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Abstract

Foundations are important in structural engineering, as they transfer loads to the ground. It is challenging to design combined
footings on uneven ground due to load eccentricity, soil heterogeneity, and material efficiency. Traditional methods, based on
oversimplified assumptions of soil pressure, fail. This paper introduces a new model for optimal multigonal corner combined
footing design, with minimum size but with the capacity to adapt to varying loads and soil strengths. The model offers flexible
footing slopes (90<to 09 to place the load and geometric centers, offering uniform stress distribution and preventing eccentric
loading. Optimized in Python for numerical accuracy and Maple for symbolic calculation, the model is computed using numerical
analysis. The result is better regions of footing, with lower b1 and b2 in end columns, and greater n and m, which enhance stress
distribution and lessen load eccentricity. The model is recommended for the design of corner combined footings with four
continuous lines of property. Practical recommendations and future research for smaller dimensions and column spacing effects
on footing design finalize the paper.
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1. Introduction

The foundation is the part of an engineered system that
transmits to and into the underlying soil or rock the load sup-
ported by the foundation and its self-weight. The superstruc-
ture is commonly used to describe the engineered part of the
system bring load to the foundations and substructures. Foun-
dation elements must be proportioned both to interface with
the soil at safe stress levels and to limit settlement to an ac-
ceptable amount [1]. The foundation design is assumed to be

safe if the permissible stress of the soil or rock is not exceeded.
The method recognizes the highly variable strength and stiff-
ness properties of the soil or rock, as well as the important
influence of such factors as the level of the groundwater and
the rate of loading on strength and stiffness and possible un-
certainty about the reliability of the analytical method used to
calculate the failure condition of the ground [2]. If the foun-
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dation under consideration rests on sand or clay soil of me-
dium compaction, an increase in the load on the foundation
will also be accompanied by an increase in settlement [3].

There are several studies that focus on optimizing the de-
sign of various footing types, including rectangular, trapezoi-
dal, circular, and T-shaped combined footings, with an em-
phasis on cost efficiency, material reduction, and structural
stability. Several mathematical and optimization models, in-
cluding genetic algorithms, finite element methods, and
boundary-type approaches, have been applied to improve load
distribution, minimize contact area, and account for real soil
pressure distributions. While these models enhance accuracy
and reduce material use, most assume simplified soil pressure
conditions, uniform load distributions, or rigid soil assump-
tions. Those studies are strap and combined footings, essential
to support more than one column, are dealt with by [3] and
mathematically designed by [1]. Practical limitations are elab-
orated by [2], and elastic analysis is brought to light by [4] for
optimizing the combined footing. Eccentric and boundary
footings have to be redistributed carefully in pressure, and [3]
handles axial load and moment, whereas [1] provides models
of stability, and [5] handles stress and load transfer. Optimi-
zation techniques improve cost-effectiveness, as stated by [3]
in material reduction, [1] in design processes, and [6] in com-
putation tools. [7].

Several models optimize footing design by incorporating
real or uniform soil pressure to enhance cost efficiency and
material savings. While some models improve precision by
considering actual ground pressure [8]. others minimize con-
tact area when pressure is uniform, limiting flexibility to com-
plex loads and varying soil conditions [9]. Optimization pro-
cedures focus on rectangular, trapezoidal, and combined cor-
ner footings, reducing material but still limited to idealized
soil conditions [8].

Mathematical models optimize circular footing design
through the use of real soil pressure, axial loads, and flexure,
with considerable material reduction compared to traditional
practice. While more efficient, the methods are applicable
only to circular footings and are not as flexible to cope with
intricate soil-structure interaction [12]. Others integrate mo-
ment and shear calculations but employ stiff soil assumptions,
further restricting broader applicability.

Rectangular and trapezoidal foundation optimization de-
signs enhance cost-effectiveness by ensuring the reduction of
material usage under linear assumptions of soil pressure dis-
tribution [14]. They offer better solutions but are limited by
idealized boundary conditions and uniform pressure assump-
tions, which reduce flexibility to different geometries and dy-
namic loads [21]. Nevertheless, they achieve significant re-
ductions in material and labor costs in some foundation types.

Optimization designs of T-footings, combined footings,
and rectangular pile caps enhance cost efficiency through re-
duced material use while maintaining structural stability [25].
The designs are based on actual or assumed soil pressure dis-
tribution but are restricted by assumptions of uniform loads;
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hence, they are not as flexible to varied soil conditions [26].
Despite these limitations, they still bring significant savings in
material and increase load transfer efficiency in particular
types of foundations.

Comparative and computational research maximizes foot-
ing design via different approaches such as trapezoidal bound-
ary footings to reduce costs [10], artificial neural networks to
predict bearing capacity, and 3D FEM models to improve soil
interaction precision [27]. Analytical and numerical methods
further optimize footing dimensioning for eccentric loads, ge-
netic algorithms minimize RCC footing costs [11], and bound-
ary-type methods enhance soil stress analysis without mesh-
ing [29]. Algebraic and iterative models improve precision in
stress distribution but remain computationally intensive and
of restricted use [30].

Several optimization and analytical models enhance footing
design efficiency. A simplified formula for sizing rectangular
footings under biaxial bending accelerates design but assumes
full compression. Skirted footings increase load and stability,
with deeper skirts delivering better performance [13]. MINLP
and metaheuristic algorithms optimize pad and RC footing de-
signs to reduce cost while maximizing safety and ensuring
structural integrity [33]. Hybrid approaches like Big Bang-Big
Crunch and UPSO reduce CO: emissions, enhance cost sav-
ings, and improve convergence speed in optimization [34].
Axial load and biaxial moment interaction diagrams help esti-
mate foundation capacity, aiding seismic design [14].

Optimization techniques enhance reinforced concrete foot-
ing design efficiency and cost savings. Rectangular combined
skirted footings reduce settlement and soil pressure and em-
phasize positioning skirts strategically. Genetic algorithms
and metaheuristic techniques optimize spread foundation and
RC footing design for maximum safety and minimum material
cost [41]. Analytical and experimental studies confirm the soil
pressure models, improving base pressure calculation accu-
racy and rotational spring constants for structural design [35].
Non-linear programming and the GRG method minimize cost-
effective raft foundations and cohesive soil footings [36].
Shape optimization methods, including the Simplified Design
Method (SDM) and Diagonal Strip Method (DSM), improve
rigidity and reduce reinforcement requirements in irregular
and square footings [37]. The Hooke & Jeeves procedure and
the circular footing models enhance structure safety and ma-
terial usage by means of shear force and earth pressure opti-
mization [38].

Experiments show that circular footings are most economi-
cal in cost owing to efficient use of contact area, whereas T-
shaped footings are more material-efficient than trapezoidal
footings [39]. Rectangular footing arrangements are improved
with improved uniaxial bending models, taking into account
partial soil compression, and more accurate ground pressure
formulas, leading to increased material efficiency [15]. Square
footings under general loads lead to improved material use by
employing actual soil pressure instead of uniform assumptions
[16].
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Strap beams reduce bending stresses and redistribute forces,
improving stability, especially under seismic loads, and tie
beams enhance load distribution and footing stability [40].
Genetic algorithm-type models reduce cost and load distribu-
tion for biaxial bending, illustrating that minimum contact
area does not guarantee minimum cost. Circular foundations
are even less costly than rectangular, and a novel boundary
combined footing model optimizes soil pressure to achieve
least material usage. Genetic algorithms also optimize eccen-
trically loaded footings with a focus on the impact of steel
strength, concrete strength, and eccentricity in economical de-
signs [17]. Comparative structural code studies of isolated
footings reveal discrepancies in estimates of failure load, with
a suggestion for better accuracy [18].

Optimization methods of reinforced concrete footings in-
clude a mathematical model for corner strap combined foot-
ings under non-homogeneous ground pressure [19], a spread-
sheet program based on metaheuristics comprising EA and
GA for isolated footings [28], and a model with real soil pres-
sure for rectangular footings [31], all bringing about impres-
sive cost savings and design enhancement. Cost reduction
techniques are implemented in RC structures, shallow foun-
dations with DE, ES, and BBO [32], and high bridge piers
with ant colony optimization [20] to achieve cost savings
through optimized geometry, reinforcement, and efficiency in
load distribution while maintaining safety [21].

Metaheuristic algorithms such as HS, TLBO, and FPA con-
tinue to optimize RC footing design [8], and column-rein-
forced foundations benefit from IAR analysis for greater bear-
ing capacity and settlement control [16]. GA and UPSO-based
approaches reduce costs without compromising structural
safety [22]. A hybrid iterative method minimizes carbon foot-
prints in RC structures by 18.3% in beams and 12% using light-
weight panels [23]. Powell's method optimizes column foot-
ings isolated with 10%-40% cost reduction using various soil
profiles [24]. A PSO-based method enhances the cost-effec-
tiveness of spread footings and retaining walls [25].

Soil pressure distribution remains a significant field of re-
search, with [3] analyzing uniform, linear, and parabolic as-
sumptions of pressure, [1] analyzing soil-structure interaction,
and [2] providing empirical settlement and bearing capacity
estimation procedures, all towards more accurate footing de-
signs.

This paper introduces an innovative mathematical model
for designing multigonal corner combined footings that incor-
porates an additional layer of flexibility: the ability for the two
inner sides of the footing to be inclined linearly, allowing them
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to vary from 90 degrees (vertical) to 0 degrees (horizontal).
This feature significantly enhances the model's adaptability to
complex loading conditions and site constraints, while opti-
mizing the footing's geometry and load distribution.

The model emphasizes the optimization of footing sizes to
reduce construction costs while ensuring structural stability.
The critical parameters to be taken into account are the load-
carrying capacity of the soil (call), the impact of axial loads
and biaxial bending moments, and the location of the load cen-
ter relative to the geometric center of the footing. By consid-
ering these parameters, the model attempts to create cost-ef-
fective and efficient foundation designs that are safe and per-
form well.

2. Materials and Methods

The method used for this study is to define the geometry of
multigonal corner combined footings and establish key pa-
rameters such as structural loads and soil bearing capacities.
Mathematical models are developed to demonstrate the design
constraints, including bearing capacity and stress distribution.
Mathematical explanations are done using Maple, and Python
is used to create a numerical optimization model. Verification
is done using Python to verify the accuracy of the developed
model. In addition, a parametric analysis is performed to de-
termine how the design variables respond to variations in the
input parameters.

The universal formula for footings of any kind that are bent
in both directions.

(1

Where: ¢ is the soil pressure stress exerted on the footing;
A is the footing's contact area; P is the axial load applied at
the footing's center of gravity; Mx and My are the moments
around the axes “X and Y”, respectively; x and y are the dis-
tances in the direction of “X” measured from the axis “Y” to
the fiber under study and the farthest under study, respectively;
Iy and Ix are the moments of inertia around the axis “Y” and
the moment of inertia around the axis “X”.

The pressure below the combined footing in each column
of Figure 1 is subject to a linear variation under axial load and
moment in two directions (biaxial bending).
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Figure 1. Corner multi-gonal footing.

The pressure diagram beneath the corner combined footing and the stresses in each vertex are displayed in Figure 2.

%{r

Figure 2. Pressure diagram below the footing.

From the eq. (1), the stresses in each vertex of the footing are obtained
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Numerical Problems there are four types of multigonal corner combined footings
The tables show five scenarios for dimensioning corner presented, each type differing in the mechanical elements act-
combined footings with two adjacent boundaries. Each sce- ing on the footing. These four types, detailed in Table 1, re-

nario varies the soil's allowable load capacity, with values of main consistent across all scenarios.
"call =200, 250, 300, 350, 400 kN/m?2". Within each scenario,

Table 1. Mechanical elements acting on the footing.

Loads of column 1 Loads of column 2 Loads of column 3 Load center
Typ
e Mx3 kN-

P1KkN Mx1kN-m my1 kKN-m P2kN Mx2kN-m My2kN-m P3kN m My3 kKN-m  X(m) Y(m)
1 700 200 150 1200 250 350 1000 300 300 220 167
2 700 -200 150 1200 -250 350 1000 -300 300 220 218
3 700 200 -150 1200 250 -350 1000 300 -300 275 167
4 700 -200 -150 1200 -250 -350 1000 -300 -300 275 218

Additionally, Table 2 investigates how the dimensions of  two conditions: when the parameters “n” and “m” are both set
the footing are impacted by increasing the load at the corner.  to 0, and when “n” and “m” are greater than 0. This additional
It provides insights into the required footing dimensions under
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analysis helps to understand how variations in corner load in-
fluence dimensioning of multigonal corner combined footings
across different soil load-bearing capacities and mechanical
configurations. For the dimensions b1<0.4 and b2<0.4 in this
condition, the results are favorable to "n" and "m" having

greater than zero; nevertheless, these dimensions are not help-
ful in real-world applications. Consequently, b1 and b2 are re-
stricted to a minimum of 0.4 meters in order to ensure design
feasibility.

Table 2. Mechanical elements acting on the footing with increasing load at the corner column.

Loads of column 1 Loads of column 2

Type
P1kN Mx1kN-m MylkN-m P2KkN Mx2kN-m
1 1200 200 150 800 250
2 1200 -200 150 800 -250
3 1200 200 -150 800 250
4 1200  -200 -150 800 -250

The results were displayed in Tables 3, 4, 5, 6, 7 and 8, the
result of tables 3, 4, 5, and 6 corresponds to the loading con-
dition of table 1 and the result of table 7 and 8 corresponds to
the loading condition of table 2 which also included the fol-
lowing considerations: 1) The three columns' dimensions are
40 by 40 cm in every scenario; 2) Each situation has a different
soil allowed load bearing capacity; The separation of columns
isL1=5.50mand L2 =5.00m.

The results of the optimization techniques are displayed in
Tables 3, 4, 5, 6, 7 and 8. The Python software is used to de-
termine the minimum areas and dimensions for multigonal
corner combined footings, and it is assumed that the dimen-
sions are non-negative. The objective function (minimum con-
tact surface) is obtained by Eq. (11), and constraint functions
by Egs. (16) to (21) are found.

P1, Mx1, Myl, P2, Mx2, My2, P3, Mx3, My3, n, m, c1, c2,
c3,c4,L1, L2, call, R are the constant parameters assumed in
this issue, and the decision variables are MxT, MyT, a, b, b1,
b2, o1, 02, 63, 04, 65, 66.

Table 3 takes into account the following factors: MxT and
MyT are unconstrained, R=2900 kN There are 5.90 m<a, 5.40
m<b, 0<bl, 0<b2, 0<n, 0<m, when it comes to its goal func-
tion, 0<o1<call, 0<02<call, 0<c3<call, 0<c4<call, 0<c5<call,

Loads of column 3 Load center

My2 kN-m P3 kN Mx3kN-m My3kN-m X(m) Y(m)
350 900 300 300 144 153
350 900 -300 300 144 1.98
-350 900 300 -300 1.99 153
-350 900 -300 -300 1.99 198

0<c6<call. Table 4 takes into account the following factors:
MXT and MyT are unconstrained, R=2900 kN There are 5.90
m<a, 5.40 m<b, 0.5<b1, 0.5<b2, 0<n, 0<m, when it comes to
its goal function, 0<cl<ocall, 0<c02<call, 0<o3<ocall,
0<oc4<oall, 0<c5<oall, 0<c6<call. Table 5 takes into account
the following factors: MXT and MyT are unconstrained,
R=2900 kN There are 5.90 m<a, 5.40 m<b, 1<bl, 1<b2, 0<n,
0<m, when it comes to its goal function, 0<cl<call,
0<062<call, 0<c3<call, 0<c4<call, 0<c5<call, 0<c6<call. Ta-
ble 6 takes into account the following factors: MxT and MyT
are unconstrained, R=2900 kN There are 5.90 m=a, 5.40 m=b,
0<bl, 0<b2, 0<n, 0<m, when it comes to its goal function,
0<cl1<call, 0<c02<call, 0<c3<ocall, 0<c4<call, 0<c5<call,
0<c6<call. Table 7 takes into account the following factors:
MxT and MyT are unconstrained, R=2900 kN There are 5.90
m<a, 5.40 m<b, 0.5<bl, 0.5<b2, 0=n, 0=m, when it comes to
its goal function, 0<cl<call, 0<c2<call, 0<o3<ocall,
0<c4<oall, 0<c5<call, 0<c6<call. Table 8 takes into account
the following factors: MxT and MyT are unconstrained,
R=2900 kN There are 5.90 m<a, 5.40 m<b, 0.4<bl, 0.4<b2,
0<n, 0<m, when it comes to its goal function, 0<cl<call,
0<62<call, 0<c63<call, 0<c4<call, 0<c5<call, 0<c6<call.

Table 3. Results obtained by software for a>5.9, b>5.4, b1>0, b2>0, n>0 and m>0.

Optimal
area
(m?)

Sum of loads and
moments

Type

Fr MxT MyT
KN kN-m kN-m

Dimension of the footing(m)

At a b bi: b2 n

ca1=200.00 kN/m?

Struss generated by loads in each Geometric
corned(kN/m?) center
m o1 02 03 (71 o5 06 X(m) Y(m)
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Sum of loads and e . . . Struss generated by loads in each Geometric
area Dimension of the footing(m) 2
moments (m?) corned(kN/m?) center
Type
=3 b W At a b bt b2 n m 61 62 63 64 o5 o6 X(m) Y(m)

KN  kN-m kN-m

2900 0.00 0.00 1450 7.17 6.65 0.26 0.61 0.11 2.55 200.00 200.00 200.00 200.00 200.00 200.00 2.20 1.67
2900 0.00 0.00 1450 7.17 10.27 0.57 0.43 0.05 1.80 200.00 200.00 200.00 200.00 200.00 200.00 2.20 2.18
2900 0.00 0.00 1450 9.82 6.81 0.28 0.77 0.134 1.39 200.00 200.00 200.00 200.00 200.00 200.00 2.75 1.67

A W N

2900 0.00 0.00 1450 10.1310.24 0.26 0.49 0.05 1.40 200.00 200.00 200.00 200.00 200.00 200.00 2.75 2.18
ca=250.00 kN/m?

2900 0.00 0.00 1160 7.75 7.68 0.32 0.43 0.12 1.56 250.00 250.00 250.00 250.00 250.00 250.00 2.20 1.67
2900 0.00 0.00 1160 792 957 041 0.44 0.09 1.04 250.00 250.00 250.00 250.00 250.00 250.00 2.20 2.18
2900 0.00 0.00 1160 8.78 887 0.45 0.35 0.09 1.02 250.00 250.00 250.00 250.00 250.00 250.00 2.75 1.67

A w N R

2900 0.00 0.00 11.60 10.2010.83 0.27 0.33 0.14 0.94 250.00 250.00 250.00 250.00 250.00 250.00 2.75 2.18
6a=300.00 kN/m?

2900 0.00 0.00 9.66 795 712 031 049 0.11 0.93 300.00 300.00 300.00 300.00 300.00 300.00 2.20 1.67
2900 0.00 0.00 9.66 8.11 9.40 0.37 0.41 0.03 0.73 300.00 300.00 300.00 300.00 300.00 300.00 2.20 2.18
2900 0.00 0.00 9.66 9.09 820 044 035 0.17 0.52 300.00 300.00 300.00 300.00 300.00 300.00 2.75 1.67

A W N

2900 0.00 0.00 9.66 9.59 11.39 0.37 0.24 0.15 0.57 300.00 300.00 300.00 300.00 300.00 300.00 2.75 2.18
6al=350.00 kN/m?

2900 0.00 0.00 8.29 7.86 8.07 0.27 032 0.11 0.86 350.00 350.00 350.00 350.00 350.00 350.00 2.20 1.67
2900 0.00 0.00 8.29 8.41 9.58 0.30 0.33 0.10 0.56 350.00 350.00 350.00 350.00 350.00 350.00 2.20 2.18
2900 0.00 0.00 8.29 9.38 9.36 0.28 0.23 0.11 0.67 350.00 350.00 350.00 350.00 350.00 350.00 2.75 1.67

A w N R

2900 0.00 0.00 8.29 9.79 10.88 0.29 0.28 0.01 0.53 350.00 350.00 350.00 350.00 350.00 350.00 2.75 2.18
6a1=400.00 KN/m?

1 2900 0.00 0.00 7.25 720 7.85 050 0.29 0.17 0.28 400.00 400.00 400.00 400.00 400.00 400.00 2.20 1.67
2 2900 0.00 0.00 7.25 8.05 9.79 0.36 0.26 0.12 0.32 400.00 400.00 400.00 400.00 400.00 400.00 2.20 2.18
3 2900 0.00 0.00 7.25 9.21 894 0.33 0.22 0.13 0.39 400.00 400.00 400.00 400.00 400.00 400.00 2.75 1.67
4 2900 0.00 0.00 7.25 10.21 10.39 0.26 0.25 0.08 0.35 400.00 400.00 400.00 400.00 400.00 400.00 2.75 2.18
Table 4. Results obtained by sofiware for a>5.9, b>5.4, b1>0.5, b2>0.5, n>0 and m>0.
Optimal . .
Sum of loads and mo- . . . Struss generated by loads in each Geometric
area Dimension of the footing(m) -
ments (m?) corned(kN/m#) center
Type
A2 LBAT Lk At a b bt b2 n m o1 62 03 o4 o5 06 X(m) Y(m)

kKN  kN-m KkN-m

6a1=200.00 kKN/m?
1 2900 0.00 0.00 14.50 591 543 156 1.09 0.18 0.29 200.00 200.00 200.00 200.00 200.00 200.00 2.20 1.67
2 2900 0.00 0.00 14.50 7.73 8.88 0.52 0.64 0.15 1.32 200.00 200.00 200.00 200.00 200.00 200.00 2.20 2.18
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Sum of foads and mo- ;zgmal Dimension of the footing(m)

ments m)
Type
3 2900 0.00 0.00 1450 7.37 6.82 1.41 0.75 0.00
4 2900 0.00 0.00 1450 9.40 7.81 0.79 0.94 0.00
ca=250.00 kKN/m?
1 2900 0.00 0.00 1160 7.21 557 0.81 1.03 0.16
2 2900 0.00 0.00 11,60 8.76 7.13 0.51 0.90 0.11
3 2900 0.00 0.00 11.60 841 6.68 0.82 0.73 0.01
4 2900 0.00 0.00 11.60 10.11 872 0.50 0.53 0.25
ca=300.00 kN/m?
1 2900 0.00 0.00 9.66 7.04 6.46 0.73 0.64 0.08
2 2900 0.00 0.00 9.66 8.10 8.23 0.53 0.54 0.11
3 2900 0.00 0.00 9.66 8.87 6.76 0.61 0.63 0.00
4 2900 0.00 0.00 9.66 10.03 8.04 0.50 0.62 0.00
ca=350.00 kN/m?
1 2900 0.00 0.00 8.29 743 6.70 0.53 0.52 0.07
2 2900 0.00 0.00 8.29 8.12 8.05 0.51 0.50 0.07
3 2900 0.00 0.00 8.29 8.85 6.93 0.56 0.52 0.01
4 2900 -165.19 -197.26 8.59 9.40 8.28 0.50 0.50 0.00
cai=400.00 kN/m?
1 2900 0.00 0.00 7.25 7.53 6.28 0.53 0.55 0.03
2 2900 -172.05 -173.19 7.54 781 7.77 0.50 0.50 0.00
3 2900 -117.56 -173.34 7.50 8.81 6.67 0.50 0.50 0.00
4 2900 -490.65 -587.71 8.10 8.88 7.81 0.50 0.50 0.00

0.01
0.10

0.15
0.22
0.09
0.24

0.20
0.21
0.09
0.00

0.26
0.02
0.00
0.00

0.00
0.00
0.00
0.00

Geometric
center

Struss generated by loads in each
corned(kN/m?)

61 62 63 o4 o5 66 X(m) Y(m)

200.00 200.00 200.00 200.00 200.00 200.00 2.75 1.67

200.00 200.00 200.00 200.00 200.00 200.00 2.75 2.18

250.00 250.00 250.00 250.00 250.00 250.00 2.20 1.67

250.00 250.00 250.00 250.00 250.00 250.00 2.20 2.18

250.00 250.00 250.00 250.00 250.00 250.00 2.75 1.67

250.00 250.00 250.00 250.00 250.00 250.00 2.75 2.18

300.00 300.00 300.00 300.00 300.00 300.00 2.20 1.67

300.00 300.00 300.00 300.00 300.00 300.00 2.20 2.18

300.00 300.00 300.00 300.00 300.00 300.00 2.75 1.67

300.00 300.00 300.00 300.00 300.00 300.00 2.75 2.18

350.00 350.00 350.00 350.00 350.00 350.00 2.20 1.67

350.00 350.00 350.00 350.00 350.00 350.00 2.20 2.18

350.00 350.00 350.00 350.00 350.00 350.00 2.75 1.67

324.40 348.53 327.15 350.00 348.72 350.00 2.68 2.13

400.00 400.00 400.00 400.00 400.00 400.00 2.20 1.67

368.04 398.01 371.90 400.00 398.08 400.00 2.14 2.12

372.57 398.01 375.97 400.00 398.56 400.00 2.69 1.62

313.86 394.78 323.64 400.00 395.45 400.00 2.55 2.01

Table 5. Results obtained by software for a>5.9, b>5.4, b1>1, b2>1, n>0 and m>0.

Opti-
Sum of loads and mo-  mal . . . Struss generated by loads in each Geometric cen-
Dimension of the footing(m) 2

ments area corned(kN/m?) ter
Type (m?)

Fr  MXT MyT

KN KN-m KN-m Ac a b bp b n m a G2 63 G4 s G6 X(m) Y(m)
6a=200.00 kKN/m?
1 2900 0.00 0.00 1450 5.90 542 1.61 1.04 0.35 0.14 200.00 200.00 200.00 200.00 200.00 200.00 2.20 1.67
2 2900 0.00 0.00 1450 7.15 7.20 1.11 1.07 0.00 0.00 200.00 200.00 200.00 200.00 200.00 200.00 2.20 2.18
3 2900 0.00 0.00 1450 7.98 6.05 1.17 1.06 0.00 0.00 200.00 200.00 200.00 200.00 200.00 200.00 2.75 1.67
4 2900 -173.28 -212.22 15.19 8.65 7.54 1.00 1.00 0.00 0.00 180.91 197.75 185.12 200.00 197.88 199.83 2.68 2.12
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Opti-
Sum of loads and mo-  mal . . . Struss generated by loads in each Geometric cen-
Dimension of the footing(m) 3
ments area corned(kN/m?) ter
Type (m?)
BRE] MyT Ac a b b b n m e 62 63 64 G5 66 X(m) Y(m)

kN  kN-m kN-m

cal=250.00 kN/m?

1 2900 0.00 0.00 11.60 6.77 5.63 1.00 1.04 0.00 0.00 250.00 250.00 250.00 250.00 250.00 250.00 2.20 1.67
2 2900 -322.47 -324.61 12.72 6.88 6.84 1.00 1.00 0.00 0.00 203.34 244.05 215.22 250.00 244.08 250.00 2.09 2.07
3 2900 -226.34 -346.84 12.61 7.86 5.76 1.00 1.00 0.00 0.00 207.32 243.39 218.53 250.00 245.41 250.00 2.63 1.59
4 2900 -629.91 -766.05 13.81 7.93 6.88 1.00 1.00 0.00 0.00 165.43 239.07 185.66 250.00 240.71 250.00 2.49 1.97
ca=300.00 kN/m?

1 2900 -179.75 -331.05 10.77 6.36 5.40 1.00 1.00 0.00 0.00 241.32 293.45 256.26 300.00 277.81 285.97 2.09 1.60
2 2900 -667.96 -672.43 11.77 6.40 6.37 1.00 1.00 0.00 0.00 185.70 284.48 216.68 300.00 284.57 300.00 2.97 1.95
3 2900 -447.19 -772.32 11.75 7.35 540 1.00 1.00 0.00 0.00 191.12 283.90 219.84 300.00 278.05 290.68 2.49 1.51
4 2900 -968.42 -1185.35 12.77 7.38 6.39 1.00 1.00 0.00 0.00 145.40 278.70 184.77 300.00 281.51 299.58 2.34 1.85
6al=350.00 kN/m?

1 2900 -93.10 -654.90 10.48 6.08 5.40 1.00 1.00 0.00 0.00 234.54 346.45 256.50 350.00 253.72 272.12 1.97 1.63
2 2900 -941.61 -947.87 11.02 6.02 5.99 1.00 1.00 0.00 0.00 164.14 323.39 217.25 350.00 323.55 350.00 1.87 1.86
3 2900 -359.90 -1179.45 11.41 7.00 5.400 1.00 1.00 0.00 0.00 182.15 336.86 217.38 350.00 253.12 275.20 2.35 1.54
4 2900 -1239.55 -1516.84 11.94 6.95 6.00 1.00 1.00 0.00 0.00 121.64 316.63 183.08 350.00 321.84 349.92 2.23 1.76
ca=400.00 kKN/m?

1 2900 -35.14 -860.15 10.30 5.90 540 1.00 1.00 0.00 0.00 229.11 384.73 256.84 386.08 236.42 262.80 2.20 1.67
2 2900 -1188.19 984.66 10.63 5.90 5.73 1.00 1.00 0.00 0.00 149.42 324.09 217.62 362.69 370.40 400.00 1.86 1.77
3 2900 -279.76 -1526.49 11.11 6.71 540 1.00 1.00 0.00 0.00 172.82 389.65 215.48 400.00 228.70 261.00 2.23 1.57
4 2900 -1459.16 -1788.04 11.27 6.59 5.68 1.00 1.00 0.00 0.00 95.07 353.16 180.99 399.94 360.85 400.00 2.14 1.68

Table 6. Results obtained by software for a=5.9, b=5.4, b1>0, b2>0, n>0 and m>0.

Sum of loads and mo-  Optimal Dimension of the footing(m) Struss generated by loads in each Geometric

ments area(m?) g corned(kN/m?) center
Type

Fa T MyT At a b bi b2 n m o1 62 03 o4 o5 06 X(m) Y(m)

kKN  kN-m  kN-m

6a=200.00 kN/m?

1 2900 0.00 0.00 14.50 5.90 5.40 1.61 1.04 0.32 0.14 200.00 200.00 200.00 200.00 200.00 200.00 2.20 1.67
2 2900 -400.16 -422.63 17.22 5.90 540 1.54 2.11 0.00 0.00 130.08 185.75 164.27 200.00 180.15 200.00 2.05 2.04
3 2900 -233.09 -320.25 16.93 5.90 540 2.53 0.70 0.00 0.00 139.38 173.52 169.93 200.00 195.95 200.00 2.64 1.59
4 2900 -728.34 -775.64 20.27 5.90 540 2.69 1.63 0.00 0.00 74.78 147.76 147.20 200.00 179.87 200.00 2.48 1.93
6al=250.00 kKN/m?

1 2900 -160.64 -197.98 12.45 5.90 540 1.40 1.05 0.00 0.00 213.06 241.77 226.41 250.00 244.90 250.00 2.13 1.61
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Sum of loads and mo- Optimal _. . . Struss generated by loads in each Geometric
» Dimension of the footing(m) 2
ments area(m?) corned(kN/m?) center
Type
e bl MyT At a b b b2 n m o1 02 03 o4 o5 06 X(m) Y(m)

kKN  kN-m kN-m

2 2900 -666.68 -694.74 14.99 5.90 540 1.33 1.76 0.00 0.00 125.93 226.95 179.17 250.00 219.93 250.00 1.96 1.95
3 2900 -454.28 -659.15 15.02 5.90 540 2.12 0.76 0.00 0.00 128.90 206.27 182.60 250.00 240.05 250.00 2.52 1.51
4 2900 -1020.66 -1181.12 17.69 5.90 540 2.17 151 0.00 0.00 60.34 186.8 155.99 250.00 217.59 250.00 2.34 1.83
ca=300.00 kN/m?

1 2900 -311.25 -383.96 10.98 5.90 540 1.20 0.93 0.00 0.00 222.71 285.02 247.55 300.00 290.21 300.00 2.07 1.56
2 2900 -874.14 -906.63 13.18 5.90 540 1.16 1.50 0.00 0.00 125.60 270.57 191.99 300.00 263.21 300.00 1.89 1.88
3 2900 -635.02 -935.32 13.32 5.90 540 1.80 0.75 0.00 0.00 124.61 246.67 193.44 300.00 284.52 300.00 2.43 1.45
4 2900 -1251.64 -1489.02 15.55 5.90 540 1.81 1.36 0.00 0.00 51.08 230.41 161.96 300.00 258.74 300.00 2.24 1.75
ca=350.00 kN/m?

1 2900 -429.72 -529.68 9.79 5.90 5.40 1.05 0.83 0.00 0.00 235.01 330.27 268.12 350.00 336.60 349.62 2.02 1.52
2 2900 -1036.53 -1073.85 11.73 5.90 540 1.02 1.30 0.00 0.00 128.00 316.01 203.67 350.00 308.44 350.00 1.83 1.83
3 2900 -781.81 -1152.88 11.89 5.90 540 1.55 0.71 0.00 0.00 124.36 290.90 203.48 350.00 329.98 350.00 2.35 1.40
4 2900 -1436.27 -1725.82 13.81 5.90 540 1.55 1.21 0.00 0.00 45.03 276.31 166.55 350.00 302.48 350.00 2.16 1.69
ca=400.00 kN/m?

1 2900 -525.71 -646.50 8.82 5.90 5.40 0.93 0.74 0.00 0.00 248.95 376.76 288.34 400.00 383.87 400.00 1.98 1.48
2 2900 -1167.20 -1208.96 10.53 5.90 540 0.91 1.15 0.00 0.00 131.97 362.61 214.70 400.00 354.97 400.00 1.78 1.78
3 2900 -901.66 -1325.41 10.69 5.90 5.40 1.36 0.66 0.00 0.00 126.46 337.07 213.15 400.00 376.46 400.00 2.29 1.35
4 2900 -1584.28 -1909.30 12.37 5.90 5.40 1.35 1.09 0.00 0.00 41.50 323.35 170.12 400.00 348.05 400.00 2.09 1.64

Table 7. Results obtained by software for a=5.9, b>5.4, b1>0, b2>0, n=0 and m=0.

Sum of loads and mo- Optimal Dimension of the footing(m) Struss generated by loads in each Geometric

ments area(m?) g corned(kN/m?) center
Type

SOl BZITLNS At a b br bo n m & G2 63 G4 (3 o6 X(m) Y(m)

kKN kN-m m

ca=200.00 kKN/m?

1 2900 5303.59 12306.53 28.44 26.98 10.06 0.40 1.83 0.00 0.00 200.00 6.86 180.09 0.00 26.22 13.14 5.68 3.32
2 2900 3631.64 7724.20 26.25 21.18 9.05 0.40 2.06 0.00 0.00 200.00 6.33 174.92 0.00 56.11 37.31 4.11 3.27
3 2900 7474.00 3335.08 25.98 8.67 20.85 2.13 0.40 0.00 0.00 200.00 60.42 173.83 40.60 6.41 0.00 3.14 4.07
4 2900 0.00 0.00 14.50 6.13 6.03 1.30 1.38 0.00 0.00 200.00 200.00 200.00 200.00 200.00 200.00 1.99 1.98
6al=250.00 KN/m?

1 2900 3290.26 8065.81 21.61 19.79 7.66 0.40 1.88 0.00 0.00 250.00 9.81 217.35 0.00 61.77 38.90 4.28 2.62
2 2900 1.14 2273.94 16.88 7.13 554 1.131.99 0.00 0.00 250.00 0.00 180.16 0.00 250.00 180.06 2.23 2.01
3 2900 2777.74 0.59 16.58 5.90 8.16 1.711.00 0.00 0.00 250.00 250.00 197.64 197.59 0.00 0.00 199 245
4 2900 0.00 0.00 11.60 6.31 6.98 1.06 0.83 0.00 0.00 250.00 250.00 250.00 250.00 250.00 250.00 1.99 1.98
ca=300.00 kN/m?
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Sum of loads and mo- Optimal Dimension of the footing(m) Struss generated by loads in each Geometric

ments area(m?) g corned(kN/m?) center
Type

Sl MyT kN- At a b b b2 n m o1 02 03 o4 o5 06 X(m) Y(m)

kKN  kN-m m

2900 1772.92 5044.80 16.67 1453 5.85 0.4 1.99 0.00 0.00 300.00 11.95 248.56 0.00 125.14 85.62 3.18 2.10
2900 0.17 24319 10.18 5.90 5.40 0.651.34 0.00 0.00 300.00 241.36 286.72 241.35 300.00 286.69 1.53 2.01
2900 189.77 1.23 10.08 590 5.40 1.06 0.89 0.00 0.00 300.00 299.81 291.62 291.44 257.28 257.45 1.99 1.56

A W N

2900 0.00 0.00 9.67 6.61 7.23 0.82 0.66 0.00 0.00 300.00 300.00 300.00 300.00 300.00 300.00 1.99 1.98
6all=350.00 kN/m2
1 2900 564.75 3575.64 12.87 9.27 5.40 0.701.36 0.00 0.00 350.00 11.16 289.26 0.00 264.00 214.39 2.67 1.69

2 2900 0.00 0.00 8.29 591 5.65 0.54 1.00 0.00 0.00 350.00 350.00 350.00 350.00 350.00 350.00 1.44 1.98
3 2900 0.00 0.00 8.29 6.22 5.40 0.79 0.73 0.00 0.00 350.00 350.00 350.00 350.00 350.00 350.00 1.99 1.53
4 2900 0.00 0.00 8.29 7.28 6.95 0.57 0.65 0.00 0.00 350.00 350.00 350.00 350.00 350.00 350.00 1.99 1.98

6all=400.00 kN/m2

1 2900 557.78 112412 9.80 5.90 5.40 0.90 1.00 0.00 0.00 400.00 182.08 343.60 162.47 282.61 245.8 1.83 1.69
2 2900 0.00 0.00 7.25 6.30 5.72 0.43 0.86 0.00 0.00 400.00 400.00 400.00 400.00 400.00 400.00 1.44 1.98
3 2900 0.00 0.00 7.25 6.37 5.61 0.67 0.61 0.00 0.00 400.00 400.00 400.00 400.00 400.00 400.00 1.99 1.53
4 2900 0.00 0.00 7.25 7.50 7.00 0.48 0.56 0.00 0.00 400.00 400.00 400.00 400.00 400.00 400.00 1.99 1.98

Table 8. Results obtained by software for a>5.9, b>5.4, b1>0.4, b2>0.4, n>0 and m>0.

Sum of loads and mo- Optimal _. . . Struss generated by loads in each Geometric
» Dimension of the footing(m) .
ments area(m?) corned(kN/m¢) center
Type
PR IMXT Myl At a b b b2 n m & 62 03 o4 o5 o6 X(m) Y(m)

kKN kN-m  KkN-m

6a1=200.00 kN/m?

1 2900 4266.25 8626.86 26.73 22.39 10.87 0.40 0.46 2.48 0.00 200.00 7.18 166.54 0.00 3.92 0.00 4.42 2.96
2 2900 2475.36 4776.90 23.91 16.54 9.82 0.40 0.40 2.88 0.00 200.00 591  155.81 0.00 54.35 49.67 3.09 2.86
3 2900 1491.92 5577.47 23.60 18.49 7.14 0.40 0.40 4.00 0.00 200.00 7.21  146.93 0.00 70.89 66.71 3.92 2.01
4 2900 0.00 0.00 14.50 6.69 7.34 0.93 0.41 1.36 0.40 200.00 200.00 200.00 200.00 200.00 200.00 1.99 1.98
6a=250.00 kN/m?

1 2900 2366.04 5446.68 19.97 16.15 8.26 0.40 0.40 2.63 0.00 250.00 9.65 195.29 0.00 51.88 4592 334 231
2 2900 0.00 0.00 11.60 6.25 5.69 0.42 0.69 2.02 0.00 250.00 250.00 250.00 250.00 250.00 250.00 1.44 1.98
3 2900 0.00 0.00 11.60 6.23 5.42 0.78 0.44 1.23 0.63 250.00 250.00 250.00 250.00 250.00 250.00 1.99 1.53
4 2900 0.00 0.00 11.60 6.80 8.53 0.61 0.40 0.35 0.90 250.00 250.00 250.00 250.00 250.00 250.00 1.99 1.98
ca=300.00 kN/m?

1 2900 747.20 2883.25 14.63 10.96 5.86 0.40 0.40 2.95 0.00 300.00 8.44 202.51 0.00 176.14 165.50 2.44 1.75
2 2900 0.00 0.00 9.67 6.36 6.46 0.44 0.44 1.27 0.14 300.00 300.00 300.00 300.00 300.00 300.00 1.44 1.98
3 2900 0.00 0.00 9.67 6.61 5.88 0.53 0.54 0.34 0.77 300.00 300.00 300.00 300.00 300.00 300.00 1.99 1.53
4 2900 0.00 0.00 9.67 7.32 8.04 0.51 0.42 0.34 0.44 300.00 300.00 300.00 300.00 300.00 300.00 1.99 1.98

82


http://www.sciencepg.com/journal/mma

Mathematical Modelling and Applications

http://www.sciencepg.com/journal/mma

Sum of loads and mo- Optimal Dimension of the footing(m) Struss generated by loads in each Geometric
ments area(m?) g corned(kN/m?) center
Type
F MxT MyT
k; kl\j(-m kl\}/-m At a b b b2 n m o1 02 03 o4 o5 o6 X(m) Y(m)
ca=350.00 KN/m?
1 2900 47.39 683.83 9.75 590 5.40 0.40 0.40 1.09 0.97 350.00 178.49 303.27 177.50 336.71 325.08 1.68 1.51
2 2900 0.00 0.00 8.29 595 6.45 0.55 0.54 0.62 0.01 350.00 350.00 350.00 350.00 350.00 350.00 1.44 1.98
3 2900 0.00 0.00 8.29 7.39 553 0.41 0.56 0.44 0.36 350.00 350.00 350.00 350.00 350.00 350.00 1.99 1.53
4 2900 0.00 0.00 8.29 7.46 7.74 0.40 0.50 0.01 0.44 350.00 350.00 350.00 350.00 350.00 350.00 1.99 1.98
ca=400.00 kKN/m?
1 2900 20.86 34296 7.81 590 5.40 0.40 0.40 0.84 0.49 400.00 299.02 377.71 298.53 393.42 386.57 1.56 1.50
2 2900 0.00 0.00 7.25 6.03 6.23 0.47 0.65 0.19 0.05 400.00 400.00 400.00 400.00 400.00 400.00 1.44 1.98
3 2900 0.00 0.00 7.25 6.77 6.52 0.40 0.41 0.06 0.58 400.00 400.00 400.00 400.00 400.00 400.00 1.99 1.53
4 2900 0.00 0.00 7.25 7.82 7.14 0.40 0.52 0.07 0.11 400.00 400.00 400.00 400.00 400.00 400.00 1.99 1.98
In the design of foundations, as soil allowable bearing ca-
pacity (call) decreases, the footing area to distribute structural
3. Results

In this paper, the authors present the use of a novel mathe-
matical model for the sizing of multigonal corner combined
footings under any type of loading. The model accounts for
axial and biaxial bending moments on each column applied,
and real soil pressure distributions are taken into account. The
model will guarantee that all vertices of the footing are within
acceptable stress ranges, thus optimizing footing dimensions
for structural effectiveness and material economy. Numerical
examples illustrate the efficacy of the model in optimum de-
sign of footings for specified loading and soil conditions to
minimize the required contact area.

Tables 3 to 8 present a point-by-point comparison of vari-
ous design scenarios, highlighting the efficiency and perfor-
mance of the proposed mathematical model compared to tra-
ditional methods. The focus lies in the optimization of footing
size by adjusting parameters n, m, b1, and b2, which directly
influence the geometry of the foundation. Specific attention is
given in the model to deal with eccentric loading conditions
by making sure that the resultant forces are properly aligned
with the centroid of the footing. This is necessary to maintain
uniformity of stress distribution and minimize the potential for
differential settlement. By systematically taking these aspects
into consideration, the model is effective in generating cost-
effective and structurally efficient foundation designs.

Through these results, the effectiveness of the model in
providing a reliable and cost-efficient design solution for mul-
tigonal corner combined footings is demonstrated, along with
its potential limitations and areas for further improvement.
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loads must be greater to prevent excessive pressure being
transferred to the ground and resulting in shear failure and ex-
cessive settlement.

In addition, it is also required that the stresses resulting
from loads at each corner of the footing be within the accepta-
ble limit equal to or less than call and equal to or greater than
zero. This agreement ensures that the resultant force is posi-
tioned centrally at the centroid of the footing contact area with
the soil, with even load transfer and minimized differential
settlement risk.

3.1. Result of Table 3

The following outcomes are shown in Table 3 (assuming
that the dimensions a, b, b1, b2, n, and m are nonnegative):

The findings presented in Table 3 highlight several key ob-
servations regarding footing design under various loading
conditions. Firstly, the minimum area required for the footing
remains consistent across all four forms of loading, indicating
that the load distribution does not significantly influence the
base area needed when the resultant force is centered. Sec-
ondly, as the allowable bearing capacity of the soil decreases,
the minimal area required correspondingly increases. This re-
lationship underscores the necessity for larger footing areas to
distribute loads effectively and prevent excessive settlement
in weaker soils.

Additionally, the mechanical parameters obtained specifically,
a resultant force (R) of 2900 kN, with zero moments about both
the x-axis (MxT) and y-axis (MyT) are consistent across all sce-
narios. This consistency suggests that the applied loads are cen-
trally located, resulting in no eccentricity and, consequently, no
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additional moments. In every case, the stresses induced by the
loads at each corner of the footing match the allowable soil stress
(oall), indicating uniform stress distribution. This uniformity con-
firms that the resultant force is centrally located at the centroid of
the footing's contact area with the soil, ensuring balanced load
transfer and minimizing the risk of differential settlement.

3.2. Results of Table 4

The following outcomes are shown in Table 4 (assuming
that the dimensions a, b, b1, b2, n, and m are nonnegative and
bl and b2 >=0.5):

For all type of c.i=200, 250, and 300 kN/m? and type 1, 2,
and 3 of 61=350 KN/m? and type 1 of cai=400 kN/m2,

For all cases, the minimum footing area required is exactly
the same as the result reported in Table 3 for each correspond-
ing loading type. The fact that this correspondence exists in-
dicates the strength of the design methodology, by which, re-
gardless of the loading conditions, the foundation is always
designed optimally in terms of structural efficiency and integ-
rity.

For call=350 kN/m2 of type 4 and call =400 kN/m2 of type
2,3,and 4.

There is a uniform resultant force R of 2900 kN. However,
in all of them, MxT and MyT are negative, so the resultant
force is not in the direction of the centroid of the footing and
therefore there is eccentric loading. This difference results in
uneven stress distribution, some footing corners experiencing
pressures less than call, which can lead to tension or partial
uplift zones. To avoid these issues, the optimization of footing
size through the minimization of parameters such as n and m
can lead to more efficient designs. This technique not only
conserves materials but also enhances structural performance
by making the foundation system tailored to the provided
loading and soil conditions.

3.3. Result of Table 5

The following outcomes are shown in Table 5 (assuming
that the dimensions a, b, b1, b2, n, and m are nonnegative and
bl and b2 >=1):

Reducing footing sizes by minimizing parameters such as n
and m can lead to more effective structural designs. This ap-
proach conserves materials by minimizing the quantity of con-
crete and reinforcement required. It also enhances structural
efficiency since it modifies the foundation system to specific
loading and soil conditions to attain optimum performance
and economy.

For type 1, 2, and 3 of call=200 kN/m2 and type 1 of
call=250 kN/m2.

For all cases, the minimum footing area required is exactly
the same as result of that reported in Table 3 for each corre-
sponding loading type. The fact that this correspondence ex-
ists indicates the strength of the design methodology, by
which, regardless of the loading conditions, the foundation is
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always designed optimally in terms of structural efficiency
and integrity.

For other cases

The resultant mechanical elements are, R=2900 kN, with
MXT and MyT, being less than zero in all cases. The stresses
at each vertex are less than and equal to call. In other cases,
the resultant force is not aligned with the center of gravity of
the contact area, resulting in eccentricity of the resultant force
R.

3.4. Result of Table 6

The following outcomes are shown in Table 6 (assuming
that the dimensions bl, b2, n, and m are nonnegative and
a=5.9 and b=5.4):

For type 1, of 6ai=200 KN/m?,

For all cases, the minimum footing area required is exactly
the same as the result reported in Table 3 for each correspond-
ing loading type. The fact that this correspondence exists in-
dicates the strength of the design methodology, by which, re-
gardless of the loading conditions, the foundation is always
designed optimally in terms of structural efficiency and integ-
rity.

For other cases

The resultant mechanical elements are, R=2900 kN, with
MxT and MyT, being less than zero in all cases. the stresses
at each vertex are less than and equal to call. In other cases,
the resultant force is not aligned with the center of gravity of
the contact area, resulting in eccentricity of the resultant force
R.

3.5. Result of Table 7

The following outcomes are shown in Table 7 (assuming
that the dimensions a, and b are nonnegative and b1>0.4 and
b2>0.4, n=0 and m =0):

For type 4, of 5all=200, 250 300 kN/m2, type 4 of call= 350
and 400 kN/m?2.

For all cases, the minimum footing area required is exactly
the same as result of that reported in Table 3 for each corre-
sponding loading type. The fact that this correspondence ex-
ists indicates the strength of the design methodology, by
which, regardless of the loading conditions, the foundation is
always designed optimally in terms of structural efficiency
and integrity.

For other cases

The resultant mechanical elements are, R=2900 kN, with
MxT and MyT, being greater than zero in all cases. The
stresses at each vertex are less than and equal to call. In other
cases, the resultant force is not aligned with the center of grav-
ity of the contact area, resulting in eccentricity of the resultant
force R.

3.6. Result of Table 8

The following outcomes are shown in Table 8 (assuming
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that the dimensions a, b, n, and m are nonnegative and b1>0.4
and b2>0.4):

1) For type 4, of 5a1=200 KN/m?, type 2, 3, and 4 of 62=200,

250, 300, and kN/m?

For all cases, the minimum footing area required is exactly
the same as result of that reported in Table 3 for each corre-
sponding loading type. The fact that this correspondence ex-
ists indicates the strength of the desigh methodology, by
which, regardless of the loading conditions, the foundation is
always designed optimally in terms of structural efficiency
and integrity.

2) For other cases

The resultant mechanical elements are, R=2900 kN, with
MXT and MyT, being greater than zero in all cases. The
stresses at each vertex are less than and equal to call. In other
cases, the resultant force is not aligned with the center of grav-
ity of the contact area, resulting in eccentricity of the resultant
force R.

4. Discussion

This section explores the appropriateness of the proposed
mathematical model for multigonal corner combined footing
design, as presented in Tables 3 to 8. The tables explore vari-
ous scenarios, determining how soil capacity, geometric con-
straint, and load conditions influence footing design. Key as-
pects include the placement of the load center at the geometric
center of the footing, the effect of varied dimensions (n, m, b1,
and b2), and dealing with eccentric loading conditions. This
comprehensive analysis proves versatility of the model and ef-
fectiveness in footing design optimization for virtually all
structural and geotechnical configurations.

In Table 3, there are more probabilities to match the geom-
etry's center with the center of the resulting load because all
sides aside from two sides (property line restricted) are adjust-
able. By ensuring that the stress at every corner is equal to call,
this alignment results in an optimal and balanced load distri-
bution throughout the footing.

In Table 4, Smaller Stress (call) and Larger Area: When the
allowable soil stress (oall) is lower, a larger footing area is
required to safely distribute the load. In this situation, the cen-
ter of the load (resultant force R) tends to remain within the
geometry of the footing. This results in better alignment of the
load center with the footing's center of gravity, minimizing ec-
centricity and ensuring a more stable structure.

Higher Stress (call) and Smaller Area: Conversely, when
the allowable soil stress (call) is higher, the required area for
the footing is smaller. This reduction in area can cause the re-
sultant force R to shift outside the geometry of the footing.
When R is located outside the footing's geometry, it creates
eccentricity, which can lead to uneven stress distribution.

Impact of Increasing (ocall): As the allowable soil stress
(call) increases, the required footing area should ideally de-
crease, reflecting the soil's ability to support greater loads per
unit area. However, the imposed constraints on b1 and b2 limit
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the extent to which these dimensions can be adjusted to
achieve this reduction in area. As a result, the primary means
of reducing the footing area becomes the adjustment of the di-
mensions n and m.

Role of nand min Area Minimization: To comply with the
increased (call) while still meeting the restriction on bl and
b2, the dimensions n and m must be reduced. By diminishing
nand m, the overall area of the footing can be minimized, even
with the constraints imposed by b1l and b2. This adjustment
allows the design to maintain structural integrity and effi-
ciency by optimizing the footing size according to the higher
stress capacity of the soil.

In Table 5, The restriction of b1 and b2 to a minimum of 1
meter results in an increased overall footing area compared to
the more flexible scenarios presented in Table 4. The larger
values of b1 and b2 limit the ability to reduce the area, neces-
sitating a larger footprint to ensure the required load distribu-
tion is maintained.

Smaller Stress (call) and Larger Area: When the allowable
soil stress (call) is lower, a larger footing area is required to
safely distribute the load. In this situation, the center of the
load (resultant force R) tends to remain within the geometry
of the footing. This results in better alignment of the load cen-
ter with the footing's center of gravity, minimizing eccen-
tricity and ensuring a more stable structure.

Higher Stress (call) and Smaller Area: Conversely, when
the allowable soil stress (call) is higher, the required area for
the footing is smaller. This reduction in area can cause the re-
sultant force R to shift outside the geometry of the footing.
When R is located outside the footing's center of gravity, it
creates eccentricity, which can lead to uneven stress distribu-
tion.

Impact of Increasing (call): As the allowable soil stress
(oall) increases, the required footing area should ideally de-
crease, reflecting the soil's ability to support greater loads per
unit area. However, the imposed constraints on b1 and b2 limit
the extent to which these dimensions can be adjusted to
achieve this reduction in area. As a result, the primary means
of reducing the footing area becomes the adjustment of the di-
mensions n and m.

Role of nand min Area Minimization: To comply with the
increased (oall) while still meeting the restriction on b1 and
b2, the dime

nsions n and m must be reduced. By diminishing n and m,
the overall area of the footing can be minimized, even with the
constraints imposed by b1 and b2. This adjustment allows the
design to maintain structural integrity and efficiency by opti-
mizing the footing size according to the higher stress capacity
of the soil.

Given the constraints on bl and b2, achieving an optimal
footing area may require further reductions in the dimensions
n and m. By decreasing n and m, the overall area can be min-
imized as much as possible within the given constraints. This
additional reduction is necessary to offset the impact of the
restricted b1 and b2 and to approach the efficiency seen in


http://www.sciencepg.com/journal/mma

Mathematical Modelling and Applications

http://www.sciencepg.com/journal/mma

more flexible designs.

In Table 6, Due to the restrictions on a and b, where a=5.9
meters and b=5.4 meters, there is a significant concentration
of stress around the dimensions bl and b2. This increased
stress necessitates larger values for b1 and b2 to adequately
distribute the load and prevent overstressing the soil.

The higher stress around bl and b2 results in these dimen-
sions being larger, which in turn reduces the dimensions m
and n. In many cases, this leads to m and n approaching or
reaching zero, as the design prioritizes the adjustment of b1l
and b2 to manage the stress distribution effectively.

Given the constraints on b1 and b2, achieving an optimal
footing area may require further reductions in the dimensions
n and m. By decreasing n and m, the overall area can be min-
imized as much as possible within the given constraints. This
additional reduction is necessary to offset the impact of the
restricted b1 and b2 and to approach the efficiency seen in
more flexible designs.

In Table 7, The reason why these results occur is primarily
due to the load center shifting towards the corner of the foot-
ing. When this happens, the likelihood of aligning the geomet-
ric center of the footing with the load center diminishes. This
misalignment leads to eccentric loading, where the resultant
force R is no longer centered within the footing's contact area
with the soil.

The positive moment observed in the results arises because
the center of the resultant force shifts towards the corner of the
footing. When the load center moves away from the geometric
center of the footing.

Moment Generation: The shift creates an imbalance in the
load distribution, leading to a moment that tries to rotate the
footing.

Increased Eccentricity: As the load center shifts further to-
wards the corner, the eccentricity increases, which amplifies
the positive moment and makes it more challenging to main-
tain an even stress distribution across the footing.

In Table 8, the values of b1 and b2 are decreased compared
to Table 7. This reduction is possible due to the lower stress
levels near columns 2 and 3. The reduced stress allows for
smaller dimensions without compromising the structural in-
tegrity, leading to a more compact and optimized footing area.

The increased dimensions of n and m in Table 8 contribute
to a more optimal footing area. By expanding these dimen-
sions, the footing can better distribute the loads, resulting in a
reduced required area while maintaining the necessary stress
conditions.

The results in Table 8 represent a more optimal footing area
compared to Table 7, primarily due to the decrease in b1 and
b2 owing to lower stress near columns 2 and 3, and the strate-
gic increase in n and m. These adjustments lead to a more ef-
ficient use of the footing area, better stress management, and
reduced load eccentricity. The findings highlight the im-
portance of fine-tuning all relevant dimensions to achieve an
optimal area.
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5. Conclusions

The foundation plays a crucial role in transferring the loads
from columns or walls to the underlying soil, ensuring the sta-
bility and safety of the entire structure. The main objective of
this study is to present an accurate mathematical method for a
variety of scenarios, with an emphasis on optimizing multi-
gonal corner combined footing dimensions to minimize costs.

The following are the main conclusions:

1) The model developed and presented in this research
demonstrates the most optimized footing area, effec-
tively balancing the various design constraints and load
conditions. By strategically adjusting the dimensions n,
m, b1, and b2 based on the specific stress distributions
near different columns, the model achieves a more effi-
cient and economical use of the footing area. This opti-
mization ensures that the stresses remain within permis-
sible limits and that load eccentricity is minimized.

2) The model described in this study is well-suited for both
conditions of minimum load at the corner column and
higher load at the corner column. By optimizing the di-
mensions n, m, b1, and b2, the model effectively man-
ages the stress distribution, ensuring that even under
these challenging conditions, the footing area remains
minimized and well-balanced. This study's findings ad-
vocate the model's use in structural designs where high
corner loads are anticipated, providing an optimized and
reliable footing dimensioning.

3) The model developed in this study offers significant
practical advantages over classical methods. Unlike the
traditional approach, which involves proposing dimen-
sions and then testing them to ensure they meet the nec-
essary stress and constraint requirements, this model di-
rectly integrates these considerations into the optimiza-
tion process. This integrated approach not only simpli-
fies the design process but also ensures that the resulting
dimensions are both practical and efficient from the out-
set. Consequently, the classical model is less practical
because it requires iterative adjustments to adhere to
stress and constraint limits, making the process more
time-consuming and less efficient compared to the
method proposed in this paper

4) The model presented in this study demonstrates that the
most economical footing dimensions are achieved when
there are fewer restricted dimensions. By allowing more
flexibility in the design variables, the model can opti-
mize the area more effectively.

5) The model proposed in this work is versatile and can be
effectively used for dimensioning multigonal corner
combined footings subjected to axial loads and moments
in two directions for each column. Additionally, footings
under a concentric axial load in every column and for
footings under one moment and an axial load in every
column.
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6) Finally, it is advised to use the suggested model for di-
mensioning corner combined footings with four contin-
uous property lines.

6. Limitations and Recommendations for
Further Study

The model presented in this paper is specifically tailored for
the dimensioning of multigonal corner combined footings un-
der certain key assumptions.

1) Elastic Soil Layers: The model assumes that the support-
ing soil layers are elastic, meaning the soil deforms in a
predictable, reversible manner under the applied loads.

2) Stiff Structural Members: It also assumes that the struc-
tural members are stiff, adhering to the biaxial bending
expression, which results in a linear pressure variation
across the footing.

3) Evaluating whether the reduced dimensions lead to more
efficient dimensioning or if they introduce new chal-
lenges for future work.

4) Material or cost economy including one-way shear, two-
way (punching) shear, flexural capacity, or reinforce-
ment, is not included and requires further study.

Abbreviations
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