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Abstract

The conventional soil stabilization methods using additives such as cement and lime are losing scope owing to their non-
environment-friendly nature. This inspires the use of industrial by-products in soil modification for sustainable development.
This paper presents the results of an extensive laboratory investigation on mechanical properties of fiber reinforced Karewa
soil stabilized with cement kiln dust (CKD). A total of 11 groups of samples were prepared at four different percentages of
glass fiber (i.e., 0.3%, 0.6%, 0.9% and 1.2%) and three percentages of CKD (i.e., 7%, 14% and 21%) each by dry unit weight
of soil. For determination of optimum soil-CKD—fiber mixes, standard proctor compaction and pH tests were conducted.
The strength improvement was evaluated by performing unconfined compression strength and split tensile strength tests after
curing of 7, 14 and 28 days. The stress—strain patterns of fiber reinforced and CKD-treated samples displayed strain hardening
and strain softening characteristics, respectively. The strength test results revealed an improvement of 9.6 times as that of
untreated soil at CKD content of 14% and fiber content 0.9%. The technical benefits of combining two ground improvement
techniques (chemical stabilization and fiber reinforcement) are evident in the present study. The formation of cementitious
products due to CKD-addition was affirmed through XRD spectroscopy. Microstructural analysis was conducted using field
emission scanning electron microscopy and an apparent change in pore volume distribution was observed, with both size and
amount of micro and macropores considerably reduced signifying increased number of particle contacts per unit volume.

Keywords Karewa soils - Cement kiln dust - Glass fiber - Unconfined compression strength - Split tensile strength -
Microstructure

Introduction

Fine grained soils are generally weak from engineering per-
spective with high compressibility and low shear strength
and are found in many geographic regions of the world. The
existence of such soil deposits beneath foundations is nor-
mally associated with bearing capacity problems, differential
settlement issues and undesirable lateral movements on load-
ing, consequently, demand proper treatment before subject-
ing them to different geotechnical applications [1]. Various
ground improvement methods have evolved over the years
for mitigation of problematic soil deposits. Ground treatment
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using cement, lime and other cementious materials has been
in vogue for a long time [2—-6]. For mitigation of unstable
fine-grained soils, chemical stabilization techniques have
been frequently used in construction projects to augment
the bearing capacity, reduce settlements and permeability
and control shrinking/swelling [7]. However, such proce-
dures are now discouraged given the environmental concerns
associated with them. The use of industrial by-products for
ground improvement is an intrinsically eco-friendly affair
as it represents a “beneficial reuse” application of materi-
als which otherwise have to be disposed or landfilled [8].
As such, researchers are compelled to focus on utilization
of materials which are cost-effective and harmless to the
ecosystem. The potential of industrial by-products (IBPs’)
in soil mitigation has, therefore, become a research hotspot
in the modern times [9-12]. Cement kiln Dust (CKD), a by-
product of cement industry, poses environmental and health
problems and also land reclamation issues. Effective utili-
zation of such a material would not only solve the disposal
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problem but would also serve as a profitable and eco-friendly
soil stabilization solution. The pozzolanic property of CKD
makes it a good binder to help in modifying the characteris-
tics of marginal soils [13—18]. The characterization of fresh
and stockpiled CKD has led Sreekrishnavilasam et al. [19]
to the conclusion that CKD can potentially be used for soil
modification, as grouting fillers and daily cover material for
sanitary landfills. Notwithstanding, the strength improve-
ment in soil due to chemical additives, they often result in
abnormally high stiffness and brittle behavior.

Fiber reinforcement in soils is regarded as an effective
technique of soil improvement given its adaptability, cost-
effectiveness and reproducibility [20, 21]. Besides improving
the shear strength of soils, it has been found equally effec-
tive in controlling swell and shrinkage [22]. Sometimes, the
discrete fiber reinforcement outperforms the traditional geo-
synthetics like geogrids and geotextiles and exhibits a better
ecological potential than chemical stabilization [23]. This
method of random distribution of fibers in soil is advanced
over systematic reinforcement procedures in many ways; it
ensures isotropic strength and eradicates the potential planes
of weakness along soil fiber interface, its addition with soil
is convenient and similar to that of cement or lime addition,
it exhibits greater toughness and ductility and also reduces
the post-peak strength drop considerably, the technique is
comparatively economical as the initial cost of fibers is low
and at times is freely available at a construction site [24, 25].
Soil reinforcement by using tire chips is also considered as
a potential liquefaction mitigation technique [26]. Owing to
the technical benefits of fiber reinforcement, researchers and
field practitioners have been thoroughly working in this field.
Experimental works have been carried on natural (coarse
as well as fine grained) and artificial soils by incorporation
of synthetic and natural fibers. Notable laboratory studies
through triaxial tests, CBR tests, unconfined compression
tests, direct shear tests and consolidation tests reported in
the literature have established the efficacy of using randomly
discrete fibers as soil reinforcement [27-32].

The use of discrete fibers in combination with chemical
additives overcomes the individual shortcomings of these
two methods. Cementitious materials, no doubt, cause a
remarkable improvement in strength when mixed with soil
but at the same time transform the soil into an overly brittle
mass. Fiber reinforcement, on the other hand, offers rela-
tively less improvement in terms of strength but shows better
performance in deformation behavior. Thus, the combination
of these two methods is a doubly advantageous procedure
and is thoroughly researched for finding better combinations
and optimum dosages of materials. Kumar and Sharma [33]
conducted a laboratory investigation to determine the effect
of cement dust and polypropylene fibers on pond ash prop-
erties and asserted its feasibility in highway embankment
construction, low land area reclamation and as a backfill
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material for retaining walls. Sharma [34] in his study on
stabilization of clayey soil using cement kiln dust and poly-
propylene fiber recognized the applicability of cement kiln
dust as soil stabilizer. Puppala et al. [35] investigated the
utilization of fly ash in combination with polypropylene
fiber for treatment of expansive soils. Gupta and Kumar [36]
conducted an experimental investigation including compac-
tion test, unconfined compression strength test, split tensile
strength and California bearing ratio test on clay—pond ash
mixes treated with cement and fibers and concluded that
the proposed method was effective in stabilizing clayey soil.

The existing literature on fiber reinforced soils has unani-
mously validated the strength improvement caused by the
incorporation of fibers in soil. However, the margin of
improvement is lesser as compared to cementitious or sup-
plementary cementitious materials. Moreover, there is an
ambiguity regarding the parameters affecting the mechanical
behavior of fiber reinforced soils and also on the interaction
mechanisms between soil particles and fibers. Additionally,
the growing consciousness regarding the need for sustain-
able development has caused an increasing interest in uti-
lization of waste materials for soil remediation. As such,
researchers have aimed at finding new combinations of fiber
reinforcements and supplementary cementitious materials.

In view of the literature cited, this study is pursued to
investigate the effect of a novel combination of glass fib-
ers and CKD on mechanical behavior of composite soil.
A series of compaction tests, pH tests, UCS tests and STS
tests were conducted corresponding to different percentage
of CKD and fiber content. The samples were tested under
varying curing periods. XRD test results and FESEM images
were used to analyze and explore the underlying mecha-
nisms responsible for modification of the soil structure of
the composites. The findings of this study are encouraging
with regard to the feasibility and practical applications of the
fiber reinforced cemented soil.

Experimental program

The present study was aimed at evaluating the mechanical
behavior of fiber reinforced cemented as well as uncemented
soils. The experimental program is subdivided into two sec-
tions. The first section gives a brief description of the mate-
rials used in the study, their physical and chemical properties
and the sample preparation methods employed. In the next
section, the details of the testing program adopted in the
study are given.

Materials

The soil was collected from a site located in Pampore (upper
Karewas, 34°02'07.6" N 74°54'27.4" E), and basic tests on



Innovative Infrastructure Solutions (2022) 7:344

Page3of 15 344

undisturbed and representative samples were carried out for
its geotechnical characterization. Karewas are conspicuous
lacustrine silty formations spread across the Kashmir val-
ley, possessing undesirable properties in terms of strength,
deformation, compressibility and liquefaction susceptibility,
especially under saturated conditions [37]. The tests proce-
dures adopted in the study conformed to the relevant ASTM
standards. The physical, index and mechanical properties
were determined and are listed in Table 1. From the grada-
tion curve as shown in Fig. 1 and the index properties, the
soil can be classified as silt of intermediate plasticity as per
ISCS soil classification system.

Stockpiled CKD was collected from a cement manufac-
turing plant located in the vicinity of the soil sampling site,
and its physical and chemical properties were determined in
the laboratory. CKD is a typically fine-grained pozzolanic
alkaline material in an off-white color which gets generated
as a by-product during the cement manufacturing process. It
derives its cementitious nature from the presence of oxides
like silica, alumina, lime, etc., which are approximately one-
third as that of ordinary Portland cement. The constituents
of CKD may vary quantitatively with the type of manufac-
turing process and the raw feed, but generally it falls in a
certain range [19]. Figure 2 shows the X-ray diffractogram
of CKD. The chemical constituents of soil and kiln dust were
obtained through X-ray fluorescence analysis and are shown
in the form of a pie chart in Fig. 3. CKD used in the study
contains significant amount of calcium oxide (CaO) which
is responsible for imparting it pozzolanic properties.

Glass fibers of average length of 18 mm and an approxi-
mate diameter of 20 um (as seen under scanning electron
microscope) were used as randomly distributed reinforc-
ing elements. This fiber length was chosen considering the
authors earlier work on optimization of glass fiber content

Table 1 Summary of the properties of soil used in the study

Properties Values Test standards
Specific gravity of soil solids 2.61 ASTM D854-14
Particle size distribution ASTM D6913M-17
Sand 1.5
Silt 81
Clay 17.5
Consistency limits ASTM D4318-17
Liquid limit, LL (%) 36
Plastic limit, PL (%) 25
Shrinkage limit, SL (%) 13
Plasticity index, PI (%) 11
Compaction study ASTM D698-12
Maximum dry unit weight, MDU (kN/  16.68

m)
Optimum moisture content, OMC (%)  19.15
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Fig. 1 Particle size distribution curves of Soil and CKD

and length [38]. Among all synthetic fibers, glass fibers have
been widely accepted as reinforcing elements primarily for
their exceptionally high tensile strength, dimensional stabil-
ity, low cost of fabrication and excellent chemical and alkali
resistance.

Sample preparation and test methods

In the preparation of different specimen types, for untreated
soil, a predetermined quantity of water based on its OMC
was added to the dry soil. For soil-CKD mixes, dry soil and
CKD were initially mixed in a known ratio and thereafter
the required amount of water was added. Subsequently, the
samples were statically compacted and subjected to closed
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Fig.2 X-ray diffractogram of CKD
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Fig.3 Chemical constituents of a natural soil, b CKD obtained using X-ray fluorescence

room curing for specific curing regimes (7, 14 and 28 days).
For soil-fiber—CKD specimens, fibers were added in incre-
ments to a dry mixture of soil-CKD. This was to ensure the
homogenous dispersion of fibers in the dry state only. There-
after the water was sprinkled and the mixture was thoroughly
mixed manually to prevent fiber rolling. The same procedure
as stated above was followed later onwards, until testing.
For possible field applications of the mixes considered in
this study, the mixing will either be done at the site itself
(in place mixing) or at some centrally mixing plant which is
later hauled to the jobsite. The bulk utilization in the field
would follow more or less similar steps as in the laboratory
(i.e., mixing, compaction and curing). Mixing in field is gen-
erally achieved by pug-mill type mixers, compaction by roll-
ers and curing by applying some bitumen surface coating.

An overview of the systematic methodology adopted to
envisage the objectives is as follows.

(1) The pH tests on soil-CKD mixes were conducted fol-
lowing the procedure stated by Eades and Grim [39].
This method was essentially devised to determine the
lime requirements for soil stabilization. However,
researchers [13, 40] have adopted the same method
for determining the pH of soil-CKD mixes. pH test
results help in judging the optimum requirement of the
stabilizer (CKD in our case) to be used for the soil
improvement. The procedure involves mixing distilled
water with air-dried solids in a ratio of 5:1. After peri-
odic shaking, the pH of the slurry is measured after 1 h
using glass electrode standardized with a buffer solu-
tion. Initially pH of natural soil and CKD was deter-
mined. Thereafter, the soil CKD mixes were tested for
pH values with percentage ranging from 0 to 28% at 7%
intervals.

@ Springer

(ii)) Moisture Density relationships were evaluated through
standard Proctor test conforming to the ASTM D698-
12 [41]. Air-dried soil samples were blended with
desired percentage of CKD and were hand mixed to a
uniform composition. This was followed by incremen-
tal mixing of water and the mixtures were compacted
in a standard mold producing a compactive effort of
600 kN-m/m°>. A total of 8 proctor compaction tests
were performed with different combinations of soil—
CKD and fiber. Initially cemented soils without fiber
were tested for compaction. Thereafter, for a constant
s0il-CKD mix, fibers were added in different propor-
tions to obtain compaction curves of fiber reinforced
cemented soils.

(iii) UCS tests were conducted to examine the performance
of various soil-CKD-fiber mixes under uniaxial com-
pression in accordance with ASTM D 2166-00 [42].
The unconfined compression strength is a widely
adopted index to estimate the soil improvement. There
were 28 different samples tested for UCS. Sample prep-
aration was done by hand mixing dry soil with CKD.
After obtaining a uniform soil-CKD dry mix, fibers
were incrementally added by dry weight of mix, and
the desired water content was mixed to form a homog-
enous mixture. Much care was taken to avoid floc for-
mation due to fibers. The mixture was then transferred
to a cylindrical mold in which samples were statically
compacted to respective MDD and OMC of compos-
ites by giving equal rotations on both sides. The target
density was achieved by regulating height and weight
of soil samples. The samples of 50 mm diameter and
100 mm height were extruded and cured in desiccators
for a period of 7, 14 and 28 days to evaluate the effect
of curing time on strength of samples. The tests were
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(iv)

v)

repeated and representative values of strengths were
reported.

Split tensile strength (STS) tests were performed on
samples of 50 mm diameter and 100 mm height, with
similar mix proportions as considered for UCS testing.
The split tensile test is a very convenient indirect yet
reliable procedure for determination of tensile strength
of fine-grained soils. Despite being an important
parameter in design of earthen structures and slopes
where tension cracks develop, tensile strength of soils
has not been taken up extensively due to lack of proper
equipment for its direct measurement [43, 44]. The
cylindrical samples were placed horizontally length-
wise between the two platens attached to the ram and
base of universal testing machine. The maximum load
corresponding to each specimen was recorded which in
turn was used to calculate the STS of samples.

2Pmax

T= TIDH €))

where T'=split tensile strength; P,,,, =maximum
load taken by the sample; D and H =diameter and
height of the specimen, respectively.
Microstructural and chemical analysis of samples was
conducted through FESEM and XRD spectroscopy to
identify the underlying interaction mechanisms and the
new products (if any) formed due to cementation. Field
emission scanning electron microscopy (FESEM) is a
conventional procedure employed for analyzing the
microstructural details of soil fabric, giving informa-
tion regarding shape, size and orientation of particles.
The FESEM analysis becomes even more significant
in soil stabilization studies, in order to observe the
topographical features and, moreover, for confirmation
of cementitious formations which are otherwise non-
detectable [8]. From the tested samples of UCS before
and after treatment, sample pellets were taken from
along the failure planes and gold coated for FESEM
examination. For XRD tests, samples were prepared
by hand grinding the soil pellets using mortar and pes-
tle into an ultra-fine homogenous powder, spread uni-
formly with the help of a microscope slide and placed
in the sample holder inside the machine. XRD patterns
were generated using Cu-kbeta radiation at 40 kV and
30 mA. The scanning range of 20 was from 5° to 80°
with a step width of 0.02°.

Results and discussion
Effect of CKD addition on pH and consistency indices

A suite of pH tests was conducted, initially for natural soil
and pure CKD and then the soil-CKD mixes with CKD
content of 7, 14, 21 and 28%. The pH tests were conducted
following the procedure stated by Eades and Grim. To
initiate and sustain a pozzolanic reaction and to ensure
the solubility of silicon and aluminum ions, it is important
to maintain the medium at elevated pH [13]. Thus, the
pH tests were performed to determine the CKD content
required to satisfy the chemical reactions taking place and
to investigate whether pH would reflect the performance
of CKD treated soil. The pH of CKD-water mixture was
around 12.25 while that of soil was 7.3. Generally, at a pH
of 12 and above it is supposed that sufficient CKD is avail-
able to satisfy ion exchange reactions. Figure 4a shows the
variation of pH corresponding to different CKD concentra-
tions and from the results it is concluded that CKD in the
range of 7-14% is an optimum range for soil stabilization
because beyond this value, pH varies asymptotically and
attains a stable value. The optimized range of CKD is fur-
ther verified through compaction and strength tests.

For the evaluation of effect of CKD on consistency
indices, Casagrande’s liquid and plastic limit tests were
conducted. From the test results, it was concluded that
the CKD addition results in a substantial reduction in the
plasticity index of the soil, thus improving the soil work-
ability. For untreated soil, the LL was found to be 36%
which increased to 40.55% at CKD 14%. Likewise, there
was a consistent increase in plastic limit from 25% for
untreated soil to 32% at CKD 14%. Thus, the plasticity
index was reduced from 11% for the control soil to 8.55%
to the treated soil. Figure 4b illustrates the effect of CKD
addition on consistency indices. The possible reasons for
these trends are the physical (fineness) and chemical (high
alkali content) composition of the CKD which results in
an increased affinity for water. Although there is incon-
sistency in the literature with regard to the effects on con-
sistency indices, the results of the current study are also
supported by the findings of Miller and Azad [13] and
Sreekrishnavilasam et al. [14].

Effect on compaction behavior

Standard proctor tests were conducted out on soil and
cement kiln dust mixes from 0 to 21% at an increment of
7% mixed with 0.3, 0.6, 0.9 and 1.2% glass fiber. Figure 5a
demonstrates the compaction curves of various mixes con-
sidered in the study. Table 2 summarizes the compaction
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results of various mixes considered in the study. For natural
soil the OMC and MDU values were 19.15% and 16.68 kN/
m?, respectively. The addition of CKD markedly improved
the compaction behavior as an increase in MDU was seen
up to 14% of CKD. Beyond, 14% CKD, there was a drop in
MDU value indicating an optimum content for compaction
behavior. The OMC, on the other hand, increased continu-
ously with increase in CKD content from 0 to 21%. Moreo-
ver, the effect of fiber addition on compaction parameters
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was comparatively insignificant and inconsistent at the same
time. Thus, no conclusive remarks could be made on the
effect of fiber addition on compaction behavior except for
that, it marginally influences the behavior. From the compac-
tion results, the mix designated as S§6CKD14 was deemed
to be an ‘effective mix’ having OMC and MDU of 21.2%
and 17.3 kN/m> and was, therefore, considered for fiber
incorporations. Figure 5b shows the variations in OMC and
MDU corresponding to different percentage of CKD.
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Table 2 Results of the compaction tests for various soil-CKD-fiber
mixes

Designation Mix proportion MDU (kN/m®) OMC (%)

Natural soil Soil:CKD (100:0) 16.68 19.15

S93CKD7 Soil:CKD (93:7) 16.86 20

S86CKD14 Soil:CKD (86:14) 17.23 21.2

S79CKD21 Soil:CKD (79:21) 16.90 21.45

S86CKD14GF0.3 Soil:CKD:GF 17.14 21
(86:14:0.3)

S86CKD14GF0.6 Soil:CKD:GF 16.85 21.3
(86:14:0.6)

S86CKD14GF0.9 Soil:CKD:GF 17.05 21.5
(86:14:0.9)

S86CKD14GF1.2 Soil:CKD:GF 16.75 21
(86:14:1.2)

Although there are inconsistencies reported in the lit-
erature, with regard to the effect of chemical additives on
compaction characteristics but our results are corroborated
by the findings of many studies including [33, 34, 45]. Bagh-
dadi et al. [46] reported a similar trend with MDU increasing
up to 50% of CKD and decreasing there onward. Al-Refeai
and Karni [47] have also reported an increase in OMC and
MDU with addition of CKD for treatment of dune sand. On
the other hand, Ghavami et al. [15] have reported an increase
in OMC and reduction in MDU on addition of cement and
CKD. Likewise, other researchers have also reported MDU
reduction and OMC increment [13, 48]. The dust particles
being slightly denser with a higher specific gravity than
those of soil particles, reflects in elevation of the MDU of
s0il-CKD mixes. The depreciation in MDU values beyond
14% CKD is an indication of excess CKD which results in
disintegration of the soil structure [33]. The water affinity
of calcium oxide present in CKD and the water held in the
flocculated structure formed as a result of cementation reac-
tion account for indefinite increase in OMC for all CKD
percentage.

Effect of CKD and fiber addition on UCS and STS

To examine the effect of various parameters on undrained
strength of the soil, three series of UCS tests were per-
formed. Fiber reinforced samples followed by CKD sta-
bilized and fiber reinforced cemented samples, were sys-
tematically tested and the stress strain plots were obtained.
Tables 3 and 4 summarize the UCS test results of all the
mixes considered in the study. The effect of CKD addition
on UCS strength is remarkably significant. From stress
strain plots, it is also observed that the curing time plays
an instrumental role in the development of strength. The
28 days strength of untreated soil is 121 kN/m? while as
soil+ 14% CKD composite yields a peak strength 843 kN/

Table 3 Results of the UCS testing of fiber reinforced samples

Series Material Unconfined compres-
sive strength (kPa) at
0 days
Untreated soil S100 113
Fiber reinforced unce- S100GFO0.3 141
mented S100GF0.6 174
S100GF0.9 194
S100GF1.2 189

m?. At low CKD content (7%), there is a noticeable effect
on UCS yet not substantial. As the CKD content is increased
to 14%, there is a dramatic increase in peak strength of the
composites. However, beyond 14%, the strength values are
marginally affected. This is a clear indication of existence of
an optimum content of CKD for application in stabilization
processes for soils containing predominantly silt particles.
Interestingly, the performance of soil-CKD composites as
seen under compression is also reflected in pH values. The
stress strain response resembled a typical strain softening
behavior. The failure strain varied between 3 and 3.75%
which is significantly lesser than fiber reinforced cemented
as well as uncemented soils. The curing period showed a
positive correlation with UCS values for all mixes, which is
indicative of pozzolanic reactions taking place resulting in
the formation of cementitious products over time.

As for the fiber reinforced uncemented soils, the stress
strain curves as shown in Fig. 6e are representative of
strain—hardening behavior. The UCS values gradually
increase with increase in fiber concentration and attain a
maximum value at GF=0.9%. Beyond this fiber percentage,

Table 4 Summary of UCS test results of various mixes after 7, 14
and 28 days curing

Series Material Unconfined com-
pressive strength
(kPa) at different
curing periods
(days)
7 14 28
Untreated soil S100 113 115 121
Cemented-without fiber S93CKD7 287 457 559
S86CKD14 443 702 843
S79CKD21 488 716 751

S86CKD14GF0.3 505 791 941
S86CKD14GF0.6 591 887 1047
S86CKD14GF0.9 612 904 1090
S86CKD14GF0.1.2 577 841 987

Fiber reinforced cemented

S Soil, GF Glass fiber, CKD cement kiln dust, and the numerical val-
ues represent respective percentage of mixes considered

@ Springer
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Fig.6 Stress strain curves of a
CKD stabilized after 7 days, b
CKD stabilized after 14 days, ¢
CKD stabilized after 28 days,
d fiber reinforced cemented
specimens after 28 days, e fiber
reinforced samples
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there is a drop in UCS value. This is due to the fact that at
higher fiber percentage the structural integrity of samples
is compromised as a result of floc formations and improper
mixing. However, the improvement is comparatively lesser
than that of CKD stabilized soil samples. The deforma-
tion pattern of fiber reinforced soil samples is substantially
improved and samples fail in an axial strain range of 5-12%.
Moreover, the ductility of the samples is considerably larger
than those of unreinforced soil.

The combined effect of fiber and CKD on stress strain
behavior of soil samples is shown in Fig. 6d. The summary
of UCS test results of various soil-CKD-fiber mixes are
summarized in Table 4. The fiber inclusion further leads to
the progressive development of strength. In fact, the effect
of fiber on UCS is accentuated in cemented soils than those
of uncemented soils. The peak strength for the mix (S86CK-
D14GF0.9) reaches to a maximum value of 1090 kN/m?.
Moreover, the samples fail at relatively larger axial strain
than the cemented soil (around 6%). The residual strength is
higher due to fiber incorporation unlike the cemented soils

where post peak gets drastically reduced to minimum or
even zero (catastrophic failure). Thus, the brittleness of the
stress—strain response of cemented soils is reduced due to
incorporation of fibers.

The split tensile strength tests were conducted on simi-
lar mixes as considered for UCS testing. Figure 7 illus-
trates the split tension test stages of a specimen. The test
results of fiber reinforced samples are tabulated in Table 5.

Table 5 Results of the STS testing of fiber reinforced samples

Series Material STS (kPa)
after
0 days
Untreated soil S100 22
Fiber reinforced uncemented S100GF0.3 29
S100GF0.6 35
S100GF0.9 41
S100GF1.2 38

Fig. 7 Illustrates split tensile test setup during various stages a sample placement, b during loading, c at failure

@ Springer



344 Page 100f 15

Innovative Infrastructure Solutions (2022) 7:344

The STS value for untreated soil was 22 kN/m* which
was increased to a maximum value of 326 kN/m? for mix
S86CKD14GF0.9. Variations in STS values as a function
of fiber content are presented in Fig. 8a. The post-tension
strength of cemented samples without fiber reduced almost
instantly to zero. However, this was not the case with fiber
reinforced cemented samples as the ‘bridge effect’ of fib-
ers maintained some residual post-tensile strength. The STS
values constantly increased with curing periods from 7 to
28 days, much similar to the trend followed by UCS values.
In fact, STS values apparently increased proportionally with
the UCS values. Consoli et al. [49] also reported the posi-
tive impact of fibers on tensile strength of cemented soils.
Thus, a graph as shown in Fig. 8b between STS and UCS
values was plotted to explore the functional relationship
between the two quantities. The mean of STS/UCS ratio
for the experimental data set available in this study is 0.24.
For cement fiber reinforced Botucatu residual soil, Festu-
gato et al. [50] reported a value of STS/UCS =0.156. Since,
while calculating this ratio, we have considered all the three
kinds of mixes (cemented without fiber, fiber reinforced,
fiber reinforced cemented) together, the ratio appears to be
slightly overestimated. Table 6 summarizes the results of
various mixes after 7, 14 and 28 days curing.

The improvements in soil strength are a direct conse-
quence of the structural changes caused due to physical and
chemical reaction of CKD with soil particles. The physi-
cal change is reflected in terms of gradation, because the
fineness of CKD improves the particle size distribution of
the composite and also fills the voids present in the soil
structure [51]. The primary mechanisms responsible for
changes in chemical makeup of the soil-CKD compos-
ite include cation exchange, flocculation/agglomeration
and pozzolanic reactions. The cation exchange process
involves the exchange between Ca®* ions (released due to
CKD) and the metal ions (Na* and AI**) ions present in the

Table 6 Summary of STS test results of various mixes after 7, 14 and
28 days curing

Series Material Split tensile
strength (kPa) at
different curing
period (days)

7 14 28

Raw soil S100 22 23 23

Cemented without fiber S93CKD7 66 110 182

S86CKD14 102 165 278
S79CKD21 107 163 235

S86CKD14GF0.3 88 146 257
S86CKD14GF0.6 134 213 305
S86CKD14GF0.9 148 204 326
S86CKDI14GF0.1.2 122 170 264

Fiber reinforced cemented

soil. Flocculation is induced by the van der Waals forces
which help in overcoming the repulsion due to negatively
charged surfaces of soil particles. It helps in reorientation
of particles from parallel to edge-to-face orientation. The
aforementioned processes result in numerous textural and
structural changes of the soil [52]. Likewise, the pozzolanic
reactions involve the reaction of calcium hydroxide ions with
aluminum and silicates in presence of water. They result in
formation of cementitious products like calcium silicates
and aluminum hydrates. Ca*>* +2(OH)™ + Si0, —» C-S-H;
Ca** +2(OH)™ + Al,0;— C-A-H.

The solubility of the silicates and aluminates and their
potential to react with binder is largely governed by the
pH. At 14% CKD content, the pH value is as high 12.339;
therefore, the maximum strength is found at this concentra-
tion. This study, therefore, proposes an optimum dosage of
cement kiln dust at 14% of dry weight of soil. Many other
researchers have also recommended the optimum CKD con-
tent in the same range. However, based on CBR performance

Fig. 8 a Variation of STS with
fiber content, b STS as function
of UCS

~
&

~
[
(=3
(=1

J—

(=N}

[=}
T

120

>®©
(=1

IS
=

Splitting tensile strength, STS (kPa)

—&— Fiber reinforced uncemented
| —e— Fiber reinforced cemented (7days)

0.0 0.2 0.4 0.6
Fiber content (%)

@ Springer

400
(b) Equation y =-18.32 + 0.28*x
Intercept -18.324 + 10.987
350 [[Slope 0.28066 = 0.01687

= R-Square (COD) 0.91412 o
~ Adj. R-Square 0.91

= 300} o
Z

w1 250

£

2200

5}

=}

v

o 150 F

z

& 100t

X

& sot

[P B or
08 10 12 0 200 400 600 800 1000 1200

Unconfined compression strength, UCS (kPa)



Innovative Infrastructure Solutions (2022) 7:344

Page 110f 15 344

of poor subgrade soil treated with cement kiln dust, Mosa
et al. [51] have proposed 20% of CKD as optimum dosage.
The variations in establishing the optimum concentration of
CKD for a particular soil type may be attributed to different
soil (granulometry) and chemical composition (pH) of both
soil and CKD.

XRD test results

The x-ray diffractograms of untreated soil and the treated
soil with varying percentage of CKD after 28 days are shown
in Fig. 9. For untreated soil, there was predominance of
quartz (SiO,) at peak positions of (20=20.84° and 26.62°)
in addition to illite, muscovite and few traces of albite. For
treated specimens, the x-ray diffractograms reveal that there
is a reduction in the peak intensities of quartz and other soil
minerals. This can be ascribed to the pozzolanic reactions
taking place between soil and additives [53]. The degree of
reduction in the peak intensities for various treated samples
is different depending upon the concentration of CKD used
for stabilization. The percentage reduction in peak inten-
sities increases with increase in CKD content. Simultane-
ously, some additional peaks are observed in case of treated
soils which are indicative of cementitious products formed
in the course of the chemical reactions. The new peaks of
calcite (CaCO;) and Portlandite are seen at peak positions
of (20=27.88° and 27.66°).

Interface morphologies

For the purpose of investigating the underlying mecha-
nisms responsible for changing the mechanical behavior of
reinforced/treated soil, some FESEM images with discus-
sions are shown below. Figure 10a shows the SEM image of
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Fig.9 Illustrates the x-ray diffraction patterns of soil-CKD mixes
after 28 days curing

unreinforced untreated soil. It is seen that the soil particles
are loosely compacted and the pore spaces are significantly
large. The porous phase fraction in percent of total image size
is measured using image analysis tool ImageJ and is equal to
45.79% as shown in Fig. 10b. Likewise, the microstructure of
fiber reinforced soil without CKD is somewhat similar to unre-
inforced soil with comparable porous phase fraction. This is
expected of fiber reinforced soils because they do not alter the
chemical makeup of soils [54]. They rather interact physically
by bonding with the soil particles which could also be seen
in Fig. 10c. The soil particles wrap themselves around fibers
and the overall strength of the composite is determined by
this bond strength itself. The level of strength improvement in
combined use of fiber and cementitious materials is more due
to higher interaction between fiber and soil matrix [55]. More-
over, the uniform, random distribution of discrete fibers in the
soil mass results in a three-dimensional spatial network which
offers a confining effect at microscopic level thus contributing
to the soil strength. The cementious formations in the form of
needle like crystals could be seen. The microstructure appears
to be transformed into a dense matrix, reducing the void spaces
in the structure. Moreover, cementitious formations are also
visible on the fiber surfaces which are basically responsible for
accentuating the effect of fibers in cemented soils. The fiber
reinforced cemented soil possesses the characteristics of both
cemented and fiber reinforced soils with changes in physical
structure and chemical makeup at the same time. The SEM
images are reflective of the stress strain responses of the mixes
considered in the study. The SEM images of CKD stabilized
soils with and without fiber are shown in Fig. 10d—f.

Cost-effectiveness and sustainability

Besides the strict environment regulations associated with the
management of CKD waste, the quantity of CKD produced
and the cost incurred in its disposal is very high. CKD depos-
ited in landfills becomes an environmental threat and upsets
the vision of sustainability. The utilization of cement kiln dust
for ground improvement, therefore, brings twofold advantages,
i.e., it helps in getting rid of the disposal problem and produces
ground improvement at the same time. Thus, utilizing addi-
tives like CKD for ground improvement serves as an efficient
sustainable waste management practice. Moreover, it does
not require any further processing or treatment prior to its use
in ground improvement. Thus, being a by-product, its cost-
effectiveness is indisputable.

Conclusions
The test results of this comprehensive laboratory

investigation which included compaction tests, UCS
tests, split tension tests, pH tests, X-ray and FESEM

@ Springer
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Fig. 10 FESEM images
depicting microstructures of
a untreated soil, b pore phase
fraction analysis of untreated
soil, ¢ fiber reinforced unce-
mented, d cemented with-
out fiber, e fiber reinforced
cemented samples
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analysis on soil-CKD-fiber composites led us to follow-
ing conclusions:

e The CKD addition resulted in improvement in compac-
tion characteristics with MDU increasing from 16.68 to
17.23 kN/m?® at CKD content of 14%.

¢ Due to the presence of high calcium oxide content in the
CKD, the pH of s0il-CKD mixes increased and attained
a stable value at 14% CKD. Increased pH favored poz-
zolanic reactions and added to the stability of reaction
products leading to increased long-term strength.

e The increase in strength for soil treated with CKD dis-
played time dependent behavior. At 28 days of curing the
increase in strength was observed to be 7.5 times with
treated soil specimens failing in relatively brittle mode.

e The residual strength in soil-CKD-fiber specimens was
observed to be higher as compared to soil-CKD samples
owing to the presence of fibers in the former. Increased

@ Springer

residual strength implies lower and controlled post-fail-
ure deformations under real life load-controlled situa-
tions.

The x-ray diffractograms of soil-CKD composites
showed new characteristic peaks confirming the for-
mation of cementitious products. The changes in the
microstructure were confirmed with the help of FESEM
images. It is observed that there are no significant
changes in the microstructure of fiber reinforced sam-
ples and that soil-fiber interactions are largely physical in
nature. In contrast to this, the microstructure of CKD sta-
bilized samples exhibited denser configuration because
of the formation of cementitious, subsequently filling the
pore space.

This study is part of first author’s ongoing Ph.D. pro-

gram which explores the potential of fibers in conjunction
with CKD for ground improvement. Currently, the authors
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Fig. 10 (continued)
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are working on CU triaxial testing of the fiber reinforced
soil which aims to study the pore pressure response of fiber
reinforced soils. The CBR performance of treated soil under
soaked and unsoaked conditions, is also being investigated
at the same time. This will be followed by the durability
assessment of the proposed ground improvement technique.
The durability criteria in the current study shall include, the
effect of freeze—thaw and wet—dry cycles on the structural
integrity of the treated samples. Moreover, the nondestruc-
tive testing (ultrasonic pulse wave velocity) of treated soil
and its possible correlations with conventional strength/stiff-
ness parameters will be examined.

The scope of current research program is, however, lim-
ited to laboratory study under static loading conditions. For
researchers in future, it is recommended to work on cyclic/
dynamic response of CKD treated soil with focus on miti-
gation of liquefaction susceptibility of fine sands/silts. The

large-scale field testing for specific field applications like
subgrade treatment, slope stabilization, in embankment con-
struction, and as fill or foundation material also demands
further attention of researchers.
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