™

Check for
updates

Research on Improving the Spatial Arrangement of
Dampers Based on Multi-Objective Optimization

Chuang Peng, Bei Xiong", Xinran Li
Chongqing College of Architecture and Technology, Chongqing, 401331, China

*Corresponding author: XB2016020108Q@cgrec.edu.cn

Abstract. The research aims to optimize viscous damper-based seismic rein-
forcement for single-span reinforced concrete frame structures. In this case, the
fast non-dominated sorting genetic algorithm II (NSGA-II) based on multi-ob-
jective optimization is adopted to improve the crossover operator and the muta-
tion operator in the algorithm, so as to ensure that the numbers of specific genes
in the chromosomes remain the same across generations. Also, the research ana-
lyzes the variation curves of the objective functions with the increasing number
of dampers when a structure is under three different seismic waves, thereby pro-
posing a theory for selecting more economical reinforcement schemes on the
premise that the structure’s safety is guaranteed. At last, it explores the damping
effects of different Pareto optimal solutions suggested by the improved NSGA-
II under three seismic waves to provide a reference for the spatial arrangement
of dampers in single-span reinforced concrete frame structures.

Keywords: Damping; Single-Span Reinforced Concrete Frame; Damper;
NSGA-II; Reinforcemen.

1 Introduction

Currently, the installation of additional dampers on existing structures has become the
mainstream solution for seismic reinforcement. The Beijing Railway Station and the
Beijing Hotel, which were originally designed without the consideration of earthquake
fortification, adopted viscous dampers for subsequent reinforcement 1. The R&D
building of the Changqing Petroleum Exploration Bureau in Xi’an, Shaanxi, employed
20 dampers to reduce its structural response under seismic and wind loads 2. The Hefei
TV Tower used viscous dampers to mitigate the displacement and acceleration response
of the tower under strong earthquakes 1. These cases suggest that dampers applied as
structural reinforcement units can effectively reduce the dynamic response under wind
loads and earthquakes.

Early studies on the damper-based energy dissipation solution argued that for high-
rise buildings, viscous dampers should be deployed evenly on each storey. However,
as the numbers of both storeys and dampers increase, the spatial arrangement of damp-
ers becomes one of the primary challenges in improving the performance of energy
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dissipation. In recent years, many researchers have tried to employ straightforward con-
tinuous searching, topology optimization, and gradient-based methods to optimize the
damper arrangement.

Zhang® and CHEND! adopted the genetic algorithm based on Darwin’s theory of
evolution to optimize the damper arrangement for vertical planes. In general, most ex-
isting studies aimed to optimize the arrangement of dampers on a plane, whereas few
emphasized the spatial optimization of dampers for overall structures.

In China, a majority of elementary and secondary schools are subject to the single-
span reinforced concrete frame for its structural function, which boasts better seismic
performance and more usable space. However, in the Wenchuan earthquake on May
12,2008, the teaching buildings subject to this frame were severely damaged, endowing
the research efforts on reducing the seismic response of existing single-span reinforced
concrete frame structures with critical engineering significance.

Above, in the case of single-span reinforced concrete frame structures, this research
aims to explore how to deploy dampers in a space frame structure to improve its seismic
performance. The non-dominated sorting genetic algorithm II (NSGA-II) ¢! and
ANSYS, a large-scale finite element software, are introduced to program an optimizer
for the damper arrangement in a space frame structure. The optimizer takes the maxi-
mum acceleration and the maximum inter-storey drift of single-span reinforced con-
crete frame structures as the dual-control indicators for multi-objective optimization.
The calculations suggest that reinforcement solutions generated by the improved
NSGA-II can realize conspicuous damping performance for single-span reinforced con-
crete frame structures under different seismic waves.

2 Principle of NSGA-II

Initial
Population

A
’ Calculate Each

Chromosome’s Fitness Value

Terminate the
Calculation
NO
Selection
Operation
Crossover
Operation
Mutation
Operation

Fig. 1. Workflow of the Genetic Algorithm
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The NSGA-II is a new genetic algorithm developed based on Darwin’s theory of evo-
lution and Mendelism. Mainly applied for the optimization of complex systems, the
genetic algorithm was first suggested by Professor Holland (American), which is a pop-
ulation-based, efficient, and parallel method for global searching in essence. At present,
it has been applied successfully in the optimization of frame structure [/}, fluid viscous
dampers could be employed to reinforce an existing building ®!, and other fields, indi-
cating the algorithm’s effectiveness and applicability in engineering optimization.

In the genetic algorithm, the vectors to be optimized are known as chromosomes or
individuals. At first, a population consisting of M chromosomes is generated through
random operation. Then, based on the selected objective functions, the fitness value
(also called the objective function value) of each chromosome can be calculated. Next,
by virtue of selection operation, crossover operation, and mutation operation, new chro-
mosomes with higher fitness values can be generated continuously, allowing the popu-
lation to move towards the optimal solution. The workflow of a genetic algorithm is
illustrated in Fig. 1 ),

3 Improvement and Optimization of NSGA-II

3.1 Improvement of NSGA-II

In 2002, Professor Kalyanmoy Deb proposed the NSGA-II ! on the basis of the first-
generation NSGA, which significantly improved the conventional genetic algorithm’s
performance by integrating the fast non-dominated sorting, the crowding distance, and
the elitist preservation strategy.

Fast Non-Dominated Sorting Algorithm. The basic logic of the non-dominated sort-
ing algorithm is to allocate the non-dominated solutions in the solution space to a spe-
cific layer to separate the space into different layers, so as to obtain the Pareto optimal
solution. It is a process of solving the multiple-objective optimization problem. The
primary steps are shown below:

Step 1: Based on the Pareto dominance principle, each individual (p) in the popula-
tion involves two parameters — S, and 7,. S, is the set of individuals that are dominated
by p, and 7, is the number of individuals that dominate p;

Step 2: Search for all individuals subject to “n, = 0” in the population, store them in
the first layer (F1), and assign them with the corresponding non-dominated rank (Irank);

Step 3: Assuming Set Q=null, traverse each individual (P;) that is dominated by each
individual (P;) in the i layer (F;). For P}, execute operation “n,=n,.;~. If n,=0, store P,
in Set Q;

Step 4: Terminate the algorithm once all individuals in the population are marked
and allocated to Fi;

Step 5: Assuming i=i+1, note Fi=Q, and go to Step 3.

Crowding Distance. The NSGA-II can allocate the non-inferior solutions in the solu-
tion space to a specific layer to allow for convenient selection operation on different
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layers. However, a layer may involve many individuals, which necessitates a uniform
fitness value for all individuals in the same layer to perform selection operations. In
this context, the NSGA-II is the first algorithm to propose the crowding distance con-
cept, which is defined as the local distance of each point to its two neighboring points
in the same layer in the objective space. For instance, in the dual-objective optimization
function (Fig. 2), the crowding distance of the i point is equal to the sum of its neigh-
boring points in the same layer — i-1 and i+1 — on Objective Functions f; and f>. In other
words, it is equal to the perimeter of the rectangle composed of Points i-1 and i+1.
Using a virtual fitness value, a selection operation can be executed for the individuals
from the same layer, allowing for evener individual selection in the objective space to
ensure higher robustness of the final calculation results.

A A

[ L=

Fig. 2. Local Crowding Distance of the Dual-Objective Optimization Function

Elitist Preservation Strategy . It has been shown that the genetic algorithm inte-
grated with the elitist preservation strategy can converge to the Pareto optimal solution
in a shorter period. Thus, the NSGA-II is capable of preserving the parents with fine
genes directly in the filial generation. This procedure is considered as the elitist preser-
vation strategy, and the steps include:
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Fig. 3. Framework of the NSGA-II’s Elitist Preservation Strategy

Step 1: Unit the N-sized parental generation (P) and the N-sized filial generation
(Qy) into a 2N-sized population (Ry);

Step 2: Adopt the fast non-dominated sorting algorithm to acquire the ranks of non-
inferior solutions and the crowding distance of the new population (Ry);
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Step 3: Select individuals according to the ranking of the non-inferior solutions, with
the lowest layers entering into the new parent population (P:1) until the size of the
population reaches N;

Step 4: In cases where all individuals from a particular rank cannot enter into Py,
the individuals can be sorted alternatively according to their crowding distances, with
priority for those with greater crowding distances.

The calculation process is illustrated in Fig. 3.

Improvement of the Crossover and Mutation Operators. For binary coding, the ge-
netic locus is {0,1}, with 0 indicating no damper should be deployed at this position
and 1 indicating one damper should be deployed at this position.

The crossover and mutation operators are the most important genetic operators in
the genetic algorithm. According to the building block hypothesis, while the crossover
operator produces offspring by recombining the parents’ characteristics, the mutation
operator produces offspring with new genetic characteristics by mutating the parents’
genes. Both are genetic operations. The locus of a binary-coded chromosomal gene is
{0,1}. An improvement of the crossover and mutation operators is required to ensure
that a particular chromosome has given numbers of {0} and {1} genes, that the numbers
of {0} and {1} genes remain unchanged, and that the offspring produced based on the
parents via the crossover and mutation operators possess the parents’ fine genes. The
improvement steps for the crossover operator are stipulated:

Step 1: Select two individuals randomly from the parent population for crossover
operation;

Step 2: Identify the numbers and positions of {0} and {1} genes in the two parental
generations;

Step 3: Generate random numbers within the range of the numbers and positions of
{0} and {1} genes in the parental generations;

Step 4: Perform crossover operation between the positions of {0} genes in Parental
Generation 1 and the positions of {1} genes in Parental Generation 2. Perform crosso-
ver operation between the positions of the {1} genes in Parental Generation 1 and the
positions of the {0} genes in Parental Generation 2.

The crossover operator is improved based on the binary single-point crossover,
which ensures that the numbers of {0} and {1} genes in the filial generation are always
equal to that in the parental generation.

For the regular crossover operator, the two parent individuals chosen for crossover
operation can be:

Parent X;:01011101001

Parent X,: 10010110101

If the vertical bar in the gene string is considered the crossover position, the new
individuals produced via crossover operation can be:

Offspring X;: 01011110101

Offspring X2 : 1001001001

For the improved crossover operator, the parent individuals are the same as the reg-
ular ones:
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Parent X;: 0101101001

i

ParentX;: 1001010101

The new individuals produced can be:

Offspring X1 : 1001001101

Offspring X' : 0101110001

Similarly, to ensure that the numbers of the {0} and {1} genes of the mutated off-
spring remain unchanged, the mutation operator can be improved following the steps
below:

Step 1: Traverse all the genes on the parental chromosome and employ one or some
of them as the mutation sites with a low probability;

Step 2: Locate the positions of {1} and {0} genes in the chromosome;

Step 3: Mutate one {1} gene in the chromosome to a {0} gene, and then concur-
rently, mutate {0} gene to a {1} gene.

For the regular mutation operator:

Parent A: 0101101001

o

Offspring B: 1101111000
For the improved mutation operator:

Parent A: OllO 11 OlIOEI
Parent A: 0000111011

3.2 Optimized Spatial Arrangement of Dampers

Viscous dampers are often arranged in series with diagonal bracings in the interlayers
of a structure. In general, the force of a linear viscous damper depends on the magnitude
of its instantaneous relative velocity!'!! :

F(t) =—cu(t) (1

In the case of seismic motion, the differential equation of motion of a structure
equipped with viscous dampers can be expressed as:

[M]{u(@)}+([C]+[C.]) u@)} +[K J{u)}
=—[M]{1}x, (0

where [M] is the major structure’s mass, [C] is the major structure’s damping, [K] is
the major structure’s stiffness matrix, {ii(f)} is the major structure’s accelerated veloc-
ity, {u(2)} is the major structure’s velocity, {u(¢)} is the major structure’s displacement

2)
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vector, X,(f) is the acceleration vector of ground motion, and [C:] is the damper’s sup-
plemental damping matrix.

In the research, the multi-objective NSGA-II was adopted to optimize the spatial
arrangement of dampers in single-span reinforced concrete frame structures for better
damping performancel'?). The analysis process is illustrated in Fig. 4.

As shown, the NSGA-II-based optimization design for seismic control comprises
three major procedures — optimal modeling, structural modeling, and multi-objective
genetic searching!'®l. The optimal modeling determines the design variables and their
initial values, optimization objectives, and constraints. Structural modeling involves the
building of an analytical model and the simulation of seismic actions. Compared with
regular genetic searching, multi-objective genetic searching is characterized by addi-
tional population merging and non-dominated sorting and elimination. Also, the latter
has a different sequence of steps.

Generally, an optimization model should be established according to the structural
characteristics and the seismic control technology applied. Different seismic control
technologies are subject to different design variables and their initial values, con-
straints, and more likely, optimization objectives. As for the optimization of the spatial
arrangement of dampers in single-span reinforced concrete frame structures, the pri-
mary target is to determine the specific optimal positions of dampers throughout the
whole spatial framework so that the given objective function values satisfy the condi-
tions!'¥l. Therefore, two types of optimization can be identified: one defines given ob-
jective functions only, without stipulating the number of dampers, and applies the op-
timizer to locate the positions of dampers that meet the optimization objectives through-
out the spatial framework; the other stipulates a given number of dampers and applies
the optimizer to generate several arrangement alternatives where the objective function
values are as small as possible, and the optimal alternative will be recognized based on
overall comparison and consideration in terms of objective functions, economic condi-
tions, and social conditions!!'). The latter possesses better feasibility and comparability
compared with the former and is chosen for optimization design in this case.
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Determine Multi- . Satisfy the)
Actual i the initial Objective | )| Evaluation| \ Selection I_ICrossoverI_I Mutation I.I bgg:;gilr:lg Terminati
sm}:cru}ia value of I:I‘> Genetic [1| Function [|Operation[V|Operation 7| Operation and 8
shocl -

variables i
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o
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T
I
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Fig. 4. Optimization of Seismic Control Based on the NSGA-II
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4 Numerical Calculation

4.1 Structural Model

In this section, a single-span reinforced concrete frame structure with 6 storeys (the
height of one storey is 3.6 m; the total height is 21.6 m) was used for numerical analysis.
The plane layout and the spatial layout are shown in Fig. 5 and Fig. 6, respectively.

24000

o ® o ®

Fig. 5. Plane Diagram of the Structural Model

Fig. 6. Space Diagram of the Structural Model

4.2  Genetic Coding and Parameters

Parameter determination: Binary is used to encode the chromosome of spatial optimi-
zation. A chromosome containing 30 genetic loci is used to represent the arrangement
solution requiring optimization!'®l. A genetic locus bears or does not bear a damper,
with {0} indicating negative and {1} indicating positive. The coding is performed from
up to down by storey and from left to right by axis. For instance, a gene (10010) can
suggest there are 5 potential positions for dampers on the first storey and that two damp-
ers can be deployed in the filler walls on the 1 and 4 axes, respectively, on the first
storey. As for a chromosome containing 30 genetic loci (00010 01010 10010 00010
01010 10000), every 5 genetic loci indicate 5 potential positions for dampers on one
storey, and the nine 1s mean that a total number of 9 dampers can be deployed in the
filler walls on the 4" axis on the 1% storey, the 2" and 4™ axes on the 2" storey, the 1%
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and 4™ axes on the 3™ storey, the 4™ axis on the 4" storey, 2" and 4™ axes on the 5%
storey, and 1% axis on the 6% storey.

Parameters of the genetic algorithm are T=100, P.~0.9, and P,=0.1, where T is the
number of populations, P. is the crossover probability, and Py, is the mutation probabil-

ity.

4.3  Analysis of the Calculation Results

Two natural waves and one artificial wave were selected for analysis and calculation,
and the peak acceleration of ground vibration was adjusted to 70 gal.

Two objective functions aiming at optimizing the spatial arrangement of dampers
based on multi-objective optimization include!'”):

A. Ratio of the maximum inter-storey drift angle in an energy dissipation structure
equipping with dampers to the maximum inter-storey drift angle in a regular structure
without dampers under seismic action:

o
— max 3
Si(x) = = 3)

0,max

B. Ratio of the maximum acceleration in an energy dissipation structure equipped
with dampers to the maximum acceleration in a regular structure without dampers un-
der seismic action:

S5 (x) = @

0,max

where Omax and Gpmax are the maximum inter-storey drift angles with and without
dampers, and amax and aomax are the maximum accelerations with and without damp-
[18]
erst'®l,

The viscous dampers with a damping constant of C, = 2.0x10"N-s/m were

adopted!'”); and the numbers of dampers were 3,4, 5, 6,7, 8, 9, and 10.
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Fig. 7. Correlations of the Maximum Inter-Storey Drift Angles with the Number of Dampers
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By virtue of the two objective functions above, the research took into consideration
the impacts of both fi(x) and f>(x) to explore the variation curves of the objective func-
tions with the increasing number of dampers under the EI-Centro wave, the Taft wave,
and the artificial wave (Fig. 7 and Fig. 8).

321 EI-Centro Wave|

30} —e— Taft Wave
=28} —— ACC1 Wave
3]

E26f
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824+
<
§2.2-
E 20
»
< -
s 1.8
16
14+
1.2

Number of Dampers

Fig. 8. Correlations of the Maximum Accelerations with the Number of Dampers

As evidenced by Fig. 7 and Fig. 8, with the rise in the number of dampers, the struc-
ture’s maximum inter-storey drift angles and maximum accelerations decline. When
the number of dampers reaches 6 or 7, the downtrends of the maximum inter-storey
drift angles and maximum accelerations tend to be moderate. When the number reaches
9 or more, the increment of the damping effect on the two variables is no longer signif-
icant.

Determination of final reinforcement schemes: If the number of dampers is stipu-
lated, the statistics of the probabilities of installation position can be drawn up accord-
ing to the Pareto optimal solutions, and the schemes where the positions are statistically
optimal can be regarded as the final reinforcement schemes. Taking the 4-damper rein-
forcement scheme as an example, the Pareto optimal solutions are shown in Fig. 9 and
Table 1.
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Fig. 9. 4-Damper Pareto Optimal Solutions
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Table 1. Installation Schemes of 4-Damper Pareto Optimal Solutions

Wave Type Pareto Optimal Installation Scheme
1 2-3,3-5,4-1,4-5
EI Centro Wave 2 2-3,2-4,4-2,6-1
3 2-3,3-4,4-1,4-5
1 2-3,3-5,4-1,4-5
2 2-3,2-4,4-4,6-2
Taft Wave 3 1-3,3-5,4-5,5-1
4 2-4,3-4,4-5,5-2
1 2-3,3-5,4-1,4-5
ACC1 Wave 2 2-3,2-4,4-4,6-2
3 1-3,3-5,4-5,5-1

Supposing the structure is reinforced with 4 dampers, the optimizer suggests the
same Pareto optimal solution under the three seismic waves. Thus, this specific solution
is considered the final reinforcement scheme, which dictates that the 4 dampers are
deployed on the 3™ axis on the 2" storey, the 5% axis on the 3™ storey, the 1% axis on
the 4" storey, and the 5™ axis on the 4" storey, respectively. Its damping effects are
analyzed based on the two objective functions (Fig. 10-12).

—*— Pareto Optimal —*— Pareto Optimal
—— Uncontrolled Structure —— Uncontrolled Structure|

6 . e i 6}
5‘ | \ Elastic Limit
g5 * 55 L
& : 2
|
4 5 Aal
3 ' ! 3t
|
2 U /‘/ 2t
| e
1 o 1
0.001 0.002 0.003 0.004 0.005 0j5 1..0 1j5 2j0 2j5 3j0 3..5 4;0 4j5
Inter-Storey Drift Angle Storey Acceleration (m/s )
(a) (b)

Fig. 10. Damping Effect of the 4-Damper Pareto Optimal Solution Under the EI-Centro Wave
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Fig. 11. Damping Effect of the 4-Damper Pareto Optimal Solution Under the Taft Wave
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Fig. 12. Damping Effect of the 4-Damper Pareto Optimal Solution Under the ACC1 Wave
Supposing the structure is reinforced with 6 dampers, the Pareto optimal solutions
suggested by the optimizer under the three seismic waves are summed up in Table 2.

Similarly, the probability statistics are accomplished for all installation schemes in
Table 2, and the results are shown in Table 3.

Table 2. Installation Schemes of the 6-Damper Pareto Optimal Solutions

Wave Type Pareto Optimal Installation Scheme
1 1-2,1-4,3-4,4-5,5-1,6-3
EI Centro W 2 1-3,2-5,3-5,4-2,5-2,6-1

ntr
entro Tvave 3 2:3.2-4,3-14-1,6-2,6-4
4 1-4,2-3,3-2,4-1,4-2,4-4
1 1-3,2-3,3-5,4-5,5-1,6-3
Taft Wave
2 1-3,2-4,3-4,3-5,6-1,6-2
1 1-3,2-5,3-5,4-5,5-1,6-2
2 1-3,2-3,2-1,3-4,4-5,6-1
ACC1 Wave

3 1-2,1-4,3-5,4-2,6-1,6-2
4 1-2,2-5,3-3,3-5,6-2,6-4

Table 3. Probability Statistics of 6-Damper Pareto Optimal Solutions

Installation Position Frequency
3-5 6
1-3,6-2 5
2-3,4-5,5-1 4

As for the 6-damper case, the reinforcement scheme suggests that the 6 dampers are
deployed on the 3™ axis on the 1% storey, the 3¢ axis on the 2™ storey, the 5 axis on
the 3" storey, the 5 axis on the 4" storey, the 1 axis on the 5% storey, and the 2" axis
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on the 6% storey, respectively. The damping effects under the three seismic waves are
shown in Fig. 13-15.
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Fig. 13. Damping Effect of the 6-Damper Pareto Optimal Solution Under the EI-Centro Wave
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As shown above, the 6-damper reinforcement scheme determined based on proba-
bility statistics has significant damping performance.

5 Conclusion

The research prepares an improved multi-objective NSGA-II to optimize the damper-
based reinforcement solution for single-span reinforced concrete frame structures re-
quired to be reinforced with dampers. Compared with the regular genetic algorithm, the
improved multi-objective genetic algorithm can keep the numbers of specific genes in
the chromosomes unchanged across generations, which lays the foundation for the sub-
sequent discussion on the correlations of the objective functions with the number of
dampers if a damper-based reinforcement scheme is applied. It provides a decision-
making basis for more economical reinforcement schemes in practical engineering pro-
jects.

In the case of a structure under different seismic waves, when the number of dampers
is stipulated, the Pareto optimal solutions proposed by the improved multi-objective
NSGA-II can be either the same or different: (1) if the same, the Pareto optimal solution
can be reorganized as the final reinforcement scheme; (2) if different, the probability
statistics should be applied to identify the most frequent damper positions as the final
reinforcement scheme. Nevertheless, according to the objective functions, any rein-
forcement schemes suggested by the improved multi-objective NSGA-II have signifi-
cant damping performance.
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