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Abstract

The paper presents an optimal design of steel curved roof frames with its roof being part of a circular arc. The elements of frames
are tapered I-section members. In the objective function for optimization, two factors affecting the weight of frames are considered
simultaneously. First, the roof slope angle as an effective variable on the values of the structural loading and second, the cross-section
of members that are considered as continuous and discrete variables, respectively. In the range of 3 to 70 degrees, the optimum range
of roof slope angles for steel curved roof frames, as well as precise value of the best roof slope angle, will be reported. Enhanced
Vibrating Particles System (EVPS) algorithm is utilized for the optimal design of steel curved roof frames with tapered members. The
performance and efficiency of the EVPS algorithm is compared with six other recently developed optimization algorithms including
VPS, GWO, HS, SSA, ECBO and GOA algorithms. The effectiveness and performance of EVPS algorithm is proven. Frames design are
performed using ANSI/AISC 360-05 specifications which strength, displacement and stability constraints are imposed on the frames.
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1 Introduction

Pitched roof steel frames are used in a wide range of span
lengths that are usually considered as low-rise buildings.
Pitched roof steel frames with tapered members are used
in the construction of single-story building structures
such as factories, warehouses, gymnasiums, hypermarkets,
hangars, etc.

Members of the sloped roof frames can be prismatic
with constant cross-section or non-prismatic with vari-
able cross-section along the member [1]. Utilization of the
tapered members makes it possible to strengthen parts of
the member which are under larger stress resultants [2, 3].
Pitched roof frames have different types and can be cate-
gorized as: gable frames, saw tooth frames, lean-to frames,
mono slope frames, T-shape frames, domed frames, etc. [4].
Since there are always some limitations in resources, fund
and time, optimization of these problems is an appropriate

solution with regard to the limitations to achieve an ideal
result [5]. Many studies are presented on the optimization
of pitched roof steel frames. Saka [6] has introduced an
optimal design method of pitched roof steel frames with
haunches for the rafters based on Genetic Algorithm (GA).

Kravanja and Zula [7] and Kravanja et al. [8] studied
design optimization of single-story steel building struc-
tures based on mixed- integer non-linear programming
(MINLP) optimization. McKinstray et al. [9] have car-
ried out the optimal design of long-span portal frames
using fabricated beams based on Genetic Algorithm (GA).
McKinstray et al. [10] have performed optimal design of
steel portal frames taking into account rolled, fabricated
and tapered sections by using Genetic Algorithm (GA).
Kaveh et al. [11, 12] studied optimal design of single one-
sapn and multi-span pitched roof frames with tapered
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members by some recent meta-search algorithms. Most of
the researches of the past are in the field of pitched roof
steel frames. Curved roof frames are the other types of
pitched roof frames.

These frames are a good option for replacing regu-
lar rectangular frames. One aspect of the applications
of curved members is related to our aesthetic attitude.
Curved members can provide a suitable theme for inno-
vative design in the construction of steel structures [13].
Such frames can be considered as barrel vault space struc-
tures with identical usages.

Vanderplaats and Han [14] considered the arches shape
optimization and areas of the members with hinged and
fixed ends. They minimized the volume of the structure by
changing areas of the members and the coordinates of the
nodes on the arches using the approximate force method.
Taisy et al. [15] presented an optimization method for min-
imizing the weight and strain energy of arched structures.
If the curved roof frames are shaped properly, they can be
a good economic solution for a wide range of span lengths
and more load-carrying capacity for a certain volume of
material [15]. One of the most important objects in the
curved elements is selecting its appropriate slope angle.

The main purpose of the present study is to achieve
the optimum member sections and optimum range of roof
slope angles in a two-dimensional design of the symmet-
ric steel curved roof frames. The frame elements have
web tapered members. Choosing the right sections at the
beginning and end of each element is one of the most effi-
cacious issues in designing web tapered members. The
optimization variables are the cross-sections at the begin-
ning and end of the elements of frames. Also, the slope
angle of the curved roof frames is considered as one of the
optimization variables. The value of this variable is effi-
cacious in the value of loads applied on the frames. The
used design method and structural loading are in accor-
dance with ANSI/AISC 360-05 specifications [16] and
ASCE 7-10 standard [17].

In order to optimal design of frames, the EVPS algo-
rithm is used. EVPS algorithm is an enhanced version of
the Vibrating Particles System (VPS) algorithm, proposed
by Kaveh et al. [18]. The obtained results of this algo-
rithm have been compared with some population-based
optimization methods such as Vibrating Particles System
(VPS) [19], Grey Wolf Optimizer (GWO) [20], Harmony
Search (HS) [21], Salp Swarm Algorithm (SSA) [22],
Enhanced Colliding Bodies Optimization (ECBO) [23],
and Grasshopper Optimisation Algorithm (GOA) [24].

The rest of the study is structured as follows: In Section 2,
the modeling of a curved roof is presented. The objective
function, problem constraints, and its mathematical formu-
lation is described in Section 3. In Section 4, the structural
loading is presented. A short description of utilized algo-
rithms is provided in Section 5. In Section 6, design exam-
ples are presented. Finally, Section 7 concludes the study
and suggests some directions for future studies.

2 Curved roof modeling

In this paper, to shape the curved roof frames, straight
short elements with tapered members are used. Choosing
the number of straight segments to model a curved mem-
ber mainly depends on its curvature. As a guide, for a
semicircular member (meaning y = 180°; y is the angle that
connects arc center to the point first and the end of the arc;
y is shown in Fig. 1) converting the arc with five straight
segments gives a rather coarse model, ten straight seg-
ments leads a logical model and twenty straight segments
provides a very good model [13].

The guidance mentioned above is the number of
straight segments for a complete semicircular member.
But the curved members can be any part of the perime-
ter of a circle with any radius. The curvature of the roof is
considered to be part of a circular arc with eight straight
segments in accordance with Fig. 1. Roof slope angle ()
is one of the optimization variables which is considered as
the slope of the tangent line on the circular arc of the roof.
6 is shown in Figs. 1-2. The range of roof slope angle vari-
ations is considered continuously from 3 to 70 degrees.

The central points of all sections at the starting and end-
ing segments of the roof are placed on the defined circular
arc. According to the defined guide for the number of the
straight segments, in this problem for the roof slope angle
between 3 to 36 and 36 to 70 degrees a logical model and
a very good model is provided, respectively. In the next
section an idealized model of a steel curved roof frame is
considered.

2.1 Determination of the coordinates of the points

In accordance with Fig. 2 and Eq. (1), the radius of the cir-
cular arc (R) is determined first by considering selected
slope angle of the circular arc for the roof (f). Then,
according to the coordinates of points located on the cir-
cular arc, the coordinates of points, relative to the origin
of coordinates is determined according to Eq. (2):

R=(r/2)cos(90-6), )



Y=vX>-R?, 2

where L is the length of the span.

3 Formulation of the problem

Optimal design of frame structures is often carried out by
considering the constraints surrounding structural per-
formance with the purpose of minimizing an objective

function:

fi(x)<0 i=1,2,...,p,

g,(x)<0 j=L2,...,q, 3)
B ()< () <A™ k=1,2,...,7,

where f/(x), g, and /,(x) are thee inequality constraints,
equality constraints and acceptable range for constraints,
respectively.
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Fig. 2 The coordinates of the central points of the sections located on

the circular arc
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3.1 Objective function
Objective function is taken as the total weight of the struc-
ture, which is calculated as follows (Eq. (4)):

Cost,, =y " pAL,, @)

where p denotes the steel density equal to 7850 kg/m?, A_, is
the average of the beginning and the end of cross-section
areas of the ith segment and L, is the length of the ith seg-
ment of the portal frame structure and # is the total num-
ber of segments in the steel curved roof frame.

3.2 Design constraints

3.2.1 Strength constraints

According to ANSI/AISC 360-05 (AISC 2005), the follo-
wing conditions must be checked for all sections:

L+ M, -1£0  for £, <0.20

2/F, 1M, P, (5)
h + 8M, —-1£0  for LV 0.20

1B, 9NM, 1.F,

where P is the required axial strength (tension or com-
pression); P, is the nominal axial strength (tension or com-
pression); ¢_is the resistance factor (¢, = 0.9 for tension
and compression); M is the required flexural strength;
M is the nominal flexural strength; and ¢, is the flexural
resistance reduction factor (¢, = 0.9).

In calculation of M in this study, C, (lateral torsional
buckling modification factor) is conservatively considered
as 1.0 (according to the code) for all cases. Also in calcu-
lating P , K (effective length factor) is assumed to be 1.0.

3.2.2 Maximum vertical displacement
Maximum vertical displacement is calculated as (Eq. (6)):

A
R, <0, ©)

where A, is the maximum vertical displacement of apex;
L is the span length of the curved frame; and R, is the
allowable vertical displacement index which is equal to
1/360 and 1/240 under dead and live loading, respectively.

3.2.3 Maximum horizontal displacement
Maximum horizontal displacement is calculated as follows

(Eq. (7)):

A
LR, <0 7
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where A, is the maximum horizontal displacement of the
eaves point in the curved frame; H is the height of the col-
umn; R, denotes the allowable horizontal displacement
index which is considered as A/200 under lateral loads.

3.2.4 The buckling constraints

According to the ANSI/AISC 341-10 (AISC 2010) manual
for design of slender compression elements, the reasonable
and appropriate width-to-thickness ratios must satisfy the
following conditions:

b/t <18, ®)
hit, < 0.4 EIF, < 260. ©)

3.2.5 The stability constraint

The stability constraints are defined in accordance with
the ANSI/ AISC 360-10 [25] regulations. The P-delta
effects create additional forces or moments in the mem-
bers. The following equation (Eq. (10)) is considered as a
stability index of the frame to take into account the effects
of P-delta:

PYA](:‘
P =—

= 10
V xhsxcd ’ ( )

where ¢ represents the stability coefficient, P_is the total
vertical design load above level x with a maximum load
factor of 1.0 (kip or kN), A is the design story drift occur-
ring simultaneously with V', / is the importance factor,
V_is the seismic shear force acting between levels x and
x — 1, h_ is the story height below level x, and C, is the
deflection amplification factor. The upper bound of the sta-
bility coefficient (¢_ ) is calculated as follows (Eq. (11)):

0.5
BC,

where £ denote the ratio of shear demand to shear capac-

(Pmax = < 025 B (11)

ity for the story between levels x and x — 1. This ratio is
permitted to be conservatively taken as 1.0. If the stability
coefficient (p) of a structure is equal to or less than 0.10,
P-delta effects not required to be considered and the
designer can ignore the second-order analysis. Where ¢ is

greater than 0.10 but less than or equal to ¢__, the incre-

mental factor related to P-delta effects on displacements
and member forces should be determined by the rational
analysis. Alternatively, it is permitted to multiply displace-
ments and member forces by 1.0/(1 — ¢). Where ¢ is greater
than ¢_ , the structure is potentially unstable and should

be redesigned (AISC 2010). In this study, the deflection

amplification factor (C), is considered to be 4 due to the
frame system. Also, the P-delta effect is considered on the
seismic load combinations.

4 Structural loading

In this study, regulations of ASCE/SEI Standard 7-10
(ASCE/SEI 2010) is used for applying the dead, live, snow,
wind and seismic loads. The load width of the frame is con-
sidered to be 6.0 m. The live and snow loads are applied as
gravity projection. The amount of loads applied on the frame
depends on the roof slope angle and changes by changing
the slope angle of the roof. Since in this paper, the roof
slope angle is one of the selected optimization variables,
the loading value is affected by this variable. The structural
loading is presented in general. Also, in the continuation of
each section, for the roof slope angle equal to 21.26 degree,
the applied loads are presented with the exact values.

4.1 Loading combinations
Based on the specifications of ASCE 2010 [17], the follow-
ing load combinations should be considered for designing
structural members. The term of 0.2S D in load combi-
nations 5 to 7 is considered in order to include the effects
of the vertical seismic load.

1. 1.4D

2. 12D+ 1.6L+0.5(SorR)

3. 1.2D + 1.6(S or R) + (L or 0.5W)
4. 1.4D + 1.0W + L + 0.5(S or R)

5. (12+02)D+E+L+0.2S8

6. 09D+ 1.0

7. 0.90.2)D + E

4.2 The dead and collateral loads (D)

The type of cladding is considered to be a metal sandwich
panel. The cladding weight of the roof and purlins is con-
sidered as 14.64 kg/m? for the dead load. Summary of the
dead load is presented in Table 1.

Table 1 Summary of the dead and live loading

Dead loading Live loading

Dead load 14.64 (kg/m?) Live load 97.648 (kg/m?)
Loading per 6 (m) Loading per 6 (m)
Uniform dead Uniform live
load 87.84 (kg/m) load 585.89 (kg/m)
Table 2 Roof slope factor (C,) for curved roofs
Roof slope angle C,
0-30 1
30-70 1—(Slope—30°)/40°




4.3 The live load (L)

According to the ASCE 7 Standard (ASCE 2010), the live
load of a pitched roof is 97.65 kg/m? (20 Ib/ft?), and there
is no concentrated load to check the rigid frames with. It
is also assumed that the live load is not reducible. The live
load information can be found in Table 1.

4.4 The balanced and unbalanced snow loads (S)
The flat roof snow load, P, is calculated by using the fol-
lowing equation (Eq. (12)):

P,=0.7C,C,I,P, (12)

where the exposure factor, C,, thermal factor, C, and
importance factor, /, are taken as 1.0 based on sec-
tions 7.3.1 through 7.3.3 of ASCE/SEI 7-10 regulations.
The ground snow load, P, obtained per site-specific anal-
ysis is equal to 97.65 kg/m? (20.0 1b/ft?); thus: P =14 psf.

In accordance with sections 7.4.3 and 7.6.2 in ASCE/
SEI 7-10 the balanced and unbalanced snow loads shall be
determined according to the loading diagrams in Figs. 7-3
of the code. These diagrams are illustrated in Fig. 3.

C, is the roof slope factor and its calculation are listed in
Table 2 in accordance with the Figs. 7-2 or Chapters 7—4 of
the regulation ASCE/SEI 7-10. In calculating C. is assumed
that the surfaces are unobstructed slippery. In Fig. 3, C
and C " are the C_for the slope of eave point and 30 degrees
slope, respectively. For the roof slope of 21.26° value of
balanced and unbalanced snow loads shown in Fig. 4.

According to the section 7.6.2 of ASCE/SEI 7-10 regula-
tions if the roof slope angle of a straight line from the eaves
(or the 70° point, if present) to the crown is less than 10° or
greater than 60°, unbalanced snow loads shall not be taken
into account.

4.5 The seismic load (E)
The seismic base shear, ¥, in a given direction is calcu-
lated according to the following equation (Eq. (13)):

V=CWw, (13)
where C_ and W are the seismic response coefficient and

the effective seismic weight, respectively. The seismic
response coefficient, C,, is calculated as:

Cy=—>, (14)

where S, is the design spectral response acceleration
parameter in the short period range, R is the response mod-
ification factor and 7, is the importance factor. Since the
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Portion of roof where
s = 1.0 from Figure 7-2
(may include entire roof)
Case 1-Slope at eave < 30°

*TTHHH

Balanced Load

L mm;rc?

Eaves Crown Eaves
*
2P,C,/C,
Wind sy 0.5p
=t

Unbalanced Load 0

f T 1

Eaves Crown Eaves

Portion of roof where
CS = 1.0 from Figure 7-2
»

Case 2-Slope at eave 30" to 70° ‘l: I
P.C
s L A O i, "
Balanced Load 0
o t
Eaves 30° Crown 30" Eaves
Point Point
....,:2Pfc;' 1C;
Unbalanced Load £ Iy 1 1 0
Eaves 30" Crown 30" Eaves
Point Point

Fig. 3 Balanced and unbalanced snow loads for curved roofs

P = 410.13kg/m

L R
Faves Crown Eaves

2P, = 820.26kg/m
Unbal 1 Load f T o

Eaves Crown Eaves
Fig. 4 Balanced and unbalanced snow loads for the roof slope angle
equal to 21.26°

location of this study is assumed to be Clay county
Kansas in the USA, the mapped Risk-Targeted Maximum
Considered Earthquake (MCER) spectral response accel-
eration parameter for short periods (Sy) and the mapped
MCER spectral response acceleration parameter at a period
of 1s (S,) are as 17 % and 5 %, respectively. Then, the S,
values are evaluated as 0.2768. The summarized calcula-
tion of the C, parameter is presented in Table 3.

4.6 The wind loads (W)
For evaluating the wind load for a low rise building, the
wind pressure is calculated as the (Eq. (15)):

q.=0.613K K_K V> (N/m’), (15)

where K_ is the velocity pressure exposure coefficient,
K_, is the topographic factor, K, is the wind directional-
ity factor, and V is the basic wind speed. These parameter
values are used in this study: K. = 0.89, K, = 1,0.85 and
V=90 mph (40.234 m/s).
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Table 3 The summarized calculation of C

S 0.2768
R 4.5
1, 1
(Cymax 0.041
(Cymin 0.01
S, /R 0.079
then C; = 0.041

q, is the velocity pressure at & height (roof average
height), which corresponds to the Eq. (16):

q,=0.613K,K_K V> (N/m?). (16)

According to Table 27.3-1 in ASCE 7-10, K, is equal to:

h

2
)95 in metric (17)
274.32

K, =2.01(

where / is the average height of the roof. The parameter K,
is a function of the average height of the roof, whose value
changes by changing in the slope of the roof. The design
wind pressures for the frame system of an enclosed and
partially enclosed rigid building at all heights, is deter-
mined by the Eq. (18):

P=9GC,—-q,(GC,,), (18)

where:

g = q_for the windward wall evaluated at height z above
the ground.

g = g, for the leeward wall, side walls, and roof, evalu-
ated at height 4.

q, = q, for the windward wall, side walls, leeward wall,
and roof of enclosed buildings and for negative internal
pressure evaluation in partially enclosed buildings.

g, = q. for the positive internal pressure evaluation in
partially enclosed buildings where height z is defined as
the level of the highest opening in the building that could
affect the positive internal pressure. For positive internal
pressure evaluation, ¢, may conservatively be evaluated
at height 4.

G = gust-effect factor (= 0.85).

G, = external pressure coefficient.

(GC,) = internal pressure coefficient = +0.18.

for the roof slope equal to 21.26 degrees:

q.=15.834 psf (77.309 kg/m?)

g, = 16.232 psf (79.252 kg/m?)

q,=16.232 psf (79.252 kg/m?)

Rise-to-Span ratio (r) =1.5015/160.0938

Table 4 The coefficient of C’) in two orthogonal directions of wind for

arched roofs

c
Rise-to-Span ’
Ratio. r Windward Center Leeward
quarter half quarter
0<r<02 -0.9 -07-r -0.5
0.2<r<0.3* 1.5r-0.3 -07-r -0.5
03<r<0.6 2.75r-0.7 -07-r -0.5

*When the rise-to-span ratio is 0.2 < < 0.3, alternate coefficients given
by 6r-2.1 shall also be used for the windward quarter

(Rise: see Fig. 8). External pressure coefficients (C)
are listed in Table 4. According to the Table 4, values of
parameter Cp for windward quarter, center half and lee-
ward quarter are equal to —0.9, —0.7938 and —0.5, respec-
tively. The values of two cases of wind loading on the
curved frame are illustrated in Figs. 5 and 6.

5 Optimization algorithms

In recent years, metaheuristic algorithms have been con-
sidered and expanded due to their effectiveness and effi-
ciency in solving optimization problems in engineering
science some of these are as follows:

Nazari-Heris et al. [26], Zhao et al. [27], Sameer
et al. [28], Reddy et al. [29], Stiitzle et al. [30], Pijarski
and Piotr [31], Yapici and Cetinkaya [32], Dede et al. [33],
Grzywinski et al. [34], Kaveh et al. [35], Kaveh et al. [36]
and Kaveh and Ilchi Ghazaan [37].

2262 226.2 226.2 226.2 115 9
2768 xgm KMo KMo le_ S
116~t\ el @/

—— vel —d

Windg

Fig. 5 Case 1 wind load on the steel curved roof frame
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Fig. 6 Case 2 wind load on the steel curved roof frame
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Following a description of the EVPS algorithm with
a brief description of six other metaheuristic algorithms
including VPS, GWO, HS, SSA, ECBO and GOA algo-
rithms, is presented in the following subsections.

5.1 Vibrating Particles System
Vibrating particles system is a population-based algorithm
that resembles a vibrational single degree of freedom sys-
tem with a viscous damping [19]. Particle quality gradually
improves by using randomness and utilization of the results
so that the particles approach their equilibrium positions.
To achieve the answer, three batches of particles are
produced. The three produced batches of particles include
the historically best position of the entire population (HB),
good particle (GP) and bad particle (BP). After the current
population is arranged in accordance with the value of the
objective function and ascending, GP from the first half
and BP from the second half are randomly selected. In this
algorithm, generating new responses is conducted by the
Egs. (19)—-(22):

X/ =, D.Arand1+ HB' |

(19)
+w, [D.A.randZ + GP’} + o, [D.A.rand3 +BP’ J ,

A=[o(HB'-X])]+| @, (GP" - X]) | +| @, (BP - X/)].(20)

o+, +o, =1, 21)
iter __,
D=(——)", 22
iter, .

where X7 is the jth variable of the ith particle and v, ®,
and w,, are three factors for measuring the relative impor-
tance of the HB, GP and BP particles, respectively. Here,
iter is the current iteration number and iter  is the total
number of iterations. a is a constant coefficient and it is
equal to 0.05 in this study, D is a parameter for measur-
ing the effect of the damping level on the vibration. rand]1,
rand?2 and rand3 are random numbers of uniform values
in the range of [0, 1]. Applying or not applying the effect of
BP on particle update, is considered by a parameter such
as p in the range of (0, 1). If p < rand, then w, = 0 and
thence BP does not have any effect on the particle update.

5.2 Enhanced Vibrating Particles System

Enhanced vibrating particles system is an enhanced ver-
sion of VPS algorithm. This improvement increases the
convergence speed and augments the search ability, assists
EVPS to escape local optima and generally leads to better
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results [18]. In the EVPS, HB acts as a memory and stores
the best experienced position of the entire population.
This method has three differences compared to the VPS
algorithm. The following equation replaces Egs. (19)—(22)
in the VPS algorithm:

[D.Arandl+OHB’]  (a)
X ={[D.Arand2+GP’]  (b)
[ D.Arand3+BP’]  (c)

(23)
(+1)(OHB’ - X ) (a)
X/ =4(x1)(GP’ - Xx7) (b)
(1)(BP' - X/) )

where one of the equations of (a), (b) or (c), with the
probability of @, w, and w, is used, respectively. (+1) is
used randomly. OHB parameter is one row of memory
from the best-experienced position of the entire population
that is randomly selected. Also, in this method, parame-
ters OHB, GP and BP are independently determined for
each particle.

5.3 Gray Wolf Optimizer

Gray Wolf Optimizer (GWO) was introduced by Mirjalili
et al. [20], is a population-based algorithm inspired by the
social and hierarchical behavior of wolves in the hunting
mechanism. In this algorithm, four types of gray wolves,
including alpha, beta, delta and omega, are used to simu-
late the hierarchy of leadership. These four wolf groups
carry out three main steps: observing and pursuing hunt-
ing, approaching and encircling hunting and ultimately
hunting attacks. The simplicity and generalizability of
problems in large-scale problems are the features of this
algorithm.

5.4 Enhanced Colliding Bodies Optimization

Enhanced Colliding Bodies Optimization (ECBO) algo-
rithm was proposed by Kaveh and Ilchi Ghazaan [23].
This algorithm is an improved version of the CBO algo-
rithm developed based on the technique of collision of
moving objects together and moving toward minimizing
energy levels. The use of the memory concept to save the
best results obtained so far and using the escape mecha-
nism from local search are the features of this algorithm.
Some advantages of using this algorithm to the standard
version of CBO are providing better results, higher con-
vergence rate and more reliable answers.
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5.5 Salp Swarm Algorithm

Salp Swarm Algorithm (SSA) was developed by
Mirjalili et al. [22]. SSA is adopted by simulating the behav-
ior of the salps that lives in deep oceans, and in particular
the formation of a chain-shaped model by them. This chain
consists of two parts, the leader who is at the initial position
of the chain and the other salps who follow the leader. This
algorithm provides a new kind of PSO algorithm based on
the chaining behavior of the salps. The benefits of this algo-
rithm to help to solve optimization problems are also appli-
cable to uni-modal and multi-modal functions.

5.6 Grasshopper Optimisation Algorithm

Grasshopper Optimisation Algorithm (GOA) was first
introduced by Saremi et al. [24]. GOA is based on the
grasshoppers search process for finding food that is used
to create a mathematical model. This process consists of
two parts, the exploration and exploitation process, which
represent global and local search, respectively. The feature
of this metaheuristic algorithm is the lack of any gradient
information from the search space. This algorithm solves
the optimization problem as a black box. Also, the initial
random population can be improved by this algorithm.

5.7 Harmony Search

Harmony Search (HS) algorithm was developed by
Geem et al. [21]. HS is extracted from modeling and sim-
ulating a process that a composer tracks to harmonize a
piece of music. In this algorithm, finding a good and suit-
able harmony for a music is considered as the process of
finding a global and desirable solution to the optimization
problem. Less mathematical requirements, low parame-
ters and easy implementation, utilizing all existing solu-
tions in memory and having a simple concept are the fea-
tures of this algorithm.

6 Design examples

In this study, a two-dimensional design example of the
symmetric steel curved roof frame for optimization is
considered by seven efficient metaheuristic algorithms.

In the design of industrial structures due to the repetition
of frames and their identical distances, the design is mostly
done for one frame with a two-dimensional method [38].
For the best, mean and the worst optimum weight of the
steel curved roof frame, the performance of the EVPS
algorithm is compared with six other efficient metaheuris-
tic algorithms including VPS, GWO, HS, SSA, ECBO,
and GOA. Matlab codes for many recent metaheuristic

algorithms can be found in Kaveh and Bakhshpoori [39].
The optimization algorithms compared in this research, as
well as all stages of frame analysis and design are coded
in MATLAB® software. The curved roof frame has the
geometrical specification as shown in Fig. 8 and Table 5.
Considering 16.0 m as the width of the frame span, 6.0 m,
1.502 m and 7.502 m as the eave height, rise height and
ridge height, respectively. The center distance to the center
of curved roof frames is 6 m for the load width of the frame.
It is assumed that the two rafters of the frame in the mid-
dle of their length and in the direction of the minor axis,
have lateral bracing. Base plate connections for columns
have been considered as pin-jointed. Rafters and columns
of curved roof frames have web tapered steel I-shaped sec-
tions. The geographical location of the curved roof frame is
in Clay County in Kansas in the United States.

In this article, 18 design variables are defined, which
17 variables are defined as discrete variables. These vari-
ables are shown in Fig. 7. The values of these variables (in
centimeters) are as follows:

set 1 =1{0.4,0.5,0.6,0.8,1, 1.2, 1.5,2, 3}

set 2 = {15, 20, 25, 30, 35, 40, 45}

set 3 = {15, 20, 25, ..., 110, 115, 120}

The thickness of the flanges and web sections are chosen
from set 1, the flange width of the sections is chosen from
set 2, and the web height of the sections is chosen from
set 3. For factual usages, the flange thicknesses selected
should be equal or bigger than the web thicknesses in all
section members. In the process of designing sections of
frame elements, this item has also been considered. The
last variable is the roof slope angle of the steel curved roof
frames. This variable is shown in Figs. 1,2, 8 and 9. The roof
slope angle is defined as the slope of the tangent line on the
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Fig. 9 An idealized model of the steel curved roof frame
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circular arc of the roof at the eave point. The range of slope
angle of curved roof frames is continuously considered
from 3 to 70 degrees. Central points of all sections at the
beginning and at the end of the constituent elements of the
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respectively. In Table 7, the complementary results of uti-
lized algorithms in the optimization process are presented
for the best, average and worst weight and their ratios. All
of the obtained models for curved roof frames satisfy the
intended design constraints. The best optimal weights for
all algorithms are compared in Fig. 11. There is a difference
of 0.2-2.4 % in the best optimum weights. The best optimal
weights are related to GWO, EVPS, ECBO, VPS, GOA, HS
and SSA algorithms, respectively. In Fig. 12, the average
optimal weight of 30 independent runs by each algorithm
is compared. There is a difference of 2.1-11 % in the mean
weights. As shown in this diagram, the best mean optimal
weights are related to GWO, EVPS, ECBO, VPS, HS, GOA
and SSA algorithms, respectively. This diagram shows that
the algorithms SSA and GOA have not good result among the
selected algorithms. Fig. 10 indicates the comparison of the
convergence histories in the best optimum design of utilized
algorithms. The GWO and EVPS algorithms have achieved
a better design with good relative convergence rates.
Table 8 presents the results of a conventional pitched
roof frame with the same span length and different height
into present study [4], the weight of a conventional pitched
roof frame is higher than the curved roof frame. However,
the conditions are not exactly the same for both frames.

Table 5 The geometrical information of building shape for the roof
slope angle equal to 21.26°

Width 16 m
roof are put on a circular arc. In order to achieve the opti- Length 36m
mal design, the problem is evaluated by seven algorithms Bay spanning 6@6m
with 30 independent runs contains of 60 population size Load width of the frame 6m
and 500 iterations. In Tables 6 and 7, the optimum value of Roof slope angle 21.26 degree
the variables for the best optimum design and complemen- Ridge offset 8m
tary results for each algorithm are presented, respectively. Eave height 6m
According to Table 6, the weights and roof slope angles of Rise height 1.502m
the steel curved roof frame for the best design are in the Mean roof height 6.751 m
range of 1107.1 to 1134 kg and 13.911 to 21.558 degrees, Ridge height 7.502 m

Table 6 Best value of the variables for optimum design of the steel curved roof frame
Roof Best
Metaheuristics whl wh2 wh3 wh4 wh5 wh6 wh7 wtl wt2 wt3 wtd wt5 wto fwl ftl fw2 {2 slope .
algorithm (cm) (cm) (cm) (cm) (cm) (cm) (cm) (cm) (cm) (cm) (cm) (cm) (cm) (cm) (cm) (cm) (cm)  angle weight
(degree) (ke)

GWO 15 35 90 40 40 35 45 04 04 05 04 04 04 25 08 20 06 21.259 11071
EVPS 15 35 90 40 40 35 45 04 04 05 04 04 04 25 0.8 20 0.6 21.259 11071
ECBO 20 35 90 40 35 40 50 04 04 05 04 04 04 25 08 20 06 16.391  1109.0
VPS 15 35 90 45 35 35 50 04 04 05 04 04 04 25 08 20 06 21.558 1111.5
GOA 20 35 85 40 35 45 70 04 04 05 04 04 04 25 08 20 06 13911  1116.7
HS 15 40 90 45 30 40 50 04 04 05 04 04 04 20 1 20 0.6 20214 11279
SSA 15 40 80 30 60 70 95 04 05 05 04 04 04 20 08 20 06 17.93 1134.0
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Table 7 Complementary weight results of the optimization algorithms
Metaheuristic Best weight Best weight Mean weight Mean weight Worst weight
algorithms (kg) ratio (kg) ratio (kg)
GWO 1107.1 1 1114.3 1 1165.5
EVPS 1107.1 1 1137.6 1.021 1213.2
ECBO 1109 1.002 1139.1 1.022 1206.8
VPS 1111.5 1.004 1141.8 1.025 1210.7
GOA 1116.7 1.009 1200.9 1.077 1436.4
HS 1127.9 1.019 1167 1.046 1239.6
SSA 1134 1.024 12379 1.11 1475.1
Table 8 Optimum design of a conventional pitched roof frame [4]
Case Surface Element Element  Start web Flange Inside flange Web Outside flange End web Weight
No. No. type No. height (m) width (m) thickness (m)  thickness (m)  thickness (m) height (m) (kg)
1 0.15 0.20 0.008 0.005 0.006 0.80
1 Column
2 0.80 0.20 0.008 0.005 0.006 1.20
! 3 1.2 0.15 0.010 0.006 0.01 0.85 1457.2
2 Beam 4 0.85 0.15 0.010 0.005 0.01 0.35
5 0.35 0.15 0.010 0.005 0.01 1.05
1 Column 1 0.35 0.25 0.008 0.005 0.008 1.10
2 1.10 0.15 0.008 0.005 0.008 1.2
2 1477.8
2 Beam 3 1.20 0.15 0.008 0.005 0.008 0.45
4 0.45 0.15 0.008 0.005 0.008 0.30
1 Column 1 0.65 0.20 0.008 0.005 0.008 0.95
3 1578.4
2 Beam 2 0.95 0.25 0.008 0.005 0.008 0.30
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Fig. 13 Roof slope angle dispersion in optimal design for the utilized algorithms
The roof slope angles obtained in the optimi zation The existing stress ratio ~ weeeeeee The allowable stress ratio

process of steel curved roof frame are divided into four
parts according to Fig. 13. As shown in Fig. 13, the max-
imum roof slope angle dispersion in optimal design for
each algorithm is in the range of 9-22 degrees, which is
between 50-93 % of the roof slope angles in this range.
Fig. 14 shows that 65 % of the roof slope angles in all algo-
rithms have been in this range. Due to the importance
of this range, more details of roof slope angle disper-
sion for the range of 9-22 degrees and for all algorithms
are shown in Fig. 14. A comparison of the allowable and
existing stresses ratio for best optimum design is shown
in Fig. 15. The maximum and minimum existing stress
ratio are 0.995 and 0.944, respectively. The comparison
of the allowable and existing nodal displacements for the
best design optimized are shown in Table 9. In Fig. 16 the
3-D view of the steel curved roof frame for best optimum
design is illustrated in Fig. 16.

Roof slop angle (degree)

19%

16°-18°  15%
65% ‘ =
L1416 7%
10% oS e
12 -14 13%
e 7%
6%—/ P
30°-41°

all utilized algorithms

Fig. 14 Roof slope angle dispersion in optimal design for total
algorithm
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Fig. 15 Comparison of the allowable and existing stress ratios for the
best optimum design

Fig. 16 3-D view of the steel curved roof frame for the best optimum
design

7 Discussion and conclusions

An efficient procedure for the optimal design of steel curved
roof frames with tapered members, based on Enhanced
Vibrating Particles System (EVPS) algorithms and a com-
parative study with six recently developed metaheuristic
algorithms including VPS, GWO, HS, SSA, ECBO and
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Table 9 Comparison of the allowable and existing nodal displacement
for the best optimum design

Allowable Existing
Nodal displacement displacement  displacement
(mm) (mm)
The maximum drift of left eave
. 30 30
point under lateral load
The maximum drift of right eave
. 30 23.5
point under lateral load
The maximum deflection of apex
44.4 6.5
under dead load
The maximum deflection of apex
66.67 31.88

under live load

GOA algorithms has been proposed in this study. In order
to find the optimum weight of the frame, the cross-section
sizes at the beginning and the end of the constitutive ele-
ments of the rafters and columns also the roof slope angle
of steel curved roof frames are considered as optimiza-
tion variables. Then, the appropriate roof slope angle and
cross-section sizes by considered algorithms are selected
respectively from continuous and discrete variables in the
optimization process.

The proximity of the maximum and minimum exist-
ing stress ratio for the frame elements which are equal to
0.995 and 0.944 respectively, shows the high efficiency of
the proposed method for the optimal design of steel curved
roof frames. Furthermore, the proposed method has good
speed to achieve an optimal design.
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