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1. INTRODUCTION 

It’s very important to develop new methods rather than 
traditional methods of civil engineering construction to control 
the utilization of virgin resources. On the other hand, handling 
the industrial waste materials which are generated with the new 
methods of construction and the unpredictable growth of 
industries around the globe is also essential. The best method to 
balance both sides of this worldwide issue is by utilizing industrial 
waste materials in construction industries with suitable and 
environmentally friendly methods. With the revolution of 
sustainable construction technique, in the last two decades, 
enormous research was carried out in utilization of various 
industry materials like fly ash, ground granulated blast slag, pond 
ash, red mud, iron ore tailings, foundry sand, etc. in various 
verticals or areas of civil engineering constructions like 

manufacture of bricks and paver blocks [1], [2], as a subgrade and 
sub base material in road construction [3], [4], as an 
embankments and backfill materials [5], [6], as a soil stabilisation 
technique [7], [8] and vegetation [9]. Along with the industries, 
construction activities also increased tremendously with the 
advancement in technologies were utilization of raw materials 
increased exponentially. It directly results on another important 
waste material called construction and demolished waste [10]. It 
is important to induce the latest technologies like optical 
metrology which involves digital, vision and video systems in 
order to understand the exact behaviour of various materials. 
The usage of advance technologies will help to reduce the 
pollution and gives new solutions with an accuracy in measuring 
and assessing the problems in civil engineering [11]. 

Like many industry waste materials Red mud (RM) is also a 
type of highly alkaline (pH ranging from 10.5 to 13) industrial 
residue which is produced during the process of extraction of 
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aluminium from the bauxite ore [12]. RM is generally produced 
in the form of slurry which contains up to 40 % of water into the 
collection ponds situated next to aluminium industries [13]. The 
high alkaline nature and very fine particle size of RM along with 
the aluminium traces result in a threat to the environment. It is 
also difficult to store RM for longer periods which may create air 
pollution with open exposure to air and also groundwater 
pollution with the leachate without proper liners. Annually more 
than 4 million tons of red mud is producing in India. On the 
other side, it requires huge land to dispose of and involves a good 
amount of money for proper waste management. The lack of 
appropriate waste management and storage system of RM will 
show adverse effects on the environment which may end up 
taking both many lives and huge property which was resulted in 
the past [14]. These negative shades of RM emphasizing to use it 
in civil engineering constructions where a bulk material can be 
used with minimal cost. On the other side, RM also shows the 
similar properties of clayey and sandy soils, which is a good 
indication to use in civil engineering applications like the 
construction of embankments, landfills, and different layers of 
road construction. However, the application of these waste 
materials always depends on the density characteristics. This 
implies the measurement and compaction characteristics of 
finding optimum moisture content and maximum dry density of 
the material. Measurement of compaction characteristics is a very 
important parameter for any foreign material in the geotechnical 
application at various stages upon satisfying the standard 
specifications of relevant codes, this manner measurement 
technology plays an important role in such real time applications.  

For any soil or waste material upon the application of loads, 
there will be a change in the volume because of the expelling of 
air form the voids. The change in the volume of the material 
depends on the number of voids developed in the material, the 
amount of air filled in the voids and the amount of load or 
pressure applied. The standard and modified compaction tests 
show the differences in dry densities with the change of load 
applied for any type of material. The maximum dry density and 
optimum moisture content values obtained from the compaction 
tests form the basis to determine many strength parameters of 
the waste material at various construction stages. Various 
geotechnical parameters depend on the amount of water added 
to the material as we know the moisture largely controls the 
behaviour of soils, particularly fine-grained soils. Hence, it is 
important to understand the in-depth information on 
compaction characteristics of RM for the benefit of various 
applications as a geo-material. 

As very limited work was carried out in the past focusing on 
measurement of compaction characteristics of RM along with 
other waste material stabilisation in India. So, an attempt was 
made to determine the compaction characteristics of RM along 
with GGBS and alkaline activators by using mini compaction 
apparatus. The prototype gives a better study of the load and the 
material behaviour with the control of the loads applied in the 
study [15]. RM was replaced with 10 %, 20 % and 30 % of GGBS 
to its dry weight, which is commonly used as stabilising material 
in many civil engineering applications because of its capability in 
increasing the strength and bearing capacity and also good in 
compaction [16]. NaOH and Na2SiO3 are used as alkaline 
activators which are effectively proved as good stabilisers for 
GGBS mixed materials in the past [17]. The alkaline activators in 
various proportions are used in different industry waste materials 
to increase the strength properties of the waste materials 
exponentially and to use them effectively in the field of 

construction [18]-[20]. To understand the effect of alkaline 
activators on compaction characteristics of RM, series of 
standard and modified proctor compaction tests were performed 
on various combinations made of RM, GGBS, NaOH and 
Na2SiO3. 

2. EXPERIMENTAL INVESTIGATIONS 

RM for this study was collected from waste disposal pond of 
Hindustan Aluminum Corporation (Hindalco), Belgaum, 
Karnataka, situated in the southern part of India. GGBS was 
procured from the JSW cement limited. GGBS is produced as a 
by-product or waste from the blast furnaces during the process 
of making iron. Figure 1a shows the original images of over dried 
red mud and GGBS and Figure 1(c) and Figure 1(d) presents the 
Scanning electron microscopy (SEM) images of red mud and 
GGBS respectively to understand the microstructure of these 
materials to use as a geo material in this study. The SEM images 
showing red mud present the particles of scattered behaviour 
whereas the SEM images of GGBS show the smooth sharp ends 
which indicate that a better compaction can be attained by using 
both the materials with the appropriate amount of water and 
energy. The microstructure of these two materials supports the 
current study on finding the compaction characteristics of RM 
with GGBS and an addition of water, experiments were also 
performed by using alkaline activator to achieve a better density 
of the material upon drying. Sodium hydroxide (NaOH) pellets, 
which were put into use for this study was purchased from The 
Prince Chemical Bangalore, Karnataka, India, which sells pellets 
with 98 % purity. Based on many research findings, prioritizing 
the economical and strength aspects, the molarity of the sodium 
hydroxide solution was chosen to be 8 M throughout the 
research. Hence, molarity calculations to prepare a sodium 
hydroxide solution of 8 M were, 320 g of sodium hydroxide 
pellets have to be dissolved in 1 l of water [8 mol/l x 40 g/mol 
= 320 g, where 40 g/mol is the approximate molecular weight of 
NaOH]. The sodium silicate (Na2SiO3) solution was purchased 
from the Para Fine Chemical Industries, Bangalore, Karnataka, 
India, which contains Na2O = 14.78 %, SiO2 = 29.46 % and 
water = 55.97 % by mass.  

Before finding the compaction characteristics of alkaline 
activated, GGBS stabilised RM, the physical and geotechnical 
properties of RM and GGBS were determined to understand and 
classify the materials for better justification on the compaction 
properties. According to ASTM D854, the specific gravity of RM 
and GGBS were determined by using pycnometer and the results 
are presented in Table 1. Average of three trails was considered 
for all the tests to maintain accuracy in the results. Compaction 
is considered as a very important geotechnical property to obtain 
the maximum dry density and to know the optimum moisture 
content. So, it is also important to understand both physical and 
geotechnical properties of the waste material used in this research 
work as a pre-requisite. The properties prove that the RM can be 
effectively used in the subgrades in place of virgin soil. According 
to ASTM D4318, D422, D1140 and D2487, the liquid limit, 
plastic limit and particle size distribution and soil classification 
was determined for both RM and GGBS and the same were 
presented in Table 2 [21]-[25]. The RM was classified into silt of 
low plasticity and GGBS as silt with low compressibility 
according to Unified Soil Classification System.  

In this study [26], [27] the compaction characteristics of all the 
combinations were determined by using mini compaction 
apparatus which is presented in Figure 2. This method of 
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compaction is only suitable for the materials which have particle 
size less than 2 mm and this method is opted as both RM and 
GGBS particle sizes are less than 2 mm. The unique advantage 
of this apparatus is the low amount of material used for testing, 
i.e. up to 300 g instead of 3 kg of soil, which is generally used for 
the standard proctor compaction test. The amount of energy 
given by the number of blows can be easily calculated by using 
mini compaction apparatus. It is difficult to determine the 
amount of energy applied with respect to number of blows 
accurately by using of standard or modified proctor compaction 
apparatus, but this can be easily done by using the mini 
compaction apparatus. It is also observed better results accuracy 
because less material is used and not much energy is applied. This 
method of compaction saves both time and energy of a 
researcher compared to the traditional method of compaction 
and the characteristics can be observed with the change of 
number of blows in a better way. The same compacted samples 
after trimming can be used for the purpose finding strength 
parameters of the material directly. Both standard and modified 
compaction tests can be performed by using of this mini 
compaction apparatus. The dimensions of this apparatus are very 
small as the internal diameter of the cylinder is equal to 3.81 cm, 
the height of the cylinder is 8 cm and it was used by many 

researchers in the past for the easy conduction of compaction 
test with less material usage and less labour and time. [28] 

3. RESULTS AND DISCUSSION 

Table 3 shows the optimum moisture content (OMC) and 
maximum dry density (MDD) obtained for various combinations 
upon conducting an average of three trails of SP and MP tests of 
each. The OMC and MDD of RM are 34.39 % and 1.59 g/cc, 
respectively, whereas in the case of GGBS it is 25.63 % and 
1.62 g/cc with distilled water. RM shows more similar 
reproducible values with the MP tests compared to SP tests and 
the values of OMC and MDD are noted as 28.65 % and MDD 
was 1.64 g/cc. This shows an initial idea about the material 
behaviour with the change of application of load and accuracy in 
OMC and MDD. The results confirm that with the increase of 
compaction energy in RM, the dry density increases, and the 
water content requirement decreases in appreciable way which 
coincides with the past research results also [12]. It is observed 
that an increase up to a maximum of 5 % in MDD and up to 
31 % in the OMC with the standard and modified proctor 
compaction tests. It is because of increase in the rammer weight 
for the modified compaction. Standard indicates the lightweight 
compaction light tampers and rammers and modified 
compactions indicates the rollers and other compactors. The 
OMC and MDD presented in Table 3 for various combinations 
shows the influence of alkaline activators on the GGBS stabilised 
RM. The GGBS replacement in first three combinations shows 
that the decrease in OMC and increase in MDD in both SP and 
MP tests which indicates the sensitivity of GGBS stabilised RM 

Table 1. Physical and Geotechnical Properties of RM and GGBS. 

SNo. Property RM GGBS 

1 Specific Gravity 2.95 2.81 

2 Consistency Limits: 

   Liquid limit (%) 

   Plastic limit (%) 

Plasticity Index 

 

43 

38 

5 

 

32 

NP 

NP 

3 Percentage Fractions: 

   Sand 

   Silt 

   Clay 

 

3 

75 

22 

 

75 

24 

1.0 

4 USCS ML ML 

  
 (a) (b) 

   
 (c) (d) 

Figure 1. a) Original image of Red mud b) Original image of GGBS c) SEM 
image of Red mud d) SEM image of GGBS. 

Table 2. Combinations and Nomenclature used in the research work. 

Sl No. Combinations Mixing Agent Nomenclature 

1 90 % RM + 10 % GGBS 100 % Distilled Water RGD1 

2 80 % RM+ 20 % GGBS 100 % Distilled Water RGD2 

3 70 % RM+ 30 % GGBS 100 % Distilled Water RGD3 

4 90 % RM + 10 % GGBS 100 % NaOH RGA1 

5 80 % RM + 20 % GGBS 100 % NaOH RGA2 

6 70 % RM + 30 % GGBS 100 % NaOH RGA3 

7 90 % RM + 10 % GGBS 90 %NaOH + 10 % Na₂SiO₃ RGA4 

8 80 % RM + 20 % GGBS 90 % NaOH + 10 % Na₂SiO₃ RGA5 

9 70 % RM + 30 % GGBS 90 % NaOH + 10 % Na₂SiO₃ RGA6 

10 90 % RM + 10 % GGBS 80 % NaOH + 20 % Na₂SiO₃ RGA7 

11 80 % RM + 20 % GGBS 80 % NaOH + 20 % Na₂SiO₃ RGA8 

12 70 % RM + 30 % GGBS 80 % NaOH + 20 % Na₂SiO₃ RGA9 

13 90 % RM + 10 % GGBS 50 % NaOH + 50 % Na₂SiO₃ RGA10 

14 80 % RM + 20 % GGBS 50 % NaOH + 50 % Na₂SiO₃ RGA11 

15 70 % RM + 30 % GGBS 50 % NaOH + 50 % Na₂SiO₃ RGA12 
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to water. The addition of GGBS beyond 30 % will not show any 
significance in the compaction characteristics of RM which was 
confirmed in the past studies and so limited to 30 % replacement 
only [29] and also the OMC and MDD values of RGD2 and 
RGD3 are almost similar which confirms that the further 
increment in GGBS will not be beneficial regards to stabilisation 
and cost. The increase in MDD with the addition of GGBS to 
RM may be due to the reduction of clay fraction in RM which 
reduces the particle movement resistance during compaction. 

The addition of NaOH and Na2SiO3 shows the decrease in 
OMC and increase in MDD for all the cases of GGBS stabilised 
RM. The highest value of MDD was observed in combination 
RGA12 with a value of 1.91 g/cc which is an exponential 
increase up to 20 % compared to the virgin RM with respect to 
SP test and the same percentage of increment in MDD was 
observed in the case of MP test also. OMC was reduced up to 
50 % in combination RGA12 with respect to virgin RM both in 
SP and MP tests. Almost similar pattern of change of OMC and 
MDD percentages of all the combinations were observed both 
in SP and MP tests. OMC was retained same and MDD was 
decreased with the addition of NaOH alone compared to water 
which proves that the only NaOH will not affect on the dry 
density on the GGBS stabilised RM and shows to add silicates to 
have more effective dry density in all the combinations. The 
increase in MDD and decrease in OMC trend was observed with 
the addition of silicates to NaOH in different ratios. Both SP and 
MP tests confirms that the effect of alkaline activator depends 
on the percentage addition of GGBS to RM.  

The change in OMC and MDD with the change of ratio of 
NaOH/ Na2SiO3 was observed very minimum for a particular 

GGBS replacement to RM. Combinations RGA 10,11,12 shows 
very good increase in MDD values supporting that the same 
50:50 ratios of NaOH to Na2SiO3 for 10 %, 20 %, 30 % 
replacement by GGBS gives more effective results. In all the 
combinations the effect of alkaline activators largely depends on 
the addition of GGBS to RM, which may be due to the reaction 
of minerals present in the GGBS with the NaOH and Na2SiO3. 
According to IRC SP:20-2002, the minimum MDD of 1.46 g/cc 
is required to use any material as an embankment fill or in any 
road construction [30]. In this research work all the trails exceeds 
the minimum MDD required as per the specifications of IRC 
which shows that alkaline activated GGBS stabilised RM satisfies 
the requirements to use in embankments with further evaluation 
of strength properties. 

The effect of compaction energy on the moisture content and 
dry density of untreated RM in the form of number of blows was 
studied by the research fraternity in the past. It is confirmed that 
the increase in the compaction energy has resulted to the 
decrease in moisture content and increase in dry density. In this 
study an attempt was made to evaluate the effect of compaction 
energy on the GGBS stabilised RM by replacing 10 %, 20 and 30 
of RM with GGBS by using distilled water. Based on the 
previous study, the number of blows used for this research work 
are 12, 15, 18, 22, 25, 28, 33, 45, 56 and the tests have been 
conducted by using a mini compaction apparatus. Table 4 depicts 
the effect of compaction energy which was converted by using 
the number of blows on the GGBS stabilised RM. It shows that 

 

Figure 2. Mini compaction test apparatus.  

Table 3. OMC a nd MDD of Alkaline activated GGBS stabilised red mud for 
both SP and MP. 

SlNo Combination 
SP Test MP Test 

OMC (%) MDD (g/cc) OMC (%) MDD (g/cc) 

1 RGD1 30.65 1.60 25.14 1.65 

2 RGD2 29.64 1.61 24.22 1.67 

3 RGD3 27.88 1.62 22.10 1.68 

4 RGA1 30.68 1.53 25.15 1.58 

5 RGA2 27.38 1.51 22.55 1.59 

6 RGA3 26.05 1.57 21.10 1.62 

7 RGA4 28.04 1.65 21.11 1.71 

8 RGA5 26.54 1.68 20.24 1.72 

9 RGA6 25.91 1.71 19.34 1.72 

10 RGA7 27.90 1.57 20.90 1.64 

11 RGA8 26.40 1.68 18.60 1.73 

12 RGA9 25.68 1.72 17.61 1.77 

13 RGA10 26.56 1.78 19.36 1.82 

14 RGA11 24.80 1.88 17.90 1.92 

15 RGA12 21.62 1.91 15.01 1.99 

Table 4. Effect of Compaction energy on density -water relationship of GGBS stabilised RM. 

Number of 

Blows 

Compaction energy 

(kJ/m3) 

RGD1 RGD2 RGD3 

MC (%) DD (g/cc) MC (%) DD (g/cc) MC (%) DD (g/cc) 

12 285 31.66 1.59 31.01 1.60 29.10 1.60 

15 356 31.30 1.59 29.90 1.61 28.22 1.61 

18 427 30.59 1.59 30.11 1.60 28.45 1.61 

22 522 30.41 1.60 29.90 1.61 27.58 1.62 

25 594 30.65 1.60 29.64 1.61 27.88 1.62 

29 689 29.11 1.61 28.45 1.62 26.66 1.62 

33 783 28.34 1.63 27.44 1.64 24.59 1.64 

45 1068 26.40 1.64 25.81 1.66 23.56 1.66 

56 2595 25.14 1.65 24.22 1.67 22.10 1.68 



 

ACTA IMEKO | www.imeko.org March 2022 | Volume 11 | Number 1 | 5 

the increase in GGBS indicates the increase in the dry density 
with the increase of the compaction energy. This confirms that 
the compaction energy has a significant impact on moisture 
content (MC) and dry density (DD) in all the GGBS stabilised 
RM which also proves that the effective compaction results on 
attaining the better dry density of any stabilised waste material. 

4. CONCLUSIONS 

In the current study, detailed compaction tests were 
performed on virgin RM, GGBS stabilised RM and alkaline 
activated GGBS stabilised RM samples. From the results it is 
concluded that the MP tests show better compaction 
characteristics compared to SP test which highlights the effect of 
compaction energy on increasing the density of samples with the 
close package of fine particles present in RM and GGBS 
stabilised RM. GGBS acts as a good stabiliser for RM with the 
satisfying density as per the IRC specifications for the 
construction of embankments and other filling layers. The 
increase in MDD and decrease in OMC was observed with the 
increase of GGBS percentage to RM in all the trails. The results 
conclude that there is a minimum amount of influence on the 
density of RM with alkaline activator, but the influence of 
alkaline activator was more on the amount of GGBS added to 
the RM in both SP and MP tests. The outcome of this research 
work emphasizes that the waste materials can be effectively 
utilized upon stabilising with suitable other industry by products 
or waste materials and the available alkaline activators. Further, 
strength properties and leachate characteristics can be studied of 
these combinations in future to improve the utilization in various 
civil engineering applications. 

ACKNOWLEDGEMENT 

Authors acknowledge School of Engineering and 
Technology, Christ University for providing all the laboratory 
facilities to perform this study. 

REFERENCES  

[1] S. Abbas, M. A. Saleem, S. M. S. Kazmi, M. J. Munir, Production 

of sustainable clay bricks using waste fly ash: Mechanical and 

durability properties, J. Build. Eng., 14 (2017), pp. 7–14.  

DOI: 10.1016/j.jobe.2017.09.008  

[2] F. A. Kuranchie, S. K. Shukla, D. Habibi, Utilisation of iron ore 

mine tailings for the production of geopolymer bricks, Int. J. 

Mining, Reclam. Environ., 30(2) (2016), pp. 92–114.  

DOI: 10.1080/17480930.2014.993834  

[3] F. Noorbasha, M. Manasa, R. T. Gouthami, S. Sruthi, D. H. Priya, 

N. Prashanth, M. Z. Ur Rahman, FPGA Implementation of 

Cryptographic Systems for Symmetric Encryption, Journal of 

Theoretical and Applied Information Technology, 95(9) (2017), 

pp. 2038-2045.  

DOI: 10.1155/2021/6610655  

[4] E. Mukiza, L. L. Zhang, X. Liu, and N. Zhang, Utilization of red 

mud in road base and subgrade materials: A review, Resour. 

Conserv. Recycl., 141 (2019), pp. 187–199  

DOI: 10.1016/j.resconrec.2018.10.031  

[5] P. V. V. Kishore, A. S. C. S. Sastry, Z. Ur Rahman, Double 

technique for improving ultrasound medical images, Journal of 

Medical Imaging and Health Informatics, 6(3) (2016), pp. 667-675. 

DOI: 10.1166/jmihi.2016.1743  

[6] S. S. Mirza, M. Z. Ur Rahman, Efficient adaptive filtering 

techniques for thoracic electrical bio-impedance analysis in health 

care systems, Journal of Medical Imaging and Health 

Informatics, 7(6) (2017), pp. 1126-1138.  

DOI: 10.1166/jmihi.2017.2211  

[7] J. Prabakar, N. Dendorkar, R. K. Morchhale, Influence of fly ash 

on strength behavior of typical soils, Constr. Build. Mater., 

18(4)(2004), pp. 263–267.  

DOI: 10.1016/j.conbuildmat.2003.11.003  

[8] R. A. Shaik, D. R. K. Reddy, Noise cancellation in ECG signals 

using normalized Sign-Sign LMS algorithm, In 2009 IEEE 

International Symposium on Signal Processing and Information 

Technology (ISSPIT), IEEE, (2009), pp. 288-292.   

DOI: 10.1109/ISSPIT.2009.5407510  

[9] R. J. Haynes, Reclamation and revegetation of fly ash disposal sites 

- Challenges and research needs, J. Environ. Manage., 90(1) (2009), 

pp. 43–53.  

DOI: 10.1016/j.jenvman.2008.07.003  

[10] M. N. Salman, P. T. Rao, Novel logarithmic reference free 

adaptive signal enhancers for ECG analysis of wireless cardiac care 

monitoring systems, IEEE Access, 6 (2018), pp. 46382-46395.  

DOI: 10.1109/ACCESS.2018.2866303  

[11] L. Martins, A. Ribeiro, M. C. Almeida, J. A. Sousa, Bringing optical 

metrology to testing and inspection activities in civil engineering, 

Acta IMEKO, 10(3) (2021), pp. 3-16.   

DOI: 10.21014/acta_imeko.v10i3.1059  

[12] N. Gangadhara Reddy, B. Hanumantha Rao, Evaluation of the 

Compaction Characteristics of Untreated and Treated Red Mud, 

Geotech. Spec. Publ., 272 (2016), pp. 23–32.   

DOI: 10.1061/9780784480151.003  

[13] S. K. Rout, T. Sahoo, S. K. Das, Design of tailing dam using red 

mud, Cent. Eur. J. Eng., 3(2) (2013), pp. 316–328.   

DOI: 10.2478/s13531-012-0056-7  

[14] W. M. Mayes, I. T. Burke, H. I. Gomes, Á. D. Anton, M. Molnár, 

V. Feigl, É. Ujaczki, Advances in Understanding Environmental 

Risks of Red Mud After the Ajka Spill, Hungary, J. Sustain. Metall., 

2(4) (2016), pp. 332–343.   

DOI: 10.1007/s40831-016-0050-z  

[15] S. M. Osman, R. Kumme, H. M. EI-Hakeem, F. Loffler, E. H. 

Hasan, R. M. Rashad, F. Kouta, Multi capacity load cell prototype, 

Acta IMEKO, 5(4) (2016), pp. 64-69.  

DOI: 10.21014/acta_imeko.v5i3.310  

[16] A. K. Pathak, V. Pandey, K. Murari, J. P. Singh, Soil stabilisation 

using ground granulated blast furnace slag, J. Eng. Res. Appl, 4(2) 

(2014), pp. 164–171. 

[17] Y. Yi, C. Li, and S. Liu, Alkali-activated ground-granulated blast 

furnace slag for stabilization of marine soft clay, J. Mater. Civ. 

Eng., 27(4) (2015), pp. 1–7.   

DOI: 10.1061/(ASCE)MT.1943-5533.0001100  

[18] M. Mavroulidou, S. Shah, Alkali-activated slag concrete with paper 

industry waste, Waste Management and Research, 39 (3) (2021), 

pp. 466-472.   

DOI: 10.1177/0734242X20983890  

[19] S. A. Bernal, E. D. Rodriguez, R. M. de Guteirrez, J. L. Provis, S. 

Delvasto, Activation of Metakaolin/slag bends using alkaline 

solutions based on chemically modified silica fume and rice husk 

ash, Waste Biomass Volar, 3 (2012), pp. 99-108.   

DOI: 10.1007/s12649-011-9093-3  

[20] T. Bhakarev, J. G. Sanjayan, Y. B. Cheng, Alkali activation of 

Australian slag, Cem. Conc. Res., 29(1) (1999), pp. 113-120.  

DOI: 10.1016/S0008-8846(98)00170-7  

[21] ASTM D854-14, Standard test methods for specific gravity of soil 

solids by water pycnometer, Annual Book of ASTM Standard, 

ASTM International, West Conshohocken, PA. 4(8) (2014). 

https://doi.org/10.1016/j.jobe.2017.09.008
https://doi.org/10.1080/17480930.2014.993834
https://doi.org/10.1155/2021/6610655
https://doi.org/10.1016/j.resconrec.2018.10.031
https://doi.org/10.1166/jmihi.2016.1743
https://doi.org/10.1166/jmihi.2017.2211
https://doi.org/10.1016/j.conbuildmat.2003.11.003
https://doi.org/10.1109/ISSPIT.2009.5407510
https://doi.org/10.1016/j.jenvman.2008.07.003
https://doi.org/10.1109/ACCESS.2018.2866303
https://doi.org/10.21014/acta_imeko.v10i3.1059
https://doi.org/10.1061/9780784480151.003
https://doi.org/10.2478/s13531-012-0056-7
https://doi.org/10.1007/s40831-016-0050-z
https://doi.org/10.21014/acta_imeko.v5i3.310
https://doi.org/10.1061/(ASCE)MT.1943-5533.0001100
https://doi.org/https:/doi.org/10.1177/0734242X20983890
https://doi.org/10.1007/s12649-011-9093-3
https://doi.org/10.1016/S0008-8846(98)00170-7


 

ACTA IMEKO | www.imeko.org March 2022 | Volume 11 | Number 1 | 6 

[22] ASTM D4318-10, Standard test methods for liquid limit, plastic 

limit and plasticity index of soils, Annual Book of ASTM Standard, 

ASTM International, West Conshohocken, PA, 4(8) (2010). 

[23] ASTM D422-63, Standard test method for particle size analysis of 

soils, Annual Book of ASTM Standard, ASTM International, 4(8), 

West Conshohocken, PA. 

[24] ASTM D1140-14 (2014), Standard test methods for determining 

the amount of material finer than 75 micro meter (No 200) sieve 

in soils by washing, Annual Book of ASTM Standard, ASTM 

International, West Conshohocken, PA, Vol. 4(8). 

[25] ASTM D2487-11, Standard practice for classification of soils for 

engineering purposes (unified soil classification system), Annual 

Book of ASTM Standard, ASTM International, 04-08 (2011), West 

Conshohocken, PA. 

[26] ASTM D698-07, Standard test methods for laboratory 

compaction characteristics of soil using standard effort.” Annual 

Book of ASTM Standard, ASTM International, West 

Conshohocken, PA, 4(8) (2007)  

[27] ASTM D1557-12, Standard test methods for laboratory 

compaction characteristics of soil using modified effort.” Annual 

Book of ASTM Standard, ASTM International, 04-08 (2012), West 

Conshohocken, PA. 

[28] A. Sridharan, P. V. Sivapullaiah, Mini compaction test apparatus 

for fine grained soils, Geotech. Test. J, 28(3) (2005) pp. 240–246.  

DOI: 10.1520/GTJ12542  

[29] S. Alam, S. K. Das, B. H. Rao, Strength and durability 

characteristic of alkali activated GGBS stabilized red mud as geo-

material, Constr. Build. Mater., 211 (2019), pp. 932–942.  

DOI: 10.1016/j.conbuildmat.2019.03.261  

[30] IRC (Indian Road Congress), Guide lines and construction of rural 
roads. IRC SP 20, New Delhi, India: IRC, (2002). 

 

 

https://doi.org/10.1520/GTJ12542
https://doi.org/10.1016/j.conbuildmat.2019.03.261

