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Abstract

In order to reveal the mechanical characteristics of the unsaturated undisturbed Ili loess in

westerly region,  the  isotropic compression tests controlling suction, the triaxial shrinkage tests

controlling net mean stress and consolidation shear tests controlling net confining pressure and

suction were carried out under different soluble salt contents. The objective of investigation is to

explore the normalized characteristics of compression curve, soil water characteristic curve and

critical state line. The results show that the ratio of void ratio to initial void ratio and the ratio of

net mean stress to yield net mean stress are suitable to normalize the compression curves under

different suctions in  the isotropic  compression test.  The  soil  water characteristic curves  under

different net mean stresses in the triaxial shrinkage test can be normalized by the ratio of water
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content to saturated water content and the ratio of suction to air entry value. In the consolidation

shear test controlling constant suction, the unsaturated critical state lines under different suctions

can be normalized by the corresponding saturated critical state line in the plane of effective net

mean stress and deviator stress. The unsaturated critical state lines under different suctions in the

plane of  void ratio  and net mean stress can be normalized by means of degree of gas saturation

and the ratio of unsaturated void ratio to saturated void ratio under the same effective net mean

stress. The results provide potential benefits for the constructions of large-scale water conservancy

projects in the special area of Central Asia. 

Keywords

Unsaturated  Ili  loess;  Soluble  salt  content;  Normalization;  Compression  curve;  Soil  water

characteristic curve; Critical state line

1 Introduction

Central Asia is one of the core areas of the Belt and Road, which is located in the transition

region with different climate systems, including the Asian monsoon (Cheng et al., 2012; Dettman

et al., 2001), the mid latitude westerly wind (Vandenberghe et al., 2006) and the Arctic polar front

(Machalett et al., 2008). Central Asia is also a sensitive area of global climate change. The Ili

Basin in China is located in a meso cenozoic fault basin sandwiched by the Tianshan orogenic

belt, which belongs to this sensitive area. Ili Basin is bounded by the north and south Tianshan

mountains and presents a trumpet shape opening to the west, which is subjected to westerly winds

all year round, and its annual average temperature is 2.6~10.4 . The precipitation distribution is℃

uneven due to the influence of local topography, which concentrated in the eastern of this area.

The research results show that loess is mainly distributed in temperate semi-arid grassland, this is
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because the vegetation can intercept the dust in the deposition process and moderate precipitation

promotes silty sand deposition. (Tsoar, & Pye, 1987; Dodonov, & Baiguzina, 1995). Therefore,

extensive loess deposits exist in the Ili Basin (Song et al., 2014), which is mainly distributed on

the  windward  slopes  of  mountains  on  both  sides  of  the  valley  in  terms  of  distribution

characteristics  (Li et  al.,  2012).  According to  the analysis  of  material  composition, grain size

composition (Song et al., 2018), quartz surface morphology (Ye, 2000), and geochemistry (Ye et

al., 2005), it has been shown that Ili loess has typical aeolian sedimentary characteristics, which

belongs to the typical loess in the westerly region. 

In addition, Ili loess with high soluble salt is obviously different from the loess in the loess

plateau in the monsoon region. The maximum soluble salt content is 1.92 %, and the maximum

self-weight  collapsible  capacity is  3.52 m by field immersion  tests (Zhang et  al.,  2016).  The

results  show that  the  global  saline  alkali  land area has reached 9.5×108 hm2,  and the annual

growth rate is 1-1.5 million hm2 (Sumner, & Ravendra, 1998). It is estimated that more than 50 %

of  cultivated  land  will  be  salinized  by  2050 (Vinocur,  &  Altman,  2005).  Saline  alkali  land

accounts for 8.16 % of cultivated land in Ili prefecture of China (Wang et al., 2020). The special

Ili loess with characteristics of saline soil needs to be studied in a special and systematic way. 

In recent years, the research on Ili  loess is mainly focused on the aspects of distribution

characteristics, ages, dust sources, chemical weathering, particle size, magnetism and mineralogy

(Zhang et al., 2013; Song et al., 2014; Yang et al., 2014). Viles, & Goudie  (2007) show that the

groundwater  composition  of  the  site  has  a  great  influence  on  the  physical  and  mechanical

characteristics of saline soil. Some scholar explained that the influence mechanism of salt on the

soil is more complex from the perspective of comparing the time variation coefficient of salt and
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water. Yang (2006) pointed out that the unreasonable use of soil resources in arid and semi-arid

areas is one of the reasons for accelerating salinization. Due to the migration of water and salt, the

salinity distribution in practical engineering is quite different, which causes enormous harm to

large-scale water diversion projects, such as canals, slope etc. (Tian et al., 2018; Liu et al., 2019;

Turner, & Swenson, 2020; Welegedara et al.,  2020).  At present, many studies on the loess in

monsoon area can be found in literature, but few on the mechanical characteristics of loess in the

westerly area, and the Ili loess with the high level of soluble salt content in particular. Therefore,

to study the influence of soluble salt on engineering properties of Ili loess will provide insights for

the regulation and utilization of water and salt and show benefits for the engineering constructions

in saline areas.

This paper targets on the Ili loess in China to explore the influence of soluble salt content on

the compression, soil water and critical state characteristics. Moreover, the normalization analysis

is carried out to obtain the hydraulic and mechanical characteristics of Ili loess considering the

influence of soluble salt content. This has important theoretical and application significances in

the field of unsaturated loess and special soil, and also can promote the sustainable development

of Central Asia and the construction of Belt and Road. 

2 Material and test method

2.1 Physical properties and sample preparation

The undisturbed loess taken from the Tekes River in Zhaosu, Ili, Xinjiang, China, with depth

of 18.5-22 m was used, which is classified as the Late Pleistocene (Q3) loess. According to the

Standard for  Soil  Test  Method of China (GB/T50123-1999),  the basic physical properties and

initial ion contents of Ili loess were determined, as listed in Table 1. 

Table 1 Basic physical properties and initial ion contents of Ili loess
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Dry
density

ρd (g·cm-

3)

Initial
water

content
w0 (%)

Liquid
limit

wl (%)

Plastic limit
wp (%)

Plasticity
index
Ip (%)

specific
gravity

Gs

Particle content (%)
Soil

classificationSand
2-0.075

Silt
0.075-0.005

Clay
＜0.005

1.32-
1.41

6.18-6.73 29.2 19.0 10.2 2.72 0.6 76.4 23.0 CL

Depth of
soil layer

(m)

Ion content (%) Soluble salt
content
θ (%)HCO3

- Cl- SO4
2- Ca2+ Na+ Mg2+ K+ CO3

2-

18.5-19 0.0287 0.0206 0.1228 0.0098 0.1645 0.0073 0 0 0.354

21.5-22 0.0186 0.0354 0.1616 0.0725 0.2338 0.0529 0 0 0.575

According to Table 1, Ili loess is classified as low liquid limit clay (CL). For the soil samples

with depths of 18.5-19 m and 21.5-22 m, the initial total soluble salt content is 0.354 % and 0.575

%  and  the  ion  content  ratio  of  HCO3
-:Cl-:SO4

2-:Ca2+:Na+:Mg2+  is  1:0.7:4.3:0.3:5.7:0.3  and

1:1.9:8.7:3.9:12.6:2.8, respectively. The standard cylindrical samples with diameter of 3.91 cm

and height of 8 cm were extracted from the undisturbed soil blocks. Then, the water film transfer

method was used to prepare the undisturbed soil samples with different soluble salt contents and

water contents, the details of which can be found elsewhere (Wang, Y. G. et al., 2019; Niu et al.,

2020). 

2.2 Test method

The test equipment is FSY30 stress-strain controlled unsaturated soil triaxial apparatus (Chen

et  al.,  2007).  In  this  paper,  three  stress  path  tests  were  carried  out,  including  the  isotropic

compression test controlling suction, the triaxial shrinkage test controlling net mean stress and

consolidation shear test controlling net confining pressure and suction. Taking one soluble salt

content as an example, the test scheme and loading sequence are shown in Table 2. 

Table 2 Test scheme and loading sequence (taking one soluble salt content as an example)

Test type Stress state Loading process (kPa)

Isotropic

compression test

Initial suction 5/ 50/ 100/ 150

Net mean stress
5→400 (graded loading: ①p＜100 kPa, 20 kPa/ level;

②p≥100 kPa, 50 kPa/ level)

Triaxial

shrinkage test

Initial suction 5

Net mean stress 100

Suction 5→150 (graded loading: 25 kPa/ level)
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Consolidation

shear test

Suction 5/ 50/ 100/ 150

Net confining pressure 100/ 200/ 300

In order to ensure the completion of the tests and the accuracy of the results, the clay plate

was saturated before the test and the suction was balanced after the loading of the sample. Five

groups of  the tests  with soluble  salt  contents  of  0.5 %,  0.8 %, 1.4 %,  2 % and 2.6 % were

conducted for each stress path test. During each test, the drain valve was opened, and the suction

was controlled by applying the pore air pressure. The stability criterion under each load is that the

volume change and water discharge are less than 0.006 cm3 and 0.012 cm3 within two consecutive

hours, respectively. The tests are as follows: 

In the isotropic compression test controlling suction, for a certain soluble salt content, 4 tests

were carried out under the suction of 5 kPa (saturated sample), 50 kPa, 100 kPa and 150 kPa. In

Table 2, the saturated sample is taken as an example. The suction was increased to 5 kPa under the

controlled net mean stress of 5 kPa. After the stabilization of load, the suction was controlled as

constant, and the net mean stress was gradually loaded to 400 kPa. 

In the triaxial shrinkage test controlling net mean stress, for each soluble salt content, the test

was completed under the controlled net mean stress of 100 kPa. In  Table 2, one salt sample is

taken as an example. The net mean stress was increased to 100 kPa under the controlled suction of

5 kPa.  After  stabilization  of  the  load,  the  net  mean stress  was  constant,  and the suction  was

gradually loaded to 150 kPa.

In the consolidation shear test controlling net confining pressure and suction,  for a certain

soluble salt content, a total of 12 tests were conducted with the suction of 5 kPa, 50 kPa, 100 kPa

and 150 kPa, and the net confining pressure of 100 kPa, 200 kPa and 300 kPa, respectively. In

Table 2, one salt sample is taken as an example. For a single loading stage, the consolidation stage
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of the sample was carried out after applying suction and net confining pressure to the target value.

When the consolidation was finished, the drainage shear test was then carried out until the axial

strain reaching 15 %. 

After each test, the drying method was used to measure the final water content of the sample,

and the actual water discharge was corrected according to the difference between the initial and

the final water content. Although little difference was found, the  water discharge  in this paper

uses the corrected values.

3 Test results and normalized analysis

3.1 Normal compression curve

In the isotropic compression test controlling suction, the curves of void ratio (e) and net mean

stress (p) under different suctions are shown in Fig. 1, the soluble salt content of 1.4 % and 2 %

are taken as an example. As can be seen from Fig. 1, two straight lines were drawn according to

the test  points  of  the same sample.  The intersection represents  the  yield stress  point,  and the

corresponding net mean stress is the structural yield net mean stress (pc). For a certain soluble salt

content, the e-lg(p) curves are different for different suctions, the structural yield net mean stress

(pc) is larger due to the stronger structure under the larger suction. When the stress is larger than

pc, the slope of the  e-lg(p) curve is greater, due to the damaged soil structure and reorganized

skeleton particles..  The reduction rate of void ratio are then increasing on account of a faster

reorganization under a larger suction. 
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Fig. 1 Curves of void ratio (e) and net mean stress (p) under different suctions: (a) θ=1.4 %; (b) θ=2 %

In this research, the influence of suction on the e-lg(p) relationship was normalized by using

parameters reflecting the basic physical and structural properties, such as initial void ratio (e0) and

structural yield net mean stress (pc). Shao et al.  (2017) used the ratio of void ratio to initial void

ratio (e/e0) and the logarithm of the ratio of vertical loading to structural yield net mean stress (ph/

pc)  to  normalize  the  e-ph curves  with  different  water  contents  under  confined compression

condition.  The  mathematical  equations  for  compression  deformation  before and after  yielding

were  then  established.  But  it  is  complicated  to  express  the  compression  characteristic  by

polynomial form before yielding. Subsequently, Wang, L. Q. et al. (2019) unified the compression

curves before and after yielding as follows: 

e
e0

=A exp(−α(
ph
pc )

β

)
                           (1)

Where: e0 and e are the initial void ratio and the void ratio for stabilization under the loading; ph

and  pc are  the  vertical  load  and  the  structural  yield  net  mean  stress,  respectively;  A  is  the

coefficient related to the compression stage, α and β are the soil parameters greater than 0. Eq. (1)

effectively simplifies the normalized compression equation, but the different parameters bounded

by the value of (ph/pc) are required to describe the compression curves before and after yielding.

Another scholar (Chen et al., 2017) adopted one curve in the e/e0-lg(ph/pc) plane to normalize the
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compacted loess, and the corresponding equation is as follows: 

e
e0

=
1

1+a(
ph
pc )

b

                               (2)

Where: a and b are soil parameters. 

The above Eq. (1) and (2) are established on the basis of the confined compression condition.

Whether it is applicable to the results of isotropic compression test needs further verification. Thus

the relationship of e/e0 and p/pc is proposed in this paper: 

e
e0

=mexp (−n(
p
pc ))                             (3)

Where: m and n are soil parameters. 

Fig. 2 shows the fitting curves of  e/e0 and  lg(p/pc) under different suctions.  For a specific

soluble salt content, the samples under different suctions show a consistent relationship, indicating

that a better normalization by  e/e0-lg(p/pc) was obtained.  Eq. (1)~(3) were then used to fit the

results of isotropic compression test under different conditions (see Fig. 2). Here the vertical load

(ph) is replaced by the net mean stress (p), and the fitting parameters of normalization equation of

normal compression lines (NCLs) are shown in Table 3. 

Fig. 2 Fitting curves of e/e0 and lg(p/pc) using Eq. (1) ~ (3): (a) θ=1.4 %; (b) θ=2 %

Table 3 Fitting parameters of normalization equation of normal compression lines

Fitting equation Eq. (1) (Wang, L. Q. et al., 2019) Eq. (2) (Chen et al., Eq. (3)
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2017)

p/pc≤1 p/pc＞1

Parameter

s
A α β A α β a b m n

Solubl

e salt

content

θ (%)

0.5
0.2

9

-

1.22
-0.01

0.1

6

-

1.80

-

0.11
0.08 0.88 0.97 0.05

0.8
0.1

7

-

1.72
-0.01

0.2

9

-

1.18

-

0.17
0.09 0.91 0.98 0.06

1.4
0.1

0

-

2.23
-0.02

0.5

8

-

0.44

-

0.53
0.23 0.95 0.99 0.10

2
0.1

0

-

2.20
-0.01

0.4

6

-

0.69

-

0.33
0.11 1.12 1.01 0.11

2.6
0.1

0

-

2.21
-0.01

0.6

4

-

0.35

-

0.56
0.10 0.92 0.99 0.08

R2 0.69-0.90 0.78-0.94 0.90-0.96 0.85-0.96

It can be seen from Fig. 2 and Table 3: the values of α and β are less than 0 by using the Eq.

(1), which does not meet the aforementioned definition.  Both  a and  b have higher discreteness

when the soluble salt content is 1.4  % by  using the  Eq. (2). The correlation coefficient (R2) of

fitting by Eq. (3) are all above 0.85, and the parameter m with different soluble salt contents varies

slightly,  so the mean value (m=1) is desirable.  That is,  Eq. (3)  can be simplified to a single-

parameter equation including only the parameter  n.  Fig. 3 shows the relationship between n and

soluble salt content. It can be seen that  n first increases and then decreases with the increase of

soluble  salt  content.  By substituting  its  equation  into Eq.  (3),  the  equation of  the  normalized

compression curve considering soluble salt content can be obtained as follows: 

e
e0

=exp {(0 .04 θ2−0 .13θ+0 .01 )(
p
pc )}                        (4)

Where, θ is the soluble salt content (%). 
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Fig. 3 Curves of parameters n、y and soluble salt content θ

3.2 Soil water characteristic curve (SWCC)

The relationship between suction and degree of saturation or volume water content is used to

describe the soil water characteristic. When the volume of the sample is not convenient to be

measured,  it  is  more  simple  to  directly  use  the  water  content.  However,  the  soil  water

characteristics of samples under different stress conditions are different. The SWCCs under the

same net confining pressure and different levels of shear stress are well normalized, which can be

expressed as follows: 

w /w s=[1+ ( js /sc )
k ]

−(1−1/k )

                       (5)

Where: w and ws are the water content and saturated water content; s and sc are the suction and air

entry value; j and k are the soil parameters. 

The above method is utilized to normalize the w-s curves under different net mean stresses.

Fig. 4 shows the curves of w/ws-lg(s/sc) under different net mean stresses (Gao et al., 2018). It can

be seen that the stress points under different net mean stresses are all distributed a narrow range in

the plane of  w/ws-lg(s/sc). The fitting result with high suction using  Eq. (5)  (the dotted curve in

Fig. 4) is not appropriate. Therefore, a better exponential equation is proposed to directly describe

the relationship of w/ws-lg(s/sc) under different net mean stresses, which can be expressed as: 

w /w s=x exp (− ys /sc )                          (6)

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205



Where: x and y are soil parameters. 

Fig. 4 Curves of w/ws-lg(s/sc) under different net mean stresses

It is proofed that the fitting of Eq. (6) is reasonably better (the solid curve in Fig. 4), which is

able to normalize the SWCCs under different net mean stresses in the whole suction range.  It is

worthy to note that the parameters  x and y obtained by Eq. (6) are independent of the net mean

stress. Thus, the Eq. (6) is used in this paper to fit the SWCCs of different soluble salt contents

under three kinds of test methods, and the corresponding parameters obtained are shown in  Table

4.

Table 4 Fitting parameters of normalization equation of SWCCs under three kinds of test methods

Test method
Triaxial apparatus

method

Centrifuge method

(Wang, Y. G. et al.,

2019)

Filter paper method

(Wang, Y. G. et al.,

2019)

Soluble salt content θ (%) x y x y x y

0.5 1.083 -0.559 0.662 -0.042 2.088 -0.025

0.8 1.148 -1.058 0.685 -0.042 1.988 -0.012

1.4 1.241 -0.999 0.707 -0.058 2.02 -0.013

2 1.144 -0.713 0.705 -0.065 2.038 -0.009

2.6 1.065 -0.502 0.717 -0.046 1.996 -0.005

R2 0.79-0.97 0.66-0.73 0.74-0.84

It can be seen that the correlation coefficient (R2) for the test results of the triaxial apparatus

method is larger in comparison with the other two methods, which indicates a better applicability.

The parameter  x is slightly affected by the soluble salt content, and thus its mean value of 1.14

was taken. The parameter y is approximately linearly correlated with the soluble salt content (see

Fig. 3), and the normalized soil water characteristic equation considering soluble salt content can
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be obtained by substituting its expression into Eq. (6) as follows: 

w /w s=1 .14exp [−(0 . 33θ−1 .37 ) s /sc ]                        (7)

Where, θ is the soluble salt content (%). 

3.3 Critical state line in p-q plane

The experimental results show the stress-strain relationship of the samples under different

conditions are all hardening type. The stress corresponding to the axial strain of 15 % is taken as

the shear failure stresses (qf  and pf). Fig. 5 shows the shear failure stresses (pf, qf) under different

suctions in the plane of net mean stress (p) and deviator stress (q). It can be seen from Fig. 5, for a

specific suction, the points of shear failure stresses fall on a straight line, which is defined as the

critical state line (CSL) in the p-q plane. The deviator stress (q) increases linearly with the increase

of the net mean stress (p) for different suctions, and the CSL is approximately parallel for different

suctions and gradually shifts to the upper right with the increase of suction, indicating that the

shear failure stresses (both qf and pf) are larger under larger suctions.

Fig. 5 The shear failure stresses and CSLs under different suctions in the plane of net mean stress and deviator
stress: (a) θ=0.8 %; (b) θ=1.4 %

Under  the  condition  of  triaxial  shear,  the  equation  of  the  effective  net  mean stress  p'  is

determined as follows: 

p'= p+Srs                                   (8)
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Where: Sr and s are the degree of saturation and suction of shear failure, respectively. In the plane

of effective net  mean stress  (p')  and deviator  stress  (q),  the CSLs with the same soluble  salt

content under different suctions were normalized, as shown in Fig. 6. For a specific soluble salt

content,  the  stress  points  of  unsaturated  undisturbed  Ili  loess  under  different  suctions  are

distributed in a narrow area in the  p-q'  plane, which can approximately be represented by the

saturated CSL in the p-q' plane: 

q=Mp'+c '                                   (9)

Where: M and c' are the slope of the saturated CSL and effective cohesion in the p-q plane. This

indicates that the strength characteristics of saturated and unsaturated soils follow a consistent

rule, which is in line with the references (Nuth, & Laloui, 2008; Chen et al., 2017; Fang, & Feng,

2020). Thus, the Eq. (9) is able to characterize the shear strength characteristics of unsaturated soil

only by determining the parameters M and c' of saturated soil, which solves the complex problems

of determination for the shear strength of unsaturated soil and adsorption cohesion in the  p-q

plane, and effectively simplifies the shear strength theory of unsaturated soil. 

Fig. 6 Normalized CSL in the plane of effective net mean stress and deviator stress: (a) θ=0.8 %; (b) θ=1.4 %

Fig. 7 shows the relationships between slope (M), intercept (c') of the saturated CSL with the

soluble salt content. It can be seen that with the increase of soluble salt content, the slope (M)

decreases linearly and the effective cohesion (c') first increases and then decreases. Substituting
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the equations of  M and c'  into Eq. (9), the normalized CSL considering the influence of soluble

salt content is as follows: 

q=(1−0 .02θ ) p '+ (−9 .97θ2+32 .77θ−10 .72 )                  (10)

Where, θ is the soluble salt content (%).

Fig. 7 Relationships between slope (M), intercept (c') of saturated CSL with the soluble salt content (θ)

3.4 Critical state line in e-p plane

Fig. 8 shows the CSLs  in the plane of void ratio (e) and net mean stress (p) plane under

different  conditions.  Fig.  8(a)  and  8(b) show  the  CSLs under  different  suctions,  and  the

corresponding soluble salt content is 0.5 % and 0.8 %. For a specific soluble salt  content and

suction, the void ratio (e) decreases approximately linearly with the increase of the net mean stress

(p). The unsaturated CSL shifts upward as the increase of suction, and its slope is larger than that

of  the saturated samples,  which is  consistent  with the undisturbed loess under constant  water

content test condition (Chen et al., 2017). 

For the samples under the suction of 50 kPa in  Fig. 8(c), with the increase of soluble salt

content, the void ratio first increases until reaching the maximum under the soluble salt content of

1.4 % and then decreases.  That  is,  the CSL first moves up and then down and its  slope first

decreases and then increases. This is because the higher soluble salt content causes the smaller

compressible deformation due to the higher concentration of unsaturated sample. Thus, under the
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same net mean stress, the higher soluble salt content results in the larger void ratio and the smaller

reduction of void ratio. However, when the soluble salt content is larger than 1.4 %, the crystalized

salt particles are becoming the dominant factor rather than the concentration of dissolved salts.

The occupation of excess salt particles reduces the void ratio of the sample. 

Fig. 8 CSLs in the plane of void ratio and net mean stress under different conditions: (a) θ=0.5 %; (b) θ=1.4 %;

(c) s=50 kPa

Fig. 9 shows the CSLs in the plane of void ratio (e) and effective net mean stress (p') under

different suctions, correspondingly the soluble salt  content is 1.4 %. The CSLs of unsaturated

undisturbed  Ili  loess  in  the  e-p'  plane  were  not  showing  normalization  characteristic,  which

indicates that the unsaturated critical state characteristic can not be directly expressed only by the

saturated critical state characteristic in e-p' plane. 
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Fig. 9 CSLs in the plane of void ratio (e) and effective net mean stress (p') under different suctions (θ=1.4 %)

For a certain soluble salt content, the CSLs of unsaturated soil under different suctions are

approximately parallel in the e-lg(p) plane, and its mean value is taken as the slope of unsaturated

CSL (λ1).  The  corresponding  slope  of  saturated  CSL is  recorded  as  λ0.  Fig.  10  shows  the

relationships of λ0, λ1 and soluble salt content (θ). It is found that both λ0 and λ1 first decrease and

then increase with the increase of soluble salt content. When the soluble salt content is greater than

1.4  %,  the  compressibility  increases  on account of the  thicker  electric  double  layer  for  the

saturated  sample  and  the  resultant  lower  normal  and  bending  stiffnesses,  due  to  the  thicker

cementation of crystallized salt  for the unsaturated sample  (Jiang et  al.,  2017).  For a specific

soluble salt content, the slope of unsaturated CSL (λ1) is greater than that of saturated (λ0). When

the soluble salt content is greater than 1.4 %, the difference between λ1 and λ0 increases with the

increase of soluble salt content. This is because the crystallized salt has a greater influence on the

compressibility of the sample in comparison with solution concentration. As a result, when the

soluble salt content is greater than the critical value of 1.4 %, the increase of compressibility of

unsaturated soil is larger than that of saturated soil. 
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Fig. 10 Relationships of slopes of saturated (λ0) and unsaturated (λ1) CSL with the soluble salt content (θ)

Fig. 11 shows the relationship between the ratio of unsaturated void ratio to saturated void

ratio (e/es) and degree of gas saturation (1-Sr) under different suctions, the corresponding soluble

salt content is 0.8 %. For a specific soluble salt content, the test points gradually move to upper

right with the increase of suction, indicating both the (1-Sr) and  e/es  increase as the increase of

suction. This is because the greater suction causes the larger value of (1-Sr) due to the less content

of water, and greater suction causes larger value of e/es because of stronger structure. In addition,

the  test  points  under  different  suctions  uniformly  distributed  in  a  narrow  band  and  can  be

approximately normalized as a single-valued nonlinear function, which is the relationship between

the ratio of unsaturated void ratio to saturated void ratio (e/es) and the degree of gas saturation (1-

Sr).

Fig. 11 Relationship of e/es and (1-Sr) under different suctions (θ=0.8 %)

Gallipoli et al. (2003) claimed that the ratio of unsaturated void ratio to saturated void ratio

(e/es) under the same effective net mean stress (p') is the function of cementation coefficient (ξ),
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which can be expressed as follows: 

{
e /es=1−g [1−exp(hξ ) ]

ξ=f ( s)(1−Sr )                        (11)

Where:  g and  h are soil parameters; for the saturated soil, 1-Sr=0,  e/es=1.  ξ is a dimensionless

quantity reflecting the cementation of shrinkage membrane at the contact point of soil particles,

which is mainly determined by the number of volume shrinkage membranes and the cohesive

force within a single shrinkage membrane caused by suction. The above two aspects are expressed

by the degree of gas saturation (1-Sr) and the ratio of normal binding force between unsaturated

soil  and  saturated  soil  (f(s)).  As  the  suction  varies  from 0  to  infinity,  the  corresponding  f(s)

changes monotonically from 1 to 1.5. The cementation coefficient  ξ=1-Sr when  f(s)=1, thus  Eq.

(11) is simplified as follows: 

e /es=1−g {1−exp[ h(1−Sr )]}                     (12)

Zhang et al. (2020) adopted Eq. (12) to fit the results of triaxial test controlling constant net

mean stress and consolidation shear test, but he pointed out that the prediction was unsatisfactory

when the cementation coefficient (ξ) is greater than 0.45, and the power equation was suggested as

follows: 

e /es=1+u (1−Sr )
v

                           (13)

In this paper, the following equation is proposed to characterize the ratio of unsaturated void

ratio to saturated void ratio (e/es) and the degree of gas saturation (1-Sr) : 

e /es=exp[ d (1−Sr ) ]                           (14)

In Eq. (13) and (14): u, v and d are soil parameters, and the boundary conditions are satisfied: 1-
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Sr=0 and e/es=1.

Eq. (12)~(14) were used to predict the test results of literature  (Fang, & Feng, 2020), as

shown in Fig. 12. It can be seen that, in comparison with Eq. (12) and (13) with two parameters,

Eq. (14) has only one parameter  d to describe the relationship between the ratio of unsaturated

void ratio to saturated void ratio (e/es) and the degree of gas saturation (1-Sr) in the critical state.

The test points with soluble salt content of 0.8 % in Fig. 11 are fitted by Eq. (14), as shown in Fig.

11. For a specific soluble salt content, Eq. (14) can characterize the relationship of e/es with (1-Sr)

well under different suctions. 

Fig. 12 The predictions of the test results of literature (Fang, & Feng, 2020)

Fig. 13 shows the relationship of  e/es and (1-Sr) with different soluble salt contents in the

critical state. The unsaturated undisturbed Ili loess under different conditions has quite different

void ratio and degree of saturation in the critical state, but the test points with different soluble salt

contents are all within a small region where e/es is equal to 1~1.4 in the e/es~(1-Sr) plane.

Fig. 13 The relationship of e/es and (1-Sr) with different soluble salt contents in the critical state
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The soil parameter d is obtained by fitting the test points for different soluble salt contents.

Fig. 14 shows the relationship between the soil parameter d and the soluble salt content. It can be

seen that the soil parameter  d first decreases and then increases as the increase of soluble salt

content. 

Fig. 14 The relationship of the parameter d and the soluble salt content

By substituting the equation of d expressed by soluble salt content into Eq. (14), the equation

between the ratio of unsaturated void ratio to saturated void ratio (e/es) and the degree of gas

saturation (1-Sr) for unsaturated undisturbed Ili  loess considering the soluble salt  content were

obtained: 

e /es=exp[ (0 .11θ
2
−0.32θ+0 .57 )(1−Sr ) ]          (15)

Where: θ is the soluble salt content (%). 

The  critical  state  void  ratio  of  saturated  soil  (es)  with  a  certain  soluble  salt  content  is

calculated as follows: 

es=N− λ0 ln p'                                 (16)

Where: N and λ0 are the intercept and slope of the saturated CSL under the drainage shear test with

a certain soluble salt content in the e-ln(p') plane, respectively. 

Therefore, for a certain effective net mean stress (p') and degree of saturation (Sr), the critical

state void ratio e of unsaturated undisturbed Ili loess can be expressed as follows: 
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e=(N−λ0 ln p' ) {exp[(0 .11θ
2
−0 .32θ+0 .57 )(1−Sr )]}

      (17)

4 Discussion

Fig. 15 shows the relationship of void ratio (e) and net mean stress (p) during shearing under

different net confining pressures with the soluble salt content of 1.4 %. The corresponding NCLs

are plotted in the e-p plane. It can be seen that, for the same soluble salt content and suction, the

initial point of shear under different net confining pressures are all on the NCL and the CSL can be

obtained by connecting the final points of shear in the e-p plane. 

Fig. 15 Relationship of void ratio (e) and net mean stress (p) during shearing under different net confining

pressures with the soluble salt content of 1.4 %: (a) s=50 kPa; (b) s=100 kPa; (c) s=150 kPa

As can be seen from Fig. 15, for a specific soluble salt content, the void ratio decreases first

slowly and then rapidly with the increase of the net mean stress, which can be approximately

expressed  by  two  lines,  and  its  intersection  corresponds  to  the  yield  net  mean  stress  of  the

isotropic compression (pc). By comparing Fig. 15(a)~(c), the yield net mean stress of the isotropic

compression (pc) increases with the increase of suction, indicating that the larger suction delays
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the void ratio to enter the rapidly decreasing stage due to the stronger soil structure. 

When the net confining pressure is less than pc, the change of void ratio after consolidation is

small because no yield occurs in the consolidation stage. On the contrary, when the net confining

pressure is greater than  pc,  the void ratio after consolidation changes greatly. Before and after

shear yield,  the void ratio  decreases slowly along the NCL and rapidly away from the NCL,

respectively. This indicate that the volume under the triaxial shear stress condition is larger than

that under the isotropic compression stress condition for the same net mean stress.  

5 Conclusion

In this paper, the compression curve (e-p), soil water characteristic curve (SWCC), critical

state lines (ie. CSLs in the plane of p-q and e-p) are normalized, and the normalization equations

considering  the  influence  of  soluble  salt  content  are  obtained.  The  main  conclusions  are

summarized as: 

(1) The  compression curves (e-p) under different suctions in the isotropic compression test

can be normalized by the ratio of the void ratio to initial void ratio (e/e0) and the ratio of net mean

stress to yield net mean stress (p/pc). Similarly, the SWCCs under different net mean stresses in the

triaxial shrinkage test can be normalized by the ratio of water content to saturated water content

(w/ws) and the ratio of suction to air entry value (s/sc). The normalized e/e0-lg(p/pc) and w/ws-lg(s/

sc) curves both can be approximately expressed by exponential equation. 

(2) In the consolidation shear test, for a specific soluble salt content, the unsaturated CSLs

under different suctions in the p-q plane can be normalized by the saturated CSL in the p-q' plane,

and the unsaturated CSLs under different suctions in the e-p plane can be normalized by the ratio

of unsaturated void ratio to saturated void ratio (e/es) and degree of gas saturation (1-Sr) under the

same effective net mean stress. For a specific soluble salt content, the slope of unsaturated CSL
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(λ1) is greater than that of saturated soil (λ0) in the  e-p  plane and the difference between them

gradually increases when the soluble salt content is greater than 1.4 %. 
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The following symbols are used in this paper:

A Coefficient related to the compression stage

a, b, d, g, h, j, k, 

m, n, u, v, x, y, α 

and β

Soil parameters

c' Effective cohesive (unit: kPa) 

CSL Critical state line

e, e0 and es Void ratio, initial void ratio and saturated void ratio, respectively

f(s) Ratio of normal binding force between unsaturated soil and saturated soil

Gs Specific gravity

Ip Plasticity index (unit: %) 

M The slope of the critical state line of saturated soil

N Intercept of the saturated critical state line under the drainage shear test (unit: kPa) 
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NCL Normal compression line 

p, pc, ph, pf and p'
Net mean stress, yield net mean stress of the isotropic compression, vertical loading, shear 

failure net mean stress and effective net mean stress, respectively (unit: kPa) 

q and qf Deviator stress and shear failure deviator stress, respectively (unit: kPa) 

R2 Correlation coefficient

Sr and 1-Sr Degree of saturation and gas saturation, respectively (unit: %)

s and sc Suction and air entry value, respectively (unit: kPa) 

ua Pore air pressure (unit: kPa) 

w, w0, wl, wp and 

ws

Water content, initial water content, liquid limit, plastic limit and saturated water content, 

respectively (unit: %)

θ Soluble salt content (unit: %)

ρd Dry density (unit: g/cm3)

σ3 and σ3-ua Small principal stress and net confining pressures, respectively (unit: kPa)

λ1 and λ0 Slopes of unsaturated and saturated critical state line in the e-lg(p) plane, respectively

ξ Cementation coefficient
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