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Abstract:    This paper discusses the unsteady aerodynamic behavior of long-span vaulted roofs. First, a forced vibration test in a 
turbulent boundary layer is conducted in a wind tunnel. The models are force vibrated in the first anti-symmetric mode to inves-
tigate the effects of wind speed, rise/span ratio, and the amplitude and frequency of forced vibration on the distributions of wind 
pressures and unsteady aerodynamic forces. Then, a large eddy simulation (LES) is carried out to clarify the physical mechanism 
of wind-roof interaction as well as to investigate the influences of a roof’s vibration on the flow field around the roof. From the 
results of the wind tunnel experiment and the LES, we discuss the characteristics of unsteady aerodynamic forces on a long-span 
vaulted roof over a wide range of the reduced frequency of vibration. The effect of unsteady aerodynamic forces on the dynamic 
response of the roof is also discussed. A comparison between the wind tunnel experiment and the LES indicates that the LES can 
be used effectively to evaluate the unsteady aerodynamic behavior. 
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1  Introduction 

 
Many long-span structures with vaulted roofs, 

such as gymnasiums or airport hangars, have been 
constructed in that way because they have aerody-
namically efficient shapes compared with regular 
rectangular buildings. Such structures are generally 
vulnerable to the dynamic wind actions because of 
low damping and frequency (Blackmore and Tsokri, 
2006; Chen et al., 2011; Natalini et al., 2013; Wu et 
al., 2015). The wind-structure interaction induces 

unsteady aerodynamic forces, or motion-induced 
wind forces, which may affect the wind-induced re-
sponse significantly (Yang et al., 2010; Chen et al., 
2015). Therefore, the unsteady aerodynamic force is 
an important consideration in the design of long-span 
vaulted roofs. Uematsu and Uchiyama (1982) con-
ducted a series of wind tunnel tests using elastic 
models of a one-way type of suspended roof. The 
mechanism of the wind-induced vibrations and the 
effect of wind-roof interaction on the dynamic re-
sponse were discussed. Daw and Davenport (1989) 
carried out a forced vibration test on a semi-circular 
roof to investigate the dependence of unsteady aero-
dynamic forces on the turbulence intensity, wind 
speed, vibration amplitude, and geometric details of 
the roof. Ohkuma and Marukawa (1990) investigated 
the mechanism of aeroelastic instability of long-span 
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flat roofs using a forced vibration test in a wind tun-
nel. At present, long-span vaulted roofs are univer-
sally constructed. However, there is insufficient re-
search on unsteady aerodynamic forces on long-span 
vaulted roofs, and the characteristics of unsteady 
aerodynamic forces are not well understood.  

The purpose of this study is to describe the de-
tailed unsteady aerodynamic behavior of long-span 
vaulted roofs to improve wind-resistant design. A 
forced vibration test is carried out in a turbulent 
boundary layer to investigate the effects of wind 
speed, rise/span ratio, and the amplitude and fre-
quency of the forced vibration on the wind pressure 
and unsteady aerodynamic forces. Because of the 
limitation of the forced vibration equipment used in 
the wind tunnel test, the models cannot be vibrated at 
high vibration frequencies. Therefore, we conduct a 
large eddy simulation (LES) to examine the influ-
ences of a roof’s vibration on the wind pressure over a 
wider range of forced vibration frequency. The focus 
is on the unsteady aerodynamic forces in order to 
discuss the effect of wind-roof interaction on the 
dynamic response. The characteristics are investi-
gated over a wider range of the reduced frequency of 
vibration than using wind tunnel alone. In addition, 
the LES is carried out to investigate the effect of a 
roof’s vibration on the flow field around the roof  
to clarify the physical mechanism of wind-roof  
interaction. 

 
 

2  Wind tunnel experiments 

2.1  Experimental apparatus and procedures 

The wind tunnel experiments were carried out in 
an Eiffel-type wind tunnel at Tohoku University, 
Japan. The working section of wind tunnel is 6.5 m in 
length and 1.0 m×1.4 m in cross-section. A turbulent 
boundary layer with a power-law exponent of α=0.23 
for the mean wind speed profile was simulated using a 
set of turbulence generating spires installed at the 
entrance of the working section and a number of 
roughness blocks distributed on the floor (Fig. 1). The 
profiles of the mean wind speed and turbulence in-
tensity are shown in Fig. 2. The reference wind speed 
was measured at a height of ZG=500 mm. The longi-
tudinal velocity spectrum was generally consistent 
with the so-called Karman type spectrum. 

 
 
 
 
 
 
 
 

 

 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
Fig. 3a shows the geometry of the experimental 

model. The model is made of 0.8 mm thick polyester 
film. Roofs with rise/span ratio (r/L) of 0.15 and 0.20 
are tested. s represents the circumferential coordinate 
along the roof, and Rs is the total length of the roof. 
Fig. 4 shows the forced vibration equipment that 
makes the roof vibrate in the first anti-symmetric 
mode (Fig. 3b). A pair of end plates is set to make the 
flow two-dimensional. Each model has 12 pressure 
taps of 1 mm diameter uniformly distributed along the 
roof’s centreline. The pressure taps are connected to 
pressure transducers in parallel via 80 cm lengths of 
flexible vinyl tubing. The tubing effects are numeri-
cally compensated using the gain and phase-shift 
characteristics of the pressure measuring system, 
which includes tubes, pressure transducers, and 
low-pass filters of 300 Hz. The wind pressures acting 

Fig. 1 Distribution of roughness blocks and spires 

Fig. 2  Profiles of the mean wind speed U and turbulence
intensity Iu  
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on the vibrating roof are measured and sampled sim-
ultaneously at a rate of 500 Hz for a period of  
approximately 60 s. The experimental parameters 
involved in the experiments are summarized in  
Table 1. 
 

 
 
 

 
 
 
 

 
 
 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 
 
 
 
 
 
 
 
 

2.2  Results of wind tunnel experiments 

2.2.1  Characteristics of wind pressures on the vi-
brating roof 

The wind pressure coefficient at tap i on the 
model surface is defined in terms of the velocity 
pressure qH at the mean roof height H. Fig. 5 shows 
the distributions of the mean wind pressure coeffi-
cients Cpmean and root mean square (RMS) fluctuating 
wind pressure coefficients Cprms for various wind 
speeds, vibration amplitudes, and forced vibration 
frequencies. It is found that the Cpmean distribution is 
minutely influenced by wind speed, vibration ampli-
tude, and forced vibration frequency within the limits 
of the present experiment. On the other hand, the 
value of Cprms increases with increasing frequency 
and amplitude of forced vibration. Such an increase in 
Cprms may be due to an increase in the deflection 
velocity of the roof. 

2.2.2  Characteristics of unsteady aerodynamic forces 

Unsteady aerodynamic forces are caused by a 
wind-roof interaction. The equation of motion for the 
jth generalized displacement xj(t) of the roof includ-
ing the unsteady aerodynamic forces can be given by 
the following equations: 

 

 
       22 / ,j j j j j j jx t x t x t F t M     

       
(1)

 

     W A , , , ,j j j j j jF t F t F x x x    
             

(2) 

 
where Mj is the generalized mass, ωj is the natural 
circular frequency, ζj is the critical damping ratio, and 
Fj is the generalized force. FWj represents the fluctu-
ating wind force due to the oncoming flow and wake 
instability, while FAj is the unsteady aerodynamic 
force.  

Table 1  Parameters of experiment 

Parameter Value 

Rise/span ratio, r/L 0.15, 0.20 

Wind speed, UH (m/s) 5.0, 7.0, 10.0 
Forced vibration amplitude, 

x0 (mm) 
1.0, 2.5, 4.0 

 
Forced vibration frequency, 

fm (Hz) 
5–25  

(interval 1 Hz) 

Fig. 4  Experimental setup of the forced vibration test
(unit: mm) 

(a)
 
 
 
 
 
 
 
(b)

Fig. 3  Geometry of the experimental model 

(a) Experimental model; (b) First anti-symmetric mode of 
vibration. H is the mean roof height  
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In the case of the forced vibration test, a steady 

vibration in the first anti-symmetric mode represented 
by a sine curve is applied to the roof (Fig. 3b). The 
unsteady aerodynamic force FAj (here j=1) may be 
obtained from Eq. (3) using the Fourier series at the 
frequency fm of the forced vibration: 

 

     A R m I mcos 2π sin 2π ,j j jF t F f t F f t 
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where FRj and FIj are the in-phase and out-of-phase 
components of the unsteady aerodynamic force,  
respectively. 

We use the aerodynamic stiffness coefficient aKj 
and aerodynamic damping coefficient aCj to investi-
gate the characteristics of the unsteady aerodynamic 
forces acting on a vibrating long-span vaulted roof, 
which are given by the following equations (Katagiri 
et al., 2001): 
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where FRj is the in-phase component with the gener-
alized displacement represented as the aerodynamic 
stiffness term, FIj is the out-of-phase component with 
velocity represented as the aerodynamic damping 
term, qH is the velocity pressure at the mean roof 
height H, As is the roof area, T is the vibration period, 
and fm

* is the reduced frequency of vibration, defined 
by fmH/UH, with UH being the mean wind speed at the 
mean roof height H. 

The generalized force Fj may be described in 
terms of the external and internal pressures, pe and pi, 
as shown in Eq. (8) and Fig. 6. 

Fig. 5  Variation of mean and fluctuating wind pressure coefficients for various wind velocities (fm=10 Hz, x0=4 mm) (a),
forced vibration amplitudes (fm=10 Hz, UH=5 m/s) (b), and forced vibration frequencies (x0=4 mm, UH=10 m/s) (c)
(r/L＝0.15) 
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       s

e i0
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R
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In this study, the first anti-symmetric mode is con-
sidered (j=1) and ϕj=1(s) is represented by Eq. (9). The 
internal pressure pi is ignored because the first anti- 
symmetric mode causes no change of internal vol-
ume. The data of external pressures pe can be obtained 
from the wind tunnel tests. Therefore, the generalized 
force can be defined by Eq. (10).  
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Figs. 7a and 7b show the variation of the aero-
dynamic stiffness coefficient aK with fm

* for various 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

 
wind speeds and vibration amplitudes; the rise/span 
ratio is 0.15. The value of aK generally increases with 
the increase of fm

*. As the reduced frequency of vi-
bration decreases, the value of aK approaches the 
quasi-steady value (represented by the dashed line in 
the figure). Similar results were observed for 
r/L=0.20. This feature is consistent with the result 
obtained by Daw and Davenport (1989). The value of 
aK is generally positive, which may reduce the total 
stiffness of the structural system, resulting in a lower 
natural frequency. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6  The first anti-symmetric mode of vibration 

Wind 

Fig. 7  Variation of aerodynamic stiffness coefficient aK and aerodynamic damping coefficient aC with reduced frequency
of vibration fm

* (r/L=0.15) 
(a) Dependence on wind velocity (aK-fm

*); (b) Dependence on amplitude of forced vibration (aK-fm
*); (c) Dependence on wind 

velocity (aC-fm
*); (d) Dependence on amplitude of forced vibration (aC-fm

*) 
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Figs. 7c and 7d show the variation of aerody-
namic damping coefficient aC with fm

* for various 
wind speeds and vibration amplitudes; the rise/span 
ratio is also 0.15. The values of aC are generally neg-
ative except for small fm

* values, which may result in 
an increase in the total damping of the structural 
system. The magnitude of aC increases as the fm

* 
value increases. Similar results were observed for 
r/L=0.20. Within the limits of the present experi-
ments, it can be seen that the values of the aerody-
namic stiffness and damping coefficients aK and aC 
are mainly dependent on the reduced frequency of 
vibration fm

*. Compared with the effects of fm
*, the 

effects of wind speed, rise/span ratio, and vibration 
amplitude on the aerodynamic stiffness and damping 
coefficients aK and aC are small.  
 
 
3  Large eddy simulation 
 

Because the wind tunnel experiment is limited, 
an LES is carried out to reproduce the wind tunnel 
experiment. We use the results of the LES to inves-
tigate the influences of a roof’s vibration on the wind 
pressure and flow field around a vibrating roof. The 
characteristics of unsteady aerodynamic forces in a 
wider range of reduced frequency of vibration are also 
investigated.  

3.1  Computational profile 

The simulation is carried out using a computa-
tional fluid dynamic (CFD) software ‘STAR-CD’, in 
which LES with the Smagorinsky sub-gird model 
(Smagorinsky constant Cs=0.12) is used. The vaulted  
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 

 

roof model is forced to vibrate in the first anti- 
symmetric mode as shown in Fig 3b. Table 2 sum-
marizes the values of parameters discussed in this 
study. In order to discuss the effect of geometric 
shape on wind-roof interaction, the rise/span ratio is 
changed from 0.15 to 0.25. The amplitude x0 of vi-
bration is fixed to 4.0 mm (i.e., x0/L=1/100). In this 
study, based on the assumptions of the mean roof 
height for real structure H_r=20 m; the wind speed at 
mean roof height UH_r=20–40 m/s; the natural fre-
quency fs=0.4–2.5 Hz. We calculated the reduced 
frequency for real roof f_r

*=0.2–2.5, as shown in Ta-
ble 3. In order to satisfy the similarity principle of real 
long-span roofs fm

*=f_r
* (fm

* is the reduced frequency 
for model), the forced vibration frequency fm should 
be set at 12.5–156.25 Hz (Table 3). With regard to the 
limitation of forced vibration equipment used in the 
wind tunnel experiment, the forced vibration fre-
quency cannot be set as large as this. Therefore, it is 
necessary to use LES to examine the characteristics of 
unsteady aerodynamic forces in a wider range of 
reduced frequency. For the LES, we change the 
forced vibration frequency from 0 to 160 Hz and the 
range of reduced frequency of vibration is from 0 to 
2.5, as shown in Table 2. 

 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

Table 2  Computational parameters 

Parameter Value 

Wind speed, UH (m/s) 5 
Forced vibration amplitude, x0 (mm) 4 
Rise/span ratio, r/L 0.15, 0.20, 0.25
Forced vibration frequency, fm (Hz) 
 

0–160  
(interval 10 Hz)

Reduced frequency of vibration, fm
* 0–2.5 

Table 3  Determination of forced vibration frequency 

 
 
 
 
 
 
 
 
 

 

 
 
 

 

Mean roof height for real structure, H_r=20 m Mean roof height for model, H=0.08 m 

Wind speed at mean roof height, UH_r=20–40 m/s Wind speed at mean roof height, UH=5 m/s 

Natural frequency, fs=0.4–2.5 Hz Forced vibration frequency, fm=12.5–156.25 Hz 

Reduced frequency for real roof, f_r
*=0.2–2.5 Reduced frequency for model, fm

*=f_r
*=0.2–2.5 

 

s _r*
_r

H_r

f H
f

U
 * m

m
H

f H
f

U


UH_real 

H_real 

fs: natural frequency 

【Real structure】 【CFD simulation】 

fm: forced vibration frequency 

H_model 

UH_model 
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The computational domain is shown in Fig. 8a. 
In the simulation, various types of mesh arrangements 
were calculated. We compared the results of LES 
with those of the wind tunnel experiment. Then the 
mesh arrangement was selected which leads to results 
most corresponding with those of experiment, as 
shown in Fig. 8b. Two-dimensional flow is simulated 
in the same manner as in the wind tunnel experiment. 
The model is forced to vibrate in the first anti- 
symmetric mode using the dynamic mesh technique. 

The computational and boundary conditions are 
summarized in Table 4. The governing equations are 
discretized based on the finite volume method. A cen-
tral difference scheme for the convective term is used. 
The pressure implicit with splitting of operator (PISO) 
method is adopted to solve the discretized equation. 
The first-order Euler implicit is used as the time dif-
ferential scheme (Ono et al., 2008; Lu et al., 2012). 

3.2  Wind simulation 

As is known, the flow around a structure is 
strongly affected by flow turbulence. Therefore, the 
proper generation of the inflow turbulence for the  
 
 

 
 
 
 
 
 
 
 
 
 
 
  

 
 
 
 
 
 
 
 
 
 
 

LES is essential in the determination of wind loads on 
structures. At present, several techniques have been 
developed. In general, there are three kinds of inflow 
turbulence generation methods. The first approach is 
to store the time history of velocity fluctuations ob-
tained from a preliminary LES computation. Nozu 
and Tamura (1998) employed the interpolation 
method with the periodic boundary condition to sim-
ulate a fully developed turbulent boundary layer and 
tried to change the turbulent characteristics using 
roughness blocks. Another approach is to numerically 
simulate turbulent flow in auxiliary computational 
domains (often called a driver region set at the up-
stream region of a main computational domain). Lund 
et al. (1998) proposed the method to generate turbu-
lent inflow data for the LES of a spatially developing 
boundary layer. Kataoka and Mizuno (1999) simpli-
fied Lund’s method by assuming that the boundary 
layer thickness is constant within the driver region, 
and only the fluctuating part of velocity is recycled in 
the streamwise direction. Nozawa and Tamura (2001) 
and Chikamatsu et al. (2002) discussed the potential 
of LES for predicting turbulence characteristics in a  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 4  Computational and boundary conditions 

Item Description 

Computational domain 9.75L(x)×0.6L(y)×2.5L(z) 

Inlet boundary Inflow turbulence generated in preliminary computational domain 

Upper boundary Zero normal velocity and zero normal gradients of other variables  

Side boundary Cyclic boundary conditions 

Outlet boundary Zero normal gradients of all variables 

Floor and model surfaces No-slip condition 

Grid discretization 260(x)×24(y)×64(z)=(399, 360) 

Convection schemes Second-order centered difference scheme 

Time differential schemes Euler implicit 

Numerical algorithm PISO algorithm 

Time  T=4 s; ΔT=2.0×104 s (Courant number: 9.1×102) 

Fig. 8  Computational domain (a) and mesh arrangement around roof (b) 

(a)                                                                                                (b)
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spatially developed turbulent boundary layer over a 
rough ground surface and improved Lund’s method. 
The third approach is to use artificial numerical 
models to generate inflow turbulence statistically 
(Kondo et al., 1997; Huang et al., 2010; Yan and Li, 
2015). 

In this study, we use a preliminary LES to sim-
ulate inflow turbulence and store the time history of 
velocity fluctuations. Fig. 9 shows a schematic illus-
tration of the domain of the preliminary computation. 
In the domain, the roughness blocks with heights of 
3 cm, 5 cm, and 8 cm are distributed on the ground to 
generate turbulence. The computational and boundary 
conditions are summarized in Table 5. The periodic 
boundary condition is used at the inlet and outlet 
boundaries. The pressure gradient (Δp) is added to the 
inlet boundary, which influences the magnitude of 
velocity and structure of vortex (Nozu and Tamura, 
1998).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
 
 
 
 
 
 

The profiles of the mean wind speed and turbu-
lent intensity at the inlet of the computational domain 
are shown in Fig. 10a. The longitudinal velocity 
spectrum at a height of H=90 mm is shown in 
Fig. 10b. In both figures the results of wind tunnel 
flow are also plotted for comparative purposes. It can 
be seen that the inflow turbulence used in the LES is  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 5  Computational conditions for preliminary computation 

Item Description 

Inlet boundary Cyclic boundary condition 

Upper boundary Zero normal velocity and zero normal gradients of other variables 

Side boundary Cyclic boundary conditions 

Outlet boundary Cyclic boundary conditions 

Floor and surfaces of roughness blocks No-slip condition 

Convection schemes Monotone advanced and reconstruction scheme (MARS) method

Diffusion schemes Centered difference scheme 

Time differential schemes 1st order Euler implicit 

Numerical algorithm PISO algorithm 

Time step Δt=2.0×104 s 

Cyclic 

∆p

8 cm

5 cm

3 cm

Fig. 9  Preliminary computational domain 

Fig. 10  Comparison of inflow turbulence between wind 
tunnel experiment (EXP) and LES 

(a) Profiles of mean wind speed U(z) and turbulence intensity 
Iu; (b) Longitudinal velocity spectrum fS(f)/σ2 (H=90 mm) 

(a)

 
 
 
(b)
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generally in good agreement with that used in the 
wind tunnel experiment. 
 

 
4  Results and discussion 

4.1  Comparison with the wind tunnel experiment 

In order to validate the LES computation, the 
distributions of the mean wind pressure coefficient 
Cpmean and fluctuating wind pressure coefficient Cprms 
along the centerline of the vibrating roof are com-
pared with those obtained from the wind tunnel ex-
periment. Fig. 11 shows the results, in which the re-
sults for the frequencies of 0, 10, and 15 Hz are plot-
ted. It can be seen that there is a generally good 
agreement between the LES and the wind tunnel ex-
periment. In Fig. 11a, the difference is somewhat 
larger near the rooftop; the LES values are  
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

approximately 10% larger in magnitude than the ex-
perimental ones. This difference may be due to a 
difference in surface roughness of the roof between 
the LES and the wind tunnel experiment. In Fig. 11b, 
when fm=0 Hz, the value of Cprms for the LES is larger 
than that for the wind tunnel test. That may be be-
cause that the turbulence intensity of inflow turbu-
lence used in the LES is slightly larger than that used 
in the wind tunnel test (Fig. 10). 

4.2  Distribution of wind pressures on the roof 

The distributions of mean and RMS fluctuating 
wind pressure coefficients for various forced vibra-
tion frequencies are shown in Fig. 12. It can be seen 
that the mean wind pressure coefficients Cpmean near 
the rooftop increase in magnitude and the RMS 
fluctuating wind pressure coefficients Cprms generally 
increase as the forced-vibration frequency increases. 
The variation is significant near the position of the 
greatest forced-vibration amplitude. These results 
indicate that the wind pressure field around the vi-
brating roof is strongly influenced by the vibration of 
the roof. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 11  Comparisons for the distribution of the mean and
fluctuating wind pressure coefficients along the centerline
between LES and wind tunnel experiment 
(a) Mean wind pressure coefficients; (b) RMS fluctuating wind
pressure coefficients 

(b) 

(a) 

(b)

Fig. 12  Variation of mean and fluctuating wind pressure 
coefficients with forced vibration frequency (r/L=0.15) 
(a) Mean wind pressure coefficients; (b) RMS fluctuating wind 
pressure coefficients 

(a)
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Fig. 13 shows the variations of mean and RMS 
fluctuating wind pressure coefficients with the rise/ 
span ratio. It can be seen that the Cpmean changes from 
negative to positive at the leading edge of the roof as 
the rise/span ratio increases. Furthermore, the nega-
tive peak value increases in magnitude with an in-
crease in rise/span ratio. The value of Cprms increases 
with an increase in rise/span ratio at the middle part of 
the roof. However, the effect of r/L on Cprms is less 
significant than that on Cpmean. 

4.3  Discussion on flow field around the roof 

The roof configurations at several steps (phases) 
during one period of vibration are shown in Fig. 14. 
The deformation of the windward side is upward and 
becomes the greatest at Step 2, and that of the leeward 
side is upward and becomes the greatest at Step 4. 

Fig. 15 shows representative flow fields around a 
stationary or vibrating roof at a frequency of 10 Hz or 
20 Hz. It can be seen that the wind speed increases 
near the roof regardless of the roof’s vibration. In the 
case of a stationary roof (fm=0 Hz), the flow separates 
near the 3/4 position of the roof from the leading 
edge. On the other hand, in the case of a vibrating 
roof, the separated vortex seems smaller than that in 
the stationary roof case, which may be owing to the 
vibration of the roof that restrains the separation of 
the vortex. In addition, the separated position at the 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

rear of roof changes with the vibration of the roof. 
The separated position is relatively forward when the 
roof is vibrated in Step 1 to Step 3, because the de-
formation at the windward side of the roof makes the 
flow separated in advance. On the other hand, the 
separated position is relatively backward when the 
roof is vibrated in Step 3 to Step 5, with the result that 
the deformation at the leeward side of roof restrains 
the separated flow. 

Fig. 16 shows the effect of the rise/span ratio on 
the flow field around a vibrating roof at a forced vi-
bration frequency of 20 Hz. It can be seen that the 
wind speed near the rooftop becomes higher, gener-
ating larger suction as the rise/span ratio increases. 
Therefore, the negative peak value of Cpmean increases 
with an increase in rise/span ratio (Fig. 13). Fur-
thermore, as the rise/span ratio increases, the vortex to 
the rear of the roof becomes larger. 

4.4  Evaluation of unsteady aerodynamic forces 

Fig. 17 (p.804) shows the aerodynamic stiffness 
and damping coefficients, aK and aC, obtained from 
the LES and the wind tunnel experiment, plotted as a 
function of the reduced frequency of vibration fm

* 
(fm

*=fmH/UH). The wind tunnel experiment was car-
ried out over a limited range of fm

*, while the LES was 
conducted over a wider range of fm

*. It can be seen 
that the LES results are consistent with those of the  
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Fig. 14  Roof configurations at several steps 

Fig. 13 Variation of mean and fluctuating wind pressure coefficient with rise/span ratio (fm=10 Hz) 

(a) Mean wind pressure coefficients; (b) RMS fluctuating wind pressure coefficients 
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Fig. 15 Flow fields (wind speed, m/s) around the roof for various forced vibration frequencies (r/L=0.15) 

(a) fm=0 Hz; (b) fm=10 Hz; (c) fm=20 Hz 

Fig. 16 Flow fields (wind speed, m/s) around the roof for various rise/span ratios (fm=20 Hz) 
(a) r/L=0.15; (b) r/L=0.20; (c) r/L=0.25 

(a)                                                     (b)                                                    (c) 
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wind tunnel experiment, which indicates that the LES 
model can be used for investigating the characteristics 
of unsteady aerodynamic forces. The aerodynamic 
stiffness coefficient aK is generally positive and in-
creases with an increase in fm

*, which decreases the 
total stiffness of the system. On the other hand, the 
aerodynamic damping coefficient aC is negative and 
increases in magnitude with an increase in fm

*, re-
sulting in an increase in the total damping of the 
system. 

The distribution of aerodynamic stiffness and 
damping coefficients aK and aC with fm

* for various 
rise/span ratios is shown in Fig. 18. It can be seen that 
the values of aK for r/L=0.15, 0.20, and 0.25 are 
generally consistent with each other when fm

*<0.4. 
However, when fm

*>0.4, the value of aK decreases  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

with an increase in the rise/span ratio. As for aC, the 
results for various rise/span ratios are generally sim-
ilar to each other. Fig. 18 indicates that the value of aK 
is influenced by the rise/span ratio of a long-span 
vaulted roof. However, the effect of the rise/span ratio 
on the value of aC is small. 
 
 
5  Conclusions 
 

The unsteady aerodynamic behavior for long- 
span vaulted roofs has been investigated based on a 
wind tunnel experiment as well as with a numerical 
simulation (LES). A forced vibration test was carried 
out. First, the influence of a roof’s vibration on the 
wind pressure was investigated. It is found that the  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 18  Aerodynamic stiffness coefficient aK and aerodynamic damping coefficient aC versus fm
* for different rise/span

ratio r/L 

a
Ca
K

Fig. 17  Comparisons of the LES and the wind tunnel experiment for the aerodynamic stiffness coefficient aK and aero-
dynamic damping coefficient aC versus reduced frequency of vibration fm

* 
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wind pressure on a vibrating roof is strongly influ-
enced by the roof’s vibration. The flow field around a 
vibrating roof was also investigated. It is found that 
the vibration of the roof may restrain the separation of 
a vortex near the trailing edge of the roof. Finally, the 
characteristics of unsteady aerodynamic force acting 
on a long-span vaulted roof were evaluated. Both the 
wind tunnel experiment and CFD simulation show 
similar results for the variation of aerodynamic stiff-
ness and damping coefficients aK and aC with reduced 
frequency of vibration fm

*, which implies that the LES 
is effective for the investigation of the characteristics 
of unsteady aerodynamic forces. The aerodynamic 
stiffness coefficient is generally positive, which de-
creases the total stiffness of the system, resulting in 
aeroelastic instability of long-span vaulted roofs with 
lower stiffness. On the other hand, the aerodynamic 
damping coefficient is negative, which results in an 
increase in the total damping of the system, resulting 
in a decrease in the response of the roof. Therefore, it 
is necessary to consider the effects of unsteady aer-
odynamic forces in the wind-resistant design of 
long-span vaulted roof with lightweight and low 
stiffness to evaluate the response of the roof more 
reasonably. 
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中文概要 
 

题 目：基于大涡模拟方法研究大跨度曲面屋盖非定常气

动力的特性 

目 的：探讨作用于大跨度曲面屋盖非定常气动力的特

性，为考虑非定常气动力影响的大跨度曲面屋盖

抗风设计提供理论参考。 

创新点：1. 采用强迫振动试验；2. 采用大涡模拟（LES）

流入脉动风的生成方法；3. 研究大跨度曲面屋盖

非定常气动力特性。 

方 法：1. 通过强迫振动风洞试验方法探讨风速、强迫振

动振幅、屋盖的矢跨比和缩减频率对非定常气动

力的影响；2. 采用计算流体力学数值模拟重现风

洞试验，从而在更宽的缩减频率范围内分析非定

常气动力的特性，并且通过可视化流场的分析探

讨风与屋盖相互作用的机理。 

结 论：1. 屋盖的振动对屋盖表面的风压分布影响较大。

2. 屋盖的振动可能抑制屋盖背风面漩涡的脱落。

3. 根据风洞试验和数值模拟的结果分析得到的矢

跨比、风速和振动振幅对气动阻尼系数和气动刚

度系数的影响较小；气动阻尼系数和气动刚度系

数主要随着缩减频率的变化而变化。4. 气动刚度

系数为正值，使得结构的总刚度减小，从而减小

结构的固有频率；气动阻尼系数为负值，使得结

构总阻尼增加。5. 风洞试验和 LES 模拟结果的一

致性可以说明，LES 是一个能够有效研究非定常

气动力特性的数值模拟方法。	
关键词：大涡模拟；大跨度曲面屋盖；非定常气动力；风

洞试验；强迫振动试验 

 


