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BEARING CAPACITY OF STRIP, CIRCULAR AND RING FOOTINGS

ON LIMITED DEPTH OF SOIL

Regunta Manideep !, A.V.R. Karthik !, and Jitesh T. Chavda®

ABSTRACT

The vertical bearing capacity factors N, N; and NV, are evaluated using the finite element (FE) method for rough base strip,
circular and ring footings resting on c-¢ soil of limited depth varying from H = 1B to 5B underlain by a rigid rough base. The
N¢, Ny and Nj are also evaluated for rough base ring footing resting on c-¢ soil of limited depth varying from H = 0.25B to 1B.
The Mohr-Coulomb material model is used in the FE analysis and the effect of dilatancy is considered for higher friction angles
(¢ > 30°). Plane strain formulation is used to model strip footing and axisymmetric formulation is used to model circular and ring
footings. Appropriate boundary conditions and the size of FE mesh domain are chosen to restrict the development of plastic failure
of soil with the FE domain. The present study FE results are observed to compare well with the theoretical and numerical results
available in the literature. Based on the outcome of present study, a few suggestions are drawn in regard to the determination of the

bearing capacity of footings resting on a limited depth of soil.
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1. INTRODUCTION

Strip footing, also called as continuous footing, a shallow
foundation, is used to support lengthy structures having load
bearing walls. Circular footing, a shallow foundation, is used to
support the structures with circular geometry like wind turbines,
silos, water tanks, efc. Ring footing is a shallow foundation, also
termed as annular footing, used to support isolated structures
with annular geometry like silos, chimneys, light houses, efc.
(Chouhan et al. 2023a). To ensure the safety and stability of a
structure, a detailed evaluation of ultimate bearing capacity of
footings and the corresponding failure mechanism is necessary.
The classical theory on the ultimate bearing capacity of shallow
foundation assumes that the soil strata extend to a semi-infinite
depth (Terzaghi 1943; Meyerhof 1963). Whereas, in the field the
depth of bedrock is very uncertain and sometimes it may be en-
countered at shallow depth which will have a significant influ-
ence on the ultimate bearing capacity of footings and the corre-
sponding failure mechanism. This leads to the condition in which
the failure mechanism in soil is restricted to evolve within lim-
ited depth of soil. Various past studies report the bearing capacity
of strip, circular and ring footings considering a minimum
boundary of ~5 times the width of footing so as the full failure
zones are formed. For example bearing capacity of footing is
evaluated by limit equilibrium method (Terzaghi 1943; Hansen
1961; Meyerhof 1963), method of characteristics (Bolton and
Lau 1993; Chandrashekhara et al. 1998; Kumar and Ghosh 2005;
Gholami and Hosseininia 2017), upper and lower bound plastic
limit analyses (Drucker et al. 1951; Sloan 1988; Michalowski

Manuscript received August 16, 2022; revised August 14, 2023; ac-
cepted August 30, 2023.

! Former M. Tech. Research Scholar, Department of Civil Engineering,
Sardar Vallabhbhai National Institute of Technology, Surat, Gujarat, India.

2* Assistant Professor (corresponding author), Department of Civil Engi-
neering, Sardar Vallabhbhai National Institute of Technology, Surat, Gu-
jarat, India (e-mail: jtc@amd.svnit.ac.in).

1997; Soubra 1999; Ukritchon et al. 2003; Kumar and Khatri
2008; Kumar and Chakraborty 2015; Chakraborty 2016), finite
element method (FEM) (Zienkiewicz et al. 1975; Griffiths 1982;
Griffiths 1989; Hijaj et al. 2005; Choobbasti et al. 2010; Tang
and Phoon 2018; Chavda and Dodagoudar 2019; Chavda and
Dodagoudar 2021), finite difference method (FDM) (Yin et al.
2001; Maheshwari and Madhav 2006; Zhao and Wang 2008;
Benmebarek et al. 2012; Hosseininia 2016; Remadna et al. 2016;
Benmebarek et al. 2017, Sargazi and Hosseininia 2017), experi-
mental method (Saha 1978; Ismael 1996; Ohri et al. 1997; Clark
1998; Zhu 1998; Boushehrian and Hataf 2003; Hataf and Razavi
2003; Laman and Yildiz 2003; Saran et al. 2003; Sawwaf and
Nazir 2012), and finite element limit analysis (FELA) (Chouhan
et al. 2023b). However, the above methodology is applicable to
cases where fully developed failure zones are formed. Moreover,
the above-mentioned solutions need to be modified to account
the restricted failure mechanism in limited depth of soil.

The ultimate load applied to a foundation in a homogeneous
soil extending to a great depth result in shear failure with failure
surface developing up to a certain depth D depending on internal
friction angle of the soil and the roughness of the foundation
(Lundgren and Mortensen 1953). But in the case of a rigid bound-
ary (rock layer) located at a depth of H < D the developed failure
surface will be modified in contrast to that in the case of infinite
depth and the modified ultimate bearing capacity of a surface foun-
dation resting on a cohesionless soil of limited depth may be given
by

1 ,
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where Ny is the modified bearing capacity factor which accounts
the failure mechanism in limited depth of soil, H is the limited
depth of soil, D is the depth of fully developed failure zone, B is
the width of footing, v is the unit weight of soil, g. is the ultimate
bearing capacity.
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Mandel and Salencon (1972) attempted to determine the so-
lution for the bearing capacity of strip footing on a soft ground
with a rigid base by limit equilibrium method and found that bear-
ing capacity factor (Ny) is a function of friction angle of soil (¢)
and B/H, where B is the width of footing and H is limited depth of
soil. Meyerhof (1974) proposed that the shape factor (sy) of the
footing is also affected by rigid layer and suggested a relation for
the shape factor for circular footing for H/B < 1. Cerato and
Lutenegger (2006) performed laboratory model tests on square and
circular footings and proposed that the modified bearing capacity
factor is directly proportional to the friction angle and relative den-
sity of sand layer, they are directly proportional to H/B ratio and
width of the footing, and the modification of bearing capacity fac-
tor is not required in the case of H/B = 3. Yang et al. (2016) eval-
uated the ultimate bearing capacity of strip footings resting on co-
hesionless soil layer with rigid basement by upper-bound finite el-
ement method with rigid translatory moving elements (UBFEM -
RTME) using nonlinear programming for the solutions to bearing
capacity factor (Ny) and correction factor (Ky) and obtained the as-
sociated failure mechanisms.

From the above review, it is observed that bearing capacity
factors for strip and circular footings resting on cohesionless soil
of limited depth were evaluated for H < 3B. But in practice, if any
rigid rough base is encountered at depths A < 1B (like H = 0.1B,
0.3B, 0.5B, and 1B) then, if possible, the foundation can be laid
directly on the rigid base itself by removing the top layer which is
of limited depth (H). This is because, in the case of shallow foun-
dations, the minimum depth of excavation for concrete structures
should be 0.5 m as per IS 1904-1986 (sec. 7.2) and 0.3 m as per
IBC (2012) (sec. 1805.2) and normally laid at a depth of 3 m as
per IS 1904-1986 (sec. 3.1). For example, if the width of footing
is of 1 m (minimum recommended as per standard codes) and shal-
low depth of soil is at 1 m, then, in such case, authors recommend
to remove 1 m layer of soil and place the footing directly on firm
strata, i.e., rock layer. It is to be noted that the solution to the bear-
ing capacity factors for ring footing resting on limited depth of soil
is not available. Keeping in view of the practical implication for
shallow foundations, the present study is attempted to evaluate the
bearing capacity factors for rough base strip, circular and ring foot-
ings resting on c-¢ soil with limited depth (4= 1B, 2B, 3B, 4B and
5B) by using finite element method. However, there are situations
where the foundations are rested on soil with limited depth even H
< 1B such as offshore foundations. Therefore, in this study, the
bearing capacity factors are also evaluated for rough base ring
footing resting on c-¢ soil with limited depth H < 1B. The results
corresponding to /' = 5B can be directly applied to classical theory
of foundation on soil.

The present study attempts to the evaluate the bearing capac-
ity factors for rough base strip, circular and ring footings with re-
spect to cohesion, surcharge and unit weight components of soil
and resting on soil with limited depth varying from H = 1B to 5B
by using finite element based PLAXIS program. The bearing ca-
pacity factors are also evaluated for rough base ring footing resting
on c¢-¢ soil with limited depth /< 1B. In case of ring footing, the
radius ratio ri/r, is varied from 0.25 to 0.75 (i.e., ri/ro = 0.25, 0.50,
and 0.75) where ; is the internal radius and 7, is the external radius
of the ring footing. Mesh convergence study is carried out and the
optimum mesh size is used in the analysis. The present study also
describes the method of defining the geometry of soil domain in
layers and assigning the corresponding material properties as

required to account for a limited depth concept to avoid the errors
due to no control over meshing in PLAXIS and also to save time
by avoiding the changes in geometry of soil domain for every lim-
ited depth case. The Mohr-Coulomb material model is used in the
FE analysis and the effect of dilatancy is considered for higher
friction angles (¢ > 30°). The present study results are depicted
in the form of design charts and are compared with the experi-
mental, theoretical and numerical results available in the literature.
The failure planes are also presented for a few typical cases of ring
footing. Finally, a few suggestions are given based on the compar-
isons made.

2. METHODOLOGY

2.1 Problem Formulation

The classical equation commonly used for the determination
of the bearing capacity of strip (continuous) footing for shallow
foundation given by Terzaghi (1943) may be expressed as:

quchc+qu+%yBN7 2)

where ¢. is the ultimate bearing capacity of soil, ¢ is the cohesion
of soil, ¢ is the applied surcharge, v is the unit weight of soil, B is
the width of footing and N., Ny, Ny are the bearing capacity factors
with respect to cohesion, surcharge and unit weight components of
soil, respectively. The above bearing capacity equation has been
more generalized to account for the shapes of other footings like
circular footings and may be expressed as (Erickson and Drescher
2002):

4 4 1 4
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where N¢ = sc Ne, Ny = 5q Ny, Ny = sy Ny, Se, 84, Sy are shape factors,
N¢, Nj, Ny are modified bearing capacity factors and D is the diam-
eter of the circular footing. Though a few other equations are avail-
able, the equation for the evaluation of bearing capacity factors of
ring footing used by Chavda and Dodagoudar (2018) is adopted in
the present study as it represents a more realistic and practical way
of calculating the Ny which accounts the width (7, — r:) of the ring
footing (Chavda and Dodagoudar 2021) and is expressed as:

q,=cN.+q Ny+(@r,—r)Y N, “4)

where 7; is the internal radius and 7, is the external radius of the
ring footing.

The Griffiths (1982) approach is used for the evaluation of
bearing capacity factors of strip, circular, and ring footings with
respect to cohesion, surcharge, and unit weight components of soil.
In this approach, the N. or N: term is evaluated by assuming the
soil has negligible unit weight (y= 0.01 kN/m?®) and the footing is
modeled as surface footing (i.e., surcharge, g = 0). The N, or N;
term is evaluated by assuming the soil with a negligible cohesion
(¢ = 0.1 kPa) and unit weight (Y= 0.01 kN/m®) and a uniform sur-
charge acting above the footing base. Similarly, the Ny or Ny term
is carried out by assuming the soil with negligible cohesion (¢ =
0.1 kPa) with no surcharge (¢ = 0) acting above the base of footing.
Chavda and Dodagoudar (2019) can be referred to get more insight
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into the Griffiths (1982) approach to evaluate the bearing capacity
factors of footing using FEM.

2.2 FE Modeling of Strip, Circular and Ring Footings

The finite element based PLAXIS program is used for the
evaluation of bearing capacity factors of strip (B = 2 m), circular
(D =2 m) and ring footings of radius ratio ri/r, = 0.25, 0.50, 0.75
with width of ring (7, — 7: =2 m) resting on c-¢ soil of limited depth
varying from H = 1B to 5B. The FE model with mesh and element
details of the strip, circular and ring footings are depicted in Figs.
1(a)-1(c), respectively. The size of the FE domain considered in
the study are chosen such that the plastic regions developed at the
failure load are well within the boundaries of soil domain. In the
case of strip/circular footings, the minimum size of soil domain is
considered as 5 times the width/diameter of the footing in horizon-
tal or radial direction as well as in vertical direction. Whereas, in
the case of ring footing, the minimum size of soil domain is con-
sidered as 5 times the width of ring footing (v, — ;) in vertical di-
rection and sum of 7, plus 5 times the width of ring footing (r» —
ri) in horizontal direction (Chavda and Dodagoudar 2019). The
vertical boundary of the FE domain is assigned with roller support
(i.e., roller support; U. = 0) and bottom horizontal boundary is con-
strained (i.e., fixed support; Ux = U, = 0).

The strip footing is modeled as half strip by utilizing the ad-
vantage of symmetry. The 15-noded triangular elements with 12
Gaussian quadrature points and fine mesh is considered for the FE
analyses. The linear-elastic perfectly-plastic Mohr-Coulomb soil
model is considered with the deformation parameters (E = 200
MPa and v = 0.35) assigned to the soil. The dilatancy effect for
higher friction angles (¢ > 30°) is also considered in the study
based on the relationship, y = ¢ — 30°; ¢ > 30° (Bolton 1986). The
material properties assigned to the soil are: ¢ = 25 kPa, y = 20
kN/m?, E = 200 MPa, v = 0.35 and ¢ = 0 to 35°. For the case ¢ =
35°, a dilation angle of ¢ = 5° is assigned. The non-associated flow
rule is used in the analyses. Following Griffiths (1982), the ¢ = 25
kPa when evaluating Nc (Y= g = 0), the ¢ = 25 kPa for evaluating
Ny (¢ =v=0), and y = 20 kN/m?® when evaluating Ny (c = g = 0).
The material properties used in the study are also depicted in the
Figs. 1(a)-1(c). The rock layer is modeled as linear elastic having
v= 20 kN/m?, E =20 GPa and v = 0.1. Since, the rock is modelled
as linear elastic, the failure is attributed within the soil mass only,
and hence the assigned properties of rock mass will not affect the
FE outcome of bearing capacity factors of the strip, circular and
ring footings resting on limited depth of soil. In the case of ring
footing, ¢ = 20 kPa, y= 20 kN/m®, ¢ = 50 kPa, E = 200 MPa, v =
0.35 and ¢ =0 to 35°. The Ko-procedure is used in the present study
to generate the initial stresses which account for the loading his-
tory of the soil. Note that, in general, the Ko-procedure is especially
used when the surface is horizontal and Ky values can be specified
as Kox = 0"« /0" in the x-direction and Ko, = 6", /6" in the y-di-
rection (Alam et al. 2021). The analysis is performed for dry con-
dition without considering the effect of groundwater. In the study,
the bearing capacity factors of the strip, circular and ring footings
are evaluated for varying depth of soil deposits H = 1B to 5B to
account the limited depth of soil. Where, B is the width of footing,
and A is limited depth of soil deposit.

The limited depth of soil (from H = 1B to 5B) underlain by a
rigid base is accounted by considering the entire geometry of soil
domain defined by five layers, with each layer defined by a
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Fig.1 FE model, mesh and element details

thickness of 1B (B = 2 m) and the meshing of each layer of entire
soil domain is fine mesh size. As the meshing of a domain does
not depend upon material property but depends only on the domain
of the geometry, which is layered in the present study, the meshing
is same for every case of H = 1B to 5B. For the case of H = 5B
shown in Fig. 2, the soil domain consists of 5 layers of soil with
no rock layer and for the case of H = 4B, the soil domain consists
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Fig.2 Schematic representation of variation of depth of soil layer by addition of rock layer

of 4 layers of soil with 1 layer of rock in the bottom. Similarly, for
the case of H =3B, 2B, and 1B shown in figure the domain is de-
fined by decreasing one layer of soil and increasing one layer of
rock in each case. Therefore, in each case of H = 1B to 5B only
material properties are varied without varying the FE domain in
vertical direction which results in unaltered meshing. This method
of assigning rock layer eliminates the error associated with revi-
sion in the mesh size. Also, utilizing the advantage of symmetry in
the present study reduces the computational time. Therefore, the
present study is more towards the elimination of error by utilizing
the advantages of layered geometry and symmetry. The interface
between soil and rock is assumed to be rigid and rough due to
which the full development of failure surface is restricted and con-
strained within limited depth of soil resulting in increase in bearing
capacity of foundation which ultimately results in higher values of
bearing capacity factors. It is noted that the rock layer is modelled
using linear elastic model, this allows the failure to occur only
within soil domain.

2.3 Mesh Convergence Study

The mesh convergence study is carried out by evaluating the
ultimate bearing capacity of circular footing by axisymmetric
modeling corresponding to the different mesh size options availa-
ble in PLAXIS program. The PLAXIS program consists of five
different mesh sizes ranging from very coarse to very fine mesh
size. The results of mesh convergence study for circular footing of
diameter of 1 m resting on soil having Y= 20 kN/m?, ¢ =25 kPa, 0
=20°, E=200 MPa, v =0.35 and surcharge of 25 kPa (i.e., ¢ =25
kPa) are depicted in Fig. 3. The bearing capacity (g.) versus aver-
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Fig.3 Typical mesh convergence study shown for circular foot-
ing

age mesh element size is plotted in the figure. It is observed that the
variation in g is 27.22% between very coarse and very fine mesh
size and the g. corresponding to fine mesh is almost same as very
fine mesh and hence it can be considered as optimum mesh. Simi-
larly, for strip and ring footing, the optimum mesh was determined
and fine mesh was obtained as optimum mesh. Based on the mesh
convergence study, fine mesh is selected as the optimum mesh size
for the present study to determine the bearing capacity factors of
strip, circular and ring footings resting on c-¢ soil of limited depth
varying from H = 1B to 5B underlain by a rigid rough base.

3. RESULTS AND DISCUSSION

Finite element analysis of strip footing of width B =2 m is
carried out for the case of H = 5B to evaluate the bearing capacity
factors Ne, Ny, Ny and the obtained results are compared with the
published literature. Then in the same validated model, the depth
is varied from 5B to 1B to account the effect of limited depth of
soil. Similarly, the bearing capacity factors N¢, N, Ny of circular
footing of diameter D = 2 m and ring footings with radius ratio,
rilro =0.25, 0.50, 0.75 keeping the width of ring (#o — i =2 m) as
constant are evaluated for the case of H = 5B and validated by
comparing with the values available in the published literature.
Then in the same validated model, the depth is varied from 5B to
1B to account the effect of limited depth of soil.

3.1 Strip Footing

3.1.1 Validation of Strip Footing

The finite element analysis of strip footing is carried out for
the case of H = 5B to determine the bearing capacity factors Ne, Ny,
Ny by Griffiths (1982) approach with a surcharge (¢) of 25 kPa
applied above the footing base with the material properties shown
in Fig. 1(a). The bearing capacity factors N., Ny, Ny of strip footing
for H= 5B are depicted in Figs. 4(a)-4(c). In the same figures, the
theoretical and numerical results available in the literature are also
presented. The present study results are found to be lesser than
theoretical results reported by Terzaghi (1943) and Meyerhof
(1963) and limit equilibrium solution by Mandel and Salencon
(1972). However, the present study FEM results are good in com-
parison with the lower bound finite element limit analysis (FELA)
results of Kumar and Khatri (2008) and Chakraborty and Kumar
(2013) and FEM results of Chavda and Dodagoudar (2018).

3.1.2 Strip Footing on Limited Depth of Soil

The FE analysis of strip footing on limited depth of soil is
carried out by varying the depth of soil from H = 1B to 5B and the



A

Manideep et al.: Bearing capacity of strip, circular and ring footings on limited depth of soil 207

obtained results are depicted as charts representing the variation of
bearing capacity factors with H/B for given range of friction angles
(¢ =5°-35°). The FE results are presented in the form of reduction
in bearing capacity factors with increase in the H/B ratio (Fig. 5).
Figures 5(a)-5(c) show the bearing capacity factors Ne, Ny, Ny in-
crease with increase in friction angle and increase with decrease in
H/B ratio. Figures 5(a)-5(c) show that the effect of limited depth
is observed to be more significant for N, than N. and Ny and also
the limited depth has significant effect for higher friction angles (¢
>30°).
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3.2 Circular Footing

3.2.1 Validation of Circular Footing

The finite element analysis of circular footing is carried out
for the case of H = 5B to determine the bearing capacity factors V¢,
Ny, Ny by Griffiths (1982) approach with a surcharge (¢) of 25 kPa
applied above the footing base with the material properties shown
in Fig. 1(b). Figures 6(a)-6(c) show the comparison of FE results
with theoretical and numerical results available in the literature
and it is observed that in case of N/, the obtained results are lower
than theoretical results of Terzaghi (1943) and Meyerhof (1963)
and match well with the FDM results of Remadna et al. (2016) and
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FEM results of Chavda and Dodagoudar (2018). In the case of Nj
and N the obtained results match well with the method of charac-
teristics results of Martin (2005), lower bound FELA results of
Kumar and Khatri (2011) and FEM results of Chavda and Doda-
goudar (2018).

3.2.2 Circular Footing on Limited Depth of Soil

The FE analysis of circular footing on limited depth of soil is
carried out by varying the depth of soil from H = 1B to 5B and the
obtained results are depicted as charts representing the variation of
bearing capacity factors with H/B for given range of friction angles
(& =5°-35°). The FE results are presented in the form of reduction
in bearing capacity factors with increase in the H/B ratio (Fig. 7).
Figures 7(a)-7(c) show the bearing capacity factors N¢, Nj, Ny in-
crease with increase in friction angle and increase with decrease in
H/B ratio. Figures 7(a)-7(c) show that the effect of limited depth
is observed to be more significant for N: than N; and Ny and also
the limited depth has significant effect for higher friction angles (¢
> 30°) which is similar in the case of strip footing. Also, it is ob-
served that the effect of limited depth is more predominant for strip
footing than circular footing of same size/width.

3.3 Ring Footing

3.3.1 Validation of Ring Footing

The finite element analysis of ring footing is carried out for
the case of H = 5B, to determine the bearing capacity factors N¢,
Ny, Nyby redefining the Griffiths (1982) approach with a surcharge

(g) of 50 kPa applied above the footing base with the material
properties shown in Fig. 1(c). The validation of obtained FE results
of ring footing (for ¢ =20°) is carried out by comparing the bearing
capacity factors of ring footing with varying radius ratio with others
result available in the literature. The comparison of present study
results and results from the published literature are depicted Figs.
8(a)-8(c) for ri/r,=0.25, 0.5, and 0.75. It is observed from the figure
that the obtained results are comparable with the results of others
and are almost similar to the FEM results-reported by Chavda and
Dodagoudar (2018). It is also observed from the present study re-
sults that the values of N: and Ny are higher for the case of 7i/r, =
0.25 (for ¢ =20°) and the general trend shows the increase in bear-
ing capacity factors with decrease in radius ratio. Similar observa-
tions were reported by Chavda and Dodagoudar (2021).

3.3.2 Ring Footing on Limited Depth of Soil, H/B > 1

The FE analysis is carried out for ring footing on limited depth
of soil by varying the depth of soil from H = 1B to 5B. The present
study results are depicted as charts showing the variation of bearing
capacity factors with varying friction angles of soil for each case of
H=1Bto 5B and the variation of bearing capacity factors with var-
ying H/B for given range of friction angles (¢ = 5°-30°).

All the figures from Figs. 9 to 11 show the bearing capacity
factors N¢, Ny, Ny of ring footings of radius ratio ri/r, = 0.25, 0.50,
0.75 increase with increase in friction angle and increase with de-
crease in H/B ratio. It is also observed that the effect of limited
depth is mostly significant for H = 1B and below and for higher
friction angles (¢ > 30°) which is similar in the case of strip and
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circular footings. And also, it is observed that the effect of limited
depth is more significant for N: and N; than Ny and this effect in-
creases with increase in radius ratio.

It is observed from the literature that the evaluation of bearing
capacity factors for strip and circular footings resting on limited
depth of cohesionless soil for H < 3B were mostly performed. But
in practice, if any rigid rough base is encountered at depths H <
1B (like H=0.1B, 0.3B, 0.5B, 1B) then it is recommended to lay
the foundation directly on the rigid base by removing the top layer
which is of limited depth (H) of soil because in the case of shallow
foundations, the minimum depth of excavation for concrete struc-
tures should be 0.5 m as per IS 1904-1986 (sec. 7.2) and 0.3 m as
per IBC (2012) (sec. 1805.2) and normally laid at a depth of 3 m as
per IS 1904-1986 (sec. 3.1). For example, if the width of footing

is of 1 m (minimum recommended as per standard codes) and shal-
low depth of soil is at 1 m, then, in such case, authors recommend
to remove 1 m layer of soil and place the footing directly on firm
strata. This allows taking maximum advantage to get the maxi-
mum bearing capacity for the footing resting directly on firm strata,
i.e., rocks.

3.3.3 Ring Footing on Limited Depth of Soil, H/B <1

The FE analysis is carried out for ring footing on the limited
depth of soil by varying the depth of soil from H = 1B to 0.258
along with the variation of friction angles of soil (¢ = 5°-30°) to
evaluate the bearing capacity factors. Figures 12-15 show the var-
iation of the bearing capacity factors (Ne, Ny, and Ny) for ring foot-
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ings having radius ratio ri/r, = 0, 0.25, 0.50, 0.75 with the variation
of friction angles of soil as ¢ = 5°-30°. It is observed from the fig-
ures that the values of N¢, Ny, and Ny of ring footings increase with
an increase in ¢ and with decrease in H/B ratio from 0.25 to 1.0.
Also, the effect of limited depth is mostly significant for H=0.25B
and for ¢ = 15°. Note that the effect of limited depth is more sig-
nificant for N: and N; as compared with Nj.

3.3.4 Failure Planes for Ring Footing on Limited Depth of Soil

Figures 16-18 show the typical failure planes for the case of
ring footing representing the failure mechanism corresponding to
N¢, Nj, and Ny case, for the change in limited depth of soil, and for
the change in radius ratio, respectively. Figure 16 depicts the fail-
ure planes for the N¢, Nj, and Ny cases of ring footing with ri/ro =
0.25, limited depth of H/B = 0.5, and friction angle of ¢ = 15°. It
can be observed that the effect of limited depth of H/B = 0.5 and
friction angle of ¢ = 15° is deeper and wider, i.e., significant for
N¢and Ng than Ny,

Figure 17 shows the variation of failure planes for the N/ with
varying limited depth, i.e., H/B=0.25, 0.5, and 0.75. It is observed

from the figure that the failure mechanism is significantly affected
by the limited depth of H/B =0.25, 0.5, and 0.75 and therefore, the
bearing capacity factors increase with a decrease in the H/B ratio.
Figure 18 shows the variation of failure planes for the N/ with var-
ying radius ratio, i.e., ri/ro = 0, 0.25, 0.5, and 0.75. It is observed
from the figure that the failure zones transform from axisymmetric
failure mechanism to nearly plane strain failure mechanism with
variation in the radius ratio of ring footing from 0 to 0.75. It is well
known fact that when radius ratio of the ring footing increase the
ring footing behaves more like strip footing (Chavda and Doda-
goudar 2021)

4. CONCLUSIONS

In the present study, the finite element evaluation of bearing
capacity factors for rough base strip, circular and ring (7i/r, = 0.25,
0.50, and 0.75) footings with respect to cohesion, surcharge and
unit weight components of soil and resting on c-¢ soil with limited
depth varying from H = 1B to 5B are evaluated. The bearing ca-
pacity factors are also evaluated for rough base ring footing resting

Soil

Rock

(H/B) =0.75

Solil

Rock

Soil

Rock

Fig. 18 Effect of ri/ro on N for H/B = 0.5 and ¢ = 15°



212 Journal of GeoEngineering, Vol. 18, No. 4, December 2023

on c-¢ soil with limited depth H < 1B. The bearing capacity factors
are evaluated by Griffiths (1982) approach by redefining accord-
ingly for strip, circular and ring footings. The mesh convergence
study is carried out and fine mesh is selected in the FE analysis.
Mohr-Coulomb material model is used and the effect of dilatancy
is considered for higher friction angles (¢ > 30°). The method of
defining the soil domain in layers is explained with which the er-
rors are avoided due to no control over meshing in PLAXIS pro-
gram. Based on the comparisons and inferences made in the pre-
sent study, following conclusions are arrived at:

1. Inthe study, a new method of defining the material geometry
to eliminate the error associated with varying mesh is at-
tempted in conjunction with utilizing the advantage of sym-
metry to reduce calculation time and error associated with it.

2. The bearing capacity factors of strip footing increases with
increase in friction angle of soil and increases with decrease
in H/B ratio. The effect of limited depth is observed to be
more significant for N, than N. and Ny and are found to be
more significant for higher friction angles (¢ > 30°).

3. The bearing capacity factors of circular footing increases with
increase in friction angle of soil and increases with decrease
in H/B ratio and the effect of limited depth is observed to be
more significant for N: than N; and Ny and also for higher
friction angles (¢ > 30°) which is similar in the case of strip
footing. Also, the effect of limited depth is observed to be
more predominant for strip footing than circular footing of
same size/width.

4. The bearing capacity factors of ring footings increase with
increase in friction angle of soil, increase with decrease in
H/B ratio and increase with decrease in radius ratio and the
effect of limited depth is observed to be mostly significant for
H = 1B and below and also for higher friction angles (¢ > 30°)
which is similar in the case of strip and circular footings. Also,
it is observed that the effect of limited depth is more signifi-
cant for N and N than Ny and this effect is observed to be
increasing with increase in radius ratio.

5. Therefore, it is clear that for the foundations on limited depth
of soil, the bearing capacity factors are function of friction
angle of soil and H/B ratio. From the study, the effect of lim-
ited depth is observed to be significant for H < 1B and ¢ >
30°.

6. The typical failure planes for the case of ring footing are eval-
uated representing the failure mechanism corresponding to N¢,
Ny, and Ny case, for the change in limited depth of soil, and
for the change in radius ratio. It is inferred that the failure
mechanism is significantly affected by the limited depth of
H/B=0.25,0.5,0.75 and therefore, the bearing capacity fac-
tors increase with a reduction in the H/B ratio. The failure
zones transform from axisymmetric failure mechanism to
nearly plane strain failure mechanism with variation in the
radius ratio of ring footing from 0 to 0.75.

7. The effect of limited depth of soil on bearing capacity of foot-
ing is found effective for depth A < 1B. However, for such
cases, if possible, it is recommended to lay the foundation di-
rectly on the rigid base (i.e., rock layer) itself by removing
the top layer which is of limited depth (H). As per the stand-
ard practice the footing with minimum width of 1 m is gener-
ally laid at 0.5 to 3 m in depth. Therefore, to get the maximum

bearing capacity of footing, it is recommended to remove the
limited depth of soil and place the footing directly on the firm
strata. Whereas, in the situations like offshore foundations
resting on soft soil where it is not possible to remove the top
strata, it is opined that the effect of limited depth of soil shall
be accounted in the design.
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