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Abstract: Since between 1.5 and 8 kg (400 kg/patient/year) of biomedical polymeric waste (BPW)
is usually discarded by landfilling or combusting after each dialysis treatment, this study provides
evidence for safe and environment-friendly utilisation of BPW, sourced from dialysis treatment
and donated by the health and industrial partners, by incorporating it in high-strength concrete.
Moreover, the paper aims to provide engineers, designers, and the construction industry with
information regarding the mechanical performance of high-strength concrete containing BPW, and
the susceptibility of the current international codes and standards on the prediction of the mechanical
performance. A new concrete mix design incorporating BPW was proposed and verified by several
trial mixes. Three Soft, Hard, and Hybrid BPW were added to the conventional high-strength
concrete in different percentages ranging from 1.5% to 9% by weight of cement. Afterwards, the fresh
and hardened concrete properties, namely slump, density, compressive strength, tensile strength,
modulus of elasticity, and Scanning Electron Microscopy (SEM), were investigated, and existing
prediction models were employed to verify their suitability for the new concrete. Generally, adding
Hybrid BPW resulted in better mechanical performance than soft or hard BPW addition, while
eliminating the waste separation phase. The results also showed that the mechanical performance of
BPW-containing concrete is predictable by current codes, addressing possible engineering design
limitations. New higher accuracy regression-based models were also proposed to reach better
engineering interpretations.

Keywords: green structural concrete; biomedical polymeric waste; mechanical properties; predic-
tive models

1. Introduction

To meet the sustainability measures and due to the increasing demand for medical
services worldwide, managing biomedical waste is becoming more crucial [1–3]. From the
environmental perspective, about 80% of published lifecycle analysis studies, compared to
mechanical recycling and incineration methods, recommend mechanical recycling as an
advantage [4,5]. Moreover, among different mechanical recycling approaches, employing
various types of waste in forms of aggregate and fibre in the production of cementitious
materials is considered as an environment-friendly, safe, and economical disposal ap-
proach [6–9].

Nephrology and particularly dialysis, among healthcare practices, are of the highest
biomedical polymeric waste (BPW) producers. Between 1.5 and 8 kg (400 kg/patient/year)
of BPW is usually discarded by landfilling or combusting after each treatment [10]. Since
the majority of types of polymers are not biodegradable, they accumulate in landfills.
Previous studies revealed that 49–60% of BPW is disinfected by incineration, 20–37% by
autoclave method, and 4–5% is treated using other technologies [11]. Although other
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methods like autoclaving and microwaving are considered more environmentally friendly
than incineration, the waste does not change in volume after treatment. It should be
retreated by incineration that increases the disposal cost and makes the disinfection process
redundant [12,13]. Combusting by-products are also highly carcinogenic, leading to human
reproductive diseases and damage to the excretory and reproductive systems [14,15].
On the other hand, considering the literature in the case of BPW-containing concrete,
it is necessary to study the incorporation of BPW in structural high-strength concrete
as most of the previous studies investigated using polymeric waste in normal strength
concrete, and there is a need for more strength (AS 3600 [16], ACI 318-11 [17]) regarding
the structures exposed to severe environments. Besides, separating the BPW based on
their softness (polypropylene, low-density polyethylene, nylon, and silicon), hardness
(polyvinyl chloride, high-density polyethylene) [10], and combinations (hybrid) can be
of high importance when studying the new concrete properties. The waste separation
process can be eliminated if the Hybrid BPW-containing concrete can be proven to have
a better performance. There is also a scarcity of information regarding evaluating and
comparing the properties of BPW-containing high-strength concrete with standard codes
for engineering design purposes.

Concerning the concrete’s workability containing polymeric waste, almost all previous
works confirm a decrease in the slump [18–26]. However, Saikia and de Brito [27], who
have investigated concrete containing three shredded fine range, coarse range, and heat-
treated pellet shapes, have reported an increase in the slump by employing heat-treated
pellet shape plastics and a decrease in the slump by using fine and coarse shredded types.
Moreover, regarding different hardened properties of concrete containing polymeric waste,
Kaur et al. [28] utilised the BPW ash as filler in concrete. It resulted in higher compressive
and tensile strength due to its pozzolanic property. Some other studies also employed the
BPW as ash in mortars and concrete and recommended it as a pozzolanic material and
filler. However, there are still several environmental concerns for that purpose [29–31].
Ghernouti et al. [27] Al-Hadithi and Hilal [28], Marthong and Sarma [29], Kandasamy
and Murugesan [30], Alhozaimy and Shannag [31], and Yang et al. [32] also reported
an increase in the compressive strength of concrete by incorporating polymers as fibres.
Investigating the tensile strength, researchers also reported a reduction in the tensile strength
of concrete by employing different types of polymeric waste materials as aggregate in con-
crete [18,33–37]. Modulus of elasticity of concrete containing polymeric wastes was also
reported to decrease by incorporating polymers in concrete [34,38–43]. Al-Hadithi and
Hilal [28] and Ruiz-Herrero et al. [44] also reported a systematic reduction in the density of
concrete containing polymeric wastes. They attributed it to the low density of the waste
particles when compared to sand. Moreover, several studies compared the mechanical
properties of concrete containing polymeric materials. They introduced some equations for
the compressive strength, tensile strength, modulus of elasticity, and their relations with
other properties of concrete [35,45–50].

As mentioned before, to address the limitations in the literature and to pave the way
for safe and environment-friendly disposal of BPW, and also to pave the way of using
BPW-containing high-strength concrete in the construction industry, the fresh properties
and the mechanical performance of high-strength concrete containing BPW are investigated.
Afterwards, results are compared with predictive formulae of international codes and other
proposed relationships to verify their suitability for BPW-containing high-strength concrete.
In the end, new predictive formulae based on the experimental results are introduced to
gain more accuracy.
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2. Experimental Program
2.1. Material
2.1.1. Biomedical Polymeric Waste

The disinfected BPW provided by Fresenius Medical Care Australia [51,52] was care-
fully inspected and hollow filter fibres were separated by sieving and vacuuming due to
their low strength (Figure 1).
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lon, and silicon) [10], and hybrid (a 50% combination of soft and hard BPW). Sieve analysis 
was then conducted according to AS 1141.11.1 [53]. Figures 2 and 3 illustrate the sieve 
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Figure 2. Sieve analysis of BPW. 

Figure 1. Separating filter fibres from biomedical polymeric waste (BPW) by sieving and vacuuming.

Afterwards, the inspected BPW was divided into three groups of hard (polyvinyl
chloride, high-density polyethylene), soft (polypropylene, low-density polyethylene, nylon,
and silicon) [10], and hybrid (a 50% combination of soft and hard BPW). Sieve analysis was
then conducted according to AS 1141.11.1 [53]. Figures 2 and 3 illustrate the sieve analysis
results and overall view of different shapes (rounded, irregular, elongated, and flaky) and
sizes of BPW, respectively.
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2.1.2. Natural Aggregate

The single-sized, coarse, crushed basalt aggregate, provided from Anakie quarry,
Victoria, Australia, with the maximum size of 14 mm and the saturated surface dry particle
density (SSD) of 2670 kg/m3 has been used to keep the concrete’s uniformity and prevent
segregation after adding BPW particles. Moreover, the sand with the particle density (SSD)
of 2590 kg/m3 was selected along with the coarse aggregate according to AS2758.1 and
AS1141 [53,54] standards (Table 1).

Table 1. Properties of the aggregates used.

Sieve Size
Percent of Total Passing (%)

Fine Coarse

19 mm - 100
13.2 mm - 91
9.5 mm - 22
6.7 mm 100 3

4.75 mm 100 2
2.36 mm 86 1
1.18 mm 65 1

600 microns 44 -
425 microns 34 -
300 microns 22 -
150 microns 5 -

Material finer than 75 microns (%) 1 0

Water Absorption (%) 0.3 3.1

2.1.3. Cement

The cement used in this study is Eureka general-purpose (GP) Portland cement, which
conforms to AS 3972 [55] with the specific gravity of 3150 kg/m3.
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2.2. Mix Design and Sample Preparation

The concrete mix design has been based on the ACI-211 [56] method. Different ratios
of 1.5%, 3%, 6%, and 9% by weight of cement of each of the three types of BPW have been
added to the mixture, with a water/cement ratio of 0.38 (Table 2).

Table 2. Concrete mix design (kg/m3).

BPW (%)
(Hybrid, Hard, Soft) Cement Sand Gravel Water BPW

Control 589.49 651.24 899.39 224.57 0

1.5% 589.49 651.24 899.39 224.57 8.84

3% 589.49 651.24 899.39 224.57 17.68

6% 589.49 651.24 899.39 224.57 35.37

9% 589.49 651.24 899.39 224.57 53.05

To mix the concrete ingredients, the coarse aggregate and half of the fine aggregate
were mixed, and then the BPW particles were added to be mixed with the existing materials.
Then, 20% of the existing water was added to wet the mixing aggregate, and the other half
of the fine aggregate and the cement were added. Afterwards, the remaining water was
added. The mixing procedure and sample preparation followed after casting 13 mixtures
(4 BPW Percentages × 3 BPW types + 1 control) and moulding 117 cylindrical specimens
of size 100 × 200 mm, and the specimens were cured for 28 days by submerging in fresh
water according to the AS 1012.8.1:2014 [57].

2.3. Test Methods

The slump test has been conducted on the fresh mixes to investigate the worka-
bility of the concrete according to the AS 1012.3.1:2014 [58]. The density, compressive
strength obtained using splitting tensile strength, and modulus of elasticity tests were con-
ducted, employing GEO-CON compression loading frame with the maximum capacity of
3000 kN [59] according to AS 1012.12.1-1998 [60], AS 1012.9:2014 [61], AS 1012.10-2000 [62],
and AS 1012.17-1997 [63], respectively. The SEM test was also conducted to better under-
stand the Interfacial Transition Zone (ITZ) between the natural aggregate, BPW, and the
cement matrix using the JSM-IT300 [64]. In the end, new regression-based relationships
between the mechanical properties of the high-strength concrete containing BPW were
introduced using the experimental results. It is also notable to mention that the same
correlations were followed in this study regarding the predictive equations introduced by
the codes and other researchers. Considering the other relations, the correlations that were
the best match to this study’s results were obtained.

3. Results and Discussion

The obtained experimental results are discussed and analysed in the next sections.

3.1. Fresh Concrete Properties
Slump Test

The slump test results and their variations compared to the control mixture for differ-
ent added BPW are shown in Figure 4.
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Figure 4. Slump test results.

A decline in the slump was observed with the increase of BPW percentage in concrete.
The percentage of BPW is significantly more important than the types of plastic when
looking at their impact on the slump test results. However, looking at the impact of
different BPW types, it can be generally said that mixtures containing hybrid BPW showed
a higher slump and better workability compared with other BPW-containing mixtures. The
reduction of slump values can be attributed to the flaky and elongated shapes of BPW
particles, as mentioned before, leading to more friction and lower flowability [18].

3.2. Hardened Concrete Properties
3.2.1. Density

The measured 28-day density of the BPW-containing concrete, and its variation by
addition of BPW, is illustrated in Figure 5.
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Figure 5. Density values of cast concrete after 28 days of curing.

The density of concrete decreases with BPW, which can be attributed to the lower
density of the BPW compared with conventional concrete ingredients. Considering the
relative density at each BPW addition percentage, hybrid BPW-containing mixtures showed
more density at 1.5% and 3% BPW addition, and the same for hard and hybrid BPW-
containing mixtures at 3% and 9% BPW addition, respectively.

3.2.2. Compressive Strength

The obtained compressive strength and its variation compared to the control concrete
versus different BPW percentages are shown in Figure 6.



Appl. Sci. 2021, 11, 2053 7 of 22

Appl. Sci. 2021, 11, 2053 7 of 22 
 

3.2.2. Compressive Strength 
The obtained compressive strength and its variation compared to the control concrete 

versus different BPW percentages are shown in Figure 6.  

 
Figure 6. The compressive strength ratio of BPW-containing concrete to control concrete versus 
BPW percentages. 

The compressive strength of the concrete containing all types of BPW was lower than 
the control mix, and the higher the BPW percentage, the lower the compressive strength. 
This phenomenon can be attributed to the lower compressive strength of BPW compared 
to other ingredients and also weaker cohesion and friction at ITZ of BPW and the cement 
paste compared to the natural aggregate (Figure 7) [19,38,65,66]. It is also evident that hard 
and hybrid BPW reduced the compressive strength less significantly compared to the soft 
BPW. This difference can be seen clearly in Figure 6, where the reduction in compressive 
strength is linearly related to the BPW percentage (PP).  

  

  
Figure 7. SEM micrographs of the interfacial zone between the natural aggregate (a,b), BPW (c,d), 
and the cement matrix. 

The relationship between the compressive strength ratios versus the density ratios of 
BPW-containing concrete to control concrete is shown in Figure 8. 

Figure 6. The compressive strength ratio of BPW-containing concrete to control concrete versus BPW
percentages.

The compressive strength of the concrete containing all types of BPW was lower than
the control mix, and the higher the BPW percentage, the lower the compressive strength.
This phenomenon can be attributed to the lower compressive strength of BPW compared
to other ingredients and also weaker cohesion and friction at ITZ of BPW and the cement
paste compared to the natural aggregate (Figure 7) [19,38,65,66]. It is also evident that hard
and hybrid BPW reduced the compressive strength less significantly compared to the soft
BPW. This difference can be seen clearly in Figure 6, where the reduction in compressive
strength is linearly related to the BPW percentage (PP).
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and the cement matrix.

The relationship between the compressive strength ratios versus the density ratios of
BPW-containing concrete to control concrete is shown in Figure 8.
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pressive strength (see, for example, ACI 363-R08 [68]). Figure 10 demonstrates the power 

Figure 8. The compressive strength ratios versus the density ratios of BPW-containing concrete to
control concrete.

It can be seen that a decrease in compressive strength is accompanied by a decrease
in density (D). It is also notable that the relation of compressive strength and density is
different for the three BPW types of addition.

3.2.3. Tensile Strength

The relationship between the tensile strength ratios of BPW-containing concrete to
control concrete and BPW percentages are shown in Figure 9.

Appl. Sci. 2021, 11, 2053 8 of 22 
 

 
Figure 8. The compressive strength ratios versus the density ratios of BPW-containing concrete to 
control concrete. 

It can be seen that a decrease in compressive strength is accompanied by a decrease 
in density (D). It is also notable that the relation of compressive strength and density is 
different for the three BPW types of addition. 

3.2.3. Tensile Strength 
The relationship between the tensile strength ratios of BPW-containing concrete to 

control concrete and BPW percentages are shown in Figure 9.  

 
Figure 9. The tensile strength ratio of BPW-containing concrete to control concrete versus BPW 
percentages. 

A quadratic equation is adopted to capture the optimal PP, yielding the maximum 
tensile strength. Figure 9 confirms that small addition of BPW can maintain tensile 
strength. However, there seems to be an optimal BPW percentage above which the tensile 
strength decreases. This behaviour can be attributed to the weaker bond strength between 
the cement paste and the BPW compared with the natural aggregate (Figure 7) [18,40,67]. 
It also can be observed that the impact of hybrid and hard BPW additions on the tensile 
strength is almost identical. Besides, although the addition of BPW decreases the tensile 
strength of concrete at higher percentages, hybrid and hard BPW’s addition results in bet-
ter tensile strength compared to soft BPW. 

Besides, most international codes propose a power relation between tensile and com-
pressive strength (see, for example, ACI 363-R08 [68]). Figure 10 demonstrates the power 

Figure 9. The tensile strength ratio of BPW-containing concrete to control concrete versus BPW
percentages.

A quadratic equation is adopted to capture the optimal PP, yielding the maximum
tensile strength. Figure 9 confirms that small addition of BPW can maintain tensile strength.
However, there seems to be an optimal BPW percentage above which the tensile strength
decreases. This behaviour can be attributed to the weaker bond strength between the
cement paste and the BPW compared with the natural aggregate (Figure 7) [18,40,67]. It
also can be observed that the impact of hybrid and hard BPW additions on the tensile
strength is almost identical. Besides, although the addition of BPW decreases the tensile
strength of concrete at higher percentages, hybrid and hard BPW’s addition results in better
tensile strength compared to soft BPW.

Besides, most international codes propose a power relation between tensile and com-
pressive strength (see, for example, ACI 363-R08 [68]). Figure 10 demonstrates the power
relations found between tensile and compressive strength of different BPW-containing
concrete.
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Figure 10. The relation between the tensile strength and compressive strength of concrete containing
different percentages and types of BPW.

The power relationship between tensile and compressive strength is not strongly
dependent on the BPW type used in the mixtures based on Figure 10. Hence, a general
relationship between the tensile and compressive strength of BPW-containing concrete is
introduced in Figure 11 and Equation (1) as:

ft (BPW) = 0.78 (fcˆ(0.42)) (1)
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Figure 12 illustrates the ratio of the predicted to experimental tensile strength results,
where the predicted results are obtained using the relationship proposed by different
international codes, tabulated in Table 3.
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and experimental tensile strength results [16,68–77].

As can be seen, relationships proposed by ACI 363-R08 [68], ACI 318-14 [76], AS 3600-
2018 [16], JCI [71], EC-2 [69] could predict the tensile strength of BPW-containing concrete
within 15% of tolerance. Moreover, several formulae are proposed by other researchers to
predict the tensile strength of plastic-containing concrete. The predicted tensile strength
ratio, obtained from the proposed equations of other studies, to experimental results of
BPW-containing concrete are listed in Table 3 and Figure 13.
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Figure 13. The ratio of predicted tensile strength from other studies for normal strength BPW-
containing concrete, and experimental results [39,50–55].

Among all the predictive formulae, Mohammad (coarse aggregate substitution) [35]
and Mohammadhosseini et al.’s [47] formulae could predict all three types of BPW-
containing high-strength concrete within a reasonable tolerance of 15%. The other proposed
formulae generally overestimate the tensile strength of BPW-containing high-strength con-
crete at low BPW percentages and underestimate it at higher percentages.

3.2.4. Modulus of Elasticity

The modulus of elasticity ratio of BPW-containing to control concrete versus BPW
percentages is shown in Figure 14.

According to the figure, the modulus of elasticity is gradually decreased by the
addition of BPW. This phenomenon can be related to the lower modulus of elasticity of
BPW compared with aggregate and cement paste. The weaker ITZ can also be another
contributing factor for the decline in the concrete’s modulus of elasticity after adding more
BPW (Figure 7) [18]. Hence, hybrid and hard BPW addition could better maintain the
modulus of elasticity due to their higher modulus of elasticity than the soft BPW.
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Moreover, to better understand the behaviour of BPW-containing concrete, the rela-
tions between the modulus of elasticity ratio and the density ratio and the compressive
strength of BPW-containing concrete to control concrete are investigated and illustrated in
Figure 15a, b, respectively.
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As expected, the modulus of elasticity decreases by a decrease in the density. It is clear
from the figure that the higher the compressive strength, the higher the modulus of elasticity.
The relations between the modulus of elasticity and the compressive strength are almost
similar and follow the same trend. Hence, to reach simpler formulae and easier engineering
interpretations, a general equation for the BPW-containing concrete is introduced with
reasonable accuracy, as shown in Figure 16 and Equation (2). As can be seen, the modus
of elasticity and the compressive strength of concrete containing BPW follow a power
relationship, as suggested in most renowned international codes for conventional concrete.

E = 2469.5 (fc)ˆ(0.6526) (2)

In which both E and fc are in MPa.
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Afterwards, different international codes were investigated to compare the results
and investigate if they are still suitable for designing the BPW-containing concrete. In this
regard, Figure 17 demonstrates the ratio of predicted modulus of elasticity obtained from
the equations proposed by different international codes and the experimental modulus of
elasticity results of this study (Table 3).
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It can be concluded that except for JCI [71], EHE [82], NBR 6118 [78], and TS-500 [79],
other codes [68,69,72–74,76,81,82,84] could predict the modulus of elasticity of the BPW-
containing concrete within the range of 15% tolerance.

Some codes also introduced an equation predicting modulus of elasticity from the
compressive strength and the conventional concrete’s unit weight (Table 3).

Figure 18 illustrates the ratio of the predicted and the experimental modulus of
elasticity values for concrete containing different percentages of BPW. As can be seen,
ACI 363 [68], NS 3473 [81], and CSA [74] codes can predict the modulus of elasticity of
BPW-containing concrete with an error of less than 15%. AS 3600 [16] predictions also fall
in a reasonable range, except regarding concrete containing 9% of soft BPW.
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The obtained experimental modulus of elasticity values were then compared with
calculated values based on equations proposed by other researchers for plastic-containing
concrete, as shown in Figure 19 and Table 3.
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Figure 19. The ratio of predicted modulus of elasticity by the introduced formulae of other studies
for BPW-containing concrete, and experimental results [39,42,50,51].

Mohammad’s [35] formula regarding fine-aggregate partial substitution with
Polyvinyl chloride (PVC) aggregate could predict the modulus of elasticity of all three

types of BPW-containing high-strength concrete within a reasonable tolerance. Although,
it marginally overestimates the modulus of elasticity of 1.5% BPW-containing concrete.
It is clear that all other formulae considerably overestimate the modulus of elasticity of
BPW-containing high-strength concrete.
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Table 3. Proposed models introduced by international codes and other researchers regarding the tensile strength and
modulus of elasticity prediction of BPW-containing concrete.

Code Proposed Equations (E, fc, and ft Are in MPa)

ACI 363-R08 [68] ft = 0.59(
√

(fc)) b E = 3320
√

(fc) + 6900 b E = (3320
√

(fc) + 6900) ×
(D/2346)ˆ(3/2) b

ACI 318-14 [76] ft = 0.56(
√

(fc)) a E = 4700
√

(fc) a E = Dˆ(1.5) × 0.043
√

(fc) a

AS 3600-2018 [16] ft = 0.9×0.36(
√

(fc)) a,b - E = (D) ˆ(1.5) × (0.024
√

(fc) + 0.12 a,b

EC-2 [69] ft = 1/3(fc−8)ˆ(2/3) a E = (22/0.001) × (fc/10)ˆ(0.3) a,b -

EC-2 [69] ft = 2.12×ln(1 + 0.1 fc) b - -

JCI [71] ft = 0.13(fc )ˆ(0.85) a E = (6.3/0.001) × (fc)ˆ(0.45) a -

JSCE [72] ft = 0.44(fc )ˆ(0.5) a E = (9/0.001) × (fc )ˆ(1/3) a -

CSA [74] ft = 0.65(
√

(fc )) a E = 4500
√

(fc) a E = 3300
√

(fc) + 6900(D/2300) ˆ(1.5) a

NEN 6722 [75] ft = 1 + 0.05(
√

(fc )) a - -

NZS [73] - E = 3320
√

(fc) + 6900 a E = 9500 fcˆ(0.3) × (D/2300) ˆ(1.5) a

NS 3473 [81] - E = 9500(fc)ˆ(0.3) a -

EHE [82] - E = 10,000(3
√

(fc)) a -

AIJ 2008 [83] - E = (8.56/0.001) (fc)ˆ(1/3) a -

NBR [78] - E = 5600
√

(fc) a -

TS-500 [79] - E = 3250
√

(fc) + 14,000 a -

Nibudey et al. [50] ft = 0.105 fc − 0.758 - -

Juki et al. [49] ft = 0.634(fc)ˆ(0.5) - -

Saikia and Brito [48] ft = 0.086 fc−0.0783 - -

Mohammad [46] 1.1 ft = 0.713 + 0.0826 fc E = 1.694 + 0.807 fc -

Mohammad [46] 1.2 ft = 0.246(fc)ˆ(0.75) E = 0.229 (fc)ˆ(1.4) -

Mohammadhosseini
et al. [47] ft = 0.0499 fc + 1.6704 - -

Mohammad [35]
2.1 fine ft = 0.0838 fc − 0.0106 E = 0.9078 fc − 0.8023 -

Mohammad [35]
2.2 coarse ft = 0.06 fc − 0.86 E = 0.661 fc − 0.877 -

Zéhil and Assaad [45] ft = 0.144 fc − 2.043 E = 0.478 fc + 12.98 -

Hannawi et al. [38] - E = 4.6886 + 0.6534 fc -
a: Normal strength concrete, b: High-strength concrete.

Considering all of the above-mentioned information and the relationships proposed
between E, fc, and D in several international codes, as shown in Table 3, an equation
with high accuracy of more than 95% was obtained using regression analysis based on
the experimental data obtained in this study to predict the modulus of elasticity of the
BPW-containing concrete (Figure 20), as:

E = (0.043
√

(fc) − 0.046) × Dˆ1.5 (3)

where the fc and E are in MPa and D is in kg/m3.
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4. Conclusions

This paper reported the results of an experimental study conducted to investigate and
evaluate fresh and hardened properties of high-strength concrete containing three types
of BPW, hybrid, hard, and soft, to address a current lack of knowledge of employing this
concrete for engineering purposes and pave the way towards the utilisation of biomedical
waste in structural concrete as a sustainable way of their disposal. The following main
concluding remarks can be drawn:

• Generally, including hard or hybrid BPW in concrete results in better properties than
soft BPW-containing concrete.

• The more BPW addition leads to more reduction in the slump by up to 46.4%, 54.4%,
and 48.8% after adding up to 9% hybrid, hard, and soft BPW, respectively. It can
be attributed to the flaky and elongated shapes of the BPW particles, affecting the
workability factors due to more friction and lower flowability.

• Incorporating BPW causes the density of the concrete to decrease by up to 2.08%,
2.17%, and 2.04% regarding hybrid, hard, and soft BPW, respectively.

• The compressive strength of all types of BPW-containing high-strength concrete is
lower than the non-BPW-containing concrete, which can be attributed to a weaker
cohesion and friction at the ITZ of BPW and the cement paste compared to the natural
aggregate. The compressive strength declines gradually by BPW addition up to 9%
hybrid, hard, and soft BPW by 38.08%, 33.9%, and 41.16%, respectively.
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• The tensile strength of the BPW-containing concrete decreases by adding more BPW by
up to 14.9%, 14.16%, and 20.62% for hybrid, hard and soft BPW, respectively. However,
at small amounts of BPW addition, the tensile strength reduction is marginally the
same as the non-BPW-containing concrete.

• Addition of BPW leads the modulus of elasticity to decrease by up to 27.41%, 24.4%,
and 33.19% for hybrid, hard, and soft BPW-containing concrete respectively, which
can be attributed to the lower modulus of elasticity of the DWP than natural aggregate
and more porous ITZ between the BPW and the cement paste.

• The structural and physical properties of BPW-containing concrete generally follow
the same models used in most conventional concrete codes, i.e., a power relationship
is observed between ft and fc, and E and fc. Predictions by ACI 363-R08 [68], ACI
318-14 [76], AS 3600-2018 [16], and EC-2 [69] are better matched with the results of
this study.

• Comparing with other formulae proposed for the tensile strength of plastic-containing
concrete, results of this study are in good agreement with Mohammadhosseini et al. [19]
and Mohammad (coarse aggregate substitution) [35]. However, they utilised quite
different types and shapes of polymeric materials.

• Given the difficulties involved in measuring the modulus of elasticity, and following
several codes [16,68,74,76,81], a regression-based formula was proposed to predict the
elastic modulus of BPW-containing concrete based on its density and compressive
strength.

Given that the essential mechanical properties of structural concrete containing a small
percentage of hybrid BPW are predictable by current codes for normal concrete, and noting
that preparing hybrid BPW does not need any manual procedure, adding BPW in concrete
seems to be a viable solution to decrease the landfilling problem caused by medical waste.
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