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Abstract 

 

Vibration-based Structural Health Monitoring is used for monitoring civil infrastructure 

as it constitutes a non-destructive condition assessment method. In VBSHM the damage 

identification is based on identifying damage-related changes in the dynamic 

characteristics of a structure. However, the commonly employed dynamic 

characteristics, natural frequencies and mode shapes, are relatively insensitive to local 

damage of moderate severity. Furthermore, the sensitivity of natural frequencies to 

temperature fluctuations, may be sufficiently high to completely mask the effect of 

moderate damage. Modal strains and curvatures are more sensitive to local damage, but 

the direct monitoring of these quantities is challenging due to the very small strain 

levels occurring during ambient, or operational excitation. Additionally, the influence of 

the environmental factors on modal strains is not well-known. In this context, two pre-

stressed concrete beams of different prestressing force are subjected to progressive 

damage tests to investigate the influence of damage on modal strains for different 

prestressing force. A methodology that allows for accurate dynamic strain 

measurements of the sub-microstrain level is employed. Dynamic tests are conducted at 

the beginning of each loading cycle. The response of the beam is recorded with four 

chains of multiplexed FBG strain sensors. Subsequently, the dynamic characteristics are 

obtained with subspace identification. The influence of damage on the modal strains of 

the two beams is investigated by comparing their values for different loading steps.  

 

 

1.  Introduction 
 

Vibration-based structural health monitoring (VBSHM) can constitute a successful 

SHM approach for damage identification of civil structures (1). The dynamic 

characteristics depend on the stiffness of the structure, so monitoring their evolution 

over time allows, in principle, to identify structural damage. For example, comparing 

dynamic characteristics that have been measured before and after the occurrence of an 

earthquake can help in detecting structural damage that is not directly visible (2). There 

are however some drawbacks in the method. The natural frequencies suffer from low 

sensitivity to certain types of damage and especially to local damage of moderate 

severity (3). Moreover, the influence of the environmental factors (e.g. temperature) on 

natural frequencies can be high enough to completely mask the presence of moderate 

damage (4), while the natural frequencies constitute also a global structure characteristic 

and thus they cannot asses the location of damage. Furthermore, it is not yet well-known 

which types of damage influence the dynamic characteristics of a structure and how. In 
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contrast, dynamic characteristics obtained from strain measurements, such as modal 

strains and curvatures, are more sensitive in local damage (5,6).  

The introduction of fiber-optic sensing systems, which can accurately measure dynamic 

strains while also offering ease of installation, resistance in harsh environment and long-

term stability, contributed to an increased interest in adopting these systems for 

VBSHM applications (7). Fiber Bragg grating (FBG) sensors share these advantages 

with other fiber-optic sensors, but additionally they are easy to multiplex (i.e. many 

different sensors with different operating wavelengths can be inscribed into the same 

glass fiber) (8). In this context, the current paper reports about the measurement of 

dynamic strains of very low (sub-microstrain) level, with the use of standard fiber-optic 

Bragg Grating (FBG) strain sensors, with high accuracy and precision. The measured 

dynamic strains are used then for identifying the dynamic characteristics (strain mode 

shapes and natural frequencies) of a structure, and consequently structural damage. 

The method is presented through application on two prestressed concrete beams, 

subjected to progressive damage test (PDT). The two beams have a different 

prestressing force (50% and 100% of the maximum allowable tensioning force σp0,max), 

to investigate the influence of damage on modal strains of structures of various 

prestressing levels. Both beams are monitored with four chains of multiplexed FBG 

sensors. The dynamic excitation of the beams is performed with hammer impacts for the 

beam with the 50% prestressing force and with an electrodynamic shaker and periodic 

random signals for the beam with the 100% prestressing force, resulting in dynamic 

strains of sub-microstrain amplitude. Dynamic tests are performed at the end of each 

loading cycle and the measured strain data sets are used for subspace identification. The 

obtained dynamic characteristics of the various damage stages are then compared and 

shifts in their values are related to the presence and location of structural damage. The 

identification of these shifts is a challenge for prestressed concrete structures as the 

cracks nearly close when the structure is unloaded, due to the prestressing force. 

Furthermore, the beam with the 100% prestress force is monitored under slightly 

changing temperature, to investigate the influence of temperature changes on natural 

frequenices and modal strains. However, the limited range of temperatures that was 

achieved in the laboratory does not allow for safe conclusions on the potential influence 

that the temperature may have on the dynamic characteristics.  

 

2.  Experimental setup 
 

2.1 Test structures   

 

Two prestressed concrete beams of rectangular cross section (240x200 mm) serve as the 

test structures (Figures 1 and 2). The length of the beams is 5.0 m. Low relaxation 

strands with a nominal diameter of 12.5 mm are used for prestressing: 3 at the bottom 

and 2 at the top of the beam (Figure 1). The strands are given an initial stress of σp0,PCB1 

= 744 MPa for beam 1, namely PCB1, and σp0,PCB2 = 1488 MPa for beam 2, namely 

PCB2. Closed-loop stirrups, with a nominal diameter of 6 mm and a centre-to-centre 

distance of 150 mm are provided to withstand the shear forces (Figure 1). High-strength 

concrete is used, of the class C70/85.  
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Figure 1. The reinforcement of PCB1 and PCB2 

 
Figure 2. The experimental setup of the modal test and the PDT 

 

2.2 Progressive damage test 

 

The beams are subjected to a four-point bending PDT, which is carried out in load 

control using a manually operated hydraulic press. The quasi-static load is applied at 

two locations which are symmetric with respect to the midspan of the beam, using two 

hydraulic jacks (Figure 3). The same load is applied from both hydraulic jacks, creating 

a zone of constant bending moment between them. The beam rests on two steel rollers 

at 0.5 m from the ends. Therefore, the static boundary conditions correspond to these of 

a simply supported beam. Besides the force measurement of the hydraulic jacks through 

two load cells, linear variable differential transformers (LVDTs) are used to measure 

quasi-static displacements. Two LVDTs measure the displacements at the supports, two 

at the loading points and one at the midspan.  

 
Figure 3. The four-point PDT. (dimensions in mm). 

 

2.2.1 PCB1 

A progressive damage loading scheme is followed for PCB1, consisting of 12 loading 

cycles of increasing load, where the load step is 20 kN for the first 3 cycles and 10 kN 

from the fourth cycle on. The first cracks on the beam formed during the third loading 

cycle for a load of about 55 kN. The beam failed during the 12
th

 loading cycle for a load 

of 142 kN. The pattern of the failure is shown in Figure 4. The lack of stirrups in the 

zone of constant moment led to local buckling of the prestressed concrete in the top 

zone of the beam, where the compressive stresses are largest under bending. 
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Figure 4. The failure pattern of the PCB1 

2.2.2 PCB2 

A progressive damage loading scheme is followed for PCB2, consisting of 8 loading 

cycles of increasing load, where the load step is 30 kN for the first 3 cycles and 10 kN 

from the fourth cycle on. The loading scheme differs from the one of PCB1 as a higher 

crack load is expected for PCB2 due to the high level of prestress. The first cracks on 

the beam formed during the fourth loading cycle for a load of about 95 kN. The beam 

failed during the 8
th

 loading cycle for a load of 180 kN from crushing of the concrete at 

the midspan of the beam, where the compressive stresses are the highest. This load is 

considerably higher than PCB1. However, when the maximum deflection at the moment 

of the failure of the beams is considered (Figure 12), it can be concluded that the failure 

of the beams occurred for almost the same maximum midspan deflection. Therefore the 

failure is considered deflection-driven and not load-driven. The pattern of the failure is 

shown in Figure 5. In between the loading cycles, a waiting time of at least 48 hours 

was kept, as the beam is monitored during this period to investigate the influence of the 

temperature fluctuations on its dynamic characteristics. The surface temperature of the 

beam is measured at a single location at the bottom of PCB2, close to one of the 

supports.  

 

            
Figure 5. The failure pattern of the PCB2 

 

2.3 Dynamic tests 

 

The response of the beams to the induced dynamic excitation is recorded with FBG 

strain sensors from FBGS. The dynamic strains of the beam are measured with four 

chains of multiplexed FBG strain sensors attached at the four edges of the beam, as 

shown in Figure 6. The chains are attached on the side of the top and the bottom edges 

of the beam along its longitudinal direction through a custom clamping system, to 

measure axial dynamic strains. The connections of the clamping system are directly 

glued on the beam. Each chain contains 20 FBG sensors (Figure 6). The fibers are 

firmly fixed at the discrete clamps (Figure 7) to ensure the proper transfer of strains 

from the beam to the sensors. The distance between two consecutive clamps is 25 cm 

and one FBG sensor exists between them, measuring the average strain or macro-strain 

between both connections. The fibers are prestressed to ensure that they would remain 

in tension due to the applied quasi-static force during the PDT. The strain acquisition 

system is an interrogator of relatively high wavelength accuracy (±1 pm) and precision 

(<0.1 pm), the FAZ Technology FAZT-I4. When the measured wavelength shifts are 

lower than the resolution of the acquisition system, the implementation of a method that 

will interpolate the wavelength spectrum down to the desired resolution level is 

mandatory (9). However, the resolution of the FAZT-I4 is adequate for the presented 
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work, and therefore, no strain interpolation is necessary. The sampling frequency is fs = 

1000 Hz.  
 

 
Figure 6. The setup of the four FBG chains (side beam view). 

 

 
Figure 7. One of the tires used for approximating free-free dynamic boundary conditions. 

 

2.3.1 PCB1 

For PCB1, two dynamic tests are conducted after the end of each loading cycle. The 

beam is excited in the vertical and the lateral direction respectively for the two tests, 

with 15 impulse hammer impacts (continuous measurement). The dynamic boundary 

conditions approximate those of a free-free vibrating beam. This is achieved with the 

use of inflated tires, as shown in Figure 7. After the end of each loading cycle, the beam 

is lifted from its supports by inflating the tires underneath it, so there is no contact with 

the static supports and the dynamic tests are conducted in free-free boundary conditions.   

After the end of the 8
th

 loading cycle at 110 kN, the FBG chains are detached from the 

beam to avoid damaging them during the further loading and failure of the beam. Three 

accelerometers from PCB Piezotronics are installed on the beam, to follow the evolution 

of the natural frequencies. Hence, the strain mode shapes of the beam are available for 9 

load steps (for the undamaged beam and for the first 8 loading cycles), while the natural 

frequencies are available for 12 load steps (until after the loading cycle at 140 kN).  

 

2.3.2 PCB2 

For PCB2, dynamic tests are conducted after the end of each loading cycle and for a 

period of at least 24 hours. More specifically, a dynamic test is conducted hourly, to 

investigate the influence that the temperature has on the dynamic characteristics of the 

beam. The beam is excited in the vertical direction with an electrodynamic shaker and a 

force that has an RMS force value of 4 N. Periodic random signals are used with an 

excitation bandwidth of [0-500] Hz. The excitation location is at the bottom edge of the 

beam, at x=4000 mm. The dynamic boundary conditions approximate those a free-free 

vibrating beam, as for PCB1. After the end of the 7
th

 loading cycle at 130 kN, the FBG 

chains are detached from the beam to avoid damaging them during the further loading 

and failure of the beam. Hence, the strain mode shapes and the natural frequencies of 
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the beam are available for 8 load steps (for the undamaged beam and for the first 7 

loading cycles). The number of dynamic tests and the range of temperature achieved for 

the tests conducted in between the loading cycles are summarized in Table 1. 
Table 1. Number of dynamic tests and temperature range for the various damaged states of PCB2 

Loading 

cycle 

Undamaged 

beam 

30 kN 

cycle  

60 kN 

cycle 

90 kN 

cycle 

100 kN 

cycle 

110 kN 

cycle 

120 kN 

cycle 

130 kN 

cycle 

Number of 

tests (hours) 

38  63 30 46 50 50 49 24 

Temperature 

range [ºC] 

19.0- 

19.8 

19.5-

19.8 

17.5-

20.0 

18.1-

19.1 

15.8-

19.0 

15.1-

20.2 

18.5-

20.5 

19.9-

20.9 

 

3. Strain-based modal analysis 
 

Dynamic strain data are used for the modal analysis. The average measured RMS strain 

values among all FBGs for the hammer impact tests on PCB1 is ≈ 0.1 µε, while for the 

shaker tests on PCB2 is ≈ 0.4 µε. The dynamic input force cannot be sampled with the 

FBG interrogator since the hammer and the shaker that are used for the excitation of the 

beams have piezoelectric force sensors. Therefore, only the measured dynamic strains 

are used in the system identification resulting in an output-only modal analysis. The 

system identification is conducted with MACEC (10), a MATLAB toolbox for 

experimental and operational modal analysis. The data-driven stochastic subspace 

identification SSI-data (11) technique is used. The model order is chosen in steps of 2 

and the maximum order is 180. The half number of Hankel block rows i is 50. The static 

or DC offset is removed from all measured signals. Furthermore, a fourth-order 

Butterworth filter with a high-pass frequency of 4 Hz is applied to all channels to 

remove the influence of the small temperature fluctuations on the strain measurements 

during the PDT. 

 

3.1 PCB1 

 

3.1.1 Natural frequencies  

Eight modes are identified in the bandwidth [0-400] Hz. The in-plane bending modes 

are identified from the tests where the excitation is in the vertical direction of the beam 

(z-axis in Figure 6) while the lateral bending modes are identified from the tests where 

the excitation is in the lateral direction of the beam (y-axis in Figure 6). The identified 

natural frequencies for the undamaged beam are presented in Table 2.  

 
Table 2. Natural frequencies of the undamaged PCB1 as obtained from SSI-data (fSSI) identification 

Mode 1 2 3 4 5 6 7 

Type B1 L1 B2 L2 B3 L3 B4 

fSSI,PCB1 [Hz] 37.11 45.91 98.66 117.86 190.58 228.47 312.20 

 

Furthermore, the evolution of the natural frequencies throughout the PDT is shown in 

Figure 11 for the first two in-plane bending modes (B1 and B2). A gradual reduction of 

their natural frequency values is observed, which is correlated with the increased level 

of damage (observed cracks) of the beam. The trend is similar for the other modes and 

thus their reduction is not presented. The percentile reduction of the natural frequency 

values varies from 7% to 13.5% for the different modes, depending on the degree that 

each mode is influenced by the damage. The largest reduction in a single step is 
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observed after the end of the 11
th

 cycle at 140 kN, when the beam is close to the failure 

(142 kN). 

 

3.1.2 Strain mode shapes 

The influence of the increasing damage throughout the PDT on the strain mode shapes 

is investigated. Combined graphs are given, where the identified strain mode shapes in 

each loading cycle are plotted on top of each other (Figure 8) for modes B1 and B2. A 

least-squares fit is applied for the determination of the scale factor that links the strain 

mode shapes of the various loading cycles with the strain mode shapes of the 

undamaged beam. Strain amplitude changes are observed in the vicinity of the damaged 

area (between the points of the load application), as can be seen from the strain mode 

shapes in Figure 8. The evolution of the strain mode shapes during the different loading 

cycles is prominent and follows the evolution of the cracks, even though the cracks are 

nearly closed after the static unloading of the beam due to the prestressing force. The 

highest modal strain amplitude values at the location of the damage correspond to the 

damaged state after the end of the 8
th

 loading cycle at 110 kN (77% of the failure load at 

142 kN), when the FBG chains were detached to avoid damaging them. More 

specifically, the amplitude of the bottom strain mode shapes is increasing with the 

increasing level of damage at the vicinity of the damaged zone and the changes are 

more prominent at the locations of the cracks. On the contrary, the amplitude of the top 

strain mode shapes is decreasing in a uniform pattern at the vicinity of the damaged 

zone. This increase/decrease of the strain amplitude for the bottom/top strain mode 

shapes represents the shift of the neutral axis of the beam due to the increasing level of 

damage. Changes in the amplitude of the strain mode shapes are already identified after 

the end of the 3
rd

 loading cycle at 60 kN, when the beam reached its crack load, 

indicating early stage damage identification.   

 

 

 
Figure 8. Evolution of the in-plane strain mode shapes, for the first 8 loading cycles. The first step 

corresponds to the undamaged PCB1. The top subplots correspond to the top fibers and the bottom 

to the bottom fibers. The left subplots correspond to the side of the beam with positive y-

coordinates while the right subplots to the side of the beam with negative y-coordinates. The dash-

dotted lines indicate the location of the supports and the location of the load application. 

 

The height of the neutral axis (yN) of the bending modes for the equivalent Euler-

Bernoulli beam can be quantified with the use of the identified modal strains and is 

defined as: 
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                                                                                            (1) 

 

where εtop(x) is the longitudinal modal strain at the top of the beam, εbot(x) is the 

longitudinal modal strain at the bottom of the beam, x denotes the longitudinal 

coordinate, H is the height of the beam and d is the distance between the longitudinal 

axis of the FBG chain and the top/bottom of the beam. The location of the beam where 

yN(x) = 0, is defined in Figure 6 and coincides with H/2. The yN(x) is calculated for 

modes B1 and B2 and is shown if Figure 9. At the locations where the modal strains are 

approximating zero, (Figure 8), the yN(x) is not calculated since the division by very 

small quantities can yield inaccurate results. The changes in the yN(x) are significant and 

follow the increase of the damage in the beam. The first changes already appear after 

the beam exceeded its crack load at about 55 kN (at the 3
rd

 loading cycle).  

 

 

 
Figure 9. Evolution of the neutral axis height yN(x). The first step corresponds to the undamaged 

PCB1. The top subplots correspond to the yN(x) as obtained from the FBG chains on the side of the 

beam with positive y-coordinates while the bottom subplots to the yN(x) as obtained from the FBG 

chains on the side of the beam with negative y-coordinates. The dash-dotted lines indicate the 

location of the supports and the location of the load application. 

 

3.2 PCB2 

 

3.2.1 Natural frequencies  

Four in-plane bending modes are identified in the bandwidth [0-400] Hz. The lateral 

bending modes are not identified as the shaker excitation was in the vertical direction of 

the beam and thus, the lateral modes were not excited. The natural frequencies of the in-

plane bending modes of the undamaged beam are presented in Table 3. The presented 

values are the average values between the identified natural frequencies of the 38 tests 

that were conducted on the undamaged beam (Table 1).  

 
Table 3. Natural frequencies of the undamaged beam PCB2 as obtained from SSI-data (fSSI). 

Mode 1 2 3 4 

Type B1 B2 B3 B4 

fSSI,PCB2 [Hz] 36.88 98.02 190.24 308.35 

 

The influence that the damage and the temperature have on natural frequencies of the 

in-plane bending modes of PCB2 is further investigated. The identified natural 

frequencies versus the temperature that they have been identified are presented in Figure 
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10, for all loading cycles and for modes B1 and B2. For each loading cycle, a first order 

polynomial curve is fitted between the natural frequency values and the temperature that 

they have been identified, to describe the relationship between the natural frequencies 

and the temperature for the specific damaged state of the beam. The temperature range 

though is limited for most of the loading cycles and thus, a clear trend that would 

directly relate the changes in natural frequencies with the changes in temperature cannot 

be elaborated. As it can be seen in Figure 10, most of the fitted curves are almost 

parallel to the temperature axis, indicating a minimal influence of temperature on the 

natural frequencies.  

 

 
Figure 10. Evolution of the natural frequency for the in-plane bending modes for the first 7 loading 

cycles. The first step corresponds to the undamaged PCB2. The natural frequencies are plotted 

versus the temperature, including a first-order polynomial curve for each damaged state.  

 

Furthermore, the evolution of the natural frequencies throughout the PDT is shown in 

Figure 11 for the first two modes (B1 and B2), in comparison with modes B1 and B2 of 

PCB1. As the natural frequencies of modes B1 and B2 appear uninfluenced from 

temperature fluctuations, in the limited range of temperatures that they have been 

identified throughout the test, their average values are taken, which are considered as 

the characteristic for each loading cycle. A gradual but limited reduction of their natural 

frequency values is observed, which is correlated with the increased level of damage of 

the beam. The trend is similar for the other modes and thus their reduction is not 

graphically presented. However, the percentile reduction of the natural frequency values 

is only 1.2% and 0.5% for modes B1 and B2 respectively, when the undamaged beam 

natural frequencies are compared with the natural frequencies after the 7
th

 loading cycle 

at 130 kN. For the same load, and for PCB1, the reduction of the natural frequency 

values of modes B1 and B2 was 6.5% and 5.5% respectively, indicating a significantly 

more damaged state for PCB1 than PCB2 for the same load. This can be directly linked 

to the prestressing force, which is 50% of σp0,max for PCB1 but 100% of σp0,max for 

PCB2.  The large prestressing force results in cracks of limited width and length for 

PCB2, when compared to PCB1. These cracks are almost completely closed after the 

unloading of the beam, which translates to limited damage, as it is confirmed by the 

load-deflection curves.  
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Figure 11. Evolution of the natural frequencies for modes B1 and B2 for PCB1 and PCB2. The first 

step corresponds to the undamaged beams.  

 

In Figure 12, the  load-deflection curves for PCB1 and PCB2 are given. The deflection 

is the one obtained from the LVDTs in the midspan of the beams. As it can be extracted 

form Figure 12, for the same load, the deflection of PCB1 is two to three times larger 

than PCB2, while PCB2 appears to be in the linear elastic zone even for a load of 130 

kN, close to the load that PCB1 failed. This indicates that PCB2 is slightly damaged, 

which explains the minimal influence of the damage on natural frequency values.  
 

(a) (b)  
Figure 12. (a) Load-deflection curves for all loading cycles for PCB1 and PCB2 (maximum values), 

(b) Load-deflection curves for the last loading cycle for PCB1 and PCB2 

 

3.2.2 Strain mode shapes 

The influence of the increasing damage and of the temperature fluctuations throughout 

the PDT on the strain mode shapes is investigated. First, the strain mode shapes for the 

same damaged state are compared, to investigate the influence of the temperature 

fluctuations. Combined graphs are given, where the identified strain mode shapes of the 

same damaged state are plotted on top of each other. A least-squares fit is applied for 

the determination of the scale factor that links the strain mode shapes of the various 

tests within the same loading cycle with the strain mode shapes of the first test. The 

strain mode shapes of modes B1 and B2 are shown in Figure 14, for the 4
th

 loading 

cycle (after 100 kN), where the largest temperature range is recorded (Table 1). Similar 

to what is observed for the natural frequencies, there is no clear influence of the 

temperature on the strain mode shapes, for the given limited temperature range. The 

same conclusion applies for modes B3 and B4 and thus they are not presented. 
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Figure 13. In-plane strain mode shapes for modes B1 and B2, for the 4

th
 loading cycle (100 kN). The 

first step corresponds to the first test of the cycle. The top subplots correspond to the top fibers and 

the bottom to the bottom fibers. The left subplots correspond to the side of the beam with positive 

y-coordinates while the right subplots to the side of the beam with negative y-coordinates The dash-

dotted lines indicate the location of the supports and the location of the load application.  

Finally, the influence of the limited damage of the PCB2 on the strain mode shapes is 

investigated. Since no influence of the temperature on the strain mode shapes is 

identified, it can be considered that the average strain mode shape within the tests of a 

damaged state can be considered as representative of this state. Therefore, an average 

strain mode shape is obtained for each damaged state, by calculating the average of the 

modal strain amplitude for each measuring location from the several tests. Then, A 

least-squares fit is applied for the determination of the scale factor that links the average 

strain mode shapes of the various loading cycles with the average strain mode shapes of 

the undamaged beam. The strain mode shapes are shown in Figure 14. As expected, due 

to the very limited level of damage in the PCB2, there is almost no influence also on the 

strain mode shapes. 

 

 

 
Figure 14. Evolution of the in-plane strain mode shapes, for the first 7 loading cycles. The first step 

corresponds to the undamaged PCB2. The top subplots correspond to the top fibers and the bottom 

to the bottom fibers. The left subplots correspond to the side of the beam with positive y-

coordinates while the right subplots to the side of the beam with negative y-coordinates The dash-

dotted lines indicate the location of the supports and the location of the load application. 

 

4.  Conclusions 
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In this article, a new method was presented for VBSHM by means of quasi-distributed 

longitudinal macro-strain FBG sensing. The method was demonstrated and validated by 

progressive damage testing of two concrete beams of different prestressing force.  

The influence of the bending damage due to overload on the dynamic characteristics 

was investigated on the two beams. For PCB1, where the prestressing force was 50% of 

σp0,max, a case that can be compared with a real structural (e.g. bridge) where part of the 

prestressing force has been lost (e.g. due to corrosion of the steel tendons), the damage 

that was induced into the beam by the PDT caused important changes in the natural 

frequencies and strain mode shapes identified from the FBG data, in a relatively early 

stage. The sensitivity becomes even larger when the height of the neutral axis (yN(x)) is 

calculated from the modal strains, where a consistent shift of the axis is observed 

throughout the PDT for the different damage levels.  

For PCB2, where the prestressing force was 100% of σp0,max and overloading was the 

cause of the failure, damage (cracking with open cracks) occured in a very late stage. 

Such a high prestressing force that is not combined with the influence of a high self-

weight of the structure, is a very challenging case for VBSHM, as the high levels of 

prestressing result in almost closed cracks after the unloading of the beam. Thus, the 

changes in the dynamic stiffness are very small when the beam is unloaded, even when 

the cracks are clearly visible when the beam is loaded. This is a case that seldom occurs 

on real structures, such as bridges, where the high self-weight of the deck of a bridge 

would keep the cracks open, even when there is no traffic on top and would facilitate 

the identification of the damage through VBSHM means.  

No clear influence of temperature on the dynamic characteristics was observed, as a 

very moderate temperature range of less than 5 ºC was achieved in the laboratory. Thus, 

no changes of the dynamic characteristics of PCB2 due to temperature fluctuations were 

observed. More experiments are planned in the future, where a larger temperature range 

is to be achieved.  
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