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ABSTRACT 

 The limitation of soil data due to poor soil investigation process is a common problem in civil engineering project. The 
finite element method was used to analyse the compatibility of foundation to support silos in Liverpool Docks. Both shallow 
foundation and pile foundation were considered. The results of the analyses are presented by comparing analytical and numerical 
solution. Parametric study was considered for each case. There are different results for two types of shallow foundation that had 
been considered. Strip foundation seemed more reliable than pad foundation, while Pile foundation considered to be first choice due 
to the satisfactory condition for all factors. 

Key Words: finite element, silo, shallow and pile foundation. 
  
 

ABSTRAK 
 Keterbatasan data tanah karena tidak dilakukannya investigasi tanah secara menyeluruh sebelum proses desain 
dan konstruksi adalah problem yang umum yang terjadi pada proyek-proyek teknik sipil.  Metode elemen hingga adalah 
dipakai untuk menganalisa  jenis pondasi yang dapat mendukung dari silos di  Pelabuhan liverpol.  Pondasi dangkal 
maupun pondasi tiang keduanya dipertimbangkan  untuk digunakan. Analisa tersebut membandingkan metode numerik 
maupun analitik. Hasil dari analysa tersebut  memperlihatkan hasil yang berbeda dari dua tipe pondasi dangkal. Pondasi 
strip memberikan nilai yang lebih optimal daripada fondasi pad. Sementara pondasi tiang  menjadi pilihan pertama  
karena kelayakan dari semua faktor yang ditinjau. 
 
Kata Kunci : elemen hingga, silo, pondasi tiang dan dangkal 

INTRODUCTION 

a. Background 
Ten tower silos are used to store combined 

weight of approximately 3000 tonnes of load. Tower 
silos were erected at quayside of Alexandra docks in 
Liverpool.  

Over the years silo builders have improved 
the design and construction of the above-ground 
portion of silos, in contrast, very little has been done 
to improve the foundation. Towers have generally 
been erected on foundations constructed by Fugro 
Limited. Who have the   necessary technology for 
adequate design and constructed. The practice was 
reasonably successful when silos were developed. 
As bigger silos were erected, however, and the 
applied foundation pressures approached the bearing 
capacity of the soils, many structures settled 
considerably, some tilted, and some overturned 
completely. This digest outlines the problem and 
indicates the need for a soil investigation to 
determine the allowable bearing capacity and 
compressibility of the soil and thus enable proper 
foundation design. 

b. The Problem 
Many tower silos constructed on clay soils 

have ring-shaped concrete foundations. To reduce 
costs, concrete floors are seldom provided. When 
the silos are developed for any purposes, part of the 
load is transmitted through the cylindrical walls to 
the footings and the remainder is carried directly by 
the soil inside the ring foundation. The underlying 
clays compress vertically under the weight of the 
loaded structure in such a way that the applied loads 
are distributed uniformly to the soil over the whole 
area enclosed by the circular foundation. This 
uniform pressure is distributed to the foundation soil 
in the form of a pressure bulb; its size and shape, 
determined by elastic theory, are related directly to 
the diameter of the loaded area as shown in Figure 
1. Here, two footings of different size carry the same 
uniform load, but the pressure bulb under the larger 
foundation is much larger and deeper. In each case 
the maximum vertical pressure occurs immediately 
below the footing and diminishes to 10 per cent of 
this value at a depth equal to twice the diameter of 
the foundation. If the applied stresses within the 
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ANALYTICAL DESIGN 

a. Pad Foundation 

Table 1. Bearing Capacity of Pad Foundation 

Layer Depth 
(m) 

cu 
(kPa) 

vσ  
(kPa) 

qult 
(kPa) 

 

 1 0.6 60 0.00 386.43 
1 2.2 60 46.20 432.63 
2 4.65 30 72.87 266.10 
3 7.07 35 94.90 320.30 
4 11.25 25 137.30 297.90 

 
Settlement 

The flexible Settlement Strip Foundation Settlement 
are: 

Table 2. Settlement of Pad Foundation 

Depth 
(m) 

ρi 
(mm) 

ρc(centre) 
(mm) 

ρc(corner) 
(mm) 

ρc(side) 
(mm) 

ρdiff 
(mm)

ρ(total) 
(mm) 

18 23 123.8 52.8 74.3 71 146 

Parametric Studies 
Table 3. Bearing Capacity with different strength 

properties of the soil 
cu 

(kPa) 
qult 

(kPa) FoS Increase in FoS

40 257.62 1.31 -51% 
50 322.02 1.64 -20% 
60 386.43 1.97 0.0% 
70 450.83 2.30 +17.0% 
80 515.23 2.63 +34% 

 
b. Strip Foundation 

Table 4. Bearing Capacity of Strip Foundation 

Layer Depth 
(m) 

cu 
(kPa) 

vσ  
(kPa) 

qult 
(kPa) 

1 0.6 60 0.00 386.43 
2 2.2 60 46.20 432.63 
3 4.65 30 72.87 266.10 
4 7.07 35 94.90 320.30 
5 11.25 25 137.30 297.90 

Settlement 

Table 5. Settlement of Strip Foundation 
Depth 
(m) 

ρi 
(mm) 

ρc(centre) 
(mm) 

ρc(corner) 
(mm) 

ρc(side) 
(mm) 

ρdiff 
(mm)

ρ(total) 
(mm) 

18m 18.8 118 33 59 85 137 

Parametric Studies 

Table 6. Bearing Capacity with different strength 
properties of the soil 

No cu 
(kPa) 

qult 
(kPa) FoS Increase in Bearing 

Capacity 
1 40 223.43 2.87 -50% 
2 50 279.30 3.59 -20% 
3 60 335.14 4.31 0.0% 
4 70 391.00 5.03 +17.0% 
5 80 446.85 5.76 +34% 

b. Pile Foundation 
Bearing Capacity  
Table 7. Bearing Capacity of Single Pile  

Depth 
(m) 

Qb 
(kN) 

Qs 
(kPa) 

Qult 
(kPa) 

qn 
(kPa) FoS 

18 108 1221 282 488 2.73 

Checking by Eurocode 
Rcd > qn = 678.8kN > 488kN, This is satisfactory 

Settlement 

Table 8. Settlement of Pile Foundation 
Depth 

(m) 
ρicentre 
(mm) 

ρi(corner) 
(mm) 

ρi(side) 
(mm) 

Ρaverag 
(mm) 

Ρ(total) 
(mm) 

18 48 12 43 35 21 

Parametric Studies 
Table 9. Bearing Capacity with different strength 

properties of the soil 

cu 
(kPa) 

Qb 
(kPa) 

Qs 
(kPa) FoS 

Change 
Bearing 
Capacity

60 81.09 1129.98 2.28 -19.5% 
70 94.61 1175.80 2.60 -4.6% 
80 108.15 1221.60 2.72 0.0% 
90 121.64 1269.95 2.85 +4.8% 

100 135.15 1316.53 2.97 +9.5% 
 

 
NUMERICAL DESIGN 

In this chapter the design of types of 
foundation in the previous chapter will be reviewed 
and examined using the finite element approach 
with the help of a computer programme SAFE in 
OASYS-GEO 17.9. The input and output 
parameters are the same as the parameters in the 
analytical design. A study about variation of 
parameters and convergence study will be produce. 
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a. Pad Foundation 

Table 9. Results of the finite element modelling 
compared to the analytical solutions 

Parameter Analytical 
Result 

Numerical 
Result 

Difference
(%) 

FoS 1.97 1.25 57 
Settlement 122 44 199 
 
Parametric Study 

Bearing Capacity 
 
Table 10. Failure load for runs with different 

strength properties of the soil 
cu 

(kPa) 
Failure Load 

(kN/m2) FoS Change in 
Bearing Capacity

40 204 < q < 206 1.05 -19.1% 
50 224 < q < 226 1.15 -8.6% 
60 243 < q < 245 1.25 0.0% 
70 261 < q < 263 1.34 +7.5% 
80 277 < q < 279 1.42 +13.7% 

 
Settlement 

Figure 4. Settlement versus incremental loading for 
increasing soil strength. 
 

 
Figure 5. Settlement versus incremental loading for 
decreasing soil strength. 
 
 
 

 
b. Strip Foundation 
 
Table 11. Results of the finite element modelling 

compared to the analytical solutions 

Parameter Analytical 
Result 

Numerical 
Result 

Difference 
(%) 

FoS 4.2 2.6 61.5 
Settlement 137mm 98mm 40.0 

 
Parametric Study 
 
Bearing Capacity 
 
Table 12. Failure load for runs with different 

strength properties of the soil 
Cu 

(kPa) 
Failure Load 

(kN/m2) FoS  
Change  
In FoS 

40 172 < q < 174 2.05 -21.7% 
50 186 < q < 188 2.37 -9.5% 
60 203 < q < 205 2.62 0.0% 
70 222 < q < 224 2.82 +7.8% 
80 246 < q < 248 3.03 +15.7 

 
Settlement 
  

 

Figure 6. Settlement versus incremental loading for 
decreasing soil strength. 
 

 

Figure 7. Settlement versus incremental loading for 
decreasing soil strength. 
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c. Pile Foundation 
  
Table 13. Results of the finite element modelling 

compared to the analytical solutions 

Parameter Analytical 
Result 

Numerical 
Result 

Difference 
(%) 

FoS 2.73 1.75 56 
Settlement 21mm 19.1mm 10 

 
Parametric Study 
 
Bearing Capacity 
 
Table 14. Failure load for runs with different 

strength properties of the soil 

Cu 
(kPa) 

Failure Load 
(kN/m2) FoS 

Change in 
Bearing 
Capacity 

40 178 < q < 180 1.53 -14.5% 
50 191 < q < 193 1.64 -6.6% 
60 201 < q < 203 1.75 0.0% 
70 208 < q < 210 1.78 +1.8% 
80 220 < q < 222 1.89 +8.0% 

 
Settlement 
    

Figure 8. Settlement versus incremental loading for 
increasing soil strength. 
 

Figure 9. Settlement versus incremental loading for 
decreasing soil strength. 

 

 DISCUSSION 

The analytical and numerical design studies 
were based on the same data input. Nevertheless 
both of the methods usually produce different 
results.      

a. Pad Foundation 

According to the analytical and numerical 
predictions showed that the pad foundation seems 
unsatisfactory to support the silos. There are several 
factors base of those reason. In term of bearing 
capacity factor produced by analytical method 
shows that the value of factor safety against bearing 
failure is 1.92 which is lower than the limit value of 
failure ( 5.2 ). In addition, at the second layer of 
soils the value of factor of safety decreased to 1.36 
which is unsatisfactory. And at the third and fourth 
layer the value of factor of safety was fluctuated to 
be 1.63 and 1.52 respectively. 

The numerical result analysis appears that the 
value of factor of safety against bearing failure 
slightly lower than the analytical method. The factor 
of safety was produced by numerical analysis of 
1.25 that it is lower than the limit value of factor of 
safety. It can be conclude that numerical method 
produces lower results than analytical design. 

The settlement analysis performed by both 
methods showed that the settlement seemed    a 
problem in the pad foundation. It can be seen from 
Table 9 that the analytical and numerical results 
present the settlement about 122mm and 41mm 
respectively. Which is the settlement is in critical 
condition. In addition, the difference settlement 
provides by analytical method is approximately 
71.04 mm, that is can cause the crack on the top of 
foundation and will impact the stability of the silos. 
When the parametric study been process to decrease 
and increase of the strength of the soil, a change of 
settlement by both study are 17% and 20% 
respectively, where it seemed not really important 
effect of the settlements as shown in Table 10 and  
Figure 4 and 5.         

As the low of factor of safety in case of pad 
foundation design, it seems that some factor could 
be a problem in the term of the pad foundation been 
applied. First, plastic deformation might be present 
due to the inconsistency of the factor of safety in 
several layers, leading to movement of the 
foundation greater than settlements; in extreme case 
failure will occur.  

Another problem that could be occur and 
should be taken under consideration is the non-
uniform placement of fill during filling. When the 
load from the content and the silos is off centre, as 
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the result, the pressure bulb will be disorder, as 
shown in figure 2(a). Strong winds acting on tall silo 
can produce the same effect. The local overstressing 
of the foundation soil may cause tilting, and unless 
the problem is remedied it may increase with time 
until the silo overturns.       

If two or more silos are constructed too close 
to each other, consequently, the pressure bulb will 
overlap, as shown in figure 2(b). Because of 
pressure are additive, the resulting pressure bulb 
will be much larger and will extend to greater 
depths. In the overlap zone, the soil will be 
subjected to higher stresses and the foundation in 
this region will be settling more, causing the silos to 
tilt toward each other. 

The construction cost for the pad foundation 
will be very expensive, because it is required large 
amount of concrete and long time construction 
process. It is also required advance of site 
investigation to secure of stability of the silos in 
long-term period. And the space could be a problem 
for constructing the pad in the site due to the 
limitation of the area.  

b. Strip Foundation 

As can been seen from the analytical and 
numerical predictions, that showed the strip 
foundation seems feasible to support the silos in 
term of factor of safety. There are several factors 
base of those reason. In term of bearing capacity 
factor produced by analytical method shows that the 
value of factor safety against bearing failure is 4.2 
which is satisfactory. In addition, at the second layer 
of soils the value of factor of safety decreased to 3.0 
which is satisfactory. And at the third and fourth 
layer the value of factor of safety was consistence 
decrease in 3.6 and 3.5 respectively. However, the 
numerical result analysis appears that the value of 
factor of safety against bearing failure lower than 
the analytical method. The factor of safety was 
produced by numerical analysis approximately 2.6 
that it is near to the limit value of factor of safety of 
2.5. It seems that the numerical method produces 
lower results than analytical design. 

The settlement analysis performed by both 
methods showed that the settlement is big case that 
really a problem in term of strip foundation been 
applied. It can be seen from Table 11 that the 
analytical and numerical results present the 
settlement about 137mm and 98mm respectively. 
Which is the settlement is in critical condition. In 
other hand, the difference settlement showed by 
analytical method is very high that it is 
approximately 85mm, that it is can cause the crack 
on the top of foundation and will impact the stability 

of the structure of the silos. In extreme case can 
cause the failure of the silos.              

As the high of the settlement and the 
difference settlement predicted in strip foundation 
design, it can be conclude that the strip foundation 
unfeasible for the silos. Furthermore, nine silos 
build in the row requires large of space along the 
docks, unfortunately, limited space is a problem in 
the site due to existing structure.   

The construction cost for the strip foundation 
will be very expensive, because it is required large 
amount of concrete and long time construction 
process. It is also required advance of site 
investigation to secure of stability of the silos in 
long-term period.  

c. Pile Foundation 

According to the analytical result that pile 
foundation is feasible for the silos, which the 
settlement predicted is approximately 21mm that is 
can be neglected, So that the results obtained prove 
that the pile foundation is considered to the most 
feasible choice for support the silos. Furthermore, 
the numerical predictions showed as same as 
analytical prediction that the pile foundation seems 
satisfactory to support the silos. In the other hand, 
checking by Eurocode that all the conditions had 
been satisfied for the safety of the structure. That 
means that the little difference in prediction between 
numerical and analytical is not really significant that 
can affect the structure.  It could be conclude as 
satisfactory.  

In term of bearing capacity factor produced 
by analytical method shows that the value of factor 
safety against bearing failure is 2.73 which is higher 
than the limit value that have  been given ( 5.2 ). 
However, at the pile group analysis, the value of 
factor of safety is very high approximately 9.6 
which it is satisfactory. In other hand, numerical 
prediction is rather pessimistic where the factor of 
safety was presented approximately 1.75. The factor 
that caused the low of factor safety produce by 
numerical could be the lack of soil information that 
presented and the conservative assumption that been 
chosen in order to carry out the design procedure. In 
addition, the groundwater level was been taken 
rather conservative, while it has important effect on 
ultimate bearing capacity of foundation. With the 
high groundwater levels, the effective stresses in the 
ground are lower than when the soils immediately 
below the foundation are dry, and the ultimate 
bearing capacity is reduced. 

The settlement analysis performed by both 
methods showed that the settlement is not really a 
problem in the pile foundation. It can be seen from 
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Table 13 that the analytical and numerical results 
present the settlement about 21mm and 19.1mm 
respectively. Which it is can be neglected. The 
difference about the prediction of the settlement 
analysis by both methods is approximately 10%. 

Many types of pile for support the silos 
structure are available. Driven and cast in places 
piles are economical for land structure. But the 
ground heave and the vibration associated with the 
installation can cause destabilization of quay wall. 
Bored and cast in the place are the cheapest types of 
the pile, which it is possible to be chosen because it 
will keep the cost of foundation efficiently.      

The construction cost for the pile foundation 
will be cheaper than other types of foundation, 
because it is not required large amount of concrete 
and short time construction process.  

CONCLUSION 

As the result of analytical and numerical 
design of the foundation for support the silos, there 
are several point that can be conclude: 

The pad foundation proved to be unsuitable 
from any aspects of foundation design, as can been 
seen from the results of factor of safety against 
failure were unsatisfactory predicted both by 
analytical and numerical methods. Where it could be 
cause plastic deformation within the soil. 
Furthermore, t will lead to movement of the 
foundation greater than settlements; in extreme case 
failure will occur. Furthermore, the pad foundation 
will be expensive structure due to required large 
quantity of concrete and time consuming. 

In the terms of factor of safety the strip 
foundation seemed to be feasible for the silos. 
Because the high value of factor of safety predicted 
by analytical methods. However, the settlement is 
really a critical problem that faced by strip 
foundation. Both numerical and analytical predicted 
the critical value of settlement. In addition, the 
difference settlement showed by analytical method 
is very high that it can cause the crack on the top of 
foundation and will impact the silo’s structure.     As 
the high of the settlement and the difference 
settlement predicted in strip foundation design, it 
can be conclude that the strip foundation is 
unreliable for the silos. Furthermore, nine silos build 
in the row requires large of space along the docks, 
unfortunately, limited space is a problem in the site 
due to existing structure on the site. 

Analytical and numerical results obtained 
prove that the pile foundation is considered to the 
most feasible choice for support the silos. 

Furthermore, the numerical predictions showed as 
same as analytical prediction that the pile foundation 
seems satisfactory to support the silos. In the other 
hand, checking by Eurocode that all the conditions 
had been satisfied for the safety of the structure. 
Bored and cast in the place are the cheapest types of 
the pile, which it is possible to be chosen because it 
will keep the cost of foundation efficiently. The 
construction cost for the pile foundation will be 
cheaper than other types of foundation, because it is 
not required large amount of concrete and short time 
construction process.  
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