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A B S T R A C T

The focus of this study is to characterize delamination using static and dynamic tests and to assess the interface
failure mechanism of an innovative hybrid concrete beam, made out of conventional concrete and a special
class of fibre reinforced material, known as Strain Hardening Cementitious Composite (SHCC).

Three SHCC beams were subject to four-point bending tests, differing in the interface surface preparation
and curing method. Damage and delamination were gradually induced due to increasing loads in steps of
2.5 kN, and their propagation was tracked by the use of linear variable differential transformers and Digital
Image Correlation technique. Dynamic hammer tests were also carried out to identify the natural frequency
variation due to progressive damage. The outcome of this comparison allowed us to assess the capability of
using a frequency-based monitoring technique for possible early-stage delamination detection of hybrid civil
structures.

To understand the influence of delamination on the dynamic response, a simplified finite element modelling
approach of delamination was adopted. The induced damage was modelled in a simplified manner by reducing
the stiffness of the elements in the damaged area. This model can be potentially integrable into large-scale
numerical models for Structural Health Monitoring purposes.
1. Introduction

The development of Structural Health Monitoring (SHM) strategies
in Civil Engineering is usually driven by the concern of assessing the
health condition of existing civil infrastructures [1–3]. Besides the
challenge of assessing existing structures, SHM strategies become even
more important for new structures built using novel materials, new
structural systems and construction technologies, which are usually
accompanied by a lack of experience on their application, lack of design
codes and scarce knowledge on the long-term structural behaviour.
Examples of new structural systems can be found in the domain of
composite and hybrid structures [4–8], for which developing structural
safety assessment techniques is of paramount importance due to the
rudimentary knowledge of the interface mechanisms governing the
debonding and fracture behaviour [9,10]. An innovative hybrid beam
was recently proposed [11] by combining a conventional reinforced
concrete beam with a special class of fibre reinforced ultra-ductile
cement-based material, widely known as Strain Hardening Cementi-
tious Composite (SHCC). The use of SHCC around the reinforcement in
the tensile zone enabled controlled cracking behaviour with reduced
crack widths, and could eventually lead to saving on reinforcement
needed for crack width control in reinforced concrete structures. The
governing factor that determines the performance of this hybrid con-
crete beam is the mechanical behaviour at the interface between the
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two concrete types [12]. The existence of a (non-reinforced concrete-
to-concrete) interface in hybrid structures might trigger brittle failure,
which could eventually be detected at an earlier stage by using proper
monitoring techniques. Therefore developing monitoring strategies able
to timely detect the initiation of a brittle failure is one of the biggest
challenges within the SHM community.

Versatility is one of the main advantages of dynamic testing, since
it can be either carried out in a laboratory environment or on real
structures at a relatively low-cost and non-invasive way [13,14]. There-
fore, dynamic testing, and the corresponding modal identification, is a
commonly used technique also for assessing interface-related damage
in composite structures [15]. Studies on vibration-based delamination
detection are usually carried out in a controlled laboratory environ-
ment, and the success of the technique heavily depends on the amount
of modal properties that can be identified from the dynamic tests. High
order bending modes are usually more sensitive to local damage and
relative changes between these identified modes allow the detection
and localization of damage [16–19]. Further research efforts were
devoted to improve the dynamic inverse problem aimed at detecting
and localizing the damage by developing more robust optimization
schemes, building upon physics-based models [20] or data-driven mod-
els [21]. Note that the majority of such type of studies, based on
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modal tests and aimed at detecting delamination, are mainly restricted
to layered laminates. Studies on delamination detection for reinforced
concrete hybrid beams are still lacking.

In this study, three SHCC hybrid concrete beams, differing in the
interface surface preparation and curing methods, were tested in four-
point bending. The beams were made with a notch in the middle
of the span in order to initiate the delamination. The initiation and
propagation of the delamination between the concrete and SHCC layer
were quantitatively tracked by the use of linear variable differential
transformers (LVDTs). Digital Image Correlation (DIC) was used to
track the deformations, strains and the crack development in the tested
beams. Besides measuring the structural response related to static load-
ing, hammer impulse tests were also carried out to assess the change
of the dynamic response measured at different levels of damage by a
set of accelerometers. This experimental investigation had two aims:
to characterize the evolution of the damage mechanism during loading
and the resulting failure mechanism by inspecting natural frequency
shifts of the beams, load–displacement response curves and interface
crack patterns detected by the DIC; and to evaluate the performance
of dynamic testing, and corresponding modal identification, to detect
interface-related damage for the proposed hybrid structure. This eval-
uation is supported by the measurements of the load deflection curves,
accompanied by DIC and LVDTs placed along the interface since it is
assumed that they would reasonably capture the damage, which could
be linked with changes in natural frequencies. Note though, that such
link may not hold for the general case, because internal damage is not
captured by the DIC, and the crack pattern is neither simultaneous nor
symmetric from both faces of the specimen due to the heterogeneous
nature of concrete. The performance of the frequency-based damage
detection technique was evaluated by identifying up to which extent,
with reference to the remaining structural capacity of the beams, an
interface-related damage of the hybrid beams can be detected.

As mentioned above, the success of a vibration-based delamination
technique depends on the identifiability of higher bending modes.
However, for large-scale civil structures, these higher bending modes
(identifiable in a laboratory environment) are usually not excited or ac-
tivated during actual operational and environmental conditions. There-
fore, since the goal of evaluating the dynamic testing technique refers
to its capability to be used for large-scale SHM campaigns, the cur-
rent study limits the analysis to the fundamental frequency of the
tested beams. In order to extract the most out of this analysis, two
benchmark Finite Element Models (FEM) of the tested beams were
developed. These models were used to simulate the observed damage-
induced variation of the identified natural frequencies. The damage
is modelled by reducing the Young’s Modulus of selected elements
in both FE models according to the delamination length and crack
extension observed through the DIC results. The FE models and their
updating strategy are kept simple, in order to allow a possible appli-
cation within typical vibration-based SHM strategies relying on natural
frequency variations [13,22–26]. In a very broad sense, a typical natu-
ral frequency-based SHM strategy includes a monitoring system that
measures the dynamic response of the investigated structure under
operational conditions and a data-processing methodology, which aims
at translating the recorded data into valuable information for a safety
structural assessment. To achieve the latter target, one approach con-
sists in using Finite Element numerical models integrable with the
measured data [13,22–26]. In order to apply this SHM approach on
civil structures, detailed numerical models can become computationally
expensive. Therefore, in order to speed-up the updating and calibration
process, that usually relies on continuously recorded monitoring data
(e.g. hourly data), the modelling of an hypothesized damage in the
structure should be as simple as possible with the only constraint to
properly mimic the effect that an eventual damage has on the modal
properties. SHM guidelines on how to incorporate damage into large FE
models in a simplistic manner are either not directly available or often
2

proposed but not validated due to a lack of comparison with actual
damage. Within this framework and with reference to the information
retrieved from the FE models, this study also proposes simplified bench-
mark models (along the line shown in [23]) that allow to mimic the
natural frequency shifts caused by the observed delamination and crack
patterns, and that are able to be merged into an eventual vibration-
based damage detection strategy, applicable on large-scale structures
composed by means of hybrid structural elements.

2. Experiments and modelling

2.1. Experimental setup and methods

2.1.1. Experimental design
The hybrid reinforced concrete beams consists of two layers: the

bottom layer, in which the reinforcement rebar is embedded, is made
out of SHCC and the top one is formed by conventional concrete [11].
Since the behaviour of a hybrid structure is usually governed by the
interface behaviour between the two materials, the test setup was de-
signed in order to facilitate the investigation of the fracture behaviour
of the structural interface (Fig. 1).

A conventional method to ‘‘directly’’ characterize the interface be-
haviour is the so called bond test [27–29]. However, in this study, a
four point bending test setup was designed to characterize the interface
behaviour of the hybrid beams. In order to generate stress concentra-
tions close to the interface, the SHCC layer of the hybrid beam was split
in two parts by inserting a joint in the middle (see Fig. 1). In such
regard, extensive studies on testing the interface between precast floor
planks and the in-situ cast concrete [30,31] prove that the investigated
setup and loading conditions are critical for the interface behaviour.
Due to the middle joint and the specific steel reinforcement arrange-
ment (see Fig. 2), there is a high probability that the interface failure
between SHCC (labelled in yellow) and conventional concrete (labelled
in grey) will occur. Monolithic, composite action at the connection
between the two prefabricated SHCC elements, is enabled by the bond
between SHCC and concrete. This bond enables the stress transfer from
the rebars, embedded in the SHCC layers, to the reinforcement bars
placed at the bottom part of the concrete layer, referred to as coupling
flexural reinforcement. The length of this coupling reinforcement is
600 mm. However, no vertical reinforcement (e.g. stirrups) are crossing
this coupling reinforcement, therefore the efficiency of the calculated
transfer length is not optimal.

In order to monitor the interface fracture behaviour and the global
dynamic response of the beams, an extensive monitoring system was
installed. LVDTs were mounted along the interface from one side of
the beams and DIC was carried out from the opposite side of the beams.
Accelerometers (labelled with red dots, see Fig. 2) were placed at the
top and at the bottom of the beams, as well as LVDTs along the joint,
installed at the bottom of the beams.

2.1.2. Specimen preparation and casting
Both the concrete and the SHCC layer were reinforced with longi-

tudinal and vertical steel bars (see Fig. 2). First, the SHCC layer with a
thickness of 70 mm was cast. A plastic spacer was placed in the middle
in order to generate the aforementioned joint, separating the layer in
two parts. After casting of the SHCC layer, the specimens were com-
pacted at the vibration table for 30 s. Longitudinal reinforcement was
embedded in these SHCC layers, whereas vertical stirrups were sticking
out. The stirrups were placed outside the constant moment region. After
2 days of sealed curing of SHCC, the coupling reinforcement is placed
and ordinary concrete was cast on top of the precasted SHCC layer.

The SHCC and concrete mix composition are summarized in Table 1.
They are the same as the one used in the previous study [11]. Prior
to concrete casting, the interface (i.e. the top surface of SHCC) was
cleaned with air jet, subsequently wiped by a steel brush, and finally
cleaned with ethanol in order to remove surface dust and provide a

good bond. Three types of samples were prepared. In two samples,
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Fig. 1. Test set-up for investigating the interface behaviour in the SHCC hybrid concrete beam.
Fig. 2. Experimental setup with reinforcement design and distribution of measuring devices: accelerometers, LVDTs (labelled with v) and DIC. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
Table 1
SHCC and concrete mixture composition.

Material (amounts in [kg/m3]) SHCC Concrete

CEM III B 790 –
CEM I 52.5 R – 260
Limestone powder 790 –
Sand (0.125–4 mm) – 847
Gravel (4–16 mm) – 1123
PVA fibres 26 –
Water 410 156
Superplasticizer 2.13 0.26

concrete was directly added on top of the prepared smooth interface,
while in the third sample, an epoxy layer was added on the interface
in order enhance the bonding strength with the concrete. Subsequently,
sand with varying size (1–2 mm) was sprayed on top of the epoxy layer
(see Fig. 3). This sample is labelled as ‘‘Epoxy’’ sample.

In order to investigate the effects of the curing method on the
interface behaviour, one of the two samples with the smooth interface
(labelled as ‘‘Curing’’) was taken out of the mould after 7 days of sealed
curing and exposed to drying conditions in a humidity-controlled (50%)
room. After 4 weeks of drying, this sample was ready for the four point
3

bending tests. The remaining two specimens (‘‘Reference’’ and ‘‘Epoxy’’)
were taken out of the mould after 33 days of sealed curing and also
prepared for the mechanical tests.

In addition to the cast beams, standard cubes (150 × 150 × 150 m3)
were cast to determine the compressive strength of the components.
The average compressive strengths of concrete and SHCC at the age of
testing were 50 MPa. The elastic modulus and density of SHCC were
retrieved from an earlier study [32], whereas the elastic modulus and
the density of the conventional concrete are determined based on its
measured compressive strength, using the well established analytical
expressions provided by the Eurocode [33].

2.1.3. Testing
The tested beams were loaded step-wisely in steps of 2.5 kN until

ultimate failure occurred. After each loading step, specimens were un-
loaded and hammer tests were carried out. The dynamic responses were
recorded at several locations on the bottom part of the tested beams as
shown in Fig. 2. The dynamic test setup consists of 10 tri-axial ceramic
shear ICP accelerometers (model type 356B18) and an instrumented
ICP impact hammer with a soft plastic tip (model type 086D50). Each
accelerometer has a sensitivity of 1 V/g and a linear frequency response
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Fig. 3. Different types of interface preparation: smooth (‘‘Reference’’ and ‘‘Curing’’) and ‘‘Epoxy’’ sample with sand at the surface.
between 0.5–3000 Hz. The dynamic responses were recorded with a fre-
quency sampling of 25 600 Hz (the sampling rate was a fixed one given
by the data acquisition device) and each measurement had a duration
of 5 s. The dynamic impulses were applied on top of the beam, at the
location indicated in Fig. 2, and the corresponding frequency response
functions (FRFs) were estimated after applying a low-pass filter with a
cut-off frequency of 1500 Hz and decimating the time-series by a factor
of 10. The FRFs were then computed based on the 𝐻1 estimator [34]
and averaging over three impacts and their corresponding free decay
dynamic responses. A linearity check of each FRF was also performed
by inspecting its corresponding coherence function. Once all the FRFs
were estimated, the inverse Fourier transform was applied in order
to retrieve the representative impulse response functions (IRF) which
have a reduced level of noise compared to the original free decays.
Natural frequencies and mode shapes are then identified by applying
an automated version of the Eigensystem Realization Algorithm (ERA),
see [35], on the estimated IRFs.

During the tests, the DIC technique was used to evaluate the crack
pattern development and crack widths [36] at each loading step (see
Fig. 2). The DIC is a non-contact optical method that employs tracking
and image registration techniques for accurate 2D measurements of
changes in images, which allows to calculate deformations, displace-
ments and strains on the observed surface. The technique became
widely used in the concrete scientific community [37]. Besides the DIC
measurements, as already pointed out, LVDTs were used for verification
and to accurately measure the vertical displacements of the beams and
the resulting interface and joint openings.

2.2. Finite element model

In order to facilitate the interpretation of the hammer test results,
two FE models were developed with ABAQUS 6.14 [38]. The first FE
model (model 1) is merely used to check possible dynamic interactions
between the supporting steel beam and the hybrid concrete beam (see
Fig. 4). Therefore, model 1 covers the whole test setup, including
both the hybrid concrete beam and the supporting steel beam. The
4

supporting steel structure is an I-shape profile beam, 3.5 m long. The
steel beam is assumed to be clamped at both ends. For the purpose
of carrying out a modal analysis, the connection between the steel
beam and the hybrid concrete beam is modelled by assuming an ideal
bond along a line contact between two supporting rollers and the
tested beams. The second FE model (model 2) simulates the tested
hybrid beams only, which is assumed to be simply supported. As later
explained, model 2 was used as a reference model, to mimic the effects
induced by the occurrence of damage on the identified modal properties
of the hybrid beams.

A linear elastic constitutive law is used for both concrete and SHCC
with Young’s Modulus 𝐸 of 35 GPa and 22 GPa, and material density
𝜌 of 2400 kg/m3 and 2000 kg/m3, respectively [32,33]. The Poisson
coefficient for both layers is assumed to be 0.2. The middle joint
was simply taken into account by removing a vertical stripe with a
thickness of 10 mm. In addition to the aforementioned material layers,
the steel reinforcement of the specimens was also included in both
FE models, represented by longitudinal steel bars and vertical stirrups
with a Young’s Modulus of 200 GPa and a density of 7850 kg/m3.
Note that the beams are designed such that the steel behaves in an
elastic way, therefore its inelastic properties are not relevant for the
presented study. The elastic modulus and density of steel are provided
by the steel producer and are not expected to show large variability.
The interaction between the two concrete layers, and between the steel
bars and the concrete layers were modelled by assuming an ideal bond,
neglecting eventual slip mechanisms. Since the main focus in Section 4
is on FE model 2, the adopted mesh of such model consists of 3D 60 270
linear hexahedral elements and 1482 linear line elements, with a total
of 69 317 nodes.

In order to mimic the damage-induced frequency variations and for
a comparative purpose, two submodels of model 2 were developed. The
first submodel (model 2.1), makes use of a small fixed damaged volume
(80 × 150 × 40 mm3) confined in the centre of the beam. The Young’s
Modulus of such volume was taken as an updating parameter in order
to match the observed frequency variation. The aim of the FE submodel
2.1, as will be shown in Sections 3 and 4, is mainly to capture the
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Fig. 4. Experimental setup: (a) photo taken in the laboratory of the tested hybrid beam and supporting steel beam; (b) snapshot of FE model 1.
Fig. 5. Assumed damaged zone (red area): (a) FE model 2.1; (b) FE model 2.2. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
damage observed for the Epoxy beam. The second submodel (model
2.2), assumes the presence of a horizontal elastic ‘‘debonding’’ sheet
between the concrete layer and the SHCC layer, with a height of 5 mm
and a length of 700 mm. The ‘‘debonding’’ layer is split into segments
of 10 mm length having the same height and covering the beam width.
Again, the Young’s Modulus of the debonding layer is assumed as
an updating parameter. The aim of the FE submodel 2.2 consists in
capturing the damage observed for the Reference and the Curing beam.
For both submodels, the starting reference mechanical properties of the
damages zone are assumed to be equal to the concrete material.

3. Experimental results

3.1. Fracture behaviour of the beams

The DIC results enable to visualize the crack propagation resulting
from increasing loading steps. For such purpose, a validated method
consisting of estimating the equivalent von Mises strain [39] from
the DIC measurements was used. Although von Mises strain is usually
used to evaluate the occurrence of yielding in ductile materials, a high
concentration of such strains is strongly linked to crack formation and
as such, von Mises strains are commonly used in combination with DIC
to clearly visualize cracks in concrete and masonry structures [39,40].
First, the experimental results for the Reference sample will be dis-
cussed and, subsequently, the behaviour of the samples prepared with
a different curing method and interface roughness (Curing and Epoxy
sample, respectively) will be compared to the Reference one.

Fig. 6 refers to the Reference sample and provides an overview
of the applied load levels, the corresponding measured vertical dis-
placements, the joint and interface openings and the damage pattern
revealed by the DIC. The measured vertical displacements refers to
sensor v1, while the interface and joint openings refer to the maximum
values obtained between the sensor pairs v5–v6 and v9–v10 (see Fig. 2).
The DIC snapshots are linked to the legend, indicating the von Mises
strains. Note that this legend is kept constant throughout the whole
paper. The surface contours shown in the DIC snapshots refer to the
constant bending moment region defined by the blue-marked region
5

in Fig. 2. It can be observed that the damage starts with a vertical
crack localized at the location of the notch. Successively, delamination
develops along the interface. Although delamination is the governing
failure mechanism, the DIC results reveal that the sample exhibits also
a combination of delamination and vertical, flexural cracking. This is
especially visible for applied loads higher than 10 kN. The ultimate
failure occurs due to delamination of the interface and rupture of the
beam at the end of the coupling reinforcements, at a load level of
approximately 14 kN, see also Fig. 7.

In Fig. 8 the results for the Reference and the Curing beam are
compared. In both load–displacement curves (Fig. 8a), the red circles
indicate the points for which the DIC snapshots of the crack history
are provided. In order to enable a better comparison between the two
samples, at the same loading level, the length of delamination was
also measured and indicated in the DIC snapshots of Fig. 8. The slope
difference of the load–displacement curves in Fig. 8a shows that the
stiffness of the Curing sample subjected to a shorter curing process
is lower compared to the Reference sample. This might be due to
shrinkage, also given the fact that some shrinkage induced cracks were
observed at the surface of the SHCC layer in the Curing sample before
applying the mechanical loading. Note that no additional shrinkage
measurements were performed for these beams, so no further evidence
is available to support the aforementioned hypothesis. Still, given that
the shrinkage strain for this SHCC mix is significantly larger than that
of conventional concrete [41], and that the only difference between the
samples is the different curing procedure, it could be assumed that the
restrained shrinkage might have had a large influence. This will be a
subject of future studies. The DIC results also reveal that the Curing
sample is characterized by a somewhat larger delamination length
at the same applied load, exhibiting less flexural cracks compared
to the Reference sample. Despite these differences in stiffness and
damage propagation, the joint and interfaces openings measured for
the Reference and Curing beams are fairly similar, as shown in Fig. 8b.
In addition, despite the slope differences shown in Fig. 8, the type
of failure and the measured ultimate load for both beams are almost
identical, meaning that the different curing conditions did not alter the
structural capacity of the two beams.
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Fig. 6. Reference sample: load vs. displacement and load vs. joint and interface opening, with corresponding damage propagation obtained by the DIC. The legend on the right
side indicates the equivalent von Mises strains. Note that the same legend is used in all the DIC graphs.
Fig. 7. Final failure in the Reference sample.
The load–displacement curves and the load versus maximum joint
and interface opening, with corresponding damage propagation for
the Reference and the Epoxy sample, are shown in Fig. 9. It can be
observed that, unlike for the Curing sample, the slope of the load–
displacement curves of the two beams almost overlap, indicating a
similar bending stiffness. However, the results indicate a significant
difference in the fracture behaviour and in the structural capacity of
the beams. The structural capacity of the Epoxy beam is more than
50% higher than that of the Reference and Curing sample. This can be
explained by a fundamentally different failure mechanisms occurring in
the Epoxy sample. Whereas in the Reference and the Curing beam the
damage was triggered and driven by delamination, in the Epoxy sample
a vertical flexural crack originated from the middle vertical notch,
dominating the damage mechanism until a loading level of 10 kN was
achieved. Subsequently, more flexural cracks, combined with limited
and localized delamination occurred.

Based on the presented results, for the Reference and Curing sample
the main failure mechanism appeared to be delamination, while for
the Epoxy sample flexural cracking seems to be the governing failure
mechanism. Note that the maximum joint and interface opening at the
6

same load level is also significantly reduced in the sample with epoxy
surface, as illustrated in Fig. 9b. As a final note, the crack pattern of
the collapsed Epoxy sample kinked in the concrete layer (see Fig. 10).
In order to better understand and characterize the propagation of this
crack, after the test, the Epoxy beam was cut in the middle along
its longitudinal axis. It was observed that the crack propagated along
the interface only shortly in the vicinity of the notch, subsequently
kinking to the horizontal coupling reinforcement in the concrete layer
(see Fig. 11). The failure occurred due to the propagation of this crack
along the coupling rebar. Therefore, the test on the Epoxy sample only
partially provides meaningful insights into the fracture behaviour of the
interface itself.

3.2. Frequency response function and comparison with FE model

Fig. 12 shows the estimated frequency response functions (FRFs)
from the dynamic responses recorded at location v6 (bottom side of the
beam) for the Reference beam. Each FRF is estimated based on three
dynamic responses triggered by hammer hits applied on top of the beam
along the vertical direction (see Fig. 2). An example of a stabilization
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Fig. 8. Reference and Curing sample: (a) applied load vs. vertical displacement measured at sensor v1; (b) applied load vs. joint and interface opening. The figure below, shows
the damage propagation in the Reference (left) and the Curing (right) beam for increasing loading steps corresponding to the red circles in (a). The same Von Mises strain legend
as given in Fig. 6 is used.
diagram, overlapped with one FRF to facilitate the interpretation, is
shown in Fig. 12a, visualizing the identified system poles (vertically
aligned black dots) for different model orders obtained through the ERA
technique. Fig. 12b contains 7 FRFs referring to the dynamic responses
of the same location, estimated before and in between the increasing
loading steps. The effect due to the progressive damage is clearly visible
through a step-wise decrease of the natural frequencies. Below 100 Hz
and along the vertical direction, two frequency peaks are detectable.
The first one around 47 Hz and the second one around 94 Hz. By
carrying out a modal analysis of FE model 1, which simulates the
whole test setup, an estimate of the mode shape corresponding to the
first observed frequency peak is provided (see Fig. 13a). The identified
mode shape is mainly driven by the top flange motion of the bottom
steel beam. The second identified frequency peak is linked to the first
7

bending mode of the tested hybrid beam. FE model 2 estimated the
first bending mode at 92.38 Hz, which corresponding mode shape is
illustrated in Fig. 13b. A similar bending mode around 90 Hz was also
observed in FE model 1. In general, a fairly good comparison between
the numerically estimated and experimentally identified bending mode
shapes is highlighted in Fig. 14a. Among the few identified modes along
the vertical direction (in few occasions the second bending mode was
identifiable), the first bending mode of the hybrid beam turned out to
be the most reliable one to capture the influence of the damage induced
on the tested beams.

Fig. 14b shows the decreasing trend of the normalized natural
frequency of the first bending mode of the three tested beams. The
decrease is correlated to the progressive applied load. The similarities
and differences in the structural capacity between the three beams
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Fig. 9. Reference and Epoxy sample: (a) applied load vs. vertical displacement measured at sensor v1; (b) applied load vs. joint and interface opening. The figure below, shows
the damage propagation in the Reference (left) and the Curing (right) beam for increasing loading steps corresponding to the red circles in (a). The same Von Mises strain legend
as given in Fig. 6 is used.
observed in Section 3.1 are also reflected in Fig. 14b. The Curing
and Reference samples exhibit a comparable behaviour in terms of
decrease of the natural frequency. On the other hand, the slope of the
curve showing the natural frequency decrease is slightly lower for the
Epoxy sample, which exhibited a higher structural capacity (Fig. 9).
Interestingly, all three beams exhibited a 10% frequency reduction just
one load step before failure (i.e. at a load level which is approximately
15% lower than the failure load).

4. Simulated delamination-induced frequency shifts

The target of the developed submodels, FE model 2.1 and 2.2, is
not to simulate the physics of the crack propagation, for which more
8

advanced models would be necessary [42], but to use a simplified
approach able to reproduce the observed damage-induced effects on the
fundamental natural frequency of the hybrid beams. The advantage of
mimicking the observed effect through a simplified approach, is that
it can be easily implemented in larger and more detailed FE mod-
els representing full-scale structures, enabling such models to support
frequency-based damage detection strategies in real-time, if needed. As
mentioned above, the tuning parameter used to simulate the natural
frequency variation caused by the observed delamination and crack
phenomenon is the Young’s Modulus of the assumed damaged zone
in FE model 2.1 (Fig. 5a) and of the debonding zone in FE model 2.2
(Fig. 5b).
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Fig. 10. Final damage in the Epoxy sample, both from the side where the DIC and LVDTs were placed. Note that, as earlier explained, the damage is not symmetrical from both
sides of the beams.
Fig. 11. Crack propagation in the Epoxy sample, within the beam, observed after
cutting the sample in the middle.

4.1. FE model 2.1

FE model 2.1 assumes a damaged area at the centre of the beam,
as shown in Fig. 5a. This centred damaged area was approximately
defined based on the significant strain concentrations that were ob-
served in all samples within that area, especially with reference to the
Epoxy sample. The size of the damaged area remained fixed, while the
corresponding Young’s Modulus was step-wisely reduced from 35 GPa
to 35 MPa at each modal analysis run. Each reduced Young’s Modulus
value was kept constant throughout the modelled damaged area. The
outcome of such step-wise reduction of the Young’s Modulus allowed
to estimate the required elastic modulus reduction of the damaged area
in order to match the experimentally observed shifts of the natural
frequencies. Therefore, the grey continuous line in Fig. 15a represents
the simulated trend of the natural frequency reduction corresponding
9

to the first bending mode with decreasing values of the Young’s Modu-
lus. Experimentally observed frequency reductions for the three tested
beams were used to intersect the simulated curve of natural frequency
reduction in order to identify the corresponding decrease of the Young’s
Modulus for different levels of damage. It can be observed that for
a 5% natural frequency reduction, a relatively high Young’s Modulus
reduction is required (more than 60%). Furthermore, a 50% reduction
of the Young’s modulus corresponds to a natural frequency reduction of
merely 2.5%. Note that this marginal frequency reduction falls within
the observed standard deviation of identified natural frequencies from
ambient vibration monitoring campaigns [43–46]. Finally, as observed
in Fig. 14b, the maximum frequency reduction just before the failure is
merely 10%, corresponding to a Young’s Modulus reduction of around
80%.

4.2. FE model 2.2

FE model 2.2 is a more representative model of the delamination
process since it also includes the information about the experimen-
tally observed debonded length. This model was used to mimic the
frequency shifts of the Reference and the Curing sample, since the
delamination in the Epoxy sample was limited. Fig. 15b shows a
3D surface of the estimated natural frequency reduction for a given
Young’s Modulus reduction, considering the actual, i.e. experimentally
measured, delamination length. Therefore, for a fixed delamination
length, different values of Young’s Modulus were ascribed (from 35 GPa
down to 35 MPa) and the corresponding natural frequency reduction
was evaluated. The delamination length varied between 0 and 700 mm
with a step-wise increase of 20 mm. In each simulation, the reduced
value of the Young’s Modulus was assumed constant throughout the
chosen delamination length. The 3D surface shown in Fig. 15b, was
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Fig. 12. (a) Identified system poles by means of the ERA method for different model orders and estimated FRF for the Reference beam; (b) estimated FRFs before and after each
loading step up to failure (13.9 kN) for the Reference beam.
Fig. 13. (a) Simulated mode shape at 45.83 Hz (FE model 1); (b) simulated bending mode shape of the tested hybrid beam at 92.38 Hz (FE model 2).
Fig. 14. (a) Comparison of the first bending mode shape between FEM and experimental result; (b) decrease of normalized frequency vs. applied load during static tests.
Fig. 15. (a) Delamination-induced frequency shifts simulated by submodel 2.1 due to a reduction of the Young’s Modulus and measured frequency variation of the first bending
mode for all three beam samples; (b) delamination-induced frequency shifts simulated by submodel 2.2 due to a reduction of the Young’s Modulus and an increase of the
delamination length.
10
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Fig. 16. Contour lines of the simulated delamination-induced frequency shifts and corresponding elastic modulus reduction for (a) Curing and (b) Reference sample.
able 2
ummary of the identified experimental frequencies, measured delamination lengths and estimated Young’s Modulus. For the Epoxy sample, the estimated Young’s Modulus only
efers to FE model 2.1, while for the Reference and Curing samples, the values for both FE models (2.1/2.2) are reported.
Loads [kN] Delamination [mm] (exp) Frequency [Hz] (exp) Young’s Modulus [GPa] (FE)

Reference Curing Reference Curing Epoxy Reference Curing Epoxy
FE 2.1/2.2 FE 2.1/2.2 FE 2.1

0 – – 93.5 92.8 90.0 35/35 35/35 35
2.5 – – 93.9 92.3 89.7 – 30.5/– 31.9
5.0 155 125 93.8 90.3 88.6 – 18.4/4.4 24.1
7.5 192 214 91.2 88.6 88.2 20.2/6.8 12.8/2.3 21.8
10.0 254 273 86.0 87.3 87.6 6.8/1.0 9.8/1.6 18.9
12.5 395 405 84.1 83.5 86.4 4.6/0.8 4.6/0.8 14.4
15.0 – – – – 85.1 – – 10.8
20.0 – – – – 82.1 – – 6.2
then used with reference to the observed delamination length for the
Reference and Curing beam. The contour lines in Fig. 16a and Fig. 16b
correspond to the observed natural frequency reduction expressed in
percentage (see text within the contour lines) of the Reference and
Curing sample. The measured delamination lengths taken from both
beams (see Fig. 8) were then used to intersect (see yellow dashed
lines) the selected contour lines in order to pin down the corresponding
Young’s Modulus reduction of the thin elastic layer representing the
debonding zone.

Unlike the Young’s Modulus reduction estimated from model 2.1
(which were in range up to 80%), with a more precise damage repre-
sentation, the required Young’s Modulus reduction needed to match the
different identified bending mode frequencies of the beams turned out
to be larger than 80%. Note that the latter observation is linked to the
assumed and fixed height of the simulated debonded layer. Specifically,
for a Young’s Modulus reduction between 0 and 80%, the influence
of the delamination length on the natural frequency variation of the
first bending mode is negligible. Whereas within the range of 80%
and 99% of the Young’s Modulus reduction, the delamination length
between 0 and approximately 200 mm significantly affects the natural
frequency of the first bending mode. In comparison to FE model 2.1,
in order to achieve a natural frequency reduction of 2.5%, a Young’s
Modulus reduction of 90% would be needed for a delamination length
of 80 mm (the length of the assumed damage zone in FE model 2.1).
Therefore, a more ‘‘realistic’’ representation of the delamination zone
would inevitably require a larger elastic modulus reduction to match
the experimentally observed natural frequency shifts.

Table 2 provides a summary of all the identified frequencies and
corresponding Young’s Modulus needed for FE model 2.1 and 2.2, and
the measured delamination length for the Reference and Curing sample.

5. Discussion and recommendations for frequency-based damage
detection

In order to facilitate the comparison between the results shown in
Sections 3.1 and 3.2, Fig. 17 overlaps the identified natural frequency
11
decrease of all the beams with the measured vertical displacements
(Fig. 17a) and the averaged interface opening between sensor v5 and
v6 (Fig. 17b). The difference of the structural capacity between the
Epoxy sample and the Reference and Curing sample can be detected in
both the static- and dynamic-related properties. However, no further
similarities between the two type of information can be deduced.
Overall, the load–displacement curves and the DIC results provide
more valuable insights with reference to the characterization of the
delamination process and the structural capacity of the beams than
the information retrieved by the hammer tests. The load–displacement
curves, for example, exhibit a neat slope difference (after a load of
5 kN) between the Curing and the Reference (or Epoxy) beam, while
the slope of the natural frequency–load curve is less clear and more
scattered. This scatteredness is mainly due to the non ideal testing
setup for the dynamic measurements. The hammer tests were carried
out after each loading step with the beam supported by two rollers.
In order to avoid excessive movements of the beam and of the rollers,
which could have caused a misalignment for the static test, the hammer
hits were rather gentle, inducing a moderate excitation of the beam. In
addition, the location of the hammer hits was close to one of the roller
supports, which is not ideal to trigger a proper dynamic response for
dynamic identification purposes. The consequences of these non ideal
conditions are reflected by the FRFs shown in Fig. 12, in which only the
first bending mode (in addition to the steel flange mode) of the tested
beam was detectable. The second bending modes of the beams were
detectable only in very few occasions and were therefore neglected for
this study.

A final analysis was carried out by inspecting the correlation be-
tween the decrease of the normalized natural frequencies and the
remaining structural capacity of the beams, shown in Fig. 18. The
remaining capacity is expressed in percentage, where 100% refers to
the initial state of the beam and 0 to the collapsed state. The estimates
of the remaining capacity are defined by the ratio of the difference
between the ultimate and applied load to the ultimate load. It can
be observed that the decreasing trend of the natural frequency with
reference to the decreasing remaining structural capacity is strikingly
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Fig. 17. (a) Vertical displacement and resonance frequency vs. applied load; (b) average joint opening between sensor v10 and v11 and resonance frequency vs. applied load.
imilar among all the curves, irrespective of the type of beam. The simi-
arity between these curves allows to draw some qualitative conclusions
oncerning the use of frequency variation for damage detection.

According to Fig. 18, and with respect to the Reference, Curing
nd Epoxy beam, a remaining structural capacity of 30% to 40%
orresponds to a maximum decrease of the natural frequency of only
%. Based on FE model 2.1, the Young’s Modulus would need to be
educed by roughly 60% (see Fig. 15). A significant reduction in the
esonant frequency (>5%) was observed only when the specimens were
lose to failure. At complete failure, the natural frequencies decreased
y 20% to 30% for the different specimens. The final reduction is
airly in line with the identified variation of the first bending mode of
amaged reinforced concrete beams available in the literature [47–54]
see also [55] for summary tables listing observed natural frequency
ariation). As shown in Fig. 18, the final natural frequency decrease
s slightly higher than the 24% reduction reported in [51,52] for the
irst bending mode, and higher than 13% as reported in [53]. The most
triking difference highlighted by Fig. 18 refers to the slope of variation
f the normalized natural frequency vs. remaining structural capacity
urves. The first bending mode of the three tested samples (Reference,
uring and Epoxy) seem to be quite insensitive to the induced damage,
hile the slope of all the other curves exhibit a higher steepness at
arlier level of damage while reaching a plateau when approaching the
ltimate load. The difference might be linked to the different damage
echanism the tested beam were subject to. The results summarized

y the grey curves in Fig. 18 refer to natural frequency variations of
einforced concrete beams caused by the occurrence of flexural cracks
inally resulting in the yielding of the reinforcement bars, while the
amage and failure mechanism of the hybrid beams under investigation
ere driven by the interface behaviour (for the Reference and Curing

ample) and by a predominant flexural cracking, combined with de-
amination, for the Epoxy sample. All the tested samples led to a brittle
ailure of the concrete at the end of the coupling reinforcement bar.

The low sensitivity of the natural frequency variation could be a
ignificant limitation if a frequency-based damage detection approach
ould be used for early damage detection of hybrid structures. Note

hat the identified modes of vibration, during a typical ambient vi-
ration monitoring campaign of civil infrastructures [2,43–46] usually
nclude the first low-frequency global modes of the investigated struc-
ure. In this regard, there would be no need to further investigate the
ensitivity of the higher bending modes of the tested beams as shown
n [16–19], since it is highly unlikely that such modes would be excited
y means of ambient vibration.

Despite the aforementioned limitation to detect delamination at an
arly phase, SHM approaches relying on frequency-shifts still comprise
he majority of the implemented damage identification schemes for
ivil infrastructures, since it is a non invasive technique, it highlights
he evolution in time of the global behaviour of a structure and it
as the benefit of an intuitive physical interpretation due to the direct
orrelation between frequency and stiffness. In order to take full advan-
12

age of such SHM technique, an integrated approach linking laboratory
activities, modelling studies, in situ monitoring campaigns and data
science is needed. Such an integrated approach would allow to define
limits and recommendations for a vibration-based monitoring strategy
designed for detecting specific types of damage. With this in mind, the
current study shows a possible direction in which laboratory activities
and models are developed and assessed based on their capability of
being used in a vibration-based SHM campaign of large-scale struc-
tures. To clarify, the simulated debonded layer and the corresponding
Young’s Modulus reduction shown in Section 4, could be used to
predict the effect on natural frequencies of a simulated large-scale
structure composed of hybrid structural elements prone to delamination
issues (e.g. hybrid floor systems, strengthening applications, etc.). A
sensitivity analysis on such large-scale model could be carried out
by changing the extension of the delamination in order to pin down
the natural frequencies exhibiting the highest sensitivity. Comparing
the results from the sensitivity analysis with the typical observed
variability of identified natural frequencies (mostly due to environ-
mental effects, see [2,43–46]), may enable to estimate the minimum
amount of damage that should be identified by adopting a frequency-
based approach. As mentioned in the Introduction, damage detection
strategies following the latter line of reasoning have been proposed
often [13,22,24,25]. However, the chosen Youngs’ Modulus reduction
of specific regions in the FE model used to mimic a possible damage
was arbitrarily selected without any direct link to actual measured
damage patterns. The remaining drawback of this approach is that
the resonance frequency which are usually identified during ambient
vibration monitoring of civil structures are confined in the low fre-
quency band (approximately below 30 Hz) and therefore less sensitive
to local damages. Recent research efforts [57,58] focused on exploring
new ways of monitoring interface-related damage by exploiting the
use of piezoelectric sensors and measurements of the electromechanical
impedance of the area surrounding a delamination. Alternatively to the
frequency-based approach, a modal strain-based approach identified by
means of Fibre Bragg Grating (FBG) sensor, as proposed in [59], seems
also to be more sensitive to the occurrence of damage. The feasibility of
these methods for hybrid concrete beams prone to brittle failures needs
still to be tested.

6. Summary and conclusions

A comparative analysis concerning the developed damage mech-
anism along the interface of three novel hybrid concrete beams was
presented. The tested beams, labelled as Reference, Curing and Epoxy,
differed in terms of curing method and interface surface preparation.
The damage was induced by step-wisely loading the beam in a four
bending test setup. Vertical displacements and deformations were mon-
itored and tracked by means of linear variable differential transformers
(LVDTs) and the Digital Image Correlation (DIC) technique. The results
of the load–displacement curves showed that the bending stiffness
of the Curing sample is lower compared to the Reference sample,

whereas the slope of the load–displacement curves between the Epoxy
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Fig. 18. Decrease of normalized frequency vs. remaining structural capacity, computed as a ratio between applied load and ultimate load. The graph compares the modal test
results obtained in this paper with published results in [47–54,56].
and Reference samples almost overlap, indicating a similar bending
stiffness. Although, the Curing sample was more prone to delamination
compared to the Reference sample, at the same load levels, the different
curing conditions did not affect the structural capacity between the
Reference and Curing beam. Overall, the Epoxy sample exhibited a
higher interface strength, exhibiting a significant difference in terms
of fracture mechanism and structural capacity compared to the other
two samples. The induced damage in the Reference and Curing samples
was clearly triggered and driven by a delamination process along the
interface, while in the Epoxy sample the damage initially developed as
a vertical flexural crack up to a load of 10 kN, and kept developing
further flexural cracks, combined with limited and localized delami-
nation, until the brittle failure of the concrete occurred at the end of
the coupling reinforcement bars. Although the capacity of the Epoxy
sample was twice as large as that of the Reference and Curing, in none
of the beams yielding of the coupling reinforcement was reached.

With regard to the dynamic test results, it can be concluded that
the first natural frequencies of the tested beams were decreasing with
progressive damage. However, significant reduction in the natural fre-
quency was observed only when the specimens were close to the
ultimate failure point. The natural frequency reduction of merely 5%
for the first bending mode is observed at the load levels which were
between 30% and 40% lower than the failure load. Similarly, the
natural frequency reduction of 10% corresponded to the load level
only 15% lower than the failure load. This indicates that frequency-
based SHM, may not be sensitive enough to detect delamination for
early-stage damage detection purposes of hybrid concrete structures.
Interesting to notice was that when plotted as natural frequency versus
structural capacity, all the beams showed almost the same behaviour.
The final natural frequency reduction at failure is in line with the exper-
imental observations for reinforced concrete beams from the literature,
although the shape of the curves seems to be different. The difference
might be related to a different type of failure observed in tested hybrid
structures compared to regular reinforced concrete beams and slabs.

To conclude, further research efforts are necessary in order to
develop a robust and sensitive vibration-based delamination detec-
tion technique and reliable models, suitable for monitoring large-scale
structures composed of hybrid structural elements.
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