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Abstract The rapid growth of industrial development sources the insufficiency of
valuable land. Accordingly, it is the vibrant necessity to encourage the Research
and Development works to attain ecological, financial, and societal benefits from
colossal exploitation of their waste for worldwide benefits. The present work
encourages the impact of pozzolanic waste material, i.e., ground-granulated
blast-furnace slag (GGBS) in geotechnical characteristics of jarosite waste (zinc
industries residual). The strength tests (unconfined compressive (UCS) and indirect
tensile strength) were conducted on GGBS stabilized jarosite mixtures (GGBS, 10–
30%) with different curing periods such as 7 days, 28 days, and 90 days. The
outcomes illustrate that strength properties, increase by increase in GGBS per-
centage as well as curing periods. This strength improvement behavior of stabilized
jarosite is also detected from the microstructural study (SEM), in which, denser
agglomeration of GGBS stabilized jarosite particles, proves strength advancement.
The durability studies (freeze–thaw (F-T)) of jarosite–GGBS mixtures were per-
formed and it was observed that the loss in the UCS after five sequential F-T phases
improved from 61.8% (raw jarosite waste) to 36.89, 26.60 and 17.12% with 10, 20,
and 30% GGBS content, curing at 28 days period, respectively. The leachate study
of jarosite indicates that jarosite contains hazardous constitutes, which were
immobilized after stabilization with GGBS. From this study, it may be summarized
that mixing of pozzolanic admixtures (GGBS) along with raw jarosite waste lead to
a substantial enhancement in geotechnical properties with economic, social as well
as environmental concern.
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1 Introduction

Presently, industrialization advancement is a symbol of any developing country that
tracks the way to becoming a developed country. However, advancement in the
industrialization produces the significant level of waste and derivatives. Usually,
the wastes can be categorized as solid, liquid, radioactive, and e-waste and it can
also be categorized as hazardous or non-hazardous contingent on the basis of their
production source. Globally, the total wastes are generated about 20 billion tons, in
which 60% are produced from industrial evolution, 20% generated as municipal
solid wastes, and residual 20% produced as organic and inorganic waste [1]. The
land disposal technique is one of the broadly accepted traditional approaches for the
disposal of such wastes. However, due to huge production of wastes, the necessity
of supplementary precious land is raised. Thus the land scarcity arises. Today, this
land scarcity problem is easily solved by adopting waste management techniques.
The waste management technique mainly consists of, controlled production of
waste; reduce, reclaim, reuse, and recycling (4-R) the waste; and reclamation of
energy and also sustainable disposal of waste. In the previous few decades, for the
enchantment in the waste management/utilization, the various industrial wastes
such as stone slurry residuals, coal combustions residues, rice husk ash, phosph-
ogypsum, metals slag, blast-furnace slag, cement kiln dust, bagasse ash, waste steel
chips, ceramic dust, brick dust, and many more, have been profitably used as a
stabilizing agents, with or without the addition of small percentage of cementing
agents such as cement, hydrated lime etc. [2–6].

Jarosite is a waste by-product of zinc smelters and is produced during metal
extraction processes. Worldwide, a huge amount of jarosite waste produces annu-
ally, in which around 0.25 million tons jarosite is produced in India and about and
0.60 million tons in European Union, respectively [2]. Chemically, it is acidic and
contains mobilize toxic elements, thus from safety and environmental concern,
disposal of jarosite residues is a universal issue [7]. For enhancing the opportunity
to reduce, reclaim, reuse, and recycle (4-R) jarosite waste, numerous works done
have been accomplished in the recent past. The works reported by Mymrin et al. [8,
9], concluded the chances for producing a new material from blends of jarosite
along with dumped ferrous slag, aluminum surface cleaning waste, and the small
addition of lime or Portland cement. These obtained blends produce a solidified
material which possesses significant strength and water resistance. Chen and
Dutrizac [10] advocated the morphological study of jarofix material (resulting from
blending of jarosite along with 1% lime and 10% ordinary Portland cement) and
observed that the stability of jarofix was directly depended upon the percentage
combination of jarosite and Portland cement. Katsioti et al. [11] reported the
opportunity to use jarosite as a substitute for gypsum content used in the production
of cement. Asokan et al. [1, 2, 12, 13] advocated numerous studies on jarosite waste
blends with different compositions of inorganic pozzolanic wastes such as coal
combustion residues, and stone slurry residues and reported that hazardous jarosite
could be detoxified by making immobilized products.

180 C. Gupta and A. Prasad



Sinha et al. [14] described the relative study of jarofix blends with different
compositions of bottom ash and local clay and reported the utilization potential of
these blends in the field of civil engineering. Similarly, numerous investigators have
reported their work done for enhancing the possibilities of huge utilization of the
waste materials in civil engineering applications [15–26].

In India, mainly two industries named as Hindustan Zinc Limited (HZL) and
Binani Zinc limited have contributed to the production of zinc metal, among which
HZL has the largest multi-unit of mining and smelting industry producing about 4
lac metric tons of jarosite waste annually [2, 18, 27]. On concerning environmental
factors involves in the safe disposal practice of zinc by-products in HZL, the jar-
osite waste is mixed with 2% lime and 10% cement and carried to the disposal area
as a stabilized and stable material named as jarofix. From the economic factor
applied in the production cost of jarofix, the current study attempts to be the focus
on the production of more economical, immobilized, and stable material. For this,
the jarosite waste is blended with the pozzolanic activator such as
ground-granulated blast-furnace slag (GGBS) (by-product of the iron industries) in
different proportions to produce a more stabilized, stable, and economical material,
which to be used as construction materials in various civil engineering applications.

2 Scope and Objectives

In this work, the author attempts to evaluate the opportunities to reduce, reclaim,
reuse, and recycle (4-R) the jarosite waste as well as enrich the opportunity to huge
utilization of jarosite waste in the field of civil engineering. In order to find out the
feasibility of GGBS stabilized jarosite waste, the various properties were investi-
gated. The main objectives of the study are as follows:

• Evaluate of index properties of jarosite waste such as consistency indexes,
specific gravity, and grain size distribution (hydrometer analysis).

• Study the effect of various GGBS content on compaction characteristics
(maximum dry density (MDD) and optimum moisture content (OMC)) and
examine that the GGBS blend which gives maximum MDD is taken as an
optimum blend.

• Study the strength properties (unconfined compressive and split tensile strength)
of GGBS-stabilized jarosite waste with the inclusion of the effect of curing times
(7, 28, and 90 days).

• Perform morphological studies (SEM).
• Evaluate the durability characteristics (freeze–thaw).
• Evaluate the leachate characteristics.

Thus, the main objectives of the study focused on exploring and evaluating the
practical as well as economical ways for safe utilization of hazardous jarosite waste.

The Influence of Ground-Granulated Blast-Furnace Slag … 181



3 Materials

3.1 Jarosite

Jarosite is a waste by-product of zinc smelters and produced during zinc metal
extraction processes in which, primarily the zinc ore (which contains about 50%
zinc) is roasted at temperature 900 °C and afterward send for the leaching process,
where jarosite (iron residual) is produced in the form of a waste [8, 9, 28, 29].

In the present study, jarosite is found from the local zinc industry (Hindustan
Zinc Limited, Udaipur, Rajasthan (India)). The jarosite found is yellowish in color
(Fig. 1a). The grain size distribution test of jarosite was tested, as mentioned in
ASTM D6913-04 (sieve analysis) and ASTM D422-63 (hydrometer analysis)
[30, 31], in the laboratory and presented in Fig. 2. As per ASTM D2487-11 [32]
(soil classification), jarosite is categorized as silt with high plasticity (MH) fine
grained material. The physical characteristics and chemical compositions of jarosite
and GGBS are tabulated in Tables 1 and 2, respectively.

3.2 Ground-Granulated Blast-Furnace Slag (GGBS)

GGBS is an iron-manufacturing derivative, generated when iron ore, limestone, and
raw coke are blended with each other and then roasted up to 1500 °C in a blast
furnace. Afterward, due to the application of heating, the blend is melted and
converted into two products such as melted iron and melted slag. The melted slag
has a very low specific gravity as compared to the melted iron, thereby floating on

Fig. 1 A picture of raw materials: (a) Jarosite; (b) GGBS
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the topmost surface, from where it is extracted easily. As the whole process of slag
extraction is continued in a blast furnace, it is designated as blast-furnace slag and
its granulated residue is designated as GGBS.

Typically the GGBS contains the silicates of Aluminum and calcium [33, 34]. In
the present work, the GGBS (specific gravity of 2.74) is found locally from Krishna
Udyog, Burdwan, India (Fig. 1b). The particle size distribution of GGBS and its
chemical composition is presented in Fig. 2 and Table 2, respectively.
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Fig. 2 Grain size distribution
chart of jarosite and GGBS

Table 1 Physical properties
of jarosite and GGBS

Properties Values

Jarosite GGBS

Liquid limit (%) 53.78 36

Plastic limit (%) 31.48 NP

Plasticity index (%) 22.30 NP

Specific gravity 2.77 2.74

Specific surface area (cm2/g) 10,496 4200

Silt (%) 85.42 80

Clay (%) 14.58 20

MDD (Mg/m3) 1.13 1.38

OMC (%) 42.16 21.44

Hydraulic conductivity (cm/s) 1.76 � 10−3 –

Texture Clayey silt Clayey
silt

pH 6.88 9.86

Differential free swell Index
(%)

18.21 –
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4 Results and Discussions

4.1 Effect of GGBS on Compaction Characteristics

For conducting the compaction test, The Mini Compaction Mold (developed by
Sridharan et al. [35] and permitted by ASTM D698-12e1) is used. Primarily, the
compaction parameters (optimum moisture content (OMC) and maximum dry
density (MDD)) of jarosite blended with varying percentages of GGBS (10, 20, 30,
and 40%) were determined and presented in Fig. 3a.

It was examined from the results that the raw jarosite had 1.13 Mg/m3 and 42%
of MDD and OMC, respectively. Afterward, the addition of GGBS affects these
parameters. With increase in the GGBS content, the MDD of blends was increased
up to 30% GGBS; beyond this (i.e., at GGBS content 40%), MDD reduces. This
happened mainly due to the rearrangement of particles in the blends. Initially, the
void pores between the jarosite particles were filled with the GGBS particles. Thus
the structure of particles was varied from a flocculated to dispersed, and henceforth
the MDD increases with GGBS (up to 30%). However, beyond the optimum limit
of GGBS (i.e., 30%), the blend particles separated in the matrix. Thus the reduction
in MDD occurred. Similarly, the OMC was decreased up to 30% of GGBS. It
happened due to the less specific surface area and glassy nature of GGBS, requiring
a lesser amount of moisture content to attain MDD. Afterward, the OMC was
increased at 40% of GGBS, because the separation of particles enhanced the OMC.
These variations in compaction parameters are presented in Fig. 3b.

Table 2 Chemical
compositions of jarosite and
GGBS

Chemical composition Value (%)

Raw jarosite GGBS

Silica (SiO2) 7.73 34.17

Alumina (Al2O3) 8.98 18.36

Calcium oxide (CaO) 4.92 33.78

Iron oxide (Fe2O3) 32.11 0.80

Potassium oxide (K2O) 0.76 –

Magnesium oxide (MgO) 1.08 8.82

Zinc oxide (ZnO) 9.07 –

Total sulfer (SO3) 31.80 2.91

Lead oxide (PbO) 1.91 –

Sodium oxide (Na2O) 0.63 –

Loss on ignition 1.01 1.16
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4.2 Effect of GGBS on Strength Characteristics

The unconfined compressive strength (UCS) and split tensile strength test of sta-
bilized jarosite–GGBS blends were conducted in a laboratory by ASTM D2166-06
and ASTM D-3967, respectively [37, 38]. The result of UCS and split tensile
strength of jarosite–GGBS blends are presented in Fig. 4a. It was examined from
the results that the UCS of jarosite comprising 30% GGBS was increased from
187 kPa (unstabilized jarosite) to 432, 590, and 676 kPa at various curing periods,
i.e., 7, 28, and 90 days, respectively. Similarly, in Fig. 4b, it is clear that split
tensile strength was increased from 96.32 kPa (unstabilized jarosite) to 83, 108, and
129 at various curing periods, i.e., 7, 28, and 90 days, respectively. After examining
the strength test result, it was observed that the increase in both types of strength
directly varied increase in the curing periods such as 7, 28, and 90 days.
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This happened because of the pozzolanic material (GGBS) having time-dependent
self-hardening characteristics [34].

It is interesting to note that, after the addition of GGBS content for more than
30%, the segregation of particles happened (MDD reduces), which causes a
reduction in both types of strength values. Thus the freeze–thaw study was limited
up to 30% jarosite–GGBS blends and GGBS contents up to 30% were considered
as a boundary of jarosite–GGBS blends.
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4.3 Effect of GGBS on Durability

The durability of stabilized jarosite mixtures was examined by performing a freeze–
thaw study by ASTM D560 M-15 [36]. In this study, a sealed-system form of
freezing was exposed to the mixtures. Also, throughout the study, moisture is
inexistent excluding the present at the start in the voids. After the particular curing
cycle, the samples experienced alternate freeze–thaw by placing them in a refrig-
erator at −18 ± 2 °C and openly at room temperature (23 ± 5 °C) for 1 day,
respectively. This temperature slots for complete freeze and thaw were designated
by following some preceding studies [39, 40], which conclude that if the temper-
ature in the vessel closed to 0 °C, chances of fractional freeze or perhaps no freeze
occurs; thus to achieve comprehensive freezing, −18 ± 2 °C temperature for 1 day
was desired. In the same way, to accomplish complete thawing, 23 ± 5 °C tem-
perature for 1 day was maintained. Each jarosite–GGBS blend were endangered to
continuously zero, one, three, and five freeze–thaw (F-T) cycles. The numeral of
successions was selected as per the existing literature works [41–43], which pub-
licized that the lack in the strength typically happens majorly in a few cycles, i.e.,
up to five cycles.

After the accomplishment of alternative freeze and thaw series, the blends mold
were checked for Unconfined Compressive Strength test. The results of the influ-
ence of freeze and thaw on the Unconfined Compressive Strength of raw jarosite
and treated jarosite–GGBS blends are shown in Fig. 5a, b, correspondingly. It is
revealed from Fig. 5 that the blending of GGBS noticeably improves the freeze and
thaw resilience resistance as associated with raw jarosite. For example, after five
freeze–thaw alternate series, the reduction in UCS values got improved from 62%
(natural jarosite waste) to 36.89, 26.60, and 17.12% with 10, 20, and 30% GGBS
content, curing at 28 days period respectively.

4.4 Effect of GGBS on Microstructure Study

The fresh samples of the jarosite–GGBS optimum blend (i.e., 30% GGBS) were
further studied for their morphological modifications using a scanning electron
microscope (SEM). It was examined from the results that by the blending of GGBS,
denser packing of particles or agglomeration of particles was achieved as compared
to untreated jarosite. This denser packing was achieved due to the pozzolanic
reaction of free aluminous and silicious components existing in jarosite by calcium
component found in GGBS, which leads to producing cementing gels such as
calcium silicate hydrate [C-S-H] and calcium aluminate hydrate [C-A-H]. Similar
outcomes have been advocated by many researchers [44–46]. The agglomeration or
densification in particles is presented in Fig. 6. Figure 6a, b shows a loosely packed
(porous) jarosite and GGBS matrix (uncemented) respectively; Fig. 6c, d shows
SEM image of optimum jarosite–GGBS blend (i.e., 30% GGBS content) at 28 days
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curing period, with and without five freeze–thaw cycles. On comparing Fig. 6c, d, it
is observed that some closed and dense matrix (some less agglomeration) are still
produced after completion of five freeze–thaw cycles as compared to more closed
and dense matrix jarosite–GGBS blends (without F-T cycle).
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4.5 Effect of GGBS on Toxicity Leachate Potentials

For evaluation of the degree of hazardous nature of raw waste and its stabilized
product, the United States Environmental Protection Agency (USEPA) Toxicity
Leachate Characteristics Procedure (TCLP) [47] is widely adopted. In this proce-
dure, the powdered sample of stabilized product is blended with a solution of acetic
acid and 1 N NaOH as an extraction liquid (pH 4.93), with a liquid to solid weight
ratio of 20:1, and then this solution is agitated in a rotary extractor for a period of
18 h at the speed of 30 RPM and 22 °C. After agitation, the solution is loaded into
Zero Head Space Extractor (ZHE) and the extractor is airtight closed. To extract
leachate fluid, the 50 psi pressure is applied through the extractor, and up to 50 ml
of expelled fluid is collected. The collected fluid is screened through a filter paper
having 0.6–0.8 µm filtering capacity. This filtrate fluid is distinct as a TCLP extract,
and it is analyzed further for the evaluation of hazardous constituents such as Silver
(Ag), Chromium (Cr), Cadmium (Cd), Lead (Pb), and Arsenic (As). In the current

Fig. 6 SEM images (20,000 � magnification) of (a) Raw jarosite; (b) Raw GGBS; (c) Jarosite–
GGBS blend (30% GGBS and 28 days curing); (d) Jarosite–GGBS blend (30% GGBS 28 days
curing and five freeze–thaw cycles)
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study, the Inductively coupled plasma (ICP) Spectrophotometer is used for evalu-
ation of heavy metals and toxic elements. The analysis results of leachate samples
are tabulated in Table 3.

From the results presented in Table 3; it is revealed that the leachate concen-
trations of Ag, Cd, Cr, Pb, and As in raw jarosite waste are 27.95, 20.04 ppm,
24.27 ppm, 30.88 ppm, and 2.82 ppm, respectively. All these leachate concentra-
tion ranges are higher in raw jarosite waste than that of the limiting in the
USPEA-TCLP standard (Table 3). Therefore the jarosite waste is characterized as a
hazardous waste.

Similarly, the leachate concentrations of Ag, Cd, Cr, Pb, and As in GGBS
stabilized jarosite products are 4.27, 0.16 ppm, 2.70 ppm, 0.58 ppm, and
1.68 ppm, respectively. Comparing the limiting USEPA ranges of heavy metals
concentrations with raw jarosite and GGBS stabilized jarosite waste blends, it was
observed that stabilized jarosite was found to be within the permissible limits for
exploitation in eco-friendly applications of civil engineering.

The reason for the immobilization of heavy metals that occurred in the presence
of higher percentage GGBS content is due to the occurrence of more particle
agglomeration, which produces the cemented bonds such as calcium silicate hydrate
[C-S-H] and calcium aluminate hydrate [C-A-H] bonds (discussed earlier). Thus the
heavy metals were trapped and immobilized along with these cemented bonds.

5 Cost Estimation

Traditionally, the jarosite waste is disposed of by its conversion into a more stable
form, i.e., jarofix (jarosite–lime–cement blends). In this study, an attempt is made to
equate the economic viability of GGBS-stabilized products with that of lime and
cement stabilized products (jarofix). Construction rate of 1 cum of embankment is
expected as illustrated in the Schedules of Rates of CPWD, Govt. of India [48]
regarding the United State currency $. The cost in Indian currency is changed to the
United State currency established on the current exchange rate (December 2017).

The above financial estimation (Table 4) advocates that the utilization of jarosite
treated with 10, 20, and 30% GGBS can be reduced by up to 74.18, 73.56, and

Table 3 Leachate
concentrations of heavy
metals and toxic elements
(TCLP extract)

Heavy
metals

Concentration (ppm) US-EPA limit
[47]Raw

jarosite
J-30G

Ag 27.951 4.271 5.0

Cd 20.045 0.168 1.0

Cr 24.270 2.699 5.0

Pb 30.876 0.579 5.0

As 2.825 1.679 5.0
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72.72%, respectively of the rate of making one cum embankment as equalled with
lime and cement stabilized jarosite products (jarofix), which is conventionally used
by industries of India in order to make jarosite stable.

6 Conclusions

In the universe, nothing is completely waste, whether it is above or below the
earth’s surface. For saving the energy, economy, and environment, the potential
reduces, reuse, and recycling of all types of wastes becomes a global environmental
concern. Thus it is an urgent need to conduct extensive research and development
work for optimizing the use of current technology and exploring novel applications
for sustainable waste management with social and economic benefits. Stabilization
of any waste is a process in which an additive/reagents is employed to reduce the
toxic nature by changing its toxic constituents into a more stable form to diminish
the contaminant migration rate thus reducing the level of toxicity. In this study,
hazardous jarosite waste is treated with GGBS, and the stabilized product is suitable
to be used in various applications in an eco-friendly manner. Based on this study,
the following conclusions can be drawn:

• The addition of GGBS affects the compaction characteristics of jarosite waste.
As the GGBS percentage increases up to 30%, the OMC of blends goes
decreased, and the MDD goes increased. Afterward, further addition of GGBS
causes a reduction in MDD and an increase in OMC.

Table 4 Estimation of embankment construction cost as per Analysis of Rates of Delhi (CPWD),
India [48]

Particulars Cost estimation ($) per cum of
embankment

J-10%
G

J-20%
G

J-30%
G

Jarofix

Material cost*
*Jarosite and GGBS, both wastes are freely available
at zinc and steel plants, respectively.

0 0 0 13.16

Hauling cost** (including uploading, unloading, and
stacking)
**Assume hauling distance of jarosite, GGBS, lime,
and cement are 10, 30, 30, and 30 km, respectively.

2.64 2.75 2.90 2.70

Compaction cost (including filling, rolling/ramming,
and watering)

1.96 1.96 1.96 1.96

Total cost($)
Currency exchange rate: 1 INR = 0.016 US $

4.60 4.71 4.86 17.82
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• Both types of strength, i.e., unconfined compressive and split tensile strength
increase considerably with an increase in the GGBS content and curing period.

• The addition of GGBS increases the durability of jarosite waste. The loss in both
types of strength due to alternative F-T cycles decreases with increase in the
GGBS content and curing periods. That means the stabilized product is more
durable with a higher percentage of GGBS.

• The comparative financial estimation of treated jarosite revealed that
GGBS-treated jarosite could be reduced up to 72.72% of the total construction
cost of 1 cum embankment as compared to conventional jarosite stabilization
(jarofix). Thus, jarosite–GGBS stabilization is a cheaper alternative to jarofix.

• Leachate study of jarosite and its stabilized product advocates that this product
can be safely used in the various fields of civil engineering and is also
eco-friendly.
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