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a b s t r a c t

The application of soilbags in permanent or semi-permanent projects is becoming increasingly wider.
When used in some projects like retaining walls, soilbags are usually undertaken loads that are not
perpendicular to their long axis direction, i.e. under inclined loads. In this study, a 2D strength formula of
soilbags under inclined loads is derived, expressed as the apparent cohesion cT resulting from the tensile
force of the bags. A way of modeling flexible bags in DEM simulation is proposed. The soilbags stacked at
different inclination under biaxial compression is numerically simulated by DEM to verify the derived
strength formula of soilbags. The results indicate that under inclined loads, the developed tensile forces
of the bags and thus the corresponding apparent cohesion cT of soilbags decrease with the increasing
inclination of soilbags.

© 2017 Published by Elsevier Ltd.
1. Introduction

Soilbag, with soil contained in a bag, is familiar to everyone. For
a long time, soilbags have been used to prevent a flow of soils from
floodwater and build temporary structures in case of emergency
(Kim et al., 2004). It is probably because of no knowledge on the
features of soilbags and the deterioration of soilbags after a long
exposure to sunlight, especially for such polyethylene-made soil-
bags that are very sensitive to ultraviolet rays. As a result of the
studies by Matsuoka et al. (1999, 2000b, 2003, 2006), many ad-
vantages of soilbags, such as improving bearing capacity of soft
ground, being friendly to our environment, reducing traffic-
induced vibration, preventing frost heave and so on, have been
elucidated. It has been found that the polythene (PE) or poly-
propylene (PP)-made bag is stable against both acids and alkali, and
is durable if the bag is protected from the exposure to sunlight by
embedding it into ground. Recently, the use of soilbags has been
extended to permanent or semi-permanent projects, such as soft
soil foundation reinforcement (Matsuoka and Liu, 2006; Liu and
Matsuoka, 2007; Xu et al., 2008; Li et al., 2013), expansive soil
treatment (Liu et al., 2012, 2015; Wang et al., 2015), base vibration
), kv@hhu.edu.cn, jiafan_kv@
. Shen), wlp@hhu.edu.cn
isolation (Liu et al., 2014), retaining wall construction (Liu and
Matsuoka, 2007; Lee et al., 2013; Wen et al., 2016), coastal pro-
tection projects (Martinelli et al., 2011; Hornsey et al., 2011; Kim
et al., 2015; Moreira et al., 2016), soil railway embankment rein-
forcement (Matsuoka and Liu, 2006; Indraratna et al., 2014; Liu
et al., 2017) and so on.

In the case of reinforcing soft building foundation, soilbags are
mainly subjected to vertical loads from the upper structure weight
(parallel to the short axis of soilbags); while in the case of con-
structing retaining walls, soilbags bear backfill earth pressures that
are inclined to the vertical direction (not parallel to the short axis of
soilbags), as indicated in Fig. 1. In this study, we define the angle
between the direction of the major principal stress s1 and the short
axis of soilbag as d. Thus, in the case of reinforcing soft building
foundation, the angle d ¼ 0.

So far, many researches on the compressive strength of the
soilbag in the case of d ¼ 0 have been conducted. Matsuoka et al.
(2000a, 2003, 2006) derived a strength formula of the soilbag in
two dimensional stress states (2D) and verified it through a series
of unconfined and biaxial compression tests, in which the high
compressive strength of the soilbag was interpreted as the contri-
bution of an apparent cohesion c resulting from the tension of the
bag. Based on the generalized Mises and the Lade-Duncan failure
criteria, Bai et al. (2010) suggested two compressive strength for-
mulas of the soilbag in three-dimensional stress states, which can
predict the compressive strength of soilbags under vertical loads
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Fig. 1. Construction of retaining wall with soilbags.

Fig. 2. Stresses acting on two-dimensional model soilbag and on particles inside the
soilbag: (a) Stresses acting on soilbag; (b) Stresses acting on particles inside soilbag.
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more accurately. On the other hand, some numerical analyses have
also been carried out on soilbags in the case of d ¼ 0. The effec-
tiveness of the ground improvement with soilbags has been vali-
dated as the result of the finite element analysis (Muramatsu et al.,
2007; Tantono and Bauer, 2008; Ansari et al., 2011). The FEM
simulation conducted by Ye et al. (2011) showed that soilbags could
greatly reduce the ground vibration propagated from a point vi-
bration source. And some numerical modeling of geosynthetics has
been conducted using the DEM and proper coupling between the
DEM and other methods (Bhandari and Han, 2010, 2015; Ahmed
et al., 2015; Ngo et al., 2015; Chen et al., 2015; Cheng et al., 2017).
By using the distinct element method (DEM), Cheng et al. (2016)
numerically investigated the stress states and fabric anisotropies
in the wrapped soil under unconfined compression and simple
shear. The performance and mechanisms of the soilbag earth
reinforcement method, i.e., confinement and interlocking, can be
better understood from the perspectives of stress state, volumetric
change and anisotropies.

When soilbags are used to construct permanent structures like
retaining walls, theymay be subjected to external loads not parallel
to the short axis of soilbag, i.e. ds0. In this paper, we present a 2D
strength formula of the soilbag in the case of ds0 and the verifi-
cation through the numerical simulation using distinct element
method (DEM).

2. Strength of soilbags in the case of d ¼ 0

First, we review the 2D strength formula of the soilbag derived
by Matsuoka et al. (2000a, 2003, 2006). Fig. 2 (a) shows a soilbag
subjected to external principal stresses s1 and s3 in a two-
dimensional manner. Under the actions of s1 and s3, the soilbag
usually tends to be flat, accompanied by the extension of the total
perimeter of the bag. As a result, a tensile force T is produced along
the bag, which in turn produces an additional stress on the soil
particles inside the bag. The components of the additional stress are
expressed as

s01 ¼ 2T=ðB� 1Þ; s03 ¼ 2T=ðH � 1Þ (1)

where B and H are the width and height of the soilbag, respectively.
Thus, the stresses acting on the soil wrapped in the bag are the
combined result of the externally applied stresses and the appar-
ently produced stresses by the bag tensile force T, as shown in Fig. 2
(b). At failure, the following equation holds:

s1 þ
2T
B

¼ Kp

�
s3 þ

2T
H

�
(2)

where Kp ¼ ð1þ sin 4Þ=ð1� sin 4Þ and 4 is the internal angle of
friction of the wrapped soil. As the width B is usually greater than
the height H for soilbag, it is known from Eq. (1) that the tensile
force T induced along the bag causes stronger confinement to the
wrapped soil in the s3 direction than in the s1 direction. Thus, the
larger the ratio of B/H of the soilbag is, the more the reinforcement
effect is.

By comparing Eq. (2) with the strength expression of
s1 ¼ s3Kp þ 2c

ffiffiffiffiffiffi
Kp

p
for a cohesive-frictional material, the following

expression of the apparent cohesion, c, of the soilbag resulting from
the bag tension T is obtained.

cTðd ¼ 0Þ ¼ T
B

ffiffiffiffiffiffi
Kp

p
�
B
H
Kp � 1

�
(3)

Thus, soilbag can be taken as a cohesive-frictional material with
an apparent cohesion c as expressed in Eq. (3) and the same in-
ternal friction angle 4 as that of the material contained in the bag.
That is to say, the high compressive strength of the soilbag can be
interpreted as the contribution of an apparent cohesion c resulting
from the tension of the bag.
3. Strength of soilbags in the case of d≠ 0

Fig. 3 shows a two-dimensional soilbag that is inclined to the
horizontal direction with an angle of d, but subjected to the vertical
major principal stress s1 and the horizontal minor principal stress
s3. For the case of ds0, through a series of biaxial compression tests
on the wrapped aluminum rod assemblies, Matsuoka and Liu



Fig. 3. Soilbag inclined to externally applied stress with an angle of d.

Fig. 4. The strength envelops of soilbags at three different inclined angles calculated
by Eq. (11).

S.-H. Liu et al. / Geotextiles and Geomembranes 46 (2018) 1e10 3
(2006) suggested an empirical equation of the apparent cohesion of
soilbags, expressed as

cT ðdÞ ¼
�
cT ðd ¼ 0Þ$cos 2 d ð0 � d � 45�Þ

0 ð45� � d � 90�Þ (4)

However, the mathematical and theoretical meaning of the
above equation has not been elucidated. Hereinafter, wewill derive
a strength equation of the soilbag under inclined loads. The deri-
vation is based on the following two assumptions:

(i) The soilbag is mainly compressed under the externally
applied s1 and s3 that will take place when the inclined
angle d is not so large. As aforementioned, the perimeter of
the compressed soilbag will be elongated. As a result, a
tensile force T will be produced along the bag, which in turn
produces an additional stress acting on the wrapped soil.

(ii) The slippage between soilbags is not considered. That is to
say, the failure of the soilbag results from the failure of the
wrapped soil, which is governed by the Mohr-Coulomb
failure criterion.

In the case of ds0, the externally applied stress (s1, s3) can be
divided into two components: one is normal to the soilbag surface,
and the other is tangential to the soilbag surface. According to the
assumption (i), the effect of the tangential components on the
tensile force T is ignored. Thus, the components of the additional
stress (s01, s03) resulting from the tensile force T of the bag are still
calculated by using Eq. (1). The direction of the additional stress is
inclined to the direction of the externally applied stress with the
same angle of d.

We define x; y the directions of the externally applied stress s3
and s1, respectively. Similarly, x;h are defined as the directions of
the additional stress s03 and s01, respectively. The angle between
the two bases is d, as shown in Fig. 3.

For the soilbag under the biaxial compression, the stress of the
soil wrapped in the bag ss is the sum of the externally applied
stress s and the additional stress produced by the tension of the
bag sT:

ss ¼ sþ sT (5)

The matrix form of the externally applied stress s in the xy
coordinate system is:

s ¼
�
s3 0
0 s1

�
ðx;yÞ

(6)
And the matrix form of the additional stress produced by the
tension of the bag sT in the xh coordinate system is:

sT ¼

2
664

2T
H 0

0 2T
B

3
775
ðz;hÞ

(7)

Through the base transformation, in the xy coordinate system
sT is rewritten as:

sT ¼

0
BBB@

2T
H cos

2 dþ 2T
B sin

2 d

�
2T
H � 2T

B

�
sin d cos d

�
2T
H � 2T

B

�
sin d cos d 2T

H sin
2 dþ 2T

B cos
2 d

1
CCCA

ðx;yÞ

(8)

By substituting Eq. (6) and Eq. (8) into Eq. (5), one can obtain the
stress of the soil wrapped in the bag ss:

ss ¼

0
BBB@

s3 þ 2T
H cos

2 dþ 2T
B sin

2 d

�
2T
H � 2T

B

�
sin d cos d

�
2T
H � 2T

B

�
sin d cos d s1 þ 2T

H sin
2 dþ 2T

B cos
2 d

1
CCCA

ðx;yÞ
(9)

According to the assumption (ii), the failure of the soilbag is
caused by the shear failure of the wrapped soil, which is governed
by the Mohr-Coulomb failure criterion. It is expressed in terms of
the major and minor principal stresses as:

s1s � s3s
2

¼ s1s þ s3s
2

sin 4s þ cs cos 4s (10)

where s1s and s3s are the major and minor principal stresses of the
wrapped soil, respectively; cs and 4s are the cohesion and the in-
ternal friction angle of the wrapped soil, respectively.

s1s and s3s can be calculated from the eigenvalues of the stress
tensor ss in Eq. (9). Substituting them into Eq. (10) yields:

�
s1 � s3

2

�2
� ðs1 � s3Þ

�
T
H
� T

B

�
cos 2 dþ

�
T
H
� T

B

�2

¼
��

s1 þ s3
2

þ T
H
þ T

B

�
sin 4s þ cs cos 4s

�2
(11)

Usually, the strength envelop of soilbags represents the relation
between ðs1 � s3Þ=2 and ðs1 þ s3Þ=2. Fig. 4 shows the strength



Fig. 5. Contact model for particles inside soilbags used in DEM simulation.
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envelops of soilbags at three different inclined angles d calculated
by Eq. (11) under the condition of T ¼ 30N, 4s ¼ 24�and cs ¼ 0. It
can be seen that the strength envelops of soilbags in the case of
ds0 correspond to hyperbolic curves. Thus, Eq. (11) can be
rewritten as the following hyperbolic standard form:

�
s1þs3

2 þ T
H þ T

B þ cs cot 4s

�2

ð1�cos22dÞ
�

T
H�T

B

�2

sin2
4s

�

�
s1�s3

2 �
�

T
H � T

B

�
cos 2 d

�2

�
1� cos22d

	�
T
H � T

B

�2 ¼ 1

(12)

For the sake of simplicity, the strength envelop of soilbags is
approximated by the asymptote of the hyperbolic curve. The
asymptote of Eq. (12) is calculated to be

s1 � s3
2

¼ s1 þ s3
2

sin 4s þ ðmþ 1Þ T
B
sin 4s þ cs cos 4s

þ ðm� 1Þ T
B
cos 2 d (13)

in which m ¼ B/H. Compared with the Mohr-Coulomb failure cri-
terion, the apparent cohesion cT of the soilbag produced by the
tensile force T under inclined loads can be obtained from Eq. (13):

cT ¼ ðmþ 1Þ T
B
tan 4s þ ðm� 1Þ T

B
cos 2 d

cos 4s
(14)

In Eq. (14), the tensile force T of the bag changes with the in-
clined angle d, which is assumed to be

T ¼ lðdÞTv (15)

where lðdÞ is a reduction factor ranging from 1 to 0. When the in-
clined angle d ¼ 0, lðdÞ ¼ 1. Tv is the tensile force of the bag in the
case of d ¼ 0 when the failure of the wrapped soil happens.

Finally, the apparent cohesion cT of soilbags produced by the
tensile force T under inclined loads is obtained by substituting Eq.
(15) into Eq. (14).

cT ¼ ðmþ 1Þ lðdÞTv
B

tan 4s þ ðm� 1Þ lðdÞTv
B

cos 2 d

cos 4s
(16)

As stated above, lðdÞ ¼ 1 when the inclined angle d ¼ 0. In this
case, Eq. (16) becomes

cT ¼ ðmþ 1Þ Tv
B
tan 4s þ

1
cos 4s

ðm� 1Þ Tv
B

(17)

It can be justified that Eq. (17) is the same as Eq. (3) despite they
are expressed in a different way.

4. DEM analysis of biaxial compression tests on soilbags

In sections 2 and 3, the strength formula of soilbags in the cases
of both d ¼ 0 and ds0 have been derived on the basis of the Mohr-
Coulomb failure criterion. Next, the biaxial compression tests on
soilbags will be numerically analyzed by using distinct element
method (DEM) to verify the derived strength formula of soilbags.

4.1. Outline of DEM analysis

Only a brief introduction to two-dimensional distinct element
method (DEM), pioneered by Cundall (1971) and Cundall and Strack
(1979), is given here. DEM is a numerical technique in which in-
dividual particles are represented as rigid bodies. In two
dimensions each particle has three degrees of freedom (two
translations and one rotation). Each particle can be in contact with
neighboring particles or structure boundaries. The contact between
two particles, or a particle and a boundary, is modeled by a spring
and dashpot in both the normal and tangential directions (see
Fig. 5). The normal direction spring has a no-tension constraint. In
the tangential direction, if the tangential force reaches a Coulomb
friction limit, it is allowed to slide. Small amounts of viscous
damping are often included to help provide dissipation of high-
frequency motion. The forces generated at a contact are
computed based on the overlap of the bodies at the contact and the
stiffness of the springs, which are then used to compute the ac-
celeration of the body according to Newton's laws of motion. After
the acceleration is determined, new velocity and displacement for
the particle is computed using the central difference explicit time
integration. To ensure the convergence of the numerical solution,
the time stepDt is taken to be 1/10Dtc, whereDtc is the critical time
step. The critical time step is estimated on the basis of the single
degree-of-freedom system of a mass m connected to ground by a
spring of stiffness k, for which the critical time step Dtc equals
2

ffiffiffiffiffiffiffiffiffi
m=k

p
. With the newly computed displacement configuration, the

state of deformation at the existing contacts is re-evaluated, and
the possible creation of new contacts is evaluated, leading to a new
cycle of computation.

4.2. Modeling flexible bag

In the contact model shown in Fig. 5, forces between particles
are generated only when they are in contact. The normal direction
spring has a no-tension constraint. Obviously, this model is not
suitable for the flexible bag that takes effect only when extended
and cannot withstand compression. In this study, the flexible bag is
modeled as follows (Fig. 6):

(i) Around the circumference of the bag, very small mono-sized
circular particles, termed as bag particles in this paper for
convenience, are arranged, as shown in Fig. 6. The distance
between any two neighboring bag particles is small enough
to prevent the outward escape of the particles contained in
the bag.

(ii) Two neighboring bag particles are connected in their normal
direction (connection of the two particle centers) with an
elastic spring and a viscous dashpot, but not connected in
their tangential direction to model the flexibility of the bag,
as shown in Fig. 6. When the distance between two neigh-
boring bag particles is elongated, a tensile force is generated,
which is computed based on the elongated distance and the
stiffness of the spring. The computed tensile force is set to be
zero if it exceeds the tensile strength of the bag. If two



Fig. 6. Modeling flexible bag in DEM simulation.
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neighboring bag particles at a time step come to be close,
then no any forces are generated between them.

(iii) The interaction between the bag particle and the bag-
wrapped particle is the same as that between two bag-
wrapped particles, i.e. modeling with a spring and dashpot
in both the normal and the tangential directions (see Fig. 5).
While the friction m of bag particle-bag particle, particle-bag
particle and bag particle-wall is assumed to be zero because
the bag in this study is idealized as a flexible-perfectly
material.
Fig. 7. DEM specimens of biaxial compression tests on soilbags: (a) d ¼ 0�; (b) ds0� .
4.3. Simulation of biaxial compression tests

Firstly, a DEMmodel of one soilbag with a width B of 40 cm and
a height H of 10 cm was generated. The model is made up of 921
circular particles with diameters randomly ranging from 4 mm to
16 mm and 480 mono-sized bag particles with a diameter of
0.9 mm. Then, the DEM specimen for the biaxial compression test
was built. One DEM specimen contains three model soilbags, which
are stacked at different inclined angles (d¼0�, 5�, 15�, 30�, 45�). For
any inclined angle d, the DEM specimen is bounded by four rigid
walls (two horizontal and two vertical) and the space between the
stacked soilbags and the rigid walls is filled with the same particles
as in the bag, as shown in Fig. 7.

The input parameters used in the DEM simulation are summa-
rized in Table 1. The time increment Dt is taken to be 5� 10�7s. The
stiffness (kn, ks) and damping hn, hs in Table 1were determined from
the contact theory of two elastic discs. And the inter-particle fric-
tion m was obtained from the frictional tests on aluminum rods by
Matsuoka and Yamamoto (1994). These parameters have been used
to simulate biaxial compression, simple shear and direct shear tests
on an assembly of aluminum rods, and the simulated results agreed
very well with the actual experimental results (Yamamoto, 1995;
Liu and Lu, 2000; Liu and Xu, 2001; Liu and Sun, 2002; Liu and
Matsuoka, 2003; Liu, 2006).

The numerical biaxial compression tests on soilbags stacked
with one inclined angle were carried out at the confining stresses of
100 kPa, 200 kPa and 300 kPa, respectively. The DEM specimenwas
loaded by lowering the top wall at a constant rate of 1 cm/s while
the bottom wall was fixed and the two side walls were servo-
controlled to maintain a constant confining stress.

4.4. Results and discussion

Fig. 8 gives the numerically simulated stress-strain relations of
soilbags at three different inclined angles d of 0�, 30� and 45�. As
shown in Fig. 8 (a), in the case of d ¼ 0�, the failure of the two
specimens under the confining stresses s3 of 200 kPa and 300 kPa
results from the breakage of the bags, accompanying with the rapid
decrease of the deviatoric stress ðs1 � s3Þ. The shear strengths of
the two specimens were taken as the deviatoric stresses at the bag-
broken points. Apart from these two specimens, the bags of the
other specimens keep effect during shearing. The deviatoric
stresses ðs1 � s3Þ of them increase and gradually tend to a stable
value as the vertical compression continues to a strain ε1 of 15%.
The shear strengths of the specimens were taken from the peak
values of the deviatoric stresses during shearing. Based on the
simulation results, the Mohr's stress diagrams and the shear
strength envelops of the soilbags in the cases of d ¼ 0�, 30� and 45�

are drawn in Fig. 9. It can be seen from Fig. 9 that in the cases of
d ¼ 0�, 30� and 45�, the apparent cohesions c of the soilbags are
88 kPa, 25 kPa and 5 kPa, respectively, with a constant internal
friction angle 4 ¼ 24�. By the way, the biaxial compression tests on
the same particles as wrapped inside the bags were also simulated
by using the parameters in Table 1. The obtained internal friction
angle of the particles is about 24�. In Fig. 9, the internal friction



Table 1
Input parameters used in DEM simulation.

Particle- particle Bag particle- bag particle Particle- bag particle Particle- wall Bag particle- wall

kn (N/m/m) 9.0 � 109 9.0 � 108 9.0 � 108 1.8 � 1010 1.8 � 109

ks (N/m/m) 1.2 � 108 0 1.4 � 107 2.4 � 108 2.8 � 107

hn (N s/m/m) 7.9 � 104 4.3 � 103 2.5 � 103 1.1 � 105 3.5 � 104

hs (N s/m/m) 9.0 � 103 0 1.2 � 104 1.2 � 104 4.3 � 102

m 0.29 0 0 0.29 0
r (kg/m3) 2700 2700 2700 2700 2700

Fig. 8. Numerically simulated stress-strain relations of soilbags at different inclined
angles d: (a) d ¼ 0�; (b) d ¼ 30�; (c) d ¼ 45� .

Fig. 9. The strength envelops of soilbags at different inclined angles d: (a) d ¼ 0�; (b)
d ¼ 30�; (c) d ¼ 45� .
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angle of the soilbags is assumed to be the same as that of the
particles wrapped inside the bags. The decrease of the apparent
cohesions c of the soilbags with the increasing inclined angles d
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indicates that the confinement effect of soilbags decreases gradu-
ally. It can also be observed from the distribution of the inter-
particle contact forces of the soilbags as shown in Fig. 10. The
thickness of the lines in Fig. 10 represents the magnitude of contact
forces. In the case of d ¼ 0�, the inter-particle contact forces inside
Fig. 10. The inter-particle contact forces of inclined soilbags at the end of shearing
(ε1 ¼ 15%) when s3 ¼ 100kPa: (a) d ¼ 0�; (b) d ¼ 30�; (c) d ¼ 45� .
the soilbags are generally larger than those of the surrounding
particles owing to the confinement effect of the bags. As the in-
clined angle d reaches 45�, the inter-particle contact forces inside
the soilbags are basically the same as those of the surrounding
particles, indicating the confinement effect of the bags almost
vanishes.

The confinement effect of the bag is quantified by the tensile
force around its circumference. Fig. 11 presents the distributions of
the tensile forces around the circumferences of the mid bags in the
cases of three different inclined angles at ε1 ¼ 8% when
s3 ¼ 100 kPa. It can be seen that the tensile force around the
circumference for a certain inclined angle is nearly uniform, and is
larger at lower inclined angle. The slight fluctuation along the bag
circumference is caused by the microstructure considered for
modeling the bag material.

Fig. 12 gives the evolution of the tensile forces T of the bags at
different inclined angles during biaxial compression under three
confining stresses (s3¼100 kPa, 200 kPa, 300 kPa), where the
tensile force is taken as the average of the tensile forces around the
circumferences of the bags. It can be seen that the tensile forces of
the bags increase almost linearly during the biaxial compression.

In Eq. (15), the reduction factor l is defined as the ratio of the
tensile force of the bag at inclined angle (ds0) to the tensile force of
the bag in the case of d ¼ 0�. Fig. 13 shows the evolution of the
reduction factors l at d ¼ 30� and d ¼ 45� under three different
confining stresses. It can be seen that the reduction factor l de-
creases significantly at the beginning of the biaxial compression
and gradually tends to be a stable value at an inclined angle.
Moreover, the stabilized value of l for an inclined angle is almost
independent of the confining stress. The mean values of the sta-
bilized reduction factors l under three confining stresses
(s3¼100 kPa, 200 kPa, 300 kPa) are about 0.47 at d¼ 30� and 0.13 at
d ¼ 45�, respectively.

In this study, we simulated the biaxial compression tests on the
stacked soilbags with five different inclined angles (d¼0�, 5�, 15�,
30�, 45�). The reduction factors l obtained from the simulations are
plotted against the inclined angles d in Fig. 14. They may be nearly
fitted as

lðdÞ ¼ cosð2dÞ (18)

The selection of this fitting trigonometric function is to elimi-
nate the effect of the dimension of the inclined angle d. The value of
the trigonometric function ranges from 1.0 to 0 when the inclined
angle increases from 0� to 45�, which is in a good agreement with
the variation of the simulated reduction factors.

By substituting Eq. (18) into Eq. (16), one can obtain the
apparent cohesion of the soilbags under inclined loads:
Fig. 11. Distributions of the tensile forces around the circumferences of the mid bags
for different inclined angles at ε1 ¼ 15% when s3 ¼ 100 kPa.



Fig. 12. Evolution of the tensile forces of the bags at different inclined angles during
biaxial compression under three confining stresses: (a) s3 ¼ 100 kPa; (b) s3 ¼ 200 kPa;
(c) s3 ¼ 300 kPa.

Fig. 13. Evolution of the normalized tensile forces of the bags in the cases of d ¼ 30�

and 45�: (a) s3 ¼ 100 kPa; (b) s3 ¼ 200 kPa; (c) s3 ¼ 300 kPa.

S.-H. Liu et al. / Geotextiles and Geomembranes 46 (2018) 1e108
cT ¼ ðmþ 1Þ Tv cos 2 d

B
tan 4s þ ðm� 1Þ Tv

B
cos22d
cos 4s

(19)

Fig. 15 shows the variation of the apparent cohesions cT of the
soilbags with the inclined angle calculated from Eq. (19), together
with the numerically simulated ones at five different inclined an-
gles. In the calculation, the internal friction angle 4s of the material
inside the bags is taken as 24� and the tensile force Tv in the case of
d¼ 0� is taken as 110N (see Fig. 11). It can be seen that the predicted
apparent cohesions cT of the soilbags under inclined angles agree
well with the numerically simulated ones, indicating the reason-
ability of Eq. (19).
5. Conclusion

In this paper, the strength characteristics of soilbags subjected
not only to vertical loads but also to inclined loads were studied. A
2D strength formula of soilbags under inclined loads (ds0) was
derived, characterized as the apparent cohesion cT of the soilbags



Fig. 14. The simulated reduction factors plotted against the inclined angles.

Fig. 15. Predicted and simulated apparent cohesion cT of soilbags under inclined loads.
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(Eq. (19)). The DEM simulation method for soilbags was proposed,
in which the flexible bag was modeled as a series of small particles
interconnecting with an elastic spring and a viscous dashpot when
extended. The DEM simulation was conducted on the inclined as-
sembly of soilbags under biaxial compression to verify the derived
strength formula of soilbags. The main results are as follows:

(1) The confinement effect of the bag is quantified by the tensile
force around its circumference. The developed tensile force
of the bag decreases with the increasing inclination of the
soilbag. Its reduction factor l can be approximately expressed
as a cosine function of the inclined angle d.

(2) The high compressive strength of the soilbag can be inter-
preted as the contribution of an apparent cohesion resulting
from the tensile force of the bag. In accordance with the
variation of the bag's tensile force, the apparent cohesion of
soilbags decreases with the increasing inclination of soilbags.

(3) The confinement effect of the bag is well modeled in the DEM
simulation, indicating the effectiveness of the proposed
simulation method for soilbags. It may also be used to
simulate the earth reinforcement with other geosynthetics.

(4) The apparent cohesion of soilbags under different inclination
can be reasonably predicted by Eq. (19). It is possible to take
this apparent cohesion into account in the design of some
soilbags-constructed projects, such as retaining walls et al.

Finally, it is worth mentioning that the study of the strength
characteristics of soilbags under different inclination in this paper
is undertaken in two dimensions. It is necessary to extend it to
three dimensions for more reasonable assessment on the rein-
forcement effect of soilbags. And, further validations are also
needed through laboratory experiments or numerical simulations.
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Notations

B: the width of the soilbag (m)
cs: the cohesion of the wrapped soil (kPa)
cT : the apparent cohesions of the soilbags under inclined angles (kPa)
H: the height of the soilbag (m)
kn: the normal stiffness (N/m2)
ks: the tangent stiffness (N/m2)
m: B/H
T: the bag tensile force (N)
Tv: the tensile force in the case of ¼ 0� (N)
d: the angle between the direction of the major principal stress s1 and the short axis

of soilbag (�)
Dt: time step (s)
Dtc: the critical time step (s)
ε1: the vertical strain of the soilbags (%)
hn: the normal damping (N$s/m2)
hs: The tangent damping (N$s/m2)
l: the reduction factors of the bag tensile force
s: the externally applied stress (kPa)
ss: the stress of the soil wrapped in the bag (kPa)
sT: the additional stress produced by the tension of the bag (kPa)
s01: the additional major principal stress produced by the tension of the bag (kPa)
s03: the additional minor principal stress produced by the tension of the bag (kPa)
s1: the vertical major principal stress of the soilbags (kPa)
s1s: the major principal stresses of the wrapped soil (kPa)
s3: the horizontal minor principal stress of the soilbags (kPa)
s3s: the minor principal stresses of the wrapped soil (kPa)
4: the internal friction angle of the material inside the bags (�)
4s: the internal friction angle of the material inside the bags (�)
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