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ABSTRACT 
 

Inverted Shell Foundation Performance In Soil 
 

Remo Rinaldi, Ph.D. 

Concordia University, 2012 
 

The use of shells in foundation structures over traditional forms has grown steadily since 

their inception in the early nineteenïfifties.  Shell foundations outperform conventional flat 

footings and are reputable performers especially when heavy superstructural loads are to be 

transmitted to weak bearing soil.  The geotechnical performance of shells in an elastic 

continuum concerns their bearing capacities and settlement behaviour, whose study has 

been trailing behind that of their structural performance.  Bringing contact pressures closer 

to uniformity at the soilïshell structure interface is essential in developing a viable 

behavioural response under vertically concentric and monotonic loading conditions.  This 

study encapsulates the development of new shell foundation geometries employing shell 

inversion under such loading conditions.  Experimental investigation involves validation of 

the numerical phase in a comparative study following a twoïdimensional analysis of shell 

models using commercially available geotechnical software with f inite element analysis.  

New inverted triangular footings embedded in sand composed of ultraïhigh performance 

iShell Mix concrete using fiberïreinforced polymeric (FRP) microfibers are analyzed.  A 

parametric analysis examines key sensitivity elements including shell angle and shell 

thickness in granular soil for both upright shells and their inverted counterpart.  Linearlyï

elastic behaviour of concrete material is assumed while soil media is modeled under 

nonlinear elastic perfectlyïplastic conditions following the MohrïCoulomb yield criterion 

for loose, medium and dense sand states.  Theoretical modeling was developed to generate 

inverted shell bearing capacity factors to predict ultimate bearing capacities of the shell 

footings.  Simulation efforts scrutinized reveal comparable performance with bearing 

capacity increase of 3 ï 5% for the inverted shells over upright shell models and notable 

improvements of 42 ï 45% over conventional flat footings.  The developed models 

investigated represent forefront configurations of superior performance signifying that 

shells in foundations be highly regarded and fully exploited whenever feasible. 

 

KEYWORDS:   shell, contact pressure, bearing capacity, settlement, finite element analysis 
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ñInitial enthusiasm in employing shell footings as the most bold & daring foundation 
structures must not be squandered by the scarcity of its scientific study, for their 
conception is an amalgamation of theory, experience and judgement.ò 
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CHAPTER 1 

 

INTRODUCTION  
 

1.1 General 

 
An economic alternative to traditionally plain shallow foundations especially where 

heavy superstructural loads are to be transmitted to weaker soil is opportune incentive to 

use shell foundations.  Shell footings as foundations rely heavily on their geometrical 

shape and streamlined continuity to induce strength and perform efficiently in soil.  As 

such, shells are thinïslab structures whose performance capabilities as a supporting 

element rely heavily upon their form and quality of construction materials used.  

Responsible for mainly compressive forces, shell foundations are composed of one or 

more curved slabs or folded plates whose relative thickness is inferior to its overall planar 

dimensions.  To obtain maximum structural performance, shell foundations have been 

prevalently designed in arched, circular, triangular, conical, cylindrical, spherical, 

pyramidal, square and strip shapes.  This investigation proposes to evaluate the 

geotechnical performance of new shell foundation models in stochastic sandy soil using 

reinforced concrete test specimens following embedded conditions employing triangular 

strip variations.  In evaluating performance of the specimens coupled with the soils 

behavioural response, the settlements, contact pressures, working stresses in the footings 

are determined and compared with data from previously tested models.   

 

The historical success of shells performance as a structure has motivated further 

research in its application and performance with the objective of exploiting cost savings 

benefit applied in a geotechnical engineering context.  The ingenuity of shell footings as 

foundations has all the ingredients any design engineer should look to satisfy; that of 

optimum strength at minimal cost that is both safe and elegant, yet endures.  This 

combination of economy and efficiency coupled with longïterm durability is the epitome 

of a sustainable structure.  The inherent versatility, structural efficiency, economy and 

constructability of shells as desired features make its form worthy of pursuing further 

research.  This study purposes to introduce new shell footings as having superior 

performance as a costïeffective alternative from a geotechnical perspective. 
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There exists an invariant set of physical principles founded in the field of foundation 

engineering that can be used by designers and engineers as aids to understanding the 

behaviour of existing structural forms and in devising new approaches.  The development 

of these principles has disseminated during the past three centuries to the extent that 

analytical tools have become extensive and an enormously powerful resource.  Thus, the 

real challenge in the field of foundation engineering lies not so much in developing new 

analytical tools, but in bringing those currently in existence to bear in the design and 

formulation of new shapes with the ultimate goal of designing better foundations in pursuit 

of improved performance.  In the case of shell foundations, the major challenge and source 

of influence is the nonïplanar and often times curved interface surface existing between the 

structure and the soil, whereas flat foundations having typically planar rectangular contact 

surface area with the underlying soil.  The underlying idea behind the concept of the shell 

footing is to maximize use of the entire bearing soil spectrum by generating reduced stress 

at any one point for a given load in contrast to a plain foundations inefficient generation of 

local stress concentration. 

 

Since the geotechnical behaviour of shell foundation research has been undermined 

considerably behind that of structural performance, new shell models are studied 

numerically to obtain a more uniform contact pressure distribution on the bearing soil on 

which they rest.  Particularly, shell inversion orientation with variation of shell angle of 

the proposed models are investigated with variable soil strength parameters and 

correlations to its effect on confining pressure envelopes evaluated.  The results of the 

numerical research are used as a comparable with similar experimental and theoretical 

models and are validated to confirm performance.   The present study includes an 

analysis of the shell structure and soil using geotechnical software PLAXIS 8.6 ï 2D: 

FOUNDATION.  Static conditions of concentric vertical and eccentric loading for the 

threeïdimensional analysis will assess shell behaviour based on f initeïdifference and 

finiteïelement analysis.  Accordingly, results of the geotechnical behaviour in terms of 

the soilïstructure interaction beneath the shells will shed light on its influence on bearing 

capacity and settlement thereby allowing for selection of the best shell shape in efforts to 

optimize footing design and achieve material cost savings. 
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1.2  Shells in Engineering 
 

Reinforced concrete shell footings have been increasingly used in engineering 

projects as structural support members beneath buildings, towers, masts, tunnels, arch dams 

and cognate structures.  The study of their structural performance has developed during the 

past half century to the extent that they are amazingly established as being superior 

foundation performers compared to traditional flat foundations in homogenous, nonï

homogenous and even weak or problematic soils.  Essentially three fundamental 

engineering concepts conducive in opting for shells include a relentless drive to limit 

depletion of natural resources sustaining conservation, ethics of sound economics and 

innovative aesthetic appeal.   

 

Shells have not only seen rapid rate of development in foundation structures but have 

also been previously exploited and used as domes and vaults in roofing, anchors, 

automobile bodies, ships hull, aircraft fuselage, turbine blades, loudspeaker cones, 

balloons/parachutes, bottles/cans, to name a few.  A sophisticated application of roof shells 

is shown in the famous Sydney Opera House constructed in 1971 in Sydney, Australia.  

The intricate geometry exemplifies the most contemporary use of shell structures.  A 

frontal view snapshot of the multi-venue arts centre is depicted in Figure 1.1 as follows. 

 

  

Figure 1.1.  Sydney Opera House: Shell Roof Structure, Australia (Wikipedia.org, 2008). 
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A shell as a structural shape has an almost infinite range of size and grandeur 

depending on its application.  Another successful example in the use of shell structures 

includes that of the world renonwned massive arch gravity dam known as the Hoover Dam 

in Las Vegas, USA measuring 221.3 m in height and 379.2 m in length.  The generally high 

strengthïtoïweight ratio of this shell form along with its inherent stiffness is the reasoning 

behind its admirable success as an earth-type retaining structure.  Structural strength is 

extracted from this megaïshell form said to be one of the greatest civil engineering 

marvels.  Aerial photos taken upon its completion in 1935 are presented in Figure 1.2 to 

illustrate the sizable nature of this shell structure as one of the worldôs largest dams 

interjecting the Colorado River at Nevada and Arizona states border. 

 

    
          

   (a)                                                                  (b) 
 

 Figure 1.2.  Hoover Dam: (a) Upstream (b) Downstream, USA (Wikipedia.org, 2008). 
 

While roofs and tunnels abound in literature as being formidable structural 

performers against impact such as that experienced in World War II bombings, their 

application is by no means restricted to such enclosures.  Still in its infancy, however, 

shells have not been fully exploited as foundation engineering structures since much testing 

and development remains to be undertaken.  Other foundation applications of shellïtype 

structures can be seen in the form of shell anchors, retaining walls and pile structures as 

presented in the next section.  Fascinated by the shells superstructural capabilities and 

spatial versatility, this study harnesses this historical precedent to explore its utility as a 

versatile substructure. 
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1.2.1  Shell Applications  
 

In efforts to design foundations with minimal material thereby contributing to cost 

savings, shells were found to carry forces well with slab thicknesses as thin as 38 mm [1.5 

in.] having been reported (Holzer, Garlock, Prevost, 2008); an indication of the incredible 

strength attributes and rigidity that shells inherently exhibit.  Lately, structural conduits 

employing shell principals have been exploited by industry on account of their convenient 

lightweight nature and high strength.  Embedded earth structures such as culverts, caissons, 

arches and tunnels have been rehabilitated using shellïtype liners.  Portals and canopies are 

applications using corrugated steel plate panelling utilizing shell principles whose overall 

shape may be that of a shell.  Shell forms may be used in retaining earth structures in 

monolithic form or component parts.  Shell anchors and precast cambered shell planks, for 

example, are conceivable earth retention solutions as illustrated in Figure 1.3.  

 

    

Figure 1.3.  Shell Anchors & Shoring Wall Applications. 

 

The aforementioned list of shell applications is by no means exhaustive.  The 

resilience and versatility of shell structures lend themselves as impressive performers and 

may be employed in a variety of settings.  In exposed settings, the elegance shells offer 

may add architectural benefit from an aesthetic point of view.   

ñCuttingò  ñBearingò              ñCuttingò    ñBearingò                

Shell Anchor Action Modes 

Shell Planks 

Shell Shoring Wall                                       Plan View 
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1.2.2  Shell Definition  

 

Shells are remarkable performers as a load transmittal structure to founding soil.  Their 

main advantage is closely related to their lightweight nature since, by definition, they are 

thinïwall structures requiring reduced quantities of concrete material in their construction.  

Responsible for mainly compressive forces, much like traditional shallow foundations they 

replace, a shell foundation is perhaps the anti derivative of the plain form and is typically 

made of reinforced concrete material.  Consequently, the American Concrete Institute has 

defined a thin shell according to ACI 318ï19 as: 

 
ñA threeïdimensional spatial structure made up of one or more curved slabs 

or folded plates whose thicknesses are small compared to their other 

dimensions.  Thin shells are characterized by their threeïdimensional loadï

carrying behavior, which is determined by the geometry of their forms, by the 

manner in which they are supported, and by the nature of the applied load.ò 

 

The subdued quantity requirement translates to reduced costs as far as their 

materialization and makeup is concerned.  Their structural capacities relying heavily on 

geometrical considerations as opposed to mass, make them extremely efficient in carrying 

larger loads than traditional structures.  Undoubtedly, structural shell strength originates 

from form rather than mass, an underlying viewpoint shared with that of preceding 

researchers.  Consequently, unlike typical structures, which are composed of beams, trusses 

and columns connected at nodal points, shells take advantage of continuity in their form for 

inducing strength.  In terms of geotechnical requirements, this translates to increased 

bearing capacity and reduced settlement.  

 

Preïcasting and preïstressing are two major advantages shells offer.  The ability to 

construct shell subïstructures such as footings, anchors, panelling, and piles, easily 

transported to site on account of their lightweight would have potentially significant time 

and cost saving implications for a project.  Preïstressed inïhouse construction of either 

fullïscale or elemental component parts of shell footings offering controlled and temperate 

conditions is definitely an advantageous mainstream technique.   
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On the other hand disadvantages of shell use in foundation structures are undeniably 

present.  First and foremost, high labour costs associated with erection and, in terms of 

constructability, shells require specialized formwork contractors with skilled and 

experienced labour force.  Shell foundation designers should bear serious thought to 

construction methods involved which has a major impact on cost functions at times and 

under extreme circumstances rendering their use unfeasible.  Idealized geometries coupled 

with soil cutting techniques in the excavation phase of construction are possible firstïhand 

solutions.  Initial enthusiasm in employing shell footings as the most bold and daring 

foundation structures must not be squandered by the scarcity of its scientific study, for their 

conception is an amalgamation of theory, experience and judgement.  Presentïday 

unavailability of code for design and construction, unskilled labour, inexperience and 

lagging construction methodologies are all major shortfalls requiring wellïdeserved 

attention in using shell foundations.  This is perhaps due to their recent inception as the 

latest newcomers to the applied soil sciences. 

 
While interest in originality exists at the onset of design, opting for improved 

performance based on new curious models should not feel like a monumental task.  Shell 

shape composition may conveniently be selected from typical material options including 

timber, steel, and concrete or a novel combination thereof.  As far as creativity is 

concerned, combination of materials may not necessarily be limited to simply those that 

have been broadly used in the past.  Fiberïbased materials and composites for example, are 

increasingly being researched and developed for adoption as major trends demonstrate their 

tendency to outperform even traditional ñengineered materialsò available.   Experimenting 

and testing with these new materials leads to innovation and technological advances to 

further maximize the use of clever shapes.   

 
Researchers have easily come to concensus and have accepted that shell shapes may 

include a countless variety and so dimensional analysis is typically used as a suitable 

categorization method.  In continued development of shell order, an attempt is made to 

clearly classify shells on basis of curvature rather than symmetry considerations. 
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1.3  Shell Foundations 

If significant loads are transferred through piers resting on problematic soil such as 

soft mud, saltmarsh ground, or quicksand, such structures tend to sink to an undesirable 

depth, proportional to their own weight.  If, however, the pier rests on a larger platform or 

on posts, such as castïinïplace barrette piles drilled through mud or marsh to firmer 

ground, its weight is better distributed over a larger area in the first case and carried down 

to an improved soil strata in the second.  The platform over which a wall, column or 

uniformly distributed loads rest in direct bearing with the supporting soil is referred to as 

the foundations footing.  By spreading the load including the dead weight of the structure 

over a larger bearing surface area, the superstructural loads are evenly distributed, and the 

likelihood of settlement due to soil consolidation is greatly diminished.  For years such a 

solid footing base has been designed in convenient rectangular formats defining the 

traditional footprint pattern.   

1.3.1  Shell Classification 
 

A shell as a foundation footing can be generally classified based on its curvature and 

thus fall within three major categories: uncurved, singlyïcurved and doublyïcurved.  An 

uncurved shell is that of a plate or flat footing case which is folded in an upright or inverted 

position where a radius of curvature does not exist.   Singlyïcurved shells have one set of 

curves in one direction and are known to have zero Gaussian curvature.  By forcing a 

singlyïcurved surface into a planar surface characterizes it as being developable whereas 

doublyïcurved shells resist this tendency and are referred to as nonïdevelopable having 

curvature in two directions.  The higher rigidity of the doublyïcurved shell reflects a stiffer 

form and thus a conceivably stronger shell.  Considering the two curvatures of either the 

same or opposite directions for the doublyïcurved shell further subdivides them into being 

synclastic or anticlastic, respectively.  Synclastic shells are formed by two sets of bent lines 

curving in the same direction, also known as shells of positive Gaussian curvature.  

Anticlastic shells are shells of negative Gaussian curvature.  A secondary subdivision 

depends upon whether the developing shell surface is one of translation, revolution and/or 

ruled type.  For example, a cone surface is developed by revolution of a ruled surface and a 

hyperbolic paraboloid is a shell of translation and a ruled surface.  The straightline property 
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is one in which a section of zero curvature exists typically in anticlastic shells where lines 

of positive and negative curvatures are straight lines.  All ruled surfaces, therefore, exhibit 

the straightïline property.  The conoid, hyperboloid of revolution and the hyperbolic 

paraboloid are prime examples as illustrated in the classification regime of Figure 1.4. 

 
 

 
 

                                                                        
 

 

                                                                       
 
                                                            

                                                                          
 
                                                                                                                            

                                                                 
 
 

    Figure 1.4.  Shell Classification. 
 

Membrane analysis on the simplest type of shells including the circular cylinder and 

the cone which are termed singlyïcurved shells, have zero Gaussian curvatures and are 

shells of revolution.  Doubleïcurvature shells have nonïzero Gaussian curvatures in both 

principal directions and tend to resist higher magnitudes of load due to their closedïbox 

geometries than do singlyïcurved shells.  Openïbox geometries, as the name suggests, are 

not as rigid and hence deformable under applied external loads.   
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Positive Gaussian curvatures referred to as synclastic shells have the highest 

structural performance ratings due to their ability to span substantial distances with very 

little concrete thickness and/or steel reinforcement and are therefore commonly used for 

covering large stadiums, arenas and other massïgathering building structures. 

 

1.3.2  Shell Components 
 

The main composition of any shell foundation may be broadly divided into three 

main components.  Namely, the girder, shell and toe (edge) are wellïdefined elements and 

illustrated in Figure 1.5(a) below.  The girder beam often referred to as the column base or 

ring beam of the shell is typically first in line to absorb superïstructural loads.  In an 

inverted position the girder may be termed an edge beam in linear cases and ring beams in 

nonlinear cases.  The girder element transfers the load to the actual shell component with 

the shell element itself being typically where material savings is best exploited.   

 

 

 

 

 

  

 

      

 

(a)    (b) 

 

 

 

 

    Section A ï A                     Section B ï B  

                 (c)                                   (d) 

  Figure 1.5.   Shell Components: (a) Strip Shell Footing (b) Isolated Shell Footing 

                                                       (c) Ridge Beam Detail (d) Edge Beam Detail.  
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The shell element is analogous to a fin acting as the primary load transferral 

mechanism between beam elements.  Unlike roofing structures, shell components in 

foundations must be reinforced to absorb tension loads developing such as in load reversal, 

overturning, sliding or uplift failure cases. 

 

Finally, the toe element of shell footings are formed by reinforced edge beams 

following the shells perimeter.  The girder, sloped ridge and edge beams would intuitively 

seem to be taking primary stresses from an applied load, whereas the shell fins themselves 

absorb secondary stresses.  Adding edge beams and increasing their depth of embedment 

has seemingly demonstrated to have improved stress transferral with increased load 

carrying capacities of shell footings (Huat et al., 2006).  While only conceptual forms have 

been proposed as far as edge beams are concerned, further exploration into this realm may 

prove to play an important role in increasing shell footing capacities without substantially 

adding to overall design complexity nor material cost of the structure.  This may become 

particularly critical as high stress concentrations are known to be found at the peripheries 

of several geometric shell footing models. 

 
 
 
 

 
 
 
 

 
 
 
 

 
 
 
 

 
 
 
 

 
 
 



12 
 

1.4  Thesis Layout 

 

If the suggestion of shells has intrigued you as much as it has myself in being 

admirable structures more than capable of satisfying basic requirements for foundations, 

then this introduction forms the reasoning behind advancing their behavioural knowledge 

and performance.  Since shell footings are the latest newcomers to the foundation 

engineering vocation their studies are generally scarce with very limited investigations 

attributed to their cause particularly on soilïshell structure interaction front. 

 

The research conducted in this study on shell foundations includes existing and new 

shape exploration subject to similar field loading conditions as met in practical design 

situations.  The tactical breakdown of shell analysis depicts the critical path embarked in 

the organizational development of this thesis following a topïdown approach.  Particularly, 

the methodology of work undertaken was analyzed and is explained graphically in the shell 

analysis chart shown in Figure 1.6.   

 

         
 
Figure 1.6.  Shell Study Chart ï Critical Path for Research Work on Shell Footings. 
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It should be noted that numerical solutions are compared to experimental work of 

direct models which are scaled from fullïscale models to meet constraints of laboratory 

tests, typically the test tank encasing of the test bed soil media.  When scaled models are 

unavailable, fullïscale models should be used in validating solutions, however, that said, it 

is generally accepted that the former precede the latter if practicable.  The flowchart 

presented in Figure 1.7 shows the stream of data flow between three phases of shell 

analysis in attempt to validate the findings drawing when necessary on existing data. 

 

 

Figure 1.7.  Flowchart Analysis ï Shell Footing Investigation. 

 
Given the complex nature of soil behaviour, rigorous mathematical approaches are 

rather difficult to derive.  Naturally found soil deposit variations in the field coupled with 

assumptions of approximated arguments in modeling theories invoke complexities inherent 

with the shell arguement.  For example, reasonably accurate mathematical modeling of 

shell foundation footings on strong sand overlaying a weak sand stratum would be an 

extremely tedious and daunting task.  Moreover, experimentation for comparison sake is 

best suited to a homogenous soil such as sand strata as contemplated in the present 

investigation to help evaluate individual results more accurately and facilitate validation. 
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In Chapter 2 of this study, a literature review is conducted to emphasize critical 

research milestones ascertained providing a boundary of existing knowledge on the subject.  

A brief history of shell applications in foundation structures as applied to soil behaviour is 

also presented to bring forefront terminology and mechanisms previously used.  This will 

help explain and evaluate shell behaviour such as the prediction of soil failure patterns for 

instance.    This chapter highlights the scope of the thesis and the need to better understand 

contact pressure distributions developing based on geometrical considerations affecting the 

soilïstructure relationship.  Extension of knowledge on a shell footings improved 

behavioural response over existing forms given the marked structural performance 

exhibited is the premise for furthering shell modeling research as discussed in the 

subsequent chapters. 

 

A breakdown of the numerical modeling approach is discussed in Chapter 3 including 

the functional use of several software packages including Shape Designer 2011 and the 

geotechnical software PLAXIS 2D v.8.6: FOUNDATION.  The formulation of structural 

models as well as description of material parameters for the structure and soil continuum is 

provided.  In addition, the proposed stochastic properties of soil are evaluated and 

presented.  The implementation of the constitutive soil models and overview of the 

PLAXIS software and its analysis capabilities is discussed.  An overview of the f initeï

element technique with aid of illustrative soilïstructure fields employing shell models 

developed and investigated in the software is discussed.   

 

An experimental modeling phase is implemented to study firstïhand behavioural 

response of shell footings in a laboratory setting as outlined in Chapter 4.  Shells have been 

systematically tested experimentally to determine representative failure mechanisms, loadï

settlement response and their ultimate capacities.  Presentation of the new shell models is 

provided using computerïaided design software AutoCAD where threeïdimensional 

modeling and renditions are illustrated.  Output results include deflection, soil stresses, and 

contact pressures which are analyzed and presented.  The twoïdimensional analysis would 

be limited to planeïstrain conditions for shells such as those exhibited in strip footing 

cases.  Three dimensional footing tests shed light on shape factor and its influence on the 

bearing capacity for the ishells.  Performance of the newly proposed shell models are 
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analyzed and validated in a comparative study to that of existing experimental and 

numerical work, whenever applicable and available.  Since the dynamic module for the 

software is currently being developed, at the present time horizontal loading conditions are 

considered beyond the scope of this present investigation. 

 

 The developments relating to the loading conditions and varying shell forms is 

commensurate to the central theme of this study.  The investigative research previously 

conducted will serve as a platform for validating and furthering the boundary of knowledge 

pertaining to shell orientation, shell angularity and loading state.  Their importance and 

influence on sandy soil material is examined.   

 

Theoretical modeling of soil behaviour beneath inverted shell foundations is 

discussed in Chapter 5.  Stressïstrain relationships defined by mathematical laws forms the 

basis of any constitutive soil model such as the MohrïCoulomb which is explained 

explicitly. Essentially soil behaves as a multiphase material with nonlinear pathïdependant 

response under load.  Moreover, soil deformation is subdued to irrecoverable plastic strains 

where soils typically dilate or compact.  Finally, soil response is influenced by its load 

history where natural soils are anisotropic and typically exhibit timeïdependant behaviour.  

Overcoming the challenges typical soils present in shellïsoil analysis and presenting details 

of the newly devised rupture surfaces for upright shells and their inverted partner is the 

focus of this section.  Combined shell failure patterns is also analysed and presented.     

 

 A presentation of innovation in shell technology as applied to construction and 

material engineering is covered in Chapter 6.  Shell construction methods with particular 

focus on innovative concrete mix developed especially for shell footing form applications 

is the topic of discussion.  Shell economy from material costïsavings perspective as well as 

reduction in project execution time is rationalized to justify their novelty and effectiveness 

with final concluding remarks.   

 

In Chapter 7, a summary of the major findings of this study is outlined and underlying 

conclusions are drawn as well as recommendations for further research is presented. 
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CHAPTER 2 

 

LITERATURE REVIEW  

 

2.1  Shell Foundation History 

 
Over time shells have experienced marked development in foundation engineering, 

especially throughout the past half century from its initial inception in the early nineteenï

fifties, particularly in the aftermath of World War II.  Intrigued researchers have gained 

interest in their form as enclosures such as bunkers and refugee strongholds, having 

withstood the destruction and devastation of the time and found to remain largely intact.  

In a continued effort to explore a shells interesting performance attributes in footing 

applications a literature review on shell foundations has been conducted and is presented. 

 

The first recognized use of shell foundations dates back to the early 1950ôs where 

Spanish architect, Felix Candela (1955) has undisputedly been regarded as conceptual 

pioneer and forefather of the shell footing foundations notion.  Experimenting with shell 

shapes, Candelaôs concern for elegance and style were his underlying motivations in opting 

for a structural shell.  This conviction led to an extensive exploration of shell structural 

forms many of which are still in existence today.  The Hyperbolic paraboloid otherwise 

known as ñHyparò shell footings, for example, was one he envisioned and used repeatedly 

on Mexican soil.  This geometric shell was implemented successfully in a vast majority of 

his works in light of other experimental work on barrels and funicular vaults he was using.   

These shapes were further developed to support column loads in many parts of the world 

(Sondhi and Patel, 1961).  Soon later, the Hypar shell form was suited for highïrise 

buildings and outfitted for water tank structures founded on poor soil (Kaimal, 1967). 

 

Historically, many Hypar foundations have been reported, particularly by designï

builder Candela himself who also firmly believed that strength should come from form and 

not mass.  Two examples of his formidable work employing shells in buildings are 

reproduced as illustrated in Figures 2.1 and 2.2.  The successful applications have surely 

led to the development of other structural forms where knowledge on their resilience had 

disseminated. 
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Figure 2.1.  Hypar Footing for St. Vincentôs Chapel, Coyoacan, Mexico (Joedicke et al., 
1963). 
 

The challenge and opportunity is to bring scientific study of the shell used as a 

footing up to speed justifying its performance with added benefit of its established aesthetic 

appeal.  The literature abounds with examples of varying types of shell foundations such as 

the conical shell substructure supporting Moscowôs famous telecommunications tower in 

Ostankino, Russia.  Economic analyses of residential buildings showed that the use of shell 
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foundations replacing pile foundations reduced reinforced concrete expenditure by 40%, 

and construction time of at least two months was saved with labor productivity increased 

by 148% (Goncharov et al., 1983). 

 

 
 

    
 

Figure 2.2.  Hypar Footing for a Factory for Lamex, S.A., Mexico (Joedicke et al., 1963). 
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Another example is the implementation of shellïshaped footings for a twoïstorey building 

reported as having being constructed in Mombasa Africa, Kenya.  It has been determined 

that the local soil there is soft clay, highly susceptible to the adverse effects of moisture 

variation.  The choice of footing selected was the óHyparô type shell footing as a solution.  

Figure 2.3 illustrates the elevation and plan views of the asïbuilt shell footings. 

 

           
            
                     (a)                                                              (b) 

 

 
Figure 2.3.  Hypar Footings: (a) Isolated (b) Combined (Sondhi et al., 1961). 
 

Earth pressures on curved surfaces have been studied by Mackey (1966) who has 

reported that passive pressures acting on the convex earth face are considerably greater 

than those on plane faces.  Hanley (1964) had reported similar results on static and 

dynamic pressures.  Hypar shells have been extensively studied at the Indian Institute of 

Technology, Madras (Kurian, 1971; Mohan, 1980).  Some guidelines have been established 

concerning shell design based on their ultimate strength (Kurian, 1973 and Isi, 1980).  A 

consequent study of the contact pressures under shell foundations has been undertaken for 

individual óHyparô shells in square and rectangular forms and ócombinedïHyparô footings 

and rafts were also investigated (Kurian and Mohan, 1981). 
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Hanna and Abdel-Rahman (1988 and 1990) reported experimental results on strip 

shell foundations on sand for plain strain condition. Four shell type footings were 

investigated with peak angle ʃ varying from 60° to 180°.  Testing was conducted in a 

plexiglass tank with dimensions ensuring plain strain conditions.  For sand compaction, the 

drop technique was adopted.  Footings were tested at the surface and in buried conditions 

(i.e. depthïtoïbreadth ratio was 0.75).  Model footing were subjected to vertical 

compression load acting on the center by means of a compression machine.  The load 

acting on the footing and corresponding settlements were recorded until failure. The 

experimental results showed the triangular shell footings had higher bearing capacity and 

better settlement characteristics than the flat foundation with an equivalent footing width.  

At a certain load level, the smaller the peak angle of the foundation, the higher the bearing 

capacity and lower the measured settlement.   

 

Theoretically, the classical solution of the bearing capacity of a flat shallow 

foundation was extended for the upright case of triangular shell strip footings.  The results 

for surface footings showed that the ultimate bearing capacity for the triangular shell model 

with a peak angle of 60° was 40% higher over the flat model (Adel-Rahman, 1998). 

 

Studies using mathematical models were undertaken to evaluate the best possible 

contact surface on a given bearing soil.  The new shell surfaces were modeled assuming 

normalized and homogenous soil conditions.  The optimum mathematical model was found 

to be the harmonic Sïsin wave function having a curved base surface (Hadid, 1983). 

 

Many other countries have utilized shells as footings for particularly weak soil 

conditions, normally weak clays.  Russia, India and the United States however, have been 

predominant users of the shell form in such structures.  Great achievement in strength was 

surprisingly achieved based on aesthetics and ability to construct these structures 

economically.  Since the quantity of both concrete and steel material in shell construction is 

minimal, their economy aids in reducing costs related to forming as was found in repetitive 

configurations such as in raftïshell foundation designs (Kurian, 2006). 
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Over time, designers have seemingly benefited not only from shells strength but from 

substantial costïsavings.  For example, in Havana, the New City Hall was a 24ïstorey 

building constructed on a bearing soil of 287.3 kPa [6000 psf] capacity.  The two options 

available to designers were a flat slab with deep beams and a raft formed by folded plate 

slab.  The folded plate slab was selected as the preferred solution due to cost effectiveness 

of that option.  The net savings experienced was reported to be 30% on the construction of 

such foundations (Martin and Ruiz, 1955). 

 

In the United States, the Summer High School in Washington, a classical example of 

a large stadium, was constructed of precast prestressed concrete units in attempt to seat 

some two thousand spectators.  The site was reportedly a fill underlain by a deep deposit of 

soft mud.  Thin reinforced concrete Hypar shell footings were adopted for this project to 

satisfy the established engineering requirements while maximizing space and optimize 

costïsavings from construction materials used (Anderson, 1960). 

 

2.1.1  Primitive Footings 

 

The most basic and primitive of shapes used as footings have been derived from 

arches used in roof structures such as entrances of buildings and walkways of ancient 

buildings.  The horseshoe, gothic and roman stone arch styles being by far the mostly 

widely adopted and constructed shell forms.  The material of roman stone arch foundations 

were initially composed of brick and stone masonry sprung across the soil to support wall 

loads at shallow depths.  The inverted footing was initially used to support pier loads.   

 

Both systems had drawbacks especially at corners where concrete blocks and iron rod 

ties were used to counteract the outward thrust at the ends.  These similar challenges are 

faced in barrel vaults and bridge arches where buttresses and abutments are used as 

solutions respectively.  These classical threshold roof forms were founding geometries 

which gave naissance to contemporary roof structures composed of barrel vaults, octagonal 

domes and hyperbolic paraboloid shapes for instance.  These new concrete shell enclosures 

are found to be todayôs ideal solution for spanning large unobstructed spaces such as 
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arenas, stadiums and auditoriums eliminating the need for obsolete secondary members 

such as rafters, purlins and heavy trusses. 

 

 

 

 
 

                             (a)                                                               (b) 
 

Figure 2.4.  Stone Arch Foundations: (a) Upright (b) Inverted (Kidder, 1905). 

 

In Figure 2.4, wall loads are supported by foundations made of brick or stone 

masonry arches emanating from a series of cement concrete bases which restrain lateral 

thrust.  The method was thought to have helped cut down on material use such as cement, 

coarse rubble stone and sand etc.  Seemingly, a very labor intensive system, the arch 

foundation was best used if the condition of the soil was firm and the structure being 

supported was low rise.  Single storey homes and office complexes such as that shown in 

Figure 2.5 were normally found to be the best suited structures to receive shell foundations. 

Wall loads, QUDL (kN/m)    Piers 

Column loads, Qf (kN) 
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Figure 2.5.  Inverted Masonry Arch Foundations (Kidder, 1905). 
 
 

Underdeveloped countries such as Mexico, India and Africa have benefited most 

from low labourïtoïmaterial cost ratios associated with shell foundations.  Nonetheless, 

developed countries such as Canada, the United States, Germany and Japan have used 

shells successfully especially when the shell foundation structure was found applicably to 

be an effective and feasible solution. 

 
2.1.2  Modern Shell Footings 

 
Intuitively shells almost instantly create a curved spatial surface depiction in our mind 

as to what a shell would look like.  One instantly emulates its thin form to that of an 

eggshell, seashell or a turtles shell affirming its aesthetic appeal.   From basic to their most 

intricate forms, shells are consistently thought of as being elegant, eloquent, inspirational 

structures creating an undefined harmony between physical and ideological worlds.  

Ironically, our efforts as designers is to use the intricacies shells offer, capitalize and 

idealize them, then bury them for no one to ever see or even appreciate.  One example of a 

highly ambitious development of a complex shell foundation system was used in support of 

the Nonoalco Office Tower as illustrated in Figure 2.6. 

G.L. 
    Stone Base 

    Layered Brick/Masonry Arches                                      Stone, brick or concrete fill 
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                                             LONGITUDINAL SECTION   

Figure 2.6.  The Nonoalco Tower Foundation, Mexico (Enriquez and Fierro, 1963). 

 

The inverted barrel shells were linked by reinforced concrete girders supported 

overall by castïinïplace friction piles.  This foundation system was esteemed to have saved 

50% in material costs over the conventional twoïway slab foundation it replaced.  

Moreover, for a given volume of excavated soil, the barrel shell system exhibited increased 

stiffness and reduced weight (Enriquez et al., 1963).   
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An Mïtype composite conoidal shell footing alternative replacing a pile foundation 

was used in China.  It was constructed to support a spheroidal tank in a high seismic region 

with low allowable soil bearing capacity.  The outer conoidal shell was built with a 30° 

shell angle whereas the inner conoidal shell had a 21.68° slope with overall shell thickness 

range of  35 ï 55 cm.  The shell design shows considerable economy of materials including 

timber falsework and labour.  Savings of 24.3% and 22.8% in concrete and steel 

reinforcement material was reportedly attained with this shell foundation (Wang, 1985). 

 

The most basic concrete shell geometries used in shell foundation structures include 

the uncurved foldedïplate types typically in strip or isolated configurations.  Such shapes 

have a naturally practical advantage over complex curved surfaces from a constructability 

point of view.  A typical foldedïplate strip shell foundation is depicted without edge beams 

in Figure 2.7 below in both the upright and inverted positions.   

 

       

                                    (a)                                                                    (b) 

Figure 2.7.  FoldedïPlate Shell Footings: (a) Upright (b) Inverted. 

 

One example of the foldedïplate is the pyramidal shell used mainly as an isolated, strip or 

combined footing configuration.  The following figure illustrates an example of a castïinï

place concrete foldedïplate strip shell footing.  The photograph was taken at the Potash 

Corp. in New Brunswick, Canada.  Upon inquiry, these shells were used as isolated 

division walls in an industrial warehouse setting.  They were subject to mostly horizontal 

loads used intuitively to resist overturning and sliding forces generated by containment 

storage of potash material. 

G.L. G.L. 
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Figure 2.8.  FoldedïPlate Shell Footings. Potash Corp., Sussex, NB, Canada. 
 

Other simple shell geometries include the cone (conical) and domes known as shells 

of revolution including spherical, elliptical, parabolic and cycloid types.  These are 

confined, unfortunately, to mostly individual footings supporting isolated column loads.  

They may, however, be designed sufficiently large enough to become an entire structural 

system for a larger superstructure such as chimney columns and water tanks.  The next two 

figures illustrate a dome and cone shell in their upright and inverted positions respectively. 

 

      

                    (a)                                                                       (b) 

Figure 2.9.  Dome Shell Footings: (a) Upright (b) Inverted. 

Axis of Revolution G.L. 

 



27 
 

                  

     

        

                     

                                (a)                                                                   (b) 

Figure 2.10.  Conical Shell Footings: (a) Upright (b) Inverted. 

 

The inverted counterparts may be used to support cylindrical superstructures such as 

water tanks and silos.  They may also be used to support a series of column loads that 

follow a circular or elliptical pattern as prerequisite for the foundation shell required.  For 

example, an inverted circular cone may be used to support a guyed mast or towering 

structure whereas an inverted spherical dome may be used in support of water tank basins 

and/or silos containing agricultural soft commodities for example, such as wheat, grain, 

rice or hard commodities such as mined ores, coal, salt, etc.  Such structures generally have 

uniform loading effects that follow the said circular or elliptical pattern as illustrated in 

Figures 2.11 and 2.13 respectively.  
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                                                                                               Section A ï A            
                                                              (a) 
 

 
 
 
 

 
 
 
 

 
 
 
                                                                                                Section B ï B  

                                                               (b)                             
 

            Figure 2.11.  Inverted Circular Shells: (a) Cone (b) Dome.  
 

A widely applied geometry is that of the hyperbolic paraboloid referred to as a 

ñHyparò shell which may be used as an isolated footing or combined in raft/mat 

configuration.  The translational surface of the Hypar shell is known to exhibit great 

strength due to straightïline property they exhibit.  The ruled surface is made up of straight 

lines known as ógeneratorsô that run parallel and are at right angles to each other in plan 

view.  These lines are present over each of the four quadrants and would be seen along 

directions inclined at 45º to the two principle parabolae: the concave and convex parabola.   

 

 

             Column Loads 

    Ring Beam 

    Convex Shell 

Guyed Mast or  
Tower 

    Ring Beam 

 G.L. 

   Concave Shell 

 G.L. B 

B 

A 
A 

Axis of Revolution 



29 
 

   

 

                     

Figure 2.12.  The Hyperbolic Paraboloid óHyparô Footing (Enriquez and Fierro, 1963). 

 

The rectangular hyperbolic paraboloid foundation, for example, shown in Figure 2.12, 

consists of straight lines over its surface at increasing inclinations while approaching the 

crest of the shell.   

 

Elliptic paraboloids otherwise known as ñEllparò shells are another example of a 

translational surface obtained by running one parabola over another in orthogonal 

directions.  These types of shells are doubly curved synclastic shells graphically presented 

in Figure 2.13 below which derive their name from the fact that horizontal planes intersect 

surfaces along an elliptical trajectory for a rectangular shell and along a circular one for a 

square shell.  As an isolated footing, singular and multiple loading conditions may be 

supported by varying the shells orientation.  In either case, the provision of edge beams 

may be introduced to satisfy additional strength requirements. 
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    (a)                                                                      (b) 

 

Figure 2.13.  Elliptical Paraboloid Shells: (a) Upright (b) Inverted. 

 

Perfectly spherical and cylindrical types are also used.  The use of such shapes have 

shown to maximize the effectiveness of concrete, allowing them to form thin light spans 

embracing large volumes of soil due to the larger contact surface areas shells have to offer. 

 
 
                           

            
 

 

Figure 2.14.  Parabolic Pyramidal Dome Footing: (a) Upright (b) Inverted. 
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2.2  Special Shell Footing Cases 
 

Shell footings have generally taken the form of isolated structures.  Notwithstanding 

their dismal popularity and lagging use, connoisseurs have taken up challenging feats of 

employing shells beyond conventional methods but only for warranted venues.  

Consequently, shell footings may take composite form, the likes of which have proven to 

be successfully embraced in challenging soil conditions.  Initially, shell elements of 

isolated footings of varying geometry may be combined to form óCombined Shell 

Foundationô systems.  Next, by varying materials used in combination may form the 

second special shell footing case known as a óComposite Shell Foundationô system.  

Typically shallow, a shell foundation footing may be combined with piles as deep 

foundation elements to form a prime example of the latter system.  As such, the valuable 

properties of the shell may be exploited even when the desirable soil strata is at appreciable 

depth.  In either case, the upright orientation or its shell inversion counterpart may be 

successfully employed.  Perusal through literature on shell footings has left readers with 

much void in scientific information.  It was noted, for instance, that construction of an 

inverted composite shell foundation has yet to be attempted neither in strip nor isolated 

orientation forming yet another window of possibility.  The following sections describe 

both the combined shell and composite shell footing arrangements as two special shell 

footing cases. 

 
 

2.2.1  Combined Shell Footings 
 

Interestingly, the boundaries of conceptual shell footings are as far and wide as ones 

imagination.  In the most demanding and challenging of soil conditions shell shapes may be 

combined to further enhance footing performance.  This may achieved by superposition, 

where a full spherical shell is modified to include the frustum of an upright cone at either 

outer shell limit.  Since sufficient contact area required beneath footings is of great 

geotechnical concern, for bearing capacity and settlement to be satisfied, combined shells 

offer this added surface.   
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The combined special case shell footing includes combinations of more than one 

singular element mutually combined to form the composite shell footing.  For example, an 

inverted dome shell segment may be modified to include elements of a conic shell 

appended to the extremities of the otherwise isolated dome.  An overhead water tank 

structure in is depicted in Figure 2.15 below which demonstrates the use of a combined 

shell foundation.  The cylindrical water tank sits on a supporting tower of the same 

geometry.  It is particularly intriguing to note that the shell foundation walls were 

constructed of the same order of magnitude, in terms of thickness as that of its 

superstructure it supported.  Perhaps yet another indication of material savings and 

economy expected to be achieved with these footings.   

    

 

                 
 
 

 
  
 

Figure 2.15.  Combined Shell Footing:  O.H. Water Tank (Bangalore, India, 1987). 

 
 

This inverted domeïcumïcone combined shell foundation structure, shown above, 

was designed by STUP Ltd. based in India for a new helicopter factory for the Hindustan 

Aeronautics Ltd. company.  As a general consideration, if peripheral column loads were 

symmetrical in nature with uniform intensity, the shell appenditures may be omitted to 

obtain simply an inverted spherical dome configuration.  Such is the case for silos and 
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water tanks containing liquid, fluid or gas substance typically retaining material producing 

a symmetrical loading patterns where horizontal loading is deemed negligible.   

 

2.2.2  Composite Shell Footings 
 

The second special case of shell footings includes those of several materials forming 

the composite shell foundation system.  The best example is that of a shallow hyperbolic 

paraboloid shell constructed overtop a deep timberïpiled foundation in the soft clay having 

an average safe bearing pressure of only 109 kPa.  The poor soil conditions representative 

of the site in Khurdah, an industrial suburb of Calcutta, is synonymous with highï

settlement prone regions forming a challenging and problematic soil.  In effort to control 

settlement, timber piles were first driven to a stronger soil strata overtop which a 50 mm [2 

in.] concrete mat was poured followed by a brick filled core.  The numerous shell footings 

had varied dimensions from 1.52 m square to 5.49 x 4.27 m rectangular having maximum 

shell thickness of 381 mm [15 in.].  Footings were outfitted with stout ridge beams 

counteracting any moment effect (Anonymous, 1965). 

 

                              
 
Figure 2.16.  Composite Shell Footing:  Caustic Soda Factory (Anonymous, 1965). 
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Present review of shell footing anatomy is by no means limited to customary shapes and 

geometries for existing shallow or special case types as described above.  The scope of 

other shell forms may be further examined as research allows discovery of new ideologies 

for their use, whenever their inherent advantages may be effectively and fully exploited. 

 

2.3  Shell Structural Strength 
 

Shell strength performance takes into account bending and shear stresses, cracking 

and ultimate strength of the footing.  A case study on experimental investigation of strength 

on a óHyparô type umbrella shell is described as conducted by Varghese (1971).  The 

following figure shows typical shell failure patterns on microïconcrete shell models as 

tested on sand.   

 

 

 

                    
 

 

 
 

 
 Figure 2.17.  Hypar Shell General Diagonal Failure Mode (Varghese and Kurian, 1971).      

 

(1)   Shell membrane extension  

(2)   Edge beam in axial extension  
(3)   Rib section in flexure 
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Figure 2.18.  Hypar Shell Footing Model: (a) Plan view showing instrumentation (b) 

Crossïsectional view (Varghese and Kurian, 1971). 
 

(a) 

       (b) 
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Figure 2.19.  Crack Pattern of the Hypar Shell Footing Model (Varghese and Kurian, 
1971). 

 
The loads at which footings collapsed are summarized in the following table for the three 

models: 

 

Model No. Cracking Load (T) 
Ultimate Strength (T) 

Theoretically Experimentally 

1 7.70 10.25 14.00 

2 7.15 14.50 15.45 

3 8.80 18.70 18.80 

         Table 2.1.  Cracking and Ultimate Loads of Precast óHyparô Footings. 
 
 

In summary, the researchers concluded that the general structural behaviour was in 

broad agreement with the membrane theory and that there was considerable bending in 

both the shell elements and the beam elements.  The bending was found to be causing 

tension in the bottom while membrane forces in the shell were in line with the axial forces 

in the beams.  Moreover, the bending action was found to be ócompositeô and was not 

directly attributed to the individual shells as given by theory.  Visually, this can be 

represented in terms of shell footing failure which has been noted to fail from their 

peripheries inward with sloped beams taking primary stresses and shell proper conditioned 

as the secondary strss zone.  Finally, the study suggests provision for added strength of the 

edge beams and corners and to prevent premature punching failure of the column. 

              (b)                 (a) 

Secondary Stress  
Zone (Shell) 

Primary Stress Zone  
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  edge beams) 
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2.3.1  Shell Model Studies 
 

At present, little experimental research on the contact pressure distribution beneath 

shells has been investigated.  Some attempts were made at measuring contact pressures in 

an experimental setting and found that the problem is essentially one of nonïplanar 

geometrical influence at the soilïstructure interface coupled with the rigidity/flexibility of 

the shell itself (Kurian and Jeyachandran, 1972).  These researchersô attempts were 

confined to the first aspect, which is the shape effect, and therefore investigated contact 

pressures under the extreme case of perfect rigidity.  Rigid cast iron shell footing models of 

various geometrical shapes which would settle uniformly at all points on the shell under a 

concentric load.  This would not only ensure perfect rigidity, but also retention of shape at 

all stages of loading.  Cells developed by Kurian were used to measure the normal 

component of the contact pressures with sand as the bearing soil.   

 

 

 
Figure 2.20.  Conical Shell Model: (a) Reinforcement Cage (b) Instrumentation Placement 
(Kurian and Shah, 1984). 
 

Experimental model testing was undertaken on conical and spherical shells.  The authors 

used 20 models of the conical and 10 models of the spherical types using reinforced microï

concrete.  The overall steel cageïreinforced shell configuration and instrumentation 

placement is shown in Figure 2.20 above followed by a summary of their findings on a 

variety of shell shapes. 

          (a)                                                            (b) 
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Figure 2.21.  Normal Contact Pressure Distribution Diagrams (at ӎ and full bearing capacities):  

                      (a) Flat model (b) Cylindrical (c) Folded plate (d) Cone (e) Hypar (Kurian, 1973). 

 

Contact pressure measurements revealed a tendency for edge concentration in the 

elastic stages and shift towards the center in the inelastic stages.  Failure of the cone was 

therefore from outer perimeter inward (Kurian and Shah, 1984).  On the basis of their 

investigations on varied shell geometries, the shell performance as compared to flat 

footings showed a more uniform contact pressure distribution for the cone and Hypar cases 

as reported.  Four typical models of each set are presented next using 3D distribution to 

help visualize the response of contact pressure and settlement along the shellïsoil contact 

surface as presented in Figures 2.22 ï 2.25.   
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Figure 2.22.  Contact Pressure Diagrams: (a) ï (d) Conical Models at Working Loads 

(Kurian and Shah, 1984). 

 

 

   

Figure 2.23.  Contact Pressure Diagrams: (a) ï (d) Spherical Models at Working Loads 

(Kurian and Shah, 1984). 
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Figure 2.24.  Settlement Diagrams: (a) ï (d) Spherical models at Working Loads 
(Kurian and Shah, 1984). 

 
 

      

Figure 2.25.  Load vs. Settlement Diagrams: (a) ï (d) Spherical Models (Kurian and Shah, 

1984).  

Another experimental investigation was conducted using 15 wireïreinforced microï

concrete models in hypar shapes for isolated, combined and raft formations.  Miniature 

Glötzl cells were used operating on air pressure.  The findings concluded a substantial 
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deviation from linear contact pressures initially suggested and that assumed by membrane 

theory design.  The contact pressures show a definite tendency for edge concentration in 

the elastic stages.  A progressive shift towards central shell region was observed in the 

inelastic stages.  The results of contact pressure in this study on hyperbolic paraboloidal 

shells indicate a more realistic distribution of pressure than what was earlier thought which 

would lead to better shell foundation design (Kurian and Mohan, 1981).  The research 

conducted remains confined to the Hypar shell shape type. 

 

A similar experimental investigation was made using prefabricated stainless steel 

Atlas alloys without using bolts nor welds and sandpaper glued to the base of the models to 

provide representative surface roughness condition.  Pressure transducers were used 

measure contact pressures.  In this study, nine shell models were investigated for loose, 

medium and dense sand states for embedded and surface footing conditions.  The results 

obtained indicate trends of higher contact pressures at 1/3 and 2/3 the width of the base of 

the footings with a noticeable drop at the edges for simple conical and pyramidal shell 

footings (AbdelïRahman, 1996). 

 

2.3.2  Research Needs 
 

The art of designing adequate foundation structures requires a proper understanding 

of the interface action and reaction between the two loadïtransferring elements, namely the 

concrete shell and the underlying soil.  Notably in foundation engineering, the primary 

function of any substructure design is to accommodate the loads transferred to them from 

the superstructure and distribute these loads to the bearing soil such that the stresses 

induced neither exceed the allowable bearing stresses nor cause excessive settlement 

potentially causing either overall or worse yet, differential settlement.  Thus the foundation 

structure is conventionally designed with respect to the contact interface between the 

concrete material of the foundation and the bearing soil it comes into contact with.  The 

dimensioning and the proper calculation of the strength of shell footings cannot be 

accurately designed without better knowledge of the following four factors: 
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 1.  Magnitude of the load (shear and bending stresses) 

 
 2.  Direction/position & load type (point, line, horizontal, vertical, eccentric, etc.) 

 
 3.  Deformation of underlying soil 

 
 4.  The soil reaction pressure induced by the load 

 

In this research, the reaction pressure which is typically the most difficult to 

determine, will be referred to as the contact pressure which consist of the normal stress, 

eccentricity of the normal stress and shear stress.  A very limited number of studies found 

in literature have been devoted efforts to the development of contact pressure distribution 

beneath shell footings.  Select studies have looked at simple soil models, such as the linear 

Winkler and Pasternak models to simulate soil behaviour at the soilïshell interface.  A 

nonïuniform contact pressure distribution has been indicative of the results obtained and 

often an average value protected by a factor of safety is extracted for design considerations.  

The structural design of shells is still primarily based on membrane theory with the contact 

pressures assumed to be uniform (Pandian and Ranganatham 1970; Varghese and Kurian 

1971; Bhattachary and Ramaswamy 1977; Jain et al. 1977; Das abd Kedia 1977; Fareed 

and Dawoud 1979; Dierks and Kurian 1981; He Chongzhang 1984; HuangïYih 1984; Nath 

and Jain 1985; Paliwal et al. 1986; Paliwal and Sinha 1986; Paliwal and Rai 1987; 

Melerski 1988 and Dierks and Kurian 1988). 

 

At any point of contact between a structural foundation and a natural foundation or 

bearing soil, contact pressures exist which are the reactive pressures exerted by the soil on 

the foundation.  In any shell foundation structure, both the contact pressures offered by the 

soil and the structural loads must be incorporated to have a safe design.  Soil elasticity 

depends on soil properties including strength parameters (c) and (ה), which dictate the 

actual contact pressure distribution.  Moreover, the structural and flexural rigidities of the 

footings themselves contribute to the distribution of contact pressure and as such are a 

function of the shell structureïtoïsoil interaction.   
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Traditionally, shell foundation designs have been based on a conservative approach 

using membrane theory in which uniform soil pressures are assumed depending on the 

position of the resultant vertical load or eccentricity with respect to the centroid of the 

planar area of the contact surface between the structural foundation and the soil.  The 

simplification of assuming that the contact pressures may be purely normal or vertical to 

the foundation at all points of contact along the surface is the basis for obtaining a statically 

determinate rigid design.  In other words, shell foundations are designed for linear soil 

reaction distributions or linearly varying distributions that are ideally uniform or 

rectangular taken as an óaverage uniform valueô under a concentric load, and of trapezoidal 

form under eccentric load. 

 

Inherently in shell foundations, the contact pressure distribution can take varying 

forms due to the complexities in shell geometries and varying interaction of soil elements 

and therefore is accordingly nonïlinear.  Consequently, a contact pressure distribution 

beneath a shell foundation can be determined only by an interactive analysis being highly 

complex and statically indeterminate.  Using complex theoretical formulation, the 

distribution and nature of contact pressures beneath shell foundations is an exhaustive and 

intricate subject which has rarely been addressed with representative accuracy. 
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2.4  Problem Statement 

 

We know that the performance of flat footings is poor as it does not make effecient 

use of the entire continuum of soil.  This is evident in the positive parabolic soil response 

of such a foundation resting on granular soil.  Stress concentration is funneled in the active 

region of the triangular wedge formed directly beneath the flat foundation.  This shortfall of 

an industry-accepted footing constitutes the main inefficiency as the outstanding problem.  

Our awareness that shells perform exceedingly well in varied forms as superstructures 

motivates one to bring this concept to use as a substructure: as a shell foundation footing.  

The following problem definition is prompted.  That is, to investigate the possibility of 

effectively replacing traditional flat footings with a shell configuration for the purpose of 

optimizing the full bearing soil continuum by producing a more uniform contact pressure. 

This must be achieved by safely transferring superstructural loads to the ground while 

respecting conditions for soil bearing capacity and mitigating settlement.   

 

A variety of shell shapes exist and have been studied in the past.  Izadi and Nicholls 

(1968) have studied cone and hypar footings.  Kurian (1977) has studied hypar shell 

footings.  Conical and spherical shells have been investigated by Sharma (1973).  The 

designs of these shell foundations are all based on the working assumption that the soil 

reaction beneath them is uniform, as previously indicated.  It has progressively been 

realized that the soil pressure distribution will truly be nonïuniform.  Based on the absence 

of reliable measurements an ideal analysis on the topic is still lagging behind.   An 

appreciable study in the area of contact pressure distribution below shell foundations 

requires further investigation.  Additionally, new shell shapes using reinforcedïconcrete 

models should be studied to obtain a more uniform contact distribution.   
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2.4.1  Scope of the Thesis 

 

The scope of this thesis has as its primary focus to research contact pressure 

distributions beneath new shell shapes and conceivably optimize existing ones.  A 

comprehensive investigation will be undertaken to help improve the soilïstructure 

behavioural response.  Accordingly, the main objective is to increase shell loadïcarrying 

capacity by varying shell dimensions in hopes of extending the knowledge base from a 

geotechnical perspective, for optimum design of shell footing structures as a broader goal. 

 

At present still, there is no extensive research conducted on experimenting with 

varying geometries in establishing an optimum contact pressure distribution beneath the 

structures using practical and constructible shell shapes.  Recommendations prescribed in 

literature for design have no bearing or contribution to any code requirements since shell 

design codes are practically nonïexistent.  Reference has been made in literature to 

Building Code Requirements for Reinforced Concrete (ACI 318), which gives some 

general guidelines, but nothing specific.  Perhaps the only available code is that available at 

the Bureau of Indian Standards pertaining to the design and construction of conical and 

hyperbolic paraboloid types of shell foundations (Code IS 9456: 1980) reaffirmed back in 

2003.  Moreover, all designs are based on assumptions that soil contact pressure reaction is 

uniform as suggested by researchers.  Pandian, N. S. (1968) for example, found 

theoretically that contact pressure distribution has a profound influence on the type and 

magnitude of shell stresses which govern their design.   

 

Experimental studies, as found by Iyer et al. (1970) indicate the absence of the 

contribution of contact pressure in their investigations due to the lack of instrumentation 

and study.  In accordance with this need, this experimental investigation is undertaken to 

study the effect and the importance of contact pressure distribution on shell capacity and 

for their economical design.  The variables considered include: shell inversion (upright or 

inverted), shell angle and size, shell shape factor of several shapes for the shell models and 

angle of shearing resistance for the sand soil, all to be compared with the limited published 

data as well as laboratory testing and validation using PLAXIS geotechnical software. 
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2.4.2  Study Objectives and Motivation 

 

Having conducted an exhaustive literature review and in lieu of the premise for 

improved soilïstructure performance stemming from a comprehensive investigation into 

inverted shell foundation footings, the objectives of the present research are: 

 

a) To study the geotechnical behaviour of shells performance in terms of bearing 

capacity and settlement and determine existing boundary of knowledge on the topic 

 

b) To develop foundation model configurations which will produce a more uniform 

contact pressure distribution and conceivably optimize structural shell design (ie. 

achieve higher bearing capacities and produce less settlement than existing 

foundation designs) 

 

c) To study and evaluate the performance of flat, upright and inverted shell orientation 

including a new Sinusoidal model with varying sand conditions including loose, 

medium and dense soil states to determine optimum shape  

 

d) To examine soilôs behavioural response numerically considering varied shell model 

configurations acting on an elastic perfectlyïplastic soil using MohrïCoulombôs 

failure criterion utilizing finite element method to compare with experimental data 

 

e) To conduct experimental investigations on prototype shell footings in an especially 

designed test facility setup to evaluate the soil contact pressure distribution on new 

shell footing models of varying thickness 

 

f) To develop a theory for inverted shell footing foundation performance based on the 

soilôs behavioural response by predicting the general rupture surface utilizing 

bearing capacity coefficients for this case 

 

g) To promote shell footings as an economic alternative to conventional foundations 
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CHAPTER 3 

 

NUMERICAL iSHELL MODELING  
 

3.1  Introduction 
 

Numerical shell modeling exploits mainstream use of modern day computing power 

over traditional methods.  When costly and complex field tests and/or tedious mathematical 

modeling are no longer feasible due to burdensome nature and anisotropic conditions of 

soil, the presentïday approach of choice is the numerical modeling technique.  Time 

constraints in execution of physical tests and the fact that costly models may yield 

ambiguous results of questionable value as standïalone quantities to the problem at hand, 

they are used moreïso as validation tools to what powerful program algorithms may 

propose as solutions assuming validity of the input data. 

 

3.2  Shell Model Rendering 
 

To evaluate shellïsoil interaction models numerically, wellïdefined shell forms for 

study must be used.  Here, twentyïfour proposed shell models and two plain shapes are 

presented as prototypes using AutoCAD graphics software.  They include the plain, 

triangular, cylindrical and combined shell models in upright and inverted orientations, as 

contemplated, modeled and rendered.  Renditions aid in visualization of the overall 

physical shape as illustrated in Figures 3.1 ï 3.4.   In the present study, of the group 

presented and after perusal of intricacy associated with the physical forming, construction 

and time constraints, the eight models retained were (a), (c) ï (i) with one Sinusoidal model 

added.  A total of nine models were tested with geometrical properties presented. 

 

             
      
  Figure 3.1. Plain Flat Footing Model Rendering: (a) Square (b) Circular. 
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Figure 3.2. Triangular Shell Model Rendering: (c) ï (f) Upright. (g) ï (j) Inverted.* 
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Figure 3.3. Cylindrical Shell Model Rendering: (k) ï (n) Upright. (o) ï (r) Inverted.* 
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Figure 3.4. Combined Shell Model Rendering: (s) ï (v) Upright. (w) ï (z) Inverted. 

 
 
The cylindrical shells (k) ï (r) and the combined shells (s) ï (z) were not retained however 

are presented as shapes conceived and options contemplated at the outset for study. 
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3.3  SoilïShell Structure Modeling  

 

Since over the years there has never been one standard numerical modeling strategy 

for implementation of nonïlinear models, one must rely on perhaps the simplest modeling 

approach for sake of simplicity.  An acceptable and well established model in efforts to 

unify research findings particularly for the complex nature of the soilïstructure behaviour 

inherent with shell footings is desired and contemplated as a relevant modeling platform.   

 

Several soil models were used by researchers including CamïClay and modified 

CamïClay (MCC).  The most widely used was found to be the elasticïperfectly plastic 

model following MohrïCoulomb yield criterion and is the one retained in the present 

study.  Other widely used yield criterion include the DruckerïPrager, Tresca and the Von 

Mises models which are often applied in brittle applications such as metallic models.  It is 

acknowledged that the MohrïCoulomb allows for proper representation of soil parameters: 

cohesion (c), soil friction angle (ה), dilatancy (ɣ), Youngôs modulus (E), and Poissonôs 

ratio (ɜ) and thus its use is warranted. 

 

In numerical modeling using PLAXIS software, the MohrïCoulomb yield condition 

is an extension of Coulombôs friction law to general states of stress.  This condition ensures 

that Coulombôs friction law is obeyed in any plane within a material element.  The yield 

condition generally consists of six yield functions when formulated in terms of principal 

stresses, ů1', ů2' and ů3'.  The two plastic model parameters as defined by the yield function 

are c and ה.  The defined yield surface in principal stress space for no cohesion which is 

typical in the present investigation is represented by a hexagonal cone as illustrated in the 

following figure.  The third plasticity parameter is the dilatancy angle (ɣ).  This parameter 

allows for modeling of positive plastic volumetric strain increments or dilation as actually 

observed in soil, particularly for dense sand. 

 

PLAXIS also offers advanced options for input of clay, layered soil conditions and 

effects of water table.  Other soil models are also available such as the Hardening Soil and 

Soft Soil models.  Finally there is an option for a userïdefined model.  It is worth 
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mentioning that none of these options mentioned were explored further to maintain focus of 

the present investigation on shell geometry using the MohrïCoulomb yield criterion. 

 

                       

Figure 3.5.  MohrïCoulomb Yield Surface in Principal Stress Space (c = 0). 

 
The soil phase, as discussed above is the first of two materials sets under investigation.  

The second, and equally as important, is the structural shell proper.  The structural phase 

was represented using a linear elastic model using properties of a highïperformance 

concrete designed in the experimental phase.  The experimental investigation of this study 

describes in detail the physical characteristics and elastic properties of similitude input into 

PLAXIS for modeling the concrete used.    

 

As a starting point other software was explored to help model intrinsic shapes such as 

that inherent with shell footings.  AutoCAD and Shape Designer are two examples.  The 

advantage and reasoning of this exercise is to explore and obtain favorable physical 

characteristics associated with the shell geometry including their structural attributes for 

construction.  Historical shapes and constructability issues help converge on plausible 

shapes envisioned for study.  The following figures illustrate typical use of computer 

models for the anticipated form of the new shell footings.  Exploration with use of 
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 (a) 
 

  (b) 
 

     
  (c) 

 
Figure 3.6.  Upright Shell Modeling Using Shape Designer (SAAS) 2011: (a) Inverted 
Shell (b) Inverted Shell (c) Upright Shell. 
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3.4  Finite Element Modeling Using PLAXIS 
 

The shell footing models and sand bed medium would be modeled and analyzed using 

commercially available finite element software PLAXIS.  Plaxis is a special purpose twoï

dimensional finite element computer program used to perform deformation and stability 

analyses for various types of geotechnical applications.  In the evaluation of the contact 

pressure distribution beneath shell foundations, the stresses and strains within the bearing soil 

mass must be obtained and rationalized.  In order to achieve this goal, a soil of homogenous 

and isotropic consistency is considered.  The theory of elasticity is used as the basis for the 

analysis.  For the case of column loadings above the shells, a 3D problem is encountered and 

the triïaxial coordinate system (x, y, z) must be used.  In the case of strip conical or 

triangular strip foldedïplate shells where a line loading is idealized from that of a wall 

superstructure, a 2D stress problem may be solved.  Real situations are modeled either by a 

plane strain or axisymmetric model.  A 3D version of Plaxis would be used for threeï

dimensional modeling. 

 

PLAXIS uses an incremental tangent stiffness approach in the analysis, in which the 

load is divided into a number of smaller increments, which are applied simultaneously.  

During each load increment, the stiffness properties appropriate for the current stress level 

are employed in the numerical analysis.  The analytical work conducted by (Kurian, 2001) 

may be used to validate the finite element modeling of the present investigation in terms of 

loadïsettlement for axial loading conditions. 

 

Since analytical investigations of the distribution of contact pressures have been 

mildly attempted, at best, there is very little basis for comparison.  This lack of research is 

presumed to be based on the degree of complexity in developing closedïform solutions.  

Since new powerful computer programs are available, attempts at developing solutions 

have been greatly facilitated.   

 

Geometrically, the mesh for planeïstrain condition is symmetrical about the 

centerline, therefore only half the crossïsectional area is considered.  The standard fixities, 

as required by the program along the two sides and bottom have been pinïmodeled to allow 
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rotation but no free translation in the horizontal and vertical directions.  Figure 3.7 shows a 

foldedïplate shell model embedded in the surrounding soil mesh generated by the LUCAS 

software.  As an example output, the same figure illustrates the generated and deformed 

shapes of the mesh with pin fixities along the perimeter for an upright foldedïplate shell.  

 

 
 

Figure 3.7.  FEM Mesh Generation for Embedded Shell. 
 

 

3.4.1  Shell Material Properties 
 

Shell material properties are crucial and are influenced when scaling of the models is 

invoked dependant on the test setup and testing conditions.  Some typical crossïsectional 

properties of the finite element shell footing models are presented in the following table. 

 

 

Shell Properties     Flat Triangular(upright)  Triangular(inverted)  

CrossïSectional Area (mm
2
) 8,375 10,167 6,778 

Moment of Inertia, I (mm
4
) 8.224E6 13.847E6 1.521E6 

Modulus of Elasticity, 
Eshell(GPa) 

 
60 

 
60 

 
60 

Poisson ratio, ɜ 0.3 0.3 0.3 

Material Type Elastic Elastic Elastic 
Flexural Rigidity,  
EI (N·mm

2
) 

 
493.40E9 

 
830.85E9 

 
91.26E9 

Axial Stiffness,  

EA/L (N/mm) 

 

2.09 x10
6
 

 

2.54 x10
6
 

 

1.80 x10
6
 

 
Table 3.1.  CrossïSectional Properties of Model Shell Footings. 
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3.4.2  Soil Material Properties 
 

Variations in soil material properties were used as input into the geotechnical 

software.  Of interest, the soil friction angle (ה) and density of soil (ɔ) will serve as part of 

the parametric study in tandem with shape exploration.  Drained soil properties for sand 

typically input into PLAXIS software are presented in Table 3.2 as follows. 

 
 

Soil Properties Value Units 

Unsaturated Unit Weight, ɔ 17 kN/m
3
 

Saturated Unit Weight, ɔsat 18 kN/m
3
 

Permeability Coefficient, kx = ky 1.0 m/hr 

Youngȭs Modulus, E 4x10
4
 kPa 

Poisson ratio, ɜ 0.3 ï 

Cohesion Coefficient, c 0.001 kPa 
Friction Angle, 33.68 ה degrees, (º) 

Dilatancy Angle, ɣ 2.0 degrees, (º) 

 
Table 3.2.  Soil (Sand) Properties ï MohrïCoulomb Model. 
 
 
Soil properties were varied and reflect typical values obtained in the laboratory as a basis 

for comparison.  Namely, values representing loose, mediumïdense and dense sand states 

soil have been examined.  The relationship between the three density phases is described in 

detail in the experimental section of this study and implemented here as a comparable. 

 

3.4.3.  Safety Analysis in PLAXIS 
 

Phiïc reduction is an option available in PLAXIS to compute factors of safety (FOS).  

This approach resembles the method of calculating safety factors as conventionally adopted 

in slipïcircle analyses.  In the Phiïc reduction approach the strength parameter tanה and c 

of the soil are successively reduced until structural shell footing failure occurs.  The total 

multiplier ВMsf is used to define the soil strength parameters value at the local stage in the 

analysis given as:  

 

                                Msf  =                        =                                                                (3.1) 

 

  

Ɇ 
tanהinput               

tanהreduced 
cinput               

creduced 
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where the strength parameters with the subscript input refer to the material set properties 

entered and parameters with the subscript reduced refer to the reduced values used in the 

analysis.  In contrast to other total multipliers, ВMsf is set to unity at the start of a 

calculation to set all material strengths to their unreduced values.  Strength parameters are 

successively reduced automatically until structural failure of the shell footing occurs.  At 

that point, the factor of safety is given by: 

 

                     FOS  =                                    =  value of ВMsf at failure                 (3.2) 

 

Should a failure mechanism not develop, then the calculation was repeated with a larger 

number of additional steps. 

 

         3.4.4  PLAXIS Sample Input and Output 
 

The PLAXIS environment allows for ease of user input of data to define the 

geotechnical problem under investigation.  Typical shell and soil material set properties 

described previously are input in wellïdefined data sets.  The overall geometry of the soilï

structure domain is drawn using a combination of mouse and preïdefined tabs.  Loading 

conditions, for instance, are input from preïdefined load tabs including point, line and 

uniformly distributed load and can be further quantified by userïinput magnitudes.  Overall 

input was quantified and tabulated for evaluation of performance from successive runs of 

the program to determine an optimal solution for a given shape yielding optimum soil 

profile for the soils contact pressure distribution. 

 

The results obtained were from a twoïphase load plot.  The initial phase is 

synonymous with construction of the footing and manipulation of the soil domain including 

soil embedment, soil backfill and soil boundary confinement.  The second phase 

implements a uniform monotonic vertical force applied to the edge beams in the case of 

inverted shells and the vertical central column load for the flat and upright shells.  Loading 

on the footingïsoil system was applied at 2 kPa load increments till soil media shear 

strength failure.  The following screen shots shows the typical input interface for project 

 available strength                  
  failure strength 
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definition, material set designations and their respective characteristic properties to be 

implemented in the analysis. 

      

 

Figure 3.8.  Parameters Tab Sheet for Soil and Interface Data Set Window (PLAXIS). 
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Figure 3.11.  Flat Footing Model Output: Generated Soil and Mesh Deformation. 
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Figure 3.22.  Closeïup View iShell Footing Model : iS4 Initial loading conditions. 
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3.4.5  LoadïSettlement Behaviour 

 
 A homogeneous soil with typical shell surface roughness and confined embedment 

depths helped evaluate performance of the inverted shells modeled.  From the numerical 

investigation the soil response is generated for each shell tested in the form of loadï

settlement curves as presented in Figure 3.31 below.   

 

 

                   
     (a) 

 

 
                                                                           (b) 

 
Figure 3.31.  LoadïSettlement Curves for iShell Models. 
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Based on the values obtained, Figure 3.31(a) indicates best performance in terms of 

settlement coming from the Sinusoidal model and iShell36°.  iShell models iS1 and iS2 

were found to have shown improvement over the flat plain model as reproduced in Figure 

3.31(b).  The shells also demonstrated having commensurate performance suggesting that 

the shell response is in good agreement (within 5% margin of error) when compared with 

other similar geometries.  It is worth noting that interface roughness of the models with the 

soil has remained constant having a coefficient of friction (ɛ = 1) for perfectly rough 

condition as simulated by concrete in the field. 

  

From the results of the loadïsettlement curves presented, the following major 

conclusions on shell model runs can be drawn, which have been put into quantitative form 

to the extent possible:   

 

(a) The loadïcarrying capacity of the shell (in the inverted position) shows 

approximately 42% higher loadïcarrying capacity than its plain counterpart with 

slightly better improvement of 5% over the upright shell case under identical soil 

and loading conditions, thereby establishing the superiority of the shell performance 

over its plain and upright counterparts 

 

(b) Beneath shell footings, as under plain foundations, an increase in capacity is 

experienced with increasing density of sand (based on cïה soil strength parameters) 

 

(c) Effect of shell angle on the footings capacity is a major factor in  performance as an 

increase of only 18° in shell angle translated to a 12% increased loadïcarrying 

capacity 

 

(d) Shell thickness had limited variation on the numerical findings rendering this 

parameter negligeable assuming the footing breadth is large having geometry ratio 

of breadthïtoïthickness of at least 20:1 

 

(e) Depth of embedment increases from 0.50 to 0.75 showed a 2% increase suggesting 

deeper shell footings having increased capacity on account of denser soil 
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3.4.6  Finite Element Mesh Generation 
 

The finite element mesh generation utilizes an incremental tangent stiffness approach 

in the analysis in which the load is divided into a number of small increments, applied 

simultaneously.  For each load increment, the stiffness properties appropriate for the 

current stress level are employed in the numerical analysis.  A typical soil media of 150 

elements using 15ïnodal points per element were modeled under drained conditions.  

Figures 3.32 ï 3.34 show a typical finiteïelement mesh generated with idealized boundary 

conditions for flat, upright and inverted shell orientation with superimposed rupture surface 

for the respective case.   

 

The resulting rupture surfaces for the inverted shell orientation had comparable depth 

of penetration, due mainly to its lower centerïofïgravity at the onset of loading.  Both the 

inverted shell and upright version have deeper rupture surfaces than the flat shell which 

seemingly would explain the higher bearing capacity values obtained.  Thus, for a similar 

crossïsectional planar area, the shell footings had higher loadïcarrying capacity 

characteristics than those of conventional form.  The results also showed some variance 

between the numerical and experimental results with the latter having 10 ï 15% higher 

capacities as discrepancy.  The inverted Sinusoidal shell was found to have highest 

capacity suggesting that implementation of edge beam is beneficial to overall performance 

of the shells.   

 

Previous studies found that vertical displacements was reduced by as much as 10% 

(Hanna and Rahman, 1994) in the case of upright shell footings.  This trend in reduction 

was found to be similar for both the surface and embedded footings up to a cutïoff point 

where riseïtoïbase ratio (D/B) influence became negligible for vertical soil displacement. 

The embedment ratioôs ranging between 0.35 ï 0.50 for the footings has influence on the 

carrying capacity as the overburden pressure and lateral support offered by the soil looks to 

stabilize the structure as typically found in practice.  On this basis, surface conditions 

where (D/B = 0) for the shell, has been intentionally omitted was thought to have minor 

significance even from a practical design point of view. 
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