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ABSTRACT

In this paper, the research is based on iron hydroxide colloids that combine loose kaolin clay media to form
artificial laterite samples. A method and device for the preparation of colloids have been developed. The com-
pressive strength test method is used to explore the regularity and mechanism of free iron oxides which in the
process of the formation and strength increase of laterite structure. X-ray diffraction (XRD), scanning electron
microscopy (SEM), and nuclear magnetic resonance (NMR) were used to study the mineral composition of the
laterite, the cementation of microscopic aggregates of the particles, and the changes in the internal porosity of
the laterite. The results show that the free iron oxide can improve the macro-mechanical properties of laterite.
The iron morphology has a tendency to change from colloid to hematite and goethite. It is found that the free
iron oxide aggregated in the space or on the surface of clay particles. Distribution; gel particles were found to
fill the pores of laterite particles or aggregates by nuclear magnetic resonance experiments, indicating that the
changes in the mechanical strength of laterite are mainly due to the content of free iron oxide, the formation
of free iron oxide, the connection of cementing iron and the distribution of iron. Based on the SEM results,
a contact model of laterite particles that can reflect the macro-mechanical failure behavior of soil samples is
established.

Keywords: Artificial Laterite, Iron Hydroxide Colloid, Cementation Action, Sensitivity.

1. INTRODUCTION
The major areas of laterite in the world are located in
the humid temperate regions between 35 degrees N and
35 degrees S [1–3]. Subtropical climate, which is a humid
and heat environment, makes the engineering characteris-
tics of laterite very sensitive, unstable, and easy to shrink
and crack. Laterite is a special clay formed with kaoli-
nite as the main clay mineral [4, 5]. Iron oxide colloids
in laterite play the key role in internal cementation [6–8].
The understanding of colloids in laterite is crucial for the
insight of the formation process and mechanical charac-
teristics of the laterite. The impact of the cementing effect

∗Author to whom correspondence should be addressed.

of iron on the mechanical characteristics of the laterite
has been investigated by existing studies. Some studies
indicated that the mechanical properties of laterite can be
improved to a certain level by increasing iron oxide colloid
in the soil [9, 10]. Moreover, adding iron oxide colloid into
kaolin sample can improve the surface area, pore ratio and
other physical properties of the sample [11]. Moreover,
the anti-shear strength and plastic limit of the soil sam-
ple and other indicators were improved [12]. It means that
the content of iron oxide colloid would impact the phys-
ical properties of kaolin soil. In order to investigate the
impact of cementing substances of soil, Cheng compared
the original soil samples of the residual soil of Xiamen
granite with the samples without the cementing substances.
The result shows that the free iron oxide has significant
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impact on the expansibility and shear strength of soil sam-
ples [13]. In Ref. [14], author proved the cementing effect
of free iron oxide in clay by showing that the porosity ratio
and internal friction angle of clay decreased when iron are
removed.
The reliability and accuracy of the preparation method

of iron oxide colloid is very crucial for investigating the
impact of colloids on the mechanical properties of soils.
Via the centrifugal method, Bradfield added ammonium
hydroxide to a concentrated iron chloride solution to pre-
pare iron hydroxide colloids in the new sediment [15].
Chaudhury cemented newly precipitated iron hydroxide
with an iron chloride solution, and performed dialysis for
the soil [16]. Vora added a potassium cyanide solution to
a zinc sulfate solution to obtain a colloidal solution [17].
Then, Vora filtrated the solution through a double-layer
filter paper and used the parchment bag for dialysis [17].
The electrodialysis technology is also applied to purify
the colloids. Recently, Chen proposed the colloidal titra-
tion method to determine the colloidal concentration [18].
Numbers of methods are proposed to prepare, purify, and
determine of colloids in literature. However, the existing
methods of colloid-related research still have limitations,
such as low efficiency and low accuracy in sample prepa-
ration. In order to overcome the limitations, a set of rapid
colloidal preparation equipment is developed in this paper.
The device was verified according to the criteria proposed
in Ref. [19].
The impact of free iron oxide on the geological prop-

erties and engineering performance of laterite has been
mentioned by some studies. However, they did not pro-
vide in-depth knowledge. In this paper, by using kaolin
the raw material of artificial clay, the impact of free iron
oxide on the mechanical strength of laterite is systemati-
cally investigated. Moreover, the impact of artificial laterite
preparation method on the macro-mechanical properties of
soil samples is estimated. The forming mechanization of
laterite is revealed by varying the mineral composition,
microporousness and particle position in the sample. The
major contribution of this paper is that the results provide
deeper insight into the formation mechanism of laterite.
Moreover, this paper uncovered why the characteristics
of laterite vary with regions. It provides the theoretical
support for the real-world engineering activity in laterite
areas [20–28].

2. MATERIALS AND METHODS
2.1. Materials
Kaolin: H2O, Fe (NO3)3 ·9H2O, NaOH.
Table I shows the chemical composition of kaolin. The

chemical composition of the soil sample was measured by
XRD test.om the top electrode to the bottom electrode,
and was defined as negative when the current flowed in
the opposite direction.

Table I. Chemical composition of kaolin.

Chemical element SiO2 Al2O3 Fe2O3 CaO MgO TiO3 Na2O+K2O

Content (%) 54.41 39.19 0.18 0.35 0.25 0.8 1.2

Test soil sample: The prepared Fe (OH)3 colloid was
mixed into kaolin clay at a ratio of 24 wt.% In order to
prepare the soil samples with a certain dry density, the
solidification time of the soil sample was set to 7 days.

2.2. Development of Colloid Preparation and
Test Equipment

Figure 1 shows the proposed device for rapid preparation
of iron hydroxide colloid. The performance of the device is
verified in Section 2.1. In order to filter out iron ions, chlo-
ride ions and other impurities in the colloid, the prepared
colloid was filtered through a semi-permeable membrane.
Generally, existing devices needs approximately 6 hours
to prepare 1 liter iron hydroxide colloid. However, the
proposed device is able to prepare colloid continuously,
which produce 2 liter colloid per hour (see Fig. 1(A)).
The circulation of deionized water is used to let most ions
and other smaller substances passing through the semi-
permeable membrane, while ensuring that the Fe(OH)3
colloid left in the device (see Fig. 1(B)). Moreover, the
proposed device can accurately determine the concentra-
tion of Fe(OH)3 colloidal molecules since the method can
identify the titration endpoint accurately (see Fig. 1(C)).

2.3. Sample Preparation
First, we put 1 L 5% Fe(NO3)3 ·9H2O solution in a stirrer
with 440 rpm. Then, 200 ml of 2.5 mol/L NaOH solution
(100 g of NaOH was added to 1 L of distilled water) has
been slowly dropped in to the stirrer when the temperature
is about 28 �C to prepare a hydrogen iron oxide colloid.
The 5% Fe(NO3)3 · 9H2O solution is prepared by adding
50 g Fe(NO3)3 · 9H2O into 1 L distilled water. Moreover,
2.5 mol/L NaOH solution is prepared by adding 100 g
NaOH into 1 L distilled water. Then, the prepared Fe(OH)3
colloid is mixed into chemically pure kaolin according
to different mass percentage. Afterward, the artificial clay
samples are crystallized in oven at 60 �C, for 48 hours.
During the crystallization process, the samples were con-
tinuously stirred. Finally, the crystallized soil samples were
ground and sieved to prepare artificial clay samples with a
certain dry density. The artificial clay samples were placed
in a humidified tank for curing group.

2.4. Test Plan
2.4.1. Unconfined Compressive Strength (UCS) Test
Because of the simplicity and reliability, the UCS test
adopted to examine the sensitivity of laterite. The sensitiv-
ity reflects the structural strength of the soil, the changes
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Fig. 1. Colloid preparation device. (A) Rapid colloid preparation device (B) Semipermeable membrane rapid dialysis device (C) Schematic diagram
of the device for determining colloidal concentration for developing a device.

of the particle framework, and cementation strength during
the laterization.
The artificial laterite samples, which are prepared for

unconfined compressive strength test, contained 24 wt.%
free iron oxide. Moreover, to explore the structural changes
in the laterite process, the curing times of artificial lat-
erite samples were set to be 7, 14, and 28 days, separately.
The UCS test terminated with the axial strain � = 20%.
The test equipment used YYW-II strain-controlled uncon-
fined pressure gauge (China), and the pressure test rate
was 0.1 mm/min.

2.4.2. Microscopic Test
The microscopic tests, which include X-ray diffraction,
electron scanning test, and nuclear magnetic resonance
test, are applied to measure the change of miner-
als, morphological characteristics, and micropores during
lateritization. Among them, X-ray diffraction measures the
mineral composition of soil samples and the changes of
iron oxide minerals during the lateritization process. Elec-
tronic scanning test measures the morphological changes
of kaolinite and iron oxide minerals. Nuclear magnetic
resonance (NMR) test determine kaolinite and oxidation
Characteristics of micro-pores of iron minerals during
lateritization.
The container, which holds the sample for NMR test,

should not contain any magnetic materials. At the same
time, since the nuclear magnetic resonance instrument
used in this paper measured 1 H, the container must not
have hydrogen atoms. Consequently, the container is made
by polytetrafluoroethylene since it has excellent chemical

durability, decay resistance, acid-base resistance property,
no static effect, and low friction coefficient. The size of
this container is � = 39.1 mm×H= 80 mm.
X-ray diffractometer D/max 2500 (scanning range

2�–90�), �IGMA scanning electron microscope (Karl
Zeiss Microscope Co., Ltd., UK) and MacroMR12-150H-
1 large-caliber nuclear magnetic resonance instrument
(Suzhou Newmai Corporation) are applied to measure
samples separately. The diameter of the coil in the NMR
test was 60 mm.

3. RESULTS AND DISCUSSION
3.1. Compressive Strength
Figure 3 shows the compressive strength changing pattern
of the original and remodeled samples of 24 wt.% laterite
with different curing time. In this paper, the objective of
the UCS test is to investigate the effect of free iron oxide
on the formation of laterite soil structure.
As shown in Figure 2, the laterite samples did not

have any damage or change during the curing process.
It means that the free iron oxide can improve the com-
pressive strength of the laterite. The increase in strength
depends on the curing time of the free iron oxide because
of the cementing reaction of the free iron oxide reaction.
With the increase of the axial strain, the axial stress of the
original sample suddenly decreased to show a “collapse”
feature. The peak of the reshaped soil samples lag behind
the original soil sample. Moreover, the strength curve of
the reshaped soil samples showed a continuous harden-
ing feature. Unlike the sample of the original laterite, the
peak strength of the reshaped samples are significantly
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Fig. 2. Unconfined compressive strength test results of the specimens.

lower than the original samples. The major reason is that
there constructed samples destroyed the structure of the
soil body. Therefore, the connection between the soil parti-
cles disappears, which makes the structural strength of soil
body decreases. In summary, the reason of lower strength
of the remodeled samples could be caused by the failure
of the soil sample structure and the change in the bonding
strength of the free iron oxide [31–35].
When the curing time of the original soil sample reaches

28 days, the compressive strength of the artificial clay sam-
ple reached 53 kPa, and the strength increased by 3 kPa.
Simultaneously, the non-lateral compressive strength of the
reconstructed sample phase was significantly reduced for
the original sample.
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Fig. 3. Results of X-ray diffraction study of different soil samples.

The sensitivity of soil samples were determined from
the results of the UCS test and the values were compared
with the sensitivity of the artificial clay samples of Cheng.
The test results are listed in Table II.
As seen from Table II, the growth pattern of the

non-lateral compressive strength of artificial clay samples
agrees with the actual situation. Considering identical cur-
ing conditions, only free iron oxide colloids affect the
lateral compressive strength of soil. The reasons for the
intensity differences under identical curing condition and
iron content are related to the purity of the iron hydroxide
colloid.
The structure of soil is determined by the combina-

tion of soil particles and the coupling characteristics of
soil particles. In the equilibrium state, iron oxide colloid
and water are present between soil particles. The partial
binding water between soil particles is converted into free
water when the soil is under an external load, resulting in
the reduction of the compressive and shear strength of the
soil. The strength of laterite is mainly caused by the adhe-
sion between particles and the adhesion force formed by
iron oxide colloid. When the soil is disturbed, these two
types of adhesion are destroyed or partially destroyed, and
the soil strength decreases [36, 37].
Microscopic structure analysis showed that the test soil

sample was composed of countless small soil particles,
and these soil particles on the surface of negative electric-
ity. When the free iron oxide content in the soil increases,
according to the Coulomb’s law for the free iron oxide
with positively charged iron ions, the ions will be adsorbed
on to the surface of the negatively charged soil particles.
Hence, the radius of soil particles increases. In the same
way, the positive charge on the surface of soil particles will
attract other soil particles with negative charges on their
surface. Hence, soil particles gather together, strengthen-
ing the attraction between soil particles. Meanwhile, the
condensate in the increasing soil, promoting the bonding
effect to increase the overall strength of the soil. There-
fore, the non-lateral compressive strength of soil samples
with high iron content is larger.

Table II. Test results of unconfined compressive strength and
sensitivity.

Number of Unconfined
days of compressive

Soil sample maintenance (D) strength test (kPa) Sensitivity

Kaolin 7 20 –
14 20 –
28 20 –

Artificial clay sample 7 41 2
(Cheng [40]) 14 37 2

28 45 2
Artificial clay sample 7 40.4 5.7

(This paper) 14 45.5 4.7
28 52.7 4.3
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Soil sensitivity reflects the degree of change in the inten-
sity of soil due to structural damage, and it is an impor-
tant reference index for laterite with distinct properties.
The data in Table II show that the sensitivity of artificial
clay samples changed with increase in maintenance time,
increasing to 5.7. The sensitivity was 4.3 after 28 days of
maintenance. The structural changes in the soil show that
cementation plays an important role, and the large pore
structure inside the soil gradually develops in the direction
of small pores, thereby enhancing the structure of the soil.
This process of change can reflect the historical process of
the clay formation to a certain extent.
The structural connection in clay is mainly an iron-

cemented connection, and the strength of the link is related
to the shape of the free iron oxide, and the cementing con-
nection strength of the needle-shaped iron ore and hematite
is greater than that of the gel state. The oxygen atom on
the surface of kaolin combines with Fe gel under certain
curing conditions to form a homogeneous aggregate of sil-
icone oxygen tetrahedrons, and this effect will evolve into
a “homologous” connection between particles. This con-
nection between clay particles and Fe gel is quite solid
because of the increasing structural connection strength of
artificial clay samples with increasing curing time. Mean-
while, the stiffness of soil structures is increased by the
same contact of silica, and hence, brittle failure is observed
to occur in the test of compressive strength without lateral
limits.
In summary, the intensity change process of laterite can

be specifically expressed as follows: First, the free iron
oxide in the soil skeleton and kaolin form an agglomerate
by bonding, part of the free iron oxide cement fills the
pores, and the other part of the free iron oxide cements.
The material is wrapped around the edge of the kaolin
aggregate. This bonding is formed by cementation; then,
the morphology of the free iron oxide changes to form
goethite and hematite, the cementation strength of the
free iron oxide mineral is enhanced, and the kaolin parti-
cles and free iron oxide form a silicon-oxygen tetrahedron
“Homogeneous hyperplasia” increases the stiffness of the
soil structure. Therefore, with the increasing time of lat-
erization or the formation of the soil particle skeleton, the
mechanical strength of the laterite increases.

3.2. X-ray Diffraction (XRD) Contrast Test
Figure 3 shows soil samples with kaolin clay and free
iron oxide content of 24 wt.% In a humidifier for 20,
50, and 80 days. The characteristic XRD peaks of kaolin
are d(001)= 0.715 nm, d(002)= 0.357 nm, and d(002)=
0.337 nm [21–23]. The XRD intensity of kaolin cor-
responding to the characteristic peak increases, indicat-
ing that the relative content of kaolin increases, and
conversely, the relative content of kaolin decreases. The
analysis results show that kaolin is mainly composed of
kaolinite minerals and a small amount of feldspar and
quartz minerals.

The XRD spectrum shows two major differences upon
the addition of iron hydroxide colloid to kaolin: First, the
peak shifts from 0.71 nm to 0.333 nm, indicating that the
crystal structure of kaolinite has changed. Second, with an
increase in maintenance time, the main variation range of
the XRD spectrum is 20�–60�; changes in this range of
angle are mainly due to the formation of minerals such as
needle-shaped iron ore and hematite, which in turn reflects
the change in the mineral composition of soil. The char-
acteristic XRD peaks of needle-shaped iron ore are 21.2�,
333.2�, 40.94�, and 49.54� at 50 days during the main-
tenance of the artificial clay samples. For a curing time
of 80 days, the characteristic XRD peaks of hematite and
needle iron ore appear at 21.1�, 24.3�, 33.2�, 34.85�, 36.8�,
40.94�, and 49.59�, which shows that the morphology of
free iron oxide in artificial clay samples increases with
time. The form of iron underwent a transformation from
pyrite→ pyrite→ pyrite→ hematite [24, 25]. Meanwhile,
the capsule formed by free iron oxide shielded the sharp
peaks of kaolin. Therefore, a low and smooth diffraction
peak of the artificial clay sample was obtained.
From the XRD images, we can conclude that the longer

the curing time of the laterite-like sample, the different the
free iron oxide minerals in the reaction products changed.
At the same time, different free iron oxide minerals can
reverse the laterite process of laterite.

3.3. Scanning Electron Microscope Test
Figure 4 is a SEM image of 24 wt.% Laterite. The SEM
images show that the artificial clay sample is composed of
irregular unit aggregations of different sizes, with a rela-
tively clear boundary line between the units. Figure 4(a)
shows an SEM image of 24 wt.% free-iron-oxide-mixed
sample with 56 days of maintenance. In the picture, the
red dotted lines represent the shape of kaolin particles. The
green dotted line indicates the contour and position of the
free iron oxide. The clay particles have free iron oxide
on the surface or granular agglomerates. According to the
test results, it is shown that with the increasing time of
laterization, due to the action of free iron oxide, the bond-
ing mode of the unit cells in the soil has changed, and
this change has caused changes in the macro-mechanical
nature of the soil. The soil body was assumed as follows:
free iron oxide and kaolin having the same layered struc-
ture as the lamella keep its shape almost unchanged, and
the SEM image in Figure 4(b) is a laterite sample formed
by cementation or lateration.

3.4. Nuclear Magnetic Resonance Test
Figure 5 is the T2 curve of 24 wt.% Laterite samples at dif-
ferent curing times. Due to the existence of isolated pores
inside the aggregate formed by the free iron oxide cement,
this caused the phenomenon of “doublet” or “multimodal”
in the NMR T2 curve. Under the same curing time and
dry density conditions, with the increase of free iron oxide

736 Mater. Express, Vol. 11, pp. 732–739, 2021



IP: 207.241.225.246 On: Sat, 12 Jun 2021 06:45:24
Copyright: American Scientific Publishers

Delivered by Ingenta

Materials Express
Macromechanics and microstructure of artificially laterite
Wang et al.

A
rticle

(a) (b)

Fig. 4. Scanning electron microscopy images of laterite.

cement, more laterite particle gaps and inner pores of the
formed aggregates will be filled by these gel particles, and
gradually form more “Sturdy” skeleton. This causes the
reduction of the number of pores in laterite samples with
high cement content. The T2 curve distribution of the lat-
erite sample shows three peaks. The first relaxation peak is
mainly distributed between 0.01 ms and 0.13 ms, the sec-
ond relaxation peak is mainly distributed between 0.42 ms
and 18 ms, and the third relaxation peak is distributed.
Between 25.5 ms–205 ms. The first relaxation peak has
an increasing trend, indicating that the size of the pores
is decreasing, and the number of pores is also increasing;
aggregates formed by the cementation of the cement and
kaolin fill the large pores, and A part of the cement fills
the intercrystalline pores between the soil particles. This
caused the T2 distribution curve to shift to the left.

3.5. Laterite Particle Contact Model
The development process of the non-lateral compressive
strength curve of the specimen can be divided into three
stages: initial stage (6a, 6b), ascending stage (6c), and
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Fig. 5. T2 distribution of 24 wt.% laterite soils.

softening stage (6d) [38, 39]. In the initial stage of the
specimen, a small amount of free iron oxide cementa-
tion is distributed around kaolin. As shown in Figure 6,
as the strain increases, the connection of clay particles
and cementation change in two different ways: one is the
reduction of the pores of the overhead structure between
the soil particles, and displacement of the particles, which
increases the friction between the particles in the soil sam-
ple, thereby increasing the axial stress to reach a rela-
tively high level (Fig. 6(C)). As the strain increases further,
the connection between the particles is destroyed, and the
structural units between the soil particles are completely
destroyed, as shown in Figure 6(D).
Based on the SEM results, an abstract particle contact

model was established. The model was used to explain the
results of sample strength changes with increasing curing
time. The model showed changes in the relative position
of soil particles during loading.
The sample in Figure 6(A) is a triaxial sample of pure

kaolin, and Figures 6(B)–(D) are 3D schematic diagrams
of the saturated sample of 24 wt.% triaxial laterite from
the beginning of loading to failure. Figure 6(a) shows the
formation of smaller aggregates by filling or cementing the
colloids in the soil particles, and Figures 6(b)–(d) show
the destruction of the structural unit body between the soil
particles.
With the increase of strain in the laterite sample, there

are two changes in the connection between clay particles
and cement. One is that the pores in the overhead structure
between the soil particles are reduced, and the position
of the particles is shifted, which increases the particles in
the soil sample. Therefore, the axial stress can reach a
relatively high level. As the strain further increases, the
connection between the particles is broken, and the struc-
tural unit body between the soil particles is completely
destroyed.
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Fig. 6. Schematic diagram of the microscopic structure contact model of laterite.

4. CONCLUSIONS
A tested rapid colloid preparation device was used to pre-
pare iron hydrogen colloid. The laterite which is formed
by agglomeration of free iron oxide and kaolin is used to
carry on the strength experiment and related micro exper-
iments. The experimental results of this study show that
during the dynamic cementation process of free iron oxide
from ionic state to crystalline, laterite is a kind of soil that
the basic unit body changes from the gel state of sheet
aerial structure to the microcrystalline state of a dense
granular structure. In the soil samples with crystalline
development, the strength of laterite gradually increases
with the process of laterization, which causes the dif-
ference in strength of laterite to a large extent depends
on the content of free iron oxide, the type of free iron
oxide minerals, and the microstructure inside the soil. With
the increase of curing time of laterite, the laterization is
enhanced with the increase of the cohesive force, fric-
tion angle and the number of micro pores. The cement
is mainly distributed in the clay particles According to
the scanning electron microscopy (SEM) image display
results, an abstract particle contact model was established
in the surface of the surface or the pores between clay
particles, which can fully reflect the free cemented iron
oxide, which is the main cementing material, in the pro-
cess of stress on laterite. Role in laterite. This study can
improve the understanding of the relationship between
macro-mechanical properties and micro-factors of laterite
under natural conditions. So it provides a new idea for
the study of the engineering properties of such regional
special soils. It has very important and positive guiding
significance for reducing the blindness in engineering and
the practice of laterite engineering.
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