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Plate-cone reticulated shell is a new type of spatial structures with good mechanical behavior, technical economy, and architectural
appearance. In this paper, using ANSYS software, the strength failure analysis model of composite laminates is established in cooperation
with the Strength Criterion of Hoffman. The effects of layer number, laying direction, and thickness of laminates on the ultimate strength
of laminates are studied by detailed parametric analysis, which provides a theoretical basis for the design of composite plate-cone
reticulated shell and GFRP laminated plates. Some important conclusions are obtained and can be applied to engineering practice.

1. Introduction

Plate-cone reticulated shell is an emerging spatial structure
in recent years, which is developed based on Kaiser alu-
minum stressed-skin dome. The structure is assembled with
cone elements and truss members, which are connected at
the joints using bolts [1] as shown in Figures 1 and 2. Plate-
cone reticulated shell is a special type stress-skin structures
of half continuity and half lattice since ventral members (also
ventral members and bottom members) of common double-
layer reticulated shell are replaced by cone elements. The
cone plates can be made of conventional materials such as
aluminum alloy, and steel or light composite materials such
as carbon fiber reinforced polymer (CFRP) or glass fiber
reinforced polymer (GFRP). Plate-cone reticulated shell is
an effective structure that can make full use of the strength
and stiffness of the plates. At the same time, it integrates
load-bearing, enclosure and decoration into a whole. Be-
cause of the high strength-to-weight ratio, good technical
and economic benefits, and distinctive architectural visual
effect, the plate-cone reticulated shell has been widely used
as a long-span spatial structure [2, 3]. The idea of plate-cone

reticulated shell was originated from the Kaiser aluminum
stressed-skin dome. The first Kaiser aluminum stressed-skin
dome was built on the Hawaiian village of Honolulu, USA, in
1957 with a span of 44.2 m [4]. To date, there are many other
aluminum stressed-skin domes which have been built in
schools, banks, city centers, conference halls etc., such as
three Temcor aluminum dome stadiums with 71 m span on
Elmira College, New York, and the airlines dome with 60 m
span on Schipol Airport of Amsterdam, Holland [1]. Since
the 1990s, composite materials such as FRP have been in-
creasingly used in civil engineering [5]. Because FRP is much
lighter and stronger than ordinary steel and aluminum alloy,
it is more preferred to be used as the prefabricated cone
element in plate-cone reticulated shells.

Many studies have been carried out in relation to
conventional single-layer or double-layer reticulated dome.
Among them, Fan et al. [6] studied the elasto-plastic stability
of seven types of commonly used single-layer reticulated
shells. Xiong et al. [7] investigated the elasto-plastic stability
of single-layer latticed shells with aluminum alloy gusset
joints. Hiyama et al. [8] investigated the global buckling
behaviors of an aluminum alloy double-layer spatial latticed
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FIGURE 1: Segment of the plate-cone reticulated shell.
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FIGURE 2: Sketch of connecting joints: (a) top joint and (b) bottom joint.

structure with tubular pipes, ball connections, and joining
bolts via experimentation and analysis. Xie and Li [9] studied
the natural vibration characteristics of an aluminum alloy
double-layer reticulated shell with various structural di-
mensions. Zhi et al. [10] examined the failure mechanisms of
single-layer reticulated domes subjected to seismic loads.
Zhai et al. [11] carried out the dynamic response analysis of
the reticulated domes under blast loading using the finite
element (FE) software ANSYS/LS-DYNA for studying
damage model and damage assessment. Lin et al. [12]
studied the failure modes of a reticulated dome in a small
airplane.

Most of the aforementioned studies are focused on the
structural behavior of reticulated domes of homogeneous
materials. In contrast, the studies on the GFRP laminates in
plate-cone reticulated shell are limited, among which Robak
[13] studied the structural use of plastics pyramids in
double-layer space grids, Wang and Wang [14] researched
the preliminary application of GFRP on plate-cone reticu-
lated shells and analyzed the plate-cone reticulated shell as a
whole, material design and structure design have not been
done. Composite materials possess some distinct mechanical
properties, such as anisotropy, nonhomogeneity, low in-
terlaminar shear modulus and low interlaminar shear tensile
strength, geometric nonlinearity, and material nonlinearity.
These mechanical characteristics make the problem more
complicated and challenging than the conventional mate-
rials that is homogeneous, continuous, linear elastic, and
isotropic. Hence, it is necessary to investigate the behavior
and strength of the composite plate-cone reticulated shell
with FRP laminates.

In this paper, based on the composite mechanics and the
theory of plate and shell, the elastic stress in the principal
direction of single-layer plate of plate-cone reticulated shell
is calculated by using finite element analysis. Then, the
ultimate strength of each layer under each load step is
obtained by the Strength Criterion of Hoffman, and the
failure load of the first failed layer of laminated plate (defined
as the first layer strength) and the failure load of the last
failed layer (defined as the last layer strength) are obtained
and evaluated. The strength and main influencing factors of
composite laminates are studied comprehensively and
deeply which provides theoretical foundation for the design
of composite plate-cone reticulated shells with laminated
plates.

2. Failure Analysis of GFRP
Composite Laminates

Generally, in composite laminates, the fiber orientation in
each layer is different. In some cases, even the material
properties and thickness at different layers are different.
Hence, the resistance of each layer of fibers to external load is
different. It is highly unlikely for all layers of fibers to reach
the ultimate strength and fail at the same time under certain
external loads. Instead, the failure of the laminates often
initiates from the weakest layer and propagate layer by layer.

The different strength criteria of single-layer composite
plate has been proposed for the different situations. Strength
Criteria of Tsai-Hill did not consider the influence of dif-
terence with tensile strength and compressive strength on
material failure. Hoffman considered the factor of difference
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with tensile strength and compressive strength and supplied
some linear terms shown as follows [15]:

C, (0, - ‘73)2 +C,y (03 - ‘71)2 +Cs (0, - ‘72)2 +Cy04

(1)

+Cs0, + Cy05 + C7r§3 + C81§1 + C9rf2 <1

Considering the orthotropy and plane stress state of the
single-layer plate, the Strength Criteria of Robert [15] which
is shown in equation (2) was derived from equation (1):
Xc B Xt Yc — Yt T%Z

o 0, +—<1,
XX, 'Yy o s

2 2
01 =010, 03
XtXc Yth

F:

(2)

where F is the failure value and F > 1.0 means material failure
occurs. X, X, Y,, Y,, and S are the basic strength of the
single-layer FRP laminate which can be obtained from the

material property test, 0, and o, are the principal stresses
along the principal directions, and 7, is the maximum shear
stress.

To perform the failure analysis, the normal stress
{ax, 0y Txy} of each layer of laminates along the reference
axis of element’s coordinate x, y, and z are calculated firstly.
Because the layering angle of each layer is different, the
calculated normal stress of each layer may not follow the
principal direction of elasticity. In order to carry out strength
failure analysis, the normal stress {ox, 0y Txy} of laminates
under the element’s coordinate system should be trans-
formed into the principal stress {o,0,,7,,} along the
principal direction of elasticity of the layer by using equation
(3). Then, the strength of each layer is calculated according
to the Strength Criterion of Hoffman which is shown in
equation (2).

0, cos? 0 sin” @ 2 sin O cos o,
o, + = sin® @ cos’0  —2sinfBcosh o, t. (3)
T —sinfcos® sinOcosf cos* - sin* 6] | Ty,

In order to obtain the normal stress of each layer of
laminates, nonlinear static analysis of the plate-cone retic-
ulated shell under step-by-step loading was carried out using
commercial finite element software ANSYS. Then, the
principal stress of the single-layer plate is obtained according
to equation (3). The ultimate strength of each layer at each
load step is obtained by Strength Criterion of Hoffman, and
the ultimate strength of the first failed layer (defined as the
first layer strength) and the ultimate strength of the last
failed layer (defined as the last layer strength) are analyzed
and evaluated.

It should be point out that the strength of the first failed
layer is generally considered as the ultimate strength of the
composite laminates in engineering design, so the stiffness
reduction of the laminate plate caused by the failure of a
certain layer is generally not considered in the structural
analysis. Nevertheless, the ultimate strength of the last failed
layer of the laminate is also calculated in this paper in order
to evaluate the interval between the ultimate strength of the
first layer and that of the last layer. This is critical and es-
sential to identify a reasonable design of the laminate
composite, which is characterized by the full use of the
potential of composite materials.

3. Finite Element Analysis

3.1. Geometry and Material Properties of the Model. A plate-
cone cylindrical reticulated shell with quadrangular pyramids
is studied using finite element analysis, as shown in Figure 3.
The span of structure S =30 m, length L =45m, vector height
F=10m, and thickness h=1.5m. The top connecting truss
members are steel pipes of @108 x 5.0 mm, and the triangle
plates of cones are orthogonal symmetric GFRP laminated
plates that consist of four layers of laminates with total

thickness equal to 8 mm. The matrix of each layer is composed
of glass/epoxy resin, and the laying mode of laminated plates
is [0/90]°, i.e., the orientation of fibers are 0° in the first and
the fourth layers and 90° in the second and the third layers.
The material properties of the GFRP plates are listed in
Table 1. The steel pipes are considered as ideal elastic plastic
material with elastic modulus E =206 GPa, yield strength
f,=235MPa, and Poisson ratio =0.3.

3.2. Finite Element Model. For the composite plate-cone
reticulated shell, the FEM analysis model only with the top
member, without bottom members and middle members, is
adopted in this paper. The model considers the joints of the
top members as hinged and the bottom joints as rigid (as
shown in Figure 2). In the ANSYS model, the spatial truss
element Link8 with 2 nodes and 6 degrees of freedom is used
to model the top truss members, and the finite strain shell
element Shell181 with 4 nodes and 24 degrees of freedom is
used to model the triangular plate elements. This element
type was demonstrated to suit for analyzing layered com-
posite structures where material properties were varied at
different layers [16-18].

The translational displacements of bottom nodes along
two longitudinal edges are restricted in three directions.
Uniformly distributed vertical loads of 2kN/m? is applied
perpendicular to the shell surface. Self-weight of the
structure is also considered. Figure 4 shows the finite ele-
ment model of the plate-cone cylindrical reticulated shell,
which contains 326 nodes, 600 shell elements, and 275 link
elements.

3.3. Numerical Results. The displacements and internal
forces of the plate-cone cylindrical reticulated shell are
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FIGURE 3: Geometric parameters of the plate-cone cylindrical reticulated shell.

TaBLE 1: Material properties of the GFRP laminate.

EX (GPa) EY: EZ (GPa) GXY: ze (GPa) Gyz (GPa) PRXY: Psz
53.74 17.95 5.98 0.25
PRy, X=X, (GPa) Y; (GPa) Y. (GPa) S (GPa)
0.49 1.034 0.027 0.138 0.041

(a)

(®)

F1GURE 4: FE model of the plate-cone cylindrical reticulated shell.

obtained. Figure 5 shows the vertical displacement of the
plate-cone reticulated shell. Figures 6 and 7 present the axial
force of the top member and the laminates. Figures 8 and 9
show the stresses in each layer of laminates.

From Figure 5, it can be seen that the maximum dis-
placement of the plate-cone reticulated shell is 6.18 mm. The
ratio of the maximum displacement to the span of the
structure is 1/4854, which reveals that the composite plate-
cone reticulated shell has large stiffness similar to the
conventional steel plate-cone reticulated shell.

From Figures 6 and 7, it can be seen that the composite
plate-cone reticulated shell has the same rules for static
internal force distribution as the common steel plate-cone
reticulated shell [19, 20]. The maximum axial compression
force of top members is —32.732 kN, and the maximum axial
compression force of plates is -51.055kN. The strength of
each layer of laminates was calculated according to equa-
tions (2) and (3)fd2. The results show that the strength of the
first and fourth layer of composite laminates is 0.007029, and
the strength of the second and third layer of composite
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FIGURE 5: Vertical displacement of the plate-cone reticulated shell

(m).

laminates is 0.071455. Therefore, the composite plate-cone
reticulated shell has notable residual strength. However, the
internal force distribution is not uniform among layers of
laminates, so it is necessary to analyze the reasonable laying
design for laminates of the composite plate-cone reticulated
shell.

4. Parametric Analysis

4.1. Effect of the Number of Laminate Layers. In order to
evaluate the effects of various design parameters on the
behavior of the GFRP laminates, a parametric analysis is
conducted using the FE model established above. Firstly, the
effect of the number of laminate layers on the strength of
each layer is studied. There are two groups of laying mode
used in this plate-cone cylindrical reticulated shell. The first
group is composed of laminates with fibers oriented in 90°
and 0°: [90/0/90] (mode 1), [90/0]°s (mode 2), [90/0/90/0/90]
(mode 3), [90/0/90]°s (mode 4), and the number of the
laminate layers for modes 1 to 4 is 3 to 6, respectively. The
second group is composed of laminates with fibers oriented
in —45° and +45% [-45/+45/-45] (mode 5), [-45/+45]g
(mode 6), [-45/+45/—45/+45/-45] (mode 7), and [+45/-45/
+45]°s (mode 8), and the number of laminate layers for
modes 5 to 8 is also 3 to 6, respectively. A schematic diagram
showing the different modes is presented in Figure 10. The

total thickness of the composite laminates is 8 mm in all
cases, and the thickness of each layer is equal.

Figures 11 and 12 show the ultimate strength of the
reticulated shell composed with the first group (modes 1~4)
and the second group (modes 5~8) of laminates,
respectively.

It can be seen from the figures that the number of
laminate layers has insignificant effect on the failure load of
the composite plate-cone reticulated shells with qua-
drangular cones for the same laying mode and total
thickness. Taking the first group as an example, it is found
that the first failed layer of laminates is the layer with fibers
oriented in 90° occurring in the direction of 90 fibers, while
the failure of the last layer occurs in the direction of 0°
fibers. The first layer strength and the last layer strength are
almost the same even though the number of layers is
different. The first layer strength and the last layer strength
for the mode with four layers of laminates (i.e., laying mode
2) are only 8.16% and 4.75% greater than that of the mode
with three layers of laminates (i.e., laying mode 1), re-
spectively. Therefore, it can be concluded that the influence
of the number of layers on the ultimate strength and failure
sequence of each layer of laminates can be ignored if the
total thickness of the GFRP laminates is the same. Con-
sidering the material cost and time consumption, it is
recommended that the layer number of laminates should
not be too much, and the total layer number of laminates is
suitable to be 4 layers.

4.2. Effect of Laying Direction. The laying direction of
laminates is another critical parameter of laminates. Because
the laying structures are different, that is to say, if the order
of each layer in the laminate is different, the ultimate
strength of the laminate may be totally different even for the
same material system. Therefore, for the composite plate-
cone reticulated shell, studying the influence of laying di-
rection on the strength of the laminate is very necessary and
of significant importance in practice.

In order to discuss the influence of laying direction on
the strength of the structure, the mechanical properties of
eight kinds of laying directions (total thickness is 8 mm, and
the thickness of each layer is uniform) are calculated using
finite element analysis. Combining with the Strength Cri-
terion of Hoffman, the ultimate strength and the failure
sequence of layers of laminates are obtained. The detailed
results are shown in Table 2.

It can be found from Table 2 that the laying direction of
the laminate has significant influence on the strength of the
structure. It can also be observed that

(1) The ultimate strength of the plate-cone reticulated
shell with different laying modes are different. The
first layer strength of laminates with laying mode of
[0/90]°s and [90/0]°s are 26.6 kN/m?, while the last
layer strength is about 130kN/m’. However, for
laminates with laying modes of [-45/+45]°s and
[+45/-45]°s, all of four layers almost fail concur-
rently, and the failure load is about 44.5 kN/m’.
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FIGURE 6: Axial force of top members of the plate-cone reticulated shell (kN).

(2) The failure sequence of layers is also different. The
first failed layers of laminates with laying modes of
[90/0]°s, [+45/0]°s, and [90/+45]°s are the first and
fourth layers, while the last failed layers are the
second and third layers. However, for laminates with
laying modes of [0/90]°s, [0/—45]°s, and [+45/0]°s, the
failure sequence of layers are just the opposite, that
is, the first failed layers are the second and third

layers, and the last failed layers are the first and
fourth layers. For laminates with laying modes of
[-45/+45]°s and [+45/-45], all four layers failed
simultaneously.

(3) The strength interval between the first layer strength
and the last layer strength is also different. For
laminates with laying modes of [0/90]° and [90/0]°s,
there is the largest strength interval between the first
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FIGURE 7: Axial force of laminates of the plate-cone reticulated shell (N).
. B B °
strength and the last strength. The ratio between the [+45/90]°g and [+90/+45]°s, and [+45/0]°g and [+0/
o .
last layer strength and the first layer strength for +45]°s are 4.89, 2.95, and 1.27, respectively. And for

laminates with laying modes of [0/90]°s and [90/0]°s, laminates with laying modes of [-45/+45]°s and
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FiGUure 8: Normal and shear stress (o,,

0., Txy) of the first and fourth layers of laminates (MPa).
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of the second and third layers of laminates (MPa).
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Figure 10: Composition of FRP laminates with fibers oriented in different directions. (a) Group 1. (b) Group 2.
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Figure 11: Ultimate strength of the reticulated shell composed with first group laminates.

[+45/-45]’s, all four layers fail at the same time, so
there is no strength interval between the last layer
strength and the first layer strength.

Based on the above analysis, it can be concluded that the
laying direction of laminate is a key factor affecting the
ultimate strength of GFRP laminate of the composite plate-
cone reticulated shell.

4.3. Effect of Thickness of Laminate. In order to study the
influence of the thickness of laminates on the ultimate
strength of laminates, the parametric analysis for laminates
with different total thickness and different thickness of

individual layer is conducted. The triangular plates of cone
elements are adopted with different laying design, i.e., the
laying directions are all [90/0]°s, but the total thickness of the
laminates and the thickness of each layer are different. In this
paper, the mechanical properties of six kinds of laminates
with different laying modes (seen in Table 3) are calculated,
and the ultimate strength of the structure under uniformly
distributed loads are obtained by combining the Strength
Criterion of Hoffman; more detailed results are shown in
Table 3.

From Table 3, it can be seen that the thickness of
composite laminates has a significant effect on the ultimate
strength of laminates in plate-cone reticulated shells. With
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Figure 12: Ultimate strength of the reticulated shell composed with second group laminates.

TaBLE 2: Uniformly distributed load when layer-by-layer failure of laminated plates.

Laying mode

First layer strength (kN/m?)

Layers failed at first

Last layer strength (kN/m?)

Layers failed at last

[0/90]° 26.6 2" and 3" layers 130.0 1% and 4™ layers
Y Y

[90/0]°s 26.5 1 and 4™ layers 132.3 2™ and 3™ layers

[-45/+45]°s 44.5 All of four layers 44.5 All of four layers
y y

[+45/-45]°g 44.4 All of four layers 44.5 All of four layers

[+45/0]° 65.4 1%t and 4™ layers 83.0 27 and 3" layers
y y

[0/+45]° 65.5 2" and 3" layers 83.0 1% and 4™ layers
Y y

[+45/90]°¢ 14.8 2" and 3™ layers 43.6 1°* and 4™ layers

[90/+45]° 14.8 1* and 4™ layers 43.8 2" and 3" layers
y y

TaBLE 3: Comparison of ultimate strength of laminated plates with different thicknesses.

Thickness of each layer Total thickness (mm) First layer strength Q, (KN/m?) Last layer strength Q, (kN/m?) Q/Q,
[2mm/2 mm] g 8 26.6 132.3 4.99
[l mm/l mm] 4 14.0 76.8 5.48
[3mm/1 mm] g 8 23.2 121.3 523
[1mm/3mm]g 8 28.8 134.0 4.66
[2mm/1 mm)] 6 18.5 100.0 5.40
[1mm/2 mm]g 6 21.7 108.5 5.01

Note: [3mm/1 mm] g indicates that the thickness of the first and fourth layers is 3 mm, and that of the second and third layers is 1 mm.

the change of the thickness of each layer, the first layer
strength and last layer strength of the structure vary re-
markably. Generally, the first layer and last layer strengths
will increase with the increase of the total thickness and the
thickness of the second and fourth layers. It can also be
found that with the change of total thickness, the strength
interval between the first layer strength and last layer
strength of the laminates changes slightly. The ratios be-
tween the last layer ultimate strength Q2 and the first layer
ultimate strength Q1 are about 5.

5. Conclusions

The strength of each layer in FRP laminate is one of the main
controlling factors in the design of composite plate-cone

reticulated shell. In this paper, using ANSYS software, a
strength model of composite laminate is established using
the Strength Criterion of Hoffman without considering the
stiffness degradation of laminates. The effects of number of
layers, laying direction, and thickness of laminates on the
ultimate strength of laminates are studied in the parametric
analysis. Based on the results of the numerical analysis, the
following conclusions can be drawn:

(1) In the composite plate-cone reticulated shell, the
influence of the number of laminate layers on the
ultimate strength and failure sequence of each layer
of laminated plates is negligible. Taking into account
other factors, such as material cost and time con-
sumption, the total layer number of laminate is
recommended as four layers.
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(2) The laying direction is one of the key factors affecting
the ultimate strength of the composite laminate in
the plate-cone reticulated shell. The influence of
laying direction on the ultimate strength and
strength interval is significant. It should be fully used
in design of practical engineering to achieve rea-
sonable strength interval of laminate, for making full
use of potential and advantages of composite
material.

(3) The influence of the thickness of composite laminate
on the ultimate strength of laminate is significant.
The first layer strength and last layer strength will
increase with the total thickness increase, and the
thickness of the second and fourth layers increase.
But the influence of the total thickness on the
strength interval is negligible.
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