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Summary: Detection of cracks in reinforced concrete (RC) beam elements using non-
destructive methods is a very demanding task because of physical and mechanical
characteristics of the material. Cracking can occur in concrete structures for several
reasons that can primarily be grouped into either mechanical loading or environmental
effects. Determining the exact cause of the crack, their number, position and orientation
is impossible in many cases. Crack detection in RC using piezoelectric (PZT) sensors
and based on wave propagation is one of the non-destructive methods (NDM) presented
in this paper. Principles and application of active monitoring systems of RC structures
are presented in this work. Modelling damage detection methods, using the finite
element method (FEM,) are very important for the numerical simulation of this problem.
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1. INTRODUCTION

Reinforced concrete (RC) is the most applied material in the history of civil engineering.
The largest number of major infrastructure, residential, public, etc., buildings was made
of reinforced concrete. Because of this fact, the development of new monitoring systems
that will increase the safety of RC buildings is even more important. In this paper an
active monitoring system, using smart aggregate piezoelectric actuators/sensors based on
the wave propagation, will be presented.

In flexural beam members cracks could develop under working load. Cracks occur in
tensile zones because concrete is weak in tension. When the stress at the extreme tension
fibers exceeds the concrete modulus of rupture, the first crack occurs. A crack is formed
in concrete when a narrow opening of indefinite dimension has developed in the
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concrete beam as the results of internal tensile stresses. These internal stresses could be
induced by one or more of the following [4]:

e External forces - such as direct axial tension, shear, flexure;

e Shrinkage;

e Creep;

e Internal expansion - resulting from a change of properties of the concrete

constituents.

Despite of the reason of crack occurrence, the final crack pattern in reinforced concrete
beam is usually very complicated, what significantly complicates its monitoring. Large
number of experimental studies, in order to solve this problem, is made in recent years.
Review paper of experimental examples of crack detection using piezoelectric
transducers is presented in [5]. Detection of cracks using piezoelectric smart aggregates
and detection of artificially made notches and holes in the beam, in order to confirm the
application of methods for different types of defects, is presented in the paper [6].
Active damage detection systems based on piezoelectric transducers is first applied in
aerospace industry on thin steel, aluminium and laminated structures. The paper [7]
presents the basics and applications of damage detection method in aforementioned
types of structures. Basic principles and application of active monitoring systems, with
piezoelectric smart aggregates based on wave propagation, is presented in this paper.

2. DAMAGE DETECTION METHODS

Piezoelectric-based approaches have provided an innovative approach for the structural
health monitoring of civil structures with the advantages of structural simplicity, low
cost, quick response and high reliability. Non destructive damage detection can be active
and passive. If the structure have embedded sensors and monitoring could be done due to
the impact caused by the outside, then it is called a passive monitoring system. This
method requires the presence of trained staff that will monitor the reinforced concrete
(RC) structure. However, if the structure has sensors and actuators, then this system is
called active monitoring system for structural damage detection. Development of the
Wireless system made possible the monitoring of the structure without the presence of
trained people on the structure. This type of monitoring provides the ability to monitor
construction at any moment of time, reducing the cost and increasing speed of
monitoring. The piezoelectric smart aggregate wave propagation structural health
monitoring is the active monitoring system which has all the advantages mentioned
above. In general, there are three major piezoelectric-based health monitoring
approaches [2]:

1. The impedance-based health monitoring approach which is a real-time,
qualitative damage detection method. The working principle is based on the
electromechanical coupling property of piezoelectric materials.

2. The vibration-characteristic approach utilizes piezoelectric  actuators to
generate certain waves, which propagate within the structure, and compares
the structural vibration-characteristic parameters (modal shape, model
frequency), vibration-characteristic response curves (sweep sine or tone burst
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response) or transfer function with those of the healthy state in order to detect
damage.

3. Lamb wave-based health monitoring approach is used with PZT patches
surface bonded to the structure to detect structural damage by generating a
Lamb wave and monitoring its reflections. However, this approach is not
suitable for concrete structures, which have complex geometries and are usually
not thin-shell structures.

3. APPLICATIONS OF PZT SA WAVE PROPAGATION BASED
METHOD

A large number of experimental studies of crack detection in reinforce concrete beam
elements has been done in recent years. Smart aggregates (SA) were used as
piezoelectric actuators and sensors. SA is thin piezoelectric (PZT) patch protected of
water by some insulation and embedded in small mortar or concrete block (Figure 1) [1].
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Figure 1. left - PZT SA layers,  right - Fabricated smart aggregate.

Because of its piezoelectric properties, the SA can be used as the actuator (indirect
piezoelectric effect) and as a sensor (direct piezoelectric effect). Indirect piezoelectric
effect can be describe as mechanical deformations of piezoelectric materials caused
(generated) by electrical charge, or conversely, mechanical deformation (or
displacement) of piezoelectric element caused by applied electrical filed as direct
piezoelectric effect. This feature allows active monitoring of RC beam elements with far
less number of PZT paths and different configurations of actuator-sensors.

One piezoelectric smart aggregate is used as an actuator to excite the wave propagation
and others SA are used as sensors to detect incoming wave. PZT SA is attached to
reinforcement at the desired points in the reinforced concrete beam, so that after casting
concrete in formwork, the SA will retain the same position and orientation (Figure 2-
left). If in the beam cracks do not occurred, the wave propagation is carried out smoothly
and the energy of the signal output is largest possible for that actuator-sensor
configuration. But, if cracks appear in RC beam, the wave propagation distorts and the
energy of incoming wave decreases. By monitoring the energy of signal output, it is
possible to follow in time the occurrence and development of cracks in reinforced
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concrete beam. Figure 2-right shows one reinforced concrete beam prepared for the
experimental analysis of crack detection using piezoelectric SA and based on the wave
propagation [1].

Figure 2. left - Attached PZT SA, right - Experimental research.

4. NUMERICAL MODELING

Development of personal computers to the current level, that allows to any scientific
worker to calculate serious (numerically demanding) analysis, led to the fact that it is
possible to do a large number of numerical simulations for a relatively short time period.
This expend of numerical analysis makes possible the development of new methods for
detecting damage and active monitoring system that first are performed numerically and
later are confirmed experimentally. Some of the commonly used mathematical models
from this tasks are the finite clement methods (FEM), finite difference methods
(FDM), boundary element methods (BEM) and spectral finite element methods (SFEM).
FEM methods has the advantages compared to other methods: after application of
commercial software availability (ABAQUS, ANSYS, etc.); it is easy to modelling of
different geometric shapes, modelling of cracks and their propagation, etc.

For damage detection based on wave propagation the largest problem is how to
efficiently create numerical model of wave propagation. FEM method provides the
possibility of modelling the wave propagation by implicit and explicit methods. The
starting point is the basic equations of dynamic equilibrium:

MU+CU+KU =R (1)
where M, C, K are the mass, damping and stiffness matrices; R is the vector of

externally applied loads; and U, Uand U are the displacement, velocity and
acceleration. The procedure that can be very effective in the solution of wave
propagation modelling lays in is the central difference method with lumped mass
matrices, in which it is assumed that:
.. 1
r_

U = 2

At (Ut—At _ 2Ut + U[+At) (2)
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Ut — 1 (Uz+At _Uz—At) (3)
2At
Substituting the relations for U’ and U'in (2) and (3), respectively, into (1), could be
obtained:

(%M + LCJU“A’ =R- (K = %jU - (LZM - LCJU“N (4)
At 2At At At 2At

where is possible to solve U A To calculated displacement in time step ¢ + A¢ could
be used for values from previous step # and for this reason this method is call explicit
finite element method. This integration method do not required a factorization of the
stiffness matrix in the step-by-step solution [3]. Unlike implicit method, where mass
matrix must be performed for the whole system and the calculation of its has to be in
inverse form, in explicit method it is much simpler. An explicit method is very easy and
fast to resolve of a large number of steps, so it is possible to do a simulation of wave
propagation with very small time step. This approach provides a satisfactory level of
solution accuracy in very short calculation time.

5. QUANTITATIVE EVALUATION OF DAMAGE

Various kinds of damages methods have been developed for health monitoring of civil
engineering structures in recent years. Root mean-square deviation (RMSD) is a
commonly used damage index in relation to compare the difference between the signal
outputs of healthy and damaged RC beam states:

v
Z(Ei,j _Eh,j)z
RMSD = |-= (5)

on

2
2B
j1

where El.,j is energy vector for damage state and Eh,]. is energy vector for healthy

reinforce concrete beam.

6. CONCLUSIONS

Active monitoring systems of reinforced concrete in the future will have a growing
importance because of its comparative advantages compared to other methods and
technology development. Experimental research has demonstrated that PZT SA damage
detection method is active monitoring system which has characteristics of simplicity,
low cost, quick response and high reliability. Numerical analysis is becoming more
significant in relation of aspect of research in developing of new or improving existing
monitoring systems. PZT SA active monitoring systems is currently very poorly
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represented in the real civil engineering structures. All current applications are mainly
based on the test experiments, but the practice will probably change this in the future.
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JAETEKIIUJA ITPCJINHA Y APMUPAHO
BETOHCKHUM I'PEJHUM EJIEMEHTHUMA IIOMORY
IMNE3OEJEKTPUYHUX CEH30PA

Pezume: Jlemexyuja npciuna koo apmupaumo 6emornckux (Ab) epednux enemenama
nomohy HedecmpyKmugHux memood je eeoma 3aXmesaH 3a0amax 360 Qusuuko-
Mexanuukux ocobuna mamepujana. I[lpciune y 6emony mocy da Hacmawny 3602 guude
pasnoaa, Koju mMozy 0a ce epynuwiy y mexanuuko onmepehere uiu ymuyaje cnomauiive
cpeoune. Odpehusarwe mMauHoe Y3POKA HACMAHKA NPCAUHA, OpOja NPCIUHA, FUX08e
opjeHmayuje u Mecma HACMAHMKA Y MHO2UM Clydajesuma je 2omogo Hemoeyhe.
Hemexyuja npcauna y A5 nomohy nuezoenexmpuunux censopa, a na bazu nponazayuje
manaca, je jeOHa 00 HedeCMpPYKMUGHUX Memood Kojd je npedcmasmena y 060m paoy.
Hpunyunu u npumena ose axmuene Mmemode MoHumopunea AB kowcmpykyuja je
npuxazana y 06om paoy. Moodenupare memooa oemexkyuje owmeheroa nomohy memooe
xkonaunux eremenama (MKE) je eeoma OumHa 3a HYMEPUUKY CUMYAAYUJY 0802
npobnema.

Kuwyune peuu: Monumopune, nuesoeieKmpuuHiu CeH30pU, apmMupanu OemoH, npciume,
MemooO KOHAYHUX eleMeHama.
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