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Abstract: Due to industrialisation, large constructions are 

going on all over the world which in turn requires huge quantity 

of cement and sand. Cement manufacture is a main source of 

carbon-di-oxide emission to the atmosphere and quarrying of 

river sand produces scarcity as well as environmental problems. 

There are various waste products obtained from manufacture of 

other materials as well as from quarries, the handling of which is 

difficult and creates environmental issues. These waste materials 

can be used as a replacement for cement and sand. In this study 

weathered crystalline rock sand which is obtained from the soft 

outer portion of rock in quarries is used as replacement for river 

sand and Ground Granulated Blast-furnace Slag (GGBS) 

obtained from iron industry is used as replacement for cement to 

reduce the environmental impact as well as to help waste handling 

and reuse. 

 

Keywords : weathered, crystalline, waste material-reuse, 

environmental hazards 

I. INTRODUCTION 

Concrete, a mixture of cement, fine aggregate, coarse 

aggregate, and water, is the most widely used man made 

material on earth. Fine aggregate (normally river sand) and 

cement are two of the major ingredients of concrete. Also fine 

aggregate is used as a main part in mortar for plastering and 

brick work. In early days river sand was abundantly available 

in our rivers and construction using this was not costly. But as 

the consumption of natural river sand has become excessive, 

the scarcity and in turn the cost of river sand has grown to 

such a level that, it has become impossible to use river sand 

for construction. Deeper river bottom, very low ground water 

level, etc are some of the impacts on environment due to the 

excessive river sand mining.   

Besides issues related to sand, cement production also has 

some adverse effect on the atmosphere. Cement companies 

emit around 1.8GT/year carbon-di-oxide. This comes around 

7% of the overall carbon-di-oxide emission. Second only to 

China, India produces cement about 135 MMT per annum; 

this is almost 6% of the global production. It makes use of  
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large quantity of calcareous and aluminous raw materials. 

This results in scarcity of natural raw materials and 

environmental hazards. The main arguments against sand 

quarrying are with respect to protection of riverbeds from 

erosion and the relevance of natural sand as a ground water 

filter media.  

The ever increasing demand for river sand and CO2 

emission from cement industry has inspired engineers and 

scientist to search for new materials which can replace them.  

Crushed aggregate, foundry sand, bottom ash, sheet Glass 

Powder [4] and many other by-products and waste materials 

can be replacement for natural sand. In tropical areas, a type 

of soft rock called “Weathered Crystalline Rock” is 

abundantly available as the top layer of the hard rock. This is 

to be removed and disposed off before quarrying the actual 

rock. This can be extracted from other places also. As this is a 

soft rock it is usually discarded and is a waste material and 

many times not utilized. In a preliminary study on strength of 

the sand produced from this rock, it is seen that this material 

can be used as a replacement for the sand.   

In a similar way, GGBS, fly ash, silica fume, etc, are waste 

by-products obtained during manufacturing of other 

materials, which can be considered as partial or sometimes 

complete replacement for cement. In this study an attempt is 

made to try weathered crystalline rock as fine aggregate and 

GGBS as partial replacement for cement in high strength 

concrete [3] by investigating the strength of high grades of 

concrete. The experimental data is submitted to make a 

probabilistic model [13] of regression analysis based on 

Taguchi’s Method using Minitab software. The obtained 

regression equation can be used to predict the strength of any 

concrete by inputting the other values viz., percentage 

replacement of cement by GGBS, percentage replacement of 

sand by WCRS and the curing age of concrete. 

II.  EXISTING WORKS 

Studies related to replacement of sand with other waste 

materials tried to use manufactured fine aggregate from 

different sources. First of them was to use crushed rubble as 

fine aggregate and this has also similar problems of sand 

mining; it affects the environment. Another study was to try 

the fine dust, which is a waste product of fine and coarse 

aggregate production by crushing large rubble pieces. Other 

studies tested the use of marble chips which is a waste product 

of marble industry [12], by using crushed spent fire bricks [5], 

by using demolished waste concrete, etc.  
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Studies have been undertaken to find the properties of fine 

aggregate produced from ‘Weathered Crystalline Rock 

(WCR)’ which is found in abundance in tropical areas. This 

rock is the outer layer of earth’s crust and also it is soft in 

nature. These characteristics make it easy to quarry and to 

produce fine aggregate in a cost effective manner [2]. Even 

now people are using this by adding it to river sand but as 

there is not many studies have been carried out on the 

properties of this material, engineers don’t recommend it and 

hence adding it to river sand is considered as adulteration [2]. 

In fact in many areas before quarrying rubble, this soft outer 

layer of rock has to be removed and if this can be used as a 

substitute for the fine aggregate, it will be a solution for the 

disposal of a waste material. The properties of fine aggregate 

produced from weathered crystalline rock like strength, 

specific gravity, etc are comparable with that of the 

manufactured fine aggregate and to some extent, that of river 

sand. 
 

As in the case of sand, studies to replace cement partially 

or completely are also have been carried out using various 

waste and byproducts like ceramic powder and silica fume 

[18], metakaolin [19], palm oil fuel ash [20], GGBS, 

pulverized fuel ash, etc. 

III. OBJECTIVES 

Objectives of the study are the following: 

 Study the compressive strength properties of M60 mix with 

partial and full replacement of fine aggregate with WCR 

sand  

 Partial replacement of cement with GGBS and finding out 

the optimum percentage of GGBS. 

 Develop a probabilistic model of the above M60 concrete 

using a regression analysis by means of Taguchi’s 

method. 

 Validation of the probabilistic model properties with 

regards to compressive strength of concrete through 

experimental study. 

IV. TAGUCHI’S METHOD 

Genichi Taguchi developed a technique for the process of 

optimisation. In many of the experimental methods, which 

incorporates Taguchi’s method of analysis reduces the 

number of experiments and this will obviously cut down the 

cost of optimisation. If in m levels, we consider n parameters, 

a total of mn experiments are needed for an optimal mix. For 

designing optimal levels of components, Taguchi method 

[15], [16] makes use of orthogonal array at the experimental 

study. This way, we can reduce the number of experiments. 

Analysis of results using standard orthogonal array, the 

Taguchi method utilizes a statistical performance measure, 

named Signal-to-Noise ratio (S-N ratio).  

V. METHODOLOGY 

A. Material Selection 

Cement used in this study is Ordinary Portland Cement – 

Grade 53. For normal mix, M-sand with size not more than 

4.75mm is used. For WCRS concrete, weathered crystalline 

rock with same specification as above is used. For all the 

mixes rubble is used as coarse aggregate [11]. GGBS supplied 

by JSW cements and modified polycarbxoylic ether based 

super plasticiser – ‘Master Glenium SKY 8233’ are used for 

the study. ‘Alccofine 1203’ is used as the mineral additive. 

B. Properties of selected materials 

Chemical properties of cement [21], GGBS [21] and 

weathered crystalline rock sand [2] from XRF analysis are 

given in Table 1. Physical properties of the ingredients are 

listed in Table 2. 

TABLE I.   

      CHEMICAL COMPOSITION  OF MATERIALS USED IN 

THE STUDY 

Oxide (%) 
Material Used 

GGBFS OPC WCRS 

CaO 65.1 42.506 2.13 

SiO2 24.78 41.06 67.62 

Al2O3 1.71 5.105 16.1 

Fe2O3 1.62 -- 3.84 

MgO 1.32 4.248 0.74 

Na2O 1.33 3.093 2.7 

K2O 0.81 0.685 5.7 

TiO2 0.34 0.976 0.7 

MnO 0.039 0.655 0.07 

P2O5 0.24 0.27 0.4 

SO3 2.54 1.272 -- 

SrO 0.117 0.086 -- 

CuO 0.014 -- -- 

Cl- 0.04 0.044 -- 

TABLE II.   
PHYSICAL PROPERTIES OF MATERIALS USED IN THE 

STUDY 

Property 

Material 

Cement 
GGB

S 
WCRS M-Sand 

Specific Gravity 3.15 2.96 2.73 2.74 

Fineness modulus -- -- 2.75 3.94 

Fineness 5 389 -- -- 

Water Absorption 

(%) 
-- -- 1.8 1.5 

Particle size 

(microns) 
-- 97.1 -- -- 

Standard 

Consistency (%) 
35 -- -- -- 

Initial setting time 

(min) 
40 -- -- -- 

 

C. Concrete mix design 

M60 mix was selected in this study of high strength 

concrete. 27 samples were tested for compressive strength, at 

different ages viz, 3 days, 7 days and 28 days. Although IS 

code says that characteristic compressive strength is to be 

tested at 28 days of curing, to get an idea of the attainment of 

strength in the early ages also, the former two age of concrete 

are also considered.  
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As specific mix design for M60 mix is not available in 

codes, trial and error method of mix selection is done with the 

help of expertise from a Ready-mix Concrete Company. 

 Other relevant specifications of IS 456:2000 [7], guidelines 

from NMRCA and IS 10262:2009, IS 383:1970 [6], etc were 

also used in this study. Table 1 shows the quantities of 

constituent materials used in the trials. A final mix was 

selected for the experiment in which, 5% of mineral 

admixture and 0.5% of super plasticizer are added and with a 

slump of 110 mm. The proportion of the constituents in 

concrete are: Cement – 450kg, Coarse Aggregate – 1132kg, 

Fine Aggregate – 786.4, Water – 165 kg, Mineral Admixture 

– 5%, Super Plasticiser – 0.5% and slump value – 110. 

VI. TEST FOR COMPRESSIVE STRENGTH 

Compressive strength tests were carried out using cubical 

specimen of size 150mm x 150mm x 150mm. Specimens 

were made as per IS 516: 1959 [8] using metal moulds. The 

concrete was filled into the mould in layers approximately 

5cm deep. Hand compaction was employed by subjecting 

concrete to not less than 35 strokes per layer using tamping 

rods of 16mm diameter and 0.6m long. Specimens were cured 

in the curing tank for specified period. Tests were done on the 

compression testing machine and ultimate loads in N were 

found out. Specimens were tested for 3, 7 and 28 days. 3 

specimens were tested at each age. Compressive strength of 

the specimen in N/mm
2
 is calculated as follows: 

     Compressive strength = Ultimate load / Contact area 

 
The compressive strength of the 27 specimens tested is 

tabulated in table 3. The table shows percentage replacement 

of WCRS (percentage by volume), GGBS and curing age of 

the specimens and the unconfined compressive strength of the 

samples. 

Unconfined compressive strength with various 

specifications for different curing ages 

TABLE III.   

UNCONFINED COMPRESSIVE STRENGTH WITH VARIOUS 

SPECIFICATIONS FOR DIFFERENT CURING AGES 

Sp. 

No 

WCRS 

(%) 

GGBS 

(%) 

Curing Age 

(Days) 
UCS (N/mm2) 

1 0 30 3 22.86 

2 0 30 7 47.53 

3 0 30 28 70.34 

4 50 30 3 20.91 

5 50 30 7 41.84 

6 50 30 28 66.65 

7 100 30 3 18.96 

8 100 30 7 36.14 

9 100 30 28 62.96 

10 0 40 3 25.86 
11 0 40 7 51.83 
12 0 40 28 73.16 

13 50 40 3 23.465 
14 50 40 7 42.75 
15 50 40 28 71.09 

16 100 40 3 21.07 

17 100 40 7 39.85 

18 100 40 28 69.03 

19 0 50 3 25.86 

20 0 50 7 51.83 

21 0 50 28 69.27 

22 50 50 3 20.57 

23 50 50 7 43.615 

24 50 50 28 65.745 

25 100 50 3 17.77 

26 100 50 7 35.4 

27 100 50 28 62.22 

VII. STATICSTICAL ANALYSIS OF UCS 

Taguchi’s method was executed to develop a probabilistic 

model of the compressive strength of different modified 

mixes. The model defines the effect of control factors such as 

the GGBS content (% by volume), WCRS content (% by 

volume) and the Curing Age (in days) on the compressive 

strength of the mix. By using this model, the governing factors 

can be controlled by reducing the error variance. For the 

analysis, WRS content (A), GGBFS content (B) and the 

curing age (C) are considered as the independent variables 

and Unconfined Compressive Strength (UCS) is the 

dependent variable. The response can be expressed as a 

function of the independent variables as below. 

UCS = f(A,B,C)         (1) 

For the three variables, three levels of variations are 

considered in the analysis. That is 3
3
 mixes (27 mixes). From 

the observations, it was found that the minimum numbers of 

steps in analysis are 9 (L9). The following table gives the 

input values for the independent variables. 

TABLE IV.   
UNCONFINED COMPRESSIVE STRENGTH WITH VARIOUS 

SPECIFICATIONS FOR DIFFERENT CURING AGES 

Variable Level 1 Level 2 Level 3 

WRS (A) 0 50 100 

GGBFS (B) 30 40 50 

Curing Age (C) 3 7 28 

The model regression equation will be of the following 

form: 

      UCS = k1 + (k2 × A) + (k3 × B) + (k4 × C)        (2) 

Main Effect 

Main effect plot for means was obtained from analysis of 

the model. The following figure gives the main effect of the 

variables A, B and C on UCS. 

 

Fig. 1. Main effects plot for means 
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From the main effect plot, it is obvious that the optimum 

strength was obtained when 0% WRS was used. Also the 

optimum results were observed for 40% of replacement of 

cement with GGBS. Obviously, 28 day strength was more 

than all the other curing ages. 

Signal to Noise Ratio (S-N Ratio) 

Main effect plot for S-N Ratio was plotted. Larger ratio is 

considered as better as aim is to optimize (Maximization 

problem) the compressive strength of the resulting concrete. 

 
Fig. 2. Main effects plot for S-N ratios 

Contour Plots 

Contours were plotted which can help in the interpolation 

of the responses. Three plots were made as UCS vs (A,B) , 

UCS vs (B,C) and UCS vs (A,C). The following are the plots.  

Contour plot of UCS vs percentage of WCRS and GGBS :  

For the plot UCS vs (A,B), hold value for C was 12.67. 
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Fig. 3. Contour plot of UCS vs percentage of WCRS and GGBS 

Contour plot of UCS vs percentage of GGBS and Curing 

Age: For the plot UCS vs (B,C), hold value for A was 50. 
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Fig. 4. Contour plot of UCS vs percentage of GGBS and 

Curing Age in days 

Contour plot of UCS vs percentage of WCRS and Curing 

Age :For the plot UCS vs (A,C), hold value for B was 40. 
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Fig. 5. Contour plot of UCS vs percentage of WCRS and 

Curing Age in days 

Regression Equation 

The regression equation of the analysis is as follows and 

the coefficients are given in the table. 

UCS = 29.2 - 0.0819 A - 0.040 B + 1.63 C            (3) 

TABLE V.   
COEEFICIENTS IN REGRESSION EQUATION 

Predictor 
Regrn. 

Coefft 

Std. Error 

in Coefft 
T-Value P-Value 

Constant 29.16 16.13 1.81 0.130 

A -0.08190 0.07491 -1.09 0.324 

B -0.0403 0.3745 -0.11 0.918 

C 1.6294 0.2789 5.84 0.002 

T –value measures the ratio between the coefficient and its 

standard error.   

P-value is a probability that measures the evidence against 

null hypothesis. 

Figure 6 shown below is the comparison between 

experimental and predicted values in the study. 
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Fig. 6. Comparison between Experimental and Predicted 

Values 

TABLE VI.   
28 DAY COMPRESSIVE STRENGTH FROM BOTH 

EXPERIMENTAL AND ANALYTICAL METHODS – A 

COMPARISON FOR VARIOUS COMBINATIONS OF WCRS, 
GGBS AND CURING AGE 

VIII. CONCLUSION 

The study aimed to analyse the Unconfined Compressive 

Strength of concrete made by partial replacement of cement 

with GGBS – a waste by-product - and partial and complete 

replacement of fine aggregate by Weathered Crystalline Rock 

Sand- a waste material from quarries – both by experimental 

results as well as analytical methods. In this study a 

probabilistic model of regression analysis using Taguchi’s 

method is made and the regression equation is validated using 

the experimental data from 27 specimens, compared with 

predicted values. The following are the findings in the study: 

 Taguchi’s method of regression analysis is an 

approximate method but is simple and easy to implement. 

 In this study, predicted values of early strength of concrete 

cubes viz., 3 day and 7day strength show more difference 

from the experimental data. The accuracy of the Taguchi’s 

method depends on the level selection for the experiment. 

The early strength attainment of concrete is a complicated 

process which depends upon a number of factors and 

variation of compressive strength of concrete is always 

non-linear during the early stages of curing while it is 

nearly linear when it approaches 28 days.  So, it may 

require a higher order level selection than the selected 3
rd

 

order level. This may be the reason for the large variation 

in predicted strength in early stages. Also, IS 456:2000 

specifies that concrete’s compressive strength is to be 

considered after 28 days of curing. 

 It is seen that predicted 28 day compressive strength 

converges with the experimental data with a small 

difference of max 5%. 

 Hence the regression equation developed in this study can 

be used for the 28 day compressive strength prediction 

without much error.  
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