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Abstract 

Vibration-based methodologies are nowadays gaining increasing application for the structural health monitoring and damage 

detection on buildings, especially damage due to earthquakes. A fast and efficient damage detection on structural and non-

structural components can support the decision making process after exceptional events and may contribute to reduce troubles due 

to the inoccupancy of buildings. 

The paper offers insights on the usefulness of vibration data for the damage detection in infilled frame structures starting from the 

tracking of the stiffness and modal properties of an infilled laboratory steel-concrete composite mock-up subjected to vibration-

based tests. The mock-up has been object of an extensive experimental campaign that involved both quasi-static cyclic and 

dynamic tests characterized by different level of excitation provided to the structure. Cyclic load tests are performed to simulate 

the effects of earthquakes by progressively increasing the imposed displacement to the cracking and then to the failure of infills. 

The dynamic tests are executed at the various steps to capture the effects of the infill damage on the global dynamic response 

triggered by excitations of different amplitudes. Results of dynamic and quasi-static tests are used to correlate the infill damage 

with the mechanical properties and the modal parameters of the mock-up, as well as with the vibration amplitude, providing 

information about the damage expected during low and moderate seismic events as a function of the registered dynamic response 

of the building by structural health monitoring systems.  

 

Keywords: earthquake damage, infill damage detection, laboratory experimentation, structural health monitoring, vibration-based 

tests, cyclic load test. 

1. Introduction 

The safety assessment of buildings and infrastructures after earthquakes is of paramount importance for the 

management of the post-earthquake emergency; indeed, a fast and efficient damage evaluation of structural and non-

structural members of buildings may contribute to reduce social hardships and economic losses due to displaced people. 

Post-earthquake building inspections are needed before structures can be accessible again, and are usually performed by 

technicians starting from the epicentral area. Unfortunately, these operations take a long time due to the high number of 

constructions and the limited number of technicians. Structural Health Monitoring (SHM) systems can contribute to face 

this issue by providing information about the building health status after exceptional events, such as earthquakes, 

hurricanes, blasts, vehicle impacts, etc. In addition, SHM permits to get (often continuously) information about some 

features of the structure during the life cycle (e.g., modal parameters, crack opening, sub-component tilting), from which 

also ageing effects can be controlled (e.g., material deterioration, corrosion, etc.). If the SHM system reports alert situations 

through suitably installed specific sensors, visual inspections can be also performed to identify damage on structural and 

non-structural elements, and destructive or non-destructive experimental tests can be executed as well to evaluate the 

residual material mechanical properties. For strategic structures with public functions (e.g., bridges, hospitals, police and 

fire stations, schools, etc.), the SHM is recommended in view of their relevance in the post disaster management.  

Among SHM systems, the structural dynamic monitoring is nowadays widely adopted worldwide since it is rather 

easy to be conceived and does not require the interruption of the activities, neither for the installation nor for the data 

acquisition. Also, the structure is commonly excited by the surrounding environment (e.g., anthropic activities, ambient 

noise, microtremors and earthquakes), therefore a specific excitation is not required to be furnished to the structure. The 

dynamic monitoring is based on the use of vibration-based methods that adopt accelerations or velocities measured over the 

structure to characterize its dynamics, in terms of modal parameters, namely resonant frequencies, mode shapes and modal 

damping ratios. The basic idea behind this methodology is that modal parameters vary with the health status of the building 
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(i.e., with the presence and/or the evolution of damage) since they are functions of the structure physical properties (mass, 

damping, and stiffness)1. Therefore, damage or changes of material mechanical properties and boundary conditions will 

cause changes in the modal properties, which can be detected performing dynamic tests on the structure over time.  

A comprehensive literature review about vibration-based methods for damage detection can be found in 1-3. 

Among them, the response-based methods are the most adopted ones, even if they present some challenges in real building 

applications 4 related to the location and the extent of damage (detection of structural and/or non-structural damaged 

components), the sensitivity of the dynamic response to damage, the choice of damage indexes to be used, the sensor 

locations, etc. However, although this strategy is widely recognised to be of useful application, a relatively low number of 

works can be found dealing with applications on real or scaled structures. Some authors performed vibration-based tests on 

real buildings during the gradual artificially induced damage to both structural and non-structural components 5-7 or due to 

earthquakes 8,9, while others investigated the modal property evolutions of laboratory specimens representative of 

Reinforced Concrete (RC) 10-14, steel 15,16, and steel-concrete composite structures 4,17 subjected to displacements and forces 

such as to produce structural and non-structural damage. However, a lack of works dealing with damage evaluation of 

infilled structures by using vibration-based techniques can be observed in the literature. 

In framed RC and steel buildings, infills are the most important non-structural elements that may affect the 

structural dynamic response 3,18 and the seismic performance 19-23, sometimes leading to the development of undesirable 

effects, such as the activation of soft storey mechanisms or the shear failure of short unconfined columns 24,25. Thus, not 

only damage to structural elements but also to non-structural components often reflects in changes on the dynamic 

behaviour of infilled structures, as proved by some authors that investigated the dynamic response of infilled buildings after 

damage produced by earthquakes all around the world 26-30. These variations are mainly due to the stiffness degradation of 

members since the mass remains almost the same 31-33. Unfortunately, differentiating between damage occurred to 

structural and non-structural members is a hard task, especially when tests are performed on the whole building with infills. 

At the same time, it is crucial to establish if a structure can be further used or not after an exceptional event, by eventually 

repairing the light damage occurred to non-structural components to prevent risks during aftershocks. An in-depth 

knowledge of the building dynamics can support the identification of damage occurred to structural and non-structural 

components. As example, vibration-based tests performed during the building construction allow to gather modal 

parameters of the bare frame as well as those of the infilled structure, and may contribute to define thresholds useful to 

distinguish between structural and non-structural damage. Above strategy is proposed in 34, but very few works are 

available in the literature dealing with applications to real or scaled structures, focusing on dynamic tests performed on 

both bare, infilled, and damaged infilled frames. Thus, further studies on the application of vibration-based tests for the 

damage detection in infilled structures are necessary, addressing issues such as the possibility to identify non-structural 

damage and to establish the usefulness of vibration data obtained from SHM systems. 

This paper discusses the usefulness of vibration data for the damage detection in infilled frame structures starting from 

results of vibration-based tests on an infilled laboratory steel-concrete composite mock-up. The study is based on results of a 

laboratory experimental campaign, which includes quasi-static and dynamic tests performed on a laboratory mock-up. 

Quasi-static tests are designed to induce a step-by-step progressive damage to infills simulating an earthquake damage 

scenario, meanwhile different types of dynamic tests are performed on the undamaged and damaged structure to evaluate 

the response of the system subjected to different level of excitation. Tests are designed to preserve the structural elements 

in the linear range, and results provide useful information for the detection and tracking of damage to non-structural 

elements during and after low and moderate seismic events, contributing to a better interpretation of data provided by SHM 

systems. Regarding the paper contents, after a brief description of the laboratory mock-up, the whole experimental 

campaign is widely described in Section 2. Section 3 is devoted to the quasi-static tests used to produce damage to the 

infills, while Section 4 addresses results of dynamic tests performed on the structure; tests have the peculiarity of inducing 

excitation of increasing amplitude on the mock-up. Finally, a comprehensive comparison of results is given in Section 5, 

aiming to correlate the outcomes of different tests and to provide information for interpreting data from SHM systems, 

which are expected to register the structural response before, during and after seismic events. 

2 Description of the experimental campaign 

The tested laboratory mock-up is an infilled steel-concrete composite structure with two-bay moment resisting 

frames in the longitudinal direction and one-bay braced frame in the transverse one (Figure 1a). In the latter direction, two 

X-braces at the edge spans are mounted to entrust transverse forces. The mock-up is 8.40 m long, 2.80 m wide and 3.00 m 

high. The concrete slab is 0.12 m thick, casted on a collaborating steel sheet and connected to the steel frame with Nelson 

studs. Columns are fixed to the laboratory strong floor through post-tensioned anchor bolts. Concrete blocks are placed 

over the slab to simulate the mass of permanent and live loads. The infill masonry walls (W1 and W2) fill only one of the 

two longitudinal bays and are built with hollow clay bricks with bed and head mortar joints having thickness of about 1-

1.5 cm (Figure 1b). A thin gypsum plaster layer, with thickness of about 0.7 cm, is placed over both sides of each wall. A 

more detailed description of the mock-up can be found in 35. 

The mock-up was equipped with the instrumentation illustrated in Figure 2 in order to measure its response when 

subjected to quasi-static and dynamic tests. A double action actuator was mounted on one side of the frame in order to 

apply a non-eccentric longitudinal force at the level of the concrete slab. Three linear variable displacement transducers 



(DT1, DT2 and DT3) were mounted on the opposite side of the actuator (Figure 2) and connected to the mock-up slab in 

order to measure the longitudinal displacement of the slab with respect to an external fixed system. Six uniaxial 

piezoelectric accelerometers were positioned over the concrete slab, three measuring in the transverse direction (AC1, AC2, 

AC3) and three in the longitudinal one (AC4, AC5, AC6), in order to in-depth investigate the mock-up dynamics and to 

obtain refined mode shapes. It is worth specifying that when dynamic tests were performed the actuator was always 

detached from the tested structure to avoid any interactions with the loading system. 

Several types of tests were performed and a summary of the overall experimental campaign is reported in Table 1. 

At first, the bare (i.e., without infills) mock-up was investigated performing an Ambient Vibration Test (AVT) and several 

Impact Load Tests (ILTs). The former consists in measuring the structure accelerations produced by the ambient excitation, 

namely microtremors due to the surrounding environment, while the latter foresee the excitation of the structure through 

instrumented hammer blows and the recording of both impacts and produced accelerations. The hammer blows were 

provided in two slab corners (I1 and I2 in Figure 2) in order to excite both translational and rotational vibration modes. 

Results are used to identify the dynamics of the bare mock-up. Furthermore, Snap-Back Tests (SBTs) were performed, by 

pushing the mock-up in the longitudinal direction up to a predetermined displacement, and then by releasing it suddenly. 

Finally, Forced Vibration Tests (FVTs) were done as well, imposing a harmonic longitudinal displacement equal to 

±4.0 mm with frequency ranging from 0.5 to 4.5 Hz. The investigated frequency range includes the resonance frequency of 

the bare mock-up longitudinal vibration mode, as it will be shown in the sequel. The above set of experimental tests is 

aimed to completely identify the linear behaviour of the bare mock-up.  

After that, the two infill masonry walls were built and plastered. An AVT and several ILTs were repeated on the 

infilled mock-up to investigate changes on the mock-up dynamics due to the infill presence. At this stage the structure and 

the infills were undamaged. Successively, the frame was subjected to quasi-static displacements performing controlled 

Cyclic Load Tests (CLTs), each of them consisting in three reversed load cycles with the same displacement amplitude. 

CLTs were repeated twenty-five times, starting from an actuator longitudinal Stroke (S) of 1.0 mm and increasing it at each 

step, up to S = 13.0 mm. It is worth mentioning that the stroke of the actuator did not perfectly match the frame 

displacement measured through transducers DT#, because of the deformability of the steel elements used to physically 

connect the actuator to the frame (bolted stell plates). For this reason, Table 1 reports both the actuator strokes (S) and the 

actual longitudinal drift (d, calculated based on DT# measurements in push direction) obtained during each CLT. However, 

it is herein introduced that this issue does not affects the overall conclusions of the presented research. During CLTs, infills 

were progressively damaged due to the increasing In-Plane (IP) displacements which simulated an earthquake damage 

scenario, but the frame always remained in elastic phase. Between each CLT, ILTs and SBTs were performed as well. The 

latter were done by pushing the mock-up up to the same displacement amplitude reached in the previously performed CLT, 

in order to prevent the infill damage to progress. Finally, at the end of the CLT series, one more CLT was performed by 

pushing and pulling the mock-up exactly to a displacement equal to ± 12.0 mm, this time measured at transducers DT# (S = 

+14.0/-16.5 mm or d = ± 4‰); the latter test was performed to obtain a damage scenario on infills attributable to a 

symmetric IP load condition both in pull and in push direction. After the last CLT, an AVT and ILTs on the mock-up were 

performed to evaluate the residual modal properties, associated to a condition of completely damaged infills and elastic 

structure. According to the design of the steel frame, which foresees the elements yielding at a displacement of 15 mm 36, 

the absence of structural damage is expected; this was verified by the absence of visible steel frame damage. In addition, 

the elastic behaviour of the frame is also verified by results of numerical analyses performed on an available mock-up 

numerical model. More details about the numerical model and the analyses can be found in 36.  
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Figure 1. Laboratory mock-up: (a) longitudinal and transverse schemes, (b) infill masonry walls. 
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Figure 2. Instrumentation adopted for quasi-static and dynamic tests. 

Table 1. Summary of the experimental campaign.  

Mock-up 

description 

Test  

sequence 

Actuator longitudinal stroke 

S [mm] 

Actual longitudinal drift 

d [‰] 

Bare 

frame 

AVT --- --- 

ILTs --- --- 

SBTs 
2.0 – 4.0 – 6.0 

8.0 – 10.0 

0.44 – 1.17 – 1.78 

2.45 – 3.12 

FVTs ±4.0 (from 0.5 to 4.5 Hz) 1.17 (from 0.5 to 4.5 Hz) 

Infilled frame 

(no damage) 

AVT --- --- 

ILTs --- --- 

Infilled frame 

(yes damage) 

CLTs 

from 1.0 to 13.0 from 0.10 to 3.90 ILTs 

SBTs 

CLT +14.0/-16.5 ±4.00 

AVT --- --- 

ILTs --- --- 

3 Damage of infills due to quasi-static cyclic loads  

As previously stated, CLTs are performed with the purpose of producing damage to infills simulating an 

earthquake damage scenario. Indeed, during quasi-static CLTs, infills progressively undergo damage due to the imposed 

increasing longitudinal displacements of the mock-up that produced forces correlated to the IP stiffness and strength of the 

infill masonry walls. For the structure at hand, the ultimate imposed interstorey drift is close to that producing the structure 

yielding, so that the investigation of the infill behaviour beyond a displacement of ±12 mm was not possible.  

Crack patterns on infills are surveyed during the whole CLT campaign and the most significant ones for the 

evaluation of the damage evolution on infills are illustrated in Figure 3. Both infills exhibited no visible cracks up to an 

actuator stroke minor than about 5.0 mm (real drift around 0.90‰), then shallow and narrow diagonal cracks occurred on 

the top corners. For a stroke equal to 6.5 mm (real drift of 1.39‰), a horizontal crack around the mid height of W1 panel 

occurred along a bed joint, whereas a similar crack appeared in W2 at a stroke equal to 7.5 mm (real drift of 1.93‰). By 

increasing the actuator stroke, stair-stepped cracks begun to form and to get longer in both walls. At the end of CLTs 

(actuator stroke of 13.0 mm and real drift of 3.90‰) both walls exhibited a similar shear failure mechanism and were 

completely cracked. 

The mock-up hysteretic cycles obtained from the experimental tests are depicted in Figure 4, together with their 

backbone curves. The latter show sudden drops in correspondence of an actuator stroke between 6.0 mm and 8.0 mm in 

push and pull directions; this sharp decrease is due to an important damage of both infills that leads to a reduction of both 

the IP stiffness and strength of the walls. However, the IP strength of infills kept increasing after this drop, while the secant 

stiffness (i.e., the equivalent stiffness associated to the maximum displacement achieved during a step) continued to reduce, 



tending to the static stiffness of the bare mock-up (𝑘𝑠𝑡,𝑏); the latter, represented with dashed blue lines in Figure 4, is 

calculated based on the ramp of the displacement-force graphs obtained from SBTs on the bare frame, which is 

characterised by an almost linear behaviour. The analysis of cycles obtained for different strokes highlights a peculiar trend 

of the shear force-displacement relationships that is due to the progressive damage of infills and to the evolution of the 

resisting mechanisms of the non-structural elements with respect to horizontal loads. Indeed, as also demonstrated by the 

crack patterns previously discussed, the infill resistant mechanism to lateral forces is firstly governed by the shear response 

of the wall panel as a whole, which leads to the opening of horizontal cracks on the upper side of the walls, whereas, for 

higher actuator strokes, a strut mechanism on infills activated, leading to the opening of diagonal stair-stepped cracks. 

The secant stiffness is calculated based on the first and third load cycle measurements for each stroke. The 

obtained values are plotted in Figure 5 (data from the first and the third load cycles are separately considered, plotted with 

blue and red lines, respectively), differentiating for push and pull directions. With reference to the secant stiffness evaluated 

from the first cycle (blue lines), it can be observed an initial longitudinal stiffness increase, probably because a certain level 

of displacement is necessary to activate the infill resisting mechanisms; then, after reaching the peak, a decrease is 

observed, and a sudden drop is well visible for strokes ranging between 6.0 and 8.0 mm (real drifts varying from 1.17‰ 

and 2.09‰). Finally, an almost constant decrease is noticeably up to the end due to the degradation of the final resisting 

mechanisms (essentially constituted by the frictions forces developing between cracks). The last stiffness values, although 

much lower than those relevant to the undamaged infills, are higher than the static stiffness relevant to the bare mock-up, 

demonstrating that the damaged walls, which have suffered almost 4‰ of interstorey drifts, still contribute to the 

longitudinal stiffness of the structure. To obtain a further comparison, the maximum (𝑘𝑠,𝑚𝑎𝑥) and the final (𝑘𝑠,𝑒𝑛𝑑) secant 

stiffnesses, together with the static one relevant to the bare frame (𝑘𝑠𝑡,𝑏), are represented with dashed lines in Figure 4. The 

secant stiffness calculated from data of the third load cycle of each step are also shown in Figure 5 with red lines. For 

strokes below 2 - 2.5 mm, the blue and red lines are almost superimposed; then, when infills start to damage, little 

differences are observed, and the red curves are always below the blue ones because of the degradation of the resisting 

mechanism due to the increasing number of cycles. In the last part of the graph, the two lines are still almost superimposed, 

revealing that the number of cycles no longer contributes to the degradation of the resisting mechanism. 

Finally, results of the +14.0/-16.5 mm (real drift of 4‰) CLT are considered and discussed. Observing the relevant 

crack patterns of Figure 3 it is evident that both infills experienced a further damage, with bricks spalling (yellow bricks) in 

both panels. The secant stiffness of the mock-up is calculated as well, and results are reported in Figure 5; the mock-up 

secant stiffness in the pull direction shows a more pronounced reduction, being greater the difference between the actuator 

stroke and the maximum real displacement registered by transducers with respect to the push direction.  

4 Dynamic tests during the infill damage 

Three types of dynamic tests were performed on the mock-up during the whole experimental campaign to investigate 

changes in its dynamics due to the progressive damage of the infill masonry walls, and to evaluate the possibility of 

capturing the effects of damage from the analysis of the system excited by inputs of different amplitude. Indeed, the three 

dynamic tests are characterised by different levels of input excitation; in detail, starting from AVTs, the level of excitation 

(in terms of acceleration, velocity and displacement amplitudes) sensibly increases, passing through ILTs up to SBTs. The 

main aim is to provide correlations between the dynamic parameters of the system and the damage level experienced by the 

infills, also depending on the level of excitation. In the sequel, a generalised use of the term damage for infills is adopted to 

identify a change in their response that is reflected in the dynamic behaviour of the mock-up. Thus, small changes of the 

system dynamic properties that cannot be associated with visible infill damage may be related to the formation of micro-

crack patterns or the degradation of the infills restraints conditions at the infill-frame interface. On the contrary, large 

changes of the system properties are often related to a significant and highly visible damage of panels. However, both could 

adversely affect the current or future performance of the infills, and it is quite difficult to determine whether or not a given 

change would be dangerous for human safety since even small cracks or the degradation of the infill-frame interface can 

affect the infill Out-Of-Plane (OOP) stability.  

Before addressing tests executed on the mock-up, a brief overview of their effectiveness for detecting the structural 

dynamic properties is discussed, with also reference to applications in real structural systems. AVTs are commonly adopted 

worldwide to identify the dynamic behaviour of structures 37-40 because they offer several advantages. Indeed, they do not 

require a bulky equipment to be adopted, can be performed in structures without activity interruptions, and the input, 

provided by the environment, is capable to excite the entire structure. AVTs are also usually adopted in SHM systems to 

control changes in the dynamic behaviour of structures over time. Obviously, the identified modal properties characterise 

the dynamic behaviour of a structure during its operating conditions, i.e., when it is subjected to very low level of 

excitations, mainly due to microtremors produced by the surrounding environment (wind, traffic, and anthropic activities). 

For ILTs the input to the structure is constituted by impulses that, differently than before, can be measured. This test 

typology is commonly used to test elements or parts of complex structures, while is seldom adopted to test structures as a 

whole (e.g., buildings, bridges, etc.) since it would require a high amplitude input for the system excitation, which may 

cause possible local damage. Moreover, the bigger the structure to excite, the higher the level of input to provide, 

sometimes very difficult to find and/or to apply. Only in few cases (e.g., low- and mid-rise structures), this test typology 

was successfully adopted to test the entire building 41,42. Usually, the input is provided by hammer blows that produce an 



impulsive force and allow the element to freely vibrate, but sometimes also by vehicles impacts, as in case of bridges where 

trucks pass on an artificial bump placed on the deck. Commonly, the input level is sufficiently low to avoid a non-linear 

response, and the identified modal parameters still characterise the linear dynamics of the tested element.  
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Figure 3. Crack patterns on infills surveyed during CLTs. 
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SBTs are seldom performed on real structures 43-45 since they require an important equipment to be constructed for 

the application of forces, which is often difficult to place in-situ, with high costs, and also because this kind of test should 

be carefully designed to avoid possible damage to structural or non-structural components. However, the excitation level 

provided to the structure is similar to that provided by low- and medium-intensity earthquakes, which can occur during the 

life of buildings in earthquake prone areas. In this sense, these tests are of particular interest because they allow the 

identification of the modal parameters of a structure under medium and high levels of excitations, as those provided by 

earthquakes. Usually, the latter differ from those identified from low amplitude vibrations (AVTs and ILTs) because 

friction forces (e.g., between structural and non-structural elements or existing cracks) can be overcome, making it possible 

to study effects due to the non-linear and non-stationary behaviour of the structure.  

Despite applications of ILTs and SBTs can be found in the literature, these tests are used in the present research to 

excite the mock-up at different level of excitation in order to investigate correlations between the dynamic parameters of 

the whole system and the damage level experienced by the infills, depending on the level of excitation. Such as an example, 

the system response to SBTs can be compared to that induced by earthquake excitations of low and moderate intensities, 

and the building dynamics can be identified adopting suitable techniques (e.g., 9) able to take into account the frequency 

content of the excitation and the time-variant nature of the response. On the other hand, the system response due to ILTs 

may be similar to that registered during a seismic swarm, while the response during AVTs is typical for the structural 

system subjected to ambient excitation.  

The test output (accelerations or velocities) is commonly measured though sensors distributed throughout the 

investigated building. Sensors can be deployed during the measurement or can be permanently installed on the building to 

constitute a SHM system. The number and location depends on the test purposes: in case of a comprehensive dynamic 

identification (which includes the identification of mode shapes and possible damage localization applications), a 

significant number of sensors may be required to avoid the spatial aliasing and to achieve very detailed modal deflections. 

However, a dynamic monitoring system able of tracing frequency and damping ratio evolutions over time can be 

constituted by a reduced number of sensors (e.g., three accelerometers located at the roof level). In both cases, 

instrumentation is light, of small dimension, and tests can be performed without interrupting the building functionality. 

In the sequel, the dynamic tests performed on the mock-up are described, and the main results are discussed. For 

each test typology, the input excitation level experienced by the mock-up is declared in order to correlate the obtained 

results with the relevant excitation sources. 

4.1 Ambient vibration tests 

AVTs were performed in three key phases of the experimental campaign, i.e., on the bare mock-up and on the 

infilled one, before and after the infill complete damage. The three tests were conducted in the same manner: ambient 

vibrations were recorded by the six accelerometers placed over the slab for a time length of about 20 minutes, adopting a 

sampling frequency of 2048 Hz. In a second phase, recorded data were inspected, corrected from spurious trends, filtered, 

and finally down sampled to make faster the subsequent analysis. As an example, in Figure 6 the accelerations recorded by 

AC5 during the three tests are reported. It can be noted that accelerations are characterized by similar and very low level of 

amplitudes, ranging between 10-5 and 10-4 g. To quantify the amplitude level, it is convenient to refer to the root mean 

square of the acceleration amplitudes. Again, for the AC5 records, the root mean square values are respectively 2.26, 3.23 

and 3.03·10-5 g for the bare, the infilled and the infilled damaged mock-up, respectively. 

The mock-up modal parameters are identified based on the measured accelerations and using the Covariance-driven 

Stochastic Subspace Identification (SSI-COV) 46 output-only technique. For all the performed AVTs, three structural 

vibration modes are easily identified, namely the mock-up first two translational modes (longitudinal and transverse) and 

the rotational one. The relevant frequency values and damping ratios are listed in Table 2. As can be observed, the presence 

of infills (undamaged) sensibly increases (of about 6 times) the frequency of the longitudinal vibration mode with respect to 

the bare frame, demonstrating an important increasing of the mock-up longitudinal stiffness; also, the rotational mode 

increases (of about 15%) since the walls, due to their plan layout, contribute to the torsional stiffness of the mock-up. In 

any case, the latter contribution is limited because the walls are close to each other. On the contrary, as expected, the 

frequency of the transverse mode is slightly influenced by infills since their OOP stiffness does not sensibly increase the 

overall transverse stiffness of the mock-up. Moreover, the little decrease of the transverse mode frequency between the bare 

and the infilled mock-up (in absence of damage) is probably due to the mass increase, which mostly affects the dynamic 

behaviour of the structure rather than the transverse stiffness increment. The negligible contribution of the infills to the 

mock-up transverse stiffness is also confirmed by the frequency reduction observed between the undamaged and damaged 

condition (about 1.3%), which is extremely smaller than the reduction observed for the longitudinal (and also for the 

rotational) frequency. The infill damage clearly determines the reduction of all frequencies, especially that of the 

longitudinal mode, which reduces of about 38%. In any case, both the longitudinal and rotational vibration mode 

frequencies of the damaged system are higher than the corresponding ones of the bare frame; hence, despite heavily 

damaged, infills still contribute to increase the mock-up stiffness, as also observed from CLT results.  

As for damping ratios, a slight increase is observed for the infilled mock-up with respect to the bare one, probably 

due to the higher dissipative potential of the infills with respect to the steel members. However, the reduction for the 

damaged system is less intuitive even if it should be observed that the system vibrations due to ambient excitations have a 

very low amplitude, so that dissipative mechanisms are difficult to be activated. However, all values are below 1%, 



demonstrating that the structural damping is always very low. This suggest that, for the structural system at hand, AVTs are 

not adequate to capture the dissipative capabilities of the damaged system because the latter are essentially due to friction 

phenomena occurring within the damaged infills that cannot be activated by low amplitude vibrations. 

Figure 7 depicts the mode shapes identified from the three performed tests, while in Figure 8 the Modal Assurance 

Criterion (MAC) indexes are reported. The latter are calculated between the same vibration mode shapes relevant to two 

consequent tests and provide an indication of how the mode shapes are similar to each other: the closer the index to one 

(black box), the more the mode shapes are similar. Observing Figure 8 it is possible to state that the mode shapes remain 

almost always the same, both after the infill construction and after the infill damage, and also the MAC indexes are very 

close to one. Only the first mode shape (relevant to the longitudinal mode) changes a bit after the infill construction, as can 

be also noted from the mode shapes represented in Figure 7, where the longitudinal mode relevant to the undamaged infills 

is slightly coupled with the rotation, probably due to the non-perfect symmetry of the two walls. 

 

(a) (b) (c) 
 

Figure 6. Accelerations recorded during AVTs: (a) bare mock-up, (b) mock-up with undamaged infills, (c) mock-up with 

damaged infills. 

Table 2. Mock-up modal parameters identified from AVTs.  

Mode Mode type 
Bare mock-up 

Mock-up with 

undamaged infills 

Mock-up with 

damaged infills 

Frequency [Hz] 

1st Longitudinal 2.95 17.69 10.86 

2nd Transverse 8.42 8.37 8.26 

3rd Rotational 11.62 13.39 12.35 

  Damping ratio [%] 

1st Longitudinal 0.32 0.98 0.52 

2nd Transverse 0.55 0.67 0.58 

3rd Rotational 0.24 0.47 0.35 

 

Longitudinal 

Mode 

Bare mock-up Mock-up with undamaged infills Mock-up with damaged infills 

Transverse 

Mode 

Rotational 

Mode 

2.95 Hz 17.69 Hz 10.86 Hz 

8.42 Hz 8.37 Hz 8.26 Hz 

11.62 Hz 13.39 Hz 12.35 Hz 

 

Figure 7. Mode shapes identified from AVTs. 



 

(a) (b) 

 

Figure 8. MAC indexes between the identified mode shapes: (a) bare mock-up vs mock-up with undamaged infills, (b) 

mock-up with undamaged infills vs mock-up with damaged infills. 

4.2 Impact load tests 

ILTs were performed on the mock-up to evaluate possible changes in the identification of its global dynamic 

behaviour, expressed in terms of modal parameters, as a consequence of a higher excitation level. As previously stated, this 

test methodology is usually not suitable for testing whole structures; however, the limited dimensions of the mock-up made 

it possible to excite the whole structure providing hammer blows manually through an instrumented hammer of about 1 kg. 

Tests were performed in all phases of the experimentation: on the bare frame, just after the infill construction, during the 

infill damage (after each CLT), and finally, at the end of the experimental campaign. The test protocol foresaw the 

application of hammer blows at the slab corners (Figure 2a) and the recording of input and output accelerations measured 

by the accelerometers placed over the slab (the same adopted for AVTs). For each test, at least three hammer blows were 

provided for each impact point, so as to obtain a reliable data set; for each blow, 50 s long signals (both the impulse and 

accelerations) were recorded to achieve a good frequency resolution on the subsequent outputs. Both input (hammer blows) 

and output (accelerations) were recorded adopting a sampling frequency of 2048 Hz. As an example, in Figure 9 the 

impacts provided in I1 and the relevant accelerations recorded by AC5 are reported, considering tests on the bare and on 

the infilled frame. As can be seen, the highest accelerations reached in correspondence of the impact applications are of the 

order of 1÷2·10-2 g, then they rapidly decrease. Obviously, the acceleration amplitude depends on the impact force given to 

the structure, but for all the performed ILTs very similar impacts were provided to the structure, and accelerations always 

show this order of amplitude. 

The modal parameters of the mock-up are identified adopting the Numerical algorithm for Subspace State Space System 

IDentification (N4SID) 47, which is an input-output identification methodology working in time domain. Indeed, differently 

from AVTs, in this case also the input provided to the structure (hammer blows) was measured thanks to the instrumented 

hammer. The methodology allows the identification of the resonant frequency, damping ratio and mode shape of each 

vibration mode. In Figure 10a the resonant frequencies identified during the experimental campaign are reported. As can be 

observed, after the infill construction (“Infilled” entry in the graph) the mock-up resonant frequencies relevant to the 

longitudinal and rotational modes sensibly increase with respect to the bare frame, especially the first one, while that 

relevant to the transverse mode remains almost the same. Then, during CLTs (from 1.0 to 13.0 mm longitudinal strokes), 

different frequency trends can be recognised: frequencies relevant to the transverse mode remain almost constant, those 

relevant to the rotational mode slightly decrease, while those relevant to the longitudinal mode show an evident decrease, 

especially during the last CLTs. Above results are consistent with observations previously made, where the contribution of 

the infills on the longitudinal and transverse stiffness of the mock-up has been addressed. At the end of the experimental 

campaign (after the +14.0/-16.5 mm CLT) the frequency of the longitudinal mode drops below that relevant to the 

rotational mode. The pronounced decreasing trend in the longitudinal mode frequency demonstrates a mock-up stiffness 

reduction, particularly in the longitudinal direction, due to the infill damage. This trend seems to be rather linear, except at 

the end, and in correspondence of longitudinal strokes equal to 5.5 and 6.0 mm, approximately the same previously 

discussed for which infills show the first important cracks.  

Identified damping ratios are plotted in Figure 10b; in this case, no evident trends are visible. Nonetheless, it is 

worth observing that damping of the transverse and torsional modes are around 1% (values that are fully compliant with 

those obtained from the AVTs) while damping relevant to the longitudinal mode presents a higher variability, with values 

varying between 1 and 2%. This higher variability can be reasonable justified by recognising that the infill damage mainly 

affects the mock-up response in that direction, even if values are still low. 

As before, mode shapes are compared using MAC indexes, and results are reported in Figure 11. Each mode shape is 

compared with the corresponding one at the previous step of the experimental campaign. For what concerns the 

longitudinal mode, the highest variations in the mode shapes are observed at the beginning of the CLTs (between strokes of 

3.0 and 3.5 mm) and at the end of the experimental campaign (for strokes between 11.0 and +14.0/-16.5 mm), even if these 

variations are almost negligible, due to the relative high values of MAC indexes (never lower than 0.88). The changes 

found at the beginning are probably uncorrelated with the infill cracking, while changes found at the end of the 

experimentation are probably attributable to the development and enlargement of infill cracks. Similar considerations stem 



from the observation of MAC indexes of the rotational mode, which never go below 0.84. Contrarily, the translational 

mode shapes remain almost always unchanged, with MAC values almost always equal to 1.0. 

Summarising, for what concerns ILT outcomes, the infill damage produces high variations in terms of frequency 

values, but not in terms of damping ratios and mode shapes. It is worth repeating once again that these modal parameters 

are determined through low-amplitude dynamic tests. 

4.3 Snap-back tests 

SBTs were performed on both bare and infilled mock-up with the aim of identifying its dynamic behaviour in the 

longitudinal direction in case of greater excitation amplitudes. Indeed, the instantaneous release of the actuator (obtained by 

programming a sudden return of the cylinder) produced oscillations of the mock-up in the longitudinal direction that were 

measured through the accelerometers placed over the slab (AC4, AC5, AC6 in Figure 2). Obviously, these tests do not 

allow the investigation of the behaviour in the transverse direction; however, as observed in the previous sections, the 

longitudinal direction is clearly the one of greater interest in this study because it involves the IP stiffness and strength of 

infills. 

Figure 12 shows the accelerations recorded from sensor AC5 during the tests with 2.0 mm of stroke, both for bare 

and infilled structure. It can be noted that the acceleration amplitudes experienced by the bare mock-up are much lower 

than those of the infilled one, due to the much higher stiffness of the latter. Moreover, SBTs on the bare mock-up produced 

a very high number of cycles, contrarily to what happened to the infilled structure, where the higher structural damping 

quickly dampens the oscillations. During the SBTs performed on the infilled mock-up, the acceleration amplitudes ranged 

from around 0.05 g (for the stroke of 1.0 mm) to 0.5 g (for the stroke equal to 13.0 mm).  

 

(a) (b)  

Figure 9. Examples of acceleration and impact records: (a) bare and (b) infilled mock-up. 

 

(a) (b) 
 

Figure 10. Mock-up modal parameters identified from ILTs: (a) resonant frequencies, (b) damping ratios. 
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Figure 11. MAC indexes between mode shapes identified from ILTs. 

 

(a) (b) 
 

Figure 12. Accelerations recorded by AC5 during the 2.0 mm SBT: (a) bare and (b) infilled mock-up. 

From the analysis of the free vibration part of the recorded accelerometric signals, it is possible to determine the 

resonant frequency of the mock-up relevant to the longitudinal vibration mode. The peak-picking method is adopted to 

individuate the maximum positive (push direction) peaks, and the time required to complete one cycle of vibration (peak-

to-peak) is estimated. The resonant frequency is then calculated as the inverse of that period. Obviously, many frequency 

values are estimated for the bare mock-up (whose response is characterised by many peaks), while only few values can be 

obtained for the infilled mock-up; in detail, only the first two frequency values have been calculated because they always 

resulted clearly identifiable. The frequency values calculated with the peak-picking method and relevant to the mock-up 

longitudinal vibration mode are reported in Figure 13a as a function of the actuator stroke. As can be observed, a minor 

number of tests were performed for the bare frame (represented with black asterisks), and the estimated frequency values 

are almost constant and around 2.70 Hz. As already observed, for the infilled frame the frequencies are sensibly higher and 

depends on the stroke (and hence on the infills damage). For the first SBT performed at 1.0 mm stroke, the frequency value 

reach about 11.0 Hz, which is about four times greater than the frequency of the bare mock-up. Then, frequencies show an 

overall decrement as the imposed displacement (and the relevant infill damage) increases. Nevertheless, the frequency 

decrement is characterised by two rather evident trends: a first part (up to a stroke of 6.5 mm) with a pronounced 

decreasing trend, and a second part (from a stroke of 7.0 mm up to the end) with an attenuated decreasing trend. The 

change in the decay trend can be attributed to a change in the resisting mechanism of infills, as stated before. Decrements 

are due to the infill progressive damage to which a stiffness reduction in the longitudinal direction of the mock-up 

corresponds, as well as to the increasing of acceleration amplitudes. At the end of tests (stroke of 13.0 mm), the frequency 

of the infilled damaged mock-up is greater than that of the bare mock-up, as also previously observed from other tests, 

demonstrating the residual contribution of infills to the overall structural stiffness.  

From the free vibration signals, the damping ratios of the mock-up longitudinal oscillation mode can be also 

computed. The latter are calculated adopting the logarithmic decrement method 48, which considers the natural logarithm of 

the ratio between two successive peaks of the accelerometric signal. The calculated damping ratios are reported in Figure 



13b. In this case, some trends are clearly evident: from the beginning up to a stroke of 5.5 mm, the damping is almost 

constant with values around 10-15%, then it increases up to a stroke equal to 7.0 mm, due to the development of the main 

damage on infills, and finally it remains almost constant, with values around 15-25%. 

Focusing on a single SBT, it is worth noting that the frequency of the longitudinal vibration mode exhibits a non-

stationary evolution over time. This phenomenon is evident observing Figure 14, where Short Time Fourier Transforms 

(STFTs) of accelerations measured by accelerometers for three different actuator strokes (1.0, 7.0 and 13.0 mm), are 

depicted. In all cases it is possible to see a sharp decrease of frequency in correspondence of the beginning of oscillations, 

namely when the mock-up is suddenly released; then, the frequency tends to return to higher values. The frequency 

decrease is mainly due to the high level of oscillation amplitudes at the beginning of test, which activate non-linear 

mechanisms on infills, as frictions between the steel members and the infills, and frictions between cracks, resulting in a 

high deformability of the mock-up. After that, the oscillation amplitudes sensibly decrease, and the frequency tends to 

increase. Above phenomena have been also treated in other scientific works 49,50. 

The lower frequency value reached for each SBT (𝑓𝑆𝑇𝐹𝑇−𝑙) is determined analysing the STFTs, together with a rough 

estimation of the higher frequency values to which the mock-up tends after the oscillation (𝑓𝑆𝑇𝐹𝑇,ℎ). Indeed, the latter 

frequency is quite difficult to be estimated from STFTs since the free vibration parts of the accelerometric signals present a 

wide frequency band rather than an evident peak, as clear from Figure 14. The range of 𝑓𝑆𝑇𝐹𝑇−𝑙 and 𝑓𝑆𝑇𝐹𝑇−ℎ at each SBT is 

reported in the candlestick graph of Figure 15, where it is evident that the trend of 𝑓𝑆𝑇𝐹𝑇−𝑙 is very similar to that reported in 

Figure 13a. 

 

(a) (b)  

Figure 13. Modal parameters of the mock-up longitudinal vibration mode: (a) frequencies, (b) damping ratios. 

 Stroke 1.0 mm Stroke 7.0 mm Stroke 13.0 mm 

 

Figure 14. STFTs of the SBT accelerometric signals for strokes of 1.0, 7.0 and 13.0 mm. 
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Figure 15. Range of frequency values estimated for each SBT from STFTs. 



5 Comparison and discussion of test results  

Results of tests performed on the mock-up during the infill progressive damage are analysed, compared, and 

discussed in this Section. Firstly, for the purpose of the results generalization, it should be remarked that the onset and the 

development of the infill damage strongly depends on both the material and geometrical properties of infills and the 

surrounding frame, as well as on the construction techniques and the type of stress state mobilized in the panel. The damage 

evolution observed on the tested infills is consistent with that observed in other real experimentations available in the 

literature 51,52, where masonry infills built in contact with the surrounding frame are tested under IP cycle loads. A 

collection and classification of the main failure mechanisms for masonry infilled frames can be found in 53,54; in these 

works, five main causes of damage and failure are proposed: the failure of the surrounding frame, the shear sliding, the 

corner crushing, the diagonal compression, and the diagonal tension (cracking) of infills. In the presented case study, two of 

these damage causes are well recognised: firstly, the shear sliding occurred (for drifts around 1.4 and 2‰) producing 

horizontal cracks on mortar bed joints on both infills approximately at the centre of the panels; then, diagonal tension 

mechanisms activated up to the end of tests, which produced diagonal cracks mainly in correspondence of the bed and head 

mortar joints. The former damage is symptomatic of a strong frame coupled with weak mortar joints, while the latter of 

strong brick elements combined with weak joints. Moreover, the tested infills can be classified following the macro-

classification approach proposed in 55, which consists in dividing the most common infill typologies built worldwide into 

five main classes as a function of several parameters, along with their thickness, stiffness, and strength. Following this 

classification, the tested infills are representative of the “weak” typology, which is characterised by thickness lower than 

8 cm, elastic moduli (both vertical and horizontal) lower than 2000 MPa, and vertical and lateral strength lower than 2.02 

and 1.18 MPa, respectively.  

For a better understating of the infill response under IP loads, the boundary conditions of the infills, which are 

bounded by a steel frame, must be discussed as well. This aspect is very important since different infill constraints may lead 

to different structural and non-structural responses when subjected to horizontal cyclic (seismic) loads. This topic is 

discussed in many scientific and technical works 53,56,57. As well known, due to the different lateral stiffness of the masonry 

infill panel and the surrounding frame (steel or RC elements), a disconnection between the panel and the frame is observed 

by increasing the displacement, except for two opposite corner zones, which are commonly defined as contact length. The 

entity of the contact length significantly affects the distribution of shear and moment in the surrounding frame, as well as 

the stress state within the infill panel 53. For example, if the contact length is very short, the infill damage could be due to 

corner crushing of infills, namely crushing of the bricks near the beam-column joints due to high compression forces, but 

also to the failure of the surrounding frame with the development of plastic hinges or, in worst cases, to brittle shear 

failures.  

By the analysis of the CLT results, the development of the infill damage is recognised in two different ways: by 

visual inspections and by tracing the hysteretic cycles of the system in terms of force-displacement curves; as shown, the 

latter approach is also suitable to evaluate the secant stiffness of the structure. By comparing the recognized crack patterns 

(Figure 3) with the hysteretic cycles (Figure 4), it is evident that the stiffness and strength of the structure (and hence of the 

infills) reduce at the formation of the first important horizontal cracks. However, the reduction is followed by a subsequent 

increment of strength, while the secant stiffness decreases up to the test end; this behaviour can be attributable to a change 

in the resisting mechanism of the damaged infills and it is probably due to the formation of the classical strut resisting 

mechanism after the opening of horizontal shear cracks. When infills are completely damaged, their contribution to the 

overall stiffness of the mock-up is low but not negligible since higher values of secant stiffness are observed for the 

completely damaged infills with respect to the bare frame. Presented data contribute to correlate the observed damage on 

infills with their residual strength and stiffness, which is a very important task for the safety assessment of building during 

visual inspections after earthquakes. For example, for the considered case study, the percentage variations of the secant 

stiffness and of the global strength (the latter expressed as the maximum horizontal force resisted by the infilled mock-up, 

evident from the backbone curve) due to the progressive damage of infills are reported in Table 3, and are correlated with 

the damage observed on both infills, and with the actual drifts to which the non-structural components were subjected. The 

percentage variations of each state are calculated with respect to the previous one and only refer to the push direction since 

the pull one provides very similar results. As can be seen, the formation of the horizontal cracks resulted in a strength 

reduction of 13% and a longitudinal secant stiffness reduction of 45%, while the formation of diagonal cracks is correlated 

to a slight strength increment (10%, probably due, as stated before, to the activation of different resisting mechanisms 

within the infill panel), and to a further stiffness decrement (55%). A critical analysis of results proposed in Table 3 can 

also support practitioners in decision-making procedures when they have to evaluate the healthy status and the useability of 

infilled structures stroked by earthquakes. This is a fundamental aspect, especially for buildings with public and strategic 

functions, for which an interruption of the activities may have catastrophic consequences in the emergency management, 

but also for private edifices; indeed, a temporary or permanent uninhabitability of houses can cause many displaced people 

with consequent discomfort and high costs for the whole community. As for the considered case study, for very small drifts 

(between 0.1 - 0.4‰), the degradation of the infill panel-frame interface and the formation of small and shallow cracks on 

the panel corners produced a low frequency decay and was associated to an increase of both strength and stiffness; hence, it 

is possible to assert that infills did not suffer a real damage and that the change in frequency is associated to a degradation 

of the boundary conditions that are necessary for the development of the panel resisting mechanism. On the contrary, for 

higher drifts, the formation of horizontal cracks (firstly) and of diagonal cracks (secondly) resulted in high stiffness decays 



that lead to conclude that the infills are no longer in a safety condition for the building occupants. Indeed, even if the 

strength continued to increase, probably the stability against OOP action was compromised. However, the correlation of the 

stiffness decay with a safety condition of the panel must be based on a significantly larger set of experimental data, to cover 

a large variety of situations, infill typologies and boundary conditions. Thus, since visual inspections remain always the 

most easy and fast-to-perform tool to evaluate the health condition of a structure and of its non-structural components after 

earthquakes, it is of interest to correlate infill strength and stiffness values to their health conditions on the basis of in-situ 

infill crack patterns recognition. Results of the presented research provide some interesting data to this purpose. 

In addition to CLTs, dynamic tests were also performed in order to investigate the possibility of identifying damage 

to non-structural components from the analysis of the system response subjected to different excitation amplitudes. In this 

Section, only results concerning the mock-up longitudinal vibration mode are considered since it represents the mode 

mostly affected by the infill damage occurrence. Obviously, in real buildings, where panels commonly fill all the perimetric 

frames, all the vibration modes, especially the first translational ones, are affected by the infills presence and damage. 

At first, the resonant frequencies identified at each step of the CLT procedure are considered, and reported in Figure 

16a. As can be noted, two different groups are well visible: the first one on the upper part of the graph refers to frequency 

values identified from AVTs and ILTs, together with those estimated from the free vibration part of the STFT graphs 

(STFT-h); the second one, placed on the bottom level, refers to frequencies identified through peak picking method starting 

from SBT measurements (Snap-Back Peak-Picking considering the 1st cycle, SB-PP-1st, and Snap-Back Peak-Picking 

considering the 2nd cycle, SB-PP-2nd), and frequencies estimated from STFT graphs in correspondence of the mock-up 

release during SBTs (STFT-l). These two frequency groups identify two test groups that are characterised by different level 

of amplitude excitations; in detail, the first one gathers frequencies identified from tests with low level of input excitation, 

while, for the second one, the level of excitation increases. The frequency interval between them demonstrates that 

longitudinal frequency is sensitive to oscillation amplitudes on which non-linear phenomena depends. Nevertheless, it is 

noteworthy to point out that a frequency decay is always visible, considering all performed test typologies, demonstrating a 

mock-up global stiffness decrease due to the progressive infill damage. Hence, it can be asserted that tracing frequency 

values is a useful tool to monitor the health status of a structure and to support the damage identification procedure. 

However, the observed frequency decay is almost linear, so that it cannot help to detect the specific phases of the 

experimental campaign (strokes and drifts) in which the main damage occurred. This is also evident by observing data of 

Table 3; indeed, focusing on the percentage variations calculated based on frequency values identified from low-amplitude 

tests, no evident variations are found in correspondence of the horizontal cracks formation (for which an almost constant 

frequency trend is evident). However, when infills are completely damaged (horizontal and diagonal cracks are occurred), 

the drop in frequency is very important (-30%). The same considerations stem from the analysis of high-amplitude 

frequency trends. It is interesting to observe that the drastic drop of longitudinal secant stiffness experienced by the mock-

up for strokes between 6 and 8 mm (as visible in Figure 5) is not associated to an equally sharp decrease in longitudinal 

frequency. In fact, as previously observed, the frequency decays detected from low- and high-amplitude tests are almost 

linear. For low-amplitude tests this may be reasonably since the dynamic excitation provided to the mock-up is not so high 

to activate non-linear and dissipative mechanisms; as for high-amplitude tests (SBTs), the phenomenon may be justified by 

the fact that the non-linear mechanisms (e.g., due to frictions) are activated only for the few cycles characterised by the 

higher amplitudes, as can be seen from Figure 12b. It is worth pointing out that for real buildings a frequency decay should 

be detected for all vibration modes and, especially, for the first translational ones, which are those mainly influenced by the 

IP stiffening contribution of infills. Moreover, a non-uniform damage of infills (as well as of structural members) can also 

lead to changes on the dynamic response of a building, which means that both frequencies and mode shapes may vary. So, 

tracing the frequency decay together with controlling the mode shapes could allow the triggering of possible damage and, 

in some cases, also to locate it. 

Figure 16b depicts damping ratios identified for the same tests previously discussed. Also in this case, damping 

ratios can be divided into two groups: the first one (in the bottom part of the graph) refers to damping ratios obtained from 

AVTs and ILTs, while the second one (upper part of the graph) refers to SBT measurements. 

Table 3. Percentage [%] variation of mock-up longitudinal characteristics (for push direction) due to infill progressive 

damage and correlation with the observed infill damage.  

Stroke 

[mm] 

Drift 

[‰] 
Infill states Strength 

Secant 

stiffness 

Frequency 

(low-amplitude) 

Frequency 

(high-amplitude) 

Damping 

(high-amplitude) 

0 0 Undamaged --- --- --- --- --- 

1.0 to 3.0 0.10 to 0.40 

Panel separation from the 

frame and activation of the 

initial resisting mechanism 

+284 +17 -4 -20 +7 

3.0 to 6.0 0.40 to 1.17 
Diagonal cracks at the top 

corners 
+88 -24 -8 -23 +10 

6.0 to 7.5 1.17 to 1.93 

Horizontal crack at 

approximately the mid-height 

of panels 

-13 -45 +1 -18 +48 

7.5 to end 1.93 to 4.00 
Diagonal cracks and brick 

spalling 
+10 -55 -30 -30 -5 



The group on the bottom part of Figure 16b (AVTs and ILTs) does not show any visible trend; contrarily, the group on the 

upper part (SBTs) illustrates two evident trends: low damping values at the beginning followed by a noticeably increment 

(starting from a stroke of 5.5 mm) up to a value that remains almost constant till the end. Differently from frequencies, 

damping ratios identified from tests with a low excitation level are not useful to investigate dissipative capabilities of the 

damaged mock-up since no significant trends are recognised, so their use in a SMH monitoring is not meaningful. On the 

other hand, damping ratios identified from SBTs are capable to capture steps when the main damage to non-structural 

components occurs. This is also confirmed by observing data of Table 3, in which a high increasing in damping is observed 

when the horizontal cracks occurred in the infills (about +50%). The almost constant damping ratio after the horizontal and 

diagonal crack opening demonstrates that infills have developed a stable dissipative mechanism that is independent on the 

amplitude of oscillations. Summarizing, it can be asserted that the evolution of damping ratios can be suitably identified 

from recordings of SHM systems in case of low seismic events (or during the seismic swarm following a main shock). In 

other words, outcomes of this research relevant to SBTs can be correlated to those achievable from the analysis of 

acceleration (and/or velocity) records due to earthquakes, able to activate non-linear phenomena on the building. 

Differences in longitudinal mode shapes are not taken into account because it has been highlighted in previous 

Sections that the longitudinal mode has always the same shape, as demonstrated from high MAC values obtained from 

different dynamic test typologies and at different CLTs. Moreover, it has been demonstrated (58) that the damage of 

structures subjected to seismic loading determines significant changes in frequency values and damping ratios, but small 

changes in modal displacements, if the damage is widespread in the structure. 

Also, quasi-static tests (CLTs) and dynamic ones (AVTs, ILTs and SBTs) can be compared in terms of stiffness that 

characterises the mock-up longitudinal behaviour. Figure 17a reports hysteretic cycles obtained from DT1 measurements 

(those of DT3 provide a very similar graph) and secant stiffnesses calculated in crucial phases of the experimental 

campaign. It is worth remembering that these secant stiffnesses need to be considered as an equivalent stiffnesses for the 

mock-up, especially once it experienced a certain level of damage. The dynamic stiffnesses (𝑘𝑑) are calculated starting 

from results of different tests and assuming that the mock-up behaves as a SDOF system in longitudinal direction, which is 

a reasonable hypothesis considering that the majority of mock-up mass is concentrated at the floor level. Thus, the simple 

formula providing the fundamental frequency of a SDOF systems can be adopted to get the system dynamic stiffness 

according to 𝑘𝑑 = 4𝜋2𝑓2𝑚, where 𝑚 is the effective mass and 𝑓 the natural frequency of the longitudinal vibration mode.  

To compute the contribution of infills on the effective mass 𝑚, half height of walls is considered, as reported in 

Figure 17b, while the effective mass of the bare mock-up is determined exploiting results of FVTs. The latter are performed 

on the bare mock-up at different frequency excitations and for a stroke equal to ±4 mm (Table 1). From FVTs, the dynamic 

stiffness of the bare mock-up (i.e., the force necessary to produce a harmonic displacement of amplitude 4 mm) can be 

determined by dividing the output (displacement) by the input (force) evaluated at stationary conditions. The obtained 

absolute values of the dynamic stiffness as a function of the excitation source frequency, are shown with a black continuous 

line in Figure 17c. Instead, Figure 17d shows typical hysteretic cycles obtained from tests at steady conditions. By 

supposing the damping of the bare structure to be negligible, the dynamic stiffness of the SDOF system can be determined 

with the regression function 𝑘𝑑 = 𝑘𝑠𝑡 − (2𝜋𝑓)2𝑚, and the contribution of the bare frame to the effective mass can be 

estimated by adopting the previous formula to interpolate experimental data once 𝑘𝑠𝑡 is known. The latter term (𝑘𝑠𝑡) is 

obtained from SBT results executed on the bare frame. At the end of these procedures, the effective mass of the bare mock-

up is estimated equal to 24 t, and the relevant regression function is shown in Figure 17c with a dashed black line. 

Consequently, the total effective mass of the infilled mock-up is obtained adding the effective mass of the bare mock-up 

with that of the infills, obtaining 𝑚 = 25 t. It is worth mentioning that the real value of the mass of each infill is evaluated 

during the wall demolition by weighting all waste materials.  

 

 Legend: 
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Figure 16. Longitudinal mode of the infilled mock-up: (a) resonant frequency and (b) damping ratio evolutions. 
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Figure 17. (a) stiffnesses overlapped to hysteresis loops, (b) hypotesys effective mass calculation, (c) experimental dynamic 

stiffness and regression function for the bare frame mass estimation, (d) example of steady hysteretic cycles for 𝑓 = 2 Hz 

on the bare frame. 

Table 4. Comparisons between mock-up static/secant and dynamic stiffnesses determined in different phases of the 

experimentation.  

Experimental phase 
Static/secant stiffness (𝑘𝑠𝑡 / 𝑘𝑠) 

[kN/mm] 

Dynamic stiffness (𝑘𝑑) [kN/mm] 

ILT SBT 

Bare mock-up 𝑘𝑠𝑡,𝑏 = 6.20 𝑘𝑑,𝑏,𝐼𝐿𝑇 = 8.59 𝑘𝑑,𝑏,𝑆𝐵𝑇 = 6.95 

Undamaged infills 𝑘𝑠,𝑚𝑎𝑥  = 101 (push) 112 (pull) 𝑘𝑑,𝑚𝑎𝑥,𝐼𝐿𝑇 = 307.81 𝑘𝑑,𝑚𝑎𝑥,𝑆𝐵𝑇  = 114.78 

Completely damaged infills 𝑘𝑠,𝑒𝑛𝑑 = 22 (push) 25 (pull) 𝑘𝑑,𝑒𝑛𝑑,𝐼𝐿𝑇 = 148.59 𝑘𝑑,𝑒𝑛𝑑,𝑆𝐵𝑇  = 14.41 

The dynamic stiffness of the mock-up is calculated in three crucial phases of the experimentation and results are 

listed in Table 4. Starting from the bare mock-up, Figure 17a (lines coloured in blue) shows that the dynamic stiffness 

calculated from SBTs (𝑘𝑑,𝑏,𝑆𝐵𝑇) is slightly higher than the static one (𝑘𝑠𝑡,𝑏), and that calculated from ILTs (or AVTs since 

results are very similar) is even more high (𝑘𝑑,𝑏,𝐼𝐿𝑇). Similar considerations stem from the analysis of dynamic stiffnesses 

calculated for the infilled mock-up at the beginning of CLTs (undamaged infills, lines coloured in green). For the infilled 

mock-up it is more appropriate to refer to the secant stiffness (𝑘𝑠) instead of the static one (𝑘𝑠𝑡) since the structure always 

exhibited a pronounced non-linear behaviour. It is noteworthy to observe that the dynamic stiffness calculated based on 

low-amplitude tests (𝑘𝑑,𝑚𝑎𝑥,𝐼𝐿𝑇) is almost three times greater than the others. The same occurs at the end of tests when the 

dynamic stiffness obtained from ILT results (or AVT as well) is much higher with respect to the others. These results 

highlight the need of establishing suitable reduction coefficients for the estimation of the static stiffness of infilled 

structures based on dynamic test results, which is a very common practice when numerical models are adjourned and 

updated based on results of in-situ dynamic tests. Finally, it is worth observing that also in this case the non-stationary 

behaviour of the infilled structure subjected to high level of excitation lead to a very different dynamic stiffness values if 

calculated starting from low- (ILTs) or high-amplitude (SBTs) tests. 

6 Conclusions 

The paper offered some insights on the usefulness of vibration data for the damage detection in infilled frame 

structures. To this purpose, a comprehensive experimental campaign on an infilled steel-concrete composite laboratory 



mock-up has been performed and the main results have been presented. In detail, quasi-static cyclic tests have been 

performed to induce a progressive damage to infills simulating an earthquake damage scenario; during the progressive 

damage of infills, the system identification is carried out on the basis of vibration records obtained from different dynamic 

test typologies characterised by different level of input excitation provided to the structure, addressing and discussing the 

possibility of detecting the infill damage by the analysis of the relevant acquired data. Dynamic tests on the bare and the 

undamaged system are also performed for comparisons.  

From the analysis of cycle load test results it was evident that infills substantially increased the longitudinal 

stiffness of the mock-up, although a certain level of drift was needed to activate shear force transfer mechanisms and to 

reach the maximum values of secant stiffness. The stiffness increment was also proved by the increasing in the frequency 

values identified from dynamic tests performed after the infill construction. Moreover, resisting mechanisms of infills 

evolved with the drift values and became stable at high drifts, where the residual stiffness and damping were essentially due 

to friction forces developing through cracking. This was also proved by the crack pattern evolution on infills, which 

consisted at first in the formation of horizontal cracks, and then of diagonal cracks. At maximum imposed drift (4‰) infills 

were severely damaged, but they still contribute to the mock-up longitudinal stiffness.  

Infill damage was also critically discussed with the aim of correlating the crack patterns with the infill mechanical 

property evolution. This was done summarizing the main mechanical and dynamic parameters obtained in crucial phases of 

the experimentation with the relevant observed damage. The formation of the first important infill damage (horizontal 

cracks) resulted in a strength and longitudinal secant stiffness reduction of the whole structure, while the subsequent 

formation of diagonal cracks was correlated to a slight strength increment, probably due to the activation of different 

resisting mechanisms within the infill panel, and to a further stiffness decrement. Even if the strength decay was not so high 

to be of concern, the stiffness decay was so significant as to suggest that safe use of the structure might be compromised, 

for issues related to the out of plane stability of infills. These critical analyses can be useful for practitioners and/or building 

owners in a decision-making process when the healthy status and the useability of infilled structures stroked by earthquakes 

must be evaluated.  

For what concerns dynamic tests, the activation of non-linear phenomena had important consequences in the 

identification of the structural dynamics. Indeed, the longitudinal vibration mode frequencies obtained from ambient 

vibration or impact load tests are largely higher than those obtained from data of snap-back tests just after the release. 

However, the tracing of the frequency evolutions during the infill damage from both low- and high-amplitude vibration 

tests demonstrated to be an effective tool in the structural health monitoring of the laboratory mock-up, because it allowed 

to identify a damage activation through the detection of decay trends. Nevertheless, the observed frequency decays show an 

almost linear trend, and revealed unhelpful to individuate the specific phase in which the main damage occurred. On the 

contrary, the damping ratio evolution achieved from high amplitude tests (snap-back tests) show a trend that can be 

correlated to the beginning and evolution of the progressive infills damage.  

General outcomes of the experimental research can be extended to real structures where the tracking of modal 

properties is commonly achieved through the execution of ambient vibration tests or through the analysis of data obtained 

from permanently installed structural health monitoring systems. In the latter case, the structural dynamic response due to 

both ambient and seismic excitations of different intensities can be available and the model parameters can be extracted 

adopting suitable strategies available in the literature, depending on the measured response and the input typology. 
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