kT buildings

Article

Cost-Based Optimization of Isolated Footing in Cohesive Soils
Using Generalized Reduced Gradient Method

Muhammad Naqeeb Nawaz (7, Agha Shah Ali 10, Syed Taseer Abbas Jaffar 2, Turab H. Jafri 1-3*
Tae-Min Oh 3*(), Mirvat Abdallah 4, Steve Karam % and Marc Azab ¢

check for
updates

Citation: Nawaz, M.N.; Ali, A.S.;
Jaffar, S.T.A.; Jafri, T.H.; Oh, T.-M.;
Abdallah, M.; Karam, S.; Azab, M.
Cost-Based Optimization of Isolated
Footing in Cohesive Soils Using
Generalized Reduced Gradient
Method. Buildings 2022, 12, 1646.
https:/ /doi.org/10.3390/
buildings12101646

Academic Editors: Chih-Wei Lu and
Meen-Wah Gui

Received: 1 September 2022
Accepted: 6 October 2022
Published: 10 October 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1 NUST Institute of Civil Engineering, National University of Sciences and Technology (NUST),
Islamabad 44000, Pakistan

Department of Civil Engineering, University of Management and Technology, C-II Johar Town,
Lahore 54000, Pakistan

Department of Civil and Environmental Engineering, Pusan National University, Busan 46241, Korea
College of Engineering and Technology, American University of the Middle East, Egaila 54200, Kuwait
*  Correspondence: turabjafri@pusan.ac.kr (T.H.].); geotaemin@pusan.ac.kr (T.-M.O.)

Abstract: This study presents a cost-based optimization model for the design of isolated foundations
in cohesive soils. The optimization algorithm not only incorporates safety requirements in the form of
ultimate limit state (ULS) and serviceability limit state (SLS) criteria but also deals with the economics
simultaneously. In that regard, the generalized reduced gradient (GRG) method is used for the
optimization purpose to achieve the least construction cost of an isolated foundation along with the
integration of design parameters as optimization variables. The optimization technique is elaborated
using a design example in silty clayey soil and the results of the optimized design are compared
with those of the conventional design. The optimization model shows that the optimized design
can reduce the construction cost by up to 44% as compared to the conventional design cost for the
particular example. Moreover, a sensitivity analysis is also performed to evaluate the quantitative
impact of cohesive soil properties, design load, and groundwater table on the construction cost.
The results indicate that the construction cost majorly depends on the combined effect of four key
parameters: Young’s modulus, recompression index, design load, and groundwater table.

Keywords: isolated footing; cohesive soil; optimized design; generalized reduced gradient;
sensitivity analysis

1. Introduction

A shallow foundation design should be safe as well as economical. A design is
acceptable when it satisfies arithmetic checks of safety along with economics. The ultimate
limit state (ULS) and serviceability limit state (SLS) are regarded as the two computational
checks of safety in foundation design [1,2]. In general, while designing a foundation, safety
is generally prioritized over the economic aspect of the project. Ideally, various conventional
design approaches can be used to justify the safety requirements, i.e., ultimate limit state
(ULS) and serviceability limit state (SLS), but the least construction cost governs the final
acceptable design. Wellington, the father of engineering economy, defined economy as the
key parameter for a successful design project [3]. The importance of engineering economics
is well established and is described in various literature works [2,4-6]. However, most of the
discussion is still at the academic and conceptual level. Additionally, conventional design
approaches are based on the trial-and-error method, which requires several iterations to
approach an economical and safe foundation design. These kinds of approaches, in the
absence of any particular guidelines, are monotonous and time-consuming. Therefore,
there is a need for developing a comprehensive foundation design framework that explicitly
addresses ULS, SLS, and economics simultaneously leading to a progressive sustainable
infrastructure.
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The scope of the existing literature regarding the optimization of an isolated footing
design is limited to safety requirements. Rawat et al. [7] suggested a cost optimization
technique for the design of isolated footing considering the structural aspects of the footing
design. However, the geotechnical design of an isolated foundation is imperative and must
be considered prior to the structural design. Al-Ansari [8] presented an analytical optimiza-
tion method to compute the structural cost of the reinforced concrete isolated foundation.
Kimmerling [9] worked on the economical and safe design of a shallow foundation for a
bridge based on Limit State Design (LSD) and Load and Resistance Factored Design (LRFD)
procedures. Stolyarov [10] developed an analytical method to optimize the foundation
design by determining the minimum volume of the foundation. According to this study, the
minimum volume of foundation could be obtained by simultaneous computations of the
base and body of the footing. A minimum volume of concrete cannot be considered as the
only factor controlling the cost of the foundation since several other factors govern the foun-
dation construction cost, i.e., execution, formwork, reinforcement, backfill, etc. Bhavikatti
et al. [11] proposed a linear optimization technique for optimizing a column footing and
reported 8-10% savings in cost. However, this work was based on a linear optimization
of reinforcement only and did not consider the other structural and geotechnical design
aspects of the isolated foundation. Wang [12] presented a reliability-based method for the
cost optimization of foundation design, which was based on the uncertainties related to
geotechnical engineering. Chaudhuri et al. [13] developed a constrained binary-coded
genetic algorithm for the cost optimization of isolated footing design based on the structural
safety requirements using MATLAB. Piegay et al. [14] provided a multiobjective approach
for the cost optimization of spread footing using the a Monte Carlo simulation technique.
However, the use of the Monte Carlo simulation technique, based on the coefficient of
variance values of the soil properties, was not a straightforward solution and design engi-
neers may find it challenging to implement such techniques. Juang et al. [15] presented a
new technique called robust geotechnical design (RDG) for the cost optimization of spread
footing. Islam et al. [16] formulated a genetic algorithm (GA) to optimize spread footings
in sandy soil in which a shallow foundation design process for given soil properties and
design loads was framed in an optimization procedure to obtain the least construction
cost using the GA technique. Wang et al. [17] proposed the optimization of a foundation
design considering the variable parameters controlling the design of a shallow foundation
in dry sand. Still, the scope of the research was limited to dry sandy soils only and did
not consider the effect of groundwater table on the economics of the construction of the
foundation. Jelusi¢ et al. [18] proposed a cost-based mixed integer nonlinear programming
(MINLP) optimization technique for the pad footing considering ULS and SLS criteria. In
general, all the available cost optimization techniques for isolated footing design are either
difficult to implement in most conventional practices or they are based on the structural
design approach and target particular structural elements and their performance in various
soil types [19,20]. In light of the literature review and to the best of the authors’ knowledge,
no design framework has been developed so far that not only considers the cost and safety
requirements in cohesive soils simultaneously but also encompasses the quantitative im-
pact of groundwater fluctuation on the construction cost of foundations. Furthermore, the
existing frameworks are difficult to implement by design engineers in the field. The current
study aims to develop an MS Excel-based design framework using the generalized reduced
gradient (GRG) method that explicitly considers cost and safety requirements through a
straightforward and user-friendly interface, as MS Excel-based design approaches are quite
well-known and well-liked among design engineers.

The generalized reduced gradient is a technique that is used for solving nonlinear prob-
lems and the cost-based design of foundation is not a straightforward solution. Therefore,
the GRG technique can be employed to solve cost-based design problems. This technique
can be utilized through “Excel Solver”, an add-in tool available in excel. The advantage of
using this technique over the other conventional techniques is that it is a relatively easy
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excel-based technique that requires a very short time and few inputs to optimize the design
to obtain the least construction cost.

This study presents a novel cost-based optimization technique for the isolated foun-
dation design in cohesive soil using the generalized reduced gradient technique. The
fundamental aim of the optimization model is to obtain the minimum construction cost of
an isolated footing without any detriment to the safety requirements, i.e., ULS, and SLS
criteria. Accordingly, an optimization model was developed based on ULS and SLS design
computations followed by cost estimation. Henceforth, a design example is also demon-
strated in which the optimization model was applied to an isolated foundation design
in cohesive soil (¢ = 0). Furthermore, a sensitivity analysis was performed to assess the
economic impact of cohesive soil properties, groundwater table, and design requirements
of the isolated foundation. This study presents a comprehensive cost-effective approach
that can be applied to isolated foundation design in cohesive soils without performing
several iterations.

2. Basics of Foundation Design in Cohesive Soils and Methods

ULS and SLS are safety criteria for a shallow foundation design. ULS is governed by
the required factor of safety (FS;) [1,21] which can be computed through Equation (1).

_ Yun
FS, = F/BL 1

where qy;; (kN/ m?) is the ultimate bearing capacity, F (kN) is the applied vertical force in
the form of building load, and B (m) and L (m) are the width and length of the foundation,
respectively.

There are several theories to evaluate the bearing capacity of a shallow foundation.
The models presented by Terzaghi [22], Meyerhof [23], and Vesic [24] are the most com-
monly used for evaluating the bearing capacity of cohesive soils. For the bearing capacity
computation in cohesive soils, the ¢ = 0 condition is considered [4,25,26]. Vesic’s model is
more comprehensive and detailed as compared to other bearing capacity models. Therefore,
Vesic’s bearing capacity equation [24] was used in this study, as given below

. . 1 .
qu = ¢'NeScdciche + 0, Ngsqdqiqbq + 5 v BN, sy dyiyby, )
where S, Sq, and Sy, are shape factors, d., dg, and d,, are depth factors, i, ig, and iy, are load

inclination factors, and b,, bq, and by, are base inclination factors. In this study, inclination
factors were equal to 1 due to the concentric nature of the foundation. Other factors are

given below.
B\ /N
s=1+(2) () ©
C

Sq=1+ (E) tan ¢’ 4)
B
S, =1- 0.4(L> ()
de = 1+ 0.4k (6)
dq = 142k tand’ (1—sin¢’)? @)
d, =1 8)

The serviceability limit state (SLS) for a shallow foundation is governed by the allow-
able settlement of 25 mm [27] which can be evaluated using Equation (9) [4].

Ot = &+ ¢ )
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where §; (mm) is the immediate settlement and d. (mm) is the primary consolidation
settlement. §; is given by Equation (10) [28].
F(1-—v?
5= FU=V) 10)
2

where v is poison’s ratio, E (MPa) is the Young’s modulus, F (kN) is the vertical load, B (m)
is the width, L (m) is the length, and (3 is the shape factor described in Figure 1 [29], which
is approximated by the polynomial function obtained from the relationship of 3, vs. L/B
and is given by Equation (11).

L\? L
B, = —0.0017( £ ) +00597( ) +0.9843 (11)
1.5
1.4 B, = 0.0017x2 + 0.0597x + 0.9843 '

1 10
L/B

Figure 1. Effect of L/B on shape factor 3,.

The consolidation settlement can be computed using Equations (12)—(14) [4,30], de-
pending upon the overconsolidation ratio (OCR) and specific conditions as given below,

e Case 1, for normally consolidated soil: (0, = 0p)

HC, 0o + Ao
o = 1 12
C T 1+e, og( Oo ) (12)
e  Case 2, for overconsolidated soil: (oo+ Ao < o)
HC, 0o + Ao
= 1
d¢ TTe og( oo ) (13)
e  Case 3, for overconsolidated soil: (0, < 0p < 0o+ A0)
HC, Op HC, 0o + Ao
o = 1 — 1 14
¢ 1+ e, Og(co>+1+eo 0g< Op ) (14)

where o, (kN/m?) is the effective overburden stress, op (kN/ m?) is the preconsoli-
dation pressure, e, is the initial void ratio, H (m) is the clay layer thickness, and Ao
is the stress increase that can be determined with the help of the 2:1 method using
Equation (15) [31].

F

A= BT 1) (15)
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where F (kN) is the load, B (m) is the width, L (m) is the length, and z (m) is the depth
at H/2 of the clay layer from the base of the footing.

3. Conceptual Framework and Methodology

In general, the design of a shallow foundation is a procedure of specifying the type
of foundation and parameters associated with it, i.e., materials and dimensions. The
performance of any foundation design is assessed by ULS and SLS criteria. The ULS
criterion is given by the factor of safety (FS;), while the SLS criterion is given by the
allowable settlement (8;). The ULS criterion is satisfied if the factor of safety after the design
process (Equation (1)) comes out to be 3 or more and the SLS criterion is satisfied if the
computed settlement lies within the range of 25 mm [17,32].

The cost-effectiveness of a shallow foundation design is an essential part that cannot
be ignored. The cost of a project depends on various design parameters which control the
construction cost of the foundation. This process of adjusting and minimizing the cost
while satisfying the minimum design performance requirements is called the optimization
process. The purpose of the optimization of a foundation design is to propose the design
parameters that meet ULS and SLS criteria along with the minimum cost. Hence, the design
parameters were considered as optimization variables in this study.

3.1. Basics of Generalized Reduced Gradient Method:

In this study, a generalized reduced gradient (GRG) technique was used to optimize
a shallow foundation design problem. GRG is considered the most robust and efficient
technique for the optimization of nonlinear problems [33,34]. GRG is based on three
main parameters, namely, the objective function, decision variables, and constraints. GRG
algorithms solve the problems which are nonlinear in nature as the given inequality (16);

Minimize: g, 1y (X)
Subjectto: g; (X) =0, i=1, neq (16)

Constraints: 0 < g;(X) < u, (n+1),i=neq+1, ml, <X; <uyp (i), i=1,n,

where X is a vector of n decision variables. neq is the number of equality constraints that
might be zero, and the g; functions are assumed to be differentiable. l;, and uy, are the lower
bounds and upper bounds of constraints. Then, the nonlinear problem of the form given by
inequality (16) is solved by the addition of slack variables, i.e., Xp41, . .. , Xn+m. The detailed
mathematical programming is beyond the scope of this study and the reader is referred to
Lasdon et al. [34].

In this study, an isolated footing in a cohesive soil was designed with the help of the
optimization process using the GRG technique in Excel Solver and the optimized design
was compared with the conventional design. Excel Solver is an efficient and widely used
optimization add-in tool available in MS Excel. It is very efficient to achieve the desired
output by varying the assumed parameters in any design. Excel Solver is a kind of what-if
analysis that yields the best possible optimal solution for an objective function in a selected
target cell of an Excel worksheet. It optimizes the objective function in the target cell by
performing iterations on the ranges identified in the user-defined variable value cells that
are known as design constraints [35,36]. Excel Solver can be used to optimize the foundation
design. The conventional foundation design process begins with an initial trial assuming
the design parameters, i.e., width, depth, and length, followed by a revised design if needed.
The trial design is checked against SLS and ULS requirements. The final construction cost
of the isolated foundation can be set as an objective function in Excel Solver, while width,
depth, and length can be treated as adaptable design variables. ULS and SLS requirements
in addition to some practical restrictions can be regarded as constraints. Excel Solver
optimizes any design problem using linear and nonlinear programming techniques namely
generalized reduced gradient (GRG), simplex linear programming (LP), and evolutionary
techniques. In this study, the shallow foundation design in cohesive soils was framed in an
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optimization process using the GRG technique in Excel Solver. The details of the design
framework are described in the following sub-sections.

3.1.1. Design Variables

An isolated foundation design is a process of specifying the foundation dimensions
which satisfy the safety and economic requirements. These dimensions are treated as design
variables. There are three assumed variables of geotechnical foundation design that govern
the construction cost of an isolated foundation as given below

1. Embedment depth of foundation (Dy)
2. Width of foundation (B)
3.  Length of foundation (L)

These design variables can be set as “changing variables” in Excel Solver.

3.1.2. Objective Function

The total construction cost (C) of an isolated footing is taken as the primary objective
function, which is a function of the quantities of five activities, namely, excavation (Qe),
formwork (Q), concrete (Q.), reinforcement (Q;), and compacted backfill (Q),,) and can be
given by Equation (17) [17].

Construction cost (C) = Q.Re + QfR¢ + Q.Rc + QR + QuRp (17)

where Re, Rg, R¢, R¢, and Ry, are unit rates for excavation, formwork, concrete, reinforcement,
and compacted backfill, respectively. In this study, the cost was calculated in the currency
of Pakistan, the Pakistani Rupee (PKR). The unit prices were taken from the schedule rates
of the National Highway Authority, Pakistan [37]. The unit prices for a shallow foundation
construction are summarized in Table 1.

Table 1. Summary of unit prices for a shallow foundation.

Activity Unit Unit Price (PKR)
Excavation m?3 363
Formwork * m? 5681
Concrete m> 10,259
Reinforcement Kg 116
Compacted backfill m? 1697

* Formwork rates are taken from local field practices.

The quantity of excavation (Q.) for the construction of a shallow foundation can be
calculated by Equation (18).

Qe = (B+Bo)(L+L0)Df (18)

where B (m), L (m) and Dy (m) are the width, length, and depth of foundation, while L,
and B, are overexcavation distances along the axes of length and width, respectively. It
is recommended to use both B, and L, values as 0.3 m in foundation design to provide
enough space for the installation of the foundation [38]. The quantity of formwork (Qs) can
be calculated by Equation (19).

Q=2T(B+ L) (19)

where T is the thickness of footing. The quantity of concrete can be calculated by Equation (20).

Q. = BLT (20)
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The quantity of reinforcement (Q;) of a shallow foundation can be given by Equation (21).
Q= ch (21)

where k is the coefficient of proportionality that can be taken as 29.67 kg/cm?3 [39]. The
quantity of backfill (Qp) can be estimated using Equation (22).

Qb = Qe - Qc (22)

3.1.3. Design Constraints

Design constraints are the upper and lower bound limits of design variables that are
used for optimization purpose in any design project. The design is assessed by certain
performance requirements namely performance indices (PI) defined in the country codes.
The general concept of constraints is illustrated as:

PLy (y1,¥2, V3, ... ,yn) > or <PIy,

PIZ (YL YZ/ Y3/ sy Yn) Z or S PIZI‘

PI, (y1,¥2, VY3, .-+, ¥n) = or < Ply,.

Practical constraints, yj <vy; <y, 1=12,3,...,n

Plis a performance index that must address a certain performance requirement and y;,
Y2, ..., Yn are design variables. For example, SLS is one of the performance requirements
in a foundation design, which states that settlement should not exceed 25 mm. So, the
functional parameters should be adjusted such that the resulting settlement remains within
the allowable range. The symbols y; and yj, are lower and upper bound limits. The lower
and upper bound limits (yj, yiy) of the design parameters can be understood in a way that
the dimensions of the foundation should always be greater than zero. Hence, the lower
bound limit (y;;) should be greater than zero. Figure 2 shows the procedure of the GRG
algorithm for the optimization of the isolated foundation.
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Performance of
optimization using
Excel Solver
Initiate Excel Solver
l n Optimization initiation in the
Set total cost as ‘Objective search direction
Function’ l
l Adjust design variables in
Set design parameters cells as the search direction

‘Changing Variables’

l

Set design constraints cells

I

Set design
constraints as

¥
Set GRG nonlinear algorithm
and ‘Solve’
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least construction cost)

l

Check if ULS criteria No
is satisfied

Check if SLS criteria is No
satisfied

All other
constraints are
satisfied

Cost being optimized
in the search direction
as per GRG algorithm

Figure 2. Procedure of GRG algorithm for foundation optimization.

4. Design Example

Figure 3 shows an isolated foundation in silty clay strata with an average undrained
shear strength (sy) = 80 kN/m?, soil unit weight (y) = 18 kN/m?, Young’s modulus
(E) =30 MPa, Poisson’s ratio (v) = 0.3, initial void ratio (e;) = 0.9, compression index
(Cc) = 0.2, and recompression index (C;) = 0.03. The foundation was unaffected by the
groundwater table due to its considerable depth from the surface. The building column
transmitted a vertical load (F) = 500 kN to the foundation. The clay layer thickness (h)
was 4 m and design parameters for an isolated footing, i.e., width (B), depth (Dyx), the
thickness of footing (T), and length (L) are shown in Figure 3. The drained shear strength
parameters, i.e., cohesion (c) 13 kPa and friction angle 22° were used for the drained

analysis as discussed in Section 5.3.
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CLAY

(v)=0.3,c=13 kN/m?, ¢ = 22°

GWT
e —=————Case 3

Ysat = Saturated unit weight
Figure 3. Isolated footing design example.

The conventional foundation design calculations begin with an initial assumption
and then the factor of safety (FS) and settlement () are calculated and compared with the
required factor of safety (FS;) and allowable settlement (5;). For this example, a trial design
with B =L =2 m and D; = 0.6 m was adopted. ULS calculations were carried out using
Equations (1)—(8). The required factor of safety (FS;) = 3 was used in this example as the
design requirement of ULS. The SLS computations were made using Equations (9)—(15).
The cost estimation of the footing was performed using Equations (17)—(22). The results of
the conventional design are shown in Table 2.

Table 2. Results of conventional design example.

Ultimate
Design Calculated Calculated ULS Criterion SLS Criterion Total Cost
. Factor of Settlement &
Parameters Capacity qu Safety (FS) (mm) Check Check (PKR)
B=20m
L=20m 5.58 21.3 FS>FS, > 3,0k & <8, <25mm 38,099
Df=0.6m

Cost-Based Optimal Design

The optimized design framework explicitly addressed the impact of the economics
while satisfying the performance requirements of an isolated type of foundation in an Excel
spreadsheet. The ultimate goal was to achieve the least construction cost (C) with design
variables, i.e., width (B), length (L), and embedment depth (Dy), as optimization variables.
ULS and SLS requirements were used as the design optimization constraints. Additionally,
some practical restrictions were applied to the design variables as given in Equations (23)
and (24).

ULS check, FS, >3

SLS check, 6, <25 mm (23)

Design Constraints = {
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Width =B, B> 0 (m)
Practical Constraints = Length=L, L >0 (m) (24)
Depth =Dg, 0.5m <D <2m

The practical design iterations were performed to optimize the design. It specified that
the width and length of the foundation should always be greater than zero, while the lower
and upper bound value of D¢ was defined to prevent the foundation from frost damage [17].
Figure 2 shows the procedure of the GRG algorithm for foundation optimization.

Table 3 shows the results of various possible conventional designs (design example 1,
design example 2) and optimized design for an example shown in Figure 3. Owing to the
fact that geotechnical design is based on assumptions, in which the initial design is carried
out by assuming suitable dimensions and is checked against ULS and SLS requirements,
therefore, there can be several possible designs for the example shown in Figure 3. However,
only two possible designs, i.e., design example 1 and design example 2 were considered to
highlight the optimization capability of the GRG technique. The optimized design from
Excel Solver with dimensions B = L = 1.63 m and D; = 0.63 m showed a 44% reduction in
cost compared to the conventional design example 1. However, it is worthwhile to mention
that the optimized dimensions should ideally be rounded off to 5cm as B=L=1.65m
and D¢ = 0.65 m in the field. Likewise, the same procedure can be followed for every
design example. The cost for the dimensions B = L = 1.65 m and D¢ = 0.65 was found out
to be merely 2.3% (27,153 PKR) more than the cost of the actual optimized design with
dimensions L = B = 1.63 m and D¢ = 0.63 m. The calculated factor of safety of 5.58 deduced
from the conventional design depicted its higher potential for optimization. Therefore,
various possible combinations of the design parameters for this example could satisfy the
safety requirements. For instance, design example 2 with design parameters B=L =1.6 m
and D¢ = 1 m gave the calculated factor of safety (FS) as 3.57, and a calculated settlement
of (8) 23.8 mm was also acceptable. The extent to which a design can be economically
optimized using Excel Solver depends upon several factors, i.e., the ranges of the practical
constraints, assumed design variables (B, L, D¢), and the deviation of the resulting calculated
factor of safety and calculated settlement from the FS; and &,. Table 3 shows that design
example 2 with design parameters B =L = 1.6 m and D¢ = 1 m produced an 11% decrease
in construction cost. This is because the deviation of calculated FS and 6 from FS; = 3 and
dr = 25 mm was comparatively less, so the corresponding optimized cost was also less than
the design example 1. Similarly, for the design of any foundation, various sets of design
parameters can be made available to use if they satisfy the safety requirements.

Table 3. Comparison of different conventional and optimized design results.

Design Option Width (m) Length (m) Depth (m) Total Cost (PKR) Difference (%)
Optimized Design 1.63 1.63 0.64 26,527 N/A
Design Example 1 2.00 2.00 0.60 38,099 44
Design Example 2 1.60 1.60 1.00 29,526 11

It is highlighted that the results presented in the study are based on a particular de-
sign example. Therefore, results will vary depending upon the soil properties and design
requirements. In addition, the optimized design based on Excel Solver can be validated
through numerical simulation based on a finite element method (FEM) using the same
soil properties and obtained optimized dimensions of footing, which is not covered in the
current study. In this manner, a numerical analysis and optimization can be combined to
enhance the efficiency and reliability of the proposed framework in the context of practical
applications. Furthermore, it is worthwhile to mention that there are several other factors
that control the construction cost of the foundation, i.e., constructability, delays in con-
struction, seismic conditions, locality, dewatering, wastage of concrete and reinforcement,
etc. (not covered in this study). However, this optimization model enables the users to
extend the model for defining such factors as constraints. The future studies may consider
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multiple heterogeneous soil layers, inclined loads, eccentricity, seismic conditions, delays,
wastage of concrete and reinforcement costs, and constructability costs.

5. Sensitivity Study
5.1. Effect of Soil Properties and Design Load

The identification of subsurface strata and the accurate assessment of soil properties are
the most important parameters that govern the geotechnical design of shallow foundations.
Furthermore, these design parameters also control the economics of the project. Therefore,
a sensitivity analysis can be performed by varying the values of the functional parameters
in appropriate ranges to assess the quantitative effect of soil properties on the economics of
a shallow foundation design [16].

The properties of silty clay for an isolated footing design, as shown in Figure 3, were
used as reference values for performing a sensitivity analysis. The uncertainties associated
with the soil properties were defined based on their inherent nature of variability. In this
study, the variation of soil properties was taken as £ 10% from their reference values
for the unit weight (y), initial void ratio (e,), while &+ 50% was used for design load (F),
recompression index (C,), undrained shear strength (s,), Young’s modulus (E) as shown in
Table 4 [40—42]. Furthermore, the effect of a 10% variation of soil properties, i.e., initial void
ratio (e,), recompression index (C;), unit weight (y), Young’s modulus (E), and undrained
shear strength (s,) was also performed. This approach was useful in assessing the most
influential parameter of soil controlling the construction cost of the foundation.

Table 4. Variation in soil properties and design load.

10% Variation from 50% Variation from
Reference Values Reference Values
Parameters Reference Values
CoV CoV CoV CoV
(+10%) (—10%) (+50%) (—50%)
Initial void ratio, e, 0.9 0.99 0.81 - -
Unit weight, y (kN/m?) 18 19.8 16.2 - -
Recompression index, C, 0.03 - - 0.045 0.015
Young’s modulus, E (MPa) 30 - - 45 15
Undrained shear strength, s,, (kN/ m?) 80 - - 120 40
Design load, F (kN) 500 - - 750 250

Figure 4 illustrates the relationship of the variation in the optimized construction cost
and variation in soil properties (e,, v, su, Cr, E,) and the design load (F), in which the
variation in design load and soil properties are plotted along the x-axis and the optimized
construction cost along the y-axis. The reference value of the optimized cost (26,527 PKR)
was obtained from the optimization of foundation design with the reference values of soil
properties and design load. This reference value of optimized cost is shown with a straight
line (Z). Figure 4 shows that the design load was the most sensitive design requirement that
controlled the economics of the foundation. When the design load (F) increased to 750 kN,
the construction cost was increased to 56,645 PKR (113%) more than twice the reference
value of 26,527 PKR.
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Figure 4. Sensitivity analysis with £50% and +10% variations.

E and C; are the most important cohesive soil properties that affect the isolated founda-
tion design; therefore, utmost care is required in determining the E and C; while conducting
the site investigations. Although the variation in all the soil properties and design load was
symmetric about their reference values, it was observed that the corresponding variation in
optimized construction cost was asymmetric about the reference optimized construction
cost value. When E increased by 50% the optimized construction cost was reduced by 30%
(20,355 PKR), while a 50% decrease in E, i.e., 15 MPa from the reference value (30 MPa),
caused an 88% increase in construction cost (50,000 PKR) from the reference value. In
contrast, when C; increased by 50% (0.045) from the reference value (0.03), the optimized
construction cost increased by 76% (46,718 PKR), and a 50% decrease in C; (0.015) caused
less than 25% of reduction in optimized cost. The undrained shear strength governs the
ULS criterion. The calculated factor of safety at 80 kPa was 5.58 while the required FoS
was 3, and a further increase in undrained shear strength further increased the calculated
factor of safety. Hence, the optimized construction cost remained the same for all the cases
beyond FoS 5.58. However, a 50% decrease in s, led to a dramatic decrease in FoS and
bearing capacity, therefore a 45% increase in optimized construction cost was observed.
The influence of e, and y was relatively much less on the project cost. An increase of
10% in both the values of y and e, yielded an 11% and 7% reduction in construction cost,
respectively.

Figure 5 illustrates the variation of optimized cost as a function of Young’s modulus (E).
A nonlinear decrease in the optimized construction cost was observed due to an increase in
E from 10 MPa to 45 MPa, after which the cost remained constant. Figure 5 also depicts the
relationship between Young’s modulus and the optimized settlement, as the SLS criterion
is also governed by Young’s modulus. It was observed that when E was less than 45 MPa
in cohesive soil then the optimized settlement was 25 mm, which equalled the required
settlement criterion and dictated that the final design was governed by E. In this way, a
variation in Young’s modulus led to a variation in the construction cost of footing. Contrary
to that, when E was more than 45 MPa, the optimized settlement was less than the allowable
settlement, and the final design was not governed by E.
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Figure 5. Effect of Young’s modulus on optimized construction cost.

Figure 6 shows the variation of the construction optimized cost as a function of the
recompression index. A linear decrease in the optimized construction cost was observed
due to a decrease in C; from 0.04 to 0.025, after which the cost remained constant. Figure 6
also shows the relationship between C; and optimized settlement. It was observed that
when C; was larger than 0.025, the optimized settlement was 25 mm which equalled the
SLS requirement and showed that the SLS criterion governed the final foundation design.
In this case, a change in C; led to a change in the final foundation design. On the other
hand, when C, was less than 0.025, the optimized settlement was less than 25 mm. In this
case, the final design was not governed by C;. Subsequently, a change in C; did not affect
the final foundation design.

« 45 — - 30

S — -4 — Optimized construction cost

40 —— Optimized settlement
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= 35
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g 15 10 §
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Re-compression index, C,

Figure 6. Effect of re-compression index on optimized construction cost.

Another sensitivity analysis was performed with +10% inherent variability in all soil
properties and design load from reference values. Figure 7 shows the relationship between
+10% variation in all the soil properties along with design load and optimized construction
cost. It was observed that C; is the soil parameter that has the most significant effect on
construction optimized cost (C). It was also observed that the variation of optimized cost
was symmetric about the reference value for all five soil properties. Hence, C; became the
most influential soil parameter that controlled the optimized cost for slight variations. Thus,
the sensitivity analysis approach helped assess the most sensitive parameter controlling
the project cost.
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Figure 7. Sensitivity analysis with +10% variation.

In order to highlight the relative importance of different parameters of model, sensi-
tivity indices (SI) were calculated for each influencing parameter using Equation (25) [43].

Ymax - Ymin

SI =
Ymax

(25)
where Ynax is the optimized cost (output) against the maximum value of the input pa-
rameter and Yin is the optimized cost corresponding to the minimum value of the input
parameter. The values of the input parameters are listed in Table 4. As expected, F was
found out to be the most sensitive parameter to the cost of a foundation with an SI value
of 0.81, followed by E, C;, Sy, v, and e,. The results are presented in Table 5 in which the
parameters are ranked according to their SI values.

Table 5. Sensitivity indices (SI) of model parameters and corresponding rank.

Parameters slzgil;ﬂ("slg Rank
Design load, F (kN) 0.81 1
Young’s modulus, E (MPa) 0.59 2
Recompression index, C; 0.56 3
Undrained shear strength, s, (kN/ m?) 0.31 4
Unit weight, y (kN/m?) 0.21 5
Initial void ratio, e, 0.13 6

5.2. Effect of Design Requirements

Design requirements are considered pertinent parameters governing the economics
of any construction project and their variation results in changing the construction cost.
Developing an economical project is one of the most important parameters of the design
requirements. The effect of design load on optimized construction cost is already described
in previous sections through Figures 4 and 7. It was observed that even a 10% increase in
design load led to a 32% increase in the optimized construction cost. Hence, it is worth
noting that a slight variation in the design load leads to a dramatic change in the optimized
construction cost because the design load governs both the ULS and SLS criteria as given
by Equations (1) and (12)—(15), respectively.
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Figure 8 shows the variation in the construction cost and different settlement re-
quirements (,). It was observed that the construction cost increased many folds when 5,
was 15 mm for the same design load as compared to 20 mm, 25 mm, 30 mm, and 35 mm
settlement criteria. Thus, design requirements deserve the utmost design insight and
state-of-the-art knowledge.
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Figure 8. Variation of optimized cost under different SLS requirements.

5.3. Effect of Grounduwater Table

The water table location affects the bearing capacity of soil by reducing the shear
strength characteristics of the soil. Consequently, the cost of foundation construction is also
affected. The effective unit weight of soil is used in the bearing capacity calculations when
the groundwater table is close to the foundation base or above the foundation base. There
are three possible locations of the groundwater table that require modifications in bearing
capacity computations for foundation design [31] as shown in Figure 3.

According to the location of the groundwater table, three cases (I, II, III) can be
developed. If the water table is above the base of the footing such that 0 < D; < Dy (Case
I), as shown in Figure 3, the effective unit weight is used in the last term of Equation (2),
and surcharge (q) is calculated using Equation (26).

Effective Surcharge = q = D1y + D2 (Yeat — Yw) (26)

If the water table is at the base of footing or below the base of footing such that 0 < hyy,
< B (Case II), then unit weight (y) in the last term of Equation (2) is replaced by vy * which
can be determined using Equation (27).

Y =v+ %(Y - 27)

If the water table is located such that hy, > B (Case III), the depth of water below the
base of footing is greater than the width of footing, then the water table does not affect
bearing capacity computations.

It is vital to consider the effect of the groundwater table on the construction cost of
the foundation for which the c-o approach was used in this study. The soil strata shown in
Figure 3 are comprised of cohesion (c) = 13 kN/m? and friction angle (¢) = 22°.

For analyzing the economic impact of the groundwater table on the optimized construc-
tion cost of the foundation, Equations (26) and (27) were used to modify the Excel spread-
sheet using the “IF” function in MS Excel as shown in the figure given in Appendix A, and
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then Excel Solver was used to optimize the foundation design as described in Appendix A.
Furthermore, the effect of variation in c and ¢ on the construction cost can also be analyzed
using the optimization model shown in the Figure Al given in Appendix A.

Figure 9 shows the results of the variation of groundwater table and corresponding
optimized construction cost of footing. It was observed that when the groundwater table
was at the natural ground level (NGL), the optimized construction cost was increased by
138% (63,167 PKR) and it decreased with the increase in water table depth from the NGL.

Optimized Cost, (C) x 103, PKR
70 60 50 40 30 20 10 0

GWT
v Case 1

GWT
v Case 2

Depth of groundwater, (m)

Figure 9. Variation in optimized cost with variation in groundwater table.

6. Conclusions

In this research work, a cost-based isolated foundation design approach was devel-
oped that considered ULS, SLS, and economics at the same time. This approach was an
optimization technique in which the primary goal was to design a cost-effective foundation
without compromising the safety requirements, i.e., ULS, and SLS. The optimization was
performed using Excel Solver based on the GRG method. The following conclusions were
drawn from the optimized foundation design in a specific cohesive soil.

e  The design example was solved using an economically optimized design approach
and the results were compared with the conventional foundation design. The results
showed that savings could be as much as 44% compared to the cost obtained from a
conventional foundation design, while a 44% decrease in cost was obtained through
the optimization of a particular design example using Excel Solver. The optimized
construction cost may of course change depending upon the subsurface soil conditions,
design requirements, and groundwater conditions. However, the results of the design
example clearly illustrated the efficiency of the optimization approach.

e  The application of this optimization process using Excel Solver will enable the design
engineers to quickly optimize the foundation design without performing tedious
iterations. Additionally, the quantitative cost optimization assessment adds in as an
economical advantage.

e  The optimization process depended on several factors, i.e., soil properties, design re-
quirements, and groundwater conditions. Hence, a sensitivity analysis was performed
to assess the effect of various factors on the optimized cost of an isolated footing in
cohesive soil. The results of the sensitivity analysis showed that E and C; were the key
properties of soil that governed the economics of constructing an isolated foundation
in cohesive soil.

o  With a 50% increase in E, the optimized construction cost was reduced by up to 30%,
while a 50% decrease in E resulted in an 88% increase in the optimized construction cost.
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e On the other hand, an increase of 50% in C; increased the optimized cost by up to 76%
and a 50% decrease in C;, value reduced the optimized cost by up to 23%. However,
the impact of C; was relatively higher than E at 10% of variation.

e  The groundwater table at NGL caused construction problems as well as increased
construction costs. It was observed that a foundation lying below the groundwater
table (GWT) could increase the optimized construction cost by up to 138%.

e  This study considered a particular design example with concentric loading conditions
and a single homogenous soil layer. However, future studies may consider multiple
heterogeneous soil layers, inclined loads, eccentricity, seismic conditions, delays,
dewatering, wastage of reinforcement, and concrete costs.
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Appendix A

The optimization framework was developed in a Microsoft Excel worksheet and was
solved using the Excel Solver tool. Figure A1 shows a Microsoft Excel Spreadsheet for a
cost-based optimized isolated foundation design model in silty clay. The Microsoft Excel
Worksheet was distributed into three sections:

3 c o 3 F G H i ) K L M N o
E 1 Optimized Shallow Foundation Design Excelsheet
ZONE-1 ZONE-2 ZONE-3
Soil Properties ULS Design Cost Estimation
Unit weight, y (kN/m”®) 18 Ny 1 S. 1.19 N, 0 Task Qty Cost (PKR) |Total Cost (PKR)
Undrained cohesion, s, (KN/m?) 80 N, 5.14 | s, 1 Sg 0.6 Bulk excavation, m* 3.17 1.152.16
Angle of friction, ¢ (°) 0 B/L 1 K, 0.87 d, 1 Formwork, m” 4.80 2.726.40
Angle of friction, ¢ (rad) 0 d. 1.4 dy 1 q 10.8 Concrete, m* 2.40 24.621.60 38,098.82
Elastic Modulus, E, (MPa) 30 Ultimate Bearing Capacity.q, (KN/m?) 698.48 Reinforcement, kg 71.42 8.285.18
Poison's ratio. v 0.3 Calculate Factor of Safety, FS 5.588 compacted backfill, m’ 0.77 1.313.48
Compression Index, C. 0.2
Recompression index, C, 0.03
Initial void ratio, e, 0.9 Set Objective soss E
Clay layer thickness, H (m) 4
Tot Omax ©min O vatue ot
Construction Unit Price (PKR) SLS Design
B Changing Variable Cell:
Bulk Excavation (PKR/m’) 363 : o L/B 1.0 scsasiscs27 £
> mmediate
Formwork (PKR/m’) 568 e Shape factor. B, 1.0 Subjectto the Constraints
Reinforcement (PKR/kg) 116 Immediate settlement, §; (mm) 7:3 b add
Reinforcement rate, k 29.76 Overburden Stress, 6, (KN/m?) 46.8 = Change
Concrete (PKR/m’) 10.259 Stress increase by 2:1 method, A(kN/m?) 313 ety Delete
Compacted Backfill (PKR/m") 1697 G, + AG (KN/m?) 78.1 Reset Al
" Primary [ 2
Design Parameters ~ [Preconsolidation pressure, 6, (KN/m") 85.0 Load/save
- - Make Unconstrained Variables Non-Negative
Design Load, F (kN) 500 Case-1,Primary settlement, S. (m) 0.1
Selectasohing | GRG Nonlinear B Opions
ULS Factor of safety, FS, 3 Case-2,Primary settlement, S (m) 0.0 Method
SLS Settlement.5, (mm) 25 Case-3,Primary settlement, S. (m) 0.0 Z:::z:"""“ — cetnets
Depth. D (m) 0.6 Logical |2eCaseD) FALSE e At e aereaistes and select
‘Width, B (m) 2 8 S, (Case-2) 0.014
Condition
Length, L (m) 2 S. (Case-3) FALSE Help aase
Thickness. T (m) 0.6 Governing S, [Primary settlement, 5p (m) 0.014
Overexcavation B, , L, (m) 0.3 Total Settlement, 51 (mm) 213

Figure A1. Cost-based optimization model for isolated foundations.

An input zone from columns B to C that consists of soil properties, construction unit
price (PKR), and design parameters from rows 4 to 14, 17 to 22, and 24 to 31, respectively.
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A calculation zone from columns E to J, which is further subdivided into modified
parameters due to the groundwater table, ULS, and SLS design calculations from rows 4 to
10,12 to 17, and 19 to 33, respectively.

A cost estimation zone from columns L to O that comprises cost estimation computa-
tions from rows 5 to 9.

The modified parameters due to the groundwater table are interpreted by imple-
menting Equations (26) and (27) in cells G4-G10 and J4-J10, respectively. The ULS design
calculations are performed by implementing Equations (1)—(8) in cells F12-F15, H12-H15,
J12-J15, and J16-J17, respectively. Equations (9)—(15) are implemented in cells J15-J33 for
the calculation of settlement. Finally, the computations of cost estimates are performed
in cells N5-N9 using Equations (17)-(22) and the total cost in cell O5 using Equation (17).
Figure 5 shows the procedure for an economically optimized design process using Excel

Solver.
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