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        Abstract



        This paper presents a study of the flexural strength of geopolymer concrete beam using high calcium content fly ash (FA) in marine environment, without high heat curing. Two series of beam specimens were loaded to failure to study the effect of chloride environment on the flexural strength of geopolymer concrete beams. Series I specimens were subjected to sea environment, whereas series II were kept at room temperature. Tests performed on concrete cylinders show that the sea water has no effect on compressive and splitting tensile stress of high calcium content FA based geopolymer concrete. However, the ratio of splitting and compressive strength for both series was approximately 44%, almost double than that of normal concrete. In addition, the flexural test of concrete beams shows that the average cracking load for series I specimens was 275% higher than that of series II. However, the ultimate load, crack pattern and deflection characteristic for both series were very similar.
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      1. INTRODUCTION


      Considerable research has been conducted on geopolymer concrete during the last two decades [1-4] on its properties and application on structural material [5]. The objective of this research is to find a more environmentally friendly, durable and sustainable material for construction industry. Geopolymer concrete thus far seen as a promising alternative to ordinary concrete [6]. However, the research on fly ash (FA) geopolymer [7-9] has been mainly focused on the utilization of low calcium content FA [10]. Very limited research work dealt with the use of high calcium content FA for geopolymer concrete, known as class C FA [11]. In some countries such as Indonesia, class C FA is more abundant than that of low calcium FA [7]. Further, most of the work used high heat curing to obtain the design compressive strength. The use of high heat curing will adds significant cost in the production of geopolymer concrete if this method is going to be used in practice. Chloride ingress so far was seen as a main threat to service life of concrete structures in marine environment. Based on this argument, the main objective of this study is to provide more understanding of the behavior of geopolymer concrete beams under flexural load using high calcium content FA without high heat curing and subjected to chloride attack. To obtain more realistic results, concrete beams will be subjected to sea water environment by immersing test specimens in sea splash zone area. Further, concrete beams will be loaded to failure under flexural action.

    


    
      

      2. EXPERIMENTAL DETAILS


      
        

        2.1. Specimens Details


        Two series of concrete beams were used in this study to investigate the strength of geopolymer concrete beams (GCB) under pure bending:


        i. Series I – beams cured in sea water at splashing zone


        ii. Series II - beams cured in room temperature


        The two series used concrete beams with a length of 1500 mm and 100 × 150 mm in cross section. The longitudinal reinforcement was 8 mm in diameter (grade 240), while the shear reinforcement was 6 mm in diameter (grade 240). Each series comprised of three beams. Series I consists of B1, B2 and B3, while series II consists of B4, B5 and B6. All the beams, which had similar reinforcement detail were designed to fail in pure flexure. The geometry of the beam can be seen in Fig. (1).


        [image: ]
Fig. (1)

        Specimen detail.
      


      
        

        2.2. Materials


        FA available from local power plant at Paiton East Java Indonesia was used for all tests. Chemical composition of FA determined from X-Ray Fluorescence (XRF) is given in Table 1. This table shows that the CaO content of the FA is around 10.69% by weight. Therefore, based on ASTM C618-08 this FA can be classified as type C. High CaO content nowaday, is more common for FA obtained from local power plant in Indonesia. This high content of CaO may pose a problem during mixing due to high risk of fast setting. Note that for FA type F, the maximum limit of CaO content is 10%.


        
          Table 1 Chemical composition of FA.


          
            
              
                	Oxides

                	Weight (%)
              

            

            
              
                	SiO2

                Al2O3

                CaO

                MgO

                Na2O

                K2O

                TiO2

                Fe2O3

                SO3

                P2O5

                MnO

                SrO

                	41.97

                15.55

                14.15

                6.19

                2.26

                1.73

                0.87

                14.16

                2.12

                0.22

                0.12

                0.65
              


              
                	Total

                	100.00
              

            
          


        


        Currently, the mix design of geopolymer concrete is still being studied. In this study, the mix design was taken from previous study using Taguchi method. In this method, all parameters that have significant effects on the strength of geopolymer concrete were considered, while the number of experiment was kept minimum [12]. The design experiment method used was the Taguchi method with orthogonal array, L9 (34) to run at once four variables. Binder/aggregate ratio, alkaline/FA ratio, superplasticizier (SP) percentage and curing method were considered as the four variables having significant effects on the compressive strength.


        The design compressive strength was 25 MPa. The geopolymer concrete mixture used is given in Table 2. Previous study showed that the type of FA greatly influenced the quality of geopolymer binder. FA type, especially its chemical composition, depends on power plant operation method [13-15]. Due to extensive use of coal a alternative source energy of oil and gas during the last decade in Indonesia, high quality (high calories) coal is becoming scarce and difficult to find. As a result, low quality coal (low calories) is more often used for power plant operation. The FA produced from this coal is not as good quality as usually found before. Based on available data, type F FA in Indonesia is very difficult to obtain and type C FA is nowadays more commonly found [12]. In this study, the FA used is 504 kg/m3 to achieve the design strength of 25 MPa.


        
          Table 2 Geopolymer concrete mixture.


          
            
              
                	Material

                	Quantity
              

            

            
              
                	Fly ash (kg/m3)

                	504
              


              
                	Coarse aggregate (kg/m3)

                	1008
              


              
                	Fine aggregate (kg/m3)

                	672
              


              
                	NaOH 14 M

                	86.4
              


              
                	Na2SiO3

                	123.2
              


              
                	Superplasticizer

                	15.2
              


              
                	Added water

                	10.08
              


              
                	Na2SiO3: NaOH

                	1.43
              

            
          


        


        Fine aggregate used for GCB was natural river sand, whereas coarse aggregate used was a crushed stone with maximum size of 20 mm. The properties of coarse aggregate and fine are given in Tables 3 and 4. SP used was Conplast SP425 produced by Fosroc. From previous study, this superplasticizer has special characteristic to extend the setting time of geopolymer binder [16]. Thus, the main purpose of using SP in the mixture is not only for improving the workability, but potentially to extend the setting time.


        
          Table 3 Properties of coarse aggregate (crushed stone).


          
            
              
                	Sieve size (mm)

                	Mass retained on each sieve (gram)

                	Mass retained on each sieve (%)

                	Cumulative mass retained on each sieve (%)
              

            

            
              
                	4.76

                	4.00

                	0.80

                	0.80
              


              
                	2.38

                	8.50

                	1.70

                	2.50
              


              
                	1.19

                	41.00

                	8.20

                	10.70
              


              
                	0.59

                	124.5

                	24.90

                	35.60
              


              
                	0.297

                	168

                	33.60

                	69.20
              


              
                	0.149

                	112

                	22.40

                	91.60
              


              
                	Pan

                	42

                	8.40

                	100
              


              
                	Total

                	500

                	100%

                	
              


              
                	Fineness modulus=2.10; Specific gravity (SSD)=2.69; Bulk density (SSD)=1.63; Water absorption=0.75%
              

            
          


        


        
          Table 4 Properties of fine aggregate (river sand).


          
            
              
                	Sieve size (mm)

                	Mass retained on each sieve (gram)

                	Mass retained on each sieve (%)

                	Cumulative mass retained on each sieve (%)
              

            

            
              
                	1 1/2”

                	0

                	0%

                	0%
              


              
                	3/4”

                	7215

                	45.09%

                	45.09%
              


              
                	3/8”

                	7755

                	48.47%

                	93.56%
              


              
                	4.76

                	984.5

                	6.15%

                	99.71%
              


              
                	2.38

                	15.0

                	0.09%

                	99.80%
              


              
                	1.19

                	1.7

                	0.01%

                	99.81%
              


              
                	0.59

                	2.5

                	0.02%

                	99.83%
              


              
                	0.297

                	2.5

                	0.02%

                	99.85%
              


              
                	0.149

                	9.5

                	0.06%

                	99.91%
              


              
                	0

                	14.3

                	0.09%

                	100.00%
              


              
                	Total

                	16000

                	100.00%

                	
              


              
                	Fineness modulus=8.38; Specific gravity (SSD)=2.58; Bulk density (SSD)=1.37; Water absorption=3.98%
              

            
          


        


        The compressive and splitting tensile strength of geopolymer concrete at the time of test was determined from concrete cylinders of dimension 100 x 200 mm. For each series of test, the average value of three cylinder samples was used as concrete and splitting tensile strength. All cylinders were cured in the same condition as the concrete beams. The reinforcing bars were tensile tested to determine its yield strength. Three reinforcing bars (6 mm and 8 mm) were tested to determine their yield strength. The result of tensile test of rebar was given in Tables 5 and 6. These tables show that the yield strength of rebar varied between 463.99 MPa and 523.24 MPa. These values are higher than the design yield strength of 240 MPa for plain bar. To determine theoretical value flexural capacity of GCB, the average value of yield strength of 480.81 MPa was used. Note that the average ultimate strength of this rebar was 643.50 MPa.


        
          Table 5 Yield strength of rebar (6 mm).


          
            
              
                	Sample

                	Diameter (mm)

                	Yield strength (fy) MPa

                	Ultimate strength (fu) MPa
              

            

            
              
                	1

                	6.43

                	523.24

                	661.74
              


              
                	2

                	6.45

                	489.45

                	627.10
              


              
                	3

                	6.42

                	494.13

                	633.11
              


              
                	Average

                	502.27

                	640.65
              

            
          


        


        
          Table 6 Yield strength of rebar (8 mm).


          
            
              
                	Sample

                	Diameter (mm)

                	Yield strength (fy) MPa

                	Ultimate strength (fu) MPa
              

            

            
              
                	1

                	7.57

                	488.56

                	644.02
              


              
                	2

                	7.56

                	489.87

                	645.74
              


              
                	3

                	7.59

                	463.99

                	640.74
              


              
                	Average

                	480.81

                	643.50
              

            
          


        

      


      
        

        2.3. Mixing and Curing


        Geopolymer concrete was mixed according to the conventional procedure used in the production of portland cement concrete. NaOH and sodium silicate solution were prepared separately and mixed together at the time of casting. Note that NaOH solution was prepared a day earlier before casting to avoid heat generation when NaOH flake reacts with water. FA and fine aggregate were first mixed together in a dry state for 5 minutes using electric mixer. Then, coarse aggregate was added to the FA and the fine aggregate until the coarse aggregate was uniformly distributed in concrete batch. Finally, the alkaline solution with superplasticizer was added and the entire batch was mixed for 5 minutes.


        Fig. (2) shows the resulted geopolymer concrete after mixing. Slump test after concrete mixing gave 140 mm of slump. The concrete flowed and tended to segregate between coarse and fine aggregate. However, the concrete became very sticky after 30 minutes from mixing. This condition was expected since FA used in the mixture has a high CaO content. For field and mass application, this fast setting needs to be resolved for future application of geopolymer concrete using type C of FA. Fig. (3) shows twelve concrete cylinders used for compression and splitting tensile test. Six cylinders were then cured in sea water at splashing zone area for series I and the rest were cured in room temperature for series II.


        [image: ]
Fig. (2)

        Slump test for geopolymer concrete.

        After casting, the beams were left for 24 hours and then removed from wood molding. All specimens were then cured for 28 days in the designated environment. Room temperature during the test was kept between 30-32oC for series II test. The beams for series I were transported to seashore at Suramadu Bridge Surabaya and placed in a splashing zone area. This series was designed to experience cycles of wet and drying due to tide cycles. The specimens for series II were allowed to dry for 2 days before loading to failure. Fig. (4) shows the beams after being removed from molding, whereas Fig. (5) shows the beams after being cured for 28 days at sea water. Fig. (5) shows that the surface of the beams changes to whitish appearance due to chlorides deposit. The previous study [17] showed that the chloride penetration and corrosion of embedded steel decreased with the high Na(OH) concentration. In this study, Na (OH) used was 14 molar and therefore chloride penetration to the concrete beam will be restricted and the chlorides are deposited on the concrete surfaces.


        [image: ]
Fig. (3)

        Concrete cylinders for compression and tensile strength test.

        [image: ]
Fig. (4)

        Geopolymer concrete beam after 2 days of casting.

        [image: ]
Fig. (5)

        Geopolymer concrete beam after cured for 28 days in sea water.
      


      
        

        2.4. Testing Procedure


        The beams tested simply supported over a span of 1300 mm in a 1000 kN hydraulic test rig and loaded with two symmetrical point loads, see (Fig. 6). The distance between the applied loads was 600 mm and applied on two points each 300 mm away from the middle of the beam toward the support. To produce flexural failure in the middle span, stirrups at shear span were spaced closer than that required to support the design ultimate load. At each load increment the vertical deflection of the beam was measured by two dial gauges and one Linier Variable Displacement Transducer (LVDT), see (Fig. 7). The dial gauge was installed below the applied load whereas the LVDT was installed in the center of the beam. The average of these three readings was used as the displacement of GCB. Data logger was used to record the vertical displacement and the corresponding load during the test. Visual observations of the cracks were made during the test. At each load increment, the beam was carefully inspected and all cracks and their corresponding loads were marked. The mode of failure of the beams was also recorded.


        [image: ]
Fig. (6)

        The modelling of setting load.

        [image: ]
Fig. (7)

        Loading test arrangement.
      

    


    
      

      3. RESULTS AND DISCUSSION


      
        

        3.1. Compressive and Splitting Tensile Strength of Concrete


        Compressive and splitting tensile strength of concrete cylinder of series I and II tests is given in Table 7. This table shows that the average compressive and splitting tensile strength of the two series test are very close to one another. This result shows that the sea water environment (series I) has relatively no effect on compressive and splitting tensile strength of GCB [18]. However, the compressive strength of series I test has a slightly lower strength variation than series II test. This is rather surprising considering that the nature of environment at splashing zone area is subjected to continuous changes. The highest compressive strength of 16.927 MPa was achieved for sample B6. Overall, the compressive strength of concrete cylinder did not reach the design strength of 25 MPa. The main factor that may contribute to these lower strength is possibly the absence of high heat curing during the tests. However, previous study showed that high calcium reduces mechanical properties of geopolymer cured at elevated temperatures [19]. Further, using of heat cure will add significant cost in the production of geopolymer concrete, if practiced. Thus, in this study only room temperature was used. Fast setting of mixture during placing of concrete prevented proper compaction and thus lead to lower concrete compressive, strength. Higher dispersion of test resuts is possibly caused by the presence of FA. FA is a waste material and therefore it has a very high variation in terms of its composition. Table 7 also indicates that the splitting tensile strength of geopolymer concrete is reasonably high if compared with its compressive strength. The splitting tensile strength is around 44% of its compressive strength. For non geopolymer concrete the splitting tensile strength is generally no more than 20% of its compressive strength.


        
          Table 7 Compressive and splitting tensile strength of geopolymer concrete.


          
            
              
                	Sample

                	Series

                	Compressive strength (MPa)

                	Average

                	Splitting tensile strength (MPa)

                	Average
              

            

            
              
                	B1

                	I

                	13.745

                	14.339

                	5.8

                	6.40
              


              
                	B2

                	13.873

                	6.5
              


              
                	B3

                	15.400

                	6.9
              


              
                	B4

                	II

                	14.382

                	14.297

                	5.7

                	6.37
              


              
                	B5

                	11.582

                	6.9
              


              
                	B6

                	16.927

                	6.5
              

            
          


        

      


      
        

        3.2. Crack Development and Mode of Failure


        The early stages of loading the beams were almost free from cracks, especially series I test. Flexural (vertical) cracks first developed in the region of higher moment (middle span). With increasing load, additional bending cracks were formed throughout the middle span. At the same time, the existing cracks lengthened and widened. In the shear span region, almost no cracks were formed. This showed that the designed shear reinforcement worked very well to prevent shear failure. Figs. (8 and 9) showed the crack pattern of series I and II tests, respectively. Both figures show that the crack pattern of the two series was very similar.


        [image: ]
Fig. (8)

        Crack pattern of series I test (B1, B2 and B3).

        [image: ]
Fig. (9)

        Crack pattern of series II test.

        Fig. (8) shows that after loading to failure specimen B1 had fewer cracks than specimen B2 and B3. This specimen has recorded the highest ultimate load. Crack that leads to failure at series I formed directly below the applied load. However, B1 has less developed cracks in midspan region as it has failed by rather sudden failure of concrete directly under the applied load. This type of failure may be caused by improper compaction of concrete in this region due to shear reinforcement spaced at closer distance than that of midspan region. A very similar trend was found in series II test, where specimen B4 had the highest ultimate load and also had fewer cracks than specimens B5 and B6, seen in Fig. (9). However, in contrast to the other specimens B5 failed due to crack formed in the middle of span.


        [image: ]
Fig. (10)

        Yielding of rebar and crushing of compressive zone at ultimate load.

        The two series of tests showed that the beams were failed due to flexural action. Vertical cracks that lead to failure formed in the middle span, mostly directly under the applied load. The failure of the beams were relatively ductile and initiated by yielding of the steel and followed by crushing of concrete compression zone, seen in Fig. (10). There was no indication of bond failure and splitting of concrete along the tensile reinforcing bar. Examination of the rebar after the loading test of series I beams showed no sign of corrosion after 28 days of sea exposure.

      


      
        

        3.3. Load Deflection Characteristic


        Load deflection characteristic of GCB was recorded using data logger. To avoid possible damage of LVDT due to unexpected failure mode of GCB, LVDT was removed from the first two loading tests before ultimate load reached. Note that the first two beams loaded to failure was specimend B1 and B2. As the first two loading tests showed a relatively ductile mode of failure of GCB and showed no indication of sudden failure of the beam, LVDT was fully installed up to the failure load in the subsequence tests.


        The load deflection for all specimens is presented in Fig. (11). This figure shows that the load deflection for the two series of tests appears to be very similar up to 1300 kg. However, specimens B1 and B2 appear to have higher stiffness than the other specimen, see (Fig. 12). These two specimens also have the highest load. However, it was rather unfortunate that LVDT was removed before ultimate load reached for these two specimens. Fig. (12) shows the stiffness degradation curve for all beams. During loading tests, all the beams followed almost similar strength degradation curves.


        [image: ]
Fig. (11)

        Load and deflection for series I and II tests.

        [image: ]
Fig. (12)

        Stiffnes degradation curve for series I and II tests.

        The deflection of all beams at failure is given in Table 8. This table shows that at failure load the beams deflect significantly varies from 1.8% to 2.6% of their span. If the allowable deflection of the beam is taken as L/350 or 0.3% of span, than the deflection of GPC beam at failure varied between 6 to 8 times of the allowable deflection. The highest deflection at failure was recorded for B3 for series I test and for B6 for series II test. Both B3 and B6 have the lowest ultimate load. The ductility factor µ for the beams is also given in Table 8. All the beams have the ductility factor greater than 4.


        
          Table 8 Deflection at failure load and at yield of tension steel.


          
            
              
                	Sample

                	Deflection at failure (Δu) mm

                	Deflection at yield (Δy) mm

                	µ = Δu/Δy

                	Δu/L*
              

            

            
              
                	B1

                	17.170**

                	4.66

                	NA

                	1.3%
              


              
                	B2

                	7.023**

                	5.05

                	NA

                	0.5%
              


              
                	B3

                	31.973

                	7.68

                	4.16

                	2.5%
              


              
                	B4

                	24.640

                	5.05

                	4.88

                	1.9%
              


              
                	B5

                	23.480

                	5.75

                	4.08

                	1.8%
              


              
                	B6

                	33.343

                	4.66

                	7.16

                	2.6%
              

            
          


          


        

      


      
        

        3.4. Cracking and Ultimate Load


        Fig. (13) summarizes cracking and ultimate load of series I and II tests. Cracking load is defined as load at first crack formation, whereas ultimate load is defined as load at failure. P design in this figure is defined as the ultimate load of GCB determined using available formulae for normal concrete. For series I test, first crack did not form in the beams until load has reached 70% of ultimate load. On the contrary, for series II first crack has already formed when applied load reached 30% of ultimate load. Based on the average value of three beams, the average cracking load of series I was 275% higher than the cracking load of series II test. This highest cracking loads correspond to the results of splitting tensile tests, where the proportion of tensile strength to the compressive strength is about twice that of normal concrete. Reddy et al. [20] found similar trend in their experimental program, in which twelve concrete geopolymer beams and six ordinary concrete beams with dimension of 6 x 6 x 21 inch were accelerated corrosion test in natural sea water. After corrosion test, these beams were flexural load tested under three-point bending test based on ASTM C-78-09 [21]. The bending test showed that the average flexural strength of geopolymer concrete beam was 240% higher than that of ordinary concrete beam. Fig. (13) also shows that the average ultimate load of series I test was also higher than that of series II test. Based on the average value of three beams, the ultimate load of series I was 15% higher than the ultimate load of series II test.


        [image: ]
Fig. (13)

        Cracking and ultimate load of series I and II tests.
      

    


    
      

      CONCLUSION


      This paper presents the study of flexural strength of geopolymer concrete beam using high calcium content fly ash in marine environment, without high heat curing. From test results after 28 days of curing, it can be concluded that sea water has almost no effect on compressive and splitting tensile strength of fly ash-based geopolymer concrete. However, the ratio of splitting and compressive for geopolymer concrete cylinder is about 44%, almost double than that of normal concrete. Further, the cracking load for beams cured in sea water at splashing zone (series I) is 275% higher than the cracking load of beams cured in room temperature (series II). Observation during loading test indicates that the crack pattern for series I and II tests was very similar.
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