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VERTICAL STRESSES 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 

●Rectangular 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.  
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According to his analysis, the vertical stress increase at point A caused by 

a point load of magnitude P is given by  

 

 

        (4.1) 

 

 

 

 
 
 
 

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

 

         (4.2) 

 

 

 

 

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

obtained by integrating Eq. (4.2), or 

 

 

 

 

 

                   (4.3) 
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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) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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. 
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4.5 Stresses 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) 

 

 

 

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,  
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                     (4.10) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

          (4.11) 

     

        

          (4.12) 

 

 

 

 

 

 

 

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 
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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 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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. 
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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  

 

(4.1) 
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 Christian and Carrier (1978) modified the values of A1 and A2 to 

some extent and is presented in Figure 4.8. 

 The modulus of elasticity (Es) for saturated clays can, in general, be 

given as 

                (4.2)  
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 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 . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Elastic Settlement in Granular Soil 
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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) 

 

 

 

 

 

 

 

 

 

 

 

4.3 
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The variations of F1 and F2 [see Eqs. (4.6) and (4.7)] with m
'
 and n

'
 are 

given in Tables 4.2 and 4.3. Also, the variation of If with Df /B (for s = 

0.3, 0.4, and 0.5) is given in Table 4.4. These values are also given in more 

detailed form by Bowles (1987). 

 The elastic settlement of a rigid foundation can be estimated as 

(4.12) 

 

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. (4.4), or 

 

 

 

 

4.10 

4.11 

4.13 
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Table 4.2 
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Table 4.4 
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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 4.9), the settlement is 

 

 

 

 

 

 

 

 

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

foundation is shown in Figure 4.9. 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 

4.20 
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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. (4.20) is given 

here (Figure 4.10). 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.9 

Fig. 4.10 
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Example 4.3 

 

 

 

 

 

 

Table 4.5 
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4.10 Settlement of Foundation on Sand Based on Standard 

Penetration Resistance 

4.10.1 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. 

4.21 

4.23 

4.24 

4.25 

4.26 

4.22 
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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 

(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, 
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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: 
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 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.) 

 

 

 

 

 

 

 

 


