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Abstract

In this study, a unified optimal design approach is proposed for the design of skeletal dome structure (SDS). Thus, this study has
three objectivities, i) presenting the emergence of proposed design integrity, ii) applying the proposed optimal design approach for
the design optimization geometrically nonlinear SDS with both ellipse and sphere-shaped forms considering both the shape, size and
topology-related design variables, iii) determining the dominant design criteria in the design of SDS. In this framework, the design of
SDS is optimized thereby minimizing its entire weight and joint displacements and maximizing its member forces at the same time. The
design constraints are borrowed from the provisions of American Petroleum Institute (API RP2A-LRFD) specification. A multi-objective
optimization algorithm (MOA) named Pareto Archived Genetic Algorithm (PAGA), as an optimization tool is integrated by an automatic
dome generating tool. Therefore, the novelty of this study comes from being the first attempt to obtain the optimal design in a way
of integrating both member and joint-related design constraints by the geometrically nonlinear structural analysis. Consequently, it is
displayed that that the proposed optimal design approach facilitates to determine an appropriate optimal design through a tradeoff
analysis for designers depending on their preferences. The design concepts concerned with buckling, axial stress, combination of axial

& bending, and yielding have the higher dominant effects in the optimal design of SDS. Furthermore, it is also demonstrated that the

inclusion of diagonal members into the design of SDS provides a reduction in the violation of dominant design constraints.
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1 Introduction

The dome structures as a member of skeletal structural sys-
tems have a reputation of spanning the large areas without
requiring any interior support. Therefore, they have accom-
plished to take a part in almost every period of histori-
cal progression in the structural system. Particularly, SDS
comes into prominence through the development in the steel
industry. In this regard, the designers have been incessantly
in hot pursuit of using a more realistic and rational design
approach for the design of SDS. In general, the engineering
judgment decided by the designers is carried out depend-
ing on both the satisfactory degree of basic design crite-
ria and accumulated experiences of designers. However,
this achievement-oriented approach based on theoretical
expertise and practical experiences generally omits the con-
sideration of other design factors such as the higher nodal
displacements, global stability and etc. Therefore, the con-
fidence level that indicates about the performing capacity

of SDS against any failure incident is relatively reduced.
In order to deal with this assuring-related design problem,
there exists fortunately a statistical-based analysis tech-
nique named reliability analysis [1]. Thus, it is possible to
measure and estimate the probability of failure depending
on a number of quantitative observations such as stresses,
displacements of SDS members and joints. However, there
also exists the qualitative type data such as the structural
analysis which is utilized to compute the responses of SDS
members [2-3]. It is easily seen that the quantitative and
qualitative concepts are also interacted with each other's.
In fact, there exist two fundamental notions that man-
ages the qualitative measurements along with the quan-
titative one: incompleteness and uncertainty. An appro-
priate arrangement in the design requirements according
to these concepts allows the designer to obtain a design
against the occurrence of any failure incident [1, 4].
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One of the reasons behind incompleteness and uncer-
tainty is arisen from the lack of information or knowledge
about the modelling and analyzing issues in the design of
SDS. Furthermore, it has to be noted that this lack has
also responsibility of occurring the failure incident in the
design of SDS. In this regard, the mechanism behind the
failure incident has to be firstly introduced.

A well-known failure incident named "collapse" has
a big importance in the design of SDS due to the higher
probability of occurring during or after building the
SDS [5]. There are several reasons of occurring the col-
lapse-induced failure (CIF) in SDS such as local and/or
global buckling of structural members and/or systems,
design, construction-related errors and etc. [6]. The recent
studies particularly focus on one type of CIF that starts
with a localized damage and ends with a local or global
structural failure [7-15]. In order deal with this type fail-
ure, the best reasonable design approach is to increase both
the number and the cross-sectional size of structural mem-
bers. However, it is obvious that the constructing cost is
accordingly elevated. The other design complexity is con-
cerned with the determination of appropriate modelling and
analyzing approach since the joint displacements may be
larger in SDS.

Although this study does not propose a probability or
possibility-based assessment of failure incidents, several
weak links, which play a big role in gathering the qualita-
tive and quantitative data, are identified and highlighted in
order to develop a new design methodology.

Thus, the following part is reserved to investigate the
weak links in the design of SDS and accordingly highlight
their effects on the design of SDS considering the incom-
pleteness and uncertainty concepts.

Integration of a compact design specification

There exist a big variety in the member cross-sec-
tional size and geometrical dimensions of SDS. This sit-
uation points out not only a higher probability of includ-
ing a slender member into SDS but also an occurrence
of local or global stability induced failure leading to the
collapse of SDS. The other design factor that governs the
mechanism of CIF is concerned with the excessive num-
ber of joints. Similarly, the higher variety in the connect-
ing components (weld, bolt, rivet and etc.) and the connect-
ing topology causes to increase the risk of CIF due to the
probability of occurring a lower joint strength in SDS. The
ductility capacity of joint and members also plays a big
role in the management of CIF mechanism. Because, an
increase in firstly joint displacements and then the member
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deformations cause to begin a sudden plastic action. At this
point, it has to be noted that a higher ductility capacity of
SDS provides a big advantage for load-carrying capacity
but a disadvantage for the serviceability capacity of SDS.

The plastic incident is generally occurred depending
on an increase in the axial force in the horizontal mem-
bers of SDS and resulted by a plastic hinge on the related
members [16—18]. Although there exists a possibility of
carrying the extra member responses through the longitu-
dinal members, the extra rotations occurred in the plastic
hinges may cause a stability failure in SDS. Therefore, the
strength and ductility capacities of both member and joint
have to be checked at the design stage according to the
provisions of available design specification. Therefore, the
use of a compact design code reduces the incompleteness
degree encountered in a number of design codes.

Use of an appropriate structural analysis approach

Due to the discrete nature of SDS, there exists a high
tendency to inherently a significant configurational change
in its structural system under any external loading con-
dition. Although the member responses of SDS are well
below a yield point of material, the nodal displacements
of SDS may suddenly reach to the higher values [19-21].
In fact, the larger nodal displacements cause also to be
arisen a global stability-related failure in SDS although
the stabilities of SDS members are not lost. Assuming the
structural system of skeletal dome to exhibit a nonlinear
behavior becomes to be more realistic. Therefore, the fun-
damentals of proposed structural analysis have to be con-
stituted on the geometric nonlinearity. Furthermore, the
proposed structural analysis approach has also a capabil-
ity of solving the global stability problem. Tackling the
global stability as a linear eigen-value problem is unfor-
tunately not an appropriate solution due to obtaining the
global stability capacity at the higher value [20]. In this
regard, the equilibrium path, which shows the correlation
between member response and nodal displacement, has
to be traced by an incremental-iterative based structural
analysis approach.

Unfortunately, this equilibrium path is represented by
a nonlinear curve, which contains a number of critical
points such as bifurcation, point, limit point and etc. In
fact, this equilibrium path is also utilized to determine the
global buckling capacity of SDS through monitoring the
sudden change in the critical points. Therefore, the use of
efficient nonlinear structural analysis approach reduces
the uncertainty degree in the computation of both member
responses and global stability capacity of SDS.
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Providing a higher structural serviceability for SDS

It is mentioned that the serviceability capacity of SDS
may be decreased due to the increase in the ductility
capacity. In order to increase the serviceability capacity of
SDS for an achievement of obtaining a motion-insensitive
structural system, the best remedy is to bound the joint
displacements by an upper limit [22]. A satisfied balance
between the serviceability and ductility capacities of SDS
correspondingly reduces the uncertainty degree.

Integration of an optimization tool

It is emphasized that the design complexity of SDS is
higher with respect to the design of other structural systems.
One of the reasons behind the design complexity generally
arisen from simultaneously seeking a lower constructing
cost for the economic efficiency, a higher load-carrying
capacity for the safety purpose and a lower joint displace-
ment for the higher serviceability. Furthermore, the variety
in the cross-sectional size of SDS members and geometri-
cal dimensions in SDS also increases the design complex-
ity due to stimulatingly satisfying these objective functions
at a higher level. Because, the use of lower cross-sectional
size along with the decreased number of members makes
an additional profit for the construction of SDS system
but an additional risk for CIF incident in SDS. The most
reasonable and realistic solution is to involve an optimi-
zation tool into the design stage of SDS. Particularly, the
employed optimization tool has to be capable of handling
with multiple objective functions [22-26]. Thus, it is possi-
ble to make a trade-off analysis in order to the most appro-
priate design according to the preference of designer. The
use of multi-objective optimization approach reduces the
incompleteness degree in a way of providing an opportu-
nity of making a trade-off analysis for the designers.

Integration of an automatic dome generating tool for
conceptual geometric configuration of SDS

Although the integration of multi-objective optimiza-
tion tool provides a big contribution for the determination
of appropriate design, a further convergence degree in the
optimal design is obtained by arranging the geometrical con-
figuration of SDS. Particularly, a consistent variety in the
geometrical configuration of SDS leads to a positive con-
tribution in the increase of load-carrying capacity thereby
reducing the probability of the stability-related problem.
Thus, the uncertainty degree arisen from using a pre-assumed
conceptual configuration for SDS is accordingly decreased.

In the framework of these insightful descriptions, this
study accomplishes to provide an intelligent computer
based design integrity for SDS design. In this regard, the

design of SDS with various geometrical configurations is
optimized thereby utilizing a MOA named Pareto Archived
Genetic Algorithm (PAGA) along with the displacement,
joint and member-related design constraints. It is noted
that the computing performance of PAGA was also evalu-
ated considering several multi-objective evolutionary algo-
rithms named NSGAII [27], SMSEMOA [28], MOEA/D
[29], PESAII [30], SPEA2 [31], eMOEA [32], [21].

The organization of is study begins with an introduction
to the intelligent computer based optimal design methodol-
ogy. Then, the sections 3 and 4 are reserved for the discus-
sion of results and conclusion.

2 An intelligent computer based optimal design
methodology

This study proposes an intelligent computer based design
integrity in order to optimize the design of SDS. In fact,
its working mechanism is emerged considering the design-
related lacks which come from the weak-links mentioned in
preceding chapter. Thus, this section is separated into two
sub-sections: a brief introduction to the optimization tool
PAGA and description its governing elements of proposed
intelligent computer-based optimal design methodology.

2.1 A brief introduction to PAGA

The proposed optimal design approach utilizes an evo-
lutionary based multi-objective optimization tool named
PAGA. In fact, the evolutionary-based methodologies
have been widely used in the optimization of structural
engineering design problems [22-32]. Particularly, SDS
achieves to become one of attractive application areas in
the evolutionary-based design optimization field [33—44].

The evolutionary-based search mechanism of PAGA
is managed by the four sub-populations utilized to repre-
sent the entire solution space by four sub-solution regions
(see Fig. 1). These sub-populations have the responsibil-
ity of both exploring and exploiting the promising genetic
material. Particularly, the size of sub-population and the
values of genetic operator parameters are utilized for the
exploitation of genetic material.

The execution of PAGA starts by assigning the genetic-
related parameter values (see Fig. 2). Then, the fitness val-
ues of current population is computed. The pareto solu-
tions are determined and stored in a separate pareto-
archived population. Because, the basic statistical data
obtained from pareto-archived population is used to adjust
the sub-population sizes depending on a parameter named
"division number" that is pre-assumed and utilized to for
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Fig. 1 Visualization of Sub-populations Utilized by PAGA

Define the objective functions f}, f2, /3 along with the upper and lower values of design variables
Initialize the genetic parameter values named ion number, ion size, sub-
generation number2 and a division number
for i=1: generation number
Compute fitness values and determine current pareto solutions
Compute the statistical data regarded with the current pareto solutions
Compute sub- ion sizel, sub- ion size2, sub- ion size3 and sub ion size4
Compute the values of Genetic Parameters
Evaluate sub ionl, sub- lation2, sub-p ion3 and sub-
Correct sub- 1 1, sub ion2, sub. ion3 and sub-:
values of design variables
end

numberl, sub-
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Fig. 2 A Pseudo Code for the Description of Working Mechanism of
PAGA

>

Fig. 3 Top (a) and Side (b) View of SDS Used as a Conceptual Model

the determination of promising solution regions. Further-
more, the genetic operator parameter values are also
adjusted depending on the pre-assumed sub-generation
numbers and generation number. In this regard, two basic
genetic operators named simulated binary crossover and
polynomial mutation manages the combination and diver-
sification of genetic material embedded in the individuals
of population. If it is required, the individuals of gener-
ated population are re-computed according to the upper
and lower values of design variables. Following the com-
putation of fitness values of current population individu-
als and determination of pareto solutions, the evolutionary
search of PAGA continues until the pre-assumed genera-
tion number is completed. The further details about the
working mechanism of PAGA is presented in [21].

The search capacity of PAGA for an optimal design with
higher convergence degree is increased through inclu-
sion of automatic dome generating tool into the proposed
optimal design procedure. Thus, only certain dimensions
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of SDS, for example their spanning distances and heights
become to be adequate in the generation of various SDS
with different topological, size and shapes (see a concep-
tual SDS in Fig. 3). The design constraints are based on
the provisions of API RP2A-LRFD specification which
is the most comprehensive one of compact design codes.
The serviceability capability of SDS is kept under the con-
trol thereby limiting the joint displacements by an upper
bound. The member responses under the external static
loads are computed by a trend nonlinear structural analysis
approach named "arc length" which is proved to be suc-
cessful in both tracing the equilibrium path and identifying
the critical points located on the equilibrium path [20-22].
Thus, it is possible to compute the global stability capacity
of SDS by the arc length method while the member stabil-
ity capacity is checked through the use of the provisions
of API RP2A-LRFD specification. The proposed optimal
design procedure is coded in MATLAB software in a way
integrating ANSYS software which has a responsibility of
computing the member responses.

At this point, the novelty of this study comes from being
the first attempt about integrating the available design code
with the nonlinear structural analysis approach. The other
important feature of proposed optimal design approach
is its higher flexibility of easily involving any available
design code into its design procedure

2.2 The basic issues governing the proposed intelligent
computer based optimal design methodology

The proposed design optimization of the dome structures
simultaneously minimizes the entire weight of SDS and
nodal displacements and maximizes the member forces at
the same time. The proposed optimal design approach in
associated with a penalizing procedure, elements of which
are based on provisions of API RP2A-LRFD specification
is formulated as:

f =min(zm:(w.l)k +P), )
fo=min(d,+P) (i=1..12and j=1,.,n), @
fi=max(fy +P) (i=l..,12and j=1,.,n). 3)

The entire weight of dome structure, member forces
and nodal displacements are represented by f, (m, number
of dome member; w, unit weigh per member length /), 1,
(n, number of nodes; i, number of node freedom) and f;,
respectively. While the member-related design constraints
(MRDC) along with the joint-related design constraints
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Table 1 Three Geometrical Configurations Used to Arrangement of Arched and Diagonal Members for Sphere and Ellipse Shaped Dome Structures

Geometrical Configuration 1

Geometrical Configuration 2 Geometrical Configuration 3

Cross-sectional Properties of

Longitudinally Arched Members Same

Cross-sectional Properties of

Horizontally Arched Members Different

Cross-sectional Properties of

Diagonal Members Not Included

Different Different
Different Different
Different Not Included

(JRDC) are represented by Unity, ., Unity, ding® and etc.
along with Unity, . .= Unity, .. ding? and etc. respec-
tively, the nodal displacement-related design constraint
are defined by Unity,,,, (Eq. 4)). The terms, current
generation number CGN and ¢ in Eq. (4) are dynam-
ically adjusted depending on the generation number
(see the further details about the use of these parame-
ters in Reference [21]). In case of exceeding one of the
constraint-related upper limit values, this unsatisfactory
result is penalized by the penalty values P, P, and P, (Egs.
(4-06)). It is noted that the extended details of MRDC and
JRDC in Egs. (5-6) are presented in [20, 22].

PAGA is employed for the design optimization of sphere
and ellipse shaped SDS considering the provisions of API
RP2A-LRFD specification. Firstly, the three type config-
urations of sphere and ellipse-shaped SDS are automati-
cally generated by an intelligent dome generating tool and
analyzed for structural responses using a geometrically
nonlinear structural analysis approach named arc length
method (see Table 1). For this purpose, ANSYS program
is utilized to perform the nonlinear structural analysis.
The basic governing parameters of arc length method are
convergence tolerance that determines the completion of
incremental-iterative loop, load step numbers that speci-
fies the number of sub-steps to be taken the current load

step, arc length multiplier that determines maximum mul-
tiplier of the reference arc-length radius (see their assumed
values in Table 2). Then, the structural responses are uti-
lized to check the efficiencies of joint and member-related
strength capacities of SDS. For this purpose, the current
strengths of dome members and the allowable nominal
strengths are easily computed. However, the main diffi-
culty is the inclusion of these strength-related computa-
tions into the proposed optimization algorithm. In order to
overcome this barrier, a ratio of available strength of dome
member to the allowable nominal strength along with a
ratio of maximum value of nodal displacement to a pre-as-
sumed value are utilized. These ratios are named Unity
in this study. Thus, it is possible to include each of these
values of Unity into the proposed optimization algorithm
as a design constraint. A checking procedure through the
value of unity is performed for the violation of each dif-
ferent design constraints. At this point, the main distin-
guished feature of the proposed optimal design procedure
is its flexibility of integrating the geometric nonlinearity
by one of the available specification provisions. The three
type configurations of sphere and ellipse-shaped SDS are
generated depending on the topology, shape and size-re-
lated design variables. While the basic parameters that are
utilized to define the proposed dome configurations are
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Table 2 Design Variables and Values Governed The Proposed Optimal Design Approach

Design Variable Names

Design Variable Values

Size Related Design Variables
Par,

ol

Shape Related Design Variables
ParSDVx
ParSDVy
ParSDVz

Topology Related Design Variables
ParLD;’V

Par

HDN
Structural Analysis Related Parameter Names
Convergence Tolerance (see CNVTOL)

Load step (see NSUBST)
Arc-length mult. (see ARCLEN)

Varying Design Variables

ParSDVxL = 19m< <ParSDVxU = 21m
ParSDVyL = 19m< <ParSDVyU =21m
ParSDVzL = 19m< <ParSDVzU = 21m

Fixed Design Variables

Par,, =1<<Par,, = 37

ParSDVXL = ParSDVxU = 20m
ParSDVyL = ParSDVyU = 20m
ParSDVzL = ParSDVzU = 20m

=< < =
Par,,. =2<<Par, ..=5

=2<<Par =5

Par HDNU

HDNL

Structural Analysis Related Parameter Values

0.00001
500
50

presented in the Tablel, their values along with the param-
eter values of structural analysis approach are tabulated in
Table 2. In this regard, the shape-related design variables
Parg,, . Parg,, and Par,, which are limited by the upper
and lower values Parg,, , Pary,,  and etc. indicates the
height and spanning distances of ellipse and sphere shaped
SDS. The topology-related design variables Par, = and
Par,, which are limited by the upper and lower values
Par,,.., Par, . and etc. indicates the longitudinal-hor-
izontal division numbers for SDS. Although the sphere
and ellipse shapes of SDS are fixed throughout the evolu-
tionary search, the numbers of horizontal and longitudinal
members are consistently altered depending on the topol-
ogy-related design parameters Par,, and Par, . Thus,
the change in the relative nodal position of SDS causes
to a variation in the geometrical configuration SDS. It is
clear that an increase in the number of topology-related
design variables elevates the similarity degree between the
resulted geometrical configuration and the actual sphere
or ellipse shapes. The size-related design variables Par,,
which is limited by the upper and lower values Par,, =
1 and Par,,
circular hollow cross-sections. The design grouping for

= 37 indicates the properties of 37 different

size-related design variables is carried out depending on
the arrangement of SDS elements. Thus, three different
sizes are automatically assigned to the horizontal, longitu-
dinal and diagonal members by the proposed dome gener-
ating tool. The cross-sectional properties of SDS members
are assigned from the lists of ready hot-rolled profiles with
tubular cross-sectional shapes due to their higher resisting
capacity to the torsion-related effects compared to the open
cross-sections. The tubular members of SDS with circular
hollow cross-sections are named as "cylindrical member"
in API RP2A-LRFD specification. The structural strength

and stability requirements for the cylindrical members are
specified in the section "D" of API RP2A-LRFD speci-
fication. Cylindrical member-related design provisions of
API RP2A-LRFD specification is summarized in Table 3
including the equation numbers in the proposed specifica-
tion. Although the application details of design provisions
employed for MRDC are relatively clear due to existence
a direct relation to the members of SDS, the design pro-
visions employed for JRDC is required a further consid-
eration due to the determination of joint-related strength
capacities depending on both members and joints of SDS.
Therefore, the further details about JRDC are presented in
following parts.

The cylindrical members of SDS, each of which are
defined as "chord" and "brace" in API RP2A-LRFD speci-
fication are connected at any joint without overlap of prin-
cipal braces, having no-gussets, diaphragms or stiffeners
(see Fig. 2). Therefore, a joint used to connect chord and
brace members of SDS is named as "tubular joint" in API
RP2A-LRFD specification (see Fig. 4). The code provi-
sions for the tubular joints in API RP2A-LRFD specifica-
tion are arranged according to three sub-categories:

Fig. 4 Geometric Design Parameters for Tubular Joint Connections
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i) Joint Classification: There exists a possibility of
being chord cylindrical members in both the horizontal
and longitudinal directions. The variation in geometry
of tubular joints leads to a categorization of three main
classes "K, T and Y". Firstly, the cylindrical member with
a larger diameter is assigned as chord member. Then,
brace members are attached to the chord member. Thus,
while the tubular joint named "T" is defined for the case
of being the brace member "perpendicular" to the chord
member, a non-perpendicular brace is used to define for
the tubular joint "K". The other important requirement
in the specification of APl RP2A-LRFD is related to the
amount of angle between chord and brace members. The
value of angle has to be higher than 20 degree (see O in
Fig. 2) in order to adequately satisfy for the tubular joint
capacity. These requirements are included into current
JRDC as "Special Controll" and "Special Control2" in
order to check the both existence of chord brace and the
amount of angle, respectively (see Eq. 6).

ii) Joint Capacity: The effective strength is deter-
mined depending on the yield strengths of brace and
chord cylindrical members along with "joint geometry-re-
lated parameters", such as diameters, thickness, of chord
and brace cylindrical members and etc. Therefore, the
existence of brace and chord member is one of the most
important checks for the determination of joint strengths.

The strength check of tubular joints is carried out com-
paring the factored joint axial and bending forces with the
ultimate joint axial and bending capacities. The ultimate
joint axial and bending capacities (see the provisions of
AP RP2A-LRFD specification) are determined depend-
ing on the design parameters named "ultimate strength
factor" and "design factor". The ultimate strength factor
is tabulated in consideration of the joint geometry-re-
lated parameters along with the forces of axial, tension
and in-plane & out-plane bending (see the provisions of
AP RP2A-LRFD specification). The design factor is com-
puted using both the values of factored axial, in-plane &
out-plane bending stresses in chord and some fixed val-
ues (0.030 for brace axial stress, 0.045 for brace in-plane
bending stress, 0.021 for brace out-plane bending stress.
Furthermore, a strength check against the combination
of axial and bending loads in brace is also included into
the provisions of API RP2A-LRFD specification for the
tubular joints

iii) Joint Strength: the tubular connections should
have a sufficient strengths which is not less than %50 of
the effective strength of cylindrical member.

Tubular joint-related design provisions of API RP2A-
LRFD specification is summarized in Table 4 including
the equation numbers in the proposed specification.

Table 3 A Summary for The Proposed Member-related Design Constraints

Axial Tension Bending Axial Compress. Shear Torsional Shear Names of

Stress Stress Stress Stress Stress Unity Check
Nominal Yielding D211 Axial (Tension
Strength - Related) Unity Check
Nominal Axial ) ) D221 . ) Axial (Compress.
Compress.Strength - Related) Unity Check
Nominal Bending D.23-1 Pure Bending
Strength o Unity Check
Nominal Shear D241 Flexural Shear
Strength - Unity Check
Nominal Torsional ) ) ) ) D243 Torsional Shear
Strength - Unity Check
Combined Axial Tension

. D.3.1-1 - - -

and Bending Strength Combined Axial and
Combined Axial Benfling Yield
Compress. - D.3.2-(2-3) - - - Unity Check
and Bending Strength
Nominal Axial . .
Compress.Strength - - D.2.2.-(2a,2b,2c¢) - - El[z_i]sr:iltc B(;f:ing
(Euler Buckling) ¥
Combined Axial Combined Axial and Bending
Compress. and Bending - D.3.2-1 - - - Related Buckling

For Buckling Strength

Unity Check
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Table 4 A Summary for The Proposed Joint-related Design Constraints

Joint Geometry Yield Strength of ~ Chord Design ~ Ultimate Strength Names of
Related Parameters ~ Chord and/or Brace Factor Unity Check
: Joint Strength
Joint Strength E3.1 Unity Check
Ultimate Joint Axial Capacity Axial Force Unity Check

Ultimate Joint Bending
Moment Capacity

Combined Joint Axial and

Bending Moment
Unity Check

Combined Joint Axial

Bending Capacity and Bending Unity Check
Special Control Angle between chord A Special Control for Brace-
p and brace (>20) Chord Angle Lower Than 20
Special Control Chord or Brace has A Special Control for
P to be exist Existence of Brace-Chord
Random Solutions True Pareto Front

(Sphere with Configuration 1)

(Sphere with Configuration 1)

(a2)

> 10000 S
& : &
§ N § 5000 &
£ s £
& 0-k
500 = 200
b 300 s 100 - -
Weighy (k) 100 Weign ) s
(al) (b1)
Random Solutions True Pareto Front
(Sphere with Configuration 2) (Sphere with Configuration 2)
2000
§ 1000
S
=

200 o
Weight (o, o 5

Random Solutions
(Sphere with Configuration 3)
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Configurations 2 (a2-b2) and Geometrical Configurations 3 (a3-b3))
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Fig. 6 True Pareto Front and Random Solutions (Ellipse-shaped Dome Structure with Geometrical Configurations 1 (al-bl), Geometrical

Configurations 2 (a2—b2) and Geometrical Configurations 3 (a3—b3))

3 Discussion of results

In the Section 2, it is mentioned that the design of SDS
is optimized considering the displacement-related design
constraints and different cases of MRDC and JRDC which
have responsibility of checking the efficiencies of both
cylindrical member and tubular joint capacities according
to the provisions of API RP2A-LRFD specification. Each
of design constraints is numerically represented by a unity
value (see the Eqgs. 5—6). Thus, it is possible to investigate
not only the unity values of MRDC and JRDC but also
the values of objective functions are computed at each dis-
placement increment.

The proposed optimal design procedure is applied into
a design example which was optimized using only MRDC
[21]. In this study, the same design example is firstly opti-
mized considering both MRDC and JRDC. Then, the qual-
ity of objective functions are examined. Thus, it is possible
to determine the dominant design constraints for the cases of
both MRDC and JRDC. However, both the increased num-
ber of objective functions and variety in the cases of MRDC
and JRDC makes a difficulty in the determination of domi-
nant design constraints. Therefore, the best way in the eval-
uation of optimal designs is to use an average value or nor-
malized average value of both the objective function values



and unity values of MRDC and JRDC. For this purpose, the
incremental step numbers of the nonlinear structural analy-
sis is limited to an upper value "10". It is noted that the value
of unity for the porposed design constraints being higher
than "1.0" means a constrained-related violation. Therefore,
the values of unity being lower than "1.0" are utilized to
indicate a "satisfactory degree" for the displacement-re-
lated design constrain and the cases of MRDC and JRDC.

In this framework, the optimal designs are evaluated in
three sub-sections:

3.1 The evaluation of objective functions with regard

to the incremental step numbers of geometrically
nonlinear structural analysis

The average value of each objective function is firstly
computed for at each incremental load step and then stored
for a further consideration. The values of objective func-
tions are depicted to display both the true pareto fronts and
pareto fronts (see Figs. (5—6)). Thus, it is possible to depict
the average values of minimum entire weights and joint
displacements along with the maximum member force of
SDS using a bar chart for SDS with both sphere and ellip-
tical-types (see Figs. (7-9)). These illustrations provide a
big advantage for both a solely and an interacted compar-
ison of objective function values throughout the numbers
of incremental steps of nonlinear structural analysis which
is located in the x axis of each figure.

Considering Figs. (7-9) along with Figs. (5-6), the fol-

lowing results are drawn:

1. It is seen that the violation of MRDC and JRDC
generally begins at the incremental step number "3"
and "4" and ends at the incremental step number "7"
and "10" of nonlinear structural analysis approach,
respectively. Particularly, the JRDC for the SDS with
configuration 2 is violated at the minimum incre-
mental step number "5" and the maximum one "10"
(see Figs. (7-9)).

2. As an expected, using the ready hot-rolled profiles
with larger size in the construction of SDS leads to an
increase in the incremental step number of nonlinear
structural analysis approach. This result is easily seen
from the increased peaks toward the end of incremen-
tal steps of nonlinear structural analysis in Fig. (7).

3. Itis clear that an increase in the entire weight of SDS,
in other words, the use of ready hot-rolled profiles
with larger size for SDS plays a big role to prevent
the violation of MRDC rather than JRDC (see the
increased peaks corresponding to the cases of MRDC
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and JRDC in Fig. (7)). However, there also exists an
evidence showing JRDC to be an important design fac-
tor as much as MRDC (see the bars with equal heights
for the cases of MRDC and JRDC in the Fig. (7))

. In order to obtain an optimal design with a higher

load-carrying capacity, using the ready hot-rolled
profiles with larger size has a big importance in
order to prevent the violation of both MRDC and
JRDC for SDS with sphere and ellipse-type geomet-
rical configuration 2 (see Figs. 9(a2) and 9(b2) along
with Figs. 7(a2), 7(b2).

. The other interesting result is concerned with the

ductility issue which informs about the energy
absorption capacity of SDS. Thus, the increased
nodal displacements point out a higher ductility
capacity of SDS. It is clear that the increase in the
entire weight of SDS leads to a higher increase in
the ductility capacity of SDS with sphere and ellipse
shaped geometrical configuration 2 (see Figs. 8(a2)
and 8(b2) along with Figs. 7(a2) and 7(b2).

. The design of SDS with ellipse type geometrical con-

figuration 2 is resulted by the highest weight, nodal
displacement and forces with respect to other design
of SDS with different geometrical configurations
(Table 5). SDS with ellipse type geometrical configura-
tion 1 has relatively lower weight, nodal displacement
and forces than the SDS with ellipse type geometri-
cal configuration 3. This result shows that the ductility
and load-carrying capacities of SDS with ellipse type
geometrical configuration 3 are higher than SDS with
ellipse type geometrical configuration 1 but lower than
SDS with ellipse type geometrical configuration 2.

Table 5 The Ranks of Objective Functions According to Proposed

Geometrical Configurations

Ranking Order Weight Values . Nodal Nodal Forces

(from Max. (mm) Displacements (kN)

to Min.) (kN)

L1 Ellipse Geom.  Ellipse Geom. Ellipse Geom.
’ Con. 2 Con. 2 Con. 2

12 Sphere Geom.  Sphere Geom.  Sphere Geom.
’ Con. 2 Con. 2 Con. 2

71 Ellipse Geom.  Ellipse Geom.  Ellipse Geom.
’ Con. 3 Con. 3 Con. 3

21 Sphere Geom.  Sphere Geom.  Sphere Geom.
’ Con. 3 Con. 3 Con. 3

1] Ellipse Geom.  Ellipse Geom. Ellipse Geom.
’ Con. 1 Con. 1 Con. 1

30 Sphere Geom.  Sphere Geom.  Sphere Geom.
’ Con. 1 Con. 1 Con. 1
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Fig. 9 Rational Distribution of Member Forces of SDS Considering Unity Value for The Cases of MRDC&JRDC throughout Incremental Steps of

Nonlinear Structural Analysis (Sphere and Ellipse-shaped Dome Structure with Geometrical Configurations (1-3))



3.2 The evaluation of member and joint-related design
constraints
In this sub-section, the design constraints for the cases of
MRDC and JRDC are evaluated comparing with each oth-
er's. Thus, it is possible to determine the dominant ones for
the cases of MRDC and JRDC. Nothing that the value of
unity for the cases of MRDC and JRDC being higher than
"1.0" informs about a violating occurrence, the values of
unity which are lower than "1.0" are stored. Then, their
average values are computed for the six cases of MRDC
and five cases of JRDC, respectively. Then, these catego-
rized average values of related values of unity are nor-
malized for each case of MRDC and JRDC, separately.
These normalized & categorized average values of unities
are indicated by "value of unity" in figures. Thus, their
sum for each cases of MRDC and JRDC correspondingly
equals to "1.0" (see Figs. (8-9)).

The names of dominant design constraints considering
the violation of MRDC are ranked in an order of "elas-

n n

tic-buckling", "combined axial and bending yield" and
"axial (tensional)", respectively (see their higher unity val-
ues in Figs. 10(al—a3)). Particularly, the design constraint
named "elastic-buckling" is more sensitive in the design
of SDS with both and sphere and ellipse type geometrical
configuration 3 due to the lack of diagonal members (see
the higher values of unities in Figs. 8(a3) and 8(b3).

The names of dominant design constraints consider-
ing the violation of JRDC are firstly "combined axial and
bending" and then "special control for existence of chord
brace", "axial force", "joint strength" and "a special control
for brace angle lower than 20 degree", respectively (see
Figs. 11(al—a3) and 11(b1-b3). Particularly, the design con-
straints named "combined axial and bending" along with
"a special control for existence of chord brace" are more
sensitive in the design of SDS with both and sphere and
ellipse type geometrical configuration 3 due to the lack
of diagonal members (see the higher value of unity in

Figs. 11(a3) and 11(b3).

3.3 The evaluation of design constraints considering the
horizontal and longitudinal division numbers

In this sub-section, the design constraints are evaluated
thereby categorizing according to both the horizontal and
longitudinal division numbers. The values of unity which
are lower than "1.0" along with both the horizontal and lon-
gitudinal division numbers are stored. Then, the average
values of unities corresponding to the six cases of MRDC
and five cases of JRDC are stored for each horizontal and
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longitudinal division numbers. These categorized average
values of related unity are normalized for each horizon-
tal and longitudinal division numbers. Thus, a normalized
& categorized average value is indicated with "value of
unity" in figures. Thus, the sum of these unity values for
each horizontal and longitudinal division numbers corre-
spondingly equals to "1.0" (see Figs. 12—-15).

Considering both horizontally and longitudinally divi-
sion numbers, the names of dominant design constraints
for the cases of MRDC are ranked in an order of "elastic
buckling", "combined axial and bending", "axial (tensional)
force" and "flexural shear", respectively (see their higher
unity values in Figs. 12(al-a3), 12.(b1-b3), Fig 13(al-a3)
and 13(bl-b3). The design constraint named "combined
axial compression and bending-related buckling" is never
seen in these Figures. Particularly, the design constraint
named "flexural shear" is observed in either a lower value
or "0" for the SDS with both sphere and ellipse type geo-
metrical configurations 1 and 3 (see Figs. 12(al and a3),
12(bl and b3), 13(al and a3) and 13(bl and b3)). The value
of unity for design constrain named "combined axial and
bending yield" is increased depending on an elevation in
both horizontally and longitudinally division numbers.

The order of dominant design constraints for the cases of

nn

JRDC is ranked as "combined axial and bending", "a spe-

nn

cial control for existence of chord brace", "a special control
for angle lower than 20 degree", "axial force" and "joint
strength", respectively (see Figs. 14(al—a3), 14(bl-b3),
15(al—a3) and 15(b1-b3)).

Due to the lack of diagonal members, an increase in
the unity value of design constraint named "a special con-
trol for existence of chord brace" as a case of JRDC is
resulted by a higher value for the design of SDS with both
and sphere and ellipse type geometrical configuration 3.
(see Figs. 14(a3 and b3) and 15(a3 and b3).

A decrease in both horizontally and longitudinally divi-
sion numbers causes to an increase in the unity values cor-
responding to the different cases of JRDC and MRDC (see
Figs. 14(al-a3), 14(b1-b3), 15(al-a3) and 15(b1-b3)).

4 Conclusions

This study firstly introduces the emergence of proposed
optimal design approach for the geometrically nonlinear
SDS. It is emphasized that utilizing an optimization pro-
cedure with multiple objectives and compact design spec-
ification has a big importance on the optimal design of
SDS. Particularly, it is also mentioned that involving a
compact design specification into the design stage gives
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Fig. 11 Rational Distribution of Unity Value for The Cases of JRDC throughout Checking Names (Sphere and Ellipse-shaped Dome Structure with
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the designer an opportunity for investigating the effects
of different cases of JRDC and MRDC on the optimal
designs and determining the most appropriate design
according to the preference of designer.

In this framework, the values of objective functions
are firstly evaluated for three different configurations of
sphere and ellipse-type dome structures considering the
incremental step number of nonlinear structural analy-
sis. Then, the dominant design constraints are determined
according to the violation of three design constraints
named displacement, MRDC and JRDC. The primary
results obtained are summarized as:

* Whereas the violation of MRDC begins and ends
in the earlier incremental step numbers of nonlin-
ear structural analysis, the number of incremental
steps becomes to be higher in the violation of JRDC.
Furthermore, it is also shown that the values of
objective functions considering only cases of JRDC
may become to be higher with respect to MRDC.
Therefore, the cases of JRDC in the design of SDS
has a big importance as much as MRDC's.

e It is shown that an increase in the entire weight of
SDS, which implies the use of larger size of ready
hot-rolled steel profiles leads to an elevation in its
load-carrying capacity. Furthermore, the inclusion
of diagonal members into the construction of SDS
provides a higher load-carrying capacity for SDS
with ellipse-shaped form than the other proposed
dome configurations. Particularly, a differentiation
in the size of longitudinally arched members of SDS
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