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Annex 4 

ABSTRACT 

For any building the safe transfer of the superstructure’s load to the foundation is one 

of the most critical component of the design. At every building site due to varying 

geotechnical and geophysical conditions a unique design is required therefore 

advocating the detailed geotechnical analysis. 

In this project we have divided the design and analysis into two major parts, 

 Shallow Foundations 

 Deep Foundations 

In both these types of foundations we checked the Shear Criteria and Settlement Criteria 

for various shapes, conditions and methods of analysis and resulting in proposing the 

most suitable and economical design parameters for particular sites and conditions.  

 Moreover, the development of an extensively detailed computer program on Microsoft 

Excel and Microsoft Visual Studio Community Edition (using C# language) using 

various methods and techniques for foundation analysis and design which is designed 

as an end product of this project.  

In the end, the user gets a detailed report about the bearing capacities of various types 

of foundations based on shear and settlement criteria by just putting the basic field 

parameter as inputs. 
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Annex 7 

CHAPTER 1 

INTRODUCTION 

1.1 General 

Foundation is a part of a structure which provides support to the structure and the loads 

coming from it. Thus, foundation means the soil or rock that ultimately supports the 

load and any part of the structure that serves to transmit the load into the soil. 

The design of foundations has evolved tremendously over the past years due to the 

extensive research on the behavior and properties of soils. Previously, very little 

consideration was given to the design of foundations. The ability of the structural 

element to transmit the load is limited by the capability of the soil to support the loads. 

Therefore, a foundation failure may destroy the superstructure as well while a failure 

in the superstructure might result only in the localized damage and does not necessarily 

mean failure of the foundation. 

 As a result, it is necessary to conduct extensive soil investigations in order to obtain 

accurate geotechnical properties. These values facilitate in determining the most 

appropriate foundation applicable to the given strata. 

So, our group took this as our Undergraduate Final Year Project because we wanted to 

obtain a complete experience and understanding of the various engineering aspects 

related to foundation design and analysis which will inevitably be extremely beneficial 

in our professional career. 

1.2 Objectives 

The basic purpose of taking this project is to study in depth the vast set of geotechnical 

principals and techniques and their application in the real life problems. Our team is 

trying to achieve our objectives via following practices: 

 

 



14 

 

1.2.1 Relate the theoretical knowledge with practical application  

Gaining the theoretical knowledge is also as important as gaining the technical and 

practical knowledge. Through this project, we gained all the required knowledge, 

conditions, methods, requirements and techniques required for the analysis and design 

of foundations and then implementing those finding in real life projects. 

1.2.2 Develop a simple yet extensive software  

Extensive and rigorous calculations are main part of our project. The soil data that we 

collect from the site is then analyzed using various methods and formulae to achieve an 

optimum design for the foundation. For this purpose, our team would make various 

simple and complex spreadsheets which were later converted into a portable computer 

software which is user friendly and is able to handle all kinds of problems and cases 

with speed and ease. The development of this project is not only helpful for us to master 

our concepts but will be useful throughout our professional careers and can have some 

industrial applications and uses in the near future.  

1.2.3 Learning various software 

In the entire working of our project we learned and mastered various software which 

will be useful in our professional lives: 

 Microsoft Word 

 Microsoft Excel 

 Microsoft Visual Studio 

 Adobe Illustrator  

 Prezi 

 

1.3 Why Foundation Design and Analysis? 

As it is already clear from the above mentioned introduction and objective we choose 

Design and Analysis of Foundations as our Final Year Project because foundation is 

the basis of any civil structure. Design of a foundation does not belong to a single 

subject of civil engineering but it’s a combinations of Geotechnical Engineering, 

Structural Engineering, Construction Economics, Surveying and Hydraulics 

Engineering etc. These subject have played a major part on our civil engineering degree 
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so our team felt that foundations would be the ideal topic to sum it all up and achieve 

an end product of all our learnings. 

1.4 Academic Project Outcomes 

 Other than the main objective of developing our geotechnical knowledge and practical 

skills the scope of this project goes beyond that thus making it a very dynamic project. 

We have merged various fields of engineering in our one single project ranging from a 

geotechnical engineering to a software developer.  

The following are the fundamental academic outcomes of our project which 

encompasses these attributes: 

 Understanding 

 Accuracy  

 Coherence  

 Ease 

All these attributes play a vital role when fresh engineers step into their professional 

carriers. These elements will become the stepping stones in a geotechnical design of a 

foundation, by that concluding this thesis. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1 General 

Foundations can be classified as shallow and deep foundations depending upon the 

depth of the soil which is affected by the foundation leading and consequently affect 

the foundation behaviors. These two types can be further subdivided into different types 

of foundations which are normally seen in the field.  

 

Figure 1 Types of foundations 
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2.2 Shallow Foundations: 

2.2.1 Introduction 

Shallow foundations are those which transfer load to the near surface soils. The depth 

of shallow foundation is less or equal to width of foundation. Depending on the load 

imposed there are multiple types of a shallow foundation 

 Square footing  

 Strip footing 

 Rectangular footing 

 Circular footing 

 Mat foundation 

 Combined footing 

 

 

Figure 2 Types of shallow foundations 
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To perform satisfactorily, shallow foundations must have two main characteristics: 

 The foundation must be stable against shear failure of supporting soil. 

 The foundation must not settle beyond a tolerable limit to avoid damage to 

structure. 

Other major factors include the depth and location of foundation. 

Factors effecting the choice of foundation are: 

 Function of structure 

 Load the structure has to carry 

 The subsurface condition of soil 

 The cost of the structure 

2.2.2 Steps for foundation selection  

 Calculate the loads acting on the footing 

 Obtain soil profiles along with pertinent field and laboratory measurement and 

testing results 

 Determine the depth and location of the footing 

 Evaluate the bearing capacity of the supporting soil 

 Determine the size of the footing   

 Compute the footing’s contact pressure and check its stability against sliding and 

overturning  

 Estimate the total and differential settlements Design the footing structure 

Now calculate cost of each type of footing, which are suitable for such conditions and 

choose the type which provide perfect balance between cost and performance. 

2.2.3 Depth and location of foundation 

Foundations must be located properly. The depth and location of foundations are 

dependent on the following factors: 

 Frost action. 

 Significant soil volume change. 

 Adjacent structures and property lines. 
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 Groundwater. 

 Underground defects. 

 Building codes 

 

2.2.4 Types of failure: 

2.2.4.1 General Shear Failure (Dense Sand) 

 

Figure 3 General shear failure 

 

 When relative density >67% 

 When settlement reaches 7% of foundation width. 

 Considerable bulging 

 

2.2.4.2 Local Shear Failure 

 

Figure 4 Local shear failure 

                                 

 When relative density is between 30%-67% 

 When settlement exceeds 8% of foundation width 
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2.2.4.3 Punching Shear Failure (relatively loose soil)  

 

Figure 5 Punching shear failure 

 

 

 When relative density is <30%, no bulging on sand surface. 

 When settlement reaches 6-8% of foundation width 

 

 

Figure 6 Failure for footings in sand 

2.2.5 Bearing Capacity Theories Shear Criteria  

Bearing capacity refers to the ability of a soil to support or hold up a foundation and 

structure. The ultimate bearing capacity of a soil refers to the loading per unit area that 

will just cause shear failure in the soil. It is given the symbol qult. The allowable bearing 

capacity (symbol qa) refers to the loading per unit area that the soil is able to support 

without unsafe movement. We will discuss all utilized theories in this portion. 
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2.2.5.1 Terzaghi’s Bearing Capacity Theory  

Terzaghi (1943) was the first to present a comprehensive theory for the evaluation of 

the ultimate bearing capacity of rough shallow foundations. In the derivation of the 

equation, Terzaghi made the following assumptions: 

 The soil is homogeneous, isotropic and Columb’s law of shear strength is valid. 

 The footing is continuous and has a rough base. 

 Failure zone does not extend above the base of the foundation. 

 Shear resistance of the soil above the base of the foundation is neglected. 

 The soil above the base of the foundation is replaced by a uniform surcharge. 

 Principal of superposition holds good. 

Terzaghi developed bearing capacity equations for different types of footings. For 

general shear failure 

Continuous footings (width B):    𝒒𝒖𝒍𝒕 = 𝒄′𝑵𝒄 + ɣ𝑫𝒇𝑵𝒒 + 𝟎. 𝟓ɣ𝑩𝑵ɣ 

Circular footings (radius B):    𝒒𝒖𝒍𝒕 = 𝟏. 𝟐𝒄′𝑵𝒄 + ɣ𝑫𝒇𝑵𝒒 + 𝟎. 𝟑ɣ𝑩𝑵ɣ  

Square footings (width B):     𝒒𝒖𝒍𝒕 = 𝟏. 𝟐𝒄′𝑵𝒄 + ɣ𝑫𝒇𝑵𝒒 + 𝟎. 𝟒ɣ𝑩𝑵ɣ  

For local shear failure, the basic change is c=0.667 c, so revised equations are: 

Continuous footings (width B):    𝒒𝒖𝒍𝒕 = 𝟎. 𝟔𝟔𝟕𝒄′𝑵𝒄 + ɣ𝑫𝒇𝑵𝒒 + 𝟎. 𝟓ɣ𝑩𝑵ɣ 

Circular footings (radius B):    𝒒𝒖𝒍𝒕 = 𝟎. 𝟖𝟔𝟕𝒄′𝑵𝒄 + ɣ𝑫𝒇𝑵𝒒 + 𝟎. 𝟑ɣ𝑩𝑵ɣ  

Square footings (width B):     𝒒𝒖𝒍𝒕 = 𝟎. 𝟖𝟔𝟕𝒄′𝑵𝒄 + ɣ𝑫𝒇𝑵𝒒 + 𝟎. 𝟒ɣ𝑩𝑵ɣ 

Where  

                     C’ = cohesion of soil 

                     ɣ = unit weight of soil 

     𝑵𝒄 , 𝑵𝒒 , 𝑵ɣ = Bearing capacity factors 
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The equation of all bearing capacity factors used in above equations are given as 

following: 

𝑁𝑞 =
𝑎𝜃

2

2𝑐𝑜𝑠2(45 −
∅′

2
)
 

𝑎𝜃
2 = 𝑒

𝜋(0.75−
∅′

360
)𝑡𝑎𝑛∅′

 

𝑁𝑐 = (𝑁𝑞 − 1)/𝑡𝑎𝑛∅′ 

𝑁𝛾 ≅
2(𝑁𝑞 + 1)𝑡𝑎𝑛∅′

1 + 0.4sin (4∅′)
 

For  ∅′ = 0 , cohesive soil the values of these bearing capacity factors are 𝑁𝑐 = 5.7,  

 𝑁𝑞 = 1.0, 𝑁𝛾 = 0 

For Purely cohesion less soil, c=0 the value of 𝑁𝑐 = 0 . These modifications are applied 

to equation described before to use them in Excel for calculation of these bearing 

capacity parameters. 

 

 

Figure 7 Graph  for N factor
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2.2.5.2 Effect of water table on bearing capacity  

Based on location of water table below ground surface there may be three different 

cases when water table have effect on bearing capacity. 

Case-1: If depth of water is between ground surface and depth of footing, 0≤ 𝐷𝑤 ≤ 𝐷𝑓, 

then q in bearing capacity equation is calculated as: 

𝑞 = 𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 𝑠𝑢𝑟𝑐ℎ𝑎𝑟𝑔𝑒 = 𝐷1𝛾 + 𝐷2(𝛾𝑠𝑎𝑡 − 𝛾𝑤) 

Case-2: If depth of water is such that it is below footing but should not more than width 

of footing,𝐷𝑓 ≤ 𝐷𝑤 ≤ (𝐷𝑓 + 𝐵). Then, 

�̅� =
1

𝐵
{𝛾𝑑 + 𝛾′(𝐵 − 𝑑)} 

Case-3: If depth of water is below the footing such that 𝐷𝑤 ≥ 𝐷𝑓 + 𝐵, then water will 

have no effect on ultimate bearing capacity. 

 

 

Figure 8 Effect of water table on bearing capacity 

2.2.5.3 General bearing capacity equation 

Terzaghi developed the general bearing capacity equation by using the equations 

developed by Prandtl. 
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Meyerhof modified Terzaghi’s bearing capacity theory for strip footings to incorporate 

shape, inclination, and depth. 

𝑞𝑢 = 𝑐𝑁𝑐𝑠𝑐𝑑𝑐𝑖𝑐 + 𝑞𝑁𝑞𝑠𝑞𝑑𝑞𝑖𝑞 + 0.5𝛾𝐵𝑁𝛾𝑠𝛾𝑑𝛾𝑖𝛾 

Later on Hanson modified the Meyerhof’s work by introducing the two more factors 

accounting for base tilt and foundation on slopes. 

Vesic used following equation for the computation of bearing capacity factors: 

𝑁𝑞 = 𝑒𝜋𝑡𝑎𝑛∅′𝑡𝑎𝑛2 (45 +
∅′

2
) 

𝑁𝑐 =
𝑁𝑞 − 1

𝑡𝑎𝑛∅′
 

For ∅′ = 0                                          𝑁𝑐 = 5.14 

Although these expression for 𝑁𝑐 and 𝑁𝑞 are the same but all of them use different 

equations for the calculation of 𝑁𝛾. 

Meyerhof                               𝑁𝛾 = (𝑁𝑞 − 1) tan(1.4∅′) 

Hanson                                        𝑁𝛾 = 1.5(𝑁𝑞 − 1)𝑡𝑎𝑛∅′ 

Vesic                                    𝑁𝛾 = 2(𝑁𝑞 + 1)𝑡𝑎𝑛∅′ 

Out of these equation stated above Terzaghi’s bearing capacity equations are most 

popular, Hanson and Meyerhof are used widely, while Vesic is not used extensively. 

 

2.2.5.4 Skempton’s method  (For Clay): 

Skempton gave his method in 1951 to calculate bearing capacity for cohesive soil 

(∅ = 0). 

When encountering the clays, one may use the following equation for bearing capacity 

calculation based on shear 
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𝑞𝑑(𝑛𝑒𝑡) = 5𝑆𝑢(1 +
0.2𝐷𝑓

𝐵
)(1 +

0.2𝐵

𝐿
) 

Here,                          𝑆𝑢= undrained shear strength 

                                  L= length of footing 

The value of undrained shear strength (𝑆𝑢) can be calculated from spt-N value by using 

following relations. 

             Terzaghi and peck (1967)                   𝑆𝑢(𝐾𝑃𝑎) = 6.25𝑁 

             Hara et al (1974)                                𝑆𝑢(𝐾𝑃𝑎) = 29𝑁0.72 

            Sowers (1979)                                   𝑆𝑢(𝐾𝑃𝑎) = 7.5𝑁 

            Sivrikaya & Togrol (2002)                𝑆𝑢(𝐾𝑃𝑎) = 3.35𝑁 

           Farzad & Behzad (2011)      𝑆𝑢(𝐾𝑃𝑎) = 1.5𝑁 − 0.1𝑤𝑛 − 0.9𝐿𝐿 + 2.4𝑃𝐼 + 21.1  

After calculating 𝑆𝑢 from these method we take average to use the value of undrained 

shear strength for bearing capacity calculation by Skempton’s Method. 

2.2.6 Bearing Capacity Theories Settlement Criteria 

The bearing capacity of footing on clay is not affected by the size of footings, it remains 

constant. However, the settlement is increases with an increase in size of the footing. 

For footing design, it is essential to consider both settlement criteria and shear (bearing 

capacity) criteria to decide safe bearing pressure. 

When footing is designed on stiff clay, hard clay and other firm soil, it does not need 

settlement analysis if design provides a minimum factor of safety of 3 on the net 

ultimate bearing capacity of the soil. But for soft clay, compressible silt and weak soils 

settlement analysis is necessary, even under moderate pressure. 

2.2.6.1 Effects of settlement 

A structure may settle in two different days; it may settle uniformly or differential 

settlement may occur. If a structure settles uniformly, there will be no detrimental 
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effects. The most that can happen is that the structure’s utilities will be disrupted. This 

can only be, if there is uniform load and the soil is homogenous. Although, it is to be 

noted outside certain permissible limits, even uniform settlement can be devastating. 

Differential settlement between parts of structure may not exceed 75% of the absolute 

settlement. Settlement calculations should be done with great caution and care, keeping 

in view the cost of project. 

Generally, there are two major components of foundation settlement one is elastic 

settlement and other is consolidation settlement. Consolidation settlement consist of 

two parts one is primary consolidation settlement and other is secondary consolidation 

settlement. Elastic settlement is mainly for foundation on granular soils. There is 

different method to calculated elastic settlement for the foundation on granular soil. 

2.2.6.2 Terzaghi and Peck’s method  

Terzaghi and Peck proposed a relation for the calculation of elastic settlement based on 

observed settlement in 1948. This relation is between allowable bearing capacity, 

standard penetration test (SPT) N value and width of footing. 

𝑆𝑒 = 𝐶𝑤𝐶𝐷

3𝑞

𝑁60
(

𝐵

𝐵 + 0.3
) 

Where, 

𝐶𝑊= ground water table correction  

𝐶𝐷 = depth of embedment correction = 1 − (
𝐷𝑓

4𝐵
)  

𝐷𝑓 = depth of embedment (footing) 

If the depth of water table is equal to or greater than 2B below the foundation, the 

magnitude of 𝐶𝑤 is equal to 1, and if the depth of water table is less than or equal to B 

below the foundation it is equal to 2. 
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2.2.6.3 Meyerhof’s method  

Meyerhof proposed relationships for the elastic settlement based on observed 

settlement in 1956, for foundations on granular soil. But later on he had applied 

correction for water table location and depth of footing. 

For B≤1.22m,  

𝑆𝑒 = 𝐶𝑤𝐶𝐷

1.25𝑞

𝑁60
 

For B>1.22m, 

𝑆𝑒 = 𝐶𝑤𝐶𝐷

2𝑞

𝑁60
(

𝐵

𝐵 + 0.3
)

2

 

Where 

𝐶𝑤 = water dept correction = 1.0 

𝐶𝐷 = depth of footing correction = 1 − (
𝐷𝑓

4𝐵
) 

2.2.6.4 Peck and Bazaraa’s method  

In 1969, Peck and Bazaraa found that relation provided by Terzaghi and Peck was 

overly conservative and they give a relation for the elastic settlement. 

𝑆𝑒 = 𝐶𝑤𝐶𝐷

2𝑞

(𝑁1)60
(

𝐵

𝐵 + 0.3
)

2

 

Where 

𝑆𝑒 = settlement in mm 

𝐶𝐷 = 1 − 0.4(
𝛾𝐷𝑓

𝑞
)0.5 

𝐶𝑤 =
σo at 0.5B below the foundation

σo′ at 0.5B below bottom of foundation
 

𝜎𝑜 = total overburden pressure 
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σo′ = effective overburden pressure  

For 𝜎𝑜′ ≤ 75𝐾𝑁/𝑚2 ,              (𝑁1)60 =
4𝑁60

1+0.04𝜎𝑜′
 

For 𝜎𝑜′ > 75𝐾𝑁/𝑚2,                (𝑁1)60 =
4𝑁60

3.25+0.01𝜎𝑜′
 

2.2.6.5 Schmertmann’s method  

𝛿 = 𝐶1𝐶2𝐶3𝑞′𝛴(
𝐼𝐸𝛥𝑧

𝐸𝑠
) 

Where, 

𝐶1 = Depth factor 

𝐶2 = Secondary creep factor 

𝐶3 = Shape factor 

q’ = Net bearing pressure 

𝐼𝐸 = Strain influence factor at the 

midpoint of soil layer 

Δz = Thickness of soil layer 

𝐸𝑠 = Equivalent modulus of 

elasticity in soil layer 

𝐶1 = 1 − 0.5[
𝜎𝑧𝐷

𝑞′
] 

𝐶2 = 1+0.2log[t/0.1] 

𝐶3 = 1.03-1.03 L/B≥ 0.73 

𝜎𝑧𝐷 = Effective stress at    depth D 

 𝑡 = Time since application of load (years) 

L= Foundation length 

B= Foundation width 

The equivalent modulus of elasticity can be ascertained using the number of blows 

obtained from SPT. 

Figure 9 Graph for Schmertmann's Method for 

Settlement (in sand) 
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𝐸𝑠 = 766𝑁60  in KPa 

𝐸𝑠 = 766𝑁60  in Ksf 

𝐸𝑠 = 𝛽𝑜√𝑂𝐶𝑅 + 𝛽1𝑁60 

 

 

Where the values of 𝛽𝑜 and 𝛽1 can be derived from the table 

 

Figure 10 Table for Values of βo and β1 

The methodology that governs the settlement calculation is as follows: 

 Perform appropriate testing  

 Divide the zone of influence into layers, with thickness of each layer depending 

upon the variation of E with depth profile 

 Compute the peak strain influence factor 

 Compute the peak strain influence factor at the mid-point of each layer  

 Compute the correction factors 

 Finally determine the settlement 

 

2.2.6.6 Burland and Burbidge method 

 Burland and Burbidge proposed an empirical relation for the settlement calculation of 

foundation on granular soil in 1985, which uses the SPT-N value to calculate settlement 

of foundation. 

For L/B=1, 

𝑆𝑒 = 𝐵0.75
1.7

�̅�1.4
(𝑞 −

2𝜎𝑜
′

3
) 
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For L/B>1, 

𝑆𝑒 = 𝐵0.75
1.7

�̅�1.4
(𝑞 −

2𝜎𝑜
′

3
)(

1.25𝐿

𝐵
𝐿

𝐵
+ 0.25

)2 

2.2.6.7 Bearing capacity based on SPT (for 25mm settlement)  

 There is different method available to calculate bearing capacity from SPT-N value. 

These methods are based on maximum allowable settlement 25mm. 

2.2.6.7.1 Modified Meyerhof method 

Meyerhof (1965) suggested the following procedure to obtain allowable bearing 

pressure to give a settlement of 25 mm. The equation proposed by Meyerhof was found 

to be very conservative and Bowles (1982) modified this equation. The equation 

proposed is: 

For B ≤ 1.2𝑚                             𝑞𝑠 = 20𝑁𝑐𝑜𝑟 ∗ 𝐹𝑑 ∗ 𝑅𝑤 

For B> 1.2𝑚                             𝑞𝑠 = 20𝑁𝑐𝑜𝑟 ∗ 𝐹𝑑 ∗ 𝑅𝑤(
𝐵+0.3

𝐵
)2 

2.2.6.7.2 Modified Teng’s method  

Teng (1962) based on the work of Terzaghi and Peck gave a relationship for allowable 

bearing capacity for a given permissible settlement. The equation proposed by Teng 

was found to be very conservative and Bowles (1982) modified this equation. The 

equation proposed is: 

𝑞𝑠 = 53(𝑁𝑐𝑜𝑟 − 3) ∗ 𝐹𝑑 ∗ 𝑅𝑤(
𝐵 + 0.3

2𝐵
)

2

 

If the tolerable settlement is greater than about 25mm, the safe bearing pressure 

calculated by the above equation can be projected as: 

𝑞𝑠
′ =

𝑆

25
𝑞𝑠 
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2.2.6.8 Plate Load Test 

It is a semi-direct method to estimate the allowable bearing pressure of soil to induce a 

given amount of settlement. These plates vary in size and thickness. 

2.2.6.8.1 Procedure 

From the test results load settlement curve should be plotted. The allowable pressure 

on a prototype foundation for an assumed settlement may be found by making use of 

following equations suggested by Terzaghi and Peck (1948) for square footing on 

granular soil. 

2.2.6.8.2 Calculation Steps 

 Sr and 𝑏𝑝 are known 

 Sp  and B are unknowns. The value of B is assumed in order to calculate the value 

of Sp  from the equation. 

 The value of bearing pressure corresponding to the computed value of Sp is found 

from the settlement curve. 

𝑆𝑓 = 𝑆𝑝[
𝐵(𝑏𝑝 + 0.3)

𝑏𝑝(𝐵 + 0.3)
]2 

𝑆𝑓 = 𝑆𝑝𝑥
𝐵

𝑏𝑝
 

Due to the short duration it can be used to determine the consolidation settlement, only 

applicable for immediate settlement. In sandy soil the immediate settlement is equal to 

the total settlement, whereas in clayey soil it is only a fraction. Therefore, plate load 

test is not effective for clayey soils. 
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2.3 Deep Foundations 

2.3.1 Introduction 

Pile foundations are used to transfer loads of the structure to underlying soil strata. They 

go deep into the soil unlike shallow foundations. Shallow foundation is always cheaper 

than deep foundations and also easier to build and take less time for construction but 

under some conditions where shallow foundations can’t provide structural safety it is 

necessary to construct deep foundations. Some of the situations under which it is 

necessary to go for deep foundations are: 

 Upper soil is weak and can’t provide enough support to the loads of structure 

 Presence of lateral forces. 

 Presence of expansive or collapsible soils on the site. 

 To resist the uplifting force. 

 Soil erosion at the ground surface. 

 Large values of concentrated loads. 

 

Pile distribute load of superstructure to the ground in one of the following ways 

 Skin friction. 

 End bearing. 

 Combination of both skin friction and end bearing. 

 

Different material which can be used for deep foundations are  

 Steel. 

 Timber. 

 Concrete. 

 

Piles are mostly used in the form of group with pile cap on the top of individual piles, 

connecting them together to form a pile group and act as single unit to resist the loads. 
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2.3.2 Pile Load Transfer 

To understand that how pile transfers the load to underlying soil, consider a pile is 

loaded with load Q on its top. Some of this load will be taken pile surface along the 

length of the pile and the remaining by end resistance. As the load is increased, most of 

the side frictional portion along the pile length will be developed when the pile moves 

5 to 10 mm, and doesn’t depend on pile size and its length. On the other hand, the 

maximum tip resistance will not be developed unless the pile has moved about 10 to 

25% of the pile dia. It indicates that as compare to the point resistance, side friction 

along the pile can be developed at a much smaller pile displacement. 

2.3.3 Estimation of Pile Capacity  

To find ultimate pile capacity following equation can be used 

Q𝑢  =  Q𝑝  +  Q𝑠    

Where, 

Q𝑝 = A𝑝q𝑝  =  load resistance at pile point 

Q𝑠 = ∑ p∆Lf = skin resistance from the soil–pile interface 

Different methods are used to estimate values of Q𝑝and Q𝑠   

as described below. 

 

 

2.3.4 Meyerhof’s Method to Estimate value of Qp  for Sand 

The bearing capacity at pile point q𝑝, in sand increases with the depth of pile and 

reaches a maximum value at  L𝑏/𝐷 =  (L𝑏/𝐷)𝑐𝑟 . 

For homogeneous soil L𝑏  is equal to the total length of the pile. Beyond the 

value  (L𝑏/𝐷)𝑐𝑟, the value of q𝑝  doesn’t change.  

For piles in sand, 

Q𝑝  =  A𝑝q𝑝  =  A𝑝q՜N𝑞
∗  

However, value of Q𝑝 should not be greater than A𝑝q𝑡 . 

Figure 11 Variation of unit point 

resistance in sand 
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Where,            

q𝑡  =  0.5 p𝑎N𝑞
∗ tan ϕ՜ 

Value of N𝑞
∗ can be taken from the figure below, 

  

 
Figure 12 Variation of  𝑁𝑞∗ with soil friction angle ϕ՜ 

Clay (ϕ = 0) 

For piles in clays the net ultimate load can be calculated as 

Q𝑝  =  N𝑐
∗c𝑢𝐴𝑝  =  9c𝑢𝐴𝑝          

Where, 

c𝑢= soil cohesion below pile tip. 

2.3.5 Vesic’s Method to Estimate value of 𝐐𝒑 

For Sand 

According to Vesic (1977) following equation can be used to estimate the point bearing 

capacity,  

Q𝑝  =  A𝑝q𝑝  =  A𝑝σ0՜ Nσ
∗    

Where, 

σ0՜  = effective vertical stress. Where, 

σ0՜ =  [
(1 +  2K0)

3
] q՜    
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K0 = coefficient of earth pressure, which can be calculated as, 1 - sin ϕ՜ 

Nσ
∗ = bearing capacity factor 

                                                    Nσ
∗ = f (I𝑟𝑟)  

I𝑟𝑟 = reduced rigidity index 

I𝑟𝑟  =  
I𝑟

(1 +  I𝑟∆)
  

Where, 

I𝑟  =
E𝑠

2(1 +  ՜𝑠)q՜ tan ϕ ՜
=

G𝑠

q՜ tan ϕ ՜
    

G𝑠 = soil’s shear modulus 

∆ = volumetric strain below the pile point 

And, 

∆ =  0.005 [1 –
ϕ՜ −  25

20
] (

q՜

p𝑎
) 

 

 

Clay (ϕ = 0) 

For clay, to calculate point bearing capacity of a pile following equation can be used 

Q𝑝  =  N𝑐
∗c𝑢𝐴𝑝 

According to Vesic, 

N𝑐
∗  =  (

4

3
) (ln I𝑟𝑟 +  1) + (

π

2
) +  1 

For saturated clay with no volume change, ∆ = 0. 

I𝑟𝑟  =  Ir =
E𝑠

3c𝑢
        

Figure showing variation of N𝑐
∗  with I𝑟𝑟  for ϕ = 0. 

      

  

 

Figure 13 Variation of  𝑁𝑐
∗   

with  Irr  for ϕ = 0 
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2.3.6 Coyle and Castello’s Method to Estimate value of  Qp in Sand 

According to Coyle and Castello (1981) performed many pile load test on piles in sand. 

Depending upon the test results, they proposed that, 

Q𝑝  =  N𝑞
∗q՜𝐴𝑝   

Where, 

q՜ = effective vertical stress value at tip of the pile  

Figure below shows the trends of N𝑞
∗ with L/D and ϕ՜. 

 
Figure 14 Variation of  𝑁𝑞

∗ with L/D and the soil friction angle ϕ՜ 

2.3.7 Calculation of Qp using SPT and CPT values  

2.3.7.1 Meyerhof (1976) 

To estimate value of ultimate point resistance in a granular soil using standard 

penetration numbers, Meyerhof suggested following relation 

q𝑝  = 0.4p𝑎N60(
L

D
)   ≤   4p𝑎N60 

Where, 

N60 = average N value near tip of the pile 

Meyerhof (1956) also suggested that 

q𝑝 = q𝑐     (in granular soil)  
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Where, 

q𝑐 = cone penetration resistance. 

2.3.7.2 Briaud et al. (1985) 

According to Briaud et al. (1985) following correlation using N value can be used for 

q𝑝 calculation in granular soil. 

q𝑝 =  19.7p𝑎N60
0.36  

 

2.3.8 Frictional Resistance (Qs) in Sand 

As described above, the frictional resistance 

Q𝑠  =  ∑ p∆Lf     

Where, 

f =  K (σ0՜) tan(δ՜)    

And, 

K = earth pressure coefficient 

σ0՜ = effective overburden pressure 

δ՜ = friction angle of soil 

The values of δ՜ ranges from 0.5ϕ՜ to 0.8ϕ՜. 

 

In the case of sand one thing should be kept in mind that the unit skin friction value 

increases up to certain value of depth and then its value become constant. Its value 

ranges from 15 to 20 pile diameters. To use conservative value 15D is to be used. 

                      𝐿՜ =  15𝐷  

The value of K changes with depth; at the top it is equal to the Rankine passive earth 

pressure coefficient, K𝑝 of the pile and at a greater depth its value is equal to at-rest 

pressure coefficientK0. For use following values are recommended. 

Figure 15 Unit frictional 

resistance for piles in sand 
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Figure 16 Average values of effective earth pressure coefficient K 

 

 

2.3.9 𝐐𝒔 Calculation using Standard Penetration Test Results  

Meyerhof (1976) suggested different equations for calculation of unit frictional 

resistance f𝑎𝑣, for high displacement driven piles following equation can be used  

f𝑎𝑣  =  0.02p𝑎N60    

Where, 

N60 = average N value 

 

For driven piles causing low displacement 

f𝑎𝑣  =  0.01p𝑎N60    

Briaud et al. (1985) suggested that, 

f𝑎𝑣  =  0.224p𝑎(N60 )  0.29    

Thus, 

Q𝑠  =  ∑ p∆Lf    

2.3.10 Frictional Resistance in Clay 

Many methods are available in literature for calculation of unit 

frictional resistance. Most commonly used methods are, 

2.3.10.1 λ-Method 

According to this method average unit skin resistance is 

f𝑎𝑣 =  λ (σ0՜ +  2c𝑢)  

 

Where, 

Figure 17 Variation of λ with 

pile length, L 
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σ0՜ = effective overburden pressure   

c𝑢 = undrained cohesion of soil 

Value of λ can be taken from the figure and changes with the depth of penetration of 

the pile. Thus, 

 Q𝑠 =  p∆L(f𝑎𝑣) 

2.3.10.2 α-Method 

According to this method, value of  f  in soils can be calculated by the equation 

f =  α (c𝑢)  

Where, 

α= adhesion factor 

The variation of the value of α is shown in Figure       

 

Figure 18 Variation of α based on Terzaghi, Peck and Mesri, 1996) 

                                                                      

 

Knowing value of f determined, the total frictional resistance may be calculated as 

Q𝑠  =  p∆L(f) 

2.3.10.3 β-Method 

According to this method, value of  f  in soils can be calculated by the equation 

f = β σ0՜ 
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Where, 

σ0՜ = effective overburden stress 

β = K tan ϕ𝑅՜ 

ϕ𝑅՜  = remolded clay drained friction angle 

K = coefficient of earth pressure 

 

The value of K is defined as 

K =  1 −  sin ϕ𝑅՜     (for normally consolidated clays) 

K =  1 − sin ϕ𝑅՜ (OCR)0.5        (for over consolidated clays)   

      

Knowing value of f, the total frictional resistance may be calculated as 

Q𝑠 =  p∆Lf 

2.3.11 𝐐𝒔 Calculation using Cone Penetration Test Results  

According to Nottingham and Schmertmann (1975) and Schmertmann (1978) 

following correlation can be used to calculate unit skin friction in clay. 

f =  α՜f𝑐  

Where, 

f𝑐 = frictional resistance 

The value of α՜ varying is taken from the Figure below 
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Figure 19 Variation of α՜ for the piles in clay 

 

Knowing value of f , the total frictional resistance may be calculated as 

Q𝑠  =  p∆Lf 

2.3.12 End Bearing Capacity of Piles Resting on Rock  

Bearing capacity of the rock needed to be calculated when piles are driven into the soil 

layers and reaches rock present under the soil. To calculate ultimate unit point resistance 

for this condition Goodman, 1980 method can be used, according to which 

q𝑝  =  q𝑢 (Nϕ + 1)  

Where, 

Nϕ = tan2 (45 + ϕ՜/2) 

q𝑢 = compression strength of rock 

ϕ՜ = friction angle of rock 

And, 

Qp =
q𝑝A𝑝

FS
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2.3.13 Pile Load Tests 

For large projects to cater for the unreliability of 

prediction methods a specific number of load 

tests must be conducted on piles. The vertical 

and lateral load bearing capacity of a pile can be 

tested in the field using these tests. Figure below 

shows a schematic diagram of the pile load 

arrangement for testing axial compression in the 

field. Step loads are applied to the pile, and 

sufficient time is allowed to elapse after each load so that a small amount of settlement 

occurs. The amount of load to be applied for each step will vary, depending on local 

building codes. Most building codes require that each step load be about one-fourth of 

the proposed working load. The load test should be carried out to at least a total load of 

two times the proposed working load. After the desired pile load is reached, the pile is 

gradually unloaded. 

 

Figure below shows a load–settlement diagram obtained from field loading and 

unloading. For any load Q, the net pile settlement can be calculated as follows: 

When Q=Q1 

snet(1)  =  st(1)  − se(1)    

When Q=Q2 

snet(2)  =  st(2)  − se(2)  

Where, 

snet = net settlement 

se = elastic settlement of the pile itself 

st = total settlement 

Figure 20 Schematic diagram of pile 

load 
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Figure 21 Plot of load against total and net settlement 

 

These values of Q can be plotted in a graph against the corresponding net settlement, 

as shown in Figure above. The ultimate load of the pile can then be determined from 

this graph. 

Pile settlement may increase with load to a certain point, beyond which the load–

settlement curve becomes vertical. The load corresponding to the point where the curve 

of Q versus becomes vertical is the ultimate load Qu, for the pile; it is shown by curve 

1 in Figure. In many cases, the latter stage of the load–settlement curve is almost linear, 

showing a large degree of settlement for a small increment of load; this is shown by 

curve 2 in the figure. The ultimate load Qu, for such a case is determined from the point 

of the curve of Q versus snet  where this steep 

linear portion starts. 

 

To obtain the ultimate load from the load-

settlement plot Davisson’s method is used 

more often in the field. Referring to Figure 

below, the ultimate load occurs at a 

settlement level of su. 

su(mm) =  0.012Dr  +  0.1 (
D

Dr 
) +

Qu L

ApEp 
 

Where, 

Qu = ultimate load in KN 

Figure 22 Davisson’s method for 

determination of Qu 
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D = pile diameter in mm 

Dr = reference pile diameter in mm 

L = pile length in mm 

Ap = pile cross section area 

Ep = Young’s modulus of pile material (kN/mm2) 

2.3.14 Elastic Settlement of Piles  

To ensure structural safety in addition to the bearing capacity criteria, settlement criteria 

should also be satisfied according to which the total settlement of structure should not 

be greater than the total allowable settlement value. To calculate total settlement of a 

pile following equation can be used 

se  =  se1   +  se2   +  se3   

Where, 

se1 = elastic settlement of pile 

se2= settlement due to tip load 

se3= settlement due to side friction 

 

Formulas to calculate all three settlements are given below, 

se1 =
(Qwp  +  ᶓQws)L

ApEp

     

Where, 

Qwp = working load at the pile point 

Qws = working load at the pile surface 

Ap = area of cross section of pile 

L = pile length 

Ep = modulus of elasticity of pile 
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se2 =  (
qwpD

Es

) (1 −   ՜s2)Iwp    

Where, 

D = pile diameter 

Es= modulus of elasticity of soil 

ԩs = Poisson’s ratio of soil 

Iwp  = influence factor 

 

se3 =  (
Qws

pL
) (

D

Es

) (1 −  ՜s2)Iws  

Where, 

P = pile perimeter 

Iws = influence factor = 2 +  0.35 (
𝐿

𝐷
)

0.5
 

 

2.3.15 Group Efficiency 

Piles are mostly used in groups. When the piles are 

placed close to each other the stresses transmitted by the 

piles to the soil will overlap thus reducing the load-

bearing capacity of the piles. Ideally, the piles in a group 

should be spaced so that the load-bearing capacity of the 

group is not less than the sum of the bearing capacity of 

the individual piles. In practice, the minimum center to 

center pile spacing d, is 2.5D.                     

 

The efficiency of the load-bearing capacity of a group pile may be defined as 

՜ =  
Qg(u)

∑Qu
     

Where, 

Figure 23 Stress transmission 

overlap of group piles 
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ղ = group efficiency 

 

Using Converse–Labarre equation 

՜ =  1 – [
(n1 − 1)n2  +  (n2 − 1)n1

90
 n1n2] θ 

Where,                    

θ(deg) =  tan−1 (
D

d
)      

 

2.3.16 Elastic Settlement of Group Piles  

Relation for the settlement of group piles was given by Vesic (1969) is 

sg(e)  = (
Bg

D
)

1

2

se     

Where, 

sg(e) = elastic settlement of group piles 

Bg = width of group pile section 

D = diameter of each pile in the group 

se = elastic settlement of each pile at comparable working load 

 

2.3.17 Consolidation Settlement of Group Piles 

The consolidation settlement of a group pile in clay can 

be estimated by using the 

2:1 stress distribution method. The calculation involves 

the following steps 

Let the depth of embedment of the piles be L. The group 

is subjected to a total load of Qg. If the pile cap is below 

the original ground surface, Qg equals the total load of the 
Figure 24 Plan of group piles 

(3x3) 
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superstructure on the piles, minus the effective weight of soil above the group piles 

removed by excavation. 

Assume that the load Qg is transmitted to the soil beginning at a depth of 2L/3 from the 

top of the pile, as shown in the figure. The load Qg spreads out along two vertical to 

one horizontal line from this depth. Lines aa՜ and bb՜ are two 2:1 lines. 

Calculate the increase in effective stress caused at the middle of each soil layer by the 

loadQg. The formula is 

∆σ𝑖՜ =
Qg

[ (Bg  +  zi)(Lg  +  zi)]
      

Where, 

∆σ𝑖՜ = increase in effective stress at the middle of layer i 

Calculate the consolidation settlement of each layer caused by the increased stress. The 

formula is 

∆s𝑐𝑖՜ =  [
∆e𝑖

1 +  e0𝑖
] H𝑖 

Where,  

∆s𝑐𝑖՜ = consolidation settlement of layer i 

∆e𝑖= change of void ratio caused by the increase in stress in layer i 

e0𝑖 = initial void ratio of layer i 

H𝑖= thickness of layer i 

 

 
Figure 25 Consolidation settlement of group piles 
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The total consolidation settlement of the group piles is then 

∆s𝑐(𝑔)  =  ∑∆s𝑐𝑖 

2.3.18 Drilled-Shaft Foundations 

Introduction 

Drilled shafts are also named as caisson, pier, drilled pier but they all refer to a cast-in-

place pile generally having a diameter of about 750 mm or more. 

For construction of drilled shaft, a hole is drilled or excavated to the bottom of a 

structure’s foundation and then filled with concrete. Depending on the soil conditions, 

casings may be used to prevent the soil around the hole from caving in during 

construction. 

Drilled shafts can be without an enlarged bottom. 

The use of drilled-shaft foundations has several advantages over driven piles: 

 Constructing drilled shafts in dense sand and gravel is easier than driving 

piles. 

 When piles are driven by a hammer, the ground vibration may cause damage 

to nearby structures. The use of drilled shafts avoids this problem. 

 Piles driven into clay soils may produce ground heaving and cause previously 

driven piles to move laterally. This does not occur during the construction of 

drilled shafts. 

 There is no hammer noise during the construction. 

 Because the base of a drilled shaft can be enlarged, it provides great resistance 

to the uplifting load. 

 The surface over which the base of the drilled shaft is constructed can be 

visually inspected. 

 More economical than methods of constructing driven piles. 

 Drilled shafts have high resistance to lateral loads. 

There are also some of drawbacks to the use of drilled-shaft construction. 

 Concreting operation may be delayed by bad weather. 

 Deep excavations for drilled shafts may induce substantial ground loss and 

damage to nearby structures. 
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2.3.19 Load-Bearing Capacity in Granular Soil  

Reese and O’Neill (1989) proposed a method for calculating the load-bearing capacity 

of drilled shafts that is based on settlement. According to which 

                                 Q𝑢(𝑛𝑒𝑡) =  ∑(f𝑖p∆L𝑖 ) + A𝑝q𝑝 

Where, 

f𝑖 = ultimate unit shearing resistance in layer i 

q𝑝 = unit point resistance 

A𝑝 = area of the base 

And. 

f𝑖  =  β1 σ𝑧𝑖՜ <  192
kN

m2
 

Where, 

β1  =  1.5 −  0.224(z𝑖)
0.5      ( 0.25 ≤  β1  ≤  1.2  )         

The point bearing capacity is 

q𝑝 =  57.5N60  ≤  4310 
kN

m2
    (for D𝑏  <  1.27 m) 

Where, 

N60 = field standard penetration number within a distance of 2D𝑏 below the base of 

shaft. 

If D𝑏 is equal to or greater than 1.27m q𝑝 may be replaced byq𝑝𝑟, 

 q𝑝𝑟 =
1.27

D𝑏
 q𝑝 

Based on the desired level of settlement, Figures below may now be used to calculate 

the allowable loadQ𝑎𝑙𝑙(𝑛𝑒𝑡). To do so we need to follow the following steps 

 Select a value of settlement, s. 

 Calculate∑(f𝑖p∆L𝑖 )and A𝑝q𝑝. 

 Using Figures and the calculated values in above Step, determine the side load 

and the end bearing load. 
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 The sum of the side load and the end bearing load gives the total allowable 

load. 

 

 

 
Figure 26 Base-load transfer versus settlement in sand 

 

 

 

For calculation of side load separate trend line is used as shown in figure. 

 

 
Figure 27 Side-load transfer versus settlement in sand 
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Rollins et al. (2005) modified the value of β1 for gravelly sands as follows: 

For sand with 25 to 50% gravel, 

β1  =  2.0 −  0.15(z𝑖)
0.75      ( 0.25 ≤  β1  ≤  1.8  )         

For sand with more than 50% gravel, 

β1  =  3.4(𝑒)0.085z𝑖       ( 0.25 ≤  β1 ≤  3.0  )         

Figures below provide the normalized side-load transfer trend based on the desired level 

of settlement for gravelly sand and gravel. 

 
Figure 28 Figure: Side-load transfer versus settlement in sand with 25 to 50% 

 

 

 
Figure 29 Side-load transfer versus settlement in sand with more than 50% gravel 
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2.3.20 Load-Bearing Capacity in Clay 

Reese and O’Neill (1989) suggested a procedure for estimating the ultimate and 

allowable bearing capacities for drilled shafts in clay. According to this procedure, 

                                          Q𝑢(𝑛𝑒𝑡) =  ∑(f𝑖p∆L𝑖 ) + A𝑝q𝑝 

Where, 

                                                   f𝑖 =  α𝑖 ∗ c𝑢𝑖 

The expression for q𝑝 can be given as 

q𝑝  =  6c𝑢𝑏(1 +
0.2L

D𝑏
) ≤  9c𝑢𝑏  ≤  40p𝑎 

If D𝑏 is equal to or greater than 1.91m q𝑝 may be replaced by q𝑝𝑟.                                  

q𝑝𝑟 = F𝑟(q𝑝) 

Where, 

                                                 F𝑟 =
2.5

𝜓1 D𝑏+ 𝜓2
 ≤ 1    

And,    

𝜓1 =  2.78 x 10−4 +  8.26 x 10−5  (
𝐿

0.001D𝑏
)  ≤ 5.9 𝑥 10−4 

And,                

 𝜓2 =  0.065 c𝑢𝑏
0.5       (0.5 ≤   𝜓2  ≤ 1.5) 

Figures may now be used to evaluate the allowable load-bearing capacity. 

 
Figure 30 Side-load transfer versus settlement in clays 
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Figure 31 Side-load transfer versus settlement in clays 

2.3.21 Drilled Shafts Extending into Rock 

Drilled shafts can be extended into rock.  

Zhang and Einstein (1998) proposed the relations depending upon the test results of 

their study. In which, 

Q𝑢(𝑛𝑒𝑡) = Q𝑃  +  Q𝑠 =  fpL +  A𝑝q𝑝 

Where, 

Q𝑃(MN) =  A𝑝q𝑝  =  [4.83 (q𝑢

MN

m2
)

0.51

] [ A𝑝(𝑚2)]   

Figure below shows the plot of q𝑝 (MN/m2) versus q𝑢 (MN/m2). 

 
Figure 32 Plot of qp versus qu (Zhang and Einstein, 1998) 
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And, 

 For smooth socket, 

Q𝑠(MN) =  fpL =  [0.4 (q𝑢

MN

𝑚2
)

0.5

] [πD𝑠(m)][L(m)] 

 For rough socket, 

Q𝑠(MN) =  fpL =  [0.8 (q𝑢

MN

𝑚2
)

0.5

] [πD𝑠(m)][L(m)] 
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CHAPTER 3 

METHODOLOGY 

3.1 Introduction 

This chapter explains the methodology of our Final Year Project in which we adopted 

the following steps to achieve our project objective. Now that we have completed our 

literature review and established all probable theories applicable we move on to the 

next step. Please note that the prime objective of this project is the design and analysis 

of foundations and the end product being the excel sheets and the computer software, 

constant references from the previous chapter are used here.  

Our methodology can be divided into the following major parts: 

1. Shallow foundations 

o Granular soil analysis 

 Shear criteria 

 Settlement criteria 

o Cohesive soil analysis 

 Shear criteria  

 Settlement criteria 

2. Deep foundations 

o Driven Piles 

 Clays 

 Shear criteria 

 Settlement criteria 

 Sands  

 Shear criteria  

 Settlement criteria  
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 Heterogeneous soil 

o Drilled Shafts / Auger Piles 

 Clays 

 Shear criteria  

 Settlement criteria 

 Sands 

 Shear criteria 

 Settlement criteria 

 Heterogeneous soil 

3. Development of the excel spreadsheets  

4. Conversion of excel spreadsheets into a computer software 

5. Verification of the excel sheets and the software with different examples 

Foundations

Shallow 

Granular Soils
Cohesive 

Soils

Deep

Driven Piles

Homogenous 
Soil

Sand Clay

Non-
Homogenous 

Soil

Drilled Shaft / 
Auger Piles

Homogenous 
Soil

Sand Clay

Non-
Homogenous 

Soil

Figure 33 Methodology work flow 
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3.1 Shallow Foundations 

3.1.1 Granular Soils  

The work flow for the shallow foundations with granular soils is shown in the flow 

chart below. The following chart shows the steps in which we proceeded and the various 

methods we studied for shear and settlement criteria. 

 

Figure 34 Work flow granular soils 

 

3.1.2 Cohesive Soil  

In the second part of the shallow foundations we studied the cohesive soils and the 

various methods to assess the shear and settlement criteria in these soils. The work flow 

for this type of soil and the methods involved can be seen in the flow chart below. 

Shallow

Granular Soils

Shear Criteria

1. Terzaghi B.C. 
2. Meyerhof B.C.
3. Vesic B.C
4. Henson B.C

Settlement Criteria

1. Terzaghi & Peck 
2. Meyerhof
3. Peck & Bazaraa
4. Burland & Burbidge
5. Schmertmann

Cohesive Soils
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Figure 35 Work flow cohesive soils 

 

3.2 Deep Foundations 

3.2.1 Driven Piles 

For the study of driven piles system, we firstly divided it into two parts i.e. for 

homogenous soil strata and heterogeneous soil strata. For homogenous soils we further 

divided our area of studies in to clayey soils and sandy soils. Again the both types of 

soils were divided into shear and settlement criteria for their studies. All the methods 

we considered for our project are mentioned in the flow chart with their details 

mentioned in the previous chapter. 

Shallow

Cohesive Soils

Shear Criteria

1. Skempton B.C. 
2. Terzaghi B.C. 
3. Meyerhof B.C.
4. Vesic B.C
5. Henson B.C

Settlement Criteria

1. Meyerhof (1956)

2. Modified Meyerhof B.C.
3. Teng (1969)
4. Modified Teng B.C

Granular Soils
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Figure 36 Work flow driven piles 

 

3.2.2 Drilled Shafts/ Auger Piles  

Similarly, in drilled shafts / auger piles we followed the same work flow as in case of 

the driven piles. Here the notable this is that in case of auger piles we studied the Reese 

O’ Neil method for both the shear and settlement of the piles. The work flow is as 

illustrated in the following chart. 

Driven Piles

Homogenous 
Soil

Sand

Shear Criteria

1. Skin Friction
2. End Bearing

i. Mayerhof

ii. Vesic

Settlement 
Criteria

Clay

Shear Criteria

1. Skin Friction

i. α Method

ii. Λ Method
2. End Bearing

i. Mayerhof

ii. Vesic

Settlement 
Criteria

Non-
Homogenous 

Soil
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Figure 37 Work flow drilled shaft / auger piles 

3.3 Development of Excel Sheets 

Next step in our project was to simulate all our studies related to shallow and deep 

foundations in the form of excel sheets. These excel sheets were developed for the 

minimum number of inputs from the user so that the maximum automation can be 

achieved. The inputs were basically field bore hole data and some general soil 

parameters. These excel sheets were of prime importance because they laid the ground 

work for the algorithm used for the programming of the software. 

3.4 Development of Computer Software 

After the formation of all the excel sheets we started off with the programming of these 

excel sheet into a software code. The language we decided to work on was C# as it the 

modern form of Visual Basic with much advance control and syntax. We used 

Microsoft Visual Studio as the development tool for this software. All the algorithm 

formed in the excel sheets were converted in to this program code. In the following 

chapter we will discuss more about the capabilities and operation of these excel sheets 

and the software.  

Drilled Shaft / 
Auger Piles

Homogenous Soil

Sand

Shear Criteria
Settlement 

Criteria

Clay

Shear Criteria Settlement 
Criteria

Non-Homogenous 
Soil
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3.5 Verification with examples 

The last stage of this project was the verification of the excel sheets and the software 

code by the help of various examples found in the literature along with some real life 

examples and cases we found during our study period. The answers of these examples 

were compared with the hand calculation, excel sheets and the software after which the 

deviation in these results were checked which came out be negligible. These examples 

are further discussed in the following chapters. 
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CHAPTER 4 

SOFTWARE  

4.1 Introduction 

Our project mainly revolves around the analysis and design of foundations using as 

many as possible geotechnical theories. As manual hand calculation can be too long 

and cumbersome, therefore, automation was the way to go. Calculations for the 

problems and various parameters throughout the geotechnical analysis require iterations 

many times, therefore a program development was the solution. 

The preliminary yet extensive research and development was carried out using the 

Microsoft Excel. Initially the spread sheets were developed and utilized to achieve our 

objectives, but later on, the use of algorithms developed in excel were used to develop 

an application which is a stand-alone program.  

4.2 Microsoft Excel 

We started off with our project’s initial stage on Microsoft Excel. Spreadsheet interface 

of the excel was utilized as the basic interface with is quite iconic. Our main master 

excel sheet has further 9 work books incorporated so it’s a single file for all the 

foundation design and analysis solution via both shear and settlement criteria.  

Our master sheet has following sub sheets: 

 Shallow Granular 

 Shallow Cohesive 

 Driven Sand 

 Driven Clay 

 Driven Sand + Clay 

 Driven Heterogeneous 

 Auger Clay 

 Auger Sand 

 Auger Heterogeneous 
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Excel sheets allowed us to carry out the calculations of bearing capacity both shear and 

settlement criteria, selection of the governing values, graphical relations to determine 

the optimum width and depth pf foundations based on both criterions in case of shallow 

foundations similarly in both pile systems same methodology was adopted.  

 There were multiple portions that segmented the excel sheet operations. Following are 

the various spreadsheets that were developed with their interface inputs and outputs. 

4.2.1 Shallow Granular 

The input panel requires user to input all the variables necessary to perform the 

calculations. 

 

Figure 38 Excel sheet for shallow granular 

 

Figure 39 Graph showing optimizations of width based on shear and settlement criteria in 

granular soils 



64 

 

4.2.2 Shallow Cohesive  

 

Figure 40 Excel sheet for shallow cohesive 

 

 

Figure 41 Graph showing optimizations of width based on shear and settlement criteria in 

cohesive soils 
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4.2.3 Driven Sand 

 

Figure 42 Excel sheet for driven sand 

 

Figure 43 Settlement calculation in driven sand 
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4.2.4 Driven Clay 

 

Figure 44 Excel sheet for driven clay 

 

Figure 45 Settlement calculations in driven clay 

 

4.2.5 Driven Sand + Clay 

 

Figure 46 Excel sheet for driven sand + clay 
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Figure 47 Settlement calculations in driven sand + clay 

4.2.6 Driven Heterogeneous 

 

Figure 48 Excel sheet for driven heterogeneous 

4.2.7 Auger Sand 

 

Figure 49 Excel sheet for auger sand 
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4.2.8 Auger Clay 

 

Figure 50 Excel sheet for auger clay 

4.2.9 Auger Heterogeneous  

 

Figure 51 Excel sheet for auger heterogeneous 

 

4.2.3 Limitations of Microsoft Excel 

Although excel provided support for all the calculations, there were some limitations 

that needed the shift to visual studio: 

 Level of accuracy desired could not be ascertained using Microsoft Excel. 

 Design and revision of footing parameters could not be conducted in excel. 
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 The spreadsheets were dependent on the platform of Microsoft Excel, in order 

to develop a stand-along program, the need of a C# based program was 

paramount. 

 Excel, despite its benefits, did not give a pleasing user interface. 

 Real-time checks could not be developed in Excel, as opposed to C#. 

4.3 Microsoft Visual Studio 

Once the ground work was set on the Microsoft Excel, in order to curb and improve all 

the limitations of the spreadsheets, the logic was developed and imported to Microsoft 

Visual Studio. Visual Studio provided a platform to write the entire algorithm on C#, 

and develop an application based on Windows forms. This platform allowed us the 

manipulation and creation of the customized user interface and the division of program 

into multiple modules, thereby simplifying the task yet increasing the overall efficiency. 

4.3.1 Technical Specifications  

Language: C# (C Sharp) 

GUI: Windows Forms 

Modules: 4 (~3000+ lines of code) 

Development Tool: Microsoft Visual Studio Community Edition 2015 

4.3.2 Elements of the Program 

The program is the composite of all the geotechnical theories pertaining to design and 

analysis of shallow and deep foundations. Like all program, this one is also divided into 

multiple components/modules. Each component has its own set of functions with 

further sub divisions. We will be detailing the functionalities and how to proceed with 

program subsequently.  

Project Summary 

In the project summary screen, the inputs are the project title, analysis, author, company 

and date. All these inputs are stored here and then displayed in the final results and 

reports. 
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Figure 52 Software - Project summary screen 

Foundation Selection 

The next screen after pressing the next button on project summary screen is the 

foundation selection screen. Here you get the option to choose from the 4 modules of 

this software, 

 Shallow Foundation > Granular  

 Shallow Foundation > Cohesive 

 Deep Foundation > Drilled 

 Deep Foundation > Driven 

 

Figure 53 Software - Foundation selection screen 
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Shallow Foundation – Granular  

If you press the shallow foundation the option of granular and cohesive appears on the 

same screen and when you further press granular button the screen below appears which 

is the input screen for granular soil and after filling all the inputs, click the calculate 

button to get the results.  

 

Figure 54 Software - Shallow Granular 

 

Shallow Foundation – Cohesive 

If you press the shallow foundation the option of granular and cohesive appears on the 

same screen and when you further press cohesive button the screen below appears 

which is the input screen for cohesive soil and after filling all the inputs, click the 

calculate button to get the results.  
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Figure 55 Software - Shallow Cohesive 

Deep Foundation – Drilled 

Similarly, if you press the deep foundation the option of drilled and driven appears on 

the same screen and when you further press drilled button the screen below appears 

which is the input screen for heterogeneous drilled piles and after filling all the inputs, 

click the calculate button to get the results.  

 

 

Figure 56 Software - Deep Drilled 
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Deep Foundation – Driven 

Similarly, if you press the deep foundation the option of drilled and driven appears on 

the same screen and when you further press driven button the screen below appears 

which is the input screen for heterogeneous driven piles and after filling all the inputs, 

click the calculate button to get the results.  

 

Figure 57 Software - Deep Driven 

 

 

4.3.3 Incorporated Theories on Shallow Foundations  

Shear Criteria 

The following theories have been employed in the development of the analysis 

program. 

 Terzaghi’s Bearing capacity method 

 Meyerhof’s Bearing capacity method 

 Vesic’s Bearing capacity method 

 Hanson’s Bearing capacity method 

 Skempton’s Bearing capacity method 
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Settlement Criteria 

The following theories have been used in case of settlement criteria. 

 Terzaghi’s Method for Settlement 

 Meyerhof’s Method for Settlement 

 Burland and Burbidge’s Method for Settlement 

 Schmertmann’s Method for Settlement 

 Modified Meyerhof’s Method 

 Modified Teng’s Method 

4.3.4 Incorporated Theories on Deep Foundations  

Driven  

 Meyerhof 

 Vesic 

 Based on standard penetration  

 λ-Method 

 α-Method 

Drilled 

The drilled shafts have been analyzed by using “Reese and O’ Neil Method”. 
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CHAPTER 5 

VERIFICATION OF DEVELOPED EXCEL SHEETS AND 

SOFTWARE 

5.1 Introduction 

We have taken examples from various books, some real life cases and projects to verify 

the results of the software and the excel sheets that our group developed. 

5.1.1 Example 1 

A soil data is given below in table. A drilled shaft with a bell is placed in a layers of 

soil (sand sandwiched between clay layers). Determine the allowable load the drilled 

shaft could carry. Use factor of safety of 2.5. The drilled shaft has diameter of shaft 

0.76m, diameter of bell 1.2m and height of bell 1.5m. Water was encounter at depth of 

45m during performing SPT. 

Layer ϒ(KN/m^3) Thickness (m) Cu (KPa) SPT N-value 

Clay 18 10 40 20 

Sand 20 10  15 

Clay 22 20 60 18 

   

Results 

Subject Allowable Load 

By hand calculation 2433 KN 

Using excel Sheet and program 2434.03 KN 

Percentage variation 0.04% 

 



76 

 

 

5.1.2 Example 2 

This is the example illustrating the 

method for calculating allowable 

bearing capacity of pile. It is example 

12.5 and page number 666 of book 

“Principal of Foundation Engineering 

7th edition by Baraj M Das”. Results 

are given below. 

 

 

Results 

Subject Allowable Bearing Capacity 

By hand calculation 1211 KN 

Using excel Sheet and program 1210.33 KN 

Percentage variation 0.06% 

 

5.1.3 Example 3 

A soil data is given below in table. A driven pile is inserted in a layers of soil. Determine 

the allowable load driven pile can carry. Use factor of safety of 3. The pile has diameter 

of 1 m. Water encountered at depth of 30m performing SPT. 

Layer ϒ(KN/m^3) Thickness 

(m) 

Cu (kPa) ɸ (degree) SPT N-

value 

Clay 18 1.5 26  2 

Loose Sand 19 6  32 14 

Dense sand 21 12.5  33 23 
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Results 

Subject Allowable Bearing Capacity 

By hand calculation 2616 KN 

Using excel Sheet and program 2632.59 KN 

Percentage variation 0.63% 

 

 

5.1.4 Example 4 

Find the bearing capacity of shallow foundation using shear criteria having square 

footing of width 3m and depth of embedment 1.2m with soil properties 

ϒ=17.30KN/m^3, ɸ=26 degree, c=0, SPT-N value 18 and borehole depth 30m. 

Results 

Bearing capacity 

Subject Terzaghi Meyerhof Vesic Hanson 

Hand 

calculation 

166.43 

KN/m^2 

202 KN/m^2 202 KN/m^2 174 KN/m^2 

Program 172 KN/m^2 202 KN/m^2 202 KN/m^2 174 KN/m^2 

% Variation 3.35% 0.0% 0.0% 0.0% 

  

5.1.5 Example 5  

This is the example illustrating the method for calculating settlement of pile. It is 

example 11.10 and page number 590 of book “Principal of Foundation Engineering 7th 

edition by Baraj M Das”. 
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Results 

Subject Settlement 

Example 19.69 mm 

Excel sheet and Software 20.76 mm 

Percentage variation 5.4% 

 

5.1.6 Example 6 

This is the example illustrating the method for calculating settlement of group piles. It 

is example 11.20 and page number 627 of book “Principal of Foundation Engineering 

7th edition by Baraj M Das”. 

Results 

Subject Settlement 

Example 44.7 mm 

Excel sheet and Software 44.71 mm 

Percentage variation 0.02% 

 

5.1.7 Example 7  

Find the bearing capacity of shallow foundation using settlement criteria having square 

footing of width 3m and depth of embedment 1.2m with soil properties 

ϒ=17.30KN/m^3, ɸ=26 degree, c=0, SPT-N value 18 and borehole depth 30m. 
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Results 

Bearing capacity based on 25 mm settlement 

Subject Terzaghi & Peck Meyerhof 

Hand calculation 134.4 KN/m^2 201.67 KN/m^2 

Excel sheet 134 KN/m^2 202 KN/m^2 

Percentage Variation 0.3% 0.16% 

 

5.1.8 Example 8 

This is the example illustrating the method for calculating consolidation settlement of 

shallow foundation. It is example 5.6 and page number 256 of book “Principal of 

Foundation Engineering 7th edition by Baraj M Das”. Results are given below. 

Results 

Subject Primary Consolidation Secondary Consolidation 

Hand Calculation 0.36 mm 0.67 mm 

Excel Sheet 0.369 mm 0.66 mm 

Percentage Variation 2.5% 1.5% 

 

5.1.9 Example 9 

This is the example illustrating the method for calculating bearing capacity of pile based 

on settlement. It is example 12.3 and page number 659 of book “Principal of Foundation 

Engineering 7th edition by Baraj M Das”. Results are given below. 
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Results 

Subject Bearing Capacity 

Example 2018.5 KN 

Excel sheet and Software 1929.56 KN 

Percentage variation 4% 

 

5.1.10 Example 10 

This is the example illustrating the method for calculating elastic settlement of shallow 

foundation. It is example 5.6 and page number 256 of book “Principal of Foundation 

Engineering 7th edition by Baraj M Das”. Results are given below. 

Results 

Subject Settlement 

Example 27 mm 

Excel sheet and Software 27.5 mm 

Percentage variation 1.8% 
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