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Abstract 
Cuba has a dense railway network with a high number of bridges. The railway network was 
established 177 years ago and had his golden age in the past century. Steel bridges in this 
network are often more than 100 years old. According to data from 2005, 30 % of the bridges 
are in bad condition and a speed limit of 15 km/h was imposed. The highway network and 
communication infrastructure are characterized by similar problems, for example, 59 
television towers have failed in the period 1996 Î 2012 of which 70% were in operation for 
at least 30 years. Cuba is thus facing huge challengers in the management of its 
infrastructure networks with the very limited resources available. 
Recently, the National Enterprise for Applied Investigations (ENIA) of Cuba acquired a 
georadar, IBIS, for health monitoring and damage assessment of structures in general and 
bridges in particular. The georadar measurements are used for operational modal analysis. 
This paper will present several study cases highlighting the possibilities of this technique as 
well as particular challenges faced in Cuba. In some bridges, speed limitations imposed 
following the observation of severe damage have led to even higher response levels. In other 
cases, the assessment of damage and decisions on interventions had to be made relying on 
incomplete information with regard to structural properties. The paper will also provide an 
outlook on the planned research within the frame of a recently approved TEAM VLIR-UOS 
tgugctej"rtqlgev"kpxqnxkpi"MW"Ngwxgp"*Dgnikwo+."vjg"Wpkxgtukfcf"Egpvtcn"ÐOctvc"CdtgwÑ"fg"
Ncu"Xknncu"cpf"vjg"Kpuvkvwvq"Uwrgtkqt"Rqnkvfiepkeq"ÐLqug"Cpvqpkq"Gejgxctt‡cÑ"yjkej"ckou"cv"
transferring knowledge on vibration-based methods for monitoring, structural parameters 
identification, damage assessment and the development of a global strategy for infrastructure 
management.  

8th European Workshop On Structural Health Monitoring (EWSHM 2016), 5-8 July 2016, Spain, Bilbao
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1. IN T R O DU C T I O N 
Cuba has a dense railway network with a high number of bridges. The railway network was 
established 177 years ago and had his golden age in the past century. Steel bridges in this 
network are often more than 100 years old. According to data from 2005, 30 % of the bridges 
is in bad condition and a speed limit of 15 km/h was imposed. The highway network and 
communication infrastructure are characterized by similar problems, for example, 59 
television towers have failed in the period 1996 Î 2012 of which 70% were in operation for at 
least 30 years. Cuba is thus facing huge challengers in the management of its infrastructure 
networks with the very limited resources available. 
Structural health monitoring in Cuba started in 2001 when a bridge verification station was 
taken in use by the Ministry of Transports. The Data Acquisition System (DA) consisted of 
32 channels for displacement, temperature and acceleration sensors, but is out of operation 
since 2007. 
Recently, the National Enterprise for Applied Investigations (ENIA) of Cuba acquired a 
georadar IBIS [5], for health monitoring and damage assessment of structures in general and 
bridges in particular. The georadar measurements are used for operational modal analysis. 
The georadar IBIS (Fig. 1) uses interferometry for contactless measurements of 
displacements, without requiring any sensors, cables or DA system. Displacements are 
measured up to a precision of 10-5 m, with a sampling rate between 100Hz and 200Hz. The 
equipment is easy to handle and comes with software for post-processing static and dynamic 
response signals. Fig. 2 illustrates the principle of interferometry. The displacements d are 
determined from the phase difference 〉l of reflected electromagnetic waves, following [15]: 穴噺"伐 膏 4講ゲッ砿 (1) 

  
F ig. 1 Georadar IBIS F ig. 2 Interferometry principle. 

The georadar IBIS allows for the following static and dynamic analyses of the structural 
displacement, including the following features: (1) real-time remote sensing up to a distance 
of 1 km; (2) a high measurement accuracy with displacements as little as 0.01 mm measured 
at up to a distance of 0.5 km; (3) a high sampling frequency up to 200 Hz; (4) high 
operational availability, day & night and in all weather conditions [5]. 
Although the georadar offers a lot of possibilities for structural health monitoring, some 
limitations were identified in case studies: spurious wave reflections on vehicles or other 
mobile targets may lead to false results, the objects to identify should be placed at a distance 
larger than the spatial resolution of the device, that is in this case 0.75 m, and reflectors are 
needed to obtain good signals in metallic structures. 
2. ST RU C T UR A L H E A L T H M O NI T O RIN G : R A I L R O A D BRID G E 
One of the first case studies investigated with the georadar IBIS was the railway bridge that 
crosses the freeway Havana - Pinar del Río (Fig. 3). The bridge has four segments: two 
simply supported beams spanning 18.20 m over the highway and smaller spans of 12.5 m 
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connecting the central spans to the abutments. The height of the bridge girders over the 
highway is 4.2 m. Fig. 4 shows a cross section of the bridge [1]. 
 

  
F ig. 3 Railway bridge over the Havana - Pinar del 

Río freeway 
F ig. 4 Bridge section 

The compressive strength of the concrete was hÓc = 24 MPa for the reinforced concrete (RC) 
dgcou"cpf"hÓe"?"59"ORc"hqt" the pre-stressed beams. The concrete cover ranges from 2.5 to 
7.5 cm with a porosity lower than 10%. The pre-stressed beams had 5 cables of 12 threads, 7 
mm diameter each. The structural assessment included the identification of the fundamental 
characteristics of the structure (component materials, geometry, loads and support conditions) 
and the structural behavior through static and dynamic load tests. In addition to the tests, a 
finite element model of the structure was built using MIDAS Civilian software [6]. 
During the dynamic tests, the response of the bridge was measured during the passage of a 
Chinese locomotive of the type DF7g-C with a total mass of 123 tons (205 kN/axle for a total 
of 6 axles). The measurements were performed for train speeds of 20, 40, 60, and 80 
km/h(Fig. 5). The natural frequencies, mode shapes and damping ratios were extracted from 
the results of the dynamic tests using the system identification software of the Georadar IBIS 
operating system [5]. 

  
F ig. 5 Outline of the locomotive D F7g-C . F ig. 6 Reflectors position for modal and static tests 

The response of the bridge during the train passages was measured in 3 control points where 
reflectors were attached to the bridge. For each train passage, a time record was measured, 
including 5 minutes before and after the train passing. The time history of the measured 
velocities is shown in Fig. 7 and 8 for two control points. The maximum value of the 
recorded vibration velocity was16 mm/s. A value of 0.047 was estimated for the damping 
ratio from the time history of the vibration velocities by means of the logarithmic decrement 
method [3]: 

 
(2) 
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F ig. 7 Time history of the vibration velocity at 

reflector 1. (Center of Span) F ig. 8 T-H on velocities on reflector 2.(1/4 of Span) 

Processing these signals at least two natural frequencies can be clearly observed. Additional 
natural frequencies were identified using filtering and digital signal processing techniques. A 
summary of the findings is given in Table 1.  

This case study made it very clear that more 
resources are needed for an accurate and 
sound assessment of the bridge. There is 
currently a lack of measurement procedures, 
allowing for example the use of multi-setup 
techniques for modal analysis. Such extension 
of experimental resources is crucial for the 
deployment of vibration-based damage 
assessment methods in Cuba as a complement 

to common visual inspections. This is a key challenge for the Cuban research institutes 
involved.  
 
 
 
 
 
 
3. ST RU C T UR A L H E A L T H M O NI T O RIN G: H I G H W A Y BRID G E 
Vjg"ÐDqec"fg"LctweqÑ"dtkfig"ku"c"jkijyc{"bridge of the Gerber type, located in the province 
of Mayabeque, on km. 40 of Via Blanca, a highway that connects the cities of Havana and 
Matanzas (Fig. 10) [8].  
The location of the Georadar and the control points where reflectors are applied is shown in 
Fig. 11. Measurements were performed at the points: 
̇ R1 Î at mid-span of the continuous beam with a 23 m span (axis L Î M). 
̇ R2 Î at the support of the continuous beam (axis M). 
̇ R3 Î at the end of the cantilever segment of the continuous beam / support of the isostatic 

simply supported beam (axis M´). 
̇ R4 Î at mid-span of the isostatic beam with a 14m span (axis M´ - OÑ+0 
̇ R3 Î at the end of the cantilever segment of the continuous beam / support of the isostatic 

beam (axis OÑ+0 
̇ R6 Î at the support of the continuous beam (axis N). 

 

 
F ig. 9, adapted from [7] 

Table 1: Identified natural frequencies and periods of the Bridge. 
No Frequency [Hz] Period [s] Observations 
1 3.14 0.32 Fundamental 
2 8.33 0.12  
3 21.66 0.05  
4 37.50 0.03  
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F ig. 10 ÐDqec"LctweqÑ"dtkfig0 F ig. 12 ÐDki"VtckpÑ"vtwem"hqt modal testing loads 

 

 
F ig. 112Layout of Georadar location and reflector positions along the bridge. 

Modal tests were performed to identify, through system identification techniques, natural 
frequencies, damping ratios and mode shapes. Three different sources of excitation were used 
for this aim: normal traffic on the bridge, ambient excitation, and a testing vehicle (Fig, 12). 
The testing vehicle was driven over the bridge at different speeds and directions of 
circulation (Table 2).  

Table 2. Modal test parameters 

No. Description 
Sampling 

Frequency (Hz) 
Duration 

(hh:mm:ss) 
Observation 

PCD-01 Normal Traffic 180.7 00:20:14 
Vehicles passing at 

different speeds 
PCD-02 Empty bridge 180.7 00:15:00 Ambient excitation 
PCD-03 30 km/h  180.7 00:03:31 Matanzas - Havana 
PCD-04 30 km/h 180.7 00:06:30 Havana - Matanzas 
PCD-05 60 km/h 180.7 00:07:20 Matanzas - Havana 
PCD-06 60 km/h 180.7 00:08:14 Havana - Matanzas 
PCD-07 75 km/h 180.7 00:06:34 Matanzas - Havana 
PCD-08 90 km/h 180.7 00:05:40 Matanzas - Havana 
PCD-09 90 km/h 180.7 00:06:10 Habana Î Matanzas 

The Fourier Transform of the time history of the displacements recorded at different 
reflectors, allowing for the identification of the natural frequencies, is shown in Fig. 13. The 
firsts 8 modes of the bridge were identified using a peak picking procedure (Table 3) and 
were used to calibrate a finite element model of the bridge built in MIDAS GEN [6]. In the 
PSD of the displacements, clear peaks are observed at the first four natural frequencies. 
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F ig. 13 Fourier Transform of the time-history signals 
of displacements 

F ig. 14 Mode shape for damaged (red) and 
undamaged (blue) state of the segment 

 
Table no. 3 Modes and natural frequencies identified 

Mode No. Frequency (Hz) Mode Type 
1 2.64 Lateral 
2 2.76 Lateral 
3 3.00 Torsional 
4 3.50 Torsional 
5 3.75 Torsional 
6 4.50 Bending 
7 5.24 Bending 
8 7.00 Bending 

The damping ratio was again determined using the logarithmic decrement method, resulting 
in a value of つ"?"0.0236 [3], which is relatively low for a concrete bridge deck structure. The 
identified modal characteristics could be used for vibration-based damage assessment. Of the 
multitude of vibration-based damage assessment methods, the Strain Energy Method (SEM), 
was used for locating damage on the present bridge [18, 19, 17, 8]. 
The SEM has been used in Civil Engineering and Biomechanics, and is based on the analysis 
of variation of strain energy in structural members in bending before and after the damage 
occurrence. The strain energy of a Bernoulli-Euler beam is given by [20]: 

 
(3) 

where U is the deformation energy, EI(x) is the flexural rigidity of the beam, L ku" vjg" dgcoÓu 
length and v ku" vjg" dgcoÓu" xgtvkecn" fghngevkqp0" Hqt" c" rctvkewnct"oqfg" ujcrg." hi (x), the energy 
associated with that mode shape is: 

 
(4) 

If the beam is subdivided into Nd  regions, then the energy associated with each region j due to the 
ith mode is given by: 

 
(5) 
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where a j and a j+1 are the limits of the region j. The energy fraction is defined as the ration between 
the deformation energy of the beam and the energy of the element, given by Equations (4, 5) 
[20]: 

 

(6) 

Similar quantities can be defined for a damaged structure, denoted here and ahead by *[20]. By 
considering that the damage is small and localized, equations for damaged and undamaged 
regions could be related and simplified as follows: 

 

(7) 

where ÊI j and  can be obtained using mean value theorem [18]. By calculating the average 
value for the number of modes (n) used one obtains: 

 

(8) 

where  is the damage indicator of the region j. In order to have more representative values and 
to be able to compare them in various examples, authors standardize the damage indicator [20]: 

 
(9) 

where  and  represent the mean and standard deviation of , respectively. Any segment with 
a value Zi exceeding 0.5 is considered damaged [17, 18, 19, 20]. 
For this analysis, bending mode 8 (f = 7.00 Hz) in Table 3 was selected. Modal coordinates 
for the damaged (measured) state (red lines on Fig. 15) were obtained using the digital signal 
processing package incorporated in the operating system of the IBIS georadar [5]. The data 
was collected from the different modal tests mentioned on Table 2. Since measurements were 
not performed in a reference, undamaged condition, the modal coordinates in undamaged 
condition were generated using the finite element model developed in MIDAS GEN [6]. The 
values of Zi corresponding to every segment of the bridge under evaluation, and a layout of 
damaged zones of the bridge are shown in Figs. 15 and 16. Fig. 14 shows that due to a lack of 
measurement points, the modal coordinates could be barely identified from the modal tests. 

Nevertheless, the SEM allowed to identify 
damage or structural malfunctioning of 
segments 1, 3 and 4 which is consistent with 
the visual and pathological survey done in the 
corresponding report [8]. 
 
3. I MPOSE D SPE E D L I M I T A T I O NS O N 
R A I L R O A D BRID G ES 
The last case study is a 18.38 m span steel 
railway bridge, with two built-up beams with 

a full web and upper deck, which is located in between Santa Clara central station and the 
tckntqcf"{ctf"ÐEgpk¦cuÑ0"The web of the beams is built from plates of 1830 mm height and 10 
mm thickness, 4 angles 150 mm x 150 mm x 15 mm, while the flanges consist of plates of 

 
F ig. 15 Coefficients Z i for assessed segments  
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360 mm width and 15 mm thickness. The distance between the two beams is 2140 mm. The 
computed value of the moment of inertia in design was 0.0839 m4 (Fig. 17) [2]. 
Due to the evident damaged state of the bridge (Fig. 18), it was decided to limit the speed of 
train circulation on the bridge to 15 km/h, with the corresponding reduction in traffic 
capacity, which is a commonly adopted measure in these cases. 

 
F ig. 16 Nc{qwv"qh"fcocigf"ugiogpvu"qh"vjg"ÐDqec"fg"LctweqÑ"Dtkfig0 

To evaluate this decision, a dynamic analysis was made using the direct time integration 
method. A beam model was used to evaluate the response of the bridge, characterized by the 
moment of inertia and mass per unit length of 2043.8 kg/m. 

  
F ig. 17 Dtkfig"ÐEgpk¦cÑ F ig. 18 Detected damages on the bridge 

A moving load model was considered to represent the train which consisted of a locomotive 
TEM-4 y tank type boxcars (Fig. 19) 

 
F ig. 19  Loads from Locomotive TEM-4 y tank type boxcars 

In the analysis, the first three modes of the bridge were considered, with a damping value つ"?"
0.02 as is common for steel bridges [13].The response of the bridge was determined using 
direct time integration, taking into account the first three modes of the bridge. The results 
obtained from this analysis, for the train TEM-4 (Fig. 19), are compared in Fig. 20 with the 
general trends of guidelines [11, 12, 14, 15, 16]. Among many others conclusions, the most 
relevant point is the fact that a limitation of the train speed to 15 km/h does not help to reduce 
the dynamic amplification factor in this case. The results show that for speeds of 20, 70 and 
80 km/h, the values of the dynamic coefficient are smaller than the one obtained for 15 kph.  
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F ig. 20 Dynamic amplification factor of the undamaged bridge as a function of the train speed:  Direct 

Integration Method,  Eurocode (Comité Europeo de Normalización (CEN), 1995) Ramal Standard, Ministry of 

Transport, function of span and velocity   32],  Ramal Standard, Ministry of Transport, other expression [14],  Cuban 

Standard [16],  Spanish Standard [15] 
4. C O N C L USI O NS 
The implementation of state of the art vibration-based damage assessment methods in Cuba 
is hindered by a lack of experimental resources, measurement procedures, and qualified 
technical personnel. This impedes the interpretation of the results of these tests and the 
application of advanced methods for the structural health monitoring of bridges and other 
structures of civil engineering. 
The general lack of appropriate dynamic testing procedures is also found to lead to 
inadequate technical solutions. This constitutes one of the fundamental challenges in the 
assessment of civil engineering structures, which is a prerequisite for the development of an 
intelligent management and maintenance program. 
6. A C K N O W L E D G M E N TS 
This paper provides an overview of several studies presented during and after the final 
yqtmujqr"ÐUvtwevwtcn"F{pcoke"hqt"Gpikpggtkpi"crrnkecvkqpuÑ"qticpk¦gf"in Santa Clara, Cuba, 
on December 8th-10th of 2014, as part of a SI-XNKT"Rtqlgev"ÐEqorwvcvkqpcn"Vgejpkswgu"hqt"
Gpikpggtkpi"CrrnkecvkqpuÑ" *Ugrv0" 4234" vq"Fge0" 4236+." uwrrqtvgf" d{" vjg"Eqorwvgt" Uekgpeg"
Department and by the Structural Mechanic Section of the Civil Engineering Department of 
KU Leuven (Belgium) and CIMCNI from the Faculty of Construction of the Universidad 
Egpvtcn" ÐOctvc" CdtgwÑ" fg" Ncu" Xknncu" cpf" qvjgt" Ewdcp" kpuvkvwvkqpu0" Vjg" kuuwgu" fkuewuugf"
during the workshop led to the TEAM-XNKT"Rtqlgev"ÐXkdtcvkqp-based Assessment of Civil 
Gpikpggtkpi"*XKDTCU+Ñ"uvctvgf"kp"Octej"4238"ykvj"c"fwtcvkqp"qh"6"{gctu"cpf"hwpfkpi"htqo"
Flemish Inter University Council (VLIR-UOS), aiming to build in Cuba capacity in vibration 
measurements and vibration-based assessment of civil engineering structures and building 
and strengthening capacity in academic research on structural dynamics in Cuba (relevant for 
ykpf" nqcfkpi." vtchhke." ugkuoke" cevkxkv{."È+. The research team for ÐXKDTCUÑ" cpf" cwvjqtu"
gratefully acknowledge contribution of all Belgian and Cuban collaborating institutions for 
their invaluable contributions, included the following individuals, each of whom made 
significant contributions to the research: Guido de Roeck and Edwin Reydners, Structural 
Mechanic Section, Civil Engineering Department of KU Leuven. 
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