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Abstract.

In this paper, it was presented an investigation on the load-settlement and vertical stress analysis of the ring footings

on the loose sand bed by conducting both laboratory model tests and numerical analyses. A total of twenty tests were conducted
in geotechnical laboratory and numerical analyses of the test models were carried out using the finite element package Plaxis 3D
to find the ultimate capacities of the ring footings. Moreover, the results obtained from both foregoing methods were compared
with theoretical results given in the literature. The effects of the ring width on bearing capacity of the footings and vertical
stresses along the depth were investigated. Consequently, the experimental observations are in a very good agreement with the
numerical and theoretical results. The variation in the bearing capacity is little when ri/R,<0.3. That means, when the ring width
ratio, ri/R,, is equal to 0.3, this option can provide more economic solutions in the applications of the ring footings. Since, this
corresponds to less concrete consumption in the ring footing design.
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1. Introduction

Ring footings are special types of shallow foundations.
In recent years, they have been commonly used in order to
support loads of the axisymmetric structures (e.g., cooling
towers, water tower structures, smoke-stacks, transmission
towers, radar stations, TV antennae, bridge piers, chimneys,
storage tanks and silos) in engineering practice. In
comparison with circular footings, ring footings are more
suitable and economical because the use of the ring footings
decreases the amount of the material used. Prediction of the
bearing capacity, settlement and stress analyses of strip,
square, rectangular and circular footings have been
extensively studied for many decades. However, contrary to
other geometrical shapes of the footings, fewer studies have
been made related to the ring footings in the literature.

Boushehrian and Hataf (2003) investigated the bearing
capacity of circular and ring footings on reinforced sand by
conducting laboratory model tests along with numerical
analyses. According to experimental and numerical studies,
when a single layer of reinforcement was placed to
optimum reinforcement embedment depth, the maximum
bearing capacity was reached. They have found that
maximum Bearing Capacity Ratio (BCR) is obtained from
n=0.40 for the ring foundations in the numerical analyses
where n is the ratio of inner diameter to outer diameter of
the ring footing.

*Corresponding author, Associate Professor
E-mail: murat.ornek@iste.edu.tr

aph.D. Candidate

bProfessor

Copyright © 2019 Techno-Press, Ltd.
http://www.techno-press.org/?journal=gae&subpage=7

The ultimate bearing capacity of the ring foundations
supported by a sand bed with and without geogrid
reinforcement was evaluated by Laman and Yildiz (2007)
including numerical predictions. Consequently, the
experimental observations were very compatible with the
numerical predictions and also optimum BCR value was
obtained from r/R=0.3 for both experimental and the
numerical studies. Some numerical analyses were
conducted by Moayed et al. (2012) to investigate the
bearing capacity of the ring footings on two-layered soil.
The effects of the clay layer thickness and the ratio of
internal radius of the ring to external radius of the ring (ri/r,)
were analyzed. As a consequence, the bearing capacity
decreases with the increase of the value of (ri/ro).
Experimental and numerical studies were carried out by
Naderi and Hataf (2014) to investigate the bearing capacity
of closely located ring and circular footings on reinforced
sand. At the end of these studies, it was observed that the
ultimate bearing capacity of two closely spaced circular and
ring footings was maximum when they stand exactly beside
each other. Benmebarek et al. (2012) evaluated the soil
bearing capacity factor N’, for both smooth and rough ring
footings for low and high friction associated and
nonassociated Mohr-Coulomb soils using numerical
computations (FLAC code). As a result, the soil bearing
capacity factor N’, decreases with an increase in the ratio of
internal radius to external radius of the ring. A series of
finite element analyses were evaluated by Choobbasti et al.
(2010) to investigate the bearing capacity and settlement of
smooth and rough ring footing. In these analyses, the results
of the geotechnical studies of Kazeroon cooling tower were
used as input parameters. The analyses have showed that
the bearing capacity of rough ring footing is obviously
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Fig. 1 Vertical stress under uniformly loaded circular
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Fig. 2 Uniformly loaded annular area (ring footing)

higher than that of the smooth footing. When considering
the stresses in the soil medium, it has been seen that soil’s
own weight and applied the external loads to the soil create
stresses within the soil mass. This stress varies depending
on the severity of the applied load, the soil properties and
the dimensions of the area where the load is applied. Since
the soils are very complex materials, making exactly stress-
deformation analysis is very difficult in the soil. Therefore,
theory of elasticity which is an approximate solution for the
soil behavior is often used. In the literature, the most of
researchers investigating the soil stress behavior on circular,
square, strip, etc. have been used the rules of the theory of
elasticity. Yodsa-nga et al. (2012) investigated stress
distribution in loose sand under surcharge loading and
spread footing with field testing and numerical modelling.
The stresses were predicted using three numerical methods
(Boussinesq’s, Walter’s and a linear finite element model).
Consequently, it was suggested that the numerical methods
allowed more realistic estimation for the contact pressure
pattern. A method, called the method of images, was
suggested by Hazzard et al. (2007). This method allows for
accurate calculation of stresses in layered materials where
large stiffness differences exist between layers. Shortly, the
tests were conducted to compare the stress results obtained
from the method of images with the results obtained from
the Boussinesq method and three-dimensional finite
element models. Consequently, this method is more
accurate than the Boussinesq method and much simpler
than the finite element method. Bhaskar er al (2015)
studied the contact stress distribution experimentally and
analytically without any depth of embedment. In addition,
finite element analyses with Plaxis 3D were carried out by
placing footing at different depth in soil models. As a result,
the contact stress distribution and settlement variation with

the increase of the embedment vary depending on the soil.
Hanna and Soliman-Saad (2001) were used the stress
transducers to measure the horizontal and the vertical
stresses. And also, they presented the results of an
experimental investigation on the effect of the compaction
duration in a prototype model. Keshavarz and Kumar
(2017) investigated the bearing capacity of smooth and
rough ring foundations by using the stress characteristics
method (SCM). Sargazi and Hosseininia (2017) studied the
bearing capacity of eccentrically-loaded rough ring footings
placed over cohesionless soil. For this purpose, a series of
3D numerical simulations were performed by using the
finite difference method. In order to consider the effect of
load eccentricity, reduction factor method was applied.
Comparison between the results of the numerical
simulations with those of analytical solutions and
experimental data has indicated a good agreement. Khatri et
al. (2017) studied the pressure-settlement behavior of
square and rectangular skirted footing on sand
experimentally. The footing was subjected to a vertical load
and the relative density of sand was 30%, 50%, 70%, and
87%, respectively. Also, the depth of skirt was varied from
0.25B to 1.0B. The skirted footings were found more
effective for sand at relative density of 30% and 50% than
at relative density of 70% and 87%. Moreover, the bearing
capacity was found to increase linearly with and without
skirts. Anil et al. (2017) investigated bearing capacities and
settlement profiles of six irregularly shaped footings under
the axial loading on sand numerically. The main variable
considered in this study was the geometry of the footing.
The three-dimensional finite element analyses of the tests
were conducted with Plaxis 3D software. The finite element
model results were in acceptable agreement with the results
obtained from the experimental investigation. It was
observed that the geometric properties of the footings
significantly affected the variation of the bearing capacities
and settlement profiles.

There are also researchers studying the stress
distributions and the bearing capacity as experimental,
numerical and theoretical approaches for different shapes of
the footing (Lee et al. 2016, El Sawwaf and Nazir 2012,
Ornek et al. 2012, Demir et al. 2014, Azmoodeh and Arafati
2015, Davarci et al. 2014, Kaya and Ornek 2013).

There are several theoretical and practical techniques to
compute the stress in engineering applications. For the soil
medium, commonly used techniques are the Boussinesq
(1885) method and the Westergaard (1938) method. The
Boussinesq method is probably the most popular.
Boussinesq’s equation can be used to calculate the vertical
stresses occurring beneath the uniformly loaded circular
area with a radius of R as shown in Fig. 1. Eq. (1) is the
expression obtained by Boussinesq for computing vertical
stress Ac;, at point P due to uniformly distributed load.

Ao, =q|1- (1)

1
[(R +2)’ +1:|3/2

where z is the depth and R is the radius of the circular
footing.
For the ring footings, an annular area (inner radius a;
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and outer radius a,) loaded uniformly q at a per unit area is
given in Fig. 2 (Venkataramaiah 2006).

The vertical stress at the depth z beneath center of the
ring footing, o, is given in Eq. (2).

1 1
o,=0 32 2132 (2)
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Similarly, it can be used in Westergaard’s equation as
shown below.
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where, v is the Poisson’s ratio.

The main objective of this study is to investigate the
stress, the bearing capacity and the settlement behavior of
the ring footings on the loose sand using a small-scale
laboratory model test and finite element program Plaxis 3D.
And also, the results obtained from both methods have been
compared with the theoretical results. A circular model
footing and four different ring model footings with 0.01 m
thick and 0.2 m outer diameter have been used in the model
tests. The experimental and numerical approaches have
indicated that the bearing capacity of the ring footings
depends directly on the ratio of the inside diameter to that
of outside. It is expected that the information presented in
the study will provide a contribution to the literature and
will be an alternative source for the design and applications
of the ring footings for the geotechnical engineers.

2. Test equipment and materials

Fig. 3 shows the geometry and loading system of the
model tests used in the investigation. The loadings have
been conducted for two different shapes (circular and ring)
and five different sizes (1i/R,=0.0, 0.3, 0.4, 0.5 and 0.6) of
the model footings. All of the model tests have been carried

Fig. 3 Test set-up: overview
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Fig. 4 Schematic figure of the experimental apparatus

out in the loose sand conditions.

The experimental program was performed in the facility
of Geotechnical Laboratory of the Civil Engineering
Department of Iskenderun Technical University, Turkey.
The facility of Geotechnical Laboratory and a typical model
are shown in Figs. 3-4.

2.1 Test tank

The model tests were conducted in a test tank with
dimensions of 1.25 mx1.0 m in plan and 1.0 m in depth.
The bottom and vertical edges of the tank were stiffened by
using the steel profile to avoid lateral deformations during
the soil placement and the loading of the model footing.
While two sides of the tank consist of 10 mm-thick glass
plates, the other sides consist of 3 mm steel plate and also
four corners of the tank are supported with four steel
columns.

In the literature, it is suggested that test tank’s
dimensions are at least five times longer than the diameter
of the footing in order to prevent the boundary effects
(Turedi and Ornek 2016).

The loading system consists of an electrically operated
mechanical jack and the vertical load is applied to the
model footing with a loading frame located above the tank.
Stress, load and displacement measurements are taken by
using a transducer, a load cell and two LVDT’s with an
accuracy of 0.001 mm installed between the jack and the
model footing.

2.2 Model footing

The loading tests have been carried out for five rigid
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Fig. 5 Schematic view of the ring footing

Table 1 The geometries of the footings used in the tests
I R, I R, ] R, I R, ] R,
(m) (m) (m) @m) @m (m (@m) m (@m) (m
0.00 0.10 0.03 0.10 0.04 0.10 005 0.10 0.06 0.10

I‘i/ Ro I‘i/ Ro I‘i/ Ro l‘i/ RO I‘i/ Ro
0.0 0.3 0.4 0.5 0.6

Table 2 Properties of the sand

Property Value
Coarse sand fraction (%) 0.00
Medium sand fraction (%) 65.00
Fine sand fraction (%) 35.00
Do (mm) 0.18
D3 (mm) 0.28
Dgo (mm) 0.58
Uniformity coefficient, C, 4.46
Coefficient of curvature, C, 1.04
Specific gravity 2.75
Dry unit weight during model tests (kN/m?) 15.44
Cohesion, ¢ (kN/m?) 0.00
Classification (USCS) SP
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Fig. 6 Particle size distribution curve of the sand

model footings produced from the mild steel. All model
footings have the thickness of 0.01 m and outer diameters
of 0.20 m. The first one of these five model footings is
circular; the others are the ring footings. Schematic view of
the ring footing is shown in Fig. 5 and also geometric
information is given in Table 1.

2.3 Test medium

In this study, uniform, clean, fine dry sand was used for

the model tests. In other words, the sand soil saturation
conditions are not taken into account. The particle size
distribution of the sand obtained from the dry sieving
method is shown in Fig. 6. This sand is classified as poorly
graded sand SP in the Unified Soil Classification System
(USCS). The laboratory tests were conducted on
representative sand samples for gradation, specific gravity,
maximum and minimum densities and strength parameters.
These properties are summarized in Table 2. The friction
angle of the loose sand (D,=25%) at dry unit weight of
15.44 kN/m® for normal pressures of 50, 100 and 200 kPa
were determined by the direct-shear testing. The measured
average peak friction angle is 36° for the loose sand.

3. Experimental procedures
3.1 Preparation of the sand bed

The two sides of the tank with glass plate were marked
at each 0.05m up to the base level of the model footing for
preparing the sand bed. After this stage, the sand soil was
carefully filled in the tank. It was performed to ensure that
the model footing had full contact with the sand soil and the
load applied to the footing was vertical (axial).

The sand soil with the unit weight of 15.44 kN/m® (i.e.
the loose sand soil condition) was used in the test. To
achieve the uniform density, sand soil was weighed for
constant volume (0.05 mx1.0 mx1.25 m) and then carefully
poured. In all tests, the minimum sand depth below the base
of the model was 0.95 m.

3.2 Model tests

The model footing was placed to the predetermined
location on the surface of the sand bed. The model footings
were loaded using the mechanical jack supported by a
reaction beam. Then, the load was measured with a
calibrated stress transducer. A ball-bearing was positioned
between the load cell and the model footing to ensure that
no extraneous moment was applied to the model footing.
The experiments were performed in the condition of stress-
controlled. The constant load increment was maintained
until the settlement of the model footing stabilized. The
loading rate in the tests was chosen to be 3.5 mm/min.
Stress distributions and settlements of the model footing
were measured with the calibrated stress transducer (HTD
20149) and LVDT (Novotechnik TYP TR 50) as shown Fig.
7, respectively. One of the methods used to measure vertical
stresses caused by additional loads in the soil medium is to
place stress transducers in the definite depths. These
transducers were also used in order to predict soil density
resulting from applied loads, and in compaction theories,
volume change in soil directly depends on the applied stress
(Nichols et al. 1987, Turedi 2015). Moreover, the load-
settlement and stress distribution readings were recorded by
a data logger unit with sixteen-channels (MM700 Series
Autonomous Data Acquisition Unit).

The tests were terminated when the failure occurred, for
instance, when the load capacity of the jack was reached or
when a considerable footing settlement corresponding to a
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(b) Stres transducer

Fig. 7 Measuring instruments

relatively small increase in vertical load happened. After
each test, the test tank was emptied and refilled for the next
one to keep the conditions stable throughout the tests. Some
tests were repeated twice to verify the repeatability and the
consistency of the test data. The difference between two
different tests with the same conditions was considered very
little, and it can be neglected.

4. Numerical analyses

The numerical analysis is a powerful mathematical tool
that makes it possible to solve complex engineering
problems. The finite element method is a well-established
numerical analysis technique used widely in many civil
engineering applications, both for research and the design
of real engineering problems. Different constitutive
behavior of the soils can be successfully modelled with the
numerical analyses. The finite element method can also be
particularly useful for identifying the patterns of the
deformations and stress distributions. Because of these
abilities of this method, it is possible to model the
construction method and to investigate the behavior of
shallow footings and the surrounding soil throughout the
construction process, not just at the limit equilibrium
conditions (Laman and Yildiz 2007). Numerical analyses
were carried out by using Plaxis 3D. It works based on a
finite element package that is specially developed for the
analysis of deformation and stability in geotechnical
engineering problems (Plaxis 3D 2016). The stresses,
strains and failure states given for any problem can be
calculated. The soil and the ring footing clusters were built

Table 3 Material model parameters

Parameter Soil Footing
Material model MC LE
Drainage type Drained Non-porous
Unit weight, y, (kKN/m?) 16 77
Loading stiffness, E (kN/m?) 9000 2x108

Cohesion, ¢ (kN/m?) 0.3 -

Poission’s ratio, v 0.2 0.3
Friction angle, ¢ (°) 36 -
Dilatancy angle, y (°) 6 -

(c) 1/R=0.6

Fig. 8 Geometry and finite element mesh in the numerical
analyses

in with 10 nodes tetrahedral elements. Three-dimensional
model is suitable for the case of the ring footing and the
loading scheme on the surface area. To model the ring
footing with Plaxis 3D, a working area of 5D width, 6.25D
length and 5D depths was used. The finite element mesh of
the problem was chosen as the medium density and it was
made mesh densification in the area where the structural
element was located. After dividing the finite elements, the
working area consists of 16506 elements and 24325 nodes.
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Fig. 9 Load-settlement curves of the model tests with the numerical analyses

In the analyses, the bearing capacity of the footing was
determined by using the plastic analysis method and the
staged construction calculation method. A typical finite
element mesh composed of the soil and the foundation and
the geometry of the soil system used in the analyses are
shown in Fig. 8. An elastic-perfectly plastic Mohr Coulomb
(MC) model was chosen to stimulate the sand behavior in
this study. The MC model is a practical and user-friendly
model that includes only a limited number of features that
the soil behavior shows in reality. The MC model involves
five input parameters such as E and v for the soil elasticity,
¢ and c for the soil plasticity and ¥ is the angle of dilatancy.
The MC model represents a “first-order” approximation of
the soil behavior (Plaxis 3D 2016). It is understood clearly
from the literature that the sand soils are analyzed with the
drained soil condition in the MC model. Table 3 shows the
sand parameters used in the numerical analyses. The
dilatancy angle ¥ is taken as 6°, (¢-30°) based on the
equation proposed by Bolton (1986) and the remaining
model parameters have been measured.

5. Results and discussions

5.1 Load-settlement behaviour in the model tests and
the finite element analyses

A total of five model tests were conducted by using one
circular footing and four different ring footings rested on
the loose sand. The load-displacement curves for all kind of
footing obtained from both the model tests and the finite
element analyses are given in Fig. 9. The settlement ratio
(s/D) is defined as the ratio of the footing settlement to the
footing diameter and it is expressed by percentage. It is
understood from the Fig. 9 that the load-settlement
behaviors predicted by the MC model are in a good
agreement with the model test results.

As clearly seen that almost the same patterns are
observed. However, the values of the bearing capacities
obtained from the numerical analyses are greater than those
obtained from the experiments. This little difference may be
due to either the soil parameters used in the analyses or the
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values of the displacement measured in the laboratory. But
in terms of the bearing capacity values, the agreement
between the experimental and the numerical results is quite
good as shown in Fig. 10. An equation has been
recommended to calculate the bearing capacity of the ring
footing in Eq. (7) with the help of experiment results. If the
bearing capacity of the circular footing is known, the
bearing capacity of the ring footing can be calculated by
using this equation.

6 -q, —F:—ix[SSOer—i—looJ (7

0 0

5.2 Reduction percentage of bearing capacity (RP)

The type of failure in sand soil has been observed as a
general shear failure. For this type of failure, a peak value

of qu is clearly defined from the curve of the load-settlement
as given in Fig. 11.

The effects of the ring footing width ratio on the bearing
capacity are defined in terms of the reduction percentage,
RP. The term RP is used to express and compare the test
data of the circular (R,) and the ring (r;) footing as shown in
Eq. (8). The calculation of the bearing capacity decrease of
the ring footings is possible with this equation.

RP = x| 22x21—05|x100 (@®)
R R

0 0

5.3 The effect of the ring width ratio (r/R,) on RP

The value of the ultimate bearing capacity, qu, has been
calculated for each experiment. Fig. 12 shows the relation
between the reduction percentage of bearing capacity (RP)
with the ring width ratio (ri/R,) which are obtained from the
experiment results, the numerical analyses and the study
presented by Laman and Yildiz (2003). According to Fig.
12, the minimum RP value is reached when the ring width
ratio (ri/Ro) is 0.3 in all studies. As seen from Figs. 10 and
12, the variation in the bearing capacity is little when
1i/Ro<0.3. That means, when the ring width ratio, ri/R,, is
equal to 0.3, this option can provide more economic
solutions in the applications of the ring footings. Since, this
corresponds to less concrete consumption in the ring footing
design. Furthermore, it can be seen from the figure that a
good agreement finds between the experimental and the
numerical results. In the literature, some researchers found
that the ring width ratio changed generally in the range of
0.2-0.4 for the ring footings (Ohri et al. 1997, Hataf and
Razavi 2003).

5.4 Vertical stress distributions

In this section, the vertical stress distributions along the
center line under the circular and the ring footings due to
the applied loads are presented in Fig. 13. These
distribution values obtained from the experimental and the
numerical studies have been also compared with those
which are calculated from the theoretical methods. The
theoretical results were found by using Eqgs. (1-6) presented
earlier. According to Fig. 13, the similar behavior in the
stress values is observed under the load (30kPa) for all
footings and four different depths (z/R,=1.25, 2.50, 3.75
and 5.00). As seen in Fig. 13, the experimental results are in
a good agreement with both numerical and theoretical
results. Besides, the experimental results are much closer to
Boussinesq results than those of Westergaard. The
experimental and numerical studies show that the stress
distribution values along the center line decrease with the
increase of the inner diameter of the ring footing. As
expected, the vertical stress diminishes rapidly as it is
reached from the soil surface to the depths. The stress value
at point z/R,=5.00 has decreased an average of 95%
according to the stress value at the soil surface.

The finite element method generates an effective
solution and evaluation of the displacements, stresses and
forces occurring around the soil and foundation. The
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distribution of the vertical soil displacement under the
footings is given Fig. 14 for all footing types which they are
loaded with q=55 kPa. As shown in the figure, the
displacement disturbance under the circular footing is much
more than the cases with the ring footings. This means that
the ring thickness causes more displacement intensification
in the soil. The displacement intensification under the
footing decreases with the increase of the ring width ratio
(ri/Ro). Thus, the magnitude of the displacement
intensification is the highest for the circular footing
(ri/Ro=0.0). The displacement values are 2.0 mm and 1.2
mm for the circular (1i/R,=0.0) and the ring footings
(1i/Ro=0.6), respectively. The results obtained from the

circular footing are higher approximately 65% than those
obtained from the ring footing.

The distribution of the vertical stress under the footings
is given in Fig. 15 for all footing types. As shown in the
figure, the stress disturbance under the circular footing is
much more than the cases with the ring footings. This
means that the ring thickness causes more stress
intensification in the soil. The stress intensification under
the footing decreases with the increase of the ring width
ratio. The maximum vertical stress values are 93.13 kPa and
61.14 kPa for the circular and the ring footings,
respectively. The results obtained from the circular footing
are higher approximately 50% than those obtained from the
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ring footing.

6. Conclusions

In this study, experimental and numerical investigations
of the model ring footings under the ultimate load and the
vertical stress distributions in the loose sand soil resulting
from this are presented. The effects of the ring width on the
bearing capacity of the footings and the vertical stresses
along the depth are investigated. The bearing capacity-
settlement curves and the vertical stress distributions
obtained from the experimental and numerical studies have
been given in detail. Based on the results of this
investigation, the following main conclusions can be drawn:

* The bearing capacity decreases with the increase of the
ring footing inner radius. The bearing capacity-settlement
curves obtained from the experiments are in a good
agreement with the numerical results.

» The variation in the bearing capacity is little when
1i/R0<0.3, it also offers an economical solution. Moreover,
this result is compatible with the literature.

* An equation is proposed to calculate the bearing
capacity of the ring footings.

» The experimental results are in a good agreement with
both numerical and theoretical results. Besides, these
experimental results are much closer Boussinesq results
than those of Westergaard.

* The magnitude of the displacement intensification is
the highest for the circular footing (ri/R,=0.0). The
displacement intensification under the footing decreases
with the increase of ri/R,. The results obtained from the
circular footing are higher approximately 65% than those
obtained from the ring footing.

» The stress intensification under the footing decreases
with the increase of ri/R, and the magnitude of the stress
intensification is the highest for the circular footing. The
results obtained from the circular footing are higher almost
50% than those obtained from the ring footing.

7. Limitations

There are some limitations to be mentioned. Firstly, it
should be stated the effect of test scale. It is known that
full/large-scale loading test results are valid especially for in
situ conditions. However, the cost of a full-scale loading
test is quite expensive for construction, instrumentation and
testing. Therefore, small-scale model test facilities are used
widely as an alternative to full/large-scale loading tests
despite of their scale errors (Dickin and Nazir 1999).
Secondly, the experiments were performed for only one soil
type (i.e., sand soil condition). The results observed from
this study may be different for other soils. They should also
be included in future works. These additional researches are
recommended as further investigations to improve the
understanding the ring footing behavior comprehensively.
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