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ABSTRACT

The prohibition of river sand mining has drawn the attention of researchers in finding prac-

ticable alternatives. In the approach of finding these alternatives, it is essential to ensure min-

imal or zero impairment to the ecological balance, which can be mainly attained by making use

of industrial waste/byproducts. The wastes from the mining industry are the major contributors

in causing impairment to the environment, and their influence on the stability of mortars on

using as fine aggregates needs to be systematically investigated with the view of long-term

performance concerns. Thus, the present study explores the applicability of mine tailings and

finding the optimum dosage in cement mortars by investigating the engineering properties and

microstructure development with the aid of qualitative and quantitative analysis associated

with hydration products. The studies confirm that the increased consumption of portlandite

for secondary hydration reactions followed by the additional formation of calcium silicate

hydrate (CSH) and calcium aluminum silicate hydrate (CASH) phases in mine tailing-based

mortars helped in achieving a quality microstructure. These additional formations of CSH

and CASH phases are also confirmed through Fourier transform infrared spectroscopy by

identifying the shift of Si-O-Si stretching vibration bands toward a lower wavenumber. The

lowering of calcium/silicate atomic ratio and increased formation of mineralogical compounds

related to CSH and CASH in x-ray diffraction patterns also confirms the same. Gismondine,

chabazite, and hillebrandite are the additional phases formed and found to take part in refining

the pore structure. This enhanced performance of mine tailing mortars was also verified with

the aid of a modified Andreasen and Andersen particle packing model. The formation of high-

quality microstructure is reflected in the hardened properties of optimized cement mortar in

the proportion of 20 % for iron ore tailing and 30 % for copper ore tailing.
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Introduction

With the ever-increasing quantities of industrial byproducts and waste materials produced worldwide, solid waste

management has become a major environmental concern. Discharging industrial wastes such as mine tailings into

the environment has a greater ability to cause environmental hazards that can pose a substantial health risk to all

creatures. In India, the mining industry is one of the most important contributors to the national economy.

The principal minerals found in the country include bauxite, chromite, copper, diamonds, dolomite, fluorite, graph-

ite, gold, iron ore, limestone, etc. Waste materials are generated in abundant quantity during the mining of minerals

and ores. Because they are no longer useful to mine owners, after the extraction of required material, tailings are

dumped in the surroundings, which occupy a large amount of land. If not properly maintained, they cause some

major hazards to the environment in the form of land degradation, fire hazards, water pollution, and air pollution

because of the presence of toxic and combustible compositions.1–5 But maintaining the stability of these dumps is

also a major challenge for the mining industry. It has been reported that the quantity of tailings generation went up

to 90–98 % for copper ore and 20–50 % for other minerals.6–8 Thus, huge quantities of tailings are being generated

from different sources such as copper ore, bauxite ore, iron ore, and gold ore, which are estimated to be 4.06 billion

kgs, 2.74 trillion kgs, 294.65 billion kgs and around 1,000 kgs, respectively, per annum.9,10

Because of the lack of landfill space and its high cost, the usage of these mine tailings in some applications has

become increasingly essential. However, the effective approach for the application of these mine tailings is not

being suitably developed.1,2,5 Thus, there is a potential need to utilize these mine tailings in an effective manner in

different fields like construction, pavements, backfilling, etc. Whereas on the other hand, river sand mining has

been prohibited in many provinces because of the adverse impacts causing ecological imbalances in the envi-

ronment. But natural river sand has been widely accepted as a conventional fine aggregate in the production of

cement mortars. As of now, fine crushed granite rocks (manufactured sand, i.e., M-Sand) have largely replaced

river sand in the construction industry. Even though M-Sand showed satisfying performance as an alternative to

river sand, it has certain disadvantages in fulfilling the performance requirements of concrete such as grading

requirements, workability,11 surface finishing ability,12 compressive strength, density, yield, etc. Moreover, the

problems associated with river sand extraction are far more destructive than mining of granite rocks, which is

being widely accepted as coarse aggregate in producing concrete.13,14 Thus, the production of concrete and mor-

tars using mine tailings is the best possible option when these tailings can be employed sustainably as an alter-

native ingredient to river sand. The use of these mine tailings as a replacement for conventional materials can not

only provide an abundant and cheap source of raw materials for concrete or mortar but also minimize pollutants

and improve sustainability credentials.

The application of mine tailings as a replacement for river sand in the cementitious system has been

investigated by the researchers, who witnessed a satisfactory performance as the mine tailings were usually

in a well-graded state with particle size distribution (PSD) being quite similar to river sand. Previous studies

have also revealed that the utilization of mine tailings is economical, efficient, and socially beneficial and improves

the environmental situation.15–18 The hardened properties of iron ore tailing (IOT)–based cementitious compo-

sites were reported to increase till 25 %,19 25–40 %,20 35 %,21 50 %,18 and even 100 %22 replacement of river sand.

Studies have also reported that density of cementitious composites increases with the usage of mine tailings in the

presence of heavy metals.15,18,20,23,24 However, the workability and durability characteristics were reported to

reduce with the usage of IOT.18–20,22

The workability characteristics of cementitious composites were found to be enhanced by the usage of copper

ore tailing (COT) because of its particle morphology.15 Previous studies have also witnessed a slight improvement

in the hardened properties of COT-based cementitious composites till 10–20 %,23,24 60 %,25 and even 100 %26

replacement of river sand. In contrast to this, there is a study claiming the hardened properties are reduced with
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the usage of COT.15 In addition to these, some studies have also confirmed the durability characteristics are

reduced by the usage of COT.23,24 These observed hindrances were primarily attributed to inferior physical prop-

erties and grading requirements of mine tailings in comparison with the conventional river sand.15

However, a great deal of variability was observed in the reported values of engineering properties in the case

of cementitious composites produced by using mine tailings. Each of them showed a different impact on the

mechanical properties and long-term durability of the resulting cement mortar. The influence of using mine

tailings followed by the mechanism that alters the engineering properties of cement mortar were not thoroughly

investigated in the available literature. In addition, the characterization studies on these mine tailing–based ce-

ment mortars were found to be very limited in the literature, and it is the need of the hour to understand because it

is very much essential in assessing the long-term behavior and bridging future research. Hence, the present study

aims to comprehensively investigate the influence of using mine tailings as a substitute material to river sand

through experimental investigations and characterization techniques. Thus, an attempt has been made to discuss

the physical and chemical mechanism that occurs in the cementitious system upon the usage of mine tailings that

prerequisite the clear understanding of material, engineering, microstructure, and durability properties of cement

mortar. Consequently, the present study contributes to developing a sustainable solution for the problems asso-

ciated with the waste management of COT and IOT by effectively using them as an alternative to conventional

fine aggregates in practice as a way toward achieving sustainability.

Materials and Experimental Methodology

MATERIALS USED AND THEIR PROPERTIES

The binder used for the production of cement mortar was 53 grade ordinary portland cement (OPC 53G) con-

forming to ASTM C150/C150M-22, Standard Specification for Portland Cement.27 Locally available normal

potable water conforming to IS 10500:2012, Drinking Water Specifications,28 was used for mixing and curing

of mortar specimens. Natural river sand falling under zone II of IS 383-2016, Specification for Coarse and

Fine Aggregate from Natural Sources for Concrete,29 was utilized as fine aggregate, and polycarboxylate

ether–based superplasticizer conforming to IS 2645:2003, Specification for Integral Waterproofing Compounds

for Cement Mortar and Concrete-Specification,30 and IS 9103:1999, Specification for Concrete Admixtures,31

was employed to achieve the required flow characteristics in the produced cement mortar. The study mainly

highlights the effective utilization of two varieties of mine tailings such as IOT and copper ore tailings

(COT) as possible alternatives to river sand.

Various tests were conducted as per the standards to extract the properties of materials used, and the ob-

served results are tabulated in Table 1. Figure 1A presents their PSD. The PSD data show that a significant volume

of finer fractions (less than 150 μm) were present in mine tailings (11.6 % in IOT and 9.9 % in COT). The finer

TABLE 1
Properties of various materials used in the study

Properties

Materials

OPC RS IOT COT SP

Specific gravity 3.11 2.59 3.32 2.39 1.08 ± 0.02

Fineness, m2/kg 300 … … … …

Bulk density, kg/m3 Loose … 1,500 1,733 1,372 …

Compacted … 1,598 1,925 1,575 …

% of voids Loose 43.07 47.71 42.61 …

Compacted … 39.34 41.93 34.10 …

Fineness modulus … 2.47 2.32 1.74 …

Water absorption, % … 0.98 0.66 0.79 …

Note: RS = river sand; SP= superplasticizer.
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fractions of size below 75 μm were found to be 9.4 % in COT and 4.8 % in IOT. Figure 1B presents the x-ray

diffraction (XRD) patterns of fine aggregates used, which highlights their mineralogical compositions and particle

geometry. The XRD patterns of river sand show highly crystalline geometry predominantly with quartz and traces of

copper sulfate and triazene in it. However, the tailing particles showed a comparatively more amorphous structure

than river sand because of the presence of reactive minerals in them. The lower intensity range of XRD peaks in

tailing particles compared with that of river sand confirms the lower crystallinity of mine tailings. The analysis shows

that the IOT has aluminosilicate minerals (Al2SiO5), such as sillimanite and kyanite. Iron-based minerals, such as

coquimbite and danalite, were also detected through XRD analysis. Similarly, the COT shows aluminosilicate min-

erals such as polylithionite, anthorite (CaAl2Si2O8), chlorite, and traces of copper-based mineral mgriite. A similar

kind of structural geometry was obtained in the past studies conducted on IOT19,22 and COT particles.32–34

The morphology of the tailing particles was studied by conducting scanning electron microscopy (SEM)

under secondary electron mode. Figure 2 shows the scanning electron micrographs of mine tailings at different

magnifications. Table 2 shows the chemical compositions of these mine tailings extracted from x-ray fluorescence

spectroscopy (XRF) technique.

EXPERIMENTAL METHODOLOGY

Details of Cement Mortar Mixes Developed

The study was fundamentally carried out with three varieties of cement mortar mixes. Cement mortar produced

without any replacement of river sand was considered as reference mix, i.e., control mix (CM). The other two

varieties of mortar mixes involve the replacement of river sand with mine tailings. The mortar mixes named with

letter “I” belong to IOT-based mortar, and those with letter “C” belong to COT-based mortar. The subsequent

numbers represent the replacement level by volume of river sand with mine tailings. All the mortar mixes de-

veloped in the study were prepared with water to cement ratio (w/c) of 0.45 and volume of binder to fine aggregate

ratio of 1:3. The necessary moisture and water absorption corrections were incorporated while preparing the

mortar mixes. The present study considers the guidelines given by IS 2250-1981 in selecting the required flow

for mortar mixes.35 To ensure better workability of produced mortar mixes for filling cavities, a minimum flow

value of 150 mm was maintained throughout the study using superplasticizer. The selected range of flowability

FIG. 1 (A) PSD of various materials used; (B) mineralogical composition of fine aggregates used.
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also satisfies the workability requirement under laboratory scale recommended by ASTM C270-08a, Standard

Specification for Mortar for Unit Masonry.36 The detailed mix proportion along with the basic properties of vari-

ous mortar mixes produced in the present study are being tabulated in Table 3.

Production of Cement Mortar Samples

Cement mortar specimens of size 70.6 by 70.6 by 70.6 mm were cast and tested in the present investigation.

Mixing of mortar was done in an automatic mortar mixer designed as per the guidelines mentioned in

EN 196-1.37 The cast specimens were further allowed to set under a humid environment (i.e., 27°C ± 2°C and

95 % relative humidity). Furthermore, these specimens were demolded after 24 h and immersed in normal potable

water for curing maintained at 27°C ± 2°C till the date of testing. After the curing period of 3, 7, 28, 56, and 120 d,

samples were taken out, dried, and tested to check their performance in the hardened state.

Details of Tests Performed

Fresh and Hardened Properties

The mortar mixes were assessed in the fresh state to check the workability and setting time. To investigate the

hardened properties of produced mortars, tests were carried out using both destructive and nondestructive

FIG. 2

(A) Mine tailing, (B)

scanning electron

micrograph at ×500, and

(C) scanning electron

micrograph at ×10,000.

TABLE 2
Chemical compositions of IOT and COT

Component

% Mass

MgO Al2O3 SiO2 P2O5 SO3 K2O CaO MnO

IOT 1.12 4.54 39.50 0.09 0.09 0.21 0.70 0.31

COT 2.03 8.68 65.26 0.27 4.33 4.12 3.68 0.10

% Mass

Component Fe2O3 Na2O Cl TiO2 CuO SrO ZrO2

IOT 53.43 … … … … … …

COT 9.65 0.69 0.01 0.64 0.39 0.06 0.07

54 SUMUKH ET AL. ON MINE TAILING BASED MORTAR

Advances in Civil Engineering Materials

https://www.astm.org/Standards/C270.htm


methods. These tests were conducted at the age of 3, 7, 28, 56, and 120 d of curing for all mortar mixes.

The average of three values obtained from three specimens was taken into consideration and the same was re-

ported. Table 4 shows the details of the tests performed to assess the fresh and hardened properties.

Microstructural Analysis and Characterization Techniques Used

The performance of cement mortars was primarily influenced by their microstructure. Thus, understanding the

microstructure of cement mortars and hydration products formed is very critical. The chunks were collected from

the core of mortar samples after 28 and 120 d of curing and kept immersed in isopropyl alcohol for 24 h to

discontinue the hydration mechanism beyond that specific curing age.45,46 Furthermore, the chunks were dried

in an oven at a temperature range of 40°C–60°C till the weight gets stabilized. These oven-dried samples were then

stored in moist-free desiccators maintained using silica gel pellets and vacuum pump. These samples were

TABLE 3
Details of the mortars produced

Mix Name

Weight, kg/m3

SP, %

Dry Density, kg/m3 Setting Time, min

OPC RS IOT/COT Water 28 d 120 d IST FST

CM 777.50 1,943.25 … 349.88 0.00 2,247.82 2,273.40 333 448

IOT-Based mortar

I10 777.50 1,748.93 248.63 349.88 0.09 2,259.19 2,311.29 288 445

I20 777.50 1,554.60 497.25 349.88 0.10 2,324.55 2,385.17 283 439

I30 777.50 1,360.30 745.88 349.88 0.10 2,344.44 2,387.07 269 423

I40 777.50 1,165.95 994.50 349.88 0.25 2,356.00 2,389.34 227 412

I50 777.50 971.63 1,243.13 349.88 0.40 2,389.03 2,415.49 219 409

COT-Based mortar

C10 777.50 1,748.93 179.25 349.88 0.00 2,279.08 2,311.29 304 436

C20 777.50 1,554.60 358.50 349.88 0.10 2,200.00 2,239.30 302 426

C30 777.50 1,360.30 537.75 349.88 0.10 2,185.00 2,225.09 291 420

C40 777.50 1,165.95 717.00 349.88 0.10 2,119.95 2,224.52 275 404

C50 777.50 971.63 896.25 349.88 0.45 2,057.43 2,207.47 260 399

Note: FST = final setting time; IST = initial setting time.

TABLE 4
Details of the tests conducted to investigate the fresh and hardened properties

Type Test Reference Remarks

Fresh properties Mini flow table test BS EN 1015-338 -Workability/flowability measurement-To fix the superplasticizer

dosage required for maintaining a minimum flow diameter of

150 mm

Setting time ASTM C403/C403M-0839 -Initial and final setting time measurement using penetration

resistance measurements

Hardened

properties

Compressive strength IS 4031-Part 6:198840 -Using compressive testing machine at a loading rate of 35 MPa/min

Dry density BS EN 1015-10:199941 -Oven-dried weight by volume method using weighing balance

Permeable porosity Safiuddin and Hearn42

and Das, Singh, and Pandey43
-Vacuum water absorption technique using vacuum desiccators

Water absorption ASTM C948-81(2023)44 -Using change in weight at oven-dried condition and saturated

surface–dried condition (immersed in water for not less than 24 h)

Note: BS EN 1015-3,Methods of Test for Mortar for Masonry –Determination of Consistence of Fresh Mortar (by Flow Table); ASTM C403/C403M-08,
Standard Test Method for Time of Setting of Concrete Mixtures by Penetration Resistance (Superseded); IS 4031-Part 6:1988, Methods of Physical
Tests For Hydraulic Cement-Part 6: Determination of Compressive Strength of Hydraulic Cement Other Than Masonry Cement (First Revision); BS EN
1015-10:1999,Methods of Test for Mortar for Masonry - Determination of Dry Bulk Density of Hardened Mortar; ASTM C948-81(2023), Standard Test
Method for Dry and Wet Bulk Density, Water Absorption, and Apparent Porosity of Thin Sections of Glass-Fiber Reinforced Concrete.
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examined using various characterization techniques to investigate the microstructure development in various

types of cement mortars.

SEM and energy-dispersive x-ray spectroscopy—To investigate the developed microstructure and to carry out

the morphological observations in optimized mortars (best performing), SEM technique was used in secondary

electron mode. Furthermore, with the aid of energy-dispersive x-ray spectroscopy (EDS), the elemental compo-

sition of various types of cement mortars were analyzed. All the preserved samples were gold sputtered before

taking them for microstructural examination.

XRD analysis—The mineralogical compositions of produced mortars were studied with the help of XRD

studies. The preserved samples were ground and sieved in 75 μm IS sieve, and the collected powdered fine par-

ticles were taken for examination. The studies were carried out in Jeol-JPX 8P and Malvern Panalytical x-ray

diffractometers equipped with Cu Kα radiation (40 kV/40 mA) at a scanning rate of 2°/min. The samples were

examined with the 2θ angle ranging from 4° to 80°, and the received XRD patterns were further analyzed with the

aid of software X’Pert High Score Plus.

Thermogravimetric analysis—Thermogravimetric analysis (TGA) was performed using RIGAKU TG-DTA

8112 analyzer to quantify the hydration products formed in different types of mortars at 28 and 120 d of curing

age. The hardened paste from the preserved mortar samples were ground into powder and sieved through 75 μm
sieve. The finer powder collected after sieving was characterized in a nitrogen purge environment at temperatures

ranging from room temperature to 875°C. The heating rate was maintained at 20°C/min, and purge rate was

maintained at 20 mL/min. When the hydrated mortar samples were subjected to elevated temperatures, ther-

mogravimetric mass loss took place at various temperature boundaries because of the evaporation of free water,

decomposition of hydration products by dehydration, dehydroxylation, and decarbonation.45,47,48 These temper-

ature boundaries were determined based on the endothermic peaks formed in derivative thermogravimetric curve

(DTG) because of decomposition (weight loss) of compounds. The endothermic peak usually occurs in the tem-

perature range of 50°C–120°C, 120°C–150°C, 110°C–300°C, and 230°C–380°C corresponding to the dehydration

of water molecules from the ettringite, gypsum, CSH, and Friedel’s salt, respectively.45,49–54 Thereafter, the weight

loss that occurs between 400°C and 500°C is associated with the decomposition of calcium hydroxide (CH).45,50

Similarly, the temperature boundary associated with the decomposition of calcium carbonate appears in the tem-

perature boundary of 600°C–800°C.45

Fourier transform infrared spectroscopy—Fourier transform infrared spectroscopy (FTIR) studies were per-

formed with the aid of Bruker Alpha II FTIR equipment and OPUS software. The sample preparation is similar to

that followed for XRD and TGA analysis. FTIR studies were performed to obtain the transmittance spectra in the

wavelength ranges from 600 to 4,000 cm 1 under attenuated total reflectance (ATR) mode. The formation of

different phases in cementitious system such as portlandite [Ca(OH)2], C-S-H, calcium aluminum silicate hydrate

(CASH), sulfates, and carbonate phases (such as ettringite, hemicarbonate, monosulfoaluminate, sulfoaluminate,

calcium carbonate), etc., can be recorded based on the peak intensity and shift over the age of curing and also

compared among the different types of mortars produced.

Analysis of Results and Discussions

PARTICLE PACKING OF PRODUCED CEMENT MORTAR MIXTURES

The particle packing of the 11 mortar mixes designed in the present study were analyzed using modified

Andreasen and Andersen packing model.55 To carry out the analysis, “EMMA” software was employed, which

adopts the principle of a modified Andreasen and Andersen packing model. Figure 3 shows the particle packing

curves of mine tailing–based mortars. A distribution coefficient (q) of 0.30 appropriate for achieving medium

workability was selected for the analysis.45 From the obtained curves, it is clearly observable that the addition of

mine tailings improves the particle packing of mortars till a specific replacement level by improving the extent of

fitting to the target curve fixed by the modified Andreasen and Andersen packing model for highest particle
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packing density.56 Among the various mortar mixes designed, I20 and C30 mixes showed best fitting to the target

curve.

FRESH PROPERTIES

Workability

Workability of different types of cement mortar mixes produced using varying dosages of IOT and COT as

a replacement to river sand were checked using mini-flow table test. To ensure the desired workability in the

produced mortar mixes, a minimum flow diameter of 150 mm was fixed and achieved with the aid of super-

plasticizer. The results reported in figure 4A (IOT-based mortar) and figure 4B (COT-based mortar) consist of

flow diameter, flow value, and their corresponding dosage of superplasticizer consumption.

From the obtained results, it can be noticeable that the addition of IOT into the mortar mix as a replacement

to river sand reduces the flow characteristics. This behavior can be clearly observed through the dosage of super-

plasticizer consumption with the percentage usage of IOT. The control mortar (CM) produced entirely with river

sand as fine aggregate was observed to achieve required minimum flow diameter of 150 mm without consuming

any superplasticizer. With the percentage usage of IOT as replacement to river sand, the flow characteristics were

observed to become poorer because of the intrinsic properties of IOT. The rough textured IOT particles increase

the friction between the particles, and the sharp edges of IOT particles block the movement of particles over one

FIG. 3 Particle packing curves of (A) IOT-based mortars and (B) COT-based mortars determined using modified

Andreasen and Andersen particle packing model.

FIG. 4 Flow characteristics of (A) IOT-based mortar and (B) COT-based mortar. Bwob = by weight of binder.
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another. Also, the fine nature of IOT particles as compared with river sand leads to filling the void spaces and

makes the mortar more uniform and cohesive till I20. Furthermore, a drastic fall in the flow values (i.e., from I30)

was observed, which can be attributed to the poor gradational characteristics because of the occurrence of an

excessive amount of fines, which demands higher water content for surface wetting, resulting in the formation of

stiffer mortar mixes. These observations are in line with the inference made in some past studies.19,20 The dry and

harsh mortar mixes thus produced led to increased superplasticizer consumption to a greater extent, and thereby

mortar mixes showed reduced workability.

Similarly, in the COT-based mortar, a sudden drop in the flow values was observed beyond 30 % replacement

of river sand with COT because of the increased amount of fines in the mortar mix. This can be clearly observed

through the flow values and the superplasticizer dosages consumed among the mixes C30, C40, and C50. Even

though the superplasticizer dosage was kept constant between the mixes C30 and C40, a sudden declination in the

flow values was observed, and further from C40 to C50 mix, a sudden increment in the superplasticizer dosage

requirement was observed. However, the flow characteristics were found to be improved right from the CM till

C30. This can be clearly noticeable from the flow values and their corresponding superplasticizer dosage from CM

to C10 and C20 to C30 mix. This behavior can be attributed to the smooth glossy textured and angular-shaped

COT particles that reduce the friction and help in movement among the particles with great ease.25,26 Also, the

fine particles of COT initially tend to fill the voids at lower replacement levels (till 30 %) and make the mixes

uniform and cohesive, which helped in improving the flow characteristics.15

HARDENED PROPERTIES

Compressive Strength

Compressive strength development in control (CM), mine tailing–based mortars were measured at the curing

ages of 3, 7, 28, 56, and 120 d, and the results are plotted as a histogram. Figure 5A and 5B present the com-

pressive strength of IOT-based and COT-based mortars, respectively.

The results obtained from both IOT and COT-based mortars exhibited a decreasing trend with the content

of mine tailings in the initial days of curing (i.e., 3 and 7 d). Even though mine tailings accelerated the hydration

reaction, leading to early setting of mortar (Table 3), they exhibited slightly lower compressive strength at early

ages of curing till 7 d. This reduction in the compressive strength with the increasing amount of mine tailings is

due to the slowing down of hydration reaction by the development of low permeability layer of heavy metals

around the nonhydrated cement grains.57,58 The presence of copper ions also slightly delays the hydration process

because of the precipitation of oxides and hydroxides.58–62

However, a significant improvement in the compressive strength development of mine tailing–based mortars

was observed with the progress in curing age (beyond 7 d of curing). This could be attributed to the acceleration in

the hydration activity of cement particles under the influence of reactive minerals present in tailings. The presence

of iron compounds at higher concentrations in the mortar accelerates the hydration process.19,59,60,63,64 The addi-

tional calcium content added from the finer fractions of mine tailings also contributes in accelerating the hydra-

tion process.59,60 The IOT-based mortars showed an increasing trend of compressive strength till a sand

replacement level of 20 % and COT-based mortars till a sand replacement level of 30 %. The improved particle

packing and thereby improvised particle packing density of the mortar mixes with the addition of IOT till 20 %

and COT till 30 % helped the ingredients of mortar to undergo primary and possible secondary hydration re-

actions more effectually.19,65 Because the mine tailings are rich in siliceous and aluminous compounds, the finer

fractions of mine tailings facilitate in undergoing supplementary hydration reactions (secondary hydration re-

action/pozzolanic reaction) after 7 d of curing, resulting in the formation of additional hydration products.19

The dry density results presented in Table 3 also provide evidence for the occurrence of secondary hydration

reaction. The difference between the dry densities of mine tailing–based mortars with the percentage replacement

of sand was found to be reduced with the progress in curing age, which is attributed to the formation of additional

hydration products by the finer fractions of tailings through secondary hydration reactions. These actions helped
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in refining the pore structure of mortars in an effective manner, leading to the formation of dense microstructure

that enhances the hardened mechanical properties, such as compressive strength. It is also important to notice

from the results that the compressive strength of the mortars reduces beyond the optimized dosage of mine

tailings, which is due to the effect of poorer gradational characteristics and excessive silica-alumina content that

restrains the degree of hydration reactions. A similar trend of compressive strength of mortar by the usage of IOT

FIG. 5 (A) Compressive strength, (C) water absorption, and (E) permeable porosity of IOT-based mortars;

(B) compressive strength, (D) water absorption, and (F) permeable porosity of COT-based mortars.
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and COT in relation to control mortar was observed in past literatures.18–20,23–25 The percentage strength gain of

I20 mortar was recorded to be 2.55, 13.75, and 20.53 % at the curing ages of 28, 56, and 120 d, respectively.

Similarly, C30 mortar exhibits 29.17, 6.20, and 17.08 % at 28, 56, and 120 d of curing age, respectively.

Water Absorption and Permeable Porosity

The water absorption and permeable porosity of control and mine tailing–based mortars were assessed at the end

of 3, 7, 28, 56, and 120 d of curing. Figure 5C and 5D presents the water absorption of IOT-based and COT-based

mortars, respectively. Similarly, figure 5E and 5F represents the permeable porosity of IOT-based and COT-

based mortars, respectively. The results obtained show that both water absorption and permeability porosity

follow a quite similar trend with the percentage usage of mine tailings at all the curing ages. This could be

due to the fact that the absorbed water predominantly accumulates in the permeable void spaces or pores present

in the mortar mixes, and these pore volumes are usually regarded as porosity. It is also important to notice that

both water absorption and permeable porosity reduce with the progress in curing age, which is due to the for-

mation and accumulation of hydration products that refines the pore structure in mortar.

The utilization of mine tailings in the mortars as a replacement to river sand showed positive results in the

case of water absorption and permeable porosity. The water absorption and permeable porosity were found to

reduce with the increasing proportion of mine tailings till a certain replacement level and thereafter were found to

increase. This behavior can be ascribed to the improved particle packing and improved affinity to undergo sec-

ondary hydration reaction by the finer fractions of mine tailings with the increasing level of sand replacement.19,65

A similar trend of reducing water absorption with the usage of IOT was noticed in previous studies.19 The mortar

mixes “I20” and “C30” recorded the lowest water absorption and permeable porosity values. In addition to these,

the lower water-absorbing capacity of IOT and COT in comparison with the river sand also contributes in reduc-

ing the water absorption and permeable porosity of mortar. However, exceeding the dosage of mine tailings

beyond optimum percentage (i.e., 20 % of IOT and 30 % of COT) causes an increase in the water absorption

and permeable porosity because of poor gradational characteristics and lack in water availability for undergoing

hydration reactions caused by the increased amount of fines in the mortar mix. The reduced alkalinity in the

mortar by the high-volume replacement of sand by mine tailings might also be the cause for the increased water

absorption and permeable porosity.

MICROSTRUCTURE AND CHARACTERIZATION STUDIES

Mineralogical Characterization

The influence of different dosages of mine tailings on the mineralogical compounds was studied at the curing ages

of 28 and 120 d using the XRD patterns. The XRD analysis was carried out for the control mortar and till one

replacement level beyond the optimum mine tailing–based mortar (i.e., till I30 and C40). The details of the min-

eralogical compounds such as chemical name, empirical formula, and peak assignment designations are tabulated

in Table 5.

Figure6A presents the XRD patterns of 28 d cured and figure6B those of 120 d cured mortar samples of the

optimized mixes (i.e., CM, I20 and C30). By observing the XRD patterns of 28-d cured mortar samples, it is

noticeable that the crystalline phases are greater and prominent in mine tailing–based mortars because of

the presence of more CH and other unhydrated particles in comparison with the control mortar. The occurrence

of portlandite (CH) peaks are greater and prominent in mine tailing–based mortars, which is due to additional

portlandite formed from the calcium particles present in the finer fraction of mine tailings.59,60 The increased

portlandite peaks are also due to accelerated hydration reaction caused by improved particle-packing intensity

and higher iron oxide compounds.59,60,63–65 In addition to these, a preferential formation of additional calcium

silicate hydrates (CSH) and CASH phases were observed because of the occurrence of effective primary and

secondary hydration reactions facilitated by the finer fraction of mine tailings. The mineralogical compounds

related to CSH and CASH phases such as gismondine, chabazite, xonotlite, and hillebrandite were found to

be additionally formed.
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TABLE 5
Details of the mineralogical compounds and their peak assignment

Compound Details

Peak Assignment of COT-Based Mortar Peak Assignment of IOT-Based Mortar

28 d Curing 120 d Curing 28 d Curing 120 d Curing

CM C10 C20 C30 C40 CM C10 C20 C30 C40 I10 I20 I30 I10 I20 I30

Quartz (silicon oxide [SiO2]) Q Q Q Q Q Q Q Q Q Q Q Q Q Q Q Q

Portlandite (calcium hydroxide [Ca(OH)2]) P P P P P P P P P P P P P P P P

Hillebrandite (calcium silicate hydroxide [Ca2(SiO3)(OH)2]) 2 2 2 2

Kamaishilite (calcium aluminum silicate hydroxide [Ca2Al2SiO6(OH)2]) 3 3 3 3

Tobermorite (calcium silicate hydroxide hydrate [Ca5(OH)2Si6O16·4H2O]) T T

Xonotlite (calcium silicate hydrate [Ca6Si6O17(OH)2]) X X X X X X X X X

Calcium silicate hydrate (Ca2SiO4·H2O) 5 5 5 5

Chabazite (CASH [Ca2Al4Si8O24·12H2O]) 6 6 6 6

Wairakite (CASH [CaAl2Si4O12·2H2O]) W W W W W

Gismondine (CASH [CaAl2Si2O8·4H2O]) 7 7 7 7 7 7 7 7 7

Calcite (calcium carbonate [CaCO3]) C C C C C C C C C C C C C C

Gypsum (calcium sulfate hydrate [CaSO4·2H2O]) G G G G G G G G G G G

Ye’elimite (calcium aluminum oxide sulfate [Ca3Al6 O12·CaSO4]) Y Y Y Y Y Y Y
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However, by observing the XRD patterns of 120 d–cured mortar samples, it can be noticed that the XRD

patterns of mine tailing–based mortars appeared more amorphous than 28 d ones and also in comparison with

the control mortar. This is attributed to the effective conversion of crystalline CH to amorphous gel-like structure

formed by CSH and CASH phases through primary and secondary hydration reactions. The produced CH in

control mortar remained mostly unutilized after 28 d of curing. However, the portlandite produced in the mine

tailing–based mortars appeared to get consumed for secondary hydration reactions. The formation of additional

hydration phases related to CSH and CASH are evident for the consumption of portlandite in mine tailing–based

mortars. The mineralogical compounds related to CSH and CASH phases such as gismondine, chabazite, wair-

akite, hillebrandite, and tobermorite were found to be additionally formed, which helped in refining the pore

structure of mine tailing–based cement mortar. In addition, the occurrence of various phases of carbonates, gyp-

sum, and ettringites are also the cause for more crystalline XRD patterns in control mortar.

Overall, by observing the XRD patterns, there can be seen that more mineralogical compounds related to

calcium silicates and calcium aluminum silicates were formed with fewer carbonates, gypsum, and ettringite

phases by the utilization of mine tailings in cement mortar. This development in mine tailing mortars helped

to perform superior compared with control mortar. This enhanced performance can also be witnessed through

the measured engineering properties such as compressive strength, water absorption, and permeable porosity.

FIG. 6

XRD pattern of

optimized mortars at the

curing ages of (A) 28 d

and (B) 120 d.
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TGA on IOT and COT-Based Cement Mortar

From the thermogravimetric analyzer, the weight loss of the mortar samples with the increasing temperature was

recorded, and for the analysis, Thermogravimetric (TG)/Derivative Thermogravimetric (DTG) curves were plot-

ted. Figure 7A and 7B presents the TG/DTG curves of 28 and 120 d cured IOT-based mortar samples, respec-

tively. Similarly, figure 7C and 7D shows the TG/DTG curves of 28 and 120 d cured COT-based mortar samples,

respectively.

In the present study, the hydration products such as calcium hydroxide (CH) and calcium carbonate (CC)

were quantified on the basis of their decomposition by weight loss at their specific temperature boundaries. The

various other hydration products such as gypsum, ettringite, CSH, CASH, Friedel’s salts, etc., were not computed

in the present study because of the overlap among the respective temperature boundaries.45,51,52 The quantified

values of CH and CC are graphically represented in figure 8.

The TGA results of 28 d cured IOT and COT–based mortar samples show increasing CH content with the

increasing percentage of river sand replacement by mine tailings. This is attributed to the accelerated hydration

reaction because of enhanced particle packing density and participation of elements of iron, i.e., Fe+ generated

from the finer fractions of mine tailings.19,59,60,63,64 In addition to this, the additional calcium oxide added from

the mine tailings also marginally contributes to the generation of CH.59,60 Meanwhile, there will be some influence

FIG. 7 TG and DTG curves of (A) IOT-based mortar after 28 d of curing, (B) IOT-based mortar after 120 d of curing,

(C) COT-based mortar after 28 d of curing, and (D) COT-based mortar after 120 d of curing.
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of heavy metals and copper ions too. The heavy metals present in mine tailings create a low permeability layer

around the particles, which delays the hydration reaction.57,58 The presence of copper ions also slightly delays the

hydration process because of the precipitation of oxides and hydroxides.58–62 The delayed hydration reaction thus

slows down the consumption of CH for further reactions, which creates a higher CH reserve in the mine tailing–

based mortars pore solution. The improved particle packing caused by the finer PSD of mine tailings also leads to

the extensive formation of CSH/CASH gels along with a higher volume of portlandite.59,60,63–65

Apart from these, mine tailing–based mortars recorded lower content of CC, which can be seen in figure 8,

where the control mortar showed the highest amount of CC. It is also essential to notice that there is a preferential

formation of ettringite in the control mortar, which can be seen by an intensive endothermic peak in the DTG

curve. However, the mine tailing-based mortar showed a comparatively wider but less intense endothermic peak,

which is evident for the lesser formation of gypsum and ettringite.

By observing the DTG curves and quantified CH values corresponding to 120 d cured samples, it can be seen

that the generation of CH continues with the curing age in all types of mortars. However, the consumption of CH

for the secondary hydration reactions was found to be significantly greater in mine tailing–based mortars, which

can be seen from the reducing trend of CHdiff (difference between the CH values at 28 and 120 d curing) shown in

figure 8. Conversely, the endothermic peaks corresponding to CSH and CASH were found to be broadened and

intensified with the curing age, which signifies the effective formation of CSH and CASH gels in mine tailing–

based mortars. It is also important to note that the consumption of CH is slightly greater in the optimized mine

tailing–based mortar (i.e., I20 and C30), which is due to the optimized mine tailing percentage favorable for

undergoing reactions and superior particle packing that might helped in undergoing the reactions efficiently.

However, the observed values of CH fall in the reported range of CH content (2.5 to 14.5 %) in previous findings

of cementitious mortar/concrete.66–69 However, the CH content in cementitious paste lies in the higher range

of about 7 to 32 % because of effective hydration reactions facilitated by cement grains and water.45,52,70,71 The

quantified values of CC by the end of 120 d of curing also shows the presence of CC in lower volume in mine

FIG. 8

Phase compounds

formed in IOT-based

mortar [(A) CH; (C) CC]

and COT-based mortar

[(B) CH; (D) CC] after

28 and 120 d of curing.
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tailing-based mortars. Thus, the additionally formed CSH/CASH gels along with the lower content of CC, et-

tringite and gypsum ensures better performance in the case of mine tailing-based mortars.

FTIR

Figure 9A and 9B illustrates the FTIR spectra of IOT-based cement mortar at the curing ages of 28 and 120 d,

respectively. Similarly, figure 10A and 10B illustrates the FTIR spectra of COT-based cement mortar at the curing

ages of 28 and 120 d, respectively. The corresponding details about the functional group assignment for various

wavenumbers are presented in Table 6.

It can be observed from the FTIR spectra that the vibration bands and corresponding functional groups

assigned were found to be the same in all types of mortars (i.e., CM, IOT-based and COT-based mortar) both

at 28 and 120 d of curing. By observing the FTIR spectra, it can be noticed that the vibration band corresponding

to Si-O-Si asymmetric stretching found in the wavenumber range of 1,000 cm−1 is more prominent in control

mortar and optimized mine tailing mortars (i.e., I20 and C30). These vibration bands were found to be more

intense and broader than the rest of the mine tailing–based mortars.72–74 This could be attributed to the unin-

terrupted hydration reactions that occurred in CM and effective hydration reactions that took place under the

effect of superior particle packing along with the presence of iron oxide mine tailings, which facilitated the gen-

eration of a higher amount of CSH gels.65 The occurrence of secondary hydration reactions facilitated by the finer

fractions of mine tailings also generates additional C-S-H phases.

FIG. 9 FTIR spectra of control and IOT-based mortar samples at (A) 28 d of curing and (B) 120 d of curing.
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For brevity, the wavenumbers corresponding to Si-O-Si/Al asymmetric stretching are represented using

grayscale shading technique Table 6. The grayscale shading of the table cells diverges from black (dark) to white

(bright), indicating the variation of wavenumber from maximum value to minimum value, respectively. By

observing the wavenumbers corresponding to Si-O-Si/Al asymmetric stretching band, a change in grayscale shad-

ing from black to white, by the utilization of mine tailings can be observed. This variation signifies the decrease in

wavenumbers from 1,001.68 to 954.48 cm−1 in 28 d cured mortars and from 993.48 to 960.63 cm−1 in 120 d cured

mortars. The decrease in wavenumber of Si-O-Si/Al asymmetric stretching band signifies the change of micro-

structure followed by the formation of more amorphous products with stronger bonds because of the additional

formations of silicates and aluminosilicate hydrates.66,75–77 It is also important to note that the I10 and I30 mor-

tars showed additional peaks at wavenumbers 993.48 and 997.58 cm−1, respectively, which is evident for the

formation of additional C-S-H phases by the intrusion of IOT in mortar.

The vibration band associated to Si-O-Si/Al symmetric stretching were found to be more prominent in mine

tailing-based mortars both at 28 and 120 d of curing. Especially in the case of 120 d cured samples, the vibration

bands corresponding to Si-O-Si/Al symmetric stretching were found to be comparatively broader and more in-

tense than that of control mortar. This is mainly ascribed to the formation of additional CSH and CASH phases

through the effective hydration reactions facilitated by the improved particle packing achieved from the fine

nature of mine tailings.65 The finer fractions of mine tailings also contribute in the additional formation of

CSH and CASH gels through secondary hydration reactions. The additional peak found at the wavenumber

FIG. 10 FTIR spectra of control and COT-based mortar samples at (A) 28 d of curing and (B) 120 d of curing.
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TABLE 6
Details of the functional group assignment at different wavenumbers

Notation

Number

Age of

Curing

Wavenumber (cm 1) Corresponding to Different Peaks

Functional Group AssignmentCM I10 I20 I30 C10 C20 C30 C40

1 28 3,305 3,343 3,385 3,418 3,372 3,259 3,531 3,237 O-H asymmetric stretching (Due to bonded water in portlandite

and free water)120 3,513 3,469 3,427 3,489 3,342 3,541 3,621 3,299

2 28 1,602 1,631 1,677 1,648 1,683 1,634 1,698 1,613 O-H asymmetric bending (Due to free water)

120 1,651 1,650 1,648 1,591 1,601 1,620 1,643 1,642

3 28 1,416 1,464 1,416 1,439 1,416 1,412 1,427 1,412 O-C-O asymmetric stretching (Due to carbonates)

120 1,410 1,412 1,408 1,437 1,408 1,401 1,412 1,422

4 28 1,086 1,084 1,096 1,098 1,094 1,096 1,092 1,110 S-O stretching (Due to gypsum and ettringites)

120 1,087 1,095 1,081 1,094 1,115 1,102 1,086 1,113

5 28 … 993 … 998 … … … … Si-O-Si/Al asymmetric stretching (Due to silicates and

aluminosilicate hydrates)1,002 965 954 963 973 971 954 963

120 993 961 971 971 967 961 963 963

6 28 872 874 872 879 870 874 885 … O-C-O bending (Due to carbonates)

120 874 874 874 875 879 883 875 872

7 28 774 782 782 778 770 778 786 774 Si-O-Si/Al symmetric stretch (Due to silicates and

aluminosilicate hydrates)716 714 … 716 … … … …

692 689 699 … … 693 689 …

120 778 767 773 784 790 786 765 763

… … … 738 … … … …

686 685 691 679 681 689 … 695

8 28 632 642 655 620 669 647 640 649 S-O bending (Due to gypsum and ettringites)

… … … … 624 … … 624

120 634 610 618 616 628 645 653 653

… … … … … … 626 624
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738.95 cm−1 could be due to the formation of additional C-S-H/CASH phases by the intrusion of IOT in mortar.

All these observations are found to be in good alignment with the XRD analysis data.

By observing the recorded wavenumbers, a considerable shift of Si-O-Si/Al symmetric stretching bands to-

ward the lower wavenumber by the inclusion of mine tailings. This fact expresses that stronger bonds were de-

veloped by the formation of additional CSH and CASH phases in mine tailing–based mortars.66,75–77 It is also

important to notice that there is no significant shift observed in the wavenumbers associated with the Si-O-Si/Al

symmetric stretching by the inclusion of mine tailing by the end of 28 d of curing. This could be due to the

negligible amount or absence of secondary hydration reactions at the early stages of curing by the delayed hy-

dration activity caused by the heavy metals.57,58

However, a drastic reduction in the intensities of vibration bands corresponding to O-C-O asymmetric

stretching and O-C-O bending with the usage of mine tailings was observed in both 28 and 120 d cured mortar

FIG. 11 Scanning electron micrograph of (A,B) control (CM), (C,D) I20, and (E,F) C30 mortar at 28 d of curing.
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samples. This behavior is attributed to the increased compactness in the mine tailing–based mortars owing to

accelerated hydration activity that leads to the formation of additional CSH and CASH gels, which acts as car-

bonation barrier.78 This feature helped the mine tailing–based mortars to have an advanced quality microstruc-

ture even though the hydration reactions lagged in the early stages of curing. These observations are in good

alignment with the TGA and SEM studies.

SEM and EDS

The morphology and microstructure of hydrated samples of control, optimized IOT, and COT mortars (i.e., CM,

I20 and C30) were studied using SEM at the curing ages of 28 and 120 d. Figures 11 and 12 depict the scanning

FIG. 12 Scanning electron micrograph of (A,B) control (CM), (C,D) I20, and (E,F) C30 mortar at 120 d of curing.
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electron micrographs of 28 and 120 d cured mortar samples, respectively. The compounds in the micrographs

were visually identified based on their morphological structure.79 Gray pentagonal/hexagonal/irregular plate-

shaped structures with smooth texture indicate calcium hydroxide crystals.80,81 Gray areas having amor-

phous/globular/spongy/fibrous/granular/foil-like/sheet-like/cloud-like/grid-like structure with short needles and

fine bundles represent calcium silicate hydrate.80,81 Colorless to yellowish-white needle-like clusters of rod-shaped

ettringite crystals mostly occur in the lining of voids or cracks and are considered as ettringites.80,81 Calcite crys-

tals generally appear as elongated/rhombohedral (diamond-shaped)/cubic box-shaped/walnut-shaped structure

with well-defined facets looks granular and clustered together in a loosely packed structure, yielding rough

surfaces.82,83

Furthermore, the elemental composition of these mortar samples was investigated using area method in EDS

technique. The calcium/silicate atomic ratio was calculated from the obtained results and tabulated in Table 7.

It was used to examine the extent of formation of major products related to hydration, such as calcium hydroxide

(CH) and CSH. Numerous studies have claimed that the formation of CSH the through hydration process highly

depends on the calcium and silicate ions present in the pore solution.79,84,85 It has been reported that the cement

matrix having a lower calcium/silicate atomic ratio signifies a dense microstructure owing to the formation of

a strongly built CSH network.86,87

By observing the SEMmicrographs of 28 d cured samples, it is possible to notice that the mine tailings–based

mortars developed additional portlandite, CSH, and CASH phases from the accelerated hydration reactions

facilitated by the superior particle packing and added calcium oxide and iron oxide compounds from the finer

fractions of mine tailings.59,60,63,64 The increased calcium/silicate ratio in mine tailing-based mortars is evident for

the increased formation of portlandite. However, the extensive formation of CSH and CASH phases in mine

tailing-based mortars helped in achieving a quality microstructure that is responsible for the improved hardened

properties.

Similar kind of observations can also be made in 120 d cured mortar. However, the scanning electron micro-

graphs were found to have much more CSH and CASH phases because of the succession of hydration reactions

with the curing age. As depicted in the SEM micrographs, the iron ore tailing–based mortar showed globular,

needle-like, and amorphous network of CSH and CASH phases. However, floccular, fibrous, and plate-like

TABLE 7
EDS elemental analysis of control, IOT-based, and COT-based mortars after a curing period of 28 and 120 d

Element

Atomic Weight (%) of 28 d Cured Mortar Atomic Weight (%) of 120 d Cured Mortar

CM I20 C30 CM I20 C30

C 15.43 14.04 15.38 10.00 12.05 17.05

Ca 21.20 20.97 20.96 9.85 15.70 10.90

O 54.79 55.69 55.48 60.60 50.90 51.05

Al 0.22 0.75 0.81 2.55 0.95 3.40

Si 7.475 6.9 6.28 4.05 6.60 5.50

Mg 0.16 0.14 0.18 … 0.25 0.05

S 0.28 0.28 0.28 10.65 3.35 0.75

Cl 0.03 0.05 0.02 … … …

K 0.11 0.08 0.13 0.30 0.60 1.80

Fe 0.3 1.1 0.48 1.75 1.55 0.10

Na … … 0.21 0.25 0.05 0.65

P … … … … 3.10 …

Mn … … … … 4.80 1.45

Ti … … … … … 0.30

Zr … … … … … 1.45

Ca/Si 2.83675 3.03913 3.33758 2.432 2.378 1.98198
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structured CSH and CASH phases were formed in COT base mortars. These diversely formed CSH and CASH

phases beyond 28 d of curing in the mine tailing-based mortars are evident for the formation of additional hy-

dration products through secondary hydration reactions, facilitated by the reactive finer fractions present in mine

tailings. The reduction in calcium/silicate atomic ratio in mine tailings mortar at the end of 120 d curing was also

significantly higher than control mortar because of the effective utilization of CH for secondary hydration re-

actions. It is also important to notice that the occurrence of higher volume of CC and ettringites can also be

observed only in the SEM images of control mortar. However, the mine tailing-based mortars illustrate less

CC and ettringites with ample amounts of CSH and CASH.

Thus, the additional hydration products formed from the primary and secondary hydration reactions help in

densifying the mortar microstructure, which steers the mine tailings-based mortars to perform better than con-

ventional mortar.

Conclusions

After analyzing the experimental results in detail, the following conclusions can be drawn:

• The preliminary investigations on the mine tailings used in the present study revealed that they have com-
parable properties with river sand and hence could be used as an alternative to river sand in developing
cementitious composites.

• The fresh properties, such as workability and setting time, reduce with the inclusion of mine tailings as a
replacement to river sand. The present study confirms the requirement of superplasticizer and recommends
desired volumes of superplasticizer (about 0–0.45 % by weight of binder) for achieving the required flow of
150 mm in different mortar mixes.

• The improved particle packing by the inclusion of mine tailings till certain replacement level of river sand
helped in improving the hardened properties of mortar such as compressive strength, water absorption, and
permeable porosity. However, the dry density of mortars greatly relies on the specific gravity of tailings
used.

• The outcome from the characterization studies, such as lowering of calcium/silicate ratio in EDS, for-
mation of additional CSH, and CASH peaks in XRD, increased consumption of CH observed in TGA and
occurrence of broad, intensive Si-O-Si/Al stretching bands with considerable shifts toward lower wave-
number in FTIR studies confirms the occurrence of secondary hydration reactions by the finer fractions
of mine tailings which helped in improving the microstructure (can be observed through SEM images)
and overall performance (compressive strength, water absorption, and permeable porosity) of the cement
mortar.

• The study concludes that 20 % of IOT and 30 % of COT by volume of river sand can be considered as a
potential replacement level for achieving superior performance in cement mortar.

• By the end of 120 d of curing, I20 showed 20.53 % higher compressive strength, 4.92 % higher dry density,
1.20 % lower water absorption, and 2.56 % lower permeable porosity than the control mortar. Similarly,
C30 showed 17.08 % higher compressive strength, 2.17 % lower dry density, 1.78 % lower water absorption,
and 3.13 % lower permeable porosity.

• The fineness of the material and angular particle shape along with the presence of higher concentration of
silica and alumina in the finer fractions of COT played a key role in achieving the higher level of replace-
ment for copper ore tailings in comparison with iron ore tailings.

• The rough textured fine particles of IOT along with higher concentration of Fe2O3 helped in achieving
higher density and better performance in iron ore tailing–based mortar.
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