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Abstract: Structural damage identification has become an important topic in the field of civil engineer-
ing in recent years. The shear-type structure, such as shear frame structure, is a common type used in
civil engineering. In this paper, a damage identification method based on the change of generalized
shear energy is proposed for shear-type structures. The main steps of the proposed method are as
follows. Firstly, the element stiffness matrix in the structural finite element model is decomposed to
obtain the elementary shear force vector. Secondly, the elementary generalized shear energy is calcu-
lated by the dot product of the vibration mode shape vector and the elementary shear force vector.
Thirdly, structural damage locations can be determined by the changes of elementary generalized
shear energy. Finally, more accurate damage localization and quantification are achieved by solving
the mode shape sensitivity equation. A 20-storey numerical example and a three-storey experimental
model are used to demonstrate the proposed damage identification algorithm. From the numerical
and experimental results, it was found that the proposed approach can accurately identify the location
and extent of the damage in the shear structures even if the data contain noise. It has been shown
that the presented algorithm may be useful in the damage identification of shear-type structures.

Keywords: damage identification; shear-type structure; mode shape; vibration; generalized
shear energy

1. Introduction

With an increase in the service life of a structure, various damage conditions will
inevitably appear in the structure. The local damages of structural members may lead to
the rapid destruction of the whole structure and cause serious disasters. Therefore, it is
very necessary to detect structural damages in time to ensure the safety of use. To this
end, many research studies have been performed over the years in the area of damage
identification, by using structural static or dynamic response data [1–3]. Common methods
of structural damage identification include static displacement method [4,5], strain mode
method [6,7], modal sensitivity method [8–10], residual force vector method [11,12], intelli-
gent optimization algorithm [13,14], strain energy method [15–36], etc. Among them, strain
energy method has attracted extensive attention because of its clear physical meaning. The
earliest contribution to the development of strain energy method is the application of modal
strain energy change ratio [15], whose sensitivity to damage location was theoretically
proved and verified by a laboratory 2-D structure. Cornwell et al. [16] used the modal strain
energy method to determine the damage locations of plate-like structures. Shi et al. [17]
extended modal strain energy method to size damage on the basis of preliminary damage
localization. With practical considerations, Shi et al. [18] further developed an improved
structural damage quantification algorithm, by which the truncation and modeling errors in
higher modes were reduced significantly. Hu et al. [19–21] used the differential quadrature
method to calculate modal strain energy for identifying the surface crack location of the
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aluminum plate. They found that, as the second-order derivatives, modal strain energy is
much more sensitive to the small change of structural response than frequencies and mode
shapes. Yan et al. [22] proposed a statistic structural-damage detection algorithm based on
the closed form of element modal strain energy sensitivity. Their method is oriented to the
ambient vibration measurements where only the operational mode shapes are available.
Entezami and Shariatmadar [23] used the direct changes of modal strain energy to identify
structural damage locations. Subsequently, an improved sensitivity of modal strain energy
is generated to determine damage severities. Moradi et al. [24] improved the modal strain
energy method to detect and quantify the damage in complex structures at an early stage of
formation. Cha and Buyukozturk [25] developed a novel damage detection approach using
hybrid multi-objective optimization algorithms based on modal strain energy to detect
damages in various three-dimensional steel structures. Vo-Duy et al. [26,27] combined
modal strain energy with the improved differential evolution algorithm to locate and quan-
tify damage on the laminated composite plate. Li et al. [28] developed an improved modal
strain energy method for detecting damage in offshore platform structures, based on the
traditional modal strain energy method. The most significant difference from the traditional
method was the application of modal frequencies. Liu et al. [29] proposed a novel method
to detect structural damages of offshore platforms based on grouping modal strain energy.
Their method divides the unit modal strain energy into axial tension/compression and
bending. This operation can overcome the problem of the incomplete modal parameters
under natural load excitation. Xu and Wang [30] summarized the cross-modal strain energy
method and developed a two-stage methodology for damage assessment. The wholeness
strain energy approach is first utilized for roughly localizing the potentially damaged
members, and then the final damage locations and associated extents are exactly estimated
with the locality strain energy approach. Wu et al. [31] presented a modal strain energy
based on strain modes for structural damage detection. Only strain data are adopted in
their proposed method and no rotational information of the structure is required. Kaveh
and Zolghadr [32] combined the cyclical parthenogenesis algorithm with the guided modal
strain energy to detect structural damages. The generalized flexibility matrix of the struc-
ture is used in their method to define the objective function of the optimization problem.
Ghasemi et al. [33] used the modal strain energy and a modified genetic algorithm to
determine structural damage location and extent. Ashory et al. [34] developed a new
objective function based on weighted strain energy for damage assessment using genetic
algorithm. It is shown that the accuracy of damage location and intensity identification is
improved using their method. Teng et al. [35,36] proposed a structural-damage detection
method based on the convolutional neural network and modal strain energy. Two cases
were considered for the input of the neural network; the first used the modal strain energy
only and the second used the combination of modal strain energy and dynamic response.
The comparison results show that the inclusion of dynamic responses in the damage index
significantly improves the correctness rate of structural damage detection and enhances
the convergence of the network. For shear buildings, Zhu et al. [37] developed a damage
detection method by using the changes in the first mode shape slopes. The validity of
their method is demonstrated using an eight-storey numerical example and a three-storey
experimental model. Xing and Mita [38] proposed a substructure approach that allows
for the local damage detection of a shear structure. Simulations and experiments on five-
storey buildings were conducted to test the feasibility of their method. Aloisio et al. [39]
carried out the covariance-based sensitivity analysis on a spatial truss structure to evaluate
the sensitivity of damage indicators for ambient excitation covariance, damage severity,
and damage location. A methodological Bayesian approach, based on the results of the
sensitivity analysis, is proposed for the development of a structural reliability analysis
driven by damage indicators. Their method has been successfully applied in the health
monitoring system of the basilica of Santa Maria di Collemaggio in L’Aquila, Italy [40].
Niu [41] developed a damage detection method for shear frame structures by using fre-
quency response function measurements before and after damage. The effect of noise on
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damage detection was greatly suppressed by simultaneously increasing the number of
equations and reducing the unknown coefficients. Nguyen-Ngoc [42] proposed a damage
identification approach using Particle Swarm Optimization (PSO) combined with Artificial
neural network (ANN). The numerical and experimental results show that ANN–PSO not
only significantly reduces computational time compared to PSO but also possibly identifies
damages in the considered structures more accurately than ANN and PSO separately.

Although great progress has been made in strain energy methods in the past few
decades, it is still necessary to develop a new strain energy method for damage identifica-
tion according to the particularity of various structures. The shear-type structure, such as
shear frame structure, is a common type used in civil engineering. In this work, a damage
identification method based on the change of generalized shear energy is proposed for
shear-type structures. The proposed method makes full use of the mechanical characteris-
tics of shear-type structures. The proposed method is mainly divided into the following
steps to achieve the goal of structural damage identification. Firstly, the element stiffness
matrix in the structural finite element model is decomposed to obtain the elementary shear
force vector. Secondly, the elementary generalized shear energy is calculated by the dot
product of the vibration mode shape vector and the elementary shear force vector. Thirdly,
structural damage locations are determined by the changes of elementary generalized shear
energy. Finally, more accurate damage localization and quantification can be achieved by
solving the mode shape sensitivity equation. The main innovations of the proposed method
are as follows. (1) The generalized shear energy can be directly and quickly calculated
for damage localization even if structural FEM is not constructed in advance. This is the
outstanding advantage of the proposed method over the previous modal strain energy
methods. (2) Compared with the pure sensitivity-based method, the proposed method has
higher calculation accuracy because many undamaged elements are removed according to
the shear energy changes. (3) To solve the incomplete measurement problem, mode shape
expansion based on the NSE (Neumann series expansion) condensation model is proposed
in this work to achieve the complete mode shape. A 20-storey shear frame structure and a
three-storey experimental model are used to verify the feasibility of the proposed method.
From numerical and experimental results, it was found that the proposed approach can
accurately identify the location and extent of the damage in the shear structures even if
the data contain noise. The proposed method provides a new way to realize the damage
identification goal of shear-type structures. The remainder of the paper is organized as
follows. Section 2 presents the basic principles and main formulas of the proposed general-
ized shear energy method. Section 3 provides the verification of the proposed method by a
20-storey shear frame structure. In Section 4, the proposed method is further verified by
a three-storey experimental model. Finally, the conclusions of this work are summarized
in Section 5. The assumption is made that (1) the shear-type structure is linear before
and after damage occurs, (2) structural damage only reduces the system stiffness matrix,
and (3) the structural refined finite element model has been developed before
damage occurrence.

2. Theoretical Development
2.1. Modal Strain Energy

In this section, the damage localization principle based on modal strain energy [15–36]
is briefly illustrated. From the structural finite element model (FEM), the free-vibration
modes of a structure with n degrees of freedom (DOFs) can be computed by solving the
following generalized eigenvalue equation as:

Kφj = λj Mφj (1)

λj = f 2
j (2)

where M and K are the mass and stiffness matrices, λj and φj are the jth eigenvalue
(i.e., square of frequency) and mass-normalized eigenvector (i.e., mode shape), f j is the
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jth natural frequency of free-vibration. Correspondingly, the free-vibration modes of a
damaged structure can also be obtained as:

Kdφdj = λdj Mφdj (3)

Kd = K− ∆K (4)

where Kd is the damaged stiffness matrix, ∆K is the stiffness change due to damage,λdj and
φdj are the jth eigenvalue and eigenvector for the damaged structure. Note that the global
stiffness matrix K of the undamaged structure equals the sum of all the elementary stiffness
matrices, i.e.,

K =
N

∑
i=1

Ki (5)

Ki = TiKe
i TT

i (6)

where Ki is the ith (n× n) elementary stiffness matrix in global co-ordinates, Ke
i is the ith

(ne × ne) elementary stiffness matrix in local co-ordinates (ne is the number of elementary
DOFs), Ti is the transformation matrix from elementary degree of freedom (DOF) to global
DOF, N is the total number of elements. Therefore, the stiffness change ∆K can also
be expressed as the sum of the elementary stiffness matrices multiplied by the damage
parameters, i.e.,

∆K =
N

∑
i=1

αiKi (7)

0 ≤ αi ≤ 1 (8)

where αi is the damage parameter of the ith element. αi = 0 denotes the ith element is
undamaged and αi = 1 denotes the ith element is completely damaged.

From Equation (1), the mode shape φj can be seen as a displacement vector of the
structure under the load of l = Kφj. As a result, the work done by the load vector l can be
readily calculated by

Wj = lT · φj = φT
j Kφj (9)

It is known that the work done by the load is transformed into the strain energy stored
in the structure. Thus Equation (9) is also the definition of structural modal strain energy,
that is

MSEj = φT
j Kφj (10)

where MSEj is the jth modal strain energy. Substituting Equation (5) into (10) yields

MSEj =
N

∑
i=1

MSEj,i (11)

MSEj,i = φT
j Kiφj (12)

where MSEj,i is the strain energy of the ith element for the jth mode shape. For the damaged
structure, the corresponding strain energy can be defined as

MSEdj,i = φT
djKiφdj (13)

From Equations (12) and (13), the strain energy change can be calculated by

∆MSEj,i = MSEdj,i −MSEj,i (14)

where ∆MSEj,i is the strain energy change of the ith element for the jth mode shape. As
is well known, the strain energy at the damage location will be greatly released when
structural damage occurs. Therefore, the relatively large values in ∆MSEj,i ( i = 1 ∼ N)
will indicate the locations of the damages. This is the principle of damage localization
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based on modal strain energy. The previous studies [15–36] have shown that this principle
can be successfully used in structural damage detection.

2.2. Generalized Shear Energy

For the shear-type structure, the rank of the elementary stiffness matrix Ki is usually
equal to 1. This means that the elementary stiffness matrix Ki can be decomposed as

Ki = σi · ξi · ξT
i (15)

where σi is the unique nonzero eigenvalue of the matrix Ki and ξi is the corresponding eigen-
vector of Ki, ξi is also called the elementary shear force vector. Substituting Equation (15)
into (12) and (13), one has

MSEj,i = σi(φ
T
j ξi)(ξ

T
i φj) = σi(ξ

T
i φj)

2
(16)

MSEdj,i = σi(φ
T
djξi)(ξ

T
i φdj) = σi(ξ

T
i φdj)

2
(17)

Based on Equations (16) and (17), the generalized shear energy for the intact and
damaged structure can be defined as

Θj,i =
∣∣∣ξT

i · φj

∣∣∣ (18)

Θdj,i =
∣∣∣ξT

i · φdj

∣∣∣ (19)

where Θj,i is the generalized shear strain energy of the ith element for the undamaged
structure, Θdj,i is the generalized shear strain energy of the ith element for the damaged
structure. Obviously, the generalized shear energy will have the same variation law as the
strain energy for the shear-type structure before and after damage. Therefore, the change
of the generalized shear energy before and after damage can also be used to determine the
damage locations. Similarly, the change of the generalized shear energy can be calculated as

∆Θi = Θdj,i −Θj,i (20)

where ∆Θi is the generalized shear energy change of the ith element. The relatively large
values in all the ∆Θi ( i = 1 ∼ N) indicate the possible damage locations. For convenience,
the relative rate of generalized shear energy change is defined as the new index to indicate
damage location, that is

ϑi =
∆Θi

max(∆Θi)
(21)

where ϑi is the relative rate of generalized shear energy change of the ith element. The
relatively large values in all ϑi correspond to the most possible damage locations.

According to the above derivation process, the elementary shear force vector ξi is
an important part of calculating the generalized shear energy. Next, the fast computing
method on σi and ξi is described as follows. For the shear-type structure, as shown in
Figure 1, the node displacement vector and the node shear force vector in local co-ordinates
can be expressed as

ue = [v1, v2]
T (22)

f e = [ fQ1, fQ2]
T (23)
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Figure 1. Shear element with two DOFs.

According to structural mechanics, the node shear forces can be calculated by

fQ1 =
12EI

L3 (v1 − v2) (24)

fQ2 =
12EI

L3 (v2 − v1) (25)

where E denotes the elastic modulus, I denotes the moment of inertia, L is the shear
element length, and 12EI

L3 is also called the storey stiffness. From Equations (24) and (25),
the elementary stiffness matrix in local co-ordinates can be obtained as

f e = Ke
i · ue (26)

Ke
i =

12EI
L3

[
1 −1
−1 1

]
(27)

Equation (27) can be easily decomposed as

Ke
i =

12EI
L3

[
1
−1

][
1 −1

]
(28)

Substituting Equation (28) into (6) yields

Ki =
12EI

L3 (Ti ·
[

1
−1

]
) · (Ti ·

[
1
−1

]
)

T

(29)

Compared Equation (29) with (15), one can obtain

σi =
12EI

L3 (30)

ξi = Ti ·
[

1
−1

]
(31)

From Equations (30) and (31), it was found that σi and ξi can be quickly obtained as
long as E, I, L, and Ti are given. In especial, ξi is independent of the material physical
parameters and can be directly obtained by the DOF relation. For example, ξi for the shear
structures with two, three, and four storeys (shown in Figure 2) are listed in Table 1. This
also means that the generalized shear energy can be directly calculated by Equation (18)
or (19) even if structural FEM is not constructed in advance. Thus, damage localization
using the proposed method for shear-type structures will be very simple and fast. This is
the advantage of the proposed method over the previous modal strain energy methods.
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Table 1. For the shear structures with two, three, and four storeys.

Shear structures ξi

Two storeys [ξ1, ξ2] =

[
−1 1
0 −1

]
Three storeys

[ξ1, ξ2, ξ3] =

 −1 1 0
0 −1 1
0 0 −1


Four storeys

[ξ1, ξ2, ξ3, ξ4] =


−1 1 0 0
0 −1 1 0
0 0 −1 1
0 0 0 −1



With the possible damaged elements determined by the above principle, more accu-
rate damage localization and quantification can be achieved by solving the mode shape
sensitivity equation as

∆φj = S · {α} (32)

∆φj = φdj − φj (33)

{α} = (αx, αy, · · · , αz) (34)

S =

[
∂φj

∂αx
,

∂φj

∂αy
, · · · ,

∂φj

∂αz

]
(35)

where ∆φj is the jth mode shape change, {α} is the damage parameter vector for the
possible damaged elements, S is the corresponding sensitivity matrix of the jth mode shape.
The mode shape sensitivity can be calculated by the following formula [43] as

∂φj

∂αx
= Λ−1Πφj (36)

where
Λ = K− λj M + λjφjφ

T
j M (37)

Π =
∂λj

∂αx
M + λj

∂M
∂αx
− ∂K

∂αx
− cjjλj I (38)

where
cjj =

1
2

φT
j

∂M
∂αx

φj (39)

∂λj

∂αx
= φT

j
∂K
∂αx

φj − λjφ
T
j

∂M
∂αx

φj (40)
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From Equation (32), the desired damage parameters can be obtained as

{α} = S+ · ∆φj (41)

where the superscript “+” denotes the generalized inverse of matrix. According to the result-
ing {α}, the locations and extents of structural damages can be accurately evaluated again.

2.3. Mode Shape Expansion

In structural dynamic testing, it is hard to acquire a full measurement for the mode
shapes due to the limitation of sensors. To solve this problem, mode shape expansion based
on the NSE (Neumann series expansion) condensation model is proposed in this work to
achieve the complete mode shape. The NSE condensation model, proposed by Yang in
reference [44], is a succession-level approximate reduction method for obtaining a highly
accurate condensation FEM for large-scale structures. Without loss of generality, the mode
shape φj can be partitioned as

φj =

{
φm

j
φu

j

}
(42)

where the superscripts “m” and “u” denote the measured and unmeasured DOFs, respec-
tively. Correspondingly, Equation (1) can be rewritten as[

Kmm Kmu
Kum Kuu

]{
φm

j
φu

j

}
= λj

[
Mmm Mmu
Mum Muu

]{
φm

j
φu

j

}
(43)

Let
A1 = K−1

uu MuuK−1
uu Kum M−1

mm (44)

B1 = I + A1Kmu (45)

B2 = K−1
uu Kum + A1Kmm (46)

Then the formula of mode shape expansion based on the first-order NSE condensation
model can be obtained as

φj =

[
I

−B−1
1 B2

]
φm

j (47)

Similarly, the formula of mode shape expansion for the damaged structure is

φdj =

[
I

−B−1
1 B2

]
φm

dj (48)

where φm
dj is the incomplete mode shape associated with measured DOFs. Using the

extended mode shapes by Equations (47) and (48), the generalized shear strain energy can
also be calculated by Equations (18) and (19) for structural damage localization.

In the end, a step-by-step summary of the whole technique is described as follows.
Step 1: Establish the FEM of the shear-type structure. Step 2: Calculate the shear force vector
ξi using Equation (15) or (31). Step 3: Perform the modal testing of the structure to obtain
the mode shapes φj and φdj for the intact and damaged structures. Calculate the expanded
mode shapes by Equations (47) and (48) if necessary. Step 4: Calculate the generalized shear
strain energy Θj,i and Θdj,i using Equations (18) and (19). Step 5: Calculate the relative rate
ϑi of generalized shear energy change using Equation (21). Step 6: Determine the possible
damaged elements according to the relatively large values in all the ϑi. Step 7: Evaluate the
locations and extents of structural damages again using Equation (41). Accordingly, the
flow chart of the whole technology is shown in Figure 3.
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3. Numerical Verification

As shown in Figure 4, a shear frame structure with twenty floors is used to verify the
feasibility of the proposed method. The storey stiffness and mass of each floor in Figure 4
are: k1 = k2 = 1600, k3 = · · · = k20 = 900, m1 = m2 = 80, and m3 = · · · = m20 = 40.
Four damage cases as shown in Table 2 are studied in the example. Case 1: The stiffness of
the fifth floor is reduced by 20%. Case 2: The stiffness of the third and twelfth floors are
reduced by 10% and 15%. Case 3: The stiffness of the seventh and eighth floors are both
reduced by 20%. Case 4: The stiffness of the fourth and tenth floors are reduced by 15% and
12%. Theoretically, any mode shape of the structure can be used to calculate the generalized
shear energy for damage detection. However, in practice, only the low-frequency mode
modes can be measured in the structural modal test. In view of this, the first-order mode
shape (i.e., the mode shape with the fundamental frequency) is used to calculate the
generalized shear energy for damage identification in this example. The choose of the first-
order mode shape will have the following two outstanding advantages. (1) The first-order
mode shape is usually the easiest to measure and has the highest measurement accuracy.
(2) If only partial DOFs are measured, the first-order extended mode shape obtained by the
above mode shape expansion approach will also have the highest computation accuracy.
Using the first-order mode shape, the values of all ϑi for damage case 1 obtained by the
proposed method are shown in Figure 5. Note that 3% random noise is added to the mode
shape data to simulate the measurement error. From Figure 5, one can find that fifth floor
corresponds to the maximum shear energy change rate. When the data without noise is
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used, the proposed method can clearly indicate that the fifth floor is the only place where
damage occurs. When 3% noise is considered, elements 5, 10, 14 and 18 can be determined
as the possible damaged elements since their corresponding shear energy change rates
are relatively large. Subsequently, the mode shape sensitivity equation is further used for
accurate damage location and quantification. Using Equation (41), the damage parameters
of elements 5, 10, 14, and 18 can be obtained as α5 = 0.2738, α10 = 0.0507, α14 = 0.0301,
and α18 = 0.0515. According to the above results, element 5 can be finally judged as the
real damaged location, while other elements are excluded.

For damage case 2, the values of all ϑi obtained from steps 1-5 of the proposed method
are shown in Figure 6. According to Figure 6, it was found that the third and twelfth floors
correspond to the relatively large rates of shear energy changes. When the data without
noise is used, the proposed method can clearly indicate that the third and twelfth floors
are the locations where damage occurs. When 3% noise is considered, elements 3, 8, 12,
and 18 can be determined as the possible damaged elements since their corresponding
shear energy change rates are relatively large. Again, the mode shape sensitivity equation
is further used for accurate damage location and quantification. The damage parameters of
elements 3, 8, 12, and 18 can be computed using Equation (41) as α3 = 0.1572, α8 = 0.0253,
α12 = 0.2954, and α18 = −0.0908. From the above results, elements 3 and 12 can be finally
judged as the real damaged locations, while other elements are excluded.

Damage case 3 is used to investigate the feasibility of the proposed method for iden-
tifying the damages of adjacent elements in the structure. Figure 7 presents the values
of all ϑi obtained by the proposed method. It is clear from Figure 7 that the seventh and
eighth floors can be determined as the damaged elements if noise free data is used. When
noisy data is used, elements 7, 8, 15, 17, and 19 can be selected as the possible damaged
elements since their corresponding rates of shear energy changes are relatively large. Us-
ing Equation (41), the damage parameters of these possible damaged elements can be
calculated as α7 = 0.2582, α8 = 0.1405, α15 = 0.0313, α17 = 0.0668, and α19 = −0.1468.
Apparently, elements 7 and 8 can be finally determined to be the true damaged elements
and the other elements can be excluded. The above results show that the proposed method
can successfully identify the damages in the shear-type structure even if the contaminated
data is used.

Note that, in essence, the proposed method is a two-stage damage assessment algo-
rithm. The first stage is to determine the possible damaged locations by the generalized
shear energy change. The second stage is to calculate the damage parameters of those pos-
sible damaged elements by the mode shape sensitivity method. Compared with the pure
sensitivity-based method, the proposed method has higher calculation accuracy because
many undamaged elements are removed in the first stage. Damage case 4 is used for the
comparative study on the proposed method and the pure sensitivity-based method. When
data with 3% random noise is used, Table 3 presents the calculation results obtained by
the pure sensitivity-based method. From Table 3, it has been shown that the true damaged
elements 4 and 10 cannot be clearly identified according to the results obtained by the pure
sensitivity-based method. Using the proposed method, Figure 8 presents the values of
all ϑi obtained by the first-order mode shape. It is clear from Figure 8 that elements 4, 10,
14, 16, and 18 can be selected as the possible damaged elements since their corresponding
rates of shear energy changes are relatively large. Using Equation (41), the damage param-
eters of these possible damaged elements can be calculated as α4 = 0.2070, α10 = 0.1418,
α14 = 0.0471, α16 = −0.0218, and α18 = −0.0941. Apparently, elements 4 and 10 can be
finally determined to be the true damaged elements and the other elements can be excluded.
The above results show that the identification accuracy of the proposed method is higher
than that of the pure sensitivity-based method.
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Table 3. Calculation results by the pure sensitivity-based method.

α1 = 0.2072 α2 = 0.2130 α3 = 0.1787 α4 = 0.3596 α5 = 0.2015

α6 = 0.2085 α7 = 0.1891 α8 = 0.2965 α9 = 0.0474 α10 = 0.4416

α11 = 0.0932 α12 = 0.3936 α13 = −0.0246 α14 = 0.3309 α15 = 0.4444

α16 = −0.1734 α17 = −0.0342 α18 = 0.3648 α19 = 0.4819 α20 = 0.4175
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Figure 8. Relative rates of shear energy changes when the fourth and tenth floors are damaged
(3% noise).
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Next, damage case 4 is further used to demonstrate the proposed method by using the
extended mode shape when only partial DOFs are measured. It is assumed that floors 2,
4, 6, 8, 10, 12, 14, 16, 18, and 20 are measured and the other floors are unmeasured. Using
the corresponding partial DOF data, the extended mode shapes are firstly calculated by
Equations (47) and (48) and then used for computing the generalized shear energy. Figure 9
presents the values of all ϑi obtained by the proposed method using the first-order extended
mode shape. From Figure 9, elements 4, 9, 10, 13 and 15 can be determined as the possible
damaged elements since their corresponding shear energy-change rates are relatively large.
Subsequently, the damage parameters of these possible damaged elements can be further
computed using Equation (41) as α4 = 0.1822, α9 = −0.0187, α10 = 0.1632, α13 = 0.0303,
and α15 = −0.0061. From the above results, elements 4 and 10 can be finally judged as
the real damaged locations, while other elements are excluded. It has been shown that the
proposed method is also applicable for the situation when the amplitudes in some of the
stories are missed.
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Figure 9. Relative rates of shear energy changes using the incomplete mode shape.

4. Experimental Verification

In this section, the proposed generalized shear energy method is further verified by the
experimental data obtained from a three-storey steel frame model in reference [45]. This test
model is composed of three steel plates and four rectangular columns, as shown in Figure 10.
The plates and columns were welded to form rigid connections. Detailed instructions of ma-
terial physical parameters and test processes are shown in reference [45]. The damage situa-
tion was implemented by cutting part of the columns on the first floor, and the correspond-
ing damage extent was about 11.6%. The first-order frequency and mode shape for the un-
damaged experimental model are: f1 = 3.369 Hz and φ1 = (0.021108, 0.03922, 0.048427)T.
The first-order frequency and mode shape for the damaged experimental model are:
fd1 = 3.259 Hz and φd1 = (0.022735, 0.039331, 0.047594)T. Using the proposed method,
the values of all ϑi calculated by the first-order mode shape are shown in Figure 11. From
Figure 11, one can find that the first floor corresponds to the maximum shear energy
change rate. This means that the first floor is the location where damage occurs. Using
Equation (41), the damage parameter of the first floor can be obtained as α1 = 0.1429. It
has been shown that the proposed method can successfully identify the damage in this
experimental structure. Note that the proposed method may also be suitable for detecting
other damage types such as loose connection and material fatigue, as long as there is
observable shear deformation before and after damage. More numerical and experimental
studies should be carried out to popularize the proposed method in the future.
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Figure 11. Relative rates of shear energy changes for the experimental model when the first floor
is damaged.

5. Conclusions

A generalized shear energy method is proposed in this work for damage identifi-
cation in shear-type structures. The proposed method makes use of the decomposition
of elementary stiffness matrix and the vibration mode shape of the shear-type structure.
Due to energy release after damage, the generalized shear energy of the structure will
be redistributed in each shear element. As a result, the generalized shear energy of the
damaged element will have a larger change when damage occurs. Thus, the change of
the generalized shear energy can be served as the indexes of the damage locations in
the shear-type structure. The proposed damage detection method is demonstrated by a
20-storey shear frame structure and a three-story experimental model. From the numerical
and experimental results, it was found that the relatively large values in the shear energy
changes indicate the possible damage locations. With damage locations determined by the
generalized shear energy method, more accurate damage localization and quantification
can be achieved by solving the mode shape sensitivity equation even if the mode shape
data used contain random noise. The proposed method provides a simple and effective
way of damage identification of shear-type structures.
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