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,e relics built with soil are called earthen archaeological sites. Many silt earthen sites exposed to natural environment get
seriously damaged and thus require urgent restoration with suitable materials. Previously, lime and glutinous rice slurry were used
in the construction of earthen sites. However, lime is usually used in clay, and glutinous rice pulp is difficult to prepare and use on a
large scale.,erefore, in this study, starch ether was selected to replace glutinous rice pulp. Lime and starch ether were added to silt
as single or double additives, respectively, to prepare the corresponding single-mixed and multiple-mixed modified soil samples.
Furthermore, the direct shear test and compression test were carried out and the optimum content was determined. ,e strength
and durability of optimummodifiedmaterials were compared with those of the original site soil. When the lime content was 9% or
the concentration of starch ether solution was 5%, the shear strength and compression resistance ability of single-mixed modified
soil were improved significantly. When lime content was 6% and starch ether solution was 5%, the strength of multiple-mixed
modified soil was the best, and the maximum cohesion and internal friction angle were 51.1 and 3.37% higher than those of single-
mixed soil, respectively. ,e strength and durability of the optimum modified soil were similar to or higher than those of the site
soil. ,us, it is feasible and effective to use lime together with starch ether as restoration material for silty earthen sites.

1. Introduction

As a historical and cultural country, China has a large
number of relics. ,e relics mainly built with soils are called
earthen archaeological sites. Noteworthy, there are more
than 900 earthen sites listed in the National Key Cultural
Relics Protection Catalog of China [1, 2]. ,e Northwest
China region is the origin area and one of the cradles of
Chinese civilization and the starting point of the famous
ancient Silk Road. ,erefore, the historical and cultural
relics, in particular the earthen sites, are widespread in this
area, such as the city wall of Han dynasty, the Terracotta
army, the mausoleum of Xixia dynasty, and the Tongwan
City. ,ese earthen sites are representatives of ancient ar-
chitectural technology and carriers of human culture, which
contain rich historical information and have irreplaceable
important value.

Many earthen sites are large in scale, which are difficult
to cover and isolate for protection. Most of them remain
usually exposed and thus get significantly affected by natural
environment. Many environmental factors, such as sand-
storm, rainwater, biological properties, and atmospheric
temperature, can cause damage to earthen sites and grad-
ually affect their stability and safety. Recently, some earthen
sites have collapsed and even disappeared. ,erefore, a lot of
more systematic explorations are urgently demanded to
protect and restore these earthen sites.

Building materials are one of the important contents for
restoration of earthen sites [3]. In particular, with the de-
velopment of modern material technology, the study of
reinforcement and restoration materials for earthen sites has
been the hot research topic for scholars [4–6]. Among the
commonly used restoration materials for earthen sites, in-
organic materials include potassium silicate (PS), sodium
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silicate, aluminum silicate, barium hydroxide, and calcium
hydroxide. Moreover, organic polymer materials include
silicone resins and organic polymer materials. Inorganic-
organic complex materials as restoration materials include
potassium silicate-methyl triethoxysilane combination. Till
date, extensive research efforts have been devoted to the
study in this field at the global scale. As early as 1960s,
organosilicon oligomers were used to reinforce the earthen
site in Yokohama by the National Institute for Cultural
Research of Japan [7]. In 1969, Giacomo studied the pro-
tection of dry bricks from the Seleucia and Hatra sites in Iraq
and injected ethyl silicate-ethanol combination into the site
for reinforcement [8]. In 1975, a mixture of tetraethyl tet-
raethoxysilane and ethanol was applied to protect the surface
of an earthen site in Peru [9]. Furthermore, tetraethyl
orthosilicate and polyurethane were selected as restoration
materials, and an Indian native earthen site in New Mexico
was reinforced with these materials in 1990 [10]. In 2005,
Degirmenci and Baradan carried out tests to reinforce the
site soil using a mixture of hydrated lime, water, brick
powder, and fly ash [11].

Moreover, many scholars have also proposed new soil-
modified materials, which also provide new possibilities for
the restoration of Earth sites. For example, Arab et al.
confirmed the feasibility and effectiveness of using sodium
alginate biopolymer for treating weak cohesive subgrades, in
particular, under repeated traffic loads for pavement con-
struction applications [12]. Liu et al. showed that the use of
lignin or lignocellulose material could effectively improve
the engineering properties of soil [13, 14]. Adhikari et al.
reported that geopolymer binder could be used to stabilize
soil and exhibited good stabilization effect [15]. All these
studies are advanced and inspiring.

In recent years, progressively a greater number of
Chinese scholars have conducted detailed researches on the
protection of ruins and achieved a series of useful results
[16]. In particular, since the promulgation of the Cultural
Relics Protection Law of the People’s Republic of China, the
development methods for the protection of cultural relics
have been promoted [17–19]. Zhang et al. reinforced the
partial area of Banpo earthen site through using self-made
organosilicon materials, and the protection effect was found
to be good [20, 21]. In 1990, Li et al. established a theory and
technology of reinforcement of earthen sites based on PS
materials and applied it in many famous earthen sites such as
Dunhuang, Yumenguan, Banpo, and Hecang city [22–24].
Over the same period, Zhang et al. used acrylic resin material
to reinforce the Terracotta Army site [25–27]. Furthermore,
Pang et al. used the emulsion compound material to protect
the Jiaohe city site [28, 29]. In 2009, Chai et al. studied the
reinforcement and protection methods for Tangjia No. 2
ancient soil kiln using tetraethyl orthosilicate [30]. Although
the earthen sites can be strengthened using the above-
mentioned materials, their appearance and engineering
properties also change to certain extent after reinforcement,
and the damage of some earthen sites even becomes more
severe. For example, PS material, mainly composed of high
modulus PS, is an effective reinforcing material for earthen
sites. However, associated problems such as brittleness,

shrinkage, and alkali leaching emerged after these materials
were used for reinforcing the earthen sites; thus the long-
term environmental durability of the materials required
improvement [31–34]. Another example is that though
acrylic resin adhesives can improve the strength of the
reinforced soil, they may also cause secondary weathering
damage to the site [35].

Early research on restoration materials was mainly fo-
cused extensively on modern materials and less on tradi-
tional materials. In recent years, significant research efforts
have been devoted to the study on traditional materials in
the restoration of earthen sites. A number of common
traditional materials, such as tung oil, glutinous rice pulp,
and lime, have been used as building materials for historical
earthen sites in ancient time. ,ese materials are nontoxic,
environment-friendly, and economical, with high strength
and good durability. Peng et al. revealed that, after mixing
with glutinous rice pulp, the mechanical properties of the
triad soil became better, the impermeability was significantly
improved, and the difference in appearance was not large
[36]. Ji et al. tested the engineering properties of the
modified soil prepared with different concentrations of
glutinous rice pulp and analyzed the relationship between
the concentration of glutinous rice pulp and the strength of
the modified soil [37].,rough a series of experiments, Zeng
et al. found that glutinous rice pulp exhibited apparent
reinforcement effect on mortar [38–40]. As a traditional
building material, lime can effectively improve the strength
and impermeability of clay [41]. For example, Al-Mukhtar
et al. studied the expansive properties of lime-solidified loess
and discussed the optimum solidification concentration of
lime [42]. Boardman et al. analyzed the reason for the in-
crease of early strength of lime soil through experiments
[43]. Pancar and Akpınar pointed out that the use of lime to
strengthen the roadbed could effectively reduce the settle-
ment [44].

In the existing researches, glutinous rice pulp is mainly
used in mortar or triad soil as reinforcement, and lime is
mainly utilized in stabilizing and reinforcing clay. Many
earthen sites in Northwest China are located in silt areas.
Considering the convenience and economic factors, silt is
used as the main building material for earthen sites in this
area. Silt has unique engineering characteristics. ,e poor
particle gradation makes silt difficult to compact and causes
poor engineering properties. ,e study on whether the lime
and glutinous rice pulp are suitable for the restoration of silty
earthen sites still needs further systematic explorations.
Moreover, due to the difficulty to produce and control the
quality of glutinous rice pulp, it is not considered suitable for
large-scale application in practical engineering applications.
,e main component of glutinous rice pulp is starch, with
the mass percentage of 75–77%. Moreover, previous studies
also indicated that the strengthening mechanism of gluti-
nous rice pulp is mainly based on the regulation of amy-
lopectin on calcium carbonate crystallization in glutinous
rice pulp [45]. Starch ether is the product of starch ether-
ification, the main component of which is starch. Starch
ether is a widely used industrial product with large output
and stable quality. Moreover, it has numerous advantages,
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such as low viscosity, high hydrophilicity, good fluidity,
weak condensation, and high stability. ,erefore, starch
ether was selected to replace glutinous rice pulp as the
restoration material of silty earthen sites in this study.

In the present study, traditional materials including lime
and starch ether were used to modify silt in order to restore
silty earthen site. Lime and starch ether were added to silt
singly or together to prepare the modified soil samples,
respectively. ,e direct shear test, compression tests, and
durability test were carried out. ,rough comparative
analysis of the engineering properties of modified soil and
original site soil, the modification effect and mechanism of
lime and starch ether on silt were analyzed, and the optimal
content was determined.

2. Test Materials and Methods

2.1. TestMaterials. ,emain materials used in the tests were
silt, lime, and starch ether. Silt was collected from the pe-
riphery of the Tongwan City site. ,e site is located in
Jingbian County, Northwest China, with a history of nearly
1600 years. ,rough sieving and adjusting soil particles, the
test soil was prepared as similar as possible to the original
site soil in gradation and physical properties. ,e particle
gradation and physical index of the two types of soil are
presented in Tables 1 and 2, respectively. ,e particle-size
distribution curve of test soil is shown in Figure 1. Clearly,
the physical indexes of original site soil and the test soil are,
relatively, similar. In this study, all the tests were in ac-
cordance with the Standard for Soil Test Method [46].

,e lime used in the test was ordinary building lime with
uniform and delicate particles (Figure 2(a)). ,e physical
indexes are summarized in Table 3. ,e hydroxypropyl
starch ether used in the test is a white fine powder, produced
by spray drying after natural etherification, which has good
fluidity, water solubility, and stable viscosity (Figure 2(b)).
Its physical indexes are presented in Table 4.

2.2. Preparation of Samples. Lime and starch ether were
added to slit as single or double additives, respectively, to
prepare the corresponding single-mixed modified soil
samples and multiple-mixed modified soil samples.

2.2.1. Preparation of Site Soil Sample. In the tests, the site soil
was sampled with ring knife. ,e area of ring knife was
30 cm2 and the height was 20mm.

2.2.2. Preparation of Single-Mixed Modified Soil Samples.
In general, the volume ratio of lime to soil is 1 : 9, 2 : 8, and 3 :
7 in practical engineering applications and the corre-
sponding mass percentage of lime is about 6, 9, and 12%.
,erefore, the mass percentages of lime used in the samples
were selected as 0, 3, 6, 9, and 12%, respectively. During
sample preparation, lime was mixed proportionally with
dried soil, and water was added to the set content. Starch
ether was mixed with water to prepare solutions with
concentrations of 0, 5, 10, 15, and 20%, respectively. ,en

these solutions were mixed with soil and stirred evenly. ,e
samples were prepared by static compaction; and the di-
ameter and height of the so-obtained sample were 61.8 and
20mm, respectively.,e dry density was 2.07 g·cm−3 and the
water content was 6.55%, which were similar to those of the
original site soil. After the sample was prepared, it was sealed
in a humidifying cylinder for 7, 14, and 28 days for ex-
perimental tests.

2.2.3. Preparation of Multiple-Mixed Modified Soil Samples.
Based on the analysis and comparison of the single-mixed
modified soil test results, the lime-soil mixtures with lime
mass percentage of 6, 9, and 12% were prepared first, and
then the starch ether solutions with concentrations of 5, 10,
and 15% were added to the lime-soil mixtures to prepare
multiple-mixed soil samples. ,e preparation method of the
multiple-mixed soil samples was similar to that for single-
mixed modified soil samples.

2.3. Experimental Tests

2.3.1. Direct Shear Test and Compression Test. ,e direct
shear test and compression test were carried out on the
single-mixedmodified soil andmultiple-mixedmodified soil
samples at different ages.

(1) Direct Shear Test. ,e experiment was carried out using a
ZJ quadruple strain controlled direct shear apparatus. ,e
test type was consolidation fast shear with the shear speed of
0.8mm·min−1 and under the vertical loads of 100, 200, 300,
and 400 kPa, respectively.

(2) Compression Test. ,e compression test was performed
using a WG single lever consolidation compression in-
strument. ,e loading sequence was 100, 200, 400, 800, and
1600 kPa. ,e load-holding time of each stage was 24 h.

2.3.2. Environmental Durability Test. According to the re-
sults of mechanical tests of the single-mixed modified soil
and multiple-mixed modified soil samples, the optimum
samples were selected to carry out the environmental du-
rability tests, including wear test, freeze-thaw test, and water
stability test. Same tests were carried out on the original
earthen site soil samples as well for comparative analysis.
,ere are few test standards for environmental durability of
earthen sites; therefore, the environmental durability test
performed herein was based on the existing relevant or
similar test method .

(1) Wear test
,e natural environment of Tongwan City site is dry,
windy, and sandy. As a famous historical site, many
tourists visit this site every year and the contact
between human and site is inevitable. ,erefore,
wind-sand erosion and contact wear are two im-
portant damage factors for the site. Figure 3 shows
SCL-1 disintegration testing instrument, which was
used to test the contact wear of soil samples.,e self-
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Table 1: Particle-size distribution of test soil.

Particle-size distribution (%)
>0.5mm 0.5–0.25mm 0.25–0.075mm <0.075mm
2.8 19.7 27.1 50.4

Table 2: Physical indexes of the original site soil and test soil.

Materials
Indicators

Water content (%) Specific gravity (%) Liquid limit (%) Plastic limit (%) Plastic index
Site soil 6.55 2.65 14.2 9.5 4.7
Test soil 6.80 2.66 14.5 8.6 5.9
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Figure 1: Particle-size distribution curve of test soil.

(a) (b)

Figure 2: Test materials: (a) lime and (b) starch ether.

Table 3: Physical indexes of lime.

Appearance Porosity (%) Ca (OH)2 (%) Whiteness (%) CaO (%)
325 meshes residual screening <0.5% 32 >65 90 >30

Table 4: Physical indexes of starch ethers.

Appearance Solubility Fineness (μm) pH Viscosity (mPa·s) Water content (%)
White powders Dissolved in cold water ≤500 8–11 >300 <5%
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made wind-sand blowing erosion device was used to
test the wind-sand erosion of samples, which is
shown in Figure 4.
SCL-1 disintegration test device is usually used to test
the ability of rock to resist softening and disinte-
gration. In this study, it was used to test the resis-
tance of the site soil to contact wear under dry
condition. Granular soil sample (30 g) was prepared
and placed into the instrument. When the rolling
cage started to rotate, contact wear of the samples
occurred. Each group of samples was tested five
times, and each time lasted for 10min. After each
test, the mass of the samples was measured and the
wear ratio of the samples was obtained.
Figure 4 exhibits that the diagram of the self-made
wind-sand blowing erosion device is mainly com-
posed of wind source, sand supply system, blown
erosion chamber, and sand collecting box. Under the
conditions of sand supply ratio of 180 g·min−1 and
wind speed of 25m·s−1, the samples were blown for
20min.,emass loss ratio was obtained by weighing
the mass of the samples before and after wind-sand
erosion every 5min.

(2) Freeze-thaw cycles test
,e main objective of this test was to study the
influence of freezing and thawing on the soil and to
obtain the variation ratio of the mass and volume of
the samples. ,e test was carried out using an en-
vironment testing instrument, as shown in Figure 5.
,e highest test temperature was 40°C and the lowest
test temperature was −20°C. One test cycle started
from high temperature to low temperature and then
returned to high temperature. Each cycle lasted for
4 h, and the total number of cycles was 30. ,e
samples were made into cubes with side length of
5 cm. ,e variation ratios of mass and volume of the
samples were measured after every 10 cycles.

(3) Immersion stability test
,e surface of the earthen site gets easily eroded due
to rainwater, which can cause damage of pits and

gullies. In this study, the samples of modified soil and
site soil were soaked in water, respectively, and
immersion stability of different soils was compared
by observing the disintegration degree of soil in
water.

3. Test Results and Discussion

3.1. Test of Single-Mixed Modified Soil. ,e lime or starch
ether was added to the soil individually to prepare the single-
mixed modified soil samples for the test.

3.1.1. Direct Shear Test. For samples with different extent of
ageing, the relationship curves of shear parameters with lime
content and concentration of starch ether solution are
shown in Figures 6 and 7.

,e test results showed that the shear strength param-
eters of samples could be improved by adding lime or starch
ether individually. Regarding samples age, the cohesion c

and internal friction angle φ of the modified soils showed
significant increase during the period of 7 to 14 days, and the
increases of c and φwere relatively small during the period of
14 to 28 days. ,erefore, it was concluded that c and φ of the
modified soil increased sufficiently after 14 days age. When
the lime content was 9% and age was 28 days, the cohesion
and internal friction angle of lime-modified soil reached
maximum values of 72.45 kPa and 48.6°, respectively. When
the starch ether concentration was 5% and age was 28 days,
the cohesion and internal friction angle of starch ether-
modified soil reached maximum values of 80.32 kPa and
42.3°, respectively. ,e maximum cohesion of starch ether-
modified soil was higher than that of lime modified-soil,
while the maximum internal friction angle was smaller than
that of lime-modified soil.

Lime is the earliest and the most widely used cemen-
titious material, and use of lime to modify soil is a common
engineering method [47–49]. ,e test results indicated the
significant improvement in the strength of soil due to the
addition of lime, which is closely related to the ion exchange,
pozzolanic reaction, and carbonation reaction of lime and
soil. Ion exchange refers to the exchange of Ca2+ cations in
lime and Na+ and K+ cations in soil, which can reduce the
surface potential of soil particles, lead to the thinning of the
adsorption layer, and increase the attraction between mol-
ecules. ,us, the soil particles are closely combined to im-
prove the strength and stability of lime soil. Ion exchange is
the main factor that promotes the early strength of lime soil.
,e pozzolanic reaction refers to the reaction between
NaOH in lime and active silicon/aluminum oxides in soil.
Hydrated calcium silicate gel and calcium aluminate hydrate
crystals filled pores during the reaction. ,is reduced the
void volume between the soil particles, reduced the per-
meability, and increased the density of the soil. ,e poz-
zolanic reaction is very helpful to improve the early and later
compressive strength of lime-improved soil. Carbonation
refers to the reaction of Ca(OH)2 in lime soil with CO2 in the
air to produce CaCO3. Notably, CaCO3 has good strength
and water stability, and its solid volume is larger than that of

Figure 3: SCL-1 disintegration testing instrument.
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Ca(OH)2. ,is was found to be helpful to improve the
compactness and stability of lime soil. Carbonation is a long
process, and it is a main factor to improve the strength of
lime soil in the later stage.

According to the test data, the reactions in lime soil were
developed rapidly in the early stage, and reaction was rel-
atively sufficient when the age reached 14 days. Further, the
reaction speed slowed down. Moreover, when lime content
was less than 9%, with the increase of lime content, the gel
substances increased. ,erefore, the connection of soil
particles became stronger, the structure of soil became
denser, and the strength of soil was enhanced due to the
addition of lime. When the content of lime was more than
9%, the excessive NaOH crystal adhered to the surrounding
of the soil particles, which hindered the connection between
the soil particles, resulting in loose structure of lime soil and
reduction of the strength. ,erefore, the cohesion and in-
ternal friction angle of lime modified-soil increased when
the lime content was less than 9% and decreased slightly
when the lime content was more than 9%.

Starch ether is a type of modified starch with ether bond,
which is also called etherified starch. Starch acquires certain

viscosity after gelatinization. Etherified starch exhibits better
viscosity and stability, and it is widely used in mortar
construction, food, textile, and other fields. Addition of
starch ether results in sticking together of the soil particles,
which leads to the effective improvement in the shear
strength of soil. Some scholars have also found that the slip
resistance performance of the mortar gets significantly
improved by adding starch ether [50, 51], which is similar to
the experimental results presented in this study to a certain
extent. ,erefore, starch ether can enhance the cohesive
force between the soil particles, which is helpful to resist
shear slip.

When the concentration of starch ether solution was less
than 5%, the bonding effect was found to be good and the
strength of soil increased. However, when the concentration
of starch ether solution was more than 5%, excessive starch
ether solution became the lubricant between soil particles,
which reduced the ability of the soil to resist shear.
,erefore, the cohesion and internal friction angle of starch-
ether-modified soil increased when the concentration of
starch ether solution was less than 5% and decreased when
the lime content was more than 5%. With respect to the
addition of lime or starch ether, the optimum proportion
should be selected in the actual project to obtain the best
performance.

3.1.2. Compression Test. Considering that the shear strength
parameters of lime- or starch-ether-modified soil tend to get
stabilized after 28 days, the samples with 28-day age were
selected for compression tests. ,e curves of variation of
compression parameters with content of lime and starch
ether are presented in Figures 8 and 9, respectively.

,e compression coefficient a1-2 corresponds to the
vertical pressure in the range of 100–200 kPa, and the
compression index Cc value corresponds to the slope of the
nearly straight section of the compression curve in the e-logp
coordinate.

,e test results clearly revealed that, with the increase of
lime content, the compression coefficient and compression
index of samples were basically reduced. When the lime
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Figure 4: ,e diagram of wind-sand blowing erosion device.

Figure 5: ,e environment testing instrument.

6 Advances in Materials Science and Engineering



content was 9%, the compression coefficient and compression
index of lime-modified soil reached the minimum values,
0.037MPa−1 and 0.0124, respectively. However, with the in-
crease of starch ether concentration, the compression coeffi-
cient and compression index of the samples first decreased and
then increased. ,e compression coefficient reached the
minimum value of 0.056MPa−1, when the concentration of
starch ether solutionwas 5%.Moreover, the compression index
reached the minimum value of 0.0266, when the concentration
of starch ether solution was 10%. ,e compressibility coeffi-
cient and compression index of lime-modified soil were lower
than those of starch-ether-modified soil. ,e mechanism ex-
planation of consolidated compression test results is similar to
that of direct shear test results.

3.2. Test of Multiple-Mixed Modified Soil. ,e starch ether
solution with different concentrations of 5, 10, and 15% was
added to the lime soils with lime content of 6, 9, and 12%,
respectively, in order to prepare the multiple-mixed mod-
ified soil samples for direct shear and compression tests. ,e
results are as follows.

3.2.1. Direct Shear Test. After adding starch ether solutions
with different concentrations, respectively, to lime soil with
6, 9, and 12% lime content, the direct shear tests were
performed on multiple-mixed modified soil samples and the
corresponding results are shown in Figures 10–12,
respectively.
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,e relationship between internal friction angle and lime content.
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Test results showed that the influence of curing age on
multiple-mixed modified soil sample was found to be similar to
that on single-mixedmodified soil sample. After starch etherwas

added to lime soil, the cohesion and internal friction angle of
multiple-mixedmodified soil were generally higher than those of
single-mixed modified soil containing same content of lime.
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With the increase of starch ether concentration, the
cohesion and internal friction angle of multiple-mixed
modified soil first increased and then decreased. When the
concentration of starch ether solution was 5%, the cohesion
and internal friction angle of multiple-mixed soil reached
the maximum values. Noteworthy, when the lime content
was 6% and the starch ether concentration was 5%, the
cohesion and internal friction angle of the multiple-mixed
soil reached the maximum values, 121.4 kPa and 50.24°,
respectively. ,e maximum values of cohesion and internal
friction angle of the multiple-mixed modified soil were 67.6
and 3.37% higher than those of the lime-modified soil and
were 51.1 and 18.8% higher than those of the starch-ether-
modified soil, respectively.

For the comprehensive and visual understanding of the
relationship between shear strength parameters, starch ether
solution concentration, and lime content, the relationship

between cohesion, concentration of starch ether solution,
and lime content under different ages is shown in Figure 13,
and the relationship between internal friction angle, con-
centration of starch ether solution, and lime content under
different ages is shown in Figure 14. Figures 13 and 14 show
that the cohesion and internal friction angle of the modified
soil increase with the age and reach the maximum value,
when the concentration of starch ether solution is 5% and
the content of lime is 6%. Comparative analysis of Figures 13
and 14 indicate that the change of internal friction angle is
smaller, while the change of cohesion is larger, which reveals
that starch ether and lime exhibit more significant influence
on cohesion of multiple-mixed soil.

For the comprehensive and visual understanding of the
relationship between shear strength parameters, starch ether
solution concentration, and lime content, the relationship
between cohesion, concentration of starch ether solution,
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Figure 11: ,e relationship between shear strength parameters and concentration of starch ether solution (lime content: 9%). (a) ,e
relationship between cohesion and starch ether concentration. (b) ,e relationship between internal friction angle and starch ether
concentration.
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and lime content under different ages is shown in Figure 13,
and the relationship between internal friction angle, con-
centration of starch ether solution, and lime content under
different ages is shown in Figure 14.

Figures 13 and 14 show that the cohesion and internal
friction angle of the modified soil increase with the age and

reach the maximum value, when the concentration of starch
ether solution is 5% and the content of lime is 6%. Comparative
analysis of Figures 13 and 14 indicates that the change of
internal friction angle is smaller, while the change of cohesion is
larger, which reveals that starch ether and lime exhibit more
significant influence on cohesion of multiple-mixed soil.
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Figure 13: ,e relationship of cohesion, concentration of starch ether solution, and lime content under different ages: (a) 7 d age, (b) 14 d
age, and (c) 28 d age.
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In multiple-mixed modified soil, when lime reacts with
soil, starch ether also binds particles. Under such double
effect, the strength of multiple-mixed modified soil becomes
higher than that of single-mixed soil. ,e water contents in
multiple-mixed and single-mixed soil are the same. ,e
comparative analysis indicates that, in single-mixed modi-
fied soil, water reacts with lime or starch ether alone. In
contrast, in multiple-mixed modified soil, the same amount

of water is required to interact with both lime and starch
ether at the same time, which may lead to insufficient re-
action. As a result, the strengthening effect of lime and starch
ether on multiple-mixed modified soil is not as much as that
on single-mixed soil. ,erefore, although the strength of
multiple-mixed modified soil is higher, its value is not the
simple summation of the strength of lime-modified soil and
starch-ether modified soil but is lower than this summation.
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Figure 14: ,e relationship of internal friction angle, concentration of starch ether solution, and lime content under different ages: (a) 7 d
age, (b) 14 d age, and (c) 28 d age.
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Moreover, the optimal lime content of the single-mixed
soil was 9%, while the optimal lime content of the multiple-
mixed soil was decreased to 6%. Starch ether has better water
absorption and retention properties; thus the actual reaction
of water with lime in themultiple-mixed soil is relatively less,
which leads to the increase in the content of unreacted lime,
resulting in the decrease of soil strength. ,erefore, in the
multiple-mixed soil sample, the optimal content of lime gets
reduced.

3.2.2. Compression Test. ,e compression test results of the
samples with 6, 9, and 12% lime content with different
concentrations of added starch ether solution are shown in
Figure 15, respectively.

When the concentration of starch ether solution was 5%,
the compression coefficient and compression index of
modified soil containing different lime contents were gen-
erally close to the minimum value. Noteworthy, when the
concentration of starch ether solution was less than 5%, the
content of lime exhibited significant influence on the
compression coefficient and compression index of multiple-
mixed modified soil. In contrast, when the concentration of
starch ether solution was more than 5%, the effect of lime
content on the compressibility of soil was not significant.
,e mechanism explanation of compression test results is
also similar to that of direct shear test results.

,erefore, for multiple-mixed modified soil, when the
lime content was 6% and the starch ether concentration was
5%, the shear strength reached the maximum value and the
compressibility acquired the minimum value. Compared to
those of single-mixed modified soil, the engineering prop-
erties of multiple-mixed modified soil were significantly
improved.

3.3. Comparative Analysis of Optimum Modified Soil and
OriginalSiteSoil. Most earthen sites are generally exposed to
the natural environment; thus, environmental factors have
significant impact on the integrity and safety of these earthen
sites. ,erefore, in addition to mechanical properties, en-
vironmental durability should also be an important char-
acteristic of restoration materials for earthen sites.
According to the above-mentioned test results, the modified
soil can obtain better mechanical properties after adding 5%
starch ether solution and 6% lime. ,erefore, this type of
multiple-mixed modified soil was selected as the optimum
material for environmental durability testing. ,e engi-
neering properties of this optimum modified soil were
comprehensively compared with those of the original site
soil to verify its suitability and feasibility as a restoration
material for earthen sites.

3.3.1. Comparison of Shear Strength and Compressibility
Index. Table 5 summarizes the comparison between shear
strength and compressibility index for original site soil and
optimum modified soil. ,e strength and compressibility
indexes of the optimummodified-soil samples are similar to
or slightly better than those of the original site soil samples.

,erefore, from the aspect of mechanical properties, it is
feasible to use modified soil as an effective restoration
material for earthen sites.

3.3.2. Wear Test. ,e test results of original site soil and
modified soil in contact wear test and wind-sand erosion test
are shown in Figures 16 and 17.

,e results indicated that the mass loss ratio of modified
soil was larger than that of original site soil. In the contact
wear test, the difference of test results between two types of
samples was relatively small; however, in the wind-sand
erosion test, this difference was significant. ,e reaction
between lime and soil is a long-term process. Although the
strength of the modified soil increased rapidly in the early
stage and slowly in the later stage, the age of modified soil
was only 28 days. Considering that the original site soil has
existed for thousands of years, the cumulative growth value
of the soil strength and structure in the later stage cannot be
ignored altogether in such a long time. ,erefore, the mass
loss ratio of original site soil was found to be relatively small,
which is likely to be related to the short age and insufficient
soil structure of the modified soil. ,us, herein, the more
comprehensive reason requires further in-depth investiga-
tion in the future.

3.3.3. <e Results of Freeze-<aw Cycles Test. Table 6
presents the test results of freeze-thaw cycles of original
site soil and optimum multiple-mixed modified soil. Table 6
summarizes that both the mass and volume of site soil and
modified soil decreased after freeze-thaw cycles test. After
lime and soil are mixed, lime exerts obvious cementation
effect on soil particles. ,e denser the soil is, the smaller the
pores become, the more limited the migration and accu-
mulation of water are, and the weaker the damage due to
freeze-thaw cycle on the soil is. ,e test values between site
soil and modified soil are small and similar, which indicate
that the two types of soil samples are insensitive to tem-
perature change, and this result is mainly attributed to the
low water content of the soil.

3.3.4. Comparative Analysis of Water Immersion Stability.
Water is an important factor to investigate the damage of
earthen sites. ,erefore, immersion stability is another
necessary property to be considered for restoration materials
for earthen sites. After 30min of water immersion, the
disintegration degree of the original site soil and modified
soil was obtained as shown in Figure 18.

Clearly, after water immersion, the site soil sample
disintegrates seriously; nonetheless, the modified soil sample
hardly disintegrates. Calcium hydroxide in lime of modified
soil crystallizes after absorbing water to form crystal lattice
structure. ,e formed crystals get easily combined with each
other and can be combined with soil particles to form eu-
tectic. In this way, the soil particles are cemented as a whole.
Compared to the non-crystallinity of calcium hydroxide, the
solubility of calcium hydroxide crystal is almost reduced by
half, thus improving the water stability of modified soil.
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Moreover, noteworthy, the pH of the original test soil is
7.9, which belongs to alkaline soil. Lime and starch ether are
basic materials; thus, the pH of modified soil increases to 9.3.
In general, when the pH of soil is greater than 9.0, it is not
suitable for the plants to grow. ,erefore, the strong alka-
linity of modified soil can avoid the damage caused due to
plant growth, which is beneficial to the restoration and
protection of earthen sites.

Importantly, economy is another factor to be consid-
ered in practical engineering. Lime and starch ether are
widely used materials because of their cost-effectiveness. It
is estimated that, by using 6% lime and 5% starch ether to
modify silt, the cost of each ton of modified soil increases by
only 54.27 RMB, equivalent to 7.75 US dollars. ,erefore,
the material selected in this study also has good economic
value.
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Figure 15:,e relationship between compression parameters and starch ether concentration of multiple-mixed modified soil with different
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Table 5: Shear strength and compressibility indexes of original site soil and modified soil.

Sample
Parameter

Cohesion (kPa) Internal friction angle (°) Compressibility coefficient (MPa−1) Compression index
Site soil 110.07 40.51 0.072 0.078
Modified soil 121.40 50.24 0.042 0.016
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Figure 16: ,e results of contact wear test.
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4. Conclusion

In this study, the restoration materials for silty earthen sites
have been studied using lime and starch ether to modify the
soil. A series of tests on the modified soil have been carried
out, and the engineering properties of the modified soil and
the original site soil have been compared.,e conclusions of
the study are listed as follows.

,e shear strength and compressive ability of soil could
be improved significantly by adding lime or starch ether
individually. For single-mixed modified soil, the optimum
lime content is 9%, and the cohesion and internal friction

angle of the modified silt are 72.45 kPa and 48.6°, respec-
tively. ,e optimal concentration of starch ether solution is
5%, and the cohesion and internal friction angle of the
modified silt are 80.32 kPa and 42.3°, respectively. ,e de-
formation of the modified soil with the optimum content
also reaches the minimum value.

Furthermore, the shear strength and compressibility of
multiple-mixed modified soil were generally higher than
those of single-mixed modified soil. For the multiple-mixed
modified soil, when the lime content was 6% and the starch
ether concentration was 5%, the shear strength was found to
be the largest and the compressibility was the smallest. ,e
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Figure 17: ,e results of wind-sand erosion test.

Table 6: Freeze-thaw cycles test results of original site soil and modified soil.

Indicators Sample
Number of freeze-thaw cycles

10 20 30

Mass variation ratio (%) Site soil −0.12 −0.13 −0.15
Modified soil −0.13 −0.15 −0.18

Volume variation ratio (%) Site soil −0.62 −0.78 −3.58
Modified soil −0.76 −0.88 −1.67

(a) (b)

Figure 18: Comparative analysis of water immersion stability: (a) original site soil and (b) modified soil.
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maximum values of cohesion and internal friction angle of
multiple-mixed modified soil were 67.6 and 3.37% higher
than those of the lime-modified soil and were 51.1 and 18.8%
higher than those of the starch-ether-modified soil, re-
spectively. ,erefore, compared to those of single-mixed
modified soil, the mechanical properties of multiple-mixed
modified soil were significantly improved.

For the multiple-mixed modified soil with the optimum
content, the environmental durability was also similar to or
higher than that of the original site soil. ,ese results clearly
indicated that the main engineering properties of the op-
timum modified soil are generally similar to those of the
original site soil. Moreover, the restoration material selected
in this study also has good economic value. ,erefore, it is
feasible and effective to use lime together with starch ether as
an efficient restoration material for earthen sites.
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