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Abstract: To analyze the water swelling characteristics of
black cotton soil ( BCS), X-ray fluorescence and X-ray
diffraction characterizations were performed to investigate the
chemical compositions and types of clay minerals in BCS. A
montmorillonite crystal lattice was established to simulate the
hydration of interlayer cations by applying the SPC/E potential
energy model, universal force field, algorithm of charge
balance, and periodic boundary. Results indicated that the
main clay mineral found in the BCS was montmorillonite
(32.6% ) with amounts of interstratified illite-
montmorillonite ( 10. 9% ), illite (2. 3% ), and kaolinite
(1.5%). The high expansive potential of BCS comes from
the strong adsorption property of montmorillonite with a high
content of magnesium and sodium ions to water molecules.
The exchangeable cations of Na® in BCS were only 3. 73%,
but they enhanced the adsorption capacity of clay to water
molecules and accelerated the hydration of Mg”* (47.1%) and
Ca’* (4. 78%). The free swell index can be used as a
classification index of the swelling potential of BCS.
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lack cotton soil (BCS) has been found in abundance
B in Eastern Africa, and similar clays also abound in
other places such as South Asia, Australia, and China'".
Nairobi, the capital of Kenya, is located in the Robe Val-
ley in Central Africa, where about 60% of the surface is
covered by BCS. The soils are highly expansive when ex-
posed to water during the rainy season>™'.
expansion seems to vanish during the following dry sea-
son'"”". The swelling pressure of BCS in Nairobi was re-
ported to be 8-10 kg/cm’, and the volume change is as
large as 120% -300% . These properties bring about seri-

ous problems in light construction on BCS. Iterative

However, the
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swelling-shrinkage and low bearing capacity always cause
soil weakness and result in damage to highways such as
slope failure, subgrade settlement, and pavement crack-
ing. To find a strategy to overcome these problems for
highway construction, the clay minerals in Nairobi BCS
and their water swelling properties must be investigated.

Scientific mineral identification techniques have been
developed in the last decade. Methods such as chemical
analysis, X-ray diffraction (XRD) characterizations, dif-
ferential thermal analysis, thermogravimetric analysis, in-
frared spectral absorption, and polarized light microscope
plus microscopic analysis are commonly used'® .
sive research has been conducted on mineralogical identi-
fication of clay minerals by explaining diffraction data"”.
However, few reports on Nairobi BCS have been found in
the field of mineralogical quantification for unknown rea-
sons. The types of clay minerals in soils can be deter-
mined by comparing the XRD pattern with standard min-
erals. The potential for using XRD-based techniques for
the quantification of clay minerals on the basis of identi-
fied phases has been investigated'™'.

Exten-

The swelling properties of clay minerals have been re-
searched using experimentation and molecular simulation
to investigate hydration, interlayer structure, and dynam-
ics of interlayer positive ions in the clay!"""'. The experi-
mental techniques present a few limitations in exploring
the microstructure. Molecular simulation has been regar-
ded as a valuable tool for addressing unsolved issues relat-
ed to clay swelling as a complement to experimental tech-
niques. Molecular simulation directly employs structural
information to investigate structure-function relationships.
Nonequilibrium states related to expansive hysteresis may
be studied systematically by using computational meth-
ods. Molecular simulation allows for research on sophisti-
cated clay systems by using simplified conditions, e. g.,
the behavioral information of the individual interlayers
can be acquired without complexities from the mixing lay-
er hydrate formation or disturbance from outside surface
effects.

In this research, experimental investigation and molec-
ular simulation were revisited and used to identify the
types of the clay minerals and explain the hydration of the
interlayer irons to reveal the swelling properties of Nairobi
BCS. The chemical constituent and XRD patterns were



300

Cheng Yongzhen and Huang Xiaoming

used to determine the types of the clay minerals and pre-
dict the percentages of various clay minerals. The adsorp-
tion of water molecules was simulated to analyze the com-
binative capabilities of the interlayer Na®, Ca**, or
Mg’ " ions with water. The hydration of the interlayer
irons was also investigated to explain the strong expansion
characteristics of Nairobi BCS. To confirm the classifica-
tion standard of the expansive potential of BCS by using
free swell index (FSI) as an indicator, the FSI test was
performed and the correlation of FSI with the montmoril-
lonite content and cation exchange capacity ( CEC) of
Nairobi BCS was investigated.

1 Materials and Experimental Methods

1.1 BCS sampling sites and pretreatments

BCS was sampled from a roadbed site in Nairobi, Ken-
ya (36°31'E, 1°35'S), where a beltway called the
Southern Bypass was being built by China Road and
Bridge Co. The natural BCS is characterized by darkness
and cracking, as shown in Fig. 1. The samples were first
cut into slices and air-dried for several days and then
ground in a mortar until all soil particles passed through a
2.0 mm sieve. The soil particles with different sizes,
such as clay ( < 2 pm), silt (2-75 pm), and sand (75
pm-2. 0 mm), were obtained in accordance with the
standard method'”. BCS consisted of 52% clay and
48% silt. The free swell ratio (FSR) of BCS was 165% ,
and the liquid limit and plasticity index were 57% and
26% , respectively, which indicates that BCS belongs to
clay with high plasticity and expansive potential on the
basis of JTG E40—2007""'.

Fig. 1
soil

Typical morphological characteristics of black cotton

1.2 Mineral phase analysis

The mineral phases were determined by XRD per-
formed on BCS in accordance with the Chinese stand-
ard"”'. The BCS was first oven-dried until a constant
weight was achieved at 60 C and was ground in a mortar
to make all soil particles less than 40 pm. The specimens
were made by pouring the powders into a sample frame
and pressing them in a vertical direction. The diffracto-

grams were obtained by fixing the specimens on the hold-
er of the XRD diffractometer ( Ultima [V, CuKa radia-
tion). Data were then recorded at a speed of 2(°)/min
per step. X-ray fluorescence (XRF) was performed on a
Thermo ADVANT’XP instrument to inspect the chemical
composition of BCS.

1.3 FSI test

The FSI of BCS was determined in accordance with
JTG E40—2007. The air-dried BCS was ground in a
mortar until all soil particles passed through a 0.5 mm
sieve opening. The soil samples were oven-dried at 105
C until a constant weight was achieved then cooled
down to room temperature in a dryer. Then, 10 g of soil
was weighed and poured into a 50 mL measuring cylin-
der with 30 mL of distilled water.
cylinder was stirred ten times from the liquid surface to
the bottom of the cylinder by using a stirring rod. Then,
the soil particles on the stirring rod and the inner surface
of the cylinder were washed into the measuring cylinder

The mixture in the

until the liquid surface reached 50 mL. After standing
for 24 h, the equilibrium sediment volume was noted.
Distilled water was replaced with kerosene, and the
same operational approaches were performed to obtain
the equilibrium sediment volume of 10 g oven-dried soil
passing a 0. 5 mm sieve in kerosene. The FSR and the
FSI can be calculated as

vV, -V,
Spsp = ——— x 100% (1)
0
V, -V
5FSI=7‘*V “ % 100% (2)
k

where ., is the free swell ratio of BCS; &, is the free
swell index of BCS; V, is the volume of the 10 g oven-
dried soil; V, is the equilibrium sediment volume of 10 g
oven-dried soil passing a 0.5 mm sieve in distilled water;
and V, is the equilibrium sediment volume of 10 g oven-
dried soil passing a 0.5 mm sieve in kerosene.

2  Molecular Mechanics Simulation

2.1 Potential energy model

The potential energy reflects the interatomic potentials
between atoms or ions and can be simulated by the SPC/
E model, which provides a good description of the bal-
ance, structure, and kinetic behavior of water. This mod-
el supposes every water molecule has three interactional
potentials at the location of an atomic nucleus, the bond
length of O-H is 0. 1 nm, and the bond angle of H-O-H is
109.47°. Van der Waals force is described by the poten-
tial energy of Lennard-Jones (LJ) as follows:

v =, [(22) - (22)]

u y

q,4;
47e, r;

(3)
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where g, and g, are the charges on the atoms i and j, re-
spectively; r; is the distance between atoms i and j; and
g, is the dielectric constant. The LJ cross-interaction
terms, ¢, and o, are generated from the standard combi-

ning relationships,

o, to0; (4)
o= )
e. = Jee, (5)

2.2 Model construction

The model parameters come from Wyoming montmo-
rillonite. The crystal texture of the montmorillonite is a
clinorhombic system, and the space groups are C2/m.
The octahedral coordination cations are located on the two
sides of the symmetry plane. The cell parameters are as
follows: @ =0.523 nm, »=9.06 nm, a« =y =90°, B =
99°. Value c is not a constant and ranges from 0. 960 to
1.85 nm based on the types of the exchangeable cations
and the numbers of water molecules among the structure
layers. A supercell is composed of 8 unit cells in the form
of 4a x2b x ¢, and water molecules were inserted into the
interlayers of the supercell. The molecular formula of
such montmorillonite supercell can be written as M, .,
(H,0), (Si; ;5 Al 55) (Al s Mg, 5) Oy (OH),; M repre-
sents Ca’*, Mg2+ , and Na™. The size of the supercell on
XOY plane is 2. 092 nm x 1. 812 nm. On the basis of
Loewenstein law, one in 32 Si'* was replaced by AI’",
and one in 8 Al’*was replaced by Mg”" in the supercell.
The negative charges ( — 6 e) were compensated by the
interlayer Na*, Ca’", or Mg’" ions after isomorphous
substitution.

2.3 Simulation method

The materials science code Cerius® was employed to
compute the clay mineral hydration. Energy minimization

and dynamics simulations were processed in the C2 Mini-
mizer and C2 Dynamics modules, and the universal force
field (UFF) in C2. The OFF module was chosen. The
long-range electrostatic interaction was computed by
Ewald summation. Van der Waals force was computed by
the LJ function, and its cut-off radius was 0.9 nm. The
charge was calculated by using the charge equilibration
(QEq) method. After energy optimization by UFF, dy-
namic simulation was performed on the montmorillonite
crystal lattice with one, two, and three layers of water
molecules (32, 64, and 96 water molecules, respective-
ly) under the microcanonical ensemble and 300 K.

3 Results and Discussions
3.1 Mineral phase identification

Tab. 1 presents the chemical compositions of Nairobi
BCS obtained by XRF and lists the literature data of the
chemical composition of expansive soil in Ningming,
China. BCS is characterized by a high iron (Fe,O,) con-
tent. The same characteristic was also found in India
BCS. However, the iron content in Ningming soil is only
3.23%, which is far less than that in Nairobi BCS
(9.44% ). The literature previously established that the
black color of the soils could be due to the presence of
iron, manganese, and titanium in their reduced state.
Nevertheless, the content of manganese and titanium in
Nairobi BCS was only 0.3% and 0. 9%, respectively.
The high content of iron in its reduced state might be a
principal factor in the dark color of Nairobi BCS. This
finding is similar to previous findings.

However, the darkness of clay is generally believed to
be caused by the abundance of organic carbon. There-
fore, a test was performed by pouring 1 g of Nairobi BCS
into 20 mL of 30% hydrogen peroxide solution to remove
the organic matter from the soil ( see Fig.2). Organic
matter in the soil is another factor that can contribute to the

Tab.1 Chemical (oxide) composition of BCS and Ningming expansive soil %

Oxide content  w(CaO) w(Mg0O) w(Fe,0;) w(Al,0;) w(SiO,)

w(K,0) w(Na,O0) w(SO;)

w(P,05) w(MnO) w(TiO,) LOI

BCS
Ningming soil

1.70
0.20

0.95 9.44 16.89 50.34
1.45 3.23 27.59 55.45

1.01
3.07

0.76
0.16

0.15 0.02 0.30 0.90

0.17 0.02 0.33

17.50
7.35

Note: Data of Ningming soil were obtained from Ref. [ 14].

darkness of the BCS, as indicated by the comparison of
the color change in 20 mL of 30% hydrogen peroxide
solution and the water. Another noticeable characteristic
of BCS is that the alkali content of CaO and Na,O is a-
bout 8.5 and 5 times that of Ningming soil, respective-
ly, while the content of K,O is only about one-third that
of Ningming soil. Hence, BCS is mainly composed of
calcium- and sodium-based clay minerals, which pres-
ents higher expansibility than potassium-based clay min-
erals upon exposure to water.

Fig.2 1 g of BCS poured into 20 mL of 30% hydrogen perox-
ide solution (left) and distilled water (right)
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Raw BCS particles on the glass slide were fixed on the
X-ray measurements to primarily understand the mineral
phases in BCS. Fig.3(a) presents the XRD pattern of the
untreated BCS. The basic reflection peak is found at
about d = 1. 579 05 nm, and its corresponding second-
and multiple-harmonic peaks are obvious, thereby indica-
ting the presence of periodical layered structures in BCS.
The broader basic reflection peak also indicates the low
crystallinity of those structures or the presence of mixed-
layer minerals in BCS.
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Fig.3 XRD pattern. (a) Raw BCS; (b) Clays separated from BCS
by suspension method recorded on the oriented slides after air drying
(N), ethylene glycol saturation (EG), and heating at 550 C (T)

The clays were coated on a glass slide for XRD meas-
urements to further confirm the presence of clay minerals
in BCS after air drying, ethylene glycol saturation, and
heating at 550 C. As shown in Fig. 3(b), montmorillon-
ite is detected by the reflection peak at d =1.448 54 nm
in the N slide, which moves to d =1. 816 75 nm in the
pattern of clay saturated with ethylene glycol and collap-
ses to d =1.009 07 nm after heat treatment. Ca-based
smectite is always found at about 0. 015 nm, but Na-
based smectite is found at 0. 012 5 nm; that is to say, Ca-
based montmorillonite is the main clay mineral in BCS.
Moreover, a small number of clay minerals such as inter-
stratified illite-montmorillonite, illite, and kaolinite with
other non-clay minerals such as quartz and feldspar are
detected in Nairobi BCS. To calculate the relative amount

of the clay minerals, overlapping peaks are resolved by
using least-squares method, and curve fitting is performed
by using the Lorentzian-Gaussian function. The propor-
tion of montmorillonite, interstratified illite-montmoril-
lonite, illite, and kaolinite is 32. 6%, 10.9%, 2.3%,
and 1. 5%, respectively, according to the integration
area. Moreover, a small amount of iron mineral phases
such as goethite (0. 6% ) is determined in Nairobi BCS,
which indicates that iron mainly exists in the form of clay
minerals.

3.2 Hydration of interlayer cations

In general, the primary clay mineral in Nairobi BCS is
montmorillonite with a small quantity of illite and kaolin-
ite. Hence, the high expansive potential of Nairobi BCS
mainly comes from the water swelling of montmorillon-
ite. In addition, clays with different cation compositions
and exchange capacities have a large difference in expan-
sive potential. The CEC and exchangeable cations of Nai-
robi BCS and Ningming soil are presented in Tab.2. The
CEC of Ningming soil is 106. 87 meq/100 g and is larger
than that of Nairobi BCS, which is 58. 3 meq/100 g.
However, the FSR and FSI of Ningming soil are only
93% and 104% , respectively, which are lower than the
FSR and FSI of Nairobi BCS, which are 121% and
168% , respectively. Nairobi BCS has a high content of
Mg’ and Na* with a percentage of up to 4. 78% and
2.73%, respectively, and about 14 times that in the
Ningming soil. These findings indicate that cation com-
position has a significant influence on the water absorp-
tion of montmorillonite. Hence, the montmorillonite
crystal lattice with types of exchangeable cations in inter-
layers needs to be constructed to investigate the swelling
properties of BCS.

Tab.2 CEC and exchangeable cations of BCS samples

Test items BCS Ningming soil
CEC/(mmol - kg~!) 291.5 534.5
w(Na)/% 2.7 0.2
w(Ca)/% 47.1 93.7
w(Mg)/% 4.8 0.3
w(K)/% 1.6 2.6
Spsr/ %o 121.0 93.0
Sgs1/ %o 168.0 104.0

Note : Data of Ningming soil were obtained from Ref. [15].

Tab. 3 presents the three montmorillonite structures,
which are constructed to investigate the influence of Mg”*
and Na” on the swelling properties of montmorillonite.
The supercell of Type I montmorillonite without water
molecules in interlayers is shown in Fig.4. The pink oc-
tahedron represents the unsubstituted location of AI'*; the
green octahedron represents the location of Al’* replaced
by Mg®* ; the yellow tetrahedron represents the unsubsti-
tuted location of Si'* ; the pink tetrahedron represents the
location of Si** replaced by Al’*. The blue, green and
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purple spheres represent Ca’*, Mg’*, and Na* , respec-
tively, which are used to balance the negative charges.
The water molecule model is constructed on the Sketch at-
oms module and optimized on the Forceit module by
using the SPC/E model and UFF.

Tab.3 Construction of three montmorillonite structures

. . Cations and
Configuration Crystal texture

percentage

Ca(2).+375 (H0), (Alys Mgys)

I Ca** (100% ) X
(Si;.75Aly 25) Oy (OH) 4

Caghs Mgjlns (H0), (Al
Mgy.5) (Siz 75 Al 55) Oy (OH) 4
Caglos Mggins Nagps (H0),
(Als s Mg s ) (Sizz5 Alg s ) Oy
(OH),

Ca’* (66. 6%),
Mg?* (33.3% )
Ca®* (33.3%),
| Mg?* (33.3%),
Na* (33.3%)

Fig.4 Supercell of Type Il montmorillonite without the water
molecule

The adsorption capability for water molecules of three
types of montmorillonite was simulated on the Sorption
module. Type Il montmorillonite can adsorb 56 water
molecules, which are larger than 51 and 53 water mole-
cules of types [ and [l montmorillonite, respectively. A
statistical analysis presented in Fig. 5 was performed on
the distribution of adsorption energy for the water mole-
cules of those two types of montmorillonite to further
confirm the adsorption capability for water molecules of
types | and Il montmorillonite. Type Il montmorillon-
ite had a sharper distribution of adsorption energy, and
the maximum and mean adsorption energy were 75 and 42
kJ/mol, respectively, but the values for Type | mont-
morillonite were 63 and 38 kJ/mol, respectively. The an-
alyses indicate that Type [l montmorillonite had stronger

0.24
- -—--Type 1

—Type I

0 =7 1 1
-90 -70 50 30 -10 10
Energy E/(kJ + mol™)

Fig.5 Adsorption energy distribution curve of water molecules
for types I and [ montmorillonite

adsorption energy for water molecules and higher stabili-
ty. The high expansive potential of Nairobi BCS comes
from the strong adsorption capability for water molecules
of montmorillonite with a high Mg”" and Na* content.

The three types of montmorillonite with two layers of
water molecules were investigated to compare the struc-
tural characteristics of the different types of montmorillon-
ite with the same number of water molecules. If 1 kg of
clay contains 0. 1, 0.2, and 0.3 kg of water, then the
distribution of water in montmorillonite is in the form of
1, 2, and 3 layers of water molecules, respectively, and
the corresponding number of water molecules in the inter-
layer is 32, 64, and 96, respectively. The supercell of
montmorillonite with two layers of water molecules can
be obtained by inserting 64 water molecules into the inter-
layer. Fig. 6 presents the supercell of Type I montmoril-
lonite with two-layer water molecules. After the structure
optimization, molecular dynamics simulation was per-
formed.

Fig.6 Supercell of Type I montmorillonite with a two-layer
water molecule

Fig. 7 shows the radical distribution function (RDF) of
Ca’*, Mg’", and Na* with Ow. The peak positions of
Ca’"/Mg’*/Na*-Ow RDF in types [, II, and II
montmorillonite are shown in Tab. 4. The first peak of
Na-Ow, Mg-Ow, and Ca-Ow RDF occurs near 0. 222 5
nm, 0.227 5-0.242 5 nm, and 0.237 5-0.262 5 nm in
types I, II, and I, montmorillonite, respectively.
The difference of the first peak indicates that the positive
ions have different capacities in organizing the oxygen at-
om. The Na-Ow RDF has a minimum first peak, which
indicates that Na* has the strongest interaction with the
oxygen atom and is easy to hydrate, and is then followed
by Mg’ and Ca’" in order. Moreover, the distance be-
tween Mg’*, Ca’*, and Ow reduces obviously in Type
I montmorillonite as compared with that in Type [ and
I montmorillonite. The small amount of Na + facilitates
the hydration of Mg”" and Ca’* to some extent. The major
exchangeable cation in the clay minerals of Nairobi BCS is
Ca’" with some amount of Mg’ "and a few Na*. The Na"
content is too small to be the compensation ion but can fa-
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cilitate the hydration of Mg’*, Ca’"
minerals of Nairobi BCS have a high expansive potential.

Hence, the clay

35~

£ 2oL I —— Type I (Ca*)

g% N Tpe I(Ca)

S5t —— Type Il (Mg™)

= «— Type Il[(Ca*)

=]

g 20r — Type M(Mg*>)

-E 151 ~— Type I(Na*)

._g

§ 10+
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§ 3 1 ey
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0.1 0.2 0.3 0.4 0.5

Distance from the cation/nm

Fig.7 Graphs of the Ca’*/Mg**/Na* -Ow RDF for montmo-
rillonite hydrates

3.3 Identifying swell potential by FSI

The freeswell test of Nairobi BCS in the distilled water
and kerosene was performed to estimate the rationalization
of FSI as an index in determining the expansive potential
of the clays. The expansive potential of the soils should
be determined by the clay mineral content and the CEC
because those two indexes can reflect the structural mor-
phology and water adsorption capability, respectively.
The FSI (FSR) , CEC, and montmorillonite content were
determined in the laboratory to verify the correlation of
FSI with clay minerals and CEC.

The correlation of FSI and FSR with the montmorillon-
ite content for Nairobi BCS is shown in Fig. 8. In the fig-
ure, M represents the content of montmorillonite in clay.
The FSI presents a good correlation with the montmoril-
lonite content of Nairobi BCS, having a positive linear
correlation coefficient of R* = 0.968 1. However, the
correlation of FSR with the montmorillonite content is rel-
atively poorly qualified, and a positive linear correlation
coefficient of R* =0.824 3 is obtained. The correlation of
FSI and FSR with CEC(C) for Nairobi BCS is shown in
Fig.9. A positive linear correlation coefficient of R* =
0.941 6 means that FSI has a good correlation with CEC
of Nairobi BCS, indicating better performance than FSR,

S 51 SI
210 0,4=3.631 5M-12.251 6,
1801 5R2:0.968 1
a ;

1 1 1 1 ]
10 20 30 40 50 60
Montmorillonite content/%

Fig.8 Correlation of FSR/FSI with montmorillonite content
for Nairobi BCS

200p 4 5
180 L~ 950593 9C-12.672 3, R=0.941'6
° (SFSR
o 1501 — 0,5=0.366 1C+0.683 8,
g R*=0.8523 .
Z120F
< 90t
60}
30 1 1 1 1 1
50 100 150 200 250 300 330

C/(mmol - kg™)
Fig.9 Correlation of FSR/FSI with CEC for Nairobi BCS

which has a positive linear correlation coefficient of R* =
0.852 3 with Nairobi BCS.

Overall, the FSI has a good linear correlation with in-
trinsic parameters that represent the swelling potential of
the expansive soil for Nairobi BCS. Hence, FSI is ideally
suited as a distinguishing index to determine the swelling
potential of Nairobi BCS. Focused research has been con-
ducted on the standards by using montmorillonite content
and CEC as the classification indicators'™®’. On the basis
of the linear correlation of FSI with the montmorillonite
content and CEC of Nairobi BCS, the criteria presented
in Tab. 4 can be obtained by using FSI as a classification
indicator.

Tab.4 FSI criteria for identifying swelling potential

Swelling potential M/% * CEC/(mmol/kg) *  FSI/%
Non-expansive <7 <85 <25
Low 7 to 17 85 to 130 25 to 56
Moderate 17 to 27 130 to 180 56 to 90
High >27 > 180 >90

Note: * Data were obtained from Ref. [ 16].

4 Conclusions

1) The high percentage of clay minerals, which are
composed of montmorillonite (32.6% ) , interstratified il-
lite-montmorillonite (10.9) , illite (2.3% ), and kaolin-
ite (1.5% ), is the major reason for the high expansive
potential of Nairobi BCS.

2) The black color of Nairobi BCS is due to the pres-
ence of iron in its reduced state and organic carbon.

3) A limited number of Na* in BCS enhances the ad-
sorption capacity for water molecules of montmorillonite
and accelerates the hydration of Mg’*, Ca’" in clays,
which ultimately leads to the high expansion of Nairobi
BCS.

4) FSI presents a good linear correlation with the
montmorillonite content and CEC, and it can be used as
an index to classify the swelling potential of BCS.
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