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Abstract

Article Info

Various methods can be applied to improve soil behavior in order to increase the bearing capacity or
reduce the settlement of footings. These methods can be categorized as stabilization or improvement
of soil by use of different geosynthetics; injection methods; grouting or replacing weak soil with
stronger materials. One of the most common methods and materials that can be used for improving
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simulated with the finite element method (FEM) to estimate the soil behavior in different
conditions. A strip footing with a width of 1m and length of 8m with a 100 kN/m? uniform load was
modelled. Different widths of stone layer from 1B to 3B (B was the strip footing width) with
different depths of 0.5B, 1B, 1.5B, and 2B were modelled in Plaxis 3D and results were obtained
Keywords from the simulation. By reviewing the results, it was found that the optimum dimensions of the
FEM stone layer to place under the presented strip footing was 2B width and 1B depth. This result can be
E:g:(tg Element Method applied to real projects with similar conditions.

Soil Improvment

1. Introduction

Having more settlement and less bearing capacity of
soil is the most common problem in foundation
applications. There are different methods and strategies in
use to improve soil bearing capacity or settlement of
footing in weak soils. For example, improving soils by
injection or grouting, piles, stone columns, compaction or
using stone layers under footing can be applied as some
alternative procedures for improving soil properties to
increase bearing capacity or reduce the settlement of soil
[1].

Plastic piles, stone blockage, and stone columns are
some of the most common methods used in recent years to
improve the soil structure. Several theoretical and
experimental studies were done to simulate and test
various methods to evaluate the soil behavior under
different conditions of dimension and loading [2-4].

Improving the soil and creating a stronger layer under
the footing is one of the methods that can be used to
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improve the geotechnical properties of soil under footings.
This stronger layer will transfer the loads to the under
layers and will positively affect the shear failure surfaces
and bearing capacity of the soil. Additionally, it can also
reduce the vertical and lateral displacements of soil.
Different methods and materials can be used for improving
the soil [5-8]. Fiber reinforced soils, geosynthetic-
reinforced soils, and compaction in a variety of ways [9-
11] can be given as examples. There are different
numerical methods to understand the soil's behavior at
different conditions. The Finite element method (FEM) is
one of the most commonly used methods for simulating
geotechnical problems. Different conditions and materials
can be modelled with different software[12-14].

The type of soil and foundation must be taken into
consideration when selecting the improvement method.
Experiments can be carried out on both granular and fine
cohesive soils. In a study, direct shear tests were applied to
study the mechanisms of fiber reinforcement [15].
Different materials were used for reinforcing the soil, for
example, granular soils were reinforced with fiber to
investigate the effects of reinforcement [16]. Results of this
work showed that the reinforcement of granular soil with
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fiber was more effective in fine graded than in medium-
grained sands. At the same time, the effect of
reinforcement was more considerable with sub-rounded
particles in comparison to sub-angular particles [16].

One of the methods that can be applied to weak soil
with engineering problems is removing the weak soil and
replacing it with stronger soil or materials. In this case, the
weak layer of soil under the footing can be replaced with a
stone layer at a different depth and width. In this study, a
strip footing lying on weak soil was modeled with the
Plaxis 3D software, and weak soil under the footing was
replaced with a strong stone layer to obtain the optimum
depth and width of the new replaced stone mass.

2. Materials and Methods

In this study, three kinds of soil materials were used
for modelling and simulation. A soft, weak, sandy soil, a
stone mat used beneath the footing as a stone layer, and
concrete for the footing. The Mohr-Coulomb model was
used to simulate the sand and stone in the drained
condition that has been used in similar previous studies[17-
19]. As the stone blockage is not massive rock and the
behaviour of this improved layer is not similar to rock with
cracks inside rock mass or stone blocks, Mohr-Coulomb
was chosen for material type in the simulation. A strip
footing with a dimension of 1*8 m was modeled in this
study. The footing was put on a drained, weak sandy soil.
A 100 kN/m? uniform load was applied to the model
footing, and the maximum vertical settlement and shear
failure mechanism of the soil under the footing were
investigated. At the next step, weak soil under footing was
replaced with a stone layer with different depths and width,
and the behavior, shear failure mechanism, and settlements
were compared with normal conditions. Plaxis 3D finite

element software was used for modeling the footing, soil,
and stone.

The finite element method was developed for
simulating various engineering analyses for modeling and
analyzing complex systems in the area of civil and
mechanical engineering. Seven material parameters are
used to define the materials associated with this model,
namely unsaturated unit weight (yunsa), Saturated unit
weight (ysa), Young’s modulus (E), Poisson’s ratio (v),
effective friction angle (¢°), effective cohesion (c¢’) and
dilation angle (y). A stone layer is defined as a uniformly
drained soil material. The footing used for the simulation
was a rigid concrete footing with a thickness of 80 cm. The
soil used for the modeling was a weak soil that caused big
settlements under loading of footing. The properties of
footing, soil, and stone are presented in Table 1.

A strip footing was simulated with FEM. The width
(B) and length (L) of the footing are 1 and 8 m,
respectively. The first simulation was done without any
stone layer under the footing, and vertical deformation of
soil and shear failure surfaces were obtained. Then a strong
stone layer with a width of strip footing (B) and a depth of
0.5B was placed under the footing and simulated again.
After that, by increasing the depth of the stone layer, a strip
footing was modeled with a stone layer of 1B, 1.5B, and
2B. At the next step, the width of the stone layer was
increased on two sides. This increment was 0.5B and 1B
on each side. In other words, four different depths of 0.5B,
1B, 1.5B, and 2B with three different widths of B, 2B, and
3B of stone layer were simulated under a strip footing with
constant width and uniform loading. And finally,
maximum deformation and soil behavior at each condition
were studied. The schematic shape of the foundation and
stone blockage under footing is shown in figure 1.

Table 1. Properties of Elements Used for FEM Modelling

Parameter | Unit | Value
Soil Stone Strip Footing

Model Mohr-Coulomb ~ Mohr-Coulomb -
Unsaturated Unit Weight (KN/m?3) 17 19 -
Saturated Unit Weight (KN/m?3) 18.5 21 -
Young’s Modulus (KN/m?) 8500 45000 -
Poisson’s Ratio 0.15 0.1 -
Cohesion (KN/m?) 1 1 -
Friction Angle ° 30 40 -
Dilation Angle ° 30 10 -
Material type - - Elastic a_nd

Isotropic
d m - - 0.8
Unit Weight (kN/md) - - 20
Young’s Modulus (KN/m?) - - 32x10°
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Figure 1. Schematic Shape of Foundation and Stone Blockage Modelling

In the material properties definition, the value of Rinter
at the interface is 0.95 for sand and 1 for stone. As the
simulations were done at drained conditions, the head of
water for soil layers was at the bottom of the total soil
layers. Therefore, as there was no water level in the
simulation, the effect of an increase or decrease in water
level was not taken into consideration. The mesh generated
for simulation is a medium-sized mesh that is finer under
footing. Plaxis 3D applied boundary conditions
automatically and as there were no special conditions, the
default boundary conditions did not change. In Plaxis
modeling, the width of the stone layer was increased by
0.5B from each side of the footing to obtain a 2B width,
and at the next step, 0.5B was added to the width once
again to estimate a 3B stone layer width. The depth of the
stone layer increased by 0.5B at each step, and four
different depths of 0.5B, 1B, 1.5B and 2B of stone depth
were simulated. At the simulation's staged construction
step, the calculation type was "KO procedure.” Three
phases were performed for the analysis, such as defining
the soil and stone layer volumes, placing the plate as a
foundation, and finally applying the 100 kN/m? uniform
load. For soil properties, the value of Young’s Modulus
was entered as 8500 kN/m?, cohesion of 1 kN/m? and
friction angle of 30°, which defines a weak, loose sandy
soil.

3. Results and Discussion

The strip footing under a load of 100kN/m? was
modeled and simulated, and results containing maximum
displacements and shear failure surfaces were obtained
from the models. Figure 2 shows the total displacement of
soil under the load of a footing. As seen in this figure,
punching shear failure surfaces happened in normal soil
without any stone layer. That is because of the loose
structure of soil.

In continuation, stone layers were placed under strip
footing at different depths and widths. Figure 3 shows the

displacement of soil and stone layer with 1B width at
different depths. Because of the plane strain condition in
simulation and to better view the shear failure mechanism
of soil, all figures were shown perpendicular to the third
dimension in 2D format.

LT

Academic version

Figure 2. Total Displacement of Soil Mass without any
Blockage

As seen in figure 3, by increasing the depth of the
stone layer, the total affected depth of soil did not change
significantly, but the punching areas were moved down
and, due of the stronger materials used in the stone layer,
the shear failure surfaces on two sides of this strong layer
were more considerable than those inside it.

[Dr=0.5B |pr=18

pe- 158 lor=2u
Figure 3. Shear Failure Surfaces of Soil and Stone Layers
with B Width and Different Depths
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But generally, the failure surface was punching at
different depths. Continuing by increasing the width of the
stone layer to 2B (1B under footing and 0.5B from each
side of footing), different conditions were simulated and
the results are shown in figure 4.

Df = 1.58 |Dr=28
Figure 4. Shear Failure Surfaces of Soil and Stone Layers
with 2B Width and Different Depths

In the stone layer modelling with 2B width and 0.5B
depth, the failure surface was punching too, and even main
stresses were seen in the stone mass. But by increasing the
depth of stone, local shear failure surfaces started to form,
and the load was distributed over a wider area under the
footing. But the most critical area was still under the
footing, and placing the stronger stony layer under the
footing helped the total soil mass carry the applied load.

Finally, the width of the stone layer under footing
increased to 3B (1B under footing and 1B from each side
of footing) and 4 different conditions with the same
loading and strip properties were simulated in Plaxis 3D
and the results are shown in figure 5. In the condition of
0.5B depth, like all other conditions of stone mass width,
the failure surfaces were punching. But as the depth of
stone increased, the type of failure surface moved toward
the local failure surface. In a stone mass with 3B width and
2B depth, the main load is carried by a stone layer that can
lead to the increasing of the bearing capacity and fewer
settlements. Settlements of footing in different conditions
of stone layer width and depth were shown in figures 6 and
7. Figure 6 shows the settlement via stone layer depth and
Figure 7 shows the settlement changed by stone layer
widths.

The amount of settlement before placing any stone
layer under the footing was 49 mm. As it is seen in
previous studies, this settlement can be in an acceptable
range, but as the main object of this paper is studying the
effect of stone blockage, the effect of soil improvement
was investigated by placing stone under the footing. As
seen in figures 6 and 7, the settlement is reduced by
increasing the width and depth of the stone layer. A rigid
strip footing was simulated in this paper, so settlements in
the corner and middle of the footing were equal.

As it can be deduced from the results, the settlement
decreased from 49mm to 40mm by using a stone layer with
a 1B width and 0.5B depth. The amount of settlement was
34, 29 and 25 mm while the depth of the stone layer
increased to 1B, 1.B, and 2B respectively.

11111}
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Figure 5. Shear Failure Surfaces of Soil and Stone Layers
with 3B Width and Different Depths

By increasing the width of this stronger layer,
settlement reached 36mm at 0.5B depth. It decreased to 25,
21, and 17mm while the stone blockage depth was 1B,
1.5B, and 2B respectively.
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Figure 6. Settlement of footing changed with Stone
Blockage Depth

Increasing the blockage width to 3B led to a decrease
in settlement of the footing, but the differences were not so
considerable. The amount of settlement in 3B blockage
width was 35, 24, 20, and 16mm in depths of 0.5B, 1B,
1.5B, and 2B respectively.

—#—Blockage Depth = 0.5B
—l—Blockage Depth = 1B
—@—Blockage Depth = 1.5B

< Blockage Depth = 2B

45

W
n

[
n
(o]

Settlement (mm)

<

&

15

-

2
Stone Blockage Width (B)
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Figure 7 shows the change of footing settlement by
stone layer width at different stone layer depths. As seen in
this figure, the difference between 0.5B and 1B depth and
1B and 2B blockage width was more considerable than in
other conditions, and after the width of 2B, the amount of
settlement did not change significantly. The settlements of
footing in different conditions are presented in Table 2.

Table 2. Settlement of Footing at Different Conditions

Settlement (mm)
Stone Blockage Width

Depth 0B 1B 2B 3B
0.5B 49 40 36 35
1B 49 34 25 24
1.5B 49 29 21 20
2B 49 25 17 16

4, Conclusions

By reviewing the results of shear failure surfaces and
settlements, it was found that placing a stone layer under
strip footing will reduce the settlement of the foundation
and change the shear failure surface of soil. Generally,
increasing the width and depth of the stone layer in all
conditions reduced the settlement, but there were not so
many differences in the settlement of footing in 2B and 3B
widths. Additionally, settlement between 2B and 3B width
of the stone layer was not so considerable. Therefore the
optimum width and depth that can be selected for the
simulated stone layer can be decided as 2B width (1B +
0.5B from each side of the footing) and 1B depth. In
applications with similar conditions these dimensions can
be selected as the optimum dimensions for the stone layer
under strip footings.

This  manuscript helps better understand the
behaviour of improved soil layers under strip footings. The
results can be used for choosing the optimum depth and
width of stone blockage under footings under the
conditions presented in this paper.
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