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ABSTRACT 

The globe yearns for sustainability in meeting the present and future needs of man. Hence, research into more sustainable mode 

of harvesting, processing and use of nature’s raw resources is evidently timely. Cement replacement is opined on the need to 

reduce the environmental as well as economical limitations associated with its production, while been configured to allow for 

adequate strength and durability. This paper study the mechanical behaviour of ternary blended cement composed of Portland 

limestone cement, calcined periwinkle and clam shell ashes in concrete exposed to a sulphated medium. Combined I-optimal 

mixture design was used to statistically develop and diagnose models from laboratory-analysed data and used to optimize 

calcination temperature and synergistic ratio, as well as the compressive strength and sulphate induced strength loss index 

(SISLI). For a constant sulphate medium of 5% sodium sulphate solution, the volatile calcination temperature range (25
o
C – 

200
o
C) was separated from the placid (335

o
C – 800

o
C) during optimization. In comparison to a 28-day control SISLI of 16.47%, 

the optimal calcination temperature for SISLI was restricted at 606.7
o
C, yielding a respective SISLI of -0.078%. With respect to 

synergistic ratio, developed model suggests that Increasing the concentration of clam shell ash lowers the calcination temperature 

needed to improve concrete's resistance to sulphate attack, however a balance needed for other mechanical and durability 

variables provided a ternary configuration of 54.6%PLC:25.1%PSA:20.3%CSA at a calcination temperature of 606.7%. 

Developed model can hence be integrated into the engineering society in decision making and policies associated with the 

adequate use of periwinkle and clam shell ashes as components of a ternary blended cement in concrete exposed to a sulphated 

environment.  

Key Words:  SISLI, Compressive strength, Pozzolana Concrete, Calcination Temperature, Synergistic Ratio. 

 

1.0 INTRODUCTION  

The construction industry is embodied with the responsibility to look at employing by-products and waste materials for 

construction due to growing concerns about the earth's natural resources depletion and global pollution and this is the primary 

objective driving many research works geared towards the use waste materials in the cement manufacturing process [1, 2] 

In the hardened condition, one of the most essential features of concrete is its compressive strength. The resistance to compressive 

loads is the primary consideration in the construction of concrete structures and as such, compressive strength is the quality 

criterion in structural design [3, 4]. Concrete's compressive strength and service life, on the other hand, may be hampered by its 

exposed state. As such, it is expected that concrete produced at any given time will perform satisfactorily in compressive strength 

requirements as well as in the environment in which the structure is positioned, among other features [3]. The durability of 

concrete which is its ability to withstand weathering, chemical attack, abrasion, or any other degrading process is either externally 

or internally engaged. Whilst internal forces are depended on the soundness of the components of concrete, external forces are 

primarily the exposed conditions of the concrete during and after the hydration as well as over the design life of the concrete.  

Clam shells and periwinkle shells are calcareous sea shells with high calcium concentration and can help to improve the 

mechanical and durability qualities of concrete [5]. The effects of sulphates on concrete include a loss of strength, expansion, 

surface spalling, mass loss, and eventual disintegration [6]. Other researchers such as [11 and 12] further asserted that sulphates, 

either endogenously or exogenously injected, have been linked to a decrease in the compressive strength of mortar and concrete.  

Sulphate attack mechanism has been studied in-depth [7,8,9 and 10], and in summary suggests that the presence of tricalcium 

aluminate (C3A, compound in cement responsible for the earliest strength development) and calcium hydroxide (CaOH, a by-

product from the hydration of cement) are responsible for the formation of expansive calcium sulphur-aluminates (ettringite) in an 
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endogenous or exogenous sulphated media. Formation of expansive ettringite leads to the spalling of the concrete surface as well 

as results in the inducement of internal stresses in the concrete which forms a network of cracks on the surface of the concrete 

structure as shown in Fig. 1.  

It is quite noteworthy that a drive towards a sulphate resistant concrete will require a binder with reduced C3A and CaOH 

formation. Mineral admixtures such as crushed granulated blast furnace slag, fly ash, silica fume, rice husk ash, and metakaolin 

are mixed with cement or lime to make concrete more resistant to sulphate attack [3]. Pozzolanic reaction involves consuming the 

calcium hydroxide and the dilution of the calcium aluminates hydrates phase due to a reduction in the amount of plain cement in 

the total binder, and this is responsible for blended cement's enhanced performance over plain cement concrete in a sulphated 

environment [13,14].  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1 Cracking pattern in a bridge suffering from endogenous sulphate attack [9]. 

In recent years, there has been an increasing interest in using agricultural wastes as mineral admixtures to improve the 

characteristics of concrete and soil [1, 3, 15,16]. This is partly intended to revalue the agricultural sector by valuing the by-

products of its primary production process as well as meet the social need of job creation and diversification. [3] varied the 

concentrations of PSA as well as the concentration of magnesium sulphate (MgSO4) and reported findings favouring the presence 

of PSA at 10% cement replacement level. Similarly, [1] investigated the effect of varying concentrations of seashells on the 

concrete’s resistance to alkaline and sulphate attack. They contributed by adding that at 5% seashell concentration, compressive 

strength loss recorded was better than that of plain concrete. [17] rice husk ash (RHA) pozzolana concrete is effective against 

sulphate attack at concentrations below 30%, proving better sulphate resistance to plain concrete, however with respect to 

compressive strength, RHA concentration of 7.5% was recommended.  

This research is novel as it is practically premier in the context of monitoring the combined effect of calcination temperature and 

synergistic ratio (between periwinkle shell and clam shell ash) on the sulphate induced strength loss index, in a bid to produce an 

optimised ternary blended cement with a self-cementing potential with improved cement replaceability whilst maintaining good 

mechanical and durability indices.  

2.0 MATERIALS AND METHODS 

Shells of periwinkles and clams were collected from the area surrounding the main market in Amassoma, Bayelsa state. To 

eliminate organic matter and moisture, samples were washed and sun dried for 48 hours. Following that, samples were broken 

down with a hammer mill, synergised interchangeably at varying synergistic ratio ranging from (30% - 70%) and samples with a 

micron size smaller than 600 were prepared for calcination. Calcination was carefully monitored in the absence of oxygen, at a 

rate of about 10°C per minute, with an extra 30 minutes for homogeneity and finally pulverised to achieve a fineness of more than 

50% passing 90micron sieve.  
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Table 1: Tests Methods 

 

This study used the typical concrete materials of Portland cement, fine aggregate (sand), coarse aggregate (granite), and water. 

Primary and hybrid pozzolanic materials were used to group additional agricultural waste elements. 

 

The investigation's major research materials were categorized as agricultural pozzolans (AP). Clam shell ash (CSA) and 

Periwinkle shell ash (PSA) are two of them. The main materials were created at five (5) different temperatures: ambient 

temperature (25°C), 200°C, 400°C, 600°C, and 800°C. As a result, a total of twenty (20) primary samples were created for this  

study and used to substitute cement at five different levels: 0%, 20%, 30%, 40%, and 50%. 

 

The hybrid research materials were created through the synergistic creation of five (5) sets of hybrid materials with 

complementary calcium and silicon oxides. Mass proportioning in the ratios of 70:30, 60:40, 50:50, 40:60, and 30:70 was used to 

create the hybrids. These were calcined at five (5) different temperatures: 25°C, 200°C, 400°C, 600°C, and 800°C. As a result, a 

total of 25 hybrid samples were created as part of this study's hybrid research samples and used to partially replace cement in 

concrete at the same amounts as the parent components. 

 

3. RESULTS 

3.1 Particle size distribution of fine and coarse aggregate 

Fig. 2 represents the particle size distribution of the fine aggregate which shows that the fine aggregate (river sand) used for the 

experimental study, falls under Zone 3 this class of sand alongside zone 2 are suitable for concrete works [24]. The coarse 

aggregate utilized in this experiment has a particle size distribution ranging from 4.75mm to 19.1mm. This is an illustration of a 

well-graded coarse aggregate that is suitable for use in concrete production. 

 

 

 

 

 

 

 

 

S/N Test Method Test 

standard 

Synergy Replc. 

Level 

Temp.

Level  

Spec. 

per 

age 

Control 

spec. 

Total 

Spec. 

   A B C E F (A*B*C*

E) +F 

1 Particle Size 

Distribution for 

Fine Aggregate 

[18] - - - - - - 

2 Particle Size 

Distribution for 

Coarse Aggregate 

[18] - - - - - - 

3 Fineness Test* [19], [20] 7 - 5 - 1 36 

4 Specific Gravity [21] 7 - 5 - 1 36 

5 Water 

Demand/Slump/ 

Workability 

[22] - - - - - - 

6 Compressive 

Strength 

[23] 7 4 5 3 9 429 

7 SISLI  [1], [3] 7 4 5 3 9 429 
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                                   A         B 

Fig. 2 Particle size distribution of the fine aggregate (A) and Coarse aggregates (B)
 

 

Table 2: Specific gravity of samples 

Temperature 25
o
C 200

 o 
C 400

 0 
C 600

 o 
C 800

 o 
C 

CONTROL 3.13 

    
PSA 2.66 2.78 2.96 2.96 2.85 

70PSA 2.94 3.05 3.12 3.12 2.94 

60PSA 3.12 3.12 3.14 3.12 2.94 

50PSA 3.12 3.12 3.12 3.12 2.78 

40PSA 3.12 3.12 3.12 3.12 2.63 

30PSA 3.12 3.12 3.12 3.12 2.78 

CSA 2.94 2.94 2.98 3.00 2.78 
 

3.2 Specific Gravity 

The combined effect of calcination temperature and synergistic ratio on the specific gravity of PSA/CSA hybrid pozzolan is 

depicted in Table 2. Except at 800
o
C, where a reduction in trend was seen, calcination had very little bearing on specific gravity 

for AP materials. Calcination temperatures between 400
o
C and 600

o
C produced the best specific gravities for the five synergies 

investigated. However, 60P at 400
o
C, with a specific gravity of 3.14, had the highest recorded specific gravity among the sample 

size, and it was found to be 0.32 percent higher than the control's specific gravity of 3.13. As a result, all synergies at temperatures 

between 400
o
C and 800

o
C have strong hydraulic characteristics under the right fineness and would require an adequate 

water/binder ratio. 

It's worth noting that the specific gravity of a substance is proportional to how much heavier it is than water. In simple terms, the 

substance with a bigger volume will have a lower specific gravity at constant mass. In the context of this study, materials with a 

lower specific gravity have larger volumes than their counterparts, necessitating a greater water/binder ratio to achieve 

hydraulicity, which reduces concrete strength. While fineness was optimum at 800
o
C as shown in Fig.3., specific gravity declined 

substantially at the same temperature. 
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Fig. 3: Combined effect of calcination and synergistic ratio on the fineness of PSA/CSA hybrid pozzolan 

3.3 Fineness 

Fig. 3., depicts the combined influence of calcination temperature and synergistic ratio on the fineness of hybrid PSA/CSA 

samples. According to the findings, raising the calcination temperature increases fineness. Bonds grow and break at higher 

temperatures, resulting in monolithic materials, which is scientifically logical. With the exception of 50P, all synergies have an 

optimum temperature of 800
o
C. In terms of synergy, it was observed that there was a near-direct relationship between CSA 

content and fineness, however it was not totally linear. Fineness was found to improve with a higher CSA concentration. At 

800
o
C, the best fineness result was 100% CSA, with 61.57 percent passing the 90-micron sieve, compared to 98.5 percent for the 

control binder (Portland Limestone Cement), which had a fineness of 62.5 percent passing the 90-micron sieve. 

 

3.4 Water Demand/ Slump 

The combined influence of calcination temperature and synergistic ratio on the slump properties of PSA/CSA pozzolana concrete 

with a 50% cement replacement level is as shown in Table 3. In terms of calcination temperature, the significant tendency is that 

the slump grows as the temperature rises. A pattern approximating a cubic connection arises in terms of synergistic ratio, with a 

crest of 60P and a trough of 40P and 30P. This is the earliest indication of the hydraulic properties of wet concrete in the plastic 

state, illustrating that as PSA declines up to 60P, concrete water demand decreases, then increasing between 60P and 40P, and 

finally reducing between 40P and 100CSA. At 60P, the optimal slump of 190mm was around 141 percent of the control slump of 

135mm. It's worth noting that the water-to-binder ratio is directly proportional to slump and indirectly proportional to water 

demand. In this setting, slump is indirectly proportional to water consumption and directly proportional to concrete strength at 

constant water to binder ratios, as was the case in this study. 

Table 3. Slump of PSA/CSA pozzolana concrete at 50% cement replacement level 

Temperature 25
o
C 200

 o
C 400

 o
C 600

 o
C 800

 o
C 

Control 135     

PSA 52 68 98 125 105 

70P 65 82 120 150 111 

60P 82 113 135 165 126 

50P 87 93 119 150 112 

40P 74 80 103 134 70 

30P 74 87 95 123 75 

CSA 85 120 143 148 120 
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3.5 Compressive Strength of PSA/CSA pozzolana concrete 

Table 4: Compressive Strength of PSA/CSA pozzolana concrete in H20 and Sulphated curing media (N/mm2) 

H20 CURING MEDIUM 

   

5% SULPHATED CURING 

MEDIUM 

  20% cement Replacement Level  

  

20% cement Replacement Level  

 SYNERGY 25
o
C  200

 o
C 400

 o
C  600

 o
C 800

 o
C 25

o
C  200

 o
C 400

 o
C  600

 o
C 800

 o
C 

CONTROL 27.74 

    

23.17 

     100P  18.77 19.22 20.28 21.55 22.95 21.25 22.06 27.90 24.78 23.16 

 70P 19.56 20.39 21.68 22.87 23.40 16.69 22.86 21.16 21.61 24.73 

 60P  21.66 23.75 24.67 25.67 27.04 17.88 19.14 24.15 25.30 28.57 

50P  23.28 23.70 24.11 24.72 25.54 16.75 25.44 29.63 25.64 25.38 

 40P  20.71 21.08 22.09 23.31 23.85 19.98 23.75 22.29 23.46 26.00 

30P  20.25 21.07 22.04 23.67 24.11 17.84 20.08 29.28 21.11 28.62 

100C  18.28 19.15 20.31 22.28 23.22 18.79 25.20 27.13 28.11 24.46 

           30% cement Replacement Level 

  

30% cement Replacement Level 

 100P  17.55 17.73 18.09 19.58 22.55 17.51 19.66 22.29 19.77 17.39 

70P  18.49 20.38 20.47 21.56 22.03 18.83 22.90 23.36 20.75 22.92 

60P  22.12 22.40 23.75 24.67 25.42 21.50 23.64 22.37 23.68 24.63 

50P  19.74 22.50 22.34 22.77 24.44 16.82 20.05 24.06 21.39 22.08 

40P  18.23 18.88 19.26 20.90 23.05 16.54 17.20 16.48 17.23 20.06 

30P  18.08 19.11 19.50 20.37 21.64 15.65 24.59 26.15 18.55 20.12 

100C  17.33 18.55 19.19 19.83 20.45 15.48 25.09 26.15 24.30 21.71 

           40% cement Replacement Level 

  

40% cement Replacement Level 

 100P  16.78 17.02 17.44 18.27 18.87 20.47 18.55 18.46 20.28 21.71 

70P  17.47 18.87 20.17 20.81 21.11 19.83 17.33 18.59 19.25 16.74 

60P  19.96 20.10 21.22 21.67 23.71 19.37 20.00 20.74 25.38 18.94 

50P  17.13 18.88 19.28 19.13 19.78 17.37 17.33 17.97 24.71 18.05 

40P  16.54 17.22 17.84 17.77 20.53 17.32 15.50 18.13 18.99 17.01 

30P  16.28 16.92 18.15 19.40 21.19 17.18 16.93 19.02 18.61 18.47 

100C  16.12 16.81 18.73 19.21 19.62 18.37 16.19 16.92 22.45 18.80 

           50% cement Replacement Level 

  

50% cement Replacement Level 

 100P  15.04 15.25 16.13 17.74 17.86 19.70 11.93 12.82 22.07 19.28 

70P  15.17 16.52 17.25 18.27 18.55 14.77 13.78 13.39 15.98 15.52 

60P  17.20 18.02 18.60 19.21 19.73 14.23 16.60 17.39 22.67 18.02 

50P  16.41 16.70 17.33 17.55 18.09 16.48 17.34 15.63 18.46 15.26 

40P  16.33 16.88 17.09 17.08 18.18 17.03 16.33 13.43 19.85 17.55 

30P  15.30 17.11 17.21 17.78 18.26 17.41 16.20 17.28 15.55 14.15 

100C  14.80 15.32 15.51 15.66 16.58 15.07 14.53 17.09 16.40 14.13 

 

With respect to the compressive strength results as shown in Table 4, the general trend found for all cement replacement levels 

was quadratic in character, cresting between 70p and 50p, and typically peaking at 800
o
C.  
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Fig. 4. 28day SISLI at 20% cement replacement level for PSA/CSA pozzolana concrete 

 

 

Fig. 5. 28day SISLI at 30% cement replacement level for PSA/CSA pozzolana concrete 
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Fig. 6. 28day SISLI at 40% cement replacement level for PSA/CSA pozzolana concrete 

 

 

Fig. 7. 28day SISLI at 50% cement replacement level for PSA/CSA pozzolana concrete 

 

3.6 ANOVA and Coefficient of Regression for sulphate induced strength loss index of PSA/CSA hybrid pozzolana concrete 

In order to get a better understanding of the combined effect of calcination temperature and synergistic ratio on the PSA/CSA 

pozzolana concrete’s resistance to sulphate attack, laboratory findings were subjected to statistical analysis and modelled. 
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Table 5: ANOVA and Coefficient of Regression for sulphate induced strength loss index of PSA/CSA hybrid pozzolana 

concrete 

Mixture Components A B C 
    

Process Factors D 
    

Analysis of variance table [Partial sum of squares - Type III] 

 
Sum of 

 
Mean F p-value 

 

Source Squares df Square Value Prob > F 
 

Model 108.65 13 8.36 115.26 < 0.0001 significant 

1
Linear Mixture 17.97 2 8.99 123.94 < 0.0001 

 

AB 0.43 1 0.43 5.96 0.0285 
 

AC 0.33 1 0.33 4.52 0.0518 
 

BD 52.81 1 52.81 728.32 < 0.0001 
 

CD 0.098 1 0.098 1.35 0.2648 
 

ABD 8.29 1 8.29 114.29 < 0.0001 
 

BCD 11.32 1 11.32 156.06 < 0.0001 
 

AD
2
 0.31 1 0.31 4.27 0.0578 

 

BD
2
 28.45 1 28.45 392.29 < 0.0001 

 
CD

2
 0.59 1 0.59 8.08 0.0130 

 
ABD

2
 2.13 1 2.13 29.42 < 0.0001 

 

BCD
2
 10.30 1 10.30 142.08 < 0.0001 

 

Residual 1.02 14 0.073 
   

Cor Total 109.67 27 
    

 

Table 6 SISLI MODEL 

Logit(SISLI) = Ln[(SISLI + 30.99)/(400.00 - SISLI)] = 

-0.021947 * PLC 

-0.67112 * PSA 

+9.95776E-003 * CSA 

+8.22666E-003 * PLC * PSA 

-7.24169E-004 * PLC * CSA 

+5.59189E-005 * PLC * Calc. Temp 

+9.22843E-003 * PSA * CSA 

+2.58759E-003 * PSA * Calc. Temp 

-1.31063E-004 * CSA * Calc. Temp 

-3.46168E-005 * PLC * PSA * Calc. Temp 

-3.41268E-005 * PSA * CSA * Calc. Temp 

-6.77805E-008 * PLC * Calc. Temp
2
 

-2.09691E-006 * PSA * Calc. Temp
2
 

+1.70109E-007 * CSA * Calc. Temp
2
 

+2.75290E-008 * PLC * PSA * Calc. Temp
2
 

+2.84966E-008 * PSA * CSA * Calc. Temp
2
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Table 7 Coefficient of Regression 

Std. Dev. 0.27 
 
R-Squared 0.9907 

Mean -2.87 
 
Adj R-Squared 0.9821 

C.V. % 9.39 
 
Pred R-Squared 0.8909 

PRESS 11.96 
 
Adeq Precision 57.634 

-2 Log Likelihood -13.42 
 
BIC 29.90 

   
AICc 38.58 

 

 

Table 8 Model Coefficients and Multicollinearity Effect for the sulphate induced strength loss index of PSA/CSA hybrid 

pozzolana concrete. 

 
Coefficient 

 
Standard 95% CI 95% CI 

 
Component Estimate df Error Low High VIF 

A-PLC -1.04 1 0.50 -2.12 0.034 16.38 

B-PSA -1.97 1 0.23 -2.47 -1.47 4.93 

C-CSA -3.09 1 0.22 -3.56 -2.62 4.31 

AB -3.42 1 1.40 -6.43 -0.42 8.29 

AC -1.81 1 0.85 -3.64 0.016 3.01 

BD 5.08 1 0.19 4.68 5.49 1.77 

CD 0.18 1 0.15 -0.15 0.51 1.29 

ABD -11.53 1 1.08 -13.85 -9.22 1.67 

BCD -10.29 1 0.82 -12.05 -8.52 1.54 

AD
2
 -1.02 1 0.49 -2.07 0.039 9.97 

BD
2
 -5.92 1 0.30 -6.56 -5.28 4.16 

CD
2
 0.77 1 0.27 0.19 1.35 3.75 

ABD
2
 10.33 1 1.91 6.25 14.42 4.42 

BCD
2
 10.70 1 0.90 8.77 12.62 1.50 

 

Table 5 represents the analysis of variance and coefficient of regression for the sulphate induced strength loss index of PSA/CSA 

hybrid pozzolana concrete. The developed model is a combination of a quadratic mixture component and quadratic factor type 

model, having a significant linear mixture component as well as eleven other components integrating into a significant model 

having a P<<0.05 and negating the null hypothesis. Amongst the 12 model components, AC, CD and AD
2
 where not significant 

having P > 0.05.  

The ratio of the model to total sum of squares gave a coefficient of regression of 0.9907. accordingly, adjusted and predicted 

coefficients of regression was obtained as 0.9821, 0.8909, indicating a statistically sound model prediction capacity.   

Standard deviation was 0.27 about a mean -2.87, yielding an error coefficient of 9.39% (C.V). The adequate precision of the 

model was obtained as 57.63, indicating that a single error could be expected for every 57.63 predictions. This is well greater than 

the minimum allowable associated error of 4, hence the model indicates an adequate signal and can be used to circumnavigate the 

design space.  

Model diagnostics as shown in Fig. 8 represents a relative distribution of the externally studentised errors. The model can hence 

be adopted as statistically satisfactory.  

Model coefficients shown in Table 8 represents the presence of multicollinearity effect for PLC mixture component, this however 

does not call for concern seeing its variance inflated factor falls within the range of 0-30. All other model components have 

variance inflated factors less than 10. This implies a statistical flexibility between independent variables and a good requirement 

for testing the effect of varying isolated factors on the response variable. 
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Fig. 9 Plot of externally studentized residual distribution for the sulphate induced strength loss index of PSA/CSA hybrid 

pozzolana concrete 
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Fig. 10 Plot of model interaction at 0%CSA concentration on the sulphate induced strength loss index of PSA/CSA hybrid 

pozzolana concrete 

 

Fig. 11 Plot of model interaction at 20%CSA concentration on the sulphate induced strength loss index of PSA/CSA hybrid 

pozzolana concrete 
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Fig. 12 Plot of model interaction at 25%CSA concentration for the sulphate induced strength loss index of PSA/CSA 

hybrid pozzolana concrete 

 

Fig. 13 Plot of model interaction 47.5%CSA concentration for the sulphate induced strength loss index of PSA/CSA hybrid 

pozzolana concrete 

 

 

 

Fig. 13 Plot of optimised model interaction for the sulphate induced strength loss index of PSA/CSA hybrid pozzolana concrete 
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Fig. 9, Fig 10, Fig 11 and Fig. 12 are extracts from the model interaction between the mixture and process components of the 

SISLI model. The effect of the process factor (calcination temperature) on the SISLI of the PSA/CSA hybrid pozzolana concrete 

was observed to be a sagging quadratic relationship with changing trough associated with variations in the mixture configurations. 

Fig. 9 – 12, represents the effect of varying CSA concentration on the SISLI of PSA/CSA pozzolana concrete. At 0% - 10%CSA 

content, SISLI was minimal at a PSA content ranging of 25%PSA - 50%PSA, at calcination temperature range of 25
o
C – 350

o
C. 

Also, for all temperature range at same range of CSA concentration, SISLI was minimal at PSA concentration range of 20% and 

37.5%. At CSA concentration range of 10 – 20%, the calcination temperature required to minimize SISLI ranges from 25 – 200
o
C 

for PSA concentration range of 22.5% - 30%. However, a much greater spread of PSA content was accommodated at temperatures 

above 335
o
C as is relates to minimising SISLI of PSA/CSA hybrid pozzolana concrete. At CSA concentration of 25% (Fig 4.101), 

PSA concentration is mostly irrelevant as the model commands a need for calcination temperature levels above 300
o
C in the 

interest of minimising SISLI. At 47.5% CSA content (Fig. 4.102), PSA concentration and calcination temperature variations had a 

mean effect on the SISLI of the concrete. In essence, from the extracts (Fig. 9 - Fig.12), it can be deduced that increasing clam 

shell ash concentration, reduces the calcination temperature required to enhance concretes resistance to sulphate attack.  

At optimization, a mixture configuration of 54.6%PLC:25.1%PSA:20.3%CSA at a calcination temperature of 606.7% to yield 

compressive strength and SISLI of 20.8N/mm2 and -0.078% which are 75% and -0.47% of plain concrete’s values of 

27.74N/mm2 and 16.47% 

4.0 CONCLUSION 

 Calcination temperature is linearly related with fineness and compressive strength with a direct proportionality 

 Synergistic ratio is cubically related with slump and compressive, cresting around 60PSA/40CSA and troughing around 

30PSA/70CSA 

 All synergies where observed to be better in compressive strength when compared to the primary pozzolans and 

primarily due to the effect of calcination 

  Cement replacement level was seen to be linearly related with compressive strength with a inverse proportionality.  

 Synergistic ratio had a quadratic relationship with SISLI which tends to change its form relative to a calcination 

temperature of 335
o
C. below 335

o
C the relationship was of a hugging quadratic form and change to a sagging quadratic 

curve at temperature above 335
o
C. In both cases, crests and troughs were observed around a synergistic ratio of 

60PSA/40CSA 
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