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Abstract: Structural health monitoring (SHM) is critical for the safe design and use of many societally essential structures,
such as bridges, highway infrastructures, high-density buildings, and technologically critical applications in the aerospace and
automotive industries. Among the many modes of mechanical loading, dynamic loading (such as vibration or impact) is
perhaps the most crucial as it often leads to sudden failure of the structures. In addition, more structures — such as aircraft,
spacecraft, and even automobiles — are currently built with composite materials due to their high specific strength and
toughness (compared to metals). Although many SHM studies have been performed in structures made of fiber-reinforced
composites, the response of structures, especially concerning high impact loading mode, may be different compared to metals
is one example of such a unique damage mechanism in composites. We propose here new damage indicator based on the
theory of strength of materials applied to plate geometry. The findings suggest that the new damage indicator is more sensitive
towards detecting failure of the materials or structures, compared to the existing methodology.
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1. Introduction

Structural health monitoring (SHM) is critical for the safe design and use of many societally important
structures, such as bridges, highway infrastructures, high-density buildings, as well as technologically important
applications such as in aerospace and automotive industries. For developing nations, such as Indonesia, which
tend to have densely populated urban areas where any infrastructural failure could be devastating to the safety of
the people, as well as to the society and economy. Early Damage detection has paramount importance here to
allow the repair of the structures so that they can continue to be used safely. Early damage detection has also been
known to improve operational planning and reduce maintenance cost of the structure significantly(Annamdas et
al., 2017; Ganguli, 2010)

The critical role of SHM to prevent structural failures has been evident through the case of KutaiKartanegara
bridge. The structure of the bridge collapsed on November,26,2011(Fergyanto Efendy Gunawan, 2018), due to a
combination of overloaded use and undetected materials degradation of the important structural parts of the
bridge, such as corrosion, and fatigue (which is time-dependent fracture failure), with many casualties. Moreover,
SHM has been recognized to be effective method for rationalization of risk and asset management (Fujino et al.,
2019; Klerk et al., 2019; Law et al., 2014).However the full implementation of SHM into important engineering
structures, such as bridges and aircrafts requires interdisciplinary approaches that integrate research activities
focused on sensors, actuators, signal processing and interpretation, physics-based modelling, system integration,
electronics, and computational techniques. Despite recent advances, there are still many challenges to overcome
before SHM can be widely employed especially in important engineering applications that involve safety of
people, such as in aerospace industries(Inaudi, 2009; Ou & Li, 2009).

Fiber-reinforced (carbon or glass) composite materials have increasingly been used especially in the aerospace
industry — as lightweight but strong and tough materials are needed there — as well as in many other engineering
fields such as automotive and energy industries. Composite materials have superior specific mechanical/structural
characteristics (including fracture toughness and fatigue properties) compared to metals. However, they are known
to be highly susceptible to damage caused by low or high-velocity impact loading, which is likely to occur
especially in the case of aircrafts during their operations (Ishikawa et al., 2018; Paixao et al., 2020; Yeager et
al., 2017)

SHM used to detect early damage in the composite materials in such complex structures such as in aircrafts
led to the development of a vast range of techniques (Giurgiutiu, 2019). Many ofthem used natural frequency
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while damage detection is global but less sensitive (Fergyanto E. Gunawan et al., 2021; Fergyanto Efendy
Gunawan, 2019). Various other methods for SHM on composite materials have been applied depending on the
complexity of the damages and the structures. Euler-Bernoulli equation has been used to develop damage
conditions and the integrity of material structures (Fergyanto E. Gunawan & Sekishita, 2019; Fergyanto
Efendy Gunawan, 2020)and has been widely accepted that it offers high sensitivity for early damage detection..
Machine learning has also been widely used recently to predict various damages in structures. More Training and
testing data are required to establish damage severity, damage index, and healthy condition (Bao et al., 2020; Bao
& Li, 2021).

Although, many SHM studies have been performed in structures made of fiber-reinforced composites, the
response of structures especially with respect to low impact loading mode may be different as compared to metals
(Heimbs et al., 2010; Yang et al., 2016). Delamination (between layers or within each layer) is one example of
such unique damage mechanism in composites (Dogan et al., 2012; Hallett & Harper, 2015). Therefore, we
propose here a new damage indicator which is based on the theory of strength of materials applied to plate
geometry. A new damage index can be calculated by comparing the predicted deformation at a specified location
with respect to impact loading and the actual measured deformation (through strain gage measurement, for
instance). We predict the deformation using combination of plate theory and finite element modelling (FEM). We
compare the results of our methodology with similar data obtained by other methodology as reported in the
literature.

2.Methodology
2.1 Simulation Modelling

In this study, literature studies from related research journals were conducted. Literature study as input in
conducting simulations on materials in terms of material selection, orientation angle, impact speed. The next stage
is writing a proposal with a writing structure consisting of an Introduction (Background, Problem Formulation,
Objectives, and Benefits), Theoretical Basis, Research Methods, Analysis Results, and Conclusions. Furthermore,
a simulation model was made using the LS-DYNA (R) 4.6.19 software, the model that had been made was
validated to ensure that the loading model on the composite plate was not damaged.

Figure 1. The simulation modelling of composite material under low impact loading

On figure 1 Composite plate in Is-Dyna was designed using 4N plat on shape meshes. The size of mesh
respectively 2 mm. All the edges of plates are supported by simply supporting. The plates are subjected to low
impact loading on the middle of a surface. The impact loading was restricted to the z-direction. Data of
displacement of the z-direction is carried out on each node element that is in the middle layer of the surface of the
composite plate.

2.2 Material

The material used in making the composite plate is carbon fiber (CF) which consists of combinations layer
[0,90,90,0], thenanothercombination on the layer orientationssuch as [0,15,30,45,60,75,90,105,120,0] and
[0,45,90,135,180,225,270,315,360,0]were used to ensure the validated modelling. The dimensions of the
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composite plate used are Length: 100 mm, width: 100 mm, and thickness: 0.4 mm. Impact loading using a steel
ball with a radius of 30 mm. the loading does not cause failure on the plate surface. The mass of the ball is 0.1 kg
with an impact velocity of 1 mm/ms. Mechanical properties of carbon fiber were seen in table 1(Mechanical
Properties of Carbon Fibre Composite Materials, 2016).

Table 1. Mechanical properties of Carbon Fiber Composite Material used in simulation modelling

Properties Simbol Unit Std CF
Young Modulus 0° El Gpa 70
Young Modulus 90° E2 p 70
Poisson ratio V12 0.1
Ultimate Tensile strength 0° Xt Mba 600
Ultimate compression strength 0° Xc p 570
Ultimate Tensile strength 90° Yt Mba 600
Ultimate compression strength 90° Yc P 570
Ultimate Tensile strain 0° ext o 0.85
Ultimate compression strain 0° exc ? 0.80
Ultimate Tensile strain 90° eyt o 0.85
Ultimate compression strain 90° eyc ? 0.80
density p g/cm3 1.6

2.3 Structural Health Monitoring

Structural health monitoring using strain gauge as a sensor on the surface of the plate. The sensor is used to
obtain the necessary data of deformation. This research takes the sensor on the node. The node was chosen at the
around of impact area on the surface. Displacement to the z-direction could be taken from the respective nodes.
Displacement to the z-direction at the node was used to determine damage index in the composite plate. The
Kirchhoff-love dynamic equation which used to calculate damage index. The equation on an isotropic plate is
proposed as follows

4 4 4 2
D( S+ 255+ 57+ (ey.0+2ph 57 =0 ()

Where,w:Plate Deformation (mm), q: Impact Load (kg), Density of material (kg/mm3), d: Damage index.
displacement to the z-direction (w) is a function of time (t) which is derived respectively from the X and Y axes.
The dynamic equilibrium equation is applicable for any point at the beam at any time. We hypothesize that a

deviation from the condition may signify a change in either the material properties or the plat geometry or both.

In this work, we use the Kirchhoff-love plat theory not to predict a plat deformation, nor to predict
theexerted force, but to estimate the plat integrity. For the purpose, we propose:

4 4 4 2
d(xy.0=D( S+ 25+ S5 +q (xy.0+2ph ZF @
X~ 0y oy ot
we hypothesize when the plat in intact, and D, p, are assigned with values in the intact condition, the damage
indicator (d) should be zero or very small. The indicator may shift from zero when the plat contains damage. We
assume that damages alter plat deformation w(t,x,y). we compute the term 64W/ ox*, 64W/ 6y4 and 64W/ 8x28y2

respectively by the finite element approximation of:

o W & *w _ w(it2,j,0-4w(i+1,j,0)+6w(ij,0-4w(i-1,j,0)+w(i-2,j,t)

=2 ov_ 3
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2w(i+1,j+1,0)-4w(i+1,j,0)+2w(i+1,j-1,0-4w(i,j+1,t) ++8w(i,j,t)-4w(i,j—l,t)+2w(i—l,j+1,t)-4w(i-l,j,t) +2w(i—1,j-1,t)
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(6)
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As for the term 02w/0t2, we firstly fit the displacement time-history data with a cubic spline function and
then take the first and the second derivatives of the function to provide the acceleration. The derivation of the
cubic spline function is as the following

ow _ Wl D-2w(D) Hw(t-1)

ot e O

3. Results and Discussion
3.1 Results of the Finite Element Simulation: Impact between the Sphere and the Plate

Figure 3.1 shows the position of the sphere and the composite plate for various time instances during the
impact from the side of the model. Initially, the gap between the sphere and the plate is xxx mm. The sphere
impinges the plate at the initial velocity of 1 mm/ms. As shown in the figure, the sphere has contacted the plate
surface at the time of t=1.49 ms. The sphere exerted sufficient force to deform the plate laterally. As a result, at
the time t=5.5 ms, the plate has reached its maximum deformation. Finally, at the time instant of t=5.6 ms. The

sphere has bounced back and completely lost contact with the plate.
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Figure 3.1: Impact between the sphere and the composite plate

3.2 Results of the Finite Element Simulation: Deformation of the Composite Plate
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Figure 3.1 shows the lateral plate deformation for the four-time instances across the plate geometry. We note
that the contact duration is extremely short, shorter than 8 ms. Initially, the plate deforms significantly at the plate
center. The stress that is initiated at the plate center spreads out quickly to the whole plate. Similarly, the
deformation field is mainly concentrated around the plate center. However, at the time instance of 10 ms, the
deformations near the four corner points have become larger than the deformation at the center.
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Figure 3.2: The distribution of the plate displacement during impact.

3.3 Results of the Finite Element Simulation: First PrincipleStress on the Laminate
The distributions of the first principal stress (s1) for some time instances are depicted in Fig.3.3. Initially,
when the sphere firstly impinged the plate, the stress is concentrated at the plate center where the impact
occurred. As can be seen in the figure, at the time t = 1.89 ms, the first principal stress has reached the value of
0.025 Gpa. As the time progressive, the stress increases for a maximum value of 0.380 Gpa at the time of 6.24
ms. Over time, the stress reduces and reaches the value of 0.012 at the time of 10 ms.

The figure also shows that the stress mainly concentrates on the center of the plate. In addition, due to the
complex stress reflection, the stress is also concentrated on the regions around the symmetric lines
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Figure 3.3: The distribution of the first principal stress at some time instances.

3.4 Results of the Structural Health Monitoring (SHM) on the laminate

Figure 3.4 show that at node 4593 which is at a position x = 10 mm and y = 6 mm from the center of the
impact load, after monitoring the condition of the integrity of the plat surface, it is indicated that damage has
occurred, with an index value of 1.44. At t = 0 ms to t = 2 ms, it looks like there has been no sign of change, the
largest index when the ball has an impact on the plat is at t = 5.5 ms. At node 4492, which is at a distance of x = 12
mm and y = 6 mm from the impact load, after monitoring the condition of the plat surface at these nodes, it is
indicated that damage has occurred with an index value of 1.29. the damage index at node 4593 which is close to
impact load is greater than node 4492 (Fergyanto E. Gunawan et al., 2021).

Similarly, the damage index at node 4391 has a position of x = 14 mm and y = 6 mm. The index value that
occurs is 1.28, which is smaller than at node 4492.At node 4290 with a distance of X = 16 mm and y = 6 mm there
is a smaller damage index compared to node 4391, the magnitude of the damage index is 1.23. And at the farthest
node, 3675, it has the lowest index of 1.1.
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Figure 3.4: The indicator d computed at the observation nodes located at 4593, 4492,4391,4290, and 3675 for
the healthy and damaged condition.

4.Conclusion

The modelling of the composite plat on low impact loading is carried out using the finite element method.
Monitoring the condition of the composite structure with the development of methods based on the strength of
the material that has been carried out in this study shows indications of damage to the composite plat in areas
affected by low impact. The modelling of the composite plat on low impact loading is carried out using the finite
element method. The indication of damage is measured through the extraction of z displacement data on the
element nodes. Based on the strength of the material, it provides local and global damage information, easy data
collection and measurement.An experimental approach on a composite plat is needed to build a valid model
based on the simulation. And further research can be carried out on solid composite elements so that the use of
composite materials and their compositions can be applied.

Acknowledgement

The research is supported byDirektoratRiset dan Pengabdian Masyarakat Direktorat, JenderalRiset dan
Pengembangan, Kementerian Riset, Teknologi, dan Pendidikan Tinggi, Republic of Indonesia, via
PenelitianTerapanUnggulanPerguaran  Tinggi dan PenelitianTerapan with the No kontrakinduk:
309/E4.A/AK.04.PT/2021 dan nomorkontrakturunan: 3507/LL3/KR/2021 denganjudul:
PengembanganSistemPemantauanStruktur - Tahap 1: Model MatematisuntukPrediksiKerusakan.

References

Annamdas, V. G. M., Bhalla, S., & Soh, C. K. (2017). Applications of structural health monitoring technology in
Asia. Structural Health Monitoring, 16(3), 324-346. https://doi.org/10.1177/1475921716653278

Bao, Y., & Li, H. (2021). Machine learning paradigm for structural health monitoring. Structural Health
Monitoring, 20(4), 1353—1372. https://doi.org/10.1177/1475921720972416

Bao, Y., Tang, Z., & Li, H. (2020). Compressive-sensing data reconstruction for structural health monitoring: a
machine-learning approach. Structural Health Monitoring, 19(1), 293-304.
https://doi.org/10.1177/1475921719844039

Dogan, F., Hadavinia, H., Donchev, T., & Bhonge, P. S. (2012). Delamination of impacted composite structures
by cohesive zone interface elements and tiebreak contact. Central European Journal of Engineering, 2(4),
612-626. https://doi.org/10.2478/s13531-012-0018-0

Fujino, Y., Siringoringo, D. M., Ikeda, Y., Nagayama, T., & Mizutani, T. (2019). Research and Implementations
of Structural Monitoring for Bridges and Buildings in Japan. Engineering, 5(6), 1093-1119.
https://doi.org/10.1016/j.eng.2019.09.006

Ganguli, R. (2010). Structural Health Monitoring A Non-Deterministic Framework. In Structural Health
Monitoring.

Giurgiutiu, V. (2019). Structural health monitoring (SHM) of aerospace composites. In Polymer Composites in the
Aerospace Industry. Elsevier Ltd. https://doi.org/10.1016/B978-0-08-102679-3.00017-4

2799



Gunawan, Fergyanto E., Nhan, T. H., Asrol, M., Kanto, Y., Kamil, 1., & Sutikno. (2021). A New Damage Index
for Structural Health Monitoring: A Comparison of Time and Frequency Domains. Procedia Computer
Science, 179(2020), 930-935. https://doi.org/10.1016/j.procs.2021.01.082

Gunawan, Fergyanto E., & Sekishita, N. (2019). A damage sensitive feature: Beam case. IOP Conference Series:
Materials Science and Engineering, 694(1). https://doi.org/10.1088/1757-899X/694/1/012012

Gunawan, Fergyanto Efendy. (2018). Improving the reliability of f-statistic method by using linear support vector
machine for structural health monitoring. [CIC  Express Letters, 12(12), 1183-1193.
https://doi.org/10.24507/icicel.12.12.1183

Gunawan, Fergyanto Efendy. (2019). The sensitivity of the damage index of the general vibration method to
damage level for structural health monitoring. ICIC Express Letters, 13(10), 931-939.
https://doi.org/10.24507 /icicel.13.10.931

Gunawan, Fergyanto Efendy. (2020). A new damage indicator for structural health monitoring: Euler-Bernoulli
beam case. ICIC Express Letters, Part B: Applications, 11(3), 213-220.
https://doi.org/10.24507 /icicelb.11.03.213

Hallett, S. R., & Harper, P. W. (2015). Modelling delamination with cohesive interface elements. In Numerical
Modelling of Failure in Advanced Composite Materials. Elsevier Ltd. https://doi.org/10.1016/B978-0-08-
100332-9.00002-5

Heimbs, S., Cichosz, J., Klaus, M., Kilchert, S., & Johnson, A. F. (2010). Sandwich structures with textile-
reinforced composite foldcores under impact loads. Composite Structures, 92(6), 1485-1497.
https://doi.org/10.1016/j.compstruct.2009.11.001

Inaudi, D. (2009). Structural health monitoring of bridges: General issues and applications. In Structural Health
Monitoring of Civil Infrastructure Systems. Woodhead Publishing Limited.
https://doi.org/10.1533/9781845696825.2.339

Ishikawa, T., Amaoka, K., Masubuchi, Y., Yamamoto, T., Yamanaka, A., Arai, M., & Takahashi, J. (2018).
Overview of automotive structural composites technology developments in Japan. Composites Science and
Technology, 155, 221-246. https://doi.org/10.1016/j.compscitech.2017.09.015

Klerk, W. J., Schweckendiek, T., Den Heijer, F., & Kok, M. (2019). Value of information of structural health
monitoring in  asset management of flood defences. Infrastructures,  4(3), 1-20.
https://doi.org/10.3390/infrastructures4030056

Law, K. H., Smarsly, K., & Wang, Y. (2014). Sensor data management technologies for infrastructure asset
management. In Sensor Technologies for Civil Infrastructures (Vol. 1, Issue 2009). Woodhead Publishing
Limited. https://doi.org/10.1533/9781782422433.1.3

Mechanical Properties of Carbon Fibre Composite Materials (p. 2016). (2016).

Ou, J., & Li, H. (2009). Structural health monitoring research in China: Trends and applications. Structural Health
Monitoring of Civil Infrastructure Systems, 463-516. https://doi.org/10.1533/9781845696825.2.463

Paixdo, J. A. S., da Silva, S., & Figueiredo, E. (2020). Damage Quantification in Composite Structures Using
Autoregressive Models. Lecture Notes in Mechanical Engineering, 1, 804—815. https://doi.org/10.1007/978-
981-13-8331-1_63

Yang, L., Wu, Z., Gao, D., & Liu, X. (2016). Microscopic damage mechanisms of fibre reinforced composite
laminates subjected to low velocity impact. Computational Materials Science, 111, 148-156.
https://doi.org/10.1016/j.commatsci.2015.09.039

Yeager, M., Todd, M., Gregory, W., & Key, C. (2017). Assessment of embedded fiber Bragg gratings for
structural health monitoring of composites. Structural Health Monitoring, 16(3), 262-275.
https://doi.org/10.1177/1475921716665563

2800



	New Indicator for Health Monitoring of Structures
	Made of Fiber-Reinforced Composite Materials Under Low Impact Loading
	Budiyan Mariyadia, Fergyanto.E.Gunawana, Arief S. Budimana
	1. Introduction
	2.Methodology
	3. Results and Discussion
	4.Conclusion
	Acknowledgement
	References

