Journal of Rehabilitation in Civil Engineering 14-2 (2026) 2266

Journa of
Rehabilitation '-‘,!
in ———

Civil Engineering

Journal of Rehabilitation in Civil Engineering

Journal homepage: https://civiljournal.semnan.ac.ir/

Evaluation of Silica Fume on the Performance of Corroded Concrete with
Bacteria Using NDT Methods

Ahmad Zaki >"©’; Muhammad Restu Riady Putra ! ; Sri Atmaja P. Rosyidi ! ; Abdullah M.
Zeyad 3 ; Kharisma Wira Nindhita 2

1. Department of Civil Engineering, Universitas Muhammadiyah Yogyakarta, Bantul 55183, Special Region of Yogyakarta,

Indonesia

2. Magister of Civil Engineering, Universitas Muhammadiyah Yogyakarta, Bantul 55183, Special Region of Yogyakarta,

Indonesia

3. Civil and Architectural Engineering Department, College of Engineering and Computer Sciences, Jazan University, Jazan

45142, Saudi Arabia

* Corresponding author: ahmad.zaki@umy.ac.id

ARTICLE INFO

ABSTRACT

Acrticle history:

Received: 04 February 2025
Revised: 25 April 2025
Accepted: 17 August 2025

Keywords:
Silica Fume,
Bacteria,
Concrete,
Corrosion,
NDT.

Silica fume can be used in place of cement to make reinforced
concrete more resistant to corrosion. Cracks and corrosion can also
be treated using Bacillus subtilis bacteria added to the mix. Using
non-destructive testing, this study intends to ascertain the effects of
silica fume addition to concrete bacteria on the mechanical and
corrosion characteristics of the material. The beams and cylinders
used in the tests were 50 x 10 x 10 cm® and 30 x 15 cm?,
respectively. In place of cement, the specimens had 8%, 10%, and
12% silica fume, and 10 ml (10° cfu/ml) of Bacillus subtilis
bacteria were added. The direct current power supply is used in the
accelerated corrosion process for 48, 96, and 168 hours. Regarding
compressive strength, the typical concrete specimen tested at 37.59
MPa was the strongest. Silica fume concrete outperforms regular
concrete in the flexural strength test. Compared to regular
concrete, superior results were obtained from non-destructive tests
conducted on silica fume concrete utilizing impact echo and
resistivity instruments. The longer the concrete is exposed to
corrosion, the lower the impact echo and resistivity values that are
subsequently measured. By accelerating the corrosion process of
silica fume concrete by 48, 96, and 168 hours, respectively, the
impact echo and resistivity values for corrosion resistance reached
their maximums of 12%, 10%, and 8%.
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1. Introduction

The increasing demand for concrete will lead to carbon dioxide (CO2) emissions from the production of
cement, which can threaten human health and have a negative impact on the environment [1]. The statement
shows that it is necessary to take measures to prevent the increase of CO> emissions by reducing the main
elements of concrete using green concrete from waste utilization such as fly ash (FA), silica fume (SF) [2],
rice husk ash (RHA), recycled coarse aggregate (RCA), and others [3]. SF is one of the materials that can
be used as a substitution component for concrete cement. SF has many advantages, such as reduced CO
emissions, cost-effectiveness, improved durability, and mechanical properties of concrete [4]. Adding SF
in concrete due to the reaction of silicon dioxide (SiO2), which takes calcium hydroxide (CH) from cement
hydration, will reduce the permeability and porosity of concrete. SF can inhibit corrosion and reduce the
corrosion rate after the corrosion reaction has started, depending on the correct proportion of SF mixture
[5]. However, adding SF to concrete still has the possibility of corrosion if the concrete is exposed to
extreme environments [6].

One of the main factors of structural damage is corrosion. Steel corrosion in concrete can be a serious
problem due to its frequent occurrence in certain types of structures and the high cost of repairing such
structures. Concrete has a highly alkaline environment, which results in the formation of a passivity layer
that protects steel reinforcement from corrosion. However, this protective layer will be damaged if the
concrete is not durable [7]. The main factors of corrosion are exposure of reinforced concrete (RC) to
chlorides and carbonation of concrete or other exposure conditions that reduce the alkalinity of concrete
ACI 222R-19 (ACI, 2019). In the research of Patil et al. [8], rusting of reinforcement concrete's durability
and strength will be impacted because steel reinforcement can expand to many times its original size,
causing significant pressure within the concrete. This pressure may lead to cracking, delamination of the
concrete surface, and exposing the reinforcement to additional corrosion activity. Corrosion of steel
reinforcement in concrete can damage the concrete body and reduce the concrete's service ability [9]. In
construction, new solutions to the problem of corrosion-induced fracture damage in concrete are emerging.
Self-healing concrete (SHC) is the addition of microorganisms to the concrete mixture that can repair
cracked concrete. One of the microorganisms used in the SHC method is Bacillus subtilis, which can fill
voids, pores, and micro-cracks due to the effectiveness of bacteria in depositing a layer of Calcium
Carbonate (CaCO3) [10]. In tests conducted by Nguyen et al. [ 11] found that the addition of Bacillus subtilis
to concrete lowers its porosity and increases its compressive strength. This is because bacterial metabolism
leads to microbial precipitation. Concrete can be protected against corrosion caused by CaCOs3 deposits by
Bacillus subtilis bacteria, which can also repair gaps in the material by decreasing porosity and plugging
pores, making the material denser.

In some studies, using SF and bacteria can significantly reduce concrete porosity and inhibit chloride ion
penetration. The reduction in concrete porosity results from the SF pozzolanic reaction that makes the
concrete microstructure denser and bacteria that precipitate calcite in the concrete pores [12]. Increasing
the percentage of the SF mixture can reduce the level of penetration of chloride ions in concrete so that the
concrete's resistance to extreme environments such as seawater becomes better. However, the increasing
percentage of SF will decrease the workability of concrete, which is due to the characteristic of SF that
absorbs water from the small particle size of SF [13]. Tests conducted by Grazulyte et al. [14], to
comprehensively investigate the effect of SF at percentages of 0%, 7%, and 10% with additives such as
superplasticizers on the performance of high-strength concrete proved a significant improvement in
concrete performance in terms of compression, tension, and flexure. Nguyen et al. [11] conducted tests
using Bacillus subtilis bacteria to determine compressive strength, porosity, water absorption, and chloride
permeability at 28 and 90 days of concrete age. The test used a concentration of bacillus subtilis bacteria of
10° cells/ml and found that bacillus subtilis bacteria were able to increase compressive strength and reduce
porosity and chloride permeability of concrete. Calcite precipitation by Bacillus subtilis bacteria fills the
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pores, reduces porosity, and makes the concrete denser. CaCO3 precipitation on the surface and pores of the
concrete microstructure results in decreased water absorption and porosity. As a result, chloride penetration
is reduced and can reduce the potential for concrete reinforcement corrosion. Bacteria will grow as water
penetrates through the concrete's fractures and finally turn into limestone. The concrete surface fractures
will be filled up and sealed by the limestone when it hardens [15]. The addition of SF and bacteria, which
can reduce porosity and make concrete denser, can reduce the potential for corrosion in concrete [16]. A
study examining the effects of reinforcement corrosion on the flexural strength of reinforced concrete
beams caused by a 10.5% NaCl solution revealed that the corrosion led to a drop in the flexural strength,
tensile strength, and weight of the reinforcement.

Besides the development of concrete mixture technology, evaluation technology for structures is also
growing. Structural assessment techniques using non-destructive testing (NDT) methods are used to inspect
corroded reinforced concrete without damaging the structure [17,18]. NDT procedures are preferred since
they inflict minimal or no harm to the existing concrete while evaluating the condition of corroded concrete
[19]. Zaki et al. [20] researched to investigate the influence of corrosion levels on oil palm shells (OPS)
and fiber mask concrete. The research utilized the NDT approach, employing resistivity and impact echo
equipment. The study employed accelerated corrosion by submerging concrete specimens in a 5% NaCl
solution and utilizing a direct current (DC) power supply. After accelerating the corrosion, this study tested
using NDT methods, namely, resistivity and impact-echo, to analyze and detect the effect of corrosion. It
was found that the resistivity and the impact echo values will decrease as the corrosion level increases.

Research on the evaluation of silica fume on the self-healing performance of corroded concrete using the
NDT method remains limited. The combination of silicafume and bacteria has the potential to significantly
reduce corrosion and its effect. Evaluation using the NDT method is used to determine the condition of the
concrete due to corrosion without causing further damage. Therefore, this study focus on investigating the
performance of self-healing concrete incorporating SF and bacteria under accelerated corrosion conditions,
assessed through NDT method. This analysis include measurements of compressive strength, flexural
strength, impact echo, and resistivity values before and after corrosion. Additionally, this study examines
corrosion rate based on Faraday's law, the reduction of reinforcement diameter, crack width, and visual self-
healing observations on corroded and cracked concrete.

2. Methodology

2.1. Materials

The fine aggregate (sand) material used in this study came from Progo River Yogyakarta, while the coarse
aggregate (gravel) was from Clereng Yogyakarta. The specimens were made using PCC cement from
Dynamix with @12 mm steel reinforcement and 60 cm length with specimen size of 50 cm x 10 cm x 10
cm. The silica fume material was obtained from Sika Indonesia company, while the self-healing bacteria-
based Bacillus subtilis was cultivated at the Agrobiotechnology Laboratory, Faculty of Agriculture,
Universitas Muhammadiyah Yogyakarta. The value of the fine aggregate test results is presented in Table
1. These results have met the required standards. Table 2 shows the test results for the coarse aggregate.
The coarse aggregate results also meet the specified requirements. Both sets of results are essential for
evaluating the overall material quality.

Table 1. Fine aggregate test data.

Test Type Value Unit Standard
Fine modulus 2.435 - SNIASTM C136:2012 [21]
Bulk specific gravity 1.837 - SNI 1970:2008 [22]
Saturated surface dry specific gravity 2.242 - SNI 1970:2008 [22]
Apparent specific gravity 3.094 - SNI 1970:2008 [22]
Water absorption 22.165 % SNI 1970:2008 [22]
Mud content 1.00 % SNIASTM C117:2012 [23]
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Table 2. Coarse aggregate data.

Test Type Value Unit Standard
Bulk specific gravity 2.642 - SNI 1969:2008 [24]
Saturated surface dry specific gravity 2.707 - SNI 1969:2008 [24]
Apparent specific gravity 2.826 - SNI 1969:2008 [24]
Water absorption 2.459 % SNI 1969:2008 [24]
Mud content 1.00 % SNIASTM C117:2012 [23]
Abrasion 15.75 % SNI 2417:2008 [25]

2.2. Mix design

Concrete mix planning using ACI 211.1-91 of 2002 on the procedure for maintaining proportions to
manufacture normal concrete [26]. The planned concrete quality was 30 MPa. Cement was replaced with
silica fume proportion of 0%, 8%, 10%, and 12%, while self-healing bacteria bacillus subtilis used
proportion (10° cfu/mL) with 10 ml bacteria per specimen. The specimen code for normal concrete is
marked with BN, while concrete with a mixture of 8% silica fume is marked SFBS8, 10% silica fume
concrete is marked SFB10, and concrete with 12% silica fume is marked with SFB12. Mix design per 1 m?
can be seen in Table 3. The optimum silica fume content in concrete mix design is typically around 10% by
weight of cement, balancing strength, durability, and workability. A 2000 mL suspension of bacteria was
used to partially replace mixing water, based on prior studies and preliminary trials indicating this volume
ensures effective bacterial distribution and activity without compromising concrete workability. This
amount corresponds to approximately 10% of the total mixing water, aligning with typical dosages in self-
healing concrete research.

Table 3. The proportion of mix design of concrete test specimens 1 m?
Total

Materials BN SFBS SFBI10 SFB12 Units
Water 205 205 205 205 liter
Cement 484.213 445.476 435.791 426.107 kg
Fine aggregate 641.398 641.398 641.398 641.398 kg
Coarse aggregate 984.75 984.75 984.75 984.75 kg
Silica fume - 38.737 48.421 58.105 kg
Bacteria 2000 2000 2000 2000 ml

2.3. Preparations materials

The specimens were made with a size 50 cm x 10 cm x 10 cm beams and 15 cm x 30 cm cylinders. The
size of the main reinforcement is @12 mm. A cable is connected to the end of the reinforcement to serve as
a conduit for the process of accelerating concrete corrosion, facilitated by a DC power supply. Test
specimens were made based on the proportion of bacteria mixture with 10° cfu/ml water and silica fume at
0%, 8%, 10%, and 12%. The bacteria used in the name are Bacillus subtilis. Bacillus subtilis bacteria were
obtained from the Agrobiotechnology Laboratory, Faculty of Agriculture, Universitas Muhammadiyah
Yogyakarta. This strain is a Gram-positive, endospore-forming, rod-shaped bacterium widely known for its
ability to precipitate calcium carbonate through microbial-induced calcite precipitation (MICP), making it
suitable for self-healing concrete applications. The bacteria were cultured in a nutrient-rich medium under
controlled laboratory conditions to reach the required cell concentration before incorporation into the
concrete mixture. No commercial purchase was made; instead, the strain was isolated and propagated in-
house, which significantly reduced the research cost. The bacteria were mixed during the mixing of fresh
concrete.

The concrete that has been mixed will be tested for looseness during the concrete-making process by testing
the slump value. After the slump test, the concrete mixture was poured into the formwork until it was full
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and solid so that no air voids formed. Then, the concrete is allowed to harden for 24 hours, removed from
the formwork and weighed. A sketch of the test specimen can be seen in Fig 1. Slump testing is conducted
to ascertain the viscosity level of the concrete that will be utilized. The slump test results are expressed in
cm using Abrams’s cone and pounding stick (SNI 2493:2011) [27]. This study planned the slump value to
be 7.5-10 cm. After 24 hours, the mold of the specimen was removed, and the test specimens were placed
at the curing site. Concrete curing is a treatment process by soaking after the concrete is cast and the mold
is opened to keep the concrete from losing water too quickly, maintain moisture, and maintain the
temperature in the concrete so that the hydration process can run perfectly [28].
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Fig. 1. Specimens: (a) Beams and (b) Cylinders (in mm).

2.4. Non-destructive testing (NDT)

Steel reinforcement corrosion has emerged as a primary factor contributing to structural failures. Non-
destructive testing (NDT) has demonstrated its use in the detection and evaluation of corrosion-induced
damage in reinforced concrete (RC) structures [29]. With this method, the evaluation of concrete against
corrosion is more effective. This research will utilize NDT with resistivity and impact echo tools. Resistivity
testing was carried out when the test specimens were 28 days old. This test is carried out before and after
the accelerated corrosion process to compare the test results of the corrosion process. For the data obtained
to be complete and more accurate, the resistivity measurement tool uses the Four Point Probe method,
which is carried out three times at each point so that the data obtained is complete and more accurate. This
test uses the parameters determined by AASHTO TP 95 [30]. Details of the division of points carried out
by resistivity testing are provided in Fig. 2. The figure illustrates the specific points used for testing. These
points were carefully chosen based on the resistivity characteristics of the material. Each point corresponds
to a different area of the sample tested. The results from these points help in analyzing the overall resistivity
performance.
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Fig. 2. Resistivity testing illustration.

Impact Echo testing was carried out when the object was 28 days. This test was conducted before and after
the accelerated corrosion process to compare the test results using the parameters that have been determined
by ASTM C1383 [31]. The impact-echo method is a methodology used to identify flaws or imperfections
in concrete structures. It relies on observing surface displacement caused by immediate mechanical force.
The concrete will be subjected to many taps using an impact echo test instrument, after which the sensor
will detect the signal at a pre-determined distance from the impact location Impact echo testing was
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conducted with two sensors at the hit points of 5 cm, 10 cm, 15 cm, and 20 cm. Details of impact echo
testing at each distance can be seen in Fig 3. This method allows for a precise analysis of the concrete's
internal condition. The data gathered helps in evaluating the material's integrity and identifying any
potential flaws.

A5 om>~5 o5 o5 em A5 emA—10 em——~——10 em——~

—~ P i \ O s T o
A Y YOy () () ()
o () C) ) () L) \ )
-1 e R R e A M A
Hit Paini Sensor 1 Sensor?,  Sensord r2' Sensor ¥ Sensor 3'
Senszor 1°

Fig. 3. Details of impact echo testing at each distance.

2.5. Acceleration corrosion

Accelerated corrosion testing may be designed based on Faraday's Law, which quantifies the percentage
decrease in the reinforcement mass caused by corrosion [32]. The procedure and formula used are based on
ASTM STP866-EB for Laboratory Corrosion Tests and Standards [33]. Accelerated corrosion of the test
specimens is required because the natural corrosion process takes a long time. The steel reinforcement in
concrete is corroded using a DC power supply to accelerate the corrosion process, and the duration and use
of electric current can be adjusted as needed. The reinforcing steel was connected to the positive pole (+)
as the anode and the other reinforcing steel to the negative pole (-) as the cathode. The corrosion process
was conducted for 48, 96, and 168 hours. Concrete reinforcement was wired on one side to be connected
to the positive pole of the DC power supply. Then, the concrete was immersed in a saline solution with 5%
salinity. The corrosion acceleration sketch and scheme can be seen in Fig 4.
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Fig. 4. Sketch of accelerated corrosion testing.

2.6. Compressive and flexural strength

The experiment was carried out on concrete cylinders that had been immersed in water for 28 days. A
Universal Testing Machine (UTM) is used to measure the compressive strength of test specimens in
concrete mixes, utilizing SF and bacteria. The procedure and test result are calculated using the standard
SNI 1974:2011 [34]. The flexural strength of the test specimens was assessed using a Universal Testing
Machine once the corrosion process had concluded. The Structures and Construction Materials Laboratory
of the Civil Engineering Department of Universitas Muhammadiyah Yogyakarta conducted testing to
determine the flexural strength of concrete. Concrete beams' procedure and test results are calculated using
standards based on SNI 4154:2014 [35]. The experiment was conducted by placing a single weight at the
midpoint of the beam's span, with a 5 cm gap between the support and the beam's edge. This test aimed to
ascertain the flexural strength of corroded beams at various proportions of silica fume and bacteria mixture.
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3. Results and discussion

3.1. Compressive strength

Concrete cylinders were subjected to compressive strength testing after 28 days of curing. The results,
illustrated in Fig. 5, show the control beam (BN) achieved an average compressive strength of 37.59 MPa.
The concrete incorporating 8% silica fume exhibited an compressive strength of 33.99 MPa. However,
increasing silica fume to 10% and 12% reduced the strength to 24.10 MPa and 29.92 MPa. Fig 5
demonstrates that BN concrete has a greater compressive strength than Silica Fume concrete. This reduction
can be attributed to the lower reactivity of excessive silica fume, which limits its interaction with water and
cement. This leads to a decrease in the amount of water available for compacting the concrete, resulting in
the formation of voids. Furthermore, a higher percentage of silica fume added to the concrete only serves
as a filler in the space between the cement paste and the aggregate, decreasing compressive strength [36].
During the process of hydration, the chemical reaction between cement and water forms calcium silicate
hydrate (CSH) and calcium hydroxide. The creation of CSH influences the compressive strength of
concrete, and the quantity of CSH created is strongly contingent upon the quantity of cement utilized [37].
Increasing the amount of silica fume may result in a portion of the residual silica fume not undergoing a
reaction with calcium hydroxide, thus failing to create CSH gel. Instead, it would simply fill the empty
spaces between the cement paste and the aggregate [38].

40 - 3759 mmm] mem2 wmwm3 —{-Average
35 29.92
30

25

L
5 R ]

Compressive strength (MPa)
=

(==

BN SFB 8% SFB 10% SFB 12%
Percentage (%)

Fig. 5. Concrete compressive strength test results.

3.2. Corrosion acceleration

Beam specimens that had undergone a 28-day curing process were subjected to acceleration testing. The
specimens were submerged in a solution of Sodium Chloride (NaCl) with a salinity of 5% of the total
volume of water in the styrofoam. A DC power supply tool assisted in the corrosion acceleration process to
provide electric current to the reinforcement of the test specimens. Accelerated corrosion was carried out
using a duration of 48 hours, 96 hours, and 168 hours on 12 beams of test specimens, and the current was
read every hour to see the increase in current on each test specimen. In Fig 6, the results show that concrete
with SFB admixture has a relatively small current compared to normal concrete. The concrete with SFB
admixture exhibits a relatively small current. This indicates that the admixture affects the conductivity of
the concrete. Compared to normal concrete, which shows a higher current, the SFB admixture reduces the
electrical flow. This difference highlights the impact of the admixture on the material's electrical properties.
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Fig. 6. Corrosion acceleration graph (a) 48 hours, (b) 96 hours, and (c) 168 hours.

The current was monitored every hour to record the average intensity of the corrosion current flowing
through the specimens at different concrete mixes. This increase in current explains the resistance of
concrete to chloride initiation. At accelerated corrosion with 48 48-hour duration, SFB 12% had lower
initial to final current values, followed by SFB 10%, SFB 8%, and BN concrete mixes. At 96 hours, SFB
12% still had low initial to final currents, followed by SFB 8%, SFB 10%, and BN. At a corrosion
acceleration duration of 168 hours, SFB 8% had a lower initial to final current, followed by SFB 12%, SFB
10%, and BN. This proves that SF and bacterial admixture concrete have lower current than normal
concrete, which indicates that silica fume and bacterial admixture concrete have better resistance than
normal concrete. After the accelerated corrosion process, it is possible to calculate the estimated final
weight of the reinforcement and the estimated mass loss from the average current obtained during the
accelerated process with the impressed voltage method. The estimated mass loss of the reinforcement due
to the corrosion process can be seen in Table 4.

Table 4. Calculation of estimated reinforcement weight loss.
Estimated Estimation

Acceleration .. . . Estimation
Code Current (I) duration (hours) Initial Weight (gr) F?Zz;g(};tr : Comljs?;[; i Mass Loss (er)
BNI1 1.70 48 500 414.96 17.01 85.03
BN2 1.84 168 500 177.98 64.40 322.02
BN3 3.25 96 500 173.87 65.23 326.13
SFB 8%Al 0.86 48 500 457.13 8.57 42.87
SFB 8%A2 1.13 96 500 386.24 22.75 113.76
SFB 8%A3 0.95 168 505 338.67 33.94 166.33
SFB 10%B1 0.69 48 500 465.56 6.89 34.44
SFB 10%B2 1.28 96 490 362.10 25.58 127.90
SFB 10%B3 1.45 168 490 234.72 52.10 255.28
SFB 12%C1 0.34 48 500 483.15 3.37 16.85
SFB 12%C2 0.55 96 500 44475 11.05 55.25
SFB 12%C3 1.06 168 490 303.18 38.13 186.82
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Table 5 displays the data on mass loss and the percentage of real corrosion rate. Pitting corrosion can occur
due to chloride ions present on the reinforcing surface or the penetration of water and oxygen into certain
areas of the concrete that include cracks, leading to a decrease in cross-sectional area. Pitting corrosion can
lead to a fast reduction in the cross-sectional area of the reinforcement in specific crucial regions [39]. The
reduction in the cross-sectional area in this investigation was recorded at intervals of 5 cm along the
reinforcement. Figure 7 displays the outcomes of the cross-sectional area measurement. From the
measurement results, it was found that corrosion can cause a reduction in the cross-sectional area of the
reinforcement. The higher the corrosion rate, the more reduction in the cross-sectional area of the
reinforcement [40]. From the graph in Fig 7, BN has more reduction in cross-sectional area than SFB, which
means that concrete with added silica fume and bacteria can minimize the reduction in the cross-sectional
area of the reinforcement, which will cause a decrease in the adhesion between the reinforcement. In
addition, the strength of the concrete will be reduced due to the decrease in the adhesion of the
reinforcement to the concrete.

Table 5. Reinforcement mass loss.
Estimation Rate

Code Final Rate Corrosion Estimates Mass Loss Derivation
1 0,
Weight (gr) Corrosion (%) Actual (%) Mass Loss (gr) Actual (gr) (%)
BN1 454 17.01 9.20 85.03 46.00 7.81
BN2 287 64.40 42.60 322.02 213.00 21.80
BN3 327 65.23 34.60 326.13 173.00 30.63
SFB 8%A1 490 8.57 2.00 42.87 10.00 6.57
SFB 8%A2 428 22.75 14.40 113.76 72.00 8.35
SFB 8%A3 396 32.94 21.58 166.33 109.00 11.35
SFB 10%B1 492 6.89 1.60 34.44 8.00 5.29
SFB 10%B2 411 26.10 16.12 127.90 79.00 9.98
SFB 10%B3 301 52.10 38.57 255.28 189.00 13.53
SFB 12%C1 495 3.37 1.00 16.85 5.00 2.37
SFB 12%C2 465 11.05 7.00 55.25 35.00 4.05
SFB 12%C3 365 38.13 25.51 186.82 125.00 12.62
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Fig. 7. Measurement results of reduction of reinforcement cross-sectional area (a) BN, (b) SFB 8%, (c) SFB 10%,
and (d) SFB 12%.
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The acceleration results show that the longer the accelerated corrosion process, the higher the mass loss of
reinforcement, which aligns with the estimated value not too far from the actual value by not exceeding
30.63%. The accelerated corrosion test runs quite controlled, with the correlation between the duration of
accelerated corrosion and the actual corrosion rate above 90%, as can be seen in Fig 8. The value of 30.63%
is the highest derivation value obtained by BN 3, and this occurs because, during the accelerated corrosion
process, BN 3 has been set for a duration of 168 hours. However, at 13 hours, BN 3 experienced initial
cracking and increased current on BN 3 so that chloride penetration became high, which affected the
derivation value. Sudden spikes in current indicate the formation of early corrosion cracks in concrete [41].
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Fig. 8. Relationship between corrosion duration and corrosion rate.

From the results of accelerated corrosion over a predetermined time, it is known that at 48 hours of corrosion
acceleration, SFB 12% C1 has a low average current compared to other specimens with a current acquisition
of 0.34 (I), making SFB 12% C1 has good resistance at 48 hours duration this is evidenced from the actual
corrosion rate of 1% with actual mass loss of 5 grams. At 96 hours of corrosion acceleration, SFB 12% C2
has an average current of 0.55 (I), making SFB 12% C2 have good resistance at 96 hours of corrosion
acceleration duration with an actual corrosion rate of 7% and actual mass loss reduction of 35 grams. At
168 hours of accelerated corrosion, SFB 8% A3 had good resistance with an average current of 1.45 (I), a
corrosion rate of 21.58%, and a mass loss of 109 grams. The best corrosion resistance of each specimen in
48 hours and 96 hours duration is SFB 12%, while 168 hours is SFB 8%, which makes SFB 8% have good
resistance in the long term compared to other specimens. There are cracks due to corrosion formation after
the accelerated corrosion process on the specimen. The width of cracks in the specimens have different
sizes because the accelerated corrosion process is highly dependent on the permeability and water
absorption of concrete to chloride penetration [41]. The results of cracking due to the accelerated corrosion

process of 168 hours corrosion can be seen in Fig 9, while the results of crack measurements can be seen
in Table 6.

SFB 12% (168 Hours)

Fig. 9. Concrete cracks after an accelerated corrosion process of 168 hours.
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Table 6. Crack measurement.

Acceleration Corrosion Crack Width (mm)
Code Duration ] Average

Corrosion (Hours) Left Right
BN1 48 0.30 0.60 0.45
BN2 168 0.70 1.40 1.05
BN3 96 0.40 0.75 0.58
SFB 8%Al 48 0.35 0.30 0.33
SFB 8%A2 96 0.55 0.35 0.45
SFB 8%A3 168 0.90 0.45 0.68
SFB 10%B1 48 0.20 0.15 0.18
SFB 10%B2 96 0.50 0.45 0.48
SFB 10%B3 168 1.40 1.40 1.40
SFB 12%C1 48 0.20 0.10 0.15
SFB 12%C2 96 0.40 0.35 0.38
SFB 12%C3 168 1.30 1.40 1.35

From the measurement of cracks in all specimens, the average is taken on the right and left sides, which
can be seen, for example, in Fig 10. It is known that the longer the duration of corrosion, the greater the
crack width. The longer the duration of accelerated corrosion, the more rust products will increase and
collect on the steel surface [42]. The corrosion of steel reinforcement in concrete has a detrimental impact
on its durability and strength. This is due to the potential of the steel reinforcement to undergo significant
expansion, resulting in high pressure within the concrete. Consequently, this pressure leads to the formation
of cracks [8]. In Fig 10, the relationship between the duration of accelerated corrosion and crack width
correlates> 90%, which explains that the duration of corrosion and crack width in concrete are closely
related.

168 1

R?=10.9976
148 -

128 4

108 4 /
= BN

88 4 R2 = 0.9566 SFB 8%
SFB 10%
SFB 12%

Duration of accelerated
corrosion (hours)

68 A

48 T !
0 1 2
Crack width of concrete (mm)

Fig. 10. Relationship between accelerated corrosion duration and crack width.
3.3. Non-destructive testing

3.3.1. Impact echo

Impact echo testing is a method to determine the gap or cavity in a concrete structure layer. Impact echo
testing was carried out at four concrete points before and after corrosion with different distances of 5 cm,
10 cm, 15 cm, and 20 cm from the Hit point with three iterations. Examples of impact echo testing graphs
before and after corrosion can be seen in Fig 11.
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Fig. 11. Impact echo graph before and after corrosion SFB 8% A3.

The impact echo test results obtained the frequency values before and after accelerated corrosion. The
frequency was selected because it represents the peak amplitude detected by the impact echo sensor within
the signal window. The SFB test specimen has a higher frequency value than BN. The difference in
frequency values can occur due to several factors, such as concrete density and the heterogeneous nature
of the concrete mix [42]. SFB concrete has a higher average frequency value than BN, indicating that SFB
has a better density than BN. The highest peak frequency value before corrosion was obtained by SFB 12%
at 17323.0 Hz, while BN was 10214.8 Hz. After corrosion, the highest frequency was obtained by SFB 8%
at a corrosion duration of 168 hours with a peak frequency of 7486.2 Hz, while BN was 2593.6 Hz. The
frequency results show that SFB concrete has better concrete quality than BN. This is because SFB has a
very fine size so that it can cover the pores in the concrete and make it denser. Fig 12 shows the relationship
graph between the frequency value after corrosion and the corrosion level. The impact echo test results
obtained show that the higher the corrosion level affects the frequency value. Frequency values will
decrease as the corrosion rate increases [20]. In addition, cracks due to corrosion in the concrete cause the
wave velocity to slow down and reduce the frequency value [42]. Therefore, the corrosion level will affect
the specimen's frequency value, depending on the material used. The fine particles of SF will fill the
concrete voids and make it denser, while the bacteria will help precipitate the calcite to fill the voids [12].
Therefore, BN has a lower frequency value than SFB. Based on the impact echo test results, the highest
frequency values at 48 hours and 96 hours of accelerated corrosion duration were obtained by SFB 12%
C1 and C2, while 168 hours were obtained by SFB 8% A3.
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Fig. 12. Relationship between frequency value and corrosion rate.

3.3.2. Resistivity method

The resistivity testing method is utilized to ascertain the concrete's resistance to the corrosion of reinforcing
steel. The resistivity value obtained from the test provides insights into the concrete's state and the
likelihood of corrosion occurring in the reinforcing steel within the concrete. A higher resistivity of the
concrete will result in a slower corrosion process. The resistivity of concrete when exposed to chloride
indicates the likelihood of early corrosion damage. This is because low resistivity is consistently linked to
swift chloride penetration [43]. A test was performed on concrete to assess its durability before and after
corrosion. The study examined several types of silica fume concrete and the inclusion of extra
microorganisms. Data was collected at four points, with two points left and right at the top and 2 points left
and right at the bottom. The results of resistivity testing before corrosion in all BN and SFB specimens
show resistivity values in the very low category. However, the resistivity value of normal concrete has a
value that is far below SFB concrete as in SFB 12% C1 and BN1 has a difference of 20.24 kQ.cm or 33.82%
but still in the very low category in accordance with AASHTO TP 95 [30]. The resistivity results after being
corroded decreased according to the duration of the corrosion. The resistivity value will decrease as the
corrosion rate increases [20]. From the results obtained in the resistivity test after being corroded, the
highest value at 48 and 96 hours of corrosion acceleration was received by the 12% SFB specimen at 41.81
kQ.cm (very low) and 30.23 kQ.cm (low), while at 168 hours it was obtained by 8% SFB with a value of
25.12 kQ.cm (low). SFB concrete's resistivity value has better or better performance than normal concrete.
SF concrete mixtures show good resistance to water permeation because the high specific surface area of
SF will result in greater pozzolanic activity. Because its finer size is about 100 times finer than cement
particles, it can fill the voids between particles and reduce the penetration of chloride ions [44]. SF concrete
and added bacteria make the porosity of concrete smaller due to the small particle size of SF and the
precipitation of calcite by bacteria [12]. Therefore, the resistivity value of SFB is higher or better than BN's.
The resistivity value before corrosion and after corrosion can be seen in Fig 13. The graph shows that the
higher the resistivity value, the lower the corrosion level, which means the value is inversely proportional.

48 Hours 96 Hours 168 Hours
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(=] (=]
L
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[
[=]
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Fig. 13. Resistivity and corrosion rate relationship graph.
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The resistivity value has a good correlation to the corrosion level, as can be seen in Fig 14 and Fig 15,
which show a correlation value of > 80% in all specimens and > 80% for each separate specimen according
to the variation. The relationship between resistivity and corrosion rate is liniear, the graphs show that the
higher the corrosion rate, the lower the resistivity value. This aligns with research by Zaki et al. [20], where
the resistivity value will rise alongside the corrosion rate. When the corrosion rate of concrete increases, it
leads to the deterioration of the material. Using resistivity tools, the assessment of concrete quality will be
read according to the condition of the concrete.
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Fig. 14. The relationship between corrosion level and resistivity value.
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Fig. 15. Relationship between resistivity and corrosion rate with different corrosion duration.

3.4. Flexural strength

Testing the flexural strength of concrete is conducted following an accelerated corrosion process to assess
the durability and strength of SFB concrete. Fig. 16 displays the results of the flexural strength test
performed on the beam following corrosion. According to the flexural strength test findings, the highest
values were observed in SFB, at 12%, after 48 hours and 96 hours of accelerated corrosion, with values of
18.45 MPa and 11.17 MPa, respectively. Regarding acceleration for 168 hours, SFB 8% showed a value of
7.07 MPa. BN has a lower flexural strength compared to SFB. As the level of corrosion increases, the
adhesion between the concrete reinforcement will weaken. Corrosion has a significant impact on the
mechanical properties of the reinforcement.
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Additionally, the presence of corrosion products can lead to cracking and subsequent peeling of the
surrounding concrete. When corrosion reaches severe levels, it can decrease the load-bearing capacity of
structural components [39,45]. Thuswith its higher corrosion rate than SFB, BN exhibits a lower flexural
strength value. The correlation between the corrosion rate and flexural strength value is clear in Fig. 17.
Aside from considering corrosion factors, including SF and bacteria in the specimens can enhance flexural
strength. Adding SF to concrete can enhance its flexural strength [46]. The addition of Bacillus subtilis
bacteria to concrete will increase its flexural strength due to calcite deposits by these bacteria.
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Fig. 17. Relationship between flexural strength and corrosion rate.

3.5. Concrete failure pattern

Based on SNI 1974-2011, there are five different patterns of destruction in cylindrical concrete. These
include cone destruction, cone and split destruction, cone and shear destruction, shear destruction, and
upright axis parallel destruction [47]. The difference in crack patterns can occur due to the inhomogeneous
distribution of coarse aggregates in the concrete mixture, which causes cracks to occur at points that are
less filled with aggregates. Besides differences in crack patterns can also occur due to the segregation or
separation of concrete materials during the manufacture of test specimens [48]. In Fig 18, the cylindrical
concrete shows shear cone destruction. The cracks that occur in each test specimen mostly have the same
crack pattern. The addition of 10% SFB has the same destruction pattern in all specimens, but the
destruction is more severe than in others. SFB 10% has a lower compressive strength value than other test

specimens, while BN has less destruction. BN is more homogeneous, and its aggregate distribution is even
greater than that of SFB.
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(a) (b)

(©) (d)
Fig. 18. Failure pattern of cylindrical concrete (a) BN, (b) SFB 8%, (c) SFB 10%, and (d) SFB 12%.

Testing the flexural strength of the beam specimens after being corroded, there are crack patterns from
different test specimens and different corrosion acceleration durations. Cracks in the span's center can be
interpreted as flexural cracks [49]. Based on the results of the flexural strength test, all specimens fall into
the flexural cracking category, as can be seen in Fig 19. The higher the level of corrosion in the concrete
block, the smaller the cracks formed, which indicates the lower bonding properties of the concrete block.
The lower bonding properties are due to the corrosion products (rust) releasing pressure, resulting in more
cracking and peeling of the bonding area, so the tensile force is reduced, and the number of cracks is also
reduced [43]. Therefore, the cracks in the BN specimen have a flexural failure pattern with smaller cracks.

BN (48 Hours) . BN (96 Hours)

SFB 8% (48 Hours) = | SFB 8% (96 Hours)™|

SFB 10% (48 Hours) — SFB 10% (96 Hours)”

SFB 12% (48 Hours) . SFB 12% (96 Hours
(a) (b)
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SFB 8% (168 Hours)-

SFB 10% (168 Hours)-

SFB 12% (168 Hours)-,

(c)
Fig. 19. Flexural strength test results (a) 48 hours, (b) 96 hours, and (c) 168 hours.

3.6. Relationship between impact echo and resistivity values

Observing the relationship between resistivity and impact echo testing is crucial in determining the
correlation between these two factors and corrosion in concrete. Fig. 20 displays the correlation values of
resistivity and impact echo methods, with a value of 0.948 before corrosion and 0.8878 after. The
relationship between impact echo and resistivity testing methods indicates a strong correlation in assessing
concrete condition before and after corrosion.
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Fig. 20. Relationship between resistivity and impact echo values.

Fig 21 shows the relationship between the impact echo and resistivity values to the corrosion rate. The
relationship between impact echo and resistivity values to the corrosion rate strongly correlates above 80%.
This shows that impact echo and resistivity testing can assess corrosion levels well. The higher the corrosion
rate, the lower the impact echo and resistivity values. Resistivity has a better relationship with the corrosion
rate than impact echo. This indicates that resistivity values are better at assessing corroded concrete.
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Fig. 21. Relationship of impact echo and resistivity values to corrosion rate.

Fig 22 illustrates the correlation between impact echo and resistivity to flexural strength, as a significant
level of corrosion can greatly impact the concrete's strength. The correlation between impact echo and
flexural strength is over 90%, except for SFB 8%. On the other hand, the resistivity to flexural strength is
over 90% for all test objects. This shows that impact echo and resistivity testing can accurately predict the
flexural strength value of corroded concrete. SFB 8% in the impact echo relationship with flexural strength
only has a correlation value of 0.7382. This is because from testing the flexural strength of SFB 8% on
specimens A2 and A3, the flexural strength is almost the same with a difference of only 0.42 MPa. This
results in SFB 8% not having linear results. The relationship between the resistivity value and flexural
strength has a stable correlation, namely >90%, which means that the quality of the concrete can be seen or
evaluated using a resistivity tool properly.
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Fig. 22. Relationship of impact echo and resistivity values to flexural strength.
3.7. Self-healing

Once the accelerated corrosion process is finished, the self-healing test involves spraying water on the
cracked concrete. This activates the bacteria, allowing them to cover the cracks. The self-healing process
will begin when water (H20) enters the crack and reacts with the bacteria [50]. Visual observations were
made for 28 days, and observation data was taken every 7 days to see the development of bacteria covering
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the cracks. In the self-healing process of 28 days, it was found that all specimens with bacteria-added
materials were not covered completely. The high pH of the cement can allow bacterial cells to grow slowly
in the initial period and adapt to high pH conditions in the curing period. In addition, bacterial cells may be
damaged or die. In addition to the pH factor, the crack width in the specimen also affects the performance
of bacteria towards crack closure [51]. The effective crack width that bacteria can close is 0.3 mm, and the
development of bacteria can be inhibited because the concrete surface has a low pH due to carbonation. In
contrast, the pH in the concrete has a high value. As a result, the healing rate decreases dramatically with
the increase in crack area [52]. This results in the bacteria not working properly. However, the spores of
Bacillus subtilis bacteria can survive in concrete for up to 200 years, which will activate when exposed to
water and oxygen [53-55]. Of all the specimens added with Bacillus subtilis bacteria, only specimen SFB
12% C2 appeared to a bacteria, although it did not cover it completely. However, this indicates that bacteria
can survive in extreme environments. The appearance of bacteria can be seen in Fig 23.

(b)
Fig. 23. The appearance of bacteria on the specimen (a) 12% SFB test piece and (b) Detail of 12% SF C2.

4. Conclusions

Based on the research experiment, the analysis of the results reveals some interesting findings regarding
the evaluation of silica fume on the self-healing performance of corroded concrete using the NDT method.
From these findings, certain conclusions can be drawn:

e The compressive strength of SFB concrete is lower than that of BN concrete. This reduction is
primarily due to the water-absorbing nature of silica fume (SF), which decreases the workability of the
mix and negatively affects strength development. The recorded compressive strengths were 37.59 MPa
for BN, 33.99 MPa for SFB 8%, 24.10 MPa for SFB 10%, and 29.92 MPa for SFB 12%. The addition
of silica fume and bacteria enhances the concrete's resistance to chloride ion penetration, as evidenced
by lower current values observed during accelerated corrosion testing. The results of flexural strength
tests performed post-accelerated corrosion indicate a reduction in flexural strength, which correlates
with the increasing rate of corrosion..

e The collapse pattern of the SFB 10% cylindrical concrete specimen was more severe than that of the
other specimens, likely due to the uneven distribution of coarse aggregate. Additionally, the crack
patterns observed in all concrete specimens exhibited characteristics typical of flexural failure.The
impact echo and resistivity values are inversely proportional to the corrosion rate. The higher corrosion
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rate results in lower impact echo and resistivity frequency values. At a corrosion rate of around 10%,
the impact echo value is 7500 Hz, and the resistivity is 30 k Q- cm. As the corrosion level increases to
around 30%, the impact echo decreases to 5000 Hz, and the resistivity drops to 20 k- cm. This data
demonstrates a clear relationship between the corrosion rate and both the impact echo and resistivity
value.The impact echo and resistivity methods have higher effectiveness in evaluating concrete that
has the potential for corrosion and concrete that has been exposed to the effects of corrosion.

With the use of silica fume and Bacillus subtilis bacteria additives, concrete becomes more resistant to
chloride ion penetration, which is the primary factor that initiates reinforcement corrosion. This
resistance helps in preventing the onset of corrosion within the reinforcement, thereby enhancing the
durability of the structure. As a result, incorporating silica fume and Bacillus subtilis bacteria additives
significantly improves the service life and overall performance of reinforced concrete in construction
buildings. This combination not only strengthens the concrete matrix but also helps in mitigating long-
term maintenance issues caused by corrosion.Further research is required, particularly regarding the
microstructure of SFB concrete, to better understand the ongoing development of bacteria for self-
healing properties. Additionally, it is essential to investigate the formation of C-S-H (calcium silicate
hydrate) in SFB concrete, as this compound plays a crucial role in enhancing the concrete's strength.
Understanding these aspects will provide valuable insights into the long-term performance of SFB
concrete and its potential for improving the durability and sustainability of reinforced concrete
structures.
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