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Abstract: To determine the road performance and optimum dosing of solid-waste-based gelling
agents in road subgrade, we conducted unconfined compressive strength testing for clay, sandy
soil, weathered sand, and crushed stone mixed with different proportions of solid-waste gelling
agents and compared the results with the road performance of cement-stabilized crushed stone
materials. The results show that the optimum admixture of cementitious materials for clay and
clay is 8–10%. The optimum admixture of cementitious materials for weathered sand is 5–7%. The
optimum admixture of cementitious materials for stabilized gravel is 5.5%. The late strength growth
of stabilized gravel with solid-waste-based cementitious agents is significantly better than that of
cement-stabilized gravel.
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1. Introduction

Deelwal et al. [1] found that the maximum dry density of red mud was less than
1.75 g/cm3, which is the minimum requirement for use in road substrates for India’s na-
tional highways, state highways, and major regional arterials and other heavily trafficked
roads [2]. The liquid limit and plasticity index were much higher than the minimum
requirements of the Indian standard. Sahoo et al. [3] and Deelwal et al. [1] obtained CBR
(California bearing ratio) values for red mud and submerged CBR values of 4.2 and 4%,
respectively, under submerged conditions, which are 20–30% lower than those required
by Indian standards for pavement subgrade road construction. Although higher than
the minimum requirement of 2.5% for Irish standards and 3% for major road design in
Queensland, Australia, they are 10% lower than those required by statewide urban road
design specifications [4]. Li et al. conducted a detailed experimental study on the distribu-
tion and mechanical performance indexes of coal gangue in cold regions such as the three
northeastern provinces and found problems and testing indexes when using coal gangue as
road base fill material in construction in cold regions [5–7]. Liu [8–10] studied the change
law of test values of the compaction test and unconfined compressive strength of saline
soils stabilized by a soil conglomerate in different salt content rates and different mainte-
nance age conditions. Yue [11] adopted monomer ethylene glycol, monovinyl polyethylene
glycol ether, acrylic acid, and hydroxypropyl acrylate in a polymerization reaction at room
temperature to produce solid-waste-based cementitious materials, polycarboxylic acid
water reducing agent.

2. Raw Materials
2.1. Earth and Rock Materials and Solid-Waste-Based Cementitious Agents

For inorganic bonded solid-waste-based cementitious stabilization (sub-base), the
type of soil, the nature of the solid-waste-based cementitious agent, and the construction
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process affect the performance of the stabilized sub-base. Four types of typical soil and
rock materials, namely clay, sand, weathered sand, and gravel, were used in Shandong,
and the chemical composition of the selected materials was analyzed. The corresponding
solid-waste-based gelling agents (in different ratios) were configured for testing.

The gelling material is solid-waste-based gelling from Beijing Donghao Technology
Co. (Beijing, China).The main ingredients are sintered red mud micronized powder, fly
ash, calcined gangue micronized powder, and a compound exciter consisting of sodium
silicate, triterpene saponin, polymeric aluminium sulphate, magnesium fluorosilicate, and
sodium hydroxide. The characteristics of each type of raw material are shown in Table 1,
Table 2 amd Table 3.

Table 1. Performance indicators for solid-waste-based gelling agents.

Type
Indicators

Fineness (%) Density (kg/m2) Specific Surface Area (m2/kg)

Solid-waste-based gelling 4.6 2870 681

Water consumption at standard consistency (%) Coagulation time (min) Sand flow rate (mm)

30.4
Initial condensation 198

182
Final condensation 269

Flexural strength at different ages (MPa) Compressive strength at different ages (MPa)

3 d 4.3 3 d 21.1

28 d 10.6 28 d 57.7

Table 2. Engineering properties of clay, sandy soil, and weathered sand raw materials.

Maximum Dry
Density (g/cm3)

Optimum Moisture
Content (%) Plastic Limit (%) Liquid Limit (%) Plasticity Index

Clay 1.98 11.7 14.8 28.2 13.4

Sandy soil 1.88 9.9 12.0 21.8 9.8

Weathered sand 2.11 6.9 - -

Table 3. Composition of crushed stone particle gradation.

Aperture (mm) 10 5 2 1 0.5 0.25 0.075

Pass rate (%) 100 93.6 62.7 44.9 22.6 11.3 2.5

2.2. Cement-Stabilized Aggregates

To compare the difference in performance effects between solid-waste-based-gelling-
agent-stabilized aggregates and cement-stabilized aggregates, aggregates with the same
gradation were selected for testing. The proportions of each grade of aggregate and the
synthetic gradation are shown in Tables 4 and 5, respectively. The cement used is P.C-32.5,
a type commonly used in substrates. The feedstock properties are shown in Table 6.

Table 4. Stabilized gravel mix ratio.

Aggregate Sizes (mm) Proportion (%)

20–30 17

10–20 38

5–10 18

0–5 27
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Table 5. Synthetic gradation.

Sieve Hole Size (mm) 31.5 26.5 19 9.5 4.75 2.36 0.6 0.075

Pass rate (%) 100 - 74.2 45.3 27.8 19.2 8.4 3.8

Table 6. Physical properties of cement.

Surface
Indicators

Fineness (%) Density (kg/m2)
Specific Surface

Area (m2/kg)
Water Consumption at Standard

Consistency (%)

P.C-32. 5 1.5 3000 387.6 29.0

Coagulation time
(min)

Flexural strength at different
ages(MPa)

Compressive strength at different
ages (MPa)

Initial condensation 260 3 d 3.39 3 d 11.52

Final condensation 310 28 d 8.05 28 d 49.32

3. Tests and Results

According to the Test Procedure for Inorganic Binding Material Stabilization for
Highway Engineering (JTGE51-2009), four typical materials—clay, sand, weathered sand,
and gravel—were mixed with different proportions of the solid-waste-based cementing
agent. The standard specimens were prepared according to the maximum dry density
and optimum moisture content obtained from compaction tests. They were tested for
unconfined compressive strength with 7 days of standard conditions to determine the
optimum amount of solid-waste-based cementing agent.

3.1. Compaction Tests

Table 7 presents the results of compaction tests on different types of soils stabilized by
different doses of solid-waste-based gelling agents and cement.

Table 7. Results of compaction tests.

Curing
Materials

Types of
Soil

Curing Material
Dosing (%)

Optimum Moisture
Content (%)

Maximum Dry
Density (g/cm3)

Solid-waste-
based gelling

agents

Clay

4 11.9 1.99

6 12.1 2.01

8 11.8 2.04

10 12.4 2.05

12 12.0 2.08

Sandy soil

4 9.8 1.91

6 10.0 1.92

8 9.7 1.95

10 9.9 1.95

12 10.1 1.97

Weathered
sand

4 6.9 2.12

7 6.8 2.13

10 6.9 2.15

Gravel 6 4.9 2.35

Cement Gravel 5 5.0 2.33

The optimum water content does not change much with the increase in the cementi-
tious material, and the maximum dry density increases slightly with the increase in the
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cementitious material admixture. This is because the density of the cementitious material
is greater than that of the clay, sandy soil, and weathered sand. Comparing the results
of optimum water content and maximum dry density of cement-stabilized gravel and
cement-stabilized gravel, it is found that there is little difference between the results of the
two at 6% admixture.

3.2. Lateral Limitless Compressive Strength Test

For the asphalt pavement sub-base, the unconfined compressive strength index is one
of the most important indicators of road performance, indicating the strength value that the
specimen can withstand when placed under unconfined lateral conditions. The unconfined
compressive strength of clay, sand, weathered sand, and macadam stabilized by the solid-
waste base binder for 7 days and the unconfined compressive strength of cement-stabilized
macadam base for 7 days were tested. The results are shown in Table 8 and analyzed
concerning the amount of solid-waste-based cementitious binder incorporated (Figure 1).

Table 8. Results of 7 d unconfined compressive strength tests for different materials with different
amounts of cementitious materials.

Curing Materials Types of Soil Curing Material
Dosing (%)

7 d Unconfined
Compressive Strength
Average Value (MPa)

Representative Value for 7 d
Unconfined Compressive

Strength (MPa)

Solid-waste-based
gelling agents

Clay

4 1.58 1.21

6 2.49 2.15

8 3.38 3.01

10 4.72 4.38

12 5.59 5.22

Sandy soil

4 1.73 1.36

6 2.77 2.40

8 3.51 3.14

10 4.95 4.58

12 6.16 5.79

Weathered sand

4 2.95 2.58

7 4.97 4.59

10 6.21 5.74

Gravel 6 5.72 5.26

Cement Gravel 5 9.86 9.03

For the same raw material, the unconfined compressive strength tended to increase
significantly with the increase in the amount and the strength values of the aggregates
stabilized with the solid-waste-based gelling agent. This indicates that the amount of solid-
waste-based gelling agent plays a decisive role in the unconfined compressive strength.

For the same raw material, the unconfined compressive strength tended to increase
significantly with the increase in the amount of solid-waste-based gelling agent. This
indicates that the amount of solid-waste-based gelling agent plays a decisive role in the
unconfined compressive strength.

2.5–3.0 MPa of the grassroots level for 7 d standard maintenance is appropriate to
determine the best mixture of materials as a sub-base in solid-waste-based cementitious
materials (Table 9).
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Figure 1. Correlation between the unconfined compressive strength of four types of road materials 
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Figure 1. Correlation between the unconfined compressive strength of four types of road materials
stabilized by curing agents and the amount of admixture.

Table 9. Optimal dosing of solid-waste-based gelling agents in several typical mixed materials.

Types of Mixed Materials Optimum Dosing of Gel Material (%)

Solid-waste-based-gelling-agent-stabilized clay
Grassroots 10

Substrate 8

Solid-waste-based-gelling-agent-stabilized sandy soil
Grassroots 10

Substrate 8

Solid-waste-based gelling agent to stabilize weathered sand
Grassroots 7

Substrate 5

Solid-waste-based-gelling-agent-stabilized gravel Grassroots 5.5

Cement-stabilized aggregates Grassroots 5

The variation of the unconfined compressive strength with the curing age was investi-
gated for different material specimens with the optimum solid-waste-based gelling agent
admixture. The results are shown in Figure 2.

The unconfined compressive strength of the four types of stabilized materials increased
significantly with the increase in the curing age. The strength of the sandy soil materials
stabilized with the solid-waste-based gelling agent increased relatively slowly, while that of
weathered sand and clay increased in a similar trend. For the stabilized aggregates, the late
strength growth (14–28 days) of the solid-waste-based-gelling-agent-stabilized aggregates
was significantly better than that of the cement-stabilized aggregates.
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Figure 2. Variation of unconfined compressive strength with the age of curing for various types of 
stabilized materials. 

The unconfined compressive strength of the four types of stabilized materials increased 
significantly with the increase in the curing age. The strength of the sandy soil materials sta-
bilized with the solid-waste-based gelling agent increased relatively slowly, while that of 
weathered sand and clay increased in a similar trend. For the stabilized aggregates, the late 
strength growth (14–28 days) of the solid-waste-based-gelling-agent-stabilized aggregates 
was significantly better than that of the cement-stabilized aggregates. 

4. Conclusions 
The optimum water content is not related to the amount of cementitious material 

admixture, and the maximum dry density increases slightly with the increase in ce-
mentitious material admixture. At the admixture of 6%, the optimum water content and 
maximum dry density of crushed stone and cement-stabilized crushed stone with the 
solid-waste-based cementitious stabilized are almost the same. The optimum admixture 
of cementitious material for clay and clay is 8 to 10%. The optimum admixture of ce-
mentitious material for weathered sand is 5 to 7%. The optimum admixture of cementi-
tious material for stabilized gravel is 5.5%. The unconfined compressive strength of each 
type of stabilized material increases linearly with the increase in solid-waste-based ce-
menting admixture. Under the condition of a certain admixture of cementing material, 
the unconfined compressive strength of each type of stabilized material increases with 
the increase in the curing age. 

Author Contributions: Methodology, T.G.; test, Y.Q.; data curation, Y.Q.; writing-original draft 
preparation, Y.Q.; writing-review and editing, T.G.; All authors have read and agreed to the pub-
lished version of the manuscript. 

Funding: This research received no external funding. 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: Not applicable. 

Figure 2. Variation of unconfined compressive strength with the age of curing for various types of
stabilized materials.

4. Conclusions

The optimum water content is not related to the amount of cementitious material ad-
mixture, and the maximum dry density increases slightly with the increase in cementitious
material admixture. At the admixture of 6%, the optimum water content and maximum dry
density of crushed stone and cement-stabilized crushed stone with the solid-waste-based
cementitious stabilized are almost the same. The optimum admixture of cementitious
material for clay and clay is 8 to 10%. The optimum admixture of cementitious material for
weathered sand is 5 to 7%. The optimum admixture of cementitious material for stabilized
gravel is 5.5%. The unconfined compressive strength of each type of stabilized material
increases linearly with the increase in solid-waste-based cementing admixture. Under
the condition of a certain admixture of cementing material, the unconfined compressive
strength of each type of stabilized material increases with the increase in the curing age.
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