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Available online: 31 December 2024  causing failures and tragedies in buildings under construction. As a
result, it's essential to keep an eye on the structural responses in order
to assess the health of the buildings, guarantee their operational safety,

Keywords and identify damage early on. Damage-related changes to the
Reinforced concrete beam, crack structures' physical characteristics, such as their natural frequency and
depth, vibration-based method, mode shape that might modify the dynamic response. These parameter
ambient test, impact hammer test changes can be extracted to predict damage detection information, such

as the presence, location, and severity of damage in a structure. Thus,
in this study, two non-destructive test methods ambient vibration test
and impact hammer test were carried out to determine the vibration
behaviour of cracked and uncracked of simply supported beams.
Moreover, the position of various crack depth from Omm to 150mm
with 50mm interval were determined at the midspan of 0.60m x 0.25m
x 0.25m reinforced concrete beams. The result showed, the natural
frequency of cracked beam is lower than uncracked beam. Besides,
propagation path of wave altered differently with various crack depth.
The severity of cracks also can be determined by observing the curve
fitting graph where the wave pattern propagate.

1. Introduction

The vibration-based method is one of the types of non-destructive testing (NDT) technique that include vibration
analysis, where researchers use it to examine changes in modal characteristics such as natural frequencies, mode
shapes, and modal damping values. Vibration tests on damaged and undamaged reinforced concrete beams allow
for the assessment of frequency value variations associated with reinforced concrete beam damage from
increasing bending force. The dynamic properties of damaged buildings have been linked to the location and
extent of damage, even though damage is often a local phenomenon and vibration response is a global feature. The
fundamental idea underlying vibration monitoring is that, as dynamic characteristics are functions of a structure's
physical attributes, any alteration brought about by damage also affects the dynamic response [1]. The degree,
kind, and position of cracks as well as their impact on the structural integrity of the building should all be taken
into consideration. Even minor damage has the potential to modify the structure's dynamic response, reducing
stiffness and ultimately changing the structure's inherent frequencies and mode shapes.

The reaction to vibrations is utilized in vibration-based structural health monitoring techniques to confirm
structural integrity. This enables the prompt evaluation and execution of remedial measures to counteract
deterioration, damage, and excessive loads before they threaten the structural integrity or diminish the asset's
usefulness. Because stiffness affects a structure's dynamic behavior, vibration-based techniques can identify
problems brought on by stiffness losses [2]. Information on the position and depth of the cracks is provided by
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the frequencies and corresponding mode shape of the structures. Owing to the presence of cracks in the structures,
an increase in local flexibility has a negative impact on the overall structure's dynamic behavior. Additionally, this
lowers the natural frequency, which modifies the vibration's mode patterns. Finding these variations probably
results in the identification of fracture-causing cracks.

Ambient vibration test and impact hammer test are examples of the test that can study the crack behavior in
those structures. The process of testing for ambient vibration involves quantifying small structural vibrations
brought on by external forces. A micro-tremor, the wind, or road noise are examples of ambient forces. The
process is rather quick and straightforward, and it may be applied to an operational structure without interfering
with its regular operation. On the other hand, the impact hammer test can use measured frequency response
function (FRF) data to predict the dynamic parameters. The sensors and an impact hammer are used in an
experimental procedure known as "impact hammer testing," sometimes known as "modal testing," to extract
dynamic information. By calculating the decrease in frequency response in each mode because of the structural
stiffness in the cracked zones, the degree of damage was determined [3].

Therefore, it becomes crucial to keep an eye on how the structure's reaction characteristics evolve to ensure
structural integrity, performance, and safety. Due to the local flexibility the crack introduces, cracks in a structural
part, whether they originate from inherent faults in the material or the result of fatigue or load concentration, can
lower natural frequencies and alter the forms of vibration modes [4]. Thus, in this study, investigation against
various crack depths on reinforced concrete beam based on vibration-based method were carried out using
ambient vibration test and impact hammer test to study its vibration behavior.

2. Methodology

This study aims to determine the vibration behaviors of reinforced concrete beams with and without cracks that
are simply supported and to determine the crack depth using those vibration-based methods. The structure of the
beams was constructed in the laboratory first before the testing started. Four beams with dimensions 0.60m x
0.25m x 0.25m were constructed. Bending of bar and links were then carried out. Polystyrene was act as cracks
after scooped out from concrete. Curing is the process of hardening that begins immediately after the concrete is
poured. It is usually complete after 28 days. Thus, the testing will be started as well as after 28 days. Two vibration
tests were then conducted to determine the vibration behaviors of beams, which are ambient vibration test and
impact hammer test. The natural frequency and wave propagation of peak acceleration can be determined after
conducting the test and analyzing the data using Me’ Scope software. Me’ Scope software fits curves to determine
the frequency, damping, and mode shape. The time histories were processed using ME’ Scope, which was also
utilized to compute the FRFs between the excitation and response signals and determine the structure's modal
parameters using curve fitting of the FRFs. All the results were tabulated in Excel spreadsheet and formed the
graph to find out the correlation between wave parameters.

2.1 Prior Preparation Before Formwork

Before entering the formwork stage, there were many materials needed to prepare first as shown in Figure 1 to 4.
For instance, purchasing reinforcement bars, links, plywood board and binding wires. After that, the
reinforcement bars and links need to be measured and cut for desired distances using measuring tapes and
markers before bending it using bar bending machine. Then, the reinforcement bars and link will be bonded using
binding wires.

Cutter was then be used to cut the polystyrene into three sizes which the depth in 50mm,100mm, 150mm,
whereas the thickness and width were fixed which are 5mm and 50mm. Polystyrene acted as crack in beam where
those were fixed in the middle of the formwork using cement and scooped out after concrete using metal ruler.

After all these things have been done, then were proceed to formwork stage. The plywood board and timber
wood were cut using radial cutting saw and screwed together using drill kit in wood fabrication laboratory before
entering the concreting stage.
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Fig. 3 Cut out the polystrene for later stick in the formwork

Fig. 4 Cut out the polystrene for later stick in the formwork
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2.2 Detailing of the Beam

The dimension of the beam is 0.60 m length, 0.25 m width and 0.25 m thickness with concrete cover of 38mm. The
reinforcement bars will be 12mm diameter and link diameter will be 6mm. The reinforced concrete beam will be
designed to be Grade 25. The mixed ratio of C25 concrete is 1:1:2, consisting of one part cement, one part fine
aggregate or sand, and two parts coarse aggregate.

Fig. 5 Detailing and concreting of beam

3. Theory Equation of Healthy Beam

In theory, the value for natural frequency in healthy beams can be evaluated using the specified formula. A formula
involving Timoshenko beam theory was used to calculate the natural frequency in healthy beams that are properly
without crack [5]. The formulas (1) and (2) proved that the theory that natural frequency drops as crack depth

increases is true.
EI
W, = a® |— 1
n YWE 1)

fo= —W, )

where,
W= natural frequency in rad/sec
a = Shear correction factor
E =Young’s Modulus of Elasticity
[ =Moment of inertia
A =Cross sectional area
p = Density of material
L = Length of structure

fn = natural frequency in Hz

4. Testing of Beam

Before carried out the test, the gridlines were plotted on the beam along the length of the beam as shown in Figure
5 to create a point where the accelerometers will be placed. The tests needed four sets of gridlines which were
30mm, 40mm, 60mm and 120mm intervals between accelerometers to be carried out. From the left side, the
starting two points have different distance compared to others which are 40mm for 30mm interval gridlines
whereas a point placed differently which is 80mm for 40mm, 60mm and 120mm interval gridlines.
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Fig. 6 Position of accelerometers on beam surface

To start the ambient vibration test, the accelerometers were place on the surface of the beam according to the
position that has been decided which were starting from gridlines 30mm until 120mm. The sensitivity of the
accelerometers were 101.8 mV/g and the signal recording time set to 10 s. Cables will be used to link each
accelerometer to the data logger. The connection of the accelerometers to the data logger was according to the
number of channels. Next, the computer and data logger will be connected so that the vibration wave can be
recorded. The Me' Scope software that installed in the computer will process a frequency response function (FRF)
that the data logger sends. The modal parameters like wave propagation, natural frequency of beam were
recorded. The natural frequency will be tabulated in the table. The same steps were repeated to the beams that
have various crack depths on the surface of the beams. For the impact hammer test, an impact hammer was used
as a vibration excitor and the testing was same as ambient test before.

(a) (b)

(c) (d)
Fig. 7 Position of accelerometers for gridline distance (a) 30mm; (b) 40mm; (c)60mm; and (d) 120mm
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(@) (b)

Fig. 8 Ambient (a) and impact hammer test (b) in laboratory

5. Finding and Discussion

The wave parameters like acceleration and natural frequency data were obtained from the IMS Famos and ME’
scope software. Correlation between acceleration and natural frequency with various crack depths were drawn
out.

5.1 Wave Propagation of Peak Acceleration

Based on the results that have been recorded, it can be shown that the peak acceleration for the uncracked beam
decreases from the hammer hitting point, point 5 to point 12 for all gridlines distance which are 30mm, 40mm,
60mm and 120mm as shown in Figure 9. There is no obvious change for the wave. The decrease in acceleration
during an impact hammer test on an uncracked beam is a result of energy dissipation through various damping
mechanisms inherent in the material and stiff structural design of the beam. These mechanisms convert kinetic
energy into other forms, gradually reducing the amplitude of vibration and the acceleration of the beam over time.
Plus, the structure is stiffer without cracking, which makes the wave deflect slower.

Other than that, from Figure 9, there is an increasing pattern for cracked beams which are 50mm, 100mm
and 150mm. For 50mm and 100mm cracked beam, it showed the most obvious increasing pattern which the
acceleration increases gradually whereas for 150mm cracked beam, it showed slight increases only for those all-
gridline distance. This changing condition can be explained by when a beam is cracked, the stiffness of the beam
decreases, which affects how it responds to applied loads. In a deeper crack, there’s less material resisting
deformation, so the beam is less stiff. When a load is applied to the cracked beam, it deflects more easily, causing
higher accelerations at the crack location.

Furthermore, the position and severity of crack depth also can be analyzed out. From Figure 9(a), it shown
that all increasing pattern was starting after or around point 6, means the crack exists there. Same goes to Figure
9(b), all increasing pattern was starting after or around point 5, starting after or around point 4 in Figure 9(c) and
starting after or around point 3 in Figure 9(d). While for the severity of crack, it can show that the peak
acceleration value for 150mm cracked beam are higher than 50mm cracked beam for all gridline distance except
for 120mm gridline distance. This means that more accelerometer is needed for conducting the test to analyze the
wave propagation pattern. For instance, the peak accelerometer for 50mm cracked beam is 502.05mg while
150mm cracked beam is 580.67mg at point 6. Thus, we can induce that higher peak acceleration means higher the
crack depth there. The exception happened at 100mm cracked beam where the increasing pattern were starting
far away from the crack position. This may be due to different reasons like the impact load was non consistent,
human error or instrument error like the accelerometer or wires have problem or even caused by environmental
factors. The condition when higher acceleration peaks mean higher cracked depth has been proved with previous
study, the analysis of acceleration signals in wavelet transform helps to study the severity of crack with the aid of
wavelet coefficient peak value. It showed that the value of wavelet coefficient peak is increasing with increase of
crack size [6]. The increasing depth of crack means more defects and less stiffness makes it more easily reflected
and hence acceleration.
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Fig. 9 Graph of accelerometer distance for various crack depth (a) 30mm; (b) 40mm; (c) 60mm; (d) 120mm in
impact test

5.2 Natural Frequency

After all the data has been recorded and analyzed in graph, the result showed that almost of the natural frequency
decreases as the crack depth increases for both tests except for 40mm gridline. For instance, in the 30mm gridlines
of the ambient test, the natural frequency drops from 99.72 Hz to 62.86 Hz as proved in previous study which a
vibration-based method was utilized to evaluate the vibration serviceability of the bridge. The findings observed
that stiffness decreases which causes the natural frequency to decrease [7].

Same goes to impact hammer test except for the 30mm gridlines in Figure 10. The exception may be caused
by the impactload being too heavy that caused by human error or instrument error which detect abnormally. The
decreasing phenomena can be seen in 60mm gridlines distance, the value of natural frequency drops from 89.47
Hz to 65.54 Hz where test on the crack depth 50mm, 100mm and 150mm. This condition was proven by previous
study where the findings also indicate that frequency reduces as crack depth increases across the beam using
impact hammer test [8]. The reason why natural frequencies are inversely proportional to crack depth is because
when a crack forms in structure, it creates a weakened area in the structure. This weakened area is less resistant
to deformation compared to the surrounding intact material. As the crack deepens, the effective stiffness of the
structure decreases because the cross-sectional area available to resist deformation decreases. Consequently, the
structure vibrates at a lower natural frequency due to its reduced ability to resist deformation.
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Table 1 Natural frequency for various gridlines distance in both test

Natural
Gridlines distance, mm Crack depth, mm frequency, Hz
Theory Ambient test Impact
hammer test
0 99.72 99.76
50 77.24 74.50
30 109.76
100 68.47 7491
150 62.86 66.21
0 95.41 94.37
50 73.25 70.50
40 109.76
100 74.77 64.4
150 64.23 63.0
0 98.61 89.47
50 76.23 70.53
60 109.76
100 72.79 66.99
150 65.30 65.54

Table 2 Natural frequency for various gridlines distance in both test (continued)

Natural
- . frequency, Hz
Gridlines distance, mm Crack depth, mm -
Theory Ambient test Impact
hammer test
0 98.64 90.54
50 74.77 70.62
120 109.76
100 69.86 66.87
150 65.01 66.36

Natural frequency versus crack depth Natural frequency versus crack depth
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Fig. 10 Graph of natural frequency versus crack depth in ambient test (a) and impact hammer test (b)
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6. Conclusion

In conclusion, the ambient vibration and impact hammer test for four beams with various crack depths were
successfully conducted. The vibration behavior of wave propagation for cracked and uncracked beam were
studied. The wave parameters like acceleration and natural frequency were analyzed out. The results showed that
those parameters and crack depth have a strong relationship. For instance, the peak acceleration varied for
different crack depth. Changing peak acceleration pattern at crack location helped us to detect where the crack
exists and its severity. But peak acceleration just gives us guidance only as the circumstances can be changed by
others factor also like the static load. Whereas natural frequency more truly showed out that which the beam more
stiffness and severe as the theory equation have been proved that. Those increasing peak acceleration conditions
happened in crack location was because of the stiffness of the beam. When stiffness of beam decreases, the beam
less resistance to deformation hence easier for the vibration wave to travel faster and less natural frequency
across the crack depth. To illustrate more, the severity of crack depth can be determined based on the curve fit
graph by evaluating the value of natural frequency out. However, further research needs to be carried out for the
better accelerometer location and distance to be placed on structure that need to be tested as some of the data
need to be further investigated as vibration wave in structure is much complicated and can affected by various
factors and many conditions that affect wave parameters.
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