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Abstract- The use of calcite-precipitating bacteria and fiber reinforcement has the
potential to enhance the strength and crack-healing characteristics of cementitious
materials. However, their impact on the compressive response of concrete is uncertain.
This study evaluates the compressive response of Sisal Fiber (SisF) reinforcement in
combination with Bacillus Subtilis (B.St) in concrete. The results demonstrate that SisF
inclusion improves ductility, peak compressive strain, post-peak compression energy, and
total compression energy, leading to a 1.43 increase in the toughness index. Direct
incorporation of B.St due to the Microbial-Induced Carbonate Precipitation (MICP)
process results in an 8.1% increase in compressive strength compared to the control
mixture. Furthermore, combining fiber reinforcement and MICP leads to a substantial
14.0% increase in compressive strength while maintaining a toughness index of
approximately 1.59. The successful synthesis of MICP is confirmed through Fourier
Transform Infrared analysis. These findings establish the effectiveness of SisF and B.St,
in enhancing concrete's compressive performance, thereby promoting the development of
more resilient and sustainable construction materials.
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1 Introduction

The use of bacteria in bioinspired cementitious materials has shown promise in improving the mechanical performance of
concrete infrastructure. By incorporating bacteria, these materials can enhance concrete by facilitating biochemical
processes that result in the production of calcium carbonate (CaCc). This CaCc acts as a mineral precipitate, filling voids
and cracks in the concrete's microstructure, thereby enhancing its mechanical strength and long-term durability [1].
Research has demonstrated that incorporating various strains of bacteria, such as Bacillus Subtilis (B.St), into concrete
positively impacts its microstructure, mechanical performance, and durability [2], [3]. Studies have shown that higher
volumes of B.St result in increased CaCc production and improved compressive strength [4]. Immobilization techniques
using carriers like lightweight aggregates, graphite nano-platelets, and iron oxide have been used to increase the longevity
of bacterial spores within cementitious composites, resulting in enhanced compressive and tensile strengths [5]-[7].
Adding fibers to bacterial concrete further enhances its performance by distributing stresses, improving toughness, and
providing a protective environment for bacterial spores. Fibers like basalt fiber, polyvinyl alcohol (PVA), polypropylene
(PP), flax, coconut, jute, and coir have been incorporated, leading to increased compressive strength and reduced sorptivity

(3], [8]-[10].

Sisal Fiber (SisF), derived from the sisal plant leaves, has been extensively studied for its potential in enhancing
cementitious materials by reinforcing fibers, making it a promising material for sustainable construction [11]-[14]. Recent
findings [15] have indicated its effectiveness as an immobilizer for B.St, resulting in improvements in compressive strength
and tensile resistance. However, a thorough understanding of the stress-strain profile is needed to accurately predict
fracture behavior and assess many engineering properties for designing modified concrete structures. Previous work using
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various bacterial strains and natural fibers has concentrated mainly on strength gains and self-healing effectiveness.
According to Amjad et al. [15], compression strength increased by 14% while tensile resistance increased by 37%. The
viability of several natural fibres, such as flax, coconut, and jute, as possible carriers for various strains of the Bacillus
genus, including Cohnii, Subtilis, and Sphaericus, was also investigated in a related study [1]. It was discovered that these
natural fibres offer improved preservation properties for immobilised bacteria because of their fibrillar and lamellar
features. Coir fibre had been shown to have a 42% increase in compressive strength, indicating a substantial improvement.
This research, on the other hand, presents a more comprehensive approach, assessing the compression response of
bioinspired concrete supplemented with SisF and B.St as biomimetic agents.

2 Material and Methods

2.1 Preparation of the B.St

The preparation of the B.St involved the following steps as per the literature [15] with a detailed schematic method depicted
in Figure 1:

a) B.Stcolonies were initially cultured on agar plates and subsequently transferred to Tryptone Soya Broth.
b) After 24 hours of shaking incubation at 37°C, the B.St cells exhibited significant growth.

c) A sporulation medium containing magnesium sulfate heptahydrate (1.01 mM), manganese chloride (0.01 mM),
ferrous sulfate (0.001 mM), potassium chloride (13.4 mM), and calcium nitrate (1.0 mM) was added to the
bacterial broth solution.

d) The mixture was further incubated for an additional 120 hours at 37°C with shaking at 150 rpm.
e) The endospores were harvested by centrifugation at 4000 rpm and 6°C for 20 minutes.
f) A sterile distilled water suspension was prepared for the collected endospores.

g) The optical density of the spore solution was adjusted to a concentration of 0.5, following previous studies.

a. BS growth on the agar plate and b. Shaking c. Medium after incubation and
Inoculum in TSB Incubation sporulation salt addition

g OD f. Suspension of e. Spores settle down after d. Spores form
measurements spores centrifugation after shaking
incubation

Figure 1: Preparation of the B.St

2.2  Concrete Constituents

The materials included Bestway Cement Type-1 Ordinary Portland Cement, Lawrencepur sand as the fine aggregate,
and locally available Margalla crush as the coarse aggregate, meeting ASTM guidelines [16]-[19]. Table 1, and Table 2
provide the chemical constituents of the cement, properties of the fine aggregates, and properties of the coarse aggregate,
respectively.
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Table 1: Chemical Composition of Bestway Cement

G,
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CaO SiO; Al203 Fe203 SOs MgO K20 Na20
64.52 21.25 4.96 3.15 2.81 251 0.62 0.18
Table 2: Properties of fine and coarse aggregate
Fineness Modulus Absorption (%0) Bulk Specific Gravity
(SSD)
Sand 2.90 2.04 2.75
Coarse aggregate - 0.92 2.68

2.3 SisF

SisF, in the optimal size of 25 mm, was incorporated into the concrete mixture based on previous research [3], [15].
Figure 2 provides a visual of SisF:

Figure 2: Visual appearance of SisF

2.4  Mix Formulations

Four different formulations were investigated, as summarized in Table 3. In plain concrete, Mix-1 and Mix-3 had
a mix design proportion of 1 for cement and 2.2 and 2.4 for fine and coarse aggregates, respectively. A water-to-cement
ratio of 0.45 was chosen for the design. Fibrous mixes, Mix-2 and Mix-4, had similar proportions but included an additional
superplasticizer to achieve workable mixtures within the desired slump range of 40-50 mm, as mentioned in the literature
[15]. Based on the optimal dosage for concrete, 1.0 wt % SisF was incorporated into the fibrous mixes according to previous
studies [12], [20]. In Mix-4, for the immobilization of bacterial spores, SisF was immersed in the biomimetic agent for one
hour before being integrated into the concrete. To ensure homogeneity, calcium lactate pentahydrate, a mineral precursor,
was added to all mixes. The formulations are categorized into four different mixes. The first mix, Mix-1, serves as the
control mix and does not contain any SisF or biomimetic agent. In Mix-2, it is a fibrous control mix where only SisF is
added at a concentration of 1.0 wt %. On the other hand, Mix-3 consists of a bacterial mix, which includes only the
biomimetic agent at a concentration of 6x108 cells/cm3.

Table 3: Mix Design of different mixes

Materials Mix-1 Mix-2 Mix-3 Mix-4
Cement (kg/m®) 392 392 392 392
Fine aggregate (kg/m®) | 863 863 863 863
Coarse aggregate | 941 941 941 941
(kg/m®)

Water/cement ratio 0.45 0.45 0.45 0.45
Bacterial spores | 0 0 6x108 6x108
content (cell/cm®)

Lastly, Mix-4 is the fibrous bacterial mix, containing both SisF at a concentration of 1.0 wt % and the biomimetic agent at
a concentration of 6x108 cells/cm3. These mixed formulations provide a basis for investigating the effects of different
components on the experimental outcomes.
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2.5  Specimen Preparation and Experimentation

All materials were carefully weighed according to the designated mix design and then dry-mixed in an electronic concrete
mixer for a period of 2 to 3 minutes. Water was subsequently added, and the wet mixing process was continued for an
additional 2 to 3 minutes. For each formulation, six P.C.C. cylinders measuring 100 mm in diameter and 200 mm in height
and rectangular beamlets measuring 100x100x400 mm3 were cast. After casting, the samples were left to dry-cure in molds
for 24 hours, under a temperature of 20+2 °C. At the end of the 24-hour curing period, the specimens were removed from
their respective molds and then placed in a water curing tank, maintained at a relative humidity of 100% at room
temperature (23+£2°C), and left to cure for the respective days.

Standardized specimens were prepared according to ASTM-approved specifications for testing purposes. This included
cylindrical specimens with a diameter of 100 mm and a height of 200 mm for evaluating the compressive response
behavior. To ensure reliable results, a minimum of three specimens were prepared for each material and test. Testing of
the formulated concrete mixes in compression loading was conducted to investigate strain vs stress plots, compressive
strength, elastic modulus, pre and post-cracking energies, and toughness index, following ASTM C-39 guidelines [21]. In
addition, Fourier-transform infrared spectroscopy (FTIR) was employed to assess any crystallographic variations in the
concrete matrix resulting from microbially induced calcite precipitation (MICP).

3 Results and Discussion

3.1 Compressive Performance

Figure 3 illustrates the stress-strain plot of the investigated concrete mixtures under compression loading. The compressive
strength is determined by the highest stress value obtained from the curve, while the corresponding strain value is known
as the peak compressive strain (Figure 3 b). Pre-peak compression energy is calculated by integrating the response curve
up to the highest stress value, while post-peak compression energy is obtained by integrating the response curve from the
highest stress value to the failure point. The total compression energy, representing the area under the response curve, is
derived by combining the pre-peak and post-peak compression energies. Figure 3 ¢ shows the pre-peak, post-peak, and
total compression energy of the formulated concrete mixes. The toughness index for compression, which is the ratio of
total to pre-peak compression energy, is depicted in Figure 3 d to demonstrate ductility. Another significant property, the
elastic modulus, is shown in Figure 3 e, which is derived using the chord technique according to ASTM C469 [22]. This
technique involves establishing a chord through 40% of the peak stresses and strains at 0.05%, where the chord gradient
reflects the elastic modulus of the concrete.

The behaviour of the concrete mixes is affected by the incorporation of SisF and B.St due to the composite nature of the
concrete. SisF has a more ductile effect compared to B.St intrusion. While SisF has a minimal impact on compression
strength (approximately 2.8%), it significantly increases the peak compressive strain (around 15.0%) in Mix-2 compared
to Mix-1. This can be attributed to the confinement effect of the fiber, which delays crack formation and propagation,
leading to increased peak compressive strain [23]. Mix-2 also shows significant improvements in post-peak compression
energy, total compression energy, and a toughness index value of 1.43, indicating the effectiveness of fiber bridging in
restraining crack widening.Mix-3, which incorporates B.St directly, exhibits an 8.1% increase in compressive strength due
to the MICP process. This process fills voids and cracks, stiffening the compression behavior of the concrete and reducing
the peak compression strain by 15.0%. The MICP-induced densification of the microstructure reduces compression strain
and increases compressive stress [24]-[26]. The MICP does not have a prominent effect on total compression energy and
compression toughness index, as it does not provide resistance to brittleness and lateral crack opening. However, the elastic
modulus of Mix-3 is 22.3% higher than that of Mix-1 due to the pore refinement resulting from MICP [23].

Mix-4 exhibits stronger fiber reinforcement and MICP compared to other mixtures. The immobilization of B.St enhances
both MICP potential and the interfacial bond between SisF and the cementitious matrix [15], [27]. Mix-4 shows a 14.0%
increase in compressive strength and a 6.2% increase in strain compared to Mix-1. It also demonstrates significant
improvements in post-peak and total compression energies, with a toughness index value of 1.59 indicating enhanced fiber
reinforcement. The addition of SisF makes the behavior of Mix-4 more elastic, resulting in a 5.7% reduction in elasticity
compared to Mix-1. Although these findings contradict a previous study [2] conducted on stress-strain behavior of bacterial
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concrete however the results are well aligned with the literature that explored the coupled effect of fibers and
microstructural densification of concrete structures [10]. However, for typical structural members as reported in the
previous literature, the minimum compression capacity of 17.24 MPa is usually recommended [26].
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Figure 3: Compressive performance (a) compressive response behaviour (b) peak compressive strength and strain (c) pre- and post-
peak compressive energies (d) compressive toughness index (e) elastic modulus
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3.2 FTIR Examination

Figure 4 depicts the FTIR examination of the investigated concrete mixes to analyze the crystallographic shifts and identify
molecular vibrations. Specific peaks were observed, indicating various molecular vibrations within the concrete mixture.
Table 7 presents the identified molecular vibrations and their corresponding wavelengths (cm-1).

The O-H stretching vibrations are represented by peaks in the range of 3425-3430 cm™%. H-OH and C-H bending vibrations
are observed in the range of 1640-1645 cm. Si-O stretching vibrations are identified in the range of 1075-1080 cm™. C-
O stretching vibrations are observed in the range of 970-980 cm?, and additional peaks related to molecular vibrations can
be seen at 1405-1410 cm™?, 870-875 cm, and 710-715 cm™. The presence of portlandite, which is associated with O-H
stretching, has been established in previous studies [28], [29]. The H-OH and C-H bending vibrations and Si-O stretching
vibrations are indicative of the presence of C-S-H gel [30],[31]. The spectra of bacterial mixtures, specifically Mix-3 and
Mix-4, show significant peaks related to carbonate, confirming the presence of biomineralized calcium carbonate (CaCc).
These findings align with prior research on biomineralization in concrete [15].
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Figure 4: FTIR examination of the investigated concrete mixes

4 Conclusions

Thus using bio-triggered sisal fiber-reinforced concrete offers enhanced fracture resistance of concrete in various
construction applications. It can be used in building and infrastructure construction, retrofitting existing structures, and
construction in seismic-prone areas. The use of sisal fibers promotes sustainable construction practices by utilizing
renewable and bio-based materials, reducing environmental impacts, and providing cost-effective solutions. The following
conclusions have been derived from the experimental results:

1. The addition of B.Sb to the concrete increases its stiffness, whereas the addition of SisF increases its ductility.

2. Mix-2 containing SisF exhibits a 15% increment in peak compressive strain compared to the control mixture.
Furthermore, Mix-2 demonstrates significant improvements in post-peak compression energy and total
compression energy, the toughness index of the resulting concrete improved by 1.43, respectively.

3. Mix-3 containing B.St only undergoes the MICP process and exhibits an approximate 8.1% increase in
compressive strength compared to the control mixture. Whereas, Mix-4 containing both fiber reinforcement and
B.St shows a substantial increase of approximately 14.0% in compressive strength compared to the control
mixture. Moreover, the toughness index, indicating the ratio of total to pre-peak compression energy, is
approximately 1.59 for Mix-4, highlighting the enhanced toughness compared to the control mixture.

4. The FTIR examination confirms the successful synthesis of MICP.

Paper ID. 107



v Ml 5t Conference on Sustainability in Civil Engineering (CSCE’23) =
;?m’; Department of Civil Engineering 3
\ﬁ‘yﬂ Capital University of Science and Technology, Islamabad Pakistan 7

Acknowledgment

The authors would like to thank every person/department who helped thorough out the research work, particularly the
NICE and IESE department and Engr. Dr. Rao Arsalan Khushnood. The careful review and constructive suggestions by
the anonymous reviewers are gratefully acknowledged.

References

[1] R. A. Khushnood, Z. A. Qureshi, N. Shaheen, and S. Ali, “Bio-mineralized self-healing recycled aggregate concrete for
sustainable infrastructure,” Sci. Total Environ., vol. 703, p. 135007, 2020.

[2] N. Shaheen, R. A. Khushnood, S. A. Memon, and F. Adnan, “Feasibility assessment of newly isolated calcifying bacterial
strains in self-healing concrete,” Constr. Build. Mater., vol. 362, no. July 2022, p. 129662, 2023.

[3] M. Rauf, W. Khaliq, R. A. Khushnood, and I. Ahmed, “Comparative performance of different bacteria immobilized in natural
fibers for self-healing in concrete,” Constr. Build. Mater., vol. 258, p. 119578, 2020, doi: 10.1016/j.conbuildmat.2020.119578.

[4] K. K. Sahoo, A. K. Sathyan, C. Kumari, P. Sarkar, and R. Davis, “Investigation of cement mortar incorporating Bacillus
sphaericus,” Int. J. Smart Nano Mater., vol. 7, no. 2, pp. 91-105, 2016.

[5] R. A. Khushnood, A. Arif, N. Shaheen, A. G. Zafar, T. Hassan, and M. Akif, “Bio-inspired self-healing and self-sensing
cementitious mortar using Bacillus subtilis immobilized on graphitic platelets,” Constr. Build. Mater., vol. 316, no. December
2021, p. 125818, 2022, doi: 10.1016/j.conbuildmat.2021.125818.

[6] W. Khaliq and M. B. Ehsan, “Crack healing in concrete using various bio influenced self-healing techniques,” Constr. Build.
Mater., vol. 102, pp. 349-357, 2016, doi: 10.1016/j.conbuildmat.2015.11.006.

[7] N. Shaheen, R. A. Khushnood, W. Khalig, H. Murtaza, R. Igbal, and M. H. Khan, “Synthesis and characterization of bio-
immobilized nano/micro inert and reactive additives for feasibility investigation in self-healing concrete,” Constr. Build.
Mater., vol. 226, no. November, pp. 492-506, 2019, doi: 10.1016/j.conbuildmat.2019.07.202.

[8] K. Vijay and M. Murmu, “Self-repairing of concrete cracks by using bacteria and basalt fiber,” SN Appl. Sci., vol. 1, no. 11,
pp. 1-10, 2019, doi: 10.1007/s42452-019-1404-5.

[9] J. Feng, Y. Su, and C. Qian, “Coupled effect of PP fiber, PVA fiber and bacteria on self-healing efficiency of early-age cracks
in concrete,” Constr. Build. Mater., vol. 228, p. 116810, 2019, doi: 10.1016/j.conbuildmat.2019.116810.

[10] Y. Su, C. Qian, Y. Rui, and J. Feng, “Exploring the coupled mechanism of fibers and bacteria on self-healing concrete from
bacterial extracellular polymeric substances (EPS),” Cem. Concr. Compos., vol. 116, no. August 2020, 2021.

[11] A. Karimah et al., “A review on natural fibers for development of eco-friendly bio-composite: characteristics, and utilizations,”
J. Mater. Res. Technol., vol. 13, pp. 2442-2458, 2021, doi: 10.1016/j.jmrt.2021.06.014.

[12] R. Abirami, S. P. Sangeetha, K. Nadeemmishab, P. Y. Vaseem, and K. S. Sad, “Experimental behaviour of sisal and kenaf fibre
reinforced concrete,” AIP Conf. Proc., vol. 2271, no. September, 2020, doi: 10.1063/5.0024771.

[13] A. A. Okeola, S. O. Abuodha, and J. Mwero, “Experimental investigation of the physical and mechanical properties of sisal
fiber-reinforced concrete,” Fibers, vol. 6, no. 3, 2018, doi: 10.3390/fib6030053.

[14] K. V. Sabarish, P. Paul, Bhuvaneshwari, and J. Jones, “An experimental investigation on properties of sisal fiber used in the
concrete,” Mater. Today Proc., vol. 22, pp. 439-443, 2020, doi: 10.1016/j.matpr.2019.07.686.

[15] H. Amjad, R. Arsalan Khushnood, and S. Ali Memon, “Biomimetic robust self-healing of Bacillus Subtilis immobilized through
sisal fiber for next-generation concrete infrastructure,” Constr. Build. Mater., vol. 368, no. January, p. 130299, 2023, doi:
10.1016/j.conbuildmat.2023.130299.

[16] ASTM C150, “ASTM C150/C150M - 18 Standard Specifications for Portland Cement,” vol. i, pp. 1-9, 1999, doi:
10.1520/C0150.

[17] ASTM C33, “Concrete Aggregates 1,” vol. i, no. C, pp. 1-11, 2010, doi: 10.1520/C0033.

[18] ASTM, “Método de prueba estandar para Densidad Relativa (Gravedad Especifica) y Absorcion de Agregado Grueso, ASTM
C127-15,” pp. 1-5, 2015, doi: 10.1520/C0127-15.2.

[19] ASTM C-128-15, “Standard Test Method for Relative Density (Specific Gravity) and Absorption of Fine Aggregates, ASTM
International, West Conshohocken, PA, 2015,” ASTM Int., vol. i, pp. 15-20, 2015, doi: 10.1520/C0128-15.2.

[20] I. Shah, J. Li, S. Yang, Y. Zhang, and A. Anwar, “Experimental Investigation on the Mechanical Properties of Natural Fiber
Reinforced Concrete,” J. Renew. Mater., vol. 10, no. 5, pp. 1307-1320, 2022, doi: 10.32604/jrm.2022.017513.

[21] ASTM C-39, “Standard Test Method for Compressive Strength of Cylindrical Concrete Specimens 1 This standard is for
EDUCATIONAL USE ONLY .,” Annu. B. ASTM Stand., no. C, pp. 1-7, 2010, doi: 10.1520/C0039.

[22] ASTM International, “ASTM Standard C469/C469M — 14, Standard Test Method for Static Modulus of Elasticity and
Poisson’s Ratio of Concrete in Compression,” ASTM Int., 2014, doi: 10.1520/C0469.

[23] M. Khan, M. Cao, and M. Ali, “Effect of basalt fibers on mechanical properties of calcium carbonate whisker-steel fiber
reinforced concrete,” Constr. Build. Mater., vol. 192, pp. 742-753, 2018, doi: 10.1016/j.conbuildmat.2018.10.159.

[24] A. Akbar, K. M. Liew, F. Farooq, and R. A. Khushnood, “Exploring mechanical performance of hybrid MWCNT and GNMP
reinforced  cementitious  composites,”  Constr.  Build. Mater., vol. 267, p. 120721, 2021, doi:
10.1016/j.conbuildmat.2020.120721.

[25] A. Chen, X. Han, M. Chen, X. Wang, Z. Wang, and T. Guo, “Mechanical and stress-strain behavior of basalt fiber reinforced

rubberized recycled coarse aggregate concrete,” Constr. Build. Mater., vol. 260, p. 119888, 2020.

Paper ID. 107



v Ml 5t Conference on Sustainability in Civil Engineering (CSCE’23) &
-~ - i ; . g
g@i Department of Civil Engineering 1A
\ﬁ-‘ﬁ- Capital University of Science and Technology, Islamabad Pakistan =

[26] F. Ahmad, M. 1. Qureshi, and Z. Ahmad, “Influence of nano graphite platelets on the behavior of concrete with E-waste plastic
coarse aggregates,” Constr. Build. Mater., vol. 316, no. August 2021, p. 125980, 2022.

[27] Y. Chi, P. Yang, S. Ren, and J. Yang, “Jo ur na | P re of,” Sci. Total Environ., p. 138954, 2020.

[28] R. R. M. de Freitas, K. P. do Carmo, J. de Souza Rodrigues, V. H. de Lima, J. Osmari da Silva, and V. R. Botaro, “Influence
of alkaline treatment on sisal fibre applied as reinforcement agent in composites of corn starch and cellulose acetate matrices,”
Plast. Rubber Compos., vol. 50, no. 1, pp. 9-17, 2021, doi: 10.1080/14658011.2020.1816119.

[29] A. Orue, A. Jauregi, C. Pefia-Rodriguez, J. Labidi, A. Eceiza, and A. Arbelaiz, “The effect of surface modifications on sisal
fiber properties and sisal/poly (lactic acid) interface adhesion,” Compos. Part B Eng., vol. 73, pp. 132-138, 2015.

[30] Ahmad, F., Jamal, A., Igbal, M., Alqurashi, M., Almoshaogeh, M., Al-Ahmadi, H. M., & E Hussein, E. (2022). Performance
evaluation of cementitious composites incorporating nano graphite platelets as additive carbon material. Materials, 15(1), 290.

[31] Ahmad, F., Jamal, A., Mazher, K. M., Umer, W., & Igbal, M. (2022). Performance evaluation of plastic concrete modified with

e-waste plastic as a partial replacement of coarse aggregate. Materials, 15(1), 175.

Paper ID. 107



	Improved Compressive Performance Of Bio-Induced Sisal Fibers Reinforced Concrete
	1 Introduction
	2 Material and Methods
	2.1 Preparation of the B.St
	2.2 Concrete Constituents
	2.3 SisF
	2.4 Mix Formulations
	2.5 Specimen Preparation and Experimentation

	3 Results and Discussion
	3.1 Compressive Performance
	3.2 FTIR Examination

	4 Conclusions
	Acknowledgment
	References



