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Abstract: This paper presents the results of an experimental study that focused on the gradual
modification of the modal parameters of reinforced concrete beam–column frames subjected to
progressive damage under cyclic loading. As is commonly found in structures of the 1970s, the
specimen was characterized by the absence of specific shear reinforcement in the nodal panel. The
frame modal parameters were investigated using the ambient vibrations test (AVT) as a modal
identification technique. In particular, quasi-static cyclic tests with increasing amplitudes were
performed on the reinforced concrete frame specimen and the modal parameters were assessed at
various stages of frame degradation. By establishing a correlation between the changes in the modal
parameters and the mechanical indicators of the structural damage in the frame, this study aimed to
determine whether the ambient vibration tests could offer meaningful insights for evaluating the
structural health of this type of structural component. As a result of the damage that occurred in the
tested RC frame, the residual experimental value of the first natural frequency of the specimen was
found to reduce at 52.7% of the original reference value (undamaged stage). Similarly, the residual
value of the frame stiffness was found to be as low as 43.82% of the initial one. Both these results
confirmed that changes when monitoring the modal frequencies may provide quantitative indexes
to describe the structural health of RC frames. In combination with static tests for a direct measure
of the structural stiffness variations, the AVT technique was shown to have interesting potential in
detecting the type, level, and distribution of the progressive damage in civil structures. In particular,
exponential and polynomial regression curves were defined to describe the decay of the first natural
frequency as the structural damage increased in various parts of the frame, and it was shown that the
variation in the first natural frequency was determined more by the damage on the beam than by the
damage on the joint.

Keywords: reinforced concrete; beam–column joint; structural dynamics; modal identification; cyclic
load tests

1. Introduction

In existing buildings, especially the side and corner RC beam–column joints, which are
subjected to a combination of the compression, bending, shear, and torsion due to ground
motions, the failure mechanism is very complicated [1].

For this reason, their performance has long been recognized as a significant factor
in the behavior of RC frame structures subjected to horizontal cyclic loads. For these
structures, the lack of capacity design principles leads to a low shear strength of the joint,
potentially leading to a shear failure that limits the deformation capacity of adjoining
beams and/or columns [2]. Many tests were carried out on the seismic performance of RC
frames (like columns or beam–column joints) [3–6] and they showed that these structures
were designed to resist only gravity loads, and the joints were affected by brittle-type
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collapse mechanisms that can compromise the stability and start the collapse of the whole
structure [7]. Based on these studies, it is important to assess the seismic vulnerability of
these existing structures by nondestructive testing, such as an ambient vibration test (AVT).

Indeed, forced vibration tests to detect damage in civil structures are often impractical
due to operational and cost constraints. Consequently, the ambient vibration test (AVT)
often emerges as the only feasible alternative method. This approach involves the use of
operational modal analysis (OMA) or output-only system identification techniques using
AV data acquired before and after potential structural damage.

Astroza et al. [8] identified three primary limitations and challenges associated with
OMA for damage detection. Automatic operational modal analysis becomes necessary to
distinguish between spurious and genuine modes. This aspect has garnered considerable
research attention, resulting in numerous proposed methods over the past two decades,
like [9–16]. For instance, Rainieri and Fabbrocino [17] utilized the latest advancements
in fully automated modal identification under output-only conditions to validate and
implement an automated system for the vibration-based structural health monitoring of
historic structures. Additionally, in [18], a novel methodology that employed the stochastic
covariance-driven subspace identification (SSI-COV) method, complemented by a newly
developed algorithm for the automatic analysis of stabilization diagrams, is proposed. This
approach was found to be effective in identifying dynamic parameters for critical structures,
such as bridges. The statistical variability of identified modal properties necessitates
careful investigation.

Different factors unrelated to damage, including temperature fluctuations, measure-
ment noise, and shifts in boundary conditions and wind speeds, can induce variations
in the dynamic characteristics of civil structures [18–22]. Furthermore, the uncertainty
stemming from the parameter estimation method itself must be taken into account.

The availability of data from real structures experiencing actual damage and degra-
dation processes remains extremely limited. Most full-scale tests have been performed
on in situ bridge structures slated for demolition, where artificial damage (e.g., partial
saw cuts in steel girders, post-tensioning tendon cuts) was introduced during the demoli-
tion process [23–26]. However, such artificial damage fails to accurately simulate natural
load-induced or aging-related damage.

For instance, the Connecticut Department of Transportation and the University of
Connecticut collaborated to develop a technique for continuously monitoring highway
bridges using ambient traffic as an excitation force. This study demonstrated how monitor-
ing amplitudes at natural frequencies can serve as indicators of crack development along a
highway bridge [27].

While a few studies attempted to assess the modal parameters of reinforced concrete
(RC) buildings under varying states of damage [15,28,29], none, except for the work by
Astroza et al. [8], continuously recorded AV data or implemented an automatic system
identification approach based on data collected from a real structure subjected to damage
induced by realistic dynamic excitation sources.

The AVT technique is currently used in the evaluation of even complex existing
structures, sometimes with serious difficulties in the interpretation of the results, especially
about the actual location and level of the structural damage (if any is present) or about the
level of the structural degradation. The present study’s main objective was to demonstrate
the suitability of monitoring the modification of the modal parameters of an RC frame to
provide both quantitative and qualitative descriptions of the structural damage caused by
intense cyclic loads. To address this issue, an AVT technique was carried out in parallel with
the destructive test of a simple geometry RC frame. This frame was thought to represent a
sample of typical old existing RC structures, usually characterized as having no stirrups
in the joint; then, reinforcement was introduced to provide an improved global capacity
to the structure somehow. The effectiveness of the structural reinforcement applied to the
tested beam–column joint is not discussed in this paper; instead, it is to be presented in a
different research paper in the near future.
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The value of the AVT technique, like others, is perhaps clearest in thinking that
public measures are accelerating investments in the existing building stock to enhance
the seismic safety in high-risk seismic zones, although continuous monitoring to assess
intervention effectiveness over time has not been consistently required. Concurrently,
energy efficiency measures are also often performed on the building envelope, making
subsequent structural inspections even more challenging in the post-earthquake assessment
of the buildings, as well as after an extreme event. As a result, there is a growing need for
rapid, continuous, and noninvasive monitoring techniques [30–32] capable of detecting
changes in the structural dynamic response, especially for swiftly evaluating the structural
integrity after extreme loads.

In the case of seismic events, poorly engineered beam–column joints are, among all,
the most vulnerable elements in RC buildings. These joints exhibit changes in stiffness
as damage progresses. Accurately estimating the evolution of joint stiffness is crucial for
modeling the nonlinear dynamic response of reinforced concrete buildings. However, most
experiments on beam–column joints focused on characterizing the moment–rotation curves.
These relationships are challenging to measure directly from accelerometric data during
an earthquake. In this study, the authors simulated the progressive damage of an RC
beam–column joint, conducting discrete steps of loading and stopping the loading protocol
to measure the ambient vibration response of the reinforced concrete joint. This approach
aimed to estimate the modal parameters and, given the experimental moment–rotation
curves, to relate the modal parameter estimates with the mechanical parameters’ evolution.
The novelty of this study lay in its objectives and methods. There is a lack of research in
the literature linking the evolution of modal parameters of an RC joint with its mechanical
response. Additionally, the authors conducted hybrid loading tests and ambient vibration
measurements on the joint and designed a loading protocol with approximately 20-minute
interruptions for the experimental characterization of the modal parameters.

2. Experimental Setup

The specimen examined in this study was a T-shaped reinforced concrete (RC) joint as
an example of a cellular unit of an RC frame, as found in real buildings from the 1970s [33].

Positioned on a horizontal plane, the specimen was inserted on a steel loading frame
securely fixed to the floor, as shown in Figure 1 and in Figure 2. As shown in Figure 1, the
left end “A” was secured by a roller constraint, while the lower end “B” was supported by
a hinge constraint. Please note that the tested specimen represented only a part of an ideal
real frame.

In particular, the ends “A”,“B”, and “C” of the specimen corresponded to the half-
length of the beam and the column of a complete frame, where the inflection points with
M = 0 were usually located when seismic loads were considered. For this reason, the
hypothesis of a fixed support was not applied and a hinge support was considered.

The picture in Figure 2 presents the actual tested specimen, offering a partial view of
the experimental setup.

Figure 1 also illustrates the geometric dimensions and reinforcement details of the
specimen. Both the beam and the column were characterized by a cross-sectional area of
300 × 500 mm2, with the column’s overall height measuring 3200 mm and the beam’s total
length spanning 2500 mm. Additionally, a transverse beam with a cross-sectional area of
300 × 500 mm2 and extending 600 mm from the column face was included. This transverse
beam was introduced to more accurately replicate the geometry of reinforced concrete
frames found at the corner of common existing buildings to consider the influence of a
beam orthogonal to the frame.

The column’s reinforcement consisted of 4ϕ24 mm steel ribbed bars set longitudinally
along both of the shorter sides of the section. With reference to the beam, 2ϕ24 mm plus
3ϕ20 mm ribbed bars were adopted as longitudinal reinforcement (on both of the short
sides of the section). The reinforcement of the short beam orthogonal to the frame consisted
of a single ϕ16 mm longitudinal reinforced ribbed bar at each of the four corners. Transverse
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reinforcement for the column and the beam included 10 mm diameter stirrups placed at
intervals of 100 mm. The stirrups were deliberately excluded from the joint space to reduce
its strength, and thus, induce shear failure in the joint before attaining the yield in both the
beam and column branch during the simulated seismic loads.

Figure 1. Various views of the specimen with details about the geometry and reinforcement.

Figure 2. Testing assembly.

Two linear variable displacement transducers (LVDTs) were used to measure the main
displacement of the frame under loads. They were placed with one at the top end “C” of
the column (Figure 1) and one aligned with the main beam axis at the left end “A” of the
beam (Figure 1). To operate the cyclic loading in the displacement-controlled procedure, an
electrically driven actuator measuring 500 kN in capacity was applied at end “C” of the
column; meanwhile, a 500 kN capacity load cell was used to record the force resisted by
the structure.

About the material used for the specimen preparation, the concrete was characterized
by an average compressive strength of 29.3 MPa, and the reinforcing steel bars were
characterized by a yield strength of 450 MPa. Please note that in Italy, only steel grade 450
is allowed for the design and construction of RC structures (B450C steel type) (NTC018).
Grade 420 MPa has never been considered in the past, when the values of fy usually
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adopted were between 220 MPa and 440 MPa. Currently, only grade B450C is available on
the market.

Other mechanical properties of the used materials are reported in the subsequent
Table 1 with the following symbols:

• Ecm, Es: Young’s moduli of concrete and steel rebar, respectively;
• fc, fctm: compression strength of concrete and tensile strength of concrete;
• fy, fu: yielding strength of steel rebar and ultimate strength of steel rebar;
• G1

r : tensile energy fracture;
• h: height of the RC specimen (from the bottom to the head column);
• γc, γs: densities of concrete and steel rebar, respectively;
• εsy, εsu: deformations in relation to the yielding strength and ultimate strength of the

steel rebar, respectively;
• νc, νs: Poisson’s coefficients of concrete and steel rebar, respectively.

Table 1. Mechanical properties of the concrete (* assumed from CEB-FIB for the numerical simulations)
and of the steel rebars.

Concrete

fc (Mpa) fctm (Mpa) Ecm (Mpa) γc (N/mm3) νc (-) G1
r (Nm/m2)

29.3 2.85 30,373 2.5 × 10−3 0.2 0.05

Steel

fy (MPa) fu (MPa) Es (MPa) γs (N/mm3) νs (-) εsy % εsu %

450 540 210,000 7.85 × 10−3 0.29 2.14 75

More details about the experimental setup are provided in Figure 3. In particular,
a total of six force balance accelerometers are shown. Their strategic placement was
decided to capture the dynamic behavior of the specimen through the ambient vibration
test (AVT), with the aim to achieve a thorough evaluation of the damage progression within
the specimen.

Figure 3. Experimental layout with a view of the measuring devices.

In particular, the digital array accelerometric measurement chain comprised SL06
converters and FB SA10 accelerometers produced by Sara Electronic Instruments (Italy).
The accelerometer had a dynamic range higher than 165 dB from 0.1 Hz to 200 Hz, with a
1 g full scale. On the other hand, the dynamic range of the digital converter was 144 dB
such that the sensitivity was limited by the converter, not by the noise of the accelerometer,



Buildings 2024, 14, 1345 6 of 19

which was lower. Accordingly, the sensitivity of the sensor was 0.119 µg/count. The
accelerometers were arranged into two measurement chains, each driven by a master
recording unit connected to a Wi-Fi access point and synchronized by GPS receivers.

3. Experimental Test

To comprehensively analyze the mechanical behavior and the modal parameter
changes of the RC frame, the experimental investigation in this study encompassed var-
ious activities. In particular, a quasi-static cyclic loading procedure was executed on the
RC frame. Specifically, to replicate a seismic action, a sequence of increasing-amplitude,
quasi-static cyclic displacements D was applied at the upper free end “C” of the column.
The adopted loading sequence shown in Figure 4 consisted of several sets of displacements
aiming to produce progressive damage on frame elements. Each set comprised three fully
reversed identical cycles. No axial load was applied to the column in direction “CB”, thus
reducing any positive influence on the shear capacity of the joint [34].

Figure 4. Ideal standard test protocol ACI 374.1 (2005).

The resulting hysteresis cycles obtained from the test are depicted in Figure 5 in terms
of the shear force T resisted by the frame with respect of the imposed displacement D. In the
same graph, some of the hysteresis cycles are numbered to later compare the experimental
results with those obtained from the numerical analysis (see Section 5).

Figure 5. Experimental data of forces and displacements recorded during the cyclic loading. Numer-
ation of the AVT measurements.
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At the end of the specific set of cycles (those numbered in Figure 5), and thus, at various
stages of the frame progressive damage, ambient vibration tests (AVTs) were performed
before restarting with subsequent groups of cycles. In particular, Figure 6a depicts the
quasi-static test setup configuration, showcasing the positioning of the loading point, of
the constraints applied to the RC frame, and of the 6 accelerometers. Ambient vibration
tests (AVTs) were conducted using a “hammer” to activate vibrations in the frame.

The stages of damage selected for performing the AVT were established based on the
maximum displacement values achieved during the quasi-static tests. For each ambient vi-
bration test, the acquisition duration was approximately 10 min, with a sampling frequency
of 200 Hz.

By coupling the outcomes derived from the quasi-static tests with those from the
ambient vibration tests, an investigation was made of the progressive damage in the RC
frame. More specifically, the investigation focused on the interplay between the changes
in the modal parameters and the reduction in the frame’s stiffness due to the incremental
cyclic loading.

(a) (b)

Figure 6. (a) AVT experimental setup; (b) stabilization diagram referring to stage 0 (undamaged stage
of the specimen).

Later, data collected from both the quasi-static and the ambient vibration tests underwent
processing using the stochastic subspace identification covariance-driven (SSI-cov) from [35].
Widely acknowledged for its effectiveness in extracting modal parameters from measured data,
this algorithm was implemented using the open-source software PyOMA [36].

Figure 6b shows the stabilization diagram generated by applying the SSI-cov algorithm
to the data associated with the undamaged state of the RC frame. The stabilization diagram
gives a visual representation of the identified modal parameters as a function of the
model order.

In actuality, the high-quality estimation of approximately seven modes within the
frequency range of 0 to 100 Hz was achieved. These modes encapsulate the intrinsic and
reference vibration characteristics of the RC frame, offering invaluable insights into its
dynamic behavior. The precise estimation of the modal parameters held a pivotal role
in comprehending the structural response, and subsequently, analyzing the impact of
progressive damage on the RC frame.

Figure 7 presents a 2D depiction of the experimental modal shapes during the un-
damaged phase. It aids in comprehending the distortion of the T-shaped element within
the same plane as the external forces. The dashed line represents the frame’s undeformed
configuration, while the solid line represents the i-th modal shape.

Figure 7 effectively displays the overlay of the plan view of the undeformed joint
and its corresponding modal deformation. In terms of the classification between the
translational and rotational modes, it was indeed challenging to make a clear distinction.
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A translational mode should be understood as one with a predominant translational
deformation, and a torsional mode as one with a predominant rotational deformation. It
can be observed that both the first and fourth modes exhibited significant deformation
components, with the branches of the joint showing a clear deformation field due to
their mutual rotation. In the other modes, a predominant translational component was
manifested despite the presence of deformation along the longer branch of the joint.

In Figure 7, only the positions of the six accelerometers are illustrated (not the entire
frame’s geometry). The first mode, which was distinguished by a reference frequency of
24.04 Hz, showcased the most pronounced distortion of the joint.

(a) First experimental mode
shape

(b) Second experimental
mode shape

(c) Third experimental
mode shape

(d) Fourth experimental
mode shape

(e) Fifth experimental mode
shape

(f) Sixth experimental mode
shape

(g) Seventh experimental
mode shape

Figure 7. Two-dimensional representation of the first seven experimental mode shapes corresponding
to the undamaged stage of the specimen.

4. Analysis of Experimental Results

From the loading test, capacity curves were generated for each cycle. These curves
allowed for the determination of the stiffness factor K. In particular, this factor was
calculated as the ratio between the shear force (Tx) and the corresponding displacement
(Dx), with both measured at the peak of the considered cycle.

More specifically, Dx denotes the maximum displacement applied to the column end
“C” during the i-th cycle, while Tx is the corresponding measured force. The K factor
is indicative of the system’s stiffness, and visually represents the tangent of the angle α
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formed by the line connecting the curve’s peak with the origin of the axes with respect to
the x-axis. This graphical representation is demonstrated in Figure 8a.

(a) (b)

Figure 8. (a) Graphical meaning of the stiffness factor K = tg (αi); (b) relationship between the decay
in stiffness Ki/K0 and the variation in the first modal frequency f1,i/ f1,0.

Out of the total 21 cycles conducted (7 groups of 3 cycles each), emphasis was placed
on those 6 after which the AVT was carried out and the accelerometer measurements were
taken. Please note that the first of the six AVT measurements was recorded at stage 0, which
corresponded to the undamaged condition of the specimen (before performing the loading
test; also see Figure 5). The resulting K values obtained from these cycles are presented in
Table 2.

Table 2. Stiffness values, natural frequencies, and damping values estimated for the undamaged
stage (0) and for the subsequent five damage levels.

Damage Level

0 (Ref.) 1 2 3 4 5

Dx 12.59 28.3 37.52 48.46 70.49 143.29
Tx 28.41 56.6 70.4 73.56 86.59 141.73
k 2.257 2.00 1.876 1.518 1.228 0.989

f1 24.04 24.03 23.74 20.71 18.51 12.67
f2 27.86 32.59 33.43 31.29 19.61 26.07
f3 29.91 37.38 39.25 39.86 32.74 32.35
f4 34.82 49.21 42.20 49.34 40.00 33.32
f5 37.95 50.25 50.10 50.60 42.59 39.18
f6 44.54 52.68 52.26 55.35 52.27 46.00
f7 78.08 65.58 65.39 79.81 64.89 75.01

ξ1 1.85 1.54 1.17 1.29 2.38 0.50
ξ2 4.92 4.55 1.31 3.09 2.18 0.89
ξ3 3.60 2.96 0.61 1.61 1.29 0.62
ξ4 3.26 1.39 4.39 2.16 2.63 2.69
ξ5 3.72 3.92 1.32 2.22 2.44 2.45
ξ6 2.02 1.55 2.26 1.89 0.40 1.21
ξ7 2.17 1.77 1.99 0.93 1.49 2.02

The decrease in stiffness, as indicated by variations in the parameter K, highlights
the stiffness loss that resulted from the progressive damage induced by cyclic loading. In
reality, as the number of cycles increased, the joint and the other frame elements underwent
an increasing number of cracks (also growing in width), which produced a reduction in the
stiffness results.

Consequently, changes in the natural frequencies of the frame were also recorded. As
said in the previous Section 4, frequencies were assessed at six levels of damage and the
final results are reported in Table 2.

Please note that Table 2 is not a MAC (modal assurance criterion) matrix, which typi-
cally exhibits similarity in its diagonal elements. Instead, it simply illustrates the evolution



Buildings 2024, 14, 1345 10 of 19

of selected parameters (such as stiffness and frequency) at each step of the degradation
process. Consequently, there is no requirement for similarity in the diagonal elements.

The data in Table 2 allow for a comparative analysis between the measured dynamic
parameters, offering insights into the relationship between the structural damage and the
dynamic response of the specimen.

For each damage level, the table lists the values of the first seven natural frequencies of
the frame in hertz (Hz). Because each natural frequency represents the inherent frequency
at which the structure tended to vibrate when excited, it may serve as a crucial indicator of
the frame’s structural response, mostly in terms of the ts stiffness characteristics. In fact, as
the damage level progressed, noticeable changes in the natural frequencies were measured.
For instance, at damage level 1, there was a slight increase in f2, while at damage level
4, a significant reduction was observed in f7 compared with the undamaged phase (0).
These variations highlight the impact of damage on the structural dynamic properties of
the tested frame.

In addition to the natural frequencies, the table presents the damping values (ξ1 to
ξ7) associated with each damage level. Damping reflects the energy dissipation capability
of the structure and affects the decay rate of vibration amplitudes. Changes in damping
values signify alterations in the structure’s energy dissipation behavior due to damage.
Notably, there were fluctuations in the damping values across different damage levels.
For instance, at damage level 4, ξ3 exhibited a higher damping ratio compared with the
undamaged phase, indicating an increase in energy dissipation.

The analysis of results reported in Table 2 allowed for a better understanding of the
structural response and its evolution as damage accumulated. The variations observed in
these parameters offer insights into the progressive degradation of the RC frame and aid in
the assessment of its structural integrity.

In Table 3, the modal assurance criterion (MAC) is shown with a color code. The
MAC is a classical metric introduced by Allemang and Brown in 1982 to compare mode
shapes and assess their similarity. It is among the most used metrics in modal tracking
approaches. Therefore, the authors implemented MAC calculations to compare the mode
shapes estimated at each step of the degradation process of the joint.

These results were obtained by comparing the modes estimated in two consecutive
stages, namely, states 0-1, 1-2, 2-3, 3-4, and 4-5. The MAC was calculated as follows:

MAC = (ϕr, ϕs) =
|ϕr · ϕs

T|2

(ϕr · ϕr
T)(ϕs · ϕs

T)
(1)

where the operator “·” stands for the inner product, ϕr represents the experimental mode
shape, and ϕs indicates the numerical mode shapes.

Each cell in the table represents the MAC value computed between the modes of the
corresponding states. The diagonal elements of the table represent the similarity of modes
within the same state (state 0 to state 0, state 1 to state 1, and so on).

The off-diagonal elements of the table represent the similarities between modes of
different states. For example, the cell at the intersection of state 1 and state 0 represents the
MAC value between the modes of state 1 and state 0. Similarly, the cell at the intersection
of state 4 and state 5 represents the MAC value between the modes of state 4 and state 5.

MAC values range from 0 to 1, with 1 indicating a perfect match between the experi-
mental and the numerical mode and 0 indicating no similarity.

The main aspects that arose from the observation of the experimental data summarized
in Tables 2 and 3 were as follows:

• Modal tracking was challenging due to progressive damage within the RC joint,
resulting in low MAC values for mode shape comparison.

• The initial modes experienced a significant reduction in natural frequency due to the
distortion mode of the T-element, which was highly affected by the stiffness reduction
caused by damage (from 24.04 Hz to 12.67 Hz).
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• Higher modes showed little in-plane deformation of the T-element, as reflected in
their natural frequencies being almost independent of the damage level. However,
the natural frequency of the last mode paradoxically increased from 81 Hz to 84 Hz,
possibly due to boundary condition variations in the final damage phase.

Table 3. Representation of the MAC matrices. Each sub-table shows the MAC computed between the
modes of two consecutive stages.

State 0 State 3

St
at

e
1

0.00 0.02 0.02 0.01 0.00 0.00 0.58

St
at

e
4

0.64 0.39 0.69 0.46 0.08 0.00 0.12
0.13 0.77 0.70 0.01 0.50 0.04 0.02 0.01 0.06 0.01 0.10 0.01 0.02 0.15
0.17 0.27 0.24 0.02 0.00 0.01 0.47 0.00 0.00 0.00 0.05 0.02 0.02 0.02
0.08 0.47 0.45 0.00 0.38 0.02 0.00 0.45 0.35 0.46 0.18 0.20 0.01 0.29
0.04 0.16 0.23 0.25 0.00 0.07 0.23 0.21 0.11 0.20 0.21 0.11 0.06 0.34
0.58 0.04 0.06 0.71 0.05 0.78 0.14 0.05 0.12 0.04 0.02 0.02 0.04 0.25
0.31 0.03 0.05 0.57 0.01 0.19 0.40 0.09 0.21 0.03 0.06 0.38 0.00 0.00

State 1 State 4

St
at

e
2

0.00 0.02 0.02 0.01 0.00 0.00 0.58

St
at

e
5

0.99 0.56 0.75 0.15 0.08 0.08 0.43
0.13 0.77 0.70 0.01 0.50 0.04 0.02 0.90 0.45 0.81 0.17 0.13 0.23 0.30
0.17 0.27 0.24 0.02 0.00 0.01 0.47 0.93 0.47 0.62 0.14 0.04 0.03 0.43
0.08 0.47 0.45 0.00 0.38 0.02 0.00 0.26 0.26 0.08 0.01 0.01 0.11 0.21
0.04 0.16 0.23 0.25 0.00 0.07 0.23 0.28 0.02 0.08 0.04 0.23 0.29 0.21
0.58 0.04 0.06 0.71 0.05 0.78 0.14 0.01 0.26 0.07 0.00 0.00 0.00 0.01
0.31 0.03 0.05 0.57 0.01 0.19 0.40 0.15 0.00 0.06 1.00 0.30 0.01 0.27

State 2

St
at

e
3

0.10 0.19 0.17 0.07 0.13 0.01 0.09
0.28 0.00 0.00 0.99 0.47 0.01 0.02
0.27 0.00 0.00 0.97 0.51 0.00 0.03
0.00 0.00 0.14 0.04 0.00 0.03 0.10
0.21 0.17 0.04 0.28 0.01 0.24 0.12
0.02 0.08 0.18 0.00 0.08 0.04 0.01
0.03 0.09 0.00 0.01 0.02 0.29 0.73

The first mode, as seen in Figure 7, had the most pronounced distortion of the joint,
and this is precisely why it was singled out among the various other modes; it was chosen
to investigate a relationship between alterations in the frame’s dynamic response and the
accumulation of structural damage during the cyclic loading of the frame.

According to this assumption, the graph in Figure 8b highlights a relationship between
the residual stiffness Ki at the damage stage i, which was normalized with respect to the
undamaged level K0 (as obtained from the experimental cyclic load test), and the residual
frequency f1,i of the first mode at stage i (measured using the ambient vibration test), which
was normalized with reference to the undamaged stage frequency f1,0. The polynomial
approximation, expressed by the equation

K = 0.9913 f 1.9933 (2)

fit the experimental data well, with R2 = 0.9478.
Actually, the graph depicted in Figure 8b illustrates how the system’s progressive

damage due to cyclic displacements resulted in a gradual reduction in both the frame
stiffness and its first natural frequency.

5. Numerical Analysis
5.1. Numerical Models and Results

Alongside the experimental dynamic and mechanical characterization of the tested
“RC frame”, several finite element models (FEMs) of the specimen were built and analyzed
to better understand the relationship between the changing dynamic behavior of the RC
frame with respect to the progressive structural damage induced by the cyclic loads.
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In particular, numerical analyses were conducted to closely replicate the experimental
setup and to determine the system’s first natural frequency at each stage of the progressive
damage. To simulate the progressive damage, Young’s modulus E was made to vary
in different parts of the modeled structure. In particular, six stages of damage were
simulated by reducing the Young’s modulus from 0% to 80% of its initial reference value
E0 = 30,373 MPa.

Details about the FEMs considered in this section of the work are illustrated in Figure 9.
In particular, to replicate the strut and tie mechanism that took place in the RC joint, it
was modeled using two diagonal connecting rods with hinges at the ends. Concerning the
main beam “BG” and the two half-columns “1-6” and “8-A”, they were modeled as frame
elements, with each divided into five segments. A roller was modeled at the right end of
the beam, while a hinge was introduced at the lower end of the column. As already said,
the E values assigned to each segment of the structure were gradually reduced, starting
from undamaged stage 0 (the reference stage, representing an intact system) through to
damage stage 5. In order to better comprehend the observed experimental progressive
damage suffered by the real frame and to investigate the impacts of different types of
damage on the reduction in the total system’s natural frequency, seven FEMs of the frame
were analyzed, with each varying in terms of the element affected by the damage. The
considered FEMs are listed as follows:

• Model “J”: only the joint was progressively damaged.
• Model “C”: only the column was progressively damaged.
• Model “CJ”: both the joint and column were progressively damaged.
• Model “B”: only the beam was progressively damaged.
• Model “BJ”: both the joint and beam were progressively damaged.
• Model “BC”: both the column and beam were progressively damaged.
• Model “BCJ”: all elements of the system were progressively damaged.

Please note that the FEM names are acronyms that indicate the specific frame part
that was affected by the progressive damage to help with establishing a consistent model
nomenclature.

For example, schemes (a), (b), and (c) of Figure 9 show how the models from B0 to
B2 were made. In particular, model B0 was equal to models J0, C0, CJ0, BJ0, BC, and BCJ0
since they all corresponded to damage stage 0, in which the whole system was undamaged.
Then, model B1 was thought to represent structural damage starting in the beam and near
the joint, and thus, E1 was assigned to segment “BC”, where bending moment M and shear
forces T were higher for the beam; the other beam’s segments (“CD”, “DE”, “EF”, “FG”)
were considered undamaged and E0 was assumed for them. Therefore, in the FEM B2,
a higher beam damage was modeled by assigning a more reduced value E2 to segment
“BC” (near the joint), assigning E1 to the subsequent segment “CD”, and assuming the rest
of the beam was undamaged with E = E0 (Figure 9c). In so doing, the beam presented
progressively more important damage near the joint and gradually less damage as the
distance from the joint increased. This was until case B5, where the damage near the joint
was assumed to be at the maximum level (E5 was assigned to the segment “BC”) and the
minimum damage was at the final segment of the beam (with E1 assigned to segment “FG”).
Moving from segment “BC” (near to the joint) to segment “FG” (at the end of the beam),
progressively decreasing values of E were assigned. Similar assignments were undertaken
for all the models listed above, and FEM referred to damage stages 0, 1, and 2 of model CJ
are shown as examples in Figure 9d, e, and f, respectively.

In Table 4, the ratio f1,i/ f1,0 between the calculated first natural frequency of the
considered model at its damage stage i (named f1,i) and the value of the first natural
frequency of the same considered model at its undamaged stage (named f1,0, reference
value) are reported.
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(a) Model B: damage stage 0 (b) Model B: damage stage 1 (c) Model B: damage stage 2

(d) Model CJ: damage stage 0 (e) Model CJ: damage stage 1 (f) Model CJ: damage stage 2

Figure 9. (a–c) Stages of the progressive damage considered in model “B”: only the main beam was
affected by the progressive damage; (d–f) stages of the progressive damage considered in model “CJ”:
both the column and the joint were affected by the progressive damage.

In the same table, the ratio Ki/K0 between the stiffness of the considered model at
its stage i (named Ki) and the value of the stiffness of the same considered model at its
undamaged stage (named K0, reference value) are also reported.

The data in Table 4 show that the relationship between the frequency decay and
stiffness decay depended on the type of damage location. In particular, the frequency decay
was faster in the case of the damage localized on the beam than in the case of damage
localized only on the joint. Obviously, the worst case was the one with the damage localized
simultaneously on the beam, column, and joint.

As already done in the previous Section 4 (with respect to the natural frequency of
the system experimentally measured through the AVT), in this section of the paper, a
correlation is considered between values of the first natural frequency and stiffness values
calculated for the frame at various damage stages through the numerical analysis of the
FEMs described in this section. In particular, the data of Table 4 are plotted in the graph of
Figure 10, which represents how the values of the residual frequency f1,i/ f1,0 related to the
calculated values of the residual stiffness Ki/K0 of the system with the indication of the
various damage stages.

All the curves depicted in Figure 10 highlight a nonlinear decay of the first natural
frequency of the system as a result of the increasing structural damage suffered by the frame.
The results define a range of minimum and maximum values within which the natural
frequency of the system could vary when the distribution of stiffness across the frame
components also changed. For example, in Figure 10, it is shown that a reduction to 40% of
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the original stiffness of the structure (Ki/K0 = 0.4) could result from a variety of different
damage distributions (from damage model J to damage model BCJ), also highlighting that
different residual natural frequencies (ranging from 62% to 92% of the value corresponding
to the undamaged stage) may correspond to the same structural health condition for the
structure (here represented by a residual stiffness fixed to 40% of the initial one). The graph
also shows that a given frequency reduction (for example, f1,i/ f1,0 = 0.92) could result
from a high-damage stage in the joint (damage stage 4), as well as from a lower damage
stage in the beam (damage stage 2) instead.

Table 4. Residual values of the first natural frequency and of the residual stiffness, which were
calculated for each of the six damaged stages for each of the seven considered models.

Models
J C CJ B BJ BC BCJ

f1,0/ f1,0 1 1 1 1 1 1 1
f1,1/ f1,0 0.986 0.979 0.966 0.965 0.952 0.904 0.894
f1,2/ f1,0 0.976 0.965 0.944 0.922 0.903 0.851 0.836
f1,3/ f1,0 0.947 0.923 0.881 0.841 0.810 0.727 0.707
f1,4/ f1,0 0.924 0.890 0.836 0.764 0.729 0.654 0.632
f1,5/ f1,0 0.829 0.759 0.680 0.655 0.624 0.583 0.447

K0/K0 1 1 1 1 1 1 1
K1/K0 0.8 0.8 0.8 0.8 0.8 0.8 0.8
K2/K0 0.7 0.7 0.7 0.7 0.7 0.7 0.7
K3/K0 0.5 0.5 0.5 0.5 0.5 0.5 0.5
K4/K0 0.4 0.4 0.4 0.4 0.4 0.4 0.4
K5/K0 0.2 0.2 0.2 0.2 0.2 0.2 0.2

Thus, these considerations make it clear that, unfortunately, a nonunivocal relationship
should always be expected between the natural frequency variation detected with the AVT
and the type and level of the damages actually suffered by an RC frame.

In addition, it must also be noticed that in this experiment, the first natural frequency
decay did not depend on the material properties (which were constant during the test), but
rather on the distribution of stiffness throughout the structural system (which changed due
to the progressive structural damage).

As was already said, the seven models analyzed in this study differed from each other
in terms of the type and number of structural elements (beam, column, joint) subject to the
damage. In each model, Young’s modulus was gradually reduced in the damaged parts
to evaluate their influence on the decay of the first natural frequency of the frame. The
computed frequency variations are reported in Table 4.

The curves in Figure 10 also highlight that, among all cases, the damage in the beam
had the most significant influence on the frame frequency, while damage in the joint had less
impact. Consequently, it can be asserted that employing natural frequency monitoring to
evaluate whether the beam–column joint is undergoing cracking may be less effective than
actually expected. Conversely, frequency monitoring may be very sensitive in detecting the
structural health of a beam, namely, the element predominantly influenced the variation in
the system’s natural frequencies. Because during the experimental test, cracks were noticed
in the joint (primarily), as well as in the beam and in the column, experimental variation
in the natural frequency resulted from different damage processes all took place at the
same time.

In fact, for lower damage levels, when the system’s stiffness remained considerable,
the experimental values remained close to the model J curve, which was the joint where
the frame part was actually damaged first. In other words, this similarity between the first
experimental data and the model J scenario was consistent with expectations, whereas in
the first part of the experiment, structural damage took place in the joint.
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As the damage intensified, the experimental values correctly shifted toward models
BC and BCJ, where damage in the beam was modeled. Actually, due to the specific test
setup, the beam experienced a higher bending moment M and shear forces T compared
with the column, although these elements were both characterized by equivalent strength.

Thus, it was established that in the case of the RC frame, monitoring the natural
frequencies of the system may be relatively effective in assessing the beam’s health condition
and less promising in tracking the joint damage evolution.

Figure 10. Relationship between residual stiffness (Ki/K0) and residual frequency ( f1,i/ f1,0) resulting
from the analysis of the FEMs (six damage levels for each of the seven models) and comparison with
the numerical models.

5.2. Additional Consideration

It must be observed that in the case of monitoring existing structures (buildings,
bridges, etc.), the stiffness value K0 referring to the undamaged stage of the structure is
often unknown, and this value is conceptually associated with the time t0 at which the
structure experienced the first load. For this reason, only the current stiffness K∗

0 of the
structure at the beginning of the survey can be assumed as the reference stiffness for the
comparison with the stiffness measurements repeated at different times in the future.

Similarly, in the case of structures already in service, only the current first natural frequency
of the structure at the beginning of the survey can be assumed as the reference frequency f ∗0
and compared with values of the first natural frequency measured subsequently.

In accordance with these considerations resulting from numerical simulations carried
out in this study, one may assume the damage stage i-1 to be the reference in comparison
with damage stage i. In so doing, residual values of the stiffness Ki and of the first natural
frequency fi were normalized with respect of their values at the previous steps Ki−1 and
f1,i−1, respectively, and are plotted in Figure 11.

The graph in Figure 11 also shows the data related to the experimental damage history.
Since, as noted above, there is no biunivocal correlation between the AVT measurements
and damage stages, and the same happened between changes in the stiffness and the
type of damage, the graph in Figure 11 shows that only by intersecting information about
frequency changes and changes in stiffness, it was possible to determine the type and level
of damage that affected the structure. In other words, it is recommended to contemporarily
measure changes in natural frequencies with AVT techniques and changes in structural
stiffness with static load tests, and to repeat this procedure during the life of the structure
to understand whether its damage grows according to diffuse or localized damage models.
For example, the experimental data in the graph of Figure 11 show that during the cyclic
tests, the damage occurred in a diffuse way and was not localized only in the joint, as might
have been expected from the test design (in fact, the experimental damage was close to the
BCJ curve and not to the J curve).
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In so doing, curves already plotted in the previous Figure 10 were recalculated to
attempt to search for a mathematical correlation between the residual structural stiffness
values and the residual values of the first natural frequency of the system.

Figure 11. Relationship between calculated residual normalized stiffness values Ki/Ki−1 and calcu-
lated residual normalized frequency values f1,i/ f1,i−1: exponential approximation curves.

5.3. Numerical Regression and Errors

Exponential, parabolic, and logarithmic approximation curves were generated and
their equations, along with their coefficients of determination (R2), were calculated and
are summarized in the following Table 5 with respect to the experimental data of f1,i/ f1,i−1
and Ki/Ki−1. As an example, the following Figure 11 shows the exponential approximation
curves for the seven models studied in the previous Section 4.

Table 5. Coefficients of the equations of the approximation curves and their coefficients of determina-
tion R2.

Polynomial Approximation Curves
Exponential Approximation [y = ae(bx)] Parabolic Approximation [y = ax2 + bx + c] Logarithmic Approximation [y = bln(x) + c]

Model a b R2 a b c R2 b c R2

J 0.00001 11.548 0.9527 −1.4515 2.4089 0.0065 0.9934 0.1998 1.0231 0.9984
C 0.001 6.8954 0.9699 −1.3184 2.2873 0.0041 0.9963 0.1979 1.0098 0.9987
CJ 0.0102 4.5845 0.9874 −1.1815 2.1565 0.003 0.9974 0.195 0.9931 0.9962
B 0.01 4.6407 0.9601 −1.2512 2.1953 0.0095 0.9858 0.1922 0.9851 0.9960
BJ 0.0101 4.6756 0.9538 −1.2148 2.154 0.0107 0.9832 0.1905 0.9769 0.9959
BC 0.0987 2.2396 0.8767 −1.2175 2.1334 0.0169 0.9656 0.1872 0.9649 0.9873
BCJ 0.099 2.3181 0.9991 −0.7538 1.7322 0.003 0.9979 0.1838 0.9312 0.9723

As can be seen from Figure 11, comparing Ki with the stiffness values Ki−1 calculated
at the previous damage level, a difference in frequency decay was made explicit for each of
the seven models considered to describe the progressive damage in different parts of the
frame: again, the natural frequency of the whole frame primarily depended on the health
condition (damage level) of the beam and less on the joint health condition.

Additionally, from Table 5, it can be seen that although some approximation curves
had a high R2, other types of regression may better fit the calculated data. This was made
clearer by the values of four additional error indexes considered in this study to assess
which type of regression best approximated the experimental results. These indexes were
the MSE (mean squared error), RMSE (root-mean-squared error), MAE (mean absolute
error), and MAPE (mean absolute percentage error), and for all of them, the lower the
value, the better the quality of the considered regression law. In Table 6, the values of all the
abovementioned indexes calculated for all the data regression laws are summarized. From
them, it can be seen that the curves that best approximated the results were the parabolic
and logarithmic ones, with their errors being the lowest among all curves.
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Table 6. Other error indexes calculated for the parabolic, exponential, and logarithmic approxima-
tion curves.

Other Error Indexes of the Polynomial Approximation Curves
Parabolic Approximation Logarithmic Approximation Exponential Approximation

Model MSE RMSE MAE MAPE MSE RMSE MAE MAPE MSE RMSE MAE MAPE
J 0.00067 0.025 0.020 2.21 0.0012 0.035 0.021 2.11 0.12 0.033 0.015 1.71
C 0.00036 0.019 0.015 1.63 0.0022 0.047 0.024 2.51 0.0023 0.048 0.025 2.85
CJ 0.00025 0.015 0.012 1.35 0.0031 0.056 0.027 2.89 0.0033 0.057 0.030 3.59
B 0.0014 0.037 0.027 3.09 0.0016 0.040 0.028 3.04 0.0017 0.042 0.030 3.42
BJ 0.0016 0.040 0.030 3.43 0.0015 0.039 0.028 3.06 0.0016 0.040 0.030 3.43
BC 0.0033 0.058 0.045 5.08 0.0013 0.037 0.029 3.20 0.0034 0.058 0.051 5.78
BCJ 0.00018 0.013 0.011 1.38 0.0061 0.078 0.044 4.92 0.0077 0.088 0.059 7.64

6. Conclusions and Remarks

An experimental campaign was carried out to investigate the effectiveness of the AVT
for structural health monitoring of an RC frame subject to extreme cyclic loading. Both
quasi-static testing and repeated OMA were performed to describe the damage evolution
in the frame.

The quasi-static test on the RC frame consisted of seven groups of three cycles per-
formed at increasing values of displacements (seven levels of structural damage). At the
end of each group, the modal frequencies of the frame were assessed by the ambient
vibration test (AVT).

The experimental tests revealed the modes associated with a significant distortion
component to exhibit a clear reduction in the associate frequency, indicating a loss in
stiffness for the RC frame.

At the same time, the modal tracking was found to be challenging due to significant
variations in the mode shapes across different damage stages. Substantial changes in mode
shapes resulted in low modal assurance criterion (MAC) values, which made it difficult to
determine the correspondence between modes at different stages of the damage progression.
The first mode frequency showed a significant reduction, becoming an interesting indicator
of the stiffness variations for the analyzed structural system. A clear correlation between
the experimental values of the residual first mode frequency (assessed through the AVT)
and the experimental values of the residual stiffness during the cyclic loading of the frame
were highlighted.

The same correlation was investigated through numerical analysis as well. In particu-
lar, various FEMs of the tested RC frame were analyzed to reproduce different types and
distributions of structural damage: damage in the joint only (J), in the beam only (B), in the
column only (C), and several combinations of the previous scenarios.

The results of the experimental test show that the experimental first natural frequency
decreased by 47.3% from stage 0 (undamaged) to stage 5; the experimental stiffness de-
creased by 56.18% from stage 0 (undamaged) to stage 5. In addition, the results of the
numerical analysis show that the damage of the beam had a greater influence on the
variation of f than either the column or the joint (Table 7).

Table 7. Variation in the first natural frequency of the numerical models between undamaged stage 0
and stage 5.

Models

J C CJ B BJ BC BCJ

f1,0/ f1,5 17.1% 24.1% 32% 34.5% 37.6% 41.7% 55.3%

A clear nonlinear relationship between the calculated values of the first mode fre-
quency and the frame stiffness at various stages of the structural damage evolution were
identified with respect of each type of damage distribution.

The decay of the residual frequency of the system was found to depend on the type of
damage distribution considered. In particular, the analyses showed that the damage in the
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beam had a much greater impact on the frame stiffness compared with damage that took
place in the joint only.

Consequently, using the AVT to assess the structural health of a beam column joint
may not be as effective as actually expected if the joint is undergoing a strong reduction
in stiffness due to intense cracking. Conversely, the AVT and frequency monitoring may
be very sensitive when detecting the structural health of the beam, namely, the element
predominantly influencing the variation in the system’s natural frequencies.

In conclusion, the AVT was found to have interesting potential in investigating the
progressive damage that takes place in RC frames under extreme cyclic loads, especially
when it is carried out in combination with static tests for the direct measurement of the
structural stiffness variation. In so doing, the type, level, and distribution of progressive
structural damage may be successfully investigated.
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