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Preface

This book is intended primarily for use senior undergraduate students, 
post graduate students, Ph.D students, research scholars, teachers and 
academicians. It will serve as a textbook for courses on footings design or 
constitutive laws usually taught at post graduate level. Attempt has been 
made to present the analysis of footings located in different situations in 
the field in lucid manner. Footings located in seismic regions have also 
been covered.

The author has been actively engaged in teaching graduate and 
postgraduate level courses since 1964 at IIT Roorkee. More than half a 
dozen Ph.D theses have been guided by the author on the similar idea. The 
approach has been to deal with a topic in totality, starting from the initial 
stage of the determination of the constitutive law of soil, and selection of 
appropriate stress equations, and ending with the analysis which includes 
determination of the bearing capacity and settlement.

The methodology has been demonstrated through illustrative 
examples included in each chapter. All formulas, charts and examples are 
given in SI units.

Some of the materials included in the book has been taken from the 
works of the other authors specifically of Ph.D students who worked 
under author’s supervision.In spite of sincere efforts, some contributions 
may not have been acknowledged. The author apologies all the authors 
and publishers for their kind permission to reproduce tables figures and 
equations.

The author wishes to express his appreciation to Mr. Tinku Biswas 
for his continuous help in preparing and typing the manuscript and Shri 
Rajesh Shukla for his suggestions. Thanks are also due to many colleagues, 
friends and students for their encouragement.

The author will be failing in his duty if he does not acknowledge the 
support from his family members, especially his wife and grandson.
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About the Book

The book offers a systematic analysis of footings (i.e. shallow foundations) 
in a realistic way, using constitutive relationships of the soil. The aim of 
the book is to deal with the theme holistically, involving the determination 
of the constitutive law of the soil, and then proportioning the footing 
occurring in different situations in actual practice.

The book has eleven chapters. After giving an introduction and scope 
of the book in the first chapter, second and third chapters are respectively 
devoted to constitutive laws of soil and basic stress equations. In the 
third chapter analysis of strip footings subjected to central vertical load 
has been dealt. This analysis has been extended for eccentric –inclined 
load in the fifth chapter. Since problems of shallow foundations resting 
adjacent to a slope are of prime importance, this aspect has been dealt in 
sixth chapter. In the seventh chapter, analysis pertaining to square and 
rectangular footings have been presented. Effect of interference between 
adjacent footing is covered in chapter eight. Since ring footings are usually 
provided for tanks, silos, towers etc., ninth chapter is devoted to this. 
Added attraction of the book is its chapter ten in which footings located 
in seismic regions have been covered. Effect of embedment below the 
ground surface on the behavior of footings located both in non-seismic 
and seismic regions has been dealt in the chapter eleven. 

The book is intended for senior undergraduate, postgraduate 
and Ph.D. students of civil engineering, research scholars, practicing 
engineers, teachers and academicians. The analyses are based on the 
latest information available. A number of illustrated examples have been 
included in the text. SI units have been used in the book.
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CHAPTER 

1

Introduction

1.1 General

Shallow foundations are the common type of foundations designed 
for many important structures. In general, spread footings, combined 
footings and rafts or mat foundations are included under shallow 
foundations. Wherever possible, spread footings are used because these 
are more economical. The foundations may be subjected to a vertical load, 
moment and shear at the base which induces stress and deformation in 
the supporting soil. For proportioning such foundations, bearing capacity, 
settlement and tilt are the main criteria.

Stresses and deformations are two inseparable features which are 
observed when a material is subjected to external forces. The evaluation 
of stresses and deformations in elastic, isotropic and homogeneous mass 
has been done on the basis of the theory of elasticity. Soil mass is formed 
in Nature in such a way that the above three criteria are never fulfilled. 
Therefore, determination of stresses and deformations for a real soil is 
very difficult.

In the design of shallow foundations, the estimation of bearing 
capacity, settlement and tilt is currently done in separate, independent 
steps. However, for determining these, the rational approach is to use 
continuous pressure-settlement and pressure-tilt characteristics of the 
actual foundation. Considering all the situations that occur in practice 
while using footings as foundation, attempts are being made to evaluate 
the pressure-settlement and pressure-tilt characteristics of footings  
using non-linear stress-strain relation of soil from these, bearing  
capacity, settlement and tilt of a footing can be obtained in a single step 
more rationally.
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1.2 Current Methods of Proportioning Shallow Foundation

The bearing capacity of a centrally loaded footing is currently estimated 
by Terzaghi’s theory (1943) or Meyerhof theory (1951). These theories are 
applicable to homogeneous and isotropic soils. Terzaghi (1943) developed 
his theory by considering the soil above the base of foundation as a 
uniform surcharge, while Meyerhof (1951) considered the shear strength 
of the soil. Their solutions are based upon assumptions of approximate 
rupture surfaces which are neither statically nor kinematically possible 
(Saran, 1969). No solutions are available to indicate a surface of rupture 
which can be proved to be both statically and kinematically possible. 
Hence, the exact value of bearing capacity is still unknown.

The bearing capacity of an eccentrically loaded footing is currently 
estimated by using Meyerhof’s theory (1953), according to which an 
eccentrically-loaded footing is treated arbitrarily as a centrally loaded 
footing of width B-2e where B is the width of the footing and e is the 
eccentricity of load. Saran (1969) proposed an analytical solution using 
limit equilibrium approach considering the failure of surface to develop 
in one direction only. He presented non-dimensional bearing-capacity 
factors in the form of charts for computation of ultimate bearing capacity. 
Agarwal (1986) extended the work with Saran (1969) for footings subjected 
to eccentric inclined load. 

The settlement of a foundation subjected to central vertical load 
is generally estimated by Terzaghi’s (1943) theory of one-dimensional 
consolidation for clay, and by performing plate load tests, standard 
penetration tests and static penetration tests for sand (Saran, 2006). The 
results of plate load test are extrapolated to actual size of footing. Terzaghi’s 
one-dimensional consolidation theory is valid only when the lateral yield is 
negligible; for example, in the case of a clay layer sandwiched between two 
sand layers or a large raft resting on a thin clay layer supported by a rigid 
base. This theory leads to an underestimate of settlement to a large extent 
for thick layers of clays where lateral yield is significant. In this theory, 
the vertical strains are computed from stresses worked out by the elastic 
theory which may be true for smaller surface loads; but at higher loads, 
soil becomes plastic and exhibits non-linear stress-strain characteristics 
(Sharan, 1977). Empirical charts and correlations are available to obtain 
the settlement from standard penetration tests and static cone penetration 
data (Peck et al., 1974; Saran, 2006).

Analytical solutions based upon the elastic theory are available for 
determination of tilt of an eccentrically-loaded footing. Non-dimensional 
correlations for footings on sand, based upon experimental values, are 
available (Saran, 1969; Agarwal, 1986) for computation of tilt for the cases 
footings subjected to eccentric vertical load and eccentric-inclined load 
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respectively. No analytical procedure is available which uses non-linear 
stress-strain relations of soil for estimation of the tilt of footings.

The above discussions lead to the conclusion that the method currently 
in use for estimating bearing capacity, settlement and tilt of centrally 
and eccentrically obliquely loaded footings are approximate. Therefore, 
the analytical results are checked by field observations. The method 
currently in use for determining the above quantities in field for centrally-
loaded footings is by plate load test, but no field method is prescribed 
for eccentrically obliquely loaded footings. A plate load test is performed 
with a standard size of plate and then the results are extrapolated to the 
actual size of footing by using the relationship proposed by Taylor (1948). 
These relationships are at best semi-empirical.

The pressure bulb under a footing is affected by the size and shape of 
the foundation and the nature of supporting soil strata. The extrapolation 
of results of plate load test with smaller size of plate can give reliable results 
for footings resting on uniform homogeneous soils but where change in 
the nature of supporting soil is expected, the extrapolation may lead to 
erroneous results. Besides, the plate load test is a very costly and slow 
process and, therefore, attempts have been made by Duncan and Chang 
(1970), Desai (1971) and Basavanna (1975) to obtain pressure settlement 
curve analytically by finite element techniques using non-linear stress-
strain relation for soil. 

Pressure settlement curves for uniformly loaded circular and square 
footings in clay have been obtained successfully by finite element 
technique by Desai (1971) and Basavanna (1975) respectively, using soil 
parameters from undrained triaxial compression test. The predicted and 
experimental curves compare very well at all stress levels, but the pressure 
settlement curve for uniformly loaded strip and square footings in sand 
obtained by Duncan and Chang (1970) and Basavanna (1975) respectively 
by finite element method taking soil parameters from undrained triaxial 
compression test had large variations with the experimental results. 
Recently, some researchers analysed this problem using finite element 
and finite difference techniques (DeBorst and Vermeer, 1984; Shiau, 2003; 
Loukidis and Salgado, 2009; Dai et al., 2013). Method of characteristics has 
been utilized by few investigators (Kumar, 2009; Han et al., 2016; Cascone 
et al., 2016; Sun et al., 2016).

1.3 Scope of the Book

The book offers a systematic treatment of the analysis of footings (i.e. 
shallow foundations) in a more realistic way by using constitutive 
relationships of the soil. The aim of the book is to deal with the theme in 
its entirety, involving the determination of the constitutive law of the soil, 
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and then proportioning of the footing occurring in different situations in 
actual practice.

The book is intended to be used by civil engineering senior under-
graduate and post-graduate students, Ph.D. research scholars, practising 
engineers, teachers and academicians. 

The book has eleven chapters. After giving an introduction and scope 
of the book in the first chapter, second and third chapters are devoted to 
constitutive laws of soil and basic stress equations. In the third chapter, 
analysis of strip footings subjected to central vertical load has been 
covered. This analysis has been extended for eccentric-inclined load in 
the fifth chapter. Since problems of shallow foundations resting adjacent 
to a slope are of prime importance, this aspect has been dealt with in the 
sixth chapter. In the seventh chapter, analysis pertaining to square and 
rectangular footings have been presented. Effect of interference between 
adjacent footing is covered in chapter eight. Since ring footings are usually 
provided for tanks, silos, towers, etc., ninth chapter is devoted to this. 
Added attraction of the book is its chapter ten in which footings located 
in seismic regions have been covered. Effect of embedment below the 
ground surface on the behaviour of footings located both in non-seismic 
and seismic regions has been dealt with in chapter eleven. 

The analyses are based on the latest state-of-the-art available on the 
subject. A number of illustrative examples have been included in the text 
and SI units have been followed throughout.
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CHAPTER 

2

Constitutive Laws of Soils

2.1 General

Constitutive laws of soil define the mechanical behaviour of soil. They 
basically represent the non-linear stress-strain characteristics of soil and 
its strength. They are of prime importance for analyzing almost all applied 
non-linear problems of soil mechanics, e.g. stability analysis of slopes, of 
dams and embankments, of rafts, piles and wells. Constitutive laws are 
known to be function of the 

 • Physical properties of soil
 • Moisture content and relative density
 • Confining pressure
 • Intermediate principal stress
 • Strain rate
 • Stress history of soil

A review of all pertinent literature available regarding the influence 
of the above factors on the mechanical behaviour of soil are summarized 
below (Sharan, 1977). 

2.2 Factors Affecting Constitutive Laws

2.2.1 Influence of Particle Physical Properties

The influence of physical properties of granular soil particles characterized 
by shape, size and grading have been studied to a limited extent. It has 
been found that shear strength decreases with increase of particle size and 
increases with increase in angularity of particle shape. But grading has little 
effect on shear strength as long as the coefficient of uniformity remains 



Constitutive Laws of Soils 7

unaltered (Vallerga, 1957; Leslic, 1963; Kolbuszewski, 1963; Kirkpatric, 
1965; Marshall, 1965; Leussink, 1965; Lee and Seed, 1967; Fumagalli, 1969; 
Koerner, 1970). The behaviour of soil composed of flaky (platey) mineral 
particles, such as mica, talcum, montmorillonite, kalonite, allumina and 
chlorite, have been found quite different from those composed of bulky 
particles such as feldspar, iron ore, halocytes and calcite or rod-like 
particles such as hornblende. The basic change in stress-strain curve, the 
tremendous volumetric decrease and terminal orientation of particles 
were noticed in soil composed of flaky particles (Taylor, 1948; Horn and 
Deere, 1962; Jumikis, 1965; Koerner, 1970).

2.2.2 Effect of Moisture Content and Relative Density

The strength characteristics of clay are dependent upon moisture 
content, structural formation, i.e. whether it is flocculated, dispersed or 
honeycombed and also upon the properties of the pore fluid. The moisture 
content has, however, no significant effect on the strength of granular 
soil (Kirkpatric, 1965). Higher initial tangent modulus and strength are 
obtained for denser soils. The increase of density to the extent that there is 
no structural breakage causes an increase in the strength.

2.2.3 Effect of Confining Pressure

The significant effect of confining pressure on the behaviour of soil 
has been well recognized. It is generally found that the strength and 
compressibility of soil varies with confining pressures. At higher 
confining pressures, structural breakdown and increased compressibility 
are observed. Mohr’s rupture envelope has been found to be curved 
with more pronounced curvature for dense sand and gravel samples in 
higher pressure range. In case of partially saturated clay, both the tangent 
modulus and the compressive strength have been found to be affected by 
confining pressure, but in case of saturated clay, they remain unaffected 
(Holtz and Gibbs, 1956; Hall and Gordon, 1963; Leslie, 1963; Vesic and 
Barkdale, 1963; Bishop et al., 1965; Lee and Seed, 1967; Pounce and Bells, 
1971).

2.2.4 Effect of Intermediate Principal Stress

Limited literature is available on the effect of intermediate principal stress 
on the strength characteristics of soil. The strength and initial tangent 
modulus of soil under plane strain condition has been found to be higher 
but strain at peak stress is lower than in the triaxial compression and 
extension tests (Cornforth, 1964; Ko and Scot, 1967). The failure stress has 
been found to be maximum when s2 = s3 and increased with increase 
in s2 keeping s3 constant (Bishop, 1953; Southerland and Mesdary, 1969; 
Duncan, 1970). In general, this behaviour may be shown graphically as 
seen in Fig. 2.1. The intermediate principal stress has the effect of stiffening
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Fig. 2.1.  Principal stresses on Mohr's diagram.

and increasing the strength of soil when it moves from the condition 
of  triaxial compression to plane strain condition. The maximum possible 
shear stress is given by one-half of the difference in these stresses

 tmax = 1
2 1 3( )σ σ−  (2.1)

The octahedral shear stress is given by

 toct = 1
3 1 3

2
2 3

2
3 1

2σ σ σ σ σ σ−( ) + −( ) + −( )  (2.2)

It is shown from the above expression that toct varies only between 

limits of 0.816 (when s2 = s1 or s3) to 0.943 when σ
σ σ

2 2
=

+





1 3( )
 times 

the maximum shear stress. There is consequently a change of about 15% 

only in the relationship between toct and tmax and  over the entire range of 
possible values. In many cases, therefore, one may be substituted for the 
other (Newmark, 1960).

2.2.5 Effect of Rate of Strain

The effect of strain rate on small samples of sand was investigated by 
Casagrande and Shannon (1947), Skempton and Bishop (1951), Prakash 
and Venkatesan (1960), Whitman and Healey (1962) and Whitman (1967). 
It was found that there is no significant effect of the rate of strain on the 
strength characteristics of granular material. The strength characteristics 
of clay are affected to a significant extent by the rate of strain. Higher 
tangent modulus and strength were observed at faster rate of loading. 
An increase in strain rate from one per cent per minute to 10–3 per minute 
gave 20% increase in strength (Taylor, 1948).

"' "• " 
Normal stress 
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2.2.6 The Effect of Stress History

The shear strength parameters have been found to be independent of 
the stress history and the use of anisotropic consolidation in case of sand 
(Bishop and Eldin, 1953). But the shear strength characteristic of clay is 
greatly influenced by the consolidation history and appear to depend 
upon the over consolidation ratio (Simon, 1960; Hankel, 1966). 

The factors influencing the stress-strain characteristics of soil are quite 
large in number and it is not possible to establish any general law which 
can take into account all the above factors. Therefore, laboratory testing 
under simulated field conditions is done to establish constitutive law for a 
given foundation soil. The constitutive relationship for simplified practical 
cases only may be studied with the help of rheological and mathematical 
models.

It may be mentioned here that in the field of constitutive modelling, 
more works are available which consider advance aspects related to 
different practical situations (Gudehus, 1979; Kogho et al., 1993; Darve et 
al., 1995; Jommi, 2000; Houlsby, 2002; Sheng et al., 2004). Discussion on 
these is beyond the scope of the book.

2.3 Models for Constitutive Relationships

2.3.1 Rheological Models

Soil is generally composed of solids, liquid and gaseous material. The 
solid part is composed of numerous grains of various mineralogical 
composition and is porous. The pore is generally filled with water and air. 
Soil resists the effect of external forces in a manner different from simple 
solid continua. In non-cohesive soil, the external force is resisted by the 
inter-granular friction at the contact surfaces. In cohesive soil, composed 
of clay minerals, the strength of the films of adsorbed water surrounding 
the grains accounts for the resistance of the soil to deformation (Sukelje, 
1969).

The soil exhibits elasticity as well as creep under constant stress. 
Creep occurs at a rate which remains either constant or varies with time. 
Stress relaxation under constant applied strain is also observed in soil. 
This behaviour of soil can be described by visco-elastic models consisting 
of rheological elements, namely Hookean elastic body, Newtonian 
viscous liquid, Saint venant plastic body and Pascal’s liquid. The 
relationship between stress and strain of these bodies is given by Scott 
(1963). The rheological models are constructed in an intuitive way and the 
corresponding relationships between stress and strain are deduced and 
compared with the experimental observations. This comparison controls 
the applicability of the assumed rheological models. Various rheological 
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models which may be suitable for soil 
have been proposed by Rao (1967).

The model discussed here and given 
in Fig. 2.2 is constructed to represent 
elasto-plastic and viscous behaviour 
of soil and found to represent soil 
behaviour (Chakravarty, 1970; Prakash, 
Saran and Sharan, 1975; Sharan, 1977). 
The model consists of spring (H) and 
viscous dash-pot (N) on the left branch 
of the model and on the right branch 
of the model are gas or air (G) and 
incompressible liquid (IP) represented 
by a cylinder and a tight-fitting piston 
filled with air and a cylinder with water 
and tight-fitting piston respectively.

The relation between stress and strain is given by the following 
expression (Prakash, Saran and Sharan, 1975; Sharan, 1976):

	 s	= el
e
e

l( )1
1

- +
-

-e
uE T o  (2.3)

where s	=  applied stress
           ε  =  rate of strain
           l =  Trouton’s coefficient of viscosity
           T = time
											e	= strain
          u0 =  initial pore pressure

At large strains, time T in the above equation becomes large and it 
reduces to 

 s = ελ ε
ε

+
−

u0

1
 (2.4)

Therefore, for a given stress, strain at failure and rate of strain, the 
value of l can be obtained.

The values of E at various strains for a given curve can also be 
calculated. The theoretical stress-strain curves for various values of E and 
l for this model are given in Fig. 2.3.

The rheological model discussed herein has been found to predict 
well the stress-strain curves for cohesive as well as non-cohesive soil by 
taking E at 1% strain (Chakravarty, 1970; Prakash, Saran and Sharan, 
1975). The great drawback of this method is the correct evaluation of the 
elastic constant E which is done arbitrary at 1% strain. Soil exhibits non-
linearity in stress-strain relationship even at low strain level and these 
curves are sensitive to magnitude of E as shown in Fig. 2.3.

Fig. 2.2. Rheological model.

" 
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Fig. 2.3. Stress-strain curves (rheological model).

2.3.2 Mathematical Models

The behaviour of soil over a wide range of stresses is non-linear, inelastic 
and dependent upon the magnitude of the confining pressure used in 
the test. A review of literature on simplified practical mathematical 
models which takes into account this nonlinearity, stress dependency and 
inelasticity of soil behaviour is given below (Sharan, 1977).

(i) Hyperbolic Function
Kondner (1963) and Kondner and Zelasko (1963) have shown that the 
non-linear stress-strain curves of both clay and sand (Fig. 2.4a) may be 
approximated by hyperbolae (Fig. 2.4b) of the following form with high 
degree of accuracy:

Fig. 2.4. (a) Typical triaxial test data. (b) Transformed hyperbola plot. 
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ε

σ σ1 3−( )
= a + be       (2.5a)

Or, e = a
b
( )

( )
σ σ

σ σ
1 3

31
−

− −1
 (2.5b)

where  e = axial strain
         a, b = constants of hyperbola

The plot 
ε

σ σ1 3−( )
 versus ε gives a straight line where ‘a’ is the 

intercept on Y-axis and ‘b’ is the slope of line (2.4b). Working in limit e∞ 
with Eq. (2.5), the reciprocal of ‘b’ represents the ultimate compressive 
strength of the soil which is larger than compressive strength at failure. 
This is expected because the hyperbola remains below the asymptote at 
all finite values of strain. The ratio Rf of compressive strength (s1 – s3)f to 
ultimate compressive value su varies from 0.75 to 1.0 for different soils 
independent of confining pressure (Kondner, 1963).

A differentiation of Eq. (2.5) with respect to strain e gives the inverse 
of ‘a’ as the initial tangent modulus. Duncan and Chang (1970) have 
expressed the Kondner’s expression in terms of shear strength and initial 
tangent modulus as given below:

 (s1 – s3) = ε
φ σ σ

φ σ φ
1

1

2 2
1 3

3
−

−( ) −( )
+













R

c
f sin

cos sin
 Ei (2.6)

where c = cohesion
	 f = angle of internal friction
 Ei = initial tangent modulus
 Rf = (s1 – s3)f /su

Janbu’s (1963) experimental studies have shown that the relationship 
between initial tangent modulus and confining pressure may be expressed 
as follows:

 Ei = Kp
pa

a

n
σ3







  (2.7)

where pa =  atmospheric pressure, K and n = pure numbers.
The values of K and n can be readily determined from the results by 

plotting Ei against s3 on log-log scales and fitting a straight line to the data.

(ii) Parabolic Functions
Hansen (1963) proposed two additional functional representation stress-
strain relationships:
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 (s1 – s3) = 
ε

a b+






1 2

 (2.8)

 (s1 – s3) = 
ε1 2

a b+








  (2.9)

The first equation accounts for the possibility of parabolic variations in 
stress-strain curves at small strains. The second equation is an alternative 
form to account for the parabolic variation and possesses the property of 
giving a maximum value of (s1 – s3) for finite strain, i.e. it is suitable when 
the curve shows a decrease after the peak stress. Hansen (1963) used one 
of the data from Kondner (1963) and compared the stress obtained from 
the above equations. He observed that if stress-strain curve is initially 
parabolic, Eq. (2.8) will probably be better and if it is work softening, then 
Eq. (2.9) should be attempted.

(iii) Spline Function
Desai (1971) compared the above mathematical models with that of the 
spline functions which approximate the given non-linear stress-strain 
relations by a number of polynomials of a given degree spanning a number 
of data points. Details of splines and their mathematical properties are 
described by Schoenburg (1964), Ahlberg et al. (1967) and Greville (1967). 
Kondner’s (1963) work compared very well with that Desai’s (1971) spline 
functions.

2.3.3 Discussion
The mathematical models discussed above are purely empirical in nature. 
Therefore, it is likely that one relation may represent the actual stress-
strain to a better degree than the other. A comparative study for predicting 
bearing capacity and settlement was carried out by Desai (1971) for 
circular footing in clay using the spline function and hyperbolic equation. 
His study showed that the ultimate bearing capacity computed by using 
spline function differed by about 0.52% and that using hyperbola differed 
by 1.58% from the experimental results. The settlements, predicted at 60% 
of the ultimate load, differed 3 to 6% and 20 to 25% on computation by 
spline function and hyperbolic equation respectively.

Basavanna (1975) has discussed the cause of this large variation in 
case of hyperbolic equation of Kondner (1963). Desai had computed the 
values ‘a’ and ‘b’ constants of hyperbola by using the criteria suggested 
by Duncan and Chang (1970) which takes into account the straight line 
passing through the points of 70 to 95% of mobilized strength. Basavanna 
(1975) suggests that if due weightage is given to the experimental points 
in the initial portion of the curve, different values of ‘a’ and ‘b’ parameters 
are obtained and the predicted pressure settlement curve is close to the 
experimental one.
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The above discussion leads to the conclusion that the stress-strain 
relationship represented by the mathematical model suggested by Kondner 
is simple and acceptable and, therefore, may be adopted for investigation 
of constitutive laws of soil. Keeping this in view, behaviour of footing 
under different types of loading discussed in subsequent chapters have 
been presented using Kondner hyperbolic concept of constitutive laws of 
soils (Sharan, 1977).

2.4 Constitutive Laws of Typical Soils
2.4.1 For Buckshot Clay

The Buckshot clay used by Caroll (1963) was brought from the field in 
disturbed condition at natural water content of 30 to 40%, allowed to air 
dry to water contents of about 10% and then processed to the desired 
water content for test purposes. Salient properties of Buckshot clay are 
given in Table 2.1.

Table 2.1. Properties of Buckshot clay

Montmorllonite 25%
Illite 25%
Quartz 20%
Feldspar 20%
Fe2O3 2%
Organic matter 1%
Percent finer than No.200 sieve (74 microns) 90 to 95
Percent finer than 2 microns 45 to 50
Liquid limit 55 to 70
Plastic limit 20
Water content 32.2%
Bulk density 18.1 kN/m3

Poisson’s ratio (µ) 0.375
Coefficient of permeability 10-11 m/s
Coefficient of consolidation 2 ×10-7 m/sec
Compression index 0.52 ± 0.04
Undrained shear strength 72 kN/m2

Saturation 90%

The stress-strain curves obtained by undrained triaxial shear tests 
for Buckshot clay at moisture content of 32.2% are given in Fig. 2.5(a) for 
confining pressures of 105 kN/m2 and 211 kN/m2 as reported by Carrol 
(1963). Carrol had given stress-strain curves for other water contents also 
but the degree of saturation obtain for this was in the order of 90%. This 
causes a very little variation in stress-strain relationship with confining 
pressure as shown in Fig. 2.5(a). The transformed hyperbolic stress-strain 
plot for the above curves are given in Fig. 2.5(b).
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Fig. 2.5(a). Stress-strain curves for Buckshot clay (Carrol, 1963).

 

Fig. 2.5(b). Hyperbolic stress-strain curve for Buckshot clay (After Carrol, 1963).

Fig. 2.5(c). Hyperbolic stress-strain relationship.
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The ratio of the ultimate strength in hyperbolic representation to the 
actual failure strength was obtained as 1.10 (Fig. 2.5c). His undrained 
triaxial test results show negligible influence of confining pressure on 

tangent modulus E1 or 1
a







  and shear strength su or

1
b







. The average 

values of b/a was found to be 142. The values of a and b were obtained as 
1.9 × 10–4 m2/kN and 214 × 10–4 m2/kN respectively.

2.4.2 For Ranipur Sand

The physical properties of Ranipur sand are given in Table 2.2.

Table 2.2. Properties of Ranipur sand

Type of soil SP
Effective size (D10) 0.17
Uniformity coefficient 1.76
Mean specific gravity 2.65
Minimum void ratio 0.58
Maximum void ratio 0.89
Average density 1.63 g/cc
Relative density 84%

To obtain constitutive relationship for Ranipur sand, triaxial tests 
were conducted with different confining pressures, varying from 150 
kN/m2 to 500 kN/m2 at relative density 84%. The stress-strain curves are 
shown in Fig. 2.6(a) (Prakash, 1975).

Fig. 2.6(a). Stress-strain curves for Ranipur sand (DR = 84%).
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Fig. 2.6(b). Transformed stress-strain curves for Ranipur sand (DR = 84%).

The transformed hyperbolic stress-strain curves are given in Fig. 2.6 
(b). It is found that hyperbolic equation (Kondner, 1963) can be used to 
represent the stress-strain relationship.

The parameter ‘a’ and ‘b’ of the hyperbola were correlated with the 
confining pressures and are plotted in Figs 2.7 and 2.8. The following 
relationship holds good for Ranipur sand.

 Fig. 2.7. Variation of Ei a
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



1
 

 w.r.t. confining pressure for  
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 1/a = K1 (s3)n

 1/b = K2s3

The values of K1, n and K2 are given in Table 2.3.

Table 2.3. Parameters of Constitutive Law for Ranipur sand

Relative density K1 n K2

84% 700 0.5 4.40

The angle of shearing resistance was determined with the help of 
triaxial tests. These tests gave the value of the angle of internal friction of 
sand at 41° at relative density 84%.

Illustrative Examples
Example 2.1

A drained triaxial test was performed on Dhanori clay (LL = 53%, P.I = 
25%, S = 91%) giving the deviator stress versus axial strain plot as shown in 
Fig. 2.9. Plot the data in the transformed pattern as suggested by Kondner 
(1963), and obtain the values of ‘a’ and ‘b’ parameters. 

Fig. 2.9. Stress-strain curve for drained triaxial shear test for Dhanori clay 
(Prakash, 1975).

Solution
 1. Transformed plot i.e. ε

σ σ( )1 3−
 versus ε has been plotted as shown in 

Fig. 2.10.

Fig. 2.10. Hyperbolic stress-strain plots for drained triaxial shear test (Prakash, 1975).
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 2. This plot gives

   a = 0.826  10–4 m2/kN

     b = 1 5 10
0 1

4.
.

× −
m2 /kN = 15  10–4 m2/kN

   b/a = 18.16

   su = 450 kN/m2

   1
b

 = 666 kN/m2 = sum

   1
a

 = 12106 kN/m2 

   
σ
σ
um

u
= 

666
450

= 1.48

Example 2.2

Drained triaxial test were performed on Amanatgarh sand (SP, D10 = 0.15 
mm, Cu = 2.0, Dr = 70%) at different confining pressure. The results are 
shown in Fig. 2.11. Determine the values of parameters a and b, and their 
trend with confining pressure.

Fig. 2.11. Stress-strain curves for 
Amanatgarh sand.

Fig. 2.12. Transformed stress-strain 
curves for Amanatgarh sand.
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Solution

The transformed hyperbolic stress-strain curves were obtained from the 
triaxial results in Fig. 2.11 and are shown in Fig. 2.12. It has been found 
that the hyperbolic equation presented by Kondner (1963) can be used to 
represent the stress-strain relationship. 

The parameters a (or 1/Ei) and b (or 1/su) of the hyperbola were 
correlated with confining pressure for the relative density of 70% as shown 
in Figs 2.13 and 2.14 respectively. The following relationships were found 
to hold good for Amanatgarh sand 

 
1
a

 = K1 (s3)n

Fig. 2.13. Hyperbolic constant (1/a) versus s3.

Fig. 2.14. Hyperbolic constant (1/b) versus s3.
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1
b

 = K2 + K2 (s3)

where K1, K2, K3 and n are as given in Table 2.4 and s3 is the confining 
pressure (kN/m2).

Table 2.4. Parameters of Constitutive Laws for Amanatgarh sand

Relative density, RD K1 n K2 K3

70% 3.8 × 103 0.58 90 3.35

Practice Problems

 1. What is meant by constitutive laws of soils? Describe briefly the 
factors affecting them.

 2. Discuss the salient features of following constitutive models:
  (a) Kondner’s mathematical model (1963)
  (b) Duncan and Chang (1970) model.
 3. For a typical soil values of parameters ‘a’ and ‘b’ were found as  

0.9 × 10-4 m2/kN and 20 × 10-4 m2/kN respectively. Plot (i) transformed 
stress-strain curves, and (ii) actual stress-strain curves.
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CHAPTER 

3

Stress Distribution in Soil Mass

3.1 General

For many problems of practical interest, it is necessary to estimate 
settlements under conditions in which the induced stress varies spatially. 
The first step in the analyses of such problems usually involves estimation 
of the initial states of stress in the soil and of the changes in these stresses 
during loading and when the soil approaches equilibrium. Two methods 
of analyses are commonly followed.

The theoretical solutions give total stresses in a weightless elastic 
medium because the soil is assumed to be a continuum. Their resolution 
into effective stresses and pore water pressures is a separate problem not 
considered in terms of the theory of elasticity. The assumption that the 
medium is weightless simplifies the theoretical analyses and the form of the 
resulting equations. The actual state of stress is found by superimposing 
the stresses calculated for the weightless medium on the initial state of 
stress in the soil prior to application of the load (Olson, 1989).

The soil is generally assumed to be isotropic and linearly elastic so 
that its properties can be described by using only two parameters. In most 
of the solutions it will be convenient to use Young’s modulus, E, as one of 
the parameters and Poisson’s ratio, m, as the other.

The stress distribution in an elastic, isotropic, homogeneous and 
semi-infinite soil mass due to point load at the surface was derived by 
Boussinesq (1985) and was extended to other loading conditions by 
Melan (1919), Carothers (1920), Kolosov (1935) and Mindlin (1936). The 
equations have been computed on the assumption that the modulus of 
elasticity for the soil mass is constant. In saturated or nearly saturated 
clays, the modulus of elasticity is independent of depth or confining 
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pressure (Carrol, 1963) and Poisson’s ratio is taken as 0.5, with no volume 
change. Therefore, Boussinesq’s approach holds good in saturated clays. 
Stress distribution in elastic, anisotropic and semi-infinite mass was found 
by Westergaard (1938). The stress distribution in elastic, isotropic and 
non-homogeneous soil mass for plane strain and axi-symmetric cases, 
where shear modulus G (or Young modulus E) increases linearly with 
depth, were derived by Gibson (1967) for uniform pressure intensity. The 
equations are independent of E and are sensitive to Poisson’s ratio (m) and 
reduce to original equations of Boussinesq where m = 0.5. Stress equations 
for triangular or trapezoidal type of loading are not available.

In this chapter, stress distributions of different surface loads that are 
considered of most practical values, are presented.

3.2 Different Types of Loading

3.2.1 Uniform Vertical Loading (Fig. 3.1), (Carothers, 1920 and Poulos 
and Davis, 1974)

 sz = 
q
π
α α α δ[ sin .cos ]+ +( )2  (3.1a)

 sx = 
q
π
α α α δ[ sin .cos( )]− + 2  (3.1b)

 txz = 
q
π

α α δ[sin .sin( )]+ 2  (3.1c)

3.2.2 Uniform Horizontal Loading (Fig. 3.2), (Kolosov, 1935 and Poulos 
and Davis, 1974)

 sz = q
π

α α δsin sin +( ) 2  (3.2a)

 sx = q R
Reπ

α α δlog sin sin1
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 (3.2b)

 txz = q
π

α α α δ− +( ) sin cos 2  (3.2c)

3.2.3 Symmetrical Vertical Triangular Loading (Fig. 3.3), (Gray, 1936 and 
Poulos and Davis, 1974)

	 sz = 
q x

bπ
α α α α( ) ( )1 2 1 2+ + −





 (3.3a)
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 sx = 
q x
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 txz = − −
qz
bπ

α σ( )1 2
 (3.3c)

3.2.4 Vertical Loading Increasing Linearly (Fig. 3.4), (Carothers, 1920 
and Jumikis, 1969; Harr, 1966)

 sz = 
q x
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q z
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+ −
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cos  (3.4c)

3.2.5 Vertical Loading Decreasing Linearly (Fig. 3.5), (Carothers, 1920; 
Jumikis, 1969 and Harr, 1966)

 sz = q
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3.2.6 Horizontal Loading Increasing Linearly (Fig. 3.6) (Gray, 1936)
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Fig. 3.1. Uniformly distributed loading. Fig. 3.2. Uniformly distributed 
horizontal load.

On referring to Figs 3.1 and 3.2, the origin passing through the centre 
of footing,

 tan d = 
x b

z
−

 (3.7a)

 tan (a + d) = x b
z
+    (3.7b)

 R1
2 = (x + b)2 + z2  (3.8a)

 R2
2  = (x – b)2 + z2 (3.8b)

Therefore,

 d = tan
( )− −1 x b

z
 (3.9a)

 a = tan
( )

tan
( )− −+

−
−1 1x b

z
x b

z
 (3.9b)

On referring to Fig. 3.3, origin passing through the centre of footing, 
values of R R1

2
2
2and  will be the same as given in Eqs (3.8a) and (3.8b)

 R0
2  = x2 + z2 (3.10)

 a1 = tan tan
− +
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 (3.11a)

 a2 = tan tan− −
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
 −

−
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


1 1x
z
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 (3.11b)

On referring to Figs 3.4, 3.5 and 3.6 the origin passing through the left 
edge of footing,

 R1
2 = x2 + z2 (3.12a)

 R2
2  = (x – 2b)2 + z2 (3.12b)

z 
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Fig. 3.3. Symmetrical triangular vertical loading.

 d = tan− −

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sz, sx and sxz are vertical stress, horizontal stress and shear stress 
respectively in the soil mass at a distance x from origin and at depth z, 
for the applied stress as shown in Figs 3.1 to 3.5 of strip footing width 2b.

Using the above Eqs (3.1a) to (3.13b), the values of sz/q, sx/q and 
sxz/q were obtained for different values of (x/b) and (z/b).

Corresponding principal stresses, s1 and s3 were obtained by using  
the following equations:

 s1 = σ σ σ σ
τz x z x

xz
+

+
−



 +

2 2

2
2  (3.14)

 Fig. 3.5. Vertical load decreasing 
linearly.

Fig. 3.4. Vertical load increasing 
linearly.

z 

2b ~ 



30 Shallow Foundations and Soil Constitutive Laws

 s3 = σ σ σ σ
τz x z x

xz
+

−
−






 +

2 2

2
2  (3.15)

 q = 
1
2

21

1
tan−

−






τ
σ σ

xz

x
 (3.16)

where q is the angle which the major 
principal stress s1 makes with the 
vertical.

In Tables 3.1-3.6 the values 
of stresses sz/q, sx/q, txz/q, s1/q, 
s3/q and q are given for uniform 
distributed loading, tangential 
loading, symmetric vertical triangular 
load, vertical loading increasing 
linearly, vertical loading decreasing 
linearly and horizontal loading 
increasing linearly respectively for 
typical values of x/b and z/b.

Table 3.1. Values of stresses for uniformly distributed loading 
(x is measured from the centre of footing, Fig. 3.1)

x/b z/b sz/q sx/q txz/q s1/q s3/q q

0.0000 0.2500 0.9938 0.6942 0.0000 0.9938 0.6942 0.0000
0.0000 0.5000 0.9595 0.4502 0.0000 0.9595 0.4502 0.0000
0.0000 1.0000 0.8183 0.1817 0.0000 0.8183 0.1817 0.0000
0.0000 1.5000 0.6682 0.0805 0.0000 0.6682 0.0805 0.0000
0.0000 2.0000 0.5498 0.0405 0.0000 0.5498 0.0405 0.0000
0.0000 2.5000 0.4618 0.0227 0.0000 0.4618 0.0227 0.0000
0.0000 3.0000 0.3958 0.0138 0.0000 0.3958 0.0138 0.0000
0.0000 3.5000 0.3453 0.0090 0.0000 0.3453 0.0090 0.0000
0.0000 4.0000 0.3058 0.0062 0.0000 0.3058 0.0062 0.0000
0.2500 0.2500 0.9915 0.6780 0.0196 0.9927 0.6768 3.5625
0.2500 0.5000 0.9484 0.4350 0.0540 0.9540 0.4294 5.9443
0.2500 1.0000 0.7981 0.1820 0.0795 0.8082 0.1719 7.2351
0.2500 1.5000 0.6526 0.0849 0.0668 0.6603 0.0771 6.6203
0.2500 2.0000 0.5397 0.0443 0.0502 0.5447 0.0393 5.7247
0.2500 2.5000 0.4553 0.0254 0.0374 0.4585 0.0222 4.9329
0.2500 3.0000 0.3916 0.0157 0.0284 0.3937 0.0136 4.2918
0.2500 3.5000 0.3424 0.0103 0.0220 0.3439 0.0089 3.7795
0.2500 4.0000 0.3037 0.0071 0.0175 0.3047 0.0061 3.3672

(Contd.)

Fig. 3.6. Linearly increasing 
horizontal loading.
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0.5000 0.2500 0.9788 0.6209 0.0551 0.9871 0.6126 8.5514
0.5000 0.5000 0.9022 0.3929 0.1273 0.9323 0.3629 13.2825
0.5000 1.0000 0.7347 0.1862 0.1567 0.7763 0.1446 14.8724
0.5000 1.5000 0.6071 0.0978 0.1273 0.6371 0.0677 13.2825
0.5000 2.0000 0.5105 0.0551 0.0959 0.5299 0.0358 11.4168
0.5000 2.5000 0.4365 0.0332 0.0720 0.4490 0.0207   9.8269
0.5000 3.0000 0.3791 0.0212 0.0551 0.3874 0.0129 8.5514
0.5000 3.5000 0.3339 0.0142 0.0430 0.3396 0.0085 7.5342
0.5000 4.0000 0.2976 0.0100 0.0343 0.3017 0.0059  6.7155
0.7500 0.2500 0.9086 0.5011 0.1528 0.9595 0.4502 18.4349
0.7500 0.5000 0.7704 0.3476 0.2306 0.8719 0.2461 23.7448
0.7500 1.0000 0.6247 0.2007 0.2212 0.7192 0.1063 23.1094
0.7500 1.5000 0.5359 0.1181 0.1749 0.5995 0.0546 19.9682
0.7500 2.0000 0.4653 0.0715 0.1331 0.5061 0.0307 17.0305
0.7500 2.5000 0.4072 0.0451 0.1015 0.4337 0.0185 14.6407
0.7500 3.0000 0.3594 0.0297 0.0786 0.3772 0.0119 12.7464
0.7500 3.5000 0.3202 0.0203 0.0620 0.3326 0.0080 11.2397
0.7500 4.0000 0.2878 0.0144 0.0499 0.2967 0.0056 10.0265
1.0000 0.2500 0.4996 0.4212 0.3134 0.7763 0.1446 41.4375
1.0000 0.5000 0.4969 0.3471 0.2996 0.7308 0.1132 37.9819
1.0000 1.0000 0.4797 0.2251 0.2546 0.6371 0.0677 31.7175
1.0000 1.5000 0.4480 0.1424 0.2037 0.5498 0.0405 26.5651
1.0000 2.0000 0.4092 0.0908 0.1592 0.4751 0.0249 22.5000
1.0000 2.5000 0.3700 0.0595 0.1242 0.4136 0.0159 19.3299
1.0000 3.0000 0.3341 0.0403 0.0979 0.3637 0.0106 16.8450
1.0000 3.5000 0.3024 0.0281 0.0784 0.3232 0.0073 14.8724
1.0000 4.0000 0.2749 0.0203 0.0637 0.2899 0.0052 13.2825
-0.2500 0.2500 0.9915 0.6780 -0.0196 0.9927 0.6768 -3.5625
-0.2500 0.5000 0.9484 0.4350 -0.0540 0.9540 0.4294 -5.9443
-0.2500 1.0000 0.7981 0.1820 -0.0795 0.8082 0.1719 -7.2351
-0.2500 1.5000 0.6526 0.0849 -0.0668 0.6603 0.0771 -6.6203
-0.2500 2.0000 0.5397 0.0443 -0.0502 0.5447 0.0393 -5.7247
-0.2500 2.5000 0.4553 0.0254 -0.0374 0.4585 0.0222 -4.9329
-0.2500 3.0000 0.3916 0.0157 -0.0284 0.3937 0.0136 -4.2918
-0.2500 3.5000 0.3424 0.0103 -0.0220 0.3439 0.0089 -3.7795
-0.2500 4.0000 0.3037 0.0071 -0.0175 0.3047 0.0061 -3.3672
-0.5000 0.2500 0.9788 0.6209 -0.0551 0.9871 0.6126 -8.5514
-0.5000 0.5000 0.9022 0.3929 -0.1273 0.9323 0.3629 -13.2825
-0.5000 1.0000 0.7347 0.1862 -0.1567 0.7763 0.1446 -14.8724
-0.5000 1.5000 0.6071 0.0978 -0.1273 0.6371 0.0677 -13.2825
-0.5000 2.0000 0.5105 0.0551 -0.0959 0.5299 0.0358 -11.4168
-0.5000 2.5000 0.4365 0.0332 -0.0720 0.4490 0.0207 -9.8269
-0.5000 3.0000 0.3791 0.0212 -0.0551 0.3874 0.0129 -8.5514

(Contd.)
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-0.5000 3.5000 0.3339 0.0142 -0.0430 0.3396 0.0085 -7.5342
-0.5000 4.0000 0.2976 0.0100 -0.0343 0.3017 0.0059 -6.7155
-0.7500 0.2500 0.9086 0.5011 -0.1528 0.9595 0.4502 -18.4349
-0.7500 0.5000 0.7704 0.3476 -0.2306 0.8719 0.2461 -23.7448
-0.7500 1.0000 0.6247 0.2007 -0.2212 0.7192 0.1063 -23.1094
-0.7500 1.5000 0.5359 0.1181 -0.1749 0.5995 0.0546 -19.9682
-0.7500 2.0000 0.4653 0.0715 -0.1331 0.5061 0.0307 -17.0305
-0.7500 2.5000 0.4072 0.0451 -0.1015 0.4337 0.0185 -14.6407
-0.7500 3.0000 0.3594 0.0297 -0.0786 0.3772 0.0119 -12.7464
-0.7500 3.5000 0.3202 0.0203 -0.0620 0.3326 0.0080 -11.2397
-0.7500 4.0000 0.2878 0.0144 -0.0499 0.2967 0.0056 -10.0265
-1.0000 0.2500 0.4996 0.4212 -0.3134 0.7763 0.1446 -41.4375
-1.0000 0.5000 0.4969 0.3471 -0.2996 0.7308 0.1132 -37.9819
-1.0000 1.0000 0.4797 0.2251 -0.2546 0.6371 0.0677 -31.7175
-1.0000 1.5000 0.4480 0.1424 -0.2037 0.5498 0.0405 -26.5651
-1.0000 2.0000 0.4092 0.0908 -0.1592 0.4751 0.0249 -22.5000
-1.0000 2.5000 0.3700 0.0595 -0.1242 0.4136 0.0159 -19.3299
-1.0000 3.0000 0.3341 0.0403 -0.0979 0.3637 0.0106 -16.8450
-1.0000 3.5000 0.3024 0.0281 -0.0784 0.3232 0.0073 -14.8724
-1.0000 4.0000 0.2749 0.0203 -0.0637 0.2899 0.0052 -13.2825

Table 3.2. Values of stresses for tangential loading (x is measured from 
the centre of footing, Fig. 3.2)

x/b z/b sz/q sx/q txz/q s1/q s3/q q

0.0000 0.2500 0.0000 0.0000 0.6942 0.6942 -0.6942 #DIV/0!
0.0000 0.5000 0.0000 0.0000 0.4502 0.4502 -0.4502 #DIV/0!
0.0000 1.0000 0.0000 0.0000 0.1817 0.1817 -0.1817 #DIV/0!
0.0000 1.5000 0.0000 0.0000 0.0805 0.0805 -0.0805 #DIV/0!
0.0000 2.0000 0.0000 0.0000 0.0405 0.0405 -0.0405 #DIV/0!
0.0000 2.5000 0.0000 0.0000 0.0227 0.0227 -0.0227 #DIV/0!
0.0000 3.0000 0.0000 0.0000 0.0138 0.0138 -0.0138 #DIV/0!
0.0000 3.5000 0.0000 0.0000 0.0090 0.0090 -0.0090 #DIV/0!
0.0000 4.0000 0.0000 0.0000 0.0062 0.0062 -0.0062 #DIV/0!
0.2500 0.2500 0.0196 0.2846 0.6780 0.8429 -0.5388 50.5280
0.2500 0.5000 0.0540 0.2014 0.4350 0.5689 -0.3135 49.8051
0.2500 1.0000 0.0795 0.0780 0.1820 0.2607 -0.1033 44.8793
0.2500 1.5000 0.0668 0.0300 0.0849 0.1352 -0.0384 38.8904
0.2500 2.0000 0.0502 0.0129 0.0443 0.0796 -0.0165 33.5959
0.2500 2.5000 0.0374 0.0062 0.0254 0.0516 -0.0080 29.2498

Table 3.1. (Contd.)

x/b z/b sz/q sx/q txz/q s1/q s3/q q

(Contd.)
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0.2500 3.0000 0.0284 0.0033 0.0157 0.0359 -0.0043 25.7344
0.2500 3.5000 0.0220 0.0019 0.0103 0.0264 -0.0025 22.8813
0.2500 4.0000 0.0175 0.0012 0.0071 0.0202 -0.0015 20.5434
0.5000 0.2500 0.0551 0.5820 0.6209 0.9930 -0.3560 56.4972
0.5000 0.5000 0.1273 0.3850 0.3929 0.6697 -0.1574 54.0760
0.5000 1.0000 0.1567 0.1474 0.1862 0.3383 -0.0342 44.2874
0.5000 1.5000 0.1273 0.0598 0.0978 0.1970 -0.0099 35.4711
0.5000 2.0000 0.0959 0.0269 0.0551 0.1264 -0.0036 28.9849
0.5000 2.5000 0.0720 0.0134 0.0332 0.0870 -0.0016 24.2796
0.5000 3.0000 0.0551 0.0072 0.0212 0.0631 -0.0008 20.7907
0.5000 3.5000 0.0430 0.0042 0.0142 0.0477 -0.0004 18.1312
0.5000 4.0000 0.0343 0.0026 0.0100 0.0372 -0.0003 16.0501
0.7500 0.2500 0.1528 0.8718 0.5011 1.1290 -0.1044 62.8283
0.7500 0.5000 0.2306 0.5209 0.3476 0.7524 -0.0009 56.3301
0.7500 1.0000 0.2212 0.2057 0.2007 0.4143 0.0126 43.8904
0.7500 1.5000 0.1749 0.0899 0.1181 0.2579 0.0068 35.1004
0.7500 2.0000 0.1331 0.0429 0.0715 0.1725 0.0035 28.8683
0.7500 2.5000 0.1015 0.0222 0.0451 0.1219 0.0019 24.3319
0.7500 3.0000 0.0786 0.0124 0.0297 0.0900 0.0011 20.9347
0.7500 3.5000 0.0620 0.0074 0.0203 0.0688 0.0006 18.3208
0.7500 4.0000 0.0499 0.0046 0.0144 0.0541 0.0004 16.2597
1.0000 0.2500 0.3134 1.0153 0.4212 1.2127 0.1161 64.8999
1.0000 0.5000 0.2996 0.6023 0.3471 0.8296 0.0722 56.7778
1.0000 1.0000 0.2546 0.2577 0.2251 0.4812 0.0311 45.1912
1.0000 1.5000 0.2037 0.1215 0.1424 0.3108 0.0144 36.9459
1.0000 2.0000 0.1592 0.0615 0.0908 0.2135 0.0072 30.8690
1.0000 2.5000 0.1242 0.0332 0.0595 0.1536 0.0038 26.3027
1.0000 3.0000 0.0979 0.0191 0.0403 0.1149 0.0022 22.8015
1.0000 3.5000 0.0784 0.0116 0.0281 0.0886 0.0013 20.0608
1.0000 4.0000 0.0637 0.0074 0.0203 0.0702 0.0008 17.8725
-0.2500 0.2500 -0.0196 -0.2846 0.6780 0.5388 -0.8429 -50.5280
-0.2500 0.5000 -0.0540 -0.2014 0.4350 0.3135 -0.5689 -49.8051
-0.2500 1.0000 -0.0795 -0.0780 0.1820 0.1033 -0.2607 -44.8793
-0.2500 1.5000 -0.0668 -0.0300 0.0849 0.0384 -0.1352 -38.8904
-0.2500 2.0000 -0.0502 -0.0129 0.0443 0.0165 -0.0796 -33.5959
-0.2500 2.5000 -0.0374 -0.0062 0.0254 0.0080 -0.0516 -29.2498
-0.2500 3.0000 -0.0284 -0.0033 0.0157 0.0043 -0.0359 -25.7344
-0.2500 3.5000 -0.0220 -0.0019 0.0103 0.0025 -0.0264 -22.8813
-0.2500 4.0000 -0.0175 -0.0012 0.0071 0.0015 -0.0202 -20.5434
-0.5000 0.2500 -0.0551 -0.5820 0.6209 0.3560 -0.9930 -56.4972
-0.5000 0.5000 -0.1273 -0.3850 0.3929 0.1574 -0.6697 -54.0760
-0.5000 1.0000 -0.1567 -0.1474 0.1862 0.0342 -0.3383 -44.2874
-0.5000 1.5000 -0.1273 -0.0598 0.0978 0.0099 -0.1970 -35.4711

(Contd.)
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-0.5000 2.0000 -0.0959 -0.0269 0.0551 0.0036 -0.1264 -28.9849
-0.5000 2.5000 -0.0720 -0.0134 0.0332 0.0016 -0.0870 -24.2796
-0.5000 3.0000 -0.0551 -0.0072 0.0212 0.0008 -0.0631 -20.7907
-0.5000 3.5000 -0.0430 -0.0042 0.0142 0.0004 -0.0477 -18.1312
-0.5000 4.0000 -0.0343 -0.0026 0.0100 0.0003 -0.0372 -16.0501
-0.7500 0.2500 -0.1528 -0.8718 0.5011 0.1044 -1.1290 -62.8283
-0.7500 0.5000 -0.2306 -0.5209 0.3476 0.0009 -0.7524 -56.3301
-0.7500 1.0000 -0.2212 -0.2057 0.2007 -0.0126 -0.4143 -43.8904
-0.7500 1.5000 -0.1749 -0.0899 0.1181 -0.0068 -0.2579 -35.1004
-0.7500 2.0000 -0.1331 -0.0429 0.0715 -0.0035 -0.1725 -28.8683
-0.7500 2.5000 -0.1015 -0.0222 0.0451 -0.0019 -0.1219 -24.3319
-0.7500 3.0000 -0.0786 -0.0124 0.0297 -0.0011 -0.0900 -20.9347
-0.7500 3.5000 -0.0620 -0.0074 0.0203 -0.0006 -0.0688 -18.3208
-0.7500 4.0000 -0.0499 -0.0046 0.0144 -0.0004 -0.0541 -16.2597
-1.0000 0.2500 -0.3134 -1.0153 0.4212 -0.1161 -1.2127 -64.8999
-1.0000 0.5000 -0.2996 -0.6023 0.3471 -0.0722 -0.8296 -56.7778
-1.0000 1.0000 -0.2546 -0.2577 0.2251 -0.0311 -0.4812 -45.1912
-1.0000 1.5000 -0.2037 -0.1215 0.1424 -0.0144 -0.3108 -36.9459
-1.0000 2.0000 -0.1592 -0.0615 0.0908 -0.0072 -0.2135 -30.8690
-1.0000 2.5000 -0.1242 -0.0332 0.0595 -0.0038 -0.1536 -26.3027
-1.0000 3.0000 -0.0979 -0.0191 0.0403 -0.0022 -0.1149 -22.8015
-1.0000 3.5000 -0.0784 -0.0116 0.0281 -0.0013 -0.0886 -20.0608
-1.0000 4.0000 -0.0637 -0.0074 0.0203 -0.0008 -0.0702 -17.8725

Table 3.3. Values of stresses for symmetrical vertical triangular loading 
(x is measured from the centre of footing, Fig. 3.3)

x/b z/b sz/q sx/q txz/q s1/q s3/q q

0.0000 0.2500 0.8440 0.3931 0.0000 0.8440 0.3931 0.0000
0.0000 0.5000 0.7048 0.1925 0.0000 0.7048 0.1925 0.0000
0.0000 1.0000 0.5000 0.0587 0.0000 0.5000 0.0587 0.0000
0.0000 1.5000 0.3743 0.0232 0.0000 0.3743 0.0232 0.0000
0.0000 2.0000 0.2952 0.0111 0.0000 0.2952 0.0111 0.0000
0.0000 2.5000 0.2422 0.0060 0.0000 0.2422 0.0060 0.0000
0.0000 3.0000 0.2048 0.0036 0.0000 0.2048 0.0036 0.0000
0.0000 3.5000 0.1772 0.0023 0.0000 0.1772 0.0023 0.0000
0.0000 4.0000 0.1560 0.0016 0.0000 0.1560 0.0016 0.0000
0.2500 0.2500 0.7196 0.3875 0.1151 0.7556 0.3515 17.3611
0.2500 0.5000 0.6344 0.2026 0.1146 0.6629 0.1741 13.9743
0.2500 1.0000 0.4712 0.0682 0.0756 0.4849 0.0545 10.2790
0.2500 1.5000 0.3608 0.0287 0.0474 0.3675 0.0220 7.9591

Table 3.2. (Contd.)

x/b z/b sz/q sx/q txz/q s1/q s3/q q

(Contd.)
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0.2500 2.0000 0.2881 0.0142 0.0311 0.2916 0.0107 6.3998
0.2500 2.5000 0.2382 0.0079 0.0216 0.2402 0.0059 5.3124
0.2500 3.0000 0.2023 0.0048 0.0157 0.2036 0.0035 4.5237
0.2500 3.5000 0.1755 0.0031 0.0119 0.1763 0.0023 3.9306
0.2500 4.0000 0.1548 0.0021 0.0093 0.1554 0.0016 3.4707
0.5000 0.2500 0.4949 0.3357 0.1525 0.5873 0.2433 31.2096
0.5000 0.5000 0.4714 0.2152 0.1762 0.5611 0.1255 26.9944
0.5000 1.0000 0.3955 0.0913 0.1299 0.4434 0.0434 20.2537
0.5000 1.5000 0.3238 0.0431 0.0859 0.3480 0.0190 15.7327
0.5000 2.0000 0.2683 0.0227 0.0582 0.2814 0.0096 12.6845
0.5000 2.5000 0.2266 0.0131 0.0412 0.2343 0.0055 10.5518
0.5000 3.0000 0.1951 0.0082 0.0304 0.1999 0.0034 8.9994
0.5000 3.5000 0.1707 0.0054 0.0232 0.1739 0.0022 7.8285
0.5000 4.0000 0.1515 0.0037 0.0182 0.1537 0.0015 6.9183
0.7500 0.2500 0.2621 0.2621 0.1476 0.4097 0.1145 45.0000
0.7500 0.5000 0.2876 0.2160 0.1809 0.4363 0.0674 39.4040
0.7500 1.0000 0.2981 0.1167 0.1529 0.3851 0.0296 29.6621
0.7500 1.5000 0.2720 0.0618 0.1099 0.3190 0.0148 23.1456
0.7500 2.0000 0.2390 0.0348 0.0783 0.2656 0.0082 18.7461
0.7500 2.5000 0.2090 0.0209 0.0572 0.2250 0.0049 15.6497
0.7500 3.0000 0.1838 0.0133 0.0430 0.1940 0.0031 13.3817
0.7500 3.5000 0.1632 0.0089 0.0333 0.1700 0.0021 11.6623
0.7500 4.0000 0.1462 0.0062 0.0264 0.1510 0.0014 10.3204
1.0000 0.2500 0.0768 0.1955 0.0959 0.2490 0.0234 60.8788
1.0000 0.5000 0.1392 0.2006 0.1414 0.3146 0.0252 51.1226
1.0000 1.0000 0.2048 0.1338 0.1476 0.3211 0.0175 38.2348
1.0000 1.5000 0.2160 0.0793 0.1188 0.2847 0.0107 30.0425
1.0000 2.0000 0.2048 0.0477 0.0903 0.2460 0.0065 24.4907
1.0000 2.5000 0.1873 0.0299 0.0687 0.2130 0.0041 20.5453
1.0000 3.0000 0.1695 0.0196 0.0530 0.1863 0.0027 17.6296
1.0000 3.5000 0.1533 0.0134 0.0417 0.1648 0.0019 15.4033
1.0000 4.0000 0.1392 0.0095 0.0335 0.1473 0.0013 13.6562
-0.2500 0.2500 0.7196 0.3875 -0.1151 0.7556 0.3515 -17.3611
-0.2500 0.5000 0.6344 0.2026 -0.1146 0.6629 0.1741 -13.9743
-0.2500 1.0000 0.4712 0.0682 -0.0756 0.4849 0.0545 -10.2790
-0.2500 1.5000 0.3608 0.0287 -0.0474 0.3675 0.0220 -7.9591
-0.2500 2.0000 0.2881 0.0142 -0.0311 0.2916 0.0107 -6.3998
-0.2500 2.5000 0.2382 0.0079 -0.0216 0.2402 0.0059 -5.3124
-0.2500 3.0000 0.2023 0.0048 -0.0157 0.2036 0.0035 -4.5237
-0.2500 3.5000 0.1755 0.0031 -0.0119 0.1763 0.0023 -3.9306
-0.2500 4.0000 0.1548 0.0021 -0.0093 0.1554 0.0016 -3.4707
-0.5000 0.2500 0.4949 0.3357 -0.1525 0.5873 0.2433 -31.2096
-0.5000 0.5000 0.4714 0.2152 -0.1762 0.5611 0.1255 -26.9944

(Contd.)
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-0.5000 1.0000 0.3955 0.0913 -0.1299 0.4434 0.0434 -20.2537
-0.5000 1.5000 0.3238 0.0431 -0.0859 0.3480 0.0190 -15.7327
-0.5000 2.0000 0.2683 0.0227 -0.0582 0.2814 0.0096 -12.6845
-0.5000 2.5000 0.2266 0.0131 -0.0412 0.2343 0.0055 -10.5518
-0.5000 3.0000 0.1951 0.0082 -0.0304 0.1999 0.0034 -8.9994
-0.5000 3.5000 0.1707 0.0054 -0.0232 0.1739 0.0022 -7.8285
-0.5000 4.0000 0.1515 0.0037 -0.0182 0.1537 0.0015 -6.9183
-0.7500 0.2500 0.2621 0.2621 -0.1476 0.4097 0.1145 -45.0000
-0.7500 0.5000 0.2876 0.2160 -0.1809 0.4363 0.0674 -39.4040
-0.7500 1.0000 0.2981 0.1167 -0.1529 0.3851 0.0296 -29.6621
-0.7500 1.5000 0.2720 0.0618 -0.1099 0.3190 0.0148 -23.1456
-0.7500 2.0000 0.2390 0.0348 -0.0783 0.2656 0.0082 -18.7461
-0.7500 2.5000 0.2090 0.0209 -0.0572 0.2250 0.0049 -15.6497
-0.7500 3.0000 0.1838 0.0133 -0.0430 0.1940 0.0031 -13.3817
-0.7500 3.5000 0.1632 0.0089 -0.0333 0.1700 0.0021 -11.6623
-0.7500 4.0000 0.1462 0.0062 -0.0264 0.1510 0.0014 -10.3204
-1.0000 0.2500 0.0768 0.1955 -0.0959 0.2490 0.0234 -60.8788
-1.0000 0.5000 0.1392 0.2006 -0.1414 0.3146 0.0252 -51.1226
-1.0000 1.0000 0.2048 0.1338 -0.1476 0.3211 0.0175 -38.2348
-1.0000 1.5000 0.2160 0.0793 -0.1188 0.2847 0.0107 -30.0425
-1.0000 2.0000 0.2048 0.0477 -0.0903 0.2460 0.0065 -24.4907
-1.0000 2.5000 0.1873 0.0299 -0.0687 0.2130 0.0041 -20.5453
-1.0000 3.0000 0.1695 0.0196 -0.0530 0.1863 0.0027 -17.6296
-1.0000 3.5000 0.1533 0.0134 -0.0417 0.1648 0.0019 -15.4033
-1.0000 4.0000 0.1392 0.0095 -0.0335 0.1473 0.0013 -13.6562

Table 3.4. Values of stresses for linearly increasing triangular loading  
(x is measured from left hand side edge of the footing, Fig. 3.4)

x/b z/b sz/q sx/q sxz/q s1/q s3/q q

0.0000 0.2500 0.0392 0.1269 -0.0527 0.1516 0.0145 25.1001
0.0000 0.5000 0.0749 0.1506 -0.0868 0.2074 0.0181 33.2222
0.0000 1.0000 0.1273 0.1288 -0.1125 0.2406 0.0155 44.8088
0.0000 1.5000 0.1528 0.0911 -0.1068 0.2331 0.0108 -36.9459
0.0000 2.0000 0.1592 0.0615 -0.0908 0.2135 0.0072 -30.8690
0.0000 2.5000 0.1553 0.0416 -0.0744 0.1920 0.0048 -26.3027
0.0000 3.0000 0.1469 0.0287 -0.0604 0.1723 0.0033 -22.8015
0.0000 3.5000 0.1371 0.0203 -0.0492 0.1551 0.0023 -20.0608
0.0000 4.0000 0.1273 0.0147 -0.0405 0.1404 0.0017 -17.8725
0.2500 0.2500 0.1327 0.1716 -0.0817 0.2362 0.0681 38.2995
0.2500 0.5000 0.1540 0.1737 -0.1157 0.2800 0.0477 42.5666

Table 3.3. (Contd.)

x/b z/b sz/q sx/q txz/q s1/q s3/q q

(Contd.)
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0.2500 1.0000 0.1887 0.1279 -0.1280 0.2899 0.0267 -38.3224
0.2500 1.5000 0.1982 0.0822 -0.1104 0.2649 0.0154 -31.1461
0.2500 2.0000 0.1913 0.0518 -0.0881 0.2339 0.0092 -25.8206
0.2500 2.5000 0.1778 0.0334 -0.0690 0.2055 0.0057 -21.8589
0.2500 3.0000 0.1629 0.0223 -0.0543 0.1814 0.0038 -18.8567
0.2500 3.5000 0.1486 0.0154 -0.0433 0.1615 0.0026 -16.5302
0.2500 4.0000 0.1358 0.0110 -0.0351 0.1450 0.0018 -14.6874
0.5000 0.2500 0.2516 0.2280 -0.0914 0.3319 0.1476 -41.3211
0.5000 0.5000 0.2574 0.1945 -0.1301 0.3597 0.0921 -38.2022
0.5000 1.0000 0.2620 0.1203 -0.1323 0.3412 0.0411 -30.9077
0.5000 1.5000 0.2473 0.0693 -0.1052 0.2960 0.0205 -24.8796
0.5000 2.0000 0.2235 0.0407 -0.0791 0.2530 0.0112 -20.4344
0.5000 2.5000 0.1991 0.0250 -0.0595 0.2175 0.0066 -17.1784
0.5000 3.0000 0.1774 0.0162 -0.0456 0.1894 0.0042 -14.7453
0.5000 3.5000 0.1588 0.0109 -0.0357 0.1669 0.0028 -12.8802
0.5000 4.0000 0.1431 0.0077 -0.0285 0.1489 0.0019 -11.4149
0.7500 0.2500 0.3742 0.2898 -0.0921 0.4334 0.2307 -32.6905
0.7500 0.5000 0.3692 0.2135 -0.1290 0.4420 0.1406 -29.4491
0.7500 1.0000 0.3390 0.1072 -0.1208 0.3906 0.0557 -23.0933
0.7500 1.5000 0.2948 0.0544 -0.0887 0.3240 0.0252 -18.2070
0.7500 2.0000 0.2526 0.0295 -0.0631 0.2692 0.0129 -14.7531
0.7500 2.5000 0.2175 0.0173 -0.0458 0.2274 0.0073 -12.2954
0.7500 3.0000 0.1894 0.0108 -0.0342 0.1957 0.0045 -10.4942
0.7500 3.5000 0.1670 0.0072 -0.0264 0.1712 0.0029 -9.1317
0.7500 4.0000 0.1489 0.0050 -0.0208 0.1519 0.0020 -8.0712
1.0000 0.2500 0.4969 0.3471 -0.0868 0.5367 0.3074 -24.6021
1.0000 0.5000 0.4797 0.2251 -0.1125 0.5224 0.1825 -20.7373
1.0000 1.0000 0.4092 0.0908 -0.0908 0.4333 0.0667 -14.8588
1.0000 1.5000 0.3341 0.0403 -0.0604 0.3460 0.0283 -11.1715
1.0000 2.0000 0.2749 0.0203 -0.0405 0.2812 0.0140 -8.8265
1.0000 2.5000 0.2309 0.0114 -0.0284 0.2345 0.0077 -7.2514
1.0000 3.0000 0.1979 0.0069 -0.0208 0.2001 0.0047 -6.1355
1.0000 3.5000 0.1727 0.0045 -0.0158 0.1741 0.0030 -5.3090
1.0000 4.0000 0.1529 0.0031 -0.0123 0.1539 0.0021 -4.6746
1.2500 0.2500 0.6172 0.3882 -0.0725 0.6382 0.3672 -16.1728
1.2500 0.5000 0.5792 0.2216 -0.0750 0.5943 0.2065 -11.3743
1.2500 1.0000 0.4591 0.0748 -0.0413 0.4635 0.0704 -6.0664
1.2500 1.5000 0.3578 0.0305 -0.0219 0.3592 0.0290 -3.8108
1.2500 2.0000 0.2872 0.0148 -0.0129 0.2878 0.0142 -2.7142
1.2500 2.5000 0.2378 0.0081 -0.0084 0.2381 0.0078 -2.0962
1.2500 3.0000 0.2022 0.0049 -0.0059 0.2023 0.0047 -1.7062
1.2500 3.5000 0.1755 0.0032 -0.0043 0.1756 0.0031 -1.4392
1.2500 4.0000 0.1548 0.0022 -0.0033 0.1549 0.0021 -1.2452

(Contd.)
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1.5000 0.2500 0.7272 0.3929 -0.0363 0.7311 0.3890 -6.1297
1.5000 0.5000 0.6448 0.1985 -0.0027 0.6449 0.1984 -0.3518
1.5000 1.0000 0.4726 0.0659 0.0244 0.4741 0.0645 3.4264
1.5000 1.5000 0.3598 0.0285 0.0222 0.3613 0.0270 3.8108
1.5000 2.0000 0.2870 0.0145 0.0168 0.2880 0.0134 3.5085
1.5000 2.5000 0.2374 0.0082 0.0125 0.2380 0.0075 3.1129
1.5000 3.0000 0.2017 0.0050 0.0095 0.2022 0.0046 2.7526
1.5000 3.5000 0.1751 0.0033 0.0074 0.1754 0.0030 2.4483
1.5000 4.0000 0.1545 0.0023 0.0058 0.1547 0.0020 2.1955
1.7500 0.2500 0.7759 0.3295 0.0711 0.7869 0.3185 8.8291
1.7500 0.5000 0.6164 0.1739 0.1149 0.6445 0.1459 13.7213
1.7500 1.0000 0.4360 0.0728 0.0932 0.4586 0.0503 13.5849
1.7500 1.5000 0.3377 0.0360 0.0645 0.3509 0.0228 11.5643
1.7500 2.0000 0.2740 0.0196 0.0450 0.2818 0.0119 9.7457
1.7500 2.5000 0.2294 0.0116 0.0325 0.2341 0.0069 8.3110
1.7500 3.0000 0.1966 0.0074 0.0243 0.1996 0.0043 7.1969
1.7500 3.5000 0.1716 0.0049 0.0187 0.1737 0.0028 6.3228
1.7500 4.0000 0.1521 0.0034 0.0148 0.1535 0.0020 5.6257
2.0000 0.2500 0.4604 0.2943 0.2608 0.6510 0.1037 36.1671
2.0000 0.5000 0.4220 0.1966 0.2128 0.5501 0.0685 31.0441
2.0000 1.0000 0.3524 0.0963 0.1421 0.4156 0.0330 23.9860
2.0000 1.5000 0.2952 0.0513 0.0969 0.3290 0.0174 19.2400
2.0000 2.0000 0.2500 0.0294 0.0683 0.2694 0.0099 15.8831
2.0000 2.5000 0.2148 0.0179 0.0498 0.2267 0.0060 13.4290
2.0000 3.0000 0.1872 0.0116 0.0376 0.1949 0.0039 11.5816
2.0000 3.5000 0.1652 0.0078 0.0291 0.1705 0.0026 10.1536
2.0000 4.0000 0.1476 0.0055 0.0231 0.1513 0.0019 9.0233

Table 3.5. Values of stresses for linearly decreasing triangular loading  
(x is measured from left hand side edge of the footing, Fig. 3.5)

x/b z/b sz/q sx/q txz/q s1/q s3/q  q

0.0000 0.2500 0.4604 0.2943 -0.2608 0.6510 0.1037 -36.1671
0.0000 0.5000 0.4220 0.1966 -0.2128 0.5501 0.0685 -31.0441
0.0000 1.0000 0.3524 0.0963 -0.1421 0.4156 0.0330 -23.9860
0.0000 1.5000 0.2952 0.0513 -0.0969 0.3290 0.0174 -19.2400
0.0000 2.0000 0.2500 0.0294 -0.0683 0.2694 0.0099 -15.8831
0.0000 2.5000 0.2148 0.0179 -0.0498 0.2267 0.0060 -13.4290
0.0000 3.0000 0.1872 0.0116 -0.0376 0.1949 0.0039 -11.5816
0.0000 3.5000 0.1652 0.0078 -0.0291 0.1705 0.0026 -10.1536

Table 3.4. (Contd.)

x/b z/b sz/q sx/q txz/q s1/q s3/q q

(Contd.)
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0.0000 4.0000 0.1476 0.0055 -0.0231 0.1513 0.0019 -9.0233
0.2500 0.2500 0.7759 0.3295 -0.0711 0.7869 0.3185 -8.8291
0.2500 0.5000 0.6164 0.1739 -0.1149 0.6445 0.1459 -13.7213
0.2500 1.0000 0.4360 0.0728 -0.0932 0.4586 0.0503 -13.5849
0.2500 1.5000 0.3377 0.0360 -0.0645 0.3509 0.0228 -11.5643
0.2500 2.0000 0.2740 0.0196 -0.0450 0.2818 0.0119 -9.7457
0.2500 2.5000 0.2294 0.0116 -0.0325 0.2341 0.0069 -8.3110
0.2500 3.0000 0.1966 0.0074 -0.0243 0.1996 0.0043 -7.1969
0.2500 3.5000 0.1716 0.0049 -0.0187 0.1737 0.0028 -6.3228
0.2500 4.0000 0.1521 0.0034 -0.0148 0.1535 0.0020 -5.6257
0.5000 0.2500 0.7272 0.3929 0.0363 0.7311 0.3890 6.1297
0.5000 0.5000 0.6448 0.1985 0.0027 0.6449 0.1984 0.3518
0.5000 1.0000 0.4726 0.0659 -0.0244 0.4741 0.0645 -3.4264
0.5000 1.5000 0.3598 0.0285 -0.0222 0.3613 0.0270 -3.8108
0.5000 2.0000 0.2870 0.0145 -0.0168 0.2880 0.0134 -3.5085
0.5000 2.5000 0.2374 0.0082 -0.0125 0.2380 0.0075 -3.1129
0.5000 3.0000 0.2017 0.0050 -0.0095 0.2022 0.0046 -2.7526
0.5000 3.5000 0.1751 0.0033 -0.0074 0.1754 0.0030 -2.4483
0.5000 4.0000 0.1545 0.0023 -0.0058 0.1547 0.0020 -2.1955
0.7500 0.2500 0.6172 0.3882 0.0725 0.6382 0.3672 16.1728
0.7500 0.5000 0.5792 0.2216 0.0750 0.5943 0.2065 11.3743
0.7500 1.0000 0.4591 0.0748 0.0413 0.4635 0.0704 6.0664
0.7500 1.5000 0.3578 0.0305 0.0219 0.3592 0.0290 3.8108
0.7500 2.0000 0.2872 0.0148 0.0129 0.2878 0.0142 2.7142
0.7500 2.5000 0.2378 0.0081 0.0084 0.2381 0.0078 2.0962
0.7500 3.0000 0.2022 0.0049 0.0059 0.2023 0.0047 1.7062
0.7500 3.5000 0.1755 0.0032 0.0043 0.1756 0.0031 1.4392
0.7500 4.0000 0.1548 0.0022 0.0033 0.1549 0.0021 1.2452
1.0000 0.2500 0.4969 0.3471 0.0868 0.5367 0.3074 24.6021
1.0000 0.5000 0.4797 0.2251 0.1125 0.5224 0.1825 20.7373
1.0000 1.0000 0.4092 0.0908 0.0908 0.4333 0.0667 14.8588
1.0000 1.5000 0.3341 0.0403 0.0604 0.3460 0.0283 11.1715
1.0000 2.0000 0.2749 0.0203 0.0405 0.2812 0.0140 8.8265
1.0000 2.5000 0.2309 0.0114 0.0284 0.2345 0.0077 7.2514
1.0000 3.0000 0.1979 0.0069 0.0208 0.2001 0.0047 6.1355
1.0000 3.5000 0.1727 0.0045 0.0158 0.1741 0.0030 5.3090
1.0000 4.0000 0.1529 0.0031 0.0123 0.1539 0.0021 4.6746
1.2500 0.2500 0.3742 0.2898 0.0921 0.4334 0.2307 32.6905
1.2500 0.5000 0.3692 0.2135 0.1290 0.4420 0.1406 29.4491
1.2500 1.0000 0.3390 0.1072 0.1208 0.3906 0.0557 23.0933
1.2500 1.5000 0.2948 0.0544 0.0887 0.3240 0.0252 18.2070
1.2500 2.0000 0.2526 0.0295 0.0631 0.2692 0.0129 14.7531
1.2500 2.5000 0.2175 0.0173 0.0458 0.2274 0.0073 12.2954

(Contd.)
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1.2500 3.0000 0.1894 0.0108 0.0342 0.1957 0.0045 10.4942
1.2500 3.5000 0.1670 0.0072 0.0264 0.1712 0.0029 9.1317
1.2500 4.0000 0.1489 0.0050 0.0208 0.1519 0.0020 8.0712
1.5000 0.2500 0.2516 0.2280 0.0914 0.3319 0.1476 41.3211
1.5000 0.5000 0.2574 0.1945 0.1301 0.3597 0.0921 38.2022
1.5000 1.0000 0.2620 0.1203 0.1323 0.3412 0.0411 30.9077
1.5000 1.5000 0.2473 0.0693 0.1052 0.2960 0.0205 24.8796
1.5000 2.0000 0.2235 0.0407 0.0791 0.2530 0.0112 20.4344
1.5000 2.5000 0.1991 0.0250 0.0595 0.2175 0.0066 17.1784
1.5000 3.0000 0.1774 0.0162 0.0456 0.1894 0.0042 14.7453
1.5000 3.5000 0.1588 0.0109 0.0357 0.1669 0.0028 12.8802
1.5000 4.0000 0.1431 0.0077 0.0285 0.1489 0.0019 11.4149
1.7500 0.2500 0.1327 0.1716 0.0817 0.2362 0.0681 -38.2995
1.7500 0.5000 0.1540 0.1737 0.1157 0.2800 0.0477 -42.5666
1.7500 1.0000 0.1887 0.1279 0.1280 0.2899 0.0267 38.3224
1.7500 1.5000 0.1982 0.0822 0.1104 0.2649 0.0154 31.1461
1.7500 2.0000 0.1913 0.0518 0.0881 0.2339 0.0092 25.8206
1.7500 2.5000 0.1778 0.0334 0.0690 0.2055 0.0057 21.8589
1.7500 3.0000 0.1629 0.0223 0.0543 0.1814 0.0038 18.8567
1.7500 3.5000 0.1486 0.0154 0.0433 0.1615 0.0026 16.5302
1.7500 4.0000 0.1358 0.0110 0.0351 0.1450 0.0018 14.6874
2.0000 0.2500 0.0392 0.1269 0.0527 0.1516 0.0145 -25.1001
2.0000 0.5000 0.0749 0.1506 0.0868 0.2074 0.0181 -33.2222
2.0000 1.0000 0.1273 0.1288 0.1125 0.2406 0.0155 -44.8088
2.0000 1.5000 0.1528 0.0911 0.1068 0.2331 0.0108 36.9459
2.0000 2.0000 0.1592 0.0615 0.0908 0.2135 0.0072 30.8690
2.0000 2.5000 0.1553 0.0416 0.0744 0.1920 0.0048 26.3027
2.0000 3.0000 0.1469 0.0287 0.0604 0.1723 0.0033 22.8015
2.0000 3.5000 0.1371 0.0203 0.0492 0.1551 0.0023 20.0608
2.0000 4.0000 0.1273 0.0147 0.0405 0.1404 0.0017 17.8725

Table 3.6. Values of stresses for horizontal linearly increasing triangular loading 
(x is measured from left-hand side edge of the footing, Fig. 3.6)

x/b z/b sz/q sx/q txz/q s1/q s3/q q

0.0000 0.2500 -0.0527 0.5571 0.1269 0.5825 -0.0780 -11.3003
0.0000 0.5000 -0.0868 0.6680 0.1506 0.6969 -0.1157 -10.8756
0.0000 1.0000 -0.1125 0.8003 0.1288 0.8182 -0.1304 -7.8807
0.0000 1.5000 -0.1068 0.8563 0.0911 0.8648 -0.1153 -5.3573
0.0000 2.0000 -0.0908 0.8750 0.0615 0.8789 -0.0947 -3.6276
0.0000 2.5000 -0.0744 0.8779 0.0416 0.8797 -0.0762 -2.4943

Table 3.5. (Contd.)

x/b z/b sz/q sx/q txz/q s1/q s3/q q

(Contd.)
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0.0000 3.0000 -0.0604 0.8746 0.0287 0.8755 -0.0613 -1.7543

0.0000 3.5000 -0.0492 0.8694 0.0203 0.8698 -0.0497 -1.2643

0.0000 4.0000 -0.0405 0.8638 0.0147 0.8640 -0.0408 -0.9332

0.2500 0.2500 -0.0817 0.5164 0.1716 0.5622 -0.1275 -14.9234

0.2500 0.5000 -0.1157 0.6662 0.1737 0.7030 -0.1526 -11.9759

0.2500 1.0000 -0.1280 0.8139 0.1279 0.8310 -0.1451 -7.5983

0.2500 1.5000 -0.1104 0.8642 0.0822 0.8711 -0.1173 -4.7845

0.2500 2.0000 -0.0881 0.8765 0.0518 0.8792 -0.0909 -3.0668

0.2500 2.5000 -0.0690 0.8752 0.0334 0.8764 -0.0702 -2.0253

0.2500 3.0000 -0.0543 0.8698 0.0223 0.8704 -0.0549 -1.3824

0.2500 3.5000 -0.0433 0.8636 0.0154 0.8639 -0.0436 -0.9742

0.2500 4.0000 -0.0351 0.8577 0.0110 0.8578 -0.0353 -0.7069

0.5000 0.2500 -0.0914 0.5149 0.2280 0.5911 -0.1675 -18.4719

0.5000 0.5000 -0.1301 0.6837 0.1945 0.7278 -0.1742 -12.7728

0.5000 1.0000 -0.1323 0.8322 0.1203 0.8470 -0.1470 -7.0017

0.5000 1.5000 -0.1052 0.8712 0.0693 0.8761 -0.1100 -4.0383

0.5000 2.0000 -0.0791 0.8756 0.0407 0.8773 -0.0808 -2.4352

0.5000 2.5000 -0.0595 0.8705 0.0250 0.8711 -0.0602 -1.5401

0.5000 3.0000 -0.0456 0.8634 0.0162 0.8637 -0.0459 -1.0191

0.5000 3.5000 -0.0357 0.8566 0.0109 0.8568 -0.0358 -0.7022

0.5000 4.0000 -0.0285 0.8507 0.0077 0.8507 -0.0286 -0.5011

0.7500 0.2500 -0.0921 0.5645 0.2898 0.6741 -0.2017 -20.7203

0.7500 0.5000 -0.1290 0.7277 0.2135 0.7780 -0.1793 -13.2449

0.7500 1.0000 -0.1208 0.8536 0.1072 0.8652 -0.1325 -6.2064

0.7500 1.5000 -0.0887 0.8752 0.0544 0.8782 -0.0917 -3.2172

0.7500 2.0000 -0.0631 0.8715 0.0295 0.8725 -0.0640 -1.8075

0.7500 2.5000 -0.0458 0.8633 0.0173 0.8636 -0.0461 -1.0903

0.7500 3.0000 -0.0342 0.8553 0.0108 0.8554 -0.0344 -0.6985

0.7500 3.5000 -0.0264 0.8485 0.0072 0.8485 -0.0264 -0.4705

0.7500 4.0000 -0.0208 0.8428 0.0050 0.8429 -0.0209 -0.3302

1.0000 0.2500 -0.0868 0.6680 0.3471 0.8033 -0.2222 -21.3048

1.0000 0.5000 -0.1125 0.8003 0.2251 0.8528 -0.1650 -13.1252

1.0000 1.0000 -0.0908 0.8750 0.0908 0.8835 -0.0993 -5.3269

1.0000 1.5000 -0.0604 0.8746 0.0403 0.8764 -0.0621 -2.4607

1.0000 2.0000 -0.0405 0.8638 0.0203 0.8643 -0.0410 -1.2828

1.0000 2.5000 -0.0284 0.8537 0.0114 0.8538 -0.0285 -0.7375

1.0000 3.0000 -0.0208 0.8456 0.0069 0.8457 -0.0208 -0.4578

(Contd.)
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1.0000 3.5000 -0.0158 0.8393 0.0045 0.8393 -0.0158 -0.3018
1.0000 4.0000 -0.0123 0.8343 0.0031 0.8343 -0.0123 -0.2086
1.2500 0.2500 -0.0725 0.8292 0.3882 0.9733 -0.2166 -20.3643
1.2500 0.5000 -0.0750 0.8960 0.2216 0.9442 -0.1232 -12.2646
1.2500 1.0000 -0.0413 0.8914 0.0748 0.8973 -0.0473 -4.5541
1.2500 1.5000 -0.0219 0.8685 0.0305 0.8695 -0.0229 -1.9600
1.2500 2.0000 -0.0129 0.8526 0.0148 0.8529 -0.0132 -0.9775
1.2500 2.5000 -0.0084 0.8421 0.0081 0.8422 -0.0085 -0.5468
1.2500 3.0000 -0.0059 0.8347 0.0049 0.8348 -0.0059 -0.3335
1.2500 3.5000 -0.0043 0.8294 0.0032 0.8294 -0.0043 -0.2172
1.2500 4.0000 -0.0033 0.8253 0.0022 0.8253 -0.0033 -0.1489
1.5000 0.2500 -0.0363 1.0495 0.3929 1.1767 -0.1636 -17.9479
1.5000 0.5000 -0.0027 0.9949 0.1985 1.0329 -0.0408 -10.8475
1.5000 1.0000 0.0244 0.8970 0.0659 0.9020 0.0195 -4.2955
1.5000 1.5000 0.0222 0.8571 0.0285 0.8581 0.0212 -1.9523
1.5000 2.0000 0.0168 0.8391 0.0145 0.8393 0.0165 -1.0066
1.5000 2.5000 0.0125 0.8292 0.0082 0.8293 0.0124 -0.5743
1.5000 3.0000 0.0095 0.8231 0.0050 0.8232 0.0094 -0.3545
1.5000 3.5000 0.0074 0.8190 0.0033 0.8190 0.0073 -0.2327
1.5000 4.0000 0.0058 0.8159 0.0023 0.8160 0.0058 -0.1604
1.7500 0.2500 0.0711 1.2858 0.3295 1.3695 -0.0126 -14.2395
1.7500 0.5000 0.1149 1.0551 0.1739 1.0862 0.0838 -10.1518
1.7500 1.0000 0.0932 0.8912 0.0728 0.8978 0.0866 -5.1694
1.7500 1.5000 0.0645 0.8432 0.0360 0.8448 0.0628 -2.6377
1.7500 2.0000 0.0450 0.8247 0.0196 0.8252 0.0445 -1.4422
1.7500 2.5000 0.0325 0.8161 0.0116 0.8163 0.0323 -0.8505
1.7500 3.0000 0.0243 0.8114 0.0074 0.8115 0.0242 -0.5356
1.7500 3.5000 0.0187 0.8085 0.0049 0.8086 0.0187 -0.3561
1.7500 4.0000 0.0148 0.8066 0.0034 0.8066 0.0148 -0.2475
2.0000 0.2500 0.2608 1.3423 0.2943 1.4172 0.1858 -14.2795
2.0000 0.5000 0.2128 1.0592 0.1966 1.1026 0.1694 -12.4566
2.0000 1.0000 0.1421 0.8818 0.0963 0.8941 0.1298 -7.2951
2.0000 1.5000 0.0969 0.8302 0.0513 0.8337 0.0934 -3.9802
2.0000 2.0000 0.0683 0.8115 0.0294 0.8126 0.0672 -2.2592
2.0000 2.5000 0.0498 0.8037 0.0179 0.8042 0.0494 -1.3627
2.0000 3.0000 0.0376 0.8001 0.0116 0.8003 0.0374 -0.8706
2.0000 3.5000 0.0291 0.7983 0.0078 0.7984 0.0290 -0.5844
2.0000 4.0000 0.0231 0.7974 0.0055 0.7974 0.0231 -0.4089

Table 3.6. (Contd.)

x/b z/b sz/q sx/q txz/q s1/q s3/q q
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3.3 Contact Pressure

Contact pressure is the normal vertical pressure on the surface of contact 
pressure between the base of a structure and the supporting soil. A 
knowledge of the contact pressure distribution at the soil-structure 
interface is necessary for a rational design of footings and rafts since the 
distribution influences the actual value of bending moment and shear 
force at any section. The distribution of contact pressure at the base of 
a structure depends upon (i) the flexural rigidity of footing, (ii) the 
properties of the supporting soil, and (iii) the surface loads.

The settlement of the base of a perfectly flexible footing loaded 
uniformly, produces a shallow bowl or trough and the distribution of 
contact pressure is uniform. The settlement of the base of a perfectly 
rigid footing is by necessity uniform. Therefore, the contact pressure 
distribution must conform to the requirement of a uniform settlement.

By adopting Boussinesq’s method, the following equation for 
distribution of contact pressure for any axial loading (p) on the rigid 
footing resting on perfectly elastic and homogeneous subgrade has been 
developed (Schultze, 1961):

 s(x) = p
a x

a

π
1

1
2

− 





  where a = 
B
2

 (3.17)

The distribution is independent of the modulus of compressibility E 
and is valid for surface loading. The equation shows that contact pressure 
increases from centre to the edges from a finite value to infinity at a small 
surface load as shown in Fig. 3.7(a).

(a) Perfectly elastic and homogeneous subgrade.



44 Shallow Foundations and Soil Constitutive Laws

(b) Cohesive soil

(c) Non-cohesive soil

Fig. 3.7. Distribution of contact pressure.

For a real elastic material, the pressure at the edges cannot exceed the 
ultimate strength (qu). Therefore, the material at edges passes from elastic 
to plastic state. The corresponding stress distribution is shown in Fig. 3.7(b) 
by curve C1. As the load on the footing is increased, the state of plastic 
equilibrium spreads from the edges to the centre and the distribution 
becomes perfectly uniform at failure. The elastic state, therefore, needs 
modification even at small loads and a different distribution of pressure 
will apply.

The distribution of contact pressure for a uniformly loaded perfectly 
rigid footing resting on the surface of a cohesionless material is parabolic 
(Schultze, 1961). The maximum pressure occurs at the centre and reduces 
to zero at the edges as there is no resistance to deformation at the edges 
(Fig. 3.7(c)).

The equations for distribution of contact pressure for various surface 
loads using non-linear stress-strain relationships are not available.
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Illustrative Examples

Example 3.1

A strip footing of width 2.0 m is subjected to a uniformly distributed load 
of 100 kN/m2. Considering the soil mass as elastic-homogeneous medium, 
determine the values of stress sz, sx and txz at depths 1.0 m and 2.0 m for 
vertical sections passing through the centre and edge of the footing.

Solution

Keeping b = 1.0 m and x = 0.0 m, 1.0 m and –1.0 m, depths 1.0 m and 2.0 
m,  in Eqs. (3.1a), (3.1b) and (3.1c), values of stresses are given in Table 3.7.

Table 3.7. Values of stresses (Example 3.1)

b  
(m)

x/b z/b sz /q sx /q txz /q sz  
(kN/m2)

sx  
(kN/m2)

txz 
(kN/m2)

1.0 0.0 1.0 0.818 0.182 0.000 81.831 18.169 0.000
1.0 0.0 2.0 0.550 0.041 0.000 54.982 4.052 0.000
1.0 1.0 1.0 0.480 0.225 0.255 47.974 22.509 25.465
1.0 1.0 2.0 0.409 0.091 0.159 40.915 9.085 15.915
1.0 -1.0 1.0 0.480 0.225 -0.255 47.974 22.509 -25.465
1.0 -1.0 2.0 0.409 0.091 -0.159 40.915 9.085 -15.915

Example 3.2

Solve Example 3.1, considering the footing is subjected to a uniform 
tangential loading of intensity of 100 kN/m2.

Solution

Keeping b = 1.0 m and x = 0.0 m, 1.0 m and –1.0 m, depths 1.0 m and 2.0 
m,  in Eqs. (3.2a), (3.2b) and (3.2c), values of stresses are given in Table 3.8.

Table 3.8. Values of stresses (Example 3.2)

b 
(m)

x/b z/b sz /q sx /q txz /q sz  
(kN/m2)

sx 
(kN/m2)

txz 
(kN/m2)

1.0 0.0 1.0 0.000 0.000 0.182 0.000 0.000 18.169
1.0 0.0 2.0 0.000 0.000 0.041 0.000 0.000 4.052

1.0 1.0 1.0 0.255 0.258 0.225 25.465 25.765 22.509

1.0 1.0 2.0 0.159 0.061 0.091 15.915 6.148 9.085

1.0 -1.0 1.0 -0.255 -0.258 0.225 -25.465 -25.765 22.509

1.0 -1.0 2.0 -0.159 -0.061 0.091 -15.915 -6.148 9.085
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Example 3.3

Solve Example 3.1, considering the footing is subjected to symmetrical 
vertical triangular loading with maximum intensity of 100 kN/m2.

Solution

Keeping b = 1.0 m and x = 0.0 m, 1.0 m and –1.0 m, depths 1.0 m and 2.0 
m,  in Eqs. (3.3a), (3.3b) and (3.3c), values of stresses are given in Table 3.9.

Table 3.9. Values of stresses (Example 3.3)

b 
(m)

x/b z/b sz /q sx /q txz /q sz  
(kN/m2)

sx 
(kN/m2)

txz 
(kN/m2)

1.0 0.0 1.0 0.500 0.059 0.000 50.000 5.873 0.000

1.0 0.0 2.0 0.295 0.011 0.000 29.517 1.105 0.000

1.0 1.0 1.0 0.205 0.134 0.148 20.483 13.380 14.758

1.0 1.0 2.0 0.205 0.048 0.090 20.483 4.768 9.033

1.0 -1.0 1.0 0.205 0.134 -0.148 20.483 13.380 -14.758

1.0 -1.0 2.0 0.205 0.048 -0.090 20.483 4.768 -9.033

Example 3.4

Solve Example 3.1, considering the footing is subjected to linearly 
increasing triangular loading with maximum intensity of 100 kN/m2.

Solution

Keeping b = 1.0 m and x = 0.0 m, 1.0 m and 2.0 m, depths 1.0 m and 2.0 m,  
in Eqs. (3.4a), (3.4b) and (3.4c), values of stresses are given in Table 3.10.

Table 3.10. Values of stresses (Example 3.4)

b 
(m)

x/b z/b sz /q sx /q txz /q sz  
(kN/m2)

sx 
(kN/m2)

txz 
(kN/m2)

1.0 0.0 1.0 0.127 0.129 -0.113 12.732 12.883 -11.255
1.0 0.0 2.0 0.159 0.061 -0.091 15.915 6.148 -9.085
1.0 1.0 1.0 0.409 0.091 -0.091 40.915 9.085 -9.085
1.0 1.0 2.0 0.275 0.020 -0.041 27.491 2.026 -4.052
1.0 2.0 1.0 0.352 0.096 0.142 35.242 9.627 14.210
1.0 2.0 2.0 0.250 0.029 0.068 25.000 2.936 6.831

Example 3.5

Solve Example 3.1, considering the footing is subjected to linearly 
decreasing triangular loading with maximum intensity of 100 kN/m2.
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Solution

Keeping b = 1.0 m and x = 0.0 m, 1.0 m and 2.0 m, depths 1.0 m and 2.0 m,  
in Eqs. (3.5a), (3.5b) and (3.5c), values of stresses are given in Table 3.11.

Table 3.11. Values of stresses (Example 3.5)

b 
(m)

x/b z/b sz /q sx /q txz /q sz  
(kN/m2)

sx 
(kN/m2)

txz 
(kN/m2)

1.0 0.0 1.0 0.352 0.096 -0.142 35.242 9.627 -14.210
1.0 0.0 2.0 0.250 0.029 -0.068 25.000 2.936 -6.831
1.0 1.0 1.0 0.409 0.091 0.091 40.915 9.085 9.085
1.0 1.0 2.0 0.275 0.020 0.041 27.491 2.026 4.052
1.0 2.0 1.0 0.127 0.129 0.113 12.732 12.883 11.255
1.0 2.0 2.0 0.159 0.061 0.091 15.915 6.148 9.085

Example 3.6

Solve Example 3.1, considering the footing is subjected to horizontal 
linearly increasing triangular loading with maximum intensity of 100  
kN/m2.

Solution

Keeping b = 1.0 m and x = 0.0 m, 1.0 m and 2.0 m, depths 1.0 m and 2.0 m,  
in Eqs. (3.6a), (3.6b) and (3.6c), values of stresses are given in Table 3.12.

Table 3.12. Values of stresses (Example 3.6)

b 
(m)

x/b z/b sz /q sx /q txz /q sz  
(kN/m2)

sx 
(kN/m2)

txz 
(kN/m2)

1.000 0.000 1.000 -0.113 0.800 0.129 -11.255 80.033 12.883

1.000 0.000 2.000 -0.091 0.875 0.061 -9.085 87.500 6.148

1.000 1.000 1.000 -0.091 0.875 0.091 -9.085 87.500 9.085

1.000 1.000 2.000 -0.041 0.864 0.020 -4.052 86.380 2.026

1.000 2.000 1.000 0.142 0.882 0.096 -4.196 80.364 8.687

1.000 2.000 2.000 0.068 0.811 0.029 -6.731 86.545 7.461

Practice Problems

 1. A footing of width 1.5 m is subjected to a uniformly distributed load 
of 75 kN/m2. Plot sz, sx and txz versus depth (6.0 m) for a section 
passing through the centre and edge of footing.

 2. Solve problem 1, considering the footing is subjected to a uniform 
tangential loading of intensity 75 kN/m2.



48 Shallow Foundations and Soil Constitutive Laws

 3. Solve problem 1, considering the footing is subjected to symmetrical 
vertical triangular loading with maximum intensity 75 kN/m2.

 4. Solve problem 1, considering the footing is subjected to linearly 
increasing triangular loading with maximum intensity 75 kN/m2.

 5. Solve problem 1, considering the footing is subjected to linearly 
decreasing triangular loading with maximum intensity 75 kN/m2.

 6. Solve problem 1, considering the footing is subjected to horizontal 
linearly increasing triangular loading with maximum intensity 75 
kN/m2.
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CHAPTER 

4

Strip Footing Subjected to Central  
Vertical Load

4.1 General

Strip footings are the most common type of foundations used for many 
structures, specifically buildings. For proportioning of a strip footing, 
bearing capacity and settlement are the main criteria. Generally the 
estimation of bearing capacity and settlement are done in two independent 
steps. Several theories are available for computing bearing capacity 
(Terzaghi, 1943; Meyerhof, 1951; Balla, 1962; Hansen, 1970; Saran, 1970; 
Vesic , 1973; Zhu, 2003; Kalinli et al., 2011).

The settlement of a foundation is generally estimated by Terzaghi’s 
theory of one-dimensional consolidation for clay and by performing plate 
load test for sand. The results of plate load test are extrapolated to the 
actual size of footing. Terzaghi’s one-dimensional consolidation theory is 
valid only when the lateral yield is negligible as seen in, for example, in 
the case of a clay layer sandwiched between two sand layers or a large raft 
resting on a thin clay layer supported by a rigid base. This theory leads to 
an underestimate of settlement to a large extent for thick layers of clays 
where the lateral yield is significant. In this theory, the vertical strains are 
computed from stresses worked out by the elastic theory, which may be 
true for smaller surface loads but at higher loads, soil becomes plastic and 
exhibits non-linear stress-strain characteristics.

Pressure-settlement characteristics of a footing were obtained by 
using the method of characteristics (Kumar and Rao, 2002), discrete 
element method (Majidi and Mirghasemi, 2008) and finite element method 
(Basavanna, 1975; Desai, 1971; Shafiee and Jahanandish, 2010). 
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In this chapter, the general procedure for obtaining the pressure-
settlement characteristics of footings using non-linear constitutive laws 
of soils are described. Two cases have been dealt, namely (i) footings 
resting on homogeneous isotropic material, and (ii) footings resisting on 
non-homogeneous an-isotropic material. In the first case, the modulus of 
elasticity, E or (1/a) may be taken as constant. This may be true to some 
extent in saturated clays. Sand, on the contrary, is a non-homogeneous 
anisotropic material. Young’s modulus, in this case, is dependent on 
confining pressure and also varies in both vertical and horizontal 
directions. In the first case, when E is constant, stress equations based 
on the theory of elasticity may be used with sufficient accuracy for the 
analysis. When no stress equations are available where variation of E is 
there in both vertical and horizontal directions, an empirical analysis has 
been proposed for getting pressure-settlement characteristics.

In practice, footings are rigid with a rough base. Sharan (1977) studied 
the effect of flexibility and roughness of the footing on pressure-settlement 
characteristics of footing subjected to central vertical load. It was found 
that the average settlement of a flexible footing for the same average 
pressure intensity (i.e. V/A) is almost same as for the rigid footing; the 
difference in the two being less than 4 per cent. The effect of roughness 
on settlement is also negligible. Keeping these facts in view, the analysis is 
first presented for rigid footing with rough base and resting on clay.

The constitutive relations of soil represented by hyperbola were 
established from the triaxial compression test. Drainage conditions in the 
tests were controlled according to the field conditions for obtaining the 
constitutive relations. Usually in case of footings in clay, the settlement 
occurs slowly and sufficient time is available for pore pressure dissipation. 
Therefore, the constitutive relations obtained by performing drained tests 
are used. In case of footing in sand settlement occurs instantaneously, 
then constitutive laws for consolidated untrained tests are used. The 
parameters of constitutive laws obtained from triaxial tests have been 
suitably modified while using them in two-dimensional stress system. 

4.2 Strip Footing with Rough Base on Clay

4.2.1 Assumptions

	 •	 The	soil	mass	is	assumed	to	be	semi-infinite and an isotropic medium
 • The footing base is assumed as being fully rigid with rough base
 • The roughness of footing is assumed to generate tangential forces, 

Fig 4.1(a) and 4.1(b) at the contact surface, which follows the 

relationship ca = c
q

cNc







for cohesive soil, where ca is the developed 
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adhesion at the contact surface. Nc is the bearing capacity factor for f 
= 0 condition, and therefore cNc represents the ultimate pressure on 
the footing; q is the applied pressure intensity on the footing

 • The contact pressure distribution is assumed as linear from the 
centre to the edges (Fig. 4.2).

 • The soil mass supporting a footing is divided into a large number 
of thin horizontal strips (Fig. 4.3) in which stresses and strains are 
assumed to be uniform along any vertical section

   – The stresses in each layer are computed, using Boussinesq’s 
theory as the stress equations for various types of loads that are 
available.

   – The strains are computed from the known stress condition using 
constitutive laws

 • There is no slippage at the interface of layers of the soil mass.

4.2.2 General Procedure

The general procedure for evaluation of pressure settlement characteristics 
of footings is described in the following steps:

Step 1
For a given load q1 on the footing, the contact-pressure distribution at the 
interface of footing base and supporting soil may be assumed as shown 
in Figs. 4.1 and 4.2 respectively for roughness of footing and uniformly 
distributed load acting on the footing. The contact-pressure distributions 
are the loading patterns for the soil at the surface below the footing and 

  

 (a) Tangential stress at  (b) Variation of tangential 
 contact surface due to roughness   stress on contact surface 
 of base of footing. for footing on cohesive soil.

Fig. 4.1. Tangential stress

c 
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the stresses in the soil mass induced according to these loading patterns. 
The correctness of the assumption will be tested in Step 8.

When equating the total vertical load to the area of contact pressure 
diagram (Fig. 4.2a), 

  q.B = q B q
B

. . . .α α1 2 2
−

or,   a2 = 2(a1 – 1) (4.1)

In this step assume a value a1 and compute a2 using Eq. (4.1). Thus 
contact-pressure distribution for vertical loading magnitude is known.

Step 2
The soil mass supporting the footing is divided into n layers as shown in 
Fig. 4.3.

Step 3
Taking any vertical section, the normal and shear stresses (sz, sx and txz) 
at the centre of a layer at depth z below the footing were computed using 
equations of the theory of elasticity given in Chapter 3 for appropriate 
contact-pressure distribution (Fig. 4.2a) and tangential stress (Fig. 4.1). The 

Fig. 4.2. Contact pressure distribution and settlement of centrally loaded footing 
with rigid base resting on clay.
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stress components at a point are shown in Fig. 4.4 for two-dimensional 
space.

Step 4
The principal stresses and their directions with vertical axis, as shown in 
Fig. 4.5 are computed by using the following equations:

  s1 = 
σ σ σ σ

τZ X Z X
XZ

+
+

−



 +

2 2

2
2  (4.2)

  s3 = 
σ σ σ σ

τZ X Z X
XZ

+
−

−



 +

2 2

2
2  (4.3)

  Tan 2q = 
τ

σ σ
XZ

Z X−
 (4.4)

Fig. 4.3. Contact pressure profile and soil below footing divided in n layers.

Fig. 4.4. Stresses in soil mass in two-dimensional space.
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Positive value q of is measured counter clockwise with direction of sZ 
(Fig. 4.5).

Fig. 4.5. Principal stresses at a point and their directions (two-dimensional).

Step 5 Evaluation of Lateral Strain
Strip footing is a case of plane strain. The strain 2 in the direction of 
intermediate principal stress equals zero in plane strain. Therefore, from 
basic stress-strain equations, we get

  2 = 0 = 1
2 1 3Ε

σ µ σ σ− +( )   (4.5a)

or  s2 = µ σ σ1 3+( )  (4.5b)

And 1 =  1
1

2

1 3
−

−
−











µ
σ

µ
µ
σ

Ε
 (4.6a)

  3 =  1
1

2

3 1
−

−
−











µ
σ

µ
µ
σ

Ε
 (4.6b)

 Assuming,  m1 = 
µ

µ1−
  and  E1 = E

1 2− µ
 (4.7)

 We have,  1 = 1

1
1 1 3E

σ µ σ−[ ]  (4.8a)             

  3 =  
1

1
3 1 1E

σ µ σ−[ ]   (4.8b)

and  ∈ ∈3 1 = 
σ µ σ
σ µ σ

3 1 1

1 1 3

−
−

 (4.9)

 Let  ∈ ∈3 1  = – m2 (4.10)

 Then  m2 = 
σ µ σ
σ µ σ

3 1 1

1 1 3

−
−

 (4.11)

z 

cr, cr, 
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Step 6 Evaluation of Principal Strains
The strain in the direction of major principal stress is computed from 
constitutive relations as given below:

  1 = 
′ −( )

− ′ −( )
a
b

σ σ
σ σ
1 3

1 31
 (4.12)

where a = a(1 – m2) and b = 1.1 × a
a and b are parameters of Eq. (2.5).
From Eq. 4.10 3 = – m2 1

Step 7 Evaluation of Vertical Strain
The strain in the vertical direction (z) for each layer is calculated using 
the following expression:

  z = 1 cos2q1 + 3 cos2q3 (4.13)
Since  2 = 0 is in plain strain condition.

Step 8 Evaluation of Settlement
The evaluation of the total settlement along any vertical section is done by 
numerically integrating the quantity

  S = ∈∫ z
n

dz
0

 (4.14)

The total settlement was computed along different vertical sections 
passing through the base of the footing. Eight vertical sections may be 
taken for desired accuracy. 

Step 9 Value of a1

Steps 1 to 8 were repeated for different values of a1. Value of a1 which 
gives the settlement of different points on the base of the footing, almost 
same corresponds to true contact-pressure distribution.

Step 10 Pressure Settlement Curve
The values of total settlement for various pressure intensities are computed 
according to the method described above and surface load intensity versus 
settlement curve is then drawn. 

It may be noted that if a1 = 1.0, it means the base contact-pressure for 
vertical load becomes uniform since value of a2 works out zero. This is 
possible if the footing base is flexible. The settlement pattern will be non-
uniform giving, with maximum settlement at the centre of the footing, 
while decreasing towards edges. It has been observed that the settlement 
of a rigid footing is almost the same as the average settlement of flexible 
footing (Sharan, 1977). The average settlement may be computed by 
dividing the area of settlement diagram by the width of footing.
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4.3 Strip Footing with Rough Base Resting on Sand

4.3.1 Introduction

In Art. 4.2, the methodology has been presented to obtain the pressure-
settlement characteristics of footing resting on clay and assuming that this 
is an isotropic and homogeneous material. The value of Young’s modulus 
E or (1/a) is taken as constant. Sand, on the contrary, is an anisotropic 
material. The Young’s modulus is dependent upon confining pressure and 
varies in both vertical and horizontal directions. No stress equations are 
available where variation of E in both vertical and horizontal directions 
are considered. Keeping this fact in view, an empirical method has 
been proposed—dividing the stress-strain relationship is various small 
segments each of which is considered a straight line. In these small stress 
level range, the soil is considered homogeneous and isotropic.

4.3.2 Assumptions

In the present investigation an empirical approach has been developed 
which has been found to yield satisfactory results. The following 
assumptions have been made:

 1. The footing base has been assumed to be fully rigid with a rough 
base.

 2. The contact-pressure distribution for vertical loading on the base of 
footing resting on sand is assumed as shown in Fig. 4.6 equating the 
vertical load to area of contact pressure.

  q.B = α α1 2 2
. . . .q B q

B
+

 or, α2 = 2(1 – α1) (4.15)

Fig. 4.6. Contact pressure distribution of centrally loaded footing with  
rigid base resting on sand.

Footing 

a,q 
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 3. The effect of the weight of soil mass has been considered in 
determination of stresses in sand. Vertical stress due to weight of soil 
is taken equal to γz where γ is the density of soil and z is the depth. 
The horizontal stress due to weight of soil is taken as being equal 
to K0γz where K0 is the coefficient of earth pressure at rest. The soil-
state varies from at rest condition at centre to active condition at the 
edges. However; the pattern of variation of earth pressure coefficient 
from centre to edges is not known.

 4. The ultimate bearing capacity (qu) has been computed from Terzaghi’s 
equations, i.e.

  qu = 1
2

γ γ. .B N  (4.16)

  γ = Unit weight of soil
  B = Width of footing
  Nγ = Terzaghi's bearing capacity factor (Table A 4.1)

 5. A coefficient F has been introduced such that at all stress levels in the 
following relationship is satisfied:

  q
q
u  = 

σ
σ σ

u

1 3
, ,−

= F (4.17)

  where q is the intensity of surface load, 
  σu is the ultimate stress from hyperbolic relationship and is equal to 

(1/b), 
  σ′1, σ′3 are the major and minor principal stresses in the soil mass due 

to surface load q (Fig. 4.6), tangential stress (Fig. 4.7) and weight of 
soil.

q q
qt

u
= 

  = Angle of internal friction

tan f

f

Fig. 4.7. Tangential stress at the base of footing representing roughness.

 6. Constitutive law described by hyperbola has been taken. Therefore, 
su is taken as being  equal to (1/b).

 7. The modulus of elasticity (Es) has been calculated from the relevant 
stress-strain curve at stress level of su/F. The strain at su/F

   = 
a

F

b
F

u

u

σ

σ







− 



1

 (4.18a)
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where a and b are the constants of hyperbola whose values depend upon 
the confining pressure (Chapter 2).

Step 8

The strain in each layer in the direction of major principal stress is 
calculated from the equation

  1 = 
′ − ′( )σ σ3 3

Es

 (4.21)

The strain in the direction of minor principal stress is calculated from 
the following relationship:

  1 = – m2 1 (4.22)

Value of m2 is obtained by using Eq. (4.10).

Step 9
The strain in the vertical direction is calculated by using Eq. (4.22)

  z = 1 cos2 θ1 + 3 cos2 θ3 (4.23)

Step 10
The settlement of each layer and the total settlement along any vertical 
section are calculated by using Eqs (4.7) and (4.8) respectively.

Step 11
The steps 1 to 9 are repeated for different values of α1. Values of α1 which 
gives settlements at various base points approximately is its true value.

Step 12
The surface load intensity is varied and the Steps 1 to 10 are repeated. The 
pressure settlement curve is obtained by plotting settlements obtained in 
Step 10 against corresponding surface load intensity.

4.4 Pressures-Settlement Characteristics of Footings Resting 
on Buckshot Clay

From the analysis presented in Art 4.2, the following four cases were 
studied (Sharan, 1977):

	 •	 Smooth	 flexible strip footing by putting α1 = 1 and neglecting the 
effect of roughness considered as per Fig. 4.1b (assumption No. 3 of 
Art. 4.2.1).

	 •	 Smooth	 rigid strip footing considering the coefficient α1 and 
neglecting the effect of roughness. 

 Therefore, Es = Stress
Strain

=
− 



1 b

F
a

uσ

 (4.18b)

  su or (1/b) is a function of the confining pressure (Chapter 2).

4.3.3 General Procedure

The procedure followed in the analysis of uniformly loaded strip footing 
resting on sand is described in the following steps.

Step 1
Assume a value α1 for obtaining contact-pressure distribution (Fig. 4.6).

Step 2
The stresses (sx, sz, and txz,) at the centre of each layer along different 
vertical axes passing through the base of the footing as shown in Fig. 4.3 
for a given surface load intensity q considering base contact pressure Fig. 
4.6 and tangential stress for base roughness (Fig. 4.7) are computed.

Step 3
The effect of the weight of sand has been incorporated by adding γz to sz 
and K0gz to σx where K0 = 1 – sin j; j is the angle of internal friction and 
its value is determined from triaxial tests. The principal stresses s1 and s3 
and their directions with vertical axis are then computed. These principal 
stresses are designed as s′1 and s′3.

Step 4
The ultimate shear strength (σu) of sand for a given confining pressure σ′3 
is computed from constitutive laws, as discussed in Chapter 2.

Step 5
The ultimate bearing pressure (qu) is calculated from Terzaghi’s (1943) 
equation (Appendix A4.1).

Step 6
A coefficient F for a given surface load intensity (q) is computed from the 
following relationship:

  
q
q
u  = F (4.19)

Step 7
The modulus of elasticity (Es) is calculated by the following equation:

  Es = 
1− 



b

F
a

uσ

 (4.20)
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where a and b are the constants of hyperbola whose values depend upon 
the confining pressure (Chapter 2).

Step 8

The strain in each layer in the direction of major principal stress is 
calculated from the equation

  1 = 
′ − ′( )σ σ3 3

Es

 (4.21)

The strain in the direction of minor principal stress is calculated from 
the following relationship:

  1 = – m2 1 (4.22)

Value of m2 is obtained by using Eq. (4.10).

Step 9
The strain in the vertical direction is calculated by using Eq. (4.22)

  z = 1 cos2 θ1 + 3 cos2 θ3 (4.23)

Step 10
The settlement of each layer and the total settlement along any vertical 
section are calculated by using Eqs (4.7) and (4.8) respectively.

Step 11
The steps 1 to 9 are repeated for different values of α1. Values of α1 which 
gives settlements at various base points approximately is its true value.

Step 12
The surface load intensity is varied and the Steps 1 to 10 are repeated. The 
pressure settlement curve is obtained by plotting settlements obtained in 
Step 10 against corresponding surface load intensity.

4.4 Pressures-Settlement Characteristics of Footings Resting 
on Buckshot Clay

From the analysis presented in Art 4.2, the following four cases were 
studied (Sharan, 1977):

	 •	 Smooth	 flexible strip footing by putting α1 = 1 and neglecting the 
effect of roughness considered as per Fig. 4.1b (assumption No. 3 of 
Art. 4.2.1).

	 •	 Smooth	 rigid strip footing considering the coefficient α1 and 
neglecting the effect of roughness. 
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	 •	 Rough	flexible strip footing considering α1 = 1 and roughness at the 
base of footing as explained in assumption No. 3 of Art. 4.2.1.

	 •	 Rough	rigid strip analysis as presented in Art. 4.2.

The properties of Buckshot clay has been described in Art. 2.4.1 of 
 Using the values hyperbolic parameters a and b as 1.9×10–4 
Chapter 2.
m2/kN and 1.13×10–4 m2/kN respectively, and value of cohesion c as 
72  kN/m2, complete procedure has been adopted as described in Art. 
4.2 for obtaining the pressure-settlement curves and corresponding 
contact pressure coefficients. Some typical pressure-settlement curves for 
rigid strip rough-based footings are shown in . Contact pressure 
distribution curves for the footing of width 
different pressure intensities which gave unifo
base of the footing are shown Fig. 4.9. It is evid
the tendency of contact pressure distribution is
pressure intensity reaches near failure. From thes
obtained and the following equation is obtained 

Fig. 4.8. Pressure vs settlement curve for roug
resting on Buckshot clay.
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  α1 = 1 72 0 86. .−






q
cu

 (4.24)

As mentioned earlier, the four cases have been studied independently 
for obtaining pressure-settlement characteristics of a footing. On studying 
these cases in detail, the following conclusions were drawn for the footings 
resting on clay:

	 •	 The	bearing capacity of flexible strip footings from pressure versus 
average settlement curves and for rigid footings from pressure 
versus uniform settlement curves are practically same for both 
smooth and rough bases

	 •	 The	bearing	capacity	of	rough	rigid	strip footing is 5 per cent higher 
than the bearing capacity of smooth rigid strip footing

	 •	 The	settlement	at	failure	varies	from	4.8-5.5	per	cent	for	strip	footings
	 •	 The	settlement	of	a	footing	varies	directly	in	proportion	to	its	width,	

i.e. 

  
S

S
f

p
 = 

B

B
f

p
 (4.25)

Fig. 4.9. Contact pressure distribution below rough rigid strip 
footing of width 0.25 m resting on Buckshot clay.

B "0.25m 

B/2 B/2 

q(kN/m2
) S~(mm) 20 

0.94 
~ 

~ 
~ 

2.18 " ., 
~ 
~ 3.20 

8 .. 
&l 

6.80 "' 

12.00 
140 



62 Shallow Foundations and Soil Constitutive Laws

  where Sf and Sp are respectively the settlements of the footings of 
widths Bf and Bp. 

	 •	 Contact	pressure distribution is dependent on pressure intensity. It 
is found that as the load reaches the failure load, the contact pressure 
distribution becomes uniform

Keeping the above facts in view, a parametric study was carried out 
for the following variables (Biswas et al., 2016 and Biswas, 2017):

Width of footing, B: 0.5 m, 1.0 m, 1.5 m, 2.0 m 
Hyperbolic Constitutive Laws Parameters

1/a kN/m2 5000 7000 9091 12000 15000

1/b  kN/m2 35 50 64 80 100

Pressure intensity, q kN/m2: 5 to 120 (depending on the values of 1/a and 
1/b)

For illustration, 1/a = 15000, 1/b = 100 and B = 1.0 m, settlements 
of equally spaced nine points of the base were obtained for different 
pressure intensities. Typical plots showing the settlement patterns for 
pressure intensities 25 kN/m2 and 50 kN/m2 are given in Figs 4.10 and 
4.11 respectively. It is evident that these settlement patterns are parabolic 
in nature with the maximum settlement at the centre of the footing. Since 
the settlement of an equivalent rigid footing i.e. of the same width is 
almost equal to the average settlement of a flexible footing it is obtained 
by dividing the area of the settlement diagram (i.e. as shown in Figs 4.10 
and 4.11) by the width of footing. It is designated as Sav. Plots of pressure 
versus settlement curves were prepared using the average settlement, 
i.e. considering the footing base as rigid with a smooth base. Effect of 
roughness is very marginal and therefore neglected.

Typical bearing capacity versus settlement curves for 1/a = 9000 
kN/m2 and 1/b = 60 kN/m2 are given in Fig. 4.12 for different widths 

Fig. 4.10. Settlement pattern for q = 25 kN/m2.
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Fig. 4.11. Settlement pattern for q = 50 kN/m2.

Fig. 4.12. Pressure intensity (q) versus average settlement (Sav) curves.
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of footing. From these curves, values of settlement were obtained for 
pressure intensities equal to 12.5 kN/m2, 25 kN/m2 37.5 kN/m2 and 50 
kN/m2. Plots were then prepared between (Sav/B) ratio and width of 
footing (B) (Fig. 4.13). As for each pressure intensity, the curve is a straight 
line parallel to the width axis, indicating that the settlement increases 
linearly with the width of footing. Hence pressure intensity (q) versus 
(Sav/B) plots have been made for different values of 1/a and 1/b (Fig. 
4.14). From these curves, it is evident that for a given pressure intensity, 

Fig. 4.13. Sav/B versus B curves.

Fig. 4.14. q versus (Sav/B) curves.
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settlement decreases with the increase in 1/a and 1/b values. Increase in 
1/a and 1/b values indicate a better soil. In Fig. 4.15 (Sav/B) ratio is plotted 
against 1/a for 1/b = 60 kN/m2 for different pressure intensities. These 
curves indicate that the settlement decreases with increase in 1/a ratio. 
This trend is valid for other values of 1/b also. Similar plots have been 
shown in Fig. 4.16 in which the settlement variation is shown with respect 
to 1/b for a given value of 1/a. Similar trend is observed in this also.

Fig. 4.15. Sav/B versus 1/a curves.

Fig. 4.16. Sav/B versus 1/b curves.
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4.5 Pressure-Settlement Characteristics of Strip Footings 
Resting on Sand

The pressure settlement characteristics of smooth strip footings resting 
on Ranipur sand were investigated by Sharan (1977) for footing widths 
of 50 mm, 100 mm, 150 mm, 600 mm and 2000 mm. The computations 
were done for sand at two relative densities, viz. 84 per cent and 46 per 
cent. Settlements at central, quarter and edge sections for a given pressure 
intensity were computed. The average settlements were calculated by 
dividing the area of settlement diagram with the width of footing.

Pressure-settlement curves were drawn by plotting the average 
settlements against bearing pressures. These curves for footings with 
width of 50 mm 100 mm and 150 mm are plotted in Fig. 4.17, for 600 mm 
in Fig. 4.18, and for 2000 mm in Fig. 4.19 for sand at relative density of 84 
per cent. Similar curves are drawn for footing widths of (50 mm, 100 mm, 
150 mm), 600 mm and 2000 mm in Figs 4.20, 4.21 and 4.22 respectively for 
relative density of 46 per cent. The results show that for the same density 
and pressure, the settlements increase with footing size. The settlements 
for same pressure and footing size increase with decrease of relative 
density.

To study the footing size effect on the pressure settlement curves 
for footings in sand, the Sf/Sp versus Bf/Bp relation were computed for 
pressure of 50 kN/m2, taking Bp = 100 mm, Bf = 50 mm, 100 mm, 150 mm, 

Fig. 4.17. Pressure vs settlement for smooth strip footing 
resting on Ranipur sand (DR = 84%).
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Fig. 4.18. Pressure vs settlement curve for smooth strip footing resting on 
Ranipur sand (DR = 84%).

Fig. 4.19. Pressure vs settlement for smooth strip footing on 
Ranipur sand (DR = 84%).
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Fig. 4.20. Pressure vs settlement curve for footings resting on Ranipur sand 
(DR = 46%, smooth strip).

600 mm and 2000 mm as shown in Fig. 4.23 for relative densities of 84 per 
cent and 46 per cent. The above relationship computed from conventional 
formula is also shown in the above figure. It is observed that the curve 
becomes asymptomatic with increase of footing size (Bf). After Bf/Bp is 
greater than 6.0 the curve is practically horizontal. Pressure settlement 
characteristics of these footings were obtained by using the procedure 
given in Art. 4.3.3.

Illustrative Examples

Example 4.1

A smooth surface strip footing of width 1.5 m rests on clay. It is 
subjected to a pressure as shown Fig. 4.24. Determine the vertical strain 
in the soil along the vertical sections passing through the centre and 
edges of the footing and at depth 1.0 m below the base of the footing.  
Values of Kondner’s hyperbola constants are: a = 6 × 10–5 m2/kN;  
b = 0.006 m2/ kN; value of Poisson ratio is 0.33 and value of cohesion of soil is  
75 kN/m2.
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Fig. 4.21. Pressure vs settlement curve 
for smooth strip footing resting on 

Ranipur sand (DR = 46%).

Fig. 4.22. Pressure vs settlement curve 
for smooth strip footing resting on 

Ranipur sand (DR = 46%).

Fig. 4.23. Sf/Sp vs Bf/Bp relationship for Ranipur sand (DR = 84% and 46%).
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Fig. 4.24. Showing the pressure distribution.

Solution

 (i) 2b = 1.5 m, b = 0.75 m 
  Pressure diagram may be considered equivalent to a uniformly 

distributed load of 150 kN/m2 minus a symmetrical triangular load 
of apex 50 kN/m2.

  For the section passing though the centre:

  x = 0; ∴
x
b

= 0

  z = 2.0 m; \ 
z
b

= =
2 0

0 75
2 66

.
.

.

  For uniform distributed load:

  For 
x
b

 = 1.0 and 
z
b

 = 2.66 (using interpolation in Table 3.1)

     
σz

q
 = 0 44. ;

σx

q
= 0 02. ;

τxz

q
= 0.0, here q = 150 kN/m2

  or  sz = 66.0 kN/m2; sx = 3.0 kN/m2; txz = 0.0

  For triangular loading:

  For   
x
b

 = 0  and  
z
b

 = 2.66 (using interpolation in Table 3.3)

   
σz

q
 = 0 23. ;

σx

q
 = 0 0052. ;

τxz

q
 = 0.0 here q = 50 kN/m2

  or,  sz = 11.5 kN/m2; sx = 0.26 kN/m2; txz = 0.0

  Net stresses:
  sz = 66.0 – 11.5 = 54.5 kN/m2; sx = 3.0 – 0.26 = 2.74 kN/m2; txz = 0.0

l 
150 kNim2 

b/ zb/ ~Zz?ZzzZ2Z/ /~ J 
1 5 m ------,.c 
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  since txz = 0.0, therefore

  s1 = sz = 54.5 kN/m2

  s3 = sx = 2.74 kN/m2

  ε1 = 
a
b
( )

( )
σ σ

σ σ
1 3

1 31
−

− −
 = εz

   or,   εz = 
6 10 54 5 2 74
1 0 006 54 5 2 74

5× −
− −

− ( . . )
. ( . . )

= 450 × 10–5

  (ii) For the section passing through right-hand side edge of the footing

                          x = 0.75 0 75
0 75
0 75

1.
.
.

∴ = =x
b

  For uniform distributed load:

 For    x
b

z
b

= =1 0 2 66. .and  (using interpolation in Table 3.1)

  
σz

q
 = 0 3650 0 0531. ; . ;

σ τx xz

q q
= = 0.113 here q = 150 kN/m2

 or,  sz = 54.75 kN/m 2; sx = 7.96 kN/m2; txz
 = 16.95 kN/m2

 For triangular loading:

 For  
x
b

 = 1 2 66and
z
b
= . (using interpolation in Table 3.3)

  
σz

q
= 0.181; σ τx xz

q q
= =0 0264 0 0644. ; . here q = 50 kN/m2

 or,  sz = 9.05 kN/m2; sx = 1.32 kN/m2 ; txz = 3.22 kN/m2;

 Total stresses

 sz =  54.75 – 9.05 = 45.7 kN/m2; sx
 = 7.96 – 1.32 = 6.64 kN/m2

  txz = 16.95 – 3.22 = 13.73 kN/m2

  s1 = 
( . . ) . .

.
45 7 6 64

2
45 7 6 64

2
13 732+

+
+



 +

2

  = 26.17 + 23.87 = 50.04 kN/m2

  s3
 = 26.17 – 23.87 = 2.3 kN/m2

	 	 ε1 = 
a
b
( )

( )
σ σ
σ σ
1 3

1 31
−

− −
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  = 
6 10 50 04 2 3
1 0 006 50 04 2 3

5× −
− −

− ( . . )
. ( . . )

= 401 × 10–5

  m2 = 
σ µ σ
σ µ σ

µ
µ
µ

3 1 1

1 1 3
1 1

0 33
1 0 33

0 492
−
−

=
−

=
−

=;
.

.
.

  = 3 26 0 492 77 5
77 5 3 26 0 492

34 91
75 89

0 46
. . .
. . .

.
.

.
− ×
− ×

=
−

= −

  ε3 = –m2.ε1 = 0.46 × 401 × 10–5

  = 184 × 10–5

                          θ = 
1
2

21tan−

−






τ
σ σ

xz

z x
= 

1
2

1
2 13 73

45 7 6 64
tan

.
. .

−
×

−




  = 17.55° 

	 	 	 [θ1 = 17.55°, θ3 = 107.55°]

  ez = e1 cos2
 θ1 + e3 cos2

 q3

	 	 =	(401	cos2 17.55 + 184 cos2 107.55) × 10–5

  = (364.5 + 16.73) × 10–5 = 381.23 × 10–5

Example 4.2

Solve Example 4.1 assuming that the base of the footing is rough

Solution

 (i) qu  = c.Nc

   = 75 × 5.14  [Nc = 5.14 for j = 0°, Table A4.1]
   = 385.5 kN/m2

  Average pressure intensity, q

  q = 
150 1 5

1
2

50 1 5

1 5

× − × ×. .

.
 = 125 kN/m2

  qt = 
q
q

c
u

.

  = 
125

385 5.
× 75 = 24.3 kN/m2

 (ii) Due to base roughness, the tangential stress will act as shown in 
Fig. 4.25. Due to symmetry, the value of vertical strain along the 
section passing through the point ‘c’at depth 1.0 m will be the same 
as computed in Example 4.1. Effect of tangential stresses along this 
vertical section will nullify.
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Fig. 4.25. Showing the tangential stress distribution.

  Values of vertical strains along the vertical sections passing through 
points B and C will be the same and are therefore illustrated further 
for point ‘B’.

  For tangential load qt1

  b = 
1 5
4
.

= 0.375 m

  x = 
1 5
2

1 5
4

. .
+ = 1.125 m; z = 1.0 m; qtl = 24.3 kN/m2

  Using Eqs. (3.2a), (3.2b) and (3.2c), we get:

  
σz

tq 1
= 0.10578; 

σ τz

tq q
xz

t1
= 0 1273

1
. ; = 0.1138

   or, sz = 2.57 kN/m2; sx = 3.09 kN/m2; txz = 2.77 kN/m2

  For tangential load qt2:

  b = 
1 5
4
.

= 0.375 m

  x = 
1 5
2
.

= 0.375 m; z = 1.0 m; qt2 = –24.3 kN/m2

  Using Eqs. (3.2a), (3.2b) and (3.2c), we get

  
sz

tq 1
= 0.11459; s tz

t

xz

tq q1 1
0 0274 0 0520= =. ; .

  or,   sz = –2.78 kN/m2; sx = –0.67 kN/m2; txz = –1.26 kN/m2

  Total stress due to tangential load:

  sz = 2.57 – 2.78 = –0.21 kN/m2

  sx = 3.09 – 0.67 = 2.42 kN/m2

  sxz = 2.76 – 1.26 = 1.50 kN/m2

  Considering the stresses due to normal loading from Example 4.1, 
the total stresses will be:

B =2b 

V//22?/70222/ZZZ0/22?7//01 
A ___... ----ta>- ____.,... --aa-- ~ C ...,.__ .,._ ..,._ ..,._ B 
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  sz = 54.5 – 0.21 = 54.29 kN/m2

  sx = 2.74 + 2.42 = 5.16 kN/m2

  sxz = 13.73 + 1.50 = 15.23 kN/m2

  s1 = 54 29 5 16
2

54 29 5 16
2

15 23
2

2. . . .
.

+( ) +
-Ê

ËÁ
ˆ
¯̃ +  

  = 29.73 + 28.89 = 56.62 kN/m2

  s3
 = 29.73 – 28.89 = 0.84 kN/m2 

  e1 = 
a

b

s s
s s
1 3

1 31

-( )
- -( )

  = 
6 10 56 62 0 84
1 0 006 56 62 0 84

5¥ -( )
- -( )

- . .
. . .

= 503 × 10–5 

  m2 = 
s m s
s m s

m
m

m
3 1 1

1 1 3
1 1

0 33
1 0 33

0 492
-
-

=
-

=
-

=;
.

.
.  

 Therefore,

  m2 = 
0 84 0 492 56 62
56 62 0 492 0 84

27 02
56 21

. . .
. . .

.
.

- ¥
- ¥

=
-

 = –0.48

  e3 = –m2.e1 = –0.48 × 5.3 × 10–5

  = 241.8 × 10–5 

	 	 θ	=	
1
2

21tan-

-
Ê
ËÁ

ˆ
¯̃

t
s s

xz

z x
	=	

1
2

2 15 23
54 29 5 16

1tan
.

. .
- ¥

-
Ê
ËÁ

ˆ
¯̃ 	=	31.8°

	 	 θ1 = 31.8°; θ3 = 121.8°

  ez = e1 cos2 θ1+ e3 cos2 θ3

  = (503 cos2 31.8 + 241 cos2 121.8) × 10–5

  = (363.3 + 67.1) × 10–5 = 430.4 × 10–4 

Example 4.3

A rough-based flexible surface strip footing of width 2.0 m rests on 
cohesion-less soil and is subjected to a pressure intensity of 300 kN/m2. 
The properties of sand are given below:

	 	 γ = 16.5 kN/m3, ϕ = 35°; value of Poisson ratio is 0.35

Kondner’s hyperbola constants: 1a = 3.89 × 103(σ3)0.6;
1
b

 = 100 + 3.6 (σ3); σ3 
is in kN/m2. Determine the strain at a point 2.0 m below the right-hand 
side edge of the footing.
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Solution

 (i) For j = 35°, Nγ = 48.03 (Table A4.1)

  qu = 
1
2
γBNγ 

  = 
1
2

× 16.5 × 2.05 × 48.03

  = 792.5 kN/m2 

  q = 300 kN/m2

  F = 
q
q
u =

792 5
300

.  = 2.64

 (ii) Stress along a vertical sectioin passing through the edge of footing

  b = 1.0 m, x = 1.0 m, \ x
b

=
1 0
1 0
.
.

= 1.0

  z = 2.0 m; \  
z
b

=
2 0
1 0

.

.
= 2.0

 (a) For uniformly distributed load (as the footing is considered 
flexible):

  For  
x
b

= 1.0 and 
z
b

= 2.0 (refer to Table 3.1)

  
sz

q
= 0.4092; sz

q
 = 0.0908; 

txz

q
= 0.1592

  sz = 122.8 kN/m2; sx
 = 27.2 kN/m2; txz = 47.8 kN/m2

 (b) For tangential load:

	 	 δ	= tan–1 2
3

2
3

351tan tan tanfÊ
ËÁ

ˆ
¯̃ = Ê

ËÁ
ˆ
¯̃

-  = tan–1(0.4668) = 25°

	 	 δm = tan–1 
300

792 5.
tan dÊ

ËÁ
ˆ
¯̃ = 17.3°

  ta = q tan δm = 300 tan 17.3 = 93.4 kN/m2

  Refer to Fig. 4.26a

  b′ = 
b
2

1 0
2

=
.

= 0.5 m

  x = b b b b
x
b

b
b2

1 5 3
3

3+ = = ¢
¢

=
¢
¢

=. ;
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  For x
b

b
b

z
b¢

=
¢
¢

=
¢

=
3

3
2 0
0 5

;
.
.

= 4 (using Eqs.3.2a, 3.2b, 3.2c)

  
sz

at
= 0.0954; 

s tx

a

xz

at t
= 0 0541. ; = 0.07, ta = 93.4 kN/m2

  sz = 8.31 kN/m2; sx = 5.05 kN/m2; txz = 6.54 kN/m2;

  Refer to Fig. 4.26b

  x = – b′ = –0.5 m, b′ = 0.5 m 

  
x
b¢

= -
= -

¢
=

0 5
0 5

1
2 0
0 5

.
.

;
.
.

z
b

= 4 (using Table 3.2)

  
sz

at
= –0.06366; s tx

a

xz

at t
= - =0 00737 0 02026. ; .

    (here ta = 93.4 kN/m2)

  sz = –5.94 kN/m2; sx = –0.69 kN/m2; txz = 1.89 kN/m2

 (iii) Total stresses:

  sz = 122.8 + 8.91– (–5.94) = 137.65 kN/m2

  sx = 27.25 + 5.05 – (–0.69) = 32.94 kN/m2

Fig. 4.26. (a) Tangential stress acting in the left hand half portion of the footing,  
(b) Tangential stress acting in the right hand half portion of the footing.
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  txz = 47.8 + 6.54 – (1.89) = 52.45 kN/m2

  s1 = 
137 65 32 94

2
137 65 32 94

2
52 45

2
2. . . .

.
+( ) +

-Ê
ËÁ

ˆ
¯̃ +  

  = 85.29+74.10 = 159.39kN/m2

  s3 = 85.29 – 74.10 = 11.19 kN/m2

 (iv) Computation for evaluating parametars a and b:

  K0 = 1 – sin φ = 1 – sin 35 = 0.426

  sz = 137.65 + 16.5 × 2.0 = 170.65 kN/m2

  sx = 32.94 + 0.426 × 16.5 × 2.0 = 47.0 kN/m2

  txz = 52.45 kN/m2

  ¢s1 = 170 65 47 0
2

170 65 47 0
2

52 45
2

2. . . .
.

+( ) +
-Ê

ËÁ
ˆ
¯̃ +

  = 108.82 + 81.07 = 189.89 kN/m2

  ¢s3 = 108.82 – 81.07 = 27.75 kN/m2

  1
a

= 3.89 x 10–3 (27.75)0.6 kN/m2 = 28.57 × 103 kN/m2 

  a = 0.035 × 10–3 m2/kN = 3.5 × 10–5 m2/kN;

  
1
b

= 100 + 3.6 s3 = 100 + 3.6 × 27.75 = 200 m2/kN

  b = 0.005 m2/kN

 (v) a = 3.5 × 10–5 m2/kN; b = 0.005 m2/kN

  Es = 
1

0 005 200
2 64

3 5 10 5

- ¥

¥ -

.
.

.
= 0.1775 × 105 kN/m2 

	 	 ε1 = 
¢ - ¢( )

=
-
¥

s s1 3
5

189 89 27 75
0 1775 10Es

. .
.

  = 913 × 10–5

	 	 μ2 = ¢ - ¢
¢ - ¢

s m s
s m s

m3 1 1

1 1 3
1; = 

m
m1

0 35
1 0 35-

=
-

.
.

= 0.538

  = 27 75 0 538 189 89
189 89 0 538 27 75

74 41
174 96

0 425
. . .
. . .

.
.

.
- ¥
- ¥

=
-

= -
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	 	 ε3 = –μ2.ε1 = 0.425 × 913 × 10–5

  = 388 × 10–5

	 	 θ	= 
1
2

21tan-

-
Ê
ËÁ

ˆ
¯̃

t
s s

xz

z x
= 

1
2

2 52 45
170 65 47 0

1tan
.

. .
- ¥

-
Ê
ËÁ

ˆ
¯̃

  = 
1
2

104 90
123 65

1tan
.
.

- Ê
ËÁ

ˆ
¯̃ = 20.15°; so θ1 = 20.15°;	θ3 = 110.15°

	 	 εz = ε1 cos2 θ1 + ε3 cos2 θ3

  = 913 × 10–5 cos2 20.15 + 388 × 10–5 cos2 110.15

  = 804 × 10–5 + 46 × 10–5 = 820 × 10–5

Practice Problems

 1. What are the situations for the suitability of shallow foundations? 
Explain its design requirements.

 2. Give stepwise the procedure of obtaining pressure-settlement 
characteristics of a smooth flexible footing resting on saturated clay.

 3. What will be the modification in the procedure given in Prob. 2 if the 
footing base is rough.

 4. Describe the method of obtaining contact pressure in the case of 
rigid footing resting on clay.

 5. Explain stepwise the procedure of obtaining pressure-settlement 
characteristics of the footing resting on sand.

 6. A surface strip footing of width 2 m rests on clay. It is subjected to 
pressure as shown in Fig. 4.27. Determine the vertical strain in the 
soil along the vertical sections passing through the centre and the 
edges of the footing and at depth 1.0 m below the base of the footing.

  Values of Kondner’s hyperbola constant are a = 4 × 10–5 m2/kN;  
b = 0.003 m2/kN; value of Poisson ratio is 0.35.

Fig. 4.27. Showing pressure distribution to be adopted in practice problem 6.
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 7. A surface strip footing of width 1.5 m rests on cohesion-less soil and 
subjected to a pressure intensity of 200 kN/m2. The properties of 
sand are given below:

  γ = 16 kN/m3, ϕ = 30°; value of Poisson ratio is 0.33

  Kondner’s hyperbola constants: 1
a

 = 5 × 103 (σ 3)0.7; 
1
b

 = 75 + 4 (σ 3); σ 3 

is in kN/m2.
  Determine the strain at a point 2.5 m below the right-hand side edge 

of the footing.
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Appendix 4.1

Table A4.1: Bearing capacity factors

Φ Nc Nq Na

0
5
10
15
20
25
30
35
40
45
50

5.14
6.49
8.35
10.98
14.83
20.72
30.14
46.12
75.31
138.88
266.89

1.00
1.57
2.47
3.94
6.40
10.66
18.40
33.30
64.20
134.88
319.07

0.00
0.45
1.22
2.65
5.39
10.88
22.40
48.03
109.41
271.76
762.89



CHAPTER 

5

Strip Footing Subjected to  
Eccentric-inclined Load

5.1 General

A foundation engineer frequently comes across the problem of footings 
subjected to eccentric-inclined load, e.g. in the case of foundations of 
retaining walls, abutments, columns, stanchions, tall building, portal 
framed structures, etc. In these cases, footings in general are acted upon 
a vertical load, a moment and a horizontal load which result into an 
eccentric-inclined load. Horizontal loads may be caused by wind pressures, 
water pressures, seismic forces, etc. Such footings get tilted and as such 
maximum settlement occurs at the edge of footing. Also these footings 
get horizontally displaced. A typical settlement pattern is shown in  
Fig. 5.1. A footing subjected to eccentric-inclined load shows unsymmetrical 
settlement pattern alongwith horizontal displacement.

Bearing capacity, settlement, tilt and horizontal displacement are the 
main criteria for proportioning of such footings. All these are obtained in 
independent steps.

Studies for evaluation of bearing capacity of a footing subjected to 
eccentric-inclined load can be grouped under: (a) footings subjected to 
eccentric-vertical loading (Meyerhof, 1953; Prakash and Saran, 1971), (b) 
footings subjected to central-inclined loading (Schultz, 1952; Meyerhof, 
1953; Hjiaj et al., 2004), and (c) footings subjected to eccentric-inclined 
loading (Saran and Agrawal, 1989; Mahiyar and Patel, 2000; Lau and 
Boltan, 2011a, 2011b; Patra et al., 2012; Loukidis et al., 2008).

Little attention has been given to obtain the settlement, tilt and 
horizontal displacement (Agarwal, 1986). They have developed non-
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dimensional correlation for their evaluation. These correlations are based 
on a large number of model tests. 

 In this chapter, procedures have been developed to predict pressure, 
maximum settlement, pressure tilt and pressure, horizontal displacement 
curves for the footings subjected to eccentric-inclined load. Both the cases 
i.e. footings in clays and footings in sand have been considered (Agarwal, 
1986).

5.2 Footing on Clay

All the assumption made in the analysis of footing subjected to central-
vertical load hold good in this case except that the contact pressure 
distribution is considered as shown in Fig. 5.2. Salient features of the 
procedure to evaluate pressure-settlement and pressure tilt characteristics 
have been described below in the following steps for a typical case (smooth 
rigid footing).

5.2.1 Vertical Settlement and Tilt

Step 1
Contact pressure distribution as shown in Fig. 5.2(a) is described by three 
pressure coefficients—aa1, aa2 and aa3. These coefficients are evaluated 
by satisfying equilibrium conditions as given below:

 (i) The total load on a footing equals the area of the contact pressure 
diagram (Fig. 5.2b).

  q(a + b) cos i = aa1.q.cos2 i(a + b) + 1
2

.a.aa2.q.cos2 i + 1
2

.b.aa3.q.cos2i (5.1)

Fig. 5.1. Settlement and horizontal displacement of eccentric inclined  
loaded rigid strip footing.
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 (ii) The pressure distribution diagram is resolved into two parts vertical 
and horizontal components (Figs 5.2b, 5.2c), such that the vector sum 
of the area of these two diagrams (Figs 5.2b, 5.2c), should be equal to 
the area of the contact pressure diagram (Fig. 5.2a).

  Taking moment of the area about point E (Fig. 5.2b),

Fig. 5.2(a). Contact-pressure distribution for eccentric inclined load  
over rigid strip footing

Fig. 5.2(b). Vertical component of pressure diagram

Fig. 5.2(c). Horizontal component of pressure diagram
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	 aa1.q.cos2i. b
q i

b
q i

a
q i

a2
1
2 3

2
2

1
2

2

2
2

2

2
2
3 2 3

+ + = +. . .cos . .cos . . .cos .aa aa aa

   (5.2)
  Solving the Eqs (5.1) and (5.2) in term of aa1, we get

 aa2 = 
4 3

2
1b a b cosi

acosi
- +( ) .aa

                                             (5.3)

 aa2 = 
4 3

2
1a a b cosi

bcosi
- +( ) .aa

  (5.4)

 (iii) The slopes of the lines A’E’ and B’E’ are assumed as being same  
(Fig. 5.1)

  S S
B e

S S
B e

m e m L-

-
=

-

+2 2

 (5.5)

  where e  =  Eccentricity of the load
   Sm =  Maximum settlement of the footing
   Se =  Settlement of the point of application of load
   SL =  Minimum settlement of the footing 
   B   =  Width of the footing

(iv) When the eccentricity width ratio (e/B) is equal to zero, i.e. the load is 
at the centre of the footing, the value of pressure coefficient aa1was 
evaluated, considering the settlements at the three different vertical 
sections (x = 0, B/2 and B) being equal.

Step 2
Stresses in each layer of the soil mass (Fig. 5.3) at three vertical sections (at 
edges and at point E) due to vertical component ‘q.cos i’ and horizontal 
component ‘q.sin i’of eccentric-inclined load are obtained. Super-position 
of stresses is done to get the stresses due to the eccentric-inclined load. 
Equations used to obtain stresses in each layer along any vertical section 
for different types of loading have already been given in Chapter 3. These 
stresses are designated as σz, σx and τxz. 
Step 3
Principal stresses σ1 and σ3 and their directions with vertical axis θ1 and θ3 are obtained by computing Eqs (4.2) to (4.4).

Step 4
When strip footing is case of a plane strain condition, the strain ε2 in the 
direction of intermediate principal stress σ2 is equal to zero in the plane 
strain.
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	 ε2 = 0 = 1
E
	[σ2-m(σ1	+	σ3)]		 (5.6a)

Or        σ2 =	μ	(σ1 + σ3) 	 (5.6b)

Step 5
The strains in the direction of major principal and minor principal 
computed from the constitutive relationship are given below:

	 ε2	=	
a
b
(
(
σ σ
σ σ
1 3

1 31
−

− −
)

)
	 (5.7a)

                ε3 = – m2ε1	 (5.7b)

where a and b are constants of hyperbola (Kondner, 1963) and m2 is as 
given in Eq. (4.11). 

Step 6
The strains in the vertical direction (εz) in each layer along the vertical 
sections are computed using the following expression.

 εz = ε1 cos2 θ1 + ε3 cos2 θ3  (5.7c)

Fig. 5.3. Contact pressure profile and soil below footing divided in n-layers.
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Step 7
The total settlement along any vertical section is obtained by numerically 
integrating the settlement of each thin strip as follows:

 S =  ez

n

z
0
Ú .D  (5.8)

where S = Total settlement along any vertical section
	 ez =  Strain in the vertical direction (i.e. z-direction)
	 ∆z = thickness of each strip

Step 8
For a given e/B ratio and load inclination (i), the settlement (Se) at the point 
of application of load, settlements Sm and SL (at the edges) are computed 
for different values of contact pressure coefficients aa1 with a particular 
load intensity ‘q’. The value of aa1 has been taken which satisfied the 
condition (iii) of Step 1 and the corresponding values of settlements Sm, 
Se and SL are noted.

To get the complete pressure versus settlement curve for a given e/B 
and i, the load intensity is varied and the set of settlements (Sm, Se and 
SL) are computed. When eccentricity-width ratio (e/B) is equal to zero 
for a given inclination of load (i), settlements at three different vertical 
sections—x = 0, x = B/2 and x = B are obtained for different values of aa1 
at a particular load intensity. The value of aa1 is picked up which gives 
equal settlements of footing at three vertical sections.

Step 9
Tilt (t) of the footing for a known value of e/B ratio, load inclination (i) and 
load intensity (q) is computed using the following expression (Fig. 5.1):

 sin t = 
S S
B e
m e-

-2

 (5.9)

5.2.2 Horizontal Displacement

When load is eccentric-inclined on a rigid strip footing, there is horizontal 
displacement of the footing also alongwith vertical settlement of the 
footing. The procedure to obtain horizontal displacements of such type of 
footings is given in the following steps:

Step 1
A thin strip of soil layer just below the footing is taken towards the direction 
of the horizontal component of the inclined load. The length of this strip of 
soil has been taken equal to 5 times the width of the footing from the edge 
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of the footing. This thin strip has been divided into n-elements as shown 
in Fig. 5.4.

Fig. 5.4. Thin soil layer below rigid strip footing divided into n-number of elements. 
Length of thin layer 5 times width of footing from the edge of footing.

Step 2
To calculate stresses in the centre of each element for a given e/B ratio, 
load inclination (i) and load intensity (q), the contact pressure coefficients 
‘aa1’ has been taken which satisfied the condition (iii) of Step 1 in section 
5.2.1. When eccentricity-width ratio (e/B) is zero, then for a given load 
inclination (i) and load intensity (q), the value of aa1 which satisfied the 
condition (iv) of Step 1 in Section 5.2.1 is taken.

Step 3
Stresses sz, sx, txz at the centre of each element are obtained using the 
stress equations given in Chapter 3.

Step 4
Principal stresses and their directions were then computed in usual way. 
Principal strains which are obtained as explained in Step 5 of Section 5.2.1.

Step 5
Strain in the direction of the horizontal component of the load (ex) has 
been computed using the following expression:

  εx = ε1 sin2	θ1 + ε3 sin2	θ3 (5.10)

Step 6
Horizontal displacement of the footing (Hd) in the direction of the 
horizontal component of load is obtained by numerically integrating the 
displacement of each element in the horizontal domain

  Hd = ex

n

x
0
Ú .D  (5.11)

where Hd = Total horizontal displacement of footing
	 ex  = Strain in the horizontal direction (i.e. x-direction)
	 Dx = Width of the element in X-direction
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Step 7
The total horizontal displacements in the direction of the horizontal 
components of the load for the given load inclination (i), e/B ratio for 
different load intensities are obtained by repeating Steps 2 to 6.

5.2.3 Settlement and Horizontal Displacement for Buckshot-Clay

Pressure versus settlement (Se), pressure versus maximum settlement 
(Sm) and pressure versus horizontal displacement curves were obtained 
for Buckshot clay using the procedures described in the previous sections 
(Agarwal, 1986). The properties of Buckshot clay has already been 
described in Chapter 2.

Typically as a pressure-settlement (Se) curves for eccentricity-width 
ratios (e/B) equal to 0.1 and 0.2 are shown in Figs 5.5 and 5.6 for various 
load inclination. Similarly pressure versus maximum settlement curves 
(Sm) are given in Figs 5.7 and 5 . Typical pressure versus horizontal 
displacement curves are shown in

A close observation of Figs 5
with the increase in eccentricity e
Sm, and also the horizontal displa

5.3 Footing on Sand

As mentioned in chapter 4 the pro
footing resting on clay cannot be 
of elasticity varies with depth.

5.3.1 Vertical Settlement and Tilt

The procedure adopted for o
pressure-tilt characteristics of a 
following steps:

Step 1
In this case, contact pressure is tak
component of the eccentric-inclin
coefficients, aa1 and aa2. These 
equilibrium condition: (SV = 0):

                      (a + b)aa1q cos2i +
aÊ

ËÁ

																					aa2 = 2 1 1-( )aa cos

cos

i
i

.8

 Fig. 5.9.

.5 to 5.9 indicates that obvious findings 
 and load inclination i settlement Se and 
cement (Hd) increase.

cedure adopted for the analysis of strip 
applied in sands directly as its modulus 

btaining the pressure-settlement and 
footing resting on sand is given in the 

en as shown in Fig. 5.10a for the vertical 
ed load and is defined by two pressure 
coefficients are evaluated by satisfying 

b+ ˆ
¯̃2

               aa1 q cos2 i = q(a + b).cos i (5.12)

 (5.13)
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Step 2
Base tangential stress diagram due to horizontal component of the 
resultant eccentric-inclined load is shown in Fig. 5.10b.

Step 3
Assume a suitable value of aa1 and compute aa2 using Eq. (5.13).

Step 4 
Stresses sz, sx and txz were obtained at the desired point due to contact 
pressure as shown Figs. 10(a) and 10(b) using relevant equations are given 
in Chapter 3.

Fig. 5.5. Pressure versus vertical settlement (Se) curves for rigid strip footing  
(B = 250 mm) resting on Buckshot clay for e/B = 0.1.
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Step 5
The value of Poisson’s ratio m has been obtained using the equation:

 m = 
K

K
0

01+
    (5.14)

where K0 = 1-sin j
	 j = angle of internal friction of sand.

Step 6

Stresses due to overburden are added in stresses sz and sx as given below:
 s′z = sz + gz
 s′x = sx + K0gz

Fig. 5.6. Pressure versus vertical settlement (Se) curves for rigid strip footing  
(B = 250 mm) resting on Buckshot clay for e/B = 0.2.
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Using stresses s′x, s′z and txz, corresponding values of principal 
stresses s1′ and s3′, along with their directions with vertical (q1′	and q3′) 
were obtained in the usual way.

Step 7
The ultimate pressure (qu) has been computed from the following equation:

 qu = 1
2
gBNg	+ g .Df .Nq  (5.15)

where g = unit weight of sand

Fig. 5.7. Pressure versus maximum settlement (Sm) curves for rigid strip  
footing (B = 250 mm) resting on Buckshot clay for e/B = 0.1.
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 Df = depth of the footing and

 B = width of the footing

Ng and Nq = Bearing-capacity factors depending on e/B ratio and load 
inclination i (Appendix A5.1).

Step 8
The factor F for the given surface load intensity (q) has been obtained from 
the following relationship:

The ultimate bearing pressure (qu) is calculated from Terzaghi’s (1943) 
equations.

 
q
q
u  = F (5.16)

Fig. 5.8. Pressure versus maximum vertical settlement (Sm) curves for rigid strip  
footing (B = 250 mm) resting on Buckshot clay for e/B = 0.2.
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Fig. 5.9. Pressure versus horizontal displacement curves for rigid strip footing 
(B = 250 mm) resting on Buckshot clay.

Step 9
Modulus of elasticity (Es) has been calculated by the following equation

 Es = 
1- ( )b F

a
us /

 (5.17)

where a and b are the constants of a hyperbola whose values depend upon 
confining pressure (Chapter 2).

Step 10
The strain in each layer in the direction of major principal stress is 
calculated from the equation
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	 1 = ¢ - ¢s s1 3

Es

  (5.18)

The strain in the direction of minor principal stress is calculated from 
the following relationship:

 3 = – m2 1  (5.19)

m2 is obtained using Eq. (4.11) of Chapter 4.

Step 11
The strain in the vertical direction is calculated using the following 
relations:

  ez = e1 cos2 θ1′ + 3 cos2 q3′ (5.20)

(a) Base contact pressure for vertical component of eccentric inclined load

(b) Base contact pressure for horizontal component of eccentric inclined load

Fig. 5.10a, b. Contact pressure distributions.
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Step 12
The total settlements and tilt of the footing for the given e/B ratio and load 
inclination (i) for different load intensities are obtained using the Steps 7 
to 9 as described in Section 5.2.1 for clays.

5.3.2 Horizontal Displacement

The procedure adopted to compute pressure-horizontal displacement 
characteristics is discussed below.

Contact pressure coefficients (aa1 and aa2, Fig. 5.10) have been used 
as obtained in Section 5.3.1. Rest of the procedure is same as discussed in 
Section 5.2.2.

5.3.3 Settlement and Horizontal Displacement of a Footing Subjected to 
Eccentric-inclined Load and Resting on Sand

Pressure-settlement (Se), pressure versus maximum settlement (Sm) 
and pressure versus horizontal displacement (Hd) characteristics were 
obtained for footing widths 300 mm and 600 mm resting on Ranipur sand 
for different eccentricities and inclinations of load using the procedures 
described in Sections 5.3.1 and 5.3.2. Properties of Ranipur sand already 
given in Chapter 2 for relative density 84% have been used. Typical set 
of curves are given in Figs 5.11 to 5.16. These figures indicated that all Se, 
Sm and Hd increase with the increase in e/B ratio and load inclination i. 
Agarwal (1986) on the basis of extensive experimental study showed that 
the analytical procedures predict settlement (Se), maximum settlement (Sm) 
and horizontal displacement (Hd) upto about half the ultimate pressure of 
the footing under satisfactory.

Illustrative Examples

Example 5.1

A column footing of width 1.75 m resting on clay is subjected to a total 
vertical load of 1000 kN, moment of 175 kN-m and a shear load of 180 kN. 
Values of Kondner’s hyperbola constants are: a = 10–5 m2/kN; b = 0.002 
m2/kN 

Adopt Poisson ratio as 0.46.
Determine the values of vertical strains at depth 2.0 m at the edges 

and at the point where the resultant inclined load acts on the footing.

Solution

  (i)  B = 1.75 m
 M = 175 kN-m
 V = 1000 kN
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 q = 
V
B

=
1000
1 75.

= 571.4 kN/m2

 e = 
M
V

=
175

1000
= 0.175 m

 e/B = 
0 175
1 75
.
.

= 0.1

 H = 180 kN

Fig. 5.11. Pressure versus vertical settlement curves for rigid strip footing  
(B = 300 mm) resting on Ranipur sand (DR = 84%) for e/B = 0.0.
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 i = tan–1 H
V

Ê
ËÁ

ˆ
¯̃ = Ê

ËÁ
ˆ
¯̃

-tan 1
3

180
10

 = 10.2°

 b = B
e

2
1 75

2
- =

. – 0.175 = 0.7 m

 a = 
B

e
2

1 75
2

+ =
.

+ 0.175 = 1.05 m

 Assuming aa1 = 0.5

Fig. 5.12. Pressure versus vertical settlement (Se) curves for rigid strip footings 
(B = 300 mm, 600 mm) resting on Ranipur sand (DR = 84%) for e/B = 0.1.
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2 65
1 38

1 92
.
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.=

 Refer to Fig. 5.2b
Vertical loading (q1, q2, q3)

Fig. 5.13. Pressure versus maximum vertical settlement (Se) curves for rigid strip 
footing, (B = 300 mm, 600 mm) resting on Ranipur sand (DR = 84%) for e/B = 0.1.
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 cos2 (10.2) = 0.968

 q1 = aa1q cos2 i = 0.5 × 571.4 × 0.968

   = 0.5 × 553 = 276.5 kN/m2

 q2 = aa2qcos2 i = 0.4378 × 553 = 242 kN/m2

 q3 = aa3qcos2 i = 1.92 × 553 = 1062 kN/m2

Refer to Fig. 5.2c
Tangential loading (qt1, qt2, qt3)

 sin i cos i = 
sin( ) sin( . )2

2
2 10 2

2
i

=
¥

= 0.1743

Fig. 5.14. Pressure versus horizontal displacement curves for rigid strip footing 
(B = 100 mm) resting on Ranipur sand (DR = 84%) for e/B = 0.0.
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 q sin i cos i = 571.4 × 0.1743 = 99.6 kN/m2

 qt1 = aa1.q sin i cos i = 0.5 × 99.6 = 49.8 kN/m2

 qt2 = aa2.q sin i cos i = 0.438 × 99.6 = 43.6 kN/m2

 qt3 = aa3.q sin i cos i = 1.92 × 99.6 = 191.2 kN/m2 

Above intensities of pressure were acting on the footing as shown in 
Figs 5.17(a) and 5.17(b). Location of origins are shown in these figures. For 
points A, B and C, it is evident from the figures that the values x and b are 
as follows (Table 5.1).

Fig. 5.15. Pressure versus horizontal displacement curves for rigid strip footing 
(B = 100 mm) resting on Ranipur sand (DR = 84%) for e/B = 0.1.
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Table 5.1.

Description of loading Origin/s x for 
point A 

(m)

x for 
point B 

(m)

x for  
point C

(m)

Value of 
b (m)

Value of 
z/B

Uniform vertical
and horizontal 
loading

O,  
Fig. 5.17a, b

0.875 –0.175 –0.875 0.875 2.285

Triangular linearly 
decreasing vertical 
loading

C,  
Fig. 5.17a

1.75 0.7 0 0.70 5.714

Triangular linearly 
increasing vertical  
and horizontal loading

B,  
Fig. 5.17a, b

1.05 0 –0.7 0.525 3.81

Triangular linearly 
increasing horizontal 
loading

B, 
Fig. 5.17b

–1.05 0 0.7 0.35 5.714

Fig. 5.16. Pressure versus horizontal displacement curves for rigid strip footing 
(B = 100 mm) resting on Ranipur sand (DR = 84%) for e/B = 0.2.
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Fig. 5.17. Contact pressure diagrams. 

Considering the value of z as 2.0 m, z/b were computed and are given 
in the last column of Table 5.1.

  (ii) For each point, i.e. A, B and C, the values of sz, sx and txz were obtained 
using the equation given in Chapter 3 for the corresponding values of 
x, z and b. These values are given in Table 5.2. Values at sum of the 
stresses are given at the bottom row of the Table 5.2.

(iii) Knowing the total values of the stress (sz, sx and txz), the rest procedure 
is same as discussed in the earlier chapter, i.e. evaluation of principal 
stresses (s1, s3), e1, m2, e3 and ez. Values of these are given in Table 5.3.

Example 5.2

In Example 5.1, consider that the footing rest on sand with the values of a 
and b are as given below:

 
1
a = 4.2 × 103(σ3)0.5; 

1
b

 = 90 + 4(σ3); σ3 is in kN/m2

CL 

1.05m 

276.5 kN/m2 OB = 0.175 m 

C~1-~--~~~~1--+--~~A 

1062 kN/m2 

(a) For vertical loading 

t:= 1.75m 
0.7om-.., 

-­c __ 

191.2 kN/m2 

CL 

1.0sm==:l 

(b) For horizontal loading 

242 kN/m2 

49.8 kN/m2 
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Determine the vertical strain at depth 2.0 m below the base of footing 
and lying on vertical section passing through the right-hand edge of 
footing, i.e. point A. The value of angle of internal friction is 35°.

Solution

 (i) Determination of Stresses
  Total values of stresses σx, σz, txz, will be same as give in Table 5.2, i.e. 

for point ‘A’; 
	 σx = 241.7 kN/m2, σz = 202.5 kN/m2, τxz = 86.0 kN/m2

  In case sand, overburden stresses are added i.e.

	 σz  = 202.5 + 16.5 × 2.0 = 235 kN/m2, [γ	= 16.5 kN/m3]

	 σx  = 241.7 + 0.4 × 16.5 × 2.0 = 255 kN/m2, [K0 = 0.4]

	 σ1 = 
( )

.
235 255

2
235 255

2
86 331 6

2
2 2+

-
-Ê

ËÁ
ˆ
¯̃ + = kN/m

	 σ3 = ( )
.

235 255
2

235 255
2

86 158 4
2

2+
-

-Ê
ËÁ

ˆ
¯̃ + = kN/m2   

 tan 2q = 2 86
235 255

¥
-

Ê
ËÁ

ˆ
¯̃

, θ1 = -41.68, θ3
 = 48.31 

 (ii) Evaluation of hyperbola parameters a and b

 
1
a

 = 4.0 × 103(158.4)0.5 = 50.3 × 103 kN/m2

 1
b

 = 90 + 4(158.4) = 724 kN/m2   

 a = 20 × 10–6 m2/kN

 b = 0.00138 m2/kN

(iii) For e/B = 0.0 and i = 0°

 For f	= 35°, Nγ = 48 [Table A4.1]

 qu = 
1
2
γ	(B – 2e) Nγ	(1 – i/φ)2

 

  
1
2  × 16.5 × (1.75 – 2 × 0.175) × 48 × (1 – 10/35)2

 = 8.25 × 1.4 × 48 × 0.51 = 283 kN/m2

 F = 
q
q
u =

283
100

 = 2.83
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	 es = 
( / ) ( / . )1 1 1 1 2 83

20 10 6
-

=
-

¥ -
F

a  = 0.0323 × 106
 

	 e1 = 
( ) . .s s1 3

6 6
331 6 158 4

20 10 10
-

=
-

¥ ¥-Es
  = 5362 × 10-6 

 m1 = 
m

m1
0 46

1 0 46-
=

-
.

.
 =0.85

 m2 = 
s m s
s m s

3 1 1

1 1 3

-
-

 = 
158 4 0 85 331 6
331 6 0 85 158 4

123 46
196 96

. . .

. . .
.

.
- ¥
- ¥

=
-

= –0.627

	 e3 = –m2e1 = –(–0.627) × 5362 × 10–6
 

 = 338.8 × 10–6

	 θ = 
1
2

21tan-

-
Ê
ËÁ

ˆ
¯̃

t
s s

xz

z x
= 

1
2

2 52 45
137 65 32 94

1tan
.

. .
- ¥

-
Ê
ËÁ

ˆ
¯̃

 = 
1
2

104 90
104 71

1tan
.
.

- Ê
ËÁ

ˆ
¯̃ = 22.5°; so θ1 = 22.5°; θ3 = 112.5°

	 ez = e1 cos2 θ1 + e3 cos2 θ3

 = 5362 × 10–6 cos2(– 41.68) + 3388 × 10–6 cos2 (48.31)

 = 2994 × 10–6 + 1498 × 10–6 = 4492 × 10–6

Practice Problems

 1. Explain stepwise the procedure for obtaining pressure versus tilt-
curve for a footing resting on clay and subjected to eccentric-inclined 
load.

 2. Explain stepwise the procedure for obtaining pressure versus 
maximum settlement curve for a footing resting on sand and subjected 
to eccentric-inclined load.

 3. A column footing of width 1.5 m resting on clay is subjected to a total 
vertical load of 750 kN, moment of 125 kN-m and a shear load of 150 
kN. Values of Kondner’s hyperbola constants are: a = 0.8 × 10–5 m2/
kN; b = 0.003 m2/kN. Adopt Poisson ratio as 0.35.

  Determine the values of vertical strains at depth 1.0 m at the edges 
and at the point where the resultant inclined load acts on the footing.

 4. In Example 3, consider that the footing rests on sand with the values 
of a and b as given below:
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1
3 0 10

1
100 3 23

3
0 4

3a b
= ¥ = +. ( ) ; . ( );.s s

  s3 is in kN/m2

  Determine the vertical strain at depth 1.5 m below the base of footing 
and lying on vertical section passing through the right-hand edge of 
footing, i.e. point A. Value of angle of internal friction is 30°.
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Appendix 5.1

Charts for obtaining bearing capacity factors for a footing  
subjected to eccentric incline load

Fig. A5.1. Ng versus j for different e/B at i = 0°

Fig. A5.2. Ng versus j for different e/B at i = 10°
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Fig. A5.3. Ng versus j for different e/B at i = 20°

Fig. A5.4. Ng versus j for different e/B at i = 30°

Fig. A5.5. Nq versus j for different e/B at i = 0°
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Fig. A5.6. Nq versus j for different e/B at i = 10°

Fig. A5.7. Nq versus j for different e/B at i = 20°

Fig. A5.8. Nq versus j for different e/B at i = 30°
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Fig. A5.9. Nc versus j for different e/B at i = 0°

Fig. A5.10. Nc versus j for different e/B at i = 10°

Fig. A5.11. Nc versus j for different e/B at i = 20°
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Fig. A5.12. Nc versus j for different e/B at i = 30°
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CHAPTER 

6

Strip Footing Adjacent to a Slope

6.1 General

Foundations are sometimes placed on slopes, or adjacent to slopes, or 
near a proposed excavation. Presently in the case of bridges, footings are 
usually not placed within the fill; instead, pile or other foundations are 
considered. These alterations may not be most economical.

Foundations are also sometimes situated near the open section of 
underground railways. In such a situation, the problem becomes that of 
obtaining the minimum value of the bearing capacity: (1) from foundation 
failure, and (2) from overall stability of the slope. In case of non-cohesive 
soil, the bearing capacity is always governed by foundation failure, while 
in cohesive material, the bearing capacity of the foundation may be 
dictated by stability.

In general the problem may be described pictorially as shown in Fig. 
6.1. Where De represents the edge distance, and if it is zero footing, it may 

Fig. 6.1. Footing adjacent to a slope.
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be considered resting completely on the slope. It will lead the results little 
on to a conservative side.

Proportioning of a footing resting adjacent to a slope also requires the 
evaluation of its bearing capacity and settlement and are determined in two 
independent steps. Earlier, the problem of bearing capacity was solved by 
three different approaches, namely: (1) slip line analysis (Sokolovski, 1960; 
Siva Reddy and Mogaliah, 1975); (2) limit equilibrium analysis (Meyerhof, 
1957; Mizuno et al., 1960; Siva Reddy and Mogliah, 1976; Bowles, 1977; 
Myslivec and Kysela, 1978; Bauer et al., 1981; Sud, 1984; Saran, et al., 1989); 
and (3) limit analysis (Chen, 1975; Shields et al., 1977, 1990; Kusakabe et al., 
1981; Saran et al., 1989; Narita and Yamaguchi, 1990). Some investigators 
have solved this problem by using numerical analysis (Castelli and Motta, 
2010; Castelli and Lentini, 2012; Mohammadreza and Adel, 2015). 

On the basis of analyzing the large number of model tests data, Sud 
(1984) developed a non-dimensional correlation for the estimation of 
settlement of a footing resting adjacent to a slope. No other method is 
available which gives the closed form solution except a method based on 
advanced numerical techniques (Acharyya and Dey, 2016).

In this chapter, a general procedure based on constitutive laws of soil 
is evolved to predict the settlement of a footing placed near the edge of a 
slope.

Soil, in general, is an anisotropic material and Young’s modulus E is 
dependent upon the confining pressure. No method is available where 
variation of E with confining pressure is considered for computing the 
stresses in the soil medium. Further, no method is available to get stresses 
due to foundation load on soil mass restricted by a slope even if E and µ are 
considered independent to confining pressure. Hence, a semi-empirical 
method is formulated to estimate the pressure settlement characteristics 
of footings adjacent to slopes and consisting of cohesive-frictional soils.

Since the confining pressures are the major criteria to evaluate the 
settlement of soil mass, they have been assumed to be provided by the 
passive earth pressure developed on the sides of the slope. Maximum 
shearing resistance has been assumed to develop at the base of the footing 
and minimum at the depth where the stresses become zero.

This assumption is due to the observation that the degree to which 
the strength can be mobilized is directly dependent on the amount of 
movement of the soil mass (Terzaghi, 1943). The movement of the soil will 
be maximum at the base of the foundation and it decreases with depth. 
Using constitutive relation of the soil, Sud (1984) developed a procedure 
for obtaining pressure-settlement characteristic of a footing resting 
adjacent to a slope, and the same has been included in this chapter in 
concise form.



114 Shallow Foundations and Soil Constitutive Laws

6.2 Analysis

Assumptions

The following assumptions have been made in the analysis:

 • The footing base is assumed to be flexible and as such uniform contact 
pressure distribution has been assumed for obtaining pressure 
settlement curves. Flexible footings arc generally not encountered 
in practice. However, the average settlement of flexible footing is 
almost same as the settlement of a rigid footing for average pressure 
intensities (Sharan, 1977). The average settlements have been 
computed for various pressure intensities. The pressure settlement 
curve computed by the present empirical approach may be taken as 
for rigid strip footing.

 • The whole soil mass supporting a footing is assumed to be a vertical 
column of soil as shown in Fig. 6.2 and this column of soil is divided 
into a large number of thin horizontal strips in which stresses and 
strains are assumed to be uniform along any vertical section. In this 
figure, B, Df, De, Hs and b respectively represent width of footing, 
depth of footing, edge distance, height of slope and slope angle with 
horizontal. The settlements can be expected to be approximately the 
same even if the column of soil, which is stressed due to footing load 
is taken as spreading in its area as the depth increases (as the general 
situation), because as the load intensity decreases due to enlarged 
area, the confining pressure on the side of the slope decrease.

Fig. 6.2. Soil mass below the footing.
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 • The passive earth pressure has been evaluated by taking the failure 
surface as a log spiral with centre of rotation at the edge of the footing.

 • The effect of the weight of soil mass is considered in determination of 
stresses in soil mass. Vertical stresses due to weight of soil have been 
taken equal to gz, where g is the density of soil and z is the depth.

 • Shear stress has been assumed to vary linearly along the length of a 
strip.

 • The ultimate bearing capacity qu is computed from limit equilibrium 
analysis (Sud, 1984; Saran, Sud and Handa, 1989). A brief description 
is given in Appendix 6.1.

 • A coefficient F has been introduced such that at all the stress levels in 
the following relationship are satisfied

   
q
q
u  = 

σ
σ σ

u

1 3−
 = F (6.1)

  where q is intensity of load, su is the ultimate stress from hyperbola 
relationship of Kondner (1963) and is equal to (1/b). s1, s3 are the 
major and minor principal stresses in the soil mass due to load q and 
weight of soil.

 • There is no slippage at the interface of layers of the soil mass.

6.3 Procedure for Analysis

The procedure for evaluation of settlement of uniformly loaded strip 
footing near the edge of the slope on soils is described in the following 
steps:

Step 1
For a given load, the depth H of the soil mass under the footing, at which 
the stresses become zero is assumed (Fig. 6.2).

Step 2
This column of soil is divided into n number of thin horizontal strips.

Step 3
Angle of shearing resistance is varied from full value of f at the base of the 
footing to zero at depth H, where the stresses become zero.

	 ϕmi	=	φ	-	
φi H

H
∆

	 (6.2)

where jmi is the mobilized value of f at depth iΔH. This variation of f 
is due to the observation that the degree to which strength mobilizes is 
directly dependent on the amount of movement of the soil mass. Similarly, 
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cohesion ‘c’ has been varied with the full value of c at the base of the 
footing to zero at depth H.

 cmi = c – ci H
H
∆ ; cai = 

c cmi m i+ −( )1

2

where  cmi  = mobilized value at depth iΔH 
 cm(i–1) =  mobilized value at depth (i – 1) ΔH 
 cai =  average cohesion for the ith strip

Step 4
The confining pressure (s3) acting at the centre of each strip is taken as 

	 	s3 = Epi cos fai

where  fai = 
φ φmi m i+ −( )1

2
 (6.3)

and Epi is the passive resistance offered to each strip and is evaluated by 
calculating the moments of resistance due to the soil mass as shown in Fig. 
6.2. fai is the average f for ith strip.

 Epi = 

M M M M

H
i i

D

i c i i c i

f

γ γ( ) ( ) −( ) −( )+ + +

∆
+ −( )





+

1 1

1
2

  (6.4)

where Epi = passive earth pressure for ith strip
 Mc(i) =  moment of resistance due to cohesion at ith strip 
 Mg(i) =  moment of resistance due to soil mass at ith strip
 Mc(i–1) =  moment of resistance due to cohesion at (i – 1)th strip
 Mg(i–1) =  moment of resistance due to soil mass at (i – 1)th strip
 ΔH =  thickness of the strip

To evaluate passive earth pressure Ep for any particular depth, the 
failure surface has been taken as a log spiral having centre of rotation at 0 
(Fig. 6.3) at the edge of the footing at ground surface.

 R0 = OD = iΔH + Df

 R1 = OE = R0 eθ tan φmi  (6.5)

where θ is the angle of log spiral. There can be two cases: Case I, where the 
rupture surface meets the slope (F  and Case II the rupture surface 
meets the base of slope (Fig. 6.3b)

Case I
Rupture surface meeting the slop

 R1 = 
De sin

sin
β

β θ+ −( 9
ig. 6.3a)

. 

e

)0
 (6.6)



Strip Footing Adjacent to a Slope 117

From Eqs. (6.5) and (6.6)

 R0 eθ tan φmi = 
De sin

sin
β

β θ+ −( )90
 (6.7)

From the above transcendental equation, the value of angle of log 
spira θ is obtained by trial and error.

Taking moments about the point 0, the centre of rotation
Mg = Moment of mass of area OED + Moment of mass of area EF′O – 

Moment of mass of area F′FE 

 = 
γ

φ
R0

3

23 1tan +( ) [e3θ tanφmi (3 tan φ	sin θ – cos θ) + 1]

  +
1
3 γR3

0e3θ tanφmi cos θ sin2 θ (6.8)

  – 
1
2

 γR0eθ tanφmi (R0eθ tanφ	-	De) cos θ

  

2
3

1
30R e Dmi

e
θ φ θtan sin +





 Mc = c R
emi

mi
mi

0
2

3
1

2 tan
tan

φ
θ φ

−   (6.9)

Fig. 6.3. Rupture surfaces for evaluating Ep.
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Case II
Rupture surface meeting the base of slope

 R1 = 
Hs

cosθ
  (6.10)

From Eqs (6.5) and (6.10)

 R0 eθ tan φmi  = 
Hs

cosθ

From the above equation, the value of θ is obtained by trial and error.
Taking moments about the point 0 (Fig. 6.3b)
Mg = Moment of mass of area OED – Moment of mass of area EFI + 

Moment of mass of area IGF + Moment of mass of area HFO.

 Mγ  = 
γ

φ

θ φR mi
0

3

23 9 1

tan

tan +( ) [e3θ tan φmi (3 tan φmi sin θ – cos θ) + 1]

    –
1
6

γHs(sin θR0e3θtan φmi – De)(sin θR0 eθ tan φmi – 2De)  (6.12)

    + 1
2

1
3

1
3

2

γ
β β

H H
Ds s

etan tan
+









 + γHs sin2 θR2

0 e2θtanφmi

     –
1
3  γHs(R1 sin θ – De)2

From the Eqs (6.8) or (6.12) and (6.9), the value of Mg and Mc are 
obtained for a particular depth iΔH + Df and substituted m Eq. (6.4) to get 
the value of Epi.

Step 5
Force on the sides of the wall of the footing is calculated by the following 
equation:

 qf = 1
2

D2
f K0 tan d + caDf

where  g = angle of wall friction and may been taken equal to 2/3 f
  K0 = coefficient of earth pressure at rest and is calculated by the 

equation 
  K0 =  (1 – sin φ) 
  ca = adhesion between the side walls of the foundation and soil

Step 6
The vertical load for any particular height of soil mass H can be computed 
by considering the overall equilibrium of soil column. As the value of f 
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and cohesion c has been assumed to vary with depth, the earth pressure 
developed on the sides of the column will also vary with depth.

 qB = ΣEpi 
. sin φai + ΣE′pi sin φ′ai – γBH + 2qf + 2Σcai∆H (6.13)

where cai = average value of cohesion for the ith strip
 φai = average value of φ for the ith strip
 q = intensity of loading
 Epi = earth pressure on the side of slope at ith strip inclined at 

an mobilized angle φai

	 E′pi = earth pressure on the side away from slope at the ith strip 
inclined at an angle φ′ai

Subsequently, in Step 8, it is proved that Epi sin
 
φai

 
is equal to E′pi sin

 φ′ai. So Eq. (6.13) becomes 
 qB = 2ΣEpi sin φai – γD2

fK0 tan d	+ 2Σcai∆H 

 
q
Hγ

 = 
2

1
2

2
0∑

− + +
∑ ∆E

BH

D K

BH
c H
BH

pi ai f ai
sin tanφ

γ

δ

γ
  (6.14)

Step 7
A plot is drawn between the values of H/B and q/gH from Eq. (6.15) and 
the value of H is obtained from this plot for the given load q (Fig. 6.7).

Step 8
The vertical stress on any strip is calculated by considering the static 
equilibrium of the forces acting on the strip. The forces acting on the strip 
are shown in Fig. 6.4. Considering SV = 0

Fig. 6.4. Overall equilibrium of soil column.
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 qvB – 2qf  – (qv + dqv)B – Epi sin φaidH + E′pi sin φ′ai dH – γBdH – 2cai dH = 0

Bdpv – gD2
fK0 tan d – 2caiDf  – Episin

 
faidH – E′pisin φ′ai dH + gBdH – 2cai dH = 0

Integrating

  qvB – γD2
fK0 tan δ – 2Σcai  – ΣEpi sin

 
φai – ΣE′pisin φ′aiE′pi + γBH = 0 (6.15)

Considering the equilibrium condition of SH = 0

  Epi sin
 
φai

 
dH = E′pi sin

 
φ′ai dH

or
  ∑Epi sin

 
φai

 
= ∑E′pi sin

 
φ′ai

The Eq. (6.15) becomes 

 q vB = 2ΣEpi sin
 
φai – γBH + γD2

fK0 tan δ + 2Σcai∆H = 0 (6.16)

Where  qv = vertical stress on the strip

From Eq. (6.16), vertical stress on a particular strip can be obtained.

Step 9
The confining stress (s3) for the ith strip is taken as

 σ3 = Epi cos
 
φai 

Step 10
The ultimate strength (su) of sand for a given confining pressure s3 is 
computed from the constitutive law of soil obtained by triaxial testing in-
the lab.

Step 11
The ultimate bearing capacity (qu) is calculated from the charts and 
equation given in Appendix 6.1.

Step 12
The shear stresses on the side of the strip are taken as (Epi sin fai + Cai ΔH) 
and are assumed to vary linearly along the width of the strip.

Step 13
The state of stresses are obtained for three points—C, D, E—on the 
horizontal plane passing through the centre of the strip. C is at the centre 
of the strip. E is at the edge and D is midpoint between C and E (Fig. 6.5). 
The stresses on these elements are shown in Fig. 6.6.

For element at point E
 sz = qv

 sx = Ep cos fm/ΔH 

	 txz = ( sin )/ /E H C Hp m mφ ∆{ } + ∆  
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Fig. 6.5. Stresses on the strip.

Fig. 6.6. Stresses on the elements.

Fig. 6.7. Plot of q/gH versus H/B.
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	 txz = E H C Hp m mcos / /φ ∆{ } + ∆



 /2

For element at point C

 sz = qv

 sx = Ep cos fm/ΔH
 txz = 0
where σz = vertical stress 
 σx = stress in x-direction
 τxz

 
= shear stress on xz plane

The principal stresses on the elements and their directions with 
respect to the vertical z-axis have been computed using the equations of 
the theory of elasticity as given below.

 σ1 = σ σ σ σ τz x z x
xz

+ + −



 +

2 2

2
2  (6.17)

 σ3 = σ σ σ σ τz x z x
xz

+ + −



 +

2 2

2
2

  (6.18) 
    

 tan 2q = 2τ
σ σ

xz

z x−
 (6.19)

Positive value of θ is measured counter clockwise with direction of σz 
where σ1 and σ3

 
are the major and minor principal stresses.

Step 14
A coefficient F for a given load intensity (q) is computed from the following 
relationship:

 
q
q
u = F (6.20)

Step 15
The modulus of elasticity (E) is calculated from the Eq. (6.21) at stress level 
of su/F

 E = 
1− ( )b F

a

συ

 (6.21)

where a and b are the constants of hyperbola whose values depend upon 
confining pressure.

Rest procedure is same as illustrated in chapter for footings resting on 
flat ground.
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6.4 Pressure Settlement Curves

The pressure settlement curves for a footing of width 300 mm for 30° slope 
have been plotted in Fig. 6.8 for De/B = 0.0, 1.0, 2.0 and 3.0 for the relative 
density of 84%. Kondner’s (1962) hyperbola constants were obtained 

using triaxial test and the following relationships were developed: 
1
2 800 

+ (s3); 
1
b

 = 220 + 2.2(s3);  units of (1/a), (1/b) and s3 are kN/m2. It is 

Fig. 6.8. Pressure settlement curves for different De/B ratios.

Fig. 6.9. Pressure settlement curves for different values of slope angles.
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evident from Fig. 6.8 that the settlement of the footing at a given pressure 
decreases with increase in the edge distance.

The pressure-settlement curves for different slope angles are plotted 
in Fig. 6.9. It is evident from this figure that the settlement of a footing at 
given pressure increases with increase in the slope angle.

To find the effect of height of slope Hs on settlement, the pressure 
settlement curves for 300 mm footing resting on the shoulder (De/B = 0.0) 
of 30° slope for Hs = B, 2B and 4B are plotted in Fig. 6.10. The settlements 

Fig. 6.10. Pressure settlement curves for different heights of slopes, Hs.

Fig. 6.11. Pressure settlement curves for different sizes of foundation for Df/B = 0.5.
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increase with increase in the height of slope. However, as the ultimate 
bearing capacity is independent of the height of slope, so will be the factor 
F (Eq. 6.1) and in this analysis, the settlements depend on the factor F. The 
settlement so computed for different heights of slope may not give the 
actual values.

Figure 6.11 gives the pressure settlement curves for foundations of 
width 300 mm, 600 mm and 1000 mm respectively for De/B = 0.5, b = 30° 
and Df/B = 0.5. The trend in behaviour of foundations at shallow depths 
is similar to that of surface footings. In general, for the same pressure 
intensity, settlement decreases with increase in the width of footing. 
However, the trend is reverse when the settlements are obtained for 
pressure intensities corresponding to the factor of safety.

Illustrative Examples

Example 6.1

Draw a pressure-settlement curve for a footing of width 1.0 m resting on 
cohesion-less soil slope (β = 30°) at an edge distance of 1.0 m. The footing 
was placed at a depth of 0.5 m below the ground surface. The unit weight 
of soil and angle of internal friction are respectively 16.3 kN/m3and 39°. 
Using Kondner’s hyperbolic parameters as below: 

 
1
a
	=	800	+	(σ3); 

1
b

 = 220 + 2.2 (σ3); proportion the footing.

Solution

 1. Using the described Art. 6.3, the pressure-settlement characteristics 
of 1.0 m wide strip footing was obtained for slope (b = 30°), De/B = 
1.0/1.0 = 1.0 and Df/B = 0.5/1.0 = 0.5 and is shown in Fig. 6.12. The 
relation of 1/a and 1/b as given in Example 6.1 was used.

Fig. 6.12. Pressure settlement curves for Df /B = 0.5, Example 6.1.
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 2. The curves become steep beyond the pressure intensity of about 750 
kN/m2 and therefore, may be taken as ultimate bearing capacity.

 3. The ultimate bearing capacity was also obtained using the Ng and Nq 
charts developed by Sud (1984). From Figs. A6.6 and A6.14, values of 
Ng and Nq were obtained for (b = 30°), De/B = 1.0/1.0 = 1.0, j	= 39° and 
Df/B = 0.5/1.0 = 0.5 as below:

 Ng = 80; Nq = 16.5
Therefore, 

 qu = 1
2

γBNγ + γDfNq

 = 
1
2

× 16.3 × 1.0 × 80 + 16.3 × 0.5 × 16.5 

 = 652 + 134 = 786 kN/m2

This value matches with the qu value obtained by pressure settlement 
characteristics (Step No. 2).

Allowable soil pressure = 
750

3
 = 250 kN/m2. 

For pressure intensity of 250 kN/m2 the settlement is 7.5 mm. It is well 
within the permissible limit usually adopted for strip footing. Therefore 
the footing may be designed for pressure intensity of 250 kN/m2 or less.

Practice Problems

 1. What important factors are involved in checking the safety of a footing 
resting near the edge of a slope? Draw neatly a probable rupture 
surface in shear failure of a footing resting adjacent to a slope.

 2. Give stepwise a procedure for obtaining pressure-settlement 
characteristics of a footing resting near the edge of a slope. Consider 
the slope material as: 

   (i) Clay
   (ii) Sand
   (iii) Cohesive-frictional soil
 3. Draw a pressure-settlement curve for a footing of width 1.5 m resting 

on cohesion-less soil slope (b = 25°) at an edge distance of 2.0 m. The 
footing was placed at a depth of 1 m below the ground surface. The 
unit weight of soil and the angle of internal friction are 16.5 kN/
m3 and 37° respectively. Using Kondner’s hyperbolic parameters as 
below:

  
1
a

 = 800 + (s3); 
1
b

 = 220 + 2.2(s3), proportion the footing.
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Appendix 6.1

Sud (1984) studied the problem of obtaining ultimate bearing capacity 
(qu) of footing resting adjacent to a slope (Fig. A6.1). He developed the 
solutions using both ‘limit equilibrium analysis’ and ‘limit-analysis’ and 
summarized the results in the form of non-dimensional bearing capacity 
factors: Ng, Nq and Nc 

(Figs A6.2 to A6.26). These bearing capacity factors 
depend on the angle of internal friction j, slope angle b, edge distance-
width ratio De/B. Knowing all these factors, the ultimate bearing capacity 
may be obtained using the following standard equation:

  Qu = qu.B = B 
1
2

γ γγBN D N cNf q c+ +



  (A6.1)

g and c are respectively the unit weight and cohesion of the soil.

Fig. A6.1. Rupture surface.
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Fig. A6.2. Nr vs f (Df/B = 0.0 and De/B = 0.0, 0.5).
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Fig. A6.3. Nr vs f (Df/B = 0.0 and De/B = 1.0, 1.5).
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Fig. A6.4. Nr vs f (Df/B = 0.0 and De/B = 2.0, 2.5).
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Fig. A6.5. Nr vs f (Df/B = 0.0, De/B = 3.0 and Df/B = 0.5, De/B = 0.0).
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Fig. A6.6. Nr vs f (Df/B = 0.5 and De/B = 0.5, 1.0).
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Fig. A6.7. Nr vs f (Df/B = 0.5 and De/B = 1.5, 2.0).
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Fig. A6.8. Nr vs f (Df/B = 0.5, De/B = 2.5 and Df/B = 1.0, De/B = 0.0).
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Fig. A6.9. Nr vs f (Df/B = 1.0 and De/B = 0.5, 1.0).
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Fig. A6.10. Nr vs f (De/B = 1.5 and Df/B = 1.0)

Fig. A6.11. Nq vs f for various values of De/B (Df/B = 0.0).
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Fig. A6.12. Nq vs f (Df/B = 0.5, 1.0 and De/B = 0.0).
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Fig. A6.13. Nq vs f (Df/B = 0.5, 1.0 and De/B = 0.5).
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Fig. A6.14. Nq vs f (Df/B = 0.5, 1.0 and De/B = 1.0).
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Fig. A6.15. Nq vs f (Df/B = 0.5, 1.0 and De/B = 1.5).
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Fig. A6.16. Nq vs f (Df/B = 0.5, 1.0 and De/B = 2.0).
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Fig. A6.17. Nq vs f (Df/B = 0.5, 1.0 and De/B = 2.5).

"' ~ 
&P 
~ 20 
-$-

~ 40° 35° 
30" 46.35 40.03 
20" 56.53 41.4 

s; 15° 81.3 41.4 

~ 40" 35" 
30" 61.63 41.4 

s; 20" 81.3 41.4 

10 20 30 

30° 
22.5 
22.5 
22.5 

40 50 60 

D 
~=2.5 
B 

o, = 0.5 
B 

D 
_____!_=2.5 
B 

o, = 1.0 
B 

70 

s; 15° 

s; 20" 

80 90 



144 Shallow Foundations and Soil Constitutive Laws

Fig. A6.18. Nq vs f (Df/B = 0.5, 1.0 and De/B = 3.0).
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Fig. A6.19. NC vs f (Df/B = 0.0 and De/B = 0.0, 0.5).
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Fig. A6.20. NC vs f (Df/B = 0.0 and De/B = 1.0, 1.5).
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Fig. A6.21. NC vs f (Df/B = 0.0 and De/B = 2.0, 2.5).
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Fig. A6.22. NC vs f (Df/B = 0.0, De/B = 3.0 and Df/B = 0.5, De/B = 0.0).
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Fig. A6.23. NC vs f (Df/B = 0.5 and De/B = 0.5, 1.0).
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Fig. A6.24. NC vs f (Df/B = 0.5 and De/B = 1.0, 2.0).
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Fig. A6.25. NC vs f (Df/B = 1.0 and De/B = 0.0, 0.5).
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Fig. A6.26. NC vs f (Df/B = 1.0 and De/B = 1.0, 1.5).
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CHAPTER 

7

Square and Rectangular Footings

7.1 General

It is common to use square and rectangular footings for columns 
depending on their shapes. Bearing capacity and settlement are their basic 
design criteria. So far both bearing capacity and settlement are obtained in 
two independent steps.

For obtaining bearing capacity of square and rectangular footings, 
the expression of bearing capacity obtained for a strip footing has been 
modified using suitable shape factors (Terzaghi, 1943; Skempton, 1951; 
Meyerhof, 1951, 1963, 1965; Hansen, 1970; De Beer, 1970). Michalowski 
(2001) carried out limit analysis for obtaining upper bound estimates of 
bearing capacity of square and rectangular footings. He gave the results 
in terms of bearing capacity coefficients, and shape factors applicable as 
modifiers in the bearing capacity solution for strip footings. Michalowski 
and Dawson (2002) analyzed the problem of square footing using (i) 
through code FLAC and (ii) limit analysis independently. Using elasto-
plastic model and finite element analysis, Zhu and Michalowski (2005) gave 
new suggestions for the shape factors. They found that the earlier factors 
modifying the contribution of cohesion and overburden are conservative. 
However, the earlier shape factor that affects the contribution of soil 
weight to the bearing capacity indicate contradictory trends. Gourvenec 
et al. (2006) analyzed the square and rectangular footings resting on 
undrained clay using finite element technique and found the results in 
close proximity of equation developed by Skempton (1951).

Using 3-D random finite element method (RFEM), Griffiths and 
Fenton (2005) developed a general probabilistic design framework for 
assessing settlements of rectangular footings.
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It was found from earlier studies that the base roughness of the 
footing has no significant effect on its pressure-settlement characteristics. 
Therefore, the case of smooth footing has only been studied in square and 
rectangular footings. Firstly, the case of flexible smooth square footing is 
considered the contact pressure distribution for centrally-loaded square 
footing as being uniform but three dimensional. All stress equations are 
not available for such a case so as to use constitutive laws in the analysis. 
All stress equations for point load are available. Therefore, stresses in 
soil mass due to centrally loaded square footing have been computed by 
dividing the whole base area into n equal squares as shown in Fig. 7.1. 
The squares are very small; therefore, the total load in each square has 
been taken as point load (Sharan, 1977). The analysis has been extended 
for rectangular footings and considered resting either on saturated clay 
or sand.

Fig. 7.1. Division of square footing in small sqaures.

7.2 Smooth Flexible Square Footing on Clay

The following procedure has been adopted for the analysis of this case:

Step 1: Evaluation of contact pressure
The contact pressure distribution has been assumed uniform because the 
footing is considered flexible.

Step 2: Division of soil strata
The soil mass supporting the footing has been divided into N layers as 
shown in Fig. 7.2. The number of vertical section has been considered 
passing through the different points on the base of the footing (a1, a2 …; b1, 
b2 …; etc.) (Fig. 7.2).
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Fig. 7.2. Soil strata divided into n thin layers. 

Step 3: Division of base of the footing
Base area of the footing has been divided into n small areas as shown in 
Figure 7.1. Area of each small square will be A/n2. Let the base pressure 
intensity be q (=V/A), V being the vertical load on the footing, and A is the 
base area of the footing equal to B  B.B which is the width of the footing.

Step 4: Evaluation of stresses
Each small base area of the footing will be subjected to a point load  
P(= q.A/n2). The stresses due to point loads at the centre of each layer 
along a vertical section have been computed using Eqs (7.1) to (7.6) as 
given below.
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Here x, y and z are the orthogonal coordinates,

 R = r z x y z2 2 2 2 2+ = + +   (7.7)

 m = 
1
µ

 = Poisson’s coefficient, and m = Poisson’s ratio.

Step 5: Evaluation of principal stresses
The principal stresses and their directions with respect to vertical Z-axis 
have been computed using equations of the theory of elasticity (Durelli, 
1958; Sokolniko, 1956; Selby, 1972).

The stresses in variants are: 

 I1 = σx +  σy +  σz  (7.8)

 I2 = σx .σy + σy .σz + σz .σx – t2xy  – t2yz – t2zx  (7.9)

 I3 = σx .σy .σz – σx .t2yz – σy .t2zx – σz .t2xy + 2txy .tyz .tzx (7.10)

Also
 I1 = – σ1	+	σ2	+	σ3  (7.11)

 I1 = σ1.σ2	+	σ2.σ3	+	σ3.σ1   (7.12)

 I3 = σ1.σ2.σ3		 (7.13)

Solving for σ1 , σ2 and
 
σ3 we have

	 	 σ31	-	I1	σ21	+	I2σ1	-	I3 = 0 (7.14)

	 	 σ32	-	I1	σ22	+	I2σ2	-	I3 = 0 (7.15)

	 	 σ33	-	I1	σ23	+	I2σ3	-	I3 = 0 (7.16)

Thus σ1, σ2 and σ3 are the roots of equation

	 	 σ3	+	pσ2	+	qσ	+	r = 0 (7.17)

where p = –I1, q = I2, and r = –I3

Values of I1, I2 and I3 are taken from Eqs (7.8), (7.9) and (7.10) 
respectively. Solving Eq. (7.17), three values of σ1, σ2 and σ3

 
are obtained.

Solving for direction cosines with respect to z axis, we have 
(Sokolnikoff, 1956):

 A1 = (sy – s1)(sz – s1) – tyz
 .tzy (7.18)
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 B1 = – txy(sz – s1) + tyz
 .txz (7.19)

 C1 = txy .tyz – (sy – s1)txz  (7.20)

 A2 = (sy – s2)(sz – s2) – tzy .txz  (7.21)

 B2 = –txy(sz – s2) + tyz.txz  (7.22)

 C2 = txy .tyz – (sy – s2)txz (7.23)

 A3 = (sy – s3) (sz – s3) – tyz.tzy (7.24)

 B3 = – txy(sz – s3) + tzy .txz (7.25)

 C3 = txy .tyz – (sy – s3)txz   (7.26)

And,
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Step 6: Evaluation of vertical strain

 ez = e1 cos2 θ1	+	e2 cos2 θ2	+		e3 cos2θ3 (7.30)

The principal strains, e1, e2 and e3
 
were evaluated using the following 

equations:
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b
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where e3a = 
σ σ2 3

2
+

a and b are Kondner’s hyperbola constants; µ is the Poisson’s ratio.
Vertical strain ez at the point under consideration is then given by

 ez = e1 cos2 θ1	+	e2 cos2 θ2	+	e3 cos2 θ3 (7.34)
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Step 7: Evaluation of total settlement
The total settlement along axis vertical section is obtained by numerical 
integration.

 S = ez

N

dz.
0
Ú  (7.35)

N represents the number of layers and dz the thickness of each layer.

Step 8: Evaluation of average settlement:
The total settlement was computed along the vertical section passing 
through the different points at the base of the footing. The average 
settlement is then computed by dividing the area of settlement diagram 
by the width of footing.

The evaluation of constitutive equations, settlement and pressure 
settlement curves is done as in case (a) of smooth flexible strip footing.

7.3 Smooth Rigid Square Footing on Clay

The analysis of rigid square footing on clay has also been done by dividing 
the whole area of foundation in n equal parts as shown in Fig. 7.1. The 
loads in each small square have been taken as point loads.

The contact pressure distribution has been assumed as shown in  
Fig. 7.3 in three-dimensional space and has been defined by two 
coefficients α1 and α2. The coefficients have been evaluated by the 
following assumptions:

 (i) The total vertical load equals the volume of the contact pressure 
diagram (Fig. 7.3).

Fig. 7.3. Contact pressure distribution for uniformly loaded rigid square footing.
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 q.A = a a1 2
1
3

. . . . .q A q A-

 α2 = 3(α1 – 1)  (7.36)

  When  α1 = 1, α2 = 0 and when α1 = 1.5, α2 = 1.5
 (ii) The values of settlements at different point on the base of the footing 

have been taken as equal since the footing is rigid. It facilitates the 
determination of α1

 
and thus the contact pressure distribution. The 

evaluation of stresses at the centre of each layer, the principal stresses 
and vertical strains have been done as in the case of smooth flexible 
square footing.

7.4 Smooth Flexible and Rigid Rectangular Footings on Clay

Procedures for obtaining the pressure-settlement characteristics of 
smooth flexible and rigid rectangular footings are same as illustrated in 
Sections 7.2 and 7.3 respectively. In this case also, the division of the base 
of the rectangular footing is done in n small rectangular areas as shown in  
Fig. 7.4. Each area is assumed to be acted upon the concentrated load 
whose magnitude is equal to average pressure intensity acting on the 
considered small portion of the footing multiplied with its area. Values of 
sx, sy, sz, txz, tzy, and txy were then obtained using Eqs (7.1) to (7.6). Base 
contact pressure in rigid rectangular footing will be as shown in Fig. 7.5.

Fig. 7.4. Division of rectangular footing in small rectangles.

Rest of the procedure will be the same as discussed earlier for square 
footings.

7.5 Square and Rectangular Footings on Sand
The following steps have been adopted for getting the pressure-settlement 
characteristics of square and rectangular footings resting on sand: 
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 1. The ultimate bearing capacity (qu) has been computed using the 
following equation:

   qu = 1
2

. . . . .g g gB N S rw¢   (7.37)

  where g = Unit weight of soil, kN/m3

         B = Width of the footing, m 
   Ng = Non-dimensional bearing capacity factor (Table 7.1)
               Sg =  Shape factor, Table 7.2
 r’w = Water table correction factor

 r’w = 0 5 0 5. .+
d
B
b  (7.38)

  when db
 
represents the position of water table with respect to the base 

of footing (Fig. 7.6).

Table 7.1. Bearing capacity factor Ng

f(Deg) Ng

  0 0.00
  5 0.45
10 1.22
15 2.65
20 5.39
25 10.88
30 22.40
35 48.03
40 109.41
45 271.76

Fig. 7.5. Contact pressure distribution for uniformly loaded 
rigid rectugular footing.
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Table 7.2. Shape factors

S.No. Shape of base of footing Shape factors

1 Continuous strip 1.0

2 Rectangular 1-0.4B/L

3 Square 0.8

4 Circle (B=diameter) 0.6

Fig. 7.6. Correction factor for position of water table.

 2. Footing base is divided into n small and rectangular areas depending 
on the shape of footing base. Each area is subjected to a concentrated 
load whose magnitude is equal to average pressure intensity 
multiplied by the area of the small area. Due to these concentrated 
loads, the stresses σx, σy, σz, txz, tzy and txy were obtained using Eqs 
(7.1) to (7.6) at the centre of each layer along the vertical axis passing 
through the different points on the base of the footing. Overburden 
stresses are added in σx, σy and σz. Stresses σ1, σ2 and σ3  and direction 
cosines cos θ1, cos θ2 and cos θ3, were obtained solving Eqs (7.8) to 
(7.17) and Eqs (7.18) to (7.29) respectively.

 3. A coefficient F for a given load intensity (q) is computed from the 
following relationship:

 
q
q
u  = F (7.39)

 4. The modulus of elasticity (E) is calculated from Fig. 7.7 at stress level 
of a /F
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 E = 
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ˆ
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 (7.40)

  where a and b are the constants of hyperbola whose values depend 
upon confining pressure.

  Average confining pressure in the analysis may be assumed as (s2 + 
s3)/2, say, equal to s3a.

 5. The strain in each layer at the point under consideration in the 
direction of major principle stress is calculated from the following 
equation:

 e1 = 
s s1 3- a

sE
 (7.41)

 6. Evaluation of strain in the direction of principle stress σ2 and σ3. 
Assuming a suitable value of m, the strains in the directions of other 
principal stresses (i.e. e2 and e3) may be obtained using Eqs (7.32) and 
(7.33).

  The value of vertical strain ez
 
and total settlement (S) along any vertical 

section are obtained using Eqs (7.34) and (7.35).
 7. The average settlement is then computed by dividing the area of 

settlement diagram by the width of footing.

Fig. 7.7. Pressure-settlement curves for smooth flexible square  
footing resting on Buckshot clay.
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  Some typical bearing pressure versus settlement curves obtain for 
Buckshot clay are shown in Figs 7.7 and 7.8 respectively for smooth 
flexible and rigid footing. It is evident from these figures that effect of 
flexibility is insignificant.

Illustrative Examples

Example 7.1

A square footing of width 1.0 m is subjected to a uniform pressure intensity 
of magnitude 100 kN/m2 and resting on saturated clay. Soil strata has 
been divided in several layers, each of 0.25 m thickness. Determine the 
settlement of point lying along the centre line of the footing at the mid 
point of the fourth layer.

Values of Kondner’s hyperbola constants are: a = 9.86  10–5 m2/kN 
and b = 0.014 m2/kN.

Fig. 7.8. Pressure-settlement curves for smooth rigid square footings  
resting on Buckshot clay.
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Solution

Divide the base of the footing into four small squares, each of 0.5 m width. 
The concentrated load acting at the centre of this small portion will be  
0.5  0.5  100 = 25 kN.

Therefore, in Eqs (7.1) to (7.6), for the centre of footing,

 x = 0.25 m, y = 0.25 m, z = 0.875 m, m = 0.4, m = 
1
m

= 
1

0 4.
= 2.5

 r  = x y2 2 2 20 25 0 25+ = +. . = 0.353 m

 R  = x y z2 2 2 2 2 20 25 0 25 0 875+ + = + +. . .  = 0.944 m
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 Because x = y, therefore σy = σx = 0.45763 kN/m2.

 sz = 3
2

3

5
P z
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¥
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¥

¥
p

.

.
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¥ =

¥
¥
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.
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 txy = 0.7813 kN/m2

Total values of stresses due to four squares:

 sx = sy = 4  0.45763 = 1.83 kN/m2

 sz = 4  10.67 = 42.68 kN/m2

Due to symmetry there will not be any total shear stresses on the 
vertical section passing through the centre of footing

i.e. txz = tyz = txy = 0

Therefore

 s1 = 42.68 kN/m2

 s2 = 1.83 kN/m2

 s3 = 1.83 kN/m2

 s1 = a
b

a

a

( )
( )

s s
s s
1 3

1 31
-

- -

 e1  = 
9 86 10 42 68 1 83
1 0 014 42 68 1 83

5. ( . . )
. ( . . )

¥ -
- -

-
 = 941.4  10–5

 Lateral strains will not add to the vertical strain, hence
 ez = e1 = 941.4  10–5

Example 7.2

Solve Example 7.1, assuming that the footing rests on sand f = 35°, g = 16.5 
kN/m2 with the values of Kondner’s hyperbola constants given by the 
following relation: 

 
1
a

 = 7000(sac)0.5 kN/m2; 
1
b

 = 44 (sac) kN/m2

sac is average confining pressure in kN/m2.

Solution

 (i) Ultimate bearing capacity of footing

 qu = 
1
2

.g.B.Ng  0.8
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 = 1
2

  16.5  1.0  48.03  0.8  [For f = 35°, Ng = 48.03]

 = 317 kN/m2

 F = 
317
100

 = 3.17

 K0 = 1 – sin j = 1 – sin 35 = 0.426

 (ii) Stress due to overburden

 s1 = 16.5  0.875 = 14.4 kN/m2

 s2 = s3 = 0.426  16.5  0.875 = 6.15 kN/m2

  Stresses in the ground due to pressure intensity of 100 kN/m2 will be 
same as given in Example 7.1.

  Therefore total principal stresses: 

 s1 = 42.68 + 14.4 = 57.08 kN/m2

 s2 = 1.83 + 6.15 = 7.98 kN/m2

 s3 = 1.83 + 6.15 = 7.98 kN/m2

  Average confining pressure is

 sac = 7 98 7 98
2

. .+  = 7.98 kN/m2

 
1
a

 = 7000(σac)0.5 = 7000(7.98)0.5  = 19774 kN/m2 

 
1
b

 = 44(σac) = 44  7.98 = 351.2 kN/m2

 a = 5.0  10–5 m2/kN

 b = 2.84  10–3 m2/kN

 e1 = 
a
b
( )

( )
s s

s s
1 3

1 31
-

- -

	 e1 = 
5 0 10 57 08 7 98

1 2 84 10 57 08 7 98

5

3
. ( . . )
. ( . . )
¥ -

- ¥ -

-

-

 e1 = 285  10–5 = ez
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Practice Problems

 1. Describe stepwise the procedure of getting pressure settlement 
characteristics of a smooth flexible square footing resting on clay.

 2. Describe stepwise the procedure of getting pressure settlement 
characteristics of a rough rigid rectangular footing resting on clay.

 3. Give the steps involved in getting pressure settlement characteristics 
of square/rectangular footing resting on sand.

 4. A square footing of 2.0 m width is resting on clay (a = 10–6 m2/kN and 
b = 0.09 m2/kN). Determine the vertical strain on a point below 1.0 m 
depth below the base of footing and lying on vertical section passing 
through (i) the centre of footing, and (ii) one corner of the footing.

 5. A square footing of 1.5 m width is resting on clay (1/a = 50.3 	103 kN/
m2 and 1/b = 724 kN/m2). Determine the vertical strain on a point 
below 1.5 m depth below the base of footing along with the vertical 
section passing through the centre of footing.
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CHAPTER 

8

Interaction between Adjacent Footings

8.1 General
Interference between geotechnical structures and the supporting soil 
media is of fundamental importance to both geotechnical and structural 
engineering. Interference between geotechnical structures is considered to 
exist if there is overlapping of their potential failure surfaces.

Construction of building foundations at close spacings is a common 
feature in built-up areas (Fig. 8.1a). The occurrence of adjacent footings 
carrying loads of different magnitudes is not a rare feature in building 
design. A covered colonnade adjacent to a multistorey building produces 
such circumstances, as does a covered loading area adjacent to an industrial 
building (Fig. 8.1b). Such type of problems are also encountered at many 
places in civil engineering constructions, such as grillage foundations, 
runway strips and railway crossties etc. (Figs 8.1c and 8.1d). Information 
regarding bearing capacity, settlement, tilt, contact stress distribution 
and extent of failure surfaces is required for an adequate design of the 
foundation. The mutual interference of foundations in a group has a 
significant influence on these design factors.

8.2 Brief Review
Many theories are available to find ultimate bearing capacity of two and 
three interfering strip footings loaded simultaneously with equal loads 
(Stuart, 1962; Mandel, 1963; West and Stuart, 1965; Amir, 1967; Siva Reddy 
and Mogaliah, 1976; Khadilkar and Varma, 1977; Patankar and Khadilkar, 
1981; Graham, et al. 1984). By using an upper bound limit analysis in 
conjunction with finite element and linear programming, the ultimate 
bearing capacity of two interfering rough strip footings, resting on a 
cohesion-less medium, was computed by Kumar and Kouzer (2007). 
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Fig. 8.1. Examples of mutual interference between stripe foundation.

Kumar and Ghosh (2007) obtained the bearing capacity of two 
interfering footings using the method of stress characteristics. Problem of 
interfering multiple strip footings have been solved using an upper-bound 
theorem and lower-bound limit analysis (Kouzer and Kumar, 2007).

Dash (1981, 1982) investigated into the problem of determining 
ultimate bearing capacity of two strip footings when one of the footings 
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carried certain load located nearby. Kumar and Kouzer (2010) obtained 
the ultimate bearing capacity of footing considering the interference of an 
existing footing on sand using an upper-bound finite limit analysis.

According to these studies, the effect of interference of footings is, 
in general, to cause an increase in the bearing capacity with reduction of 
spacing. 

Many investigators have experimentally studied the problem of two 
and three interfering footings loaded simultaneously (Stuart, 1962; West 
and Stuart, 1965; Dembicki et al., 1971; Myslivec and Kysela, 1973; Singh 
et al., 1973; Saran and Agarwal, 1974; Deshmukh, 1979; Das and Labri 
Cherif, 1983; Selvadurai and Rabbaa, 1983; Graham et al., 1984). The effect 
of footing carrying certain load on the behaviour of an adjacent footing 
has also been studied experimentally by a few investigators (Murthy, 
1970; Das and Labri-Cherif, 1983; Dash, 1990).

No method has been reported to find settlement and tilt of interfering 
footings except finite element method and finite difference technique.

On the basis of the review of the available literature, it can be 
concluded that the influence of the interference between foundations 
on the tilt in particular appears to have received little or no attention. So 
far no attention has been given to the problems of interfering footings 
of different widths. Footings carry loads of different magnitudes and 
interference of neighboring foundation under unequal loads (Amir,1992). 
To date no rational method exists to evaluate the pressure-settlement and 
pressure-tiIt characteristics of interfering footings using constitutive laws 
of soils. Keeping this in view, the solution of this problem is the aim of 
this work.

Actually interring footings settle non-uniformly thus get tilted. 
Tilting occurs in the inward direction of footings (Fig. 8.2) due to more 
concentration of stress on this side.

Fig. 8.2. Showing the tilting of footings due to interference.

(a) Two in!orl'erring footings 

(b) Three interl'ening footings 
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In this chapter, procedure has been given to obtain the complete 
pressure-settlement and pressure-tilt characteristics of interring footings. 
This approach enables one to obtain the ultimate bearing capacity, 
settlement and tilt of the interring footings. Thus their complete 
proportioning is possible (Amir, 1992).

There may be numerous situations in which interaction between 
adjacent footings occurs. Some of the common situations encountered in 
practice have been identified in the following eight cases:

Case I
Two strip footings of same widths subjected to same pressure intensity, q.

Case II
Two strip footings of the same width, one representing the existing 
foundation having one-third of failure pressure intensity of isolated 
footing and the new one subjected to pressure intensity q varying upto 
failure.

Case III
Two strip footings of the same widths, one representing the existing 
foundation having one-half of failure pressure intensity of isolated footing 
and the new one subjected to pressure intensity q varying upto failure.

Case IV
Two strip footing of different widths subjected to same pressure  
intensity, q.

quis 

q 3 

F1 ~ F2 $ 
f-o- B _..,..._ S _..,..._ B +j 

q,. 
q 2 

F1 ~ F2 $ 
f-o- B _..,..._ S _..,..._ B +I 
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Case V
Two strip footings of different widths, one representing the existing 
foundation having one-half of failure pressure intensity of isolated footing 
and the new one subjected to pressure intensity q varying upto failure.

Case VI 
Three strip footings of same widths subjected to same pressure  
intensity, q.

Case VII
Three strip footings central one representing the existing foundation 
subjected to half of the failure pressure intensity of isolated loaded and 
the adjacent two subjected to pressure intensity q varying upto failure.

Case VIII
Three strip footings two representing the existing foundations each 
subjected to half of failure pressure intensity of isolated footing and the 
central one with pressure intensity, q varying upto failure.

q,. 
q 2 

F1 ~ F2 $ 
f<o- B -<+t- S -<+t- B1-<>j 

q q q 

F0 ~ Fe~ F0$ 
f<o- B -<+t- S -<+t- B -<+t- S -<+t- B -<>j 

q,. 
q 2 q 

F0 ~ Fe$ F0 ~ 
f<o- B -<+t- S -<+t- B -<+t- S -<+t- B -<>j 
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The procedure of solving any of the above case is identical with other. 
Keeping this fact in view, a general procedure is given is the following 
sections for footing resting on (i) clays and (ii) sand. The material described 
herein is taken from Amir (1992).

8.3 Footing on Clays

8.3.1 Assumptions

Following assumptions have been made in the analysis:
 • The soil mass is semi-infinite and an isotropic medium.
 • The footings base is rough.
 • The roughness of footings is assumed to generate uniform tangential 

stress at the contact surface, which follows the relationship ta = c
q
qu

Ê
ËÁ

ˆ
¯̃

 

for cohesive soil in which ta = the tangential stress at the contact 
surface. The value of pressure at failure (qu) may be taken as c  Nc, 
with Nc = Terzaghi’s bearing capacity factor table, c = unit cohesion, 
and q = applied pressure intensity.

Assumptions of the tangential stress under a set of two and three 
rough strip footings are shown in Figs 8.3 and 8.4 respectively. The shear 
stress due to tangential stress is zero at the centre of the isolated footing, 
acting inwardly (Figs 8.3b and 8.4b). If the clear spacing between the 
footings, S  4B the effect of stresses caused by one footing on to other is 
insignificant. Therefore, the direction of the tangential stress is taken to be 
same as of isolated footing (Figs 8.3b and 8.4b). In case of the spacing of 
the footings, S < 4B, the overlapping of stresses starts. The direction of the 
tangential stress is assumed as shown in Figs 8.3c and 8.4c and the value 
of a is linearly interpolated (Figs 8.3d and 8.4d).

If the spacing of the footings is further reduced such that S = 0, the 
pair of footings will act as a single footing and the direction of tangential 
stress is same as that of isolated footing (Figs 8.3e and 8.4e).
 • The contact pressure distribution is uniform. The footing, initially is 

considered flexible.
 • The whole soil mass supporting the footings is divided into a large 

number of thin horizontal strips up to a depth beyond which the 
stresses are less than 0.08 q, q being the applied stress on the footing.
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 • Stresses in each layer of soil mass have been computed using the 
theory of elasticity since stress equations for various types of loads 
are available (Carother, 1920; Kolosov, 1935).

 • Strains have been computed from the known stress condition using 
constitutive laws. 

 • There is no slippage at the interface of layers in the soil mass.

Fig. 8.3. Tangential stress under a set of two interfering rough strip footings.
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8.3.2 Vertical Settlement and Tilt

The procedure adopted for analysis of pressure-settlement and pressure-
tilt characteristics under a set of two and three interfering footings is 
described in the following steps:

Fig. 8.4. Tangential stress under a set of three interfering rough strip footings.
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Step 1
For a given intensity of pressure (q) and spacing of footings (S), the contact 
pressure distribution and tangential stresses at the interface of footing-
bases and supporting soil media are taken as shown in Figs 8.5 and 8.6, 
which induce stresses in the soil. The variation of the tangential stress (ta) 
is assumed according to Figs 8.3d and 8.4d.

Step 2
The soil mass supporting the footing is divided into a large number of thin 
layers (say n layers) up to a depth at which the pressure intensity is less 
than 0.05 q (Figs 8.5 and 8.6).

Step 3
Evaluation of stresses sz, sx and txz in each layer of the soil mass (Figs 8.5 
and 8.6) at vertical sections due to q and ta is obtained separately and then 
added. Superimposing of stresses due to two or three footing (as the case 
may be) is done to get the total stresses. Equations used to obtain stresses 
are already mentioned in Chapter 3.

Steps 4 to 7 are same as described in Section 4.2.2 of Chapter 4.

Step 8
Evaluation of settlement and tilt of rigid interfering footing is shown in 
Figs 8.7b and 8.8b to the values of (Smin)in and (Smax)in which are obtained 
by equating:

 (i) The area of settlement diagram of Fig. 8.7b to the area of settlement 
diagram of Fig. 8.7a and

 (ii) The distance of center of settlement diagram of Fig. 8.7a from edge 
of footing point A to the distance of centre of settlement diagram of  
Fig. 8.7b from the edge of footing point A’. The area of settlement 

Fig. 8.5. Two interfering rough strip footings and soil media  
divided into n layers.
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diagram and the distance of centre of settlement diagram from the 
edge of the footing are given as:

 A = ( ) ( )min maxS S
Bin in+

×
2

 (8.1)

 c.g. = ( ) ( )
( ) ( )

min max

min max

S S
S S

Bin in

in in

+
+

¥
2

3
 (8.2)

  where (Smax)in = maximum settlement of one of the interfering 
footings

          (Smin)in =  minimum settlement of one of the interfering 
footings

          B =  width of the footing
  c.g. = center of gravity of the settlement diagram of Fig. 8.7a or  

Fig. 8.8a from point A'.
   A = area of settlement diagram of Fig. 8.7a or Fig. 8.8a.
  Knowing the value of (Smin)in and (Smax)in, average settlement (Sav) 

and tilt (t) of the rigid footing may be computed as follows:

 Sav = ( ) ( )min maxS Sin in+
2

 (8.3)

 Tan t = ( ) ( )max minS S
B

in in-  (8.4)

Fig. 8.7. Settlements diagram under a set of two interfering strip footings.
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  It may be mentioned that the maximum settlement of interfering rigid 
footing will be given by

 (Smax)in = S
B

tav +
2

tan  (8.5)

Step 10
The average settlement (Sav) and tilt (t) for various pressure intensities on 
footings were computed by repeating Steps 1 to 8. The pressure versus 
settlement and pressure versus tilt were obtained.

Step 11
The clear spacing of the footings is changed and Steps 1 to 9 were repeated.

8.4 Footing on Sand

8.4.1 Introduction

As mentioned in the earlier chapters, the procedure adopted for the 
analysis of interfering footings on clay cannot be applied in sand directly 
as its modulus of elasticity varies with depth. For such materials, stress 

Fig. 8.8. Settlements diagram under a set of two interfering strip footings.
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equations are not available. Therefore, an empirical approach has been 
developed to obtain pressure-settlement and pressure-tiIt characteristics 
of interfering footings resting on sand, which has been found to yield 
satisfactory results.

The constitutive relations of sand represented by hyperbola were 
established from consolidated drained triaxial compression tests.

8.4.2 Assumption

 1. Contact pressure distribution below the footings has been assumed as 
in the case of clay.

 2. The effect of weight of soil mass is considered in determination of 
stresses. Vertical stress due to weight of the soil is taken equal to gz 
where g is the unit weight of the soil and z is the depth of soil layer. 
The horizontal stress due to weight of the soil has been taken to be 
equal to K0gz.

  Where K0 is the coefficient of earth pressure at rest, it may be taken as

 K0 = 1 – sin f (8.6)
  where f is angle of internal friction.
 3. The roughness of footings has been assumed to generate tangential 

stress at the contact surface, which follows the relationship 

   ta = q.tan 2
3

fÊ
ËÁ

ˆ
¯̃  

  where ta = tangential stress at the contact surface, and
   f = angle of internal friction.
  The ultimate bearing pressure (quin) of interfering footings on sand is 

computed using 

   quin = 1
2

g xg gBN  (8.7a)

  Ng is bearing capacity factor (Terzaghi’s values, Table A4.1) and xg 
is 

the efficiency factor which is defined as the ratio of the interfering to 
isolated values of bearing capacity coefficients, the value of xg may be 
obtained from charts given in Fig. 8.9.

   A factor of safety (F) has been introduced such that at all stress 
levels the following relationship is satisfied:

   
q
q
uin = 

s
s s

u F
1 3-

=  (8.7b)

  where  q = intensity of surface load
	 	 	 su = ultimate stress from hyperbolic relation and is equal to 

(1/b); b being Kondner’s hyperbola constants.
	 s1 and s3 = major and minor principal stress in the soil mass.
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8.4.3 Vertical Settlement and Tilt

Procedure adopted for obtaining pressure-settlement and pressure-tilt 
characteristics under a set of two and three rough flexible strips interfering 
footings are given in the following steps: 

Step 1
Contact pressure distribution, stress in each layer, principal stresses and 
their directions have been obtained by using Steps 1 to 3 as described in 
the case of footings on clays in Section 8.2.2.

5. The value of Poisson’s ratio m has been obtained using Eq. (8.8).

Step 2
The factor F for the given surface load intensity (q) has been obtained from 
the following relationship:

  
q
q
uin  = F (8.8)

where quin = ultimate bearing pressure interfering footings as per step 
(3) of Section 8.4.2

 q = applied load intensity

Fig. 8.9. Theoretical values of the bearing capacity efficiency factors xg and xq 
versus S/B (after stuart, 1962).
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Step 3

The modulus of elasticity (Es) is calculated by the following equation:

 Es  = 
1- ( )b F

a
us

 (8.9)

where a and b are the constants of hyperbola, whose values depend upon 
confining pressure.

Step 4

The strain in each layer in the direction of major principal stress has 
been obtained from the following equation:

 e1 = 
s s1 3-

Es
 (8 .10)

The strain in the direction of minor principal stress is calculated from 
the following relationship

 e3 = –m2.e1 (8.11)

where, m2 = 
- +

+
3 1 1

1

s m s
s m s1 3

 (8.12)

 m1 = 
m

m
1

-1
 (8.13)

 m = 
K

K
0

01+   (8.14)

Step 5
Vertical strain, settlement and tilt have been obtained using the Steps 7 to 
11 as described for clay in Section 4.2.3.

8.5 Results and Interpretation

Amir (1992) obtained the pressure-settlement characteristics of surface 
footing resting on three types of soil namely (i) Dhanori clay (LL = 55%, 
PL = 25%, f = 25.5°, cu = 55 kN/m2 and g = 17.6 kN/m3), (ii) Buckshot 
clay and (iii) Amanatgarh sand (SP, DR = 70% and g = 16 kN/m3). Using 
triaxial tests, Kondner (1962) hyperbola constants a and b were obtained 
as given below:

1/a ( kN/m2) 1/b ( kN/m2)

Dhanori clay 18180 160
Buckshot clay 10510 187
Amanatgarh sand 3810 (s3)0.57 80+3.9 (s)
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He obtained the solutions of all the eight cases (Amir, 1992). However, 
here only three cases have been presented—Case III, Case V and VII are 
discussed.

Case III
Two footings of the same width, one of the footings (F2) represent the 
existing foundation loaded half the failure load of isolated footing and 
adjacent footing (F1) loaded upto failure.

Assume that soil is cohesive frictional (c-j) and both the footings are 
flexible, i.e. contact pressure will be of uniform intensities q and quis/2 
respectively. Values of quis may be obtained, using Terzaghi’s bearing 
capacity equation, i.e.

 quis = cN BNc +Ê
ËÁ

ˆ
¯̃

1
2

g g   (8.15)

where, Nc and Ng are Terzaghi’s bearing capacity factors (Table); c, g and 
B are respectively the unit cohesion, unit weight of soil and width of the 
footings.

As mentioned earlier, a = S/8, S being the clear spacing between the 
footings. Tangential stresses are:

 tal = 
q

quis
ca + q tan δm; δm = tan–1 q

quis
tan d

Ê
ËÁ

ˆ
¯̃

  (8.16)

 tal = 
q
q

c
quis

uis
a

uis
m m

/
tan( );’2

2
+ d d  = tan

tan- Ê
ËÁ

ˆ
¯̃

1

2
d   (8.17)

where, ca and d are base adhesion and base friction coefficient; their values 
may be taken as 2/3 c and 2/3 j. Directions of tangential shear stresses will 
be as shown in Fig. 8.3c. Finally, it may be said that footing F2 is subjected 
to uniform pressure intensity (quis/2) and tangential stresses ta2, while 
footing F1 is loaded in various stages with uniform pressure intensities (q) 
of q1, q2, …, qn along with tangential stresses ta1. Procedure for solving the 
problem is as given below:

 1. Divide the soil stratum in thin layers upto significant depth.
 2. Select vertical sections aa, bb … and a'a', b'b' below the footing F1 and 

F2 respectively.  
 3. For illustration, procedure of determining settlement of a point on 

the base of the footing where Section dd touches Fig. 8.9 is discussed. 
Consider a point at the centre of the first layer on this vertical section. 
Let the depth of this point below ground surface be Z1. At this point, 
using the theory of elasticity, determine the values of stresses sz1, sx1 
and txz1 due to applied stress q1, ta1, 

quis

2
and ta2.
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Add gez1 in sz1 K0gez1 in sx1 where ge is the effective unit of soil and K0 
is the coefficient of earth pressure at rest; say these stresses are s’z1 and 
s’x1.

  Using stresses s’z1, s’x1 and txz1 obtain principal stress s11 and s31 along 
with q11 and q31.

Rest of the procedure is same for determining the vertical strain at this 
point, say ez1 as discussed in the earlier chapters i.e. using constitutive law 
of soil. On multiplying ez3 with thickness of horizontal strip, settlement 
of this strip along with the vertical section may be obtained, say it is Sd1. 

The above procedure is repeated for the points considered at the 
centre of other layers along this vertical section and settlement Sd1, Sd3 … 
Sdn were obtained as all these settlement values will give the settlement 
of the base point passing though the section dd. Proceeding like this, 
settlement of other points on the base of the footing were obtained and it 
resulted settlement patterns as shown in Fig. 8.7. From these settlement 
diagrams, average settlements and tilts of both the footing are obtained. 
Thus pressure versus settlement and pressure versus tilt curves were 
plotted.

In Figs 8.10 and 8.11, pressure versus settlement and pressure versus 
tilt curves are shown for a footing of width 300 mm resting on the surface 
of Dhanori clay for different spacing/width ratios. It is evident from Fig. 
8.10 that for a given pressure intensity acting on the footing, settlement 
increases with decrease in the S/B ratio. Further, existing footing, i.e. F2 
settles by less amount in comparison to footing F1. Figure 8.11a shows 
that the tilt of footing F1 increases with decrease in the S/B ratio, and for a 
particular S/B ratio, tilt remains almost same for a wide range of pressure 
intensities (40 kN/m2 – 200 kN/m2). Beyond the pressure intensity of 
200 kN/m2 the tilt increases at a very fast rate. Footing F2 (Fig. 8.11b) tilts 
almost at uniform rate with the increase in pressure intensity. In Figs 8.12 
and 8.13 pressure versus settlement and pressure versus tilt curves are 
shown where footings of widths equal to 100 mm each are resting on sand. 
The trend of variation of settlement and tilt shown in these figures are 
almost same as it was in the footings resting on clay.

Case V
Two strip footings of different widths with a wider footing (F2) representing 
the existing foundation loaded half of the failure load of isolated footing 
and adjacent footing (F1) loaded upto failure.

This case is similar to Case III except that the existing footing (F2) is 
considered wider. In Figs 8.14 and 8.15, pressure-settlement and pressure 
versus tilt curves are shown when taking the footings of widths 300 
mm and 600 mm. In this case also for a given pressure intensity, both 
the settlement and tilt increase with decrease in spacing. Further, wider 
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Fig. 8.10. Pressure versus settlement curves (Case III – Clay) 
(a) Footing F1; (b) Footing F2.

footings settle less. Tilts shown in Fig. 8.15 follow the same trends as given 
in Fig. 8.11. In Figs 8.16 and 8.17, pressure-settlement and pressure-tilt 
curves are shown for footings resting on sand. These curves also follow 
the same trend as in the case of clay (i.e. in Figs 8.14 and 8.15).

Case VII
Three strip footings of same widths, with the central footing (Fc) represent 
the existing foundation loaded half of the failure load of isolated footing 
and outer footings (F0) loaded upto failure. In this case, due to symmetry, 
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central footing settles uniformly with no tilt. Pressure versus settlement 
and pressure versus tilt curves for footing resting on clay are shown in 
Figs 8.18 and 8.19 respectively. Similar curves for footing resting on sand 
are given in Figs 8.20 and 8.21. Settlement of all the three footings increases 
with decrease in spacing. For the same pressure intensity, side footings 
settle more in comparison to central footing.

Illustrative Example

Example 8.1

Two footings each of width equal to 1.0 m are spaced having centre to 
centre spacing as 2.0 m on the surface of soil. The new footing is subjected to 
a pressure intensity of 75 kN/m2. The existing footing is having a pressure 
intensity equal to half of its ultimate bearing capacity. The properties of 
soil are: c = 30 kN/m2; f = 30°, g = 17 kN/m3.

Kondner’s hyperbola constants are: 
1
a

 = 3.0  103 (s3)0.4, 
1
b

 = 100 + 
2.0(s3), s3 being in kN/m2.

Determine the vertical strain at a depth of 1.25 m along the vertical 
section passing through the right hand edge of the new footing.

Fig. 8.11. Pressure versus tilt curves (Case III – Clay)  
(a) Footing F1; (b) Footing F2.
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Fig. 8.12. Pressure versus settlement curves (Case III – Sand)  
(a) Footing F1; (b) Footing F2.
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Solution

 (i) Refer to Fig. 8.22

  B = 1.0 m, b =
1
2

= 0.5 m; a = 
1
8

= 0.125 m; (Fig. 8.3d)

 quis = cN BNc +Ê
ËÁ

ˆ
¯̃

1
2

g g

 = 30  30 +
1
2

  1.7  1.0  22.4 

[See Appendix Table A4.1; for φ	= 30°, Nc = 30 and Ng = 22.4]

 = 90 + 190.4 = 280.4 kN/m2

  Let the footing F2 is subjected to a pressure intensity equal to 

 
quis

2
 = 

280 4
2

.
 = 140.2 kN/m2 say 140 kN/m2 

  Footing F1 is subjected to a pressure intensity equal to 75 kN/m2.

Fig. 8.13. Pressure versus tilt curves (Case III – Sand)  
(a) Footing F1; (b) Footing F2.
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Fig. 8.14. Pressure versus settlement curves (Case V – Clay)  
(a) Smaller footing F1; (b) Wider footing F2.

 (ii) For footing F1
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 tal  = 
75

280 4.
  20 + 75  0.0973 = 5.35 + 7.3 = 12.65 kN/m2

  For footing F2

 ta2  = 
c qa uis

2 2 2
20
2

280 4
2

20
2

+ ◊ = +
tan . tand

= 25.5 kN/m2

(iii) Stress at point ‘B’ (Fig. 8.22)
  (a) Due to vertical pressure (Footing F1)

 b = 0.5 m; x = 0.5 m; z =1.25 m and q1 = 75 kN/m2

 
sz

q1
  = 0.370;

sx

q1
= 0.059; 

txz

q1
= 0.124 [Refer Table 3.1]

	 sz = 27.75 kN/m2 ; sx = 4.425 kN/m2 ; τxz = 9.3 kN/m2 ;

  (b) Due to tangential (Footing F1)

 2b = 1.0 – 0.125 m; b = 0 875
2

.
 = 0.4375 m;

Fig. 8.15. Pressure versus tilt curves (Case V – Clay)  
(a) Smaller footing F1; (b) Wider footing F2.
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Fig. 8.16. Pressure versus settlement curves (Case V – Sand)  
(a) Smaller footing F1; (b) Wider footing F2.

 x = 0.4375 + 0.125 = 0.5625 m; z = 1.25 m and qtl = 12.65 kN/m2; 

 
sz

tq 1
 = 0.121; sx

tq 1

 = 0.033; 
txz

tq 1
= 0.059 [Refer Table 3.2]
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	 sz  = 1.53 kN/m2; sx = 0.417 kN/m2; τxz = 0.746 kN/m2;

 b = 
0 125

2
.

 = 0.0625 m; x = –0.0625 m; z = 1.25 m

 
sz

tq 1
 = –0.0031; 

sx

q1
 = –0.000016; 

txz

q1
 = 0.00021 [Refer Table 3.2]

	 sz = –0.039 kN/m2; sx ≈ 0.0; txz ≈ 0.0
  (c) Due to normal stress (Footing F2)

 b = 0.5 m; x = –(0.5 + 1)m = –1.5 m; z = 1.25 m and q2 = 140.2   
  kN/m2

 sz

q1

 = 0.095;
sx

q1
= 0.119;

txz

q1
 = –0.1046  [Refer Table 3.1]

	 sz = 13.3 kN/m2; sx = 16.7 kN/m2; τxz = –14.7 kN/m2;

Fig. 8.17. Pressure versus tilt curves (Case V – Sand)  
(a) Smaller footing F1; (b) Wider footing F2.
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Fig. 8.18. Pressure versus settlement curves (Case VII – Clay)  
(a) Outer footings FO ; (b) Central footing FC.

  (d) Due to tangential stress (Footing F2)
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 = 0.1041 [Refer Table 3.2]

	 sz = 2.2 kN/m2; sx = 3.3 kN/m2; τxz = 2.65 kN/m2 ;

E 
E 

0 

8 

i' 16 
G) 

E 
G) 

~ 24 
"' 
~ 

32 

Pressure (q), kN/m
2 

0 40 80 120 160 200 240 280 320 

---

Outer footings F 0 

loaded upto failure 

SiB 
--0.5 
-1.0 
---· 3.0 

\ 
I 

I 
40~----------------~~~ 

8 

32 

SiB 
-- 0.75 
--- 2.0 
---. Isolated 

(a) 

(a) Contd. 

E 
E 

8 

i' 16 
G) 

E 
G) 

~ 24 
"' 
~ 

32 

Pressure (q), kN/m
2 

40 80 120 160 200 240 280 320 

Central fooling F c 
having load q.1112 

SIB 
--0.5 
--- 1.0 
---· 3.0 

40~--------------------~ 

E 
E 

8 

i' 16 

124 
~ 

SIB 
-- 0.75 
--- 2.0 

(b) 

(b) Contd. 



Interaction between Adjacent Footings 195

 b = 0.0625m; x = –1.0625m; z = 1.25m and qt2 = 25.5 kN/m2

 sz

tq 2
 = –0.018; 

sx

tq 2
 = 0.0131; 

txz

tq 2
 = 0.0154 [Refer Table 3.2]

	 sz = –0.46 kN/m2 ; sx = –0.33 kN/m2; txz = 0.39 kN/m2

  Total stresses:

	 sz = 27.75 + 1.53 – 0.039 + 13.3 + 2.2 – 0.46 = 44.3 kN/m2

	 sx = 4.42 + 0.42 – 0.0 + 16.7 + 3.3 – 0.33 = 24.5 kN/m2

	 τxz = 9.3 + 0.746 + 0.0 – 14.7 + 2.65 + 0.39 = –1.6 kN/m2

	 s1 = 44.43 kN/m2; s3 = 24.37 kN/m2; θ1 = -4.59; θ3 = 85.40;

 
1
a

 = 3.0  103 (s3)0.4 = 3.0  103 (24.37)0.4 = 9.59  103 kN/m2 

 
1
b

 = 100 + 2.0 (s3) = 100 + 2.0  24.37 = 148.74 kN/m2

 a = 0.104  10-3 m2/kN

 b = 0.0067 m2/kN

 F = 
q
q
u  = 

280 4
75

.
 =  3.74

Fig. 8.19. Pressure versus tilt curves for outer footings FO (Case VII – Clay).
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 Es = 
( / )1 1- F

a
 = 

( / . )
.
1 1 3 74

0 104 10 3
-

¥ -  = 7.04  103 kN/m2

 e1 = 
( )s s1 3-
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=

44 43 24 37
7 04 10 3

. .

.
-
¥ -  = 2.84  10–3

Fig. 8.20. Pressure versus settlement curves (Case VII – Sand)  
(a) Outer footings FO ; (b) Central footing FC.
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Fig. 8.21. Pressure versus tilt curves for outer footings (FO ) (Case VII – Sand).

Fig. 8.22. Example 8.1.
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 e3 = –m2.e1 = –0.015  2.84  10–3 = –0.0423  10–3

 ez = e1cos2 θ1 + e3cos2 θ3

 = 2.84  10–3cos2(–4.59) + (–0.0423 × 10–3)cos2(85.4)

 = 2.82  10–3  – 2.72  10–7 ≈ 2.8  10–3

Practice Problems

 1. How can the interference between two footings affect their behavior? 
Explain. Give some examples of structures in which interference 
between footing is likely to occur.

 2. Explain stepwise the procedure of obtaining pressure-settlement of 
two interfering footings resting on clay while mentioning the loads on 
the footings.

 3. Explain stepwise the procedure of obtaining pressure-settlement of 
two interfering footings resting on sand and mention the loads on the 
footings.

 4. Two footings each of width equal to 1.0 m are spaced having centre to 
centre spacing as 2.0 m on the surface of soil. The properties of soil are: 
c = 35 kN/m2; f = 32°, g = 20 kN/m3. Kondner’s hyperbola constants

  are: 
1
a

 = 4.0  103(s3) 
1
b  

= 100+3.0(s3), s3 being in kN/m2.
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CHAPTER 

9

Ring Footings

9.1 General
Shallow foundations are a common type of foundation usually provided 
for various important structures resting on good soil. Annular foundations, 
however, are generally used for self-supporting vertical cantilevers (such 
as chimneys, silos, T.V. towers, etc.) and for tower-like structures (including 
elevated tanks, bins, vessels, etc.). Such foundations are usually subjected 
to eccentric-inclined loads due to moments and horizontal thrusts in 
conjunction with the vertical loads. Ring foundations, besides being 
economical, are the only solution for the aforementioned structures, when 
the dual conditions of full utilization of soil capacity and no tension under 
the foundation are to be satisfied.

Figure 9.1 illustrates some engineering application areas for the use 
of ring footings.

9.2 Brief Review

9.2.1 Ring Footing Subjected to Central Vertical Load

Various analytical solutions, based on the theory of elasticity, have been 
proposed by Egorov, 1965; Kovalev et al., 1966; Egorov and Shilova, 
1968; Borodacheva, 1972; Popova, 1972; Snarskii, 1974; Zinov’ev, 1979 
and Madhav, 1980 for computing settlement, contact pressure or stresses 
for ring or circular footings. Non-linear F.E. anlayses for predicting the 
bearing capacity and pressure-settlement relations have been developed 
by Desai et al. (1970); Duncan et al. (1970); Carrier et al. (1973); Hooper 
(1983); Murthy et al. (1995) for circular footings and by Patankar (1982) 
for ring footings. While, linear F.E. analyses to predict the same have been 
developed by Milovic (1973); Varadarajan et al. (1984); Kumar (1986); 
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Fig. 9.1. Application areas for the use of ring footings and earth reinforcement.
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Hataf and Razavi (2003); Snodi (2010) and Hosseininia (2016) for ring 
footings and by Dewaikar et al. (1992) for circular footings.

Choobbasti et al. (2010) carried out a numerical analysis using Plaxis 
software for calculating bearing capacity and settlement of a ring footing.

Kumar and Ghosh (2005) obtained Ng factor for ring footings using 
the method of characteristics. Kumar and Chakraborty (2015) computed 
the bearing capacity factor for smooth and rough ring footings, using 
lower and upper bound theorems of limit analysis in conjunction with 
finite elements and linear optimization.

Experimental studies were conducted by Desai (1970), Saha (1978), 
Lo and Becker (1979), Haroon et al. (1980), Kakroo, (1985), Punmia (1985), 
Kumar (1986), Ranjan et al. (1987) and Al-Sanad et al. (1993) to investigate 
the behaviour of ring footings on sand or clay.

9.2.2 Ring Footing Subjected to Eccentric-vertical Load

Several investigators have developed equations based on the theory of 
elasticity to compute the settlement, tilt or contact pressure (Frohlich, 
1953; Tettinek, 1953; Yegorov et al., 1961; Chandra et al., 1965; Arya, 1966; 
Zweig, 1966; Laletin, 1969; Glazer et al., 1975; Gusev, 1975; Dave, 1977 and 
Egorov et al., 1977) for circular or ring footings, while Meyerhof (1953); 
Karsenskii (1965); Gusev (1969) based their analyses on the plastic theory, 
complex resistance formula and Winkler’s theory, respectively.

A few research workers have experimentally studied the behaviour 
of ring or circular footings (Meyerhof, 1953; Gusev, 1967; Tetior, 1971; 
Chaturvedi, 1982; Singh, 1982; Dhatrak and Gawande, 2016) on sand or 
clay.

9.2.3 Ring Footing Subjected to Eccentric-inclined Load

Al-Smadi (1998) developed an analytical analysis for getting pressure-
settlement and pressure-tilt characteristic of ring footings subjected to 
eccentric-inclined loads resting on either clay or sand. He also performed 
model tests on solid circular footing and ring footings subjected 
toeccentric-inclined load and resting on sand. This work was summarized 
subsequently.

9.3 Footing on Clay

9.3.1 Assumptions

Assumptions made in the analysis are as given below:

 • The soil mass is an isotropic and semi-infinite medium
 • The footing base is smooth and resting on the surface of the ground
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 • The footing is initially considered to be flexible. The contact pressure 
distribution is assumed to be linear as shown in Figs 9.2 and 9.3

 • The footing has been divided into n-small part (Fig. 9.5), so that each 
part is assumed to be acted upon by a concentrated vertical load and 
a concentrated horizontal load

 • The soil mass supporting the footings is divided into a large number 
of thin horizontal layers, to a depth beyond which the stresses become 
very small, as shown in Fig. 9.4

 • Stresses due to the vertical component of the applied load at the centre 
of each layer are computed using Bousinesq’s theory (1885), since all 
stress equations are available

 • Stresses due to the horizontal component of the applied load at the 
centres of each layer are computed using Cerruti’s theory (1888), since 
all stress equations are available

 • Strains have been computed from the known stress conditions using 
the constitutive law of soil

 • There is no slippage at the interface of layers of the soil mass

9.3.2 Pressure-settlement and Pressure-tilt Characteristics

The proposed analytical procedure for predicting the pressure-settlement 
and pressure-tilt characteristics of ring footings, subjected to eccentric-
inclined load, is described in the following steps:

Step 1
The whole area of the footing is divided into n-equal rings and N-equal 
sectors, as shown in Fig. 9.5. The resulting elementary areas are small; 
hence, the total load in each area has been considered as a point load, 
acting at the centre of each area.

Step 2
The contact pressure distribution diagrams, at the interface of the footing 
base and the soil mass, due to the eccentric-inclined load, are assumed 
to be linear, as shown in Figs 9.2 and 9.3, depending on the amount of 
eccentricity. The resultant of the vertical and horizontal contact pressure 
diagrams is equal to the applied eccentric-inclined load and its line of action 
coincides with the line of action of the applied eccentric-inclined load. Two 
cases have been considered, depending on the extent of eccentricity.

Case 1: e/B ≤ ( )1
8

2+ n   (Appendix 9.1)

As seen in Fig. 9.2b, the maximum and minimum contact pressures due to 
the vertical component of the eccentric-inclined load (Roark, 1954; Teng, 
1977) are given by:
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Fig. 9.2. Contact pressure distribution due to eccentric-inclined load,  
for e/B ≤ (1 + n2)/8.
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The contact pressure at distance x from the centre is (Apendix 9.1)

 qv = P
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 (9.2)

Fig. 9.3. Contact pressure distribution due to eccentric-inclined load,  
for e/B > (1 + n2)/8.
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  \ ∆Pv = qv.∆A (9.3)

where P = Applied eccentric-inclined load
 e = Eccentricity of the load
 B = Diameter of the footing (=2R)
 q = Maximum or minimum contact pressure
	 a =  Inclination of the applied load
 A =  Net area of the footing
 n = Annular ratio
 qv = Contact pressure at point x
 x  =  Coordinate of the point at which the contact pressure is 

desired
 ∆A =  Area of elementary strip

 ∆PV =  Vertical point load acting in ∆A
However, the maximum and minimum contact pressures due to the 

horizontal component of the eccentric-inclined load ‘P’, as shown in Fig. 
9.2c are assumed as follows:

 qh max,min = P
A n

e
B

sin a 1
8
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The contact pressure at distance x from the centre is given by
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 (9.5)

 ∆Ph = qh.∆A  (9.6)

where ∆Ph = Horizontal point load acting in small area ∆A. 

Case 2: /B >
1

8

2+( )n

As seen in
 
Fig. 9.3b, the maximum pressure due the vertical component of 

the eccentric-inclined load (Roark, 1954; Teng, 1977; Young, 1989) is given 
by

 qmax = k
P
A

cosa  (9.7)

As shown in Fig. 9.3b, the contact pressure, due to the vertical 
component of the eccentric-inclined load, at a point x from the centre of 
the footing is given by

 qv = 
y
X

qmax, where y = x + X
B

-Ê
ËÁ

ˆ
¯̃2

 (9.8)
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  \ ∆Pv = qv .∆A  (9.9)

 X = R(1 + sin f) (9.10)

where X and f are as shown in Figs 9.3b and 9.3c, and f satisfies Eq. (9.11).

 e/R = 
( / ) . ( / )sin cos ( / sin cos )

cos ( / )cos (
p f f f f f

f f p
8 2 5 5 12 1 6

1 3

3

3
- - +

- - // )sin sin2 f f f+
 (9.11)

 y = x X
B

+ -Ê
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ˆ
¯̃2

 (9.12)

Values of k and X/R were calculated by Young (1989) for different n 
and e/R and presented in Table 9.1.

Step 3
The soil mass supporting the footing is divided into a large number of thin 
horizontal layers (i.e. 1-layer) upto a depth, beyond which, the stresses 
become negligible, as shown in Fig. 9.4.

Step 4
Stress components at the center of each layer along a vertical section, 
due to each vertical point load, were computed by using Boussinesq’s 
equations (Eqs. 7.1 to 7.6) given in chapter 7, while the stress components 
at the centre of each layer along a vertical section, due to each horizontal 
point load (Fig. 9.6), are computed by using Cerruti’s equations (Eqs. 9.13 
to 9.18 as given below):
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where H = Horizontal load; x, y, z, and R are as shown in Fig. 9.6; m is 
equal to 1/m, m being the Poisson’s ratio.

Cerruti’s theory has the same limitations as Boussinesq’s theory.
Normal and shear stresses at the centre of each horizontal layer along 

a vertical section, due to the applied eccentric-inclined load P, are obtained 
by applying the method of super-position for all stresses resulting from 
vertical and horizontal load components in every small area.

Step 5
Principal stresses and their directions, with respect to the vertical z-axis 
as are computed, using equations of the theory of elasticity (Durielli et al., 
1958; Harr, 1966; Poulos and Davis, 1973). The procedure is similar to that 
described in Chapter 7 for the rectangular footings. However, these steps 
have been repeated here for ready reference.

 I1 = sx + sy + sz (9.19)

Fig. 9.4. Soil mass supporting a footing divided equally into large  
number of horizontal layers.
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Fig. 9.5. Footing area divided into N equal rings and M equal sectors.

 I2 = sx.sy + sy.sz + sz.sx – t2
xy –  t2

yz –  t2
zx

 (9.20)

 I3 = sx.sy.sz – sx.t2
yz – sy.t2

zx – sz.t2
xy + 2 txy.tyz.tzx

 (9.21)

 Also
 I1 = s1 + s2 + s3 (9.22)
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 I2 = s1.s2 + s2.s3 + s3.s1  (9.23)

 I3 = s1.s2.s3 (9.24)

Solving for
 
s1, s2 and s3 we have

  s1
3 – I1s1

2 + I2s1 – I3 = 0 (9.25)

  s2
3 – I1s2

2 + I2 s2 – I3 = 0 (9.26)

  s3
3 – I1 s3

2 + I2 s3 – I3 = 0 (9.27)

Thus s1, s2 and s3 are the roots of equation

  s3 + ps2 + qs + r = 0 (9.28)

where p = – I1, q = I2, and r = – I3

Values of I1, I2 and I3 are taken from Eqs. (9.19), (9.20) and (9.21) 
respectively. Solving Eq. (9.28), three values of s i.e s1, s2 and s3 are 
obtained.

Solving for direction cosines with respect to z axis, we have 
(Sokolnikoff, 1956)

 A1 = (sy – s1)(sz – s1) – tyz .tzy (9.29)

 B1 =  – txy(sz – s1) + tyz.txz (9.30)

 C1 = txy.tyz – (sy – s1)  (9.31)

 A2 = (sy – s2)(sz – s2) – tzy.txz (9.32)

 B2 =  – txy(sz – s2) + tyz.txz (9.33)

 C2 = txy .tyz – (sy – s2) . txz (9.34)

 A3 = (sy – s3)(sz – s3) – tyz.tzy  (9.35)

Fig. 9.6. Horizontal point load acting along the surface.

(x, y, z) 

z 
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 B3 =  – txy(sz – s3) + tzy.txz (9.36)

 C3 = txy .tyz – (sy – s3)txz (9.37)

and

 cos q1 = 
C

A B C
1

1
2

1
2

1
2+ +

 (9.38)

 cos q2 = 
C

A B C
2

2
2

2
2

2
2+ +

 (9.39)

 cos q2 = 
C

A B C
3

3
2

3
2

3
2+ +

 (9.40)

Step 6
Evaluation of vertical strain

 ez  =  e1 cos2 q1 + e2 cos2 q2 + e3 cos2 q3
   (9.41)

The principal strains e1, e2 and e3 were evaluated, using the following 
equations:

 e1 = 
a
b
( )

( )
s s

s s
1 3

1 31
-

- -
 (9.42)

 e2 = s m s s
s m s s

2 3 1

1 2 3

- -
- -

( )
( )

 (9.43)

 e3 = s m s s
s m s s

3 1 2

1 2 3

- -
- -

( )
( )

 (9.44)

a and b are Kondner’s hyperbola constants; m is the Poisson’s ratio.
Vertical strain ez at the point under consideration is then given by 

 ez = e1 cos2 q1 + e2 cos2 q2 + e3 cos2 q3  (9.45)

Step 7
The total settlement ‘S’ along any vertical section is computed by 
numerically integrating the expression

 S = ez

L

dz
0
Ú  (9.46)

The total settlements are computed along all vertical sections, namely, 
x = – B/2, – 4B/10, – 3B/10, – 2B/10, – B/10, 0, B/10, 2B/10, 3B/10, 4B/10, 
B/2, for the given pressure intensity, eccentricity, angle of inclination and 
the annular ratio. Settlement diagrams as shown in Figs 9.7a and were 
obtained.
9.8a 
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Step 8
Evaluation of settlements and tilts of rigid ring footings are obtained for 
the following two cases using the following procedure:

Case 1:  When  e/B  
1

8

2+( )n

As shown in Figs 9.7a and 9.7b, the values of Smax and Smin are obtained 
by equating:

 • The area of settlement diagram of Fig. 9.7a to the area of settlement 
diagram of Fig. 9.7b.

 • The distance of the centre of settlement diagram of Fig. 9.7a from 
the left edge of the footing, i.e. point A′, to the distance of centre of 
settlement diagram of Fig. 9.7b from the left edge of the footing, point 
A′.

i.e.

 As = 
y2

2
[(Smax + S2) + (S1 + Smin)] (9.47)

 Cg = 
A

S S
S S

y
A

S S
S S

y
D3

1

1

2
4

2

2

22
3

2
3

( )
( )

( )
( )

min

min

max

max

+
+

Ê
ËÁ

ˆ
¯̃

+
+
+

+
Ê
ËËÁ

ˆ
¯̃

È

Î
Í

˘

˚
˙

+( )A A3 4

 (9.48)

Solving Eqs (9.47) and (9.48), 

 Smin = A
B n n C

B n n n
S

g( ( ))

( )( )

4 1 6

1 12 2

+ + -ÈÎ ˘̊

- + +ÈÎ ˘̊
 (9.49)

  And  Smax = A
C B n n

B n n ns
g6 1 2

1 12 2

- - +ÈÎ ˘̊

- + +

( )( )

( )( )
 (9.50)

where As =  area of the settlement diagram Fig. 9.6a

 y2 = 
B

n
2

1( )-

 Smin = minimum settlement of footing 
 Smax = maximum settlement of footing 
 B = width (= external diamter) of footing
 Cg =  centre of gravity of the settlement diagram of Fig. 9.7a from 

point A′
 n =  annular ratio = internal diameter/external diameter
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 D = B
n

2
1( )+

S1 and S2 are as defined in Fig. 9.7b.
Therefore, knowing the values of Smax and Smin, settlement of the point 

of load application (Se) and tilt angle (t) of the rigid footing, as shown in 
Fig. 9.7b, are computed using the following expressions:

 t = ( )max minS S
B
-

 (9.51)

Fig. 9.7. Settlement diagrams under ring footing when e/B  (1 + n2)/8.
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Fig. 9.8. Settlement diagrams under ring footing when e/B > (1 + n2)/8.

and 
 Se = Smax – (B/2 – e) sin t (9.52)

Case 2:  When e/B >
( )1

8

2+ n
 

As shown in Figs 9.8a and 9.8b the value of Smax is obtained by equating

 (i) The area of settlement diagram of Fig. 9.8a to the area of settlement 
diagram of Fig. 9.8b.

  Smax = A
X

X X Bn B ns
2
2 2( )- +

È

Î
Í

˘

˚
˙  (9.53)

  where X is defmed in Eq. (9.10). Values of X/R are given in Table 9.1 
in terms of e/B and n.

CASE 2; o/B s (1 + n2)18 

(a) 

B/2 -----<----- B/2 

X= B/2 (1- sin$) ------~ 

I 

_ I s, s, 
----r----J ..,_ • -1-- ~,---, 

I 

B 
nB ---1+-- :2(1-n) ----ooj 
(b) 
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   Knowing the value of Smax, the settlement of the point of load 
application (Se) and tilt (t) for the rigid ring footing subjected to 
eccentric-inclined load, as shown in Fig. 9.7b. are computed as follows:

 t = 
S
X
max  (9.54)

  and

 Se = Smax – (B/2 – e) sin t (9.55)

Step 9
Settlements (Se), (Smax) and tilts (t) for a given set of e/B, a, n and B, 
are computed for different applied load intensities by repeating Step 1 
through Step 8. Consequently, the pressure versus maximum settlement 
(Smax), pressure versus settlement (Se) and pressure versus tilt (t) curves 
were obtained.

Step 10
Pressure-maximum settlement (Smax), pressure-settlement (Se) and 
pressure-tilt (t) curves for other sets of e/B, a, n and B are obtained by 
repeating Step 1 through Step 9.

9.3.3 Results and Interpretation

Results have been obtained by the procedure described above for Buckshot 
clay using the constitutive laws. The properties and hyperbolic constants 
(a and b) for Buckshot clay are given in Section 2.4.1 of Chapter 2.

Pressure versus maximum settlement (Smax) and pressure versus tilt 
(t) curves for solid circular and ring footings (n = 0.0, 0.4) of size 1000 mm 
resting on Buckshot clay have been obtained for load inclination a = 0°, 10°, 
20° and eccentricity width ratio e/B = 0.0, 0.1, 0.2. Typical curves are shown 
in Figs 9.9 to 9.12. A close examination of these figures indicates that the 
proposed methodology predicts the pressure-maximum settlement and 
pressure-tilt curves as usually occurs in practice. If the bearing capacity 
is obtained by intersection tangent method, on the basis of studying the 
total curves (not shown), it was found that it decreases with increase in 
the e/B ratio and load inclination (a) for both solid circular footing (n = 0) 
and annular ring footing (n = 0.4). Further, for the same pressure intensity, 
settlement and tilt increase with increase in e/B and a for both n = 0 and 
0.4 cases. However, for the same pressure intensity, both settlement and 
tilt are more in the case n = 0 in comparison to n = 0.4 case. It may be 
noted that when the pressure is same in solid (n = 0) and annular (n = 0.4) 
footing, the load acting on solid circular footing is more because the area 
of footing in n = 0 case is more than in n = 0.4 case.
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9.4 Footing on Sand

9.4.1 Assumptions

 • Contact pressure distribution beneath the footing is assumed as in the 
case of clay.

 • The effect of the soil weight is taken into consideration for determination 
of stresses in the soil mass. The vertical stress component due the 
weight of soil is taken as gz, where g is the unit weight of soil and z 
is the depth to the centre of soil layer. Whereas the horizontal stress 
components (in the x- and y-directions) due to the weight of the soil 

Fig. 9.9. Pressure versus maximum settlement (Smax) curves for ring footing  
(n = 0.4) on Buckshot clay, for e/B = 0.1.
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are taken equal to k0gz, where k0 is the coefficient of earth pressure at 
rest (k0 = 1 – sin φ), φ being the angle of internal friction.

 • The footing base is assumed to be smooth
 • The ultimate bearing pressure (qurie) for ring footing under eccentric-

inclined load on sand, is computed as follows:
 qurie = Reg Rig quro (9.56)

  Reg, Rig = Reduction factors due to eccentricity (e) and inclination (a) as 
proposed by Meyerhof (1956) are given below;

 Reg = (1 – 2e/B)2 (9.57)

 Rig = (1 – a/f)2 (9.58)

Fig. 9.10. Pressure versus maximum settlement (Smax) curves for ring footing  
(n = 0.4) on Buckshot clay, for e/B = 0.2.
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  quro = Bearing capacity of a centrally-loaded ring footing. For this case 
Kakroo (1985) gave the following equation for computing quro:

 quro = 
gB
2

Dr tan f(236 + 465n – 1420n2 + 754n3) (9.59)

  where Dr is relative density of sand. The above equation is used for a 
surface ring footing.

 • A factor of safety ‘F’ has been introduced, so that at all stress levels, 
the following relationship is satisfied:

 
q
q
urie  = 

s
s s

u

a
F

1 3-
=  (9.60)

Fig. 9.11. Pressure versus tilt curves for ring footing (n = 0.4) on  
Buckshot clay, for e/B = 0.1.
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 where        q =  Intensity of surface eccentric-inclined load 
	 							su = Ultimate stress from hyperbolic relation (= l/b)
	 						s3a = The average of s2 and s3 
	 s1, s2 and s3 = The major, intermediate and minor principal stresses 

due to q and the weight of the soil.

 • Modulus of elasticity, Es has been obtained by the procedure given 
below. The strain at stress level of (su/F) is given by:

 Strain = 
a F
b F

u

u

( / )
( / )

s
s1-

 (9.61)

Fig. 9.12. Pressure versus tilt curves for ring footing (n = 0.4) on  
Buckshot clay, for e/B = 0.2.
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 Es = stress
strain

=
-1 b F

a
u( / )s  (9.62)

Parameters 1/a and 1/b are dependent on the confining pressure. 
Other assumptions made for footings in clay have also been assumed for 
the analysis of footings in sand.

9.4.2  Pressure-settlement and Pressure-tilt Characteristics

The proposed analytical procedure for predicting the pressure-settlement 
and pressure-tilt characteristics of ring footings subjected to eccentric-
inclined loads resting on sand is given in the under-mentioned steps.

Fig. 9.13. Pressure versus maximum settlement (Smax) curves for ring footing  
(n = 0.4) on Amanatgarh sand (RD = 70%), for e/B = 0.1.
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Step 1 
Contact pressure distribution is adopted similar to that described in Step 
2 of Sec. 9.3.2 for ring footings on clay.

Step 2 
The value of Poisson’s ratio ‘m’ and the coefficient of earth pressure at rest 
‘k0’ are obtained from the following relationships:

 k0 = 1 – sin f (9.63)

 m = k0/(1 + k0) (9.64)

where  f = Angle of internal friction of sand

Fig. 9.14. Pressure versus maximum settlement (Smax) curves for ring footing  
(n = 0.4) on Amanatgarh sand (RD = 70%), for e/B = 0.2.
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Fig. 9.15. Pressure versus tilt curves for ring footing (n = 0.4) on Amanatgarh 
sand (RD = 70%), for e/B = 0.1.

Step 3
Stresses, principal stresses and their directions in each layer have been 
determined according to Step 4 and Step 5 given for ring footings on clay.

Step 4
The ultimate bearing pressure ‘qurie’ is computed from Eq. (9.65). This 
equation has been developed by Kakroo (1985) on the basis of extensive 
model testing.
 qurie = Reg Rig quro (9.65)
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Fig. 9.16. Pressure versus tilt curves for ring footing (n = 0.4) on Amanatgarh 
sand (RD = 70%), for e/B = 0.2.

where Reg = (1 – 2e/B)2 (9.66)
 Rig = (1 – α/φ)2 (9.67) 

and quro = 
gB
2

Dr tan φ(236 + 465 n – 1420 n2 + 754 n3) (9.68)

Step 5
The factor ‘F’ for the given surface load intensity ‘q’ is obtained from the 
relation

 F = q
q
urie  (9.69)

q is the intensity of eccentric-inclined load (i.e. P/A).
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Step 6
Modulus of elasticity ‘Es’ is determined by using the following equation:

 Es = 
1- b F

a
u( / )s  (9.70)

where a and b are the constants of the hyperbola, the values of which are 
dependent on the confining pressure.

Step 7
Strains e1, e2 and e3 in each layer in the direction of the major, intermediate 
and minor principal stresses respectively, have been computed using the 
following formulae:

 e1 = 
( )s s1 3- a

sE
 (9.71)

 e2 = s m s s
s m s s

e2 3 1

1 2 3
1

- +
- +

( )
( )

.  (9.72)

 e3 = s m s s
s m s s

e3 1 2

1 2 3
1

- +
- +

( )
( )

.  (9.73)

where s1, s2 and s3 are the principal stresses due to load intensity q and 
weight of soil.

Step 8
Strain in the vertical direction (ez) of each layer, the vertical settlement 
(S) of each layer and the total settlement (S) along any vertical section are 
computed as for footings on clay.

Step 9
Maximum settlement (Smax), settlement of the point of load application 
(Se) and tilt (t) are computed as for footings on clay.

Step 10
Values of (Smax), (Se) and (t) are computed for various load intensities by 
repeating Step 1 to Step 9.

Step 11
Pressure-maximum settlement (Smax), pressure-settlement (Se) and 
pressure tilt (t) curves are obtained for various sets of e/B, a, n and B by 
repeating Step 1 through Step 10.

9.5 Results and Interpretation

Results have been obtained using the aforementioned procedure for 
Amanatgarh sand by using its constitutive law. The properties and hyper-
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bolic constants (a and b) for Amanatgarh sand are given in Chapter 2.
The pressure-maximum settlement (Smax) and pressure-tilt (t) curves 

for ring footings resting on Amanatgarh sand are obtained for B = 300 
mm, 600 mm; n = 0.0, 0.4; a = 0°, 10°, 20° and e/B = 0.0, 0.1, 0.2 and are 
presented in Figs 9.13 to 9.16.

It is evident from these figures that for the same pressure intensity, the 
settlement of a ring footing increases with increase in width of footing (B), 
e/B ratio and load inclination a.

Illustrative Examples

Example 9.1

Determine the value of vertical strain at a point lying on the vertical section 
passing through the centre of a ring footing (external diameter = 6.0 m; 
annular ratio = 0.4) located at depth 2.0 m below the ground surface. The 
ring footing is subjected to:

 Vertical load = 1400 kN

 Horizontal load = 245 kN 

 Moment = 840 kN-m

Assume the value of Poisson’s ratio, m as 0.35. Adopt Kodner’s hyperbola 
constants as: a = 9.83 × 10 –5 m2/kN and b = 0.014 m2/kN. 

Solution

 1. The footing size, B (i.e. external diameter) is 6.0 m with annular ratio 
(n) equal to 0.4.

 2.  A = 
p
4

(1 – n2)B2 = 
p
4

 × (1 – 0.42) × 62 = 22.68 m2 

 e = 
M
Pv

=
840

1400
 = 0.6 m; 

e
B

=
0 6
6 0
.
.

 = 0.1

  
( )1

8

2+ n
= ( . )1 0 4

8

2+ =
1 16

8
.

 = 0.145

   \  e/B<
( )1

8

2+ n

  Contact pressure at a distance x from the centre.

 qvx = V
A n

e
B
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 = 1400
22 68

1
8

0 145
0 1

3 0. .
( . )

.
+ Ê
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ˆ
¯̃

Ê
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ˆ
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È
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˘
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x ; R = B/2=
6 0
2
.

= 3.0 m 

 = 61.73[1 + 0.23x]

	 3.	 Divide the ring into 8 equal parts (Fig. 9.17)

  Area of each ring 22 68
8

2 835 2.
.= m

 
  Distance of c.g of sector oab from point o

 = 
2

3
R sin a

a
; α = 

2
8 2

p
¥

 = 0.3925; sin α = 0.383 

 = 
2 3 0 383
3 0 3925
¥ ¥
¥

.
.

 = 1.95 m 

  Distance of c.g of sector ocd from point o

 = 
1 2
3 0
.
.

 × 1.95 = 0.78 m

Fig. 9.17. (a) Ring footing divided in eight equal parts  
(b) Base pressure diagram (Example 9.1).
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  Therefore distance of portion abcd (i.e. Part 1) from point o

 Cgl = 
p p

p p
¥ ¥ - ¥ ¥

¥ - ¥
È

Î
Í

˘

˚
˙

3 1 95 1 2 0 78
3 1 2

2 2

2 2
. . .

.
 

  55 11 3 53
28 26 4 52

51 58
23 74

. .

. .
.
.

-
-

È
ÎÍ

˘
˚̇

= È
ÎÍ

˘
˚̇

 = 2.17 m 

  
Due to symmetry distance of c.g. of parts 2, 3,…, 8 will also be same, 
i.e. 2.17 m

  For parts 1, 4, 5 and 8:

 x = 2.17 cos 180
8

180
16

+Ê
ËÁ

ˆ
¯̃

 = 1.804 m

 y = 2.17 sin 180
8

180
16

+Ê
ËÁ

ˆ
¯̃

 = 1.205

  For parts 2, 3, 6 and 7:

 x = 2.17 cos
180
16

Ê
ËÁ

ˆ
¯̃  = 2.128 m

 y = 2.17 sin
180
16

Ê
ËÁ

ˆ
¯̃  = 0.423 m

  Pressure intensities acting on different parts:

 qV1,4 = 61.73(1 + 0.23  1.804) = 87.34 kN/m2

 qV2,3 = 61.73(1 + 0.23  2.128) = 91.94 kN/m2

 qV5,8 = 61.73(1 – 0.23  1.804) = 36.12 kN/m2

 qV6,7 = 61.73(1 – 0.23  2.128) = 31.52 kN/m2

  Therefore
 P1 = P2 = 87.34  2.835 = 247.61 kN

  P2 = P3 = 91.94  2.835 = 260.65 kN

 P1 = P2 = 36.12  2.835 = 102.40 kN

 P1 = P2 = 31.52  2.835 = 89.36 kN

                                       700.02 kN

   \	Total load = 700.02  2 = 1400 kN (matches well with given data)
  Proceeding exactly in the same way as illustrated above.
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 H1 = H4 = 
245

1400
 247.61 = 43.33 kN

 H2 = H3 = 
245

1400
 	260.65 = 45.61 kN

 H5 =  H8 = 
245

1400
 	102.40 = 17.92 kN

 H6 = H7 = 
245

1400
 	89.36 = 17.92 kN

                                       122.498 kN

 
	 \	Total load = 122.498  2 = 245 kN (matches well with given data)

  Stresses caused by loads (P1, P2,…, P8) are given in Table 9.2. Similarly 
stresses due to (H1, H2,…, H8) are given in Table 9.3.

  Therefore, total stress due to vertical and horizontal loads will be:

 sz = 23.91 + 1.88 = 25.79 kN/m2

 sx = 19.36 + 1.75 = 21.11 kN/m2

 sy = 3.56 + 0.044 = 3.60 kN/m2

 tzx = 10.70 + 4.06 = 14.76 kN/m2

 tyz = 0

 txy = 0

 4. I1 = sx + sy + sz = 25.79 + 21.11 + 3.60 = 50.50 kN/m2

 I2 = sx sy + sy sz + sxsz – t2
xy – t2

yz – t2
zx

 = 21.11 × 3.6 + 3.6 × 25.79 + 21.11 	25.79 – 0 – 0 – 14.762

 = 76.00 + 92.84 + 544.43 – 217.86 = 495.41 (kN/m2)

 I3  =  sx sy sz – sx s2
yz – sy t2

zx – tz t2
xy + 2txy.tyz.tzx

 = 21.11  3.60  25.74 – 0 – 3.6  14.762 – 0 + 0

 = 1956.13 – 784.29 = 1171.84 (kN/m2)3

  Now the equation:
  s3 – I1 s2 + I2s – I3 = 0

  s3 – 50.5 s2 – 495.41 s – 1171.84 = 0

 s1 = 38.39 kN/m2
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 s2 = 8.53 kN/m2

 s3 = 3.58 kN/m2

  5. e1 = 
a
b
( )

( )
s s

s s
1 3

1 31
-

- -
 

 = 
9 86 10 38 39 3 58
1 0 014 38 39 3 58

9 86 10 34 81
0

5 5. . .
. . .

. .
.

¥ -( )
- -( )

=
¥ ¥- -

55127

 = 669.44  10–5

 e2 = 
s m s s
s m s s

2 3 1

1 2 3

- +
- +

( )
( )

.e1

 = 8 53 0 35 38 39 3 58
38 39 0 35 8 53 3 58
. . ( . . )

. . ( . . )
- +
- +

 	669.44 	10–5

 = 8 53 14 69
38 39 4 24

. .
. .

-
-

 	669.44 	10–5 = 120.75 	10–5

 e3 = s m s s
s m s s

3 1 2

1 2 3

- +
- +

( )
( )

. e1

 = 
3 58 0 35 38 39 8 53
38 39 0 35 8 53 3 58
. . ( . . )
. . ( . . )

- +
- +

 	669.44 	10–5 = 251.74 	10–5

  6.  A1 = (sy – s1) (sz – s1) – tyz.tzy

 = (3.60 – 38.39) (25.79 – 38.39) – 0 = 438.35

 B1 =  – τxy × (sz – s1) + txz.tzy

 = 0 + 0 = 0

 C1 = τyz.τxy – (sy – s1) τxz

 = 0 – (3.6 – 38.39) × 14.76 = 513.5

 cos q1 = 
C

A B C
1

1
2

1
2

1
2 2 2 2

513 5

438 35 0 513 5+ +
=

+ +

.

. .

       Or,    cos q1 = 0.761

  Similarly
 A2 = – 85.09

 B2 = 0

 And  C2 = 72.77

 cos q2 = 0.65
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 A3 = 0.444 

 B3 = 0 

 and C3 = – 0.295

 cos q3 = – 0.553

  7. ez = e1 cos2q1 + e2 cos2q2 + e3 cos2q3

 = 669.44  10–5  (0.761)2 + 120.75 	10–5 × (0.65)2 

  – 251.74 	10–5  (–0.553)2

       Or,  ez = 259  10–5

Example 9.2

Solve Example 9.1, assuming that the ring footing rests on sand having 
the following properties to obtain the pressure-settlement characteristics 
of a ring footing (B = 7.0 m, n = 0.45) resting on sand. Kondner’s hyperbola 
constants are:
 g = 16.5 kN/m2

	 φ = 37°

 
1
a  = K1(s3) n and 

1
b

 = K2 + K3 s3

 K1 = 4.0  103

 K2 = 100 

 K3 = 3.6 and n = 0.6 

                              s3 is in kN/m2

Solution

 1. Computations of stresses (sz, sx, sy, sxz, sxy, syz) will be same as 
described in steps 1, 2 and 3 of Example 9.1.

 2. K0 = 1 – sin φ = 1 – sin 37 = 1 – 0.602 = 0.398

 gz = 16.5  2.0 = 33 kN/m2

 K0gz = 0.398  33 = 13.13 kN/m2

 m = K
K
0

01
0 398

1 0 398+
=

+
.

.
 = 0.285

  Therefore 
 sz = 25.79 + 33 = 58.79 kN/m2

 sx = 21.11 + 13.13 = 34.24 kN/m2

 sy = 3.60 + 13.13 = 16.73 kN/m2
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 tzx = 14.76 kN/m2

 tyz = 0

 txy = 0

  Using the above normal and shear stress as principal stresses, their 
directions are obtained. These are given below:

 I1 = sx + sy + sz = 34.24 + 16.73 + 58.79 = 109.76 kN/m2

 I2 = sx sy + sy sz + sxsz – τ2
xy – τ2

yz – τ2
zx

 = 21.11 × 3.6 + 3.6 × 25.79 + 21.11 × 25.79 – 0 – 0 –14.762

 = 3351.504 (kN/m2) 

 I3 = sx sy sz – sx	τ2
yz – sy	τ2

zx – sz τ2
xy + 2τxy . τyz .τzx

 = 34.24 × 16.73 × 58.79 – 0 – 16.73 × 14.762 – 0 + 0

 = 30032.22 (kN/m2)

  Now the equation:

  s3 – I1 s2 + I2 s – I3 = 0

  s3 – 109.76 s2 + 3351 s – 30032.22 = 0

 s1 = 65.71 kN/m2

 s2 = 27.31 kN/m2

 s3 = 16.73 kN/m2

 s3a = 27 31 16 73
2

. .+  = 22.02 kN/m2

 
1
a

 = 4.0 × 103 × (22.02)0.6 = 25.57 × 103 kN/m2

 a = 0.0391 × 10 – 3  m2/kN

 1
b

= 100 + 3.6 × 22.02 = 179.27 kN/m2

 b = 5.58 × 10– 3 m2/kN

  3. qurie = Reg Rig quro 

 Reg = (1 – 2e/B)2 =(1 – 2 	0.1)2 = 0.64

	 α = tan- Ê
ËÁ

ˆ
¯̃

1 245
1400

  = 9.920
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 Rig = (1 – α/φ)2 = 1
9 92
37

-Ê
ËÁ

ˆ
¯̃

.  = 0.535

 quro = 
gB
2

Dr tan φ(236 + 465 n – 1420 n2 + 754 n3)

  = 
16 5 6 0

2
. .¥

 × 0.70 tan 370 (236 + 465 × 0.4 – 1420 

  × 0.42 + 754 × 0.43)

 = 26.11 (236 + 186 – 227.2 + 48.26) = 6346 kN/m2

 qurie = 6346 × 0.535 × 0.64 = 2172 kN/m2

  Eccentric-inclined load 

 = 1400 2452 2+ = 142 kN 

 q = 
1421
22 68.

 = 62.65 kN/m2

 F = 
2172
62 65.

 = 34.7

  A higher value factor of safety means that the capacity of the assumed 
ring footing is very large. It can take an eccentric-inclined load of 
magnitude 2172 × 22.68 = 49261 kN instead of 1421 kN. This example 
is prepared for illustration. Readers are advised to solve this problem 
assuming less value of external diameter or higher value of external 
loads.

 Es = 
1- b F

a
u( / )s

 = 
1 1 1-

ª
È

Î
Í

˘

˚
˙

( / )F
a

b
u

as
s

 = 1 1 34 7
0 0391 10 3

-
¥ -

( / . )
.

 

 = 24.84 × 103 kN/m2

 e1 = 
( ) . .

.
s s1 3

3
65 71 22 02
24 84 10

-
=

-
¥

a

sE
 = 1.76 × 10 –3

 e2 = 
s m s s
s m s s

e2 3 1

1 2 3
1

- +
- +

( )
( )

.

 = 
1 76 10 27 31 0 285 65 71 16 73

65 71 0 285 6 73 27 3

3. . . ( . . )

. . ( . .

¥ - +ÈÎ ˘̊
- +

-

11)
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 = 
1 76 10 3 815

53 16

3. .
.

¥ [ ]-
 = 0.126 × 10 –3

 e3 = s m s s
s m s s

e3 1 2

1 2 3
1

- +
- +

( )
( )

.

 = 
1 76 10 16 73 0 285 65 71 27 31

53 16

3. . . ( . . )
.

¥ - +[ ]-
 = –0.324 × 10–3

 A1 = (sy – s1) (sz – s1) – tyz . tzy

 = (16.76 – 65.71)(58.79 – 65.71) – 0 = 338.94 

 B1 = – txy × (sz – s1) + txz.tzy

 = 0 + 0 = 0 

 C1 = tyz.txy – (sy – s1) txz

 = 0 – (16.73 – 65.71) × 14.76 = 722.94

 cos q1 = C

A B C

1 722 94

338 94 0 722 941
2

1
2

1
2 2 2 2+ +

=
+ +

.

. .

  Or,  cos q1 = 0.905

  Similarly

 A2 = –333.06

 B2 = 0

  And  C2 = 156.16

 cos q2 = 0.424

 A3 = 0

 B3 = 0 

  and  C3 = 0

 cos q3 = 0

	 ez = e1 cos2q1 + e2 cos2q2 + e3 cos2q3

 = 1.76 × 10–3 × (0.905)2 + 0.126 × 10–3 × (0.424)2 + 0

  Or,  ez = 146 × 10–5
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Practice Problems
 1. In what situations, ring footings are provided? Give their merits. 

Describe briefly the steps to get pressure-settlement footing of a ring 
footing resting on clay.

 2. Obtain the pressure-settlement characteristics of a ring footing having 
external diameter equal to 5.0 m and annular ratio 0.3 m. It is resting 
on clay which has the following properties: a = 8 × 10–5 m2/kN;  
b = 0.013 m2/kN.

 3. Obtain the pressure-settlement characteristics of a ring footing  
(B = 7.0 m, n = 0.45) resting on sand. Kondner’s hyperbola constants 
are:

 1
a

 = K1 (s3)n,
1
b

 = K2 + K3s3

 
K1 = 3.8 × 103

 K2 = 90

 K3 = 3.35

																									s3 is in kN/m2 
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Appendix 9.1

In a ring footing shown in Fig. A9.1.

 A = Net area of ring footing = p p p
4 4 4

2
2 2

B
n B

- =  = (1 – n2)B2  

 Ixx = Moment of inertia of ring footing about X-X axis
 Iyy = Moment of inertia of ring footing about Y-Y axis

Due to symmetry

 Ixx = Iyy = p p pB n B B4 4 4 4

64 64 64
- = (1 – n2)

Fig. A9.1. A view of the ring footing in a plan.

y 

nB 
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If the ring footing is subjected to moment Myy about Y-Y axis, then 
base pressure will be:

 p1,2 = 
Q
A

M x

I
yy
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±

.
 ;  

(Q is the central vertical load acting on the footing)
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  Pressure at a distance x from centre of footing is:
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CHAPTER 

10

Strip Footing Located in Seismic Region

10.1 General

A foundation engineer frequently comes across the problem of designing 
footings for structures located in the seismic region. The seismic excitation 
induces inertial stresses within the soil mass due to the vibration induced 
in the soil mass which is participating in the event. These induced inertial 
stresses lead to a reduction in resistance of soil beneath the footing. Due to 
this, the bearing capacity of the footing gets reduced, while its settlement 
increases. These reduced bearing capacity and increased settlement are 
termed as seismic-bearing capacity and seismic settlement respectively. 
These two are needed for proportioning of the footing.

As in the static case (Chapter 4), so far seismic-bearing capacity and 
seismic settlement are obtained in two independent steps. In Table 10.1, 
a summary of the works done on seismic-bearing capacity evaluation has 
been presented.

Budhu, M and Al-Karni (1993) suggested a procedure for obtaining 
the seismic settlement. Using the method of characteristic (Kumar and 
Rao, 2002), Majidi and Mirghasemi (2008) by adopting discrete element 
method and Shafiee and Jahanandish (2010) by finite element method 
gave the solution for obtaining seismic settlement.

In this chapter, a simple pseudo-static analysis is presented to obtain 
the pressure-settlement and pressure-tilt characteristics of a footing 
subjected to seismic loads, using non-linear constitutive law of the soil. 
In pseudo-static analysis, these additional forces are taken in terms of 
horizontal and vertical coefficients (i.e. Ah and Av). 

The problem analyzed in this chapter has been pictorially 
represented in Fig. 10.1. Fig. 10.1a shows the forces acting on the  
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foundation system in terms of seismic coefficients (Ah and Av) and total 
weight of the superstructure and footing. Due to these, the footing is 
subjected to a vertical load V, a horizontal load (H) and a moment (M), 
(Fig. 10.1b) (Biswas, 2017; Biswas et al. 2016)

where V' = V(1  Av) = Total vertical load including due to seismicity

  H = V.Ah = Horizontal seismic force

  M = V.Ah = Moment at the base of the footing due to the 
horizontal seismic force

  V = Vertical load due to superstructure and the footing. It 
passes through the centre of the footing

  h = Height of point of application of horizontal seismic force 
above the base of the footing. Point C represents the 
combined superstructure and footing.

Fig. 10.1. The problem analyzed in chapter. 

Su per structure 

v .Ah c 
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1 Surface foolin 

/M\' B 1/M\ 
Saturated clay 

V(l ±Av) 

(a) Forces acting on superstructure-foundation system 

V' 

M 

H 
B ------ll>i 

(b) Forces and moment acting on the footing 
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10.2 Analysis

The analysis has been carried out for saturated clay. Hyperbola parameter 
‘a’ and ‘b’ are considered independent to confining pressure.

 e = M
V

 = V A h
V A

h

v

. .
( )1±

 = A h
A

h

v

.
( )1±

 (10.1)

At the first instance the footing is assumed flexible, due to which the 
base contact pressure will be linear as shown in Fig. 10.2. There will be two 
cases as given below:

  (i) e  
B
6

 (Fig. 10.2a)

 q1 = ¢ +Ê
ËÁ

ˆ
¯̃

V
B

e
B

1
6  (10.2a)

Fig. 10.2. Contact stresses at the base of the footings.
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 q2 = 
V
B

e
B

’
1

6
-Ê

ËÁ
ˆ
¯̃  (10.2b)

 (ii) e > 
B
6

 (Fig.10.2b)

 q3 = V
B

B
B e

’ 4
3 6-

Ê
ËÁ

ˆ
¯̃

 (10.3a)

 B = 3
2
B

e-Ê
ËÁ

ˆ
¯̃  (10.3b)

Assumptions
The analysis is based on the following basic assumptions:
 • The soil mass has been assumed as a semi-infinite and isotropic 

medium
 • The whole soil mass supporting a footing is divided into a large 

number of thin horizontal strips (Fig. 10.3) in which stresses and 
strains have been obtained along any vertical section 

 • The stresses in each layer have been computed by using theory of 
elasticity as the stress equations for various types of loads are available

 • The strains have been computed from the known stress condition 
using constitutive law of soil

Procedure
Procedure of the analysis is described in the following steps:

 (i) Divide the soil strata in thin layers upto significant depth (≈ 5.0 B). 
Thickness of each layer may be taken equal to B/8, B being the width 
of footing (Fig. 10.4).

Fig. 10.3. Soil strata divided into n horizontal strip.
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Fig. 10.4. Settlement diagrams in flexible footing.

 (ii) Select about eight points on the base of footing including points C, D, 
and E. Further procedure is to determine the values of settlements of 
these points. For this, consider a vertical section passing through any 
of the selected points.

 (iii) For determining the settlement of the selected point on the base of 
footing, determine the settlement of each layer along the section 
passing through at that point. For example, consider fourth layer and 
vertical section passing through point C. Depth of the centre of this 

layer below base of footing will be 
3
8 16
B B

+Ê
ËÁ

ˆ
¯̃ .

 (iv) Determine the value of e/B ratio (Eq. 10.1). Depending on its value, 
determine the stresses (sz, sx, and txz) at this point due to applied 
stresses as shown in Fig. 10.2a or Fig. 10.2b, using the theory of 
elasticity. Also determine the stresses (sz, sx, and txz) due to horizontal 
pressure intensity (H/B) and add to the earlier obtained values. The 
stress equations are already given in Chapter 3. Using these values of 
stresses, obtain the values of principal stresses (s1 and s3), and their 
directions (q1 and q3) with vertical in the usual way. Steps (v) to (vii) 
are same as already described in Chapter 4 and reproduced here for 
ready reference.

!+----- B ----'"-1 
"'"-fiiiiBBBBBBBBBBB~~;;=:--!ooting 

(+) 

(a) When all settlements are positive 

B 

{b) When some negative settlement occurs 
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 (v) In case of clays, the value of principal strain (e1) in the direction 
major principal stress may be obtained as per Eq. (10.4)

 e1 = 
a

b

s s
s s
1 3

1 31

-( )
- -( )

 (10.4)

  where a and b are Kondner’s hyperbola constants, their values 
may be obtained by performing drained triaxial tests. With soil as 
saturated clay, these are independent to confining pressure s3

 e3 = –m2.e1 (10.5a)

 m2 = - +
-

s m s
s m s

3 1

1 1 3

 (10.5b)

 m1 = 
m

m1-
 (10.5c)

  m is Poisson’s ratio
 (vi) Vertical strain at the selected point will then be:

 ez = e1 cos2q1 + e3cos2q3 (10.6)

 (vii) On multiplying ez with the thickness of the strip (i.e  B/8), 
settlement of the strip at the point under consideration is obtained. 
The evaluation of the total settlement along any vertical section is 
done by numerically integrating the quantity, i.e.

  where 

 St = ez

n

dz
0
Ú  (10.7)

          St =  total settlement along ith vertical section
          ez =  vertical strain at depth z below the base of footing
         dz =  thickness of strips at depth z
  n = number of strips in which the soil strata upto significant depth is 

divided. In this way   values of total settlements along other vertical 
sections passing through the base of footing are obtained. 

Actually in flexible footing, settlement patterns will be non-linear 
and therefore, it will be as shown in Fig. 10.4a or Fig. 10.4b depending 
upon the value of e/B ratio. Values of e depends basically on Ah and h 
values, considering the base of the footing as rigid its settlement pattern 
will depend on the shapes of settlement diagrams of the flexible footing 
(i.e. Fig. 10.4a and Fig. 10.4b). If in flexible footing, settlement pattern is as 
shown in Fig. 10.4a, it is likely that in rigid footing will be as shown in Fig. 
10.5a. Values of Smax and Smin may be obtained by solving the following 
equations:
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  S Smax min+Ê
ËÁ

ˆ
¯̃2

B = A  (10.8a)

  2
3

S S
S S

Bmin max

max min

+
+

Ê
ËÁ

ˆ
¯̃

 = Cg (10.8b)

A = area of settlement diagram shown in Fig. 10.4a, and Cg = distance of Cg 
of settlement diagram shown in Fig. 10.4a from left edge of footing.

Therefore, knowing the values of Smax and Smin tilt angle (t) of the 
rigid footing is computed using the following expressions:

 t = tan max min- -Ê
ËÁ

ˆ
¯̃

1 S S
B

 (10.9) 

If settlement pattern of flexible footing is as shown in Fig. 10.4b, the 
settlement pattern of a rigid footing will be as shown in Fig. 10.5b. Then 
in this case, values of Smax are obtained by solving the following equation:

  
1
2

Smax.B" = A (10.10a)

where A is area of positive portion of settlement diagram (Fig. 10.4b). 
Further in this case, Smin = 0.

B" is the reduced width of footing. Also the centre of settlement 
diagram (Fig. 10.4b) should coincide the settlement (Fig. 10.5b), i.e. for the 
rigid footing. Therefore, 

 
¢¢B

3
 = Cg or B" = 3Cg (10.10b)

Hence, in rigid footing Smax will be:

 Smax = 
2 2

3
A

B
A
Cg¢¢

=  (10.10c)

Tilt will be given by the following expression:

 t = tan max-

¢¢
Ê
ËÁ

ˆ
¯̃

1 S
B

 (10.11)

10.3 Parametric Study

Pressure versus maximum settlement, pressure versus minimum 
settlement and pressure versus tilt curves were obtained for the following 
parameters:

 (i) Width of following, B: 0.5 m, 1.0 m, 2.0 m and 2.5 m
 (ii) Horizontal seismic coefficient, Ah: 0, 0.5, 0.10 and 0.15
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 (iii) Vertical seismic coefficient, Av: Ah/2
 (iv) Hyperbola parameters 1/a and 1/b respectively: (5000 kN/m2, 35 

kN/m2), (7000 kN/m2, 50 kN/m2), (9000 kN/m2, 60kN/m2), and 
(12000 kN/m2, 80 kN/m2)

 (v) Height point of application of horizontal seismic force from base of 
footing, h:B, 1.5 B, 2.0 B, 2.5 B.

After studying the values of maximum settlement (Smax) and minimum 
settlement (Smin), it was found that at a particular pressure intensity (q), 
these increase in direct proportion to the width footing. This point has 
already been illustrated in Chapter 4 for uniform pressure intensity acting 

Fig. 10.5. Settlement diagram in case of rigid footing.
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on the footing. Keeping these facts in view, plots have been prepared 
between q versus Smax/B, q versus Smin/B and q versus tilt for all the 
parameters listed above. It may be stressed again that these curves are 
independent to the width of footing, i.e. hold good for all the values of B 
(≈ 0.5 m, 1.0 m, 2.0 m, 2.5 m).

For 1/a = 9000 kN/m2, 1/b = 60 kN/m2; some typical curves (q versus 
Smax/B, q versus Smin/B and q versus tilt) are shown in Figs 10.6, 10.7 and 
10.8 respectively for Ah = 0.05, Ah = 0.10 and Ah = 0.15 respectively. In these 
variation with h/B ratio has also been shown. A study of these figures 
indicated that for a given pressure intensity: 

Fig. 10.6a. q versus (Smax/B) curves.

Fig. 10.6b. q versus (Smin/B) curves.
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Fig. 10.6c. q versus tilt curves.

Fig. 10.7a. q versus (Smax/B) curves.

Smax increases with the increase in Ah and h/B ratio
Smin decreases with the increase in Ah and h/B ratio
Tilt increases with the increase in Ah and h/B ratio
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Fig. 10.7b. q versus (Smin/B) curve.

Fig. 10.7c. Tilt versus q curve.

This trend occurs with other values of 1/a and 1/b parameters also. In 
these figures, curve showing for h/B = 0, belongs to static case i.e. Ah = 0.

From the curves shown in Fig. 10.6, ultimate bearing capacities have 
been obtained by intersection tangent method. It was found that bearing 
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Fig. 10.8a. q versus (Smax/B) curves.

Fig. 10.8b. q versus (Smin/B) curves.

capacity ratio (BCR) equal to  
( )

( )

q

q
u A

u A

h

h = 0
  is same for all the values 1/a and 

1/b (Tables 10.2 to 10.5). (qu)Ah 
and (qu)Ah = 0 

are respectively the bearing 
capacity values for a specified value of Ah and in static case, respectively. 
Therefore, B.C.R. is dependent only on h/B ratio and seismic coefficient 
Ah.
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Table 10.2. Computation the ratio of ultimate bearing pressure for  
Ah = 0.05 (1/a = 5000 kN/m2 and 1/b = 35 kN/m2)

B(m) h/B Ah qu(kN/m2) qu/qu0

0.5 0.00 0.05 46.98 1.000

0.5 1.00 0.05 41.62 0.886

0.5 1.50 0.05 38.78 0.826

0.5 2.00 0.05 35.94 0.765

0.5 2.50 0.05 33.10 0.705

Table 10.3. Computation the ratio of ultimate bearing pressure for  
Ah = 0.05 (1/a = 7000 kN/m2 and 1/b = 50 kN/m2)

B(m) h/B Ah qu(kN/m2) qu/qu0

0.5 0.00 0.05 66.94 1.000

0.5 1.00 0.05 59.31 0.886

0.5 1.50 0.05 55.26 0.826

0.5 2.00 0.05 51.21 0.765

0.5 2.50 0.05 47.16 0.705

Fig. 10.8c. q versus tilt curve.
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Table 10.4. Computation the ratio of ultimate bearing pressure for  
Ah = 0.05 (1/a = 9000 kN/m2 and 1/b = 60 kN/m2)

B(m) h/B Ah qu(kN/m2) qu/qu0

0.5 0.00 0.05 81.01 1.000
0.5 1.00 0.05 71.78 0.886
0.5 1.50 0.05 66.88 0.826
0.5 2.00 0.05 61.98 0.765
0.5 2.50 0.05 57.07 0.705

Table 10.5. Computation the ratio of ultimate bearing pressure for  
Ah = 0.05 (1/a = 12000 kN/m2 and 1/b = 80 kN/m2)

B(m) h/B Ah qu(kN/m2) qu/qu0

0.5 0.00 0.05 108.02 1.000
0.5 1.00 0.05 95.70 0.886
0.5 1.50 0.05 89.17 0.826
0.5 2.00 0.05 82.63 0.765
0.5 2.50 0.05 76.10 0.705

Figure 10.9 shows the trend of variation of BCR. It is evident from this 
figure that BCR decreases with increase in h/B ratio and Ah.

It is very common to obtain (qu)Ah=0 in a conventional way using 
Terzaghi’s theory or by any other approach including field tests. Therefore, 
the seismic bearing capacity can be obtained using charts given in Fig. 10.9 
for saturated clay. Doing regression analysis, Fig. 10.9 may be summed up 
by the following equation: 

 BCR = 1 – (2.0422 × Ah + 0.006)h/B (10.12)

Fig. 10.9. BCR versus h/B ratio.

1.2 

1.0 

0.8 

0.6 

0.4 

0.2 

0.0 
0.0 

kN/m2 118 = 9000 
2 1/b = 60 kN/m 

0.5 1.0 

........................ 

1.5 

I 

............ 
'"'- ..... ................. At,= 0.10 

At,= 0.15 

2.0 2.5 3.0 



256 Shallow Foundations and Soil Constitutive Laws

From the pressure versus maximum settlement curves Figs. 10.6(a), 

10.7(a), 10.8(a), ratios of 
( )

( )
maxS

S A
A

h

h

avg =0
 were computed for factors of safety 2,

2.5 and 3.0 for all the values of Ah and h/B. (Smax)Ah represents the 
values of maximum settlement for specified value of Ah and factor of 
safety; (Savg)Ah=0 

is the value of average settlement for static case i.e. Ah 
= 0 considering the same factor of safety. Factors of safety 2, 2.5 and 3 
correspond to pressure intensities qu/2, qu/2.5 and qu/3, where qu is 
the ultimate bearing pressure which is obtained by intersection tangent 
method from a given pressure-settlement curve. It was found that the 

values of ratio
S A

S A
h

h

max( )
( ) =avg 0

 are independent to the value of factor of 

safety. Typical plots are shown in Fig. 10.10. From this figure one can 

determine the value of 
S A

S A
h

h

max( )
( ) =avg 0

for the given values of h/B and Ah.

After doing regression analysis, these curves can be summed up by the 
following equation:

  
S

S

A

A

h

h

max( )
( ) =avg 0

= [–2.86 × Ah
2 + 0.0039 × Ah + 0.0039] × (h/B)2 

  + [–4.24 × Ah
2 + 0.172 × Ah –0.0657] × (h/B) + 1 (10.13)

Fig. 10.10. 
( )

( )
maxS

S
h
BAhavg

versus
=0

 for different values of Ah.
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 Similar exercise has been done for 
S

S

A

A

h

h

min( )
( ) =avg 0

 using the data shown  
 
in Figs 10.6b, 10.7b and 10.8b. The final curves are shown in Fig. 10.11 and 
the corresponding equation is as given below:

 
S

S

A

A

h

h

min( )
( ) =avg 0

 = [2.36 × Ah
2 + 0.5256 × Ah – 0.0003] × (h/B)2 

  + [8.66 × Ah
2 – 5.9658 × Ah –0.003] × (h/B) + 1 (10.14)

It may be noted that the above Eqs (10.13) and (10.14) are not  
dependent on the values of 1/a and 1/b.

The procedure of obtaining the pressure-settlement of a rigid footing 
in static case has been explained in detail in Chapter 4. Once this is 
obtained one can get (qu)Ah = 0 by intersection tangent method. Further 
the value of (Savg)Ah=0 i.e. in static case may also be obtained for any 
pressure intensity. Usually settlements and tilts are obtained for pressure 

intensities lying between 
( )qu Ah =0

3
to

 

( )qu Ah =0

2
. Further the values of 

 
(qu)Ah = 0 and (Savg)Ah = 0 may also be obtained, using classical approaches i.e 
Terzaghi’s theory, one-dimensional consolidation approach or using plate 
load test data or penetration tests data. In this chapter, procedure has been 
given for obtaining the ultimate bearing capacity, settlement and tilt of a 
footing located in seismic region. It is further illustrated in Example 10.1.

Fig. 10.11.  
( )

( )
minS

S
h
B

A

A

h

havg
versus

=0
 for different values of Ah.
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Illustrative Example

Example 10.1

Proportion a strip footing subjected to a vertical load of magnitude  
100 kN/m and located in seismic region having horizontal seismic 
coefficient equal to 0.1. Values of unit cohesion and compression index 
are 40 kN/m2 and 0.12 respectively. Height of point of application of the 
horizontal seismic force above the base of footing is 3.0 m. The unit weight 
of soil is 19 kN/m3 and degree of saturation is 95 per cent. Permissible 
values of settlement and tilt are 25 mm and 0.5° respectively.

Solution

 1. Assume the width of the footing as 1.5 m
 2. Using Terzaghi’s theory,

 (qu)Ah=0 = c.Nc

  c is the unit cohesion and Nc is bearing capacity factor equal to 5.7.
  Therefore (qu)Ah=0 = 40 × 5.7 = 228 kN/m2

  Load carrying capacity of the footing in static case

 = 
228
3

 × 1.5 = 114 kN/m 

 3. From Eq. (10.12)

 BCR = 
q

q

u A

u A

h

h

( )
( ) =0

 = 1 – [2.0422Ah + 0.006](h/B)

 = 1 – [2.0422 × 0.1 + 0.006] (3.0/1.5)

 = 1 – 0.42044 = 0.57956 ≈ 0.58

  ∴ (qu)Ah = 228 × 0.58 = 132.2 kN/m2

  Load-carrying capacity of strip footing

 = 
132 2

3
.

× 1.5 = 66.12 kN/m < 100 kN/m (hence unsafe)

  4.            
G Se

e
s +
+

Ê
ËÁ

ˆ
¯̃1
gw = 19 kN/m3

              2 65 0 95
1

. .+
+

Ê
ËÁ

ˆ
¯̃

e
e

10.0 = 19

                      2.65 + 0.95 e = 1.9 + 1.9 e
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  or  0.95 e = 0.75

    ∴  e = 0.7895

Assuming that the soil stratum from the base of the footing to a depth 
equal to 2B is contributing to the settlement of the footing,

 (Savg)Ah=0 = 
C H

e

p p
p

c

1 0
10

0

0+
+

log
D

 Cc = Compression index = 0.12

 H = 2B = 2 × 1500 = 3000 mm

 e0 = Initial void ratio = 0.7895

 p0 = Initial overburden pressure

  ∆p = Increase in pressure at the center of clay layer due to 
superimposed load

 p0 = 19 × 1.5 = 28.5 kN/m2

 ∆p = 
66

1 5 1 5. .+( )
 = 22 kN/m2

 (Savg)Ah=0 = 
0 12 3000
1 0 7895

28 5 22
28 510

.
.

log
.

.
¥

+( )
+

 = 
360

1 7895.
 × 0.2484 = 50 mm

From Eq. (10.13)

 
S

S

A

A

h

h

max( )
( ) =avg 0

 = [– 2.86 × Ah
2 + 0.0039 × Ah + 0.0039] ×  (h/B)2 

  + [4.24 × Ah
2 + 0.172 × Ah 0.0657] × (h/B) + 1

 = [–2.86 × (0.1)2 + 0.0039(0.1) + 0.0039](3/1.5)2

 = [4.25 × (0.1)2 + 0.172(0.1) – 0.00657](3/1.5)2

 = 0.735
Therefore,

 (Smax)Ah
 = 50 × 0.735 = 36.75 mm > 25 mm (hence unsafe) 

From Eq. (10.14)

  
S

S

A

A

h

h

min( )
( ) =avg 0

 = [2.36 × Ah
2 + 0.5256 × Ah – 0.0003] × (h/B)2 

  + [8.66 × Ah
2 – 5.9658 × Ah – 0.003] ×  (h/B) + 1
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 = [2.36 × (0.1)2 + 0.5256 (0.1) + 0.0003] (3/1.5)2 

  + [8.66 × (0.1)2 – 5.9658 (0.1) – 0.003] (3/1.5) + 1 = 0.277

 (Smin)Ah = 50 × 0.277 = 13.85 mm

 Tilt = tan–1
S S

B
A Ah h

max min( ) - ( )È

Î
Í
Í

˘

˚
˙
˙

 

 = tan
( . . )- -È

ÎÍ
˘
˚̇

1 36 75 13 85
1500

 = 0.875° > 0.5° (hence unsafe)

Less than 1° (hence safe)

Practice Problems

 1. Considering pseudo-static approach, show the forces and moments 
acting on the base of footing. Draw the typical settlement patterns 
considering (i) e/B  1/6 and (ii) e/B > 1/6, e being the eccentricity 
and B the width of footing.

 2. Explain stepwise the procedure for obtaining maximum and minimum 
settlements of a smooth flexible footing resting on saturated clay and 
located in seismic region.

 3. How is the settlements of a rigid footing obtained knowing the 
settlements of a flexible footing of same width.

 4. Determine the amount of vertical load on a strip footing of width 
1.5 m resting on saturated clay (1/a = 9000 kN/m2, 1/b = 60 kN/m2) 
considering that located in seismic region having horizontal seismic 
coefficient equal to 0.15. Permissible value of settlement is 30 mm.
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CHAPTER 

11

Strip Footing Located Below Ground Surface

11.1 General

The base of a footing is always located at a certain depth d below the 
ground surface. Usually this depth ranges between 0.25 B and 1.0 B, where 
B is the width of footing (Terzaghi, 1943; Terzaghi and Peck, 1967; Saran, 
2006). In shallow foundations, d/B > 0, for the same pressure intensity, the 
values of settlement and tilt are lesser in comparison to the surface footing. 
This means that the pressure-settlement and pressure-tilt characteristics 
improve, i.e. shift upwards. Hence, neglecting the effect of depth of the 
footing will lead to a safe design, but it is uneconomical.

In this chapter, the methodology has been developed for analyzing 
the behavior of a strip footing having its base located below the ground 
surface, using non-linear constitutive law of the soil. Since stress equations 
are available only for vertical and horizontal point loads, solutions are 
based on the principle of numerical addition.

11.2 Stress Equations

The solution for determining the stresses sz, sx and txz was given by 
Melan (1919, 1932) for both vertical and horizontal line loads acting at 
a depth d below the surface of semi-infinite mass. The equations of 
stresses in convenient form were reproduced by Harr (1966). By using 
superimposition, the stresses can be obtained for any orientation of the 
line load.

For a vertical line load (Fig. 11.1a), he found
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Fig. 11.1. Geometry with respect to vertical and horizontal loads is shown.
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 For a horizontal line load (Fig. 11.1b) (Harr, 1966),
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In the above expressions:

  P = Vertical line load
  Q = Horizontal line load
  x = Distance of the point under consideration for obtaining 

stresses from vertical axis passing through point ‘O’ (Fig. 
11.1)

  z = Depth of the point below ground surface

  m = 
1- m

m
  m = Poisson’s ratio

  r1
2 = x2 + (z – d)2 (11.7a)

  r2
2 = x2 + (z + d)2 (11.7b)

It may be noted that in the case d = 0, stress Eqs (11.1) to (11.6) will 
reduce to Eqs (7.1) to (7.6) as given in Chapter 7 (Art. 7.2).

11.3 Method of Super-position

Figure 11.2a shows a section of a strip footing subjected to a uniformly 
distributed vertical load of intensity qv. For getting the solution of the 
footing located at a depth d, uniformly distributed load may be converted 
into concentrated loads, say in ‘n’ equal parts. Then magnitude of each 
concentrated load, say P (Fig. 11.2b), will be:
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Fig. 11.2. Uniformly distributed vertical acting on a footing located at a certain 
depth below around surface.

 P = ( )q d B
n

v − γ   (11.8)

If it is desired to obtain stresses (sz, sx and txz) at point ‘A’ (Fig. 
11.2b), the same can be done by using Eqs (11.1), (11.2) and (11.3) by 
putting relevant values of x and z. This exercise is done for each vertical 
concentrated load ‘P’ (Fig. 11.2b); values of total stresses (i.e. of each sz, sx 
and txz) are then obtained by numerical addition.

Similarly, Fig. 11.3a shows a section of strip footing subjected to 
a uniformly distributed horizontal load of intensity qh. Proceeding as 
illustrated above:

 Q = 
q B
n
h .

 (11.9)

Stresses sz, sx and txz at point ‘A’ are obtained using Eqs (11.4), (11.5) 
and (11.6) for each horizontal concentrated load  of magnitude ‘Q’. Total 
value of stresses are obtained by numerical addition.

If the variation of vertical and horizontal load intensities is other 
than uniform (say, triangular increasing or triangular decreasing or 
parabolic, etc.), the principle of addition can be applied by converting this 
distribution into equivalent vertical and horizontal loads (i.e. P and Q). 
Accuracy of the method depends on the value of ‘n’. It may be seen that if 
the distribution of loading intensities is as shown in Figs 11.4a and 11.4b, 
values of P1, P2 … and Q1, Q2 … are obtained by computing the area of 
corresponding trapeziums.
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Fig. 11.3. Representation of horizontal distributed load into equivalent 
concentrated horizontal loads.

Fig. 11.4. Representation of trapezoidally varying vertical and  
horizontal loading into respective concentrated loads.

11.4 Shallow Strip Footing on Clay (Static Case)

As mentioned in the earlier chapters, the effect of base roughness on the 
pressure-settlement characteristic of a footing is marginal. Therefore, 
only the analysis of a smooth-based footing is presented herein. Further, 
because the average settlement of a flexible footing (AS/B) is almost equal 

T ' ·' 

d 
qh 

(a) 

1 
__,. __,. __,. 

B 

T 
q, (b) Q Q Q Q Q 

i -----
z 

A I 

T r~'· --::,_. P, 
--::,_. P, --::,_. (a) q,, 

1 
' B 

(b) 



Strip Footing Located Below Ground Surface 267

to the uniform settlement of a rigid footing of same width, the footing is 
considered flexible.

11.4.1 Assumptions

• Soil mass below depth ‘d’ from ground surface is assumed as semi-
infinite and isotropic

• The footing base is considered perfectly smooth and flexible. Therefore, 
contact pressure distribution will be uniform (Fig. 11.2)

• The soil mass below the base of the footing is divided into a large 
number of strips (Fig. 11.5) in which stresses and strains are assumed 
to be uniform along any vertical section

Fig. 11.5. The division of soil stratum into a number of layers.

• Stresses in each layer are computed using Eqs (11.1) to (11.3) for a 
pressure intensity equal to qv – gd; qv is the pressure intensity acting on 
the footing for which settlement is desired; g is the unit weight of the 
soil; and amount of qv is greater than gd

• Strains have been computed using the constitutive law of soil, and 
considering no slippage at the interface of layers of the soil mass

11.4.2 Analysis

Analysis for obtaining the pressure-settlement characteristics of an actual 
shallow footing of width B located at a depth d below ground surface is 
required to carry out the following steps:

• Divide the soil strata into thin layers upto significant depth (≈ 5.0 
B) below the base of footing. Thickness of each layer may be taken as 
equal to B/8 with B being the width of footing (Fig. 11.5)

Cl 
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• Base contact pressure is considered uniform to adopt a value pressure 
intensity qv. Divide this into n small parts, so that each part may 
be considered to have a concentrated vertical load of magnitude  
( ).q d B

n
v - g

• Select about eight points on the base of the footing, including points A, 
B and C. Further procedure is to determine the values of settlements at 
these points. For this, consider a vertical section passing through any 
of the selected points

• For determining the settlement of a selected point at the base of footing, 
determine the settlement of each layer at that point. For example, 
consider fourth layer and vertical section passing through point A 

depth of the centre of this layer below the base of footing 
3
8 16
B B

+Ê
ËÁ

ˆ
¯̃ .  

  Determine the stresses (sz, sx and txz) at this point, using for all the 
concentrated vertical loads. Using the principle of addition, the final 
values of sz, sx and txz are obtained. Determine the principal stresses 
s1 and s3 and their directions with respect to vertical, i.e. q1 and q3 in 
the usual manner

• In the case of clay, the value of principal strain (e1) in the direction of 
major principal stress may be obtained as per Eq. (11.10)

 e1 = 
a
b
(

(
σ σ

σ σ
1 3

1 31
−

− −
)

)
 (11.10)

  where a and b are Kondner’s hyperbola constants

 e3 = – m2.e1 (11.11)

 m2 = 
- +

-
s m s

s m s
3 1 1

1 1 3
 (11.12)

 m1 = 
m

m1-
 (11.13)

 m is Poisson’s ratio

• The vertical strain at the selected point will then be

 ez = e1 cos2 q1 + e3 cos2 q3 (11.14)

• On multiplying ez with the thickness of the strip, settlement of the 
strip at the point under consideration is obtained. Evaluation of the 
total settlement along any vertical section is done by numerically 
integrating the quantity, i.e.  
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  St = ez

N

dz
0
Ú  (11.15)

 where St = total settlement along ith vertical section

  ez = vertical strain at depth z below the base of footing
  dz = thickness of strips at depth z
   N = number of strips in which the soil strata upto a significant 

depth is divided 
In this way the values of total settlements along other vertical sections 

passing through the base of footing are obtained. The settlement pattern 
will be as shown in Fig. 11.6.

Fig. 11.6. Settlement diagram of a shallow footing subjected to  
vertical uniformly distributed loading. 

The above procedure is applicable for a flexible footing resting on 
clay. For getting the settlement of an equivalent rigid footing, the area of 
settlement diagram (Fig. 11.6) is divided by the width of the footing. The 
above procedure is repeated for other values of pressure intensities qv. In 
this way, complete pressure-settlement characteristics of an actual footing 
of width B resting on clay, as defined by Kondner’s soil parameters a and b, 
is obtained. It, therefore, enables us to proportion the footing completely.

11.5 Strip Footing on Clay (Seismic Case)

When a structure is located in a seismic zone, it is subjected to additional 
forces due to vibrations generated by an earthquake. There are two methods 
of analysis; namely, pseudo-static analysis based on seismic coefficients 
and dynamic analysis. Herein pseudo-static analysis is presented. If Ah 
and Av are respectively the horizontal and vertical seismic coefficients, the 
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total vertical load acting on a strip footing will be V(1  Av) and horizontal 
load be equal to V.B.Ah (Fig. 11.7a) acting at a certain height h above the 
base of the footing. V is the total weight of the superstructure and the 
foundation system. Equivalent force is shown in Fig. 11.7b. Therefore, the 
footing may be considered to be subjected to pressure intensities as shown 
in Figs 11.7c and 11.7d i.e.,

For 
e
B

£
1
6

 V′ = V(1  Av) (11.15a)

 M = V.Ah.(h + d) (11.15b)

 e = 
M
V ¢

 (11.16)

 pmax = 
¢ +Ê
ËÁ

ˆ
¯̃

V
A

e
B

1
6

 (11.17a)

 pmin = ¢ -Ê
ËÁ

ˆ
¯̃

V
A

e
B

1
6  (11.17b)

(a) Forces acting on the superstructure-footing system in seismic case

(b) Equivalent force diagram
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(c) Vertical pressure diagram when e
B

£
6

(d) Vertical pressure diagram when e
B

>
6

Fig. 11.7. Forces and moments acting on a shallow footing in seismic case.

For 
e
B

>
1
6

 (Fig. 11.7d)
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 pmin = 0 (11.18b)
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Procedure for the analysis is exactly the same as discussed above in 
Art. 11.4.2, keeping the following additional points in view:

Final values of stresses (sz, sx and txz) as obtained by numerically 
adding the stress caused by:

Footing 
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• Vertical pressure diagram is shown in Fig. 11.7c when e/B  1/6 or 
vertical pressure diagram shown in Fig. 11.7d, for e/B > 1/6 

• Horizontal pressure diagram is shown in Fig. 11.8.

Fig. 11.8. Horizontal pressure diagram.

Readers may note that the only difference in the analysis presented in 
Art 10.2 of Chapter 10 is in the expression of M (i.e. Eq. (11.16b)). Change 
in this expression will be reflected in further analysis.

11.6 Results and Interpretation (Static Case)

As per the detailed discussion given in Art 4.4 of Chapter 4, pressure 
versus average settlement width ratio curves of a surface footing is 
improved with increase in 1/a and 1/b values (Fig. 4.14). Further these 
curves are independent of the width of the footing (Fig. 4.13). Similar 
curves are shown in Figs 11.9 and 11.10 for d/B ratios equal to 0.5 and 1.0.

Values of ultimate bearing capacity obtained from Fig. 4.14 and Fig. 
11.9 by inter-section method are given in Table 11.1.

In Column No 5, the ratios of ultimate bearing capacity values 
( )

( )

q

q
u d B

u d B=0

 are given for d/B = 0, 0.5 and 1. It is quite evident that these 

values are independent of 1/a and 1/b values, and are dependent only on 
d/B ratio. Regression analysis gives the following relationship:

 
( )

( )

q

q
u d B

u d B=0

 = 1 + 0.262 (d/B) (11.19)

Values of settlements Su for pressure intensities qu are listed in Col. 6 

of Table 11.1. Settlement ratios 
( )

( )

S

S
u d B

u d B=0

 are given in Col. 7. Here it may

be noted that the settlement ratios are independent of 1/a and 1/b values 
and dependent on d/B ratio. On regression analysis, the following 
equation is obtained:

B---
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( )

( )

S

S
u d B

u d B=0

 = 1 – 0.096 (d/B) (11.20)

Table 11.1. Values of bearing capacity and settlement ratios for F.O.S = 1

Depth
(m)

1/a
(kN/m2)

1/b
(kN/m2)

(qu)d/B = 0
(kN/m2)

(qu)d/B = 0/ 
(qu)d/B = 0

(Su)d/B=0
(mm)

(Su)d/B=0/
(Su)d/B=0

(1) (2) (3) (4) (5) (6) (7)

0 5000 35 45 1 33.6031 1
0 7000 50 64.57 1 35.0841 1
0 9000 60 79.97 1 39.7568 1
0 12000 90 108.14 1 44.4701 1

Depth
(m)

1/a
(kN/m2)

1/b
(kN/m2)

(qu)d/B = 0.5
(kN/m2)

(qu)d/B = 0.5/ 
(qu)d/B = 0

(Su)d/B=0.5
(mm)

(Su)d/B = 0.5/
(Su)d/B = 0

(1) (2) (3) (4) (5) (6) (7)

0.5 5000 35 50.5 1.1222 31.9424 0.9506
0.5 7000 50 72.5 1.1228 33.3445 0.9504
0.5 9000 60 90 1.1254 37.7771 0.9502
0.5 12000 90 121.5 1.1235 42.2578 0.9503

Depth
(m)

1/a
(kN/m2)

1/b
(kN/m2)

(qu)d/B = 1
(kN/m2)

(qu)d/B = 1/ 
(qu)d/B = 0

(Su)d/B = 1
(mm)

(Su)d/B = 1/
(Su)d/B = 0

(1) (2) (3) (4) (5) (6) (7)

1 5000 35 56.62 1.2582 30.3678 0.9037
1 7000 50 81.33 1.2596 31.7032 0.9036
1 9000 60 101.29 1.2666 35.9098 0.9032
1 12000 90 136.827 1.2653 40.1817 0.9036

As in design, settlements are required for the factors of safety lying 
between 2 and 3, their values obtained by keeping in mind this point 
in view. In Table 11.2, Col. 4 indicates the values of pressure intensities 
corresponding to the factor of safety equalling 2.0. These are obtained 
by dividing the value of qu (Table 11.2) by 2.0. In Col. 5, the values of 
corresponding settlements (S)d/B 

are given which are obtained from 
pressure-settlement curves given in Figs 4.14, 11.9 and 11.10 respectively. 

Values of settlement ratios 
( )

( )

( )

( )
.S

S

S

S
d B

d B

d B

d B

=

=

=

=

0 5

0

1

0
and  are given in Col. 6. 

Similarly values of 
( )

( )

( )

( )
.S

S

S

S
d B

d B

d B

d B

=

=

=

=

0 5

0

1

0
and  and  for factors of safety 2.5 and

3.0 are given in Tables 11.3 and 11.4 respectively. It is evident from  
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Tables 11.2, 11.3 and 11.4 that the settlement ratios are independent of 
the soil properties (i.e. 1/a and 1/b values), and depend on d/B ratios. 
Regression analysis gives the following equation to obtain the settlement 
ratio:

 
( )

( )

S

S
d B

d B=0
 = 1 + 0.064 (d/B) – 0.033(d/B)2 (11.21)

Table 11.2. Values of bearing capacity and settlement ratios for F.O.S = 2

Depth
(m)

1/a
(kN/m2)

1/b
(kN/m2)

q(d/B = 0)
(kN/m2)

S(d/B = 0m)
(mm)

S(d/B = 0)/ 
S(d/B = 0)

0 5000 35 22.500 7.3902 1.0000
0 7000 50 32.285 7.5888 1.0000
0 9000 60 39.985 7.4132 1.0000
0 12000 90 54.070 7.5675 1.0000

Depth
(m)

1/a
(kN/m2)

1/b
(kN/m2)

q(d/B = 0)
(kN/m2)

S(d/B = 0m)
(mm)

S(d/B = 0.5)/ 
S(d/B = 0)

0.5 5000 35 25.250 7.5453 1.0210
0.5 7000 50 36.250 7.7534 1.0217
0.5 9000 60 45.000 7.5966 1.0247
0.5 12000 90 60.750 7.7347 1.0221

Depth
(m)

1/a
(kN/m2)

1/b
(kN/m2)

q(d/B = 0)
(kN/m2)

S(d/B = 0m)
(mm)

S(d/B = 1.0)/ 
S(d/B = 0)

1 5000 35 28.310 7.5619 1.0232
1 7000 50 40.665 7.7758 1.0246
1 9000 60 50.645 7.6505 1.0320
1 12000 90 68.414 7.7954 1.0301

Table 11.3. Values of bearing capacity and settlement ratios for F.O.S = 2.5

Depth
(m)

1/a
(kN/m2)

1/b
(kN/m2)

q(d/B = 0)
(kN/m2)

S(d/B = 0m)
(mm)

S(d/B = 0)/ 
S(d/B = 0)

0 5000 35 18.000 5.4563 1.0000
0 7000 50 25.828 5.5997 1.0000
0 9000 60 31.988 5.4472 1.0000
0 12000 90 43.256 5.5496 1.0000

Depth
(m)

1/a
(kN/m2)

1/b
(kN/m2)

q(d/B = 0)
(kN/m2)

S(d/B = 0m)
(mm)

S(d/B = 0.5)/ 
S(d/B = 0)

0.5 5000 35 20.200 5.5810 1.0229
0.5 7000 50 29.000 5.7315 1.0235
0.5 9000 60 36.000 5.5914 1.0265
0.5 12000 90 48.600 5.6835 1.0241

(Contd.)
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Depth
(m)

1/a
(kN/m2)

1/b
(kN/m2)

q(d/B = 0)
(kN/m2)

S(d/B = 0)
(mm)

S(d/B = 1.0)/ 
S(d/B = 0)

1 5000 35 22.648 5.6065 1.0275
1 7000 50 32.532 5.7614 1.0289
1 9000 60 40.516 5.6429 1.0359
1 12000 90 54.731 5.7400 1.0343

Table 11.4. Values of bearing capacity and settlement ratios for F.O.S = 3

Depth
(m)

1/a
(kN/m2)

1/b
(kN/m2)

q(d/B = 0)
(kN/m2)

S(d/B = 0)
(mm)

S(d/B = 0)/ 
S(d/B = 0)

0 5000 35 15.000 4.3323 1.0000

0 7000 50 21.523 4.4449 1.0000

0 9000 60 26.657 4.3141 1.0000

0 12000 90 36.047 4.3906 1.0000

Depth
(m)

1/a
(kN/m2)

1/b
(kN/m2)

q(d/B = 0)
(kN/m2)

S(d/B = 0m)
(mm)

S(d/B = 0.5)/ 
S(d/B = 0)

0.5 5000 35 16.833 4.4352 1.0237
0.5 7000 50 24.167 4.5532 1.0244
0.5 9000 60 30.000 4.4316 1.0272
0.5 12000 90 40.500 4.5005 1.0250

Depth
(m)

1/a
(kN/m2)

1/b
(kN/m2)

q(d/B = 0)
(kN/m2)

S(d/B = 0m)
(mm)

S(d/B = 1.0)/ 
S(d/B = 0)

1 5000 35 18.873 4.4609 1.0297
1 7000 50 27.110 4.5826 1.0310
1 9000 60 33.763 4.4772 1.0378
1 12000 90 45.609 4.5502 1.0363

Notes:
 (i) qu is ultimate bearing capacity obtained by intersection tangent method
 (ii) Su is settlement of the footing at pressure intensity equal to qu

 (iii) In all computations, width of the footing is considered as 1.0 m

11.7 Results and Interpretation (Seismic Case)

In Chapter 10, the procedure is given to obtain the pressure versus 
maximum settlement, pressure versus minimum settlement and pressure 
versus tilt characteristics of a surface footing (d/B = 0) located in a seismic 
region. For footings located at a certain depth ‘d’ below ground surface, the 
procedure is given in this very chapter. For the soil having 1/a = 9000 kN/
m2 and 1/b = 60 kN/m2, pressure versus maximum settlement, pressure 
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Fig. 11.9: Bearing pressure versus Sav/B curves for d/B = 0.5 (Static case).

versus minimum settlement and pressure versus tilt characteristics of a 
surface footing for different values of horizontal seismic coefficient (Ah = 
0.05 , 0.10 and 0.15) are given in Figs 10.6, 10.7 and 10.8 respectively. These 
figures also give the variations in characteristics with respect to h/B ratio 
(Biswas et al., 2016; Biswas, 2017).

Adopting the procedure given in this chapter, pressure versus 
maximum settlement, pressure versus minimum settlement and pressure 
versus tilt characteristics were obtained for d/B = 0.5 and d/B = 1.0 as 
mentioned below:

 (i) For Ah = 0.05 and d/B = 0.5 in Figs 11.11a, 11.11b and 11.11c
 (ii) For Ah = 0.10 and d/B = 0.5 in Figs 11.12a, 11.12b and 11.12c
 (iii) For Ah = 0.15 and d/B = 0.5 in Figs 11.13a, 11.13b and 11.13c
 (iv) For Ah = 0.05 and d/B = 1 in Figs 11.14a, 11.14b and 11.14c
 (v) For Ah = 0.10 and d/B = 1 in Figs 11.15a, 11.15b and 11.15c
 (vi) For Ah = 0.15 and d/B = 1 in Figs 11.16a, 11.16b and 11.16c

Proceeding exactly in the same way as done in Chapter 10 for d/B 
= 0, independent correlations are obtained for d/B = 0.5 and d/B = 1.0 
for predicting ultimate bearing capacity, settlement and tilt of the footing. 
These are given as below (Biswas, 2017):

For d/B = 0.5

 [(qu)Ah/(qu)Ah = 0] = 1 – [(–2.8Ah
2 + 0.78 Ah + 0.047)*(h/B)] (11.22)

 [(Smax)Ah/(Savg)Ah = 0] = [(–0.200Ah
2 + 0.0100 Ah – 0.004)*(h/B)2 
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Fig. 11.10: Bearing pressure versus Sav/B curves for d/B = 1 (Static case).

Fig. 11.11a. Bearing pressure versus Smax/B curves for Ah = 0.05 and d/B = 0.5.
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  + (22.8Ah
2 – 7.16 Ah + 0.151)*(h/B) + 1] (11.24)

For d/B = 1

 [(qu)Ah/(qu)Ah = 0] = 1 – [(–5.08Ah
2 + 1.278 Ah + 0.036)*(h/B)] (11.25)

 [(Smax)Ah/(Savg)Ah = 0] = [(0.094Ah
2 – 0.155Ah + 0.0029)*(h/B)2 

  + (–0.9Ah
2 – 0.319Ah – 0.0331)*(h/B) + 1] (11.26)

Fig. 11.11b. Bearing pressure versus Smin/B curves for Ah = 0.05 and d/B = 0.5.

Fig. 11.11c. Bearing pressure versus tilt curves for Ah = 0.05 and d/B = 0.5.

0.005 

I!! 
.!;; 
E 

Cl) 

0.01 

0.015 

002 

0 
0 

0.2 

0.4 

~ 
0.6 

r::iJ 
CD e. 0.8 

:I:! 

i= 

1.2 

1.4 

1.6 

1.8 

2 

Bearing Pressure (kN/m2
) 

1/a = 9000 kN/m2 

1/b = 60 kN/m2 

An= 0.05 
diB = 0.5 

--+-- h/B=O 

-- h/B=1 
_..,.. h/8=1.5 

-M- h/B=2 

-- h/8=2.5 

Bearing Pressure (kN/m2
) 

20 40 60 80 
~ - --·-::a::: ....... ...... __ _ -------..- ....... ---.... ..... ....... 

1/a = 9000 kN/m2 

1/b = 60 kN/m2 

An= 0.05 
d/B = 0.5 

·+ · h/B=1 

-- h/B=1.5 
-+- h/B=2 

"""*""" h/B=2.5 

....... ........ .., ..... ...... · .. ' "- \ ~ "'\ ~ ' \ \ 
\ ~ \ 
~ \ + 
\ \ : 
\ ' i ' \ : 
\ ' : 
+ I + 

I : 
I I : 
I I : I , 
I I ! 
I I I 
I T t 
I I : 

"' I ! 



Strip Footing Located Below Ground Surface 279

 [(Smin)Ah/(Savg)Ah = 0] = [(–5.38Ah
2 – 1.969Ah + 0.0826)*(h/B)2 

  + (21.52Ah
2 – 6.958Ah + 0.1249)*(h/B) + 1] (11.27)

Fig. 11.12a. Bearing pressure versus Smax/B curves for Ah = 0.10 and d/B = 0.5.

Fig. 11.12b. Bearing pressure versus Smin/B curves for Ah = 0.10 and d/B = 0.5.
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Covering the complete range of d/B ratio in shallow foundation, the 
above equations can be summarized as below:

 [(qu)Ah/(qu)Ah = 0] = 1 – [(a1Ah
2 + a2Ah + a3)*(h/B)] (11.28)

 [(Smax)Ah/(Savg)Ah = 0] = [(b1Ah
2 + b2Ah + b3)*(h/B)2 

  + (b4Ah
2 + b5Ah + b6)*(h/B) + 1] (11.29)

Fig. 11.12c. Bearing pressure versus tilt curves for Ah = 0.10 and d/B = 0.5.

Fig. 11.13a. Bearing pressure versus Smax/B curves for Ah = 0.15 and d/B = 0.5.
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 [(Smin)Ah/(Savg)Ah = 0] = [(c1Ah
2 + c2Ah + c3)*(h/B)2 

  + (c4Ah
2 + c5Ah + c6)*(h/B) + 1] (11.30)

In Eqs (11.28), (11.29) and (11.30), a1, a2, a3, b1, b2, b3, b4, b5, b6, c1, c2, 
c3, c4, c5 and c6 are parameters which depend on d/B ratio. On regression 
analysis, following relations were obtained:

Fig. 11.13b. Bearing pressure versus Smin/B curves for Ah = 0.15 and d/B = 0.5.

Fig. 11.13c. Bearing pressure versus tilt curves for Ah = 0.15 and d/B = 0.5.
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  a1 = {6.48(d/B)2 – 14.28(d/B) + 2.72} (11.31)

  a2 = {2.176(d/B)2 – 2.276(d/B) + 1.378} (11.32)

  a3 = {–0.0306(d/B)2 + 0.0239(d/B) + 0.0427} (11.33)

  b1 = {–4.732(d/B)2 + 7.686(d/B) – 2.86} (11.34)

Fig. 11.14a. Bearing pressure versus Smax/B curves for Ah = 0.05 and d/B = 1.

Fig. 11.14b. Bearing pressure versus Smin/B curves for Ah = 0.05 and d/B = 1.
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  b2 = {–0.3422(d/B)2 + 0.1833(d/B) + 0.0039} (11.35)

  b3 = {0.0296(d/B)2 – 0.0306(d/B) + 0.0039} (11.36)

  b4 = {–6.28(d/B)2 + 9.62(d/B) – 4.24} (11.37)

Fig. 11.14c. Bearing pressure versus tilt curves for Ah = 0.05 and d/B = 1.

Fig. 11.15a. Bearing pressure versus Smax/B curves for Ah = 0.10 and d/B = 1.

0 
0 - ~ 

0.2 

0.4 

0.6 

,....., 0.8 
~ e. .... 
i= 1.2 

1.4 

1.6 

1.8 

2 

0 
0 

0.01 

0.02 

~ e 0.03 
(/) 

0.04 

0.05 

0.06 

Bearing Pressure (kN/m2
) 

20 40 60 80 100 

1/a = 9000 kN/m2 

1/b = 60 kN/m2 

At,= 0.05 
d/B = 1 

--- h/8= 1 

-- h/8=1.5 
-llr- h/8=2 

""*"" h/8=2.5 

==:: .... --....... .. 
~ .......... ..... .... 

"::tr, .... ............... .... ,.., 

........ ....... .., 
~ ' \, ' ~ \ \ \ . 

\ \ ~ 

\ ~ \ 
l \ + ' \ : 
I ~ l 
I I \ 
I I \ 
I I ! 
+ I t 
I + ! 
I I \ 
I I I 
I I I 
1 , i 
I + ! • • 

Bearing Pressure (kN!m2
) 

20 40 60 80 100 

1/a = 9000 kN/m2 

1/b = 60 kN/m2 

At,= 0.10 
d/B= 1 

--+-- h/B=O 

-- h/8=1 
- h/8=1.5 

""*"" h/8=2 

-- h/8=2.5 

·~··· ~ '~~:'.::~._. .. . , ....... ... .. .... 
~ ............. . . 
~ .. , ......... ~ 

' "' ~ .. ,. '"', .. 
\ ' .... ~ .. 
.t. .. •• 
~ \ . 
I ~ \ 
l I \ 
I ~ ~ 
I I \ 

1 I ' 
I + ! 
I I : 
-t I : 

I ' t 



284 Shallow Foundations and Soil Constitutive Laws

  b5 = {0.07(d/B)2 – 0.559(d/B) + 0.172} (11.38)

  b6 = {–0.0936(d/B)2 + 0.1262(d/B) – 0.0657} (11.39)

  c1 = {18.76(d/B)2 – 26.5(d/B) + 2.36} (11.40)

  c2 = {3.452(d/B)2 – 4.896(d/B) – 0.525} (11.41)

  c3 = {–0.2074(d/B)2 + 0.2903(d/B) – 0.0003} (11.42)

Fig. 11.15b. Bearing pressure versus Smin/B curves for Ah = 0.10 and d/B = 1.

Fig. 11.15c. Bearing pressure versus tilt curves for Ah = 0.10 and d/B = 1.
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  c4 = {–30.84(d/B)2 + 43.7(d/B) + 8.66} (11.43)

  c5 = {2.7924(d/B)2 – 3.7846(d/B) – 5.9658}      (11.44)

  c6 = {–0.3602(d/B)2 + 0.4881(d/B) – 0.003} (11.45)

Hence using the Eqs (11.28), (11.29) and (11.30), one can obtain the 
values of seismic bearing capacity, maximum settlement and minimum 

Fig. 11.16a. Bearing pressure versus Smax/B curves for Ah = 0.15 and d/B = 1.

Fig. 11.16b. Bearing pressure versus Smin/B curves for Ah = 0.15 and d/B = 1.
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settlement if the values of static bearing capacity and static settlement 
of the same footing are known, and these may be obtained using the 
procedure given in Chapter 4 or using conventional approaches given in 
most textbooks on soil mechanics and foundation engineering. Knowing 
the values of maximum and minimum settlements, the tilt of the footing 
can be obtained by dividing the difference between the two by the effective 
width of the footing.

Illustrative Examples

Example 11.1

Determine the amount of vertical load that a strip footing of width 1.0 m 
resting on saturated clay (1/a = 12000 kN/m2, 1/b = 80 kN/m2) located at 
a depth of 0.5 m below ground surface. Consider a factor of safety against 
shear failure as 3.0 m and permissible settlement equal to 20 mm.

Solutions

 1. Using the methodology described in Chapter 4, obtain the pressure-
settlement characteristics of a strip footing of width 1.0 m resting on 
the ground surface (Fig. 11.17). By intersection tangent method, the 
ultimate bearing capacity works out as 108.14 kN/m2. Therefore, safe 

bearing capacity of the surface footing in static case is 108 14
3
.  = 36 

kN/m2.

Fig. 11.16c. Bearing pressure versus tilt curves for Ah = 0.15 and d/B = 1.
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 2. d/B = 0.5/1.0 = 0.5
  Using Eq. (11.19)

 
( )

( )
.q

q
u d B

u d B

=

=

0 5

0
= 1 + 0.262  0.5 = 1.131

  Therefore, (qu)d/B=0.5 = 1.131  108.14 = 122.30 kN/m2

  Use a factor of safety equal to 3.0

  Safe bearing capacity = 122 30
3 0

.
.

 = 40.7 kN/m2

 3. For a pressure intensity equal to 36 kN/m2, pressure-settlement 
characteristics give a settlement equal to 4.39 mm.

  From Eq. (11.21)

 
( )

( )

S

S
d B

d B=0
 = 1 + 0.064

d
B

d
B

Ê
ËÁ

ˆ
¯̃ - Ê

ËÁ
ˆ
¯̃0 033

2

.

 (S)d/B=0 = [1 + 0.064(0.5) – 0.033(0.5)2]  (4.39) = 4.5 mm

  The above problem can also be solved by obtaining the pressure-
settlement characteristics of a strip footing of width 1.0 m having d/B 
ratio equal to 0.5, keeping 1/a = 12000 kN/m2, 1/b = 80 kN/m2. The 
procedure for this is given in this very chapter. By doing this, pressure-
settlement characteristics are obtained as shown in Fig. 11.17.

Fig. 11.17. Relation between bearing pressure and average settlement.
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Fig. 11.18. Bearing pressure versus Smax curves for Ah = 0.05 and h/B = 1.

  Intersection tangent method gives the value of the ultimate bearing 
capacity as 121.5 kN/m2. Thus, safe bearing capacity will be (121.5/3) 
= 40.5 kN/m2. Corresponding to this pressure intensity, Fig. 11.18 
gives a settlement of 4.5 mm.

   It may be noted that the settlement increases with increase in d/B 
ratio because pressure intensity acting on the footing is 40.7 kN/m2 
instead of 36 kN/m2. For the footing having d/B ratio equal to 0.5 and 
pressure intensity equal to 36 kN/m2, the settlement is 4.1 mm (Fig. 
11.18), which is less than 4.5 mm. However, the effect is not significant.

Example 11.2

Solve Example 11.1 considering that the structure is located in a seismic 
zone having horizontal seismic coefficient as 0.1, considering that the 
horizontal seismic force acts at a height of 2.5 m from the base of the 
footing.

Solution

 1. Width of footing, B = 1.0 m
  Depth of footing, d = 0.5 m
  Height of point application of horizontal seismic force = 2.5 m
  Therefore, d/B = 0.5, and h/B = 2.5/1.0 = 2.5
 2. As in Step 1 of Example 11.1
 (qu)Ah = 0 = 108.14 kN/m2
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  This value corresponds to the surface footing, i.e. d/B = 0. From Eq. 
(11.28)

  3. 
q

q

u A

u A

h

h

( )
( ) =0

= 1 1
2

2 3− + + 




a A a A a

h
Bh h

  where
 a1 = {6.48(d/B)2 – 14.28(d/B) + 2.72}

 = {6.48(0.5)2 – 14.28(0.5) + 2.72}

 = 1.62 – 7.14 + 2.72 = –2.800

 a2 = {2.176(d/B)2 – 2.276(d/B) + 1.378}

 = {2.176(0.5)2 – 2.276(0.5) + 1.378}

 = 0.544 – 1.138 + 1.378 = 0.784

 a3  = { – 0.0306(d/B)2 + 0.0239(d/B) + 0.0427}

 = { – 0.0306(0.5)2 + 0.0239(0.5) + 0.0427}

 =  – (7.65 × 10-3) + 0.01195 + 0.0427 = 0.047

  \ 
( )

( )

q

q
u A

u A

h

h =0

= 1 – [(–2.80)  (0.1)2 + 0.784  (0.1) + 0.047] (2.5)

 = 1 – [–0.028 + 0.0784 + 0.047] (2.5) = 0.7565

  \ (qu)Ah
 = 0.7565  108.14 = 81.8 kN/m2

  Safe bearing capacity = 81 8
3
. = 27.27 kN/m2

   Therefore, it may be noted that the safe bearing capacity due to 
seismicity decreases from 40.7 kN/m2 to 27.27 kN/m2, considering Ah 
= 0.1 and h/B = 2.5.

 4. For settlement and tilt computations using Eq. (11.28), maximum 
settlement is obtained as below:
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  where
 b1 =  { – 4.732(d/B)2 + 7.686(d/B) – 2.86}

     = { – 4.732(0.5)2 + 7.686(0.5) – 2.86}
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 = – 1.183 + 3.843 – 2.86 = – 0.2

 b2 = { – 0.3422(d/B)2 + 0.1833(d/B) + 0.0039}

 = { – 0.3422(0.5)2 + 0.1833(0.5) + 0.0039}

 =  – 0.0855 + 0.09165 + 0.0039 = 0.01

 b3 = {0.0296(d/B)2 – 0.0306(d/B) + 0.0039}

 = {0.0296(0.5)2 – 0.0306(0.5) + 0.0039}

 = 0.0074 – 0.0156 + 0.0039 = – 0.004

 b4 = {– 6.28(d/B)2 + 9.62(d/B) – 4.24}

 = {– 6.28(0.5)2 + 9.62(0.5) – 4.24}

 = – 1.57 + 4.81 – 4.24 = – 1.0

 b5 = {0.07(d/B)2 – 0.559(d/B) + 0.172}

 = {0.07(0.5)2 – 0.559(0.5) + 0.172}

 = 0.0175 – 0.2795 + 0.172 = – 0.09

 b6 = { – 0.0936(0.5)2 + 0.1262(0.5) – 0.0657}

 = { – 0.0936(0.5)2 + 0.1262(0.5) – 0.0657}

 = – 0.0234 + 0.0631 – 0.0657 = – 0.026
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 = [(– 0.002 + 0.001  0.1 – 0.004)  (2.5)2

  – (–0.01 + 0.009 – 0.026)  (2.5) + 1]

 = –0.03125 + 0.1125 + 1 = 1.08125

  From Example 11.1, (Savg)Ah=0 = 4.39 mm 

[For pressure intensity = 40.7 kN/m2 (Fig. 11.17)]
  Therefore,

 (Smax)Ah
 = 1.08125  4.39 = 4.75 mm
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Readers should note that (Smax)Ah

 = 4.75 mm corresponds to 
a pressure intensity of 21.8 kN/m2. For this, pressure intensity  
(Savg)Ah=0

 
is equal to 4.39 mm (Fig. 11.18).

   Hence, the value of maximum settlement is significantly higher.
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 c1 = {18.76(d/B)2 – 26.5(d/B) + 2.36}

 = {18.76(0.5)2 – 26.5(0.5) + 2.36}

 = 4.69 – 13.25 + 2.36 = – 6.17

 c2 = {3.452(d/B)2 – 4.896(d/B) – 0.525}

 = {3.452(0.5)2 – 4.896(0.5) – 0.525}

 = 0.863 – 2.448 – 0.525 = – 2.11

 c3 = {– 0.2074(d/B)2 + 0.2903(d/B) – 0.0003}

 = {– 0.2074(0.5)2 + 0.2903(0.5) – 0.0003}

 = – 0.0515 + 0.145 – 0.0003 = 0.0933

 c4 = {– 30.84(d/B)2 + 43.7(d/B) + 8.66}

 = {– 30.84(0.5)2 + 43.7(0.5) + 8.66}

 = – 7.71 + 21.85 + 8.66 = 22.8

 c5 = {2.7924(d/B)2 – 3.7846(d/B) – 5.9658}

 = {2.7924(0.5)2 – 3.7846(0.5) – 5.9658}

 = 0.6981 – 1.8923 – 5.9658 = – 7.16

 c6 = {– 0.3602(d/B)2 + 0.4881(d/B) – 0.003}

 = {– 0.3602(0.5)2 + 0.4881(0.5) – 0.003}

 = – 0.09005 + 0.244 – 0.003 = 0.151
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 = [(– 0.062 – 0.211 + 0.093)  (2.5)2  

  + (0.228 – 0.716 + 0.151)  (2.5) + 1]

 = – 1.125 – 0.8425 + 1 = –0.9675

 (Smin)Ah
 = –0.9675  4.39 = –4.247 mm
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Practice Problems

 1. Explain with reasons the effect of depth of footing on bearing capacity 
and settlement of a strip footing resting on saturated clay. Consider 
that the structure is in a non-seismic region.

 2. Considering the pseudo-static approach, show the forces and moments 
acting on the base of footing. Draw the typical settlement pattern of 
the footing, explaining all the terms clearly.

 3. Enumerating clearly all the assumptions involved, describe the 
procedure for obtaining settlement of a rigid footing resting on 
saturated clay and located in non-seismic region.

 4. Explain stepwise the procedure for obtaining maximum-settlement 
and minimum-settlement in the case of a rigid strip footing resting 
on saturated clay and located in a seismic region. Estimate the tilt of 
footing considering the effect of eccentricity caused by the seismic 
force.

 5. Determine the amount of vertical load on a strip footing of width 1.25 
m resting on saturated clay (1/a = 12000 kN/m2, 1/b = 90 kN/m2) 
located at a depth of 0.5 m below ground surface. Consider a factor of 
safety against shear failure as 3.0 m and permissible settlement equal 
to 20 mm.

 6. Solve the problem 5, if the footing is located in seismic region having 
Ah = 0.1.
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