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A B S T R A C T   

Scoria gravel is widely used as stabilizer material in road construction and concrete works. However, limited 
information regarding its performance as columnar stabilizing material has been reported. This study hence 
explores suitability of scoria gravel as columnar stabilizing material in compressible soils. Besides, comparative 
analysis to evaluate effectiveness of crushed aggregate columns (CAC) and scoria gravel columns (SGC) in 
improving deformation characteristics of clay ground was carried out by using finite element based numerical 
analysis. Compressible massive clay reinforced with CAC and SGC under building load was modeled to simulate 
the settlement attributes of the foundation material. The conducted numerical model considered both the 
floating and end bearing gravel columns. Finding of the study revealed that provision of floating SGC performs 
better than the crushed aggregate stone column in lessening vertical deformation of the clay foundation. 
However, the floating SGC did not result in significant improvement in lessening lateral deformation in com
parison with group of CAC. Hence, application of granular piles as columnar reinforcing material in purely clay 
soil is not as effective as SGC from settlement reduction view point. Contrarily, the bridging effect of end bearing 
crushed aggregate pile is more pronounced than that of scoria gravel as the column material directly gets contact 
with stiff substratum. It can also be inferred from finding of the study that application of granular pile group suits 
well compressible grounds where stiffer strata is situated immediately at column tip.   

1. Introduction 

Application of columnar reinforcement in compressible soil is one of 
the widely used and proved effective stabilization methods [1–4]. 
Vertically installed columnar materials made of lime and crushed 
aggregate are commonly practiced so as to lessen excessive deformation 
and improve load carrying capacity of compressible grounds [5–9]. 
What makes columnar stabilization preferable over other soil stabiliza
tion techniques in many cases is that it is implemented without imposing 
exaggerated disturbance to soil composition and stratification [10]. It 
has also paramount importance in significantly reducing cost of exca
vation and haul [8,11]. 

Many studies have been conducted on suitability analysis of 
columnar stabilization methods and documented that granular pile also 
called stone pile is proved effective material in improving deformation 
and load bearing performance of clay ground. In relation to this, Kwa SF 
et al. [7,8] stated that application of stone column is an efficient method 
of improving the strength properties of soft soils and reducing soil ver
tical deformation as well. It also provides cost effective and sustainable 

alternative comparatively with piling and deep foundation solutions. 
Besides, the application of soft ground improvement by using stone 
column technique aids in minimizing excessive ground deformation and 
hence in areas of massive compressible layers it can suitably and easily 
be implemented. Amith KS, Murthy VR and Beena KS [3,12] indicated 
that stone column has widely been accepted improvement technique to 
support load of building structures and embankments built over large 
area. Finding of the study concluded that use of stone column has proved 
to be an economical and technically viable ground improvement tech
nique especially for light weight structures. According to Karkush MO 
et al. [13–16], performance of columnar members depends on type of 
soil where stone pile is installed. The significance of stone pile in 
reducing settlement in highly compressible soil is by far less than that of 
relatively stiffer grounds. In relation to this [2], pointed out that loose 
sandy clay with an average sensitivity value of less than 4, gains 
considerable degree of improvement in settlement reduction upon its 
reinforcement with stone pile. Jorge C and Tabchouche S et al. [10,18] 
stated that the design and provision of stone column is apparently 
influenced by the formation and property of the weak ground which is 
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subjected to changes in density and stiffness upon installation of col
umns. Stone column practically is used for reinforcing clay soils up to a 
depth of 15 m. With a depth of greater than 15 m however it has been 
proved inefficient in comparison to the deep foundations like pile. 
Installation of stone column beyond the stated depth requires some 
operational requirements like casing in order to provide stable excava
tion [8,20]. Stone column can be floating or end bearing type which is 
based on the method of load transfer and the nature of soil found near 
the bottom tip of the columns. The later type is preferred in many cases 
over the former one due to its better performance in improving bearing 
capacity and reducing vertical deformation [19,21]. Furthermore, Haleh 
M et al. [22] reported that the dimension parameters (spacing, diameter 
and length) are the foremost influencers of suitability and practice of 
using columnar materials in weak soil. It was accordingly proposed that 
stone pile group performs well for center-to-center spacing ranging from 
2.5 to 3.5 times column diameter. Similarly, the settlement character
istics and load carrying capacity of weak foundations reinforced with 
granular pile highly depends on installation pattern, installation 
method, deformation tolerances and end bearing reaction of the col
umns [6,23–26]. 

None of the previously conducted studies reported on applicability 
and suitability of vertically installed scoria material in reducing defor
mation of expansive soils under building load. Even though application 
of crushed aggregate stone column is proved effective in improving 
bearing capacity and deformation of clay ground, no clear record has 
been documented regarding suitability of the scoria column. In addition, 
no comparative analysis has been carried out on performance of scoria 
and stone pile as columnar reinforcing materials. In the current study, 
the potential performance of scoria gravel column and crushed aggre
gate stone column is evaluated from settlement reduction perspective. 
Finite element method is adopted to numerically model the soft ground 
and vertically installed columns under building load. Lastly, compara
tive analysis on suitability and effectiveness of both materials in less
ening lateral and vertical deformation is carried out and elaborated as 
well. 

2. Methods and materials 

2.1. Characterization of the materials used 

The numerical model employed in the current study considered three 
different materials having their own properties. These include expansive 
clay soil, crushed aggregate stone pile and volcanic tuff (scoria gravel). 
A compressible clay ground was considered as naturally existing foun
dation of the light weight building structure. The massive clay stratum 
extending over significant depth was subjected to columnar stabilization 
to improve its deformation characteristics. Clay sample for the purpose 
of material characterization was collected from outskirt of Jimma city, 
Ethiopia. Clay soils unless modified with materials having better engi
neering performances, leads to precarious ground deformation up on 
application of superimposed loads [17,28]. Not all compressible soils are 
suitable for implementation of stone column. Especially, the extremely 
expansive soils and soft clay are not convenient to bring about satis
factory improvement in bearing capacity and settlement reduction [17]. 
The soil mass considered in current study is clay with insignificant 
content of sand. 

Crushed basalt aggregate was used as vertically installed stone col
umns. Stone column material in many practical cases is made of crushed 
and natural aggregate [29]. Pebble gravel with good stiffness can also be 
used as stone column material. Stone columns are commonly provided 
in group and can be floating or end bearing type [30]. The applicability 
and suitability of materials as columnar reinforcing material is basically 
affected by density and frictional resistance, gradation and permeability 
of the material [31]. Apart from lessening the compressibility of loose 
soils, columnar materials also perpetuate the consolidation rate by 
reducing radial path of drainage which is imperative in reducing the 

liquefaction potential of soils [29]. Employment of columnar rein
forcement also improves the load bearing capacity and compressibility 
of soft soils [27,28,68–70]. 

Scoria is the second alternative material considered as columnar 
material in this study. The samples of scoria material used in the nu
merical model was collected from vicinity of Adama city, Ethiopia which 
is one of the areas predominantly covered by volcanic ash originated 
materials. Scoria is light weight material well known for its high 
permeability and non-plastic characteristics [32,33]. Hence, its appli
cation in clay soils is deemed to improve the drainage property and 
frictional resistance [34,75–77]. 

In some cases, sand material is provided on top of the reinforced clay 
soil just below mat foundation. Even though the primarily purpose of 
having sand drain is to make the loading area leveled and uniform, it 
also plays drainage role [35,36]. 

Soil layer relatively stiffer than the clay mass was used as bearing 
strata so that the end bearing scenario develops in transferring the 
imposed external load. For the end bearing columns, bottom tip of the 
column materials directly rests on the stiffer layer that load bearing 
capacity of the columns is mainly derived from the developed end 
bearing reaction [35]. The layer is made of coarse soil grains with 
considerable amount of finer particles situated below the top 
compressible clay layer. In the current numerical model, the stiff layer 
was considered for the analysis of end bearing columns only. Some of the 
physical properties of the materials are summarized in Table 1. Simi
larly, particle size distribution of the considered materials is illustrated 
in Fig. 1. As illustrated in Fig. 1, the clay soil considered in the current 
study has insignificant content of sand fraction which accounts about 
4.67%. Likewise, clay fractions constitute 55.14% of the sample. 

Table 1 
Physical properties of the materials required.  

Properties/ 
Parameters 

Clay soil Crushed 
aggregate 

Scoria Stiff 
strata 

Sand 

Moisture Content 
(%) 

30.63 – – 24.17 – 

Liquid limit, LL (%) 67.58 – – 42.45 – 
Plastic limit, PL (%) 37.24 – – 31.33 – 
Plasticity index, PI 

(%) 
30.34 – – 11.12 – 

Activity, A 0.64 – – – – 
Specific gravity, Gs 2.67 2.78 2.56 2.70 2.70 
Bulk unit weight, γ 

(kN/m3) 
17.34 23.14 15.86 19.76 18.60 

Permeability, K (m/ 
s) 

4.6*10− 7 3.2*10− 1 2*10− 1 1.3*10− 4 1*10− 2 

Unconfined 
Compressive 
Strength (kPa) 

39.52 – – – – 

Young’s modulus, E 
(MPa) 

6.50 135.00 41 75.00 30.00 

Compression index, 
Cc 

1.32 – – – – 

Aggregate Crushing 
Value, ACV (%) 

– 16.31 54.31 – – 

Aggregate Impact 
Value, AIV (%) 

– 8.76 36.63 – – 

Los Angeles 
Abrasion, LAA 
(%) 

– 21.31 46.17 – – 

Water Absorption 
(%) 

– 2.11 6.86 – – 

Cohesion, C (kPa) 41.08 0.00 0.00 18.14 0.00 
Friction angle, Ø (o) 0.00 41.00 39.00 30.00 36.00 
Dilation Angle, Ψ 

(o) 
0.00 11.00 9.00 0.00 6.00  
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2.2. The numerical analysis 

2.2.1. Definition of the problem of interest 
In the current study, massive clay soil reinforced with vertically 

installed granular piles and scoria columns was numerically modeled to 
simulate the deformation attributes of the compressible clay. The 3D 
version of Plaxis software was used to execute the finite element based 
simulation. The problem of interest also includes a building load sup
ported by a mat foundation provided without removing any part of the 
clay mass through the conventional excavation. The considered finite 
element model took into account two different case scenarios. The two 
cases differ from one another with the method of load transfer. The first 
scenario is the case in which the columnar materials do not get contact 
with hard strata (stiff layer). Hence, the columns are considered as 
floating members in clay mass and fundamentally drive their load 
bearing capacity from frictional resistance developed between column 
surface and the surrounding clay mass [35,37]. It is typically the case in 
which stiff soil strata is situated at large depth from the ground surface. 
The second scenario considered the condition where bottom tip of the 
columnar members directly rest on hard strata. The external load hence 
is directly transferred to the stiff layer situated below the clay mass. 
Hence, the columnar members are considered as end bearing type as 
their load carrying capacity is mainly driven from the column end re
action [37,48]. The dimension parameters of elements of the numerical 
model are illustrated in Table 2 and all dimensions are in meter (m). 

2.2.2. Dimensions and geometry of the model 
The problem of interest considered in the study has a number of 

material layers. The dimensions of the model domain, the characteristics 
of the stone columns, and the size of the foundation were chosen based 
on the current building practices, as reported in the literature [38–41, 
66]. In the case of floating columns, the model geometry is made of a 
single layer of material (the 27 m thick clayey layer). Similarly, the 

model for the end bearing case is made of 12 m and 15 m thick soft clay 
and stiff strata respectively. Load of the building resting on 10 m by 20 m 
reinforced concrete mat is also part of the numerical model. The 
building load is directly transferred to the clay mass via the 0.3 m thick 
mat foundation provided on top of the horizontal sand drain. Stone 
column in many practical cases is installed at center-to-center spacing 
ranging from 1 m to 2.5 m [42]. José LM et al. [43] stated that the 
typical stone column grid spacing ranges from 1.5 to 2.5 m with an 
average of 2 m. The grid spacing is influenced by the geotechnical 
characteristics of the soil and loads applied. According to Shivashankar 
R et al. and Afshar JN et al. [17,37], columnar soil stabilization tech
nique by using stone column is viably applied up to a depth of 15 m from 
the ground surface. With regard to column diameter, the most 
commonly used diameters of stone pile fall in the range of 0.3 m and 1 m 
[43]. Selection of column diameter depends on a number of factors such 
as the equipment used for installation and its suitability to the soil, 
characteristics of the soil strata and amount of energy used during 
installation (vertical force and running time). For a group of stone col
umns provided over large area, columns with varying diameters and 
lengths can be used based on the resistance of the soil layers penetrated 
[44]. The dimensions required as in put for the numerical modeling are 
hence adapted from technical literatures. Accordingly, 0.4 m, 1.5 m and 
12 m magnitude of dimension parameters were used for diameter, 
spacing and length of columnar materials respectively. To make the 
comparative analysis viable and logical, the dimension parameters of 
the columnar materials were intentionally considered uniform in 
magnitude. Geometry of the model is depicted in Fig. 2. 

Geometrically, stone piles are modeled with different simulation 
shapes. The widely employed model geometries are unit cell, axis 
symmetric, plane strain, Equivalent homogeneous soil and three- 
dimensional models. However, the 3D model is the most effective ge
ometry for accuracy of deformation and bearing capacity of soil mass 
[37]. The three-dimensional model also may assume two different 
forms, the full three dimensional and three-dimensional rows or slice of 
columns. Selection of the proper and friendly model geometry for 
simulation of columnar reinforcing materials highly depends on and 
affected by the specific purpose for which the soil stabilization is 
intended to be applied [45]. In the current study hence, the full 
three-dimensional geometry was employed to simulate properties of the 
vertically reinforced soft clay under building load. 

2.2.3. The numerical analysis processes 
The numerical model conducted is believed to be analogous to the 

real construction process of columnar materials in thick clay mass. The 
processes executed in a real-life construction and installation of the 
columnar materials was painstakingly incorporated irrespective of time 
duration it takes for each activity to be completed. Since design of the 
study calls for load deformation analysis, no time dependent consoli
dation analysis has been carried out. The overall processes of numerical 
modeling possess the following steps. First, the clay mass having the 
specified thickness was modeled so as to determine the initial in situ 
properties of the weak soil. In this step, both cases (floating and end 
bearing) were separately simulated in the complete absence of any type 
of loading. Secondly, the clay mass under building load was modeled 
without installation of vertical columns. In this stage, the sole massive 

Fig. 1. Particle size distribution of crushed aggregate, scoria, stiff layer 
and clay. 

Table 2 
Dimension parameters of the model layers and columnar materials.  

Scenario 1 (End bearing columns) Scenario 2 (Floating columns) 

Materials Thickness Diameter Length Spacing Materials Thickness Diameter Length Spacing 

Clay soil 12.00 – – – Clay soil 22.00 – – – 
Stone pile – 0.40 12.00 1.50 Stone pile – 0.40 12.00 1.50 
Scoria Column – 0.40 12.00 1.50 Scoria Column – 0.40 12.00 1.50 
Stiff strata 10.00 – – – Mat 0.3 – – – 
Mat 0.3 – – – – – – – –  
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compressible soil was directly subjected to external load. Thirdly, the 
clay mass reinforced with a group of scoria gravel columns and stone 
pile was separately modeled for the floating case. In this modeling phase 
hence the effect of building load and the floating columnar members on 
deformation characteristics of the massive clay was simulated. In addi
tion to vertical deformation, the horizontal deformation of the massive 
clay was simulated. Lastly, the same simulation was carried out for the 
end bearing columns so that the critical effect of the floating and end 
bearing columns can be compared. 

The Hardening Soil (HS) material model was used to simulate the 
properties and deformation characteristics of the soft clay, stone pile and 
scoria gravel column. Mohr- Coulomb is the most widely applied 
constitutive model to simulate soil behavior especially in problems 
involving linear interfaces [46]. Even though it is easy to work with, it 
basically lacks particular aspects of soil behavior such as difference in 
stiffness between virgin-loading and unloading–reloading. The more 
advanced and versatile material models like Hardening Soil take into 
account the shortcomings commonly observed in the Mohr- Coulomb 
[16,47,78,79]. The Soft Soil (SS) model accounts for creep whose effect 
is categorically ignored in the conventional Mohr- Coulomb constitutive 
model. However, the Hardening Soil (HS) model is still more complex 
material model that was priory developed to overcome some of the 
limitations of the SS model, especially with regard to the over consoli
dated regions [16,65]. The HS model is a constitutive model formulated 
based on Vermeer’s double hardening soil model that both the shear and 
compression hardening of soft soil are considered [49]. Its shear yield 
surface assumes hyperbolic shape and an elliptic cap yield surface in the 
P-Q plane. The model is suitably used for simulating soils of different 
types and properties [50,64]. 

In using Plaxis for vast number of geotechnical problems, especially 
in complexity concerning soil stratigraphy and external structures 
considered, it is so difficult to make clear comparison between 15-noded 
and 6-noded finite element calculations [46]. However, it is technically 
apparent that fine meshes are recommended to be used near imposed 
external loads and structures. At these critical boundaries hence strong 
mesh refinement is required when using the 6-noded element than the 
15-noded element. This implies that regions subjected to stress bound
ary conditions are the typical locations where the 6-noded element is 

less effective [51]. According to Pan W et al. and Liu GR et al. [52,53], 
the 15-noded elements are better in calculation time and accuracy of 
results at analyzing failure conditions for ultimate limit state whereas 
the 6-noded element suffice in working load conditions. In the current 
study hence a 15-noded element method was used for the calculations 
and iterations executed in the finite element model. The material pa
rameters used in the numerical model is summarized in Table 3. Physical 
properties of the materials were obtained via conducting intensive lab
oratory tests. Almost all of the parameters were directly obtained via 
laboratory based experimental investigations. Some others were indi
rectly generated from these parameters by using established empirical 
relationships. 

2.2.4. Boundary conditions and interfaces 
In solving geotechnical problems of different nature, various 

boundary conditions are applied some of which are but not limited to 
load, displacement, stress and hydraulic boundaries. Numerical 
Boundary conditions are expected to be analogous to the physical 
boundary conditions. In some complex domains however, it remains 
difficult to exactly illustrate every feature of physical boundary condi
tions by using numerical models [54]. In the current study, both 
displacement and stress boundary conditions were considered. The 
problem domain was subjected to both horizontal and vertical fixities 
from the bottom. Besides, the vertical sides of the geometry were fixed 
against lateral displacement. The only stress boundary condition 
considered in the model is a building load which is transferred to the 
clay via the rigid reinforced concrete mat. The intensity of stress 
imposed by the building load is considered to be 140kpa. 

The most challenging thing in determining dimension of the nu
merical models is proximity of the fixed boundaries to the main area of 
interest in the model. Closeness of the fixed boundaries to the area of 
interest (loaded area) adversely influences accuracy of the calculation. It 
limits the number of iterations and density of mesh expected to be 
generated which in turn impairs result of the calculations. Considerable 
distance should exist between exterior boundaries of the model and the 
loaded area (area of interest) [55,67]. In the current study hence the 
model dimensions were determined taking into account the influence of 
proximity. The generated deformed mesh of the model is illustrated in 

Fig. 2. Dimensions of the model: a and b) the case of floating columns, c and d) the case of end bearing columns.  
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Fig. 3. 
The effect of the boundary position was evaluated by comparing the 

magnitude of mean effective stresses and normalized vertical displace
ments at three different points P, Q and R which are situated at depth of 
2 m, 6 m and 10 m respectively below center of the loaded area. In the 
process of fixing a suitable model dimension experiencing minimal 
boundary effect, Equations 1 and 2 were used to calculate the 
normalized error for vertical deformation and mean effective stress 
respectively. The gradual fall in magnitude of these two parameters is 
considered as good indicator of convergence of the model iteration [71]. 
Convergence of the deformation and stress with increasing boundary 
distance revealed that locating the lateral boundaries at a distance be
tween 0.65 and 1 times larger dimension of the loaded area (B = 20 m) 
from edge of the area was found to be sufficient to avoid influences of 
boundaries on the analysis results (Tables 4 and 5). It is clear that 
lessening the bottom boundary of the model has a minimal effect on 
settlement and mean effective stress. Hence, the boundaries were 
conservatively positioned at distances of B from edge of the loaded area. 

Normalized error for vertical dispalcement (uz)(%)=
(uz, 1 − uz, 2)

uz, 1
∗ 100

(1)  

Normalized error for mean effective stress (p′)(%)=

(
p′

z, 1 − p′
z, 2

)

p′
z, 1

∗ 100

(2)  

where uz, 1 – uz, 2 and p’z, 1 – p’z, 2 are the differences between vertical 
deformations. 

In finite element analysis, mesh density is one of the critical issues 
need to be carefully dealt with as it is associated with accuracy of 
calculation [56,64]. In fact, smaller mesh size results in more elements 
in the model which leads to prolonged run times and more accurate 
results. Considering large number of meshes with smaller size increases 
the processing time required to generate the calculation results [57]. 
Applying meshes having smaller sizes alleviates the problem of diver
gence in results of the analysis. As mesh size decrease, the attributes 
such as maximum deformation converges towards the calculated value 
[58]. However, the analysis run time rises exponentially which in turn 
provides diminishing marginal returns in terms of calculation accuracy. 
Calculation accuracy hence depends on degree of refinement of the mesh 
[59]. For accuracy of calculation not only size of meshes matter but also 
geometry of the meshes has its own impact. For the three-dimensional 
model, there are four mesh elements commonly used which include 
tetrahedral, bricks, prisms and pyramids whereas triangular and quad
rilateral elements are used in the two-dimensional model [58]. Medium 
mesh size was considered for the model with refinement to very fine 
mesh around the columns to enhance the accuracy level. Rigid interface 
was assumed between the granular columns and the surrounding clay 

Table 3 
Input parameters used for the numerical model.  

Properties/ 
Parameters 

Unit Clay Crushed 
aggregate 

Scoria Stiff 
Strata 

Initial void ratio, 
eo  

0.60 0.63 0.62 0.57 

Unit weight kN/ 
m3 

16.78 22.34 16.67 17.31 

Over- 
consolidation 
ratio, OCR  

1 - - - 

Lateral earth 
pressure 
coefficient at 
rest, Ko  

1 0.223 0.211 0.156 

Natural moisture 
content 

% 32.63 – – 26.47 

Stiffness modulus 
for unloading/ 
reloading, Eur 

MPa 16.43 200.06 134.59 90.06 

Stiffness modulus 
for primary 
loading, E50 

MPa 1.86 66.15 36.70 18.61 

Oedometric 
modulus, Eoed 

MPa 6.27 94.48 52.92 31.75 

Permeability in X 
direction, Kx 

(m/s)  

4.51*10− 7 3.32*10− 1 2.62*10− 1 3.76*10− 4 

Permeability in Y 
direction, Ky 

(m/s)  

4.51*10− 7 3.32*10− 1 2.62*10− 1 3.76*10− 4 

Vertical 
Permeability, 
Kv 

m/s 4.3*10− 7 3*10− 1 1.8*10− 1 4.6*10− 4 

Compression 
index, Cc  

1.32 – – – 

Modified 
Compression 
Index, λ*  

0.187 – – – 

Modified 
Swelling Index, 
κ*  

0.038 – – – 

Stress level 
dependency of 
stiffness, M  

0.5 0.5 0.5 0.5 

Strength 
reduction 
factor, Rint 

Rint  

1 1 1 1 

Cohesion, C kPa 42.21 0.00 0.00 23.17 
Friction angle, Ø 

(o) 
o 0.00 41.00 38.00 24.45 

Dilation Angle, Ψ 
(o) 

o 0.00 11.00 8.00 0.00  

Fig. 3. The deformed meshes of the model, a) End bearing case, b) Floating case.  

A.B. Negesa                                                                                                                                                                                                                                      



Results in Engineering 19 (2023) 101254

6

soil. It is expected that reducing the interface factor will increase set
tlement of columns due to slipping between the column material and the 
clay [36]. 

2.2.5. Installation patterns of columns 
The practical installation of stone column can be executed in square, 

triangular arrangement, mix of the two or hexagonal patterns [10,48,60, 
61]. In the case of structures with uniformly distributed loads, stone 
columns are usually laid out in a regular grid of square or triangular 
fashion [37]. From the perspective of speeding up radial drainage and 
reinforcing performance however the triangular arrangement was found 
to be relatively preferable than the square arrangement [61]. In the 
current study, the triangular installation pattern was used for the finite 
element model. Stone column is also installed with provision of geogrid 
encasement. Geogrid is usually used to lessen lateral deformation of the 
soil mass and hence improve lateral stability [62]. In the current study 
however the effect of encasement has not been considered. The gravel 
columns are provided without any lateral encasement. Hence, larger 
lateral deformation is expected than the encased one [63]. The geogrid 
encased stone columns experience much higher load bearing capacity 
and undergo lesser compressions and lateral bulging as compared to 
conventional stone columns provided without encasement [37]. 

3. Results and discussions 

3.1. Deformation response of the clay ground reinforced with floating 
columns 

Change in vertical deformation of the clay mass with depth before 
and after installation of floating columns is presented in Fig. 4. Settle
ment of the clay mass goes rising as the depth of embedment decreases 
that the region near the surface deforms relatively higher than the 
deeper portion of the clay. Introduction of the columnar materials 
(granular pile and scoria gravel column) considerably reduced the 
resulting vertical deformation of the clay mass subjected to super
imposed building load. The floating group of scoria column improved 
the vertical deformation by an average of 11.12%, 28.38% and 39.41% 
for depths range of 0.5 m–3 m, 4 m–7 m and 8 m–15 m respectively. A 
noticeable difference was observed between the degree of improvement 
achieved by crushed aggregate column and scoria gravel column (SGC). 
The resulting magnitude of vertical deformation when using floating 
crushed aggregate column (CAC) remains greater than that of the 
floating scoria column at all indicated depths. For instance, at a depth of 
6 m from the surface, 33.65% improvement in magnitude of settlement 
was witnessed for SGC whereas only 14.64% reduction was obtained 

due to provision of CAC. This could be due to higher weight and density 
of crushed aggregate material than scoria gravel which may contribute 
to vertical displacement of the compressible clay. The scoria however is 
light in weight and hence it contributes less to development of vertical 
stress. The pattern of variation in settlement with depth has good 
agreement with the work of Nima RA [9] in which it has been stated that 
the magnitude of settlement decreases with increase in embedment 
depth and offset from the center. 

The magnitude of vertical deformation also varies with variation in 
the distance from center of the column group. Comparatively larger 
ground subsidence was witnessed along center line of the column group. 
Fig. 5 illustrates the settlement versus offset curve at a depth of 6 m from 
the surface. As offset from midpoint of the loaded area increases, the 
resulting ground subsidence lowers in magnitude. Intensity of the 
imposed external stress (building load) lessens as the lateral distance 
from the loaded area increases. Hence, less magnitude of vertical 
deformation is apparently expected at farther offsets [9]. Accordingly, 
magnitude of the vertical deformation falls by 12.51% and 17.56% in 
average per unit distance from the centerline for floating CAC and SGC 
respectively. In this specific case, the vertical deformation observed 
when the clay soil is reinforced with CAC is yet larger than that of SGC. 
Haresh DG and Mittal DL [8] pointed out that high density materials 

Table 4 
Influence of the lateral boundary distance on vertical deformation.  

Boundary distance (m) Vertical displacement, uz (mm) Normalized uz error (%) Mean effective stress, p’ (kPa) Normalized p’ error (%) 

P Q R P Q R P Q R P Q R 

0.5 B = 10 54 27.2 17 0.56 1.84 1.76 26 32 46 0.77 0.62 0.65 
0.75 B = 15 m 53.7 26.7 16.7 0.93 0.75 2.40 25.8 31.8 45.7 1.94 1.26 2.63 
1 B = 20 53.2 26.5 16.3 0.38 0.75 1.23 25.3 31.4 44.5 1.98 0.96 2.02 
1.25 B = 25 m 53 26.3 16.1    24.8 31.1 43.6     

Table 5 
Influence of the bottom boundary distance on vertical deformation.  

Boundary distance (m) Vertical displacement, uz (mm) Normalized uz error (%) Mean effective stress, p’ (kPa) Normalized p’ error (%) 

P Q R P Q R P Q R P Q R 

0.5 B = 10 56 27.7 17.8 0.71 1.81 4.49 27.8 32.7 47.6 1.44 1.22 1.05 
0.75 B = 15 m 55.6 27.2 17 0.72 1.47 2.94 27.4 32.3 47.1 2.19 0.93 0.42 
1 B = 20 55.2 26.8 16.5 0.72 1.49 4.85 26.8 32 46.9 2.99 1.88 1.28 
1.25 B = 25 m 54.8 26.4 15.7    26 31.4 46.3     

Fig. 4. Vertical deformation Vs depth curve (With and without floating 
columnar materials). 
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contribute to the effective vertical stress in addition to their reinforce
ment role. 

Lateral deformation of the reinforced and non-reinforced clay mass 
at various depths along the centerline of the loaded area was illustrated 
in Fig. 6. As a result of densification and grain rearrangement upon 
exertion of the surface load, displacement of the clay mass in horizontal 
direction takes place. The deformation was noticeable in magnitude 
around center of the column group. Even though the superimposed 
building load is expected to be evenly distributed over the entire loaded 
area via the bridging effect of the rigid mat, the pressure intensity re
mains greater at the center. As illustrated in Fig. 6, the reinforced weak 
clay was laterally displaced relatively by larger magnitude near the 
surface than at high depths. At a depth of 10 m for instance, the clay soil 
deforms by 0.4 m in the absence of columnar materials. After reinforced 
with provision of floating crushed aggregate and scoria gravel column 
however lateral displacement of 0.32 m and 0.36 m were witnessed. 
Below the depth of 8 m, the rate of variation in magnitude of lateral 
deformation remained insignificant. In relation to this, maximum 
deformation was encountered at a depth of 5 m from the surface. Not 
only positive displacement but also negative displacement was also 
observed for depth ranging from 0.5 m to 1.5 m. The deformation 
sharply rose up to a depth of 5 m where the maximum value was 

obtained whereas it gradually collapses until it becomes almost constant 
for the region found below 12 m depth of embedment. At all considered 
offsets, the performance of floating scoria gravel column is visibly less 
than that of the crushed aggregate column in reducing lateral defor
mation of the weak clay mass. For instance, the clay mass in the presence 
of floating CAC under goes 21.87% less deformation than in the presence 
of SGC at a depth of 5 m. Unlike in the case of vertical deformation, the 
capacity of SGC in reducing lateral displacement is by far less than CAC. 

Fig. 7 demonstrates the horizontal deformation vs horizontal offset 
curve at depth of 6 m from the surface. Like the vertical deformation, the 
magnitude of lateral displacement at various offsets from the middle 
point lowers as offset from center of the loaded area increase that 
relatively large deformation happens near the center. The numerical 
analysis revealed that a maximum deformation of 5.1 mm and 4.81 mm 
was encountered near center of loaded area when the clay is reinforced 
with SGC and CAC respectively. However, the clay mass deforms by a 
maximum of 5.65 mm in the absence of any columnar reinforcement. 
With increase in horizontal offset by 2 m, the horizontal deformation 
falls by an average of 18.33% for floating SGC whereas the lateral 
displacement gets reduced by 26.22% for CAC. In relation to this, at a 
lateral offset of 7 m from the center, the encountered displacement was 
19.46% higher than that of the CAC. It can hence be inferred that the 
performance of CAC in reducing lateral displacement is better than the 
SGC. It was indicated that an average difference of 13.51% in degree of 
improvement is observed between CAC and SGC per 1 m offset from the 
center. The experimental study conducted by Shivashankar R et al. [74] 
on behavior of stone columns in layered soil has good similitude in 
deformation pattern with the current study. Finding of the study 
revealed that the maximum lateral deformation occurs at 1/6 of the 
column length. 

3.2. Deformation response of the clay ground reinforced with end bearing 
columns 

In Fig. 8 variation of settlement with embedment depth was illus
trated. In similar manner with the floating columns, settlement of the 
reinforced and non-reinforced clay mass decreases with increase in 
embedment depth. However, the clay soil settles less when end bearing 
CAC is in place than SGC. At almost all indicated depths, the magnitude 
of settlement with presence of end bearing CAC remained greater. When 
CAC directly rests on hard strata, the aggregate material deforms less 
due to high density of the material. The CAC hence plays a bridging role 
between the stiff layer and the mat foundation. In this case a significant 
amount of the imposed external load is supported by the aggregate made 

Fig. 5. Vertical deformation Vs distance curve for floating columns (at a depth 
of 5 m). 

Fig. 6. Horizontal deformation Vs depth curve for floating columns (at center 
of the stone column group). 

Fig. 7. Horizontal deformation Vs distance for floating columns (at a depth of 
5 m below the surface). 
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columns. However, in the case of scoria material, larger deformation is 
observed due to less density and stiffness of scoria material. As a result, 
scoria column is more compressed than the crushed basalt aggregate 
column. When CAC is considered, vertical deformation of 1.96 mm and 
0.4 mm is witnessed at depths of 4 m and 11 m respectively. With 
installation of SGC however the ground settles by 2.53 mm and 0.83 mm 
respectively at the stated depths. In the presence of end bearing SGC, the 
settlement magnitude near the surface is 405.26% higher than at bottom 
tip of the column group. Similarly, soil zone situated at the bottom tip 
settles 300% higher than the one observed near the surface in the 
absence of any columnar reinforcement. Hence, in reducing vertical 
deformation, the end bearing CAC performs better than the end bearing 
SGC. 

The deformation of the soft clay along vertical direction with and 
without end bearing vertical columns was illustrated in Fig. 9. The nu
merical simulation revealed that both granular columns (CAC and SGC) 
lessened settlement of the clay deposit subjected to external loading. The 
settlement sharply falls as lateral distance from the centerline increase. 
However, the clay mass settles more when it is reinforced with SGC than 
CAC at all offsets from center line of the column group. The floating SGC 
performs better than the CAC in controlling the downward 

compressibility of clay material. Despite its noticeable role in floating 
case, the end bearing SGC group is more compressed than the CAC under 
the considered building load. 

Lateral deformation of the clay deposit at varying depths along 
center line of the end bearing column group is presented in Fig. 10. Like 
in the case of floating columns, the end bearing crushed aggregate col
umns reduces the resulting lateral displacement than the end bearing 
scoria gravel column group. Especially around a depth of 4 m where 
maximum lateral deformation take place, significant marginal differ
ence was observed between magnitudes of deformation in the presence 
of CAC and SGC. When the clay is reinforced with provision of CAC, 
maximum deformation of 2.3 mm is witnessed at a depth of 4 m whereas 
the deformation magnitude rises to 2.96 mm with introduction of SGC. 
As indicated by Azhani Z and Ramli N [29], bulging problem in stone 
column occurs at an approximate depth of 2.5–3 times the diameter of 
column, measured from the surface. In the current study, the depth 
where maximum lateral deformation took place is within a range of 0.2 
and 0.4 times column length from the surface. 

Lateral displacement of the clay mass reinforced with end bearing 
column group at a depth of 6 m was illustrated was investigated 
(Fig. 11). Pronounced difference in magnitude of the lateral deformation 
is observed between the clay treated with CAC and the untreated one. At 
a horizontal offset of 5 m from center line, the clay soil deforms by 1.75 
mm, 2.16 mm and 3 mm with CAC, SGC and without columns respec
tively. The clay soil in absence of vertical columns deformed 71.43% 
higher than when it is reinforced with CAC at the stated offset. In 
addition, the group of end bearing crushed aggregate columns performs 
better than the scoria gravel columns in lessening lateral deformation of 
the clayey foundation. The analysis result has good similitude with 
findings of Zeynep C [1] in which effect of end bearing columns on 
settlement of soft soil was studied. 

3.3. Validation of the results 

Validation of the finite-element based numerical model was vali
dated with existing numerical models conducted by Dogan T and 
Kahyaoglu MR [72] and Debbabi IE et al. [73]. Dogan T and Kahyaoglu 
MR [72] studied the deformation behavior of encased group of stone 
columns supporting embankments for three column diameters (0.6 m, 1 
m and 1.4 m). The considered column groups are 10 m long and situated 
at an interval of 1.5 m. Similarly, Debbabi IE et al. [73] modeled a group 
of ordinary and encased stone columns to improve deformation and load 
bearing performance of thick clay mass under embankment load. The 
columns with 10 m length and spacing of 2.5 m were used. In Fig. 12, 

Fig. 8. Vertical deformation Vs depth curve (with and without end 
bearing columns). 

Fig. 9. Vertical deformation Vs distance curve for end bearing columns (at a 
depth of 5 m). 

Fig. 10. Horizontal deformation Vs depth curve for the end bearing case (at 
center of the column group). 
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response of the stone column reinforced clay to lateral deformation at 
various depths of the clay is illustrated for purpose of comparison. The 
resulting deformation pattern is in good agreement with finding of the 
current study. The maximum bulging (lateral deformation) in the three 
cases (including the current study) takes place at about 1/3 of the col
umn length from the surface. 

4. Conclusion 

In the current study a comparative analysis between performances of 
CAC and SGC in lessening deformation of clayey soil was carried out. 
Based on findings of the work, the following conclusions are drawn;  

• In the floating case, the scoria column reinforced soil settles less than 
the crushed aggregate reinforced one at all depths and horizontal 
distances from mid-point of the column group. This implies that in
clusion of lightweight columnar materials in highly sensitive clay for 
soil reinforcement results in development of less vertical stress which 
contributes less to the resulting vertical deformation. Furthermore, 
deformation of the clay ground in the presence of floating SGC drops 
by 33.34%, 35% and 47.5% at depths of 5 m, 10 m and 15 m 
respectively as a result of inclusion of floating SGC. On the other 
hand, ground settlement of 16.67%, 10% and 37.5% at were wit
nessed at the stated depths due to inclusion of floating CAC. 

• From the perspective of reducing horizontal deformation, the per
formance of crushed aggregate columns was by far better than the 
group of scoria gravel columns. The clay soil undergoes greater 
lateral deformation in the presence of scoria columns than the 
crushed aggregate columns. 

• The end bearing scoria columns undergoes relatively greater defor
mation both in vertical and horizontal directions than the floating 
columns. For the crushed aggregate columns however the clay soil 
experienced greater deformation in the lateral direction when the 
floating case is considered. Hence, end bearing scoria columns 
obviously improves deformation performance of clay soil but it was 
found more effective than the CAC in the floating case. In relation to 
this, vertical deformation of the clay ground is reduced by 40%, 
41.67% and 55.56% at depths of 5 m, 10 m and 15 m respectively 
due to inclusion of end bearing CAC. In the presence of SGC however, 
the settlement magnitude at the stated depths is found to be higher 
than that of CAC by 33.34%, 36.36% and 60% respectively.  

• The deformation (both vertical and lateral) profile diminishes with 
increasing lateral distance from center line of the loaded area both 
for CAC and SGC. 
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