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Abstract: Geo-polymer is formed by alkali-activation of mine tailings (MTs) is a possible substitute 

for Portland cement concrete in construction. It exhibits similar brittle qualities to rocks and 

concrete. The pure met kaolin did not include enough amorphous aluminosilicates to enhance alkali 

activation. Adding materials containing crystalline aluminosilicates is crucial to enhance reactivity, 

modify geopolymeric cell structures, and enhance cementitious characteristics. This research used 

class F fly ash (FA) as an amorphous supplement to boost alkali reactivity and improve mechanical 

and fracture qualities. FA and MTs were first identified by a range of laboratory tests, including 

conventional geotechnical testing, X-ray diffraction (XRD) analysis, and scanning electron 

microscopy with Energy dispersive X-ray analysis (SEM-EDS) analysis. Geo-polymer samples were 

produced by activating mixes of fly ash and metakaolin with 10 M sodium hydroxide solutions at a 

moisture ratio of 16%. The samples were subsequently cured for 7 days at a slightly elevated 

temperature. Semi-circular bending tests (SCB) were performed to assess how various FA additions 

affect the fracture behaviour of the geopolymer. Additionally, digital image correlation (DIC) was 

used to analyze the strain behaviors and fracture propagation features of the geo-polymer. The 

impact of FA additives on crack tip opening displacement (CTOD) and fracture process zone (FPZ) 

was also examined. Results indicate that under the current curing conditions, the addition of class F 

additives Formic acid does not enhance the potassium ion conductivity at lower concentrations but 

does increase it at greater concentrations. The connection between microscopic observations and 

fracture characteristics of the geopolymer containing FA was also examined. 

Keywords: Geo-polymer Tailings of Gold Mines I break down characteristics Semi-circular bending 

test for Class F fly ash digital picture matching 

 

1.0 Introduction  

Mining operations produces waste residuals such as waste rocks or tailings on a regular basis, which 

may result in serious environmental problems. Several studies have described the developing 

practice of reusing aluminosilicate-rich tailings by alkaline activation to generate geopolymer. 

Geopolymers possess brittle qualities akin to concrete and rocks, making them suitable for usage in 

construction materials. Utilising tailings by alkali activation may minimise environmental effects and 

provide advantages. Like other geopolymers, tailings-based geopolymer is an environmentally 

friendly cement-like substance that depends on the alkaline activation of inorganic amorphous 

aluminosilicates. The often reported geopolymer binder consists of a significant quantity of 

crystalline aluminium silicates. 
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Fig. 1. Diagram of MTs origins and the geotechnical properties  

 
Fig. 2. X-ray diffraction pattern of the a) mine tailings and b) class F FA Q-quartz; M-muscovite 

 
Fig. 3. SEM micrographs of the raw material mixtures: a) raw mine tailings, b) fly-ash, c) 95 %MTs 

+ 5 %FA, d) 90 %MTs + 10 %FA, e) 85 %MTs + 15 %FA, and f) 80 %MTs + 20 %FA 
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including fly-ash (FA), ground-grain blast furnace slag (GGBFS), or amorphous silica with enough 

alkaline constituents. FA, GG-BFS, and silica are often used raw materials including reactive 

aluminosilicates for geopolymer production [9–16]. The geopolymer is environmentally benign as it 

produces much lower carbon emissions compared to Portland cement concrete [17,18], while also 

having comparatively more durability. 

Geopolymer is an inorganic substance typically created by alkaline activation of source materials 

abundant in aluminosilicates at temperatures below 100 °C. Kiventera et al. [19] said that MTs are 

often kept in garbage heaps for solids or in impoundment lakes for slurries. The impoundment was 

developed using tailing dams first erected using dykes made from materials imported from other 

locations. The tailing dams continued to expand as mineral processing activities progressed. The 

sedimentary soils settled to help raise the height of the existing dams. The ongoing daily generation 

of tailings is burdensome for their storage. The studies might focus on tailings storage or resource 

utilisation to reduce environmental consequences and provide advantages. Hence, creating strategies 

to repurpose the tailings is driven by the need to reduce both economic and environmental issues and 

alleviate storage constraints. Recently, the method of recycling solid MTs by compressing them into 

adobes was shown to be suitable for applications with lower strength requirements, although its 

applicability is restricted. It is necessary to investigate innovative methods for reusing the tailings. 

Aluminosilicate-rich MTs have been used to create geopolymer according to recent reports [22–26]. 

 
Fig. 4. SEM micrographs and EDS spectrum of a) MTs particles and b) FA particle 
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Nevertheless, pure metakaolins lack the necessary amount of reactive aluminosilicate (with a 

reactive Si: Al ratio often above 2) or enough amorphous aluminosilicate to impact mechanical 

strength. Thus, the addition of amorphous aluminosilicates was essential to modify the cell 

architectures for improved geopolymerization. Comprehensive research has been conducted, 

including other sources of amorphous aluminosilicates such fly ash, metakaolin, which silica fume, 

and slag, to enhance the mechanical properties of geopolymers [27–34]. Understanding the 

mechanical behaviours and fracture characteristics of geopolymers is crucial for their use in 

construction and building. Researchers have studied the flexural tensile properties of fly-ash-based 

geopolymer, as well as the use of admixtures such carbon fibre and rebars to improve its flexural 

behaviour. The study also examined the increase in splitting tensile strength of geopolymer based on 

MTs by performing Brazilian indirect tensile tests. Various researchers have examined the uniaxial 

compressive strengths (UCS) of the MTs-based geopolymer without admixtures, as shown in studies 

such as [32, 39, 40]. The tests were often used to study the mechanical properties of brittle building 

materials and widely studied in the analysis of rocks, ceramics, and regular concrete. Geopolymer, a 

typical brittle material, is susceptible to fracture failure, which may impact its performance and 

longevity. Commonly used methods to study the fracture behaviour of brittle materials include semi-

circular bending tests, notch three point bending tests, and notch four point bending tests conducted 

on beams [20, 45–49]. Fracture toughness is a significant fracture property that may be determined 

using an empirical equation developed from experiments or Digital Image Correlation (DIC) 

research. The strain behaviours were typically derived using DIC analysis [20].  

 

 
Fig. 5. Procedures to make geopolymer specimens 

 
Fig. 6. SCB specimens with different addition of fly-ash. 

Geopolymer derived from tailings is suitable for building applications, namely as pavement bricks 

capable of withstanding pedestrian loads. Geopolymer bricks may have uneven settling, resulting in 

structural fractures. The study on the fracture characteristics of the tailings-based geopolymer was 

significantly restricted. The impact of additives on the mechanical and microscopic properties of the 

MTs-based geopolymer has not been investigated or recorded. The gold MTs used in this 

investigation had relatively low levels of aluminium and amorphous aluminosilicates. This work 
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used class F FA as amorphous aluminosilicates to modify the Si: Al ratio and improve reactivity for 

geopolymer production by alkaline activation. The effects of adding class F FA on the microscopic 

behaviours, mineralogical, and chemical characteristics of the geopolymer matrix were first studied 

by SEM/EDX and XRD analyses. The process of creating geopolymer by alkaline activation of 

metakaolin was explained. The semi-circular bending (SCB) tests were performed to study the mode 

I fracture behaviour and crack propagation of the geopolymer based on metakaolin (MTs) with class 

F fly ash (FA) added. The strain behaviours and fracture behaviour of the SCB specimens were 

determined by DIC analysis. 

 

2. Materials and testing design 

 Raw materials 

The investigation adopted raw materials consisting of gold mineralized zones collected in 

Mollehuaca, Arequipa, Peru. Geotechnical laboratory experiments were performed to determine the 

parameters of the MTs, including specific gravity, grain size distribution (GSD), and Atterberg limit. 

The testing were completed in accordance with ASTM standards D6913, D7928, and D4318. The 

geotechnical tests revealed a mean particle size of 76 μm with 49.9% tiny particles (<sieve #200). 

The coefficient of uniformity was determined as Cu = 32.33, with low plasticity (PI = 9.76%), a low 

liquid limit (LL = 22.80%), and low soil activity (A = 0.196). The compaction tests, meantime 

 
Fig. 7. SCB specimens with different FA additions. 

Fig. 8. Experimental setup of the SCB/NSCB tests of geopolymer. 
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Experiments were carried out utilising a Harvard small compaction mould to determine the optimal 

moisture content of 15.4%. Figure 1 displays a table containing the geotechnical parameters of the 

MTs. The MTs have particles that are 49.86% smaller than those retained on a #200 sieve. They are 

classed as Gravelly Lean Clay with Sand (CL) according to AASHTO classification as per ASTM 

D3282. 

Class F fly ash (FA) was used in this work as an amorphous additive material to enhance reactivity 

and modify the Si: Al ratio. The mineral components of the MTs and FA were identified using X-ray 

diffraction (XRD) examinations utilising an X-ray diffractometer (Axios Omnian, PAN alytics B.V., 

Eindhoven, Netherlands) in the research. The reflection patterns were compared to the database to 

identify and quantify the crystal phases. Figure 2a displays the X-ray diffraction (XRD) analysis 

findings of the MTs and class F FA, revealing crystalline phases of quartz (Q), muscovite (M), and 

calcite (C) in the MTs, with quartz being the predominant mineral at 77.7%. Fig. 2b displays the 

XRD pattern of class F FA particles, revealing a reflection pattern at 2θ = 15-35° that suggests a 

notable presence of amorphous aluminosilicates, which are highly reactive with alkaline solutions. 

 
Fig. 9. Schematic diagram of digital image correlation. 

Table 1 Geometric properties of all the SCB/NSCB specimens. 

 
The research used gold MTs in half as the primary raw materials and incorporated FA as the 

amorphous source to enhance geopolymerization. Before adding the alkaline activator, the powdery 

MTs and FA were combined to achieve even distribution of both components. Figure 3 displays the 

SEM micrographs of the raw components and combinations with various FA additions. Figure 3a 

displays a micrograph of untreated gold microtubules where the particles are freely arranged without 

any cementation. Spherical fatty acid particles of different sizes may be seen in Figure 3b. Figures 

3c-3f show mixes with formic acid additions of 5%, 10%, 15%, and 20%, respectively. 

Figure 4 displays the SEM/EDS analysis of MTs and FA to highlight the variations in their chemical 

compositions. The EDS analysis was performed by choosing the MTs particle and FA particle in a 

specified field. Figures 4a and 4b show the EDS spectra of MTs particle and FA particle, 

respectively. The results indicate that the intensity of aluminium in MTs particles is lower than in FA 

particles. However, Class F FA contains less calcium compared to MTs. Thus, in addition to 

modifying amorphous aluminosilicates to enhance geopolymerization as seen in Fig. 2, the Si: Al 

ratio may be altered by combining MTs and FA, resulting in changes to the cell architectures. 
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Constructing geopolymer materials with MTs 

Figure 6 illustrates the steps for creating MTs-based geopolymer specimens. The activator used was 

an alkaline solution prepared by combining NaOH pellets (97%, Sigma-Aldrich) with water to 

achieve a molarity of 10 M. The NaOH solutions were left in the room for 15 minutes after mixing to 

dissipate heat. The raw materials (MTs and FA) were combined with various matrix (e.g., none, five 

percent, ten percent, fifteen percent, twenty percent FA by weight of total) for 10 minutes to evenly 

disperse FA particles for alkaline activation. The NaOH solution was combined with the raw mixes 

for 15 minutes and then covered with plastic wrappings to avoid water evaporation for 10 minutes in 

the room. The mixtures were compressed into cylindrical moulds using the same compacting method 

as described in prior research [6].  

 
Fig. 10. Force-displacement relationship of the SCB specimen with different FA additions. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 11. Mode I fracture toughness of the geopolymer with different FA additions. 

Table 2 Peak force and KIC value of the SCB specimens with different FA additions. 

 0% 5% 10% 15% 20% 

Fp (N) #1 1914.40 2319.50 1955.00 2885.60 4312.80 

 #2 1970.80 1724.50 2379.40 2125.96 3011.30 

 #3 2087.70 2010.10 1725.80 2125.86 2406.00 

 

KIC (kPa 

m1/2) 

Mean Std. 

#1 

1990.97 

72.17 

580.33 

2018.03 

242.97 

719.25 

2020.07 

270.77 

624.92 

2379.14 

358.12 

869.51 

3243.37 

795.56 

1287.69 

 #2 609.44 540.20 659.94 660.99 930.37 

 #3 684.83 592.12 540.19 665.28 759.99 

 Mean 624.87 617.19 608.35 731.93 992.68 

 Std. 53.93 92.12 61.57 119.17 269.31 

The cylindrical samples were removed from the moulds immediately after compaction and placed in 

an oven at 40 ± 2 °C for 24 hours. The SCB specimens were then put in an oven at a temperature of 
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70 ± 2 °C for an extra 6 days to cure. The step-by-step temperature control was implemented to 

prevent the rapid water evaporation at the beginning of the curing process in the oven, which might 

hinder the chemical reaction and integration of the specimen. Next, the treated samples will be 

examined using an MTS loading frame. The SCB tests were conducted as shown in Figure 5. Three 

SCB specimens were evaluated for geopolymer with the addition of each FA. Displacement-control 

loading mode at a rate of 0.05 mm/min was used for all experiments [38].  

  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 12. Failure pattern of the SCB specimens with different FA additions 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 13. Crack propagation of the SCB specimen (FA = 10%) with different stages: I) elastic stage, 

II) fracture process zone, III) crack initiation, and IV) crack propaga- tion of post-peak crack 

evolution. 

Semi-circular bending tests 

The semi-circular bending tests were conducted in accordance with the ASTM D8044 standard. 

Figure 6 displays the schematic of the NSCB specimen. The NSCB specimens tended to break under 

loading due to two supporting rollers positioned at a same distance to the notch as the impact roller 

in the notch direction. The NSCB failed to withstand the yield caused by the tensile stress 

perpendicular to the fracture plane (mode I). Figure 7 displays the notched semi-circular bending 

specimens, while Figure 8 illustrates the experimental setup for the SCB/NSCB testing of 

geopolymer.  
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Fig. 14. Evolution of horizontal strain at different stages: a) stage I, b) stage II, c) stage III, and d) 

stage IV (0% FA addition). 

Three relative notch depths, pre-designed as a/R = 0.3, were created using a hacksaw. Nevertheless, 

the actual dimensions of the SCB specimens, as shown in Table 1, were obtained using DIC. Three 

identical specimens were produced with the same notch depth replicated three times. The actual 

relative notch depths varied from 0.25 to 0.31, with an average of 0.29. were quantified using the 

pictures ac- 

 

3. Synchronisation of digital images 

The essentials of the development of DIC 

DIC represents an experimental method that is non-destructive and may be used to measure 

macroscopic parameters like strain and displacement in brittle materials (e.g., rocks, concrete) by 

analysing pictures taken before and after deformation.2D Digital Image Correlation (DIC) is often 

used to quantitatively evaluate flat surfaces, especially for studying brittle materials. The specimen 

surfaces were prepared for picture collection by spray painting black dots on a white background. 

The black dots needed to be tiny to achieve precise correlation. The picture sequences are then 

recorded using a high-speed camera during the loading process. Surface deformations may be 

determined by comparing the pixel brightness of photographs taken before and after loading. 

The DIC analyses were implemented using a reference picture supplied as the starting image of the 

image series [54,57]. Selected photographs of distinct loading circumstances were connected with a 

reference image to determine the deformation and macroscopic parameters of the specimen using a 

flat surface. The chosen photos were separated into subsets during image correlation based on the 

gray-scale intensity values of a particular number of pixels. Hence, the displacements and stresses 

may be determined by observing the deformations of each associated subset [56]. The paper utilised 

Vic-2D DIC software to post-process and extract the full-field displacements/strains of the specimen 

surfaces. Input parameters, such as subset size (15 pixels) and step size (5 pixels), were chosen based 

on values from previous literature [52,57]. Hence, the distortions of the geopolymer SCB specimens 

under constant stress may be monitored using picture capture. Figure 9's correlation diagram 

illustrates the deformation of a subset before and after deformation. The relative translational 

deformation of the subset centre can be monitored by measuring the displacement of O(O') and the 

rational deformation relation can be monitored by measuring the displacements of P(P'). The 

correlation principle can be expressed as follows: 

 

       (1) 
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3.2 Strain acquisition from DIC 

MTs-based geopolymer, like rock samples, exhibits varied impacts on mechanical, fracture, and 

strain characteristics under loadings, which were usually analysed using DIC. Various scholars 

extensively studied the impact of small-scale variations on the multi-scale behaviours of brittle 

materials using numerical simulations utilising the discrete element approach. Various direct and 

indirect procedures were described in the laboratory. These included X-ray computerised 

tomography and thin-section examination using scanning electron microscopy. Geopolymers based 

on metakaolin offer great potential for use in manufacturing construction materials. Therefore, a 

thorough knowledge of their strain behaviour is essential. Furthermore, the methods discussed 

mostly focused on analysing materials of high strength, such as granites and sandstone. The 

geopolymer based on MTs is a brittle material with a restricted compression strength of around 30 

MPa as described by [39].  

 
Fig. 15. Normal strain and shear strain evolution with time for the SCB specimens with a) 10% and 

b) 15% FA additions, a-2 and b-2 are the evolution of normal strains and a-3 and b-3 are the 

evolution of shear strains. 

This approach may readily disrupt the geo-polymeric cell structure and is thus rather unsuitable. The 

article highlights the tremendous potential of 2D DIC in studying the strain behaviors’ of geo-

polymer. Several studies extensively documented the strain behaviors’ of brittle materials using DIC, 

such as in references [63,64]. The Green-Lagrange strains may be determined accordingly. 
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4. Results and discussion 

  Force-displacement relationship 

The following section presents the force-displacement curves of geopolymer SCB specimens with 

varied FA additions to assess their impact on strength resistance behaviours. Figure 10 displays the 

development of force over time for the chosen SCB specimens with varying notch depths. Under the 

present loading circumstances, the forces gradually develop and then follow a linear pattern until 

failure, which is indicated by an abrupt reduction in force. The first adjustment somewhat raised the 

recommended specimen parameters. The bottom surfaces and top margins of the SCB specimens 

may not be parallel.  

 
Fig. 16. Evolution of force and crack tip opening displacement as a function of time, a)-e) 

correspond to 0, 5%, 10%, 15%, and 20% percentage of FA addition. 

Once the force reached about 300 N, the force-displacement curve showed a linear rise. When a 

setting force of 300 N was applied, the force-displacement curve exhibited a linear pattern for the 

SCB specimen with 5% FA addition, as seen in Fig. 10. Findings indicate that increasing the FA 

adds results in a proportional increase in the maximum force achieved. The highest resistance levels 

indicated the strengths of the geopolymer specimens, with the geopolymer while 15% FA additions 

exhibiting the greatest strength. 
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Mode I fracture toughness 

Tailings-based geopolymer exhibits qualities similar to cement mortars, but with bigger particle sizes 

that undergo varying levels of alkali-activation. Fractures may be categorised into three categories 

based on the sort of stress applied: opening mode (mode I), shearing mode (mode II), and tearing 

mode (mode III). NSCB specimens with the same distance from supporting rollers to the notch and 

the impact roller in alignment with the notch experienced mode I fracture (opening). The Linear 

Elastic Fracture Mechanics (LEFM) approach was often used to calculate the mode I fracture 

toughness as per the equation provided by Kuruppu [65]. Applying Linear Elastic Fracture 

Mechanics (LEFM) to estimate the mode I fracture toughness may be influenced by the size impact 

caused by inelasticity at notch tips or the fracture process zone. However, it may still be used for 

estimating purposes based on the specimen sizes in this research. Many researchers extensively used 

the LEFM assumption to assess fracture toughness in brittle materials, as shown by many studies 

(e.g., [21, 68–76]). The mode I stress intensity factor of the geopolymer specimens at current sizes 

was determined using calculations based on the Linear Elastic Fracture Mechanics (LEFM) for the 

NSCB specimens. If the NSCB specimens experienced linear elastic fracture before cracking start, 

the mode I stress intensity factor may be estimated as follows: 
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Fig. 17. Diagram of CTOD at peak load for the SCB specimens with different FA additions: a) 

diagram of selected vertical virtual lines, b) without FA addition, c) 5% FA additions, d) 10% FA 

additions, e) 15% FA additions, and e) 20% FA additions 

           (5) 

 

 
Figure 18 illustrates the description of FPZ for the SCB specimen without FA additions. It includes a 

graphic of chosen horizontal virtual lines, x-displacements at the virtual lines, εxx on the virtual 

lines, and εxy on the virtual lines. 

YI is an arbitrary factor which quantifies the crack-tip strain magnitude, which is described as a 

geometric parameter associated with the notch and span features [44,65,66]. The stress intensity 

factor at peak, KIC, is a measure of fracture toughness. The mode I fracture toughness may be 

determined by entering the maximum loads into the equations. Items 5 and 6.  

Table 2 lists the peak forces and critical stress intensity factor, KIC, of the SCB specimens with 

various FA additions. The average peak forces for the SCB specimens ranged from 1990.97 N to 

3243.37 N, showing significant variations, for SCB specimens with and without 5–20% FA 

increases. The peak force averaged for the SCB specimens was smallest when no FA was added, 

while it was biggest for the SCB specimen with 20% FA. The peak forces without adding FA and 

with 5% and 10% were of equal magnitudes. The mode I critical stress intensity factor or fracture 

toughness, KIC, was computed by putting the forces and geometric parameters of the SCB 

specimens into equations (5) and (6). The results are shown in Table 2 and Fig. 11. The KIC value of 

the SCB varied between 608.35 and 992.68 kPa•m0.5 according to the results. Under the present 

curing conditions, adding a limited amount of FA (e.g., 5% and 10%) did not affect the mode I 

fracture toughness of the geopolymer when compared to the geopolymer without FA addition [54]. 

FA addition had varying effects on the enhancement of mode I fracture toughness compared to its 

effects on uniaxial compression and splitting tensile strengths, as shown by Zhang et al. [6,78]. 
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Minor amounts of FA have minimal impact on the geopolymer's resistance to fracture propagation. 

Significant increases in the KIC values were seen in the SCB specimen with 15% and 20% FA 

additions. 

 

Failure pattern 

The distances between two supporting rollers and the notch of the notched SCB specimen were the 

same, as shown in Fig. 6. The notched SCB specimens were tested in pure mode I conditions, 

causing the open fractures in the specimens to appear in response to the stress. The notch tips 

experienced pure tensile failure, causing open fractures to propagate from the notch tips to the impact 

roller as seen in Figure 6. Figure 12a displays fractured specimens with and without various FA 

additions, revealing noticeable penetrating fractures extending from notch tips to the impact roller. 

Because of the material heterogeneity, the crack propagation patterns varied across all the specimens, 

displaying curved fracture patterns. Figure 12b illustrates that all the SCB specimens had convoluted 

failure surfaces as a result of their varied behaviours. Figure 12c displayed a detailed view of the 

fractured surface, revealing intricate surface curvatures. 

 
Figure 19 demonstrates the FPZ identification for the SCB specimen with 5% FA additions. a) 

schematic of certain horizontal imaginary lines, b) x-displacements at the imaginary lines, c) εxx on 

the imaginary lines, and d) εxy on the imaginary lines. 

Crack evolution of the SCB specimen 

MTs-based geopolymer is a brittle material with rapid brittle points and fracture propagation that are 

not easily observable. DIC was used as a nondestructive approach to analyse the initiation, phases, 

and development of the geopolymer SCB samples. Crack propagation characteristics of SCB 

specimens with varying FA additions may be assessed by monitoring crack tip opening 

displacements (CTOD) over time. Figure 13 displays the load-time and CTOD-time evolution of the 

chosen SCB specimen. Figure 13 displays an inset figure illustrating the x-displacement contour map 

and the points of interest (POI) used to determine the x-displacements necessary for CTOD 

calculations. Points A and B are equidistant horizontally from the notch tip on opposite sides. The x-

coordinates of points A and B changed as they were loaded, and the CTOD was determined by 

computing the differences in x-coordinates of the chosen points of interest (A, B). The CTOD-time 

and load-time connections are presented in the same figure to identify the fracture development 

phases of the chosen SCB specimen more effectively.  

The crack development phases may be identified based on the CTOD progression of the chosen SCB 

specimens acquired from the POIs. Four distinct phases were identified via the recognition of CTOD 
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development. Results indicate that the CTOD remained stable at zero until 277.5 seconds, after 

which it began to steadily rise. The CTOD rose in a convex manner till reaching 474.6 seconds. The 

CTOD exhibited exponential growth from 474.6 s to 494.1 s, followed by a dramatic spike at the 

conclusion of the testing. Between 0 s and 277.5 s, the stage was characterised by elastic behaviour 

and specimen setting (I), with no noticeable CTOD seen. This was followed by a fracture process 

zone (II) from 277.5 s to 474.6 s, leading to crack initiation at 494.1 s. The SCB specimen attained 

its maximum load after 494.1 seconds. Stage III began at 474.6 s with fracture commencement and 

ended at 494.1 s with the peak load, signalling the onset of crack propagation and post-peak crack 

development in Stage IV. The sudden increase at stage IV indicated the progression of the fracture 

till the specimen failed. 

 

Fracture behavior obtained from DIC 

Strain behavior of the geopolymer 

The strain values of the Single-Cantilever Beam (SCB) specimens were determined using equations 

(2–4). For Green-Lagrange strain, a positive number indicates tensile stress while a negative value 

indicates compression. The SCB began cracking due to tensile stress at the notch points under mode 

I loading. Fig. 14 displays the horizontal strain contour maps of the chosen SCB specimen without 

FA addition at various phases as specified in Fig. 13. The development of horizontal strain at notch 

tips clearly showed that tensile strain was spreading in the SCB specimen at the notch. The 

horizontal strain at stage I was evenly spread out as seen in Fig. 14(a). In stage II of the fracture 

process, there was a minor concentration of strain at the notch tip, as seen in Fig. 14(b). Cracks 

began to form and spread throughout stage III, leading to increased strain concentrations as seen in 

Figure 14(c). A distinct fracture pattern was found in stage IV due to the concentrated horizontal 

strain, as seen in Fig. 14(d). The horizontal strain map indicated that tensile stresses were only 

present at the notch tips, where the Single-Cantilever Beam (SCB) experienced tensile stress under 

mode I loading.  

Six monitoring sites, P1 through P6, were chosen on the strain concentration areas of SCB specimens 

with various FA additions to observe the development of horizontal strains over time, as seen in Fig. 

15 (a-1 and b-1). P1 represented the notch tip and P6 was the furthest point from the notch tips, as 

illustrated in Fig. 15. The contour maps in Fig. 15 (a-1 and b-1) display the chosen monitoring 

points. The middle row depicts the progression of horizontal strains, εxx, over time, while the bottom 

row shows the development of shear strain, εxy, in the selected SCB specimens. Thus, evaluating the 

horizontal and shear stresses over time may provide insights into the development of strain 

behaviours and fracture types in SCB specimens. Horizontal and normal stresses were used to show 

fracture opening, whereas shear strains were used to detect the presence of shear cracks. 
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Fig. 20. FPZ identification for the SCB specimen with 10% FA additions: a) diagram of selected 

horizontal virtual lines, b) x-displacements at the virtual lines, c) εxx on the virtual lines, and d) εxy 

on the virtual lines. 

During the alkali activation process, the particles of tailing soils underwent partial reaction and 

dissolution. Grain heterogeneity persisted in the specimens even after being exposed to mode I 

loading conditions. Stress variations lead to strain variations, disturbances, and the spread of 

fractures in the tailings-based geopolymer. The addition of 10% FA led to the development of shear 

strain and a complex fracture surface in the SCB specimens, particularly evident in Fig. 15(a-3) 

where strain began to grow at 400 s.  

While strain contour maps may be used to analyse the general failure pattern of geopolymer 

specimens, they are not effective in identifying the kinds of cracks. Hence, monitoring the 

development of both normal and shear stresses was necessary to identify the possibility of shear 

fractures. Fig. 15 shows the progression of shear strain together with normal stresses. The strain 

evolution was affected by noise due to the mathematical method used to derive displacement. Yet, 

the stresses during the elastic or specimen-setting phases may also provide precise assessments of 

evolutionary characteristics. While theoretical solutions may be used to calculate strain, many 

researchers regularly watch the strain history of Points of Interest (POIs) on fracture surfaces to 

examine the strain behaviour of brittle materials like rocks and concretes. The normal and shear 

stresses of the SCB specimens with 10% and 15% FA additions showed fracture phases that aligned 

with the development of horizontal strains over time, consistent with the CTOD progression seen in 

Fig. 13. Furthermore, the horizontal strain development showed that the horizontal strain rose sooner 

the closer the chosen point was to the notch tip. Figure 15 shows two SCB specimens with differing 

failure patterns: the SCB with 10% FA addition has a curved fracture surface, while the one with 

15% FA addition has a rather straight surface. The analysis of shear stresses indicated that, in 

addition to the tensile fracture, the SCB specimen containing 10% FA also experienced shear 

cracking. 
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Figure 21 displays the FPZ identification for the SCB specimen with 15% FA additions. a) schematic 

of specific horizontal imaginary lines, b) x-shifts at the imaginary lines, c) normal strain in the x-

direction on the imaginary lines, and d) shear strain on the imaginary lines.  

 The shear strain development of P1, P2, and P3 indicated that the shear strains began to appear at 

the crack onset, as shown in Fig. 13. Shear cracks under mode I conditions may be caused by 

material heterogeneity, specimen setup, and changes in notch directions. Thus, mixed-mode cracking 

occurred. Shear strain evolution in SCB specimens with 15% clearly showed little presence of shear 

fractures. Under mode I loading conditions, the SCB specimen exhibited both tensile and shear 

fractures with a convoluted fracture surface, whereas the SCB specimens with a straight cracked 

surface only showed pure tensile cracks.  

 

5. Conclusions 

Everyone inserted Class F fly ash as a nebulous part to the gold MTs-based geopolymer to make it 

stronger and less likely to break. This research used gold MTs with 5%, 10%, 15%, and 20% FA, 

mixed with NaOH solution at a lower liquid-to-solid ratio of 16%, pressed down with an HMC 

tamper, and hardened at a high temperature to create an MTs-based geopolymer structure. We then 

looked into how the mode I fraction behaved by running a series of SCB tests with mode I loading 

conditions. At the same time, 2D DIC was used to find out how the SCB specimens with different 

amounts of FA behaved under force and when they broke. We are taking back the main conclusions 

because 

a. Using the given cure conditions and liquid-to-solid ratio, the forces on the SCB samples 

under mode I loading went up slightly at first, then steadily rose until they broke, as shown by the 

sudden drops in force. It looks like adding smaller amounts of FA doesn't have much of an effect on 

the mode I fracture toughness (KIC); however, adding 15% and 20% FA made KIC go up. The 

biggest KIC was at 20% FA increase. 

b. When loaded in mode I, all of the SCB samples had an entry fracture pattern that went from 
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the tip of the notch to the impact roller. But because the materials were not all the same and the way 

the experiment was set up, the crack spread patterns of each object were different, and bent fracture 

patterns were seen. 

c. Scientists used DIC to figure out how cracks in the SCB formed by watching how CTOD 

changed over time. The cracks in the notched SCB samples went through a total of four phases: the 

elastic stage, the FPZ stage, the crack onset stage, and the post-peak crack spread stage. The SCB 

samples' horizontal strains at different stages showed that the strain concentration began at the FPZ 

stage at the notch tips and then spread to the effect on the blade. 

d. Applying a setting force when loading made the CTOD-identified elastic stage less apparent. 

Besides that, there were four levels to the CTOD. Averaging the x-displacement differences of the 

chosen vertical lines from the DIC allowed us to estimate the CTOD of the SCB specimens. We 

measured the lengths of the FPZ by using the x-displacement in the specified virtual horizontal lines. 

The duration of the FPZ is often shorter as the proportion of FA addition is larger. The alterations in 

horizontal strain on the lines also indicated the FPZ lengths. 
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