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1. Introduction

The construction of permanent structures with
soilbags has recently received attention [1].
Tatsuoka et al. [2] and Liu et al. [3] studied on
the retaining walls formed by the soilbags. The
Failure mechanism of the slopes and the
embankments constructed by the soilbags has
also been studied [4-6]. The application of
soilbags as reinforcement has grown owing to
a considerable increase in the bearing capacity
of the granular materials by wrapping them
with materials with appropriate tensile
behavior, e.g., geotextiles [7]. When an
external load is applied, soilbag tends to be
flattened with an extension of the total
perimeter, resulting in an induced tensile
force (7) in the bag. This tension creates
additional confining stresses that act on the
infill materials inside the soilbags. The
amounts of these stresses depend on the
tension (7) developed in the wrapping
materials and the bag dimensions [7,8].
Constraint dilatancy of the infill materials is
also another factor affecting the bearing
capacity of the soilbags [9]. The compressive
behavior of the soilbags as reinforcement has
been investigated experimentally by several
researchers. Xu et al. [8] and Wang et al. [10]
conducted a series of compression tests on the
real-scale soilbags in the field and showed that
soil improvement using soilbags significantly
enhances the bearing capacity of weak soil as
well as reduces settlement under applied loads.
Wang et al. [10] attributed this to the
generation of stress dispersion to the larger
area through the soilbag reinforcement.
Besides, Xu et al. [8] indicated that the
horizontal pressure between the adjacent
soilbags subjected to vertical loading is quite
small. Lohani et al. [11] carried out a series of
full-scale uniaxial compression as well as
lateral shear tests on soilbag piles and
investigated several parameters and concluded
that the use of large aggregates as infill
materials  considerably  increases  the
compressive strength of the soilbag piles.

Analytical methods have also been developed
to predict the bearing capacity of the soilbags
[7,8,12,13]. Tatsuoka [14] proposed an
approximate isotropic perfectly plastic solution
to predict the vertical compressive strength of
the soilbag piles. Several numerical studies
have been performed to better understand the
behavior of the soilbags under external loads
[12,15,16]. Using the discrete element method
(DEM), Cheng et al. [9] and Liu et al. [17]
modeled a soilbag under uniaxial and biaxial
compression, respectively. Ansari et al. [12]
using the finite element method investigated a
soilbag subjected to compression and lateral
cyclic shear loading. Tantono and Bauer [18]
studied on the influence of the soil-geotextile
interface in a soilbag using a hypo-plastic
model. They also showed that the volumetric
strain of the soilbag is very small. Numerical
analyses were carried out by Doi et al. [19] to
investigate the dynamic behavior of composite
foundations composed of soilbags and piles.
Haddad and Bahrehdar [20] using ABAQUS
software, modeled a single soilbag under
vertical compression. The results were in good
agreement with experimental observations.
They showed that bag thickness has an
important role in the compressive strength of a
soilbag.

Soilbag columns (SBCs) inserted beneath a
footing as an alternative method of soil
improvement technique has also been
investigated [13]. Experimental and Numerical
modeling of the soilbag columns located
beneath a footing in a loose sand bed showed a
substantial enhancement in bearing capacity
compared to the encased stone columns
[13,16].

There is very limited research on the
application of soilbag columns to enhance the
bearing capacity of weak foundations, also, no
design guidelines are available for this new
improvement technique. In the current study,
using an analytical method verified by
numerical simulations, design charts were
prepared to provide a preliminary estimation
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of the tensile stiffness of wrapping materials.
The analytical and numerical approaches have
been described in detail in the companion
papers [13,16].

2. Analytical approach

2.1. Development of the stress-strain
relationships for a single soilbag under
compression

Fig.1 shows the principal stresses acting on the
materials inside the square bag. These
principal stresses can be computed using Egs.
(1) and (2) as follows:

_oy(a'xd")+2r(d'+d") _ o 4T

O1m = d'xd’ 1 + 7 (1)
oz(d’ xt")+2T(d’' +t'
O2m = O3m = o d)lxtl ( ) =03+
1 1
2T (3 +2) @

In this figure, o,,, o0,, and o3, are the
principal stresses, ¢; and o, =03 are the
external loads, and d' and t' are the width and
height of the deformed soilbag, respectively. d
and t are the initial width and height of the
soilbag, respectively, and T is the tensile force
induced in the geotextile.
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Fig. 1. Stresses acting on three-dimensional model

soilbag and on particles inside the bag (after Sadr
and Hataf, 2021).
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The principal stress ratio of 22 is related to the

O3m

major principal strain ¢; by Eq. (3) as:

2 = f(e,) [1] 3

3

This ratio may be estimated using an
exponential function proposed by Matsuoka
and Liu [1] as Eq. (4):

f(e;) = C-exp(—¢1) + K, (4)

1+ sin ¢y
1-sin gy
pressure coefficient of the infill materials, ¢ is
the friction angle of infill materials, and C is a
coefficient depends on the initial state of the
materials inside the soilbag. Matsuoka and Liu
[1] showed that C=1-K,, for isotropic state.
Sadr and Hataf [13] derived Eq. (5), an
expression to relate the external loads to the
principal strain (g;), as:

where, K,= is the passive earth

o = osfte) + [0 -0 55 1]

[f(e)(m’ + 1) - 2]} (5)

where, J is the tensile stiffness of the wrapping
material and mzé . m and m' were related
using Eq. (6) as:

, m

m’ = eyl (6)

The width of each soilbag after deformation
(d") was obtained using Eq. (7) and with the
assumption of constant volume:

d' =

= ()
Tantono and Bauer [18] and Cheng et al. [9]
stated that the soilbags deform under small
volumetric ~ change. = The  stress—strain
relationship predicted by Eq. (5) matched well
with the results of uniaxial compression test
[13].

2.2. Estimation of the compressive strength
of a SBC and numerical validation

Numerical simulations using ABAQUS were
conducted to investigate the compressive
behavior of a SBC beneath a rigid footing
[16]. It was found that 3D modeling of a SBC
is quite intricate. The material contained in the
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soilbags and the surrounding loose sand was
characterized using a linearly elastic, perfectly
plastic model with a Mohr Coulomb failure
criterion and non-associated flow rule. Square
soilbags, measuring 54 cm by 54 cm by 10 cm,
were numerically modeled and combined to
form a SBC. The chosen width-height ratio is
identical to that used in previous studies of
soilbags [7,10] and is more representative of
actual field applications. The geometry of all
SBCs and ESCs modeled and analyzed in the
present study was assumed to have two
symmetry  planes.  Thus, to  reduce
computational effort, only one-quarter of the
actual solution domain, consisting of the SBC
and surrounding loose sand, was modeled. To
properly account for the aforementioned
planes of symmetry, displacements were
prevented in a direction normal to such planes.
Along the lateral boundaries, displacements
were constrained in the global x and y-
coordinate directions (Fig. 2). All SBCs
modeled as part of the present study were
assumed to reach a firm stratum, i.e., they
were end-bearing. Consequently, along the
bottom (x-y) plane, displacements in the
global z-direction were prevented. The
interfaces at the contacts should also be well-
defined. In modeling the bag-soil and bag-bag
interactions, two distinct contact surfaces were
defined. They were modeled using the surface-
to-surface finite sliding formulation. To
accurately simulate the interfaces between the
geosynthetic and the encased soil and between
the geosynthetic and the surrounding soil, a
“hard” contact and a “penalty” approach were
used to simulate the normal and tangential
response, respectively. The former ensures that
the penetration along soil-geosynthetic
interfaces will be minimized. It is timely to
note that the use of surface-to-surface
interfaces has been shown to reduce the
“hourglass effects” that can potentially affect
the performance of reduced integration
elements. To determine the stress-settlement
response of such a SBC, an area consisting of
the entire cross-section of the column and a

portion of the surrounding soil (commonly
referred to as the “loading area”) was
subjected to a series of prescribed vertical
displacements. The maximum displacement
was assumed to be 15 cm, i.e., 25% of the
diameter of an ESC. For all models, the ARR
was kept constant at 14.5%. Large number of
contacts in a SBC results in considerably
increase in computing time cost. Fig.2 depicts
an end-bearing SBC modeled in the software.
Numerical modeling was verified with the
experimental measurements. Simulated
stresses were slightly smaller than that for
experimental ones [16]. The results indicated
that the internal friction angle of the infill
materials and the wrapping materials stiffness
are the major parameters affecting the
compressive strength.
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Fig. 2. Modeling of a SBC; geometry (left) and
meshing pattern (right).

For instance, an increase in ¢, from 40° to 44°
resulted in increase in the bearing stress of the
SBCs by 36%. In particular, changing J from
100 to 2000 kN/m increased the stress in the
SBCs by a factor of 11 [16]. Hence, the
variations of these parameters were predicted
by the proposed analytical expressions, then
compared with those simulated by the
software.

The entire load carried by the column is
supported by the first soilbag, then it is
transmitted along the column. So, the
uppermost soilbag essentially determines the
compressive strength of the SBCs. The total
displacement applied to a SBC is transmitted
along the column and shared among the
soilbags. To use Eq. (5), knowing the vertical
strain (&) of the first soilbag is essential. The
vertical deformation of the first soilbag
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obtained by the numerical modeling was
employed in Eq. (5).

Fig. 3 depicts a comparison between the
numerical and analytical solutions for the
SBCs with varied ¢, and wrapping materials
stiffness (J). These results were obtained by
applying C=1-Kp and o3=0. As seen, for the
stiffer wrapping materials, the analytical
approach overestimated the bearing stress of

the SBCs. To derive the expressions, some
1200

assumptions were made [13], including the
uniformity of the tensile stress (7) induced in
wrapping materials. Since the tensile stress is
not really uniform throughout the bag, the
predictions overestimate additional confining
stresses.  In contrast, the estimation of the
bearing stress of the SBCs matched well with
the numerical results for higher values of
backfill friction angles.
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Fig. 3. Comparison between analytical and numerical results of SBCs; (a) varied friction angle of backfill
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Fig. 3 indicates that for the SBCs with high
values of J, the effect of wrapping material
stiffness is quite dominant. Hence, to

investigate the influence of the internal friction
angle of the infill materials (¢;), /=100 kN/m,
i.e., a small value for wrapping materials
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stiffness was employed. The vertical stresses
for varied wrapping materials stiffness (Fig.
3(b)) were predicted with ¢, = 40°.

2.3. Correction factors

Since the predictions obtained by Eq. (5) were
overestimated compared to numerical results
(fig.3), two correction factors of /; and I,
related to different values of J and ¢,
respectively, were introduced. They were
computed based on the numerical results as a
benchmark. To compute /; and />, the values of
the friction angle of infill materials and
stiftness of the wrapping material were kept
constant, respectively. These correction factors
are as follows:

For J> 100 kN/m 1=1.30
For ¢, =36° and J= 100 kN/m L=1.30
For ¢, =40° and J= 100 kN/m L=1.20
For ¢, =44° and J= 100 kN/m 5L=1.00

To determine the appropriate correction factors
for different combinations of ¢, and J, six
cases of SBCs with different properties were
modeled in ABAQUS. The stresses on the
column (o.) at the corresponding normalized
settlement (S,/f) were presented in the table. 1.
S, is the amount of applied settlement. The
values illustrated in this table indicate that /;./,
may be adopted as an appropriate correction
factor (C.F). Therefore, Eq. (5) was corrected
by applying the correction factor as Eq. (8):

— 01
O1(corrected) = CF (8)

where, og; is computed using Eq. (5) and
C.F=I,.I,. The aforementioned equation was
used to prepare the design charts in the next
section.

2.4. Design guidelines

Based on the results obtained by the analytical
approach, the following guidelines were

suggested to design the SBCs. Design charts
have been prepared in a non-dimensional form
and for three values for ¢, and two values for
d/t (Figs. 4 and 5). To use the proposed design
charts, the following steps should be
considered:

Step 1. First of all, for the given pressure
loading from the structure (oy), appropriate
spacing (s) and width of the SBCs are chosen.

Step 2. The allowable settlement (S,;) is
normalized with the height (¢) of each soilbag
(x-axis).

Step 3. For the known pressure from the
structure to the foundation (oy), the stress
applied on each column is calculated. It is
assumed that all the external load is transferred
to the columns, and the contribution of the
surrounding soil was conservatively ignored.
According to the unit cell concept, the value of
column load can be computed using Eq. (9) as:

Pc=00.A 9

where, P. is the column load and A4 is the unit
cell area. The value of A4 is attributed to the
column arrangement in the group. For
triangular pattern: A=7r><(0.525s)2 and for
square pattern: A=7r><(0.564s)2 where § is the
spacing of the columns. Stress on the columns,
then, is calculated using the following
expression:

0_czpc/Ac (10)

where, o, is the stress on the column and 4. is
the column cross-section area.

Step 4. For a friction angle of the infill
materials (¢;) and the allowable settlement
(San), normalized wrapping materials stiffness

(ﬁ) is determined by the chart (Y-axis). d is
the width of the soilbag forming the column.

Linear interpolation may be needed for other
values of ¢, or d/t.
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S,=10%, d/t=4

0.2 04 06 08 1
San/ t

Fig. 4. Design charts for varied ¢b and S1=10%; (a) d/t=4 and (b) d/t=5.

(b)

1.2 14 16 18 2

Tablel. Comparison of different cases with varied J, ¢, and S./%.

U(C) analytical

X ) J (kN/m) S/t C.F=I.1, Difference(%)
U(c) numerical
1 36 2000 0.7 1.55 1.69 9.03
2 36 4000 1.2 1.50 1.69 12.67
3 40 2000 0.6 1.44 1.56 8.33
4 40 2500 1.0 1.42 1.56 9.85
5 44 1500 0.5 1.27 1.3 2.36
6 44 3000 1.5 1.25 1.3 4.00

Step 5. By using the given gy, as well as the
normalized tensile stiffness (calculated from
the previous step), a preliminary selection for

tensile stiffness (J) of the wrapping materials

can be proposed.

The effect of o3 in the Eq. (8) was ignored,
hence, the proposed design charts for the SBCs
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are conservatively applicable for all values of
friction angle of the surrounding soil.

To compute the column stress (o.) using Eq.
(8), it is necessary to know the amount of
vertical deformation of the uppermost soilbag.
In the current numerical study, the maximum
settlement applied to the columns was S.=1.8¢
and the maximum ratio of the vertical

deformation of the uppermost soilbag to the
applied settlement (S;) was 17%.

At the initial steps of loading in which the
amounts of the settlement were really small, S,
was nearly 3%. However, for a range of 0.4 <
S/t < 1.8, this value put between 10% to 17%.

The design charts were prepared for S; = 10%
and 17% of the allowable settlement and d/t =
4 and 5.

16
14 51:1?%,d‘f’t:4
12
10
s
E 8
- b6
A
2
0
0.2 04 06 08 1 12 14 16 18 2
Sa”ft
(a)
9
8 S:=17%, d/t=5
; $b=36°
T . e bb=40°
8 A db=44"
=
3
2
1
0
0.2 04 06 08 1 12 14 16 18 2
San/ t
(b)

Fig. 5. Design charts for varied ¢, and S1=17%; (a) d/t=4 and (b) d/t=5.

3. Worked example

In this section, a design example using the
charts proposed in the previous section is
presented.

Matsuoka and Liu [1] presented case studies of
using soilbags as reinforcement. They stated
that the standard size of the soilbags was 40
cm and 10 cm in width and height,
respectively. The same dimensions were used
in this example. It is assumed that the column
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is formed of four soilbag in each cross-section.
Therefore, the width of the column is equal to
80 cm. Cheng et al. [9] showed that the
dilatancy of the materials inside the smaller
bags is better constrained. Thus, the use of
smaller soilbags increases the advantage of
using more dilative materials to improve the
compressive strength of the SBCs. Therefore,
the use of four soilbag with d=40 cm is
preferred to a single soilbag with 80 cm. The
columns formed of four soilbags adjacent to
each other have been performed in the practice
[1]. Regarding the spacing of the SBCs in a
group, there is no information in the literature.
In an encased stone column (ESC), the
compressive strength of the encased soil
enhances due to the confining effect of the
tensile stress induced in the geotextile. This
mechanism is similar to what occurs in a
soilbag. So, in the absence of any information
about the spacing parameter in an SBC group,
using the value that is commonly chosen for
the ESCs may be a reasonable idea. Rao et al.
[21] and Ambily and Gandhi [22] found no
significant improvement when the spacing is
greater than 3d. Alexiew et al. [23]
recommended a range of 1.5m to 2.5m for the
spacing of the ESCs. In this regard, a value of
1.75 m was chosen. The structures supported
by the geo-columns (ESCs, SBC, ...) are often
less sensitive to settlement [24]. An allowable
settlement equal to 10 cm was used in this
example. In this example, it is assumed a

triangular pattern, so, A:7l'><(0.525S)2 =2.65

2
m-.

The value of pressure from the structure to the
foundation was assumed to be 1.5 kg/cm® or
150 kPa. The column load is computed as:

P.=06p .A=398 kN.

and stress on the column is:

0.=P./A, = 398/(0.8)*= 622 kPa.
Using Figs 4(a) and 5(a) and for ¢,=44" and

Sau =1,
t

wrapping materials stiffness (J) can be
estimated to be 1100 kN/m and 420 kN/m,

respectively.

the upper and lower values of

4. Conclusions

Design guidelines for soilbag columns were
prepared based on an analytical approach
developed for the soilbags under compression.
In Comparison with the numerical simulations
of the SBCs, the proposed computational
method was overestimated, especially for
stiffer
correction factors were introduced and applied

wrapping materials. Hence, the
to the analytical predictions. knowing the
pressure loading from the structure and the
allowable settlement, the design charts enable
the designers to have a preliminary estimation
for the tensile stiffness of the wrapping
materials (J). These values may yield the
upper and lower estimations for selecting the
stiffness of the wrapping materials. The
aforementioned charts were prepared for S; =
10% and 17% of the allowable settlement. The
ratios of width to height of each soilbag were
equal to 4 and 5. It is worth noting that the
numerical data used to prepare the charts were
reported from the modeling of the soilbag
columns with a maximum value of settlement
equal to S,=1.8¢. For the cases with larger
amounts of settlement, the proposed charts
may be used with caution.
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Notations

A= unit cell area
A~ column cross-section area

C= a coefficient depends on the initial state of
the materials inside the soilbag

C.F= correction factor for preparing design
charts

d= soilbag width
d'= soilbag width after deformation

I; and I,= Correction factors correspond to J
and ¢,, respectively

J= tensile stiffness of the wrapping materials

K,= passive earth pressure coefficient of the
infill materials

P.= Column load
S= spacing of the columns in a group

S;= Ratio of the vertical deformation of the
uppermost soilbag to the applied settlement

Se= applied settlement

Sa= allowable settlement

SBC= soilbag column

T= tensile force developed in the bag

= initial height of the soilbag

t'= height of the soilbag after deformation

o= pressure from the structure to the
foundation

O1m» 02, and o3, = principal stresses acting on
the particles inside the bag

07, 0, and o;= external stresses

O (corrected)= COTTECtEd Vertical stress (a;)

€= major principal strain (vertical direction)

¢p= friction angle of infill materials
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