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Abstract

This study aimed to compare the swelling and strength parameters of weak and swellable soils with calcium carbide resi-
due remaining from acetylene industrial production with lime and fly ash. For this purpose, bentonite and river sand were
mixed as a 75-25% bentonite—sand mixture to obtain the pure test sample. Five percent, 10%, and 15% by weight of calcium
carbide residue, lime, and fly ash were added to pure sample. All test samples were prepared at the optimum water content
of each mixture. The prepared samples were left to cure for 1, 7, 14, 21, and 28 days and then undergo liquid limit, plastic
limit, compaction test, unconfined compression test, direct shear box test, and swelling pressure tests which were performed
on the samples at the mixing ratios determined for all additives on each curing day. The soil improvement performances of
these additives were evaluated considering the curing times. Results revealed that the calcium carbide residue significantly
improved the unconfined compressive strength, cohesion, internal friction angle, and swelling pressure value of the pure
sample. When evaluated together with other additives used in the study, it was observed that calcium carbide residue was
within acceptable limits. In addition, the samples were exposed to XRD test for each mixing ratio on the 7th and 30th days.
The mineralogical structures of the samples were examined, and the effect of the additives on the mineralogical structure
of the mixture was discussed.

Keywords Calcium carbide residue - Soil improvement - Lime - Fly ash - Swelling

Introduction

Expansive soils spread over a wide area in the world is an
important problem of most countries (Ramos et al. 2015;
Ito and Wagai 2017; Daraei et al. 2018; Behnood 2018)
Enhancing the problems caused by weak or swelling soils is
a quite old endeavour. Rome’s famous Appian Way was built
in 600 BC with lime-cured floors (Nicholson 2015). When
the water content increases, expansive soil is prone to form
expansion causing stresses and deformations, and when the
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water content decreases, shrinkage stresses and cracks often
occur (Al-Taie et al. 2016; Abhishek and Bhardwaj 2018;
Khadka et al. 2020). Expansive soils cause various prob-
lems for civil engineering projects such as channel walls,
dams, highways, railways, and embankments due to their
cyclic swell-shrink behaviour and low strength (Yang and
Zheng 2006; Zheng et al. 2009; Chittoori et al. 2018; Daraei
et al. 2019a; Ikeagwuani and Nwonu 2019; Darvishi et al.
2020; Blayi et al. 2020) Therefore, the improvement of such
a type of soil is crucial. There are many stabilization meas-
ures proposed for expansive soil, generally involving soil
replacement, humidity controlling, chemical modification,
and special foundation systems to reduce the adverse effect
caused by expansive soil. Due to its effectiveness and adapt-
ability, the chemical modification method is favoured by
engineers. Traditional chemical binders in soil stabilization
are regarded as lime, cement, fly ash, and clinker. However,
the common binders are under discussion not only for their
negative environmental effects but also for their costs (Liu
et al. 2019).
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One of the techniques used for improving the geotechni-
cal properties of expansive soil is using various by-product
industrial waste materials (Horpibulsuk et al. 2013; Dang
et al. 2016; Liu et al. 2019; Blayi et al. 2020; Yilmaz and
Sadoglu 2022). Therefore, during the last decades, different
researchers tried to use these waste materials for soil stabili-
zation, and some of them have been proposed to be utilized
as construction materials (Baruah et al. 2020). The wide-
spread use of this non-recyclable material in the construction
industry will be a great economic gain. In some applications
for soil improvement, cement, resin, lime, organic, or inor-
ganic waste materials are frequently used singly or mixed
with each other to reduce stabilization costs. In recent years,
researchers have tended to use various types of wastes as sta-
bilizing for swelling soil and poor soil (Mosa et al. 2017; Liu
et al. 2019; Daraei et al. 2019b; Adeyanju et al. 2020), such
as fly ash (Kolay and Ramesh 2016; Al-Malack et al. 2016;
Siddiqua and Barreto 2018; Khadka et al. 2020), blast fur-
nace slag (Thomas and Tripathi 2018; Salimi et al. 2018; Li
et al. 2019; Abdila et al. 2022; Mahmudi and Eskisar 2022),
cement kiln dust (Ismail and Belal 2016; Al-Homidy et al.
2017; Rimal et al. 2019; Ismeik et al. 2021), alkali residue
(Yang et al. 2018; Abdila et al. 2022), quicklime (calcium
oxide—Ca0), hydrated lime (calcium hydroxide—Ca[OH],),
and hydrated lime slurry (Bell 1996; Babu and Poulose
2008; Azam et al. 2020; Parthiban et al. 2020), and so on.
Many factors such as water content, additive content, curing
condition, displacement rate, and compression energy were
also discussed in these studies (Tatsuoka 1983; Yin and La
1998; Consoli et al. 2000; Kasama et al. 2000; Mi1ura et al.
2001; Horpibulsuk et al. 2004; Taher et al. 2011). Numer-
ous studies show that silicate and aluminate gel formation
is the main reason for the improved strength parameters of
stabilized soil in soils stabilized with lime, pozzolan-lime,
and pozzolan-cement (Granizo et al. 2002; Escalante-Garcia
et al. 2003; Moayedi et al. 2013; Li et al. 2019, 2020; Fares
et al. 2019; Tokgoz Hozatlioglu and Yilmaz 2022). For this
purpose, natural or chemical pozzolans are used. When soil
improvement studies are evaluated in general, there are many
studies in the literature on the use of lime (Ca(OH),-rich
material) and fly ash, even though they suggest different
implications. However, the study on calcium carbide resi-
due is quite limited.

Calcium carbide residue (CCR) is a by-product of acety-
lene (C,H,) production process through the hydrolysis of
calcium carbide (CaC,). Sixty-four g of calcium carbide
generates 26 g of acetylene gas (C,H,) and 74 g of CCR in
the form of Ca(OH), (Horpibulsuk et al. 2013). Due to the
increase in acetylene production, carbide waste is increas-
ing day by day, and its disposal causes waste management
difficulties. CCR is generally recognized as industrial
waste. For this reason, improper disposal and accumulation
in unregulated storage areas will cause pollution of nearby
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ecosystems (Krammart and Tangtermsirikul 2004; Ben Haha
et al. 2011; Li et al. 2021). For this reason, it will be very
important to generate new methods contributing the disposal
endeavours. When CCR is mixed with materials such as fly
ash and bottom ash, it is likely to be an alternative material
to cement (Horpibulsuk et al. 2014). It is a suitable alter-
native binder for stabilizing soft subgrades of CCR (Jiang
et al. 2015; Du et al. 2016; Li et al. 2021). Furthermore,
CCR has been applied successfully in subgrade engineering.
Therefore, it is thought that the utilization of these wastes
will be a valuable gain in terms of both the environment
and engineering. Therefore, recycling waste materials and
using them as stabilized materials are both sustainable and
economical. The geotechnical literature is constantly evolv-
ing for this purpose. The paper aims to stabilize expansive
soil by utilizing CCR provided from acetylene companies as
waste material and compare the results with fly ash and lime,
which are frequently used in the literature. Liquid limit and
plastic limit test, swelling pressure test, unconfined pressure
test, and shear box tests were carried out on the samples
prepared with these additives at various curing times, and
the effect of the additives on liquid limit and plastic limit,
strength, and swelling pressure of the soil was observed. In
addition, improvement effect on soil of fly ash (FA) — cal-
cium carbide residue (CCR) — lime (LS) additives consider-
ing their curing times applying the x-ray diffraction (XRD)
method was evaluated mineralogically, and the results were
discussed.

Materials and methods
Materials
Expansive soil (bentonite-sand mixture)

A mixture of bentonite and sand was used in the study to
observe the effect of additives alone by ensuring that the soil
properties in each sample are the same. For this purpose, all
experiments were carried out on samples prepared with soil
at a ratio of 75-25% bentonite—sand mixture. River sand
used in this study for mixed soil was provided from a local
company which is typically used as a construction material.
The sand was sieved through sieve No. 4 (4.75 mm), and
the grain size distribution curve of the sand is presented in
Fig. 1. In addition, natural bentonite whose chemical and
physical properties are given in Table 1 was used as the
swelling soil in the mixture. The bentonite consisted of 75%
montmorillonite with other components such as silica and
feldspar. Bentonite, a type of clay, is soft, decomposable
in water, and has an oily feeling when touched by hand.
Bentonite has a very high water absorption capability and
swelling potential due to its very small crystal structure and
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Fig. 1 Gradation curve of sand
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Table 1 The fundamental properties of bentonite

Definition

Bentonite

>75 pym

E (methylene blue concentration (0.01 N))

Montmorillonite content
SiO,

AlL,O4

Fe, 05

CaO

MgO

K,0

Na,O

Liquid limit

Plastic limit

2.5% (by weight)
310 ml
75%
61.28%
17.79%
3.01%
4.54%
2.10%
1.24%
2.70%
300%
47%

Fig.2 XRD diffraction trace
of %75 to %25 bentonite—sand
mixture

large contact surface. Sodium bentonite has a higher swell-
ing percentage compared to other bentonites. For this rea-
son, mostly sodium bentonite was used to be able to observe
the effect on swelling more clearly. In order to interpret the
mineralogical composition before and after the stabilization
process, XRD analysis were performed on the pure benton-
ite/sand mixture, and the analysis results are presented in
Fig. 2. The liquid limit value was obtained as 210%, and the
plastic limit value was obtained as 31% following (ASTM
2000) standard.

Calcium carbide residue

Calcium carbide residue is mainly a by-product of the acety-
lene production process containing calcium hydroxide, Ca
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(OH),. Calcium carbide reacts with water to form acetylene
and calcium hydroxide (calcium carbide residue). Indus-
trial quality calcium carbide contains approximately 80%
CaC,, 15% CaO, and 5% other foreign chemicals in the raw
material. The calcium carbide residue being liquid at high
temperature is then subjected to a cooling and solidifica-
tion process. In the experiments, calcium carbide which is
a waste material from the acetylene industry was used, and
its chemical properties are as in Table 2.

Fly ash

In the experiments, F type fly ash provided from Tiirkiye
Zonguldak Cates Electricity Generation Company was used,
and its chemical properties are as in Table 2.

Lime

Lime provided from Tiirkiye Bartin Kimtag company was
used in the experiments, and its chemical properties are as
in Table 2.

Experiment methods

Bentonite—sand mixture was prepared by passing through
a 40-number sieve and dried in an oven. Optimum water
content and Atterberg limit values of 75-25% bentonite/
sand sample were determined. By adding 5%, 10%, and 15%
calcium carbide residue, lime, and fly ash to this mixture,
optimum water content, liquid limit, and plastic limit values
of each mixture were obtained. Each mixture was prepared
at optimum water content and exposed to cure on during 1,
7,14, 21, and 28 days. The unconfined compressive strength
(UCS) test, swelling pressure test, and shear box test were
carried out on the mixtures at the determined curing

Table 2 Chemical properties of additives material used in the study

Chemical content Fly ash (%) Calcium Lime (%)
carbide (%)
Sio, 55.9 6.49 1.05
AlL,O; 26.42 2.55
Fe,0; 6.705 3.25 -
CaO 1.544 70.78 -
MgO 2.299 0.69 2.50
SO, 0.012 0.66 1.05
Na,O 1.153 - -
K,O 4.237 7.93 -
Cl 0.10 - -
Si0,+ Al,03+Fe,0; Min 70 - -
Ca(OH), - - 85
R,0;(Fe20;+ Al,O5) - - 0.45
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times in accordance with the ASTM standards (ASTM D
1988, 2000, 2011, 2016). All samples were performed at the
maximum dry density and optimum water content according
to the values that is obtained from standard compaction test.
Experiments were carried out on samples that were com-
pressed and saturated at optimum water content. The speci-
mens were cut with a velocity value of 0.24 mm/min until
a displacement of 12 mm (20% deformation) was occurred.
During the cutting process, horizontal deformations, vertical
deformations, and cutting forces were followed, and readings
were taken from the force ring corresponding to the hori-
zontal deformation at regular intervals. Since the cohesion
values of bentonites and bentonites with additives were high
in the shear box cell, they held themselves together with the
loading. In this context, the cohesion, internal friction angle,
and swelling pressure values of the soils were measured. In
addition, samples from 7- to 30-day curing periods were
subjected to the XRD test. The flow chart at the beginning
and at the end of the study is given in Fig. 3.

Results and discussion

In this section, the effect of the additives used in the exper-
imental study on the geotechnical properties of soils is
evaluated. It is very important that the experiments are
carried out with the same water content and compression.
For this reason, the optimum water content and maximum
dry unit weight of all mixtures, especially the pure sam-
ples, were determined, and the samples were prepared for
all mixtures considering these parameters. In this con-
text, the compaction tests of the bentonite/sand mixture
to be used in the experiments were carried out, and the
dry unit weight of the 75-25% bentonite—sand mixture

75% Bentonite-25% Sand

Laboratory Experiments (w,,, LL, PL, PI)

UCS- Shear Box Test- Swelling Pressure Test

| |
| |
| |
| |

XRD Determination of Mixed Soil

5%, 10%, 15% CALCIUM CARBIDE RESIDUE - LIME - FLY ASH

Laboratory Experiments

Material Characteristic Test (W,,.. LL, PL, PI)

UCS, Direct Shear Box Test,
Swelling Pressure Test
Determination of After Cure

XRD Determination of After Cure

Behaviour of Lime, Calcium Carbide, Fly Ash Additives in Soil

Fig.3 Flowchart of the study
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was obtained to be 13.2 kN/m?, and the optimum water
content was 32%. In addition, the changes in the compac-
tion parameters of each additive added to the pure mix-
ture sample were determined, and samples were prepared
with the various proportion additives. Accordingly, with
the increase in the ratio of calcium carbide residue, lime,
and fly ash in the mixture, the optimum water content
increases, and the dry unit weight decrease (Fig. 4).

The results indicate that there is a decrease in the plas-
ticity index with the increase in the amount of additives
(Table 3). The results for the CCR is consistent with the
traditional additives (lime and fly ash), and plasticity index
decreases with the increase in the calcium carbide residue
rate. With the decrease in the plasticity index, the sensi-
tivity of the mixture to the water will decrease, and the
swelling potential will increase.

The highest unconfined compressive strength of each
mixture during the curing period is given in Fig. 5a. The
maximum increase in unconfined compressive strength
was achieved with lime additives. A significant increase
in the strength of calcium carbide residue was observed,
and after evaluating Fig. 5a, the curing time beyond 7 days
will not have a considerable effect on unconfined com-
pressive strength. The maximum increase in strength was
achieved with 10% lime additive, while fly ash provided
a lesser increase in strength compared to other additives.
The most increase in the unconfined compressive strength
was achieved in lime, CCR, and fly ash, respectively.
The curing time beyond 7 days lost the influence on the
strength for all types of additives. The cohesion values
of the mixtures are given in Fig. 5b. It can be said that
calcium carbide residue and lime additives have a positive
effect on cohesion. It is concluded that the effect of fly ash
additive is relatively less than other additives. The internal
friction angle values of the mixtures are given in Fig. 5c.
All additives increased the internal friction angle. In addi-
tion, the calcium carbide residue additive is as effective as
the lime additive.

Table 3 Consistency index values of the mixtures

W (%) Wp (%) PI (%)
Bentonite 300 47 253
75% bentonite, 25% 210 31 179
sand

5% CCR 225 63 162
10% CCR 175 73 102
15% CCR 160 92 68

5% LS 220 60 140
10% LS 160 45 115
15% LS 170 46 124
5% FA 220 60 160
10% FA 195 66 129
15% FA 160 45 115

A fixed volume experiment set with automatic record-
ing and 4-channel data acquisition feature (ASTM D 1988)
was employed to determine the effect of each additive along
with the curing on the swelling pressure (Fig. 6). Samples
prepared at optimum water content were used in the experi-
ments. The swelling pressure of each mixture was evaluated
graphically (Fig. 7). The results indicate that the swelling
pressure of clayey soils decreases with the increase of the
lime and calcium carbide residue ratio. On the contrary, fly
ash did not have a positive effect on the swelling pressure of
clayey soils. Therefore, in order to initiate the reaction, lime
or cement must be added to the medium. It should also be
noted that the pozzolanic effect in fly ash will vary depend-
ing on the composition and fineness of the ash (Goiii et al.
2003; Tangpagasit et al. 2005).

Based on 28 days of curing, the effect on soil improve-
ment for all additives at all ratios is expressed compara-
tively according to the pure sample with a relative coef-
ficient (Table 4). It is seen that the additives increase
the strength to a noteworthy level. It can be said that the
contribution of calcium carbide residue to the unconfined

14 144 14 4
—=—B/S = B/S —=—B/S
o 134 —e— 5% CCR & 134 —e— 5% LS a3 —e— 5% FA
£ » —4—10% CCR E 4 10%LS E ] +12://° E,:
\E_, 124 A —v— 15% CCR eZs 124 v 15% LS \EJ —v—15%
be £ e 2 121
3 111 3 111 2 v
= = z
5 101 5 10 5
5 o AN 5 o 5 101
1 \\\ 7 \\
I v
v 8 9
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Fig.4 Optimum water content values and dry unit volume weight of mixtures
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Fig.5 a UCS of expansive soil stabilized. b Cohesion of expansive soil stabilized. ¢ Internal friction angle of expansive soil stabilized

compressive strength is remarkable. As seen in Table 4,
based on 28 days of curing, maximum cohesion was
obtained at the rate of 15% for both calcium carbide resi-
due and lime additives and 10% for fly ash additive. It can
be said that calcium carbide residue and lime increase the
internal friction angle of the pure sample approximately
5 times with 15% additive and 3 times with 15% fly ash
additive. Fifteen percent calcium carbide residue increased
the swelling pressure of the pure sample approximately 10
times. Ten percent lime additive improved the swelling
pressure of the soils at the highest level among all addi-
tives. It was observed that fly ash had an adverse effect on
swelling pressure.

@ Springer

The samples for each additive were exposed to X-ray dif-
fraction (XRD) test for each mixing ratio on the 7th and
30th days, and their mineralogical structures were investi-
gated (Fig. 8). It was observed that calcium silica hydrate
(CSH), calcium aluminate (CAH), and calcium hydra (CH)
gels were formed as a result of hydration in soil mixtures
with calcium carbide residue, lime, and fly ash depending
on the increased curing time and the additive ratio. From the
XRD results, it was seen that the Ca*? ions in the additives
were replaced by the monovalent Na* ions present in the
clay. In addition to Ca*? ions, hydroxyl (OH™) ions migrated
into the soil, and hydroxyl ions increased the alkalinity of
the soil. High alkaline conditions caused silica and alumina



Arab J Geosci (2022) 15: 1009

Page 7of 12 1009

Fig.6 Swelling pressure test set

components to decompose from clay minerals, and these
decomposed components reacted with Ca*? ions from the
additives to form pozzolanic components such as calcium
silica hydrate (CSH), calcium alumina hydrate (CAH), and
calcium hydra (CH) that cement the soil. With these poz-
zolanic reactions, the strength of the soil was increased dur-
ing the curing period. These data have indicated that addi-
tive materials, as an alkali activator, could accelerate the
hydration and produce hydration products similar to those
of cement, such as CSH, CAH, or CH which can increase
the soil strength and resistance to swelling.

Conclusion

The usability of calcium carbide residue in soil improvement
was investigated and compared to traditional additives, fly
ash, and lime. Calcium carbide residue, lime, and fly ash
were added to the bentonite—sand mixture sample at differ-
ent ratios. Various experiments were carried out considering
curing periods, and the results were evaluated.

As the mixing ratio increased, the optimum water content
increased, and the maximum dry unit weight decreased.
Fifteen percent calcium carbide residue and fly ash and
10% lime reduced liquid limit by 24% at the maximum
level. The plastic limit value of the bentonite/sand mix-
ture was increased three times for 15% calcium carbide
residue however less considerable for traditional addi-

tives (lime and fly ash). In addition, as the additive ratio
increases, the plasticity index generally increases.

The unconfined compression strength increases with the
increase in the additive ratio. It was observed that 15%
calcium carbide residue additive increased the unconfined
compressive strength of the pure sample by 3.63 times.
The curing time has no influence on the strength. The
highest increase among all additives, in the strength of the
pure sample, was obtained for 10% lime additive at 7-day
curing period. For fly ash, the optimum improvement
effect was obtained with 10% additive ratio at 7-day cur-
ing period and did not cause a remarkable change beyond
this period. In this context, calcium carbide residue can
be regarded as an effective waste material to enhance the
soil compression strength.

As the ratio of calcium carbide residue, lime, and fly ash
additives increased, the cohesion value decreased, while
the cohesion value increased with curing. The cohesion
reached the peak value for 10% fly ash additive and 15%
calcium carbide residue and lime additive after 14th day
based on 28-day curing time.

The internal friction angle reached the maximum value
at 15% additive ratio for calcium carbide residue, lime,
and fly ash. In parallel with the increase in the curing
time, the internal friction angle increased for all types of
additives. It has been evaluated that the increase in the
internal friction angle with the increase in the amount of
additives is due to the binder effect, which increases the
strength of the sample through cementation and reduces

@ Springer
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Table 4 Improvement factor of all additives
Mixing ratios Swelling pressure Cohesion Unconfined compressive Internal friction angle

strength

Value (kPa) Relative

enhance coef-

Value (kPa) Relative

enhance coef-

Value (kPa) Relative

enhance coef-

Value (°) Relative

enhance coef-

ficient ficient ficient ficient

Bentonite—sand mixture 186.36 - 80 - 253.36 - 6.1 -

5% CCR 81.57 2.3 110 1.38 574.58 2.27 16 2.62
10% CCR 31.30 5.94 111 1.38 831.56 3.28 26 4.26
15% CCR 21.35 8.71 157 1.96 920.35 3.63 32 5.24
5% LS 27.95 6.65 135 1.68 1102.56 4.35 20 3.28
10% LS 10.98 16.97 170 2.12 1200.90 4.74 24 3.93
15% LS 18.43 10.11 190 2.38 1163.21 4.59 28 4.59
5% FA 302.5 —1.62 108 1.35 352.45 1.39 13 2.13
10% FA 160.40 1.16 125 1.56 489.91 1.93 17 2.78
15% FA 310.93 —1.67 115 1.43 364.47 1.44 20 3.28
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Fig.8 a CCR XRD. b Lime
XRD. ¢ Fly ash XRD
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the sensitivity of the shear strength to the limiting pres-
sure. For all types of additives, the shear strength param-
eters of the pure sample improved positively.

Calcium carbide residue and lime additives reduced the
swelling pressure of the pure sample at all ratios and
reduced it at the highest level for 15% additive ratio. The
swell pressure of pure sample decreased 8 times for 15%
calcium carbide residue additive ratio. For the lime addi-
tive, a maximum improvement in swelling pressure was
observed at the rate of 10% additive. However, fly ash did

not cause any positive improvement in the swelling pres-
sure of the sample when all ratios and curing time were
taken into account. For this reason, it is recommended
to use fly ash together with other calcium-based addi-
tives such as lime and/or cement to improve such high
plasticity swelling clays and meet the design criteria due
to swelling.

XRD analysis was carried out for the pure sample and
for all additive mixed soils on 30-day curing time. The
samples were evaluated and examined mineralogically;
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as a result each additive material formed calcium silica
hydrate (CSH), calcium aluminate (CAH), and calcium
hydra (CH) gels on the soil. Following these results, it
was evaluated that additives are a significant factor that
improves soils.

Results so far have been very encouraging to employ cal-
cium carbide residue in soil improvement and are expected
to contribute to the diversification of utilization areas of
various waste materials. Thus, the use of calcium carbide
residue will be important both in terms of its contribution to
the economy, waste storage management, and environmental
pollution.
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