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Abstract
Tubular steel monopole structure is widely used for support-
ing antennas in telecommunication industries. This research 
presents two recently developed meta-heuristic algorithms, 
which are called Colliding Bodies Optimization (CBO) and 
Enhanced Colliding Bodies Optimization (ECBO), for size 
optimization of monopole steel structures. The design proce-
dure aims to obtain minimum weight of monopole structures 
subjected to the TIA-EIA222F specification. Two monopole 
structure examples are examined to verify the suitability of 
the design procedure and to demonstrate the effectiveness and 
robustness of the CBO and ECBO in creating optimal design 
for this problem. The outcomes of the enhanced colliding bod-
ies optimization (ECBO) are also compared to those of the 
standard colliding bodies optimization (CBO) to illustrate the 
importance of the enhancement of the CBO algorithm.

Keywords
monopole structures, optimal design, metaheuristic algorithms

1 Introduction
Over the last decade there has been ever increasing use of 

cellular telephones, including new smart phones, for voice and 
data communication, and wireless internet access, which drives 
increased demand for wireless data transmission bandwidth. 
As a result, there has been a large increase in the number of 
monopoles installed around populated areas to support anten-
nas. Monopoles have become an important part of our com-
munications infrastructure [1-4]. Therefore, optimal design of 
the monopole structures can be an interesting and challenging 
issue in the structural engineering research. 

The monopole structures can be categorizes based on cross-
sectional variations along height into two types: the tapered 
type and stepped type. In tapered type the cross-section is con-
tinuously decreasing from bottom to top of monopole, and in 
stepped type the structure is divided into some piece or part 
with abrupt change between sections [1]. The sections of 
stepped monopoles can be made circular and polygonal sec-
tions [5]. Figure 1 shows schematic shape of a treble-part-mon-
opole with circular sections. The main objective of this paper is 
to find the optimum size of sections of the steel circular stepped 
monopoles. Here, the CBO and ECBO algorithms are utilized 
for optimization and weight of the monopole is considered as 
the objective function. The design method used in this study is 
also consistent with TIA-EIA222F [6] specifications.

The optimization algorithms can be divided into two cat-
egories: 1. Local optimizers; 2. Global optimizers. Local opti-
mizer algorithms which often utilize the gradient information 
or iterative method to search the solution space near an initial 
starting point by local changes and are hard to apply and time-
consuming in these optimization problems. Hereupon, global 
optimizers such as meta-heuristic algorithms are proposed 
for difficult optimization problems by global change ([7, 8]). 
Meta-heuristic algorithms are proposed for difficult optimiza-
tion problems. In recent years, many meta-heuristics have been 
developed based on or have been inspired by natural phenom-
ena from a variety of scientific fields (for example: [9-12]). 
Applications are also extended to include different problems 
in optimization [13-16]. Colliding bodies optimization (CBO) 
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belongs to a family of meta-heuristic algorithms which recently 
developed by the authors [8, 17]. This algorithm can be consid-
ered as a multi-agent method, where each agent is a Colliding 
Body (CB). Simple formulation and no internal parameter tun-
ing are advantages of this algorithm. The enhanced colliding 
bodies optimization (ECBO) was introduced by Kaveh and 
Ilchi Ghazaan [18] and it used memory to save some histori-
cally best solution to improve the CBO performance without 
increasing the computational cost and some components of 
agents was also changed to jump out from local minimum. 

In this study, two design examples are considered to optimize 
by CBO and ECBO algorithms. Comparison of the optimal 
solution of the ECBO algorithm with those of the CBO method 
demonstrate the capability of CBO in solving the present type 
of design problem. It is also observed that optimization results 
obtained by the ECBO algorithm for two design examples have 
less weight in comparison to the results of the standard CBO 
algorithm. From the results obtained in this paper, it can be con-
cluded that the optimum structures obtained by meta-heuristic 
algorithms requires smaller amount of steel material.

The remainder of this paper is organized as follows: In sub-
sequent section, firstly, the mathematical formulations of the 
structural optimization of monopole structures problems are 
presented and a brief explanation of the TIA-EIA222F [6] is 
provided. After an explanation of the CBO, the ECBO algo-
rithm is presented. Next section, includes two standard exam-
ples. The last sections present discussion on the examples 
results and concludes the study.

2 The Monopole structure optimization problems
The optimization problem can formally be stated as follows:

Find

minimizes
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where  X  is the vector of design variables with  n  unknowns,  gi 
is the ith constraint from m inequality constraints and  Mer(X) 
is the merit function;  f(X)  is the cost;  fpenalty(X) is the penalty 
function which results from the violations of the constraints 
corresponding to the response of the monopole structures. 
Also,  ximin  and  ximax  are the lower and upper bounds of design 
variable vector, respectively.

Exterior penalty function method is employed to transform 
the constrained dam optimization problem into an uncon-
strained one as follows:

f X g xpenalty p j
i
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where  γp  is penalty multiplier.

2.1 Design variables
The most effective parameters for creating the monopole 

structure geometry were showed in Fig. 1. The parameters can 
be adopted as design variables:

X D D D t t t= { }1 2 1 2
 

n n

where X vector of design variables contains 2n shape parame-
ters of the monopole structures, n is number of monopole parts, 
Di and ti are the diameter and thickness of pipe cross section of 
the ith part.

Fig. 1 The circular treble-part-monopole: (a) 3D view, (b) front view.

2.2 Design constraints
Design constraints are divided into some groups including 

the operational, stress and stability constraints. The operational 
constraint is the restricted rotation at the top of pole structure 
that is limited as 1.5 degree. The stress constraint is considered 
as the ASICE-LRFD [19] manual. The local stability of cross 
sections constraint is achieved as follow:
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where  E  and  Fy  respectively are the modulus of elasticity and 
minimum yield stress of the material. Here, it is assumed that 
the material type is st-37(E=2100000 kg/cm2, Fy=2400 kg/cm2 
and ρ=7928.5 kg/m2).

2.3 Cost function
The cost function is the weight of monopole structure, which 

may be expressed as:

(1)

(2)

(4)

(3)
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where  ρ  is the weight per volume of monopole material,  Vi ,  Ai 
and  li  are the volume, cross section area and length of ith part 
of monopole structure, respectively.

2.4 The applied loads
In this study, TIA-EIA222F [6] specification is used for 

considering the wind and ice loading and influence of them on 
structures. The applied loads on the monopole structures con-
sist of the vertical and horizontal loads, which are described in 
the follow subsections.

2.4.1 The vertical loads
The most effective vertical loads, which should be consid-

ered in analysis process, consist of the self-weight of structure, 
the weight of ice and the weight of appurtenance (i.e. dish, light 
rod and cable). For considering the load of ice weight, it is 
assumed that type of ice is solid and density of it (ρice ) is equal 
to 897.043 kg/m3 and thickness of attached ice on structure (tice ) 
 is 0.0127 m (0.5 in). Thus, the weight of ice on unit length of 
ith part of pole structure (Wi

ice ) is calculated as:

W S t D Di
ice

ice i ice i i= = ∗( )∗ =ρ π897 043 0 0127 35 790. . .

where  Si  and  Di  are the circumference and diameter of cross 
section of the ith part. The  load is a uniform load which is ver-
tically assigned to the ith part.

In the load case of attached appurtenance weight at the top of 
pole structure, the weight of feedle cable of monopole is assumed 
as 2721.6 kg. The weight of dish and light rod with and without 
ice weight is also assumed as Table 1. It should be noted that these 
concentrated loads assigned to top point of pole structure.

Table 1 Weight of the appurtenance loading 
with and without the influence of ice.

Description Weight (kg)

The light rod 16

The dish 1235

Sum of the weights 1251

Sum of the weights with considering the ice 1625

2.4.2 The horizontal loads
The wind load is considered a lateral load which we applied 

to pole structure. The applied distributed wind load to unit 
length of the ith part (wi

wind ) is calculated as:

ωi
wind

i iF Z=

where  Zi  is the elevation of center of ith part, and  Fi  is related 
to coefficient of wind force of the ith part which calculated as:

F G Qz AeCFi h i i=

where Gh is gust response factor for fastest mile basic wind 
speed and it assumed as 1.69 for pole structures. The structure 
force coefficients CF is determined 0.59 based on Table 1 of 
TIA/EIA-222-F. Qz is the velocity pressure and determined as:

Qz KzVi i= 0 613 2
.

where  V  is the basic wind speed of the structure location that 
it is assumed 36.1 m/s (130 km/h), and  Kz  is the exposure 
coefficients:

Kz Zi i= ( ) ≥/
.

10 1
0 285

Also,  Aei  is effective projected area of the ith part cross 
section in one face:

Ae Ag LDi i i i= =1 03 1 03. .

where  Agi ,  Li  and  Di  are the projected area, length and diam-
eter of the ith part. 

Moreover, the ice effect is ignored in above equation. If we 
consider the ice thickness (i.e. 0.0254 m or 1 in) on the diam-
eter of pole structure,  Aei  is modified as:

Ae Ag L Di
ice

i
ice

i i= = +( )1 03 1 03 0 0254. . .

The applied wind load to appurtenance at the top pole struc-
ture is similarity calculated. In this case, the coefficient of wind 
force (F) calculated as:

F G QzAaCah=

where  Aa  and  Ca  are the projected area and force coefficients 
of appurtenance, respectively. The appurtenance force coeffi-
cients (Ca) is assumed as 1.20 based on table-3 of TIA/EIA-
222-F. The Aa is assumed as 1.45 and 1.50 m2 with and without 
the effect of ice thickness on the appurtenance, respectively.

2.5 Loading combinations
In this study, two loading combinations have been consid-

ered based on existence of the ice load effect. Then, two load-
ing combinations are defined:

The load combination 1 (without considering of the ice load 
effect): dead load (consisting of the self-weight of structure 
and weight of the appurtenance) + wind load (consisting of the 
applied wind load to the face of the pole structure and appurte-
nance without the ice thickness).

The load combination 2 (with considering the ice load 
effect): dead load (consisting of the self-weight of structure, 
weight of the appurtenance and ice thickness) + wind load 
(consisting of the applied wind load to face of pole structure 
and appurtenance with considering the ice thickness).

(5)

(6)

(7)

(8)

(9)

(10)

(11)

(13)

(12)
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3 Enhanced colliding bodies optimization algorithm
The optimization of monopole structure problem is a com-

plex problem because of having a large search space, multiple 
local optima and corresponding constraints. In this paper we 
apply a simple and efficient meta-heuristic algorithm, so-called 
enhanced colliding bodies optimization (ECBO), to solve this 
problem. For comparative study and showing the complexity 
problem, the standard colliding bodies optimization (CBO) is 
also utilized. In the following, both standard CBO and ECBO 
algorithms are briefly introduced.

3.1 Colliding Bodies Optimization algorithm
The colliding bodies optimization is based on momentum 

and energy conservation law for 1-dimensional collision [17]. 
This algorithm contains a number of Colliding Body (CB) 
where each one is treated as an object with specified mass 
and velocity which collide to others. After collision, each CB 
moves to a new position with new velocity with respect to old 
velocities, masses and coefficient of restitution. CBO starts 
with a set of agents determined with random initialization of 
a population of individuals in the search space. Then, CBs are 
sorted in an ascending order based on the value of cost func-
tion (see Fig. 2a). The sorted CBs are divided equally into 
two groups. The first group is stationary and consists of good 
agents. This set of CBs is stationary and their velocity before 
collision is zero. The second group consists of moving agents 
which move toward the first group. Then, the better and worse 
CBs, i.e. agents with upper fitness value, of each group col-
lide together to improve the positions of moving CBs and to 
push stationary CBs towards better positions (see Fig. 2b). The 
change of the body position represents the velocity of the CBs 
before collision as:

v
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where,  vi  and  xi  are the velocity vector and position vector of 
the ith CB, respectively. 2n is the number of population size.

Fig. 2 (a) The sorted CBs in an increasing order,  
(b) The pairs of objects for the collision.

After the collision, the velocity of bodies in each group is 
evaluated using momentum and energy conservation law and 
the velocities before collision. The velocity of the CBs after 
the collision is:
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where,  vi  and ′vi  are the velocities of the ith CB before and 
after the collision, respectively;  is the mass of the ith CB de-
fined as:
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where fit(i) represents the objective function value of the ith 
agent. Obviously a CB with good values exerts a larger mass 
and fewer moves than the bad ones. Also, for maximizing the 
objective function, the term 1

fit i( )  is replaced by fit(i). ε is the 
coefficient of restitution (COR) and is defined as the ratio of the 
separation velocity of the two agents after collision to approach 
velocity of two agents before collision. In this algorithm, this 
index is defined to control of the exploration and exploitation 
rates. For this purpose, the COR decreases linearly from unit 
value to zero. Here, ε is defined as:

ε = −1
iter
iter

max

where iter is the actual iteration number, and  itermax  is the 
maximum number of iterations. Here, COR is equal to unity 
and zero representing the global and local search, respectively. 

In this way a good balance between the global and local 
search is achieved by increasing the iteration.

The new positions of CBs are evaluated using the generated 
velocities after the collision in the position of stationary CBs:

x
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where, xi
new  and ′vi  are the new position and the velocity after 

the collision of the ith CB, respectively.

3.2 Enhanced Colliding Bodies Optimization 
algorithm

In order to improve the CBO to obtain faster and more 
reliable solutions, Enhanced Colliding Bodies Optimization 
(ECBO) is developed which uses memory to save a number of 
historically best CBs and also utilizes a mechanism to escape 
from local optima [18]. The steps of this technique are given 
as follows:

(14)

(15)

(16)

(18)

(17)
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Level 1: Initialization
Step 1: The initial positions of all the CBs are determined ran-
domly in the search space.

Level 2: Search
Step 1: The value of mass for each CB is evaluated according 
to Eq. (16).
Step 2: Colliding memory (CM) is utilized to save a number of 
historically best CB vectors and their related mass and objec-
tive function values. Solution vectors which are saved in CM 
are added to the population and the same number of current 
worst CBs are removed. Finally, CBs are sorted according to 
their masses in a decreasing order. 
Step 3: CBs are divided into two equal groups: (i) stationary 
group, (ii) moving group (Fig. 2). 
Step 4: The velocities of stationary and moving bodies before 
collision are evaluated by Eq. (14).
Step 5: The velocities of stationary and moving bodies after the 
collision are evaluated using Eq. (15). 
Step 6: The new position of each CB is calculated by Eq. (18).
Step 7: A parameter like Pro within (0, 1) is introduced and it is 
specified whether a component of each CB must be changed or 
not. For each colliding body Pro is compared with  rni (i=1, 2, 
…, n)  which is a random number uniformly distributed within 
(0, 1). If  rn < Pro, one dimension of the ith CB is selected 
randomly and its value is regenerated as follows:

x x random x xij i j j= + ⋅ −( ),min ,max ,min

where  xij  is the jth variable of the ith CB, and  xj, min  and  
xj, max are the lower and upper bounds of the  jth  variable, 
respectively. In order to protect the structures of CBs, only one 
dimension is changed.

Level 3: Terminal condition check.
Step 1: After a predefined maximum evaluation number, the 
optimization process is terminated. 

4 Design Examples
In this section, two recently developed optimization algo-

rithms consisting of the CBO and ECBO are utilized for opti-
mization of two monopole structures. The number of design 
variables for the first example and second example is 10 and 
12, respectively. Similarly, the number of Colliding Bodies 
(CB) or agents for these examples is considered 30. For both 
examples, the maximum number of iteration is considered as 
200. For the sake of simplicity, the penalty approach is used 
for constraint handling. The optimization algorithms and the 
analysis and design of monopole structures are coded in Matlab 
and SAP200 software, respectively.

4.1 A 30 meter high monopole structure
As the first example, a monopole structure with a height of 

30 m is considered. The height of the structure is divided into 
five equal parts. For this test example, the weight of structure is 

the objective function. The monopole structure is modeled by 
10 shape design variables as:

X D D D D D t t t t t= { }1 2 3 4 5 1 2 3 4 5

Design variables can be selected from a discrete list of avail-
able values set D = {20, 21, 22, …, 89, 90} cm and t = {0.4, 
0.45, 0.5, 0.6, 0.8, 0.9, 1} cm, which have 121 discrete values.

Table 2 compares the results obtained by the both algorithms 
with engineering design values, whose appropriate values that 
designer has determined using trial-error method [20]. The 
constraints values are also shown in Table 2, it can be seen 
that all constraints of the both algorithms results are satisfied. 
Moreover the evolution processes of best fitness value obtained 
by both algorithms are shown in Fig. 3.

Table 2 Optimum design variables (cm) for the 30-m height monopole  
using different methods

Design variables Engineering design CBO ECBO

D5 40 38 38

D4 47 50 55

D3 60 57 59

D2 70 73 69

D1 80 75 76

t5 0.45 0.6 0.4

t4 0.5 0.6 0.6

t3 0.8 0.6 0.8

t2 0.8 0.8 0.8

t1 1 1 0.8

Weight (kg) 3329.4 3253.4 3123.1

Rotation 1.3454 1.3469 1.3499

Maximum stress ratio 0.4194 0.4416 0.4574

Maximum (D/t) 94.00 95.00 95.00

4.2 A 36 meter high monopole structure
We now consider a monopole structure with a high of 36 

m. The height of the structure is divided into six equal parts. 
Similarity, for this test example the weight of structure is the 
objective function. All assumptions and definitions are same to 
first example. The monopole structure is modeled by 12 shape 
design variables as:

X D D D D D D t t t t t t= { }1 2 3 4 5 6 1 2 3 4 5 6

Table 3 compares the results obtained by the both algorithms 
with engineering design values. All constraints of the both 
algorithms results are satisfied as the first example. Moreover 
the evolution processes of best fitness value obtained by both 
algorithms are shown in Fig. 4.

(19)

(20)

(21)
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Fig. 3 Comparison of the convergence rates between the two algorithms 
for the first example. (a) All iterations (b) 10-200 iterations.

Table 3 Optimum design variables (cm) for the 36 m height 
monopole using different methods

Design variables Engineering design CBO ECBO

D6 43 40 39

D5 57 56 56

D4 66 65 64

D3 73 74 74

D2 75 76 76

D1 85 86 86

t6 0.5 0.45 0.45

t5 0.6 0.60 0.60

t4 0.8 0.80 0.80

t3 0.8 0.80 0.80

t2 0.8 0.80 0.80

t1 1 1 0.90

Weight (kg) 4608.55 4557.59 4430.80

Rotation 1.4115 1.4449 1.4951

Maximum stress ratio 0.6247 0.6060 0.6041

Maximum (D/t) 95.00 95.00 95.00

Rotation: Rotation at top pole structure (degree)
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Fig. 4 Comparison of the convergence rates between the two algorithms 
for the second example. (a) All iterations (b) 10-200 iterations.

5 Discussion on the results of the examples
In this section, the results obtained in the examples are dis-

cussed. We firstly should be noted that the optimization problem 
of monopole structure is a non-convex and nonlinear optimiza-
tion problem, because the stiffness and applied loads (consisting 
the self-weight, ice and wind load as describe in Eqs. (6)–(13)) 
are simultaneously increased with increasing the cross section 
diameters of parts.

Tables 2 and 3 compare the results obtained using the CBO 
and ECBO algorithms with the engineering design ones for 
both examples, respectively. As discussion before and shown 
in these tables, the constraints of outcome of both algorithms 
are satisfied, and then we can comparison these results with 
the engineering design ones. As anticipated the results obtained 
using both algorithms are better than the engineering design 
values for both examples. The outcomes of the ECBO algo-
rithm results are also better than the CBO algorithm with the 
same number of objective function evaluations. 

It can be seen from Figs. 3 and 4, though the CBO algorithm is 
considerably faster in the early optimization iterations, the ECBO 
algorithm converged to a significantly better design in the latter 
optimization iterations without being trapped in local optima.
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6 Conclusions
An efficient optimization method is proposed for optimal 

design of the steel circular stepped monopole structures, based on 
Colliding Bodies Optimization (CBO) and Enhanced Colliding 
Bodies Optimization (ECBO) algorithms. The CBO mimics the 
laws of collision between objects. The very simple implementa-
tion and parameter independency are definite strength points of 
CBO. In the ECBO, some strategies have been achieved to pro-
mote the exploitation ability of the CBO. In order to finding the 
optimal cross section sizes of monopole structure, the weight 
of monopole and cross section sizes are respectively defined as 
objective function and variables in the optimization process. 
Then, the cross section sizes are selected based on optimization 
algorithms from available discrete variables. 

The validity and efficiency of the proposed method are shown 
through two test problems. The results of the proposed algo-
rithms are compared to those of the engineering design values. 
The outcomes are that both algorithms could decrease the weight 
of engineering design monopole structures without appear-
ing any violation. Moreover, the ECBO algorithm clearly out-
performs the CBO algorithm with a same computational time, 
which it indices importance of selecting the effective optimiza-
tion algorithm in this problem. Future researches can investigate 
problems such as, optimization of other type of monopole struc-
tures using recently meta-heuristic optimization algorithms.
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