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The damping is important for forward and inverse structural dynamic analysis, and damping identification has become a hot issue
in structural health monitoring recently. The dynamic responses of the structure can be measured in practice, and the structural
parameter usually can be identified by inverse response sensitivity analysis. To reduce the measurement noise effect and enhance
the effectiveness of the response sensitivitymethod, an enhanced sensitivity analysismethodwas proposed to identify the structural
damping based on the Principal Component Analysis (PCA) method.Themeasured acceleration responses were analyzed by PCA
method, and the updated analytical responses and the response sensitivities were projected into the subspace determined by the
first-order principal component.Theprojection equationswere adopted to identify the parameters of dampingmodel.Theproposed
damping identification method was numerically validated with a planar truss structure at first, and then the experimental study
was conducted with a steel planar frame structure. It shows that the proposed method is effective in identifying the parameters of
dampingmodel with better accuracy compared with the conventional acceleration response sensitivity method, and it is also robust
to the sensor placement and measurement noise.

1. Introduction

The damping ratio is a dimensionless measure and a measure
of describing how rapidly the oscillations of a structural
system decay from one bounce to the next, which is a signif-
icant factor when analyzing the structural dynamic behavior
dominated by energy dissipation [1]. Unlike the mass or
stiffness that can be measured or determined by static test,
the damping cannot be determined by measurement or static
test [2], but the damping characteristic is very important
in structural health monitoring. Accurate damping matrix
construction is a determining factor in analyzing structural
dynamic responses and predicting energy dissipation behav-
ior, which makes the damping estimation become a key
issue for the structural design, dynamic response analysis,
structural health monitoring, etc.

In order to construct accurate structural dampingmatrix,
damping identification has been studied by some researchers
for different systems, including rotor systems [3], mistuned
blisks [4] and monopile foundation [5]. For the structural
system, the damping identification method can be classified
into frequency domain method [6–8], time domain method
[9–11], and time-frequency domainmethod [12, 13].The half-
power bandwidth method [6, 7] in frequency domain is
usually adopted in the dynamic test, andWang [8] studied the
errors of calculating damping effect between the classical and
the third-order half-power method. Li and Law [9] proposed
a time domain damping ratio identification method based
on the acceleration response sensitivity, and the proposed
method is validated by numerical study and experimental
study [11]. The time domain response sensitivity method was
combined with iterative regularization method to identify
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damping ratios [10]. The wavelet analysis method [12, 13]
and Hilbert–Huang Transform method [14] have also been
adopted to identify the damping ratio.

Sensitivity analysis can be used to estimate the system
output variation due to a perturbation in the system param-
eters by means of partial derivatives [15, 16], and forward
sensitivity analysis has been used in many applications [17–
19]. Inverse sensitivity-based method with model updating
is usually based on a first-order Taylor series that min-
imizes an error function to assess the system parameter
perturbation, and time domain sensitivity method has been
adopted in structural parameter identification widely [20–
22].The time domain response sensitivitymethod has advan-
tages including no requirement of computing the higher
order system model parameters, obtaining the responses
easily, and providing more identification equations, which
makes it a good tool for damping identification. Time
domain response sensitivity method has also been studied
and gained significant attention in damping identification
[9–11].

The time domain response sensitivity method also has
the disadvantage of being sensitive to the measurement noise
[23, 24], and it is also important to enhance the response
sensitivity for the structural parameter identification [24–26].
The Principal Component Analysis (PCA) technique, also
known as Karhunen-Loeve transform or proper orthogonal
decomposition [27], decomposes data series through orthog-
onal linear transformation to get the principal components,
the first few of which contain more information of the
parameter variation and less random noise information. The
relationship between the system parameters and its output
has been broadly studied with a combination of sensitivity
analysis and Principal Component Analysis (PCA) [28, 29],
and it has been proved that PCA method can improve the
response sensitivity for structural damage identification [25,
26] with subspace projection method.

With the rapid development of measurement technique,
the time domain responses of the structure can be obtained,
and the acceleration responses of the structure can be mea-
sured easily.This paper will propose a damping identification
method based on the acceleration response measurement.
The inverse acceleration response sensitivity method for
damping ratio identification is revisited, and the model
updating method is also briefly reviewed in this paper at
first. The measured acceleration responses are decomposed
by PCA method, and time domain response sensitivity
equations of damping ratio identification are projected into
the finer subspace. With the iterative procedure of model
updating and subspace projection, the enhanced sensitivity
method is proposed to identify the parameters of damp-
ing model. The proposed method is described in detail,
and it is validated with simulation studies on a plane
truss structure, in which different sensor placements and
different measurement noise levels are studied. A seven-
storey steel frame was designed and manufactured in the
laboratory, and hammer test was performed. The proposed
acceleration response sensitivity enhancement method is
used to identify the damping ratio of the steel frame struc-
ture.

2. Methodology

2.1. Damping Identification Based on Acceleration Response
Sensitivity. The equation of motion of a damped linear
structure can be written as

Mẍ + Cẋ + Kx = LP (𝑡) (1)

whereM,C, andK are themass, damping, and stiffnessmatri-
ces of the structural system, respectively. P(𝑡) is the vector
of excitations on the structure and L is the mapping matrix
for the excitations. ẍ, ẋ, and x are vectors of the acceleration,
velocity, and displacement responses, respectively.

Performing differentiation to both sides of (1)with respect
to damping ratio 𝜁𝑗, which is the critical parameter in
structural damping model, we have

M 𝜕ẍ
𝜕𝜁𝑗

+ C 𝜕ẋ
𝜕𝜁𝑗

+ K 𝜕x
𝜕𝜁𝑗

= −𝜕C
𝜕𝜁𝑗

ẋ (2)

where 𝜁𝑗 is the 𝑗th damping ratio of the structural system,
and 𝜕ẍ/𝜕𝜁𝑗, 𝜕ẋ/𝜕𝜁𝑗, and 𝜕x/𝜕𝜁𝑗 are the acceleration, velocity,
and displacement sensitivity vectors, respectively, which can
be determined by Newmark-𝛽method solving (2).

The acceleration sensitivity vector corresponding to 𝑗th
damping ratio can be rewritten as S𝜁𝑗 . All the sensitivity
vectors are assembled as

S = [S𝜁1 ⋅ ⋅ ⋅ S𝜁𝑗 ⋅ ⋅ ⋅ S𝜁n] (3)

The identification equation for all the damping ratios of a
structure can be represented as

SΔ𝜁 + 𝑜 (Δ𝜁)2 = ẍ𝑐 − ẍ𝑚 (4)

The higher order term 𝑜(Δ𝜁)2 can be omitted in (4). With
an iterative method the damping ratio perturbations can be
determined from (4), and Tikhonov regularization is used
for optimizing the following objective function in the 𝑘th
iteration as

J (Δ𝜁𝑘, 𝜆𝑘𝜁) =
SΔ𝜁
𝑘 − (ẍ𝑐 − ẍ𝑚)


2
+ 𝜆𝑘𝜁

Δ𝜁
𝑘 (5)

where 𝜆𝑘𝜁 is the regularization parameter in the 𝑘th iteration
obtained with the L-curve method [30].

After Δ𝜁𝑘 is solved, the damping matrix is updated with

𝜁
𝑘 = 𝜁0 +

𝑘

∑
𝑖=1

Δ𝜁𝑖 (6)

where 𝜁0 is the assumed initial damping ratio vector.
Then after recalculating the structural responses and the

sensitivity matrix, the vector 𝜁𝑘+1 for the next identification
iteration is obtained until the given convergence criterion is
met:

𝜁
𝑘+1 − 𝜁𝑘𝜁
𝑘+1

< 𝑇𝑜𝑙 (7)

Tol values are selected to meet the challenge in convergence
of the identified results with measurement noise effect, and
then the final value of the damping ratio can be obtained.
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2.2. Acceleration Response Sensitivity Enhancement by PCA.
The initial structural damping ratio vector is assumed as
𝜁
0, and the initial analytical acceleration responses corre-
sponding to 𝜁0 in the initial stage can be determined from
(1) with the Newmark-𝛽method. The measured acceleration
responses can be obtained with the accelerometers in the
structure. Based on the initial analytical acceleration response
vectors ẍ0𝑐 andmeasured acceleration response vectors ẍ𝑚, the
identification equation for the first identification iteration can
be written as

S (𝜁0) Δ𝜁1 = ẍ0𝑐 − ẍ𝑚 (8)

The PCA is applied to the measured acceleration responses
ẍ𝑚, and the covariance matrix of ẍ𝑚 is cov(ẍ𝑚) =
𝐸((ẍ𝑚)(ẍ𝑚)

𝑇), when written in the form of spectral decom-
position as

cov (ẍ𝑚) =
𝑝

∑
𝑖=1

𝜆𝑚𝑖 U
𝑚
𝑖 (U
𝑚
𝑖 )
𝑇 (9)

where 𝜆𝑚𝑖 (𝑖 = 1, ⋅ ⋅ ⋅ , 𝑝) is the vector of eigenvalues of the
covariance matrix; U𝑚𝑖 (𝑖 = 1, ⋅ ⋅ ⋅ , 𝑝) is the corresponding
eigenvector matrix which defines an orthogonal subspace; p
is the number of measured acceleration responses here.

Theprincipal components ẍ𝑚,𝑖 (𝑖 = 1, ⋅ ⋅ ⋅ , 𝑝) ofmeasured
acceleration responses are then obtained as

ẍ𝑚,𝑖 = (U𝑚𝑖 )
𝑇 ẍ𝑚 (𝑖 = 1, ⋅ ⋅ ⋅ , 𝑝) (10)

The initial analytical responses can be projected into the
subspace constructed by the eigenvector matrix U𝑚𝑖 (𝑖 =
1, ⋅ ⋅ ⋅ , 𝑝) as

ẍ𝑐,𝑖 = (U𝑚𝑖 )
𝑇 ẍ0𝑐 (𝑖 = 1, ⋅ ⋅ ⋅ , 𝑝) (11)

The same projection can be conducted to the sensitivity
vectors, so the projection of (8) with the same subspace can
be written as

(U𝑚𝑖 )
𝑇 S (𝜁0) Δ𝜁1 = (U𝑚𝑖 )

𝑇 ẍ0𝑐 − ẍ𝑚 (𝑖 = 1, ⋅ ⋅ ⋅ , 𝑝) (12)

The orthogonal vectors U𝑚𝑖 insure each equation in (12) is
independent in the subspace.Thedimension of the projection
sensitivity matrix for each principle component is 𝑛𝑡 × 𝑛,
where 𝑛𝑡 is the length of the measured acceleration and 𝑛
is the number of the damping ratios. If there are 𝑟 principal
components selected for determining the damping ratios, the
projection sensitivity matrix dimension becomes (𝑟 × 𝑛𝑡) × 𝑛.

The principal components, which contain less measured
noise information and most of the structural damping per-
turbation information, will be selected, and the selection
of principal components will be discussed in next section.
Then the damping ratio perturbation Δ𝜁1 can be obtained by
Tikhonov regularization method as (5) with the projection
sensitivity equation in (12).

Similar to the conventional response sensitivity method
[9], the model updating procedure is conducted when each
damping ratio perturbation Δ𝜁𝑗 is determined in the 𝑗th

iterative step. After each iteration step, the damping ratio
is updated with (6), and the analytical acceleration and
sensitivitymatrix are updated.The procedure of the proposed
method for damping ratios identification is presented as the
following 5 steps.

Step 1. The measured acceleration responses are analyzed
with the PCA method, and the principal components, which
contain less measured noise information and more damping
ratio perturbation information, are selected.

Step 2. Based on the finite elementmodel and initial damping
ratio, the corresponding analytical acceleration responses
and sensitivity matrix are calculated with the Newmark-
𝛽 method, and then the identification equation in (12) is
determined based on (1)-(12).

Step 3. The identification equation is solved with Tikhonov
regularization method to obtain the damping ratio perturba-
tions.

Step 4. Thedamping ratio vector is updated, andwith the new
damping ratios, the damping matrix of the structural model
is updated and the analytical responses and corresponding
response sensitivity matrix are recalculated. The identifica-
tion equation in (12) is determined based on (1)-(12) with the
updated damping ratios.

Step 5. Step 3 to Step 4 are repeated, and the iterative process
will stop until the convergence criterion defined in (6) is
satisfied.

The flowchart of the proposed damping identification
method is shown in Figure 1.

3. Numerical Simulation Study

3.1. Numerical Simulation Case. A two-dimensional truss
structure as shown in Figure 2 serves for the numerical study.
This structure is modeled using 61 truss finite elements, and
each node consists of 2 Dof s including the translational
displacements in horizontal and vertical directions. This
structure is pin-supported at Node 1 and roller-supported at
Node 25, and the node number and element number are also
shown in Figure 2. Each vertical and horizontal member is of
1.0-meter length, and the cross-sectional area of all members
is 0.0016 m2. The Rayleigh damping model is adopted, which
has two damping ratios needed to be identified.

The mass density of material and the elastic modulus of
material are 7.8×103 kg/m3 and 2.06 GPa, respectively. The
system mass and stiffness matrices can be established based
on the geometry and material properties of the model. The
first eight natural frequencies of the structure are 1.5792 Hz,
5.2627 Hz, 7.0661 Hz, 12.6623 Hz, 18.4986 Hz, 21.2952 Hz,
29.0158 Hz, and 32.3490 Hz, respectively.

It assumes that the real damping ratio coefficients asso-
ciated with the first and second modes are 1% and 2% in the
Rayleigh damping model, respectively. The truss structure is
subjected to vertical and horizontal external dynamic forces
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Construct the analytical model, assume the
initial damping ratio and measure the response

of the structure

principal components and corresponding
orthogonal subspace

Compute the responses from Eq. (1) and
acceleration sensitivity from Eq.(2) , and then

project Eq. (4) into the subspace to get Eq. (12)

Is the pre-set convergence met?No

Let k=k+1,
and update C

END

with Eq. (5)

Yes

Decompose xm with PCA method; select

Identify the damping perturbation Δ
k

Figure 1: The flowchart of the proposed damping identification
method.

as shown in (13), and the dynamic forces are modeled as
follows to simulate excitations over a relatively wide range of
frequencies.

F1 = 65 sin (20𝜋𝑡) + 60 sin (30𝜋𝑡) + 55 sin (80𝜋𝑡)

F2 = 60 sin (30𝜋𝑡) + 60 sin (70𝜋𝑡) + 50 sin (80𝜋𝑡)
(13)

The accelerometers are set to collect acceleration responses of
the structure, and the duration of measurement is 1.0 second
with 1000 Hz sampling rate. The “measured responses” are
simulated by adding random components to the “measured
responses without noise effect” as

ẍ𝑚 = ẍ𝑚𝑟 + Ep𝜎 (ẍ𝑚𝑟)N𝑛𝑜𝑖𝑠𝑒 (14)

where ẍ𝑚𝑟 is the “measured response without noise effect”
which can be determined by Newmark-𝛽 method with the
real damping ratio in numerical simulation; Ep is the noise
level; 𝜎(ẍ𝑚𝑟) is the standard deviation of the “measured
response without noise effect”; and N𝑛𝑜𝑖𝑠𝑒 is a vector of
random values with zero mean and unit standard deviation.

It is impractical to measure the responses of all the
Dof s in a real structure, and the measurement location will
affect the identification result. This work will not discuss the
sensor placement effect, and six arbitrarily selected sets of the
sensors, which are shown in Table 1, are adopted to validate
that the proposed damping identificationmethod is robust to
sensor placement.

Table 1: Sensor placements.

No. of Sensor Sets Sensor Location
Sensor set 1 3x, 11x, 21x
Sensor set 2 3y, 11y, 21y
Sensor set 3 5x, 13x, 21x
Sensor set 4 5y, 13y, 21y
Sensor set 5 5x, 15x, 23x
Sensor set 6 5y, 15y, 23y

3.2. Damping Identification without Measurement Noise.
Both of the initial damping ratio coefficients are assumed
to be 3%. The structural responses are simulated with the
Newmark-𝛽method from the structurewith the real damping
ratios and initial damping ratios, in which the responses
with the real damping ratios are considered as “measured
responses without noise effect” and the responses with the
initial damping ratios are considered as “initial analytical
responses”. The measurement noise is not considered in this
case, so the “measured responses without noise effect” are
adopted to identify the damping ratio in this section to
validate the correctness of the proposed method.

The “measured responses without noise effect” from
different sensor placement are decomposed by PCAmethod,
and the corresponding “analytical responses” are projected
into the subspace constructed by the principal components
as (11). The damping ratios are identified with single princi-
pal component based on the “measured responses without
noise effect”, and the identified results from the proposed
method with different sensor placements are listed in Table 2.
It shows that the identified results match the real value
perfectly indicating the correctness and good accuracy of the
proposed method in damping identification, and it can be
concluded that without considering the measurement noise
the satisfactory identification results can be achieved based
on every single component.

The PCA decompose time domain data series into prin-
cipal components via orthogonal linear transformation, and
the components corresponding to larger eigenvalues usually
contain more information of the original data series. In order
to study the perturbation information of damping ratio in the
principal components of the measured responses, a ratio Δ 𝑗
is defined in (15) to present the relative perturbation informa-
tion of damping ratio in different principal components.

Δ 𝑗 =
C𝑗,𝑚𝑟 − C𝑗,𝑐

ẍ𝑚𝑟 − ẍ0𝑐


(15)

where ‖C𝑗,𝑚𝑟−C𝑗,𝑐‖ is the norm of the difference between the
jth principal component of the “measured responses without
noise effect” and the corresponding projected component of
“initial analytical responses”, and ‖ẍ𝑚𝑟−ẍ0𝑐‖ is the normof the
difference between the “measured responses without noise
effect” and “initial analytical responses”.

All the ratios with different sensor placements are shown
in Table 3.The ratios of the lower order principal component
are usually larger than that of higher order principal compo-
nents. It indicates that the lower order principal component
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Figure 2: The plane truss structure.

Table 2: Identification results from single principal component without measurement noise effect.

Damping ratio Sensor set 1 Sensor set 2 Sensor set 3
1st 2nd 3rd 1st 2nd 3rd 1st 2nd 3rd

𝜁1 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
𝜁2 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02

Damping ratio Sensor set 4 Sensor set 5 Sensor set 6
1st 2nd 3rd 1st 2nd 3rd 1st 2nd 3rd

𝜁1 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
𝜁2 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02

Table 3: The ratio Δ for different principal components without measurement noise.

Δ Sensor set 1 Sensor set 2 Sensor set 3 Sensor set 4 Sensor set 5 Sensor set 6
Δ 1 0.9774 0.7769 0.9194 0.9991 0.9763 0.7964
Δ 2 0.4764 0.8528 0.3361 0.4781 0.6614 0.8612
Δ 3 0.2699 0.5147 0.4898 0.1295 0.7052 0.4523

contains more perturbation information of damping ratios,
which makes the lower order principal component better for
damping ratio identification than higher order components.

3.3. Principal Components Selection for Damping Identifica-
tion with Measurement Noise. In practice the measurement
noise cannot be avoided, so the measurement noise effect
should be considered in damping identification. All the
principal components of the “measured responses without
noise effect” can be used to identify the damping ratio with
perfect accuracy, but the principal component will be affected
by the measurement noise. In this section, the measurement
noise information distribution in the principal component
will be discussed, and the principal component selection
criterion will be given.

Both of the initial damping ratio coefficients are also
assumed to be 3% in this section.The structural responses are
simulated with the Newmark-𝛽 method from the structure
with the real damping ratios and initial damping ratios, in
which random noise is added to the responses with the real
damping ratios being considered as “measured responses”.
In this section 10% measurement noise is considered in
damping ratio identification and the measurement noise

information distribution in different principal components is
discussed.

The “measured responses” from different sensor place-
ment are decomposed by PCA method, and the correspond-
ing “measured responses without noise effect” are projected
into the subspace constructed by the principal components
as (11). In order to study the measurement noise information
in the principal components of the measured responses, a
ratio 𝛿𝑗 is defined in (16) to present the measurement noise
information distribution in different principal components.

𝛿𝑗 =
C𝑗,𝑚 − C𝑗,𝑚𝑟

C𝑗,𝑚𝑟


(16)

where ‖C𝑗,𝑚−C𝑗,𝑚𝑟‖ is the norm of the difference between the
jth principal component of the “measured responses” and the
corresponding projected component of “measured responses
without noise effect”.

Ten different measurement noise series are added to the
“measured responses without noise effect” to simulate the
“measured responses” as in (14), and the ratio defined in (16)
is calculated. The values of 𝛿𝑗 with different measurement
noise series are shown in Figure 3; it seems that the noise
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Figure 3: 𝛿 value with different sensor placement. (a) Sensor set 1. (b) Sensor set 2. (c) Sensor set 3. (d) Sensor set 4. (e) Sensor set 5. (f)
Sensor set 6.

information distribution in every principal component is
stable for all the sensor placements, in which the first
principal component always contains least noise information.
Themean values 𝛿𝑗 for different sensor placements are shown
in Table 4, and it can be seen that the lower order principal
components are noted to be less affected by measurement
noise.

In the last section, it has been proved that the lower order
principal components of the “measured responses without
noise effect” also usually contain more perturbation infor-
mation of damping ratios. The “measured responses without
noise effect” in (15) are replaced by “measured responses”,
and the values of Δ 𝑗with different measurement noise series
are shown in Figure 4. It can be seen that the perturbation
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Table 4: The mean values of 𝛿 with 10% measurement noise.

𝛿 Sensor set 1 Sensor set 2 Sensor set 1 Sensor set 4 Sensor set 5 Sensor set 6
𝛿1 1.03% 1.46% 1.79% 0.51% 5.05% 1.41%
𝛿2 20.12% 15.11% 36.04% 20.22% 14.92% 15.31%
𝛿3 10.35% 18.98% 9.6% 6.67% 25.28% 16.80%
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Figure 4: Δ value with different sensor placement. (a) Sensor set 1. (b) Sensor set 2. (c) Sensor set 3. (d) Sensor set 4. (e) Sensor set 5. (f)
Sensor set 6.
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Table 5: The mean values of Δ with 10% measurement noise.

Δ Sensor set 1 Sensor set 2 Sensor set 3 Sensor set 4 Sensor set 5 Sensor set 6
Δ1 0.9775 0.7779 0.9198 0.9991 0.9765 0.7975
Δ2 0.4760 0.8480 0.3443 0.4781 0.6554 0.8568
Δ3 0.2703 0.5210 0.4832 0.1293 0.7103 0.4585

Table 6: Identification results with proposed method.

Damping
ratio

Sensor set 1 Sensor set 2 Sensor set 3

Mean value Coefficient of
variation Mean value Coefficient of

variation Mean value Coefficient of
variation

𝜁1 0.0100 0.0476 0.0099 0.2411 0.0102 0.0907
𝜁2 0.0200 0.0071 0.0200 0.0305 0.0200 0.0134

Damping
ratio

Sensor set 4 Sensor set 5 Sensor set 6

Mean value Coefficient of
variation Mean value Coefficient of

variation Mean value Coefficient of
variation

𝜁1 0.0098 0.0921 0.0111 0.1869 0.0099 0.2765
𝜁2 0.0200 0.0114 0.0203 0.0287 0.0200 0.0349

Table 7: Identification results with conventional method.

Damping
ratio

Sensor set 1 Sensor set 2 Sensor set 3

Mean value Coefficient of
variation Mean value Coefficient of

variation Mean value Coefficient of
variation

𝜁1 0.0127 0.2172 0.0090 0.2416 0.0124 0.1893
𝜁2 0.0208 0.0387 0.0197 0.0329 0.0207 0.0330

Damping
ratio

Sensor set 4 Sensor set 5 Sensor set 6

Mean value Coefficient of
variation Mean value Coefficient of

variation Mean value Coefficient of
variation

𝜁1 0.0098 0.4422 0.0122 0.2041 0.0091 0.2913
𝜁2 0.0199 0.0567 0.0206 0.0328 0.0197 0.0378

information of damping ratio in every principal component is
stable for all the sensor placements with measurement noise,
and the damping perturbation information distribution is
similar to that without measurement noise. The mean values
Δ𝑗 for different sensor placements are shown in Table 5, and
they are close to the ratio Δ 𝑗 of the “measured responses
without noise effect”.

Based on the above discussions the lower principal com-
ponents contain more perturbation information of damp-
ing ratios and less measurement noise information, so the
identification equation based on the lower order principal
component will give more accurate identification result
considering the measurement noise.The first-order principal
component is adopted to identify the damping ratios, and ten
different measurement noise series are considered for each
sensor placement. The ten identification results are shown
in Figure 5 with the proposed method and conventional
sensitivity method, and it can be seen that the proposed
method can give more accurate and stable identification
result than the conventional method.

The mean values and coefficients of variation of the
identification results with the proposed method are shown
in Table 6, and those of the identification results with the

conventional response sensitivity are shown in Table 7. Com-
paring the mean values in Table 6 with those in Table 7,
the mean values of the identification results from proposed
method are closer to the true value, so it can be concluded that
the proposed method can give more accurate identification
results.

Comparing the coefficients of variation in Table 6 with
those in Table 7, the coefficients of variation, which can
represent the standardized measure of dispersion, for identi-
fication results from the proposed method are much smaller
than those in Table 7, so it shows that the proposed method
can give more stable identification results.

3.4. Damping Identification with Different Measurement Noise
Level. In this section 20% and 30% measurement noise
levels are considered to investigate the performance of the
proposedmethod under higher levelmeasurement noise, and
the identification results are compared with the conventional
response sensitivity method.The evolution of damping ratios
in these two noise level scenarios with different sensor place-
ments is shown in Figure 6, and the finial identified results
are shown in Table 8. The identification results in Figure 6
and Table 8 with 20% and 30% noise levels indicate that the
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Figure 5: Identification results with different sensor placement with 10% measurement noise. (a) Sensor set 1. (b) Sensor set 2. (c) Sensor set
3. (d) Sensor set 4. (e) Sensor set 5. (f) Sensor set 6.

sensor placement effect is not significant for the proposed
method, but for the conventional method the difference of
the identification results between different sensor placements
is much larger.

The damping ratio identification results show that the
proposedmethod can identify the damping ratio with accept-
able accuracy even under 30% measurement noise, and the
difference of identification results between different noise
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Figure 6: Continued.
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Figure 6: Evolution of identification frommeasured responses with different noise level. (a) Sensor set 1 with 20% noise. (b) Sensor set 1 with
30% noise. (c) Sensor set 2 with 20% noise. (d) Sensor set 2 with 30% noise. (e) Sensor set 3 with 20% noise. (f) Sensor set 3 with 30% noise.
(g) Sensor set 4 with 20% noise. (h) Sensor set 4 with 30% noise. (i) Sensor set 5 with 20% noise. (j) Sensor set 5 with 30% noise. (k) Sensor
set 6 with 20% noise. (l) Sensor set 6 with 30% noise.
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Table 8: Identification results with 20% and 30% measurement noise.

Noise level Damping ratio Sensor set 1 Sensor set 2
Proposed method Conventional method Proposed method Conventional method

20% 𝜁1 0.0099 0.0099 0.0099 0.0155
𝜁2 0.0199 0.0199 0.0200 0.0214

30% 𝜁1 0.0099 0.0079 0.0099 0.0180
𝜁2 0.0199 0.0195 0.0200 0.0220

Noise level Damping ratio Sensor set 3 Sensor set 4
Proposed method Conventional method Proposed method Conventional method

20% 𝜁1 0.0104 0.0082 0.0101 0.0115
𝜁2 0.0201 0.0195 0.0202 0.0205

30% 𝜁1 0.0107 0.0073 0.0103 0.0122
𝜁2 0.0202 0.0192 0.0200 0.0208

Noise level Damping ratio Sensor set 5 Sensor set 6
Proposed method Conventional method Proposed method Conventional method

20% 𝜁1 0.0114 0.0089 0.0096 0.0112
𝜁2 0.0202 0.0195 0.0199 0.0204

30% 𝜁1 0.0124 0.0083 0.0098 0.0119
𝜁2 0.2040 0.0192 0.0200 0.0207

Table 9: Weights of mass blocks.

Storey Node number Weight (kg) Node number Weight (kg)
1 5 3.986 8 3.907
2 13 3.967 16 3.946
3 21 3.934 24 3.944
4 29 3.966 32 3.937
5 37 3.940 40 3.952
6 45 3.944 48 3.923
7 53 3.940 56 3.958

levels is very small, which means the proposed method is less
affected by measurement noise. With the increasing of the
measurement noise level, the results from the conventional
method become worse, and with 30%measurement noise the
identification error of the conventional method is too large to
be accepted.

4. Experimental Study

4.1. Experimental Model and Finite Element Modeling. A 7-
storey planar steel frame is adopted to verify the proposed
damping identification method in the laboratory, and more
details of the test can be found in the thesis of the second
author [26]. The configuration of the test model is shown
in Figure 7. The measured mass densities of the column and
beam materials are 7850kg/m3 and 7764kg/m3, respectively,
and the measured cross sections of the column and beam
elements are 50.06 mm × 5.10 mm and 49.88 mm × 8.06 mm,
respectively. Additional mass blocks have been placed on the
1/4 and 3/4 length along the beam members to simulate the
inertia of floor slab in practice, and theweights ofmass blocks
are listed in Table 9.

B&K 3023 accelerometers shown in Figure 8(a) and
B&K Nexus amplifiers shown in Figure 8(b) were adopted
to collect the acceleration responses. Impact test was per-
formed with SINOCERA LC-04A dynamic hammer shown
in Figure 8(c) to apply the impact excitation, and theNational
Instrument data acquisition board shown in Figure 8(d) was
adopted to record data for the test.

To reduce the discrepancy between the analytical model
and the experimental model, the initial finite element model
is updated before the damping ratios identification. The
baseline finite element model of the test structure is obtained
from model updating with the modal sensitivity approach.
Young’s modulus for each element and the stiffness values
for two restraints at the supports are updated, because the
dimensions and mass can be measured in situ. The detailed
procedure for the baseline model updating can be found in
[26], in which the accuracy of the baseline finite element
model is verified by the minimized errors in the Modal
Assurance Criteria (MAC) values before and after updating.

4.2. Damping Identification of the ExperimentalModel. Based
on the Rayleigh damping model assumption, the proposed
method is adopted to identify the first two damping ratios
of the test model. The measured acceleration responses of
the test model under hammer impact force are adopted,
and the hammer impact location andmeasurement locations
are shown in Table 10. Both of the initial damping ratios
for the first and second modes are set as 0.5%, and the
analytical responses calculated by the assumed damping
ratios and baseline finite element model are compared with
themeasured responses shown in Figures 9(a), 9(c), and 9(e).

Because the true values of the damping ratios of the test
model are unknown, the relative errors between the mea-
sured responses and analytical responses with the identified
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(c)
Figure 7: Test model and finite element model. (a) The test model in laboratory. (b) The dimensions of the test model. (c) The element and
node numbering system of the finite element model.

(a) (b)

(c) (d)
Figure 8: Instruments adopted in the test. (a) B&K 3023 accelerometer. (b) B&KNexus amplifier. (c) Hammer. (d) NI data acquisition board.
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Figure 9: Comparison between the measured responses and the analytical responses. (a) Measured responses and analytical responses with
the initial damping ratios at 43x. (b) Measured responses and analytical responses with the identified damping ratios at 43x. (c) Measured
responses and analytical responses with the initial damping ratios at 29x. (d) Measured responses and analytical responses with the identified
damping ratios at 29x. (e) Measured responses and analytical responses with the initial damping ratios at 15x. (f) Measured responses and
analytical responses with the initial damping ratios at 15x.

Table 10: Location of impact load and accelerometer.

Type of Sensor Location (Node) Location (DOF)
Impact Load 50x 148

Accelerometer
43x 127
29x 85
15x 43

damping ratios are selected to represent the identification
error. The damping ratios are identified as 𝜁1 = 0.00173 and

𝜁2 = 0.00097 with the proposed method, and the analytical
responses calculated by the identified damping ratios and
baseline finite element model are compared with the mea-
sured responses in Figures 9(b), 9(d), and 9(f).

The relative errors between the initial analytical responses
and measured responses are shown in Table 11, and the cor-
responding relative errors between the analytical responses
with the identified damping ratios and measured responses
are also shown in Table 11. It shows that with the identified
damping ratios the analytical responses match the measured
responses very well and using the identified damping ratios
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Table 11: The relative errors in the measured and analytical
responses.

Sensor location
(Node)

Error with assumed
damping ratios

Error with identified
damping ratios

43x 42.16% 4.94%
29x 43.32% 5.76%
15x 51.06% 5.53%

from the proposed approach to calculate the analytical
response can give a smaller relative error in the dynamic
response prediction compared with the experimental mea-
sured response.

5. Conclusions and Discussions

A damping identification method is proposed based on
the combination of response sensitivity analysis and PCA
method, in which the response sensitivity equation is pro-
jected into the subspace constructed by the first principal
component of the measured responses. The first principal
component of the measured responses contains more damp-
ing ratio variation information and less noise information,
so the measurement noise effect is reduced significantly
and the sensitivity of the measured response is enhanced
simultaneously by the projection. This proposed method is
validated in numerical studies with a planar truss structure
with up to 30% measurement noise, and the enhanced sensi-
tivity method performs better compared to the conventional
sensitivity-based method for damping ratio identification.
With a steel place frame, the proposed method is also vali-
dated experimentally, and the identification results also pro-
vide experimental evidences to support conclusions drawn
above.

It should be noted that the Rayleigh damping model is
adopted in this paper, and the damping ratios in Rayleigh
dampingmodel are identified based on the proposedmethod.
A generalized projection method was proposed, so we can
use similar procedure to identify the damping parameters
in other types of damping model. It should also be noted
that the identification results of the proposed method have
some variations with different sensor placements under high
level measurement noise, so the sensor placement effect and
improved damping identification method should be studied
later.
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