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Abstract: This paper proposes an effective method for economic design of spread foundation based
on harmony search meta-heuristic algorithm. The harmony search (HS) algorithm is a recently invented
high performance optimizer conceptualized using the musical process of searching for a perfect state
of harmony. The algorithm is classified as random search algorithm and does not require initial values
and uses a random search instead of a gradient search, so derivative information is unnecessary. In
this study, the optimization procedure controls all geotechnical and structural design constraints while
reducing the overall cost of the foundation. To applying the constraints, the algorithm employs penalty
function method. The effectiveness and robustness of harmony search algorithm were verified using
two numerical examples of spread foundations. Moreover, comparison the results of HS algorithm with
genetic algorithm show the good performance of the proposed methodology.
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INTRODUCTION

A foundation design should address at least three basic requirements: geotechnical requirements, structural
requirements and economic.  The designed foundation must be safe from failure of its structural components
and the surrounding geomaterial. It is mandatory that designs should satisfy both the geotechnical and structural
requirements and, indeed, fulfillment of these requirements separates acceptable designs from unacceptable ones.
The essentials of good engineering design hinges on the third requirement, economic. Several studies have been
undertaken to develop methodologies for the analysis of foundations. However, limited work has been
undertaken to develop methods for their economic design (Wang and Kulhawy, 2008; Wang, 2009). Such an
attempt has been made here. Traditional methods for design of spread foundation are based on trial and error
approach, in which a trial design is proposed and is checked against the geotechnical and structural
requirements, which is followed by revision of the trial design, if necessary. Moreover, there is no guarantee
that final design is an economically design. While, in case of optimum design all requirements are considered
simultaneously and there is a guarantee that the final design is optimized economically. 

The optimization problem can be addressed using either deterministic or heuristic methods. For
deterministic algorithms, the objective function must be differentiable or continuous, or the reasonable region
must be convex. Conversely, the heuristic methods not require the differentiability and continuity of objective
functions. As a newly developed subset of heuristic optimization algorithm, harmony Search (HS) has been
developed by Geem et al., (2001) that was inspired by the music improvisation process where musicians
improvise their instrument pitches to reach better harmony. The performance of music seeks a best state
(excellent harmony) determined by aesthetic estimation, as the optimization process seeks a best state (global
optimum: minimum cost, minimum error, maximum benefit, or maximum e efficiency) determined by objective
function evaluations. Compared to mathematical optimization methods, the HS algorithm imposes fewer
mathematical requirements and does not require initial values for the decision variables. Moreover, the HS
algorithm uses a random search, which is based on the harmony memory considering rate and the pitch
adjusting rate (these are defined in the following section), instead of a gradient search, so derivative
information is unnecessary. Harmony search incorporates many characteristics of existing heuristic methods.
It is able to preserve the history of previous vectors (via Harmony Memory) in a manner similar to the Tabu
search algorithm (Glover and Laguna, 1997). 
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It is also able to vary the parameters of the optimization as the simulation progresses, which is similar to
simulated annealing (Kirkpatric et al., 1983). Finally, harmony search is able to manage several vectors at the
same time in a method similar to the genetic algorithm (Holland, 1975). The main distinction between harmony
search and the genetic algorithm is that it is able to construct a new vector from a combination of all existing
vectors (i.e. all harmonies in the Harmony Memory). However, the genetic algorithm constructs a new vector
only from two existing vectors (i.e. the parents). Furthermore, harmony search can independently consider each
component variable in a vector, but the genetic algorithm is unable to since it has to maintain the structure
of a gene. The HS algorithm can be easily programmed and adopted for engineering optimization problems.
Although it is a new heuristic algorithm, it has been successfully applied to a number of benchmarks and real
world problems including: design of truss structures (Lee and Geem, 2004), vehicle routing (Geem et al.,
2005), deterministic slope stability analysis (Cheng et al., 2008), probabilistic analysis of slopes (Khajehzadeh
et al., 2010) and etc.

In the current research, The HS algorithm is proposed to find the optimal cost design of spread
foundations. The algorithm handles the constraints using a penalty function method. In this paper, the
optimization framework by HS algorithm is developed first, followed by description of design variables,
constraints and objective function for optimization of spread foundations. Then, two numerical examples are
described that applies the framework to a spread foundation design. 

MATERIALS AND METHODS

1. Harmony Search Algorithm:
Geem et al., (2001) developed a harmony search meta-heuristic algorithm which is based on natural

musical performance process of searching for a perfect state of harmony such as during jazz improvisation.
Jazz improvisation searches to find musically pleasing harmony (a perfect state) as determined by an aesthetic
standard, just as the optimization process seeks to find a global solution (a perfect state) as determined by an
objective function. The pitch of each musical instrument determines the aesthetic quality, just as the objective
function value is determined by the set of values assigned to each decision variable. Generally, the optimization
procedure based on harmony search algorithm may be illustrated as follows:

Step 1. Initialize the Optimization Problem and Algorithm Parameters:
The optimization problem is defined as follows:
Minimize f (X)
Subject to gi (X) # 0      i = 1, 2, . . ., p   (1)

hj (X) # 0      j = 1, 2, . . ., m
Lk # Xk # Uk   k =1, 2, . . ., n

where X is n dimensional vector of design variables, f(X) is the objective function, g(X) and h(X) are
inequality and equality constraints, and Lk and Uk are lower bound and upper bound constraints. In this step,
also the algorithm parameters should be specified. The HS parameters include the number of solution vectors
in the harmony memory or the harmony memory size (HMS), harmony memory considering rate (HMCR),
pitch adjusting rate (PAR), and the maximum number of improvisations (K), or termination criterion. These
parameters are selected depending on the problem.

Step 2. Initialize the Harmony Memory (HM):
In this step, the ‘‘harmony memory’’ (HM) matrix as shown in Eq. (2) is generated from a uniform

distribution in the ranges [Lk ,Uk] and sorted by the values of the objective function, f(X).
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where x1,x2,…,xHMS and f(x1),f(x2),…,f(xHMS) show each solution vector for design variables and the corresponding
objective function value, respectively.
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Step 3. Improvise a New Harmony from the HM:
A new harmony vector [xnh]=[x1

nh, x2
nh, … , xN

nh] is improvised from either the HM or entire section list.
The new harmony vector is generated by three rules: memory consideration, pitch adjustment, and random
generation.

In the memory consideration process, the value of the first design variable ( x1
nh ) for the new vector is

chosen from any value in the specified HM range { x1
1 , x1

2 , … , x1
HMS}. Values of the other decision

variables (xi
nh) are chosen in the same rationale. Here, the possibility that a new value will be chosen is

indicated by the HMCR parameter, which varies between 0 and 1 as follows:

  (3)
 1 2, ,...,nh HMS

i i i inh
i

nh
i i

x x x x if r HMCR
x

x if r HMCR

   
  X

where r is a random number from interval [0,1]. At first, a random number (r) is generated. If this random
number is less than the HMCR value, i-th design variable of new design [xnh] selected from the current values
stored in the i-th column of HM. If r is higher than HMCR, i-th design variable of new design [xnh] is selected
from the entire section list Xi.

After that, every component of the new harmony vector, [xnh]=[x1
nh, x2

nh, … , xN
nh], evaluated by memory

consideration is examined to determine whether it should be pitch adjusted. This procedure uses the PAR
parameter. PAR investigates better design in the neighboring of the current design and applied as follows:

  (4)Pitch adjusting decision for nh
i

yes if r PAR
x

no if r PAR


  

A random number (r) uniformly distributed over the interval [0,1] is generated for xi
nh. If this random

number is less than the PAR, xi
nh is replaced with its neighboring values. If this random number is not less

than PAR, xi
nh remains the same. If the pitch adjustment decision for xi

nh is Yes, the pitch adjustment value
of xi

nh for continuous design variable is:

xi
nhfxi

nh+α   (5)

where α is the value of bw.u(-1,1), bw is an arbitrary distance bandwidth for the continuous variable; and u(!1,
1) is a uniform distribution between -1 and 1.

Step 4. Fitness Measure and Update the Harmony Memory:
In this Step, if the new harmony vector, [xnh]=[x1

nh, x2
nh, … , xN

nh],  is better than the worst design in the
HM in terms of the objective function value, the new design is included in the HM and the existing worst
harmony is excluded from the HM. The HM is sorted again by the objective function value.

Step 5. Termination Criterion:
Repeat steps 2 and 3 until the termination criterion is satisfied. In this paper, two termination criteria were

adopted for HS. The first one stops the algorithm when a predetermined maximum search number is reached.
The second criterion stops the process before the maximum search number, if a better design than the current
one is not encountered during a definite number of successive searches in HS.

2. Optimum Design of Spread Foundation:
In optimal design problem of spread foundation the aim is to minimize the construction cost of the

foundation under constraints. This optimization problem can be expressed as Eq. (1). Similar to other heuristic
optimization methods, the HS algorithm was developed to solve unconstrained optimization problems. A
number of approaches have been taken in the evolutionary computing field to do constraint handling. However,
the penalty function method has been the most popular constraint-handling technique due to its simple principle
and ease of implementation. 

Penalty methods add a penalty to the objective function to decrease the quality of infeasible solutions. In
the current study, penalty function defined by the following equation is used:
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F(X)= f(X)+r.3max[0, g(X)]2+r.3 | h(X)|2   (6)

where f(X), g(X) and h(X) are objective function, inequality and equality constraints which according to Eq.
(1) and r is a penalty factor. 

A description of design variables, design constraints and objective function To economic design of footing
are presented in the following sections.

2.1. Design Variables:
Figure 1 shows the cross-section of a spread foundation. As it is shown in this figure, the eight design

variables are include; length of foundation (X1), width of foundation (X2), thickness of foundation (X3), depth
of embedment (X4), long direction reinforcement (X5) and short direction reinforcement (X6).

Fig. 1: Cross section of reinforced spread foundation.

In Fig. 1, E,φ and γ are the Young’s modulus effective friction angle and unit weight of soil.

2.2. Design Constraints:
According to Bowles (1982) and ACI (2005) the design constraints may be classified as geotechnical and

structural requirements. These requirements represent the failure modes as a function of the design variables.
The geotechnical constraints are imposed as: 

Settlement of Foundation:
Settlement of foundation should be within a permissible limit according to the following inequality:

δ # δall   (7)

where δall is allowable settlement and δ is immediate settlement of foundation (Budhu, 2006).

Bearing Capacity:
Imposed stress should be less than safe bearing capacity of soil as follows:

qmax # qult  /  FS   (8)

in which qult is ultimate bearing capacity of foundation on cohesion less soil for eccentric loading (Bowles,
1982)and FS is factor of safety.

Structural constrains requirements for the spread foundations consist of:

Punching Shear Failure Mode:
To avoid such a failure, the upward ultimate shearing force Vu increased by applying the strength reduction

factor fV must be lower than the nominal punching shear strength according to Eq. (9):

  (9) 
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where: b0 = perimeter of critical section taken at d/2 from face of column, d = depth at which tension steel
reinforcement is placed, βc = ratio of long side to short side of column section and αs = 40 for interior
columns.

One Way Shear Failure Mode:
In order to avoid such a failure, Eq. (10) must be satisfied. Vu is the upward ultimate shearing force and

BOL102\f"Symbol"\s10V is taken to be 0.85. Vc is taken in accordance with the ACI (2005) as:

 (10)
1

'
6

u
c

V

V
f bd


 

Flexure Failure Mode:
A moment (Mu/ fM )  is acting at the face of column must be lower than or equal to the nominal strength

of the concrete section having an effective depth d, a width b, and reinforced with tension steel As. Thus:

Mu/ fM # Mn (11)

Minimum Steel Reinforcement:
The minimum steel reinforcement placed in structural slabs of uniform thickness to be (ACI, 2005):

Asmin =0.002 X1 X3 (12)

Limitation of Depth of Embedment:
Finally, the depth of embedment (D) should be greater than a minimum depth to prevent frost damage and

should be limited to a maximum depth to minimize disturbance to adjacent structures. So:

0.5 # D # 2 (13)

2.3. Objective Function:
The total cost of the spread foundation is considered as the objective function in the analysis. The cost

function may be expressed in the following form:

 f(X)=PcVc + PeVe + PbVb + PfAf + PsWs (14)

where, Pc, Pe, Pb, Pf and Ps show the unit price of concrete, excavation, backfill, formwork, and reinforcement
respectively. In addition, Vc ,Ve and Vb denote the volume of concrete, excavation and backfill, Af shows the
area of formwork and Ws indicates the weight of steel. In current study, unit price for these items are given
according to Table 1 (Wang and Kulhawy, 2008).

Table 1: Spread foundation assembly unit price (Wang and Kulhawy, 2008).
Item Unit Unit price (USD/m)
Excavation m3 25.16
Formwork m2 51.97
Reinforcement kg 2.16
Concrete m3 173.96
Compacted backfill m3 3.97

RESULTS AND DISCUSSION

This section investigates the validity and effectiveness of the proposed algorithm to optimum design of
spread foundation. The implementation procedure of the HS for the economic design of the spread foundation
is shown as a flowchart in Figure 2. To verify the good performance of the proposed algorithm, two numerical
examples of spread foundations will be solved by the present method. The procedure has been carried out using
a computer program was developed in MATLAB. In our study, the HS algorithm parameters were selected
based on experimental studies and also previous literature as follows: harmony memory size (HMS) was set
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to 20; harmony memory consideration rate (HMCR) is considered as 0.8; pitch adjusting rate (PAR) was set
equal to 0.3; and maximum number of searches considered as 5000. The optimization procedure was terminated
when one of the following stopping criteria was met: (i) the maximum number of search is reached; (ii) after
a given number of iterations, there is no significant improvement of the solution. Moreover, to verify the
efficiency of HS algorithm, the results are compared with the results of genetic algorithm (GA). For the
purpose of optimization by GA the routine from genetic algorithm optimization toolbox of MATLAB is used
(The Math works Inc., 2009).

Fig. 2: Optimization of spread foundation using the HS algorithm.

Example 1:
This example presents the optimum design of spread foundation in dry sand. The input parameters for this

problem are given in Table 2. This case is solved using proposed HS algorithm. Moreover, the problem is
analyzed using genetic algorithm and the results of both methods (HS and GA) are tabulated in Table 3. As
it can be seen from the results of Table 3, the minimum price of the foundation obtained by HS algorithm is
1280 USD which is lower than best price obtained by GA (1364 USD). HS produced 6.0% cheaper foundation
than GA. Moreover, Table 3 shows that the HS algorithm requires far fewer iterations and computation time
when compared with GA. Overall speaking, the proposed algorithm has been shown to perform extremely well
for solving economic design of spread foundation.

Example 2:
The second example considers a reinforced spread foundation under an eccentric load in dry sand. Input

parameters for this example are shown in the last column of Table 2. 
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Table 2: Input parameters for optimum design of spread foundation.
Input parameter Unit Input values Input values

for example 1 for example 2
Effective friction angle of base soil degree 30 35
Unit weight of base soil kN/m3 17.5 18.5
Young’s modulus MPa 50 35
Poisson’s ratio - 0.3 0.3
Vertical load (P) kN 2450 3680
Moment (M) kN-m 0.0 530
Concrete cover cm 7.0 7.0
Yield strength of reinforcing steel MPa 400 400
Compressive strength of concrete MPa 28 30
Allowable settlement mm 40 40
Factor of safety - 3.0 3.0
Shear strength reduction factor - 0.85 0.85
Flexure strength reduction factor - 0.9 0.9

This case also solved using both the HS algorithm and GA and the optimization results for this case are
presented in Table 3. The results show that for the optimization problem considered, the best price evaluated
by HS is 3302 USD which is lower than 3620 USD evaluated by GA. HS produced 9.0% cheaper foundation
than GA. Further, HS converges at a faster rate (around 2820 generations) compared to that for GA (around
4430 generations). Therefore, HS is an effective method for optimization of spread foundations.

Table 3: Optimization result for spread foundation.
Design variable Unit Example 1 Example 2

------------------------------------- -------------------------------------
HS GA HS GA

X1 m 2.23 2.60 6.83 7.27
X2 m 2.15 1.96 1.88 1.11
X3 m 0.53 0.54 0.71 0.62
X4 m 2.0 1.96 0.5 2.0
X5 cm2 33.6 43.7 275 246
X6 cm2 31.8 26.8 18 82
Best price (USD) 1280 1364 3302 3620
Number of iterations 2350 4120 2820 4430

Conclusion:
An effective optimization method proposed to economic design of spread foundation. The algorithm is

based on harmony search meta-heuristic algorithm. For optimization of spread foundation, the objective function
was considered as total cost of the foundation. During the optimization procedure, six design variables are
treated, which vary within the ranges of geotechnical and structural requirements. A computer program is
developed in MATLAB and the user is only required to feed the input parameters like soil and material
properties, allowable settlement and safety factors. The effectiveness of the proposed algorithm has been shown
through two case studies of spread foundation. To further validate the accuracy and efficiency of the presented
strategy, the results of HS are compared with the results of GA. For the studies carried out here, it is found
that harmony search algorithm is a suitable technique for optimization of spread foundation and the method
is able to find a better optimal solution compared with genetic algorithm. 
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