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ABSTRACT 
 
Dynamic characteristics of super high-rise buildings are important indicators for structural performance 
evaluation, which reflect the distribution of rigidity and mass of buildings, as well as the dynamic response in 
earthquake. In this paper, a finite element simulation focusing on Shanghai Tower at different construction 
stages is compared with a one-year periodic ambient vibration monitoring. Six finite element models are built 
and analyzed in accordance with the same construction period. Some conclusions are drawn based on the 
numerical analysis and ambient vibration tests. First, the calculated natural frequencies and mode shapes from 
ambient tests reasonably agree with the identified ones based on ambient vibration tests, especially for the first 
and second modes. Second, the damping ratio of each FEA model assumed as 1% is reasonable and conservative 
in construction period. Third, the assumptions of modeling and analysis used in this paper are accurate and can 
be used to predict the dynamic responses of the structure under expected loading. The results indicate that, it is 
an efficient way to verify numerical finite element models by using ambient vibration monitoring on dynamic 
characteristics of a building which under construction. And the verified model can be used as an idealized model 
to assess the structural performance under service stage. 
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INTRODUCTION 
 
Dynamic characteristics of super high-rise are important indicators for the evaluation of structural performance. 
Generally, dynamic parameters are specific to natural frequencies, damping ratios and mode shapes. From 1997 
to 1998, the Research Institute of Structural Engineering and Disaster Reduction of Tongji University in 
Shanghai conducted the field measurement of a few super-tall buildings(LV et al. 2001), including 88-storey Jin 
Mao Tower, 46-storey Sen Mao Tower, 45-storey Jian She Tower and 100-meter-high Arc De Triomphe 
Building. Test results showed that the damping ratio of high-rise structure was between 1% ~ 4%, and the glass 
curtain wall would have a great impact on damping value. During 2002 ~ 2006, Xu Yonglin et al. (2010) 
recorded acceleration response of Jin Mao Tower under the action of strong typhoon and the health diagnosis, 
and obtained the natural frequencies and damping ratios in previous modes of the structure (including Typhoon 
“Masta”), which could be used to conduct the overall health status evaluation of the structure. In 2005, Li 
Qiusheng (2010) conducted a full-scale measurement and analysis of wind-induced response of Taipei 101 
Tower, and gained the first five natural frequencies, damping ratios and vibration modes of the structure as well 
as the occupancy comfort of the structure. In 2008, Shi Weixing (2012) conducted the site measurement and 
vibration control on Shanghai World Financial Center, and acquired the first five natural frequencies, damping 
ratios and vibration mode of the structure. In 2012, Chen Wei-huan et al. (2012) monitored the structural 
responses after the completion of Guangzhou Tower’s construction under different excitation events (the 
typhoon, earthquake and normal wind excitation conditions).  
 
However, most cases of monitoring on dynamic characteristics of high-rise buildings were reported under the 
service stage in the open literature. The difficulty for structural monitoring on the super high-rise building in 
construction stage was due to the settlements, inclinations, strengths of the materials and installation errors. 
Therefore, this paper presents the finite element simulation, based on a reasonable model, can be checked by the 
test results from the one-year periodic ambient vibration monitoring of this skyscraper. With the assistance of 



 

mature modal identification technology and finite element simulation, a comprehensive analysis between 
dynamic characteristics monitoring and simulation is discussed in this work. 
 
DESCRIPTION OF SHANGHAI TOWER 
 
Shanghai Tower is an extraordinary structure for its lateral force resistant system adopted the mega frame core 
wall structural system (Figure 1) (DING et al. 2010). The perimeter of Mega Frame is composed by the steel 
and reinforced concrete super columns and belt trusses at eight strengthening levels to provide additional 
stiffness and strength to resist lateral loads and divides the building into nine zones ( Poon et al. 2010). 
Outriggers linking the core tube to the perimeter super columns improve the overturning resistance and lateral 
stiffness efficiently.  

 

 
Figure 1. Lateral force resistance system of Shanghai Tower (DING et al.2011) 

 
FINITE ELEMENT MODELING 
 
For the purpose of assessing the feasibility of the finite element (FE) model to predict the dynamic 
characteristics of Shanghai Tower, six three-dimensional linear elastic models corresponding to six construction 
stages are developed based upon design drawings and structural characteristics (Figure 2)  using the 
commercial software ETABS 
 
Assumption for the Modeling 
 
The establishment of the FE models is based on the 
following assumptions: 
1) The nodes which outrigger connected with super 

columns are assumed as rigid joints. While, the 
other elements connected to the steel columns are 
assumed as hinged joints. The cross section of 
super column in zone 1 is 3.7 m×5.1m, which 
gradually reduced when up and up.  

2) For the requirement of design, the elastic modulus 
and density of concrete are same as the design 
value. 

3) Structural damping ratio is considered as 1% with 
the reference of ambient vibration tests results. 

4) The completely constructed slabs are set as rigid 
diaphragm in ETABS software. While no slab and 
incompletely hardening concrete area are assumed 
as open area. 

5) No live load which exists in service stage is 
considered in this construction stage, because that 
no occupant exists in construction stage, and 
curtain wall has not been hung on the structure yet. 
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Figure 2. Photos of Shanghai Tower and 
corresponding models at six construction stages 



 

For the sake of simplicity. 
6) The crane’s loading at the top of core tube is equivalent to its vertical line loading at the installation height. 

The loading includes crane’s weight, balance weight and lifting load. 
7) The construction live load is neglect for sake of simplicity. 
8) All materials are assumed to perform in the elastic range and all calculations are based on the elasticity 

theory. Because the structure under construction keeps at lower stress and strain level, and all the materials 
stay working in elastic range. 

 
Finite Element Model Calculation 
 
On the basis of above assumptions, the calculated values of dynamic characteristics are obtained from the finite 
element analysis (FEA) by using software ETABS. (Table 1) 
 

Table 1. FEA results  

Date Mode Number Period(s) Frequency(Hz) Direction 

26/Dec/2011 

1 1.8667 0.5357 Y translation 

2 1.7610 0.5679 X translation 

3 1.5413 0.6488 Overall rotation 

9/Apr/2012 

1 2.5179 0.3972 Y translation 

2 2.4196 0.4133 X translation 

3 2.0195 0.4952 Overall rotation 

22/May/2012 

1 2.9146 0.3431 Y translation 

2 2.8304 0.3533 Y translation 

3 2.1431 0.4666 Overall rotation 

4/Jul/2012 

1 3.3617 0.2975 Y translation 

2 3.2889 0.3041 X translation 

3 2.2749 0.4396 Overall rotation 

27/Aug/2012 

1 3.3992 0.2942 Y translation 

2 3.3388 0.2995 X translation 

3 2.6978 0.3707 Overall rotation 

16/Oct/2012 

1 3.9311 0.2544 Y translation 

2 3.8214 0.2617 X translation 

3 2.8796 0.3473 Overall rotation 
 
COMPARATIVE ANSLYSIS  
 

Periodic Ambient Vibration Test and Verification Database 
 
Acceleration monitoring is mainly applied to acquire the low-order frequencies and damping ratios of the 
structures. In the construction stage, when the monitoring stations are not fully established yet, it is common to 
utilize this method to conduct monitoring. CHEN Xi et al have totally taken six ambient vibration tests on 
Shanghai Tower under six different construction stages to identify frequencies, damping ratios and mode shapes. 
The six construction stages were on Dec. 26th,2011, Apr. 9th,2012, May 22th,2012, Jul. 4th,2012, Aug. 27th,2012, 
and Oct. 16th,2012. Detailed description can be found in CHEN Xi et al article. Field test instrument includes 
two highly sensitive piezoelectric accelerometers, and a four-channel data acquisition unit and a laptop (Figure 
3a). The measurement location is at the highest construction steel platform (Figure 3b, #1) and the highest 
concrete floor which completely finished in core tube (Figure 3b, #2) along with the building height. In each 
floor, at least two sensors in two directions are instrumented at the middle of the core tube at each floor (Figure 
3a).   



 

 
       a. Plan of sensors location                   b. Elevation of sensors location 

Figure 3. Plan and elevation Location plan of sensors location                                
 
Natural Frequency Comparative Analysis 
 
Table 2 presents the natural frequencies of the first three orders in X and Y directions by finite element analysis 
(FEA) and two identified values which from ambient vibration tests (CHEN Xi et al). One  natural frequencies 
is identified by the peak-picking method with the half-power bandwidth method (PP-HPBW) ( Brincker R et al. 
2000) and the other is obtained by using the covariance driven stochastic subspace identification technique 
(SSI-COV) ( Peeters B et al. 2000) . From Table 2, the numerical frequencies are all correlated well with the 
identified ones from field test, especially for the first and second-order modes (Figure 4). The frequencies 
decrease steadily with the rise of the building, which indicating the flexure deformation plays an increasingly 
significant part in structural deformation. Average error of the first order frequency is about 8.5% to 10%; that 
of second-order and three-order frequency is about 7.5 to 9.5% and 17 to 24%, respectively. The increasing error 
with the increase in the order can be attributed to the vital impact from the ambient mechanical vibration on the 
high order frequency of the structure. Most of the identified structural frequencies are smaller than those from 
the FEA results, indicating that the actual structure is softer than computational model and the structural 
stiffness is estimated larger than the expected. While, the error decreases with the construction processing. 
This phenomenon is mainly caused by the following two reasons: 
(1) The computational model takes no consideration on the comprehensive impact of the top tower crane on the 
overall dynamic performance of the structure, such as the stiffness and dynamic response of the tower crane. 
Only the weight of the tower crane is considered. However, as the height of the building increases, the dynamic 
effects of the tower crane on the overall structure are gradually reduced;  
(2) The structural members and joints are not completely connected in construction stage. For example, some 
connecting nodes don’t reach the design requirement, and some slabs reserve late poured bands. The FE models 
simplify these details as assumed in first assumption, leading to a larger stiffness of the model than actual 
structure.  
 



 

Table 2. Frequency comparison between the calculated and identified methods 

 
Mode Shape Evaluation 
 
The frequency domain decomposition (FDD) technique and SSI-COV method are utilized to obtain the mode 
shapes of the super tall building from the test result on July 4th, 2012. The first two order mode shapes in both 
directions are compared between identified results and calculated ones by FEA (Figure 5).  
For the purpose of assessing the reliability of the mode shape, modal assurance criterion (MAC) is introduced to 
quantify the relation between the calculated and identified mode shapes. The MAC coefficient, defined in Eq.1, 
is dimensionless and ranges from 0 to 1. The case of MAC = 1 corresponds to perfect correlation of the two 
vectors, while MAC = 0 represents uncorrelated vectors. In general, a MAC value greater than 0.80 is 
considered as a good match, while a MAC value less than 0.40 is regarded as a poor match. The MAC values 
for the first two modes in X and Y directions are presented in Table 3. 
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Method FEA Periodic ambient vibration test 

  PP-HPBW SSI-COV 

Date Mode f(Hz) f(Hz) Error(PP-FEA)/FEA f(Hz) Error(SSI-FEA)/FEA

26/Dec/2011 

X1 0.54 0.45 16.7% 0.45 16.7% 
Y1 0.57 0.46 19.3% 0.46 19.3% 
X2 1.49 1.21 18.8% 1.23 17.4% 
Y2 1.69 1.31 22.5% 1.31 22.5% 
X3 3.37 1.52 54.9% 1.52 54.9% 
Y3 3.74 1.52 59.4% 1.49 60.2% 

9/Apr/2012 

X1 0.39 0.39 0.0% 0.38 2.6% 
Y1 0.40 0.40 0.0% 0.40 0.0% 
X2 1.03 1.03 0.0% 1.04 -1.0% 
Y2 1.12 1.12 0.0% / / 
X3 2.1 1.81 13.8% 1.83 12.9% 
Y3 2.25 1.63 27.6% / / 

22/May/2012 

X1 0.34 0.32 5.9% 0.31 8.8% 
Y1 0.35 0.32 8.6% 0.31 11.4% 
X2 0.89 0.88 1.1% 0.88 1.1% 
Y2 0.97 0.88 9.3% 0.88 9.3% 
X3 1.87 1.53 18.2% 1.57 16.0% 
Y3 2.02 1.53 24.3% 1.57 22.3% 

4/Jul/2012 

X1 0.30 0.29 3.3% 0.29 3.3% 
Y1 0.30 0.29 3.3% 0.29 3.3% 
X2 0.76 0.86 -13.2% 0.83 -9.2% 
Y2 0.82 0.91 -11.0% 0.87 -6.1% 
X3 1.62 1.5 7.4% 1.44 11.1% 
Y3 1.75 1.48 15.4% 1.48 15.4% 

27/Aug/2012 

X1 0.29 0.26 10.3% 0.26 10.3% 
Y1 0.30 0.27 10.0% 0.27 10.0% 
X2 0.79 0.77 2.5% 0.77 2.5% 
Y2 0.84 0.81 3.6% 0.82 2.4% 
X3 1.45 1.47 -1.4% 1.36 6.2% 
Y3 1.54 1.43 7.1% 1.45 5.8% 

16/Oct/2012 

X1 0.25 0.23 8.0% 0.22 12.0% 
Y1 0.26 0.23 11.5% 0.22 15.4% 
X2 0.62 0.68 -9.7% 0.68 -9.7% 
Y2 0.66 0.71 -7.6% 0.71 -7.6% 
X3 1.22 1.27 -4.1% 1.26 -3.3% 
Y3 1.29 1.31 -1.6% / / 
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Figure 4. (a) Variation curve of the first order frequencies on both X and Y directions; 
(b) Variation curve of the second order frequencies on both X and Y directions; 

(c) Variation curve of the third order frequencies on both X and Y directions 
 

The comparison between FDD, SSI-COV and the FEA results are listed in the second and third columns of 
Table 3. Higher values of MAC (all above 0.94) indicate a good correlation between the field test and FEA, and 
verify the reliability and feasibility of the FE models built in this paper.  

 
 

 
Figure 5. The identification of mode shape on July 4th, 2012 model 



 

Table 3. MAC values between the identified and the calculated mode shapes 

Mode MAC (φFDDφCAL) MAC (φSSIφCAL) 
X1 0.99  0.99  
Y1 0.98  0.98  
X2 0.94  0.93  
Y2 0.95  0.94  

 
CONCLUSIONS 
 
This paper introduces the finite element analysis on the super high-rise building, The Shanghai Tower. Six 
models are built according to six different construction stages with reasonable assumptions and are verified by 
the periodic ambient vibration tests on the basis of monitoring theory and modal identification. By the 
comprehensive study on the results by finite element analysis and the identified ones based on ambient vibration 
test, some conclusions are obtained. 
 
(1) The calculated natural frequencies and mode shapes in the finite element analysis match well with the 

identified ones based on the test results, especially for the first and the second orders; 
(2) The damping ratio for the FE models assumed as 1% is reasonable and conservative in construction period 

for the high-rise building; 
(3) The assumptions of numerical analysis are verified and can be used to predict the dynamic response of the 

structure under expected loading. 
 
It is an efficient way to verify numerical finite element models by using ambient vibration monitoring on 
dynamic characteristics of a building which under construction. And the verified model can be used as an 
idealized model to assess the structural performance under service stage.. , can assist the engineers to take 
timely adjustment with the help of field tests and also contribute to the structural performance assessment on the 
super high-rise buildings in construction stage. 
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