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ABSTRACT

In this paper, a two-stage method for damage detection and estimation in tall shear framesis
presented. This method is based on the first mode shape of a shear frame. We demonstrate
that the first mode shape slope is very sensitive to the story stiffness. Thus, at the first stage,
by using the grey system theory on the first mode shape dope, damage locations are
identified in shear frames. Damage severity is determined at the second stage by defining the
damage detection problem as an optimization problem by using grey relation coefficients.
The optimization problem is solved by a socio-politically motivated global search strategy
which is the imperialist competitive algorithm. The efficiency and robustness of the
proposed method for the identification and estimation of damages in tall shear frames were
studied by using two numerical examples. In addition, the capability of the presented
method in real conditions was demonstrated by contaminating of modal data with different
levels of random noises. All the obtained results from the numerical studies are shown the
good performance of the presented method in the damage localization and quantification of
tall buildings.
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1. INTRODUCTION

Early damage detection in aerospace, mechanical, and civil engineering structures for the
purpose of structural health monitoring has been considered more attention in the last two
decades. In order to monitor the existence condition of structures, some researchers attempted to
develop vibration-based damage detection methods for the localization and quantification of
damages [1-3]. The basic idea of the vibration-based methods is that modal parameters are
functions of the physical properties of structure such as mass, stiffness, and damping. Therefore,
changes in the physical properties cause changes in the modal data. The most important modal
data that have been employed for damage diagnosis are natura frequencies and mode shapes.
Complete review of these methods can be found in [4, 5].

Some researchers utilized only natural vibration frequencies for damage identification [6-8].
The advantages of these approaches are that the test of a structure is relatively easy which can be
done by only few sensors and has relatively higher precision than those based on other
parameters; because the natural frequencies have least statistical variation from random error
sources than other modal data. The most important problems of these methods are the low
sensitivity to damage occurring and the high sensitivity to random noises. Other researchers used
mode shapes or the derivative of mode shapes to develop some effective methods for damage
identification [9-14]. Based on mode shapes, some damage indexes for damage localization have
been proposed, namely MAC and COMAC. The application of the first mode shape slope
sensitivity in damage localization is studied by Zhu et al. [14]. They defined the first mode shape
sope as a sensitive parameter in occurring single damage scenarios, and then developed this
hypothesis for multiple damage occurrences.

Although natural frequencies or mode shapes are suitable for damage localization, but the
requirement for quantifying damage severity causes to develop some mixed methodologies for
damage diagnosis by means of the eigenvalue and eigenvector of modal analysis [15-19]. Liu
[15] proposed a method for damage identification in trusses based on the inspection of the modal
data. His method was based on the finite element analysis, and he used the statistical bases for
more reliability. To determine the best dynamical characteristics, Zhao and Dewolf [20] studied
the sensitivity coefficients of the natural frequencies, mode shapes, and modal flexibilities with
respect to each element of the stiffness matrix. For determination of damage magnitudes in a
simple way, Yang [18] attempted to organize a direct methodology for damage localization and
guantification at two stages and validated the method by studying atruss structure.

In addition to the mentioned researches, there are some studies that are based on an
optimization formulation for damage detection [21-30]. Cobb and Liebst [21] identified damages
in the structural elements by a nonlinear optimization scheme based on an incomplete set of
modal data. Fallahian and Seyedpoor [29] developed a two-stage method for structural damage
prognosis by defining multiple damage location assurance criterions through changes in natural
frequencies as a correlation-based index. They employed an adaptive neuro-fuzzy inference
system and the particle swarm optimization. Ghodrati Amiri et al. [30] presented an
optimization-based damage detection method in the plate-like structures by means of the genetic
and pattern search algorithms. Recently, Bagheri et al. [31] developed an optimization strategy
for solving an inverse problem to estimate and detect damages in different types of structures by
defining a cost function based on modal data and the free vibration scheme of structures.
Torkzadeh et al. [32] localized damages in large-scale structures by the kinetic strain energy and
guantified their severities by using the heuristic particle swarm optimization algorithm for
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solving an objective function organized by the modal strain energy.

Although, the mentioned methods can be detected and/or quantified defects in structures, but
most of these methods are not suitable for tall buildings. Therefore, it is important to develop
some damage diagnosis agorithms for high-rise buildings. In this paper, a two-stage damage
detection method is proposed for tall shear frames based on the first mode shape slope using the
grey system theory and an optimization process. Grey system theory is a criterion for inspecting
the correlation between two regular sequences by a geometrical base. This theory was used for
structural damage identification by means of static displacement curvature obtained under
different static loads [33, 34]. Despite of good performance of the approach, applying static
loads and recording static displacements are difficult in real SHM programs. For overcoming to
this limitation, in this paper, we use the grey system theory on modal data. The first stage of the
proposed method is related to damage localization by using the grey relation coefficients (GRCs)
on the first mode shape slopes. The second stage is devoted to quantify the damage severity by
defining an optimization problem based on the GRCs obtained in stage one. The imperialist
competitive algorithm is used for solving the optimization problem. One of the most important
advantages of the presented method is its ability in damage localization and estimation using
only the first mode shape. The proposed method was validated by two numerical examples
namely 15-story and 25-story shear frame.

The paper is organized as follows. The background of the grey system theory and the
imperiaist competitive algorithm is described in Section 2. In Section 3, the formulation of the
mode shape slope sensitivity with respect to story stiffness is proposed. It is followed by Section
4 for organizing the fundamental rules of the proposed damage detection method. Section 5
introduces the numerical examples and presents the obtained results. Lastly, the paper ends with
some concluding remarks described in Section 6.

2. BACKGROUND

2.1. Grey System Theory

The grey system theory has been developed for inspecting the correlation between two regular
sequences by a geometrical based comparison with reference sequences that are weak and
limited measured data [35]. In addition, this analysis has good potential for statistical prediction
when there are some uncertainties in recorded data. Basically, the GRCs reflect the degree of
approaching two geometrical curves. It is clear that the bigger coefficients predict a big
approaching between the baseline sequence and the test sequence.

Assume that the reference sequence X, and the test sequence X; are as follows:

XO=(x0(1),x0(2),...,x0(n)) 1)
X, :(xi(l)fxi(z)!"”xi(n)) 2

where x,4(n) and x,(n) are n-th points on the geometrical curves.
In the grey system theory, the GRCs can be defined as:
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minmin X + o max max X

(n) = i n i n 3
i) X +amax max X 3

n

in which &(n) is the GRC in the n-th point; o is a number between 0 and 1 which is the
distinguishable coefficient employed to adjust the limit of the comparison environment, and to
control the rank of differences of the relation coefficients; X is the grey variant as follows:

X = |xo(n) —x,(n) (4)

The comparison environment is unaltered for a=1 while the comparison environment is
disappeared when a is equal zero. The range of GRC is between [0 1], and the GRC estimates
the point-relation degree at the n-th point of the test sequence and reference sequence. Overall,
&(m)>0.9 presents that the reference point and the test point are related completely;
0.8<¢{(n)<0.9 shows the good relation between the two points; 0.6 <¢&(»)<0.8 indicates that the
two points are relative or irrespective possibly; &(n)<0.6 expresses that the two points are
roughly irrelative [36].

2.2. Imperialist competitive algorithm

The imperialist competitive algorithm is a global search optimization approach which is inspired
from a socio-political event namely imperialist competition [37-39]. The objective of this
algorithm is to find an optimal solution, usually the minimum, of the argument x of a certain
function f(x). Similar to other evolutionary optimization agorithms, this algorithm starts with an
initial population that called country. The number of countries is equal t0 Neouuy, and they are
divided into N, imperialists and N,,; colonies. Every country is presented in a vector as follows:

country =[x,x,,...x, | (5)

¢ =f (country) (6)

The division of colonies is directly proportional with the power of every empire. The
normalized cost of any imperialist can be determined as:

J

C.:cj—miax{c,.} (7

where ¢; isthe cost of j-th imperialist. Also, the power of j-th empire p; can be represented as:

Ni -
C, Zl‘, C )

Thus, the initial number of colonies for the j-th empireis as follows:

p;=
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N.C.; =round (ijco,) 9

where round indicates the rounding to nearest integer number.

After the initialization process, the imperialistic countries begin to improve their colonies and
attempt to absorb new colonies. This is the assimilation process which is modeled by moving all
of the colonies toward the imperialist along different optimization axis [37]. To ensure that many
positions are explored in search of the minimal cost, the assimilation of the colonies by the
imperiaists does not occur through the direct movement of the colonies toward the imperialist.
A random path is induced by a random amount of deviation added to the direction of the
movement. If during the assimilation process, a colony reaches a position with lower cost than
the imperiaist, then the imperialist and the colony switch their positions. Then, the algorithm
will continue with the imperialist in the new position and the colonies will be assmilated by the
imperidist in its new position.

The total power of an empire depends on both the power of the imperialist country and the
power of its colonies. Therefore, thetotal cost of the j-th empire 7.C.; is determined by:

N.C,
> f(thei-th colony of the j-thempire)

TC. = f(imperialist.)+§ = (10
s 4 NC,

where ¢ is a coefficient comprised between 0 and 1. Normalized total cost N.T.C. of the j-th
empireis obtained as:

NIC.,=T.C,-max{T.C.} (11)

Then, the possession probability p, of the j-th empireis given by:

N,mp
P, = ‘N.T.C. ; / D> NTC, (12)
i=1
To divide the colonies among the empires, the vector D is defined as below:
D=P-R (13)

where the vector R is formed by uniformly distributed random numbers comprised between 0
and 1, and the vector P is defined as:

P=[p,.p,p,, | (14)

A certain colony is given to an empire whose relevant index in D is maximum. The last step
of the imperialist competitive algorithm consists of the elimination of the powerless empires. If
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one empire only is left then the optimization algorithm is terminated, otherwise the algorithm
starts again from the assimilation step.

3. MODE SHAPE SLOPE SENSITIVITY

The mode shape slope of the j-th story in the i-th mode for a shear frame can be written as:

v _ P — Py
5T

J

(15)

where ¢’ and ¢ are the mode shape slope and the mode shape, respectively; 4, is the height of the
Jj-th story. In order to formulate the mode shape slope sensitivity with respect to the ¢th story
stiffness &, the first derivative of the Eq. (15) with respect to £, leads to:

0p; _ 1(00; 0 (16)
ok, h;\ ok, ok,

t

Basically, for a n-story shear building, there are » independent mode shape vector with the
dimension of n. Therefore, we can assume that the mode shape sensitivity with respect to £, is as:

a(P n n,r#i
—=> a0 =@, +..+qQ, +..+ =a,Q, + a.Q. 1
ak[ YZ:; s (pS 1(pl l(pl n(pn l(pl },Z:;_ 7 (p; ( 7)

in which o, is the coefficient of communion for the s-th mode shape in the sensitivity expression.
From Eq. (17), it is obvious that we can divide these coefficients into two groups. one is denoted
by o; that shows the amount of the communion of the i-th mode in the sensitivity of the i-th
mode, and other is denoted by «, that shows the amount of the communion of the »-th mode in
the sengitivity of the i-th mode. In the next subsection, we compute these coefficients from the
free vibration eigenvalue problem of ar-story shear building.

3.1. Computation of o,

The equation of the free vibration eigenvalue problem for a n-story shear building can be written
as.

(18)

(K - a)tzM)(Pl = 0n><1
where M and K are the mass and stiffness matrices of the shear frame, respectively; «; and ¢,

are the i-th natural frequency and mode shape of the structure, respectively. In this study, the
mode shape vectors are normalized to mass matrix as follows:
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¢; Mg, =1 (19)

Thefirst derivative of Eq. (18) with respect to the #-th story stiffnessis as:

K _20’,- %M_a)f oM 0, +(K_a)i2M)a&:0nxl
ok ok, ok, ok,
—

0

(20)

t

By pre multiplying Eq. (20) by ¢’ and with knowing that ¢” K = w’¢” M, we can write Eq.
(20) asfollows:

r 0K 2 2\ Ty O .
+of -0 ). M—-=0, # 21
* o (07 -7 )o] ok, r#i (21)

Substituting Eq. (17) into Eq. (21) leads to:

o Ko, +(0f -0 )OI M(c,@y + ...+ 2,0, +..+ 2,9,) =0 (22)

ok,

Using the orthogonality properties of the mode shapes, we can rewrite Eq. (22) in the
following form:

r 0K 2 2 _
0, a(pt +(a)r —w; )ar =0 (23)

For a shear building, the stiffness matrix can be written as:

(ky+k, -k, O 0
~ky, kytks .. 0 0
0 0 0
k-l © 0 k, ,+k, k, 0 0 (24)
0 0 —k,  k +k,, 0 0
0 0 0
0 0 ok, vk, -k,
|0 0 -k, k, |

Then, the first derivative of the stiffness matrix with respect to the #-th story stiffness can be
easily computed and substituted in Eq. (23). Finally, by using Eq. (23), «,. can be expressed as:
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(#2)(44)

ar:ﬁ I"il,lzl
o — o

(25)
a, = (¢lt ¢i(t—l))(¢rt ¢r(t—1)) r£i,2<t<n
(a)iz - a),.z)
3.2. Calculation of a;
The derivative of Eq. (19) with respect to the ¢-th story stiffness k; is asfollows:
o’ r OM I n OO,
LMo, +¢;, —¢, +o, M—-=0 26
ok, M0+ S o M (26)

—
0

For a shear building, the mass matrix is a diagonal matrix. Thus, we can have the following
relation:

7
0 Mg, g M (27)

Ok

t t

Substituting Eqg. (27) and Eq. (17) into Eq. (26) leads to:
2(pr(al(pl+...+al.(pi +.ta,9,)=0 (28)

From the orthogonality properties of the mode shapes, we can find that «; is equal to zero and
thisresult is honest for all values of ¢.

4. DAMAGE IDENTIFICATION METHOD

In the previous section, the sensitivity expressions of the mode shapes and mode shape slopes for
a shear frame were presented. In this section, the suggested method is presented. As mentioned
before, the proposed method consists of two stages for damage localization and quantification.

4.1. Damage localization

Based on the calculation of the sensitivity coefficients of the first mode shape slope with respect
to various story stiffnessin a pristine shear frame and comparison of those for a damaged frame,
it is resulted that the sensitivity coefficients obtained from the first mode shape slope follows a
regular sequence which is disarranged in a given story that we want to measure its sensitivity. In
this study, the grey system theory is employed for measuring the amount of correlation between
a reference and test data. Therefore, by defining the GRCs for the first mode shape slope from
theinitial and damaged states of a shear frame, we can judge about the existence of damagesin a
frame.
The localization technique can be described in the following steps:
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Step 1) Computing the first mode shape slope of the damaged and undamaged structure.

Step 2) Calculating the GRCs for each story of frame. The reference and test sequences are
the obtained results of the first step for the undamaged and damaged structure, respectively.

Step 3) Identifying damaged story (or stories) by discussing on the &(k) for any story. Based
on Section 2, there is an irrelative correlation between the first mode shape sopes if £(k)<0.6,
and thisindex can detect the damaged stories.

4.2. Damage severity quantification

In this section, we define the damage quantification problem as an optimization fitting data
problem by the application of GRCs in the formulation of an objective function. In this method,
by using evolutionary optimization approaches, we attempt to determine damage severities. As
mentioned in the previous sections, the GRCs of the first mode shape dope are suitable and
sensitive parameters for damage localization in shear buildings, and also they can be used for
damage estimation.

The stiffness matrix for a damaged frame can be expressed as:

(1-dy )k, +(1-d, )k, —(1-d,)k, 0
K —(1—f12)k2 (1-d,)k, :+(1—d3)k3 ? (29)
0 0 . (1-d,)k,

nxn

in which d; is the damage severity of the i-th story. The GRCs for a damaged frame can be
written as a vector:

GRC, (dy,dy,yd,) ={£(D), £(2), oy () (30)

where GRC., is a GRC vector by the computational method for given damage severities. By
using measured data, we can also obtain a GRC vector. By these two GRC vectors, a residua
vector R can be defined as:

R(d,.d,,...d,)=GRC,, —GRC,_(d,,d,,...,d,) (31)

where GRC,, is a GRC vector using the measured data. To estimate damage severities, the
residual vector is utilized to define the following objective function:

F=|R(dy,dyynd,)|? (32)

in which || || represents the Euclidean length. For solving this objective function, we use the
imperialist competitive algorithm.

5. NUMERICAL STUDIES
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In this section, the proposed method is validated by two numerical examples of tall shear frames.
The first example is a 15-story shear frame. The mass, dtiffness, and height of stories are
presented in Table 1. In this example, at the first step, we focus on the comparison of the
sensitivity coefficients for the first mode shape and first mode shape slope of the pristine
structure. In order to investigate the ability of the first mode shape slope and the first mode shape
for damage localization, their sensitivities were calculated with respect to the different story
stiffness. Figures 1 to 3, for example, show the results for the first mode shape slope and the first
mode shape sensitivities with respect to the first, fifth, and tenth story stiffness, respectively. Itis
obvious that the sensitivity of the first mode shape slopes are close to the mean and median of
the sensitivity coefficients rather than the same coefficients in the first mode shapes. In the other
hand, the variances of the first mode shape slope are near by the mean value of data. Thus, it is
clear that the first mode shape slope can be used as a good feature for making an efficient
sequence in order to localize damages with the grey system theory.

Table 1. The properties of the 15-story shear frame

Story Stiffness Height
number Mass (ton) (MN/m) (m)
1-5 50 85 2.50
6-10 50 7.0 2.95
11-15 40 5.5 2.95
5 X 10" (@ 6 107 (b)
I Sensitivity - I Sensitivity
> 15¢ IE
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= o
2 1 3
A g
q) O
g 0.5 2
r (]
n o =2
8 n
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= 0 g
Ju =
© .05 4
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-1 L L I -1 I I |
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Figure 1. (a) The first mode shape sensitivity and (b) the first mode shape slope sensitivity with
respect to the first story stiffness
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Figure 2. (a) The first mode shape sensitivity and (b) the first mode shape slope sensitivity with
respect to the fifth story stiffness
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Figure 3. (a) The first mode shape sensitivity and (b) the first mode shape slope sensitivity
with respect to the tenth story stiffness

To demonstrate the ability of the presented method for damage localization and estimation,
four damage patterns were considered in the 15-story shear frame. These damage patterns are
listed in Table 2. Damage patterns (1) and (2) are single damage scenarios and patterns (3) and
(4) consist of multiple damage patterns in the structure.
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Table 2: The considered damage scenarios in the 15-story shear frame

Damage Damage location Stiffness reduction (%)
scenario

1 Story 4 10

2 Story 15 20

3 Stories2and 7 20 and 15

4 Stories 11 and 13 15and 15

As mentioned in the previous sections, the presented method consists of two stages for
damage detection and estimation. The first stage is damage localization and each story with a
GRC lower than 0.6 is considered as a damaged story. In the stage two, the imperialist
competitive algorithm is used for reaching to an optimum solution which is the result for damage
severity. This algorithm starts by an initial population and continues by the imperialist
competition between empires. The considered values of parameters in this optimization
algorithm are as follows: the number of initial countries = 60, the number of initial imperialists =
6, and the number of iteration = 600. The selection of these parameters is based on the trial and
error method, and the values of the selected numbers depend on the number of storiesin aframe.
A chose for the selection of the number of imperiaistsis about 10% of the number of countries.
The maximum number of iterations is selected based on the required accuracy in the
optimization.

For each single damage pattern, the obtained results of damage detection and estimation are
shown in Figures 4 and 5.

@
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% 2O e I Predicted Damage |
o E
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% 0 T r 1 |
o) 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
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Figure 4. Damage detection results for damage pattern (1) in the 15-story frame: (a) damage
localization, and (b) damage severity
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Figure 5. Damage detection results for damage pattern (2) in the 15-story frame: (a) damage
localization, and (b) damage severity

Damage Severity (%)

It is clear that the method can detect the location of defect, and also the obtained value for the
severity of defects is equal to the simulated damage severity. For multiple damage scenarios,
Figures 6 and 7 show the localization and estimation results for damage scenarios (3) and (4),
respectively. For these damage cases, the presented approach can detected and quantified
perfectly the location and the value of damages.
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Figure 6. Damage detection results for damage pattern (3) in the 15-story frame: (a) damage
localization, and (b) damage severity

Damage Severity (%)
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Figure 7. Damage detection results for damage pattern (4) in the 15-story frame: (a) damage
localization, and (b) damage severity

Second numerical exampleis a 25-story shear frame. The properties of thisframe arelisted in
Table 3. In this example, three considered damage patterns are listed in Table 4.

Table 3: The properties of the 25-story shear frame

Story Stiffness Height
number Mass(ton) — \inim) (m)
15 100 500 30
6-10 100 400 3.0
11-15 100 300 3.0
16-20 100 200 3.0
21.25 100 100 3.0

Table 4: The considered damage scenarios in the 25-story shear frame

Damage Damage location Stiffness reduction (%)
scenario

1 Story 10 10

2 Stories 4 and 15 25 and 20

3 Stor|e2547, 14 and 20, 20 and 20

Damage pattern (1) is a single damage whereas damage patterns (2) and (3) are multiple
damages. The optimization parameters in this example are as: the number of initial countries =
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100, the number of initial imperialists = 10, and the number of iteration = 1000. The damage
localization and estimation results for damage cases are shown in Figures 8-10. The results show

the good performance of the presented method in both of damage localization and estimation in
high-rise frames.
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Figure 8. Damage detection results for damage pattern (1) in the 25-story frame: (a) damage
localization, and (b) damage severity
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Figure 9. Damage detection results for damage pattern (2) in the 25-story frame: (a) damage
localization, and (b) damage severity
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Figure 10. Damage detection results for damage pattern (3) in the 25-story frame: (a) damage
localization, and (b) damage severity
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Despite of good performance of the presented method in damage identification, it is
necessary to investigate its application when the modal data are contaminated by some random
noises. Thisissue isimportant in real SHM programs, because it isimpossible for reaching to an
error-free modal data by using attached sensors. Therefore, for the inspection of robustness of
the presented method in real conditions, mode shape vectors of damaged structure are polluted
by different levels of noise as:

9/ =, (1+m,) (33)

in which ;" is the i-th mode shape vector contaminated by noise, u isthe noise level, and n; isa
random vector which is generated by MATLAB software.

The influence of noises in the proposed damage identification method was demonstrated by
studying two samples of the presented damage scenarios. Figure 11 shows the damage prognosis
results of the 15-story frame for damage scenario (4) when two levels of noise, namely 0.5% and
1.5%. For these two levels of noise, the obtained results for the 25-story frame for damage
scenario (3) are indicated in Figure 12. From these two figures, it can be summarized that the
presented method is able to localize and quantify damages when recorded moda data are
polluted with different levels of noise.

6. CONCLUSIONS

In this paper, an effective two-stage damage detection method for the localization and
determination of damage severitiesin tall shear frames was presented. Stage one was devoted to
localize damages based on the first mode shape slope and the grey system theory. Stage two was
an effort for the prediction of damage severity by solving an optimization problem based on the
GRCs computed at stage one. For solving the aobjective function, we employed the imperialist
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competitive algorithm which is a global search optimization method. One of the important
advantages of the presented method is requirement only to the first mode shapes of a structure as
input data for damage detection. In addition, the high speed of calculation can be summarized as
another advantage of the presented method which is very important in tall buildings.

The presented method was validated by two numerical examples of shear tall frames, namely
15- and 25-story frames. Moreover, the robustness of the presented method was investigated
when the computed modal data are polluted by various levels of random noises. All obtained
results from the considered damage patterns were shown that the presented method is capable to
localize and determine damage location and severity in high-rise shear frames.
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Figure 11. Damage detection results for damage pattern (4) in the 15-story frame with noisy
modal data: (a) damage localization, and (b) damage severity
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Figure 12. Damage detection results for damage pattern (3) in the 25-story frame with noisy
modal data: (a) damage localization, and (b) damage severity
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