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Aiming at researching shear strength parameters of expansive soil modified by industrial waste iron tailings sand, the en-
hancement of expansive soil is explored frommacroscopic and microscopic aspects. After characterization and testing by various
means, the results show that expansive soil modified by iron tailings sand will increase the maximum dry density of the improved
soil and reduce its optimal moisture content, which is beneficial in tuning the moisture content at the construction site. In
addition, iron tailings sand can improve the shear strength of expansive soils. (e influence of iron tailings sand on cohesion
increases first, then decreases, and reaches the peak value at 30%, while the effect on internal friction angle exhibits a continuously
increasing trend. Furthermore, according tomercury intrusion tests andmicroangle analysis, the addition of iron tailings sand can
reduce the tiny pores and enhance the occlusal force of the soil. Simultaneously, it increases the number of large pores, maximizing
the macroscopic strengthening of iron tailings sand towards the expansive soil.

1. Introduction

Iron tailings sand (ITS) is a solid waste discharged from
mineral processing and is considered as the main pollution
source in themineral industry. According to relevant statistics,
the stacking capacity of ITS in China has exceeded 5 billion
tons and is growing with a rate of 500–600 million tons per
year [1–3]. (e long-term accumulation of ITS takes up
abundant land resources and generates serious environmental
pollution, which has a seriously detrimental influence on both
human beings’ health and property safety. However, noting
that the main mineral compositions of ITS are SiO2 and Fe2O3
sourced from granite, which has a similar characteristic to the
sand usually used in civil engineering projects [4–6], thus, ITS
has a high potential to be recycled and applied as the con-
struction material [7–9]. In addition, it can be proved that the
iron tailings sand is inclined to inert materials, and the ex-
pansive soil improved by iron tailing sand belongs to physical
improvement only, does not have the chemical reaction ba-
sically, will not produce superfluous chemical pollution, and is
greener and safer than other improvement methods [10–13].

Expansive soil is characterized by wetting swelling and
drying shrinkage due to changes in water content, which
resulted from the high hydrophilic clay minerals, such as
montmorillonite and illite [14–17]. (is swell-shrinkage
characteristic is very likely to cause inhomogeneous defor-
mation of the foundation, further leading to the destruction of
the upper constructions [18–20]. (us, additives such as
cement and lime are considered to be added into the ex-
pansive soil to weaken the swell-shrinkage characteristic, as
well as improving the engineering behavior [21–24]. How-
ever, the conventional additives are commonly obtained
based on considerable resources consumption, accompanied
by the environmental pollution caused by the emission of dust
and harmful gases [25, 26].(erefore, it is a very cost-effective
and eco-friendly way to encourage the utilization of recycled
solid wastes in the modification of the expansive soils [27, 28].
Numerous research has proved that some industrial by-
products, such as fly ash, blast furnace slag, and soda residue,
can be recycled for the modification of the problematic soils
[29–32] while the study referring to the modification effec-
tiveness of ITS for expansive soil has been rarely reported.
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On this basis, this paper investigated the mechanical
properties of expansive soil treated with ITS. (e free
swelling test was performed to evaluate the swelling behavior
of the treated soil. (en, the grain distribution analysis test,
compaction test, direct shear test, and oedometer test were
carried out to study the mechanical properties. Finally,
scanning microscopy electron test (SEM) and mercury in-
trusion porosimetry (MIP) test were conducted on the
treated soil to reveal the modification mechanisms of the ITS
treated expansive soil [33–36].

2. Materials and Methods

2.1. Materials. (e tested soil was sampled in a foundation
pit, which was located in the northeast corner of Tunxi Road
Campus of Hefei University of Technology, at depth of
3.4∼3.8 meters, containing calcium or iron-manganese
concretion. (e basic physical properties of the natural soil
are presented in Table 1, while the predominant mineral
compositions were identified by X-ray diffraction (XRD) as
shown in Figure 1. As presented in Table 1, the free swelling
rate of natural soil is 52.5%. According to the previous
research [37–39], the tested soil can be classified as weakly
expansive soil.

Iron tailings sand (ITS) used in the paper was taken from
an iron ore mine in Lujiang County, Anhui Province. (e
main chemical compositions tested by X-ray fluorescence
spectrometry (XRF) are listed in Table 2. ITS is predomi-
nantly composed of SiO2, Fe2O3, Al2O3, and a little MgO and
CaO.

Figure 2 shows the grain fraction curve of expansive soil
and ITS. According to the size of the sample, the expansive
soil was tested by a laser particle size analyzer, and the iron
tailing sand was tested by the sieving method. It can be seen
from the figure that the particle size of expansive soil is
relatively small and the distribution range is mainly
2–10 μm, while the particle size of ITS is relatively large,
mainly 100–1000 μm [40–43].

2.2. Sample Preparation. (e tested soil and ITS were dried
in an oven at 105°C for 24 h and then pulverized, passing
through a 2mm sieve. Mixing soil with ITS thoroughly, the
mass ratio of ITS to soil was controlled at 0%, 10%, 20%,
30%, 40%, and 50%. A certain quantity of distilled water was
poured into the sand-soil mixture and stirred evenly. Sub-
sequently, the mixture was sealed in the plastic bag for 24 h,
subsequently to prepare the cut ring sample with dimensions
of Φ61.8mm×H20.0mm by the static compaction method
[44, 45].

2.3. Methods

2.3.1. Grain Distribution Analysis Test. For the plain soil
samples, the laser particle size analyzer was used directly
without further screening. For the soil samples with different
ITS content, a combination of the sifting method and laser
particle size analysis method was adopted. (e soil samples
with a particle size greater than 0.075mm were tested by the

sifting method, while the soil samples with a particle size less
than 0.075mm were tested by a laser particle size analyzer.
MS-2000 laser particle size analyzer was used in the laser
particle size analysis test.

2.3.2. Compaction Test. After the sample preparation
(sample sieved with a 5mm sieve), dry samples were pre-
pared according to the test standard (GB/T5012-1999)
[46, 47] and tested to measure the dry density and moisture
content of each group of samples, respectively. Finally, the
optimal moisture content and maximum dry density were
obtained after finishing.

2.3.3. Free Swelling Test. After sample preparation (sample
sieved with a 0.5mm sieve), the sample was prepared
according to the test standard (GB/T5012-1999) and tested.
When the data was finally recorded, the readings were
recorded every 2h until the difference between the two
readings was less than 0.2ml. (e test could be completed.

2.3.4. Direct Shear Test. After sample preparation, the
sample was prepared according to the test standard (GB/
T5012-1999) and tested. Zj-2 strain-controlled direct shear
apparatus is used to carry out the nonconsolidation and
nondrainage direct shear test on soil samples. (e vertical
pressure of the sample of the modified expansive soil with
single ITS is set as 50, 100, 200, 300, and 400 kPa, and the
shear rate is 0.8mm/min. (e loss is reduced within
3–5min. (e dial indicator reading is recorded every turn
until the shear loss.

2.3.5. Oedometer Test. After sample preparation, the sample
was prepared according to the test standard (GB/T5012-
1999) and tested. (e pressure classes used in this test are
12.5, 25, 50, 100, 200, 400, 800, and 1600 kPa, which are
automatically recorded by the computer according to the
standard time [48–50].

2.3.6. Scanning Microscopy Electron Test (SEM). (e sample
preparation method is the same as that of consolidation test,
which is to make Φ61.8mm×H20mm ring knife sample,
then put the sample into the standard curing box, and take it
out for test after reaching the fixed curing age. Firstly, the soil
sample was cut into a cuboid with dimensions of
5mm× 5mm× 10mm and freeze-dried for 24 h. After that,
the sample was divided carefully into two pieces by hand.
(e relatively flat and thin clay was selected as the tested
sample, and the fracture surface was set as the observation
plane. Finally, the tested sample was sprayed with gold by
vacuum coating apparatus, followed by the morphology
observation. In the process of sample breaking, attention
should be paid to keep the fresh section of the soil sample
from being collided and let alone being contaminated by
contact with other substances.
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2.3.7. Mercury Intrusion Porosimetry (MIP). (e prelimi-
nary sample preparation of the mercury injection test is
consistent with the scanning electron microscope test; that
is, the soil sample was cut into a cuboid with dimensions of
10mm× 10mm× 10mm and freeze-dried for 24 h. (e
mercury injection instrument used in the test is Auto-
Pore9500 automatic mercury injection instrument, and the
pressure range is 0.1 to 60000 psia. (e mercury injection
test uses the property that noninvasive liquids do not flow
into solid pores in the absence of pressure. According to
the formula, the pore size can be calculated according to
different pressures. (en, the relation curve between the
cumulative mercury intake and the pore diameter can be
drawn according to the mercury intake corresponding to
different pore diameters to calculate the percentage of pores
of different sizes in the total, in order to understand the
distribution of different pores in soil [51–53].

3. Results and Discussion

3.1. Gradation Curve. (e particle size distribution range of
the expansive soil treated by iron tailings sand (ITS) with
various contents is shown in Figure 3 and the uniformity

coefficient of the ITS treated expansive soil is shown in
Figure 4.

From the results of the experiment, we can see that, with
the increase of ITS, the grain size curve of soil samples
gradually becomes flat, and the uniformity coefficient (Cu)
also gradually increases. Moreover, when the ITS content
reached 30%, the grain size of the soil sample was not
uniform, and the grain grading was significantly improved
compared with the low ITS content sample so that the
strength and compactness of the improved soil were in-
creased, and the compressibility of the soil was reduced,
which was just mutually verified with the results of the
consolidation test [54].

3.2. Compaction Characteristic. (e compaction curves of
the expansive soil treated by iron tailings sand (ITS) with
various contents are shown in Figure 5.

As illustrated in Figure 5, increasing the ITS content
leads to an obvious growth in the maximum dry density, as
well as a significant reduction in the optimum moisture
content. (e addition of ITS into expansive soil causes an
increase in the specific gravity, which results in the growth of
the maximum dry density. Besides, ITS is almost inac-
tive, hydrophobic, and nonhydraulic [55, 56]. When the
hydrophilic soil particles are partially replaced by the hy-
drophobic ITS, the hydrophily of the expansive soil is
weakened. (us, the optimum moisture content is reduced.

3.3. Free Swelling Index. (e effects of ITS content on the
free swelling index of the treated samples are illustrated in
Figure 6.

As shown in Figure 6, the free swelling index decreases
significantly with ITS content increasing. It can be observed
that the free swelling index is lower than 40% as soon as the
ITS content increases up to 20%. It is suggested that the
swelling properties of the expansive soil can be effectively
modified to satisfy the requirement of the engineering
practice by mixing with ITS.(e improvement of expansive
soil of ITS is mainly to replace part of the soil into ITS
without swelling by displacement. With the increase of ITS
content, the isolated sand particles gradually transformed
to connected sand skeleton. Consequently, the swelling
potential of clay particles was restricted by the sand
skeleton, leading to an obvious reduction of the free
swelling index.

Besides, it can be seen from Figure 6 that the decreasing
rate of the free swelling index appears to be slightly lower as
the ITS content exceeds 30%. It is because ITS is an inert
substance that just induces a physical modification of the
expansive soil, accounting for the failure to continuously
reduce the swelling behavior of the specimens.

Table 1: Basic physical properties of expansive soil.

Water content
(%)

Specific
gravity

Void
ratio

Liquid limit
(%)

Plastic limit
(%)

Cohesion
(kPa)

Internal friction angle
(°)

Free swelling index
(%)

25.7 2.68 0.74 45.5 22.3 74.3 27.6 52.5
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Figure 1: Mineral compositions of the tested soil.

Table 2: Main chemical components of ITS.

Chemical composition SiO2 Al2O3 Fe2O3 CaO MgO SO3

Content (%) 63.21 8.91 12.53 4.08 6.25 5.02
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3.4. Shear Strength. Figure 7 presents the variations of the
cohesion and internal friction angle of the treated specimens
with different ITS contents. As can be seen from Figure 7,
the incorporation of ITS can enhance the cohesion and
internal friction angle of the expansive soil effectively. (e
internal friction angle increases apparently with ITS
content increasing. (e increment of the cohesion appears
to be slight, and the increasing tendency terminates at ITS
content of 30%. It indicates that the addition of ITS within
a certain range of quantity has a reinforcing effect on the
cohesion of the expansive soil within a certain range.
While the sequential addition of ITS will impose a

detrimental impact on the shearing strength of the treated
specimens.

As aforementioned, the modification of expansive soil
with ITS is a pure physical process, so the ITS itself has little
influence on the cohesion of the specimens. (e modified
soil is composed of the continuous medium (soil particles)
and discontinuous medium (ITS). In the shear test, with the
increase of sand-mixing rate, the grain gradation of modified
soil was improved, which enhanced the original cohesive
force of soil to some extent. However, the connection be-
tween the ITS particles and expansive soil particles is still less
tight than that of the soil particles themselves, and there are
still slightly larger gaps in the solidification process than that
of the original soil, so the solidification adhesion and cap-
illary adhesion of the soil are somewhat reduced. (erefore,
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Figure 2: Particle size distribution range of expansive soil and ITS.
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Figure 3: Particle size distribution range of the ITS treated ex-
pansive soil.
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Figure 4: Uniformity coefficient of the ITS treated expansive soil.
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the original cohesive force of the soil increases rapidly under
a low sand-mixing rate, and the cohesive force increases
slowly on the whole. However, when the sand-mixing rate
exceeds a certain threshold, the cohesive force of the three
kinds of soil decreases to different degrees, and the cohesive
force decreases gradually on the whole.

(e internal friction angle of the soil is determined by the
mutual sliding friction and interlocking action between soil
particles [57–59]. (e addition of ITS into expansive soil can
strongly enhance the interlocking action between soil par-
ticles, meanwhile increasing the slide friction.

Figure 8 presents the relationships between the shear
strength of the treated soil and ITS content. (e shear
strength increases first as the ITS content varies from 0 to
40%, and then decreases as the ITS content increases up to
50%. With respect to the shear strength, there is a threshold
content for the modification of expansive soil based on ITS.

3.5. Compressibility. (e e-log (p) curves of the ITS treated
specimens with different contents are obtained by the
Oedometer test, as shown in Figure 9.

At low vertical stress, the sample is compressed by
discharging partial water and gas from the pores of the soil,
which is characterized by elastic deformation. When the
vertical stress increases up to a certain value, plastic de-
formation gradually occurs. In addition, the yield point
gradually appears to be less obvious as the ITS content
increases. It is suggested that the addition of ITS is available
for improving the capacity against compressive deformation
induced by the excessive overburden.

Figure 10 shows the variations of compression modu-
lus with increasing ITS content. It can be seen that the
compression modulus increases significantly with ITS in-
creasing. On this basis, it can be concluded that adding ITS
into expansive soil can effectively reduce its compressibility.

3.6. Microstructural Characteristics

3.6.1. SEM. In order to reveal the modification mechanisms
of ITS treated expansive soil, the micromorphology of the
specimens was determined by SEM technology, as shown in
Figure 11.

(e incorporation of ITS has little effect on the earth-
iness of expansive soil. As mentioned above, the addition of
ITS has a positive promoting effect on the shear strength of
the expansive soil. In addition, it can be seen that the binding
effect between iron tailings sand particles and soil particles is
not invariable with the change of sand-mixing rate. As can
be seen from Figure 11, both undisturbed soil and modified
soil have a certain number of pores, most of which have a
width of 1–20 μm.With the increase of sand-mixing rate, the
pore size between the ITS particles and the soil particles in
the modified soil does not change significantly, but only the
pore number changes. At the interval of 0%∼20% sand-
mixing rate, with the increase of sand-mixing rate, the
medium and small pores in the sample (see the law of pore
division for details in the mercury injection experiment) also
gradually increased. When the proportion of sand-mixing
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rate is 30%, the degree of connection between ITS and soil
particles is the best, and the porosity is small and evenly
distributed. When the sand-mixing rate exceeds 30%, the
pore quantity increases accordingly.

Combined with the SEM images and pore distribution
rules of soil samples, it cannot only prove the changing rules
of the shear strength parameters of the modified soil sam-
ples; that is, under the actual pressure, the ITS of the samples
with 30% sand-mixing rate is most closely bound to the soil
particles and have the highest shear strength. In addition, it
can also be shown that the free swelling index of the sample
decreases with the increase of the sand-mixing rate. (is is
mainly because, under the low sand-mixing rate, the SEM
image shows that the ITS particles are less and far from each
other, and the pores between sand and soil particles are

relatively large, so the free swelling index of the sample is
relatively high. With the increase of sand-mixing rate, the
particles of ITS gradually increase and get closer to each
other. Under the 30% sand-mixing rate, the optimal value of
ITS and soil particles can be reached, and the porosity and
the free swelling index can be reduced.

And under the high sand-mixing rate, the ITS displace a
large number of soil particles, while making sample grading
improve. However, the ITS and soil particles basically do not
react chemically, the pores between ITS and soil particles
increase, and more sand particles are close to each other and
form a sand skeleton, which further restricts the expan-
siveness of expansive soil so that the free swelling index of
the sample is further reduced, but the falling range is sig-
nificantly reduced.

3.6.2. Pore Size Distribution. In order to investigate the
effect of the addition of ITS on the characterization of the
pore size distribution of the expansive soil, the MIP test was
performed, and the results are presented in Figures 12 and
13.

Referring to Shear’s [60] criteria, soil pores can be
classified as five types, including micropores (d< 0.007 μm),
small pores (0.007 μm< d< 0.9 μm), mesopores (0.9 μm< d
< 35 μm), and macropores (35 μm< d< 2000 μm). (ese
pores are defined as pore within the soil particles, inter-
granular pore, intra-aggregate pore, and interaggregate pore,
respectively. Note that those pores of more than 300 μm can
be defined as macroscopic pores.

(e variation of cumulative pore volume with aperture
was depicted in Figure 12. And the specific process can be
roughly divided into the following three stages.

(e first stage of infiltration is dominated by pores with a
radius of 5∼300μm, including the macropores and partial
mesopores affected by the sand-mixing rate. (e curves of
cumulative pore volume vary with the sand-mixing rate. On the
whole, due to the incorporation of ITS with a larger particle size
than soil particles, the modified soil particle size was improved
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to some extent. However, according to the corresponding SEM
images, the connection between ITS particles and soil particles
was not very good, and there were more mesopores in this
interval than plain soil. It can be seen from Figure 12 that the
sample with a sand-mixing rate of 30% has the smallest number
of pores in all the modified soils (excluding plain soil), which is
consistent with the SEM image results.

(e second stage of infiltration mainly involves pores
with a radius of 0.2∼5 μm, containing the residual mesopores
and partial small pores. (e curves of cumulative pore
volume are nearly the same under different sand-mixing
rates, signifying that the pores at this stage are unacted on
the sand-mixing rate.

(e third stage of infiltration is basically aimed at pores
with a radius of 0.005∼0.2 μm, covering micropores and the
remaining small pores. (e cumulative pore volume de-
creases gradually accompanied by the increasing sand-

mixing rate, which can be explained as follows: the ITS has a
large particle size without forming small pores and mi-
cropores. (is property determines that the pore change at
this stage arises from the incorporation of ITS to replace the
soil. (e soil is a three-phase system with internal pores,
while the ITS is a solid phase with a few internal pores.
(erefore, replacing expansive soil with ITS is equivalent to
replacing the porous three-phase system with a nonporous
solid phase, which undoubtably decreases the micropores
and small pores inside the improved soil.

Figure 13 shows the pore size distribution of the treated
soil with different ITS content. (e pore size distribution
diagram of the modified soil has a distinct three-peak
structure. (e first peak is situated between 0.005 and
0.05 μm, belonging to microporous and partial small pores.
And the second peak lies between 0.2 and 3 μm, defining as
small pores and partial mesopores, and has a sharp peak at

(a) (b)

(c) (d)

(e) (f )

Figure 11: Microstructure of the soil samples before and after modification. (a) Natural soil. (b) 10% ITS. (c) 20% ITS. (d) 30% ITS. (e) 40%
ITS. (f ) 50% ITS.
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about 0.7 μm. (e third peak lies between 5 and 11 μm,
belonging to mesopores. (us, it is concluded that the
pores of the modified soil are mainly composed of two
parts: one is the intrinsic micropores and small pores of the
soil particles, and the other is the mesopores generated by
the incorporation of ITS. In addition, the plain soil has a
bimodal structure, and compared with the modified soil,
only the mesopores formed after the addition of ITS are
missing.

In fact, corresponding to the pressure of about 207 kPa
and the aperture of about 7 μm, the sample is in the high-
and low-pressure conversion of the mercury porosimeter,
so there are fewer data points collected at this time, which
will not affect the cumulative amount of mercury. But it
will cause the saturation of mercury increment to be
higher, so the data at this point in this article has been

corrected by the author to ensure the accuracy of the
experimental data.

As we can see from Figure 14, the pores of plain soil are
dominated by small pores of 0.007∼0.9 μm, up to 72%, and
the small pores and mesopores account for about 90% of the
total pores. With the ITS mixed, the pores still concentrate
on small pores and mesopores, whose contents are all above
85%.(e difference is that as the sand-mixing rate increases,
the average aperture is increasing. (e incorporation of ITS
reduces the proportion of micropores and small pores in the
soil while increasing the proportion of macropores and
mesopores. In particular, the percentage of macropores in
the soil reaches the lowest with the sand-mixing rate of 30%,
representing the optimal adhesion between the agglomer-
ates. (e conclusion confirms again the consistency of
macro- and microtesting results.

4. Conclusions

In this paper, the industrial waste ITS is employed to modify
the expansive soil. After characterization and testing by
various techniques, the following conclusions are drawn.

(1) Modifying expansive soil by ITS enlarges the max-
imum dry density of the improved soil and reduces
its optimal moisture content. (e compaction curve
is gentler with the rising of the sand-mixing ratio,
which is conducive to controlling the moisture
content at the construction site. And when the sand-
mixing ratio exceeds 20%, the modified soil can be
regarded as nonexpansive soil.

(2) (e ITS can improve the shear strength of the ex-
pansive soil. (e effect on the cohesion is firstly
increased and then decreased. When the ITS content
is 30%, the shear strength reaches a peak value, and
the effect on the internal friction angle is continu-
ously increased. (e formed sand-clay mixture has
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improved properties in compressive properties. (e
ITS in the soil can effectively resist the compression
deformation caused by the load, thereby improving
the compressive capacity of the expansive soil.

(3) (e SEM images show that ITS is unacted on the
microstructure of expansive soil except for the crack
around 10 μm between sand and soil. Sand particles
simultaneously improve the biting force and the
porosity in the soil, indicating that there exists a
threshold content for ITS to realize the maximum
macroscopic strength of the expansive soil. (e
mercury injection test reveals that the incorporation
of ITS reduces the proportion of the micropores and
small pores in the soil, leading to a larger average
aperture. (e pore size distribution diagram of
modified soil has a distinct bimodal structure, which
explains macroscopical mechanical laws nicely.

In conclusion, the use of ITS to improve expansive soil
not only solves the problem of environmental pollution
caused by waste ITS but also saves the use of cement and
lime on the basis of improving the soil quality of the project
and reduces the project cost. And through the test, we know
that when the sand-mixing rate is 30%, it is the best im-
provement effect.
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