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Abstract
The stiffened plates are of demonstrable advantages and potential in offering high resistance to such extreme loading scenarios as
blast. Since the distribution of the stiffeners has considerable effect on their performance, its design signifies an important topic of
research. However, existing research has mainly focused on empirical design, and the configurations were largely experience
based, which limits structural explosion-proof capacity. In order to improve the performance of stiffened plates against blast
loading, we introduced here two new structural configurations of stiffened plates. In this study, the modified ant colony optimi-
zation (MACO) algorithm which introduces the mass constraint factor to the pheromone update function and integrates the idea
of crossover and mutation was used to design the subjected to given working conditions. Specifically, material distribution of
stiffeners is taken to be the design variables, and minimization of the maximum deflection of the center point of the plate to be the
design objective under predetermined mass constraints. Compared with the baseline structure, the optimal designs largely
improved the explosion-proof performance through distributing stiffener topology on the plates. The results showed that the
optimum designs all present the reinforcement stiffeners to link with the fixed boundaries against the deformation. Moreover, the
optimum designs placed more reinforcement materials in the central regions instead of four angles, and with the increase of the
mass fraction, the reinforcement placement gradually extends from the center to the edges. The proposed method and new
topological configurations are expected to provide some insights into design for novel protective structures.

Keywords Stiffened plates . Modified ant colony optimization . Explosion-proof performance . Topography optimization . Ant
colony optimization

1 Introduction

Explosions caused by accidents and terrorist attacks are be-
coming increasing concern seriously nowadays. In order to
protect the personnel and facilities from explosive damage,
research on blast-resistant structures is of vital importance.

As a class of effective protective structures, stiffened plates
have been widely used in civil and military applications, such
as hull, offshore structures, box girder, oil and gas storage
tanks, and other structures. Compared with a flat shield, the
plate with stiffener reinforcements is considered more effec-
tive in improving load bearing capacity with limited increase
in weight, leading to a higher structural efficiency.

In order to achieve better explosion-proof performance,
stiffened plates have drawn growing attention in the recent
years (Kumar et al. 2015; Liu et al. 2017; Ning et al. 2006;
Zheng et al. 2016). For example, Louca et al. (1998) system-
atically investigated the responses of stiffened and unstiffened
plates under blast loading. Rudrapatna et al. (2000) studied a
series of stiffened plates to predict the deformation and failure
modes of these stiffened plates subjected to blast loading.
Chung Kim Yuen and Nurick (2005) and Langdon et al.
(2005) explored five different quadrangular plates under
uniform and localized blast loading; and further analyzed the
effects of stiffener configuration on the blast resistance. Goel

Responsible Editor: Fred van Keulen

* Guangyong Sun
sgy800@126.com

1 State Key Laboratory of Advanced Design and Manufacture for
Vehicle Body, Hunan University, Changsha 410082, China

2 School of Aerospace, Mechanical andMechatronic Engineering, The
University of Sydney, Sydney, NSW 2006, Australia

3 Centre for Built Infrastructure Research, School of Civil and
Environmental Engineering, University of Technology Sydney,
Sydney, NSW 2007, Australia

Structural and Multidisciplinary Optimization (2019) 59:335–350
https://doi.org/10.1007/s00158-018-2171-4

http://crossmark.crossref.org/dialog/?doi=10.1007/s00158-018-2171-4&domain=pdf
mailto:sgy800@126.com


a

b

c

Fig. 1 The design domain and initial configuration of the stiffened plates
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et al. (2015) studied 11 different stiffened sandwich panels and
also analyzed the effects of stiffener configuration on the
explosion-proof performance. Furqan et al. (2017) investigat-
ed the stiffened panels under blast loading in terms of the
explosion distance and explosion magnitude for different con-
figurations of stiffener and curvatures of the panel.

The aforementioned studies on explosion-proof performance
of stiffened structures were mainly concentrated on some specif-
ically given stiffener configurations obtained from experience,
and the topologies considered were relatively simple. A critical
issue remained to be answered iswhether or not there is any other
more sophisticated structural configuration that may be of higher
explosion-proof performance. In other words, how to place stiff-
ener topology for achieving better explosion-proof outcome is
still a rather demanding issue for designers.

Unlike the stiffened plates with linear elastic conditions, blast
loading involves strong nonlinearity and transient dynamics,
which introduces significant challenge for topology optimization.
Limited studies were reported in literature to date (Fang et al.
2016). For example, Goetz et al. (2012) adopted hybrid cellular
automaton (HCA) method for optimizing two-material distribu-
tion for maximizing energy attenuation for the plate armor.
Sheyka et al. (2012) optimized microstructure and thickness of
a two-layer blast-resistant composite plate by minimizing the
weight and stress-to-strength ratio using multiobjective genetic
topological optimization. Meng et al. (2016b) developed a new

airtight blast door using topology/shape optimization. In a similar
class of optimization problems involving impact loads, recently,
Fang and coworkers (Fang et al. 2017; Sun et al. 2017) recently
adopted heuristic optimization algorithms to design the multicell
topology under single/multiple crash loading. Sun et al. (2018)
proposed multicriteria decision making method, namely
COPRAS (complex proportional assessment), to rank the energy
absorption characteristics for optimizing the topological config-
uration of foam-filled multicell structures.

Further, material distribution and thickness of stiffeners
may be of a distinctive effect on the explosion-proof per-
formance. In view of the fact that most of the past studies
were based upon some predefined layouts of stiffeners, it is
rather restrictive of optimizing the material distribution of
stiffeners and obtaining the most efficient patterns, system-
atically. To tackle this problem, the ant colony optimiza-
tion (ACO) algorithm is proposed to explore the possible
design candidates and excavate the maximum potential of
the proposed stiffener patterns. Ant colony algorithm was
inspired by the food hunting behavior of ant colony that
has demonstrated excellent performance on discrete

Fig. 2 Schematic loading
configurations

Fig. 3 Comparison between experiment results (Nurick et al. 2009) and
FE simulation results

Fig. 4 Definition of design variable for the stiffened plates with radial
diagonal configuration
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combination problems (Chandra Mohan and Baskaran
2012 ; Demi r e l and Toksa r ı 2006 ; Dor igo and
Gambardella 1997; Liao and Su 2017; Maniezzo and
Colorni 1999). For example, Solimanpur et al. (2004)
solved the intercell layout design using the ACO and
demonstrated that the ACO is fairly suitable for solving
such a problem. Hani et al. (2007) proposed a hybrid
ACO approach by coupling with a guided local search
(ACO_GLS) to solving the industrial layout problems,
which comes from a train maintenance facility. With the
ACO_GLS method, the performance was largely improved
for the optimized layout. Ding et al. (2012) presented a
novel ACO algorithm for solving the vehicle routing prob-
lem, and showed that the proposed new algorithm is effec-
tive to solve the combinatorial optimization problems. Ye
et al. (Ye et al. 2017) also suggested an improved ACO

algorithm for tackling constraint-satisfaction problems
and obtained the desired results.

In this study, two stiffener configurations are optimized for
bearing blast loads. The modified ant colony optimization algo-
rithm (MACO)which introduces themass constraint factor to the
pheromone update function and integrates the idea of crossover
and mutation was proposed to search for the best possible stiff-
ener layout under different loading cases. The article is organized
as follows. Following this introduction section, the optimization
problem is described in Sect. 2. Then, the modified MACO for
design of stiffener configuration is depicted in Sect. 3. The opti-
mization for the stiffened plates under blast loading and the dis-
cussion of results are presented in Sect. 4. Finally, some conclu-
sions are drawn in Sect. 5.

2 Optimization problem and mathematical
modeling

2.1 The stiffened plates and finite element modeling

In this study, we aimed to optimize two new kinds of stiffened
plates, as shown in Fig. 1. Figure 1 also shows the size of
stiffened plates, in which the front plate has a square shape
with L × L = 250 mm× 250 mm, the thicknesses of the plate
and the stiffener are the same as T = 1 mm, the height of the
stiffener is H = 10 mm.

The numerical simulations were conducted by using ex-
plicit nonlinear finite element (FE) code LS-DYNA 971.
The effective area of stiffened plates exposed to the impulsive
load was 250 mm× 250 mm (Fig. 1a). The boundaries of the
plate were fully fixed through nodal constraints. In the FE
modeling, the Belytschko-Tasy shell elements were used for
both the stiffeners and plate (Belytschko et al. 1984).
Automatic single surface contact was used for the steel plates.
A convergence study revealed that the mesh size of 2 mmwas

a b

dc

Fig. 5 An example of real ants
foraging process. a Ants follow a
path between nest and food. b An
obstacle is interposed. c Ants can
choose to go around it following
one of the two different paths with
equal probability. d The shorter
path was repeated by most ants

Fig. 6 Feasible solution space
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sufficient to balance the simulation accuracy and computa-
tional efficiency.

In the FE simulations, the stiffened plates were modeled by
LS-DYNAmaterial type 3. For the steel used in this study, the
strain rate effect was considered by using the Cowper and
Symonds model (Karagiozova et al. 2009). Thus, the yield
stress was calculated as follows:

σ
0
0

σ0
¼ 1þ ε̇

ε0˙

� �1=q

ð1Þ

where σ
0
0 is the dynamic flow stress, σ0 is the initial yield

stress, ε̇ is the equivalent strain rate, and the ε0˙ and q values
are experimental constants determined from the dynamic ten-
sile test results, there ε0˙ ¼ 40s−1 and q = 5.

The material properties of the mild steel include the density
ρ = 7800 kg/m3, Poisson’s ratio ν = 0.3, Young’s modulus
E = 210 GPa, and the static yield stress σ0 = 300 MPa (Goel
et al. 2015; Karagiozova et al. 2009).

As mentioned in the introduction, blast impact is very com-
plicated in nature, which can be affected by many factors,
placing significant challenge in modeling a blast process en-
tirely and exactly. In order to balance the modeling efficiency
and accuracy, many researchers have simplified the blast load-
ing according to the different purposes of the study. Since we
would like to restrict our attention on the design methodology
of stiffener layout for plates against blast loading, a uniformly
distributed blast loading without considering the fluid–
structure interaction as suggested in literature (Karagiozova
et al. 2009) was taken as an example. This simplified blast
load is also a common method used by many researchers
(Chung Kim Yuen and Nurick 2005; Kadid 2008; Nurick
et al. 1996). It can be applied in terms of a uniform pressure
pulse with a constant duration on the front plane of the stiff-
ened plate (see Fig. 2). Specifically, the pressure is described
mathematically as follows (Karagiozova et al. 2009)

p tð Þ ¼ p0e
−t=t0 ð2Þ

where p0 is the initial pressure, t denotes decaying time with a
decay period of t0 = 0.002 ms. Obviously, the pressure decays
exponentially.

The impulse I0 can be then defined as,

I0 ¼ L2∫∞0 p tð Þdt ð3Þ
where L is the length of the stiffened plates, and the unit of the
impulse is Ns.

2.2 Validation of FE model

As no in-house experiments for the stiffened plates available,
the model in the literature is a good way to validate the

established FE model in this paper. Since the loading mode
and modeling technique here are the same as those in the
literature (e.g., Karagiozova et al. 2009; Nurick et al. 2009),
the example in these two references were thus used to validate
this present study. Nevertheless, these two references were
about the sandwich panels; we thus verified the modeling
method for the sandwich panels here. Note that while sand-
wich panel differs from the stiffened panel, the FE modeling
technique, including rate dependence of material properties,
elemental characteristics, loading and boundary conditions, is
rather similar.

The specific verification details for sandwich panel are as
follows. The established FE model was validated through
comparison with the experiments of sandwich panel under
the blast loads as reported in Karagiozova et al. (2009) and
Nurick et al. (2009). The impulses used in the validation var-
ied from 4.4 to 30.3 Ns. A comparison between the experi-
mental results (Nurick et al. 2009) and the numerical predic-
tions are shown in Fig. 3. It is clear that the FE modeling
results match with the experimental results fairly well. Such
a satisfactory correlation suggested that the established FE
model can be used for the subsequent design studies on the
stiffened plates.

2.3 Definition of optimization problems

As a protective structure, the stiffened plate is expected to
improve the safety of the targets behind it. Thus, the maxi-
mum deflection (D) of the center point of the plate is a key
criterion to assess the structural resistance to blast loading, and
thus was selected to be the objective function. In addition, the
mass of the plate is constrained within a certain value (M∗).

Taking the radial diagonal configuration as an example
(Fig. 4), each stiffener is regarded to be a design variable.

Fig. 7 Themaximum deflection of the center point of the plate (D) versus
mass fraction
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Since the structure considered here is one-eighth symmetric,
the design domain can be represented by 13 design variables
as denoted by xi (i = 1, 2,…, n). By assigning different thick-
nesses to each design variable, different material distributions
and topological configurations can be characterized for
achieving optimal protection performance. This study will ex-
plore two design scenarios, namely 0-1 thickness and
multithickness designs. For the 0-1 thickness design, x1, x2,
…, xn can be either 0 or 1, where 1 denotes the presence of a
stiffener member, while 0 represents the absence. For the
multithickness design, the design space is set to be R = {0,
0.1, 0.2, 0.3,…, 2.0}, meaning that any of the design variables
x1, x2, …, xn can vary from 0 to 2.0 mm with a discrete
increment of 0.1 mm.

3 MACO algorithm

The topographical optimization of stiffened plates involves
presence/absence of stiffeners in terms of the stiffener thick-
ness. For such problems, parametric modeling method and
discrete intelligent optimization provide us with an effective
solution. A MACO-based algorithm is presented here for op-
timizing stiffener configuration, in which the discrete vari-
ables were adopted to represent the topography of stiffeners.

3.1 The ACO algorithm

Ant colony algorithm (Chen et al. 2017) is one kind of bionic
evolutionary algorithm, which is inspired by the foraging be-
havior of ants. In nature, the ants can always find the shortest
path from their nest to the food source. Figure 5 illustrates a
foraging process of ants.

The ants spread pheromone when they walk, and the pher-
omone decreases gradually with time. Ants will choose the
path with large concentration of pheromone. The higher the
concentration of pheromone on the path, the greater the prob-
ability of being chosen by other ants. The more ants walk on
this path, the higher the concentration of pheromone on the
path. Finally, after a period of operation, a shortest path may

be repeated by most ants. Ant colony algorithm is an abstract
of the biological ant colony.

In essence, the problem studied in this paper can be con-
sidered to be a nonlinear integer programming problem
through some changes, which can be described as:

Find : x ¼ x1; x2;…; xn½ �T
Minimize : F xð Þ ¼ D xð Þ
Subject to : M xð Þ≤w�M*

ai≤xi≤bi i ¼ 1;…; nð Þ
xi∈Z

8>>>><
>>>>:

ð4Þ

where x is the vector of n design variables, D(x) is the maxi-
mum deflection at the center point of the plate, M(x) is the
mass of the stiffened plate, M∗ is the mass of the original
stiffened plate with a uniform plate thickness of 1.0 mm, and
w is the mass fraction predefined for the candidate solution.
(ai, bi) is the lower and upper bounds of design variable xi,Z is
an integer space. The number of possible values of xi is li = bi
− ai + 1, xi has li nodes. Each variable takes a value to form a
solution. In this paper, it is assumed that ai = 0 and all li are the
same. If xi takes the mi-th node, the corresponding solution is:

x1; x2;…; xn½ � ¼ a1 þ m1−1; a2 þ m2−1;…; an þ mn−1½ � ð5Þ

Suppose ai = 0, so the feasible solution space is shown in
Fig. 6.

Beginning with the first variable, each ant selects a point
within the domain of the corresponding variable. Then, a route
that corresponds to a solution vector x is completed after the n
choices of an ant. From the above step, we have learned that
the selection of ants according to the concentration of the
pheromone. So, a l × n matrix Tau was constructed to be the
corresponding pheromone matrix. The number of rows is
equal to the number of discrete values assigned to each vari-
able. The number of columns is equal to the number of vari-
ables. A component of Tau is denoted to be τij, which is the
amount of pheromones left on the ith point within the domain
of the jth variable. Each ant begins its trip from the first var-
iable x1 and completes a route by going through all the other
variables. For each ant, the probability of choosing the ith

Fig. 8 Schematic of single-point crossover

Fig. 9 Schematic of mutation
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point within the domain of the jth variable is denoted by pij as
follows:

pij ¼
τ ij

∑l j
i¼1τ ij

ð6Þ

Equation (6) follows the format of conventional transition
probability, that is, τij is used to represent the attraction inten-
sity of a point.

After one trip, each ant leaves a pheromone increment Δτij
upon each point that it went through. We calculate Δτij using
the ant cycle system model as:

Δτ ij ¼ Q
D

ð7Þ

where D is the objective function value in the design, which
corresponds to the route of an ant, and Q is a constant that
represents the pheromone value. The lower the value of the
objective function is, the larger the pheromone increment is.

In the new trip, the point with more pheromones has a more
positive effect on directing the search of an ant. The phero-
mones update method is provided as follows:

τnewij ¼ 1−ρð Þ � τoldij þ Δτ ij ð8Þ

where ρ is a constant below 1 and presents the evaporation
rate. The larger the ρ, the stronger the forgetting effect. Hence,
it is possible for ants to explore a new area in the new round.

3.2 A MACO algorithm

Obviously, the explosion-proof performance of the stiffened
plate is indeed closely related to its mass. And the optimum
distribution of the stiffeners may also be closely related to the
mass of stiffened plate. To investigate the relationship be-
tween the optimum distribution of the stiffeners and their mass
constraints, the 0-1 design of the stiffened plate with radial
diagonal configuration (see Fig. 4) which is introduced in
the Sect. 2.3 was exemplified here. In this study, four cases
were considered for different mass constraints, i.e., w = 0.2,
0.3, 0.4, and 0.5. So, we performed the numerical analysis
for all the 4096 possible designs which satisfying the mass
constraint w ≤ 0.5 for 0-1 design. The maximum deflection of
the center point of the plate (D) of these designs are depicted
in Fig. 7. Generally speaking, a large mass ratiow can obtain a
smaller D. Specifically, the optimal solutions with the mass
constraint w = 0.2, 0.3, 0.4, and 0.5 are all close to the mass
constraints, but not exactly on the constraint’s boundary as
marked in Fig. 7. This is due to the discrete property of this
binary topology optimization problem. For this reason, the
optima tend to be located on the boundary of the mass con-
straint in the feasible design space. To accelerate the optimi-
zation process, the mass effect was considered in the

pheromone update function of MACO. By pushing the opti-
mal solution to the mass constraint boundary, it provides a
higher chance of finding the optimum solution. Therefore,

Fig. 10 Flowchart of the modified ant colony optimization MACO
algorithm for designing the stiffened plates
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for the MACO algorithm, the pheromone increment Δτij can
be calculated by

Δτ ij ¼ Q
Dþ M−w�M*

�� ��= w�M*
� � ð9Þ

In addition, in order to prevent the algorithm from being
prematurely trapped in a local optimum, we use the elite tactic
for pheromone update. In other words, only the paths ranked
in top n (the number of elite ants) have the opportunity to
leave a pheromone increment.

Another modification is to integrate the crossover and muta-
tion into the ant colony optimization algorithm. After the ant
colony completes a cycle, a new solution matrix Tabu with m

routes generated by the m ants is obtained. A cross operation is
then carried out between a certain numbers of routes randomly
selected from the newly solution matrix Tabu according to the
cross probability Pc. Here, we adopt the standard single-point
crossover (Li et al. 2016); it can be briefly described as follows:
one cross point is randomly arranged in the two individual cod-
ing strings which need to be paired with each other, and then
carried through the change of some genes (Fig. 8). The numerical
experiments show that the cross probability Pc set to 0.6 has the
best results. So, Pc = 0.6 was adopted in this study.

Then, some gene values of routes in the solution matrix are
changed according to the probability of mutation Pm for the
new solution matrix after the crossover, which results in new

Table 1 Thickness distribution and configuration for the four mass fractions

Flat plate Initial stiffened plate 0-1 design multi-thickness design

= 0.2

= 1.10 = 0.2 (i=1, 2,…,13)
= [1, 1, 1, 1, 1, 0 ,0 ,0 ,0, 0, 0, 

0, 0]
T

= [1.9, 0.8, 0.7, 1.0, 0.6, 0 ,0 ,0, 0, 0, 

0, 0, 0]
T

= 13.40 mm = 12.54 mm = 10.63 mm = 10.33 mm

= 0.3

= 1.15 = 0.3 (i=1, 2,…,13)
= [1, 1, 1, 1, 1, 0 ,1 ,0 ,0, 1, 0, 

0, 0]
T

= [2.0, 1.0, 0.4, 1.6, 2.0, 0.5 ,0 ,0 ,0, 0, 

0, 0, 0]
T

= 12.89 mm = 11.78 mm = 9.75 mm = 9.54 mm

= 0.4

= 1.20 = 0.4 (i=1, 2,…,13)
= [1, 1, 1, 1, 1, 0 ,0 ,0 ,0, 1, 1, 

0, 0]
T

= [2.0, 1.7, 1.5, 2.0, 2.0, 0.3 ,0 ,0 ,0, 

0.4, 0, 0, 0]
T

= 12.43 mm = 11.08 mm = 9.50 mm = 8.59 mm

= 0.5

= 1.25 = 0.5 (i=1, 2,…,13)
= [1, 1, 1, 1, 1, 0 ,1 ,1 ,0, 1, 1, 

0, 0]
T

= [2.0, 1.9, 1.6, 2.0, 2.0, 0, 0 ,0 ,0, 2.0, 

0, 0, 0]
T

= 12.01 mm = 10.49 mm = 9.17 mm = 8.02 mm

Fig. 11 Comparison of performance D under different mass constraints
Fig. 12 Decrease rate inD for the stiffened plates in comparison with the
flat plate
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routes. In this study, the value of one locus, according to the
mutation probability Pm, is randomly assigned within the al-
lowable range of the locus in the mutation operation (Fig. 9).
The numerical experiments show that the mutation
probability Pm set to 0.01 exhibits the best results. So Pm =
0.01 is adopted here.

In this way, the crossover and mutation operations are in-
tegrated into the MACO algorithm, which can increase the
diversity of solutions, thereby enhancing the ability to avoid
the algorithm from falling into and being trapped in a local
optimum. This largely improved the performance of the con-
ventional ACO algorithm.

The MACO algorithm for designing the stiffened plate is
illustrated in Fig. 10, which can be described in detail as follows:

Step 1 Define the optimization problem of stiffened plate,
including the objective/constraint functions, and

design variables and design space. In this study, the
wall thickness of stiffeners x = [x1, x2,…, xn]

T is
regarded as the design variables in a discrete form,
the maximum deflection of the center point of the
plate (D) is set to be the objective function, and struc-
tural mass M(x) to be the constraint functions.

Step 2 Initializations of MACO algorithm. Determine the
number of loops ncmax for the search of ants, termi-
nation condition, ant size m, pheromone matrix Tau,
and solution matrix Tabu with m routes which gen-
erated by the m ants. The pheromone value Q, evap-
oration rate ρ, cross probability Pc, and mutation
probability Pm are given. Provide an arbitrary initial
domain for each variable: xi ∈ [ai, bi].

Step 3 Set the loop number nc← 0. Thereafter, randomly
generate m routes under the constraints. Each route
corresponds to a solution vector x that controls the

a b

c d

Fig. 13 Displacement contours for the stiffened plates (mass fraction w = 0.5)
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design variables (thicknesses). According to the so-
lution vector, the corresponding FE model of stiff-
ened plate is updated and the FE analysis is conduct-
ed to obtain the objective and constraint function
values. Update the pheromone matrix Tau according
to (8) and (9), find the shortest route.

Step 4 Beginning from x1 to xn, each ant selects one point in
the domain of the corresponding variable based upon

the transition probability pij (i = 1, 2,…, l + 1; j = 1,
2,…, n) calculated by (6). After the ant colony com-
pletes a cycle, a new solution matrix Tabu is
obtained.

Step 5 Update the solution matrix Tabu by the following
operation: (1) crossover of the solution matrix Tabu
to generate new routes; (2) mutation of the new so-
lution matrix after crossover, resulting in new routes.

Fig. 14 The development of 0-1
and multithickness designs from
the base configuration

Fig. 15 The thickness
distribution for the four mass
fractions of multithickness
designs
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Step 6 For the nc-th loop, according to the solution vector,
the corresponding FE model of stiffened plate is up-
dated and the FE analysis is conducted again to ob-
tain the new objective and constraint function values.
Replace the worst route of the nc-th loop by the best
route of the last loop. Update the shortest route, and
update the pheromone matrix Tau according to (8)
and (9). Let nc← nc + 1.

Step 7 If the termination criterion is not satisfied, go back to
step 4. Otherwise, determine the minimal function
value Dmin of stiffened plate among all the loops.

4 Optimization for the stiffened plates

4.1 Radial diagonal configuration

The MACO was used to distribute the discrete thickness of
stiffeners according to the working conditions, in which the
algorithmic parameters are set to be m = 100, Q = 50, ρ = 0.8,
Pc = 0, and Pm = 0.01. Once the solution was no longer rising
for 15 reproduction trials, or the maximum generation was
greater than the preset trial times (i.e., ncmax = 100), the termi-
nation criterion was reached.

The stiffened plate with radial diagonal configuration is
shown in Fig. 4 which is introduced in Sect. 2.3. Since the
structure considered here is in one-eighth symmetry, the prob-
lem can be modeled in terms of 13 design variables as shown
in Fig. 4. In this study, four design cases were considered for
different mass constraints, i.e., w = 0.2, 0.3, 0.4, and 0.5.

Taking the impulse loading 15 MPa as an example, the
thickness distribution of the optimal 0-1 and multithickness
designs are summarized in Table 1. In order to improve effi-
ciency and save calculating cost, the optimum solution of 0-1
designs is used as one of the initial population of
multithickness designs under the same mass constraints
(Hassanat et al. 2018; Kazimipour and Li et al. 2014; Meng
et al. 2016a; Zhang and Lu 2007).

Figure 11 compares the performance D under different
mass fractions. Figure 12 displays the decrease rate in D for
stiffened plates in comparison with the flat plate. From Fig.
11, it can be seen that for the maximum deflection of the center
point (D), multithickness design < 0-1 design < initial stiff-
ened plate < flat plate subject to the same mass. Taking mass
fraction w = 0.5 as an example, Fig. 12 shows that the D for
the initial stiffened plate, optimal 0-1 and multithickness de-
signs were respectively 12.66%, 23.65%, and 33.22% lower
than that of the flat plate.

Table 2 Comparison of GA, the original and modified ACO

Mass fractions Optimization algorithm Best (mm) Average (mm) Worst (mm) Success rate

w = 0.2 GA 10.63 10.84 11.22 6/10

Original ACO 10.63 10.72 11.14 8/10

Modified ACO 10.63 10.63 10.63 10/10

w = 0.3 GA 9.75 10.06 10.47 3/10

Original ACO 9.75 9.87 10.47 7/10

Modified ACO 9.75 9.83 10.47 8/10

w = 0.4 GA 9.50 10.00 10.41 3/10

Original ACO 9.50 9.61 9.86 6/10

Modified ACO 9.50 9.53 9.75 9/10

w = 0.5 GA 9.17 9.22 9.32 6/10

Original ACO 9.17 9.24 9.43 6/10

Modified ACO 9.17 9.20 9.32 8/10

Fig. 16 Definition of design variable with the surrounding diagonal
configuration
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For facilitating the observation, the deflection contours of
all the plates were plotted in the developed planes under mass
fraction w = 0.5 in Fig. 13. Because of the symmetry of the
structure, only one fourth of the total field was displayed. Note
that the initial stiffened plate, the 0-1 and multi-thickness de-
signs all decrease the deflection range of the plate. Of them,
the multithickness design was decreased most. All of these
have illustrated that for the explosion-proof performance,
multithickness design > 0-1 design > initial stiffened plate >
flat plate subject to the same mass. This implies that compared
with the uniform stiffened plate, the multithickness designs
can provides more logical material distribution for reinforcing
the plate against the blast loading.

Through comparison of these four different mass fractions,
it can be found that the decrease rate ofD increased with mass
fraction for the stiffened plates (see Fig. 12). This is because,

as the mass fraction increased, the design space becomes larg-
er; thus, the effect of optimization was enhanced. In other
words, a greater mass fraction engages more design variables
so as to achieve better explosion-proof performance.

As can be seen from Fig. 13, the deformation was mainly
concentrated in the central area and gradually decreased from
the center to the four sides. And as shown in Table 1, the
optimum designs placed more reinforcement materials in the
central regions for both the 0-1 and multithickness designs.
Also, the displacements at the four corners are relatively small
under the present blast load. From topology optimization per-
spective, the material contribution to the center displacement
from these areas was rather marginal. This explains why there
are no stiffeners at the four corners of the plate in 0-1 and
multithickness designs as shown in Table 1. From Fig. 13
and Table 1, the results indicate that in order to get higher

Table 3 Thickness distribution and configuration for the four mass fractions

Flat plate Initial stiffened plate 0-1 design multi-thickness design

= 0.2

= 1.09 = 0.2 (i=1, 2,…,11) = [1, 1, 1, 1, 0, 0 ,0 ,0 ,0, 0, 0]
T

= [2.0, 0.5, 0.5, 0.8, 0.3, 0 ,0 ,0 ,0, 0, 0]
T

= 13.53 mm = 12.55 mm = 11.39 mm = 10.83 mm

= 0.3

= 1.13 = 0.3 (i=1, 2,…,11) = [1, 1, 1, 1, 1, 0 ,0 ,0 ,0, 0, 0]
T

= [2.0, 0.8, 1.4, 1.9, 0.2, 0 ,0 ,0 ,0, 0, 0]
T

D=13.08 mm = 11.74 mm = 10.56 mm = 9.92 mm

= 0.4

= 1.17 = 0.4 (i=1, 2,…,11) = [1, 1, 1, 1, 1, 0 ,0 ,0 ,1, 0, 0]
T

= [2.0, 1.1, 0.9, 0.9, 1.8, 0 ,0 ,0 ,0.6, 0, 0]
T

D=12.67 mm = 11.06 mm = 9.73 mm = 9.29 mm

= 0.5

= 1.21 = 0.5 (i=1, 2,…,11) = [1, 1, 1, 1, 1, 1 ,1 ,0 ,1, 0, 0]
T

= [2.0, 1.1, 1.6, 2.0, 1.6, 0 ,0 ,0 ,0.8, 0, 0]
T

D=12.29 mm = 10.49 mm = 9.62 mm = 8.67 mm

Fig. 17 Comparison of structural performance D under different mass
fractions

Fig. 18 Decrease rate ofD for the stiffened plates in comparison with the
flat plate
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explosion-proof performance, the material was mainly distrib-
uted in the key deformed regions for both the 0-1 and
multithickness designs. Conversely, thinner material was dis-
tributed in the undeformed or slightly deformed areas. Thus, it
is effective to place more stiffener’s materials in the central
area than around the four corners of the plates.

Further, it can be regarded that the optimal topography was
derived by adding the stiffeners to a base configuration of ( )
in both the 0-1 and multithickness designs with different mass
fractions respectively, as shown in Fig. 14. Structure ( ) can
be used to support the plate, resist deformation, and transfer
loads, which can be viewed as the key reinforcement pattern
of the stiffened plate. Hence, the stiffened plate may be de-
signed on the basis of this layout in the future study.

From Table 1, it can be further found that the optimal con-
figurations of multithickness design with the different mass
fractions have a fairly interesting common feature in ( ); this
is that all have a thick x4 (see Fig. 15). This is because a thick
x4 is beneficial to support the plate against the deformation
under blast loading.

To check the correctness of the proposed MACO algo-
rithm, the 0-1 design of the stiffened plate with radial diagonal
configuration (see Fig. 4) was taken as an example here. Four
cases were considered for the different mass constraints, i.e.,
w = 0.2, 0.3, 0.4, and 0.5. For the original and modified
ACO, the ant size m = 100, pheromone value Q = 50, and
evaporation rate ρ = 0.8 were set. For GA, a population size
of 100 was used. For all these three algorithms, the maximum

a b

c d

Fig. 19 Displacement contours for the stiffened plates of mass fraction w = 0.5
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generation ncmaxwas 100, the crossover probability Pc = 0.6,
and the mutation probability Pm = 0.01 were adopted here.

The optimization results the 0-1 design obtained from the
GA, original ACO and modified ACO were compared in
Table 1. The success rate represents how many runs are re-
quired to achieve a global optimum out of ten repeated runs,
which was used to evaluate the performance of each algo-
rithm. From Table 2, it is seen that the modified ACO was
more robust in terms of the worst and average objective values
and exhibited a high success rate. Also, the modified ACO
algorithm can reduce the computational cost by reducing the

number of FE analyses. Thus, we can draw the conclusion that
modified ACO is able to efficiently produce optimal designs
and can be used for subsequent optimization.

4.2 Surrounding diagonal configuration

The stiffened plate with surrounding diagonal configuration is
shown in Fig. 16. The 11 inner stiffener’s walls were taken to
be the design variables due to the one-eighth symmetry. Four
cases were considered herein again for the different mass frac-
tion constraints, i.e., w = 0.2, 0.3, 0.4, 0.5. Also taking an
impulse loading 15 MPa as an example, the thickness distri-
bution of the optimal 0-1 and multithickness designs are sum-
marized in Table 3.

Figure 17 compares the performance D under different
mass fractions. Figure 18 graphs the decrease rate in D for
the stiffened plates in comparison with the flat plate. From
Figs. 17 and 18, it can be seen that regarding the maximum
deflection at the center point (D), multithickness design < 0-1
design < initial stiffened plate < flat plate subject to the same
mass. Taking mass fraction w = 0.5 as an example, the deflec-
tion contours of all the plates were plotted in the developed
planes in Fig. 19. Again, the initial stiffened plate, the 0-1 and
multithickness designs all decreased the deflection range of
the plate. Among them, the multithickness design decreased

Fig. 20 The development of 0-1 and multithickness designs from the
base configuration

Fig. 21 The optimal designs for
the four mass fractions in 0-1 and
multithickness designs
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most. This is another example that makes clear our earlier
finding that in comparison with the uniform stiffened plate,
the multithickness design can provide a better material distri-
bution against blast loading.

As can be seen from Fig. 19 and Table 3, the results again
indicate that in order to obtain a higher explosion-proof per-
formance, the material is largely distributed in the main de-
formed regions for both the 0-1 and multithickness designs.
Conversely, thinner material is distributed in the nondeformed
or slightly deformed areas. Again, the optimal configurations
under the different mass fractions can also be obtained by
adding stiffener to a base configuration of ( ) (see Fig. 20).
Similarly to the radial diagonal configuration, the optimal
multithickness layouts under the different mass fractions have
a common configurational feature in ( ), i.e., a thick x4.

Figure 21 compares theoptimalconfigurationsof the twostiff-
ened plates in the 0-1 and multithickness designs. For these two
stiffenedplates, itwasobservedthatall theoptimumdesignshavea
common key reinforcement layout that connects to the fixed
boundaries ( ) for supporting the plate against the blast deforma-
tion. Then, the other stiffeners can be viewed to be added on the
basis of this key reinforcement. And the locations of the other
stiffeners start from the centerwith a lowmass ratio.With increase
in the mass fraction, the allocation of stiffeners expands outward
from the center. For a stiffened plate with fixed boundary, the
reinforcement layout from the center to the surrounding edges is
logic. Through optimizing these two stiffened plates, it can be
found that first, it would be effective to have a key reinforcement
layout, and then toaddother stiffenersonto thekey reinforcement;
second, for a stiffened plate with fixed boundary such as the one
studied here, priority should be placed to the reinforcement in the
middle region instead of the corner region of the plate.

However, the design space chosen in this paper is maybe
not the best possible one, and there will be other and better
design space. In this paper, we mainly focused on the design
methodology of stiffener layout for plates against blast load-
ing. And some useful advices are provided for traditional lay-
out of the stiffeners.

5 Conclusion

This study explored the two novel reinforcement configura-
tions of stiffened plates. The modified ant colony optimization
(MACO) algorithm that introduces the mass constraint factor
to the pheromone update function and integrates the idea of
crossover and mutation was implemented to optimize the ma-
terial distribution of stiffeners in a discrete form of either 0-1
or multithickness strategy. The optimal distribution of stiffen-
er thicknesses has proven promising to enhance explosion-
proof performance of stiffened plates. Within its limitation,
the following conclusions can be drawn from this study as
follows:

1. The explosion-proof performances of all the optimized
multithickness designs are substantially higher than those of
the0-1designand initialdesignunder thesamemass fraction.
This isbecausethemultithicknessdesigncanmakebestuseof
theallowedmass. Inotherwords,moresophisticatedmaterial
distributionfor thestiffeners isaneffectivewaytoenhance the
explosion proof performance of structures.

2. Note that the optimum designs all have a common key rein-
forcement to connect from the center to the fixed edges for
supporting the plate against the blast-induced deformation. It
could be a feasible design procedure to first determine a key
reinforcement layout, and then to add other stiffeners onto it.
Allocation of more materials in the middle instead of the
corner regions is an effective way to enhance the
explosion-proof performance of the stiffened plates.

3. These optimization results demonstrated that the proposed
configurations and optimization method are fairly effec-
tive and can provide a useful tool for generating novel
protective structures. Further, it is rather simple to be im-
plemented computationally.

Nevertheless, there are some limitations in this work. First,
a uniformly distributed blast loading without considering the
fluid–structure interaction was applied to simplify the loading
process and decrease the computational cost, which may not
be able to capture the real blast-load effects to a certain extent
(Kambouchev et al. 2006). Second, since the range of blast
loading considered here was given without reaching the fail-
ure threshold, the effects of plate/stiffener fracture was not
considered in this study. In real life, failure might occur in
both plate and stiffeners, and it is necessary to consider its
effects on design optimization. Nevertheless, themethodology
established in this study would be of considerable implication
to the incorporation of these issues for design optimization.
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