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Abstract

Dome structures have been used extensively for long-span systems in industrial, residential, and military
infrastructures for their ability to cover large areas without intermediate supports, their lightweight, and their
splendid aesthetic appearance. The seismic behavior of such structures not only is directly related to the safety
of a building but also has a huge influence on the safety of people. Therefore, it is necessary to understand the
seismic behavior for these structures under seismic loads. In this study, the seismic behavior of single-layer steel
reticulated spherical Schwedler dome subjected to three-directional earthquake ground motion was investigated.
Two types of Schwedler domes were chosen for the analysis and design, Schwedler monoclinal dome (A-dome)
and Schwedler bidirectional dome (B-dome). The finite element models were established using SAP2000
software version 24, fifty-four dome models resting on the earth with 60m span and rigid joints and having
different geometric properties, including varying rise-to-span ratios (10, 20, and 30%), number of meridional
ribs, and number of latitudinal rings were studied. The models were designed only for gravity loads, and then
the natural vibration properties were studied, after that the seismic load was applied. The seismic performance
of Schwedler dome models is analyzed based on linear time history analysis (LTH); and the dynamic responses
have been investigated. The results show that A and B dome models have identical vibration modes and dynamic
responses, and the rise-to-span ratio has great influence on the dynamic characteristics, the rise-to-span ratio of
30% is the most suitable ratio for height of Schwedler domes with 60m span among the three ratios (10, 20, and
30%). In general, Schwedler domes can efficiently resist seismic loads.
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1. Introduction

The increasing demands of lighter, stronger and cheaper structures have prompted many architects, scientists,
engineers to seek new technology and building concepts to achieve these goals [1]. The recent researches focus
on structural systems that derive their performance from their curved shape, dictated by the flow of forces [2].
These structures can be extremely thin, elegant, cost-effective, earth-friendly, and have a smaller carbon
footprint, that is because of their ability to cover large spans with a small amount of construction material and
their effective structural characteristics [3-5]. There are many literatures which studied domes from different
structural and geometrical aspects. Sabri and Abdulzahra [6] studied the response of space steel double layers
frames with different positioning of point loads using Time History Analysis. Salih et al.[7] investigated the
structural behavior of orthogonal square pyramid space grid under dynamic load, in which pyramid units with a
square base are used. Jasim et al [8] studied the linear stresses and deformations of ribbed dome. Saleb and
Muhsen [9] proposed several types of ribbed domes to improve their resisting for seismic loads. Yu et al. [10]
performed a research on failure mechanism of single-layer steel reticulated domes with the reinforced concrete
substructure subjected to sever earthquakes. Ma et al. [11] investigated the dynamic behavior and a seismic
design method for single-layer reticulated domes with semi-rigid joints. Valibeig et al. [12] examined the
structural details of discontinuous double-shell domes and revealed the factors affecting them. Kaveh et al. [13]
developed an algorithm for optimum design of domes considering the topology, geometry, and size of member
section using the cascade-enhanced colliding bodies optimization method. In large-scale space steel structures,
a large number of design variables are involved. Yan et al. [14] presented a method to identify the most critical
member in a single-layer latticed dome, which in the context of progressive collapse is defined as the member
whose removal causes the most severe damage. Xu and Ye [15] modified the Member Discrete Element
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Method (MDEM) and perfected it for three aspects: the algorithm itself, loading and computational efficiency,
and to accurately and quantitatively simulate the progressive collapse for large-span spatial steel structures.
Nayak et al. [16] studied domes with and without opening. Openings provided at bottom of the dome allow to
provide more open area than that at crown which are used for light and ventilation. Tian et al. [17] conducted
progressive collapse tests on a scaled single-layer latticed Kiewitt-6 (K6) dome subjected to non-uniform snow
load. The failure mode, dynamic response, and collapse mechanism of the tested dome were examined. Zhang
et al. [18] investigated the bidirectional and tridirectional isolation systems of large-scale single-layer lattice
domes for improving the structural seismic performance and structural vibration control technology. Lee et al.
[19] investigated the wind pressure characteristics of an elliptical plan retractable dome roof. Nair et al. [20]
investigated the effects of higher modes of multistorey substructures on the seismic response of dome gridshell
roofs using response spectrum analysis. Qi et al. [21] studied blast-resistant design considerations for dome
structures. The authors investigated the effect of blast load variability on the design value and the structural
dynamic response. Fan et al. [22] investigated the applicability of the seismic provisions of the current codes
for the nonstructural components (roofing panels and purlins) of single-layer spherical reticulated domes. Zhang
and Zhao [23] assessed the seismic resilience of incomplete single-layer reticulated domes and indicated the
most unfavorable construction stage, a new curve of recovery functionality and methodology of seismic
resilience during construction were established in this study.

Despite a numerous existing theories and structural analysis methods, the structural behavior of domes
remains quite uncertain. Domes, mainly Schwedler, lack of adaptable and complete investigation and analysis
methods effectively explain the capability of domes. In the present study, the seismic behavior of two types of
Schwedler domes with different geometrical parameters has been investigated to explore their efficiency in
resisting the earthquake ground motions.

2. Modelling Details

Single layer reticulated (domes composed of bars [24]) Schwedler domes with two patterns of configuration A
= Monoclinal Schwedler dome (Figure 2.1) and B = Bidirectional Schwedler dome (Figure 2.2), with 60 m span,
having different rise-to-span ratios (h/s=10%,20%,30%), number of meridional ribs (Nn = 8, 12, 24) which are
corresponding to plane angles of (45°, 30°, 15°) respectively, number of circumferential rings (Nr = 4, 8, 12).
Steel rectangular hollow sections with rigid connections have been used for all structural members, each node
has six degrees of freedom, which can translate along the X, y, z directions and rotate around the X, y, z axes.
Although the dome is curved in appearance, but all members are straight members.

Figure 2.1 Monoclinal Figure 2.2 Bidirectional
Schwedler dome Schwedler dome

The simulation of the complex geometry of the space structure was done by using AutoCAD and SAP2000
Version 24 softwares. Two material properties were defined; one for structural members was steel ASTM A36
(Table 2.2) and the other for toughened glass panels (Table 2.3). Table 2.1 summarizes the different parameters
of the models. Based on these parameters 54 dome models have been created, Figure 2.3 illustrates the label of
analyzed models.

Copyrights @Kalahari Journals Vol. 8 No. 1 (January, 2023)
International Journal of Mechanical Engineering
2



DOl : https://doi.org/0123.56452/001

Table 2.1 Analysis parameters of Schwedler reticulated domes.

Parameter of Schwedler domes Values of the parameter
Span (s) 60 m
Rise-to-span ratio (h/s) 10%, 20%, 30%
Rise (6,12,18) m
Pattern of configuration (A and B) A = Monoclinal Schwedler dome
B = Bidirectional Schwedler dome
Plane angle (45°, 30°, 15°)
No. of ribs 8,12, 24
No. of rings 4,8,12
Earthquake El Centro 1940
A10Nn8Nr4 B10Nn8Nr4
—‘_—No. of rings —I_—No. of rings
No. of ribs No. of ribs
Rise-to-span ratio (%) Rise-to-span ratio (%)
Monochinal Schwedler dome Bidirectional Schwedler dome
(a) (b)

Figure 2.3 Classification of single-layer reticulated Schwedler domes: (a) Monoclinal
Schwedler dome (b) Bidirectional Schwedler dome.

2.1 Loading
2.1.1 Dead Loads

The dead load for the dome structure is primarily the own weight of structural members and the cladding. The
structural members have been made of rectangular hollow sections. This type of cross section has been chosen
because of its insensitivity to the lateral-torsion buckling and hence it is usually used in structures with glass
covers [25]. The material used for structural members is steel ASTM A36, its mechanical properties are
summarized in Table 2.2.

Table 2.2 Steel ASTM A36 properties.

Yield tensile strength 250 MPa
Ultimate tensile strength 400 MPa
Young’s modulus of elasticity 200 GPa
Material density 7850 kg/m?
Poisson's Ratio 0.3

The glass panels were considered as thin concrete shell elements to simulate the limited lateral restraints to
the hoops and ribs members [26]. Table 2.3 illustrates the mechanical properties of toughened glass panels.
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Table 2.3 Material properties for toughened glass panels [27].

Modulus of elasticity 70x10% N/mm2
Compressive strength (Fcu) 1000 N/mm2
Tensile strength 120 N/mm2
Material Density 25 KN/m3
Linear coefficient of thermal expansion 8 x 107%/°C
Poisson’s ratio 0.22

Thickness 10 mm

2.1.2 Live Loads

The minimum uniformly distributed live load for ordinary flat, pitched and curved roofs is given by ASCE 7-16
to be 0.96 kN/m? [28].

2.1.3 Seismic Loads

Seismic loads arise due to earthquakes. The reason of the seismic load on the structure is acceleration of the
supports caused by acceleration of the ground [29]. The most critical seismic load effects can typically be
computed using a three sets of ground motions, with two orthogonal components in each set that coincide with
the global axes of the 3D model [28].

The three components of El Centro (Figure 2.4),1940, earthquake ground motion are input into the structure
in three directions as seismic load. The details of this earthquake are illustrated in Table 2.4.

Table 2.4 Details of the Imperial Valley earthquake ground motion at El Centro Array 9 station [30].

Peak ground acceleration, PGA

()

Earthquake Name  Year Station Name mag”'t”de' (X-diny  (Y-din)  (Z-din)
w
Imperial Valley-02 1940 EI Centro Array 9  6.95 0.28 0.21 0.18
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Figure 2.4 North—south and East-west components of horizontal ground accelerations and up-
down component of vertical ground accelerations recorded at the EI Centro Array 9 station,
California, during the Imperial Valley earthquake of May 19, 1940.

3. Results and Discussion
3.1 Natural Frequency

As is well-known, free vibration frequency is one of the most important properties of the steel reticulated domes,
and it influences the dynamic response of structures under earthquake actions. Therefore, the natural vibration

frequencies are supposed to be studied first.

Figure 3.1 shows that the natural frequencies of Schwedler domes with 8 and 12 redial ribs and 4 latitudinal
rings have frequencies larger than 90 cyc/sec, which have full response in X, y, and z direction with mass
participation ratio of 90%, while the other models with natural frequencies less than 30 cyc/sec do not reach
90% of the mass participation ratio in any direction.
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Figure 3.1 Natural frequencies of Schwedler domes with varying parameters.

3.2 Nodal Displacement

Structural displacement is one of the most important dynamic demands for the domes. Numerical results of
maximum relative nodal displacement for 54 dome models, 27 models for each pattern of configuration of
Schwedler domes, are presented in Table 3.1. These results are obtained by a dynamic linear time history
analysis under three-directional seismic loading (EI Centro, 1940).

Table 3.1 Maximum relative displacemente in x,y, and z directions.

Monoclinal Schwedler dome (A-dome) Bidirectional Schwedler dome (B-dome)

UX Uy uz UXx Uy uz
o, Mode (m)  mm) @my (mm)  (mm) ()
1 A10NN8Nr4 0.62 0.49 3.96 B10ONNn8Nr4 0.79 0.63 3.79
2 A10NN8Nr8 0.82 0.60 4.75 B10ONN8Nr8 0.83 0.60 4.98
3 A10NN8Nri12 0.79 0.75 8.91 B10ONN8Nr12 0.80 0.70 8.69
4 A10NN12Nr4 0.69 0.75 3.45 B10Nn12Nr4 0.90 0.92 3.84
5 A10NN12Nr8 0.68 0.56 4.21 B10ONN12Nr8 0.80 0.60 4.28
6 A10NNn12Nr12 0.75 0.63 6.84 B10Nn12Nr12 0.82 0.70 7.55
7 A10NN24Nr4 1.77 1.55 5.04 B10NNn24Nr4 1.33 1.17 4.06
8 A10NN24Nr8 1.27 1.22 5.57 B10NN24Nr8 1.26 1.08 4.22
9 A10NNn24Nrl2 1.24 1.29 7.13 B10NNn24Nr12 1.40 1.28 6.10
10 A20NNn8Nr4 0.92 0.78 2.86 B20Nn8Nr4 1.22 0.80 2.28
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11 A20NN8Nr8 1.44 0.78 4.09 B20Nn8Nr8 1.63 0.98 3.08
12 A20NNn8Nr12 0.80 0.65 3.45 B20Nn8Nr12  0.67 0.52 3.30
13 A20NN12Nr4 1.57 1.16 2.46 B20Nn12Nr4 151 1.32 3.15
14 A20NNn12Nr8 1.20 0.92 3.57 B20Nn12Nr8 1.23 1.00 3.53
15 A20NNn12Nr12  0.83 0.67 2.18 B20Nn12Nr12 0.95 0.78 2.85
16 A20NN24Nr4 2.47 1.46 3.00 B20Nn24Nr4  2.03 1.34 2.52
17 A20NN24Nr8 1.75 1.30 4.99 B20Nn24Nr8  2.19 1.42 3.45
18 A20NNn24Nr12  1.34 1.07 3.07 B20Nn24Nr12 1.66 1.58 2.65
19 A30NN8Nr4 1.84 1.08 2.49 B30Nn8Nr4 1.57 1.04 2.33
20 A30NN8Nr8 2.21 1.60 2.15 B30Nn8Nr8 2.06 1.48 2.65
21 A30NN8Nr12 2.09 1.19 2.31 B30Nn8Nri2  2.08 1.25 2.69
22 A30NN12Nr4 2.59 1.98 2.28 B30Nn12Nr4  2.68 2.00 3.71
23 A30NN12Nr8 2.17 1.32 2.02 B30NNn12Nr8 1.88 1.28 2.70
24 A30NNn12Nri2 2.18 1.23 2.26 B30NN12Nrl12 2.24 1.14 1.96
25 A30NN24Nr4 2.63 1.89 2.23 B30Nn24Nr4  2.89 2.05 1.88
26 A30NN24Nr8 2.86 1.86 1.67 B30NN24Nr8  3.36 1.96 2.02
27 A30NNn24Nr12  1.93 1.16 2.53 B30Nn24Nr12 1.67 1.08 1.92

3.3 Effect of Pattern on Dynamic Response

Comparison is made for the two patterns of configuration of Schwedler domes, A-pattern which refers to the
Monoclinal Schwedler Dome and B-pattern which refers to the Bidirectional Schwedler Dome, Figure 4.20
shows that the two patterns are approximately behaving in the same manner in their dynamic response. That
means that the pattern of configuration does not affect the dynamic properties.

A-UX A-UY

Max. displacement (mm)

1 2 3 4 5 6 7 8 9 10111213 14 1516 17 18 19 20 21 22 23 24 25 26 27
Model No.

Figure 3.2 Effect of pattern of configuration of A and B models
on dynamic displacement.
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3.4 Effect of Rise-to-span Ratio on Dynamic Response

As a single-layer reticulated dome under seismic loading is sensitive to the change in shape, the rise-to-span
ratio is a key factor having its influence on the shape of the structure. The rise-to-span ratio has also an important
effect on the mechanical properties of the structure.

It can be clearly seen from Figure 4 for monoclinal Schwedler dome and Figure 5 for bidirectional
Schwedler that displacement is significantly enhanced with the decreasing rise-to-span ratio, because the
structure with a smaller rise-to-span ratio is flatter and so, the effect of horizontal seismic component is relatively
reduced while the effect of vertical seismic component is increased. Consequently, the maximum nodal
displacement of both reticulated Schwedler domes increases with the decreasing rise-to-span ratio, because the
vertical vibration is the main vibration mode. The rise-to-span ratio of 30% is the most suitable ratio for height
of Schwedler domes with 60m span among the three ratios (10%, 20%, and 30%) Figure 3.3.
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Figure 3.3 Maximum nodal displacement vs. rise-to-span ratio.

3.5 Effect of Number of Ribs on Dynamic Response

Three types of number of ribs (Nn = 8, 12, 24) corresponding to plane angles of (45, 30, 15), respectively, are
considered in this study. The effect of Nn on max displacement of Schwedler domes is shown in Figures 4.60
and 4.61.
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Figure 3.5 Maximum nodal displacement vs. number of rings (Nr).

Conclusions

Based on analyses results of single layer reticulated Schwedler dome models subjected to three-directional
earthquake ground motion, the following conclusions and recommendations are drawn.

1.
2.

The pattern of configuration does not affect the dynamic properties.

The rise-to-span ratio of 30% is the most suitable ratio for height of Schwedler domes with 60m span
among the three ratios (10%, 20%, and 30%).

Schwedler domes exhibit an outstanding performance in severe earthquakes. Light weight, appropriate
geometry, redundancy, and large reserve strength are the key elements in such superior behavior.

The first mode is not necessarily dominant, and many higher order modes with close frequencies participate
in the response, with many modes required to achieve an effective mass ratio of 90%. This makes it difficult
to model the seismic response of lattice domes compared to ordinary multistory structures, which are often
dominated by just a single mode.

As opposed to ordinary buildings, in Schwedler domes higher mode and vertical modes contribute in
dynamic response effectively.

The models underwent a marked vertical displacement as they were subjected to three-directional
excitation, whereas in ordinary buildings, there occurs no significant vertical displacement under three-
directional excitation.
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