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Abstract: In this paper, an algorithm is proposed for the identification of structural parameters of tall buildings under unknown
wind loading with limited measurements of acceleration response outputs. Dynamic wind loading on tall buildings at typical levels
is estimated based on the fluctuating properties of wind. A tall building is decomposed into small size substructures based on its
finite element formulation. Interconnection effects between adjacent substructures are considered as ‘additional unknown inputs’ to
substructures. For each substructure, the identification algorithm is based on sequential application of extended Kalman estimator for
the extended state vector of the substructure and least-squares estimation of its unknown external excitations. It is shown that the
‘additional unknown inputs’ can be estimated by the algorithm without the measurements of the substructure interface degree-offreedoms, which is superior to previous substructural identification approaches. The proposed algorithm is straightforward and simpler
since it can identify structural parameters and unknown excitations in a sequential manner. To validate the feasibility of the proposed
algorithm, structural parameters of a 20-story shear-type building and the unknown wind loading are identified in a numerical example.
It is shown that the proposed algorithm is effective.
Keywords: Structural Parameter Identification, Wind Loading, Unknown Inputs, Substructure Approach, Extended Kalman Estimator,
Least-squares Estimation

1 Introduction
With the innovations of new technologies, materials and
design application, civil engineering structures become
more and more light, high and complex, which make
structures very sensitive to wind loading. For tall
buildings, long-span bridges, high towers and mast
structures, wind loading is essential in the structural
design. Thus, it is important to explore the dynamic
characteristics of wind loading and its effect on the
excited large-scale structures. In general, it is difficult to
directly measure the external wind loading on a structure
in real time, and the response measurement is more
accurate. So, identification of time-varying force from
measured responses has been the main stream of indirect
methods. When a proper wind loading model is assumed
and applied to the structure, the wind loading can be
identified based on the measurements of the structural
responses [1]. Some approaches have been proposed for
∗ Corresponding

the identification of wind loading acting on buildings
together with the unknown structural parameters based on
the measurements of the structure responses, including
the displacements, velocities and accelerations at all
degrees-of-freedom (DOFs) [2]. However, it’s often
impossible to deploy so many sensors in order to
accurately measure all outputs of systems, and thus it is
highly desirable to deploy fewer sensors. In this case,
only limited structural response outputs are measured.
Extended Kalman filter (EKF) has been studied and
shown to be useful for structural identification with
limited response outputs [3,4,5,6], but the traditional
EKF approaches require that all excitation inputs are
measured or available. Recently, Yang et al. proposed an
extended Kalman filter with unknown excitation inputs,
referred as EKF-UI, for the identification of structural
parameters as well as the unmeasured excitation
inputs [7]. But the analytical recursive solutions by the
EKF-UI are obtained with rather complex mathematical
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derivations since the unknown excitation and structural
parameters are identified simultaneously. Identification of
structural parameters without excitation information has
also been explored by some researchers [8,9,10,11,12,
13,14]. However, assumptions are adopted in these
approaches that information of structural displacement
and velocity response signals are available or can be
obtained through integration of measured acceleration
responses. In practice, dynamic responses are usually
measured by accelerometers, and error is incurred in
obtaining velocity and displacement signals by
integration. Hence, acceleration signal is preferred to
velocity and displacement signals.
Identification of tall building with a large number of
unknown parameters is more difficult due to ill-condition
and computation convergence problems [15]. In addition,
along with the size of a structural system increases, its
computational efforts increase tremendously [16].
Therefore, substructural identification approaches, in
which a large size structure is decomposed into several
small size substructures with fewer DOFs and unknown
parameters [15,17,18], have been proposed. Interaction
effects between adjacent substructures are accounted by
interaction forces at the interfaces between adjacent
However,
previous
substructures
[19,20,21,22].
substructural identification approaches require that
measurements of all response signals at the substructure
interface DOFs are available. Although the
aforementioned EKF-UI algorithm can identify the
unmeasured excitation inputs of the structure, it still
requires deploying sensors and measuring all DOFs of
responses at the substructure interface for identification of
the interaction forces as the EKF-UI is based on a
Kalman filter approach. In practice, it is often impossible
to measure all responses at the interface DOFs between
substructures, e.g., it’s very difficult to measure the
rotational DOFs at the substructure interfaces.
In this paper, an algorithm is proposed for the
identification of structural parameters of tall buildings and
the unknown wind loading with limited measurements of
acceleration response outputs. Dynamic wind loading on
the structure at typical levels is simulated based on the
fluctuating properties of wind. A tall building is
decomposed into small size substructures based on its
finite element formulation. Interconnection effects
between adjacent substructures are considered as
‘additional unknown inputs’ to substructure. An
algorithm is proposed based on sequential application of
extended Kalman estimator for the extended state vector
of the substructure and least-squares estimation of its
unknown external excitations. A numerical example of
identification of a 20-story shear building subject to
unknown wind loading is used to demonstrate the
proposed algorithm.

2 Dynamic Wind Loading
The longitudinal wind loading is considered in the
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following analysis by neglecting the transverse and
vertical wind loading components. The wind speed at
level z above the ground, v(z,t) can be written as [2]:

ν (z,t) = v̄(z) + v f (z,t)

(1)

Where v̄(z) and v f (z,t) denote the average wind speed and
fluctuating wind speed, respectively. Then, wind pressure
on the structure at level z can be written as
1
(2)
ω (z,t) = ρ µs (z)v2 (z,t)
2
Where ρ is the density of air, µs (z) is the drag coefficient
of the structure at level z. Substituting Eq. (1) into Eq. (2)
yields

ω (z,t) = ω̄ (z) + ω f (z,t) = ω̄ (z)[1 + 2
= µs (z)µz (z)ω0 [1 + 2

v f (z,t)
]
v̄(z)

v f (z,t)
]
v̄(z)

(3)

where ω̄ (z) is the average wind pressure on the structure
at level z, µz (z) is the wind pressure altitude change
coefficient on the structure at level z; ω0 is the wind
pressure at 10m. Then the wind loading P(z,t) on the
structure at level z can be written as
v f (z,t)
]ω 0
v̄(z)
= J(z)[1 + 2β v f (t)]ω0

P(z,t) = Az µs (z)µz (z)[1 + 2

(4)

where Az is the orthogonal exposed wind area at level
v (z,t)
z, β = fv̄(z) is a quotient of the max fluctuating wind
speed and the average wind speed, J(z) = Az µs (z)µz (z),
v f (t) is a stationary random process and it can be
simulated by using the trigonometric series method, it can
be written as [23].
N

v f (t) = ak ∑ sin(ωk + φk )

(5)

k=1

where ak is a Gaussian random variable which the
average value is 0 and standard deviation is σx , φk is
statistically independent random variable uniformly
distributed between 0 and 2π , ωk = ωl + (k − 12 )∆ ω , ωl is
the limit of frequency ω , N is the total number of
sampling frequencies, ∆ ω = (ωuN−ωl ) and ωu is the limit
on of frequency ω . Assume that ρl is fluctuating wind
related length coefficient, for example, ρl = 3 is said that
three levels of fluctuating wind is completely related [2].
Because the influence of the structure of fluctuating
wind is far outweighing its average wind, the dynamic
wind loading is only consider the fluctuating wind. The
fluctuating wind load can be written as
w(z,t) = 2J(z)β v f (t)ω0 = J(z)w(t)

(6)

where w(t) is the fluctuating wind load only related with
time. Thus, dynamic wind loading on tall buildings at
typical levels is estimated based on the above fluctuating
properties of wind.
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3 Identification Algorithm for Unknown
Structural Parameters and Wind Loading
Based on the finite element model, the equation of motion
of a tall building structure under unknown wind loading
can be written as
M ẍx(t) + C ẋx(t) + K x(t) = B w(t)

(7)

in which x (t), ẋx (t) and ẍx(t) are vectors of displacement,
velocity and acceleration response of the structure,
C and K are the mass, damping and
respectively; M ,C
stiffness matrices of the structure, respectively; w (t) is a
vector of the stationary random process of unknown wind
loading; and B is the influence matrices associated with
w (t). Usually, the mass of a structural system can be
estimated accurately based on its geometry and material
information. For simplicity, it is assumed that the mass
matrix M is a diagonal matrix.

3.1 Substructure Approach
A tall building structure involves a large number of DOFs.
To reduce the number of DOFs, the large-scale structure
can be divided into a set of small size substructures based
on its finite-element model. The equation of motion of a
substructure concerned can be extracted from the equation
of motion of the whole structure, Eq. (7), to yield




x r (t)
ẋx (t)
K
K
C rr C rs ] r
M rr ẍxr (t) + [C
+[K rr rs ]
= Br w r (t)
ẋxs (t)
x s (t)
(8)
where subscript ‘r’ denotes internal DOFs of the
substructure concerned, subscript ‘s’ denotes interface
DOFs. Treating the inter-connection effects as ‘additional
unknown inputs’ to the focused substructure, the above
equation can be re-arranged as
M rr ẍxr (t) + C rr ẋxr (t) + K rr x r (t) =

B r w r (t) + B∗r f ∗r (t)

(9)

where f ∗r (t) is the s-‘unknown input’ vector at the
substructure interface, B ∗r is the influence matrix
associated with the ‘unknown inputs’ f ∗r (t), and
C rs ẋxs (t) − K rs x s (t)
B ∗r f ∗r (t) = −C

(10)

Therefore, the substructure is excited by both the
unmeasured external wind loading w r (t) and the
‘additional unknown inputs’ f ∗r (t) due to substructure
inter-connection.

3.2 Extended Kalman Estimator
Introducing an extended state vector X r = [xxr , ẋr , θ r ]T , in
which θ r is a vector of the n-unknown structural
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parameters, such as damping and stiffness parameters,
one can transform Eq. (9) into a state equation as:


ẋxr





∗
∗
Br f r (t)−
B r w r (t)+B
X r = M −1
(11)
Ẋ
r
K rr )θ r x r 
C rr )θ r ẋxr − (K
(C



0

C rr )θ r represents that elements in the damping
In which, (C
matrix C rr are composed by the unknown parameters of
K rr )θ r represents
damping in the parametric vector θ r , (K
the constitution of stiffness matrix K rr analogously. As
observed from Eq. (11), the extended state equation is a
nonlinear equation of the extended state vector X r . Thus,
Eq. (11) can be rewritten in the following general
nonlinear differential state equation as:
X r = g r (X
X r , w r , f ∗r )
Ẋ

(12)

Some sensors are deployed on the substructure to
measure the response signals. Usually acceleration signals
are measured and the observation vector of the focused
substructure can be expressed in the discretized form as
y r [k] = D r ẍxr [k] + v r [k]
X r [k], f ∗r [k]) + G r w r [k] + vr [k]
= h r (X

(13)

where,
X r [k], f ∗r [k]) =
h r (X
B∗r f ∗r [k] − (C
C rr )θr ẋxr [k] − (K
K rr )θr x r [k]}
D r M −1
r {B

(14)

D r is the matrix associated with the locations of
accelerometers, G r = D r M −1
r B r , and v r [k] is the
measured noise vector.
Based on the extended Kalman estimator [24,25], the
extended state vector at time t = (k + 1) × ∆ t can be
estimated with the observation of (yyr [1], y r [2], . . . , y r [k])
as follows:
X r [ k + 1| k] = X̃r [ k + 1| k]
X̂

)
(
∗
(15)
X r [ k| k − 1], f̂f r [ k| k − 1]
y r [k] − hr X̂
+ K r [k]
w[ k| k]
Gr ŵ
−G
in which,
X r [ k| k − 1] +
X̃r [ k + 1| k] = X̂

Z t[k+1]
t[k]

X r , w r , f ∗r )dt
g r (X
(16)

X r [ k + 1| k] and ŵ
w[ k| k] are the estimation of
where X̂
X r [k + 1] and w [k] given (yy[1], y [2], . . . , y [k]), respectively
and K [k] is the Kalman gain matrix [22,24]:
However, since the wind loading w r (t) and the
‘additional unknown inputs’ f ∗r (t) due to substructure
inter-connection are unknown, it is impossible to obtain
the recursive solution for the extended state vector by the
classical extended Kalman estimator alone.
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3.3 Estimation of Unknown Excitation Inputs

unknown wind loading is used to demonstrate the
proposed algorithm.

As shown by the extended Kalman estimator, the
extended state vector of the focused substructure at time
t = (k + 1) × ∆ t can be estimated given the observation
signal (yyr [1], y r [2], . . . , y r [k]) and the unknown excitations
at time t = k × ∆ t. Then, it is possible to estimate the
‘additional unknown inputs’ f ∗r at time t = (k + 1) × ∆ t
based on their formulations in Eq. (10), i.e.,
∗
C rs [ k + 1| k]ẋxˆ s [ k + 1| k]
B ∗r f̂f r [ k + 1| k] = −Ĉ

K rs [ k + 1| k]x̂xs [ k + 1| k]
− K̂

(17)

where x̂xs [ k + 1| k] and ẋxˆ s [ k + 1| k] are the estimation
values of corresponding state vectors at the interface
C rs [ k + 1| k] and K̂
K rs [ k + 1| k] can be constructed
DOFs, Ĉ
by the estimated values of structural parameters from the
finite element model of the structure.
In the proposed algorithm based extended Kalman
estimator, recursive solutions for the extended state vector
of each substructure is initially obtained with the
observation signals and unknown excitation values at a
former time instant, followed by the estimation of
unknown excitation values. Due to this superiority, the
‘additional unknown inputs’ to each substructure can be
estimated based on the formulation of ‘additional
unknown inputs’ without all measurement signals on the
substructure interfaces.
From Eq. (13), it is noted that the observation vector,
such as the acceleration measurement, is a linear function
of external wind loading w r (t). Under the conditions that
the number of output measurements is greater than that of
the unknown excitations, the unknown external excitations
at time t = (k + 1) × ∆ t can be estimated from Eq. (13) by
least -squares estimation as:
w r [ k + 1| k + 1] = [(G
Gr )T G r ]−1 (G
Gr )T
ŵ


X [ k + 1| k], f ∗r [k + 1]
y r [k + 1] − hr X̂

(18)

wr [ k + 1| k + 1] is the estimation of w r [k + 1]
in which, ŵ
given the observation of (yy[1], y [2], . . . , y [k + 1]).
So, the proposed algorithm can identify structural
parameters and unknown excitation in a sequential
manner, which simplifies the identification problem and
reduce both computational effort and storages compared
with other existing work. Based on the proposed
algorithm, identification of substructures of a tall building
structural system and unknown wind loading can be
conducted concurrently with parallel computing;
however, signal transmission between adjacent
substructures
is
needed
for
estimating
the
inter-connection forces.

4 Numerical Example
As shown by Figure 1, a numerical example of
identification of a 20-story shear building subject to
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Fig. 1: The model of a 20-story shear building.
Wind loading is simulated based on the procedures in
section 2. In the numerical example, the time step of date
is 0.001s. The mean wind velocity at 10 m above the
ground is chosen to be 15 m/sec. The landscape level is B,
the density of air ρ is taken as 1.25kg/m3. And ρl = 20.
The qualities and stiffness of each story of the building
are assumed to be the same with floor mass M = 5000 kg
and the floor stiffness K = 1.2 × 105 N/m, each story is
3m high.
Rayleigh damping assumption is employed and the
damping matrix is assumed as
C = α M +β K

(19)

In the substructure approach, the building is divided
into two substructures with floor 1-10 being the 1st
substructure and floor 10-20 being the second one, as
shown by Figure 2.
In the 1st substructure, accelerometers are installed at
1st, 3rd, 4th, 6th, 7th, 8th and 9th floors. In the 2nd
substructure, accelerometers are installed at 10th, 11th,
13th, 14th, 15th, 16th, 17th, 18th and 20th floors. In the
1st substructure, accelerometers are not installed at 2nd
and 10th floors; in the 2nd substructure, accelerometers
are not installed at 12th and 19th. Thus, only limited
acceleration responses are measured and the responses at
the two substructural interface DOFs are not all available.
Based on the proposed algorithm, structural
responses, structural parameters and the unknown wind
loading can be identified with parallel computation. The
influence of measurement noise on the results of system
identification and damage detection is considered by
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superimposition of noise process with the theoretically
computed response quantities. In this example, all the
measured acceleration responses are simulated by the
theoretically computed responses superimposed with the
corresponding white noise with 5% noise- to- signal ratio
in root mean square (RMS). Structural parameters are
identified in the case without noise and with 5% noise in
measured structural responses.
In Figures 3(a)-3(b), convergences of the identified
stiffness k1 in the 1st substructure and k11 in the 2nd
substructure are shown as dashed line. It can be seen from
this figure that the identified stiffness parameter
converges very fast.

Fig. 2: The model of substructure with“unknown inputs”.
(a)

Table 1: Identified structural stiffness parameters and
relative errors
stiffness
parameter
k1
k1
k3
k4
k5
k6
k7
k8
k9
k10
k11
k12
k13
k14
k15
k16
k17
k18
k19
k20

without noise
5% noise
recognition
recognition
value
value
error (%)
errror (%)
(× 105 N/m)
(× 105 N/m)
1.2004
0.033
1.2011
0.094
1.2011
0.095
1.1950
−0.416
1.2014
0.115
1.2029
0.242
1.2023
0.194
1.1944
−0.464
1.2005
0.039
1.2016
0.132
1.2102
0.853
1.2095
0.794
1.1996
−0.030
1.1997
−0.021
1.1798
−1.682
1.1806
−1.618
1.1608
−3.264
1.1784
−1.800
1.1865
−1.124
1.1898
−0.849
1.1786
−1.781
1.1699
−2.509
1.2279
2.326
1.2144
1.198
1.2191
1.588
1.2139
1.155
1.2342
2.848
1.2167
1.393
1.2199
1.660
1.2136
1.137
1.2283
2.356
1.2314
2.614
1.2143
1.196
1.2031
0.261
1.1979
−0.174
1.1942
−0.486
1.1937
−0.529
1.1890
−0.913
1.1734
−2.217
1.1650
−2.919

(b)

Fig. 3: (a). Convergences of the identified stiffness k1 (b).
Convergences of the identified stiffness k11 .
For clarity of comparisons, the identified
displacement and velocity responses of the 1 floor in 1st
substructure for a segment from 0.0 to 15s are presented
in Figure 4(a) and Figure 4(b) as dashed curves,
respectively, while the corresponding actual results are
also shown as solid curves in these two figures. From
these comparisons, it is shown that displacement and
velocity responses can be identified by the proposed
algorithm, which ensures the identification of
inter-connection effect between adjacent substructures.
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(a)

(b)

Fig. 4: (a). The identified displacement of the 1st floor (b).
The identified displacement of the 1st floor.

Fig. 5: The results of identified wind loadings.
extended Kalman estimation and least squares estimation
for the unknown inputs. It can identify structural
parameters and unknown excitation in a sequential
manner, which simplifies the identification problem
compared with other available algorithms. Also, the
proposed technique can estimate the ‘additional unknown
inputs’ without all measurement signals at the
substructure interface.
Identification of the structural parameters of a
20-story shear-type building and the unknown excitation
wind loading with limited measurements of acceleration
responses demonstrates that the proposed algorithm can
identify tall building parameters and the unknown wind
loading with good accuracy.
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