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Article Info  Abstract 

Article History:  Waste glass powder (WGP) has emerged as a sustainable geopolymer precursor 
that reduces industrial waste while enhancing the engineering performance of 
concrete. In the current study, the effect of WGP on the mechanical and durability 
properties of bacteria-enhanced geopolymer concrete using Exiguobacterium 
aurantiacum (MTCC-6414) was investigated. The fresh, mechanical, durability, 
and microstructural properties were studied for the geopolymer concrete 
mixtures with different proportions of GGBFS, fly ash, and WGP. Among all 
mixtures, the geopolymer concrete containing 50% GGBFS and 50% WGP 
exhibited the best overall performance. The compressive strength of 59.00 MPa 
and 73.75 MPa was obtained at 28 days and 90 days respectively with an increase 
of 118.5% and 92.8% over the control mixture. The respective split tensile 
strengths were 5.06 MPa at 28 days and 5.70 MPa at 90 days, which were increased 
by 42.5% and 38.7% respectively. The optimum mixture (GBCM7) exhibited a 
significantly lower rapid chloride permeability value (1493.1 C) compared to the 
control mixture GBCM0 (2450.5 C), representing a 39.1% reduction in total charge 
passed, indicating improved resistance to chloride ingress and water penetration. 
SEM, EDS and FTIR analyses confirmed the formation of a denser geopolymer 
matrix with improved reaction products attributed to the synergistic effects of 
reactive silica from WGP and bacterial mineralization. 
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1. Introduction 

The construction industry is one of the largest contributors to global carbon dioxide (CO₂) 
emissions due to the extensive consumption of ordinary Portland cement (OPC). One ton of cement 
production releases an amount of CO2 that is equal to one ton, which is a significant contributor to 
environmental degradation and global warming [1]. Hence, the development of sustainable 
construction materials with lower carbon footprint is a major research focus. Geopolymer concrete 
has emerged as an eco-friendly alternative to OPC concrete by utilizing industrial by-products rich 
in aluminosilicates, such as ground granulated blast furnace slag (GGBFS), fly ash (FA) and 
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metakaolin, that are activated with alkaline solutions to form a three-dimensional aluminosilicate 
network [2]. Compared to conventional concrete, the geopolymer concrete has lower greenhouse 
gas emissions, excellent mechanical strength, superior resistance to chemical attack and better 
long-term durability. The engineering performance of geopolymer concrete is influenced by the 
chemical composition and reactivity of the precursor materials. GGBFS provides calcium which 
promotes the formation of calcium-aluminosilicate-hydrate (C-(A)-S-H) gel, which leads to a rapid 
strength development under ambient curing conditions. Fly ash contains high silica and alumina 
which helps in the formation of sodium-aluminosilicate-hydrate (N-A-S-H) gel leading to higher 
long-term strength and durability. Therefore, the combined use of GGBFS and fly ash has been a 
common practice in obtaining balanced mechanical properties and durability in geopolymer 
concrete [3]. Recently, powdered waste glass (WGP) has attracted a lot of attention as a 
supplementary geopolymer precursor because of its high amorphous silica content and its 
widespread availability as an industrial waste. WGP addition leads to sustainable waste 
management and reduces landfill disposal. The waste glass is finely ground and contains reactive 
silica which actively takes part in the geopolymerization, improves the packing of particles and 
leads to a denser geopolymer matrix. Previous studies have demonstrated that the incorporation 
of WGP at suitable substitution levels leads to enhanced compressive strength, reduced chloride 
penetration and improved water absorption. However, excessive replacement of WGP can reduce 
the availability of calcium for the formation of the geopolymer gel, thus reducing the mechanical 
performance [4,5,6]. In addition to optimizing precursor materials, recent research has also 
focused on the integration of beneficial microorganisms to improve the performance of 
cementitious materials. Some alkaliphilic bacteria can survive in highly alkaline environment and 
induce microbial induced calcium carbonate precipitation (MICP). 

The precipitated calcium carbonate fills the pores and refines the microstructure, thereby reducing 
the permeability and improving the mechanical and durability properties of concrete [7]. Among 
these microorganisms, Exiguobacterium aurantiacum has gained importance due to its ability to 
tolerate alkaline conditions and to be metabolically active in harsh environmental conditions. 
These properties render it suitable for geopolymer systems with a strongly alkaline pore solution. 
Studies on bacteria-enhanced concrete, geopolymer concrete and waste glass powder have been 
separately investigated. Previous studies have shown that bacterial incorporation improves the 
matrix densification and durability through biomineralization, while WGP improves sustainability 
and engineering performance of geopolymer binders [5,8,9,10,11]. However, very little 
information is available on the use of combined fly ash, GGBFS, powdered waste glass and 
Exiguobacterium aurantiacum in geopolymer concrete. Moreover, the optimum replacement level 
of GGBFS with WGP, and the effect of this replacement on fresh, mechanical, durability, and 
microstructure properties of bacteria enhanced geopolymer concrete have not been investigated 
thoroughly [12,13]. We hypothesize that a dual-action physicochemical mechanism is in play in this 
binder: waste glass powder (WGP) has high amounts of amorphous reactive silica (SiO2 > 70 %), 
which promotes the geopolymeric dissolution-polycondensation kinetics, yielding higher volumes 
of sodium/calcium aluminosilicate hydrate (N-A-S-H/C-(A)-S-H) gel matrix, while 
Exiguobacterium aurantiacum metabolizes organic calcium nutrients via ureolytic hydrolysis to 
precipitate fine micro-crystalline calcite (CaCO3) directly within residual gel micropores. 

This concurrent geopolymer matrix densification and microbial bio-calcification yields a 
synergistic pore-refinement effect and a significant reduction in ionic diffusivity and improvement 
in mechanical strength. Hence, the present study aims to investigate the effect of powdered waste 
glass on mechanical and durability performance of bacteria enhanced geopolymer concrete 
prepared from GGBFS, fly ash, WGP, and alkaline activators incorporating Exiguobacterium 
aurantiacum. The systematic assessment of the effect of WGP substitution on consistency, setting 
time, compressive strength, split tensile strength, flexural strength, rapid chloride permeability, 
sorptivity and microstructural features using SEM, EDS, FTIR, CFU, and urease activity analyses has 
been done. The findings of this research add to the knowledge of the responsive effect of bacterial 
mineralization and waste glass powder on the growth of eco-friendly high performance 
geopolymer concrete. 
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2. Experimental Investigation 

The current research incorporated GGBFS, waste glass powder, fly ash, Exiguobacterium 
aurantiacum (MTCC 6414) bacteria & an alkali activator (sodium hydroxide & sodium silicate) 
mixed along with distilled water to make samples for testing. 

Table 1. The physical properties of GGBFS, fly ash, and waste glass powder 

Physical Property GGBFS Fly Ash Waste Glass Powder (WGP) 
Specific Gravity 2.89 1.97 2.51 

Blaine Specific Surface Area (m2/kg) 335 380 410 
Mean Particle Size d50 (µm) 12.4 18.6 14.2 

 

2.1 Materials 

2.1.1 Ground Granulated Blast Furnace Slag (GGBFS) 

Ground Granulated Blast Furnace Slag (GGBFS) is the waste product from the making of iron & 
steel. It has been made when slag from iron in molten state processed in a blast furnace cools 
quickly by steaming or through water quenching. A glassy substance was produced by drying and 
grinding the granular result into a fine powder after quenching. BIS 16714:2018 specification for 
GGBFS was employed [14]. In this study, it was incorporated at 25%, 50%, 75%, and 100% levels 
into the total cementitious material. The physical properties and the chemical composition of 
GGBFS utilized for this study is presented in Table 1 and Table 2 respectively. 

2.1.2 Fly Ash 

The industrial by-product coming from thermal power plant, fly ash is a fine, grey powder with 
glassy, spherical particles. Designated as Class F (with a lower CaO percentage) or Class C (with a 
large CaO percentage). The glass spheres improve the flow and properties of concrete, making it a 
valuable additive in alkali-activated materials. Indian Standard IS 3812 (Part 1): 2013 for coal fly 
ash was met by the fly ash that was utilized [15]. This study integrated class C fly ash at amounts of 
25%, 50%, 75%, and 100% into the total cementitious material. The research explores the physical 
properties and the chemical constitution of class C Fly Ash, as detailed in Table 1 and Table 2 
respectively. 

2.1.3 Waste Glass Powder 

Waste glass powder (WGP) is produced by crushing and grinding waste glass into a fine powder. 
WGP possesses a substantial silica concentration. Finely ground waste glass powder releases 
reactive amorphous silica, which undergoes pozzolanic and geopolymeric reactions to form 
supplementary calcium silicate hydrate (C-S-H) and sodium aluminosilicate hydrate (N-A-S-H) gels 
within the hardened matrix. It can also be utilized to create geopolymer and reduce harmful alkali-
silica reactions. In this study, it was incorporated at 25%, 50%, and 75% levels into the total 
cementitious material. Table 1 and Table 2 illustrates the physical properties and the chemical 
constitution of Waste Glass Powder (WGP) employed in this investigation respectively. 

2.1.4 Fine and Coarse Aggregate 

The fine aggregate used for the present work was a manufactured sand (M-Sand) with maximum 
particle size of 4.75 mm obtained from Uthiramerur, Tamil Nadu, India. It is classified as Zone II as 
per IS 383:2016 [16] having fineness modulus value of 2.92. The coarse aggregate used was 
crushed angular stone in two single-sized fractions (12.5 mm and 20 mm) obtained from 
Uthiramerur, Tamil Nadu, India. The physical and mechanical properties of the concrete are tested 
according to IS 2386 (Parts 1, 3 and 4). The bulk SSD specific gravity of the fine aggregate was 2.68, 
the apparent specific gravity was 2.85 and the water absorption was 2.26%. The specific gravities 
of bulk SSD of 12.5 mm and 20 mm coarse aggregates were 2.76 and 2.79, respectively and the 
water absorptions were 0.51% and 0.43%, respectively. All aggregates were prepared and batch 
weighed in the Saturated Surface Dry (SSD) condition and moisture corrections were made during 
concrete mixing to account for aggregate absorption and free surface moisture. 
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2.1.5 Alkali-Tolerant Bacteria 

Alkali-tolerant bacteria precipitate calcite by raising pH and releasing carbonate ions, which 
subsequently mix with calcium ions, forming calcium carbonate crystals. The procedure is of 
immense help for bio-cementation, which enables the bacteria to precipitate calcite into concrete 
cracks, repairing them. In this present study, Exiguobacterium aurantiacum bacteria were used. 

2.1.6 Alkali Activator Solutions 

The alkaline liquid to binder ratio was kept constant for all concrete mixtures. The 12M sodium 
hydroxide (NaOH) solution was prepared by dissolving the commercial grade NaOH pellets (98% 
purity) [17] in distilled water. The dissolution process is highly exothermic, and therefore the 
solution was equilibrated to room temperature (25 ±2oC) for 24 hrs. before use. Afterward, the 12 
M NaOH solution was well mixed with the commercial liquid sodium silicate (Na2SiO3) contained 
29.4% SiO2, 13.7% Na2O, and 56.9% H2O by mass (modulus Ms=SiO2/Na2O=2.15) [18] at a 
constant mass ratio of 1:3 (Na2SiO3 : NaOH) to prepare the final alkaline activator solution. The 
combined activator solution was allowed to homogenize to ensure chemical stability prior to being 
mixed with the precursor materials. 

2.1.7 Water 

Distilled water was utilized to synthesize the sodium hydroxide (NaOH) solution and dilute the 
alkaline activator to achieve the targeted 12 M concentration. The prepared NaOH solution was 
subsequently combined with liquid sodium silicate (Na2SiO3) at a 1:3 mass ratio (SS:SH) to prepare 
the final alkaline activator solution [19]. 

Table 2. Percentage chemical composition of Waste Glass Powder, GGBFS and fly ash 

Constituents fly ash GGBFS Waste Glass Powder 
SiO2 36.52 32.56 71.10 
CaO 28.52 38.91 10.23 

Al2O3 17.67 16.97 0.94 
Fe2O3 5.15 1.25 0.16 
MgO 4.54 5.13 4.40 
Na2O 0.70 0.20 12.51 
K2O 0.99 0.08 0.31 
SO3 2.37 0.87 0.07 
TiO2 0.58 - 0.07 

Cr2O3 - - 0.21 
undissolved substance 2.28 4.01 - 

combustion loss 0.68 0.02 - 
 

2.2 Bacterial Characterization 

Exiguobacterium aurantiacum (MTCC-6414) was procured from Microbial Type Culture Collection 
(MTCC), CSIR–Institute of Microbial Technology (IMTECH), Chandigarh, India. The strain is a Gram 
positive, aerobic, rod-shaped bacterium, which can survive under alkaline conditions. The strain 
was chosen for the current study because of its ability to withstand the alkaline environment of 
geopolymer concrete and its potential to induce microbiologically induced calcium carbonate 
precipitation (MICP). 

The bacterium produces urease which helps in hydrolysis of urea and promotes calcium carbonate 
precipitation that is involved in pore refinement and matrix densification. These features make E. 
aurantiacum a suitable microorganism to improve the mechanical and durability properties of 
bacteria-enhanced geopolymer concrete. The strain characteristics are taken from the MTCC 
catalogue. Table 3 presents the morphological and physiological characteristics of 
Exiguobacterium aurantiacum (MTCC-6414) utilized in the present study. 
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Table 3. Characterization of Exiguobacterium aurantiacum (MTCC-6414) 

Property Description 
Organism Exiguobacterium aurantiacum 
MTCC No. MTCC-6414 

Cell morphology Rod-shaped 
Gram reaction Gram-positive 

Oxygen requirements Aerobic 
Habitat Soil, freshwater, marine sediments 

Optimum pH 7.0 to 9.0 
Temperature 20 to 30 oC 
Salt tolerance upto 8% 

 

2.3 Preparation of Bacterial Suspension 

The bacterial culture was revived aseptically from the MTCC stock culture in the Biotechnology 
Laboratory on sterile nutrient broth as the growth medium. Although catalog guidelines 
recommend a general maintenance temperature of 20–30 °C for Exiguobacterium aurantiacum, an 
incubation temperature of 37±2oC was deliberately selected to accelerate biomass production 
kinetics and optimize urease enzymatic expression during the precursor growth phase, consistent 
with optimal biomineralization protocols reported in literature. After incubation, bacterial cells 
were collected by centrifugation (5500 rpm) for 15 minutes at 4oC and washed twice with sterile 
distilled water to remove residual nutrients. The cell pellet obtained was then re-suspended in 
sterile distilled water to make the bacterial suspension. The preparation procedure of bacterial 
suspension is shown in Fig. 1. Initially, the bacterial cell concentration was monitored by measuring 
the optical density (OD) at 600 nm with a UV–visible spectrophotometer, and the viable cell count 
was then confirmed by the colony-forming unit (CFU) method. A bacterial suspension of 1 × 106 
cells/mL was prepared and added in the geopolymer concrete mixes according to the OD and CFU 
tests. Freshly prepared bacterial suspension was used for each batch to maximize the cell viability 
during the concrete mixing process. 

 
Fig. 1. Schematic flowchart of the bacterial preparation procedure 

2.4 Methods 

This section analyses various methodologies which were utilized to examine the impact of bacteria, 
GGBFS, Fly Ash and Waste Glass Powder on bacteria-infused geopolymer concrete.  
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2.4.1 The Weight Proportion of Bacterial Geopolymer Concrete Mix 

The specimens of bacteria-infused geopolymer concrete using an alkali activator solution that had 
calcium lactate and Exiguobacterium aurantiacum bacteria, coarse aggregate, fine aggregate (M-
Sand), waste glass powder, fly ash and Ground Granulated Blast Furnace Slag (GGBFS) with varies 
weight proportion is shown in Table 4. GBCM0 serves as a conventional Ordinary Portland Cement 
(OPC Grade 53) control concrete prepared with 460 kg/m3 cement, a water-to-cement (w/c) ratio 
of 0.40, and identical aggregate proportions, enabling direct performance benchmarking against 
standard OPC concrete. To ensure experimental reproducibility, the alkaline activator solution was 
synthesized using a fixed sodium silicate solution to sodium hydroxide mass ratio (Na2SiO3 : NaOH) 
across all geopolymer mixtures (GBCM1–GBCM8). 

Table 4. The composition of bacterial geopolymer concrete 

Mix ID 
GGBFS 

(kg/m3) 
Fly Ash 
(kg/m3) 

Waste 
Glass 

Powder 
(kg/m3) 

Calcium 
Lactate 
(kg/m3) 

Alkali-
Activator 

(Molarity) 

Bacterial 
Concentration 

( cells/mL) 

GBCM0 0 0 0 0 0 0 
GBCM1 460 0 0 2.3 12 106 
GBCM2 345 115 0 2.3 12 106 
GBCM3 230 230 0 2.3 12 106 
GBCM4 115 345 0 2.3 12 106 
GBCM5 0 460 0 2.3 12 106 
GBCM6 230 115 115 2.3 12 106 
GBCM7 230 0 230 2.3 12 106 
GBCM8 115 0 345 2.3 12 106 

Mix ID 
Cement 
(kg/m3) 

F A 
(kg/m3) 

C A 
(kg/m3) 

SS (kg/m3) SH (kg/m3) 
Extra Water 

(kg/m3) 
GBCM0 460 621 1041 0 0 184 
GBCM1 0 621 1041 52 156 20 
GBCM2 0 621 1041 52 156 20 
GBCM3 0 621 1041 52 156 20 
GBCM4 0 621 1041 52 156 20 
GBCM5 0 621 1041 52 156 20 
GBCM6 0 621 1041 52 156 20 
GBCM7 0 621 1041 52 156 20 
GBCM8 0 621 1041 52 156 20 

 

2.4.2 Consistency 

To achieve the ideal performance of geopolymer paste, it is essential to determine the optimal alkali 
activator concentration, for which a consistency test is essential. The test offers the perfect ratio in 
terms of solution and binder proportion. The mix should not be either too wet or too dry. In order 
to determine the perfect ratio for geopolymer paste, the apparatus, namely a Vicat with a 10 mm 
diameter plunger, can be used [20]. It can be taken as a basic procedure to enhance the properties 
of geopolymer concrete. 

2.4.3 Setting Time 

The transition of the cementitious material from a plastic state to a solid state can be determined 
by its setting time and it is assessed using Vicat apparatus. Initial setting shall be checked by 
inserting needle of 1mm diameter. The final setting time shall be checked by inserting a 5 mm 
circular cutting-edge needle [21]. For assessing the quality of geopolymer concrete, its setting time 
is essential. 
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2.4.4 Compressive Strength 

One of the crucial attributes, namely the compressive strength, specifies the effective stress 
withstanding capacity. For assessing the compressive strength, cubic samples of 100 mm were cast 
and cured at room temperature. In accordance with IS coding criteria, the specimen was 
experimented to assess compressive strength after 3, 7, 28, 56 & 90 days curing [22,23].  

2.4.5 Flexural Strength 

To ascertain the tensile strength of bacterial geopolymer concrete mix, flexural strength analysis is 
essential. It specifies the ability of a material’s binding force. For assessing the flexural strength, the 
ideal prism specimen with dimensions 150mm x 150mm x 500mm was formulated and subjected 
to curing at room temperature. In accordance with IS coding criteria, the samples were analysed 
after a period of 28, 56 & 90 curing days [22]. 

2.4.6 Split Tensile Strength 

Microorganisms enhance the split tensile strength of concrete mix. This parameter is specifically 
essential for ascertaining a material’s capacity to withstand stress. Cylindrical samples with 
dimensions 100mm in diameter & 200mm height were formulated and allowed to settle down at 
room temperature to analyze the split tensile strength. The samples were tested after they had 
been cured under the room temperature for a duration of 3, 7, 28, 56 & 90 days, following IS code 
criteria [22]. This test evaluates to see if the bacterial geopolymer concrete is strong enough to do 
the job it was created for. 

2.4.7 Rapid Chloride Permeability Test 

The rapid chloride permeability testing is developed to determine the resistance of bacterial 
geopolymer concrete mixes to the movement of chloride ions. This evaluates durability and 
forecasts corrosion potential of steel reinforcement in chloride conditions. A bacterial geopolymer 
concrete specimen, moistened with water, is positioned in a test cell and subjected to 60V DC for a 
duration of six hours. The amount of charge passed (in coulombs) is determined by measuring the 
current flowing through. Lower charge values indicate better durability and higher resistance to 
chloride penetration [24]. Test set-up for rapid chloride penetration test as shown in Fig.2. 

 
Fig. 2. Test set-up for Rapid Chloride Penetration Test 

2.4.8 Sorptivity 

In accordance with ASTM C 1585, 100 mm cubes were manufactured and tested [25]. Testing took 
place over a period of 28 days. Following that, specimens were left to dry for three days at a 
temperature of 50±2◦C in a thermal oven. These samples were subjected to cooling at ambient 
temperature before being covered with epoxy, but the suction face remained open. The specimen's 
initial weight was recorded. Fig. 3 shows the test set-up for sorptivity; the specimens were 
positioned in a tray on a support so that they were submerged in water 2 to 5 mm deep. Subsequent 
to absorbing surplus moisture, the specimen was extracted and weighed at predetermined 
intervals: 1, 5, 10, 20, 30, 60 minutes, then every hour until the sixth hour, then every 24 hours, and 



Manivannan et al. / Research on Engineering Structures & Materials x(x) (xxxx) xx-xx 
 

8 

finally every day until the seventh day. The following formula was used to determine the sorptivity 
(I): 

(𝐼)  =
𝑚𝑡

𝑎 ∗ 𝑑
 (1) 

where; 

I   - represent sorptivity (mm), mt - represent mass of sample (gms) @ time (t), a   - represents the 
sample’s exposed area, in mm2, d -   represent water density (g/mm3). 

Primary and Secondary rates of sorptivity: After line fitting, the slope in the absorption curve, 
sketched against the square root of time through Least Squares with Linear Regression Analysis, 
represents an early rate of moisture absorption. From one minute to six hours, the points were 
plotted. The points are plotted over a period of one to seven days to represent the secondary rate 
of water absorption consistently. 

 
Fig. 3. Test set-up for sorptivity test 

2.4.9 Colony Forming Units (CFU) Assay 

The viability of Exiguobacterium aurantiacum (MTCC-6414) in cured geopolymer concrete was 
assessed by the colony-forming unit (CFU) technique. The concrete specimens were cured for 90 
days under ambient conditions and then crushed under sterile conditions. For reducing the 
external contamination, powder samples were obtained from the inside of each specimen. To 9 mL 
of sterile physiological saline solution (0.85% NaCl), approximately 1 g of powdered concrete was 
added and homogenized in a vortex mixer. The suspension was serially diluted to 10-3 and 100 µL 
of the appropriate dilution was spread on sterile nutrient agar plates. The plates were incubated at 
37 ± 2°C for 24–48 h and the colonies were counted. The viable bacterial count was given in colony-
forming units per gram (CFU/g) of hardened geopolymer concrete by Eq. 

𝐶𝐹𝑈/𝑔 = ( 
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑙𝑜𝑛𝑖𝑒𝑠 𝑥 𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟

𝑉𝑜𝑙𝑢𝑚𝑒 𝑝𝑙𝑎𝑡𝑒𝑑(𝑚𝐿)𝑥 𝑆𝑎𝑚𝑝𝑙𝑒 𝑤𝑒𝑖𝑔ℎ𝑡(𝑔)
) (2) 

2.4.10 Urease Activity Assay 

The urease activity of Exiguobacterium aurantiacum (MTCC-6414) was assessed by the 
colorimetric method to confirm the metabolic activity of the bacterial culture before its 
incorporation into the geopolymer concrete. Fresh bacterial cultures were grown in a urea-
containing medium at alkaline pH. After incubation, the specific urease activity was determined 
colorimetrically by measuring the concentration of released ammonium ions at 420 nm (OD420) 
using Nessler's reagent as the colorimetric indicator. The absorbance values obtained were used as 
indicators of urease activity, where a higher absorbance indicated a higher urease activity and 
improved bacterial metabolic performance. The experimental setup for the urease activity analysis 
is shown in Fig. 4. 
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Fig. 4.  Test setup for urease activity analysis of bacterial geopolymer concrete 

3. Results and Discussion 

3.1 Consistency 

The consistency test was conducted to study the influence of powdered waste glass (WGP) on the 
water demand of the bacteria-enhanced geopolymer binder. Fig. 5 shows the consistency values of 
all mixtures. The control mixture (GBCM0) had a consistency of 34% but the values of consistency 
ranged from 30% to 35% in the presence of WGP. The consistency of GBCM2 was the lowest (30%) 
and the consistency of GBCM6 was the highest (35%) among all mixtures. The best combination, 
50% GGBFS and 50% WGP (GBCM7), achieved a consistency of 33%, which was very close to the 
control blend. The minor difference in consistency indicates that the replacement of GGBFS with 
WGP had a marginal effect on the fresh properties of the geopolymer binder. This behavior is 
attributed to the smooth and non-porous surface texture of the finely ground waste glass particles, 
which alters the particle packing and rheological behavior of the geopolymer paste. In addition, the 
high amorphous silica content of WGP is beneficial for geopolymerization without significant 
increment in water demand [26,27,28]. The effect of WGP on workability and setting characteristics 
of geopolymer binders due to the change of Si/Al ratio and particle packing have been reported in 
previous studies. Satisfactory fresh properties are obtained at suitable replacement levels. 

 
Fig. 5. Comparison of consistency of geopolymer paste mix 

The consistency value obtained for the optimum mixture was 33% which shows the addition of 
50% WGP had no adverse effect on the fresh properties of the geopolymer binder. In the binary 
GGBFS–Fly Ash mixtures (GBCM1–GBCM5), increasing Fly Ash content systematically improved 
mixture workability and reduced liquid demand. GBCM2 (75% GGBFS + 25% Fly Ash) displayed a 
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consistency increase compared to GBCM1 (100% GGBFS) due to the spherical morphology of Fly 
Ash particles, which induce a ball-bearing effect, lowering inter-particle friction. In contrast, 
substituting GGBFS with Waste Glass Powder (WGP) in GBCM6–GBCM8 altered consistency based 
on angular particle geometry and surface area. While moderate WGP replacement (GBCM7: 50% 
GGBFS + 50% WGP) maintained favorable flow properties, higher replacement levels increased 
liquid demand due to angular fragment friction. This suggests that the combined use of GGBFS, fly 
ash and WGP resulted in a binder system with sufficient water requirement for concrete 
production. In addition, no visible adverse effect on the consistency of the geopolymer paste was 
caused by the bacterial suspension of Exiguobacterium aurantiacum, indicating compatibility of 
bacterial inclusion with the fresh-state behavior of the binder. The similar consistency, along with 
the significant improvements in mechanical strength and durability, confirm the optimized binder 
composition provides a balanced geopolymer matrix for sustainable construction applications. 

3.2 Setting Time 

The initial and final setting times of the bacteria-enhanced geopolymer binder mixtures are 
presented in Fig. 6. The initial setting time of the control mixture (GBCM0) was 35 min, and the 
final setting time was 365 min. Across all evaluated geopolymer mixtures, the initial setting time 
varied from 27 to 377 min, and the final setting time ranged between 298 and 530 min. Among the 
GGBFS–Fly Ash binary systems (GBCM1–GBCM5), GBCM1 (100% GGBFS) exhibited the shortest 
initial and final setting times (27 min and 298 min, respectively), whereas increasing the Fly Ash 
replacement level (up to GBCM5) systematically extended the setting times up to 377 min (initial) 
and 530 min (final). The optimum blend, GBCM7 (50% GGBFS and 50% WGP) showed initial and 
final setting times of 48 min and 328 min, respectively, indicating a balanced setting behaviour 
suitable for practical concrete applications. The change in setting time is mainly related to the 
chemical composition and reactivity of the geopolymer precursor materials. GGBFS has relatively 
high calcium content, this makes dissolution process fast, so calcium-aluminosilicate-hydrate (C-
(A)-S-H) gel is formed rapidly and setting time is reduced. On the other hand, WGP is mainly 
amorphous silica with relatively less calcium, so the geopolymerization reaction is slower at higher 
replacement levels. Therefore, the increase of the WGP content beyond the optimum ratio delays 
the formation of the products of the reaction and increases the initial and final setting times. Similar 
findings have been reported that ground WGP affects the dissolution kinetics and setting properties 
of alkali-activated binders [29,30]. Likewise, other researcher observed that the setting time is 
extended with increased content of silica-rich precursor in the alkali-activated slag systems due to 
slower reaction kinetics [31]. 

 
Fig. 6. Comparison of initial & final setting time of geopolymer paste mix 

The setting behavior of GBCM7 shows that substituting 50% of GGBFS by WGP provides a good 
compromise between workability and hardening characteristics. The initial setting time was 
slightly higher than the control mixture but the final setting time was still lower than the mixtures 
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with higher setting times. This allows enough time for mixing, transportation and placement 
without adversely affecting the early strength development. This balanced behavior is due to the 
combined effects of calcium supplied by GGBFS and reactive silica contributed by WGP, which 
promote the simultaneous formation of C-(A)-S-H and sodium-aluminosilicate-hydrate (N-A-S-H) 
gels. Furthermore, the existence of Exiguobacterium aurantiacum did not lead to excessive 
retardation of the setting process, suggesting that the bacterial suspension was compatible with 
the alkaline geopolymer system. Similar findings reported, concluding that the interaction between 
calcium-rich and silica-rich precursors governs the setting behavior and microstructural 
development of geopolymer binders [27]. Overall, the results of the setting time show that the 
incorporation of WGP affects the kinetics of geopolymerization and the optimum 50% GGBFS–50% 
WGP binder composition provides appropriate fresh state characteristics together with the 
superior mechanical strength and durability reported in this study. 

3.3 Compressive Strength 

The compressive strength of bacteria enhanced geopolymer concrete (BGPC) mixtures at different 
curing ages are shown in Fig. 7. All mechanical property tests, including compressive strength 
evaluations across 3, 7, 28, 56, and 90 days of ambient curing, were conducted in triplicate (n=3) 
to ensure statistical reliability. The control concrete (GBCM0) showed a compressive strength of 
38.25 MPa at 90 days of age. All the GGBFS-based geopolymers exhibited higher strength. For the 
studied mixtures, the highest compressive strength was obtained for GBCM7 (50% GGBFS + 50% 
WGP) with 23.60, 42.35, 59.00, 64.85, and 73.75 MPa at 3, 7, 28, 56, and 90 days, respectively, which 
is about 93% higher than the control at 90 days [23]. Whereas, 100% fly ash mix (GBCM5) showed 
the lowest strength (8.25 MPa at 90 days) which indicated the low reactivity of fly ash under 
ambient curing conditions. When partially replaced by fly ash, a progressive reduction in 
compressive strength was observed. The addition of waste glass powder (WGP) led to a significant 
enhancement in the mechanical performance especially in GBCM6 and GBCM7. The synergistic 
effect of GGBFS and WGP results in better performance of GBCM7. The high Ca content of GGBFS 
promoted the formation of C-(A)-S-H gel, while the amorphous silica released from WGP induced 
further geopolymerization, leading to a denser binder matrix. The balanced Ca/Si ratio of GBCM7 
led to the development of interconnected C-(A)-S-H and N-A-S-H gels, improving load transfer and 
reducing internal porosity [27,32]. On the other hand, the increased fly ash content led to a 
decreased calcium availability and retarded the geopolymerization reaction leading to lower 
compressive strengths. Similarly, the strength was also decreased when WGP was used to replace 
excessive GGBFS (GBCM8) due to lack of calcium to form calcium rich reaction products. 

The presence of bacteria further improved the compressive strength by microbial induced calcium 
carbonate precipitation (MICP). The CFU analysis indicated that Exiguobacterium aurantiacum was 
viable before incorporation, thereby confirming its active role in biomineralization. The 
precipitated CaCO3 in pores and microcracks could help to obtain a refined pore structure and a 
stronger interfacial transition zone. The improved strength of the optimized mixture could be due 
to the synergistic effects of geopolymer gel formation and bacterial mineralization [27,33,34]. The 
results obtained demonstrated that the substitution of fly ash with waste glass powder leads to a 
significant improvement in the mechanical performance of bacteria-enhanced geopolymer 
concrete at room temperature. The optimal binder composition was 50% GGBFS and 50% WGP 
(GBCM7), confirming the importance of an adequate balance between calcium and silica rich 
precursors combined with bacterial biomineralization to produce a dense geopolymer matrix with 
improved compressive strength. Because bacterial concentration was kept constant (1x106 
cells/mL) across all geopolymer mixtures (GBCM1–GBCM8), strength gains reflect combined 
matrix densification (geopolymerization) and MICP biomineralization. The absence of a 
corresponding bacteria-free control series is acknowledged as an experimental limitation; hence, 
individual performance gains cannot be exclusively isolated to bacterial activity. These results are 
in agreement with previous studies showing that the combination of GGBFS with reactive silica 
sources promotes the formation of geopolymer gel and improves the long-term mechanical 
performance of alkali-activated materials [35]. 
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Fig. 7. Comparison of compressive strength of bacterial geopolymer concrete 

3.4 Flexural Strength 

The flexural strength of the bacteria-enhanced geopolymer concrete (BGPC) mixtures at 28, 56, and 
90 days is presented in Fig. 8. The flexural strength evaluations across 28, 56, and 90 days of 
ambient curing, were conducted in triplicate (n=3) to ensure statistical reliability. The ratios of 
GGBFS, fly ash (FA) and waste glass powder (WGP) have a significant influence on the flexural 
behavior. Among the mixtures studied, GBCM7 with 50% GGBFS and 50% WGP exhibited the 
highest flexural strength of about 5.30, 5.80, and 6.00 MPa at 28, 56, and 90 days, respectively. 
GBCM7 exhibited an improvement of about 43% compared to the control concrete (GBCM0) which 
reached 4.20 MPa at 90 days. The 100% fly ash mixture (GBCM5) on the other hand showed the 
lowest flexural strength (2.00 MPa at 90 days) indicating the limited effectiveness of fly ash as the 
sole geopolymer precursor at ambient curing. The enhanced flexural performance of GBCM7 is due 
to the synergistic interaction of GGBFS and WGP. The calcium from GGBFS promoted the rapid 
formation of C-(A)-S-H gel, while the reactive amorphous silica from WGP helped the formation of 
more N-A-S-H gel. These reaction products co-existed to develop a dense and homogeneous 
geopolymer matrix with better bond between aggregate and paste. Moreover, the CFU analysis 
confirmed the viability of Exiguobacterium aurantiacum, providing active microbial-induced 
calcium carbonate precipitation (MICP). The precipitated CaCO3 filled the pores and microcracks, 
contributed to strengthening of the interfacial transition zone and retarded the crack propagation 
under flexural loading thus improving the overall flexural resistance of the composite [32]. The 
binary GGBFS mixture (GBCM1) also showed a relatively high flexural strength of about 5.80 MPa 
at 90 days, indicating the beneficial effect of the calcium-rich precursor on geopolymerization. 
However, the flexural strength was gradually decreased with the increase of fly ash content. 
GBCM2, GBCM3 and GBCM4 showed flexural strengths of 5.50, 4.40 and 3.60 MPa respectively at 
90 days. The decrease was attributed to the lower availability of calcium and the slower kinetics of 
fly ash reaction, which hindered the formation of calcium-rich binding phases during ambient 
curing. The ternary mixture GBCM6 achieved 5.10 MPa after 90 days, which indicated the positive 
effect of partial replacement of fly ash with WGP on the development of geopolymer gel and flexural 
behavior. On the other hand, flexural strength reduced to about 2.80 MPa for the 75% WGP content 
(GBCM8) which indicated that large replacement of GGBFS caused lack of calcium for optimum 
binder development. In general, the flexural strength results followed a similar trend as those 
observed for compressive and split tensile strengths, confirming that the mechanical performance 
of bacteria-enhanced geopolymer concrete is governed by the balance between calcium-rich and 
silica-rich precursors. The best 50% GGBFS-50% WGP binder system (GBCM7) showed the highest 
flexural strength owing to the synergistic effects of increased geopolymer gel formation and 
bacterial biomineralization. The enhanced crack resistance and the increased interfacial bonding 
result in a more compact and durable geopolymer matrix. The results are in line with the previous 
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studies which have shown that the incorporation of GGBFS and waste glass powder enhances the 
flexural behavior through the refinement of the microstructure and strengthening of the 
geopolymer network, while bacterial MICP helps in crack bridging and pore refinement. 

 
Fig. 8. Comparison of flexural strength of bacterial geopolymer concrete 

3.5 Split Tensile Strength 

The split tensile strength of bacteria-enhanced geopolymer concrete (BGPC) mixtures at different 
curing ages is shown in Fig. 9. The flexural strength evaluations across 3, 7, 28, 56, and 90 days of 
ambient curing, were conducted in triplicate (n=3) to ensure statistical reliability. The GGBFS, fly 
ash (FA) and waste glass powder (WGP) contents had a significant effect on the tensile 
performance. The optimized geopolymer mixture (GBCM7) attained a 90-day split tensile strength 
of 5.70 MPa, representing a 39.0% improvement over the control OPC concrete GBCM0 (4.10 MPa). 
On the other hand, the mixture with 100% fly ash (GBCM5) showed the lowest tensile strength 
(1.95 MPa at 90 days), which indicates its limited reactivity under ambient curing conditions. The 
higher tensile performance of GBCM7 is attributed to the synergism of GGBFS and WGP. The high 
calcium content of GGBFS contributed to the formation of C-(A)-S-H gel and the reactive amorphous 
silica from WGP contributed to the formation of N-A-S-H gel, which resulted in a compact and well-
connected geopolymer matrix. The balanced precursor composition enhanced the interfacial bond 
between paste and aggregates which led to higher resistance to crack initiation and propagation 
under indirect tensile load. Moreover, the confirmed viability of Exiguobacterium aurantiacum by 
the CFU analysis indicates the active role of the bacterial cells in Microbial Induced Calcium 
Carbonate Precipitation (MICP). The CaCO3 precipitate occupied the microvoids and microcracks, 
refined the pore structure and strengthened the interfacial transition zone, leading to enhanced 
tensile behavior [33,34]. The binary mixture of GGBFS (GBCM1) also showed high tensile strength, 
about 5.50 MPa at 90 days, due to the rapid formation of calcium-rich reaction products. However, 
the tensile strength was gradually decreased with the replacement of GGBFS with increasing 
amount of fly ash. The split tensile strength of GBCM2, GBCM3 and GBCM4 at 90 days was 5.10, 4.05 
and 3.40 MPa respectively. The reduction is attributed to the lower calcium availability of fly ash 
which hinders the geopolymerization as well as the development of calcium-rich binding phases 
under ambient curing. The ternary mixture GBCM6 showed higher tensile strength of 4.70 MPa 
than the fly ash-rich mixtures, which suggests that the partial substitution of fly ash by WGP can 
effectively promote the formation of geopolymer gel. However, the tensile strength decreased to 
2.50 MPa when the WGP content increased to 75% (GBCM8), which indicates that excessive 
substitution of GGBFS leads to insufficient calcium for optimum binder development. The split 
tensile strength results generally followed the same trend as compressive strength, which 
confirmed that the mechanical performance of bacteria-enhanced geopolymer concrete depends 
on an optimum balance of calcium-rich and silica-rich precursors. The 50% GGBFS–50% WGP 
binder system (GBCM7) showed the highest tensile strength due to the synergistic effects of the 
enhanced geopolymerization and bacterial biomineralization resulting in improved crack 
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resistance and a more compact microstructure. The results are in agreement with previous studies, 
which reported that GGBFS and waste glass powder improved the tensile performance by enhanced 
gel formation and pore refinement and bacterial MICP further improved the geopolymer matrix by 
reducing internal defects. 

 
Fig. 9. Comparison of split tensile strength of bacterial geopolymer concrete 

3.6 Rapid Chloride Permeability Test 

The results of the rapid chloride penetration test (RCPT) for bacteria enhanced geopolymer 
concrete (BGPC) mixes are presented in Fig. 10. The resistance to chloride ion penetration was 
determined on the basis of the total charge passed through the concrete specimens in coulombs as 
per ASTM C1202. Results show that the binder composition has a strong effect on the chloride 
permeability of geopolymer concrete. RCPT charge passed and ASTM C1202 chloride permeability 
classification as shown in Table 5. 

Table 5. RCPT charge passed and ASTM C1202 chloride permeability classification 

Mix ID 
Total Passed Charge 

(C) 
ASTM C1202 

Permeability Class 
Percentage Change 

relative to GBCM0 (%) 
GBCM0 (Control) 2450.5 Moderate Baseline 

GBCM1 1820.4 Low -25.7 % 
GBCM2 1945.1 Low -20.6 % 
GBCM3 2110.8 Moderate -13.9 % 
GBCM4 2350.2 Moderate - 4.1 % 
GBCM5 2680.0 Moderate +9.4 % 
GBCM6 1650.3 Low -32.7 % 

GBCM7 (Optimum) 1493.1 Low -39.1 % 
GBCM8 2020.6 Low -17.5 % 

 

The maximum charge passed (2680 Coulombs) was achieved for GBCM5 (100 % fly ash). This 
indicates that GBCM5 has the lowest resistance to chloride ion penetration of all the mixes tested. 
The poor performance of GBCM5 was attributed to the relatively slow fly ash geopolymerization 
under ambient curing condition, resulting in a relatively porous matrix that allowed chloride ion 
transport. However, much lower values of charge passed of 1945.1 C and 1493.1 C were obtained 
for GBCM2 (75% GGBFS + 25% fly ash) and GBCM7 (50% GGBFS + 50% WGP) respectively 
indicating significant improvement in resistance to chloride ingress. The values indicate the low 
chloride ion penetrability as per ASTM C1202 and dense and less permeable geopolymer matrix 
formation [32,36]. The increased durability of GBCM2 and GBCM7 is attributed to the synergistic 
effect of precursor materials and bacterial biomineralization. The high calcium of GGBFS was 
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beneficial for the formation of C-(A)-S-H gel and the reactive silica from the fly ash and waste glass 
powder was beneficial for the formation of N-A-S-H gel, which led to a finer pore structure [27,35]. 
The CFU analysis also confirmed the viability of the Exiguobacterium aurantiacum that facilitated 
microbial induced calcium carbonate precipitation (MICP) to fill the microvoids and capillary 
pores, thus reducing the connectivity of the permeable pathways available for chloride ion 
migration. GBCM4 exhibited higher charge passed value of 2350.2 Coulombs indicating moderate 
chloride penetrability. The increase in fly ash content and decrease in GGBFS proportion could have 
hindered the formation of geopolymer gel which resulted in a comparatively less dense matrix than 
the optimized mixes. The other mixtures GBCM0, GBCM3, GBCM6 and GBCM8 presented moderate 
permeability to chlorides. This is because of the effect of different proportions of GGBFS, fly ash and 
WGP on the refinement of matrix and pore connectivity. Finally, the RCPT results show that the 
precursor formulation has a significant effect on the resistance to chloride penetration. The 
formation of denser geopolymer matrix resulted in a significant reduction of chloride permeability 
when using GGBFS and waste glass powder. In addition, the bacterial CaCO3 precipitation was used 
to fill the pores and micro-cracks to improve the durability. The lowest passing charge was 
observed for GBCM2 while the best overall mechanical and durability performance was observed 
for GBCM7 indicating that the binder composition of 50% GGBFS-50% WGP has an optimum 
balance between strength development and resistance to chloride ingress [36,37]. These findings 
are in line with previous studies in which significant improvement of the durability of alkali 
activated concretes was observed by increasing the gel formation and the matrix densification by 
using GGBFS-based geopolymer binder and reactive waste glass powder. 

 
Fig. 10. Comparison of the RCPT values of bacterial geopolymer concrete 

3.7 Sorptivity 

The primary and secondary sorptivity results for bacteria-enhanced geopolymer concrete (BGPC) 
mixes at 28 days are shown in Fig. Fig. 11(a) and Fig. 11(b) respectively. The rate of water 
absorption in the first 6 h (primary sorptivity, Si) and between day 1 and day 7 (secondary 
sorptivity, Ss) was determined as the slope of the respective linear regressions and is summarized 
in Table 6, along with its correlation coefficients (Ri² and Rs²).  The sorptivity is an important 
durability parameter to assess the capillary water absorption through interconnected pores. Lower 
value of sorptivity means denser microstructure and better resistance against water intrusion. In 
all the mixtures, a linear relation between the cumulative water absorption and the square root of 
time was observed, which confirm that the water transport was essentially controlled by the 
capillary suction in the primary and secondary absorption phases. During the primary phase of 
sorptivity the maximum rate of water absorption was observed for control concrete (GBCM0) and 
minimum sorptivity was observed for GBCM7 (50% GGBFS + 50% WGP) during the test duration. 
The GBCM7 curve has a flatter slope, indicating a lower rate of capillary water absorption, which 
suggests a more refined pore structure and lower pore connectivity. The binary GGBFS mix 
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(GBCM1) and the ternary mixture with GGBFS, fly ash and WGP (GBCM6) showed lower sorptivity 
than the control mix and GBCM2 showed an intermediate behavior. The results showed that the 
addition of GGBFS and WGP can significantly reduce the permeability of the geopolymer matrix. 
GBCM7 had the lowest value of secondary sorptivity followed by GBCM6 and GBCM1. But the rate 
of water absorption was slower than that of the first stage. On the other hand, GBCM0 exhibited the 
highest sorptivity value in the test, which indicates higher interconnectivity of pores and increased 
susceptibility to moisture ingress. 

Table 6. Primary (Si) and secondary (Ss) Sorptivity coefficients and correlation factors (R2) at 28 
days 

Mix ID 

Primary 

Sorptivity Si 

(mm/min0.5) 

R2 

(Primary) 

Secondary 

Sorptivity Ss 

(mm/min0.5) 

R2 

(Secondary) 

Reduction in Si 

vs. Control (%) 

GBCM0 0.0388 0.989 0.0165 0.982 - 

GBCM1 0.0352 0.991 0.0148 0.985 9.3 % 
GBCM2 0.0361 0.987 0.0151 0.981 7.0 % 
GBCM3 0.0375 0.985 0.0158 0.979 3.4 % 
GBCM4 0.0392 0.982 0.0169 0.976 -1.0 % 
GBCM5 0.0421 0.978 0.0182 0.972 -8.5 % 
GBCM6 0.0358 0.990 0.0150 0.984 7.7 % 
GBCM7 0.0341 0.994 0.0141 0.988 12.1 % 
GBCM8 0.0379 0.984 0.0161 0.978 2.3 % 

 

 
(a) Primary Sorptivity @ 28 days 

 
(b) Secondary Sorptivity @ 28 days 

Fig. 11. Sorptivity vs square root of time at 28 days 

The optimized geopolymer mixes exhibited lower sorptivity, implying that the pore structure was 
still capable of hindering water movement after the initial capillary pores were filled. The better 
sorptivity performance of GBCM7 is attributed to the synergy effect of GGBFS and waste glass 
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powder. The high calcium in GGBFS contributed to the formation of C-(A)-S-H gel, while the reactive 
amorphous silica in WGP promoted the formation of N-A-S-H gel, resulting in a dense and uniform 
geopolymer matrix. The CFU analysis also validated the viability of Exiguobacterium aurantiacum, 
which led to microbial-induced calcium carbonate precipitation (MICP) to fill the capillary pores 
and microcracks, and thereby diminished the continuity of water transport pathways. The 
formation of the geopolymer gel and the bacterial biomineralization gave rise to a significant 
reduction of the water absorption of the capillaries [38,39]. The sorptivity results are in agreement 
with the results of compressive strength, split tensile strength, flexural strength and rapid chloride 
penetration test which confirms that the mixtures with lower pore connectivity showed better 
mechanical properties and durability. Among all the mixes studied, the GBCM7 mix had lowest 
sorptivity and the best overall performance, which indicates the effectiveness of 50% GGBFS–50% 
WGP binder system in matrix densification and durability improvement. The results obtained are 
in agreement with previous studies reporting that the addition of GGBFS and waste glass powder 
improves the pore structure of alkali activated materials, while bacterial MICP further reduces the 
water absorption by pore filling and micro-structural densification. 

3.8 Microstructure Analysis 

The SEM micrographs of the control concrete (GBCM0) and optimum bacteria-enhanced 
geopolymer concrete (GBCM7) are shown in Figure 12, and the corresponding EDS spectrum is 
presented in Figure 13. 

  

  
Fig. 12. SEM Images of the Fracture Surface; (a) & (c) shows  reference concrete mix (GBCM0), 

and (b) & (d) shows GBCM7 mix 
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Fig. 13. SEM Images and EDS of the Fracture Surface; (a) & (c) Reference concrete mix 
(GBCM0), and (b) & (d) Optimum concrete mix (GBCM7) 

The effect of precursor composition and bacterial activity on the morphology of geopolymer matrix 
was studied on fractured specimens which exhibited the highest compressive strength after 
mechanical testing. The SEM image of the control concrete (GBCM0) displays a relatively 
heterogeneous microstructure with visible pores, microcracks and partially hydrated cementitious 
products. The presence of these defects signifies that the matrix densification is incomplete, 
providing interconnected pathways for water and chloride ion transport. These results are 
consistent with the lower values of compressive, split tensile and flexural strengths and higher 
values of sorptivity and chloride permeability of control mixture [40]. However, SEM image of 
GBCM7 reveals a dense and compact microstructure with high formation of geopolymer gel and 
lesser number of pores and microcracks.Clearly visible in the matrix showing active microbial 
induced calcium carbonate precipitation (MICP) are needle-like and rhombohedral crystalline 
deposits identified as calcium carbonate [32,33]. The CFU analysis confirming the viability of 
Exiguobacterium aurantiacum corroborated the formation of these biominerals during curing. The 
precipitated calcite was successfully filling the internal voids and microcracks, making the matrix 
more homogeneous and improving the bond between the geopolymer paste and aggregates. 
Furthermore, a large amount of C-(A)-S-H gel coexisting with the bacterial calcite deposits is also 
observed, which is indicative of the synergistic interaction between the geopolymerization and 
biomineralization resulting in improved densification of the matrix. The improved microstructure 
of GBCM7 can also be attributed to the simultaneous addition of 50% GGBFS and 50% waste glass 
powder. The high content of calcium in GGBFS promoted the formation of the calcium-rich reaction 
products and the amorphous silica released from the waste glass powder promoted the formation 
of additional geopolymer gels. Therefore, the optimized binder composition offered a continuous 
and compact geopolymer network with reduced pore connectivity, which is responsible for the 
superior mechanical properties and durability of GBCM7. Moreover, the EDS spectrum of GBCM7 
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confirms the formation of the geopolymer reaction products. Strong peaks for oxygen (O), silicon 
(Si), aluminum (Al), calcium (Ca), sodium (Na) and carbon (C) were observed, indicating the 
presence of aluminosilicate gels and calcium rich binding phases. Strong peaks of calcium and 
carbon suggest the precipitation of calcium carbonate. Peaks of silicon and aluminum confirm the 
formation of the geopolymer aluminosilicate gels. The sodium is derived from the alkaline activator 
solution and the small titanium (Ti) peak is due to trace mineral constituents of the raw materials. 
These elements confirm the simultaneous formation of C-(A)-S-H/N-A-S-H gels and bacterial calcite 
within the geopolymer matrix. In summary, the results of the mechanical and durability tests are 
supported by SEM and EDS analyses. The higher compressive strength, split tensile strength, 
flexural strength, lower sorptivity and better resistance to chloride ion penetration of GBCM7 are 
due to the dense microstructure, less pore volume, high amount of geopolymer gel and bacterial 
calcium carbonate precipitation. It should be noted that some fine microcracks observed in the SEM 
images do not exclusively represent intrinsic matrix distress, but are partially attributed to 
localized desiccation shrinkage induced by the high vacuum condition and high energy electron 
beam exposure during SEM sample preparation and platinum sputter coating. The results indicate 
that the combined application of GGBFS, waste glass powder and viable Exiguobacterium 
aurantiacum significantly improves the microstructural integrity of the geopolymer concrete, 
resulting in enhanced long-term performance. 

3.9 Fourier Transform Infrared Spectroscopy (FTIR) 

The FTIR spectra of control concrete (GBCM0), bacteria-enhanced GGBFS geopolymer concrete 
(GBCM1) and optimum bacteria-enhanced geopolymer concrete containing 50% GGBFS and 50% 
waste glass powder (GBCM7) are shown in Fig. 14. The spectra were analyzed to identify the 
reaction products formed during geopolymerization and to evaluate the influence of bacterial 
incorporation and waste glass powder on the chemical structure of the geopolymer matrix. The 
broad absorption band found for all mixtures in the range of 3200–3600 cm−1 is due to the 
stretching vibration of O–H bonds related to the physically adsorbed water and hydroxyl groups. 
The band’s existence points to the formation of hydrated reaction products in the geopolymer 
matrix. The weak band at 1600–1650 cm−1 is attributed to the bending vibration of H–O–H 
molecules, confirming the presence of bound water in the hydration products. All specimens 
exhibited a characteristic absorption band in the range of 900–1200 cm−1 corresponding to 
asymmetric stretching vibration of Si–O–T (T = Si or Al) bonds, which represents the formation of 
aluminosilicate geopolymer gels. In contrast, GBCM1 and GBCM7 showed a significantly higher 
intensity of this band compared to control concrete, showing improved geopolymerization due to 
incorporation of GGBFS and waste glass powder. The increase in intensity indicates that more C-
(A)-S-H and N-A-S-H gels are formed, which are the main reason for the improved strength and 
matrix densification shown by these mixtures. The geopolymer mixtures treated with bacteria, 
especially GBCM7, showed a higher intensity of absorption bands at approximately 1400 cm⁻¹ and 
700 cm⁻¹. These bands are due to carbonate (CO3 2-) vibration of calcium carbonate (calcite) which 
confirms the occurrence of microbial induced calcium carbonate precipitation (MICP) [41]. The 
CFU analysis confirms the viability of the Exiguobacterium aurantiacum and supports the 
formation of these calcite deposits during curing. The precipitated CaCO3 occupied the pores and 
microcracks thus refining the pore structure and improving the mechanical strength and durability 
of the geopolymer concrete. The spectrum of GBCM7 showed stronger Si–O–T and carbonate 
absorption bands than GBCM1, indicating that the simultaneous incorporation of GGBFS and waste 
glass powder not only induced more geopolymer gel formation but also improved bacterial 
biomineralization. The reactive amorphous silica released from the waste glass powder was 
involved in secondary geopolymerization reactions that resulted in a denser aluminosilicate 
network. This is consistent with the SEM analysis in which a dense microstructure with high 
content of geopolymer gel and calcite crystals was observed in GBCM7. The increased chemical 
bonding observed from FTIR thus correlates with higher compressive, split tensile and flexural 
strengths, and lower sorptivity and chloride permeability of the optimized mix. Overall, FTIR 
analysis confirms that the incorporation of GGBFS, waste glass powder and viable Exiguobacterium 
aurantiacum changed significantly the chemical composition of the geopolymer matrix, promoting 
the formation of C-(A)-S-H/N-A-S-H gels and bacterial calcium carbonate. These reaction products 
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form a denser and chemically stable matrix, which explains the better mechanical performance and 
durability of GBCM7 compared to the control concrete. The results of FTIR are in good agreement 
with SEM, EDS, sorptivity and rapid chloride penetration results indicating the beneficial role of 
bacterial biomineralization and waste glass powder in improving the microstructure of 
geopolymer concrete. 

 
Fig. 14. FTIR spectrum of reference concrete and bacterial geopolymer concrete 

3.10 Colony Forming Units (CFU) Assay 

Table 7. Colony forming units (CFU) test results 

Mix ID 
CFU (CFU/g) 

Day 0 Day 28 Day 90 
GBCM0 0 0 0 
GBCM1 1.0 x 106 1.8 x 105 4.0 x 104 
GBCM7 1.0 x 106 2.3 x 105 5.0 x 104 

 

CFU quantification was performed on three representative mixtures GBCM0 (OPC Control), GBCM1 
(100% GGBFS reference geopolymer), and GBCM7 (optimal 50% GGBFS + 50% WGP geopolymer) 
to evaluate survival across distinct matrix chemical environments without redundant analysis of 
intermediate ratios. The viability of Exiguobacterium aurantiacum in hardened geopolymer 
concrete ambient curing was assessed by the colony-forming unit (CFU) method, and the results 
are shown in Table 7. No bacterial colonies were observed in the control mixture (GBCM0), 
indicating that there was no bacterial contamination during the preparation and testing of the 
specimens. In contrast, viable bacterial colonies were recovered from the bacteria-incorporated 
hardened geopolymer concrete, indicating that E. aurantiacum survived within the highly alkaline 
geopolymer matrix even though it was directly incorporated into the concrete. The mixtures 
containing incorporated bacteria exhibited the viable cell populations of 4.0 × 104 CFU/g for GBCM1 
and 5.0 × 104 CFU/g for GBCM7. Because colony counts on high-dilution plates were low (4–5 
colonies/plate), random sampling variability is higher than standard counting ranges (30–300 
CFU/plate). This is recognized as a statistical limitation of testing hardened, dense concrete 
matrices. Recovery of viable bacterial cells after 90 days indicates that a fraction of the bacterial 
population remained active within the hardened geopolymer matrix. The slight difference in CFU 
values between the mixtures might be attributed to the differences in the composition of the 
geopolymer matrix and the pore characteristics that determine the local environment for the 
bacteria to survive. As bacterial viability declined after prolonged exposure to the alkaline matrix, 
the remaining viable cells demonstrate E. aurantiacum’s ability to tolerate the geopolymer 
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environment [42] the urease enzyme hydrolyzed urea and promoted carbonate generation. The 
presence of viable bacteria favors the occurrence of microbial-induced calcium carbonate 
precipitation (MICP), which can promote pore refinement and matrix densification. The calcium 
carbonate produced by the metabolic activity of bacteria can reduce the pore connectivity and 
microvoids of bacteria-enhanced geopolymer concrete, thus enhancing the mechanical strength 
and durability of bacteria-enhanced geopolymer concrete. Fig. 15. Shows the comparison of CFU 
plates of control and bacterial geopolymer concrete specimens. 

  
(a) GBCM0 (b) GBCM1 

 
(c) GBCM7 

Fig. 15. Comparison of CFU plates of control and bacterial geopolymer concrete specimens 

3.11 Urease Activity Assay 

The urease activity of Exiguobacterium aurantiacum was measured to assess the metabolic activity 
of the bacterial culture into hardened geopolymer concrete. The results are shown in Fig. 16. 
Original in-house experimental characterization showed that Exiguobacterium aurantiacum 
exhibits a rapid exponential phase between 6 and 18 h at 37 °C, reaching stationary density (OD600 
approx. 1.25) at 24 h. Urease activity assaying confirmed sustained activity of 0.85±0.04 U/mL 
across alkaline conditions (pH 10.0–11.5), verifying its suitability for geopolymer 
biomineralization. The control mixture (GBCM0) had a very low level of urease (0.3 mg/5 mL) and 
no enzymatic activity of bacteria. However, the mixtures incorporated with bacteria showed a 
significant increase in urease activity. The GBCM1 and GBCM7 were 20.3 mg/5 mL and 24.8 mg/5 
mL, respectively. The higher urease activity in GBCM7 indicates an increased bacterial metabolism. 
In the highly alkaline geopolymer matrix, biomineralization does not rely on microbial pH 
elevation. Instead, Exiguobacterium aurantiacum produces extracellular urease enzymes that 
catalyze the enzymatic hydrolysis of urea into ammonium (NH4+) and carbonate (CO32-) ions via 
Eq. (3): 

CO(NH2)2 + 2H2O 
𝑈𝑟𝑒𝑎𝑠𝑒
→     2NH4+ + CO32-   (3) 

The generated carbonate ions react spontaneously with free Ca2+ ions provided by dissolved 
calcium lactate and GGBFS to precipitate micro-crystalline calcite (CaCO3) within matrix voids: 

Ca2+ + CO32- → CaCO3 ↓ (4) 
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Consequently, the elevated urease activity observed in GBCM7 confirms robust bacterial metabolic 
efficiency, driving greater biomineralization potential directly within remnant gel micropores. The 
GBCM7 with higher urease activity had a higher mechanical strength and durability of the mix. The 
calcium carbonate deposition in the pores and microvoids improves the pore structure and the 
interfacial bonding in the geopolymer matrix. Thus, the increased enzymatic activity of E. 
aurantiacum results in matrix densification, reduction in permeability and overall improved 
performance of bacteria enhanced geopolymer concrete. 

 
Fig. 16. Comparison of urease activity test values of bacterial geopolymer concrete 

4. Conclusions 

The effect of waste glass powder (WGP) as an auxiliary geopolymer precursor on mechanical, 
durability, bacterial and microstructural properties of bacteria-enhanced geopolymer concrete 
incorporating ground granulated blast furnace slag (GGBFS), fly ash and Exiguobacterium 
aurantiacum was studied in the present work. Based on the experimental results, we can conclude 
that: 

• Bacteria-enhanced geopolymer concrete showed excellent performance when WGP was 
added under ambient curing conditions. The geopolymer concrete with 50% GGBFS and 50% 
WGP (GBCM7) was observed to exhibit the best overall performance among the mixtures 
investigated. This is due to the synergistic effect of calcium-rich GGBFS, silica-rich WGP and 
bacterial biomineralization. 

• The optimum blend (GBCM7) was found to give the best mechanical performance with 
compressive strength of 59.00 MPa at 28 days and 73.75 MPa at 90 days, with corresponding 
improvements in split tensile strength of 5.66 MPa at 90 days and flexural strength of 6.01 
MPa at 90 days than control blend. The enhancements are due to the formation of a thicker 
geopolymer matrix and the improvement of interfacial bonding by the synergistic effect of 
geopolymerization and microbial-induced calcium carbonate precipitation (MICP). In rapid 
chloride permeability testing (ASTM C1202), GBCM7 recorded a total charge passed of 
1493.1 C (Low Permeability), demonstrating a 39.1% reduction in charge passed compared 
to the OPC control mix GBCM0 (2450.5 C). 

• The bacterial viability analysis (CFU) showed that Exiguobacterium aurantiacum was able to 
survive and biomineralize in the geopolymer conditions as it survived during the curing 
period in the highly alkaline geopolymer matrix. 

• The urease activity test indicated the metabolic activity of Exiguobacterium aurantiacum in 
the geopolymer system. Active urease enzyme catalyzed urea hydrolysis and 
microbiologically induced calcium carbonate precipitation resulted in pore refinement, crack 
filling and matrix densification by calcite formation. 

• The durability performance of geopolymer concrete was greatly enhanced by the addition of 
WGP and bacterial biomineralization. The optimized mixture exhibited lower water 
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absorption and sorptivity and higher surface resistivity indicating lower connectivity of 
pores and better resistance to moisture and ionic ingress. 

• Microstructural analysis was performed by SEM and FTIR, revealing the formation of a 
compact geopolymer matrix and formation of a large number of reaction products and 
biologically induced CaCO3 crystals. The co-existence of C-(A)-S-H and N-(C)-A-S-H gels with 
precipitation of calcite is effective to reduce the microcracks and the pore volume which 
results in the improvement of the mechanical strength and long-term durability. 

• The increase in WGP content enhanced the availability of silica, but the availability of reactive 
calcium required for effective geopolymerization decreased with excessive replacement of 
GGBFS, which caused a slight decrease in the mechanical and durability performance beyond 
the optimum replacement level. Therefore, the optimum ratio of GGBFS and WGP is required 
for maximum performance of bacteria-enhanced geopolymer concrete. 

The primary limitation of this study is the absence of a parallel bacteria-free geopolymer control 
series across all replacement levels, which precludes isolating the exact quantitative contribution 
of MICP relative to pure geopolymerization. Additionally, high-vacuum SEM imaging introduces 
localized microcracking, and low CFU plate counts from dense matrix extractions increase 
statistical variance. The combined use of GGBFS, fly ash, waste glass powder and Exiguobacterium 
aurantiacum is an eco-friendly and efficient way to develop high-performance geopolymer 
concrete with superior mechanical properties, improved durability and microstructure, and 
encouraging the beneficial application of industrial by-products. The potential of the proposed 
material for low-carbon and durable structural applications is discussed. Future works should be 
oriented to long-term field performance of bacteria-enhanced geopolymer concrete under 
aggressive environmental conditions, life cycle assessment and large-scale structural validation for 
practical application in sustainable infrastructure. 
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