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1. Research Aim

This project mainly focuses on developing and verifying of equivalent method for wind-induced
vibration of membrane structures considering solid-fluid interaction with the concept of added mass.

2. Research Method

The main research contents includes: 1) Development of equivalent method for wind-induced vibration
of membrane structures with the concept of added mass; 2) BLWT Experimental investigation and
verification on wind-induced vibration of membrane structures with a little complex shape; 3) Further
verification by filed monitoring data of wind-induced response of a practical project, Yueqing Stadium,
in China.

With above works, an equivalent dynamic analysis framework using the proposed modal-dependent
added mass model will be established to simplify wind-induced vibration analysis of membrane
structures with practical size and shape considering solid-fluid interaction.

3. Research Results

3.1 Development of equivalent method for wind-induced vibration of membrane structures with
the concept of added mass

1) Test introduction

A circular flat roof was used as the test model. The wind tunnel tests were conducted in Wind
Engineering Research Center, Tokyo Polytechnic University. The detail of wind tunnel tests can be
referred to Ref.[1]. Because the natural frequency is affected by the prestress, the prestress can be
obtained by analyzing of the natural frequency, as shown in Ref.[2]. The prestress of the membranes
is listed in Table 1.

2) Numerical analysis method

An equivalent method for wind-induced vibration of membrane structures with the concept of added
mass is established. Firstly, wind pressure based on the measuring points of the rigid model can be
decomposed into mean pressure and fluctuating pressure. Secondly, through the interpolation method,
the mean pressure on the measuring points can be tranformed to the mean pressure on all the nodes of FE
model. Meanwhile, through the interpolation method based on POD modes, the fluctuating pressure on



the measuring points can be tranformed to the fluctuating pressure on all the nodes of FE model. Then,
through superposition of the mean pressure and the fluctuating pressure, the total pressure can be derived
out. Finally, nonlinear dynamic analysis is conducted to derive the displacement response. An equivalent
dynamic analysis framework of numerical analysis method is shown in Fig.1.

Table 1 Prestress in the membrane

Test Fundamental Fundamental Prestress
Prestress
level f frequency f; frequency f; F
(Hz) (Hz) (H2) (MPa)
PO 6.3 6.08 9.77 0.0145
P1 22.62 22.62 36.64 0.207
P2 28.42 28.42 45,99 0.326
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Fig.1 Framework of numerical analysis method of displacement response

When dynamic nonlinear analysis, on account of different added mass models, two simplified aeroelastic
models are discussed, one with the added mass considering added mass coefficient 0.65 and the other with
the added mass considering the effect of the geometric shape, velocity and accelerationt.

The total programme is compiled by C++. The boundary element method is used to calucate the added
mass and the corotational formulation is used for geometric nonliear analysis of membrane.

3) Main numerical analysis results

Table 2 and Table 3 show the results for prestress level PO, especailly the error between the test results
and the results of dynamic analysis on the maximum displacement and the RMS displacement. As Table 2
shown, for the maximum displacement, without added mass, the mean error is 26.23%, and the max error
is 36.55%; With added mass of an added mass coefficient 0.65, the mean error is 26.53%, and the max
error is 38.80%; With added mass considering the effect of geometric and mode shape, the mean error is
26.23%, and the max error is 35.75%. As Table 3 shown, for the RMS displacement,without added mass,
the mean error is 57.08%; with added mass of an added mass coefficient 0.65, the mean error is 55.74%;
while with added mass considering the effect of geometric and mode shape, the mean error is 56.49%.



Table 2 The error between the test results and the results of dynamic analysis on maximum displacement
Prestress level P0)

Without added mass With added mass
Velocity
First method Second method
D1 D2 D3 D1 D2 D3 D1 D2 D3
5m/s 21.25 29.57 36.55 28.07 29.76 34.85 27.27 34.58 35.33

7.5m/s 24.86 33.07 2743 29.59 31.01 38.81 30.52 25.77 35.75

10m/s 24.05 30.39 19.27 30.93 21.29 16.92 28.42 23.69 12.67

12.5m/s 22.12 27.02 30.84 30.58 21.78 16.12 31.28 21.52 16.14

15m/s 17.10 24.18 25.74 30.75 2231 15.16 26.09 24.96 17.89

Table 3 The error between the test results and the results of dynamic analysis on the RMS displacement
Prestress level P0)

Without added mass With added mass
Velocity
First method Second method
D1 D2 D3 D1 D2 D3 D1 D2 D3
5m/s 51.70 62.20 65.32 51.27 53.24 57.77 53.31 57.66 61.72

7.5m/s 55.96 65.32 68.38 58.07 63.71 68.01 57.95 64.11 68.18

10m/s 51.67 62.92 65.46 51.72 58.04 62.26 51.91 57.17 61.21

12.5m/s 43.80 61.82 63.64 46.83 57.13 60.47 47.60 57.26 60.90

15m/s 24.21 55.93 57.93 36.72 53.79 57.12 34.39 55.07 58.89

Table 4 and Table 5 show the results for prestress level P1, especailly the error between the test results
and the results of dynamic analysis on the maximum displacement and the RMS displacement. As Table
4 shown, for the maximum displacement, without added mass, the mean error is 13.41%, and the max
error is 52.14%, the second max error is 41.69%; with added mass of an added mass coefficient 0.65, the
mean error is 11.38%, and the max error is 30.60%, the second max error is 28.04%; With added mass
considering the effect of geometric and mode shape, the mean error is 10.25%, and the max error is
30.00%%, the second max error is 23.40%. As Table 5 shown, for the RMS displacement, without added
mass, the mean error is 17.84%; with added mass of an added mass coefficient 0.65, the mean error is
9.92%; While with added mass considering the effect of geometric and mode shape, the mean error is
10.69%.

Table 4 The error between the test results and the results of dynamic analysis on maximum displacement
Prestress level P1)

Without added mass With added mass
Velocity
First method Second method

D1 D2 D3 D1 D2 D3 D1 D2 D3
5m/s 14.09 21.32 6.06 28.04 3.59 6.95 22.93 3.10 9.85
7.5m/s 7.24 52.14 0.14 20.18 30.60 112 14.84 30.00 3.84
10m/s 3.93 4169 | 4.36 7.86 2372 | 7.05 1.86 23.40 9.08
12.5m/s 5.92 27.85 | 3.50 5.44 1392 | 2.13 0.36 13.84 2.63
15m/s 3.45 7.48 1.95 2.35 11.97 5.74 0.36 11.90 5.99




Table 5 The error between the test results and the results of dynamic analysis on the RMS displacement
Prestress level P1)

Without added mass With added mass
Velocity
First method Second method
D1 D2 D3 D1 D2 D3 D1 D2 D3
5m/s 15.55 7.34 17.65 13.17 10.47 24.98 4.66 14.00 25.07
7.5m/s 7.42 9.25 15.57 17.44 2.35 1.60 8.42 3.46 14.90
10m/s 1.37 4.83 16.36 125 1.62 171 0.28 4.16 7.79
12.5m/s 197 3.51 5.04 4.12 6.68 8.46 1.08 7.60 10.78
15m/s 3.94 6.02 12.67 3.44 8.24 11.99 7.90 11.63 12.08

Table 6 and Table 7 show the results for prestress level P2, especailly the error between the test results
and the results of dynamic analysis on the maximum displacement and the RMS displacement. As Table
6 shown, for the maximum displacement, without added mass, the mean error is 12.70%, and max error
is 33.47%; with added mass of an added mass coefficient 0.65, the mean error is 15.46%, and the max
error is 31.20%; with added mass considering the effect of geometric and mode shape, the mean error is
11.20%, and max error is 23.64%. As Table 7 shown, for the RMS displacement, without added mass,
the mean error is 16.60%; with added mass of an added mass coefficient 0.65, the mean error is 11.01%;
While with added mass considering the effect of geometric and mode shape, the mean error is 13.51%.

Table 6 The error between the test results and the results of dynamic analysis on maximum displacement
Prestress level P2)

Without added mass With added mass
Velocity ]
First method Second method
D1 D2 D3 D1 D2 D3 D1 D2 D3
5m/s 3.03 3.81 18.84 15.00 1.15 28.19 2.62 7.21 20.75

7.5m/s 14.89 19.00 21.71 27.86 21.52 31.20 14.28 14.63 23.64

10m/s 5.67 33.47 13.64 177 25.57 10.59 11.53 21.05 4.12
12.5m/s 8.63 4.91 1.28 20.43 3.83 8.94 9.19 2.06 3.61
15m/s 10.71 24.61 6.29 15.53 10.42 9.99 7.00 13.21 13.21

Table 7 The error between the test results and the results of dynamic analysis on the RMS displacement
Prestress level P2)

Without added mass With added mass
Velocity
First method Second method
D1 D2 D3 D1 D2 D3 D1 D2 D3
5m/s 8.60 22.84 23.28 8.94 10.55 8.64 10.77 12.14 10.97
7.5m/s 0.47 9.93 9.29 0.20 27.51 8.16 1.96 25.02 5.23
10m/s 6.09 4.10 14.00 5.62 12.20 3.67 7.96 9.44 0.28
12.5m/s 0.84 12.76 21.83 10.87 3.24 4.26 13.48 0.16 8.26
15m/s 7.24 27.17 29.20 19.50 13.29 12.21 21.89 16.58 16.30




To sum up, considering the added mass in dynamic analysis, it may be excited or restrained the
displacement response.For low prestress level, the influence of the added mass on dynamic analysis is
limited. While for high prestress level, dynamic analysis considering the added mass can significantly
decrease the mean error on the RMS displacement, and decrease the mean error, maximum error on the
maximum displacement. Hence, for high prestress level, the influence of the added mass on dynamic
analysis is significant. The results of the added mass model considering the effect of geometric and mode
shape are better than those considering added mass of an added mass coefficient 0.65.

3.2 Experimental investigation on added mass of curved membranes in wind tunnel
1) Experimental objective

The objective of this experiment is to study the effect of wind on the vibration characteristics of curved
membranes and verify whether or not the proposed model for added-mass, especially the added-mass
coefficient for flat membrane, 0.65, can be applied to curved membranes in the wind tunnel.

2) General introduction

The model is a simple cylindrical building with a dome as roof. The height of circular umbrella
membrane will be changed in order to study influence of membrane shape on the vibration. The
aeroelastic model use a kind of rubber sheet. The rubber sheet is clipped by a top circle and a bottom
circle. the prestress can be imposed uniformly by lifting the inner circle. Three models of circular
membrane with different thickness are conducted, then the circular umbrella membrane can be
conducted by uplifting the middle support with a height of 70mm, as shown in Fig.2. Two levels of
tension stress corresponding to level | and level Il are imposed on the circular membrane. Three
laser-displacement sensors were used to measure the vibration displacement.

Firstly, the vibration frequency and the aerodynamic damping of curved membrane element with
different geometrical shapes and tension level will be investigated in static air. Secondly, though the
wind tunnel tests, the structural response, vibration frequency and aerodynamic damping of the curved
membrane elements with different geometrical shapes and tension level will be investigated.

Model | Model I1 Model 111

Fig. 2 Aeroelastic model of circular flat membrane

Model I Model 11 Model 111

Fig.3 Aeroelastic model of circular curved membrane

The wind tunnel tests were conducted in Wind Engineering Research Center, Tokyo Polytechnic
University. The turbulence intensity at the top of the model is 0.21. The exponential index of the wind



speed profile is 0.3.

3) Analysis method

The empirical mode decomposition (EMD), a relatively new form of time-series decomposition, has the
feature of not assuming a time-series is linear or stationary (like Fourier analysis). Huang et al (1998)
introduced the EMD as the first part of a two part process for spectral analysis of non-linear and
non-stationary time series. In stage one the time series is adaptively decomposed into a set of intrinsic
mode functions (IMFs) and a residual, using the EMD algorithm; In stage two, by a Hilbert transform of
the IMFs. This two stage process has become known as the Hilbert Huang Transform (HHT) and is being
increasingly used across a range of fields including hydrology and climatology.

4) Experimental results

Table 3 and Table 4 show the results of circular flat membrane and circular curved membrane in still air
and in wind tunnel. The vibration frequency of flat membrane and curved membrane in static air and
wind tunnel is nearly the same. Hence, the simplified model of added mass is suitable to wind case,
especially, the added-mass coefficient of membrane 0.65 can be applied to both the flat membranes and
the curved membranes in the wind tunnel. Meanwhile, the numerical analysis results of open membranes
in still air can also be suitable to wind cases.

Table 3 Results for circular flat membranes

Wind velocity
. Material No wind 5m/s 10m/s 15m/s
Tension .
level thickness st 2nd st 2nd 1st 2nd 1st 2nd
(mm) mode mod mode mode mode mod mode mod
(Hz)
| 0.35 20.07 35.80 20.05 34.17 20.68 35.28 22.22 35.39
1 0.35 50.29 72.85 50.28 72.02 49.76 71.44 49.26 70.67
| 0.55 27.79 38.49 28.08 39.16 27.49 39.22 29.05 42.56
1 0.55 35.40 46.42 34.50 48.39 34.04 45.92 34.00 46.52
| 0.85 13.55 19.60 13.50 21.15 13.49 20.98 13.46 20.72
1 0.85 25.13 35.78 25.16 35.71 25.19 35.85 26.21 35..85
Table 4 Results for circular curved membranes
Wind velocity
Tension Material Height No wind 5m/s 10m/s 15m/s
level thickness (mm) 1st 2nd 1st 2nd 1st 2nd 1st 2nd
(mm) mode | mode | mode | mode | mode | mode | mode mod
(Hz2)
| 0.35 33.36 | 5045 | 34.94 | 5128 | 3461 | 51.65 | 34.90 | 51.33
1 0.35 56.86 76.78 57.57 77.39 57.50 77.97 56.90 77.38
| 0.55 70 43.23 53.36 43.56 53.71 42.96 52.95 42.93 52.55
1 0.55 47.16 59.93 48.59 65.19 47.36 63.14 | 45.97 61.93
1 0.85 57.76 74.90 58.44 75.22 58.03 75.60 57.54 75.19

3.3 Field measurement of wind pressure of large-span flexible cable-membrane structures under typhoon
1) Experimental objective

It is difficult to identify the dynamic properties of large-span flexible cable-membrane structures under
typhoon, because there are few reports about field measurement of wind pressure on such kind of
structures. Here, based on the field measurement of wind pressure of Yueqing Stadium under typhoon,
the characteristics of wind pressure on the membrane surface is analyzed.

2) Field measurement of wind pressure on membrane surface

Yueqging Stadium locates in Yueging city, Wenzhou, Zhejiang Province, in the South-East area of China
with high probability of typhoon occurrence. The building has an approximate architectural area 20,000
m? that can accommodate more than 15,000 people. The plan of this stadium is an ellipse with the
longitudinal length 229 meters and the latitudinal length 214 meters. The top level of the highest
columns is 42 m. The roof system with a maximum cantilever span of 57m is lunar shaped and
covered with PTFE membrane.


https://en.wikipedia.org/wiki/Wenzhou
https://en.wikipedia.org/wiki/Zhejiang

Fig.4 Structures of Yueqing Olympic Center

There are totally 124 pressure taps, 248 pressure sensors on the membrane surface. However, when
typhoon arrived, there are 50 pressure taps on the upper surface and 44 pressure taps on the lower
surface in good condition. Fig.5 gives the wind pressure measuring points on the membrane surface.
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Fig.5 Measuring points on membrane surface

3) Test results and some computational results

Typhoon Fitow, known in the Philippines as Typhoon Quedan, was the strongest typhoon to
make landfall in Mainland China during October. It produced the wind gust of 274 km/h in the Shiping
Mountains of Zhejiang, setting a record for the province. Equivalent wind load is more than 10 times of

the self-weight of roof system. Fig.6 presents the wind pressure of Yueqing Stadium under Typhoon
Fitow.


https://en.wikipedia.org/wiki/Typhoon
https://en.wikipedia.org/wiki/Landfall_(meteorology)
https://en.wikipedia.org/wiki/Mainland_China

At present, further research by filed monitoring data of wind-induced response of Yueqing Stadium is
conducted, and a dynamic analysis considering added mass effect by the proposed added mass model are
conducting although the huge computation work is a great challenge to computer and time.

Upper Pressure | 06 Nov 2a15 | p Lower Pressure | 06 Nov 2015 | p

Fig.6 Wind pressure of membrane structure under Typhoon Fitow

3.4 Conclusions
Based on the tests and numerical analysis, the following conclusions can be drawn:

1)  Considering the added mass in dynamic analysis, it may be excited or restrained displacement
response. For high prestress level, the influence of the added mass the dynamic analysis is
significant. The results of added mass model considering the effect of geometric and mode shape
are better than those considering added mass of an added mass coefficient 0.65.

2)  The vibration frequencies of flat membrane and curved membrane in static air and wind tunnel are
close to each other. Hence, the proposed simplified model of added mass is suitable to wind cases,
especially the added-mass coefficient of membrane 0.65 can be applied to both the flat membranes
and the curved membranes in the wind tunnel.
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6. Research workshop

Workshop of Joint Usage/Research Center of Wind Engineering, Wind Engineering Research Center,
Tokyo Polytechnic University, was held on Jan. 26, 2016 in Wind Engineering Research Center, Tokyo
Polytechnic University, Japan. The program of the workshop is shown as follows.
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