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Abstract: The results of the three-dimensional reconstruction of soil were derived from the X-ray
absorption coefficient of the material itself. However, the absorption coefficient is not a fixed value,
and is related to densities, chemical molecular weight, and the weight percentages of chemical
components. How to accurately obtain the density of one component is a vital issue in multi-materials.
In this study, the influence of the physical parameters of each component in the data-constrained
modeling (DCM) of the microstructure of soft clay was investigated. The results showed that density
changes were more prominent. A reasonable multi-component density was calculated, and the
density of organic matter had a significant effect on the volume percentage of three-dimensional soft
clay. In the clay mineral montmorillonite, the density significantly affected the volume percentage
data, which directly limited the accuracy of the material distribution analysis. Based on this,
other physical parameters of each component in the data constraint model could be further explored.
Based on the density value of the simple material, a reasonable multi-materials density was calculated,
which provides a quantitative method for the evolution analysis of soil structure.

Keywords: soft clay; material composition; three-dimensional reconstruction; data-constrained
modeling (DCM)

1. Introduction

Soft clay is widely distributed in the coastal plains, deltas, and other areas around the lake basin,
and is a kind of soil with special characteristics. It has the characteristics of high water content,
large void ratio, and low water permeability. Therefore, the reinforcement of this soft clay foundation
is a technical problem in the engineering field [1–3]. The interaction of the structural characteristics
of the soil constituents is the main object of the study. The complexity of soil properties stems from
the differences, changes, and interactions of the physical structure of the various components within
the soil [4,5]. Analyzing the basic nature of soil from its structural characteristics is a reliable way of
knowing the mechanical performance of the material.

Soft clay has a variety of material components, with a mineral composition mainly consisting of
quartz, illite, and montmorillonite, and contains a certain amount of organic matter [6–8]. Clay minerals
such as montmorillonite and illite in soft clay easily interact with pore water in soil to form a combined
electric double layer [9,10]. The organic matter in soil has the characteristics of a loose structure and
large compressibility. Its existence reduces the strength of soil [11–13].The mechanical properties of
soft clay and its special engineering properties all result from the interaction between the various
substances. The main material properties of soft clay have a great impact on their overall nature [13–15].
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Data constrained modeling (DCM), which takes into account the differences in the absorption
coefficients of various substances in a variety of samples under the Multi-Energy X-ray (ME),
establishes a three-dimensional mathematical model of the soil [16–18].For soft clay, DCM can be used
to establish a soil three-dimensional structure model with a pixel size above a micron scale [19–22].
Understanding the influences of the physical parameters of each material component on the overall
structure of soft clay is vital. Micro-macro quantitative analysis of soil structures is controlled by the
parameters of mineral density.

Based on the density value of simple matter, a reasonable multi-component density can be
calculated to provide a quantitative method for soil structure evolution analysis. In this paper,
these problems will be discussed, and will provide a theoretical basis for the actual engineering of soft
soil foundation reinforcement.

2. Data and Methods

Clay Component Classification Based on the Data Constrained Modelling

Before using the data constrained model to establish the three-dimensional structural model
of soft clay, the material composition of soft clay needs to be determined. Using X-ray diffraction
and other technical means to obtain the percentage of each element in soft clay, a large number of
experimental experience, statistical data, and chemical formula can then be used to calculate the
percentage of each mineral in the soft clay content [23–25].

The X-ray absorption coefficient could be obtained by Data Constrained Modelling software [19].
The nonlinear constraint algorithm was used in DCM to minimize the discrepancy between the
expected and the measured linear absorption coefficients, and maximizes the Boltzmann distribution
probability. Firstly, the chemical equation of each mineral component was defined by X-Ray Diffraction
(XRD). Organic matter content was measured in Guangdong Province Key Laboratory of Geological
Processes and Mineral Resources. The measurement method was loss on ignition method. In this
experiment, the raw material dried at 105–110 ◦C is dried at 1000–1100 ◦C, and then the dried soil
samples were burned under high temperature. The organic matter and the molecules of the bound
water are destroyed and lost. Calculating organic matter according to the lost weight after calcination is
a reliable measure of the organic matter content. Secondly, the content of each mineral component was
calculated by the XRD and X-Ray Fluorescence(XRF) experimental data. Thirdly, the X-ray absorption
of each substance in the soil was obtained by DCM software. Finally, the curves shown in Figure 1
were obtained.J. Mar. Sci. Eng. 2018, 6, x FOR PEER REVIEW  3 of 8 
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K-Feldspar [32] KNaAlSi3O8 301 2.50–2.60 2.55 1.96 
Kaolinite [33] (OH)8Si4Al4O1 516 2.60–2.63 2.62 5.31 
Quartz [34] SiO2 60 2.65 2.65 33.20 

Sodium-Feldspar [32] NaAlSi3O8 262 2.61–2.76 2.68 2.00 
Montmorillonite [33] (OH)4Si8Al4O102H2O 596 2.20–2.80 2.50 28.46 
Organic matrix [34] C64H55O26N4 1295 1.2 1.2 2.39 

3. Resultsand Discussions 

3.1. The Effect of the Density of Organic Matter on the Percentage 

According to the lost weight after calcination calculating organic matter is a reliable measure of 
the organic matter content. The calculation process is as follows. First, set the organic chemical 
formula CHON, according to the reference to find the formula. Calculate the number of moles based 
on the mass percentage of organic matter, then calculate the chemical element subscript based on the 
volume percentage. 

According to the parameters in Table 2and the X-ray diffraction experiments, the DCM was run 
to calculate the organic chemical formula as following: O0.04798C0.11812H0.10151N0.00738. 

The density of organic matter was adjusted at 1.0, 1.10, 1.15, 1.20, 1.25, 1.30, and 1.40 g/cm3. It 
can be seen that the microscopic three-dimensional structural model of soft clay had a significant 
change by DCM. The microscopic three-dimensional structure of soft clay was obtained under 
different organic matter densities. The volume percentage was the observation and comparison as 
shown in Figure 2. 
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Figure 1. The composition of the X-ray absorption coefficient.
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According to the X-ray absorption coefficient image, it can be seen that the change characteristics
of the X-ray absorption coefficient of organic matter were obviously different from those of other
minerals (Figure 1). This is a significant difference between the composition and structure of organic
matter and other minerals. In the component classification, the organic matter and other material
components can be distinguished alone as a three-dimensional soft clay microstructure established
a group. Therefore, the soft clay material composition was divided into three groups: pores, minerals,
and organic matter.

According to the above method based on X-ray diffraction experiments, the results of the Daya
Bay soft clay material composition and its content are shown in Table 1.

Table 1. Soft clay material composition.

Material Name Molecular Formula
Molecular

Weight
(g/mol)

Reproduced
Densities

(g/cm3)

Average
Density
(g/cm3)

Weight
Percentage

(%)

Chlorite [26–28] (Mg,Fe,Al)6(Si,Al)4O8(OH)8 1126 2.65–2.90 2.78 2.01
Illite [29,30] (K,H2O)2Si8(Al,Mg,Fe)4O20(OH)4 1154 2.60–2.90 2.75 19.14
Calcite [31] CaCO3 100 2.60–2.90 2.75 1.75

Dolomite [31] CaMg(CO3)2 184 2.80–2.86 2.83 3.79
K-Feldspar [32] KNaAlSi3O8 301 2.50–2.60 2.55 1.96
Kaolinite [33] (OH)8Si4Al4O1 516 2.60–2.63 2.62 5.31
Quartz [34] SiO2 60 2.65 2.65 33.20

Sodium-Feldspar [32] NaAlSi3O8 262 2.61–2.76 2.68 2.00
Montmorillonite [33] (OH)4Si8Al4O102H2O 596 2.20–2.80 2.50 28.46
Organic matrix [34] C64H55O26N4 1295 1.2 1.2 2.39

3. Resultsand Discussions

3.1. The Effect of the Density of Organic Matter on the Percentage

According to the lost weight after calcination calculating organic matter is a reliable measure
of the organic matter content. The calculation process is as follows. First, set the organic chemical
formula CHON, according to the reference to find the formula. Calculate the number of moles based
on the mass percentage of organic matter, then calculate the chemical element subscript based on the
volume percentage.

According to the parameters in Table 2 and the X-ray diffraction experiments, the DCM was run
to calculate the organic chemical formula as following: O0.04798C0.11812H0.10151N0.00738.

Table 2. Calculation of organic chemistry equation.

Mineral
Names

Molecular
Formula

Weight
Percentage

(%)

Molecular
Weight
(g/mol)

Mole (Mole = Weight
Percentage/Molecular Weight)

(%g/mol)

SOM C64H55O26N4 2.39 1295 0.001846

O
(26 × Mole)

C
(64 × Mole)

H
(55 × Mole)

N
(4 × Mole) Group Molecular formula

0.04798 0.11812 0.10151 0.00738 O0.04798C0.11812H0.10151N0.00738

The density of organic matter was adjusted at 1.0, 1.10, 1.15, 1.20, 1.25, 1.30, and 1.40 g/cm3. It can
be seen that the microscopic three-dimensional structural model of soft clay had a significant change by
DCM. The microscopic three-dimensional structure of soft clay was obtained under different organic
matter densities. The volume percentage was the observation and comparison as shown in Figure 2.
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From the calculated structure of DCM, it can be seen that with the increase of the density of 
organic components, the volume ratio of organic components in the voxels first increased, then 
decreased. At the density of 1.10 g/cm³ for the volume of organic components, there was the largest 
volume percentage. The obtained data was plotted as a graph, which could more directly reflect the 
influence of the organic matter component density in the soft clay on the volume percentage of the 
soft clay, as shown in Figure 3. 

Figure 2. DCM calculated soft clay three-dimensional microstructure. Each square in the figure
represents a voxel unit, and the green color indicates the organic matter component in the voxel. (a)
density of organic matter = 1.0; (b)density of organic matter = 1.10; (c)density of organic matter = 1.15;
(d) density of organic matter = 1.20; (e) density of organic matter = 1.25;and (f) density of organic
matter = 1.4.

From the calculated structure of DCM, it can be seen that with the increase of the density of organic
components, the volume ratio of organic components in the voxels first increased, then decreased.
At the density of 1.10 g/cm3 for the volume of organic components, there was the largest volume
percentage. The obtained data was plotted as a graph, which could more directly reflect the influence
of the organic matter component density in the soft clay on the volume percentage of the soft clay,
as shown in Figure 3.J. Mar. Sci. Eng. 2018, 6, x FOR PEER REVIEW  5 of 8 
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Figure 3. The volume percentage of organic components varies with organic matter density.

The results of the DCM fitting reflected that under constant consolidation pressure, the volume
percent of organic matter decreased with increasing density. As the pressure increased, the volume
percent of organic matter in the sample increased. At the same time, when comparing the calculated
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result of DCM and the experimental result of organic matter, the volume percentage under different
pressure was similar to the experimental result when the density was 1.2.

3.2. The Effect of the Density of Clay Minerals on the Percentage

The chlorite mineral has the formula(Mg,Fe,Al)6(Si,Al)4O8(OH)8 and its density varies from 2.65 to
2.90. The chlorite mineral content changed after the density change of chlorite, as shown in Table 3.

Table 3. Percentage change of mineral components corresponding to the change of density of chlorite,
illite and montmorillonite.

Chlorite density 2.65 2.70 2.75 2.80 2.85 2.90
Mineral composition density 2.72 2.73 2.73 2.73 2.73 2.73

Illite density 2.60 2.65 2.70 2.75 2.80 2.85 2.90
Mineral composition density 2.67 2.68 2.69 2.70 2.71 2.72 2.72

Montmorillonite density 2.20 2.25 2.30 2.35 2.40 2.45 2.50 2.55 2.60 2.65 2.70
Mineral composition density 2.55 2.57 2.59 2.61 2.63 2.64 2.66 2.68 2.69 2.71 2.72

It can be seen from the table that the density of the entire mineral composition did not vary
with the density of chlorite. By calculating the DCM of 2.73 and 2.72 for the mineral composition,
the volume ratio of each material component was obtained. The volume fraction of the pore volume
was 69.3% and the density of the whole mineral component was 2.73. The volume fraction of the
mineral component was 30.2% and the density of the whole mineral component was 2.72. When the
volume percentage of organic matter was 0.557%, the volume percentage of pore volume was 69.2%,
the volume percentage of mineral component was 30.48%, and the volume percentage of organic
matter was 0.558%. Visible chlorite density changes on the percentage of the entire soft clay material
had little effect.

The chemical formula of illite is K2H8O26Si8Al4Mg4Fe4, which has a density range of 2.60–2.90.
The density of total mineral components after the change in illite density was calculated. Table 3shows
the percentage of each component with different illite densities. From the three-dimensional
microstructure diagram, it can be seen that when the density of organic components changed, the value
of volume percentage of organic matter was broadly stable. Therefore, the microstructure of soft clay
was not sensitive to the change of illite density.

Montmorillonite has the chemical formula O16H8Si8Al4 and its density varies from 2.60 to
2.90 [27,31]. The density of the total mineral components after the montmorillonite density change
was calculated, as shown in Table 3.

Using the above data, the relationship between the volume percentage of each component and
the density, and more intuitively observed the influence of the density of each mineral component in
the soft clay on the volume percentage of the mineral component, as shown in Figure 4.
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4. Conclusions

In this study, the influence of the physical parameters of each component on the microstructure of
soft clay was investigated and the following conclusions were drawn.

(1) Based on the density value of the simple material, combined with the volume and mass percentage
of the material, a reasonable multi-component density was calculated. The microstructure of soft
clay was not sensitive to the change of illite density.

(2) The density significantly affected the volume percentage data, which directly limited the accuracy
of the material distribution analysis. The organic component was the most significant parameter.
Montmorillonite, as one of the clay minerals, was the most sensitive material in soil.
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