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Abstract: Soil can be amended with cement, lime, fly ash and other curing agents after diesel
contamination. In this study, a diesel-contaminated granite residual soil with an oil content of 9%
was selected and amended with cement, lime and fly ash as curing agents and their incorporation
levels were varied. A straight shear test showed that 6% lime resulted in the best improvement in
the contaminated soil, with a cohesive force of 122.1 kPa and an internal friction angle of 27.1°. A
disintegration test revealed that the disintegration resistance of the contaminated soil was improved
by 6% cement, 20% fly ash and 10% lime, with 10% lime being the most effective. SEM tests revealed
that diesel fuel acted as a constant pore fluid to cause significant fragmentation and separation of the
granite residual soil from flakes and blocks to smaller agglomerates and fragments. The curing agent,
by increasing the physical reaction products, causes the particles to agglomerate, filling the soil pores
and enhancing the integrity of the soil, thus improving the soil properties.

Keywords: diesel-contaminated soils; granite residual soils; curing agent amendment; straight shear;
disintegration; microstructure

1. Introduction

During the operation of large diesel engines, pollution problems can occur, such as
ruptured oil pipelines, leaking storage tanks and overturned construction vehicles [1-4].
These accidents can cause damage to the surrounding soil and the ecological environ-
ment, reducing the soil’s resistance to scouring, stability and load-bearing capacity [5],
and making it susceptible to landslides and depressions when contaminated with diesel.
Therefore, it is vital to treat contaminated soils, and treatment methods generally fall into
three categories: physical, chemical and biological [6,7]. Physical methods [8,9] aim to
prevent the migration and spread of contaminants through the physical layer and maintain
the basic properties of the original soil, whereas chemical treatment methods [10,11] rely on
oxidation—reduction and other chemical reactions to eliminate the effects of contaminants.
Although effective, biological treatment methods [12,13] are often costly and complex to
operate since they use microorganisms or plants to absorb contaminants. Treatment with a
curing agent [14,15], which is a combination of physical and chemical treatment methods,
is a low-cost and straightforward treatment option. In regions such as Xiangdong in Hunan,
central Fujian, Western Guangdong, and other provinces where granite residues are widely
distributed [16,17], granite residues have become the main contaminant of diesel and its
derivatives, and therefore curing agents become an important treatment option to prevent
the unimaginable consequences of contamination.

In engineering, many studies have been conducted on the treatment of petroleum-
contaminated soils. In 2003, Shah et al. [18] conducted an experimental study on petrol-
contaminated clay soils, which found that petrol contamination significantly affected the
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engineering properties of soils. Cement, lime and fly ash were found to have ameliorative
effects on the stability of clay-contaminated soils, providing valuable guidance for the
treatment of petroleum-contaminated soils. Zheng et al. [19] investigated changes in the
dry density and compaction curves of soil samples contaminated by varying degrees of
diesel fuel and with different pore fluids through indoor tests. Khosravi et al. [20] investi-
gated diesel-contaminated kaolin, while He et al. [21] investigated the basic engineering
properties and microstructural changes in diesel-contaminated soils in the Changchun area
before and after cement modification through a series of indoor tests. They analysed in
great depth the way in which cement curing agents affect soil properties. Li et al. [22]
investigated the effect of di-cement soil on the curing of coastal saline soils by controlling
the temperature and optimising the design, taking into account the climatic conditions in
the area, for the treatment of oil-contaminated soils in coastal areas. Li et al. [23] studied
the effect of cement mortar on diesel-contaminated soils, using the Sichuan-Tibet Railway
construction project as a practical basis, and found that the cement mortar was effective in
curing diesel-contaminated soil. These studies have made important contributions to the
treatment of petroleum-contaminated soil in engineering practice and provide valuable
guidance for future research in this area.

Granite residual soils are known to have poor soil homogeneity and are prone to
disintegrate in the presence of water, which exacerbates soil instability when exposed
to petroleum and its derivatives, resulting in challenging land contamination issues.
Zhang et al. [24] conducted disintegration tests under different conditions to identify the
disintegration mechanisms and influencing factors of granite residual soils in Guangzhou.
Zhao et al. [25] improved granite residual soil in the Nanyue area by selecting an admix-
ture of cement, lime and fibre to improve the granite residual soil, and then studied the
effect of the three improvers through triaxial tests and disintegration tests; they found
that the properties of the soil were changed in differing degrees after the addition of the
three different types of materials. Wang et al. [26] investigated the mechanical properties
of granite residual soil samples collected in Rongxian, Guangxi, using various tests and
analysed their microstructure. For granite residual accumulated soil in Buji, Singapore,
Zhang et al. [27] obtained relevant physical and mechanical parameters and studied their
engineering properties. Tang et al. [28] studied the disintegration mechanism of modified
granite residual soils under dry and wet cycles in South China. These studies offer valuable
insights into the disintegration and engineering properties of granite residual soils, which
can guide the treatment of petroleum-contaminated soils and improve soil stability in
various regions. Through these studies, we have found that the gel particles produced
by cement hydration can fill soil pores, reduce soil compressibility and improve overall
strength, while weakening the lubricating effect of diesel fuel, enabling soil particles to
form larger clumps and enhancing soil integrity. Fly ash can modify porosity, improve air
permeability and water-holding capacity, fill larger pores of sandy soils with tiny particles,
modify the distribution of soil pores, regulate soil infiltration characteristics and prevent
soil erosion. Lime amendments, on the other hand, generate a lot of heat by reacting with
water to produce calcium hydroxide, which helps to remove contaminants.

In this paper, cement, fly ash and lime were used as curing agents to investigate their
effectiveness in improving the performance of diesel-contaminated granite residual soils in
the east of Xiangtan. By combining the existing literature and the group’s research, direct
shear tests, disintegration tests and scanning electron microscopy tests were conducted on
diesel-contaminated granite residual soil with an oil content of 9%. This study demonstrates
that cement, lime and fly ash can improve the mechanical properties of diesel-contaminated
granite residual soils to varying degrees, making the soil more resistant to disintegration
and better able to meet engineering requirements. Additionally, it explains the principle of
contaminated soil improvement after curing agent treatment from a microscopic perspec-
tive. By selecting the appropriate curing agent and ratio, soil pollution treatment can be
achieved effectively, while also using resources efficiently and reducing costs. Research on
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curing agent treatment technology can promote its practical application in engineering and
provide feasible technical solutions for soil pollution treatment.

2. Materials and Methods
2.1. Soil Samples

The original soil sample was taken from a newly excavated slope located adjacent to
the national highway in Miaoling Town, Zhuzhou City, Hunan Province. The sample was
excavated at a depth of 1.2 m in the middle of the slope (Figure 1). After a series of indoor
geotechnical tests, the physical characteristics of the original soil sample are presented in
Table 1, while the particle size distribution is illustrated in Figure 2. To contaminate the
test soil sample, 0# diesel oil, which is sold by a petroleum company in Xiangtan, Hunan,
Sinopec, was chosen. The diesel oil has a relative density of 0.841 g/cm~3, and appears
as a light yellow, slightly lustrous liquid that is slightly soluble in water. It is less viscous
than crude oil but more viscous than water. The diesel oil has a strong volatility and an
irritating odour when exposed to air.

Figure 1. Excavation slope of granite residual soil.
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Figure 2. Particle gradation curve of soil sample.
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Table 1. Physical indicators of in situ soil samples.
Soil Sample Water Content Density Cohesion Internal Friction Liquid Limit Plastic Limit Plasticity
P of W (%) G: (g/cmd) C (kPa) Angleg (°) Wi(%) Wp(%) Index Ip
undisturbed soil 227 2.67 25.46 35.7 371 26.1 11.0

(a)

2.2. Diesel-Contaminated Soil Samples

Soil samples were prepared by uniformly spraying different levels of diesel fuel (mass
ratio of diesel fuel to air-dried soil sample) with 0%, 3%, 6%, 9%, 12% and 15% oil content
of diesel-fuel-contaminated modified granite residual soil. The soil samples were then
sprayed with the calculated weight of pure water, turned over, stirred well, and placed in
sealed bags and left to stand for 24h (Figure 3). All specimens were left for one week to
allow the mixture of organic chemicals and soil to equilibrate and to ensure that the pore
fluid concentrations in the soil samples remained consistent [29,30]. The contaminated
soil samples were later subjected to compaction tests, straight shear tests and consistency
threshold tests to derive their engineering properties” parameters. From Table 2, it can be
seen that the diesel-contaminated granite residual soil with 9% oil content was weakened
the most and all parameters decreased the most, so the contaminated soil with 9% oil
content was chosen as the object of study.

(b)

Figure 3. Preparation of diesel-oil-contaminated granite residual soil. (a) Soil sample after addition
of diesel; (b) Sealing of contaminated soil.

Table 2. Parameters of soil samples with different oil content.

Soil Oil Content Cohesion Internal Friction Liquid Limit Plastic Limit Plasticity Index %’;:;1:3:;
(%) C (kPa) Angle ¢ (°) WL (%) Wp (%) Ip Content W (%)
3 22.15 31.6 36.1 24.4 11.8 14.5
6 22.96 29.0 33.2 19.2 14.0 11.75
9 21.60 25.1 30.7 18.0 12.7 11.31
12 22.01 255 29.3 17.3 12.0 7.14
15 26.65 26.7 29.6 17.6 12.0 7.04

2.3. Test Method

The tests to improve soils contaminated with 9% oil content were mainly conducted
through direct shear tests, disintegration tests [31,32] and scanning electron microscopy
tests. The direct shear test is used to determine the soil’s shear strength by applying shear
stress to the soil sample, while the disintegration test is used to study the soil’s stability
and durability by saturating the soil sample with water. The scanning electron microscopy
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test can be used to observe the soil’s microstructure, pore distribution and shape, grain
size composition, and more. The results of these three tests can be corroborated to provide
structural information that is essential in interpreting the soil’s mechanical properties.

The direct shear test [33] is conducted using an electric strain gauge, as depicted in
Figure 4. Initially, the upper and lower boxes of the shear container are aligned, followed
by the insertion of the fixing pin as well as the placement of the permeable stone and filter
paper in the lower box. Then, the ring knife blade is aligned with the specimen, and the
filter paper and permeable stone are placed on top of the specimen. Next, the specimen is
carefully pushed into the shear box. The drive is then moved so that the steel ball at the
front of the upper box is in contact with the force gauge, and the pressure transfer plate
and pressure frame are added sequentially. The vertical displacement measuring device
is installed, and the initial reading is taken. The soil sample is then subjected to vertical
pressures of 100 kPa, 200 kPa, 300 kPa and 400 kPa, and the fixing pin is removed. The
fast shear test is conducted at a shear rate of 0.8 mm/min, and the force gauge reading is
recorded at regular intervals until shear failure occurs.

(b)

Figure 4. Direct shear test: (a) test instruments; (b) soil samples are damaged.

The disintegration test apparatus comprises a transparent glass sink, a metal mesh
basket, a force transducer, a fixing hook, a digital display and a computer. The soil sample
used for the test is cylindrical, 7.6 cm high, and 3.91 cm in diameter (Figure 5). As the water
content can significantly affect the disintegration test results, the water content of the test
soil sample is uniformly controlled to around 15% to control the impact of moisture on the
oil content within the sample. Before starting the test, an appropriate amount of pure water
is added to the glass box, so that the basket is immersed in water about 10 cm below the
surface. Then, the mobile phone camera, fixed to the side, is turned on, and the computer
software is opened to record the test. The specimen is then slowly placed in the basket, and
the disintegration process is initiated.

The disintegration test typically describes the disintegration characteristics of soil by
comparing the rate of disintegration. The formula for calculating the disintegration rate H

is as follows:
Mmax - Mdisintegration

Mmax

H is the disintegration rate, Myisintegration 1S the mass of the soil sample lost by disinte-
gration at a certain moment and M.y is the mass of the soil sample stabilised by water
absorption and saturation.

H= X axin )




Sustainability 2023, 15, 4900

6 of 14

(a)

hanging

\
Glass sink

(b) (c)

Figure 5. Conducting the disintegration test: (a) test equipment; (b) disintegration test soil samples;
(c) soil sample disintegration is complete.

Finally, the SEM electron microscope scanning test was carried out in conjunction
with the test apparatus shown in Figure 6 below. The soil sample was ground into fine
particles and then coated with gold to increase its electrical conductivity for subsequent
observation. The prepared sample was then placed on the SEM sample stage and fixed in
place. A magnification of 2000x was selected and the surface of the sample was scanned
using the electron beam. The image was observed and the position and focus of the sample
were adjusted to ensure that the surface of the sample was clearly visible. The morphology
and structure of the sample surface were then observed, looking for distinctive features
to photograph, and finally, the image was saved. By examining the microstructure of the
soil samples, it was possible to analyse the mechanism by which the soil was weakened by
diesel fuel with varying oil content and the mechanism by which different curing agents
ameliorated diesel pollution.

(b)

Figure 6. Electron microscope scanning tests were performed: (a) testing instruments;

(b) test samples.

3. Results and Discussion
3.1. Direct Shear Test Results
For the diesel-contaminated granite residual soil with 9% oil content, different levels

of curing agents were mixed before conducting the direct shear tests to measure the
corresponding shear stress changes. The results are illustrated in Figure 7.
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Figure 7. Variation law of shear strength of modified soil under direct shear test: (a) different cement
blending amount; (b) different fly ash blending amount; (c) different lime blending amount.

In Figure 7, (a) indicates that the shear strength of the 9% diesel-contaminated granite
residual soil mixed with 6% cement admixture is the highest at 122.1 kPa when subjected
to a vertical pressure of 100 kPa. However, as the vertical pressure increases, the shear
strength of the 5% cement admixture gradually exceeds that of the 6% cement admixture
and reaches the highest level. In (b), under the initial vertical pressure, the shear strength of
the 5% fly ash admixture is lower than that of the other fly ash admixtures. As the vertical
pressure increases, the shear strength of the 15% fly ash admixture increases and ultimately
becomes the highest. At the same vertical pressure, the oil-stained soil mixed with 6% lime
has the highest shear strength and the best improvement. Table 3 shows the shear strength
values of the improved soils with the three admixtures.

Table 3. The shear strength index of the modified soil under different curing agents.

The Curing Agent Mixing Oil-Contaminated Soil Internal Friction Angle of
Dosage (%) Cohesive Force C (kPa) 0il Soil ¢ (°)
5% Cement admixture 77.5 22.0
15% Fly ash admixture 57.3 243
6% Lime admixture 1221 27.1

3.2. Results of the Disintegration Test

Figure 8 displays the disintegration curves of the residual diesel-contaminated granite soils
mixed with various concentrations of different curing agents during disintegration testing:
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Figure 8. Disassembly curve of the improved soil under the disintegration test: (a) different cement
blending amount; (b) different fly ash blending amount; (c) different lime blending amount.
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The average disintegration rate of section AB was used to compare the disintegration
rates of soils with different oil contents, and the disintegration rate V was calculated using

the following equation:
Hp —Hy

V=—"r—7F7~ 2
Ts — T, @)

V stands for average disintegration rate, H4 and Hp for soil sample disintegration
rates at places A and B, and T4 and T for instantaneous timing at the same locations. This
allows one to determine the corresponding disintegration rates, as seen in Figure 9 below:
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Figure 9. Disassembly rate of oil-contaminated soil under different mixing amounts of different
curing agents: (a) different cement content; (b) different fly ash content; and (c) different lime content.

In terms of improvement, Figure 8a shows that the sample with 6% cement performed
better than all the other specimens. The disintegration rate curve of this specimen was
the smoothest, and the disintegration rate was the smallest. Although the disintegration
occurred the earliest, the amount of disintegration was small, and the specimen remained
intact with no disintegration occurring at the joints of the soil layers. The analysis suggests
that the earliest disintegration occurred because a high amount of curing agent was incor-
porated, resulting in a reduction in water between the soil particles within the specimen.
Although the hydration reaction was effective, it affected the specimen’s integrity to some
extent. Observing Figure 9a, it can be seen that the rate of disintegration of specimens
generally tends to decrease as the amount of cement is increased. This means that the
incorporation of cement as a curing agent slows down the disintegration of the soil sample
and strengthens its integrity to a certain extent.

According to Figure 8b, the highest resistance to disintegration was found in the
20% fly ash admixture, which had the smoothest disintegration rate curve and the lowest
disintegration rate, with disintegration occurring the latest. As shown in Figure 9b, the
disintegration rates of the specimens decreased after the addition of the fly ash admixture.
However, the disintegration rate of the specimens did not decrease further as the amount of
admixture continued to increase. Our analysis suggests that the amelioration mechanism
of fly ash is different from that of cement and lime, which resulted in no reduction in the
disintegration rate. The amelioration mechanism of fly ash is changing the distribution of
soil pore space by filling the larger pores of sandy soils with its fine particles to improve the
water-holding capacity of the soil. This is different from the chemical reaction of cement
and lime that achieves soil flocculation and gelation.

After comparing (a), (b), and (c) in Figure 8, it is evident that lime has the most
effective results of the three curing agents in enhancing the disintegration resistance of
diesel-contaminated granite residual soil. In contrast to the other two curing agents, lime
blended specimens displayed more significant changes in mass during the water absorption
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saturation phase, which resulted from the secondary reaction between the lime and water
in the test chamber when the sample was not completely reacted with the soil. The sample
with 10% lime blending exhibited the strongest disintegration resistance, with the smoothest
disintegration rate curve and the lowest disintegration rate. In contrast, the disintegration
rate of 9% diesel-contaminated granite residual soil varied unevenly, which is related to the
degree of completion of lime hydration reaction during the sample preparation.

3.3. SEM Test Results

A direct shear test and a disintegration test were performed to determine the optimal
dosage of curing agents. The results indicated that a dosage of 5% cement, 15% fly ash
and 6% lime had the best improvement. These three dosages were selected for electron
microscope scanning tests. The soil sample parameters scanned by each SEM group are
listed in Table 4 below:

Table 4. Grouping of EM scanning tests.

Sample Name

Cement Curing Agent  Fly Ash Curing Agent Lime Curing Agent
Oil Length (%) The Amount of The Amount of The Amount of
Incorporation Was (%)  Incorporation Was (%)  Incorporation Was (%)

Y1
Y2
Y3
Y4
Y5
Y6
Y7
Y8
Y9
Y10
Y11
Y12

0 0 0 0
6 0 0 0
12 0 0 0
0 5 0 0
6 5 0 0
12 5 0 0
0 0 15 0
6 0 15 0
12 0 15 0
0 0 0 6
6 0 0 6
12 0 0 6

Y1-Y3 are unamended oil-contaminated soil specimens with different oil contents (0%,
6% and 12% in that order), which were scanned separately by SEM electron microscopy,
resulting in the following microstructure diagrams.

The geotechnical properties of soil are influenced by their structure, which is the
arrangement of mineral particles in a structural framework [34]. During deposition, clay
particles tend to attract each other and form flocculated structures when attracted by
external forces, while they tend to move and form dispersed structures when repelled by
external forces. Therefore, changes in the pore fluid affect the soil structure. Figure 10
displays SEM micrographs of diesel-contaminated granite residual soils with oil contents
of 0%, 6% and 12%. In Y1, the granite residual soil particles can be observed to be large in
volume and distributed in sheets with moderate soil pore space. In Figure 10(Y2,Y3), an
increase in the number of finer soil particles can be observed, and the diesel-contaminated
granite residual soil undergoes significant fragmentation and separation, changing from a
flaky, lumpy structure to smaller particle sizes of agglomerates and fragments. In particular,
the pore size of the soil samples became larger when the oil content was 12%. When soil
particles are contaminated with diesel oil, a layer of contaminants surrounds them and does
not allow their interaction with each other. The contaminated soil particles act individually,
and they tend to behave similarly to silt particles. As a result, the structure of the soil will
be looser in the presence of diesel fuel, and the granite residual soil will be more prone to
disintegration. In addition, the diesel acts as a lubricant between the individual particles,
and they can slide more easily against each other. As a result, the shear strength of the
granite soil residue will be reduced in the presence of diesel molecules. Soil particles with
diesel fuel attached cannot absorb water molecules, and they can expel more water, which
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further affects the consistency limits and infiltration properties of the soil. This shows that
the presence of diesel fuel has a significant effect on soil structure and properties.

Figure 10. SEM microstructure of soil sample without curing agent.

The microstructure for the modified soil specimens Y4-Y12 mixed with different levels
of curing agent is shown below:

Upon comparing Y1-Y3 with Y4-Y12, it is evident that the addition of the curing agent
significantly reduces the soil sample’s fragmentation and forms a blocky and agglomer-
ated structure, which carries flocculent branches. When examining specimens amended
with the same curing agent at different oil contents, it is observed that cement-amended
granite residual soil specimens have significantly reduced pores, and the cement hydration
products bind fine soil particles and improve the integrity of the soil (Y4-Y6). Fly ash
particles fill the pores between soil particles, enhancing the cementation effect, and assume
a spherical shape that is not commonly found in nature (Y7-Y9). The addition of lime to
diesel-contaminated soil further enlarges the particles cemented into clumps and reduces
inter-particle pores, and the physical cementation of soil particles becomes more apparent
as the diesel fuel content of the soil sample increases (Y10-Y12). Diesel fuel is more electro-
statically charged under ambient conditions, and cement particles may become charged
due to adsorption or ionization, forming a double layer around the particles, which tend to
physically interact with diesel fuel. The increase in physical reaction products encourages
particle agglomeration and fills the soil pores. When comparing the samples modified
with different curing agents at the same oil content, a longitudinal comparison shows
that the soil sample with lime has the smallest pores and the most obvious soil particle
agglomeration, with a large number of soil particles clustered together. The soil sample
with fly ash has some spherical particles linked to the soil particles, filling the pores, while
the soil sample with cement still has a lumpy particle shape, but the integrity is improved
with the help of the cement hydration products (Figure 11).

After summarizing the results of the Y1-Y12 tests, it was found that the use of diesel oil
as a pore fluid had a significant effect on the structure of the granite residual soil. The soil
underwent fragmentation and separation, changing from a flaky and blocky structure to
smaller particle-sized agglomerates and fragments. The pore enlargement of the soil sample
was particularly evident for the 12% oil content. A cross-sectional comparison of specimens
modified with the same curing agent at different oil content rates showed that the curing
agent increased the physical reaction products to promote particle agglomeration, fill the
soil pores, and enhance the integrity of the soil sample. A longitudinal comparison of
samples modified with different curing agents at the same oil content showed that the most
significant change in the microstructure of the soil samples was caused by the curing agent
fly ash, which contained particles in the form of spheres, a rare occurrence in nature.
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Figure 11. SEM microstructure of the modified soil.

3.4. Discussion

A similar study was conducted by Shah et al. as reported in reference [18]. The
soil samples used in their research were collected from a petrochemical complex near
Vadodara in Gujarat, India. The samples consisted mainly of loamy soils, with fine content
ranging from 48% to 52%. In their study, the authors selected 10% of fuel-contaminated
soil and found that the fuel contamination significantly weakened all soil parameters
when compared to those of uncontaminated soil. Specifically, the maximum dry density
decreased by approximately 4%, cohesion decreased by approximately 66%, angle of
internal friction decreased by approximately 23% and unconfined compressive strength
(UCS) decreased by approximately 35%. In this paper, diesel-contaminated granite residual
soils with oil content ranging from 3% to 15% were chosen. The test results indicated that
diesel contamination decreased all the physical and mechanical parameters of the soil,
which is consistent with the findings of Shah et al. To highlight the difference before and
after the improvement, the most degraded soil with 9% oil was selected for subsequent
improvement studies in this paper.

Shah et al. conducted a study in which lime, fly ash, and cement were added at
concentrations of 5%, 10% and 20% to 10% oil-contaminated soil. The authors measured the
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angle of internal friction, cohesion and unconfined compressive strength of the amended
soil and found that lime was the most effective curing agent. Additionally, the authors
observed that the oil content of the leachate decreased in the oil-contaminated soils with
the addition of curing agents after 24 h of steady-state water infiltration. In this article, a
mixture of 10% lime, 5% fly ash and 5% cement was added to the 10% oil-contaminated
soil, resulting in a 371% increase in unconfined compressive strength compared to that of
the oil-contaminated soil. Furthermore, the oil content of the leachate reached a minimum
of 30 mg/L. In this study, cement was added at doping levels of 3%, 4%, 5% and 6%, while
fly ash and lime were added at concentrations of 5%, 10%, 15% and 20%. The results
of the direct shear and disintegration tests were consistent with those of Shah’s study,
indicating that cement, fly ash, and lime improved the internal friction angle and cohesion
of the oil-contaminated soil, increased the strength and stability of the soil, and improved
disintegration resistance.

At the end of their paper, Shah et al. conducted electron microscopy scanning tests
on soils amended with a combination of 10% lime, 5% fly ash and 5% cement curing
agents. Their results showed that the cement, fly ash and lime were capable of forming
non-crystalline compounds with materials in the contaminated soil, covering the soil
particles and acting as a bridge between them. In contrast, this paper analyses in greater
detail how the three curing agents, cement, lime and fly ash, individually ameliorate
diesel-contaminated granite residual soils, compares their variability, and explains the
mechanism of curing agent amelioration. The findings of this paper are consistent with
those of Shah et al. In future studies, different combinations of curing agents can be used
to investigate the amelioration effect on various types of oil-contaminated soils.

4. Conclusions

Cement, fly ash and lime are regularly used curing agents for enhancing diesel-
contaminated granite residual soil.

(1) The direct shear test showed that 5% cement, 15% fly ash and 6% lime were effective,
with 6% lime being the most effective, resulting in a cohesive force of 122.06 kPa and an
internal friction angle of 27.1°.

(2) The disintegration test showed that the 6% cement, 20% fly ash, and 10% lime
admixtures had better disintegration resistance, with 10% lime being the most effective,
with a disintegration time of over 650 s and a disintegration rate of 0.26181%/s.

(3) Our cross-sectional comparison of specimens modified with the same curing
agent with different oil contents showed that curing agent modification promotes particle
agglomeration, fills soil pores and enhances soil sample integrity.

(4) A longitudinal comparison of the samples modified with the different curing agents
with the same oil content showed that fly ash had the most obvious change in soil sample
microstructure while lime had the best improvement among the three curing agents.
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