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Tensile strain is one of the main variables that affect fracturing in soil. +is paper focuses on an experimental investigation of the
deformation characteristics of remolded loess in direct and cyclic tension tests.+ematerial behavior was approximated as elastic-
plastic by ignoring the effect of time. In direct tests, the results showed that the change in slope of the stress-strain curve depended
on the water content. +e plastic constitutive relation was described by two methods. In cyclic loading and unloading tests, the
remolded loess exhibited hysteresis (a phase lag), which led to dissipation of the mechanical energy. And no compaction limit
phenomenon was found. A simple mathematical model was proposed to predict the plastic cyclic characteristics, and it was
validated by the new test data.

1. Introduction

In many areas of geotechnical engineering, soil is subjected to
tensile stress. Tensile cracks often form in tensile stress regions
[1, 2]. Cracks are caused by several factors, such as extrusion,
uneven settlement, and dehydration [3–5]. +ese tensile re-
gions can have negative impacts on infrastructures, such as
embankment cracks, slope collapse, and earth-retaining wall
instability and so on [6–9]. +e wide occurrence of tensile
phenomena requires a better understanding of their me-
chanical properties.

Considerable attention has been focused on the tensile
fracturing of soils in recent years, mainly including ex-
perimental strength tests [10–14] and strength prediction
models [15–18]. As is known, strength and ultimate de-
formation are two important parameters affecting soil
fracture. In previous studies, strength and stress were the
main research contents. However, deformation charac-
teristics in tension have been ignored. +e usual in-
vestigation was just to obtain a full stress-strain curve.
Obviously, it is not enough for the study of deformation
mechanism.

+e tensile deformation increases gradually in the ten-
sion region; in addition to the monotonous increasing load,
there is also the effect of cyclic load. For example, the
temporary earthwork stack around an excavation may ac-
celerate crack expansion in the stretched zone. In un-
derground coal mining, the periodic work on the working
face indirectly subject the stretched zone to cyclic loading,
which can even cause cracks at the earth’s surface.+erefore,
it is imperative to conduct investigations of the deformation
of soils under direct and cyclic loading.

+ere are extensive loess areas in western China. Loess
are typically a kind of clayey silt, and the silt content
(0.005–0.05mm) is generally greater than 50%. Intact loess
features a random particle arrangement, high porosity, and
significant number of macropores [19, 20]. Land instability
hazards here are common and varied, in which ground
fissures and surface subsidence are closely related to tensile
characteristics [21]. +ese disasters have seriously affected
the local civil engineering construction and the residents’
lives and property. Taking loess as the research object, this
paper focuses on an experimental investigation of tensile
deformation especially plastic strain as it is thought that the
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plastic deformation would play a more disadvantageous role
than elastic deformation.

A series of tests was performed on samples with different
dry densities and water contents. First, in direct tests, the
modulus of elasticity, yield limit, and hardening conditions
were obtained and analyzed. +en, the hysteresis loops, dy-
namic strength, and cyclic plastic strain were discussed in the
loading-unloading tests. Eventually, an elastic-plastic phe-
nomenological model was presented to describe the plastic
cyclic behaviour of soils.+is paper may open up a new realm
for soil tension research. +e results supplemented the
shortcomings of tension deformation. It will provide the
reference for fracture-resistant designs, also the evaluation for
the safety (stability) of geotechnical construction.

2. Test Apparatus

+e laboratory tests were carried out with a uniaxial direct
tension test apparatus, as illustrated in Figure 1. +e ap-
paratus consisted of three systems: load application sys-
tem, displacement measurement system, and platen
regulating system.+e rectangular specimen was placed on
a platform with uniformly distributed roller bearings on
the bottom. +e tensile mold comprised two rectangular
grooves with sides that were free to open. +is design
prevented the ends of the specimens from being extruded
using clamps. One mold was affixed to the apparatus, and
the other was connected to the loading system and could
move horizontally. +e load application system included a
traction rope and weights with capacities of 20 kg. +e
displacement data were collected by economical and
practical dial gauges.

Fifteen grams of epoxy structural adhesive were applied
to connect the mold to the specimen before the experiment.
+ere was nearly no stress concentration on the specimen
ends to ensure force uniformity over the entire length of the
sample. In most tests, the specimen broke into two pieces in
the middle (30–90mm). A detailed description of the tensile
equipment was given in our previous paper [22]. +e
compaction device for the remolded sample is shown in
Figure 2. +e apparatus contained three components: a
hollow box groove, removable templates, and telescopic bolt
shanks. +e latter two moved together to form a tightly
connected sample space. +e template could be removed;
therefore, the intact specimen was easy to remove from the
device.

3. Materials and Methods

3.1. Materials. +e investigation was carried out on loess
with an original water content of 18± 4%, which is widely
distributed on the surface of mining area in Shaanxi area of
West China. +e properties of the prepared soil samples are
shown in Table 1, and their particle-size distribution curves
are shown in Figure 3. +e parameters for evaluating the soil
particle gradation are cu � 3.07 and cc � 0.94. +e soils can be
considered well-graded soils. +e collected loess was air
dried, crushed (so as not to destroy the natural structure),
and sieved at 2mm in the laboratory before the test.

3.2. Procedures. A total of 1 kg of the sifted soil were put in a
plastic barrel, and water was added with a small spray bottle
until the desired water content was reached. +e barrel was
sealed, and soil was left for at least 3 days to homogenize.
Subsequently, the soils were compacted layer by layer (a total
of three equal layers) to the required dry density in a
homemade mold. Vaseline was applied to the inner wall to
ensure that the sample could be completely removed.
Samples were prepared at water contents of 14, 16, 18, and
20% and compacted to 1.55 and 1.65 g/cm3.

Each sample was installed in the tensile apparatus and
covered with a thin layer of Vaseline to prevent evaporation. To
evaluate the mechanical behavior of the material, two kinds of
tests were performed: (i) direct tensile tests at different water
contents and (ii) loading-unloading cyclic tests while main-
taining or increasing the maximum load per cycle. All of the
unloading levels were higher than the yield limit. +e uniaxial
stress σ and strain ε can be denoted by the theory of solid
mechanics:

σ �
F

A0
,

ε �
ΔL
L0

,

(1)

where F is the axial force, A0 is the cross-sectional area, ΔL is
the elongation at the corresponding tensile force F, and L0 is
the effective length.+e effective length L0 is calculated as the
sample length minus the length between the two clamps. In
this study, L0 � 60mm and A0 � 30× 30mm.

4. Results and Discussion

4.1. Direct Tensile Tests. Direct tensile tests were performed on
three identical samples. +e mean mechanical parameters (i.e.,
elastic modulus, yield limit, tensile strength, and ultimate strain)
obtained experimentally are presented in Table 2.

+e measurement of the elastic modulus and yield limit
presents experimental problems depending on soil type, state,
constitutive relations, and test precision. In this study, the elastic
modulus was obtained using the following method. +e stress-
strain curve was initially approximately a straight line (regarded
as the elastic phase) and gradually showed nonlinearity with
increasing axial load. +e following equation was employed to
describe this behavior [23]:

σ � σt 1 − 1 −
ε
εt

 

A

⎡⎣ ⎤⎦, (2)

where σt is the tensile strength, εt is the ultimate failure
strain, and A is the fitting modulus. +e stress-strain data
and fitting curves of one sample are shown in Figure 4. +e
elastic modulus can be calculated:

E0 �
dσ
dε


ε � 0 �

A · σt
εt

. (3)

Plastic deformation will occur when the stress exceeds the
yield strength. So the yield limit σ0 is exactly the initial stress of
plastic deformation. Plastic deformation can be obtained

2 Advances in Materials Science and Engineering



Table 1: Physical properties of the compacted soils.
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Figure 3: Particle-size distribution curve of the test materials.
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Figure 1: Schematic drawing of the tension apparatus: (a) vertical view; (b) side view.
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Figure 2: Schematic drawing of the compaction apparatus: (a) vertical view; (b) side view.

Table 2: Mechanical properties of the remolded loess.

Properties
ρd � 1.55 g/cm3 ρd � 1.65 g/cm3

ω� 14% ω� 16% ω� 18% ω� 20% ω� 14% ω� 16% ω� 18% ω� 20%
Elastic modulus, E0 (MPa) 25.7 18.9 15.1 7.0 28.3 25.0 19.7 9.7
Yield limit, σ0 (kPa) 14 10 8 6 20 14 10 8
Tensile strength, σt (kPa) 35.4 26.5 20.7 15.3 41 37.5 23.3 18.2
Ultimate strain, εt (%) 0.20 0.25 0.30 0.40 0.22 0.28 0.35 0.48
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according to elastic-plasticmechanics, which can be obtained by
the following equation:

ε � εe + εp,

εe �
σ
E0

,

εp � ε −
σ
E0
≥ 0,

(4)

where εe is the elastic strain, εp is the plastic strain, and yield
limit σ0 is the minimum stress value in upper formula (i.e.
σ0 � σ ≤ ε · E0|σ�σmin

).
Both the yield limit and elastic modulus decreased with

increasing water content. +e tensile strength also decreased
with increasing water content over a certain range
[11, 18, 24, 25]. +e yield limit and elastic modulus in the tests
were strongly correlated with the tensile strength (Figure 5).+e
yield limit and elastic modulus can be expressed by linear
functions:

σ0 � ασt + mpa,

E0 � βσt + npa,
(5)

where pa is the atmospheric pressure, which was used to convert
the vertical and horizontal coordinates into dimensionless
quantities; α and β are the modulus numbers; andm and n are
constants; the values of α, β,m, and n can be determined from
the test results.

Figure 4 shows that the strain continued to increase with
tensile stress until fracturing occurred. What we are in-
terested in is how the plastic strain changes when the stress
exceeds the yield limit, that is, plastic constitutive relation
under direct tension. Stress can be assumed as a function of
total plastic work Wp from the standpoint of energy
mechanism [26]. In a limited deformation process, Wp is de-
fined as the work consumed by plastic deformation per unit

volume (i.e., plastic specificwork). Based on the assumption, the
plastic constitutive relation of this material can be written as

σ � F Wp . (6)

In uniaxial tensile testing, the plastic specific work can be
expressed as follows:

Wp �  σ dεp �  σ
dl

l
−

dσ
E0

  � 
l

l0

σ dl

l
−

σ2

2E0
, (7)

where dl/l is the total strain increment, dσ/E0 is the elastic strain
increment, l is the instantaneous length of the sample, l0 is the
initial length of the sample (l0� L0� 60mm), and the difference
between dl/l and dσ/E0 (dl/l− dσ/E0) is the plastic strain in-
crement. +e stress σ is greater than the yield stress σ0(σ > σ0).
In Figure 6, it could be intuitively seen that the plastic work was
zero at low stress level. When the stress exceeded the yield limit,
the growth rate of plastic specific work was getting faster and
faster. In addition, under the same stress condition, the plastic
work consumed by the sample with high moisture content was
obviously higher than that of the sample with low moisture
content. It was illustrated that water content was a key factor
affecting plastic deformation, and the higher the moisture
content was, the more significant the plastic deformation would
be. Plastic constitutive equation could also be described by
another way σ � φ(εp). +e results are shown in Figure 7.
Obviously, the plasticity development was consistent with
Figure 6.

4.2. Cyclic Loading-Unloading Tests. In order to further
study the elastoplastic characteristics, particularly the
plastic deformation, loading-unloading cyclic tests were
carried out at room temperature. +e dry density was
1.55 g/cm3, and the water contents were 16% and 18%.
+e loading histories are shown in Table 3.
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Figure 4: Direct tensile test σ × ε curves at different water contents: (a) ρd � 1.55 g/cm3; (b) ρd � 1.65 g/cm3.
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4.2.1. Stress-Strain Analysis. +e stress-strain curves for
loading patterns I and II are shown (only the data of cyclic
loading and unloading are presented) in Figures 8 and 9,
respectively. +e loading and unloading gradients were the
same (2 kPa) to minimize interfering factors.

Hysteresis loops were produced under each loading and
unloading cycle, which led to dissipation of mechanical
energy. Similar trends were reported in [27]. Each loading
curve was fitted by linear function, and the results are shown
in Table 4. It could be seen that the fitted slopes of the
loading curves decreased gradually, which quantitatively
indicated that the elastic modulus decreased with the cyclic
loading.

After a cycle of loading and unloading, the distance
between the soil particles may increase, so the original dry
density of the sample would decrease with it. +us, the
connecting force and adhesionmay be weakened, whichmay
reduce the ability of the soil to resist deformation (i.e.,
stiffness). +e tensile deformation of the specimen increases
gradually, and no “ultimate compaction deformation” was
identified in the tests.

+e deformation after a loading-unloading cycle in-
creased due to the stress history. In Figure 10, points A and B
have the same stress σ, but they correspond to different
strains ε. Point A is on the initial loading curve, and point B
is on the reloading curve. +e strain increment ΔεB is larger
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Figure 6: Plastic constitutive relation σ � F(Wp) with (a) ρd � 1.55 g/cm3 and (b) ρd � 1.65 g/cm3.
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Figure 5: Relationships of the tensile strength with (a) yield limit σ0 and (b) elastic modulus E0.
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than ΔεA for the same load increment σ because A and B
have different stress histories. In conventional cyclic loading
tests including uniaxial and triaxial compression, soil
compression can increase the soil density, reduce the pore
space, and force air and/or water from the pores [28, 29].
However, there are no restrictions to deformation in di-
rection of axial tension, so no strain limit was observed.

+e cyclic stress-plastic strain curves are shown in
Figures 11 and 12. Similarly, the plastic deformation
exhibited hysteresis (a phase lag), which showed that the

plastic deformation recovered slightly. During unloading, in
theory, plastic strain should have been constant, and the
total deformation (elastic and plastic deformation) re-
covered due to the recovery of elastic strain. In this test, the
decrease of plastic deformation may be caused by the inertia
of the elastic recovery. Plastic strain would decrease slightly
with the elastic recovery.

In addition, the tensile strengths of the samples decreased
compared with the direct tests by varying degrees (Figure 13).
+e stiffness of the specimen decreased after the cyclic loading,
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Figure 7: Plastic constitutive relation σ � φ(εp) with (a) ρd � 1.55 g/cm3 and (b) ρd � 1.65 g/cm3.

Table 3: Loading histories.

Sample type Loading pattern Maximum loading stress (kPa) Minimum unloading stress (kPa)

ρd � 1.55 g/cm3, ω� 16% I 20 0
II 16⟶ 18⟶ 20⟶ 22 · · · 0

ρd � 1.55 g/cm3, ω� 18% I 16 0
II 12⟶ 14⟶ 16⟶ 18 · · · 0
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Figure 8: Stress-strain curves of the cyclic tensile tests for loading pattern I: (a) w � 16%; (b) w � 18%.
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which may also have led to weakening of the interparticle
connection and cohesion force. +e cyclic loading caused the
repeated growth of microcracks in the material, which finally
resulted in the deterioration of the mechanical properties.
+erefore, even though the cyclic force was less than the tensile
strength, macroscopic cracks would be slowly produced by the
accumulation of fatigue damage. +ere was no doubt that this
would lead to the specimen fracture.

4.2.2. Mathematical Model of Cyclic Loading Curves.
Section 4.2.1 showed that loading patterns I and II (including
strain and plastic strain) had the same pattern. Based on the
results shown in Figures 8, 9, 11, and 12, the ideal de-

formation curves of loading pattern I (including strain and
plastic strain) are assumed in Figure 14. Pattern II is omitted
as it is similar to pattern I.

Each loading curve of the cyclic strain or plastic strain
(Figure 14) could be divided into two stages (i.e., before and
after the yield stress), which were represented by the blue
and black segments, respectively. In Figure 14(a), the fol-
lowing functions can describe the relationship between the
loading stress and strain:

σ � E · ε, σ ≤ σ0, (8)

σ � Φ(ε), σ > σ0, (9)

Table 4: Fitting slopes of the loading curves (σ × ε).

Water content Linear fitting of loading curves
1st 2nd 3rd 4th

Pattern I 16% y� 149.29x+ 2.1058 y� 129.5x − 0.2223 y� 126.58x − 3.1179 y� 109.03x − 4.7518
18% y� 118.52x+ 0.9766 y� 97.668x − 0.8987 y� 86.676x − 3.1876 y� 81.932x − 6.1712

Pattern II 18% y� 162.14x+ 1.124 y� 155.99x − 0.1516 y� 143.52x − 1.5248 y� 131.5x − 3.538
16% y� 125.86x+ 0.9057 y� 111.83x − 0.6882 y� 103.32x − 2.504 y� 89.867x − 4.5849
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Figure 9: Stress-strain curves of the cyclic tensile tests for loading pattern II: (a) w � 16%; (b) w � 18%.
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where E is the slope of first straight line, which decreases
with the number of cycles. +e second is curvilinear because
of the plastic deformation.

In Figure 14(b), the loading curves can be expressed by

εP � n, σ ≤ σ0,

εp � ε −
Φ(ε)

E
, σ > σ0.

(10)

In first curve, n is a constant. In second curve, plastic
strain εp is a function of strain ε, but we prefer to obtain the

relationship between stress σ and plastic strain εp in order
to be more intuitive. +e function can be got from formula
(9):

εp � Φ− 1
(σ), σ > σ0. (11)

Furthermore, the phenomenological model of describing
cyclic plastic strain is given by

εp � εp0 � ε0 � n, σ ≤ σ0, (12)

σ � f
− 1 εp(  � f

− 1 Φ− 1
(σ) −

σ
E

 , σ > σ0, (13)
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Figure 14: Deformation models under cyclic loading with (a) σ × ε curve and (b) σ × εp curve.

Table 5: Calculated yield limits.

Specimen
Yield limit

Loading order
1st 2nd 3rd 4th

ρd � 1.65 g/cm3, ω� 18%
Pattern I 12 10 10 8
Pattern II 12 10 8 4
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Figure 15: Stress-strain curves of the cyclic tests for (a) loading pattern I and (b) loading pattern II.
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where εp0 and ε0 are, respectively, the plastic strain and strain
after unloading and Φ− 1(σ) and f− 1(εp) are the inverse
functions of Φ(ε) and f(σ), respectively.

So, to sum up, the proposed mathematical model
(equations (12) and (13)) can be used to predict plastic
deformation by the initial loading stress-strain curves (σ × ε).
Next, it would be validated with new data. +e stress-strain
curves of samples of w � 18% and ρd � 1.65 g/cm3 are shown
in Figure 15. +e obtained yield limits are listed in Table 5.

In Figure 15, the second curve is assumed as a quadratic
function. +erefore, equation (9) can be written as

σ � Φ(ε) � aε2 + bε + c, σ > σ0, (14)

where a, b, and c are parameters. +e resulting curves for
cyclic stress-strain are shown as blue curves in Figure 16, and
the best fit a, b, c, and E values are presented in Table 6.

+en, the cyclic plastic strain are obtained using the
expressions in equations (12)–(14). +e measured tensile
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Figure 16: Function fitting of the stress-strain curves for (a) loading pattern I and (b) loading pattern II.

Table 6: Model parameters from the best-fitting stress-strain curves.

Loading curves
1st 2nd 3rd 4th

E (MPa) a b c E (MPa) a b c E (MPa) a b c E (MPa) a b c
Pattern I 21.1 − 180 123 5 15.9 − 276 137 1 149 − 221 132 − 3 13.1 − 155 1135 − 6
Pattern II 21.6 − 532 160 4 16.3 − 232 128 2 17.2 − 160 121 − 3 12.0 − 185 1305 − 11
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Figure 17: +e comparisons of measured data and fitted functions by proposed model for (a) loading pattern I and (b) loading pattern II.
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stress-plastic strain curves are fitted using the proposed
mathematical model (shown in Figure 17).

+e fitted curves reproduced the test results well, which
demonstrated that the proposed mathematical model could
reasonably represent the tensile plasticity characteristics of
compacted soils under cyclic loading tension. +e model
combined enough mathematical simplicity, and it could
describe a nonlinear mechanical behaviour of plastic de-
formation observed in cyclic tests. In addition, in this paper,
the expression of yield strength σ0 in cyclic loading was not
obtained, which would be a direction of effort in the future.
An analysis of plastic strain of unloading curves was beyond
the scope of this study. More comprehensive experimental
and theoretical studies should be conducted to address the
idealizations and assumptions used in the models. Much
work remained to accurately describe and predict plastic
deformation of compacted soils under cyclic loading.

5. Conclusions

Almost all the data were recorded instantaneously in the
experimental investigation, and there was no effect of creep
on deformation. +e effect of time or viscosity on de-
formation had been ignored. Consequently, the behavior is
approximately considered elastic-plastic, rather than elastic-
viscoplastic or viscoelastic. +e stress-strain (mainly plastic
strain) characteristics under direct and cyclic loading were
studied in this paper.+e following conclusions were drawn.
For the direct test, the yield limit, elastic modulus, and
tensile strength had the same trends with the water content.
σ � F(Wp) and σ � φ(εp) were two methods to describe
plastic constitutive relation, and both presented the same
rule. For cyclic loading-unloading test, the material
exhibited hysteresis. +e stiffness of remolded loess grad-
ually decreased. And importantly, there was no compaction
limit observed with the cycle numbers. +e plastic de-
formation of cyclic loading curves was analyzed. +e plastic
deformation hysteresis loop may be caused by elastic
shrinkage.+e fatigue failure may occur with the progressive
accumulation of plastic strain. In the end, an elastic-plastic
phenomenological model was proposed, which could de-
scribe the plastic cyclic behaviour. +e model was mathe-
matically simple enough to be used for plastic strain
predictions in cyclic tests.
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