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Abstract: Due to the co-existence of multiple organics and multiple length scales of the structure,
quantitative characterization of the microstructure of organic matter in hydraulic mud consolidations,
and understanding the impact on its mechanical properties have been challenging topics. This article
attempts to tackle the challenge using lab experiments and a data-constrained modelling (DCM)
approach combined with multi-energy synchrotron-based X-ray micro-CT (computed tomography).
In this paper, scanning electron microscopy (SEM) and other different technical means were combined
to study the microstructure of hydraulic mud composition and distribution. One unmodified
hydraulic mud and four remolded samples were analyzed in vacuum preloading tests corresponding
to organic matter contents of 1.65%, 3.75%, 5.15%, 8.65%, and 11.15%, respectively. Organic matter
plays a significant role in hindering the shear strength of consolidation. Macro- and microstructure
under different pressures could be extracted by the DCM and X-ray CT. The DCM-reconstructed
microstructure of fine-grained soil from hydraulic mud is presented by four groups: organic matter,
two groups of minerals, and pores. Different groups are displayed with different colors, which
could clarify the distributions and density degrees of each component (group). The macro- and
microstructures and the distribution of organic matter were quantified and compared among groups.
It was demonstrated that the mechanical properties of the organic matter were closely correlated
to the meso- and nano-scale clusters of porosity and minerals. The variation of organic clusters
with loading pressure, and the number of sub-macro organic clusters, were small. Three scales of
organic cluster (40–400 µm, 4–40 µm, and 0.4–4 µm) changed visibly in consolidation at 200 kPa
and 800 kPa. The analysis has shown that pressures of 100 kPa and 400 kPa could be used as two
characteristic values of structure change of hydraulic mud, which perhaps matched the turning
points of destruction. The DCM approach, combined with multi-energy synchrotron-based X-ray
micro-CT presented here, are applicable in studying the relationship between the microstructure and
macro-properties for various other engineering materials.

Keywords: hydraulic mud; 3D (3-dimentional) microstructure characterization; organic matter;
data-constrained modelling (DCM); multi-scale microstructure evolution; multi-energy synchrotron-based
X-ray micro-CT

1. Instruction

Sludge fill in a hydraulic mud land reclamation project (called hydraulic mud, hereafter) is
widely used around the coastal areas in China [1,2]. Hydraulic mud is an important engineering
mud to relieve the shortage of land resources [3–5]. It is characterized by high clay content
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(above 60%) [6,7], abundant organic matter (over 1% by the potassium dichromate method) [8],
high water absorption ratio (80–300%) [9], high plasticity index (30–35) [10,11], and low shear strength
(τ ≤ 25 KPa) [12]. In hydraulic mud, organic matter is a special component with poor geological
engineering properties [13,14]. It limits the soil improvement in hydraulic mud land reclamation
projects and causes special engineering problems in deep foundation or land reclamation projects from
the sea, including airports, docks, highways, and tall buildings [15]. These problems could result in
high economic costs and very significant technical difficulties that limit the engineering applications of
hydraulic mud.

Results from the practical applications and experiments have shown that organic matter limits
engineering properties of the hydraulic soil or mud [16,17]. For example, Wehling et al. [18] revealed
that the peaty organic soil is particularly soft and highly compressible in the open field with initial
high water content. Xu [19] prepared artificial organic soil from soft soil with different contents
of added humic acid, and also studied the relationship between physical consistency index (liquid
limit and plastic limit) and organic content. Mou et al. [20] analyzed the organic matter content and
physical mechanical indices of soft soil and believed that organic matter had a significant influence on
the engineering properties of soil. According to the consolidation characteristics and consolidation
mechanism of soft soil, Liu et al. [21] found that the mechanical properties of soil became worse with
a higher content of cellulose and humus. Obour et al. [22] suggested that glyphosate application
could affect soil chemistry due to its indirect effects on soil organic matter. Based on the influencing
mechanism of soil strength, Guo [23] believed that the increase of organic matter increased the acidity
of soil. During soil hydration, organic matter reacted with the hydration production in advance, which
inhibited the generation of hydration products and formed a layer of adsorption film on the surface
of the soil particles [24]. These acidic ions could decompose hydration products, and then restrict
the formation of a continuous network of the skeleton structure, thus weakening the strength of the
solidified soil. Arifuzzaman [25] pointed out that organic matter beneath the filling soil decomposed
and formed a soft organic layer. This soft layer would lead to significant settlement due to its own
weight. Guo [26] discovered that carboxyl groups on the surface of humic acid (one type of organic
matter) was easy to decompose, and amino groups were easy to protonate during the studies on the
solidification mechanism of sludge soil. When Virto et al. [27] studied the cycling rule and action
mechanism of organic matter in non-cropland soil with the laser diffraction method, they found that
organic matter could slow down the consolidation of the organic matter of the soil. Inma et al. [28]
proposed that organic matter could improve micro-properties of soil and then increase strength through
affecting soil temperature and microorganism activity. Monreal [29] found that organic adhesive in
the soil was related to water content in large aggregates during the cultivation of Brown chernozem.
The content of organic chemicals, including carbohydrate and lignin monomers, were relatively high in
soil aggregates. These studies on the organic matter of soils were focused mostly on qualitative analysis.
However, characteristics of organic matter and multicomponent interaction are rarely reported [24,30].

Currently, the study of soil structure is mainly based on micro-imaging technology [31,32].
Although these technologies have high resolution, there are many difficulties in the multi-material
and multi-scale research. For example, the soil sample needs to be coated with gold or carbon, but the
thickness of the coating and humidity can result in image blurring or pixel drifting [33]. Soil samples are
very diverse between different types, and it is difficult to construct an observation surface. Continuous
high-resolution image technology was used to study the 3D (3-dimentional) structure of soil [34–36],
but it was difficult to obtain continuous features of soil. More difficult is that most of the pores in the
early consolidation of hydraulic mud were within millimeters, with relatively large space between
layers. Harjupatana et al. [37] found that the X-ray micro-CT technique could be used to characterize
soil microstructures down to imaging pixel-size resolution without damage [38]. However, because
this approach ignores the sub-pixel structures in the samples [39], it is not possible to obtain the
structure distribution of a pixel with size less than one micron [40] or to analyze quantitatively.



J. Mar. Sci. Eng. 2018, 6, 22 3 of 13

Yang et al. [41] proposed a material microscopic characterization method—the data-constrained
model (DCM). It considers the absorption coefficient difference of each material component in the
multi-energy X-ray (ME) sample, and establishes a three-dimensional mathematical model of the
material based on the micro-CT scan [42]. DCM not only characterizes material structure information
that is greater than or equal to the pixel size, but it also retains the material distribution information that
is smaller than the pixel size. For the fine-grained soil in the silt, DCM can build a three-dimensional
model of the soil with the pixel size based on the high-precision CT scanning technique, including the
mass occurrence and pore structure information of the micro-scale pixel size [43,44].

In this paper, the macro- and microstructures of fine-grained soil under different pressures were
extracted by multi-energy X-ray tomography combined with DCM. The distribution of organic matter
and other components were quantitatively analyzed. The relationship between organic matter and the
other components were studied from the perspective of the microstructure.

2. Methods

2.1. Materials and Lab Experiments

The soil sample was taken from the hydraulic mud located in Daya Bay of South China.
The sampling stratum is quaternary strata. The hydraulic mud was dried at 45 ◦C. According to
the Chinese standard for soil test method, basic physical and mechanical properties of hydraulic mud
were obtained and are listed in Table 1.

Table 1. Physical properties of dredger fill.

Water
Content

(%)

Void
Ratio

Specific
Gravity

Dry
Density
(g/cm3)

Wet
Density
(g/cm3)

Compressive
Property av1-2

(MPa−1)

Shear
Strength

(kPa)

Organic
Content

(%)

83.10 2.28 2.29 0.82 1.50 0.65–0.80 1.50 1.65%

The hydraulic mud was divided into five samples. One of the samples was reserved in unchanged
organic matter content (1.65% dry weight) and the structure formed in a shallow marine environment.
Other samples were mixed with added humic acid powder. Humic acid powder (>90%) was produced
by Shandong Ronghua Chemical Ltd. (Binzhou, China). This material is a mixture of humic acid,
fulvic acid, and other plant extracts, and was produced by extraction and other processes. The organic
matter was sieved using a 0.075 mm sieve. Humic acids can form complexes with ions that are
commonly found in the environment, creating humic colloids. The soft clay was divided into five
samples and remolded: (1) One sample retained its natural organic content (1.65%). (2) Four samples
were mixed with humic acid powder to make their organic contents 3.75%, 5.15%, 8.65%, and 11.15%,
respectively. Then, all five samples were watered until the gravimetric water content reached 120%
(weight percentage). They were cured for 20 days for a complete mixture of the soil and the chemical
additives. The gravimetric water contents of all the five samples were decreased to 83.10%. The room
temperature was controlled at 25 ◦C. Organic matter was measured in Guangdong Province Key
Laboratory of Geological Processes and Mineral Resources.

Simulation tests of one unmodified soil sample (hydraulic mud) and four remolded soil samples
were analyzed in vacuum preloading chambers with the same size of 555 mm × 460 mm × 400 mm.
One plastic drainpipe (the diameter of the drainpipe was 10 mm) was installed in the center of the test
chamber. The drainpipe was wrapped with geotextile which was water-permeable and soil-isolated.
Vacuum was kept over 85 kPa during the vacuum preloading test for 40 days [45]. At the beginning
of vacuum preloading test, the initial water content of all tested samples was the same (83.10% and
decreased). After the vacuum preloading test, a vane shear test on consolidated soil was analyzed.
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2.2. Sample Preparation and Data-Constrained Modelling

In the process of the vacuum preloading test, hydraulic mud samples were put in a vacuum-sealed
box, in which it was difficult to continuously take soil samples. In order to have a better
understanding of structure and mechanical mechanisms of organic matter during the soil consolidation,
the fine-ground soil powder with measured organic content of 1.65% was passed through a 0.075 mm
wet sieve to obtain organic matter and fine soil powder for the self-weight sedimentation and
one-dimensional consolidation test under pressure. Samples were treated with vertical pressures
of 0 kPa, 100 kPa, 200 kPa, 400 kPa, 800 kPa, and 1600 kPa. All samples were hand-cut into a size
of 5 mm in diameter and divided into six columnar samples. In order to decrease the size effect of
modeling [46] and to balance test conditions and image quality, the maximum thickness of samples
was 66 times the maximum diameter (0.075 mm) of particles.

Fine-ground soil included four components: pores, organic matter, Minerals 1, and Minerals 2.
Their linear attenuation coefficients of X-ray were varied. X-ray micro-CT experimentation was applied
to characterize the soil microstructures non-destructively down to an imaging pixel size resolution
with two energies of 30 keV and 40 keV, respectively. Fragile minerals of fine-ground soil were broken
easily at the initial stage of compression, and SEM was not suitable to obtain its 3D structural features.

The synchrotron radiation X-ray micro-CT experiment was conducted in the Image and Medical
Beam Line (IMBL) at the Australian Synchrotron Radiation Center. A ruby detector (Single pco. edge
sensor) was used to collect projective images with a distance between sample and detector of 30 cm.
The effective pixel size of the detector was 6.53 µm. Exposure time corresponding to 30 keV energy was
about 100 ms, while that to 40 keV was about 40 ms. When X-ray energies were selected, components’
linear attenuation coefficients, densities, and thicknesses of fine-grained soil samples were considered.

During the synchrotron radiation X-ray micro-CT experiments with both energies, the positions
of samples were unchanged. Samples were rotated at 180◦ to collect 1800 projection images (image
collection interval was 0.1◦). Before and after CT scan, 20 flat-field images and 20 dark-field images
were collected. X-TRACT software (TRC Bridge Design Software, Rancho Cordova, CA, USA) was
used to reconstruct CT slices. The process includes background corrections, image normalizations,
phase retrieval (δ/β value of 769.29 at 30 keV and 1111.91 at 40 keV), and ring artefact correction,
during which a filtered back projection algorithm and change size of filtering waves were analyzed
repeatedly to realize loop artifact correction and reconstruction.

As one important part of the four components of hydraulic mud, organic matter’s microstructure
distribution could be analyzed according to the data constraint modelling. Each of the six fine-ground soils
were analyzed with a pixel size of 6.53 µm and an actual model volume of 1.306× 1.306× 1.306 mm3.

The nonlinear constraint algorithm of DCM minimizes the discrepancy between the expected and
the measured linear absorption coefficients, and maximizes the Boltzmann distribution probability.
Ignoring the interactions between neighboring voxels, the objective function Tn at each voxel n is
described as follows [47]:

Tn =
L
∑

l=1
[δµ

(l)
n ]

2
+ En;

δµ
(l)
n =

M
∑

m=0
δ(m,l)V(m)

n − µ̂
(l)
n ;

En =
M
∑

m=0
V(m)

n S(m) +
M
∑

m1=0

M
∑

m2=0
V(m1)

n V(m2)
n I(m1m2);

0 ≤ V(m)
n ≤ 1; m = 0, 1, 2, . . . , M;

M
∑

m=0
V(m)

n = 1.

(1)

where n = 1, 2, . . . N, N is the total number of voxels in the system which is 8× 106 used in the “analysis
grid” and 106 in the “test grids”; δµ

(l)
n is the difference between the expected and the measured linear
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absorption coefficients at beam energies l, l = 1, 2, . . . L, L is the number of X-ray beam energies; l = 1
denotes for beam energy 30 keV and l = 2 for 40 keV; En is the dimensionless phenomenological internal
energy; µ(m,l) is the linear absorption coefficient of compositional group m at the X-ray energy l; m = 0,
1, 2, 3; M = 3, where M is the total number of groups in the system; m = 0 denotes for pores, m = 1 for
organic matter, m = 2 for Minerals 1, and m = 3 for Minerals 2; v(m)

n is the volume fraction of group
m. The sum of the voxel pore fraction v(0)n in the “analysis grid” is the porosity of the “analysis grid”;
µ̂
(l)
n are the X-ray CT measures’ linear attenuation coefficient values at beam energy l; S(m) denotes the

self-energy (chemical potential) for the composition group m; and I(m1,m2) is the interaction energy
between compositions m1 and m2. In this paper, we used the default value of the DCM software
I(m1,m2) = 0, m1 = m2; I(m1,m2) = 0.01, m1 6= m2.

Based on the 3D structure model, 3D quantitative data was obtained to analyze the connection
and coexistence between other components. The interconnection threshold [48] was set to be x
arbitrarily, and the interconnection property of the component between neighboring units was analyzed.
When both volume percentages (v(m)

n1 and v(m)
n2 ) of one component (m) between two neighboring

units (n1 and n2) were greater than x, the two connected elements formed a whole connected cluster.
When the threshold x was from 0 to 1, the volume percentage of the maximal connection was calculated,
and the threshold values were determined at the changing point or steep dropping zone.

According to the pore classification standard in soil testing regulation from the Geology and
Mineral Resources Ministry, cardinality 4 was used as the limit value to classify organic clusters on
the basis of the data statistical method with logarithmic coordinates. For convenience in evaluating
the degree of connection, the volumes of the clusters were represented by equivalent spheres of equal
volumes. The diameter D(m)

k of the sphere is calculated in Equation (2):
D(m)

k =

(
6V(m)

k
π

) 1
3

; k = 1, 2, . . . , K

V(m)
k = V0

Tk
∑

t=1
V(m)

n .
(2)

where the unit of D(m)
k is µm; K is the total number of clusters in an analysis grid. V0 = 6.53× 6.53× 6.53

µm3 is the volume of a voxel; Tk is the number of voxels in the k-th cluster. V(m)
k is the total volume

of T clusters satisfied with the composition group m. The total volume of DCM “analysis grid” is
1.306 × 1.306 × 1.306 mm3. The scale of the diameter D(m)

k spans over five magnitudes of length scales.
For notational convenience, the scales of clusters were divided into six types, as shown in Equation (3):

D(m)
k > 400µm; Macro

40µm< D(m)
k ≤ 400µm; Sub−macro

4µm< D(m)
k ≤ 40µm; Micro

0.4µm< D(m)
k ≤ 4µm; Sub−micro

0.4µm< D(m)
k ≤ 4µm; Meso

D(m)
k ≤ 400µm; Nano

(3)

3. Results

3.1. Special Properties Based on Lab Experiments

The consistency indices (liquid limit and plastic limit) of five hydraulic mud samples increased
with the increase of organic matter, as shown in Figure 1A. The plasticity index decreased very slightly
from 1.65% to 3.75%, and then increased significantly with the increase of organic matter.



J. Mar. Sci. Eng. 2018, 6, 22 6 of 13

J. Mar. Sci. Eng. 2018, 6, x FOR PEER REVIEW  6 of 13 

 

3. Results 

3.1. Special Properties Based on Lab Experiments 

The consistency indices (liquid limit and plastic limit) of five hydraulic mud samples increased 
with the increase of organic matter, as shown in Figure 1A. The plasticity index decreased very 
slightly from 1.65% to 3.75%, and then increased significantly with the increase of organic matter.  

 
Figure 1. Physical and mechanical properties of hydraulic mud. (A) Physical properties of hydraulic 
mud. (B) Mechanical properties of hydraulic mud. 

The relationship between shear strength and organic matter content is shown in Figure 1B. The 
shear strength had a negative relationship with the distance from the drainage center. It decreased 
rapidly by the increasing distance from the drainage center. It was also decreased with the increase 
of organic matter content. 

3.2. Connection and Coexistence Properties Based on DCM 

After one-dimensional tests (Figure 2A), projection images and micro-CT slices were obtained 
(Figure 2B,C). By DCM reconfigurable computing, 3D quantitative distribution characterization of 
organic matter was realized, as shown in Figure 2D,E. 

 
Figure 2. Experiments and modeling process. (A) Sample preparation after physical simulation 
experiment; (B) A projection image after background correction of one sample; (C) CT slice after 
reconstruction of the sample; (D) Distribution of organic clusters; (E) Distribution of organic matter. 

Figure 1. Physical and mechanical properties of hydraulic mud. (A) Physical properties of hydraulic
mud. (B) Mechanical properties of hydraulic mud.

The relationship between shear strength and organic matter content is shown in Figure 1B.
The shear strength had a negative relationship with the distance from the drainage center. It decreased
rapidly by the increasing distance from the drainage center. It was also decreased with the increase of
organic matter content.

3.2. Connection and Coexistence Properties Based on DCM

After one-dimensional tests (Figure 2A), projection images and micro-CT slices were obtained
(Figure 2B,C). By DCM reconfigurable computing, 3D quantitative distribution characterization of
organic matter was realized, as shown in Figure 2D,E.
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Figure 2. Experiments and modeling process. (A) Sample preparation after physical simulation
experiment; (B) A projection image after background correction of one sample; (C) CT slice after
reconstruction of the sample; (D) Distribution of organic clusters; (E) Distribution of organic matter.

After consolidation pressure, the quality of organic composition and density were considered,
and the threshold value was set at x = 0.015. The curve of quantity and volume change of organic
cluster was obtained, as shown in Figure 3.
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with loading pressure; (B) the volume of organic clusters varies with loading pressure.

As shown in Figure 3A, the number of sub-macro organic clusters was few. Three scales of organic
cluster (40–400 µm, 4–40 µm, and 0.4–4 µm) changed visibly in consolidation at 200 kPa and 800 kPa.
As shown in Figure 3B, the micro scale of organic clusters was the main scale which had the greatest
volume percentage. The volume percentages of three scales of organic cluster were changed rapidly
at 100 kPa. When pressure was more than 400 kPa, the volume percentage of three scales of organic
cluster was changed rapidly. Pressures of 100 kPa and 400 kPa could be two characteristic points of
structure change of organic cluster, which perhaps matched the turning points of the destruction of
hydraulic mud [49]. Therefore, it demonstrated that organic structure could be presented remarkably
by volume percentage.

The character of organic clusters along with pressure was analyzed quantitatively with DCM,
which overcame the contradiction between imaging field and resolution in the traditional field to a
certain extent. In addition, because the size of pores shrinks and blocks the channels, the organic
matter aggregated gradually. The 3D structure of each component with nanometer resolution was
realized, and each component could be discriminated.

Correlation coefficient method [50] was used to calculate the correlation coefficient between
different components in each unit. A correlation coefficient closer to 1 meant the chance of two
materials coexisting in one unit was larger, while a correlation coefficient near to −1 indicated that
the two materials usually did not coexist in one unit. A correlation coefficient closer to 0 meant that
coexistence of two materials were unrelated.

When pressure was from 100 to 1600 kPa, multi-component materials led to different correlation
coefficients with the increase of pressure, as shown in Figure 4A. Because of the one-dimensional
high-pressure consolidation test on soil samples without leaking out of particles with water, the change
of correlation coefficient between two component groups with pressure was small. Meanwhile,
the correlation coefficient between organic matter and pores was decreased with the increase of
pressure, indicating that the coexistence between organic matter and pores was improved during the
drainage consolidation. Meanwhile, the correlation coefficient between organic matter and Minerals 2
was positive at about 0.1, while the correlation coefficient between organic matter and Minerals 1 was
negative at around −0.15. Although the weight percentage of organic matter was 1.5%, the correlation
coefficients suggested that Minerals 2 might coexist with organic matter more easily than Minerals 1
because of its hydrophilic clay component.

The X-ray linear attenuation coefficient is a physical characteristic of material which can be
obtained by DCM software (New York, NY, USA). As shown in Figure 4B, minerals could be divided
into three groups based on the attenuation coefficient ratio value of minerals to organic matter [39].
One group was organic matter whose ratio value was 1. Minerals 1 had chlorite, illite, and calcite
whose ratio were greater than 20. Minerals 2 had other materials whose ratio values were greater than
10 and less than 20.
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matter varies with loading pressure changes; (B) Three components of the soil: Minerals 1, Minerals 2,
and organic matter.

4. Discussion

4.1. Distribution Relationship of Minerals and Pores

The structure of Minerals 2 of the soil coexisting on a cross-section is shown in Figure 5. Figure 5A
shows the three-dimensional structure of the coexisting minerals and pores. Most of pore (blue) and
its minerals (red) was within one volume unit, and most of the model units were purple. The SEM
images in Figure 5B (100× magnification) and Figure 5C (4000× magnification) showed that the water
draining channel could be represented by the component distribution of minerals with illite as its main
component during the water-draining and consolidation process.
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Figure 5. Minerals combined with pores. (A) Three-dimensional data-constrained modelling (DCM)
model of clay mineral bound with pores (red denotes minerals, and purple indicates a mix of minerals
and pores; (B) Amplified SEM image at 100 times magnification; (C) Amplified SEM image at
4000 times magnification).

4.2. Distribution Relationship of Minerals and Organics

Chen (2005) reported that clay minerals could absorb pore water and closely coexist with organic
matter. Based on SEM and Energy Dispersive Spectroscopy (EDX) results [51], the coexistence of
organic matter (Figure 6A) and fine soil powder (Figure 6B) was obtained. It showed that there were
aggregates or organoclay composite from organic matter (with large specific surface area) and mineral
particles. According to the DCM, the 3D distribution of organic matter was similar to those of two
minerals. For example, as shown in Figure 6C,D, the 3D coexistence of mineral with illite as its main
component could be determined. There are three types in the coexistence of organic matter: organic
matter is distributed on the surface of clay minerals, such as area “a” in Figure 6B; organic matter
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wraps clay minerals up, as in area “b” in Figure 6B; and organic matter is embedded in the layer
structure of clay minerals, as in area “c” in Figure 6D. These states are surface adsorption, particle
wrapping, and interlayer embedding, respectively.
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Minerals 2).

Prior to discussion, physical and mechanical tests concluded that shear strength decreased with
the increase of organic matter content, which was shown in Section 3.1. The number of soil particles
were significantly connected together, which was shown in Section 4.1.

The physical and mechanical properties of hydraulic mud are related to the combination of
microscopic materials. The hydrophilic organic matter was adsorbed onto the surface of soil particles,
then formed the hydrated matter on the surface of soil particles. In this status, organic matter plays a
significant role in holding moisture and hindering drainage consolidation of sludge soil, which was
connected with deformation in consolidation. So, in our opinion, we deduced that the strength and
the deformation of soil would be changed by hydrated matter, which would be greatly influenced by
organic matter.

4.3. Distribution Relationship of Minerals, Organics, and Pores

Most of the organic matter was dispersed between two mineral groups, as shown in Figure 7A.
Meanwhile, the value of correlation coefficient between Minerals 2 and pores was always greater than
0.8, indicating that hydrophilic flocculent structure was relatively significant.

Organic matter did not coexist with pores (Figure 7B), and the color did not change from Figure 7A
to Figure 7B. This is possibly due to the migration of organic matter with water during the consolidation
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process. During the consolidation of hydraulic mud, pores and Minerals 1 formed the skeleton structure
of soil body (Figure 7C,D). Furthermore, the strong water absorption capacity of the hydrocolloid in
organic matter caused organic matter to be attached to the surface of Minerals 2 (Figure 7E,F).

Both the rough surface of organic matter and Minerals 1 could facilitate the coexistence of the
hydraulic channel. Particles with high contented clay mineral in Minerals 2 could be connected with
strongly-bound water, then attach to the surface of the primary mineral and form a stable flocculent
structure gradually.
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organic matter, pore, Minerals 1, Minerals 2, and a mixture of Minerals 1 and Minerals 2,
respectively. (A) Two-dimensional slice of organic matter; (B) Distributions of organic matter and pore;
(C) Distributions of organic matter, porosity, and minerals; (D) Distributions of organic matter and
Minerals 1; (E) Distributions of organic matter, Minerals 1, and Minerals 2; (F) Distributions of organic
matter and Minerals 2.

5. Conclusions

The approach of DCM combined with two-energy synchrotron-based X-ray micro-CT presented
in the article is applicable in studying the relationship between microstructure and macro-properties
of soil. The materials in the soil were classified into four groups of organic matter, and two groups of
minerals and pores, based on their X-ray attenuation coefficient under different energies. The analyses
have demonstrated that:

• It was demonstrated that organic matter plays a significant role in hindering the shear strength
of consolidation. Organic matter affected the physical properties of the soil mainly through the
adsorption of water on the surface of soil particles. Soil particles were connected to each other
through the absorbed water film, leading to the decrease of resistance, adhesion strength, and the
shear strength between soil particles.

• During the consolidation of hydraulic mud, the analysis has shown that the pressures of 100 kPa
and 400 kPa could be used as two characteristic values of structure change of hydraulic mud,
which perhaps matched the turning points of destruction. The organics tend to be exclusive from
pores and minerals.
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• The size of pores shrank and blocked the channels, and the organic matter aggregated gradually
in consolidation. Minerals 2 (including minerals of chlorite and illite, etc.) coexisted with organic
matter more easily than Minerals 1 (including primary minerals and some clay minerals) because
of their hydrophilic clay component.

Data-constrained modelling (DCM) is a novel method in the quantitative analysis of 3D
microstructures. This method would be an effective research tool in organic structure research. It can
be applicable in the microstructure distribution, property characteristics, and quantification for various
other engineering applications.
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