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Abstract:    In this paper, an experimental study of an air inflated membrane was carried out based on the China National Stadium 
(the Bird’s Nest). After the 2008 Olympic Games, it was apparent that the future use of the Bird’s Nest would be enhanced if 
rainfall could be prevented from entering the stadium. The installation of an air inflated membrane across the opening of the steel 
structure was proposed as a solution to this problem. To verify the scheme, a theoretical analysis and experimental study of an air 
inflated membrane was carried out. Experimental and computational models were developed, form-finding was carried out using 
both experimental and theoretical methods, and the results from the two approaches, including the deflection of the air inflated 
membrane and deformation of the support structure, were analyzed and compared. The force-transfer path and deformation of the 
air inflated membrane under loads was studied. Conclusions and suggestions are presented. 
 
Key words:  China National Stadium, Air inflated membrane, Form-finding  
doi:10.1631/jzus.A0900127                     Document code:  A                    CLC number:  TU3 
 
 
1  Engineering background 

1.1  Survey of the Bird’s Nest 

The China National Stadium, also known as the 
Bird’s Nest (Fig. 1), is located in the central zone of 
the Olympic Park in Beijing. It was the main stadium 
for the 29th Olympic Games held in Beijing in 2008, 
and successfully hosted not only the opening and 
closing ceremonies but also the track and field events. 
The Bird’s Nest occupies 20.4 hectares, with a con-
struction area of 258 000 m2. It has a saddle shape 
(elliptical hyperboloid) with a long axis of 332.3 m 
and a short axis of 297.3 m. The highest point of the 
Bird’s Nest roof is 68.5 m, and the lowest point is 
40.1 m. The opening in the middle of the roof is  
185.3 m long and 127.5 m wide (CAG, 2006; Fan et 
al., 2007). 

1.2  Rain proofing of the Bird’s Nest 

After the Olympic Games, people began to con-
sider the future use of the stadium. Covering the sta-
dium to prevent rain entering was considered as one 

way of improving future usage. We propose a new 
scheme to install an air inflated membrane over the 
opening of the roof of the Bird’s Nest to solve the rain 
proofing problem (Fig. 2). The advantages of an air 
inflated membrane include its light weight, large span, 
fast construction, easy disassembly and attractive 
appearance (Robinson-Gayle et al., 2001; van Dessel 
et al., 2003; Bell, 2008). An air inflated membrane 
roof can be used to provide shelter from rain, snow 
and burning sun, ensuring comfortable conditions for 
all kinds of activities, and thus has great practical 
significance and economic benefit. 

 
 
2  Experimental approach 
 

To validate the analysis of installing an air in-
flated membrane on the Bird’s Nest, a 1:20 scale 
model was constructed and tested. The experimental 
approach was as follows: 

(1) Analyze and compare the form-finding result 
of the air inflated membrane. 
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(2) Research the mechanical behavior and the 
load bearing capacity of the air inflated membrane 
under uniform loads and their influence on the sup-
port truss. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

(3) Observe the deformation and mechanical 
performance of the air inflated membrane under local 
concentrated loads. 

(4) Compare experimental data with theoretical 
results, to validate the theoretical analysis. 

(5) Discuss possible explanations for differences 
between experimental and theoretical results and 
identify issues requiring more attention in practice. 

(6) Investigate the process of construction and 
installation of the air inflated membrane. 

 
 

3  Experimental model 

3.1  Design of the experimental model 

A 1:20 scale model of the air inflated membrane 
supported by a steel truss was used in the test. The air 
inflated membrane was an elliptical hyperboloid  
9.12 m long, 6.2 m wide, and 1.362 m high. Its pro-
jective area was 44.6 m2. The mesh spacings of cables 
were about 0.55 m, and the initial air pressure was  
0.3 kPa. The prestressed force of the upper cables was 
0.6 kN and that of the bottom cables was 0.75 kN. The 
diameter of all cables was 5 mm, the section area was 
19.63 mm2, and the prestressed force of the mem-
brane in both warp and fill was 0.5 kN/m. The 
form-finding result from theoretical analysis (Gong, 
and Qiu, 2002; Kim and Lee, 2002; Bletzinger et al., 
2005) is shown in Fig. 3, and the experimental model 
is shown in Fig. 4. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a) 

(b)

Fig. 1  Steel structure of the China National Stadium 
(a) Elevation; (b) Bird view 

(a)

(b)

Fig. 2  Steel structure combined with an air inflated
membrane. (a) Analysis model; (b) Render map 

Fig. 3  The form-finding result 

Fig. 4  The experimental model 
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A tubular steel truss was used as the supporting 
structure (Fig. 4), which simulated the inner edge of 
the roof of the Bird’s Nest. The influence of the air 
inflated membrane on the supporting structure could 
be analyzed (Li and Chan, 2004; Hegyi et al., 2006; 
Kerdid et al., 2008). The section of the upper and 
bottom chords of the truss was Φ60 mm×3.5 mm, and 
that of the connecting rod on the bottom chord, the 
web members, and the members on abutment was 
Φ48 mm×3 mm. 

3.2  Conformation of the experimental model 

Fig. 5 shows a photograph of the cable anchors 
connecting with the steel structures. There is a hinge 
connection at the end of each cable, which allowed 
the cable to rotate in the vertical plane, and the direc-
tion of the cable anchor could be adjusted during the 
gas charging and load application process of the air 
inflated membrane. The length of the cable could be 
modified using a button in the cable anchor to adjust 
the prestressed force.  

 
 
 
 
 
 
 
 
 
 
 
 
 

3.3  Analysis model and software  

Cable-membrane analysis software (SMCAD) 
developed by the authors was used to analyze the 
experimental model. A nonlinear finite element 
method was used in form-finding analysis and load 
analysis of the air inflated membrane structure (Bonet 
et al., 2000; Gil and Bonet, 2006; 2007). In the finite 
element analysis, 2-node cable elements and triangle 
membrane elements were used, and a beam element 
was used in the steel structure. As usual, the nodes 
deflections were presumed to be coupled between 
cable elements and membrane elements in the ca-
ble-membrane structure computational model. 

However, this did not correspond to the real condition. 
The contact condition between the cables and the 
membrane was very complex in the experimental 
model (Fig. 6). Friction existed between the cables 
and the membrane, relative deflection appeared under 
loads, and the cables were even separated from the 
membrane in localized areas. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

4  Experimental schemes 

4.1  Measuring points 

Displacement sensors and strain gauges were 
arranged in each quarter of the model according to the 
symmetry of the whole model. The displacement 
sensors of the supporting truss were set at each end of 
both the long and the short axes (Fig. 7): points 1 and 
3 measured horizontal deformation, points 2 and 4 
measured vertical deformation. Fig. 8 shows the po-
sitions of the strain gauges on the cable anchors: odd 
numbers measured the upper cables and even num-
bers measured the bottom cables. Deflection meas-
uring points of the bottom layer membrane are shown 
in Fig. 9. 

 
 
 
 
 
 
 
 
 
 
 

Fig. 5  Anchor device at cable end 

Fig. 6  Contact of cable and membrane 

Fig. 7  Position of displacement sensors 
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4.2  Loading schemes 

The loads on the air inflated membrane are ex-
pected to come mainly from snow, wind, and other 
local live loads such as construction, examination and 
repair, maintenance loads, etc. Because a wind load is 
very difficult to simulate, the mechanical behavior of 
the air inflated membrane and the supporting truss 
were studied mainly under snow load in the test. The 
deformation of the air inflated membrane under local 
concentrated load was also studied. 

Sandbags were used to simulate snow loads in 
the test and were applied at two weights: 0.1 and 0.3 
kN/m2. The sandbags spread out when placed on the 
air inflated membrane, and simulated a uniform snow 
load quite well. Each sandbag weighed 0.15 kN and 
so a total of 33 sandbags were used to simulate a snow 
load of 0.1 kN/m2 and 99 for a snow load of 0.3 
kN/m2. 

A local concentrated load was simulated directly 
by some students standing on the model, which ac-
cords with the practical condition.  

 
 

5  Model test 

5.1  Form-finding test 

In the form-finding test, the air inflated mem-
brane was charged with gas using an air pump until 

the air pressure reached the pre-determined value, 
then test results, such as the shape of the model and 
the tension of the upper and bottom cables, were ob-
tained and compared with the theoretically computed 
results. 

The initial air pressure of the experimental 
membrane was 0.3 kPa. Figs. 3 and 4 show the 
form-finding results from theoretical analysis and the 
test. The shapes of the two models were very similar. 
The thickness of the air inflated membrane was cal-
culated by measuring the elevations of the central 
points on the upper and lower layers of the membrane. 
Table 1 lists the thickness from the test and from 
theoretical analysis.  

 
 
 
 
 
 
 
 
 

The test thickness was larger than that of the 
computational result (Table 1). This was caused 
mainly by the original design of the membrane which 
did not achieve the expected result. Because of a lack 
of experience in designing and processing air inflated 
membranes, the membrane was cut according to the 
chord axis of the theoretical supporting truss in the 
original design (Fig. 10a). We expected that because 
the planar projection of the membrane was bigger 
than the opening of the supporting truss, the edge of 
the air inflated membrane would contact the chord 
and cover the opening (Fig. 10b). However, in prac-
tice, this did not happen: the membrane did not touch 
the chord at all after it was inflated, and there was a 
large gap between them (Fig. 10c). By analysis, we 
know that the reason for the membrane model not 
being the expected shape is that the diameter of the 
supporting truss was too small, only 60 mm. The 
experimental model was modified to correspond to 
the computational model. 

Another reason was that the assembly precision 
of the supporting truss was not sufficiently accurate. 
The membrane model was first assembled in the 
factory, thus precision was ensured. However, be-
cause the model was too big to be transported 

Fig. 8  Position of strain gauges 

Fig. 9  Deflection measuring points of the bottom layer
membrane 

Table 1  Form-finding results of the air inflated mem-
brane (unit: m) 

 Test results Computational results
Elevation of the upper 
layer membrane center

1.604 1.549 

Elevation of the bottom 
layer membrane center

0.246 0.389 

Thickness 1.358 1.160 
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integrally, the supporting truss had to be divided into 
four segments and reassembled in the laboratory. 
Restricted by the experimental conditions, the preci-
sion of the truss reassembly could not be ensured 
adequately.  

5.2  Uniform load test 

5.2.1  Loading 

Firstly, the air inflated membrane was inflated 
until the inner pressure reached 0.3 kPa, while the 
data from the strain gauge transducer, displacement 
transducer, and the deformation of the membrane 
were recorded as the initial conditions of the analysis. 
Then the sandbags were placed on the membrane in 
two separate tests to simulate uniform snow loads of 
0.1 and 0.3 kN/m2 (Fig. 11), and the results were 
recorded. Finally, the model was unloaded completely, 
and the final results recorded. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 

5.5.2 Inner air pressure of the membrane 

A comparison between the inner air pressure as 
measured by testing and from computational results, 
is shown in Table 2. 

 
 
 
 
 
 
 
 
 
Before discussing the variation in the inner air 

pressure, it is necessary to explain the air tightness of 
the air inflated membrane. Only a membrane with 
adequate air tightness can ensure a favorable working 
condition. Modification of the experimental model 
caused air leakage from the membrane. A test of air 
leakage was carried out. The initial air pressure was 
0.3 kPa, which decreased to about 0.28 kPa one hour 
later and to about 0.1 kPa after 24 h. The loading time 
was about one hour, so we deduced that the inner 
pressure loss caused by air leakage was about 0.02 
kPa during the test. As the inner pressure returned to 
0.3 kPa after unloading, it seemed that there was no 
loss of inner pressure. However, in fact, the air leak 
was serious and the inner pressure loss was more than 
0.02 kPa, because the inner pressure increases during 
the loading process. The return of the inner pressure 
to 0.3 kPa was caused by the temperature of the inner 
air rising, which can be explained by two reasons: the 
temperature of the whole laboratory increased during 
the test, and heat was generated in the inner air during 
the loading process. 

The changes in membrane inner air pressure and 
volume with increasing temperature were analyzed. 

Table 2  The inner air pressure (unit: kPa) 
 Initial 

state
0.1 kN/m2 

load 
0.3 kN/m2 

load Unloading

Test data 0.30 0.41 0.59 0.30 
Computational 
results  

0.30 0.42 0.57 0.30 

Difference (%) 0 2.40 −3.40 0 

 

Fig. 10  Sketch of the membrane edge 
(a) Form-finding result; (b) Expected result; (c) Actual result 

Cable 

Membrane 

Chord 

Cable Cable 

Chord Chord 

Membrane Membrane 

 (a)                                                            (b)                                                      (c) 

(a) 

(b) 

Fig. 11  Load case 1 (0.1 kN/m2) (a) and load case 2 (0.3
kN/m2) (b) 
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The inner air pressure increased by about 0.04 kPa 
with an increase in temperature of 1 °C (Fig. 12a). 
The inner air volume increased by about 0.1 m3 with 
an increase in temperature of 1 °C (Fig. 12b). So the 
influence of temperature on the mechanical behavior 
of the air inflated membrane must be taken into ac-
count. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The test data agree well with the computational 
results. The differences between them are only 2.4% 

with a load of 0.1 kN/m2 and −3.4% with a load of 0.3 
kN/m2. Considering the influence of air leakage and 
temperature variation, the theoretical results can pre-
dict the change in membrane inner air pressure under 
loads. Inner air pressure is a very important index in 
mechanical analysis of air inflated membranes. The 
experimental results validate the computational 
method adopted in this study and the corresponding 
computational results. 

5.2.3  Deflection of the air inflated membrane 

The deflections of five points on the bottom 
layer membrane were measured (Fig. 9), and also 
computed using the finite element method (Levy et al., 
2004; Woo et al., 2004; Jarasjarungkiat et al., 2008; 
2009). The results of experiment and computation are 
compared in Table 3. 

The data showed the expected response to the 
two weight loadings, but the changes in the test result 
data were generally much higher than those in the 
computational data. The average differences between 
them were −14.1% for the 0.1 kN/m2 load and 
−40.5% for the 0.3 kN/m2 load.  

5.2.4  Deflection of the supporting truss 

The test data for deflections of the four points on 
each of the ends of the supporting truss (Fig. 7) were 
compared with the computational results (Table 4). 

 
 
 
 
 

 

 

 

 

 

 

 

 

 

Table 3  The deflections of the bottom layer membrane (unit: mm) 

0.1 kN/m2 load 0.3 kN/m2 load 
No. 

Test data Computational results Difference (%) Test data Computational results Difference (%)
1 −2 −4.93 146.5 −15 −12.44 −17.1 
2 −8 −4.76 −40.5 −28 −12.05 −57.0 
3 −4 −4.80 20.0 −19 −12.39 −34.8 
4 −6 −4.76 −20.7 −21 −12.05 −42.6 
5 −8 −4.80 −40.0 −20 −12.39 −38.1 

Average   −5.6 −4.81 −14.1 −20.6 −12.26 −40.5 
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Fig. 12  Curve of (a) inner pressure and (b) volume
with temperature 
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Table 4  The deflections at the ends of the support truss (unit: mm) 

0.1 kN/m2 load 0.3 kN/m2 load 
No. 

Test data Computational results Difference (%) Test data Computational results Difference (%)
1 −0.54 −0.90 66.7 −2.57 −2.46 −4.3 
2 0.35 0.11 −68.6 0.83 0.54 −34.9 
3 0.38 0.44 15.7 1.21 1.19 −1.6 
4 −0.36 −0.73 102.8 −1.52 −2.20 44.7 
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Nos. 1 and 3 in Table 4 are horizontal deflections. 
The positive values mean outward deflection and the 
negative values mean inward deflection. Nos. 2 and 4 
are vertical deflections. The positive values mean 
upward deflection and the negative values mean 
downward deflection. The computational results 
predicted the deflection direction at the ends of the 
long axis and the short axis of the supporting truss. 
The computational result data of the horizontal de-
flection were similar to the test data, the largest dif-
ference being only 4.3% when the load was 0.3 kN/m2. 
The difference in vertical deflection was larger, which 
was caused mainly by the uneven prestressed force of 
the cables and the difference between the actual 
supporting condition and its assumption. 

5.2.5  Reasons for differences between theoretical 
analysis and experimental results 

The main reasons for differences between theo-
retical analysis and experimental results from uniform 
loads tests were as follows. First, the form-finding 
results of the experimental membrane differed from 
those of the computational result. The experimental 
model had to be modified, and the modification was 
difficult to incorporate into the loading analysis. 
Second, restricted by the experimental condition, the 
precision of the truss reassembly in the laboratory 
could not be ensured. Last, the deformations of the 
cables and the membrane were presumed to be the 
same at the connections in the computational model, 
which is different from the real condition. The rela-
tionship between the cables and the membrane relates 
to the contact connection problem, and this has not 
been solved very well in the analysis of the actual 
cable-membrane structure. 

5.2.6  Mechanical behavior of the air inflated mem-
brane 

Under a snow or live load, the upper layer of the 
air inflated membrane deforms downward and the 
stresses on the upper cables and membrane decrease, 
the volume of the inner air decreases accordingly and 
the inner air pressure increases. Thus, the loads are 
transferred to the bottom layer, the bottom layer of the 
air inflated membrane deforms downward, and the 
stresses on the bottom cables and membrane increase, 
then the loads are finally transferred to the supporting 
 

truss. In contrast, under wind suction, the upper layer 
deforms upward and the stresses on the upper cables 
and membrane increase, the volume increases ac-
cordingly and the inner air pressure decreases, so the 
bottom layer deforms upward and the stresses on the 
bottom cables and membrane decrease. 

5.3  Local concentrated load test 

Local concentrated load tests were carried out to 
determine whether the air inflated membrane had 
enough bearing capacity and rigidity under local 
concentrated load, and whether the whole structure 
retained its shape. The local concentrated loads were 
simulated by some students standing on the mem-
brane. Their positions are shown in Fig. 13. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Under the local concentrated loads (Fig. 13), the 

air inflated membrane had good bearing capability 
and retained a favorable shape. There were local de-
formations on the surface of the membrane at the 
positions where the students were standing. After 
unloading the local concentrated loads, the air inflated 
membrane restored its original shape. 

 

(a)

(b) 

Fig. 13  Local concentrated load. (a) Loads concen-
trated; (b) Loads scattered 
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6  Conclusions and suggestions 
 

Based on the theoretical analysis and experi-
mental study of the air inflated membrane structure, 
the following conclusions can be drawn and sugges-
tions made. 

1. Tests on an air inflated membrane were de-
scribed in this paper, and data relating to changes in 
the mechanical behavior and deformation of the 
membrane structure under loads were obtained. Al-
though there were differences between the experi-
mental results and the theoretical analysis, the test 
results in general reflected the predicted behavior of 
the air inflated membrane under loads. The test data 
matched the theoretical results mostly, and the dif-
ferences could be explained by logical reasons, so the 
experimental objectives were achieved. 

2. Gong et al. (2009) analyzed and compared in 
detail the expected mechanical behavior of the Bird’s 
Nest steel structure before and after installation of the 
air inflated membrane. The installation of an air in-
flated membrane across the opening region of the 
Bird’s Nest to solve the rain proofing problem has the 
possibility of implementation.  

3. During the analysis process of the whole 
model of the air inflated membrane and the support-
ing truss, we encountered the problem of “small 
numbers cover with big numbers” during the iteration. 
The stiffness of the cables and the membrane was far 
smaller than that of the supporting truss, causing the 
iteration cannot converge. To ensure the feasibility of 
the whole model analysis, better computational 
methods have been adopted to control the iterative 
convergence. 

4. Temperature has a great influence on the inner 
air pressure and the volume of the air inflated mem-
brane, and must be taken into account in the analysis. 

5. When the model or the practical project of the 
air inflated membrane is being produced, the variation 
in length of the cables and the membrane caused by 
the conformation of the joints and the construction 
error should be modified, otherwise the form-finding 
result and mechanical behavior will be greatly af-
fected. The membrane material should be hot-cohered 
compactly to guarantee the air inflated membrane has 
the desired air tightness; air leakage can make the air 
inflated membrane lose rigidity and bearing capacity. 

6. The membrane is too heavy in practice for 

people to pull onto the cable meshes in air inflated 
membrane projects, so mechanical equipment should 
be designed to retract the membrane. A reasonable air 
pump number, pump power, and wire diameter should 
be calculated according to the volume of inner air and 
the expected air inflation time. It is difficult to deflate 
the inner air completely. This needs to be considered 
in the design of membrane retracting equipment. 
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