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1.1 Geotechnical Engineering 

In the general sense of engineering, soil is defined as the uncemented aggregate of 

mineral grains and decayed organic matter (solid particles) along with the liquid 

and gas that occupy the empty spaces between the solid particles. Soil is used as a 

construction material in various civil engineering projects, and it supports structural 

foundations. Thus, civil engineers must study the properties of soil, such as its origin, 

grain-size distribution, ability to drain water, compressibility, shear strength, load 

bearing capacity, and so on.  

Soil mechanics is the branch of science that deals with the study of the physical 

properties of soil and the behavior of soil masses subjected to various types of forces. 

Rock mechanics is a branch of science that deals with the study of the properties 

of rocks. It includes the effect of the network of fissures and pores on the nonlinear 

stress strain behavior of rocks as strength anisotropy. Rock mechanics (as we know 

now) slowly grew out of soil mechanics. So, collectively, soil mechanics and rock 

mechanics are generally referred to as geotechnical engineering. 

 

1.2 FOUNDATIONS: THEIR IMPORTANCE AND PURPOSE 
All engineered construction resting on the earth must be carried by some kind of 

interfacing element called a foundation (substructure) as in Fig.1 .1 . The foundation 

is the part of an engineered system that transmits to, and into, the underlying soil or 

rock the loads supported by the foundation and its self-weight. The resulting soil 

stresses—except at the ground surface—are in addition to those presently existing in 

the earth mass from its self-weight and geological history. 

The term superstructure is commonly used to describe the engineered part of the 

system bringing load to the foundation, or substructure as in Fig. 1.1. The term 

superstructure has particular significance for buildings and bridges; however, 

foundations also may carry only machinery, support industrial equipment (pipes, 

towers, tanks), act as sign bases, and the like. For these reasons it is better to describe 



                                          

a foundation as that part of the engineered system that interfaces the load-carrying 

components to the ground. 

 

 

 

 

 
Fig. 1.1 The foundation (substructure) and superstructure   

 

1.3 Foundation Engineering 
Foundation engineering is the application and practice of the fundamental 

principles of soil mechanics and rock mechanics (i.e., geotechnical engineering) in 

the design of foundations of various structures. These foundations include those of 

columns and walls of buildings, bridge abutments, embankments, and others. It also 

involves the analysis and design of earth-retaining structures such as retaining walls, 

sheet-pile walls, and braced cuts. This notes is prepared, in general, to elaborate upon 

the foundation engineering aspects of these structures. 

 
1.4 General Format of the Notes 
This Notes is divided into four major parts. 

 Part I—Exploration of Soil (Chapters 2) 

 Part II—Foundation Analysis (Chapters 3 through 6). 

Foundation analysis, in general, can be divided into two categories: shallow 

foundations and deep foundations.  

Spread footings and mat (or raft) foundations are referred to as shallow 

foundations. A spread footing is simply an enlargement of a load-bearing wall or 

column that makes it possible to spread the load of the structure over a larger area of 

the soil. In soil with low load-bearing capacity, the size of the spread footings is 



                                          

impracticably large. In that case, it is more economical to construct the entire 

structure over a concrete pad. This is called a mat foundation. Piles and drilled shafts 

are deep foundations. They are structural members used for heavier structures when 

the depth requirement for supporting the load is large. They transmit the load of the 

superstructure to the lower layers of the soil. 

 Part III—Lateral Earth Pressure and Earth-Retaining Structures 

(Foundation Engineering II ch1 through ch6). 

 This part includes discussion of the general principles of lateral earth pressure on 

vertical or near-vertical walls based on wall movement and analyses of retaining 

walls, sheet pile walls, braced cuts and slope stability. 

The types foundations shown in Fig.1.2, 1.3 and Table 1.1. 

 

 

 
 
 
 
 
 
 

  
  
  
  
  
  
  
  
  
  
  

Figure 3.1 Example of waterfront sheet-pile wall. 
 
 
 

Fig. 1.2 Types of foundation engineering. 
 
 



                                          

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



                                          

 
 

  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1.3 Various types of foundations 
 

  
  
  

 
  
  
  



                                          

1.5 Design Methods 
The allowable stress design (ASD) has been used for over a century in foundation 

design and is also used in this edition of the notes. The ASD is a deterministic design 

method which is based on the concept of applying a factor of safety (FS) to an 

ultimate load Qu (which is an ultimate limit state). Thus, the allowable load Qall can 

be expressed as 

Qall = Qu / FS        (1.1) 
 

According to ASD, 
 

Qdesign  Qall       (1.2) 
 

where Qdesign is the design (working) load. 

Over the last several years, reliability based design methods are slowly being 

incorporated into civil engineering design. This is also called the load and resistance 

factor design method (LRFD). It is also known as the ultimate strength design (USD). 

The LRFD was initially brought into practice by the American Concrete Institute 

(ACI) in the 1960s. 

Several codes in North America now provide parameters for LRFD. 

 American Association of State Highway and Transportation Officials 

(AASHTO) (1994, 1998) 

 American Petroleum Institute (API) (1993) 

  American Concrete Institute (ACI) (2002) 

According to LRFD, the factored nominal load Qu is calculated as 

 
Qu =  (LF)1Qu(1) + (LFd)2Qu(2) +  . . .                                              (1.3) 

where 

Qu = factored nominal load 

(LF)i (i = 1, 2, . . .) is the load factor for nominal load Qu(i) (i= 1, 2, . . .) 

Most of the load factors are greater than one. As an example, according to AASHTO 

(1998), the load factors are 

 
 



                                          

 
Load LF 
Dead load 1.25 t0 1.95 
Live Load 1.35 to 1.75 
Wind Load 1.4 
Seismic  1.0 
 
The basic design inequality then can be given as 
 

Qu  Qn        (1.4) 
 

where 

Qn = nominal load capacity 

 = resistance factor ( 1) 

 
 
 
 
 
 
 
 

 
 
 
 



                                   

  
 

University of Anbar 
Engineering College  
Civil Engineering Department 

 
 
 

Chapter three 
 
 
 

Shallow FoundationS 
ultimate Bearing CapaCity  

 
 
 
 

Lecture 
Dr. AhmeD h. AbDuLkAreem 

2019 - 2020 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  



                                   

  
 

  
3.1. Introduction 

To perform satisfactorily, shallow foundations must have two main characteristics: 

1. They have to be safe against overall shear failure in the soil that supports them. 

2. They cannot undergo excessive displacement, or settlement. (The term excessive is 

relative, because the degree of settlement allowed for a structure depends on 

several considerations.) 

 

The load per unit area of the foundation at which shear failure in soil occurs is called 

the ultimate bearing capacity, which is the subject of this chapter. In this chapter, we 

will discuss the following: 

 Fundamental concepts in the development of the theoretical relationship for 

ultimate bearing capacity of shallow foundations subjected to centric vertical 

loading 

 Effect of the location of water table and soil compressibility on ultimate 

bearing capacity 

 Bearing capacity of shallow foundations subjected to vertical eccentric loading 

and eccentrically inclined loading.  

 
4.2 General Concept 

4.2.1 Types of Shear Failure 
Shear Failure: Also called “Bearing capacity failure” and it’s occur when the 

shear stresses in the soil exceed the shear strength of the soil. 

 

There are three types of shear failure in the soil: 
1. General Shear Failure (Fig. 3.1)  
 
 
 
 
 



                                   

  
 

 
 
 
 
 
 

  
  
  
  
  

Fig. 3.1 General shear failure. 
 
 

The following are some characteristics of general shear failure: 

 Occurs over dense sand or stiff cohesive soil. 

 Involves total rupture of the underlying soil. 

 There is a continuous shear failure of the soil from below the footing to the 

ground surface (solid lines on the figure above). 

 When the (load / unit area) plotted versus settlement of the footing, there is a 

distinct load at which the foundation fails (Qu) 

 The value of (Qu) divided by the area of the footing is considered to be the 

ultimate bearing capacity of the footing(qu). 

 For general shear failure, the ultimate bearing capacity has been defined as the 

bearing stress that causes a sudden catastrophic failure of the foundation. 

 As shown in the above Fig. 3.1, a general shear failure ruptures occur and 

pushed up the soil on both sides of the footing (In laboratory). 

 However, for actual failures on the field, the soil is often pushed up on only 

one side of the footing with subsequent tilting of the structure as shown in 

Fig. 3.2 below: 

 
 

  
  
  
  



                                   

  
 

  
  
  
  
  
  
  
  
  
  
  
  
  

Fig. 3.2 Actual general shear failure. 
 

2. Local Shear Failure (Fig. 3.3): 
  
  

 
  
  
  
  
  

 
 
 
 

Fig. 3.3 Local  shear failure. 
 

The following are some characteristics of local shear failure: 

 Occurs over sand or clayey soil of medium compaction. 

 Involves rupture of the soil only immediately below the footing. 

 There is soil bulging on both sides of the footing, but the bulging is not as 

significant as in general shear. That’s because the underlying soil compacted 

less than the soil in general shear. 

 The failure surface of the soil will gradually (not sudden) extend outward 

from the foundation (not the ground surface) as shown by solid lines in       

Fig. 3.3. 



                                   

  
 

 So, local shear failure can be considered as a transitional phase between 

general shear and punching shear. 

 Because of the transitional nature of local shear failure, the ultimate bearing 

capacity could be defined as the firs failure load (qu(1)) which occur at the point 

which have the first measure nonlinearity in the load/unit area-settlement curve 

(open circle), or at the point where the settlement starts rabidly increase (qu) 

(closed circle). 

 This value of (qu) is the required (load/unit area) to extends the failure surface 

to the ground surface (dashed lines as in Fig. 3.3). 

 In this type of failure, the value of (qu) it’s not the peak value so, this failure 

called (Local Shear Failure). 

 The actual local shear failure in field is proceed as shown in Fig. 3.4. 

 
 
 
 
 
 

 
 
 
 
 

Fig. 3.4 Actual Local shear failure. 
 

3. Punching Shear Failure ( Fig. 3.5): 
 

 
 
 
 
 
 
 
 
 
 

Fig. 3.5 Punching shear failure. 



                                   

  
 

 
The following are some characteristics of punching shear failure: 

 Occurs over fairly loose soil. 

 Punching shear failure does not develop the distinct shear surfaces associated 

with a general shear failure. 

 The soil outside the loaded area remains relatively uninvolved and there is a 

minimal movement of soil on both sides of the footing. 

 The process of deformation of the footing involves compression of the soil 

directly below the footing as well as the vertical shearing of soil around the 

footing perimeter. 

 As shown in Fig. 3.5 above, the (q)-settlement curve does not have a dramatic 

break, and the bearing capacity is often defined as the first measure 

nonlinearity in the (q)-settlement curve(qu(1)). 

 Beyond the ultimate failure (load/unit area) (qu(1)), the (load/unit area)- 

settlement curve will be steep and practically linear. 

 The actual punching shear failure in field is proceed as shown in Fig.3.6: 

 
 
 
 
 
 
 
 
 
 

Fig. 3.6 Actual Punching shear failure. 
 
Note:  

Ultimate Bearing Capacity (퐪퐮):  

It’s the minimum load per unit area of the foundation that causes shear failure in 

the underlying soil. 



                                   

  
 

Or, it’s the maximum load per unit area of the foundation can be resisted by the 

underlying soil without occurs of shear failure (if this load is exceeded, the shear 

failure will occur in the underlying soil). 

Allowable Bearing Capacity (퐪퐚퐥퐥) 

It’s the load per unit area of the foundation can be resisted by the underlying soil 

without any unsafe movement occurs (shear failure) and if this load is exceeded, the 

shear failure will not occur in the underlying soil till reaching the ultimate load. 

 
3.3 Terzaghi's Bearing Capacity Theory 

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

the ultimate bearing capacity of rough shallow foundation. This theory is based on 

the following assumptions: 

1. The foundation is considered to be shallow if (Df≤B). 

2. The foundation is considered to be strip or continuous if (Width to length ratio 

approaches zero), and the derivation of the equation is to a strip footing. 

3. The effect of soil above the bottom of the foundation may be assumed to be 

replaced by an equivalent surcharge (q=γ×Df). So, the shearing resistance of this 

soil along the failure surfaces is neglected (Lines ab and cd in the below Fig. 3.7) 

4. The failure surface of the soil is similar to general shear failure (i.e. equation is 

derived for general shear failure) as shown in Fig. 3.7. 

Note: 

1. In recent studies, investigators have suggested that, foundations are considered to 

be shallow if [ Df≤(3→4)B], otherwise, the foundation is deep. 

2. Always the value of (q) is the effective stress at the bottom of the foundation. 

 
 
 
 
 
 
 
 
 



                                   

  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.7 Bearing capacity failure in soil under a rough rigid continouus foundation  
 

The failure zone under the foundation can be separated into three parts                      

(see Fig. 3.7): 

1. The triangular zone ACD immediately under the foundation 

2. The radial shear zones ADF and CDE, with the curves DE and DF being arcs of a 

logarithmic spiral 

3. Two triangular Rankine passive zones AFH and CEG 

The angles CAD and ACD are assumed to be equal to the soil friction angle  '. 

Note that, with the replacement of the soil above the bottom of the foundation by an 

equivalent surcharge q, the shear resistance of the soil along the failure surfaces GI 

and HJ was neglected. 

Terzaghi’s Bearing Capacity Equations 
As mentioned previously, the equation was derived for a strip footing and general 

shear failure, this equation is: 

qu=cNc+qNq+0.5BγNγ        (for continuous or strip footing)         (3.1) 

Where 

qu=Ultimate bearing capacity of the soil (kN/m2) 

c=Cohesion of soil (kN/m2)  

q=퐄퐟퐞퐞퐜퐭퐢퐯퐞 stress at the bottom of the foundation= Df (kN/m2) 



                                   

  
 

  

Nc, Nq, Nγ=Bearing capacity factors (nondimensional)and are functions 퐨퐧퐥퐲 of the 

soil friction angle,ϕ ' 

 
The bearing capacity factors Nc, Nq, and Nγ are defined by 
 
                   (3.2)
  
 
 
                 (3.3) 
 
 
 
 
 
and  
 
 
                      (3.4) 
 
Kp = passive pressure coefficient 
 

The variations of the bearing capacity factors shown in Table 3.1 for general 

shear failure. 

The above equation (for strip footing) was modified to be useful for both square 

and circular footings as following: 

qu=1.3cNc+qNq+0.4BγNγ B     (square foundation)     (3.5) 

B=The dimension of each side of the foundation . 

qu=1.3cNc+qNq+0.3BγNγ B     (circular foundation)    (3.6) 

B=The diameter of the foundation . 

Note: 

 These two equations are also for general shear failure, and all factors in the two 

equations are the same as explained for strip footing.   

 

 



                                   

  
 

  

Table 3.1 Terzaghi's bearing capacity factors 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Now for local shear failure the above three equations were modified to be useful 

for local shear failure as following: 

qu=2/3c' Nc′+qNq′+0.5BγNγ′                      (for continuous or strip footing)         (3.7) 

qu=0.867 c' Nc′+qNq′+0.4BγNγ′                        (for square footing)      (3.8) 

qu=0.867 c' Nc′+qNq′+0.3BγNγ′                 (for circular footing)      (3.9) 

Nc′, Nq′, Nγ′=Modified bearing capacity factors can be calculated by using the 

bearing capacity factor equations ( for  Nc , Nq, and Nγ, respectively) by replacing ' 

by ϕ''  =tan−1(2/3 tan ϕ' ). The variation of Nc′, Nq′, and Nγ′ with the soil friction angle 

' is given in Table 3.2.  

 



                                   

  
 

 

Table 3.2 Terzaghi's modified bearing capacity factors Nc′, Nq′, and Nγ′ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Terzaghi’s bearing capacity equations have now been modified to take into account 

the effects of the foundation shape (B/L), depth of embedment (Df) , and the load 

inclination. This is given in Section 3.6. Many design engineers, however, still use 

Terzaghi’s equation, which provides fairly good results considering the uncertainty 

of the soil conditions at various sites. 

3.4 Factor of Safety 
Calculating the gross allowable load-bearing capacity of shallow foundations 

requires the application of a factor of safety (FS) to the gross ultimate bearing 

capacity, or  

     qall = qu / FS        (3.10) 

However, some practicing engineers prefer to use a factor of safety such that 

 



                                   

  
 

 

Net stress increase on soil = (net ultimate bearing capacity) / FS       (3.11) 

The net ultimate bearing capacity is defined as the ultimate pressure per unit area 

of the foundation that can be supported by the soil in excess of the pressure caused by 

the surrounding soil at the foundation level. If the difference between the unit weight 

of concrete used in the foundation and the unit weight of soil surrounding is assumed 

to be negligible, then 

qnet(u) = qu – q                (3.12) 

where 

qnet(u) = net ultimate bearing capacity 

q =  Df 

So 

qall(net) = (qu – q) / FS     (3.13) 

 

The factor of safety as defined by Eq. (3.13) should be at least 3 in all cases. 

 

3.5 Modification of Bearing Capacity Equations 
for Water Table Equations (3.1) and (3.5) through (3.6) give the ultimate bearing 

capacity, based on the assumption that the water table is located well below the 

foundation. However, if the water table is close to the foundation, some modifications 

of the bearing capacity equations will be necessary. (See Figure 3.8.) 

Case I. If the water table is located so that 0  D1  Df, the factor q in the bearing 

capacity equations takes the form 

           q = effective surcharge = D1 + D2 (sat - w)                                         (3.14) 

where 

sat = saturated unit weight of soil 

w = unit weight of water 

Also, the value of   in the last term of the equations has to be replaced                         

by   ' = (sat - w). 



                                   

  
 

 

Case II. For a water table located so that 0  d  B, 

                                                   q =  Df                 (3.15) 

In this case, the factor    in the last term of the bearing capacity equations must be 

replaced by the factor 

           

 

The preceding modifications are based on the assumption that there is no seepage 

force in the soil. 

Case III. When the water table is located so that d  B, the water will have no effect 

on the ultimate bearing capacity. 

 

 

 

 

 

 

 

 

 

Figure 3.8 Modification of bearing capacity equations for water table 

 

3.6 The General Bearing Capacity Equation (Meyerhof Equation) 
Terzagi’s equations shortcomings: 

 They don’t deal with rectangular foundations (0<B/L<1). 

 The equations do not take into account the shearing resistance along the failure 

surface in soil above the bottom of the foundation (as mentioned previously). 

 The inclination of the load on the foundation is not considered (if exist).on the 

foundation may be inclined.  



                                   

  
 

To account for all these shortcomings, Meyerhof (1963) suggested the following 

form of the general bearing capacity equation: 

qu=cNcFcsFcdFci + qNqFqsFqdFqi + 0.5BγNγFγsFγdFγi                                          (3.15) 

Where 

 c=Cohesion of the underlying soil 

q=Effective stress at the level of the bottom of the foundation. γ=unit weight of the 

underlying soil 

B=Width of footing (=diameter for a circular foundation).  

Nc, Nq, Nγ=Bearing capacity factors  

Fcs, Fqs, Fγs=Shape factors  

 Fcd, Fqd, Fγd=Depth factors   

Fci, Fqi, Fγi=Inclination factors  

Notes: 

1. This equation is valid for both general and local shear failure. 

2. This equation is similar to original equation for ultimate bearing capacity 

(Terzaghi’s equation) which derived for continuous foundation . The shape, depth, 

and load inclination factors are empirical factors based on experimental data. 

 

Bearing Capacity Factors: 
The basic nature of the failure surface in soil suggested by Terzaghi now appears 

to have been borne out by laboratory and field studies of bearing capacity (Vesic, 

1973). However, the angle α  shown in Fig. 3.6 is closer to 45+ϕ' /2 than to ϕ'. If this 

change is accepted, the values of Nc, Nq, and N for a given soil friction angle will 

also change from those given in Table 3.1. With α  = 45+ϕ' /2, it can be shown that 

 

            (3.16) 

 

and  

            (3.17) 

 



                                   

  
 

Equation (3.17) for Nc was originally derived by Prandtl (1921), and Eq. (316) for 

Nq was presented by Reissner (1924). Caquot and Kerisel (1953) and Vesic (1973) 

gave the relation for N as 

            (3.18) 

 

Table 3.3 shows the variation of the preceding bearing capacity factors with soil 

friction angles. 

Table 3.3 Bearing Capacity Factors 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Shape, Depth, and Inclination Factors 
Commonly used shape, depth, and inclination factors are given in Table 3.4. 

 

 

 

 



                                   

  
 

Table 3.4 Shape, Depth and Inclination Factors [DeBeer (1970); Hansen (1970); 

Meyerhof (1963); Meyerhof and Hanna (1981)] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



                                   

  
 

3.7 Eccentrically Loaded Foundation 
If the load applied on the foundation is in the center of the foundation without 

eccentricity, the bearing capacity of the soil will be uniform at any point under the 

foundation (as shown in Fig. 3.9) because there is no any moments on the foundation, 

and the general equation for stress under the foundation is:  

Stress= Q/A ± Mx y /Ix ± My X/ Iy 

In this case, the load is in the center of the foundation and there are no moments so, 

Stress= Q/A (uniform at any point below the foundation) 

 

 

 

 

 

 

 

 

 

Fig. 3.9 Non-Eccentricity loaded foundations 

However, in several cases, as with the base of a retaining wall or neighbor footing, 

the loads does not exist in the center, so foundations are subjected to moments in 

addition to the vertical load (as shown Fig. 3.10). In such cases, the distribution of 

pressure by the foundation on the soil is not uniform because there is a moment 

applied on the foundation and the stress under the foundation will be calculated from 

the general relation:  

Stress= Stress= Q/A ± Mx y /Ix ± My X/ Iy  (in case of two way eccentricity) 

But, in this section we deal with (one way eccentricity), the equation will be: 

Stress= Q/A ± M c /I 

 

 

 



                                   

  
 

 

 

 

 

 

 

 

 

 

Fig. 3.10 Eccentricity loaded foundation 

Since the pressure under the foundation is not uniform, there are maximum and 

minimum pressures (under the two edges of the foundation) and we concerned about 

calculating these two pressures. 

General equation for calculating maximum and minimum pressure: 

Assume the eccentricity is in direction of (B)  

Stress=q= Q/A ± M c / I  

A= B × L   

M= Q × e  

c= B/2 (maximum distance from the center) 

I= (B3×L) /12 (I is about the axis that resists the moment) 

Substitute in the equation, the equation will be: 

 

q= Q/(B×L) ± (Q×e×B)/(( 2B3×L)/12)→q=Q/(B×L)± (6eQ/(B2L)→ 

푞 =
 ×

 (1 ∓ )   General Equation 

Now, there are three cases for calculating maximum and minimum pressures 

according to the values of (e and B/6 ) to maintain minimum pressure always≥0 
Case I. (For 퐞<퐁/ퟔ):  

푞 =
푄

퐵 × 퐿
 (1 +

6푒
퐵

) 

 



                                   

  
 

푞 =
푄

퐵 × 퐿
 (1 −

6푒
퐵

) 

 

Note that when e< B/6 the value of qmin will be positive (i.e. compression). 

If eccentricity in (L) direction: (For e<L/6): 

푞 =
푄

퐵 × 퐿
 (1 +

6푒
퐿

) 

 

푞 =
푄

퐵 × 퐿
 (1 −

6푒
퐿

) 

 

 

 

Case II. (For 퐞=퐁/ퟔ):  

푞 =
푄

퐵 × 퐿
 (1 +

6푒
퐵

) 

푞 =
푄

퐵 × 퐿
 (1 − 1) = 0 

 

 

Case III. (For 퐞 >퐁/ퟔ): 
For e  B/6, qmin will be negative, which means that tension will develop. Because 

soil cannot take any tension, there will then be a separation between the foundation 

and the soil underlying it. The nature of the pressure distribution on the soil will be as 

shown in Figure below. The value of qmax is then 

 
 
 
 
 
The exact distribution of pressure is difficult to estimate. 
 
 
 



                                   

  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.8 Ultimate Bearing Capacity under Eccentric  

Loading - One-Way Eccentricity 
Effective Area Method (Meyerhoff, 1953) 

In 1953, Meyerhof proposed a theory that is generally referred to as the effective 

area method. 

The following is a step-by-step procedure for determining the ultimate load that the 

soil can support and the factor of safety against bearing capacity failure: 

Step 1. Determine the effective dimensions of the foundation (Fig. 3.10): 

B' = effective width = B - 2e 

L' = effective length = L 

Note that if the eccentricity were in the direction of the length of the foundation, 

the value of L' would be equal to L - 2e. The value of B' would equal B. The smaller 

of the two dimensions (i.e., L' and B') is the effective width of the foundation. 

Step 2. Use Eq. (3.15) for the ultimate bearing capacity: 
 

qu=cNcFcsFcdFci + qNqFqsFqdFqi + 0.5B' γ Nγ Fγs Fγd Fγi     
 

To evaluate Fcs, Fqs, and Fs, use the relationships given in Table 3.4 with effective 

length and effective width dimensions instead of L and B, respectively. To determine 

Fcd, Fqd, and Fd, use the relationships given in Table 3.4. However, do not replace B 

with B'. 



                                   

  
 

Step 3. The total ultimate load that the foundation can sustain is 

         (3.19)                 

where A'= effective area. 

Step 4. The factor of safety against bearing capacity failure is    

  

 

Step 5. Check the factor of safety against qmax  , or FS= q'
u / qmax. 

It is important to note that q'
u is the ultimate bearing capacity of a foundation of 

width B'= B - 2e with a centric load (Fig. 3.10a). However, the actual distribution of 

soil reaction at ultimate load will be of the type shown in Fig. 3.10b. In Figure 3.10b, 

qu(e) is the average load per unit area of the foundation. Thus,   

qu(e) = [q'
u(B-2e)] / B 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.10 Definition of q'
u and qu(e) 



                                   

  
 

3.9 Bearing Capacity of Layered Soils: Stronger Soil 

Underlain by Weaker Soil (c'-'  soil) 

 The bearing capacity equations presented in preceding sections 

involve cases in which the soil supporting the foundation is 

homogeneous and extends to a considerable depth.  

 The cohesion, angle of friction, and unit weight of soil were assumed 

to remain constant for the bearing capacity analysis. However, in 

practice, layered soil profiles are often encountered. In such 

instances, the failure surface at ultimate load may extend through two 

or more soil layers, and a determination of the ultimate bearing 

capacity in layered soils can be made in only a limited number of 

cases.  

 This section features the procedure for estimating the bearing 

capacity for layered soils proposed by Meyerhof and Hanna (1978) 

and Meyerhof (1974) in c'-'  soil. 

 .Figure 3.11 shows a shallow, continuous foundation supported by a 

stronger soil layer, underlain by a weaker soil that extends to a great 

depth. 

  For the two soil layers, the physical parameters are as follows: 

 
 

 

 

 

 

 



                                   

  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 At ultimate load per unit area (qu ) , the failure surface in soil will be 

as shown in the figure. 

  If the depth H is relatively small compared with the foundation 

width B, a punching shear failure will occur in the top soil layer, 

followed by a general shear failure in the bottom soil layer. This is 

shown in Figure 3.11a.  

 If the depth H is relatively large, then the failure surface will be 

completely located in the top soil layer, which is the upper limit for 

the ultimate bearing capacity. This is shown in Figure 3.11b. 



                                   

  
 

 The ultimate bearing capacity for this problem, as shown in Figure 

3.11a, can be given as 

 
 

 

 

 

 

 

 

Note that, in the above Equation, 
 

 

 

Equation above can be simplified to the form 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



                                   

  
 

Note that q1  and q2 are the ultimate bearing capacities of a continuous 

foundation of width B under vertical load on the surfaces of homogeneous 

thick beds of upper and lower soil, or 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Combining Equations  above yields 

 

 

 

For rectangular foundations, the preceding equation can be extended 

to the form 
 

 

 

 



                                   

  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



                                   

  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



                                   

  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



                                   

  
 

3.10 Foundations on Rock 

 On some occasions, shallow foundations may have to be built on 

rocks, as shown in Figure 3.14.  

 For estimation of the ultimate bearing capacity of shallow 

foundations on rock, we may use Terzaghi’s bearing capacity 

equations with the bearing capacity factors given here (Stagg and 

Zienkiewicz, 1968; Bowles, 1996): 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



                                   

  
 

 The unconfined compression strength and the friction angle of rocks 

can vary widely. Table 3.5 gives a general range of quc for various 

types of rocks. It is important to keep in mind  that the magnitude of 

quc  and ' (hence c' ) reported from laboratory tests are for intact rock 

specimens. It does not account for the effect of discontinuities.  

 To account for discontinuities,  Bowles (1996) suggested that the 

ultimate bearing capacity qu should be modified as 
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VERTICAL STRESS INCREASE IN SOIL 
 
4.1. Introduction  
It was mentioned in Chapter 3 that, in many foundation may control the 

allowable bear may be controlled by local building codes.  the smaller of 

the following two conditions:  
 
  
 
 
 
 
 
For the calculation of foundation settlement, it is required that we estimate 

the vertical stress increase in the soil mass due to the net load applied on 

the foundation. Hence, in this chapter, we will discuss the general 

principles for estimating the increase of vertical stress at various depths in 

soil due to the application of (on the ground surface). 

●A point load 

●Circularly loaded area 

●Vertical line load 

●Strip load 

●Rectangularly loaded area 

4.2 Stress Due to a Concentrated Load 
In 1885, Boussinesq developed the mathematical relationships for 

determining the normal and shear stresses at any point inside 

homogeneous, elastic, and isotropic mediums due to a concentrated point 

load located at the surface, as shown in Figure 4.1. According to his 

analysis, the vertical stress increase at point A caused by a point load of 

magnitude P is given by  

2 



                             S             

  
 

 
 
        (4.1) 
 
 
 

  
  
  
  

Note that Eq. (4.1) is not a function of Poisson’s ratio of the soil.  
  
  
  
  
  
  
  
  
  

 
  
  
  

 
  
  
  
  
  

 
 
 
4.3 Stress Due to a Circularly Loaded Area 
The Boussinesq equation (4.1) can also be used to determine the vertical stress below 

the center of a flexible circularly loaded area, as shown in Figure 4.2. Let the radius 

of the loaded area be B/2, and let qo be the uniformly distributed load per unit area. 

To determine the stress increase at a point A, located at a depth z below the center of 

the circular area, consider an elemental area on the circle. The load on this elemental 

area may be taken to be a point load and expressed as qo r d dr. The stress increase 

at A caused by this load can be determined from Eq. (4.1) as 
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         (4.2) 
 
 
 
 

The total increase in stress caused by the entire loaded area may be 

obtained by integrating Eq. (4.2), or 
 
 
 
 
 
                (4.3) 
 
 
 
 
 
 
Similar integrations could be performed to obtain the vertical stress increase at A', 

located a distance r from the center of the loaded area at a depth z (Ahlvin and Ulery, 

1962). Table 4.1 gives the variation of /qo  with r/(B/2) and z/(B/2)                                

[for 0  r/(B/2)  1]. Note that the variation of /qo with depth at r/(B/2) =0 can be 

obtained from Eq. (4.3). 
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4.4 Stress Due to a Line Load 
Figure 4.3 shows a vertical flexible line load of infinite length that has an 

intensity q/unit length on the surface of a semi-infinite soil mass. The 

vertical stress increase, , inside the soil mass can be determined by 

using the principles of the theory of elasticity, or 
 
 
      (4.4) 
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This equation can be rewritten as 
 
 
 
             
        (4.5) 
 
 
 
Note that Eq. (4.5) is in a nondimensional form. Using this variation of 

/(q/z) with x/z. This is given in Table 4.2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4.5 Stress below a Rectangular Area 
The integration technique of Boussinesq’s equation also allows the vertical 

stress at any point A below the corner of a flexible rectangular loaded area 

to be evaluated. (See Figure 4.5.) To do so, consider an elementary area 

dA= dx dy on the flexible loaded area. If the load per unit area is qo, the 

total load on the elemental area is 
 
        (4.8) 
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The total stress increase  caused by the entire loaded area at point A 

may now be obtained by integrating the preceding equation: 
 
 
          (4.9) 
 
 
Here,  
 
 
 
             
                     (4.10) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
          (4.11) 
     
        
          (4.12) 
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The stress increase at any point below a rectangular loaded area can also be found by 

using Eq. (4.9) in conjunction with Figure 4.6. To determine the stress at a depth z 

below point O, divide the loaded area into four rectangles, with O the corner common 

to each. Then use Eq. (6.9) to calculate the increase in stress at a depth z below O 

caused by each rectangular area. The total stress increase caused by the entire loaded 

area may now be expressed as 

(4.13) 

 

 

 
 
       (4.14) 
 
 
 
 
 
 
 
 
 
 
 
 
 
The variation of Ic  with m1 and n1 is given in Table 4.5. 
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Stress Increase Under a Rectangular Foundation- 2:1 Method 
Foundation engineers often use an approximate method to determine the 

increase in stress with depth caused by the construction of a foundation. 

The method is referred to as the 2:1 method. (See Figure 4.7). According 

to this method, the increase in stress at depth z is 
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Note that Equation above is based on the assumption that the stress from 

the foundation spreads out along lines with a vertical-to-horizontal       

slope of 2:1. 

Settlement of Shallow Foundations 
 
4.6 Type of Shallow Foundations 
The settlement of a shallow foundation can be divided into two major 

categories: 

(a) elastic, or immediate, settlement and  

 (b) consolidation settlement. 

 Immediate, or elastic, settlement of a foundation takes place during 

or immediately after the construction of the structure.  

 Consolidation settlement occurs over time. Pore water is extruded 

from the void spaces of saturated clayey soils submerged in water.  

 The total settlement of a foundation is the sum of the elastic 

settlement and the consolidation settlement. Consolidation 

settlement comprises two phases: primary and secondary. Primary 

consolidation settlement is more significant than secondary 

settlement in inorganic clays and silty soils. However, in organic 

soils, secondary consolidation settlement is more significant.  
 
4.7 Elastic Settlement of Shallow Foundation on  

      Saturated Clay (s = 0.5) 

 Janbu et al. (1956) proposed an equation for evaluating the average 

settlement of flexible foundations on saturated clay soils (Poisson’s 

ratio, (s = 0.5). Referring to Figure 4.8, this relationship can be 

expressed as  
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(4.1) 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Christian and Carrier (1978) modified the values of A1 and A2 to 

some extent and is presented in Figure 4.8. 
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 The modulus of elasticity (Es) for saturated clays can, in general, be 

given as 
        (4.2) 
 
 The parameter  is primarily a function of the plasticity index and 

overconsolidation ratio (OCR). Table 4.1 provides a general range 

for based on that proposed by Duncan and Buchignani (1976). In 

any case, proper judgment should be used in selecting the magnitude 

of . 
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Elastic Settlement in Granular Soil 

4.8 Settlement Based on the Theory of Elasticity 
 The elastic settlement of a shallow foundation can be estimated by 

using the theory of elasticity. From Hooke’s law, as applied to Figure 

4.9, we obtain 

 
 
 
 
 
 
 
 
 
 
Theoretically, if the foundation is perfectly flexible (see Figure 4.10 and 

Bowles, 1987), the settlement may be expressed as 

 

          (4.4) 
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The variations of F1 and F2 [see Eqs. (7.6) and (7.7)] with m' and n' are 

given in Tables 7.2 and 7.3. Also, the variation of If with Df /B (for s = 

0.3, 0.4, and 0.5) is given in Table 7.4. These values are also given in more 

detailed form by Bowles (1987). 

 The elastic settlement of a rigid foundation can be estimated as 

(7.1) 

 

Due to the nonhomogeneous nature of soil deposits, the magnitude of Es 

may vary with depth. For that reason, Bowles (1987) recommended using 

a weighted average of Es in Eq. (7.4), or 
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4.9 Settlement of Sandy Soil: Use of Strain Influence Factor 

Solution of Schmertmann et al. (1978) 

 The settlement of granular soils can also be evaluated by the use of a 

semiempirical strain influence factor proposed by Schmertmann et 

al. (1978). According to this method (Figure 7.9), the settlement is 

 

 

 

 

 

 

 

 

 

The variation of the strain influence factor with the depth below the 

foundation is shown in Figure 7.9. Note that,  

For square or circular foundations, 

Iz = 0.1       at z = 0 

Iz = 0.5       at z = z1 = 0.5B 

and 

Iz = 0          at z = z2 = 2B 

Similarly, for foundations with L/B  10, 

Iz = 0.2       at z = 0 

Iz = 0.5       at z = z1 = B 

and 

Iz = 0          at z = z2 = 4B 
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Where B = width of the foundation and L = length of the foundation. 

Values of L/B between 1 and 10 can be interpolated. 

 

 

 

 

 

 

 

 

 

 

The procedure for calculating elastic settlement using Eq. (7.20) is given 

here (Figure 7.10). 
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Example 4.3 
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4.10 Settlement of Foundation on Sand Based 

on Standard Penetration Resistance 
Meyerhof’s Method 

 Meyerhof (1956) proposed a correlation for the net bearing pressure 

for foundations with the standard penetration resistance, N60. The net 

pressure has been defined as 

 

 

 

 

 

 Bowles (1977) proposed that the modified form of the bearing 

equations be expressed as 

 

 

 

 

 

 

 

 

 

 The N60 referred to in the preceding equations is the standard 

penetration resistance between the bottom of the foundation and 2B 

below the bottom. 
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Consolidation Settlement 
4.11 Primary Consolidation Settlement Relationships 

As mentioned before, consolidation settlement occurs over time in 

saturated clayey soils subjected to an increased load caused by 

construction of the foundation. (See Figure 4.20.) On the basis of the one-

dimensional consolidation settlement equations, we write 
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 Note that the increase in effective pressure, ' , on the 

clay layer is not constant with depth: The magnitude of ' will 

decrease with the increase in depth measured from the bottom of the 

foundation. However, the average increase in pressure may be 

approximated by 

 

 

where '
t , '

m  , and '
b  are, respectively, the effective pressure 

increases at the top, middle, and bottom of the clay layer that are caused by 

the construction of the foundation. 

The method of determining the pressure increase caused by various 

types of foundation load using Boussinesq’s solution is discussed in 

previous Sections  
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4.12 Settlement Due to Secondary Consolidation 

At the end of primary consolidation (i.e., after the complete 

dissipation of excess pore water pressure) some settlement is observed that 

is due to the plastic adjustment of soil fabrics. This stage of consolidation 

is called secondary consolidation. A plot of deformation against the 

logarithm of time during secondary consolidation is practically linear as 

shown in Figure 4.24. From the figure, the secondary compression index 

can be defined as 
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Secondary consolidation settlement is more important in the case of 

all organic and highly compressible inorganic soils. In overconsolidated 

inorganic clays, the secondary compression index is very small and of less 

practical significance.  

There are several factors that might affect the magnitude of 

secondary consolidation, some of which are not yet very clearly 

understood (Mesri, 1973). The ratio of secondary to primary compression 

for a given thickness of soil layer is dependent on the ratio of the stress 

increment, ', to the initial effective overburden stress, '
o . For small      

' / '
o  ratios, the secondary-to-primary compression ratio is larger. 
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4.13 Field Load Test 

The ultimate load-bearing capacity of a foundation, as well as the 

allowable bearing capacity based on tolerable settlement considerations, 

can be effectively determined from the field load test, generally referred to 

as the plate load test. The plates that are used for tests in the field are 

usually made of steel and are 25 mm (1 in.) thick and 150 mm to 762 mm 
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(6 in. to 30 in.) in diameter. Occasionally, square plates that are 305 mm × 

305 mm (12 in. × 12 in.) are also used. 

To conduct a plate load test, a hole is excavated with a minimum 

diameter of 4B (B is the diameter of the test plate) to a depth of Df , the 

depth of the proposed foundation. The plate is placed at the center of the 

hole, and a load that is about one-fourth to one-fifth of the estimated 

ultimate load is applied to the plate in steps by means of a jack. A 

schematic diagram of the test arrangement is shown in Figure 4.25a. 

During each step of the application of the load, the settlement of the plate 

is observed on dial gauges. At least one hour is allowed to elapse between 

each application. The test should be conducted until failure, or at least until 

the plate has gone through 25 mm (1 in.) of settlement. Figure 4.25b shows 

the nature of the load–settlement curve obtained from such tests, from 

which the ultimate load per unit area can be determined. Figure 4.26 shows 

a plate load test conducted in the field.  

For tests in clay, 

 

 

 

Equation above implies that the ultimate bearing capacity in clay is 

virtually independent of the size of the plate. 

For tests in sandy soils, 
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4.14 Tolerable Settlement of Buildings 
In most instances of construction, the subsoil is not homogeneous 

and the load carried by various shallow foundations of a given structure 

can vary widely. As a result, it is reasonable to expect varying degrees of 

settlement in different parts of a given building. The differential 

settlement of the parts of a building can lead to damage of the 

superstructure. Hence, it is important to define certain parameters that 

quantify differential settlement and to develop limiting values for those 

parameters in order that the resulting structures be safe.  

Burland and Wroth (1970) summarized the important parameters 

relating to differential settlement. Figure 4.27 shows a structure in which 

various foundations, at A, B, C, D, and E, have gone through some 

settlement. The settlement at A is AA', at B is BB', etc. Based on this figure, 

the definitions of the various parameters are as follows: 
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 In 1956, Skempton and McDonald proposed the following limiting 

values for maximum settlement and maximum angular distortion, to 

be used for building purposes: 

 

 

 

 

 

 Polshin and Tokar (1957) suggested the following allowable 

deflection ratios for buildings as a function of L / H, the ratio of the 

length to the height of a building: 

 

 

 The 1955 Soviet Code of Practice allowable values are given in 

Table 4.10. 

 Bjerrum (1963) recommended the following limiting angular 

distortion, max for various structures, as shown in Table 4.11. 
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If the maximum allowable values of max are known, the magnitude 

of the allowable ST(max) can be calculated with the use of the foregoing 

correlations. 

 The European Committee for Standardization has also provided 

limiting values for serviceability and the maximum accepted 

foundation movements. (See Table 4.12.) 
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6.1. Introduction 

Piles are structural members that are made of steel, concrete, or timber. 

They are used to build pile foundations, which are deep and which cost 

more than shallow foundations. Despite the cost, the use of piles often is 

necessary to ensure structural safety. The following list identifies some of 

the conditions that require pile foundations (Vesic, 1977): 

1. When one or more upper soil layers are highly compressible and too 

weak to support the load transmitted by the superstructure, piles are used 

to transmit the load to underlying bedrock or a stronger soil layer, as 

shown in Figure 9.1a. When bedrock is not encountered at a reasonable 

depth below the ground surface, piles are used to transmit the structural 

load to the soil gradually. The resistance to the applied structural load is 

derived mainly from the frictional resistance developed at the soil–pile 

interface. (See Figure 9.1b.) 

2. When subjected to horizontal forces (see Figure 9.1c), pile foundations 

resist by bending, while still supporting the vertical load transmitted by 

the superstructure. This type of situation is generally encountered in the 

design and construction of earth-retaining structures and foundations of 

tall structures that are subjected to high wind or to earthquake forces. 

3. In many cases, expansive and collapsible soils may be present at the site 

of a proposed structure. These soils may extend to a great depth below 

the ground surface. Expansive soils swell and shrink as their moisture 

content increases and decreases, and the pressure of the swelling can be 

considerable. If shallow foundations are used in such circumstances, the 

structure may suffer considerable damage. However, pile foundations 

may be considered as an alternative when piles are extended beyond the 
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active zone, which is where swelling and shrinking occur. (See Figure 

9.1d.) Soils such as loess are collapsible in nature. When the moisture 

content of these soils increases, their structures may break down. A 

sudden decrease in the void ratio of soil induces large settlements of 

structures supported by shallow foundations. In such cases, pile foundations 

may be used in which the piles are extended into stable soil layers beyond the zone 

where moisture will change. 

4. The foundations of some structures, such as transmission towers, 

offshore platforms, and basement mats below the water table, are 

subjected to uplifting forces. Piles are sometimes used for these 

foundations to resist the uplifting force. (See Figure 9.1e.) 

5. Bridge abutments and piers are usually constructed over pile 

foundations to avoid the loss of bearing capacity that a shallow 

foundation might suffer because of soil erosion at the ground surface. 

(See Figure 9.1f.) 
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9.2 Types of Piles and Their Structural Characteristics 

 Different types of piles are used in construction work, depending on 

the type of load to be carried, the subsoil conditions, and the location 

of the water table.  

 Piles can be divided into the following categories with the general 

descriptions for conventional steel, concrete, timber, and composite 

piles.  

Steel Piles 

 Steel piles generally are either pipe piles or rolled steel H-section 

piles.  

 Pipe piles can be driven into the ground with their ends open or 

closed.  

 Wide-flange and I-section steel beams can also be used as piles. 

However, H-section piles are usually preferred because their web and 

flange thicknesses are equal. (In wide-flange and I-section beams, the 

web thicknesses are smaller than the thicknesses of the flange.) Table 

9.1 gives the dimensions of some standard H-section steel piles used 

in the United States.  

 Table 9.2 shows selected pipe sections frequency used for piling 

purposes.  

 In many cases, the pipe piles are filled with concrete after they have 

been driven. 

 The allowable structural capacity for steel piles is 

 

 

 

 



PILE FOUNDATION                                   

When hard driving conditions are expected, such as driving through 

dense gravel, shale, or soft rock, steel piles can be fitted with driving 

points or shoes. Figures 9.2d and 9.2e are diagrams of two types of shoe 

used for pipe piles. 
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Concrete Piles 

Concrete piles may be divided into two basic categories:  

(a) precast piles and  

(b) cast-in-situ piles.  

Precast piles can be prepared by using ordinary reinforcement, and they 

can be square or octagonal in cross section. (See Figure 9.3.) 

Reinforcement is provided to enable the pile to resist the bending moment 

developed during pickup and transportation, the vertical load, and the 

bending moment caused by a lateral load. The piles are cast to desired 

lengths and cured before being transported to the work sites. 

Some general facts about concrete piles are as follows: 

 

 
 

 
 

Precast piles can also be prestressed by the use of high-strength steel 

prestressing cables. The ultimate strength of these cables is about 1800 

MN/m2. During casting of the piles, the cables are pretensioned to about 
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900 to 1300 MN/m2, and concrete is poured around them. After curing, 

the cables are cut, producing a compressive force on the pile section. Table 

9.3 gives additional information about prestressed concrete piles with 

square and octagonal cross sections.  

Some general facts about precast prestressed piles are as follows: 

 
 

 

Cast-in-situ, or cast-in-place, piles are built by making a hole in the 

ground and then filling it with concrete. Various types of cast-in-place 

concrete piles are currently used in construction, and most of them have 

been patented by their manufacturers. These piles may be divided into two 

broad categories: (a) cased and (b) uncased. Both types may have a 

pedestal at the bottom. 

Cased piles are made by driving a steel casing into the ground with the 

help of a mandrel placed inside the casing. When the pile reaches the 

proper depth the mandrel is withdrawn and the casing is filled with 

concrete. Figures 9.4a, 9.4b, 9.4c, and 9.4d show some examples of cased 

piles without a pedestal. Figure 9.4e shows a cased pile with a pedestal. 

The pedestal is an expanded concrete bulb that is formed by dropping a 

hammer on fresh concrete. 

Some general facts about cased cast-in-place piles are as follows: 
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Figures 9.4f and 9.4g are two types of uncased pile, one with a pedestal 

and the other without. The uncased piles are made by first driving the 

casing to the desired depth and then filling it with fresh concrete. The 

casing is then gradually withdrawn. Following are some general facts 

about uncased cast-in-place concrete piles: 
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Timber Piles 

Timber piles are tree trunks that have had their branches and bark 

carefully trimmed off. The maximum length of most timber piles is 10 to 

20 m (30 to 65 ft). To qualify for use as a pile, the timber should be 

straight, sound, and without any defects. The American Society of Civil 

Engineers’ Manual of Practice, No. 17 (1959), divided timber piles into 

three classes: 

1. Class A piles carry heavy loads. The minimum diameter of the butt 

should be 356 mm (14 in.). 

2. Class B piles are used to carry medium loads. The minimum butt 

diameter should be 305 to 330 mm (12 to 13 in.). 

3. Class C piles are used in temporary construction work. They can be 

used permanently for structures when the entire pile is below the water 

table. The minimum butt diameter should be 305 mm (12 in.). 

In any case, a pile tip should not have a diameter less than 150 mm. 

 

Timber piles cannot withstand hard driving stress; therefore, the pile 

capacity is generally limited. Steel shoes may be used to avoid damage at 

the pile tip (bottom). The tops of timber piles may also be damaged during 

the driving operation. The crushing of the wooden fibers caused by the 

impact of the hammer is referred to as brooming. To avoid damage to the 

top of the pile, a metal band or a cap may be used. 
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Composite Piles 

The upper and lower portions of composite piles are made of different 

materials. For example, composite piles may be made of steel and concrete 

or timber and concrete. Steel-and-concrete piles consist of a lower portion 

of steel and an upper portion of cast-inplace concrete. This type of pile is 

used when the length of the pile required for adequate bearing exceeds the 

capacity of simple cast-in-place concrete piles. Timber-and-concrete piles 

usually consist of a lower portion of timber pile below the permanent 

water table and an upper portion of concrete. In any case, forming proper 

joints between two dissimilar materials is difficult, and for that reason, 

composite piles are not widely used. 

 

6.4 Estimating Pile Length 

Selecting the type of pile to be used and estimating its necessary length 

are fairly difficult tasks that require good judgment. In addition to being 

broken down into the classification given in Section 6.2, piles can be 

divided into three major categories, depending on their lengths and the 

mechanisms of load transfer to the soil:  

(a) point bearing piles,  

(b) friction piles, and 

 (c) compaction piles. 

a. Point Bearing Piles 

If soil-boring records establish the presence of bedrock or rocklike 

material at a site within a reasonable depth, piles can be extended to the 

rock surface. (See Figure 9.6a.) In this case, the ultimate capacity of the 

piles depends entirely on the load-bearing capacity of the underlying 
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material; thus, the piles are called point bearing piles. In most of these 

cases, the necessary length of the pile can be fairly well established. 

If, instead of bedrock, a fairly compact and hard stratum of soil is 

encountered at a reasonable depth, piles can be extended a few meters into 

the hard stratum. (See Figure 9.6b.) Piles with pedestals can be constructed 

on the bed of the hard stratum, and the ultimate pile load may be expressed 

as 

 

 

 

In this case, the required pile length may be estimated accurately if 

proper subsoil exploration records are available. 
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b- Friction Piles 

When no layer of rock or rocklike material is present at a reasonable 

depth at a site, point bearing piles become very long and uneconomical. In 

this type of subsoil, piles are driven through the softer material to specified 

depths. (See Figure 9.6c.) The ultimate load of the piles may be expressed 

by Eq. (9.5). However, if the value of Qp is relatively small, then 

 

These piles are called friction piles, because most of their resistance is 

derived from skin friction. However, the term friction pile, although used 

often in the literature, is a misnomer: In clayey soils, the resistance to 

applied load is also caused by adhesion. 

The lengths of friction piles depend on the shear strength of the soil, the 

applied load, and the pile size. To determine the necessary lengths of these 

piles, an engineer needs a good understanding of soil–pile interaction, 

good judgment, and experience.  

c- Compaction Piles 

Under certain circumstances, piles are driven in granular soils to 

achieve proper compaction of soil close to the ground surface. These piles 

are called compaction piles. The lengths of compaction piles depend on 

factors such as  

 (a) the relative density of the soil before compaction, 

 (b) the desired relative density of the soil after compaction, and 

 (c) the required depth of compaction.  

These piles are generally short; however, some field tests are necessary 

to determine a reasonable length. 
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6.5 Installation of Piles 

Most piles are driven into the ground by means of hammers or 

vibratory drivers. In special circumstances, piles can also be inserted by 

jetting or partial augering. The types of hammer used for pile driving 

include  

 (a) the drop hammer, 

 (b) the single-acting air or steam hammer, 

 (c) the double-acting and differential air or steam hammer, and 

 (d) the diesel hammer. 

 In the driving operation, a cap is attached to the top of the pile. A 

cushion may be used between the pile and the cap. The cushion has the 

effect of reducing the impact force and spreading it over a longer time; 

however, the use of the cushion is optional. A hammer cushion is placed 

on the pile cap. The hammer drops on the cushion. 

Figure 9.7 illustrates various hammers. 
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6.6 Load Transfer Mechanism 

The load transfer mechanism from a pile to the soil is complicated. To 

understand it, consider a pile of length L, as shown in Figure 9.9a. The 

load on the pile is gradually increased from zero to Q(z=0) at the ground 

surface. Part of this load will be resisted by the side friction developed 

along the shaft, Q1 , and part by the soil below the tip of the pile, Q2 . Now, 

how are Q1 and Q2 related to the total load? If measurements are made to 

obtain the load carried by the pile shaft, Q(z) , at any depth z, the nature of 

the variation found will be like that shown in curve 1 of Figure 9.9b. The 

frictional resistance per unit area at any depth z may be determined as 

 

Where 

 p = perimeter of the cross section of the pile. Figure 9.9c shows the 

variation of f(z) with depth. 

If the load Q at the ground surface is gradually increased, maximum 

frictional resistance along the pile shaft will be fully mobilized when the 

relative displacement between the soil and the pile is about 5 to 10 mm 

,irrespective of the pile size and length L. However, the maximum point 

resistance Q2 = Qp will not be mobilized until the tip of the pile has moved 

about 10 to 25% of the pile width (or diameter). (The lower limit applies to 

driven piles and the upper limit to bored piles). At ultimate load (Figure 

9.9d and curve 2 in Figure 9.9b), Q(z=0) = Qu . Thus, 

Q1 = Qs 

and 

Q2 = Qp 
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The preceding explanation indicates that Qs (or the unit skin friction, f, 

along the pile shaft) is developed at a much smaller pile displacement 

compared with the point resistance, Qp . 

At ultimate load, the failure surface in the soil at the pile tip (a bearing 

capacity failure caused by Qp) is like that shown in Figure 9.9e. Note that 

pile foundations are deep foundations and that the soil fails mostly in a 

punching mode. That is, a triangular zone, I, is developed at the pile tip, 

which is pushed downward without producing any other visible slip 

surface. In dense sands and stiff clayey soils, a radial shear zone, II, may 

partially develop.  

 

9.7 Equations for Estimating Pile Capacity 

The ultimate load-carrying capacity Qu of a pile is given by the 

equation 

 

Numerous published studies cover the determination of the values of 

Qp and Qs . Excellent reviews of many of these investigations have been 

provided by Vesic (1977), Meyerhof (1976), and Coyle and Castello 

(1981). These studies afford an insight into the problem of determining the 

ultimate pile capacity. 

 

 

 



PILE FOUNDATION                                   

 

Point Bearing Capacity, Qp 

The ultimate bearing capacity of shallow foundations was discussed in 

Chapter 3. According to Terzaghi’s equations, 
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Pile foundations are deep. However, the ultimate resistance per unit 

area developed at the pile tip, qp , may be expressed by an equation similar 

in form to Eq. (9.10), although the values of N*c , N*q , and N* will 

change. The notation used in this chapter for the width of a pile is D. 

Hence, substituting D for B in Eq. (9.10) gives 
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Note that the term q has been replaced by q' in Eq. (9.12), to signify 

effective vertical stress. Thus, the point bearing of piles is 

 

Frictional Resistance, Qs 

The frictional, or skin, resistance of a pile may be written as 

 

The various methods for estimating Qp and Qs are discussed in the next 

several sections. It needs to be reemphasized that, in the field, for full 

mobilization of the point resistance (Qp), the pile tip must go through a 

displacement of 10 to 25% of the pile width (or diameter). 

 

Allowable Load, Qall 

After the total ultimate load-carrying capacity of a pile has been 

determined by summing the point bearing capacity and the frictional (or 

skin) resistance, a reasonable factor of safety should be used to obtain the 

total allowable load for each pile, or  
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The factor of safety generally used ranges from 2.5 to 4, depending on 

the uncertainties surrounding the calculation of ultimate load. 

 

6.8 Meyerhof’s Method for Estimating Qp 

Sand 

The point bearing capacity, qp , of a pile in sand generally increases 

with the depth of embedment in the bearing stratum and reaches a 

maximum value at an embedment ratio of Lb/D = (Lb/D)cr . Note that in a 

homogeneous soil Lb is equal to the actual embedment length of the pile, L. 

However, where a pile has penetrated into a bearing stratum, Lb  L. 

Beyond the critical embedment ratio, (Lb/D)cr , the value of qp remains 

constant (qp = ql). That is, as shown in Figure 9.12 for the case of a 

homogeneous soil, L = Lb . 

For piles in sand, c' = 0, and Eq. (9.13) simplifies to 

 

The variation of N*q with soil friction angle  ' is shown in Figure 9.13. 

The interpolated values of N*q for various friction angles are also given in 

Table 9.5. However, Qp should not exceed the limiting value Apql ; that is, 
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The limiting point resistance is 

 

 

6.9 Coyle and Castello’s Method for Estimating Qp in Sand 

Coyle and Castello (1981) analyzed 24 large-scale field load tests of 

driven piles in sand. On the basis of the test results, they suggested that, in 

sand, 
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6.11 Correlations for Calculating Qp with SPT and CPT Results in 

Granular Soil 

On the basis of field observations, Meyerhof (1976) also suggested that 

the ultimate point resistance qp in a homogeneous granular soil (L = Lb) 

may be obtained from standard penetration numbers as 
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Figure 3.5 A small enclosure with steel sheet piles for an excavation work (Courtesy 

of N. Sivakugan, James Cook University, Australia) 

Table 3.1 Properties of Some Sheet-Pile Sections Production by Bethlehem Steel 

Corporation 
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Example 3.4: 
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5.1. Introduction 

The foundations are considered to be shallow if [Df ≤ (3→4)B]. 

 Shallow foundations have several advantages:  

 minimum cost of materials and construction, 

  easy in construction “labor don’t need high experience to 

construct shallow foundations”. 

 On the other hand, the main disadvantage of shallow foundations that 

if the bearing capacity of the soil supporting the foundation is small, the 

amount of settlement will be large. 

The types of sallow foundations is the following:   
1. Isolated Footings (spread footings).  

2. Combined Footings.  

3. Strap Footings.  

4. Mat “Raft” Foundations.  

 

 

SPREAD FOOTING DESIGN 
 

5.2 Geometric Design of Isolated Footings 

 A footing carrying a single column is called a spread footing, since 

its function is to "spread" the column load laterally to the soil so that 

the stress intensity is reduced to a value that the soil can safely carry. 

  These members are sometimes called single or isolated footings. 

  Wall footings serve a similar purpose of spreading the wall load to 

the soil. Often, however, wall footing widths are controlled by 

factors other than the allowable soil pressure since wall loads 

(including wall weight) are usually rather low. 

 Spread footings with tension reinforcing may be called two-way or 

one-way depending on whether the steel used for bending runs both 



                                         

ways (usual case) or in one direction (as is common for wall 

footings).  

 Single footings may be of constant thickness or either stepped or 

sloped. Stepped or sloped footings are most commonly used to 

reduce the quantity of concrete away from the column where the 

bending moments are small and when the footing is not reinforced. 

When labor costs are high relative to material, it is usually more 

economical to use constant-thickness reinforced footings.  

 Figure 5-1 illustrates several spread footings.  

 A pedestal (Fig. 5-Ie) may be used to interface metal columns with 

spread or wall footings that are located at the depth in the ground.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-1 Typical footings, (a) Single or spread footings; (Jb) stepped footing;  

(c) sloped footing; (d) wall footing; (e) footing with pedestal. 

 

 



                                         

5.2.1 Design Procedures:  

1. Calculate the net allowable bearing capacity:  

The first step for geometric design of foundations is to calculate the allowable 

bearing capacity of the foundations as we discussed in previous chapters as shown in 

Fig. 5.2. 

 

 

 

 
 

2. Calculate the required area of the footing:  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Note:  

The equation of calculating the required area                                         is valid 

only if the pressure under the base of the foundation is uniform. 

 

5.3 STRUCTURAL DESIGN OF SPREAD FOOTINGS 

 The allowable soil pressure controls the plan (B X L) dimensions of a 

spread footing.  

 Structural (such as a basement) and environmental factors locate the 

footing vertically in the soil.  



                                         

 Shear stresses usually control the footing thickness D.  

 Two-way action shear always controls the depth for centrally loaded 

square footings.  

 Wide-beam shear may control the depth for rectangular footings 

when the L/B ratio is greater than about 1.2 and may control for other 

L/B ratios when there are overturning or eccentric loadings. 

The depth of footing for two-way action produces a quadratic equation 

that is developed from Fig. 5-4b, c using 

 
 

 Fv= 0  

 

on the two-way action zone shown. Noting the footing block weight 
cancels, we have: 

 

 
 

Substitution of Pu or Pd = BLq and using shear stress vc gives 
 

 

 



                                         

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 If we neglect the upward soil pressure on the diagonal tension block, 

an approximate effective concrete depth d can be obtained for 

rectangular and round columns as 

 

 
 

 Steps in square or rectangular spread footing design with a centrally 
loaded column and no moments are as follows: 

 
        2. Convert the allowable soil pressure qa to an ultimate value qult = q for footing 

depth 

 

 

 

 

3. Obtain the allowable two-way action shear stress vc and using the 

Equations above to compute the effective footing depth d. 



                                         

4. If the footing is rectangular, immediately check wide-beam shear. Use 

the larger d from two-way action (step 3) or wide-beam. 

5. Compute the required steel for bending, and use the same amount each 

way for square footings. Use the effective d to the intersection of the 

two bar layers for square footings and if d > 305 mm or 12 in. For d 

less than this and for rectangular footings use the actual d for the two 

directions. The bending moment is computed at the critical section 

shown in Fig. 5-5. For the length l shown the ultimate bending 

moment/unit width is 

 

 

 
 

Fig. 5.5 Sections for computing bending moment. 

 

 

 



                                         

6. Compute column bearing and use dowels for bearing if the allowable 

bearing stress is exceeded. In that case, compute the required dowels 

based on the difference between actual and allowable stresses X 

column area. This force, divided by fy, is the required area of dowels 

for bearing. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



                                         

APPENDIX A 

Reinforced Concrete Design of Shallow Foundations 
 

 

A.1 Fundamentals of Reinforced Concrete Design 

At the present time, most reinforced concrete designs are based on the 

recommendations of the building code prepared by the American Concrete 

Institute—that is, ACI 318-11. The basis for this code is the ultimate 

strength design or strength design. Some of the fundamental 

recommendations of the code are briefly summarized in the following 

sections. 

Load Factors 

According to ACI Code Section 9.2, depending on the type, the 

ultimate load-carrying capacity of a structural member should be one of 

the following: 

 
 

 

 



                                         

Strength Reduction Factor 

The design strength provided by a structural member is equal to the 

nominal strength times a strength reduction factor,  , or 

 

The reduction factor,  , takes into account the inaccuracies in the design 

assumptions, changes in property or strength of the construction materials, and so on. 

Following are some of the recommended values of  (ACI Code Section 9.3): 

 
 

Design Concepts for a Rectangular Section in Bending 

Figure A.1a shows a section of a concrete beam having a width b and a 

depth h. The assumed stress distribution across the section at ultimate load 

is shown in Figure A.1b. The following notations have been used in this 

figure: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



                                         

 

 
 

 



                                         

 
 

 
 

 

A.2 Reinforcing Bars 

The nominal sizes of reinforcing bars commonly used in the United 

States are given in Table A.1. 

 



                                         

 
 

Reinforcing-bar sizes in the metric system have been recommended by 
UNESCO (1971). (Bars in Europe will be specified to comply with the 

standard EN 100080). 

 

 
A.3 Development Length 

The development length, Ld , is the length of embedment required to 

develop the yield stress in the tension reinforcement for a section in 

flexure. ACI Code Section 12.2 lists the basic development lengths for 

tension reinforcement. 

 
 

 



                                         

A.4 Design Example of a Continuous Wall Foundation 

 
General Considerations 

For this design, assume the foundation thickness to be 0.3 m. Refer to ACI 

Code Section 7.7.1, which recommends a minimum cover of 76 mm over 

steel reinforcement, and assume that the steel bars to be used are 12 mm in 

diameter (Figure A.2a). Thus, 

 

 
 

 



                                         

 
 

 

 

 



                                         

Investigation of Shear Strength of the Foundation 

The critical section for shear occurs at a distance d from the face of the 

wall (ACI Code Section 11.11.3), as shown in Figure A.2b. So, shear at 

critical section 

 
 

Flexural Reinforcement 

For steel reinforcement, factored moment at the face of the wall has to be 
determined (ACI Code Section 15.4.2). The bending of the foundation will 

be in one direction only. So, according to Figure A.2b, the design ultimate 

moment 

 
 

 

 

 

 



                                         

 
 

 
 

 

 

 



                                         

Development Length of Reinforcement Bars (Ld) 

According to ACI Code Section 12.2, the minimum development 
length Ld for 12 mm diameter bars is about 558 mm (approximately 

equivalent to No. 4 U.S. bar). Assuming 

 
 

 

 
 

 

 

 

 

 

 



                                         

A.5 Design Example of a Square Foundation for a Column 

Figure A.3a shows a square column foundation with the following 
conditions: 

Live load= L = 675 kN 

Dead load = D = 1125 kN 

 

 
 

 



                                         

 
 

 

 

 



                                         

 
 

 

 



                                         

 
 

 

 



                                         

 
 

A.6 Design Example of a Rectangular Foundation for a Column 

 
 

 

 

 

 

 

 

 



                                         

 
 

 

 



                                         

 
 

 

 



                                         

 



                                         

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



                                         

Geometric Design of Combined Footings 
 

5.4 Combined Footings 

Types:  

1. Rectangular Combined Footing (two columns).  

2. Trapezoidal Combined Footing (two columns).  

3. Strip Footing (more than two columns and may be rectangular or 

trapezoidal).  

 

Usage:  

1. Used when the loads on the columns are heavy and the distance between 

these columns is relatively small (i.e. when the distance between isolated 

footings is less than 30 cm).  

2. Used as an alternative to neighbor footing which is an eccentrically 

loaded footing and it’s danger if used when the load on the column is 

heavy.  

5.4.1 Design of Rectangular Combined Footings:  

There are three cases:  

1. Extension is permitted from both side of the footing:  

 

 

 

 

 

 

 

 

 

 

 

 



                                         

 The resultant force R is more closed to the column which have 

largest load. 
 

 To keep the pressure under the foundation uniform, the resultant 

force of all columns loads (R) must be at the center of the footing, 

and since the footing is rectangular, R must be at the middle of the 

footing (at distance L/2) from each edge to keep uniform pressure. 

 
 

2. Extension is permitted from one 

side and prevented from other side:  
 

 The only difference between this case 

and the previous case that the 

extension exists from one side and 

when we find Xr we can easily find L: 

To keep the pressure uniform 

 

 

 

 



                                         

3. Extension is not permitted from both sides of the footing:  

 In this case the resultant force R doesn’t in the center of rectangular 

footing because Q1 and Q2 are not equals and no extensions from 

both sides. So the pressure under the foundation is not uniform and 

we design the footing in this case as following: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



                                         

5.4.2 Design of Trapezoidal Combined Footings:  

Advantages:  

1. More economical than rectangular combined footing if the extension is 

not permitted from both sides especially if there is a large difference 

between columns loads.  

2. We can keep uniform contact pressure in case of “extension is not 

permitted from both sides” if we use trapezoidal footing because the 

resultant force “R” can be located at the centroid of trapezoidal footing.  

 
 

 

 

 

 

 

 

 



                                         

5.4.3 Geometric Design of Strap Footing (Cantilever Footing)  

Usage:  

1. Used when there is a property line which prevents the footing to be 

extended beyond the face of the edge column. In addition to that the 

edge column is relatively far from the interior column so that the 

rectangular and trapezoidal combined footings will be too narrow and 

long which increases the cost. And may be used to connect between two 

interior foundations one of them have a large load require a large area 

but this area not available, and the other foundation have a small load 

and there is available area to enlarge this footing, so we use strap beam 

to connect between these two foundations to transfer the load from 

largest to the smallest foundation.  

2. There is a “strap beam” which connects two separated footings. The 

edge Footing is usually eccentrically loaded and the interior footing is 

centrically loaded. The purpose of the beam is to prevent 

overturning of the eccentrically loaded footing and to keep uniform 

pressure under this foundation as shown in figure below. 

 



                                         

 Note that the strap beam doesn’t touch the ground (i.e. there is no 

contact between the strap beam and soil, so no bearing pressure 

applied on it).  

 This footing also called “cantilever footing” because the overall 

moment on the strap beam is negative moment. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 


