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Loess is mostly distributed in an unsaturated state in nature, and the complexity of the
engineering properties of unsaturated soil is mainly due to the existence of matric suction.
Therefore, matric suction must be considered in investigating the mechanical properties of
unsaturated loess. However, soils are most often subjected to three principal stresses with
different magnitudes in practical engineering. For the sake of examining and discussing the
mechanical behaviour of unsaturated natural loess under a complex stress path, a suction-
controlled true triaxial apparatus with a rigid-flexible boundary is used to test unsaturated
natural loess under a complicated stress path. Four trials of isotropic consolidation tests are
conducted on natural loess under suction-controlled conditions via the true triaxial apparatus.
The consolidation yield characteristics of the natural loess under different matric suctions are
investigated. Forty-eight trials of consolidated drained true triaxial tests under suction-
controlled conditions are conducted on unsaturated natural loess to examine and discuss the
influence of the matric suction and intermediate principal stress parameter (b-value). The
consolidated drained trials are performed under a constant net mean stress and a constant
matric suction with different intermediate principal stress parameters (b-values). Stress-strain
curves and failure envelopes of the natural loess are also presented. The results indicate that
the stress-strain-strength response of unsaturated natural loess depends on the matric suction
and intermediate principal stress parameter under true triaxial conditions.

1. Introduction

stratigraphic deposition and complete preservation, providing a
natural test site in which to study loess.

Loess, a Quaternary deposit in arid and semi-arid arid areas, has
many internal material components and external morphological
characteristics, which are different from other deposits from the
same period and have certain regularities in geographical
distribution. Loess is widely distributed in many parts of the
world, such as America (Rogers et al., 1994; Zarate, 2013),
Asia (Phien-Wej et al., 1992; Ryashchenko, 2008; Porter, 2013)
and Europe (Rousseau et al., 2007), which accounts for one
tenth of the Earth's land area (Zhang et al., 2018). Loess in
China is famous for its wide distribution, high continuity, well-
developed strata and great thickness (Sun, 2002; Liu et al.,
2015). The Loess Plateau is the most representative region of
loess distribution in China. The geological history of the Loess
Plateau since the Quaternary Period allowed the loess to be
continuously distributed across a large area, with considerable

Loess has special properties, such as a certain water sensitivity,
macroporous structure and collapsibility (Li et al., 2016; Zhang
etal., 2018; Xing et al., 2019). Many engineering problems, such
as the uneven settlement of building foundations, wetting-
induced landsliding of loess and the collapse of tunnels, are
caused by these special properties in high-humidity areas (e.g.,
Tan, 1988; Derbyshire, 2001; Kim and Kang, 2013; Fan et al.,
2017; Luo et al., 2018). Therefore, it is inevitable to explore and
investigate the related mechanical properties of loess. Loess is a
kind of typical unsaturated soil. For a long time, most research
on the mechanical behaviour of loess was based on the general
total stress method of soil mechanics. However, with the
development of soil mechanics on unsaturated soil, research on
the mechanical behaviour of unsaturated loess has attracted
attention over the past few years. Studying the basic characteristics
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of loess by using the strength-deformation theory of unsaturated
soil has become popular.

Unsaturated soil is composed of three phases: liquid phase,
solid phase and gas phase. The existence of the gas phase
further complicates the mechanics character of the unsaturated
soil. The matric suction (s) on the surface of these three phases
is crucial in investigating unsaturated soils because it makes a
notable influence on the mechanics character of unsaturated
soil. Thus, research on the characteristics of matric suction
(s = u,—u, ) of unsaturated loess is still one of the most active
and representative parameters in soil behaviour studies. Due to
the complexity of the properties of unsaturated loess, it is very
difficult to fully explore theoretically. It is necessary to determine the
law governing the soil behaviour via experimental means and then
perform a theoretical analysis. Although lots of experimental
research has been performed to reveal loess behaviour, for
example, studies based on oedometer tests (e.g., Jiang and
Shen, 1998; Liu et al., 2015), direct shear tests (e.g., Matalucci
et al., 1970; Sheng et al., 2010), and conventional triaxial tests
(e.g., Jiang et al., 2014; Xing et al., 2016), some of them have
also been performed with the consideration of the effect of
matric suction on loess behaviour (e.g., Sheng et al., 2010;
Chen et al., 2014; Gao et al., 2017; Ng et al., 2017). However,
these experimental studies on unsaturated loess with regard to
matric suction (s) are limited to a consolidometer, direct shear
apparatuses and conventional triaxial apparatuses, and the
stress paths that can be achieved are limited. For example, the

Loess Platean
®.

Sampling site
Xi'an

(a)

intermediate (03) and minor principal stresses (o3) are equal
under conventional triaxial conditions. However, in practical
engineering, the forces applied to soil often vary among the
three orthogonal directions. To reflect the complex stress states
of unsaturated soil more realistically, a true triaxial test must be
conducted. Although a few experiments on unsaturated loess
have been conducted via true triaxial testing (e.g., Shao et al.,
2017), the effect of matric suction (s) on unsaturated loess has
not been taken into account.

Hence, it is necessary to examine and discuss the soil behaviour
of unsaturated loess by combining the intermediate principal
stress parameter (b) with the matric suction (s). This work aims
to investigate and discuss the strength characteristics of natural
loess under a multiaxial stress state along different suction stress
paths. Several isotropic consolidation tests on natural loess under
different suction conditions are carried out to discuss the yield
characteristics of undisturbed loess under mean stress. Several
groups of true triaxial shear tests under suction-controlled conditions
are performed on intact loess with different intermediate principal
stress parameter values. In the experimental shearing process, the
matric suction (s) is controlled to be constant while the net mean
stress (p) is kept unchanged. The results are obtained to analyse
the stress-strain-strength characteristics of natural loess under a
complex stress state. There is little research on the properties of
natural loess under suction-controlled true triaxial conditions.
The lack of this type of experimental evidence for natural
loess is the main motivation of this paper.
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Fig. 1. Sampling Overview: (a) Location, (b) Photo of the Sampling Field, (c) Soil Profile
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2. Characteristics of the Tested Soils and Specimen
Preparation

2.1 Sampling Location

The tested loess was taken from a construction site in Xi’an city,
Shaanxi Province, China (Figs. 1(a) — 1(b)). The undisturbed
block samples were collected at a depth of 4.0 m — 5.0 m. After
an exploratory well was dug manually, undisturbed samples with
dimensions of 40 cm x 40 cm x 40 cm were collected. The soil
profile is given in Fig. 1(c), indicating that the tested loess is Q3
loess.

2.2 Physical Characteristics of the Tested Loess
The basic physical indices of tested loess are given in Table 1.
According to loess classification (Gibbs and Holland, 1960), the
loess tested in this work is classified as silty loess (Fig. 2).
The particle size distribution curve of tested loess is presented
in Fig. 3. The loess is mostly made of silty particles, with a
proportion of 78%, and clay particles, with a proportion of 20.9%.
The soil-water characteristic curve (commonly referred to
simply as the SWCC) of tested loess is presented in Fig. 4. The
SWCC was obtained via a consolidation apparatus for unsaturated

Table 1. Basic Physical Indices of Tested Loess

Soil property Value
Specific gravity, G 2.70
Natural moisture content, w/% 13.2-15.8
Natural dry density, ps/g-cm * 1.30

Initial void ratio, e, 1.08

Clay fraction/% 20.9

Silty fraction/% 78.0

Sand fraction/% 1.1
Atterberg limits

Liquid limit, w/% 31.7
Plastic limit, wy/% 20.6
Plasticity limit, I, 11.1
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Fig. 2. Classification of Tested Loess (Gibbs and Holland, 1960)
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Fig. 4. Soil-Water Characteristic Curve of Tested Loess

soil. The measurement range of the suction value is from 0 kPa
to 450 kPa along the drying path. The SWCC model suggested
by Van Genuchten (1980) was adopted to fit the experimental
data.

2.3 Preparation of Specimens

For the samples used in the tests, soil blocks with an average
dry density of 1.30 g/cm’ are selected, and the density differences of
samples are controlled to be within 0.03 g/cm® to reduce the
influence of the dry density on the experimental results. The
natural specimens (70 mm x 70 mm x 140 mm) are cut from the
large soil blocks via a custom-made sample cutting apparatus.

To save time, before the experiment, the moisture contents
(w) of the specimens corresponding to the different matric
suctions (s) can be determined by using the SWCC of this natural
loess. Then, the corresponding moisture contents of the specimens
are prepared according to the experimental requirements. When
specimens with a moisture content lower than that of the natural
samples need to be prepared, the air-drying method is adopted.
The samples are placed in a cool place to induce water evaporation.
The weights of the samples are continuously measured until the
required moisture content is reached. For the specimens with a
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higher moisture content, the water membrane transfer method is
used; that is, the dropper is titrated evenly across the specimen
until the required moisture content is reached. According to
experience, it is best to rest specimens for more than 96 h to
ensure that the moisture can be dispersed evenly throughout the
sample. The preparation of the saturated samples is carried out
via a pumping saturation method. First, the samples are placed
into the true triaxial saturator and are then exhausted of air in a
vacuum cylinder for saturation. The specimens are pumped in an
empty vacuum for 45 minutes, pumped for another 30 minutes
after distilled water is added, and then submerged for 24 hours.
Each of these specimens is covered by two pieces of filter paper
and two water-permeable stones on the top and bottom to
prevent any interference during the saturation process.

3. Test Apparatus

3.1 Experimental Principle

Matric suction (s) is expressed as s = u, = u,, , where u, and u,
indicate pore air pressure and pore water pressure, respectively.
In general, the pore water pressure of unsaturated loess is always
negative. There is much difficulty in measuring the value of
negative pore water pressure (u,), because the water may
undergo cavitation when the water pressure approaches -100 kPa
(Hoyos and Macari, 2001). Therefore, based on the principle of
the axial translation technique, the value of pore water pressure
(u,,) can be raised to a range convenient for measurement. After
the pore water pressure (u,) is increased artificially, the pore air
pressure (,) is also increased at the same time, but the difference
(u,~—u, ) remains unchanged; that is, the matric suction (s)
remains unchanged. Thus, the matric suction (s) can be measured
or controlled via the axial translation technique.

The realization of the axial translation technique depends on a
ceramic disk with a high air intake value. The material of the
ceramic disk with a high air intake value is permeated by water
but not air within its limited intake value, and thus, the pore
water pressure (u,,) is separated from pore the air pressure (u,).
This type of ceramic disk material has many uniform micro-pores.
When the ceramic disk is completely saturated, the surface of the
ceramic disk forms a contraction film, which allows water to
permeate. The top surface of the ceramic disk bears pore air
pressure, while the bottom surface bears pore water pressure; thus,
the independent control and measurement of these two pressures can
be conducted. In this experiment, this kind of ceramic disk with an
intake value of 500 kPa is fastened to the pedestal of the apparatus.
Furthermore, the pore water pressure is zero (u,, = 0 ), and thus, the
matric suction is assumed to be equal to the pore air pressure
(s = u, ), which is easy to measure and control.

Before the experiment, the ceramic disk is saturated by a
method similar to that described in the saturated sample preparation
section below.

3.2 Introduction of the True Triaxial Apparatus
True triaxial apparatuses can be divided into three types according to

the loading boundary conditions: rigid boundary type (e.g.,
Hambly, 1969; Ibsen and Praastrup, 2002); flexible boundary
type (e.g., Ko and Scott, 1967; Reddy et al., 1992; Choi et al.,
2008); and rigid-flexible mixed boundary type (e.g., Kirkgard
and Lade, 1993; Yin et al., 2010). However, there are few true
triaxial devices that can control matric suction, such as the
following two devices. Matsuoka et al. (2002) introduced a
suction-controlled true triaxial device with rigid boundaries.
Since the loading is applied by three rigid plates, the stress path
that the device can achieve is limited. As the negative pore water
pressure (i.e., s =-u, ) method is used to control the matric
suction, the controlled matric suction is also limited. Hoyos et al.
(2012) introduced a true triaxial device with flexible boundaries.
This device can achieve a more complex stress path, and the
suction it can control is higher than that for the device introduced
by Matsuoka et al. (2002). However, its flexible boundaries may
interfere with each other. A new suction-controlled true triaxial
apparatus with a mixed rigid-flexible boundary is used in this
experiment. The loading mode of the device includes the
following components: a pair of rigid plates along the axial
direction, which are used to realize the load along the major
principal stress (o>) direction, and two pairs of flexible lateral
boundaries, both of which are comprised of four hydraulic
rubber bags, that are used to realize the lateral loads along the
directions of the intermediate principal and the minor principal
stresses (05, 03). The size of the specimens is 70 mm x 70 mm x
140 mm. The soil specimens are enclosed in a custom-built
rubber membrane. Each soil specimen is fixed between pressure
chambers, a rigid pedestal and a rigid loading cap. The four
hydraulic rubber bags are sealed in the four pressure cells. The
ceramic disk with a high intake value is fixed to the pedestal via
screws, and the porous plastic disk is installed on the top of the
specimens.

Figure 5 presents a detailed schematic of the main components of
the device, including the pressure chamber, water/air control
system and hydraulic drive system. Forces are imposed on
specimens in three directions via three independent servo-driven
systems. The servo stepping motor drives the roller screw to
push the hydraulic cylinder piston to generate the hydraulic
source, which is respectively connected with the vertical piston
at the axial bottom of the pressure chamber and the lateral
hydraulic rubber bags. Then, through the hydraulic transducer
and displacement transducer, the independent loading and
independent parameter measurements in three directions are
realized, respectively. Pressure cylinder 1 is filled with hydraulic
fluid to conduct stress application along the vertical direction.
Both cylinders 2 and 3 are filled with distilled water, and the
cylinders are connected to the four hydraulic rubber bags to
apply lateral pressures. Pore air pressure (u,) is provided by an
external air compressor entering through the plastic porous
plastic disk on the top of specimens. A ceramic disk is fixed on
the pedestal via screws before the specimen is installed, which
has a high air entry value of 500 kPa, thus the pore air pressure
(u,) is separated from the pore water pressure (u,,) during testing.



2308 F. Zhengetal.

20 —=

21—

22———

| | (o7}

[ | (o)

Air intake

Drainage

Cecccsccsccscscssscsccssssssssscccsssssssssssssssssssssssssscslcocccssscaaaasas L

(a) (b)
1.Tension senor 14 Pedestal
2.Pressure rod 15.Water inlet
3.Displacement transducer 16.Water tank
4 Pore-air inlet 17.Measuring tube
5.Loading cap 18.Air-pressure valves
6.Porous plastic disk 19.Drain valves
7.Top hat 20.Pressure transducer

24 8.Specimen 21.Pressure cylinder
9.Pressure cell 22.Screw rod
10.Custom-made membrane 23 Step-servo motor
11.Pore-water pressure 24 Displacement transducer

25 transducer 25.Coupling
12.Water outlet.
13.Ceramic disk

(c)

Fig. 5. Schematic of the Suction-Controlled True Triaxial Apparatus: (a) Pressure Chamber, (b) Water/Air Control System, (c) Hydraulic Drive System
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The value of the pore air pressure (u,) is regulated by the water/
gas control system and the value of pore water pressure (u,) is
measured via pressure transducer. In this paper, drainage valves
are open (i.e., u,, = 0); thus, matric suction is equal to pore-air
pressure (i.e., s =u,). Fig. 6 shows a panorama of the fully
suction-controlled true triaxial apparatus.

4. Test Programme

Table 2 gives the test programme of consolidation. In this paper,
four groups of isotropic consolidation tests were carried out via
true triaxial testing under different suction conditions. The
loading increments applied to the specimens are detailed in Table 2.
An initial suction equilibrium is created in each loess sample
before loading. To ensure that the custom-made membrane is
close to the specimen, the net mean pressure (p) is maintained at
5 kPa; p is defined in Eq. (1). The equilibrium is achieved when
no further change in the water volume of drainage is observed.
Then, the equal consolidation stage of the suction-controlled
conditions is entered, that is, the net confining pressure is applied
incrementally. The standard for the completion of the consolidation
stage is that no further volume deformation of the specimen and
no further change in the expelled water volume is observed.
Table 3 shows the test programme of the true triaxial test
under suction-controlled conditions with different b-values, in
which b is defined in Eq. (2). The specimen under a suction of
zero (s = 0) is fully saturated. A specimen should be saturated
before conducting experiments under a suction of zero (s =0 ).
Then, the experiment under a suction of zero is performed in two
stages: the consolidation stage and true triaxial shear stage. The
process of testing under suction-controlled conditions (s = 100
kPa, 200 kPa, or 300 kPa) is divided into three stages: water-gas
equilibrium stage, consolidation stage and shear stage. The first
two stages are similar to the abovementioned consolidation tests.
True triaxial shear tests of the natural loess are conducted under
full drainage conditions. During the shearing process, the matric
suction (s) and the net mean stress (p) are kept at a constant value

Table 2. Consolidation Test Programme

Matri i .
atric suction, Loading procedure, p/kPa

s/kPa

0 25, 50, 100, 200, 300, 400, 500, 600

100 25, 50, 100, 150, 200, 300, 400, 500, 600, 700, 800
200 25, 50, 100, 200, 300, 400, 600, 800

300 25, 50, 100, 200, 300, 400, 500, 600, 700, 800

Table 3. Suction-Controlled True Triaxial Test Programme

at the same time. The shear tests are carried out at a constant
strain rate of 0.0107%/min along the vertical direction.

:(0'1+0'2+O-3)_ua (1)
3

b:(o‘z—O'S)/(O']—O'S) (2)
5. Experimental Results and Discussion

5.1 Consolidation Yield Characteristics

The isotropic compression tests of unsaturated loess are carried
out via a true triaxial apparatus under suction-controlled conditions.
The corresponding pore ratio (e) is calculated from the compression
of the specimen under each net mean press (p). Thus, the
compression curve of unsaturated loess is obtained at different
matric suctions under isotropic consolidated conditions. Fig. 7
shows the consolidation curves of the unsaturated natural loess in
true triaxial tests under suction-controlled conditions. The net
confining stress (p) applied on the soil increases, which can
gradually make the soil compacted, as a result of the decrease in
the void ratio (). Under the same net compression stress condition,
the rate of change in the void ratio decreases as the matric
suction increases. This decrease is due to the existence of matric
suction, which strengthens the soil skeleton along the contraction
membrane on interfacial surface between pore gas and water.
Moreover, the bound water between the soil particles connects
the particles of the soil skeleton, and the water/gas is resistant to
the additional stress. However, when the matric suction is small,
the curvature of the contraction membrane decreases, and the

12 :
11F .
1.0F :
@ k
S 09 _
g ' =— s=0 :
2 08F  —e—s=100kPa ~a .
> ' —4— §=200 kPa 'S
0.7}  —e—s=300kPa I
0.6 1
05 :
10 100 1000

Net mean stress, p/kPa

Fig. 7. Consolidation Curves from the True Triaxial Tests under Suction-
Controlled Conditions

Matric suction, s/kPa Consolidation net confining pressure, p/kPa

Intermediate principal stress parameter, b

0 100, 200, & 300
100 100, 200, & 300
200 100, 200, & 300

300 100, 200, & 300

0 0.25 0.5 0.75 1
0 0.25 0.5 0.75 1
0 0.25 0.5 0.75 1
0 _ — — —
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bound water film between soil particles thickens, reducing the
coupling effect between the soil particles.

Comparing the e-log p curves for different matric suctions,
they are all composed of gentle and steep declining sections
because the natural soil maintains a certain structural strength.
When the matric suction is higher, the initial structural strength
of the soil is stronger, and thus, the gentle section is longer. With
the decrease in suction, the initial structural behaviour becomes
weak; consequently, the gentle section shortens and is even
eliminated, while the steep section increases. When the net mean
pressure is lower than the structural strength of soil, the soil
structure has not been destroyed; thus the change in the void ratio
is small and the curves present gentle sections. Meanwhile, the
pressure is greater than the structural strength, and the soil skeleton

0.8 T
|

0.7+ . * N 4
°
L osf i
= m  Experimental data

— Jose method (1989)
0.5r Matric suction: s=100 kPa T
0.4 : — o
10 100 1000

Net mean stress, p/kPa
Fig. 8. Jose Method (Jose et al., 1989)

Table 4. Consolidation Net Yield Stress of Unsaturated Loess

Matric suction, s/kPa Net yield stress, p/kPa

0 52
100 170
200 254
300 313
400 H T 1 T . T T T
S 300 - .
=
K7
§
B 200 - .
=
w
Q
2 100t -
m  Experimental yield point
Fitting yield curve
O 1 " 1 L 1 L 1 "
0 100 200 300 400 500

Net mean stress, p/kPa
Fig. 9. Loading-Collapse (LC) Yield Curve of Natural Loess

and the connections between particles are damaged. With increasing
pressure, the net yield stress is reached. Then, sliding between
particles occurs, and the structure of the soil skeleton collapses,
resulting in a large deformation.

The consolidation net yield stress can be determined by the
Jose method (Jose et al., 1989; Junior and Pierce, 1995). The
Jose method is illustrated in Fig. 8, taking the test result under a
suction of 100 kPa as an example. Then, the other results of the
consolidation experiments are processed in the same way. Thus,
the consolidation net yield stress under different suctions is
obtained and given in Table 4. The data in Table 4 are drawn in
the p-s plane; thus, a loading-collapse (LC) yield curve of natural
loess can be obtained, as shown in Fig. 9.

5.2 Stress-Strain Behaviour of Natural Loess

5.2.1 Stress-Strain Response of Shearing

True triaxial shear tests are performed under suction-controlled
conditions. During the shearing process, both the matric suction
(s) and the net mean stress (p) are controlled to be constant. The
two important parameters in the test process are the matric suction
(s), which can reflect the unsaturated characteristics of the soil, and
the intermediate principal stress parameter (b), which can reflect
the contribution of the principal stress in the true triaxial shear
process. A series of forty-eight consolidated drained tests under
suction-controlled conditions were conducted on specimens of
natural loess in a true triaxial apparatus. After completion of the
water-gas equilibrium stage, specimens were subjected to a
consolidation stage under a constant suction condition (s = 100
kPa, 200 kPa or 300 kPa). Then, specimens were subjected to a
shearing stage under different b-values, keeping the matric suction
(s) and net mean stress (p) at a constant value.

When the b-value is equal to 0, the intermediate principal
stress (o) is equal to the minor principal stress (o3), and they
decrease synchronously. This stress path is the same as that used
in conventional compression triaxial testing. When b is 1, the
major principal stress (o;) is the same as the intermediate
principal stress (o3). In this case, the intermediate and minor
principal stresses increase synchronously. When b is 0.5, the
intermediate principal stress (o3) remains unchanged. The major
principal stress (o7) increases while the minor principal stress
(o3) decreases, but they change at the same increment (i.e.,
Ao, = —Aoy). During the entire loading process for different b-
values, the minor principal stress (o3;) always decreases, while
the intermediate principal stress (o) first decreases (when b <
0.5) and then increases (when b > 0.5).

Figures 10 to 12 show the measured curves from experimental
results, indicating the deviatoric stress (g) versus deviatoric strain
(&); q is defined in Eq. (3), and &, is defined in Eq. (4):

q:%\/(al_0-2)2"’(62_0-3)2"'(0-3_0-1)2 (3)
&4 :g\/(gl _52)2 + (g, _53)2 +(‘93 _51)2 (4)
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where ¢ is the major principal strain; & is the intermediate
principal strain; and & is the minor principal strain.

In all cases, the stress-strain curves of natural loess show
strain-hardening characteristics. As can be seen, the deviatoric
stress (q) increases with the increase of the deviatoric strain (&).
Fig. 10 presents the stress-strain responses of the tested soil for
different matric suctions under the same value of b. As Figs. 10(a) —
10(c) show, under different net mean stresses (p = 100 kPa, 200
kPa and 300 kPa), the matric suction exhibits a significant
influence on the stress-strain-strength response of the natural
loess. Fig. 10 shows that the deviatoric stress (g) increases
considerably with matric suction (s); thus, matric suction (s)
makes a great effect on the shear strength for unsaturated natural
loess.

Figure 11 presents the stress-strain responses for different b-
values. Figs. 11(a) — 11(b) give the measured curves of the
deviatoric stress (g) versus deviatoric strain (&) for a suction of
100 kPa under different net mean stresses (p = 200 kPa and p =
300 kPa), respectively; Figs. 11(c) — 11(d) give the results of a
suction of 200 kPa under different net mean stresses (p = 200
kPa and p = 300 kPa), respectively. Fig. 11 indicates that the
deviatoric stress (q) decreases with the b-value. The stress-strain
curve is transformed from the strain-hardening type to the ideal
type as b increases from small to large. The measured curves in
Fig. 11 indicate that the stress-strain-strength response is dependent
on the b-value.

Figure 12 shows the stress-strain responses for different net mean
stresses (p). Figs. 12(a) — 12(b) give the measured curves for b-
values of 0.25 and 0.5 under a matric suction of 100 kPa,
respectively. Figs. 12(c) — 12(d) also show the results under a suction
of 200 kPa.With the increase in the net mean pressure, the curve
shifts up, which indicates that an increase in the consolidation net
confining pressure can improve the soil strength because the soil
compacts under the consolidation net confining pressure.

5.2.2 Normalization of the Stress-Strain Curves

The test results with a matric suction of 200 kPa are analysed as
an example. The curves of the stress ratio (7 =¢/p) versus
deviatoric strain (&) are presented in Fig. 13. The curve with a
lower net mean pressure always plots above the curve with a
higher net mean pressure. The lower the consolidated net
confining pressure is, the higher the stress ratio is, according to
the definition of the stress ratio. The difference between the
curves at net confining pressures of 100 kPa and 200 kPa is
greater than that between the curves at 200 kPa and 300 kPa. The
curves for the consolidated net mean pressure of 100 kPa are
significantly higher than those of the other two groups.

The stress ratio (77) is divided by the stress ratio at the point of
failure (77; in this way, the experimental data under different net
mean pressures (p) are normalized and are given in Fig. 14. As
shown in Fig. 14, for the same intermediate principal stress
parameter (b), the experimental data under different net mean
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pressures (p) are centralized after normalization, which indicates
that the results of the normalization are good. The data points
after normalization can be fitted by the same curve. Therefore,
for the same intermediate principal stress parameter (), there is a
corresponding relationship between the normalized stress ratio
(n/n,) and the deviatoric strain (g,). This relationship can be
expressed by Eq. (5).
2
a+ke,

nin, = (5)

where 7 is the stress ratio (7= q/p); 7, 1s the stress ratio at the
point of failure; &, is the deviatoric strain; and a and k are the

fitting parameters. Eq. (5) can be written as Eq. (6).

&4

n/ny

(6)

=a+ks,

Equation (6) shows that the relationship between ” jd and

7
& 1s linear. For this relationship, a is the intercept, and & is the
slope of the line. Therefore, the parameters in Eq. (5) can be
obtained for different intermediate principal stress parameter
values. The normalized curves are independent of the net
confining pressure and depend on only the intermediate principal
stress parameter (b). With the increase in the b-value, the curves
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change from a hardening type to a more ideal elastic-plastic type.

5.3 Failure Envelopes of Unsaturated Natural Loess

The stress-strain curves of the test loess in this experiment
present strain-hardening, and thus, the failure stress is defined as
the stress when the axial strain is 15%. According to the failure
stress under different mean stresses, the failure strength line for
the same intermediate principal stress parameter (b) can be
obtained, which is a critical state line (CSL) of failure. Fig. 15
shows the failure line of the unsaturated natural loess in the p-¢
plane with the same b-value under different matric suctions.
Figs. 15(a) — 15(e) present the results with b values of 0, 0.25,
0.5,0.75 and 1.

Figure 15 shows that the failure strength of unsaturated intact
loess increases with increasing net mean stress (p) at the same b
and s values. Failure points of different net mean stresses (p) at
the same b and s values can be well fitted by a straight line,
which is a failure line or CSL. In summary, the CSL undergoes
an upward shift with the increase in matric suction at the same b
value. However, the slope of the failure line remains constant at
the same value of b.

Additionally, the failure line of all of the saturated loess
specimens passes through the origin of the coordinate system.
Therefore, matric suction (s) makes a considerable effect on the
CSL of natural loess. The existence of matric suction (s) strengthens
the soil to some extent.
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Figure 16 shows the failure surfaces of unsaturated undisturbed
loess on the z-plane (( o, —u, ):( 0,—u, ):(o3—u, )) under different
net mean pressures of 100 kPa, 200 kPa and 300 kPa. As
Figs. 16(a) — 16(c) show, under different net mean pressures, the
failure envelopes are irregular and cone-shaped. With the
increase in matric suction, the failure surface gradually expands.
The matric suction has a considerable influence on the position,
size and shape of the failure surface of natural loess. A comparison
of several different failure criteria (Mohr-Coulomb failure
criterion, extended von Mises failure criterion and Lade-Duncan
failure criterion) based on the experimental data are presented in

Fig. 17, taking the experimental data of s = 100 kPa and p =300
kPa as an example. As can be observed, the experimental result
of natural loess via suction-controlled true triaxial testing exhibits
more agreement with the failure criterion of Lade-Duncan. In the
Mohr-Coulomb criterion, only o7 and o3 acting on the element
are considered, but ¢ is not taken into consideration, thus the
predicted results are more conservative. While in the Extended
von Mises criterion, the effect of o, is considered. But it is
supposed that the effect of o, on material strength is the same as
that of o3, which exaggerates the effect of o, leading to the
predicated result to be more dangerous.
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5.4 Effect of Matric Suction on Shear Strength Parameters

It is more adopted double independent stress state variables to
investigate the strength characteristics in unsaturated soil. It has
been suggested the net normal stress (o—u,) as one stress state

(o5-u,)/kPa

A (oy-u,)kPa
[ 800

(o-u,)kPa O s (0s-u,)kPa

A (0y-u,)kPa
~ 1000

(05-u,)/kPa

(<)
Fig. 16. Failure Surfaces in the m-Plane under Different Net Mean Pressures: (a) 100 kPa, (b) 200 kPa, (c) 300 kPa

variable and matric suction (u,—u,) as the other to used to
define the stress state in unsaturated soil by Fredlund and
Morgenstern (1977). Then, a shear strength equation has been
established on the basis of these two stress state variables
(Fredlund et al., 1978). The shear strength equation is defined in
Eq. (7):

T,=c'+(0-u,) tang"+(u, —u,), tan ¢” @)

where 7 is shear strength at failure; ¢’ is effective cohesion;
(o—u,), is net normal stress at failure; ¢’ is the internal friction
angle with regard to net normal stress variable; (u,—u,), is the
matric suction at failure; and ¢” is the friction angle with regard
to suction. Eq. (7) can be further written as Eq. (8):

7, =c+(oc-u,), tang' ®)

where c is called the total cohesion intercept and defined in Eq.
(9) (Fredlund and Rahardjo, 1993).

c=c'+(u,~u,), tan ¢ )

Figure 18 gives the Mohr circles obtained at the failure state
under suction-controlled conditions at different net confining
pressures when b = 0. In the b = 0 test, the intermediate principal
stress (03) and the minor principal stress (o) are equal, which is
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Fig. 18. Mohr Circles under Different Suctions of: (a) 0, (b) 100 kPa, (c) 200 kPa, (d) 300 kPa

Table 5. Parameters of Shear Strength

Matric suction, Net confining pressure,  Intermediate principal

Total cohesion

Internal friction angle, Friction angle with

s/kPa p/kPa stress parameter, b intercept, c/kPa #'° respect to suction, ¢ */°
0 100, 200, & 300 0 4.01(c”) 25.54 Average —

100 100, 200, & 300 0 51.67 25.70 25.90 25.50

200 100, 200, & 300 0 93.93 26.31 24.22

300 100, 200, & 300 0 136.69 26.03 23.87

consistent with a conventional triaxial compression test. As
shown in Fig. 19, the internal friction angle (¢') indicates the
slope of the failure envelope, which has a negligible change
under different matric suctions (s). This result indicates that the
strength parameter of the internal friction angle is independent of
the matric suction and net confining pressure, and thus, the
averaged value under different suctions is taken as the internal
friction angle. With increasing matric suction, the failure envelope
shifts upward. The vertical intercept of this line is the total
cohesion intercept (c), which shows a marked increase with
matric suction. The internal friction angle (¢'), the total cohesion
intercept (c) and the friction angle with regard to suction (¢”) are
listed in Table 5. The friction angle with regard to suction (¢°) is
derived from Eq. (9) and reflects the rate at which the unsaturated
shear strength increases with the matric suction. As shown in
Table 5, ¢° of the unsaturated loess decreases with s. The test
results of the unsaturated loess show that the value of ¢° is less
than the value ¢ The results are consistent with those of previous
studies on suction-controlled triaxial tests (e.g., Fredlund and

Rahardjo, 1993; Patil, 2017).

The shear strength parameters under different intermediate
principal stress parameter values are obtained by a method
similar to that described above. The values of the strength
parameters are summarized in Table 6, and the relationship
curves of the strength parameters with the intermediate
principal stress parameter under different matric suctions are
shown in Fig. 19. As summarized in Table 6 and Fig. 19, the
total cohesion (c) and friction angle with regard to suction (¢ ")
are related to not only matric suction (s) but also the
intermediate principal stress parameter (b). The total cohesion
increases with increasing matric suction but increases and then
decreases with an increasing b-value, peaking between 0.25
and 0.5. The friction angle with regard to suction presents a
similar changing trend with matric suction and the intermediate
principal stress parameter. While the internal friction angle (¢')
is independent of suction, it varies with the principal stress
parameter (b). The peak of the internal friction angle (¢') is
between 0.5 and 0.75.
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Table 6. The Strength Parameter Results for Different Values of b

Matric suction, Intermediate principal Total cohesion intercept, Internal friction angle, Friction angle with respect to
s/kPa stress parameter, b c/kPa #1° suction, ¢ */°
0 0 4.01(c’) 25.90 —
0.25 6.23(c’) 25.58 —
0.5 6.62(c’) 26.63 —
0.75 4.66(c’) 25.80 —
1 3.11(c") 25.47 —
100 0 51.67 25.90 25.50
0.25 54.19 25.58 25.62
0.5 53.04 26.63 24.90
0.75 46.39 25.80 22.65
1 39.37 25.47 19.93
200 0 93.93 25.90 24.22
0.25 95.92 25.58 24.15
0.5 96.70 26.63 24.24
0.75 84.62 25.80 21.79
1 73.7 25.47 19.44
300 0 136.68 25.90 23.87
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Fig. 19. Curves of the Shear Strength Parameters versus b-Value: (a) c versus b, (b) ¢’ versus b, (c) ¢° versus b

5.5 Comparison and Discussion types. For example, Matsuoka et al. (2002) discussed the stress-
As for the research on the true triaxial test of controlled suction,  strain responses of unsaturated silt via a fully rigid-boundary true
some scholars have also performed some research on other soil  triaxial device. However, due to the limitation of the rigid
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boundary, the true triaxial tests were only carried out where the
Lode angle was not greater than 30° (i.e., b < 0.5); moreover,
since the method of s=-u, was adopted in the test, the
controlled matric suction was also less than 100 kPa. Macari and
Hoyos (2001) and Macari et al. (2003) investigated the mechanical
behaviour of unsaturated low-plasticity silty sand via a five
flexible-boundary true triaxial apparatus. The range of suction
controlled in this experiment was wider, and tests with Lode
angles of 0, 30° and 60° (i.e., =0, 0.5 and 1) were conducted in
this experiment. Meanwhile, in this paper, five different b-value
(ie., b =0, 0.25, 0.5, 0.75 and 1) tests under the suction-
controlled condition were conducted on natural loess. More
stress paths were adopted in this experiment, which can simulate
a more complex stress loading mode. The natural loess specimens
were taken for testing, which is closer to the characteristics of
soil exhibited in engineering practice. The shear strength of
unsaturated silt measured from the fully rigid-boundary true
triaxial device nearly agreed with the extended SMP criterion
(Matsuoka et al., 2002) under the suction-controlled condition.
Meanwhile, the shear strength of unsaturated low-plasticity silty
sand obtained by a five flexible-boundary true triaxial device
(Macari and Hoyos, 2001; Hoyos et al., 2012) and the shear
strength of unsaturated loess obtained by the rigid-boundary true
triaxial device show more agreement with Lade-Duncan failure
criterion.

6. Conclusions

Several groups of suction-controlled drained true triaxial trials
were conducted on unsaturated natural loess with five different
b-values. The soil response was investigated by testing specimens of
natural loess at different four matric suctions (s) and different
three net mean stresses (p). The main conclusions of this study
from the results of 52 trials on intact loess under suction-
controlled conditions are as follows:

1. Four groups of isotropic consolidation trails were performed
on natural loess under different matric suctions via a true
triaxial apparatus. The rate of change in void ratio of the
tested loess decreases with the increase of matric suction.
The consolidation net yield stresses of the tested loess
corresponding to 0, 100, 200 and 300 kPa are 52, 170, 270,
and 313 kPa, respectively, increasing nonlinearly in the p-s
plane.

2. The measured stress-strain curves from the true triaxial
shear tests of natural loess under suction-controlled conditions
all show strain-hardening characteristics. The deviatoric stress
(g) clearly decreases as the b-value increases. The stress-
strain curve is transformed from the strain-hardening type
to the ideal type as b increases from a small value to a large
value.

3. The measured stress-strain curves for the same matric
suction and the intermediate principal stress parameter but
under different net mean stresses can be normalized
through the normalized stress ratio (7/77), which can then

be normalized to a hyperbolic curve with an expression of
nin,=¢;/(a+ke,) .

4. Matric suction (s) makes a considerable effect on the stress-
strain responses of unsaturated natural loess. The deviatoric
stress (g) increases considerably with matric suction (s).
Failure envelopes on the p-g plane of unsaturated natural
loess appear as straight lines under the same suction. The
failure lines for different matric suctions with the same b-
value are parallel. The failure envelopes in the p-¢ plane for
different intermediate principal stress parameter values
intersect at one point along the p axis under the same
matric suction.

5. The failure envelopes of the unsaturated natural loess on
the z-plane present irregular cone shapes under a suction-
controlled stress path. The matric suction takes a significant
influence on the position, size and shape of the failure
surface of natural loess.

6. The total cohesion (c) and friction angle with regard to
suction (¢?) are related not only to the matric suction (s)
but also to the b-value. The total cohesion increases with
matric suction, while it increases and then decreases with
the b-values. Although the internal friction angle (¢') is
independent of matric suction (s), it varies with the principal
stress parameter (b).
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