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 This research explores the testing of M40 grade concrete results under various 
exposure scenarios. The characteristics of concrete are investigated at the plastic 
and hardening stages. The characteristics of concrete at both stages vary 
depending on the exposure circumstances. The rheological qualities of the 
concrete as well as its strength characteristics under various exposure situations 
are investigated. It has been noted that as exposure conditions deteriorate, 
cement content gradually rises while W/C and water content decrease. This 
research is more beneficial for predicting the diverse properties of concrete 
under various exposure conditions. This will also aid in reducing losses incurred 
during construction and structural decay. During the investigation, the 
correlation matrix and Principal Component Analysis (PCA) are used to evaluate 
the interrelationship of the experimental variables, which yields more accurate 
results and predictions of the various characteristics of concrete. A Multivariate 
Linear Regression (MLR) model developed for the prediction of concrete 
qualities in the plastic and hardens stages. The MLR model found to be best 
matched to experimental data, and its forecast is correct. The Response Surface 
Method (RSM) used to find the optimal properties of the concrete in all types of 
exposure scenarios.  

© 2023 MIM Research Group. All rights reserved. 
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Nomenclature 

Cement C Compressive Strength (MPa) CS 
Sand S Split Tensile Strength SPT 
Water W Flexural Strength  FS 
Water Cement Ratio W/C Compaction Factor CF 
Principle Component Analysis PCA Setting time test  ST  
Multiple Linear Regression  MLR Fine Aggregate FA 
Response Surface Regression Method RSR Coarse Aggregate  CA 
Water Cement Ratio W/C Admixture ADM 

1. Introduction 

Concrete serves as the most adaptable building material on the planet. It has the title of 
"biggest man-made substance" with an average per capita usage exceeding 2 kg[1,2]. 
Concrete is the preferred material for a wide range of uses including buildings, bridge, 
roadway pavement, industrial structures, liquid storage structures, retaining structures 
and so on. Concrete's well-known characteristics such as availability of ingredients, 
acceptable technical qualities for a wide range of structural applications, flexibility, 
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diversity, relative low cost and so on are credited with this feat. Furthermore, when 
compared to other building materials, concrete has an outstanding ecological 
characteristic. With the on-going increase in infrastructure and residential building, 
particularly in emerging Asia, Africa, and South America, the demand of cement and 
concrete is increasing and it is expected to rise further [3,4]. In recent times, the concrete 
building industry in India has grown significantly. Cement output in the country has more 
than doubled in the last 12 years, rising from 45.25 million tonnes in 1989-90 (the start of 
the decontrol era) to 215 million tonnes produced in 2019-20. India is now the second- 
biggest cement manufacturer behind China, which is a commendable feat [5, 6]. 

The exposed circumstances [7–10] determines the structure's durability requirements, 
choice of materials, proportion, design and construction. As a result, if the exposure class 
is chosen correctly, it will provide great durability of concrete buildings, reducing routine 
maintenance and costs. The durability of concrete is affected by factors such as relative 
humidity, quality of raw material, water to cement ratio, aggregate to cement ratio, coarse 
aggregate to fine aggregate ratio, concrete age, concrete compaction and temperature. As 
per IS 456:2000[11], various exposure circumstances are classified according to their 
impact as follows. 

a) Mild exposure: Concrete surfaces protected from the elements or extreme conditions, 
with the exception of coastal areas. 

b) Moderate exposure: Concrete exposed to condensation and rain, concrete submerged 
in water continually, concrete in contact with or buried beneath non-aggressive 
soil/ground water, and concrete surfaces shielded from saturated salt air in coastal 
locations. 

c) Severe exposure: Concrete exposed to coastal region, concrete immersed completely 
in saltwater, concrete surfaces subjected to severe rain, alternating absorbing and drying 
or frequent freezing while wet. 

d) Very Severe exposure: Concrete in touch with or buried in aggressive subsoil/ground 
water; wet concrete surfaces exposed to saltwater spray, toxic gasses, or high freezing 
weather. 

e) Extreme exposure: Tidal zone surfaces; members in direct touch with liquid/solid 
hostile substances. 

The testing of M40 grade concrete under various exposure situations is explored in this 
study. Investigations on the properties of concrete at the plastic and hardening stages are 
conducted. Based on the exposure conditions, concrete's properties change at both stages. 
It is researched how the concrete behaves rheologically and how strong it is in different 
exposure scenarios. It has been observed that cement content steadily increases while W/C 
and water content decrease when exposure circumstances intensify. This study is more 
useful for forecasting concrete's varied properties under various exposure scenarios. This 
will help to minimize damages from construction and structural deterioration. The 
research uses the correlation matrix and Principal Component Analysis (PCA) to assess 
how the experimental variables interact, producing more precise results and predictions 
of the different properties of concrete. For the purpose of predicting concrete properties 
during the plastic and hardening phases, a Multivariate Linear Regression (MLR) model is 
also being developed. The MLR model's prediction is accurate and it best matches the 
experimental data. In all kinds of exposure circumstances, the Response Surface Method 
(RSM) is also utilized to identify the concrete's ideal property because of its high coefficient 
of determination. The RSM provides the best match to experimental data and makes 
reliable predictions (R2). 
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Main objectives of this research to scrutinize behaviour, rheological properties and 
strength characteristics of concrete under diverse environmental exposure conditions. 
Novelty of this experimental work is introduction of statistical tools Correlation Matrix, 
PCA, MLR and RSR for optimization purpose in construction industry. 

2. Methodology 

This research investigates the testing of M40 grade concrete under various exposure 
scenarios. It provides a good understanding on the influence of environmental exposure 
circumstances on concrete strength. Environmental exposure circumstances are 
unavoidable but its bad impact can be reduced.  Research is done on the characteristics of 
concrete during its plastic and hardening stages. The characteristics of concrete alter at 
both stages depending on the exposure circumstances. This research may be helpful for 
the construction industry in future for optimization purpose. Research has been done on 
the rheological behaviour of concrete and its strength characteristics under various 
exposure conditions. When exposure conditions get worse, it has been observed that 
cement content progressively rises while W/C and water content fall. This study is more 
helpful for predicting the various properties of concrete under different exposure 
scenarios. It can be helpful in reduction of construction-related losses and structural 
deterioration damages. Figure 1 shows the research outline of the work carried out during 
the work. During the current experimental study, mathematical models like correlation, 
PCA, MLR and RSM established. These provide the most accurate predictions, best matched 
to the experimental data. The RSM models optimized the concrete properties in plastic and 
harden stage and also predict the accurate results. 

 

Fig. 1 Research Outline 

3. Materials and Proportions 

PPC cement manufactured by Ambuja Company in accordance with IS 1489-part 1:1991 
[12] was used for the experiment. The detailed physical characteristics of the cement are 
shown in Table 1 (A). Table 1 (B) displays the characteristics of fine and coarse aggregates, 
which are in accordance with IS 383:2016[13]. Super plasticizer utilized to make the 
concrete more workable without compromising its strength or addition of excess water. 
The super plasticizers used was a high range water reducing Admixture sold by Fosroc 
under the trade name Auramix 200. Table 1 (C) displays characteristics of chemical 
Admixture (Superplasticizer) Auramix 200. Vibrating table utilized to compress freshly 
mixed concrete for one minute time period. 56 mix proportions by weight are taken into 
consideration for the investigation of various sorts of exposure conditions, proportions are 
listed in Table 1 (D). 
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Table 1. Materials Properties 

Cement IS 1489 (Part1):1991  
Property Results IS code Specification 
Fineness 6.5 % < 10% 

Setting Time (Initial) 36 min > 30 min 
Setting Time (Final) 290 min < 600 min 

Soundness 6.5mm < 10mm 
3 days compressive Strength 19.26 MPa > 16 MPa 
7 days compressive Strength 39.35 MPa > 22 MPa 

28 days compressive Strength 60.63 MPa > 33 MPa 
Aggregates, IS 383:2016 

Property Fine Aggregate Coarse Aggregate 
Fineness Modulus 2.6 6.2 

Specific Gravity 2.65 2.8 
Water Absorption 0.5% 0.55% 

Density 1440 kg/m3 1910 kg/m3 
Properties of chemical Admixture (Superplasticizer) Auramix 200 by Fosroc 

Specific Gravity: 1.05 
pH = 6 

Chloride Content: Nil 
Alkali Content < 1g 

Appearance: Yellowish to brownish Liquid  
Mix Proportions designed as per IS 10262:2019 (5) 

Sr. 
No 

C FA CA W/C 
Sr. 
No 

C FA CA W/C 
Sr. 
No 

C FA CA W/C 

1 1 1.21 2.46 0.3 21 1 2.46 4.22 0.5 41 1 1.48 2.65 0.45 
2 1 1.57 3.03 0.36 22 1 0.8 1.62 0.3 42 1 1.48 2.65 0.45 
3 1 1.83 3.41 0.4 23 1 1.06 2.04 0.36 43 1 1.21 2.46 0.3 
4 1 2.16 3.85 0.45 24 1 1.25 2.32 0.4 44 1 1.57 3.03 0.36 
5 1 2.46 4.22 0.5 25 1 1.48 2.65 0.45 45 1 1.83 3.41 0.4 
6 1 2.52 4.15 0.5 26 1 1.73 2.96 0.5 46 1 1.83 3.41 0.4 
7 1 2.52 4.15 0.5 27 1 1.73 2.96 0.5 47 1 1.83 3.41 0.4 
8 1 0.8 1.62 0.3 28 1 1.73 2.96 0.5 48 1 1.83 3.41 0.4 
9 1 1.06 2.04 0.36 29 1 1.21 2.46 0.3 49 1 1.83 3.41 0.4 

10 1 1.25 2.32 0.4 30 1 1.57 3.03 0.36 50 1 0.8 1.62 0.3 
11 1 1.48 2.65 0.45 31 1 1.83 3.41 0.4 51 1 1.06 2.04 0.36 
12 1 1.73 2.96 0.5 32 1 2.16 3.85 0.45 52 1 1.25 2.32 0.4 
13 1 1.99 3.27 0.55 33 1 2.16 3.85 0.45 53 1 1.25 2.32 0.4 
14 1 1.99 3.27 0.55 34 1 2.16 3.85 0.45 54 1 1.25 2.32 0.4 
15 1 1.21 2.46 0.3 35 1 2.16 3.85 0.45 55 1 1.25 2.32 0.4 
16 1 1.57 3.03 0.36 36 1 0.8 1.62 0.3 56 1 1.25 2.32 0.4 
17 1 1.83 3.41 0.4 37 1 1.06 2.04 0.36 

 
18 1 2.16 3.85 0.45 38 1 1.25 2.32 0.4 
19 1 2.46 4.22 0.5 39 1 1.48 2.65 0.45 

4. Result and Discussion 

The rheological qualities of the M40 concrete as well as its strength characteristics under 
various exposure situations are examined during the investigation of the research. It has 
been noted that as exposure conditions deteriorate, cement content gradually rises while 
WC ratio and water content decrease. The graphical comparisons of the experimental 
results are shown in Figure 2. It has been found that the rheological and strength 



Patil et al. / Research on Engineering Structures & Materials 9(2) (2023) 579-596 

 

583 

characteristics considerably affected as the exposure condition becomes critical. Table 2 
demonstrates comparison of concrete's characteristics exposed to different environmental 
exposure conditions. For extreme environmental exposure condition, the maximum 
enhancements in slump, CF, CS, SPT, and FS are 10%, 0.99%, 1.89%, 4.3%, and 6.08%, 
respectively. 

 

Fig. 2 Test Comparison (Compaction Factor (CF), Compressive strength (CS), Split 
Tensile Strength (SPT), Slump and Flexural Strength (FS) 

Table 2. Percentage Increase for various exposures 

Sr.  
No 

Exposure  
Conditions  

% Decrease  
in Slump 

% Increase 
 in CF 

% Increase 
 in CS 

% Increase  
in SPT 

% 
Increase  

in FS 
1 Moderate 0 0 0 0 0 
2 Sever 1.27 0.23 0.44 0.42 0.13 
3 Very Sever 3.03 0.69 0.88 2.46 2.77 
4 Extreme 10.05 0.99 1.89 4.3 6.08 

In order to meet the requirements for the exposure condition, the strength and rheological 
qualities must rise as the harshness of the exposure condition increases [13]. Wons et.al 
[8], Mishra et.al [15] and Park et.al [9] noted same outcomes in their investigation. The 
experimental data thoroughly examined and evaluated in this part using statistical 
approaches such as correlation matrix, PCA, MLR, and RSM. 

4.1 Correlation Matrix 

The correlation study's input is shown in Figure 3. (A) displays the correlation matrix, 
which reveals interrelationship between experiments’ variable. The correlation fluctuates 
between 1 and -1. Values close to 1 exhibit positive correlation, whereas values close to -1 
exhibit negative correlation. Figure 3 illustrates how the relationship between concrete's 
characteristics and various exposures ranges from 0 to 0.1, additionally; it shows how 
different exposure conditions have a favorable effect on concrete's properties throughout 
both the plastic and hardening periods. Both Patil et al. [16], Endait et.al [17] and Baviskar 
et al. [18] reported the same kind of model results in their research. 

4.2 Principal Component Analysis 

A Scree plot of PCA's first three components reveals that this model has a variability close 
to 85.6%for dependent variables. This volatility is beneficial for prediction; shown in 
Figure 3 (B) (i). Similar to a Scree plot, the component plot of the PCA in Figure 3 (B) (ii) 
reveals that all of the study's variables are connected to one another. Concrete's 
compressive, flexural, and split tensile strengths are directly related to the cement content, 
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CA, FA, and exposure circumstances. Unlike slump, this is directly correlated with 
Admixture quantity, exposure circumstances, cement content, CA and FA. However, the 
relationship between these characteristics and the water cement ratio and water content 
is inverse. 

The loading plot in Figure 3 (B) (ii) illustrates the significance of the components for the 
study's variables. In order to predict the various properties of concrete, Patil et al. [19] and 
Lu et al. [20] employ correlation matrices; this plot also helps to condense a large number 
of unimportant variables. 

4.3 Multiple Linear Regression (MLR) 

A statistical method called multiple regression can be used to look at the relationship 
between a number of independent factors and one single dependent variable. Using 
available independent variables, multiple regression analysis seeks to estimate the value 
of a single dependent variable. Table 3 displays the MLR model's input parameters. 
Determining the connection between two or more variables is a common task in 
engineering. One statistical tool that has long captured the curiosity of researchers in this 
field is regression analysis. Regression modelling is widely believed of as the process of 
fitting models to data. 

 A special type of regression model called a linear regression model uses linear predictor 
functions to describe the data and estimates output parameters from the data. It is 
important to note that numerous input variables are often used in regression analysis 
applications, which results in the "multiple linear regression" function. In this instance, 
MLR analyses observed data and fits a linear equation to determine the correlation 
between two or more input variables. In multiple linear regression, data are summarized 
and the relationship between variables is examined. For prediction of concrete properties 
like slump, CF, CS, SPT and FS, MLR model gives the Equation 1, 2, 3, 4, and 5 respectively. 
The Charhate et al. [21] and Patil et al. [22] published results from a similar kind of model 
in their work. 

Loss in slump (mm) = -480.93+0.63*W/C+0.63*C+0.35*FA+5.7E-02*CA-
0.83*Admx-4.59*Exposure-Extreme+3.65*Exposure-Modrate + 3.55* 
Exposure-Sever 

(1) 

CF = 2.31-1.69E-02*W/C-5.39E-04*C-1.0E-03*FA-4.2E-04*CA+1.24E-2*Admx-
6.6E-03*Exposure-Extreme+4.89E-03*Exposure-Modrate+1.14E-3*Exposure-
Sever 

(2) 

CS (MPa) = 159.0-2.38*W/C-4.85E-02*C-8.5E-02*FA-2.9E-2*CA+0.86*Admx-
0.145*Exposure-Extreme+0.43*Exposure-Modrate+0.18*Exposure-Sever 

(3) 

SPT (MPa) = 30.87-0.7*W/C-1.15E-2*C-1.8E-02*FA-8.86E-3*CA+0.24*Admx-
5.15E-02*Exposure-Extreme+5.94E-02*Exposure-Modrate-0.010*Exposure-
Sever 

(4) 

FS (MPa) = 53.78-0.80*W/C-2E-2*C-3.61E-02*FA-1.3E-02*CA+0.40*Admx-
9.26E-02*Exposure-Extreme+0.18*Exposure-Modrate-1.2E-2*Exposure-Sever 

(5) 

Figure 4 (a) displays the prediction for slump loss and its corresponding means, Figure 4 
(b) displays the prediction for CF and its corresponding means, Figure 4 (c) displays the 
prediction for CS and its corresponding means, Figure 4 (d) displays the prediction for SPT 
and its corresponding means, Figure 4 (e) displays the prediction for FS and its 
corresponding means, and Figure 4 (f) displays the performance of the MLR model. Since 
the values of R2 for slump loss, CF, CS, SPT, and FS are sequentially 0.903, 0.903, 0.952, 
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0.954, and 0.988, it can be concluded that the MLR model provides the best match to the 
empirical data and makes accurate predictions. A strong model is indicated by a reasonably 
high F-value. The MLR model predicts the flexural strength of concrete more precisely than 
it does the other parameters because the MLR model for FS has higher values for R2 and F. 
The changes in properties of the concrete is mainly due to meet the requirements for the 
exposure condition, the strength and rheological qualities must rise as the severity of the 
exposure condition increases. Several studies have confirmed such parallel sorts of 
outcomes [10,21,23–25]. 
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Fig. 3 (A) Correlation Matrix (B) PCA outcomes (i) Scree Plot (ii) Component Plot (iv) 
Loading Plot 
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Table 3. Experimental results 

Where   1= Moderate exposure, 2= Severe Exposure, 3= Very Severe, 4= Extreme 
Exposure 

Sr 
No 

Expo 
sure 

W/C 
Ratio 

Cement 
(Kg) 

FA 
(Kg) 

CA 
(Kg) 

Water 
(kg) 

Adm 
(kg) 

Slump 
(mm) 

CF CS 
(MPa) 

SPT 
(MPa) 

FS 
(MPa) 

1 1 0.3 494 597.45 1215 148 4.94 122 0.99 52 4.65 7.56 
2 1 0.36 412 645.95 1248 148 4.12 68 0.96 50 4.18 6.71 

3 1 0.4 370 674.8 1260 148 3.7 47 0.92 49 3.83 6.12 
4 1 0.45 329 707.54 1266 148 3.29 45 0.91 47 3.51 5.3 

5 1 0.5 300 736.56 1264 148 3 43 0.9 46 3.37 4.82 
6 1 0.55 300 754.97 1243 148 3 41 0.9 46 3.37 4.71 
7 1 0.6 300 754.97 1243 148 3 44 0.9 46 3.31 4.7 

8 1 0.3 639 508.98 1035 191.58 0 149 0.99 53 4.78 8.27 
9 1 0.36 533 562.9 1087 191.58 0 141 0.99 53 4.69 7.85 

10 1 0.4 479 594.24 1110 191.58 0 99 0.98 52 4.58 7.3 
11 1 0.45 426 629.25 1126 191.58 0 83 0.97 51 4.39 6.96 
12 1 0.5 384 661.12 1135 191.58 0 46 0.93 50 4.09 6.33 
13 1 0.55 349 691.1 1138 191.58 0 49 0.91 47 3.55 5.6 
14 1 0.6 349 691.1 1138 191.58 0 48 0.91 47 3.55 5.56 

15 2 0.3 494 597.45 1215 148 4.94 119 0.99 52 4.65 7.44 

16 2 0.36 412 645.95 1248 148 4.12 62 0.96 50 4.17 6.49 
17 2 0.4 370 674.8 1260 148 3.7 52 0.92 49 3.82 6.08 
18 2 0.45 329 707.54 1266 148 3.29 51 0.91 47 3.5 5.3 

19 2 0.5 300 736.56 1264 148 3 51 0.9 46 3.29 4.52 
20 2 0.55 300 736.56 1264 148 3 54 0.9 46 3.22 4.41 

21 2 0.6 300 736.56 1264 148 3 45 0.9 46 3.22 4.33 
22 2 0.3 639 508.98 1035 191.58 0 146 0.99 53 4.77 8.14 

23 2 0.36 533 562.9 1087 191.58 0 136 0.99 53 4.69 7.78 
24 2 0.4 479 594.24 1110 191.58 0 94 0.98 52 4.56 7.24 
25 2 0.45 426 629.25 1126 191.58 0 82 0.97 51 4.34 6.8 

26 2 0.5 384 661.12 1135 191.58 0 55 0.93 49 4.08 6.32 
27 2 0.55 384 661.12 1135 191.58 0 43 0.93 49 3.94 6.2 

28 2 0.6 384 661.12 1135 191.58 0 48 0.92 49 3.83 6.13 

29 3 0.3 494 597.45 1215 148 4.94 118 0.98 52 4.62 7.38 
30 3 0.36 412 645.95 1248 148 4.12 47 0.93 50 4.12 6.48 
31 3 0.4 370 674.8 1260 148 3.7 42 0.92 48 3.77 5.87 
32 3 0.45 329 707.54 1266 148 3.29 50 0.91 47 3.45 5.18 

33 3 0.5 329 707.54 1266 148 3.29 44 0.91 46 3.44 5.16 

34 3 0.55 329 707.54 1266 148 3.29 47 0.9 46 3.39 5.15 
35 3 0.6 329 707.54 1266 148 3.29 51 0.9 46 3.38 4.99 

36 3 0.3 639 508.98 1035 191.58 0 146 0.99 53 4.77 8.1 
37 3 0.36 533 562.9 1087 191.58 0 133 0.99 52 4.66 7.63 
38 3 0.4 479 594.24 1110 191.58 0 93 0.98 52 4.53 7.22 

39 3 0.45 426 629.25 1126 191.58 0 72 0.96 51 4.31 6.79 
40 3 0.5 426 629.25 1126 191.58 0 72 0.96 51 4.28 6.78 

41 3 0.55 426 629.25 1126 191.58 0 72 0.96 51 4.26 6.76 
42 3 0.6 426 629.25 1126 191.58 0 69 0.96 50 4.24 6.73 
43 4 0.3 494 597.45 1215 148 4.94 108 0.98 52 4.6 7.35 
44 4 0.36 412 645.95 1248 148 4.12 51 0.93 50 4.12 6.43 
45 4 0.4 370 674.8 1260 148 3.7 41 0.91 48 3.64 5.77 

46 4 0.45 370 674.8 1260 148 3.7 55 0.91 48 3.63 5.73 

47 4 0.5 370 674.8 1260 148 3.7 54 0.91 48 3.58 5.7 
48 4 0.55 370 674.8 1260 148 3.7 50 0.91 48 3.58 5.69 
49 4 0.6 370 674.8 1260 148 3.7 55 0.91 48 3.56 5.67 
50 4 0.3 639 508.98 1035 191.58 0 144 0.99 53 4.7 7.97 
51 4 0.36 533 562.9 1087 191.58 0 131 0.99 52 4.66 7.6 

52 4 0.4 479 594.24 1110 191.58 0 92 0.97 51 4.51 7.13 
53 4 0.45 479 594.24 1110 191.58 0 90 0.97 51 4.44 7.06 

54 4 0.5 479 594.24 1110 191.58 0 88 0.97 51 4.42 7.03 
55 4 0.55 479 594.24 1110 191.58 0 86 0.97 51 4.41 7 
56 4 0.6 479 594.24 1110 191.58 0 83 0.97 51 4.4 6.99 
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4.4 Response Surface Method 

The relationship between a response variable and a group of experimental variables or 
factors is studied using RSM techniques. These procedures are often applied after selecting 
a few key controllable factors and identifying the factor settings that maximise the 
response. The RSM Model's input parameters are listed in Table 3. The variables are 
exposure, W/C, cement, FA, CA, water, and admixture. RSM chooses the variable 
combination that produces the best response for the dependent variables Slump, CF, CS, 
SPT, and FS. RSM approaches are used to investigate the association between a response 
variable and a collection of experimental variables or factors. Figure 5 displays the RSM 
model's output, which consists of two plots: a Pareto chart and a normal probability chart. 
Normal probability graphs display the effects of the factors or their interactions and can 
be employed to identify significant effects. Equations 6, 7, 8and 9 provide RSM predictions 
for slump at extreme, moderate, severeand very severe environmental exposure 
conditionsrespectively. These predictions provide the ideal slump value for each exposure. 
Equations 10, 11, 12, and 13 provide the optimal CF value for each exposure by providing 
RSM predictions for CF at extreme, moderate, severe, and very severe exposure conditions 
respectively. 

Equations 14, 15, 16, and 17 provide RSM predictions for CS at extreme  moderate, severe, 
and very severe levels, respectively, providing the ideal CS value for each exposure. 
Equations 18, 19, 20, and 21 provide RSM predictions for SPT at extreme, moderate, severe, 
and very severe levels, respectively, providing the ideal SPT value for each exposure. 
Equations 22, 23, 24, and 25 provide the optimal FS value for each exposure by providing 
RSM predictions for FS at extreme, moderate, severe, and very severe levels, respectively. 
The RSM model's pareto chart displays the independent variables in the experiment in 
descending order of importance. RSM calculates S (error estimate); the lower the value of 
S, the better the fit of the model to the data. Figure 5 (2) illustrates that the RSM model 
performs better for CF prediction than the Slump, CS, SPT, and FS models because the S 
value for the CF is lower than the S values for the Slump, CS, SPT, and FS models. The R2 
value, which represents how well the model matches the data, is used to assess the RSM 
model's performance. Figure 5 illustrates how well the RSM model fits Slump, CF, CS, SPT, 
and FS, with R2 values of 0.986, 0.985, 0.987, 0.999, and 0.997, respectively. Similar results 
have been confirmed by numerous investigations[26-31]. 
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Fig. 4 Outcomes of the MLR Model for a) Slump Loss 2) CF 3) CS 4) SPT 5) FS 6) 
Performance of the Model 

 

Test Exposure Test  

Slu
m

p
 

Extreme 

Slump = 1377103 + 738422 W/C - 1909 C - 353 FA - 1639 CA 
- 297 W - 8837 Adm - 145 W/C*W/C + 0.599 C*C + 0.310 FA*FA 
+ 0.538 CA*CA + 440 Adm*Adm- 253 W/C*C - 547 W/C*FA 
- 109 W/C*CA - 892 W/C*W - 1579 W/C*Adm + 0.595 C*FA 
+ 1.022 C*CA 

(6) 

Moderate 

Slump =1441317 + 761663 W/C - 1931 C - 417 FA - 1645 CA 
- 388 W - 8923 Adm- 145 W/C*W/C + 0.599 C*C + 0.310 FA*FA 
+ 0.538 CA*CA + 440 Adm*Adm- 253 W/C*C - 547 W/C*FA 
- 109 W/C*CA - 892 W/C*W - 1579 W/C*Adm + 0.595 C*FA 
+ 1.022 C*CA 

(7) 

Severe Slump = 1419836 + 753743 W/C - 1924 C - 395 FA - 1644 CA 
- 357 W - 8884 Adm - 145 W/C*W/C + 0.599 C*C + 0.310 FA*FA 

(8) 
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+ 0.538 CA*CA + 440 Adm*Adm- 253 W/C*C - 547 W/C*FA 
- 109 W/C*CA - 892 W/C*W- 1579 W/C*Adm+ 0.595 C*FA 
+ 1.022 C*CA 

Very 
Severe 

Slump = 1400693 + 745956 W/C - 1917 C - 374 FA - 1642 CA 
- 328 W - 8849 Adm - 145 W/C*W/C + 0.599 C*C + 0.310 FA*FA 
+ 0.538 CA*CA + 440 Adm*Adm- 253 W/C*C - 547 W/C*FA 
- 109 W/C*CA - 892 W/C*W- 1579 W/C*Adm+ 0.595 C*FA 
+ 1.022 C*CA 

(9) 

C
F

 

Extreme 

CF=1213 + 2670 W/C - 2.39 C - 0.065 FA - 2.125 CA + 0.361 W 
- 10.64 Adm- 0.011 W/C*W/C + 0.000825 C*C 
+ 0.000377 FA*FA + 0.000766 CA*CA+ 0.437 Adm*Adm 
- 0.963 W/C*C - 1.474 W/C*FA - 0.691 W/C*CA 
- 2.948 W/C*W- 2.97 W/C*Adm + 0.000714 C*FA 
+ 0.001491 C*CA 

(10) 

Moderate 

CF=1260 + 2706 W/C - 2.41 C - 0.145 FA - 2.115 CA + 0.270 W 
- 10.79 Adm- 0.011 W/C*W/C + 0.000825 C*C 
+ 0.000377 FA*FA + 0.000766 CA*CA+ 0.437 Adm*Adm 
- 0.963 W/C*C - 1.474 W/C*FA - 0.691 W/C*CA 
- 2.948 W/C*W- 2.97 W/C*Adm + 0.000714 C*FA 
+ 0.001491 C*CA 

(11) 

Severe 

CF=1222 + 2694 W/C - 2.40 C - 0.109 FA - 2.111 CA + 0.324 W 
- 10.73 Adm- 0.011 W/C*W/C + 0.000825 C*C 
+ 0.000377 FA*FA + 0.000766 CA*CA+ 0.437 Adm*Adm 
- 0.963 W/C*C - 1.474 W/C*FA - 0.691 W/C*CA 
- 2.948 W/C*W- 2.97 W/C*Adm + 0.000714 C*FA 
+ 0.001491 C*CA 

(12) 

Very 
Severe 

CF=1202 + 2681 W/C - 2.39 C - 0.080 FA - 2.113 CA + 0.359 W 
- 10.69 Adm- 0.011 W/C*W/C + 0.000825 C*C 
+ 0.000377 FA*FA + 0.000766 CA*CA+ 0.437 Adm*Adm 
- 0.963 W/C*C - 1.474 W/C*FA - 0.691 W/C*CA 
- 2.948 W/C*W- 2.97 W/C*Adm + 0.000714 C*FA 
+ 0.001491 C*CA 

(13) 
C

S 

Extreme 

CS =-40337 + 11151 W/C + 59.0 C + 16.7 FA + 24.3 CA + 30.7 W 
+ 276 Adm- 1.0 W/C*W/C - 0.0202 C*C - 0.0039 FA*FA 
- 0.0052 CA*CA - 7.2 Adm*Adm- 4.3 W/C*C - 3.2 W/C*FA 
- 4.6 W/C*CA - 10.7 W/C*W + 4.3 W/C*Adm- 0.0233 C*FA 
- 0.0217 C*CA 

(14) 

Moderate 

CS=-38792 + 11031 W/C + 58.4 C + 16.4 FA + 23.6 CA + 29.3 W 
+ 278 Adm- 1.0 W/C*W/C - 0.0202 C*C - 0.0039 FA*FA 
- 0.0052 CA*CA - 7.2 Adm*Adm- 4.3 W/C*C - 3.2 W/C*FA 
- 4.6 W/C*CA - 10.7 W/C*W + 4.3 W/C*Adm- 0.0233 C*FA 
- 0.0217 C*CA 

(15) 

Severe CS=-37881 + 11070 W/C + 58.1 C + 15.9 FA + 23.3 CA + 28.3 W 
+ 277 Adm- 1.0 W/C*W/C - 0.0202 C*C - 0.0039 FA*FA 

(16) 
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- 0.0052 CA*CA - 7.2 Adm*Adm- 4.3 W/C*C - 3.2 W/C*FA 
- 4.6 W/C*CA - 10.7 W/C*W + 4.3 W/C*Adm- 0.0233 C*FA 
- 0.0217 C*CA 

Very 
Severe 

CS=-41033 + 11103 W/C + 59.3 C + 17.2 FA + 24.4 CA + 31.5 W 
+ 279 Adm- 1.0 W/C*W/C - 0.0202 C*C - 0.0039 FA*FA 
- 0.0052 CA*CA - 7.2 Adm*Adm- 4.3 W/C*C - 3.2 W/C*FA 
- 4.6 W/C*CA - 10.7 W/C*W + 4.3 W/C*Adm- 0.0233 C*FA 
- 0.0217 C*CA 

(17) 

SP
T

 

Extreme 

SPT=-9990 + 10062 W/C + 10.67 C + 5.41 FA + 4.68 CA + 7.97 W 
+ 42.6 Adm+ 2.18 W/C*W/C - 0.00322 C*C - 0.001415 FA*FA 
- 0.00077 CA*CA- 1.331 Adm*Adm - 3.81 W/C*C - 3.96 W/C*FA 
- 3.54 W/C*CA- 10.23 W/C*W- 3.17 W/C*Adm - 0.00435 C*FA 
- 0.00307 C*CA 

(18) 

Moderate 

SPT=-9944 + 10049 W/C + 10.66 C + 5.43 FA + 4.64 CA + 7.94 W 
+ 42.8 Adm+ 2.18 W/C*W/C - 0.00322 C*C - 0.001415 FA*FA 
- 0.00077 CA*CA- 1.331 Adm*Adm - 3.81 W/C*C - 3.96 W/C*FA 
- 3.54 W/C*CA- 10.23 W/C*W- 3.17 W/C*Adm - 0.00435 C*FA 
- 0.00307 C*CA 

(19) 

Severe 

SPT=-9933 + 10051 W/C + 10.65 C + 5.42 FA + 4.64 CA + 7.93 W 
+ 42.8 Adm+ 2.18 W/C*W/C - 0.00322 C*C - 0.001415 FA*FA 
- 0.00077 CA*CA- 1.331 Adm*Adm - 3.81 W/C*C - 3.96 W/C*FA 
- 3.54 W/C*CA- 10.23 W/C*W- 3.17 W/C*Adm - 0.00435 C*FA 
- 0.00307 C*CA 

(20) 

Very 
Severe 

SPT=-9925 + 10055 W/C + 10.65 C + 5.42 FA + 4.64 CA + 7.91 W 
+ 42.8 Adm+ 2.18 W/C*W/C - 0.00322 C*C - 0.001415 FA*FA 
- 0.00077 CA*CA- 1.331 Adm*Adm - 3.81 W/C*C - 3.96 W/C*FA 
- 3.54 W/C*CA- 10.23 W/C*W- 3.17 W/C*Adm - 0.00435 C*FA 
- 0.00307 C*CA 

(21) 

 

Extreme 

FS=-2867 + 876 W/C + 6.1 C + 2.14 FA - 0.2 CA + 3.67 W 
+ 28.1 Admi 
+ 0.40 W/C*W/C - 0.00244 C*C - 0.00016 FA*FA 
+ 0.00046 CA*CA 
+ 0.03 Admi*Admi - 0.27 W/C*C - 0.77 W/C*FA - 0.09 W/C*CA 
- 1.0 W/C*W+ 0.5 W/C*Admi - 0.00321 C*FA - 0.00155 C*CA 

(22) 

Moderate 

FS =-2449 + 918 W/C + 6.0 C + 1.92 FA - 0.4 CA + 3.19 W 
+ 28.0 Adm 
+ 0.40 W/C*W/C - 0.00244 C*C - 0.00016 FA*FA 
+ 0.00046 CA*CA 
+ 0.03 Adm*Adm - 0.27 W/C*C - 0.77 W/C*FA - 0.09 W/C*CA 
- 1.0 W/C*W+ 0.5 W/C*Adm - 0.00321 C*FA - 0.00155 C*CA 

(23) 

Severe 

FS=-2425 + 903 W/C + 6.0 C + 1.93 FA - 0.4 CA + 3.18 W 
+ 28.0 Adm 
+ 0.40 W/C*W/C - 0.00244 C*C - 0.00016 FA*FA 
+ 0.00046 CA*CA 

(24) 
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+ 0.03 Adm*Adm - 0.27 W/C*C - 0.77 W/C*FA - 0.09 W/C*CA 
- 1.0 W/C*W+ 0.5 W/C*Adm - 0.00321 C*FA - 0.00155 C*CA 

Very 
Severe 

FS=-2822 + 890 W/C + 6.1 C + 2.12 FA - 0.2 CA + 3.60 W 
+ 28.3 Adm 
+ 0.40 W/C*W/C - 0.00244 C*C - 0.00016 FA*FA 
+ 0.00046 CA*CA 
+ 0.03 Adm*Adm - 0.27 W/C*C - 0.77 W/C*FA - 0.09 W/C*CA 
- 1.0 W/C*W+ 0.5 W/C*Adm - 0.00321 C*FA - 0.00155 C*CA 

(25) 
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Fig. 5 RSM Model outcomes for (1) Slump (2) CF (3) CS (4) SPT (5) FS 

5. Summary and Conclusion 

A series of experiments have been conducted in this study to examine behaviour, 
rheological properties and strength characteristics of concrete under diverse 
environmental exposure conditions. IS 456:2000 [11] recommends, M40 be the minimum 
grade of concrete for extreme environmental exposure condition explored in this 
experimental work at both plastic and hardening stage. 

Statistical tools such correlation matrices, PCA, MLR, and RSM were used to extensively 
analyze and assess the experimental data. The research uses correlation matrix and 
Principal Component Analysis (PCA) to produce precise results in order to assess 
interaction of experimental variables. Multivariate Linear Regression (MLR) model was 
developed to predict concrete properties during the plastic and hardening process. RSM 
techniques used to establish relationship between a response variable and a group of 
experimental variables.  

The following inferences could be made in light of the experimental findings   

• It had been observed that cement content steadily increases while W/C and water 
content decrease when exposure circumstances intensify.  

• As the exposure condition worsens, rheological and strength parameters are 
significantly altered. 

• Maximum enhancements in slump, CF, CS, SPT and FS for extreme environmental 
exposure conditions seem to be 10%, 0.99%, 1.89%, 4.3%, and 6.08%, 
respectively. 

• Strength and rheological properties must improve as the exposure condition's 
abrasiveness rises in order to satisfy the exposure condition's demands. 

• Correlations shows positive impact of various exposure conditions on properties 
of concrete throughout both the plastic and hardening periods as the relationship 
between concrete's features and different exposures varies from 0 to 0.1. 

• According to a Scree plot of PCA's first three components, model has a variability 
of 85.6% for dependent variables. Compressive strength, flexural strength and 
split tensile strength are directly related to cement content, CA, FA and exposure 
circumstances. However, there is an inverse correlation between these traits and 
the water cement ratio. 

• RSM model performs better for CF prediction than the Slump, CS, SPT, and FS 
models as “S” value for the CF is lower than the S values for the Slump, CS, SPT, 
and FS models. RSM model fits Slump, CF, CS, SPT, and FS, with R2 values of 0.986, 
0.985, 0.987, 0.999, and 0.997, respectively. 

• It can be concluded that the MLR model provides the best match to the actual data 
and produces reliable prediction. 
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• In all kinds of exposure circumstances, the Response Surface Method (RSM) is also 
utilized to identify the concrete's ideal property. The RSM also matches 
experimental data the best because of its high coefficient of determination and its 
forecast is precise (R2). 
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