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Abstract


In recent years, Interferometric Synthetic Aperture Radar (InSAR) technology has been able to determine the semi-static behavior of bridges. However, most of the research about the use of InSAR in the monitoring of bridges has been applied only in deterministic assessments of their performance. Therefore, in the current manuscript, the Usumacinta Bridge, located in Mexico, was evaluated based on a probabilistic methodology to define structural reliability using images from Sentinel-1. In addition, a controlled experiment was developed using a corner reflector (CR) to evaluate the capabilities of InSAR for determining vertical displacements. In the trial, the CR was designed, oriented, and implemented, finding discrepancies concerning leveling of less than 2 mm. On the other hand, the case of the alternative probabilistic approach integrates the reliability of structures theory and probability density functions (PDFs) of displacements obtained via InSAR technology. In summary, the proposed study focused on the analysis of two years of vertical displacements and monthly velocities; then, implementing the alternative probabilistic approach, the reliability index (β) and probability of risk (PR) of the bridge were extracted, respectively. Based on the results of the experimental part of the paper, the displacements indicated maximum and minimum values of reliability index of 8.1 and 3.4, respectively. Within this context, the mean and standard deviation obtained were 5.9 and 1.4, respectively. On the other hand, the monthly velocities showed a maximum probability of risk of 2.61%, minimum value of 1.5 × 10−5%, mean of 0.4%, and standard deviation of 0.8%. Hence, the above-documented results indicate that the Usumacinta Bridge did not suffer any damage during its overloading condition period.






Keywords:


InSAR; bridge monitoring; structural reliability; probability of risk; SHM












1. Introduction


The main aim of people who work within the field of bridge engineering is to develop an optical methodology to reduce failures in these structures [1]. Therefore, different perspectives have been studied; for example, there are works focused on assessing materials [2,3,4,5], detecting damage [6], or proposing alternative measurement methodologies [7]. In this sense, the Interferometric Synthetic Aperture Radar (InSAR) technology is taking a relevant position in the field of Structural Health Monitoring (SHM). That last fact is justified by InSAR’s capability to determine displacements with high accuracy (millimeter/centimeter level) and remotely [8]. Thus, the evaluation of bridges can be easily complemented via the frequent acquisition of satellite images. This is solid progress considering that one of the most frequently used methodologies to evaluate the structural condition of bridges is based on visual inspections, which are carried out once per year at best, or at worst, such inspections are not performed during long time periods, creating a risk for the integrity of the bridges as well as the safety of users.



Due to the sampling frequency of images, InSAR can be used to analyze the semi-static performance of structures. This kind of structural performance is determined by displacements produced by slow loadings such as scour, loss of stiffness, and changes in temperature. In the scientific literature, there are examples of investigations where InSAR technology has been implemented in the SHM of bridges. For example, for the case of scour issues in bridges, Selvakumaran et al. (2018) [9] assessed displacements provoking the partial failure of the Tadcaster Bridge; Sosa and Bastos (2013) [10] extracted 5.5 years of displacements in the Hintze Ribeiro centennial bridge, where a velocity of −19.7 mm/year was found. On the other hand, the loss of stiffness in bridges using InSAR was studied by Jung et al. (2019) [11], where the long-term deflections on Kimdaejung and Muyoung Bridges were estimated. Vadivel et al. (2020) [12] analyzed the Deokyang and Kimdaejung Bridges, finding mean displacement velocities of −1.34 and −8.8 mm/year, respectively. In the case of displacements produced by changes in temperature, Cusson et al. (2018) [13] evaluated the thermal influence involved in InSAR time series with respect to a mathematical model. Some research, such as Milillo et al. (2019), Lanari et al. (2019), and Milillo et al. (2020) [14,15,16], has studied bridges after a collapse, like the case of the Morandi Bridge in Italy. In addition, there are scientific works that analyze the post-processing of InSAR displacements; within this frame of reference, Schlogl et al. (2020) [17] developed a sequence of steps to improve the InSAR time series for identifying random noise, tendency, and seasonal behavior. Ma et al. (2019) [18] proposed applying Gaussian filters to enhance InSAR time series. Xiong et al. (2021) [19] applied an Empirical Mode Decomposition (EMD) and the Augmented Dickey–Fuller (ADF) test to estimate changes in displacements. Huang et al. (2017) [20] estimated a regression model utilizing InSAR displacements. Moreover, some other investigations developed methodologies to evaluate InSAR time series with respect to state limits; Qin et al. (2021) [21] compared InSAR displacements against the limits planted by a transportation norm (Highway Bridge Technical Condition Evaluation Standard JTGT H21-2011 [22]) in a deterministic manner. The University of Virginia and the US Department of Transportation (2016) [23] proposed general monthly and annual limits for evaluating the vertical displacements of bridges using InSAR. Cusson D. et al. (2020) [24] proposed defining threshold values using thermal behaviors extracted from time series displacements. Giordano et al. (2022) [25] established the Satellite Analysis for Novelty Detection (SAND) methodology for defining abnormal displacements utilizing a statistical approach, which considers a period of displacements when the structure presents optimal operational conditions as an initial reference behavior.



From the current state of the art of the SHM of bridges implementing InSAR technology, one finds that most evaluations are deterministic in nature, comparing only certain performance thresholds. Therefore, the main objective of the proposed investigation is to move from deterministic to probabilistic analysis by applying a stochastic evaluation to extract the structural reliability of the Usumacinta Bridge, evaluating its semi-static displacements of the vertical component. It is important to mention that the Usumacinta Bridge was selected as a case study because it was affected by an overloading condition provoked by vehicles from November 2022 to March 2023. Moreover, it is noteworthy to state that the reliability evaluation was calculated based on the structure’s probability of risk, which was estimated using statistics, two thresholds, and a set of InSAR time series estimated with Sentinel-1 images. In addition, a controlled experiment was developed to evaluate the competencies of InSAR in the field of SHM. In the trial, a corner reflector (CR) was designed, oriented, and implemented.



In summary, this paper is divided into seven sections: the description of the Usumacinta Bridge is defined in Section 2; the proposed methodology to define the structural reliability is presented in Section 3; the controlled test and the one applied to the real case are covered in Section 4 and Section 5, respectively; Section 6 shows the discussions and Section 7 reports the main conclusions of the investigation presented in this manuscript.




2. Case Study


Currently, one of the most important projects in railway infrastructure to be completed in Mexico is the well-known Tren Maya (https://www.gob.mx/trenmaya (accessed on 26 November 2023). This infrastructure project represents the construction of 1525 km of railways over the states of Yucatan, Quintana Roo, Campeche, Chiapas, and Tabasco. The main objective of such a project is to reduce the cost and time to transport tourists, passengers, and goods. Since the Tren Maya is a construction project of great magnitude, its development required a large workforce because of the various structural elements to be built in different regions of the country. Consequently, since those structural elements may be very heavy, the problem of transporting them from one federal entity to another arises, leading to possible structural damage to the road infrastructure through which they must travel. Therefore, the objective of this work is to monitor the structural safety of the Usumacinta Bridge, since a large amount of heavy structural elements for the Tren Maya construction were transported using such a bridge. To achieve this, the InSAR methodology is implemented. In addition, its structural reliability is extracted with an alternative probabilistic approach. Based on federal records, it is known that the Usumacinta Bridge was constantly affected during a period of 5 months (from November 2022 to March 2023) by the set of vehicles that transported extraordinary loads for the construction of the railway of the Tren Maya. Figure 1 illustrates the vehicles that circulated on the Usumacinta Bridge. Figure 1a describes a vehicle characterized by 65 tons and 30 m of weight and length, respectively. On the other hand, Figure 1b presents a structural element with an approximate weight of 132 tons and a total length of 68 m.



The Usumacinta Bridge is on the border of Tabasco and Chiapas states in Mexico, and is part of the Villahermosa–Chetumal highway (see Figure 2). This is a structure mainly composed of beams on two structural bodies with a length of 350 m, 25 m wide, and with spans of 50 m (see Figure 3). A great effort was made to search for historical information about the structure to obtain the architectonic and structural plans, but no information was available, perhaps because of the age of the structure.




3. Methodology


In this section, the methodology for extracting the structural reliability using InSAR time series is described. In this case, the well-known Persistent Scatterers (PS) InSAR approach [26,27] was implemented to determine the semi-static displacements in the vertical component of the Usumacinta Bridge. The images implemented in the InSAR processing were provided by Sentinel-1 with the attributes of a resolution equal to 5 × 20 m, VV polarization, Interferometric Wide (IW) as beam mode, and type L1 Single Look Complex (SLC). Furthermore, it must be stated that only the vertical component was analyzed because it is probable that most of the damage produced by the overloading condition of the Usumacinta Bridge could be present in such a direction. Along these lines, if the elastic limit of the beams is exceeded, cracks and deformations will occur, producing permanent deflections in the deck. Afterward, the InSAR time series of vertical displacements were improved by eliminating outliers’ values. Then, the monthly velocities were calculated, and finally, the reliability index and probability of risk for the structure were estimated with the help of an alternative probabilistic approach.



3.1. PS InSAR


The methodology implemented to process the satellite images was PS InSAR, which is a multi-temporal approach. It is based on considering only elements that reflect stability in the signal emitted by the satellite. Additionally, the set of resulting phases from the different interferograms is employed to reduce sources of errors and isolate the displacements suffered during the cover period. Because of the sake of space, in this paper, a comprehensive explanation of the PS InSAR methodology is not defined in detail. For more information about the approach, please refer to other scientific works [26,27].



Once the InSAR time series from some elements on the bridge had been obtained, the information had to be post-processed to improve the results. Therefore, since potential damages, produced by the overloading vehicles, were related to the vertical response of the structure, the InSAR time series were transformed into vertical coordinates using Equation (1), as follows [28]:


  d v =   d L O S   C o s ( θ )   ,  



(1)




where dv are the semi-static displacements in the vertical component, dLOS are the displacements in the line-of-sight direction, and θ is the incidence angle of the satellite.



Subsequently, the isolated displacements larger than μ ± 3σ, where μ is the mean value of the displacements and σ is the standard deviation, must be eliminated and replaced using a linear interpolation. In addition, the monthly velocities were calculated based on the resulting displacement time series. Finally, the reliability evaluation was calculated considering two circumstances: (1) displacements from April 2021 to April 2023, and (2) monthly velocities from the same two years as in point (1). In the second evaluation, the reliability index was not calculated because the analysis represented a different approach, indicating the chance to present values beyond the established limits.




3.2. Reliability Index


In the research presented in this manuscript, the structural risk of the Usumacinta Bridge is extracted in terms of the reliability index (β) and probability of risk (PR). The β value represents a factor indicating the level of structural safety, and the PR considers the proportion of the calculated discrepancies of the mean resistance and the influence of force, with respect to the combination of their standard deviation [29]. Based on the theory of probability, one way to compute the β value is by considering its corresponding PR, which expresses the likelihood that the bridge under consideration presents displacements larger than the threshold limits. Within this frame of reference, the PR can be calculated using the following equation, considering the threshold limits a and b, respectively [30]:


    P   R   = 1 − P   a < X ≤ b   ,  



(2)




where X represents the displacements registered in the bridge; a is the lower threshold limit; and b is the upper threshold limit.



Figure 4 illustrates an example of the representation of the PDF of displacements where the a and b threshold limits are presented. In Figure 4, the shaded area represents the PR. Conversely, PS, generally known as the probability of security, represents the probability of obtaining displacements within the thresholds; in other words, PS is the complement of PR.



Considering the right-hand side of Equation (2) and what is illustrated in Figure 4, the value of P(a < X ≤ b) can also be calculated as follows [31]:


  P   a < X ≤ b   =   ∫  a   b      f   x       x   d x ,  



(3)




where fx(x)dx is the best-fitted PDF of displacements, and which is selected based on the Chi-squared test of several analyzed distributions [30]. Considering this context, in this paper, the best-fitted PDF was selected between the following eleven PDFs: (1) t-student, (2) logistics, (3) log-logistics, (4) stable, (5) Weibull, (6) generalized extreme value, (7) extreme value, (8) gamma, (9) log-normal, (10) normal, and (11) t-location scale. These PDFs have been validated in other investigations for similar purposes [32].



As mentioned before, one of the most common factors representing the safety of structures is β [33]. The value of β is related to PR and can be solved by the next equation [30]:


  β =   Φ   − 1     1 −   P   R     ,  



(4)




where Φ−1 is the inverse Cumulative Distribution Function (CDF), related to the PDF of the data (displacements) under consideration.



Another important part of the calculation of the β value is the correct selection of the threshold limits a and b, respectively. Such limits are chosen based on the recommendations of the American Association of State Highway and Transportation Officials (AASHTO). In this sense, AASHTO provides limit states for deflections (displacements) with respect to the type of bridge under consideration. For example, the span length divided by 1000 is recommended as a limit for structures with vehicular and pedestrian loads [29]. Thus, for the Usumacinta Bridge, the limits are ±50 mm because its span length is approximately 50 m. Based on this threshold limit and the displacement time series extracted via InSAR, the β values for the Usumacinta Bridge are calculated considering two years of data processing. Up to this point, it is still necessary to determine whether a certain magnitude of β is related to tolerable structural performance. Therefore, according to AASTHO guidelines [29], bridges such as the Usumacinta are designed to accomplish an ideal value of β equal to 3.5. On the other hand, considering the monthly velocity limit of 13 mm/month established by the University of Virginia and the US Department of Transportation [23], the probability of overpassing such a threshold limit is estimated as well. It is important to state that for this last case, the reliability index is not extracted since monthly velocity is not related to the behavior of resistance and the influence of force, respectively. However, it may be an indicator of the performance for the structure under consideration.





4. Controlled Testing Using CR


With the aim of testing the capabilities of PS InSAR in the monitoring of the vertical displacements of a bridge, a controlled experiment was developed using a CR. Therefore, it was necessary to design the CR for transforming a point of interest into the predominant reflector within the desired pixel. Since the employed images were from the mission Sentinel-1, their characteristics must be considered in the computation of the size and shape of the CR. These characteristics are summarized in Table 1 [34].



For the determination of the CR’s dimensions, it is necessary to consider the effective error of the phase (  φ e r r  ), which can be estimated using Equation (5) [35]:


  φ e r r =   1    2 ∗ S C R    ,  



(5)




where SCR is the Signal to Clutter Ratio.



The phase error can be converted to line-of-sight offset errors (derr) utilizing Equation (6) [34]:


  d e r r =   φ e r r ∗ λ   4 π   ,  



(6)




where λ is the signal wavelength.



Considering derr equal to 0.1 mm, the SCR value can be determined using Equation (7), which relates Equations (5) and (6):


  S C R =         λ   0.0001 x 4 π       2     2   ,  



(7)







The result indicates that the value of SCR must be approximately equal to 30 dB. However, the RCS (Radar Cross Section) value of the CR was calculated based on the following Equation (8) [36]:


  S C R = R C S −   10   log  ⁡    A     + C l u t t e r   ,  



(8)




where A is the pixel area (174.3 m2); Clutter is the background noise (−12); and SCR is equal to 30 dB. The result indicates that the CR must generate an RCS equal to or greater than 40.4 dBm2. The value of the RCS of the CR depends on its geometry and size; in this case, a square tetrahedron was used due to its high value of RCS and easy construction. The maximum value of RCS for such a figure is given by Equation (9) [37], where d is the length of the sides.


  M a x R C S =   12 π   d   4       λ   2     ,  



(9)







If it is necessary to obtain a value of RCS equal to 40.4 dBm2, a CR with sides of approximately 1 m is required. The CR built can be seen in Figure 5, before it was installed and oriented.



Once the CR was created, it was anchored to the ground within a forest zone. Four holes of 15 × 30 cm were generated in the CR supports to embed a section of rectangular steel tube in each one. The steel tube had horizontal perforations at certain distances at the level of several millimeter to change the vertical position of the CR and compare the actual displacements concerning new InSAR processing. Figure 6 illustrates the CR, the sections of steel, and three white lines as examples of how the CR supports were changed to accomplish a new position.



The following step was to orientate the CR for reflecting the signals emitted by Sentinel-1. In this case, the selected images to develop the experiment were acquired in ascending orbit by both satellites (A and B), with an azimuth of 349° and an angle of incidence of 39.5811°. Therefore, the orientation of the CR must be with an azimuth of 259°; this value was obtained by adding 90° to the orientation of the satellite, since the radar travels on the right side of the satellite, which indicates that the radar was oriented with an azimuth of 79°. In addition, the CR must be installed in the opposite direction to receive the satellite signal, which means 180° more than the orientation of the radar. On the other hand, the inclination of the CR was 15°, because the incident angle of the signal was approximately 39° and the optimal area of the CR in terms of the maximum RCS was at approximately 54° [38]. To ensure that the CR was correctly installed and oriented, a reflectivity map was implemented utilizing 18 SAR images, where the CR appeared and reflected the signal in a stable manner for each of them. The average of the reflectivity maps is illustrated in Figure 7, and the position of the CR is marked with a red circle.



Considering the above-mentioned criteria, the validation experiment was carried out. Within this frame of reference, for one month, every time the satellite collected an image, the position of the CR was changed. Based on the results, the maximum and minimum displacements were +7.9, and 0 mm, respectively. The InSAR processing implemented six images for the changing period, corresponding to 24 images in total. This consideration meets the requirement to use at least 15 or 20 images [39,40]. Hence, the validation testing consisted of comparing the controlled displacements measured by leveling and InSAR, respectively. The ground truth was determined during each acquisition of the satellites. Meanwhile, the InSAR processing took into consideration a small area, temperature deformation, nonlinear displacements, and images collected by both satellites (A and B). Two processes were developed using the same configuration parameters, except for the reference point. The first comparison is summarized in Table 2. It is observed that the average of the differences was 0.8 mm. The maximum and minimum values were 2.1 mm and −1.4 mm, respectively. Additionally, the standard deviation was equal to 1.21 mm. In this case, the Root Mean Square (RMS) error was 1.37 mm.



Conversely, the second comparison provides an average difference of 0.31 mm, maximum and minimum values of 1.2 and −1.2 mm, respectively, a standard deviation of 0.88 mm, and an RMS error of 0.86 mm. In this case, the differences were smaller than in the first processing (see Table 3).



Due to some values of the ground truth being equal to 0, the percentage error was not calculated for analyzing the capabilities of InSAR for determining vertical displacements in bridges; however, the RMS error and the standard deviation showed in the above short testing values under 1.37 mm and 1.2 mm, respectively. These results agree well with the resulting precision in [41], where the standard deviation was used to assess the experiment.




5. Field Testing on the Usumacinta Bridge


To calculate the semi-static displacements of the Usumacinta Bridge, two InSAR processing procedures were implemented, each of them considering images acquired in ascending and descending directions, respectively. Every process covered the period from April 2021 to April 2023, using information provided only by satellite A with a temporal resolution of 12 days. The software implemented was SARPROZ [42], considering an index of amplitude dispersion of 0.7, a small area, temperature deformation, and nonlinear displacements, with a reference point out of the bridge, and the resulting PS points presented a temporal coherence higher than 0.8. On the Usumacinta Bridge, a total of 16 points were found to be candidates to be monitored, and such points can be seen in Figure 8. The resulting displacements are presented in Figure 9. It is important to mention that due to the lack of information about the bridge, the threshold limits for all the points are equal to ±50 mm. In summary, the mean velocity of the bridge was found to be −0.19 mm/year, presenting maximum and minimum values of 1.68 and −3.5 mm/year, respectively, with a standard deviation of 1.12 mm/year. The mean estimated cumulative displacement in the structure was −0.4 mm, with a maximum value of 3.4 mm, a minimum of −7 mm, and a standard deviation of 2.3 mm. All the points presented cumulative displacements within±10 mm; the maximum range of displacements was in point number 12, and the minimum was found in point number 1. Table 4 shows the velocity and the associated cumulative displacements for all the resulting PS points.



On the other hand, the monthly velocity was calculated for each point, resulting in 24 values. Figure 10 presents the vertical velocity of the 16 points, where all are within the threshold limits of ±13 mm/month.



In Table 5, the mean value and standard deviations of the new time series were calculated. The most stable point was the number 8, with a mean of 0.14 mm/month and standard deviation of 1.44 mm/month; meanwhile, point number 10 was less stable because of a mean value of 0.77 mm/month with a standard deviation of 5.03 mm/month.



Based on the displacements and monthly velocities obtained in this section of the paper, it can be established that the Usumacinta Bridge did not present important anomalies during the transit of the above-mentioned heavy vehicles. However, it is still necessary to define an indicator of safety describing the structural reliability of the bridge. This is addressed in the following section.



Structural Reliability of the Usumacinta Bridge


In this part of the manuscript, the reliability index was calculated using the alternative probabilistic approach presented earlier in Section 3.2. Within this frame of reference, displacements of each point obtained with the help of the InSAR technology were used to extract the corresponding risk of the bridge. For example, displacements of point number 4 presenting values from −7 to 5 mm, a standard deviation of 2.6 mm, and a mean value of −0.005 mm are illustrated in Figure 11. Using the resulting displacement presented in Figure 11, a Chi-squared test was implemented to determine the best-fitted PDF, which turned out to be the Generalized Extreme Value, as illustrated in Figure 12. As observed in Figure 11, the range of displacements was far from the limit states (±50 mm) recommended in transportation guidelines. Therefore, the resulting reliability index (β) was 6.7 for this case, which is a high value considering that the target reliability would be β = 3.5.



For the sake of brevity, the β values for the other points of the Usumacinta Bridge are summarized in Table 6. Maximum and minimum β values of 8.1 and 3.4 were observed, respectively, and a mean value of 5.9 and a standard deviation of 1.4. The results indicate that the structural performance of the bridge during this period was within the safety limits established by AASHTO guidelines.



As a complement to the safety of the Usumacinta Bridge, the monthly velocity values of displacements were calculated for the points under consideration in the structure, and the probability of risk was extracted considering the limits of ±13 mm/month. To illustrate this process, one of the cases is analyzed as follows. The monthly velocities and best-fitted PDF of point number 3 are illustrated in Figure 13 and Figure 14, respectively. Figure 14 demonstrates that the t-student PDF is the one representing in the best way the stochastic behavior of monthly velocities. In the case of the safety of the structure, it was determined that a PR value of 1.64% is one of the highest values of all points in the structure.



The rest of the information in terms of PR is presented in Table 7, where the minimum value was 1.5 × 10−5% at point number 8, the maximum value was 2.61% at point number 4, the mean probability of risk was 0.4%, and the standard deviation was 0.8%. In general, the resulting probabilities of overpassing the threshold limits are very small. Thus, the safety of the Usumacinta Bridge can be declared to be adequate.





6. Discussion


Based on the results in terms of β and PR, the Usumacinta Bridge did not suffer considerable damages from the demands of the heavy vehicles that were overloading it for 5 months. In addition, no changes were found concerning the tendency of the InSAR time series during the period analyzed. In this manner, the capabilities of the proposed approach for defining the structural reliability using semi-static displacements from InSAR were demonstrated in a real case study. Considering the competencies of InSAR for determining accurate displacement in the vertical component with the acquisition of information once per two weeks, the proposed probabilistic approach, which can extract structural risk associated with the bridge performance, and using specific limit states according to the main characteristics of bridge structures, it is possible to improve the administration of the structures during the maintenance and rehabilitation process.



Compared to most of the investigations that employed InSAR technology [9,21,23], this investigation implemented a probabilistic analysis to determine whether the bridge presented normal behavior or not, based on the AASHTO state limits. Along these lines, the structural reliability of bridges can be accurately estimated for events such as scour, loss of stiffness, long-term deflections, and changes produced by temperature. However, to define whether the Usumacinta Bridge is completely within optimal operational conditions, it must be analyzed using a comprehensive dynamic evaluation.



On the other hand, it is important to mention that the state limits implemented in this work are related to serviceability verification; however, they can be improved by using a Finite Element Model or statistical approaches for calculating more accurate values. The specific threshold can cover problems produced by fatigue or even instability, which might produce lower values of the reliability index. Unfortunately, this is beyond the main objective of this paper, but if this is properly determined, it would make it possible to detect potential damages in the bridges during an optimal moment.




7. Conclusions


In the present manuscript, an alternative methodology was introduced and applied to estimate the structural reliability of the Usumacinta Bridge, which was affected by vehicles overloading its main structure for a period of 5 months. The fundamental input required for the investigation was the InSAR time series, which represented the semi-static behavior of the structure in the vertical component. In summary, the main conclusions of this scientific work are listed as follows.



	
The displacements of the Usumacinta Bridge achieved a maximum reliability index value (β) of 8.1 and a minimum one of 3.4. The mean value of β was 5.9, and the standard deviation was 1.4. On the other hand, the calculated monthly velocities presented a maximum probability of risk (PR) of 2.61%. The minimum value was 1.5 × 10−5%, the mean 0.4%, and the standard deviation 0.8%. Based on the results, it can be established that the areas of the bridge analyzed did not present damages produced by the heavy vehicles overloading the main structure.



	
InSAR is a useful technology to determine the semi-static displacements of bridges and estimate their structural reliability. Therefore, a support decision system can be developed to improve the quality of the road infrastructure with the methodology presented in this manuscript.



	
Due to the Sentinel-1 image resolution, a few zones of the bridge were analyzed, which represents a general idea of the actual reliability of the Usumacinta Bridge. An ideal assessment would be a study in detail of the bridge considering the relevant structural elements. This can be accomplished using commercial images and corner reflectors.



	
The proposed probabilistic assessment can be improved by using specific limit states for each structure instead of employing a general one. In addition, more PDFs can be integrated into the methodology to obtain the structural risk.
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Figure 1. Vehicles that affected the Usumacinta Bridge: (a) eighteen-wheeler vehicle of total length of 30 m; (b) eighteen-wheeler vehicle of a total length of 68 m. 
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Figure 2. Geographic location of the Usumacinta Bridge. 
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Figure 3. Usumacinta Bridge: (a) panoramic view; (b) side view. 
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Figure 4. PDF with threshold limits a and b for displacements. 
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Figure 5. CR prior to being installed. 
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Figure 6. Positioning and movement of CR. 
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Figure 7. Location of the CR in the reflectivity map. 
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Figure 8. Resulting points on the Usumacinta Bridge. 
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Figure 9. Resulting displacements on the Usumacinta Bridge. 
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Figure 10. Resulting monthly velocities on the Usumacinta Bridge. 
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Figure 11. Displacements of the point number 4. 
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Figure 12. Statistical distribution of the resulting displacements in point number 4. 
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Figure 13. Monthly velocities in point number 3. 
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Figure 14. Statistical distribution of the resulting monthly velocities in point number 3. 
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Table 1. Characteristics of the Sentinel-1 IWS image.
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	Image Mode
	Azimuthal Resolution (m)
	Slant Range Resolution (m)
	Ground Range Resolution (m)
	Ground Range Resolution Area (m2)
	Clutter (dB)





	Interferometric wide swath
	20.0
	5.0
	8.7
	174.3
	−12










 





Table 2. Results of the first validation testing.
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	Number of the Test
	Ground Truth (mm)
	InSAR Displacements (mm)
	Differences (mm)





	1
	0
	1
	1



	2
	0
	1.6
	1.6



	3
	0
	1
	1



	4
	7.9
	10
	2.1



	5
	7.9
	8.4
	0.5



	6
	15.8
	14.4
	−1.4










 





Table 3. Results of the second validation testing.
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	Number of the Test
	Ground Truth (mm)
	InSAR Displacements (mm)
	Differences (mm)





	1
	0
	0.2
	0.2



	2
	0
	0.2
	0.2



	3
	0
	1.2
	1.2



	4
	7.9
	9.1
	1.2



	5
	7.9
	8.2
	0.3



	6
	15.8
	14.6
	−1.2










 





Table 4. Resulting velocities on the Usumacinta Bridge.
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	Number of the Point
	Velocity (mm/year)
	Cumulative Displacements (mm)





	1
	−3.5 ± 1.4
	−7



	2
	−0.5 ± 0.35
	−1



	3
	−0.66 ± 0.45
	−1.3



	4
	−0.8 ± 0.59
	−1.6



	5
	0.37 ± 0.59
	0.8



	6
	0.45 ± 0.59
	0.9



	7
	−0.2 ± 0.34
	−0.4



	8
	−0.45 ± 0.57
	−0.9



	9
	−0.19 ± 0.37
	−0.4



	10
	0.51 ± 0.4
	1



	11
	0.37 ± 0.28
	0.8



	12
	1.68 ± 0.8
	3.4



	13
	−0.83 ± 0.56
	−1.6



	14
	1.22 ± 0.9
	2.4



	15
	−0.29 ± 0.39
	−0.6



	16
	−0.23 ± 0.49
	−0.4










 





Table 5. Statistics of the monthly velocities.
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	Number of the Point
	Mean Velocity (mm/month)
	Standard Deviation (mm)





	1
	−0.37
	2.45



	2
	0.71
	3.23



	3
	−1.59
	4.13



	4
	−0.38
	3.39



	5
	0.1
	2.29



	6
	−0.003
	3.34



	7
	0.06
	2.12



	8
	0.14
	1.44



	9
	0.7
	3.56



	10
	0.77
	5.03



	11
	0.57
	3.53



	12
	0.26
	2.06



	13
	−0.23
	1.45



	14
	−0.25
	2.47



	15
	0.59
	3.31



	16
	0.64
	2.92










 





Table 6. Resulting β values on the Usumacinta Bridge.
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	Point
	Best-Fitted PDF
	β





	1
	Extreme Value
	8.1



	2
	Extreme Value
	6.6



	3
	Weibull
	6.1



	4
	Generalized Extreme Value
	6.7



	5
	Extreme Value
	7.5



	6
	Extreme Value
	6.0



	7
	Weibull
	7.6



	8
	Stable
	5.2



	9
	Extreme Value
	4.9



	10
	Stable
	3.4



	11
	Extreme Value
	6.5



	12
	Weibull
	7.2



	13
	T Location Scale
	5.9



	14
	Stable
	3.6



	15
	Extreme Value
	5.9



	16
	Weibull
	3.7










 





Table 7. Resulting PR values on the Usumacinta Bridge.
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	Point
	Best-Fitted PDF
	PR





	1
	Logistic
	0.013



	2
	Logistic
	0.17



	3
	t student
	1.64



	4
	Stable
	2.61



	5
	Logistic
	0.006



	6
	Fatigue life
	0.012



	7
	Fisk
	0.036



	8
	Logistic
	1.5 × 10−5



	9
	Stable
	1.78



	10
	Generalized Extreme Value
	8.4 × 10−5



	11
	Logistic
	0.22



	12
	Logistic
	0.002



	13
	Stable
	0.001



	14
	Logistic
	0.001



	15
	Generalized Extreme Value
	0.03



	16
	t student
	0.35
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