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SUMMARY 

During the last decade shell footings have been investigated 

in many parts of the world. This report forms a review of 

the studies on the behaviour of conical footings. Compari

son between measured and predicted membrane forces in model 

tests performed by different authors is presented and dis

cussed. Some results from the studies on conical footings 

at the Institute for Building of Science and Technology 

(IBST) in Hanoi are summarized. One case record, methods 

of construction and a recommendation for the design of 

conical footings are also presented. Some studies and case 

records on the economical aspects of shell footings are 

reviewed. 

Some limitation of actual knowledge on the behaviour of 

conical footings under axisymmetrical load and non axi

symmetrical load are discussed and a proposed programme 

for future studies is recommended. 
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STUDIES ON THE PERFORMANCE OF CONICAL FOOTINGS 

INTRODUCTION 

At present much work is being done in the field of investi

gating, developing and applying various types of shells as 

foundations. The use of shells in foundations has been known 

to lead to considerable saving in material, however, 

additional hand labour is required. The resulting saving 

cost has been found to be very large in countries having 

high material - to labour cost ratio. Kurian (1977) has 

shown that the economy of shell footings increase with in

creasing column loads and decreasing allowable soil pressure. 

The shell footings have been used in many countries in the 

world, even in situations involving heavy column loads and 

weak soils. Notable examples include the barrel shell for 

the 120 m Nonoalco Tower in Mexico city (Enriquez et al, 

1963, Fig. 1), the Stuttgart television tower (Fig. 2) 

and the Hannover telecommunication tower (Fig. 3) (Leonhard, 

1970). The cone and hypar footing have been widely used as 

column foundation of buildings in India, the Soviet Union, 

Hungaria, West Germany and some other countries, accord-

ing to Garbunov Pasadov (1973) and Varghese et al 

(1967). 

A new tubular element as a foundation for structures (Broms 

et al 1981, Fig.4) works as a shell pile and the bearing 

capacity of the footing is increased considerably. 

Cone and hypar footings have been investigated by many 

researchers. Experimentally determined shell strain and 

soil reaction pressures for small model cone and hypar 

footings subjected to axisymmetrical load was presented 

by Nichol and Izadi (1968). Kurian (1971) has studied 

the structural performance of hypar footings on sand. 

Kaiman (1967), Varghese and Kaiman (1970) have reported 

results from model and field tests on hypar footings. 
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Fig. 1 Part of the weight of the Naako Tower is taken 

by cast in place friction piles. The rest is 

compensated for by excavation and the load is 

transmitted to the soil by means of the transverse 
barrel shells. 

(After Enriquez et al) 
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Fig.2 Isometric view of the foundation of the first 

Stuttgart television tower. (After Leonhardt) 

Fig.3 Foundation of the Hanover telecommunicabion tower 

- only conical shell. (After Leonhardt) 
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Fig.4 New foundation method 

a. slab or plate 
b. concrete cylinder 
c. soil 

Dierk and Kurian (1981) have reported results from an 

experiemental study of the membrane forces of conical 

footings under axisymmetrical load and non axisymmetrical 

load. Jain et al (1977, 1979) have been studying conical 

footings by the finite element method (FEM) where linear 

elastic properties of the soil is considered. Recently 

Kurian et al (1981) have presented results from measure

ments of contact pressures under models of hyperbolic 

paraboloidal individual footings, combined footings and 

rafts. 

This report forms a review of existing literature of 

studies on the behaviour of conical footings and com

parisons between prediction methods and scale model tests. 

The report also presents some results from the study on 

conical footings at IBST and one case record for the first 

application of conical footings in Hanoi. Recommendations 

for design and construction are discussed. The economical 

consideration has been commented and a programme for 

further studies on this subject is proposed. 
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1. REVIEW ON THE METHODS FOR DESIGN OF CONICAL FOOTINGS 

1.1 Axisymmetrical load 

The design of shell footings is traditionally based on 

the following assumptions: 

- The theory of membrane is accepted. This means that only 

the membrane forces, axial compression N and circum-
s 

ferential tension Ne, are considered (see Fig.5). The 

effect of secondary moment is neglected. 

- The soil contact pressures are uniform. The arching 

effect of the soil in the zone nearby the toe of a 

footing is not considered. 

- The soil core of a conical footing always works together 

with the concrete shell. Any gaps between the soil and 

the shell footing must not exist. 

The characteristics of the system conical footing/soil 

is shown in Figs. 5 and 6. The values of Ns and Ne are 

evaluated by different methods as described below. 

1.1.1 Solution of Nichol and Izadi (1968) 

Based on the membrane theory, equating vertical forces 

on a free body, the following equations are derived: 

p. 
- Pp sN = tana ( 1 a)s 

2TIS sinacosa 2 
Pn tan a 2N = (1+cos 2 a)s 2 + R ( 1 b)

s 2s 0 

Equating horizontal forces on a semicircular slice of the 

cone (Fig.6), the tensile normal stress N acting in the 
q 

circumferential direction per unit length of the shell 

measured along the slope of the cone is given by 
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Fig. 5. A conical footing, axisymmetrically loaded 

a) conical footing and reaction of the soil 

b) membrane forces in an element situated 
at the distances from vertex. 
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Fig. 6 Membrane forces in a 
horizontal slice ds 

SGI Varia 66



1 0 

Ptana spn sin 2 atana (2a)
Ne = sp sinacosa + +n 2,rs 2 

or Pn tanas Ptana 
Ne = (1-cos 2 a) + (2b)2 2,rs 

where N = compressive normal stress acting along the s 
slope per unit length of the shell measured 
in circumferential direction 

= tensile normal stress acting in a circumfer
ential direction per unit length of the shell 
measured alongthe slope of the cone 

p = column load 

Cl = the half of the vertex angle (degrees) 

s = the slope length measured from vertex 

Pn = allowable soil bearing pressure 

is equal toPn 

p 
Pn 'ITR 2-

0 

where R OS the radius of the base of the footing.0 

Nichol and Izadi (1968) also have carried out tests in 

a model scale. The model cone was made by plexiglas, 

with 2 R = 35 cm, a= 45°. Strain gauges were used for 
0 

strain measurements and transducers were used for measure-

ments of the contact pressure. Test results show a good 

agreement between strains and predicted strains (see Fig.7). 

The soil pressure at the base of the cone footing varies 

linearly with the column load (see Fig.8). Slope strains on 

the top surface as a function of the column load are shown 

in Fig.9. 
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Fig.7 Comparative measured and computed strains. 

(After Nichol et al) 
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Fig.8 Soil pressure at base of cone footing. 

(After Nichol et al) 

6,000 " s• 2.od' 
o s• 5-So" 

,::: 0 &•9.00" 
·.--l 
Ctl
H 4,000 
.µ 
tfl 

(I) 
0.. 2,000 
0 

r-4 
CJ) 

O 1,000 2,000 3,0CO 

Column load,lbs. 

Fig.9 Slope strains on top surface as a function of 

column load. (After Nichol et al) 
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1 • 1 • 2 Solution of Dierk and Kurian (1981) 

Based on the membrane solution, Dierk and Kurian (1981) 

and Kurian (1981) have recommended the expression 

( 3) 

where s is the total slope length of the conical footing2 
(see Fig.5). 

It can be noted that the equation (3) will give the same 

value of N as the equations 1a and 1b. Kurian (1981) re
s 

commends the following equation for evaluation of the 

tensile normal stress 

= p tanas ( 4)n 

This means that the tensile normal stress increases linearly 

with the slope length the largest taking place at the toe 

of the conical footing. 

1 • 1 • 3 Solution of Jain and Nayk (1977-1979) 

The behaviour of conical shell foundations under vertical 

load is studied on the basis of the finite element method 

considering the soil is linear elastic. The friction be

tween the soil and the shell footing is taken into account 

by the tangential pressure pt (Fig. 5). The compressible 

force N can be evaluated by
s s 

N = - 2 sin 2 a f (1-µctga)p sd ( 5) 
s S sin 22a o n s 

whereµ is the ratio of tangential pressure to normal pressure. 

It is reasonable to assume thatµ is constant in order to 

simplify the membrane solution. In FEM analysis, the value 

ofµ varies from 0.1 - 0.35, The authors recommend µ = 

0.25 for analysis. 

SGI Varia 66



13 

The tensile stress N can be evaluated by8 

= ½sin 2a {p s(1-µtana)+ sina · 'tan 2a -n 
s 
f(1-µcota)p s ds } ( 6) 
o n 

The normal contact pressure p can be idealised as shown ns 
in Fig. 10 and the integral sSP sds has been evaluated. 

o n 
Simplified expressions to evaluate the membrane forces are 

given in Table 1, where 

= pnnPbc 

n = area multiplying factor ( 1 • 5) 

n = 11 . 2 3 (1-cosa) (1+3.Scosa) E /E
S C 

E = Young's modulus of the soil s 
E = Young's modulus of the concrete shell

C 

n2 = 0.28 (1-cosa) ( 1 + 3 . 5 cosa) 

n3 = (1+cosa) 

B = ( 1 + cot ga) 

Jain et al (1979) based on FEM analysis, have proposed a 

distribution of the subgrade moduli k and k in the n s 
direction normal and tangential to the inclined shell sur-

face respectively. 

SGI Varia 66



1 4 

Table 1. Expressions for membrane forces. 

~ Pbc 

Fig. 10. Idealisation of the contact pressure. 

(After Jain et al, 1977). 
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1 • 1 • 4 Solution of the present study 

The friction between the soil and the shell footing is 

important in a non-cohesive soil. As the soil inside the 

cone footing should be prepared by compaction and profiling, 

meaning that the designer can obtain a "desirable soil", 

it is necessary to take the friction between the soil and 

the shell footing into account when calculating the membrane 

forces in the conical footing. 

As the idealized contact pressune according to Jain et al 

(1977) may be complicated for the designer, it is recommended 

to consider a uniform distribution of the contact pressure 

as in a traditional calculation. These assumptions lead to 

the equation of the compressive force N 
s 

pn tana 2N = s; - s (1+µcotcx) ( 7) 
s 2s 

The value of JJ = 0.25 assumed by Jain et al (1977), can 

be very conservative for practical problems, especially in 

cases, where the shell footing is cast in situ. According 

to reported test values (see Peotyody, 1961) JJ = 0.5 can 

be chosen for practical consideration. 

The value of Ns obtained from equation (7) and equation (5) 

can be negative in the zone nearby the toe of the footing. 

This fact is not important for practical design, because 

the designer is only interested in the maximum compressive 

stress for determination of the thickness of the footing. 

If the contact pressure distribution is assumed to be 

uniform, the expression (6) can be transformed to equation 

(4). This means that the tangential stress pt does not 

have any effect on the tensile stress N •8 
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1 • 1 • 5 Comparison of measured and predicted membrane 
forces 

1.1.5.1 The tests of Dierk and Kurian 

Dierk and Kurian (1981) have presented the result from 

scale model tests of cone footings. The model of the 

cone footing was made by Acrylglas, E = 3000 MPa, v= 0,34 

and the design is shown in Fig.11 where 

s = 200 mm
2 

D = 346.4 mm, R = 173.2 mm 
0 

t = 3 mm (thickness of the footing) 

The tests were carried out in a sandbox, shown in Fig.11. 

The properties of the sand were 

y = 1 9 . 11 kN/m 3 

D = 0.47-0.51 

n = 0~29-0.30 

e = 0.421-0.429 

= 36° 

E = 45-50 MN/m 2 (from oedometer tests) 
<P 

s 

The maximum applied load was 1067 N. 

A comparison between measured and predicted forces (accord

ing to Dierk and Kurian) are shown in Figs. 12 and 13 and 

Table 2. 

1.1.5.2 The expressions of Nichol and Izadi (1968) 

Calculation of the membrane forces is made by Nichol's 

expressions with given load and dimensions of the cone 

footing. The uniform contact pressure is 

p 1067 2 
= _ _ = 0.01132 N/mmnR2 173 22 

0 

Ns and N can be evaluated from Eq (1) and (2). The
0 
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Fig. 11 Conical model test and positions of strain 

gauges. 

(From Dierk and Kurian, 1981) 
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results are listed in Table 2, Figs. 12 and 13. 

1.1.~3 The equations of Dierk and Kurian 

As mentioned before, the equations of Dierk and Kurian 

give the same result as the equations of Nichol and Izadi 

for the compressive force. The tensile force Ne is 

evaluated from the equation (4) and the values are also 

listed in Table 2 and Figs. 12 and 13. 

1.1.5.4 The equations of Jain and Nayk 

Calculation of the contact pressure distribution: 

= np = 1.5·0.01132 = 0.0169 N/mn 

= 11~25(1-cos60°) (1+3.5cos60°) ✓-;%%~ 
= 11.25·0.5·2.75·0.129 = 2.0 

= 0.28(1-cos60°) (1-3.5cos60°)= 0.39 

= (1+cos60°) 0 1.50 

and 

= 2·0.0169 = 0.033n1pbc 

n2pbc = 0.39·0.0169 = 0.066 

= 1.50•0.0169 = 0.025n3pbc 

As = 200 mms2 
S2 200 = tana = 1 . 7 3 = 115.33 mms1 -3-3 

so = s2sina = 200·0.87 = 173.20 mm 

Values of Ns and Ne, evaluated for s < s 0 , s 0<s<s 1 and 

s <s~s 2 , are listed in Table 2.
1

1 • 1 • 55 Calculation by expressions of this study 

Pt
Assume thatµ= - = 0.5 

Pn 

Values of N can be evaluated by equation ( 7) and values s 
of Ne are the same as calculated from Kurian's equation 

( 4) • The values of N and Ne are listed in Table 2 and s 
Figs. 1 2 and 13. 
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Table 2. Comparisom between measured and predicted 
membrane forces according to different authors. 

I Variation of Ns (N/mm) with slope length s (mm) 
Author 

50 85 120 155 190 200 

Measured 
(Dierk and Kurian) 

7.32 3.59 1.59 0.74 0.11 

Dierk and Kurian 
eq, ( 1) and (4) - 3. 77 2.08 1.0 0.20 

This study 
eq. ( 7) 7.20 3.52 1. 74 0.56 -0.34 

Jain et al 
eq, (5) 6.44 2. 59 0.94 -0.07 -0.93 

Author Variation of N8 (N/mm) with slope length s (mm) 

50 85 120 155 190 200 

Measured 1. 21 1.98 2.17 2.12 1.84 

Dierk and Kurian 
eq. (4) 0.98 1.56 2.35 3.03 3.72 3.91 

Nichol and Izadi 
eq. (2) 6.47 4.49 3.92 3.8 3.88 3.92 

Jain et al 
eq. (6) 2.16 I 2. 74 2.74 3.53 5.68 6.49 
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Fig. 12 Comparison between measured and predicted membrane 

force Ns. 
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Fig.13 Comparison between measured and predicted tensile 
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1.1.56 Discussion 

Table 2 and Figs. 12 and 13 show clearly the comparison 

between measured and calculated membrane forces. 

The values of axial force N, have a similar variation 
s 

according to different prediction methods and measured 

values. A good agreement is obtained between the measured 

forces and calculated forces according to Dierk, the 

equations of Dierk and Kurian, Nichol's equation and 

equations of this study. The solution of Jain et al under

estimated the value of N. 
s 

In the case of the tensile stress Ne, the measured and 

predicted values have not a similar variation. A big dis

crepancy is observed in the comparison between measured 

force and calculated force from the equation of Nichol 

and Jain. 

A good agreement between the measured force and the cal

culated force from the equation of Dierk and Kurian is ob

served in the upper part of the slope. However, a dis

crepancy is observed in the part nearby the toe footing. 

The values of Ne are important for the calculation of the 

reinforcementF If Kurian's solution is accepted, the 

design is always on the safe side although it is not econ

omical. 

1. 2 Conical footings subjected to non-axisymmetrical load 

1. 2. 1 Solution based on FEM 

Jain et al (1979) presented an analysis of a conical shell 

foundation on elastic subgrade for non-axisymmetrical loads. 

The displacement component alongthe local axial, normal 

and circumferential directions are expressed in terms of 

Fourier series. The subgrade modulus values are assigned 

to different elements and the equilibrium equations are 

solved for each harmonic separately after expressing the 
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external loads also in terms of Fourier series. However, 

as these authors use a Winkler model in the normal and 

the tangential directions of the slope the solution is 

not entirely correct. They say "the studies are not 

sufficient to establish an accurate quantitative behaviour 

of conical shell foundations under non-axisymmetric load". 

1. 2. 2 Solution based on the membrane theory 

In general all assumptions for axisymrnetrical load (see 1.1) 

are valid for this case, except the assumption of the con

tact pressure distribution. The contact pressure can be 

assumed to be uniform (Kurian, 1 981) (Fig. 14) or uniform 

but with different signs on the two sides of the footing 

in the same plane as the bending moment (Dick and Kurian, 

1981 , see Fig. 15) . 

1 . 2 . 2. 1 Kurian ( 1 9 81 ) 

The contact pressure on the sides of a conical footing 

under moment can be assumed to vary uniformly as shown 

in Fig.14. The maximum intensity of the distribution of 

soil pressure can be expressed as 

4M 
(8)p~ = 1TR 2 

0 

The values of the membrane forces can be evaluated from 

2p (s"-s") (s2 
3 -s 3) 

n 2 2N' = cos a cos8 ( 9) 
s s sin 2a 4s2 3s2

Pnstana 
N' = cos8 ( 1 0) 8 s2 

4-s4)pn(s2
N' = sine ( 11 )s8 4s s2cosa2

1.2.2.2 Dierk and Kurian (1981) 

Dierk and Kurian (1981) presented expressions for evaluation 

of the membrane forces as follows 
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s 3 
p ( 2N ( 1 2)s 3sina s- s'2)cose 

= p cosacota s cos8 ( 1 3)Ne 

3
s2 

Ns8 = E 
3 cota(s- s2)sin8 ( 1 4) 

and 
3M.= ( 1 5)Pn 1r(s 2-s 2)cos2a2 0 

is shown in Fig.15.so 

Kurian's expressions give bigger values than the expressions 

of Dierk and Kurian. 

Dierk and Kurian (1981) also presented results from model 

tests and made a comparison between measured and calculated 

membrane forces (equations 12-15). The results are shown in 

Fig.16. 

The measured and the calculated membrane forces have the 

same trend of variation. However, the calculated membrane 

forces are underestimated. At 8 = 0, the measured moment 

reaches a high value. However, this effect is not taken 

into account in the membrane theory analysis. 
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Fig. 14. Transformation of the moment effect to uniform 

varying contact pressure. 

Fig. 15 Transformation of the moment to uniform 

contact pressure distribution. 

(After Dierk and Kurian, 1981) 
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2. SOME RESULTS FROM THE STUDIES AT IBST 

The results of the studies on the behaviour of conical 

footings are presented by Nguyen Truong Tien (1979) and 

Nguyen Truong Tien and Phung due Long (1980). The important 

parts are summarized here. 

2. 1 Theoretical studies 

2. 1 • 1 Conical footings under vertical load 

The behaviour of conical footings and the soil/shell inter

action is studied by the finite element method (FEM). Two 

models of the soil are used, the Winkler model Fig.17 and 

the half space model, with linear elastic properties of 

the soil, Fig.18. 

In the Winkler model the reaction of the soil is taken 

into account by the subgrade reaction coefficient in 

horizontal and vertical direction (see Fig.17). 

2.1.11 Calculation of the membrane forces by FEM 

Element characteristics 

The shell will be divided by nodal surfaces into a series 

of conical frusta as shown in Fig.17. At each node the 

axial kadial movement will be prescribed. As the bending 

moment is neglected, rotation is not considered. The 

formulation of the stiffness matrix for every element is 

given by Zienkiewicz (1971): 

1 
T = J 21Tr Ld ( 1 6)

s s0 

where 

fB = displacement - strain matrix 

L.
rD = elasticity matrix 

L = the length of the element 

r = radius of the considered point of 
the element 
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p 
Elelement 

Node 

Fig. 17 Conical footing on Winkler model. 

a) Discretization by FEM 

b) Element with subgrade reaction coefficient 
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If the elasticity properties of the shell material (E, ~) 

and the function of displacement is defined, the stiff

ness matrix of an element is determined. 

The total stiffness of an element can be expressed as 

= Qk + k ] ( 1 7)
e s soil 

where k is defined by equation (16) and k . is the
S SOl1 

subgrade reaction coefficient. The values of the subgrade 

reaction coefficients can be obtained from the literature 

(see Vesic, 1961, Broms, 1964, Yoshida et al, 1972, Terzaghi 

1955). Assuming that the values of the subgrade reaction 

coefficients are constant along the slope of the conical 

footing, the total stiffness matrix is easily formed, and 

the system of equations can be written 

{o} = {F} ( 1 8) 

where 

= stiffness matrix of the complete system 

{o} = displacement vector 

{F} = external force vector 

The solution of the above system of equations is carried 

out by the Gauss elimination procedure using an efficient 

storage structure for banded system. 

After the solution of the system of equations, the defor

mations of every element are obtained and the stress and 

the membrane forces are also defined. 

2.1.12 Study of the soil/shell interaction 

The contact pressure under the footing depends on the 

elasticity of the soil inside and under the footing and 

the rigidity of the footing and is a complex soil/shell 
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interaction. Lack of equipment for studying the contact 

pressure distribution, FEM is used at IBST for this purpose. 

The analysis has been carried out by using a triangular 

ring element (Fig .18, 19 ).The formulation of axisyrnrnetrical 

solid analysis is given by Zienkiewicz (1971). 

The solid is assumed as isotropic linear elastic, having 

appropriate values of modulus of elasticity and Poisson's 

ratio v • 
s 

Case studies 

1. A conical footing with the following character is 

studied.. 

D = 1.50 m (A=1.8 m2
) 

a= 45° 

thickness t = 80 mm 

p = 350 kN 

E = 300.000 kg/cm 2 

concrete 
\) = 0. 1 5 concrete 
E = 499 kg/cm 2 

\) = 0.35
soil soil 

The system soil/shell is discretized in elements and nodes 

and the computer program AXYM1 (Nguyen Truong Tien, 1976) 

is used. 

The results from FEM analysis lead to some interesting 

conclusions. 

- The settlement due to the soil core inside the conical 

footing is very small. The displacement of the nodes of 

the "soil element" and those of the "shell element" at the 

same level are nearly the same. This fact can be explained 

by the fact that the soil core is in a confined condition, 

working together with the shell footing. 

- The contact pressure at the tip level of the footing is 

not uniform. The contact pressure distribution shows an 
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Axisymmetrical axis 

I 

Fig. 18 Study of the soil/shell interaction by FEM. 

·V; 

Fig. 19 An element of an axisymmetrical problem. 
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edge concentration, which is in conformity with the elastic 

half space theory and the recent experimental studies of 

Kurian and Mohan (1981) on the contact pressure under 

hypar foundations. 

2. Circular footing 

With the purpose to compare the contact pressure distri

bution under a conical footing and a conventional footing, 

a circular footing of the same base diameter as a conical 

footing was studied by FEM. 

The properties of the soil (E,v) and of the concrete 

circular. footing are the same as those in the case of the 

conical footing (1J. The applied load and the boundary 

conditions are also the same in the two cases. The increase 

in the weight of the footing is not considered. 

The study by FEM shows a similar contact pressure dis

tribution under a circular footing as in the case of a 

conical footing. This result leads to the following prac

tical consideration: 

- The bearing capacity and the settlement of conical footings 

can be evaluated by conventional methods used for circular 

footings. 

2. 1. 2 Conical footings with non-symmetrical load 

Conical footings are effective for tower structures 

(Leonhardt, 1971, Tetrior, 1970, Gorbunov Posadov, 1963) 

as television towers, chimneys, electrical power towers 

and water tanks. The effect of moment due to wind forces 

should be considered in the design of the footings. 

The behaviour of conical footings with non-symmetrical 

load can be studied by FEM. The effect of the moment can 

be simulated by the uniformly varying contact pressure 

as shown in Fig.20. The maximum intensity of the pressure 
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distribution is given by 

4M 
Pz = 'ITR 2 

0 

p 
p 

+ 

Fig. 20 Transformation of non-symmetrical load. 

The nodal loads are obtained by virtual work and a Fourier 

expansion (Zienkiewicz, 1971). Explicit formulas for 

evaluation of nodal forces are given by Nguyen Truong Tien 

(1976). 

The non-symmetrical load produces a tangential component 

(w) associated with an angular direction 0 (Fig.21). The 

geometric and material do not vary in this direction and 

the displacement components u, v and w can be expressed 

in a Fourier expansion. 

The stiffness matrix of a system can be formed with appro

priate properties of the soil and the concrete footing. 

The computer program (N.T.Tien, 1976) is working good in 

the case of a circular plate with moment, according to 

comparison between the FEM solution and the solution 

based on the theory of elasticity (Poulos, 1973). It can 

SGI Varia 66



33 

be expected that the computer program can be used success

fully for studies on the behaviour of conical footings 

with non-symmetrical load. 

li!,V 

r. u 

Fia. 21 An element of an axisymmetrical system with 
-' 

non-symmetrical load. 

a) section 

b) plan 
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2.2 Experimental studies 

2.2.1 Model test 

A model test of a conical footing was carried out at the 

research station of the Civil Engineering University in 

Hanoi. The purpose of the test was to study the structural 

performance of the conical footing under an axisymmetrical 

load. 

2.2.11 Description of the model 

The conical model was precast in concrete in a steel mould 

and the compaction was made by a vibrating table. The dia

meter of the cone footing was 0.7 m, half vertex angle 

a= 45°, thickness t = 40 mm. The model was designed by 

the membrane theory, considering the friction between the 

soil and the shell (µ=0.5), the working load was 80 kN. 

2.2.12 Preparation of the soil 

The cone model was tested in a steel box (Fig.22). The soil 

used for the test was a medium sand and was uniformly com

pacted by a vibrating plate. The density of the soil was 

1.7 t/m. 

2.2.13 Instrumentation 

20 dial gauge indicators were used to measure the vertical 

displacement at the top footing, soil surface and the 

radial movements of the footing at the toe level. 

The axial and circumferential stress distribution in the 

conical model were measured with strain gauges attached 

to the wall of the model. Electrical resistance strain 

gauges were used, the positions of the strain gauges are 

shown in Fig.23. 

SGI Varia 66



35 

C 

. , ... 

E 
E 

0 ; ·_. .. _. . : ·.b·· .· .·.. a 
0 
I.{) ..... 

. .. ·.. 

2000 mm 

a.Stell box 

b.Compacted sand 

c.Steel beam 

d.Dial indicator for measured vertical displacement 

e.Dial indicator for measured radial displacement 

f.Dial indicator for measured soil surface displacement 

Fig. 22 Model test of conical footing. 

2.2.14 Test results 

The steel box was filled by compacted sand and the conical 

footing was test loaded by the incremental step procedure. 
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0 
~ 
N 

Fig. 23 Conical model and position of the strain gauges. 
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A loading and unloading procedure was applied with 7 

cycles in order to verify the integrity of the system. 

At 120 kN some small cracks were noticed at the toe of 

the footing and at 160 kN big cracks were observed. The 

vertical displacement of the model was very small during 

to the test loading. 

The membrane forces Ne were calculated from the strain 

measured and by the relationship of the elastic theory 

and are shown in Fig~24. 

For comparison a FEW analysis was carried out with the 

following data: 

(subgrade reaction coefficient in vertical 
direction) = 0.4 MPa/cm 

(subgrade reaction coefficient in horizontal 
direction) = 0.3 MPa/cm 

Those values correspond to the proposed values according 

to Terzaghi (1955). 

The agreement between the test results and the FEM solution 

is observed in Figs. 24 • The values obtained from 

the membrane theory according to different authors are 

also plotted. The solution by FEM agrees best with the 

measured result. A general agreement can be observed be

tween the test results, the FEM solution and the membrane 

theory in the case of the axial membrane force Ns. However, 

in the case of the circumferential membrane force Ne 

the solution by the membrane theory overestimates the Ne 

values. 
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Fig. 24 Variation of N0 with s according to different 

solutions. 

2.3 Studies on the methods of construction 

Different methods for construction of conical footings have 

been recommended in India, the Soviet Union and Germany. 

There exist two general methods: 

(1) Precast footings by inverted concrete or 
in a steel mould 
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(2) Cast in situ footings on the prepared soil core. 

The precast footings have a very extensive use in the 

Soviet Union (Gorbunov-Posadov, 1973) and are recommended 

in the Indian Standard (1980). The footings can be placed 

in the pit, centered and levelled and dry sand may be 

poured into the hollow bellow, see Fig.25. The sand thus 

poured has to be compacted by interior compaction. After 

compaction the core may be grouted. Kurian and Shah (1974) 

have presented a new technique for compaction of dry sand. 

They use a method called "the centrifugal blast compaction". 

A heavy blast is created in the sand by a high speed 

rotation of a rotor carrying radially vanes or blades. 

The method has been found to be highly satisfactory from 

the view point of the facility of work, speed, and degree 

of compaction. 

///E;='///E /# 

~ 

I 

6 
' o/
lfl 

a. foundation pit 
b. precast footing 
c. central hole 
d. foundation bolts 
e. compacted sand 

Fig. 25 Installation of a precast conical footing. 
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For the conditions in Vietnam, e.g. a limit capacity of 

transportation, the cast in situ conical footing is found 

to be suitable. The method used in Vietnam can briefly be 

explained as follows. 

The excavation of a pit is carried out to the designed 

depth of embedment of the footing. The bottom of the pit 

should be compacted. 

The soil core is formed by compacted soil layers with the 

help of a profiling plate as shown in Fig.26. The com

paction work can be carried out by a plate vibrator or by 

a drop rarnrner in layers of 0.1-0.5 m. For an easy work of 

profiling the core, a sandy clay can be used. 

The prepared soil core is covered by poor cement mortar 

and a profiling plate can be used to check the thickness 

of this layer. 

The reinforcement can be put directly on the prepared soil 

area (Fig.27). 

The concrete work is carried out. A profiling plate is 

used for checking the thickness of the footing. A con

ventional method for compaction of the concrete can be 

used. However, a vibrating motor attached to the profiling 

plate will give good results. 

The test results show that high concrete compressive 

strength can be obtained by the above procedure. 
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b 

_B-!· .. 

l 
A-A 

1 
B--B 

Fig. 26 Formation of the soil compacted core. 

/ Profiling plate in final position 

Axial reinforcement 

Circumferential 
reinforcement Cement mortar layer 

.. •.· ..... 

Fig. 27 In situ casting of the conical footing. 
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2.4 Case record 

A 3-storey building for the office of the Cultural Ministry 

was constructed on conical footings two years ago. The 

soil consisted of three layers. First a clayey top fill 

of 2 metres with an undrained shear strength of 10 kPa. 

The second layer was a sandy clay of 4 metres, forming a 

good subsoil for foundation purposes. The third layer was 

a soft clay. The building is a frame structure. The column 

load is about 600-700 kN. 

Some alternative solutions for foundation of the building 

were studied. One alternative was to replace the top fill 

layer by a compacted medium sand and to use a conventional 

foundation method. This alternative was abandoned because 

the contractor had problems with the transportation. The 

second alternative for foundation was the improvement of 

the top soil by driving bamboo piles (D=10-12 cm, L=3-3.5 m) 

and by using concrete beams in two directions. This alter

native was also abandoned because the cost of the foundation 

was too high. However, some bamboo piles had been driven. 

The result of a plate load test in situ showed that the 

bearing capacity of the soil was about 150-200 kPa and 

the design of conical footings was carried out. 

1. The bearing capacity of the soil 

As the conical footing will be supported by bamboo piles, 

a block failure of the foundation is checked. The bearing 

capacity of a theoretical footing at the tip level of the 

pile group is calculated by DIN 4017 and the Soviet 

Building Code 1976. The safety factor is more than 2 in 

both cases. 

2. Settlement of the foundation 

Assuming that the load is transferred to a theoretical 

footing, situated at a depth corresponding to 2/3 of the 
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length of the bamboo piles and using the 2-1 method for 

calculation of the stress increase the settlement can be 

calculated from the expression: 

s = 60 1 6z 

6e 
= 60 ,, i.e. the inclination of the void ratio 

vs. effective stress in the oedometer curve 

6e = decrease in void ratio caused by the effective 
stress increase 60 1 

= initial void ratio 

thickness of the sublayer. 

The total primary settlement is obtained by summing up 

over the whole clay layer (z=2D) the settlement of every 

sublayer. The maximum settlement is 65 mm. 

3. Design of the concrete footing 

The conical footings were designed based on the membrane 

theory, assuming a uniform contact pressure distribution. 

The footings were designed for an applied load of 700 kN. 

The thickness of the footings was 150 mm (bigger than 

necessary) due to concrete cover, and the diameter was 

2.80 m. The total volume of concrete was about 1 m3 per 

footing and the total quantity of steel was about 90 kg. 

The dimensions of the footings are shown in Fig.28. 

4. Settlement observations 

The settlement of every footing was measured by marks on 

the concrete columns of the building and reference points. 

Until the end of 1980 the maximum observed settlement 

was 30 mm. 
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2.8m 

1.0m 

Fill tayer 

Sandy ctay 

2m 

1m 

Bamboo piles 
2m 

L.m 

Soft soil 

Fig.28 Application of conical footings. Calculation 

of the bearing capacity and the settlement. 
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2.5 Recommendations for design and construction 
of conical footings 

Based on the actual knowledge from theoretical and exper

imental studies, experiences from some countries and 

results from a case record the following procedure can 

be used for design and construction of conical footings. 

- The membrane forces can be evaluated by the membrane 

theory, assuming that the contact pressure is uniform or 

uniform varying and that friction exists between the soil 

and the shell. It is not recommended to evaluate the 

tensile membrane forces from the solution of Nichol and 

Jain. 

- The bearing capacity of the soil and the settlement of 

the conical footing can be evaluated by the methods used 

in circular footing design. 

- The thickness of the conical footing is evaluated by 

t = 

where N = maximum compressive membrane force 
smax 

= permissible stress in direct compressionRbk 
of the concrete 

t = thickness of the footing 

As the values of N are largest on the top of the footings 
and decreasing along the slope it is recommended that the 

thickness of the conical footing is bigger in this part. 

In general the thickness is larger than required, because 

it must satisfy a minimum thickness of concrete cover 

layer (about 60-70 mm). 

- The punching forces should be checked when half the 

vertex angle differs from 45°. 
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- A minimum quantity of reinforcement should be used in 

the axial direction in accordance with the building code 

(3-5% of the cross sectional area). 

- Tensile stress of the concrete is not accounted for. 

The steel area required in the circumferential direction 

is 

. s 

where = the tensile stressN0 
R k= the permissible tensile stress of the 

a .rein f orcement 

s = a unit length measured along the slope 
of the cone 

- The conical footing can be cast in situ on a prepared 

soil core or prefabricated in an inverted mould. The con

tact between the shell and the soil should be assured. 

- Connection between the column and the conical footing 

The connection between the column and the footing can be 

made by extending the axial reinforcement of the cast in 

place footing or using conventional methods for the pre

cast footing. 
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3. ECONOMY OF SHELL FOOTINGS 

3 . 1 Theoretical studies 

3. 1 • 1 Nichol and Izadi 

Nichol and Izadi (1968) studied the costs for conical and 

square footings, using the ACI (1964) design method for 

square footings. They defined 

= total cost of square footing
Cost ratio Rf= total cost of conical footing 

where 

C' = V C + V Ct C C s s 

V = concrete volume 
C 

C = concrete cost 
C 

V = steel volume s 
C = steel cost s 

Fig.29 shows values of Rf obtained by computer for a hypo

thetical case of identical unit cost C and C for both
C S 

footing types. The minimum shell thickness is assumed to 

be t = 76 mm, the compressive strength of the concrete 
0 

is 21 MPa and the tensile strength of the steel is 210 MPa. 

Fig.29 shows that the conical footing becomes more economical 

with increasing column load and decreasing soil bearing 

capacity. Fig.29 shows for example, that for p = 1800 kN 

and p = 25 kPa the cone becomes more economical only if n 
the unit costs for concrete and steel in place in the cone 

are less than twice the unit cost values in place for the 

square footing. 

3 .1. 2 Kurian 

Kurian (1977) has studied the economy of a hyperbolic para

boloidal shell footing. He also found that shell footings 

become more economical than square footings with increasing 
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Fig.29 Cost ratio of square footing to conical footing. 

(After Nichol and Izadi, 1968). 
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column load and decreasing soil pressure. He defined the 

cost function as follows 

C m C nr 
CS + SS

C = · 100r C + C •r cp sp 

C and C are the volumes of concrete in m and C 
CS cp SS 

and C are the weight of steel in tons in the shell and sp 
plain footing respectively. r = ratio of unit cost be-

tween 1 ton of finished reinforcing steel and 1 m3 of 

finished concrete. m = ratio of unit cost between concrete 

for shell and plain footings. n = ratio of unit cost be

tween steel for shell and plain footings. 

Assuming r = 8.5, m = 1.5, n = 1.05, the cost ratio C r 
has been plotted in Fig.30 for various combinations of 

p and Pn• 

Another ratio with respect to the precasting work is the 

weight ratio w between shell and plain footingsr 

C ·2.3+C
CS SS w = r C •2.3+C cp sp 

where 2.3 is the unit weight of plain concrete in t/m 3 
• 

The weight ratio is plotted in Fig.30. 

3.2 Case histories 

3.2.1 Leonhardt 

Leonhardt (1970) gave an interesting comparison between 

two tower foundations in Munich (Fig.31) and in Hamburg 

(Fig.32). Both towers have the same height (300 m) and 

have approximately the same area exposed to wind pressure 

and the same wind moments of about 950 MNm. The materials 
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Fig.30 Chart for relative cost between shell and 

plain footings. (After Kurian, 1977). 
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required are shown in Table 3. Leonhardt has pointed out 

that even if the formwork needed for the cone and the 

cylinder of the Hamburg tower is taken into account there 

is still a difference in cost of about DM 400.000. 

Table 3. 

Material Munich Hamburg 

m3 m3Concrete 4500 3500 

Prestressed steel 
st 120/140 185 t 60 t 

Reinforced steel 
St III b 380 t 500 t 

3.2.2 Martin and Ruiz 

Martin and Ruiz (1959) describe a design of a folded plate 

raft foundation (Fig.33) of a 24 storey building, 92 m 

high. Costs are compared for a standard beam and a slab 

raft foundation and the folded plate raft foundation. 

Considering the difference in unit price for soil exca

vation and the fill, the costs per unit area are: 

Flat slab and deep beam $ 124/m2 

Folded plate $ 86/m 2 

These values indicate a difference of about 30% in the 

cost of the two solutions. 

3.2.3 Conical footings for a building in Hanoi 

A case record, described in chapter 2.4, shows that the 

saving of materials of construction is 50% for the con

crete volume and 10% for the steel quantity in comparison 

between a conical footing design and a square footing 

design. 
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Fig.31 Circular slab foundation of Olympia tower Munich. 

(After Leonhardt) 

? 15 ,14~ 800 f 41 -00 m 

Fig.32 Foundation of the Hamburg telecommunication tower 

- conical shell and cylinder. (After Leonhardt) 
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Fig.33 Plan and section of folded plate raft foundation. 

(After Martin and Ruiz) 
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4. CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE STUDIES 

4.1 Applications of shell footings 

During the last decade shell footings have been investigated 

and used as foundations in many countries in the world. The 

shell footings form of separate structure or in combination 

with flat slabs are used as: 

- foundation for tower type structures 

- foundation of frame buildings 

- tank bottoms 

- anchor foundations 

- shell piles 

Different applications of a conical footing are shown in 

Fig. 34. 

4.2 Reasons for using shell footings 

The reasons for using shell footings are as follows: 

- A shell is the most rational structural form, which per

mits large loads with a minimum of material. 

- Shells can be made of high strength material of small 

thickness without any loss of stability. The stability 

is prevented by the soil in contact with the footing 

and the curvilinear shape of the shell. 

The depth of embedment of shell footings, in general; 

is bigger than that of conventional footings, which 

increases the bearing capacity considerably. 

- Due to their lightness and transportability the precast 

conical footings provide to reduce the time of con

struction. 

4.3 Behaviour of conical footings under axisymmetrical 
load 

Up to now, conical footings can be designed by the membrane 
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Fig.34 Application of a conical footing. 

a. Building foundations 
b. Factory foundations 
c. Tank bottoms 
d. Anchor foundations 
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theory with uniform contact pressure or by FEM with a Winkler 

model. However, as the contact pressure distribution varies 

with the type of soil, the nonlinear properties of the soil, 

the rigidity of the footing and the shape of the footing 

a better understanding of the behaviour of conical footings 

can be brought in .daylight with a new model of the soil 

and in combination with model tests. Suitable soil models 

can be choosen to be taken into account: nonlinear pro

perties of the soilc elasto-plastic behaviour of the soil 

and friction between the conical footingand the soil core. 

The actual experiences with FEM and soil mechanics show 

that the deformation behaviour of soil can be approximated 

by hyperbolic simulation as indicated by Duncan and Chang 

(1970). 

In the case of elasto-plastic behaviour the Mohr-Coloumb 

law or the Drucker/Prager criterion is widely used to de

fine the failure of the soil (see Desai 1977, Runesson et 

al, 1977). 

In order to study the influence of the friction between 

the shell footing and the soil, it is recommended to use 

a special joint element (Goodman et al, 1968). Experiences 

(Desai and Holloway, 1972, Khadilkar and Varma, 1979) show 

that reasonable results can be obtained with this joint 

element, see Fig.JS. 

4.4 Behaviour of conical footings under non-axisymmetrical 
load 

Up to now the behaviour of conical footings under non

axisymmetrical load can be defined by the membrane theory. 

However, as the soil does not allow for tensile stress, 

the assumption in the contact pressure is not correct. 

The solution based on FEM with subgrade reaction is still 

questionable. It is recommended to use FEM with a suitable 
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a. soil element 

b. shell element 

c. interface element 

Fig. 35 Finite element idealization of a conical 

shell foundation. 
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soil model in combination with scale model tests for study

ing the contact pressure and the behaviour of the conical 

footings. 

A comparison between the solution based on FEM and the 

solution based on the Elasticity Theory (Poulos 1973) 

for circular footings may lead to interesting conclusions. 

A modification of the conical footing to a folded plate 

raft (Fig.36) can be studied by FEM, considering this 

as a plane strain problem. 

4.5 Methods of construction 

If the conditions of transportation permit, it is re

commended to use precast conical footings. By this way, 

the conical footings can have a very high quality and 

reduce the time of construction. To assure a good contact 

between the soil core and the footing, interior compaction 

should be provided. 

Cast in situ footings are recommended in the case of a 

small quantity of footings and limit conditions for trans

portation. A prepared soil core can be used and the con

crete can be cast without a mould. A steel plate can be 

used for profiling the soil and the concrete. A combination 

of the two methods - cast in situ and precast footings may 

be interesting. 

4.6 The use of conical footings in place of 
conventional footings 

The use of conical footings in place of conventional footings 

lead to savings of 30-60% of concrete volume and 10-20% of 

steel reinforcement. The rational methods of construction 

can reduce the cost ratio between shell footings and plain 

footings. 
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