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Abstract

This paper presents a comparative study for the design of reinforced concrete isolated footings that are rectangular or circular in shape and
subjected to axial load and moments in two directions using new models to obtain the most economical footing. The new models take into
account the real soil pressure acting on contact surface of the footing and this pressure is different in all the contact area, with a linear
variation, this pressure is presented in terms of the axial load, the larger moment around the “X” axis and the smaller moment around the
“Y” axis, where the centroidal axes are “X” and “Y” of the footing. The main part of this research is to show the differences between the
two models. Results show that the circular footings are more economical compared to the rectangular footings. Therefore, the new model
for the design of circular isolated footings should be used, and complies with real conditions.

Keywords: rectangular footings design; circular footings design; bending moments; bending shear; punching shear.

Un estudio comparativo para disefio de zapatas aisladas de forma
rectangular y circular usando nuevos modelos

Resumen

Este trabajo presenta un estudio comparativo para disefio de zapatas aisladas de concreto reforzado de forma rectangular y circular sometidas a
carga axial y momentos en dos direcciones usando nuevos modelos para obtener la zapata mas economica. Los nuevos modelos consideran la
presion real del suelo actuando sobre la superficie de contacto de la zapata y esta presion es diferente en toda el area de contacto, con una variacion
lineal, esta presion se presenta en términos de la carga axial, el momento mayor alrededor del eje “X” y el momento menor alrededor del eje “Y”,
donde los ejes centroidales son “X” e “Y” de la zapata. La parte principal de esta investigacion es mostrar las diferencias de los dos modelos.
Los resultados muestran que las zapatas circulares son mas econdmicas con respecto a las zapatas rectangulares. Por lo tanto, el nuevo modelo
para disefio de zapatas aisladas circulares se debe utilizar, y cumple con las condiciones reales.

Palabras clave: disefo de zapatas rectangulares; diseflo de zapatas circulares; momentos flexionantes; cortante por flexion; cortante por
penetracion.

1. Introduction

A foundation is a part of the structure which transfers the
loads to the soil. Foundations are classified into superficial
and deep foundations. There are important differences
between the two: depending on geometry, type of soil, and
structural functionality, and its constructive systems [1-11].

A superficial foundation is a structural member where the
dimensions of the cross section are large in comparison to the
height. The function of this type of foundation is to transfer
the loads of a building to the soil at relatively shallow depths,

less than 4 m approximately in relation to the level of the
natural ground surface [1-12].

The distribution of soil pressure under a footing is a
function of the type of soil, the relative rigidity of the soil and
the footing, and the depth of foundation at the level of contact
between the footing and the soil. A concrete footing on sand
under concentric loading will have a pressure distribution
similar to Fig. 1a. When a rigid footing is resting on sandy
soil, the sand near the edges of the footing tends to displace
laterally when the footing is loaded. This tends to decrease in
soil pressure near the edges, whereas soil at a distance from
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(a) (b) (c)
Figure 1. Pressure distribution under footing: (a) footing on sand; (b) footing
on clay; (c) equivalent uniform distribution.
Source: [9-12].

the edges of a footing is relatively confined. On the other
hand, the pressure distribution under a footing on clay is
similar to Fig. 1b. As the footing is loaded, the soil under the
footing deflects in a bowl-shaped depression, relieving the
pressure under the middle of the footing. For design
purposes, it is common to assume the soil pressures are
linearly distributed. The pressure distribution will be uniform
if the line of action of the resultant force passes though the
centroid of the footing (see Fig. 1c) [9-12].

In the design of superficial foundations, specifically in the
case of isolated footings there are three types of the
application of loads: 1) Concentric axial load, 2) Axial load
and moment in one direction (uniaxial bending), 3) Axial
load and moment in two directions (biaxial bending) [1-14].

The hypothesis used in the classical model is to take into
account the uniform pressure for the design, i.e., the same
pressure at all points of contact of the foundation with the
soil; this design pressure is the maximum value that occurs in
an isolated footing [1-14].

The classical model for the dimensioning of footings is
developed by trial and error, i.e., a dimension is proposed and
using the expression of the bidirectional bending one obtains
the stresses acting on the contact surface, which must meet
the following conditions: 1) The minimum stress should be
equal to or greater than zero, because the soil is not capable
of withstanding tensile stresses, 2) The maximum stress must
be equal to or less than the allowable capacity that the soil
can withstand [1-14].

Some papers present the use of load testing on
foundations: Non-destructive load test in pilots [15];
Evaluation of the integrity of deep foundations: analysis and
in situ verification [16]; Others, show the use of static load
tests in the geotechnical design of foundations [17]; Stability
of slender columns on an elastic foundation with generalised
end conditions [18]; A novel finite element method for
designing floor slabs on grade and pavements with loads at
edges.

Mathematical models that calculate the dimensions of
rectangular, square and circular isolated footings subjected to
axial load and moments in two directions (biaxial bending)
were developed [1,3,6], and also a comparative study
between the rectangular, square and circular footings with
respect to the contact surface on soil was presented [8].

Mathematical models for the design of isolated footings
of rectangular and circular shape using a new model were
presented [7,9].

This paper presents a comparative study for the design of
reinforced concrete isolated footings that are rectangular or
circular in shape and that support a rectangular column

subjected to axial load and moments in two directions to
obtain the most economical footing. The new models take
into account the real soil pressure acting on contact surface
of the footing and this pressure is different in all of the contact
area, with a linear variation, this pressure is presented in
terms of the axial load, the larger moment around the “X”
axis and the smaller moment around the “Y” axis, where the
centroidal axes are “X” and “Y” of the footing. The
comparison is presented between the two new models in
terms of: 1) Moment around a a -a’ axis that is parallel to the
“X-X" axis and moment around a b’-b’ axis that is parallel to
the “Y-Y axis; 2) Bending shear (unidirectional shear force)
is localized on a ¢’-¢’ axis that is parallel to the “X-X; 3)
Punching shear (bidirectional shear force); 4) Materials used
(reinforcement steel and concrete). This study shows the
differences between the two models to propose the most
economical footing.

2. Methodology
2.1. General conditions

According to Building Code Requirements for Structural
Concrete (ACI 318-13) and Commentary the critical sections
are: 1) The maximum moment is located on the face of the
column, pedestal, or wall, for footings supporting a concrete
column, pedestal, or wall; 2) Bending shear is presented at a
distance “d” (distance from extreme compression fiber to
centroid of longitudinal tension reinforcement) shall be
measured from face of column, pedestal, or wall for footings
supporting a column, pedestal, or wall; 3) Punching shear is
localized so that its perimeter “b,” is a minimum but need not
approach closer than “d/2” to: (a) Edges or corners of
columns, concentrated loads, or reaction areas; and (b)
Changes in slab thickness such as edges of capitals, drop
panels, or shear caps [7,9,10,20].

The general equation for any type of footings subjected to
bidirectional bending is [1-14, 21]:

()

where: ¢ is the stress exerted by the soil on the footing
(soil pressure), 4 is the contact area of the footing, P is the
axial load applied at the center of gravity of the footing, M,
is the moment around the axis “X”, M, is the moment around
the axis “Y”, C; is the distance in the direction “X” measured
from the axis “Y” up the farthest end, C, is the distance in
direction “Y” measured from the axis “X”” up the farthest end,
1, is the moment of inertia around the axis “Y” and I, is the
moment of inertia around the axis “X” [1-14, 21].

2.2. A new model for rectangular footings

Fig. 2 shows the pressures diagram for a rectangular footing
subjected to axial load and moment in two directions (biaxial
bending), where there are different pressures in the four corners
and these vary linearly along the contact surface [7].

The stresses anywhere on a rectangular footing subjected
to biaxial bending by equation (1) are found [7]:
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Figure 2. Soil pressures on the rectangular footings.
Source: [7].
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where: 4 is the side of the parallel footing the axis “Y”, b

is the side of the parallel footing the axis “X”, 4 = bh, I, =

bh¥/12, I, = hb’/12, Cc = x, C, =y [7].

2.2.1. Moments

Critical sections for moments are presented in section a -
a’and b’-b’, as shown in Fig. 3 [7].

2.2.1.1. Moment around the a’-a’ axis
The resultant force “Fr;” is obtained through the volume

of pressure on the area formed by the axis a’-a’ and the
corners 1 and 2 of the footing, this is as follows [7]:
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Figure 3. Critical sections for moments.
Source: [7].
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where: ¢; is the dimension of the parallel column to the
axis “Y”, ¢, is the dimension of the parallel column to the
axis “X” [7].

Now, the gravity center

[73 1)

'y.” of the soil pressure is [7]:

_ PR2(h? — ;) + 4M, (h® — ;)

= 4
Ye = 4PR2(h — ¢y) + 12M (h% — ¢;2) @)
Moment around the axis a’-a’is [7]:
Ph? + 2M,.(2h + ¢;)](h — ¢;)?
T (@h+c)](h =) )

8h3
2.2.1.2. Moment around the b’-b’ axis

The resultant force “Fr,” is obtained through the volume
of pressure on the area formed by the axis b-b’ and corners
1 and 4 of the footing, this is [7]:

P(b—cy) N 3M,,(b? — c;?)

2b 2b3 ©

Fry =

Now, the gravity center “xc” of the soil pressure is [7]:

_ PP?(b? — ;%) + 4M, (b® — ;%)

Y T4PD2(b — c) + 12M, (b2 — ¢;?) )
Moment around the axis b’-b"is [7]:
2 _ 2
My = [Pb? + 2My,(2b + ¢)|(b — c3) ()

8b3
2.2.2. Bending shear (unidirectional shear force)

Critical section for the bending shear is obtained at a
distance “d” to from the junction of the column with the
footing is presented in section ¢’- ¢’ as seen in Fig. 4 [7].

The bending shear “V¢” is obtained through the volume
of pressure on the area formed by the axis ¢’-¢” and corners
1 and 2 of the footing [7].

Now, the bending shear “V¢” is [7]:

[Ph? + 3M,(h + c; + 2d)](h — ¢; — 2d)

r= 2h3

)

2.2.3. Punching shear (bidirectional shear force)

Critical section for punching shear appears at a distance
“d/2” to from the junction of the column with the footing in
the two directions occurs in the rectangular section formed
by the points 5, 6, 7 and 8, as shown in Fig. 5 [7].

The punching shear acting on the footing “V},” is obtained
through the volume of pressure on the total area minus the
rectangular area formed by points 5, 6, 7 and 8 [7].
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Figure 5. Critical sections for the punching shear supporting a rectangular
column.
Source: [7].

Now, the punching shear “V),” is as follows [7]:

P[bh = (¢; + d)(c, + d)]
Ve = bh

(10)

2.3. A new model for circular footings

Fig. 6 shows the pressures diagram for a circular footing
subjected to axial load and moment in two directions (biaxial
bending), where pressures are presented differently and
varying linearly along the contact surface [9].

The stresses anywhere on a circular footing subjected to
bidirectional bending by the equation (1) are found [9]:

(196), pp. 149-158. April, 2016.

4M,y 4M,x
TR* mR*

mR2

o(x,y) = an

where: R is the radius of the footing, 4 = zR? I, = nR*/4,
L, =aR*4, C.=x, C, =y [9].

2.3.1. Moments

Critical sections for moments are presented in section a -
a’and b’-b’, as shown in Fig. 7 [9].

2.3.1.1. Moment around the axis a’-a’
The resultant force “F;” is obtained through the volume

of pressure on the area formed by the semicircle that is above
the axis a-a’ of the footing, this is presented as follows [9]:

P[27R? — ¢, J4RZ = ;7 — 4R? Asin (55|

F =
k1 4TTR? (12)
M, (4R? — ¢,?)3/2
3nR*
z
.
¥
X

Figure 6. Soil pressures on the circular footings.
Source: [9].

Figure 7. Critical sections for bending moments.
Source: [9].
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[73 1)

Now, the gravity center “y.” of the soil pressure is [9]:

Ye = {2PR?(4R? — ¢,2)%/2 + 3M,[4TR* + c; (2R?
- C12)\/m
— 8R* Asin(c, /2R)]}
/2 {3PR2 [2nR2 — ) JARZ = ¢,2
— 4R? Asin(c, /2R)]
+ 4M, (4R - c,2)¥?}

(13)

Moment around the axis a -a’ is [9]:

Mq,_q = {6mR*(2M, — Pc;) + [PR?(c;? + 8R?)

+ Myc,(c;2 — 10R?)]\/4R? — ¢,2
. (A
4 —_—

+ 12R*(Pc; — 2M,,) Asin (2 )}

/24mR*

(14

2.3.1.2. Moment around the axis b’-b’
The resultant force “F,” is obtained through the volume

of pressure on the area formed by the semicircle that is on the
right side of the axis ’-b’ of the footing, this is [9]:

P[27R? — ¢, JARZ = ;7 — 4R? Asin (35 )]
, =

Fr 4TR? (15)
M, (4R? — c,?)3/
3nR*
Now, the gravity center “x.” of soil pressure is [9]:
xe = {2PR2(4R? = ¢,2)% + 3M, [4TR* + ¢, (2R?
— CZZ) /4R2 _ CZZ
— 8R* Asin(cz/ZR)]}
1
/2{3PR? [27R? — c,/4RZ = ;7 (16)
— 4R Asin(c, /2R)]
+ 4M,, (4R? — c22)3/2}
Moment around the axis b’-b"is [9]:
My = {61TR4(2My — Pcy) + [PR?*(c,2 + 8R?)
+ Mycy(c;? — 10R?)]{/4R? — ¢,? 17

+12R*(Pc, — 2M,) Asin (Zc—;)}
/24mR*

2.3.2. Bending shear (unidirectional shear force)

Critical section for bending shear is obtained at a distance
“d” to from the junction of the column with the footing, this
is presented in section ¢ - ¢’ (see Fig. 8) [9].

The bending shear “V;”’ is obtained through the volume of
pressure on the area formed by the circle that is above the
axis ¢ -c¢’ of the footing [9].

Figure 8. Critical sections for the bending shear.
Source: [9].

Now, the bending shear “V7’ is [9]:

P c, +2d
— 2 _ (AT e™ 2 _ 2
Vs 22R2 [nR ( > >1/4R (¢, +2d)

2R? Asi (c1+2d)]
sin R

M, [4R? — (c; + 2d)*]3/?
3nR*

(18)

2.3.3. Punching shear (bidirectional shear force)

Critical section for punching shear appears at a distance
“d/2” to from the junction of the column with the footing in
the two directions occurs in the rectangular section formed
by the points 5, 6, 7 and 8, as seen in Fig. 9 [9].

The punching shear acting on the footing “V},” is obtained
through the volume of pressure on the total area minus the
rectangular area formed by points 5, 6, 7 and 8 [9].

Now, the punching shear “V,” is as follows [9]:

P(C1 + d)(Cz + d)
TR?

Vp=P (19)

2.4. Procedure of design

Step 1: The mechanical elements (P, My, My) acting on
the footing is obtained by the sum of: the dead loads, live
loads and accidental loads (wind or earthquake) from each of
these effects [7,9,10,22-27].

Step 2: The available load capacity of the soil “ouu” 1s
[7,9,10,22-27]:

Omax = 9a — Vppz — VYpps (20)
where: g, is the allowable load capacity of the soil, y,,- is

the self-weight of the footing, y,, is the self-weight of the soil
fill [7,9,10,22-27].
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&
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Figure 9. Critical sections for the bending shear.
Source: [9].

Step 3:

Rectangular footings

The value of “A” is selected according to the following
equations [6,7]:

12M,
h =
P

21

OmaxMyh? — PMyh — 12M% = 0 (22)

where: the value of “A” obtained from the equation (21)
is when the soil pressure is zero, and the value of “4” found
in equation (22) is when the soil pressure is available load
capacity “om.’’, the greater of these two values is taken to
meet the two conditions, because the pressure generated by
the footing must be greater than zero and less than the
available load capacity of the soil [7].

The value of “b” is found by equation [6,7]:

_Myh
My

b (23)

Circular footings
The value of “R” is selected according to the following

equations [3,9]:
4 /sz +M,*

P

OmaxTR® — PR — 4 /sz +M,*=0

where: the value of “R” obtained from the equation (24)
is when the soil pressure is zero and the value of “R” found
in equation (25) is when the soil pressure is available load
capacity “oma’, the greater of these two values is taken to
meet the two conditions, because the pressure generated by

o 24)

(25)

the footing must be greater than zero and less than the load
capacity available the soil [9].

Note: if the wind and/or an earthquake are included in the
combinations the load capacity of the soil can be increased
by 33% [7,9,10,19].

Step 4: The mechanical elements (P, M., M,) acting on
the footing is factored [7,9,10,20].

Step 5: The maximum moment acting on the rectangular
footings are obtained by equations (5) and (8) [7], and for
circular footings are found by equations (14) and (17) [9], the
critical section is located in the junction of the column with
the footing as shown in Fig. 3 and 7, respectively.

Step 6: The effective depth “d” for the maximum moment
is found by the following expression [7,9,10,20]:

M,

d=

0.59 26
A

where: M, is the factored maximum moment at section
acting on the footing, Oy is the strength reduction factor by
bending and its value is 0.90, b,, is width of analysis in
structural member, p is ratio of “As” to “b.d”, f, is the
specified yield strength of reinforcement of steel, f°. is the
specified compressive strength of concrete at 28 days
[7,9,10,20].

where: b,, of circular footings for moment is obtained [9]:

Step 7: Bending shear (unidirectional shear force)
resisted by the concrete “V,/” is given [7,9,10,20]:

27)

B,Ver = 0.170,\/f cb,d (28)

where: b,, of circular footings for the bending shear is
found [7,9,10,201]:

b, = J4R? — (c; + 2d)?

Bending shear acting on the footing “V}7’ is compared to
bending shear resistance of concrete “V./” and must comply
with the following expression [7,9,10,20]:

(29)

Ve < @,Vef (30)
where: @, is the strength reduction factor by shear is 0.85.
Step 8: Punching shear (shear force bidirectional)

resisted by the concrete “V,,” is given [7,9,10,20]:

2
0,V = 0170, (1 + F> JFebod (1a)

where: f. is the ratio of long side to short side of the
column and b, is the perimeter of the critical section
[7,9,10,20].

a

d
0,Vep = 0.0830, (- + 2) T ebod (31b)
0
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where: o, is 40 for interior columns, 30 for edge columns,
and 20 for corner columns [7,9,10,20].

0,V = 0.330,/f chod (3lc)
where: 0,V,, must be the smallest value of equations
(31a)-(316)-(31¢) [7,9,10,20].

Punching shear acting on the footing “V,” is compared to
punching shear resistance of concrete “V,,” and must comply
with the following expression [7,9,10,20]:

Yy < By (32)

Step 9: The main reinforcement steel (parallel

reinforcement steel to the direction of the axis “Y” of the

footing) “A,,” is calculated with the following expression
[7,9,10,20]:

2M,wb
Agp = whyyd — |(wh,,d)2 — =22 (33)
gffy
where: wis 0.85f°. /£, [7,9,10,20].
Minimum steel “Agu;,” by rule is [7,9,10,20]:
Asmin = Pminbwd (34)

where: pumin 1s the minimum percentage whereby the
reinforcement steel is obtained [7,9,10,20]:

1.4

Pmin = E (3 5)

The parallel reinforcement steel in the direction of the
axis “X” is used in equation (33) substituting M, = M-y
[7,9,10,20].

The parallel reinforcement steel in the short direction
portion of the total reinforcement steel, “y.4,”, is distributed
uniformly on a band (centered with respect to the axis of the
column or pedestal) where the width is equal to the length of
the short side of the footing. The rest of the reinforcement
steel in the short direction required, “(/—ys)4s”, should be
uniformly distributed in the areas which are outside the
central band of the footing, where “y,” is obtained [7,20]:

2

O e

(36)
where: f is ratio of long side to short side of the footing
[7,20].
After, the space of the bars “s” is obtained [7,9,10,20]:

(37)

where: a; is the rod area used [7,9,10,19].
And the rods length for circular footings “L;” is found [9]:

L, = 2JR2 —e?

(3%)

where: e is the distance in the direction “Y” measured
from the axis “X”” up where the rod is found [9].

Step 10: The development length for deformed bars “/;”
is expressed by [7,9,10,20]:

L= Fyee
L=
6.6\/f,

dp 39)

where: [; is the minimum length that should have a
deformed bar to prevent slippage, v is the traditional factor of
location of the reinforcing steel which reflects the adverse
effects of the position of the bars of the upper part of the section
with respect to the height of fresh concrete located beneath
them, . is a coating factor which reflects the effects of the
epoxy coating, dj, is the diameter of the bars [7,9,10,20].

The development length for deformed bars “I)” is
compared vs. the available length of the footing “/,”” and must
comply with the following expression [7,9,10,20]:

la<l, (40)

3. Numerical Problems

The design of an isolated footing that supports a square
column is presented, with the basic information following: ¢; =
40 cm; c2=40cm; H=15m; .= 21 MPa, f,= 420 MPa; q.
= 220 kN/m?; yppe = 24 kN/m; y,ps = 15 kN/m?3. To case 1: Pp=
700 kN; Py = 500 kN; Mp, =120 kN-m; M= 80 kN-m,; Mp, =
120 kN-m; My, = 80 kN-m. To case 2: Pp= 700 kN; Pr= 500
kN; Mp, =140 kN-m; M. = 100 kN-m; Mp,= 120 kN-m; M, =
80 kN-m. To case 3: Pp= 700 kN, Pr= 500 kN; Mp, =160 kN-
m; M= 120 kN-m; Mp,= 120 kN-m; M, = 80 kN-m.

Where: H is depth of the footing, Pp is dead load, Py is
live load, Mp, is moment around the axis “X-X of dead load,
M. is moment around the axis “X-X" of live load, Mp, is
moment around the axis “Y-Y” of dead load, M}, is moment
around the axis “Y-Y” of live load [7,9,10].

Table 1, 2 and 3 show the results to case 1, 2 and 3,
respectively, and Fig. 10 presents the concrete dimensions
and reinforcement steel in a general way for the two types of
isolated footings.

4. Results

Effects that govern the design for isolated footings are the
moments, bending shear, and punching shear.

For case 1:

a) For the maximum moment acting around the axes a -
a’and b’-b’ is the same, the rectangular footing is 1.08 times
that of the circular footing.

b) For the bending shear acting on the footing, there is an
increase of 8% in the rectangular footing with respect to the
circular footing.

c) For the punching shear, it is virtually identical for the
two models of the isolated footings.

In case 2:

a) For the maximum moment acting around the axis a -
a’, the rectangular footing is 1.19 times the circular footing,
and in the maximum moment acting around the axis b’-b’,
the rectangular footing is 0.93 times the circular footing.
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Table 1. Table 2.
Comparison of results of case 1 Comparison of results of case 2
Rectangular  Circular Rectangular  Circular
Concept footing footing RF/CF Concept footing footing RF/CF
RF CF RF CF
Measures of the footings h=3.20 Measures of the footings h=3.60 _
= R=1.80
(m) b=3.20 R=1.75 (m) b=3.00
Resultant force Resultant force 363.87 856.05 101
Fay (kN) 843.01 830.30 1.02 . FR/ (kN) : : :
. ravity center
Gra\;t}(/r;)enter 0927 0.883 1.05 Yo (m) 1.033 0.909 1.14
. ¢ . Maximum moment acting
19.89 607.28 1.19
Ma’“mnl}m m(‘;xe;‘; acting 612.88 566.74 1.08 M, (kN-m) 7 7
a-a? YV Resultant force
844.25 830.13 1.02
Resultant force 843.01 83030 1.02 Fio (kN)
Fa (kN) Gravity center
Gravity center (m) 0.876 0.904 0.97
x. (m) 0.927 0.883 1.05 Maxi Ye (1 .
4 ¢ ‘ aximum moment acting 570.89 584 53 0.93
Maximum moment acting My (kN-m)
612.88 566.74 1.08 .
My (kN-m) Effective depth
) 42 42 1.00
Effective depth 0 9 1.00 d (cm)
d (cm) : Total thickness 50 50 1.00
Total thickness 50 50 1.00 Vol ! (cfm)
t (em) . olume o c}oncrete 54 5.09 1.06
Volume of conrete 5.12 481 1.06 Bending steey sctn
Ve (m’) : : : Ig/(kN) & 658.01 595.61 1.10
. . /
Bending shear acting ; ;
610.61 565.89 1.08 Punching shear acting
. V; (kN) . v, (kN) 1537.89 1531.66 1.00
Punching shear acting 153231 1525.38 1.00 Crgss
Vy (kN) Parallel sectional
Cross reinforcement area of 47.45 50.07 0.95
Parallel sectional steel in steel 4,
reinforcement area of 44.76 48.67 0.92 direction of (cm?)
steel in steel A, axis “Y” of Steel
direction of (cm?) the footing volume 17442 15430 1.13
axis “Y” of Steel Vs (cm®)
the footing volume 14592 14354 1.02 Cross
Vs (cm?) Parallel sectional
Cross reinforcement area of 50.35 50.07 1.01
Parallel sectional steel in steel A,
reinforcement area of 44.76 48.67 0.92 direction of (cm?)
steel in steel A axis “X” of Steel
direction of (cm?) the footing volume 16245 15430 1.05
axis “X” of Steel Vs (m*)
the footing volume 14592 14354 1.02 Source: Prepared by the author.
Vs (m’)

Source: Prepared by the author.

b) For the bending shear acting on the footing, there is an
increase of 10% in the rectangular footing with respect to the
circular footing.

¢) For the punching shear it is virtually identical for the
two models of the isolated footings.

In case 3:

a) For the maximum moment acting around the axis a -
a’, the rectangular footing is 1.28 times the circular footing,
and the maximum moment acting around the axis b’-b’, the
rectangular footing is 0.90 times the circular footing.

b) For the bending shear acting on the footing, there is an
increase of 12% in the rectangular footing with respect to the
circular footing.

c) For the punching shear the two models of the isolated
footings are virtually identical.

Materials used for the construction of the
footings are the reinforcement steel and concrete.

1solated

In case 1:

a) For the concrete, there is a saving of 6% in the circular
footing with respect to the rectangular footing.

b) For reinforcement steel whether it is in the direction of
the axis “Y” or the axis “X” of the footing , there is a saving
of 2% in the circular footing with respect to the rectangular
footing and with respect to the volume of reinforcement steel.

In case 2:

a) For the concrete, there is a saving of 6% in the circular
footing with respect to the rectangular footing.

b) For reinforcement steel in the direction of axis “Y” of
the footing, there is a saving of 13% in the circular footing
with respect to the rectangular footing, and in the direction of
axis “X” of the footing, there is also a saving of 5% in the
circular footing with respect to the rectangular footing and
with respect to the volume of reinforcement steel.

In case 3:

a) For the concrete, there is a saving of 7% in the circular
footing with respect to the rectangular footing.
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Table 3.
Comparison of the results of case 3
Rectangular  Circular
Concept footing footing RF/CF
RF CF
Measures of the footings h=3.90 _
s b2 80 R=1.80
Resultant force
882.04 881.97 1.00
Fri (kN)
Gravity center 1.114 0914 122
Ye (m)
Maximum moment acting
M,y (kN-m) 806.60 630.03 1.28
Resultant force
845.60 830.13 1.02
F R2 (kN)
Giravity center 0.825 0.904 0.91
xc (m)
Maximum moment acting
My, (kNom) 528.77 584.53 0.90
Effective depth 9 0 1.00
d (cm)
Total thickness 50 50 1.00
t (cm)
Volume of concrete
Ve () 5.46 5.09 1.07
Bending shear acting
692.04 617.46 1.12
Yy (k)
Punching shear acting
1539.02 1531.66 1.00
Vy (kN)
Cross
Parallel sectional
reinforcement area of 53.68 50.07 1.07
steel in steel A,
direction of (cm?)
axis “Y” of Steel
the footing volume 21119 15430 1.37
Vs (cm’)
Cross
Parallel sectional
reinforcement area of 54.55 50.07 1.09
steel in steel 4,
direction of (cm?)
axis “X” of Steel
the footing volume 15960 15430 1.03
VS (mj)
Source: Prepared by the author.
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Figure 10. Typical isolated footings: (a) Rectangular, (b) Circular.

Source: Prepared by the author.

b) For reinforcement steel in the direction of axis “Y” of
the footing, there is a saving of 37% in the circular footing
with respect to the rectangular footing, and in the direction of
axis “X” of the footing, there is also a saving of 3% in the
circular footing with respect to the rectangular footing and
with respect to volume of reinforcement steel.

5. Conclusions

Research reported in this paper shows the following
conclusions:

The maximum moments acting on the isolated footings

are greater for the rectangular footings in comparison to

circular footings in the three cases.

When M is increased: The moments acting on axis a’-a’

are greater for the two footings, and the difference

increases, the rectangular footings being greater. The
moments acting on axis b’-b’ are reduced in the
rectangular footings, and in the circular footings they are
increased. The bending shear acting on the footings are
increased for the two footings, the difference increases,
the rectangular footings being greater. The punching

shear is greater for the two footings, but there is not a

great difference, they are virtually identical.

The dimensions of the two footings show that the

concrete volume is greater for the rectangular footings

with respect to the circular footings, but the total

thickness “¢”, the effective depth “d” and the coating “r;”

of the footings are equal in the two models.

The reinforcement steel is greater in the rectangular

footing and the greater increase is in direction “Y”".

Thus the circular isolated footings satisfy the conditions
of safety and economy.

The advantages of the circular isolated footings are:

1) The circular design showed a decrease in the amount
of reinforcement steel and concrete required compared to the
rectangular design that resulted in a more economical lesser
volume.

2) In the filling produced by the excavation of the pit in
the soil to place the foundations, the structural analysis as a
load is taken into account, i.e., the circular footings need a
lesser volume of reinforced concrete for stability of the
foundations structure.

The models presented can be used in other cases, such as:
1) The footings under a concentric axial load, 2) The footings
under an axial load and moment in one direction (uniaxial
bending). However, the model for the circular isolated
footings under an axial load and moments in two directions
(biaxial bending) is proposed, because it is the most
appropriate, since it is more economical and also is adjusted
to real soil conditions [7,9].

The models presented in this paper apply only in the case
of foundation design, where the footings must be rigid and
the supporting soil layers elastic, which satisfy the equation
of the biaxial bending, i.e., the variation of pressure is linear.
As a suggestion for future research, in a situation where the
soil type differs to the soil type in this study, for example in
totally cohesive soils and totally granular soils, the pressures
diagram is not linear and should be treated differently
[7,9,10].
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