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Volume change behaviour of a cement kiln dust

Yahya Hamza Karagoly, Osama Mahdi Al-Hussaini, Snehasis Tripathy, Peter John Cleall

Abstract

Industrial wastes are damage to the environment and pose threat to public health. Utilization
of industrial wastes becomes inevitable if a circular economy needs to be achieved. Cement
kiln dust is a potential engineering material that may be used in many civil engineering works.
The volume change behaviour of a cement kiln dust is reported in this paper. One-dimensional
swelling and compression tests were carried out on cement kiln dust specimens to derive the
compressibility parameters and coefficient of permeability. A cyclic wet-freeze-thaw-dry test
was carried out to study the volume change of the material upon exposed to various seasonal
climatic processes under a low surcharge pressure. The experimental results showed that
cement kiln dusts may exhibit swelling under light loads. The correlations between plasticity
properties and compressibility parameters that are applicable for fine grained soils, were found
to overestimate the parameters of the cement kiln dust. The magnitudes of frost heave and thaw
settlement were found to be significant, with an uprising type of movement accompanied by

strain accumulation when the material was taken through several wet-freeze-thaw-dry cycles.

Keywords: Volume change, Oedometer tests, Compressibility, industrial waste, cement kiln

dust, seasonal climatic processes



Introduction

Population growth alongside increasing urbanisation and rising standards of living have led to
generation of a large quantity and variety of solid wastes by industrial, mining, domestic and
agricultural activities. Some of the industrial wastes generated are steel slags, plastics, glass,
fly ash, cement kiln dust (CKD), silica fume, and mine tailings (Environmental Agency 2021).
The use of industrial waste increases the sustainability of industrial processes. Geotechnical
and geoenvironmental engineering applications of various wastes have been considered where
the native soils do not meet the design criteria in terms of compressibility, shear strength, ion
retention, and permeability, among these are fly ash and cement kiln dust (Miller and Azad
2000; Button 2003; Adaska and Taubert 2008; Peethamparan et al. 2008; Sridharan and

Prakash 2009).

Cement kiln dust (CKD) is a by-product of the Portland cement manufacturing process.
The global cement production is estimated to about 4.0 billion tonnes per year (Heincke et al.
2023). The worldwide CKD generation is estimated to be about 420 — 560 million tonnes
during the year 2009 (Kunal et al. 2012). This suggests that the amount of CKD produced
annually is about 10 to 14% of the amount of cement produced. The material is a fine powder
with a wide range of particle sizes and poses storage problems, health hazards, and is a potential

pollution source (Baghdadi et al. 1995).

Adaska and Taubert (2008) stated that CKD sent to landfill is decreasing in the United
States. This 1s because a large quantity of CKDs is used in beneficial applications, such as soil
stabilization, stabilization/solidification of waste materials, cement additive/blending and mine
reclamation. In the United Kingdom, no CKD has been sent to landfill since 2012 (Department
for Business and Trade 2023). The CKDs are either returned to the kilns as feed stock or are

utilized in a number of secondary applications, such as in agriculture as liming agent, soil



stabilization, concrete mix, chemical treatment and ceramic and brick manufacturing. Several
other studies reported the use of CKDs alone or as a mixture with soils in various applications
including the stabilization of weak soils, construction of hydraulic barrier systems, pavements,
low-strength backfill, engineered barriers for landfill liners, mine reclamation, and in
agriculture (Baghdadi and Rahman 1990; USEPA 1998; ASTM 2015). In most of the
geotechnical engineering applications the admixture soils are used in compacted form above

the groundwater table. Therefore, the materials often are in unsaturated state.

Studies in the past have shown that the collapse potential and compressibility of soils
decreased upon using CKD as a stabiliser additive (Miller et al. 1997). Similarly, an addition
of CKD was found to decrease the swelling potential of expansive soils (Parsons et al. 2004).
Differences in the characteristics of already landfilled and fresh CKDs have been reported
(Sreekrishnavilasam and Santagata 2006). This suggests that it would be necessary to

determine properties of CKDs prior to their use in various engineering works.

Compacted materials may undergo numerous cycles of wetting, drying, freezing and
thawing processes during their use in many civil engineering applications (roadways, railway
formations, backfill and foundations). In temperate regions of the world, the materials are often
subjected to drying and wetting processes, whereas in the cold regions, freezing and thawing
processes are more common. In certain parts of the world, it may be expected that all these
processes are prevalent. Considerable field and laboratory research works have been aimed at
understanding the effects of cyclic wetting-drying (Tripathy et al. 2002) and cyclic freezing-
thawing on the volume change behaviour of soils (Chamberlain and Gow 1979; Konrad 1989;
Viklander 1998a,b; Qi et al. 2008; Hui and Ping 2009; Wang et al. 2016). The studies have
shown that soils tend to reach an equilibrium in terms of the strain after several cycles of

wetting-drying and freezing-thawing.



Determination of the basic properties and characteristics of materials are required to
understand how the materials would respond to a variety of stress and environmental loading
conditions. The engineering properties that are usually determined include the volume change
(swelling/heave and settlement), permeability and shear strength. Studies on the volume change
behaviour of compacted materials are beneficial which provide crucial information on the
suitability of the materials for various engineering applications. Consolidation tests on initially
saturated slurried materials provide information on the volume change and permeability for a

wide range of applied stresses.

The presence of significant percentages of fine-size fractions and the chemical
composition of CKD may influence the volume change behaviour of the material. In particular,
the interaction of CKD with water and the formation of various minerals and hydroxides may
contribute to the engineering properties. Volumetric changes of CKD may cause undesirable
effects on the stability of engineering structures. Therefore, studies on the volume change
behaviour of CKDs may lead to better understanding of their suitability as soil stabilizers. A
detailed review of the literature indicated volume change behaviour of CKD alone in response
to mechanical loading and seasonal climatic processes have not yet been explored in detail.
The objectives of this paper are: (1) To study the one-dimensional swelling and compression
behaviour of a CKD at various applied pressures so as to derive the relevant compressibility
parameters and (2) To study the volume change behaviour of compacted CKD with an

increasing number of freeze-thaw-dry-wet cycles.

Materials and methods

The CKD used in this study was supplied by a local cement company in Wales, UK. Table 1
presents the properties of the CKD used. The CKD contained 71% silt-size particles and 29%

of particles were finer than clay-size (Fig. 1).



The liquid and plastic limits tests were performed after 1, 3, 7, 14 and 28 days of curing.
The curing times were considered to study the effect of minerals and hydroxides that are formed
due to the interaction of CKD with water (Peethamparan et al. 2008) on the plasticity
properties. Figure 2 shows the curing time versus liquid limit, plastic limit and plasticity index
of the CKD used. Minor variations of liquid and plastic limits were noted (about 2%) for the
curing times considered which indicate that the impact of curing time on the Atterberg limits
of the CKD was not very significant. This is possibly because at high water content of the
CKD-water mixture (> liquid limit), the calcium-silicate-hydrate (C-S-H) gel bonding formed
(Peethamparan et al. 2008) was weaker. Additionally, remixing of the CKD-water mixture
prior to the tests eliminated the strength gain during the curing period. Light compaction test
(BS 1377 1990a) results showed that the degree of saturation corresponding to the maximum

dry unit weight and optimum water content was about 95% (Fig. 3).

The exchangeable cations in the CKD (Table 1) were mainly Ca** (60.12 meq/100g)
with varying percentages of K*, Na* and Mg**. The specific surface of the CKD (0.58 m?%/g)
was found to be within the range of values reported for several CKDs (0.19 - 0.65 m?*/g)

(Mackie et al. 2010).

Chemical analysis of the CKD was performed using the X-ray fluorescence
spectroscopy. The results (Table 2) show that the CKD was mainly composed of the oxides of
calcium, silica and aluminium and the loss on ignition (LOI) was found to be 33.8%. The
composition of the CKD is similar to the cement kiln raw feed; however, the amounts of alkalis
(Na20 and K»O) and sulphate (SO3) are usually considerably higher in the dust (Ravindrarajah
1982). The quantities of free lime (CaO) and alkalis may vary widely between CKDs. The
exposure of stockpiled CKD to water can lead to the hydration of free lime with a decrease in

free lime content and an increase in loss on ignition value (Button 2003).



The X-ray diffraction test and semi-quantitative analyses were undertaken to determine
type and amounts of various minerals present in the CKD (Fig. 4). The dominant mineral in
the CKD was found to be Calcite, CaCO3 (85%). The CKD was also comprised Quartz, SiO>
(12%) and traces of Gypsum, Kaolinite and Anhydrite. The microscopic appearance of the
CKD powder (Fig. 5) predominantly composed of clusters (agglomerates) of particles with

poorly defined shapes.

Experimental methods

Oedometer tests

One-dimensional compression test was carried out on an initially saturated slurried CKD
specimen (70 mm dia and 15 mm), denoted as specimen SS. The specimen was prepared at an
initial water content of 1.2 times the liquid limit of the CKD. The specimen was step-wise
loaded to 800 kPa and then unloaded. A manual loading oedometer with a maximum loading
capacity of 1000 kPa was used this purpose. One-dimensional swelling and compression tests
(BS 1377 1990c) were conducted on statically compacted CKD specimens. The compacted
CKD specimens (70 mm dia and 15 mm) were prepared at dry unit weight and water content
of 14.83 kN/m? and 27.3% respectively. The chosen compaction conditions were similar to the
optimum conditions of the CKD. Compacted unsaturated specimens were firstly inundated
with water under an applied pressure of either 2 kPa (specimen CS-2 kPa) or 25 kPa (specimen
CS-25 kPa). Once the swelling strains attained an equilibrium, the specimens were loaded in a
step-wise manner up to a vertical pressure of 1600 kPa and then unloaded. The choice of initial
pressures at the time of inundation with water was based on the potential engineering
applications of CKDs (e.g., as landfill cover, and as subgrade materials) and the possible
average in-situ overburden pressure. Similar applied pressures have been considered by Al-

Rawas et al. (2002). A compacted specimen (specimen CS-CV, where CS stands for



compacted-saturated and CV for constant volume) was hydrated hydrated with water at
constant volume condition to determine the swelling pressure. Specimens CS-2 kPa, CS-25

kPa and CV were tested in an automatic oedometer with a maximum loading capacity of 1800

kPa.

Cyclic freeze-thaw-dry-wet test

The laboratory test setup used to perform the cyclic freeze-thaw-wet-dry tests (Tripathy et al.
2020) is shown in Fig. 6. Using the test set up, it is not required to dismantle a specimen at any
stage of the test while the specimen is taken through cycles of wetting, freezing, thawing, and
drying. The test set up enabled applying predetermined temperature boundary conditions at the
top of a specimen (diameter = 103.3 mm and height = 65 mm) and measuring vertical

deformation and changes in the temperature at various predetermined heights of the specimen.

The test setup consists of a cylindrical polyvinyl chloride (PVC) interior and exterior
mould assembly, a vortex tube that can supply temperature controlled hot or cold air to a top
cooling/heating chamber, linear variable displacement transformers (LVDTs) to measure
vertical deformation (measurement range = 50 mm, linearity = 0.2%, resolution = 0.3um, and
operating temperature range = - 40 to +120 °C), six thermocouples (RS Pro K Type
thermocouples; measurement range = — 50 to + 250 °C, response time = 0.7 seconds, and
accuracy = #1.5 °C); two within the heating/cooling chamber to monitor temperature at the top
of the specimen and four at predetermined length of the specimen, a porous stone, a water
reservoir, a thermal insulation sheath (30 mm-thick rock-wool layer covered with a 3.7 mm
thick reflective foil), an air supply system, and a data acquisition system. The PVC mould
assembly comprises a single-flanged exterior mould and a step-flanged interior mould. The
exterior mould is attached to a PVC base plate. An acrylic hollow cylinder-stand with a

perforated acrylic disc at the top is placed within the exterior mould in order to create a water
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reservoir below a porous stone, which in turn is placed on a perforated acrylic disc. The interior
mould, with the thermocouples attached to the inner face, is made to rest on the perforated
acrylic disc. The annular space between the interior and exterior moulds accommodates the
ultrathin wires of the thermocouples. The specimen is placed on the porous stone, whereas the
cooling/heating chamber is placed above the specimens during the tests. The LVDT holders
are attached to a horizontal frame (not shown) which in turn is positioned directly on top of the
device. The LVDTs on the heating/cooling chamber and on the flange of the interior mould

measured the vertical deformation of the specimen and the interior mould.

The vortex tube is connected to the top cooling/heating chamber, which is a composite
cylinder with a stainless-steel side and a 1.8 mm thick copper base. A 12.5 mm-thick PTFE
disc with six air vents, each 10 mm in diameter, is attached firmly to the top open end of the
stainless cylinder. Compressed air (7-bar; 1 bar = 100 kPa) is fed transversely into the
generation chamber of the vortex tube that is made to spin by a generator. The air moves down
the long tube in which hot air separates outwards and towards the wall of the tube due to the
inertia of motion, whereas the cold air is pushed to the centre of the tube. A percentage of the
hot air is made to exit (hot end), whereas the remaining air flows towards opposite end (cold
end). The cold air supplied by the vortex tube can be used to apply freezing temperature at the
top of the specimen, whereas the hot air can be used during the drying cycle. The pressurised

air (cold or hot) exits the top chamber via the air vents.

The duration of each simulated ‘season’ can have a significant impact on the volume
change behaviour of various materials. The experimental program adopted in this study does
not attempt replicate the real length of annual seasons, with only laboratory-scale testing of the
CKD with assumed temperature and hydraulic boundary conditions for predetermined periods
of testing. The test was carried out at an applied vertical pressure of 2.0 kPa on the specimen

(i.e., the self-weight of the heating/cooling chamber and the attached accessories).



A compacted specimen with initial water content of 24.2% and dry unit weight of 12.55
kN/m? was tested in the device. The compaction conditions of the specimen correspond to the
dry side of the optimum conditions. The specimen was wetted at ambient laboratory
temperature of 21 + 2 °C. The supply of water to the water reservoir was from an external water
reservoir (item 1 in Fig. 6). The freezing process followed the wetting process. The temperature
at the top of the specimens was lowered down to -19 + 0.5 °C and maintained for 24 hours,

whereas the thawing process occurred at the ambient laboratory temperature.

When particulate systems (in this case, compacted CKD-water mixture) containing fine
fractions are frozen from one side with an access to water on the opposite side, frost heave
continues to develop due to two simultaneous processes. Firstly, the pore water freezes causing
heave and secondly, water is cryogenically drawn from both unfrozen parts of the system and
the external water source to the segregation freezing front, leading to the formation ice lenses
within the particulate system causing further heave (Konrad 1989). In the current study, for
comparing the magnitude of frost heave in various freezing cycles, the freezing process was

therefore terminated after 24 hours in each cycle.

During the drying process, the temperature at the top of the specimen was maintained
at 52 + 1.5 °C. Each cycle comprised wetting, freezing, thawing and drying processes. The
specimen was taken through several such cycles. Except for the freezing process in each cycle
which was for 24 hr, in all other processes a change in the process was made when the vertical
deformation of the specimen attained an equilibrium. During the initial phase of the
investigation, the water contents of the materials at the end of drying cycles were determined.
The results showed that the materials underwent partial drying process with water content at
the end of each drying cycle was greater than the initial water content of the compacted
specimen by about 1%. After termination of the drying stage and before starting the next

wetting stage, a duration of 24 hours was allowed for the temperature in the specimen to attain



the room temperature. No water was supplied to the specimen during the drying process.
During the wetting process, the water level was kept at the top of the specimen, whereas during

freezing and thawing stages the water table was kept at the bottom of the specimen.

The frictional resistance between the specimen and the inner surface of the PVC mould
was minimised by using silicon grease. However, during a freezing cycle, a subzero
temperature at the top of the specimen caused ice formation at and near the top end of the
specimen. The top end of the specimen remained adhered to the wall of the specimen mould
(adfreezing effect) (Eigenbrod 1996) by the ice formed which in turn did not allow the
expansion of the specimens to occur in an upward direction due to the development of side
friction. The expansion of the specimen occurred towards the bottom end (in the direction of

least resistance) thereby lifting the interior mould upwards.

Results and discussion

Swelling strain and swelling pressure

Figure 7 presents the elapsed time versus swelling strain results of the compacted CKD
specimens (CS—2 kPa and CS-25 kPa). The swelling strains were calculated based on the
change in heights and the initial height of the specimens prior to the saturation process. Figure
8 presents the development of swelling pressure with elapsed time during the saturation process
of the compacted CKD specimen (CS—CV). The test was conducted in constant volume

condition for a duration of about 24 days.

The effect of an applied pressure during inundation is found to be distinct on the
swelling strain. An increase in the swelling strain was rapid during the initial stage for the
specimen with an applied pressure of 2 kPa as compared to the specimen with an applied
pressure of 25 kPa. The swelling strains attained equilibrium (18.8 and 1.47% at applied

pressures of 2 and 25 kPa respectively) in both cases in about 23 days and 16 days under 2 kPa
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and 25 kPa, respectively. The swelling pressure was found to increase and attained a maximum
value of about 67 kPa at the end of 15 days and then decreased to reach a near constant value

of about 60 kPa (Fig. 8).

The interaction of CKD with water is complex due to the presence of alumina (Al2O3),
silica (S1032), calcium oxide (Ca0), alkalis (Na2O and K;O) and sulfate (SO3). Peethamparan
et al. (2008) stated that CKDs with high contents of free-lime upon hydration produced
significant amounts of calcium hydroxide (Ca(OH)2), calcium-silicate-hydrate (C-S-H),
gypsum, ettringite, and syngenite. Ramachandran et al. (1964) stated that hydration of calcium
oxide (CaO) is associated with an increase in the crystal volume, and a decrease in the pore
volume and size. Liyanaga and Gamage (2021) stated that volume expansion due to hydration
of CaO is due to formation and lengthening of calcium hydroxide crystals around the hydrating
CaO. Thus, an increase in the volume and the swelling pressure exhibited of the CKD upon
exposed to water can be attributed to the chemical reaction between CaO and water. A
reduction in swelling strain due to an increase in the surcharge pressure suggests that the
lengthening of calcium hydroxide crystal is countered by the applied stress. Additionally, the
C-S-H-gel system tends to enhance the strength of CKD by providing resistance against volume

increase of the CKD particle matrix.

The C-S-H sheets in cementitious materials possess interlayer water and between the
stacks of C-S-H sheets there exists gel pore water (Wyrzykowski et al. 2017). The
redistribution of interlayer and gel pore water occurs during changes in suction (both during
drying and wetting). In this process, the C-S-H sheets reorientate to attain equilibrium, tending
to reduce the volume of gel pores and leading to the formation of more interlayer pores. This
may result in a decrease in the swelling pressure. The additional factors that may contribute to
a reduction in swelling pressure are due to the stiffness of the measuring system and an
expansion of the specimen ring during a test.

11



Compressibility parameters and permeability

Figures 9 shows the typical square root of time versus strain plots for the saturated slurried
(SS) and compacted CKD specimens (CS-2 kPa, CS-25 kPa and CS-CV) at an applied vertical
pressure of 100 kPa. The compression strains were greater in case of specimens SS and CS-2
kPa as compared to that occurred for specimens CS-25 kPa and CS-CV. Higher compression
strains of specimens SS and CS-2 kPa are due to the stress history of the specimens during the
saturation process. The experimental data at all applied vertical pressures were analysed to
determine the changes in the void ratio (Fig. 10), compression index (C¢) (Table 3), swelling
index (Cs) (Table 3), coefficient of consolidation (Cy) (Fig. 11), coefficient of volume
compressibility (my) (Fig. 12), and saturated coefficient of permeability (k) (Fig. 13). The
values of Cy, my and k were determined based on Terzaghi’s consolidation theory. The results
of Cy, my and k are plotted against the average vertical pressures for two consecutive applied

vertical pressures in Figs. 11, 12, and 13 respectively.

The e-log p plots (Fig. 10) show that at any given applied vertical pressure, the void
ratio remains in decreasing order magnitude for the specimens SS, CS-2 kPa, CS-25 kPa and
CS-CV. The elastic zone for specimens SS and CS-2 kPa remained up to about 25 kPa during
the loading stage. A pre-consolidation stress of about 25 kPa for specimen SS possibly
originated from the specimen preparation stage. The applied stress for preparing the compacted
specimens was far higher (1200 kPa) than that observed as pre-consolidation stress for the

compacted specimens.

The applied vertical pressure ranges considered for determining the compression index
(C.) and the swelling index (Cs) are shown in Table 3. The C. values for all the specimens
tested remained between 0.08 and 0.22. Specimen SS exhibited the largest value of Cc, whereas

the least value was noted for specimen CS-CV. The void ratio of specimens CS-25 kPa and
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CS-CV were very similar prior to the loading stage. Specimen CS-25 kPa exhibited a slightly
higher value of C. as compared to that of specimen CS-CV. The swelling index (Cs) is the slope
of the void ratio-vertical pressure plot during unloading or decompression. The Cs values
(Table 3) of all specimens tested ranged between 0.007 and 0.019. The lowest value was noted

for the specimen CS-CV.

The compression index (C¢) of the CKD was calculated using Skempton's correlation
(Cc =0.007 x (Liquid limit — 10)) and was found to be 0.22. Again, from a relationship with
plasticity index (C. = IP/74, where IP is the plasticity index) (Mitchell 1993), a value of C. was
found to be 0.19. Although these values are close to the value obtained from experimental
results for the specimen SS and CS-2kPa, the C. values of compacted specimens were lower
than that were calculated from the correlations considered. Following the relationship Cs =
IP/370 (Mitchell 1993), a decompression index of 0.038 was obtained. The experimental Cs

values (Table 3) are found to be lesser than that obtained from the correlation.

The Taylor’s square-root time fitting method was used to determine the values of Cy
for each loading step. The value of Cy depends upon the mineralogy and chemical composition
of fine-grained soils. A variation of Cy with an increase in the vertical pressure was noted for
all specimens (Fig. 11). The Cy value generally remained between 1 to 10 m?*/year for all the
specimens tested and for the pressure ranges considered. A tendency of the specimens to exhibit
a Cy value of about 3 m*/year at high applied pressures can be noted. The Cy values of the CKD
(liquid limit = 41%) were found to be similar to that reported for the remoulded soils with

liquid limits between 30 and 60% (Lambe and Whitman 1969).

In general, m, and k decreased with an increase in the applied pressure (Figs. 12 and
13). The my and k values were found to be higher for the specimens SS and CS-2 kPa as

compared to the specimens CS-25 kPa and CS-CV. Considering the typical my values and
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descriptive terms of different types of clay reported by Carter (1983), the compressibility of
the specimens SS and CS-2 kPa for the range of vertical stress in this study can be described
as medium to high, whereas for specimens CS-25kPa and CS-CV, it can be described as low
to very low. Results of permeability measurements of different types of CKD have been
reported by Todres et al. (1992) on specimens compacted inside permeameter moulds at
different densities. The reported values of k were found to be between 1.5x10” and 1.5x107'?
m/s. The k values obtained from one-dimensional oedometer tests in this study (Fig. 13) were

within the range of k values reported in the past.
Cyclic freeze-thaw-dry-wet test results

Figure 14a presents the vertical deformation of the CKD specimen with an increasing number
of wet-freeze-thaw-dry cycles. The applied temperatures at the top of the specimen during the
freezing and drying cycles were -19 and + 52 °C respectively. Therefore, the average
temperature gradients along the specimen during freezing and drying cycles were about 0.61
°C/mm and 0.48 °C/mm, respectively. The temperatures at the various salient levels of the
specimen during wetting, freezing, thawing and drying cycles are shown in Fig. 14b. The
positions of the thermocouples with respect to the top of the specimen (Fig. 6) changed during
the test. Therefore, for the sake of consistency in the presentation of the test results, the initial
positions of the thermocouples are considered for presenting the temperature data in Fig. 14b.
Figure 15 show the temperature profiles along the depth of the specimen at the end of freezing,
thawing and drying cycles. As indicated by the readings of the thermocouples (TCO to TC4 in
Figs. 14b and 15), the temperatures measured at various depths of the specimen for the freezing
cycles remained higher (less negative) than that of the applied temperature at the top of the
specimen. Similarly, the temperatures along the depth of the specimen during the drying cycles
were found to be lower than that of the applied temperature at the top of the specimen. The
equilibrium temperature profiles along the depth of the specimen can be attributed to the

14



thermal conductivity and heat capacity of the material, which in turn for the same porous
medium, depends upon the volume-mass properties (water content and dry density).
Additionally, the heat loss and gain at the base of the specimen and the radial heat loss through
the thermal insulation on the exterior mould of the device affected the equilibrium temperature
profiles. Tripathy et al. (2017) have reported the effect of temperature gradient, and type and
thickness of thermal insulation layer surrounding a testing device on the temperature profiles
and moisture distribution in a compacted bentonite. Their results show that the radial heat loss

influences the temperature profile and the redistribution of water content within porous media.

The response of the specimens to temperature and hydraulic boundary conditions was
reflected on the changes in the height of the specimen in each stage of the tests. Figure 16
shows the measured vertical deformation of the specimen during cycles 1, 3 and 6 for wetting,

freezing, thawing and drying processes.

The specimen exhibited very minor swelling deformation (vertical strain less than
0.3%) during the wetting cycles (Figs. 14a and 16a). The swelling deformation decreased with
an increasing number of cycles. A lesser swelling deformation of the specimen as compared to
that of the specimen CS-2 kPa is attributed to a lower initial compaction dry density of the
CKD for this test. The frost heave during the freezing cycles and the thaw settlement during
the thawing cycles were found to be of significant magnitudes (Figs. 14a, 16b and c). During
the commencements of thawing stages, additional heave was noted. The additional heave is
associated with a decrease in effective stress resulting from the increase in pore-water pressure

(Eigenbrod 1996).

The partial drying of the specimen during the drying cycles produced vertical
deformation that was greater than the swelling deformation but significantly lower than the

magnitudes of frost heave and thaw settlement. This resulted in an accumulation of vertical
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deformation in the specimen through progressive cycles, causing movement of the top of the
sample in an upward direction (i.e., uprising movement) as shown in Fig. 14a. Such a
movement pattern has been observed for expansive soils subjected to wet-dry cycles under low
surcharge pressures and partial drying conditions (Tripathy et al. 2002). Viklander (1998a)
stated that for soils compacted at low dry densities, a net increase in the void ratio occurs upon

freeze-thaw processes due to changes in the particle rearrangements.

The strains corresponding to wetting, freezing, thawing and drying were found to be
nearly repeatable after four to five cycles (Fig. 14a) indicating that an equilibrium had attained
in terms of volume change. The differences in the strains corresponding to the end of freezing
cycles and that at the end of a drying cycles was found to be about 42%. At equilibrium, the
sum of vertical deformations during wetting and freezing cycles were found to be nearly equal

to the sum of vertical deformations occurred during thawing and drying cycles.

The initial compaction conditions are known to influence the engineering properties of
geomaterials (Lambe and Whitman 1969). The current study focused on the behaviour of the
cement kiln dust at optimum compaction conditions for studying the swelling and
compressibility behaviour, and the variation of the permeability. Additionally, the effects of
seasonal climatic processes on the volume change behaviour of the cement kiln dust were
studied under a low surcharge pressure for which the compaction conditions were on the dry
side of the optimum condition. The use of cement kiln dust in various geotechnical and
geoenvironmental applications requires developing further understanding of the effects of
initial compaction conditions on the volume change, water retention, hydraulic conductivity,
and shear strength, both under saturated and unsaturated conditions. Similarly, studies on the
behaviour of cement kiln dust upon exposure to various possible sequences of the seasonal

climatic processes may enable understanding their long-term behaviour.
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Conclusions

One-dimensional swelling and consolidation test results of a cement kiln dust (CKD) for
different initial conditions are presented in this paper. The swelling pressure of compacted
specimen was measured under constant volume condition. The compressibility parameters
(compression index, coefficient of consolidation, and coefficient of volume compressibility) of
initially saturated slurried and compacted specimens were studied for an applied pressure range
of 2 to 1600 kPa. The values of coefficient of permeability were derived from the results of
coefficient of consolidation and coefficient of volume compressibility. A cyclic wetting-
freezing-thawing-drying test was conducted on a compacted CKD specimen. The main

findings from the laboratory tests on the CKD can be summarised as:

(1) The CKD considered in this study exhibited swelling upon saturation from unsaturated
condition. Similarly, swelling pressure developed when an unsaturated specimen was wetted
under constant volume condition. The swelling behaviour of the CKD is attributed to the

interaction between calcium oxide and water that produce calcium hydroxide.

(2) The applied pressure and initial compaction conditions of CKD influenced the
compressibility parameters and the coefficient of permeability. The available correlations
between plasticity properties and consolidation parameters for fine grained soils were generally

found to overestimate the consolidation parameters of the CKD.

(3) The volume change of the CKD due to repeated wet-freeze-thaw-dry cycles showed strain
accumulation. An equilibrium was found to reach after several cycles at which the sum of
deformation due to wetting and freezing was similar to the sum of deformation due to thawing

and drying.
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Tablel. Properties of the cement kiln dust used in this study

Specific gravity, Gs! 2.72
Atterberg limits
Liquid limit, LL (%)? 41
Plastic limit, PL (%) 27
Plasticity index, PI (%) 14
Shrinkage limit, SL (%)? 21
Particle size distribution*
Sand (%)
Silt-size (%) 71
Clay-size (%) 29

Compaction characteristics’
Optimum water content (%) 27.6
Maximum dry unit weight (kN/m?) 14.85
Cation exchange capacity (CEC), (meq/100g)°

Na* 3.22
Ca** 60.12
Mg?* 2.41
K* 13.46
Total Cation Exchange Capacity (meq/100g) 79.21
Specific surface area (m?/g)’ 0.58

1,245 BS 1377 (1990); > ASTM D4943 (2010); ® Ammonium acetate method at pH 7
(Lavkulich 1981); 7 Ethylene Glycol Monoethyl Ether (EGME) method (Eltantawy and
Arnold 1973)
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Table 2. Chemical composition of the CKD used in this study

Oxides %

Si02 13.02
AlLO3 2.65
Fe,03 1.04
CaO 41.46
K>O 1.33
Na,O 0.21
MgO 1.07
SOs 1.84
SrO 0.04
P>0s 0.05
Mn;0s 0.06
TiO» 0.14
ZnO 0.01
Cr203 0.01
LOI 33.8
pH 12.07

26



Table 3. Compression and swell indices of the cement kiln dust specimens tested

Vertical stress range

Deciion st e, Comrsn S
and Cs (kPa - kPa) e ,» Cs
Saturated-slurried (SS) 25 - 800 0.22 0.019
2P (CS - 2hpey | 110 0.18 0018
L5 kPa (CS -5 kpay o 125-1623 0.10 0017
Saturated under constant volume 100 - 1600 0.08 0.007

condition (CS — CV)

27



Percent Finer

Fig.

100

90 -
80 1
70 1
60 1
50 |
40 1
30 -
20 -
10
.

0.0001

0.001

0.01
Particle size (mm)

0.1

1. Grain-size distribution curve of the cement kiln dust used.

28




N N W W
o o O

o

Water content (%)

—_
o O

0 +———

>

l
—o— Liquid limit
—A— Plastic limit
—i— Plasticity index

Fig. 2. Effect of curing time on liquid and plastic limits of the CKD used in this study.

10 15 20 25

Curing time (days)

29

30



16

Maximum dry '\.\ Zero Air Void (ZAV) line
1 Viaxime . (G, =2.72)
15 | unt weight = 14.85 kN/m? \, Degree of saturation,
€—————————————= = Sr = 100%
e |
g 14 - !
2 !
< |
£ 13 1 '
2 |
) I
3 |
S [ N,
> I N,
Q 11 - :
Optimum I
water content = 27.6% I
10 T T T T T T T T lv T T T T T T
5 10 15 20 25 30 35 40 45

Fig. 3. Light compaction curve of

Water content (%)

the cement kiln dust used.

30



1200

¢ calcite (C) 85%
Quartz (Q) 12%
1000 H Gypsum (G) 1%
Kaolinite (K) 1%
800 4 Anhydrite (A) 1%
0
S 600 -
o
&)
400 A
C
200 - I C c C
C C
. K k . |AlA sl 1 glla G
0 20 40 60
2 Theta

Fig. 4. X-ray diffraction spectra of the CKD used in this study.

31




ENGIN, Cardiff ging FIB Probe = 30KV:500 pA System ¥acuun 2e 007 mhar

Fig. 5. Scanning electron photomicrograph of the CKD.

32



1. Water reservoir
2. Device base l )
3. Exterior mould base ®103.3mm
4. Exterior mould ®120.8mm / Interior mould
5. Interior mould Exterior mould /
6. Thermal insulation ‘ ‘ ’ ‘ ‘ ‘
7. Cooling & Heating
chamber —_———t———
8. CKD specimen 5 ' T
9. Porous stones
10. Acrylic stand
11. Thermocouples Sensors 45mm = =3~
12. Deformation locations 295 N E
sensors from the > e
; . 54.5 mm — aQ
13. Waterinlet e r— a2 specimen 63.5mm — -—1——
14. Vortex tube top e
15. Fixing screws ®102.5mm E
T Porous stone ﬁ
20 N v i Sl N
; A<D1|j7.4:prg
crylic cylinder
ylic cy ._
u
=) L= T |
580 mm

Fig. 6. A schematic of the test set up for cyclic wet-freeze-thaw-dry test.

33



20
1 Applied vertical stress

—s—CS - 2kPa

—e—CS - 25 kPa

—
(&)
L L L L

Initial compaction conditions:
Dry unit weight = 14.83 kN/m?
Water content = 27.3%

Swelling strain (%)
)

(&)
PR

0 10000 20000
Elapsed time (minutes)

30000 40000

Fig. 7. One-dimensional swelling strain of compacted CKD specimens at the selected applied
vertical pressures in this study.

34



80 -

70 -

Swell pressure (kPa)
N
o

Initial compaction conditions:
Dry unit weight = 14.83 kN/m3

10 ] Water content = 27.3%

0 5000 10000 15000 20000 25000 30000 35000
Elapsed time (minutes)

Fig. 8. Constant volume-swelling pressure test results of a compacted CKD specimen.

35



S
=
©
-
7]
g3
= 3 1 L S
o "*-0--0—---0—----0— ----- *——ccee- -
>
--¢--SS
41 ——cs2kra
—=&—C3-25kPa Applied vertical pressure = 100 kPa
. —e—CS-CV
0 10 20 30 40 50

Vt ,Ymin

Fig. 9. Typical time-compression plots of CKD specimens at an applied vertical pressure of
100 kPa.

36



14
—&—SS

1.3 —a— CS-2 kPa
—e— CS-25 kPa

--e--CS-CV

Void ratio, e
- 4

o
©

o
fed

0.7

0.1 1 10 100 1000 10000
Vertical pressure, p (kPa)

Fig. 10. e-log p plots of saturated slurried and compacted-saturated cement kiln dust

specimens.

37



100 ;

—e— SS
--o--CS-2 kPa
—&— (CS-25 kPa
--B--CS-CV

—~ 10;

E .

(5]

>

E

(31

1 -
10 100 1000 10000

Average vertical pressure (kPa)

Fig. 11. Effect of vertical pressure on the coefficient of consolidation of the CKD.

38



10 4
] 0SS
° e CS-2kPa
L, 0 CS-25 kPa
1 4 . Tl = CS-CV
4 ] o .
=
E
0.1 ;
0-01 v v L v v LA | T T LA AL | T T L L
1 10 100 1000 10000

Average vertical pressure (kPa)

Fig. 12. Effect of vertical pressure on the coefficient of volume compressibility of the CKD.

39



107 3 o SS
- ] ® CS-2kPa
Q 1 (e}
g 10® 4 e O CS-25kPa
2z N, TS m CSCV
o) o N T o
8 109 3 ¢} \'.. ......... o
g E \.. ........
8 1 N, o
b~ O ~N
o -10 4 o e
"E 10 § [m] O \.
.g O -D———--"
© {011 3
g 173 .
10_12 T T LAY | T T LAY | T T LAY | T T L L L L
1 10 100 1000 10000

Average vertical pressure (kPa)

Fig. 13. Coefficient of permeability of the CKD.

40



40

®a E EE
—_ 58285 |cEEEE
@ 2 o3 EE|Ep _% :44 n_.m
L o e m,m glotawo
> ..ﬂm cE ~Q ' T ' '
E® DO [o—-q o
S g OskEs |Q0000
o3 el e
. © = Py
. | (0]
D RRECEEEEEE %0y ------m- - » 2 e oxes
1 [ N I~ I o L
! — [= PVU. [
g ! T \ w
1 V)
I TS W1 U5 R N = .z
| LMT ol g [y :
! 1 - < [l
A“u _ w © g
I © L g =
. [a) ° e
_ ~ - > T e =
< 1 vl [ ©O % s g4~ -0 w
o . - 5 e =
l.g ____ S >IN | J L - B 2 .nm.,wm\w\\\.o\\\\\\\‘.\\\\\\\\\\\W\
> ! 1 a m A e o a
o < D S -
. K B ) o SEsg-0
i
s 1 m < _ b g =
F-O) m——— e Y W: = L = = _ A _ ______ ______"_
£ a_r 4 o m 4 = A.V\ [a)
W ~ [l N = I [
8 _< r o o _Sase-0
" £ o
L E _2ld o =" 6 | 3
- < LJ\NM* a o = ST Mw =
- < 2 .
o [ [3] D S [
£ g8 J TS o RO
g I = s ] =
- m L — = o -6 = = —————— AV \\\\\\\\\\\\\\\\\\\
0 n AN 1 [m] =T [a]
! m .._I_. m ~ [l b K2 S [
LEge J w8 Q _BRd-0 u
.a-w =9 <3 C = A3 B
c C c = - o =
S 682 - S T R B
® (3] o 'C < - e
=] =1 Ll [ IS N R
W. 28> < Ll r o o e S
] S > =T = |
= £30 JWM 3 ®,
T T T T T T T T T T T T T T T J — T T T T T T T T T T T T
L0 o o] o Te] o Yol o o o o o o o o o o
(wuw) uonew.oyap |eoIIdA (D,) @2unjesadwal

Y Y Y
Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5 Cycle 6 Cycle 7 Cycle 8

41

Y

[

f

Y

\

J

Y

Fig. 14. Cyclic wet-freeze-thaw-dry test results, (a) vertical deformation and (b) temperature.



Temperature (°C)
-25 -20 -15 10 -5 0O 5 10 15 20 25

D 11111y |I||||I|I||I||||II|I|I||||I|||II||||I||||
|
— 1 | (a) Freezing
E 10 - '
£ |
c
@ 20 !
E ] |
o |
& 30 4 !
..'f i —— Cycle 1 I
g_ A0 4 —&— Cycle 2 |
2 {1 —o—Cycle3 |
|
E 50 A —h— Cycle 4
b 1 —X-Cycles
2 604 —e—Cycles
_g 7 ——Cycle 7 X
o 701 o cyles }
1 |
80 !

Temperature (°C)
25 20 -15 10 -5 0 5 10 15 20 25

D IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII 'I
7 (b)Thawing ! d.
E 10 - !

E |
b |
j =
@ 20 !
E ] I
] |
2 30 - !
g 1  ——Cycle1 i
a 40 { —®Cycle2 I
=} B —o—Cycle 3 1
|
E 50 {4 —&—Cycled :
b 1 —=Cyles I
2 60 1 —e—Cycles |
3 ! [
» 17 —O—Cycle? :
0 707 o cyles }
b |
|

80

Temperature (*C)
25 30 35 40 45 50 55 60 65

0 PR R N N A S R RIS P B 1

_ | Dirying
£ 10 4 (c)
E |
c
@ 20
£ ]
[&3
2 304
w
P J
o
o 40 4 —A—Cycle 1
£ 1 —m—Cycle 2
5 50 A
g —o—Cycle 3
a 1 —&— Cycle 4
2 60 4
E ] —x—Cycle 5
é’-‘ 70 4 —e—Cycle 6

| —+—Cycle 7

&80

Fig. 15. Temperature profiles at the end of (a) freezing, (b) thawing and (c) drying cycles.
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Fig. 16. Vertical deformation of the CKD specimen during cycles 1, 3, and 6; (a) wetting, (b)
freezing, (c) thawing, and (d) drying.
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