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1. Introduction 

 
All civil engineering structures are exposed to damages 

and deterioration over time due to various hazards and 
environmental effects. When it passes unnoticed, the spread 
of the damages can lead to the loss of the overall structural 
stability. Structural damages reduce stiffness in one or more 
elements or change their boundary conditions. Vibration 
characteristics of a structure (i.e., natural frequencies and 
mode shapes) depend on its dynamic properties (i.e., mass 
and stiffness) and make it possible to develop methods for 
detecting structural damage and health monitoring process. 
However, the primary suggested methods were not 
successful since there were some noises in the 
measurements being less sensitive to the damages of the 
whole structure (Doebling et al. 1998). The performance of 
these methods was acceptable when very precise 
measurement tools were used for the reduction of noise-
signal ratio, or the severity of the structural damage was 
significant (Whalen 2008). 
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Due to the limited success of previous methods, several 

studies focused on employing new approaches such as 
mode shape curvature, modal strain energy, methods based 
on flexibility matrix, and the others containing more 
accurate information about the damage location (Alvandi 
and Cremona 2006, Pandey and Biswas 1994, Quaranta et 
al. 2016, Shi et al. 1998). 

The flexibility matrix is more sensitive to changes in 
low-frequency modes. However, to form a flexibility matrix 
based on dynamic relationships, several structural modes 
will be required. In addition, the flexibility matrix obtained 
from this method is less accurate than direct methods. 

Pandey and Biswas (1994) studied the detection of the 
damaged elements with a limited number of low-frequency 
modes. Yang and Liu (2009) suggested an algorithm that 
enabled both qualitative and quantitative detection of the 
damaged elements based on flexibility changes. Li et al. 
(2010) were able to reduce the effect of removing higher 
modes in the damage identification process by defining a 
generalized flexibility matrix instead of the conventional 
flexibility matrix. Meng et al. (2019) applied the modal 
flexibility method in order to identify the damage in a 
suspension bridge. Their methods required modal 
parameters of the bridge that could be achieved through 
ambient vibration. They compared this method with other 
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scenarios. Moreover, the performance of this algorithm in presence of noise in modal information is also examined. The results 
show that the proposed method can accurately detect damage to elements and connections, even in the presence of noise, by 
using only one mode in the 2D truss and two modes in the 3D structure. In order to evaluate the efficiency of this method in 
determining the damage of connections, a cantilever beam has been modeled and experimentally tested. The connection stiffness 
of the beam has been computed using both IGA and load-deformation measurement methods. In the IGA method only the first 
mode shape of the beam is employed to determine the connection stiffness. To derive the mode shapes in rotational degrees of 
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classical techniques. 
Modal Strain Energy (MSE) is another parameter 

considered for damage detection. This parameter is obtained 
from the stiffness matrix and mode shapes of the structure. 
MSE is very sensitive to structural damages. For example, 
Shi et al. (2000) developed a method based on MSE 
changes of each element before and after damage. In this 
method, the elements with remarkable MSE changes were 
assumed as potential damaged elements. In this regard, a 
quantitative step is taken for determining the damage 
location and severity using sensitivity analysis. These 
methods require a Finite-Element Model (FEM) to calculate 
the sensitivity of MSE in damaged elements. This method 
was further improved by Moradipour et al. (2015) via 
reducing numerical errors. Moreover, some researchers 
(Yan et al. 2010, Yan and Ren 2014) determined the 
damaged elements using a closed-form of MSE sensitivity 
and generalized flexibility sensitivity. The advantage of this 
method was its efficiency in one step without trial and error, 
and providing appropriate results in the case of eliminating 
higher modes. 

Shahri and Ghorbani-Tanha (2017) provided a method 
based on modal kinetic energy change for damage 
detection. The advantage of this method over other MSE 
methods was its lower sensitivity to the noises in mode 
shapes and achieving acceptable results while dealing with 
noises in frequency. Liang et al. (2019) proposed combining 
the cross-model and cross-mode for updating FEM based on 
the frequency-change-ratio. They experimentally verified 
this method to locate damages in several shear buildings. 

Instead of using mod shapes to obtain spatial 
information, the derivatives of mode shapes such as mode 
curvature can be alternatively used. The positive effect of 
rotational Degrees Of Freedom (DOFs) on structural health 
monitoring and damage identification problems has been 
proven. Due to the difficulties of extracting rotational 
response, some researchers have tried to indirectly extract 
the effect of this response through translational responses. 
Datta and Dutta (2020) investigated the effect of rotational 
DOFs in improving the estimation of the stiffness matrix for 
the ASCE standard structure. By assigning mass to 
rotational DOFs and using an iterative technique, they 
estimated the structural mode shapes including the 
translational and rotational DOFs and showed that the 
proposed method provides a more accurate estimate of the 
stiffness matrix compared to the method with only 
translational DOFs. Due to the numerical errors in this 
method and consequently the reduced performance in real 
examples, the researchers used rotation sensors to directly 
measure the response of rotational DOFs. Although the 
positive effect of using rotational response to understand 
structural behavior has been proven, limited studies have 
been performed on direct measurement of rotation to 
identify damage (Alten et al. 2017, Hester et al. 2020, 
Huseynov et al. 2020, Ramezani and Bahar 2021). 
Huseynov et al. (2020) evaluated a simply supported beam 
both numerically and experimentally using direct rotation 
measurements. In their study, sensitivity of rotation to 
damage and the effect of sensor locations  on sensor 
sensitivities were studied. They showed that the use of 

modal information alone to detect damage was not 
satisfactory, and that the use of strain gauge sensors could 
detect some damage only when the strain gauges were 
installed near the damage location. Conversely, rotation 
measurements led to satisfactory results for all scenarios. 

From the mathematical point of view, damage detection 
includes many non-linear equations. Hence, heuristic 
algorithms can be used to detect the damages in structures 
(Ding et al. 2019, Gomes et al. 2019, Kaveh et al. 2019, 
Zheng et al. 2020, Hormozabad and Soto 2021). In this 
regard, Gomes and Silva (2008) identified damaged 
elements using frequency sensitivity method and the 
optimization-based method using Genetic Algorithm (GA) 
and compared the results. They used the structure 
frequencies as an input of GA in order to find the damaged 
elements. Srinivas et al. (2011) used a multi-stage damage 
detection based on the modal strain energy. At first, they 
used the MSE change ratio for reducing the number of 
unknown variables. After the reduction of variables, they 
used GA for the exact detection of damaged elements. Their 
method was suitable for simple models. For this reason, it 
was necessary to reduce the variables through the first step. 

To detect the damaged elements, Nobahari and 
Seyedpoor (2011) applied a modified GA by introducing the 
correlation-based target function. They used the natural 
frequency changes as the damage criterion. Applying their 
proposed method, determination of the damage severity 
requires less analysis compared to the basic GA. Silva et al. 
(2016) applied an unsupervised clustering method to detect 
the damage in a real bridge and used GA to perform the 
clustering task. 

Pal et al. (2017) used vibration-based structural health 
monitoring techniques to determine the reduction in 
connection stiffness based on the strain time history. They 
used the particle swarm optimization algorithm to minimize 
the objective function. Daei et al. (2017) provided an 
intelligent method for identifying the location and severity 
of damage based on model optimization. In their method, 
they used the pseudo-residual forces theory to predict the 
location and severity of damage to the structure. Their 
method could identify damage with a limited number of 
mode shapers. Tiachacht et al. (2018) introduced the 
Modified Cornwell Indicator which performed better on 
damage detection than the standard form. They used this 
index for the objective function of the genetic algorithm to 
be able to quantitatively identify the damage in structural 
elements. They evaluated the method using several 
numerical examples of truss structures . 

The existences of uncertainties in the FEM parameters 
and modeling errors are inevitable. In this regard, Ghiasia 
and Ghasemi (2018) reduced the computational cost of the 
model updating during the optimization process for damage 
detection by the use of a trained surrogate model. In their 
method, the probability density function of undamaged and 
damaged systems was adopted for calculating the 
probability of damage existence. Seyedpoor et al. (2018) 
proposed a multi-stage Differential Evolution (DE) 
algorithm to detect multiple damages in structural systems. 
They used some natural frequency changes to identify 
damages in a cantilever beam. Pedram et al. (2018) 
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presented a model updating method based on spectral 
density function in frequency space. They used some lower 
and incomplete modes to achieve damage identification. 
They evaluated their method for several different damage 
patterns. 

Using the enhanced vibrating particles system 
algorithm, Kaveh et al. (2019) identified damage to truss 
structures with limited available modal information. 

Several studies were performed to detect damaged 
elements and determine the severity of damages. The 
advantage of each of these studies is their accuracy in 
detecting the location or severity of damages, despite 
eliminating higher modes. Furthermore, many of the 
methods presented so far can only be used for simple and 
2D structural systems. 

In this study, a novel methodology is presented to 
extract rotational modes that contain valuable information 
about damage and stiffness of connections through a simple 
procedure. If rotational mode shapes are extracted, fewer 
mods are required for damage identification problems. This 
goal becomes a reality only when sophisticated tools and 
ideas are incorporated in the damage identification system. 
In this study, an Improved Genetic Algorithm (IGA) is 
proposed to identification damages. This algorithm has been 
upgraded based on the knowledge of structural dynamics 
and damage detection. This upgrade makes it possible to 
investigate 3D structures with a large number of variables 
and the lowest modal information. This upgrade makes it 
possible to detect damage in elements and connections 
based on the information of only one mode in 2D problems 
and two perpendicular modes in 3D structures . In this 
study, two numerical examples including a 2D truss and a 
3D structure are used to evaluate the proposed method. The 
performance of this method in the presence of noise will 
also be examined. A cantilever beam welded to an angle 
section is constructed to evaluate the performance of the 
proposed algorithm in detecting connection damage. In this 
example, the fixity factor of the connection is determined 
using only the first mode shape. 

 
 

2. The theoretical background 
 
For an undamped structure with linear behavior, modal 

characteristics are obtained from the system characteristic 
equation, as follows 

 𝑲𝜱௜ = 𝜆௜𝑴𝜱௜ (1)
 

where, 𝐾 and 𝑀 are respectively 𝑁஽ × 𝑁஽ stiffness and 
mass matrices of a system with 𝑁஽ DOFs; 𝜆௜ and 𝜱௜ are 
frequency and mode shape of 𝑖th mode. According to the 
dependency of dynamic characteristics of the system 
(natural frequencies and modal shapes) to its physical 
characteristics (mass and stiffness), when damage occurs in 
the structure due to different reasons, including earthquake 
or windstorm, fatigue caused by severe changes in loading 
or old age, etc., the dynamic characteristics of the system 
will change under the influence of the damage. On the other 
hand, the structural damages mostly reduce the stiffness in 
one or several elements of the system. Using this important 

point, the convergence speed and performance of the GA 
will be improved. These damages rarely decrease the mass. 
Therefore, in this study, the changes in mass matrix are not 
considered. Hence, the system characteristic equation in 
damaged condition is expressed as follow 

 𝑲ௗ𝜱௜ௗ = 𝜆௜ௗ𝑴𝜱௜ௗ (2)
 

where, the superscript 𝑑  indicates the damaged system. 
The overall stiffness matrix of the system is obtained by 
assembling stiffness matrices of all structure elements 

 𝑲 = ෍ 𝑲௝ேಶ
௝ୀଵ  (3)

 
in which 𝑲௝ demonstrates the 𝑁஽ × 𝑁஽ stiffness matrix of 
the jth element and 𝑁ா is the total number of elements. 
Therefore, the effect of damage to each element on the total 
stiffness matrix can be expressed as 

 𝑲ௗ = 𝑲 + ෍ Δ𝑲௝ேಶ
௝ୀଵ = 𝑲 + ෍ 𝛼௝𝑲௝ேಶ

௝ୀଵ  (4)

 
where, Δ𝑲௝ is the stiffness difference between healthy and 
damaged elements. The parameter 𝛼௝  is the stiffness 
reduction coefficient of elements. Since the stiffness of the 
damaged elements is less than healthy elements, then −1 <𝛼௝ ≤ 0. In this study, stiffness reduction of elements is 
defined by assuming the reduction of elasticity modulus of 
elements and after analysis of the suggested algorithm. This 
assumption is investigated to determine the type and 
severity of damage. 

 
2.1 Modal Strain Energy (MSE) 
 
MSE, which is obtained from the stiffness matrix of 

structural elements and second-order mode shape of the 
system, is very sensitive to the structural damages. MSE of 𝑖th mode for 𝑗th element before and after the damage is 
defined according to the following equations 

 𝑀𝑆𝐸௜௝ = 12 𝜱௜்𝑲௝𝜱௜ (5)

 𝑀𝑆𝐸௜௝ௗ = 12 𝜱௜ௗ೅𝑲௝ௗ𝜱௜ௗ (6)

 
Because the damaged elements are unknown, the 

stiffness matrices estimated by IGA in every step are used 
to calculate MSE in the damaged case (Shi et al. 1998) 

 𝑀𝑆𝐸௜௝ௗ = 12 𝜱௜ௗ೅𝑲௝௣ௗ𝜱௜ௗ (7)

 
where, the superscript 𝑝𝑑  indicates the probability of 
damage. 
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3. Genetic algorithm 
 
Biological processes happening in living nature, such as 

reproduction, mating, and mutation, are the basis of a 
heuristic algorithm, called genetic algorithm. The GA is a 
potent search and optimization technique that reviews the 
problem space randomly and step by step. On average, GA 
gives better responses in each step compared to the previous 
step and continues until achieving the desired convergence 
regarding the accuracy of a problem (Ramezani et al. 
2017). 

In this study, by applying several changes to the 
standard process of the genetic algorithm, this algorithm 
becomes a powerful and efficient tool for solving damage 
detection problems . Also, with a proper definition of 
fitness functions and the desired constraints in damage 
detection, this algorithm tries to find the appropriate 
responses using trial and error and maintain the good 
patterns after evaluation. Repeating this process, the best 
response is obtained which satisfies all the constraints and 
minimizes the fitness function. 

 
3.1 Damage detection of structural elements 

using IGA 
 
In this study, IGA is used to determine the damage 

severity and location in damaged elements of the structure. 
Since structural damage detection methods aim to find the 
element stiffness reduction coefficient (𝛼௝), this parameter 
is introduced as an output from the IGA. Continuing the 
analysis process, the reduction of fitness function to catch 
zero indicates the coincidence of the analysis model 
between the updated structure and the damaged structure. In 
the case of convergence and observing non-zero value for 
fitness function, which means a possibility of unknown 
damage occurrence in structure, the finding is not included 
in the algorithm. In this study, the possibility of damage 
occurrence caused by the change of the boundary conditions 
of element connections is investigated in the final step. The 
damage severity of elements is determined by the IGA 
according to the following levels: 

 
1) First, by specifying the change limit of output 

parameters (−1 < 𝛼௝ ≤ 0), a set of chromosomes which are 
randomly assigned either 0 or 1 is created. Each 
chromosome contains information about the stiffness 
reduction coefficient of structure elements. Then, different 
parts of the produced chromosomes are transferred to basis 
10, to produce a set of real numbers that are the stiffness 
reduction coefficient of structure elements. In the next level, 
the finite element model is created in which its geometric 
characteristics are entirely identical to the primary structure 
model, and the produced damage coefficients are assigned 
to its elements employing IGA. Regarding the following 
equation, MSE of the 𝑗th element in 𝑖th mode is calculated 

 𝑀𝑆𝐸௜௝௣ௗ = 12 𝜱௜௣ௗ೅𝑲௝௣ௗ𝜱௜௣ௗ (8)

 
Since the ASCE benchmark problem is a 3D structure 

and the stiffness of some elements, such as braces, is zero in 
perpendicular directions, if a translational mode is used, the 
product of the translational mode shape and the stiffness of 
the brace elements will be zero. This can happen due to the 
presence of zero components in the mode shape, at DOFs 
defining the stiffness of the brace. In this case, with any 
change in the stiffness of the brace, the strain energy will 
always be zero, and as a result, if there is damage to these 
elements, it will not be reflected in strain energy. Thus, by 
using the total strain energy of two perpendicular modes in 
the structure, it can be ensured that the properties of the 
updated model converge to the properties of the damaged 
structure. But in 2D models, the MSE of elements have 
nonzero values in all modes, and the MSE value also 
changes due to the changes in stiffness of the elements. For 
this reason, in 2D models, the damage can be identified by 
having only one mode. Due to the fact that the lower 
modes of structures are usually the simplest modes to 
measure, the first mode of the 2D structure and the first two 
modes of the ASCE 3D structure (in two longitudinal and 
transverse directions perpendicular to each other) are used 
to calculate the strain energy changes. 

By calculating the MSE of elements using parameters 
estimated by IGA, MSE changes of 𝑗 th element in ith 
modes, are calculated according to the following equation 

 
ΔMSE௜௝ = 𝑀𝑆𝐸௜௝ௗ − 𝑀𝑆𝐸௜௝௣ௗ  (9)

 
In order to increase the convergence speed, the MSE 

variation and the difference between the frequencies of the 
damaged structure and the frequencies estimated by the 
algorithm are used to define the objective function. 

 

𝑂𝐹 = ඩ෍ ቌ൭෍หΔMSE௜௝หேெ
௜ୀଵ ൱ଶቍோ

௝ୀଵ + ෍ Δ𝑓ଶ௜  (10)

 
Where 𝑂𝐹 represents the objective function, Δ𝑓is the 

difference between frequencies in the damaged structure 
and the analytical model estimated by the algorithm, and 𝑁𝑀 is the number of modes used to calculateΔMSE, which 
is equal to 1 in the 2D model and equal to 2 in the 3D 
model with perpendicular braces. 

It is worth noting that if the stiffness reduction 
coefficient of elements is estimated correctly with IGA, the 
MSE changes will be zero. Hence, damage assumption of 
elements is correct due to their elasticity modulus reduction. 
It implies that damage occurs in the element’s length. 
Otherwise, assuming the change in stiffness matrix 
coefficient, i.e., elasticity modulus, is not entirely 
responsible for changes, and it is necessary to check 
element connection conditions in the ends of the element. In 
other words, the possibility of damage in element 
connections susceptible to damage should be accurately 
evaluated. Accordingly, the target of IGA is minimizing the 
sum of MSE changes of all elements in any desired 
(available) mode. 

2) In the next step, chromosomes are classified based on 
the smallest MSE changes being the most fitness to the 
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objective function. The most adaptive chromosome to the 
damaged structure is the one that creates the lowest fitness 
function. In the following, the chromosomes with most 
adaptations are used for reproduction to create the children 
chromosomes. In order to avoid stopping the IGA process in 
probable local minimization, the mutation operator changes 
the binary numbers of chromosomes with a 2% possibility. 
Then, the new chromosomes are used to determine the 
fitness. In this study, the concept of “elitism” is used at 
every level of new chromosome creation. Regarding this 
concept, the best chromosome of each generation is 
transmitted into the next generation without any changes. 
This process leads to maintain the suitable genes of the 
chromosome, and facilitates the convergence process. This 
cycle continues until the fitness function becomes less than 
the amount determined by the user, or any improvement in 
results is achieved during specific repetitions. 

3) Up to this point, the basis of the standard GA 
algorithm was described. By applying the following steps to 
the standard algorithm, it can be turned into a powerful tool 
for accurate damage detection with rapid convergence. 

 
3-1) Damages usually occur in limited number of 

elements; therefore, as a solution for the rapid 
identification, the damage coefficients of one of the 
chromosomes in the first generation is assumed zero. This 
assumption helps to improve the value of the objective 
function at the beginning of the process compared to 
randomly selected values (yellow color in Fig. 1) 

3-2)  The majority of damage identification algorithms 
proposed by other researchers work well in simple 
structures with limited elements. But as the number of 
structural elements increases and as a result the number of 
algorithm variables increases, those methods face 
challenges. In the proposed algorithm however, using 

 
 

a novel approach for damage detection in elements, after the 
convergence of the algorithm, elements whose damage 
coefficients are estimated to be less than 1%, are identified 
as healthy elements and removed from the search space. 
This threshold for separating healthy and damaged elements 
can be increased depending on the accuracy of the method 
and the noise in the data. In fact, this threshold can be called 
the reliability level of the results. This process leads to a 
reduction in the number of variables thereby providing a 
more accurate search to identify damaged elements (orange 
color in Fig. 1). 

3-3) After each convergence and removal of healthy 
elements from the search space, the algorithm needs to 
resume searching with a smaller number of elements. One 
of the best responses that can enter the first population at 
the beginning of the process is the best response from the 
previous repetition, because this response has valuable 

 
 

Table 1 The IGA parameters 

The population of generations 10 

Max. number of generations 100 for Ex1, 400 for Ex2, 
200 for Ex3 

The number of variables 47 for Ex1, 116 for Ex2, 
2 for Ex3 

The range of variables [−1,0] for elements, 
0 and 1 for connections 

Objective function Eq. (10) 
Mutation rate 0.02 

Coding Binary 
Selection Roulette wheel 
Crossover Uniform crossover binary 

 
 

 
Fig. 1 Steps to determine the severity of damage in structural elements using IGA 
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genes and can attract other elements of the population and 
produce children with higher fitness values (purple color in 
Fig. 1) 

 
This process continues until no healthy element is 

identified among the elements after temporary convergence. 
At this stage, the best answer is reported as the final 
solution . The characteristics and parameter values of the 
IGA are presented in Table 1. 

 
4. Numerical simulations 

 
Two different examples have been used to evaluate the 

performance of the proposed method. In the process of data 
acquisition of the damaged structures, complete noise 
removal is impossible. The presence of noise in the data 
measured by sensors causes a deviation from exact modal 
information. In order to simulate the effect of noise, the 
mode shapes and frequencies are contaminated with 
different noise levels (0%, 1%, 3% and 5%). The noise-
contaminated mode shapes are obtained through the 
following equation. 

 𝛷ሜ ௜௥ = 𝛷௜௥(1 + 𝛾௥ః𝜌ఃห𝛷௠௔௫, ௜ห) (11)
 𝜔̄௜ = 𝜔௜(1 + 𝛾ఠ𝜌ఠ) (12)
 
Where 𝛷ሜ ௜௥ and 𝛷௜௥ are the 𝑟th components of the 𝑖th 

mode with and without noise, respectively. 𝛾௥ః  and 𝛾ఠ 
are the Gaussian random numbers with zero mean and 
variance equal to one; 𝜌ః  and 𝜌ఠ  are the noise level 
imposed on the mode shapes and natural frequencies; and ห𝛷௠௔௫, ௜ห is the largest absolute value among mode shape 
components without noise; 𝜔̄௜ and 𝜔௜ are the 𝑖th natural 
frequency with and without noise, respectively. Since the 
generated random numbers can affect the estimated damage 
severities, the damage severities are estimated based on 10 
different random numbers and the average results are 
reported in the tables. 

 
4.1 2D truss 
 
In the second example, a planar steel truss (Seyedpoor et 

al. 2018) containing 47 bars, 22 nodes and 41 DOFs is 
considered as shown in Fig. 2. 

The simulated planar truss is considered as a steel truss 
where 𝐸 = 30000 ksi , 𝜌 = 0.3 lb/inଷ  and the cross-
sectionional area of the bars are assumed 2 inଶ. As shown 
in Table 2, four different damage scenarios and damage 
severities are used for examination of the proposed method. 

 
4.1.1 Investigating the proposed damage detection 

method in the 2D truss 
The convergence processes of the objective function of 

planar truss are shown in Fig. 3. This figure contains two 
types of curves: “maximum population fitness” and “mean 
population fitness.” The “maximum population fitness” 
curve  indicates the performance of the best chromosome in 
each generation. This line remains horizontal in some 
generations where the children chromosomes do not show 

Fig. 2 Configuration of the 47-bar truss structure
 
 

Table 2 Damage Scenarios of the 47-bar truss 

Damage scenario Damaged element(s) Damage severity
DS1 Single damage No. 10 30% 
DS2 Single damage No. 30 30% 
DS3 Double damage No. 10, No. 30 30%, 30% 
DS4 Double damage No. 40, No. 41 30%, 20% 

 
 

fitness values higher than the parent chromosomes. In this 
case, the best chromosome of each generation is passed 
directly to the next generation due to elitism. This will 
prevent the algorithm from deviating from the optimal state 
sue to the production of inappropriate children. The “mean 
population fitness” curve indicates the compatibility 
average of each generation according to the objective 
function. The presence of an elite chromosome in each 
generation leads to its integration with other chromosomes 
which results in the production of a new generation that are 
very similar to the parent chromosomes. Therefore, this 
graph is always descending. 

In the IGA convergence process, the number inside the 
circles shows the number of the residual variables 
(elements) in each iteration. According to this figure, in all 
scenarios, 47 truss elements were first introduced to the 
algorithm, and after resuming the search process and 
removing the healthy elements for the next iterations, the 
damaged elements were accurately identified. In Fig. 4, the 
severity of the damage obtained from the proposed 
algorithm is presented. The difference between this value 
and the severity of the damage to the model under different 
noise percentages is shown in Table 3. 

Δ𝐷𝑆 is obtained through the following equation. 
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(a) (b) 

 

 

(c) (d) 

Fig. 3 The convergence process of the Fitness function obtained by IGA (a) DS1; (b) DS2; (c) DS3; (d) DS4 (0% noise level)

 
(a) (b) 

 

 

(c) (d) 

Fig. 4 Damage severity of the 2D truss estimated by IGA in (a) DS1; (b) DS2; (c) DS3; (d) DS4 (0% noise level)
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Δ𝐷𝑆 = |𝐷𝑆Estimated − 𝐷𝑆Exact| (13)
 

where Δ𝐷𝑆  is the difference in damage severity, 𝐷𝑆Estimated  is the damage severity estimated by the 
proposed algorithm, and 𝐷𝑆Exactrepresents the exact 
damage severity. In order to clarify the effect of using the 
IGA algorithm on the accuracy of the results presented in 
Table 3, this problem is also solved by the standard GA 
considering 0% noise. In Fig. 5, damage severities 
estimated by the standard GA and DE algorithms after 1000 
generations are presented. Only one mode, third mode, is 
used to identify the damages of this model by the proposed 

 
 

 
 
algorithm, while the first three modes of this structure are 
used to identify the damages by the standard GA and DE 
algorithms. As can be seen, the IGA algorithm estimates the 
severity of the damage much more accurately and with 
fewer generations. The reason for this difference is the ideas 
implemented in the IGA algorithm. 

 
4.2 3D ASCE benchmark 
 
In the second example, the ASCE benchmark structure 

is evaluated (Johnson et al. 2004). This structure includes 
four floors and two bays in both directions with 1.25 m 

Table 3 Damage severity in elements 

DS No. element 
Damage severity Δ𝐷𝑆 (%) 

NoiselLevel Noise level 
0% 1% 3% 5% 0% 1% 3% 5% 

DS1 
10 30.01 30.37 31.61 32.27 1.17 × 10ିଶ 3.72 × 10ିଵ 1.61 × 10଴ 2.27 × 10଴ 

Average     1.17 × 10ିଶ 3.72 × 10ିଵ 1.61 × 10଴ 2.27 × 10଴ 

DS2 
30 30.00 30.03 30.03 29.63 3.11 × 10ିଷ 2.73 × 10ିଶ 2.92 × 10ିଶ 3.75 × 10ିଵ 

Average     3.11 × 10ିଷ 2.73 × 10ିଶ 2.92 × 10ିଶ 3.75 × 10ିଵ 

DS3 
10 30.01 29.77 30.14 30.25 5.29 × 10ିଷ 2.31 × 10ିଵ 1.40 × 10ିଵ 2.49 × 10ିଵ 
30 29.99 29.98 30.15 30.31 8.86 × 10ିଷ 2.14 × 10ିଶ 1.47 × 10ିଵ 3.17 × 10ିଵ 

Average     7.08 × 10ିଷ 1.26 × 10ିଵ 1.44 × 10ିଵ 2.83 × 10ିଵ 

DS4 
40 30.03 30.04 29.97 29.87 2.99 × 10ିଶ 3.97 × 10ିଶ 2.86 × 10ିଶ 1.29 × 10ିଵ 
41 20.08 19.94 20.21 20.54 7.59 × 10ିଶ 5.88 × 10ିଶ 2.11 × 10ିଵ 5.45 × 10ିଵ 

Average     5.29 × 10ିଶ 4.92 × 10ିଶ 1.20 × 10ିଵ 3.37 × 10ିଵ 
 

 
(a) (b) 

 

 

(c) (d) 

Fig. 5 Damage severity of the 2D truss estimated by the standard GA and DE in (a) DS1, (b) DS2 (0% noise level)
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Fig. 6 Analytical model of ASCE benchmark structure 

(Johnson et al. 2004) 
 
 

Table 4 Numbering of different groups of elements 

Story 
Elements number of different groups 

Columns Beams Braces 
1 [1 − 9] [10 − 21] [22 − 29] 
2 [30 − 38] [39 − 50] [51 − 58] 
3 [59 − 67] [68 − 79] [80 − 87] 
4 [88 − 96] [97 − 108] [109 − 116] 

 

 
 

dimension. The height of every floor is 0.9 m, and the total 
height is 3.6 m. The analytical model of the structure is 
shown in Fig. 6. This structure contains 36 columns, 48 
beams, and 32 bracing elements. The columns, beams, and 
braces of the different floors are numbered according to 
Table 4. The beam-column connections of this structure are 
assumed rigid. Element sections are designed for a scaled 
model, and their characteristics are presented in Table 5. 

In this study, a 120-DOF model of the structure is used 
for damage detection. In this state, the horizontal transition 
and in-plain rotation for available nodes of each alignment 
are considered equal. The slab of each floor is assumed to 
have only in-plane stiffness that makes the slab act rigidly. 

The damages of the benchmark structure can be 
simulated by eliminating some elements or replacing them 
with weaker elements. Six different damage scenarios are 
defined for this structure as follows: 

 

• Scenario 1: all braces of the first floor are destroyed 
(i.e., these braces contribute mass, but provide no 
resistance within the structure) 

 
 

• Scenario 2: all braces of the first and third floors are 
destroyed. 

• Scenario 3: one of the braces of the first floor is 
destroyed. 

• Scenario 4: one of the braces of the first and third 
floors are destroyed. 

• Scenario 5: the stiffness of one of the braces of the 
first floor is reduced to 2/3 of its initial value. 

• Scenario 6: in addition to damages of scenario 4, the 
end of one of the first-floor beams is also destroyed, 
and it only transmits forces and cannot sustain any 
bending moments. Table 6 presents the natural 
frequencies of healthy and damaged structure. For 
damage detection, the first two modes of structure in 
x and y direction are used. 

 
4.2.1 Investigating the proposed damage detection 

method in the 3D ASCE model 
According to the proposed method, in order to 

determine the stiffness reduction coefficient of each 
element, a corresponding variable should be defined in 
IGA. Considering the existence of 116 elements in the 
structure, defining all these variables simultaneously in this 
algorithm can reduce its performance. Therefore, damage 
detection is performed separately in different groups of 
elements, including braces, columns, and beams. 

Since braces are more vulnerable elements in braced 
steel structures, and the damage is more likely to first 
happen in brace elements, it is helpful to examine this group 
first. In this way, if the objective function converges to zero, 
the other groups do not need to be examined. However, in 
this study, in order to perform the complete search process, 
all groups regardless of the objective function results are 
examined. According to the explanations described in 

 
 

Table 6 Natural frequencies of analytical models (Hz) 
Mode No. 1 2 3 4 

Undamaged 8.588 9.181 14.580 23.452 
Scenario 1 5.468 7.373 9.691 19.315 
Scenario 2 4.965 6.685 8.703 12.340 
Scenario 3 8.093 9.181 14.204 22.474 
Scenario 4 8.092 8.953 14.041 22.450 
Scenario 5 8.455 9.181 14.471 23.149 
Scenario 6 8.042 8.953 14.041 22.423 
 
 

Table 5 Characteristics of ASCE benchmark structure sections 

Properties Columns Beams Braces 
Section type B100 × 9 S75 × 11 L25 × 25 × 3 

Cross-sectional area 𝐴(𝑚ଶ) 1.13 × 10ିଷ 1.43 × 10ିଷ 1.41 × 10ିସ 
Moment of inertia (strong direction) 𝐼௬(𝑚ସ) 1.97 × 10ି଺ 1.22 × 10ି଺ 0 
Moment of inertia (weak direction) 𝐼௭(𝑚ସ) 6.64 × 10ି଻ 2.49 × 10ି଻ 0 

St. Venant torsion constant 𝐽(𝑚ସ) 8.01 × 10ିଽ 3.82 × 10ି଼ 0 
Young’s modulus𝐸(Pa) 2 × 10ଵଵ 2 × 10ଵଵ 2 × 10ଵଵ 

Mass per unit volume (𝑘𝑔/𝑚ଷ) 7800 7800 7800 
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Fig. 7 Classifying elements in different groups, and 
identifying damage 

 
 

the first step, 32 brace elements are examined as the first 
group. 

Assigning the damage coefficients for input elements 
(i.e., braces) and assuming the other structure elements as 
healthy (i.e., columns and beams), the algorithm detects the 
damage in brace elements. This step is only done with the 
aim of separating undamaged elements from damaged ones. 
The second and third steps are done for beam and column 
groups similar to the first step. Up to the end of the third 
step, the results demonstrate a limited set of elements 
suspicious for damage including several braces, beams, and 
columns. In the fourth step, all the elements diagnosed as 
damaged, at the end of the first to third steps, are studied 
together. These steps are shown in Fig. 7. In Fig. 7 and 
Table 7, green, yellow, and red colors represent healthy, 
suspected damaged, and damaged elements, respectively. 

In order to facilitate and expedite the damage detection 
process, the damage coefficients of input elements at the 
end of the first to third steps, enter the first generation of the 
fourth step in the IGA search as a worthy chromosome. 
Search in the fourth step continues until the undamaged 
elements are eliminated from the search space. Reducing 
the search space in each repetition, the damage coefficients 
are determined more precisely. If no undamaged element is 
detected in one of the repetitions, and the search space is 
not reduced, this process will be stopped. At the end of the 
fourth step, the fitness function is checked out. If the fitness 
function is close enough to zero, it can be concluded that: 1) 
the locations of damaged elements are detected correctly, 
and 2) the damage is a type of elasticity modulus reduction. 
Therefore, the damage coefficients are extracted accurately. 

However, if the fitness function converges to a non-zero 
value, only the results related to suspected damaged 
elements are reliable. In the following, to determine the 
type and severity of actual damage, the damage possibility 
in connections is added to the states, and the problem is 
investigated again. According to damage Scenario 1, all 
braces in the first floor are eliminated. As mentioned earlier, 
in the first step, the elements of the brace group are studied. 
The process of identifying damaged elements for brace 
elements group due to damage Scenario 1 and a noise level 
of 0% is shown in Table 7. As indicated in Table 7, after 
four repetitions of IGA, 32 potentially damaged brace 

Table 7 Damage coefficients of brace elements estimated by 
IGA for Scenario 1 (0% noise level) 

Story No. elements
Damages (%) 

Step 1 Step 2 Step 3 Step 4

1 

22 99.7 99.9 100 100 
23 99.9 99.8 100 100 
24 99.2 100 100 100 
25 100 100 100 100 
26 99.9 100 100 100 
27 99.6 100 100 100 
28 99.9 100 100 100 
29 99.9 100 100 100 

2 

51 2.1 0.6 H H 
52 1.6 0.4 H H 
53 0.2 H H H 
54 0.2 H H H 
55 2.1 0.3 H H 
56 0.0 H H H 
57 0.9 H H H 
58 0.6 H H H 

3 

80 2.3 0.6 H H 
81 0.3 H H H 
82 2.3 0.4 H H 
83 0.2 H H H 
84 4.0 0.9 H H 
85 0.4 H H H 
86 0.6 H H H 
87 0.4 H H H 

4 

109 18.2 0.0 H H 
110 22.5 0.6 H H 
111 4.3 2.5 0.1 H 
112 36.4 5.6 0.2 H 
113 3.9 0.1 H H 
114 5.9 5.2 0.2 H 
115 4.7 3.2 0.1 H 
116 8.5 14.6 0.4 H 

 
 

elements are narrowed down to 8 elements suspicious to 
damage. Steps two to four that include columns, beams, and 
the elements suspicious to damage remaining from the past 
three groups of suspected damaged components, are 
performed similar to the first step. The convergence results 
of fitness function during consecutive generations are 
shown in Fig. 8. Studying three groups of braces, columns, 
and beams (Figs. 8(a), (b), (c)), 84 elements enter the fourth 
step as the elements suspicious to damage (Fig. 8(d)). 

The fitness function value in the last search generation 
of the algorithm for different groups is presented in Table 8. 
Since the fitness function for the brace group converges to 
zero, it can be concluded that all damaged elements are in 
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Table 8 Final fitness function of different groups estimated
by IGA for Scenario 1 (0% noise level) 

Steps Groups Fitness function 
1 Braces 0.0116 
2 Columns 3163.8519 
3 Beams 6485.2125 
4 Suspected damaged elements 0.0066 

 

 
 
 

 
 
 

the brace group. Furthermore, in this group, the damaged 
elements are well recognized. However, in order to 
complete the damage detection process, the other groups are 
studied as well. In this scenario, regarding the convergence 
of fitness function to zero in the fourth step, it can be 
concluded that location and severity of damaged elements 
are recognized accurately, and the damage is in form of 
elasticity modulus reduction. The values of fitness function 
obtained from beam and column groups imply that damage 
 
 
 

 
(a) (b) 

 

 

(c) (d) 

Fig. 8 The convergence process of the fitness function obtained by IGA for Scenario 1. (a) Braces group; (b) Columns 
group; (c) Beams group; (d) Suspected damaged elements (0% noise level)

Table 9 Damage severity in elements estimated by IGA for Scenario 1 

No. 
element 

Damage severity Δ𝐷𝑆 (%) 
Noise level Noise level 

0% 1% 3% 5% 0% 1% 3% 5% 
22 100.00 99.75 99.30 99.50 2.58 × 10ି଻ 2.53 × 10ିଵ 7.03 × 10ିଵ 5.02 × 10ିଵ
23 100.00 99.95 99.79 99.23 3.29 × 10ିଽ 5.15 × 10ିଶ 2.13 × 10ିଵ 7.74 × 10ିଵ
24 100.00 99.41 99.87 98.82 1.84 × 10ି଻ 5.95 × 10ିଵ 1.34 × 10ିଵ 1.18 × 10଴ 
25 100.00 99.90 99.21 99.76 8.62 × 10ିଽ 9.82 × 10ିଶ 7.89 × 10ିଵ 2.34 × 10ିଵ
26 100.00 99.89 99.76 99.00 4.63 × 10ି଼ 1.15 × 10ିଵ 2.23 × 10ିଵ 1.00 × 10଴ 
27 100.00 99.86 99.29 99.53 3.83 × 10ି଺ 1.36 × 10ିଵ 7.06 × 10ିଵ 4.66 × 10ିଵ
28 100.00 99.74 99.25 99.24 1.06 × 10ି଻ 2.64 × 10ିଵ 7.45 × 10ିଵ 7.62 × 10ିଵ
29 100.00 99.79 99.76 99.55 1.21 × 10ି଻ 2.14 × 10ିଵ 2.44 × 10ିଵ 4.49 × 10ିଵ

Average     5.70 × 10ି଻ 2.16 × 10ିଵ 4.70 × 10ିଵ 6.71 × 10ିଵ
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exists in elements other than these groups because 
regardless of efforts to adapt the updated model, 
satisfactory results are not achieved. 
 
 

 
 

 
 

 
 

The results of damage detection obtained from the 
fourth step are presented in Table 9. The results presented in 
this table show that the proposed algorithm is capable of 

 
 

 
 

 
 

 

Table 10 Damage severity in elements estimated by IGA for Scenario 2 

No. 
element 

Damage severity Δ𝐷𝑆 (%) 
Noise level Noise level 

0% 1% 3% 5% 0% 1% 3% 5% 
22 100.00 99.78 99.48 99.37 1.11 × 10ିଷ 2.22 × 10ିଵ 5.25 × 10ିଵ 6.33 × 10ିଵ 
23 100.00 99.95 99.73 99.69 9.94 × 10ିସ 5.13 × 10ିଶ 2.67 × 10ିଵ 1.31 × 10଴ 
24 100.00 99.79 99.76 99.32 3.05 × 10ିସ 2.07 × 10ିଵ 1.24 × 10଴ 6.76 × 10ିଵ 
25 100.00 99.60 99.55 98.94 6.53 × 10ିହ 3.95 × 10ିଵ 4.52 × 10ିଵ 1.06 × 10଴ 
26 100.00 99.93 99.50 98.31 4.70 × 10ିସ 6.87 × 10ିଶ 5.01 × 10ିଵ 1.69 × 10଴ 
27 100.00 99.82 99.58 99.73 1.26 × 10ିଷ 1.75 × 10ିଵ 4.15 × 10ିଵ 2.75 × 10ିଵ 
28 100.00 99.93 99.13 98.35 1.19 × 10ିଷ 7.50 × 10ିଶ 8.66 × 10ିଵ 1.65 × 10଴ 
29 100.00 99.66 99.81 99.61 1.48 × 10ିହ 3.37 × 10ିଵ 1.89 × 10ିଵ 3.94 × 10ିଵ 
80 100.00 99.67 99.59 99.28 1.68 × 10ିଷ 3.32 × 10ିଵ 4.13 × 10ିଵ 7.22 × 10ିଵ 
81 100.00 99.95 99.40 98.71 2.34 × 10ିସ 5.25 × 10ିଶ 5.98 × 10ିଵ 1.29 × 10଴ 
82 100.00 99.89 99.12 99.36 1.15 × 10ିସ 1.11 × 10ିଵ 8.82 × 10ିଵ 6.39 × 10ିଵ 
83 100.00 99.65 99.36 99.19 2.56 × 10ିଷ 3.47 × 10ିଵ 6.35 × 10ିଵ 8.15 × 10ିଵ 
84 100.00 99.82 99.57 99.27 8.66 × 10ିସ 1.78 × 10ିଵ 4.30 × 10ିଵ 7.33 × 10ିଵ 
85 100.00 99.87 99.55 99.65 1.50 × 10ିଷ 1.31 × 10ିଵ 4.54 × 10ିଵ 1.35 × 10଴ 
86 100.00 99.81 99.84 99.84 6.47 × 10ିସ 1.91 × 10ିଵ 1.56 × 10ିଵ 1.61 × 10ିଵ 
87 100.00 99.90 99.02 98.16 3.69 × 10ିସ 1.04 × 10ିଵ 9.76 × 10ିଵ 1.84 × 10଴ 

Average    3.81 × 10ିସ 8.36 × 10ିସ 1.86 × 10ିଵ 5.62 × 10ିଵ 9.52 × 10ିଵ 
 

Table 11 Damage severity in elements estimated by IGA for Scenario 3 

No. 
element 

Damage severity Δ𝐷𝑆 (%) 
Noise level Noise level 

0% 1% 3% 5% 0% 1% 3% 5% 
24 100.00 97.23 94.88 94.28 3.81 × 10ିସ 2.77 × 10଴ 5.12 × 10଴ 5.72 × 10଴ 

Average     3.81 × 10ିସ 2.77 × 10଴ 5.12 × 10଴ 5.72 × 10଴ 
 

Table 12 Damage severity in elements estimated by IGA for Scenario 4 

No. 
element 

Damage severity Δ𝐷𝑆 (%) 
Noise level Noise level 

0% 1% 3% 5% 0% 1% 3% 5% 
24 100.00 98.05 95.26 93.80 3.06 × 10ିହ 1.95 × 10଴ 4.74 × 10଴ 6.20 × 10଴ 
81 99.99 97.92 94.71 94.07 1.23 × 10ିଶ 2.08 × 10଴ 5.29 × 10଴ 5.93 × 10଴ 

Average     6.17 × 10ିଷ 2.02 × 10଴ 5.02 × 10଴ 6.07 × 10଴ 
 

Table 13 Damage severity in elements estimated by IGA for Scenario 5 

No. 
element 

Damage severity Δ𝐷𝑆 (%) 
Noise level Noise level 

0% 1% 3% 5% 0% 1% 3% 5% 
24 33.33 30.35 27.62 24.00 3.36 × 10ିଷ 2.97 × 10଴ 5.72 × 10଴ 9.33 × 10଴ 

Average     3.36 × 10ିଷ 2.97 × 10଴ 5.72 × 10଴ 9.33 × 10଴ 
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accurately estimating the severity of damage. By applying 
noise to the input data, the performance of this algorithm is 
still acceptable. 

Similar to the steps explained for damage detection in 
Scenario 1, the process is repeated for scenarios 2-5. The 
results of damage detection obtained from the fourth step in 
scenarios 2-5 are provided in Tables 10-13. 

According to the results of damage detection shown in 
Tables 10-13, the values of Δ𝐷𝑆 in the noise level of 0% 
are very small and close to zero. For other noise levels, the 
performance of the proposed algorithm is in the acceptable 
range. 

In order to detect damage, the sixth damage scenario is 
the most crucial challenge in the performance of the 
suggested algorithm. This scenario is the same as scenario 
4, but the end of one of the beams on the first floor only 
transmits forces and cannot sustain any bending moments. 
Hence, according to this scenario, there are two different 
damages in structure. The results of fitness function 
convergence in Scenario 6 during consecutive generations 
for different groups are presented in Fig. 9. As shown in 
Fig. 9, by examining the brace, column, and beam groups, 
finally, 53 elements enter the fourth step as the elements 
suspicious to damage. Since the results of brace, column, 
and beam groups are converged to a value other than zero, it 
is possible that damaged elements are placed in different 
groups. Besides, the damage type may be different from the 
change in elasticity modulus of elements, and damage has 
not occurred in the element length. Examining the elements 

 
 

suspicious to damage in brace, column, and beam groups in 
the fourth step, it is observed that the fitness function is 
considerably reduced but does not converge to zero. This 
considerable reduction in the fourth step is due to the 
detection of healthy elements and reducing the number of 
elements suspicious to damage. Therefore, in this damage 
scenario, other possible damages in the structure should be 
checked to make the fitness function ultimately converge to 
zero. According to Fig. 9(d), eight damaged elements 
finally remain. Damage detection results from the fourth 
step are provided in Table 14. 

The location of elements suspicious to damage remained 
from the fourth step with yellow elements is indicated in 
Fig. 10. In this step, the damage possibility in connection of 
the beam and column elements suspicious to damage is also 
examined. For this reason, eight nodes are added for 
possible damage at the two ends of the beam and column 
elements suspected to damage, as presented in red in Fig. 
10. Therefore, a total of 16 variables are placed in a new 
search phase. The difference is that the variables related to 
the damage coefficients of the elements (𝛼௝) have a value 
between -1 and 0, but the variables related to the 
connections are defined in such a way that the result is 
either a value of 0 which represents a rigid connection or a 
value of 1 which represents a pin connection. It is worth 
noting that this method can consider continuous values for 
the connection coefficients (like other elements), which 
helps the algorithm work effectively even if the connections 
are semi-rigid. However, since only fully fixed and pin 

 
 

 
(a) (b) 

 

 

(c) (d) 

Fig. 9 The convergence process of the Fitness function obtained by IGA for Scenario 6. (a) Braces group; (b) Columns 
group; (c) Beams group; (d) Suspected damaged elements (0% noise level)
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Fig. 10 Remaining elements at the end of fourth step 

evaluation 
 
 

connections are considered in the ASCE benchmark 
structure, two values of 0 and 1 are assigned to the 
connections. 

Results of the new search for elements and connections 
variables are indicated in Fig. 11. According to this figure, 
the algorithm finishes after two repetitions, and the fitness 
function converges to zero. Finally, two braces in the first 
and third floors, and a connection related to the end of the 
first floor beam, are detected as damaged elements and 
connections. The damage severity and Δ𝐷𝑆 are presented 
in Table 15. As is clear from the results, Δ𝐷𝑆 is zero for all 

 
 

 
 

 

Fig. 11 The convergence process of final step obtained by 
IGA for Scenario 6 (0% noise level) 

 
 

noise levels. The reason is that the damage to the 
connection is 0 or 1, i.e., either the connection is healthy 
(rigid connection) or damaged (pin connection). 

 
 

5. Experimental study 
 
To investigate the performance of the IGA method in 

detecting connection damage, a steel belt was utilized as a 
beam welded continuously and one-sided on an angle 
profile with a specific thickness. Figs. 12 and 13 show the 
schematic form of the model, including the beam and seat-
angle dimensions, and the test model made in the structural 
laboratory, respectively. 

 
 

 
 

Table 14 Damage severity in elements estimated by IGA for Scenario 6 (1st detection) 

No. 
element 

Damage severity Δ𝐷𝑆 (%) 
Noise level Noise level 

0% 1% 3% 5% 0% 1% 3% 5% 
18 88.18 85.23 79.57 69.51 8.82 × 10ାଵ 8.52 × 10ାଵ 7.96 × 10ାଵ 6.95 × 10ାଵ 
24 98.44 90.38 82.63 84.41 1.56 × 10଴ 9.62 × 10଴ 1.74 × 10ାଵ 1.56 × 10ାଵ 
25 1.56 11.60 16.37 16.16 1.56 × 10଴ 1.16 × 10ାଵ 1.64 × 10ାଵ 1.62 × 10ାଵ 
81 100.00 97.38 93.55 90.62 7.47 × 10ି଺ 2.64 × 10଴ 6.45 × 10଴ 9.38 × 10଴ 
88 6.29 37.68 51.42 52.19 6.29 × 10଴ 3.77 × 10ାଵ 5.14 × 10ାଵ 5.22 × 10ାଵ 
90 3.12 38.26 37.49 37.03 3.12 × 10଴ 3.83 × 10ାଵ 3.75 × 10ାଵ 3.70 × 10ାଵ 

104 22.08 50.68 55.77 35.52 2.21 × 10଴ 5.07 × 10ାଵ 5.58 × 10ାଵ 3.55 × 10ାଵ 
111 2.34 17.98 28.75 22.49 2.34 × 10଴ 1.80 × 10ାଵ 2.87 × 10ାଵ 2.25 × 10ାଵ 

Average     1.32 × 10ାଵ 3.17 × 10ାଵ 3.67 × 10ାଵ 3.22 × 10ାଵ 
 

Table 15 Damage severity in elements estimated by IGA for Scenario 6 (2nd detection) 

No. 
element 

Damage severity Δ𝐷𝑆 (%) 
Noise level Noise level 

0% 1% 3% 5% 0% 1% 3% 5% 
24 100.00 97.21 95.42 91.18 2.44 × 10ି଼ 2.79 × 10଴ 4.59 × 10଴ 8.82 × 10଴ 
81 100.00 97.74 95.22 91.25 4.79 × 10ିହ 2.26 × 10଴ 4.78 × 10଴ 8.75 × 10଴ 

Connection 100.00 100.00 100.00 100.00 0.00 0.00 0.00 0.00 
Average     1.60 × 10ିହ 1.68 × 10଴ 3.12 × 10଴ 5.86 × 10଴ 
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Fig. 12 schematic form of the cantilever beam
 
 

Fig. 13 Test model of the beam and seat angle
 
 
Since the created cantilever beam has no off-plane 

motion, it can be regarded as a two-dimensional model. The 
on-plane horizontal stiffness of the beam is much higher 
than the vertical and rotational stiffness. Therefore, the 
horizontal degree of freedom could also be negligible. 
Therefore, each node of this model is supposed to have one 
rotational and one vertical translational degree of freedom. 
The beam equivalent to the actual model is simulated as a 
2D beam element with known properties and two spring 
elements of unknown stiffness, as shown in Fig. 14. 

The steel material properties in this model are 𝐸 =2 × 1011 𝑁/𝑚ଶ and 𝜌 = 7850 𝑘𝑔/𝑚ଷ. The total mass of 
the accessories mounted on the beam for data collection is 
224 gr. This can be considered as a uniform dead load for 
analytical modeling. 

The beam is subjected to a vertical point load at a 
distance of 57.7 cm from the seat angle. The deformation 
due to this loading condition is shown in Fig. 15. 

 
 

Fig. 14 Modeling of the seat angle using two vertical 
translational and rotational spring 

 
 

 
Fig. 15 Deformation of the beam model subjected to 

static loading 

Therefore, the stiffness of this connection is equal to 
 𝐾ఏ = 𝑀𝜃 = 223.86  ൬Nmrad൰  (14)

 𝐾௬ = 𝐹
Δ = 24245.42 ൬𝑁𝑚൰  (15)

 
Then, the fixity factor of this connection is 𝛾 =29.564% using Eq. (16) (Monforton 1962) 
 𝛾௝ = 𝐿𝐿 + 3𝐸𝐼𝑍௝ (16)

 
where, 𝐿 , 𝐸 , and 𝐼  are length, elasticity module, and 
inertia moment of the element, respectively. 𝑍  is the 
inverse of the connection stiffness. 

Theoretically, the stiffness of the springs can be in the 
range of 0 ≤ 𝐾௬ ≤ ∞. However, from an engineering point 
of view, a specific upper limit can be assumed in which the 
frequency does not change considerably. Therefore, the 
translational stiffness is considered 0 ≤ 𝐾௬ ≤ 2666131 𝑁/𝑚 so that the frequency of the structure remains constant 
up to 3 decimal places. By scaling the translational stiffness 
to the range of 0 to 1, the rigidity coefficient of the 
translational spring is 

 𝑆𝐹ଵ = ቆ(24245.42 − 0) × (1 − 0)(2666131 − 0) +0ቇ × 100= 0.909% 
(17)

 
To determine the fixity factor and rigidity of the springs, 

the modal strain energy is established as the objective 
function using the complete first mode. Since only the first 
mode of the beam is required, 9.8 N static loading applies to 
the end of the beam, and suddenly eliminated to cause the 
free vibration. The accelerometer sensors record the 
acceleration of vertical and rotational DOFs of the beam at 
the start and end nodes. Then, using the Fourier analysis, 
the mode shape of the desired DOFs is obtained. To record 
vertical acceleration, it is just required to install the 
accelerometer sensor directly on the model so that there is 
no relative motion between the model and the 
accelerometer. In the previous research works, translational 
acceleration was recorded using translational 
accelerometers. However, in the present study, translational 
accelerometer sensors, mounted at a certain height of the 
beam, are used to record rotational acceleration (Fig. 16). 

 
 

Fig. 16 The location and installation procedure of 
accelerometer sensors to measure vertical and 
rotational DOFs
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The rotational acceleration is obtained through the 

following equation 
 𝜃ሷ௧ = Arc 𝑆𝑖𝑛 ൬𝑥ሷ௧

ℎ
൰ ≃ ൬𝑥ሷ௧

ℎ
൰ (18)

 
To minimize rotational acceleration measurement error, 

the element on which the accelerometer is installed, in 
addition to its negligible weight, must have high rigidity 
along its length and at its connection to the beam. 
Therefore, the plexiglass pieces are used to address this 
issue. The Fourier analysis of recorded acceleration in 1-4 
DOFs is shown in Fig. 17. 

By modeling the seat angle as two vertical translational 
and rotational springs, as shown in Fig. 14, the number of 
variables is 2. In this case, the MSE of the first mode shape 
is considered as the objective function. The convergence 
process of the objective function and the fixity factor of the 
investigated connection are presented in Figs. 18, and 19. 
As can be seen, after nearly 40 generations, the search 
process is stopped, and convergence is achieved. 

The convergence process of the fixity factor of the 
connection estimated by IGA 

 
Δ𝛾 = |𝛾ଶ − 𝛾ଵ| = 1.208% (19)

 
Δ𝑆𝐹 = |𝑆𝐹ଶ − 𝑆𝐹ଵ| = 0.413% (20)

 
The results revealed that for 2D models, the fixity factor 

of connections can be determined by obtaining just the first 
mode shape. 

 
 

6. Conclusions 
 
In this paper, an attempt was made to provide practical 

ideas to improve genetic algorithm and identify the damage 
based on the least modal information of the structure. 
Investigations on two numerical models including a 2D 
truss and a 3D structure showed that in 2D models only one 

 
 

Fig. 18 The convergence process of the objective function 
obtained by IGA

 
 

Fig. 19 The convergence process of the fixity factor of the 
connection estimated by IGA 

 
 

mode, and in 3D models with braces in two perpendicular 
directions only two perpendicular modes are needed for 
damage identification. Comparison of IGA algorithm with 
standard form of GA and DE in 2D truss model showed that 
the standard algorithms, even with more generations, cannot 
reach acceptable accuracy using the information of first 
three modes. According to this method, damage coefficients 

(a) (b) 
 

(c) (d) 

Fig. 17 Fourier analysis of (a) 1st DOF; (b) 2nd DOF; (c) 3rd DOF; (d) 4th DOF 
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of all elements are determined by IGA. In the two-
dimensional truss model, due to the small number of 
elements, all elements formed a single group and entered 
the damage detection algorithm. After several resuming of 
the search process and removing healthy elements, the 
damaged elements were identified with high accuracy. 
Including the effect of different noise levels revealed that 
this method has a maximum difference of 2.27% estimating 
the severity of damage for 0% to 5% noise levels in the DS1 
scenario. Considering the large number of variables in 3D 
ASCE structure, the elements were separately examined in 
three groups of braces, columns, and beams. Damage 
coefficients of different groups were introduced to IGA as 
variables in order to minimize MSE differences of damaged 
structure and MSE of updated structure. Damage 
coefficients of different groups were obtained by removing 
healthy elements and limiting the number of variables. In 
the next step, the damage coefficients of the suspected 
damaged elements remaining from the three groups of 
braces, columns, and beam were estimated by the IGA 
algorithm . If the IGA precisely determines the damage 
coefficients, the damaged model created from IGA is the 
main damaged structure, and fitness function will be zero. 
Results of the study for six different damage scenarios 
indicated that this method can accurately determine the 
damage severity in elements by only using two 
perpendicular modes. As a challenge for performance of the 
proposed method, different damage scenarios were 
considered including general and limited damages and 
different combinations of damage in form of elasticity 
modulus reduction and damage in connections were 
considered. The proposed method could achieve the three 
main targets of detection of damaged elements, 
determination of the damage type, and estimation of 
damage severities. Considering 0% to 5% noise levels and 
the DS5 scenario, the proposed method showed a maximum 
error of 9.33% in estimating the severity of damage. 
Comparison of the errors showed that as the number of 
damaged elements and the severity of the damage increase, 
the effect of noise on the results decreases. 

Then a novel methodology was presented to extract 
rotational mode shape that contains valuable information 
about connections. For this purpose, the connection 
stiffness of a cantilever beam was experimentally studied. 
In this model, the first mode of the beam at its start and end 
nodes was used to calculate the objective function. Each 
node contains a vertical and rotational degree of freedom. 
The vertical mode shape was obtained by analyzing the 
vertical acceleration recorded via a sensor mounted on the 
beam, and the rotational mode shape was obtained by 
analyzing the horizontal acceleration recorded by the sensor 
installed at a certain height of the model. The difference 
between the fixity factor through static methods and the 
proposed algorithm was 1.208% for rotational spring and 
0.413% for translational spring. The results attested to the 
efficiency of this algorithm to accurately estimate the 
connection fixity factor. 
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