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Abstract

This study investigates the active control of the debonding procedure in dynamically loaded
concrete members strengthened with Fibre-Reinforced-Polymer (FRP) materials using local
smart piezoelectric actuators/sensors and electro-mechanical admittance concept. The
proposed method is based on the estimation of the optimum electric voltage in order to give
“secondary forces” with the same magnitude but with opposite effect to that caused to the
damaged area of the adhesive-concrete interface of the FRP-strengthened concrete element.
The results show that for the optimal voltage level the piezoelectric actuation eliminates the
stress concentration at the debonding area of the FRP. Quantitatively, the normal tensile
stresses at the critical concrete - FRP adhesive interface are reduced below the concrete
tensile strength, which suggests an effective prevention of the FRP debonding.

1 Introduction

Repair and strengthening of damaged or inadequate civil infrastructures are challenging fields
of study in engineering. Externally bonded FRP materials have been widely applied to
strengthen existing structurally deficient concrete structures as an alternative to traditional
heavy steel plate bonding techniques [1-4]. They have also been examined as Externally
Bonded Reinforcement (EBR) to existing concrete members under various loading conditions
such as flexure [5,6], shear [7,8] and torsion [9]. The primary goal of FRP is to improve the
structural behaviour or/and to increase the ultimate capacity of the existing structures, which
will in turn extend their service life. Although there is an extensive use of FRP materials as
EBR, experimental results revealed that premature debonding failures of the FRP is usually
exhibited before the potential full structural strength is achieved [10, 11]. It was proved that
the FRP edge debonding initiation and development are usually closely related to the concrete
crack propagation. Additionally, pre-existing defects such as air voids may be produced
between the FRP and concrete surface during the FRP installation. These defects will also
significantly impair the integrity of the strengthened structure. Since the FRP edge debonding
prevents the ultimate capacity of the strengthened element from being utilized, it is crucial to
be able to detect, identify and finally mitigate the initiation and progress of this debonding.
On the other hand, damage detection and Structural Health Monitoring (SHM) of existing
structures is an important issue since crack initiation in critical structural components may
lead to serious damages and potential catastrophic failures. Recent SHM systems which are
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based on piezoelectric materials have been provided a promising approach in concrete
structures, because these smart materials operate as both sensor and actuator and they can be
easily surface-mounted on or embedded in the concrete member to be monitored [12].
However, due to the complex nature of the concrete microstructure, SHM of concrete
structures still imposes many challenges, which can cause severe limitations on both the
resolution and sensitivity of the signals observed. Unlike the usual SHM methods that operate
in a passive manner, the active SHM techniques are capable of exciting the structure and in a
prescribed manner can examine possible damage very quickly when and where required.
Techniques that can detect damage in an active SHM fashion by using arrays of piezoelectric
actuators/sensors have attracted a lot of attention from researchers. Typical examples include
impedance-based, vibration-characteristic-based and Lamb-wave-based methods [13]. The
impedance-based method was recently used to detect damage in concrete elements by using
piezoceramic materials as actuators to generate high frequency vibrating waves and as sensors
to detect the waves [14-16].

Further, several conventional non-destructive evaluation techniques have been proposed in
order to detect and identify FRP edge debonding [17]. However, they are based on qualitative
diagnostics and focuses on the identification of pre-existing defects and therefore, no
information on debonding initiation and development is provided. Thus, it is imperative to
develop a self-monitoring FRP retrofits to evaluate and control appropriately the edge
debonding at both global and local levels in concrete infrastructures strengthened using EBR
with FRP materials. A smart FRP retrofits system was firstly introduced by Rabinovitch [18,
19] where the prevention of the edge debonding in concrete beams strengthened with
externally bonded FRP materials was investigated. Although, he theoretically demonstrated
that the piezoelectric reduction of the edge stresses prevents the edge debonding failure and
the avoidance of the overall global failure, he also concluded to the necessity of a more
systematic approach for the design and use of the actuating/sensing piezoelectric system.

In a recent paper by Providakis et al. [20], the E/M admittance data are used to control the
vibration response of a dynamically loaded structural component. In this study, the feasibility
of the use of E/M admittance concept as a control strategy for the FRP edge debonging
generated in the critical concrete-adhesive interface of FRP-strengthened concrete member
under dynamic load is investigated. It can be considered as an extension of the work of
Providakis and Voutetaki [21] by introducing the concept of E/M admittance in connection
with the Finite Element Method (FEM) to produce a given E/M admittance signature of the
healthy FRP retrofits. The proposed methodology leads to compute the optimum electric
voltages, which give “secondary forces” with opposite effect to that caused to the edge
debonded FRP strengthening strip by the imposed dynamic load.

2 Debonding of externally bonded FRP plates

Intensive research has been conducted on the performance of concrete members strengthened
with EBR using FRP materials because they have many advantages over conventional
strengthening methods. However, their advanced mechanical properties are achieved only
when FRP rapture is obtained. In most of the examined cases FRP-strengthened concrete
elements exhibit concrete fracture due to FRP over-reinforcing or premature debonding
failure due to FRP delamination - cohesive failure through adhesive. In order to estimate the
influence of the premature debonding failure of the FRP on the maximum potential tensile
strength due to the fibre rapture, the rational model of Chen & Teng [11] is used. This model
is based on fracture mechanics analysis using experimental data and is suitable for practical
application in the design of FRP-to-concrete bonded plates. The developed stress and strain of
FRP at bond failure (o745 and 4.5 , respectively) can be estimated using the expression:
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Srrupe: maximum tensile strength of FRP due to fibre rupture that equals to: ¢, E,

&y Er: FRP ultimate strain and modulus of elasticity, respectively,

L,: effective FRP bond length that equals to: L, =

ty, by, Lr: FRP thickness, width and bond length, respectively,

fe: concrete compressive strength,
b.: width of concrete member,
1
= L
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Figure 1 displays the flexural capacity ratio of the examined beam to the control concrete
beam without FRP versus the midspan deflection for the cases of (a) a concrete beam without
FRP, (b) the same concrete beam strengthened using EBR with FRP that exhibits premature
debonding failure as it is calculated by equation (1) and (c) the same FRP-strengthened
concrete beam that demonstrates an idealized flexural response of a perfectly bonded FRP. As
it was expected, significant reduction of the ultimate capabilities of the beam is observed due
to the premature FRP debonding failure.
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Figure 1. Influence of the FRP debonding failure to the ultimate flexural capacity of the simply supported
concrete beam strengthened with externally bonded FRP plate (see also application in paragraph 5)

3 Finite element formulation
A FEM for dynamic analysis of piezoelectric material can be in written partition form as [20]:

M, i +[K,, Ju+[K, 1P ={F}

" 2)
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where [M ] is a the kinematically constant mass matrix, [K]is the elastic stiffness
matrix, [K,]is the piezoelectric coupling matrix, [K  ]is the dielectric stiffness matrix,

{F}is the mechanical force and {Q} is the electrical charge. For harmonic case the following
matrix equations are derived:

[O{M o) KD{{ o) _fiv) )
0 o] |[K, K]J{e} [{Q)

where o is the angular frequency. The response then can be obtained in the frequency domain
for the displacements {u} and potential {®}, for a given charge or force excitation at a given
angular frequency. Following the E/M admittance approach [19] when a unit voltage is
applied to the piezoelectric layer of the finite element model of the piezoelectric patch the
E/M admittance could be calculated at the patch electrode surfaces using the following
equation. This piezoelectric patch can be considered as an Admittance Calculating Sensor
(ACS) patch with the positive and negative electrodes located at its upper and lower,
respectively, surfaces. In this way, the admittance can be easily calculated by calculating the

ratio of the resulting current and the applied unit voltage. The resulting admittance Y is related
to the total reaction charge on the piezoelectric ACS patch surfaces as:

Y=§:ngn 0

where 20, is the sum of the reaction charges resulted from the finite element analysis on all
nodes belonging to the appropriate piezoelectric ACS patch. Conductance is the real part of
the resulted admittance and susceptance is the imaginary part. These electrical “signatures” of
the structure contain vital information concerning the phenomenological nature of the
structural parameters (stiffness, damping and mass). The structural dynamic response
corresponds to a unique pattern of the sharp peaks generated above the baseline electrical
capacitive admittance in the admittance versus frequency plots.

4 Repair of debonded FRP plates using E/M admittance signature

This study is mainly an extension of the works of Providakis et al. [18]. It is focused to find
out the required piezoelectric actuator input voltages to produce a desired E/M admittance
signature of the healthy FRP retrofits at pre-selected locations of the vibrating structure. As
first step, a given or known E/M admittance signature is used to define the desired E/M
admittance signature ¥ () of the healthy FRP retrofits at specific ACS patch with e, being
the frequency sampling point. The second step is to define the required input voltage to the
piezoelectric actuators in order to produce the closest computed Y (w,) to Y *(a),) at the same
ACS patch. Thus, for an ACS patch r, the E, optimization function, which describes the
discrepancy between the E/M admittance computed from the finite element model and its
desired counterpart of the model can be defined as:

B, ~(¥(0)- V@), 1=l.n, ®)

where ny 1s the number of frequency sampling points of interest and E, is the optimization
function. Equation (5) will not be equal to zero unless the structural matrices and the resulted
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vibration response are capable of representing the desired healthy FRP retrofits status.
Therefore, the basic objective of this approach is to update the input voltage of the
piezoelectric actuators to represent the desired response by using an optimization technique to
adjust the vibration response of the finite elements. The present problem can be considered as
a nonlinear inverse problem that requires a proper optimization solution technique. The
optimization toolbox of MATLAB ver. 2008b [22] environment based upon sequential search
is employed to determine the required input voltages for the selected frequency range. The
search for a fit is terminated when error E, is considered minimum. Further, to describe the
dynamic response of the host structure and piezoelectric patches, commercial software
package COMSOL ver. 3.5b [23] is used to build and simulate the mathematical model.

S Application

The feasibility of the optimal piezoelectric system to control the edge debonding in the critical
concrete-adhesive interface of an FRP-strengthened concrete beam structure is examined in
the following example. The geometry and mesh of the 3D model of a simply supported
concrete beam strengthened with an externally bonded FRP plate is shown in Figure 2.

Debonding area

Figure 2. Geometry and 3D model of the FRP-strengthened concrete beam and the debonding area

Lead zirconate titanates (PZT), classified as piezoelectric materials are used as surface-
mounted PZT Admittance Calculating Sensor (ACS) for the measure of the E/M admittance
and PZT Actuator (PZTA) for the activation and the subsequent creation of appropriate forces
to restore any observed debonding. The PZTA component spans the entire width of the FRP
strengthening patch. In this model, the adhesive layer is modeled as a 3D linear orthotropic
medium that resists shear and vertical normal stresses, while its in-plane rigidity is neglected.
The concrete beam is modeled using classical 3D solid element deformation theory while the
behavior of the active layers is governed by the piezoelectric constitutive equations. The
mechanical, electrical and E/M properties of the used materials are presented in Table 1.

It is also assumed that perfect bonding exists at the interfaces with the adjacent components:
the concrete beam, the FRP plate, or the surface active layer. Input voltage can be applied on
the top nodes of the PZTA and admittance sensor ACS and zero voltage is assigned for all the
bottom nodes of both the PZTA and sensor to simulate the grounding operation. The beam is
vibrating under an excitation of -100e'" applied at the upper surface of the midspan. Figure 2
also presents the simulation of the debonding area of 10 mm in length while it is extended
across the entire width of the concrete beam specimen. The debonding area is modeled by
taking a 90% reduction on the original value of the healthy adhesive layer’s modulus of
elasticity.
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Concrete FRP plate  Adhesive layer Damaged adhesive layer

Elastic modulus (GPa) 22.5 32 3.8 0.038
p (Density Kg/m3) 2400 2000 1310 1310
v (Poison ratio) 0.21 0.20 0.21 0.21
Tensile strength (MPa) 2.0 2400
Sg (1/Pa) compliance matrix
[ 16.5e—12 —4.78e—12 —8.45e—12 0 0 0 |
—-478e—-12 16.5¢e—12 —-8.45e—-12 0 0 0
—8.45¢—-12 -8.45¢—-12 20.7¢—12 0 0 0
0 0 0 43.5e—12 0 0
0 0 0 0 43.5¢e—-12 0
0 0 0 0 0 42.6e—12
PZT d (C/N) coupling matrix
0 0 0 0 T4le—-12 0
0 0 0 741e—12 0 0
—274e—-12 —-274e—-12 593e-12 0 0 0

¢, relative permittivity
3130 0 0
0 3130 O and p = 7500 kg/m’ (density)
0 0 3400

Table 1. Mechanical, electrical and E/M properties of the used materials.

The E/M admittance was extracted at the upper surface of ACS component at each predefined
frequency step and then a qualitative analysis was performed to track the changes in the real
part of the signature. Figure 3a shows the extracted E/M admittance signature for both the
debonding and healthy case of the investigated FRP-strengthened concrete beam for a
frequency range of 720 up to 800 Hz. The sharp peaks in the real part of E/M admittance
almost correspond to the structural resonant frequencies. The edge debonding of the FRP
composite causes a regular downward shifting of the resonance peak (up to 14%) which
suggests a stiffness reduction.

After the activation of the PZTA actuator with the optimum electrical voltage at the frequency
range of 720 up to 800 Hz, one can clearly observed in Figure 3b that the actuator causes a
shifting of the resonance peaks to reach the original healthy FRP retrofits E/M admittance
signature, which in turn suggests a restoration of the debonding area.
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Figure 3. E/M admittance versus frequency

Figure 4 shows the surface distribution of the vertical normal stresses at the critical concrete-
adhesive interface under the determined optimal voltage level of the PZTA actuator at
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frequency 732.6 Hz. The results clearly show that for the optimal voltage level the PZTA
eliminates the stress concentration at the debonding area. Quantitatively, although the stresses
at this specific frequency are not totally eliminated, the electrical actuation at the optimal
voltage level reduces the normal tensile stresses at the critical concrete-adhesive interface
below the tensile strength of the concrete. Although in damaged cases the normal tensile
stresses at the critical concrete-adhesive interface are close to the tensile strength of the
concrete in repaired cases the normal tensile stresses have been decreased by far from the
above values. This has as a result the reduction of extension of debonding of the FRP retrofit.
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Figure 4. Surface distribution of the vertical normal stresses

6 Concluding remarks

This paper presents an E/M admittance-based active edge debonding repair approach of a
vibrating structure using finite element analysis. The design consists of integrated PZT
actuators and piezoelectric ACS patches attached to the vibrating host structure. An active
edge debonding repair scheme for solving nonlinear optimization problem is proposed to
obtain a desired healthy structure’s E/M admittance signature at specific PZT locations,
through matching the numerically computed and desired E/M admittance on the ACS
piezoelectric transducer.
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