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1. Introduction

With the rapid development of the automobile industry, the disposal of waste tires has
become a significant environmental pollution problem, leading to air and land pollution
and posing health risks to humans [1]. By 2030, it is estimated that the worldwide
annual production of waste tires will reach 5 billion, weighing around 200 million tons,
highlighting the urgency of addressing this emerging environmental issue. Currently,
one viable solution for utilizing waste tires is to incorporate waste rubber particles or
powder into concrete, thereby creating rubber concrete suitable for construction
purposes. Extensive research has demonstrated improvements in the tensile properties,
fatigue properties [2, 3], and durability [4-8] of rubber aggregate concrete. For instance,
Liu et al. [2] found that the fatigue life and dynamic strain of rubber concrete were
superior to those of ordinary concrete. Increasing the rubber replacement ratio to 5%,
10%, and 15% resulted in flexural strength-to-compressive strength ratios of rubber
aggregate concrete that were 1.08, 1.16, and 1.26 times higher, respectively, than those
of ordinary concrete, indicating enhanced crack resistance. Feng et al. [9] concluded
that concrete with 30% rubber content and 0.85mm rubber particles exhibited optimal
energy absorption and impact resistance, as evidenced by drop hammer and SHPB tests.
Gupta et al. [5] developed sustainable concrete composites using two types of waste
rubber (powder and fiber) and leveraged rubber's hydrophobic behavior to improve the
concrete's durability against acid erosion. The addition of fibers also contributed to
improved tensile strength [10-13]. Wang et al. [13] investigated the mechanical
properties of acrylic fiber-modified concrete and observed significant enhancements in
fracture performance, residual strength, and deformation capacity upon incorporating
acrylic fiber and rubber into the concrete mixture. Nanditha et al. [12] examined the
mechanical properties of steel fiber-reinforced concrete with silica powder, while
Camille et al. [14] studied the static and dynamic performance of synthetic fiber-
reinforced concrete, both highlighting the positive influence of fiber bridging on the
splitting tensile strength of concrete.

The aforementioned studies primarily focused on the impact of a single factor (either
rubber or fibers) on concrete performance, although some investigations considered the
combined effects of both rubber and fibers [8, 13, 15, 16]. Wang et al. [13], for instance,
explored the synergistic effect of polypropylene fiber (PP) and rubber on concrete,
demonstrating fracture energy values 16 and 17 times higher than those of ordinary
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concrete, respectively, thus highlighting the contributions of both rubber and fiber to
concrete's energy absorption performance. Chen et al. [15] concluded that the addition
of recycled tire polymer fiber (RTP) to concrete increased its dynamic tensile strength
by 5.5% to 14.2% and enhanced its energy dissipation capacity by 24.9% to 36.7%. Mo
et al. [16] investigated the mechanical and damping properties of polypropylene fiber-
reinforced concrete (PFRC) with rubber powder, discovering that the dispersion degree
of polypropylene fiber influenced the compactness of the concrete. The energy
dissipation capacity resulted from the friction between polypropylene fiber, aggregate,
and matrix, while the viscoelastic behavior of rubber powder increased the friction at
internal pores and interfaces, thereby improving the damping properties of the concrete.
The combined action of fibers and rubber maximizes the benefits of these materials,
enhancing concrete's crack resistance while minimizing construction costs and
promoting solid waste recycling.

In the context of marine concrete structures, which are often subjected to dynamic loads
[17, 18], it becomes crucial to develop materials with higher compressive strength,
tensile strength, and energy dissipation capabilities. Previous studies [9, 19-21] have
demonstrated that incorporating rubber and fibers into the cement matrix can enhance
the dynamic compressive properties and energy absorption capabilities of rubberized
ultra-high-ductility cement composite (RULHDCC). Huang et al. [22] investigated the
dynamic compressive performance of RULHDCC incorporated with rubber and/or
fiber using Split Hopkinson Pressure Bar (SHPB) testing. The results indicated that a
small amount of polyethylene (PE) fiber could maintain the integrity of the concrete
through its bridging effect, and the addition of rubber could reduce the fiber content by
nearly 65% while preserving the same strain hardening behavior. The combined effect
of fiber and rubber allowed RULHDCC to reach tensile strains of 4% to 5%, thereby
improving its energy dissipation performance. The specific values depend on the strain
rate and rubber particle size [22], which aligns with the conclusions reached in
references [23, 24].

Typically, the tensile strength of concrete is only about 1/10 of its compressive strength
[9]. Similar to normal concrete, the tensile properties of RULHDCC present a major
challenge that limits its use in construction [14]. However, there is limited research on
the dynamic splitting behavior of ultra-lightweight cement composite (ULCC),
especially at high strain rates. The understanding of the damage mechanism and its
dynamic amplification factor remains incomplete, which is crucial for the dynamic
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design of structures. Therefore, the main objective of this study is to examine the
dynamic splitting behavior and damage mechanism of RULHDCC at high strain rates
through SHPB tests on materials with varying amounts of rubber and fiber. Based on
the test results, current tension-DIF (dynamic increase factor) models will be evaluated
for design.

2. Experimental program

2.1 Materials and mix proportion

The experimental program is designed to compare the performance of ultra-lightweight
concrete that contains rubber powders and PE fibers. Seven groups of mix ratios are
designed, including five different rubber replacement ratios (0%, 5%, 10%, 15%, and
20% by volume of fine aggregates), and two different fiber contents (0% and 0.7% by
volume). The mix proportions of the RULHDCC are shown in Table 1, where "R" in
Mix ID represents the rubber replacement, and "PE" represents the fiber content.
Previous studies [25] have found that when the rubber replacement rate is below 30%,
the rubber concrete is more sensitive to strain rate than ordinary concrete, and the DIF
value at high strain rates is larger. However, if the replacement rate exceeds 30%,
excessive air will be incorporated in the cement matrix, resulting in an increase in the
internal pore volume of the concrete. When the deformation of the pores and rubber
particles is inconsistent with that of the cement matrix and aggregate, potential
microcracks and damage may occur, similar to the findings of Khalil et al. [26]. Habib
et al. [27] found that the damping ratio could be increased by 90% when the rubber
replacement ratio of the aggregate reached 25%.

Based on previous studies of rubberized ultra-lightweight cement composite (RULCC)
[22], both rubber and fiber have been shown to contribute to improving the ductility of
concrete. In this experiment, the rubber replacement ratio was set at 5%, 10%, 15%,
and 20%, and the PE fiber content was set at 0.7% when designing the mix proportion
of concrete, in order to achieve optimal comprehensive performance. The ordinary
Portland cement used in this test was P-II 52.5R with a 28-day compressive strength of
58.7 MPa and a flexure strength of 9.0 MPa. The fine aggregate used was fly ash
cenospheres (FAC) with a specific gravity of 870 kg/m3, a fineness modulus of 0.902
g/m3, and an average size of 20-300 um. A polycarboxylate-based superplasticizer (SP),
a high-water reducing agent, was used to obtain a workable cement composite. The
material properties of the rubber and treated PE fiber are shown in Table 2 and Table 3,
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Table 1 Mix proportions of RULHDCC (kg/m?3)
MIX ID Water Cement FAC SF Rubber SP SRA Fiber

RO 259 702 339.9 78 0 7.0 9.0 0
RS 259 702 322.9 78 38.3 7.0 9.0 0
R10 259 702 305.9 78 76.7 7.0 9.0 0
R15 259 702 288.9 78 115 7.0 9.0 0
R20 259 702 271.9 78 153.3 7.0 9.0 0
R0O-0.7PE 259 702 339.9 78 0 7.0 9.0 6.8

R10-0.7PE 259 702 305.9 78 76.7 7.0 9.0 6.8

Note: SF = silica fume; FAC = fly ash cenospheres; SP = superplasticizer; SRA=shrinkage
reducing agent.

Table 1 Material properties of rubber
Acetone

Fineness Sieving Water Ash

rate (% extract Fiber ~ Metal Density

(um) >) (n=s) (%) %<) <) =) (9/cm’)
380 98 \ \ \ \ \ 1.0
Table 2 Mechanical properties of surface treated PE fiber
Tensile Elastic Fracture elongation
Diameter(um) Length(mm) Density(g/cm3)  strength modulus %) 9
(MPa) (GPa) °
24 12 0.97 3000 120 2-3

2.2 Test setup and loading

The experimental program consists of both static and SHPB impact tests. The static
compression and splitting tests are conducted to determine the compressive strength,
splitting strength, and elastic modulus of the material. The dynamic compressive and
splitting strength of the material under high strain rates are obtained through the SHPB
impact test. The ratio of dynamic to static compressive strength is referred to as
compression-DIF, while the ratio of dynamic to static splitting strength is referred to as
tension-DIF.

2.2.1 Static test

The static tests consist of compressive and splitting tests. According to ASTM C39 [28],
cylinder specimens with dimensions of @100x200mm are used for the static

compression test, while ¢ 100x50mm cylinder specimens are used for the static splitting

5
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test. Prior to the compression test, the upper and lower ends of the specimens are
precisely leveled with a thin layer of gypsum. For the splitting test, filler strips are
applied to the contact area between the specimen and the loading head, forming a
uniform line load on the concrete cylinder.

2.2.2 Dynamic test

To obtain the compression and splitting properties and failure mode of ULHDCC at
different strain rates (10°-10% s), an SHPB test was carried out. In the impact
compression test, a separate Hopkinson pressure bar was used, including an impact bar,
an incident bar, concrete sample, and a transmission bar (as shown in Figure 1). The
impact bar has a diameter of 120mm and a length of 800mm; the incident bar has a
diameter of 120mm and a length of 600mm; while the transmission bar has a diameter
of 120mm and a length of 400mm (as listed in Table 4). To ensure uniform contact
between the interface of the specimen and the incident bar and ensure the stability and
accuracy of the impact test data, the upper and lower ends of the specimen are precisely
flattened with a thin layer of plaster prior to the test.

Due to the limitations of the test conditions, the dynamic splitting test uses a separate
bar with a diameter of 72mm. Brazilian disc type cylinder samples (size of
@e36mmx18mm) [29] are prepared. Before the test, the incident bar and the transmission
bar are straightened first, and the surfaces of the specimens are polished with a plane
grinder. Additionally, a pulse shaper is used to produce a stable and constant strain rate
[30] and improve the rising time of the incident pulse, which is helpful in obtaining
stable dynamic stress level and reducing pulse oscillation during impact tests [31].

Table 4 Parameters for SHPB

Ay/mm? AJmm? Ey/GPa Col(m/s) LJ/mm g(0), &b

11309.7 7854.0 206 5100 50 Measure in the test
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Fig.1. Configuration of typical SHPB

Fig.2. Radial loading mode in dynamic splitting test

2.3 Principle of test

2.3.1 Static splitting

The static splitting strength of concrete specimens was measured using the Brazilian
disc splitting test, as per ASTM C39 [28] and the International Society for Rock
Mechanics (ISRM) [32, 33]. The ISRM suggested that when the thickness of the sample
was about half the diameter of the specimen, the spatial problem could be simplified to
a planar problem for calculating the stress distribution [32, 33]. The radial symmetric
loading was performed to calculate the stress at the center of the disk based on the
analytical planar stress solution of elasticity, as shown in Figure 3 and given by Egs. (1-
4).

_2F sinzelcoselsinzezcosez) 2F )
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According to Denneman et al. [34, 35], the formula for calculating the splitting tensile
strength of the sample in the Brazilian disc test is given by Eq. (5),

2F
== 5
oT = Tthd ®)
where, o7 is the splitting tensile strength; h is the thickness of the concrete sample;
and d is the diameter of the concrete sample.

04

Fig.3. Force analysis in Brazilian disk splitting test
2.3.2 Dynamic splitting

The dynamic splitting strength refers to the measure of a material's resistance to failure
under high-speed impact conditions in a splitting test. It represents the maximum force
applied to a sample during impacts between the incident bar and the sample, leading to
the complete failure of the specimen. This strength value provides insight into the
material's ability to withstand dynamic loading and is an important parameter for
evaluating its performance in applications where it is subjected to rapid and intense
forces. The dynamic splitting strength is typically calculated based on the peak impact
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force recorded during the first crack formation in the sample.

Similar to the static splitting test, the Brazilian disk specimen was positioned within the
SHPB setup, as illustrated in Figure 2. The high strain rate effect was induced by
subjecting the sample to the high-speed impact of the incident bar. To determine the
splitting strength of the specimen, the strains of the incident bar &,(t) and the
transmission rod &;(t) were measured. The splitting strength was calculated using the
following equations (6-8),

e(t) = &/(t) — &(t) (6)

F(t) = AgEoe(t) (7)
2F

o = % (8)

where, A, is the cross-sectional area of the specimen; E, is the elastic modulus of the
bar.

Similar to the dynamic compressive tests, the failure of the splitting sample was
observed using high-speed cameras. It was observed that the failure was not the result
of a single impact between the bar and the sample but rather due to repeated impacts.
Initially, after the first impact, a crack appeared on the sample, but it was not fully
broken at that point. The complete failure of the sample occurred as a result of
subsequent impacts between the bar and the sample. The maximum peak impact force,
which occurred at the time of the first crack, was used to calculate the splitting strength
as described in Eqg. (8) in this study.

3. Analysis of static test results

3.1 Static compressive strength

The peak load from the load-displacement curve is used to calculate the axial
compressive strength of the cylinder specimens. Figure 4 shows the compressive and
splitting strength of RULHDCC with different mix proportions. The addition of rubber
powder and PE fiber reduces the compressive strength of RULHDCC significantly. The
reduction in compressive strength becomes more pronounced as the rubber replacement
ratio increases. When the rubber content reaches 20%, the compressive strength
decreases by approximately 45%. This observation is consistent with other relevant
studies, such as that by Feng et al. [9], who showed that the compressive strength of

9
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concrete is reduced by more than half when the rubber replacement ratio reaches 40%.
This is because the strength of rubber particles is much lower than that of fine aggregate,
thus reducing the overall strength of concrete. The compressive strength decreases non-
linearly by 14.37%, 31.80%, 37.93% and 44.25%, respectively, when the rubber
replacement ratio is 5%, 10%, 15%, and 20%. As the rubber content in concrete
increases, rubber gradually takes on more forces, making the mechanical behavior of
the composite more similar to rubber, i.e. nonlinear. After adding 0.7% volume of PE
fiber, the compressive strength of RULHDCC decreases by 17%. This is due to the
generation of many air voids in the composite after adding the fibers, causing stress
concentration around the air voids and cracking of the concrete matrix, resulting in
strength reduction. Additionally, with a rubber replacement ratio of 10%, the flowability
of concrete decreases and air voids increase after adding 0.7% PE fiber, leading to a
further 10% reduction in compressive strength.

60
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52.2 [[] Tensile strength
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Fig.4. Compressive and splitting strength of different mix proportion

3.2 Static splitting strength

Figure 4 also compares the static splitting strength of samples with different mix
proportions. The addition of PE fibers significantly improves the static splitting strength
of RULHDCC. Specifically, incorporating 0.7% PE fibers increases the splitting
strength by 2.76 times, while the incorporation of rubber has an opposite effect. The
static splitting strength is reduced by 32.73% when incorporating 10% rubber and 0.7%

10
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PE fibers, compared to not adding rubber (R0-0.7PE). The static splitting strength
increases by 1.41 times when incorporating 10% rubber and 0.7% PE fibers (R10-
0.7PE), compared to not incorporating PE fibers (R10). For the group without PE fibers,
the static splitting strength of samples is reduced by 13.36%, 22.90%, 30.53% and 35.88%
when the rubber ratio is 5%, 10%, 15% and 20% respectively. Similar to the effect of
rubber powder on compressive strength, the reduction rate is nonlinear. The results
show that PE fibers positively contribute to the static splitting strength, consistent with
the conclusion of Rong et al. [31]. The failure of samples in the splitting test is indeed
attributed to the formation of cracks. The presence of fibers hinders the development of
the crack, slowing down the crack's growth and improving the static splitting strength
of samples.

Figure 5 compares the elastic modulus of samples with different mix proportions.
Similar to the results of static compressive strength, the elastic modulus of the material
decreases with the addition of rubber and PE fiber. The increase of rubber content
results in a more pronounced reduction in the modulus. When the rubber content is 5%,
10%, 15% and 20%, the elastic modulus decreases by 15.71%, 29.29%, 32.14% and
33.57% respectively. The reduction rate is nonlinearly related to rubber content and
more pronounced than in compressive strength. When the rubber content is more than
15% in volume, the influence of increasing rubber content on the elastic modulus is less
than 2.1%. It can also be seen that adding 5% rubber and adding 0.7% PE fibers have a
similar impact on the elastic modulus. The elastic modulus of the sample with 10%
rubber and 0.7% PE fibers decreases by 32% compared to ULCC. This is because the
elastic modulus of fibers and rubber powder is lower than the cement matrix and matrix
porosity increases after adding rubber powder and fibers. Therefore, to promote the
material's application, an optimal volume of fibers and rubber should be added to
achieve required strength without reducing the elastic modulus. Wu et al. [29, 36]
recently proposed a compression casting method to solve these problems and is worthy
of attention.

11
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Fig.5 Comparison of elastic modulus of the samples

3.3 Discussion

The static compressive strength, elastic modulus, and static splitting strength of the
samples are evaluated through static tests. The results reveal that, apart from the
positive contribution of fibers to the static splitting strength, the blended rubber
deteriorates the properties of the composite. This is a result of the lower elastic modulus
and strength of rubber and the lower bond strength between rubber and matrix.
Nevertheless, the addition of rubber increases the ratio of the splitting strength to
compressive strength and improves the toughness of the composite. Figure 6 displays
the ratio of the splitting strength to compressive strength at various mix proportions.
When the rubber replacement ratio is 5%, 10%, 15%, and 20%, respectively, the
mechanical properties of the samples are presented in Table 5. The ratio of splitting
strength to compressive strength of the samples is 1.01, 1.13, 1.11, and 1.15 times the
ratio of splitting strength to compressive strength, respectively. This is similar to the
study by Liu et al. [2], indicating that adding rubber can increase the toughness of the
composite, although this increase becomes less pronounced when the rubber content
exceeds 10%.

Toughness = ]% )

c

12
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Fig.6. Comparison of toughness of RULCC

Similar to the improvement in splitting strength, the toughness of the composite nearly
triples after incorporating 0.7% PE fibers. The toughness of the sample with 10% rubber
and 0.7% PE fibers is nearly 2.63 times higher than that of ordinary ULCC. This is due
to the relatively high toughness of rubber and fibers. As the rubber content increases
beyond 10%, the toughness of the composite ceases to increase as both the compressive
strength and splitting strength of ULCC decrease. The addition of 0.7% PE fibers has a
significant impact on the toughness, demonstrating that fibers are more effective than
rubber in improving toughness. The randomly distributed fibers in the concrete matrix
after initial cracking delay further crack development, leading to improved strength and
toughness of the composite.

4. Dynamic test results and analysis

4.1 Failure mode

Figure 7 illustrates the failure modes of specimens subjected to dynamic splitting tests
with and without the use of a pulse shaper. The pulse shaper plays a crucial role in
impact testing by modifying the incident pulse shape and ensuring a controlled and
consistent strain rate throughout the test. Its primary function is to increase the rise time
of the incident pulse, resulting in a smoother loading process and reducing sudden stress
fluctuations or spikes. The pulse shaper contributes to a more controlled and gradual
failure process of the specimens. Without a pulse shaper (Fig. 7a), the impact force can
lead to rapid and brittle specimen failure with unpredictable patterns. In contrast, the
use of a pulse shaper (Fig.7b) allows for more even distribution of impact energy,
facilitating progressive crack development and a more ductile failure mode. The sample

13
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with added rubber exhibits a main crack in the direction of impact, causing the specimen
to break into two pieces in 50us. However, the sample with added fibers presents many
smaller cracks in the direction of impact. This is largely attributed to the benefit of
fibers in high ductility cement-based materials, which can transfer stresses to wider
zones to sustain tensile stresses. Stress concentration is observed at the point of contact
between the specimen and the impacting bar. Crushing damage can be seen in most of
the samples and is concentrated in a small triangular area of the contact point. The
ultimate deformation of the sample with added rubber is significantly larger than that
of the ordinary composite. This is due to the added deformation capacity provided by
the rubber particles, as reported in the study by Feng et al. [9].

(a) Pulse shaper used (b) Pulse shaper not used

Fig.7 Failure mode of dynamic splitting test

4.2 Stress-time curves

Figure 8 shows the stress-time curves of the samples. The stresses were calculated using
Eqg. (5). According to previous studies [30, 37], a pulse shaper can provide an almost
constant strain rate effect during impact tests and increase the rise time of the incident
pulse. Hassan et al. [30] used a 2mm thick and 10mm diameter copper pulse shaper in
UHPC impact tests, which produced a constant strain rate with 95% probability when
the dynamic stress reached 70% to 100% of the failure strength. In this study, two sets
of comparison tests were conducted, as shown in Figure 8 and Table 5. "BPS" represents
the use of a brass pulse shaper plate, "N" represents the absence of a pulse shaper plate,
while 0.3 and 0.6 represent the loading pressure. A 1mm thick and 10mm diameter brass
pulse shaper was used, as recommended by previous studies. The strain rates of the
specimens were calculated using Eq. (12). The stress history curves of the samples
under different impact conditions are shown in Figure 8, and demonstrate that the pulse
shaper maintains a stable and smooth stress-time curve, indicating that the impact tests
at both low and high strain rates are reliable.

14
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Fig.8. Stress-time curves of samples under different pressure
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4.3 Dynamic splitting strength and DIF

Table 5 summarizes the test results of the samples, including the static and dynamic
splitting strength, dynamic increasing factor (DIF) and strain rate. For the splitting test,
DIF is defined as the ratio of dynamic splitting strength to static splitting strength as
given by Eq. (10).

pir = Ju (10)

fes

Figure.9 shows the typical stress-time curve of the composite in the SHPB splitting test.
Before reaching the ultimate failure stress, the curve is approximately linear (goodness
of fit analysis: r? > 95%), thus the stress rate 6 and strain rate & can be obtained by
Egs. (11-12).

Ao
G =— (11)
At
o
é=— (12)
E
12
At
w4 [
8 4
=)
=
S 61 Ao R2>95%
S
a 4
2 4
0 T T T T T T T
0 50 100 150 200
Time (ps)
Fig.9 Typical stress-time curve of dynamic splitting test
Table 5 Static and dynamic splitting test results of different mix proportions
Dynamic tensile Static tensile . .
Specimen strength strength DIF Ao /At Elastl(té;r;acl))dulus Str(a |£11r)ate
(MPa) (MPa) S
R0-0.3BPS 8.16 2.62 3.12 14433.00 14.00 20.21
R0-0.6BPS 9.68 2.62 3.70 22302.00 14.00 31.22
16
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355
356
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358
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R0-0.3N 11.84 2.62 4.52 39628.00 14.00 55.48

R0-0.6N 13.09 2.62 4.99 53197.00 14.00 74.48
R5-0.3BPS 6.97 2.27 3.07 13747.26 11.80 16.22
R5-0.6BPS 8.21 2.27 3.62 18520.00 11.80 21.85

R5-0.3N 9.53 2.27 4.20 31283.64 11.80 36.91

R5-0.6N 10.46 2.27 4.61 38599.09 11.80 45.55

R10-0.3BPS 7.36 2.02 3.64 14027.00 9.90 13.89
R10-0.6BPS 8.34 2.02 4.13 18576.00 9.90 18.39
R10-0.3N 8.99 2.02 4.45 28067.00 9.90 27.79
R10-0.6N 9.64 2.02 4.77 37598.00 9.90 37.22
R15-0.3BPS 6.54 1.82 3.59 15623.00 9.50 14.84
R15-0.6BPS 7.91 1.82 4.35 19516.00 9.50 18.54
R15-0.3N 8.71 1.82 4.79 27458.00 9.50 26.09
R15-0.6N 9.59 1.82 5.27 31211.00 9.50 29.65
R20-0.3BPS 6.00 1.68 3.57 11565.00 9.30 10.76
R20-0.6BPS 6.58 1.68 3.92 14372.00 9.30 13.37
R20-0.3N 8.14 1.68 4.84 26767.00 9.30 24.89
R20-0.6N 5.96 1.68 3.55 18597.00 9.30 17.30
R10-0.7PE-0.3BPS 6.63 4.87 1.36 8777.00 9.60 8.43
R10-0.7PE-0.6BPS 8.29 4.87 1.70 15175.00 9.60 1457
R10-0.7PE-0.3N 8.45 4.87 1.74 25039.00 9.60 24.04
R10-0.7PE-0.6N 10.22 4.87 2.10 35515.00 9.60 34.09
R0-0.7PE-0.3BPS 9.83 7.24 1.36 15594.00 11.90 18.56
R0-0.7PE-0.6BPS 11.59 7.24 1.60 36297.00 11.90 43.19
RO-0.7PE-0.3N 12.93 7.24 1.79 49852.00 11.90 59.32
R0-0.7PE-0.6N 14.73 7.24 2.03 58089.00 11.90 69.13

As observed in Table 5, the dynamic splitting strength of the material increases with
increasing strain rate, but the rate of increase varies based on the material's composition.
For RULHDCC, the slope of the strain rate is steeper compared to that of dynamic
splitting strength. With the addition of rubber, the dynamic splitting strength becomes
more sensitive to the strain rate, which may be due to the elasticity of the rubber material
under impact.

Similar to the static splitting strength, the dynamic splitting strength of RULHDCC
decreases non-linearly with increasing rubber content, and the effect is more
pronounced than under static conditions. However, when the rubber replacement ratio
reaches over 10%, the dynamic splitting strength of the samples with more than 10%
rubber content at high strain rates (i.e., samples R10-0.3N/R10-0.6N and R15-
0.3N/R15-0.6N) remains almost the same, indicating that the addition of rubber has
little impact on the dynamic splitting strength. The dynamic splitting strength and strain
rate of sample R20-4 are similar to those of R20-1 under a lower strain rate, which was
unexpected. It was discovered that the rubber distribution in R20-4 was uneven in some
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areas on the fracture surface of the sample, which may have contributed to the reduced
splitting strength and energy dissipation.

4.4 DIF prediction model

Figure 10 shows the relationship between the strain rate and the Dynamic Impact Factor
(DIF) of the material. Generally, the relationship between DIF and the logarithm of the
strain rate shows a linear trend. The slopes of samples RO, R5, R10, R15, R20, RO-
0.7PE, and R10-0.7PE are 3.31, 3.25, 2.51, 5.09, 1.08, and 1.07, respectively, based on
linear fitting. Sample R15 has the highest slope, which is 1.54 times that of RO,
indicating that R15 is the most sensitive to the strain rate effect. However, the sensitivity
of other samples to the strain rate effect is lower than that of RO, which is different from
the test results of ordinary concrete with rubber by Feng et al. [9]. In Feng et al's study;,
the slope of the fitting curve was greater than that of ordinary concrete until the rubber
content reached 40% in volume. This difference may be due to the differences in the
composition and microstructure of RULHDCC and ordinary concrete, and the higher
porosity of RULHDCC. Additionally, RULHDCC is made from fly ash cenospheres
(FAC), which are lighter and have higher strength than ordinary concrete. FAC provides
higher strength to sustain the load while rubber provides better energy absorption.

55
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R10

R15

R20
R0-0.7PE
R10-0.7PE

vAedpeon

3.0 41 —— RO, Fitting line
RS, Fitting line
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R15, Fitting line <

»

] R20, Fitting line "

1.5 4 — RO-0.7PE, Fitting line » T

] —— R10-0.7PE, Fitting line <+

DIF

lge (s™1)
Fig.10 Relationship between strain rate and DIF
The initial stage of the stress-time curve in the dynamic splitting test shows almost
linear behavior. The strain rate estimated in this stage using Egs. (11-12) is within the
specified tolerance range. The CEB-FIP (Comité Euro-International du Béton -
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Fédération Internationale de la Précontrainte) proposed a formula for calculating the
DIF of normal concrete with respect to strain rate, as given in Equation (13):

(£/€,)0018 £<10s71
DIF = (13)
0.0062(¢/€y)/®  &>10s71

where, €, =1 x 1076571,

Figure 11 compares the DIF curves calculated by the CEB-FIP model (DIFces) with
those from other models available in the literature [38-42]. It was found that the DIF
prediction formula proposed by CEB-FIP underestimates the strength-increasing effect
of most cement-based materials under impact, making it conservative for design
purposes. The formula does not take into account the influence of strength grade. To
address this issue, Malvar and Crawford proposed the Tension-DIF correction formula
[35], as shown in Eq. (14):

(/€4)° £<1s7!
DIF = (14)
B(e/e) P &>1s7

where, €, =1X107%s71; log =66 — 2,6 = 1/(1 + 8(f.s/fe0)); fos iSthe static
splitting strength of the material; f., = 10MPa.
The compressive strength of the RULHDCC in this study ranges from 30-50 MPa. Two
DIF curves calculated using Eq. (14) are plotted in Figure 11. It can be seen that the
predicted DIFs of the RULCC without PE fiber mostly align with the curve of the
modified formula proposed by Malvar and Crawford. On the other hand, the predicted
DIFs of the RULHDCC with added fiber align with the curve from the CEB-FIP model.
This suggests that the CEB-FIP formula can effectively predict the DIFs for RULHDCC
under high strain rates, while the modified model by Malvar and Crawford accurately
predicts the DIFs for RULCC.
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Fig.11 Database of DIFs for dynamic splitting tests

5. Conclusions

The present study develops a new rubberized ultra-lightweight high-ductility cement
composite (RULHDCC) with polyethylene fibers and rubber powder. The damage
mechanism and dynamic splitting behavior of RULHDCC at high strain rates were
studied using a Split Hopkinson Pressure Bar (SHPB) test. The following conclusions
are made from this study:

(1) The static compressive strength, static splitting strength, and elastic modulus of
RULHDCC show a decreasing trend when only rubber powders are added. For example,
when the rubber content reaches 20%, the static compressive strength of RULHDCC
decreases by 44.25%. The tensile strength decreases by 13.36%, 22.90%, 30.53%, and
35.88% respectively, as the rubber content reaches 5%, 10%, 15%, and 20%.

(2) The static compressive strength of RULHDCC decreases by 17%, while the static
splitting strength is 2.72 times higher than that of ordinary ULHDCC with only 0.7%
PE fiber. The sample with 10% rubber and 0.7% fiber (F-R-10) has a similar
compressive strength to the sample with 10% rubber (R-10), but its splitting strength is
2.4 times higher. The fiber has a more pronounced effect on the splitting strength than
rubber.

(3) It is found that both rubber and fiber improve the toughness of ULHDCC, with the
fiber exhibiting a more pronounced effect. The toughness of ULHDCC with 0.7% PE
fiber is three times that of ordinary ULCC. Adding rubber alone does not significantly
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improve the toughness of RULHDCC. When the rubber content reaches over 10%, the
toughness of ULHDCC remains the same, while the compressive and splitting strengths
of ULCC continue to decrease.

(4) The SHPB splitting tests showed that the dynamic splitting strength of the samples
decreases nonlinearly with increasing rubber content, similar to that of the static tensile
strength. The relationship between DIF and the logarithm of the strain rate shows a
linear trend. The dynamic splitting strength of the samples increases after adding fibers.
(5) The relationship between the DIF and strain rate (DIF-Ige) shows that samples with
only 15% rubber content are most sensitive to the strain rate, while other samples are
less sensitive to the strain rate than ULCC. This is different from the result obtained
from tests on ordinary concrete with added rubber.

(6) CEB-FIP underestimates the strength-increasing effect of most cement-based
materials under splitting impact, making it conservative for design. However, the CEB-
FIP formula can predict the DIFs for RULHDCC under high strain rate. The
relationship between the DIF and strain rate confirms that the Tension-DIF formula of
Malvar and Crawford is effective in predicting the DIF of RULCC without added PE
fibers.

(7) Despite the valuable findings and contributions of the present study, there are certain
limitations that should be acknowledged. For example, limited range of rubber and fiber
content: The study primarily focuses on the effects of rubber and fiber content within a
specific range. Exploring a wider range of content variations may provide further
insights into the behavior of RULHDCC. Simplified laboratory testing conditions: The
SHPB test is a useful technique for studying the dynamic behavior of materials.
However, the testing conditions may not fully represent real-world scenarios and
structural complexities. The effects of different loading conditions and geometric
variations, as well as the presence of reinforcement, should be considered in future
studies. Lack of comparative analysis: The study mainly compares the properties of
RULHDCC with those of ordinary ULHDCC and explores the effects of rubber and
fiber. However, a broader comparison with other existing rubberized cement
composites or alternative materials would provide a more comprehensive
understanding of the advantages and limitations of RULHDCC.
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