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Abstract
The steel box girder structure is widely used in many engineering practices and it is therefore necessary to study the optimi-
zation and improvement of its structure. Firstly, a small-tonnage double-girder bridge crane was used as an example, with 
the box section parameters for one of the main girders as the design variables and weight reduction as the objective. The 
mathematical model for the optimization of this validation case was developed with the strength, stiffness and stability of 
the girder as the efficiency constraints. The next step was to go through two new swarm intelligence algorithms based on 
animal hunting behavior, Grey Wolf Optimizer (GWO) and Whale Optimization Algorithm (WOA), as well as two classical 
swarm algorithms, Particle Swarm Optimization (PSO) and Genetic Algorithm (GA). The optimization models of these 
four algorithms were simulated and analyzed by the finite element method, and the simulation results were compared. The 
feasibility and performance of these two new swarm intelligence algorithms in the structural optimization of asymmetric 
eccentrically loaded box girders were verified. Finally, these two new swarm intelligence algorithms were applied to the 
structural optimization of the main girder of a large-tonnage bridge crane.

Keywords  Asymmetric steel box girder · Whale optimization algorithm · Grey Wolf Optimizer · Structural optimization

1  Introduction

With the rapid development of modern industry, box girder 
structures are widely adopted in various engineering prac-
tices, such as bearing beam for working platforms, main 
beams for bridge crane and traffic trestle bridge. As a load-
bearing structure, its design must first meet the requirements 
of stability and safety. On this premise, subsequent opti-
mization of the design can be carried out. In previous box 
girder designs, designers have mostly relied on historical 
work experience to design the current box girder structure. 
This method often takes simple models such as rods as the 
basis for safe design, although the reliability of the designed 
structure can be guaranteed. However, it resulted in wast-
age of materials and failure to reduce energy consumption, 
which ultimately led to a decline of the performance of the 
whole machine.

Based on the above-mentioned problems, a large number 
of papers domestically and globally to study the optimization 
of box girders. Many scholars have attempted to optimize the 
parameters of stiffeners (as the size, position and number of 
stiffeners) in the box girder of the bridge crane to achieve 
lightweighting (Abid et al., 2008; Fu et al., 2013; Qin and 
Zhang et al., 2021a) Topology enhancement has also been 
used by a number of scholars to optimise the light-weighting 
of box girder of bridge crane with excellent outcomes (Jiao 
et al., 2014; Qin and Zhang et al., 2021b). In addition, a 
very efficient method of improving the dimensions of box 
girder cross-section can also be used to significantly reduce 
the weight of the complete machine. Savković et al. (2013) 
performed an optimization for the box section of main girder 
of an bridge crane using the Lagrange multiplier method 
and compared the results with the initial solution to verify 
the effectiveness of the method. Tian et al. (2013) firstly 
analyzed the stress in the main girder of the bridge crane 
and exploited the basis to optimize the box section size of 
the main girder. Finally, the weight of the whole machine 
was reduced. He et al. (2017) mixed the Particle Swarm 
Optimization into the composite method for complemen-
tary advantages and applied it to the improvement of the 
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box section of the bridge crane main girder, which finally 
achieved the goal of lightening of the main girder. Savković 
et al. (2017) applied the biological heuristic algorithm to 
optimize the box section of the main girder of a single-beam 
bridge crane. The Cuckoo Search (CS), Bat Algorithm (BA) 
and Firefly Algorithm (FA) were applied and the optimiza-
tion results were compared with several initial schemes for 
the single-beam bridge cranes to confirm the feasibility of 
the optimization method. Qi et al. (2021) implemented Spec-
ular Reflection Algorithm to optimize the main beam of the 
bridge crane using the cross-sectional area of the box girder 
as the objective function. As a result, the cross-sectional area 
of the box girder was reduced to 72.97% of its original size.

Meanwhile, the finite element method, as a mature mod-
ern computational method, has also been used by many 
scholars for the simulation analysis and optimization of 
bridge crane girders. He et al. (2013) carried out a finite 
element analysis of the bridge crane main girder under static 
and dynamic conditions, which provided a reference for the 
subsequent optimization of the main girder design. Liu et al. 
(2014) conducted a finite element analysis of the existing 
main girder of bridge crane and found that there was still 
a  large safety margin in the existing structure. It was also 
that the follow-up optimization work must be based on the 
results of the previous numerical simulations, which in turn 
provided theoretical support for the light-weighting of the 
main girder of bridge crane. Li et al. (2011) used Hyper-
Works to dramatically reduce the weight of the main girder. 
Ning  (2012) employed ANSYS to build a finite element 
model of a 200 T bridge crane main girder and optimized it 
by the first-order method to reduce the total volume of the 
main girder. Tong et al. (2013) utilized multidisciplinary 
techniques and finite element technology to optimize the 
bridge crane at the three levels, metal structure, transmission 
and electrical system design, ultimately achieving a reduc-
tion in overall weight. Qin and Gu et al. (2021) carried out a 
modal analysis of the crane using the finite element method, 
thus providing a reference for subsequent failure prevention.

In recent years, new swarm intelligence optimization 
algorithms have been proposed based on the hunting behav-
ior of animals. The Grey Wolf Optimizer (GWO) (Mir-
jalili et al., 2014) and the Whale Optimization Algorithm 
(WOA) (Mirjalili et al., 2016), both new algorithms, have 
been widely used in diverse engineering practice due to their 
advantages of less parameters control, simplicity of opera-
tion and ability to jump out of local optimums with good 
results (Ling et al., 2019; Abderazek et al., 2019; Ghare-
hchopogh & Gholizadeh, 2019; Ghalambaz et al., 2021). 
WOA and GWO, two new bioheuristics, are extensively 
used in engineering practice for their excellent optimization 
capabilities. However, few existing studies domestically and 
internationally have applied these two new algorithms to 
the optimization of box girder structures. Moreover, most 

of the box beams involved in the previous research are sym-
metrical structures, while the box beams with asymmetrical 
structures have a widespread application in practical engi-
neering. Therefore, in this paper, these two new optimisa-
tion algorithms are applied to the lightweight optimization 
of asymmetric box girder structures, while two classical 
swarm algorithms, Particle Swarm Optimization (PSO) and 
Genetic Algorithm (GA), are used to optimize the same box 
girder, and the optimization results of these four algorithms 
are compared to discover the performance of the two new 
algorithms for the optimization of this structure. Finally, the 
optimized model is simulated and validated by finite element 
method.

2 � Optimization mathematical model 
of asymmetric box beam

The overall box girder structure is shown in Fig. 1, and its 
cross section and force are shown in Fig. 2.

Fig. 1   Main girder of double-beam bridge crane

Fig. 2   Cross section of off-track box beam
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2.1 � Optimization design variables of asymmetric 
box beam

Because of the location of the equipment in which the box 
girder is located and associated working conditions, some 
box beams are asymmetric structures. In this paper, there-
fore, one main beams of the bridge crane are used as the 
object of research, keeping the same material and span as 
the original main beam in the successive optimization. Since 
the area of the main girder cross-section is proportional to 
the overall mass, the optimization of the quality of the main 
girder is translated into the optimization of the area of the 
main girder cross-section.According to Fig. 2, the design 
variables are:

where x1-width of upper flange plate, x2-width of lower 
flange plate, x3-the distance between the main and auxil-
iary webs, x4-thickness of upper flange plate, x5-thickness 
of lower flange plate, x6-the distance between the upper and 
lower flange plates, x7-thickness of main web, x8-thickness 
of auxiliary web, x9-the distance between main web and left 
side of upper flange plate, x10-the distance between main 
web and left side of lower flange plate.

Based on these ten variables, this paper designs an objec-
tive function and 36 constraint functions for subsequent opti-
mization. The welding between various plates shall comply 
with the requirements of national standards, so it is not veri-
fied in this paper. The shape, position and quantity of the 
inner diaphragm and stiffener of the optimized box girder 
refer to the original box girder.

2.2 � Objective function

The cross-sectional area of main girder is the objective func-
tion of optimization, and its expression is:

2.3 � Constraint function

According to the relevant standards, the constraint functions 
are determined by the most unfavorable working condition 
of load, strength, stiffness, stability and other technical 
requirements in combination with the check of dangerous 
points in cross section.

2.3.1 � Strength constraint

For such box girders, the main girder is subjected to both 
vertical and horizontal loads. However, the fatigue failure 
of the main girder often occurs near the positions which 

(1)x =
(
x1, x2,… , x10

)T

(2)f (x) = x1x4 + x2x5 + x6(x7 + x8)

have the maximum normal stress and maximum shear stress 
or positions where both normal stress and shear stress are 
larger, and mainly occurs in the tension zone. The main 
beam of bridge crane has the maximum normal stress in the 
mid-span section, There is the maximum shear stress at the 
span end. Therefore, it is necessary to restrain the middle 
part of the span with normal stress and the end part with 
shear stress.

1.	 The internal force corresponding to the vertical load is 
calculated as follows. The uniformly distributed load of 
the main girder composed of the self-weight of the main 
girder and the rail weight of the crane trolley is shown 
in Fig. 3.

On the mid-span of the main beam, the bending moment 
which is caused by the fixed loads is:

where �4-dynamic effect coefficient ( �4 = 1.19 ), Fq-uniform 
load of main girder, L-span of main girder.

There are two fulcrums of the lifting trolley on the track 
of a main beam, and there are two balanced wheel pres-
sures under each fulcrums. Here, the wheel pressure of four 
wheels are treated equally, and the position of wheel pres-
sure action is determined according to the actual situation 
of the lifting trolley.

As shown in Fig. 4, when the wheel compression force 
is in the mid-span, Under this wheel, the maximum bend-
ing moment and corresponding shear force produced by the 
beam section are:

(3)Mq =
�4FqL

2

8

Fig. 3   Uniformly distributed load of main girder

Fig. 4   Wheel pressing force is in the mid-span
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where P1-single wheel pressure, 
∑

P-wheel pressing force 
( 
∑

P = 4 P1 ), a-the distance between two balanced wheel 
pressures at the same fulcrum, b1-The distance between 
wheel pressing force and adjacent single wheel pressure.

When the lifting trolley is located at the limit position ( c1 ) 
(as shown in Fig. 5), the sum of the maximum shear force 
and bending moment at the beam end are:

When the lifting trolley is located in mid-span, the bend-
ing moment in mid-span of main girder caused by external 
load in vertical direction is:

When the lifting trolley is located at the span end, the 
shear force at the span end which is caused by the external 
load in the vertical direction is:

2.	 The internal force corresponding to horizontal load is 
calculated as follows:

The calculation model of horizontal frame is shown in 
Fig. 6.

The starting and braking inertia force of the lifting trolley 
(on a main beam) are:

(4)Mp =

∑
P(L − b1)

2

4L
− P1a

(5)Fp ≈ P1

(6)Fpc =

∑
P

L
(L − b1 − a − c1)

(7)Mpc = Fpcc1

(8)Mx = Mq +Mpc

(9)Fc = Fqc + Fpc

(10)PH =

∑
P

7

n0

n

where n-total number of wheels of lifting trolley, n0-number 
of driving wheels of lifting trolley.

When the lifting trolley is in mid-span, the horizontal 
bending moment in mid-span is:

where r1-calculation coefficient of rigid frame when the lift-
ing trolley is in the mid-span.

Horizontal shear force in the mid-span is:

When the lifting trolley is located at the span end, the 
horizontal shear force at the span end is:

where e1-the fully loaded trolley is at the extreme position 
of the span end.

3.	 Strength conditions.

As shown in Fig. 7, establishing stress constraint func-
tions at dangerous points 1, 2 and 3 in the middle span sec-
tion of main beam.

(11)FH =
Fq

7

n0

n

(12)MH =
PHL

4

(
1 −

1

2r1

)
+

FHL
2

8

(
1 −

2

3r1

)

(13)F
PH

=
1

2
PH

(14)F�
cH

=
FHL

2
+ PH

(
1 −

e1

L

)

(15)g1(x) = �1 − [�] ≤ 0

(16)g2(x) = �2 − [�] ≤ 0

(17)g3(x) = �3 − [�] ≤ 0

Fig. 5   The lifting trolley is at the limit position ( c
1
)

Fig. 6   Calculation model of horizontal rigid frame
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The constraint function of midpoint shear stress in main 
web and the constraint function of flange plate should also 
be considered.

In the above formulas (15) to (19),

where �01 , �02-the stresses caused by vertical and horizontal 
bending moment respectively, �m-Local compressive stress 
at the edge of the main web, �-shear stress on the upper side 
of the main web.

where Y2-the distance from the centroid of the main beam 
section to the lower top surface of lower flange plate, X2-the 
distance from the centroid of the main beam section to the 
right top surface of the lower flange plate.

where �1-the distance from the right top surface of the lower 
flange plate to the outer side surface of the auxiliary web 
plate.

(18)g4(x) = �1 − [�] ≤ 0

(19)g5(x) = �2 − [�] ≤ 0

(20)�1 =

√
�2
0
+ �2

m
− �0�m + 3�2

(21)�0 = �01 + �02

(22)�2 =
MxY2

Ix
+

MHX2

Iy

(23)�3 = 1.15

[
MxY2

Ix
+

MH(X2 − �1)

Iy

]

where hd-end beam web height, Tn1-torque in the span end.

2.3.2 � Stiffness constraint

1.	 Static stiffness.

When four static wheel pressures act symmetrically on the 
center of the beam span, the mid span static deflection of 
beam is:

where E-the elastic modulus of steel, c, d-the distance from 
wheel to fulcrum.

2.	 Dynamic stiffness.

The vertical dynamic stiffness is represented by the ver-
tical self-vibration frequency of the fully loaded trolley 
located in the span.

where Ke-equivalent stiffness of crane vibration system, 
me-equivalent mass at the maximum vibration point of the 
crane.

3.	 Establish stiffness constraint.

where [YS]-allowable static deflection of main girder, [f ]-the 
full-load natural vibration frequency control value of the 
crane(This paper takes 2 Hz).

Furthermore, the dynamic stiffness of the crane is not 
only related to the stiffness and quality of the main girder, 
but also to the lifting quality and the elastic elongation of the 
lifting wire rope. Therefore, considering the conditions of 
strength, stiffness, stability and lightest mass, the following 

(24)�1 =
1.5Fpc

hd
∑

�
+

Tn1

2A0�

(25)�2 =
1.5F�

CH

x4(x1 + x2)
+

Tn1

2A0x1

(26)Y =
2P}1

12EIx

[
c
(
3

4
L2 − c2

)
+ d

(
3

4
L2 − d2

)]

(27)f =
1

2�

√
Ke

me

(28)g6(x) = Y−[Ys] ≤ 0

(29)g7(x) = [f ] − f ≤ 0

Fig. 7   Location of dangerous points in main beam section
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constraints should be established and the ratio of the height 
to span of the main girder should be between 1/18 and 1/14:

2.3.3 � Stability constraints

1.	 global stability constraint

The rigidity of the box beam is very large, If the aspect ratio 
of the beam h∕b ≤ 3 , the overall stability of the beam does 
not need to be checked:

2.	 Local stability constraint of web.

If the plate thickness is determined by the local stability 
condition of the web, The thickness of the web shall not be 
less than 

(
1

200
∼

1

160

)
x6 , this article takes x7,8 ≥

x6

200
:

For the main web, it is subject to compressive stress, 
shear stress and local compressive stress respectively, and 
the stability constraints of the main web in the middle of the 
span are as follows:

For the auxiliary web, it is only subject to compressive 
stress and shear stress, and the stability constraints of the 
auxiliary web in the middle of the span are as follows:

In the above formula (35) ~ (36),

(30)g8(x) =
x4 + x5 + x6

L
−

1

14
≤ 0

(31)g9(x) =
1

18
−

x4 + x5 + x6

L
≤ 0

(32)g10(x) =
x4 + x5 + x6

x3 + x7 + x8
− 3 ≤ 0

(33)g11(x) =
x6

200
− x7 ≤ 0

(34)g12(x) =
x
6

200
− x8 ≤ 0

(35)g13(x) =

√
�2
0
+ �2

m
− �0�m + 3�2

m
−
[
�cr

]
≤ 0

(36)g14(x) =

√
�2
n
+ 3�2

n
−
[
��
cr

]
≤ 0

(37)
[
�cr

]
=

�cr

n
,
[
��
cr

]
=

��
cr

n

where n-safety factor, �m-Average shear stress of main web, 
�-Ratio of bending stress on two edges of central section of 
main web, �ocr-Critical compressive stress of main web, �mcr

-Critical shear stress of main web, �mcr-Critical local com-
pressive stress of main web, �n-Average shear stress of aux-
iliary web, �n-Normal stress on both sides of auxiliary web 
( �n = �01 + �02

X2−�1−(x8∕2)
x2−X2−x10−(x7∕2)

 ), �ncr-Critical compressive 
stress of auxiliary web, �ncr-Critical shear stress of auxiliary 
web.

Where:

where �-Elastic embedment coefficient of plate edge, K� , K� , 
Km-Buckling coefficient of simply supported plate with four 
sides, �E-Euler stress of simply supported plates with four 
sides ( �E = 18.62

(
100x7,8

b�

)
 , b′-Distance between longitudinal 

stiffeners).

2.3.4 � dimensional constraints

In order to meet the actual situation, it is necessary to restrict 
the size of the box beam.

The above constraint functions are established accord-
ing to ISO 8686–1:2012 (Cranes—Design principles 
for loads and load combinations—Part 1: General) and 

(38)�cr =

√
�2
0
+ �2

m
− �0�m + 3�2

m

1+�

4

(
�0

�0cr

)
+

√[
3−�

4

(
�0

�0cr

)
+

�m

�mcr

]2
+
(

�m

�mcr

)2

(39)��
cr
=

√
�2
n
+ 3�2

n

1+�

4

(
�n

�ncr

)
+

√[
3−�

4

(
�n

�ncr

)]2
+
(

�n

�ncr

)2

(40)�0cr = �K��E, �ncr = �K��E

(41)�mcr = �K��E, �ncr = �K��E

(42)�mcr = �Km�E

(43)g15(x) = x3 + x9 + x7 + x8 − x1 ≤ 0

(44)g16(x) = x3 + x10 + x7 + x8 − x2 ≤ 0

(45)g16+m(x) = xmmin − xm ≤ 0, (m = 1, 2,… , 10)

(46)g26+m(x) = xm − xmmax ≤ 0, (m = 1, 2,… , 10)
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ISO 20332:2013 (Cranes—Proof of competence of steel 
structures).

3 � Intelligent swarm optimization algorithm

GWO and WOA are both new algorithms developed in 
recent years inspired by the predation behavior of animal 
groups. This paper will briefly introduce these two algo-
rithms and apply them to the examples cited in this paper.

3.1 � Grey Wolf Optimizer (GWO)

There are three wolves in the pack: α, β and δ. α is the king and 
is ranked first in the social hierarchy of the pack, while β and δ 
are ranked second and third respectively. Therefore, β needs to 
obey α, and δ needs to obey both α and β. The remaining indi-
viduals are labelled as ω at the bottom of the social hierarchy 
(these three wolves represent the three best solutions and ω the 
candidate solutions). These three wolves lead the other wolves 
to their prey, and the hunting process is the procedure of find-
ing the optimal solution. The specific optimization procedure 
includes steps such as social stratification, tracking, encircling 
and attacking prey.

When encircling prey, wolves constantly update their posi-
tion to get closer to the prey. This behavior can be represented 
by the following mathematical model:

Equation (47) is the meaning of the distance between indi-
vidual and prey, and Eq. (48) represents the update formula of 
grey wolf's position.

Where t-the current iterative algebra, G⃗ and E⃗-coefficient 
vectors, X⃗g-the position vectors of grey Wolf, X⃗q-the position 
vectors of prey. Calculation formulas of G⃗ and E⃗ are given as 
follows:

where i⃗  -a convergence factor and during the iteration, its 
value linearly decreases from 2 to 0, s⃗1, s⃗2 ∈ [0, 1].

As the position of prey is unknown (the best solution is 
unknown), in order to simulate the search behavior of wolves, 
the three best performing wolves (α, β and δ) need to be 
selected in each iteration and then the location of the prey 
is judged by α, β and δ. In turn, the other candidate wolves 

(47)O⃗ =
|||E⃗ ⋅ X⃗q(t) − X⃗g(t)

|||

(48)X⃗g(t + 1) = X⃗q(t) − G⃗ ⋅ O⃗

(49)G⃗ = 2⃗i ⋅ s⃗1 − i⃗

(50)E⃗ = 2 ⋅ s⃗2

randomly update their positions in the vicinity of the prey 
under the guidance of these three wolves:

where O⃗𝛼 , O⃗𝛽 and O⃗𝛿-the distances between other individuals 
and three leader wolves, X⃗𝛼 , X⃗𝛽 and X⃗𝛿-the current positions 
of three leader wolves respectively, E⃗1 , E⃗2 and E⃗3 is a random 
vector, X⃗g is the current position of the grey wolf.

Equation (52) defines step size and direction of individ-
ual in the wolves to the three leader wolves respectively, 
Eq. (53) is the meaning of the final position of individual.

Grey wolves need to approach and attack prey to end 
hunting, and This behavior is simulated by reducing the 
value of i⃗  , because from the formula (49), G⃗ is a random 
vector in the interval [−i, i] , and i⃗  decreases linearly in the 
iteration. Therefore, the fluctuation range of G⃗ will also 
decrease with the decrease of i⃗  . when 

||||
⇀

G
|||| < 1 , wolves attack 

prey collectively. When 
||||
⇀

G
|||| > 1 , the wolves will leave their 

prey and search and attack again.

3.2 � Whale Optimization Algorithm (WOA)

3.2.1 � Surround the prey

This mechanism is the same as GWO. In WOA, the math-
ematical expression of this behavior is:

where t-iterative algebra at present, G⃗ and E⃗ -a coefficient 
vector, X⃗∗(t)-Optimal positions of individual in current 
whale population, X⃗W (t)-the position of the individual whale 
group at present. The calculation formula of G⃗ and E⃗ are as 
follows:

(51)

⎧
⎪⎨⎪⎩

O⃗𝛼 =
���E⃗1 ⋅ X⃗𝛼 − X⃗g

���
O⃗𝛽 =

���E⃗2 ⋅ X⃗𝛽 − X⃗g
���

O⃗𝛿 =
���E⃗3 ⋅ X⃗𝛿 − X⃗g

���

(52)

⎧
⎪⎨⎪⎩

X⃗g1 = X⃗𝛼 − G1 ⋅ (O⃗𝛼)

X⃗g2 = X⃗𝛽 − G2 ⋅ (O⃗𝛽)

X⃗g3 = X⃗𝛿 − G3 ⋅ (O⃗𝛿)

(53)X⃗g(t + 1) =
X⃗g1 + X⃗g2 + X⃗g3

3

(54)O⃗ =
|||E ⋅ X⃗∗(t) − X⃗W (t)

|||

(55)X⃗W (t + 1) = X⃗∗(t) − G⃗ ⋅ O⃗

(56)G⃗ = 2⃗i ⋅ s⃗1 − i⃗
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where i⃗  -a vector and during the iteration, Its value linearly 
decreases from 2 to 0, s⃗1 and s⃗2 -a random vector between 
[0,1].

3.2.2 � Bubble net attack mode

There are two ways to model the bubble net behavior of 
humpback whales:

1.	 Contraction surrounding mechanism.

The mechanism is achieved through reducing i⃗  in 
Eq. (56).And the decrease of i⃗  also drives the decrease of G⃗.

2.	 Spiral update position.

By creating a spiral equation to simulate this behavior. 
The equation is shown below:

where  �  -a  random value  between-1  and 1 , 
O⃗� =

|||X⃗∗(t) − X⃗W (t)
||| represents the distance between the i th 

whale and prey, b-the constant defining the spiral shape.
Because two attack modes are carried out simultaneously, 

it can be assumed that the probability of occurrence of the 
two modes is the same, both of which are 50%. The math-
ematical model is shown below:

when p <
1

2
:

when p ≥
1

2
:

where p is a random value between 0 and 1.

3.2.3 � Searching for prey

The global search ability of WOA is realized by searching 
prey mechanism. The mathematical model is as follows:

(57)E⃗ = 2 ⋅ s⃗2

(58)X⃗W (t + 1) = O⃗�
⋅ eb𝜍 ⋅ cos(2𝜋𝜁) + X⃗∗(t)

(59)X⃗W (t + 1) = X⃗∗(t) − G⃗ ⋅ O⃗

(60)X⃗W (t + 1) = O⃗�
⋅ eb𝜁 ⋅ cos(2𝜋𝜁) + X⃗∗(t)

(61)O⃗ =
|||E⃗ ⋅ X⃗rand − X⃗W

|||

where X⃗rand is the random position vector.

4 � Performance verification of new swarm 
intelligence algorithm for structural 
optimization of asymmetric box girders

Taking the 32t/8t small-tonnage asymmetric box girder as 
a verification case, and the optimization results of Particle 
Swarm Optimization (PSO) and Genetic Algorithm (GA) 
were compared to verify the performance of Grey Wolf Opti-
mizer (GWO) and Whale Optimization Algorithm (WOA). 
For these four algorithms, the constraint conditions were 
introduced by adding penalty function.

For the four algorithms used to optimize the box beam in 
this paper, the control parameters are:

For Particle Swarm Optimization (PSO), some control 
parameters are:

For Genetic Algorithm (GA), some control parameters 
are:

The upper and lower limits of variables in the box girder 
structure of this case are as follows ( x1 ∼ x10):

4.1 � Design variables required for optimization

The crane design parameters are shown in Table 1.
Under the premise of satisfying the constraints, the opti-

mization results are compromised according to the relevant 
standards and regulations. The thickness of the web and 
flange plate is taken as an integer depending on the plate 
specification, and the height of the web and the width of the 
flange plate are taken as an integer multiple of 5.

(62)X⃗W (t + 1) = X⃗rand − G⃗ ⋅ O⃗

SearchAgent_no = 50(Population size);

Max_iteration = 1000(Number of iterations);

dim = 10(Number of variables).

vlimit_max = 0.01 ∗ ub(Speed limit);

vlimit_min = − vlimit_max;

P_1 = 0.8(Inertia weight);

P_2 = 1.4(Self − learning factor);

P_3 = 1.4(Group learning factor).

gaDat.Pc = 0.8(Crossover probability);

gaDat.Pm = 0.1(Mutation probability).

lb =
[
0.65 0.56 0.5222 0.007 0.007 1.12 0.0056 0.0042 0.105 0.014

]
(lower limit of variable);

ub =
[
1.2 1.04 0.97 0.013 0.013 2.08 0.01 0.0078 0.195 0.026

]
(upper limit of variable).
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4.2 � Optimization results and verification

4.2.1 � Optimization results

The optimization results of the four algorithms are shown 
in Table 2 below, and the iterative curve diagram is shown 
in Fig. 8.

4.2.2 � Finite element verification and comparison 
of optimization results

The finite element method, as a modern computational 
method, is widely used in engineering practice because of its 
high accuracy and applicability for various complex shapes. 
Therefore, this paper extends the finite element method to 
complex box girder structures, not only to verify the reli-
ability of the algorithm’s optimization results, but also to 
visualize the performance of the new swarm intelligence 
algorithm in optimizing such structures.

1.	 Stress verification of box beam optimized by GWO and 
WOA in mid-span and end-span working conditions.

When the fully loaded trolley is located in the middle of 
the span, the stress nephogram for the original box girder 
and the box girder optimized by GWO and WOA are shown 
in Fig. 9a–c respectively. The deformation nephograms 
for the original box beam and that optimized by GWO and 
WOA are shown in Fig. 9d–f respectively. When the fully 
loaded trolley is at the span end, the stress nephogram for 
the original box girder and that optimized by GWO and 
WOA are shown in Fig. 10a–c respectively.The deformation 
nephograms for the original, optimized by GWO and WOA 
box beam are shown in Fig. 10d–f respectively.

The factor of safety is 1.48 and the allowable stress is 
157 MPa ( 233∕1.48 ≈ 157.4 ), According to Figs. 9b, c and 
10b, c, the maximum stress and static strength of the beam 
optimized by GWO and WOA under the two extreme oper-
ating conditions meet the design requirements. The box 
girder has a working class of A6 and a span of 25.5 m. Its 
permissible static deflection is 31 mm ( 25500∕800 ≈ 31.8 ), 
Following Figs. 9e–f and 10e, f, the maximum deflection 
of the beam optimized by GWO and WOA under the two 
extreme working conditions are less than the permissible 
static deflection, indicating that it meets the design require-
ments for static stiffness.

2.	 Stress verification of box beam optimized by PSO and 
GA in mid-span and end-span working conditions.

When the fully loaded trolley is located in the middle of 
the span, the stress nephogram for the box girder optimized 
by PSO and GA are shown in Fig. 11a, b respectively. The Ta
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Table 2   Optimization results of main beam of 32 T bridge crane

* Upper and lower limits of variables refer to ub and lb

Initial value GWO 
operation 
result

WOA operation 
result

PSO 
operation 
result

GA operation 
result

The actual 
value of 
GWO

The actual 
value of 
WOA

The actual 
value of 
PSO

The actual 
value of GA

x
1
(m) 0.93 0.70688 0.8036 0.9053 0.7697 0.71 0.805 0.905 0.77

x
2
(m) 0.8 0.63356 0.80333 0.81915 0.62448 0.635 0.805 0.82 0.625

x
3
(m) 0.746 0.55931 0.55187 0.74814 0.57995 0.559 0.551 0.748 0.58

x
4
(m) 0.01 0.00704 0.0072745 0.00803 0.00848 0.007 0.007 0.008 0.008

x
5
(m) 0.01 0.01292 0.0099783 0.00860 0.01297 0.013 0.01 0.009 0.013

x
6
(m) 1.6 1.3971 1.3994 1.408 1.3952 1.4 1.4 1.4 1.4

x
7
(m) 0.008 0.00699 0.00718 0.00704 0.00703 0.007 0.007 0.007 0.007

x
8
(m) 0.006 0.00699 0.007 0.00705 0.007 0.007 0.007 0.007 0.007

x
9
(m) 0.15 0.13254 0.1212 0.14283 0.17093 0.133 0.121 0.142 0.171

x
10

(m) 0.02 0.01554 0.01466 0.02334 0.01821 0.016 0.014 0.023 0.018
f (x)(m2) 0.0397 0.0327 0.0337 0.0341 0.0342 0.0328 0.0332 0.034 0.03388
Optimi-

zation 
amount

0 17.61% 15.08% 13.98% 13.79% 17.31% 16.16% 13.8% 14.65%

Fig. 8   Iterative curve diagram a GWO; b WOA; c PSO; d GA
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deformation nephogram for box girder optimized by PSO 
and GA are shown in Fig. 11e, f respectively. When the 
fully loaded trolley is located at the end of the span, the 
stress nephogram for the box girder optimized by PSO and 
GA are shown in Fig. 11c, d respectively. The deformation 
nephogram for the box beam optimized by PSO and GA are 
shown in Fig. 11g, h respectively.

The maximum stress of the optimized beam of PSO and GA 
under two extreme working conditions shown in Fig. 11a–d 
are less than the allowable stress, which meets the require-
ments of static strength design. Figure 11e–h show that the 
maximum deformation of the optimized beam of PSO and 
GA under two extreme working conditions are less than its 
allowable static deflection,which meets the requirements of 
static stiffness design.

3.	 Modal verification of four optimization algorithms.

Modal analysis is an engineering method for studying the 
inherent properties of a structure. Modal analysis of optimized 
box girder can effectively avoid the resonance phenomenon 
under external excitation. As bridge crane is a large lifting 
equipment, the vibration frequency is low and the low-order 

mode occupies the main position in the dynamic response of 
the structure. Therefore, this paper used the first six-order fre-
quency of the optimized box girder for calculation. The results 
of the first six-order modal analysis of the optimized main 
girder are shown in Table 3, and the modal vibration diagram 
only shows the first two orders, as shown in Fig. 12 below.

The dynamic stiffness of the bridge crane structure 
should not be less than the control value of the natural 
vibration frequency when the fully loaded trolley is in the 
mid-span working condition ( 

[
f
]
= 2Hz ). As shown in 

Table 3, the minimum natural frequencies of the first six 
modes of these four optimized beams are all greater than 
2 Hz, so the box beams optimized by these four algorithms 
all meet requirements of the dynamic stiffness design.

The results of finite element analysis show that the box 
girder structures optimized by these four optimization algo-
rithms all meet the design requirements. The actual optimi-
zation amount of WOA is close to that of GWO, but both of 
them are obviously superior to the other two classical algo-
rithms. At the same time, the maximum stress of box beams 
optimized by GWO and WOA under extreme working con-
ditions is close to its allowable stress, while box beams 
optimized by PSO and GA still have a lot of safety margin. 

Fig. 9   Stress nephogram of mid-span working condition a original 
box girder; b box beam optimized by GWO; c box beam optimized by 
WOA; total deformation nephogram of mid-span working condition 

d original box girder; e box beam optimized by GWO; f box beam 
optimized by WOA
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Fig. 10   Stress nephogram of span-end working condition a original 
box beam; b box beam optimized by GWO; c box beam optimized by 
WOA; total deformation nephogram of span-end working condition 

d original box girder; e box beam optimized by GWO; f box beam 
optimized by WOA

This also indirectly verifies the performance of these two 
new swarm algorithms for this structure optimization.

5 � Optimization of structural engineering 
problems of heavy‑load asymmetric box 
girder

The 300t/140t heavy-load asymmetric box girder was opti-
mized by four algorithms, and the optimized results of the 
four algorithms were compared. Finally, the optimization 
models of GWO and WOA were verified by finite element 
method.

5.1 � Design variables required for optimization

The upper and lower limits of variables in the box girder 
structure of this case are as follows ( x1 ∼ x10):

lb =
[
1.5 1.4 1.38 0.014 0.014 2 0.009 0.007 0.13 0.014

]
(lower limit of variable);

ub =
[
2.8 2.6 2.5 0.026 0.026 3.8 0.019 0.013 0.25 0.026

]
(upper limit of variable).

The crane design parameters are shown in Table 4.

5.2 � Optimization results and verification

5.2.1 � Optimization results

The optimization results of the four algorithms are shown in 
Table 5 below, and the iterative diagram of the algorithms 
is shown in Fig. 13.

5.2.2 � Finite element verification of optimization results

1.	 Stress verification in mid-span working condition

The stress nephogram for the original box girder and 
the box girder optimized by GWO and WOA are shown in 
Fig. 14a–c respectively. The deformation nephogram for the 
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Fig. 11   Stress nephogram of mid-span working condition a box beam 
optimized by PSO; b box beam optimized by GA; stress nephogram 
of span-end working condition c box beam optimized by PSO; d box 
beam optimized by GA; total deformation nephogram of mid-span 

working condition e box beam optimized by PSO; f box beam opti-
mized by GA; total deformation nephogram of span-end working 
condition g box beam optimized by PSO; h box beam optimized by 
GA

Table 3   The results of the first 
six-order modal analysis of the 
optimized main beam

1st Order 2nd Order 3rd Order 4th Order 5th Order 6th Order

Frequency
GWO (Hz) 6.101 11.818 16.312 29.832 32.039 33.013
WOA (Hz) 6.18 11.724 17.909 30.296 32.264 32.907
PSO (Hz) 7.9405 11.896 22.27 32.343 36.004 38.045
GA (Hz) 6.3516 12.337 16.933 30.856 32.662 34.049
Amplitude
GWO (mm) 0.52796 0.50917 0.57159 0.85186 0.53181 0.67367
WOA (mm) 0.52365 0.50655 0.591 0.90833 0.77649 0.52648
PSO (mm) 0.52204 0.51624 0.66075 0.80771 1.3082 1.0684
GA (mm) 0.52259 0.50318 0.57264 0.88922 0.53592 0.70316
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original box beam and the box beam optimized by GWO and 
WOA are shown in Fig. 14d–f respectively.

Figure 14a–c show that when the fully loaded trolley is 
in the mid-span working operation, the maximum stress in 
the original box beam is about 193 MPa, the value for that 
optimized by GWO and WOA is about 229 MPa and 222MP 
rspectively. the safety factor is 1.48 and the allowable stress 
is 233 MPa ( 345∕1.48 ≈ 233.1 ). The results optimized by 
both algorithms are less than the allowable stress and meet 
the requirements of static strength design. Figure 14d–f 
show that the maximum deformation of the original box 
beam is 11.18 mm under above condition, while the maxi-
mum deformation for that optimized by GWO and WOA is 
19.76 mm and 20.04 mm rspectively. and the working class 
of the box beam is A6, its span is 28.9 m,The allowable 
static deflection is 36 mm ( 28900∕800 ≈ 36.1 ), the results 

optimized by both algorithms are lower than the permis-
sible static deflection and fulfill the requirements for static 
stiffness design.

2.	 Stress verification in end-span working condition.

The stress nephogram for the original box girder and 
the box girder optimized by GWO and WOA are shown in 
Fig. 15a–c respectively. The deformation nephogram for the 
original box beam and the box beam optimized by GWO and 
WOA are shown in Fig. 15d–f respectively.

Figure 15a–c show that the maximum stress of the origi-
nal box beam is about 163 MPa when the fully loaded trolley 
is in the span-end working condition, the value for that opti-
mized by GWO and WOA is about 173 MPa and 170 MPa 
respectively. The results optimized by both algorithms are 

Table 5   Optimization results of main beam of 300 T bridge crane

*Upper and lower limits of variables refer to ub and lb

initial value GWO 
operation 
result

WOA 
operation 
result

PSO operation 
result

GA operation 
result

The actual 
value of 
GWO

The actual 
value of 
WOA

The actual 
value of 
PSO

The actual 
value of GA

x
1
(m) 2.205 2.7328 2.7993 2.2523 2.425 2.735 2.8 2.25 2.425

x
2
(m) 2.03 2.518 2.5436 2.3466 2.5693 2.52 2.545 2.345 2.57

x
3
(m) 1.966 2.2525 2.4478 1.918 1.8553 2.253 2.448 1.918 1.855

x
4
(m) 0.02 0.014914 0.01439 0.01774 0.01793 0.015 0.014 0.017 0.017

x
5
(m) 0.02 0.014831 0.01458 0.01685 0.01427 0.015 0.015 0.017 0.014

x
6
(m) 2.96 2.0343 2.035 2.0297 2.0276 2.03 2.035 2.03 2.03

x
7
(m) 0.014 0.017766 0.01875 0.01831 0.01882 0.017 0.018 0.019 0.019

x
8
(m) 0.01 0.010235 0.01018 0.011417 0.011793 0.011 0.011 0.011 0.012

x
9
(m) 0.195 0.13813 0.23994 0.20724 0.17558 0.138 0.24 0.207 0.175

x
10

(m) 0.02 0.014019 0.02599 0.02393 0.01487 0.014 0.026 0.024 0.015
f (x)(m2) 0.1557 0.13506 0.13624 0.13983 0.14222 0.1356 0.1363 0.139 0.1401
Optimi-

zation 
amount

0 13.29% 12.51% 10.17% 8.68% 12.89% 12.42% 10.73% 10.02%

Table 4   300 T Crane design parameters

hoisting 
capac-
ity

span Mass of lifting 
trolley

Total mass of hook and 
hanging beam

texture of 
wood

Working 
level

Distance between two 
balanced wheel pressures 
under the same fulcrum 
a

The distance between 
wheel pressing force and 
adjacent single wheel 
pressure b

1

300t 28.9 m 143t 30t Q345 A6 0.75 m 1.2 m
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less than the allowable stress, which meets the requirements 
of static strength design. Figure 15d–f show that the maxi-
mum deformation of the original box girder is 5.07 mm,The 
maximum deformation of the box beam optimized by GWO 
and WOA is 8.65mmand 8.43 mm respectively. The results 
optimized by both algorithms are lower than the permissi-
ble static deflection, which meets the requirements of static 
stiffness design.

3.	 Modal analysis.

The results of the first six-order modal analysis of 
the optimized main girder are shown in Table 6, and the 
modal shape diagram only show the first two orders, and 
are shown in Fig. 16 below.

It can be seen from Table 6, the minimum natural frequen-
cies of the first six-order modes of both optimized beams 
are first-order modes. Figure 16a shows the frequency of 

Fig. 12   Modal analysis diagram a GWO first-order mode; b WOA first-order mode; PSO first-order mode; d GA first-order mode; e GWO 
second-order mode; f WOA second-order mode; g PSO second-order mode; h GA second-order mode
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the first-order mode of the box beam optimized by GWO 
is f = 10.474 Hz . Figure 16c shows the frequency of the 
first-order mode of the box beam optimized by WOA is 
f = 10.318 Hz . Both optimised beams have minimum natural 
frequencies greater than 2 Hz for the first six orders of modal-
ities, so as a result each of the GWO and WOA optimized 
box beams meet the dynamic stiffness design requirements.

The above results show that the maximum stress, defor-
mation and modal analysis results of the main girder opti-
mized by GWO and WOA under two extreme working con-
ditions all meet the requirements of the design, which shows 
that the optimized results are desirable. And comparing the 
optimization amount with PSO and GA, it shows that GWO 
and WOA have stronger optimization ability in this kind of 
box girder structure.

6 � Conclusion

1.	 The results of the above analysis show that the optimiza-
tion of asymmetrically eccentrically loaded box girders 
using GWO and WOA is desirable and the optimization 

amounts of the both algorithms are similar. Compared to 
the original box girder, the optimization amount of both 
two algorithms is about 12 ~ 17%;

2.	 As new swarm intelligence algorithms, GWO and WOA 
are not only operationally simpler than conventional PSO 
and GA, but also have fewer parameters to be controlled. 
Moreover, in the optimization of asymmetrically eccen-
trically loaded box girder structures, these two new algo-
rithms outperform PSO and GA by approximately 2 ~ 4%.

3.	 Simulations of box beams analysed with these four algo-
rithms using the finite element method not only verify the 
reliability of the optimization results, but also provide a 
more intuitive picture of the optimization performance of 
the two new algorithms for this type of structure.

This paper provides a new idea and method for light-
weight design of this kind of box girder, which makes it 
possible to design the structure at lower cost in the design 
work of similar box girder in the future, which also reflects 
the practical engineering significance of this paper.

Fig. 13   Iterative curve diagram a GWO; b WOA; c PSO; d GA



1534	 International Journal of Steel Structures (2022) 22(5):1518–1536

1 3

Fig. 14   Stress nephogram of mid-span working condition a original 
box girder; b box beam optimized by GWO; c box beam optimized by 
WOA; total deformation nephogram of mid-span working condition 

d original box girder; e box beam optimized by GWO; f box beam 
optimized by WOA

Fig. 15   Stress nephogram of span-end working condition a original 
box beam; b box beam optimized by GWO; c box beam optimized by 
WOA; total deformation nephogram of span-end working condition 

d original box girder; e box beam optimized by GWO; f box beam 
optimized by WOA
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