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Abstract
This study proposes to explore solid waste material (SWM) reuse with the riverway silt and sediment, and
examines the impacts of chemical composition on the road construction through sensitivity analysis.
Considering the characteristics of silt mixture, it is necessary to investigate the modi�ed materials to
improve the mechanical feasibility for subgrade �lling. In this study, modi�cation schemes for
construction waste and garbage slag presented well mechanical properties and environmental bene�ts in
sensitivity analysis, especially for the high-water content silt modi�ed by the garbage slag and lime
mixture. The results indicate the lime-improved silt with medium water content is a cheap and high-
performance material compared to the original silt. Moreover, modi�ed silt demonstrated superior
features in particle size, permeability and bearing capacity. Among six lime-improving schemes, the
California bearer ratio (CBR2.5) increased from 7.1 to 19.6, while the minimum CBR2.5 was 2.45 times to
the original silt. At last, this study proposes the engineering measures to improve the silt mixture
subgrade to prevent heavy metals from polluting the water and soil environment. Further implications
were also discussed.

1. Introduction
Solid waste material (SWM) recycling pays more attention to resource utilization and harmlessness in the
whole recycling process (Mohammad et al., 2020; Soliman and Moustafa, 2020; Tsai et al., 2021). In
addition, a number of legal regulations ensure further reduction of environmental and ecological damage
(Khodier et al., 2021; Peng et al., 2020; Vijayan and Parthiban, 2020). Higher environmental protection
requirements are put forward for reuse of riverway silt and sediment, as the traditional reuse methods for
farmland composting and dredging �ll soil is hard to follow the recycling, reuse, and reduction (3Rs)
concept (Razzaq et al., 2021; Vsevolod et al.,2017; Wu et al., 2021). This brings unprecedented challenges
to the reuse of silt and sediment. This study proposes a novel approach to utilize riverway silt and
sediment to �ll roads and subgrades, which is believed to achieve the resource conservation and
harmless silt treatment.

Riverway silt and sediment is a typical SWM, containing a large amount of toxic heavy metals and non-
degradable substances (Abdulnaser et al., 2020; Ahmed et al.,2020; Chu and Yao., 2020; Aneeta, 2020).
Solutions for river silt and sediment waste treatment must be sustainable. Hence, the mining of non-
renewable natural resources has always been considered as an environmental protection issue (Razzaq
et al., 2021; Tang et al., 2020; Wu et al., 2021). The waste generated by industrial activities and urban
expansion has aggravated environmental load and toxic pollution to be social and environmental
problems. According to statistics of Global Waste Generation released in 2019, 8 billion people in the
world have made about 2.5 billion tons of waste (Wang, 2019). Assuming the apparent proportion of the
land�ll is 1 and the average height of the pile is 30m, over 200 thousand of acre of land will be occupied
if these solid wastes are buried and piled up (Neha et al., 2019; Vijayan and Parthiban, 2020). Moreover,
groundwater and soil polluted by toxic solid waste are cytotoxic, genotoxic, and mutagenic.
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In the literature, Teoh and Li (2019) claimed that the riverway silt and sediment waste production had
increased signi�cantly, despite the policy to prevent and manage riverway silt and sediment waste was
released. According to the statistics, annual silt production of China is 5,500 tons, while annual silt
production of Europe and United State are 4,400 tons and 3,800 tons (Abdulgazi, 2020; Chad et al., 2020;
Zhang et al., 2019). 137 million tons of silt has been produced by the world’s three largest economies on
2020, and silt production is believed to grow with 4–6% annually (Silt research China, 2018; Vipin et al.,
2020). As restricted approaches, incineration and land�ll are still the main treatment methods of silt. For
instance, more than 70% of the silt in Europe is burned and heat-treated before used for agricultural land
compost. In 2016, Japan and China burned nearly 70% and 59% of silt (Timothy et al., 2017). Almost half
of the silt produced in the United States is incinerated and land�lled, while the other half is handled
through anaerobic digestion or aerobic fermentation to form bio-solids for farmland fertilizers (Tarpani et
al.,2019). Therefore, the purpose of this study is summarized as follows.

To identify the composition of riverway silt, and evaluate its impact on the environment during
construction.

To investigate the mechanical properties and environmental bene�ts of lime, construction waste and
lime + garbage slag silt modi�cation schemes.

Contributing to the existing literature, this study proposed an e�cient and harmless approach to reuse the
riverway silt mixture as road subgrade. Additionally, the riverway silt mixed with construction waste,
garbage slag and lime were found to illustrate well mechanical performance and environmental bene�ts.

The remainder of this paper is organized as follows. Section 2 introduces the literature of solid waste and
silt reuse. Section 3 addresses the application of riverway silt and sediment on roads and the
methodology for the test. Section 4 provide the results of mechanical indicators of riverway silt. Section 5
discusses the feasibility of the silt soil improvement plan and the heavy metal leaching test. Section 6
summarize the �ndings and implications for further study.

2. Literature Review
The recycling and reuse of SWM are meaningful to alleviate resource shortages and promote the
sustainable economic development. Including municipal solid waste (MSW) and industrial solid waste
(ISW), MSW is commonly produced during human activities (Aneeta, 2020; Mohammad et al., 2020;
Razzaq et al., 2021; Soroudi et al.,2018). ISW, containing residue, dust, sludge and etc., is always
generated during the industrial production (Soliman and Moustafa, 2020; Tsai et al., 2021; Vsevolod et
al.,2017). Generally, traditional incineration and land�lling are considered as the unsustainable way to
reuse the non-degradable MSW, such as domestic refuse and plastics. For instance, Huang et al. (2018)
compared recycling, incineration, and land�ll treatment methods. And recycling was found to be the most
environmentally friendly way to reduce greenhouse effect.
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Additionally, there is not enough land for waste disposal in land�lls owing to the rising land-use with
housing, business and planting purpose. Wesley et al. (2015) and Chad et al., (2020) claimed that 80–
90% are municipal solid waste incineration bottom ash (MSWI-BA) through the waste incineration
process, which is an appropriate method to deal with the harmful elements within the SWM and MSW.
Aneeta (2020) presented the SWM was found to be the granular and dense material with similar
performance to natural aggregate. Therefore, it is used as a subgrade �lling material and a modi�ed
material for subgrade �lling. However, few studies have been conducted to mix MSWI-BA and silt to �ll
roads and subgrades, except to deal with the high-water content riverway silt deposits (Abdulnaser et al.,
2020; Razzaq et al., 2021; Tseng et al., 2021). Waste incineration is involved to be unsustainable and
harmful for environment. Prior studies stated that the improper recycling of waste was caused by the
lacking of waste classi�cation management, commercial reuse method and low recycling bene�ts. Thus,
the economical and environment-friendly reuse methods for MSW, such as the production of bio-butanol,
the production of clean hydrogen, power generation and the production of microbial fuel cells were
explored (Khodier et al., 2021; Sara et al., 2020; Tsai et al., 2021). In addition, Japan, USA, Germany and
China have successively issued national laws on the classi�cation of household waste to promote the
reuse of MSW.

Instead, the ISW contains construction solid waste (CSW), industrial slag waste, stones and tailings from
the mining industry, cement dust, and ceramic waste (Tang et al., 2020; Wu et al., 2021). Therefore, civil
construction is the major industry to reuse the ISW. For instance, Cristina et al. (2017) employed bottom
ash, crushed slag and silica fume as the auxiliary materials for the production of cement, which is a
traditional method to reuse ISW with �ner particle size. Yao et al. (2019) stated that the directly waste
conversion at the waste disposal site, reducing the transportation and storage costs, is an environment
friendly and economical reuse method. The coarse aggregates in ISW, including tailings, waste rock,
damaged asphalt pavements and construction waste aggregates, are mainly used to build civil structures
or roads after mixed with concrete (Abdulnaser et al., 2020; Zhang et al., 2019).

Recently, reuse of riverway silt and sediment as the building material has attracted increasing attention in
various countries. Riverway silt was previously used to replace clay as building materials. For example,
instead of clay, incinerated sewage sludge ash (ISSA) was mixed with silt to produce ceramic �oor tiles,
and the silt was mixed with zeolite and clay to produce ceramsite (Xu et al.,2017; Wang et al.,2020). In
addition, riverway silt and sediment were utilized to produce new blended cement and mix cement
concrete (Abdulgazi, 2020; Chu and Yao., 2020; Du and pang, 2018). Although a few studies have
investigated the reuse of riverway silt, the environmental hazards of heavy metal sludge have been
neglected due to the lack of the chemical composition analysis of riverway silt.

Moreover, aforementioned approach is insu�cient for the rapid and large-amount recycle of silt, while the
engineering �ller shows great potential in reuse of riverway silt. The rapid development of infrastructure
construction and restrictions on excavation of mountains or cultivated land has caused the imbalance of
supply-demand of engineering �ller. Thus, the riverway silt waste has become a possible substitute for
clay �ller. Several existing literatures presented the use of riverway silt and sediment to the foundation
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layer of roads, land reclamation, embankment �lling material, green grass planting soil on river and lake
embankments (Ahmed et al., 2020). This reuse method can effectively deal with �nal disposal of riverway
silt and sediment, speci�cally for the land damage.

Although riverway silt and sediments have high plasticity, the cohesiveness, compressibility and bearing
capacity are low, which presents the poor properties as �llers. In most engineering scenarios, they need to
be modi�ed by adding lime, cement, and a curing agent to obtain good mechanical properties and ensure
the successful utilization. However, the silt sediments are not allowed to be directly used as subgrade
�llers and the technical application still need to be further explored. It is meaningful to evaluate the type
and composition of improved materials, especially for the ability of construction waste and garbage slag
to improve the mechanical properties of sludge sediment. Moreover, from the perspective of harmless
reuse, there is few chemical composition and content analysis of riverway silt and sediment, as well as
the analysis of the environmental impact of road subgrade �lling.

3. Methods

3.1 Reduce, reuse, and recycle (3Rs) concept
This study needs to apply the 3Rs concept for the reuse of riverway silt and sediment waste (Chu and
Yao., 2020; Wu et al., 2021). For example, discharge standards for industrial wastewater are proposed to
reduce the pollution of heavy metals to sludge deposits. There are various ways to reuse the unpolluted
sludge. The principle of Reuse and Recycle requires to abandon the traditional end-of-use methods of
sludge, such as incineration and land�lling, and to actively use it in building materials, raw materials and
subgrade �lling for recycling. These principles can not only improve the e�ciency of resource utilization,
but also generate additional bene�ts from multiple life cycles. In order to promote the “reduction,
recycling, and pollution minimization” of solid waste, many governments have formulated SWM recycling
plans to improve the management and reuse (Tsai et al., 2021; Wu et al., 2021). Thus, appropriate waste
management and recycling policies can promote the effectively use of natural resources and reduce the
mining impact on environment.

In this study, riverway silt and sediment was de�ned as low-, medium-, and high-water content silt (Zhang
et al., 2019). The mechanical properties of silt were explored through tests with different mixing ratios
and different water contents. In particular, this study examined the feasibility of adding two types of
SWM, construction waste and garbage slag, to modify riverway silt and sediment in subgrade �lling
modi�cation programs. Additionally, the subgrade anti-heavy metal leaching scenario was proposed and
evaluated. To contribute the existing literature, this study provides practical application for the reuse of
riverway silt and sediment, and supports the decision-making of policymaker, academician and
government.

3.2 Technical requirements for subgrade �ller
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Roads are important carriers of human activities and interconnection, and they are multi-layered systems
that carry tra�c and transfer loads to the subgrade. The subgrade is the layer between the pavement and
the original foundation (Abdulnaser et al., 2020). Gravel-like soil and sand-like coarse-grained materials
with �ne gradation and easy compaction are selected and constructed in multiple overlapping layers to
obtain well load-bearing and anti-deformation capabilities. These high-quality �llers mainly come from
the excavation of cultivated land and mountain mining. The shortage of these natural materials has
resulted in governmental restrictions on the unsustainable methods to taking soil. Local authorities have
begun to formulate effective strategies to implement attractive waste in large-scale road construction
projects, especially for �lling subgrade applications (Boguniewicz-Zablocka et al., 2021). It is expected
that these incentives can not only ensure the sustainability of road construction, but also preserve natural
primitive resources, reduce land�lls, protect arable land and mountain ecosystems and prevent
incineration-driven carbon emissions. “Technical Speci�cations for Construction of Highway Subgrades”
in China (2019) introduces that the silt needs to be treated with technical measures and can be used for
road construction after inspection. Table 1 speci�es the technical indicators of subgrade �lling. In
addition, the liquid limit, plasticity index and other indicators are the key factors to evaluate the
engineering properties of river silt and sediment.

Table 1

Minimum load-bearing ratio and maximum particle size requirements of subgrade �ller
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Filling application part (depth below the bottom of
the road surface) (m)

California bearing ratio (CBR)
(%)

Maxi-mum
particle
diameter
size of �ller
(mm)

High-
speed,
�rst-
class
highway

Second-
class
highway

Third-
and
fourth-
class
highway

Fill
roadbed

Road bed 0–
0.30

8 6 5 100

Off road bed Light,
medium,
and
heavy
tra�c

0.30–
0.80

5 4 3 100

Heavy
tra�c

0.30–
1.20

On
embankment

Light,
medium,
and
heavy
tra�c

0.8–
1.5

4 3 3 150

Heavy
tra�c

1.2–
1.9

Lower
embankment

Light,
medium,
and
heavy
tra�c

>1.5 3 2 2 150

Heavy
tra�c

>1.9

Zero �ll
and
excavation
subgrade

Road bed 0–
0.30

8 6 5 100

Off road bed Light,
medium,
and
heavy
tra�c

0.30–
0.80

5 4 3 100

Heavy
tra�c

0.30–
1.20

3.3 Engineering characteristics of silt and sediments
There are two technical di�culties to prompt the riverway silt meet the technical regulations mentioned in
the "Technical Speci�cations for Construction of Highway Subgrades". Firstly, the type of improved
material and the mixing ratio should be determined to meet the mechanical properties in the speci�cation,
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which affects the silt-improved soil mechanics, improvement cost and improvement time. Soil
solidi�cation with lime is a common technique in soil subgrade engineering, which can improve the
material’s mechanical properties and bearing capacity (Mendes et al.,2021). Lime is mainly used to
dehydrate the soil and change the geotechnical properties, such as plastic limit, shear strength and soil
compaction properties. The mechanism is that the minerals and lime in the soil undergo a pozzolanic
reaction with water to form secondary cementation products. Consequently, the cohesion and shear
strength of the soil are increased. The effect of the volcanic ash reaction is long-term. Additionally, to
solidify sludge, the cement can improve the mechanical properties of the material rapidly. However, the
treatment performance is greatly affected by the uniformity of mixing when cement improves sludge with
high water content. In addition, �y ash, garbage slag, soil solidi�cation agent, steel slag, construction
waste and other ISWs can also improve the mechanical properties of silt soil (Aldaood et al., 2014). The
improved and solidi�ed silt soil can meet the technical requirements of road subgrade �lling and be used
in subgrade �lling engineering (Li et al., 2020; Xiao et al., 2021).

Secondly, secondary contamination of pollutants and heavy metals in sludge must be avoided. Industrial
wastewater contains heavy metals, toxic substances and dyestuff, which would settle in the river to form
river silt and sediment. Inappropriate way of silt reuse can result in heavy metals entering the human
body through groundwater and food, which is dangerous (Nihal et al., 2021a, 2021b; Qi et al., 2011). The
reuse of silt and sediments for �lling subgrades requires assessment of its toxicity to the environment
and corresponding engineering methods to prevent heavy metal leaching.

3.4 Materials
Tianjin is located at the estuary of the Bohai Sea, China. There are many rivers and the annual dredging
volume of the main river channels is as high as 6 million m3. The riverway silt and sediment used in the
experiment was taken from the Dagu section of the sewage drainage river in Tianjin, China. Wastewater
from factories along the river is discharged into the river, which contains heavy metals and other
pollutants.

3.4.1 Physical and chemical properties of riverway silt and
sediment
(1) Physical properties

When silt is dredged from the river, the water content is as high as 100%. In order to sieve the harmful
substances in the silt, the silt is transported to the land�ll for temporary storage. After 2-3 months of
natural evaporation and in�ltration, the water content of silt can be reduced to 40-60%, which basically
reaches the minimum tolerance of roadbed �lling construction. In this paper, the silt placed in the land�ll
was selected as the test material and mixed with the modi�ed material for roadbed �lling. Therefore, the
river silt is divided into two categories based on water content. The silt with medium water content is less
than 40%, While the silt with high water content is more than 40%.
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The riverway silt and sediment is an heterogeneous clay composed of organic debris, inorganic particles,
bacterial cells and colloids. 80% of the particles size ranges from 0.005 mm to 0.075 mm, which is
named silt loam. The saturation is 98.9–100%, which is close to the saturation state, and the porosity
ratio is 3.2–3.7. It also presents low-density and loose soil with high compressibility. Silt was obtained
from the Qingninghou land�ll along the Dagu River in Tianjin. Five soil pits were randomly selected for
sampling at the land�ll with number from 1 to 5. Figure 1 shows the physical properties of riverway silt.
Natural moisture content of the silt samples ranged from 37.1–45.6% and the permeability coe�cient
was 10−5–10−8cm/s, which showed poor permeability. The organic matter content ranged from 7.2–
10.4%, which indicated that it was organic soil (Castorina and Paulo,2015; Wang, 2019). The high organic
matter content made the wet soil acidic. Additionally, the organic matter was easily oxidized and affected
the long-term stability of the soil. The liquid limit ranged from 50.1–57.6%, which presented the high
liquid plastic limit. Besides, the plasticity index, ranging from 18.7 to 26.1, had an average value of 23.12,
which presented poor engineering quality with the state of �ow plasticity. Therefore, the silt liquid limit did
not meet the requirements for subgrade �lling and must be improved before the construction.

 

(2) Chemical properties

Scanning electron microscopy and energy spectrum analyses were used to determine the elemental
composition of each dry mud sample. Three sampling areas were randomly selected in the upstream,
midstream and downstream section of the Dagu River, which were numbered as U#, M# and D#. Left,
middle and right points were tested for each section with depth of 0-20cm and 20-40cm through the
element composition inspection. The results are shown in Figure 2. Among them, the Carbon and Oxygen
contents were the highest followed by the Silicon content, which the Magnesium content was the lowest
(Tomei and Carozza,2015).

Table 2 lists the heavy metal content for the three silt sampling sections U#, M# and D#, which were
tested every quarter of year. The results show that oxygen is the most abundant element in U #, M # and
D #. Even in the same section, there were uneven distributions in different mud layers and locations. The
extreme value of pollutant content is relatively large.

 

Table 2

Test results for heavy metals in silt at test site (mg/kg)



Page 10/29

Sampling section Cu Zn Cd Cr Pb

U# 48.4–1132.3 281.9–1430.8 0.8–10.7 27.5–278.9 29.6–205.3

M# 20.5–218.7 226.6–2458.2 1.2–11.4 37.0–229.7 4.4–71.6

D# 36.4–567.7 535.9–3708.9 0–6.7 0–21.6 2.2–122.8

3.4.2 Properties of modi�ed materials
As water content of riverway silt and sediment is usually high, two problems need to be solved before the
use for subgrade �lling. Firstly, reduce the water content of river silt to less than 50% in terms of the
requirement of road engineering. Subsequently, add modi�ed materials to obtain the homogeneous
mixture of the two materials. The mixture has the best compaction effect with the optimal water content
(about 20%). Secondly, the riverway silt and sediment, with high liquid limit and high plasticity index,
must be modi�ed to meet the standard of subgrade �lling. Therefore, the modi�cation of the riverway silt
and sediment is indispensable for road subgrade �lling. In order control the silt reuse costs, an
experiment was conducted with building material lime and two types of SWM, construction waste and
garbage slag, to enhance the particle size distribution and reduce the water content and organic content.
The parameters of the main materials used in the modi�cation are described as follows.

(1) Lime(L)

The lime used in this test was Yixian grade III calcium quicklime powder. The activity of lime depends on
the CaO and MgO contents. The CaO content is 68.3% and MgO content is 4.1%. The higher content of
active ingredients could effectively reduce the liquid limit water content and plasticity index of the silt,
enhance the cementing ability and promote fundamental changes in the properties of the soil. To fully
mix the lime and silt during the test, the lump lime was ground and passed through a 2 mm sieve before
use.

(2) Construction waste(CW)

Construction waste (CW) has the advantages of large pores and well water absorption. It is suitable for
solidifying silt with a medium water content. The CW selected for this study was taken from a
construction waste crushing yard in Bazhou City, Hebei Province, China. It was crushed concrete and
demolished brick wall materials. The chemical composition of CW contains silicate, oxide, hydroxide,
carbonate, sul�de and sulfate, etc. The ratio of coarse to �ne aggregates was 3:7. The particle size of the
construction waste was 5–25 mm, the water absorption rate was 8.59% and the loose density was 1.030
kg·m3.

(3) Garbage slag(GS)

Garbage slag is the slag produced through the incineration of municipal solid waste in a garbage power
plant (Vsevolod et al.,2017). It contains active ingredients and the carrying capacity can be increased
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after interaction with silt. The waste slag in this test was taken from the Tangshan Power Plant. The
major active ingredients were SiO2 (51.96%), Al2O3 (12.14%), Fe2O3 (5.87%), CaO (14.05%) and MgO
(1.11%). The sum of the SiO2 and Al2O3 contents was as high as 64.1%, which met the requirement of the
70% active ingredient content standard. Approximately, 60% of the garbage slag had a size ranging from
0.6 mm to1.18 mm, while minority was ranged from 0.15 mm to 0.3 mm. Additionally, the apparent
density was 2.24 g/cm3, the loose bulk density was 0.87 g/cm3, the water content was 7.2%, the �rmness
was 27.4% and the loss on ignition was 6.82% (Castorina and Paulo,2015).

3.5 Proposed Method

3.5.1 Tests and indicators
(1) Heavy compaction test

In terms of the T0131-2007 heavy compaction test method in China's "Test Methods of Soils for Highway
Engineering"(JTG E40-2007), the test was designed. Before the test, different proportions of curing agent
mixed with silt samples were prepared and moistened. The soil samples were loaded into the test model
in three layers, and each layer was given 98 hits by a compaction hammer with 4.5 kg weight and 45 cm
drop distance, which can determine the optimal water content and dry density of riverway silt and
sediment. The optimum moisture content of the original silt was 23.7%, while the optimum dry density
was 1.712 g/cm3.

(2) Liquid plastic limit test

The liquid limit, plastic limit and plasticity index re�ect the dryness or wetness of a mixture. Especially for
the plasticity index, which directly illustrates the plasticity of the mixture. In terms of China's "Test
Methods of Soils for Highway Engineering"(JTG E40-2007), the liquid plastic limit test method was
utilized to determine the liquid plastic limit and plasticity index of the silt mixture. According to the
requirements for subgrade �lling indicators in China's "Speci�cation for Design of Highway Subgrade "
(JTGD30-2015), liquid limit are lower than 50% and plasticity index is lower than 26. The measured liquid
limit of the original silt was 54.7%, the plastic limit was 30.9% and the plasticity index was 23.8.

(3) California bearing ratio (CBR) test

In terms of the T0134-1993 California load-bearing ratio test, the molded specimen was compacted with
96% compaction under the condition of the optimum water content measured in the compaction test
(Arul et al.,2014). The CBR2.5 value and expansion of the specimen were determined after 3 days of
health maintenance and 4 days of soaking in water. The test process is shown in Figure 3. The CBR2.5

value of the original silt was 2.9%, while the expansion was 2.7%.

3.5.2 Modi�cation scheme design



Page 12/29

Different disposal methods were proposed for the medium water content and high-water content silt.
Besides water content, the high liquid limit, high plasticity index of riverway silt and sediment and
carrying capacity are also the properties to be concerned for low-medium water content silt. The effect of
lime and construction waste on the mechanical properties of silt mixtures with medium water content
needs to be investigated. On the other hand, the disposal approach for high-water content silt should
decrease the water content and increase its bearing capacity. Considering the small particle size, large
surface area and well water absorption, garbage slag is combined with lime to improve the engineering
properties of the silt mixture (Lang et al.,2020). Table 3 presents the details of the test protocols. SD
represents the proportion of silt in each test, L4 stands for a lime (L) mixing ratio of 4%, CW25 represents
25% construction waste (CW), L6GS12 represents a lime mixing ratio of 6% plus a garbage slag (GS)
mixing ratio of 12%.

Table 3

Test plan and designations

Modi�cation material SD (%) Mix ratio (%,dry weight) Designation

Lime 96 4 L4

95 5 L5

94 6 L6

92 8 L8

90 10 L10

85 15 L15

Construction waste 75 25 CW25

65 35 CW35

50 50 CW50

35 65 CW65

Lime + garbage slag 82 6 + 12 L6GS12

70 6 + 24 L6GS24

46 6 + 48 L6GS48

The mixture was con�gured according to the mixing ratio in test. In the standard test method, the
optimum dry density, optimum moisture content, liquid–plastic limit, plasticity index, CBR2.5 value, and
swelling capacity of each mixture were determined through the heavy proctor compaction test, liquid–
plastic limit test, and California bearing ratio test. The mechanical performance of silt mixture with
different blending materials and mixing ratios were examined.
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4. Results

4.1 Mechanical properties of silt with mediummedium
water content improved by lime
Figure 4 shows the mechanical properties using the six lime-improvement schemes. In the heavy
compaction test, the optimum dry density of the silt mixture ranged from 1.678 to 1.698 g/cm3 with a
downtrend, while the optimum moisture content showed an uptrend. Compared to the original silt (which
had an optimum dry density of 1.712 g/cm3), the optimum dry density decreased and the optimum
moisture content increased to 23.7%. This was mainly caused by the hydration reaction between the lime
and silt soil particles. The reaction released a large amount of reaction heat, and partial water evaporated
from the mixture, which generated the Ca(OH)2. Cohesion and cementation occurred between the �ne
particles, which produced an agglomeration effect and forming larger particles. This resulted in the
original structure change of the soil. For instance, space between soil particles reduced and water holding
capacity increased, which modi�ed the compaction performance of the soil and improved the
permeability of the silt mixture (Lang et al.,2020). In addition, the high lime mixing ratio leaded to high
liquid plastic limit and low plasticity index for the silt. This was mainly caused by the low-valent cation
exchange reaction between K+ and Ca2+ in the silt surface. Consequently, particle agglomeration and
aggregation changed the content of clay particles in the silt and the adsorption water �lm around the
clay. Although the liquid–plastic limit showed an uptrend, it still satis�ed the requirements of China's
"Technical Speci�cations for Construction of Highway Subgrades". Speci�cally, lime can signi�cantly
increase the carrying capacity of the silt mixture. While the lime mixing ratio increased from 4–15%, the
CBR2.5 value increased by 2.76 times and the minimum CBR2.5 value also increased by 2.45 times
compared to the original silt. Additionally, the expansion with the L6 and above schemes was 0.8%, which
was 3.375 times lower than that of the original silt.

Therefore, the lime could absorb and react with partial water to increase the optimal water content of the
silt mixture, which improved the compactness of the mixture. The mechanical properties were found to
increase signi�cantly over time, which made lime-modi�ed silt a cheap and effective method. However,
lime cracking due to water loss should be concerned. The lime silt should be mixed evenly during the
construction process.

4.2 Mechanical properties of silt with medium water
content improved by construction waste
Figure 5 presents the test of the four blending schemes, CW25, CW35, CW50, and CW65, using
construction waste. Under the conditions of the heavy compaction test, the added construction waste
coarse aggregate caused the optimum dry density of the silt mixture to greatly increase from 1.716
g/cm3 to 1.765 g/cm3 and then decrease to 1.736 g/cm3, when compared to the original mud.
Simultaneously, the optimum moisture content slowly decreased from 18–15%. Moreover, construction
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waste improved the liquid–plastic limit of the silt. When the ratio of construction waste was increased,
the liquid limit of the silt mixture was gradually decreased, the plastic limit was increased and the plastic
index was decreased. Liquid–plastic limit and plasticity index of the silt mixture among four blending
schemes were satis�ed with the requirements of China's "Speci�cation for Design of Highway Subgrade"
for subgrade �lling.

On the other hand, the silt mixture mixed with construction waste had an excellent carrying capacity.
When the proportion of construction waste increased from 25–65%, CBR2.5 increased �rstly and then
decreased. When the proportion was 35%, the load ratio reached the optimal dosage. Thus, various
blending ratio can result in �uctuated CBR2.5. Moreover, amount of expansion decreased from 1.8% to the
minimum value of 1.2% as the proportion of construction waste increased. CW35 scheme had the
smallest expansion, which indicated this modi�cation scheme had better water sensitivity and stability of
subgrade structure (Gideon et al.,2020). Speci�cally, CBR2.5 of the CW35 scheme was 3.1 times to the
minimum load-bearing ratio required for high-speed and �rst-class highway subgrade �llers, and 4.3
times to the original silt load-bearing ratio. As a subgrade �ller, it presented excellent mechanical
properties and bearing capacity.

Additionally, silt mixed with a low proportion of construction waste was found to be bene�cial for
engineering applications. The results indicate high proportion of construction waste presented poor
mechanical properties, which supports the optimization of mixing ratio of construction waste. At the
same time, the load-bearing ratio of the CW25 scheme was 2.56 times to the minimum load-bearing ratio
required for high-speed and �rst-class highway subgrade �lling, and 3.55 times to the original silt load-
bearing ratio. These excellent mechanical indicators also support the CW25 to be the road base layer
�ller. Thus, low proportion of construction waste would consume more silt and reuse the silt with low
cost.

4.3 Mechanical properties of silt with high water content
improved by lime and garbage slag
The results for three schemes L6GS12, L6GS24 and L6GS48 are shown in Figure 6. In the heavy
compaction test, when the proportion of garbage slag increased, the optimum dry density of the silt
mixture decreased. Speci�cally, the optimum moisture content reached the minimum value when the slag
was added to 24%. It was mainly caused by the low strength of garbage slag. The lightweight porous
material was easily broken into �ne particles after being hammered. As silt with high-water content has a
high liquid limit, it is hard to reduce the liquid and plastic limits through mixing with garbage slag only. In
order to reduce the liquid–plastic limit of silt, lime and garbage slag were mixed with the �xed 6% lime
mixing ratio. The surface of the garbage slag has large pores and strong water absorption, which is
bene�cial to improve high-water content silt.

In the liquid–plastic limit test, as the mixing ratio increased, the liquid limit and plastic limit of the silt
mixture decreased. However, the liquid limit of the L6GS12 scheme did not meet the requirements of
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subgrade �lling, while the liquid–plastic limit and plasticity index of L6GS24 and L6GS48 were quali�ed.
In addition, lime and garbage slag were found to improve the carrying capacity of the silt signi�cantly.
With the continuous increase in waste slag content, the load-bearing ratio increased from 9.9 to 17.8,
which increased the load-bearing ratio of the mixture. The swelling amount after being saturated with
water �uctuated. The maximum swelling amount was 1.3%, which met the requirements for subgrade
material. The load-bearing ratio, liquid–plastic limit and other indicators of the L6GS24 scheme also
showed better engineering characteristics. In order to implement the large-amount use of riverway silt and
sediment, L6GS24 scheme is recommended. Further study are needed for the technology and feasibility
of adding lime and garbage slag to silt with a high-water content in engineering practice.

5. Discussion

5.1 Feasibility of silt mixture improvement schemes
Water content is a key factor for the rapid use of riverway silt and sediment as subgrade �lling material.
Generally, it takes more than 10 months for high-water content silt to become low-water content silt
through the natural evaporation of the water (Wang et al., 2020). Alternatively, the high-water content silt
is placed for 2 months to dehydrate naturally, and then exposed to the sun for about 30 days. The
moisture requirements of the subgrade can be met after being turned over every 7-8 days (Lin et al.,
2020). However, aforementioned dewater method might occupy large areas of land�lls. Therefore, it is
necessary to accelerate the dewater and reuse of silt. In engineering applications, dewater method of silt
should be determined according to the actual situation and improvement plan for the subgrade �ll.

Three improvement schemes were analyzed from the perspective of mechanical performance and silt
utilization. The CBR index of each scheme is shown in Figure 7. Firstly, when the lime mixing ratio was 6–
8%, the water content decreased signi�cantly. While the CBR2.5 reached 10.4 to14.6 and the proportion of
silt utilization in the mixture was 92–94%, the requirements for the water content, liquid plastic limit,
plasticity index, CBR2.5 value, and other indicators in the treatment of various content silts can be
satis�ed. Therefore, it is feasible to use 6–8% lime-improved riverway silt and sediment for subgrade
�lling. Secondly, in the improvement plan with construction waste, the CBR2.5 of the CW25 plan reached
10.3 and the amount of silt that could be processed was 75%. The mechanical properties were inferior to
the improvement plan with lime, especially for the low doping ratio scheme with 25–35%.

Finally, mixed with lime and garbage slag, the utilization e�ciency of high-water content silt could be
increased. The CBR2.5 of the L6GS24 scheme reached 12.1. The increasing water content indicated that
more waste slag was added on the basis of 24% to consume more water. Thus, a better subgrade bearing
capacity could be obtained. It should be emphasized that construction waste and garbage slag are both
SWM. The modi�ed schemes employ novel technology for harmless treatment and apply the sustainable
use of resources.
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5.2 Environmental impact assessment of improved silt
mixture
As the heavy metals might be involved within the river silt, environmental impact of the proposed road
material was investigated (Ding et al., 2019; Xu et al., 2017; Daniela et al., 2006). Considering the
subgrade �lling with silt in this study and secondary pollution to the environment, a leaching test analysis
was utilized to evaluate the leaching capacity of the toxic metals. According to the test standards
"Identi�cation Standard of Hazardous Wastes-Identi�cation for Extraction Toxicity" and "Solid Waste-
Extraction Procedure for Leaching-Sulfuric Acid & Nitric Acid Method", 14 samples, including the raw mud,
were tested to identify the contents of eight heavy metals. Table 4 presents the results.

Table 4

Experimental of heavy metal leaching results for raw mud and combined mud
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It can be seen that the heavy metal content of the leaching solution of the raw mud leaching liquid, lime
and construction waste-modi�ed silt mixture was far less than the standard. Therefore, the mixture could
be classi�ed as non-hazardous waste and the solidi�ed riverway silt and sediment could be used as a
subgrade �ller.

This study proposed the approaches to modify the silt mixture subgrade to prevent heavy metals from
polluting the water and soil. One of the measures is designing a waterproof geomembrane between the
silt mixture and the underlying soil to solve the issues of groundwater and wide-spread areas in Tianjin.
This waterproof geomembrane can effectively prevent the contact between the silt mixture and the
groundwater and soil and prevent harmful substances from in�ltrating into the groundwater. When the
subgrade reaches its service life, it can not only be used as the boundary between the silt mixture and
other soil samples, but also as a sign to distinguish the silt mixture from non-silt. Another measure is to
use clay edging to prevent contact between the silt mixture and the soil on both sides and upper part of
the subgrade. The silt mixture would be placed in the center of the subgrade to prevent secondary
environmental pollution through rain erosion and wind erosion.

These engineering measures are shown in Figure 8. The width of the edging soil is generally controlled at
approximately 1.5 m to 2.0m and the thickness of the top edging soil should be over 30 cm, which is
convenient for mechanized construction. The waterproof geomembrane is spreading on the soil interface
under the silt mixture layer and back at least 1m from the boundary between the edging soil and the silt
mixture. The roller compacts the edging soil layer by layer, before the roller compacted silt mixture is
�lled.

5.3 The application potential of SWM in road construction
Tremendous of soil, natural aggregate, asphalt and other materials are consumed in SWM road
construction application. Total length of highway in China is 4,866,500 kilometers, while the length in U.S.
and Europe are 6.6 million and 5 million kilometers (Abdulgazi, 2020). Therefore, it is di�cult to ful�ll the
huge demand for road construction materials in the complex environment across mountains, deep
valleys, rivers, plains and railways. In the near future, the huge demand of building materials is generated
with the construction and maintenance of highways.

In the road construction project, various of solid wastes can be recycled. As the major raw materials for
road construction, clay, sand, gravel aggregates, cement, asphalt and steel can be replaced or modi�ed by
solid waste, except for the steel. For instance, silt, bottom ash, �y ash, aluminum slag, slag and
construction waste can replace clay or sand to build roads (Ahmed et al., 2020; Zhang et al., 2019). Waste
tires, steel slag and glass waste can serve as the modi�er of cement concrete or asphalt concrete (Wang
et al., 2020). Bio-oil, as an alternative material of cement concrete, can be paved on the upper layer of the
road to reduce the paving cost and extend the service life (Abdulnaser et al., 2020). Moreover, the
utilization of SWM, including waste rubber tires, glass waste and �y ash, in the pavement and subgrade
structure can also achieve better durability (David et al., 2018).
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The bene�ts of applying SWM in road construction are signi�cant. Most of these SWM are renewable
resources with low cost. SWM is environmental friendly material with low energy consumption and low
greenhouse gas emission. Moreover, SWM utilization reduces the land occupation for land�lls and
improve the mechanical performance of materials. In terms of the production costs, the economic
bene�ts of SWM to replace building materials in road construction are also meaningful. The recycled of
CSW are 70%~80% cheaper than natural materials considering the same transportation cost. For
instance, the rubber waste modi�ed asphalt produced by waste tires can save over 59% of cost, when
compared to adding styrene-butadiene-benzene Ethylene. The use of a supplementary material mixed
with �y ash and foundry sand for the pavement base layer can save up to 21% of the cost compared with
the traditional mixture (Ding et al., 2019; Li et al., 2019).

In the future, it is still challenging to promote the reuse of SWM on the road construction. First of all, the
availability of waste resources, the performance degradation and eco-toxicity caused by these wastes
should be concerned. Therefore, �xed detection approach should be developed to examine the
composition and performance of SWM to ensure the utilize of SWM meet the requirements of the
construction. Secondly, performance improvement of waste products and new products development
should be promoted to make up for the reduced mechanical properties of recycled materials and poor
interfacial adhesion. Finally, the government can formulate binding legislation or introduce incentives to
encourage the designers, waste recycling companies and construction contractors. In particular, the
promulgation and improvement of the rules and standards of SWM application in road construction can
ensure the replacement of traditional building materials by SWM legally.

6. Concluding Remarks
This study proposes to replace traditional building material by riverway silt and sediment mixture for
subgrade �lling with sensitivity analysis. Through a series of indoor test, the mechanical characteristics
and heavy metal leaching with three modi�cation schemes, involving lime, construction waste, and lime-
garbage slag, were investigated. The results are summarized as follows.

The lime-modi�ed silt mixture was found to be a cheap and effective method for enhancing the
carrying capacity of the riverway silt and sediment. While lime increased from 4–15%, the CBR2.5

increased by 2.76 times and the expansion with the L6 and above schemes was 0.8%, which was
3.375 times to the original silt. All the mechanical indicators were satis�ed with the requirements for
subgrade �llers in China’s "Technical Speci�cations for Construction of Highway Subgrades."

The improvement scheme, utilizing construction waste and lime-garbage slag, was found to improve
the silt mixture and obtain higher environmental bene�ts. In the improvement schemes of CW25 and
L6GS24, the low mixing ratio ensure more consumption of silt and excellent mechanical properties.
The CBR2.5 values of improvement scheme were 3.55 and 4.17 times to the original mud.
Additionally, reducing the silt water content is still the primary problem for engineering applications.
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Through the total metal content analysis and heavy metal leaching test, the raw mud was found to
contain a variety of heavy metals with low content, which met the requirements for soil use in China's
"Identi�cation Standard of Hazardous Wastes–Identi�cation for Extraction Toxicity"(GB5085.3-
2007). In engineering applications, to prevent the secondary pollution to the water and soil, the
edging soil and waterproof geomembranes were proposed. These measures can cut off the contact
between the raw mud and the environment.

The application of most SWM, such as riverway silt, steel slag, waste tires and demolished
construction wastes, to replace traditional materials can obtain signi�cant environmental and
economic bene�ts.

Further study can be conducted to explore the changes in the mechanical properties of the products
produced using different modi�cation schemes over time. Besides, the physical properties of a silt
mixture, including the direct shear, compression test and other test indicators, can also be examined.
The result is believed to support and promote the large-scale application of riverway silt and
sediment in road subgrade �lling.
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Figures

Figure 1

Basic physical properties of silt in Qingninghou land�ll



Page 25/29

Figure 2

Elemental composition of Dagu Riverway silt (%)

Figure 3

California bearing ratio test process



Page 26/29

Figure 4

Mechanical index of L modi�ed mixture
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Figure 5

Mechanical index of CW modi�ed mixture
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Figure 6

Mechanical index of L+GS modi�ed mixture
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Figure 7

CBR index of each scheme

Figure 8

Schematic diagram of clay edging and waterproof geomembrane


