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1. Introduction 
 

In highway engineering, it is a general principle to 

preferentially use local materials as embankment fillers to 

reduce the project cost. In southern China, carbonaceous 

mudstone is widely distributed. This mudstone is a type of 

soft rock that is easy to disintegrate under the influence of 

rainwater, leading to a significant reduction in its 

mechanical strengths (Zeng et al. 2019, 2021a, b). The 

disintegration rate of this mudstone decreases as its grains 

become smaller (Zeng et al. 2017). Moreover, carbonaceous 

mudstone shows obvious dissolution, shrinkage and 

cracking characteristics because it contains a large number 

of hydrophilic clay minerals. Under repeated wet and dry 

actions, this material presents numerous longitudinal and 

transverse fissures (Zeng et al. 2019, Liu et al. 2017, Liu 

2015). Thus, carbonaceous mudstone can never be used as 

an embankment filler unless it has already been  
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disintegrated to some extent. The natural disintegration of 

carbonaceous mudstone is usually accompanied by the loss 

of clay minerals. As a result, this material exhibits similar 

characteristics as silty sand after disintegration. 

Nevertheless, although carbonaceous mudstone has been 

primarily disintegrated, it may undergo further 

disintegration under a long-term action of load and water 

immersion in the field. In this case, many engineering 

problems such as uneven settlement and insufficient bearing 

capacity of the embankments filled with this material are 

likely to occur (Zeng et al. 2019). Therefore, some 

treatments should be taken to improve the engineering 

performance of the disintegrated carbonaceous mudstone 

(DCM). 

Some early studies reported that traditional cementitious 

materials show several limitations (e.g., easy-cracking, poor 

durability and environmental pollution) in the improvement 

of soft rock and soil (Voottipruex and Jamsawang 2014). 

From the 1990s, many scholars began to use new modifiers 

such as biological enzymes (Mujah et al. 2017, Xiao et al. 

2017), geopolymers (Zhang et al. 2013), xanthan gum (Lee 

et al. 2017) and polymers (Rezaeimalek et al. 2017). 

However, these modifiers are also not widely used in 

engineering practice because of their high costs and 

complexity in construction. In recent years, with the 

increasing development of industry, the cost of industrial 
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Abstract.  Under the effect of load and seasonal rainfall, the disintegrated carbonaceous mudstone (DCM) softens and further 

disintegrates, causing large settlements and even collapses of the DCM embankments. For this reason, some treatments should 

be taken to improve the engineering performance of the DCM. In this study, four materials including sodium alginate (SA), 

calcium chloride (CaCl2), bentonite and nano-Al2O3 were jointly used as modifiers to treat the DCM. The influences of each 

modifier component on the unconfined compressive strength (UCS), cohesion, angle of internal friction, and coefficient of 

permeability of the DCM were examined by unconfined compression tests, direct shear tests and permeability tests. The results 

demonstrated that with the addition of modifiers, the UCS, cohesion and angle of internal friction of the DCM are enhanced, 

whereas the coefficient of permeability is reduced. The sensitivity analysis showed that the dosage of SA is the dominating 

factor affecting the engineering performance of the DCM. Thus, special attention should be paid to the dosage of SA when 

improving the DCM. On the other hand, bentonite is the least important factor for most of the examined engineering properties 

among the four modifier components. An UCS value that is greater than 1500 kPa was selected as the evaluation criterion, and 

the stress-strain relationship and failure mode of each sample under unconfined compression were examined. On this basis, eight 

groups of satisfactory mixing ratios were obtained for the modification of the DCM. It is suggested that when designing mixing 

ratios of modifiers for the DCM, the recommended SA/DCM ratio is 4%-6%, but the quantities of CaCl2, bentonite and nano-

Al2O3 can be adjusted according to the needs and costs. 
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by-products has been greatly reduced, so environmentally 

friendly modifiers (e.g., plant cellulose, lignin and sodium 

alginate (SA)) have attracted much attention (Indraratna et 

al. 2012, Wen et al. 2019). For instance, the work of Zhang 

et al. (2018) revealed that under the same curing time and 

compaction conditions, 12% lignin is better than 8% cement 

in improving the mechanical performance of silty soil. 

Among the above three modifiers, plant cellulose and lignin 

are not suitable for improving the DCM because they have 

little contribution to the water stability of soil. As a natural 

polysaccharide polymer, SA shows a strong cementation 

effect and can improve the water-holding capacity of soil 

and the environment for plant growth (Geckil et al. 2010). 

Previous studies have reported that an addition of 3% 

biopolymers in soil exhibited equivalent modification 

effects as an addition of 10% cement (Chang et al. 2015). In 

other words, an appropriate amount of SA may be 

conducive to the engineering performance of the DCM. 

However, the availability of SA is limited due to its poor 

mechanical properties (Sarika and James 2016, Hecht and 

Srebnik 2016). To address this problem, some scholars 

suggested the addition of 1%-3% CaCl2 to SA hydrogel 

since the products of the reaction between CaCl2 and SA 

show better mechanical behavior than SA (Guo et al. 2016, 

Li et al. 2015). Moreover, Bhuvaneshwari et al. (2010) 

found that adding an appropriate amount of CaCl2 could 

enhance the soil density, and thus, increase the soil strength. 

Bentonite is a clay mainly composed of montmorillonite, 

which is able to significantly reduce the permeability of soil 

(Benhouria et al. 2015, Taylor-Lange et al. 2015) and 

greatly adsorb metal cations in soil (Chai et al. 2017). 

Nano-Al2O3 has a large specific surface area and high 

activity, and it can also considerably enhance the 

mechanical behavior of soil (Luo et al. 2015, Gowda et al. 

2017). Luo et al. (2012) investigated the effect of nano-

Al2O3 on the unconfined compressive strength (UCS) of 

sludge mortar stabilized soil. It was found that a dosage of 

1% nano-Al2O3 can lead to the largest UCS of the soil. 

Thus, SA, CaCl2, bentonite and nano-Al2O3 may be selected 

as the components of modifiers for the DCM, but the gap of 

knowledge of the influence of each component on the 

engineering performance of the DCM and the optimal 

mixing ratios still need to fill. 

In this study, the above four materials, i.e., SA, CaCl2, 

bentonite, and nano-Al2O3, are jointly used to modify the 

engineering properties of the DCM. The influences of each 

material on the UCS, cohesion, angle of internal friction 

and coefficient of permeability of the DCM are examined, 

and the optimal mixing ratios are determined by the 

sensitivity analysis. The results can provide guidance for 

the treatment of the DCM in engineering practice. 
 

 

2. Materials 
 

2.1 Disintegrated carbonaceous mudstone 
 

The studied carbonaceous mudstone is a weathered soft 

rock with fissure development. It was collected from a cut 

slope at the station K10+300 of the Liuzhou-Nanning 

highway in Liuzhou City, Guangxi Zhuang Autonomous  

 

Fig. 1 Grain size distribution curves of the DCM and 

bentonite 

 

 

Fig. 2 XRD pattern of the DCM 

 

 

Region, China. This region is in the subtropical monsoon 

climate with the most abundant rainfall in China. The 

annual precipitation of the region is more than 1070 mm, 

and most of the region has annual precipitation between 

1,500 and 2,000 mm (Jin et al. 2017, Xiao et al. 2020). This 

region also shows obvious mountain climate features due to 

its mountainous and hilly landform. Since the DCM grains 

with sizes larger than 2 mm have the potential to undergo 

secondary disintegration, they are not recommended for 

embankment filling. Thus, the DCM grains not larger than 2 

mm were used for testing in this study. The grain size 

distribution curve of the DCM is presented in Fig. 1. It 

shows that the DCM is mainly composed of sandy grains. 

The compaction tests revealed that the maximum dry 

density is 2.09 g/cm3 and the optimum water content is 

10.56%. The basic physical properties of the DCM are 

summarized in Table 1. X-ray diffraction (XRD) analysis 

indicated that the minerals of the DCM include kaolinite 

(38.27%), mica (29.54%), quartz (18.63%), pyrite (9.03%), 

etc. (Fig. 2). The chemical compositions are mainly Al2O3 

and Fe2O3, among which Al2O3 accounts for 53.48%. 

 

2.2 Modifier components 
 

SA, CaCl2, bentonite and nano-Al2O3 were jointly used 

to prepare modifiers, as shown in Figs. 1(a)-1(d). SA was 

supplied by the Zhengzhou Chuangmei Chemical Products  
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Fig. 4 SEM image of nano-Al2O3 

 

 

Company (China). It is a yellow-brown powder with the 

chemical formula of (C6H7NaO6)x (see Fig. 3(a)). The sieve 

analysis showed that most of the SA grains (93.1%) fall 

between 0.075 mm and 1 mm in size. CaCl2 is an analysis 

reagent provided by the Sinopharm Chemical Reagent Co., 

Ltd. (China). It is a white granular material with a purity of 

up to 96% and a molecular weight of 110.98. Bentonite was 

produced by the Guangzhou Yifeng Chemical Technology 

Company (China). The bentonite particles are less than 

0.075 mm, as shown in Fig. 1. Its liquid limit is 208.1%, 

plastic limit is 46%, and specific gravity is 2.70. Nano-

Al2O3 is a white powder of high purity. The scanning 

electron microscopy (SEM) image of nano-Al2O3 in Fig. 4 

shows that its grain sizes are 25 ± 5 nm. 

 

 
3. Methodology 
 

3.1 Orthogonal design 
 

The orthogonal design is an efficient and economic 

method to arrange multi-factor and multi-level experiments. 

Because it often confounds interactions, it is especially used 

to identify the main influencing factors (Hu et al. 2018, Gao 

et al. 2019). In this study, the orthogonal design was 

performed to determine the optimal mixing ratios of 

modifier components for the DCM. Orthogonal array table 

L25 (56) was used. The SA/DCM ratio, CaCl2/DCM ratio,  

 

 

 

bentonite/DCM ratio and nano-Al2O3/DCM ratio were 

selected as four influencing factors, and each factor had five 

levels: 0, 2%, 4%, 6% and 8% for the SA/DCM ratio; 0, 

0.1%, 0.2%, 0.3% and 0.4% for the CaCl2/DCM ratio; 0, 

1%, 2%, 3% and 4% for the bentonite/DCM ratio; and 0, 

1%, 2%, 3% and 4% for the nano-Al2O3/DCM ratio (Chang 

et al. 2015, Guo et al. 2016, Benhouria et al. 2015, Majeed 

et al. 2014, Tan et al. 2002) (see Table 2). 

 

3.2 Sample preparation 
 

The sample preparation can be divided into three steps, 

i.e., the mixing of materials, sample formation and sample 

curing. 

• Mixing of materials 

The DCM grains not larger than 2 mm were oven-dried 

at 106 °C for 24 h and then cooled down to the room 

temperature (20 ± 3 °C). According to the mixing ratios 

given in Table 2, many soil samples were prepared. In the 

first place, the DCM was mixed with SA and bentonite 

powder in a mixer for 10 min. Meanwhile, CaCl2 was 

dissolved in a certain amount of deionized water (i.e., the 

water/DCM ratio = 10%). Then, nano-Al2O3 was dispersed 

in CaCl2 solution using the ultrasonic dispersing device for 

30 min. Afterward, the prepared solution was poured into 

the mixer containing the DCM, SA, and bentonite, and they 

were stirred for 30 min to obtain a homogeneous mixture. 

Because SA has the maximum solubility at about 60°C 

(Geckil et al. 2010), the temperature of the solution was 

maintained at 60°C during the stir. Finally, the prepared 

mixture was sealed with bags and cured for 24 h at the room 

temperature (Hataf et al. 2018, Kumar and Sujatha 2021). 

• Sample formation 

An appropriate amount of the mixture was filled into a 

cylindrical mold in three layers, and the material was 

compressed using the static compaction method. The 

samples had a diameter of 39.1 mm and a height of 80 mm 

for unconfined compression tests, a diameter of 61.8 mm 

and a height of 20 mm for direct shear tests, and a diameter 

of 61.8 mm and a height of 40 mm for permeability tests. 

• Sample curing 

Prior to testing, the prepared samples were cured. 

Existing studies showed that the strength of SA hydrogels is 

the largest when the curing temperature is 50°C (Indraratna  

    

(a) SA (b) CaCl2 (c) Bentonite (d) Nano-Al2O3 

Fig. 3 Photographs of the modifier components 

Table 1 Physical properties of the DCM 

Maximum dry density (g/cm3) 
Optimum water content 

(%) 
Liquid limit (%) Plastic limit (%) Plasticity index Specific gravity 

2.09 10.6 32.9 25.3 7.6 2.66 
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et al. 2012). In addition, the land surface temperature in 

southern China can reach 50-60 °C in summer. Thus, the 

samples for unconfined compression tests were cured first 

at a room temperature for 7 d and then at 50 °C for 48 h. 

The samples for direct shear tests and permeability tests 

were only cured at the room temperature for 7 d. 

 

3.3 Test methods 
 

Unconfined compression tests, direct shear tests and 

permeability tests were carried out on the cured samples to 

determine the UCS, cohesion, angle of internal friction and 

coefficient of permeability of the plain and modified DCM. 

Unconfined compression tests were performed at a constant 

loading rate of 1.5 %/min according to ASTM D2166 

(2013). Direct shear tests were conducted in accordance 

with ASTM D6528-07 (2007). In direct shear tests, four 

normal stresses, i.e., 100 kPa, 200 kPa, 300 kPa and 400 

kPa, were taken into consideration, and the shear rate was 

kept constant at 0.8 mm/min. The shear strength of a sample 

was defined as the peak shear stress on the displacement-

shear stress plane. If there was no clear peak stress, the 

shear strength was defined as the shear stress corresponding 

to a horizontal displacement of 10 mm. Permeability tests  

 

 

were carried out using the falling-head method following 

the procedures recommended in ASTM D5084 (2016).  

XRD and SEM tests were also conducted on the pieces 

extracted from the cylindrical samples to reveal the 

mechanism underlying the modification of DCM by the 

modifier. The XRD tests were performed in Phillips PW 

3710 XRD system at 30 kV, 30 mA of CuKα radiation 

(l.5148 Å). The SEM observations was performed in a 

JSM-6490LV scanning electron microscope system (JEOL 

Corporation, Japan) at an accelerating voltage of 10 kV. A 

series of SEM images at different magnifications were 

saved for each DCM specimen (Gao et al. 2020, 2021). 
 

 

4. Results and discussion 
 

4.1 Test results 
 

Fig. 5(a) shows the UCS, cohesion, angle of internal 

friction and coefficient of permeability of the DCM jointly 

modified by SA, CaCl2, bentonite and nano-Al2O3 at 

various mixing ratios. It is noted that the UCS of the plain 

DCM (i.e., the sample without modification, case T1) is 

only 346.7 kPa. The UCSs of the DCM treated with the  

Table 2 Orthogonal design for the modification of the DCM 

Case 
Factor 

SA/DCM ratio (%) CaCl2/DCM ratio (%) Bentonite/DCM ratio (%) Nano-Al2O3/DCM ratio (%) 

T1 0 0 0 0 

T2 0 0.1 1 1 

T3 0 0.2 2 2 

T4 0 0.3 3 3 

T5 0 0.4 4 4 

T6 2 0 1 2 

T7 2 0.1 2 3 

T8 2 0.2 3 4 

T9 2 0.3 4 0 

T10 2 0.4 0 1 

T11 4 0 2 4 

T12 4 0.1 3 0 

T13 4 0.2 4 1 

T14 4 0.3 0 2 

T15 4 0.4 1 3 

T16 6 0 3 1 

T17 6 0.1 4 2 

T18 6 0.2 0 3 

T19 6 0.3 1 4 

T20 6 0.4 2 0 

T21 8 0 4 3 

T22 8 0.1 0 4 

T23 8 0.2 1 0 

T24 8 0.3 2 1 

T25 8 0.4 3 2 
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modifiers at various mixing ratios (cases T2-T25) are larger 

than 346.7 kPa, and the maximum UCS can reach as high as 

2320.0 kPa in case T18. Compared with case T1, the UCS 

of the sample in case T18 increases by 569.17%. Fu et al. 

(2020) used cement and nano-Al2O3 to modify the DCM 

and found that the UCS of the modified DCM was only 

1036 kPa when 8% cement or 0.2% nano-alumina was 

added alone, and the UCS reached the maximum of 1825 

kPa when 8% cement and 0.2% nano-alumina were added 

together. Thus, compared with the modification based on  

 

 

 

cement and nano-Al2O3, the modification based on SA, 

CaCl2, bentonite and nano-Al2O3 have greater advantages in 

enhancing the UCS of the DCM. 

The cohesion of the plain DCM sample is 26.43 kPa, 

and the cohesion values of the DCM after adding modifiers 

are 32.21-109.7 kPa with increase rates of 21.87%-201.13% 

(Fig. 5(b)). It is noted that the sample in case T21 has the 

optimal mixing ratios for the improvement of the cohesion. 

Fig. 5(c) shows the angles of internal friction. It can be 

seen that the angle of internal friction of the modified DCM  

  

(a) UCS (b) Cohesion 

  

(c) Angle of internal friction (d) Coefficient of permeability 

Fig. 5 Effects of mixing ratios on the properties of the DCM 

 
Fig. 6 XRD patterns of the plain and modified DCM 
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is between 14.10° and 21.24°. The increase in the angle of 

internal friction is relatively small after the modification. At 

mixing ratios in case T14, the angle of internal friction even 

decreases compared with that in case 1. These results 

indicate that there is one or more components that are not 

conducive to the growth of the angle of internal friction. 

Fig. 5(d) presents the coefficients of permeability of the  

 

 

 

 
samples measured by falling-head permeability tests. The 
coefficient of permeability of the plain DCM sample is 
1.11810-6 m/s, which is larger than those of all modified 
DCM samples. The average coefficient of permeability of 
the modified DCM (cases T2-T25) is 3.5510-7 m/s, 
decreasing by 68.28% on average compared with that in 
case T1. The minimum coefficient of permeability is 

 

  

(a) Plain DCM (b) Modified DCM (c) Modified DCM 

Fig. 7 SEM images of plain and modified DCM 

 

Fig. 8 Effects of mixing ratios on the UCS of the DCM 

 

Fig. 9 Effects of mixing ratios on the cohesion of the DCM 

406



 

Optimal design of mixing ratios of modifiers for disintegrated carbonaceous mudstone 

2.0410-7 m/s, which is obtained in case T10. A smaller 
coefficient of permeability can reduce the effect of 
rainwater on the mechanical behavior of the DCM, which is 
beneficial to the long-term stability of the embankment.  

The above results suggest that SA, CaCl2, bentonite and 

nano-Al2O3 can increase the UCS, cohesion and angle of 

internal friction of the DCM, and effectively reduce the 

coefficient of permeability of the DCM. 

Fig. 6 presents the XRD patterns of plain and modified 

DCM. On the one hand, the amount of SA, CaCl2, bentonite 

and nano-Al2O3 is very minute compared with the DCM, 

which makes all the high peaks identified by XRD belong 

to the DCM. On the other hand, the peaks of SA, CaCl2, 

bentonite and nano-Al2O3 may overlap with the peaks of the 

DCM. Therefore, the XRD peaks of the plain and modified 

DCM are basically the same. To further reveal the 

mechanism of the modified DCM by SA, CaCl2, bentonite 

and nano-Al2O3, the SEM images of the plain and modified 

DCM are analyzed (Figs. 7(a)-7(c)). It can be seen that the 

plain DCM has a loose lamellar structure with weak 

cementation (Fig. 7(a)). In contrast, there are spherical 

chain-like structures around large aggregates in the 

modified DCM, which increase cementation between 

aggregates (Fig. 7(b)). It is generally believed that CaCl2 

can cross-link with SA to form spherical calcium alginate 

(CA). Thus, the spherical chain-like structure in the 

modified DCM is likely the structure formed by the colloid 

of CA and SA. Meanwhile, the modified DCM shows many 

fine and regular bulk structures attached to the film formed 

by SA (Fig. 7(c)), which might be bentonite and nano-

Al2O3. 

Therefore, the modification of the engineering 

performance of the DCM may be explained in the following 

aspects: 

• The role of SA. SA hydrogels can cement the DCM 

particles together to form large DCM aggregates 

(Rezaeimalek et al. 2017). Moreover, they can fill the gaps 

between the grains and reduce the void ratio of the DCM 

(Wen et al. 2019). Thus, SA enables to enhance the strength 

and reduce the coefficient of permeability. 

• The role of CaCl2. First, Ca2+ reacts with SA producing 

CA hydrogels, whose mechanical properties are better than 

those of SA hydrogels (Li et al. 2015). Second, the cation 

exchange between CaCl2 and high valence cations (e.g., 

Al3+and Fe3+) in diffuse layers of soil particles changes the 

thickness of water films, reducing the soil permeability (Fu 

et al. 2019). Meanwhile, the addition of CaCl2 increases the 

ion concentration in the free water solution between the 

particles, which thickens the diffuse layer of soil particles 

and reduces the cohesion of soil. In addition, as the dosage 

of CaCl2 goes on increasing, CaCl2 will crystallize and 

behave as skeletons, thus enhancing the cohesion, angle of 

internal friction and permeability of the DCM (Yu et al. 

2016). 

• The role of bentonite. Bentonite particles have fine 

sizes and large specific surface areas, so their ion-

adsorption capacity is greater than that of the DCM 

particles (Chai et al. 2017). Since bentonite particles are 

highly hydrophilic, they are able to adsorb many water 

molecules and form thick water films around them (Mollins 

et al. 1996). Moreover, bentonite can serve as cementitious 

materials, which is able to cement the DCM particles to 

form many aggregates, and thus, increase the cohesion and 

reduce the permeability. However, after drying and water 

losses, the shrinkage of bentonite is greater than that of the 

DCM, which results in the increase of the distance between 

aggregates and even the formation of micro-cracks. 

Consequently, the UCS of the DCM is reduced. The 

formation of cracks increases the coefficient of permeability 

of the material. However, the coefficient of permeability of 

the modified DCM is generally smaller than that of the 

plain DCM because SA, CaCl2, bentonite and nano-Al2O3 

fill the microscopic pores and form hydrogels that block the 

water seepage channels. 

• The role of nano-Al2O3. Nano-Al2O3 is a nanomaterial, 

which can effectively fill the tiny gaps between soil 

particles, and thus enhance the soil compactness 

(Ghasabkolaei et al. 2017). Because of its large specific 

surface area and high activity, nano-Al2O3 is able to form 

new bonds between clay particles in the DCM. This reduces 

the number and size of pores between clay particles, 

improves the microstructure of the DCM (Gao et al. 2015), 

and thus improves its UCS and cohesion. At the same time, 

the permeability of the DCM decreases with reducing 

microporosity. 

Because the modification effects of SA, CaCl2, 

bentonite and nano-Al2O3 are different, the modified DCM 

with different mixing ratios presents varied engineering 

performances. 

 

4.2 Sensitivity analysis 
 

In this section, the sensitivity analysis was conducted to 

evaluate the significance of each influencing factor (i.e., the 

SA/DCM ratio, CaCl2/DCM ratio, bentonite/DCM ratio and 

nano-Al2O3/DCM ratio) on the mechanical and hydraulic 

properties of the modified DCM. For this purpose, the range 

analysis and the variance analysis were adopted. 

Fig. 8 shows the results of range analysis of UCS of the 

modified DCM with different mixing ratios. It is observed 

that as the SA/DCM ratio or nano-Al2O3/DCM ratio 

increases, the UCS shows an obvious hump effect and 

reaches the maximum when the SA/DCM ratio is 6% or the 

nano-Al2O3/DCM ratio is 3%. As the increase in 

CaCl2/DCM ratio, the UCS of the modified DCM also 

increases and reaches the maximum when the CaCl2/DCM 

ratio is 0.3%. The UCS decreases with the increase in 

bentonite/DCM ratio, and the minimum is achieved when 

the bentonite/DCM ratio is 4%. It is also noted that the 

variation of the UCS affected by the SA/DCM ratio is the 

largest with a range of 1344.2 kPa. By contrast, the 

variation of the UCS affected by the nano-Al2O3/DCM ratio 

is the smallest with a range of 217.4 kPa. 

Fig. 9 presents the results of range analysis of the 

cohesion. The cohesion is positively correlated with the 

SA/DCM ratio and bentonite/DCM ratio. When the 

SA/DCM ratio is 8% or the bentonite/DCM ratio is 4%, the 

cohesion of the improved DCM reaches the maximum 

value. As the increases in CaCl2/DCM ratio, the cohesion 

decreases first and then increases, showing the minimum of  
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57.21 kPa at a CaCl2/DCM ratio of 0.3%. The variation of 

the cohesion with nano-Al2O3/DCM ratio shows an obvious 

hump effect, and the cohesion reaches the maximum when 

the nano-Al2O3/DCM ratio is 2%. The variation range of the 

cohesion affected by the SA/DCM ratio is the largest with a 

value of 47.84 kPa, and that affected by the bentonite/DCM 

ratio is the smallest with a value of 11.83 kPa. 

The results of range analysis of the angle of internal 

friction are presented in Fig. 10. It is observed that the angle 

of internal friction shows a positive correlation with the 

SA/DCM ratio, reaching the maximum at an SA/DCM ratio 

of 8%. As the CaCl2/DCM ratio increases, the angle of 

internal friction increases in a step-like manner and reaches 

the maximum when the CaCl2/DCM ratio is 0.4%. The 

angle of internal friction increases first and then decreases 

with increasing bentonite/DCM ratio, and the maximum is 

achieved at a bentonite/DCM ratio of 2%. The angle of 

internal friction shows a waving trend with the increase in 

nano-Al2O3/DCM ratio, but the difference between the 

maximum and minimum is small (only 1.04°). One can note 

that SA has the greatest effect on the angle of internal  

 

 

 
friction with a variation range of 3.02°; by contrast, 
bentonite has the smallest effect on the angle of internal 
friction with a variation range of 0.93°. 

Fig. 11 shows the results of range analysis of the 
coefficient of permeability. The coefficient of permeability 
of the DCM decreases first and then increases with the 
increase in SA/DCM ratio, and it reaches the minimum at 
the SA/DCM ratio of 6%. The coefficient of permeability is 
negatively correlated with the CaCl2/DCM ratio and 
bentonite/DCM ratio, and it has the minimum value when 
the CaCl2/DCM ratio is 0.4% or the bentonite/DCM ratio is 
4%. On the whole, the coefficient of permeability decreases 
with the increase in nano-Al2O3/DCM ratio, and the 
minimum is achieved at a nano-Al2O3/DCM ratio of 1%. It 
shows that SA has the most significant effect on the 
coefficient of permeability with a variation range of 
3.0310-7 m/s, and bentonite has the smallest effect on the 
coefficient of permeability with a variation range of 
0.9510-7 m/s.  

The results of variance analysis are presented in Table 3. 
For all the examined properties, i.e., UCS, cohesion, angle 
of internal friction and coefficient of permeability, SA is  

 

Fig. 10 Effects of mixing ratios on the angle of internal friction of the DCM 

 

Fig. 11 Effects of mixing ratios on the coefficient of permeability of the DCM 
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always the dominating factor with F-ratios far larger than 
those of other factors. Therefore, special attention should be 
paid to the dosage of SA when improving the DCM. By 
contrast, bentonite is the least important factor for most 
engineering properties (e.g., cohesion, angle of internal 
friction and coefficient of permeability) among the four 
factors. These findings are acceptably in agreement with 
those obtained from range analysis, indicating the 
rationality and accuracy of the results. 
 
 

5. Optimal design of mixing ratios 
 

Under the action of load and seasonal rainfall, the 
softening of the DCM causes the reduction of its strength, 
which ser iously affects the safety of the DCM 
embankments (Zeng et al. 2018, Zeng et al. 2019, Zhang et 
al. 2019a, b). The UCS and coefficient of permeability are 
important indicators for the selection of embankment fillers 
(Liu et al. 2018). According to the test results, the 
coefficient of permeability of the modified DCM is 
2.0410-7-6.2210-7 m/s, indicating that the modified DCM 
is weakly permeable and can meet the requirement of 
embankment fillers. The UCS can indirectly reflect the 
bearing capacity of the roadbed (Patel and Patel 2012). 
Vanapalli et al. (2007) showed that the bearing capacity of 
unsaturated fine-grained soils can be well explained by 
extending the Skempton (1948) equation based on the 
results of unconfined compression tests. Therefore, the UCS 
was selected as the key evaluation indicator to determine 
the optimal mixing ratios in this study. According to the 
Chinese technical standard (CJJ/T 286-2018, 2018), the  
UCS of the grade I stabilized soil should reach 1500 kPa  

 

 

after 7 d of curing.  

As shown in Fig. 6, 11 cases (i.e., T12, T13, T14, T15, 

T16, T18, T19, T20, T22, T23 and T25) meet the 

requirement that the UCS is greater than 1500 kPa. Fig. 8 

presents the stress-strain curves of the modified DCM 

samples in these 11 cases. One can note that these samples 

exhibit ductile failures rather than brittle failures. The initial 

states and failure modes of the samples are also included in 

Fig. 8. The failure modes can be divided into three 

categories: (i) the shear failure, in cases T12, T16, T18 and 

T22 (see Figs. 12(a), 12(e), 12(f) and 12(i)); (ii) the shear 

and tensile failure, in cases T13, T14, T15, T19 and T23 

(see Figs. 12(b)-12(d), 12(g) and 12(j)); and (iii) the tensile 

failure, in cases T20 and T25 (see Figs. 12(h) and 12(k)). 
The above 11 cases (groups of mixing ratios) and test 

data are summarized in Table 4. It is noted that vertical, 
inclined and/or horizontal cracks appear on the surfaces of 
the samples in cases T22, T23 and T25. This is likely 
because SA hydrogels have a good viscosity, and they 
expand to some extent when encountering water. In the 
drying process, drying-shrinkage and polymer films are 
produced, which causes uneven pulling forces on the 
modified DCM grains. Consequently, small cracks occur on 
the sample surfaces and the strength of the sample is 
reduced. The presence of small cracks will cause the 
development of large cracks in the embankments, leading to 
great embankment deformations. Therefore, the cases T22, 
T23 and T25 should be avoided in engineering practice. It is 
also found that except for cases T22, T23 and T25, only two 
levels of the SA/DCM ratio (i.e., 4% and 6%) occur in the 
remaining eight samples, but almost every level of the other 
three factors are present. Therefore, the SA/DCM ratio 

Table 3 Results of variance analysis of the properties of the DCM 

Property Factor Sum of squares Degree of freedom F-ratio Significance 

Unconfined 

compressive 
strength 

SA/DCM ratio 5271019.50 4 27.94 * 

CaCl2/DCM ratio 336393.64 4 1.78  

Bentonite/DCM ratio 242763.44 4 1.29  

Nano-Al2O3/DCM ratio 188625.49 4 1.00  

Error 188625.49 4   

Cohesion 

SA/DCM ratio 7720.13 4 15.14 * 

CaCl2/DCM ratio 548.26 4 1.08  

Bentonite/DCM ratio 509.97 4 1.00  

Nano-Al2O3/DCM ratio 775.80 4 1.52  

Error 509.97 4   

Angle of 

internal friction 

SA/DCM ratio 37.69 4 16.19 * 

CaCl2/DCM ratio 8.59 4 3.68  

Bentonite/DCM ratio 2.33 4 1.00  

Nano-Al2O3/DCM ratio 4.73 4 2.03  

Error 2.33 4   

Coefficient of 
permeability 

SA/DCM ratio 3.1310-7 4 7.63 * 

CaCl2/DCM ratio 1.8310-7 4 4.46  

Bentonite/DCM ratio 4.1010-8 4 1.00  

Nano-Al2O3/DCM ratio 7.3010-8 4 1.78  

Error 4.0010-8 4   
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(a) T12 (b) T13 

  

(c) T14 (d) T15 

  

(e) T16 (f) T18 

  

(g) T19 (h) T20 

Fig. 12 Stress-strain curves and failure modes of the modified DCM samples in 11 cases 
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should be controlled in the range of 4%-6% when designing 
the mixing ratios, while the amount of the remaining 
modifier components can be adjusted reasonably according 
to the needs and costs. 
 

 

6. Conclusions 
 

In this study, SA, CaCl2, bentonite and nano-Al2O3 are  

 

 

 

jointly used to modify the DCM. The orthogonal design 

method was employed to arrange the experiments including 

unconfined compression tests, direct shear tests and 

permeability tests. Afterward, the range analysis and 

variance analysis were conducted to evaluate the 

significance of the influences of each modifier component 

on the engineering properties of the modified DCM. Finally, 

the optimal mixing ratios for improving the performances of 

  

(i) T22 (j) T23 

 

(k) T25 

Fig. 12 Continued 

Table 4 Summary of 11 cases and corresponding test data 

Case 
SA/DCM 

ratio (%) 

CaCl2/ 

DCM 

ratio(%) 

Bentonite/DCM 

ratio(%) 

Nano-Al2O3/DCM 

ratio(%) 

UCS 

(kPa) 

Cohesion 

(kPa) 

Angle of 

internal 

friction () 

Coefficient of 

permeability 

(10-7 m/s) 

Initial 

state 

Failure 

mode 

T12 4 0.1 3 0 1535 66.56 14.98 3.225 Intact Shear 

T13 4 0.2 4 1 1525 75.31 17.08 3.778 Intact 
Shear and 

tensile 

T14 4 0.3 0 2 1942 75.01 14.10 3.167 Intact 
Shear and 

tensile 

T15 4 0.4 1 3 1827 74.81 16.16 3.208 Intact 
Shear and 

tensile 

T16 6 0 3 1 1906 102.2 17.04 2.959 Intact Shear 

T18 6 0.2 0 3 2340 66.43 19.05 2.333 Intact Shear 

T19 6 0.3 1 4 2192 61.21 18.76 3.333 Intact 
Shear and 

tensile 

T20 6 0.4 2 0 2210 73.21 18.22 2.952 Intact Tensile 

T22 8 0.1 0 4 1833 88.03 18.54 2.550 Crack Shear 

T23 8 0.2 1 0 1805 71.21 19.43 2.952 Crack 
Shear and 

tensile 

T25 8 0.4 3 2 1634 78.02 21.24 3.430 Crack Tensile 
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the DCM were determined. The following conclusions can 

be drawn: 

• After the treatment with the modifiers composed of 

SA, CaCl2, bentonite and nano-Al2O3, the UCS, cohesive 

and angle of internal friction of the DCM are considerably 

enhanced, while the coefficient of permeability of the DCM 

is effectively reduced, indicating that it is feasible to use 

SA, CaCl2, bentonite and nano-Al2O3 to improve the 

engineering performances of the DCM. 

• The SA/DCM ratio is the most significant factor for 

all of the examined mechanical and hydraulic properties. 

The CaCl2/DCM ratio is the second most significant factor 

for the UCS, angle of internal friction and coefficient of 

permeability, while the nano-Al2O3/DCM ratio is the second 

most significant factor for the cohesion. 

• With the UCS greater than 1500 kPa as the evaluation 

criterion, 11 cases (groups of mixing ratios) that meet this 

criterion are obtained. After a further evaluation of the 

continuity of the sample surface in the initial state, eight 

satisfactory cases were finally determined for the 

modification of the DCM. It is recommended to use an 

SA/DCM ratio between 4% and 6% when designing the 

mixing ratio for the DCM, while the CaCl2/DCM ratio, 

bentonite/DCM ratio and nano-Al2O3/DCM ratio can be 

properly adjusted. 
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