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ABSTRACT 
The issue of soft soil settlement has been a significant concern for several decades, 

prompting researchers to explore various approaches to enhance soft soil conditions and 
mitigate excessive soil settlement. Commonly employed techniques in this field include 
stone columns, encased stone columns, and foundation level adjustment. In the present 
study, a parametric investigation was conducted to assess the effectiveness of these 
different techniques in reducing expected excessive settlement for reinforced concrete 
cylindrical tanks founded on Port-Said weak soil. A 3D finite element model was 
developed using PLAXIS 2D/3D to simulate a completely symmetric cylindrical tank. The 
numerical model replicates the typical construction and operation stages of the tank, 
employing Mohr-Coulomb and Hardening constitutive models to represent the layered soil 
in the analysis. The findings of this study aim to provide valuable design 
recommendations for constructing circular wide storage tanks in the Port-Said district, 
addressing the specific challenges posed by soft soil settlement. 

Keywords:  cylindrical tanks, stone columns, encased stone columns, consolidation, 
PLAXIS 3D 

 

1 INTRODUCTION 
For several decades, construction on soft soil has 

presented a significant challenge within the geotechnical 
engineering community due to excessive settlement. The 
need to address excessive soil settlement becomes 
increasingly critical with the continuous growth of 
infrastructure development. So, researchers have been 
drawn to explore various approaches aimed at enhancing 
soft soil conditions and mitigating settlement-related 
challenges. Commonly employed techniques are stone 
columns, encased stone columns, and foundation level 
adjustment. Stone columns act as reinforcing material, 
increasing the overall strength and stiffness of the 
compressible soft soil, accelerating the consolidation as 
it provides a shortened drainage path, and hence reducing 
the resulting settlement. This literature review explores 
some recent advancements in addressing soft soil 
settlement, focusing on a parametric investigation 
conducted to assess the effectiveness of these techniques 

in the context of reinforced concrete cylindrical tanks 
founded on Port-Said weak soil. 

Considerable research has been conducted to investigate 
excessive settlement in soft soil. Wang [1] presented an 
analytical solution for the consolidation of soft soil 
foundations reinforced by stone columns under time-
dependent loadings. Deb and Das [2] examined the stress 
distribution on the ground reinforced by stone columns 
under a cylindrical storage tank. They modeled the soft 
soil, stone columns, and granular fill using mechanical 
elements, with the floor slab treated as a flexible thin 
plate. Das and Deb [3] explored the response of a 
cylindrical storage tank foundation on stone column-
reinforced ground. Zukri and Nazir [4] reviewed 
methodological approaches for 2D and 3D numerical 
models of stone columns, discussing appropriate 
numerical techniques and constitutive models. 
Muzammil et al. [5] investigated the behavior of 
geosynthetic encased stone columns under a circular oil 
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storage tank, comparing it with ordinary stone columns 
under the same in situ conditions using PLAXIS 3D. El-
Gendy [6] numerically analyzed the behavior of circular 
tanks resting on multi-layer soil under both static and 
cyclic loading using ELPLA software. 

The research under consideration adopts a 
comprehensive approach, utilizing a 3D finite element 
model developed using PLAXIS 2D/3D. The study 
specifically targets the unique challenges posed by soft 
soil settlement in the Port-Said district, offering insights 
that could have broad implications for circular wide 
storage tank construction in similar geotechnical 
contexts. The numerical model replicates the various 
construction and operation stages of a completely 
symmetric cylindrical tank. To capture the complex 
behavior of the layered soil, the analysis employs Mohr-
Coulomb and Hardening constitutive models. 

The primary objective of this parametric investigation is 
to provide valuable design recommendations for 
mitigating excessive settlement in reinforced concrete 
cylindrical tanks. By examining the effectiveness of 
stone columns, encased stone columns, and foundation 
level adjustment, the study aims to contribute practical 
insights into the selection and implementation of suitable 
ground improvement techniques for circular wide storage 
tanks in soft soil conditions. The findings of this research 
hold particular relevance for construction projects in the 
Port-Said district, offering a tailored understanding of the 
challenges associated with soft soil settlement.  

2 DESCRIPTION OF THE 
NUMERICAL MODEL  

Many researchers have adopted numerical simulation 
to analyze a variety of geotechnical problems, including 
stone columns as well as encased stone columns because 
the experimental procedures were prohibitively 
expensive [4, 5, 7]. Numerical experiments for 
cylindrical tanks resting on layered soil were performed 
herein with the PLAXIS 2D/3D. For creating the finite 
element model using PLAXIS, one has to define the 
problem geometry, material properties, boundary 
conditions, and loads. 

2.1 Geometry of the finite element model 

Consider the 13.0 [m] diameter by 3.5 [m] height 
circular tank shown in Figure 2.1. Both the tank base and 
wall have a constant thickness of 0.2 [m].  The soil depth 
of the finite element model was taken at 60 [m], the same 
as the borehole depth, while the circular soil mass's 
radius was equal to 32.5 [m], five multiples of the tank 
radius, to provide an acceptable analysis accuracy.  

The tank was assumed to be underlain by a typical 
layered Port Said soil, which is characterized by a 30-35 
[m] thick deposit of soft clays/silts with sand interlayers 
resting on a compacted clay layer.  

 

Figure 2.1: Geometry and F.E. mesh of a circular tank, 
El-Gendy [6]. 

2.2 Material modeling 

The reinforced concrete base and wall of the tank were 
considered as isotropic elastic material with the 
parameters given in Figure 2.1 (the unit weight of 
concrete was taken as 25 [kN/m3], Young's modulus 
equals 2x107 [kN/m2], and Poisson's ratio equals 0.2). 

The tank is assumed to be underlain by a typical 
layered Port Said soil profile, as shown in Figure 2.2, 
whose geotechnical properties have been given by [8, 9]. 
It's a common practice to replace approximately two 
meters of the surface soil with a gravel/sand mix stiff soil 
[6]. The compressibility modulus of the replacement 
layer is 100,000 [kN/m2] with a saturated unit weight of 
20.81 [kN/m3]. Therefore, the subsoil stratification is 
classified into six main layers as follows:  

 [0.00 to 2.00 m]: Gravel, Sand, 
 [2.00 to 7.00 m]: Silty clay, very soft, 
 [7.00 to 12.00 m]: Sand, fine, loose to dense, 
 [12.00 to 33.00 m]: Clay, soft to firm, 
 [36.00 to 36.00 m]: Sand, medium to very dense, 

and 
 [36.00 to 60.00 m]: Clay, very stiff to hard. 

The first, third, and fifth layers were modeled using 
the Mohr-Coulomb soil model with drained drainage, 
where the stiffness and strength are defined in terms of 
effective properties. The groundwater permeability 
coefficient was taken as 0.0202x10-3 [m/day]. The angle 
of internal friction was assumed to be 30°, and the 
cohesion was considered zero. The mechanical properties 
of each layer are provided in Figure 2.2.  

The Hardening soil model with undrained (B) drainage 
type was selected for the second, fourth, and sixth layers. 
In this model, stiffness is defined in terms of effective 
properties, and strength is represented by undrained 
shear strength, set at 20 [kN/m2] based on Banupriya et 
al. (2015) [10]. The mechanical properties of each layer 
are detailed in Figure 2.2. 

The Over-Consolidation Ratio (OCR) for layer two 
was calculated from the experimentally obtained 
undrained shear strength [6], resulting in an OCR of 
approximately 1.6-1.2 adopted for layer 2. Layer 4 was 
assumed to be normally consolidated. For layer 6, 
laboratory tests indicated a pre-consolidation pressure 
exceeding 450 [kN/m2], suggesting that the vertical 
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stress increase does not fall within the normally 
consolidated range. 

The initial void ratio of the soft layers is 
determined as a function of the compression index (Cc), 
according to Nishida (1956) [11]. It can be expressed as 
follows: 

 2-1 
The void ratio e0 was taken as 1.55, 1.10, and 0.72 for 

layers 2, 4, and 6, respectively. On the other hand, the 
coefficient of permeability ( ) for soft layers can be 
obtained from the coefficient of volume change (mv=1/ 
Es) according to Terzaghi et al. (1996) [12] through the 
relation:  

 
2-2 

Where γw is the unit weight of the water, and mv is the 
coefficient of volume change (mv=1/ Es). kv was taken as 
0.0074, 0.0013, and 0.0010 [m/ year] for layers 2, 4, and 
6, respectively. 

2.3 Meshing 

This problem has been investigated numerically by El-
Gendy [6] using a multi-layer soil model and an axi- 
symmetric finite element analysis by ELPLA software 
[8], as the cylindrical tank and soil mass are concentric. 
The right-hand side half of the sectional elevation of the 
tank depicted in Figure 2.1 shows the mesh discretization 
of the axi-symmetric finite element model adopted by El-
Gendy [6], where the 13.0 [m] diameter circular base 
was divided into 26 ring elements, each of 0.25 [m] 
uniform width. The tank wall was divided into 14 
cylindrical elements, each of 0.25 [m] constant height.  

In the present simulation using PLAXIS 2D/3D, only a 
quarter of the full soil mass and the cylindrical tank were 
modeled. Then, symmetry conditions were applied to 
simulate the rest of the structure. The tank base and walls 
were modeled by the 2D 6-node triangular shell element 
available in the element library of PLAXIS, whereas the 
10-node tetrahedral element was used to model the soil 
mass. One has to ensure that the mesh is fine enough to 
capture the important details but not overly dense to 
avoid excessive computation time. A medium element 
disruption generates a mesh with a maximum element 
dimension of 4.837 [m] for soil volumes and 1.0 [m] for 
tank elements, and the software uniformly distributes the 
mesh size in between. The model contains 58782 soil 
elements for 39139 nodes with an average element size 
of 2.825 [m]. The generation of negative interface 
elements under the tank base plate was essential to allow 
for proper modelling of soil-structure interaction [9, 13]. 

2.4 Loads and boundary conditions. 

The Base plate of the tank was subjected to a surface 
uniform distributed load of z = -34.34 [kN/m2] to 
simulate vertical water pressure, and the wall plate was 
subjected to a Perpendicular vertical increment surface 
load ofn,inc = 9.81 [kN/m2/m], and Zref = 3.5 [m] to 
simulate horizontal water pressure.  

To simulate only a single quarter of the model, the 
deformation condition was set as normally fixed for all 

directions except Z-Min, which was set as fully fixed, 
and Z-Max, which was set as free. Additionally, the 
groundwater flow was assumed to be closed at the 
bottom of the model due to its impermeable soil and 
tangentially at X-Min and Y-Min due to symmetry. 

 
 

 
Figure 2.2: Typical soil properties for Port-Said West 

[9, 13]. 

2.5 Construction stages 

The analysis is divided into four construction stages 
and described as follows: 
 "Initial phase" directly generates initial effective 

stresses, pore pressures, and state parameters, 
 "Construction" consolidation analysis of the model 

considering the construction of the tank in 1 [day], 
 "Loading" consolidation analysis of the model 

which applies the loads on the cylindrical tank in 1 
[day] and 

 "Final Consolidation" consolidation analysis in 
which the model reaches minimum excess pore 
pressure equal to 1 [kN/m2]. 

2.6 Results and discussion 

The circular tank described earlier in section 2.1 was 
analyzed numerically by El-Gendy [6] using ELPLA 
software with the multi-layer soil model. For the 
validation of the analysis features and techniques 
explained in the previous sections, this problem was re-
analyzed here by PLAXIS 3D. Figure 2.3 compares the 
settlement results of both analyses along the tank 
diameter. The settlement results in the vicinity of the 
tank center (obtained herein by PLAXIS 3D) match well 
with those obtained by ELPLA, whereas a maximum 
difference of approximately 15% to the conservative side 
occurred at the tank corner. 
   The resulting settlement of the tank was unacceptable 
as it exceeded 41.5 [cm] all over the tank base, as shown 
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in Figure 3.2. Figure 3.3 shows the variation of final 
settlement at the tank center with time elapsed (in years) 
after finishing the construction. The consolidation 
reached 9.32 and 10.83 [cm] after 5 and 50 [years], 
respectively. 
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Figure 2.3: Comparison of base settlement of a circular 

tank located at Port-Said West. 

3 NUMERICAL ANALYSIS AND 
DISCUSSIONS 

A cylindrical fully-filled water tank resting on the 
ground at Port-Said West with an outer diameter of d = 
20 [m] and a height of H = 6 [m], serves as a 
fundamental case study for the current research. As 
illustrated in Figure 3.1, the thickness of the wall was 
taken as tW = 0.3 [m], whereas the base thickness tB = 0.5 
[m]. Material properties of the tank and the unit weight 
of water are provided in the figure. Soil modeling and 
characterization follow the description in the preceding 
section..  

3.1 Stone columns 

Stone columns were chosen as the first alternative to 
improve the soil's load-bearing capacity and mitigate the 
tank settlement. It's well understood that stone columns 
can distribute the loads on compressible soils more 
efficiently as they accelerate the consolidation process. 
For the present study case, a group of stone columns of 
the same diameter and height were distributed under the 
tank base according to the pattern shown in Figure 3.4. 
This completely symmetric group of stone columns 
consists of 49 columns aligned along three imaginary co-
center circles of 6, 12, and 18 [m] diameter, respectively, 
in addition to a single column at the tank center. The 
study covers three different diameters of the stone 
column, DSC = 1, 1.25, and 1.5 [m], whereas the column 
height was either 12.5, 25, 37.5, or 50 [m]. Under these 
conditions, the closest distance between any adjacent 
pair of stone columns ranges from 2 to 3 times the 
diameter of the stone column. 

Moreover, the total replacement area covered by the 
stone columns reaches 12.25%, 19.14%, and 27.56% of 
the circular base area for the three different diameters 

under consideration, respectively. Although the 
recommended ratio of replacement area for stone 
columns ranges from 10% to 20% according to previous 
studies [14, 15], this ratio was raised to 27.56% in some 
additional study cases herein to cover a broader range of 
design cases. The material properties of the stone column 
used in the present study were taken as given in Table 
3-1, Yoo (2010) [16]. 

 
Figure 3.1: Study case of a circular water tank. 
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Figure 3.2: Anticipated final settlement of the tank base. 
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Figure 3.3: Final settlement at the center of the tank 

base. 
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Table 3-1. Material properties of stone columns (Mohr-
Coulomb constitutive model) 

Property Value Unit 
Sat. unit weight 23 [kN/m3] 

Young's modulus 40,000 [kPa] 
Poisson's ratio 0.3 [-] 

Cohesion 5 [kPa] 
Friction angle 40 [deg] 
Dilation angle 10 [deg] 

Initial void ratio, eo 0.3 [-] 
Permeability, kv 1.2x10-4 [m/s] 

Figure 3.5 shows the total settlement under the center 
of the base plate (positive when downward) over 50 
years for various values of diameter and height of the 
stone column.  The results indicate that the soil resistance 
to deformation increased, resulting in decreased soil 
settlement with an increase in both stone column height 
and diameter. 

The settlement at the center of the tank base for a stone 
column diameter DSC of 1 [m] is smaller than the central 
settlement of the control case by 17.11%, 34.18%, 
39.79%, and 42.79%, for column heights of 12.5, 25, 
37.5, and 50 [m], respectively. For a stone column with 
DSC = 1.25 [m], the center settlement decreases by 
21.30%, 41.52%, 49.31%, and 55.16%, respectively. 
Additionally, for a stone column diameter of DSC = 1.5 
[m], the center settlement decreases by 22.45%, 42.27%, 
54.87%, and 65.23%, respectively. The results reveal 
that the settlement reduction at the center of the tank 
base is more sensitive to variations in the stone column 
height than the stone column cross-sectional area. In 
other words, the increase in stone column height could 
control the settlement of the tank more efficiently than 
the increase in stone column area. These findings agree 
with previous studies [14, 15]. 

Figure 3.6 illustrates the consolidation curves over 
time at the center of the tank base for a diameter DSC = 1 
[m] and various heights of the stone columns. It is 
observed that for HSC=12.5 [m], the initial settlement at 
the center of the tank base accounts for 78.73% of the 
total settlement. Over five years, the total settlement 
increases to 94.81% of the final settlement (or the 
settlement over 50 years). Similarly, for HSC=25 [m], the 
initial settlement and the settlement after five years at the 
center were found to be 77.34% and 95.80%, 
respectively, relative to the settlement after 50 years. 
Those ratios were 77.14% and 96.74%, respectively, for 
HSC=37.5 [m]; and 77.69% and 97.20%, respectively, for 
HSC=50. The corresponding results for DSC = 1.25 [m] 
and DSC = 1.5 [m] are shown in Figure 3.7 and Figure 
3.8, respectively. For DSC = 1.25 [m], the initial 
settlement accounts for about 81% of the settlement after 
50 years, while the total settlement over five years 
reaches 94.24% and 97.11% of the settlement after 50 
years for HSC=12.5 [m] and HSC=50 [m], respectively. 
For DSC = 1. 5 [m], the initial settlement accounts for 
about 82% of the settlement after 50 years, while the 
total settlement over five years reaches 93.75% and 
96.97% of the settlement after 50 years for HSC=12.5 [m] 
and HSC=50 [m], respectively. 

 

 
Figure 3.4: Stone column arrangement. 
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Figure 3.5: Variation of settlement with the height of 

the stone column at the center of the tank.  
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Figure 3.6: Time-settlement response at tank-center 

when the diameter of stone columns DSC=1 [m]. 
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Figure 3.7: Time-settlement response at tank-center 
when the diameter of stone columns DSC=1.25 [m]. 
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Figure 3.8: Time-settlement response at tank-center 

when the diameter of stone columns DSC=1.5 [m]. 

 

3.2 Encased stone columns 

Encased Stone Columns are a ground improvement 
technique in which individual stone columns are installed 
vertically into the ground at specified spacing. These 
columns are then encased in a sheath of geotextile or 
geogrid materials to provide confinement and to create a 
composite structure. They offer a cost-effective and 
efficient solution for mitigating settlement issues in 
challenging soil conditions. The completely symmetric 
group comprising 49 stone columns, shown in Figure 3.4 

, which was analyzed earlier, is reconsidered herein. 
Now, it is assumed that every column is encased in a 
sheath of geogrid. The diameter and height were kept 
constant for all columns in every study case. The study 
covers three different diameters and four different 
heights of the stone column (DSC = 1, 1.25, and 1.5 [m], 
and HSC = 12.5, 25, 37.5, and 50 [m]). The material 
properties of the stone column were taken as the previous 
section following Yoo (2010) [16] as given in Table 3-1. 
The encasement stiffness was taken as 2500 [kN/m]. 

Figure 3.9 shows the total settlement under the center 
of the base plate over 50 years for various values of 
diameter and height of the encased stone column. The 
results indicate that soil settlement decreases with an 
increase in either the height or the diameter of the 
encased stone columns. The settlement at the center of 
the tank base for a stone column of diameter DSC = 1 m 
is smaller than the central settlement of the control case 
by 23.38%, 40.96%, 46.64%, and 50.27%, for column 
heights of 12.5, 25, 37.5, and 50 m, respectively. For a 
stone column with DSC = 1.25 m, the center settlement 
decreases by 24.43%, 45.59%, 53.29%, and 59.86%, 
respectively. Finally, for DSC = 1.5 m, the reductions in 
the center settlement were 25.02%, 47.56%, 57.10%, and 
67.83%, respectively. 

Increasing the diameter of relatively short columns 
(i.e., HSC = 12.5 m) has a trivial effect (i.e., less than 2%) 
on the settlement. As the column height HSC becomes 
higher, reductions in the final settlement resulting from a 
diameter increase become more pronounced. For 
instance, the percentage reduction in the settlement 
would be 17.56% more if the column diameter changed 
from 1 m to 1.5 m. 

The consolidation curves over time at the center of the 
tank base for various diameters and heights of the 
encased stone columns are shown in Figure 3.10 to 
Figure 3.12. It is evident that the majority of settlement 
occurs initially in all cases. The initial settlement 
accounts for about 80% to 87% of the final settlement (or 
the settlement over 50 years). The ratio of initial to final 
settlement is lower for smaller diameters of stone 
columns. Moreover, for smaller diameters of stone 
columns (i.e., DSC = 1 m), this ratio would be almost 
constant regardless of variations in the diameter or length 
of the encased stone column. Likewise, for DSC = 1 m, 
the settlement over five years represents approximately 
96% of the final settlement for all heights of stone 
columns under consideration. For larger diameters (DSC 
= 1.25 and 1.5 m), the ratio of settlement over five years 
to the final settlement ranges from 93% to 97%. 
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Figure 3.9: Variation of settlement with the height of 

the encased stone column at the center of the tank. 
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Figure 3.10 : Time-settlement response at tank-center 

when the diameter of encased stone columns DSC=1 [m]. 
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Figure 3.11: Time-settlement response at tank-center 

when the diameter of encased stone columns DSC=1.25 
[m]. 
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Figure 3.12: Time-settlement response at tank-center 
when the diameter of encased stone columns DSC=1.5 

[m]Lowering the foundation level of the tank. 

3.3 Lowering the foundation level of the tank 

Lowering the foundation level helps to reach more 
stable soil layers and effectively reduces the anticipated 
settlement of the tank, especially if the original intent 
was to erect the tank directly on the more compressible 
soil strata at the ground surface. Figure 3.13 presents the 
total settlement at the center of the tank base for different 
values of the foundation level with reference to the 
natural ground surface as the zero level. It can be 
observed that the settlement at the tank base improves 
noticeably as the foundation level becomes lower. In the 
study case under consideration, about one-half of the 
anticipated final settlement at the tank center could be 
avoided by erecting the lower third of the tank height 
under the ground surface. If one-half of the tank height 
were erected under the ground surface, more than 60% of 
the anticipated final settlement at the tank center could 
be excluded. Finally, about two-thirds of the final 
settlement at the tank center could be avoided by erecting 
two-thirds of the tank height below the ground surface.  
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Figure 3.13: Variation of center settlements in the base 

plate (positive when downward) for difference tank 
footing level. 

3.4 Comparison of results 

This section compares the efficiency of three 
settlement mitigation techniques examined in this study. 
The selection of these techniques is based on their 
common use in practice, namely, stone columns, encased 
stone columns, and variation in foundation level. The 
settlement-time responses over a 20-year period at the 
center of the circular base are compared in Table 3-2 and 
Figure 3.14 for the three different techniques. The results 
for both stone column improvement techniques, with and 
without encasement, are presented for a 1.5m diameter 
and 50m height stone column, with the tank base resting 
on the ground surface. Meanwhile, the results for the 
third alternative are provided for the case where the 
foundation level of the tank base is 4m below the ground 
surface. 

In the study cases involving stone columns, with or 
without encasement, the settlement-time response at the 
tank center appears to be similar for both soil 
improvement techniques. However, the resulting 
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settlement would be slightly larger in the absence of 
encasement due to the lower stiffness of the stone 
column in such cases. The majority of settlement occurs 
initially, and the consolidation rate is pronounced during 
the first couple of years, diminishing drastically 
thereafter, with only approximately 3% of the final 
settlement occurring over the next 18 years. 

In contrast, for the third alternative, where the 
foundation level of the tank was lowered, the settlement-
time response appears markedly different. The initial 
settlement is relatively smaller as the share of settlement 
in the top 4m of the natural soil is eliminated in this case. 
The consolidation of the natural soil layers continues 
over much longer time periods until the final settlement 
occurs. 

 

Table 3-2. Settlement values in time for alternative methods 

Settlement mitigation 
technique 

Settlement (in centimetres) over various time periods (in years) 
Si S1y S2y S3y S4y S5y S10y S20y 

Control model 31.94 36.17 38.40 40.10 40.90 41.26 41.75 42.14 
Stone columns 12.76 13.88 14.29 14.37 14.42 14.44 14.56 14.70 

Encased stone columns 11.97 12.90 13.19 13.25 13.30 13.34 13.48 13.58 
Foundation level is 4m 

lower 
9.75 10.52 10.85 10.94 10.99 11.05 11.96 13.01 
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Figure 3.14: Settlement response at the tank center for 

three different mitigation techniques. 

4 CONCLUSIONS 
 
This study discussed three alternatives to mitigate the 

anticipated excessive settlement of the cylindrical tanks 
full of water on Port-Said West's weak soil. These 
alternatives include soil improvement by using either the 
stone columns or encased stone columns and lowering 
the foundation level of the tank with no soil 
improvement. A prime research objective was to 
evaluate the efficiency of those alternatives in mitigating 
the settlement of circular storage tanks constructed at 
Port Said. A 3D nonlinear finite analysis was undertaken 
for layered soil represented by the Mohr-Coulomb and 
Hardening constitutive models. From the present study, 
the following conclusions could be drawn: 

1 The settlement of the cylindrical tanks decreases 
with the increase in the height or diameter of stone 
columns, whether provided with a geogrid 
encasement. The larger the diameter and the greater 
the height of the stone columns, the lower the 
anticipated settlement of a circular tank constructed 
at Port-Said West.  

2 Encased stone columns are slightly more efficient 
than stone columns in mitigating settlement. The 
majority of the anticipated settlement for both 
techniques occurs within the first two years, with 
no more than 3% of the final settlement occurring 
over the next 18 years of the tank's lifespan. 

3 For short encased stone columns (i.e., Stone column 
height = 12.5m), the anticipated settlement of a 
circular tank constructed in Port-Said West is not 
sensitive to variations in the diameter of stone 
columns. 

4 For the study case under consideration, 
approximately half of the anticipated final 
settlement at the tank center could be avoided by 
erecting the lower third of the tank height below the 
ground surface. If half of the tank height were 
erected below the ground surface, more than 60% 
of the anticipated final settlement at the tank center 
could be excluded. 

5 The three alternatives of settlement mitigation 
discussed in this study could eventually achieve 
accepted results with respect to the anticipated 
settlement of the tank. From an economical 
perspective, lowering the tank foundation level is 
the most cost-effective option, as it doesn't need 
any additional resources. In this case, the final 
settlement occurs over a longer time period if 
compared to the stone column improvement 
techniques. 
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