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2is paper investigates the triaxial compression behaviour of Q3 loess soil and the construction of a constitutive model accounting
for the structural effect of loess on the basis of the disturbed state concept. By analyzing the triaxial compression testing results, we
have established a new disturbing function with respect to the volumetric and shear moduli parameters. A research into the
evolution laws of the disturbing function was also conducted, followed by the construction of a constitutive model for loess soil as
well as the verification of the constitutive model with model test results. 2e results indicate that the double-parameter disturbing
function evolves in an exponential form, capturing well the effect of moisture content and confining pressure on the loess
structural behavior.2e parameters of the constructed constitutive model based on the disturbed state are easy to be obtained and
have clarified physical meanings. Considering the effectiveness in capturing the structural behavior of the loess, the constructed
constitutive model has a great potential to be applied in the engineering practice in the loess area. 2e constructed constitutive
model based on the disturbed state concept provides new ideas for the study of the structural constitutive model of loess, which is
theoretically significant.

1. Introduction

A constitutive model describing the stress-strain relations of
geomaterials is the key to the accurate calculation in engi-
neering practice [1, 2]. It has been baffling geotechnical en-
gineers for a long time. Due to the fact that the existing
constitutive model based on the remolding soil and the sat-
urated soil cannot truly describe the mechanical properties of
the structural natural soil, the structure of the soil has become
the focus and the difficulty of the research of the constitutive
model. 2e structure of the soil refers to the comprehensive
effect of the ‘spatial arrangement’ and the ‘coupling’ between
soil particles. Due to the differences in the components, the
forming process, and the forming experience, the structures of

the natural soil are diverse. It is the key for the field of the
geotechnical engineering to accurately describe the mechanical
properties of the structural soil and to construct the proper
constitutive model.

2e year of 1925 witnessed that it was the first time that
Terzaghi noticed the structure of clay and proposed the
‘honeycomb structure,’ and later Goldschmidt puts forward
the structure of the rack arrangement of the soil or the
structure of the book, both of which were the beginning of
the study of the issue of the structure. Subsequently, many
researchers all over the world have conducted many research
studies on the structural soil. Wong [3] established a con-
stitutive model for hardened structures by studying the
mechanical properties of clay before and after yielding. Liu
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and Carter [4] proposed a Cam-Clay model for the structural
clay. Desai [5–9] proposed an elasto-plasticity model for clay
based on the disturbed state theory. Based on the damage
mechanics theory, Shen [10–12] proposed a complex model,
a binary-medium model, and a pile-masonry model for the
structured soil. Xiao et al. [13–16] conducted a series of
studies on the structure of the overconsolidated soil. Chen
[17] studied the microstructure of the unsaturated structural
soil with the CTmethod and constructed an elasto-plasticity
model for structural soil. Fang et al. [18, 19] established the
relationship between the microscopic test data and the
macroscopic phenomena of the soil through the CT-triaxial
test, so as to obtain the structural evolution laws of the
structural soil. Jiang et al. [20, 21] applied the particle-flow
software to simulate the combination and the arrangement
of the structural soil and studied the behavior of structural
soil.

2e mechanical properties of the natural soil are of different
features, due to the differences in the geological ages, the forming
conditions, and the process of the soil formation. In particular,
the loess, one of the typical special soil, has the mechanical
properties different from the ordinary clay and the sandy soil.
2erefore, it is necessary to carry out the study of the loess. Miao
et al. [22] developed a constitutive model for the abrupt in-
stability of the loess. Gao et al. [23] and Romero and Simms [24]
conducted SEM tests to study the microstructure of the loess
before and after the occurrence of collapse. Lei and Tang [25]
and Li et al. [26] carried out CT tests to investigate the mi-
crostructural evolution of the loess by using the triaxial and
uniaxial compression tests. Luo et al. [27] quantitatively analyzed
the structural loess from the perspective of the soil mechanics.
On the basis of the compression tests, they proposed a parameter
called the comprehensive structure potential, which can
quantitatively describe the soil structure. By using the com-
prehensive structure potential, Chen et al. [28, 29] studied the
collapsibility of the loess through a series of tests at different
moisture contents. Wang et al. [30] studied the collapsibility
characteristics of the loess through the dry-wet cycle.

However, the study of the microstructure is not only
limited by the instruments but also affected by the dispersion
of the samples. For the study which is carried out from the
perspective of the soil mechanics, it is impossible to over-
come the obstacles of the structural property strength caused
by the arrangement and the cementation. 2erefore, Xu
[31, 32] described the mechanics of the structural properties
of the loess under one-dimensional compression state for the
first time and constructed the disturbance constitutive
model for one-dimensional compression state condition. It
can be seen that the disturbance state theory can not only
avoid the problem of measuring the change of the micro-
structure directly and quantitatively but also explain the
response of the macromechanics through the change of the
microstructure.

Loess is the quaternary sediment formed in the arid and
semiarid climate. 2e mineral composition of the loess in
different regions varies widely, and the amount and the
proportion of the mineral composition as well as the di-
versified content of the weathering-resistant mineral com-
position are different, both of which contribute to the fact

that the mechanical properties vary greatly. 2e main body
of the loess is composed of the coarse powder which is highly
active in being immersed in water, and the granules com-
posed of fine powder and clay in the loess cause loess having
a different collapsibility. 2e content of clay in the loess is
relatively small, and its hydrophilicity is different. 2e fact
that the composition and the proportion of the clay mineral
are different, to some extent, leads to the different col-
lapsibility of the loess. Kaolinite and hydromica can promote
the occurrence and development of the collapsing of the
loess, while montmorillonite and nontronite have special
expansibility and can prevent the development of the col-
lapsing of the loess. 2e powder particles in the loess are the
main part of the constitution of the granules. 2e powder
particles deposit with the soluble salts, and a combination of
them forms a cementitious connection in the lava, both of
which contribute to the special structural properties of the
loess. Studying the structure of the loess and accurately
describing its mechanical behavior is of great significance to
the research of the constitutive model in the field of geo-
technical engineering, especially to the engineering practice
in the northwest of China.

2is paper investigates the triaxial compression behavior
of the structural loess collected from the southern suburb of
Xi’an, on the basis of the disturbed state concept and
considering the composition and the characteristics of the
soil. Conventional triaxial compression tests under con-
solidated and drained condition were performed on
remolding and natural loess soil specimens of various water
contents. A disturbing function with its parameters being the
volumetric and shear moduli was established. 2e evolution
laws of the double-parameter disturbing function were
discussed for different moisture contents and confining
pressures. On the basis of this discussion, a disturbance
constitutive model reflecting the structure of the loess was
constructed. By comparing the finite element analysis results
using the proposed constitutive model with the rafted pile
group model test results, the effectiveness of the proposed
constitutive model was verified.

2. Materials and Methods

2.1. Structural Loess. 2e natural specimens of loess, which
were collected in a building site near to the Xi’an southern
suburb, were adopted in this study. 2e cover depth of the
collected loess in the building site was about 5.0m.2e color
of the plastic loess was yellow. According to the Chinese Soil
Classification System, this type of soil can be classified as the
typical Q3 loess. Standard proctor tests were performed to
measure the optimum moisture content as well as the
maximum dry density. 2e material parameters are sum-
marized in Table 1.

2.2. Sample Preparation

2.2.1. Natural Samples. 2e loess was excavated using hands
for the purpose of avoiding disturbance and then was
trimmed to standard specimens in steel split molds. 2e
samples were cut into cylindrical shape with the height being
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80mm and the diameter being 39.1mm, as shown in Fig-
ure 1.2e discrepancy in the soil density was controlled to be
no more than 0.03 g/cm3, and the discrepancy in the soil
moisture content was controlled to be no more than 1%.

2.2.2. Remolding Samples. In the preparation of the
remolding soil samples, what is first and foremost is that the
natural soil was made into pulverized and then sieved with a
sifter of 1mm in sieve diameter. 2en, after the soil was
stirred evenly, we measured the moisture content and
packed them into sealed bags. By using the natural dry
density, the mass of different samples was calculated. 2en,
according to the samples needed for different tests, the
samples were obtained with the method of stratified sample
pressing. Following the standard procedure, the remolding
loess specimens were compacted to the required dry density
in five layers.

2.2.3. Sample Saturation. With the help of the vacuum
pumping method, the loess specimens were saturated. Using
the distilled water, all the specimens were utterly saturated
for 1 day under the condition of vacuum. 2e considered
magnitudes of the loess moisture contents were controlled
adopting the natural air drying and moisture migration
methods.

2.2.4. Sample Moisture Content. In order to keep the dif-
ferent structural properties, the water contents of the
compacted loess specimens were adjusted to the set water
contents (i.e., 16%, 8%, 28%, 46.5%, and 22%) by dehu-
midification or humidification. For the specimens with a
water content less than 22%, the water content was improved
to be 22% by adopting the syringe dripping method. For the
samples with a water content greater than 8%, the specimens

were air-dried to decrease the water content to be 8%. Once
the set water contents were achieved, the specimens were
wrapped with the preservative film and were put inside a
moisturizing cabinet. 2e specimens were stored inside the
moisturizing cabinet for more than 2 days so that a ho-
mogenous water distribution was achieved. 2e weight of
the water for humidification or dehumidification was cal-
culated by

mw �
w1 − w0( m0

1 + w0
, (1)

wherem�weight of water to be added/removed,m0 � initial
sample weight, w0 � sample water content, and w1 � target
water content.

2.3. Triaxial Compression Test Method. Conventional triaxial
compressive tests [33–35] were performed adopting a strain-
controlled triaxial compression apparatus. A schematic of the
strain-controlled triaxial compression testing apparatus is
presented in Figure 2. As shown in Figure 2, this apparatus
mainly consists of the pressure chamber, axial loading system,
confining pressure system, and pore pressure measurement
system. 2is apparatus was designed based on the MC shear
strength concept to determine the stress versus strain relations
and the ultimate shear strength of the specimens under various
confining pressures [36]. 2e confining pressure is applied on
the specimens within the device chamber using the loading
system, and the vertical stress is applied on the specimens using
the system of axial loading. 2e system of axial loading can
control the strain rate and keep a constant confining pressure.
With increasing the deviator stress, the specimens reach the
limit equilibrium state, and the shear failure occurs finally. 2e
specimens are tested under consolidated and drained condi-
tions with a shear rate of 0.5mm/min and confining pressures
of 50, 100, 200, and 300 kPa. 2e shear failure point is reached

Table 1: Material parameters of the natural loess investigated in this study.

Parameter Gs ρnd e wp wl ρdd wsmc womc ρmdd fcc wnmc wpi

Magnitude 2.71 1.476 1.258 18.9 31.3 1.2 46.5 28 1.67 0.019 23 12.4
Note. Gs � specific gravity; e� void ratio; wl � liquid limit (%); wsmc � saturated moisture content (%); ρmdd �maximum dry density (g/cm3); wnmc �natural
moisture content (%); ρnd �natural density (g/cm3); wp � plastic limit (%); ρdd � dry density (g/cm3);womc � optimummoisture content (%); fcc � coefficient of
collapsibility; and wpi � index of plasticity.

Figure 1: Photograph of natural structural loess samples.
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corresponding to the peak deviator stress on the stress versus
strain curve. When there is no peak value, the deviator stress
corresponding to an axial strain of 15% is regarded as the shear
failure point [37]. 2e experiments proceed until reaching a
19% axial strain.

3. Results

3.1. Stress-Strain Relations. 2e relations between deviatoric
stress (i.e., σ1–σ3) and axial strain (i.e., ε1) for natural loess
specimens under triaxial compression at various water
contents and different confining pressures are presented in
Figure 3. It can be indicated in Figure 3 that the effect of
confining pressure on the stress versus strain relations of the
natural loess is remarkable. When the confining pressure
becomes larger, the shear strength of the natural soil under
each respective water content increases, but the magnitudes
of the increases are different. When the confining pressure
and the water content are both relatively low (w � 8% and
σ3 � 50, 100 kPa), the structural properties of the natural soil
are strong and are relatively remarkable in the elastic stage.
2e confining pressure does not damage the initial structure
of the natural soil, so the shear strength changes greatly
when the comparison of the shear strength before and after
structural failure is made. 2erefore, the curves of the stress-
strain relationship exhibit a typical softening type. With an
increase in the confining pressure, the structure is gradually

damaged. Accordingly, the curves of the stress-strain rela-
tionship gradually change from the softening type to the
hardening type, and it is especially conspicuous when the
confining pressure reaches 100 kPa. At a confining pressure,
the curves of the stress-strain relationship of the natural soil
specimens under relatively high water contents (w �16%,
22%, 28%, and 46.5%) basically show a hardening type. In
addition, at a relative low confining pressure (e.g., 50 kPa),
the stress-strain relations for natural loess specimens are of
softening type under relative low water content. 2e soft-
ening type stress-strain relations transform into hardening
type when the water content is from low to high. 2is is
because that an increase in the water content has destroyed
the original cementation.

2e relations between deviator stress and axial strain for
the remolding loess specimens under various confining
pressures and water contents are shown in Figure 4. It can be
indicated from Figure 4 that the confining pressure exerts an
effect on the stress-strain relations of the remolding soil, but
the effect is relatively slighter. When the confining pressure
becomes larger, the shear strength of the remolding soil
increases, but the magnitude of the increase becomes
smaller. 2e sieving process in the preparation of remolding
loess specimens has destroyed the original cementation in
the natural loess soil. 2e weak cementation generated
during sample preparation is reflected only at a relatively low
water content and confining pressure. In detail, the stress-
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Figure 2: Schematic diagram of the strain-controlled triaxial compression testing apparatus.

4 Advances in Civil Engineering



5 10 15 200
Axial strain ε1 (%)

0

200

400

600

800

1000

1200
D

ev
ia

to
ric

 st
re

ss
 σ

1 –
 σ

3 (
kP

a)

Confining pressure 
= 50kPa
Confining pressure 
= 100kPa

Confining pressure 
= 300kPa

Confining pressure 
= 200kPa

(a)

5 10 15 200
Axial strain ε1 (%)

0

200

400

600

800

1000

1200

D
ev

ia
to

ric
 st

re
ss

 σ
1 –

 σ
3 (

kP
a)

Confining pressure 
= 50kPa
Confining pressure 
= 100kPa

Confining pressure 
= 300kPa

Confining pressure 
= 200kPa

(b)

5 10 15 200
Axial strain ε1 (%)

0

200

400

600

800

1000

1200

D
ev

ia
to

ric
 st

re
ss

 σ
1 –

 σ
3 (

kP
a)

Confining pressure 
= 50kPa
Confining pressure 
= 100kPa

Confining pressure 
= 300kPa

Confining pressure 
= 200kPa

(c)

5 10 15 200
Axial strain ε1 (%)

0

200

400

600

800

1000

1200

D
ev

ia
to

ric
 st

re
ss

 σ
1 –

 σ
3 (

kP
a)

Confining pressure 
= 50kPa
Confining pressure 
= 100kPa

Confining pressure 
= 300kPa

Confining pressure 
= 200kPa

(d)

Figure 3: Continued.
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Figure 3: Deviatoric stress-axial strain relations for natural loess specimens prepared at different water contents. (a) 8%; (b) 16%; (c) 22%;
(d) 28%; (e) 46.5%.
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Figure 4: Continued.
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strain relations for remolding loess specimens are of
hardening type at a water content other than 8%. And, the
stress changes slightly as the change of confining pressure.
2e attenuation of the stress is prominent only at a relatively
high water content (i.e., w � 46.5%).

As a whole, because of the cementation and ar-
rangement effects caused by climate and characteristic
ingredient, the strength of natural loess is higher at a
relatively low water content and a relatively high con-
fining pressure. By increasing the water content, the

structural strength of natural loess shows an intense
attenuation at a relatively large confining pressure. 2e
stress versus strain relations for remolding loess are
generally hardening type and are not affected significantly
by confining pressure and water content.

3.2. Disturbing Functions

3.2.1. Definition. 2e disturbed state theory was established
by Desai in 1974. According to the disturbed state concept,
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Figure 4: Deviatoric stress-axial strain relations for remolding loess specimens with various water contents. (a) 8%; (b) 16%; (c) 22%;
(d) 28%; (e) 46.5%.
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when any material is subjected to an external load, the
change of the internal microstructure of the material will
inevitably cause the reflection of the external macroscopic
mechanics of the material. For the internal of the material,
the microstructure will change from the (original) relatively
intact state to the fully adjusted state. 2e disturbance
procedure can be depicted using a disturbing function or
disturbance factor, and the disturbance evolution is de-
scribed by the macroscopic measurement so that the con-
stitutive relationship of the material is simulated. 2e
disturbing function is a function that reflects the macro-
scopic behavior and the internal mechanism of the micro-
scopic changes. Whether its evolution law is reasonable or
not will directly determine whether the constitutive model
can truly reflect the mechanical response of the soil or not.
2erefore, the core issue of constructing a constitutive
model for structural loess soil at the disturbed state is to
reasonably establish the disturbing function and to study its
evolution laws.

In order to consider the contribution of deviatoric stress
and spheric stress to its strain, we establish the relation
between the modulus of the spheric stress (i.e., volumetric
modulus) and the disturbing function and the relationship
between the modulus of the deviator stress (i.e., shear
modulus) and the disturbing function. 2erefore, the dis-
turbing function based on the volumetric modulus and the
shear modulus is defined as follows:

Dv �
Ki − K( 

Ki − Kc( 
, (2)

Ds �
Gi − G( 

Gi − Gc( 
, (3)

where Ki � volumetric modulus at the relatively intact state
(Ki can be calculated through Ki � Ei/(3(1 − 2μi)) where Ei
and μi are, respectively, elastic modulus and Poisson’s ratio
of undisturbed loess soil), Kc � volumetric modulus at the
fully adjusted state (Kc can be calculated through
Kc � Ec/(3(1 − 2μc)) where Ec and μc are, respectively,
elastic modulus and Poisson’s ratio of remolding loess soil),
Gi � shear modulus at the relatively intact state (Gi can be
calculated through Gi � Ei/(2(1 + μi)) where Ei and μi are,
respectively, elastic modulus and Poisson’s ratio of undis-
turbed loess soil), and Gc � shear modulus at the fully ad-
justed state (Gc can be calculated through
Gc � Ec/(2(1 + μc)) where Ec and μc are, respectively, elastic
modulus and Poisson’s ratio of remolding loess soil).

3.2.2. Evolution Laws. 2e evolution characteristics of the
disturbing functions based on volumetric modulus and
shear modulus are shown in Figures 5 and 6, respectively. It
can be revealed from Figure 5 that both the confining
pressure and the water content have an effect on the vol-
umetric modulus of the loess. 2e effect is reflected in the
disturbing function. It has been indicated that the water
content has a relatively great effect on the evolution laws of

the disturbing function for the natural soil, while the water
content has a slighter effect on the evolution laws of the
disturbing function for the remolding soil. In the cases of
low confining pressures, the evolution laws of the disturbing
function for the natural soil change more slightly than that
for the remolding soil, while in the cases of high confining
pressures, the evolution laws of the disturbing function for
the natural soil change more greatly than that for the
remolding soil. In the cases of the same water content, the
confining pressure has a greater effect on the evolution laws
of the disturbing function for the natural soil, but has a
slighter effect on the evolution laws of the disturbing
function for the remolding soil.

It can be vividly revealed from Figures 5 and 6 that the
evolution laws of the disturbing functions based on volu-
metric modulus and shear modulus for natural and
remolding loess soil specimens can be well fitted by two
exponential functions.

As shown in Figure 5, the disturbing function based on
volumetric modulus can be fitted by

1 − Dv � Ave
− Zvεv . (4)

As shown in Figure 6, the disturbing function based on
shear modulus can be fitted by

1 − Ds � Ase
− Zsεs , (5)

where Dv, and Ds are, respectively, the disturbing functions
based on volumetric modulus and shear modulus and Av,
Zv, As, and Zs are the parameters of the disturbing functions.

2e values of the disturbing function parameters, namely,
Av, Zv, As, and Zs, in the disturbing functions for the natural
and remolding loess specimens (see equations (4) and (5)) can
be obtained through nonlinear curve fit with the least square
method. Figures 7 and 8 summarize the magnitudes of the
parameters of the disturbing functions for natural and
remolding loess specimens prepared at various confining
pressures and water contents. On the basis of the laboratory
tests, the values of the parameters of the disturbing function for
soil specimens under various confining pressures and water
contents can be obtained. It can be indicated from Figures 7 and
8 that the disturbing function parameters vary, depending on
the magnitudes of confining pressure and water content.
However, a stable rhythm cannot be observed in the effect of
confining pressure andwater content on the disturbing function
parameters. 2erefore, more experimental research is required
for the identification of this influencing mechanism. 2ese
disturbing function parameters and the evolution laws of the
disturbing functions lay the foundations for establishing the
constitutive model for structural loess soil based on the dis-
turbed state concept.

4. Modelling and Discussion

4.1. Model Formulation at the RI State. Based on the dis-
turbed state concept, the relatively intact (RI) state can be
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used to describe the natural structural loess. In the
meantime, the elastic, plastic, or elasto-plastic models
may be adopted to simulate the RI state of structural
loess. In this study, the elastic model is selected to rep-
resent the RI state.

According to the generalized Hooke’s law, the
mean effective stress p′ and deviatoric stress q are calculated
by

p′ � Kεi
v, (6a)

q � 3Gεi
s, (6b)

where K� bulk modulus,G� shear modulus, εi
v � volumetric

strain at the RI state, and εi
s � shear strain at the RI state. K
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Figure 5: Evolution laws of the disturbing function based on volumetric modulus. (a) Natural loess sample prepared at 8% water content;
(b) natural loess sample prepared at 16% water content; (c) remolding loess sample prepared at 8% water content; (d) remolding loess
sample prepared at 16% water content.
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and G relate to Young’s modulus E and Poisson’s ratio ]
through

K �
E

3(1 − 2])
, (7a)

G �
E

2(1 + ])
. (7b)

2e incremental form of equations (6a) and (6b) can be
written as

dεi
v

dεi
s

⎡⎢⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎥⎦ �

1
K

1

1
1
3G

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

dp′

dq

⎡⎢⎢⎢⎢⎣ ⎤⎥⎥⎥⎥⎦. (8)
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Figure 6: Evolution laws of the disturbing function based on shear modulus. (a) Natural loess sample prepared at 8% water content;
(b) natural loess sample prepared at 16% water content; (c) remolding loess sample prepared at 8% water content; (d) remolding loess
sample prepared at 16% water content.
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2e parameters K and G in equation (8) can be com-
puted, according to Liu and Carter [38], by

K �
v

i
p

i

k
i

, (9a)

G �
3(1 − 2])v

i
p′

2(1 + ])k
i

, (9b)

v
i

� 1 + e0 − k
i ln p′, (9c)

where ]i � specific volume at the RI state, ei � void ratio at the
RI state, e0 � initial void ratio, and ki � initial elastic phase
slope on ei − lnp′ curve at the RI state.

For conventional triaxial compression tests at consoli-
dated and drained conditions, we have

dq � 3dp′. (10)

2erefore, considering equation (10), the following re-
lation is satisfied:

dεv

dεs

�
G

K
. (11)

2e parameters K and G can be obtained with the help of
the εv versus p′ curves and the εs versus εv curves. By
substitution of the obtained K and G in equations (7a) and
(7b), Young’s modulus E and Poisson’s ratio ] is derived.

4.2. Model Formulation at the FA State. At the fully adjusted
state, the volumetric strain increment dεc

v and the shear
strain increment dεc

s can be obtained within the framework
of the modified Cam-Clay (MCC) model. According to
Bazant and Gilles [39], dεc

v and dεc
s has the form

dεc
v � κ

dp′

v
c
p′

+(λ − κ)
dp0′

v
c
p0′

, (12a)

dεc
s �

2(1 + v)κ
9(1 − 2v)v

c

dq

p′
+

2η
M

2
− η2

(λ − κ)
dp0′

v
c
p0′

, (12b)
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Figure 7: Parameters of the disturbing functions for natural loess specimens.
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where vc � 1 + e0 − (λ − κ)ln p0′ − κ ln p′, the superscript c
denotes the FA state, and λ and κ are, respectively, the slopes
of the normal consolidation and swelling lines. In general, λ
and κ can be obtained from an isotropically loaded triaxial
test or from an oedometer test.

2e incremental relation between stress and strain for
the soil at the FA state can be expressed as

dεc
v

dεc
s

⎡⎢⎢⎣ ⎤⎥⎥⎦ � Kf

Kκ 1

1 Kg

⎡⎢⎢⎣ ⎤⎥⎥⎦
dp′

dq

⎡⎢⎢⎣ ⎤⎥⎥⎦,

Kf �
λ − κ

v
c

2η
M

2
+ η2 p′

,

Kκ �
λM

2
+(2κ − λ)η2

2(λ − κ)η
,

Kg �
2(1 + v)κ
9(1 − 2v)

M
2

+ η2

2(λ − κ)η
  +

2η
M

2
− η2

,

(13)

where η � q/p′ and M� frictional constant. For triaxial
compression tests,M is related to the effective stress friction
angle, ϕ′, through

M �
6 sin ϕ′
3 − sin ϕ′

. (14)

4.3. Model Incremental Form and Parameters. Based on the
disturbed state concept as well as the evolution laws of the
double-parameter disturbing function discussed above, the
volumetric strain increment can be expressed as

dεv � 1 − Dv( dεi
v + Dvdεc

v + εc
v − εi

v dDv. (15)

2e shear strain increment is calculated as

dεs � 1 − Ds( dεi
s + Dsdε

c
s + εc

s − εi
s dDs. (16)

2erefore, the constitutive model for the structural loess
based on the disturbed state concept has the form
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Figure 8: Parameters of the disturbing functions for remolding loess specimens.
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dεv

dεs

⎡⎢⎢⎢⎣ ⎤⎥⎥⎥⎦ �

1 − Dv

K
+ DvKfKk DvKf

DsKf

1 − 3Ds

3G
+ DsKfKg

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

dp′

dq

⎡⎢⎢⎢⎢⎣ ⎤⎥⎥⎥⎥⎦

+
εc

v − εi
v 0

0 εc
s − εi

s

⎡⎢⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎥⎦

dDv

dDs

⎡⎢⎢⎢⎣ ⎤⎥⎥⎥⎦.

(17)

By substituting equations (4) and (5) into equation (17),
one can obtain

dp′

dq

⎡⎢⎢⎢⎢⎣ ⎤⎥⎥⎥⎥⎦ � A

Kvv Kvs

Ksv Kss

⎡⎢⎢⎢⎣ ⎤⎥⎥⎥⎦
dεv

dεs

⎡⎢⎢⎢⎣ ⎤⎥⎥⎥⎦, (18)

A �
1

1 − Dv( /K(  + DvKfKk  1 − Ds( /3G) + DsKfKg  − DvDsK
2
f,

(19)

Kvv �
1 − Ds

3G
+ DsKfKg  1 − εc

v − εi
v  AvZv exp − Zvεv( (   − DvKf, (20)

Kvs �
1 − Ds

3G
+ DsKfKg  − DvKf 1 − εc

s − εi
s  AsZs exp − Zsεs( (  , (21)

Ksv �
1 − Dv

K
+ DvKfKk  − DsKf 1 − εc

v − εi
v  AvZv exp − Zvεv( (  , (22)

Kss �
1 − Dv

K
+ DvKfKk  1 − εc

s − εi
s  AsZs exp − Zsεs( (   − DsKf. (23)

For conventional triaxial compression tests, where
dq � 3 dp′, a manipulation of equation (18) leads to the
derivation of the final incremental form of the proposed
constitutive model which is expressed as

dp′ � A Kvv + Kvs

Ksv − 3Kvv

3Kvs − Kss

 dεv, (24a)

dq � A Ksv + Kss

Ksv − 3Kvv

3Kvs − Kss

 dεv. (24b)

From equations (24a) and (24b), it can be indicated that
the parameters of the proposed constitutive model are ], E, λ,
κ, M, Av, Zv, As, and Zs. 2ese parameters in the model can
be obtained through the conventional laboratory tests,
which lay the foundation for popularizing and applying this
model in engineering practice. 2e proposed constitutive
model has the ability to account for the structural effect of
loess, which provides a mathematical means for investi-
gating the structural behavior of loess soil under various
conditions. 2is is because that the incorporated disturbing
function in the proposed constitutive model is capable of
simulating the effect of water content and confining pressure
on loess structural behavior and describing the variations of
bulk modulus and shear modulus with stress.

4.4. Model Verification. To verify the constructed consti-
tutive model for structural loess, scaled model tests with the
ratio of similitude being 1/100 were carried out on a rafted
pile group foundation in Xi’an loess soil. 2e model tests
were conducted by the research group in the geotechnical-
mechanics laboratory of Xi’an University of Architecture
and Technology. 2e prototype of the model test is a high-
rise building with 36 floors above the ground and 2 floors
below the ground. 2e embedded depth of the foundation
is about 6m. 2e adopted foundation form is the piled raft
foundation, and the structural form is the reinforced
concrete tube-in-tube structure. 2e load ratio of the
central core tube to its surrounding is about 3 : 1. 2e pile
cap is a steel plate which is about 50 cm both in length and
width and is 1 cm in thickness. In terms of the pile
foundation, the cast in situ bored pile of 2m in diameter
and 50m in length was adopted. 2e model tests were
conducted within a steel box of 1.5m in length and width
and 1m in height. 2e model pile was simulated with a
hollow aluminium tube of 0.5m in length, 20mm in ex-
ternal diameter, 1mm in wall thickness, and 0.495m in
penetration depth into the soil. A steel file was used to
rough the surface of the model pile. A photograph of the
model test setup and the monitoring point plan view is
shown in Figure 9.
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2e research group has undertaken an analysis of the
settlement of the foundation, the load bearing capacity for
different piles in the group, the distribution and develop-
ment of the subsidiary stress of the loess soil under the cap,
the properties of the side friction and the pile top reaction of
the piles with featured characteristics, and the effect of rising
the underground water level on the working performance of
the pile foundation. 2e specific situation of the model, the
relevant parameters in the model, and the research
achievements can be found in the reference literature [40].

In order to verify the rationality and the practicability of
the proposed constitutive model for the structural loess soil,
the proposed constitutive model was embedded into ABA-
QUS through the subroutine interface, and it has been spe-
cifically illustrated in the reference literature [31]. Symmetry
was considered in the numerical analysis for reducing the
computation amount.2e overall dimension of the numerical
analysis model was taken as 75m× 75m× 100m.2e C3D8R
elements were used for the model pile, while the linear
C3D8RP elements were used for the soil. As for the boundary
conditions, the left-hand side of the model was applied with
symmetry constraint, the right-hand side was horizontal
constraint, the bottom surface was fixed constraint, and the
top surface was left free.

Finite element analysis using the proposed constitutive
model and the modified Cam-Clay model were performed
to simulate the loading process of the model tests. 2e
input parameters required for numerical simulation is
summarized in Table 2. A comparison of the finite element
analysis results and the model test results is presented in
Figure 10.

It can be indicated from Figure 10 that the calculated
results by ABAQUS using the proposed constitutive
model are consistent with the measured results. It proves
the rationality of the double-parameter disturbing func-
tion defined in this paper and proves the rationality and
practicability of the proposed constitutive model for
structural loess based on the disturbed state concept.

In addition, for the purpose of further validating the
performance of the proposed constitutive model, a com-
parison of the stress-strain relations derived by testing and
the proposed constitutive model at various confining
pressures is made in Figure 11. It can be indicated that a
good agreement exists between the results of testing and the
results of the proposed constitutive model, demonstrating

Scaled model tests on piled group foundation resting on loess soil
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Figure 9: Photograph of the model test: (a) model test setup; (b) monitoring point plan view.

Table 2: Input parameters required for finite element analysis.

Parameter Magnitude
Poisson’s ratio, v 0.28
Young’s modulus (kPa), E 5108
Slope of the normal consolidation line, λ 0.1819
Slope of the swelling line, κ 0.012
Frictional constant, M 1.396
Parameter of the disturbing function based on
volumetric modulus, Av

0.7056

Parameter of the disturbing function based on
volumetric modulus, Zv

0.5748

Parameter of the disturbing function based on shear
modulus, As

0.6724

Parameter of the disturbing function based on shear
modulus, Zs

0.5051
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the satisfactory performance of the proposed constitutive
model for structural loess soil.

5. Conclusions

Drained and consolidated triaxial compression experiments
were carried out on natural and remolding loess specimens
prepared at different water contents. A two-parameter
disturbing function with the volumetric and shear moduli as
its parameters was proposed and the disturbing function
evolution laws were discussed on the basis of the disturbed
state concept. By incorporating the disturbing function into
the modified Cam-Clay model, a new constitutive model
accounting for the structural behavior of loess was established.
2e model was then challenged against the model test results
on a rafted pile group foundation. 2e main conclusions
drawn in this study are summarized as follows:

(i) 2e effect of water content and confining pressure on
the structure of loess is remarkable, and the influencing
degree is different. At a confining pressure greater than
200kPa, the effect of the variation of water content on
the loess structure is tenuous. At a water content
greater than 22%, the effect of increasing water content
on the loess structure is feeble.

(ii) 2e evolution characteristics of the disturbing
functions based on shear and volumetric moduli can
be well described in exponential forms. 2e pa-
rameters characterizing the exponential evolution
laws vary, depending on confining pressure, water
content, and sample type.

(iii) 2e established constitutive model based on the dis-
turbed state concept can well capture the structural
mechanical properties of the loess. 2e model pa-
rameters have clarified physical meanings and are
convenient to be obtained by common laboratory tests.

(iv) A good agreement between the finite element
analysis results using the established constitutive
model and the model test results verifies the ra-
tionality and practicability of the established con-
stitutive model for structural loess soil. 2erefore,
this model has the potential to be applied to predict
the load-settlement behavior of pile group foun-
dation in the loess region.
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