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The COVID-19 pandemic has led to a surge in medical waste generation, posing hazards to both the 
environment and global health. The impacts of the COVID-19 pandemic’s medical waste hazard may 
persist long after the pandemic itself subsides. Improper disposal of medical waste can contaminate 
environment, posing risks to ecosystems and public health. Discarded medical rubber gloves, for 
example, can become a source of infection, improper disposal of these gloves can escalate the spread 
of infectious diseases and increase the risk of transmission of the virus to the general public. This 
study proposes an innovative and sustainable method to reinforce cement mortar by adding recycled 
glove rubber as an additive to cement mortar to increase its resistance to impact loads. This study 
conducted uniaxial compression tests, separating hopkinson pressure bar (SHPB) experiments and 
SEM observations to evaluate the quasi-static compressive strength and dynamic stress of recycled 
rubber fiber mortar (RRFM) with varying recycled rubber fiber (RRF) contents (0, 1%, 2%, 3%). Strain 
curves, dynamic increase factor (DIF), energy absorption rules, failure modes, and microstructure of 
RRFM mixtures. The experimental results demonstrate that with the addition of RRF, the dynamic 
stress-strain curve flattens and the peak strain gradually increases. The RRFM sample shows stronger 
toughness. In comparison to regular cement mortar (NM), RRFM has a higher DIF and specific absorbed 
energy, a faster increase in dynamic compressive strength, and the ability to absorb more energy per 
unit volume. Under the same impact load, RRFM has fewer and smaller cracks than NM. Scanning 
electron microscopy (SEM) testing also observed that RRF formed a strong connection pattern with the 
cement mortar matrix.
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During the COVID-19 epidemic, a huge number of medical facilities were utilized to control the outbreak’s 
spread, and the treatment of medical waste after usage is a lengthy process1–5. The large amount of medical waste 
remaining includes disposable protective equipment, such as masks6,7, gloves8,9, protective clothing10,11; medical 
devices and equipment, including syringes1, catheters12, needles13, pharmaceutical packaging14; medical waste 
and waste liquid containers; medical waste garbage bags and packaging15, and infectious waste16.

Large amounts of medical waste can generate a variety of challenges. These problems include environmental 
pollution, because medical waste that is not properly treated may release harmful substances17–20, threatening 
soil, water, and air quality, harming ecosystems and human health; public health risks, considering discarded 
medical waste may contain infectious pathogens, which become vectors for spreading diseases and increase 
public health risks21,22; waste of resources, due to large-scale medical waste leads to waste of raw materials 
and energy. Medical waste could become a source of disease transmission, increasing biosecurity issues23,24. 
As a consequence, proper disposal of any residual medical waste is critical, and appropriate steps must be 
implemented to reduce any environmental and public health risks. The disposal of discarded gloves is a major 
priority among all types of medical waste, as gloves are the most prevalent medical items with which medical 
personnel come into touch. Each medical staff member uses them multiple times every day and has a high 
contactivity25–27. Proper disposal of discarded medical gloves is critical to minimizing the potential harm caused 
by medical waste to the environment and public health.

Concrete is quite important in today’s environment. It is not only the primary material for infrastructure 
and residential construction, but it also plays an important role in water conservation projects, environmental 
protection, and other disciplines28. Its strength, durability, and plasticity allow numerous projects to serve 
individual life and development demands consistently and reliably. At the same time, concrete actively 
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contributes to environmental protection through recycling and carbon capture29–31. The common material used 
to make medical gloves is nitrile rubber, and rubber is often used as an admixture for concrete to improve 
its ductility, toughness, fatigue performance and durability32–34. Qiao35 has proven through experiments that 
adding modified rubber additives can significantly improve the compressive strength, tensile strength, chloride 
ion penetration resistance and energy absorption capacity of concrete. He33 proved that modified rubber 
additives can significantly improve the compressive, bending, tensile and impact resistance properties of rubber 
concrete, and surface modification enhances the adhesion between rubber and cement. Liu36 investigated the 
influence of rubber content on the softening of concrete after fracture by performing three-point bending 
tests on ordinary and rubber beams (10%, 20%, 30%). The results suggest that adding rubber prolongs crack 
propagation, improves concrete deformation, and reduces stress concentration. Rubber decreases the occurrence 
and extent of cracks while also increasing the time it takes for concrete to soften. Su37 encouraged the recycling 
of used tires in cement-based materials by enhancing the flexural and compressive strengths of mortar and 
lowering shrinkage by incorporating recovered steel fibers and plastic-rubber composites. Kumar38 replaced 
grade six rubber powder (0–30%) with a particle size of 0.6–2.36 mm for fine aggregate. In acid environment, 
rubber concrete has better flexibility and impact resistance than ordinary concrete. Chen39 created rubber fine 
aggregates of various sizes, contents, and pretreatment procedures with compressive strengths ranging from 
16.5 to 34.3 MPa, and used computed tomography and scanning electron microscopy to study their effect on the 
mesostructure of concrete.

At the same time, rubber concrete can withstand higher impact loads than ordinary concrete. Rubber 
concrete has exceptional flexibility and seismic resilience, allowing it to effectively absorb impact energy. Chen40 
investigated the effects of rubber replacement rate, particle size, and strain rate on the impact resistance of self-
compacting concrete using split hopkinson pressure bars(SHPB).The results show that, as compared to regular 
self-compacting concrete, rubber self-compacting concrete has higher dynamic peak strains and stresses, and 
rubber particles ranging from 1 to 2 mm have higher strength. Feng41 investigated the dynamic compression 
performance and strain rate sensitivity of rubberized concrete with rubber contents of 0, 10%, 20%, 30%, 40%, 
and 50%, respectively. The dynamic increase factor (DIF) increases with increasing strain rate, and rubber 
concrete has higher toughness and smaller fragment size after testing than ordinary concrete.

To successfully transform medical waste, such as rubber gloves, into valuable resources, this study used the 
Separating Hopkinson Pressure Bar (SHPB) method to conduct dynamic impact studies on cement mortar 
containing varying quantities of recycled rubber fibers (RRF). Due to the limited volume of rubber gloves, 
crushing them proven to be a better option for enabling experimental study. The RRF was produced by cutting 
the rubber gloves. The volume fractions of RRF in the cement mortar were 0%, 1%, 2%, and 3%, respectively. 
The variations in the dynamic stress-strain curves of cement mortar under different RRF content were initially 
investigated. Subsequently, the relationships between dynamic compressive strength, dynamic strength 
enhancement coefficient, and specific energy absorption with RRF content and impact pressure were analyzed. 
Finally, the bonding performance of RRF with the cementitious matrix was observed through SEM analysis. 
This study contributes to expanding the strategies for handling residual medical waste post-pandemic, aiming to 
minimize potential hazards to the environment and public health to the greatest extent possible.

 Materials and methods
Raw materials
The cementitious material utilized in this experiment is PO.42.5 ordinary Portland cement produced in Huainan, 
China, with its chemical composition provided in Table 1. Ordinary river sand with a fineness modulus of 2.7 
and an apparent density of 2700 kg/m3 was used as fine aggregate. Laboratory tap water was employed as the 
mixing water. To prevent viral transmission, disposable rubber gloves used in the experiment were brand new 
and unused. After being cut, the rubber gloves were incorporated into the cement mortar, and the specific 
physical properties of the recycled rubber fibers (RRF) are presented in Table 2.

Mix radio, testing methods
The recycled rubber fibers (RRF) obtained from disposable rubber gloves were added as additives into the 
cement mortar, dividing the experiment into two groups: the ordinary mortar (NM group) as the control group 
and the recycled rubber fiber mortar (RRFM group) as the experimental group. RRF is added as an additive to 
cement mortar materials, and the concentrations added are 1%, 2% and 3% according to the volume parameters, 
respectively, recorded as RRFM-10, RRFM-20 and RRFM-30. Although rubber materials have a reinforcing 

Composition content (%) Cement

SiO2 22.60

AI2O3 5.03

Fe2O3 4.38

CaO 63.11

MgO 1.46

SO3 2.24

Loss on ignition 1.18

Table 1.  The chemical compositions of cement.
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effect, their main function in many applications is to improve the physical properties and environmental effects 
of cement materials, rather than simply enhancing the strength of concrete. Therefore, RRF is described as an 
additive here. The mixing ratios of each group are detailed in Table 3.

The dimensions of the specimens for uniaxial compressive strength tests were φ50mm × 100 mm, with three 
parallel samples prepared for each group, and the results were averaged. Dynamic testing specimens were sized 
φ50mm × 25 mm, with three parallel specimens made for each group to facilitate the selection of optimal test 
results. All specimens were cured for 28 days in an environment with a temperature of 20 ± 2 °C and relative 
humidity of 95%. To maintain dry conditions, all samples were dried in an oven at 85 °C for 24 h before the start 
of the experiment.

The testing apparatus comprised an RDL-200 electro-hydraulic servo testing machine (Fig.  1) and a 
Separating Hopkinson Pressure Bar (SHPB) device (Fig. 2). Uniaxial compressive strength tests were conducted 
with a displacement loading rate of 1  mm/min. Impact air pressures of 0.3, 0.4, and 0.5  MPa were applied 
for SHPB experiments. Prior to initiating the SHPB experiments, Vaseline was applied to the end faces of the 
samples in contact with the bars to reduce friction and ensure uniform distribution of internal stresses along the 
sample direction. The preparation of specimens and the experimental procedure are illustrated in Fig. 3.

Results and discussion
Stress balance analysis
Figure 4 depicts the changes in projected stress, incident stress, reflected stress, and the sum of incident and 
reflected stress across impact time. It can be seen from the figure that the sum of the incident wave and reflected 
wave of the specimen almost coincides with the stress curve, indicating that the test reaches a stress equilibrium 
state without considering the time lag, and the dynamic strength of the cement mortar is credible at this time.

At this time, dynamic resistance strain gauges are employed to capture waveform data, and matching formulas 
are used to calculate the strain rate ·

εt(t), strainεt(t) and dynamic stressσ(t) of the specimen. ·
εt(t), εt(t) andσ(t) 

are calculated using the formula(1). When the stress reaches equilibrium, εt(t) = εi(t) + εr(t), the formula is 
further simplified to formula (2). This formula is the balanced two-wave method. The calculation is simple and 
the accuracy meets the experimental requirements. This method is used in the calculation method of this article.

	




•
ε(t) =

c0
ls
[εi(t)− εt(t) + εr(t)]

ε(t) =
c0
ls

t

0

[εi(t)− εt(t) + εr(t)] dt

σ(t) =
AE

2As
[εi(t) + εt(t) + εr(t)]

εt(t) = εi(t) + εr(t)

� (1)

Group number Cement (kg) Sand (kg) Water (kg) RRF (%by volume) Static compressive strength (MPa)

NM 480 337 183 0 31

RRFM-10 480 337 183 1 27

RRFM-20 480 337 183 2 22

RRFM-30 480 337 183 3 16

Table 3.  Mixing proportions of the experiment(kg/m³).

 

Fiber properties PSF

Specific gravity 1.26

Tensile strength (MPa) 2.73

Tensilestrength at break (MPa) 2.71

Rupture force (N) 4.15

Elongation at break (%) 103.55

Water absorption 14%

Aspect radio 1:3

Table 2.  Properties of Recycled Rubber Fiber (RRF)43.
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Fig. 1.  RDL-200 electro-hydraulic servo testing machine.
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



ε1(t) = −2c0
ls

εr(t)

ε(t) = −2c0
ls

t

0

εr(t)dt

σ(t) =
AE

As
εt(t)

� (2)

In the formula: εi(t), εr(t), εt(t), are the incident strain, reflected strain and transmitted strain at time t, ls is the 
test strain thickness of the specimen, C0 and E represent the longitudinal wave velocity and elastic modulus of 
the pressure bar, respectively. A, AS represent the cross-sectional areas of the pressure bar and the specimen.

The static stress-strain curve
The stress-strain response curves of each group of cement mortar samples are given in Fig. 5. By observing the 
experimental results, it can be found that with the increase of RRF content, the peak stress of the cement mortar 
specimens began to decrease, and compared with the control group, it decreased by 4 MPa, 9 MPa and 15 MPa 
respectively. This proves that the addition of RRF has a weakening effect on the peak strength of cement mortar 
specimens, and the weakening effect is more obvious with the increase of content. However, it is also observed 
that with the increase of RRF content, the peak strain also increases accordingly, and the two are positively 

Fig. 3.  Experimental procedure diagram.

 

Fig. 2.  Schematic diagram of the Separating Hopkinson pressure bar (SHPB)42.
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Fig. 5.  Static stress-strain curves of specimens.

 

Fig. 4.  Dynamic stress equilibrium.
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correlated. Thanks to the elasticity of RRF, cement mortar specimens can produce greater deformation when 
subjected to external loads, and the corresponding peak strain is also increased.

Fig. 6.  Dynamic stress-strain curves of specimens with impact air pressures of 0.3 MPa, 0.4 MPa, and 0.5 MPa.
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 The dynamic stress-strain curve
The dynamic stress-strain curve accurately depicts the mechanical behavior changes of cement mortar under 
impact loading. Using the “Equilibrium Two-Wave Method,” dynamic stress-strain curves for various groups 
of specimens with variable rubber contents and impact pressures were generated. Figure 6 shows the dynamic 
stress-strain curves of cement mortar specimens with varying rubber contents at impact pressures of 0.3 MPa, 
0.4 MPa, and 0.5 MPa, respectively. From figure, it can be observed that the dynamic peak strength of the RRFM 
group is consistently higher than the static compressive strength. Under the same impact pressure, as the RRF 
content increases, the dynamic stress-strain curves of each group gradually tend to flatten, and the peak strength 
under dynamic impact decreases gradually. However, both the peak strain and ultimate strain gradually increase, 
indicating a ductile failure mode of the RRF specimens. When the impact pressure is 0.4 MPa, with the increase 
in RRF content, the peak stress gradually increases to 37.82 MPa, 33.75 MPa, 30 MPa, and 24 MPa, while the 
peak strain increases to 0.0065, 0.0081, 0.0089, and 0.0102, respectively. The stress-strain curve fluctuation of 
RRFM under dynamic impact can be broadly classified as the following stages: Initially, the stress-strain curve 
rises rapidly, owing mostly to the compaction of internal cavities in the specimen. The stress-strain curve then 
gradually rises, indicating the elastic deformation stage of RRFM, until it achieves peak stress. Beyond the peak 
stress, strain increases while stress steadily drops until the specimen fails, demonstrating ductile qualities when 
compared to normal cement mortar.

Dynamic compressive strength
The relationship between dynamic compressive strength of specimens and RRF content under different impact 
pressures is illustrated in Fig. 7. As the RRF content increases, the dynamic compressive strength of each group 
gradually decreases. With the amplification of impact pressure, the dynamic compressive strength of the same 
specimens gradually increases. Under identical conditions, specimens containing recycled rubber exhibit lower 
dynamic compressive strength compared to ordinary concrete specimens, consistent with the conclusions of 
previous studies44. The dynamic compressive strength of cement mortar specimens is influenced by the rubber 
content and impact pressure.

Dynamic peak strain
Figure  8 shows the curve of peak strain changing with rubber content under different impact pressures. By 
observing the graph, it can be seen that when the rubber content is the same, the peak strain will increase with 
increasing impact pressure, because the increase in impact pressure increases the strain rate of the specimen. 

Fig. 7.  The relationship between dynamic compressive strength and rubber content under different impact 
pressures.
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When the impact pressure remains unchanged, the addition of RRF also increases the peak strain of the cement 
mortar specimen, with a maximum increase of 57.8% when the impact pressure is 0.5 MPa. This is because the 
larger elasticity of RRF allows the cement mortar to produce a larger deformation, and the corresponding peak 
strain is also increased.

Dynamic increase factor (DIF)
The dynamic increase factor (DIF) is well recognized as a significant measure for assessing the strain rate effect: 
DIF equals the dynamic compressive strength divided by the static compressive strength. Figure 9 illustrates the 
relationship between DIF and rubber content as well as impact pressure.

The figure shows that the Dynamic Increase Factor (DIF) increases with increasing impact pressure and 
rubber content. This means that when the impact pressure and RRF content increase, consequently increases 
the ratio of the compressive strength of the specimen under dynamic versus static conditions. When the 
rubber content is 3% and the impact pressure is 0.5 MPa, the DIF reaches its maximum value, showing that 
the specimen’s compressive strength increase under dynamic conditions is maximized compared to static 
conditions. At this time, compared to the NM group, the enhancement rate reaches 32.1%. This pattern suggests 
that increasing the impact pressure and RRF content contributes to enhancing the compressive performance of 
the specimen under dynamic loading. The magnitude of DIF values is positively correlated with rubber content 
and impact pressure. When the impact pressure remains constant, the addition of rubber can enhance the DIF 
of cementitious materials.

Specific energy absorption

	




Wi(t) = AEC

 t

0

εi
2(t)dt

Wr(t) = AEC

 t

0

εr
2(t)dt

Wt(t) = AEC

 t

0

εt
2(t)dt

� (3)

	 Ws(t) = Wi(t)−Wr(t)−Wt(t)� (4)

Fig. 8.  The relationship between dynamic peak strain and rubber content under different impact pressures.
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λ =

Ws

Vs
� (5)

In the formula (3), (4): Wi represents the incident energy, Wt represents the transmitted energy, Wr represents 
the reflected energy, Ws represents the energy absorbed by the specimen during failure, A denotes the cross-
sectional area of the specimen, E represents the elastic modulus of the pressure bar material, C0 denotes the 
longitudinal wave velocity in the pressure bar, and εi(t) εr(t) and εt(t) represent the incident strain, reflected 
strain, and transmitted strain at time t, respectively.

Additionally, the specific energy absorption per unit volume λ is introduced in formula (5), where Vs 
represents the volume of the specimen.

From Fig.  10, the relationship between specific energy absorption and impact pressure can be observed. 
As the impact pressure increases, the specific energy absorption of the same specimen continuously increases. 
When the rubber content is 20%, the specific energy absorption corresponding to 0.3  MPa, 0.4  MPa, and 
0.5 MPa is 0.522, 0.68, and 0.9 respectively, showing an increasing trend. As the impact pressure increases, the 
velocity of the bullet hitting the incident bar increases, resulting in more kinetic energy possessed by the bullet. 
Consequently, the incident energy obtained by the incident bar after being hit by the bullet also increases with 
the increase in impact pressure. With the increase in incident energy, the remaining energy consumed by the 
specimen after reflection and transmission also increases accordingly. Consequently, the specimen absorbs more 
energy, and there is a positive correlation between specific energy absorption and impact pressure.

Figure  11 illustrates the relationship between rubber content and specific energy absorption. With the 
increase in RRF content, there is an overall trend of increased specific energy absorption. At 0.4 MPa pressure, 
compared to the control group specimens, RRFM-10 exhibited a 22% increase in energy absorption, RRFM-20 
showed a 41% increase, and RRFM-30 demonstrated a 56% increase in energy absorption. The addition of rubber 
enhances the energy absorption capacity of RRFM specimens, and as the rubber content increases, the RRFM 
specimens also show an increasing trend in impact energy absorption. For rubber-cement composite materials, 
the inclusion of rubber can introduce a large number of weak planes and pores into the cement mortar matrix. 
When subjected to external impact loads, the compaction of pores can provide space for the deformation of 
rubber. During the compression deformation process of pores and rubber, energy from the external environment 
is dissipated, allowing RRFM to play a role in flexible energy absorption under impact loads.

Fig. 9.  The relationship between DIF and rubber content under different impact pressures.
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Failure mode
Figure 12 presents typical images of the impact damage modes of cement mortar specimens with different RRF 
contents under various impact air pressures. Observing figure reveals significant changes in the final failure of 
specimens with increasing air pressure and RRF content. With the increase in air pressure, the failure mode 
of the NM group specimens gradually transitions from a blocky fragmentation state to a pulverized state. This 
indicates that the cement mortar without RRF exhibits brittle material characteristics, with weak resistance to 
impact deformation, and shows a pulverized pattern under higher air pressure. In contrast to the control group, 
specimens from the RRFM10, RRFM20, and RRFM30 groups show gradual collapse of the four sides of the 
specimens with increasing impact air pressure, accompanied by observed detachment of fragments. However, 
the specimens themselves remain relatively intact, and RRF can be observed connecting the fractured pieces 
on the failure surface, maintaining the integrity of the cement mortar specimens. This phenomenon suggests 
that the addition of a certain amount of RRF can resist the action of impact loads, resulting in a significant 
improvement compared to the complete brittle failure of ordinary cement mortar.

Through Fig. 12, it can be inferred that under the same air pressure, the ability of cement mortar to resist 
deformation gradually increases with the increase in RRF content. For instance, at an impact air pressure of 
0.5  MPa, with RRF contents of 0%, 1%, 2%, and 3%, the failure modes of the specimens are pulverization, 
large blocks, partial fracture, and the appearance of obvious cracks, respectively. Thanks to the good crack-
resistance effect of RRF, the failure morphology of the RRFM20 and RRFM30 groups is relatively complete, 
and the crack extension range is not large. It can be concluded that with the increase of RRF content, cement 
mortar gradually transitions to plastic failure, with greater energy absorption and enhanced ability to resist 
impact deformation, which provides experimental evidence for the practical application of high-content RRF in 
cement-based materials.

Scanning electron microscopy (SEM) image analysis
Figure  13 presents the SEM images of specimens from the RRF-20 group at different magnifications. From 
Fig. 13 ab, it can be observed that cement mortar particles adhere to the surface of the rubber, indicating good 
adhesion between RRF and the cement mortar matrix. The interface between RRF and the cementitious matrix 
forms a uniform and continuous interfacial transition zone (ITZ). (Fig. 13c,d,e) The formation of this transition 
zone facilitates a robust bond between RRF and the cementitious matrix. At higher magnifications, the rough 
surface texture of RRF is clearly visible (Fig. 13f), which also facilitates mechanical interlocking with the cement 

Fig. 10.  The relationship between specific energy absorption and impact pressure.
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mortar matrix (Fig.  13g,h), thereby enhancing mechanical performance. Shen45 made similar observations 
regarding the connection between polypropylene fibers and the cement matrix, which enhanced the anti-sliding 
properties and bond strength of the cement matrix. In addition, the randomly dispersed RRF in the cement 
mortar matrix cause cracks to deflect or bifurcate during propagation, increasing the complexity of the crack 
path, thereby dissipating more energy and limiting the large deformation of the cement mortar matrix when 
subjected to impact loads. At the same time, thanks to the better elasticity of RRF, the cement mortar obtains a 
larger allowable deformation, thereby increasing the energy dissipation when subjected to loads. Examination of 
the fracture surfaces provides compelling evidence for the contribution of RRF to the overall structural stability 
of the material. The effective connection of the RRF at the fracture interface can be observed in the failure mode 
diagrams, and this interconnected network acts as a reinforcement mechanism, holding the material together 
tightly and preventing catastrophic failure.

Conclusion
The Split Hopkinson Pressure Bar (SHPB) method was used to conduct a dynamic impact analysis of cement 
mortar containing varying percentages of recycled rubber fiber (RRF) in order to successfully convert medical 
waste, such as rubber gloves, into useful resources. By reducing potential risks to the environment and public 
health as much as feasible, this study helps to broaden the approaches for managing leftover medical waste after 
a pandemic. The following are the specific conclusions:

	1.	� As RRF content increases, the RRFM dynamic stress-strain curve gradually flattens and the peak strain rises. 
It has higher toughness than the NM group because the stress declines slowly after reaching its peak.

	2.	� The dynamic compressive strength is inversely proportional to the RRF content, but the dynamic strength 
growth factor (DIF) is positively linked to impact air pressure and RRF content. When the impact pressure 
is 0.5MP, the DIF of RRFM-30 increases by 32.1% compared to the NM group.

	3.	� As the RRF content increases, the specific absorbed energy of the specimen shows an overall increasing 
trend, which could be attributed to the flexible energy absorption effect of RRF when bearing impact loads.

	4.	� The failure mode of the NM group exhibits brittle features. The addition of RRF mitigates the harmful effect 
of the impact load, and the breadth and number of cracks caused by the impact are greatly decreased. Com-
prehensive mechanical properties and failure modes, 0.2% RRF content is suitable.

	5.	� Scanning electron microscopy (SEM) images demonstrate that RRF has good contact with the cement ma-
trix, and the rough surface texture also helps to develop mechanical engagement with the matrix, which 
enhances mechanical characteristics.

Fig. 11.  The relationship between specific energy absorption and rubber content.

 

Scientific Reports |        (2024) 14:25230 12| https://doi.org/10.1038/s41598-024-73834-6

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Fig. 13.  Microstructure images of the RRF-20 group.

 

Fig. 12.  The failure modes of specimens under impact loading in each group.
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Data availability
The datasets used and/or analyzed during the current study available from the corresponding author on reason-
able request.
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