, and processing

*Corresponding author. E-mail: lifurong@ycit.edu.cn

Copyright © 2020 The Author(s). Published by Vilnius Gediminas Technical University

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unre-
stricted use, distribution, and reproduction in any medium, provided the original author and source are credited.


http://creativecommons.org/licenses/by/4.0/

734 E Li et al. Experimental study on the dynamic behavior of rubber concrete under compression considering ...

method for rubber aggregates. Eldin and Senouci (1993)
examined the tensile and compressive performance of
rubber concrete by designing different rubber particle
sizes and substitution rates. Their results showed that the
tensile and compressive strength of rubber concrete sig-
nificantly decreased with a larger rubber particle size or a
higher rubber substitution rate. Topcu (1995) analyzed the
deformation performance of rubber concrete and reported
that rubber concrete had an obvious plastic deformation
capability but a relatively weak elastic deformation capac-
ity. Li et al. (2004) applied NaOH to preprocess rubber
particles and found that the mechanical performance of
preprocessed rubber concrete was significantly improved
compared with that of unprocessed rubber concrete.
Giineyisi et al. (2004) added a certain amount of silica
fume into rubber concrete in their experiment. The results
suggested that the silica fume could help mitigate the im-
pact of rubber particle size and content on the strength
and elastic modulus of concrete. In actual engineering
practices, concrete is not only susceptible to static effects,
but is also subject to dynamic effects such as earthquake,
wind, collision, and explosion (Cui et al., 2018; Chen
et al., 2015; Wang et al., 2020). Concrete exhibits an obvi-
ous strain rate effect, i.e., the mechanical performance of
concrete may change under the influence of strain rate.
Thus, comprehensive studies on the dynamic performance
of concrete have a significant engineering research value.
Many papers have been published on the tensile and com-
pressive dynamic performance of ordinary concrete, but
literature on the loading dynamic performance of rubber
concrete is still limited. Sallam et al. (2008) conducted a
falling-weight impact experiment on rubber concrete cyl-
inders. Their results suggested that the strength of rub-
ber concrete gradually increased under the influence of
loading strain rate. Meanwhile, rubber concrete showed
good inhibitory effect on cracks. Atahan and Yiicel (2012)
carried out an impact experiment on rubber concrete
and found that rubber concrete exhibited good impact
resistance by absorbing the impact energy to a satisfac-
tory extent. Yuan et al. (2010) conducted an experimental
study on the compressive dynamic performance of low
substitution rubber concrete by considering collision mag-
nitude strain rate. Their results implied that the increas-
ing amplitude of the compressive strength of rubber con-
crete under the influence of loading strain rate gradually
decreased with the increase in rubber substitution rate.
However, aforementioned studies only considered the dy-
namic loading conditions of ultra-high strain rates or low
strain rates, while limited attention was paid to the effect
of rubber substitution rate. No study has yet been reported
on the mechanical performance of rubber concrete while
considering the influence of earthquake magnitude strain
rate and high substitution rate. In view of this, research
in the concerned aspects are helpful in enriching the un-
derstanding of the dynamic performance and engineering
applications of rubber concrete.

By considering different rubber substitution rates and
earthquake magnitude loading strain rates, this study

aims to examine the compressive dynamic performance
of rubber concrete using a hydraulic servo. Based on the
mechanical characteristic parameters of rubber concrete
under different loading conditions that were obtained
through the experiment, the effects of substitution rate
and loading strain rate on the mechanical parameters of
rubber concrete were comparatively analyzed. Meanwhile,
a relationship equation for describing the coupling effect
of rubber substitution rate and loading strain rate on the
mechanical parameters of rubber concrete from a quan-
titative perspective was established, and the underlying
stress mechanism was further discussed.

1. Experiment plan

1.1. Specimen design and mix proportion

In this paper, an experimental study was carried out on
the compressive dynamic performance of rubber concrete
with five different substitution rates, i.e., 0%, 10%, 20%,
30%, and 40%. The concrete with 0% rubber (ordinary
concrete) was considered as the reference, and its designed
strength was 30 MPa. The specific mix proportion of each
type of concrete was determined according to “Specifica-
tion for Mix Proportion Design of Ordinary Concrete”
(JGJ55-2011) (Ministry of Housing and Urban-Rural
Construction of the People’s Republic of China, 2011).
The materials used for the concrete specimens with dif-
ferent substitution rates, such as water, cement (ordinary
Portland cement PO 42.5), and coarse aggregate (gravels
with a particle size range of 4-16 mm), were from the
same sources. The rubber particles used in the experiment
had a particle size range of 2-5 mm, an apparent density
of 1270 kg/m?, and a bulk density of 820 kg/m?. The fine
aggregates were sourced from river sands, with a fineness
modulus of 2.5, an apparent density of 2650 kg/ m?>, and a
bulk density of 1850 kg/m?. The constant volume substi-
tution rate fine aggregate method was applied to calculate
the content of rubber particles for each of the five differ-
ent substitution rates, and the specific mix proportions are
listed in Table 1.

1.2. Experimental loading scheme and equipment

This experimental study focuses on the effect of earth-
quake magnitude strain rate on the compressive dynamic
performance of rubber concrete with different rubber sub-
stitution rates by using a hydraulic servo as shown in Fig-
ure 1. This hydraulic servo is equipped with independent
load sensors and displacement sensors, as well as strain
gauges and a strain picker for measuring the deformation
value of concrete under compression. The measurement
precision meets experimental requirements. In view of the
equipment restrictions and referencing to the related lit-
erature, the size of the concrete specimen was determined
to be 100x100x100 mm. The 100x100x100 mm concrete
cube is a non-standard size for compressive and tensile
strength tests. Thus, to facilitate the analysis, the compres-
sive strength data were converted according to “Standard



Journal of Civil Engineering and Management, 2020, 26(8): 733-743

735

Table 1. Mix proportions of rubber concrete with different substitution rates (unit: kg/m?)

Rubber substitution rate Cement Water Fine aggregate Rubber particles Coarse aggregate
0% 279 178 780 0 1034
10% 279 178 702 32.3 1034
20% 279 178 624 64.6 1034
30% 279 178 546 96.9 1034
40% 279 178 468 129.2 1034

Figure 1. Compressive loading equipment

for Test Method of Mechanical Properties on Ordinary
Concrete” (GB/T50081-20016) (Ministry of Construction
of the People’s Republic of China, 2003), based on a com-
pressive strength reduction factor of 0.95. By taking the
randomness and discreteness characteristics of concrete
materials into account, three specimens were prepared for
each working condition, and the mean value was taken
for analysis.

Different ranges of loading strain rate correspond to
different static and dynamic effects, as shown in Figure 2
(Shang & Song, 2013). In the loading scheme, the force and
displacement mixed control method was adopted consid-
ering earthquake magnitude strain rates. Specifically, the
force control method was applied first to load the speci-
men from unstressed state to 5% of the designed strength
f.. This process was repeated thrice to serve preloading.
The displacement control loading belongs to the formal
loading process. To achieve earthquake magnitude loading
strain rates, the static loading strain rate of 1.0x107>/s was
set as the reference working condition. Based on the ac-
tual earthquake magnitude, seven different dynamic strain
rates were designed: 5.0x107/s, 1.0x10™%/s, 5.0x10/s,

1.0x1073/s, 5.0x107%/s, 1.0x1072/s, and 5.0x107%/s. Data
collection began from the onset of formal loading until
the specimen was destroyed.

As reported in the literature (Li et al., 2019; Shang &
Song, 2013), due to the influence of friction on the test
results of the concrete cube loading surface, three layers of
polytetrafluoroethylene plastic film and two layers of me-
chanical butter are generally placed on the loading surface
of the test piece and the contact surface of the equipment
to reduce the friction of the loading surface and to con-
trol the friction within a reasonable range, such that the
uniaxial compressive strength can meet the test require-
ments. In this paper, treatment similar to that described in
the literature is used to ensure that the test results of uni-
axial compressive strength of concrete cubes with different
loading strain rates meets the research requirements.

2. Mechanical performance
under static strain rate

Based on the static loading strain rate (107/s) in the uni-
axial compression experimental scheme, the failure modes
and stress-strain curves of concrete specimens with differ-
ent substitution rates were obtained, as shown in Figures
3 and 4.

Referring to the compressive failure modes of rubber
concrete with different substitution rates as shown in Fig-
ure 3, it was observed that crack surfaces parallel to the
direction of compressive loading were formed on the side
of all concrete specimens. The failure modes of rubber
concrete with different substitution rates were similar. The
difference lays in that, with the increase in rubber sub-
stitution rate, the integrity of concrete upon compressive
failure gradually improved while the overall fragmentation
weakened. Meanwhile, lesser amount of rubber particles
fell from the failure interface, indicating that the rubber
particles had an evident modification effect on the con-
crete interface between the cement mortar and gravel.
However, the underlying failure mechanism was the same.
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Figure 2. Loading strain rates and the corresponding static and dynamic action ranges
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Figure 3. Compressive failure modes of rubber concrete with different substitution rates
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Figure 4. Stress-strain curves of rubber concrete with different
substitution rates under uniaxial compression

When the concrete specimen is vertically compressed, ten-
sile strain will be laterally formed on the specimen under
the influence of Poisson’s ratio, and when the lateral tensile
strain reaches the ultimate tensile strain of the concrete,
the failure mode described above will be generated.

Figure 4 shows the stress-strain curves of rubber
concrete with different substitution rates under uniaxial
compression. As it can be seen, the stress-strain curves of
rubber concrete with different substitution rates exhibit
similar development trends, which can be divided into
the elastic stage, the elastoplastic stage, and the declining
stage. The stress-strain curve begins from the elastic stage.
As the load continues to increase, the curve will gradu-
ally develop into the elastoplastic stage. When the load
reaches the failure load, the curve will begin to decline.
The stress-strain curves of all rubber concrete specimens
exhibit good continuity and smoothness. However, the
increase in rubber substitution rate significantly reduces
the compressive strength of rubber concrete, while the ul-
timate strain shows an increasing trend. At the same time,
the plastic deformation capacity gradually increases with
the increase in rubber substitution rate.

From the stress-strain curves of rubber concrete with
different substitution rates under uniaxial compression, as
shown in Figure 4, the compressive strength characteristic
values were extracted to analyze the changing trend of the
characteristic values with the increase in rubber substitu-
tion rate (Figures 5 and 6).
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Figure 5. Compressive strength of rubber concrete
with different substitution rates
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Figure 6. Effect pattern of the rubber substitution rate
on concrete strength

Figure 5 shows the changing trend in the compressive
strength characteristic values of rubber concrete under the
influence of different rubber substitution rates. When the
rubber substitution rate was equal to 0%, the uniaxial com-
pressive strength of concrete was 25.94 MPa. The uniaxial
compressive strength gradually decreased with the increase
in rubber substitution rate. When the rubber substitution
rate increased to 10%, 20%, and 30%, the corresponding
compressive strength decreased to 18.71 MPa, 15.63 MPa,
and 10.97 MPa, respectively. When the rubber substitution
rate was equal to 40%, the uniaxial compressive strength
further decreased to 10.21 MPa, suggesting a reduction
of 60.67% relative to ordinary concrete. The results above
imply that the compressive strength of concrete gradually
decreases with the increase in rubber substitution rate.



Journal of Civil Engineering and Management, 2020, 26(8): 733-743 737

This is because the compressive strength of fine aggregate
(river sands) is much higher than that of rubber particles.
Eventually, the increase in rubber substitution rate, i.e., the
decrease in the content of river sands, will lead to the re-
duction of overall compressive strength of concrete.

According to Figure 5, when the rubber substitution
rate was below 20%, the compressive strength of rubber
concrete significantly decreased as the rubber substitu-
tion rate increased. When the rubber substitution rate
was above 20%, the reduction of compressive strength
tended to flatten as the rubber substitution rate increased.
The results of Eldin’s uniaxial compressive and splitting
tensile experiment showed that the compressive strength
and splitting tensile strength of 100% rubber concrete de-
creased by 65% and 50%, respectively (Eldin & Senouci,
1993). Miller and Tehrani (2017) suggested that, when
the rubber substitution rate was above 40%, the reduction
of compressive strength and splitting tensile strength of
concrete with the increase in rubber substitution rate en-
tered a relatively stable state, which is consistent with the
findings of this experiment. Based on qualitative analy-
sis conclusions and the literature (Eldin & Senouci, 1993;
Miller & Tehrani, 2017), it is proposed that, when the sub-
stitution rate is below 20%, the reduction in compressive
strength is linearly correlated with the rubber substitution
rate. When the rubber substitution rate is above 20%, the
reduction in compressive strength exhibits a power func-
tion relationship with the rubber substitution rate. The
expressions shown in Eqns (1) and (2) and Figure 6 were
obtained based on the experimental data.

When & = 0-20%:

J% =1-0.02147 xE. (1)
0%

When & = 20-40%:

JV =4.40781 x £066942 )
Jos

where f; is the experimental value of compressive strength
when the rubber substitution rate is equal to 0-40% (unit:
MPa); f;, is the experimental value of compressive strength
when the rubber substitution rate is equal to 0% (unit: MPa);
and & represents the rubber substitution rate (unit: %).

According to Eqns (1) and (2) and Figure 6, the pro-
posed equations on the change of compressive strength
for different ranges of rubber substitution rate have good
applicability and can be used to quantitatively describe the
effect of the rubber substitution rate on the compressive
strength of concrete.

3. Mechanical performance under
earthquake magnitude strain rate

3.1. Failure mode

Comprehensive research on the failure mode of concrete
is conducive to a more in-depth understanding of the
mechanical performance of concrete from a macroscopic

perspective. From the compressive dynamic loading ex-
periment, the failure modes of rubber concrete under dif-
ferent loading strain rates were obtained. In view of space
limitation, the failure modes of 0%, 20%, and 40% rubber
concrete specimens under the loading strain rate of 107/s,
107%/s, 1073/s, and 107%/s were selected for analysis, as
shown in Figure 7. The failure modes of rubber concrete
under the static loading strain rate of 107>/s are shown in
Figure 3.

According to the failure modes of rubber concrete un-
der static and dynamic loading strain rates as shown in
Figures 7 and 3, it was found that, for the same rubber
substitution rate, as the loading strain rate increased, the
damage on rubber concrete upon failure became severe,
and the brittle failure characteristics became evident. Due
to the inherent nature of concrete, there are a certain num-
ber of voids and micro-cracks in the specimens, which will
develop into the initial damage on concrete. Under the
effect of quasi-static strain rate, the part of concrete un-
dergoing initial damage has sufficient time to form cracks.
With the further expansion of small cracks, penetrating
cracks that are uniformly distributed on the unloading
surface of the concrete will be eventually formed under
compression, and a part of rubber particle will fall off
from the rubber concrete upon compressive failure. Un-
der the effect of a high strain rate, the cracks formed from
the initial damage do not have sufficient time to expand.

a) 107Y/s b) 107%/s

c) 107%/s

0%
b) 107%/s

20%
b) 1073/s

40%

Figure 7. Compressive dynamic failure modes of rubber
concrete with different substitution rates
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Therefore, the specimen cannot form a uniform stress
state within a short amount of time. Generally, there are
1-2 main diagonal penetrating cracks across the speci-
men, accompanied by the damage of coarse aggregates
and the falling of a part of rubber particle. Eventually, the
failure modes as shown in the figures above are formed.

3.2. Stress-strain curve

Based on the load and deformation data collected from
the compressive dynamic performance experiment on the
rubber concrete with five different substitution rates, the
stress-strain curves under different loading conditions
were obtained as shown in Figure 8.

According to Figure 8, the compressive stress-strain
curves of different rubber concrete specimens share a
similar development trend that can be divided into the
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elastic stage, the elastoplastic stage, and the declining
stage. The development trend of the stress-strain curve has
no relationship with the loading strain rate or the rubber
substitution rate. For the same rubber substitution rate,
the compressive strength of rubber concrete gradually in-
creases as the loading strain rate increases. The differences
are mainly reflected from the declining stage of the curves.
With the increase in rubber substitution rate, the plastic
deformation capacity of rubber concrete becomes obvi-
ous, and the declining stage tends to flatten. This is mainly
attributed to the strong deformation capacity of rubber
particles, which eventually leads to the difference in the
decline stage of the curve among specimens with different
rubber substitution rates. For the same rubber substitution
rate, the effects of different loading strain rates on rubber
concrete during the declining stage are the same.
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Figure 8. Compressive dynamic stress-strain curves of rubber concrete under different loading conditions
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3.3. Characteristic parameters

To further explore the effects of rubber substitution rate
and loading strain rate on the compressive dynamic per-
formance of rubber concrete, the data on compressive
strength, elastic modulus, and ultimate strain were ex-
tracted from the stress-strain curves of rubber concrete
specimens under different loading conditions, as shown
in Figure 8, and were used to analyze the changing trends
of rubber concrete mechanical characteristic parameters
under the influence of rubber substitution rate and load-
ing strain rate.

3.3.1. Compressive strength

The compressive strength values were extracted from the
compressive stress-strain curves of rubber concrete under
different loading conditions, and were used to analyze the
effects of substitution rate and loading strain rate on the
mechanical performance of rubber concrete. In general,
the dynamic increase factor op was used to quantita-
tively analyze the influence of loading strain rate on the
compressive strength of rubber concrete. Its definition can
be expressed by Eqn (3) (Zeng & Li, 2013):

Opp=04 /O 3)

where o4 is the compressive strength of rubber concrete
under static and dynamic loading strain rates (strain rate
ranges from 1.0x107%/s to 5.0x107%/s, unit: MPa); and o
is the compressive strength of rubber concrete under static
loading strain rate (strain rate: 1.0x107>/s, unit: MPa).

According to the compressive stress-strain curves of
concrete with different rubber substitution rates under dif-
ferent loading strain rates as shown in Figure 8, the com-
pressive strength values of rubber concrete were extracted.
Then, the dynamic increase factors of rubber concrete un-
der different loading conditions were calculated through
Eqn (3), as shown in Figures 9 and 10.

According to Figures 9 and 10, for the same rubber
substitution rate, the compressive strength of rubber
concrete significantly increases as the loading strain rate
increases. When the rubber substitution rate is equal to
0%, the compressive strength of rubber concrete increases

m 0%
e 10%
A 20% . -
v 30% . -
0F  « 0% . -
- n
[ ]
£ o <’
20 + ° A
Evs ° * a a 4 .
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wk ¥ IR 33 ¥ 3 ¢
0 1 1 1 1 1 1 1 1 J
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Figure 9. Effect of strain rate on compressive strength

from 25.94 MPa at a static loading strain rate of 10>/s to
35.07 MPa at a dynamic loading strain rate of 5.0x1072/s,
suggesting a maximum increase of 35.20%. When the
rubber substitution rate is 10%, 20%, 30% and 40%, the
compressive strength of rubber concrete at a static load-
ing strain rate of 10~/s is equal to 18.71 MPa, 15.63 MPa,
10.97 MPa, and 10.21 MPa, respectively, while the com-
pressive strength at a dynamic loading strain rate of
5.0x1072/s increases to 24.46 MPa, 19.76 MPa, 13.46 MPa,
and 12.27 MPa, respectively, suggesting a maximum in-
crease of 30.73%, 26.42%, 22.70%, and 20.18%, respec-
tively. From the analysis of the general trend, with the
increase in rubber substitution rate, the increasing ampli-
tude of the compressive strength of rubber concrete under
the influence of loading strain rate gradually decreases.
Previous studies (Watstein, 1953; Li et al., 2016) have
examined the compressive dynamic performance of or-
dinary concrete under a loading strain rate ranging from
1.0x107>/s to 1.0x107%/s, and reported that the increase in
the compressive strength of ordinary concrete was gener-
ally between 30% and 40%. In this study, when the rubber
substitution rate is equal to 0%, the increasing amplitude
of the compressive strength of concrete under the influ-
ence of loading strain rate is consistent with this interval.
The discrepancies among different studies are mainly at-
tributed to the difference in the design of specimen size
as well as the randomness and discreteness characteristics
of concrete. Yuan et al. (2010) have examined the com-
pressive dynamic performance of rubber concrete with a
rubber substitution rate of 0-7% by considering the load-
ing strain rate range of 1.67x107>/s71x10-%/s. The results
showed that the increasing amplitude of the compressive
strength of concrete under the influence of loading strain
rate gradually decreased as the rubber substitution rate
increased. Guo et al. (2012) carried out an experimental
study on the compressive dynamic performance of rub-
ber concrete by applying the Hopkinson pressure bar in
consideration of ultra-high strain rate, and the results
suggested that the increasing amplitude of the compres-
sive strength of concrete containing rubber particles was
lower than that of ordinary concrete under the influence
of loading strain rate. The changing trend of the compres-

1.5
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Figure 10. Effect of strain rate on dynamic increase factor
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sive strength of rubber concrete with a higher substitution
rate is similar to that of rubber concrete with a lower sub-
stitution rate, i.e., the increasing amplitude of compressive
strength of rubber concrete is lower than that of ordinary
concrete under the influence of loading strain rate.

The quantitative relationship between the compressive
strength dynamic increase factor of ordinary concrete and
the loading strain rate can be expressed by Equation (4).
This equation suggests that the dynamic increase factor
has a linear relationship with the non-dimensional loga-
rithm of loading strain rate (Li et al., 2019).

o =b+alg(eg /&), (4)

where & is the static loading strain rate of concrete (107°/
s); €4 is the dynamic loading strain rate of concrete a and
b are the coefficients to be determined.

In Eqn (4), parameter a represents the increasing am-
plitude of the dynamic increase factor o under the in-
fluence of loading strain rate. Parameter b represents the
compressive strength dynamic increase factor of concrete
under static loading strain rate; b = 1 generally. By per-
forming mathematical regression analysis on the experi-
mental data based on Eqn (4), the equations describing
the relationship between the compressive strength dy-
namic increase factor oy and the loading strain rate for
rubber concrete with different substitution rates were ob-
tained, as shown in Eqns (5)-(9) and Figure 10:

E=0% opp =14+0.09601g(¢4/€); (5)
E=10% oy =1+0.084511g(E, /&,); 6)
£ =20% oy =1+0.07244 1g(e4 /€,); (7)
£ =30% oy =1+0.0617 Ig(Ey /€,); 8)
£ = 40% oLy =1+0.05889 Ig(é /&,). 9)

From Figure 10 and Eqns (5)-(9), Eqn (4) had good
applicability to quantitative analysis of the compressive
strength dynamic performance of rubber concrete with
different substitution rates. By comparatively analyzing
the undetermined coefficient a in Eqns (5)-(9), it was
found that a basically exhibits a linear decreasing trend
as the rubber substitution rate increases. From quantita-
tive analysis, the increasing amplitude of the compres-
sive strength of rubber concrete under the influence of
the loading strain rate gradually decreases as the rubber
substitution rate increases, which is consistent with the
conclusion of qualitative study. In order to further exam-
ine the relationship between a and the rubber substitution
rate, a linear relationship equation was proposed. The ex-
pression as shown in Figure 11 and Eqn (10) was obtained
by performing mathematical regression analysis on the
undetermined coeflicient a in Eqns (5)-(9).

a=0.0960—-0.00103&,. (10)

According to Figure 11 and Eqn (10), the proposed re-
lationship equation between a and the rubber substitution

0.10

0.07 -

0.06 -

0.05 L L L L L )
0 10 20 30 40 50

£1%

Figure 11. Relationship between the rubber substitution rate
and parameter a

rate had good applicability in actual practice. To establish
the relationship equation describing the coupling effect of
the rubber substitution rate and loading strain rate on the
compressive strength dynamic increase factor, parameter
b in Eqn (4) can be expanded to the influence relationship
of the rubber substitution rate on the compressive strength
of rubber concrete under static loading strain rate. Thus,
parameter b is defined as the ratio between the compres-
sive strength of rubber concrete f; and the compressive
strength of ordinary concrete fy; that is, by substituting
Eqns (1)-(2) into Eqn (4) and substituting Eqn (10) into
Eqn (4), the relationship equations describing the cou-
pling effect of rubber substitution rate and loading strain
rate on the compressive strength dynamic increase factor
of rubber concrete were obtained, as shown in Eqns (11)
and (12):

When & = 0-20%:
o =(1-0.02147 x £) +(0.0960 - 0.00103€ ) 1g (4 / £,).

(11)
When & = 20-40%:

OLpyp = 4.40781x £7066942 1(0.0960 —0.001038) Ig (£ / &,).
(12)

3.3.2. Deformation parameters

Research on the deformation parameters of concrete
mainly focuses on the elastic modulus and ultimate strain.
According to the stress-strain curves of rubber concrete
under different loading conditions as shown in Figure 8,
the elastic modulus data can be extracted from Eqn (13),
while the ultimate strain is the strain value corresponding
to the compressive strength of concrete:

=505 "% ) (13)

€05 ~€0.1

where 6,5 and o ; represent 50% and 10% of the com-
pressive strength of concrete, respectively, unit: MPa; and
€5 and g ; represent 50% and 10% of the ultimate strain
of concrete, respectively.
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From the stress-strain curves under different loading
conditions and the aforementioned elastic modulus equa-
tions, the values of elastic modulus of rubber concrete
with different substitution rates under different loading
strain rates were obtained. Then, the effect of loading
strain rate on the elastic modulus of rubber concrete was
examined using the same method used for examining the
effect of loading strain rate on the compressive strength,
as shown in Figures 12 and 13.

According to Figures 12 and 13, for the same rubber
substitution rate, the elastic modulus of rubber concrete
exhibits a gradually increasing trend with the increase
in loading strain rate. When the loading strain rate is
equal to 1x107°/s, the corresponding elastic modu-
lus of 0%, 10%, 20%, 30%, and 40% rubber concrete is
equal to 14.83x10°> MPa, 8.85x10% MPa, 6.65x10> MPa,
4.11x10° MPa, and 3.42x10> MPa, respectively. When
the loading strain rate is equal to 5x107%/s, the corre-
sponding elastic modulus increases to 20.56x10° MPa,
11.56x10°> MPa, 8.68x10° MPa, 5.63x10> MPa, and
4.25x10% MPa, respectively, suggesting a maximum in-
crease of 38.64%, 30.70%, 30.51%, 37.00%, and 24.16%, re-
spectively, under the influence of loading strain rate. Rub-
ber substitution rate has a relatively discrete effect on the
elastic modulus of concrete under the influence of loading
strain rate. This is mainly attributed to the effect of ran-
domness and discreteness characteristics of concrete on
deformation parameters. However, the overall trend anal-
ysis shows that, as the rubber substitution rate increases,
the increasing amplitude of the elastic modulus gradually
decreases under the influence of loading strain rate.

Equation (14) was proposed by applying the same
quantitative analysis method used for examining the effect
of loading strain rate on the compressive strength. Since
the elastic modulus of rubber concrete exhibits a relatively
discrete changing trend, further analysis of parameter ¢
and d was not done:

E ..
%Es:l+clg(ad/ss). (14)

According to Eqn (14) and the numerical values of
elastic modulus of rubber concrete under different loading
conditions, the equations describing the changing pattern
of elastic modulus under the influence of loading strain
rate for the rubber concrete with five different substitu-
tion rates were obtained as shown in Eqns (15)-(19) and
Figure 13.

£=0% E%Eszuo.nﬂg(éd/és); (15)

£=10% E% =1+0.09186 1g(&4 / £,); (16)
s

£ =20% EA =1+0.076631g(£4 / £,); (17)
s

£ =30% EA 1+0.07451g (€4 / £4); (18)
s

g = 40% EA =1+0.05728 Ig(¢4 / ;). (19)
s
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Figure 12. Effect of strain rate on elastic modulus
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Figure 13. Effect of strain rate on elastic modulus
improvement coefficient

According to Eqns (15)-(19) and Figure 13, Eqn (14)
had good applicability to the quantitative analysis of the
varying amplitude of elastic modulus under the influence
of loading strain rate for rubber concrete with different
substitution rates. By comparatively analyzing parameter ¢
in Eqns (15)-(19), it was found that the increasing ampli-
tude of the elastic modulus of rubber concrete under the
influence of the loading strain rate gradually decreases as
the rubber substitution rate increases, which is consistent
with the conclusion of qualitative analysis.

Based on the compressive stress-strain curves of rub-
ber concrete under different loading conditions as shown
in Figure 8, the strain values corresponding to the com-
pressive strength were extracted to analyze the influence
of the rubber substitution rate and loading strain rate on
the ultimate strain of concrete. By applying the same qual-
itative analysis method used for analyzing the compressive
strength (g4/¢,), the effects of different substitution rates and
different loading strain rates on the ultimate strain of rub-
ber concrete was obtained, as shown in Figures 14 and 15.

According to Figures 14 and 15, the compressive ul-
timate strain of rubber concrete gradually increases with
the increase in rubber substitution rate, and this trend is
not affected by the loading strain rate. When the rubber
substitution rate is equal to 0%, 10%, 20%, 30%, and 40%,
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the compressive ultimate strain falls in the range of 1997-
2323 ue, 2563-2836 e, 2848-3152 e, 3206-3560 pie, and
3618-4071 pe, respectively, while the loading strain rate
falls in the range of 1x107>/s>x1072/s. This suggests that
the varying amplitude of ultimate strain for 0%, 10%, 20%,
30%, and 40% rubber concrete is equal to -5.80-9.58%,
10.65%, 10.67%, 10.01%, and 12.52%, respectively. The
existing literature (Zeng & Li, 2013) is still inconclusive
regarding the effect of loading strain rate on the change
in ultimate strain of ordinary concrete. There is no con-
clusion that the ultimate strain of ordinary concrete is af-
fected by the loading strain rate in the literature, i.e., with
the increase in loading strain rate, the ultimate strain of
ordinary concrete gradually increases. With the increase
in loading strain rate, the ultimate strain of ordinary con-
crete gradually decreases, and with the increase in loading
strain rate, the ultimate strain of ordinary concrete does
not change. In this study, the ultimate strain of 0% rubber
concrete exhibited a relatively discrete changing trend un-
der the influence of loading strain rate, but for 10%, 20%,
30%, and 40% rubber concrete, the ultimate strain exhib-
ited an increasing trend under the influence of loading
strain rate. This phenomenon is mainly attributed to the
randomness and discreteness characteristics of concrete
materials, which are significantly reflected from the strain
parameters of concrete.
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Figure 14. Effect of strain rate on ultimate strain
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Figure 15. Effect of strain rate on the ultimate strain
variation coeflicient

Conclusions

Based on the results of experimental study on the com-
pressive dynamic performance of rubber concrete with
different substitution rates under earthquake magnitude
loading strain rate, the failure mode, stress-strain curve,
and mechanical performance characteristic parameters of
rubber concrete under different loading conditions were
comparatively analyzed, and the following conclusions are
drawn:

(1) For the same loading strain rate, with the increase
in rubber substitution rate, the integrity of rubber
concrete upon compressive failure was gradually
improved. The rubber particles exhibited an evi-
dent modification effect on cement mortar at the
concrete interface. The effect of loading strain rate
on the compressive failure mode showed a similar
changing trend for rubber concrete with different
substitution rates.

(2) For the same loading strain rate, the compressive
strength of rubber concrete gradually decreases
with the increase in rubber substitution rate. When
the substitution rate was above 20%, the decreasing
amplitude of compressive strength relatively flat-
tened. For the same rubber substitution rate, the
compressive strength and elastic modulus of rub-
ber concrete gradually increased with the increase
in loading strain rate. As the rubber substitution
rate increases, the increasing amplitude of the com-
pressive strength and elastic modulus gradually de-
creases.

(3) With the increase in rubber substitution rate, the
plastic deformation capacity of rubber concrete
gradually increases, while the loading strain rate
has no significant effect on the plastic deformation
capacity. With the increase in loading strain rate,
the ultimate strain of rubber concrete shows a rela-
tively discrete changing trend, which is attributed
to the randomness and discreteness characteristics
of concrete.

(4) Based on the quantitative relationship between rub-
ber substitution rate and rubber concrete strength,
and the quantitative relationship between loading
strain rate and the compressive strength dynamic
increase factor, the equation for describing the
coupling effect of rubber substitution rate and the
loading strain rate on the compressive strength dy-
namic increase factor of rubber concrete was pro-
posed, and the underlying stress mechanism was
further discussed in detail.
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