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Abstract. Wind effects on roofs are usually considered by equivalent static wind loads based on the
equivalence of displacement or internal force for structural design. However, for large-span spatial structures
that are prone to dynamic instability under strong winds, such equivalent static wind loads may be
inapplicable. The dynamic stability of spatial structures under unsteady wind forces is therefore studied in
this paper. A new concept and its corresponding method for dynamic instability-aimed equivalent static wind
loads are proposed for structural engineers. The method is applied in the dynamic stability design of an
actual double-layer cylindrical reticulated shell under wind actions. An experimental-numerical method is
adopted to study the dynamic stability of the shell and the dynamic instability originating from critical wind
velocity. The dynamic instability-aimed equivalent static wind loads of the shell are obtained.

Keywords: spatial structures; structural instability; Budiansky—Roth criterion; dynamic instability-aimed
equivalent static wind loads; application

1. Introduction

Numerous spatial structures have been constructed all over the world given their beautiful
appearance and good spanning capability. Over the years, however, many structural failures have
occurred under strong winds (Shanmugasundaram et al. 2000, Duthinh 2008). The loss of the
stable equilibrium state can be one of the reasons for structural collapse under strong wind actions;
such occurrences in China have been documented (Huang and Gu 2011). These incidents have
highlighted the necessity of analyzing the instability in the structural design of spatial structures
(Ministry of Housing and Urban-Rural Development of the People’s Republic of China 2003). To
avert structural failures, more precise methods for dynamic stability design should be proposed
and adopted in structurally designing spatial structures that are prone to wind-induced dynamic
instability.

The characteristics of structural dynamic instability in spatial structures are complicated, and
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significant studies have been conducted by many researchers (Hsu 1967, Simitses 1990, Ishikawa
and Kato 1993, Sofiyev 2004). The wind-induced instability of spatial structures is generally
investigated through wind tunnel tests. Miyake et al. (1992) observed the stability of a suspended
roof model in a wind tunnel test. Nakamura et al. (1994) found that the displacement responses of
a large-span roof aeroelastic model grew nearly exponentially with wind speed in a wind tunnel
test. Meanwhile, some researchers studied the instability of spatial structures due to wind action
using numerical methods. He (2002) derived a formula for galloping critical wind speed as a
function of the shape coefficient by considering the initial attack angle and lateral aerodynamic
forces. Yang and Liu (2005) studied the unstable state originating from the critical wind velocity of
membrane structures by combining non-moment theory for thin shallow shells and potential flow
theory for fluids. Cao et al. (2010) analyzed the stability, deformation, and stress distribution of a
flexible container roof under strong winds using the arbitrary Lagrangian—Eulerian approach.
When Li and Tamura (2005) conducted the nonlinear dynamic analysis of a single-layer spherical
reticulated shell subjected to wind loads, they suggested that the dynamic instability of spatial
structures can be investigated by examining their tangent stiffness matrixes and computational
divergence. In this paper, the instability of roof structures under unsteady wind forces is also
investigated by the response divergence according to the classic Budiansky-Roth criterion
(Budiansky and Roth 1962).

The equivalent static wind load (ESWL) is a concept that bridges wind engineering research
and structural engineering applications. It plays an important role in the wind resistance design of
structures. After Davenport (1961) shed light on the concept of ESWL, the dynamic wind effects
on structures have since then been computed using the ESWL for structural design. Davenport
(1967) proposed the gust loading factor (GLF) in considering the magnification of structural
response to turbulent wind loads. In his study, the ESWL for structural design was equal to the
mean wind loads multiplied by the GLF. Kasperski (1992) put forward the
load-response—correlation (LRC) method, which is a quasi-static method for calculating the
ESWL on rigid structures. The two achievements mentioned above pose considerable significance
to the collaboration between wind engineering researchers and structural engineers. Zhou et al.
(1999) built the form of ESWL on high-rise buildings by dividing it into the mean, background,
and resonant components based on the work by Davenport (1961, 1995). The background
component can be computed using the LRC method and the resonant component can be calculated
using structural inertia forces caused by vibration. Fu ef al. (2008) presented a new definition of
the ESWL on long-span roof structures expressed in terms of the mean and dynamic components
and based on the LRC method. Such ESWL eliminates the shortcomings of the zero mean
response of the GLF method, considers modal response correlations and does not require the
calculation of the load-response correlation. Bartoli and Ricciardelli (2010) investigated the
characteristics of pressure fluctuations in the ESWLs on structures. For the high-rise building with
the eccentricity of the mass center with respect to rigidity or geometry center more than 10%,
Liang et al. (2014) pointed out that the along-wind, cross-wind and torsional responses are coupled,
and then constructed the three-dimensional static wind loads based on the equivalence of internal
forces. Ke et al. (2014) studied the wind-induced response and equivalent static wind loads of
large wind turbines by the modified consistent coupling method.

Considering the characteristics of multiple targets of equivalence in the ESWLs of large span
roofs, Katsumura et al. (2007) presented the universal ESWL to achieve the equivalence of all
responses in the structure by choosing the intrinsic modes of fluctuating wind load as the basic
load vectors. Chen et al. (2012) further selected the initial forces of structural dominating vibration
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modes as the basic vectors, enhancing the physical significance of the ESWL for multiple targets.
Zhou et al. (2012) adopted the response grouping approach to construct such ESWLs.

Despite these developments, however, all of these ESWL methods are essentially based on the
equivalence of displacements or internal forces. When they are adopted for the stability analysis of
structures, the correspondence between structural instability under such ESWLs and actual
dynamic instability that originates from critical wind velocity is difficult to accomplish.

To enable structural engineers to conduct the stability analysis of spatial structures under
unsteady wind loads by a static load method, it is necessary to study the ESWLs based on the
equivalence of dynamic stability, that is, dynamic instability-aimed ESWLs. In the present study, a
new concept of dynamic instability-aimed ESWLs and its corresponding method are proposed.
These are applied in the dynamic stability design of a double-layer cylindrical reticulated shell
under wind actions. An experimental-numerical method is employed to investigate the dynamic
stability of the shell under unsteady wind forces, whose values have been obtained from a wind
tunnel test. The state of the dynamic instability of the structural system is determined by the
Budiansky—Roth criterion (B-R criterion). Finally, some related aspects of the new concept are
discussed in detail, and suggestions for the dynamic stability design of spatial structures under
wind loads are provided.

2. Theory and method

The application of the B—R criterion is first introduced, and then the concept of dynamic
instability-aimed ESWLs is presented. Finally, the method for applying this concept in the
dynamic stability design of spatial structures is explained.

2.1 Application of the Budiansky—Roth criterion

Budiansky and Roth (1962) put forward the B-R criterion to determine the critical load for the
dynamic instability of a clamped shallow spherical shell under transient pressure loads. In the B-R
criterion, the nonlinear dynamic analysis of structural systems under dynamic loads should be
conducted to obtain the variation curve of the largest structural response with the increasing load.
When a very deep rise occurs in a small change of the load, this load can be denoted as the critical
load for dynamic instability. This criterion is appropriate for both conservative and
non-conservative structural systems; thus, it is widely used in studying the dynamic stability of
complex structural systems under arbitrary dynamic loads (Song and Jones 1983, Toi and Isobe
1996).

In the present study, the B-R criterion is also adopted to determine the state of dynamic
instability of spatial structures under dynamic wind actions, in which the maximum displacement
response of the structure is obtained by dynamic response analysis that is based on a proportional
loading strategy. Wind load incremental factor f'is defined to increase the unsteady wind forces on
the structure

Fy=f-F (1

where Fj; represents the actual wind forces acting on the structure; F; denotes the wind forces that
corresponds to the design wind velocity of the structure. Therefore, f denotes the actual wind
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forces divided by the design wind forces on the structure, and /s denotes the actual wind

velocity divided by the design wind velocity of the structure.
The maximum displacement response of a structure under the action of wind forces Fj;
corresponding to specified fis defined as
T)= 2
W (f,T) = max[w(f,1)] ©)
where wy, 1s the maximum displacement response of the structure; f'is the wind load incremental
factor; T denotes the length of wind duration, that is, record length T\, at full scale; ¢ represents
the acting moment of unsteady wind forces; and w is the displacement response of every node of
the structure at ¢ under specified f. Therefore, wy,.x denotes the maximum value of the displacement

responses of all the nodes of the structure during entire duration 7 of wind actions that correspond
to load incremental factor f.

2.2 Concept of dynamic instability-aimed ESWLs

The concept of dynamic instability-aimed ESWLs is presented through the GLF method
(Davenport 1967). “Dynamic instability factor” ¢, is defined to express the influence of the

dynamic actions of wind loads on structural stability. Thus, dynamic instability-aimed ESWLs
p(x,y,z) on the structure can be expressed as

ﬁ(x,y,z)z(pD'ﬁ(x,y,z) (3)

where p(x,y,z) is the mean wind load corresponding to the design wind velocity of the structure,
and dynamic instability factor ¢, is determined by

£
=25 )
=y

where fsand fp are the critical wind load incremental factors, as determined by the nonlinear static
and dynamic stability analyses of the structural system, respectively.

fs is determined by the static stability analysis under proportionally increasing load of
f-p(x,y,z). fpis determined by the B-R criterion described in Section 2.1.

When the ESWLs p(x,y,z) are used for structural stability design, another wind load

increment factor A is also defined to proportionally increase the wind load on the structure.
Therefore, the wind loads acting on the structure are A-p, and the critical value of 4 can be

obtained, denoted as /., by nonlinear static stability analysis. Eq. (3) has shown that the static
stability analyses for obtaining 4, and fs are both based on the proportional loading strategy of the
same mean wind loads p, so these two computing processes are actually the identical process,

and we have
ﬂ’e : ¢)D = fS‘ (5)

Substituting Eq. (4) into Eq. (5) yields



Equivalent static wind loads for stability design of large span roof structures 99

ﬂ“@ :fD (6)

Consequently, the static stability design under the dynamic instability-aimed ESWLs can
produce the real dynamic instability factor in the dynamic wind field. Thus, the equivalence of
such ESWLs is proved.

2.3 Method for determining dynamic instability-aimed ESWLs

The computational procedure of the method for dynamic instability-aimed ESWLs for dynamic
stability design can be divided into two steps.

The first step accomplished by wind engineering researchers is obtaining the dynamic
instability-aimed ESWLs on the structure through the following procedures:

(1) The unsteady aerodynamic forces on the structures in all the selected wind directions are
obtained by wind tunnel tests.

(2) The dynamic stability analysis of the structural system is conducted to acquire dynamic
instability that originates from critical wind load incremental factor f, in different wind

directions and determine the most unfavorable wind direction.

dynamic instability-aimed
equivalent static wind loads
wind engineering researchers || > structural engineers

Conduct static stability analysis under the
dynamic instability-aimed equivalent static wind
loads or combined with other static loads.

:

Determine the dynamic instability critical
wind velocity of the structure in wind fields.

Obtain wind pressure time histories
on the structure.
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Fig. 1 Dynamic stability design of spatial structures in wind fields
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The wind direction that has the smallest f, 1is defined as the most unfavorable wind direction.

The structural safety in the stability perspective in all wind directions can be ensured if it is
guaranteed in the most unfavorable wind direction. Thus, only the acquisition of dynamic
instability-aimed ESWLs and the dynamic stability design in such wind direction are necessary to
be conducted.

(3) The static stability analysis of the structural system is carried out to obtain the critical wind
load incremental factor fs under mean wind load in such direction.

(4) After fs and fp are acquired, the corresponding dynamic instability factor ¢, can be

computed by Eq. (4). The dynamic instability-aimed ESWLs on the structure can then be obtained
using Eq. (3).

The second step carried out by structural engineers is conducting the static stability analysis of
structures under the action of the dynamic instability-aimed ESWLs:

(5) The static stability analysis of the structural system under the dynamic instability-aimed
ESWLs is conducted to obtain the dynamic instability caused by critical wind velocity. The wind
resistance capacity of the structure can subsequently be evaluated.

The entire procedure of the dynamic stability design of spatial structures in wind fields is
summarized in Fig. 1.

3. Applications

The method for determining dynamic instability-aimed ESWLs is applied in the dynamic
stability design of a double-layer cylindrical reticulated shell located in a typhoon-prone area.
First, the FEM model and free vibration analysis of the shell are introduced. Unsteady wind forces
on the shell are then constructed on the basis of wind tunnel tests, and the dynamic stability
analysis of the shell is carried out. The aeroelastic effects are not considered in the dynamic
stability analysis. Actually, according to our research experience on the dynamic response analysis
and wind-resistant design of more than 100 large span roof structures, the aerolastic effects can be
ignored for most large span roof structures. Especially, for the structural dynamic instability, the
influence of aeroelastic effects could be smaller. The results of dynamic stability analysis are
compared with those of static stability analysis under the ESWLs based on the equivalence of
displacement and internal force. Finally, dynamic instability-aimed ESWLs on the shell are
obtained, and the dynamic stability design of the shell is completed.

3.1 Free vibration analysis

Before studying the dynamic stability of the double-layer cylindrical reticulated shell under
wind actions, the free vibration analysis of the shell should be conducted to understand its natural
vibration characteristics. The FEM model of the shell is first introduced, and then the results of the
free vibration analysis are discussed.

The double-layer cylindrical reticulated shell is a dry coal shed in a power plant, with a span of
103 m, longitudinal length of 140 m, and height of 40 m (Fig. 2). The shell is composed of
crossing bars arranged as an orthogonal spatial grid. Thirteen types of bars with different areas are
used in the shell (Table 1). The shell structure is discretized with truss elements, which simulate
the dual-force bars of the shell. The Young’s modulus of the bars is 206 GPa, and their density is
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9400 kg/m® which includes a 20% increment for considering the weight of joints. The linkage
among the bars is modeled as hinged to allow for actual mechanical behavior, and the longitudinal
base of the shell is modeled as rigid constraints to make the shell structure geometric invariant.
The cladding material on the shell is simulated by the additional mass that is concentrated on the
node.

The natural frequencies and corresponding modal shapes of the shell are obtained by free
vibration analysis. The first 100 orders of natural frequency of the shell are highly intensive (Fig.
3), in which the first order and the 100™ order of frequency are f; = 1.38 Hz and foo = 12.2 Hz,
respectively. The first order of modal shape of the shell is longitudinal deformation (Fig. 4(a)). No
wind action along the longitudinal direction of the shell is observed; thus, the primary
displacement of the shell under wind flows may not be similar to this modal shape. The second
order of modal shape of the shell is transverse deformation (Fig. 4(b)); hence, the dominating
displacement of the shell under perpendicular wind flows may be along the transverse direction.
The third order of modal shape of the shell is torsional deformation (Fig. 4(c)), which causes both
two ends of the shell to deform transversely along the opposite direction. Therefore, the
dominating displacement of the shell under yawed wind flows may be similar to this deformation
shape.

Fig. 2 3D-FEM model of the shell
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Fig. 3 First 100 orders of natural frequency of the shell
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3D View Frontal View 3D View Frontal View

Lateral View Plan View Lateral View Plan View

(a) Longitudinal deformation (f; = 1.38 Hz) (b) Transverse deformation (f, = 1.51 Hz)

3D View Frontal View

Lateral View Plan View

(c) Torsional deformation (f; = 1.63 Hz)

Fig. 4 First three orders of modal shape of the shell

Table 1 Area of bars in the shell

Type 1 2 3 4 5 6 7
Area/cm’ 8.52 10.68 13.82 17.09 28.84 37.95 53.41
Type 8 9 10 11 12 13

Area/cm’ 57.81 78.04 90.16 100.04 115.11 141.37
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Fig. 5 Arrangements in wind tunnel tests

3.2 Wind tunnel tests

Wind loading on the structure is usually regarded as a stationary random process, and wind
pressure time histories obtained from the wind tunnel tests can present long-term wind actions on
the structure. In this section, the arrangements of wind tunnel tests and testing results are presented,
and then the unsteady wind forces on the shell are constructed by the probability and statistics
method.

The wind tunnel tests were carried out in TJ-2 atmospheric boundary layer wind tunnel (Tongji
University, China), which has a working section 3 m wide, 2.5 m high, and 15 m long. A rigid model
(Fig. 5(a)) with a geometric length scale of 1:150 was constructed to represent the shell. Both the
outer and inner faces of the shell are exposed to wind flows. Thus, a couple of pressure taps were
installed at a single measurement point on the model to simultaneously measure wind pressures on
both faces; the net wind pressure at the measurement point is the difference of the pressures on both
faces (Simiu and Scanlan 1996). Wind direction is defined as an angle § from the east along a
clockwise direction (Fig. 5(b)). Seven types of wind tunnel tests with § varying from 90° to 180°
with an incremental step of 15° were carried out in accordance with the symmetry of the shell.

Spires and roughness elements were set up to simulate the boundary layer wind flow of the
suburban terrain type stipulated in the Load Code of China (Ministry of Housing and Urban-Rural
Development of the People’s Republic of China, 2001) as exposure B category. This terrain type
specifies the mean wind velocity profile with a power law exponent of a = 0.16. The measured
turbulence intensity at the roof top is about 0.11, and the simulated power spectra of fluctuating
wind agrees well with the Karman-type spectra.

In the wind tunnel tests, the wind pressures on the shell were measured simultaneously from all
taps, and the data sampling frequency was 312.5 Hz with a sampling length of 6000 data. When
processing the pressure data, the length of PVC pipes was set as an optimal parameter to optimize
the measurement system (Zhou et al. 2011), except when directly modifying the measurement
system. In the tests, the pressure measurements were carried out at a wind velocity of U.s= 12 m/s
at a reference height of Z..r = 100 cm. The pressure coefficients of the measurement point i on the
model are defined as
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Cpi:pi_poo (7)
pO _poc

where p; is the measured net pressure at measurement point i; py and p., are the total and static
pressures at the reference height, respectively.

The double-layer cylindrical reticulated shell is located in the most active typhoon-generating
area in China, and the design wind velocity with a 50-year return period for the area is 55.2 m/s at
a height of 150 m (35.8 m/s at 10 m) (Ministry of Housing and Urban-Rural Development of the
People’s Republic of China, 2001). Therefore, the wind velocity scale in the wind tunnel tests is
1/4.6, and the time scale is 1/32.6. The sampling frequency and record length i, in the pressure
measurements are equal to 9.58 Hz and 10.4 min at full scale, respectively. The period for
evaluating the statistics of pressure fluctuations can be assumed to be 10 min, which is typically
used as the average time in wind velocity measurements in China.

The pressure at measurement point i is analyzed as the mean and RMS pressure coefficients,
Cpimean and C,ims, by the probability and statistics approach (Figs. 6-9). In Figs. 6-9, the straight
line at the vertical center denotes the peak position of the cylindrical shell. The mean pressure
coefficients are visibly distributed as stepped on the shell. Wind pressures are almost positive on
the windward side and negative at the top area because wind flow separates at the top area. Wind
pressures on the leeward side are also positive because wind flow reattaches in this area (Li and
Melbourne 1995). The distribution of RMS pressure coefficients is different from that of mean
pressure coefficients, and RMS coefficients are mostly distributed irregularly. Under yawed wind
directions, wind pressures fluctuate more sharply and wind flow separation causes these pressures
to fluctuate most sharply on the windward rim of the shell. Then, unsteady wind forces Fj,; of
measurement point i at moment ¢ at full scale can be constructed.

ﬁ wind \ ﬁ wind

(a) Mean pressure coefficients (b) RMS pressure coefficients

Fig. 6 Distribution of pressure coefficients on the shell in 90° (plan view)
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Fig. 7 Distribution of pressure coefficients on the shell in 120°(plan view)

@ wind

(b) RMS pressure coefficients
Fig. 8 Distribution of pressure coefficients on the shell in 150° (plan view)

(a) Mean pressure coefficients
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Fig. 9 Distribution of pressure coefficients on the shell in 180° (plan view)

3.3 Dynamic stability analysis

After the unsteady wind forces on the shell are determined, the dynamic stability of the shell in
different wind directions can be subsequently investigated. For the dynamic stability problem,
determining the suitable dynamic instability criterion is the premier task. The B—R criterion,
combined with observations of the dynamic equilibrium position and phase plane of the
characteristic node (defined later in the paper), is adopted to determine the state of the dynamic
instability of the double-layer cylindrical reticulated shell under dynamic wind actions.

According to the B-R criterion, the dynamic stability analysis of the shell is based on the
dynamic response computation of the shell under unsteady wind forces. The dynamic response
computation is conducted continuously under increasing load incremental factor f by standard 3D
FEM program using the same FEM model of the shell as in free vibration analysis. In the dynamic
response computation, a bilinear kinematic hardening model is assumed to simulate the actual
material performance of the bars under high wind velocity, in which the yield stress and tangent
modulus after yielding are 235 MPa and 1180 MPa, respectively. Meanwhile, structural gravity and
the initial geometric imperfection under mean wind load Fy; are included. The variation in
maximum displacement response wy,, With load incremental factor fis obtained in accordance with
the computational results, and the state of the dynamic instability of the structural system can be
determined using the B—R criterion. Finally, the critical wind velocity-induced dynamic instability
is confirmed by observing the dynamic equilibrium position and phase plane of the characteristic
node. The process involved in the dynamic stability analysis of the shell under unsteady wind flows
is illustrated in Fig. 10.
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Fig. 10 Process of dynamic stability analysis under wind flows

According to the results of the dynamic response computation, the maximum displacement
response wy,x of the shell generally increases in all wind directions with increasing wind velocity
(Fig. 11). When freaches a specific value, the displacement responses abruptly increase, so the shell
becomes dynamically unstable according to the B-R criterion. The most obvious trend of
instability occurs in the wind direction of 150°, and fj is preliminarily selected as 1.00/ 2.0. Hence,
the most unfavorable wind direction is 150°, and the corresponding dynamic instability shape of the
shell is shown in Fig. 12. The upwind region (the left half of the shell along the wind direction) of
the shell deforms much more than does the downwind region. The windward area of this region
moves downward, and the leeward area moves upward under positive and negative wind pressures,
respectively (Fig. 8). Under the simultaneous actions of outward and inward wind forces on the two
opposite sides of the upwind region, the shell is prone to deformation, which may be the primary
reason for 150° being the most unfavorable direction.
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The node that produces maximum displacement response wp,x is defined in this study as the
characteristic node. The characteristic node produces the maximum displacement response of the
shell; thus, its displacement time histories represent the response characteristics of the shell system
to a certain extent. By investigating the displacement time histories of the characteristic nodes under
different f(Fig. 13), the critical wind velocity-induced dynamic instability of the shell can be further
determined. In Fig. 13, the straight line represents the displacement of the characteristic node under
the gravity and mean wind load under the same f.

In the 150° wind direction, the characteristic node oscillates stably around the static equilibrium
position during the entire wind duration under /= 1.0 (Fig. 13(a)). Thus, the trend of dynamic
instability on the shell does not exist when f'is less than 1.0.

However, when freaches 1.5 and 2.0, the characteristic node moves past the static equilibrium
position immediately after wind forces are loaded, and jumps at about ¢ =40 , 70, and 450 s (Figs.
13(b) and 13(c)). Under f'= 2.0, its dynamic equilibrium position shifts from 0.5 to 0.77 m away
from the original configuration of the shell at = 70 s. Therefore, the critical wind load-induced
dynamic instability of the shell is conservatively chosen as fp = 1.0.
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Fig. 13 Displacement time histories of the characteristic nodes in 150°
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Meanwhile, according to the theory of the phase plane (Timpledon ef al. 2010), the state point
moves clockwise along the oval track on the phase plane when the structural system is dynamically
stable. Therefore, if the state point goes off the oval track and turning points occur, the structural
system becomes dynamically unstable.

Fig. 14 gives the displacement—velocity phase plane of the characteristic node under different f
in 150°, which indicates that the state point visibly moves clockwise along the oval track on the
phase plane when f'is equal to 1.0. Thus, the shell is dynamically stable. However, when freaches
2.0, obvious jumping on the phase plane is observed. The state point moves clockwise and
counter-clockwise alternately, and turning points appear on the phase plane (Fig. 15); hence, the
shell is dynamic unstable.

1.0+ 2.0+
1.54
0.54 104
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E £ o054
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3 3 001
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0.5 -0.54
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(a)f=1.0 (b)f=2.0

Fig. 14 Phase plane of the characteristic node in 150°
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Fig. 15 Turning points on the phase plane at f=2.0 in 150°
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Hence, the critical wind velocity-induced dynamic instability v, of the shell can be
V. =V, X[ fp =35.8x+/1.0 =35.8m /s 3

where v, is the design wind velocity at a height of 10 m at full scale. The critical wind
velocity-induced dynamic instability indicates that the shell may become dynamically unstable
when the wind velocity of the area where the shell is located arrives at the design wind velocity of
the shell. This is highly dangerous for spatial structures located in strong-wind environments.

3.4 Static stability design by ESWLs based on the equivalence of displacement and internal
force

In general structural design considering wind loads, the ESWLs based on the equivalence of
displacement or internal force of members, usually determined by the GLF method, is used to
consider wind effects. Such ESWLs are used for static stability analysis to obtain a critical
multiplier A..g.r by the similar procedure for obtaining 4. in section 2.2.

Mi (2007) carefully studied the ESWLs of the same double-layer cylindrical reticulated shell
using the GLF method. The gust loading factors based on the equivalence of displacement or
internal force was obtained vary between 1.29 and 1.74. The value of 1.74 is firstly used for
stability design and the corresponding wind direction is 135°.

Thus, the ESWLs p. . determined by the GLF method are

ﬁGLF = 1-741_9135 )

where p,;s denotes the mean wind load in the wind direction of 135°.

According to the variation in maximum displacement response with 4 (Fig. 16), A.cir is
determined as 2.0. That is, if the ESWLs determined by the GLF method are used for the stability
analysis, the shell would become unstable only when wind pressures are 2.0 times the design wind
pressures. If the gust loading factor of 1.29 is used for computation, .., would be larger.

0 1 2 3 4 5
Maximum displacement/m

Fig. 16 Variation in the maximum displacement with A under A - DPerr
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However, according to the above-mentioned results of the dynamic stability analysis, the shell
may become dynamically unstable when the wind loads is only 1.0 times the design wind loads.
Therefore, the stability design of spatial structures by the ESWLs based on the equivalence of the
displacement or internal force may lead to unreliable conclusions.

3.5 Dynamic stability design

The dynamic instability-aimed ESWLs on the double-layer cylindrical reticulated shell are
obtained and then applied in the stability design of the shell.

3.5.1 Dynamic instability-aimed ESWLs

According to the results of the dynamic stability analysis, 150° is the most unfavorable
direction of the dynamic stability of the shell in wind fields. Therefore, only the dynamic
instability-aimed ESWLs in this wind direction are necessary.

According to the results of the static stability analysis under mean wind loads of 150° (Fig. 17),
static instability critical wind load incremental factor fs is equal to 3.5. Simultaneously, according
to the above-mentioned dynamic stability analysis, the dynamic instability critical wind load
incremental factor fp at 150° is equal to 1.0. Therefore, according to Eq. (4), the dynamic
instability factor ¢, is equal to 3.5.

According to Eq. (3), the dynamic instability-aimed ESWLs are
p(x,,2)=3.5-p(x,y,2) (10)

where p(x,y,z) isthe mean wind loads at 150°.

—&— Under mean wind loads
5] —#&—Under dynamic instability-aimed ESWLs

0 T T T T T T T T T
0 1 2 3 4 5

Maximum displacement/m

Fig. 17 Variation in the maximum displacement with f
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3.5.2 Static stability analysis under dynamic instability-aimed ESWLs

According to the variation in the maximum displacement with loading parameter A (Fig. 17), 4,
is equal to 1.0 by the method in Section 2.2. Therefore, the critical load parameter A, obtained here
is identical to the dynamic instability critical factor f, obtained from the dynamic stability analysis,
which verifies Eq. (6). This clearly indicates that the actual dynamic instability in wind fields can
be obtained by carrying out static stability design based on the dynamic instability-aimed ESWLs.
Consequently, with the help of dynamic instability-aimed ESWLs, the accurate dynamic stability
design of spatial structures in wind flows can be achieved by simpler static stability analysis.

Meanwhile, the results of dynamic stability design show that dynamic instability may occur in
the double-layer cylindrical reticulated shell when the wind velocity is equal to the design wind
velocity. However, the stability analysis under the ESWLs obtained by the GLF method indicates
that structural instability may occur only if the wind velocity is more than /2.0 times the design
wind velocity. Hence, dynamic stability design based on the dynamic instability-aimed ESWLs is
accurate and much more conservative for structures.

4. Conclusions

The concept of dynamic instability-aimed ESWLs and its corresponding method have been
proposed in this paper. The dynamic stability of spatial structures under unsteady wind forces can
be studied by the experimental-numerical method, in which the state of dynamic instability can be
determined by the B—R criterion combined with observations of the dynamic equilibrium position
and phase plane of the characteristic node. The dynamic instability-aimed ESWLs can be obtained
through the dynamic instability factor. Finally, the actual dynamic instability that stems from the
critical wind velocity of spatial structures can be obtained by static stability analysis.

The dynamic instability factor is the core concept in the method for determining dynamic
instability-aimed ESWLs. The factor denotes the extent of decrease in dynamic instability critical
wind loads under unsteady winds compared with static instability critical wind loads under mean
winds. The larger this factor is, the higher the influence of the dynamic effects of wind loads on
wind-induced structural stability, and the more strongly the structure is subjected to dynamic
instability. The range of the dynamic instability factor represents different characteristics of
structural dynamic stability. When the is equal to 1.0, the dynamic wind effects have no influence
on the stability of the structure, and the dynamic wind loads can be treated as static wind loads in
stability analysis. This case holds true for rigid structures. When the factor is less than 1.0, the
critical wind load of dynamic instability is higher than that of static instability, so the dynamic load
effects make the structure more stable in wind fields, a phenomenon that seldom happens. When
the dynamic instability factor is larger than 1.0, the critical wind load of dynamic instability is
lower than that of static instability. Consequently, the dynamic wind effects will impose a negative
influence on structural stability, and such structures become prone to dynamic instability. This is
the most common case in spatial structures.

For the double-layer cylindrical reticulated shell, the dynamic instability-aimed equivalent
static wind load of the shell is about two times the ESWLs based on the equivalence of
displacements or internal forces. Therefore, the shell may become unstable under the dynamic
instability-aimed ESWLs even when it is stable under the ESWLs determined on the basis of the
equivalence of response or internal force. The yawed wind direction is the most unfavorable wind
direction for the dynamic instability of the shell, in which the shell becomes dynamically unstable
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below its design wind velocity. When the shell is dynamically unstable, the dynamic equilibrium
position of the characteristic node may jump several times, the state point moves clockwise and
counter-clockwise alternately on the displacement—velocity phase plane of the characteristic node,
and the shell eventually collapses to the ground.
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