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Introduction 

Footings on Slopes and Constitutive Laws 

by 

Swami Saran* 

V.K. Sud** 

S.C. Handa * ** 

Foundations are some times placed on slopes, near the top edge of a slope 
or-near a proposed excavation. Several theories are available to compute 

the ultimate bearing capacity of foundations adjacent to slopes (Meyerhof 
0957), Mizuno et al. (1960), Sokolovski (1960), Bowles (1977), Kusakabc 
et al. (198 I), Sud (1984). However, the best estimation of both bearing 
capacity and the settlement is possible only if the pressure settlement 
characteristics of the foundation soil are known. No method is reported 
to evaluate the settlement of a footing on or near the slopes. 

Soil, in general, is an anisotropic material and Young's modulus Eis 
dependent upon confining pressure. Methods are not available where 
variations in E with confining pressure, are considered for computing the 
stresses in the soil medium. This has relevance in estimation of foundation 
settlements adjacent to a slope. Hence a semi-empirical method is formula
ted to estimate the settlement of a footing adjacent to a slope. 

Since confining pressures are the major criterion to evaluate the settle
ment of soil mass, it is assumed that these are provided by the passive earth 
pressure developed on the side of the slope. Maximum shearingresistance has 
been assumed to develop at the base of the footing and minimum at the depth 
where the stresses due to foundation loads become zero. The degree to 
which the strength can be mobilized is directly dependent on the movement 
of the soil mass (Terzaghi 1943). The movement will be maximum at the 
base of the foundation and it decreases with depth. 

The constitutive relations of soil represented by hyperbol<1 were 
established from triaxial compression tests. 
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Analysis 

Assumptions 

The following assumptions have been made in the analysis. 

I. The footing base has been assumed as flexible so as to J1ave uniform 
contact pressure distribution for computing pressure settlement 
cllrves. The average settlement of a flexible footing is reported to be 
almost the same as that of settlement of a rigid footing for average 
pressure intensity (Sharan, 1977). Therefore the pressure versus 
average settlement curve computed by the suggested semi-empirical 
approach may be taken as for rigid strip footing. 

2. The soil mass supporting a footing has been assumed to be a vertical 
column of soil as shown in Fig. l and this coluinn of soil has been 
divided into large number of thin horizontal strips in which stresses 
and strains have been assumed to be uniform along any vertical 
section. 

· 3. The passive earth pressure has been evaluated considering the failure 
surface as a log spiral with the centre of rotation at the edge of the 
footing. 

4. Shear stresses have been considered to vary linearly along the length 
of a strip. 

5. The ultimate · bearing · capacity q,, has been computed from iinift 
equilibrium analysis as proposed by Sud (1984). · 

6. A coefficient 'F' has been introduced such that at all stress levels, the 
following relationship is satisfied. 

q,, Ou 
-=--- = F ... (1) 

where q is the intensity of load, a" is the ultimate stress from 

hyperbolic relationship and is equal to (+)in which 'b' is Kond

ner's coefficient found from triaxial testing (Kondner, 1963). ai, a2 are 
the major and minor principal stresses in the soil mass due to the load 
q and weight of soil. 

This indicates that the same factor of safety exists between the 
applied pressure with . respect to ultimate bearing ptesstire and 
deviator stress at a point with respect to the ultimate stress at 
confining stress v3 . 

7. There is no slip between sucessive strips of the· soi(colurirn. • 
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Formulation and Procedure 

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

Step l. For a given load, the depth Hof the soil mass under the footing 
at which the stresses b~come zero is assumed (Fig. l). 

T 
Hs 
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FIGURE 1 Soil Mass Below Footing 
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Step 2. The column of soil is divided into n number of thin horizontal 
strips. 

Step 3. Angle of shearing resistance and cohesion values are varied from 
full value of ef, and c at the base of the footing to zero at depth H 
where the stresses become negligible. Average values of ,t, and c 
on ;th strip are given as below: 

6.H 
<pm; = ,f, _ ,f> [i (AH)- 2 J 

H 

t!.H 
c[i(/)..H)- 2] 

Cm; = c -----H---

Where 'Pmi = mobilized value of ef, at i'h strip, 

AH = the thickness of the strip, and 

i = number of the strip. 

cmi mobilized valffeof·cbhesibn at i'h strip. 

... (2) 

... (3) 
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Step 4. The confining pressure ( a~) ucting at the centre of each strip is 

taken as 

(4) 

and Ep; is the passive resistance offered to each strip and has been 
evaluated by calculating the moments of resistance due to soil 
mass as shown in Fig. I. ,f,111 ; is the average ,f, for i 1h strip. 

My (i)+Mc(i)-My (i-1)-Mc (i-1) 

Er; = !:::,.H [(i+(i-1)] + D· 
2 J 

. .. (5) 

Where Ep; = passive earth pressure on ith strip, 

My (i) Moment of resistance due to weight only 
considering the height of face equal to 

[i !:iH + Dl] 

My (i- I) = Moment of resistance due to weight only 
considering the height of face equal to 

[(i-1) (D.H) + D1] 

Mc(i) - Moment of resistance due to cochesion only 
considering the height of face equal to 
[i(l:iH) + Dr] 

Mc(i-1) - Moment of resistance due to cohesion only 
considering the height of face equal to 
[(i-l)~H + Dr] 

To evaluate passive earth pressure EP for a particular depth, 
the failure surface has been taken as log spiral having centre of 
rotation at O (Fig. 2) the edge of the footing at the ground surface. 

OD = i~H + D1 

OE = R0 eO tan ,f,,,,; 

(6a) 

!6b) 

Where o is the angle of the log spiral. R0 is the initial radius 
of the log spiral and R1 is the final radius. There are two cases, 
case I where the rupture surface meets the slope (Fig. 2a) and case 
II the rupture surface meets the base oft he slope (Fig. 2b). 

Case I Rupture surface meeting the slope 

D, sin f3 
R1 = .....,.-,,,_...,....;...,,...,,... 

sin (,8 + 8- 90) 
. . . (7) 

From Eqs. 6 and 7 

D, sin /3 
R0 e• tan t/tmt = -------sin (/3+ 8-90) 

. . . (8) 
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De = Distance of the edge of the foundation from the 
shoulder of the slope. 

fJ = Angle which the slope makes with the horizontal. 

From the above transcedental equation the value of 0 is obtained 
by trial and error. 

Taking moments about the point 0, the centre of rotation. 

Y Rs 
• 0 

3 (9 tan~ cf>+l) 
[e38 tan </>mt (3 tan ef> Sin 0- Cos 0) + !] 

+ ! y R3 e38 tan ,J,,,., Cos 9 Sin 29 

- ½ y Ro eo tan </>mt (Ro e9 tan +-De) Cos 8 

. x [i Ro e8 tan ,f,,,., Sin 8 ·H De] 

c,,,1Ri 
--=----,---(e8 tan ,J,,,.I_ J) 

2 tan <pm1 

Case II Rupture surface meeting the base of the slope 

R = ___!!_:_ 1 Cos tJ 

... (9) 

... (JO) 

... (11) 

From the Eqs. 6 and 11 the value of 0 is obtained by trial and 
error. 
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Taking moments about the point, 

1 
Rt e38 tan rp,., i 

M (i) - ~----,--- [e 38 tan ef>m; (3 tan ,1..,,,1 Sin 0- Cos 0) + I] 
Y -- 3t9tan2 cf, + l) 'I' 

-i yH, (Sin O R
0 

e8 tan ,f,,./ - D,) (Sin 0 R0 e
8 tan 4>m; - 2D,) 

H2 
l s ( l. ~ +D) -+ 2 y tan ~ a tan (3 ' 

+ -} y Hs Sin2 e R~ e20 tan ,f,,,.1 

- ½ y H, (R1 Sin 0-D,)2 ... ( 12) 

From the Eqs. 9 or 12 and 10 the value of My (i) and McCi) are 
obtained for a particular depth itlH + D1. Similarly the value 
of My (i- 1) and Mc(i-1) are computed by using the value of 
Ro as [(i- l)LlH + D1J in Eqs. 6b to 12. These values of moments 
when substituted in equation 5 give value of Ep1. 

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

qJ = ½ y D; K0 tan ~ + Ca DJ ... (13) 

Where, 8 = angle of wall friction 

K0 = coefficient of earth pressure at rest = (I- Sin <f,) 

ca = adhesion between the side wall and soil. 

Step 6. The vertical load q taken up by any particular height of soil mass 
H can be computed by considering the overall equilibrium of soil 
column (Fig. 3). As the value of ef, and cohesion c have been 
assumed to vary with depth, the earth pressure developed on the 
side of the column will also vary with depth. For this the earth 
pressure on different strip faces have been computed using 
Eq. 5. 

fl n 

fl 

+ 2 ~ C111; 6.H ... (14) 
i ~ 1 

Where, q = intensity of loading 

Ep1 earth pressure on the side of the slope at 
i'" strip inclined at mobilised angle 'Pm'· 
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FIGURE 3 Overall Equilibrium of Soil Column 

E'pi = earth pres.sure on the side away from slope 
at the i'h strip inclined at an angle ,fm1 

n = H/1).H 

Further, the sum of horizontal forc<::s is also zero. 
It gives: 

It is assumed that ' 

Equation (14) may be written as: 

n 
2 ~ Ep/ Sin 'Pml 

-q i = 1 

1 
H = ---y-,B=-H:---- - l + 

+ 2ca Di 
1BH 

BH 

Tl 

2 ~ Cm/I). fl 
i = 1 

+ yBH 

... ( 15) 

... (16) 

... ( 17) 

( I 8) 
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Step 7. A plot is drawn between the values of H/B and q/yH from.equation 
(18) and the value of His obtained from this plot for a given load 
intensity q. 

Step S. The vertical stress on any st.rip is calculated by considering the 
static equilibrium of the forces (.EV = 0) acting on the strip (Fig. 4). 

i-1 
q,; B=-2 ~ Em; Sin cp111;- yB(i- 1) !:if-I+ yD} K0 tan 8 + 2co DJ 

i = I 

i- 1 
+ 2 1: c,,,;!J.H 

i = I 

tc_m 

FIGURE 4 Stresses on the Strip 

p9) 

From this equation, vertical stress on a particular strip is obtained. 
Step 9. The confining stress (a3) for the i ' h strip is taken as a3 = Ep; Cos 4'm1 

Step IO. The ultimate strength (au) of soil for a given confining pressure 
a3 is computed from the constitutive law of soil obtained by 
triaxial testing in the lab. • 

Step 11. The ultimate bearing·capacity (qu) is obtained from the limit equili
brium analysis given in reference 9. 

Step 12. The shear stresses on the side of a strip are taken as (Ep1 Sin </,pi + 
c,,,1!:iH) and are assumed to vary linearly along the width of the 
strip. It becomes zero at the centre of the strip i.e. at point E 
(Fig. 4) 

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 the 
centre of the strip, E is at the edge and D is the mid point 
between C and E (Fig. 4). 

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

a1 = a,+ax + J (a.-a_.,)i ' 2 

2 V ( 2 ) T r" 
. .. (20) 
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FIGURE S Stresses on the Elements 

... (21) 

tan 20 = ... (22) 

Positive value of 0 is measured counter clockwise with direction 
of az, 

Where a 1 and a 3 are the major and minor principal stresses. az 

is vertical stress, ax the stress in horizontal direction and Txz the 
shear stress. 

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

. .. (23) 

Where q,, is the ultimate bearing capacity of the footing on slope. 

Step 15. The modulus of elasticity, Eis calculated from the Fig. 6 at stress 
level of au/F 

E= l-b (au/F) 
a ... (24) 

Where a and b are the constants of Kondner's hyperbolic functions 
obtained by Triaxial testing. 

Step 16. The strain in each layer in the direction of major principal stress is 
calculated from the equation 

The strain in the direction of minor principal stress is calculated 
by the following procedure, 
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FIGURE 6 Hyperbolic Stress Strain Relationship 

Strip footing is a case of plane strain condition. The strain f2 
in the direction of intermediate principal stress ua is zero. 

~ ,_,, J E1 = -------Y- l <11 - 1 ,_,, a s 

Ea as-/-L1 a1 
Et= 0 1-/-L1U3 = - µ,2 

. .. (25) 

... (26) 

(27) 

(28) 

... (29) 

Therefore strain in the direction of minor principal stress is cal
culated from the Eq (29) 

... (30) 

Step 17. The strain in the vertical direction is calculated using the following 
equation. 

Where 81 

.. (31) 

- the angle which the major princiPal stress 
makes with the vertical direetion. 
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0a = the angle of the minor principal stress with 
the vertical. 

Step 18. The settlement of each layer along any vertical section 1s 
calculated by the equation. 

. .. (32) 

Step 19. The evaluation of the total settlement along any vertical section 
is done by the numerical summation of the settlement of n number 
of strips as 

n 
S = ~ E,1 dz 

i.,. 1 
.. . (.l3) 

The total settlement was computed along vertical section passing 
through the centre of the footing, at B/4 from the centre and at the 
end points of the strip. The average settlement is computed by 
dividing the area of the settlement diagram by the width (B) of the 
footing· 

Step 20. The footing load intensity is varied and steps 1 to 19 are repeated. 
The pressure settlement curve is obtained by plotting settlements 
obtained in step 19, against corresponding footing load intensity. 

Constitutive Laws 

To obtain the result from the analytical procedure for settlements, con
stitutive laws of the Ranipur sand were established. The physical properties 
of the Ranipur sand are given in Table I. 

TABLE I 

Properties of Ranipur Sand 

Effective size (D1o) 

Uniformity coefficient 

Mean specific gravity 

Minimum void ratio 

Ma"imum void ratio 

Average density at relative density of 84 % 

Average density at relative density of 72 % 

~ (triaxial) at 84 % relative density 

<f, (triaxial) at 72 % relative density 

0. 15 mm 

1.73 

2.65 

0.57 

0 .88 

16.30 KN/m3 

15.95 KN/m3 

39° 

37.5° 
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To determine the constitutive relationships for the Ranipur sand, a 
large number of triaxial tests were performed with confining pressures vary
ing from 75 K.Pa to 500 K.Pa, at two relative densities of 84 % and 72 %
The parameters 'a' and 'b' of the Kondner's hyperbola were correlated with 
the confining pressures and relative densities. It was found that the follow
ing relationships hold good for Ranipur sand. 

I 
b = A2 + K2 aa 

The values of A1 , A2 , K1 and K2 are given in Table 2. 

TABLE 2 

Parameters of constitutive laws for Ranipur sand 

Ralative Density 

84% 

72% 

Model Tests 

800 

500 

220 

200 

178.0 

137 .5 

2.20 

1.44 

Plane strain model tests were performed on Ranipur sand to study the 
load settlement behaviour of footings adjacent to slope and to compare the 
settlements obtained by the analytical procedure with that of experimental 
values. The tests were performed on three slopes of 30°, 26.56° (2 hori
zontal to 1 vertical) and 20° and at two relative densities of 84% and 72%. 

The footing used was 0.12 m wide and 0.6 m long. This length was 
equal to the width of the tank. The inside dimensions of the tank used were 
0.6 min width, 3 min length and 0.9 111 in height. Settlement of the foot
ings was measured and the loading was done up to failure. The experi
mental set up is shown in Fig. 7. 

Interpretation 

The average settlements for strip footings of width 10 cm, 15 cm, 30 cm 
and 45 cm resting on Ranipur sand and slope of 30° were computed. The 
footings were considered at an edge distance of D,/B= 1.0. The pressure 
versus settlement curves are plotted in Fig. 8. 

The curves show that for a particular footings, the settlement increases 
with load intensity and the rate of increase also increases at high load inten-

. ·- .. ·• 
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FIGURE 7 Experimental Set-up 

s1t1es. lt can also be seen from the curves that as the footing size increases 
the settlement also increases. 

The pressure settlement curves for a 30 cm footing for 30° slope have 
been plotted in Fig. 9. For Dc/B= 0.0, 1 .0, 2.0 and 3.0 for the relative 
density of 84 %- It is evident from this figure that the settlement of the 
footing at a given pressure decreases with the increase in edge distance. 

The settlements of a 30 cm wide footing resting at edge distance De/B 
= 1.0 for three slope angles 20°, 25° and 30° are shown in Fig. 10. The 
settlement at given pressure increases with the increase in slope angle . 

Comparison. With Test Results 

The comparison of model test data with proposed analysis has been made 
by considering an increase of 2° in ,f, at 84 % relative density and 1.5° in
cre,1se in ,f, _at 72 percent relative density to account for the difference in sb 
values obtained by the two types of tests i.e., triaxial and plane strain test 
(Cornforth 1964). 

Pressure settlement curves obtained by this analysis have been compared 
with the experimental curves for 12 cm wide surface footi ngs for different 
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FIGURE 8 Pressure Settlement Curves for Strip Footings of Different widths 

180 

edge distances and slope angles in Figs. 11 to 13. In all, settlements were 
compared with 44 Model tests. The two curves are similar and show good 
agreement. In the initial portion of the curve, the predicted values of 
settlement give slightly lower values and in the later stages of the curve, 
the predicted values become higher than the experimental values. This 
discrepancy may be due to the use of hyperbolic form of stress-strain curve. 
The hyperbola remains below the asymptote at all finite values of strain. 
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Conclusions 

A semi-empirical procedure is developed to predict the settlement charac
teristics of actual footings resting on c- </, soils adjacent to slopes using non
linear constitutive laws of soils. Triaxial tests were used to establish the 
non-linear constitutive laws of sands. The settlements obtained by the 
proposed procedure have been compared with the model test data and found 
to be in good agreement. 
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Notations 

Symbols Description 

Constants 

Hyperbolic constant 

Unit 

B 

b 

C 

Width of footing 

- Hyperbolic constant 

Unit cohesion 

Adhesion between the side wall and soil 

cm, m 

kN/m2 

kN/m2 
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c,ni - Mobilized cohesion at i1" strip kN/m2 

De = Distance of the edge of the foundation from the m 
slope shoulder 

D1 = Depth of foundation m 

E = Elastic modulus kN/m2 

Ep; = Passive resistance at the i'" strip kN 

F = A factor 

H = Depth of soil mass under the footing at which m 
stresses become zero 

Hs = Height of slope m 

Ko = Coefficient of earth pressure at rest 

K1,K2 = Constants 

My (i) = Moment of resistance due to weight only c consi- kN-m 
dering the height of face equal to [i(LlH) + D1] 

My (i-I) = Moment of resistance due to weight only consi-
dering the height offace equal to [(i-l)(~H)+ D1] 

kN-m 

Mc(i) = Moment of resistance due to cohesion only consi- kN-m 
dering the height of face equal to [i(~H) + D1] 

M,(i-1) = Moment of resistance due to cohesion only consi- kN-m 
dering the height of face equal to [(i-l)~H + D1] 

q = Load intensity kPa 

qf = Friction force N 

% = Ultimate bearing pressure kPa 

q. = Vertical stress intensity on any strip kPa 

Ro = Initial radius of log spiral m 

s = . Total settlement mm 

/3 = Angle which the slope makes with the horizontal 

y = Unit weight of soil _ kN/m3 

8 = Angle of wall friction 

<p = Angle of shearing resistance 

</>mi = Mobilized angle of shearing resistance at i'" strip 
(JI( = Ultimate stress kPa 

a.~ = Stress in x-direction kPa 

a, = Stress in z-direction kPa 

7 x z = Shear stress k Pa 



FOOTINGS ON SLOPES 

- Major principal stress 

- Intermediate principal stress 

- Minor principal stress 

0 = Log spiral angle on the slope side 

k Pa 

k Pa 

k Pa 

01 = Inclination of major principal stress w.r.t. vertical axis 

03 - Inclination of minor principal stress w.r.t. vertical 
axis 

E,; Strain in the vertical direction at i,,' strip 

E1 - Major principal strain 

E2 Intermediate principal strain 

E3 = Minor principal strain 
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