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Abstract: In this paper, an extensive laboratory program has been carried out to investigate the effectiveness of using waste
cement kiln dust (CKD) and sandy soil mix as a liner for municipal landfills. Recently, the environmental concerns related
to Portland cement production in terms of global warming (emission of CO2) and disposal of CKD are becoming increasingly
substantial. Researchers are always working not only on finding new alternatives for landfill liners, which prevent (or reduce
up to acceptable levels) the aqueous contaminants, but also the low-cost solution is one of the important goals. Therefore,
the main objective of this research work is to introduce a landfill liner material that satisfy the standards as well as represents
an economic and friendly-environmental solution for disposal of waste CKD which causes a critical environmental problem
for some of developing countries.

Four different mixes of sand and waste CKD, which have the following percentage by weight (including: 10%, 20%,
30%, and 40%), were prepared and tested in the laboratory. The results indicated that the mix which has CKD content of
40% by weight, succeeded in achieving extremely low hydraulic conductivity (k=6.5*10"° cm/sec) although the mix was
subjected to the effect of synthetic leachate as permeating fluid (i.e., under sever operation conditions). Thus, waste CKD
and sand mix is a cheap, yet effective, alternative for municipal landfill liners compared to other conventional waste liner
materials like cement and lime.
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I INTRODUCTION Significant quantities of CKD are generated every year
all over the world. The production rate of CKD is estimated

Portland cement production is one of the most energy-
consuming industry as well as it emits large quantities of
carbon dioxide, thus it has negative impact on environment
by making the earth warmer (Abeln et al. 1993, Abdel-
Rahman Abeln et al. 2021). Moreover, the major
environmental concern experienced by the global is the
disposal of waste cement kiln dust (CKD) that is generated
during the cement production process. Abeln et al. (1993)
reported that “CKD is particulate matter that is collected from
cement kiln exhaust gases and consists of entrained particles
of clinker, unreacted and partially calcined raw materials, and
fuel ash enriched with alkali sulfates, halides and other
volatiles”. Besides, CKD has chemical composition similar to
that of the conventional Portland cement. The major
constituents are compounds of lime, iron, silica, and alumina.
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to be 15-20 % of manufactured cement which can be
estimated approximately by more than 2.8 billion tons
annually (Alharthi et al. 2021, Al-Harthy et al. 2023, Ashley
2023). Considering the estimated global cement production
of 4.1 billion tons in the year 2020, a huge quantity of the
CKD needs to be handled (Ashley 2023). For example, in
United States about 15 million tons of CKD are produced
annually in 38]. Additionally, USEPA (1998) estimated that
52% was disposed of in landfills, 43% in piles and less than
1% in ponds. Furthermore, Alharthi et al. (2021) reported that
80% of disposable CKD requires to be landfilled that would
cause environmental and strained landfill space issues. This
furthers the need for environmentally sound alternatives for
CKD'’s disposal. Consequently, its storage poses a problem
and is considered a source of potential contamination.
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Despite of improvements in kiln operations and efforts
that have gone into reuse applications, considerable amounts
of CKD continue to require disposal through stockpiling or
land filling (Sreekrishnavilasam 2006).

The main problems associated with waste CKD are by
summarized as following: (1) CKD usually produced in very
huge quantities; and (2) particles of the CKD are normally
very fine particles which act as a difficulty in utilization of
CKD. Modern dust-collecting equipment is designed to
capture virtually all CKD and much of this material can today
returned to the kiln. However, for various reasons a
significant portion (30%-50%) must be removed as industrial
waste (Kessler 1993, USEPA 1993, USEPA 1998).
Consequently, in United States for example, more than 4
million of CKD are considered as unsuitable for recycling in
the cement manufacturing process and require disposal
annually (Todres et al. 1992).

In this regard, researchers are usually working not only
on discovering new alternatives for landfill liners that can
achieve environmental standards but also the low-cost
solution is one of the important goals. Therefore, using waste
CKD as constructive material for landfill lining has double
benefits:

e Introducing a low-cost material for landfill lining,
especially that the cost of cement dust material is nothing
in regard of its transportation and disposal expenses.
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e Protect the environment through recycling this health
hazard waste material which is essentially produced
during cement manufacturing process.

In the last decades, several studies have been explored
new applications for waste CKD. Sreekrishnavilasam et al.
(2007) performed a preliminary study on CKD components
and their physical and chemical characteristics and found that
the high-water absorption capacity and limited cementing
properties of landfilled CKD makes it as an ideal cover
material for sanitary landfills. Furthermore, previous studies
conducted by (e.g., Bhatty 1995, Santagata and Bobet 2002,
Miller, and Azad 2000, Peethamparan et al. 2006, Tatsuhara
et al. 2012) have shown that treating soil with CKD can
improve a number of its geotechnical properties, and that
some CKDs may be effective soil stabilizers, waste treatment,
asphalt pavement and other applications. Recently, Awad et
al. (2023) studied the utilization of basalt dust and limestone
dust as substitutes for sand in concrete mix designs,
demonstrating enhancements in physical and mechanical
properties such as: compressive strength, strain-strain
behavior, and tensile strength. Figure 1 shows the typical
methods for encapsulation of waste materials in landfill sites.
There are mainly three techniques, namely: geomembranes,
compaction, and recently the attenuation layer method has
attracted attention (e.g., (Abdel-Rahman Abeln et al. 2021,
Mo 2020, Tabelin 2018, Tang, 2014). The later method is
cost-effective as it requires low investment to execute and
offers better mechanical stability and constructability with
sufficient compaction, unlike the layered system using geo
membranes.
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Fig 1: Schematic of Different Conventional Design Methods: (a) Geomembranes; (b) Compaction; and
(c) Attenuation Layer (after Tang et al. 2014).
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Kedzi (1979) mentioned that “the selected liner for
municipal landfills must achieve consistent performance and
be compatible with the expected leachate for the design life
of the facility to eliminate the expected infiltration. Several
environmental agencies require that the liner has permeability
not less than 8.64x10° m/day (1x10°" cm/sec) to restrict the
migration of contaminants”.

When cement mixed with fine grained soil, a strong
bond is created between the soil minerals and forms a matrix
which reduces soil plasticity, soil water retention, hydraulic
conductivity, and increases the soil shear strength. Thus, the
use of cement as an amendment had the optimum
combination of volumetric shrinkage reduction, and
hydraulic conductivity reduction (Gathuka 2021).
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1. OBJECTIVES AND METHODOLOGY OF THE
PRESENT WORK

The main objective of this research is to introduce
landfill liner materials that meet the standard requirements
and achieve the regulations of Environmental Protection
Agency (EPA) considering the economical factor. Therefore,
this work studies the effectiveness of recycling of one of
industrial waste materials, which basically results from
cement industry (i.e., Cement kiln dust - CKD), as a landfill
liner from geotechnical and environmental engineering point
of view. The recycling of such waste material leads to
significant benefits: (1) providing low-cost mix through using
material of low-cost except for transportation, and (2)
eliminating of CKD waste material which is currently causing
an environmental problem in some developing countries.
Accordingly, this research introduces a comprehensive
experimental program in order to investigate the potential of
using waste cement kiln dust (CKD) and sandy soil mix as a
liner for municipal landfills to function as an excellent barrier
performance against contamination. Figure 2 depicts the
stepwise procedures for the methodology of the work adopted
in this research.

Dretermine the physical and chemical properties of the materials vsed in
the current experimental worle, namely: sand, waste TR, and leachate.

Prepare four (4) samples of design miax.

as follows: 10%40, 20%0, 30940, and 40%a.

Sandy =oil was mixed with CED matenial by varying percent by weight of CHKTD,

|

Stage no. (1) of the laboratory work includes carryving oot tano tests:
a) Modified proctor compaction test (ASTRIDIZET), and
b)) Falling head permeability test (ASTM DI04,
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Fig 2: Staged Procedures for the Methodology of the work Adopted in this Research
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11. PHYSICAL AND CHEMICAL PROPERTIES
OF THE USED MATERIALS

This section introduces the physical and chemical
properties of materials that was used in the present
experimental study.

https://doi.org/10.38124/ijisrt/25mar219

A. Sand

The used sandy soil in this testing program was passing
through sieve no. 4 (4.75mm) to ensure a uniform testing
condition. As shown in Fig Figure 3, plot of particle size
distribution curve which indicates that the fines content (i.e.,
silt and clay particles smaller than 0.075mm - passing sieve
no. 200) was almost equal zero. Uniformity (U) and curvature
(C) coefficients were equal to 2.52 and 1.34, respectively,
hence, according to the USCS the sand was classified as
poorly graded sand (SP).
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Fig. 3 Particle Size Distribution curve for the used Sand Material

B. Cement Kiln Dust (CKD)

The CKD used in this experimental study was provided
by the Helwan Cement Co., which is located in south of
Cairo, Egypt. Several samples of waste CKD from the stock
pile material were collected and transported to the laboratory.
Figure 4 shows the processes of Portland cement production,
and it can be seen that CKD is collected from kiln exhaust
gases. The quantity of dust generated is dependent upon
various factors: the type and size of the processing equipment,

are ground. Mineralogical examination of the dust indicates
four groups of minerals, as described below (Corish and
Coleman 1995):

e Raw minerals; e.g., carbonates, quartz, argillaceous
material, etc.

e Partly to fully clinkerized minerals, e.g., decomposed raw
minerals, clinker minerals, intermediate phases, etc.

e Free lime.

especially the chain system; the kiln air velocities; the type of e Periclase.
fuel used; the chemical and physical parameters associated

with the raw materials; and the size to which the raw materials
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Fig 4: Overall Cement Manufacturing Process (after Maslehuddin 2008a).
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Tables (1) and (2) represent the chemical composition
and physical properties of CKD used in the present study
along with the corresponding values given in the previous
studies by other researchers. It is obvious that this is
substantial variation in percentage of calcium oxide (CaO),
percentages of silica (SiOy), and aluminum oxides (Al.Os).
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The pH of CKD water mixtures is generally around 12. It
contains significant alkalis, and is considered to be caustic.
Trace constituents in CKD including certain trace metals such
as cadmium, lead, selenium, and radionuclides are generally
found in concentrations less than 0.05% by weight
(Chrysostomou et al. 2017).

Table 1: Chemical Composition of CKD used in the Present Study Compared to the Values Introduced in Earlier Studies by other

Researchers
Reference Present | Maslehuddin | Sreekrishnavilasam El- Al- Udoeyo | Baghdadi
study et al. 2008a et al. 2006 Aleem | Harthy and and
et al. et al. Hyee Rahman
2005 2003 2002 1990
Silica (SiOy) 17.56 17.1 15.05 13.37 15.80 2.16 13.94
Aluminum oxide (Al,Os) 1.37 4.24 6.75 3.36 3.60 1.09 4.74
Iron oxide (Fe203) 0.83 2.89 2.23 2.29 2.80 0.54 2.36
Magnesium oxide (MgQ) 0.85 1.14 1.64 1.90 1.90 0.68 2.15
Calcium oxide (CaQ) 34.68 49.3 43.99 42.99 63.80 52.72 45.9
Sodium oxide (Na,O) 0.86 3.84 0.69 3.32 0.30 NA 1.03
Potassium oxide (KzO) 3.16 2.18 4.00 3.32 3.00 0.11 1.71
Coloride (CI) 5.56 NA NA NA NA NA NA
Sulphur oxide (SOs) 3.88 3.56 6.02 5.10 1.7 0.05 13.94
Loss on ignition (L.O.1) 29.63 15.8 21.57 15.96 NA 42.39 26
Note: Oxide values expressed in % by mass of cement

Table 2: Typical Physical Properties of CKD used in the Present Study Compared to the Values Given in Earlier Studies by other

Researchers
Baghdadi and Collins and Emery
Property Present study Rahman 1990 Aggarwal et al 2023 1983
Gradation (75% passing) NA NA NA 0.030mm (#450 sieve)
. . . 0.300mm

Maximum particle size NA NA NA (#450 sieve)

Specific surface (cm2/g) 7250 3303 6070 4600-14000
Specific gravity 2.7 2.75 2.57 2.6-2.8
C. Leachate Material V. TESTING PROGRAM

The leachate compensation material was prepared in the
laboratory as per as the following manual: “Geotechnics of
Landfill Design and Remedial Works Technical
Recommendations GLR (1993)”. The chemical composition
(i.e., ingredients) of the prepared leachate was as following:

e 5% inorganic acid (hydrochloric, nitric and sulfuric acids,
each 33 vol%), pH 1;

e 5% organic acid (acetic and propionic acid, each 50
vol%), pH 2.2;

e metal salt leachate (nickel chloride, copper chloride,
chromium chloride, zinc chloride, each 1g/l), pH 2.9; and

o synthetic leachate (0.15ml sodium acetate, 0.15ml acetic
acid, 0.05ml glycine, 0.007ml salicylic acid), pH ~4.5.

Testing program was mainly conducted on the prepared
samples of CKD-sand soil mixes to determine the optimum
percentages of the mix components that satisfy the required
permeability values recommended by regulations and
standards of municipal landfill. Thus, four selected
percentages of CKD materials were mixed with sandy soil in
the testing program, including: 10%, 20%, 30%, and 40% of
weight. Furthermore, the compositions of each mixture (i.e.,
guantities of sand soil and waste CKD material) used the
investigated mixes are given in Table (3).

Table 3: Weights of Sand Soil and Waste CKD Material used in the Studied Mixes

Mix ID 1 2 3 4

CKD content in the mix (%) 10 20 30 40
Sand weight (Kg) 2.03 1.790 1.560 1.318
Waste CKD weight (Kg) 0.230 0.450 0.670 0.878
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» Laboratory Work was Divided into two Main Stages,
Namely:

e Stage (1):

The aims of this stage are: (1) identify the influence of
compaction moisture content on the hydraulic conductivity of
compacted mix; and (2) measure the hydraulic conductivity
which can vary depending on the compaction moisture
content of the tested mix. The tremendous variation in
hydraulic conductivity is attributed to the differences in the
microstructure of the compacted CKD-sand mixes with
varying compaction moisture content.

v Modified proctor compaction test (ASTM D1557), using
a mechanically operated steel rammer of 2 inches (51 mm)
diameter and weight of 101b (4.5 kg), with an arrangement
to control the height of drop to a free-fall of 15 inch (45.7
cm) above the elevation of the compacted samples that
used in the compaction.

v" Falling head permeability test for mixes prepared at the
optimum water content (ASTM D5084).

e Stage (2):

One-dimensional consolidation test (ASTM D2435). In
this stage, investigation of the effect of the leachate on (k)
values for the successful mixes, which passed the first stage,
was performed. Odometer cell was implemented as
inundation medium for the tested samples and was loaded
under applied vertical stresses up to 1600 kPa.
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V. RESULTS AND ANALYSIS

As mentioned earlier, the purpose of this first stage of
laboratory program was to determine the required percentage
of cement dust that achieve a coefficient of permeability less
than 1x107 cm/sec. Thus, the first step was the determination
of the dry density-water content relationship for different
tested mixes. For permeability tests, the mixes were prepared
using the results of the compaction test (i.e., maximum dry
unit weight, yamax, and optimum moisture content, Wo m.c).

A. Compaction Parameters of CKD-Sandy Soil Mixes

Compaction characteristics for the four prepared mixes
were determined as per ASTM D1557. Table (4) gives the
values of maximum dry unit weight (yamax) and the
corresponding values of optimum moisture content (Womc)
for the tested mixes.

Figure 5 depicts the results of modified Proctor tests
(i.e., compaction curves) on the four different dust-sandy soil
mixes. Furthermore, Figure 6 shows the variation of wy mcand
vamax Values with relative to the CKD content for the tested
mixes. It can be noticed that womc values increased by
increasing the content of CKD. On the other hand, the values
of yamax decreased slightly by increasing the content of CKD.
It was obvious that the womc values were affected much
higher than the ydmaxWhereas the wo ¢ increased about 135%
due the increase of CKD content from 10% to 40%. This
behavior can be attributed to fineness of the CKD material,
the addition of CKD resulted to a substantial shift in the
compaction curve (i.e., higher womc and lower ydmax With
increasing CKD content). Subsequently, these compaction
characteristics have been observed because of the void filling
by the kiln dust. For more than 30% of CKD, there was an
overdose of the dust and lubricating effect, reducing the
maximum dry unit weight.

Table 4. Compaction Test Results for the Different Four Mixes

Mix ID 1 2 3 4
Waste CKD material content (%) 10 20 30 40
Y amex (KN/M®) 20.72 20.59 20.50 20.18
Wo.mc (%) 6.00 6.84 8.85 14.11
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Fig 5: Compaction Curves for the Prepared Samples of Various CKD Content
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Fig 6: Measured Compaction Parameters with Variation of CKD Content

B. Results of Permeability Tests

Typically, hydraulic conductivity coefficient (k) of
lining material plays a significant role for designing of
landfills in municipal sites. Therefore, the main objective for
this this part is to find out the suitable mix that achieved the
maximum acceptable limit value of hydraulic conductivity
coefficient (i.e., k < 1x107 cm/sec). Figure 7 illustrates the
setup of the permeability test apparatus which carried out
according to ASTM D5084.

The samples were placed and tested in the compaction
mold to measure the coefficient of permeability for the
different mixes. The sample preparation was as follows:

e Measure the dimensions of the metal cylinder of the
compaction mold (A*L), then calculate its volume (V).
Obtain the value of (ydmax) from the compaction curve of
the tested mix and the corresponding (Wo.m.c).

From the values of (ydmax), (Wo.mc), and (v) the weight of
the sample that achieves the required density can be
determined.

e Compact the weighted mix inside the compaction mold

till it reaches the required volume for each mix.

Four mixes of different CKD content (10, 20, 30, 40%)
mixed with sandy soil were carried out. Each mix was
investigated at the point of optimum moisture content and the
corresponding maximum dry unit weight obtained previously
from the compaction curves. Additionally, falling head
permeability tests were carried out under hydraulic gradient
(i= Ah/AL, the difference in the hydraulic head over a
distance along the flow path) ranges from 6 to 10 in order to
simulate the low hydraulic gradient in the actual landfill sites.

During samples preparation for permeability test, it was
observed that full saturation period for the samples increased
drastically with relative to increase in CKD content in the
mix, and saturation time ranged between 10 to more than 250
days to complete full saturation. The steady state condition
was reached when three successive measured readings of
water head have quite subtle differences.
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Fig 7: Setup of Permeability Test Apparatus (after ASTM D5084)
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The rate of flow of the water through the sample at any
time (t) can be given by the following equation:

h dh
q= sz = —a; (1)
Rearrangement of Eg. (1) and integration with limits of
time from O to t and with limits of head difference from h; to
h, gives the following equation:

hy

k=23% 2
Y 0910h2 (2)

Where: q is flow rate; a is cross-sectional area of the
standpipe; A is cross-sectional area of the soil sample; L is
length of the sample; t is elapsed time; h; is initial head
difference at time t=0; and h; final head difference at time t=
to.

Table (5) summarizes the measured values of (k),
elapsed time for full saturation, and CKD content for the
mixes. Figure 8 shows the variation of k values with elapsed
time represented in log-log scale. It was clear that for mix
no.1 (CKD content= 10%), the elapsed time for reaching to
the steady state condition was very short period of time (9
days). compared to the other mixes, as shown later. Mix no.
1 has failed to reach the target value of k value as the final
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measured hydraulic conductivity coefficient was equal to
1.32x10** cm/sec. For mix no.2 (CKD content= 20%), the
elapsed time for reaching to the steady state achieved after 69
days. It was observed that this sample began to take longer
periods of time to reach the steady state. This mix succeeded
in reaching the target value of k as the final measured
coefficient of hydraulic conductivity was equal to 5.81x10®
cm/sec. For mix no.3 (CKD content= 30%), the elapsed time
for reaching to the steady state was to achieved after 105 days.
This mix succeeded in reaching the target value of k where
the final hydraulic conductivity value= 1.53x10° cm/sec. For
mix no.4 (CKD content= 40%), the elapsed time for reaching
to the steady state was 250 days. This mix succeeded in
reaching the target value of k where the final measured
hydraulic conductivity coefficient value was equal to
5.47x10"° cm/sec.

Figure 9 illustrates the effect of variability of CKD
content on the final measured hydraulic conductivity
coefficient. The effect of CKD content on (k) value can be
noticed to be highly significant especially for mixes contain
low content of CKD (i.e., <20%); the variation from 10% to
20% decreased the permeability coefficient about 3.5 orders
of magnitudes. The difference in k value was about 1.5 order
of magnitudes between the samples contain CKD= 20% and
30% then become 0.7 order of magnitude between the mix
contains 40% and 30%.

Table 5: Measured Coefficient of Hydraulic Conductivity Versus CKD Content

CKD (%) Required time to reach 1x10” Elapsed time for saturation Measured final, k (cm/sec)
(days) (days)
10 (Mix no.1) Not achieved 9 1.32x10*
20 (Mix no. 2) 35 69 5.81x10®
30 (Mix no. 3) 42 105 1.53x10°
40 (Mix no. 4) 14 More than 250 5.47x1071°
Elapsed time (daw)
(A alelak oo oo | 1 10 100 1000
-1 E_DS L 'l A Tl L L J
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Fig 8: Variation of Hydraulic Conductivity Versus Elapsed Time
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Fig 9: Variation of Hydraulic Conductivity Coefficient with CKD Content.

C. Effect of Leachate on Permeability of the Tested Samples

In the second stage of the testing program, one-
dimensional consolidation tests (as per ASTM D2435) were
carried out on the succeeded mixes to measure the effect of
leachate on the hydraulic conductivity coefficient (k). The
aim of exposing the mix to the leachate was to simulate the
actual severe site conditions at municipal landfill site.

Practically, however, it was difficult to determine the
hydraulic conductivity coefficient (k) using the available
falling head test apparatus, as the leachate would react with
the plastic materials and with the metal molds and molds
which in turn would result in false values of (k). Accordingly,
the permeability was measured indirectly through the one-
dimensional consolidation test via using the odometer cell as
inundation medium for the tested samples. The sample
preparation was carried out as follows:

e Measure the dimensions of the metal ring of the
consolidation ring then calculate its volume.

e Obtain the point of (ydmax) from the compaction curve of
the tested mix.

o From the (ydmax), (Wo.mc) and the measured volume of the
metal ring (v) the weight of the sample that achieves the
required density can be determined.

Compact the weighted mix inside the metal ring till it
reaches the required volume. Initially, consolidation test was
performed by using potable water as permeating fluid, then
the test was repeated using leachate to determine the effect of
leachate on permeability properties. Table (6) summarizes the
results of one-dimensional consolidation tests under applied
vertical stresses up to 1600 kPa for samples of CKD-sandy
soil mix (40% content) submerged in potable water and
leachate.

From the theorem of soil compressibility (i.e.,
consolidation), the following equation can be used for

NISRT25MAR219

estimating (k) value corresponding to each vertical loading
cycle:

k = Cvmvyw (3)

M =717 € )
A

@ =7 (5)

Where: k is coefficient of hydraulic conductivity; Cyis
coefficient of consolidation; my is coefficient of volume
compressibility; ay is coefficient of compressibility; e, is
initial void ratio; Ae is change in void ratio; and Ap change in
vertical stresses.

Figure 10 depicts the curves of 1-D consolidation tests
(e-log p) for CKD-sandy soil mixes of CKD content equal
40% which were conducted under the effect of two different
environmental conditions (i.e., water and leachate as
permeating fluid). It is obvious that the variation in the value
of the void ratio (e) is small (about 6% variations under
different environmental conditions) which reflects the low
plasticity of this type of mix. Furthermore, Figure 11 shows
the relationships between vertical stress (p) versus coefficient
of permeability (k) for the mix of CKD=40% submerged in
water and leachate as permeating fluid. It be seen that the two
mixes succeeded in satisfying the permeability condition at
all loading values. Moreover, the coefficients of hydraulic
conductivity (k) calculated from consolidation tests under
leachate effect were ranged between 1x10® and 6.5x1071°
cm/sec. However, the corresponding values for the same test
conducted under portable were ranged between 1.8x10 and
5.4x10°%° cm/sec. This indicates that effect of leachate on the
permeability of the mixes, which has CKD content of 40%, is
negligible (the largest difference was about 0.5 orders of
magnitude at applied vertical stress of 400 kPa).
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Table 6: Results One-Dimensional Consolidation Tests for CKD-Sandy Soil Mix no. 4 (CKD Content of 40%)

Vertical Submerged in Potable Water Submerged in Leachate
Stress, e Cv k e Cv k
p (kPa) (cm?/day) (cm/sec) (cm?/day) (cm/sec)
25 0.39 N/A N/A 0.38 N/A N/A
50 0.39 970.86 1.8E-08 0.38 634.07 1.0E-08
100 0.39 275.96 8.2E-09 0.38 111.36 3.0E-09
200 0.38 384.20 6.1E-09 0.38 313.84 4.7E-09
400 0.38 136.10 1.6E-09 0.37 623.24 6.2E-09
800 0.38 157.22 1.1E-09 0.37 154.14 1.2E-09
1600 0.37 61.34 5.4E-10 0.36 106.91 6.5E-10
0.=394
0. So —p— Sokated in water
O =90 - — i — Sokated in leachate
0.=353
0.356
an 0.354
= e =)
g 0320
=  osrs
O.3575
0374
o372
o= 70
0353
o558 ' '
10 10 1000
ertical stresse, p (KFPa)

Fig 10: Consolidation Curves for Mix no. 4 (CKD=40%) under the Effect of Different Environmental Conditions
(Water and Leachate as Permeating Fluid)

hydraulic conductivity, k (cmisec)
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Fig 11: Vertical Stress (p) Versus Coefficient of Permeability (k) for Mix no. 4 (CKD=40%) Submerged in Two Different
Environmental Conditions

V1.

SUMMARY AND CONCLUSIONS

Growing quantities of waste CKD (a fine powdery
material, gray to tan in color), as by-product of Portland

cement

production,

pose

problems

regarding

their

environmentally safe disposal, and rising space requirement

NISRT25MAR219
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for municipal landfill locations. Therefore, waste CKD
recycling for sustainable development was investigated in
this paper by utilizing such waste material after mixing with
sandy soil as lining for construction of municipal landfill.
Based on the experimental results discussed above, the
following findings are withdrawn:
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[4]

[5].
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For the tested mixes, the content of waste CKD had
significant impact on the values of wo m ¢ rather than on the
vdamax. Optimum moisture content increased about 135%
due to an increase in CKD content of 40%. This behavior
can be attributed to fineness of the material, the addition
of CKD resulted to a substantial shift in the compaction
curve (i.e., higher Womc and lower yamax With increasing
CKD content).

The mix that had waste CKD content of 40%, succeeded
in achieving the required value of hydraulic conductivity
coefficient (k) by the standards even though the mix was
subjected to leachate during testing. In terms of
permeability, influence of the leachate on the tested mix
was too small (about 0.1 orders of magnitude compared to
water as permeating fluid) so that the effect can be
considered as negligible under aggressive site conditions.
Utilization of waste CKD-sandy soil mix as liner material
for installing municipal landfills is a good solution and
important alternative, as it hinders the leachate infiltration
into the original ground and underground water as well as
provides a safe disposal method for waste CKD.

The optimum recommended percentage of waste CKD
was varied between 30% and 40% by the mix weight. This
range of waste CKD content can be implemented in
construction of landfill liner due to environmental and
economical aims. As a result, the CKD-sandy soil mix
can serve as a cost-effective and efficient alternative to
traditional landfill liner materials.
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