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ABSTRACT

For practical engineering structures, it is usually difficult to measure external load distribution in a direct manner,
which makes inverse load identification important. Specifically, load identification is a typical inverse problem, for
which the models (e.g., response matrix) are often ill-posed, resulting in degraded accuracy and impaired noise
immunity of load identification. This study aims at identifying external loads in a stiffened plate structure,
through comparing the effectiveness of different methods for parameter selection in regulation problems, includ-
ing the Generalized Cross Validation (GCV) method, the Ordinary Cross Validation method and the truncated
singular value decomposition method. With demonstrated high accuracy, the GCV method is used to identify
concentrated loads in three different directions (e.g., vertical, lateral and longitudinal) exerted on a stiffened plate.
The results show that the GCV method is able to effectively identify multi-source static loads, with relative errors
less than 5%. Moreover, under the situation of swept frequency excitation, when the excitation frequency is near
the natural frequency of the structure, the GCV method can achieve much higher accuracy compared with direct
inversion. At other excitation frequencies, the average recognition error of the GCV method load identification
less than 10%.
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1 Introduction

With increasing demands for high-performance engineering structures, structural health monitoring
(SHM) has received widespread attention, where the importance of load identification, as a major SHM
task, has been widely recognized. Specifically, external load information in engineering structures is
important for the estimation of structural reliability, service life, etc. [1–3]. In the scope of science and
technology, many practical engineering problems are finally solved through mathematical modeling
methods and establishing related differential equations that describe physical processes. Generally
speaking, when we consider a structural system, the positive question we are studying is how to describe
the state and physical process of the system. In fact, it is to establish a differential equation model
according to some main conditions of the state and process, such as boundary conditions or initial
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conditions. The conditions are solved, so that a mathematical description of the physical process and state of
the system can be obtained. The inverse problem of the system structure is often to determine the unknown
quantity in the definite solution test by studying some known quantities or some additional conditions in the
definite solution conditions given by the differential equation.

In actual engineering, there are many types of loads. Generally speaking, the method of determining the
load acting on the structure is often to adopt a direct measurement method and an indirect identification
method. The former is to determine the structural load through the measurement method or determine the
size of the load by measuring the parameters related to the load. However, in many cases in actual
engineering, it is difficult or impossible to determine the direct measurement of the external load acting
on the structure. In this case, it is often only possible to determine the load by using relevant information
such as the response of the structural system measured in practice, for example, from the displacement
response, velocity response, acceleration response and strain response of the structure to obtain load
information [4–6]. It should be noted that in the process of load identification, the identification matrix is
often unclear, and measurement errors will almost inevitably occur in the actual response of the structure.
The unsuitability problem will cause a significant amplification effect on the small errors contained in the
measurement response, which will result in a significant reduction in the accuracy of load identification,
and at the same time the identified load will have a serious deviation from the actual load. It should be
noticed that in the process of load identification, the identification matrices are often ill-defined, and
measurement errors are almost inevitable in the actual responses of the structures. The ill-posedness
problem will induce significant amplification effect to small errors contained in the measured responses,
resulting in largely reduced load recognition accuracy with severe deviation of the identified loads from
the real ones.

In order to improve the accuracy of load identification, a number of methods have been developed.
Amiri et al. [7] uses a new parametric impulse response matrix resume system model and applies it to
wind load identification problem, and obtains satisfactory convergence speed and fitting properties. Based
on the definition of virtual displacement, Jang et al. [8] transformed the problem of nonlinear system
identification by establishing a system model representing linear relationship between virtual
displacement response and impact load, and then obtained load identification results relying on iterative
regularization. Thiene et al. [9] studied the impact of transfer function estimation on impact load
identification results in composite panels, and constructed a load identification system model by
proposing a method to obtain the transfer function, which effectively identified multi-point impact loads.
Renzia et al. [10] used simplified finite element model based on polycondensation technology to establish
a dynamic load identification model, and the dynamic loads are identified in a L-shaped plate structure.
Wentzel [11] used weighted modal filtering method for load identification. Based on finite element
models, loads on the truck cab suspension can be identified effectively. Compared with the traditional
method, the weighted modal filtering method is effective to improve the accuracy of recognition results.
Lee et al. [12] combined the extended Kalman filter and the intelligent regression least square method to
effectively identify the external dynamic load acting on the tower structure. Cao et al. [13] used the
artificial neural network method to study the dynamic load identification problem on the wing, and
pointed out that the artificial neural network has a faster convergence speed and a higher load
identification accuracy. Gupta et al. [14] proposed a method for establishing a system model in time
domain by using measured structural strain response to identify dynamic loads, with model reduction
technology was used to simplify the system model to large extent. Liu et al. [15] compared dynamic load
identification methods based on truncated singular value decomposition, least squares method and total
least squares method, respectively. Jian et al. [16] proposed a moving load identification method based on
generalized orthogonal functions and regularization. The finite element method was used to establish the
bridge vibration equation. There are generalized orthogonal functions to determine the modal response
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and according to the principle of mode superposition. Its derivative, using regularization techniques to get
stable is the result. Han et al. [17–19] used Green impulse function or Heaysiside step function to
discretize the dynamic response relationship of the system. Through the optimization method, they
reversed the concentrated load and distributed load on the laminated plate, and proceeded from the
principle of variational and spectrum analysis respectively. The research on the influence of regularization
method and singular value decomposition method on the reverse seeking effect, and the corresponding
research on the influence of the uncertainty problem on the reverse seeking result. Perotin et al. [20,21]
studied the identification of distributed random loads. He proposed an orthogonal decomposition
technique based on structural modal models and spatially distributed loads, and used regularization
techniques to determine the orthogonality of loads. Decomposed Fourier coefficients to determine the
spatially distributed random load acting on the structure, then, the vibration coefficient of the fluid load
acting on the pipe structure is taken as the research object, and the proposed method is applied to
reconstruct the vibration of the pipe structure caused by the fluid Load. French scholars Pezerat et al.
[22,23] proposed a distributed dynamic load identification method based on modal filtering and
differential form, and then extended the proposed method, using a regularization method based on
singular value decomposition to identify the distributed dynamic load acting on the board. The spatially
distributed load acting on the thin cylindrical shell is reconstructed by the spatial filter solution method.
Zhong et al. [24] took the bridge structures commonly used in highway bridges and urban overpasses as
the research object, established a bridge moving load identification model based on the grid method,
deduced the spatial motion equation of the bridge under moving loads, and solved the discrete vibration
mode of the bridge structure using the subspace iteration method, And finally adopt the spline
approximation method and the truncated singular value decomposition regularization method to obtain
the stable solution of the moving load. Trabelsi et al. [25] studied a typical problem of identifying
unstable rotational force on fan blades caused by long-distance sound pressure, and using Tikhonov
regularization solution method to effectively overcome the of the ill-conditioned issue of the system.
Busby et al. [26] use Tikhonov regularization method in load identification, use dynamic programming
theory to determine regularization parameters, and use cantilever beam model for numerical simulation.
Choi et al. [27] researched and compared the GCV method, OCV method and L curve method for the
identification of dynamic loads in plate structure under different noise levels. According to the results, L-
curve method is most accurate in load identification under large noise levels, and the OCV method shows
higher accuracy at low noise levels.

While load identification methods have been applied in practical engineering, most existing studies are
focusing on the utilization of displacement response [4,7,8,10], velocity response [7,25] and acceleration
response [7,11,15,27] on relatively simple structural geometry. Studies using strain responses captured on
strengthened structure are still rare. In this paper, structural strain responses are used to identify different
forms of loads on a strengthened plate structure, and the performances of truncated singular value
method, GCV method and OCV method are compared. With demonstrated high accuracy, the GCV
method is then used to identify concentrated loads in three different directions (i.e., vertical, lateral and
longitudinal) exerted on a stiffened plate. The results show that the GCV is able to effectively identify
multi-source static loads, with relative errors less than 5%. Moreover, under the situation of swept
frequency excitation, the GCV can achieve much higher accuracy compared with direct inversion, with
averaged recognition error less than 10%.

2 Transfer Path Analysis

For load identification in linear systems, it is often assumed that the load positions are known, and the
magnitude and direction of the loads need to be determined. According to the concept of classic transfer path
analysis (TPA), the relationship between the loads and structural responses can be expressed as follows:
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where n is the number of loads; m is the number of responses; hij is the element in the response matrix,
linking the jth response to the ith load. In applications, n and m are usually not equal.

Eq. (1) can be rewritten in a general form as

X ¼ HF (2)

where X is the measured response vector, F is the load vector to be identified, H is the response matrix. By
applying equivalent and uniform loads at each load position, the response matrix can be formed based on the
measured responses.

Based on direct matrix inversion, the force vector in Eq. (2) can be obtained to be

F ¼ HþX (3)

where Hþ is the generalized inverse of the response matrix H. The direct inversion method may lead to ill-
conditioned problems. Therefore, the key step is to solve the ill-conditioned problems that may exist in the
system. Truncated Singular Value Decomposition (TSVD) method and Tikhonov regularization method are
introduced as follows.

3 Truncated Singular Value Decomposition Method

The TSVD is established based on conventional Singular Value Decomposition (SVD), and the essence
of solving ill-posed problem is to modify the singular values of the response matrix H. Given the rank of
the response matrix H is r (r > 0), orthogonal matrices of H, i.e., Um�m and Vn�n, can be found for the
implementation of SVD, that is

Hm�n ¼ Um�mSr�rV
H
n�n (4)

where Um�m ¼ u1; u2; � � � ; umð Þ, Vn�n ¼ v1; v2; . . . ; vnð Þ, S ¼ diag ðs1; s2; . . . srÞ with s1 � s2 �… � sr � 0;
and VH is the Hermitian transpose of matrix V. It has

F ¼ HþX ¼ 1

s1
uH1 v1Xþ 1

s2
uH2 v2Xþ…þ 1

sr
uHr vrX (5)

where u and v are the vectors in Uand V. The TSVD method is to discard k smaller singular values in
the response matrix H. If the discarded singular values are much smaller in magnitudes than the other
singular values, only a small portion of the information of the matrix H will be lost. At the cost of
sacrificing certain degree of accuracy of the solution, the stability and noise immunity of force
identification can be largely enhanced.

4 Tikhonov Regularization Method

Assuming that a vector of response X is measured at several positions of the structure, the response
matrix H between the force acting position and the response positions can be established. The objective is
to find a vector of force ~F such that X ffi H~F.

In applications, the measured response and response matrix both contain unknown errors, assuming that
e is the systematic error (which is unknown).
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e ¼X�H~F (6)

In order to minimize the system error e, Tikhonov regularization introduces a penalty function

J ¼ ðeHeÞ þ kð~FH~FÞ (7)

where k (k > 0) is the regularization parameter. When the first derivative of J with respect to ~F is zero, the
error e has a minimum value, and the force ~F is found to be

~F ¼ HHHþ kI
� ��1

HHX (8)

where I is identity matrix. The key step for Tikhonov regularization lies in the selection of regularization
parameter k. And the parameter selection methods that use a wide range of regularization parameters are
Generalized Cross Validation (GCV) and Ordinary Cross Validation (OCV).

4.1 Ordinary Cross Validation
Cross validation is based on the statistics concept that the value of the optimal regularization

parameter could provide the most accurate results of prediction of the missing data. The original data
set is divided into a training set and a test set. The training set is used for the calculation of parameters,
and the test set is used for testing, so that the parameter with the smallest test error is selected as the
optimal regularization parameter.

In the OCV method [28], the force ~Fk is determined by Eq. (8) with all measured responses except the
kth. The kth response is reconstructed by using the force ~Fk multiplied by Hk, i.e., the kth column of H. The
actual response and the calculated response are actually compared. Specifically, the OCV function is
defined as

Vo kð Þ ¼ 1

m
X� H~Fk

�� ��2 (9)

where m is the number of responses. Eq. (9) can be rewritten as [29]

Vo kð Þ ¼ 1

m
A kð ÞðI� BðkÞÞXk k2 (10)

where �k k is the Euclidean norm, AðkÞ and B kð Þ are diagonal matrices, in which B kð Þ¼ H HHHþ kI
� ��1

HH,
AðkÞ ¼ diagðc1ðkÞ; c2ðkÞ; . . . Þ, ciðkÞ ¼ 1= 1� BiiðkÞð Þ, where BiiðkÞ is the ith diagonal element of matrix.
When the minimum value of Vo kð Þ in Eq. (14) is obtained, the value of the regularization parameter k, can be
determined by the OCV method.

4.2 Generalized Cross Validation
The GCV method, developed by Goulb et al. [29], is a widely applied method for selecting

regularization parameters. In extreme cases, the entire response matrix H are zero except for the jjth
j ¼ 1; 2; . . . ;mð Þ entries, matrix B kð Þ in Eq. (10) is a diagonal matrix. Consequently,

Vo kð Þ ¼ 1

m
Xk k2 ¼ 1

m

Xm
k¼1

Xkj j2 (11)

when Xk is omitted from X , the force determining Xk is found to be zero, so the reconstructed is zero. In such
case, the OCV function is not related with the choice of regularization parameters so that the OCV method is
not sufficient to calculate the regularization parameters. Therefore, based on the assumption that k should be
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unchanged in the case of the rotation of the measurement coordinate system, the GCV method is developed
as follows.

Assuming a matrix Z is a unitary matrix of the diagonalized cycle, expressed as

Zjl¼ 1ffiffiffiffi
m

p e2pi jl=mð Þ; j; l ¼ 1; 2; . . . ;m; (12)

where m is the number of response positions. Multiplying a matrix by Z, the discrete Fourier transform can be
performed on the matrix, which can be used to solve the diagonalization problem of the response matrix.
Using the singular value decomposition of the response matrix, the absolute error e is expressed as

e ¼X�USVH~F (13)

Both sides of Eq. (13) are multiplied by the matrix ZUH, and lead to

et ¼ Xt � Ht~F (14)

where et ¼ ZUHe, Xt ¼ ZUHX , Ht¼ ZSVH.

Applying OCV to Eq. (14), the GCV function can be defined as

VG kð Þ¼
1=m

� �
I�Bt kð Þð ÞXtk k2

1=m

� �
Tr I�Bt kð Þð Þ

h i2 (15)

where Bt kð Þ ¼ Ht Ht
HHt þ kI

� ��1
Ht

H is a circulant matrix and the diagonal elements of matrix Bt kð Þ are
constants. Since Bt kð Þ and B kð Þ have the same eigenvalues, Eq. (15) can be rewritten as

VG kð Þ ¼
1=m

� �
I� B kð Þð ÞXk k2

1=m

� �
Tr I� B kð Þð Þ

h i2 (16)

when Eq. (16) obtains the minimum value, the regularization parameter k can be determined.

5 Numerical Validation

5.1 Comparison among Different Parameter Selection Algorithms
To compare the effectiveness of TSVD method, GCV method and OCV method in load identification,

numerical study is carried out to identify external loads on a simply supported stiffened flat plate structure.
The dimension of the plate is 600 � 180 � 3 cm. The material is steel (with Young’s modulus of 2.1 GPa,
Poisson’s ratio of 0.3 and density of 7850 kg/m3). The plate is orthogonally stiffened, using 600 cm long
stiffeners along the length, equally spaced with interval of 60 cm. The height and width of the rectangular
cross-section of the stiffeners are 4 cm and 3 cm, respectively. Five 180 cm stiffeners along the width
direction are equanlly spaced with interval of 100 cm, with a rectangular cross-section with height and
width of 4 cm and 5 cm, respectively. The finite element model of the plate is shown in Fig. 1.
Concentrated loads are then applied on the stiffened plate, as shown in Fig. 2, and the specific locations
of the forces as well as the response measurement positions are shown in Tab. 1.

Multi-source load identification is carried out under static load and sweep frequency excitation,
respectively. The load identification results of static loads are shown in Tab. 2, and the dynamic load
identification results subject to single-frequency excitation are shown in Fig. 3 and Tab. 3. In order to
assess the accuracy of the three regularization methods under practical conditions, Gaussian noise is
added to the responses.
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Figure 1: A simply supported stiffened plate

Figure 2: Load positions and directions (a) vertical concentrated load (b) Lateral concentrated load (c)
Longitudinal concentrated load

Table 1: Positions of the forces and responses

Force positions Response positions

No. x/cm y/cm z/cm No x/cm y/cm z/cm

1 12 19 4 1 50 19 7

2 50 0 4 2 59.5 60.75 7

3 59.5 80.25 4 3 21.5 51 7

4 –121.5 60.75 4 4 –31 0 7

5 97.5 –31.5 0 5 12 -19 7

6 261 0 4 6 –121.5 28.5 7

7 197.5 31.5 7

8 –197.5 28.5 7
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For multi-source static load identification, it can be seen from Tab. 2 that the three methods, i.e., GCV,
OCV, and TSVD, can effectively identify the load, and the relative error of the identification accuracy is
basically below 10%. From the relative error in Tab. 2, it can be seen that the recognition error of TSVD
method and GCV method is smaller than that of OCV method. Especially, when vertical concentrated
load is recognized, the maximum recognition error of OCV method is 11.83%, which is much greater
than the error of GCV method (3.36%) and TSVD method (3.87%). In addition, for the longitudinal
concentrated load, the relative error of the GCV method is smaller than that of the TSVD method.
Therefore, for multi-source static load identification, GCV method is demonstrated to be more accurate
than TSVD and OCV method.

Table 2: Static load identification results of GCV, OCV and TSVD methods

Identification results of vertical concentrated load (N)

No. Applied load
(N)

GCV Relative error
(%)

OCV Relative error
(%)

TSVD Relative error
(%)

1 123 116.58 5.22 115.23 6.32 117.26 4.66

2 183 176.85 3.36 161.36 11.83 190.07 3.87

Identification results of lateral concentrated load (N)

No. Applied load
(N)

GCV Relative error
(%)

OCV Relative error
(%)

TSVD Relative error
(%)

1 169 168.50 0.30 168.12 0.52 168.55 0.27

4 231 218.86 5.26 218.41 5.45 218.92 5.23

Identification results of longitudinal concentrated load (N)

No. Applied load
(N)

GCV Relative error
(%)

OCV Relative error
(%)

TSVD Relative error
(%)

3 325 347.40 6.89 349.89 7.66 348.84 7.33

5 246 245.20 0.32 247.02 0.41 247.77 0.72

Figure 3: Recognition result of GCV, OCV, TSVDmethod in the frequency range of 1–100 Hz (a) Dynamic
load recognition results (b) Identify the relative error of the load
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In addition, dynamic loads are identified using GCV, OCV and TSVD, respectively. A vertical force of
124N is applied at point 1 (see Tab. 1), and the scanning frequency is from 1 to 100 Hz. The recognition
results are shown in Fig. 3.

From Fig. 3b, the relative error of identifying the load can be found that at some frequencies, the
identification effect of the OCV method is worse than that of the other two methods, GCV method and
TSVD method, and except for these frequencies, the GCV method and the OCV method Both the TSVD
method and the TSVD method can better identify the load. To better compare the effect of the GCV, the
OCV and TSVD method, four scanning frequencies are selected in the frequency band. Comparison of
load identification results is shown in Tab. 3.

It can be seen from Tab. 3 that the GCVand TSVD methods are both able to accurately realize accurate
identification of the multi-source loads, whereas the accuracy of OCV method is limited compared with the
other two methods. Since 1 Hz is near the natural frequency of the structure, the relative errors of
the three identification methods are relatively high. Moreover, from the relative error of the identified
load in Tab. 3, it can be seen that the GCV method is able to achieve higher accuracy than the TSVD
method. Specifically, at the frequency of 94,79 Hz, the recognition accuracy of the GCV method is
higher than that of the TSVD method, the relative identification error of the load reconstructed by the
GCV method is 0.19%, whereas that of the TSVD method is 4.36%.

Therefore, we adopt the GCV method to calculate the regularization parameters in the following studies.

5.2 Identification of Concentrated Static Load
Concentrated forces in three directions are simultaneously applied at the six load application positions of

the structure, namely the vertical force, the lateral force and the longitudinal force. The identification results
are shown in Tab. 4. From Tab. 4, it can be found that the GCV method is able to accurately identify the
multi-source static loads along different directions.

Table 3: Load identification results of GCV, OCV and TSVD under three frequencies

Frequency = 1 Hz

No. Applied load
(N)

GCV Relative error
(%)

OCV Relative error
(%)

TSVD Relative error
(%)

1 124 49.80 59.84 40.62 67.24 30.58 75.33

Frequency = 37.47 Hz

No. Applied load
(N)

GCV Relative error
(%)

OCV Relative error
(%)

TSVD Relative error
(%)

1 124 119.90 3.31 86.97 29.86 118.98 4.05

Frequency = 58.32 Hz

No. Applied load
(N)

GCV Relative error
(%)

OCV Relative error
(%)

TSVD Relative error
(%)

1 124 121.75 1.82 121.72 1.84 119.15 3.91

Frequency = 94.79 Hz

No. Applied load
(N)

GCV Relative error
(%)

OCV Relative error
(%)

TSVD Relative error
(%)

1 124 124.23 0.19 128.58 3.69 118.59 4.36

SDHM, 2021, vol.15, no.2 93



From Tab. 4, loads of different magnitudes are simultaneously applied at six force application points (see
Tab. 1). The GCV regularization method can effectively identify the loads at different positions, and from the
relative error of the identified loads in Tab. 4, it can be found the maximum relative error is 4%. Therefore, for
multi-source static load identification, the identification relative error of the GCV regularization method is
less than 5%.

5.3 Load Identification under Swept Frequency Excitation
The frequency range used for the simulation of swept frequency is from 1 to 500 Hz, where the multi-

source concentrated forces are applied in three different directions. The first 10 natural frequencies of the
structure are shown in Tab. 5.

Apply vertical loads at six force application points separately, as shown in Tab. 6. The load identification
result is shown in Fig. 4, and the relative error of the identified load is shown in Fig. 5.

Table 4: Static load identification results

Vertical concentrated load

No. 1 2 3 4 5 6

Applied load (N) 1022 995 1333 786 1000 1234

Identified load (N) 1062.48 1034.41 1385.79 817.13 1039.60 1282.87

Relative error (%) 3.96 3.96 3.96 3.96 3.960 3.96

Lateral concentrated load

No. 1 2 3 4 5 6

Applied load (N) 654 941 200 528 445 111

Identified load (N) 679.90 978.30 207.90 548.90 462.60 115.40

Relative error (%) 3.96 3.96 3.95 3.96 3.96 3.96

Longitudinal concentrated load

No. 1 2 3 4 5 6

Applied load (N) 128 569 845 662 369 100

Identified load (N) 133.10 591.50 878.50 688.20 383.60 104.00

Relative error (%) 3.98 3.95 3.96 3.96 3.96 4.00

Table 5: Structure natural frequency

No. 1 2 3 4 5

Frequency (Hz) 1.53 5.79 9.51 18.96 26.49

No. 6 7 8 9 10

Frequency (Hz) 36.69 38.10 51.66 60.09 84.78

Table 6: Vertical load size

No. 1 2 3 4 5 6

Load (N) 134 160 116 177 154 122
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From Figs. 4 and 5, it is found that within the excitation frequency range of 1–500 Hz, The GCVmethod
can effectively identify the dynamic loads. From Fig. 5, it can be seen that the relative error of the
identification at five frequencies (i.e., 1 Hz, 9.12 Hz, 17.24 Hz, 25.37 Hz and 37.55 Hz) is larger, and the
relative error of the identified load at other frequencies is all within 10%. Comparing with Tab. 5, it can
be found that these five frequencies with large relative errors in identifying loads are all near the natural
frequency of the structure. When the frequency is close to the natural frequency, the structure will
resonate so the load identification result is poor. Tabs. 7 and 8 show the maximum and minimum relative
errors of the GCV method and the direct inversion identification load. From these two tables, it can be

Figure 4: Recognition result of multi-source vertical forces in the range of 1–500 Hz (a) Force application
point 1 (b) Force application point 2 (c) Force application point 3 (d) Force application point 4 (e) Force
application point 5 (f) Force application point 6
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seen that when the structure is in resonance, the GCV method can effectively reduce the identification
compared with the direct inversion. The relative error of the load.

Four longitudinal loads are applied on the structure at the same time, as shown in Tab. 9, and the loads
are identified by the GCV method. The identification results are shown in Figs. 6 and 7.

From Figs. 6 and 7, it is found that within the excitation frequency range of 1–500 Hz, The GCVmethod
can effectively identify the loads. From Fig. 7, the relative errors at four frequencies (1 Hz, 8.23 Hz, 37.16 Hz
and 51.62 Hz, respectively) are larger, and the relative error of the identified load at other frequencies is all
within 10%. Compared with Tab. 5, it can be found that these four frequencies with large relative errors in
identifying loads are all near the natural frequency of the structure. When the frequency is close to the natural
frequency, the structure will resonate so that the load identification result is poor. In addition, we use the
direct method and the GCV method to identify the load at these 4 scanning frequencies respectively, and
compare the maximum relative error and minimum relative error of the identified load, as shown in Tabs.
10 and 11. From Tabs. 10 and 11, it can be seen that when the structure is in resonance, the GCV method
can effectively reduce the identification error compared with direct inversion.

Figure 5: Relative error of multi-source vertical forces identification in the range of 1–500 Hz

Table 7: Maximum relative error of vertical loads dentification

Frequency (Hz) 1 9.12 17.24 25.37 37.55

Direct inverse (%) 4.48E + 3 7.28E + 3 1.04E + 3 449.24 2.09E + 3

GCV method (%) 21.31 313.18 65.98 102.16 92.24

Table 8: Minimum relative error of vertical loads identification

Frequency (Hz) 1 9.12 17.24 25.37 37.55

Direct inverse (%) 33.14 118.32 36.42 23.52 10.91

GCV method (%) 6.83 48.65 2.63 2.23 8.17

Table 9: Longitudinal load size

No. 2 3 4 6

Load (N) 158 107 149 200
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Figure 6: Recognition result of multi-source longitudinal loads in the range of 1–500 Hz (a) Force
application point 2 (b) Force application point 3 (c) Force application point 4 (d) Force application point 6

Figure 7: Relative error of multi-source longitudinal loads identification in the range of 1–500 Hz

Table 10: Maximum relative error of Longitudinal loads identification

Frequency (Hz) 1 8.32 37.16 51.62

Direct inverse (%) 4.96E + 3 2.43E + 3 7.86E + 3 1.04E + 4

GCV method (%) 62.14 78.07 110.35 86.86
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Four lateral loads are applied on the structure at the same time, as shown in Tab. 12, and are identified
using GCV method. The identification results are shown in Figs. 8 and 9.

From Figs. 8 and 9, it is found that within the excitation frequency range of 1–500 Hz, the GCV method
can effectively identify the loads. From Figs. 8 and 9, the relative errors at four frequencies (1 Hz, 8.23 Hz,
37.16 Hz and 51.62 Hz, respectively) are larger, and the relative error of the identified load at other
frequencies is all within 10%. Compared with Tab. 5, it can be found that these four frequencies with
large relative errors in identifying loads are all near the natural frequency of the structure. When the

Table 11: Minimum relative error of Longitudinal loads identification

Frequency (Hz) 1 8.32 37.16 51.62

Direct inverse (%) 1.44E + 3 21.81 311.56 3.20E + 3

GCV method (%) 11.81 25.57 1.83 18.53

Table 12: Lateral load size

No. 1 2 3 6

Load (N) 218 253 279 233

Figure 8: Recognition result of multi-source lateral loads in the range of 1–500 Hz (a) Force application
point 1 (b) Force application point 2 (c) Force application point 3 (d) Force application point 6
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frequency is close to the natural frequency, the structure will resonate so the load identification result is poor.
From Tabs. 13 to 14, it can be seen that when the structure is in resonance, the GCV method can effectively
reduce the identification error compared with direct inversion.

6 Conclusion

This paper aims at identifying static/dynamic multi-source loads in stiffened plate structures by using
strain responses. The conclusions obtained are as follows:

(1) The GCV, OCV and TSVD methods are used to identify static and dynamic load distributions on a
reinforced plate structure, relying on strain responses. The recognition accuracy of the GCV method is
proven to be higher than that of the TSVD and OCV methods.

(2) The GCV method is then used to identify the multi-source static loads applied in three different
directions in the stiffened plate structure. The GCV method is able to identify the magnitudes of the loads
with high accuracy, with relative error less than 5%.

(3) Under swept frequency excitation, the GCV method can effectively identify the multi-source load
with relative errors less than 10%. In particular, near the natural frequency of the structure, the
identification errors are much larger. However, compared with direct inversion, the GCV method is able
to largely reduce the error of load identification.

Figure 9: Relative error of multi-source lateral loads identification in the range of 1–500 Hz

Table 13: Maximum relative error of lateral loads identification

Frequency (Hz) 1 8.32 37.16 51.62

Direct inverse (%) 8.10E + 3 4.98E + 3 3.40E + 6 1.05E + 5

GCV method (%) 52.19 56.38 169.24 53.55

Table 14: Minimum relative error of lateral loads identification

Frequency (Hz) 1 8.32 37.16 51.62

Direct inverse (%) 91.01 366.50 7.68E + 4 5.05E + 3

GCV method (%) 3.49 20.69 2.83 32.04
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