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Abstract

:

Geopolymers can replace cement and help reduce the environmental impact of concrete construction, but research is needed to ensure their mechanical properties, durability and practicability. The aim of this investigation is to examine the influence of ground granulated blast furnace slag (slag) content on the performance, at the fresh and hardened states, of fly ash (FA) based self-compacted geopolymer concrete (SCGC). For this purpose, four SCGC mixtures containing 450 kg/m3 of total binder were examined. The alkaline-to-binder ratio was 0.5 for all mixes. FA was substituted with slag at 0%, 30%, 50%, and 100% of the total binder content. The fresh properties in terms of flowability, passing ability, viscosity, and segregation resistance, as well as the mechanical properties in terms of compressive strength and splitting tensile strength, were quantified. The durability behavior of SCGC was also studied to determine sorptivity and long-term free drying shrinkage. The results confirm that slag adversely affects the workability of SCGC mixtures except for the resistance to sieve segregation. Performance of SCGC in hardened states is in general enhanced with slag inclusion but at increased shrinkage strain. Predictions of splitting tensile strength were made using the ACI 318, ACI 363, Eurocode CEB-FIB, and Lee and Lee models. The ACI 363 and Eurocode CEB-FIB models were found to be inaccurate, except for the 30% slag mix. Predicted values obtained from the Lee and Lee model were very close to the actual values of the FA-based SCGC mix. The results of this work could lead to more sustainable concretes using geopolymers instead of OPC.
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1. Introduction


Industrialization, urbanization, and population growth are the main drivers of environmental pollution and climate change and the construction industry is a major contributor. To accommodate infrastructure development, the current worldwide concrete consumption per person exceeds one cubic meter per annum [1]. Increasing demand for concrete using ordinary Portland cement (OPC) is responsible for environmental pollution, depletion of natural resources and the emission of substantial amounts of carbon dioxide (6–7% of worldwide emissions) [2,3]. Geopolymer concrete that can be made using other industrial wastes may help the concrete industry reduce its environmental impact and carbon emissions in an economical manner [4].



The term "geopolymer," was first coined in 1978 by Davidovits [5]. The polymerization process involves an aluminosilicate source material including silica (Si) and alumina (Al) and an alkaline liquid, leading to an amorphous structure. Due to its environmental credentials, geopolymer concrete has gained popularity and attracts the interest of many scientists. Geopolymer raw materials do not require a large energy input because they are not calcined at high temperatures, a prerequisite for producing cement raw materials. It has been established that the production of geopolymers emits five to six times less carbon dioxide than Portland cement [6]. In addition, geopolymer concrete offers similar or superior fresh and mechanical properties compared to conventional concrete [7]. This type of concrete is affected by many mixed proportion parameters as well as curing conditions [8,9,10]. Furthermore, this type of concrete reduces energy consumption, waste disposal, and construction costs [10]. To synthesize geopolymers, it is desirable to combine fly ash (FA) with some other high silica sources, such as slag, rice husk ash, silica fume, etc. [11]. Li et al. [12] observed that slag, a by-product of iron production from blast furnace, containing calcium, magnesium silicates, and aluminosilicates, is another candidate waste product available worldwide in huge quantities. The production of one ton of slag emits just 70 kg of carbon dioxide (CO2), which is only 7% of the CO2 emitted during cement production. However, the use of slag in FA-based geopolymers decreases setting time and workability. Nonetheless, the calcium oxide (CaO) of slag forms calcium-silicate-hydrates (C-S-H) with alumino-silicate gel, which boosts the mechanical characteristics of concrete [13,14,15,16,17]. The substitution of slag with FA thus improves the initial setting time of geopolymer paste [18]. It was reported that the inclusion of slag leads to the reduction of the fresh state properties of SCGC, whilst improving the hardened state properties [19].



Self-compacted concrete (SCC) was introduced to provide optimum compaction and to help place concrete in confined spaces [20,21,22]. The fundamental aspects of SCC are flow, filling, and passage ability that can resist segregation [23]. Self-compacted geopolymer concrete (SCGC) is an innovation that would provide both environmental and practical benefits [24,25]. The fresh SCGC must comply with specifications recommended by the European Federation of National Associations Representing for Concrete (EFNARC) [26]. Currently, few investigations were conducted into SCGC, hence there is a need for further research to verify the efficacy of SCGC in both its fresh and hardened form and to develop materials for practical applications. To reduce costs and enhance the workability and mechanical properties of concrete, supplementary cementitious materials such as FA and slag are currently widely used in concrete [27].



Drying shrinkage is another important characteristic of concrete that needs to be examined, as it is critical for the durability and long-term serviceability of concrete structures [28]. Restrained drying shrinkage can cause cracking, and while it may not necessarily compromise the structural integrity of reinforced concrete structures, it may cause serious durability issues [29]. Research shows that drying shrinkage of oven-cured geopolymer concrete is often relatively low compared to conventional concrete. As reported by Wallah and Rangan [30], the majority of the water generated during the chemical reaction in FA-based geopolymer concrete may evaporate during the curing phase. As a result, the excess water in the hardened concrete’s micropores is minimal, and thus the drying shrinkage is very limited. Other researchers also confirm that conventionally cured geopolymer concrete made from FA has good engineering performance and low drying shrinkage [31,32]. However, Wang et al. [33] showed that slag-based geopolymer concretes activated with sodium silicate might result in higher shrinkage strains than OPC concrete due to the development of silica-rich gel. For this reason, the long-term free drying shrinkage of FA-based SCGC made with/without slag needs to be examined.



Details of the binder type used and investigated properties of previous research on plain SCGC made with/without FA and slag are summarized in Table 1. Details of the current investigation are also displayed at the bottom of Table 1.



Studies on the influence of slag content on fresh, mechanical, and durability behaviors, as well as mechanical property predictive models, are limited. The study presented here aims at filling these gaps by examining the impact of slag inclusion on the various fresh, mechanical, and durability properties of FA-based SCGC specimens. Slump flow, T500, J-ring flow, TJ500, J-ring height, L-box, V-funnel, and sieve segregation resistance are the fresh property tests to be used in this work. In terms of mechanical properties, both the compressive and splitting tensile strength will be determined. In terms of durability, sorptivity and long-term free drying shrinkage will be investigated. Correlations between different properties will be attempted and comparisons with existing predictive models made.




2. Materials


Class F fly ash (FA) and ground granulated blast furnace slag (slag) were utilized as a binder. Their chemical and physical features are presented in Table 2.



The alkaline activator utilized in this study was a blend of sodium silicate (Na2SiO3) and sodium hydroxide (NaOH). The alkaline/binder ratio was kept at 0.5 in this study, the molarity (M) constant at 12, and the Na2SiO3/NaOH ratio at 2.5 [34]. The mass of Na2SiO3 used in the production of SCGC was 45% dry (of which 15% was Na2O and 30% SiO2) and 55% water content. The NaOH was 99% pure. The NaOH solution was made by dissolving solid NaOH pellets in water, targeting at 12 M molarity.



Coarse and fine natural aggregates used in this study were gravel and sand, respectively. The physical features of the used aggregates are shown in Table 3.



The superplasticizer (SP) used was MC Power flow evo 502, a SP based on polycarboxylate ether that meets the standards of EN 934-2: T3.1/3.2. It is a fifth generation MC-superplasticizer with improved rheological properties. It is yellow in color and has a density of 1.03 kg/m3. Tap water content was maintained at 40 kg/m3 throughout the research.




3. Mixing Procedure


Four SCGC mixtures were prepared with 450 kg/m3 total binder content [35]. Different amounts of slag were used to make these combinations, while the other parts remained constant. Slag was used in this study to replace the FA at 0%, 30%, 50%, and 100% replacement levels. Table 4 shows the detailed mix proportions. In the following mix codes, G% denotes the slag percentage used.



3.1. Mixing and Casting


A comparable mixing process was employed to attain consistency and homogeneity in each mixture. In the first phase, the dry ingredients, including aggregates (gravel and sand), and binder (FA and slag), were blended for approximately 2 min in an electric concrete mixer with a 75-L capacity. After properly blending the dry ingredients, the blended liquids of alkaline activator and water were fed to the mixer and wet mixed for two more minutes. The superplasticizer was added to the wet batch, and mixing proceeded for an extra two minutes. After the mixing process was completed, SCGC mixtures were tested in their fresh state, and then samples for hardened state characteristics were cast. Before placing the concrete into the molds, the fresh concrete was re-mixed in the mixer for thirty seconds to ensure the homogeneity of the mixture.




3.2. Curing Method


The samples were kept for 24 h in the laboratory [56] prior to being oven-cured at 85 °C for 24 h, except for the shrinkage tests. It should be noted that the SCGC specimens made with 100% FA (G0) did not harden enough after 24 h due to the low content of CaO, which is considered the main compound that affects the initial setting time of concrete. Slag can be added to the FA-based SCGC to enhance the setting time [34]. Therefore, in this study, the geopolymer concrete specimens were subjected to heat-curing after one day without being removed from the molds. After oven curing, the hardened samples were stored at ambient temperature until the testing date.





4. Testing Procedure


4.1. Fresh Properties


The flowability of the SCGC mixtures were evaluated using slump flow, J-ring flow, and V-funnel tests, passing-ability was assessed through the use of the L-box and J-ring height tests, and viscosity was evaluated via V-funnel, T500 mm, and TJ500 mm, according to the EFNARC recommendations [57]. Segregation resistance was measured via a sieve segregation test [58]. The J-ring test is a combination test to assess the filling-and-passing-ability of the freshly mixed SCGC through a restricted and congested area without blocking. During this test, J-ring flow diameter, TJ500 mm, and J-ring height were calculated.



Figure 1 shows photos of the fresh tests conducted in this study. Flow diameters in the x and y directions were monitored in the slump flow and J-ring flow tests, and the T500 mm and TJ500 mm flow times at which the flow diameter reached 500 mm were also recorded. The J-ring height, or passing ability (PJ), which refers to the blocking of fresh concrete through congested reinforcement bars, was measured once the concrete flow had stopped moving. Then, in the center of the J-ring, the straight rod was placed with its flat side down and to measure the distance (in mm) between the lower edge of the rod and the concrete surface (ho). Following that, the height (mm) of four spots outside the J-ring, two along the x-axis (hx1, hx2) and two along the y-axis (hy1, hy2) were measured. The following equation was used to determine the PJ value in mm:


  P J =   h x 1 + h x 2 + h y 1 + h y 2  4  − h o    



(1)







The V-funnel test involves completely filling the V-shaped section with concrete, allowing the concrete to discharge, and recording the discharge time. The concrete viscosity in its fresh condition can be assessed indirectly using the V-funnel flow time and T500 mm test measurements, as well as the V-funnel and TJ500 mm test records. The SCGC’s passing-ability (PA) between tiny gaps of bars was determined by means of the L-box test by dividing the horizontal section’s concrete height by the vertical section’s height after the concrete flow has stopped. The sieve segregation test was conducted using a sieve having 5 mm holes, a 300 mm diameter, and a 30 mm height. After finishing the mixing process, approximately 5 kg of the fresh concrete was placed in a plastic container and set aside for 15 min. The pan was then weighed dry (mp). After that, a sieve and pan were placed on the scale and approximately 4.8 kg of fresh SCGC was carefully placed at half a meter height, and the weight was recorded (ms). After two minutes, the sieve was carefully lifted, and the amount of concrete that had passed through the 5 mm holes and remained in the pan were weighed (mps). The sieve segregation index (SI) was calculated using the following equation:


  S I ,     % =      m  p s   −  m p    ∗ 100    m s     



(2)







Table 5 Displays the upper and lower bounds that EFNARC has established for the performance of SCC mixtures in their fresh state [57].




4.2. Mechanical Properties


The compressive strength of hardened SCGC specimens was obtained at 7 and 28 days of age from three 100 mm cube according to BS EN 12390 [59]. The splitting tensile strength was determined according to BS EN 12390-6 [60] using the average of three cylindrical samples of Ø150 × 300 mm at 28 days of age.




4.3. Correlation between Splitting Tensile and Compressive Strength


Normally, there is a good correlation between the mechanical properties of concrete (compressive strength, elastic modulus and tensile/flexural/splitting strength). Hence, the 28 day splitting tensile strength can be predicted from the compressive strength using empirical equations proposed by ACI 318-11 [61], ACI 363R-10 [62], CEB-FIB [63], and Lee and Lee [64], as tabulated in Table 6. The empirical equations provided by codes and literature are based on the cylindrical compressive strength values fć in MPa. As cubes were tested in this study the following conversion equation was used [65]:


fć = 0.8 × fcu



(3)




where 0.8 is the conversion factor.




4.4. Durability Properties


4.4.1. Capillary Water Absorption (Sorptivity)


The rate of water absorption per unit area was measured from the capillary water absorption of three 100 mm cubes. After 28 days, the specimens’ sides were taped to prevent water absorption from the sides. The specimens were then placed on a tray and rested on knife-edge supports to obtain a depth of water immersion of 2.0 mm, in accordance with BS EN 13057 [66] (see Figure 2). The mass resulting from water absorption from the bottom surface was determined over time (0 min, 12 min, 30 min, 60 min, 120 min, 240 min, and 1440 min). The water uptake was determined by plotting the weight gain per unit area against the square root of time, and the slope of the best fit line was used to calculate the Sorptivity coefficient (index) [67,68].




4.4.2. Free Drying Shrinkage


To quantify drying shrinkage and mass loss of SCGC, two 100 × 100 × 300 mm prisms were used for the G0 and G50 mixes according to ASTM C 157 [69]. After casting, the prisms were left at ambient conditions for 24 h, then exposed to oven curing at 40 °C for three days [70]. Following curing, the prisms were demolded, and demec points were glued to the specimens at a gauge length of 200 mm mid-height on two sides (see Figure 3). The change in length was determined by a dial gauge extensometer, with a strain accuracy of 5 με (see Figure 4). Initial measurements of length and weight were carefully recorded. The prisms were then placed in a controlled climate chamber and subjected to a drying condition (22 ± 2 °C and 50 ± 2% relative humidity (RH)). Measurements of length and weight were taken over a period of a year; every 24 h for the first week, four times a week for the later three weeks, once per week for the second month, once per two weeks for the third month, and then once per month for the long-term periods (six, nine, and 12 months). The values were averaged for the two samples.






5. Result and Discussion


5.1. Fresh Properties


The impact of utilizing slag as a binder on the performance of FA based SCGC mixes was investigated, and the results were compared with the limits of EFNARC [57]. The results of the fresh properties of SCGC mixtures with various slag contents are presented in Table 7 and Figure 5, Figure 6, Figure 7, Figure 8, Figure 9, Figure 10, Figure 11, Figure 12, Figure 13, Figure 14, Figure 15, Figure 16, Figure 17 and Figure 18.



5.1.1. Slump Flow Diameter


The slump flow diameter values of the produced geopolymer concrete in mm with respect to the slag content are shown in Figure 5. The slump values range from 788 to 680 mm, showing a systematic decrease with the increase in slag content. This is because slag binders have a larger specific surface area than FA binders, which demands a higher quantity of mixing water, thereby diminishing the workability of the freshly mixed concrete.



The slump flow values for the produced SCGCs of the mixes, including 0% and 30% slag content are in the range of the SF3 class, and the mixes containing 50% and 100% slag content in the range of the SF2 class of EFNARC limits. Based on the EFNARC limitations [57], the SF2 class can be used for constructions with complex geometries, vertical applications, and filling beneath the formwork. However, SCGC in the SF3 class provides a better surface finish than SCGC in the SF2 class. On the other hand, controlling segregation resistance is more difficult in the SF3 class. Previous studies recorded values between 755 and 650 mm for the blended fly ash and slag blended SCGC [34]. Moreover, the results align with the BS EN 12350-8 standard [71] which specifies that slump values should have an average diameter greater than 600 mm.




5.1.2. T500 mm Slump Flow Time


Figure 6 shows the influence of slag on the T500 mm slump flow time, in which time is measured up to the point at which the flow diameter of the freshly mixed concrete reaches 500 mm. In the results of T500, it can be observed that by increasing the slag content, the slump flow time is increased. The recorded T500 mm slump flow in this study was between 2.12 and 4.10 s. T500 mm meet the requirements of the EFNARC specifications [57] and the BS EN 12350-8 standard (less than 6 s) [71].



To examine the correlation between these two tests, the inverse linear relationship between flow time and flow diameter data is depicted in Figure 7. The R-square value of 0.993 shows a strong correlation between the T500 and Slump flow diameter values of the mixes conducted in this study.




5.1.3. J-Ring Flow Diameter


The J-ring flow diameter test is used to determine the flow spread of the fresh mixed SCC as it flows through the J-ring. In this test, the J-ring flow diameter in mm for the various slag content is evaluated, as shown in Figure 8. It can be seen that the J-ring flow diameter decreases with the increase in slag content. The J-ring results ranged between 780 and 665 mm for the slag contents of 0% and 100%, respectively. The mixes of the SCGC can be classified into the SF3 class when the slag content ratio ranges between (0 to 30%) and the SF2 class when the slag content ratio exceeds 30% up to 100%. The test values are within the EFNARC limits [57]. Furthermore, the linear correlation between J-ring and slump flow diameter is found in Figure 9. From the figure, the R-square is 0.997, indicating a strong relationship between J-ring-and-slump flow diameter outcomes. This means that both results are proportional to the slag content. Safiuddin et al. [72], who studied the fresh properties of SCC and achieved a 0.998 correlation coefficient between J-ring and slump flow diameter, also confirmed this result.




5.1.4. TJ500 mm Flow Time


The TJ500 mm flow time outcomes of the SCGC with different slag content are shown in Table 7 and Figure 10. The flow time measured for the TJ500 mm test varies between 2.42 and 4.43 s. According to EFNARC specifications and guidelines [57], the TJ500 mm of SCC typically takes between 2 and 6 sec. Hence, the TJ500 mm values are within a satisfactory range. The influence of slag content on the TJ500 mm of SCGC is obvious from Figure 10, and the TJ500 mm results decreased with the increase in slag content. Moreover, the correlation coefficient (R-square) for the TJ500 mm slump flow time and J-ring flow diameter is depicted in Figure 11. The R2 of 0.989 shows a very strong relationship between TJ500 mm flow time via J-ring flow diameter. As expected, there is an inverse linear relationship between the two measurements.




5.1.5. J-Ring Passing-Ability


The J-ring passing ability values with respect to slag content are illustrated in Figure 12. It can be seen that the passing-ability increases with the inclusion of slag. The test values were located between 0.0 and 7.1 mm for the slag content of 0% and 100%, respectively. According to the EFNARC specifications [57], the J-ring passing-ability for values smaller than 10 mm is classed as PJ 1. Therefore, the PJ values are typically in the range of PJ 1 class for the mixes in the study, with values less than 10 mm, which indicates good passing ability.




5.1.6. V-Funnel Flow Time


The discharge time from the V-funnel flow time test is comparable to the slump flow test results, as depicted in Figure 13. The test values increase with increasing slag content. The EFNARC requirements [57] specify viscosity classes based on V-funnel, T500 mm slump, and TJ500 mm slump flow time test results, as can be seen in Table 7. In addition, the viscosity class variations between V-funnel vs. T500 mm are illustrated in Figure 14. According to the test findings, all mixtures belong to the VS2/VF2 viscosity category, except for the mix created without slag (G0), which is within the VS1/VF1 viscosity class based on the V-funnel results, whereas the G0 is classified as VS2/VF2 referring to the T500 mm outcomes. According to EFNARC, the VS1/VF1 viscosity category has a high filling capacity, even with dense reinforcements, with a tendency to bleeding and segregation. The viscosity class VS2/VF2 offers excellent resistance to segregation. However, the VS2/VF2 class has an inadequate smooth surface texture and may be susceptible to SCGC mix flow stoppage. The results show that increasing the slag level increases the flow duration, which is advantageous for avoiding segregation and bleeding but may result in insufficient filling ability. The EN 12350-9 [73] standard also specifies that the V-funnel outcome should be less than 15 sec to ensure adequate filling capacity. Likewise, as illustrated in Figure 15, a similar trend can be observed for the viscosity class variances between V-funnel and TJ500 mm flow time data.




5.1.7. L-Box Height Ratio


The L-box test determines the mixes’ capacity to pass through three-bar restricted openings. The test values of SCGC mixtures should be between 0.8 and 1.0 to confirm certain passing abilities according to the EFNARC guidelines [57] and the EN12350-10 standard [71]. From the test results presented in Figure 16, it is feasible to ascertain that all mixtures possess an appropriate passing capacity (passing-ability > 0.8), and the L-box values are classified in the class of passing ability 2. The highest passing ability of 1.00 is for the mixes without slag content. Then, the L-box values decrease as the slag content increases.




5.1.8. Sieve Segregation


The segregation index (%) is depicted in Figure 17. With increased slag content, the segregation index begins to diminish. This is due to the fact that slag has a larger specific surface area than FA. The test values achieved in the mixes mentioned above range from 11.4% to 28.7%. Based on BS EN12350-11 [58], the segregation index should be lower than 20%. This means that the mixes with 0% and 30% slag content are out of the allowable range, whereas the mixes with 50% and 100% slag content satisfy the SI 1 and SI 2 classes, respectively. Figure 18 depicts the relationship with both the segregation index and the slump flow diameter. It can be seen that the segregation index and slump flow of the SCC mixtures have a significant linear relationship. The correlation coefficient R-square value is 0.90, indicating a significant correlation.





5.2. Mechanical Properties


Table 8 shows the results for the different mechanical properties. The SCGC specimens were cured at 85 °C for 24 h and then kept at room temperature until they reached 28 days of age. As expected, increasing the slag content of the geopolymer concrete was found to enhance the compressive strength [34].



5.2.1. Compressive Strength (fcu)


Figure 19 shows the impact of the slag content on the compressive strength of SCGC. The FA-based geopolymer concrete mixes yield the lowest strength values, whereas the inclusion of slag significantly increases the compressive strength of SCGC. The compressive strength of the seven-day-old specimens were between 38.7–80.9 MPa for the G0 and G100 mixtures, respectively. These findings are line with a study by Al-Rawi and Tayşi [34]. The compressive strength values at 28 days are very close to those at seven days of age. This may be due to the high early age development rate of geopolymer concrete due to heat curing compared to normal concrete, as has been reported by previous studies [74].



Figure 20 shows the percentage relative increase in compressive strength for the various slag content compared to the mix without slag. At 7 days, the improvement in strength of SCGC was 98.0% and 109.0%, for the slag contents 50%, and 100%, respectively. The results confirm that the biggest increase in strength comes with the replacement of 50% slag.



The effect of slag, FA, and blended FA and slag binders on the compressive strength of OPC and geopolymer mortars was also examined by Chi and Huang [75]. The results showed that the compressive strength of geopolymer mortars (excluding FA-based geopolymer mortars) was higher than that of ordinary Portland cement mortars. During X-Ray Diffraction tests, specimens containing 100% FA reveal a low rate of reactive calcium, resulting in a low level of C-S-H. As a result, specimens made of FA-based geopolymer have lower mechanical properties [75]. Previous research on FA and slag mixtures also found that strength increased with increasing slag content [76,77,78,79]. This is due to an increase in calcium content in the mix with an increase in slag concentration. Ismail and Bernal [80] observed that calcium-rich pastes typically form a C-S-H gel, which forms a dense structure and increases strength. Nevertheless, as Si increases and calcium decreases, the Sodium-Alumino-Silicate-Hydrate (N-A-S-H) gel forms, resulting in a loss of strength. The compressive strength increases with slag content after seven and 28 days of curing. Furthermore, the presence of CaO in slag encourages the hydration process, so a 100% slag content mixture has more compressive strength [81].




5.2.2. Splitting Tensile Strength (ft)


Figure 21 demonstrates the test values of splitting tensile strength (ft), while Figure 22 shows the relative increase. It can be observed that increasing the slag content increases the splitting tensile. The maximum value of splitting achieved in this study was 5.60 MPa for the slag-based geopolymer concrete. The increase was 71.7%, 113.1%, and 123.1% for the G30, G50, and G100 mixes. It was also found that the increase in splitting values was 123% for the SCGC mixes having 100% slag content.



The 28-day failure surface of the SCGC specimens is shown in Figure 23. Coarse aggregate is equally distributed all across the specimens and does not segregate, except for the mix made with 100% FA, where a sign of segregation can be seen near the top casting side of the specimens. It is clear from Figure 23b,c, that for the mixes made with slag, the failure surface of SCGC specimens mostly went through the geopolymer paste matrix and the aggregates. However, in the FA-based geopolymer concrete mix (See Figure 23a), the failure path propagated through the interfacial transition zone and geopolymer paste matrix and rarely through the aggregates. This highlights the disparity in strength of geopolymer pastes of FA and slag-based mixes. According to Shen et al. [82], the surface’s roughness and broken aggregates directly correlate with the splitting tensile strength. When the roughness is increased and more aggregates were cracked, the tensile splitting strength is higher [82]. The correlation between the splitting tensile and compressive strength in FA-based SCGC with various slag content is illustrated in Figure 24. It is obvious that an increase in compressive strength typically results in a corresponding subsequent increase in tensile strength [34]. Despite the usage of slag binder, the R-Square value of 0.994 indicates that the splitting and compressive strength values are strongly correlated with a direct linear relationship. For the results presented in Figure 24, the following correlation between splitting tensile strength and compressive strength was found:


ft = 0.025fcu1.225



(8)




where ft is the splitting tensile strength (MPa) and fcu is the cube compressive strength (MPa).





5.3. Prediction of Splitting Tensile Strength


Though predictive equations for tensile strength exist for normal concrete, there is a lack of equations for geopolymer and self-compacted geopolymer concrete. The results from this study are compared with the results calculated from proposed equations by ACI 318-11 [61], ACI 363R-10 [62], Eurocode CEB-FIB [63], and Lee and Lee [64]. All the empirical models presented above were developed for normal concrete, except for the model proposed by Lee and Lee, which proposed for FA and slag blended geopolymer concrete. Figure 25 and Table 9 show the actual and predicted 28-day mechanical values using Equations (4)–(7) in Table 6 and a proposed model (Equation (8)).



Splitting Tensile Strength (ft)


Figure 25 compares the splitting tensile results obtained from this investigation versus predicted outcomes by ACI 318-11 [61], ACI 363R-10 [62], Eurocode CEB-FIB [63], Lee and Lee [64], and the proposed model (Equation (8)). For the reference mix G0, the tensile strength is close to the model that Lee and Lee proposed, while the predicted values by ACI models and CEB-FIB provide overestimates. However, surprisingly, the tensile strength predicted by Lee and Lee does not increase much with the compressive strength. The same can be said for the other predictions as well. This is because the splitting tensile strength in this study grows faster than the compressive strength. This is reflected in Equation 8 by the exponent of the compressive strength being higher than 1. This result is surprising, and indicates a more fundamental property of slag that enhances the tensile strength, possibly via the penetration of hydration products into the ITZ and aggregates themselves. This clearly requires further investigation.



The actual splitting tensile results of 70% FA and 30% slag mix are very similar to those predicted by ACI 318, ACI 363, and Eurocode CEB-FIB, but the proposed equations by Lee and Lee underestimate them. For instance, the experimental values were 5.8%, 0.7%, 2.3%, and 24.3% higher than the predicted values proposed by ACI 318, ACI 363, Eurocode CEB-FIB, and Lee and Lee, respectively, for the mix of 30% slag content. Using 50% and 100% slag content, the above variations between actual and predicted models become higher. However, ACI 363 and Eurocode CEB-FIB are the closest to the real values for G50 and G100 mixtures, which range between 9.0 and 13% lower than what was predicted. Faridmehr et al. [53] investigated SCGC made with the combined use of FA and slag. They also found that the proposed relationship by ACI 318 between compressive and splitting tensile strength does not correctly estimate the splitting tensile values of SCGC. Consequently, the above findings might help researchers predict the splitting tensile values of FA-based SCGC mixes made with or without slag with respect to the experimental compressive strength values, but to reach more decisive conclusions, more investigations and analysis are needed.





5.4. Durability Properties


Table 10 shows the capillary water absorption, free drying shrinkage, and mass loss results. The results indicate that increasing slag content reduces mass loss and capillary absorption but increases drying shrinkage.



5.4.1. Capillary Water Absorption (Sorptivity)


Capillary water absorption tests determine SCGC’s ability to absorb water from a single surface [83]. This index properly assesses the quality of the concrete surface layer, which controls reinforcement corrosion [83]. The lower the sorptivity, the more durable the concrete is and the better it performs in a harsh environment. The 28-day capillary water absorption coefficient for various slag contents is plotted in Figure 26. The relative decrease in capillary absorption coefficient is presented in Figure 27.



From the test results, a systematic decrease can be detected due to increased slag content. With the increasing of the slag content from 0 to 100%, a reduction in sorptivity of 52.83% is recorded. The trends observed in the results are in line with results by other researchers such as Shaikh [84], who found that geopolymer concrete displays lower sorptivity than normal concrete. Patel and Shah [4] studied blended FA and slag-based SCGC incorporating rice husk ash cured in ambient conditions. They reported that higher sorptivity is achieved by FA-based geopolymer concrete. The values of capillary suction for all SCGC specimens were in a range of 0.069–0.136 mm/min0.5. According to recent research on the effects of mineral admixtures on the characteristics of geopolymer concrete by Jindal et al. [85], raising the slag replacement ratio reduces the percentage of water absorption. Furthermore, permeability is determined by pore size distribution and structure. The pores’ continuity influences water absorption. Geopolymer gel formation fills pores in the microstructure of the geopolymer concrete, changing the pore configuration and densifying the microstructure. As the age develops from 1 day to 28 days, the pores are gradually filled up by the production of geopolymer and C-S-H gels [4]. In geopolymer concrete, the slag binder provides the C-S-H gel formation, which holds CaO oxide in the chemical composition, resulting in enhanced strength.




5.4.2. Drying Shrinkage and Mass Loss


Curing is a key factor in evaluating the free drying shrinkage of concrete. It was previously reported that the shrinkage of geopolymers is highly dependent on the curing regime and liquid/binder ratio [86]. Additionally, the shrinkage of geopolymer mortar at a low temperature (40 °C) is very high compared to those cured at a higher temperature (60 °C) [86]. Furthermore, the compressive strength of geopolymer concrete improves with increasing curing temperature. The fib MC 2010 and B4 models both predict shrinkage based on the compressive strength [87]. For the above reasons, the effect of the curing condition and compressive strength on the shrinkage of geopolymer concrete is of great importance. Setting time and strength development of low-calcium FA-based geopolymer concrete is very low compared to blended FA and slag-based geopolymer concrete. Therefore, apart from the other parameters, different curing conditions were investigated in this study: (1) curing at an elevated temperature (85 °C), and (2) the prisms are cast for a free drying shrinkage test cured in an oven at a low temperature (40 °C) for three days. Figure 28 shows the compressive strength of 100 mm cubical specimens of the SCGC mixes cured at 40 °C for three days. The compressive strengths were enhanced by increasing slag content from 0% to 50%. A similar trend was reported in the previous sections of this paper.



Free Drying Shrinkage


Concrete drying shrinkage is characterized as a volumetric change as a result of concrete drying. Initially, free water is lost, resulting in minimal to no shrinkage. As the concrete continues to dry, the absorbed water is removed. Hydrostatic tension holds this adsorbed water in tiny capillaries. Tensile stresses are created when this water is lost, causing the concrete to shrink. The shrinkage caused by such a water loss is substantially more than the shrinkage caused by free water loss [88]. Drying shrinkage is a long-term process that depends on the water-cement ratio, hydration process, curing condition, moisture content, drying interval, aggregate properties, additives, and chemical properties of the cement [89,90,91]. Typical curves of free drying shrinkage vs. drying time for the SCGC mixes with and without the inclusion of slag are given in Figure 29. Regardless of the slag content, a sharp increase in the free drying shrinkage test measurements is noticed up to 90 days of drying time; then, the curve becomes flat. The inclusion of slag in SCGC results in higher shrinkage values. The values of drying shrinkage at 365 days were 104 and 175 microstrain for the mix codes of G0 and G50, respectively. These values are lower than for OPC concrete. However, in a different study [70], it was reported that the drying shrinkage of FA-based geopolymer concrete cured in ambient conditions reduces with the addition of slag, and the six-month shrinkage of geopolymer concrete mixes ranged between 482 and 722 microstrain. Moreover, geopolymer concrete attained lower values of shrinkage compared to ordinary concrete for comparable compressive strength values. Additionally, it has been reported that the drying shrinkage strains of geopolymer concrete cured via oven are generally less than those concrete cured at ambient conditions [92]. Furthermore, it was reported that low-calcium binders are less reactive than high-calcium binders. In alkali-activated mixtures, class F fly ash reduced the shrinkage of concrete compared to class C fly ash and slag binders [93,94].




Mass Loss


The results of mass loss versus drying time are plotted in Figure 30. SCGC incorporating slag displayed a lower mass loss than the mix made with 100% FA. At 365 days, the mass losses of the mixes made of 0% and 50% slag were 201 g and 115 g, respectively. According to previous studies, there might not be a direct relationship between drying shrinkage and SCC’s mass loss measurements. The mass loss indicator alone cannot provide substantial information on the variation in the drying shrinkage of concrete [95], as a number of other variables influence drying shrinkage in addition to mass loss [90,91]. The obtained behavior is contrary to expectations and there are no available studies regarding this property, hence more work is required in this direction.







6. Conclusions


Based on the findings, the following conclusions can be drawn on the impact of slag content on the fresh and hardened qualities of SCGC containing FA:




	
Slag inclusion has a negative impact on the flowability of SCGC in terms of slump flow and J-ring flow diameter. The slump and J-ring flow values decrease by increasing the slag in the mixes, but this is still within EFNARC’s acceptable limits. This may be due to the morphology, lower specific surface area, and lesser reactivity of the FA binder compared to slag.



	
T500, TJ500, and V-funnel flow times increase with the increase in slag replacement levels. The relationship of V-funnel via T500 and V-funnel via TJ500 also indicates that slag-rich SCGCs mixtures belong to the viscosity class (VS2/VF2) as defined by EFNARC. It can also be concluded that this kind of concrete might help improve resistance to segregation or reduce pressure on the formwork.



	
Slag leads to a reduction in the passing-ability of fresh concrete.



	
Slag has a significant impact on the segregation resistance of SCGC mixes. The allowable range of segregation index (%) is attained when the usage of slag exceeds 30% of the total binder content.



	
The low-calcium content of FA binders delays hardening, and using slag in geopolymer concrete mixes can help accelerate strength gain.



	
The utilization of slag results in a considerable increase in compressive and splitting tensile strength. The highest relative benefit is observed at 50% replacement.



	
The splitting tensile strength was found to increase faster than the compressive strength, indicating a potential enhancement of the ITZ. A new predictive equation is proposed for these mixes.



	
Based on the sorptivity test, a higher slag content enhances the durability of SCGC. By utilizing slag, SCGA specimens can achieve a higher rate of resistance to absorption. As the percentage of slag climbed from 0% to 100%, the sorptivity value declined to 48.5%.



	
FA-based SCGC made with or without slag exhibits low free drying shrinkage. SCGC made with 100% FA displays lower shrinkage strains than the mix made with 50% FA and 50% slag due to the lower reactivity of the FA binder compared to slag. After one year of exposing samples to drying conditions, the free drying shrinkage values of SCGC specimens cured at 40 °C were 104 and 175 microstrain for the G0 and G50 mixes, respectively.



	
Fully FA-based SCGC specimens show greater mass loss than the mix with 50% slag content. Therefore, it may be inferred that the mass loss parameter does not provide sufficient information about the variety in free drying shrinkage results.









7. Recommendations


It is recommended to investigate the influence of slag content on the durability performance of FA-based SCGC; specifically, gas permeability and rapid chloride permeability. In addition, further studies are needed on the long-term free drying shrinkage and mass loss. Furthermore, restrained shrinkage could be a topic of interest to the researchers. Investigating the microstructure of the FA-based SCGC with various slag content is also important to justify the behavior of the mechanical strength and durability of such mixes.
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Figure 1. Fresh test apparatus: (a) slump test, (b) J-ring test, (c) V-funnel test, (d) L-box test, and (e) sieve segregation test. 
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Figure 2. Capillary absorption test: (a) specimen set up, (b) schematic representation of specimens. 
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Figure 3. Free drying shrinkage test: (a) prisms are placed in a controlled climate chamber, (b) geometry of the specimens. 
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Figure 4. Free drying shrinkage measurement: (a) specimen measurement, (b) strain gauge measurement device developed by BAM. 
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Figure 5. Influence of slag content on the slump results. 
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Figure 6. Influence of slag content on the T500 mm flow time. 
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Figure 7. Correlation between T500 mm slump flow time and slump flow diameter. 
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Figure 8. Influence of slag content on the J-ring flow diameter. 
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Figure 9. Correlation between J-ring and slump flow diameter. 
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Figure 10. Influence of slag content on the TJ500 mm flow time. 
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Figure 11. Correlation between TJ500 mm slump flow time and J-ring flow diameter. 
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Figure 12. Influence of slag content on the J-ring passing-ability. 
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Figure 13. Influence of slag content on the V-funnel flow time. 
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Figure 14. Viscosity class variation with V-funnel and T500 mm. 
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Figure 15. Viscosity class variation with V-funnel and TJ500 mm. 
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Figure 16. Influence of slag content on the L-box height ratio. 
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Figure 17. Influence of slag content on the segregation index. 
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Figure 18. Correlation between segregation index and slump flow diameter. 
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Figure 19. Influence of slag content on the compressive strength at seven and 28 days. 






Figure 19. Influence of slag content on the compressive strength at seven and 28 days.



[image: Sustainability 14 15063 g019]







[image: Sustainability 14 15063 g020 550] 





Figure 20. Percent increase in compressive strength vs. slag content. 
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Figure 21. Influence of slag content on the compressive strength at 28 days. 
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Figure 22. Percent increase in splitting tensile strength. 
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Figure 23. Failure path of splitting tensile strength test; (a) G0 (0% slag content), (b) G30 (30% slag content), and (c) G50 (50% slag content). 






Figure 23. Failure path of splitting tensile strength test; (a) G0 (0% slag content), (b) G30 (30% slag content), and (c) G50 (50% slag content).



[image: Sustainability 14 15063 g023]







[image: Sustainability 14 15063 g024 550] 





Figure 24. Correlation between splitting tensile and compressive strength. 
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Figure 25. Actual and predicted splitting tensile strength values. 
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Figure 26. Influence of slag content on the capillary water absorption after 28 days. 
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Figure 27. Percent decrease in capillary water absorption. 
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Figure 28. Compressive strength of SCGC specimens cured at 40 °C for three days. 
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Figure 29. Drying shrinkage strain development of SCGC. 
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Figure 30. Mass loss variations of SCGC. 
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Table 1. Details of binder type used and examined properties of SCGC in the previous research and current study.
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	Refs
	Binder Type
	Fresh Properties
	Mechanical Properties
	Durability Properties
	Others





	[34]
	FA (100,75,50,25,0%)

slag (0,25,50,75,100%)
	Slump, T500 and V-funnel flow time, L-box height
	Compressive, splitting, fracture parameters
	-
	Statistical Evaluation, correlation



	[35]
	FA (50%), slag (50%), NS 1 (5–10 kg/m3)
	Slump, T500 and V-funnel flow time, L-box height
	Compressive, fracture parameters, bond strength,
	-
	Statistical Evaluation, correlation



	[36]
	FA (25%), slag (75%)
	Slump, T500 and V-funnel flow time, L-box and J-ring height, U-box
	Compressive
	Rapid chloride and water permeability, Sorptivity, Abrasion, Acid and sulphate attack, shrinkage
	



	[37]
	slag,NS (9–10 kg/m3)
	Slump, T500 and V-funnel flow time, and J-ring height
	Compressive, flexural, bond strength
	Sorptivity
	XRD



	[38]
	FA (Class F & C)
	Slump, T500 flow time, L-box height, U-box
	Compressive
	Rapid chloride permeability, Sorptivity, Acid and sulphate attack, corrosion
	SEM



	[4]
	FA (100%), slag (100,95,85, 75%), RHA 2 (5, 15, 25%)
	Slump, T500 and V-funnel flow time, L-box and J-ring height
	Compressive, splitting, flexural
	Sorptivity
	SEM



	[39]
	FA (100%), slag (100,95,85, 75%), RHA (5, 15, 25%)
	Slump, T500 and V-funnel flow time, L-box and J-ring height
	Compressive, splitting, flexural
	-
	SEM



	[40]
	FA
	Slump, V-funnel flow time, L-box height
	Compressive, splitting
	Water absorption
	



	[24]
	FA
	Slump, T500 and V-funnel flow time, L-box and J-ring height
	Compressive
	-
	-



	[41]
	FA
	Slump, T500 and V-funnel flow time, L-box and J-ring height
	Compressive
	-
	-



	[42]
	FA
	Slump, T500 and V-funnel flow time, L-box and J-ring height
	Compressive
	-
	SEM



	[43]
	FA (100,80,60,40,20,0%)

, slag (100,80,60,40,20,0%)
	Slump, T500 and V-funnel flow time, L-box height
	Compressive, splitting, flexural
	-
	-



	[25]
	FA
	Slump, T500 and V-funnel flow time, L-box and J-ring height, sieve segregation
	Compressive
	-
	-



	[44]
	FA (100,95,90,85,80%) MK 3 (5,10,15,20%) GSA 4 (5,10,15,20%)
	Slump, T500 and V-funnel flow time, L-box and J-ring height
	Compressive, splitting, flexural
	Water permeability
	-



	[45]
	MK
	-
	Flexural strength
	Water absorption
	SEM



	[46]
	slag
	Slump, T500 and V-funnel flow time, L-box height
	Compressive, splitting, flexural
	Carbonation depth, drying shrinkage, acid resistance, water absorption,
	SEM



	[47]
	FA
	Slump, T500 and V-funnel flow time, J-ring height
	Compressive, splitting, flexural strength
	-
	-



	[48]
	FA (50%), slag (50%)
	Slump, T500 and V-funnel flow time, L-box height
	Compressive
	-
	-



	[49]
	FA (100–70%),

slag (10,20,30%),

SF 5 (5,10,15%)
	Slump, T500 and V-funnel flow time, L-box height, U-box
	Compressive, splitting, flexural strength
	-
	-



	[50]
	Slag (100, 98%), NS (2%)
	Slump, T500 and V-funnel flow time, L-box height
	Compressive, splitting, fracture parameters, modulus of elasticity
	-
	-



	[51]
	FA
	Slump, T500 and V-funnel flow time, L-box and J-ring height
	Compressive
	-
	-



	[52]
	FA (100,90,80,70%), MK (10,20,30%)
	Slump, T500 and V-funnel flow time, L-box height
	Compressive, splitting, flexural
	-
	-



	[32]
	FA (100,90%), SF (10%)
	-
	-
	Shrinkage
	-



	[53]
	Slag (100,70,60,50,40,30%)FA (30,40,50,60,70%)
	Slump, T500 and V-funnel flow time, L-box and J-ring height
	Compressive, splitting, flexural
	-
	XRD, SEM, correlation, modeling



	The current study
	FA (100,70,50,0%)

slag (0,30,50,100%)
	Slump and J-ring flow, T500, TJ500, and V-funnel flow time, L-box and J-ring height

sieve segregation
	Compressive, splitting
	Sorptivity,

long-term free drying shrinkage, long-term mass loss
	Correlation, an empirical equation







Where 1 NS is nano-silica, 2 RHA is rice husk ash, 3 MK is metakaolin, 4 GSA is groundnut shell ash, 5 SF is silica fume.
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Table 2. Chemical and physical features of FA and slag in the presented study.
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	Component %
	CaO
	SiO2
	Al2O3
	Fe2O3
	MgO
	Various
	Specific Gravity
	Loss on Ignition
	Blain Fineness (cm2/g)





	FA
	4.0
	56
	24
	7.0
	2.0
	7.0
	2.28
	3.0
	3098



	Slag
	40
	36
	11
	0.4
	7.6
	5.0
	2.80
	2.3
	4250
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Table 3. Physical features of gravel and sand in the presented study.
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	Type of FA
	Size (mm)
	Specific Gravity
	Water Absorption (%)





	Gravel
	4–16
	2.70
	0.5



	Sand
	0–4
	2.66
	0.8



	Standard
	BS EN 933-1+ A1 2005 [54]
	BS EN 1097-6:2013 [55]
	BS EN 1097-6:2013 [55]
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Table 4. Mix proportions of SCGC in the presented study.
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Mix Code

	
Binder (kg/m3)

	
FA (%)

	
Slag (%)

	
Gravel (kg/m3)

	
Sand (kg/m3)

	
Alkaline/Binder

	
Molarity (M)

	
SP (%)

	
Water (kg/m3)






	
G0

	
450

	
100

	
0

	
800

	
825

	
0.5

	
12

	
7

	
40




	
G30

	
70

	
30




	
G50

	
50

	
50




	
G100

	
100

	
100
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Table 5. Fresh test assessment following the EFNARC guidelines.






Table 5. Fresh test assessment following the EFNARC guidelines.





	
Flowability Classes




	
Classes

	
Slump Flow and J-Ring Flow Diameter (mm)




	
Slump flow (SF) 1

	
550–650




	
Slump flow (SF) 2

	
660–750




	
Slump flow (SF) 3

	
760–850




	
Viscosity Classes




	
Class

	
T500 (sec)

	
TJ500 (sec)

	
V-Funnel time (sec)




	
Viscosity (VS1/VF1)

Viscosity (VS2/VF2)

	
≤2

>2 and ≤5

	
≤2

>2 and ≤6

	
≤8

9 to 25




	
Passing ability




	
Classes

	
J-Ring passing ability




	
Passing-ability (PJ) 1

	
≤10 mm




	
Passing-ability (PJ) 2

	
≥10, 20 mm




	
Classes

	
L-Box height ratio




	
Passing-ability (PA) 1

	
≥0.8 with two rebar




	
Passing-ability (PA) 2

	
≥0.8 with three rebar




	
Segregation resistance [58]




	
Classes

	
Sieve segregation resistance (%)




	
SI 1

	
≤20%




	
SI 2

	
≤15%
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Table 6. ACI predictive equations for the splitting tensile strength of concrete.
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Property

	
Standard

	
Equation

	






	
Splitting Tensile Strength, ft (MPa)

	
ACI 318 [61]

	
    f t  = 0.56    f ć      

	
(4)




	
ACI 363 [62]

	
    f t  = 0.59    f ć      

	
(5)




	
for 21 MPa < fć < 83 MPa

	




	
CEB-FIB [63]

	
    f t  = 0.3  f ć      2 3      

	
(6)




	
Lee and Lee [64]

	
    f t  = 0.45    f ć      

	
(7)
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Table 7. Fresh test results of the SCGC in the presented study.






Table 7. Fresh test results of the SCGC in the presented study.





	Mix Code
	Slag (%)
	Slump (mm)
	J-Ring (mm)
	T500 (s)
	TJ500 (sec)
	PJ (mm)
	V-Funnel (s)
	L-Box
	Segregation Index (%)





	G0
	0
	788
	780
	2.12
	2.42
	0.0
	7.5
	1.00
	28.7



	G30
	30
	775
	760
	2.31
	2.71
	1.0
	10.3
	0.99
	22.4



	G50
	50
	750
	738
	2.94
	3.31
	2.7
	12.0
	0.96
	18.4



	G100
	100
	680
	665
	4.10
	4.43
	7.1
	17.1
	0.84
	11.4
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Table 8. Hardened properties of SCGC in the presented study.
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Mix Code

	
Slag Content (%)

	
Compressive (MPa)

	
Splitting Tensile (MPa)




	
7 Days

	
28 Days






	
G0

	
0

	
38.70

	
44.21

	
2.51




	
G30

	
30

	
58.17

	
65.72

	
4.31




	
G50

	
50

	
76.63

	
81.67

	
5.35




	
G100

	
100

	
80.92

	
85.10

	
5.60
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Table 9. Actual and predicted mechanical properties of SCGC recommended by ACI 318-11 [61], ACI 363R-10 [62], European code CEB-FIB [63], Lee and Lee [64], and self-developed model.
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Mix Code

	
Slag Content (%)

	
Splitting Tensile Strength (MPa)




	
Actual Result

	
ACI 318

	
ACI 363

	
CEB−FIP

	
Lee and Lee

	
Proposed Model (Equation (8))






	
G0

	
0

	
2.51

	
3.33

	
3.51

	
3.23

	
2.68

	
2.55




	
G30

	
30

	
4.31

	
4.06

	
4.28

	
4.21

	
3.26

	
4.14




	
G50

	
50

	
5.35

	
4.53

	
4.77

	
4.87

	
3.64

	
5.41




	
G100

	
100

	
5.60

	
4.62

	
4.87

	
5.00

	
3.71

	
5.68
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Table 10. Results of durability properties of SCGC.
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Mix Code

	
Slag Content (%)

	
Capillary Absorption(mm/min0.5)

	
Free Drying Shrinkage after 365 Days




	
Max. Shrinkage (Microstrain)

	
Max. Mass Loss (g)






	
G0

	
0

	
0.0513

	
104

	
201




	
G30

	
30

	
0.0377

	
-------

	
-------




	
G50

	
50

	
0.0291

	
175

	
115




	
G100

	
100

	
0.0242

	
-------

	
-------
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