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A 1D Compression Model for Loess Based on Disturbed State Concept
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Despite being insufficiently compacted, the loess structure can withstand a huge load like
the super solid. This paper attempts to disclose how water content affects the bonding and
arrangement of loess particles, and how it disturbs the loess structure. For this purpose, five
confined compression tests are designed for intact loess and remolded loess of different
water contents. Specifically, the disturbance function was defined with void ratio as the
parameter based on the disturbed state concept (DSC) theory, considering how the structural
features of loess Qs affects the compressive strength. Next, the evolution law of the
disturbance function was explored, and the influence law of water content on the parameters
of the disturbance function was investigated. Finally, a DSC-based 1D compression model
was constructed for loess Qs. The research results show that the water content has a great
impact on the evolution law of the 1D disturbance function and its two parameters, and the
influence can be described by exponential function. Besides, the experimental results show
that our model can accurately describe how water content affects loess compression.
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1. INTRODUCTION of the disturbance function was explored, and formulated

through curve fitting. On this basis, the influence law of

The geotechnical property differentiates geotechnical
materials from other materials. It directly bears on the
material structure and inhomogeneity. Different soils have
different geotechnical properties, and thus varied structures.
The structural difference has become the focus of constitutive
modelling in recent years.

The loess is formed through a complex process. The
formation spans across the entire quaternary period. The
special formation conditions and environment have endowed
the loess with special particle properties, such as obvious
columnar joints and large pores. Despite being insufficiently
compacted, the loess structure can withstand a huge load like
the super solid. This unique structure makes it extremely
complex to model the mechanical and engineering properties
of loess.

Much research has been done on the structure and
constitutive modelling of loess. For example, Gao [1]
conducted micro- and meso-scale tests on the microstructure
of loess. Shen [2] put forward a series of constitutive models
of loess based on damage mechanics theory. Drawing on soil
mechanics theory, Xie [4] proposed the concept of
comprehensive  structural  potential, and developed
constitutive models of loess. Many other scholars [5-10]
studied the structure and constitutive models of loess by the
disturbed state concept (DSC) theory [11-21].

This paper attempts to disclose how water content affects
the bonding and arrangement of loess particles, and how it
disturbs the loess structure. For this purpose, five confined
compression tests are designed for intact loess and remolded
loess of different water contents. Specifically, the disturbance
function was defined with void ratio as the parameter based
on the DSC, considering how the structural features of loess
Qs affects the compressive strength. Next, the evolution law
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water content on the parameters of the disturbance function
was investigated. Finally, a DSC-based 1D compression
model was constructed for loess Q3z, and proved capable of
reflecting how water content affects loess compression.

2.TESTING METHOD
2.1 Sampling

The loess samples were collected from the depth of 5m at
some building sites in the northern suburbs of Xi’an,
northwestern China’s Shaanxi Province. The samples are
drab and in the plastic state, belonging to loess Qs. Each
sample was marked on the top and bottom surfaces.

2.2 Grading tests
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Figure 1. The grading curve



The granular size of loess is often measured by sieving or
with a densimeter. Since the loess Q3 mainly contains silt,
with a few clays, the sieving method was adopted for loess
grading. The grading curve is shown in Figure 1.

Table 1 lists the main physical-mechanical properties of
the loess samples, which were obtained through indoor tests
on soil mechanics.

Table 1. The main physical-mechanical properties of the loess samples

. Water content Natu'ral Dry density Li.qu@d Pl?St.i ¢ .. Saturated water o
Proportion (%) density (g/em?) Limit Limit Plasticity content Collapsibility
(g/em’) (%) (%) (%)
2.71 22 1.48 1.2 31.3 18.9 12.4 46.5 0.017

3. THE DSC THEORY

The DSC is a method to simulate the constitutive relation
of a material disturbed by stress. Extended from the
microstructure change measurement, the DSC does not need
to define the microscopic constitutive relation, and excels in
simulating the interaction of microcracks.

In the DSC, external forces, whether mechanical, thermal
or environmental, can disturb the microstructure of the
material. On the microscale, the microstructure will initially
enter the unstable state under the disturbance, and gradually
shifts towards the stable state; eventually, the microstructure
will be stable enough to withstand the external load. On the
macroscale, the microstructure changes will inevitably lead
to variations in the mechanical properties of the material. In
return, the strength change and deformation of the material
are evidences to the changes of the microstructure. Therefore,
the DSC theory can explain the macroscale mechanical
response through microstructure changes, eliminating the
need to quantify the change of microstructure.

Under the external load, the microstructure of the material
will adjust and reorganize itself from the original relative
intact (RI) state to the final fully adjusted (FA) state. This
process, accompanied by microcracking or particle
movements, can be described by a disturbance function (D).
This function describes the disturbance evolution by macro
measurement, laying the basis for simulating the constitutive
relation of the material. Figure 2 is a sketch map of the DSC.

Relative intact state (RI)

D|= Disturbance function (D)
g
=15
E Observed behavior
wi
1-D
Fully adjusted state (FA)

effective stress P

Figure 2. The sketch map of the DSC

During the transition from RI state to FA state, the
material is considered a mixture of RI part and FA part, both
of which are randomly distributed. The RI state can be
described with an elastic or an elastoplastic constitutive
model. In this state, the material can bear the elastic stress
and strain as a continuum. The FA state can be simulated by
the critical state model or any other suitable model. In this
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state, the crack propagation causes damages to the material,
and eventually leads to material failure.

4. DSC-BASED 1D COMPRESSION MODEL
4.1 Basic hypothesis

The DSC-based 1D compression model was set up based
on the following hypotheses:

Hypothesis 1: The intact loess is in the RI state, and the
remolded loess in the FA state.

Hypothesis 2: The elastic deformation of the intact loess is
the same with that of the remolded loess before yielding, i.e.
the elastic deformation has nothing to do with loess structure.

Hypothesis 3: The deformation is elastic before the stress
reaches the yield stress.

4.2 Model construction

Based on the DSC, the material deformation is the sum of
the deformations in the RI and FA states:

8?_ :(l—Dg )ei'j + Dgeﬁ
. (1)

where & is the observed strain tensor; &} is the strain tensor in
the RI state; ¢ is the strain tensor in the FA state; D is the
disturbance function.

Since v'=vo-k'Inp , the volume strain in the RI state can be
derived from the Modified Cam-Clay Model (MCC):
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where k' is the expansion index of intact loess; v is the
specific volume of intact loess (v=1+e¢).

Since v*=vy-Alnp , the volume strain in the FA state can be
depicted as:

o Alnp

V oyy-Alnp
0 (3)

where 4 is compression index of remolded loess.

Equation (1) shows that the 1D compression model can be
constructed directly based on the volume strain and the
disturbance function. Hence, the constitutive modelling is
transformed to the construction of the disturbance function.



4.3 Definition of disturbance function

The previous experiments have shown that the intact loess
differs greatly from remolded loess in compressibility due to
their different mechanical performance under the same load.
This difference comes directly from the loess structure.
Therefore, the disturbance function should reflect the effects
of structure on the resistance to loading stress. Since loess is
water-sensitive, the disturbance function needs to disclose
how water content affects the structure. In confined
compression tests, the compressive deformation can be
described by the volumetric change, which is essentially the
variation in void ratio. Hence, the disturbance function is
defined here with void ratio as the parameter:

¢ “4)

where e 1s the initial void ratio; e is the void ratio of intact
loess under load; e. is the void ratio under the ultimate load.

The evolution laws of disturbance function for intact loess
and remolded loess can be obtained from equation (4). These
laws are displayed in Figures 3 and 4, with w being the water
content.
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Figure 3. The evolution law of the disturbance function for
intact loess
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Figure 4. The evolution law of the disturbance function for
remolded loess

It can be seen from the two figures that the evolution laws
of the above disturbance function are suitable for intact loess
and remolded loess:

D=1-Aexp(-Blg p) ©)

where A and B are the parameters of the disturbance function.

4.4 Effect of water content on the parameters of the
disturbance function

The parameters A and B of the disturbance function were
obtained through least squares fitting for intact loess and

remolded loess, respectively, with different water contents.

Table 2. The fitted values of parameters A and B

Water Parameters .
Soil type content w Correla_tlon
(%) A B coefficient
7 1.0148 0.0089 0.964
15 1.0084 0.0015 0.9934
Intact loess 20 1.0054 0.0017 0.9989
26 0.969 0.0023 0.9957
30 0.8792 0.0028 0.9754
7 1.0374 0.0015 0.9857
Remolded 15 0.9960 0.0020 0.9988
locss 20 0.9515 0.0024 0.9866
26 0.9856 0.0027 0.9793
30 0.9317 0.0026 0.9663

As shown in Table 2, the disturbance function exhibited a
clear variation law with the increase in water content. The
parameters A and B also showed regular changes due to the
growth of water content. The influence laws, fitted
parameters and correlation coefficients are shown in Figures
5 and 6 below.
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Figure 5. Influence of water content on parameter A
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Figure 6. Influence of water content on parameter B

Figures 5 and 6 show that the influence of water content
on parameter A can be fitted by the exponential function for
both intact loess and remolded loess, while that on parameter
B can be fitted by the power function for both types of soil:



w b
Azalebl B=a,w 2

; (6)

5. MODEL VERIFICATION

The DSC-based 1D compression model of loess can be
constructed based on equations (2)~(5) and the relevant
parameters in Table 2:

a i c
& = (- D)EV +De,
0.0013In p
2.258-0.0013In p

0.2246In p
2.258-0.22461n p

= 1.0051 exp(-0.0018 Ig p) ™

+(1-1.0051exp(-0.0018 Iy p))

The established model involves six parameters. The values
of these parameters are listed in Table 3 below.

Table 3. The parameters of the DSC-based 1D compression

model
e i A A B
1.258 0.0013 0.2246 1.0051 0.0018

The compressive deformation computed by the model
were compared with the experimental values on intact loess.
The comparison is displayed in Figure 7 below.
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Figure 7. Comparison between computed and experimental
results

As shown in Figure 7, the compressive deformation
computed by our model agrees well with the experimental
results, when the stress was relatively small. With the
increase of stress, however, the computed compressive
deformation was slightly below the experimental results,
especially after the stress surpassed the yield stress of the
loess. Overall, the two curves in the figure were basically
consistent.

6. CONCLUSIONS

In this paper, the disturbance function is defined with void
ratio as the parameter based on the DSC, considering how the
structural features of loess Qs affects the compressive
strength. Next, the evolution law of the disturbance function
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was explored, and the influence law of water content on the
parameters of the disturbance function was investigated.
Finally, a DSC-based 1D compression model was
constructed for loess Q3. The research results show that:

(1) The evolution law of the established disturbance
function echoes with the exponential function. The fitness of
the disturbance function was proved by test results.

(2) The influence of water content on parameter A can be
fitted by the exponential function for both intact loess and
remolded loess, while that on parameter B can be fitted by
the power function for both types of soil.

(3) Experimental results show that the DSC-based 1D
compression model for loess Q3 can accurately describe the
effect of water content on the compression properties of loess.
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