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A B S T R A C T   

Plastic fiber reinforced cementitious materials offer the potential to increase the reusability of plastic waste and 
create lower-CO2 cementitious composites. However, the bonding properties of many plastic types with ordinary 
Portland cement (OPC) are largely unknown. This work employs single fiber pullout (SFPO) tests to quantify the 
interfacial bonding properties of polyvinyl chloride, low-density polyethylene, polypropylene, polystyrene, and 
acrylonitrile butadiene styrene embedded in OPC mortar. The interfacial bonding properties were compared for 
fibers either treated with microbially-induced calcium carbonate precipitation (MICP) or left untreated. SFPO 
tests revealed that plastic type had a large influence over bonding properties. Specifically, the fiber surface 
energy, as estimated from water contact angle measurements, was found to be the driving factor of bond 
strength. ABS had the highest surface energy and demonstrated the strongest bonding out of all plastic types 
studied. However, MICP treatment of fibers did not increase the interfacial bond strength for any of the plastics 
studied. The thick and inconsistent coverage of biomineral over the fiber surface from MICP is likely attributed to 
preventing an increase in bond strength. These results contribute to the design and application of plastic- 
reinforced mortars by comparing bonding properties for a range of typically low-value, unrecycled plastic types.   

1. Introduction 

Ignited by the threat of climate change, researchers have been 
developing ways to reduce the carbon dioxide (CO2) emissions from the 
production of concrete. Production of ordinary Portland cement (OPC), 
the binding material in standard concrete, is responsible for between 5 
and 8% of anthropogenic global CO2 emissions [1,2]. A promising 
strategy towards mitigating these impacts is to replace a portion of the 
OPC with a waste or low carbon footprint material. 

To date, most partial replacements of OPC are from industry by- 
products, such as fly ash and blast furnace slag [1,3]. Waste plastics 
are another candidate to replace a portion of OPC, since plastic fibers 
can serve as a reinforcing material [3]. Polyvinyl chloride (PVC, type 3), 
low-density polyethylene (LDPE, type 4), polypropylene (PP, type 5), 
polystyrene (PS, type 6), and acrylonitrile butadiene styrene (ABS, type 
7) may be candidates for waste plastics in fiber-reinforced cementitious 

materials. Currently, these low-value, challenging-to-recycle plastics are 
typically landfilled, incinerated, or accumulate in the environment 
[4,5]. When utilized in cementitious composites, plastic waste is typi-
cally added as a pure reinforcement (i.e., does not reduce the amount of 
OPC binder) [6–8] or replacement of aggregate [9–15]. While these 
additions of plastics succeed at repurposing plastic waste, a partial 
replacement of the OPC with plastic has the potential to further improve 
the sustainability of the cementitious material [16]. 

A challenge with the incorporation of plastic fibers into cementitious 
materials is that their usage decreases the compressive strength of the 
composite [12–15,17–19]. Previous efforts with using plastic as a rein-
forcement have utilized very small additions of plastic (e.g., < 2%) 
[6,17]. When greater additions are used, larger decreases in strength are 
seen [12–15,17,18]. For instance, Wang et al. [15] showed that 
including recycled high impact polystyrene at a 50% volume replace-
ment of sand led to a 49% reduction in strength compared to a 12% 
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strength reduction at a 10% replacement of sand in cement mortars. The 
reason for the reduction in strength with the addition of recycled plastic 
can be attributed to poor interfacial bonding between the plastic and 
cement [18]. Several surface treatments have been evaluated for their 
potential to increase the bond between the plastic surface and mortar. 
These include chemical [20–23], mechanical [21,24], plasma [25–29], 
and particle (biochar [8], silica [30–32], SiO2 [33], calcium carbonate 
[16,34,35]) surface treatments. 

Calcium carbonate (CaCO3) surface treatments stand out among 
other possible fiber treatments due to the demonstrated ability of CaCO3 
to repair cracks in concrete and seal leaky oil wells [36,37]. The ability 
of CaCO3 to bond to the cement matrix, such as is required for sealing 
cracks, suggests that CaCO3 could improve the interfacial bond between 
plastics and cement, thereby strengthening the overall composite. In a 
previous research effort, Kane et al. utilized microbially-induced calcium 
carbonate precipitation (MICP) to deposit a CaCO3 biomineral coating 
on plastic fibers. The treated fibers were then incorporated as a partial 
cement binder replacement (1–5 wt%) into plastic-reinforced mortar 
(PRM) [16]. MICP treatment significantly increased the compressive 
strength of PRM containing PVC (18% increase) but had limited impact 
on other plastic types. It was also found that PRM with MICP treated 
mixed types 3–7 plastics had high compressive strength values (91% of 
the strength measured in mortar specimens containing no plastic) [16]. 
The benefit to compressive strength was greater for MICP than for 
enzyme-induced calcium carbonate precipitation using Jack Bean meal 
as the enzyme source, suggesting that the microbial precipitation pro-
motes stronger fiber attachment to mortar [16]. However, the 
compressive strength of composites containing individual plastic types 
4–6 was not improved by MICP treatment, further motivating the need 
to determine why MICP treatment improves composite strength for 
PRMs containing some plastics but not others. 

Single fiber pullout (SFPO) tests can be used to compare the bond 
strength between different plastic types and cement and whether these 
bond strengths are improved by MICP treatment. Most prior PRM and 
plastic-reinforced concrete (PRC) studies have considered PP 
[8,20–23,31,32,34,35,38–41] or higher-value recyclable plastics such as 
polyethylene [26,27,42]. Hao et al. [34] used SFPO tests to identify that 
PP’s bond strength with cement mortar can be enhanced with certain 
ratios of mineral weight per weight of fiber. However, there are 
important gaps in knowledge about how other common low-value waste 
plastics (e.g., LDPE, PVC, ABS) bind to cement and whether these bond 
strengths benefit from MICP treatment. Closing these gaps is crucial for 
optimizing PRM and PRC design as the interfacial bond strength in-
fluences their mechanical properties [43]. 

This study quantifies the interfacial bond strength, frictional bond 
strength, chemical bond energy, and work to pullout of low-value 
plastics type 3, 4, 5, and 7 with and without MICP treatment using 
SFPO testing. SFPO tests were also conducted on treated and untreated 
plastic type 6 fibers, however the bonding parameters were not quan-
tified. Because a prior study by the authors determined that PRMs had 
different strengths depending on the type of low-value plastic utilized (i. 
e., LDPE and PVC lowest, ABS and PS highest for non-treated fibers) 
[16], it was hypothesized that bond strength would mirror these find-
ings. It was further hypothesized that calcium carbonate (CaCO3) bio-
mineral from MICP would improve bonding between PVC and mortar, 
since PVC composites showed the greatest strength benefit from MICP in 
prior work [16]. 

2. Materials and methods 

2.1. Plastic fibers 

3D printer filament plastics were used to model common waste 
plastics. Polyvinyl chloride (PVC), linear low-density polyethylene 
(LDPE), polypropylene (PP), polystyrene (PS), and acrylonitrile buta-
diene styrene (ABS) were cut to 50 ± 0.5 mm lengths for single fiber 

pullout samples (Table 1). Fiber lengths were selected to ensure 
consistent embedment length between trials and because similar lengths 
have been used in prior SFPO studies [24,40,44]. The fibers were 
marked at 10 mm from the edge to act as a guide when manually 
embedding into mortar. Fiber density was derived from the mass of in-
dividual fibers and the volume. Fiber moduli were assessed through 
tensile testing using an Instron 5543. The loading rate was 5 mm/min 
and the distance between clamps was 30 mm. 

2.2. Biomineralization of plastic fibers 

2.2.1. Microorganism and culturing conditions 
The bacteria culture was grown from a frozen stock of S. pasteurii 

(ATCC 11859) in 100 ml of growth media (37 g/L brain heart infusion 
broth and 20 g/L urea) following a previously established protocol [16]. 
The culture was grown in a shaking incubator at 150 RPM and 30 ◦C for 
24 h. The parameters for the microbial solution followed those previ-
ously reported in Kane et al. [16]. 

2.2.2. Biomineralization of plastic fibers 
Plastic fibers were coated with CaCO3 biomineral via MICP. During 

MICP, the microbial urease of the S. pasteurii bacteria promotes calcium 
carbonate precipitation through urea hydrolysis [37]. The biominerali-
zation media consisted of 8 ml of S. pasteurii culture per 400 ml of cal-
cium mineralization media (3 g/L nutrient broth, 10 g/L ammonium 
chloride, 20 g/L urea, and 49 g/L calcium chloride dihydrate) [16]. The 
S. pasteurii inoculum and calcium mineralizing media were combined 
and stirred at approximately 400 RPM at room temperature. Biomin-
eralization began when the group of 13 fibers were submerged in the 
biomineralization media for 48 h using a mesh bag (EcoWear-Amazon) 
(Fig. S1). Thirteen plastic fibers were mineralized per batch. The weight 
of each group of plastic fibers was recorded before and after biominer-
alization, following the drying of fibers overnight at room temperature. 
The weight was then divided by 13 to calculate the mean biomineral 
accumulated per fiber (Table S1). 

2.3. Fiber embedment in OPC mortar 

The mortar consisted of ordinary Portland cement (OPC) type I/II 
(Quickrete), water, and ASTM c778 graded sand as fine aggregate (U.S. 
Silica Company). Water:cement and sand:cement mass ratios were 0.46 
and 0.80, respectively. 

OPC cement and water were mixed in a kitchenAide mixer on slow 
speed for 30 s followed by another 30 s after adding the sand. The mortar 
was then mixed for 30 s on medium speed followed by a rest period 
where the mixer was turned off for 90 s. During the first 15 s of this 
break, the mortar stuck to the sides was scraped down into the bulk 
mortar. The mixer was then turned on for a final 60 s on medium speed. 
The mixing protocol follows ASTM C305 [45]. 

After mixing, 2′′ × 1¼” film canisters (Houseables-Amazon) molds 

Table 1 
Properties of the plastic fibers. Measurements reported in mean ± standard 
deviation. Fiber diameter was 1.75 mm for all plastic types.  

Plastic 
Type 

Plastic 
Number 

Manufacturer Name Modulus 
(GPa) 

Density 
(g/cm3) 

PVC 3 Filamentum Vinyl 303 PVC – 

Black 
1.29 ±
0.19 

1.35 ±
0.02 

LDPE 4 LLDPE108 Filament – Natural 0.16 ±
0.03 

0.94 ±
0.01 

PP 5 Centaur Polypropylene Filament – 

White 
0.30 ±
0.02 

0.89 ±
0.00 

PS 6 NefilaTek 100 % Recycled 
HIPS109 Filament – Black 

0.65 ±
0.24 

1.03 ±
0.00 

ABS 7 NefilaTek 100 % Recycled ABS 
Filament – Black 

0.91 ±
0.27 

1.04 ±
0.01  
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were filled with mortar using a procedure adapted from ASTM C192 
standard [46]. Before filling, a line was marked 7 mm below the top to 
ensure the mold caps were flush to the mold. Each mold was then filled 
half full of the fresh mortar. The mortar was tamped 25 times in a cir-
cular pattern (ensuring the inside the mold was evenly tamped) using a 
10 mm rod and tapped around the bottom sides of the mold to remove 
air bubbles. The molds were then filled to the fill line and tamped again 
about half to three-quarters depth from the fill line to prevent air bub-
bles. The top of the mold was then tapped around the sides to release air 
bubbles. 

After filling the molds, the fibers were embedded using a 3D printed 
mold cap to center the fiber during curing. Half of the mold cap was 
attached using tape to the top of the mold. The fiber was inserted 
through the center of the mold cap to the 10 mm mark followed by the 
placement of the second half of the cap. The samples were demolded 
after 24 h and cured for 7 or 28 days in a 70 ◦F and 100% humidity 
curing chamber before single fiber pullout testing. 

2.4. Biomineral coating characterization 

2.4.1. Mineral texture and elemental composition 
Samples of biomineralized fibers were imaged before and after SFPO 

testing using field emission scanning electron microscopy (FESEM, Zeiss 
Supra 55VP, 1 kV, working distance 4.7–6.6 mm). These samples were 
first sputter-coated with gold to improve conductivity. 

The elemental composition of the biomineral coating was deter-
mined for additional biomineralized samples using energy dispersive X- 
ray spectroscopy (SEM-EDS) analysis (FESEM, Zeiss Supra 55VP, Oxford 
detector, 15 kV, working distance 8.5 mm). Samples studied with SEM- 
EDS were first coated with carbon. 

2.4.2. Mineral identification 
X-ray powder diffraction (Bruker D8 Advance Powder X-ray 

Diffractometer) was used to characterize the crystalline structure of the 
CaCO3 biomineral precipitated on the fiber surface. The biomineral was 
scraped off the fiber surface 2 days after deposition and ground to a 
powder with mortar and pestle. MDI Jade was used to identify the dif-
fractogram peaks. 

2.4.3. Contact angle measurement 
Video contact angle (VCA) measurements were acquired using a VCA 

2500XE Video Contact Angle System. DI water droplets of size 4.0 ± 0.5 
μl were placed on the untreated plastic fiber surface. The mean VCA of 
each plastic is reported from five measurements per fiber. Contact angles 
less than 90◦ were considered hydrophilic while angles greater than 90◦

were considered hydrophobic. 

2.5. Single fiber pullout tests 

2.5.1. Instrumentation 
Single-fiber pullout (SFPO) tests were performed using an Instron 

5543 with a 1 kN load cell (Fig. 1). Aluminum base plates were milled to 
150.0 × 76.2 × 19.05 mm. Samples were centered on the plate and 
adhered with Crystalbond™ 509–1 adhesive. The base plate was heated 
on a hot plate at 200 ◦C to melt the adhesive. The samples were cooled at 
room temperature for a minimum 45–60 min before testing. 

2.5.2. Single-fiber pullout testing and analysis 
The minimum free length of the fiber was 4.5 mm. The tensile rate 

was 1 mm/min until the fiber was completely pulled out or snapped 
[30,34,40]. The pullout curves (load vs displacement) and fiber pullout 
properties were analyzed using MATLAB. 

Pullout curves generated from SFPO tests were used to determine the 
interfacial bond strength (τa), frictional bond strength (τb), chemical 
bond energy (Gd), and energy absorption (Fig. 2). Values for τa and τb 
were calculated based on the peak load (Pa, Eq. (1)) and the load at 

Fig. 1. SFPO testing arrangement. (1) Fiber, (2) Pneumatic grips, (3) Crystalbond adhesive, (4) base plate, (5) OPC cement mortar specimen.  
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which fiber pullout begins (Pb, Eq. (2)) and where l is the fiber embedded 
length, d is the fiber diameter, and E is the fiber modulus [35,40,47–49]. 
Gd was calculated using the load drop from Pa to Pb, signifying the 
broken chemical bond between the fiber and cement matrix (Eq. (3)) 
[35,48,49]. The energy absorbed (work) during SFPO tests was assessed 
from the area under the fiber pullout curve. 
τa = Pa/πdl (1)  

τb = Pb/πdl (2)  

Gd = 2(Pa − Pb)
2/π

2
Ed

3 (3) 
The two regions of interest from the fiber pullout curves are the 

debonding region and fiber pullout region labeled as A and B respec-
tively in Fig. 2. In the debonding region, the chemical and frictional 
bond breaks before the fiber begins to displace. The pullout region be-
gins when the load drop from Pa to Pb occurs. The load–displacement 
behavior during fiber pullout can be described as constant slip, slip 
softening, or slip hardening (Fig. 2) [49]. 

2.6. Statistical analysis 

One-way ANOVA tested the effect of plastic type on contact angle 
and mineral deposition on fiber surfaces. Two-factor ANOVA tested the 
effects of plastic type, biomineralization treatment, and the interaction 
of these factors on measures from fiber pullout testing. Significance was 
defined a priori at p < 0.05. In the case of main effects with more than 
two levels or in the case of significant interactions, a Tukey test was 
performed to discern simple effects. A Tukey test is a post-hoc procedure 
that allows for multiple pairwise comparisons while maintaining the 
overall family-wise error at α = 0.05. ANOVA models satisfied as-
sumptions of residual normality and equal variance. The response was 
transformed, if necessary, to satisfy these assumptions. All analyses were 
performed using Minitab (v.19). 

3. Results 

3.1. Fiber surface and biomineral coating characterization 

The MICP treatment was successful in depositing biomineral on all 
plastic types (Table 2, Fig. 3). The amount of mineral per fiber and the 
ratio of mineral weight per gram of plastic did not significantly differ by 
plastic type. XRD diffractograms (Fig. 4) demonstrate that the coating 
consists of mainly calcite and small amounts of vaterite. FESEM images 
suggest that the biomineral is deposited in patches on the surface of each 
plastic type. EDS mapping confirms that these surface deposits are 
calcium-rich, consistent with CaCO3 (Fig. 3F). 

Video contact angle (VCA) measurements identified that untreated 
ABS and PVC were hydrophilic as their contact angles were less than 
90◦. PVC was not hydrophobic (VCA of 87.66◦) but was near the hy-
drophobic threshold of 90◦ while ABS was more hydrophilic (VCA 
82.46◦) than PVC. LDPE, PP, and PS were all hydrophobic, with contact 
angles greater than 90◦ (Table 2). These VCA measurements are in 
general agreement with commonly reported contact angles [50–52]. 
However, due to the material being recycled and formed into fibers, 
there may be geometry and surface roughness characteristics that result 
in varying contact angles from those previously reported. 

3.2. Plastic type, not MICP treatment, is the main influence of bond 
strength 

3.2.1. Fiber pullout behavior 
The pullout curves from the SFPO tests are shown in Fig. 5. The 

pullout curves demonstrate that, in general, plastic type and not MICP 
treatment determine fiber pullout behavior. The dominant pullout 
behavior for all treated and non-treated plastic types was slip softening, 
as evidenced by the continual decrease of the load in the debonding 
region. PS snapped before fiber pullout began and no pullout curves 
could be generated. The max loads during single fiber pullout tests are 
given in Table 3. 

3.2.2. 7-day SFPO results 
From two-factor ANOVA, there was a significant interaction between 

plastic type and biomineral treatment on the interfacial bond strength 
(τa) and chemical bond energy (Gd) (p < 0.05 for both). Post-hoc Tukey 
comparisons revealed that τa and Gd were higher for untreated PVC 
compared with treated PVC. For all other plastics, untreated and treated 
fibers did not differ for either τa nor Gd. However, these measures 
showed differences by plastic type (Fig. 6). ABS had much higher 
interfacial bond strength and chemical bond energy than for other 
plastics (Fig. 6C). Grouping information from Tukey tests is shown in 
Table S3. 

Fig. 2. A standard pullout curve generated from single fiber pullout tests showing the debonding (A), fiber pullout (B) regions and the three common frictional 
behaviors: constant slip, slip softening, and slip hardening. 

Table 2 
Mineral precipitation and surface properties of plastic fibers. Measurements are 
reported as mean ± standard deviation.  

Plastic 
Type 

Mineral precipitated (g) 
per fiber 

g CaCO3/g 
fiber 

Contact Angle of 
untreated fiber (◦) 

3 PVC 0.04 ± 0.01 0.24 ± 0.05 87.66 ± 1.86 
4 LDPE 0.03 ± 0.01 0.28 ± 0.07 98.13 ± 2.14 
5 PP 0.04 ± 0.01 0.34 ± 0.11 98.94 ± 1.36 
6 PS 0.04 ± 0.01 0.29 ± 0.07 96.44 ± 2.38 
7 ABS 0.04 ± 0.01 0.35 ± 0.10 82.46 ± 5.54  
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Plastic type significantly affected frictional bond strength (τb) and 
work to pullout. Biomineral treatment and the interaction between 
plastic type and biomineral treatment were not significant. Post-hoc 
comparisons showed that the order from highest to lowest values for 
τb was ABS, PVC, PP, and LDPE, respectively (Fig. 6B). ABS had the 
largest work to pullout, followed by PVC and PP sharing the same mean, 
and LDPE had the lowest work to pullout (Fig. 6D). 

3.2.3. 28-day SFPO results 
For all plastic types, MICP treatment significantly lowered the mean 

values of τa and τb at 28 days (Fig. 7A and B). Post-hoc comparisons of 
plastic type showed that at 28 days, ABS had the highest mean values for 
both τa and τb followed by PVC, PP, and LDPE respectively (Table S4). 

Plastic type significantly affected Gd and work to pullout. MICP 
treatment did not significantly affect these bonding characteristics. 
Tukey testing shows that ABS had the largest Gd, followed by PP and 
LDPE with similar means to each other, and, finally by PVC with the 
lowest value (Fig. 7C). Tukey tests showed that ABS and PVC shared the 
highest mean work to pullout. Work to pullout was lower for PP than 
ABS, but PP and PVC were not significantly different. LDPE had the 

Fig. 3. FESEM images of microbially-induced calcium carbonate precipitation coatings on (A) PVC, (B) LDPE, (C), PP, (D), PS, and (E) ABS fibers at approximately 
350× magnification. (F) EDS mapping of the calcium carbonate biomineral coating for treated PVC. 

Fig. 4. XRD diffractograms of biomineral deposited on plastic types 3–7. Diffractograms reveal that calcite (c) is the major mineral formed and that vaterite (v) is a 
minor phase. 
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lowest work to pullout (Fig. 7D, Table S4). 

3.2.4. Post SFPO test surface 
FESEM imaging was performed after SFPO testing for MICP treated 

and untreated plastic fibers (Fig. 8). From these images, no evidence of 
surface abrasions or peeling of plastic surface were found for any plastic 
type. Post imaging revealed that nearly all the biomineral had been 
removed from the fiber. Structures that appeared to be hydrated cement 
and biomineral were occasionally seen on the fiber surfaces (Fig. S2). 

4. Discussion 

The purpose of this research was to determine the bonding charac-
teristics between low-value plastics and the cement mortar interface. It 
also served to test the hypothesis that MICP treatment would increase 
the bond strength between PVC and cement mortar. While PVC, LDPE, 

Fig. 5. Single fiber pullout curves for PVC (A), LDPE (B), PP (C), and ABS (D). The shaded region surrounding the bolded mean line is the standard deviation (SD) 
from each pullout test. 

Table 3 
Max load (N) experienced during single fiber pullout testing at 7d and 28d 
timepoints. All data reported as mean ± standard deviation.  

Plastic Type 7d 28d 
Untreated Treated Untreated Treated 

#3 PVC 36.17 ± 3.85 29.23 ± 1.56 36.28 ± 6.52 37.48 ± 5.27 
#4 LDPE 12.41 ± 1.17 11.93 ± 1.32 11.84 ± 0.96 9.85 ± 1.92 
#5 PP 27.06 ± 2.20 26.11 ± 3.20 27.08 ± 1.13 26.76 ± 1.52 
#6 PS 45.65 ± 2.44 44.02 ± 2.35 46.96 ± 1.09 43.96 ± 2.62 
#7 ABS 75.07 ± 12.82 73.78 ± 3.26 65.66 ± 17.62 69.68 ± 9.93  

Fig. 6. (A) Interfacial bond strength, (B) frictional bond strength, (C) chemical 
bond energy, and (D) work to pullout for single fiber pullout testing at 7 days of 
curing. Error bars indicate one standard deviation. UT = untreated, T = MICP 
treated. n = 5 for LDPE, PP, ABS, PVC (UT). n = 3 for PVC (T). 
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PS, and ABS are common low-value plastics that may be attractive for 
use in cementitious materials, their bonding properties to the cement 
matrix are not well-understood. Furthermore, while reports have shown 
that coating PP with CaCO3 via MICP [34] or other methods [35] 
increased the interfacial bond strength with cement mortar, it is not 
known whether MICP treatment improves the bond strength for other 
low-value plastics. In addition, the feasibility of biomineralization on 
PVC, LDPE, PS, and ABS was largely unknow and therefore investigated 
in this study. This work aimed to address these gaps by determining the 
interfacial bond strength (τa), frictional bond strength (τb), chemical 
bond energy (Gd), and work to pullout for types 3–7 plastics with and 
without MICP treatment. 

Differences in frictional strength and chemical bond energy 

contributed to the overall variation in bond strengths between plastic 
types. ABS had the strongest values for all measures, including τa, τb, Gd, 
and work to pullout. PVC, PP, and LDPE had progressively lower τa, τb, 
and work to pullout. Gd followed a different pattern. PVC had the lowest 
value, followed by similar LDPE and PP, and finally ABS with the highest 
Gd. The determinants of bond strength between the plastic fibers and the 
cement matrix may include fiber tensile strength, roughness, and surface 
energy [23,39,49]. It was found that the variation in τa between fiber 
types did not correspond with variation in tensile modulus (Table 1). 
Specifically, PVC and ABS had the highest tensile moduli but had 
opposite bonding characteristics. For example, PVC had an approxi-
mately 50% decrease in τa compared to ABS at both 7d and 28d time 
points. Fiber roughness, as estimated from FESEM images, also does not 

Fig. 7. (A) Interfacial bond strength, (B) frictional bond strength, (C) chemical bond energy, and (D) work to pullout for single fiber pullout testing at 28 days of 
curing. Error bars indicate one standard deviation. UT = untreated, T = MICP treated. n = 5 for each plastic type. 

Fig. 8. Post-pullout FESEM images of A-D untreated and E-H treated PVC, LDPE, PP, and ABS embedded sections, respectively.  
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seem to drive the results. PP fibers appear to have the highest roughness 
but have midrange bond strengths compared with the other plastics 
investigated (Fig. 8). The water contact angle, which is related to the 
surface energy, had good correspondence with chemical bond energy 
characteristics. ABS had the strongest Gd and was most hydrophilic. The 
other plastics either demonstrated hydrophobicity (LDPE, PP, PS) or 
weak hydrophilicity (PVC) measured by their contact angles with water 
(Table 2). The PS fibers broke before single fiber pullout testing was 
complete (tensile stress was within 98% of the PS ultimate tensile 
strength, Table S2), hence PS is not included in the discussion of fiber 
surface characteristics or interfacial bonding parameters. 

ABS had much stronger bond strengths with cement mortar, driven 
by higher Gd and τb compared with PVC, LDPE, and PP. These data are in 
good correspondence with the differences in compressive strength for 
PRM containing 5 wt% untreated plastic fibers reported in prior work by 
Kane and coauthors [16]. In a prior study conducted by the authors, it 
was found that 5 wt% ABS reinforced mortar without MICP treatment 
had higher compressive strength than PRMs including untreated LDPE, 
PVC, PS, or PP fibers [16]. Others also report high strengths of cemen-
titious composites that utilize ABS. For instance, mortar prepared with a 
5% replacement of sand by ABS had higher compressive strength at 28 
days than control mortar [53]. Together, these results suggest that ABS 
may be a better choice for engineering higher strength PRCs than other 
low-value recyclable plastics. 

Contrary to the initial hypothesis, the MICP biomineral treatment 
used in this work did not improve bond strengths. In one case (PVC at 
the 7d time point), MICP treatment reduced bond strengths and chem-
ical bond energy. For all other plastics at both time points, MICP 
treatment did not affect measures of the interfacial bond. These findings 
are in contrast with other reports where the interfacial bonding prop-
erties of PP were improved with MICP [34] or abiotic nano-CaCO3 
treatments [35]. However, it is important to note that the measured 
bond strength parameters for PP are in good correspondence with a 
previous study that used similar embedment lengths and pullout rates 
without any treatments [40]. The differences in results between the 
present study and these prior investigations may indicate that the 
method of biomineral coating influences how it affects the bond 
strength. Hao et al. [34] reported that a 0.094 CaCO3 g/g fiber coating 
improved interfacial bonding for PP and cement matrix more than for 
either 0.026 CaCO3 g/g fiber or 0.374 CaCO3 g/g fiber coatings. In the 
present study, the ratio of CaCO3 g/g fiber was well above 0.094 for all 
plastic types (Table 2). The thick, brittle coating (Fig. 3) may dissociate 
from the fibers and therefore not contribute to bonding with the cement 
matrix. Adhesives may also improve the bonding of CaCO3 to plastic. A 
paraffin wax coating used to adhere the abiotic nano-CaCO3 by Feng and 
coworkers resulted in improved bond strength of PP to cement mortar 
[35]. Therefore, in some contexts, CaCO3 coatings deposited by MICP or 
other methods, may have the potential to improve plastic bonding 
strength to cement. 

While MICP did not improve bonding parameters in this study, it was 
observed in the author’s prior investigation that the same MICP treat-
ment improved PRM composite strength for 5 wt% PVC and for a 
mixture of types 3–7 plastics [16]. These data indicate that the bio-
mineral likely influences other factors which lead to the increase in 
mechanical performance of PRM but not the bond strength. MICP 
treatment may improve cement hydration around the interfacial tran-
sition zone between treated fiber and mortar matrix or affect composite 
porosity. The influence of MICP treatment on these other factors would 
benefit from additional investigation. 

This study had several limitations. 3D printer filament was utilized 
because the uniform filament size simplified SFPO testing and allowed 
comparisons between plastic types. These filament dimensions are not 
ideal for PRM reinforcements. The sample size for PVC 7 day treated 
samples was reduced to n = 3 from n = 5 because of a load frame error. 
Finally, determining the impact of MICP treatment and plastic type on 
PRM hydration, porosity, and durability were outside of the scope of the 

present study. 

5. Conclusions 

This study compared interfacial bond strength characteristics from 
single fiber pullout tests for MICP treated and untreated plastic types 3–7 
embedded in OPC mortar. Plastic type had a large influence on measures 
of bond strength. ABS had superior interfacial bond strength over PP, 
PVC, and LDPE plastics. The variation in bond strengths between plastic 
types more closely corresponded with the surface energies of the fibers 
as opposed to surface roughness or fiber tensile strength. MICP treat-
ment did not significantly influence most interfacial bond strengths, 
frictional bond strengths, chemical bond energies, or work to pullout 
measures at either 7d or 28d of curing. In some cases, as for PVC at 7d of 
curing, MICP significantly lowered measures of bond strength. The 
reason the MICP treatment did not improve the bond strength in this 
work, is likely attributed to the thick and inconsistent coverage of bio-
mineral over the fiber surface. The results of this work demonstrate that 
the beneficial influence of MICP on PRM compressive strength is not 
simply determined by an increase in bond strength. Furthermore, these 
results demonstrate that plastic reinforcements can have quite different 
bonding strengths with cement, which may be useful in the design of 
PRM and PRC. In particular, the high bond strengths and chemical bond 
energies of ABS make this plastic an attractive candidate for PRM and 
PRC applications. 
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C. Ryan, Biomineralization of plastic waste to improve the strength of plastic- 
reinforced cement mortar, Materials 14 (2021) 1949, https://doi.org/10.3390/ 
ma14081949. 

[17] R. Sharma, P.P. Bansal, Use of different forms of waste plastic in concrete – a 
review, J. Cleaner Prod. 112 (2016) 473–482, https://doi.org/10.1016/j. 
jclepro.2015.08.042. 
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