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,e influence of precipitated calcium carbonate on the strength and microstructure of red clay was studied. Precipitated calcium
carbonate was added to red clay at ratios of 0%, 5%, 10%, 15%, and 20%. Shear tests were carried out on the samples to observe the
effect of calcium carbonate on the mechanical properties of red clay. ,e results showed that, with increasing calcium carbonate
content, the strength of red clay first decreased and then increased. ,e maximum strength was obtained for the sample with 20%
calcium carbonate. Scanning electron microscopy (SEM) was used to observe the changes in microstructure caused by addition of
calcium carbonate. ,e pores and cracks analysis system (PCAS) was used to quantitatively characterize the microstructure
changes detected in SEM images. ,e addition of calcium carbonate decreased the pore area and increased the total number of
pores of red clay. ,e incorporation of calcium carbonate caused the red clay particles to agglomerate. ,e higher the calcium
carbonate content, the stronger the agglomeration of red clay particles in the soil samples.

1. Introduction

Red clay is widely distributed in areas south of the
Changjiang River in China, such as Guangxi, Guizhou, and
Yunnan. Red clay is also locally distributed in Hunan, Hubei,
Anhui, and Sichuan, mainly on plateaus, flats, hills, and low
mountain slopes. Red clay develops in depressions and
generally forms layers with a thickness of about 5–15m. Red
clay is characterized by its high liquid limit, large porosity
ratio, tendency to shrink and crack, and poor water stability.
,e high strength of red clay means that it is often mistaken
as a good foundation soil. However, because of the high
shrinkage of red clay, when its thickness variation in the
horizontal direction is large, uneven settling can easily occur
over time, leading to building damage [1]. To promote
economic development, China has stepped up its efforts to
construct infrastructure in its western region. During the
construction process, red clay with poor engineering
properties is frequently encountered. At present, red clay is

typically replaced by other soils prior to building con-
struction. However, red clay is widely distributed in the
southwest area of China. ,e disposal of large amounts of
red clay will substantially increase the engineering cost of
building and cause damage to the ecological environment.

,e strength of red clay can be increased by chemical
modification, such as adding lime, cement, fly ash, and other
inorganic cementing materials [2–4]. ,ese additives can
also lower the liquid-plastic limit and improve the water
stability of red clay. However, these methods can cause
environmental pollution and are costly. In addition, the
production of ordinary Portland cement has considerable
environmental effects because it is an energy-intensive in-
dustrial process, accounting for 5%–7% of global CO2
emission [5]. Many innovative approaches, such as liquid
stabilizers [3, 6], have also been used to improve the
properties of red clay. Calcium carbonate is widely dis-
tributed in regions with red clay, and it has a lowmining cost
and is easy to transport. ,e incorporation of precipitated
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calcium carbonate into red clay has been shown to affect the
strength of red clay [7]. However, the microstructural
changes of red clay induced by doping with calcium car-
bonate have not been quantitatively analyzed. ,e soil
microstructure affects its engineering properties, so its
characterization has attracted the attention of many
researchers.

Scanning electron microscopy (SEM) is a useful tool to
investigate soil structure and accelerate research progress.
SEM can be used to observe natural and synthetic soil
samples, allowing the relationship between soil micro-
structure and engineering properties to be analyzed. Gillot
[8] used SEM to study the structure of fine grains of soil.
Diamond [9] analyzed the microstructure of impact-com-
pacted kaolinite and illite clays after drying by SEM. Collins
and McGown [10] conducted a qualitative study on the
microstructure of soil and proposed some concepts to ex-
plain their results.

With the development of computer science and
technology, computer image processing technology has
been used to analyze the microscopic pore structure of
soil. Tovey and coworkers [11, 12] conducted a quanti-
tative analysis of electron micrographs of soil structures
and combined several image processing and analysis
techniques to study the porosity of clay particles. ,eir
work provided a new method to study the mineralogy and
microstructure of soil. Shi [13] quantitively analyzed clay
samples using a D/MAX III-A fabric automatic goni-
ometer and Video lab image analysis system, from which a
plan of soil microstructures was proposed. More image
processing software was then developed [14, 15], which
allowed the geometric and structure parameters of pores
and particles to be calculated. ,e PCAS image processing
software [16] can accurately calculate the geometric pa-
rameters of soil microstructure, including pore size and
pore shape, providing quantitative statistics. ,e PCAS
software has been successfully applied to the quantitative
analysis of the microstructure of both rock and soil
[17, 18].

In this paper, the effect of precipitated calcium carbonate
on the mechanical properties of red clay is analyzed by direct
shear tests. SEM observation, particle size analysis, and
stacking measurements are carried out to study the effect of
precipitated calcium carbonate content on the microstruc-
ture of red clay. PCAS software is used to quantitatively
analyze the influence of calcium carbonate incorporation on
the porosity, micropore structure, and particle size distri-
bution of red clay.

2. Materials and Methods

2.1. Materials. ,e red clay used in this study was from
Yanshan, Guilin, China, collected at a depth of 3m. ,e clay
was brownish yellow mixed with brown in the plastic and
hard plastic states. ,e parameters of the clay are listed in
Table 1. Fine-grained soil with a particle size of less than
2mm was obtained by drying and sieving the clay sample.
,e fine-grained red clay had a particle size ranging from

1.63 to 282.06 μm (Figure 1(a)). ,e precipitated calcium
carbonate consisted of spindle-shaped particles with sizes
ranging from 0.2 to 90 μm (Figure 1(b)).

2.2. Mechanical Testing. Calcium carbonate was blended
into the fine-grained red clay at mass ratios of 0%, 5%, 10%,
15%, and 20%.,e samples were thoroughly stirred and then
sprayed with pure water to give a moisture content of 22%.
,e samples were shaped into cylinders with a length of
61.8mm, diameter of 20mm, and dry density of 1.4 g/cm3.
,e shear rate of the direct shear test was 0.8mm/min. Shear
tests were carried out under vertical pressures of 100, 200,
300, and 400 kPa.

2.3. SEMAnalysis. ,e red clay combined with precipitated
calcium carbonate was made into a cylinder with a length of
10mm and diameter of 10mm, frozen in liquid nitrogen
for 15min, and then vacuum-dried for 24 h in a low-
temperature vacuum machine. ,e sample was broken into
pieces, which were attached to an SEM support with
conductive tape, coated with metal, and then observed by
field-emission SEM (Carl Zeiss). ,e magnification range
of the field-emission SEM was between 12x and 1,000,000x,
and the maximum diameter of the measurable sample was
25mm.

2.3.1. Quantitative Analysis of Pore Structure. PCAS soft-
ware developed by Liu et al. [16], which is a commercial
software for analyzing the pore structure of soil in high-
resolution SEM images, was used to analyze the calcium
carbonate-doped red clay samples. PCAS software has
previously been used to analyze the fractures and pores of
clay minerals [19, 20].

,e pore area and length analyzed by the PCAS software
were calculated using pixels and converted to actual values
by image resolution using equations (1) and (2):

Sf �
SP

P2,
(1)

Lf �
LP

P
, (2)

where Sf is the actual area, Sp is the pixel area, Lf is the
actual length, Lp is the pixel length, and P is the pixel
resolution.

,e fractal dimension (Df ) is used to measure shape
irregularities. In this study, PCAS software was used to
calculate Df of the pores of the calcium carbonate-doped red

Table 1: Physical parameters of red clay.

Parameters Values
Maximum dry density (g/cm3) 1.67
Optimal moisture content (%) 22
Liquid limit (%) 49.68
Plastic limit (%) 37.53
Plasticity index (%) 12.15
Specific gravity 2.75
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clay samples and quantitatively analyze the influence of
calcium carbonate on the pore structure of red clay. ,e
relationship between Df [15] and the pore perimeter (c) and
pore area (s) can be expressed as

log(c) �
Df

2 log s
+ c1, (3)

where c1 is a constant. ,e relationship between the com-
plexity of the pore and its area is evaluated by the area-
perimeter method, which generally gives a value within the
interval [21, 22].

,e complexity of the pore properties can be quantified
by the shape factor (ff ). By calculating ff, the changes caused
by the incorporation of precipitated calcium carbonate can
be analyzed. ff is calculated as [16]

ff �
4πs

c2
, (4)

ff for a perfect circle and square are 1 and 0.785, respec-
tively. ,e ff values of a material are within the interval of
[0, 1].

,e probability entropy can be used to reflect the pore
space of red clay. For the two-dimensional analysis, the
interval of the arrangement, [0, n], of the aggregate is
divided into equal parts of n, and the probability of the
pore assembly on the ith part is Pi. ,en, H is the
probability entropy of the pore structure arrangement
state, which can be calculated using the following equa-
tion [18]:

H � − 
n

i

Pilogn Pi( . (5)

In this study, n � 18; that is, the orientation angle is
between 0° and 180°. H is a statistical parameter that de-
scribes the arrangement of pore structure in the red clay
samples and is within the interval [0, 1]. When H is 0, the
direction of all pores is the same. When H approaches 0, the
pore arrangement is ordered, and the pore direction is in-
consistent. In contrast, the closer the H to 1, the weaker the
orientation of the pores, i.e., the more random the pore
direction.

3. Results and Discussion

3.1. Mechanical Properties. ,e direct shear test results
(Figure 2) revealed that the shear strength of red clay de-
creased first and then increased with rising calcium car-
bonate content. Under the action of 100 kPa of vertical
pressure, the strength of the sample with 5% calcium car-
bonate was lower than that of the undoped red clay. With
increasing calcium carbonate content above 5%, the shear
strength of the samples gradually increased. ,e maximum
shear strength was observed for the red clay sample with a
calcium carbonate content of 20%. A similar behavior was
observed at different vertical pressures. ,e greater the
vertical pressure, the larger the degree to which calcium
carbonate increased the shear strength of red clay. For ex-
ample, under the action of 400 kPa of vertical pressure, 15%
calcium carbonate increased the shear strength of red clay by
1.34 times, and 20% calcium carbonate raised the shear
strength of red clay by 158%.

Figure 3 shows that as the calcium carbonate content of
the red clay samples increases, the cohesion of red clay
decreases. ,e internal friction angle (φ) was the smallest for
the sample containing 5% calcium carbonate. When the
doping content of calcium carbonate exceeded 5%, φ was
positively correlated with the amount of calcium carbonate,
indicating that the addition of calcium carbonate can in-
crease the friction between the red clay particles.

3.2. Pore Structure Analysis of CalciumCarbonate-Doped Red
Clay

3.2.1. Pore Morphology. SEM was used to observe and an-
alyze the soil samples to study the effect of calcium carbonate
doping on the pores and microstructure of red clay. ,e
results are shown in Figures 4–7. As the calcium carbonate
doping content increases, the red clay particles becomemore
disperse. Figure 4 shows an SEM image of the undoped red
clay at 30000x magnification. In this image, most of the red
clay particles are lamellar, and the particle distribution is
irregular.

Comparing Figures 4 with 6 indicates that the particles of
the red clay samples doped with different contents of

200nm
3.00kV × 30,000

(a)

3μm
3.00kV × 30,000

(b)

Figure 1: SEM images of (a) red clay and (b) precipitated calcium carbonate.
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calcium carbonate do not have specific shapes. ,e distri-
bution of soil particles tends to be random in the sample
doped with 15% calcium carbonate (Figure 5). However, it
can be clearly seen that the structure becomes loose when the
calcium carbonate doping content is 20% (Figure 6).
Figures 1(a) and 1(b) show that the spindle-shaped calcium
carbonate particles and red clay mineral particles have
obviously different shapes, and the calcium carbonate
particles are larger than the soil particles. When calcium
carbonate is incorporated into red clay, spindle-shaped
calcium carbonate particles are embedded in the lamellar
soil layers (Figure 7), which destroys the original lamellar

structure of the red clay, causing the sample structure to
become looser. Moreover, the greater the amount of calcium
carbonate, the more obvious the structural change of the red
clay. ,is is also the reason why the strength of the red clay
decreased after calcium carbonate addition. However, when
the amount of calcium carbonate was large enough, the effect
of friction became more important than that of the loose
structure, so the strength of the samples increased.

200nm
3.00kV × 30,000

Figure 5: SEM image of 15% calcium carbonate-doped red clay.

200nm
3.00kV × 30,000

Figure 6: SEM image of 20% calcium carbonate-doped red clay.
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Figure 2: Shear strength of red clay samples with different calcium
carbonate contents.
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Figure 3: Cohesion (C) and internal friction angles (φ) of red clay
samples doped with different contents of calcium carbonate.
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Figure 4: SEM image of red clay without calcium carbonate (0%).
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3.2.2. Quantitative Analysis of Pore Structure. ,e pores of
soil samples doped with different contents of calcium car-
bonate were analyzed by the PCAS software. ,e minimum
pore threshold was 50 pixels, and the closed radius was 2
pixels. For each soil sample, five SEM images at the same
magnification (30,000x) were selected, and then average
values were determined. ,e geometric parameters of the
pores and soil particles were calculated using equations (4)
and (5). ,e area of each pixel point after conversion was
12.69 nm2, and the length of each pixel was 3.563 nm.

,e pore number and area determined from the sta-
tistical analysis of five SEM images for each sample are
summarized in Table 2. Doping with calcium carbonate
caused the number of pores in red clay to increase up to the
maximum value of 679.8 for the sample with 10% calcium
carbonate. ,e porosity of the samples increased with the
amount of calcium carbonate. ,e highest porosity was
obtained for the sample with 20% calcium carbonate, which
was 1.3 times larger than the porosity of the undoped red
clay. ,e addition of calcium carbonate substantially low-
ered the maximum pore area and average pore area of red
clay. All doping contents of calcium carbonate had effects on
the maximum pore area and average pore area of red clay,
indicating that calcium carbonate can fill some of the large
pores of red clay and make the pore area relatively uniform.

Table 2 reveals that Df was between 1.205 and 1.236 for
the samples with different calcium carbonate contents. ,e
pore shape was complicated, and Df did not change
markedly after the incorporation of precipitated calcium
carbonate. ,e calcium carbonate content of the samples
had no apparent effect on the shape of the pores.,e ff values
of the soil were between 0.400 and 0.367, which are much
smaller than the ff of 0.785 for a square.,e edges of the pore
structures are complicated, and the incorporation of pre-
cipitated calcium carbonate did not make the sides of the
pores smooth. ,e influence of the precipitated calcium
carbonate on the pore structure of red clay was limited. For
the samples with different calcium carbonate contents, H of
the pores in red clay is close to 1, indicating that the soil
pores have no orientation. As the doping content of calcium
carbonate increases to 15%,H of the samples gets closer to 1,

showing that calcium carbonate caused the pores to become
more disordered.

According to the International Association of Pure and
Applied Chemistry [23], pores with a diameter of less than
2 nm are defined as micropores, pores with a diameter
between 2 and 50 nm are defined as mesopores, and pores
that are larger than 50 nm in diameter are defined as
macropores. In our study, the smallest identifiable pore
diameter was 25 nm, so the calcium carbonate-doped red
clay samples contain mesopores and macropores. ,e pore
size distributions of the samples are shown in Figure 8. Up to
a calcium carbonate content of 10%, the total number of
pores in the soil samples increased. ,e doping content of
calcium carbonate had little effect on the number of mac-
ropores, whereas it influenced the number of mesopores. It is
considered that the added calcium carbonate filled some of
the large pores, thus changing macropores into several
mesopores, which led to the notable change in the number of
mesopores and increased the total number of pores.
However, the fluctuation of macropores with changing
calcium carbonate content was small.

3.3. Influence of Calcium Carbonate Doping on the Grain Size
Distribution of Red Clay. ,e grain size distributions of the
samples are plotted in Figure 9. ,e particle size of the
precipitated calcium carbonate was between 0.2 and 90 μm
and that of the red clay was 0.2 to 282 μm. ,e particle size
distributions show that as the amount of calcium carbonate
increased, the number of particles with a diameter larger
than 282 μm increased. ,is phenomenon may be caused
by the added calcium carbonate inducing aggregation of
red clay particles, yielding newly formed particle much
larger than the added calcium carbonate particles. ,e
calcium carbonate particles could fill some of the macro-
pores of the soil particles, which lowers the porosity of the
red clay.

,e nonuniformity coefficient (Cu) is used to indicate the
grain composition of soil samples. When Cu is small, the
slope of the grain size distribution curve is very steep, the soil
particles are relatively uniform, and the grain size gradation
is poor. When Cu is large, the particle size gradation curve is
gentle, indicating that the grain size gradation is favorable.
Cu was calculated using the following equation:

Cu �
d60

d10
, (6)

Table 2: Soil and pore parameters obtained by PCAS software.

Parameter (%) 0 5 10 15 20
Pore number 433.6 488.8 679.8 600.8 495.2
Porosity (%) 21.55 22.11 23.86 24.09 28.15
Maximum region area (μm2) 1.639 0.224 0.154 0.234 0.209
Average region area (μm2) 0.016 0.004 0.003 0.004 0.005
Average form factor 0.400 0.402 0.367 0.369 0.367
Probability entropy 0.979 0.984 0.988 0.989 0.986
Fractal dimension 1.231 1.236 1.205 1.228 1.218

200nm
3.00kV × 30,000

Figure 7: SEM image of 20% calcium carbonate-doped red clay.
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where d60 is the confined particle size with 60% of the soil
particles finer than this size and d10 is the effective particle
size with 10% of the particles finer than this size.

,e curvature coefficient (Cc) represents the composi-
tional characteristics of soil particles and was calculated
using the following equation:

Cc �
d30( 

2

d10 × d60
, (7)

where d30 is the particle size corresponding to 30% of the
ordinate on the particle size gradation curve. When Cu≥ 5,
and Cc � 1–3, the gradation is suitable. If the gradation does
not meet both these conditions at the same time, the gra-
dation is poor.

Figure 10 shows that Cu of the red clay is 2.80 and its Cc is
1.08, whichmeans that it is a poorly graded soil.Cu of the red
clay samples increases with the doping content of calcium
carbonate, illustrating that calcium carbonate modifies the
grain size distribution of the soil samples. ,e addition of
less than 15% calcium carbonate had little effect on Cc of the
samples. ,e addition of 20% calcium carbonate increased
Cc, making it a well-graded soil. ,erefore, the addition of
20% calcium carbonate improved the particle size gradation
of red clay and its shear strength.

3.4. BulkDensityMeasurements. Figure 11 shows the results
of the stacking test of the samples. With the increasing
addition of calcium carbonate up to 15%, the loose density of
the soil samples decreased markedly. When the calcium
carbonate content was 20%, the loose density of the soil
sample increased slightly. It can be considered that when the
amount of calcium carbonate added is greater than 15%,
calcium carbonate has little effect on the loose density of the
soil sample. ,is result is also consistent with the SEM
analysis. ,at is, increasing the calcium carbonate content of
the soil samples increases their pore content.

4. Conclusions

,e mechanical properties of red clay doped with calcium
carbonate first weakened and then strengthened with in-
creasing calcium carbonate content. ,e maximum shear
strength was obtained for the red clay sample doped with
20% calcium carbonate. As the amount of calcium carbonate
increased, the cohesion of red clay decreased and the internal
friction angle first decreased and then increased, with the
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Figure 8: Distributions of mesopores and macropores in the
calcium carbonate-doped red clay samples with different calcium
carbonate contents.
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inflection point at 5% calcium carbonate. Adding calcium
carbonate to red clay caused considerable changes of the
microstructure of red clay, including substantial changes of
porosity. ,e porosity of the calcium carbonate-doped red
clay samples was positively correlated with the calcium
carbonate content.,e density of calcium carbonate is lower
than that of red clay, and the specific gravity of the samples
decreased with increasing content of calcium carbonate. ,e
observed decrease of bulk density further proved that the
incorporation of calcium carbonate strongly affected the
microstructure of red clay, lowering its loose density and
increasing its porosity.
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Figure 11: Loose density and specific gravity of red clay samples
doped with different contents of calcium carbonate.
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