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ABSTRACT 
 
The actual loading information on a structure can be used to estimate the future loading environment, which, 
together with the structural health monitoring (SHM) study, may help to predict the remaining useful life of the 
structure and to achieve the condition-based maintenance (CBM). Wind load, as a type of distributed load, is 
difficult to be measured directly. A possible solution is to reconstruct it from the structural response 
measurements. This process is often an ill-posed inverse problem. In this paper, a steady-state Kalman filter 
based unknown input estimator is adopted to solve the above mentioned ill-posed inverse problem by fulfilling 
some stability criteria. Being translated from mathematics, such stability criteria are actually some requirements 
on sensor type, sensor number and sensor position. This type of estimator is real-time executable, which 
indicates an online wind load reconstruction is possible. The 600 meter tall Canton Tower is situated in a 
typhoon active area, and a structural health monitoring (SHM) system has already been integrated onto this 
tower. This makes it an ideal test-bed for validating the above illustrated wind load reconstruction strategy. 
Measurements obtained during the Typhoon “Nanmadol” and the Typhoon “Kai-tak” are analyzed and the 
reconstruction results are presented. 
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INTRODUCTION  
 
For high-rise structures, e.g. offshore wind turbines and tall buildings, the external wind load is not only a major 
concern in structural design, structural control and structural health monitoring (SHM), but also may help to 
predict the remaining useful life of the structure and to achieve the condition-based maintenance (CBM) (Farrar 
and Lieven 2007).  
 
Even though an anemometer can provide the information on wind speed and wind direction at a specified height, 
the wind load is not only stochastic in amplitude and direction but also distributed in space, which makes a 
direct measurement not economical or not feasible. A potential solution is to reconstruct the loading history 
information from the structural response measurements, i.e. displacement, strain, velocity or acceleration. 
However, this process is often an ill-posed inverse problem, in the sense that a small amount of measurement 
noise may cause a large deviation in the reconstructed input force (Stevens 1987). 
 
Online wind load reconstruction is a category that adopts real-time executable unknown input estimation 
algorithms in solving the above illustrated ill-posed inverse problem. This group of methods solves the ill-
posedness from the aspect of achieving the estimator stability in the design stage. Recent advances and some 
practical applications on this topic may refer to e.g. Klinkov (2011) and Lourens (2012). It is worth mentioning 
that Hwang proposed a force identification method and validated it using the data from a wind tunnel test 
(Hwang et al. 2011; Hwang et al. 2009). A shining point of this method lies in, that it may provide the stable 
estimate of the time-varying state and unknown input using only acceleration measurements. This benefit is 
adopted within this paper in reconstructing the wind load and the structural responses for the 600 m tall Canton 
Tower. 
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THEORETICAL BACKGROUND 
 
For the sake of completeness, the construction process of the state-space structural model in the modal 
coordinates is briefed first, and the key steps of the adopted algorithm are provided in this section. 
 
State-Space Model in Structural Dynamics 
 
The forced motion of a linear structure with viscous damping can be represented by the following non-
homogeneous equation of motion, 
 

( ) ( ) ( ) ( )+ + = 
n n n n n nt t t tM q C q K q f . (1) 

 
In Eq. 1, ( )∈ nDOF

n tq   denotes the displacement vector in the nodal coordinates; ( )∈ nDOFtf   is the force 
input vector; nM , nC  and nK  are the mass, damping and stiffness matrices with appropriate dimensions. 
Assuming proportional damping, Eq. 1 can be transformed into the canonical form, 
 

( ) ( ) ( ) ( )+ + =  T
m m m m mt t t tq C q K q Ψ f , (2) 

 
by using ( ) ( )=n mt tq Ψq , where ( )∈ mDOF

m tq  , ( ≤mDOF nDOF ), represents the displacement vector in the 
modal coordinates; ×∈ nDOF mDOFΨ   denotes the mass normalized modal matrix, which fulfills the orthogonality 
condition =T

nΨ M Ψ I ; mC  and mK  are the diagonal modal damping and modal stiffness matrices, and could 
be identified using e.g. the operational modal analysis (OMA) technique (Zhang et al. 2005). 
 
Since the column vectors in Ψ  are linearly independent and the square matrix nM  has full rank, 

(i) When =mDOF nDOF , any force input vector ( )tf  will be in the range space of nM Ψ , or can be 

represented as ( ) ( )= nt tf M Ψd , ( ( )∈ mDOFtd R ). 

(ii) When <mDOF nDOF , only the projection of ( )tf  in the range space of nM Ψ  can be represented 

in the form of ( )n tM Ψd . In other words, the projection of ( )tf  in the null space of nM Ψ  will be 

filtered out according to the orthogonality condition =T
nΨ M Ψ I . This indicates that the distributed 

force ( )tf  can only be reconstructed spatially in part, if only limited modes are considered in the 
structural model.  

Defining a state vector ( ) ( ) ( ) =  
TT T

m mt t tx q q , the structural model represented in Eq. 2 can be transformed 
to its state-space form, 
 

( ) ( ) ( )= + t t tx Ax Gd , (3a) 
 

( ) ( ) ( )= +t t ty Cx Hd , (3b) 
 
where ( )∈ pty   is the output vector; A  is the state transition matrix; G  is the input matrix; C  is the output 
matrix; and H  is the direct feedthrough. For the case that only the acceleration output is considered, A , G , C  
and H  appear as follows, 
 

 
=  − − m m
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A

K C
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=  
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G

I
, [ ]= − −a m mC C Ψ K C  and = aH C Ψ , (4) 

 
where ×∈ p nDOF

aC   denotes the acceleration output selection matrix. 
 
 
 
 



Adopted Input and State Estimation Algorithm 
 
In practice, the responses from higher modes and the sensor noise are inevitable in the measurements, so Eq. 3b 
can be extended to include a measurement noise vector ( )∈ ptυ  , 
 

( ) ( ) ( ) ( )= + +t t t ty Cx Hd υ . (5) 
 
Consider following state estimator, which is similar to the steady-state Kalman filter, 
 

( ) ( ) ( ) ( )( )ˆ ˆ ˆ= + − t t t tx Ax K y y , (6a) 
 

( ) ( )ˆ ˆ=t ty Cx , (6b) 
 
where ( )ˆ tx  denotes the estimate of  the state vector ( )tx ; and K  is the to be designed gain matrix. 
Substituting Eq. 5 and Eq. 6b into Eq. 6a leads to 
 

( ) ( ) ( ) ( ) ( ) ( )ˆ ˆ= − + + + t t t t tx A KC x KCx KHd Kυ . (7) 
 
Defining the state estimate error ( ) ( ) ( )ˆ= −t t te x x , the state estimate error dynamic equation in Eq. 8 can be 
obtained by subtracting Eq. 7 from Eq. 3a, 
 

( ) ( ) ( ) ( ) ( ) ( )t t t t= − + − −e A KC e G KH d Kυ . (8) 
 
Assume the unknown input vector ( )td  and the measurement noise ( )tυ  to be uncorrelated with each other, 
zero-mean, and stationary with covariance matrices 
 

( ) ( )  = 
T

dE t td d Q  and ( ) ( ) υ  = 
TE t tυ υ Q , (9) 

 
where [ ]⋅E  is the expectation operator. The gain matrix K  can be calculated with 
 

( )( ) 1T T T
d d

−
= +K GQ G PC HQ H . (10) 

 
The matrix P  in Eq. 10 can be obtained by solving the Riccati equation, 
 

( ) ( ) ( )1

υ

−
+ + − + + + =

TT T T T T
d d d dAP PA G Q G CP HQ G HQ H Q CP HQ G 0 . (11) 

 
Once the gain matrix K  is available, the least squares estimate of the unknown input vector ( )td  can be 
calculated using Eq. 12, 
 

( ) ( ) ( ) ( )( )1ˆ ˆ−
= −T Tt t td G G G K y Cx . (12) 

 
The detailed derivation of Eqs 10, 11 and 12 can be found in Hwang et al. (2009).  
 
METHODOLOGY 
 
The 600 meter tall Canton Tower (formerly named Guangzhou New TV Tower) is located in a typhoon active 
area, and a long-term SHM system has been designed and integrated onto this tower (Ni et al. 2009). These two 
points make the Canton Tower an ideal test-bed for the wind load reconstruction study. Figure 1 illustrates the 
positions and measurement directions of the accelerometers and the anemometer from the SHM system. Figure 
2 shows the reduced-order finite element model (FEM) of the Canton Tower. This reduced-order FEM is mainly 



based on the one provided in Ni et al. (2012). The heights of the nodes in this FEM are listed in Table 1. The 
flow chart in Figure 3 schematically explains the adopted methodology.  

 

 
(c) Position of the anemometer 

 
(a) Positions of accelerometers (b) Measurement directions of accelerometers 

Figure 1. Positions and measurement directions of the accelerometers and the anemometer 
 
 

 

Table 1. Nodal coordinates (z) for the reduced-order FEM 
Node z (m) Node z (m) Node z (m) 

1 -10.00 13 171.10 25 417.45 
2 0.00 14 204.25 26 427.85 
3 12.00 15 228.50 27 438.25 
4 22.25 16 275.30 28 446.80 
5 30.63 17 308.25 29 480.00 
6 58.65 18 332.15 30 497.60 
7 84.65 19 344.65 31 502.00 
8 95.05 20 355.05 32 520.70 
9 105.45 21 375.85 33 547.20 
10 119.30 22 384.24 34 562.70 
11 147.05 23 395.65 35 580.00 
12 157.45 24 407.05 36 600.00 

 

Figure 2. Reduced-order FEM 
 



 
Figure 3. Online simultaneous wind load and structural response reconstruction methodology for Canton 

Tower 
 
The measurements acquired during the Typhoon “Nanmadol” in 2011 and the Typhoon “Kai-tak” in 2012 are 
analyzed in this paper. These two typhoon events both happened after the construction work of the Canton 
Tower was finished. Furthermore, the rose diagrams in Figure 4 show that the dominant wind directions of these 
two typhoon events are more or less parallel with the long-axis of the main tower. Based on the above two 
points, these two typhoon events are classified into one group. Using the vector autoregressive method (ARV), 
the modal properties of the Canton Tower are extracted from the acceleration measurements recorded during the 
Typhoon “Nanmadol”. More details on this ARV method can be found in Kraemer and Fritzen (2010) and Niu 
et al. (2012). The identified natural frequencies and damping ratios of the first 12 modes are presented and 
compared with those earlier extracted under the normal ambient condition, as shown in Figure 5. The reduced-
order FEM of the Canton Tower is then updated according to the OMA results of the Typhoon “Nanmadol” by 
using the model updating method in Ni et al. (2012). Following the flowchart in Figure, the updated FEM is 
transformed to the state-space model in the modal coordinates, where the first 12 modes are included inside. In 
the stage 2, the acceleration measurements obtained during the Typhoon “Kai-tak” are processed by the input 
and state estimation algorithm, by which the wind load and the structural responses are reconstructed. Due to the 
page limit, this paper focuses more on the wind load and structural response reconstruction in the stage 2. 

  
(a) Typhoon “Nanmadol” (from 00:00:00 to 24:00:00 

on August 31, 2011) 
(b) Typhoon “Kai-tak” (from 05:00:00 to 13:00:00 

on August 17, 2012) 
Figure 4. Rose diagram of wind measurements at 461m 

 



  
(a) identified natural frequency (b) identified damping ratio 

Figure 5. Modal property comparison of the Canton Tower under normal excitation and Typhoon 
“Nanmadol”  

 
WIND LOAD RECONSTRUCTION 
 
The time-varying wind load at the height of z  m, ( ),f z t  can be decomposed into two components, the mean 

wind load ( )f z  and the fluctuating wind load ( ),f z t , 
 

( ) ( ) ( ), ,f z t f z f z t= +  . (13) 
 
It is noted here that the algorithm in Hwang et al. (2009) is derived under the assumption that the unknown input 
has zero mean, which indicates this algorithm can only reconstruct the fluctuating wind load if the initial 
condition is unknown and only acceleration measurements are available. Because there is no available direct 
wind load measurement, in order to verify the reconstruction results, the reconstructed fluctuating wind load is 
applied back to the structural model to calculate the acceleration responses at the positions where the 
measurements are available but not used in load reconstruction. If the measured acceleration and the 
reconstruction acceleration can fit each other, then it indirectly proves the reconstructed fluctuating wind load is 
correct. In this study, channels 07 and 20 are selected for this verification purpose. The time history and the 
power spectral density (PSD) of the reconstructed acceleration for channels 07 and 20 are plotted in Figures 6-7. 
From this acceleration reconstruction result, it can be concluded that the reconstructed fluctuating wind load is 
correct. 

 
Figure 6. Measured and reconstructed acceleration of channel 07 

 



 
Figure 7. Measured and reconstructed acceleration of channel 20 

 
Regarding the mean wind load ( )f z , it can be calculated with 
 

( ) ( ) ( )21
2 WT wf z   a z  u zρ µ= , (14) 

 
where ρ  denotes the air density; µWT  represents the mean aerodynamic force coefficient; ( )wa z  is the 

orthogonal exposed wind area; and ( )u z  is the mean wind speed at the height of z  m. Both µWT  and ( )wa z  
can obtained from the wind tunnel test (Gu et al. 2006). The mean wind speeds at different heights follow the 
power law, 
 

( ) ( )g gu z u z z
α

= , (15) 

 
where gz  denotes the gradient height; and gu  is the mean wind speed at gz . Using the wind measurements at 
the height of 461 m and the information listed in Table 2, the mean wind speeds at different heights can be 
calculated.  
 
Figure 8 shows the calculated mean wind load in the x and y direction for the time duration from 05:00:00 to 
06:00:00 on August 17, 2012 during the Typhoon “Kai-tak”. The standard deviation is obtained from the 
reconstructed fluctuating wind load. 
 

Table 2. Parameters used in mean wind load calculation 

Terrain category* 
Gradient height gz * Exponent α  * Air density ρ   

[m]   [ 3kg m ] 

C 400 0.22 1.225 
             * According to the Building Structure Design Code of China (50009-2001) (GB50009-2001 2006) 
 



  
(a) Reconstructed wind load in x direction (b) Reconstructed wind load in y direction 

Figure 8. Reconstructed horizontal wind load 
 
STRUCTURAL RESPONSE RECONSTRUCTION 
 
As shown in Figures 6-7, the acceleration response in channels 07 and 20 can be successfully reconstructed. 
Such structural response reconstruction ability actually proposes the possibility to reconstruct the sensor signals 
of faulty sensors or the structural responses at which position it is difficult to install a sensor. 
 
CONCLUSIONS 
 
In this paper, an online simultaneous wind load and structural response reconstruction methodology is applied to 
the 600 m tall Canton Tower. By analyzing the field measurements obtained during the Typhoon “Nanmadol” 
and the Typhoon “Kai-tak”, it is verified that the adopted steady-state Kalman filter based input and state 
estimation algorithm can successfully reconstruct the fluctuating wind load and the structural acceleration 
responses in real-time. This is a type of model-based method, which indicates the accuracy of the reconstructed 
fluctuating wind load is highly dependent on a reliable structural model. In the next step, the reduced-order FEM 
of the Canton Tower could be further updated using the measurements from more wind events with different 
wind directions and environmental conditions. So that reduced-order FEM can be classified and a database for 
the structural model can be constructed in order to increase the model accuracy. Furthermore, an online sensor 
fault detection algorithm could also be included to make this wind load reconstruction methodology more robust. 
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