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Thin-shell dome structures are conventionally built with concrete. However,
the building process is time-consuming and of high labor cost. Composite
Structural Insulation Panels (CSIPs) have recently been regarded to be suitable
for large-span civil structures, in terms of its light weight, easy processing, and
mass production. Hence, this paper explores the feasibility of CSIPs domes
applied in large-span dome structures. Compared with the performance of
thin-shell concrete domes, the stiffness, strength, and stability of CSIPs domes
are studied by means of refined finite element analysis. Results demonstrate
CSIPs dome possesses good dynamic performance, bears larger nonlinear
loads, and even copes with stress loads under earthquakes. Moreover, the
stiffness should be handled in the onsite applications to fulfil the safety
requirements.
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Introduction

Dome structure is one of the most important structural forms in the history of
architectural development, which not only meets the demand for large-span
architecture, but also enhances the aesthetics of architecture (Mu et al., 2017).
And dome structures are often used in public buildings such as stadiums,
conference halls, convention centers, botanical gardens, and industrial buildings.
Initially dome structures were built by stone, wood, concrete and other materials.
Until 1811, the dome structure with steel was developed (Cui et al., 2001). From the
1920s onwards, thin-shell concrete domes were favored by most architects for their
reasonable and effective form of force (Popov, 1991). However, thin-shell concrete
domes were very time-consuming and slow in construction, and gradually were
replaced by new dome structures such as ordinary steel, high-strength steel,
aluminum alloy, and cable dome structures. Thus, it can be found that the
innovation of building materials has promoted the development of dome structures.

In addition, due to the wide application of dome structure in practical
engineering, scholars have conducted extensive research on the performance of
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FIGURE 1
(A) Schematic diagram of CSIPs (unit: mm); (B) Manufacturing of CSIPs: (a) spraying hot-melt adhesive bonding agent; (b) placing the foam core
on the lower panel sheet; (3) making a piece of completed CSIP; (d) storing the fabricated CSIPs panels; (C) Structural parameters of the finite
element model of CSIPs dome: (a) plan; (b) elevation; (c) cross-section; (D) Von-Mises stress: (a) GFRP of CSIPs dome; (b) EPS of CSIPs dome (c) thin-
shell concrete dome; (E) Vertical displacements: (a) vertical displacement of CSIPs dome; (b) vertical displacement of thin-shell concrete dome;
(F) Top 4 buckling mode shapes of CSIPs dome: (a) first order; (b) second order; (c) third order; (d) fourth order; (G) Top 4 buckling mode shapes of
thin-shell concrete dome: (a) first order; (b) second order; (c) third order; (d) fourth order; (H) Vertical displacement versus load curve at the center
point; (I) Mode shapes and frequencies of CSIPs dome: (a) first order, f = 1. 1,033; (b) second order, f = 1.1064; (c) third order, f = 1.1307. (d) fourth
order, f = 1.5323; (J) Mode shape and frequencies of thin-shell concrete dome: (a) first order, f = 12.065; (b) second order, f = 12,141; (c) third order,
f =12.680; (d) fourth order, f = 16.503; (K) Time-displacement curve of center point under EL-Centro seismic wave; (L) Time-stress curve of element
with Maximum Von-mises stress under EL-Centro seismic wave.
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dome structures. In terms of the relationship between dome
structures and architectural function, Fan (2001) proposed
that dome structures could not only meet the need of
architectural function for large space, but also be an
important factor of art expression. of the
Qian et al. (1996)
investigated the mechanics and working mechanism of

In terms
rationality of dome structure,
domes and proposed that the most reasonable dome
structure should be the thin-shell structure. Yang (2010)
mentioned that span was an important factor affecting
thin-shell domes. In the analysis of dome structures with
different materials, Noh (2005) stated that although the
thin-shell concrete structure was a structure with excellent
load-bearing performance, the high sensitivity of the shell to
initial defects would lead to buckling damage. Zou (2019)
stated that the cast-in-place concrete dome structure
formwork and its support system were relatively complex,
difficult to construct and costly. Dong and Yuan (2008)
concluded that it was necessary to improve cable dome
construction system in terms of new systems and materials.
In terms of research methods, Lan et al. (2017) proved ANSYS
software simulations could be used to analyse the performance
of thin-shell dome. In summary, the thin-shell dome structure
can meet the demand of buildings for large-span space and
but the
economic factors and construction of different material

architectural aesthetics, structural rationality,
domes will restrict the development and application of
dome structure.

Currently, the Composite Structural Insulation Panels
(CSIPs) using E-glass/polypropylene (PP) laminate as the
panel and expanded polystyrene (EPS) foam as the core
material, as shown in Figure 1A, are receiving more and
more attentions. Firstly, due to the high strength-to-weight
ratio, excellent impact resistance and high durability, CSIPs
panels can take up the bending and axial stresses and prevent
buckling or twisting. Secondly, with the application of core
materials and its high R-value, CSIPs have better thermal
resistance and resistance to shear stress. Thirdly, the
fabrication process of CSIPs, as shown in Figure 1B, is
more efficient and time-saving, and a large number of
high-quality CSIPs can be produced in a short period of
time. Finally, the CSIPs panels can be spliced by polyvinyl
chloride (PVC) connectors to ensure overall performance.
Based on the factors affecting the dome structure, CSIPs are
the ideal alternative materials for thin-shell concrete dome
structures. However, only a few scholars, including Mousa and
Uddin (2010), Uddin and Du (2014), Du et al. (2019), and
Yang et al. (2017), have conducted research on the mechanical
properties and improvement of CSIPs, and no scholars
conducted research on the application of CSIPs in dome
structures. Therefore, on the basis of existing research,
CSIPs domes are studied by comparing with thin-shell
concrete domes through numerical simulations in this paper.
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Research methodology
Refinement of finite element analysis

The thin-shell dome structure, including CSIPs domes and
thin-shell concrete domes, is an elastic system, which reduces the
destructive effect of external load on the structure by
deformation. However, the thin-shell dome structure will be
feasible for buildings only when the structural stability is
guaranteed. The structure stability usually includes the
geometric stability of the structure, the displacement of the
structure and the elastic stability of the structure (Qian and
Yang, 2003). The main analysis method of current dome
structure is to divide the whole structure into many very
small unit elements when the dome structure can be assumed
to be a homogeneous continuum structure. Then the strength,
stiffness and stability of dome structure can be studied from static
analysis, eigenvalue buckling analysis and modal analysis with
finite element analysis software (Shen and Chen, 1999). The
above-mentioned studies are carried out under ideal conditions,
but in actual engineering dome structure often has large
deflections and imperfect initial defects, so the performance of
the dome structure should be studied by geometric nonlinear
analysis to maintain structural stability (Lin and Shen, 1996). In
addition, as dome structure is a space structure with obvious
performance of deformation, studies show that both horizontal
and vertical seismic forces would have a large effect on domes
(Cao and Zhang, 1998). Therefore, the dynamic stability of
domes under multidimensional seismic forces should be
analyzed. Furthermore, the Time-history analysis under
earthquakes has the advantage of analyzing the sequence of
plastic hinges, and the weakness of the structure, so it is
usually used to analyze the dynamic stability of dome
structures (Deng and Zhu, 2002).

In this paper, ANSYS 14.0 software is used to analyze
performance of CSIPs dome and thin-shell concrete dome.
The research program is divided into three processes:
selection of the basic dome research model, establishment of
the finite element model, and comparative analysis of the
strength, stiffness, and stability of the two research domes.

1) The selection of the basic dome research model. The model
selection should be representative, which means the
calculation should be reduced as much as possible under
the condition of ensuring accuracy and the simulation should
be able to fully reflect the distribution of the strain state of the
dome structures.

2) Establish the finite element model. ANSYS14.0 was used to
establish the basic dome research models with uniform
loading. The calculation is chosen to stop after the dome
reaches the ultimate load in order to save the calculation time.
Finally, all the data obtained from the analysis are extracted
for analysis.
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TABLE 1 Properties of analysis models.

Item Value

(A) Properties of E-glass/polypropylene laminates material

Nominal thickness () 3.04 mm
Density (py) 980 Kg/m®
Weight percentage of glass fiber 70%
Longitudinal modulus (Ex) 15,169 MPa
Transverse modulus (Ey) 15,169 MPa
Thickness direction modulus (Ez) 1,050 MPa
Poisson’s ratio (Vyy, Vyz Viz) 0.11, 0.22, 0.22

Shear modulus (G,,,G,.,G;)
Tensile strength

1,800 MPa, 1,800 MPa, 750 MPa
690 MPa
Compression strength 317 MPa

(B) Properties of expanded polystyrene (EPS) foam core material

Nominal thickness () 140 mm
Density (py) 16 Kg/m’
Elastic modulus (Ec) 1.2-1.5 MPa
Poisson’s ratio (v) 0.25
Shear modulus(G) 1.9-2.2 MPa
Tensile strength 0.11-0.14 MPa
Compression strength 0.07-0.1 MPa
(C) Properties of thin-shell concrete material
Nominal thickness (t) 146.08 mm
Density (py) 2,500 Kg/m*
Elastic modulus (Ec) 30 GPa
Poisson’s ratio (v) 0.25
Shear modulus(G) 12 GPa
Tensile strength 1.43 MPa
Compression strength 14.3 MPa

3) Compare and analyze the performance of the domes with
different material parameters. Analyze the performance
of CSIPs domes and thin-shell concrete domes in terms
of strength, stiffness and stability by comparing the
analysis results in five static

aspects, including

analysis, eigenvalue buckling analysis, geometrical
non-linear analysis, modal analysis, and Time-history

analysis under earthquakes.

Finite element analysis research model

The research models shown in Figure 1C are geometrically
identical CSIPs dome and thin-shell concrete dome. 3.04 mm
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thickness faceplates were selected for the E-glass/polypropylene
laminate and the properties of the laminate and expanded
polystyrene (EPS) foam cores are shown in Table 1 (A and
B), respectively. Table 1 (C) lists the material properties of thin-
shell concrete. The structural parameters of both domes are the
same: the span is 60 m, the thickness is 146.08 mm, the vector-to-
span ratio is 0.134.

It is assumed that both domes are fixed on supports and
there is no relative slip between the faceplates and core
materials in CSIPs dome model. The appropriate amount
of shell elements could help to improve the efficiency and
to ensure the analysis accuracy in ANSYS (Lan et al., 2017). In
CSIPs dome model, 26,820 elements are analyzed, compared
to 16,260 elements of the thin-shell concrete model we used.
In this analysis, the faceplates of the CSIPs dome were
simulated using Shell63 elements of the ANSYS while the
standard Solid45 elements were used for the EPS foam core
and concrete.

Results and discussion
Comparative study of static analysis

Static analysis refers to the static load response of the
structure, which responds to the stiffness and load-bearing
capacity of the structure. Static analysis is fundamental in
structural research. In this paper, in addition to considering
the self-weight of the structure, a uniform load of 1 KN/m” was
used for the external forces of the dome. Figure 1D demonstrates
that the Von-Mises stress on the adjacent area of the faceplates in
CSIPs dome has a maximum value of 13.98 MPa, while the
maximum Von-Mises stress on the expanded polystyrene
(EPS) foam core is only 11.66 KPa. The Von-Mises stress on
the thin-shell concrete dome has a maximum value of 1.28 MPa.
This indicates that the faces plates have high compression
strength which can bear majority of the external load.

Moreover, the maximum vertical displacement of the CSIPs
dome is 36.072 mm, which is much larger than that of thin-shell
concrete dome of 2.386 mm (Figure 1E). This indicates that the
E-glass/polypropylene laminate and the expanded polystyrene
(EPS) foam core, which have a smaller modulus of elasticity,
caused the structural stiffness of CSIPs dome to be lower than
that of thin-shell concrete dome. Nevertheless, the maximum
displacement of the CSIPs dome is about 1/1,663 of the span,
which still meets the range allowed by the code. Further analysis
shows that, if only gravity is considered, the displacements of
CSIPs dome and thin-shell concrete dome are 1.928 mm and
1.889 mm which are close to each other. It indicates that the
vertical stiffness of both domes is close when only self-weight is
considered.

From the results of the static analysis, the CSIPs dome has the
same performance of bearing the external load with thin-shell
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concrete dome. However, the stiffness of CSIPs dome is much
less than that of thin-shell concrete dome. Therefore, for large-
span dome structures using CSIPs, it is particularly important to
consider the stiffness and to make the structural displacement

within the scope of normative permission.

Comparative study of eigenvalue buckling
analysis

The eigenvalue buckling analysis can be used to predict the
theoretical strength (bifurcation point) of an ideal linear elastic
structure. Figures 1F,G, show the first four buckling modes. They
present the same buckling modes performance of CSIPs dome
and thin-shell concrete dome. The first order buckling mode
shapes of both domes are depressed downward in the central
region of the dome. The shapes of the second and third order
buckling modes are both half-shell up-convex and half-shell
down-concave states.

The results of the eigenvalue buckling analysis show that the
CSIPs dome has a similar buckling mode shape to the thin-shell
concrete dome. It further shows that CSIPs material is suitable for
replacing thin-shell concrete material to construct large-span
domes and will not lead to significant changes in the stability of
domes.

Comparative study of geometrical non-
linear analysis

Practical situations such as large deflections and initial defect
imperfections can be integrated by non-linear analysis. In
ANSYS 14.0, the geometry updated after eigenvalue buckling
analysis is usually used to consider imperfections. In terms of
geometric defects, the most dangerous geometrically defective
structures are configured with first order buckling mode shapes;
and 1/1,000 of the span is the maximum deformation value that
can be accepted for geometric defects.

Figure 1H presents the results of the geometric non-linear
analysis of CSIPs dome and thin-shell concrete dome. From the
results, it can be seen that CSIPs dome is subjected to fewer
external loads than that of thin-shell concrete dome. The non-
linear limit load on CSIPs dome is a uniform surface pressure
with a pressure value of 3.17 KN/m? while the non-linear limit
load on thin-shell concrete dome has a value of 23.1 KN/m”. This
is caused by the weak expanded polystyrene (EPS) foam core,
which does not provide sufficient shear resistance. Further, it can
be found that the initial geometric defect reduced the limit load of
CSIPs dome from 3.17 KN/m” to 3.04 KN/m? with a percentage
reduction of 4.1%, respectively, and reduced the limit load of
thin-shell concrete dome from 23.1 KN/m” to 21.9 KN/m® with a
percentage reduction of 52%. It indicates that the initial
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geometric defects have a relatively small effect on both domes
to withstand external loads.

Comparative study of modal analysis

The modal
characteristics of a structure. Figures 1I,] show the top

analysis could determine the vibration
4 modal shapes and frequencies of CSIPs dome and thin-shell
concrete dome, respectively.

Figures 11,] show that the fourth order mode shapes of the
CSIPs dome and thin-shell concrete dome are similar. The first
order and second order modal shapes are both characterized by one
half of the shell is convex upwards, and the other half is concave
downwards. The third order and fourth order modal shapes are
symmetric vertical vibrations with a two-wave shape. This indicates
that the dynamic performance of CSIPs dome is stable and reliable.
In addition, the frequencies of CSIPs dome are much smaller than
those of thin-shell concrete dome. The fundamental frequencies of
both domes are 1.1033 and 12.065, respectively, which are mainly
caused by the low material elastic modulus and relatively low
stiffness of the CSIPs domes.

Comparative study of time-history
analysis under earthquakes

In this study, Firstly, the damping values and seismic load
directions are brought into the system, and secondly, use the
following equations to calculate the a and f coefficients of
Rayleigh damping.

(=0.50a, +0.5w

In which { represents the constant damping ratio, { of CSIPs and
thin-shell concrete respectively equal 0.02 and 0.05 (Zhang et al.,
2021),  represents the mass matrix multiplier, 3 represents the
stiffness matrix multiplier, and w represents the structural
frequency got from the modalities analysis. Thirdly, vertical
acceleration seismic waves with a peak value of 0.2 g were
applied to each structural model and linear elastic material
models were considered simultaneously.

Figure 1K shows that the maximum dynamic displacement of
CSIPs dome is 151.0 mm and the thin-shell concrete dome is
42.3 mm. The deviations between the two values are large, with
the former being about 3.6 times larger than the latter. This is due
to the lower modulus of elasticity of the CSIPs material. Further,
it can be found that the maximum Von-mises stress of the CSIPs
dome is smaller than that of the thin-shell concrete dome. The
values are 6.45 MPa and 7.72 MPa, respectively (Figure 1L). The
former is a little lower than the latter. Finally, the above values
indicate that CSIPs domes have better dynamic performance and
can better cope with the stress loads under earthquakes.
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Conclusion

This paper explores the feasibility of CSIPs domes applied in
large-span dome structures. Compared with the performance of
thin-shell concrete domes, the stiffness, strength, and stability of
CSIPs domes are studied by means of refined finite element
analysis. The following conclusion were obtained.

1) Through static analysis, it can be seen that, under the
uniform load, the Von-Mises maximum stress value of
CSIPs dome is slightly larger than that of thin-shell
concrete dome. However, the displacement of CSIPs
dome is larger than that of thin-shell concrete dome.
This is caused mainly because the CSIPs dome has an
advantage of lighter weight. Therefore, for large-span
dome structures using CSIPs, it is particularly important
to consider the stiffness and to make the structural
displacement within the scope of normative permission.

2) The results of eigenvalue buckling analysis show that the
buckling mode shapes of CSIPs dome and thin-shell concrete
dome are the same, and the modal analysis results show that
the first fourth order mode shapes of CSIPs dome and thin-
shell concrete dome are also similar. It indicates that CSIPs
material can replace the traditional thin-shell concrete
material to build the dome and the stability and dynamic
of the dome structures will not be significantly changed.

3) The nonlinear analysis of the geometry shows that the initial
geometric defects have a relatively small effect on the surface
pressure of CSIPs dome and thin-shell concrete dome. The
surface pressure of CSIPs dome is much less than that of thin-
shell concrete dome. This is due to the fact that the CSIPs core
is weak and does not provide sufficient shear resistance.
Hence, we can conclude that the overall performance of
CSIPs dome is better than that of thin-shell concrete dome.

4) The results of the Time-history analysis under earthquake
show that the displacement of CSIPs dome under seismic
forces is 3.6 times more than that of thin-shell concrete dome.
But the maximum Von-mises stress of CSIPs dome is less
than that of thin-shell concrete dome. The reason of the
results is that the weight of CSIPs dome is less than that of
thin-shell concrete dome. Therefore it is safe to conclude that
the CSIPs dome has better dynamic stability under seismic
forces.

Furthermore, in this paper, only the selected single model is
analyzed in details in the aspect of finite element analysis. Due to
the limits of the research level and simulation calculation
conditions, the following problems remain to be studied:
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1) This study is based on only a single dome model for
preliminary analysis between different materials, different
spans, rise-span ratio, shell thickness and boundary
conditions were not compared.

2) The research is a preliminary analysis under the premise of
static stability. Various defects generated during the
construction process often have a greater impact on the
stability of domes. The influence of various defects in the
actual construction on domes needs further analysis.
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