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ABSTRACT

Stone columns consist of granular material compacted in long cylindrical holes. They are used for
improving the strength and consolidation characteristics of compressible soils. However, they are
still less effective at supporting heavy loads, since they still cannot transfer applied stresses to
deeper layers of soil. The main objective of this numerical study was to investigate the
geotechnical performance of a combined foundation system composed of stone columns and piles
grouped together under a rigid raft foundation in compressible soil. The failure mechanism of this
hybrid foundation system was examined, and configurations optimizing the performance of the
combined foundation system were explored. An analytical model was developed for predicting the
ultimate carrying capacity of the combined system in compressible soils. It was deduced that
combining stone columns and piles in one foundation system improved considerably the system’s
carrying capacity. Moreover, the uppermost improvement was observed when the piles were
installed on the periphery or edge of the raft foundation, while stones columns were placed at the
center area of the raft. The failure of the combined foundation system started from the center of
the raft and noticeably extended to its edges. Due to the presence of stone columns in the combined
foundation system, the piles did not interact. The areas affected or influenced by the soil-pile

interaction also did not overlap.

1. INTRODUCTION

Many countries have over recent decades seen
a significant expansion in the number of new cities
being built outside of their traditional inhibited zones.
For them, geotechnical engineers have had to deal with
completely new and problematic types of soil,
including peats and soils that are collapsible, swelling,
liquefiable, or soft (up to very soft). These soils can
usually be found in lowland areas, such as in
floodplains, streams, and lakes. It is now possible to
classify, test, and construct on weakly compressible
soils.

The most common type of troublesome soil is
compressible soil, its main characteristics being high
compressibility, low undrained shear strength (c, less
than 25 kPa), and low permeability. For this type of
soil, construction problems generally include
excessive compression under heavily loaded
foundations, insufficient bearing capacity, differential
settlement, and instability while excavating and
forming embankments. It can be difficult for
foundations to be designed in such soil. This problem
is often overcome by using ground improvement
techniques including pre-compression, sand drains,
stone columns, and sand compaction piles, in addition
to stabilization through mixtures, soil reinforcement,

and pile foundations. In recent decades, several studies
have been carried out on foundation improvement
techniques, including piling, raft on piles, preloading
compaction, soil reinforcement, and stone columns, to
overcome and minimize the adverse effects of such
soil conditions (e.g., Ali et al., 2010; Ayadat and
Hanna, 2005; Elias et al., 2006; Han, 2015; Hussain,
2006; Jenck et al.,, 2005; McCabe et al.,, 2007;
Mehrannia et al., 2018; Michael and Kirsch, 2004,
Mishra, 2016; Singh and Kumar, 2019; Van, 1989).
Stone columns and pile foundations are the most
common foundation systems currently used in soft and
compressible soils. The implementation of stone
columns involves adding vertical columns of stone
into the ground to a sufficient depth below the surface
to improve or provide reinforcement of the weak
ground. In contrast, piles are structural members that
are made mainly of steel or concrete that penetrate
through weak soil layers to the stiff soil or bed rock.
Many researchers have investigated the performance
of stone columns under raft, concluding that increases
in raft thickness, the diameter of stone columns, and
the angle of shearing resistance of stone and decreased
spacing in the stone columns can improve settlement
and bearing capacity significantly. They also deduced
that the length of stone columns has a slight effect on
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the performance of their foundation systems (e.g., Das
and Deb, 2014; Ghazavi and Ashraf, 2013; Nazari and
Ghazavi, 2014; Naseer et al., 2019; Nehab et al., 2017,
Remadna et al., 2020; Sexton et al., 2014). Similarly,
many researchers have studied piled raft foundation
systems. It has been reported that by increasing the
pile length, pile diameter, aspect ratio, number of
piles, and raft foundation thickness, the overall
performance of piled raft foundations improves
considerably (e.g., El-Garhy et al., 2013; Lin and
Feng, 2006; Mali and Sing, 2020; Sinha and Hanna,
2017; Vu et al., 2014; Xie and Chi, 2020).

As mentioned earlier, stone columns, which
consist of granular material compacted in long
cylindrical holes, are used to improve the strength and
consolidation characteristics of compressible soil.
Unlike pile foundations, they make very efficient use
of the soil near the surface. Although they are ideal for
light loads, they are less effective at supporting heavy
ones because they cannot transfer the applied stresses
to deeper layers of soil. For heavy structures, the
strategy of deep foundations (piles) is very effective,
because piles penetrate through the weak soil deposits
to the stiff soil or bed rock to support the structure’s
weight. However, foundations with piles are more
expensive than methods using stone columns and quite
often have an economic impact on construction
projects. The stone columns or groups of piles are
typically capped by a reinforced concrete block known
as a pile cap, which is responsible for making the piles
work as a unit.

There have been very few works reported in the
literature on the use of stone columns and pile
foundations together as a composite foundation
system under raft foundations in compressible soils.
Manojit et al. (2017) investigated the performance of
stone columns combined with piles under rigid raft
(i.e., a combined foundation system) in soft soils. They
found that the change in length, spacing, angle of
shearing resistance of stone, area replacement ratio,
diameter of stone columns/piles, and thickness of raft
can change the percentage of shared load on the stone
columns and piles. In addition, they stated that
a detailed parametric study would be required for the
optimization of foundation configurations and for
designing an economical foundation system composed
of stone columns and piles under rigid raft in soft soils.

The main objective of this research is to
investigate the geotechnical performance of
a combined foundation system composed of stone
columns and piles grouped together under a rigid raft
foundation in a compressible soil. In this study, the
failure mechanism of the combined foundation system
under uniform loading is examined. Furthermore,
a parametric study is conducted to determine the
configurations or the combinations of stone columns
and piles that will enhance the geotechnical
performance of the combined foundation system. In
this respect, a wide range of configurations is
analyzed, and the most relevant ones, from a carrying
capacity point of view, are considered upgrade and

optimal. Additionally, an analytical model to predict
the carrying capacity of the combined foundation
system capped with a rigid raft foundation in
compressible soils is developed and validated.

2. METHODOLOGY

It is believed that combined foundation systems
(i.e., stone columns combined with piles under rigid
raft) are the most attractive solution for optimizing the
cost and performance of foundations in soft soils. To
investigate the geotechnical performance of these,
numerical modeling and analysis was performed using
Plaxis 3D, a three-dimensional finite element software
program.

The geometry of the three-dimensional model
was selected based on trials to avoid horizontal and
vertical stress confinement. The overall size of the
complete 3D model was 100 mx100 mx40 m. For the
boundary condition of the 3D model, there was
considered to be a fixed support at the bottom, and
roller supports were assumed to be on the vertical
boundaries, as shown in Figure 1. A uniform
distributed load of 20 m*20 m rigid raft was applied
on the surface (Fig. 1).

Mesh size plays an important role in any finite
element modeling. Using fine mesh can capture results
very close to the real behavior of the model, but it can
consume more time for analysis, and vice versa. In the
present study, 10-noded tetrahedral elements were
used to create a 3D model for all soil elements and
stone columns. Medium mesh size was used globally
for the model, and it was refined to fine and very fine
near the region where critical stresses and
displacements were expected (Figs. 2 and 3).

Selecting material properties and model type in
any form of numerical modeling is very important for
a definite simulation. Plaxis 3D provides model types
for all kinds of element involved in geotechnical
investigations. In the present study, the Mohr—
Coulomb model was considered for modeling all soil
elements. The different soil layers (i.e., the soft clay
and the thick sand layer situated beneath the soft clay)
were modeled using the elastic—perfectly plastic
model. The Mohr—coulomb model works with five
very common parameters, namely Young’s modulus
(E), Poisson’s ratio (v), cohesion (c), the friction angle
(p), and the dilatancy angle (). Stone columns were
also modeled using the elastic—perfectly plastic Mohr—
Coulomb failure criteria. The granular stone column
material was considered in drained conditions. The
concrete raft was modeled using the linear elastic
model, which is based on the Hooke’s law. This model
mainly requires two parameters, namely Young’s
modulus and Poisson’s ratio, and is suitable for
modeling stiff structural elements. The piles were
modeled using the embedded pile option, which works
as a beam element model. Embedded piles can be
modeled in the soil at any arbitrary direction that
connects and interacts with soil elements using special
skin resistance and foot resistance interface elements.
The parameters required for the embedded pile model
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Fig. 1  Plaxis 3D model with boundary conditions.
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Fig.3 Model’s refined meshing.

Table 1 Material properties for the stone column, piles, and rigid raft.

Properties Soft clay Sand Stone column Pile Raft
Unit weight, y(kN/m?) 17,18 17.5,19.5 19, 20 - -
Young’s modulus, £{(MPa) 4,6,8 28 80 210x10° 27.8x10°
Poisson’s ratio, vs 0.5 0.3 0.3 - 0.15
Angle of friction, ¢ (°) 0 42 42, 45,48 - -
Cohesion, ¢ (kN/m?) 25 0 0 - -
Diameter (m) - - 1 0.4,0.5,0.6 -
Length (m) - - 20, 18,16, 12 20 -
Load (kN/m?)
\ | v
Water level : _ L
Stone Embedded Steel
Columns Tube Piles
Soft Clay
- = 2 \
Sand

Fig. 4  Different components of the model (in 2D).

are the same as those required for the linear elastic
beam elements. It is worthwhile to note that the Mohr—
Coulomb elastic—perfectly plastic model was adopted
in the present study because it is convenient for the
limit equilibrium state, which is adopted when
developing the analytical model. Furthermore, several
numerical analyses reported in the literature that
employed the Mohr—Coulomb model were in good

agreement with the physical modeling or the
experimental data (e.g., Etezad et al., 2015;
Samangani and Naderi, 2022). The material properties
of the different components of the foundation system
(i.e., soft soil, stone columns, piles, and rigid raft) used
in this investigation are summarized in Table 1. The
different components of the studied model are
illustrated in Figures 4 and 5.
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Fig. 5  Different components of the model (in 3D).

Table 2 Distribution of sets in each group.

Group No. No. of piles Distribution of sets in each group (Appendix A)

1 4 2,8,24,25
2 5 10, 22,29, 30
3 8 3,9, 14,26, 27
4 9 11, 18,23, 31, 32
5 12 15, 16,28
6 13 19, 20, 33
7 16 4,17
8 17 12,21
9 20 5

10 21 13

11 24 6

In this investigation, a total of 25 stone columns
and piles were arranged in 34 different configurations
(or sets), as shown in Appendix A. These
configuration (or set) were categorized into 11 groups
based on the number of piles in each group, as
indicated in Table 2. Furthermore, for the parametric
study, every set was considered in 20 combinations,
depending on the geometry of the stone columns and
piles and the material properties of the stone columns
and the soft soil, as shown in Table 3. It is worthy of
mentioning that the data regrouped in Table 1
represent the parameters of the range of soil sand the
dimensions of stone columns and piles encountered in
practice. The data combinations of Table 3 were
extracted from the input of Table 1 for the purpose of
the parametric study and to imitate some field
conditions. The configurations of the column—piles

arrangement presented in Table 2 were adopted with
respect to the number of piles and their emplacement
in each configuration. The number and positioning of
the piles was varied to cover a wide range of
conceivable combinations.

As discussed earlier, very few studies have
investigated the performance of combined foundation
system in soft soils. For this reason, the numerical
model developed in this investigation was validated
for two cases separately, namely soft soil reinforced
with stone columns alone (case #1) and soft soil
strengthened with piles (case #2). For case #l1, the
numerical results obtained in this study for stone
columns alone were validated against the experimental
results reported by Ghazavi and Afshar (2013).
However, for case #2, the results of the present
numerical analysis for a piled raft foundation were
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Combination no. Stone Stone Pile Pile Young’s Angle of
column column length diameter modulus of friction for
length diameter (m) (m) soft clay stone columns

(m) (m) (MPa) ()
1 20 1 20 0.6 4 45
2 20 1 20 0.5 4 45
3 20 1 20 0.4 4 45
4 18 1 20 0.6 4 45
5 18 1 20 0.5 4 45
6 18 1 20 0.4 4 45
7 16 1 20 0.6 4 45
8 16 1 20 0.5 4 45
9 16 1 20 0.4 4 45
10 12 1 20 0.6 4 45
11 12 1 20 0.5 4 45
12 12 1 20 0.4 4 45
13 20 1 20 0.5 8 45
14 20 1 20 0.5 6 45
15 16 1 20 0.5 8 45
16 16 1 20 0.5 6 45
17 20 1 20 0.5 4 48
18 20 1 20 0.5 4 42
19 16 1 20 0.5 4 48
20 16 1 20 0.5 4 42
=4—Ghazavi and Afshar (2013) Experimental Result
180 -
160 - /
140 - POt
t 120 -
> 100 -
i ’
< 80 - af
<3 p
Q 60 - 4
~ 4
40 - »
4
20 -gr
0< T T T T T 1
(0] 10 20 30 40 50 60
Settlement (mm)
Fig. 6 Model validation for stone columns alone under raft.
endorsed against the numerical results of Sinha and 3. RESULTS AND DISCUSSION
Hanna (2017). Figures 6 and 7 show the results of The effect of the model’s geometry and the
these comparisons for case #l and case #2, materials” properties on the performance of

respectively. A good agreement was noted between
the results obtained from the present numerical model
and the experimental and numerical data reported in
the literature. The confirmation of the validity of the
models for stone columns alone and for piled raft
suggests that it is reasonable to believe that the present
model should have wvalidity when applied to
a combined foundation system.

the combined foundation system in soft soil was
studied, and the failure mechanism of this foundation
system under uniform loading was examined. As
mentioned earlier, based on the parameters studied,
20 combinations were considered for each of the
34 configurations presented in Appendix A. Overall,
680 combinations were investigated in the present
parametric study, the results of which are discussed in
the following sections. It is worthy of note that, due to
space limitation, only typical results are presented.
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Sinha & Hanna (2017) Cap with Pile (S/D=6)

Plaxis 3D Present Study Cap with Pile (S/D=6)

600
500
= 400
S
]
9 300
£
“ 200
100
0
(1} 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
Displacement (m)
Fig. 7 Model validation for piled raft.
COMBINATION1 = > ——=%
500 Set 32 —¥—Set 31
—e—Set 30 —+—Set 29
450 Set 28 Set 27
400 Set 26 —m—Set 25
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§ 300 Set 20 Set 19
X 250 Set 18 —o—Set 17
wn
w
g 200 Set 16 Set 15
v Set 14 Set 13
150 Set 12 Set 11
100 Set 10 Set 9
50 Set 8 Set 7
Set 6 Set 5
0 Set 4 Set 3
0.00 2.00 4.00 6.00
Strain (%) Set2 —e—Setl
Fig. 8  Stress—strain curves for combination 1 of the combined foundation system.

Nevertheless, the results of the 680 combinations are
described in Ahmed (2023). Furthermore, for the
purpose of comparison, the term improvement factor
(IF) has been introduced. It is defined as the ratio
between the ultimate carrying capacity of the
combined foundation system to that of raft foundation
with stone columns alone.

3.1. EFFECT OF CONFIGURATION ON THE
PERFORMANCE OF THE COMBINED
FOUNDATION SYSTEM

To study the configuration effect on the
performance of the combined foundation system,
stress—strain diagrams of the 680 combinations were

established. The typical stress—strain diagrams for
combination 1 are presented in Figure 8. The curves
represent the variation of the stresses applied on the
raft foundation against the corresponding strains. In
the numerical simulations, the stress was applied
progressively by increments to the top of the rigid raft
foundation, and the corresponding displacement of the
raft was recorded. The strain was then computed as
a ratio of the displacement and the initial length of the
piles. The results indicated that increases in the
number of piles in the different configurations (or sets)
increased the overall capacity of the combined
foundation system (Fig. 8). Also, a significant
difference of carrying capacity was noted between set
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Fig. 9 Variation of the strain—stress ratio with strain for combination 1 of the combined foundation system.
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Fig. 10 Ultimate carrying capacities of combination 1 of the combined foundation system.

1 (stone columns with raft foundation) and set 34
(piled raft foundation). However, the stress—strain
curves of the different sets did not show any clear sign
of failure. Therefore, Chin’s (1970) stability method
was used to predict the ultimate carrying capacity of
the different combined foundation systems. In this
method, the values of the ratio of the strain to the stress
plotted against the strain resulted on a straight line, and
the inverse slope of this line was the ultimate carrying
capacity (Fig. 9).

The different values of the ultimate carrying
capacity determined by Chin’s method for all sets are
presented as column charts. A typical column chart for
combination 1 is presented in Figure 10 and confirms
that by increasing the number of piles in the sets, the
ultimate carrying capacity of the combined foundation
systems increased. It is worthwhile to note that Sets 6,
13, and 34 showed the highest values for ultimate
carrying capacity, since they had the highest number
of piles in the arrangement.
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Lc/Lp = 0.9
2.2
2 Gr9—Gr10 T e
1.8
w Gr 8
1.6 Gr7
1.4
Gr6
Gr4 J- Key: Only chief leading sets
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Gr2 .
Gri Gr = Group
1
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—e—Dp/Dc =0.6 Dp/Dc =0.5 Dp/Dc =0.4

Fig. 11 Typical variation of IF versus XA,/ZA.and D,/D. for Lo/L, = 0.9.

3.2. EFFECT OF THE DIAMETER OF STONE

COLUMN AND PILES ON THE PERFORMANCE

OF THE COMBINED FOUNDATION SYSTEM

It is believed that the diameters of stone columns
and piles are among the governing parameters
influencing the performance of the combined
foundation system. To investigate the effect of these
measurements on the performance of the combined
foundation system, three ratios of piles’ diameter to
that of stone columns (D,/D.) were considered; in this
case, D,/D~= 0.6, 0.5, and 0.4. Figure 11 shows
a typical variation of the /F versus the ratio of the sum
of the piles’ area to the sum of the stone columns’
area(XA4,/ZA.) for different ratios of D,/D. and for the
piles’ length to the stone columns’ length (L./L,) =0.9.
Each point of the different curves shown in Figure 11
was identified by its corresponding group number.
Only chief sets were considered in the construction of
these individual curves. It is clear from this figure that
by increasing the diameter ratio D,/D. and the area
ratio X4,/24., the IF increased up to 2. For a given
ratio X4,/~A4., the IF' was higher when the ratio D,/D.
was equal to 0.4. This is because to maintain a constant
ratio X4,/24., the number of piles in the foundation
system is increased when the diameter of piles is
decreased. Moreover, it can be deduced from this
figure that the overall performance of the combined
foundation system was improved considerably.

3.3. EFFECT OF STONE COLUMN AND PILE
LENGTH ON THE PERFORMANCE OF THE
COMBINED FOUNDATION SYSTEM

To study the effect of stone columns’ and piles’
lengths on the performance of the combined

foundation system, four different length ratios of stone
columns to piles (L/L,) were considered; in this case,
LJ/L,=1,0.9, 0.8, and 0.6. Figure 12 shows a typical
variation of the improvement factor versus the ratio
(24,/ZA.) for different ratios L./L, and for the case of
D,/D. = 0.5. Likewise, with a decrease in the length
ratio of stone columns to piles (Lo/Ly), the
improvement factor increased. For a given ratio
YA4,/2A., the improvement factor was higher when the
ratio L/L,= 0.6, and equal to lower for L/L,= 0.8, 0.9,
or 1. This can be attributed to the fact that, beyond the
critical length, reported to be equal to six times D,
(Ayadat, 2022), the columns do not contribute extra
benefit in terms of enhanced ultimate load, but they
help to reduce settlement by penetrating the firm
stratum. Nevertheless, the overall performance of the
combined foundation system was generally more than
double.

3.4. EFFECT OF THE ANGLE OF SHEARING
RESISTANCE OF STONE COLUMNS ON THE
PERFORMANCE OF THE COMBINED
FOUNDATION SYSTEM

The influence of the angle of shearing resistance
of stone column materials (¢.) on the performance of
the combined foundation system was also considered
in the present parametric study. Three values of the
angle of shearing resistance of stone column materials
were selected, namely ¢.= 42°,45°, and 48°. A typical
variation of the improvement factor (/F) with the angle
of shearing resistance (¢.) and the area ratio (X4,/£A4.)
is illustrated in Figure 13. The curves shown in this
figure represent the results obtained for the length ratio

L/L, = 1. As expected, for a given area ratio
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Fig. 12 Typical variation of IF versus £A,/~A. and L./L;, for Dy/D. = 0.5.
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Gr 10
2.4
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Gr = Group
1
0 0.2 0.4 0.6 0.8 1 1.2 1.4
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@pc =42 degree

—@— pc = 45 degree
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Fig. 13 Typical variation of IF versus XA,/ZA. and ¢. for L./L, = 1.

(ZA4,/ZA.), the carrying capacity of raft on the
combined stone columns and piles or raft on stone
columns alone increased by increasing the angle of
shearing resistance of the column material. However,
the ratio between the carrying capacity of the
combined foundation system and that of raft on stone
columns (i.e., the improvement factor /F) increased
with a decrease in the angle of shearing resistance of

the stone column material. It was observed that when
the angle of shearing resistance of the stone column
decreased, the carrying capacity of raft on the stone
columns alone decreased more swiftly than the
carrying capacity of raft on the combined stone
columns and piles. This can be explained by the
existence of a higher number of columns in the first
system.



GEOTECHNICAL PERFORMANCE OF COMBINED STONE COLUMNS AND PILES CAPPED WITH ... 329

Lc/Lp=1

2.6

2.4

2.2

IF
[
&

14 Gr3
Gr2

0 0.2 0.4 0.6

(Ep+Ec)/Es = 26260

Gr 10

Key: Only chief leading sets
are considered

Gr = Group

0.8 1 1.2 1.4
SAp/3Ac

(Ep+Ec)/Es = 35013.33

—o— (Ep+Ec)/Es = 52520

Fig. 14 Typical variation of IF versus £A,/2A. and (Ep,+E.)/Es for Lo/L, = 1.

3.5. EFFECT OF THE MODULUS OF ELASTICITY
OF SOFT SOIL ON THE PERFORMANCE OF
THE COMBINED FOUNDATION SYSTEM

The influence of the modulus of soft clay (E;) on
the performance of the combined foundation system
was also examined. For this purpose, three values of
the modulus of elasticity of soft clay were considered,
namely E;=4, 6, and 8 MPa. Figure 14 shows a typical
variation of the /F versus the rigidity ratio (E,+E.)/E;
and the area ratio (24,/ZA4.) for the case of length ratio
L/L, = 1. The rigidity ratio (E,+E.)/E, is defined as
the ratio between the sum of the modulus of elasticity
of piles and stone columns and the modulus of
elasticity of soft clay. It can be noted from this figure
that the /F slightly increased with an increase in the
modulus of elasticity of soft clay (i.e., with the
decrease of the rigidity ratio (E,+E.)/E;). Furthermore,
the improvement factor was lower for piles with
higher modulus of elasticity (higher rigidity). This can
be explained by the fact that rigid piles penetrate more
easily the layer of sand situated beneath the layer of
soft soil. However, it is worth noting that this soil
parameter (E;) is commonly applied as a governing
parameter for pile settlement analysis, rather than for
carrying capacity (Ahmed et al., 2022).

3.6. CONFIGURATIONS ENHANCING THE
PERFORMANCE OF THE COMBINED
FOUNDATION SYSTEM

As mentioned earlier, 34 configurations (or sets)
of combined stone columns and piles capped by rigid
raft were considered. They were categorized into
11 groups based on the number of piles in each group.
Additionally, each configuration was considered in
20 combinations depending on the geometry of the
stone columns and the piles and the properties of

the stone columns and the soft soil. A total of 680
finite element model simulations were tested. The
improvement factor (/F) values for all 680 models
were computed. Then the leading sets, with the highest
improvement factor in each group for the 11 groups,
were determined (Table 4). Typical results for the
leading sets of group 1 are shown in Figure 15.

The 11leading sets presented in Table 4 were
compared based on their /F, and sets 28, 33, 4, and 12
were selected as the chief leading sets. Sets 28 and 33
had a similar layout, as the piles in these sets were
positioned at the center of the raft in the form of a plus
sign (+), whereas in sets 4 and 12, the piles were
positioned on the edges of the raft, as shown in
appendix A. It is important to note that although sets
5, 13, and 16 had the highest improvement factor, they
were discarded because the stone columns in these
cases were almost entirely replaced with piles. This
was out of the scope of the present investigation. In
addition, sets 2, 10, 3, and 11 were not selected
because they had lower improvement factor values. It
is imperative to note that the chief leading sets (i.e.,
sets 28, 33, 4, and 12) showed performance superior to
the raft foundation resting on the stone columns alone.
It was deduced from the obtained values of the /F that
the chief leading sets could increase the carrying
capacity of the raft foundation by almost 60—100 %,
compared with that of raft foundation resting on stone
columns alone. Therefore, the arrangements of the
stone columns and piles shown in sets 4, 12, 28, and
33 were the more appropriate or applicable in-situ
disposition of the combined foundation system.

Eventually, to show the cost effectiveness of the
chief leading sets when compared with a system
composed solely of steel piles with comparable
bearing capacity, the numerical model developed by
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Table 4 Leading set in each of the 11 groups.

Group No. of piles in Distribution of sets in each group Leading set in each group
no. each group Set IF

1 4 2,8,24,25 2 1.2101

2 5 10, 22, 29, 30 10 1.2498

3 8 3,9, 14, 26, 27 3 1.3532

4 9 11, 18, 23,31, 32 11 1.4044

5 12 15, 16, 28 28* 1.5284

6 13 19, 20, 33 33* 1.5444

7 16 4,17 4* 1.8734

8 17 12,21 12* 1.9471

9 20 5 5 2.2984

10 21 13 13 2.4461

11 24 6 6 2.8247

Note. *chief leading sets.

Ahmed et al. (2022) for piles in soft clayey soil was
utilized. It was deduced that, for comparable carrying
capacity, the cutback in the total area of the piles was
reduced by about 40 % for the combined foundation
system. Keeping in mind that stone columns are
noticeably lower in price than piles, it is quite clear
that the combined foundation system is more
competitive than a system composed solely of steel
piles.

3.7. FAILURE MECHANISM OF THE COMBINED

FOUNDATION IN SOFT SOIL

The failure mechanism of the combined
foundation system under uniform loading was
examined. Based on the results obtained from the
optimization study, only the failure mechanisms of the
chief leading sets (i.e., sets 28, 33, 4, and 12) were
studied. The failure mechanism of each set was
examined in three different sections (the center, the
edge, and the middle of the distance between
the center and the edge of the set). The failure
mechanisms of sets 4 and 28 are shown in Figures16

and 17. The general trend for the failure mechanism of
the combined foundation system shows that the
foundation failed by shear in the stone columns and
soft soil and by bearing and shear failure of the piles’
tip under the rigid raft. Moreover, it is clear from these
figures that the failure of the combined foundation
system started slightly from the center of the raft and
noticeably extended to its edges. Moreover, due to the
presence of stone columns in the combined foundation
system, the piles did not interact. Also, as denoted by
the strain regions displayed in Figures 16 and 17, the
areas affected or influenced by the soil-pile
interaction did not overlap. This observation
contributes to the improvement of the geotechnical
performance of the combined foundation system,
since the carrying capacity of the piles is not reduced.

4. THEORETICAL DEVELOPMENT

The observed failure mechanism of the combined
foundation system (Figs. 16 and 17) was used to
develop an analytical model for predicting the
system’s ultimate carrying capacity. The analysis was
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Fig. 16a Configuration #28.

Total principal strain ¢,

Maximum value = 9.532*10°2

Minimum value = -0.6699

Fig. 16b Failure mechanism of the chief leading Set #28 at Section A-A.

Total principal strain ¢,

Maximum value = 8.398*10°3

Minimum value = -0.3986

Fig. 16¢c Failure mechanism of the chief leading Set #28 at Section B-B.
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Fig. 17b Failure mechanism of the chief leading Set #4 at Section A-A.
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Fig. 17d Failure mechanism of the chief leading Set #4 at Section C-C.

based on the limit equilibrium method, the principal of
homogeneous composite material (i.e., homogeneous
soil composite made of the columns’ material and soft
clay), and the principal of superposition.

Using the principal of superposition, the ultimate
carrying capacity of the combined foundation can be
represented as follows:

Qu = a(Qul + leuz)a (1)

Where:
Qy1 = ultimate carrying capacity of raft on the
homogenous soil composite,

Q., = ultimate carrying capacity of a single pile,
a = configuration factor (Table 5),
n, = number of piles.
The ultimate carrying capacity of raft on the
homogeneous composite soil can be estimated as

follows:
n:Df

Qur = (BL =1 "2%) qua. @

qui can be determined by the general equation of
Meyerhof (Das and Sivakugan, 2019), as follows:

p— p— 1 p—
qQui = Ccomch + (th + EBycompNy (3)



334 D. Ahmed et al.

0000

Ellipsoid

Pile
A~
N
c
al |
e N
D1
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N —N(1+BN‘*)(1+04Df)
¢ e LN, B

_ B
Nq = Nq (1 + Ztan %omp) :
2Dy

' [1 + 2 tan Pcomp (1 —sin (pcomp) B

_ B
N, =N, (1 - 0'4Z)

N, = (N, — 1) cot @comp

T com;
— 2 ; 14 mtan @
N, = tan (—4 + — ) (e comp))

NY = Z(Nq + 1) tan (pcomp:

Where:

B = width of the raft,

L= length of the raft,

Ccomp = cohesion of the homogenous soil composite
(i.e., clay + stone column),

Yeomp unit weight of the homogenous soil
composite,

Peomp angle of shearing resistance of the
homogenous soil composite,

n, = number of piles,

D; = diameter of the piles.

According to Etezad et al. (2015), the different
soil parameters of the composite can be determined
using Equations 4 to 8.

q1 = ycompr
Ccomp = Ascs + (1 — Ag)ee; “4)
YComp = Asys + (1 - As))/c: (5)

Where:

D¢= depth of the raft,

Ag =replacement ratio (area of the stone columns over
the area of the raft foundation),

Ao = column cross section,

¢s = cohesion of the stone columns,

¢, = cohesion of the soil (clay),

¥s= unit weight of the stone column material,

¥, = unit weight of the soil (clay);

Pcomp = tan_l[As:us tan @ + (1 — Ag)uc tan <PC];

Q)
n
Hs = Fon-Day ™
1
He = Snay ®
Where
¢s= angle of shearing resistance of the stone column
material,

@.= angle of shearing resistance of the clay soil,
n = stress ratio (between 2 and 6) (Mitchell and Katti,
1981).

The ultimate carrying capacity of a pile can be
estimated by calculating the point bearing of the pile
at the pile tip and the skin or frictional resistance of the
pile (shaft). According to the failure mechanism of
the combined foundation system observed in this
study, the failure of the piles occurred by bearing and
by shear in the soil near the piles’ tip, which took an
ellipsoidal shape (Fig. 18). The surface area of this
shear failure plane was used to estimate the skin
friction resistance of single pile.

Therefore, the ultimate carrying capacity of the
piles (Q,2) can be computed as:
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Quz = [HTD% (q.N; + CZNC*)] +c, [27ra2 (1 + éarc sin e)], )
qz = (Vcomp X H) or (0-5pa tan ¢2): (10)
where

P, = atmospheric pressure (100 kN/m?),

¢, = c.=undrained shear strength of the clay,

¢, = 0, ¢, = cohesion of soil supporting the piles,

¢, = angle of shearing resistance of the soil supporting the piles
N; and N¢ = £(@,).

a and ¢ = parameters f (D),
2

2_1_%
ef=1--.

The parameters a and ¢ were deduced from the actual failure mechanism:

a = 3D1
¢ =7Dy;
Therefore,
2
Quz = [% (qZN;)] +cy [27ra2 (1 +—arcsin e)], an
Quz = Q2 [HTD%N;] + ¢y [Znaz (1 +—arcsin e)], (12)
Quz = ©2Ng + culNe (13)
Where:
S
No=—3"Ma

N, = [27ra2 (1 + éarc sin e)].

By substituting the carrying capacity of raft on homogeneous soil composite soil (Q,,;) and carrying capacity
of pile (Q,,,) in Equation 1, the ultimate carrying capacity of the combined foundation system can be expressed as

2 — —

Qu = a|(BL = 13 ™2%) (coompNe + 41Ny +3 BYeompNy ) + 11 (02N + culVe) | (14)

To calibrate the analytical model, the results obtained by equation 14 were compared to the results of the
present numerical analysis. An admissible discrepancy was noted between the different evaluated results. This
divergence can be attributed to the assumptions considered in the derivation process of the analytical model. As
a means of confining or narrowing the divergence between the different results, the parameter & was introduced
in equation 14 and defined as the ratio between the results obtained by the numerical model and those computed
from equation 14. The different values of this parameter are summarized in Table 5. By excluding the last three
values of this parameter, an average value of = 0.71 was adopted for the present investigation, with a standard
derivation of 0.03. Subsequently, the analytical model was validated against the results of the work reported by
Sharma and Kumar (2021). As mentioned earlier, very few works in the literature have used combined stone
columns and pile under a raft foundation. The comparison reveals that the analytical model slightly overestimates
the carrying capacity of the combined foundation system by about 10.5 to 13.7 %). It is suggested that some

physical modeling be conducted to calibrate the parameter o.

5. CONCLUSION

A numerical investigation was performed for combined stone columns and piles capped with rigid raft in
soft clay using PLAXIS 3D. The following conclusions can been drawn from this investigation:

1. Combining stone columns and piles in one foundation system improves the carrying capacity of the system,
modifies the soil foundation to a new upgraded composite ground, and certainly reduces the cost of the
geotechnical work.

2. The ultimate carrying capacity of the combined foundation system increases with an increase in the number
of piles in the system.

3. The carrying capacity of the combined foundation system improves with an increase in the diameter ratio of
the piles and columns, angle of friction of the stone columns, modulus of elasticity of the clay soil, and
a decrease in the length ratio L./L, of the stone columns and piles.
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Table 5 Calibration of the Developed Analytical Model for the Combined Foundation System (Eq. 14).

Set No. ni ne D; D> H S Dy B L Qu Q. (KN/m?) a
(m) (@m) (m) (m) (m) (m) (m) (KN/m?) analytical
Plaxis 3D model
(Eq. 14)
8 4 21 06 1 20 4 2 20 20 243.1 356.03 0.68
24 4 21 06 1 20 4 2 20 20 24391 356.03 0.69
25 4 21 06 1 20 4 2 20 20 252.72 356.03 0.71
10 5 20 06 1 20 4 2 20 20 265.66 366.54 0.72
22 5 20 06 1 20 4 2 20 20 251.45 366.54 0.69
29 5 20 06 1 20 4 2 20 20 251.98 366.54 0.69
30 5 20 06 1 20 4 2 20 20 258.52 366.54 0.71
3 8 17 0.6 1 20 4 2 20 20 287.15 398.59 0.72
9 8 17 0.6 1 20 4 2 20 20 274 398.59 0.69
14 8 17 0.6 1 20 4 2 20 20 282.87 398.59 0.71
> 26 8 17 0.6 1 20 4 2 20 20 272.75 398.59 0.68
E 27 8 17 0.6 1 20 4 2 20 20 282.26 398.59 0.71
2 11 9 16 0.6 1 20 4 2 20 20 293.55 409.44 0.72
S 18 9 16 0.6 1 20 4 2 20 20 290.09 409.44 0.71
E 23 9 16 0.6 1 20 4 2 20 20 289.7 409.44 0.71
@) 31 9 16 0.6 1 20 4 2 20 20 287.11 409.44 0.70
32 9 16 0.6 1 20 4 2 20 20 286.95 409.44 0.70
15 12 13 0.6 1 20 4 2 20 20 323.89 442 .46 0.73
16 12 13 06 1 20 4 2 20 20 307.99 442 .46 0.70
28 12 13 06 1 20 4 2 20 20 319.16 442 .46 0.72
19 13 12 06 1 20 4 2 20 20 321.46 453.63 0.71
20 13 12 0.6 1 20 4 2 20 20 300.46 453.63 0.66
33 13 12 0.6 1 20 4 2 20 20 329.58 453.63 0.73
4 16 9 06 1 20 4 2 20 20 391.26 487.57 0.80
17 16 9 06 1 20 4 2 20 20 352.92 487.57 0.72
12 17 8 0.6 1 20 4 2 20 20 399.25 499.03 0.80
21 17 8 0.6 1 20 4 2 20 20 339.95 499.03 0.68
5 20 5 0.6 1 20 4 2 20 20 473.51 533.84 0.89
13 21 4 06 1 20 4 2 20 20 515.25 545.58 0.94
6 24 1 0.6 1 20 4 2 20 20 583.43 581.20 1.00
= :"3 Piles with 4 5 05 07 6 1 1 48 48 284.29 317.71 -
= é CSC
£ = 0.7m@
S £ Piles with
7 g CSC 4 5 05 038 6 1 1 48 48 299.48 347.05 -
0.8m@

4. Based on the optimization study, sets 28, 33, 4, 7. Equation 14, which was developed in this study,
and 12 were the chief leading sets (i.e., the sets provides an analytical model for the prediction of
having the highest improvement factor). These the ultimate carrying capacity of the combined
chief leading sets can increase the bearing foundation system.
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Appendix A  Different configurations (or sets) of the combined foundation systém.
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