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1. Introduction

The increasing demand for sustainable construction materials has
encouraged the use of locally available marine resources in concrete
production, particularly in coastal regions, islands, ports, and
offshore infrastructure. In this context, seawater (SW) and dredged
marine sand (SW) can be considered potential alternatives to
freshwater and natural river sand. Their use may reduce freshwater
consumption, limit the environmental impacts associated with
excessive river sand extraction, and decrease the transportation cost
of raw materials in coastal construction projects. However, the
practical application of seawater sea-sand concrete (SWSSC)
remains challenging because marine materials contain aggressive
ions such as chloride, sulfate, magnesium, and calcium, which may
alter cement hydration, increase permeability, promote expansive
products, and reduce long-term durability. One of the main
durability concerns in marine concrete is the development and
propagation of microcracks. Cracks provide preferential paths for
water, chloride, sulfate, and other aggressive ions, accelerating
reinforcement corrosion and chemical deterioration. Conventional
repair methods are often expensive, time-consuming, and difficult to
implement in marine structures. Therefore, self-healing concrete has
attracted considerable attention as an innovative solution for
improving durability and extending the service life of concrete
structures.

Microbially induced calcium carbonate precipitation (MICP) is
one of the most promising self-healing mechanisms. In this process,
bacteria such as Bacillus subtilis can remain viable in the alkaline
environment of cementitious materials and become active when
water penetrates through cracks. The bacterial activity promotes
carbonate production, which reacts with available calcium ions and
forms calcium carbonate precipitates. These precipitates can
partially or completely fill microcracks and pores, thereby improving
impermeability and ion-transport resistance.
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Fig. 1 Overall effect on durability and self-healing

Silica fume (SF) is widely used to improve concrete durability due
to its filler effect and pozzolanic reaction. It refines the pore
structure, increases matrix density, and contributes to the formation
of secondary calcium silicate hydrate gel. However, SF consumes
calcium hydroxide during pozzolanic reactions, which may reduce
the availability of free calcium ions required for MICP. Therefore,
the simultaneous use of SF and bacteria in SW and DMS concrete
involves a complex interaction between pozzolanic densification and
bio-mineralization. The main objective of this study is to investigate
the self-healing performance, durability behavior, and

2 Corresponding Author, Department of Civil Engineering, Fir.C., Islamic
Azad University, Firoozabad, Iran. Email: mr.baradaran@iau.ac.ir

! Department of Civil Engineering, Es.C., Islamic Azad University,
Estahban, Iran.

microstructural evolution of concrete produced with Persian Gulf
SW and DMS incorporating Bacillus subtilis bacteria and SF.

2. Materials and method

In this experimental study, Portland cement Type Il was used as
the main binder. SF was used as a supplementary cementitious
material at 10% cement replacement by mass. Persian Gulf’s SW
was used as mixing water in SW-based mixtures, while freshwater
was used in control mixtures. DMS obtained from the Persian Gulf
region was used as partial replacement of natural fine aggregate. The
DMS was passed through sieve No. 4 to ensure particle-size
uniformity. Bacillus subtilis bacteria were incorporated into selected
mixtures as the self-healing agent. The bacterial suspension was
prepared and added to the mixing water before being introduced into
the concrete mixture. Calcium lactate was used during curing as a
nutrient source to stimulate early bacterial activity and promote the
MICP mechanism. This approach was adopted to activate the self-
healing process under controlled laboratory conditions.

Six concrete mixtures were prepared: freshwater control concrete
(FWC), freshwater concrete with bacteria [FWC(b)], (SWSSC,
SWSSC with bacteria [SWC(b)], SWSSC containing SF (SWCS),
and SWSSC containing both SF and bacteria [SWCS(b)]. All
mixtures were designed with a water-to-cementitious-material ratio
of 0.38. The cement content was 400 kg/m? in mixtures without SF
and 360 kg/m3 in mixtures containing 40 kg/m? SF. The bacterial
concentration was kept constant at 2.8 x 108 cells/ml in bacterial
mixtures.

3. Experimental program

The mixing procedure consisted of dry mixing the aggregates and
binder, followed by the addition of mixing water containing
superplasticizer and bacterial suspension when applicable. Fresh
concrete temperature was controlled in the range of 26-28 °C. The
slump values ranged between 160 and 180 mm, indicating acceptable
workability for all mixtures. Cubic specimens of 150 x 150 x 150
mm were prepared and cured in freshwater at 23 + 2 °C and 100%
relative humidity until the testing age. To evaluate the self-healing
capacity, all bacterial and non-bacterial specimens were
mechanically pre-cracked under controlled conditions. Pre-cracking
was performed at the age of 3 days by applying approximately 30%
of the ultimate compressive load. This procedure provided a
comparable crack condition for evaluating the influence of bacteria
and SF on crack healing, pore filling, and durability improvement.

The experimental program was designed to assess mechanical
performance, transport properties, ion penetration resistance, and
microstructural changes. Compressive strength tests were conducted
at 3, 7, and 28 days. Water penetration under pressure was performed
at 28 days to evaluate the continuity of the pore network and the
ability of the mixtures to resist hydraulic penetration. Total water
absorption was also measured to assess open porosity and the
effectiveness of pore refinement. Ultrasonic pulse velocity (UPV)
testing was used as a non-destructive method to monitor internal
integrity and crack-healing progress. Electrical resistivity was
measured using the Wenner four-probe method to evaluate the
resistance of the concrete matrix against the movement of conductive
ions. Rapid chloride penetration test (RCPT) was performed to
assess chloride ion penetrability and the influence of bacteria and SF
on ion-transport resistance. Microstructural and chemical analyses
were performed using EDX, elemental mapping, and XRD to clarify
the competing mechanisms between MICP, pozzolanic reactions,
and sulfate-related products.

The results showed that SF significantly improved the mechanical
and durability performance of SWSSC by increasing matrix density
and reducing water absorption and permeability. The SWCS mixture
achieved the highest compressive strength, mainly due to the filler
effect and pozzolanic activity of SF. However, the addition of
bacteria to the silica-fume mixture did not always enhance
compressive strength, because SF consumed calcium hydroxide and
reduced the availability of free calcium ions necessary for bacterial
calcium carbonate precipitation.
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Fig. 2. Compressive strength development

In bacterial mixtures, MICP contributed to partial crack filling,
reduction of ion-transport pathways, and improvement in durability
indicators. The bacterial effect was more evident in mixtures where
sufficient calcium was available. In freshwater concrete with
bacteria, improved compressive strength, higher electrical
resistivity, lower chloride penetration, and better UPV response were
observed. In SWSSC, the marine ionic environment provided
calcium and magnesium ions that influenced the precipitation
process. However, sulfate ions promoted ettringite formation and
competed with calcium carbonate precipitation, which partially
limited the self-healing efficiency. The compressive strength results
confirmed the combined influence of hydration, silica-fume
densification, and bacterial precipitation. The control mixture
reached 49 MPa at 28 days, while the bacterial control increased to
51.8 MPa. The SWC and SWC(b) mixtures reached 46.2 and 47.6
MPa, respectively, indicating that bacterial action partly
compensated for the adverse influence of marine ions. The highest
strength was obtained in the SWCS mixture, which reached 71 MPa
at 28 days because of the strong filler and pozzolanic effects of SF.
Nevertheless, the bacterial silica-fume mixture did not exceed the
non-bacterial SWCS mixture at later ages, confirming that calcium
availability is essential for effective bio-mineralization.

The durability tests followed the same trend. Water penetration
decreased from 29 mm in FWC to 26.8 mm in FWC(b), and from
27.5 mm in SWC to 26.5 mm in SWC(b). The lowest values were
recorded in silica-fume mixtures, 22 mm for SWCS and 22.5 mm for
SWCS(b), showing that pore refinement by SF was the dominant
factor in reducing permeability. Total water absorption varied from
2.8% to 1.8%, with the lowest value in SWCS(b). This result
indicates that the simultaneous presence of SF and bacterial
precipitation can effectively reduce open porosity, although the
contribution of bacteria becomes more localized in a highly dense
matrix.

The UPV results showed that bacterial mixtures recovered
internal continuity after pre-cracking. At 28 days, the bacterial
control exhibited about 13% lower wave travel time than its non-
bacterial counterpart, while SWC(b) and SWCS(b) showed
approximately  10% improvement compared with their
corresponding controls. Electrical resistivity also increased with age
in all mixtures because of progressive hydration and pore refinement.
The bacterial mixtures showed higher resistivity than their controls,
demonstrating that MICP reduced the connectivity of capillary pores
and interrupted conductive ion pathways.

The RCPT results further confirmed the positive role of bacteria
in limiting chloride penetration. At 28 days, the passed charge
decreased from 2983 C in FWC to 2017 C in FWC(b), from 2911 C
in SWC to 2667 C in SWC(b), and from 1835 C in SWCS to 1662 C
in SWCS(b).

Fig.3. Electrical resistivity development

These reductions indicate that bacterial calcium carbonate
precipitation improved chloride resistance by sealing microcracks
and reducing ionic transport paths. EDX, elemental mapping, and
XRD analyses supported these observations. Bacterial mixtures
showed stronger calcite-related evidence, while silica-fume mixtures
contained a denser silicate-rich matrix and lower available
portlandite. In SWSSC mixtures, magnesium promoted aragonite
formation, and sulfate contributed to ettringite formation. Therefore,
the self-healing response was controlled not only by bacterial activity
but also by the chemical balance of the pore solution.

4. Conclusion

This study investigated the self-healing performance and
microstructural evolution of concrete produced with Persian Gulf
SW and DMS incorporating Bacillus subtilis bacteria and SF. The
use of SF improved the durability of SWSSC by refining the pore
structure, reducing permeability, decreasing water absorption, and
increasing electrical resistivity. Its pozzolanic reaction produced a
denser cementitious matrix and improved the resistance of concrete
against water and ion penetration.

The incorporation of Bacillus subtilis enhanced the self-healing
capacity of concrete through MICP. Calcium carbonate precipitation
partially filled microcracks and pores, improving internal continuity
and reducing chloride ion transport. The bacterial effect was
particularly effective in mixtures with adequate calcium availability.
In SWSSC, the complex ionic environment significantly affected the
self-healing mechanism. Calcium ions supported calcite
precipitation, while magnesium ions promoted the formation of
aragonite. Sulfate ions contributed to ettringite formation and
consumed part of the available calcium, thereby reducing the
efficiency of MICP. The combined use of SF and bacteria can
improve the durability of marine concrete, but the interaction
between these two mechanisms must be carefully controlled.
Although SF enhances matrix densification, it may limit bacterial
activity by consuming calcium hydroxide and reducing free calcium
ions. Therefore, the optimum performance of self-healing SWSSC
requires a proper balance between pozzolanic densification, calcium
availability, and pore solution chemistry.
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Abstract

Despite the potential of using seawater and dredged sea sand as sustainable alternatives in concrete,
aggressive ions such as ClI7, SO,27, Mg?*, and Ca?* may increase permeability and reduce durability.
This study investigates the self-healing performance and microstructural evolution of Persian Gulf
seawater sea-sand concrete incorporating Bacillus subtilis and silica fume. Six mixtures were prepared,
including freshwater control concrete, seawater sea-sand concrete, and seawater sea-sand concrete with
10% SF, each with and without bacteria. Compressive strength, water absorption, water penetration,
UPV, electrical resistivity, RCPT, XRD, EDX, and elemental mapping tests were conducted. The
results showed that SF improved matrix densification and reduced water absorption and permeability;
however, by consuming Ca (OH),, it reduced the availability of free Ca2* required for MICP. In
bacterial mixtures, calcium carbonate precipitation partially filled microcracks and improved ion-
transport resistance. Nevertheless, the self-healing efficiency depended on pore solution chemistry:
Mg?* promoted aragonite formation, while SO,2~ reduced part of the available calcium through
ettringite formation. Overall, the combined use of SF and MICP can improve the durability of marine

concrete, provided that Ca2* availability and ionic balance are properly controlled.

Keywords: Self-healing concrete; Calcium carbonate precipitation; Silica fume; Durability; Persian

Gulf seawater and sand
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