
Citation: Al-Bakri, A.Y.; Ahmed,

H.M.; Hefni, M.A. Experimental

Investigation of Recycling Cement

Kiln Dust (CKD) as a Co-Binder

Material in Cemented Paste Backfill

(CPB) Made with Copper Tailings.

Minerals 2024, 14, 750. https://

doi.org/10.3390/min14080750

Academic Editors: Imad Alainachi

and Othman Nasir

Received: 14 June 2024

Revised: 17 July 2024

Accepted: 22 July 2024

Published: 25 July 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

minerals

Article

Experimental Investigation of Recycling Cement Kiln Dust
(CKD) as a Co-Binder Material in Cemented Paste Backfill (CPB)
Made with Copper Tailings
Ali Y. Al-Bakri * , Haitham M. Ahmed and Mohammed A. Hefni

Department of Mining Engineering, King Abdulaziz University (KAU), Jeddah 21589, Saudi Arabia;
hmahmed@kau.edu.sa (H.M.A.); mhefni@kau.edu.sa (M.A.H.)
* Correspondence: abakri0008@stu.kau.edu.sa

Abstract: Cement production may involve excessive use of natural resources and have negative
environmental impacts, as energy consumption and CO2 emissions can cause air pollution and
climate change. Cement kiln dust (CKD), a by-product waste material, is also a primary issue
associated with cement production. Utilizing CKD in mining applications is a pathway to eco-
sustainable solutions. Cemented paste backfill (CPB) made with mine tailings is an efficient method
for void backfilling in underground mines. Therefore, this study investigated the eco-sustainable
utilization of CKD as a co-binder material that can partially replace cement in CPB prepared with
copper tailings. At 7, 14, 28, 56, and 90-day curing times, the experimental campaign measured
the physical and mechanical parameters of the cured CPB samples, including density, UCS, and
elastic modulus (stiffness). Additionally, the CPB-cured mixes were analyzed using XRF, X-ray XRD,
SEM, and EDX techniques to link the mineral phases and microstructure to mechanical performance.
Four proportions (5, 10, 15, and 20%) of CKD represented in 75 samples were prepared to replace
ordinary Portland cement (OPC) in the CPB mixtures, in addition to the reference mix (control) with
0% CKD. As all combinations exceed the compressive strength of CPB required for achieving stability
in underground mines, the results showed that CKD could be utilized advantageously as a partial
substitute for OPC with a proportion of up to 20% in the CPB mixture. When tested after 90 days, the
combination modified with 5% CKD exhibited comparatively higher compressive strength than the
control mixture.

Keywords: sustainability; cemented paste backfill (CPB); copper tailings; underground mines; CKD
applications; microstructure; cement kiln dust (CKD)

1. Introduction

Despite recent technological advancements, cement production has remained one of
the world’s key industries for decades. Cement remains the principal binder material in
construction projects like buildings, roads, dams, etc., and a critical component in many
industrial applications. Global cement production has expanded to more than 4 trillion
metric tons from 3.7 trillion in the last six years [1]. Despite the increasing demand for
global cement production, cement manufacturing directly overconsumes nonrenewable
natural resources, where about 1.5–1.7 tons of basic materials are needed to manufacture
one ton of clinker [2]. Moreover, CKD and carbon dioxide (CO2) are by-products that are
generated while producing the clinker and they adversely impact the environment.

CKD is a fine-grained material obtained from a dust-collecting system under high
temperatures [3]. CKD could include raw and calcined materials with few clinker-related
particles [4–6]. The amount of CKD material generated ranges from 15 to 20% of the total
manufactured clinker [7–9]. Unfortunately, to preserve the chemical composition of the
finished product, only a tiny percentage of these amounts can be recycled once more in
the cement industry. The rest, on the other hand, are taken to landfills, raising concerns
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about the operating costs and the harm to the air and groundwater in the surrounding area,
which contradicts the sustainability goals [10].

Researchers have made numerous attempts because CKD material possesses chemical
and physical characteristics that make it practical for various industrial applications [1].
Moreover, the Environmental Protection Agency (EPA), US, reported that no negative
impacts on the environment or human health are associated with using CKD in indus-
trial applications [6]. Therefore, various investigations have been conducted for utilizing
CKD waste, contributing to reducing its associated economic and environmental negative
impacts [11–17].

In many studies, CKD has been introduced as an economical solution for soil stabi-
lization purposes. For example, Ghorab et al. used CKD to produce building units and
road paving [18], Sreekrish et al. used it to treat soil [19], Moon et al. used it to assess
the solidification and stability of polluted soil [20], Carlson et al. used it to enhance soil
engineering properties [21], Ebrahimi et al. used it to enhance the stiffness of soil [22],
Albusoda and Salem used it for dune sand stabilization [23], Okafor and Egbe used it
for sub-grade material improvement [24], Gupta et al. used it in regard to inactivating
the heavy metal present in contaminated soil [25], Arulrajah et al. used it for aggregate
stabilization [26], Mohammadinia et al. used it to enhance the aggregate’s stiffness and
strength [27], and Ekpo et al. used it to optimize the plasticity of the tropical soil [28].

In various areas, CKD has also been successfully used as a replacement for cement
at different percentages (5%–50%): concrete and mortar [29], concrete production [30],
mortar and concrete [31], self-consolidating concrete [32], Concrete [33], concrete paving
blocks [34], lightweight concrete [35], and green concrete [36].

Likewise, CKD has been beneficially used in the ceramic and brick industry as a cemen-
titious material in many portions (2%–50%): ceramic wall tile production [37], wollastonite
ceramics [38], cement bricks [39], red clay brick manufacturing [40], bricks production [41],
unfired building brick [42], and pressed building bricks production [43].

The local CKD generated in Saudi Arabia was utilized by many researchers for dif-
ferent uses: treating problematic soil [44], cement blends modification [45], some cement
products [46], soil stabilization [47], concrete cement production [48], underneath road
stabilization [49], improving sabkha soil geotechnical properties [50], and recently pro-
ducing plain concrete and cement blocks [51]. However, attempts have not been made to
investigate recycling CKD in the mining industry.

For hundreds of years, mining has been considered one of the largest sectors and
is still playing a significant role in the economies of many countries worldwide due to
the heavy dependency of various industries on mined minerals [52,53]. Globally, mining
operations excavate a million tons of materials from the surface and underground mines,
leading to a large volume of ground voids that can negatively impact production, safety,
and the environment. In underground mining, extracting valuable minerals can create
different hazardous shapes of openings such as stopes, rooms, caves, etc. [54]. Therefore,
many efforts have been made through the historical development of mining to generate
ground support and maintain stability using backfill [55].

Cemented paste backfill (CPB) is a relatively new method used in modern mines for
backfilling in developed countries, designed with mining mill tailing materials, a small
proportion of binders, and water [56]. However, the cost of cemented paste backfill (CPB)
significantly impacts underground mining operations. It takes 10 to 20% of the gross
operating cost. At the same time, the binder (cement) alone costs around 75% of the
CPB [57]. Regarding the binder cost reduction, which may reach 180 USD/t in some
cases, Ordinary Portland cement (OPC) can be partially substituted by supplementary
cementitious by-product materials such as CKD to save 10%–37% of the binder cost [58].
In cemented paste backfill technology, CKD has been utilized as a partial substitute for
cement [59]; another study also used it for the same purpose [60].

In the same context, this research aimed to utilize CKD as a partial substitute for OPC
with percentages of 5, 10, 15, and 20% in CPB made with copper tailings. Accordingly,
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seventy-five cylindrical samples with various ingredients were prepared to represent
five mixtures according to the recognized international standards procedures to examine,
analyze, compare, and evaluate their properties at different curing times.

2. Materials and Methods
2.1. Raw Materials

In this research, the raw materials, CKD and copper tailings (coarse and fine), were
collected from Yanbu Cement Company (YCC), Yanbu, Saudi Arabia, and Maaden Barrick
Copper Company (Maaden), Madinah, Saudi Arabia. Both locations of collected materials
are in the western region of Saudi Arabia. The Type 1 OPC was utilized as the main binder
in CPB that provides cementitious properties for backfilling applications in underground
mines [61]. The used OPC was produced locally with specifications according to ASTM
C150-07 and Saudi Standards: SASO-GSO 1914/2009(E) [62]. Tap water with a pH of 7.5
was used to ensure the proper hydration process of cement through a chemical reaction
after being mixed.

2.1.1. Water Analysis

Based on the many physical and chemical specifications, the water utilized in this
study was evaluated to determine its quality [63]. The water analysis was conducted locally
in a certified laboratory following recognized procedures such as the Standard Method
for the Examination of Water and Wastewater, Water Environment Federation (WEF), and
Environmental Protection Agency Method (EPA), USA. Tap water analysis is summarized
in Table 1.

Table 1. The physical and chemical parameters of the mixing water used in the experimental
investigation.

Physical/Chemical Parameter Symbol Unit Value

pH pH pH Unit 7.5
Electric conductivity EC µS/cm 122
Total dissolved solids TDS ppm 61

Turbidity NTU <0.05
Total hardness TH ppm 37.21
Total alkalinity T-Alk ppm 32.93

Bicarbonate HCO3 ppm 32.93
Carbonate CO3 ppm 0
Calcium Ca ppm 12.89

Magnesium Mg ppm 1.22
Sodium Na ppm 10.97

Potassium K ppm 0.36
Iron Fe ppm <0.12

Boron B ppm 0.1
Phosphate PO4 ppm <2.1
Sulphate So4 ppm 2.01

2.1.2. Chemical Composition

The X-ray fluorescence (XRF) technique was applied to characterize and analyze the
chemical compositions of CKD, OPC, and two types of copper tailings (fine and coarse).
According to the XRF data, the main components of the CKD material are SiO2, CaO,
SO3, Na2O, Cl, and free lime (F-Cao). SiO2, Al2O3, Fe2O3, CaO, MgO, and SO3 could be
considered the significant contents of copper tailings. The major components of OPC are
CaO and SiO2, as shown in Table 2.
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Table 2. The chemical compositions of CKD, tailing materials, and cement using XRF analysis.

Compound (%) CKD (YCC) Tailing (F) Tailing (C) Binder (OPC)

SiO2 10.95 45.37 53.22 19.90
Al2O3 3.42 9.83 8.59 4.53
Fe2O3 3.58 27.49 22.45 3.78
CaO 51.87 22.43 22.68 63.15
MgO 2.52 13.05 9.85 4.55
SO3 7.42 5.84 5.66 2.66
K2O 3.49 0.00 0.00 0.20

Na2O 5.23 0.85 0.93 0.12
CL 5.71 0.00 0.00 -

F-Cao 17.52 1.33 1.11 1.39
LOI 12.00 7.32 6.09 -

2.1.3. XRD Analysis

Figure 1a–d show the mineral phases of raw materials used in preparing the mixtures
investigated in this study. According to the XRD analysis, Portlandite and larnite are the
main phase peaks in the CKD sample. Meanwhile, fine copper tailing showed chlorite,
silica (SiO2), and pyrite (FeS2) as the primary phases. Silica (SiO2) and calcite (CaCO3)
were the main phases of the coarse tailing sample. At the same time, alite and larnite were
identified in the cement (OPC).
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2.1.4. Particle Size Distribution

The chemical composition and particle size distribution of raw materials significantly
impacted the strength of the prepared samples of CPB [64]. This study used the particle
size analyzer, model MASTERSIZER 3000, to achieve an accurate size distribution of the
collected powder materials based on laser diffraction technology. The results showed that
most CKD particle sizes were below 35 µm. At the same time, most tailings were below
20 µm and 250 µm for fine and coarse materials, respectively. Meanwhile, the particle size
of OPC material was between 1 and 80 µm, as shown in Figure 2.
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2.1.5. Specific Surface Area

The specific surface area of materials is a vital engineering parameter and significantly
impacts the physical properties, such as strength [61]. The air-permeability apparatus
was adjusted and applied to determine the fineness of powder materials for this study,
according to ASTM C 204 [65]. Compared to coarse tailing, which had a specific area of
139 m2/kg, fine tailing had a greater specific area of 540 m2/kg, demonstrating the high
fineness of the particles. At the same time, CKD exhibited values of 192 and 366 m2/kg
achieved by CKD material and OPC, respectively (Table 3).

Table 3. The bulk density, specific surface area, and moisture content of raw materials.

Material Type
Bulk Density S. Surface Area Moisture Content

(g/cm3) (m²/kg) (%)

CKD 620 192 <0.1
Tailing (F) 1080 540 17.70
Tailing (C) 1690 139 17.26

OPC 1480 366 <0.1

2.1.6. Bulk Density

The mass of powder material per unit volume is indicated by bulk density. According to
ASTM D7481-18, the procedure of pouring bulk-density material into a graduated cylinder
was utilized to calculate the bulk density of the powder materials [66]. The findings showed
that coarse tailing has a greater bulk density (1690 kg/m3) than fine tailing, CKD materials,
and OPC, with values of 1690, 620, and 1480 kg/m3, respectively (Table 3).
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2.1.7. Moisture Content

Moisture content is a significant factor that may affect the engineering properties of
materials, and it should be monitored and determined in the geotechnical field as a primary
step before conducting the experimental work [67]. Moreover, moisture content should
be carefully considered before mixing the raw materials to maintain the percentage of
mixing water. The samples were dried in a laboratory oven for 24 h, following [68], to
determine the water content of the investigated materials. Tailing materials showed higher
moisture content, with percentages ranging from 17.26 to 17.70%, compared to CKD and
OPC (Table 3).

2.1.8. Scanning Electron Microscopy Analysis

One powerful technique for studying surface topography is scanning electron mi-
croscopy (SEM), which employs a focused electron beam to produce images at various
magnifications. CKD material was subjected to the SEM technique to investigate the shape
and size of the particle. The analysis used (SEM; model JSM-7600F, JOEL, Tokyo, Japan;
SEM; at various magnifications) (Figure 3).
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2.2. Sample Preparation
2.2.1. Mixture Design

The CPB mixtures were designed based on the water, binder, and tailing proportions
according to Equations (1)–(3)

Water(%) =
MW

MW + MB + MT
(1)
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Tailings(%) =
MT

MW + MB + MT
(2)

Binder(%) =
MB

MW + MB + MT
(3)

MW, MB, and MT denote the mass of water, binder, and tailings.
Accordingly, the CPB recipes were designed involving five mixtures represented in

seventy-five samples, with different proportions for the binder (ordinary Portland cement)
and the partial replacement (cement kiln dust), starting from 9.24 to 7.39% for OPC and
from 0 to 1.85% for CKD. OPC was gradually replaced by CKD in percentages of 5, 10,
15, and 20% in order to pay more attention to the impact of utilizing this material in CPB
applications and to maintain the chemical and mechanical properties of the investigated
cured mixtures. At the same time, the proportions of water and tailing were fixed at 23 and
67.76%, respectively, as shown in Table 4. This study considered a recipe with 9.24% OPC
and 0% CKD as a control mixture (reference).

Table 4. Recipe ingredients of CPB and prepared sample count over the curing periods.

Sr. Recipe ID

Samples Count Mix Ingredients (Wt. %)

Curing Days Binder CKD Tailing Water CKD/B

7 14 28 56 90 (OPC) (YCC) (F + C) (Tap) (%)

1 OPC-CMIX 3 3 3 3 3 9.24 0.00 67.76 23 0
2 OPC-YCKD1 3 3 3 3 3 8.78 0.46 67.76 23 5
3 OPC-YCKD2 3 3 3 3 3 8.32 0.92 67.76 23 10
4 OPC-YCKD3 3 3 3 3 3 7.85 1.39 67.76 23 15
5 OPC-YCKD4 3 3 3 3 3 7.39 1.85 67.76 23 20

For quality control, a set that included three samples for all mixtures was prepared;
each was tested three times over each curing period, and the calculated average of the three
tested samples was then considered.

2.2.2. Sample Preparation

The ASTM C31-compliant concrete mixing and casting lab received the required ingre-
dients after they were gathered, weighed using a digital balance, and transported. Then, a
handled cement mixer was used for 10 min to combine the entire mixture recipe in the pre-
scribed proportion, creating a homogeneous paste [69]. A cylindrical mold sized 100 × 50 mm
was filled with the paste. At 7, 14, 28, 56, and 90 days, all prepared samples (15 samples of
each recipe) were cured at room temperature (Figure 4a). Before the experimental test, the
samples were finished at the bottom and top using a surface grinder (Figure 4b).
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2.3. Experimental Methods
2.3.1. Density

The cured specimen’s compressive strength and elastic modulus might change de-
pending on their density; higher strengths are linked to denser materials that have less
porosity and voids [70]. Moreover, it is important to investigate the effects of adding
fine-grained cement kiln dust on the density of cured cemented paste backfill samples. To
carry out the experimental test following ASTM C642-97, it is necessary first to determine
the density of the cured samples at room temperature for each curing time to ensure no
adverse effects on the obtained results [71].

2.3.2. Uniaxial Compressive Strength (UCS) Test

After each cured specimen was pushed out of the cylindrical mold utilizing air pressure
injected through a predrilled hole at the bottom of the mold [72]. The heights and diameters
of the samples were measured to make sure that they complied with ASTM D2166’s
recommended range of 2 to 2.5 [73]. An unconfined compression tester with a load capacity
of up to 100 kN, manufactured by ELE International Company in the UK, was used to
conduct the UCS test. The specimen was loaded at 1.25 mm/min until compressive
failure was reached. The stress–strain curve was also plotted using measurements of
axial deformation.

2.3.3. Elastic Modulus

The elastic modulus (Young’s modulus) measures stiffness, reflecting the material’s
resistance to deformation. The elastic modulus was determined by calculating the slope of
the stress–strain curve at the straight line (Equation (4)).

Young’smodulus(E) =
Stress(σ)
Strain(ε)

(4)

2.3.4. Slump Test

The slump test was applied to assess the flowability or rheology of the modified
mixtures with CKD. It is a simple and speedy technique that can mirror the consistency of
the produced paste. The paste flow is a significant parameter and can affect the pipeline
operation while transporting the material through the cemented paste backfill system.
This test involved a 77 mm long and 77 mm diameter ASTM cylinder-shaped metallic
mold provided by Paterson and Cooke, South Africa. Accordingly, four mixtures were
subjected to the slump tests (0, 5, 10, and 15% CKD). The paste was gradually filled into
the metallic cylinder and each layer was packed separately. The metallic mold was then
carefully removed in the vertical direction. The measured distance by which the paste
sloughed from its initial shape was used to evaluate the subsidence, as shown in Figure 5.

2.3.5. Microscopic and Spectroscopic Investigations

Three CPB samples, each representing a different recipe, were subjected to microscopic
investigations at 90 days: a cemented paste backfill (CPB) without cement replacement by
cement kiln dust (CKD), a CPB with 5% CKD replacement of cement, and a CPB with 20%
CKD replacement of cement. The samples were labeled M-14 (0% CKD), 1–14 (5% CKD),
and 4–14 (20% CKD).

(EDX; Oxford Instruments, Abington, Oxfordshire, UK) and (SEM; model JSM-7600F,
JOEL, Tokyo, Japan) were used to analyze the elemental compositions and microstructures
of the CPB-cured samples [74]. Fourier transform infrared (FTIR; Nicolet iS50, Thermo
Scientific, Waltham, MA, USA) spectroscopy and X-ray diffractometer (Regaku, Ultima IV,
Tokyo, Japan) were also employed to investigate the different peaks of mineral phases.
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3. Results and Discussions
3.1. Density

Density results for the cured cemented paste backfill samples showed a relative
increase in the density value of the specimens containing cement kiln dust material (CKD)
in the mixture at seven days into the curing period, where the control sample (0% CKD)
exhibited a density average of 2.044 g/cm3 compared to 2.067, 2.058, 2.070, and 2.081 g/cm3

for samples that replaced cement with 5, 10, and 15% CKD, respectively (Figure 6a),
demonstrating that the denser samples are related to mixtures modified with CKD material.
While at 14 days into the curing period, the average density of samples mixed with 15%
CKD exhibited a higher density with a value of 2.77 g/cm3 compared to others, including
the control sample (0% CKD), which gained only 2.063 g/cm3 (Figure 6b). Also, at a curing
period of 28 days, samples prepared with 15% CKD as a partial replacement for cement
achieved an average density of 2.054 g/cm3, higher than all sample mixtures utilizing
CKD, even the control mix (0% CKD), which showed an average density of 2.026 g/cm3

(Figure 6c). Specimens of 10% CKD achieved the highest average density in the mixtures
using CKD, with an average of 2.075 g/cm3 at 56 days into the curing period; meanwhile,
the control mix’s average density was 2.047 g/cm3 (Figure 6d).
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During the long-term curing period (90 days), The control samples (reference) recorded
a significant decrease in the average density, as they achieved 2.029 g/cm3 as the lowest
value compared to the rest of the mixtures that used CKD as a partial replacement binder
for cement (Figure 6f). The increase in the density of the mixes that utilized cement kiln
dust in their ingredients can be attributed to the chemical and physical properties of this
fine-grained material (the fine particles can fill the cured CPB’s tiny pores and then form
a denser microstructure upon hydration). The same outcomes were also obtained after
adding CKD to improve the durability and mechanical properties of the copper tailings
in the geopolymer brick industry [75]. Statistically, the obtained average density for each
mixture showed almost limited variations in the datasets, reflecting the level of confidence
and precision, represented graphically by error bars in the graphs (see Figure 6a–e).
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3.2. Uniaxial Compressive Strength (UCS)

Figures 7 and 8 illustrate the results from the UCS tests, which indicate a significant
increase in the compressive strength of all prepared cemented paste backfill mixtures over
curing periods up to 90 days [60,61]. These results exceeded the minimum required USC
strength in the mine stope stability, which ranged from 700 to 2000 kPa at 28 days into
the curing period [61,76]. At an early curing period (7 days), the control mix (OPC-CMIX)
achieved a relatively higher compressive strength with a value of 1.037 MPa compared
to 1.021 (−1.5%), 0.854 (−17.6%), 0.885 (−14.6%), and 0.686 (−33.8%) MPa achieved by
mixtures with 5, 10, 15, and 20% cement replaced by CKD, respectively. This is due to the
chemical bonds the Portland cement compounds formed immediately upon hydration,
which helped create early high strength in the cured samples [60].
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The compressive strength of the tested samples at 14 days showed a noticeable increase,
where specimens modified with 5, 10, 15, and 20% CKD showed improvements of 28, 42,
35, and 40%, respectively, compared to only 21% in the control mix. That comes from the
slow chemical reaction between CKD and tailing materials, as CKD can provide silica,
alumina, and Ca to the prepared mixture [75]. At 28 days, CPB specimens modified with
CKD exhibited a higher improvement rate than the control mix based on gained strength at
seven days. The percentage reached 81% in the mixture that utilized 10% CKD as a partial
replacement for cement; meanwhile, the control mix showed the lowest improvement rate
at 54%. Tested samples prepared with 15 and 20% CKD and cured at 56 days showed higher
improvement rates of up to 112 and 123%, respectively. At the same time, the reference
sample achieved 96%. Specimens subjected to the UCS test at a long-term curing time
(90 days) also demonstrated the same gradual improvement in compressive strength, where
CKD-incorporated mixtures exhibited a higher rate, which means a continued chemical
reaction in those mixtures over the curing time (Figure 9). In addition, when comparing the
90-day compressive strength with 56 days, there was an improvement in the CKD mixtures
more than the control mix (Figure 10).
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Figure 9. Improvement rate in the compressive strength of CPB mixtures over 90 days relative to
seven days of achieved value.
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Figure 10. Improvement rate in the compressive strength of CPB mixtures over 90 days of curing
relative to 56 days of the achieved value.

Finally, at a late curing time (90 days), the strength improvement resulted in the CPB
mixture containing 5% CKD achieving a relatively higher compressive strength with a
value of 2.340 MPa compared to the control mix, which used only cement as a sole binder.
The results agree with investigative outcomes that introduced CKD as an agent to improve
long-term durability and strength [60,75]. Moreover, this study found that the USC results
at 90 days showed higher values for all mixtures compared to the long-term compressive
strength of cemented paste backfill prepared only by the original copper tailing and 10%
binder, which exhibited around 1.4 MPa [77]. Meanwhile, current outcomes demonstrated
a minimum of 1.87 MPa when 20% CKD replaced the cement (OPC) and reduced the main
binder to 7.39%. From the compressive strength test findings, one can see that cemented
paste backfill (CPB) mixtures prepared with various proportions of cement kiln dust (up
to 20%) can meet the required USC of underground mine backfill. This can beneficially
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influence CPB operating costs by reducing 20% of the main binder (cement) direct cost,
which accounts for around 75% of CPB production costs [57].

Additionally, using CKD in CPB manufactured with copper tailings can have several
benefits, including lowering the amount of waste sent to landfills and reducing the cost of
associated transportation. Similarly, CKD and tailing dumping may make mitigating the
detrimental effects on the local environment and surface/groundwater more challenging.
In addition to promoting sustainability by reducing CO2 emissions from cement production,
energy efficiency and protecting non-renewable natural resources to produce cement are
also important; it takes 1.7 tons of these materials to make just one ton of clinker.

3.2.1. Coefficient of Variation (CV)

The coefficient of variation (CV) is a statistical tool that measures data dispersion. CV
is calculated via the ratio of the standard deviation to the mean. This study determined the
coefficient of variation (CV) of the compressive strength of each mixture for quality control.
The results showed a minor variation in the datasets, where the maximum CV value was
14.5%, which lies within the acceptable limit (less than 15%) [76], as shown in Table 5, and
represented graphically by error bars in Figure 11a–e.

Table 5. Coefficient of variation (CV) analysis of the compressive strengths of all mixtures.

Curing
Days

Mixture
ID

CKD
(%)

Compressive Strength (kPa) Standard
Deviation

CV (%)
Count Max Mean

7

OPC-CMIX 0 3 1063.04 1037.73 29.74 2.9%
OPC-YCKD1 5 3 1030.70 1021.82 7.69 0.8%
OPC-YCKD2 10 3 942.44 854.60 81.43 9.5%
OPC-YCKD3 15 3 910.75 885.57 26.78 3.0%
OPC-YCKD4 20 3 705.72 686.36 26.17 3.8%

14

OPC-CMIX 0 3 1339.97 1258.08 123.00 9.8%
OPC-YCKD1 5 3 1368.34 1303.18 56.60 4.3%
OPC-YCKD2 10 3 1259.57 1210.44 42.61 3.5%
OPC-YCKD3 15 3 1226.18 1198.04 5.10 0.4%
OPC-YCKD4 20 3 1076.44 963.29 109.62 11.4%

28

OPC-CMIX 0 3 1630.29 1599.03 27.17 1.7%
OPC-YCKD1 5 3 1688.36 1602.01 78.05 4.9%
OPC-YCKD2 10 3 1692.83 1546.92 128.32 8.3%
OPC-YCKD3 15 3 1473.96 1447.17 26.80 1.9%
OPC-YCKD4 20 3 1414.49 1228.89 160.99 13.1%

56

OPC-CMIX 0 3 2264.55 2035.26 203.53 10.0%
OPC-YCKD1 5 3 2188.61 1965.29 198.50 10.1%
OPC-YCKD2 10 3 1888.14 1747.45 172.54 9.9%
OPC-YCKD3 15 3 2052.52 1873.33 182.22 9.7%
OPC-YCKD4 20 3 1737.49 1532.03 222.75 14.5%

90

OPC-CMIX 0 3 2523.44 2336.85 196.08 8.4%
OPC-YCKD1 5 3 2532.32 2339.81 243.67 10.4%
OPC-YCKD2 10 3 2176.91 2154.70 38.47 1.8%
OPC-YCKD3 15 3 2297.77 2165.21 159.32 7.4%
OPC-YCKD4 20 3 1932.56 1873.33 84.10 4.5%
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3.2.2. Strength Development Model

The curing period significantly influences the compressive strength development rate
for all prepared CPB mixtures (Figure 12); there is a direct relationship between the increase
in curing time and strength. This relationship trend has been modeled using various
fitting curves (linear, logarithmic, exponential, polynomial, and power) to achieve the best
correlation between the UCS CPB sample and curing time [78]. This study obtained results
showing that the highest value for the correlation coefficient (R2) was associated with the
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power-fitting trendline because this type of curve is suitable for datasets that increase at a
specific rate. The general equation that describes the relationship between the UCS and
curing time is as follows:

UCS = a (t)b (5)

where UCS denotes CPB compressive strength (MPa); t is the curing time in days (up to
90 days); a and b are fitting coefficients.
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The results also show a significant agreement between the curves of mixtures using
10 and 15% CKD, as shown in Figure 12.

3.3. Elastic Modulus

Figure 13 shows a relative increase in the elastic modulus (stiffness) of CPB mixtures
over the curing time. However, at 14 days, a slight reduction occurred in the stiffness
behaviors of the tested samples, except for those prepared with 15 and 20% CKD, as shown
in Figure 14. This comes from the rapid cement reaction, unlike CKD materials, which
react slowly over the curing days. Thus, the mixtures prepared with 15 and 20% CKD
achieved a growth rate in the elastic modulus of 80 and 49% at 90 days compared to the
results achieved during the early curing period (7 days). The control sample showed an
improvement rate of only 18%. Results at 28 days showed that mixtures with 15 and 10%
CKD exhibited higher stiffness with values of 92.22 and 91.49 MPa, respectively. Meanwhile,
the control mix achieved 88.59 MPa. The 56-day curing period also showed a noticeable
increase in the stiffness of the 5% CKD mixture, which reached 97.22 MPa compared to
94.4 for the reference mix. In general, the results of the tests at 90 days showed slight
differences in material stiffness for all mixtures; the three mixtures containing 0, 5, and
10 CKD achieved more than 100 MPa, which confirms that there were no adverse effects
from the use of CKD materials on the elastic modulus of CPB, as shown Figure 15.
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Figure 13. The relative increase in the obtained elastic modulus of the CPB mixtures prepared with
different proportions of CKD over the curing period.
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3.4. Slump Yield Stress

This investigation conducted slump tests on four mixtures, including the control mix
(0% CKD), where CKD gradually replaced the OPC at 5, 10, and 15%. Given the significance
of the water content, chemical composition, and physical properties in determining yield
stress, this investigation considered 27% water content for all investigated mixtures to
assess the impact of adding CKD on the rheological and flowability properties of the
modified CPB mixtures. The outcomes showed slight variations once the CKD material
was gradually utilized: the values of the yield stress ranged between 154 and 175 Pa, as
shown in Figure 16.
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3.5. Microscopic and Spectroscopic Analyses
3.5.1. SEM-EDX Analysis

Figure 17 presents the weight (%) composition of the elements in the studied cemented
paste backfill samples. The results indicate that oxygen (O), silicon (Si), sulfur (S), calcium
(Ca), and iron (Fe) are significant elements in all the investigated samples, suggesting that
they may contain similar molecular compositions. At the same time, despite the utilization
of 20% CKD, the control mix (M-14) and the mixture (4–14) prepared with 20% CKD as a
partial replacement for cement showed remarkable similarity in the weight elements. This
indicates that there are no effects on the element’s chemical composition due to using CKD
as a partial substitute in cemented paste backfill. There was a small amount of chloride
(Cl) in the chemical analysis results after 90 days of curing. This may occur as the free
chloride ions are bound by hydration products, which leads to a decrease and stabilization
of the free chloride content over curing time [79]. The potassium (K) weight also showed a
minor presence, underscoring the element’s importance in the cured mixtures over 90 days
of curing.
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Figure 18a–f depicts the SEM and corresponding EDX images of the SEM-EDX analysis.
The SEM images in Figure 18a,c,e, and Figure 18b,d,f present EDX images that indicate
the elements in the analyzed samples. It is evident that needle-like ettringite crystals in
Figure 17 and cement replacement with CKD caused structural changes in the mixture, as
shown in Figure 18b,c.
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3.5.2. FTIR Analysis

Figure 19 presents the FTIR results of the investigated samples. Numerous infrared (IR)
peaks can be distinguished at different frequency bands. The peaks at 658 and 2980 cm−1

are associated with sylvite [35]. While those at 780 and 980 cm–1 represent the symmetric
vibrations of Si-O, which are related to the quartz mineral [74]. The peaks at frequency
bands 880 cm−1, 1110, and 1423 cm−1 indicate the presence of Portlandite, ettringite, and
calcite in the investigated samples, respectively [35,80]. Meanwhile, other obtained peaks
(green color; Figure 19) are associated with O-H groups that can be linked to Portlandite
and ettringite. Previous studies have shown that O-H vibration at 3750 can be attributed to
the crystal structure of ettringite [81].
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3.5.3. XRD Analysis

Figure 20 illustrates the diffraction pattern of the investigated samples. It is evident
that five mineral phases are identified: ettringite, quartz, Portlandite, sylvite, and calcite.
Despite ettringite having dominant diffraction peaks, its peaks are not as strong as those
of quartz, suggesting that quartz is the primary mineral in the studied samples. It is
worth noting that despite the CKD replacement of cement (1–14; sample with 5% CKD
replacement of cement, 4–14; sample with 20% CKD replacement of cement), the diffraction
peaks remain nearly the same compared to the control sample (M-14; reference sample).
The results of the quantitative analysis of the diffraction peaks are presented in Table 6. The
results indicate that quartz is the primary mineral, while the quantity of calcite (CaCO3) in
the investigated sample is relatively small, below the quantifiable value.
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Table 6. Mineral phases and their weights (%) in the studied samples.

Phase Formula

Content (%)

M–14
(0% CKD)

1–14
(5% CKD)

4–14
(20% CKD)

Quartz SiO2 58 60 47
Ettringite Ca6 (Al (OH)6)2 (SO4)3 (H2O)25.7 10 17 28

Portlandite Ca (OH)2 24 16 19
Sylvite KCl 8 7 6

By comparing the results of the analytical methods employed in this study, it is evident
that FTIR and XRD results are in good agreement.

The results obtained from the microscopic and spectroscopic investigation showed
that, although tricalcium silicate (Ca3SiO5) and dicalcium silicate (Ca2SiO4) were present
in the OPC used in preparing the different mixtures, the small percentage of cement
in mixes (7.39 to 9.24%) prevented the formation of calcium silicate hydrate (CSH) in
the CPB-tested samples. CSH works as a bonding agent and contributes to achieving
high compressive strength. The existence of portlandite in the investigated samples as a
bonding agent showed a strength of no more than 2.34 MPa at 90 days into the curing
period due to the weak bonds created. Therefore, additional material such as slag is
suggested to improve compressive strength. In the overall mixtures, silica was the primary
mineral phase (47 to 60%) due to the high silica content (SiO2) in the raw materials from
copper tailings, which led to limitations in the strengths of the cured samples. Needle-like
crystals of hydrated calcium aluminum sulfate hydroxide (secondary ettringite) were also
encountered in the air voids at 90 days. The secondary ettringite may negatively crack the
created bonds over long curing periods and impact the mechanical behavior.

4. Conclusions

Cement kiln dust (CKD) is a fine-grained material with chemical and physical proper-
ties that allow it to be efficiently used in underground mining applications. This research
evaluated the utilization of CKD as a co-binder material in cemented paste backfill (CPB)
made with copper tailings. The results showed that CKD could be used beneficially in the
CPB mixture to replace ordinary Portland cement with a proportion of up to 20%. The fine
particles can fill the cured CPB’s tiny pores and then form a denser microstructure upon
hydration, increasing the cured specimen density compared to the reference sample.

Mechanically, the mix modified with 5% CKD exhibited higher compressive strength
than the control mixture when tested at 90 days due to the chemical and physical properties
of CKD that added value to the CBP mixtures. Moreover, the elastic modulus results at a
90-day curing period indicated slight differences in material stiffness for all combinations,
as three mixtures (0, 5, and 10 CKD) achieved more than 100 MPa, confirming that there
were no adverse effects from using CKD materials on the elastic modulus of CPB.

Microscopic and spectroscopic investigations showed remarkable similarity in the
weight elements. Using CKD as a partial substitute in cemented paste backfill also showed
no effects on the chemical composition of the elements. Oxygen (O), silicon (Si), sulfur (S),
calcium (Ca), and iron (Fe) were the significant elements in all the investigated samples,
suggesting that they may contain similar molecular compositions. Also, five mineral phases
were identified: ettringite, quartz, Portlandite, sylvite, and calcite. Despite ettringite having
the dominant diffraction peaks, its peaks are not as strong as those of quartz, suggesting
that quartz is the primary mineral due to the silica content in the copper tailing materials.
Meanwhile, the absence of calcium silicate hydrate (CSH) in the CPB led to relatively
low compressive strength, where Portlandite acted as a bonding agent with weak bonds.
Moreover, the high silica content in the copper tailings negatively impacted the strength of
the cured CPB samples.
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