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Abstract—Swell-shrink clays are widely distributed in the Guangxi province of southern China in the form of expansive soils and
lateritic clays. They have high particle dispersion, poor permeability, and significant swell-shrink properties. In recent decades, a series of
problems closely related to the physical-mechanical properties of the swell-shrink clays have been encountered in various engineering
projects. Mineral composition is a critical factor affecting the physical-mechanical properties of these clays. However, determining
accurately their mineral compositions is difficult because the analytical methods available are expensive, time consuming, and have a
high possibility of errors. Therefore, identifying a method suitable for quantitatively analyzing the mineral composition of the swell-
shrink clays is necessary. In the current study several swell-shrink clays, including two expansive soils and four lateritic clays, from the
Guangxi region were investigated. Qualitative analytical methods such as differential thermal analysis (DTA) and X-ray diffraction
(XRD) were conducted to identify the mineral composition of the soils. The results indicated that the expansive soils were composed
mainly of quartz (Qz), montmorillonite (Mnt), illite (Ilt), and kaolinite (Kln). The Baise specimen also contained a certain amount of
calcite (Cal), while the lateritic clays primarily contained Kln and goethite (Gth) as well as lesser amounts of Qz and gibbsite (Gbs). On
the basis of the aforementioned results, rough quantitative analyses of the mineral compositions were conducted using X-ray
fluorescence (XRF) and the Bogue method. The results indicated that the lateritic clay samples from Wuming, Guilin, and Liuzhou
contained 70–80% Kln, while the Laibin lateritic clay was 50% Kln. The lateritic clays contained ~10% Gth. The expansive soils were
30–40%, 25–30%, and 10–15% of Ilt, Qz, and Mnt, respectively. Finally, the relationships between the mineral compositions, zeta
potentials, and free swelling ratios are discussed briefly. This investigation indicated that the zeta potential was mainly related to the type
and content of clay minerals in the soil when neutral water was used as the free solution (pH = 7). The correlation between the swelling
index and the zeta potential of the expansive soils was greater than that of the lateritic clays, which indicated that the swelling properties
of expansive soils were more affected by the clay mineral composition than those of the lateritic clays. The results provide a systematic
method for the qualitative and quantitative analysis of the mineral composition of swell-shrink clays and primary data for studying how
mineral composition affects the physical properties of swell-shrink clays in the study area.
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INTRODUCTION

Swell-shrink clays have high particle dispersion, poor wa-
ter permeability, and significant swell-shrink properties (Tan
and Kong 2006). This type of clay is distributed widely in the
Guangxi province of southern China in the form of expansive
soil and lateritic clay (Lu et al. 2013a, b). In the 1970s, a
number of disasters occurred in expansive soil areas in China,
resulting in large economic losses (Liao 1984; Li et al. 1997).
For example, the Nanning–Kunming Railway contains a total
of 60 km of expansive-soil subgrade, and 28 expansive soil
subgrade disasters occurred between December 1997 and end
1999 (Feng et al. 2001). Engineering disasters related to later-
itic clay, such as slope instability, differential foundation set-
tlement, and dam cracking, have also occurred occasionally. In
recent decades, extreme climatic variations have occurred fre-
quently in China, resulting in hot and rainy weather. The
above-mentioned engineering problems and geological disas-
ters related to swell-shrink clays will become increasingly
serious because their special expansion and contraction char-
acteristics are related closely to their water content. Therefore,

understanding fully the physical-mechanical characteristics of
these swell-shrink clays is necessary (Sun et al. 2016).

Mineral composition greatly influences the physical-
mechanical properties of soils (Mitchell and Soga 2005). As
early as the 1950s, Norrish (1954, 1961) studied the expansion
of montmorillonite (Mnt) crystals. Tan (1997) investigated the
expansion and contraction mechanism of Mnt crystals and
discussed the relationships among the crystal surface spacing
of Mnt, the type of electrolyte solution, and electrolyte
concentration. Shao et al. (1994) analyzed the mineral compo-
sition of expansive soils using XRD and DTA, and they
explored the relationship between mineral composition and
expansion characteristics. Their results indicated that the
engineering properties of an expansive soil were affected
significantly by its mineral composition. Tan and Kong
(2001) also conducted a series of studies on the expansion
and contraction of Mnt crystals and analyzed the causes of
different expansion and contraction characteristics of
unsaturated Mnt crystals. Wang (1983) studied the cementa-
tion of lateritic clays and discussed the influence of free iron
oxide on their engineering properties. His results indicated that
the mechanical properties of lateritic clays were close to those
of normal clays once the free iron oxide was removed. Kong
et al. (1995) further studied the cementation characteristics of a
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lateritic clay and found that only some of the free ferric oxide
played a role in the cementation process. The aforementioned
studies indicate that the mineral composition influences the
physical and mechanical properties of swell-shrink clays due
to the clay mineral and cementation materials.

For many years, studies have focused on the composition
and microstructure of the minerals and cementation materials
in swell-shrink clays (Arca and Weed 1966; Madu 1977; Luo
1983; Qu et al. 2002; Tan and Kong 2006; Lu et al. 2012).
Some scholars have conducted in-depth studies on the quanti-
tative analysis of mineral composition. For instance, Tan
(1984) analyzed quantitatively the clay minerals in mixed
samples of minerals using a simplified algorithm. Zhang and
Fan (2003) suggested XRD as a simple, quick analytical
method to determine quantitatively the material phases of clay
minerals. Dai et al. (2005) used the diffraction strength and
width at half height XRD values to analyze quantitatively the
mineral compositions of expansive soils. However, the above-
mentioned analytical methods are expensive, time consuming,
and have significant possibility of errors which are rarely
mentioned. Therefore, finding a suitable quantitative method
to analyze the mineral composition of swell-shrink clays is
essential.

Zeta potential is defined as the electrical potential devel-
oped at the solid–liquid interface in response to relative move-
ment of soil particles and water (Derjaguin and Landau 1941;
Verwey and Overbeek 1948; Van Olphen 1977; Sparks 1986;
Yukselen-Aksoy and Kaya 2011). Zeta potential is one of the
important electrokinetic properties of clay minerals and a good
indicator of their electrical potentials: the higher the zeta po-
tential, the greater the electrical potential of the clay particle
(Derjaguin and Landau 1941; Verwey and Overbeek 1948;
Van Olphen 1977; Erzin and Yukselen 2009; Farahani et al.
2019). Zeta potential could be considered as an index to assess
the effect of surface charge of the particles on the status of soil
dispersibility (Derjaguin and Landau 1941; Verwey and
Overbeek 1948; Van Olphen 1977; Chorom and Rengasamy
1995). Measuring the electrophoretic mobility of clay particles
and deriving zeta potential from the mobility give a measure of
the net charge on the clay surface (Marchuk and Rengasamy
2011). Zeta potential has been recognized a very good index of
the repulsive interaction between colloid particles. In addition,
one may assume that zeta potential measures the potential
related to the diffuse part of the double layer (Derjaguin and
Landau 1941; Verwey and Overbeek 1948; Van Olphen 1977;
Ofir et al. 2007). In fact, the diffuse double layer (DDL) is a
critical factor in explaining the expansion properties of swell-
shrink clays (Mitchell and Soga 2005). Therefore, discussion
of the relations between the zeta potential, mineral composi-
tions, and expansion properties is very important.

The purpose of the present study was to determine the
relationships among zeta potential, mineral composition, and
soil expansion properties in several swell-shrink clays, includ-
ing two expansive soils and four lateritic clays, from the
Guangxi region, using a series of qualitative and quantitative
mineral composition analyses, such as DTA XRD, chemical
element analysis, X-ray fluorescence (XRF), and the Bogue

method, in order to provide primary data to explain the effect
of mineral compositions on the physical properties of swell-
shrink clays.

MATERIALS AND METHODS

Materials

The study area is located in Guangxi province, southern
China, which is a subtropical monsoon climate area between
20°54' N and 26°24' N latitude. The annual rainfall is
>1070 mm and the average annual temperature is 16.5–23.1°C.
Through extensive investigation and comparison, two expansive
soils and four lateritic clayswere selected for the present study and
collected from Nanning, Baise, Guilin, Liuzhou, Laibin, and
Wuming (Fig. 1).

Undisturbed soil specimens were sampled and tested in the
laboratory to determine basic soil properties such as the bulk
density, moisture content, Atterberg limits, particle composi-
tion, free swelling ratio, linear/volumetric shrinkage ratio,
shrinkage coefficient, and the shrinkage limit according to
Specification of Soil Test (SL 237-1999, 1999). The results
of these analyses (Tables 1 and 2) revealed that the six soils
were high-plastic clays composed predominantly of
< 0.002 mm colloid particles, except for the Wuming lateritic
clay. The colloid particle contents (<0.002 mm) of Nanning,
Baise, Guilin, Liuzhou, and Laibin samples were 57.36, 45.23,
53.50, 47.59, and 46.30%, respectively. The Wuming lateritic
clay was composed of only 13.65% of < 0.002 mm colloid
particles and contains numerous ferrous-manganese nodules
and un-weathered parent rocks. The four lateritic clays had
relatively low free swelling ratios (< 40%) (Table 2). The linear
shrinkage ratios of the lateritic clays fromGuilin, Liuzhou, and
Laibin were 3–5%, while the ratio of the Wuming lateritic clay
was 0.38%. The two expansive soils had relatively high free
swelling ratios (>40%). The free swelling ratios of the Nanning

Fig. 1 Map showing sample locations.
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and Baise samples were 91% and 59%, respectively, and their
linear shrinkage ratios were 10.6% and 2.53%, respectively.
According to the standard for swell-shrink clays (Soil
Mechanics teaching group of Department of Civil
Engineering in Guangxi University, 1977), all of the lateritic
clays had low swell properties and were dominated by shrink-
age forms. The Baise expansive soil had a low swell shrinking
property, but it was dominated by expansion forms. The Nan-
ning expansive soil had a significant swell-shrinking property,
and was dominated by expansion forms.

Sample Preparation

Colloid particles are defined as the soil particles of
< 0.002 mm according to most national standards (DL/T
5357-2006, 2006; GB/T 6730.67-2009, 2009; ASTM D
7928-2016, 2016). Clay minerals exist in these colloid parti-
cles. Thus, these colloid particles should be separated from the
soil samples and collected together in order to analyze the
mineral compositions of clays more precisely. In this study, a
physicochemical method was adopted to separate and prepare
the colloid particles according to Code for Chemical Analysis
Tests of Rock and Soil for Hydropower and Water Conservan-
cy Engineering (DL/T 5357-2006, 2006). The specific steps of
the procedure were as follows:

(1) The soil samples were air-dried, crushed, and passed
through a 0.075 mm sieve. These soil particles smaller
than 0.075 mm were named as "finely ground samples
(FGS)." Then, ~30–40 g of FGS was weighed, placed in

a small beaker, and moistened with distilled deionized
(DDI) water according to the amount of sample.

(2) ~100–200 mL of 0.1 mol/L hydrochloric acid was
added to the beaker and stirred to decompose thor-
oughly the carbonate and other soluble salts in the soil
sample. Then, the solution was allowed to settle until
it became clear. The upper part of the clear liquid was
decanted.

(3) The residual solution was retained and treated with dilute
hydrochloric acid (pH = 4), and the upper part of clear
liquid was filtered by air extraction. This operation was
repeated to remove all of the calcium and magnesium ions
from the solution. The ammonia buffer solution (pH = 10)
plus an appropriate amount of acid chrome blue K-
naphthol green B (K-B) indicator was used to test the
presence of calcium and magnesium ions in the solution.

(4) After removing all of the calcium and magnesium, the
sample solution was washed with DDI water and filtered
by air extraction until reaching a negative chloride test
with silver nitrate solution.

(5) The sample solution was placed in a 40°C constant-
temperature water bath. Approximately 40 mL of 30%
hydrogen peroxide was added to the sample solution.
Then, the sample solution was stirred continuously to
dissolve any organic matter (OM).

(6) 40 mL of sodium citrate buffer was added to the sample
solution and the solution was placed in an 80°C constant-
temperature water bath. Approximately 2 g of sodium
hydrosulfite (Na2S2O24) powder was added gradually to

Table 1 Basic physical properties of the swell-shrink clays and the sampling locations.

Types of Soil Sampling
site

Sampling
depth
D
(m)

Bulk
density
ρ
(g/cm3)

Mass moisture
content
ω
(%)

Liquid
limit
ωL

(%)

Plasticity
limit
ωP

(%)

Plasticity
index
IP
(%)

Particle composition (%)

0.05-2
mm

0.05-0.002
mm

<0.002
mm

Expansive soil Nanning 0.5–1.5 1.78 35.8 75.8 28.4 47.4 21.83 20.81 57.36

Baise 0.7–1.8 1.86 26.4 53.0 25.0 28.0 16.50 38.27 45.23

Lateritic clay Guilin 2.0–4.0 1.85 34.9 70.3 39.8 30.5 14.30 32.20 53.50

Liuzhou 0.5–3.0 1.78 42.4 72.6 45.9 26.7 11.71 40.83 47.59

Laibin 2.0–3.0 1.64 41.0 82.0 46.2 35.8 12.85 40.85 46.30

Wuming 0.5–3.0 1.70 34.3 83.0 54.1 28.9 26.80 59.55 13.65

Table 2 Basic swelling and shrinkage indicators of the swell-shrink clays and the sampling locations.

Types of
Soil

Sampling
site

Sampling
depth
D (m)

Free swelling
ratio
δef (%)

Linear shrinkage
ratio
esl (%)

Volumetric shrinkage
ratio
es (%)

Shrinkage
coefficient
λ (%)

Shrinkage
limit
ωs (%)

Expansive
soil

Nanning 0.5–1.5 91 10.60 26.10 0.61 18.90

Baise 0.7–1.8 59 2.53 6.82 0.59 14.69

Lateritic
clay

Guilin 2.0–4.0 35 3.52 9.65 0.35 26.90

Liuzhou 0.5–3.0 19 4.51 12.54 0.37 29.75

Laibin 2.0–3.0 22 3.63 17.98 0.34 34.20

Wuming 0.5–3.0 39 0.38 3.68 0.21 32.50
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the solution under constant stirring in order to remove
any iron cement from the sample.

(7) The sample solution processed with the aforementioned
steps was removed to a beaker. Then, 2% sodium car-
bonate solution was added to the beaker to make the pH
of solution ~9–10. The solution was boiled for 5 min
accompanied with constant stirring. This process was
called BAlkali dispersion,^ including removing free ox-
ides of silicon and aluminum.

(8) The processed sample solution was placed in a 2000 mL
beaker, agitated 20 times with a porous agitator, allowed
to stand at constant temperature for 6 h, then the top
10 cm of supernatant was decanted using a hooked
syphon and saved in a beaker. This process (Step 8)
was repeated four times.

(9) The aforementioned suspension was flocculated with
dilute hydrochloric acid (pH = 4). The supernatant was
decanted and the flocculated <0.002 mm particles were
placed in a glass dish, dried, ground with an agate mortar
and pestle, labeled "Colloid particle samples (CPS)," and
saved for later experiments.

Three soils (Nanning expansive soil, Baise expansive soil,
and Wuming lateritic clay) were selected as representative
samples to conduct the aforementioned preparation steps. In
order to identify the different samples , the types and symbols
of soil samples prepared for different analysis test in this study
are listed in Table 3.

Analytical Methods

Differential thermal analyses (DTA). Differential thermal anal-
yses (DTA) were performed using a Labsys simultaneous thermal
analyzer (Setaram Instrumentation, Caluire, France). The

experimental conditions were as follows: the temperature range
was room temperature (RT) to 1000°C with a heating rate of
10°C/min and cooling rate of 50°C/min; the crucible and reference
sample were pure Al2O3. Test samples were Nanning expansive
soil, Baise expansive soil, and Wuming lateritic clay (Table 3).

XRD analyses. The XRD analyses were performed at
25°C using an X'pert PRO X-ray diffractometer
(PANalytical B.V., Almelo, Netherlands), equipped with a
Cu tube (λ = 0.15418 nm), over the diffraction angle range
of 4–32°2θ with angular resolution of 0.0001°2θ. The
scanning rate and step size were 6°2θ/min and 0.017°2θ,
respectively. Test samples were Nanning expansive soil,
Baise expansive soil, Wuming lateritic clay, Guilin lateritic
clay, Liuzhou lateritic clay, and Laibin lateritic clay
(Table 3). All of the samples were prepared using the wafer
pressing method (Moore and Reynolds 1997).

XRF analyses. The XRF analyses were performed using an
Axios X-ray fluorescence analyzer (PANalytical B.V., Almelo,
Netherlands) equipped with a Rh-anode SST-maX operating at
a power of 2.4 kW. The test samples were the same as for
XRD. The experimental procedures and sample preparation of
the metallic elements were based on Standards JY/T016-1996
(1996). The specimens were made using the molten sheet
method (Moore and Reynolds 1997). Carbon was measured
using atomic absorption spectrometry (AAS) according to the
Standard GB/T 6730.67-2009 (2009). The mass percentage
accuracy was 0.01%.

In order to verify the accuracy of the XRF analyses, a
Chemical Element Analysis of three of the six soils mentioned
above, i.e. the Baise expansive soil, the Nanning expansive
soil, and the Wuming lateritic clay, was conducted at the
Testing Center at the Guilin University of Technology.

Table 3 The types of and symbols used for the various soil samples.

Soil samples Analysis test

Soil types Samples prepared Sample symbols DTA XRD XRF Elemental Analysis Zeta potential

Nanning expansive soil Original sample NN-O ✓ ✓ ✓ ✓ ✓

Finely-ground sample NN-F ✓

Colloid-particle sample NN-C ✓ ✓

Baise expansive soil Original sample BS-O ✓ ✓ ✓ ✓ ✓

Finely-ground sample BS-F ✓

Colloid-particle sample BS-C ✓ ✓

Wuming lateritic clay Original sample WM-O ✓ ✓ ✓ ✓ ✓

Finely-ground sample WM-F ✓

Colloid-particle sample WM-C ✓ ✓

Guilin lateritic clay Original sample GL-O ✓ ✓ ✓

Liuzhou lateritic clay Original sample LZ-O ✓ ✓ ✓

Laibin lateritic clay Original sample LB-O ✓ ✓ ✓

Note: Original sample – a natural, disturbed soil powder that has not undergone chemical treatment; Finely-ground sample – soil particles
of < 0.075 mm; Colloid-particle sample – flocculated particles of < 0.002 mm.
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Bogue quantitative analysis method. The Bogue method,
which is also known as the algebraic method, provides a means
by which the mineralogical content of a soil may be calculated
from XRD and elemental analyses. It obeys the following
postulates (Aldridge 1982): (1) In the soil specimens, only
the minerals detected by XRD are used, while minerals detect-
ed only by other methods are ignored. That is, the sum of the
mineral contents observed by XRD is 100%. (2) If a mineral
contains an element that no other mineral contains, that ele-
ment can be used to determine the amount of that mineral in the
soil specimens. Based on these two assumptions, the mineral-
ogical composition (x, y, z) of each soil may be calculated from
the ratios (an, bn, cn) between the molecular weights of the
elements and the theoretical molecular weights of the minerals
containing those elements, and the percentages of the various
elements (A, B, C) determined by elemental analysis (Lu et al.
2012). For a system where three such elements and three
mineral phases are identified, the equation is:

a1xþ b1yþ c1z ¼ A
a2xþ b2yþ c2z ¼ B
a3xþ b3yþ c3z ¼ C

ð1Þ

If an element is present in only one of the minerals, Eq. 1
reduces to

a1x ¼ A
b2y ¼ B
c3z ¼ C

ð2Þ

Zeta potential test. The zeta (ζ ) potential was measured
using a Zetasizer Nano ZS90 potentiometer (Malvern
Panalytical Ltd, Malvern, United Kingdom), equipped with a
microprocessor. Before and after each measurement, a type-II
ultraviolet A microelectrophoresis cell was washed with DDI
water to prevent cross-contamination. After each measure-
ment, the pH of the solution was measured. If changes
occurred in the pH of the solution, the last measured pH
was recorded as the pH of the solution. The reliability of
the zeta potential measurement was determined by using
the standard deviation (SD) of the readings. The SD
values were calculated from readings taken using the zeta
meter (Kaya and Yukselen 2005). The SD of each mea-
surement was <2 mV and was automatically calculated by
the instrument. The zeta potentials of at least six particles
for each sample were determined, and their average was
taken. The room temperature was 22.5 ± 2.5°C during the
experiments.

Test samples were of Nanning expansive soil, Baise expan-
sive soil, Wuming lateritic clay, Guilin lateritic clay, Liuzhou
lateritic clay, and Laibin lateritic clay (Table 3). The samples
were purified by washing several times with ammonium

Fig. 2 DTA curves for Baise expansive soil. a BS-O (original sample); b BS-C (colloid-particle sample)

Fig. 3 DTA curves for Nanning expansive soil. a NN-O (original sample); b NN-C (colloid-particle sample)
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acetate (CH3CO2NH4). The washing process was as follows:
each as-received sample was mixed with 2 M ammonium
acetate for 15 min at a solid : liquid ratio of 1:2. The superna-
tant was discarded when the samples had settled. The sample
was considered purified when the electrical conductivity of the
supernatant changed negligibly. Then, the washed sample was
dried at 80°C for > 48 h and sieved through a 75 μmmesh. For
the zeta potential measurements, a 50 mg sample was trans-
ferred to a 50 mL glass beaker, to which 50 mL of DDI water
and a magnetic stirring bar were added. The pH of the solution
(pH = 7) was measured using an Orion pH electrode (Orion
Research, Massachusetts, USA).

RESULTS

Qualitative Analysis of Mineral Composition
In terms of the identification of clay minerals, DTA and

XRD are mature techniques. However, the mineral composi-
tions of the swell-shrink clays from Guangxi are so complicat-
ed that obtaining accurate and comprehensive results for these
clays is difficult using a single identification method. In the
present study study both DTA and XRD were used compre-
hensively to identify the mineral in the soil samples. By
comparing and analyzing the various identification results,
the mineral information for the soil samples was obtained.

DTA test results. The DTA test results (Figs 2, 3, and 4)
showed that several obvious endothermic/exothermic peaks
existed on each DTA curve over various temperature ranges
(Table 4). The basic criteria for identifying minerals were
described by Huang (1987) (Table 5).

Minerals such as Mnt and Kln were easily identified in the
three clays examined (Tables 4 and 5). For example, the
presence of Mnt and Kln in the expansive soils from Baise
and Nanning was inferred easily from their characteristic
peaks. However, Wuming lateritic clay was inferred to contain
only Kln without Mnt due to the lack of an endothermic
reaction peak at 100°C (Table 4). Peaks characteristic of illite
(Ilt) in the expansive soils from Baise and Nanning were also
observed, so the presence of Ilt was inferred in these two
samples. This conclusion was also reached by Liao et al.
(1984), who observed that the mineral composition of the
Nanning expansive soil was dominated by Ilt. Thus, Mnt,

Kln, and Ilt were present in the Nanning expansive soil. In
the case of Wuming lateritic clay, a moderate endothermic
reaction peak appearing at 280°C indicated the presence of
gibbsite (Gbs) in this clay. Thus, Kln and Gbs were present in
Wuming lateritic clay.

Compared with the colloid particle sample of the Baise
sample (BS-C), a strong endothermic peak appeared at about
~800°C in the original sample (BS-O), with an intensity similar
to that of the two endothermic peaks described above. One
possible explanation for this was that the mineral was removed
in the form of a soluble salt during the extraction process. The
mineral was inferred to be calcite (Cal) (Table 5). This infer-
ence was verified by the process for the extraction of the
<0.002 mm colloid particles. During this process, the Baise
sample underwent a vigorous reaction when hydrochloric acid
was added, which produced a large amount of carbon dioxide
bubbles. Therefore, Mnt, Kln, Ilt, and Cal were present in the
Baise expansive soil.

Based on the aforementioned analyses, the main minerals
in each clay were initially identified. However, whether other
minerals were present, such as mica-like clay minerals, quartz
(Qz), etc., was difficult to judge. Thus, the possible presence of
other minerals still needed to be verified using other experi-
mental methods.

XRD results. The XRD results were processed into X-ray
diffraction curves using the X 'pert HighScore Plus software,
which was based on the Bragg equation (Moore and Reynolds
1997; Tan and Kong 2006) (Fig. 5). Several XRD peaks with
various diffraction intensities appeared at various positions on
the XRD curves (Fig. 5, Table 6) and possible mineral compo-
nents were identified using the PDF2-2004 Card of the ICDD
(International Centre for Diffraction Data). Using this informa-
tion, the minerals in each swell-shrink soil were identified easily.
For example, the Baise expansive soil revealed three distinct
diffraction peaks, at 4.5, 4.25, and 3.33 Å, in all of the particle-
size fractions (Fig. 5a). The reflections at 4.25 Å and 3.33 Å
peaks are characteristic of Qz (Table 6); with that at 3.33Å being
themost intense and, thus, given the rank of 100. In addition, the
intensity of the 4.5Å peak is usually recognized as the combined
intensity of clay minerals (Moore and Reynolds 1997). There-
fore, some Qz particles were present in the Baise expansive soil.
Furthermore, the 3.0 Å peak appeared in both the original and

Fig. 4 DTA curves for Wuming lateritic clay. a WM-O (original sample); b WM-C (colloid-particle sample).
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the FGS samples, but was not present in the CPS sample. This
indicated that the mineral represented by this peak was a soluble
salt. Cal produces a strong diffraction peak at 3.0 Å, and
dissolves in strong acids. Thus, Cal probably dissolved in the
hydrochloric acid solution used during the preparation of the
CPS sample. This phenomenon occurred during the sample-
preparation process and was verified by the DTA test result.
Therefore, a certain amount of Cal must be present in the Baise
expansive soil. By comparing the diffraction patterns of the
original and FGS samples (Fig. 5a), identical diffraction peaks
were present in both at the same position with similar peak
intensities, indicating that the <0.075 mm mineral particles
dominate the Baise expansive soil.

In the CPS sample, in addition to the XRD peaks
described above, other distinct diffraction peaks appeared
at 15, 10, 7.2, 4.98, and 3.56 Å. The peak at 15 Å is
characteristic of Mnt; the 10 and 5 Å peaks are character-
istic of Ilt, and the 7.2 and 3.56 Å peaks were characteristic
of Kln. Thus, Mnt, Ilt, and Kln were all present in the Baise
sample. However, whether Mnt was in its Ca- or Na-
exchanged form was not differentiated.
DTA analysis determined that the Baise sample contains Qz,
Mnt, Kln, and Cal. The presence of the last three minerals was
also confirmed by the XRD analyses.

The same analyses were conducted on other clays. The
Wuming CPS sample lacked the 4.17 Å peak that was present
in both the original and FGS samples. This peak is characteristic
of goethite (Gth), so some Gth was inferred to be present in the
Wuming lateritic clay, but not in its colloidal fraction. This con-
clusion was supported by the color variations of the samples. The
iron in Gth is red. The colors of the original sample and the FGST
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Table 5 The basic criteria used to identify minerals.

Mineral Descriptions of the characteristic peak

Montmorillonite A strong endothermic reaction peak appears at ~100°C
due to the removal of adsorbed water, and a weak
exothermic reaction peak appears at 900–1000°C due
to the decomposition of aluminum monoxide and
mullite during the montmorillonite reaction.

Kaolinite A strong endothermic reaction occurs at 500–550°C,
producing broad and sharp endothermic peaks.

Illite Aweak endothermic reaction peak appears below 250°C
due primarily to the discharge of adsorbed water. This
phenomenon is similar to the peak formed by Mnt,
but the intensity of the endothermic peak is much
weaker than that of the Mnt peak. At ~550°C, Ilt
undergoes a dehydroxylation process in which its
structural water is discharged. Then, a weak
endothermic reaction occurs at 850–1000°Cwhen the
residual structural water is discharged and the
structure is completely destroyed. Immediately after
this, a weak exothermic peak appears at 1000°Cwhen
the crystals break down to form mullite and spinel.

Calcite A strong endothermic reaction occurs at ~800°C
producing a strong endothermic peak.

Gibbsite A strong endothermic reaction peak appears at
200–400°C due to the drainage of structural water and
the formation of soft bauxite.
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were red, but the colloidal fraction was white, thus demonstrating
that Gth was eliminated by the Na hydrosulfite treatment.

In summary, DTA and XRD results indicated that the Baise
and Nanning expansive soils were composed mainly of Qz,
Mnt, Ilt, and Kln, and the Baise soil also contained Cal. The
lateritic clays from Guilin, Liuzhou, and Laibin contained
mainly Kln, Gth, and Qz, while the Wuming sample contained
mainly Kln, Gth, and Gbs.

Quantitative Analysis of Mineral Composition

Mineral type and mineral content are the main factors
influencing the physical-mechanical and engineering proper-
ties of swell-shrink soils (Mitchell and Soga 2005). These

differentiations can be difficult due to the complexity of the
soils, but an attempt was made to make a rough quantitative
analysis of the mineral composition of six soils using XRF
analysis and the Bogue method.

XRF analyses. The accuracy of the XRF analysis results from
these six soils (Table 7) was determined by submitting three of
them, namely Baise, Nanning, and Wuming, to further chemical
elemental analysis, conducted at the Testing Center at the Guilin
University of Technology (Table 8). Comparing the test results of
each element fromXRF (Table 7) and chemical analysis (Table 8)
revealed that the major element compositions were almost iden-
tical. The small differences (–2.74% to 0.74%),whichwerewithin
the error range, resulted primarily from the inhomogeneity of soil

Fig. 5 XRD curves of six tested soils. aBaise expansive soil; bNanning expansive soil; cWuming lateritic clay; dGuilin lateritic clay; e Liuzhou
lateritic clay; f Laibin lateritic clay.
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specimens. Therefore, the XRF results for the six soils in reality
reflected the actual mineral contents of these soils.

Bogue method of quantitative analysis of mineral
composition. The Bogue method (Lu et al. 2012) was used to
calculate the mineral compositions of the six test soils. Calcu-
lations for the Baise expansive soil are described below and are
representative of the calculations used for all six of the
samples.
(1) XRD results revealed that the Baise expansive soil
contained Qz, Kln, Ilt, Mnt, and Cal (Table 6), but the elements
Ca, Na, and K appeared only in Cal, Mnt, and Ilt (Table 9),
respectively, so Eq. 2 can be applied to calculate the respective
proportions, Pi, of each of these minerals in the Baise sample,
using data from Tables 7 and 9:

a1x ¼ 12

100
PCal ¼ 1:72

b2y ¼ 38⋅0:3
363:3⋅2

PMnt ¼ 0:16

c3z ¼ 94⋅0:5
406:5⋅2

PIlt ¼ 1:89

ð3Þ

Then, solving for Pi gives

PCal ¼ 1:72⋅
100

12
¼ 14:33%

PMnt ¼ 0:16⋅
363:3⋅2
38⋅0:3

¼ 10:20%

PIlt ¼ 1:89⋅
406:5⋅2
94⋅0:5

¼ 32:69%

ð4Þ

However, the Baise sample contains not only Cal, Ilt, andMnt,
the proportions of which are now already known from Eq. 4,
but it also contains Kln. The proportion of Kln (x = PKln) can
be calculated from Eq. 5 after recognizing that Kln, Ilt, and
Mnt all contain aluminum (given by the variable A):

a1xþ b1yþ c1z ¼ A ð5Þ

Or

a1PKln þ b1PIlt þ c1PMnt ¼ Al ð6Þ

Solving for PKln and substituting values for a1, b1, c1, PIlt, and
PMnt gives

PKln ¼ Al−b1PIlt−c1PMnt

a1

¼

16:27−
102

406:5
2

3

32:69−
102

363:3
10:20

102

258

¼ 2:79% ð7Þ

Similarly, Qz, Kln, Ilt, andMnt all contain silicon. The Ilt,Mnt,
and Kln contents are now known, so the Qz content can be
calculated in the same manner, giving PQz = 25.84%.

The accuracy of the Bogue method is easily calculated as
the difference between 100% and the sum of fractions of the
respective minerals identified by XRD, i.e.

Table 7 Results of element analysis by X-ray fluorescence.

Soil type Major element composition (wt.%) SiO2/Al2O3

SiO2 Al2O3 Fe2O3 K2O Na2O MgO C

Baise expansive soil 53.18 16.27 ND 1.89 0.16 0.91 1.72 3.27

Nanning expansive soil 64.31 22.58 ND 2.22 0.22 0.81 ND 2.85

Wuming lateritic clay 36.48 37.32 8.53 ND ND ND ND 0.98

Guilin lateritic clay 41.96 28.12 14.85 ND ND ND ND 1.49

Liuzhou lateritic clay 42.60 27.91 12.85 ND ND ND ND 1.53

Laibin lateritic clay 58.61 18.50 10.64 ND ND ND ND 3.17

Note: ND = not detected.

Table 8 Analytical results of element analyses.

Soil type Major element composition (%) SiO2/Al2O3

SiO2 Al2O3 Fe2O3 K2O Na2O CaO MgO

Baise expansive soil 53.63 17.01 5.74 2.21 0.21 5.71 1.15 3.15

Nanning expansive soil 63.19 20.34 2.45 2.50 0.23 0.21 1.01 3.10

Wuming lateritic clay 36.27 37.71 8.66 0.31 0.07 0.13 0.12 0.96
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Deviation %ð Þ ¼ 100−∑
i
Pi

For the Baise soil, the error is, therefore:

Deviation¼ 100− 14:33þ 10:20þ 32:69þ 2:79þ 25:84ð Þ
¼ 14:15%

The Nanning expansive soil was calculated in the same way
(Table 10), as were the mineral compositions of the lateritic
soils (Table 10), except data for the latter were also obtained
from Table 11.

The deviation from 100% of the calculated mineralogical
compositions of the expansive soils (i.e. 14.15% for the Baise
specimen and 9.53% for the Nanning specimen) were relative-
ly large due to their complex mineral compositions. The es-
sential reason was that the Bogue method has its limits. When
the numbers of mineral types in the soil are more than the
numbers of calculation equations, the Bogue method should be
used with other methods such as the K-value method (Lu et al.
2012). However, the total mineral deviations of the lateritic
clays were relatively small and ranged from 2.43 to 5.34%.
The reason was that the lateritic clays contained fewer main
minerals and the mineral types were relatively uniform. In
summary, these deviations are within the acceptable range,

which indicated that the Bogue method can be applied satis-
factorily to these swell-shrink soils.

Kln was a dominant mineral in the lateritic clays (Table 10).
The Kln contents of the Wuming, Guilin, and Liuzhou samples
ranged from 70 to 80%, while in the Laibin lateritic clay the value
was ~50%. These results were consistent with the conclusions of
previous studies (Sun et al. 2014; Ye 2017; Zhu et al. 2019). All of
the lateritic clays contained ~10% Gth, which suggested that the
lateritic clayswere rich in ironminerals. In otherwords, the typical
lateritic clays were composed primarily of iron-richminerals. This
is also the principal reason why lateritic clays are often red and
brown in color. In the expansive soils fromBaise and Nanning, Ilt
was the most abundant mineral, ranging from 30 to 40% (Tan and
Kong 2006). Qz was the second most abundant mineral, ranging
from 25 to 30%. The Mnt content of the Nanning sample was
larger than that of the Baise sample, resulting in differences in their
expansive characteristics (Table 2).

Zeta Potential Analysis

The zeta potentials of all of the clay samples were negative
(Table 12). The zeta potentials of the lateritic clays were relatively
small, but those of the expansive soils were relatively large, which
follows the expected variations in specific surface area and per-
manent negative layer charge, i.e. Mnt > Ilt > Kln; thus, the more
Mnt the greater the surface area and layer charge in the soil.

Table 9 Theoretical molecular weights and amounts present of the minerals and elements in Baise expansive soil.

Material types Theoretical molecular formula Theoretical molecular weight Content (%)

Minerals Quartz SiO2 60 Unknown Pquartz
Kaolinite Al2Si2O5(OH)4 258 Unknown Pkaolinite
Illite Al3H2K0.5O12Si4 406.5 Unknown Pillite
Montmorillonite Na0.3Al2Si4O12H2·nH2O 363.3 Unknown Pmontmorillonite

Calcite CaCO3 100 Unknown Pcalcite
Elements Silicon dioxide SiO2 60 53.18

Aluminum oxide Al2O3 102 16.27

Potassium oxide K2O 94 1.89

Sodium oxide Na2O 38 0.16

Carbon C 12 1.72

Table 10 Summary of the mineral compositions in the soils (all values %).

Soil types Mineral compositions and deviation from 100%

Quartz Kaolinite Illite Montmorillonite Gibbsite Goethite Calcite Deviation
(%)

Baise expansive soil 25.84 2.79 32.69 10.20 - - 14.33 14.15

Nanning expansive soil 27.45 10.60 38.40 14.02 - - - 9.53

Wuming lateritic clay - 78.43 - - 9.65 9.49 - 2.43

Guilin lateritic clay 8.88 71.13 - - - 16.52 - 3.47

Liuzhou lateritic clay 14.30 70.60 - - - 9.76 - 5.34

Laibin lateritic clay 46.79 36.85 - - - 11.84 - 4.52
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DISCUSSION

According to clay-mineral theory (Mitchell and Soga 2005),
mineral composition is not only the sole index of the dielectric
condition of swell-shrink clays, but it is also a determinant of the
clay’s physical-mechanical properties, especially the expansion
and contraction characteristics. The electrical double layer (DL)
is an important factor for explaining the aforementioned prop-
erties of soils. Zeta potential, which reflects the properties of the
DL, is a critical parameter for this explanation process. There-
fore, a discussion of the relationships between the zeta potential
and swelling indexes with respect to of mineral compositions in
soils is necessary.

The dominant minerals in the Baise and Nanning expansive
soils were Mnt and Ilt (Table 10) so both had large specific
surface areas and a high degree of isomorphous substitution,
resulting in more negative charge (Table 12). The Nanning
expansive soil had greater Mnt and Ilt contents than the Baise
expansive soil, so the Nanning expansive soil had a greater
zeta potential than the Baise expansive soil. However, the
lateritic clays from Wuming, Guilin, Liuzhou, and Laibin, the
main mineral of which was Kln, had relatively weak or no
crystal replacement, resulting in less negative charge
(Table 12). In addition, the lateritic clays had ~10%Gth, which
easily generated protonation of the hydroxyl ion on the surface
of iron oxide, resulting in a positive charge on the surface of
the particles. This positive charge can inhibit the generation of
negative charge. Therefore, compared with expansive soils, the
zeta potentials of the lateritic clays were much smaller. The
result was verified easily by the measurement of specific
surface area of these six clays. The Nanning expansive soil
had the largest specific surface area (112.35 m2/g) while the
Liuzhou lateritic clay had the smallest (43.08 m2/g) .

The analysis above indicates that when the free solution
was neutral water (i.e. pH=7), the magnitude and signal (pos-
itive and negative value) of the zeta electric potential should be
related primarily to the type of minerals in the soil sample and
the mineral content of the soils.

Soil mechanical theory says that the swelling characteristic
is the fundamental property for swell-shrink clays. Generally,
the free swelling ratio (δef ), recognized as the simplest index
reflecting the swelling characteristic of a soil, is also related
closely to the mineral compositions of soils. Therefore, the
relationships of the δef and zeta potential are discussed in the
following text.

The relationship between the zeta potential and the free
swelling ratio (δef ) (Table 2 and 12) was analyzed (Fig. 6). As
shown in Fig. 6a, the free swelling ratio was related linearly to
the zeta potential with a relatively high linear fitting value of
0.97 for all of the swell-shrink clays. The free swelling ratio
decreased as the zeta potential decreased. However, the corre-
lation between the free swelling ratios and the zeta potentials of
the lateritic clays was not obvious (Fig. 6b). The linear fitting
value was only 0.62, which was very low compared to that in
Fig. 6a. The reason for these distinctions can be analyzed based
on the mineral compositions of these clays determined above.

According to clay-mineral theory (Mitchell and Soga
2005), the amount of surface charge and expansion ability of
clay minerals increase successively in the following order: Kln
to Ilt to Mnt. Kln has the smallest surface charge, resulting in
the weakest expansion ability. Mnt has the largest surface
charge, resulting in the greatest expansion ability. The afore-
mentioned mineral analysis has indicated that lateritic clays
were composed primarily of Kln and Gth. Gth transforms
easily into free iron oxide, which causes cementation (Wang
1983; Kong et al. 1995). Therefore, two reasons for the low
fitting values of the lateritic clays were concluded as a means
of comparisonn with their mineral compositions. Firstly, not all
of the Kln exists entirely in a loose state of clay; some was
encased in free iron oxide, forming large pellet agglomera-
tions, which had an insignificant effect on the expansion of the
lateritic clays. Secondly, as Kln was the main mineral in
lateritic clays, the surfaces of the clay particles had a lower
negative charge and lower water adsorption capacity. There-
fore, the expansion ability of the lateritic clays was also weak.

Table 11 Theoretical molecular weights and amounts present of the minerals and elements in Wuming lateritic clay.

Material types Theoretical molecular formula Theoretical molecular weight Content (%)

Minerals Kaolinite Al2Si2O5(OH)4 258 Unknown Pkaolinite

Gibbsite Al(OH)3 78 Unknown Pgibbsite

Goethite FeO(OH) 89 Unknown Pgoethite

Elements Silicon dioxide SiO2 60 36.48

Aluminum oxide Al2O3 102 37.32

Iron oxide Fe2O3 160 8.53

Table 12 The zeta potential of the various clays.

Specimen type Lateritic clays Expansive soils

Laibin Liuzhou Guilin Wuming Baise Nanning

Zeta potential (mV) (pH=7) –4.46 –2.64 –4.59 –12.3 –21.9 –40.5
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These two factors resulted in a weak correlation between the
free swelling ratio and the zeta potential.

In the expansive soils, the clay minerals were primarily
present as dispersed clay particles, and almost all of themeasured
clay minerals had an impact on the swelling properties of the soil
samples. As almost no cementation was present in the expansive
soils, the correlation between the clay minerals and the expan-
sion property was strong. Therefore, the effect of the zeta poten-
tial on the expansion property was strong. A strong correlation
was found between the free swelling ratio and the zeta potential.

As can be seen from the analysis above, the correlation
between the zeta potential and the free swelling ratio of the
lateritic clays was weak and their fitting value was low. How-
ever, the addition of the expansive soils increased the correla-
tion between the zeta potential and the free swelling ratio of all
of the swell-shrink clays, so the fitting value increased signif-
icantly. This indicated that the value of the zeta potential can
reflect accurately the expansion of the expansive soils. In the
lateritic clays, the expansibility was affected by many factors
and it was correlated weakly with the zeta potential.

In the Nanning expansive soil, Mnt was the dominant
mineral, the zeta potential was greatest, the expansibility was
the strongest, and the free swelling ratio was as much as 91%.
In the lateritic clays, Kln was the most abundant mineral and
the swelling was less. This showed that the swelling property
of the swell-shrink soils was related mainly to the type of clay
minerals and the mineral contents.

CONCLUSIONS

(1) Qualitative methods of analysis, such as DTA and XRD,
were conducted to identify accurately the mineral com-
positions of the soils. The results indicated that the Baise
and Nanning expansive soils are composed mainly of Qz,
Mnt, Ilt, and Kln. In addition, the Baise samples also
contain Cal. The lateritic clays from Guilin, Liuzhou, and
Laibin contain mainly Kln, Gth, and Qz, while the
Wuming sample contains mainly Kln, Gth, and Gbs.

(2) The major element compositions of the swell-shrink clays
were determined by using XRF. Based on the results, the
mineral composition was further analyzed quantitatively
using the Bogue method. The results indicated that Kln
was the dominant mineral in the lateritic clays. The
Wuming, Guilin, and Liuzhou samples were 70–80%

Kln, while the Laibin lateritic clay was 50% Kln. The
lateritic clays contained ~10%Gth. The Baise andNanning
expansive soils contained the largest percentage of Ilt (~30–
40%). Qz was the second most common mineral (~25–
30%). The percentage of Mnt ranged from 10 to 15%.

(3) The relationship between the mineral compositions, zeta
potentials, and free swelling ratios were briefly investi-
gated. This investigation revealed that the zeta potential
was related mainly to the type and amount of clay min-
erals in the soils when neutral water was used as the free
solution (pH=7). The correlation between the swelling
index and the zeta potential was greater for the expansive
soils than for the lateritic clays, which indicated that the
swelling properties of the expansive soils were more
affected by the clay mineral composition than were those
of the lateritic clays.
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