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Abstract The traditional design method of the structure is commonly conceived by
designers based on demands, thoughts, and experiences. However, this process is
often time-consuming and hard to get the optimal solution. Automatic optimal design
is the future development trend of structural design. The main purpose of this study is
to propose an automatic optimization design method for building structures. The
optimization method is based on constraint sensitivity data. Design constraint sen-
sitivities can indicate the optimal changing directions of design variables. Based on
the initial design, the sensitivity data can provide the optimal direction of structural
material adjustment. Employing sensitivity data can realize the compliance design by
the minimum material increment, and realize the optimization design by the maxi-
mum material decrement, thus to meet the performance requirements of super
high-rise building structures with high efficiency and low cost. The design automation
process is also described based on amodeling-analysis-design methodology. A frame
shear wall structure is to be employed to show the viability and process of constraint
sensitivity data-driven structural design automation.
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1 Introduction

Structure optimal design is attracting research interest in the building industry,
especially in the design of tall buildings. Optimal design method includes objec-
tives, constraints, and design variables. Objective function is minimized (or max-
imized) during optimization. Design objectives can be weight, structural cost, or
seismic energy. Constraint functions are the criteria that the system has to satisfy for
each feasible design. Constraints include stress, displacement, drift, etc. Design
variables generally are member sizes in structure optimal design.

Constraint sensitivity data is usually used as the driving direction of structure
optimal design. According to the sensitivity of the constraint conditions to the size
of each component, the size of the component can be modified reasonably to make
the final constraint in a reasonable range of redundancy. Based on the principle of
virtual work, Jiang Xiang [1] deduced the relationship between the top acceleration
and the component size of super tall building under lateral wind vibration. And,
based on the sensitive data, the actual super tall building is optimized. Sensitivity
analysis based optimization method to optimize structures subject to story drift
constraint under earthquake action was studied [2].

Structure optimal design method is generally based on optimization algorithm.
XieYimin [3] used the bi-directional evolutionary structural optimization algorithm
to carry out architectural design, and through a series of cases, elaborated the use of
bi-directional evolutionary optimization algorithm to generate beautiful and effi-
cient forms, and revealed the important role of modern structural topology opti-
mization algorithm in architectural design. Dong Yaoming proposed an optimal
design for the structure lateral system of super tall buildings under multiple con-
straints [4]. Cao Benfeng developed a multilevel constrained optimal structural
design method for reinforced concrete tall buildings [5].

In this paper, a multi-level optimization model design method is proposed. The
method classifies the design purpose, design variables and constraints into compo-
nent, component assemble and global levels. With the constraint sensitive data as the
driving direction, and combined with the bi-directional evolutionary structural opti-
mization idea, the automatic optimal design of the structure is finally realized. The
design automation process is also described based on a modeling-analysis-design
methodology (MAD).

2 Digital Modeling

The general structure design can be divided into four stages: planning, design,
construction and maintenance. This paper introduces the concept of digital mod-
eling in design stage. Digital modeling can be divided into four stages: geometric
modeling, physical modeling, structural analysis and structural design, which can
be summarized as modeling-analysis-design methodology (MAD). Figure 1

46 J. Yao et al.



describes the specific process of MAD digital modeling method. The design ele-
ments of each modeling stage are shown in Table 1.

From Fig. 1 and Table 1, Mad method makes modeling standardized, which is
conducive to the automation of structural design and optimization. This is the
purpose of this paper.

3 Theoretical Basis

This paper introduces a structural automatic optimization method based on sensitive
data-driven and bi-directional evolutionary optimization. The sensitive data can
provide a reasonable direction for optimization, while the idea of bi-directional
evolutionary optimization provides an algorithm to realize automatic optimization.

3.1 Sensitivity Method

As a tool of structure optimization, sensitivity analysis can provide reasonable
optimization direction for structures. In this paper, the sensitivity analysis method
of virtual work is used to obtain the first derivative of constraint conditions with
respect to design variables, i.e. sensitivity data.

The sensitivity coefficient is defined as follows:

ski ¼ Dgi=Dv
k ð1Þ

When Dvk tends to 0, the formula (1) can be expressed as a formula (2):

Fig. 1 MAD method process
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ski ¼ dgi=dv
k ð2Þ

where ski refers to the sensitivity coefficient of i-th constraint on the k-th design
variable; gi refers to the value of i-th constraint; vk refers to the value of k-th design
variable.

The relationship between constraints and design variables can be expressed by
the principle of virtual work. According to the principle of virtual work, the virtual
work done by the load under the real working condition under the displacement
generated by the virtual working condition is equal to the virtual work of the
internal force, which is expressed as follows.

edi ¼
ZLbi

0

ðFXfX
EA

þ FYfY
GAY

þ FZfZ
GAZ

þ MXmX

GIX
þ MYmY

EIY
þ MZmZ

EIZ
Þidx ðBeam; columnÞ ð3Þ

where Lbi refers to the length of the i-th beam and column elements, FX , FY , FZ ,
MX , MY , MZ refer to the internal forces of the element under external loads; fX , fY ,
fZ , mX , mY , mZ refer to the internal force of the element under the virtual load; A
refers to the cross section area of beam and column element; AY and AZ refer to the
shear area of beam and column elements; IX , IY and IZ refers to the torsion and
bending moment of beam and column under inertia force.

It is assumed that the model is a statically determinate structure, that is to say, the
internal force distribution of the structure will not be affected by changing the
element size. Then the sensitivity coefficient of constraint conditions with respect to
component size can be expressed as follows:

Si ¼ dd
dvoi

¼ dedi
dvoi

ð4Þ

Table 1 Modeling elements of MAD method

Digital modeling Content

Structural geometric
modeling

Point, Line, Surface, Body…

Structural physical
modeling

Physical properties, Section…

Structural analysis
modeling

Finite Element Mesh, Load, Boundary Finite Element Analysis Load
Effect Combination

Structural design
modeling

Design Criteria, Structure Response
Sensitivity Analysis, Compliant design
Optimal design, Design Automation
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The analysis process of shell element is the same as above. We can get a
simplified expression of the sensitivity coefficient.

Si ¼ � C1

cokð Þ2 �
2C2

cokð Þ3 ðBar elementÞ ð5Þ

Si ¼ � C3

cokð Þ2 �
3C4

cokð Þ4 ðShell elementÞ ð4Þ

Where C1, C2, C3, C4 are constants related to internal force, material properties,
height, length and unit volume cost of materials.

3.2 Automatic Optimal Design

Based on the ascending bi-directional evolutionary optimization method, Design
Modeling can be divided into three levels and check part according to the different
level of constraints, which are component level, assembly component level and
global structure level. The optimization process of each structure level is shown in
Fig. 2.

The general process of realizing structure automatic optimal design by computer
is shown in Fig. 2.

After calculating the sensitivity coefficient of the component, the optimization
strategy is shown in Fig. 3.

Status a+ refers to that the structure is under-constrained and a- refers to the
structure is over-constrained. A indicates those components that are sensitive to the
controlling constraint and B indicate those components that are insensitive to the
controlling constraint. The arrow indicates the adjustment direction of component
size, up indicates increasing component size, and downward indicates decreasing
component size.

4 Case Study

This paper takes a single story plane steel frame shear wall as an example. The
design parameters and initial member section dimensions are shown in Table 2 and
Table 3 (Fig. 4).

Taking the minimum cost as the optimization objective, the constraint conditions
are the stress ratio and mid span deflection of the beam, the stress ratio and slen-
derness ratio of the column, the axial compression ratio of the shear wall, and story
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drift..The initial calculation results and the redundancy of each constraint are shown
in Table 4.

Fig. 2 The automatic optimal
design of component process

a+ status a- status

Fig. 3 Optimization
strategies
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It can be seen that the initial redundancy of each constraint is relatively large.For
the structure, the amount of material is not economical enough. The constraint
conditions at the member level only need to modify the corresponding member size.
Sensitivity analysis is needed for the constraint conditions of the global structure
level. The sensitivity index (The index of maximum sensitivity coefficient is des-
ignated as 100) of story drift with respect to each member is shown in Fig. 5.

It can be seen that in this model, the sensitivity coefficient of the beam is the
largest, which indicates that changing the size of the beam has the greatest impact
on the story drift. After obtaining the sensitive data, according to the automatic
optimization method in Fig. 2, the optimized component size is shown in Table 5.

The redundancy of each constraint after optimization is shown in Table 6.

Fig. 4 Plane steel frame shear wall model

Table 2 Calculation parameters

Additional dead
load (N/m)

Live load
(N/m)

Basic wind
pressure (kN/m2)

Shape
coefficient

Damping
ratio

Characteristic
site period

27,000 12,000 7.5 1.3 0.04 0.4

Table 3 Initial structural member size

Height Width Web thickness Flange thickness

Size of beam/mm 250 250 10 10

Size of column/mm 250 250 10 10

Wall thickness/mm 250
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Table 4 Initial calculation results

Constraint level Constraints at the component level Global constrint

Component Beam Column Wall –

Constraint Stress
ratio

Deflection/
m−1

Stress
ratio

Slenderness
ratio

Axial
compression ratio

Story drift

Initial calculation
constraint value

0.55 0.0012 0.39 35 0.159 9.66 � 10-4 2.09 � 10-4

Constraint limits 0.9 0.0025 0.9 100 0.4 0.004 0.004

Redundancy 39% 52% 57% – 60% – –
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Beam Column Wall

Fig. 5 Sensitivity index of story drift to component

Table 5 Optimized results

Height Width Web thickness Flange thickness

Size of beam/mm 220 220 8.8 8.8

Size of column/mm 130 5.2 5.2 5.2

Wall thickness/mm 200

Table 6 Calculation results
after optimization

Constraint 
level Constraints at the component level Global 

constraint

Component Beam Column Wall --

Constraint Stress 
ratio

Deflection/m-

1
Stress 
ratio

Slenderness 
ratio

Axial com-
pression 

ratio
Story drift

Redundancy 2% 48% 23% 5% 50% - - 
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It can be seen that the optimized material consumption is more economical, and
the constraint redundancy is in a more reasonable range. It is verified that the
optimization result is at least a local optimal solution.

5 Conclusions

This paper introduces the MAD modeling method, which decomposes the model
into several levels, which is beneficial to the computer programming to realize the
goal of automatic optimization of structure. The relationship between constraints
and design variables (component size) is established by using the principle of
virtual work. Applying sensitive data to the direction of structural optimization can
improve the search speed of size modification and save the optimization time. The
case results show that the results obtained by this method are reasonable and
economical, and the method is expected to be applied to larger structures.
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