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ABSTRACT

A damaged structure has reduced stiffness due to material and/or some weakened cross-section,
and degradation in strength. The motivation for this study is to find out what the distinguishing
characteristics in the spectral response of such a structure are during the process of supporting
the external load. By applying some tests in both numerical and experimental physical models,
which are carefully designed to experience the most representative working conditions concerning
controllable and uncontrollable factors, the response of the structure is analyzed extensively for
figuring out the typical modes of damages or failure. If the amount of data of the response of a
real structure are obtained sufficiently in terms of signals in the time domain and then analyzing
them in the frequency domain, the kind of damage could be determined. The structure to be
investigated in this study is a simple beam with 1% reinforcement which is deliberately damaged.
A numerical model as the pilot test is developed first associated with scenarios of crack positions,
symmetric and unsymmetric located damages, low-density. A two-stage strategy including static
and vibration tests is suggested. For ensuring the most real condition, some kinds of restraints are
altered and assigned into the model for bringing the structure closer to the reality. Results indicate
that the variation in the natural frequency of the simply supported beam modeled by SAP2000 is
more complicated in the unsymmetric pattens of cracks than that of the symmetric ones; and if
the cracks are alternatingly located, the structure still have higher stiffness than that of continuous
cracks. Besides, low-density results in a decrease in responsive frequencies from 5 % to 7.2% those
in good quality RC structures.

Key words: Damaged structure, Excitation, Low-density material, Responsive frequency, Vibration

Faculty of Civil Engineering, Ho Chi

Minh City Open University, Viet Nam

Correspondence

Tham Hong Duong, Faculty of Civil
Engineering, Ho Chi Minh City
Open University, Viet Nam

Email: tham.dh@ou.edu.vn

History

e Received: 03-12-2021
o Accepted: 25-02-2022
e Published: 06-03-2022

DOI : 10.32508/stdjet.v4iS12.949

‘ '.) Check for updates

Copyright

© VNUHCM Press. This is an open-
access article distributed under the
terms of the Creative Commons
Attribution 4.0 International license.

Al

<—

VNUHCMW PRESS
25 years of scholarly publshing
-7

h

tests

INTRODUCTION

Damaged structures require a good prediction con-
ducted by experienced engineers and technologists.
There is an urgent demand in the industrial manufac-
turing process to detect damaged structures to warn
and avoid serious casualties in products and supply
chains. Once the structure has been damaged, the
manufacturing could be failed or stuck, leading to
a progressive failure to the overwhelming chain of
working, exacerbating the situation, even collapse and
causing enormous casualties. As for the structure in
civil engineering, the improper diagnose can under-
estimate the strength of the structure, and worsen the
process of load-supporting, re-distributing the inter-
nal forces and moments, and increasing the deforma-
tion. Even a structural element like a reinforced con-
crete (RC) beam, failure can be of bending or shear-
ing, or both; the failure due to lack of flexural capac-
ity has specific characteristics, meanwhile, the failure
due to shear has a particular shape of cracks. Or a
wide flange steel girder, the instability of the web due

to the web thickness has no relationship with flexu-
ral capacity. It is a kind of local instability, which has
a tight relation with the slenderness of the web, in-
stead of global lack of strength. Without an experi-
enced observation via technical diagnose, the damage
could not be detected.

Damages in structures as such should be detected and
classified in a proper procedure. A weak element in a
structure, some structures in buildings or machines,
and all the system including structures, etc. should be
defined and quantified by numbers, indicators, plots
of response, etc. in a detailed program, and reliable
reports.

This article suggests ideas for applying a series of tests
to improve the process of diagnosing structures from
the external configuration to internal conditions for
obtaining some basic knowledge about the response
of a damaged structure. For some specific pilot pur-
poses, the paper focuses on a basic element, i.e., rein-
forced concrete simple beam. The target of this study
is to establish a foundation for diagnosing a damaged
beam in frames. At least the study expects to provide
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a port-folio for fastly assessing the structural system.

METHODOLOGY

In general, the structure has stiffness and strength.
The former relates to material and cross-section and
the latter, strength of the material. During the pro-
cess of supporting the gravity static load, the structure
deflects and the stress-strain relationship is someway
linear or hyperbolic. People can predict the health
condition for the structure to the criterion of limit
states, i.e. critical limit state, and serviceability limit
state. If there is any defect, it is difficult to determine
which kind of defects or damages in the structure. No
strategy of assessment is created to monitor the struc-
ture subjected to static loadings. The mere conclusion
is that if the structure deflects too much, it violates the
criteria of the serviceability limit state, we conclude
the structure lacks stiffness; if the structure develops
some cracks, it is predictable the structure comes to
the ultimate limit of the cracking moment.

The structure could be assessed by examining more
about the change in stiffness and strength by imple-
menting some tests, maybe in the laboratory with a
scaled model, or in a numerical model. In the for-
mer approach, a design of experiment is developed
to account for all the possible conditions of working
load exerted on structure; in the latter approach, it
should be conducted according to a strategy of testing,
in which many different alternatives of loads and ef-
fects, both in static and dynamic categories. For eval-
uating a high stiffness, the characteristics of acceler-
ation are dominant; for a flexible structure, the dis-
placement dominates the response. Besides, the more
damages or defects in material, the heavier damping
is. It means that damping can be another criterion for
assessing the damage in the structure. The more dis-
continuous in structural configuration, the structure
would vibrate to more mode shapes, represented by
different frequencies of responses. By analyzing the
acceleration and comparing the responsive accelera-
tion to some limit value, it could predict the possibil-
ity of cracking, meanwhile, the large deformation in
the responsive displacement may originate from the
lack of stiffness. The methodology based on dynam-
ics of structure could indicate the response both in the
time domain (TD) and frequency domain (FD), and
provide a database about all the responses, including
frequencies to different mode shapes, acceleration for
investigating the cracking possibility, the velocity for
computing the impedance, and the displacement for
assessing the stiffness. The method of vibration is the
rather viable and useful approach for detecting defects
in the configuration of the structure, the degradation
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of the stiffness, and the integrity of the structure un-
der consideration.

This study aims to suggest a strategy for detecting
damages of a defected structure, classifying the dam-
ages, and predict the quality of material of the struc-
ture.

Location of damages

Localized damage could be determined by applying
the assumption that the damage can be characterized
by location and the change in stiffness. The ratio of
the frequency changes,
ow;  Ogi
560j B 6g j n

h(r)

in which dwi and Swj are changes in frequency of

@

two modes i-th and j-th, i.e., mode shapes of cracked
and uncracked structure, respectively; r is the po-
sition vector; gi, gj, and h are functions of dam-
age locations. Once the theoretically computed ra-
tio §w; /8 w; equals the experimentally measured, the
position of the possible damages could be found !

Damping in structure

As for damping as an indicator of defects and dam-
ages in structure, structural damping can be an ef-
fect of hysteretic vibration in the meaning of material
damping. When the energy is low or high at a spe-
cific frequency;, it could be viewed that the damping is
heavy or light, respectively. It depends on the kind of
damping, the procedure for determining the damping
is suggested appropriately>.

Damping indicates the decrease in amplitudes of re-
sponsive displacements. Then by calculating the
logarithmic-decrement, normally denoted S, the

severity of damage could be revealed.
1 A;

8= ——Log—

27 OgA i—1

where A; is the time-domain response amplitude at a

@)

specific time t;. In case §>0.2, it is predictable there
is a severe damage in the structure. An alternative is
to analyze the signals in frequency domain to check
wheter the magnitude of a response is high or small,
or heavily or lightly damping (Figure 1). The higher
magnitude in frequency domain, the severity is heav-
ily damped, implying the severe damage in the struc-
ture.

The strategy for applying the vibration which con-
cerns the damping would faces mainly four kinds of
damping: friction damping (namely Coulomb damp-
ing), viscous damping, structural damping, and inter-
racial damping. The last one is due to some contact
between interfaces of machine parts that dissipates the
energy of vibration.
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Figure 1: It depends on the response in time do-
main and in frequency domain, the effect of damp-
ing could be analysed ( ource: Encyclopedia Britain-
nical, Inc).

Mechanical Impedance

The mechanical impedance or the reciprocation of the
mobility, of the structure is defined as below:
EA F
Z=""_
Vv Vv

in which F is the force applied to the structure in the

3)

axial direction. Any changes in E, A, or V due to
defects, reduction/enlargement in cross-section, and
low quality, etc. would result in a variation in the
impedance. The change in impedance would change
due to either the decrease in stiffness, the changes in
cross-section, or velocity of the longitudinal wave in
the structure. With data analysis that is based partly
on the maximum and minimum values of the struc-
ture mobility (i.e., ratio F/V), the maximum and min-
imum area of the cross-section are computed .

Method uses Transversal Wave Propaga-
tion

Once an excitation is applied to the structure, the
longitudinal and transversal waves (shear waves) will
travel simultaneously within the structure body. This
technique is also applicable to inelastic structures
such as timber, rip-rap rock, and Jareev (2020)4, as
in Figure 2.

By hearing using geophone for sonic sound, or seis-
mic sensor mounting along the structure shaft, the re-
sponse will be recorded at both the end of the struc-
ture; if there is a defect, the change in velocity ampli-
tude will be found.

Strategy for testing by vibration

The cracked structure is associated with the non-
linear relationship between the cause and the effects.

For instance, the relationship between bending mo-
ment versus curvature, stress v/s strain with the varied
location of the neutral axis, etc.’

Uncontrollable factors are encountered, the limit state
to be complied with, or N1, and the initial conditions
of the restraints to be applied to the structure, N2. The
strategy for analyzing the problem is Figure 3.

X1 to X5 are tests applied to structure.

Stage 1: Uncracked structure

The first crack appears when the strain exceeds the
limit value, or the principal stress is greater than the
tensile strength of the concrete material. The location
of the neutral axis will change, resulting in a change
in strain in concrete. In this study, according to the
ACI®, the maximum compression strain is limitted to
Ecu=0.003 or

: fi

g =171 z (4)
in which, f’; and E, are respectively the compression
stress and the material stiffness of concrete. In this
stage, damage index method (DIM) could be applied
to detect the location and severity of damages’.
Step I: modal analysis for determining the natural fre-
quency of the structure.
Step 2: Increase the load to P, and P4, with respect
to the load of the first crack observed, and of the most
sagged beam, respectively.
Step 3: Compare between P4 and P, compute the
damage index (DI) standing for the performance of
the structure under bending®.

P_Pcr

Dl = —— (5)
Ple)C - Pcr
Or in general formula
X —Xer
Dlpeam = ———— (6)
beam Xmax - XCV

in which the X, is the load or dynamic effects or
‘causes’ at which the crack appears, X4, being the
load or dynamic effects with which the response ex-
ceeds an acceptable value. The effects should be the
load causing either the value of bending moment lay-
ing between M and M, ;¢4 in Figure 4. 7

Step 4: Compare DI to criteria’ to evaluate the struc-
ture under static load which relates cracks and the de-
flection only.

Stage 2: Vibration test

Step 5: Lumped mass of cracked beam (increasing
mass, but the stiffness reduced), recalculate the fre-
quencies to determine whether there is a decrease
in natural frequencies. Plot the mode shapes. This
would be the first criteria for confirming the existence
of cracks in the structure.
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Figure 2: Shear wave propagation method .
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Figure 3: Schematic diagram for collecting the responses

Step 6: Compute the modified flexural damage index
(MEDI)*®

1/0?—1/0?

MFDI] = ————
l/wr%zaxf l/wczr

(7)
Step 7: Applying a dynamic loading with excitation
frequency ®@. The beam becomes a single degree of
freedom mass (SdoF) vibrates without damping. If
there are unsymmetric cracks, the structure is an ec-
centric mass, participating in motion with the dy-
namic loading, then some supplementary frequen-
cies appear in the frequency domain analysis. This
could be solved by considering parts of the beam
as lumped masses. This analytical can solved effi-
ciently by Matlab Simulink Toolbox, providing that
the springs standing for the connection between sec-
tions of beam k and km are properly modeled (Fig-
ure 5).

Step 8: Parametric study conducted over the range
of material stiffness, i.e., modulus of elasticity E. This
step deals with the integrity of the material. Results of
responses such as frequencies, acceleration, velocity,

SI31

Data of ~| TD&FD
Response - analysis
F(t)
M M

A A

Figure 5: Conceptual lumped mass model in case
of unsymmetric cracks in a beam acting as multi-
degree of freedom (MdoF) system.

and displacement from FD analysis would be com-
pared one-by-one to that of the responses of the un-
cracked beam in Step 1.

Step 9: In this step, an out-of-bond condition in rebars
and reinforced polymers (if any) would be detected. A
moving mass MV would be a source of excitation, and
an accelerometer transducer A is scanning along the
beam during the process of structure vibration. This
technique is described in Saleh et. al. (2016)° with
schematic diagram for the test as in Figure 6.
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Figure 6: Techniques of using moving accelera-
tion®.

In the numerical model in this study, the acceleration
sensor is replaced by a particle at which, the accelera-
tion is obtained. A moving force F has the amplitude
m.r.o acting up and down vertically. For a tenta-
tive model, this paper only aims at the investigation
of frequency to assess the damages in an RC beam.
Dynamic test concerning the MFDI and technique of
modeling the beam subjected to moving source of vi-
bration is beyond this paper.

Fast Fourier Transformation

Fast Fourier Transform (FFT) is the traditional way
to convert the time-domain signals to the frequency-
domain response. This transformation is very im-
portant to understand more about the modes of re-
sponses. According to this technique, data in time-

domain which have ns recordings, and the sampling
frequency fs being the total time of sampling di-
vided by ns. Nyquist frequency, fy, will be the f;/2
(fs=1/T;). The number of periods n.pf during the time
of sampling and the number of samples in a period
will be ns/npf. As such, the frequency resolution in
frequency domain (FD) analysis requires a sampling
frequency fy.s = 1/T;. Time-domain (TD) recording
requires at least 2n data for being sufficient in FFT.
The bigger amount of data is, the more precise the fre-
quency spectrum is. TD and FD analysis clarify the
existence of localized damages. By collecting a suffi-
cient database, better supported by some data-driven
method, for instance, the Artificial Neural Network
method, the problem of diagnosing damages and de-
fects is appropriately solved .

MODEL AND PRELIMINARY
RESULTS

A specific 6 m-long RC beam is modeled in SAP2000
(Figure 7). According to the American Concrete In-
stitute, or ACI, the cross-sections of the main ele-
ments with cracks are normally suggested as shown
in Table 1. However, the beam is modeled by Solid
8-node elements, equally divided along the axis of the
beam. The damaged zones are modeled as nearly zero
stiffness elements. The damages would be either a re-
duction in cross-section or low-density material (i.e.,
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low value of the elastic modulus E). To come closer to
the exact modeling, only a partial element is of very
small stiffness, which stands for the zero stiffness of
cracked zones. For ensuring the dynamic analysis,

the beam subjected to static loading is first examined. Mode 1:11-25.45 He
Once the beam has proved to be relevant in the re-
sponse (i.e., deflection and bending moment), then
the beam is brought into vibration tests of Stage 2
mentioned above. For simplicity, the results of Stage

|

Mode 2: £:=79.6 Hz

1 are checked and displayed as in Figure 7.

Figure 7: Model of RC uncracked beam with 1% re-
inforcement converted to equivalent concrete.

|

Mode 3: f;=133.49 Hz

5

ode 4: £1=200.46 Hz

The rebar contributes no stiffness to the overall stiff-
ness in calculation the mode shape, this is because Mode 1: i=23.36 Hz
based upon the technical viewpoint considering the
deflection of the RC beam without taking any per-
centage of rebar into account, the beam vibrates as

\

a multi-degree of freedom body with uniformly dis-
tributed masses. The first four-mode shapes for un-
cracked structure, low density (i.e., poor quality are
plotted in Figure 8.

The frequencies for the first four modes are f; =26.64
Hz,f, =79.18 Hz, f5 = 130.54 Hz, and f; =203.92 Hz
for uncracked beam, and f; =23.36 Hz, f, =79 Hz,
f3 =121.16 Hz, and f4 = 202.10 Hz for cracked beam.
When the cracked zone widened, but still symmetri-
cal (see Figure 9), there is a decrease in stiffness, the

Mode 2: £:=78.99 Hz

|

Mode 3: f;=121.16 Hz

Mode 4: f:=202.10 Hz

natural frequencies are tabulated as in Table I. The fre- Figure 8 The first four mode shapes of an un-
quencies seem unchanged when the cracks are sym- cracked beam, uncracked beam (in dark color), and
metrically located, with large numbers of cracks (see unsymmetric localized crack (violet).

bold numbers in Table I). The maximum strain at the
lower edge of the beam is nearly 32% in the case of a
crack locating in the middle of the structure.

There are three patterns of cracks, classified into
2 groups of damages: symmetrical cracks and un-
symmetrical cracks; in the pattern of unsymmetrical
cracks, the model examines two scenarios, they are
staggered positions and continous positions. Stag-

gered or alternating positions are designed as in Fig-

ure 10.

The Table 1 prescribes the frequencies of the free vi- Figure 9: Cracked beam with 3 positions of cracks,
bration without damping. These results are obtained f1=8.04 Hz. Strain vectors of the large deformation
by SAP2000 analysis '°. widened in the tensile zone of the cracked beam.

For investigating the responsive frequencies of the
beam having the low-density material, the model ap-
plies the reduction in the weight per unit volume,
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Table 1: Natural frequencies of cracked beam (in Hertz)

Characteristics of localized defects No. cracks fj fr f3 s
zones

Symmetrical position, alternatively located 2 10.65 35.63 36.34 36.42
3 17.60 36.03 39.97 46.02
2%* 8.04 35.64 36.34 36.42
3* 7.14 31.52 35.63 36.34
4* 7.12 31.52 35.63 36.34

Unsym. position (one-sided cracked region) 2 12.97 76.44 103.27 183.40
3 9.16 53.67 95.29 134.34
4 9.14 53.06 94.50 133.82

Note: 2*, 3* and 4* are three scenarios of cracks
€ Material Property Data X

w 0O

NE AN \
| JAN

4% |

p AR MERn |
i A

Figure 10: Three scenarios of alternating cracks
(shaded rectangulars). Symbols 2* 3* and 4* denote
the number of cracks.

light-weight concrete, and a shear strength reduction
factor of 0.7. It means that the quality of concrete im-
plies a reduction out of 70% of the shear strength of
the material. Properties for such a low-density con-
crete are reported in Figure 11.

The frequency of a beam made of low-density con-
crete decreases slightly as compared one by one to that
of a beam having good quality material. The frequen-
cies in this case decrease slightly, providing that there
is no unsymmetric density in the material.

The responsive frequencies in the low-density sce-
nario decrease from less than 5 % at the dominant fre-
quency to 10.9% at the higher mode of responses (see
Table 2).

But for the scenario of partially fixed support, the fre-
quencies decrease slightly at the first and lowest fre-
quency f;. It is predicted that this result depends
on the stiffness of the spring assigned to the model.
In real structure, the rigid region of the connection

General Data

Material Name and Display Color | |
Material Type Conerete
Material Grade [fe <3000 psi
Material Notes Modify/Show Notes...
Weight and Mass Units.
Weight per Unt Volume Mme v

Mass per Unit Volume

Isotropic Property Data

Modulus Of Elasticty, E
Poisson, U
Coefficient Of Thermal Expansion, A

Shear Modulus, G 9559838,

Other Properties For Concrete Materials
Specified Concrete Compressive Strength, fc

Expected Concrete Compressive Strength 19500.

Lightweight Concrete

Shear Strength Reduction Factor

Figure 11: The properties of a low density concrete.

should be studied with an advanced numerical model.

DISCUSSION

This study firstly indicates how the frequency of the
structure decreases in terms of different patterns and
scenarios of damages. Although some abovemen-
tioned preliminary results are clear, there should con-
sider some key points as follows::

1. Since the reinforcement or rebar embedded in
the concrete could be converted to the equiv-
alent area of concrete and symmetrically dis-
tributed, the results of free vibration of the RC
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Table 2: Natural frequencies of low density beam (in Hertz)

Material

Low E, restraints

Partially fixed support by spring k=9e4 kN/m

fi f f3 £y
26.65 87.13 130.98 225.01
25.45 79.59 133.49 200.46

beam would be acceptable.

2. The flexural capacity of the beam can be easily
determined, using the theorem of the textbook
Reinforced Concrete Design. Therefore in Stage
1, Pyuuc and P, in the formula (5) are deter-
mined. The formulas (5) and (6) are used in as-
sessing the performance of a structure subject to
a transversal bending due to vertical static load-
ing, and the (6) for dynamic structures.

3. The variation in the natural frequency of the
simply supported beam modeled by SAP2000 is
more complicated in the unsymmetric pattens
of cracks than that of the symmetric ones. Nev-
ertheless, if the cracks are alternatingly located
in one side of the beam, the structure proves
to be of higher stiffness at the same numbers
of symmetrical patterns of cracks. The mode
shapes are different.

4. It is necessary to detect the location of damage.
The method of modal strain energy (MSE) could
be a viable method. In real practice, the loca-
tion of damage could be detected by wave prop-
agation method >*. If there is a time-dependent
excitation exerted on the structure and stirred
it vibrating, then the response in time domain
could be analyzed in frequency-domain to de-
tect some dominant frequency and others, then
the condition of the structure could be assesed.
Besides, damping will be determined quantita-
tively by investigating the amplitudes of respon-
sive displacements. This is the next step with de-
tails followed by this study.

5. Scenarios of cracks which are modeled as 8-
node solid element blocks having the nearly zero
stiffness has not taken the non-linear relation-
ship between stress and strain, and the widened
cracks. This should be overcome by apply-

ing some other powerful finite element software

such as ANSYS, ABAQUS, etc.

CONCLUSION

Frequency analysis has proved to be a good mea-
sure to assess the damaged condition of a structure.
There are criteria with which practitioners could use
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to quantitatively assess the performance of a struc-
ture. This study suggests a two-stage strategy of test-
ing, including a test with an uncracked structure for
getting data about the damage index and the natural
frequency of the structure; then vibration tests could
be applied to the structure associated with a variety of
scenarios of cracks, to obtain a database of responses.
In the framework of this paper, the model developed
by SAP2000 is used as a pilot test before conducting
it in a scaled model. Results about the decrease in
frequency relate closely to the degradation in stiffness
and strength, the especially unsymmetric configura-
tion of materials, and positions of cracks. In real prac-
tice, such a structure could be tested to evaluate the
natural frequency for the first mode of vibration. Re-
sults from this study could be further in both theo-
retical and experimental aspects, especially vibration
tests to help technicians and engineers have another
tool in technical diagnose.

ABBREVIATION

TD: Time-domain.

FD: Frequency-domain.

DI: Damage Index.

RC: Reinforced Concrete, bé tong c6t thép.
Sdof (Mdof): Single (multi) degree of freedom.
FFT: Fast Fourier Transformation.

MSE: Modal Strain Energy
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