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Abstract. More generally, the clay specimen is regarded as the homogeneous
body in the process of numerical analysis. In effect, the clay is heterogeneity.
Aim to study the evolution features of shear stresses and rotation angles of major
principal stresses at out of shear band during early loading state based on clay
actual mesostructures using the Duncan-Chang theory, the actual mesostructures
were taken into consideration when the clay numerical model was constructed.
Through the microscope, the original image which included the clay skeleton
and the pores before loading was captured. Then, the Otsu’s method was used to
convert the image captured into the binary one for identifying the exact
boundaries between the skeleton and the pores. The binary image, in which
white areas were called the skeleton while the black ones were the pores, was
transformed into the vector diagram which was the input document for the finite
element software. So, the 2D model with clay actual mesostructures was
established based on the vector-graph. Meanwhile, the model parameters used in
the 2D model were given by the triaxial compression test. Then, the numerical
analysis was performed for simulating the unconfined compressive test. The
results show that the actual model can not only reveal the evolution features of
internal shear stresses and rotation angles of major principal stresses at “points”
located in skeleton from the mesoscopic but also depict the evolution curves of
Mises stresses along the paths.
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1 Introduction

In recent years, some progresses have been presented on the clay heterogeneity in the
field of soil mechanics. Many geotechnical researchers don’t take the soil as a simple
macro-body but a structural body with complex mechanical properties given the
combination of the mesoscopic research on soil structures and the macro-properties of
soil materials [1–3]. Specially, researching the distribution and transmission of contact
stresses between soil particles located in the skeleton needs us to discuss deeply the
mechanical response from the mesoscale. That is to say, the research of soil
mesostructures [4, 5] will help us to understand the microscopic evolution features of
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shear stresses and rotation angles of major principal stresses [6, 7]. Moreover, it would
be helpful to analyze the fundamental cause of landside and debris flow.

As we know, soil engineers used the DEM to simulate soil specimens with
spherical particles. Due to limitations of experiment sets, DEM numerical tests (Ding
et al. (2013) [8], Mahmood et al. (2011) [9], Pena et al. (2007) [10], Pietruszczak et al.
(2013) [11]) show greater advantages for studying the relationship between
mesostructures and macroproperties of soil. Nicot et al. (2015) [12] firstly performed
the numerical simulations of granular materials subjected to proportional strain loading
paths using the DEM and secondly corroborated the DEM results with two
micromechanical models. Zhang et al. (2016) [13] conducted a series of biaxial tests
based on DEM and investigated the variation of soil-rock mixture’s mesostructures
during tests. Sun et al. (2010) [14] proposed that the inter-particle forces of granular
matter were transmitted through heterogeneous chain architecture and the force chains
would display different response as external loading varies. While, the numerical
models used in the above researches were generated randomly and they didn’t reflect
the actual mesostructures of geomaterials. It is believed that the models with random
aggregate structure cannot exactly represent the actual geomaterial inhomogeneities
and microstructures. Moreover, the particles adopted in the models were assumed to be
rigid, which was different from the actual geomaterials.

So, in order to quantitatively study the correlation between the actual mesostruc-
tures and macro-properties of soil, we firstly realized the elastic numerical analysis of
the cement soil based on the 2D model with actual mesostructures [15]. In this paper,
the air-dried clay was prepared for the unconfined compressive test. We assume that the
small amount of moisture has little or no effect upon the mechanical properties of the
clay. Then, the 2D numerical model including actual mesostructures of the undisturbed
clay was established and analyzed using the Duncan-Chang theory. Based on it, we
explored the evolution of shear stresses and rotation angles of major principal stresses
at out of shear band of the air-dried clay during the application of loads.

2 Establishment of Numerical Model

Using the axial symmetry principle, the cylindrical specimen of the air-dried clay,
which was commonly about 39.1 mm in diameter and 80 mm in length, was broken
into two half-cylindrical specimens. The local region at out of the shear band located in
the axisymmetric section including clay mesostructures was captured by the CCD
(Charged-coupled Device) camera before applying the unconfined compressive test.
According to the grayscale of the original image, the threshold value of the image was
0.1775 calculated by the Otsu’s method that describes the probability of variance
between target and background. The distribution characteristic about the skeleton and
the pores that form the inhomogeneity of the clay were identified, in which white areas
were called the skeleton while the black ones were the pores. After detecting the
irregular edges between the pores and the skeleton through the edge detection algo-
rithm, the edge detection image was transferred into the vector diagram using vector
graphics software CoreDRAW. Finally, the 2D numerical model with the clay
mesostructures was established successfully. According to the complexity of the
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model, the Adaptivity technique was used to mesh it in the numerical software. (Note:
The Adaptivity technique, which is supported by the software ABAQUS, is used to
deal with the grids distorted highly. In this paper, we adopted the Arbitrary Lagrangian
Eulerian adaptive meshing). Figure 1 shows the establish process of the 2D numerical
model.

3 Determination of Model Parameters and Boundary
Conditions

In order to analyze the numerical model with clay mesostructures, the numerical model
parameters were needed. Hence, the material parameters of the clay model used in
Duncan-Chang theory, which are shown in Table 1, were determined through the
triaxial compression test such as: cohesion, friction angle, etc. In this paper, we are
concerned the results from the macroscopic test and the meso-numerical simulation. So,
on the one hand, we acted on the unconfined compressive test with half-cylindrical
specimen; on the other hand, we also simulated the unconfined compressive test using
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Fig. 1. The establish process of 2D numerical model
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the model with clay mesostructures. In the process of simulating, the bottom boundary
of the model was regarded as the fixed support and the loadings were acted on the
upper boundary of the model. Additionally, considering the rationality of the model
and the limitation of the meso-image, the break point at the boundary and the tiny pores
in the model were all ignored.

4 Numerical Analysis and Results

The published literatures prove that researching stress characteristics of soil in the
initial state using Duncan-Chang theory are more accurate than other constitutive
theories. So, in this paper, the external loads were added to 50 kPa on the numerical
model, in spite of the failure load of the air-dried clay was 240 kPa obtained from the
unconfined compressive test. In order to discuss the evolution of shear stresses and
rotation angles of major principal stresses at out of the shear band, two typical elements
shown in Fig. 2 were selected. The first element labeled No. 129 element was located
next to the boundary of a large pore. The second one labeled No. 6450 element was
situated on the place away from pores, whose stress value was about the same as the

Table 1. Numerical model parameters of the clay.

K n Rf c/kPa u/(o) G D F Kur Pa=kPa Du/(o)

100 0.8 0.588 50.04 28.51 0.281 1.2 0.031 150 100 0.02

Fig. 2. Two typical elements selected
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external load. There are a few meaningful results from the quantitative research on the
shear stresses and rotation angles of the two elements below.

From the numerical results of the model, the magnitudes of the shear stresses, the
major principal stresses and the minor principal stresses at the two elements all could
be directly obtained. Thus, using the following equation, the rotation angles of the
major principal stresses could be found at every loading level.

s ¼ r1 � r3
2

sin 2h ð1Þ

Further, the normal stresses of the two elements were also found using the fol-
lowing equation.

rn ¼ r1 þ r3
2

þ r1 � r3
2

cos 2h ð2Þ

Next, based on the Mohr theory, the shear strength (sf ) of the two elements could
be drawn easily using the normal stresses obtained above. sf ¼ cþ rn tanu (Here, c is
the cohesion and u is the friction angle) Fig. 3 (a) and (b) are the evolution curves of
angles inclined to the direction of the major principal plane and the changing curves of
shear stresses and shear strengths of the two elements along the increasing loads
respectively. As shown in Fig. 3, we can learn that the rotation angles of two elements
are gradually increased with the increasing loading. It is knowable that every element in
the model is interrelated. It also indicates the same tendency for the angles when the
loading is applied from 0 to 50 kPa, although there are different initial angles and
different slopes. This suggests that the balance between external forces and internal
forces is achieved through congregate particles rotating in this state. Moreover, the
rotation speed of the angle labeled No. 129 element is increased rapidly. Obviously, the
final value is four times larger than the initial value, which illustrates that the shape of
particles might change so as to resist increasing loads. It may be the reason that the
element labeled No. 129 element at the boundary of a large pore has not enough
constraints leading to rotation angle increasing. Furthermore, for the labeled
No. 6450 element away from the pores, the rotation angle is increasing along the loads
and the slope of the curve is less than the slope of the one labeled No. 129 element.
Because there are no pores around the congregate particles at this mesoscopic level, the
evolution feature of rotation angles located in the skeleton is same to the macroscopic
properties of soil specimen. Above all, the congregate particles at the elements reor-
ganized undoubtedly and possessed new shear strengths to resist external loads.
Additionally, Fig. 3 also describes the relationship between shear stresses and shear
strengths of the same element. The shear strengths are evidently larger than the shear
stresses, which tell us the congregate particles can be still subjected to loads in initial
state. At the same time, both shear stresses and shear strengths of elements keep
increasing along the loading.

Figure 4 indicates the change rules of Mises stresses along different paths.
Figure 4(a) shows the path that locates in the region away from pores. The Mises stress
is fluctuation from the start point to the end point, which quantitatively demonstrates
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Fig. 3. The evolution of shear stresses and rotation angles of principal stresses
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Fig. 4. Stress paths and evolution curves of Mises stress along path
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the complexity of the internal stress of clay. However, the fluctuation range of the
Mises stress is small and the average value is about 51.5 kPa, approximately equal to
the external load, which is similar to the properties of homogeneous body. We believe
that the contact stress located in the region reflects the macroscopic mechanical
properties of clay specimen under the stable state. Figure 4(b) describes the path that is
located next to the pores. The Mises stress fluctuates remarkably. Specially, the Mises
stress is high on the side of the pore and the stress located in the bottom of the pore is
less than the stress at the topside of the pore. The peak stress, which is about 130 kPa,
is called the strong contact stress, while other stresses around it are weak contact stress.
Obviously, the contact stress network is scattered throughout the clay specimen. The
strong contact stress often occurs next to the pores, which is surrounded by the weak
contact stresses. The rupture of the strong contact stress is the precondition of clay
destruction.

5 Conclusions

Actually, the image processing technology can be used as the effective measurement to
get quantitative information based on clay mesostructures. Furthermore, it is feasible
that the numerical model with clay mesostructures is analyzed using the Duncan-Chang
theory. It makes sense that particles rotation under the loading results in the changing
of the shape of clay particles. And, the magnitude and the speed of rotating reply on the
position of congregate particles. The slope of angle curves located away from pores is
much smaller than other slopes of angle curves.

Moreover, there is a tight connection between strong contact stress and pores in dry
clay. That is demonstrated that pores, especially large pores, play a significant role in
the analysis of meso-stresses. As a result, the clay baring external loads depends on the
stable network of contact stress formed.
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