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Abstract 
The cured dredged soil specimens were prepared indoors by mixing with homemade 
curing agent using the channel dredged soil from a port in Shanghai as the test soil 
material, and the effect of curing agent dosing and curing age on the unconfined 
compressive strength was analyzed by using the unconfined compressive strength test. 
In addition, the structural characteristics of the cured dredged soil specimens were 
analyzed at the microscopic level using Scanning Electron Microscope (SEM), and the 
microstructural fractional dimensions associated with particles, pores, and particle 
surface undulations were extracted and analyzed using Image-Pro Plus (IPP). Based on 
the fractal theory, the macro and micro correlations between the microstructural 
changes of the specimens and the macro compressive strength during the curing process 
were investigated. The experimental results showed that: the unconfined compressive 
strength of the solidified dredged soil samples increased with the increase of curing 
agent content and curing time, and the selected microstructural parameters showed a 
good linear relationship with the unconfined compressive strength. 
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1. Introduction 

The dredging of Chinese port channels generates a large amount of dredged soil every year, and 
resource utilization of dredged soil is an enduring research direction[1-4]. However, dredged soil 
formed by hydraulic blowing have high water content, high compressibility, and low bearing capacity, 
and need to be treated by physical or chemical methods before they can be used for engineering 
construction. In some road projects, port yard construction projects, the use of curing agent mixed 
with high moisture content of dredged soil to form a solidified dredged soil roadbed fill or foundation 
has been proven to be a fast and effective foundation reinforcement method. Pu[5] Study of 
compressibility and deformation of pulverized soil stabilized by lime, lime and cement mixture and 
self-developed binder SEU-2. Jiang[6] explored the application of agricultural waste rice husk ash 
(RHA) in soft ground reinforcement. Abstract Through a series of experiments, the strength 
development process and soil-water properties of rice husk ash cured soil were analyzed. Amini[7] 
studied the effect of magnesium slag and cement on the chemical properties, macro-mechanical 
properties and microstructural parameters of soils. The increase in pH with increasing magnesium 
slag and cement content indicated that the improvement of soil conditions contributed to better 
deposition and hydration reactions of volcanic ash. Shen[8] cured soft ground using desulfurization 
gypsum and steel/slag composite cementitious material (DGSC). The influence of these factors on 
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the unconfined compressive strength of the soil was analyzed by studying the unconfined compressive 
strength of DGSC-cured soil with different mix ratios, water-cement ratios and maintenance ages. 

IPP is professional image processing and analysis software primarily for professional fields such as 
industry, medicine and biology, allowing easy acquisition of images, calculation, measurement and 
classification of objects, and automation of work. The software solution provides microscope control, 
image capture, measurement, counting/sizing and macro development tools. But it has less 
application in the civil engineering field. Chen[9] used IPP image analysis software to extract and 
process information from SEM images of three existing foundation red clay soils in a factory in 
Guiyang City, Guizhou Province, to qualitatively describe and quantitatively analyze the 
microstructure of the soil, and introduced fractal theory to analyze SEM images, and proposed a 
calculation method to obtain the three-dimensional fractal dimension of particles in IPP software. 
Tao[10] used ANSYS software to establish a microscopic model of clay to study the fine-scale stress 
distribution and the fine-scale deformation characteristics of pores under different consolidation 
pressures. And the IPP (Image-Pro Plus) software was used to quantitatively determine the variation 
law of microscopic pore size. However, some current studies in civil engineering using IPP software 
have only investigated the variation pattern of pore or particle size and have not combined it with 
macroscopic mechanical properties. 

In this paper, the unconfined compressive strength of cured dredged soil specimens with different 
curing agent admixture levels and different curing ages were investigated in an indoor unconfined 
compressive strength test using a homemade curing agent as the curing material for dredged soil with 
high moisture content in the Yangtze River estuary in Shanghai. In addition, the microstructure 
images of the cured soil samples at different curing ages were obtained by SEM tests, and the 
correlation between the microstructure parameters and the macromechanics was quantitatively 
analyzed by using IPP image processing software and a self-compiled program to extract and analyze 
the microstructure fractal dimensions of the soil samples based on the fractal theory. 

2. Preparation 

2.1 Material 

The test soils were taken from the dredged soil in the hydraulic blowing area of a coastal harbor in 
Shanghai, and were taken from the surface layer in the range of 0-2 m. The physical and mechanical 
properties indexes of the soil are summarized in Table 1. The homemade curing agent consists of 
lime, cement, and activator. The content of magnesium oxide in lime is less than 5%. Activator can 
reduce the flocculation and thickness of the electric double layer, hydrophilic effect of the cementing 
and crystallization products of curing agent and the speed of addition to accelerate the cement and 
lime. The cement curing agent used for this is produced by Shanghai Conch Cement Company and 
its components are shown in Table 1. 

 

Table 1. Physical and mechanical indices of test dredged soil 

Water 
content(%) 

Relative 
Density 

Internal friction 
angle 

(°) 

Cohesion 

(kPa) 

Compression 
modulus 

(MPa) 

Plasticity 
Index 

63 3.38 5.3 0.55 2.87 18 

 

Table 2. The principal component of cement (%) 

CaO SiO2 Al2O3 Fe2O3 SO3 MgO K2O TiO2 Na2O P2O3 

62.83 22.66 6.32 2.85 2.44 1.11 1.02 0.38 0.28 0.11 
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To reduce the construction workload, the moisture content of the soil sample was set at 63% of natural 
moisture content. Considering the cost of the actual project, the amount of curing agent set at 2%, 
4%, 6%, 8%. Considering the actual engineering needs, the curing time was set as 7, 14, 21, 28 and 
180 days. Numerous studies have shown that the physical parameters of the soil change slightly after 
28 days of conservation and that most hydration reactions end within 28 days. To be on the safe side, 
the mechanical properties of soil samples maintained for 180 days are still included in this paper for 
observation. The mold for making soil samples was a ring cutter of 20 mm in height and 61.8 mm in 
diameter. After mixing the raw soil and curing agent well, it was put into the mold in three layers and 
then compacted with a tamping rod. Finally, the samples were put into the curing box with the 
temperature set to 20 and humidity set to 99. After the curing process was completed, the samples 
were carefully removed from the box for the unconfined compressive strength test, and then the 
crushed specimens were subjected to SEM test. In order to obtain accurate experimental results, two 
control group settings were added, and the average of the data was taken. 

2.2 Test Method 

 
Figure 1. Dimensional calibration operation interface 

 

 
(a)Before treatment                        (b) After treatment 

Figure 2. Comparison of morphological processing effects of microphotographs 
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The procedures of the unconfined compressive strength test and the calculations were guided by GBT 
50123. The SEM test was carried out by the S-4800 field emission scanning electron microscope. 
The details are mentioned in Reference [11]. The procedures of SEM test are as follows: 

1) Soil samples were dried and dehydrated by the oven drying method, and the oven temperature was 
set at 107±1°C. The reason why the sample needs to be dehydrated is that if the SEM test contains 
moisture in the small sample, the SEM test will form a mist, which makes the image taken by the 
instrument become blurred and affects the results, thus not getting a clear picture of the real surface 
shape of the soil sample. After drying, the sample was slowly cut into 10*10*10 mm pieces with a 
knife. 

2) These tiny blobs are carefully broken off by hand and fresh surfaces are exposed to take 
photographs of the microstructure. Make sure that the fresh surface of the sample used for the 
photograph is flat, as an uneven cross-section can bias the bright spots displayed on the fluorescent 
screen and eventually lead to blurred images, which can affect the subsequent analysis of the 
micrographs. 

3) The soil sample is affixed to the specimen holder, and since the surface of the sample is not 
electrically conductive, it needs to be sprayed with gold. The timing of the spraying must be carefully 
considered; too fast or too slow a spraying speed can adversely affect the results. The spraying time 
was set to 60 s, and the spraying speed was set to 10 nm/min. 

4) Finally, scanning electron microscopy (SEM) tests were completed to obtain microstructure 
photographs of the soil samples. 

The image processing with IPP is shown in Figure 1. After calibrating the binarized image to the size, 
the particle size and pore size can be measured. The program was written to remove some isolated 
bright spots and black spots from the microstructure photos to reduce the calculation error of the 
software. The results are shown in Figure 2. 

3. Results 

3.1 Unconfined Compressive Strength Test 

The results of the unconfined compressive strength test are shown in Figure 3. The unconfined 
compressive strength of the cured dredged soil samples mixed with curing agent gradually increased 
with the growth of maintenance time. Meanwhile, the higher the amount of curing agent, the higher 
the unconfined compressive strength. Although previous studies have confirmed that the strength of 
cement-reinforced soils has almost no growth after 180 days, in this paper, the cured dredged soil 
samples had a relatively significant increase in unconfined compressive strength after 180 days of 
curing, and this increase was much smaller than that between 7 and 28 days of curing. When the 
amount of curing agent is 8%, the growth of unconfined compressive strength of soil samples 
maintained for 180 days is obviously higher than the rest of the groups, which indicates that the 
amount of curing agent plays an obvious role in the later strength growth. When the curing agent is 
8%, 6%, 4%, 2%, the unconfined compressive strength increases 195.41%, 179.78%, 163.64%, 
151.79% respectively. 
 

Table 3. Unconfined compressive strength of solidified dredged soil (MPa) 

Curing time T(d) 
Curing agent C (%) 

2 4 6 8 

7 0.56 0.77 0.89 1.09 

14 0.68 0.99 1.22 1.88 

21 0.97 1.56 1.77 2.32 

28 1.25 1.88 2.35 2.76 

180 1.41 2.03 2.49 3.22 
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Figure 3. Change law of unconfined compressive strength 

3.2 Image Analysis 

References [11,12] introduced the microstructure parameters. In this study, the average equivalent 
particle diameter Dp, the average equivalent aperture diameter Db and the plane pore ratio 𝑒 were 
elected and quantitatively analyzed. 

The average equivalent particle diameter Dp refers to the average value of equivalent diameter of all 
the particles in the analyzed field, representing almost all soil particles’ size. 

The equations are demonstrated below: 

 

𝐷 =
𝑑

𝑛
 (1)

 

𝑑 = 2𝜋 𝐴  (2)

  

Where 𝑑  the diameter of the equivalent circle is the same as the proportion of the particle unit (µm); 
𝐴  the proportion of the particle unit (µm2); 𝑛 the number of particles. 

 

Table 4. Average equivalent particle diameter of solidified dredged soil (µm) 

Curing time T(d) 
Curing agent C (%) 

2 4 6 8 

7 25 27 29 35 

14 38 42 48 56 

21 46 59 86 97 

28 70 88 99 137 

180 75 96 120 149 
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Figure 4. Average equivalent particle diameter of solidified dredged soil (µm) 

 

Figure 4 shows the variation pattern of the average equivalent particle diameter under different curing 
agent dosing and different curing time. The variation pattern of the average equivalent particle 
diameter is consistent with the variation pattern of the unconfined compressive strength, which also 
directly indicates that after the cement hydration products of the dredged soil particles are cemented, 
the small particles coalesce into large particles, prompting the unconfined compressive strength to 
increase. The greater the amount of curing agent, the more hydration products, the stronger the gelling 
effect on the dredged soil particles. The overall trend is relatively simple, tending to level off after a 
burst of increase from 7 to 28 days of curing, but the average equivalent particle diameter still has a 
considerable increase after 180 days of curing. 

The average equivalent aperture diameter Db refers to the average value of equivalent diameter of all 
the apertures in the analyzed field, representing almost all soil apertures’ size. 

The equations are demonstrated below: 

 

𝐷 =
𝑑

𝑁
 (3)

 

𝑑 = 2𝜋 𝐴  (4)

 

Where 𝑑  the diameter of the equivalent circle is the same as the proportion of the aperture unit (µm); 
𝐴  the proportion of the aperture unit (µm2); 𝑁 the number of apertures. 
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Table 5. Average equivalent aperture diameter of solidified dredged soil (µm) 

Curing time T(d) 
Curing agent C (%) 

2 4 6 8 

7 35 33 29 28 

14 27 24 20 19 

21 23 18 15 14 

28 18 15 8 7 

180 15 14 5 3 

 

 
Figure 5. Average equivalent aperture diameter of solidified dredged soil (µm) 

 

Figure 5 shows the variation pattern of the average equivalent aperture diameter under different 
curing agent dosing and different curing time. The average pore size of the cured dredged soil 
decreases due to the filling of hydration products, especially flake calcium hydroxide, on the one 
hand, and due to the mutual gelling of the particles on the other hand. Large pores in the soil sample 
are divided into small pores. The greater the amount of curing agent, the greater the average pore size 
reduction, which also corresponds to the previous conclusion. 

The plane pore ratio e is the rate of the gross proportion of the apertures to the gross proportion of the 
particles in the analyzed field. 

The equation is demonstrated below: 

 

𝑒 =
𝑆

𝑆
 (5) 
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Where: 𝑒 the plane pore ratio; 𝑆  the pore proportion in the analyzed field (µm2); 𝑆  the particle 
proportion in the analyzed field (µm2). 

 

Table 6. Plane pore ratio of solidified dredged soil 

Curing time T(d) 
Curing agent C (%) 

2 4 6 8 

7 0.753 0.735 0.662 0.588 

14 0.628 0.588 0.497 0.418 

21 0.511 0.415 0.329 0.246 

28 0.494 0.327 0.243 0.165 

180 0.453 0.305 0.162 0.129 

 

 
Figure 6. Plane pore ratio of solidified dredged soil 

 

Figure 6 shows the variation pattern of the plane pore ratio under different curing agent dosing and 
different curing time. The variation pattern of planar pore ratio and the variation pattern of average 
pore diameter under different curing agent dosing and different curing age are the same. Smaller 
average equivalent aperture diameter leads to smaller plane pore ratio, which also indicates the 
increase of average equivalent particle diameter and the increase of unconfined compressive strength. 
Thus, the correctness of this test rule can be confirmed. 

3.3 Quantitative Connection between the Unconfined Compressive Strength and the 
Microstructure Parameters 

In this chapter, the unconfined compressive strength and microstructure parameters of soil samples 
were quantitatively analyzed. The purpose is to reveal the connection between the microstructure 
parameters and the macroscopic mechanical properties. 

Figure 7a represents the linear connection between average equivalent particle diameter and 
unconfined compressive strength under different curing agent content. With the increase of the curing 
time, the cementation between small particles was enhanced, and the binding of large particles is 
manifested by the increase of the average equivalent particle diameter at the micro level and the 
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increase of the unconfined compressive strength at the macro level. The correlation coefficients of 
the fitted lines are all above 0.9, indicating that the average equivalent particle diameter has a good 
linear relationship with the unconfined compressive strength. The slope of the fitted line is the same, 
indicating that the average equivalent particle diameter has the same relationship with the change of 
unconfined compressive strength regardless of the dosage of homemade curing agent.  

Figure 7b represents the linear connection between average equivalent aperture diameter and 
unconfined compressive strength under different curing agent content. With the increase of curing 
time, soil pores are filled with hydration products, and soil particles are aggregated into large particle 
clusters, resulting in a decrease in the average equivalent pore diameter at the micro level and an 
increase in the unconfined compressive strength at the macro level. With the increase of the dosage 
of curing agent, the absolute value of the slope of the fitting line increases, which indicates that the 
higher the dosage of curing agent, the stronger the effect of decreasing the average equivalent pore 
diameter. When the dosage of curing agent is 4%, the correlation coefficient of the fitting line is less 
than 0.9, which may be caused by the calculation error of the IPP software for pores and the uneven 
mixing of soil samples. 

Figure 7c represents the linear connection between plane pore ratio and unconfined compressive 
strength under different curing agent content. The change of plane pore ratio is the same as average 
equivalent aperture diameter and increases with the increase of curing time. 

 

 

(a) 

 

(b) 
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(c) 

Figure 7. Fitting lines between microstructure parameters and unconfined compressive strength 
under different curing agent content. (a) Average equivalent particlediameter. (b) Average 

equivalent equivalent diameter. (c) Plane pore ratio. 

 

Finally, all detailed data were summarized in Table 7. Through quantitative analysis of microstructure 
parameters and unconfined compressive strength, the mathematical relations between them are 
obtained. In this way, we can calculate the other through mathematical relations if we know one of 
them and establish a bridge between the microstructure parameters and the macroscopic mechanical 
properties of the soil. Further, how do the microstructure parameters and the macroscopic mechanical 
properties affect each other is revealed. 

 

Table 7. Fitting lines between the unconfined compressive strength and microstructural parameter 
of solidified dredged soil 

Microstructural 

parameter 
Curing agent C (%) Linear connection R2 Slope K 

𝐷  

2 𝑞 = −0.02𝐷 + 0.12 0.96 -0.02 

4 𝑞 = −0.02𝐷 + 0.34 0.96 -0.02 

6 𝑞 = −0.02𝐷 + 0.3 0.95 -0.02 

8 𝑞 = −0.02𝐷 + 0.73 0.93 -0.02 

𝐷  

2 𝑞 = −0.04𝐷 + 2.02 0.91 -0.04 

4 𝑞 = −0.06𝐷 + 2.83 0.88 -0.06 

6 𝑞 = −0.07𝐷 + 2.84 0.96 -0.07 

8 𝑞 = −0.08𝐷 + 3.43 0.99 -0.08 

𝑒 

2 𝑞 = −2.75𝑒 + 2.54 0.86 -2.75 

4 𝑞 = −2.95𝑒 + 2.84 0.96 -2.95 

6 𝑞 = −3.39𝑒 + 3.03 0.95 -3.39 

8 𝑞 = −4.2𝑒 + 3.55 0.95 -4.2 
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4. Discussion 

The curing mechanism of curing agents for dredged soil is discussed. Primarily, the tricalcium silicate 
(3CaO ∙ SiO ) and the dicalcium silicate (2CaO ∙ SiO ) in cement are hydrolyzed to form C-S-H 
(3CaO ∙ 2SiO ∙ 3H O), which has a strong cementation effect. A skeleton of strength for soil particles 
to bind tightly together provided by C-S-H gels due to the strong cementation effect. The smaller 
particles become larger particles, so the average equivalent particle diameter is increased. The 
reaction equation is shown below: 

 

3CaO ∙ SiO + 7H O → 3CaO ∙ 2SiO ∙ 3H O + 3Ca(OH)  (6) 

  

2CaO ∙ SiO + 5H O → 3CaO ∙ 2SiO ∙ 3H O + 3Ca(OH)  (7) 

  

The calcium hydroxide produced by the chemical reaction is a polygon-forming flake. Attaching to 
the surface of the particles, they make the surface of the particles rougher and increase the fluctuation 
of the particles. For this reason, they aggravate the friction between the particles. The increase of 
friction between particles at the micro level leads to the increase of unconfined compressive strength 
at the macro level. On the other hand, calcium hydroxide dissolved in water increases the 
concentration of Ca  in pore water, and ion exchange takes place with the low price K  and Na  
on the surface of particles so that the water film on the surface of particles becomes thinner and 
aggregates with each other to form large particle masses. OH  ions which form calcium hydroxide 
and soluble in water can form an alkaline environment and promote various hydration reactions in 
the soil. 

Although the quantitative analysis of microstructural parameters and macroscopic mechanical 
properties of cured dredged soil has led to many useful conclusions in this paper, there are still many 
issues that have not been investigated. Firstly, the curing agent formulation is relatively small, and 
only curing agent admixtures of 2%, 4%, 6% and 8% are considered. To further improve the 
theoretical system, more ratios need to be studied. Second, reaction temperature is an important 
influencing factor for various chemical reactions, but it is not studied in this paper. The 
reference[13,14] showed that by increasing the curing temperature, the flow rate of ions in the 
material was accelerated and the probability of reactants increased, which indirectly enhanced the 
early strength. Finally, since the curing agent used in this paper consists mainly of cement, a large 
amount of carbon dioxide is produced in the process of cement production, which undoubtedly 
exacerbates the greenhouse effect. More green curing agents need to be explored in the future. 

 

 
Figure 8. Large particles formed by CSH gelling action. 
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5. Conclusion 

(1) The tests proved that the homemade curing soil based on cement and lime can significantly 
improve the mechanical properties of the dredged soil. The higher the curing agent mixture, the higher 
the lateral limitless compressive strength. At the same time, the average equivalent particle diameter 
increases and the average equivalent pore diameter decreases. 

(2) The increase in the unconfined compressive strength of the cured dredged soil sample is due to 
the aggregation of soil particles by the CSH cementitious material produced by hydration. 

(3) The microstructure parameters can reflect the microscopic change pattern of particles and pores 
during the curing process, and they all show good linear relationship with the unconfined compressive 
strength. 
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