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Preface
Shallow Foundations: Bearing Capacity and Settlement was originally published 
with a 1999 copyright and was intended for use as a reference book by university 
faculty members and graduate students in geotechnical engineering as well as by 
consulting engineers. The revised second edition of the book was published with a 
2009 copyright. During the last 17 years, the text has served intended readers well. 
More recently there have been several requests to update the material and prepare 
a new edition. This third edition of the text has been developed in response to those 
requests.

The text is divided into eight chapters. Chapter 1 is a general introduction to shal-
low foundations. Chapters 2, 3, and 4 present various theories developed during the 
past 70 years for estimating the ultimate bearing capacity of shallow foundations 
under various types of loading and subsoil conditions. Chapter 5 discusses the prin- 
ciples for estimating the settlement of foundations—both elastic and consolidation. 
Chapter 6 relates to the dynamic bearing capacity and associated settlement. Also 
included in this chapter are some details regarding the permanent foundation settle- 
ment due to cyclic and transient loading derived from experimental observations 
obtained from laboratory and field tests. During the past 35 years, steady progress 
has been made to evaluate the possibility of using reinforcement in granular soil 
to  increase the ultimate and allowable bearing capacities of shallow foundation 
and also to reduce their settlement under various types of loading conditions. The 
reinforcement materials include galvanized steel strips and geogrid. Chapter 7 pres- 
ents the state-of-the-art on this subject. Shallow foundations (such as transmission 
tower foundations) are on some occasions subjected to uplifting forces. The theories 
relating to the estimations of the ultimate uplift capacity of shallow foundations in 
granular and clay soils are presented in Chapter 8.

Additional materials included in this edition are briefly summarized below:

• Each chapter includes a number of new example problems.
• Chapter 1 now has an expanded discussion on settlement of foundations on 

granular soil. This is primarily based on the laboratory study of DeBeer 
(1967).

• Results of recent studies on the variation of bearing capacity factors Nc 
and Nq using KÖtter’s equation coupled with limit equilibrium conditions 
are added in Chapter 2. In addition, early works of Meyerhof (1955) on the 
effect of the location of ground water table on ultimate bearing capacity of 
shallow foundations are summarized in this chapter.

• Recently developed empirical relationships for the ultimate bearing capac- 
ity of eccentrically obliquely loaded foundation on granular soil are pre- 
sented in Chapter 3.

• General description and parameters of stone columns constructed in weak 
clay to improve bearing capacity of shallow foundations are provided in 
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Chapter 4. This chapter also has a new section on the ultimate bearing 
capacity of wedge-shaped foundations.

• Chapter 5 now has a more detailed discussion about the strain influence 
factor for solution of elastic settlement of foundation on granular soil. A 
new section describing the L1–L2 method for elastic settlement estimation 
in granular soils has been added. Some discussion of elastic settlement in 
granular soil considering the variation of soil modulus of elasticity with 
strain is also added in this chapter. A brief overview of the additional settle- 
ment occurring in granular soil due to rise of ground water has also been 
included in this chapter.

• In Chapter 6, solutions for the ultimate bearing capacity of shallow founda- 
tions under earthquake loading as developed by Budhu and al-Karin (1993) 
and Choudhury and Subba Rao (2005) have been introduced. Also added in 
this chapter is a new section on strip foundations at the edge of a granular 
slope subjected to earthquake loading.

• Chapter 7 now includes recently developed reduction factor methods for 
the ultimate bearing capacity of (a) strip foundation subjected to centric 
inclined load, and (b) eccentrically loaded rectangular foundation sup- 
ported by geogrid-reinforced sand.

• A new section describing the procedure to estimate the ultimate uplift 
capacity of shallow foundations on multi-helix anchors has been added to 
Chapter 8.

I am grateful to my wife, Janice Das, for her help in typing the new material in the 
text and in preparing the new figures.

Braja M. Das
Henderson, Nevada
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1

1 Introduction

1.1 SHALLOW FOUNDATIONS: GENERAL

The lowest part of a structure that transmits its weight to the underlying soil or rock 
is the foundation. Foundations can be classified into two major categories—shallow 
foundations and deep foundations. Individual footings (Figure 1.1), square or rect-
angular in plan, that support columns and strip footings that support walls and other 
similar structures are generally referred to as shallow foundations. Mat foundations, 
also considered shallow foundations, are reinforced concrete slabs of considerable 
structural rigidity that support a number of columns and wall loads. Several types of 
mat foundations are currently used. Some of the common types are shown schemati-
cally in Figure 1.2 and include

 1. Flat plate (Figure 1.2a). The mat is of uniform thickness
 2. Flat plate thickened under columns (Figure 1.2b)
 3. Beams and slab (Figure 1.2c). The beams run both ways, and the columns 

are located at the intersections of the beams
 4. Flat plates with pedestals (Figure 1.2d)
 5. Slabs with basement walls as a part of the mat (Figure 1.2e). The walls act 

as stiffeners for the mat

When the soil located immediately below a given structure is weak, the load of 
the structure may be transmitted to a greater depth by piles and drilled shafts, which 
are considered deep foundations. This book is a compilation of the theoretical and 
experimental evaluations presently available in the literature as they relate to the 
load-bearing capacity and settlement of shallow foundations.

The shallow foundation shown in Figure 1.1 has a width B and a length L. The 
depth of embedment below the ground surface is equal to Df. Theoretically, when 
B/L is equal to zero (i.e., L = ∞), a plane strain case will exist in the soil mass sup-
porting the foundation. For most practical cases, when B/L ≤ 1/5 to 1/6, the plane 
strain theories will yield fairly good results. Terzaghi1 defined a shallow foundation 
as one in which the depth Df is less than or equal to the width B (Df/B ≤1). However, 
research studies conducted since then have shown that Df/B can be as large as 3–4 
for shallow foundations.

1.2 TYPES OF FAILURE IN SOIL AT ULTIMATE LOAD

Figure 1.3 shows a shallow foundation of width B located at a depth of Df below the 
ground surface and supported by dense sand (or stiff, clayey soil). If this foundation 
is subjected to a load Q that is gradually increased, the load per unit area, q = Q/A 
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Df

L

B

FIGURE 1.1 Individual footing.

Section

Plan Plan Plan
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Section

(a) (b) (c)

(d) (e)

Plan Plan

Section

Section

FIGURE 1.2 Various types of mat foundations: (a) flat plate; (b) flat plate thickened under 
columns; (c) beams and slab; (d) flat plate with pedestals; (e) slabs with basement walls.
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(A = area of the foundation), will increase and the foundation will undergo increased 
settlement. When q becomes equal to qu at foundation settlement S = Su, the soil sup-
porting the foundation undergoes sudden shear failure. The failure surface in the soil 
is shown in Figure 1.3a, and the q versus S plot is shown in Figure 1.3b. This type 
of failure is called a general shear failure, and qu is the ultimate bearing capacity. 
Note that, in this type of failure, a peak value of q = qu is clearly defined in the load-
settlement curve.

If the foundation shown in Figure 1.3a is supported by a medium dense sand or 
clayey soil of medium consistency (Figure 1.4a), the plot of q versus S will be as 
shown in Figure 1.4b. Note that the magnitude of q increases with settlement up to 
q = q′u, and this is usually referred to as the first failure load.2 At this time, the devel-
oped failure surface in the soil will be as shown by the solid lines in Figure 1.4a. If 
the load on the foundation is further increased, the load-settlement curve becomes 
steeper and more erratic with the gradual outward and upward progress of the failure 
surface in the soil (shown by the jagged line in Figure 1.4b) under the foundation. 
When q becomes equal to qu (ultimate bearing capacity), the failure surface reaches 
the ground surface. Beyond that, the plot of q versus S takes almost a linear shape, 
and a peak load is never observed. This type of bearing capacity failure is called a 
local shear failure.

Figure 1.5a shows the same foundation located on a loose sand or soft clayey soil. 
For this case, the load-settlement curve will be like that shown in Figure 1.5b. A 
peak value of load per unit area q is never observed. The ultimate bearing capacity qu 
is defined as the point where ΔS/Δq becomes the largest and remains almost constant 

Load per unit area, q
qu

Su

(a)

(b)

Se
ttl

em
en

t, 
S

Q

B
Df

FIGURE 1.3 General shear failure in soil: (a) nature of failure surface in soil; (b) plot of 
load per unit area versus settlement.



4 Shallow Foundations

(a)
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Load per unit area, q

Se
ttl
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q´u
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(b)

FIGURE 1.4 Local shear failure in soil: (a) nature of failure surface in soil; (b) plot of load 
per unit area versus settlement.
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FIGURE 1.5 Punching shear failure in soil: (a) nature of failure surface in soil; (b) plot of 
load per unit area versus settlement.
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thereafter. This type of failure in soil is called a punching shear failure. In this case 
the failure surface never extends up to the ground surface. In some cases of punching 
shear failure, it may be difficult to determine the ultimate load per unit area qu from 
the q versus S plot shown in Figure 1.5. DeBeer3 recommended a very consistent 
ultimate load criteria in which a plot of log q/γB versus log S/B is prepared (γ = unit 
weight of soil). The ultimate load is defined as the point of break in the log−log plot 
as shown in Figure 1.6.

The nature of failure in soil at ultimate load is a function of several factors such as 
the strength and the relative compressibility of the soil, the depth of the foundation 
(Df) in relation to the foundation width B, and the width-to-length ratio (B/L) of the 
foundation. This was clearly explained by Vesic,2 who conducted extensive labora-
tory model tests in sand. The summary of Vesic’s findings is shown in a slightly 
different form in Figure 1.7. In this figure Dr is the relative density of sand, and the 
hydraulic radius R of the foundation is defined as

 
R

A

P
=

 
(1.1)

where
A = area of the foundation = BL
P = perimeter of the foundation = 2(B + L)

Thus,

 
R

BL

B L
=

+2( )  
(1.2)

q/γB (log scale)

S/
B 

(%
)—

(lo
g 

sc
al

e)

Ultimate load

FIGURE 1.6 Nature of variation of q/γB with S/B in a log–log plot.
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The relative density is defined as

 
D

e e

e e
r ( ) max

max min

% = −
−  

(1.3)

where
emax = maximum void ratio of sand
emin = minimum void ratio of sand
e = void ratio during the test

for a square foundation B = L. So,

 
R

B=
4  

(1.4)

From Figure 1.7 it can be seen that when Df/R ≥ about 18, punching shear failure 
occurs in all cases irrespective of the relative density of compaction of sand.

1.3 SETTLEMENT AT ULTIMATE LOAD

The settlement of the foundation at ultimate load Su is quite variable and depends on 
several factors. A general sense can be derived from the laboratory model test results 
in sand for surface foundations (Df/B = 0) provided by Vesic4 and which are presented 
in Figure 1.8. From this figure it can be seen that, for any given foundation, a decrease 
in the relative density of sand results in an increase in the settlement at ultimate 
load. Also, for any given relative density of sand, the ultimate load per unit area of a 
rectangular foundation with L/B = 6 (which may be considered a strip or continuous 

4

8

12

D
f/R

16
Punching

Relative density, Dr (%)

Local
shear

General
shear

0

20
0 20 40 60 80 100

FIGURE 1.7 Nature of failure in soil with relative density of sand Dr and Df/R.
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foundation) occurs at Su/B which is about 60%–70% more compared to a circular 
foundation. DeBeer3 provided laboratory test results of circular surface foundations 
(with diameters, B, of 38 mm, 90 mm, and 150 mm) and rectangular foundations (hav-
ing dimensions, B × L, of 38 mm × 228 mm, 49 mm × 297 mm, and 76 mm × 450 mm) 
on sand at various relative densities, Dr, of compaction. These results of these tests 
are summarized in Figure 1.9 as a plot of γB pa

∗/  versus Su/B (Note: pa = atmospheric 
pressure ≈ 100 kN/m2; Su = settlement at ultimate load). The term B* is defined as

 
B

BL

B L
∗ =

+
2

 
(1.5)

Table 1.1 gives the variation of B* with L/B.
Hence, it can be seen from Figure 1.9 that, for granular soils, the settlement at 

ultimate load Su increases with the width of the foundation.
Patra, Behera, Sivakugan, and Das5 approximated the plots for circular and 

square foundations (B* = B) in Figure 1.9 as

 

S

B
e

B

p

B

p
u D

a a

r( ) . ln ..% for = +






− ≤






−
∗ ∗

30 1 67 1 0 0250 9 γ γ

 
(1.6)
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25

20
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S u
/B

 (%
)
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5

30

0
13.0 13.5 14.0 14.5 15.0

Dry unit weight of sand (kN/m3)

Circular plate

Circular plate
diameter (mm) Symbol

203
152
102
51

Rectangular plate
(51mm × 305 mm)

40 50
Relative density, Dr (%)

60 7020 80

FIGURE 1.8 Variation of Su/B for surface foundation (Df/B = 0) on sand. (From Vesic, A. S. 
1963. Bearing capacity of deep foundations in sand. Highway Res. Rec., National Research 
Council, Washington, DC, 39: 112.)
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and

 

S

B
e

B

p
u D

a

r( ) . ..% for = −






−
∗

30 7 16 0 0250 9 γ >
 

(1.7)

where Dr is expressed as a fraction.
Figure 1.10 shows the comparison of Equation 1.6 with plots for square and 

circular foundations shown in Figure 1.9. Therefore, in the opinion of the author, 

TABLE 1.1
Variation of B* with L/B

L/B B*

1
2
3
4
5
6 ≈ strip

B
1.33B
1.5B
1.6B
1.67B
1.71B

Circle B = diameter

25

20

15

S u/
B 

(%
)

Dr (%)
90
80

70
60

50

40

30

20

10

γB*/pa

10

Square/circular
Rectangular

5

0
0 0.005 0.010 0.015 0.020 0.025 0.030

FIGURE 1.9 DeBeer’s laboratory test results on circular and rectangular surface founda-
tions on sand—variation of Su/B versus γB pa

∗/ .
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Equations 1.6 and 1.7 can also be used to estimate the approximate settlement at 
ultimate load.

Based on laboratory and field test results, the approximate ranges of values of Su 
in various types of soil are given in Table 1.2.

EXAMPLE 1.1

Consider a foundation with B = 1 m and L = 2 m supported by a sand layer with 
Dr = 70%. Estimate the settlement at ultimate load. Given: unit weight of sand, γ, 
to be 17 kN/m3.

20

16

18

12

14

S u/
B 

(%
)

Dr (%) =
90

80
70

60

50

40

30

20

γB*/pa

8

10

DeBeer3

Equation 1.6
2

4

6

0
0 0.005 0.010 0.015 0.020 0.025 0.030

FIGURE 1.10 Comparison of Equation 1.6 with the experimental results shown in Figure 1.9 
for square and circular surface foundations.

TABLE 1.2
Approximate Ranges of Su

Soil
D
B

f S
B

u (%)

Sand 0 5–12

Sand Large 25–28

Clay 0 4–8

Clay Large 15–20
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 Solution

Given:
B = 1 m,
L = 2 m
L/B = 2/1 = 2

From Table 1.1 for L/B = 2, the value of B* is 1.33B.

 

γB
pa

∗

= × =( )( . )
.

17 1 33 1
199

0 226
 

From Equation 1.7

 

S
B

e eu Dr( ) . . .. ( . . )% % = − = − =− − ×30 7 16 30 7 16 8 820 9 0 9 0 7

 

 
Su( )

.
( .% mm)≈ 





=8 82
100

1000 88 2 mm
 

1.4 ULTIMATE AND ALLOWABLE BEARING CAPACITIES

For a given foundation to perform to its optimum capacity, one must ensure that the 
load per unit area of the foundation does not exceed a limiting value, thereby causing 
shear failure in soil. This limiting value is the ultimate bearing capacity qu. Considering 
the ultimate bearing capacity and the uncertainties involved in evaluating the shear 
strength parameters of the soil, the allowable bearing capacity qall can be obtained as

 
q

q

FS
u

all =
 

(1.8)

A factor of safety of three to four is generally used. However, based on limit-
ing settlement conditions, there are other factors that must be taken into account in 
deriving the allowable bearing capacity. The total settlement St of a foundation will 
be the sum of the following:

 1. Elastic, or immediate, settlement Se (described in Section 1.3) and
 2. Primary and secondary consolidation settlement Sc of a clay layer (located 

below the groundwater level) if located at a reasonably small depth below 
the foundation

Most building codes provide an allowable settlement limit for a foundation, which 
may be well below the settlement derived corresponding to qall given by Equation 
1.8. Thus, the bearing capacity corresponding to the allowable settlement must also 
be taken into consideration.
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A given structure with several shallow foundations may undergo uniform settle-
ment (Figure 1.11a). This occurs when a structure is built over a very rigid structural 
mat. However, depending on the loads on various foundation components, a struc-
ture may experience differential settlement. A foundation may undergo uniform tilt 
(Figure 1.11b) or nonuniform settlement (Figure 1.11c). In these cases, the angular 
distortion Δ can be defined as

 
∆ = −

′
S S

L
t t( ) ( )max min (for uniform tilt)

 
(1.9)

and

 
∆ = −

′
S S

L
t t( ) ( )max min (for nonuniform tilt)

1  
(1.10)

(a)

(c)

(b)

St(min)

St(min)St(max)

St(max)

L'

L'

L2' L1'

FIGURE 1.11 Settlement of a structure. (a) Uniform settlement; (b) uniform tilt; (c) nonuni-
form settlement.
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Limits for allowable differential settlements of various structures are also avail-
able in building codes. Thus, the final decision on the allowable bearing capacity of a 
foundation will depend on (a) the ultimate bearing capacity, (b) the allowable settle-
ment, and (c) the allowable differential settlement for the structure.
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2 Ultimate Bearing 
Capacity Theories
Centric Vertical Loading

2.1 INTRODUCTION

Over the last 70 years, several bearing capacity theories for estimating the ultimate 
bearing capacity of shallow foundations have been proposed. This chapter summa-
rizes some of the important works developed so far. The cases considered in this 
chapter assume that the soil supporting the foundation extends to a great depth and 
also that the foundation is subjected to centric vertical loading. The variation of the 
ultimate bearing capacity in anisotropic soils is also considered.

2.2 TERZAGHI’S BEARING CAPACITY THEORY

In 1943 Terzaghi1 proposed a well-conceived theory to determine the ultimate bear-
ing capacity of a shallow, rough, rigid, continuous (strip) foundation supported by 
a homogeneous soil layer extending to a great depth. Terzaghi defined a shallow 
foundation as a foundation where the width B is equal to or less than its depth Df. 
The failure surface in soil at ultimate load (that is, qu per unit area of the foundation) 
assumed by Terzaghi is shown in Figure 2.1. Referring to Figure 2.1, the failure area 
in the soil under the foundation can be divided into three major zones:

 1. Zone abc. This is a triangular elastic zone located immediately below the 
bottom of the foundation. The inclination of sides ac and bc of the wedge 
with the horizontal is α = ϕ (soil friction angle).

 2. Zone bcf. This zone is the Prandtl’s radial shear zone.
 3. Zone bfg. This zone is the Rankine passive zone. The slip lines in this zone 

make angles of ±(45 − ϕ/2) with the horizontal.

Note that a Prandtl’s radial shear zone and a Rankine passive zone are also located 
to the left of the elastic triangular zone abc; however, they are not shown in Figure 2.1.

Line cf is an arc of a log spiral and is defined by the equation

 r r e= 0
θ φtan

 (2.1)

Lines bf and fg are straight lines. Line fg actually extends up to the ground sur-
face. Terzaghi assumed that the soil located above the bottom of the foundation 
could be replaced by a surcharge q = γDf.
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The shear strength of the soil can be given as

 s c= ′ +σ φtan  (2.2)

where
σ′ = effective normal stress
c = cohesion

The ultimate bearing capacity qu of the foundation can be determined if we con-
sider faces ac and bc of the triangular wedge abc and obtain the passive force on 
each face required to cause failure. Note that the passive force Pp will be a function 
of the surcharge q = γDf, cohesion c, unit weight γ, and angle of friction of the soil ϕ. 
So, referring to Figure 2.2, the passive force Pp on the face bc per unit length of the 
foundation at a right angle to the cross section is

 
P P P Pp pq pc p= + + γ  (2.3)

where
Ppq, Ppc, and Ppγ = passive force contributions of q, c, and γ, respectively

B

a

c

b g

f

α α 45 – φ/2

Soil
Unit weight = γ
Cohesion = c
Friction angle = φ

45 – φ/2

quDf
q = γDf

FIGURE 2.1 Failure surface in soil at ultimate load for a continuous rough rigid foundation 
as assumed by Terzaghi.

h/3 h/2

Ppγ Ppq j

Ppc

c

g
b

h 45 – φ/2 45 – φ/2

q = γDf

φ

f

FIGURE 2.2 Passive force on the face bc of wedge abc shown in Figure 2.1.
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It is important to note that the directions of Ppq, Ppc, and Ppγ are vertical since the 
face bc makes an angle ϕ with the horizontal, and Ppq, Ppc, and Ppγ must make an 
angle ϕ to the normal drawn to bc. In order to obtain Ppq, Ppc, and Ppγ, the method of 
superposition can be used; however, it will not be an exact solution.

2.2.1 RelationShip foR PPq (ϕ ≠ 0, γ = 0, q ≠ 0, c = 0)

Consider the free body diagram of the soil wedge bcfj shown in Figure 2.2 (also 
shown in Figure 2.3). For this case, the center of the log spiral (of which cf is an arc) 
will be at point b. The forces per unit length of the wedge bcfj due to the surcharge q 
only are shown in Figure 2.3a, and they are

 1. Ppq

 2. Surcharge q
 3. The Rankine passive force Pp(1)

 4. The frictional resisting force F along the arc cf

The Rankine passive force Pp(1) can be expressed as

 
P qK H qHp p d d( )1

2 45
2

= = +





tan
φ

 
(2.4)

h
h/2 Hd/2

Hd

q
b

j

f

F

B

B/4

135 – φ/2

45 – φ/2

(a)

(b)

i ii

iii

φ

φ φ

c

Ppq

Pp (1)

Ppq Ppq

qq

FIGURE 2.3 Determination of Ppq (ϕ ≠ 0, γ = 0, q ≠ 0, c = 0): (a) forces per unit length of 
wedge bcfj; (b) stability of elastic wedge abc.
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where

 H fjd =
Kp = Rankine passive earth pressure coefficient = tan2(45 + ϕ/2)

According to the property of a log spiral defined by the equation r = r0eθ tan ϕ, the 
radial line at any point makes an angle ϕ with the normal; hence, the line of action 
of the frictional force F will pass through b (the center of the log spiral as shown in 
Figure 2.3a). Taking the moment of all forces about point b:

 

P
B

q bj
bj

P
H

pq p
d

4 2 2
1







=






+( ) ( )

 
(2.5)

let

 
bc r

B= = 



0

2
sec φ

 
(2.6)

From Equation 2.1:

 bf r r e= =
−





1 0

3

4 2

π φ φtan

 (2.7)

So,

 
bj r= −



1 45

2
cos

φ

 
(2.8)

and

 
H rd = −



1 45

2
sin

φ

 
(2.9)

Combining Equations 2.4, 2.5, 2.8, and 2.9:

 

P B
qr qr

pq

4 2

45
2

45
2

45
2

1
2 2

1
2 2 2

= +
−





−





+


cos sin tan
φ φ φ



2  

or

 
P

B
qrpq = −

















4
45

2
1
2 2cos

φ

 
(2.10)
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Now, combining Equations 2.6, 2.7, and 2.10:

 

P qB epq =












−















−



sec

tan
2

3

4 2 2
2

45
2

φ φ
π φ φ

cos ==
+





−



qBe

2 3

2

4 2

4 45
2

π φ φ

φ

tan

cos
 

(2.11)

Considering the stability of the elastic wedge abc under the foundation as shown 
in Figure 2.3b

 
q B Pq pq( )× =1 2

 

where
qq = load per unit area on the foundation, or

 

q
P

B
q

e
q

pq

Nq

= =

















+





−



2

2 45
2

2
3

4 2

2

π φ φ

φ

tan

cos
�� ���� ����

= qNq

 

(2.12)

2.2.2 RelationShip foR PPc (ϕ ≠ 0, γ = 0, q = 0, c ≠ 0)

Figure 2.4 shows the free body diagram for the wedge bcfj (also refer to Figure 2.2). 
As in the case of Ppq, the center of the arc of the log spiral will be located at point b. 
The forces on the wedge, which are due to cohesion c, are also shown in Figure 2.4, 
and they are

 1. Passive force Ppc

 2. Cohesive force C c bc= ×( )1
 3. Rankine passive force due to cohesion

 
P c K H cHp p d d( )2 2 2 45

2
= = +





tan
φ

 4. Cohesive force per unit area c along arc cf

Taking the moment of all the forces about point b:

 
P

B
P

r
Mpc p c

4

45
2

2
2

1





=
−

















 +( )

sin
φ

 
(2.13)

where

 
M c cf

c
r rc = = −moment due to cohesion along arc

tan2
1
2

0
2

φ
( )

 
(2.14)
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So,

  

P
B

cH
r

pc d
4

2 45
2

45
2

2
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−













tan sinφ φ






+






−c
r r

2
1
2

0
2

tan φ
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(2.15)

The relationships for Hd, r0, and r1 in terms of B and ϕ are given in Equations 2.9, 
2.6, and 2.7, respectively. Combining Equations 2.6, 2.7, 2.9, and 2.15, and noting 
that sin2 (45 − ϕ/2) × tan (45 + ϕ/2) = ½ cos ϕ,

 
P Bc e

Bc
pc =





 





+



−



( )sec

cos
tan

tan
2

2
3

4 2

2 2
φ φ

φ

π φ φ











−



sec
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2

2
3

4 2φ
π φ φ

e
 

(2.16)

Considering the equilibrium of the soil wedge abc (Figure 2.4b):

 
q B C Pc pc( )× = +1 2 2sin φ

 

or

 
q B cB Pc pc= +sec sinφ φ 2

 (2.17)

h/2

B/4

135 – φ/2

φ φ

45 – φ/2

b
j

f

c

a
C C

B
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Note: bc = r0 ; bf = r1

C

(a)

(b)

c
h

Ppc

Hd

Hd/2

Pp(2)

Ppc Ppc

qc

FIGURE 2.4 Determination of Ppc (ϕ ≠ 0, γ = 0, q = 0, c ≠ 0): (a) forces per unit length of 
wedge bcfj; (b) stability of elastic wedge abc.
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where
qc = load per unit area of the foundation

Combining Equations 2.16 and 2.17:

 
q c e

c
e

c
c = + −

−





−



sec

sec
tan

stan tan

φ φ
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π φ φ π φ φ2
3

4 2
2 2

3

4 2 eec
tan

tan
2 φ
φ

φ+ c
 

(2.18)

or

 

q ce cc = +
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(2.19)

However,
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(2.20)

Also,
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(2.21)

Substituting Equations 2.20 and 2.21 into Equation 2.19

 

q c
e

cc = −



















=
+





−





cot
cos

tan

φ
φ

π φ φ2
3

4 2

22
1

45
2

NN c Nc q= −cot φ( )1

 

(2.22)

2.2.3 RelationShip foR PPγ (ϕ ≠ 0, γ ≠ 0, q = 0, c = 0)

Figure 2.5a shows the free body diagram of wedge bcfj. Unlike the free body dia-
grams shown in Figures 2.3 and 2.4, the center of the log spiral of which bf is an arc 
is at a point O along line bf and not at b. This is because the minimum value of Ppγ 
has to be determined by several trials. Point O is only one trial center. The forces per 
unit length of the wedge that need to be considered are

 1. Passive force Ppγ
 2. The weight W of wedge bcfj
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 3. The resultant of the frictional resisting force F acting along arc cf
 4. The Rankine passive force Pp(3)

The Rankine passive force Pp(3) can be given by the relation

 
P Hp d( )3

2 21
2

45
2

= +





γ φ
tan

 
(2.23)

Also note that the line of action of force F will pass through O. Taking the moment 
of all forces about O:

 
P l Wl P lp p w p Rγ = + ( )3  

or

 
P

l
Wl P lp

p
w p Rγ = +1

3[ ]( )

 
(2.24)

If a number of trials of this type are made by changing the location of the center 
of the log spiral O along line bf, then the minimum value of Ppγ can be determined.

h

(a)

(b)

W
f
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B

b

lp
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Ppγ

qγ

Ppγ Ppγ

Ww

c

b j
lR

Hd/3
Pp(3)

Hd

lw

φ

φ φ

h/3

FIGURE 2.5 Determination of Ppγ (ϕ ≠ 0, γ ≠ 0, q = 0, c = 0): (a) forces per unit length of 
wedge bcfj; (b) stability of elastic wedge abc.
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Considering the stability of wedge abc as shown in Figure 2.5, we can write that

 
q B P Wp wγ γ= −2

 (2.25)

where
qγ = force per unit area of the foundation
Ww = weight of wedge abc

However,

 
W

B
w =

2

4
γ φtan

 
(2.26)

So,

 

q
B

P
B

pγ γ γ φ= −






1
2

4

2
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(2.27)

The passive force Ppγ can be expressed in the form

 
P h K

B
K B Kp p p pγ γ γ γγ γ φ γ φ= = 





=1
2

1
2 2

1
8

2
2

2 2tan
tan

 
(2.28)

where
Kpγ = passive earth pressure coefficient

Substituting Equation 2.28 into Equation 2.27
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B K
B

B K
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γ γ
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γ φ γ φ

γ φ φ
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1 1
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1
2

1
2 2

2 2
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2
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2
γ γBN

 

(2.29)

2.2.4 ultimate BeaRing CapaCity

The ultimate load per unit area of the foundation (that is, the ultimate bearing capac-
ity qu) for a soil with cohesion, friction, and weight can now be given as

 
q q q qu q c= + + γ  (2.30)

Substituting the relationships for qq, qc, and qγ given by Equations 2.12, 2.22, and 
2.29 into Equation 2.30 yields

 
q cN qN BNu c q= + + 1

2
γ γ

 
(2.31)
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where
Nc, Nq, and Nγ = bearing capacity factors, and

 

N
e

q =
+





−





2
3

4 2

22 45
2

π φ φ

φ

tan

cos
 

(2.32)

 
N Nc q= −cot φ( )1

 (2.33)

 
N K pγ γ φ φ= −1

2 2
2tan

tan

 
(2.34)

Table 2.1 gives the variations of the bearing capacity factors with soil friction 
angle ϕ given by Equations 2.32 through 2.34. The values of Nγ were obtained by 
Kumbhojkar.2

Krizek3 gave simple empirical relations for Terzaghi’s bearing capacity factors 
Nc, Nq, and Nγ with a maximum deviation of 15%. They are as follows:

 
Nc = +

−
228 4 3

40
. φ
φ  

(2.35)

 
Nq = +

−
40 5
40

φ
φ  

(2.36)

 
Nγ

φ
φ

=
−

6
40  

(2.37)

where
ϕ = soil friction angle, in degrees

Equations 2.35, 2.36, and 2.37 are valid for ϕ = 0° to 35°. Thus, substituting 
Equation 2.35 into 2.31,

 
q

c q B
u = + + + +

−
= ° °( . ) ( )

( )
228 4 3 40 5 3

40
0 35

φ φ φγ
φ

φfor to
 

(2.38)

For foundations that are rectangular or circular in plan, a plane strain condition 
in soil at ultimate load does not exist. Therefore, Terzaghi1 proposed the following 
relationships for square and circular foundations:

 
q cN qN BN B Bu c q= + + ×1 3 0 4. . )γ γ (square foundation; plan

 (2.39)

and

 
q cN qN BN Bu c q= + +1 3 0 3. . )γ γ (circular foundation; diameter

 (2.40)
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TABLE 2.1
Terzaghi’s Bearing Capacity Factors 
(Equations 2.32 through 2.34)

ϕ Nc Nq Nγ

0 5.70 1.00 0.00

1 6.00 1.10 0.01

2 6.30 1.22 0.04

3 6.62 1.35 0.06

4 6.97 1.49 0.10

5 7.34 1.64 0.14

6 7.73 1.81 0.20

7 8.15 2.00 0.27

8 8.60 2.21 0.35

9 9.09 2.44 0.44

10 9.61 2.69 0.56

11 10.16 2.98 0.69

12 10.76 3.29 0.85

13 11.41 3.63 1.04

14 12.11 4.02 1.26

15 12.86 4.45 1.52

16 13.68 4.92 1.82

17 14.60 5.45 2.18

18 15.12 6.04 2.59

19 16.57 6.70 3.07

20 17.69 7.44 3.64

21 18.92 8.26 4.31

22 20.27 9.19 5.09

23 21.75 10.23 6.00

24 23.36 11.40 7.08

25 25.13 12.72 8.34

26 27.09 14.21 9.84

27 29.24 15.90 11.60

28 31.61 17.81 13.70

29 34.24 19.98 16.18

30 37.16 22.46 19.13

31 40.41 25.28 22.65

32 44.04 28.52 26.87

33 48.09 32.23 31.94

34 52.64 36.50 38.04

35 57.75 41.44 45.41

36 63.53 47.16 54.36

37 70.01 53.80 65.27

38 77.50 61.55 78.61

39 85.97 70.61 95.03

40 95.66 81.27 115.31

(Continued)
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Since Terzaghi’s founding work, numerous experimental studies to estimate the 
ultimate bearing capacity of shallow foundations have been conducted. Based on 
these studies, it appears that Terzaghi’s assumption of the failure surface in soil at 
ultimate load is essentially correct. However, the angle α that sides ac and bc of 
the wedge (Figure 2.1) make with the horizontal is closer to 45 + ϕ/2 and not ϕ, as 
assumed by Terzaghi. In that case, the nature of the soil failure surface would be as 
shown in Figure 2.6.

The method of superposition was used to obtain the bearing capacity factors Nc, Nq, 
and Nγ. For derivations of Nc and Nq, the center of the arc of the log spiral cf is located 
at the edge of the foundation. That is not the case for the derivation of Nγ. In effect, two 
different surfaces are used in deriving Equation 2.31; however, it is on the safe side.

EXAMPLE 2.1

A square foundation is 1.5 m × 1.5 m in plan. The soil supporting the foundation 
has a friction angle of ϕ = 20° and c = 15.2 kN/m2. The unit weight of soil γ is 
17.8 kN/m3. Determine the ultimate gross load the foundation can carry. Assume 

TABLE 2.1 (Continued)
Terzaghi’s Bearing Capacity Factors 
(Equations 2.32 through 2.34)

ϕ Nc Nq Nγ

41 106.81 93.85 140.51

42 119.67 108.75 171.99

43 134.58 126.50 211.56

44 151.95 147.74 261.60

45 172.28 173.28 325.34

46 196.22 204.19 407.11

47 224.55 241.80 512.84

48 258.28 287.85 650.87

49 298.71 344.63 831.99

50 347.50 415.14 1072.80

B
qu

q = γDf

45 – φ/2

45 – φ/245 + φ/2

FIGURE 2.6 Modified failure surface in soil supporting a shallow foundation at ultimate 
load.
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the depth of the foundation (Df) to be one meter, and general shear failure occurs 
in soil.

Solution

From Equation 2.39,

 q cN qN BNu c q= + +1 3 0 4. . γ γ  

From Table 2.1, for ϕ = 20°, Nc = 17.69, Nq = 7.44, Nγ = 3.64. Thus,

 

qu = + × +( . )( . )( . ) ( . )( . ) ( . )( . )( . )( .1 3 15 2 17 69 1 17 8 7 44 0 4 17 8 1 5 3 64))

. . . .= + + =349 55 132 44 25 92 507 91 2kN/m  

Thus, the ultimate gross load,

 Q Bu = = × = ≈( . ) ( . )( . . ) .507 91 507 91 1 5 1 5 1142 82 kN 1143 kN  

2.3  TERZAGHI’S BEARING CAPACITY THEORY 
FOR LOCAL SHEAR FAILURE

It is obvious from Section 2.2 that Terzaghi’s bearing capacity theory was obtained 
assuming general shear failure in soil. However, Terzaghi1 suggested the following 
relationships for local shear failure in soil:

Strip foundation (B/L = 0; L = length of foundation):

 
q c N qN BNu c q= ′ ′ + ′ + ′

1
2

γ γ
 

(2.41)

Square foundation (B = L):

 
q c N qN BNu c q= ′ ′ ′ + ′+1 3 0 4. . γ γ  

(2.42)

Circular foundation (B = diameter):

 
q c N qN BNu c q= ′ ′ + ′ + ′1 3 0 3. . γ γ  

(2.43)

where
′ ′ ′N N Nc q, , and γ  = modified bearing capacity factors

 
′ =c

c2
3  
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TABLE 2.2
Terzaghi’s Modified Bearing Capacity 
Factors ′Nc, ′Nq, and ′Nγ

ϕ ′Nc ′Nq ′Nγ

0 5.70 1.00 0.00

1 5.90 1.07 0.005

2 6.10 1.14 0.02

3 6.30 1.22 0.04

4 6.51 1.30 0.055

5 6.74 1.39 0.074

6 6.97 1.49 0.10

7 7.22 1.59 0.128

8 7.47 1.70 0.16

9 7.74 1.82 0.20

10 8.02 1.94 0.24

11 8.32 2.08 0.30

12 8.63 2.22 0.35

13 8.96 2.38 0.42

14 9.31 2.55 0.48

15 9.67 2.73 0.57

16 10.06 2.92 0.67

17 10.47 3.13 0.76

18 10.90 3.36 0.88

19 11.36 3.61 1.03

20 11.85 3.88 1.12

21 12.37 4.17 1.35

22 12.92 4.48 1.55

23 13.51 4.82 1.74

24 14.14 5.20 1.97

25 14.80 5.60 2.25

26 15.53 6.05 2.59

27 16.03 6.54 2.88

28 17.13 7.07 3.29

29 18.03 7.66 3.76

30 18.99 8.31 4.39

31 20.03 9.03 4.83

32 21.16 9.82 5.51

33 22.39 10.69 6.32

34 23.72 11.67 7.22

35 25.18 12.75 8.35

36 26.77 13.97 9.41

37 28.51 15.32 10.90

38 30.43 16.85 12.75

39 32.53 18.56 14.71

40 34.87 20.50 17.22

(Continued)
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The modified bearing capacity factors can be obtained by substituting ϕ′ = tan−1(0.67 
tan ϕ) for ϕ in Equations 2.32 through 2.34. The variations of ′ ′ ′N N Nc q, , and γ  with ϕ 
are shown in Table 2.2.

Vesic4 suggested a better mode to obtain ϕ′ for estimating ′ ′N Nc qand  for founda-
tions on sand in the forms

 ′ = −φ φtan tan1( )k  (2.44)

 k D D Dr r r= + − ≤ ≤0 67 0 75 0 0 672. . . )(for  (2.45)

where
Dr = relative density

EXAMPLE 2.2

Repeat Example 2.1 assuming local shear failure occurs in the soil supporting the 
foundation.

Solution

From Equation 2.42,

 q c N q N BNu c q= ′ ′ + ′ ′ + ′1 3 0 4. . γ γ  

From Table 2.2, for ϕ = 20°, ′ =Nc 11 85. , ′ =Nq 3 85. , ′ =Nγ 1 12. .
Thus,

 

qu = 













 + × +( . ) ( . ) ( . ) ( . )( . ) ( . )(1 3

2
3

15 2 11 85 1 17 8 3 88 0 4 177 8 1 5 1 12

237 12 2

. )( . )( . )

.= kN/m  

TABLE 2.2 (Continued)
Terzaghi’s Modified Bearing Capacity 
Factors ′Nc, ′Nq, and ′Nγ

ϕ ′Nc ′Nq ′Nγ

41 37.45 22.70 19.75

42 40.33 25.21 22.50

43 43.54 28.06 26.25

44 47.13 31.34 30.40

45 51.17 35.11 36.00

46 55.73 39.48 41.70

47 60.91 44.54 49.30

48 66.80 50.46 59.25

49 73.55 57.41 71.45

50 81.31 65.60 85.75
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Ultimate gross load,

 Q q Bu u= = ≈2 2237 12 1 5( . )( . ) 533.52 kN  

2.4 MEYERHOF’S BEARING CAPACITY THEORY

In 1951, Meyerhof published a bearing capacity theory that could be applied to 
rough, shallow, and deep foundations. The failure surface at ultimate load under a 
continuous shallow foundation assumed by Meyerhof5 is shown in Figure 2.7. In this 
figure abc is the elastic triangular wedge as shown in Figure 2.6, bcd is the radial 
shear zone with cd being an arc of a log spiral, and bde is a mixed shear zone in 
which the shear varies between the limits of radial and plane shears depending on 
the depth and roughness of the foundation. The plane be is called an equivalent free 
surface. The normal and shear stresses on plane be are po and so, respectively. The 
superposition method is used to determine the contribution of cohesion c, po, γ, and ϕ 
on the ultimate bearing capacity qu of the continuous foundation and is expressed as

 
q cN qN BNu c q= + + 1

2
γ γ

 
(2.46)

where
Nc, Nq, and Nγ = bearing capacity factors
B = width of the foundation

2.4.1 DeRivation of Nc anD Nq (ϕ ≠ 0, γ = 0, Po ≠ 0, c ≠ 0)

For this case, the center of the log spiral arc (Equation 2.1) is taken at b. Also, it is 
assumed that along be

 s m c po o= +( )tan φ  (2.47)

B

Df

qu

p0

s0

e

d

b

c

90 – ϕ
90 – ϕ

Soil
γ
c
ϕ

θ

a

β

η

FIGURE 2.7 Slip line fields for a rough continuous foundation.
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where
c = cohesion
ϕ = soil friction angle
m = degree of mobilization of shear strength (0 ≤ m ≤ 1)

Now consider the linear zone bde (Figure 2.8a). Plastic equilibrium requires that 
the shear strength s1 under the normal stress p1 is fully mobilized, or

 s c p1 1= + tan φ  (2.48)

90 – φ

φ

φ

(a) Linear zone bde

Sh
ea

r s
tr

es
s

90 + φ

e

90 – η – φ s0
p0

p1

c

P

b

s1

s0

s1

2η + φ

φ
2η

η

Normal stress

Plane bd

Note: Radius of Mohr’s circle = R 

(b)
Plane be

s = c + p tan φ

s1

p1

d

η

β

FIGURE 2.8 Determination of Nq and Nc: (a) forces in the linear zone bde; (b) Mohr’s circle 
for stress conditions on zone bde. (Continued)
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P
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p′p

s′p

p1 d
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φ 2η + φ

φ
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r s
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s

Normal stress
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(c)

(d)

Plane be
Note: Radius of Mohr’s circle = R

180 – 2φ – 2η

90 – η – φ

90 – φ
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45 – φ/2

φ

θ

s = c + p tan φ

B

c

a
q′

p′p
p′p

s′p s′p

b

45 + φ/2

(e)

FIGURE 2.8 (Continued) Determination of Nq and Nc: (c) trace of plane de in Mohr’s 
circle; (d) free body diagram for zone bcd; (e) free body diagram for abc wedge.
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Figure 2.8b shows the Mohr’s circle representing the stress conditions on zone 
bde. Note that P is the pole. The traces of planes bd and be are also shown in the 
figure. For the Mohr’s circle,

 
R

s= 1

cosφ  
(2.49)

where
R = radius of the Mohr’s circle

Also,

 
s R

s
o = + = +

cos
cos

cos
( )

( )
2

21η φ η φ
φ  

(2.50)

Combining Equations 2.47, 2.48, and 2.50:

 
cos

cos
tan

tan cos
tan

( )
( )

2
1 1

η φ φ
φ

φ φ
φ

+ =
+

= +
+

s

c p

m c p

c p
o o

 
(2.51)

Again, referring to the trace of plane de (Figure 2.8c),

 s R1 = cosφ  

 
R

c p= + 1 tan
cos

φ
φ  

(2.52)

Note that

 p R p R1 0 2+ = + +sin sinφ η φ( )  

 
p R p

c p
po o1

12 2= + − + = + + − +[ ( ) ] [ ( ) ]sin sin
tan

cos
sin sinη φ φ φ

φ
η φ φ

 
(2.53)

Figure 2.8d shows the free body diagram of zone bcd. Note that the normal and 
shear stresses on the face bc are ′pp and ′sp, or

 
′ = + ′s c pp p tan φ

 

or

 
′ = ′ −p s cp p( ) cot φ

 
(2.54)
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Taking the moment of all forces about b,

 

p
r

p
r

Mp c1
1
2

0
2

2 2
0







− ′






+ =
 

(2.55)

where

 r bc0 =  

 r bd r e1 0= = θ φtan
 (2.56)

it can be shown that

 
M

c
r rc = −

2
1
2

0
2

tan φ
( )

 
(2.57)

Substituting Equations 2.56 and 2.57 into Equation 2.55 yields

 
′ = + −p p e c ep 1

2 2 1θ φ θ φφtan tancot ( )
 

(2.58)

Combining Equations 2.54 and 2.58

 
′ = +s c p ep ( )1

2tan tanφ θ φ

 
(2.59)

Figure 2.8e shows the free body diagram of wedge abc. Resolving the forces in 
the vertical direction,
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where
q′ = load per unit area of the foundation, or

 
′ = ′ + ′ −





q p sp p cot 45
2
φ

 
(2.60)

Substituting Equations 2.53, 2.54, and 2.59 into Equation 2.60 and further sim-
plifying yields

 

′ =
+

− +
−









q c
e

Nc

cot
sin

sin sin

tan

φ
φ

φ η φ

θ φ( )
( )

1
1 2

1
2
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e
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= +cN p Nc o q

 
(2.61)



33Ultimate Bearing Capacity Theories

where
Nc, Nq = bearing capacity factors

The bearing capacity factors will depend on the degree of mobilization m of 
shear strength on the equivalent free surface. This is because m controls η. From 
Equation 2.51

 
cos

tan cos
tan

( )
( )

2
1

η φ φ φ
φ

+ = +
+

m c p

c p
o

 

For m = 0, cos (2 η + ϕ) = 0, or

 
η φ= −45

2  
(2.62)

For m = 1, cos (2 η + ϕ) = cos ϕ, or

 η = 0  (2.63)

Also, the factors Nc and Nq are influenced by the angle of inclination of the equiv-
alent free surface β. From the geometry of Figure 2.7,

 
θ β η φ= + − −°135

2  
(2.64)

From Equation 2.62, for m = 0, the value of η is (45 – ϕ/2). So,

 θ β= + =°90 0(for m )  (2.65)

Similarly, for m = 1 (since η = 0; Equation 2.63):

 
θ β φ= + − =°135

2
1(for m )

 
(2.66)

Figures 2.9 and 2.10 show the variations of Nc and Nq with ϕ, β, and m. It is of 
interest to note that, if we consider the surface foundation condition (as done in 
Figures 2.3 and 2.4 for Terzaghi’s bearing capacity equation derivation), then β = 0 
and m = 0. So, from Equation 2.65,

 
θ π=

2  
(2.67)
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Hence, for m = 0, η = 45 – ϕ/2, and θ = π/2, the expressions for Nc and Nq are as 
follows (surface foundation condition):

 
N eq = +

−






π φ φ
φ

tan sin
sin

1
1  

(2.68)

and

 
N Nc q= −( )1 cot φ

 (2.69)
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Soil friction angle, φ (deg)

m = 0
m = 1

FIGURE 2.9 Meyerhof’s bearing capacity factor—variation of Nc with β, ϕ, and m 
(Equation 2.61).
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Equations 2.68 and 2.69 are the same as those derived by Reissner6 for Nq and 
Prandtl7 for Nc. For this condition po = γDf = q. So Equation 2.61 becomes

 

′ = +
↑ ↑

q c N q Nc q

 

(Eq. 2.69) (Eq. 2.68)

� �

 

(2.70)
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FIGURE 2.10 Meyerhof’s bearing capacity factor—variation of Nq with β, ϕ, and m 
(Equation 2.61).
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2.4.2 DeRivation of Nγ (ϕ ≠ 0, γ ≠ 0, po = 0, c = 0)

Nγ is determined by trial and error as in the case of the derivation of Terzaghi’s 
bearing capacity factor Nγ (section 2.2). Referring to Figure 2.11a, following is a 
step-by-step approach for the derivation of Nγ:

 1. Choose values for ϕ and the angle β (such as +30°, +40°, −30°…).
 2. Choose a value for m (such as m = 0 or m = 1).
 3. Determine the value of θ from Equation 2.65 or 2.66 for m = 0 or m = 1, as 

the case may be.
 4. With known values of θ and β, draw lines bd and be.
 5. Select a trial center such as O and draw an arc of a log spiral connecting 

points c and d. The log spiral follows the equation r = r0eq tan ϕ.

B

Ppγ

Ppγ Ppγ

a

c

b

W

B

q″
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dO
lp

WW

lw

lR
Pp(R)

φ

θ

(a)

(b)

45 + φ/2

φ φ

β

η

i ii

iii

FIGURE 2.11 Determination of Nγ: (a) forces on the failure surface in soil; (b) free body 
diagram for wedge abc.
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 6. Draw line de. Note that lines bd and de make angles of 90 − ϕ due to the 
restrictions on slip lines in the linear zone bde. Hence the trial failure sur-
face is not, in general, continuous at d.

 7. Consider the trial wedge bcdf. Determine the following forces per unit 
length of the wedge at right angles to the cross section shown: (a) weight of 
wedge bcdf—W, and (b) Rankine passive force on the face df—Pp(R).

 8. Take the moment of the forces about the trial center of the log spiral O, or

 
P

Wl P l

l
p

w p R R

p
γ =

+ ( )

 
(2.71)

where
Ppγ = passive force due to γ and ϕ only

   Note that the line of action of Ppγ acting on the face bc is located at a 
distance of 2 3bc/ .

 9. For given values of β, ϕ, and m, and by changing the location of point O 
(that is, the center of the log spiral), repeat steps 5 through 8 to obtain the 
minimum value of Ppγ.

Refer to Figure 2.11b. Resolve the forces acting on the triangular wedge abc in 
the vertical direction, or

 
′′ =

+
− +













 =q

B P

B
BNpγ φ

γ
φ γγ

γ
2

4 45 2 1
2

45
2

1
22

sin
tan

( ( / ))

 
(2.72)

where
q″ = force per unit area of the foundation
Nγ = bearing capacity factor

Note that Ww is the weight of wedge abc in Figure 2.11b. The variation of Nγ 
(determined in the above manner) with β, ϕ, and m is given in Figure 2.12.

Combining Equations 2.61 and 2.72, the ultimate bearing capacity of a continu-
ous foundation (for the condition c ≠ 0, γ ≠ 0, and ϕ ≠ 0) can be given as

 
q q q cN p N BNu c o q= ′ + ′′ = + + 1

2
γ γ

 

The above equation is the same form as Equation 2.46. Similarly, for surface 
foundation conditions (that is, β = 0 and m = 0), the ultimate bearing capacity of a 
continuous foundation can be given as

 

q q q c N q N BNu c q= ′ + ′′ = + +
↑ ↑

  
 

(Eq. 2.69
 

(Eq. 2.68
 

) )

� �
1
2

γ γ

 

(2.73)
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For shallow foundation designs, the ultimate bearing capacity relationship given 
by Equation 2.73 is presently used. The variation of Nγ for surface foundation condi-
tions (that is, β = 0 and m = 0) is given in Figure 2.12. In 1963 Meyerhof8 suggested 
that Nγ could be approximated as

 

N
Nq

γ φ= −










(Eq.

tan
2 68

1 1 4
. )

( . )�

 

(2.74)

Table 2.3 gives the variations of Nc and Nq obtained from Equations 2.68 and 2.69 
and Nγ obtained from Equation 2.74.
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FIGURE 2.12 Meyerhof’s bearing capacity factor—variation of Nγ with with β, ϕ, and m 
(Equation 2.72).
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TABLE 2.3
Variation of Meyerhof’s Bearing Capacity Factors Nc, Nq, 
and Nγ (Equations 2.68, 2.69, and 2.74)

ϕ Nc Nq Nγ

0 5.14 1.00 0.00

1 5.38 1.09 0.002

2 5.63 1.20 0.01

3 5.90 1.31 0.02

4 6.19 1.43 0.04

5 6.49 1.57 0.07

6 6.81 1.72 0.11

7 7.16 1.88 0.15

8 7.53 2.06 0.21

9 7.92 2.25 0.28

10 8.35 2.47 0.37

11 8.80 2.71 0.47

12 9.28 2.97 0.60

13 9.81 3.26 0.74

14 10.37 3.59 0.92

15 10.98 3.94 1.13

16 11.63 4.34 1.38

17 12.34 4.77 1.66

18 13.10 5.26 2.00

19 13.93 5.80 2.40

20 14.83 6.40 2.87

21 15.82 7.07 3.42

22 16.88 7.82 4.07

23 18.05 8.66 4.82

24 19.32 9.60 5.72

25 20.72 10.66 6.77

26 22.25 11.85 8.00

27 23.94 13.20 9.46

28 25.80 14.72 11.19

29 27.86 16.44 13.24

30 30.14 18.40 15.67

31 32.67 20.63 18.56

32 35.49 23.18 22.02

33 38.64 26.09 26.17

34 42.16 29.44 31.15

35 46.12 33.30 37.15

36 50.59 37.75 44.43

37 55.63 42.92 53.27

38 61.35 48.93 64.07

39 67.87 55.96 77.33
40 75.31 64.20 93.69

(Continued)
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2.5  GENERAL DISCUSSION ON THE RELATIONSHIPS 
OF BEARING CAPACITY FACTORS

At this time, the general trend among geotechnical engineers is to accept the method 
of superposition as a suitable means to estimate the ultimate bearing capacity of 
shallow rough foundations. For rough continuous foundations, the nature of the fail-
ure surface in soil shown in Figure 2.6 has also found acceptance, as have Reissner’s6 
and Prandtl’s7 solutions for Nc and Nq, which are the same as Meyerhof’s5 solution for 
surface foundations, or,

 
N eq = +

−






π φ φ
φ

tan sin
sin

1
1  

(2.68)

and

 
N Nc q= −( )1 cot φ

 (2.69)

Dewaikar et al.9 revisited the computation of Nc by using Kötter’s equation cou-
pled with limit equilibrium conditions. This was done by considering

 1. Terzaghi’s failure mechanism (see Figure 2.1; α = ϕ)
 2. Prandtl’s failure mechanism (see Figure 2.1; α = 45 + (ϕ/2))

When Terzaghi’s failure mechanism was used, the derived relationship was simi-
lar to that given in Equation 2.22; that is,
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22 45
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(2.75)

TABLE 2.3 (Continued)
Variation of Meyerhof’s Bearing Capacity Factors Nc, Nq, 
and Nγ (Equations 2.68, 2.69, and 2.74)

ϕ Nc Nq Nγ

41 83.86 73.90 113.99
42 93.71 85.38 139.32
43 105.11 99.02 171.14
44 118.37 115.31 211.41
45 133.88 134.88 262.74
46 152.10 158.51 328.73
47 173.64 187.21 414.32
48 199.26 222.31 526.44
49 229.93 265.51 674.91
50 266.89 319.07 873.84
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When Prandtl’s failure mechanism was used, the relationship for Nc was of the 
form

 

N A Bc =
−

+



















+
1

1

2 45
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1
2 cos

( )φ

 
(2.76)

where

 

A e= +
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(2.77)

and

 
B = − + −















1
2

2 2 2sin
cos (sin cos ) cos sin

φ
φ φ φ φ φ

 
(2.78)

The numerical values of Nc with ϕ obtained from Equations 2.76 through 2.78 are 
the same as those obtained using Equations 2.68 and 2.69.

There has been considerable controversy over the theoretical values of Nγ. 
Hansen10 proposed an approximate relationship for Nγ in the form

 
N Ncγ φ= 1 5 2. tan

 
(2.79)

In the preceding equation, the relationship for Nc is that given by Prandtl’s solution 
(Equation 2.68). Caquot and Kerisel11 assumed that the elastic triangular soil wedge 
under a rough continuous foundation is of the shape shown in Figure 2.6. Using inte-
gration of Boussinesq’s differential equation, they presented numerical values of Nγ 
for various soil friction angles ϕ. Vesic4 approximated their solutions in the form

 
N Nqγ φ= +2 1( ) tan

 (2.80)

where
Nq is given by Equation 2.68

Equation 2.80 has an error not exceeding 5% for 20° < ϕ < 40° compared to the 
exact solution. Lundgren and Mortensen12 developed numerical methods (using the 
theory of plasticity) for the exact determination of rupture lines as well as the bear-
ing capacity factor (Nγ) for particular cases. Chen13 also gave a solution for Nγ in 
which he used the upper bound limit analysis theorem suggested by Drucker and 
Prager.14 Biarez et al.15 also recommended the following relationship for Nγ:

 
N Nqγ φ= −1 8 1. ( ) tan

 (2.81)
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Booker16 used the slip line method and provided numerical values of Nγ. Poulos 
et al.17 suggested the following expression that approximates the numerical results 
of Booker16:

 
N eγ

φ≈ 0 1045 9 6. .

 
(2.82)

where
ϕ is in radians
Nγ = 0 for ϕ = 0

Kumar18 proposed another slip line solution based on Lundgren and Mortensen’s 
failure mechanism.12 Michalowski19 also used the upper bound limit analysis theo-
rem to obtain the variation of Nγ. His solution can be approximated as

 
N eγ

φ φ= +( . . )0 66 5 1tan tan
 

(2.83)

Hjiaj et al.20 obtained a numerical analysis solution for Nγ. This solution can be 
approximated as

 
N eγ

π π φ πφ= +( / )( ) ( / )( )1 6 3 2 52 tan tan
 

(2.84)

Martin21 used the method of characteristics to obtain the variations of Nγ. 
Salgado22 approximated these variations in the form

 
N Nqγ φ= −( ) ( . )1 1 32tan

 (2.85)

Table 2.4 gives a comparison of the Nγ values recommended by Meyerhof,8 
Terzaghi,1 Vesic,4 and Hansen.10 Table 2.5 compares the variations of Nγ obtained by 
Chen,13 Booker,16 Kumar,18 Michalowski,19 Hjiaj et al.,20 and Martin.21

The primary reason several theories for Nγ were developed, and their lack of cor-
relation with experimental values, lies in the difficulty of selecting a representative 
value of the soil friction angle ϕ for computing bearing capacity. The parameter ϕ 
depends on many factors, such as intermediate principal stress condition, friction 
angle anisotropy, and curvature of the Mohr-Coulomb failure envelope.

Dewaikar and Mohapatra23 evaluated the bearing capacity factor Nγ based on 
Prandtl’s mechanism using limit equilibrium approach coupled with Kötter’s equa-
tion. For Prandtl’s failure mechanism, refer to Figure 2.1, for which α = 45 + ϕ/2 and 
the center of the arc of the logarithmic spiral cf lies on the line bf. The Nγ values 
obtained in this analysis are given in Table 2.6.

Mrunal, Mandal, and Dewaikar24 also evaluated the variation of Nγ with ϕ using 
Prandtl’s mechanism and Kötter’s equation in a similar manner as Dewaikar and 
Mohapatra.23 However, for the analysis in Figure 2.1, the center of the logarithmic 
spiral is located at b. (Note: In Figure 2.1, α = 45 + ϕ/2.) The variation of Nγ obtained 
from this analysis is given in Table 2.7.
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TABLE 2.4
Comparison of Nγ Values (Rough Foundation)

Soil Friction 
Angle ϕ (deg)

Nγ

Terzaghi 
(Equation 2.34)

Meyerhof 
(Equation 2.74)

Vesic 
(Equation 2.80)

Hansen 
(Equation 2.79)

0 0.00 0.00 0.00 0.00

1 0.01 0.002 0.07 0.00

2 0.04 0.01 0.15 0.01

3 0.06 0.02 0.24 0.02

4 0.10 0.04 0.34 0.05

5 0.14 0.07 0.45 0.07

6 0.20 0.11 0.57 0.11

7 0.27 0.15 0.71 0.16

8 0.35 0.21 0.86 0.22

9 0.44 0.28 1.03 0.30

10 0.56 0.37 1.22 0.39

11 0.69 0.47 1.44 0.50

12 0.85 0.60 1.69 0.63

13 1.04 0.74 1.97 0.78

14 1.26 0.92 2.29 0.97

15 1.52 1.13 2.65 1.18

16 1.82 1.38 3.06 1.43

17 2.18 1.66 3.53 1.73

18 2.59 2.00 4.07 2.08

19 3.07 2.40 4.68 2.48

20 3.64 2.87 5.39 2.95

21 4.31 3.42 6.20 3.50

22 5.09 4.07 7.13 4.13

23 6.00 4.82 8.20 4.88

24 7.08 5.72 9.44 5.75

25 8.34 6.77 10.88 6.76

26 9.84 8.00 12.54 7.94

27 11.60 9.46 14.47 9.32

28 13.70 11.19 16.72 10.94

29 16.18 13.24 19.34 12.84

30 19.13 15.67 22.40 15.07

31 22.65 18.56 25.99 17.69

32 26.87 22.02 30.22 20.79

33 31.94 26.17 35.19 24.44

34 38.04 31.15 41.06 28.77

35 45.41 37.15 48.03 33.92

36 54.36 44.43 56.31 40.05

37 65.27 53.27 66.19 47.38

38 78.61 64.07 78.03 56.17

(Continued)
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TABLE 2.4 (Continued)
Comparison of Nγ Values (Rough Foundation)

Soil Friction 
Angle ϕ (deg)

Nγ

Terzaghi 
(Equation 2.34)

Meyerhof 
(Equation 2.76)

Vesic 
(Equation 2.80)

Hansen 
(Equation 2.79)

39 95.03 77.33 92.25 66.75
40 115.31 93.69 109.41 79.54
41 140.51 113.99 130.22 95.05
42 171.99 139.32 155.55 113.95
43 211.56 171.14 186.54 137.10
44 261.60 211.41 224.64 165.58
45 325.34 262.74 271.76 200.81

TABLE 2.5
Other Nγ Values (Rough Foundation)

Soil Friction 
Angle ϕ (deg) Chen13 Booker16 Kumar18 Michalowski19 Hjiaj et al.20 Martin21

5 0.38 0.24 0.23 0.18 0.18 0.113

10 1.16 0.56 0.69 0.71 0.45 0.433
15 2.30 1.30 1.60 1.94 1.21 1.18
20 5.20 3.00 3.43 4.47 2.89 2.84
25 11.40 6.95 7.18 9.77 6.59 6.49
30 25.00 16.06 15.57 21.39 14.90 14.75
35 57.00 37.13 35.16 48.68 34.80 34.48
40 141.00 85.81 85.73 118.83 85.86 85.47
45 374.00 198.31 232.84 322.84 232.91 234.21

TABLE 2.6
Variation of Nγ with ϕ
ϕ (deg) Nγ

20 6.24

25 13.16

30 28.00

35 62.53

40 151.45

45 412.55

Source: Dewaikar, D. M. and B. G. Mohapatra. 
2003. Soils Found., 43(3): 1.
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It has been suggested that the plane strain soil friction angle ϕp, instead of ϕt, be 
used to estimate bearing capacity.10 To that effect Vesic4 raised the issue that this 
type of assumption might help explain the differences between the theoretical and 
experimental results for long rectangular foundations; however, it does not help to 
interpret results of tests with square or circular foundations. Ko and Davidson25 also 
concluded that, when plane strain angles of internal friction are used in commonly 
accepted bearing capacity formulas, the bearing capacity for rough footings could 
be seriously overestimated for dense sands. To avoid the controversy Meyerhof8 sug-
gested the following:

 
φ φ= − 













1 1 0 1. .

B

L
t

 

where
ϕt = triaxial friction angle

2.6 OTHER BEARING CAPACITY THEORIES

Hu26 proposed a theory according to which the base angle a of the triangular wedge 
below a rough foundation (refer to Figure 2.1) is a function of several parameters, or

 α γ φ= f q( , , )  (2.86)

The minimum and maximum values of α can be given as follows:

 
φ α φ< <min 45

2
+

 

TABLE 2.7
Variation of Nγ with ϕ
ϕ (deg) Nγ

20 7.65

25 15.80

30 30.31

35 73.79

40 176.89

45 425.52

Source: Mrunal, P., J. N. Mandal, and 
D. M. Dewaikar. 2014. Intl. J. 
Geotech. Eng., 8(4): 372.
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and

 
α φ

max = +45
2  

The values of Nc, Nq, and Nγ determined by this procedure are shown in Figure 2.13.
Balla27 proposed a bearing capacity theory that was developed for an assumed 

failure surface in soil (Figure 2.14). For this failure surface, the curve cd was assumed 
to be an arc of a circle having a radius r. The bearing capacity solution was obtained 

B

Df
qu

c

d

O

45 – φ/2

φ

45 – φ/2

r

FIGURE 2.14 Nature of failure surface considered for Balla’s bearing capacity theory.
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FIGURE 2.13 Hu’s bearing capacity factors.
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using Kötter’s equation to determine the distribution of the normal and tangential 
stresses on the slip surface. According to this solution for a continuous foundation,

 
q cN qN BNu c q= + + 1

2
γ γ

 

The bearing capacity factors can be determined as follows:

 1. Obtain the magnitude of c/Bγ and Df/B.
 2. With the values obtained in step 1, go to Figure 2.15 to obtain the magni-

tude of ρ = 2r/B.
 3. With known values of ρ, go to Figures 2.16 through 2.18, respectively, to 

determine Nc, Nq, and Nγ.

2.7 SCALE EFFECTS ON ULTIMATE BEARING CAPACITY

The problem in estimating the ultimate bearing capacity becomes complicated if 
the scale effect is taken into consideration. Figure 2.19 shows the average variation 
of Nγ/2 with soil friction angle obtained from small footing tests in sand conducted 
in the laboratory at Ghent as reported by DeBeer.28 For these tests, the values of ϕ 
were obtained from triaxial tests. This figure also shows the variation of Nγ/2 with ϕ 
obtained from tests conducted in Berlin and reported by Muhs29 with footings hav-
ing an area of 1 m2. The soil friction angles for these tests were obtained from direct 
shear tests. It is interesting to note that

 1. For loose sand, the field test results of Nγ are higher than those obtained 
from small footing tests in the laboratory.

 2. For dense sand, the laboratory tests provide higher values of Nγ compared 
to those obtained from the field.

The reason for the above observations can partially be explained by the fact that, 
in the field, progressive rupture in the soil takes place during the loading process. 
For loose sand at failure, the soil friction angle is higher than at the beginning of 
loading due to compaction. The reverse is true in the case of dense sand.

Figure 2.20 shows a comparison of several bearing capacity test results in sand 
compiled by DeBeer,28 which are plots of Nγ with γB. For any given soil, the magni-
tude of Nγ decreases with B and remains constant for larger values of B. The reduc-
tion in Nγ for larger foundations may ultimately result in a substantial decrease in the 
ultimate bearing capacity that can primarily be attributed to the following reasons:

 1. For larger-sized foundations, the rupture along the slip lines in soil is pro-
gressive, and the average shear strength mobilized (and thus ϕ) along a slip 
line decreases with the increase in B.

 2. There are zones of weakness that exist in the soil under the foundation.
 3. The curvature of the Mohr-Coulomb envelope.
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2.8 EFFECT OF WATER TABLE

The preceding sections assume that the water table is located below the failure sur-
face in the soil supporting the foundation. However, if the water table is present near 
the foundation, the terms q and γ in Equations 2.31, 2.39 through 2.43, and 2.73 need 
to be modified. In a very early study, Meyerhof30 evaluated the effect of water table 
on the ultimate bearing capacity of a shallow continuous (strip) foundation supported 
by a granular soil (c = 0). It was assumed that, for a continuous foundation, the depth 
of the failure surface in soil extends up to about twice the width of the foundation 
depending on the soil friction angle ϕ. Meyerhof’s30 analysis can be summarized by 
referring to the Figure 2.21 in which d is the depth of the ground water table below 
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N
γ

FIGURE 2.18 Balla’s bearing capacity factor Nγ.
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the ground surface. For Df/B ≤ 1, if d < Df, then the ultimate bearing capacity can be 
expressed as,

 
q BN D N D du f q w f= ′ ′ + ′ + − ′ + −1

2
γ γ γ γ γγ [ ( ) ] ( )d

 
(2.87)

where
γw = unit weight of water.
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(Muhs29)
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(DeBeer28)

Soil friction angle, ϕ (deg)
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FIGURE 2.19 Comparison of Nγ obtained from tests with small footings and large footings 
(area = 1 m2) on sand.
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FIGURE 2.20 DeBeer’s study on the variation of Nγ with γB.
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Again, if d > Df (i.e., the water level between the bottom of the foundation and 
depth of the failure zone in soil),

 
q F BN D Nu f q= ′ + − ′[ ] +1

2
γ γ γ γγ( )

 
(2.88)

where
F is a factor of ϕ and (d − Df)/B (Figure 2.22)
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FIGURE 2.21 Effect of ground water table on ultimate bearing capacity.
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FIGURE 2.22 Meyerhof’s ground water table correction factor F (Equation 2.88).
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The present trend of correcting the ultimate bearing capacity equation is to con-
sider the following four cases.

Case 1: d = 0 For d = 0, the term q = γDf associated with Nq should be 
changed to q = γ ′Df (γ′ = effective unit weight of soil). Also, the term γ 
associated with Nγ should be changed to γ′.

Case 2: 0 < d ≤ Df For this case, q will be equal to γd + (Df − d) γ ′, and the 
term γ associated with Nγ should be changed to γ ′.

Case 3: Df ≤ d ≤ Df + B This condition is one in which the groundwater table 
is located at or below the bottom of the foundation. In such case, q = γDf 
and the last term γ should be replaced by an average effective unit weight 
of soil γ , or

 
γ γ γ γ= ′ +

−





− ′
d D

B
f ( )

 
(2.89)

Case 4: d > Df + B For d > Df + B, q = γDf and the last term should remain 
γ. This implies that the groundwater table has no effect on the ultimate 
capacity.

EXAMPLE 2.3

Consider a square foundation measuring 1.5 m × 1.5 m located at a depth of 
1 m below the ground surface. The ground water table is located at a depth 
of 0.75 m below the ground surface. Determine the ultimate bearing capac
ity using Terzaghi’s bearing capacity equation. For the soil, use γ = 16.7 kN/m3, 
γsat = 17.63 kN/m3, ϕ = 27°, c = 19 kN/m2.

Solution

From Equation 2.39,

 q cN qN BNu c q= + +1 3 0 4. . γ γ  

For ϕ = 27°, from Table 2.1, Nc = 29.24, Nq = 15.9, Nγ = 11.6. Since 0 < d ≤ Df, 
Case II is applicable for the ground water correction. Thus the modified form of 
Equation 2.39 will be

 

q cN d D d N BNu c f q= + + − ′ + ′
= +

1 3 0 4

1 3 19 29 24 16 7

. [ ( ) ) .

. )( )( . ) [( . )

γ γ γ γ

(( . ) ( . )( . . )]( . )

( . )( . . )( . )

0 75 1 0 75 17 63 9 81 15 9

0 4 17 63 9 81 1 5

+ − −
+ − (( . )

.

11 6

1006 887 2= ≈kN/m 1007 kN/m2
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2.9 GENERAL BEARING CAPACITY EQUATION

The relationships to estimate the ultimate bearing capacity presented in the preced-
ing sections are for continuous (strip) foundations. They do not give (a) the relation-
ships for the ultimate bearing capacity for rectangular foundations (that is, B/L > 0; 
B = width and L = length), and (b) the effect of the depth of the foundation on the 
increase in the ultimate bearing capacity. Therefore, a general bearing capacity may 
be written as

 
q cN qN BNu c cs cd q qs qd s d= + +λ λ λ λ γ λ λγ γ γ

1
2  

(2.90)

where
λcs, λqs, λγs = shape factors
λcd, λqd, λγd = depth factors

Most of the shape and depth factors available in the literature are empirical and/
or semi-empirical, and they are given in Table 2.8.

If Equations 2.69, 2.68, and 2.80 are used for Nc, Nq, and Nγ, respectively, it 
is recommended that DeBeer’s shape factors and Hansen’s depth factors be used. 
However, if Equations 2.69, 2.68, and 2.74 are used for bearing capacity factors 
Nc, Nq, and Nγ, respectively, then Meyerhof’s shape and depth factors should be 
used.

EXAMPLE 2.4

A shallow foundation is 0.6 m wide and 1.2 m long. Given: Df = 0.6 m. The soil 
supporting the foundation has the following parameters: ϕ = 25°, c = 48 kN/m2, 
and γ = 18 kN/m3. Determine the ultimate vertical load that the foundation can 
carry by using

 1. Prandtl’s value of Nc (Equation 2.69), Reissner’s value of Nq (Equ
ation  2.68), Vesic’s value of Nγ (Equation 2.76), and the shape  and 
depth factors proposed by DeBeer and Hansen, respectively 
(Table 2.8)

 2. Meyerhof’s values of Nc, Nq, and Nγ (Equations 2.69, 2.68, and 2.74) 
and the shape and depth factors proposed by Meyerhof8 given in 
Table 2.8

Solution

From Equation 2.90,

 
q cN qN BNu c cs cd q qs qd s d= + +λ λ λ λ γ λ λγ γ γ

1
2  



55Ultimate Bearing Capacity Theories

TABLE 2.8
Summary of Shape and Depth Factors

Factor Relationship Reference

Shape
For φ λ

λ
λγ

= = + 
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=

°0 1 0 2
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2

1 0 1

2: .

.

cs

qs s

B

L

B

L



+
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Meyerhof8
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[Note: Use Equation 2.69 for Nc and Equation 2.68 for Nq as 
given in Table 2.3]
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Salgado et al.33

B/L C1 C2

Circle 0.163 0.210
1.00 0.125 0.219
0.50 0.156 0.173
0.33 0.159 0.137
0.25 0.172 0.110
0.20 0.190 0.090

Salgado et al.33

(Continued)
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 Part a: From Table 2.3 for ϕ = 25°, Nc = 20.72 and Nq = 10.66. Also, from Table 
2.4 for ϕ = 25°, Vesic’s value of Nγ = 10.88. DeBeer’s shape factors are as follows:
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TABLE 2.8 (Continued)
Summary of Shape and Depth Factors

Factor Relationship Reference

Depth
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Hansen’s depth factors are as follows:

 

λ φ φqd
fD
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So,
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 Part b: From Table 2.3 for ϕ = 25°, Nc = 20.72, Nq = 10.66, and Nγ = 6.77. Now 
referring to Table 2.6, Meyerhof’s shape and depth factors are as follows:
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So,

 

qu = +( )( . )( . )( . ) ( . )( )( . )( . )( .48 20 72 1 246 1 314 0 6 18 10 66 1 123 1 157))

( )( . )( . )( . )( . )

. . .

+
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1628 37 149 6 47 7 1826 kkN/m2

 

2.10 EFFECT OF SOIL COMPRESSIBILITY

In Section 2.3 the ultimate bearing capacity equations proposed by Terzaghi1 for 
local shear failure were given (Equations 2.41 through 2.43). Also, suggestions by 
Vesic4 shown in Equations 2.44 and 2.45 address the problem of soil compressibility 
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and its effect on soil bearing capacity. In order to account for soil compressibility 
Vesic4 proposed the following modifications to Equation 2.90, or

 
q cN qN BNu c cs cd cc q qs qd qc s d c= + +λ λ λ λ λ λ γ λ λ λγ γ γ γ

1
2  

(2.91)

where
λcc, λqc, λγc = soil compressibility factors

The soil compressibility factors were derived by Vesic4 from the analogy of 
expansion of cavities.34 According to this theory, in order to calculate λcc, λqc, and 
λγc, the following steps should be taken:

 1. Calculate the rigidity index Ir of the soil (approximately at a depth of B/2 
below the bottom of the foundation), or

 
I

G

c q
r =

+ tan φ  
(2.92)

  where
  G = shear modulus of the soil
  ϕ = soil friction angle
  q = effective overburden pressure at the level of the foundation

 2. The critical rigidity index of the soil Ir(cr) can be expressed as
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3 3 0 45 45
2
φ

 

(2.93)

   The variations of Ir(cr) with B/L are given in Table 2.9.
 3. If Ir ≥ Ir(cr), then use λcc, λqc, and λγc equal to one. However, if Ir < Ir(cr),
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γc qc
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exp tan
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(2.94)

For ϕ = 0,

 
λcc r

B

L
I= + +0 32 0 12 0 6. . . log

 
(2.95)

For other friction angles,

 
λ λ

λ
φcc qc

qc

cN
= −

−1

tan  
(2.96)
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Figures 2.23 and 2.24 show the variations of λγc = λqc (Equation 2.94) with ϕ and 
Ir for B/L = 1 and L/B > 5, respectively.

EXAMPLE 2.5

Refer to Example 2.4a. For the soil, given: modulus of elasticity E = 620 kN/m2; 
Poisson’s ratio v = 0.3. Considering the compressibility factors, determine the ulti
mate bearing capacity.

TABLE 2.9
Variation of Ir(cr) with ϕ′ and B/L (Equation 2.93)

ϕ′ 
(deg)

Ir(cr)

B/L = 0 B/L = 0.2 B/L = 0.4 B/L = 0.6 B/L = 0.8 B/L = 1.0

0 13.56 12.39 11.32 10.35 9.46 8.54
5 18.30 16.59 15.04 13.63 12.36 11.20
10 25.53 22.93 20.60 18.50 16.62 14.93
15 36.85 32.77 29.14 25.92 23.05 20.49
20 55.66 48.95 43.04 37.85 33.29 29.27
25 88.93 77.21 67.04 58.20 50.53 43.88
30 151.78 129.88 111.13 95.09 81.36 69.62
35 283.20 238.24 200.41 168.59 141.82 119.31
40 593.09 488.97 403.13 332.35 274.01 225.90
45 1440.94 1159.56 933.19 750.90 604.26 486.26
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0
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Soil friction angle, φ (deg) 
40 50

λ γ
c =

 λ
qc

250

FIGURE 2.23 Variation of λγc = λqc with ϕ and Ir for foundation (B/L = 1).
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Solution

 
I

G
c q

E
c q

r =
+

=
+ +

=
+ + ×tan tan tanφ ν φ21

620
21 0 3 48 18 0 6 25( )( ) ( . )[ ( . ) ]

== 4 5.
 

From Equation 2.93:
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3 3 0 45
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1 2

45
25
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exp cot. .
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. 

= 62 46.
 

Since Ir(cr) > Ir, use λcc, λqc, and λγc relationships from Equations 2.94 and 2.96:
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FIGURE 2.24 Variation of λγc = λqc with ϕ and Ir for foundation with L/B > 5.



61Ultimate Bearing Capacity Theories

Also,

 
λ λ

λ
φc qc

qc

cN
= −

−
= − − =

1
0 353

1 0 353
20 72 25

0 286
tan tan

.
.

.
.

 

Equation 2.91:

 

qu = +( )( . )( . )( . )( . ) ( . )( )( . )( .48 20 72 1 257 1 099 0 286 0 6 18 10 66 1 233))( . )( . )

( )( . )( . )( . )( )( . )

.

1 115 0 353

1
2

18 0 6 10 88 0 8 1 0 353

392 94

+

= + 555 81 16 59. .+ ≈ 465.4 kN/m2

 

2.11  BEARING CAPACITY OF FOUNDATIONS 
ON ANISOTROPIC SOILS

2.11.1 founDation on SanD (c = 0)

Most natural deposits of cohesionless soil have an inherent anisotropic structure 
due to their nature of deposition in horizontal layers. The initial deposition of the 
granular soil and the subsequent compaction in the vertical direction cause the soil 
particles to take a preferred orientation. For a granular soil of this type Meyerhof 
suggested that, if the direction of application of deviator stress makes an angle i 
with the direction of deposition of soil (Figure 2.25), then the soil friction angle ϕ 
can be approximated in a form

 

φ φ φ φ= − −






°

°1 1 2
90

( )
i

 
(2.97)

where
ϕ1 = soil friction angle with i = 0°
ϕ2 = soil friction angle with i = 90°

Direction of
deposition

Major principal stress

FIGURE 2.25 Anisotropy in sand deposit.
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Figure 2.26 shows a continuous (strip) rough foundation on an anisotropic sand 
deposit. The failure zone in the soil at ultimate load is also shown in the figure. In 
the triangular zone (zone 1) the soil friction angle will be ϕ = ϕ1; however, the mag-
nitude of ϕ will vary between the limits of ϕ1 and ϕ2 in zone 2. In zone 3 the effective 
friction angle of the soil will be equal to ϕ2. Meyerhof35 suggested that the ultimate 
bearing capacity of a continuous foundation on anisotropic sand could be calculated 
by assuming an equivalent friction angle ϕ = ϕeq, or

 
φ φ φ φ

eq = + = +( ) ( )2
3

2
3

1 2 1m

 
(2.98)

where

 
m = =friction ratio

φ
φ

2

1  
(2.99)

Once the equivalent friction angle is determined, the ultimate bearing capacity 
for vertical loading conditions on the foundation can be expressed as (neglecting the 
depth factors)

 
q qN BNu q qs s= +(eq) (eq)λ γ λγ γ

1
2  

(2.100)

where
Nq(eq), Nγ(eq) = equivalent bearing capacity factors corresponding to the friction 

angle ϕ = ϕeq

In most cases the value of ϕ1 will be known. Figures 2.27 and 2.28 present the 
plots of Nγ(eq) and Nq(eq) in terms of m and ϕ1. Note that the soil friction angle ϕ = ϕeq 
was used in Equations 2.68 and 2.74 to prepare the graphs. So, combining the rela-
tionships for shape factors (Table 2.8) given by DeBeer,31

 
q qN

B

L
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L
u q= + 













 + − 








(eq) eq (eq)tan1

1
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1 0 4φ γ γ .





 
(2.101)

3 31

qu q = γDf

2 2

FIGURE 2.26 Continuous rough foundation on anisotropic sand deposit.
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EXAMPLE 2.6

Consider a shallow foundation supported by a granular soil. Given:

For the foundation: B = 0.75 m, L = 1.5 m, Df = 0.5 m
For the soil: ϕ1 = 38° (i = 0; see Figure 2.25), ϕ2 = 42° (i = 90°; see Figure 

2.25); γ = 17 kN/m3

Determine the ultimate bearing capacity qu using Equation 2.101.

1000

100

10

m = 1.0
0.8

0.6

N
γ (e

q)

1
20 30 40 45

Soil friction angle, φ1 (deg)

FIGURE 2.27 Variation of Nγ(eq) (Equation 2.100).



64 Shallow Foundations

Solution

From Equation 2.98,

 
φ φ φ

eq = + = + = °( ) ( )( )
.

2
3

2 38 42
3

39 31 2

 

From Table 2.3, with ϕ = ϕeq, Nq(eq) ≈ 58 and Nγ(eq) ≈ 83. From Equation 2.101
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≈ 1118 kN/m2

 

400

100

10

m = 1.0
0.8
0.6

N
q(

eq
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Soil friction angle, φ1 (deg)

FIGURE 2.28 Variation of Nq(eq) (Equation 2.100).
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2.11.2 founDationS on SatuRateD Clay (ϕ = 0 ConCept)

As in the case of sand discussed above, saturated clay deposits also exhibit aniso-
tropic undrained shear strength properties. Figure 2.29a,b shows the nature of vari-
ation of the undrained shear strength of clays cu with respect to the direction of 
principal stress application.36 Note that the undrained shear strength plot shown in 
Figure 2.29b is elliptical; however, the center of the ellipse does not match the origin. 
The geometry of the ellipse leads to the equation

 

b

a

c

c c
u i

uV uH

= = °( )

( )( )
45

 
(2.102)

where
cuV = undrained shear strength with i = 0°
cuH = undrained shear strength with i = 90°

Saturated clay Major principal stress

Minor principal stress

(a)

b
cu(i = 45º)

2i

(b)

(c)

III I
IIII

III

cuH

qu

a a

cuV

i

FIGURE 2.29 Bearing capacity of continuous foundation on anisotropic saturated clay: 
(a) direction of principal stress application; (b) variation of cu with respect to the direction of 
principal stress application; (c) failure surface in soil at ultimate load.



66 Shallow Foundations

A continuous foundation on a saturated clay layer (ϕ = 0) whose directional 
strength variation follows Equation 2.102 is shown in Figure 2.29c. The failure sur-
face in the soil at ultimate load is also shown in the figure. Note that, in zone I, the 
major principal stress direction is vertical. The direction of the major principal stress 
is horizontal in zone III; however, it gradually changes from vertical to horizontal 
in zone II. Using the stress characteristic solution, Davis and Christian36 determined 
the bearing capacity factor Nc(i) for the foundation. For a surface foundation,

 
q N

c c
u c i

uV uH= +



( )

2  
(2.103)

The variation of Nc(i) with the ratio of a/b (Figure 2.29b) is shown in Figure 2.30. 
Note that, when a = b, Nc(i) becomes equal to Nc = 5.14 (isotropic case; Equation 
2.69).

In many practical conditions, the magnitudes of cuV and cuH may be known but 
not the magnitude of cu(i = 45°). If such is the case, the magnitude of a/b (Equation 
2.102) cannot be determined. For such conditions, the following approximation may 
be used:

 

q N
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u c
uV uH≈ +
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0 9
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5 14

.
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�
 

(2.104)

The preceding equation was suggested by Davis and Christian,36 and it is based 
on the undrained shear strength results of several clays. So, in general, for a rectan-
gular foundation with vertical loading condition,

7

6

5

4

3
0 0.2 0.4 0.6 0.8 1.0 1.2

a/b

N
c(

i)

FIGURE 2.30 Variation of Nc(i) with a/b based on the analysis of Davis and Christian.
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q N

c c
qNu c i

uV uH
cs cd q qs qd= +





+( )
2

λ λ λ λ
 

(2.105)

For ϕ = 0 condition, Nq = 1 and q = γDf. So,

 
q N

c c
Du c i

uV uH
cs cd f qs qd= +





+( )
2

λ λ γ λ λ
 

(2.106)

The desired relationships for the shape and depth factors can be taken from 
Table 2.8 and the magnitude of qu can be estimated.

EXAMPLE 2.7

Consider an anisotropic saturated clay deposit. For the clay, referring to Figure 2.29, 
cuH = 56 kN/m2 and cuV = 30 kN/m2.

The variation of cu can be given by the equation,

 c c c c iu i uH uV uH( ) ( )cos= + − 2

 

A shallow foundation with B = 0.3 m, L = 1 m and Df = 0.3 is constructed in 
the clay (γ = 17.5 kN/m3). Estimate the ultimate bearing capacity of the foundation.

Solution

Given,

 c c c c iu i uH uV uH( ) ( )cos= + − 2

 

So,

 cu i( ) ( )cos= ° = + − =45
2 256 30 56 45 43 kN/m  

From Equation 2.102,
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1 05

0 95
.

.
 

From Figure 2.30, for a/b = 0.5, the value of Nc(i) ≈ 5.
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From Equation 2.106,
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From Table 2.8, using DeBeer’s shape factors,
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With ϕ = 0,
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Again, using Hansen’s depth factors (ϕ = 0),
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2.11.3 founDationS on c–ϕ Soil

The ultimate bearing capacity of a continuous shallow foundation supported by 
anisotropic c–ϕ soil was studied by Reddy and Srinivasan37 using the method of 
characteristics. According to this analysis the shear strength of a soil can be given as

 s c= ′ +σ φtan  

It is assumed, however, that the soil is anisotropic only with respect to cohe-
sion. As mentioned previously in this section, the direction of the major principal 
stress (with respect to the vertical) along a slip surface located below the foundation 
changes. In anisotropic soils, this will induce a change in the shearing resistance to 
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the bearing capacity failure of the foundation. Reddy and Srinivasan37 assumed the 
directional variation of c at a given depth z below the foundation as (Figure 2.31a)

 c c c c ii z H z V z H z( ) ( ) ( ) ( )[ ]= + − cos2

 (2.107)

where
ci(z) = cohesion at a depth z when the major principal stress is inclined at an angle 

i to the vertical (Figure 2.31b)
cV(z) = cohesion at depth z for i = 0°
cH(z) = cohesion at depth z for i = 90°

The preceding equation is of the form suggested by Casagrande and Carrillo.38

Figure 2.31b shows the nature of variation of ci(z) with i. The anisotropy coeffi-
cient K is defined as the ratio of cV(z) to cH(z):

 
K

c

c
V z

H z

= ( )

( )  
(2.108)
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(a)

(c)(b)
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cV (z)
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cH(z)

cV (z=0)
cV (z)
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z

α′

90 – i

90 – i

z

FIGURE 2.31 Anisotropic clay soil—assumptions for bearing capacity evaluation: (a) direc-
tions of principal stresses; (b) directional variation of ci(z); (c) variation of cV(z) with depth.
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In overconsolidated soils, K is less than one; for normally consolidated soils, the 
magnitude of K is greater than one.

For many consolidated soils, the cohesion increases linearly with depth (Figure 
2.31c). Thus,

 c c zV z V z( ) ( )= + ′=0 α  (2.109)

where
cV(z), cV(z=0) = cohesion in the vertical direction (that is, i = 0) at depths of z and 

z = 0, respectively
α′ = the rate of variation with depth z

According to this analysis, the ultimate bearing capacity of a continuous founda-
tion may be given as

 
q c N qN BNu V z c i q i i

= + += ′ ′ ′( ) ( ) ( ) ( )0
1
2

γ γ
 

(2.110)

where
Nc(i′), Nq(i′), Nγ (i′) = bearing capacity factors
q = γDf

This equation is similar to Terzaghi’s bearing capacity equation for continu-
ous foundations (Equation 2.31). The bearing capacity factors are functions of the 
parameters βc and K. The term βc can be defined as

 
β α

c
V z

l

c
= ′

=( )0  
(2.111)

where

 
l

cV z= = =characteristic length ( )0

γ  
(2.112)

Furthermore, Nc(i′) is also a function of the nondimensional width of the founda-
tion, B′:

 
′ =B

B

l  
(2.113)

The variations of the bearing capacity factors with βc, B′, ϕ, and K determined 
using the method of analysis by Reddy and Srinivasan37 are shown in Figures 2.32 
through 2.37. This study shows that the rupture surface in soil at ultimate load 
extends to a smaller distance below the bottom of the foundation for the case where 
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the anisotropic coefficient K is greater than one. Also, when K changes from one to 
two with α′ = 0, the magnitude of Nc(i′) is reduced by about 30%–40%.

EXAMPLE 2.8

Estimate the ultimate bearing capacity qu of a continuous foundation with the fol
lowing: B = 3 m; cV(z=0) = 12 kN/m2; α′ = 3.9 kN/m2/m; Df = 1 m; γ = 17.29 kN/m3; 
ϕ = 20°. Assume K = 2.

Solution

From Equation 2.112:
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Also,
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0 25
 

Now, referring to Figures 2.33, 2.34, 2.36, and 2.37 for ϕ = 20°, βc = 0.25, K = 2, 
and B′ = 4.34 (by interpolation),

 N N Nc i q i i( ) ( ) ( ). ; ,′ ′ ′≈ ≈ ≈14 5 6 4and γ  

100

80

60

40

N
c(

i′)

20

0
0 10 20 30

2.0

1.0

K = 0.8

40
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FIGURE 2.32 Reddy and Srinivasan’s bearing capacity factor, Nc(i′)—influence of K (βc = 0).
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From Equation 2.110,

 

q c N qN BNu V z c i q i i= + + = += ′ ′ ′( ) ( ) ( ) ( ) ( )( . ) ( )( . )(0
1
2

12 14 5 1 17 29γ γ 66

1
2

17 29 3 4

)

( . )( )( )+ ≈ 381 kN/m2

 

2.12 ALLOWABLE BEARING CAPACITY WITH RESPECT TO FAILURE

Allowable bearing capacity for a given foundation may be (a) to protect the founda-
tion against a bearing capacity failure, or (b) to ensure that the foundation does not 
undergo undesirable settlement. There are three definitions for the allowable capac-
ity with respect to a bearing capacity failure.
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FIGURE 2.33 Reddy and Srinivasan’s bearing capacity factor, Nc(i′)—influence of K 
(βc = 0.2).
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2.12.1 gRoSS allowaBle BeaRing CapaCity

The gross allowable bearing capacity is defined as

 
q

q

FS
u

all =
 

(2.114)

where
qall = gross allowable bearing capacity
FS = factor of safety

In most cases a factor of safety of 3 to 4 is generally acceptable.
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FIGURE 2.34 Reddy and Srinivasan’s bearing capacity factor, Nc(i′)—influence of K 
(βc = 0.4).
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2.12.2 net allowaBle BeaRing CapaCity

The net ultimate bearing capacity is defined as the ultimate load 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 the surrounding soil is 
assumed to be negligible, then

 q q qu u( )net = −  (2.115)

where
q = γDf

qu(net) = net ultimate bearing capacity

The net allowable bearing capacity can now be defined as

 
q
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u

all net
net
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(2.116)

A factor of safety of 3 to 4 in the preceding equation is generally considered 
satisfactory.
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FIGURE 2.35 Reddy and Srinivasan’s bearing capacity factor, Nγ(i′) and Nq(i′)—influence of 
K (βc = 0).
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2.12.3  allowaBle BeaRing CapaCity with ReSpeCt 
to SheaR failuRe [qall(SheaR)]

For this case a factor of safety with respect to shear failure FS(shear), which may be in 
the range of 1.3–1.6, is adopted. In order to evaluate qall(shear), the following procedure 
may be used:

 1. Determine the developed cohesion cd and the developed angle of friction 
ϕd as

 
c

c

FS
d =

(shear)  
(2.117)
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(2.118)
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FIGURE 2.36 Reddy and Srinivasan’s bearing capacity factor, Nγ(i′) and Nq(i′)—influence of 
K (βc = 0.2).
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 2. The gross and net ultimate allowable bearing capacities with respect to 
shear failure can now be determined as (Equation 2.90)

 
q c N qN BNd c cs cd q qs qd s d

all(shear) gross
= + +λ λ λ λ γ λ λγ γ γ

1
2  

(2.119)

q q q c N q Nd c cs cd q qsall(shear) net all(shear) gross− −= − = + −λ λ λ λ( )1 qqd s dBN+ 1
2

γ λ λγ γ γ
 

(2.120)

  where
  Nc, Nq, and Nγ = bearing capacity factors for friction angle ϕd
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FIGURE 2.37 Reddy and Srinivasan’s bearing capacity factor, Nγ(i′) and Nq(i′)—influence of 
K (βc = 0.4).
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EXAMPLE 2.9

Refer to Example 2.4, Part a.

 1. Determine the gross allowable bearing capacity. Assume FS = 4.
 2. Determine the net allowable bearing capacity. Assume FS = 4.
 3. Determine the gross and net allowable bearing capacities with respect to 

shear failure. Assume FS(shear) = 1.5.

Solution

Part 1: From Example 2.1, problem a, qu = 1585 kN/m2
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Part 2:
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Part 3:
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For ϕd = 17.3°, Nc = 12.5, Nq = 4.8 (Table 2.3), and Nγ = 3.6 (Table 2.4),
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From Equation 2.119
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From Equation 2.120:

 q qall(shear) net− = − = − ≈761 5 755 3 0 6 18. . ( . )( ) 744.5 kN/m2

 

2.13  INTERFERENCE OF CONTINUOUS 
FOUNDATIONS IN GRANULAR SOIL

In earlier sections of this chapter, theories relating to the ultimate bearing capacity 
of single rough continuous foundations supported by a homogeneous soil medium 
extending to a great depth were discussed. However, if foundations are placed close 
to each other with similar soil conditions, the ultimate bearing capacity of each foun-
dation may change due to the interference effect of the failure surface in the soil. 
This was theoretically investigated by Stuart39 for granular soils. The results of this 
study are summarized in this section. Stuart39 assumed the geometry of the rupture 
surface in the soil mass to be the same as that assumed by Terzaghi (Figure 2.1). 
According to Stuart, the following conditions may arise (Figure 2.38):

 Case 1 (Figure 2.38a): If the center-to-center spacing of the two founda-
tions is x ≥ x1, the rupture surface in the soil under each foundation will not 
overlap. So the ultimate bearing capacity of each continuous foundation can 
be given by Terzaghi’s equation (Equation 2.31). For c = 0,

 
q qN BNu q= + 1

2
γ γ

 
(2.121)

 where
 Nq, Nγ = Terzaghi’s bearing capacity factors (Table 2.1)

 Case 2 (Figure 2.38b): If the center-to-center spacing of the two founda-
tions (x = x2 < x1) are such that the Rankine passive zones just overlap, then 
the magnitude of qu will still be given by Equation 2.121. However, the 
foundation settlement at ultimate load will change (compared to the case of 
an isolated foundation).

 Case 3 (Figure 2.38c): This is the case where the center-to-center spacing 
of the two continuous foundations is x = x3 < x2. Note that the triangular 
wedges in the soil under the foundation make angles of 180° − 2ϕ at points 
d1 and d2. The arcs of the logarithmic spirals d1 g1 and d1 e are tangent to 
each other at point d1. Similarly, the arcs of the logarithmic spirals d2 g2 and 
d2 e are tangent to each other at point d2. For this case, the ultimate bearing 
capacity of each foundation can be given as (c = 0)

 
q qN BNu q q= +ξ γ ξγ γ

1
2  

(2.122)

 where
  ξq, ξγ = efficiency ratios
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  The efficiency ratios are functions of x/B and soil friction angle ϕ. 
The theoretical variations of ξq and ξγ are given in Figures 2.39 and 2.40.

 Case 4 (Figure 2.38d): If the spacing of the foundation is further reduced 
such that x = x4 < x3, blocking will occur and the pair of foundations will act 
as a single foundation. The soil between the individual units will form an 
inverted arch that travels down with the foundation as the load is applied. 
When the two foundations touch, the zone of arching disappears and the 
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α2 α2 α2 α2 α2 α2
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α2 α2 α2 α2 α2 α2 α2α1
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B B
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x = x2

α2

α3

(c)

(d)
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d1 d2 g2

e

B

B B

B

x = x3

x = x4

qu

qu qu

qu q = γDf

q = γDf
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FIGURE 2.38 Assumption for the failure surface in granular soil under two closely spaced 
rough continuous foundations. Note: α1 = ϕ, α2 = 45 − ϕ/2, α3 = 180 − ϕ. Failure surface in 
soil when (a) x = x1; (b) x = x2; x = x3; (d) x = x4.



80 Shallow Foundations

system behaves as a single foundation with a width equal to 2B. The ulti-
mate bearing capacity for this case can be given by Equation 2.121, with B 
being replaced by 2B in the third term.

  Das and Larbi-Cherif40 conducted laboratory model tests to determine the 
interference efficiency ratios ξq and ξγ of two rough continuous foundations 
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Along this line, two footings
act as one

1.5

1.01 2 3 4 5

ξ q
φ = 40˚
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32˚ 35˚

39˚
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FIGURE 2.39 Stuart’s interference factor ξq.
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30˚

FIGURE 2.40 Stuart’s interference factor ξr.
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resting on sand extending to a great depth. The sand used in the model tests 
was highly angular, and the tests were conducted at a relative density of 
about 60%. The angle of friction ϕ at this relative density of compaction 
was 39°. Load-displacement curves obtained from the model tests were of 
the local shear type. The experimental variations of ξq and ξγ obtained from 
these tests are given in Figures 2.41 and 2.42. From these figures it may be 
seen that, although the general trend of the experimental efficiency ratio 
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1.5

1.0

0.5

�eory–Stuart39

Experiment–Das and Larbi-Cherif 40

0 21 3 4 5 6
x/B

ζ q

φ = 39°

FIGURE 2.41 Comparison of experimental and theoretical ζq.
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Larbi-Cherif 40

ζ γ

φ = 39°

FIGURE 2.42 Comparison of experimental and theoretical ζγ.
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variations is similar to those predicted by theory, there is a large varia-
tion in the magnitudes between the theory and experimental results. Figure 
2.43 shows the experimental variations of Su/B with x/B (Su = settlement at 
ultimate load). The elastic settlement of the foundation decreases with the 
increase in the center-to-center spacing of the foundation and remains con-
stant at x > about 4B.

EXAMPLE 2.10

Consider two shallow continuous foundations supported by a granular soil. 
Given:

For the foundation: B = 1.2 m
 Centertocenter spacing of the foundation, x = 2.5 m
 Df = 1 m

 For the soil: ϕ = 35°
 γ = 16 kN/m3

Estimate the ultimate bearing capacity, qu.

Solution

From Equation 2.122,

 
q qN BNu q q= +ζ γ ζγ γ

1
2  

 q Df= = =γ ( )( )16 1 16 2kN/m  

80

60

40

20

Average plot

Df /B = 0
Df /B = 1

x/B

S u
/B

 (%
)

0
0 2 3 4 5 6

φ = 39º

FIGURE 2.43 Variation of experimental elastic settlement (Su/B) with center-to-center 
spacing of two continuous rough foundations.
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From Table 2.1, for ϕ = 35°, Nq = 41.44 and Nγ = 45.41. x/B = 2.5/1.2 = 2.08. Thus, 
ζq = 1.29 (Figure 2.39) and ζγ = 1.85 (Figure 2.40). Hence

 

qu = + 





=

( )( . )( . ) ( )( . )( . )( . )16 41 44 1 29
1
2

16 1 2 45 41 1 85

1661.8 kkN/m2
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3 Ultimate Bearing 
Capacity under Inclined 
and Eccentric Loads

3.1 INTRODUCTION

Owing to bending moments and horizontal thrusts transferred from the super-
structure, shallow foundations are often subjected to eccentric and inclined loads. 
Under such circumstances the ultimate bearing capacity theories presented in 
Chapter 2 need some modification, and this is the subject of discussion in this 
chapter. The chapter is divided into two major parts. The first part discusses the 
ultimate bearing capacities of shallow foundations subjected to centric inclined 
loads, and the second part is devoted to the ultimate bearing capacity under eccen-
tric loading.

3.2 FOUNDATIONS SUBJECTED TO INCLINED LOAD

3.2.1 meyeRhof’S theoRy (ContinuouS founDation)

In 1953, Meyerhof1 extended his theory for ultimate bearing capacity under verti-
cal loading (Section 2.4) to the case with inclined load. Figure 3.1 shows the plastic 
zones in the soil near a rough continuous (strip) foundation with an inclined load qu 
per unit area of the foundation. The shear strength of the soil s is given as

 s c= + ′σ φtan  (3.1)

where
c = cohesion
σ′ = effective vertical stress
ϕ = angle of friction

The inclined load makes an angle α with the vertical. It needs to be pointed out 
that Figure 3.1 is an extension of Figure 2.7. In Figure 3.1, abc is an elastic zone, bcd 
is a radial shear zone, and bde is a mixed shear zone. The normal and shear stresses 
on plane be are po and so, respectively. Also, the unit base adhesion is ′ca . The solu-
tion for the ultimate bearing capacity can be expressed as

 
q q cN p N BNu v u c o q( ) cos= = + +α γ γ

1
2  

(3.2)
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where
qu(v) = vertical component of qu

Nc, Nq, Nγ = bearing capacity factors for inclined loading condition
γ = unit weight of soil

Similar to Equations 2.73, 2.61, and 2.72, we can write

 q q q qu v u u v u v( ) ( ) ( )cos= = ′ + ′′α  (3.3)

where

 
′ = + ≠ = ≠ ≠q cN p N p cu v c o q o( ) ( , , , )for φ γ0 0 0 0

 
(3.4)

and

 
′′ = ≠ ≠ = =q BN p cu v o( ) ( , , , )

1
2

0 0 0 0γ φ γγ for
 

(3.5)

It was shown by Meyerhof1 in Equation 3.4 that

 

N ec = + −
− +

−

















cot
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(3.6)

 
N eq = + −

− +
1 2
1 2

2sin sin( )
sin sin( )

tanφ ψ φ
φ η φ

θ φ

 
(3.7)

Note that the horizontal component of the inclined load per unit area on the foun-
dation ′qh  cannot exceed the shearing resistance at the base, or

45 – φ/2

90 – φ

e

α

B

Df

qu

θ

β η
ψ

b a

c

d

s0
p0

FIGURE 3.1 Plastic zones in soil near a foundation with an inclined load. (Note: qu = inclined 
load per unit are at failure.)
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 ′ ≤ + ′q c qu h a u v( ) ( ) tanδ  (3.8)

where
ca = unit base adhesion
δ = unit base friction angle

In order to determine the minimum passive force per unit length of the foundation 
Ppγ(min) (see Figure 2.11 for comparison) to obtain Nγ, one can take a numerical step-
by-step approach as shown by Caquot and Kerisel2 or a semi-graphical approach 
based on the logarithmic spiral method as shown by Meyerhof.3 Note that the passive 
force Ppγ acts at an angle ϕ with the normal drawn to the face bc of the elastic wedge 
abc (Figure 3.1). The relationship for Nγ is

 

N
P

B
p

γ
γ

γ
ψ

ψ φ
ψ φ ψ ψ φ=

−
+ −









 − −2

2
( )

cos( )
cos( )

sin cos( )
co

min
2sin

ss
( )

φ
α δfor ≤

 

(3.9)

The ultimate bearing capacity expression given by Equation 3.2 can also be 
expressed as

 
q q cN BNu v u cq q( ) cos= = +α γ γ

1
2  

(3.10)

where
Ncq, Nγq = bearing capacity factors that are functions of the soil friction angle ϕ 

and the depth of the foundation Df

For a purely cohesive soil (ϕ = 0),

 
q q cNu v u cq( ) cos= =α

 (3.11)

Figure 3.2 shows the variation of Ncq for a purely cohesive soil (ϕ = 0) for various 
load inclinations α.

For cohesionless soils c = 0; hence, Equation 3.10 gives

 
q q BNu v u q( ) cos= =α γ γ

1
2  

(3.12)

Figure 3.3 shows the variation of Nγq with α.
It is important to point out that, in most of the text and reference books, the 

 ultimate bearing capacity equation provided refers to the vertical component of 
inclined load.



88 Shallow Foundations

3.2.2 geneRal BeaRing CapaCity equation

The general ultimate bearing capacity equation for a rectangular foundation given by 
Equation 2.90 can be extended to account for an inclined load and can be expressed 
as

 
q cN qN BNu c cs cd ci q qs qd qi s d i= + +λ λ λ λ λ λ γ λ λ λγ γ γ γ

1
2  

(3.13)

where
Nc, Nq, Nγ = bearing capacity factors (for Nc and Nq use Table 2.3; for Nγ see 

Table 2.4—Equations 2.74, 2.79, and 2.80)
λcs, λqs, λγs = shape factors (Table 2.8)
λcd, λqd, λγd = depth factors (Table 2.8)
λci, λqi, λγi = inclination factors

Meyerhof4 provided the following inclination factor relationships:

 

λ λ α
ci qi= = − °

°






1
90

2

 

(3.14)
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FIGURE 3.2 Meyerhof’s bearing capacity factor Ncq for purely cohesive soil (ϕ = 0). (From 
Meyerhof, G. G. 1953. Proc., III Intl. Conf. Soil Mech. Found. Eng., Zurich, Switzerland, 
1: 440.)
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λ α
φγi = − °

°






1
2

 

(3.15)

Hansen5 also suggested the following relationships for inclination factors:
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FIGURE 3.3 Meyerhof’s bearing capacity factor Nγq for cohesionless soil (α = 0, δ = ϕ). 
(From Meyerhof, G. G. 1953. Proc., III Intl. Conf. Soil Mech. Found. Eng., Zurich, 
Switzerland, 1: 440.)
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(3.17)
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Q BLc
= −

+






1
0 7

5
. sin

cos cot  

(3.18)

where, in Equations 3.14 through 3.18,
α = inclination of the load on the foundation with the vertical
Qu = ultimate inclined load on the foundation = quBL
B = width of the foundation
L = length of the foundation

3.2.3 otheR ReSultS foR founDationS with CentRiC inClineD loaD

Based on the results of field tests, Muhs and Weiss6 concluded that the ratio of the 
vertical component Qu(v) of the ultimate load with inclination α with the vertical to 
the ultimate load Qu when the load is vertical (that is, α = 0) is approximately equal 
to (1–tan α)2:

 

Q

Q
u v

u

( )

( )

( tan )
α

α
=

= −
0

21
 

or

 

Q BL

Q BL

q

q
u v

u

u v

u

( )

( )

( )

( )

( tan )
/

/α α
α

= =
= = −

0 0

21
 

(3.19)

Dubrova7 developed a theoretical solution for the ultimate bearing capacity of a con-
tinuous foundation with a centric inclined load and expressed it in the following form:

 
q c N qN B Nu q q= − + +∗ ∗ ∗( )cot1 2φ γ γ  

(3.20)

where
N Nq

∗ ∗, γ  = bearing capacity factors
q = γDf

The variations of Nq
∗ and Nγ

∗ are given in Figures 3.4 and 3.5.

EXAMPLE 3.1

Consider a continuous foundation in a granular soil with the following: B = 1.2 m; 
Df = 1.2 m; unit weight of soil γ = 17 kN/m3; soil friction angle ϕ = 40°; load incli
nation α = 20°. Calculate the gross ultimate inclined load bearing capacity qu.
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 a. Use Equation 3.12
 b. Use Equation 3.13 and Meyerhof’s bearing capacity factors (Table 2.3), 

his shape and depth factors (Table 2.8), and inclination factors (Equations 
3.14 and 3.15).

Solution

Part a: From Equation 3.12,

 
q

BN
u

q=
γ

α
γ

2cos  

where Df/B = 1.2/1.2 = 1; ϕ = 40°; and α = 20°. From Figure 3.3, Nγq ≈ 100. So,

 
qu = =( )( . )( )

cos
17 1 2 100

2 20
1085.5 kN/m2
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Part b
With c = 0 and B/L = 0, Equation 3.13 becomes

 
q qN BNu v q qd qi d i( ) = +λ λ γ λ λγ γ γ

1
2  

For ϕ = 40°, from Table 2.3, Nq = 64.2 and Nγ = 93.69. From Table 2.8,
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From Equations 3.14 and 3.15,
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∗.
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λ α

φγi = − °
°







= −





=1 1
20
40

0 25
2 2

. .
 

So,

 

qu v( ) ( . )( . )( . )( . ) ( )( . )( . )( .= × +1 2 17 64 2 1 214 0 605
1
2

17 1 2 93 69 1 2144 0 25

1252 2

)( . )

= kN/m  

 
q

q
u

u v= = ≈( )

cos cos20
1252

20
1332kN/m2

 

EXAMPLE 3.2

Consider the continuous foundation described in Example 3.1. Other quantities 
remaining the same, let ϕ = 35°.

 a. Calculate qu using Equation 3.12
 b. Calculate qu using Equation 3.20

Solution

Part a
From Equation 3.12

 
q

BN
u

q=
γ

α
γ

2cos  

From Figure 3.3, Nγq ≈ 65:

 
qu = ≈( )( . )( )

cos
17 1 2 65

2 20
706kN/m2

 

Part b
For c = 0, Equation 3.20 becomes

 q qN B Nu q= +∗ ∗2 γ γ  

Using Figures 3.4 and 3.5 for ϕ = 35° and tan α = tan 20 = 0.36, Nq
∗ ≈ 8 5.  and 

Nγ
∗ ≈ 6 5.  (extrapolation):

 qu = × + ≈( )( . )( . ) ( . )( )( . )2 17 1 2 8 5 1 2 17 6 5 480kN m2/  

Note: Equation 3.20 does not provide depth factors.
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EXAMPLE 3.3

Consider the continuous foundation described in Example 3.1 in which B = 1.2 m, 
Df  = 1.2 m, γ  = 17 kN/m3, ϕ = 40°, c = 0, and load inclination α = 20°. Using 
Equation 3.19, estimate qu. For calculating qu(α=0), use Equation 3.13 and Meyerhof’s 
depth factors.

Solution

For calculation of qu(α=0), the shape and inclination factors in Equation 3.13 
are equal to 1. Thus,

 
q q qN BNu u v q qd d( ) ( )α γ γλ γ λ= = = +0

1
2  

From Example 3.1 for ϕ = 40°, N Nq qd d= = = =64 2 93 69 1 214. , . , .γ γλ λ . Hence,

 
qu( ) ( . )( . )( . ) ( )( . )( . )( . )α= = × + =0 1 2 17 64 2 1 214

1
2

17 1 2 93 69 1 214 27550 1 2. kN/m
 

From Equation 3.19,

 q qu v u( ) ( )( tan ) ( . )( tan ) .= − = − = ≈=α α0
2 2 21 2750 1 1 20 1112 5 1113kN/m kkN/m2

 

Hence

 
q

q
u

u v= = =( )

cos cosα
1113

20
1184.4 kN m2/

 

Note: The magnitude of qu is approximately the same as that obtained in Example 
3.1, Part b.

3.3 INCLINED FOUNDATIONS SUBJECTED TO NORMAL LOAD

Figure 3.6 shows an inclined continuous foundation of width B subjected to nor-
mal loading. The inclination of the base of the foundation with the horizontal is α. 
The  ultimate load per unit area at failure is qu. Meyerhof1 proposed a theory for 
estimating qu in the form,

 
q cN BNu cq q= + 1

2
γ γ

 
(3.21)

where
c = cohesion of soil
γ = unit weight of soil
Ncq and Nγq = bearing capacity factors



95Ultimate Bearing Capacity under Inclined and Eccentric Loads

The variations of Ncq and Nγq per Meyerhof’s1 theory are shown in Figures 3.7 and 
3.8, respectively. Figure 3.7 refers to the ϕ = 0 condition of purely cohesive soil. Or

 
q cNu cq=

 (3.22)

Similarly, Figure 3.8 is for purely cohesionless soil (c = 0); or

 
q BNu q= 1

2
γ γ

 
(3.23)

Df

qu

po

po

so

so

B
45 – ϕ/2

90–ϕ

α
η

β

FIGURE 3.6 Inclined continuous foundation subjected to normal loading.

0
0
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N
cq

8
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Df/B = 1

Df/B = 0

90
Inclination of the foundation, α (deg)

FIGURE 3.7 Meyerhof’s bearing capacity factor Ncq for purely cohesive soil (ϕ = 0) 
(Equation 3.22). (From Meyerhof, G. G. 1953. Proc., III Intl. Conf. Soil Mech. Found. Eng., 
Zurich, Switzerland, 1: 440.)
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Vesic8 proposed that Equation 3.13 can be modified by including a base tilt factor 
for estimation of qu. Or

 
q cN qN BNu c cs cd ct q qs qd qt s d t= + +λ λ λ λ λ λ γ λ λ λγ γ γ γ

1
2  

(3.24)

where
λct, λqt, and λγt = base tilt factors

Vesic8 recommended the following relationships for the base tilt factors:

 
λ α

πct = −
+







1
2

2  
(3.25)

 
λ λ α φγqt t= = −( tan )1 2

 
(3.26)

The angle α in Equations 3.25 and 3.26 is in radians. If α is expressed in degrees, 
then

ϕ = 45°

0
1
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25
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30° 30°

40°
40°

45°

Df /B = 0
Df /B = 1

200

300
N

γq

400

500

600

20 40 60
Inclination of the foundation, α (deg)

80 90

FIGURE 3.8 Meyerhof’s bearing capacity factor Nγq for cohesionless soil (Equation 
3.23). (From Meyerhof, G. G. 1953. Proc., III Intl. Conf. Soil Mech. Found. Eng., Zurich, 
Switzerland, 1: 440.)
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λ α

ct = −
°

°1
147  

(3.27)

 

λ λ α φ
γqt t= = −







°

°1
57

2
tan

 

(3.28)

EXAMPLE 3.4

A continuous foundation in saturated clay is shown in Figure 3.6. Given:

For the foundation: B = 1 m; Df  = 1 m; α = 20°
For the soil: Unit weight, γ = 19.25 kN/m3; undrained cohesion, c = 57.5 kN/m2

Determine the ultimate bearing capacity qu. Use Equation 3.22.

Solution

From Equation 3.22,

 q cNu cq=  

From Figure 3.7, for α = 20°, Df/B = 1.0/1.0 = 1, the magnitude of Ncq ≈ 6.1. Hence,

 qu = =( . )( . )57 5 6 1 350.75 kN m2/  

EXAMPLE 3.5

Solve Example 3.4 using Equation 3.24. Use Meyerhof’s bearing capacity factors 
(Table 2.3) and Hansen’s depth factors (Table 2.8).

Solution

Since this is a continuous foundation, λcs, λqs, and λγs are all equal to 1.
From Table 2.3, for ϕ = 0, Nc = 5.14, Nq = 1, Nγ = 0
From Table 2.8,

 
λcd

fD
B

= + 





= + 





=1 0 4 1 0 4
1
1

1 4. . .
 

 
λ φ φqd

fD
B

= + − 





=1 2 1 12tan ( sin )
 

 λγd = 1 

From Equations 3.27 and 3.28,

 
λ α

ct = − °
°

= − =1
147

1
20

147
0 864.
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λ λγqt t= = 1

 

With ϕ = 0, Equation 3.24 becomes

 q cN qu c cd ct= + = + =λ λ ( . )( . )( . )( . ) ( )( . )57 5 5 14 1 4 0 864 1 19 25 376.75 kNN m2/  

3.4 FOUNDATIONS SUBJECTED TO ECCENTRIC LOAD

3.4.1 ContinuouS founDation with eCCentRiC loaD

When a shallow foundation is subjected to an eccentric load, it is assumed that the 
contact pressure decreases linearly from the toe to the heel; however, at ultimate 
load, the contact pressure is not linear. This problem was analyzed by Meyerhof1 
who suggested the concept of effective width B′. The effective width is defined as 
(Figure 3.9)

 ′ = −B B e2  (3.29)

where
e = load eccentricity

According to this concept, the bearing capacity of a continuous foundation can be 
determined by assuming that the load acts centrally along the effective contact width 
as shown in Figure 3.9. Thus, for a continuous foundation (from Equation 2.90) with 
vertical loading,

B´ = B – 2e

B

e

FIGURE 3.9 Effective width B′.
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q cN qN B Nu c cd q qd d= + + ′λ λ γ λγ γ

1
2  

(3.30)

Note that the shape factors for a continuous foundation are equal to one. The ulti-
mate load per unit length of the foundation Qu can now be calculated as

 
Q q Au u= ′

 

where
A′ = effective area = B′ × 1 = B′

3.4.1.1 Reduction Factor Method
Purkayastha and Char9 carried out stability analyses of eccentrically loaded continu-
ous foundations supported by sand (c = 0) using the method of slices proposed by 
Janbu.10 Based on that analysis, they proposed that

 
R

q

q
k

u

u

= −1 ( )

( )

eccentric

centric  
(3.31)

where
Rk = reduction factor
qu(eccentric) = average ultimate load per unit area of eccentrically loaded continuous 

foundations = Qu/B
qu(centric) = ultimate bearing capacity of centrally loaded continuous foundations

The magnitude of Rk can be expressed as

 
R a

e

B
k

k

= 



  

(3.32)

where a and k are functions of the embedment ratio Df/B (Table 3.1).
Hence, combining Equations 3.31 and 3.32

TABLE 3.1
Variations of a and k (Equation 3.32)

Df/B a k

0.00 1.862 0.73

0.25 1.811 0.785

0.50 1.754 0.80

1.00 1.820 0.888
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q q R q a
e

B
u u k u

k

( ) ( ) ( )( )eccentric centric centric= − = − 








1 1






  

(3.33)

where

 
q qN BN Note: cu q qd d( ) ( )centric = + =λ γ λγ γ

1
2

0
 

(3.34)

Patra, Sivakugan, Das, and Sethy11 conducted several model tests for eccentri-
cally loaded rectangular foundations on sand. Based on their test results, it was sug-
gested that the reduction factor Rk (Equation 3.31) for rectangular foundations can be 
expressed as (for all values of Df/B varying from zero to 1),

 
R a

e

B
k

k

= 



  

where

 
a

B

L

B

L
= 





− 





+
2

1 6 2 13. .
 

(3.35)

 
k

B

L

B

L
= 





− 





+0 3 0 56 0 9
2

. . .
 

(3.36)

For rectangular foundations,

 
q

Q

BL
u

u
( )eccentric

Ultimate load=
 

(3.37)

3.4.1.2 Theory of Prakash and Saran
Prakash and Saran12 provided a comprehensive mathematical formulation to esti-
mate the ultimate bearing capacity for rough continuous foundations under eccen-
tric loading. According to this procedure, Figure 3.10a shows the assumed failure 
surface in a c–ϕ soil under a continuous foundation subjected to eccentric loading. 
Let Qu be the ultimate load per unit length of the foundation of width B with an 
eccentricity e. In Figure 3.10a zone I is an elastic zone with wedge angles of ψ1 and 
ψ2. Zones II and III are similar to those assumed by Terzaghi (that is, zone II is a 
radial shear zone and zone III is a Rankine passive zone).

The bearing capacity expression can be developed by considering the equi-
librium of the elastic wedge abc located below the foundation (Figure 3.10b). 
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Note that in Figure 3.10b the contact width of the foundation with the soil is equal to 
Bx1. Neglecting the self-weight of the wedge,

 
Q P P C Cu p m m a a= − + − + + ′cos( ) cos( ) sin sinψ φ ψ φ ψ ψ1 2 1 2  

(3.38)

where
Pp, Pm = passive forces per unit length of the wedge along the wedge faces bc and 

ac, respectively
ϕ = soil friction angle

B

e
a b

B
e

a

Ca′ Ca

a′
b

Bx1

Qu

c

Df

Qu

q = γDf

45 – φ/245 – φ/2
Zone IIIZone IIZone I

(a)

ψ2 ψ1

ψ2
ψ1

Center line

Pm
Pp

(b)

φm φ
c

1.0

1/6 0.5
e/B

(c)

x1

FIGURE 3.10 Derivation of the bearing capacity theory of Prakash and Saran for eccentri-
cally loaded rough continuous foundation: (a) assumed failure surface in soil; (b) equilibrium 
of elastic wedge abc; (c) assumed variation of x1 with e/B.
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ϕm = mobilized soil friction angle (≤ϕ)

 
C bc

cBx
a = =

+
adhesion along wedge face 1 2

1 2

sin
sin( )

ψ
ψ ψ

 
′ = =

+
C ac

mcBx
a adhesion along wedge face 1 1

1 2

sin
sin( )

ψ
ψ ψ

m = mobilization factor (≤1)
c = unit cohesion

Equation 3.38 can be expressed in the form

 
q

Q

B
BN D N cNu

u
e f q e c e=

×
= + +

( )
( ) ( ) ( )

1
1
2

γ γγ

 
(3.39)

where
Nγ(e), Nq(e), Nc(e) = bearing capacity factors for an eccentrically loaded continuous 

foundation

The above-stated bearing capacity factors will be functions of e/B, ϕ, and also the 
foundation contact factor x1. In obtaining the bearing capacity factors, Prakash and 
Saran12 assumed the variation of x1 as shown in Figure 3.10c. Figures 3.11 through 
3.13 show the variations of Nγ(e), Nq(e), and Nc(e) with ϕ and e/B. Note that, for e/B = 0, 
the bearing capacity factors coincide with those given by Terzaghi13 for a centrically 
loaded foundation.

Prakash14 also gave the relationships for the settlement of a given foundation 
under centric and eccentric loading conditions for an equal factor of safety FS. They 
are as follows (Figure 3.14):

 

S

S

e

B

e

B

e

B
e

o

= − 





− 





+ 





1 0 1 63 2 63 5 83
2 3

. . . .
 

(3.40)

 

S

S

e

B

e

B

e

B
m

o

= − 





− 





+ 





1 0 2 31 22 61 31 54
2 3

. . . .
 

(3.41)

where

 
S qo = settlement of a foundation under centric loading at all(( )

( )
centric

centric= q

FS
u

 

 

S Se m, = settlements of the same foundation under eccentric looading at all eccentric

eccentric

q

q

FS
u

( )

( )=
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FIGURE 3.11 Prakash and Saran’s bearing capacity factor Nc(e).
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FIGURE 3.12 Prakash and Saran’s bearing capacity factor Nq(e).
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EXAMPLE 3.6

Consider a continuous foundation with a width of 2 m. If e = 0.2 m and the depth 
of the foundation Df = 1 m, determine the ultimate load per unit meter length 
of the foundation using the reduction factor method. For the soil, use ϕ = 40°; 
γ = 17.5 kN/m3; c = 0. Use Meyerhof’s bearing capacity and depth factors, 
Equations 3.32, and Table 3.1.

60

40

20

0
0 10 20 30 40

Friction angle, φ (deg)

N
γ(

e)

0.4

0.3

0.2

0.1

e/B = 0

FIGURE 3.13 Prakash and Saran’s bearing capacity factor Nγ(e).

B
Qu(centric) Qall(centric)

FS
=

B

e

Se
Sm

Qu(eccentric) Qall(eccentric)
FS

=

So

FIGURE 3.14 Notations for Equations 3.28 and 3.29.
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Solution

Since c = 0, B/L = 0. From Equation 3.34,

 
q qN BNu q qd d( )centric = +λ γ λγ γ

1
2  

From Table 2.3 for ϕ = 40°, Nq = 64.2 and Nγ = 93.69. Again, from Table 2.8, 
Meyerhof’s depth factors are as follows:

 
λ λ φ

γqd d
fD

B
= = + 





+





= + 





+1 0 1 45
2

1 0 1
1
2

45
40

. tan . tan
22

1 107





= .
 

So,

 

qu( ) ( )( . )( . )( . ) ( . )( )( . )( .centric = +1 17 5 64 2 1 107
1
2

17 5 2 93 69 1 1077

1243 7 1815 0 3058 7 2

)

. . . /= + = kN m  

According to Equation 3.33

 

q q R q a
e
B

u u k u

k

( ) ( ) ( )( )eccentric centric centric= − = − 








1 1








 

For Df/B = 1/2 = 0.5, from Table 3.1 a = 1.754 and k = 0.80. So,

 

qu( )

.

. .
.

/eccentric kN m= − 

















≈3058 7 1 1 754
0 2
2

2209
0 8

2

 

The ultimate load per unit length:

 Q Bu = = =( )( )( ) ( )( )( )2209 1 2209 2 1 4418 kN m/  

EXAMPLE 3.7

Solve the Example 3.6 problem using the method of Prakash and Saran.

Solution

From Equation 3.39

 
Q B BN D N cNu e f q e c e= × + +





( ) ( ) ( ) ( )1
1
2

γ γγ

 

Given: c = 0. For ϕ = 40°, e/B = 0.2/2 = 0.1. From Figures 3.12 and 3.13, Nq(e) = 56.09 
and Nγ(e) ≈ 55. So,

 
Qu = × + = +( )[ ( . )( )( ) ( . )( )( . )] ( )( . .2 1

1
2

17 5 2 55 17 5 1 56 09 2 962 5 981 5)) = 3888 kN m/
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EXAMPLE 3.8

Solve the Example 3.6 problem using Equation 3.30.

Solution

For c = 0, from Equation 3.30

 
q qN B Nu q qd d= + ′λ γ λγ γ

1
2  

 B B e′ = − = − =2 2 2 0 2 1 6( )( . ) . m  

From Table 2.3 Nq = 64.2 and Nγ = 93.69. From Table 2.8, Meyerhof’s depth 
factors are as follows:

 
λ λ φ

γqd d
fD

B
= = + 





+





= + 





+1 0 1 45
2

1 0 1
1
2

45
40

. tan . tan
22

1 107





= .
 

 
qu = × + =( . )( . )( . ) ( . )( . )( . )( . ) .1 17 5 64 2 1 107

1
2

17 5 1 6 93 69 1 107 2695 99 2kN/m
 

 Q B qu u= × = ≈′( ) ( . )( . )1 1 6 2695 5 4313 kN m/  

EXAMPLE 3.9

A rectangular foundation is 1.0 m × 1.5 m in plan and is subjected to an eccentric 
load in the width direction with e = 0.1 m. The foundation is supported by a sand 
with γ = 18 kN/m3 and ϕ = 30°. Determine the gross ultimate load the foundation 
could carry by using Equations 3.31, 3.35, and 3.36. Use Vesic’s bearing capacity 
factors (Tables 2.3 and 2.4), DeBeer’s shape factor (Table 2.8), and Hansen’s depth 
factor (Table 2.8).

Solution

 

Q Q a
e
B

u u

k

( ) ( )eccentric centric= − 

















1

 

 
Q B L q B L q N BNu u qs qd q s d( ) ( )( ) ( )centric = × = × +





λ λ λ λ γγ γ γ
1
2  

 
λ φqs

B
L

= + = + 





=′1 1
1

1 5
30 1 385tan

.
tan .

 

 
λγs

B
L

= − 





= − 





=1 0 4 1 0 4
1

1 5
0 733. .

.
.
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λ φ φqd

fD
B

= + − 





= + − 





′ ′1 2 1 1 2 30 1 30
1
1

2 2tan ( sin ) tan ( sin ) == 1 289.
 

 λγd = 1 0.  

From Tables 2.3 and 2.4, Nq = 18.4 and Nγ = 22.4

 qu = × +(1 18)(1.385)(1.289)(18.4) (1/2)(0.733)(1.0)(18)(1)(22.44) 739.05 kN/m2=  

 Qu( ) ( . )( . ) . /centric kN m= × =1 1 5 739 05 1108 58 2

 

From Equation 3.35,

 
a

B
L

B
L

= 





− 





+ = 





− 





+
2 2

1 6 2 13
1

1 5
1 6

1
1 5

2 1. .
.

.
.

. 33 1 51≈ .
 

From Equation 3.36,

 
k

B
L

B
L

= 





− 





+ = 





− 


0 3 0 56 0 9 0 3
1

1 5
0 56

1
1 5

2 2

. . . .
.

.
.




+ ≈0 9 0 66. .
 

 
R a

e
B

k

k

= 





= 





=1 51
0 1
1 5

0 253
0 66

.
.
.

.
.

 

Hence,

 Q Q Ru u k( ) ( )( ) . ( . )eccentic centic= − = − =1 1108 58 1 0 253 822.57 kN  

3.4.2 ultimate loaD on ReCtangulaR founDation

Meyerhof’s effective area method1 described in the preceding section can be extended 
to determine the ultimate load on rectangular foundations. Eccentric loading of shal-
low foundations occurs when a vertical load Q is applied at a location other than 
the centroid of the foundation (Figure 3.15a), or when a foundation is subjected to a 
centric load of magnitude Q and momentum M (Figure 3.15b). In such cases, the load 
eccentricities may be given as

 
e

M

Q
L

B=
 

(3.42)

and

 
e

M

Q
B

L=
 

(3.43)
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where
eL, eB = load eccentricities, respectively, in the directions of the long and short 

axes of the foundation
MB, ML = moment components about the short and long axes of the foundation, 

respectively

According to Meyerhof,1 the ultimate bearing capacity qu and the ultimate load Qu 
of an eccentrically loaded foundation (vertical load) can be given as

 
q cN qN B Nu c cs cd q qs qd s d= + + ′λ λ λ λ γ λ λγ γ γ

1
2  

(3.44)

and

 Q q Au u= ′( )  (3.45)

where
A′ = effective area = B′L′
B′ = effective width
L′ = effective length

B

L

L

Q

eB

eL

(a)

B

Q

Q
M

eB

eL

(b)

FIGURE 3.15 Eccentric load on rectangular foundation: (a) eccentrically applied vertical 
load; (b) application of vertical load and moment at the center of the foundation.
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The effective area A′ is a minimum contact area of the foundation such that its 
centroid coincides with that of the load. For one-way eccentricity (i.e., if eL = 0 
[Figure 3.16a]),

 ′ = − ′ = ′ = ′B B e L L A B LB2 ; ;  (3.46)

However, if eB = 0 (Figure 3.16b), calculate L–2eL. The effective area is

 ′ = −A B L eL( )2  (3.47)

The effective width B′ is the smaller of the two values, that is, B or L–2eL.
Based on their model test results Prakash and Saran12 suggested that, for rectan-

gular foundations with one-way eccentricity in the width direction (Figure 3.17), the 
ultimate load may be expressed as

 
Q q BL BL BN D N cNu u e s e f q e qs e c e cs e= = + +

( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )
1
2

γ λ γ λ λγ γ



  

(3.48)

where
λγs(e), λqs(e), λcs(e) = shape factors

The shape factors may be expressed by the following relationships:

 
λγs e

B Be

B

B

L

e

B

B

L
( ) . . .= + −





+ −











1 0
2

0 68 0 43
3
2

2

 
(3.49)

B′

L

L = L′

L = 2eL

Q

Q

BB
(a) (b)

eB eL

FIGURE 3.16 One-way eccentricity of load on foundation: (a) eccentricity in the width 
direction; (b) eccentricity in the length direction.
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where
L = length of the foundation

 
λqs e( ) = 1

 (3.50)

 
λcs e

B

L
( ) .= + 





1 0
 

(3.51)

Note that Equation 3.48 does not contain the depth factors.
For two-way eccentricities (that is, eL ≠ 0 and eB ≠ 0), five possible cases may 

arise as discussed by Highter and Anders.15 They are as follows:

Case I: (eL/L ≥ 1/6 and eB/B ≥ 1/6). For this case (shown in Figure 3.18), 
calculate

 
B B

e

B
B

1 1 5
3= −





.
 

(3.52)

 
L L

e

L
L

1 1 5
3= −





.
 

(3.53)

 So, the effective area

 
′ =A B L

1
2

1 1
 

(3.54)

 The effective width B′ is equal to the smaller of B1 or L1.

L

B

Q
eB

FIGURE 3.17 Rectangular foundation with one-way eccentricity.
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Case II: (eL/L < 0.5 and 0 < eB/B < 1/6). This case is shown in Figure 3.19. 
Knowing the magnitudes eL/L and eB/B, the values of L1/L and L2/L (and 
thus L1 and L2) can be obtained from Figures 3.20 and 3.21. The effective 
area is given as

 
′ = +A L L B

1
2

1 2( )
 

(3.55)
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FIGURE 3.18 Effective area for the case of eL/L ≥ 1/6 and eB/B ≥ 1/6.
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FIGURE 3.19 Effective area for the case of eL/L < 0.5 and eB/B < 1/6.
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FIGURE 3.20 Plot of eL/L versus L1/L for eL/L < 0.5 and 0 < eB/B < 1/6. (Redrawn from 
Highter, W. H. and J. C. Anders. 1985. J. Geotech. Eng., 111(5): 659.)
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FIGURE 3.21 Plot of eL/L versus L2/L for eL/L < 0.5 and 0 < eB/B < 1/6. (Redrawn from 
Highter, W. H. and J. C. Anders. 1985. J. Geotech. Eng., 111(5): 659.)
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 The effective length L′ is the larger of the two values L1 or L2. The effective 
width is equal to

 
′ = ′

′
B

A

L  
(3.56)

Case III: (eL/L < 1/6 and 0 < eB/B < 0.5). Figure 3.22 shows the case under 
consideration. Knowing the magnitudes of eL/L and eB/B, the magnitudes of 
B1 and B2 can be obtained from Figures 3.23 and 3.24, respectively. So, the 
effective area can be obtained as

 
′ = +A B B L

1
2

1 2( )
 

(3.57)

 In this case, the effective length is equal to

 ′ =L L  (3.58)

 The effective width can be given as

 
′ = ′

B
A

L  
(3.59)
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FIGURE 3.22 Effective area for the case of eL/L < 1/6 and 0 < eB/B < 0.5.
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FIGURE 3.23 Plot of eB/B versus B1/B for eL/L < 1/6 and 0 < eB/B < 0.5. (Redrawn from 
Highter, W. H. and J. C. Anders. 1985. J. Geotech. Eng., 111(5): 659.)
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FIGURE 3.24 Plot of eB/B versus B2/B for eL/L < 1/6 and 0 < eB/B < 0.5. (Redrawn from 
Highter, W. H. and J. C. Anders. 1985. J. Geotech. Eng., 111(5): 659.)
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Case IV: (eL/L < 1/6 and eB /B < 1/6). The eccentrically loaded plan of the 
foundation for this condition is shown in Figure 3.25. For this case, the 
eL/L curves sloping upward in Figure 3.26 which is a plot of eB/B ver-
sus B2/B. Similarly, in Figure 3.27 the families of eL/L curves that slope 
downward. This is a plot of eB/B versus L2/L. Knowing B2 and L2, the 
effective area A′ can be calculated. For this case, L′ = L and B′ = A′/L′.
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Q
L

B
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FIGURE 3.25 Effective area for the case of eL/L < 1/6 and eB/B < 1/6.
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FIGURE 3.26 Plot of eB/B versus B2/B for eL/L < 1/6 and eB/B < 1/6. (Redrawn from Highter, 
W. H. and J. C. Anders. 1985. J. Geotech. Eng., 111(5): 659.)
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Case V: (Circular Foundation). In the case of circular foundations under eccen-
tric loading (Figure 3.28a), the eccentricity is always one way. The effective 
area A′ and the effective width B′ for a circular foundation are given in a non-
dimensional form in Figure 3.28b.

 Depending on the nature of the load eccentricity and the shape of the foun-
dation, once the magnitudes of the effective area and the effective width 
are determined, they can be used in Equations 3.44 and 3.45 to determine 
the ultimate load for the foundation. In using Equation 3.44, one needs to 
remember that

 1. The bearing capacity factors for a given friction angle are to be deter-
mined from those presented in Tables 2.3 and 2.4.

 2. The shape factor is determined by using the relationships given in 
Table 2.8 by replacing B′ for B and L′ for L whenever they appear.

 3. The depth factors are determined from the relationships given in Table 
2.8. However, for calculating the depth factor, the term B is not replaced 
by B′.

EXAMPLE 3.10

A shallow foundation measuring 2 m × 3 m in a plan is subjected to a centric load 
and a moment. If eB = 0.2 m, eL = 0.6 m, and the depth of the foundation is 1.5 m, 
determine the allowable load the foundation can carry. Use a factor of safety of 4. 
For the soil, given: unit weight γ = 18 kN/m3; friction angle ϕ = 35°; cohesion c = 0. 
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FIGURE 3.27 Plot of eB/B versus L2/L for eL/L < 1/6 and eB/B < 1/6. (Redrawn from Highter, 
W. H. and J. C. Anders. 1985. J. Geotech. Eng., 111(5): 659.)
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Use Vesic’s Nγ (Table 2.4), DeBeer’s shape factors (Table 2.8), and Hansen’s depth 
factors (Table 2.8).

Solution

For this case,

 

e
B

e
L

B L= = = =0 2
2

0 1
0 6
3

0 2
.

. ;
.

. .
 

For this type of condition, Case II as shown in Figure 3.19 applies. Referring to 
Figures 3.20 and 3.21
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(b)

(a)

R

Q

eR

FIGURE 3.28 Normalized effective dimensions of circular foundations. (From Highter, 
W. H. and J. C. Anders. 1985. J. Geotech. Eng., 111(5): 659.); (a) eccentrically loaded circular 
foundation; (b) plot of A′/R2 with B′/R against eR/R.



118 Shallow Foundations
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From Equation 3.55

 
′ = + = + =A L L B

1
2
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So,
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′
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A
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.
.
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Since c = 0,

 
q qN B Nu q qs qd s d= + ′λ λ γ λ λγ γ γ

1
2  

From Table 2.3 for ϕ = 35°, Nq = 33.30. Also from Table 2.4 for ϕ = 35°, 
Vesic’s Nγ = 48.03.

The shape factors given by DeBeer are as follows (Table 2.8):
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The depth factors given by Hansen are as follows:

 

λ φ φqd
fD

B
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1 2 1 1 2 35 1 35
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2 2tan ( sin ) ( )(tan )( sin )
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So,

 

qu = +( )( . )( . )( . )( . ) ( )( . )( . )( .18 1 5 33 3 1 339 1 191
1
2

18 1 254 48 03 0 8066 1 1434 437

1871 2

)( ) = +

= kN/m  
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So the allowable load on the foundation is

 
Q

qA
FS

= ′ = ≈( )( . )1871 3 255
4

1523 kN
 

3.4.3  aveRage Settlement of ContinuouS founDation on 
gRanulaR Soil unDeR allowaBle eCCentRiC loaDing

Patra, Behera, Sivakugan, and Das16, based on laboratory model test results, have 
proposed an empirical method to approximately estimate the average settlement (i.e., 
settlement along the center line of the foundation) for an eccentrically loaded con-
tinuous foundation. Following is a step-by-step procedure to do that.

 1. From Equations 3.31, 3.35, and 3.36, with B/L = 0, calculate

 

q q
e

B
u u( ) ( )

.

.eccentric centric= − 

















1 2 13
0 9

 

(3.60)

 2. The average settlement Su at ultimate load for an eccentrically loaded con-
tinuous foundation with embedment ratio Df /B and eccentricity ratio e/B 
can be expressed as
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= =( / , / ) ( / , / )
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1 2 15.

e
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(3.61)

  The approximate magnitude of ( ) / , /S Bu D B e Bf
/ = =( )0 0  can be obtained from 

Equations 1.6 and 1.7.
 3. Let the allowable average load per unit area, q D B e Bf( / , / ), be

 

q

FS
u D B e Bf( / , / )

 
(3.62)

 So

 

q

q
D B e B

u D B e B

f
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( / , / )

( / , / )
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(3.63)

 4. Now, let

 

β =
( )

( )
( / , / )

( / , / )
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S B
D B e B

u D B e B

f

f

/

/
 

(3.64)
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  where ( / )( / , / )S B D B e Bf  = settlement of the foundation under q D B e Bf( / , / )

 5. The nondimensional factors α and β can be approximately related as

 
β α

α
=

−1 43 0 43. .  
(3.65)

 6. With known values of α, the magnitude of β can be estimated and hence 
( )( / , / )S B D B e Bf/ .

EXAMPLE 3.11

For an eccentrically loaded shallow continuous foundation, given B = 0.6 m, 
Df = 0.6 m, e/B = 0.1. The known soil characteristics are as follows: ϕ = 35°; 
γ = 18 kN/m3; relative density, Dr = 70%; modulus of elasticity, Es = 8500 kN/m2; 
Poisson’s ratio, νs = 0.3. Determine

 a. The average allowable load per unit area using FS = 3, and
 b. The corresponding settlement along the centerline of the foundation.

Use Equation 2.91, Vesic’s bearing capacity factors, DeBeer’s shape factors, 
and Hansen’s depth factor to calculate qu D B e Bf( / , / )=0 .

Solution

Part a: From Equation 2.91,

 
q qN d BN du D B e B q q qc cf( , / )/ = = +0

1
2

λ γ λγ γ γ
 

 q Df= = =γ ( )( . ) . /18 0 6 10 8 2kN m  

Bearing capacity factors for ϕ = 35° are Nq = 33.3 and Nγ = 48.03 (Tables 2.3 
and 2.4)

Depth factors:
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 λγd = 1 

Compressibility factors (λqc and λγc):
Rigidity index,
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where q = effective overburden pressure at a depth of (Df + B/2)
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Critical rigidity index,
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From Equation 3.60

 qu( )
.. [ . ( . ) ] .eccentric kN/m= − =710 7 1 2 13 0 1 520 130 9 2

 

Hence the allowable load per unit area,
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Part b:
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From Equation 1.7,
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From Equation 3.65,
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From Equation 3.61,
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3.4.4  ultimate BeaRing CapaCity of eCCentRiCally oBliquely 
loaDeD founDationS

The problem of ultimate bearing capacity of a continuous foundation subjected to an 
eccentric inclined load (Figure 3.29) was studied by Saran and Agarwal.17 If a con-
tinuous foundation is located at a depth Df below the ground surface and is subjected 

B

Qu(ei)

Df

e

c

α
ϕ

γ

FIGURE 3.29 Continuous foundation subjected to eccentrically inclined load.
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to an eccentric load (load eccentricity = e) inclined at an angle α to the vertical, 
the ultimate capacity can be expressed as

 
Q B cN qN BNu ei c ei q ei ei( ) ( ) ( ) ( )= + +





1
2

γ γ

 
(3.66)

where
Nc(ei), Nq(ei), Nγ(ei) = bearing capacity factors
q = γDf

The variations of the bearing capacity factors with e/B, ϕ, and α are given in 
Figures 3.30 through 3.32.

Based on about 120 model test results on dense and medium dense sand, Patra 
et al.18 have provided the following empirical relationship to obtain Qu(ei), or

 
Q Bq
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D Bf
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 −




′

−

1 2 1
2

α
φ  

(3.67)

where qu = ultimate bearing capacity with vertical centric load for a given Df /B.
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FIGURE 3.30 (a–d) Variation of Nc(ie) with soil friction angle ϕ and e/B.
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EXAMPLE 3.12

Refer to Figure 3.29. A continuous foundation is supported by a granular soil. The 
foundation is subjected to an eccentrically inclined load. Given: for the foun
dation, B = 2 m, e = 0.2 m, Df  = 1.5 m, α = 10° and, for the soil, ϕ′ = 40°, c′ = 0, 
γ = 16.5 kN/m2. Determine Qu(ei)

 a. Using Equation 3.66
 b. Using Equation 3.67

Use DeBeer’s depth factors (2.8) and Vesic’s bearing capacity factors 
(Tables 2.3 and 2.4).

Solution

Part a: With c = 0, Equation 3.66 becomes
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FIGURE 3.31 (a–d) Variation of Nq(ie) with soil friction angle ϕ and e/B.
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q = 1.5 × 16.5 = 24.75 kN/m2, B = 2 m, γ = 16.5 kN/m3

For this problem, ϕ′ = 40°, e/B = 0.2/2 = 0.1, α = 10°
From Figures 3.31b and 3.32b, Nq(ei) = 33.16 and Nγ(ei) = 47.48. So
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Part b: From Equation 3.67,
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FIGURE 3.32 (a–d) Variation of Nγ (ei) with soil friction angle ϕ and e/B.
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q = 16.5 × 1.5 = 24.75 kN/m2, λqd fD B= + = + =1 0 214 1 0 214 1 5 2 1 161. ( / ) . ( . / ) .  
(Table 2.8), λγd = 1 (see Table 2.8), Nq = 64.2 (Table 2.3), Nγ = 109.41 (Vesic, Table 
2.4), e/B = 0.1, and Df/B = 0.75. Hence

 
qu = + 
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4 Special Cases of 
Shallow Foundations

4.1 INTRODUCTION

The bearing capacity problems described in Chapters 2 and 3 assume that the soil 
supporting the foundation is homogeneous and extends to a great depth below the 
bottom of the foundation. They also assume that the ground surface is horizontal; 
however, this is not true in all cases. It is possible to encounter a rigid layer at a shal-
low depth, or the soil may be layered and have different shear strength parameters. 
It may be necessary to construct foundations on or near a slope. Bearing capacity 
problems related to these special cases are described in this chapter.

4.2  FOUNDATION SUPPORTED BY SOIL WITH 
A RIGID ROUGH BASE AT A LIMITED DEPTH

Figure 4.1a shows a shallow rigid rough continuous foundation supported by soil 
that extends to a great depth. The ultimate bearing capacity of this foundation can be 
expressed (neglecting the depth factors) as (Chapter 2)

 
q cN qN BNu c q= + + 1

2
γ γ

 
(4.1)

The procedure for determining the bearing capacity factors Nc, Nq, and Nγ in 
homogeneous and isotropic soils was outlined in Chapter 2. The extent of the failure 
zone in soil at ultimate load qu is equal to D. The magnitude of D obtained during the 
evaluation of the bearing capacity factor Nc by Prandtl1 and Nq by Reissner2 is given 
in a nondimensional form in Figure 4.2. Similarly, the magnitude of D obtained by 
Lundgren and Mortensen3 during the evaluation of Nγ is given in Figure 4.3.

If a rigid rough base is located at a depth of H < D below the bottom of the foun-
dation, full development of the failure surface in soil will be restricted. In such a 
case, the soil failure zone and the development of slip lines at ultimate load will be as 
shown in Figure 4.1b. Mandel and Salencon4 determined the bearing capacity factors 
for such a case by numerical integration using the theory of plasticity. According to 
Mandel and Salencon’s theory, the ultimate bearing capacity of a rough continuous 
foundation with a rigid rough base located at a shallow depth can be given by the 
relation

 
q cN qN BNu c q= + +∗ ∗ ∗1

2
γ γ

 
(4.2)
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FIGURE 4.1 Failure surface under a rigid rough continuous foundation: (a) homogeneous 
soil extending to a great depth; (b) with a rough rigid base located at a shallow depth.
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FIGURE 4.2 Variation of D/B with soil friction angle (for Nc and Nq).
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where

 N N Nc q
∗ ∗ ∗ =, , γ modified bearing capacity factors  

B = width of foundation
γ = unit weight of soil

Note that for H ≥ D, N Nc c
∗ = , N Nq q

∗ = , and N Nγ γ
∗ =  (Lundgren and Mortensen). 

The variations of Nc
∗ Nq

∗, andNγ
∗ with H/B and soil friction angle ϕ are given in 

Figures 4.4 through 4.6, respectively.
Neglecting the depth factors, the ultimate bearing capacity of rough circular and 

rectangular foundations on a sand layer (c = 0) with a rough rigid base located at a 
shallow depth can be given as

 
q qN BNu q qs s= +∗ ∗ ∗ ∗λ γ λγ γ

1
2  

(4.3)

where
λqs

∗ , λγs
∗  = modified shape factors

The above-mentioned shape factors are functions of H/B and ϕ. Based on the work 
of Meyerhof and Chaplin5 and simplifying the assumption that the stresses and shear 
zones in radial planes are identical to those in transverse planes, Meyerhof6 evalu-
ated the approximate values of λqs

∗  and λγs
∗  as

 
λqs m

B

L
∗ = − 





1 1

 
(4.4)
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FIGURE 4.3 Variation of D/B with soil friction angle (for Nγ).
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and

 
λγs m

B

L
∗ = − 





1 2

 
(4.5)

where
L = length of the foundation

The variations of m1 and m2 with H/B and ϕ are given in Figures 4.7 and 4.8.
Milovic and Tournier7 and Pfeifle and Das8 conducted laboratory tests to verify 

the theory of Mandel and Salencon4. Figure 4.9 shows the comparison of the experi-
mental evaluation of Nγ

∗ for a rough surface foundation (Df = 0) on a sand layer with 
theory. The angle of friction of the sand used for these tests was 43°. From Figure 4.9 
the following conclusions can be drawn:
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FIGURE 4.4 Mandel and Salencon’s bearing capacity factor Nc
∗ (Equation 4.2).
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 1. The value of Nγ
∗ for a given foundation increases with the decrease in H/B.

 2. The magnitude of H/B = D/B beyond which the presence of a rigid rough 
base has no influence on the Nγ

∗ value of a foundation is about 50%–75% 
more than that predicted by the theory.

 3. For H/B between 0.5 to about 1.9, the experimental values of Nγ
∗ are higher 

than those predicted theoretically.
 4. For H/B < about 0.6, the experimental values of Nγ

∗ are lower than those 
predicted by theory. This may be due to two factors: (a) the crushing of sand 
grains at such high values of ultimate load, and (b) the curvilinear nature of 
the actual failure envelope of soil at high normal stress levels.

Cerato and Lutenegger9 reported laboratory model test results on large square 
and circular surface foundations. Based on these test results they observed that, at 
about H/B ≥ 3

 
N Nγ γ

∗ ≈
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FIGURE 4.5 Mandel and Salencon’s bearing capacity factor Nq
∗ (Equation 4.2).
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FIGURE 4.6 Mandel and Salencon’s bearing capacity factor Nγ
∗ (Equation 4.2).
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(Equation 4.4).
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Also, it was suggested that for surface foundations with H/B < 3

 
q BNu = ∗0 4. γ γ (square foundation)

 
(4.6)

and

 
q BNu = ∗0 3. γ γ (circular foundation)

 
(4.7)

20
0

0.2

0.4

m
2

0.6

0.8

1.0

25 30 40

1.0
0.6

0.4

0.2

H/B = 0.1

35 45
φ (deg)

FIGURE 4.8 Variation of m2 (Meyerhof’s values) for use in Equation 4.5.
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FIGURE 4.9 Comparison of theory with the experimental results of Nγ
∗ (Note: ϕ = 43°, c = 0).
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The variation of Nγ
∗ recommended by Cerato and Lutenegger9 for use in Equations 

4.6 and 4.7 is given in Figure 4.10.
For saturated clay (that is, ϕ = 0), Equation 4.2 will simplify to the form

 q c N qu u c= +∗
 (4.8)

Mandel and Salencon10 performed calculations to evaluate Nc
∗ for continuous 

foundations. Similarly, Buisman11 gave the following relationship for obtaining the 
ultimate bearing capacity of square foundations:

 

q
B

H
c q

B

H
u u( )square for= + + −







+ − ≥







π 2

2
2

2 2
2

2
0

 

(4.9)

where
cu = undrained shear strength
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FIGURE 4.10 Cerato and Lutenegger’s bearing capacity factor Nγ
∗ for use in Equations 4.6 

and 4.7. (Cerato, A. B. and A. J. Lutenegger. 2006. J. Geotech. Geoenv. Eng., 132(11): 1496.)
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Equation 4.9 can be rewritten as

 
q

B H
c q N cu u c( ) (.

. ( ) .
.

square square)
/= + −





+ = ∗5 14 1
0 5 0 707

5 14
uu q+

 
(4.10)

Table 4.1 gives the values of Nc
∗ for continuous and square foundations.

Equations 4.8 and 4.9 assume the existence of a rough rigid layer at a limited 
depth. However, if a soft saturated clay layer of limited thickness (undrained shear 
strength = cu(1)) is located over another saturated clay with a somewhat larger shear 
strength cu(2) (Note: cu(1) < cu(2); Figure 4.11), the following relationship suggested by 
Vesic12 and DeBeer13 may then be used to estimate the ultimate bearing capacity:

 

q
B

L

c

c

B H

B L
u

u

u

= +





+ −










−
+( )


1 0 2 5 14 1

2
2 1

1

2

. .
( )

( )
( )

( )

/
/










+c qu( )1

 

(4.11)

where
L = length of the foundation

EXAMPLE 4.1

A square foundation measuring 1 × 1 m is constructed on a layer of sand. We are 
given that Df = 1 m, γ = 15 kN/m3, ϕ′ = 35°, and c′ = 0. A rock layer is located at 
a depth 0.4 m below the bottom of the foundation. Using a factor of safety of 3, 
determine the gross allowable load the foundation can carry.

TABLE 4.1
Values of Nc

* for Continuous and Square 
Foundations (ϕ = 0 Condition)

B
H

Nc
*

Squarea Continuousb

2 5.43 5.24

3 5.93 5.71

4 6.44 6.22

5 6.94 6.68

6 7.43 7.20

8 8.43 8.17

10 9.43 9.05

Source: Mandel, J. and J. Salencon. 1969. Proc. Seventh Int. 
Conf. Soil Mech. Found Eng., Mexico City, Vol. 2, p. 157.

a Buisman’s analysis. (From Buisman, A. S. K. 1940. Grond-
Mechanica. Delft: Waltman.)

b  Mandel and Salencon’s analysis.
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Solution

From Equation 4.3,

 
q qN BNu q qs s= +∗ ∗ ∗ ∗λ γ λγ γ

1
2  

Also,

 q = × =15 1 15 3kN/m  

For ϕ′ = 35°, H/B = 0.4/1.0 = 0.4, Nq
∗ ≈ 300 (Figure 4.5) and Nγ

∗ ≈ 100 (Figure 4.6), 
and we have

 
λqs m

B
L

∗ = − 





1 1

 

From Figure 4.7, for ϕ′ = 35°, H/B = 0.4. The value of m1 ≈ 0.55, so

 
λqs

∗ = − 





=1 0 55
1 0
1 0

0 45.
.
.

.
 

Similarly,

 
λγs m

B
L

∗ = − 





1 2

 

B
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qu
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q = γDf

Weaker clay layer
φ1 = 0

cu (2)

Stronger clay layer
φ2 = 0

FIGURE 4.11 Foundation on a weaker clay underlain by a stronger clay layer (Note: 
cu(1) < cu(2)).
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From Figure 4.8, m2 ≈ 0.58, so

 
λγs

∗ = − 





=1 0 58
1 0
1 0

0 42.
.
.

.
 

Hence,

 
qu = + =( )( )( . ) ( )( . )( )( . )15 300 0 45

1
2

15 1 0 100 0 42 2340 kN/m2

 

and

 
Q

FS
q Bu

all = = × =
2 2340 1 0 1 0

3
( )( . . )

780 kN
 

EXAMPLE 4.2

Consider a square foundation 1 × 1 m in plan located on a saturated clay layer 
underlain by a layer of rock. Given:

Clay: cu = 72 kN/m2

Unit weight: γ = 18 kN/m3

Distance between the bottom of foundation and the rock layer = 0.25 m
Df = 1 m

Estimate the gross allowable bearing capacity of the foundation. Use FS = 3.

Solution

From Equation 4.10,

 
q

B H
c qu u= + −





+5 14 1
0 5 0 707

5 14
.

. ( ) .
.

/

 

For B/H = 1/0.25 = 4, cu = 72 kN/m2 and q = γDf = (18)(1) = 18 kN/m2.

 
qu = + −





+ =5 14 1
0 5 4 0 707

5 14
72 18 481 2 2.

( . )( ) .
.

. kN/m
 

 
q

q
FS

u
all /= = =481 2

3
.

160.4 kN m2

 

4.3  FOUNDATION ON LAYERED SATURATED 
ANISOTROPIC CLAY (ϕ = 0)

Figure 4.12 shows a shallow continuous foundation supported by layered saturated 
anisotropic clay. The width of the foundation is B, and the interface between the 
clay layers is located at a depth H measured from the bottom of the foundation. 
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It is assumed that the clays are anisotropic with respect to strength following the 
Casagrande–Carillo relationship14, or

 c c c c iu i u h u v u h( ) ( ) ( ) ( )[ ]sin= + − 2

 (4.12)

where
cu(i) = undrained shear strength at a given depth where the major principal stress 

is inclined at an angle i with the horizontal
cu(v), cu(h) = undrained shear strength for i = 90° and 0°, respectively

The ultimate bearing capacity of the continuous foundation can be given as

 q c N qu u v c L= +−( ) ( )1  (4.13)

where
cu(v)−1 = undrained shear strength of the top soil layer when the major principal 

stress is vertical
q = γ1Df

Df = depth of foundation
γ1 = unit weight of the top soil layer
Nc(L) = bearing capacity factor

However, the bearing capacity factor Nc(L) will be a function of H/B and    cu(v) − 2/  
cu(v)−1, or

 

N f
H

B

c

c
c L

u v

u v
( )

( )

( )

,=










−

−

2

1  
(4.14)
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γ2
φ2 = 0
cu(i)–2

FIGURE 4.12 Shallow continuous foundation on layered anisotropic clay.
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where
cu(v)−2 = undrained shear strength of the bottom clay layer when the major princi-

pal stress is vertical

Reddy and Srinivasan15 developed a procedure to determine the variation of Nc(L). 
In developing their theory, they assumed that the failure surface was cylindrical 
when the center of the trial failure surface was at O, as shown in Figure 4.13. They 
also assumed that the magnitudes of cu(v) for the top clay layer [cu(v)−1] and the bottom 
clay layer [cu(v)−2] remained constant with depth z as shown in Figure 4.13b.

O2b = B

qu
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B
Clay layer 1
γ1
φ1 = 0
cu(v)–1

Clay layer 2
γ2
φ2 = 0
cu(v)–2
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cu(v)

cu(v)–1

cu(v)–2
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(b)

D
ep

th

D
ep

th

FIGURE 4.13 Assumptions in deriving Nc(L) for a continuous foundation on anisotropic 
layered clay: (a) nature of failure surface in soil; (b) variation of cu(v)−1 and cu(v)−1 with depth.
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For equilibrium of the foundation, considering forces per unit length and taking 
the moment about point O in Figure 4.13a,

 

2 2 2

1

1

2
1

0

2
2bq r b r c d r c du u i u i( ) [ ] [ ]( ) ( )sinθ α α

θ

θ θ

− = +∫ ∫− −

 

(4.15)

where
b = half-width of the foundation = B/2
r = radius of the trial failure circle
cu(i)−1, cu(i)−2 = directional undrained shear strengths for layers 1 and 2, respectively

As shown in Figure 4.13, let ψ be the angle between the failure plane and the 
direction of the major principal stress. Referring to Equation 4.12

Along arc AC

 c c c cu i u h u v u h( ) ( ) ( ) ( )[ ] ( )− − − −= + − +1 1 1 1
2sin α ψ  (4.16)

Along arc CE

 c c c cu i u h u v u h( ) ( ) ( ) ( )[ ] ( )− − − −= + − +2 2 2 2
2sin α ψ  (4.17)

Similarly, along arc DB

 c c c cu i u h u v u h( ) ( ) ( ) ( )[ ] ( )− − − −= + − −1 1 1 1
2sin α ψ  (4.18)

and along arc ED

 c c c cu i u h u v u h( ) ( ) ( ) ( )[ ] ( )− − − −= + − −2 2 2 2
2sin α ψ  (4.19)

Note that i = α + ψ for the portion of the arc AE, and i = α − ψ for the portion BE. 
Let the anisotropy coefficient be defined as
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(4.20)

The magnitude of the anisotropy coefficient K is less than one for overconsoli-
dated clays and K > 1 for normally consolidated clays. Also, let
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(4.21)

where
n = a factor representing the relative strength of two clay layers

Combining Equations 4.15 through 4.20
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(4.22)

Or, combining Equations 4.20 and 4.22
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(4.23)

where

 
θ θ1

1= +





−cos cos
H

r  

From Equation 4.13 note that, with q  =  0 (surface foundation),

 
N

q

c
c L

u

u v
( )

( )

=
−1  

(4.24)

In order to obtain the minimum value of Nc(L)  =  qu/cu(v)−1, the theorem of maxima 
and minima needs to be used, or

 

∂
∂

=Nc L( )

θ
0

 
(4.25)

and

 

∂
∂

=N

r
c L( ) 0

 
(4.26)
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Equations 4.23, 4.25, and 4.26 will yield two relationships in terms of the vari-
ables θ and r/b. So, for given values of H/B, K, n, and ψ, the above relationships may 
be solved to obtain values of θ and r/b. These can then be used in Equation 4.23 to 
obtain the desired value of Nc(L) (for given values of H/B, K, n, and ψ). Lo16 showed 
that the angle ψ between the failure plane and the major principal stress for anisotro-
pic soils can be taken to be approximately equal to 35°. The variations of the bearing 
capacity factor Nc(L) obtained in this manner for K = 0.8, 1 (isotropic case), 1.2, 1.4, 
1.6, and 1.8, are shown in Figure 4.14.

If a shallow rectangular foundation B  ×  L in plan is located at a depth Df, the 
general ultimate bearing capacity equation (see Equation 2.90) will be of the form 
(ϕ = 0 condition)

 
q c N qu u v c L cs cd qs qd= +−( ) ( )1 λ λ λ λ

 (4.27)

where
λcs, λqs = shape factors
λcd, λqd = depth factors

The proper shape and depth factors can be selected from Table 2.8.

EXAMPLE 4.3

Refer to Figure 4.12. For the foundation, given: Df = 0.8 m; B = 1 m; L = 1.6 m; 
H = 0.5 m; γ1 = 17.8 kN/m3; γ2 = 17.0 kN/m3; cu(v)−1 = 45 kN/m2; cu(v)−2 = 30 kN/m2; 
anisotropy coefficient K = 1.4. Estimate the allowable loadbearing capacity of the 
foundation with a factor of safety FS = 4. Use Meyerhof’s shape and depth factors 
(Table 2.8).

Solution

From Equation 4.27

 q c N qu u v c L cs cd qs qd= +−( ) ( )1 λ λ λ λ  
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So, from Figure 4.14d, the value of Nc(L) = 4.75.
Using Meyerhof’s shape and depth factors given in Table 2.8,
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So,

 qu = + = +( )( . )( . )( . ) ( . )( . )( . )( . ) . .45 4 75 1 125 1 16 17 8 0 8 1 0 1 0 278 9 14 224 293 14 2= . kN/m  
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4.4  FOUNDATION ON LAYERED c–ϕ SOIL: STRONGER 
SOIL UNDERLAIN BY WEAKER SOIL

Meyerhof and Hanna17 developed a theory to estimate the ultimate bearing capacity 
of a shallow rough continuous foundation supported by a strong soil layer under-
lain by a weaker soil layer as shown in Figure 4.15. According to their theory, at 
ultimate load per unit area qu, the failure surface in soil will be as shown in Figure 
4.15. If the ratio H/B is relatively small, a punching shear failure will occur in the 
top (stronger) soil layer followed by a general shear failure in the bottom (weaker) 
layer. Considering the unit length of the continuous foundation, the ultimate bearing 
capacity can be given as

 
q q

C P

B
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a p= +
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−
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1
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γ
 

(4.28)

where
B = width of the foundation
γ1 = unit weight of the stronger soil layer
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a b
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Weaker soil
γ2
φ2
c2
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FIGURE 4.15 Rough continuous foundation on layered soil—stronger over weaker.
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Ca = adhesive force along aa′ and bb′
Pp = passive force on faces aa′ and bb′
qb = bearing capacity of the bottom soil layer
δ = inclination of the passive force Pp with the horizontal

Note that, in Equation 4.28

 C c Ha a=  (4.29)

where
ca = unit adhesion
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 (4.30)

where
KpH = horizontal component of the passive earth pressure coefficient

Also,

 
q c N D H N BNb c f q= + + +2 2 1 2 2 2
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(4.31)

where
c2 = cohesion of the bottom (weaker) layer of soil
γ2 = unit weight of bottom soil layer
Nc(2), Nq(2), Nγ(2) = bearing capacity factors for the bottom soil layer (that is, with 

respect to the soil friction angle of the bottom soil layer ϕ2)

Combining Equations 4.28 through 4.30
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(4.32)

Let

 
K KpH stan tanδ φ= 1  (4.33)

where
Ks = punching shear coefficient

So,
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The punching shear coefficient can be determined using the passive earth pres-
sure coefficient charts proposed by Caquot and Kerisel18. Figure 4.16 gives the varia-
tion of Ks with q2/q1 and ϕ1. Note that q1 and q2 are the ultimate bearing capacities of 
a continuous surface foundation of width B under vertical load on homogeneous beds 
of upper and lower soils, respectively, or

 
q c N BNc1 1 1 1 1

1
2

= +( ) ( )γ γ
 

(4.35)

where
Nc(1), Nγ(1) = bearing capacity factors corresponding to soil friction angle ϕ1
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1
2

= +( ) ( )γ γ
 

(4.36)

If the height H is large compared to the width B (Figure 4.15), then the failure 
surface will be completely located in the upper stronger soil layer, as shown in Figure 
4.17. In such a case, the upper limit for qu will be of the following form:
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FIGURE 4.16 Meyerhof and Hanna’s theory—variation of Ks with ϕ1 and q2/q1.
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Hence, combining Equations 4.34 and 4.37
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For rectangular foundations, the preceding equation can be modified as
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(4.39)

where
λa, λs = shape factors
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(4.41)

λcs(1), λqs(1), λγs(1) = shape factors for the top soil layer (friction angle = ϕ1; see 
Table 2.8)

λcs(2), λqs(2), λγs(2) = shape factors for the bottom soil layer (friction angle = ϕ2; see 
Table 2.8)

Based on the general equations (Equations 4.39 through 4.41), some special cases 
may be developed. They are as follows.
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FIGURE 4.17 Continuous rough foundation on layered soil—H/B is relatively small.
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4.4.1  CaSe i: StRongeR SanD layeR oveR weakeR SatuRateD Clay (ϕ2 = 0)

For this case, c1 = 0; hence, ca = 0. Also for ϕ2 = 0, Nc(2) = 5.14, Nγ(2) = 0, Nq(2) = 1, 
λcs = 1 + 0.2(B/L), λqs = 1 (shape factors are Meyerhof’s values as given in Table 2.6). So,
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where
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In Equation 4.43 the relationships for the shape factors λqs and λγs are those given 
by Meyerhof19 as shown in Table 2.8. Note that Ks is a function of q2/q1 (Equations 
4.35 and 4.36). For this case,
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(4.44)

Once q2/q1 is known, the magnitude of Ks can be obtained from Figure 4.16, 
which, in turn, can be used in Equation 4.42 to determine the ultimate bearing 
capacity of the foundation qu. The value of the shape factor λs for a strip foundation 
can be taken as one. As per the experimental work of Hanna and Meyerhof20, the 
magnitude of λs appears to vary between 1.1 and 1.27 for square or circular founda-
tions. For conservative designs, it may be taken as one.

Based on this concept, Hanna and Meyerhof20 developed some alternative design 
charts to determine the punching shear coefficient Ks, and these charts are shown 
in Figures 4.18 and 4.19. In order to use these charts, the ensuing steps need to be 
followed.

 1. Determine q2/q1

 2. With known values of ϕ1 and q2/q1, determine the magnitude of δ/ϕ1 from 
Figure 4.18

 3. With known values of ϕ1, δ/ϕ1, and c2, determine Ks from Figure 4.19

4.4.2  CaSe ii: StRongeR SanD layeR oveR weakeR SanD layeR

For this case, c1 = 0 and ca = 0. Hence, referring to Equation 4.39
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where
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Using Meyerhof’s shape factors given in Table 2.8,
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and
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For conservative designs, for all B/L ratios, the magnitude of λs can be taken as 
one. For this case
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FIGURE 4.18 Hanna and Meyerhof’s analysis—variation of δ/ϕ1 with ϕ1 and q2/q1— 
stronger sand over weaker clay.
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Once the magnitude of q2/q1 is determined, the value of the punching shear coeffi-
cient Ks can be obtained from Figure 4.16. Hanna21 suggested that the friction angles 
obtained from direct shear tests should be used.

Hanna21 also provided an improved design chart for estimating the punching shear 
coefficient Ks in Equation 4.45. In this development he assumed that the variation of 
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FIGURE 4.19 Hanna and Meyerhof’s analysis for coefficient of punching shear—stronger 
sand over weaker clay: (a) variation of Ks with c2 for ϕ1 = 50°; (b) variation of Ks with c2 for 
ϕ1 = 45°; (c) variation of Ks with c2 for ϕ1 = 40°.
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δ for the assumed failure surface in the top stronger sand layer will be of the nature 
shown in Figure 4.20, or

 δ ηφ′ = + ′z az2
2

 
(4.51)

where

 
η = q

q
2

1  
(4.52)
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FIGURE 4.20 Hanna’s assumption for variation of δ with depth for determination of Ks: 
(a) failure surface in the soil; (b) variation of δ with z′ in the top stronger layer. 
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The preceding relationship means that at z′ = 0 (that is, at the interface of the two 
soil layers)
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(4.55)

and at the level of the foundation, that is z′ = H

 δ φ= 1  (4.56)

Equation 4.51 can also be rewritten as
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where δz is the angle of inclination of the passive pressure with respect to the hori-
zontal at a depth z measured from the bottom of the foundation. So, the passive force 
per unit length of the vertical surface aa′ (or bb′) is
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(4.58)

where
KpH(z) = horizontal component of the passive earth pressure coefficient at a depth 

z measured from the bottom of the foundation

The magnitude of Pp expressed by Equation 4.58, in combination with the expres-
sion δz given in Equation 4.57, can be determined. In order to determine the magni-
tude of the punching shear coefficient Ks given in Equation 4.33, we need to know an 
average value of δ. In order to achieve that, the following steps are taken:

 1. Assume an average value of δ and obtain KpH as given in the tables by 
Caquot and Kerisel18.



155Special Cases of Shallow Foundations

 2. Using the average values of δ and KpH obtained from step 1, calculate Pp 
from Equation 4.30.

 3. Repeat steps 1 and 2 until the magnitude of Pp obtained from Equation 4.30 
is the same as that calculated from Equation 4.58.

 4. The average value of δ (for which Pp calculated from Equations 4.30 and 
4.58 is the same) is the value that needs to be used in Equation 4.33 to cal-
culate Ks.

Figure 4.21 gives the relationship for δ/ϕ1 versus ϕ2 for various values of ϕ1 
obtained by the above procedure. Using Figure 4.21, Hanna21 gave a design chart for 
Ks, and this design chart is shown in Figure 4.22.

4.4.3  CaSe iii: StRongeR Clay layeR (ϕ1 = 0) oveR weakeR Clay (ϕ2 = 0)

For this case, Nq(1) and Nq(2) are both equal to one and Nγ(1) = Nγ(2) = 0. Also, 
Nc(1) = Nc(2) = 5.14. So, from Equation 4.39
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FIGURE 4.21 Hanna’s analysis—variation of δ/ϕ1.
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For conservative design the magnitude of the shape factor λa may be taken as one. 
The magnitude of the adhesion ca is a function of q2/q1. For this condition
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Figure 4.23 shows the theoretical variation of ca with q2/q1
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FIGURE 4.22 Hanna’s analysis—variation of Ks for stronger sand over weaker sand.
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EXAMPLE 4.4

Refer to Figure 4.15. Let the top layer be sand and the bottom layer saturated clay. 
Given: H = 1.5 m. For the top layer (sand): γ1 = 17.5 kN/m3; ϕ1 = 40°; c1 = 0; for 
the bottom layer (saturated clay): γ2 = 16.5 kN/m3; ϕ2 = 0; c2 = 30 kN/m2; and for 
the foundation (continuous): B = 2 m; Df = 1.2 m. Determine the ultimate bearing 
capacity qu. Use the results shown in Figures 4.18 and 4.19.

Solution

For the continuous foundation B/L = 0 and γs = 1, in Equation 4.42 we obtain
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(4.62)

To determine Ks, we need to obtain q2/q1. From Equation 4.44
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From Table 2.3 for ϕ1 = 40°, Meyerhof’s value of Nγ(1) is equal to 93.7. So,
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Referring to Figure 4.18 for q2/q1 = 0.094 and ϕ1 = 40°, the value of δ/ϕ1 = 0.42. 
With δ/ϕ1 = 0.42 and c2 = 30 kN/m2, Figure 4.19c gives the value of Ks = 3.89. 
Substituting this value into Equation 4.62 gives
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From Equation 4.43
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For the continuous foundation B/L = 0. So
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For ϕ1 = 40°, use Meyerhof’s values of Nγ(1) = 93.7 and Nq(1) = 62.4 (Table 2.3). 
Hence,

qt = + = + =( . )( . )( . ) ( . )( )( . ) . .17 5 1 2 62 4
1
2

17 5 2 93 7 1348 2 1639 75 2987..95 2kN/m

If H = 1.5 m is substituted into Equation 4.63

 
qu = + +





=175 2 28 56 1 5 1
2 4
1 5

342 32 2. ( . )( . )
.
.

. kN/m
 

Since qu = 342.3 < qt, the ultimate bearing capacity is 342.3 kN/m2.

EXAMPLE 4.5

Refer to Figure 4.15, which shows a square foundation on layered sand. Given: 
H = 1.0 m. Also given for the top sand layer: γ1 = 18 kN/m3; ϕ1 = 40°; for the bottom 
sand layer: γ2 = 16.5 kN/m3; ϕ2 = 32°; and for the foundation: B × B = 1.5 × 1.5 m; 
Df = 1.5 m. Estimate the ultimate bearing capacity of the foundation. Use 
Figure 4.22.

Solution

From Equation 4.45
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Given: ϕ1 = 40°; ϕ2 = 32°. From Figure 4.22, Ks ≈ 5.75.
From Equation 4.46

 
q D H N BNb f q qs s= + +γ λ γ λγ γ1 2 2 2 2 2

1
2

( ) ( ) ( ) ( ) ( )
 

For ϕ2 = 32°, Meyerhof’s bearing capacity factors are Nγ(2) = 22.02 and 
Nq(2) = 23.18 (Table 2.3). Also from Table 2.8, Meyerhof’s shape factors
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Hence, from Equation 4.45
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Check

From Equation 4.47
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For ϕ1 = 40°, Meyerhof’s bearing capacity factors are Nq(1) = 62.4 and 
Nγ(1) = 93.69 (Table 2.3).
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1
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4217 9 ++ =1846 6 6064 5 2. . kN/m  

So, qu = 2192.7 kN/m2.

EXAMPLE 4.6

Figure 4.24 shows a shallow foundation. Given: H = 1 m; undrained shear strength 
c1 (for ϕ1 = 0 condition) = 80 kN/m2; undrained shear strength c2 (for ϕ2 = 0 con
dition) = 32 kN/m2; γ1 = 18 kN/m3; Df = 1 m; B = 1.5 m; L = 3 m. Estimate the ulti
mate bearing capacity of the foundation.

Solution

From Equation 4.61
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From Figure 4.23 for q2/q1 = 0.4, ca/c1 = 0.9. So ca = (0.9)(80) = 72 kN/m2. From 
Equation 4.60
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With λs = 1, Equation 4.59 yields
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4.5  FOUNDATION ON LAYERED SOIL: WEAKER 
SOIL UNDERLAIN BY STRONGER SOIL

In general, when a foundation is supported by a weaker soil layer underlain by stron-
ger soil at a shallow depth as shown in the left-hand side of Figure 4.25, the failure 
surface at ultimate load will pass through both soil layers. However, when the mag-
nitude of H is relatively large compared to the width of the foundation B, the failure 
surface at ultimate load will be fully located in the weaker soil layer (see the right-
hand side of Figure 4.25). The procedure to estimate the ultimate bearing capacity of 
such foundations on layered sand and layered saturated clay follows.

4.5.1  founDationS on weakeR SanD layeR unDeRlain 
By StRongeR SanD (c1 = 0, c2 = 0)

Based on several laboratory model tests, Hanna22 proposed the following relation-
ship for estimating the ultimate bearing capacity qu for a foundation resting on a 
weak sand layer underlain by a strong sand layer:

1 m
1.5 m × 3 m

Stronger clay
γ1 = 18 kN/m3

φ2 = 0
c2 = 80 kN/m2

Weaker clay
γ1 = 16 kN/m3

φ1 = 0
c1 = 32 kN/m2

H

FIGURE 4.24 Shallow foundation on layered clay.
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q N N N DDu s m qs q m s f qsf= + ≤ +∗ ∗1

2 1 1
1
2 2 2 2 2 2γ λ γ λ γ λ γ λγ γ γ γB ( ) ( ) ( ) ( ) ( )NNq( )2  

(4.65)

where
Nγ(2), Nq(2) = Meyerhof’s bearing capacity factors with reference to soil friction 

angle ϕ2 (Table 2.3)
λγs(2), λqs(2) = Meyerhof’s shape factors (Table 2.8) with reference to soil friction 

angle ϕ2 = 1 + 0.1(B/L) tan2(45 + (ϕ2/2))
Nγ(m), Nq(m) = modified bearing capacity factors
λ λγ γs s

∗ ∗,  = modified shape factors

The modified bearing capacity factors can be obtained as follows:
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(4.67)

where
Nγ(1), Nq(1) = Meyerhof’s bearing capacity factors with reference to soil friction 

angle ϕ1 (Table 2.3)

Stronger soil
γ2
φ2
c2

Stronger soil
γ2
φ2
c2

Weaker soil
γ1
φ1
c1

Df

H
B

D

H

FIGURE 4.25 Foundation on weaker soil layer underlain by stronger sand layer.
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The variations of D(γ) and D(q) with ϕ1 are shown in Figures 4.2 and 4.3. The rela-
tionships for the modified shape factors are the same as those given in Equations 4.4 
and 4.5. The term m1 (Equation 4.4) can be determined from Figure 4.7 by substitut-
ing D(q) for H and ϕ1 for ϕ. Similarly, the term m2 (Equation 4.5) can be determined 
from Figure 4.8 by substituting D(γ) for H and ϕ1 for ϕ.

4.5.2  founDationS on weakeR Clay layeR unDeRlain 
By StRong Clay layeR (ϕ1 = 0, ϕ2 = 0)

Vesic12 proposed that the ultimate bearing capacity of a foundation supported by a 
weaker clay layer (ϕ1 = 0) underlain by a stronger clay layer (ϕ2 = 0) can be expressed as

 
q c mN Du c f= +1 1γ

 (4.68)

where
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5 14
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Tables 4.2 and 4.3 give the variation of m for strip and square and circular 
foundations.

EXAMPLE 4.7

A shallow square foundation 2 × 2 m in plan is located over a weaker sand layer 
underlain by a stronger sand layer. Referring to Figure 4.25, given: Df = 0.8 m; 
H = 0.5 m; γ1 = 16.5 kN/m3; ϕ1 = 35; c1 = 0; γ2 = 18.5 kN/m3; ϕ2 = 45°; c2 = 0. Use 
Equation 4.65 and determine the ultimate bearing capacity qu.

TABLE 4.2
Variation of m (Equation 4.68) for Strip Foundation (B/L ≤ 0.2)

c1/c2

H/B

≥0.5 0.25 0.167 0.125 0.1

1 1 1 1 1 1

0.667 1 1.033 1.064 1.088 1.109

0.5 1 1.056 1.107 1.152 1.193

0.333 1 1.088 1.167 1.241 1.311

0.25 1 1.107 1.208 1.302 1.389

0.2 1 1.121 1.235 1.342 1.444

0.1 1 1.154 1.302 1.446 1.584
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Solution

H = 0.5 m; ϕ1 = 35°; ϕ2 = 45°. From Figures 4.2 and 4.3 for ϕ1 = 35°,

 

D
B

D
B

q( ) ( ). ; .γ = =1 0 1 9
 

So, D(γ) = 2.0 m and D(q) = 3.8 m. From Table 2.3 for ϕ1 = 35° and ϕ2 = 45°, 
Nq(1) = 33.30, Nq(2) = 134.88, and Nγ(1) = 37.1, Nγ(2) = 262.7. Using Equations 4.66 
and 4.67
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From Equation 4.65
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From Equation 4.4 (Note: D(q)/B = 3.8/2 = 1.9, and ϕ1 = 35°)
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and

From Equation 4.5 (Note: D(γ)/B = 2/2 = 1, and ϕ1 = 35°)
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TABLE 4.3
Variation of m (Equation 4.68) for Square and Circular Foundation (B/L = 1)

c1/c2

H/B

≥0.25 0.125 0.083 0.063 0.05

1 1 1 1 1 1

0.667 1 1.028 1.052 1.075 1.096

0.5 1 1.047 1.091 1.131 1.167

0.333 1 1.075 1.143 1.207 1.267

0.25 1 1.091 1.177 1.256 1.334

0.2 1 1.102 1.199 1.292 1.379

0.1 1 1.128 1.254 1.376 1.494



164 Shallow Foundations

So
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qu = +( . )( . )( )( . )( . ) ( . )( . )( . )( . )0 5 18 5 2 1 583 262 7 18 5 0 8 1 583 134 88

== + ≈7693 3 3160. 10,853 kN/m2

 

So, qu = 3614 kN/m2.

EXAMPLE 4.8

Refer to Figure 4.25. For a foundation in layered saturated clay profile, given: 
L = 1.22 m, B = 1.22 m, Df = 0.91 m, H = 0.61 m, γ1 = 17.29 kN/m3, ϕ1 = 0, c1 = 
57.5 kN/m2, γ2 = 19.65 kN/m3, ϕ2 = 0, and c2 = 119.79 kN/m2. Determine the ulti
mate bearing capacity of the foundation. Use Equation 4.68.

Solution

From Equation 4.68,

 q c mN Du c f= +1 1γ  

c1/c2 = 57.5/119.79 = 0.48; H/B = 0.61/1.22 = 0.5. From Table 4.3, for c1/c2 = 0.48 
and H/B = 0.5, the value of m ≈ 1. Hence,

 qu = + =( . )( )( . ) ( . )( . )57 5 1 5 14 17 29 0 91 311.28 kN/m2

 

4.6  CONTINUOUS FOUNDATION ON WEAK 
CLAY WITH A GRANULAR TRENCH

In practice, there are several techniques to improve the load-bearing capacity and 
settlement of shallow foundations on weak compressible soil layers. One of those 
techniques is the use of a granular trench under a foundation. Figure 4.26 shows a 
continuous rough foundation on a granular trench made in weak soil extending to a 
great depth. The width of the trench is W, the width of the foundation is B, and the 
depth of the trench is H. The width W of the trench can be smaller or larger than B. 
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The parameters of the stronger trench material and the weak soil for bearing capac-
ity calculation are as follows:

Madhav and Vitkar23 assumed a general shear failure mechanism in the soil under 
the foundation to analyze the ultimate bearing capacity of the foundation using the 
upper bound limit analysis suggested by Drucker and Prager24, and this is shown in 
Figure 4.26. The failure zone in the soil can be divided into subzones, and they are 
as follows:

 1. An active Rankine zone ABC with a wedge angle of ξ
 2. A mixed transition zone such as BCD bounded by angle θ1. CD is an arc of 

a log spiral defined by the equation

 r r e= 0
1θ φtan

 

 where
  ϕ1 = angle of friction of the trench material

 3. A transition zone such as BDF with a central angle θ2. DF is an arc of a log 
spiral defined by the equation

 r r e= 0
2θ φtan

 

 4. A Rankine passive zone like BFH
  Note that θ1 and θ2 are functions of ξ, η, W/B, and ϕ1

Df A

H

H

W

E

C

B

D

F

B

qu

ξ

θ2

Granular trench

Weak soil
θ1

η η

FIGURE 4.26 Continuous rough foundation on weak soil with a granular trench.

Trench Material Weak Soil

Angle of friction ϕ1 ϕ2

Cohesion c1 c2

Unit weight γ1 γ 2
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By using the upper bound limit analysis theorem, Madhav and Vitkar23 expressed 
the ultimate bearing capacity of the foundation as

 
q c N D N

B
Nu c T f q T T= + + 



2 2

2

2
( ) ( ) ( )γ γ

γ

 
(4.69)

where
Nc(T), Nq(T), Nγ(T) = bearing capacity factors with the presence of the trench

The variations of the bearing capacity factors (i.e., Nc(T), Nq(T), and Nγ(T)) for purely 
granular trench soil (c1 = 0) and soft saturated clay (with ϕ2 = 0 and c2 = cu) deter-
mined by Madhav and Vitkar23 are given in Figures 4.27 through 4.29. The values 
of Nγ(T) given in Figure 4.29 are for γ1/γ2 = 1. In an actual case, the ratio γ1/γ2 may be 
different than one; however, the error for this assumption is less than 10%.

Sufficient experimental results are not available in the literature to verify the 
above theory. Hamed, Das, and Echelberger25 conducted several laboratory model 
tests to determine the variation of the ultimate bearing capacity of a strip founda-
tion resting on a granular trench (sand; c1 = 0) made in a saturated soft clay medium 
(ϕ2 = 0; c2 = cu). For these tests the width of the foundation B was kept equal to the 
width of the trench W, and the ratio of H/B was varied. The details of the tests are 
as follows:

Series I
ϕ1 = 40°, c1 = 0
ϕ2 = 0, c2 = cu = 1656 kN/m2

30

25

20

φ1 = 50º

45º

40º

35º

30º

25º
20º

15

10

0
0 0.4 0.8 1.2

W/B

N
c(T

)

1.6 2.0

FIGURE 4.27 Madhav and Vitkar’s bearing capacity factor Nc(T).
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FIGURE 4.28 Madhav and Vitkar’s bearing capacity factor Nq(T).
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32

24

16

8

N
γ(

T
)
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0 0.4 0.8 1.2 1.6 2.0
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φ1 = 50º

45º

40º

35º

30º
25º

20º

FIGURE 4.29 Madhav and Vitkar’s bearing capacity factor Nγ(T).
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Series II
ϕ1 = 43°, c1 = 0
ϕ2 = 0, c2 = cu = 1656 kN/m2

For both test series Df was kept equal to zero (i.e., surface foundation). For each 
test series the ultimate bearing capacity qu increased with H/B almost linearly, reach-
ing a maximum at H/B ≈ 2.5–3. The maximum values of qu obtained experimentally 
were compared with those presented by Madhav and Vitkar23. The theoretical values 
were about 40%−70% higher than those obtained experimentally. Further refinement 
to the theory is necessary to provide more realistic results.

EXAMPLE 4.9

Refer to Figure 4.26. For a continuous foundation constructed over a granular 
trench, the following are given:

• B = 1 m, W = 1.5 m, Df = 1 m
• ϕ1 = 40°, c1 = 0, γ1 = 18 kN/m3

• ϕ2 = 0, c2 = 40 kN/m2, γ2 = 17 kN/m3

Estimate the gross ultimate bearing capacity.

Solution

From Equation 4.69,

 
q c N D N

B
Nu c T f q T T= + + 



2 2

2

2
( ) ( ) ( )γ γ

γ

 

W = 1.5 m; B = 1 m. W/B = 1.5/1 = 1.5. From Figures 4.27 through 4.29, Nc(T) ≈ 15, 
Nq(T) ≈ 7.2, Nγ(T) ≈ 12

 
qu = + + ×





=( )( ) ( )( )( . ) ( )40 15 1 17 7 2
17 1

2
12 824.4 kN/m2

 

4.7 SHALLOW FOUNDATION ABOVE A VOID

Mining operations may leave underground voids at relatively shallow depths. 
Additionally, in some instances, void spaces occur when soluble bedrock dissolves 
at the interface of the soil and bedrock. Estimating the ultimate bearing capacity 
of shallow foundations constructed over these voids, as well as the stability of the 
foundations, is gradually becoming an important issue. Only a few studies have been 
published so far. Baus and Wang26 reported some experimental results for the ulti-
mate bearing capacity of a shallow rough continuous foundation located above voids 
as shown in Figure 4.30. It is assumed that the top of the rectangular void is located 
at a depth H below the bottom of the foundation. The void is continuous and has 
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cross-sectional dimensions of W′ × H′. The laboratory tests of Baus and Wang26 were 
conducted with soil having the following properties:

Friction angle of soil ϕ = 13.5°
Cohesion = 65.6 kN/m2

Modulus in compression = 4670 kN/m2

Modulus in tension = 10,380 kN/m2

Poisson’s ratio = 0.28
Unit weight of compacted soil γ = 18.42 kN/m3

The results of Baus and Wang26 are shown in a nondimensional form in Figure 
4.31. Note that the results of the tests that constitute Figure 4.31 are for the case of 
Df = 0. From this figure the following conclusions can be drawn:

 1. For a given H/B, the ultimate bearing capacity decreases with the increase 
in the void width, W′.

 2. For any given W′/B, there is a critical H/B ratio beyond which the void has 
no effect on the ultimate bearing capacity. For W′/B = 10, the value of the 
critical H/B is about 12.

Baus and Wang26 conducted finite analysis to compare the validity of their experi-
mental findings. In the finite element analysis, the soil was treated as an elastic— 
perfectly plastic material. They also assumed that Hooke’s law is valid in the elastic 
range and that the soil follows the von Mises yield criterion in the perfectly plastic 
range, or

 f J J k= + = ′α 1 2  (4.70)

 f = 0  (4.71)

Df
qu

B

H

W ′

H ′

Soil
γ
φ
c

Void

Rock

FIGURE 4.30 Shallow continuous rough foundation over a void.
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where
f = yield function

 
α φ

φ
=

+
tan

( tan ) .9 12 0 5

 
(4.72)

 
′ =

+
k

c3
9 12 0 5( tan ) .φ  

(4.73)

J1 = first stress invariant
J2 = second stress invariant

The relationships shown in Equations 4.72 and 4.73 are based on the study of 
Drucker and Prager24. The results of the finite element analysis have shown good 
agreement with experiments.

4.8 FOUNDATION ON A SLOPE

In 1957 Meyerhof27 proposed a theoretical solution to determine the ultimate bearing 
capacity of a shallow foundation located on the face of a slope. Figure 4.32 shows the 
nature of the plastic zone developed in the soil under a rough continuous foundation 
(width = B) located on the face of a slope. In Figure 4.32, abc is the elastic zone, acd 
is a radial shear zone, and ade is a mixed shear zone. The normal and shear stresses 
on plane ae are po and so, respectively. Note that the slope makes an angle β with the 
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FIGURE 4.31 Experimental bearing capacity of a continuous foundation as a func-
tion of void size and location. (From Baus, R. L. and M. C. Wang. 1983. J. Geotech. Eng., 
109(GT1): 1.)
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horizontal. The shear strength parameters of the soil are c and ϕ, and its unit weight 
is equal to γ. As in Equation 2.73, the ultimate bearing capacity can be expressed as

 
q cN p N BNu c o q= + + 1

2
γ γ

 
(4.74)

The preceding relationship can also be expressed as

 
q cN BNu cq q= + 1

2
γ γ

 
(4.75)

where
Ncq, Nγq = bearing capacity factors
For purely cohesive soil (that is, ϕ = 0)

 
q cNu cq=

 (4.76)

Figure 4.33 shows the variation of Ncq with slope angle β and the slope stability 
number Ns. Note that

 
N

H

c
s = γ

 
(4.77)

where
H = height of the slope

In a similar manner, for a granular soil (c = 0)

 
q BNu q= 1

2
γ γ

 
(4.78)

The variation of Nγq (for c = 0) applicable to Equation 4.78 is shown in Figure 4.34.

90 – φ

90 – φ

β

e

d

a

c

b

B

Df
p0 s0

FIGURE 4.32 Nature of plastic zone under a rough continuous foundation on the face of a 
slope.
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4.9 FOUNDATION ON TOP OF A SLOPE

4.9.1 meyeRhof’S Solution

Figure 4.35 shows a rough continuous foundation of width B located on top of a slope 
of height H. It is located at a distance b from the edge of the slope. The ultimate bear-
ing capacity of the foundation can be expressed by Equation 4.75, or

 
q cN BNu cq q= + 1

2
γ γ

 
(4.79)

Meyehof27 developed the theoretical variations of Ncq for a purely cohesive soil 
(ϕ = 0) and Nγq for a granular soil (c = 0), and these variations are shown in Figures 
4.36 and 4.37. Note that, for purely cohesive soil (Figure 4.36)

 
q cNu cq=
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FIGURE 4.33 Variation of Meyerhof’s bearing capacity factor Ncq for a purely cohesive soil 
(foundation on a slope).
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and for granular soil (Figure 4.37)

 
q BNu q= 1

2
γ γ

 

It is important to note that, when using Figure 4.36, the stability number Ns should 
be taken as zero when B < H. If B ≥ H, the curve for the actual stability number 
should be used.
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FIGURE 4.34 Variation of Meyerhof’s bearing capacity factor Nγq for a purely granular soil 
(foundation on a slope).
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FIGURE 4.35 Continuous foundation on a slope.
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4.9.2 SolutionS of hanSen anD veSiC

Referring to the condition of b = 0 in Figure 4.35 (that is, the foundation is located at 
the edge of the slope), Hansen28 proposed the following relationship for the ultimate 
bearing capacity of a continuous foundation:

 
q cN qN BNu c c q q= + +λ λ γ λβ β γ γβ

1
2  

(4.80)

where
Nc, Nq, Nγ = bearing capacity factors (see Table 2.3 for Nc and Nq and Table 2.4 

for Nγ)
λcβ, λqβ, λγβ = slope factors
q = γDf

8
Df /B = 0 Df /B = 1
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FIGURE 4.36 Meyerhof’s bearing capacity factor Ncq for a purely cohesive soil (foundation 
on top of a slope).
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According to Hansen28,

 
λ λ ββ γβq = = −( tan )1 2

 
(4.81)
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(4.83)

For the ϕ = 0 condition Vesic12 pointed out that, with the absence of weight 
due to the slope, the bearing capacity factor Nγ has a negative value and can be 
given as

 
Nγ β= −2sin

 (4.84)
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FIGURE 4.37 Meyerhof’s bearing capacity factor Nγq for a granular soil (foundation on top 
of a slope).
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Thus, for the ϕ = 0 condition with Nc = 5.14 and Nq = 1, Equation 4.80 takes the 
form

 
q c D Bu f= −





+ − − −( . )
.

( tan ) sin ( tan )5 14 1
2

5 14
1 12 2β γ β γ β β

 

or

 
q c D Bu f= − + − − −( . ) ( tan ) sin ( tan )5 14 2 1 12 2β γ β γ β β

 
(4.85)

4.9.3 Solution By limit equiliBRium anD limit analySiS

Saran, Sud, and Handa29 provided a solution to determine the ultimate bearing 
capacity of shallow continuous foundations on the top of a slope (Figure 4.35) using 
the limit equilibrium and limit analysis approach. According to this theory, for a 
strip foundation

 
q cN qN BNu c q= + + 1

2
γ γ

 
(4.86)

where
Nc, Nq, Nγ = bearing capacity factors
q = γDf

Referring to the notations used in Figure 4.35, the numerical values of Nc, Nq, and 
Nγ are given in Table 4.4.

4.9.4 StReSS ChaRaCteRiStiCS Solution

As shown in Equation 4.79, for granular soils (i.e., c = 0)

 
q BNu q= 1

2
γ γ

 
(4.87)

Graham, Andrews, and Shields30 provided a solution for the bearing capacity fac-
tor Nγq for a shallow continuous foundation on the top of a slope in granular soil 
based on the method of stress characteristics. Figure 4.38 shows the schematics of 
the failure zone in the soil for embedment (Df/B) and setback (b/B) assumed for this 
analysis. The variations of Nγq obtained by this method are shown in Figures 4.39 
through 4.41.

EXAMPLE 4.10

Refer to Figure 4.35 and consider a continuous foundation on a saturated clay 
slope. Given, for the slope: H = 7 m; β = 30°; γ = 18.5 kN/m3; ϕ = 0, c = 49 kN/m2; 
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TABLE 4.4
Bearing Capacity Factors Based on Saran, Sud, and Handa’s Analysis

Factor β (deg)
D
B

f b
B

Soil Friction Angle ϕ (deg)

40 35 30 25 20 15 10

Nγ 30 0 0 25.37 12.41 6.14 3.20 1.26 0.70 0.10

20 53.48 24.54 11.62 5.61 4.27 1.79 0.45

10 101.74 43.35 19.65 9.19 4.35 1.96 0.77

0 165.39 66.59 28.98 13.12 6.05 2.74 1.14

30 0 1 60.06 34.03 18.95 10.33 5.45 0.00 —

20 85.98 42.49 21.93 11.42 5.89 1.35 —

10 125.32 55.15 25.86 12.26 6.05 2.74 —

0 165.39 66.59 28.89 13.12 6.05 2.74 —

30 1 0 91.87 49.43 26.39 — — — —

25 115.65 59.12 28.80 — — — —

20 143.77 66.00 28.89 — — — —

≤15 165.39 66.59 28.89 — — — —

30 1 1 131.34 64.37 28.89 — — — —

25 151.37 66.59 28.89 — — — —

≤20 166.39 66.59 28.89 — — — —

Nq 30 1 0 12.13 16.42 8.98 7.04 5.00 3.60 —

20 12.67 19.48 16.80 12.70 7.40 4.40 —

≤10 81.30 41.40 22.50 12.70 7.40 4.40 —

30 1 1 28.31 24.14 22.5 — — — —

20 42.25 41.4 22.5 — — — —

≤10 81.30 41.4 22.5 — — — —

Nc 50 0 0 21.68 16.52 12.60 10.00 8.60 7.10 5.50

40 31.80 22.44 16.64 12.80 10.04 8.00 6.25

30 44.80 28.72 22.00 16.20 12.20 8.60 6.70

20 63.20 41.20 28.32 20.60 15.00 11.30 8.76

≤10 88.96 55.36 36.50 24.72 17.36 12.61 9.44

50 0 1 38.80 30.40 24.20 19.70 16.42 — —

40 48.00 35.40 27.42 21.52 17.28 — —

30 59.64 41.07 30.92 23.60 17.36 — —

20 75.12 50.00 35.16 27.72 17.36 — —

≤10 95.20 57.25 36.69 24.72 17.36 — —

50 1 0 35.97 28.11 22.38 18.38 15.66 10.00 —

40 51.16 37.95 29.42 22.75 17.32 12.16 —

30 70.59 50.37 36.20 24.72 17.36 12.16 —

20 93.79 57.20 36.20 24.72 17.36 12.16 —

≤10 95.20 57.20 36.20 24.72 17.36 12.16 —

50 1 1 53.65 42.47 35.00 24.72 — — —

40 67.98 51.61 36.69 24.72 — — —

30 85.38 57.25 36.69 24.72 — — —

≤20 95.20 57.25 36.69 24.72 — — —
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and given, for the foundation: Df = 1.5 m; B = 1.5 m; b = 0. Estimate the ultimate 
bearing capacity by

 1. Meyerhof’s method (Equation 4.79)
 2. Hansen and Vesic’s method (Equation 4.85)

Solution

Part a:

 q cNqu cq=  

Given Df/B = 1.5/1.5 = 1; b/B = 0/1.5 = 0. Since H/B > 1, use Ns = 0.
From Figure 4.36, for Df/B = 1; b/B = 0, β = 30°, and  Ns = 0, the value of Ncq is 

about 5.85. So,

 qu = =( )( . )49 5 85 286.7 kN/m2

 

Part b: From Equation 4.85

q c D Bu f= − + − − −

= − ×

( . ) ( tan ) sin ( tan )

. ( )

5 14 2 1 1

5 14 2
180

30

2 2β γ β γ β β

π













 + − −( ) ( . )( . )( tan ) ( . )( . )(sin )49 18 5 1 5 1 30 18 5 1 5 302 (( tan )1 30 2−

= 203 kN m2/

B

b

(a)

(b)

Df

FIGURE 4.38 Schematic diagram of failure zones for embedment and setback: (a) Df/B > 0; 
(b) b/B > 0.
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FIGURE 4.39 Graham, Andrews, and Shields’ theoretical values of Nγq (Df/B = 0): 
(a) b/B = 0 and 0.5; (b) b/B = 1 and 2.
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(a) b/B = 0 and 0.5; (b) b/B = 1 and 2.
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FIGURE 4.41 Graham, Andrews, and Shields’ theoretical values of Nγq (Df/B = 1): 
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EXAMPLE 4.11

Refer to Figure 4.35 and consider a continuous foundation on a slope of granular 
soil. Given, for the slope: H = 6 m; β = 30°; γ = 16.8 kN/m3; ϕ = 40°; c = 0; and 
given, for the foundation: Df = 1.5 m; B = 1.5 m; b = 1.5 m. Estimate the ultimate 
bearing capacity by

 1. Meyerhof’s method (Equation 4.79)
 2. Saran, Sud, and Handa’s method (Equation 4.86)
 3. The stress characteristic solution (Equation 4.87)

Solution

Part a: For granular soil (c = 0), from Equation 4.79

 q BNu q= 1
2 γ γ  

Given: b/B = 1.5/1.5 = 1; Df/B = 1.5/1.5 = 1; ϕ = 40°; and β = 30°. From Figure 
4.37, Nγq ≈ 120. So

 qu = =1
2 16 8 1 5 120( . )( . )( ) 1512 kN/m2

 

Part b: For c = 0, from Equation 4.86

 q qN BNu q= + 1
2 γ γ  

For b/B = 1: Df/B = 1; ϕ = 40°; and β = 30°. The value of Nγ = 131.34 and the 
value of Nq = 28.31 (Table 4.4).

 qu = + =( . )( . )( . ) ( . )( . )( . )16 8 1 5 28 31 16 8 1 5 131 341
2 2368 kN/m2

 

Part c: From Equation 4.87

 q BNu q= 1
2 γ γ  

From Figure 4.41b, Nγq ≈ 110

 qu = =1
2 16 8 1 5 110( . )( . )( ) 1386 kN/m2

 

4.10 STONE COLUMNS

4.10.1 geneRal paRameteRS

A method now being used to increase the load-bearing capacity of shallow founda-
tions on soft clay layers is the construction of stone columns. This generally consists 
of water-jetting a vibroflot into the soft clay layer to make a circular hole that extends 
through the clay to firmer soil. The hole is then filled with imported gravel. The 
gravel in the hole is gradually compacted as the vibrator is withdrawn. The gravel 
used for the stone column has a size range of 6–40 mm. Stone columns usually have 
diameters of 0.5–0.75 m and are spaced at about 1.5–3 m center to center.
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After stone columns are constructed, a fill material should always be placed over 
the ground surface and compacted before the foundation is constructed. The stone 
columns tend to reduce the settlement of foundations at allowable loads.

Stone columns work more effectively when they are used to stabilize a large area 
where the undrained shear strength of the subsoil is in the range of 10–50 kN/m2 
rather than improve the bearing capacity of structural foundations. Subsoils weaker 
than that may not improve sufficient lateral support for the columns. For large-site 
improvement, stone columns are most effective to a depth of 6–10 m; however, they 
have been constructed to a depth of about 30 m. Bachus and Barksdale31 provided the 
following general guidelines for the design of stone columns to stabilize large areas.

Figure 4.42a shows the plan view of several stone columns. The area replacement 
ratio for the stone columns may be expressed as,

 
a

A

A
s

s=
 

(4.88)

where
As = area of the stone column having a diameter of D
A = total area within the unit cell having a diameter De

For an equilateral triangular pattern of stone columns,

 
a

D

s
s = 





0 907
2

.
 

(4.89)

where
s = center-to-center spacing between the columns

(a) (b)

D
D

L′

σc

σs

De
De

FIGURE 4.42 (a) Stone columns in a triangular pattern; (b) stress concentration due to 
change in stiffness.
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Combining Equations 4.88 and 4.89,

 

A

A

D

D
a

D

s
s

e
s= = = 





( / )
( / )

.
π
π

4
4

0 907
2

2

2

 

or

 D se = 1 05.  (4.90)

Similarly, it can be shown that, for stone columns in a square pattern,

 D se = 1 13.  (4.91)

When a uniform stress by means of a fill operation is applied to an area with stone 
columns to induce consolidation, a stress concentration occurs due to the change in 
the stiffness between the stone columns and the surrounding soil. (See Figure 4.42b.) 
The stress concentration factor is defined as

 
n s

c

= σ
σ  

(4.92)

where
σc = effective stress in the stone column
σs = effective stress in the subgrade soil

The relationships for σs and σc are

 
σ σ µ σs

s
s

n

n a
=

+ −






=
1 1( )  

(4.93)

and

 
σ σ µ σc

s
c

n a
=

+ −






=1
1 1( )  

(4.94)

where
σ = average effective vertical stress
μs, μc = stress concentration coefficients

The improvement in the soil owing to the stone columns may be expressed as,

 

S

S
e t

e
c

⋅ =( ) µ
 

(4.95)
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where
Se(t) = settlement of the treated soil
Se = total settlement of the untreated soil

4.10.2 loaD-BeaRing CapaCity of Stone ColumnS

When the length L′ of the stone column is less than about 3D and a foundation 
is constructed over it, failure occurs by plunging similar to short piles in soft to 
medium-stiff clays. For longer columns sufficient to prevent plunging, the load car-
rying capacity is governed by the ultimate radial confining pressure and the shear 
strength of the surrounding matrix soil. In those cases, failure at ultimate load occurs 
by bulging, as shown in Figure 4.43. Mitchell32 proposed that the ultimate bearing 
capacity (qu) of a stone column can be given as

 
q cNu p=

 (4.96)

where
c = cu = undrained shear strength of clay
Np = bearing capacity factor

Mitchell32 recommended that

 
N p ≈ 25

 (4.97)

D

Gravel

2.5 to
3D

Clay
cu

qu

L′

ϕ

FIGURE 4.43 Bearing capacity of stone column.
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Based on several field studies, Steudlein and Holtz33 recommended that

 
N cp u= − +exp( . . )0 0096 3 5

 (4.98)

where cu is in kN/m2.
If a foundation is constructed measuring B × L in plan over a group of stone col-

umns, as shown in Figure 4.44, the ultimate bearing capacity qu can be expressed as 
(Steudlein and Holtz33)

 
q N c a N c au p u s c u s cs cd= + −( )1 λ λ

 (4.99)

where
Np is expressed by Equation 4.98
Nc = 5.14
λcs and λcd =  shape and depth factors (see Table 2.8)

Then

 
λcs

B

L
= +1 0 2.

 
(4.100)

D

B

L

FIGURE 4.44 Shallow foundation over a group of stone columns.
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and

 
λcd

fD

B
= +1 0 2.

 
(4.101)

where
Df = depth of the foundation.

EXAMPLE 4.12

Consider a foundation 4 × 2 m in plan constructed over a group of stone columns 
in a square pattern in soft clay. Given:

Estimate the ultimate load Qu for the foundation.

Solution

From Equation 4.99,

 q N c a N c au p u s c u s cs cd= + −( )1 λ λ  

From Equation 4.98,

 N cp u= − + = − + =exp( . . ) exp[( . )( ) . ] .0 0096 3 5 0 0096 36 3 5 23 44  

 
λcs

B
L

= + 





= + 





=1 0 2 1 0 2
2
4

1 1. . .
 

 
λcd

fD
B

= + 





= + 





=1 0 2 1 0 2
0 75

2
1 075. .

.
.

 

and

 qu = + − =( . )( )( . ) ( . )( )( . )( . )( . ) .23 44 36 0 3 5 14 36 1 0 3 1 1 1 075 406 31kN//m2

 

Thus, the ultimate load is

 Q q BLu u= = =( . )( )( )406 31 2 4 3250.48 kN  

4.11  ULTIMATE BEARING CAPACITY OF WEDGE-SHAPED 
FOUNDATION

Meyerhof34 has proposed a theory to estimate the ultimate bearing capacity of a 
wedge-shaped, or conical, foundation by extending his theory given in Section 2.4. 
Figure 4.45 is somewhat similar to Figure 2.7 and shows the nature of the failure 

Stone columns: D = 0.4 m
Area ratio, as = 0.3
L′ = 4.8 m

Clay: cu = 36 kN/m2

Foundation: Df = 0.75 m
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surface in soil below a blunt rough wedge at ultimate load. In Figure 4.45, Df is the 
depth of embedment, and B is the width of the foundation. Note that α is the semi-
angle of the wedge.

Meyerhof34 expressed the ultimate bearing capacity, qu, for a wedge-shaped 
 foundation and a foundation with conical base as follows (for Df/B ≤ 1)

 
q cN D N BNu c f q= + +γ γ γ

1
2 ( )for wedge-shaped foundation

 
(4.102)

and

 
q cN D N BNu cr f qr r= + +γ γ γ

1
2 ( )for conical base foundation

 
(4.103)

where Nc, Ncr, Nq, Nqr, Nγ, and Nγr are bearing capacity factors
Figures 4.46 through 4.48 provide the variation of the bearing capacity factors 

with soil friction angle (ϕ) and wedge semi-angle (α).
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5 Settlement and Allowable 
Bearing Capacity

5.1 INTRODUCTION

Various theories relating to the ultimate bearing capacity of shallow foundations 
were presented in Chapters 2 through 4. In Section 2.12, a number of definitions for 
the allowable bearing capacity were discussed. In the design of any foundation, one 
must consider the safety against bearing capacity failure as well as against excessive 
settlement of the foundation. In the design of most foundations, there are specifica-
tions for allowable levels of settlement. Refer to Figure 5.1, which is a plot of load 
per unit area q versus settlement S for a foundation. The ultimate bearing capacity 
is realized at a settlement level of Su. Let Sall be the allowable level of settlement 
for the foundation and qall(S) be the corresponding allowable bearing capacity. If FS 
is the factor of safety against bearing capacity failure, then the allowable bearing 
capacity is qall(B) = qu/FS. The settlement corresponding to qall(B) is S′. For founda-
tions with smaller widths of B, S′ may be less than Sall; however, Sall < S′ for larger 
values of B. Hence, for smaller foundation widths, the bearing capacity controls; for 
larger foundation widths, the allowable settlement controls. This chapter describes 
the procedures for estimating the settlements of foundations under load and thus the 
allowable bearing capacity.

The settlement of a foundation can have three components: (a) elastic settle-
ment Se, (b) primary consolidation settlement Sc, and (c) secondary consolidation 
 settlement Ss.

The total settlement St can be expressed as

 S S S St e c s= + +  

For any given foundation, one or more of the components may be zero or negligible.
Elastic settlement is caused by deformation of dry soil, as well as moist and sat-

urated soils, without any change in moisture content. Primary consolidation set-
tlement is a time-dependent process that occurs in clayey soils located below the 
groundwater table as a result of the volume change in soil because of the expulsion of 
water that occupies the void spaces. Secondary consolidation settlement follows the 
primary consolidation process in saturated clayey soils and is a result of the plastic 
adjustment of soil fabrics. The procedures for estimating the above three types of 
settlements are discussed in this chapter.

Any type of settlement is a function of the additional stress imposed on the soil 
by the foundation. Hence, it is desirable to know the relationships for calculating 
the stress increase in the soil caused by application of load to the foundation. These 
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relationships are given in Section 5.2 and are derived assuming that the soil is a semi-
infinite, elastic, and homogeneous medium.

5.2  STRESS INCREASE IN SOIL DUE TO APPLIED 
LOAD: BOUSSINESQ’S SOLUTION

5.2.1 point loaD

Boussinesq1 developed a mathematic relationship for the stress increase due to a 
point load Q acting on the surface of a semi-infinite mass. In Figure 5.2, the stress 
increase at a point A is shown in the Cartesian coordinate system, and the stress 
increase in the cylindrical coordinate system is shown in Figure 5.3. The compo-
nents of the stress increase can be given by the following relationships.

Cartesian Coordinate System (Figure 5.2):
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FIGURE 5.1 Load–settlement curve for shallow foundation.
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where
σ = normal stress
τ = shear stress

R z r= +2 2

r x y= +2 2

ν = Poisson’s ratio

Cylindrical Coordinate System (Figure 5.3):
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z
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z
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τxy
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τyz
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FIGURE 5.2 Boussinesq’s problem—stress increase at a point in the Cartesian coordinate 
system due to a point load on the surface.
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5.2.2 unifoRmly loaDeD flexiBle CiRCulaR aRea

Boussinesq’s solution for a point load can be extended to determine the stress increase 
due to a uniformly loaded flexible circular area on the surface of a semi-infinite mass 
(Figure 5.4). In Figure 5.4, the circular area has a radius R, and the uniformly distrib-
uted load per unit area is q. If the components of stress increase at a point A below 
the center are to be determined, then we consider an elemental area dA = rdθdr. The 
load on the elemental area is dQ = qrdθdr. This can be treated as a point load. Now 
the vertical stress increase dσz at A due to dQ can be obtained by substituting dQ for 

Q and r z2 2+  for R in Equation 5.7. Thus,

y

x

Q

x

y

R

A

z

r

σz

σθ

z

σr

τzr

τrz

FIGURE 5.3 Boussinesq’s problem—stress increase at a point in the cylindrical coordinate 
system due to a point load on the surface.
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The vertical stress increase due to the entire loaded area σz is then
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Similarly, the magnitudes of σθ and σr below the center can be obtained as
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Table 5.1 gives the variation of σz/q at any point A below a circularly loaded 
flexible area for r/R = 0 to 1 (Figure 5.5). A more detailed tabulation of the stress 
increase (i.e., σz, σθ, σr, and τrz) below a uniformly loaded flexible area is given by 
Ahlvin and Ulery.2

qdQ

dA dθ

dr

R

A

z

σz

σz

σθ
σr

r

FIGURE 5.4 Stress increase below the center of a uniformly loaded flexible circular area.
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5.2.3 unifoRmly loaDeD flexiBle ReCtangulaR aRea

Figure 5.6 shows a flexible rectangular area of length L and width B subjected to a 
uniform vertical load of q per unit area. The load on the elemental area dA is equal 
to dQ = q dx dy. This can be treated as an elemental point load. The vertical stress 
increase dσz due to this at A, which is located at a depth z below the corner of the 
rectangular area, can be obtained by using Equation 5.7, or

TABLE 5.1
Variation of σz/q at a Point A (Figure 5.5)

z/R

σz/q

r/R = 0 r/R = 0.2 r/R = 0.4 r/R = 0.6 r/R = 0.8 r/R = 1.0

0.0 1.000 1.000 1.000 1.000 1.000 0.500

0.2 0.992 0.991 0.987 0.970 0.890 0.468

0.4 0.979 0.943 0.920 0.860 0.713 0.435

0.6 0.864 0.852 0.814 0.732 0.591 0.400

0.8 0.756 0.742 0.699 0.619 0.504 0.366

1.0 0.646 0.633 0.591 0.525 0.434 0.332

1.5 0.424 0.416 0.392 0.355 0.308 0.288

2.0 0.284 0.281 0.268 0.248 0.224 0.196

2.5 0.200 0.197 0.196 0.188 0.167 0.151

3.0 0.146 0.145 0.141 0.135 0.127 0.118

4.0 0.087 0.086 0.085 0.082 0.080 0.075

5.0 0.057 0.057 0.056 0.054 0.053 0.052

q

r
R

A

z

FIGURE 5.5 Stress increase below any point under a uniformly loaded flexible circular 
area.
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Hence, the vertical stress increase at A due to the entire loaded area is
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Table 5.2 shows the variation of I with m and n. The stress below any other point 
C below the rectangular area (Figure 5.7) can be obtained by dividing it into four 

y

x
q

dA

dQ y

x

L

B

A(0,0,z)

z

FIGURE 5.6 Stress increase below the corner of a uniformly loaded flexible rectangular 
area.
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rectangles as shown. For rectangular area 1, m1 = B1/z; n1 = L1/z. Similarly, for rectan-
gles 2, 3, and 4, m2 = B1/z; n2 = L2/z, m3 = B2/z; n3 = L2/z, and m4 = B2/z; n4 = L1/z. Now, 
using Table 5.2, the magnitudes of I (=I1, I2, I3, I4) for the four rectangles can be deter-
mined. The total stress increase below point C at depth z can thus be determined as

 σz q I I I I= + + +( )1 2 3 4  (5.16)

In most practical problems, the stress increase below the center of a loaded rect-
angular area is of primary importance. The vertical stress increase below the center 
of a uniformly loaded flexible rectangular area can be calculated as
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(5.17)

where
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L

B
1 =

 
(5.18)

 
n

z
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1

2
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/  
(5.19)

Table 5.3 gives the variation of σz(c)/q with L/B and z/B based on Equation 5.17.

EXAMPLE 5.1

Figure 5.8 shows the plan of a flexible loaded area located at the ground surface. 
The uniformly distributed load q on the area is 150 kN/m2. Determine the stress 
increase σz below points A and C at a depth of 10 m below the ground surface. 
Note that C is at the center of the area.

B2

C

B1

L1 L2

1 2

4 3

FIGURE 5.7 Stress increase below any point of a uniformly loaded flexible rectangular 
area.
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Solution

Stress increase below point A.
The following table can now be prepared:

From Equation 5.14,

 σz qI= = =( )( . )150 0 1014 15.21kN/m2

 

Stress increase below point C

 

L
B

z
B

= = = =6
4

1 5
10
4

2 5. ; .
 

TABLE 5.3
Variation of σz(c)/q (Equation 5.17)

z/B

L/B

1 2 3 4 5 6 7 8 9 10

0.1 0.994 0.997 0.997 0.997 0.997 0.997 0.997 0.997 0.997 0.997

0.2 0.960 0.976 0.977 0.977 0.977 0.977 0.977 0.977 0.977 0.977

0.3 0.892 0.932 0.936 0.936 0.937 0.937 0.937 0.937 0.937 0.937

0.4 0.800 0.870 0.878 0.880 0.881 0.881 0.881 0.881 0.881 0.881

0.5 0.701 0.800 0.814 0.817 0.818 0.818 0.818 0.818 0.818 0.818

0.6 0.606 0.727 0.748 0.753 0.754 0.755 0.755 0.755 0.755 0.755

0.7 0.522 0.658 0.685 0.692 0.694 0.695 0.695 0.696 0.696 0.696

0.8 0.449 0.593 0.627 0.636 0.639 0.640 0.641 0.641 0.641 0.642

0.9 0.388 0.534 0.573 0.585 0.590 0.591 0.592 0.592 0.593 0.593

1.0 0.336 0.481 0.525 0.540 0.545 0.547 0.548 0.549 0.549 0.549

1.5 0.179 0.293 0.348 0.373 0.384 0.389 0.392 0.393 0.394 0.395

2.0 0.108 0.190 0.241 0.269 0.285 0.293 0.298 0.301 0.302 0.303

2.5 0.072 0.131 0.174 0.202 0.219 0.229 0.236 0.240 0.242 0.244

3.0 0.051 0.095 0.130 0.155 0.172 0.184 0.192 0.197 0.200 0.202

3.5 0.038 0.072 0.100 0.122 0.139 0.150 0.158 0.164 0.168 0.171

4.0 0.029 0.056 0.079 0.098 0.113 0.125 0.133 0.139 0.144 0.147

4.5 0.023 0.045 0.064 0.081 0.094 0.105 0.113 0.119 0.124 0.128

5.0 0.019 0.037 0.053 0.067 0.079 0.089 0.097 0.103 0.108 0.112

Area No. B(m) L(m) z(m) m = B/z n = L/z I (Table 5.2)

1 2 2 10 0.2 0.2 0.0179

2 2 4 10 0.2 0.4 0.0328

3 2 4 10 0.2 0.4 0.0328

4 2 2 10 0.2 0.2 0.0179

∑I = 1014
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From Table 5.3,

 

σz

q
≈ 0 104.

 

 σz = =( . )( )0 104 150 15.6 kN/m2

 

5.3  STRESS INCREASE DUE TO APPLIED LOAD: 
WESTERGAARD’S SOLUTION

5.3.1 point loaD

Westergaard3 proposed a solution for determining the vertical stress caused by a 
point load Q in an elastic solid medium in which layers alternate with thin rigid 
reinforcements. This type of assumption may be an idealization of a clay layer with 
thin seams of sand. For such an assumption, the vertical stress increase at a point A 
(Figure 5.2) can be given by

 
σ η

π ηz
Q

z r z
=

+










−

2
1

2 2 2

3 2

( )

/

/  

(5.20)

where

 
η ν

ν
= −

−
1 2
2 2  

(5.21)

η = Poisson’s ratio of the solid between the rigid reinforcements

 
r x y= +2 2

 

2 m 

2 m 4 m

2 m 

1 2

4 3

A C

FIGURE 5.8 Uniformly loaded flexible rectangular area.
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Equation 5.20 can be rewritten as

 
σz
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z
I= ′2

 
(5.22)

where
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(5.23)

The variations of I′ with r/z and ν are given in Table 5.4.

5.3.2 unifoRmly loaDeD flexiBle CiRCulaR aRea

Refer to Figure 5.4, which shows a uniformly loaded flexible circular area of radius 
R. If the circular area is located on a Westergaard-type material, the increase in 

TABLE 5.4
Variation of I′ with r/z and ν (Equation 5.23)

r/z

I′

ν = 0 ν = 0.2 ν = 0.4

0 0.3183 0.4244 0.9550

0.25 0.2668 0.3368 0.5923

0.50 0.1733 0.1973 0.2416

0.75 0.1028 0.1074 0.1044

1.00 0.0613 0.0605 0.0516

1.25 0.0380 0.0361 0.0286

1.50 0.0247 0.0229 0.0173

1.75 0.0167 0.0153 0.0112

2.00 0.0118 0.0107 0.0076

2.25 0.0086 0.0077 0.0054

2.50 0.0064 0.0057 0.0040

2.75 0.0049 0.0044 0.0030

3.00 0.0038 0.0034 0.0023

3.25 0.0031 0.0027 0.0019

3.50 0.0025 0.0022 0.0015

3.75 0.0021 0.0018 0.0012

4.00 0.0017 0.0015 0.0010

4.25 0.0014 0.0012 0.0008

4.50 0.0012 0.0010 0.0007

4.75 0.0010 0.0009 0.0006

5.00 0.0009 0.0008 0.0005
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vertical stress σz at a point located at a depth z immediately below the center of the 
area can be given as

 
σ η

ηz q
R z

= −
+









1 2 2 1 2[ ( ) ] //  
(5.24)

The variations of σz/q with R/z and ν = 0 are given in Table 5.5.

5.3.3 unifoRmly loaDeD flexiBle ReCtangulaR aRea

Refer to Figure 5.6. If the flexible rectangular area is located on a Westergaard-type 
material, the stress increase at a point A can be given as
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η ηz
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(5.25)

where

 
m

B

z
=

 

 
n

L

z
=

 

TABLE 5.5
Variation of σz/q with R/z and ν = 0 
(Equation 5.24)

R/z σz/q

0 0

0.25 0.0572

0.50 0.1835

0.75 0.3140

1.00 0.4227

1.25 0.5076

1.50 0.5736

1.75 0.6254

2.00 0.6667

2.25 0.7002

2.50 0.7278

2.75 0.7510

3.00 0.7706

4.00 0.8259

5.00 0.8600
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(5.26)

Table 5.6 gives the variation of σz/q with m and n for ν = 0.

EXAMPLE 5.2

Consider a flexible circular loaded area with R = 4 m. Let q = 300 kN/m2. 
Calculate and compare the variation of σz below the center of the circular area 
using Boussinesq’s theory and Westergaard’s theory (with υ = 0) for z = 0 to 12 m.

Solution

Boussinesq’s solution (see Equation 5.11 and Table 5.1) with R = 4 m, q = 300 kN/m2

Westergaard’s solution (see Table 5.5 and Equation 5.24)

TABLE 5.6
Variation of σz/q (Equation 5.26) with m and n (ν = 0)

m

n

0.1 0.2 0.4 0.5 0.6 1.0 2.0 5.0 10.0

0.1 0.0031 0.0061 0.0110 0.0129 0.0144 0.0182 0.0211 0.0211 0.0223

0.2 0.0061 0.0118 0.0214 0.0251 0.0282 0.0357 0.0413 0.0434 0.0438

0.4 0.0110 0.0214 0.0390 0.0459 0.0516 0.0658 0.1768 0.0811 0.0847

0.5 0.0129 0.0251 0.0459 0.0541 0.0610 0.0781 0.0916 0.0969 0.0977

0.6 0.0144 0.0282 0.0516 0.0610 0.0687 0.0886 0.1044 0.1107 0.1117

1.0 0.0183 0.0357 0.0658 0.0781 0.0886 0.1161 0.1398 0.1491 0.1515

2.0 0.0211 0.0413 0.0768 0.0916 0.1044 0.1398 0.1743 0.1916 0.1948

5.0 0.0221 0.0435 0.0811 0.0969 0.1107 0.1499 0.1916 0.2184 0.2250

10.0 0.0223 0.0438 0.0817 0.0977 0.1117 0.1515 0.1948 0.2250 0.2341

z (m) z/R σz/q Δσz (kN/m2)

0 0 1 300

0.4 0.1 0.9990 299.7

2.0 0.5 0.9106 273.18

4.0 1.0 0.6465 193.95

6.0 1.5 0.4240 127.2

8.0 2.0 0.2845 85.35

10.0 2.5 0.1996 59.88

12.0 3.0 0.146 43.8
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EXAMPLE 5.3

Refer to Example 5.1. Estimate the stress increase below point A using Westergaard’s 
theory. Use υ = 0.

Solution

The following table can be prepared.

Hence,

 
σz q I= = =∑( )( ) ( . )( ) .0 0664 150 9 96 kN m2/

 

5.4 ELASTIC SETTLEMENT

5.4.1 flexiBle anD RigiD founDationS

Before discussing the relationships for elastic settlement of shallow foundations, it 
is important to understand the fundamental concepts and the differences between a 
flexible foundation and a rigid foundation. When a flexible foundation on an elastic 
medium is subjected to a uniformly distributed load, the contact pressure will be 
uniform, as shown in Figure 5.9a. Figure 5.9a also shows the settlement profile of the 
foundation. If a similar foundation is placed on granular soil, it will undergo larger 
elastic settlement at the edges rather than at the center (Figure 5.9b); however, the 
contact pressure will be uniform. The larger settlement at the edges is due to the lack 
of confinement in the soil.

If a fully rigid foundation is placed on the surface of an elastic medium, the settle-
ment will remain the same at all points; however, the contact distribution will be as 

z (m) z/R R/z σz/q σz (kN/m2)

0 0 ∞ 1 300

0.4 0.1 10 0.9295 278.85
2.0 0.5 2 0.6667 200.01
4.0 1.0 1 0.4227 126.81
6.0 1.5 0.667 0.275 82.5
8.0 2.0 0.5 0.1835 55.05
10.0 2.5 0.4 0.130 39.0
12.0 3.0 0.333 0.0938 28.14

Area No. B (m) L (m) z (m) m = B/z n = L/z I (Table 5.6)

1 2 2 10 0.2 0.2 0.0118

2 2 4 10 0.2 0.4 0.0214

3 2 4 10 0.2 0.4 0.0214

4 2 2 10 0.2 0.2 0.0118

Σ0.0664
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shown in Figure 5.10a. If this rigid foundation is placed on granular soil, the contact 
pressure distribution will be as shown in Figure 5.10b, although the settlement at all 
points below the foundation will be the same.

Theoretically, for an infinitely rigid foundation supported by a perfectly elastic 
material, the contact pressure can be expressed as (Figure 5.11)

 

σ
π

z
q

x B
= =

−
0

2

2

1 2( )
( )

/
continuous foundation

 
(5.27)

 

σz
q

x B
= =

−
0

22 1 2( )
( )

/
circular foundation

 
(5.28)

where
q = applied load per unit area of the foundation
B = foundation width (or diameter)

Borowicka4 developed solutions for the distribution of contact pressure beneath 
a continuous foundation supported by a perfectly elastic material. According to his 
theory,

 σz f K= =0 ( )  (5.29)

Elastic material

q/unit area

Settlement profile

Contact pressure = q

Sand

q/unit area

(a)

(b)

Settlement profile

Contact pressure = q

FIGURE 5.9 Contact pressures and settlements for a flexible foundation: (a) elastic material 
and (b) granular soil.
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Elastic material

q/unit area

Settlement profile

Contact pressure = q

Sand

q/unit area

(a)

(b)

Settlement profile

Contact pressure = q

FIGURE 5.10 Contact pressures and settlements for a rigid foundation: (a) elastic material 
and (b) granular soil.

q/unit area

x

B

σz=0

FIGURE 5.11 Contact pressure distributions under an infinitely rigid foundation supported 
by a perfectly elastic material.
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where
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(5.30)

νs = Poisson’s ratio of the elastic material
νf = Poisson’s ratio of the foundation material
t = thickness of the foundation
Es, Ef = modulus of elasticity of the elastic material and foundation material, 

respectively

Although soil is not perfectly elastic and homogeneous, the theory of elasticity 
may be used to estimate the settlements of shallow foundations at allowable loads. 
Judicious uses of these results have done well in the design, construction, and main-
tenance of structures.

5.4.2 elaStiC paRameteRS

Parameters such as the modulus of elasticity Es and Poisson’s ratio ν for a given soil 
must be known in order to calculate the elastic settlement of a foundation. In most 
cases, if laboratory test results are not available, they are estimated from empirical 
correlations. Table 5.7 provides some suggested values for Poisson’s ratio.

Trautmann and Kulhawy5 used the following relationship for Poisson’s ratio 
(drained state):

 ν φ= +0 1 0 3. . rel  (5.31)

 
φ φ φrel

tc
relrelative friction angle (0= = −

−
≤ ≤

°

° °
25

45 25
1)

 
(5.32)

where
φtc = friction angle from drained triaxial compression test

TABLE 5.7
Suggested Values for Poisson’s Ratio

Soil Type Poisson’s Ratio ν

Coarse sand 0.15–0.20

Medium loose sand 0.20–0.25

Fine sand 0.25–0.30

Sandy silt and silt 0.30–0.35

Saturated clay (undrained) 0.50

Saturated clay—lightly overconsolidated (drained) 0.2–0.4
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A general range of the modulus of elasticity of sand Es is given in Table 5.8.
A number of correlations for the modulus of elasticity of sand with the field 

 standard penetration resistance N60 and cone penetration resistance qc have been 
made in the past. Schmertmann6 proposed that

 E Ns (kN/m2
60766) =  (5.33)

Schmertmann et al.7 made the following recommendations for estimating the Es 
of sand from cone penetration resistance, or

 E qs c= 2 5. (for square and circular foundations)  (5.34)

 E q L Bs c= ≥3 5. (for strip foundations / 10)  (5.35)

Terzaghi, Peck, and Mesri8 gave the following recommendations for the estima-
tion of Es for settlement calculation of square (B × B) and rectangular foundations 
(L × B; L = length of the foundation) on sand as

 E qs L B c( / ) .= =1 3 5  (5.36)

and

 
E

L

B
s L B( / ) . log .= + 





≤1 0 4 1 4
 

(5.37)

TABLE 5.8
General Range of Modulus of Elasticity of Sand

Type Es (kN/m2)

Coarse and Medium Coarse Sand

 Loose 25,000–35,000

 Medium dense 30,000–40,000

 Dense 40,000–45,000

Fine Sand
 Loose 20,000–25,000

 Medium dense 25,000–35,000

 Dense 35,000–40,000

Sandy Silt
 Loose 8,000–12,000

 Medium dense 10,000–12,000

 Dense 12,000–15,000
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Chen and Kulhawy9 suggested that

 E m ps a=  (5.38)

where
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m

a = ≈

=
−
−

atmosphereic pressure ( 100 kN/m
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500 1000
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(5.39)

In many cases, the modulus of elasticity of saturated clay soils (undrained) has 
been correlated with the undrained shear strength cu. D’Appolonia et al.10 compiled 
several field test results and concluded that

 

E

c
s

u

= 1000 to 1500
for lean inorganic clays from

moderate to high pla

(

ssticity)  
(5.40)

Duncan and Buchignani11 correlated Es/cu with the overconsolidation ratio OCR 
and plasticity index PI of several clay soils. This broadly generalized correlation is 
shown in Figure 5.12.

Plasticity index, PI < 30 

30 < PI < 50 

PI > 50

1600 

1200 

800 

400 

0 1 2 
OCR 

6 4 8 10

E s
/c

u

FIGURE 5.12 Correlation of Duncan and Buchignani for the modulus of elasticity of clay 
in an undrained state.
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5.4.3 Settlement of founDationS on SatuRateD ClayS

Janbu et al.12 proposed a generalized equation for estimating the average elastic set-
tlement of a uniformly loaded flexible foundation located on saturated clay (ν = 0.5). 
This relationship incorporates (a) the effect of embedment Df and (b) the possible 
existence of a rigid layer at a shallow depth under the foundation as shown in Figure 
5.13, or

 
S

qB

E
e

s

= µ µ1 2

 
(5.41)

where
μ1 = f(Df/B)
μ2 = (H/B, L/B)
L = foundation length
B = foundation width

Christian and Carrier13 made a critical evaluation of the factors μ1 and μ2, and the 
results were presented in graphical form. The interpolated values of μ1 and μ2 from 
these graphs are given in Tables 5.9 and 5.10.

EXAMPLE 5.4

Consider a shallow foundation 1.5 m × 0.75 m in plan in a saturated clay layer. 
A rigid rock layer is located 6 m below the bottom of the foundation. Given:

• Df = 0.75 m; q = 150 kN/m2

• cu = 200 kN/m2; OCR = 2; plasticity index, PI = 30

Estimate the elastic settlement of the foundation.

q/unit area

Saturated clay
ν = 0.5
Es

Foundation
L × B

Rigid layer

Df

H

FIGURE 5.13 Settlement of foundation on saturated clay.
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Solution

From Equation 5.41,

 
S

qB
E

e
s

= µ µ1 2

 

Given

 

L
B

D
B
H
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f

= =
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= =

1 5
0 75
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8

.
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.  

TABLE 5.9
Variation of μ1 with Df/B (Equation 5.41)

Df/B μ1

0 1.0

2 0.9

4 0.88

6 0.875

8 0.87

10 0.865

12 0.863

14 0.860

16 0.856

18 0.854

20 0.850

TABLE 5.10
Variation of μ2 with H/B and L/B (Equation 5.41)

H/B Circle

L/B

1 2 5 10 ∞

1 0.36 0.36 0.36 0.36 0.36 0.36

2 0.47 0.53 0.63 0.64 0.64 0.64

4 0.58 0.63 0.82 0.94 0.94 0.94

6 0.61 0.67 0.88 1.08 1.14 1.16

8 0.62 0.68 0.90 1.13 1.22 1.26

10 0.63 0.70 0.92 1.18 1.30 1.42

20 0.64 0.71 0.93 1.26 1.47 1.74

30 0.66 0.73 0.95 1.29 1.54 1.84
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Let Es = βcu

For OCR = 2 and PI = 30, the value of β ≈ 400 (Figure 5.12). Hence,

 Es = =( )( ) ,400 200 80 000 kN/m2

 

From Tables 5.8 and 5.9, μ1 ≈ 0.95, μ2 ≈ 0.9

 
S

qB
E

e
s

= = = =µ µ1 2 0 95 0 9
150 0 75
80 000

0 0012( . )( . )
( )( . )

,
. m 1 2 mm.

 

5.4.4  founDationS on SanD: CoRRelation with 
StanDaRD penetRation ReSiStanCe

There are several empirical relationships to estimate the elastic settlements of foun-
dations on granular soil that are based on the correlations with the width of the 
foundation and the standard penetration resistance obtained from the field, N60 (i.e., 
penetration resistance with an average energy ratio of 60%). Some of these correla-
tions are outlined in this section.

5.4.4.1 Terzaghi and Peck’s Correlation
Terzaghi and Peck14 proposed the following empirical relationship between the set-
tlement Se of a prototype foundation measuring B × B in plan and the settlement of a 
test plate Se(1) measuring B1 × B1 loaded to the same intensity:

 

S

S B B
e

e( ) [ ( ) ]1 1
2

4
1

=
+ /  

(5.42)

Although a full-sized footing can be used for a load test, the normal practice is 
to employ a plate of the order of B1 = 0.3–1 m. Terzaghi and Peck14 also proposed a 
correlation for the allowable bearing capacity, standard penetration number N60, and 
the width of the foundation B corresponding to a 25-mm settlement based on the 
observations given by Equation 5.42. The curves that give the preceding correlation 
can be approximated by the relation

 
S

q

N

B

B
e (mm) =

+






3
0 360

2

.  
(5.43)

where
q = bearing pressure in kN/m2

B = width of foundation in m

If corrections for groundwater table location and depth of embedment are 
included, then Equation 5.43 takes the form



216 Shallow Foundations

 
S C C

q

N

B

B
e W D=

+






3
0 360

2

.  
(5.44)

where
CW = groundwater table correction
CD = correction for depth of embedment = 1 − (Df/4B)
Df = depth of embedment

The magnitude of CW is equal to 1.0 if the depth of the water table is greater 
than or equal to 2B below the foundation, and it is equal to 2.0 if the depth of the 
water table is less than or equal to B below the foundation. The N60 values used in 
Equations 5.43 and 5.44 should be the average value of N60 up to a depth of about 3B 
to 4B measured from the bottom of the foundation.

5.4.4.2 Meyerhof’s Correlation
In 1956, Meyerhof15 proposed the following relationships for Se:
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(5.45)

and
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(5.46)

where Se is in mm, B is in m, and q is in kN/m2.
Note that Equations 5.43 and 5.46 are similar. In 1965, Meyerhof16 compared the 

predicted and observed settlements of eight structures and proposed revisions to 
Equations 5.45 and 5.46. According to these revisions,
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(5.47)

and
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2
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(5.48)

Comparing Equations 5.45 and 5.46 with Equations 5.47 and 5.48, it can be 
seen that, for similar settlement levels, the allowable pressure q is 50% higher for 
Equations 5.47 and 5.48. If corrections for the location of the groundwater table and 
depth of embedment are incorporated into Equations 5.47 and 5.48, we obtain
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and
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(5.50)

 CW = 1 0.  (5.51)

and
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f= −1 0
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.
 

(5.52)

5.4.4.3 Peck and Bazaraa’s Method
The original work of Terzaghi and Peck14 as given in Equation 5.43 was subsequently 
compared to several field observations. It was found that the relationship provided by 
Equation 5.43 is overly conservative (i.e., observed field settlements were substan-
tially lower than those predicted by the equation). Recognizing this fact, Peck and 
Bazaraa17 suggested the following revision to Equation 5.44:
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(5.53)

where
Se is in mm, q is in kN/m2, and B is in m
(N1)60 = corrected standard penetration number
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(5.54)

σo = total overburden pressure
′σo  = effective overburden pressure
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(5.55)

γ = unit weight of soil

The relationships for (N1)60 are as follows:
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and
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where
′σo  = the effective overburden pressure

5.4.4.4 Burland and Burbidge’s Method
Burland and Burbidge18 proposed a method for calculating the elastic settlement of 
sandy soil using the field standard penetration number N60. According to this proce-
dure, the following are the steps to estimate the elastic settlement of a foundation:

 1. Determination of variation of standard penetration number with depth
   Obtain the field penetration numbers N60 with depth at the location of the 

foundation. Depending on the field conditions, the following adjustments of 
N60 may be necessary: 

  For gravel or sandy gravel,

 N N60(a) ≈ 1 25 60.  (5.58)

   For fine sand or silty sand below the groundwater table and N60 > 15,

 N N60(a) ≈ + −15 0 5 1560. ( )  (5.59)

  where
  N60(a) = adjusted N60 value

 2. Determination of depth of stress influence z′
   In determining the depth of stress influence, the following three cases 

may arise: 

Case I. If N60 [or N60(a)] is approximately constant with depth,  calculate z′ 
from

 

′ = 





z

B

B

BR R

1 4
0 75

.
.

 
(5.60)

  where
  BR = reference width = 0.3 m
  B = width of the actual foundation (m)

Case II. If N60 [or N60(a)] is increasing with depth, use Equation 5.60 to cal-
culate z′.

Case III. If N60 [or N60(a)] is decreasing with depth, calculate z′ = 2B and 
z′ = distance from the bottom of the foundation to the bottom of the soft 
soil layer (=z′′). Use z′ = 2B or z′ = z′′ (whichever is smaller).
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 3. Determination of depth of influence correction factor α
   The correction factor α is given as (Note: H = depth of comparable soil 

layer)

 
α =

′
−

′
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2 1

 
(5.61)

 4. Calculation of elastic settlement
   The elastic settlement of the foundation Se can be calculated as
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(5.62)

  where
  L = length of the foundation
  pa = atmospheric pressure (≈100 kN/m2)
  N N60 60or (a) = average value of N60 or N60(a) in the depth of stress influence
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 (5.63)
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.
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For overconsolidated soill ( )q c> ′σ  

(5.64)

EXAMPLE 5.5

A shallow foundation measuring 1.75 m × 1.75 m is to be constructed over a layer 
of sand. Given: Df = 1 m; N60 is generally increasing with depth; N60 in the depth of 
stress influence = 10; q = 120 kN/m2. The sand is normally consolidated. Estimate 
the elastic settlement of the foundation. Use the Burland and Burbidge method.

Solution

From Equation 5.60,

 

′ = 





z
B

B
BR R

1 4
0 75

.
.
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the depth of stress influence is

 
′ = 





′ = 





≈z
B
B

z
R

1 4 1 4
1 75
0 3

0 3 1 58
0 75 0 75

. ( . )
.
.

( . ) .;
. .

m
 

From Equation 5.61, α = 1. From Equation 5.62 (note L/B = 1; pa ≈ 100 kN/m2),
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=

2 0 7
1 75
0 3

120
100

.
.

.

0.0118 m = 11.8 mm  

EXAMPLE 5.6

Solve the problem in Example 5.5 using Meyerhof’s method.

Solution

From Equation 5.50,

 
S C C

q
N

B
B

e W D=
+







2
0 360

2

.  

 CW = 1 

 
C

D
B

D
f= − 





= − ≈1
4

1
1

4 1 75
0 86

( )( . )
.

 

 
Se =

+






=( . )( )
( )( ) .

. .
0 86 1

2 120
10

1 75
1 75 0 3

2

15.04 mm
 

5.4.5 founDationS on gRanulaR Soil: uSe of StRain influenCe faCtoR

Referring to Figure 5.4, the equation for vertical strain εz below the center of a flex-
ible circular load of radius R can be given as

 
ε σ ν σ σθz

S
z r

E
= − +1

[ ( )]
 

(5.65)

After proper substitution for σz, σr, and σθ in the preceding equation, one obtains

 
ε ν νz

S

q

E
A B= + − ′ + ′

( )
[( ) ]

1
1 2

 
(5.66)

where
A′, B′ = nondimensional factors and functions of z/R
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The variations of A′ and B′ below the center of a loaded area as estimated by 
Ahlvin and Ulery2 are given in Table 5.11. From Equation 5.66, we can write

 
I

E

q
A Bz

z s= + − ′ + ′
ε ν ν( )[( ) ]1 1 2

 
(5.67)

Figure 5.14 shows plots of Iz versus z/R obtained from the experimental results of 
Eggestad19 along with the theoretical values calculated from Equation 5.67. Based on 
Figure 5.14, Schmertmann6 proposed a practical variation of Iz and z/B (B = founda-
tion width) for calculating the elastic settlement of foundation. This model was later 
modified by Schmertmann et al.,7 and the nature of which is shown in Figure 5.15.

From this figure, note that,

• For square or circular foundation:

 Iz = 0.1 at z = 0
 Iz(peak) at z = zp = 0.5B
 Iz = 0 at z = zo = 2B

• For foundation with L/B ≥ 10:

 Iz = 0.2 at z = 0
 Iz(peak) at z = zp = B
 Iz = 0 at z = zo = 4B

where L = length of foundation.

TABLE 5.11
Variations of A′ and B′ (Below the Center 
of a Flexible Loaded Area)

z/R A′ B′

0 1.0 0

0.2 0.804 0.189

0.4 0.629 0.320

0.6 0.486 0.378

0.8 0.375 0.381

1.0 0.293 0.354

1.5 0.168 0.256

2.0 0.106 0.179

2.5 0.072 0.128

3.0 0.051 0.095

4.0 0.030 0.057

5.0 0.019 0.038

6.0 0.014 0.027

7.0 0.010 0.020

8.0 0.008 0.015

9.0 0.006 0.012
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For L/B between 1 and 10, interpolation can be done. Also,

 

I
q q

q
z

z
( )

(

.

. .peak
peak)

 = + − ′







0 5 0 1

0 5

 

(5.68)

where
q = stress at the level of the foundation
q′ = γDf

qz(peak) = effective stress at a depth z = zp before the construction of the foundation

Salgado20 gave the following interpolation for Iz at z = 0, zp, and zo (for L/B = 1 to 
L/B ≥ 10)

 
I

L

B
z z( ) . . .at = = + 





≤0 0 1 0 0111 0 2
 

(5.69)

Equation 5.66; �eory

η = 0.4

η = 0.5

65% of failure load

0

1

2

3

4
0 0.2 0.4

Iz

0.6 0.8

z/
R

75% of failure load

Based on Schmertmann (6)

Test (17); Dr = 44%
Test (17); Dr = 85%

FIGURE 5.14 Comparison of experiment and theoretical variations of Iz below the center 
of a flexible circularly loaded area. Note: R = radius of circular area; Dr = relative density.
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z

B

L

B
p = + −





≤0 5 0 0555 1 1. .
 

(5.70)

 

z

B

L

B
o = + −





≤2 0 222 1 4.
 

(5.71)

Noting that stiffness is about 40% larger for plane strain compared to axisym-
metric loading, Schmertmann et al.7 recommended that,

 E qs c= 2 5. (for square and circular foundations)  (5.72)

and

 E qs c= 3 5. (for strip foundation)  (5.73)

Using the simplified strain influence factor, the elastic settlement can be calcu-
lated as

 
S c c q q

I

E
ze

z

s

= − ′




∑1 2( ) ∆

 
(5.74)

Iz

zp

zo

z

q

B

Df
γDf = q′

Iz(peak)

FIGURE 5.15 Variation of Iz versus z.
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where

 

c
q

q q
1 1 0 5= = − ′

− ′






a correction factor for depth of foundation .

cc2 1 0 2
0 1

= = +a correction factor for creep in soil
time in years

. log
.





  

q = stress at the level of the foundation

The use of Equation 5.74 can be explained by the following example.

EXAMPLE 5.7

Figure 5.16a shows a continuous foundation on sand. Given

B = 2 m q = 175 kN/m2

Df = 1 m γ = 17 kN/m3

Based on the results of cone penetration resistance tests, the variation of Es 
with depth is shown in Figure 5.16b (dashed line) via Equation 5.73. The actual Es 
variation has been approximated by several linear plots and shown as a solid line.

Estimate the elastic settlement. Assume the time for creep is 10 years.

Solution

At z = 0, Iz = 0.2
Iz(peak) is at z = zp = B = 2 m
Iz = 0 at z = zo = 4B = 8 m

 
I

q q
q

z
z

( )
(

.

. .peak
peak)

= + − ′





0 5 0 1

0 5

 

q = 175 kN/m2

q′ = γDf = (17)(1) = 17 kN/m2

qz(peak) = 17 × 2 = 34 kN/m2

 
Iz( )

.

. . .peak = + −





=0 5 0 1
175 17

34
0 716

0 5

 

Now Table 5.12 can be prepared.

 
c

q
q q

1 1 0 5 1 0 5
17
158

0 946= − ′
− ′







= − 





=. . .
 

 
c2 1 0 2

0 1
1 4= + 





=. log
.

.
10

 

 

S c c q q
I
E

ze
z

s
= − ′







= ×

=

∑ −
1 2

50 946 1 4 158 36 44 10

7

( ) ( . )( . )( )( . )∆

6625 3 10 5. .× ≈− m 76 25 mm  
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5.4.6 founDationS on gRanulaR Soil: uSe of L1–L2 methoD

Akbas and Kulhawy21 evaluated 167 load-displacement relationships obtained from 
field tests. Based on those tests, the general nature of the load (Q) versus settlement 
(Se) is shown in Figure 5.17. Tangents are drawn to the initial and final portions of 
the Q versus Se plot. In the figure, note that the load QL1 occurs at a settlement level 
of Se(L1) = 0.23B (%), and the load QL2 occurs at Se(L2) = 5.39B (%). It is also important 
to note that QL2 is the ultimate load (Qu) on the foundation. Also, the mean plot of Q 
versus Se can be expressed as

 

Q

Q

S B

S BL

e

e2 0 69 1 68
=

+
(%)

. ( %) .  
(5.75)

1 m
2 m

0

0 7000 14,000
Es (kN/m2)

Iz = 0.2
Layer 1

2

3

4

5

1

2

3

4

5

6

7

8

z (m)

(a) (b)

z

FIGURE 5.16 Determination of elastic settlement of a continuous foundation by strain 
influence factor method.
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In order to find Q for a given settlement level, one needs to know Qu. This can be 
done using Equation 2.91 given in Section 2.10. It was recommended by Akbas and 
Kulhawy21 that,

• For B > 1 m (from Equation 2.91 with c = 0),

 
Q Q BN qN AL u s d c q qs qd qc2

1
2

= = +





γ λ λ λ λ λ λγ γ γ γ

 
(5.76)

Initial linear
region

Se(L1) = 0.23B (%) Se(L2) = 5.39B (%) Se

Transition
region

QL2

Q

QL1

Final linear
region

FIGURE 5.17 General nature of Q versus Se plot.

TABLE 5.12
Elastic Settlement Calculations (Figure 5.16)

Layer 
No. Δz(m) Es(kN/m2)

z to the Middle 
of the Layer (m)

Iz at the Middle 
of the Layer I

E
z

s z( )∆  (m3/kN)

1 1 5,250 0.5 0.329 6.27 × 10−5

2 1 8,750 1.5 0.587 6.71 × 10−5

3 2 8,750 3.0 0.597 13.65 × 10−5

4 1 7,000 4.5 0.418 5.97 × 10−5

5 3 14,000 6.5 0.179 3.84 × 10−5

Σ36.44 × 10−5 m3/kN

Note: ∑8 m = 4B.
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  where
  A = area of the foundation

• For B ≤ 1 m,

 
Q N qN AL s d c q qs qd qc2

1
2

= +





γ λ λ λ λ λ λγ γ γ γ

 
(5.77)

EXAMPLE 5.8

For a square foundation supported by a sand layer, the following are given:

 Foundation: B = 1.5 m; Df = 1 m

 Sand: γ = 16.5 kN/m3; ϕ = 35°; Shear modulus G = 280 kN/m2

 Load on foundation: Q = 800 kN

Estimate:

 a. Se(L1)

 b. Se(L2)

 c. Settlement Se with application of load Q = 800 kN

Solution

Part a

 
S Be L( ) . (%)1 0 23= = × =(0.23)(1.5 1000)

100
3.45 mm

 

Part b

 
S Be L( ) . (%) .2 5 39 0 8= = × =(5.39)(1.5 1000)

100
8 5 mm

 

Part c
From Equation 5.76,

 
Q BN qNL s d c q qs qd qc( )2

1
2

= +





γ λ λ λ λ λ λγ γ γ γ

 

γ = 16.5 kN/m3; B = 1.5 m; q = γDf = (16.5)(1) = 16.5 kN/m2.

From Table 2.4 for ϕ = 35°(Vesic’s value), Nγ = 48.03. Also from Table 2.3 for 
ϕ = 35°, the value of Nq = 33.3. From Table 2.8,
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≈
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In order to calculate λqc and λγc, refer to Equation 2.92 (with c = 0),
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From Equation 2.93,
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So, Ir < Ir(cr). From Equation 2.94,
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Substituting the values of Q and QL2 in Equation 5.75,

 

800
1467 4 0 69 1 68

1 467
.

(%)

. % .
; . %= ( ) +

=S B
S

B

S
B

e

e

e/

 

 
Se = × ≈( . )

( . )
1 467

1 5 1000
100

22 m
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5.4.7  founDationS on gRanulaR Soil: Settlement 
CalCulation BaSeD on theoRy of elaStiCity

Figure 5.18 shows a schematic diagram of the elastic settlement profile for a flexible 
and rigid foundation. The shallow foundation measures B × L in plan and is located 
at a depth Df below the ground surface. A rock (or a rigid layer) is located at a depth 
H below the bottom of the foundation. Theoretically, if the foundation is perfectly 
flexible (Bowles22), the settlement may be expressed as

 
S q B

E
I Ie

s
s f= ′ ′

−
( )α ν1 2

 
(5.78)

where
q = net applied pressure on the foundation
ν = Poisson’s ratio of soil
Es = average modulus of elasticity of the soil under the foundation measured from 

z = 0 to about z = 4B
B′ = B/2 for center of foundation (=B for corner of foundation)
Is = shape factor (Steinbrenner23)

 
I F Fs = + −

−1 2
1 2
1

ν
ν  

(5.79)

Rigid
foundation
settlement

η = Poisson’s ratio
Es = Modulus of elasticity

Rock

Soil

Flexible
foundation
settlement

Foundation
B × L

q Df

H

z

FIGURE 5.18 Settlement profile for shallow flexible and rigid foundations.
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I f

D

B

L

B
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f= = 





depth factor Fox and24( ) , ,ν
 

(5.85)

α′ = a factor that depends on the location on the foundation where settlement is 
being calculated

To calculate settlement at the center of the foundation, we use

 ′ =α 4  (5.86)

 
′ =m

L

B  
(5.87)

and

 
′ =n

H

B/2  
(5.88)

To calculate settlement at a corner of the foundation,

 ′ =α 1  (5.89)

 
′ =m

L

B  
(5.90)

and

 
′ =n

H

B  
(5.91)
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The variations of F1 and F2 with m′ and n′ are given in Tables 5.13 and 5.14. Based 
on the work of Fox,24 the variations of depth factor If for ν = 0.3, 0.4, and 0.5 and L/B 
are given in Figure 5.19. Note that If is not a function of H/B.

Due to the nonhomogeneous nature of a soil deposit, the magnitude of Es may 
vary with depth. For that reason, Bowles22 recommended

 
E

E z

z
s

s i= ∑ ( )∆

 
(5.92)

where
Es(I) = soil modulus within the depth Δz
z  = H or 5B, whichever is smaller

Bowles22 also recommended that

 E Ns = +500 1560
2( ) kN/m  (5.93)

The elastic settlement of a rigid foundation can be estimated as

 
S Se e( ) .rigid (flexible, center)≈ 0 93

 (5.94)

EXAMPLE 5.9

A rigid shallow foundation 1 m × 2 m is shown in Figure 5.20. Calculate the elastic 
settlement of the foundation.

Solution

We are given that B = 1 m and L = 2 m. Note that z  = 5 m = 5B. From 
Equation 5.92,

 
E

E z
z

s
s i= = + + =∑ ( ) ( , )( ) ( , )( ) ( , )( )

,
∆ 10 000 2 8 000 1 12 000 2

5
10 400 kN/mm2

 

For the center of the foundation,

 ′ =α 4  
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L
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2
1
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B/ /2
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1 2

10
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From Tables 5.13 and 5.14, F1 = 0.641 and F2 = 0.031. From Equation 5.79,
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Again, Df/B = 1/1 = 1; L/B = 2; and ν = 0.3. From Figure 5.19a, If = 0.7. Hence,
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FIGURE 5.19 Variation of If with Df/B. (a) ν = 0.3. (b) ν = 0.4. (c) ν = 0.5. (Based on Fox, 
E. N. 1948. The mean elastic settlement of a uniformly loaded area at a depth below the 
ground surface. In Proceedings of the Second International Conference on Soil Mechanics 
and Foundation Engineering, Vol. 1, p. 129; Bowles, J. E. 1987. J. Geotech. Eng., ASCE, 
113(8): 846.)
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Since the foundation is rigid, from Equation 5.94, we obtain

 Se( ) ( . )( . ) .rigid = =0 93 17 5 16 3 mm  

5.4.8  analySiS of mayne anD pouloS BaSeD on the theoRy 
of elaStiCity founDationS on gRanulaR Soil

Mayne and Poulos25 presented an improved formula for calculating the elastic settle-
ment of foundations. The formula takes into account the rigidity of the foundation, 
the depth of embedment of the foundation, the increase in the modulus of elastic-
ity of the soil with depth, and the location of rigid layers at a limited depth. To use 
Mayne and Poulos’ equation, one needs to determine the equivalent diameter Be of 
a rectangular foundation, or

 
B

BL
e = 4

π  
(5.95)

where
B = width of foundation
L = length of foundation
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FIGURE 5.20 Elastic settlement below the center of a foundation.
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For circular foundations,

 B Be =  (5.96)

where
B = diameter of foundation

Figure 5.21 shows a foundation with an equivalent diameter Be located at a depth 
of Df below the ground surface. Let the thickness of the foundation be t and the 
modulus of elasticity of the foundation material Ef. A rigid layer is located at a depth 
H below the bottom of the foundation. The modulus of elasticity of the compressible 
soil layer can be given as

 E E kzs o= +  (5.97)

With the preceding parameters defined, the elastic settlement below the center of 
the foundation is
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IR = foundation rigidity correction factor
IE = foundation embedment correction factor

Es = Eo + kz

Es
Eo

Df

Be

Ef

H

q

t

Compressible
soil layer
Es, v

Rigid layer
Depth, z

FIGURE 5.21 Mayne and Poulos’ procedure for settlement calculation. (Adapted from  
Mayne, P. W. and H. G. Poulos. 1999. J. Geotech. Geoenviron. Eng., ASCE, 125(6): 453.)
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Figure 5.22 shows the variation of IG with β = Eo/kBe and H/Be. The foundation 
rigidity correction factor can be expressed as
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(5.99)

Similarly, the embedment correction factor is
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(5.100)

Figures 5.23 and 5.24 show the variation of IR with IE with the terms expressed in 
Equations 5.99 and 5.100.

It is the opinion of the author that, if an average value of N60 within a zone of 3B 
to 4B below the foundation is determined, it can be used to estimate an average value 
of Es and the magnitude of k can be assumed to be zero.
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FIGURE 5.22 Variation of IG with β.
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EXAMPLE 5.10

For a shallow foundation supported by silty clay, as shown in Figure 5.21, given:

Length L = 1.5 m
Width B = 1 m
Depth of foundation Df = 1 m
Thickness of foundation t = 0.23 m
Net load per unit area q = 190 kN/m2

Ef = 15 × 106 kN/m2

The silty clay soil has the following properties:

H = 2 m
ν = 0.3
Eo = 9000 kN/m2

k = 500 kN/m2

Estimate the elastic settlement of the foundation.

Solution

From Equation 5.95, the equivalent diameter is
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From Figure 5.22, for β = 13.04 and H/Be = 1.45, the value of IG ≈ 0.74. From 
Equation 5.99,
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From Equation 5.100,

 

I
B D

E
e f

= −
− +

= −

1
1

3 5 1 22 0 4 1 6

1
1

3 5 1 22 0 3

. exp( . . )[( ) . ]

. exp[( . )( . )

ν /

−− +
=

0 4 1 38 1 1 6
0 907

. )][( . ) . ]
.

/  

From Equation 5.98,
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So, with q = 190 kN/m2, it follows that

 
Se = − = ≈( )( . )( . )( . )( . )

( . )
190 1 38 0 74 0 787 0 907
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1 0 32 0.014 m 14 mm

 

5.4.9  elaStiC Settlement of founDationS on gRanulaR Soil: ConSiDeRing 
vaRiation of Soil moDuluS of elaStiCity with StRain

Berardi and Lancellotta26 proposed a method to estimate the elastic settlement that 
takes into account the variation of the modulus of elasticity of soil with the strain 
level. This method is also described by Berardi et al.27 According to this procedure,
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(5.101)

where
IF = influence factor for a rigid foundation

This is based on the work of Tsytovich.28 The variation of IF for ν = 0.15 is given 
in Table 5.15. In this table Hi is the depth of influence.

TABLE 5.15
Variation of IF

L/B

Depth of Influence Hi/B

0.5 1.0 1.5 2.0

1 0.35 0.56 0.63 0.69

2 0.39 0.65 0.76 0.88

3 0.4 0.67 0.81 0.96

5 0.41 0.68 0.84 0.89

10 0.42 0.71 0.89 1.06
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Berardi et al.27 noted that, for square foundations, Hi ≈ B; and, for strip founda-
tions, Hi ≈ 2B. For rectangular foundations,
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1 log

 
(5.102)

where
L = length of the foundation

[Note: Equation 5.102 is for L/B ≤ 10].
The modulus of elasticity Es in Equation 5.121 can be expressed as
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(5.103)

where
pa = atmospheric pressure (≈100 kN/m2)

′σo  and Δσ′ = effective overburden stress and net effective stress increase due 
to the foundation loading, respectively, at the center of the influence zone 
below the foundation

KE = nondimensional modulus number

Based on Lancellotta29 (also see Das and Sivakugan30), at 0.1% strain level 
(i.e., Se/B)

 
K D H BE r i, . . . ( )0 1 9 1 92 5% for= + =

 (5.104)

and

 
K D H BE r i, . . . ( )0 1 11 44 76 5 2% for= − =

 (5.105)

where Dr = relative density of sand (%)
It is important to note that, at Dr = 60%, Equations 5.104 and 5.105 will give 

values for KE,0.1% as 638.5 and 609.9, respectively. Similarly, at Dr = 80%, Equations 
5.104 and 5.105 will give values for KE,0.1% as 820.5 and 838.7, respectively. These 
values of KE,0.1% are relatively close. Most of the foundations are analyzed within a 
range of Dr = 60% to 80%. So, KE,0.1% values for the range of Hi = B and 2B can be 
reasonably interpolated.

The magnitude of Dr can be estimated as (Skempton31)
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where
(N1)60 = average corrected standard penetration resistance in the zone of influence

The modulus number KE, as any other strain level, can be estimated as (Berardi 
et al.27, and Das and Sivakugan30)
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It has been suggested by Lancellotta29 that
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where Es(0.1%) is the modulus of elasticity of sand when the vertical strain level 
εv = Se/B = 0.1%. The value of KE,0.1% determined from Equations 5.104 and 5.105 
can be substituted into Equation 5.103 for estimation of Es(0.1).

Again, from Equations 5.101 and 5.108,
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EXAMPLE 5.11

Consider a square foundation 2 m × 2 m in plan. Given

• Df = 0.5 m
• Load on the foundation = 150 kN/m2

• Unit weight of sand = 19 kN/m3

• (N1)60 = 28
• Poisson’s ratio, ν = 0.15

Estimate Se.

Solution

From Equation 5.106,
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For a square foundation, Hi = B. So the center of the influence zone will be 
1.5 m from the ground surface. Hence, from Equation 5.103

 ′ = =σo ( . )( )1 5 19 28.5 kN/m2
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For estimating Δσ′, we use Table 5.3. For this case,
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From Table 5.15 for L/B = 1 and Hi/B = 1, the value of IF = 0.56.
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From Equation 5.104,

 K DE r, . . . ( . )( . ) . .0 1 9 1 92 5 9 1 68 3 92 5 714 03% = + = + =  
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From Equation 5.109,
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5.4.10  effeCt of gRounD wateR taBle RiSe on 
elaStiC Settlement of gRanulaR Soil

Any future rise in the water table can reduce the ultimate bearing capacity. Similarly, 
future water table rise in the vicinity of the foundations in granular soil can reduce 
the soil stiffness and produce additional settlement. Terzaghi32 concluded that, when 
the water table rises from very deep to the foundation level, the settlement will be 
doubled in granular soils. Shahriar et  al.33 recently conducted several laboratory 
model tests and numerical modeling to show that the additional settlement produced 
by the rise of water table to any height can be expressed as
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(5.110)

where
Se = elastic settlement computed in dry soil
Aw = area of the strain-influence diagram submerged due to water table rise
At = total area of the strain-influence diagram
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EXAMPLE 5.12

Refer to Example 5.7. If the ground water table rises up to 4 m below the bottom of 
the foundation, what would be the additional elastic settlement of the foundation?

Solution

Refer to Figure 5.25. The strain influence diagram from Example 5.7 has been 
redrawn.
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Additional elastic settlement,

 
S

A
A

Se
w

t
e,

.

.
( . ) . additional = = 





=0 954
3 064

76 25 23 74 mm
 

5.5 PRIMARY CONSOLIDATION SETTLEMENT

5.5.1 geneRal pRinCipleS of ConSoliDation Settlement

As explained in Section 5.1, consolidation settlement is a time-dependent process 
that occurs due to the expulsion of excess pore water pressure in saturated clayey 
soils below the groundwater table and is created by the increase in stress created by 

0.2

2

4

8

z (m)

4 m

Iz

Iz = 0.716

Iz = 0.477

FIGURE 5.25 Strain influence factor with location of ground water table.
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the foundation load. For normally consolidated clay, the nature of the variation of 
the void ratio e with vertical effective stress σ′ is shown in Figure 5.26a. A similar 
plot for overconsolidated clay is also shown in Figure 5.26b. In this figure, the pre-
consolidation pressure is ′σc. The slope of the e versus log σ′ plot for the normally 
consolidated portion of the soil is referred to as compression index Cc, or
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Similarly, the slope of the e versus log σ′ plot for the overconsolidated portion of 
the clay is called the swell index Cs, or
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FIGURE 5.26 Nature of variation of void ratio with effective stress: (a) normally consoli-
dated clay and (b) overconsolidated clay.



248 Shallow Foundations

For normally consolidated clays, Terzaghi and Peck34 gave a correlation for the 
compression index as

 C LLc = −0 009 10. ( )  (5.113)

where
LL = liquid limit

The preceding relation is reliable in the range of ±30% and should not be used for 
clays with sensitivity ratios greater than four.

Terzaghi and Peck34 also gave a similar correlation for remolded clays

 C LLc = −0 007 10. ( )  (5.114)

Several other correlations for the compression index with the basic index proper-
ties of soils have been made, and some of these are given below35

 C wc N= 0 01. (for Chicago clays)  (5.115)

 C LLc = −0 0046 9. ( ) (for Brazilian clays)  (5.116)

 C ec o= + −1 21 1 055 1 87. . ( . ) (for Motley clays, Sao Paulo city)�
 (5.117)

 C ec o= +0 208 0 0083. . (for Chicago clays)  (5.118)

 C wc N= 0 0115. (Organic soils, )peats, organic silt, and clay  (5.119)

where
wN = natural moisture content in percent
eo = in situ void ratio

The swell index Cs for a given soil is about 1/4 to 1/5 Cc.

5.5.2 RelationShipS foR pRimaRy ConSoliDation Settlement CalCulation

Figure 5.27 shows a clay layer of thickness Hc. Let the initial void ratio before the 
construction of the foundation be eo, and let the average effective vertical stress on 
the clay layer be ′σo. The foundation located at a depth Df is subjected to a net average 
pressure increase of q. This will result in an increase in the vertical stress in the soil. 
If the vertical stress increase at any point below the center line of the foundation is 
Δσ, the average vertical stress increase Δσav in the clay layer can thus be given as
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The consolidation settlement Sc due to this average stress increase can be calcu-
lated as follows:
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(5.123)

where
Δe = change of void ratio due to primary consolidation

Equations 5.121 through 5.123 can be used in two ways to calculate the primary 
consolidation settlement. They are given below.

Clay layer
eo

Δσ

Δσt

Δσm

Δσb

Ground water table

Hc

H2

H1

Df
q

z

FIGURE 5.27 Primary consolidation settlement calculation.
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Method A

According to this method, ′σo  is the in situ average of effective stress (i.e., the effec-
tive stress at the middle of the clay layer). The magnitude of Δσav can be calculated 
as (Figure 5.27)

 
∆ ∆ ∆ ∆σ σ σ σav = + +1

6
4( )t m b

 
(5.124)

where
Δσt, Δσm, Δσb = increase in stress at the top, middle, and bottom of the clay layer, 

respectively

The stress increase can be calculated by using the principles given previously in 
this chapter.

The average stress increase Δσav from z = 0 to z = H below the center of a uni-
formly loaded flexible rectangular area (Figure 5.28) was obtained by (Griffiths36) 
using the integration method, or

 ∆σav av= qI  (5.125)

Depth, z

Stress increase, Δσ

ΔσΔσav

Section

Plan

H

L = 2a

B = 2b

z

FIGURE 5.28 Average stress increase Δσav.
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where
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a, b = half-length and half-width of the foundation

The variation of Iav is given in Figure 5.29 as a function of a/H and b/H. It is 
important to realize that Iav calculated by using this figure is for the case of average 
stress increase from z = 0 to z = H (Figure 5.28). For calculating the average stress 
increase in a clay layer as shown in Figure 5.30,
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FIGURE 5.29 Variation of Iav with a/H and b/H.
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Method B

In this method, a given clay layer can be divided into several thin layers having 
thicknesses of Hc(1), Hc(2), … , Hc(n) (Figure 5.31). The in situ effective stresses at the 

Hc

Hc(1)
σ′o(1)

σ′o(2)

σ′o(3)

σ′o(n) Δσn

Δσ3

Δσ2

Δσ1

Hc(2)

Hc(3)

Hc(n)

FIGURE 5.31 Consolidation settlement calculation using Method B.

Clay layer thickness, Hc = H1 – H2

Ground water table

Hc

H2

H1

q

z

FIGURE 5.30 Average stress increase in a clay layer.
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middle of each layer are ′ ′ … ′σ σ σo o o n( ) ( ) ( ), , ,1 2 . The average stress increase for each 
layer can be approximated to be equal to the vertical stress increase at the middle 
of each soil layer (i.e., Δσav(1) ≈ Δσ1, Δσav(2) ≈ Δσ2, … , Δσav(n) ≈ Δσn). Hence, the con-
solidation settlement of the entire layer can be calculated as
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(5.128)

EXAMPLE 5.13

Refer to Figure 5.32. Using Method A, determine the primary consolidation settle
ment of a foundation measuring 1.5 m × 3 m (B × L) in plan.

Solution

From Equation 5.121 and given: Cc = 0.27; Hc = 3 m; eo = 0.92, ′σo = (1 + 1.5)
(16.5) + (1.5)(17.8 − 9.81) + 3/2 (18.2 − 9.81) = 65.82 kN/m2
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γsat = 18.2 kN/m3

e0 = 0.92; Cc = 0.27

FIGURE 5.32 Consolidation settlement of a shallow foundation.
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From Figure 5.29, I Hav( )1  = 0.54. Similarly,
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From Figure 5.29, I Hav( )2  = 0.34.
From Equation 5.127,
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EXAMPLE 5.14

Solve Example 5.13 by Method B. (Note: Divide the clay layer into three layers, 
each 1 m thick.)

Solution

The following tables can now be prepared:

Calculation of Δσav

Layer 
No.

Layer 
Thickness 

Hi (m)

Depth to Middle of 
Layer from Bottom 

of Foundation, z (m) L/Ba z/B
∆σ(av)b

q Δσav
c

1 1 3.5 2 2.33 0.16 27.2

2 1 4.5 2 3.0 0.095 16.15

3 1 5.5 2 3.67 0.07 11.9

a B = 1.5 m; L = 3 m
b Table 5.3
c q = 170 kN/m2

Calculation of ′σo

Layer 
No.

Layer Thickness, 
Hi (m)

Depth to the Middle 
of Clay Layer (m) ′σo(kN/m2)

1 1 1.0 + 1.5 + 1.5 + 0.5 
= 4.5

(1 + 1.5)16.5 + (1.5)(17.8 − 9.81) + (0.5) 
(18.2 − 9.81) = 57.43

2 1 4.5 + 1 = 5.5 57.43 + (1)(18.2 − 9.81) = 65.82

3 1 5.5 + 1 = 6.5 65.82 + (1)(18.2 − 9.81) = 74.21
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5.5.3 thRee-DimenSional effeCt on pRimaRy ConSoliDation Settlement

The procedure described in the preceding section is for one-dimensional consoli-
dation and will provide a good estimation for a field case where the width of the 
foundation is large relative to the thickness of the compressible stratum Hc, and also 
when the compressible material lies between two stiffer soil layers. This is because 
the magnitude of horizontal strains is relatively less in the above cases.

In order to account for the 3D effect, Skempton and Bjerrum37 proposed a correc-
tion to the 1D consolidation settlement for normally consolidated clays. This can be 
explained by referring to Figure 5.33, which shows a circularly loaded area (diame-
ter = B) on a layer of normally consolidated clay of thickness Hc. Let the stress increase 
at a depth z under the center line of the loaded area be Δσ1 (vertical) and Δσ3 (lateral). 
The increase in pore water pressure due to the increase in stress Δu can be given as

 ∆ ∆ ∆ ∆u A= + −σ σ σ3 1 3( )  (5.129)

where
A = pore water pressure parameter

Normally consolidated clay

Rigid layer

Δσ1

Δσ3

Δσ3

Diameter = B

z

Hc

FIGURE 5.33 3D effect on primary consolidation settlement (circular foundation of 
 diameter B).



256 Shallow Foundations

The consolidation settlement dSc of an elemental soil layer of thickness dz is
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where
mv = volume coefficient of compressibility
Δe = change in void ratio
eo = initial void ratio

Hence,
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For conventional 1D consolidation (Section 5.5.1),
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(5.132)

From Equations 5.131 and 5.132, the correction factor can be expressed as
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where
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The variation of μc(NC) with A and Hc/B is shown in Figure 5.34.
In a similar manner, we can derive an expression for a uniformly loaded strip 

foundation of width B supported by a normally consolidated clay layer (Figure 5.35). 
Let Δσ1, Δσ2, and Δσ3 be the increases in stress at a depth z below the center line of 
the foundation. For this condition, it can be shown that
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In a similar manner as Equation 5.131,
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where
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FIGURE 5.34 Variation of μc(NC) with A and Hc/B (Equation 5.133).
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Thus,
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where
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The plot of μs(NC) with A for varying values of Hc/B is shown in Figure 5.36.
Leonards38 considered the correction factor μc(OC) for 3D consolidation effect in 

the field for a circular foundation located over overconsolidated clay. Referring to 
Figure 5.37,

 S Sc c c= µ ( ) ( )OC oed  (5.140)

where
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(5.141)
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FIGURE 5.35 3D effect on primary consolidation settlement (continuous foundation of 
width B).
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OCR = ′

′
σ
σ

c

o  
(5.142)

′σc = preconsolidation pressure
′σo = present effective consolidation pressure

The interpolated values of μc(OC) from the work of Leonards38 are given in 
Table 5.16.
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FIGURE 5.36 Variation of μc(NC) with A and Hc/B (Equation 5.138).

Overconsolidated clay
Preconsolidation pressure = σ′c

Diameter = B
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FIGURE 5.37 3D effect on primary consolidation settlement of overconsolidated clays (cir-
cular foundation).
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EXAMPLE 5.15

Refer to Example 5.13. Assume that the pore water pressure parameter A for the 
clay is 0.6. Considering the 3D effect, estimate the consolidation settlement.

Solution

Note that Equation 5.133 and Figure 5.34 are valid for only an axisymmetrical 
case; however, an approximate procedure can be adopted. Refer to Figure 5.38. 
If we assume that the load from the foundation spreads out along planes having 
slopes of 2V:1H, then the dimensions of the loaded area on the top of the clay 
layer are

 
′ = + =B 1 5

1
2

3. ( ) 3 m
 

 
′ = + =L 3

1
2

3( ) 4.5 m
 

The diameter of an equivalent circular area Beq can be given as

 

π
4

2B B Leq = ′ ′
 

TABLE 5.16
Variation of μc(OC) with OCR and B/Hc

OCR

μc(OC)

B/Hc = 4.0 B/Hc = 1.0 B/Hc = 0.2

1 1 1 1

2 0.986 0.957 0.929

3 0.972 0.914 0.842

4 0.964 0.871 0.771

5 0.950 0.829 0.707

6 0.943 0.800 0.643

7 0.929 0.757 0.586

8 0.914 0.729 0.529

9 0.900 0.700 0.493

10 0.886 0.671 0.457

11 0.871 0.643 0.429

12 0.864 0.629 0.414

13 0.857 0.614 0.400

14 0.850 0.607 0.386

15 0.843 0.600 0.371

16 0.843 0.600 0.357
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or
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From Figure 5.34, for A = 0.6 and Hc/B = 0.723, the magnitude of μc(NC) 
≈ 0.76. So,

 S Sc c c= = =( ) ( ) ( )( . ) .oed NCµ 57 0 76 43 3 mm  

5.6 SECONDARY CONSOLIDATION SETTLEMENT

5.6.1 SeConDaRy CompReSSion inDex

Secondary consolidation follows the primary consolidation process and takes place 
under essentially constant effective stress as shown in Figure 5.39. The slope of the 
void ratio versus log-of-time plot is equal to Cα, or

 
C

e

t t
α = =secondary compression index

/
∆

log( )2 1  
(5.143)

The magnitude of the secondary compression index can vary widely, and some 
general ranges are as follows:

• Overconsolidated clays (OCR > 2–3)—>0.001
• Organic soils—0.025 or more
• Normally consolidated clays—0.004−0.025

Plan
1.5 m × 3 m

B′ = 3 m; L′ = 4.5 m

Hc = 3 m Clay layer

3 m

1 m

2V:1H 2V:1H

FIGURE 5.38 2V: 1H load distribution under the foundation.
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5.6.2 SeConDaRy ConSoliDation Settlement

The secondary consolidation settlement Ss can be calculated as
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(5.144)

where
ep = void ratio at the end of primary consolidation
t2, t1 = time

In a majority of cases, secondary consolidation is small compared to primary 
consolidation settlement. It can, however, be substantial for highly plastic clays and 
organic soils.

EXAMPLE 5.16

Refer to Example 5.13. Assume that the primary consolidation settlement is com
pleted in 3 years. Also, let Cα = 0.006. Estimate the secondary consolidation settle
ment at the end of 10 years.

Solution

From Equation 5.144,
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FIGURE 5.39 Secondary consolidation settlement.



263Settlement and Allowable Bearing Capacity

Given: Hc = 3 m, Cα = 0.006, t2 = 10 years, and t1 = 3 years. From Equation 5.111,
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o p=
−
′ ′log( )σ σ2 1/  

From Example 5.13, ′σ1 = 65.82 kN/m2, ′σ2 = 65.82 + 23.8 = 89.62 kN/m2, 
Cc = 0.27, eo = 0.92. So,
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5.7 DIFFERENTIAL SETTLEMENT

5.7.1 geneRal ConCept of DiffeRential Settlement

In most instances, 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 various parts of a building can lead to damage of the super-
structure. Hence, it is important to define certain parameters to quantify differential 
settlement and develop limiting values for these parameters for desired safe perfor-
mance of structures. Burland and Worth39 summarized the important parameters 
relating to differential settlement. Figure 5.40 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′, and at B it is BB′, … Based on this figure the definitions of the various 
parameters follow:

ST = total settlement of a given point
ΔST = difference between total settlement between any two parts
α = gradient between two successive points
β = angular distortion = ΔST(ij)/lij (Note: lij = distance between points i and j)
ω = tilt
Δ = relative deflection (i.e., movement from a straight line joining two refer-

ence points)
Δ/L = deflection ratio

Since the 1950s, attempts have been made by various researchers and building 
codes to recommend allowable values for the above parameters. A summary of some 
of these recommendations is given in the following section.
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5.7.2 limiting value of DiffeRential Settlement paRameteRS

In 1956, Skempton and MacDonald40 proposed the following limiting values for 
maximum settlement, maximum differential settlement, and maximum angular dis-
tortion to be used for building purposes:

Maximum settlement ST(max)

In sand—32 mm
In clay—45 mm

Maximum differential settlement ΔST(max)

Isolated foundations in sand—51 mm
Isolated foundations in clay—76 mm
Raft in sand—51–76 mm
Raft in clay—76–127 mm

Maximum angular distortion βmax—1/300

Based on experience, Polshin and Tokar41 provided the allowable deflection ratios 
for buildings as a function of L/H (L = length; H = height of building), which are as 
follows:

B
A

A ′

B ′

βmax

αmax

ST(max) ΔST(max)

C

ω

C ′

D

D ′

E

E ′

L

lAB

FIGURE 5.40 Definition of parameters for differential settlement.
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Δ/L = 0.0003 for L/H ≤ 2
Δ/L = 0.001 for L/H = 8

The 1955 Soviet Code of Practice gives the following allowable values:

Bjerrum42 recommended the following limiting angular distortions (βmax) 
for  various structures:

Grant et al.43 correlated ST(max) and βmax for several buildings with the following 
results:

Using the above correlations, if the maximum allowable value of βmax is known, 
the magnitude of the allowable ST(max) can be calculated.

The European Committee for Standardization provided values for limiting values 
for serviceability limit states44 and the maximum accepted foundation movements,45 
and these are given in Table 5.17.

Soil Type Foundation Type Correlation

Clay Isolated shallow foundation ST(max) (mm) = 30,000 βmax

Clay Raft ST(max) (mm) = 35,000 βmax

Sand Isolated shallow foundation ST(max) (mm) = 15,000 βmax

Sand Raft ST(max) (mm) = 18,000 βmax

Building Type L/H Δ/L

Multistory buildings and civil dwellings ≤3 0.0003 (for sand)

0.0004 (for clay)

≥5 0.0005 (for sand)

0.0007 (for clay)

One-story mills 0.001 (for sand and clay)

Category of Potential Damage βmax

Safe limit for flexible brick wall (L/H > 4) 1/150

Danger of structural damage to most buildings 1/150

Cracking of panel and brick walls 1/150

Visible tilting of high rigid buildings 1/250

First cracking of panel walls 1/300

Safe limit for no cracking of building 1/500

Danger to frames with diagonals 1/600
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6 Dynamic Bearing 
Capacity and Settlement

6.1 INTRODUCTION

Depending on the type of superstructure and type of loading, a shallow founda-
tion may be subjected to dynamic loading. The dynamic loading may be of various 
types, such as (a) monotonic loading with varying velocities, (b) earthquake load-
ing, (c) cyclic loading, and (d) transient loading. The ultimate bearing capacity and 
 settlement of shallow foundations subjected to dynamic loading are the topics of 
discussion of this chapter.

6.2  EFFECT OF LOAD VELOCITY ON 
ULTIMATE BEARING CAPACITY

The static ultimate bearing capacity of shallow foundations was discussed in Chapters 
2 through 4. Vesic et al.1 conducted laboratory model tests to study the effect of the 
velocity of loading on the ultimate bearing capacity. These tests were conducted on 
a rigid rough circular model foundation having a diameter of 101.6 mm. The model 
foundation was placed on the surface of a dense sand layer. The velocity of loading 
to cause failure varied from about 25 × 10−5 to 250 mm/s. The tests were conducted 
in dry and submerged sand. From Equation 2.90, for a surface foundation in sand 
subjected to vertical loading,

 
q BNu s= 1

2
γ λγ γ

 

or

 
N

q

B
s

u
γ γλ

γ
=

( / )1 2  
(6.1)

where
qu = ultimate bearing capacity
γ = effective unit weight of sand
B = diameter of foundation
Nγ = bearing capacity factor
λγs = shape factor
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The variation of Nγ λγs with the velocity of loading obtained in the study of Vesic et 
al.1 is shown in Figure 6.1. It can be seen from this figure that, when the loading veloc-
ity is between 25 × 10−3 and 25 × 10−2 mm/s, the ultimate bearing capacity reaches a 
minimum value. Vesic2 suggested that the minimum value of qu in granular soil can 
be obtained by using a soil friction angle of ϕdy instead of ϕ in the bearing capacity 
equation (Equation 2.90), which is conventionally obtained from laboratory tests, or

 
φ φdy = − °2

 
(6.2)

The above relationship is consistent with the findings of Whitman and Healy.3 The 
increase in the ultimate bearing capacity when the loading velocity is very high is due 
to the fact that the soil particles in the failure zone do not always follow the path of least 
resistance, resulting in high shear strength of soil and thus ultimate bearing capacity.

Unlike in the case of sand, the undrained shear strength of saturated clay increases 
with the increase in the strain rate of loading. An excellent example can be obtained 
from the unconsolidated undrained triaxial tests conducted by Carroll4 on buckshot clay. 
The tests were conducted with a chamber confining pressure ≈ 96 kN/m2, and the mois-
ture contents of the specimens were 33.5 ± 0.2%. A summary of the test results follows:
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γλ

γs
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100
25 × 10–4 25 × 10–3 25 × 10–2

Loading velocity (mm/s)

Submerged
sand

Dry
sand

Dry
sand

25 × 10–1 25

FIGURE 6.1 Variation of Nγλγs with loading velocity. (After Vesic, A. S., D. C. Banks, 
and J. M. Woodward. 1965. Proceedings, Sixth Int. Conf. Soil Mech. Found. Eng., Vol. 2, 
Montreal, Canada, p. 209.)

Strain Rate 
(%/s)

Undrained Cohesion cu 
(kN/m2)

0.033 79.5

4.76 88.6

14.4 104

53.6 116.4

128 122.2

314 and 426 125.5
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From the above data, it can be seen that cu(dynamic)/cu(static) may be about 1.5. For a 
given foundation, the strain rate �ε  can be approximated as (Figure 6.2)

 
�ε = 





1
2∆
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t

S

B
e

 
(6.3)

where
t = time
Se = settlement

So, if the undrained cohesion cu (ϕ = 0 condition) for a given soil at a given strain 
rate is known, this value can be used in Equation 2.90 to calculate the ultimate bear-
ing capacity.

6.3  ULTIMATE BEARING CAPACITY UNDER 
EARTHQUAKE LOADING

At this time, there are only a limited number of studies available in the literature 
relating to the bearing capacity of shallow foundations under earthquake loading. 
A summary of these studies will be presented in the following subsections.

6.3.1 BeaRing CapaCity theoRy of RiChaRDS, elmS, anD BuDhu

Richards et al.5 proposed a bearing capacity theory for a continuous foundation sup-
ported by granular soil under earthquake loading. This theory assumes a simplified 
failure surface in soil at ultimate load. Figure 6.3a shows this failure surface under 
static conditions based on Coulomb’s active and passive pressure wedges. Note that, 

2B

B

ΔSe

FIGURE 6.2 Strain rate definition under a foundation.
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in zone I, αA is the angle that Coulomb’s active wedge makes with the horizontal at 
failure
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(6.4)

Similarly, in zone II, αP is the angle that Coulomb’s passive wedge makes with 
the horizontal at failure, or
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(6.5)

where
ϕ = soil friction angle
δ = wall friction angle (BC in Figure 6.3a)

Considering a unit length of the foundation, Figure 6.3b shows the equilibrium 
analysis of wedges I and II. In this figure, the following notations are used:

PA = Coulomb’s active pressure
PP = Coulomb’s passive pressure

Df
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qu

qu

q = γDf

q = γDf

γ
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δ
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FIGURE 6.3 Bearing capacity of a continuous foundation on sand—static condition: 
(a) failure surface under static condition; (b) equilibrium analysis of wedges I and II.



273Dynamic Bearing Capacity and Settlement

RA = resultant of shear and normal forces along AC
RP = resultant of shear and normal forces along CD
WI, WII = weight of wedges ABC and BCD, respectively

Now, if ϕ ≠ 0, γ = 0, and q ≠ 0, then

 q qu u= ′  

and

 P PA Pcos cosδ δ=  (6.6)

However,

 P q K HA u Acos δ = ′  (6.7)

where
 H BC=
KA = horizontal component of Coulomb’s active earth pressure coefficient, or

 

KA =

+ +









cos

cos
sin sin

cos

2

2

1

φ

δ φ δ φ
δ

( )

 

(6.8)

Similarly,

 P qK HP Pcos δ =  (6.9)

where
KP = horizontal component of Coulomb’s passive earth pressure coefficient, or

 

KP =

− −









cos

cos
sin sin

cos

2

2

1

φ

δ φ δ φ
δ

( )

 

(6.10)

Combining Equations 6.6, 6.7, and 6.9,

 
′ = =q q

K

K
qNu

P

A
q

 
(6.11)

where
Nq = bearing capacity factor
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Again, if ϕ ≠ 0, γ ≠ 0, and q = 0, then q qu u= ′′

 
P q HK H KA u A Acos δ γ= ′′ + 1

2
2

 
(6.12)

Also,

 
P H KP Pcos δ γ= 1

2
2

 
(6.13)

Equating the right-hand sides of Equations 6.12 and 6.13,

 
′′ + =q HK H K H Ku A A P

1
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1
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2 2γ γ
 

 
′′ = −





q H K K
HK

u P A
A

1
2

12γ ( )
 

or

 
′′ = −





q H
K

K
u

P

A

1
2

1γ
 

(6.14)

However,

 H B A= tan α  (6.15)

Combining Equations 6.14 and 6.15,

 
′′ = −





=q B
K

K
BNu A

P

A

1
2

1
1
2

γ α γ γtan
 

(6.16)

where

 
N

K

K
A

P

A
γ α= = −





bearing capacity factor tan 1
 

(6.17)

If ϕ ≠ 0, γ ≠ 0, and q ≠ 0, using the superposition, we can write

 
q q q qN BNu u u q= ′ + ′′ = + 1

2
γ γ

 
(6.18)
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Richards et al.5 suggested that, in calculating the bearing capacity factors Nq and 
Nγ (which are functions of ϕ and δ), we may assume δ = ϕ/2. With this assumption, 
the variations of Nq and Nγ are given in Table 6.1.

It can also be shown that, for the ϕ = 0 condition, if Coulomb’s wedge analysis is 
performed, it will give a value of 6 for the bearing capacity factor Nc. For brevity, 
we can assume

 
N Nc q= −( )1 cot φ

 (6.19)

Using Equation 6.19 and the Nq values given in Table 6.1, the Nc values can be cal-
culated, and these values are also shown in Table 6.1. Figure 6.4 shows the variations 
of the bearing capacity factors with soil friction angle ϕ. Thus, the ultimate bearing 
capacity qu for a continuous foundation supported by a c–ϕ soil can be given as

 
q cN qN BNu c q= + + 1

2
γ γ

 
(6.20)

The ultimate bearing capacity of a continuous foundation under earthquake load-
ing can be evaluated in a manner similar to that for the static condition shown above. 
Figure 6.5 shows the wedge analysis for this condition for a foundation supported 
by granular soil. In Figure 6.5a, note that αAE and αPE are, respectively, the angles 
that the Coulomb’s failure wedges would make for active and passive conditions, or

 

α α
α δ θ α α
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+ + + −
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(6.21)

and

 

α α
α δ θ α α

δ θ αPE = − +
+ + − +

+ + +
−tan
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1

( )[ ( ) ]

( )( ccot α)











  

(6.22)

TABLE 6.1
Variation of Nq, Nγ, and Nc (Assumption: δ = ϕ/2)

Soil Friction Angle 
ϕ (deg) δ (deg) Nq Nγ Nc

0 0 1 0 6

10 5 2.37 1.38 7.77

20 10 5.9 6.06 13.46

30 15 16.51 23.76 26.86

40 20 59.04 111.9 58.43
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where

 α φ θ= −  (6.23)

 
θ =

−
−tan 1

1
k

k
h

v  
(6.24)

kh = horizontal coefficient of acceleration
kv = vertical coefficient of acceleration
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FIGURE 6.4 Variation of Nc, Nq, and Nγ with soil friction angle ϕ.
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Figure 6.5b shows the equilibrium analysis of wedges I and II as shown in Figure 
6.5a. As in the static analysis (similar to Equation 6.18),

 
q qN BNuE qE E= + 1

2
γ γ

 
(6.25)

where
quE = ultimate bearing capacity
NqE, NγE = bearing capacity factors

Similar to Equations 6.11 and 6.17,
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(6.26)

 
N

K

K
E AE

PE

AE
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tan 1
 

(6.27)

where
KAE, KPE = horizontal coefficients of active and passive earth pressure (under 

earthquake conditions), respectively, or
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FIGURE 6.5 Bearing capacity of a continuous foundation on sand—earthquake condition: 
(a) failure surface in soil; (b) equilibrium analysis of wedges I and II.
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and

 

KPE = −
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(6.29)

Using δ = ϕ/2 as before, the variations of KAE and KPE for various values of θ can 
be calculated. They can then be used to calculate the bearing capacity factors NqE 
and NγE. Again, for a continuous foundation supported by a c–ϕ soil,

 
q cN qN BNuE cE qE E= + + 1

2
γ γ

 
(6.30)

where
NcE = bearing capacity factor

The magnitude of NcE can be approximated as

 
N NcE qE≈ −( )1 cotφ

 (6.31)

Figures 6.6 through 6.8 show the variations of NγE/Nγ, NqE/Nq, and NcE/Nc. These 
plots in combination with those given in Figure 6.4 can be used to estimate the 
 ultimate bearing capacity of a continuous foundation quE.

EXAMPLE 6.1

Consider a shallow continuous foundation. Given: B = 1.5 m; Df = 1 m; 
γ = 17 kN/m3; ϕ = 25°; c = 30 kN/m2; kh = 0.25; kv = 0. Estimate the ultimate bear
ing capacity quE.

Solution

From Equation 6.30,

 
q cN qN BNuE cE qE E= + + 1

2
γ γ

 

For ϕ = 25°, from Figure 6.4, Nc ≈ 20, Nq ≈ 10, and Nγ ≈ 14. From Figures 6.6 
through 6.8, for tan θ = kh/(1–kv) = 0.25/(1–0) = 0.25,

 

N
N

NcE

c
cE= = =0 44 0 44 20 8 8. ; ( . )( ) .
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FIGURE 6.6 Variation of NγE/Nγ with tan θ and ϕ. (After Richards, R. Jr., D. G. Elms, and 
M. Budhu. 1993. J. Geotech. Eng., 119(4): 622.)
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FIGURE 6.7 Variation of NqE/Nq with tan θ and ϕ. (After Richards, R. Jr., D. G. Elms, and 
M. Budhu. 1993. J. Geotech. Eng., 119(4): 622.)
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So,

 
quE = + × + =( )( . ) ( )( . ) ( )( . )( . )30 8 8 1 17 3 8

1
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17 1 5 1 82 351.8 kN m2/
 

6.3.2  Settlement of founDation on gRanulaR 
Soil Due to eaRthquake loaDing

Bearing capacity settlement of a foundation (supported by granular soil) during an 
earthquake takes place only when the critical acceleration ratio kh/(1 – kv) reaches a 
certain critical value. Thus, if kv ≈ 0, then
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FIGURE 6.8 Variation of NcE/Nc with tan θ and ϕ. (After Richards, R. Jr., D. G. Elms, and 
M. Budhu. 1993. J. Geotech. Eng., 119(4): 622.)
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The critical value kh
∗ is a function of the factor of safety FS taken over the ultimate 

static bearing capacity, embedment ratio Df/B, and the soil friction angle ϕ. Richards 
et al.5 developed this relationship, and it is shown in a graphical form in Figure 6.9. 
According to Richards et al.,5 the settlement of a foundation during an earthquake 
can be given as

 

S
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Ag

k

A
e

h
AE=

∗ −

0 174
2 4

. tan α
 

(6.33)

where
Se = settlement
V = peak velocity of the design earthquake
A = peak acceleration coefficient of the design earthquake
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FIGURE 6.9 Critical acceleration kh
* for incipient foundation settlement. (a) ϕ = 10°. 

(b) ϕ = 20°. (c) ϕ = 30°. (d) ϕ = 40°. (After Richards, R. Jr., D. G. Elms, and M. Budhu. 1993. 
J. Geotech. Eng., 119(4): 622.)
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The variations of tan αAE with kh and ϕ are given in Figure 6.10.

EXAMPLE 6.2

Consider a shallow foundation on granular soil with B = 1.5 m; Df = 1 m; 
γ = 16.5 kN/m3; ϕ = 35°. If the allowable bearing capacity is 304 kN/m2, A = 0.32, 
and V = 0.35 m/s, determine the settlement the foundation may undergo.

Solution

From Equation 6.18,

 
q qN BNu q= + 1

2
γ γ

 

From Figure 6.4 for ϕ = 35°, Nq ≈ 30; Nγ ≈ 42. So,

 
qu = × + ≈( . )( ) ( . )( . )( ) /1 16 5 30

1
2

16 5 1 5 42 1015 2kN m
 

Given qall = 340 kN/m2,

 
FS

q
q

u= = =
all

1015
340

2 98.
 

From Figure 6.9 for FS = 2.98 and Df /B = 1/1.5 = 0.67, the magnitude of kh
∗ is 

about 0.28. From Equation 6.33,
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FIGURE 6.10 Variation of tan αAE with kh and ϕ. (After Richards, R. Jr., D. G. Elms, and 
M. Budhu. 1993. Seismic bearing capacity and settlement of foundations. J. Geotech. Eng., 
119(4): 622.)
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From Figure 6.10 for ϕ = 35° and kh
∗ = 0.28, tan αAE ≈ 0.95. So,
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6.3.3 Solution of BuDhu anD al-kaRni

Budhu and al-Karni6 used the failure surface in soil as shown in Figure 6.11 to 
 determine the ultimate bearing capacity of a shallow foundation quE. Note that, in 
this figure, AB�  and EF�  are arcs of logarithmic spirals. According to this solution,

 
q cN qN BNuE c cs cd ce q qs qd qe s d e= + +λ λ λ λ λ λ γ λ λ λγ γ γ γ

1
2  

(6.34)

where
c = cohesion
Nc, Nq, Nγ = static bearing capacity factors (see Tables 2.3 and 2.4)
λcs, λqs, λγs = static shape factors (see Table 2.8)
λcd, λqd, λγd = static depth factors (see Table 2.8)
λce, λqe, λγe = seismic factors

The relationships for the seismic factors can be given as follows:
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where kh and kv = horizontal and vertical acceleration coefficients, respectively,

 
D

c

H
=

γ  
(6.38)
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EXAMPLE 6.3

Consider a foundation measuring 1 m × 1.5 m supported by a soil with γ = 18 kN/
m3, c = 36 kN/m2, ϕ = 27°. Given Df = 1 m. Assume kv = 0.25 and kh = 0 and esti
mate the ultimate bearing capacity quE. Use Equation 6.34, Vesic’s bearing capac
ity factors, DeBeer’s shape factors, and Hansen’s depth factors.

Solution

Equation 6.34

 
q cN qN BNuE c cs cd ce q qs qd qe s d e= + +λ λ λ λ λ λ γ λ λ λγ γ γ γ

1
2  

c = 36 kN/m2; ϕ = 27° (Tables 2.3 and 2.4); Nc = 23.94; Nq = 13.2; Nγ = 14.47
From Table 2.8,
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Again, from Table 2.8,
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From Equations 6.38 and 6.39,
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Hence,

 

quE = + ×( )( . )( . )( . )( . ) ( )( . )( . )( .36 23 94 1 368 1 259 0 642 18 1 13 2 1 34 1 3304 0 366

1
2

18 1 14 47 0 733 1 0 182
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.
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= 228 2kN/m /≈ 1122 kN m2

 

6.3.4 Solution By ChouDhuRy anD SuBBa Rao

Choudhury and Subba Rao7 assumed a similar failure surface in soil as shown in 
Figure 6.11 and, using limit equilibrium method by the pseudo-static approach, 
expressed the ultimate bearing capacity quE for a strip foundation as

 
q cN qN BNuE cE qE E= + + 1

2
γ γ

 
(6.40)
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FIGURE 6.11 Failure surface under a strip foundation as assumed by Budhu and al-Karni.6 
(Note: Df = depth of foundation.)
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The variations of NcE, NqE, and NγE with kh and ϕ with kv = 0 are shown in Figure 6.12. 
The depth and shape factors can be incorporated in Equation 6.40 to estimate quE for 
rectangular foundations, or

 
q cN qN BNuE cE cs cd qE qs qd s d= + +λ λ λ λ γ λ λγ γ γ

1
2  

(6.41)
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(a) NcE versus kh; (b) NqE versus kh; (c) NγE versus kh.
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where
λcs, λqs, λγs = static shape factors (see Table 2.8)
λcd, λqd, λγd = static depth factors (see Table 2.8)

EXAMPLE 6.4

Solve Example 6.3 using Equation 6.41.

Solution

Given: ϕ = 27° and kh = 0.25. Thus, from Figure 6.12, NcE ≈ 8, NqE ≈ 5, and NγE ≈ 3. 
From Example 6.3, λcs = 1.368, λqs = 1.34, λγs = 0.733, λcd = 1.259, λqd = 1.304, 
and λγd = 1. Hence,

 

q cN qN BNuE cE cs cd qE qs qd s d= + +

=

λ λ λ λ γ λ λγ γ γ
1
2

36 8 1 368 1 25( )( )( . )( . 99 18 1 5 1 34 1 304

1
2

18 1 3 0 733 1

) ( )( )( . )( . )

( )( )( )( . )( )

+ ×

+

≈ 673 kN m2/  

Note: The ultimate bearing capacity of 673 kN/m2 is approximately 67% of that 
estimated in Example 6.3. The difference is due to the contribution of cohesion. 
If c would have been zero, quE in Examples 6.3 and 6.4 would have been about 
169 and 177 kN/m2, respectively. The results of field tests are not available yet to 
verify the results.

6.4  CONTINUOUS FOUNDATION AT THE EDGE OF A 
GRANULAR SLOPE SUBJECTED TO EARTHQUAKE LOADING

Yamamoto8 analyzed the ultimate bearing capacity of a continuous foundation 
located at the edge of a slope made of granular material (Figure 6.13). The granu-
lar slope shown in the figure makes an angle β with the horizontal. The width and 
embedment depth of the foundation are, respectively, B and Df. The analysis was 

B

Sand
γ
ϕ

quE

Df

β

FIGURE 6.13 Continuous foundation at the edge of a granular slope.
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conducted by using the upper-bound method of limit analysis. According to this 
analysis with cohesion c = 0 and vertical coefficient of acceleration kv = 0, the ulti-
mate bearing capacity can be expressed as

 
q BNuE qE= 1

2
γ γ

 
(6.42)

where
NγqE = bearing capacity factor

The factor NγqE is a function of soil friction angle ϕ, β, Df/B, and kh. Figure 6.14 
shows the results of the analysis for Df/B = 0 and ϕ = 30° and 40°. Similarly, Figure 
6.15 is for the case of Df/B = 1.
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FIGURE 6.14 Variation of NγqE with β and kh—Equation 6.42: (a) Df /B = 0 and ϕ = 30° and 
(b) Df /B = 0 and ϕ = 40°. (After Yamamoto, K. 2010. Int. J. Geotech. Eng., 4(2): 255.)
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6.5  FOUNDATION SETTLEMENT DUE TO 
CYCLIC LOADING: GRANULAR SOIL

Raymond and Komos9 reported laboratory model test results on surface continuous 
foundations (Df = 0) supported by granular soil and subjected to a low-frequency 
(1 cps) cyclic loading of the type shown in Figure 6.16. In this figure, σd is the 
amplitude of the intensity of the cyclic load. The laboratory tests were conducted for 
foundation widths (B) of 75 and 228 mm. The unit weight of sand was 16.97 kN/m3. 
Since the settlement of the foundation Se after the first cycle of load application was 
primarily due to the placement of the foundation rather than the foundation behavior, 
it was taken to be zero (i.e., Se = 0 after the first cycle load application). Figures 6.17 
and 6.18 show the variation of Se (after the first cycle) with the number of load cycles, 
N, and σd/qu (qu = ultimate static bearing capacity). Note that (a) for a given number 
of load cycles, the settlement increased with the increase in σd/qu and (b) for a given 
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FIGURE 6.16 Cyclic load on a foundation.
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σd/qu, Se increased with N. These load-settlement curves can be approximated by the 
relation (for N = 2–105)

 

S
a

N
b

e =
−1

log  

(6.43)

where

 
a B

q
d

u

= − + +






0 15125 0 0000693 6 091 18. . .. σ

 
(6.44)

 
b B

q
d

u

= − + −






0 153579 0 0000363 23 10 821. . .. σ

 
(6.45)

In Equations 6.44 and 6.45, B is in mm and σd/qu is in percent.
Figures 6.19 and 6.20 show the contours of the variation of Se with σd and N for 

B = 75 and 228 mm. Studies of this type are useful in designing railroad ties.

6.5.1 Settlement of maChine founDationS

Machine foundations subjected to sinusoidal vertical vibration (Figure 6.21) may 
undergo permanent settlement Se. In Figure 6.21, the weight of the machine and the 
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FIGURE 6.18 Variation of Se (after first load cycle) with σd/qu and N—B = 228 mm. (From 
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FIGURE 6.19 Contours of variation of Se with σd and N—B = 75 mm. (From Raymond, 
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foundation is W and the diameter of the foundation is B. The impressed cyclic force 
Q is given by the relationship

 Q Q to= sin ω  (6.46)

where
Qo = amplitude of the force
ω = angular velocity
t = time

Many investigators believe that the peak acceleration is the primary control-
ling parameter for the settlement. Depending on the degree of compaction of the 
granular soil, the solid particles come to an equilibrium condition for a given peak 
acceleration resulting in a settlement Se(max) as shown in Figure 6.22. This threshold 
 acceleration must be attained before additional settlement can take place.

Q = Qo sin ωt

Weight = W

Diameter = B
Sand

FIGURE 6.21 Sinusoidal vertical vibration of machine foundation.
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FIGURE 6.22 Settlement Se with time due to cyclic load application.
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Brumund and Leonards10 evaluated the settlement of circular foundations sub-
jected to vertical sinusoidal loading by laboratory model tests. For this study, the 
model foundation had a diameter of 101.6 mm, and 20−30 Ottawa sand compacted 
at a relative density of 70% was used. Based on their study, it appears that energy per 
cycle of vibration can be used to determine Se(max). Figure 6.23 shows the variation of 
Se(max) versus peak acceleration for weights of foundation, W = 217, 327, and 436 N. The 
frequency of vibration was kept constant at 20 Hz for all tests. For a given value of W, it 
is obvious that the magnitude of Se increases linearly with the peak acceleration level.

The maximum energy transmitted to the foundation per cycle of vibration can 
be theorized as follows. Figure 6.24 shows the schematic diagram of a lumped- 
parameter one-degree-of-freedom vibrating system for the machine foundation. 
The soil supporting the foundation has been taken to be equivalent to a spring and a 
dashpot. Let the spring constant be equal to k and the viscous damping constant of 
the dashpot be c. The spring constant k and the viscous damping constant c can be 
given by the following relationships (for further details, see any soil dynamics text, 
e.g., Das11):

 
k

GB

s

=
−
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(6.47)
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FIGURE 6.23 Variation of Se(max) with peak acceleration and weight of foundation. (From 
Brumund, W. F. and G. A. Leonards. 1972. J. Soil Mech. Found. Eng. Div., 98(1): 27.)
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(6.48)

where
G = shear modulus of the soil
νs = Poisson’s ratio of the soil
B = diameter of the foundation
γ = unit weight of soil
g = acceleration due to gravity

The vertical motion of the foundation can be expressed as

 z Z t= +cos ( )ω α  (6.49)

where
Z = amplitude of the steady-state vibration of the foundation
α = phase angle by which the motion lags the impressed force

The dynamic force transmitted by the foundation can be given as

 
F kz c

dz

dt
dynamic = +

 
(6.50)

Substituting Equation 6.49 into 6.50, we obtain

 
F kZ t c Z tdynamic cos sin= + − +( ) ( )ω α ω ω α

 

Let kZ = A cos β and cωZ = A sin β. So,

Q = Qo sin ωt

W

Spring
constant = k

Dashpot viscous
damping = c

FIGURE 6.24 Lumped-parameter one-degree-of-freedom vibrating system.
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F A t A tdynamic cos cos sin sin= + − +β ω α β ω α( ) ( )

 

or

 
F A tdynamic cos= + +( )ω α β

 (6.51)

where

 

A F

A A

= =

= +

magnitude of maximum dynamic force

cos

dynamic(max)

( ) (β 2 ssin β ω) ( )2 2 2= +Z k c
 

(6.52)

The energy transmitted to the soil per cycle of vibration Etr is

 
E Fdz F Zavtr = =∫  (6.53)

where
F = total contact force on soil
Fav = average contact force on the soil

However,

 
F F Fav = +1

2
( )max min

 
(6.54)

 
F W Fmax dynamics(max)= +

 (6.55)

 
F W Fmax dynamics(max)= −

 (6.56)

Combining Equations 6.54 through 6.56,

 F Wav =  (6.57)

Hence, from Equations 6.53 and 6.57,

 E WZtr =  (6.58)

Figure 6.25 shows the experimental results of Brumund and Leonards,7 which 
is a plot of Se(max) versus Etr . The data include (a) a frequency range of 14–59.3 Hz, 
(b) a range of W varying from 0.27qu to 0.55qu, (qu = static beaning capacity), and 
(c) the maximum downward dynamic force of 0.3W to 1.0W. The results show that 
Se(max) increases linearly with Etr . Figure 6.26 shows a plot of the experimental results 
of Se(max) against peak acceleration for different ranges of Etr . This clearly demon-
strates that, if the value of the transmitted energy is constant, the magnitude of Se(max) 
remains constant irrespective of the level of peak acceleration.
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6.6  FOUNDATION SETTLEMENT DUE TO CYCLIC 
LOADING IN SATURATED CLAY

Das and Shin12 provided small-scale model test results for the settlement of a contin-
uous surface foundation (Df = 0) supported by saturated clay and subjected to cyclic 
loading. For these tests, the width of the model foundation B was 76.2 mm, and the 
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FIGURE 6.25 Plot of Se(max) versus Etr . (From Brumund, W. F. and G. A. Leonards. 1972. 
J. Soil Mech. Found. Eng. Div., 98(1): 27.)
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average undrained shear strength of the clay was 11.9 kN/m2. The load to the founda-
tion was applied in two stages (Figure 6.27):

Stage I. Application of a static load per unit area of qs = qu/FS (where qu = ulti-
mate bearing capacity; FS = factor of safety) as shown in Figure 6.27a.

Stage II. Application of a cyclic load, the intensity of which has an amplitude 
of σd as shown in Figure 6.27b.

The frequency of the cyclic load was 1 Hz. Figure 6.27c shows the variation 
of the total load intensity on the foundation. Typical experimental plots obtained 
from these laboratory tests are shown by the dashed lines in Figure 6.28 (FS = 3.33; 
σd/qu = 4.38%, 9.38%, and 18.75%). It is important to note that Se in this figure refers 
to the settlement obtained due to cyclic load only (i.e., after application of stage 
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FIGURE 6.27 Load application sequence to observe foundation settlement in saturated clay 
due to cyclic loading based on laboratory model tests of Das and Shin: (a) variation of qs with 
time; (b) variation of σd with time; (c) variation of qs + σd with time. (From Das, B. M. and E. 
C. Shin. 1996. Geotech. Geol. Eng., 14: 213.)
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II load; Figure 6.27b). The general nature of these plots is shown in Figure 6.29. 
They consist of approximately three linear segments, and they are

 1. An initial rapid settlement Se(r) (branch Oa).
 2. A secondary settlement at a slower rate Se(s) (branch ab). The settlement 

practically ceases after application of N = Ncr cycles of load.
 3. For N > Ncr cycles of loading, the settlement of the foundation due to cyclic 

load practically ceases (branch bc).

The linear approximations of Se with number of load cycles N are shown in 
Figure 6.28 (solid lines). Hence, the total settlement of the foundation is

 S S Se e r e s( ) ( ) ( )max = +  (6.59)

0
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)

6
Ncr
Laboratory tests

σd/qu = 4.38%
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FS = qu/qs = 3.33
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FIGURE 6.28 Typical plots of Se/B versus N for FS = 3.33 and σd/qu = 4.38%, 9.38%, and 
18.75%. (From Das, B. M. and E. C. Shin. 1996. Geotech. Geol. Eng., 14: 213.)
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FIGURE 6.29 General nature of plot of Se versus N for given values of FS and σd/qu.
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The tests of Das and Shin12 had a range of FS = 3.33–6.67 and σd/qu = 4.38%–18.75%. 
Based on these test results, the following general conclusions were drawn:

 1. The initial rapid settlement is completed within the first 10 cycles of loading
 2. The magnitude of Ncr varied between 15,000 and 20,000 cycles. This is 

independent of FS and σd/qu

 3. For a given FS, the magnitude of Se increased with an increase of σd/qu

 4. For a given σd/qu, the magnitude of Se increased with a decrease in FS

Figure 6.30 shows a plot of Se(max)/Se(u) versus σd/qu for various values of FS. Note 
that Se(u) is the settlement of the foundation corresponding to the static ultimate bear-
ing capacity. Similarly, Figure 6.31 is the plot of Se(r)/Se(max) versus σd/qu for various 
values of FS. From these plots, it can be seen that
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and for any FS and σd/qu (Figure 6.31), the limiting value of Se(r) may be about 
0.8 Se(max).
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FIGURE 6.30 Results of laboratory model tests of Das and Shin—plot of Se(max)/Se(u) versus 
σd/qu. (From Das, B. M. and E. C. Shin. 1996. Geotech. Geol. Eng., 14: 213.)
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6.7 SETTLEMENT DUE TO TRANSIENT LOAD ON FOUNDATION

A limited number of test results are available in the literature that relate to the 
evaluation of settlement of shallow foundations (supported by sand and clay) 
 subjected to transient loading. The findings of these tests are discussed in this 
section.

Cunny and Sloan13 conducted several model tests on square surface founda-
tions (Df = 0) to observe the settlement when the foundations were subjected to 
transient loading. The nature of variation of the transient load with time used for 
this study is shown in Figure 6.32. Tables 6.2 and 6.3 show the results of these 
tests conducted in sand and clay, respectively. Other details of the tests are as 
follows:

For all tests, the settlement of the model foundation was measured at three 
 corners by linear potentiometers. Based on the results of these tests, the following 
 general conclusions can be drawn:
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FIGURE 6.31 Results of laboratory model tests of Das and Shin—plot of Se(r)/Se(max) versus 
σd/qu. (From Das, B. M. and E. C. Shin. 1996. Geotech. Geol. Eng., 14: 213.)

Tests in Sand (Table 6.2)

Dry unit weight γ = 16.26 kN/m3

Relative density of compaction = 96%

Triaxial angle of friction = 32°

Tests in Clay (Table 6.3)

Compacted moist unit weight = 14.79–15.47 kN/m3

Moisture content = 22.5 ± 1.7%

Angle of friction (undrained triaxial test) = 4°

Cohesion (undrained triaxial test) = 115 kN/m2
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 1. The settlement of the foundation under transient loading is generally 
uniform.

 2. Failure in soil below the foundation may be in punching mode.
 3. Settlement under transient loading may be substantially less than that 

observed under static loading. As an example, for test 4 in Table 6.2, the 
settlement at ultimate load Qu (static bearing capacity test) was about 
66.55 mm. However, when subjected to a transient load with Qd(max) = 1.35 

TABLE 6.2
Load-Settlement Relationship of Square Surface Model Foundation on Sand 
due to Transient Loading

Parameter Test 1 Test 2 Test 3 Test 4

Width of model foundation B (mm) 152 203 203 229

Ultimate static load-carrying capacity Qu (kN) 3.42 8.1 8.1 11.52

Qd(max) (kN) 3.56 13.97 10.12 15.57

′Qd (kN) 3.56 12.45 9.67 14.46

Qd(max)/Qu 1.04 1.73 1.25 1.35

tr (ms) 18 8 90 11

tdw (ms) 122 420 280 0

tde (ms) 110 255 290 350

Se (Pot. 1) (mm) 7.11 — 21.08 10.16

Se (Pot. 2) (mm) 1.27 — 23.62 10.67

Se (Pot. 3) (mm) 2.79 — 24.13 10.16

Average Se (mm) 3.73 — 22.94 10.34

Source: Cunny, R. W. and R. C. Sloan. 1961. Spec. Tech. Pub. 305, ASTM, p. 65.
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FIGURE 6.32 Nature of transient load in the laboratory tests of Cunny and Sloan. 
(From Cunny, R. W. and R. C. Sloan. 1961. Spec. Tech. Pub. 305, ASTM, p. 65.)
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Qu, the observed settlement was about 10.4 mm. Similarly, for test 2 in 
Table 6.3, the settlement at ultimate load was about 51 mm. Under transient 
load with Qd(max) = 1.26 Qu, the observed settlement was only about 18 mm.

Jackson and Hadala14 reported several laboratory model test results on square 
surface foundations with width B varying from 114 to 203 mm that were supported 
by saturated buckshot clay. For these tests, the nature of the transient load applied to 
the foundation is shown in Figure 6.33. The rise time tr varied from 2 to 16 ms and 
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FIGURE 6.33 Nature of transient load in the laboratory tests of Jackson and Hadala. 
(From Jackson, J. G. Jr. and P. F. Hadala. 1964. Dynamic bearing capacity of soils. Report 
3: The Application Similitude to Small-Scale Footing Tests. US Army Corps of Engineers, 
Waterways Experiment Station, Vicksburg, Mississippi.)

TABLE 6.3
Load–Settlement Relationship of Square Surface Model Foundation on Clay 
due to Transient Loading

Parameter Test 1 Test 2 Test 3 Test 4

Width of model foundation B (mm) 114 114 114 127

Ultimate static load-carrying capacity Qu (kN) 10.94 10.94 10.94 13.52

Qd(max)(kN) 12.68 13.79 15.39 15.92

′Qd (kN) 10.12 12.54 13.21 13.12

Qd(max)/Qu 1.16 1.26 1.41 1.18

tr (ms) 9 9 10 9

tdw (ms) 170 0 0 0

tde (ms) 350 380 365 360

Se (Pot. 1) (mm) 12.7 16.76 43.18 14.73

Se (Pot. 2) (mm) 12.7 18.29 42.67 13.97

Se (Pot. 3) (mm) 12.19 17.78 43.18 13.97

Average Se (mm) 12.52 17.60 43.00 14.22

Source: Cunny, R. W. and R. C. Sloan. 1961. Spec. Tech. Pub. 305, ASTM, p. 65.
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the decay time from 240 to 425 ms. Based on these tests, it was shown that there is 
a unique relationship between Qd(max)/(B2cu) and Se/B. This relationship can be found 
in the following manner:

 1. From the plate load test (square plate, B × B) in the field, determine the 
relationship between load Q and Se/B.

 2. Plot a graph of Q/B2cu versus Se/B as shown by the dashed line in 
Figure 6.34.

 3. Since the strain-rate factor in clays is about 1.5 (see Section 6.2), determine 
1.5 Q/B2cu and develop a plot of 1.5 Q/B2cu versus Se/B as shown by the 
solid line in Figure 6.34. This will be the relationship between Qd(max)/(B2cu) 
versus Se/B.
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7 Shallow Foundations 
on Reinforced Soil

7.1 INTRODUCTION

Reinforced soil, or mechanically stabilized soil, is a construction material that con-
sists of soil that has been strengthened by tensile elements such as metallic strips, 
geotextiles, or geogrids. In the 1960s, the French Road Research Laboratory con-
ducted extensive research to evaluate the beneficial effects of using reinforced soil as 
a construction material. Results of the early work were well documented by Vidal.1 
During the last 40 years, many retaining walls and embankments were constructed 
all over the world using reinforced soil and they have performed very well.

The beneficial effects of soil reinforcement derive from (a) the soil’s increased 
tensile strength and (b) the shear resistance developed from the friction at the 
soil-reinforcement interfaces. This is comparable to the reinforcement of concrete 
structures. At this time, the design of reinforced earth is done with free-draining 
granular soil only. Thus, one avoids the effect of pore water pressure development 
in cohesive soil, which in turn controls the cohesive bond at the soil-reinforcement 
interfaces.

Since the mid-1970s, a number of studies have been conducted to evaluate the 
possibility of constructing shallow foundations on reinforced soil to increase their 
load-bearing capacity and reduce settlement. In these studies, metallic strips and 
geogrids were used primarily as reinforcing material in granular soil. The findings 
of these studies are summarized in the following sections.

7.2  FOUNDATIONS ON METALLIC-STRIP-REINFORCED 
GRANULAR SOIL

7.2.1 metalliC StRipS

The metallic strips used for reinforcing granular soil for foundation construction are 
usually thin galvanized steel strips. These strips are laid in several layers under the 
foundation. For any given layer, the strips are laid at a given center-to-center spac-
ing. The galvanized steel strips are subject to corrosion at the rate of about 0.025–
0.05 mm/year. Hence, depending on the projected service life of a given structure, 
allowances must be made during the design process for the rate of corrosion.

7.2.2 failuRe moDe

Binquet and Lee2,3 conducted several laboratory tests and proposed a theory for 
designing a continuous foundation on sand reinforced with metallic strips. Figure 7.1 
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defines the general parameters in this design procedure. In Figure 7.1, the width of 
the continuous foundation is B. The first layer of reinforcement is placed at a distance 
u measured from the bottom of the foundation. The distance between each layer of 
reinforcement is h. It was experimentally shown2,3 that the most beneficial effect of 
reinforced earth is obtained when u/B is less than about two-thirds B and the number 
of layers of reinforcement N is greater than four but no more than six to seven. If the 
length of the ties (i.e., reinforcement strips) is sufficiently long, failure occurs when 
the upper ties break. This phenomenon is shown in Figure 7.2.

Figure 7.3 shows an idealized condition for the development of a failure surface 
in reinforced earth that consists of two zones. Zone I is immediately below the foun-
dation, which settles with the foundation during the application of load. In zone 
II, the soil is pushed outward and upward. Points A1, A2, A3, …, and B1, B2, B3, …, 
which define the limits of zones I and II, are points at which maximum shear stress 
τmax occurs in the xz plane. The distance x = x′ of the points measured from the 
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FIGURE 7.1 Foundation on metallic-strip-reinforced granular soil.
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FIGURE 7.2 Failure in reinforced earth by tie break (u/B < 2/3 and N ≥ 4).
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center line of the foundation where maximum shear stress occurs is a function of z/B. 
This is shown in a nondimensional form in Figure 7.4.

7.2.3 foRCeS in ReinfoRCement tieS

In order to obtain the forces in the reinforcement ties, Binquet and Lee3 made the 
following assumptions:

 1. Under the application of bearing pressure by the foundation, the reinforcing 
ties at points A1, A2, A3, …, and B1, B2, B3, … (Figure 7.3) take the shape 
shown in Figure 7.5a; that is, the tie takes two right angle turns on each side 
of zone I around two frictionless rollers.

 2. For N reinforcing layers, the ratio of the load per unit area on the foundation 
supported by reinforced earth qR to the load per unit area on the foundation 
supported by unreinforced earth qo is constant, irrespective of the settle-
ment level Se (see Figure 7.5b). Binquet and Lee2 proved this relation by 
laboratory experimental results.

With the above assumptions, it can be seen that
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FIGURE 7.3 Failure surface in reinforced soil at ultimate load.
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where
T = tie force per unit length of the foundation at a depth z (kN/m)
N = number of reinforcement layers
qo = load per unit area of the foundation on unreinforced soil for a foundation 

settlement level of S Se e= ′

qR = load per unit area of the foundation on reinforced soil for a foundation 
 settlement level of S Se e= ′

α, β = parameters that are functions of z/B

The variations of α and β with z/B are shown in Figures 7.6 and 7.7, respectively.

7.2.4 faCtoR of Safety againSt tie BReaking anD tie pullout

In designing a foundation, it is essential to determine if the reinforcement ties will 
fail either by breaking or by pullout. Let the width of a single tie (at right angles to 
the cross section shown in Figure 7.1) be w and its thickness t. If the number of ties 
per unit length of the foundation placed at any depth z is equal to n, then the factor 
of safety against the possibility of tie break FSB is
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wtnf

T

tf

T
B

y y= =
( )LDR

 
(7.2)
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FIGURE 7.4 Variation of x′/B with z/B.
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FIGURE 7.5 Assumptions to calculate the force in reinforcement ties: (a) shape of reinforc-
ing strip under bearing pressure; (b) nature of variation of qR/qo at various settlement levels.
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FIGURE 7.6 Variation of α with z/B.
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where
fy = yield or breaking strength of tie material

 LDR linear density ratio= = wn  (7.3)

Figure 7.8 shows a layer of reinforcement located at a depth z. The frictional resis-
tance against tie pullout at that depth can be calculated as

 

F wn dx wn X x z Dp f

x x

x X

= + − +












=

=

∫2 tan ( )( )φ σ γµ ′
′  

(7.4)

where
ϕμ = soil–tie interface friction angle
σ = effective normal stress at a depth z due to the uniform load per unit area qR 

on the foundation
X = distance at which σ = 0.1qR

Df = depth of the foundation
γ = unit weight of soil

Note that the second term in the right-hand side of Equation 7.4 is due to the fact 
that frictional resistance is derived from the tops and bottoms of the ties. Thus, from 
Equation 7.4,

 

F Bq
q

q
X x z Dp o

R

o
f=







+ − +








2 tan ( ) ( )( )φ δ γµ LDR ′

 

(7.5)

0.4

0.3

0.2

β

0.1 0 1 2
z/B

3 4

FIGURE 7.7 Variation of β with z/B.
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The term δ is a function of z/B and is shown in Figure 7.9. Figure 7.10 shows a plot 
of X/B versus z/B. Hence, at any given depth z, the factor of safety against tie pullout 
FSP can be given as
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(7.6)
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FIGURE 7.8 Frictional resistance against tie pullout.
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FIGURE 7.9 Variation of δ with z/B.
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7.2.5 DeSign pRoCeDuRe foR a ContinuouS founDation

Following is a step-by-step procedure for designing a continuous foundation on 
granular soil reinforced with metallic strips:

Step 1. Establish the following parameters:
A. Foundation:

Net load per unit length Q
Depth Df

Factor of safety FS against bearing capacity failure on unreinforced soil
Allowable settlement Se

B. Soil:
Unit weight γ
Friction angle ϕ
Modulus of elasticity Es

Poisson’s ratio νs

C. Reinforcement ties:
Width w
Soil–tie friction angle ϕμ
Factor of safety against tie pullout FSP

Factor of safety against tie break FSB

5

4

3

X/
B

2

1

0
0 1 2

z/B
3 4

FIGURE 7.10 Variation of X/B with z/B.



313Shallow Foundations on Reinforced Soil

Step 2. Assume values of B, u, h, and number of reinforcement layers N. Note 
the depth of reinforcement d from the bottom of the foundation

 d u N h B= + − ≤( )1 2  (7.7)

Step 3. Assume a value of LDR = wn
Step 4. Determine the allowable bearing capacity q′all on unreinforced sand, or

 
q

q

FS

qN BN

FS
u q′all ≈ =

+ ( / )1 2 γ γ

 
(7.8)

where
qu = ultimate bearing capacity on unreinforced soil
q = γDf

Nq, Nγ = bearing capacity factors (Table 2.3)

Step 5. Determine the allowable bearing capacity q″all based on allowable set-
tlement as follows:
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The variation of I with L/B (L = length of foundation) is given in Table 7.1.
Step 6. The smaller of the two allowable bearing capacities (i.e., q′all or q″all) is 

equal to qo.

TABLE 7.1
Variation of I with L/B

L/B I

1 0.886

2 1.21

3 1.409

4 1.552

5 1.663

6 1.754

7 1.831

8 1.898

9 1.957

10 2.010
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Step 7. Calculate qR (load per unit area of the foundation on reinforced soil) as

 
q

Q

B
R =

 
(7.10)

Step 8. Calculate T for all layers of reinforcement using Equation 7.1.
Step 9. Calculate the magnitude of FP/T for each layer to see if FP/T ≥ FSP. 

If FP/T < FSP, the length of the reinforcing strips may have to be increased 
by substituting X′ (>X) in Equation 7.5 so that FP/T is equal to FSP.

Step 10. Use Equation 7.2 to obtain the thickness of the reinforcement strips.
Step 11. If the design is unsatisfactory, repeat steps 2 through 10.

EXAMPLE 7.1

Design a continuous foundation with the following:

Foundation:
Net load to be carried Q = 1.5 MN/m
Df = 1.2 m
Factor of safety against bearing capacity failure in unreinforced soil 

Fs = 3.5
Tolerable settlement Se = 25 mm

Soil:
Unit weight γ = 16.5 kN/m3

Friction angle ϕ = 36°
Es = 3.4 × 104 kN/m2

ν = 0.3
Reinforcement ties:

Width w = 70 mm
ϕμ = 25°
FSB = 3
FSP = 2
fy = 2.5 × 105 kN/m2

Solution

Let B = 1.2 m, u = 0.5 m, h = 0.5 m, N = 4, and LDR = 60%. With LDR = 60%,
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/mn

w
= = =0 6

0 07
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From Equation 7.8,
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From Table 2.3 for ϕ = 36°, the magnitudes of Nq and Nγ are 37.75 and 44.43, 
respectively. So,
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From Equation 7.9,
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Now the tie forces can be calculated using Equation 7.1
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The magnitudes of FP/T for each layer are calculated in the following table. 
From Equations 7.5 and 7.6,
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1 z (m) z/B αB − βh T (kN/m)

1 227.7 0.5 0.47 0.285 64.89

2 227.7 1.0 0.83 0.300 68.31

3 227.7 1.5 1.25 0.325 74.00

4 227.7 2.0 1.67 0.330 75.14

Note: B = 1.2 m; α from Figure 7.6; β from Figure 7.7; and h = 0.5 m.

Parameter

Layer

1 2 3 4

2 tan ( )
( )

φµ LDR
m/kN

T
0.0086 0.0082 0.0076 0.0075

z/B 0.47 0.83 1.25 1.67

δ 0.12 0.14 0.15 0.16

δBq
q

q
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R
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(Continued )
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The minimum factor of safety FSP required is two. In all layers except layer 1, 
FP/T is greater than two. So, we need to find a new value of x = X′ so that FP/T is 
equal to two. So, for layer 1,
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Tie thickness t:
From Equation 7.2,
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The following table can now be prepared:

A tie thickness of 1.6 mm will be sufficient for all layers. Figure 7.11 shows a 
diagram of the foundation with the ties.

7.3   FOUNDATIONS ON GEOGRID-REINFORCED GRANULAR SOIL

7.3.1 geogRiDS

A geogrid is defined as a polymeric (i.e., geosynthetic) material consisting of con-
nected parallel sets of tensile ribs with apertures of sufficient size to allow the 

Layer No. T (kN/m) t (mm)

1 64.89 ≈1.3

2 68.31 ≈1.4

3 74.00 ≈1.5

4 75.14 ≈1.503

Parameter

Layer

1 2 3 4

X/B 1.4 2.3 3.2 3.6

X(m) 1.68 2.76 3.84 4.32

x′/B 0.7 0.8 1.0 1.3

x′(m) 0.84 0.96 1.2 1.56

γ(X − x′)(z + Df)(kN/m) 23.56 65.34 117.6 145.7

FP/T 1.75 2.26 2.6 2.89
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strike-through of surrounding soil, stone, or other geotechnical material. The primary 
function of geogrids is reinforcement. Reinforcement refers to the mechanism(s) by 
which the engineering properties of the composite soil/aggregate can be mechani-
cally improved.

Geogrids are high-modulus polymer materials, such as polypropylene and 
 polyethylene, and are prepared by tensile drawing. Netlon Ltd. of the United 
Kingdom was the first producer of geogrids. In 1982, the Tensar Corporation, pres-
ently Tensar International Corporation, introduced geogrids into the United States.

Geogrids generally are of two types: (a) uniaxial and (b) biaxial. Figure 7.12a 
and b shows these two types of geogrids. Commercially available geogrids may be 
categorized by manufacturing process, principally: extruded, woven, and welded. 
Extruded geogrids are formed using a thick sheet of polyethylene or polypropylene 
that is punched and drawn to create apertures and to enhance engineering proper-
ties of the resulting ribs and nodes. Woven geogrids are manufactured by grouping 
polymeric—usually polyester and polypropylene—and weaving them into a mesh 
pattern that is then coated with a polymeric lacquer. Welded geogrids are manu-
factured by fusing junctions of polymeric strips. Extruded geogrids have shown 
good performance when compared to other types for pavement reinforcement 
applications.

The commercial geogrids currently available for soil reinforcement have nomi-
nal rib thicknesses of about 0.6–1.5 mm and junctions of about 2.5–5 mm. The 
grids used for soil reinforcement usually have openings or apertures that are 
rectangular or elliptical. The dimensions of the apertures vary from about 25 to 
150 mm. Geogrids are manufactured so that the open area of the grids are greater 
than 50% of the total area. They develop reinforcing strength at low strain levels, 
such as 2%.

More recently, geogrids with triangular apertures (Figure 7.12c) were introduced 
for construction purposes. Geogrids with triangular apertures are manufactured 
from a punched polypropylene sheet, which is then oriented in three substantially 
equilateral directions so that the resulting ribs shall have a high degree of molecular 
orientation.

Sand
1.2 m

1.2 m

0.5 m
2X = 5.42 m

2X = 5.52 m

2X = 7.68 m

2X = 8.64 m

0.5 m

0.5 m

0.5 m

FIGURE 7.11 Length of reinforcement under the foundation.
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(a)

(b)

(c)

FIGURE 7.12 Extruded geogrids: (a) uniaxial; (b) biaxial; and (c) triaxial.
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7.3.2 geneRal paRameteRS

Since the mid-1980s, a number of laboratory model studies have been reported 
 relating to the evaluation of the ultimate and allowable bearing capacities of shallow 
foundations supported by soil reinforced with multiple layers of geogrids. The results 
obtained so far seem promising. The general parameters of the problem are defined 
in this section.

Figure 7.13 shows the general parameters of a rectangular surface foundation on 
a soil layer reinforced with several layers of geogrids. The size of the foundation 

B 

d 

u 

h 

h 

h 

h 
N 

N–1 

3 

2 

1 
Geogrid layer 

b 

b 

l L 

B 

Section 

Plan 

FIGURE 7.13 Geometric parameters of a rectangular foundation supported by geogrid-
reinforced soil.
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is B × L (width × length) and the size of the geogrid layers is b × l (width × length). 
The first layer of geogrid is located at a depth u below the foundation, and the vertical 
distance between consecutive layers of geogrids is h. The total depth of reinforce-
ment d can be given as

 d u N h= + −( )1  (7.11)

where
N = number of reinforcement layers

The beneficial effects of reinforcement to increase the bearing capacity can be 
expressed in terms of a nondimensional parameter called the bearing capacity ratio 
(BCR). The BCR can be expressed with respect to the ultimate bearing capacity 
or the allowable bearing capacity (at a given settlement level of the foundation). 
Figure 7.14 shows the general nature of the load–settlement curve of a foundation 
both with and without geogrid reinforcement. Based on this concept, the BCR can 
be defined as
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and
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where
BCRu = bearing capacity ratio with respect to the ultimate load
BCRs = bearing capacity ratio at a given settlement level Se for the foundation

For a given foundation and given values of b/B, l/B, u/B, and h/B, the magni-
tude of BCRu increases with d/B and reaches a maximum value at (d/B)cr, beyond 
which the bearing capacity remains practically constant. The term (d/B)cr is the 
critical-reinforcement-depth ratio. For given values of l/B, u/B, h/B, and d/B, 
BCRu attains a maximum value at (b/B)cr, which is called the critical-width ratio. 
Similarly, a  critical-length ratio (l/B)cr can be established (for given values of b/B, 
u/B, h/B, and d/B) for a maximum value of BCRu. This concept is schematically 
illustrated in Figure 7.15. As an example, Figure 7.16 shows the variation of BCRu 
with d/B for four model foundations (B/L = 0, 1/3, 1/2, and 1) as reported by Omar 
et al.4 It was also shown from laboratory model tests4,5 that, for a given foundation, 
if b/B, l/B, d/B, and h/B are kept constant, the nature of variation of BCRu with 
u/B will be as shown in Figure 7.17. Initially (zone 1), BCRu increases with u/B to 
a maximum value at (u/B)cr. For u/B > (u/B)cr, the magnitude of BCRu decreases 
(zone 2). For u/B > (u/B)max, the plot of BCRu versus u/B generally  flattens out 
(zone 3).
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7.3.3  RelationShipS foR CRitiCal nonDimenSional paRameteRS 
foR founDationS on geogRiD-ReinfoRCeD SanD

Based on the results of their model tests and other existing results, Omar et  al.4 
developed the following empirical relationships for the nondimensional parameters 
(d/B)cr, (b/B)cr, and (l/B)cr described in the preceding section.

Se 

qu q qR qu(R) 

Load/area 

Se(u) 

Se(uR) 

Unreinforced soil

Se
ttl

em
en

t, 
Se

 

Reinforced soil

FIGURE 7.14 General nature of the load-settlement curves for unreinforced and geogrid-
reinforced soil supporting a foundation.

d/B, b/B, l/B

b/B, l/B, u/B, h/B constant

l/B, u/B, h/B, d/B constant

b/B, u/B, h/B, d/B constant

(d/B)cr

(b/B)cr

(l/B)cr

BC
R u

FIGURE 7.15 Definition of critical nondimensional parameters—(d/B)cr, (b/B)cr, and (l/B)cr.
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7.3.3.1 Critical Reinforcement: Depth Ratio
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FIGURE 7.16 Variation of BCRu with d/B. (Based on the results of Omar, M. T. et al. 1993. 
Geotech. Testing J., 16(2): 246.)
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FIGURE 7.17 Nature of variation of BCRu with u/B.
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The preceding relationships suggest that the bearing capacity increase is realized 
only when the reinforcement is located within a depth of 2B for a continuous founda-
tion and a depth of 1.2B for a square foundation.

7.3.3.2 Critical Reinforcement: Width Ratio
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According to Equation 7.16, (b/B)cr is about 8 for a continuous foundation and about 
4.5 for a square foundation. It needs to be realized that, generally, with other param-
eters remaining constant, about 80% or more of BCRu is realized with b/B ≈ 2. 
The remaining 20% of BCRu is realized when b/B increases from about 2 to (b/B)cr.

7.3.3.3 Critical Reinforcement: Length Ratio
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7.3.3.4 Critical Value of u/B
Figure 7.18 shows the laboratory model test results of Guido et  al.,5 Akinmusuru 
and  Akinbolade,6 and Yetimoglu et  al.7 for bearing capacity tests conducted on 
 surface foundations supported by multilayered reinforced sand. Details of these 
tests are given in Table 7.2. Based on the definition given in Figure 7.17, it appears 
from these test results that (u/B)max ≈ 0.9–1. From Figure 7.18, it may also be seen 
that (u/B)cr as defined by Figure 7.17 is about 0.25–0.5. An analysis of the test results 
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FIGURE 7.18 Variation of BCRu with u/B from various published works (see Table 7.2 for 
details).
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of Schlosser et al.8 yields a value of (u/B)cr ≈ 0.4. Large-scale model tests by Adams 
and Collin9 showed that (u/B)cr is approximately 0.25.

7.3.4   BCRu foR founDationS with Depth of founDation 
Df gReateR than ZeRo

To the best of the author’s knowledge, the only tests for bearing capacity of shallow 
foundations with Df > 0 are those reported by Shin and Das.10 These results were for 
laboratory model tests on a strip foundation in sand. The physical properties of the 
geogrid used in these tests are given in Table 7.3.

The model tests were conducted with d/B from 0 to 2.4, u/B = 0.4, h/B = 0.4, and 
b/B = 6 [≈ (b/B)cr]. The sand had relative densities Dr of 59% and 74%, and Df /B 

TABLE 7.3
Physical Properties of the Geogrid Used by Shin and Das 
for the Results Shown in Figure 7.19

Physical Property Value

Polymer type Polypropylene

Structure Biaxial

Mass per unit area 320 g/m2

Aperture size 41 mm (MD) × 31 mm (CMD)

Maximum tensile strength 14.5 kN/m (MD) × 20.5 kN/m (CMD)

Tensile strength at 5% strain 5.5 kN/m (MD) × 16.0 kN/m (CMD)

Source: Shin, E. C. and B. M. Das. 2000. Geosynthetics Intl., 7(1): 59.
Note: CMD, cross-machine direction; MD, machine direction.

TABLE 7.2
Details of Test Parameters for Plots Shown in Figure 7.18

Curve Investigator
Type of Model 

Foundation
Type of 

Reinforcement Parametric Details

1 Guido et al.5 Square Tensar® BX1100
Tensar® BX1200
Tensar® BX1300

h/B = 0.25;

2 Guido et al.5 Square b/B = 3;

3 Guido et al.5 Square N = 3

4 Akinmusuru and 
Akinbolade6

Square Rope fibers h/B = 0.5; b/B = 3; N = 5

5 Yetimoglu et al.7 Rectangular; L/B = 8; 
L = length of foundation

Terragrid® GS100 b/B = 4; N = 1

6 Yetimoglu et al.7 Rectangular; L/B = 8; 
L = length of foundation

Terragrid® GS100 h/B = 0.3; b/B = 4.5; 
N = 4
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was varied from 0 to 0.75. The variation of BCRu with d/B, Df/B, and Dr is shown in 
Figure 7.19. From this figure, the following observations can be made:

 1. For all values of Df/B and Dr, the magnitude of (d/B)cr is about two for strip 
foundations

 2. For given b/B, Dr, u/B, and h/B, the magnitude of BCRu increases with Df/B

Based on their laboratory model test results, Das and Shin10 have shown that the 
ratio of BCRs:BCRu for strip foundations has an approximate relationship with the 
embedment ratio (Df/B) for a settlement ratio Se/B less than or equal to 5%. This rela-
tionship is shown in Figure 7.20 and is valid for any values of d/B and b/B. The 
 definition of BCRs was given in Equation 7.13.

7.3.4.1 Settlement at Ultimate Load
As shown in Figure 7.14, a foundation supported by geogrid-reinforced sand shows 
a greater level of settlement at ultimate load qu(R). Huang and Hong11 analyzed the 
laboratory test results of Huang and Tatsuoka,12 Takemura et al.,13 Khing et al.,14 and 
Yetimoglu et al.7 and provided the following approximate relationship for settlement 
at ultimate load. Or,
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Refer to Figure 7.14 for definitions of Se(uR) and Se(u).
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Symbol Dr (%) Df /B
59 0.37
59 0.75
74 0.30
74 0.603
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1
0 0.4 0.8 1.2 1.6 2.0

Df /B = 0; Dr = 74%

Df /B = 0; Dr = 59%
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d/B

FIGURE 7.19 Comparison of BCRu for tests conducted at Df /B = 0 and Df  /B > 0—strip 
foundation; u/B = h/B = 0.4; B = 67 mm; b/B = 6. (Compiled from the results of Shin, E. C. 
and B. M. Das. 2000. Geosynthetics Intl., 7(1): 59.)
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7.3.5  ultimate BeaRing CapaCity of Shallow 
founDationS on geogRiD-ReinfoRCeD SanD

Huang and Tatsuoka12 proposed a failure mechanism for a strip foundation supported 
by reinforced earth where the width of reinforcement b is equal to the width of the 
foundation B, and this is shown in Figure 7.21. This is the so-called deep foundation 
mechanism where a quasi-rigid zone is developed beneath the foundation. Schlosser8 
proposed a wide slab mechanism of failure in soil at ultimate load for the condition 
where b > B, and this is shown in Figure 7.22. Huang and Meng15 provided an analy-
sis to estimate the ultimate bearing capacity of surface foundations supported by 
geogrid-reinforced sand. This analysis took into account the wide slab mechanism as 
shown in Figure 7.22. According to this analysis and referring to Figure 7.22,
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(7.19)

where
L = length of foundation
γ = unit weight of soil

and

 ∆B d= 2 tanβ  (7.20)

The relationships for the bearing capacity factors Nγ and Nq are given in Equations 
2.66 and 2.74 (see Table 2.3 for values of Nq and Table 2.4 for values of Nγ).

The angle β is given by the relation
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FIGURE 7.20 Plot of BCRs/BCRu with Df/B (at settlement ratios <5%).
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where

 
CR cover ratio

width of reinforcing strip
center-to-center horiz

= =
oontal spacing of the strips  

Equation 7.21 is valid for the following ranges:

 
0 1 1 10≤ ≤ ≤ ≤tanβ b

B  

 
0 25 0 5 1 5. .≤ ≤ ≤ ≤h

B
N

 

 
0 02 1 0 0 3 2 5. . . .≤ ≤ ≤ ≤CR

d

B  

In Equation 7.21, it is important to note that the parameter h/B plays the primary 
role in predicting β, and CR plays the secondary role. The effect of b/B is small.

qu(R)

B

Reinforcement
(width = B)

Observed failure
surface

d

FIGURE 7.21 Failure surface observed by Huang and Tatsuoka. (From Huang, C. C. and F. 
Tatsuoka. 1990. Geotext. Geomembr., 9: 51.)

Reinforcement
B

d
u
h

qu(R)β

B + ∆B

FIGURE 7.22 Failure mechanism of reinforced ground proposed by Schlosser et al. (From 
Schlosser, F., H. M. Jacobsen, and I. Juran. 1983. Proc. Eighth European Conf. Soil Mech. 
Found. Engg., Helsinki, Balkema, p. 83.)
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7.3.6 tentative guiDelineS foR BeaRing CapaCity CalCulation in SanD

Considering the bearing capacity theories presented in the preceding section, the 
following is a tentative guideline (mostly conservative) for estimating the ultimate 
and allowable bearing capacities of foundations supported by geogrid-reinforced 
sand:

Step 1. The magnitude of u/B should be kept between 0.25 and 0.33.
Step 2. The value of h/B should not exceed 0.4.
Step 3. For most practical purposes and for economic efficiency, b/B should be 

kept between 2 and 3 and N ≤ 4.
Step 4. Use Equation 7.19, slightly modified, to calculate qu(R), or
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where
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Step 5. For determining qR at Se/B ≤ 5%,
 a. Calculation of BCRu = qu(R)/qu. The relationship for qu(R) is given in 

Equation 7.22. Also,
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(7.24)

 b. With known values of Df/B and using Figure 7.20, obtain BCRs/BCRu.
 c. From steps a and b, obtain BCRs = qR/q.
 d. Estimate q from the relationships given in Equations 5.47 and 5.48 as
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and
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where
q is in kN/m2, Se is in mm, and Df and B are in m
N60 = average field standard penetration number

 e. Calculate qR = q(BCRs)

7.3.7 BeaRing CapaCity of eCCentRiCally loaDeD ReCtangulaR founDation

Sahu et al.16 conducted several model tests in the laboratory to determine the ultimate 
bearing capacity of rectangular surface foundations (Df/B = 0) on geogrid-reinforced 
sand and subjected to vertical eccentric loading. The load eccentricity (e) was in the 
width direction, and the eccentricity ratio (e/B) was varied from 0 to 0.15. For these 
tests, B/L was varied as 1, 0.5, 0.33, and 0. (Note: B = width of the foundation and 
L = length of the foundation.) The magnitude of B was kept at 100 mm for all tests. 
The average relative density during the tests was 69%. Based on the test results, it 
was proposed that,

 

q

q
Ru R e

u R
Kr

( )

( )

− = −1
 

(7.27)

where,
qu(R) = ultimate bearing capacity for e/B = 0
qu(R)−e = average ultimate load per unit area for e/B > 0
Rkr = reduction factor

Note that, for continuous foundations (i.e., B/L = 0),
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where,
Qu(R)−e = ultimate eccentric load per unit length of the continuous foundation

Similarly, for rectangular foundations (B/L > 0),
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where,
Qu(R)−e = ultimate eccentric load on the rectangular foundation

The reduction factor as derived from these tests can be expressed as
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where,
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For the definition of d in Equation 7.30, see Figure 7.13.

7.3.8  BeaRing CapaCity of ContinuouS founDation 
SuBjeCteD to inClineD loaD

Figure 7.23 shows a shallow continuous foundation supported by a geogrid- 
reinforced sand layer that is being subjected to an inclined load Qu(α) per unit length 
of the  foundation. The depth of the foundation is Df, and α is the angle of inclination 
of the load with respect to the vertical. Hence, the inclined load per unit area is
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FIGURE 7.23 Continuous foundation over geogrid-reinforced sand subjected to inclined 
ultimate load.
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Sahu et  al.17 conducted several model tests in the laboratory to determine the 
ultimate bearing capacity of strip foundation under inclined loading. The tests were 
conducted in dense and loose conditions with soil friction angles of 40.9° and 34°, 
respectively. The load inclination α was varied from 0 to 20°. Based on the model 
test results, it was suggested that
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where,
qu(α=0) = ultimate bearing capacity under vertical loading condition (i.e., α = 0)
RKr = reduction factor

The reduction factor can be expressed as
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7.3.9  Settlement of founDationS on geogRiD-ReinfoRCeD 
Soil Due to CyCliC loaDing

In many cases, shallow foundations supported by geogrid-reinforced soil may be 
subjected to cyclic loading. This problem will primarily be encountered by vibra-
tory machine foundations. Das18 reported laboratory model test results on settlement 
caused by cyclic loading on surface foundations supported by reinforced sand. The 
results of the tests are summarized below.

The model tests were conducted with a square model foundation on unreinforced 
and geogrid-reinforced sand. Details of the sand and geogrid parameters were

Model foundation:
Square; B = 76.2 mm

Sand:
Relative density of compaction Dr = 76%
Angle of friction ϕ = 42°

Reinforcement:
Geogrid: Tensar® BX1000

Reinforcement–width ratio:
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 (see Equation 7.16) 
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h

B
= 0 33.

 

Reinforcement–depth ratio:

 
d

B

d

B






≈ 





=
cr

1 33.  (see Equation 7.15) 

Number of layers of reinforcement:

 N = 4

The laboratory tests were conducted by first applying a static load of intensity qs 
(=qu(R)/FS; FS = factor of safety) followed by a cyclic load of low frequency (1 cps). 
The amplitude of the intensity of cyclic load was qdc(max). The nature of load applica-
tion described is shown in Figure 7.24. Figure 7.25 shows the nature of variation of 
foundation settlement due to cyclic load application Sec with qdc(max)/qu(R) and number 
of load cycles n. This is for the case of FS = 3. Note that, for any given test, Sec 
increases with n and reaches practically a maximum value Sec(max) at n = ncr. Based 
on these tests, the following conclusions can be drawn:

 1. For given values of FS and n, the magnitude of Sec/B increases with the 
increase in qdc(max)/qu(R).

 2. If the magnitudes of qdc(max)/qu(R) and n remain constant, the value of Sec/B 
increases with a decrease in FS.

 3. The magnitude of ncr for all tests in reinforced soil is approximately the 
same, varying between 1.75 × 105 and 2.5 × 105 cycles. Similarly, the mag-
nitude of ncr for all tests in unreinforced soil varies between 1.5 × 105 and 
2.0 × 105 cycles.

The variations of Sec(max)/B obtained from these tests for various values of qdc(max)/
qu(R) and FS are shown in Figure 7.26. This figure clearly demonstrates the reduction 
of the level of permanent settlement caused by geogrid reinforcement due to cyclic 
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FIGURE 7.24 Nature of load application—cyclic load test.
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loading. Using the results of Sec(max) given in Figure 7.26, the variation of settlement 
ratio ρ for various combinations of qdc(max)/qu(R) and FS are plotted in Figure 7.27. The 
settlement ratio is defined as

 
ρ = −

−
S

S
ec

ec

(max)

(max)

reinforced

unreinforced  
(7.37)

From Figure 7.27, it can be seen that, although some scattering exists, the settle-
ment ratio is only a function of qdc(max)/qu(R) and not the factor of safety FS.

7.3.10 Settlement Due to impaCt loaDing

Geogrid reinforcement can reduce the settlement of shallow foundations that are 
likely to be subjected to impact loading. This is shown in the results of laboratory 
model tests in sand reported by Das.18 The tests were conducted with a square sur-
face foundation (Df = 0; B = 76.2 mm). Tensar® BX1000 geogrid was used as rein-
forcement. Following are the physical parameters of the soil and reinforcement:

Sand:
Relative density of compaction = 76%
Angle of friction ϕ = 42°

0
1 102

Number of load cycles, n

Reinforced

Unreinforced

ncr
FS = 3
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c/B

 (%
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4.36

14.49
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FIGURE 7.25 Plot of Sec/B versus n. (Note: For reinforced sand, u/B = h/B = 1/3; b/B = 4; 
d/B = 1.33.) (After Das, B. M. 1998. Geosynthetics in Foundation Reinforcement and Erosion 
Control Systems, eds. J. J. Bowders, H. B. Scranton, and G. P. Broderick. ASCE, Geotech. 
Special Pub., 76, p. 19.)



334 Shallow Foundations

Reinforcement:

 

u

B

b

B

h

B
= = =0 33 4 0 33. ; ; .

 

Number of reinforcement layers N = 0, 1, 2, 3, and 4.

The idealized shape of the impact load applied to the model foundation is shown 
in Figure 7.28, in which tr and td are the rise and decay times and qt(max) is the maxi-
mum intensity of the impact load. For these tests, the average values of tr and td were 
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FIGURE 7.26 Plot of Sec(max)/B versus qdc(max)/qu(R). (Note: For reinforced sand, 
u/B = h/B = 1/3; b/B = 4; d/B = 1 − 1/3.) (After Das, B. M. 1998. Geosynthetics in Foundation 
Reinforcement and Erosion Control Systems, eds. J. J. Bowders, H. B. Scranton, and 
G. P. Broderick. ASCE, Geotech. Special Pub., 76, p. 19.)
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approximately 1.75 and 1.4 s, respectively. The maximum settlements observed due to 
the impact loading Set(max) are shown in a nondimensional form in Figure 7.29. In this 
figure, qu and Se(u), respectively, are the ultimate bearing capacity and the correspond-
ing foundation settlement on unreinforced sand. From this figure, it is obvious that

 1. For a given value of qt(max)/qu, the foundation settlement decreases with an 
increase in the number of geogrid layers

 2. For a given number of reinforcement layers, the magnitude of Set(max) 
increases with the increase in qt(max)/qu

The effectiveness with which geogrid reinforcement helps reduce the settlement 
can be expressed by a quantity called the settlement reduction factor R, or
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FIGURE 7.27 Variation of qdc(max)/qu(R) with ρ. (Note: For reinforced sand, u/B = h/B = 1/3; 
b/B = 4; d/B = 1 − 1/3.) (After Das, B. M. 1998. Dynamic loading on foundation on reinforced 
soil. In Geosynthetics in Foundation Reinforcement and Erosion Control Systems, eds. 
J. J. Bowders, H. B. Scranton, and G. P. Broderick. ASCE, Geotech. Special Pub., 76, p. 19.)
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FIGURE 7.29 Variation of Set(max)/Se(u) with qt(max)/qu and d/B. (After Das, B. M. 1998. 
Geosynthetics in Foundation Reinforcement and Erosion Control Systems, eds. J. J. Bowders, 
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where
Set(max)−d = maximum settlement due to impact load with reinforcement depth 

of d
Set(max)−d=0 = maximum settlement with no reinforcement (i.e., d = 0 or N = 0)

Based on the results given in Figure 7.29, the variation of R with qt(max)/qu and d/dcr 
is shown in Figure 7.30. From the plot, it is obvious that the geogrid reinforcement 
acts as an excellent settlement retardant under impact loading.
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8 Uplift Capacity of 
Shallow Foundations

8.1 INTRODUCTION

Foundations and other structures may be subjected to uplift forces under special cir-
cumstances. For those foundations, it is desirable to apply a sufficient factor of safety 
against failure by uplift during the design process. During the last 40 or so years, 
several theories have been developed to estimate the ultimate uplift capacity of foun-
dations embedded in sand and clay soils, and some of those theories are detailed in 
this chapter. The chapter is divided into two major parts: foundations in granular soil 
and foundations in saturated clay soil (ϕ = 0).

Figure 8.1 shows a shallow foundation of width B and depth of embedment Df. 
The ultimate uplift capacity of the foundation Qu can be expressed as

 

Qu =
+
frictional resistance of soil along the failure surface

weight oof soil in the failure zone and the foundation  (8.1)

If the foundation is subjected to an uplift load of Qu, the failure surface in the soil 
for relatively small Df/B values will be of the type shown in Figure 8.1. The intersec-
tion of the failure surface at the ground level will make an angle α with the horizon-
tal. However, the magnitude of α will vary with the relative density of compaction in 
the case of sand, and with the consistency in the case of clay soils.

When the failure surface in soil extends up to the ground surface at ultimate 
load, it is defined as a shallow foundation under uplift. For larger values of Df/B, 
failure takes place around the foundation and the failure surface does not extend to 
the ground surface. These are called deep foundations under uplift. The embedment 
ratio Df/B at which a foundation changes from shallow to deep condition is referred 
to as the critical embedment ratio (Df/B)cr. In sand, the magnitude of (Df/B)cr can vary 
from 3 to about 11, and in saturated clay, it can vary from 3 to about 7.

8.2 FOUNDATIONS IN SAND

During the last 40 years, several theoretical and semiempirical methods have been 
developed to predict the net ultimate uplifting load of continuous, circular, and rect-
angular foundations embedded in sand. Some of these theories are briefly described 
in the following sections.
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8.2.1 Balla’S theoRy

Based on the results of several model and field tests conducted in dense soil, Balla1 
established that, for shallow circular foundations, the failure surface in soil will be as 
shown in Figure 8.2. Note from the figure that aa′ and bb′ are arcs of a circle. The angle 
α is equal to 45 – ϕ/2. The radius of the circle, of which aa′ and bb′ are arcs, is equal to

 
r

Df=
+( )sin /45 2φ  

(8.2)

As mentioned before, the ultimate uplift capacity of the foundation is the sum of 
two components: (a) the weight of the soil and the foundation in the failure zone and 
(b) the shearing resistance developed along the failure surface. Thus, assuming that 
the unit weight of soil and the foundation material are approximately the same,
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γ
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α

FIGURE 8.1 Shallow foundation subjected to uplift.
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FIGURE 8.2 Balla’s theory for shallow circular foundations.
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(8.3)

where
γ = unit weight of soil
ϕ = soil friction angle
B = diameter of the circular foundation

The sums of the functions F1(ϕ, Df /B) and F3(ϕ, Df /B) developed by Balla1 are 
plotted in Figure 8.3 for various values of the soil friction angle ϕ and the embed-
ment ratio, Df /B.
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FIGURE 8.3 Variation of F1 + F3 (Equation 8.3).



342 Shallow Foundations

In general, Balla’s theory is in good agreement with the uplift capacity of shallow 
foundations embedded in dense sand at an embedment ratio of Df /B ≤ 5. However, 
for foundations located in loose and medium sand, the theory overestimates the 
ultimate uplift capacity. The main reason Balla’s theory overestimates the ultimate 
uplift capacity for Df /B > about 5 even in dense sand is because it is essentially a deep 
foundation condition, and the failure surface does not extend to the ground surface.

The simplest procedure to determine the embedment ratio at which the deep foun-
dation condition is reached may be determined by plotting the nondimensional break-
out factor Fq against Df /B as shown in Figure 8.4. The breakout factor is derived as
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q

u

f

=
γ  

(8.4)

where
A = area of the foundation

The breakout factor increases with Df /B up to a maximum value of F Fq q= ∗ at 
Df /B = (Df /B)cr. For Df /B > (Df /B)cr, the breakout factor remains practically constant 
(i.e., Fq

∗).

8.2.2 theoRy of meyeRhof anD aDamS

One of the most rational methods for estimating the ultimate uplift capacity of a shal-
low foundation was proposed by Meyerhof and Adams,2 and it is described in detail 
in this section. Figure 8.5 shows a continuous foundation of width B subjected to an 
uplifting force. The ultimate uplift capacity per unit length of the foundation is equal 
to Qu. At ultimate load, the failure surface in soil makes an angle α with the hori-
zontal. The magnitude of α depends on several factors, such as the relative density 
of compaction and the angle of friction of the soil, and it varies between 90° − 1/3 ϕ 
and 90° − 2/3 ϕ. Let us consider the free body diagram of the zone abcd. For stability 
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FIGURE 8.4 Nature of variation of Fq with Df /B.



343Uplift Capacity of Shallow Foundations

consideration, the following forces per unit length of the foundation need to be con-
sidered: (a) the weight of the soil and concrete W and (b) the passive force ′Pp  per 
unit length along the faces ad and bc. The force ′Pp  is inclined at an angle δ to the 
horizontal. For an average value of α = 90 − ϕ/2, the magnitude of δ is about 2/3 ϕ.

If we assume that the unit weights of soil and concrete are approximately the 
same, then

 
W D Bf= γ

 

 
′ = ′ = 









 ( )P

P
K Dp

h
ph f

cos cosδ δ
γ1

2
1 2

 
(8.5)

where
′Ph  = horizontal component of the passive force, ′Pp

Kph = horizontal component of the passive earth pressure coefficient

Now, for equilibrium, summing the vertical components of all forces,

 
Fv∑ = 0

 

 
Q W Pu p= + ′2 sin δ

 

 
Q W Pu p= + ′2( )cos tanδ δ

 

Qu
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Unit weight = γ
Friction angle = ϕ

αd c

FIGURE 8.5 Continuous foundation subjected to uplift.
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Q W Pu h= + ′2 tanδ

 

or

 
Q W K D W K Du ph f ph f= + 





= +2
1
2

2 2γ δ γ δtan tan
 

(8.6)

The passive earth pressure coefficient based on the curved failure surface for 
δ = 2/3 ϕ can be obtained from Caquot and Kerisel.3 Furthermore, it is convenient to 
express Kph tan δ in the form

 
K Ku phtan tan φ δ=

 (8.7)

Combining Equations 8.6 and 8.7,

 
Q W K Du u f= + γ φ2 tan

 
(8.8)

where
Ku = nominal uplift coefficient

The variation of the nominal uplift coefficient Ku with the soil friction angle ϕ 
is shown in Figure 8.6. It falls within a narrow range and may be taken as equal to 
0.95 for all values of ϕ varying from 30° to about 48°. The ultimate uplift capacity 
can now be expressed in a nondimensional form (i.e., the breakout factor, Fq) as 
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FIGURE 8.6 Variation of Ku.
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defined in Equation 8.4.4 Thus, for a continuous foundation, the breakout factor per 
unit length is
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For circular foundations, Equation 8.8 can be modified to the form

 
Q W S BD Ku F f u= + π γ φ
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(8.10)
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(8.11)

where
SF = shape factor
B = diameter of the foundation

The shape factor can be expressed as
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where
m = coefficient that is a function of the soil friction angle ϕ

Thus, combining Equations 8.10 through 8.12, we obtain
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The breakout factor Fq can be given as
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For rectangular foundations having dimensions of B × L, the ultimate capacity can 
also be expressed as

 
Q W D S B L B Ku f F u= + + −γ φ2 2( ) tan

 
(8.15)

The preceding equation was derived with the assumption that the two end por-
tions of length B/2 are governed by the shape factor SF, while the passive pressure 
along the central portion of length L − B is the same as the continuous foundation. 
In Equation 8.15,
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Thus,
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The breakout factor Fq can now be determined as
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Combining Equations 8.18 and 8.19, we obtain4
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The coefficient m given in Equation 8.12 was determined from experimental 
observations2 and its values are given in Table 8.1. As shown in Figure 8.4, the break-
out factor Fq increases with Df/B to a maximum value of Fq

∗  at (Df/B)cr and remains 
constant thereafter. Based on experimental observations, Meyerhof and Adams2 rec-
ommended the variation of (Df/B)cr for square and circular foundations with soil 
friction angle ϕ and this is shown in Figure 8.7.

Thus, for a given value of ϕ for square (B = L) and circular (diameter = B) foun-
dations, we can substitute m (Table 8.1) into Equations 8.14 and 8.20 and calculate 
the breakout factor Fq variation with embedment ratio Df/B. The maximum value of 
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Fq = Fq
∗ will be attained at Df /B = (Df /B)cr. For Df /B > (Df /B)cr, the breakout factor 

will remain constant as Fq
∗ . The variation of Fq with Df /B for various values of ϕ 

made in this manner is shown in Figure 8.8. Figure 8.9 shows the variation of the 
maximum breakout factor Fq

∗  for deep square and circular foundations with the soil 
friction angle ϕ.

Laboratory experimental observations have shown that the critical embedment 
ratio (for a given soil friction angle ϕ) increases with the L/B ratio. For a given value 
of ϕ, Meyerhof5 indicated that
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cr square
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1 5.

 

(8.21)

TABLE 8.1
Variation of m (Equation 8.12)

Soil Friction Angle ϕ m

20 0.05

25 0.1

30 0.15

35 0.25

40 0.35

45 0.5

48 0.6

10

8

6

4

2

0

(D
f/B

) cr

20 25 30 35
Soil friction angle, ϕ (deg)

40 45

FIGURE 8.7 Variation of (Df/B)cr for square and circular foundations.
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Based on laboratory model test results, Das and Jones6 gave an empirical relation-
ship for the critical embedment ratio of rectangular foundations in the form
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where
D

B
f





=
cr-R

critical embedment ratio of a rectangular foundatioon with

dimensions of L B×  
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=
cr-S

critical embedment ratio of a square foundation withh dimensions

of B B×

Using Equation 8.22 and the (Df /B)cr-S values given in Figure 8.7, the magnitude 
of (Df /B)cr-R for a rectangular foundation can be estimated. These values of (Df /B)cr-R 
can be substituted into Equation 8.20 to determine the variation of Fq = F* with the 
soil friction angle ϕ.
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FIGURE 8.8 Plot of Fq for square and circular foundations (Equations 8.14 and 8.20).
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8.2.3 theoRy of veSiC

Vesic7 studied the problem of an explosive point charge expanding a spherical cav-
ity close to the surface of a semi-infinite, homogeneous, and isotropic solid (in this 
case, the soil). Referring to Figure 8.10, it can be seen that if the distance Df is small 
enough, there will be an ultimate pressure po that will shear away the soil located 
above the cavity. At that time, the diameter of the spherical cavity is equal to B. The 
slip surfaces ab and cd will be tangent to the spherical cavity at a and c. At points b 
and d, they make an angle α = 45 – ϕ/2. For equilibrium, summing the components 
of forces in the vertical direction, we can determine the ultimate pressure po in the 
cavity. Forces that will be involved are

 1. Vertical component of the force inside the cavity PV

 2. Effective self-weight of the soil W = W1 + W2

 3. Vertical component of the resultant of internal forces FV

For a c–ϕ soil, we can thus determine that

 p cF D Fo c f q= + γ  (8.23)
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FIGURE 8.9 Fq
∗ for deep square and circular foundations.
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where
A1, A2, A3, A4 = functions of the soil friction angle ϕ

For granular soils c = 0, so

 
p D Fo f q= γ

 (8.26)

Vesic8 applied the preceding concept to determine the ultimate uplift capacity of 
shallow circular foundations. In Figure 8.11, consider that the circular foundation ab 
with a diameter B is located at a depth Df below the ground surface. Assuming that 
the unit weight of the soil and the unit weight of the foundation are approximately 
the same, if the hemispherical cavity above the foundation (i.e., ab) is filled with soil, 
it will have a weight of
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This weight of soil will increase the pressure by p1, or

 

p
W

B

B

B

B
1

3
2

3

2
2

2 3 2

2

2
3 2

=
π

π γ
π

π
/

/ /

/( )
= ( ) ( )

( )
= 





 

45 – ϕ/2

γ
c
ϕ

45 – ϕ/2
b

ac

d

Df

W2/2

Pv

Fv

B/2

W2/2W1

FIGURE 8.10 Vesic’s theory of expansion of cavities.
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If the foundation is embedded in a cohesionless soil (c = 0), the pressure p1 should 
be added to Equation 8.26 to obtain the force per unit area of the anchor qu needed 
for a complete pullout. Thus,
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The variations of the breakout factor Fq for shallow circular foundations are 
given in Table 8.2 and Figure 8.12. In a similar manner, Vesic determined the varia-
tion of the breakout factor Fq for shallow continuous foundations using the analogy 
of expansion of long cylindrical cavities. These values are given in Table 8.3 and are 
also plotted in Figure 8.13.

8.2.4 SaeeDy’S theoRy

A theory for the ultimate uplift capacity of circular foundations embedded in sand 
was proposed by Saeedy9 in which the trace of the failure surface was assumed to 
be an arc of a logarithmic spiral. According to this solution, for shallow foundations, 
the failure surface extends to the ground surface. However, for deep foundations 

Sand
γ
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Diameter = B

ac

Df

ba

Qu

W3

FIGURE 8.11 Cavity expansion theory applied to circular foundation uplift.
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(i.e., Df > Df(cr)), the failure surface extends only to a distance of Df(cr) above the foun-
dation. Based on this analysis, Saeedy9 proposed the ultimate uplift capacity in a 
nondimensional form (Qu /γB 2Df) for various values of ϕ and the Df /B ratio. The 
author converted the solution into a plot of breakout factor Fq = Qu /γADf (A = area of 
the foundation) versus the soil friction angle ϕ as shown in Figure 8.14. According 
to Saeedy, during the foundation uplift the soil located above the anchor gradually 

TABLE 8.2
Vesic’s Breakout Factor Fq for Circular Foundations

Soil Friction Angle ϕ (deg)

Df/B

0.5 1.0 1.5 2.5 5.0

0 1.0 1.0 1.0 1.0 1.0

10 1.18 1.37 1.59 2.08 3.67

20 1.36 1.75 2.20 3.25 6.71

30 1.52 2.11 2.79 4.41 9.89

40 1.65 2.41 3.30 5.43 13.0

50 1.73 2.61 3.56 6.27 15.7
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FIGURE 8.12 Vesic’s breakout factor Fq for shallow circular foundations.
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becomes compacted, in turn increasing the shear strength of the soil and hence the 
ultimate uplift capacity. For that reason, he introduced an empirical compaction 
 factor μ, which is given in the form

 µ = +1 044 0 44. .Dr  (8.30)

where
Dr = relative density of sand

TABLE 8.3
Vesic’s Breakout Factor Fq for Continuous Foundations

Soil Friction Angle ϕ (deg)

Df/B

0.5 1.0 1.5 2.5 5.0

0 1.0 1.0 1.0 1.0 1.0

10 1.09 1.16 1.25 1.42 1.83

20 1.17 1.33 1.49 1.83 2.65

30 1.24 1.47 1.71 2.19 3.38

40 1.30 1.58 1.87 2.46 3.91

50 1.32 1.64 2.04 2.60 4.20
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FIGURE 8.13 Vesic’s breakout factor Fq for shallow continuous foundations.
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Thus, the actual ultimate capacity can be expressed as

 
Q F ADu q f(actual) = ( )γ µ

 (8.31)

8.2.5 DiSCuSSion of vaRiouS theoRieS

Based on the various theories presented in the preceding sections, we can make 
some general observations:

 1. The only theory that addresses the problem of rectangular foundations is 
that given by Meyerhof and Adams.2

 2. Most theories assume that shallow foundation conditions exist for Df /B ≤ 5. 
Meyerhof and Adams’ theory provides a critical embedment ratio (Df /B)cr 
for square and circular foundations as a function of the soil friction angle.

 3. Experimental observations generally tend to show that, for shallow founda-
tions in loose sand, Balla’s theory1 overestimates the ultimate uplift capac-
ity. Better agreement, however, is obtained for foundations in dense soil.
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FIGURE 8.14 Plot of Fq based on Saeedy’s theory.
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 4. Vesic’s theory8 is, in general, fairly accurate for estimating the ultimate 
uplift capacity of shallow foundations in loose sand. However, laboratory 
experimental observations have shown that, for shallow foundations in 
dense sand, this theory can underestimate the actual uplift capacity by as 
much as 100% or more.

Figure 8.15 shows a comparison of some published laboratory experimental results 
for the ultimate uplift capacity of circular foundations with the theories of Balla, Vesic, 
and Meyerhof and Adams. Table 8.4 gives the references to the laboratory experimental 
curves shown in Figure 8.15. In developing the theoretical plots for ϕ = 30° (loose sand 
condition) and ϕ = 45° (dense sand condition), the following procedures were used:

 1. According to Balla’s theory,1 from Equation 8.3 for circular foundations,
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FIGURE 8.15 Comparison of theories with laboratory experimental results for circular 
foundations.
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or
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So, for a given soil friction angle, the sum of F1 + F3 was obtained from 
Figure 8.3, and the breakout factor was calculated for various values of Df /B. These 
values are plotted in Figure 8.15.

 1. For Vesic’s theory,8 the variations of Fq versus Df /B for circular foundations 
are given in Table 8.2. These values of Fq are also plotted in Figure 8.15.

 2. The breakout factor relationship for circular foundations based on Meyerhof 
and Adams’ theory3 is given in Equation 8.14. Using Ku ≈ 0.95, the variations 
of Fq with Df /B were calculated, and they are also plotted in Figure 8.15.

Based on the comparison between the theories and the laboratory experimental 
results shown in Figure 8.15, it appears that Meyerhof and Adams’ theory2 is more 
applicable to a wide range of foundations and provides as good an estimate as any 
for the ultimate uplift capacity. So, this theory is recommended for use. However, it 
needs to be kept in mind that the majority of the experimental results presently avail-
able in the literature for comparison with the theory are from laboratory model tests. 
When applying these results to the design of an actual foundation, the scale effect 
needs to be taken into consideration. For that reason, a judicious choice is necessary 
in selecting the value of the soil friction angle ϕ.

EXAMPLE 8.1

Consider a circular foundation in sand. Given, for the foundation: diameter 
B = 1.5 m; depth of embedment Df = 1.5 m. Given, for the sand: unit weight 

TABLE 8.4
References to Laboratory Experimental Curves Shown in Figure 8.15

Curve Reference
Circular Foundation 
Diameter B (mm) Soil Properties

1 Baker and Kondner10 25.4 ϕ = 42°; γ = 17.61 kN/m3

2 Baker and Kondner10 38.1 ϕ = 42°; γ = 17.61 kN/m3

3 Baker and Kondner10 50.8 ϕ = 42°; γ = 17.61 kN/m3

4 Baker and Kondner10 76.2 ϕ = 42°; γ = 17.61 kN/m3

5 Sutherland11 38.1–152.4 ϕ = 45°

6 Sutherland11 38.1–152.4 ϕ = 31°

7 Esquivel-Diaz12 76.2 ϕ ≈ 43°; γ = 14.81–15.14 kN/m3

8 Esquivel-Diaz12 76.2 ϕ = 33°; γ = 12.73–12.89 kN/m3

9 Balla1 61–119.4 Dense sand
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γ = 17.4 kN/m3; friction angle ϕ = 35°. Using Balla’s theory, calculate the ultimate 
uplift capacity.

Solution

From Equation 8.3,

 Q D F Fu f= +3
1 3γ( )  

From Figure 8.3 for ϕ = 35° and Df/B = 1.5/1.5 = 1, the magnitude of F1 + F3 ≈ 2.4. 
So,

 Qu = =( . ) ( . )( . )1 5 17 4 2 43 140.9 kN  

EXAMPLE 8.2

Redo Example 8.1 problem using Vesic’s theory.

Solution

From Equation 8.29,

 Q A D Fu f q= γ  

From Figure 8.12 for ϕ = 35° and Df/B = 1, Fq is about 2.2. So,

 
Qu = 













 =π

4
1 5 17 4 1 5 2 22( . ) ( . )( . )( . ) 101.5 kN

 

EXAMPLE 8.3

Redo Example 8.1 problem using Meyerhof and Adams’ theory.

Solution

From Equation 8.14,
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For ϕ = 35°, m = 0.25 (Table 8.1). So,

 Fq = + + =1 21 0 25 1 1 0 95 35 2 66[ ( . )( )]( )( . )( ) .tan  

So,
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 =γ π

( . )( . ) ( . ) ( . )2 66 17 4
4

1 5 1 52 122.7 kN
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8.3 FOUNDATIONS IN SATURATED CLAY (ϕ = 0 CONDITION)

8.3.1 ultimate uplift CapaCity: geneRal

Theoretical and experimental research results presently available for determining 
the ultimate uplift capacity of foundations embedded in saturated clay soil are rather 
limited. In the following sections, the results of some of the existing studies are 
reviewed.

Figure 8.16 shows a shallow foundation in saturated clay. The depth of the foun-
dation is Df, and the width of the foundation is B. The undrained shear strength 
and the unit weight of the soil are cu and γ, respectively. If we assume that the unit 
weights of the foundation material and the clay are approximately the same, then the 
ultimate uplift capacity can be expressed as8

 
Q A D c Fu f u c= +( )γ

 (8.33)

where
A = area of the foundation
Fc = breakout factor
γ = saturated unit weight of the soil

8.3.2 veSiC’S theoRy

Using the analogy of the expansion of cavities, Vesic8 presented the theoretical varia-
tion of the breakout factor Fc (for ϕ = 0 condition) with the embedment ratio Df/B, 
and these values are given in Table 8.5. A plot of these same values of Fc against Df/B 
is also shown in Figure 8.17. Based on the laboratory model test results available at 
the present time, it appears that Vesic’s theory gives a closer estimate only for shal-
low foundations embedded in softer clay.

Qu

Df

B

Saturated clay
Unit weight = γ
Undrained shear
    strength = cu

FIGURE 8.16 Shallow foundation in saturated clay subjected to uplift.
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In general, the breakout factor increases with the embedment ratio up to a maxi-
mum value and remains constant thereafter, as shown in Figure 8.18. The maximum 
value of Fc = Fc

∗ is reached at Df/B = (Df/B)cr. Foundations located at Df/B > (Df/B)cr 
are referred to as deep foundations for uplift capacity consideration. For these foun-
dations at ultimate uplift load, local shear failure in soil located around the founda-
tion takes place. Foundations located at Df/B ≤ (Df/B)cr are shallow foundations for 
uplift capacity consideration.

8.3.3 meyeRhof’S theoRy

Based on several experimental results, Meyerhof5 proposed the following relationship:

 
Q A D F cu f c u= +( )γ

 (8.34)

TABLE 8.5
Variation of Fc (ϕ = 0 Condition)

Foundation Type

Df/B

0.5 1.0 1.5 2.5 5.0

Circular (diameter = B) 1.76 3.80 6.12 11.6 30.3

Continuous (width = B) 0.81 1.61 2.42 4.04 8.07
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FIGURE 8.17 Vesic’s breakout factor Fc.
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For circular and square foundations,
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(8.35)

and for strip foundations,
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The preceding two equations imply that the critical embedment ratio (Df/B)cr is 
about 7.5 for square and circular foundations and about 13.5 for strip foundations.

8.3.4 moDifiCationS to meyeRhof’S theoRy

Das13 compiled a number of laboratory model test results13–17 on circular foundations 
in saturated clay with cu varying from 5.18 to about 172.5 kN/m2. Figure 8.19 shows 
the average plots of Fc versus Df/B obtained from these studies along with the critical 
embedment ratios. From Figure 8.19, it can be seen that, for shallow foundations,

 
F n

D

B
c

f≈ 





≤ 8 to 9
 

(8.37)

where
n = a constant

The magnitude of n varies from 5.9 to 2.0 and is a function of the undrained cohe-
sion. Since n is a function of cu and Fc = Fc

∗ is about eight to nine in all cases, it is 
obvious that the critical embedment ratio (Df/B)cr will be a function of cu.

Das13 also reported some model test results with square and rectangular founda-
tions. Based on these tests, it was proposed that

Fc

(Df/B)cr

Df /B

F *c

FIGURE 8.18 Nature of variation of Fc with Df/B.
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(8.38)

where
D

B
f





=
cr-S

critical embedment ratio of square foundations

(or ccircular foundations)  
cu = undrained cohesion, in kN/m2

It was also observed by Das18 that
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(8.39)

where
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=
cr-R

critical embedment ratio of rectangular founddations

L = length of foundation
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37.0
53.17
99.6–172.5

FIGURE 8.19 Variation of Fc with Df/B from various experimental observations—circular 
foundation; diameter = B.
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Based on the above findings, Das18 proposed an empirical procedure to obtain the 
breakout factors for shallow and deep foundations. According to this procedure, α′ 
and β′ are two nondimensional factors defined as

 

′ = ( )α
D B

D B
f

f

/

/
cr  

(8.40)

and

 
′ = ∗β F

F
c

c  
(8.41)

For a given foundation, the critical embedment ratio can be calculated using 
Equations 8.38 and 8.39. The magnitude of Fc

∗  can be given by the following empiri-
cal relationship:
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L
c-R
∗ = + 





7 56 1 44. .
 

(8.42)

where
Fc-R

∗  = breakout factor for deep rectangular foundations

Figure 8.20 shows the experimentally derived plots (upper limit, lower limit, and 
average of β′ and α′). Following is a step-by-step procedure to estimate the ultimate 
uplift capacity:

 1. Determine the representative value of the undrained cohesion cu.
 2. Determine the critical embedment ratio using Equations 8.38 and 8.39.
 3. Determine the Df/B ratio for the foundation.
 4. If Df/B > (Df/B)cr as determined in step 2, it is a deep foundation. However, 

if Df/B ≤ (Df/B)cr, it is a shallow foundation.
 5. For Df/B > (Df/B)cr,

 
F F

B

L
c c= = + 





∗ 7 56 1 44. .
 

   Thus,
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7 56 1 44. . γ

 

(8.43)

  where
  A = area of the foundation
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 6. For Df/B ≤ (Df/B)cr,
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 +









∗( ) . .β γ β γ7 56 1 44
  

(8.44)

   The value of β′ can be obtained from the average curve of Figure 8.20. 
The procedure outlined above gives fairly good results in estimating the net 
ultimate capacity of foundations.

EXAMPLE 8.4

A rectangular foundation in saturated clay measures 1.5 m × 3 m. Given: Df = 1.8 m; 
cu = 52 kN/m2; γ = 18.9 kN/m3. Estimate the ultimate uplift capacity.

Solution

From Equation 8.38,
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So use (Df/B)crS = 7. Again, from Equation 8.39,
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FIGURE 8.20 Plot of β′ versus α′.
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Check
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So, use (Df/B)crR = 8.89. The actual embedment ratio is Df/B = 1.8/1.5 = 1.2. 
Hence, this is a shallow foundation
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Referring to the average curve of Figure 8.20 for α′ = 0.13, the magnitude of 
β′ = 0.2. From Equation 8.44,
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= 540.66 kN

 

8.3.5 thRee-DimenSional loweR BounD Solution

Merifield et  al.19 used a three-dimensional (3D) numerical procedure based on a 
finite element formulation of the lower bound theorem of limit analysis to estimate 
the uplift capacity of foundations. The results of this study, along with the procedure 
to determine the uplift capacity, are summarized below in a step-by-step manner:

 1. Determine the breakout factor in a homogeneous soil with no unit weight 
(i.e., γ = 0) as

 F Fc co=  (8.45)

   The variation of Fco for square, circular, and rectangular foundations is 
shown in Figure 8.21.

 2. Determine the breakout factor in a homogeneous soil with unit weight (i.e., 
γ ≠ 0) as

 
F F F

D

c
c c co

f

u

= = +γ
γ

 
(8.46)

 3. Determine the breakout factor for a deep foundation Fc = Fc
∗as follows:

  Fc
∗ = 12.56 (for circular foundations)

  Fc
∗ = 11.9 (for square foundations)

  Fc
∗ = 11.19 (for strip foundations with L/B ≥ 10)
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 4. If Fcγ ≥ Fc
∗, it is a deep foundation. Calculate the ultimate load as

 Q Ac Fu u c= ∗
 (8.47)

   However, if Fcγ ≤ Fc
∗, it is a shallow foundation. Thus,

 
Q Ac Fu u c= γ  (8.48)

EXAMPLE 8.5

Solve the Example 8.4 problem using the procedure outlined in Section 8.3.5.

Solution

Given: L/B = 3/1.5 = 2; Df/B = 1.8/1.5 = 1.2. From Figure 8.21, for L/B = 2 and 
Df/B = 1.2, the value of Fco ≈ 3.1
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FIGURE 8.21 Numerical lower bound solution of Merifield et al.—plot of Fco versus Df/B 
for circular, square, and rectangular foundations. (Adapted from Merifield, R. S. et al. 2003. 
J. Geotech. Geoenviron. Eng., 129(3): 243.)
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For a foundation with L/B = 2, the magnitude of Fc
∗ ≈ 11.5. Thus, Fcγ < Fc

∗

Hence,

 Q Ac Fu u c= = × ≈γ ( . )( )( . )3 1 5 52 3 754 878 kN  

8.3.6 faCtoR of Safety

In most cases of foundation design, it is recommended that a minimum factor of 
safety of 2–2.5 be used to arrive at the allowable ultimate uplift capacity.

8.4 FOUNDATIONS ON MULTI-HELIX ANCHORS

In certain circumstances, foundation of transmission towers and other such struc-
tures are constructed with multi-helix anchors that resist the uplift load on the foun-
dations. Figure 8.22 shows the dimensions of a typical multi-helix anchor used in the 
United States. In this section, a brief outline for the estimation of the ultimate uplift 
capacity of multi-helix anchors will be discussed.

8.4.1 multi-helix anChoR in SanD

Figure 8.23 shows a tapered multi-helix anchor embedded in soil subjected to a verti-
cal uplifting force. The diameter of the top helix is D1 and that of the bottom helix is 

Not to scale76 mm

0.915 m

0.915 m

66 mm

287 mm

970 mm2 

FIGURE 8.22 Dimensions of a typical multi-helix anchor used in the United States.
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Dn. The distance between the ground surface and the top helix is H1 and, similarly, 
the distance between the bottom helix and the ground surface is Hn. The gross and 
net ultimate uplift capacities of the anchor can be expressed as

 
Q Q Wu g u a( ) = +

 (8.49)

where
Qu(g) = gross ultimate uplift capacity
Qu = net ultimate uplift capacity
Wa = effective self-weight of the anchor

Using laboratory model tests, Mitsch and Clemence20 studied the failure sur-
face in soil around a helical anchor at ultimate load. Figure 8.24 shows a schematic 

Hn

Dn

H1

D1

Qu(g)

Sand
γ
ϕ

FIGURE 8.23 Tapered multi-helix anchor embedded in sand and subject to uplift.
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diagram of the failure pattern for the condition where the embedment ratio H1/D1 is 
relatively small. For this case, it can be seen that,

 1. The failure surface above the top helix is a truncated cone extending to the 
ground surface. The central angle of the truncated cone is approximately 
equal to the soil friction angle ϕ.

 2. Below the top helix, the failure surface in soil is approximately cylindrical. 
This means that the interhelical soil below the top helix acts similar to a pile 
foundation with shear failure occurring along the interface boundary.

When the conical failure surface of soil located above the top helix extends to the 
ground surface, it is referred to as shallow anchor condition. However, if the anchor 
is located in such a way that H1/D1 is fairly large, the failure surface in soil does not 
extend to the ground surface as shown in Figure 8.25. This is referred to as deep 
anchor condition.

In granular soils, the limiting value of H1/D1 = (H1/D1)cr at which the anchor con-
dition changes from shallow to deep is similar to that suggested by Meyerhof and 
Adams2. Table 8.6 gives the values of (H1/D1)cr for various soil friction angles.

Hn

H1

Qu(g)

Sand
γ
ϕ

ϕ/2ϕ/2

FIGURE 8.24 Typical failure pattern in sand around a multi-helix anchor for shallow 
anchor condition.
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8.4.1.1 Ultimate Uplift Capacity at Shallow Anchor Condition
Figure 8.26 shows an idealized failure surface in soil around a helical anchor at ulti-
mate load. The net ultimate load can be approximately estimated according to the 
procedure outlined by Mitsch and Clemence,20 or

 
Q Q Qu p f= +

 (8.50)

Hn

H1

Qu(g)

Sand
γ
ϕ

FIGURE 8.25 Typical failure pattern in sand around a multi-helix anchor for deep anchor 
condition.

TABLE 8.6
Variation of (H1/D1)cr with Soil 
Friction Angle ϕ
Soil Friction Angle, ϕ (deg) (H1/D1)cr

25 3
30 4
35 5
40 7
45 9
48 11
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where
Qp = bearing resistance for the top helix
Qf = frictional resistance derived at the interface of the interhelical soil which is 

cylindrical in shape

The bearing resistance Qp can be expressed as

 
Q F D Hp q= π γ

4
1
2

1
 

(8.51)

where Fq is the breakout factor, or
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(8.52)

Hn

Qf

Ws

H1

Qu(g)

ϕ/2 ϕ/2

Sand
γ
ϕ

FIGURE 8.26 Idealized failure surface in sand for shallow anchor condition where 
(H1/D1) ≤ (H1/D1)cr.
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(8.54)

The variation of m′ with soil friction angle ϕ is given in Table 8.7. With known values 
of m′ and ′Ku, the magnitudes of Fq have been calculated and are shown in Figure 8.27.

TABLE 8.7
Variation of m′ with Soil Friction 
Angle ϕ
Soil Friction Angle ϕ (deg) m′

25 0.033

30 0.075

35 0.18

40 0.25

45 0.289

H1/D1

1

10

100

400

0.5 2.5 4.5 6.5 8.5 9

Fq

ϕ = 40°

40°

35°

30°

25°

FIGURE 8.27 Variation of breakout factor with H1/D1 for shallow condition.
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The frictional resistance Qf  can be expressed as
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(8.55)

where
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(8.56)

EXAMPLE 8.6

Refer to Figure 8.26. Given,

 For the soil: γ = 16 kN/m3 ϕ = 35°

For the anchor: D1 = 0.3 m Dn = 0.19 m

  H1 = 0.9 m Hn = 3.05 m

Determine the net ultimate uplift capacity, Qu.

Solution
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With ϕ = 35° (Equation 8.52),
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From Equation 8.51,
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Again, from Equation 8.55,
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Hence,

 

Q Q Qu p f= + = +
=

15 24 54 93. .

.70 17 kN  

8.4.1.2 Ultimate Uplift Capacity for Deep Anchor Condition
Figure 8.28 shows the idealized failure surface in soil around a deep helical anchor 
embedded in sand. For this condition,20

 
Q Q Q Qu p f s= + +

 (8.57)

In the preceding equation, Qp and Qf, respectively, are the bearing resistance 
of the top helix and the frictional resistance at the interface of the interhelical soil. 
The term Qs is the frictional resistance derived from friction at the soil-anchor shaft 
interface above the top helix. It is recommended that, due to various uncertainties 
involved in the determination of the soil parameters, the term Qs may be neglected. 
Hence,

 
Q Q Qu p f≈ +

 (8.58)

The bearing resistance Qp of the top helix can easily be determined in terms of 
the breakout factor (as in Equation 8.51), or

 
Q F D Hp q= ∗π γ

4
1
2

1
 

(8.59)

where Fq
∗ = deep anchor breakout factor

The magnitude of Fq = Fq
∗ can be determined by substituting G and Gcr [i.e., 

( / )H D1 1 cr] and ′ = ′K Ku u( )cr  (see Equation 8.56) in Equation 8.52. The variation of Fq
∗ 

has been calculated in this manner and is plotted against the soil friction angle ϕ in 
Figure 8.29 (also see Table 8.8).
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The frictional resistance Qf can conservatively be estimated as (similar to 
Equation 8.55)
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(8.60)

8.4.2 multi-helix anChoR in SatuRateD Clay (ϕ = 0 ConCept)

For shallow anchors in clay where the failure surface reaches the ground surface, the 
net ultimate capacity can be expressed as

 
Q Q Qu p f= +

 (8.61)

where
Qp = bearing resistance of the top helix
Qf = resistance due to cohesion at the interface of the interhelical soil

Hn

Qs

Qp

Qf

Dn

D1

Hcr

H1 – Hcr

Qu(g)

Sand
γ
ϕ

FIGURE 8.28 Idealized failure surface in sand for deep anchor condition.
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Following the procedure for estimation of the uplift capacity of shallow founda-
tions in clay (Equation 8.35), we can say that,

 
Q A c F Hp u c= +( )γ 1  (8.62)

where
A = area of the top helix = ( / )( )π 4 1

2D
Fc = breakout factor
γ = unit weight of soil
cu = undrained cohesion of clay
H1 = distance between the top helix and the ground surface

25
10

30

100

Fq*

300

30 35 40 45
Soil friction angle, ϕ (deg)

FIGURE 8.29 Variation of Fq
∗ with soil friction angle ϕ.

TABLE 8.8
Variation of Fq

∗ with Soil Friction 
Angle ϕ
Soil Friction Angle, ϕ (deg) Fq

∗

25 11.97

30 17.75

35 35.67

40 110.03

45 186.7
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The magnitude of Fc increases with the H1/D1 ratio up to a maximum value of 9 
at (H1/D1)cr. The critical value of H1/D1 is a function of the undrained cohesion and 
can be expressed as18
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D
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0 107 2 5 7






= + ≤
cr

. .
 

(8.63)

where cu is in kN/m2.
The variation of the breakout factor Fc can be estimated from Figure 8.30, which 

is a plot of Fc versus (H1/D1)/(H1/D1)cr.
The resistance due to cohesion at the interface of the interhelical soil can be 

approximated21 as
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−π 1
1

2
( )

 
(8.64)

In a similar manner, for deep anchor condition,

 
Q Q Q Qu p f s= + +

 (8.65)
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FIGURE 8.30 Variation of Fc with (H1/D1)/(H1/D1)cr.



377Uplift Capacity of Shallow Foundations

where
Qs = resistance due to adhesion at the interface of the clay and the anchor shaft 

located above the top helix

The bearing resistance is

 
Q D c Hp u= ( ) +( )π γ

4
91

2
1

 
(8.66)

The expression for Qf will be the same as given for shallow anchor condition 
(Equation 8.64). The resistance due to adhesion at the interface of the clay and the 
anchor shaft located above the top helix can be approximated as

 Q p H cs s a= 1  (8.67)

where
ps = perimeter of the anchor shaft
ca = adhesion

The adhesion ca may vary from about 0.3cu for stiff clays to about 0.9cu for very 
soft clays. Now, combining Equations 8.64 through 8.67, for deep anchor condition,
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(8.68)

In all cases, a factor of safety of at least 3.0 is recommended for determination of 
the net allowable uplift capacity.

EXAMPLE 8.7

Consider a multihelix anchor embedded in a saturated clay. Given:

 For the clay: γ = 18.5 kN/m3

  cu = 35 kN/m2

For the anchor: D1 = 0.4 m Dn = 0.25 m

  H1 = 3 m Hn = 7 m

Diameter of the anchor shaft = 50 mm

Estimate the net ultimate uplift capacity.

Solution

H1 = 3 m; D1 = 0.4 m
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From Equation 8.63, it can be seen that the maximum value of (H1/D1)cr is 
7.  Since  the value of H1/D1 is 7.5, it is a deep anchor condition. So, from 
Equation 8.68,
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Assume ca ≈ 0.5cu = (0.5)(35) = 17.5 kN/m2. So,
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Index

A

Active earth pressure coefficient, Coulomb, 273
Allowable bearing capacity:

definition of, 10
gross, 73
net, 74–75
with respect to shear failure, 75–76

Angular velocity, 292
Anisotropic clay, Casagrande-Carrillo 

equation, 69
Anisotropic soil, bearing capacity:

c–ϕ soil, 69–71
equivalent bearing capacity factor, sand, 

62–64
equivalent friction angle, sand, 62
friction ratio, sand, 62
sand, 61–64
saturated clay, 65–67
saturated layered clay, 137–145

Anisotropy coefficient, 69
Average effective stress, 250–252
Average effective unit weight, water table, 53

B

Balla’s bearing capacity theory, 46–47, 48–50
Bearing capacity equation:

general, 54
rigid base at limit depth, 127–135

Bearing capacity factor Nγ :
Biarez, 41
Booker, 42
Caquot and Kerisel, 41
comparison of, 43–44
Dewaikar et al., 42, 44, 45
Hansen, 41
Hijaj et al., 42
Martin, 42
Meyerhof, 38
Michalowski, 42
Terzaghi, 21, 22
Vesic, 41

Bearing capacity ratio, definition of, 320
Breakout factor:

clay, 358
sand, 342

C

Cavity expansion, 349–351
Close spacing, interference, 78–82

Coefficient, anisotropy, clay, 69
Compressibility, factor, 58
Compression index, 247–248
Consolidation:

calculation, 248–253
compression index, 247–248
general principles, 246–248
secondary, 241–262
three-dimensional effect, 255–260

Coulomb:
active wedge, earthquake, 275, 277
active wedge, static, 271, 272
earth pressure coefficient, active, 273
earth pressure coefficient, active, earthquake, 

277, 278
earth pressure coefficient, passive, 273
earth pressure coefficient, passive, 

earthquake, 277, 278
Creep correction, settlement, 274
Critical embedment ratio, uplift, 342
Critical rigidity index, 58
Curvature, Mohr-Coulomb failure envelope, 47
Cyclic load:

settlement, clay, 296–300
settlement, sand, 289–291

D

Deep foundation, 1
Deflection ratio, 263
Depth factor, 56
Depth of embedment, settlement, 230, 236
Differential settlement:

definition of parameters, 263–264
limiting values for, 264–266
nonuniform settlement, 11
uniform, tilt, 11

Drilled shaft, 1
Dynamic bearing capacity:

bearing capacity factor, 277, 278, 
285–286

seismic factor, 283
under earthquake loading, 269–270

E

Earthquake loading:
continuous foundation on edge of granular 

slope, bearing capacity, 287–288
dynamic bearing capacity, 278, 283, 285
settlement, 280–282
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Eccentric loading, bearing capacity:
Meyerhof’s theory, 98–99
rectangular foundation, 107–116
reduction factor method, 99–100
theory of Prakash and Saran, 100–104

Effective area, 99
Effective width, 98
Elastic parameters, typical values of, 210–212
Elastic settlement:

based on theory of elasticity, 229–231
Burland and Burbidge method, 218–219
by variation of soil modulus of elasticity with 

strain, 242–244
in saturated clay, 213–214
Mayne and Pools method, 237–240
Meyerhof’s correlation, 216–217
Peck and Bazaraa method, 217–218
strain influence factor method, 220–224
Terzaghi and Peck correlation, 215–216

Embedment depth, settlement, 230, 236
Empirical relations, Terzaghi’s bearing capacity 

factor, 22
Energy transmission, machine foundation, 

295, 296
Equivalent free surface, 28

F

Factor of safety, 10
Failure, ultimate load, 3
First failure load, 3
Flexible circular load, stress, 196–198
Flexible foundation, definition of, 207–208
Flexible rectangular load, stress, 198–202
Force, tie reinforcement, 307–308
Foundation on slope, 170–172
Foundation over void, bearing capacity, 168–170

G

General bearing capacity equation, 54
General shear failure, 3
Geogrid reinforcement:

bearing capacity calculation, 328–329
bearing capacity ratio, 320
cover ratio, 327
critical nondimensional parameter, 321–324
cyclic loading, settlement, 331–336
deep foundation mechanism, 326
eccentric loading, bearing capacity, 329–330
function of, 317
impact loading, settlement, 333–337
inclined loading, bearing capacity, 330–331
manufacturing process, 317
reinforcement, general parameter, 319–321
type of, 317
wide slab mechanism, 326

Granular trench, bearing capacity, 164–168
Gross allowable bearing capacity, 73

H

Hansen’s inclination factor, 89–90
Hu’s bearing capacity theory, 46
Hydraulic radius, 5

I

Inclined foundation, normal load, 94–97
Inclined loading:

cohesionless soil, 87, 89
cohesive soil, 87, 88
Dubrova’s equation, 90
inclination factor, 88–90
Meyerhof’s theory, 85–88

Interference, ultimate bearing capacity, 78–82

J

Janbu’s method, settlement, 213–214

L

Layered soil, bearing capacity:
anisotropic saturated clay, 137–142
bearing capacity factors, clay, 143–145
punching shear coefficient, 147
rectangular foundation, clay, 142
relative strength ratio, clay, 140
stronger over weaker, 145–156
weaker over stronger, 160–163

Local shear failure:
bearing capacity factor, 25–26
definition of, 3
Terzaghi’s theory, 25–26
ultimate bearing capacity equation, 25

Logarithmic spiral, 13

M

Machine foundation, settlement, 290, 
292–296

Mat foundation, type of, 1
Metallic strip reinforcement, bearing capacity:

design for, 312–314
factor of safety, tie break, 308
factor of safety, tie pullout, 311
failure mode, 305–307
force in ties, 307

Meyerhof’s bearing capacity:
equivalent free surface, 28
factor Nc, 32–33, 34
factor Nq, 32–33, 34
factor Nγ, 37, 38
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factors, 39–40
theory, 28–40

Meyerhof’s inclination factor, 88–89
Modulus of elasticity, values of, 211

N

Net allowable bearing capacity, 74
Nominal uplift coefficient, 344
Nonuniform settlement, 11

P

Passive earth pressure coefficient, Coulomb, 273
Peak acceleration, 292
Pile, 1
Plate load test, 215
Point load, stress increase, 194–196, 203–204
Poisson’s ratio, typical values for, 210
Prandt’s radial shear zone, 13
Punching shear coefficient, 147
Punching shear failure, 3, 5

R

Rectangular load, settlement:
center, flexible, 229–231
corner, flexible, 229–231
rigid, 231

Rectangular foundation, eccentric loading, 
107–116

Reduction factor, eccentric loading, 99–100
Relative friction angle, 210
Relative stiffness factor, 210
Rigid foundation, 209
Rigid rough base, limited depth:

Buisman’s theory, clay, 134, 135
Mandel and Salencon’s theory, 134, 135
modified bearing capacity factor, 129, 130, 

131, 132
modified shape factor, 129, 130, 132, 133
saturated clay, 134–135
settlement, 213

Rigidity index:
critical, 58
definition of, 58

S

Saturated clay:
anisotropic bearing capacity, 65–67
settlement, Janbu’s method, 213

Scale effect, 47
Secondary compression index, 261
Settlement:

consolidation, 248–253
cyclic loading, clay, 296–300

cyclic loading, sand, 289–290
differential, 263–266
earthquake loading, 280–284
eccentric loading, 102
effect of ground water table rise, 245–246
L1–L2 method, granular soil, 225–227
machine foundation, 290, 292–296
plate load test, 215
secondary consolidation, 213–214
standard penetration resistance correlation, 

215–217
strain influence factor, 220–223
transient load, 300–303
ultimate load, 6–9

Shape factor, 55
Shear failure, allowable bearing capacity, 75–76
Shear modulus, 58
Slope, foundation on:

bearing capacity factor, 170–172
granular soil, 171
purely cohesive soil, 171
stability number, 171

Slope, foundation on top:
Hansen and Vesic’s solution, 174–176
limit equilibrium analysis, 176
Meyerhof’s solution, 172–174
stress characteristic solution, 176
subjected to earthquake loading, 287–288

Soil compressibility, effect of, 57–59
Spring constant, 293
Standard penetration resistance, settlement 

correlation:
Burland and Burbidge, 218–219
Meyerhof, 216–217
Peck and Bazaraa, 217–218

Stone column:
area replacement ratio, 183
general parameters, 182–185
load bearing capacity, 185–187
stress concentration, 184

Stress, Boussinesq:
circular area, 196–198
point load, 194–196
rectangular area, 198–201

Stress, Westergaard:
circular load, 204–205
point load, 203–204
rectangular load, 205–206

Stronger over weaker soil, bearing capacity:
clay over clay, 155–156
punching shear coefficient, 147
rectangular foundation, 149
sand over clay, 150
sand over sand, 150–151
shape factor, 151
theory, 146–149

Swell index, 249
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T

Terzaghi’s bearing capacity:
factor, local shear failure, 26
factor, value of, 23
local shear failure, 25
Nc, 19
Nq, 17
Nγ, 21
Prandtl’s radial shear zone, 13
theory, 11–21
ultimate capacity, 22–23

Threshold acceleration, 292
Tie break, 308
Tie pullout, 310–311

U

Ultimate bearing capacity, eccentrically 
obliquely, 122–125

Ultimate bearing capacity, Terzaghi:
circular foundation, 22
continuous foundation, 21
square foundation, 22

Uniform tilt, 11
Uniformly loaded circular area, 196–198
Uplift capacity:

Balla’s theory, 340–342

breakout factor, clay, 358
breakout factor, sand, 342
critical embedment ratio, 342
definition of, 339
Meyerhof’s theory, clay, 359–360
multi-helix anchor, clay, 374–377
multi-helix anchor, sand, 366–372
nominal uplift coefficient, 344
shape factor, 345
theory of Meyerhof and Adams, sand, 

342–349
theory of Vesic, sand, 349–351
Vesic’s theory, clay, 358–359

V

Velocity of load, ultimate bearing capacity, 
269–270

Viscous damping constant, 293, 294
Void, foundation over, 168–170

W

Water table, effect of, 50, 51–53
Weaker over strong soil, bearing capacity, 

160–162
Wedge-shaped foundation, bearing capacity, 

187–190
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