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 This paper simplifies the analysis of equivalent static wind load (ESWL) based on dynamic 

failures, aiming to promote the design of strong, stable, and wind-resistant latticed barrel 

vaults. The static and dynamic responses of multiple latticed barrel vaults in elastic, plastic, 

and elastoplastic states were analyzed separately under wind load. Then, the Budiansky-

Roth criterion and the Hsu S.C. criterion were combined to compute the dynamic failure 

critical load (DFCL) of latticed shell. Through conceptual analysis and quantitative 

calculation, three dynamic failure modes were summarized for latticed barrel vaults under 

wind load, namely, elastic dynamic instability failure, elastoplastic dynamic instability 

failure, and plastic dynamic strength failure. After that, the authors determined the 

relationship between the static load and DFCL of latticed shell, and relied on it to establish 

the equivalent static wind load based on dynamic failure. The research results provide a 

good reference for the wind-resistant design of single-layer latticed barrel vaults. 
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1. INTRODUCTION 

 

Large-span space structure is highly sensitive to wind load, 

owing to its light weight, high flexibility, small damping, and 

low natural vibration frequency. The wind sensitivity of such 

structure is increasing with the growing span and use of 

lightweight materials. The latticed shell is an important 

component in large-space space structure. The wind-resistant 

design and long-term use of latticed shell is challenged by its 

obvious dynamic response to wind load. If the response is 

large and continuous, the latticed shell might suffer dynamic 

failure or fatigue damage, endangering the structural safety [1].  

The wind load is very different from seismic action. The 

magnitude of ground motion is generally not affected by 

geometric parameters, namely, the rise-span ratio of latticed 

shell. By contrast, the magnitude and distribution of wind load, 

as well as the wind-induced dynamic failure mode, vary with 

the geometries and stiffnesses of latticed shell. As a result, it 

is very complex to analyze the wind-induced dynamic failure 

of latticed shell [2, 3]. It is urgently needed to simplify the 

complex problem of wind-induced dynamic failure of latticed 

shell into a static analysis problem, which is easier to be solved 

by engineers, and facilitate the wind resistance design of 

latticed shell. 

Many scholars have explored the dynamic response, 

dynamic stability, failure mechanism, failure mode, and 

simplified analysis method of latticed shell under seismic 

action. However, there are much fewer reports on the 

nonlinear dynamic response, failure mechanism, failure mode, 

and simplified analysis method of latticed shell under wind 

load [4-10]. For example, Li et al. analyzed the nonlinear 

dynamic response and dynamic stability of K6 single-layer 

spherical latticed shell under wind load, using the wind 

pressure distribution coefficient measured in wind tunnel test 

[11, 12]. Through wind tunnel test and numerical simulation, 

Uematsu et al. [13] studied the dominant vibration modes of 

wind-induced dynamic response of a 120m-span single-layer 

spherical latticed shell. Targeting a single-layer cylindrical 

latticed shell, Zhou and Gu [14] obtained the shape coefficient 

of wind load by wind tunnel test, numerically simulated the 

dynamic response at different wind directions, and determined 

the critical wind speed at each wind direction under the 

Budiansky-Roth criterion. Using finite particle method, Yu et 

al. [15] examined the collapse performance of a double-layer 

cylindrical latticed shell under strong wind, established the 

control index for performance measurement, and optimized 

the structural parameters for collapse resistance. Wang et al. 

investigated the process of the elastoplastic dynamic failure of 

a single-layer latticed shell under wind load and snow load, 

under different structural forms, geometries, and supports [16, 

17]. Considering the negative impacts of fluctuating wind on 

structure stability, Uematsu et al. [18] identified the 

distribution of equivalent static wind load (ESWL) on latticed 

shell through stability analysis, which greatly simplifies the 

estimation of that distribution on single-layer latticed shells. 

Li et al. [19] conducted finite-element analysis on the dynamic 

response of single-layer latticed domes, and designed a simple 

estimation model for the design wind load of these domes. 

Fenerci et al. probed into the dynamic response and dynamic 

failure of long-span spatial structures, and calculated the 

ESWLs from displacement, internal force, and stability, 

respectively [20, 21]. 

Overall, there are two main problems with the existing 

studies on wind-induced dynamic response of latticed shells: 

(1) Most studies have focused on the wind-induced dynamic 

instability failure of a latticed shell structure, failing to clarify 

the exact failure mode. Under wind load, a latticed shell could 

suffer three kinds of dynamic failures: elastic dynamic 

instability failure as the latticed shell is in elastic state; 

elastoplastic dynamic instability failure as some members 
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enter the plastic state; plastic dynamic strength failure as the 

entire shell enters the plastic state. The failure mode needs to 

be identified based on the dynamic failure features of the 

latticed shell under wind load.  

(2) The ESWL is either estimated by a simple model in the 

linear elastic range, or calculated from displacement, internal 

force, and stability. The calculation formulas based on 

displacement or internal force take no account of the stability 

requirement. Some scholars may have judged the dynamic 

instability from ESWL, but did not specify the type of dynamic 

instability. Therefore, it is difficult to design a strong and 

stable latticed shell by the methods proposed in the previous 

studies. 

This paper aims to simplify the complex wind-induced 

dynamic failure of latticed shell into an equivalent problem 

under static wind load. To this end, an ESWL analysis method 

was proposed based on dynamic failure, involving all three 

possible failure modes of latticed shell under wind load. 

Specifically, the finite-element analysis software ANSYS was 

introduced to analyze the whole process of elastoplastic 

dynamic failure of single-layer latticed barrel vaults under 

wind load. Next, Budiansky-Roth criterion [22] and Hsu S.C. 

criterion [23] were combined to compute the dynamic failure 

critical load (DFCL) of latticed shell in an accurate and 

effective manner. On this basis, the authors investigated the 

modes and influencing factors of dynamic failures of latticed 

shell under wind load, and simplified the analysis of ESWL 

for that structure. 

 

 

2. DYNAMIC FAILURE ANALYSIS 

 

2.1 Wind load simulation 

 

The wind load was simulated on MATLAB through 

autoregressive (AR) modelling. The simulation parameters 

were configured as follows: the average wind speed was 

assumed to obey the exponential law; the Davenport’s 

fluctuating wind speed spectrum was selected as the target 

spectrum; the standard wind speed at the height of 10m was 

set to 21.6m/s; the regression order, frequency range, 

frequency increment, time step, simulation time, and surface 

roughness were set to 4, 0.01-10Hz, 0.01Hz, 0.1s, 60s, and 

0.03, respectively; the attenuation coefficients Cx, Cy and Cz 

were set to 16, 8 and 10, respectively. 

 

 
 

Figure 1. Time history of wind speed at a node 

 

Considering the structural symmetry of the latticed barrel 

vault, the wind analysis only targets the negative direction of 

Y axis. The fluctuating wind speed was simulated by the AR 

in the light of the spatial correlation between different nodes. 

The average wind speeds of the nodes were basically the same. 

Figure 1 shows the time history of wind speed at a node of the 

latticed shell. It can be seen that the simulated power spectrum 

agreed well with the objective function, indicating that the AR 

is a suitable simulation method for the fluctuating wind speed 

at each node in the long-span latticed shell [16]. 

 

2.2 Dynamic equation 

 

For an m-node single-layer latticed shell, the dynamic 

equilibrium differential equation can be expressed as: 

 

( )+ ( ) ( ) ( )t t t t+ =Mu Cu Ku F   (1) 

 

where, M, C and K are the mass matrix, damping matrix, and 

stiffness matrix of the structure, respectively; u(t) is the 

displacement matrix; F(t) is the wind load matrix. 

The wind load on each node of the latticed shell can be 

described as: 

 

 
T

( )= ( )  ( )  ( )  0  0  0i xi i yi i zi it c F t c F t c F tF  (2) 

 

,0( ) ( )i iF t F t=   (3) 

 

where, cxi, cyi and czi are the direction cosines of the global 

coordinate axes x, y and z, respectively; Fi(t) is the wind load 

on the latticed shell; λ is the dimensionless load coefficient; 

Fi,0(t) is the initial wind load on the latticed shell, which can 

be derived from the basic wind pressure: 

 

,0 ( )= ( )i zi si i iF t w t A    (4) 

 

where, μzi is the height variation coefficient of wind pressure 

at node i; μsi is the shape coefficient of wind load at node i; Ai 

is the equivalent wind area at node i; wi(t) is the basic wind 

pressure at node i, which can be transformed from the basic 

wind speed by Bernoulli’s equation: 

 
2( ) ( ( )) / 2i i iw t v v t= +   (5) 

 

where, ρ is the air density; �̄�𝑖 is the average wind speed; vi(t) 

is the fluctuating wind speed. 

 

2.3 Dynamic failure criterion 

 

Dynamic failure criterion is the key to determining the 

DFCL of large complex structures like latticed shell. This 

paper combines the Budiansky-Roth criterion with the Hsu 

S.C. criterion into a new criterion to identify the dynamic 

failure modes of latticed barrel vaults in elastic, plastic, and 

elastoplastic states under wind load. 

According to Budiansky-Roth criterion, the DFCL of a 

structure is the load that causes sudden changes to the structure 

response. This criterion is applicable to the cases with an 

unstable post-failure load-displacement curve, and capable of 

computing the accurate critical load of latticed shell (Figure 

2a). However, if the post-failure load-displacement curve is 

stable (Figure 2b), the Budiansky-Roth criterion cannot be 

directly applied, but coupled with the Hsu S.C. criterion. The 

Hsu S.C. criterion holds that, at the critical load, the load-

displacement curve of the structure will oscillate about or 

deviate from the initial equilibrium position, revealing the 

upper and lower bounds of the critical load. 
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Figure 2. Load-displacement curves under Budiansky-Roth 

criterion and Hsu S.C. criterion 

 

 
 

Figure 3. Time history of node displacement under our 

criterion 

 

Here, the two criteria are fully combined to judge the DFCL 

of latticed shell. Under the combined criterion, the critical load 

is defined as the load that causes the time history of node 

displacement to deviate from the initial equilibrium position 

(Figure 3). 

 

 

3. DYNAMIC FAILURE MECHANISM OF LATTICED 

SHELL  

 

3.1 Finite-element model 

 

As shown in Figure 4, the latticed barrel vault was meshed 

into three-way grids, without changing the wave width B. The 

members were simulated as BEAM188 elements in ANSYS. 

Meanwhile, the roof load and the dead weight of the barrel 

vault were simulated as MASS21 elements, and distributed to 

each node on the structure. The design parameters and analysis 

parameters of the latticed shell are listed in Tables 1 and 2, 

respectively. 

 

 
 

Figure 4. Structure of single-layer latticed barrel vault 

 

Table 1. Design parameters 

 

Latticed barrel vault Wave width B/m Rod size /mm Load / (kN·m-2) Materials Support pattern 

Three-way grids 30 121×8 1.0 Q235 Three-way fixed connection 

 

Table 2. Analysis parameters 

 
Yield Strength /MPa Density /(kg·m-3) Elastic modulus/MPa Poisson’s ratio Yield criterion Strengthening criteria 

235 7,850 2.1×105 0.26 Von Mises BISO 

 

3.2 Analysis on numerical results 

 

Let R (n, t) be the response of a member in latticed barrel 

vault at time t under the wind load F (t). The characteristic 

response of the structure equals to maximum response of each 

member in a complete calculation cycle: 

 

( ) ( )max
0 0

, max [ max , ]
n N t T

R N T R n t=
≤ ≤ ≤ ≤

  (6) 

 

where, N is the total number of members in the structure, n≤N; 

T is a complete calculation cycle, t≤T.  

On this basis, the incremental dynamic analysis (IDA) was 

performed with the initial wind load being that corresponding 

to the basic wind pressure. Note that the power spectrum of the 

wind load is normalized. If the amplitude of wind speeds in the 

same set changes proportionally, the corresponding 

dimensional power spectrum and time will be stretched (or 

compressed). 

For simplicity, the wind load level was increased 

continuously through proportional adjustment of the load 

coefficient [16]. Then, the nonlinear dynamic response of the 

structure was calculated under various wind loads. On this 

basis, the critical failure coefficient of the structure was 

determined by the combined criterion. 

Figure 5 shows the curve between load coefficient and 

displacement (load-displacement curve) of the single-layer 

latticed barrel vault with the longitudinal length L of 45m and 

the rise-span ratio f/B of 0.45. Like type I in Figure 2, the load-

displacement curve has obvious critical feature points, 

indicating that the critical load coefficient can be directly 

judged by Budiansky-Roth criterion. On the load-

displacement curve, when the load factor λ increased slightly 

from 6.67, the structure displacement grew rapidly. Hence, 

λ=6.67 is the DFCL of the structure. 

Figure 6 shows the load-displacement curve of the single-

layer latticed barrel vault with the longitudinal length L of 45m 

and the rise-span ratio f/B of 0.15. Like type II in Figure 2, the 

load-displacement curve has no obvious critical feature point, 

indicating that the critical load coefficient should be judged by 

the combined criterion. On the load-displacement curve, the 

load coefficient was 42.56 for point a and 44.16 for point b.  

As shown in Figure 7, the time history of displacement for 

point b clearly deviated from the initial equilibrium position. 

Hence, the load coefficient (44.1) for point b was considered 

the DFCL of the structure. 
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Figure 5. Load displacement curve at L=45m and f/B=0.45 

 

 
 

Figure 6. Load displacement curve at L=45m and f/B=0.15 

 

 
 

Figure 7. Time history of displacement for points a and b of 

type II in Figure 2 

 

3.3 Wind-induced dynamic failure mode 

 

Dynamic failure means the latticed shell suddenly changes 

from the initial configuration to a deformation form under 

wind load. Under dynamic failure, the whole or part of the 

structure jump from the initial equilibrium position, exhibiting 

a large displacement from that position. Therefore, the failure 

mode of the latticed shell can be judged from the change trend 

of displacement response.  

Through conceptual analysis and quantitative calculation, 

the dynamic failure modes of single-layer latticed barrel vaults 

with L=45m and f/B of 0.15, 0.25, and 0.45 were derived from 

their dynamic response process induced by wind. Figures 8-10 

illustrate the elastic dynamic failure mode, the elastoplastic 

dynamic failure mode and the plastic dynamic strength failure 

mode, respectively. 

When the rise-span ratio f/B is 0.45, the single-layer latticed 

barrel vault is mainly subjected to the wind pressure on the 

windward side. Conceptual analysis shows that the structure 

might suffer dynamic instability. As shown in Figure 8, at the 

load coefficient λ=5.33, some members of the structure started 

to enter the plastic state; at the load coefficient λ=6.67 (i.e. 

before the dynamic failure), about 15.92% of all members 

fully or partially entered the plastic state, but only 1.02% of all 

members were fully plastic; at the load coefficient λ=7.00, the 

entire structure saddened sagged down and collapsed on the 

windward side. Before that, the structure maintained the initial 

state, showing no weakening of overall stiffness. The failure 

process carries obvious features of dynamic instability. The 

results show that elastic deformation is the dominant mode in 

the critical state of dynamic failure. Therefore, it is concluded 

that the failure mode of the latticed shell bears the features of 

elastic dynamic instability. 

When the rise-span ratio f/B is 0.25, the single-layer latticed 

barrel vault is mainly subjected to the wind suction on the 

windward side, and partially to wind pressure. Conceptual 

analysis shows that the structure might suffer dynamic 

instability. As shown in Figure 9, at the load coefficient 

λ=12.85, about 20.81% of all members fully or partially 

entered the plastic state, but only 1.02% of all members were 

fully plastic; at the load coefficient λ=14.99 (i.e. before the 

dynamic failure), 45.31% of all members fully or partially 

entered the plastic state, but only 16.12% were fully plastic; at 

the load coefficient λ=16.06, the windward surface of the 

latticed shell suddenly sagged down and collapsed. Before that, 

the structure exhibited a slight variation in shape, and its 

overall stiffness slightly weakened due to the plastic 

development. The failure process carries some features of 

dynamic instability. The results show that, to some extent, the 

structure went through plastic development at the critical state 

of dynamic failure, and generally belonged to the elastoplastic 

state. Therefore, it is concluded that the failure mode of the 

latticed shell is elastoplastic dynamic instability. 

When the rise-span ratio f/B is 0.15, the single-layer latticed 

barrel vault is mainly subjected to wind suction, and each 

member is under tension. Conceptual analysis shows that the 

structure might undergo plastic dynamic strength failure. As 

shown in Figure 10, at the load coefficient λ=44.16 (i.e. before 

the dynamic failure), 81.43% of all members fully or partially 

entered the plastic state, and 72.45% were fully plastic. In this 

case, the plasticity of the latticed shell had developed deeply 

and comprehensively. At the load coefficient λ=48.18, the 

windward surface of the structure suddenly bulged and failed 

locally. Before that, the structure shape changed gradually, and 

its overall stiffness was obviously weakened, owing to the full 

development of plasticity. The failure process carries 

significant features of dynamic strength failure. The results 

show that the structure went through sufficient plastic 

development in the critical state of dynamic failure, and 

belonged to the plastic state. Therefore, it is concluded that the 

failure mode of the structure is plastic dynamic strength failure. 

 

 
 

Figure 8. Failure mode of elastic dynamic instability 
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Figure 9. Failure mode of elastoplastic dynamic instability 

 

 
 

Figure 10. Failure mode of plastic dynamic strength 

instability 

 

 

4. SIMPLIFIED ANALYSIS ON ESWL 

 

Let α be the influence coefficient of dynamic effect, which 

equals the critical coefficient ratio of dynamic failure to static 

failure. Then, the ESWL of dynamic failure can be calculated 

by: 

 

F̂ F=   (7) 

 

where, �̄� is the dynamic wind load of the latticed shell. 

Then, an IDA was performed to analyze the wind-induced 

dynamic responses of single-layer latticed barrel vaults with 

L=45m and f/B of 0.15, 0.25, 0.35 and 0.45, respectively. 

Through the analysis, the critical coefficients of dynamic 

failure were determined. Similarly, nonlinear static failure 

analysis was conducted on the same structures under wind load, 

to determine the critical coefficients of static failure. The 

critical coefficients thus obtained are listed in Table 3. The 

linear regression curves of these structures are presented in 

Figure 11. 

 

Table 3. Static and dynamic critical load coefficients at 

different f/B values 

 
Rise-span ratio 0.15 0.25 0.35 0.45 

Dynamic 44.16 14.99 9.90 6.67 

Static 75.76 27.10 20.29 13.12 

 

 
 

Figure 11. Linear regression curves at different f/B values 

 

The R square of linear regression was 0.994, and the F-

statistics was 0.000, smaller than α=0.05. Thus, the ESWL of 

single-layer latticed barrel vault in dynamic failure was 

obtained as �̂� = 1.74�̄�. 

Another IDA was performed to analyze the wind-induced 

dynamic responses of single-layer latticed barrel vaults with 

f/B=0.25, and L of 30m, 45m, and 60m, respectively. Through 

the analysis, the critical coefficients of dynamic failure were 

determined. Similarly, nonlinear static failure analysis was 

conducted on the same structures under wind load, to 

determine the critical coefficients of static failure. The critical 

coefficients thus obtained are listed in Table 4. The linear 

regression curves of these structures are presented in Figure 

12. 

 

Table 4. Static and dynamic critical load coefficients at 

different length-width ratios 

 

Length-width ratio 1.0 1.5 2.0 2.5 

Dynamic 21.08 14.99 11.91 8.26 

Static 35.99 27.10 20.83 18.07 

 

The R square of linear regression was 0.926, and the F-

statistics was 0.000, smaller than α=0.05. Thus, the ESWL of 

single-layer latticed barrel vault in dynamic failure was 

obtained as �̂� = 1.78�̄�. 

 

 
 

Figure 12. Linear regression curves at different length-width 

ratios 

 

 

5. CONCLUSIONS 

 

This paper meshes a single-layer latticed barrel vault into 

three-way grids, and explores the process and features of its 

dynamic failure under wind load. Moreover, the ESWL 

analysis was simplified based on dynamic failure, and used to 

evaluate the failure performance of the structure under static 

wind load. The main conclusions are as follows: 

(1) The Budiansky-Roth criterion is deficient in judging 

dynamic failure. To overcome the defect, the criterion was 

combined with Hsu S.C. criterion into a new criterion, which 

can handle the cases with a stable or unstable post-failure load-

displacement curve. Then, the new criterion was applied to 

determine the DFCL of the latticed shell under wind load. 

(2) Through conceptual analysis and quantitative 

calculation, three kinds of wind-induced failure modes of 

single-layer latticed barrel vaults under wind load were 

summarized, namely, elastic dynamic instability failure, 

elastoplastic dynamic instability failure, and plastic dynamic 
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strength failure. The features of these failure modes were 

discriminated in details. 

(3) The ESWL based on dynamic failure simultaneously 

meets the strength and stability requirements of wind-resistant 

design of latticed shell. The ESWL analysis was simplified 

based on dynamic failure. Through the analysis, the ESWLs of 

the structure were calculated as �̂� = 1.74�̄�  and �̂� = 1.78�̄� , 

respectively, at different rise-span ratios and length-width 

ratios. The results provide a good reference for the wind-

resistant design of latticed barrel vaults. 
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