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1 Università degli Studi dell’Aquila, Civil Environmental and Architectural Engineering Department,
via Giovanni Gronchi n.18, L’Aquila 67100, Italy

e-mail: {angelo.aloisio1,amedeo.gregori,riccardo.cirella,rocco.alaggio}@univaq.it

Abstract. This paper presents an experimental characterization of the progressive damage in
reinforced concrete beam-columns joints from ambient vibration tests. During the quasi-static
cyclic tests on an RC joint, the authors estimated the modal parameters corresponding to differ-
ent stages of joint degradation. The variation of the modal parameters has been correlated to
damage indicators of concrete, thus providing an answer to a well-debated topic concerning this
case study: Are ambient vibration measurements informative for damage assessment? Which is
the sensitivity of the modal parameters to the increasing damage levels? This preliminary study
aims to understand the feasibility of vibration-based damage assessment at a component level
for concrete structures to understand the modal parameters’ sensitivity to damage at a system
level.
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1 INTRODUCTION

Operational and cost constraints make often unfeasible forced-vibration tests (e.g., shaker
and impact/pull-back tests) in civil structures. Consequently, ambient vibration (AV) is often
the sole alternative method for damage detection purposes. In this approach, operational modal
analysis (OMA) or output-only system identification techniques are used with AV data recorded
before and after the structure has potentially suffered damage. According to Astroza et al. [3],
there are three main limitations and challenges related to the use of OMA for damage detection.

• The need for automatic operational modal analysis. The automatic procedure allows to
distinguish between spurious and physical modes, This is the most research aspect which
received more attention, since many methods have been proposed in the last twenty years
[17, 19, 12, 21, 16, 22, 7, 1, 14, 6].

• The statistical variability of the identified modal properties needs to be adequately inves-
tigated and understood because sources different to damage can also induce variations
in the dynamic characteristics of civil structures, for example, temperature, measurement
noise level, change in the boundary conditions, wind speed, etc. (e.g., [16, 13, 15, 4, 24]),
as well as the uncertainty of the parameter estimation method itself.

• Third, the availability of data recorded on real structures undergoing real damage and
degradation processes has been extremely limited. Most of the full-scale tests have been
conducted on in-situ bridge structures condemned for demolition, in which artificial dam-
age (e.g., partial saw cuts in steel girders, partial cuts of post-tensioning tendons) was in-
duced during the demolition process [11, 9, 23, 5]. However, the induced type of artificial
damage is not representative of real damage caused by natural loads or ageing.

There are a few studies attempting to assess the modal parameters of reinforced concrete
(RC) buildings at different states of damage (e.g., [14, 10, 8]). However, except for the study
by [3], none of the existing test, programs recorded AV data continuously and therefore imple-
mented an automatic system identification approach, based on the data data recorded on a real
structure subjected to damage induced by a realistic source of dynamic excitation. In this paper,
the authors estimate the modal parameters of an RC joint subjected to progressive damage from
quasi-static tests. The analyses reveal the variation of the modal parameters at a component
level approach, never done before for RC joints.

2 EXPERIMENTAL TEST

The tested specimen consists of a T-shaped RC joint [2]. It represents the cellular unit of an
RC frame. Fig.1(a) shows the tested specimen, while Fig.1(b) displays the layout of the ambient
vibration test using Force Balance Accelerometers.

The experimental investigation derives from the superposition of two tests typology. (i)
Quasi-static tests of the RC frame, as displayed in Fig.2(a), that shows the loading point and
the constraints of the RC frame. (ii) Ambient vibration tests corresponding to different damage
levels, identified by the maximum displacement value attained during the quasi-static test. The
authors considered seven damage levels corresponding to the displacement values in mm: 23.70,
-28.27, -31.27, 40.75, -52.55, -150, 300. Six accelerometers have been positioned on the RC
frame, as shown in Fig.2(a). The acquisition duration is approximately 10 minutes at a 200Hz
sampling frequency.

3669



Aloisio A., Gregori A., Cirella R., et al.

(a) (b)

Figure 1: (a) Tested specimen and (b) Experimental layout

(a) (b)

Figure 2: (a) Experimental setup; (b) Stabilization diagram at the stage 0, no damage.
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The data were processed using the SSI-cov algorithm [20], using the open-source software
PyOMA [18]. Fig.2(b) shows the stabilization diagram obtained from the SSI-cov on the data
corresponding to no damage. The dynamic identification provided a high-quality estimate of
approximately seven modes in the range 0-100Hz.

(a) (b) (c) (d)

(e) (f) (g)

Figure 3: 3d representation of the experimental mode shapes corresponding to the undamaged
phase.

Fig.3 shows a 3d representation of the experimental mode shapes corresponding to the un-
damaged phase. Additionally, Fig.4 shows a 2d representation of the experimental mode shapes
corresponding to the undamaged phase. This representation helps us understand the in-plane
distortion of the T-shaped element. The first mode at 24.04 Hz is characterized by more evident
distortion at the joint. Therefore, its tracking might be the most informative approach to assess
the effects of damages.

3 RESULTS AND DISCUSSION

Tab.1 resumes all the results of the dynamic identification for the eight considered stages. It
collects the natural frequencies and damping values estimated in the undamaged phase (0) and
the seven considered damage levels, labelled progressively from 1 to 7.

Tab.2 shows with a colour formating the Modal Assurance Distribution Matrices (MAC),
obtained by comparing the modes estimated in two consecutive phases, namely states 0-1, 1-2,
2-3, 3-4, 4-5, 5-6, and 6-7.

The main aspects arising from the observation of the experimental data resumed in Tabs.1
and Tab.2 are:

• The progression of damage within the RC joint does not allow carrying out a modal
tracking. The presence of damage significantly modifies the mode shape, as highlighted
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(a) (b) (c)

(d) (e) (f)

(g)

Figure 4: 2d representation of the experimental mode shapes corresponding to the undamaged
phase.
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Table 1: Natural frequencies and damping values estimated in the undamaged phase (0) and the
seven considered damage levels.

Damage level
0 1 2 3 4 5 6 7

f1 24.04 24.52 24.03 24.21 23.74 20.71 18.51 12.67
f2 27.86 33.04 32.59 33.40 33.43 31.29 19.61 26.07
f3 29.91 37.30 37.38 38.60 39.25 39.86 32.74 32.35
f4 34.82 48.44 49.21 42.26 42.20 49.34 40.00 33.32
f5 37.95 52.15 50.25 50.12 50.10 50.60 42.59 39.18
f6 44.54 53.29 52.68 51.99 52.26 55.35 52.27 46.00
f7 54.96 55.28 63.57 55.20 49.06
f8 78.08 65.99 65.58 65.21 65.39 79.81 64.89 75.01
f9 81.41 86.98 83.53 82.17 80.19 85.07 81.15 84.24
ξ1 1.85 0.60 1.54 0.88 1.17 1.29 2.38 0.50
ξ2 4.92 1.70 4.55 0.99 1.31 3.09 2.18 0.89
ξ3 3.60 3.46 2.96 3.86 0.61 1.61 1.29 0.62
ξ4 3.26 3.63 1.39 4.79 4.39 2.16 2.63 2.69
ξ5 3.72 1.48 3.92 1.36 1.32 2.22 2.44 2.45
ξ6 2.02 1.10 1.55 1.33 2.26 1.89 0.40 1.21
ξ7 0.82 1.16 1.28 1.10 2.08
ξ8 2.17 2.23 1.77 1.74 1.99 0.93 1.49 2.02
ξ9 1.21 1.41 1.77 2.73 1.08 4.12 2.09 1.64

Table 2: Representation of the MAC matrices. Each table shows the MAC computed between
the modes of two consecutive states.

State 0 State 4

St
at

e
1

0.00 0.02 0.02 0.01 0.00 0.00 0.58 0.09

St
at

e
5

0.99 0.56 0.75 0.15 0.08 0.08 0.43 0.13 0.09
0.13 0.77 0.70 0.01 0.50 0.04 0.02 0.00 0.90 0.45 0.81 0.17 0.13 0.23 0.30 0.31 0.22
0.17 0.27 0.24 0.02 0.00 0.01 0.47 0.14 0.93 0.47 0.62 0.14 0.04 0.03 0.43 0.06 0.06
0.08 0.47 0.45 0.00 0.38 0.02 0.00 0.10 0.26 0.26 0.08 0.01 0.01 0.11 0.21 0.10 0.10
0.04 0.16 0.23 0.25 0.00 0.07 0.23 0.10 0.28 0.02 0.08 0.04 0.23 0.29 0.21 0.29 0.07
0.58 0.04 0.06 0.71 0.05 0.78 0.14 0.41 0.01 0.26 0.07 0.00 0.00 0.00 0.01 0.01 0.08
0.31 0.03 0.05 0.57 0.01 0.19 0.40 0.00 0.15 0.00 0.06 1.00 0.30 0.01 0.27 0.00 0.34
0.08 0.02 0.03 0.25 0.00 0.01 0.45 0.08 0.42 0.04 0.10 0.29 0.13 0.00 0.95 0.02 0.00

State 1 0.29 0.08 0.09 0.23 0.09 0.03 0.82 0.03 0.01

St
at

e
2

0.00 0.02 0.02 0.01 0.00 0.00 0.58 0.09 State 5
0.13 0.77 0.70 0.01 0.50 0.04 0.02 0.00

St
at

e
6

0.00 0.99 0.48 0.00 0.43 0.05 0.11 0.02 0.02
0.17 0.27 0.24 0.02 0.00 0.01 0.47 0.14 0.03 0.60 0.59 0.22 0.03 0.00 0.00 0.00 0.00
0.08 0.47 0.45 0.00 0.38 0.02 0.00 0.10 0.01 0.80 0.47 0.05 0.09 0.00 0.00 0.00 0.07
0.04 0.16 0.23 0.25 0.00 0.07 0.23 0.10 0.00 0.14 0.02 0.00 0.27 0.00 0.20 0.22 0.01
0.58 0.04 0.06 0.71 0.05 0.78 0.14 0.41 0.02 0.08 0.00 0.00 0.11 0.03 0.01 0.00 0.12
0.31 0.03 0.05 0.57 0.01 0.19 0.40 0.00 0.00 0.08 0.00 0.00 0.00 0.18 0.06 0.00 0.02
0.08 0.02 0.03 0.25 0.00 0.01 0.45 0.08 0.06 0.39 0.05 0.01 0.92 0.47 0.36 0.11 0.05

State 2 0.00 0.13 0.01 0.01 0.02 0.16 0.04 0.01 0.07

St
at

e
3

0.10 0.19 0.17 0.07 0.13 0.01 0.09 0.64 0.06 0.10 0.00 0.07 0.00 0.11 0.00 0.02 0.19
0.28 0.00 0.00 0.99 0.47 0.01 0.02 0.03 State 6
0.27 0.00 0.00 0.97 0.51 0.00 0.03 0.06

St
at

e
7

0.00 0.99 0.48 0.00 0.43 0.05 0.11 0.02 0.02
0.00 0.00 0.14 0.04 0.00 0.03 0.10 0.98 0.03 0.60 0.59 0.22 0.03 0.00 0.00 0.00 0.00
0.21 0.17 0.04 0.28 0.01 0.24 0.12 0.01 0.01 0.80 0.47 0.05 0.09 0.00 0.00 0.00 0.07
0.02 0.08 0.18 0.00 0.08 0.04 0.01 0.78 0.00 0.14 0.02 0.00 0.27 0.00 0.20 0.22 0.01
0.03 0.09 0.00 0.01 0.02 0.29 0.73 0.17 0.02 0.08 0.00 0.00 0.11 0.03 0.01 0.00 0.12
0.14 0.15 0.09 0.03 0.55 0.30 0.02 0.05 0.00 0.08 0.00 0.00 0.00 0.18 0.06 0.00 0.02

State 3 0.06 0.39 0.05 0.01 0.92 0.47 0.36 0.11 0.05

St
at

e
4

0.64 0.39 0.69 0.46 0.08 0.00 0.12 0.34 0.21 0.00 0.13 0.01 0.01 0.02 0.16 0.04 0.01 0.07
0.01 0.06 0.01 0.10 0.01 0.02 0.15 0.00 0.04 0.06 0.10 0.00 0.07 0.00 0.11 0.00 0.02 0.19
0.00 0.00 0.00 0.05 0.02 0.02 0.02 0.02 0.00
0.45 0.35 0.46 0.18 0.20 0.01 0.29 0.98 0.72
0.21 0.11 0.20 0.21 0.11 0.06 0.34 0.58 0.72
0.05 0.12 0.04 0.02 0.02 0.04 0.25 0.00 0.09
0.09 0.21 0.03 0.06 0.38 0.00 0.00 0.01 0.10
0.02 0.07 0.01 0.13 0.02 0.04 0.00 0.00 0.17
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by the MAC values, which are generally very low, also when comparing mode shapes
between two consecutive states of damage.

• The first modes are the ones characterized by the most evident decrement of the natural
frequency. This is because the first mode is a distortion mode of the T-element, the one
more affected by a stiffness reduction of the RC joint due to the presence of damage. The
natural frequency reduces from almost 24.04 to approximately 12.67 Hz.

• Conversely, the higher modes are not characterized by a manifest in-plane deformation of
the T- This is confirmed by the natural frequencies of the higher modes, which are almost
independent of the damage phase. Paradoxically, the natural frequency of the last mode
rises from 81 to 84 due to possible variations of the boundary conditions associated with
the last damage phase.

4 CONCLUSIONS

This paper presents the results of an experimental campaign aiming at characterizing the
effects of damage on an RC joint, tested quasi-statically in terms of modal parameters. The
authors identified seven stages of the quasi-static test of the joint for carrying out seven ambient
vibration tests. The supposed goal was to make a sort of modal tracking, i.e. following the evo-
lution of the mode shape of the specimen as the damage progresses inside the node. However,
the experimental tests highlighted two aspects. Only the modes associated with a significant
distortion component manifest a frequency reduction associated with a stiffness loss in the RC
joint. The second aspect relates to the difficulty in modal tracking. The mode shapes exhibit a
significant variation between the different phases of damage. Accordingly, it is nearly impos-
sible to state which mode became what since the modes modified substantially, yielding MAC
values lower than 0.4, approximately. The frequency of the first distortion mode reduced from
nearly 24 to 12 Hz. Future research efforts will assess the relationship between the frequency
and stiffness loss of the joint through FE numerical modelling.

REFERENCES

[1] Rocco Alaggio, Angelo Aloisio, Elena Antonacci, and Riccardo Cirella. Two-years static
and dynamic monitoring of the santa maria di collemaggio basilica. Construction and
Building Materials, 268:121069, 2021.

[2] Michele Angiolilli, Amedeo Gregori, Roberto Tonelli, Claudio Tonelli, Edoardo Ciuf-
fetelli, and Alfredo Peditto. Structural performance of unreinforced full-scale façade con-
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