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ABSTRACT 
 
The previously established damage identification method based on perturbed structural vibration was 
successfully expanded to the detection of interfacial debonding in multi-layered engineering structures. By 
reconstructing the distribution of interfacial forces, a ‘Debonding Index’ was developed, with proven sensitivity 
to debonding existing between different structural components. The method is independent of global model of 
the entire system, prior information on structural boundaries, benchmark, baseline signals and additional 
excitation sources. It is observed that the interference from measurement noise was the major hurdle for the 
approach to reach satisfactory detection accuracy. To overcome this deficiency, several de-nosing approaches 
were developed, including the low-pass wavenumber filtering, the adjustment of measurement density, and the 
hybrid data fusion. The approach was validated experimentally by identifying multiple debonding zones in a 
steel-reinforced concrete slab dismantled from a simulated bridge. With the assistance of de-noising treatments, 
the effectiveness of the approach was demonstrated, showing the approach was able to reveal the locations and 
sizes of all debonding zones in the steel-reinforced concrete slab. 
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INTRODUCTION  
 
Concreted infrastructure experience continuous accumulation of damage over the lifespan. They, consequently, 
deteriorate at an alarming rate, leading to catastrophic failure without timely inspection. Allowing for exorbitant 
expense and difficulty in entirely rebuilding, there has been increasing preference to locally strengthen and 
retrofit the vulnerable areas of concreted infrastructure using materials with high specific strength and specific 
stiffness such as metal or polymer, configuring reinforced concrete structures to locally enhance the load-
resistance (Taha et al. 2008). Nevertheless, imperfect fabrication or excessive loads produced by foreign object 
impact can give rise to inter-laminar shear stresses that, if large enough, may cause separation of the metal or 
polymer layers from the concrete substrates, leaving a void at the interface, known as debonding (Sohn et al. 
2011), which may exert detrimental effects on the stiffness and strength of the reinforced concretes for the 
discontinuity of load transfer (Buyukozturk et al. 2004; Ali et al. 2000).  
 
Early detection of debonding warrants a safe and efficient service of the reinforced concrete structures, whereby 
the risk of structural integrity downgrade can be reduced considerably. For the purpose of achieving real-time 
and cost-effective surveillance, a diversity of methods is readily available, dominated by global-vibration-based 
techniques (Fan and Qiao 2011) using, for example, eigen-frequencies (Lee and Chung 2000), mode shapes and 
modal curvature (Pandey et al. 1991), electro-mechanical impedance (Ayres et al. 1999), and flexibility matrix 
(Pandey et al. 1994). But, implementation of these techniques for detection of debonding in reinforced concrete 
infrastructure can be somewhat hampered due to a number of obstacles, including their strong reliance on 
benchmark structures, baseline signals, global models, boundary conditions and excitation sources.  
Motivated by the above recognition and residing on the authors’ previous work (Xu et al. 2011, 2013), a novel 
inverse identification approach for predicting debonding in steel-reinforced concrete structures was developed, 
by canvassing local perturbance to the structural dynamic equilibrium. A ‘Debonding Index’ governed by the 
derivatives of reconstructed interfacial forces between constituents was established, able to indicate the 
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individual locations and sizes of multiple debonding zones. Different de-noising treatments including low-pass 
wavenumber filtering, adjustment of measurement density and a data fusion algorithm were proposed to 
enhance the practicability of the approach. Experimental validation was carried out by identifying multi-
debonding zones in a steel-reinforced concrete structure. 
 
PRINCIPLE OF METHODOLOGY 
 
Without loss of generality, consider a homogeneous isotropic Euler-Bernoulli beam-like component, the 
equation of motion can be written, in a harmonic regime, as 
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where ( )w x  is the transverse displacement of the component at x ; E , ρ , I , S  and h  are the complex Young’s 
modulus (comprehending material damping), density, moment of inertia, area of cross-section and thickness of 
the beam component in its intact status, respectively; ω  is the angular frequency of the vibration; ( )N x  and 

( )T x  are the density of external force applied on the component surface at x , in normal and tangential 
directions, respectively. Eq. 1 locally applies to every single point of the beam component, therefore serving as a 
local equilibrium indicator linking the inertia forces of the beam component to external forces. 
 
The above discussion can be extended to a multi-layered system with at least one layer which can be 
characterized as a beam component, whereas the remaining layers can be of different components with distinct 
material properties, as illustrated schematically in Figure 1. The beam component layer interacts with its 
neighboring layer through the internal forces ( ( )N x  and ( )T x  in Eq. 1) at the sharing interfaces. Note that these 
interfacial forces are ‘external’ forces to the beam component under investigation from its adjacent layer. 
 
The presence of a debonding at the interface as shown in Figure 1 significantly decreases both ( )N x  and ( )T x  
within the debonding zone, because of the discontinuity of stress transfer therein, and this leads to singularity in 
the distribution of ( )N x  and ( )T x . The debonding also incurs fluctuation in the left-hand-side term of Eq. 1 at 
boundaries of the debonding zone, reflected by the derivative of the interfacial force ( ( ) /dT x dx ). Such an 
attribute of Eq. 1 can be conducive to estimating the location and subsequently the size of a debonding zone. 
Based on this, a ‘Debonding Index (DI)’ is defined as 
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viz., the left-hand-side term of Eq. 1. The transverse displacement ( ( )w x ) is the only parameter needed to 
construct the DI. 
 

 
Figure 1. Schematic of a multi-layered system comprising a beam-like component and its neighboring 

component of any type and material properties 
During practical implementation, ( )w x  can be obtained discretely, to approximate 4
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constructing the DI using the finite difference. Thus the DI at measurement point i (denoted by iDI ), reads 

( ) 2
2 1 1 24 4 6 4i i i i i i i

m

EIDI w w w w w S w
d

ρ ω+ + − −= − + − + −                                         (3) 

A component of any type 
and material properties 

Beam component 



if four neighboring measurement points from point 2i −  to 2i +  involved. In Eq. 3, 
iw  is the measured 

transverse displacement at point i , and similar to other displacement variables; md  stands for the interval 
between two adjacent measurement points. 
 
CHARACTERIZATION OF MULTI-DEBONDING IN STEEL-REINFORCED CONCRETE 
STRUCTURE 
 
The above DI was validated by quantitatively evaluating multiple debonding zones in a concrete slab reinforced 
by a steel beam as shown in Figure 2. 
 
Problem Description 
 
The concrete slab, 2350 mm long and simply-supported at its two ends, was reinforced externally with an I-
shaped steel beam and internally with rebars (rebar reinforcement ratio: 2.5% by volume). A total of seven 
width-through debonding zones (D1~D7) were scattered at the interface between the concrete slab and the steel 
beam, with individual locations and sizes tabulated in Table 1.  
 
Feasibility Study Using Numerical Simulation 
 
Characteristics of the DI and its accuracy for predicting debonding were first examined using finite element (FE) 
simulation. The system was modeled in its full scale using three-dimensional brick elements, with each element 
measured 320 2.5 2.5mm× × , as displayed in Figure 3. The modeling of the concrete slab was simplified by 
assuming an isotropic and homogenous nature with the material properties given in Table 2. A point force, 
perpendicular to the steel beam surface and 500 mm from the left beam end, excited the beam at an arbitrarily 
selected frequency of 600 Hz. 
 
 
 
 
 
 
 
 
 
 
 
 

(a) 

 
(b)  

Figure 2. (a) A concrete slab reinforced with an I-shaped steel beam; and (b) cross-section of the reinforced 
concrete slab 
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Table 1. The locations and sizes of debonding zones in the steel-reinforced concrete slab 

Number of debonding zones Location [left boundary, right 
boundary]1 

Size 2 [%] 

1D  [400, 430] 1.3 

2D  [650, 690] 1.7 

3D  [890, 940] 2.1 

4D  [1160, 1230] 3.0 

5D  [1450, 1500] 2.1 

6D  [1705, 1745] 1.7 

7D  [1950, 1980] 1.3 
1 In the coordinate system shown in Figure 3. 
2 The ratio of the length of the debonding zone to the total length of the beam span. 

 

 
Figure 3. FE model of the reinforced concrete slab shown in Figure 2(a) bearing a simulated debonding region 

 
 

Table 2 Material properties of the concrete and steel used in numerical simulation 
 Concrete Steel 

Young’s modulus [ ]E GPa  24 200 

Density 3/kg mρ     2700 7800 

Poisson’s ratio ν  0.2 0.27 
Damping ratio ξ  0.01 0.002 

 
A width-through debonding zone was assumed at the interface, 300 mm long and 1600 mm from its centre to the 
left beam end. Such a severe debonding scenario was aimed at comprehending the characteristics of the DI. To 
eliminate possible singularity near the excitation source, an inspection region (750~2350 mm) was defined as 
indicated in Figure 3, and the DI was constructed in the inspection region only. The simulation was carried out 
using the commercial FE code ANSYS®. iw  was extracted from the nodes at ‘②’ (see Figure 2(b)), and is 
displayed in Figure 4(a), with the correspondingly constructed DI in Figure 4(b) using Eq. 3. For further 
comparison, iw  was also extracted from the nodes at ‘① ’, ‘③ ’, ‘④ ’ and ‘⑤ ’, respectively, and the 
correspondingly constructed DI are shown in Figures. 5(a)-(d). It is important to note that the DI with iw  at or 
close to the interface (① in Figure 5(a) and ③ in Figure 5(b)) manifests more drastic oscillation at the 
debonding boundaries, due to more significant stress singularities at these two positions. In addition, allowing 
for the difficulty in acquiring the vibration deflections right at the interface in practical measurement, iw  at ③ 
would be most conveniently captured for constructing the DI, which was the case in the following experiment. 
The above results of FE simulation have demonstrated the feasibility of using the proposed DI for evaluating 
interfacial debonding in a quantitative manner regardless of the complexity of the coupled concrete, and also 
unraveled the attributes of the DI distribution in the intact and debonding zones, as well as at the debonding 
boundaries. 
 



        
(a)                                                                      (b) 

Figure 4. (a) The vibration deflection captured from the nodes at ‘②’; and (b) the correspondingly constructed 
DI within the inspection region 

 

        
(a)                                                                        (b) 

        
(c)                                                                      (d) 

Figure 5. Constructed DI using the vibration deflections captured at (a) ‘①’, (b) ‘③’, (c) ‘④’; and (d) ‘⑤’, 
respectively 

 
Characterization of Debonding Using Experiment 
 
A scanning Doppler laser vibrometer (Polytec○R PSV) was employed to measure iw  of the steel beam at ③ in a 
contactless manner. Considering its long span, the reinforced slab was divided into the left (320~1325 mm) and 
right (1145~2140 mm) inspection regions with a slight overlap, in Figure 6. For the right inspection region, the 
point force excitation source was 480 mm away from the left beam end (E1 in Figure 6), while 1845 mm for the 
left region (E2). iw  under four arbitrarily selected excitation frequencies (800, 1200, 2000 and 3000 Hz) was 
captured, respectively, and those for the right inspection region are exhibited in Figure 7 for illustration. At 
higher frequencies iw  presents more irregular appearance as the example in Figure 7(c) for 2000 Hz compared 
with those at lower frequencies, as a combined result of the coupling effect of the concrete on the vibration of 
the steel beam at higher frequencies. 
 



 
Figure 6. Schematic of experimental set-up, showing the left (with excitation at E2) and right inspection region 

(with excitation at E1) 
 

         
(a)                                                                      (b) 

        
(c)                                                                      (d) 

Figure 7. Magnitudes of wi under (a) 800, (b) 1200, (c) 2000; and (d) 3000 Hz 
 

Figures 8(a) to (d) show the DI (absolute values) accordingly constructed using iw  in Figures 7(a) to (d), 
respectively. However, an attempt to observe abnormal oscillation of the DI in the debonding zones turned to be 
impossible, as a consequence of the noise contamination. It is the connatural nature of the DI which involves 

higher-order derivatives of the vibration signal (i.e., 
4
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) leading to such high vulnerability of the DI to 

noise. The noise components in iw  can become dominant upon the fourth-order differentiation, dimming 
debonding-incurred abnormality. It is thus of vital necessity to apply proper de-noising treatments. 
 



          
(a)                                                                          (b) 

          
(c)                                                                          (d) 

Figure 8. Constructed DI (absolute values) using vibration deflections under (a) 800, (b) 1200, (c) 2000; and (d) 
3000 Hz (without any de-noising treatment) 

 
De-noising Techniques 
 

Low-pass wavenumber filtering (LWF) 
 
Based on the Fast Fourier Transform (FFT) of the DI from the spatial to the wavenumber domain, the LWF can 
be explained as a low-pass filter to eliminate the signal components in higher wavenumber domain that are 
vulnerable to measurement noise, while remain those in lower wavenumber domain which preserve signal 
features associated with the damage. In the LWF, a filter function is defined, in the wavenumber domain, as 
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where k  represents the wavenumber, and ck  with a unit of 1rad m−⋅  is the cut-off wavenumber serving as a 
threshold. To eliminate the Gibbs phenomenon at the beam ends, a one-dimensional rectangular window 
function was applied to the DI in the spatial domain prior to the above wavenumber filtering (Xu et al. 2011). 
 
Upon application of the rectangular window and then the LWF to the DI (absolute values) constructed using iw  
captured at ③ (Figure 2(b)), Figure 9 shows the re-constructed DI through an inverse FFT ( ck  was set as 
150 rad/m ). Compared with those in Figure 8 without the LWF processing, the results in Figure 9 explicitly 
reveal the locations and sizes of individual debonding zones under all selected frequencies. And a selection of 
higher excitation frequency is observed to generally offer improved detection resolution, as the example shown 
in Figure 9(d). 
 
Adjustment of measurement density (AMD) 
 
Alternatively, the influence of measurement noise on the DI can be minimized by optimally maneuvering the 
ratio of the distance between two adjacent measurement points ( md ) to the wavelength of vibration ( λ ), a 
measure called AMD in this study. It is well understandable that the accuracy of finite difference for calculating 

iDI  using Eq. 3 decreases as an increase in md  (less measurement points); on the contrary, the noise influence 



on iDI  reduces as md  increases, because the noise in iw  can be strengthened considerably after the fourth-
order differentiation. Based on this, the noise influence can be minimized by merely adjusting the density of 
measurement points (viz., optimizing md ) and striking a balance between the accuracy of finite difference and 
the noisy immunity of the DI. 
 
It has been demonstrated by Xu et al. (2011) that around ten measurement points per wavelength (i.e., 

/ 0.1md λ ≈ ) can be deemed as the most optimal selection to reach the above balance. Figure 10 shows the 
constructed DI using iw  in Figure 7, by reducing the number of measurement points evenly distributed within 
the inspection region from 189 ( 5.3 mmmd = , those cases in Figure 8) to 48 ( 21.2 mmmd = , tallying with the 
criterion of / 0.1md λ = ), to observe prominent noise suppression and therefore enhanced detectability, 
compared with those results in Figure 8 without any de-noising treatment. The AMD-processed results allow 
explicit indication of locations and sizes of individual debonding zones, although the detection resolution varies 
subject to the excitation frequency (a higher excitation frequency ends up with a finer detection resolution (from 
Figure 10(a) to (d)). 
 
Data fusion 
 
Finally, all the detection results associated with both the left and right inspection regions, treated either by LWF 
or AMD, were fused using the hybrid data fusion in terms of the multiplication between geometric and 
arithematic fusion schemes (Su et al. 2009; Zhou et al. 2011), giving rise to further improved detection 
precision, as presented in Figure 11. 
 

          
(a)                                                                          (b) 

          
(c)                                                                          (d) 

Figure 9. Re-constructed DI (absolute values) upon application of LWF using vibration deflections under (a) 
800, (b) 1200, (c) 2000; and (d) 3000 Hz 

 
 
 



          
(a)                                                                        (b) 

          
(c)                                                                          (d) 

Figure 10. Constructed DI (absolute values) upon application of AMD using vibration deflections under (a) 800, 
(b) 1200, (c) 2000; and (d) 3000 Hz (reducing the number of measurement points from 189 in Figure 8 to 48) 

 
 

            
(a)                                                                          (b) 

 
(c) 

Figure 11. Fused DI (absolute values) within the (a) left; and (b) right inspection regions; and (c) the normalized 
ultimate DI within the inspection region of the whole slab 



CONCLUSIONS 
 
An inverse prediction approach for interfacial debonding in multi-layered systems was developed, by 
reconstructing the interfacial forces and canvassing local perturbance to the structural dynamic equilibrium. The 
compelling features of this method lie in its independence of a global model for the entire system, no need of 
prior information on structural boundaries, benchmark, baseline signals and additional excitation sources. A 
‘Debonding Index’ (DI) was proposed with demonstrated effectiveness in characterizing the debonding in a 
quantitative manner including the co-existence of multi-debonding, and their individual locations and sizes. It 
offers the flexibility of predicting debonding between a beam-like component and neighboring constituents of 
any type with distinct material properties, meaning the complexity of the rest of the multi-layered system would 
not limit the applicability of the DI. With the assist of a noncontact laser vibrometry, the proposed approach was 
validated by detecting multiple debonding zones in a steel-reinforced concrete slab dismantled from real 
infrastructure. The accuracy of the proposed debonding index can be enhanced in conjunction with the use of 
de-noising treatments such low-pass wavenumber filtering, adjustment of measurement density and information 
fusion. In particular, around ten measurement points per wavelength can facilitate the achievement of a 
reasonable balance between the accuracy of finite difference and the noisy immunity of the DI. 
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