
 

Economical Assessment of the SHM System of the Rio Papaloapan Bridge 
 

Juan QUINTANA1, Francisco CARRION1, Saul CRESPO1, Jorge HERNANDEZ1, Hector 
GASCA1 

 

1 Instituto Mexicano del Transporte, Carretera Queretaro Galindo km 12+000, Sanfandila 
Pedro Escobedo Queretaro Mexico, 76703 jaquintana@imt.mx 

 
 

Key words: SHM, Bridge, FBG, Integrity, Instrumentation. 
 
 
Abstract 
The Rio Papaloapan Bridge is the first fully instrumented and continuously monitored bridge 
by the Transport Secretary of Mexico. The SHM system is based on fiber Bragg grating 
(FBG) sensors and started operations in 2013 to monitor structural behavior and guarantee 
bridge integrity and safety. Since then, the monitoring data has been used to set alarm levels 
for normal and abnormal operational conditions, operational and condition limits for 
structural elements, improvement of mathematical models for a more precise simulation of 
extreme conditions, failures or extraordinary events, and to evaluate the impact of past and 
future maintenance activities. From this two year experience and to stablish a good practice 
for instrumentation and monitoring of the most important bridges in Mexico, considering the 
cost effectiveness of the SHM investment, an initial evaluation of the costs and benefits has 
been done to evaluate, on one hand, the value of the real time information for decision 
making and to assure the bridge safety and integrity, versus the initial cost investment for the 
SHM system and the costs for its maintenance, or the limitations of the SHM system to 
predict all possible damage conditions. As an initial conclusion, SHM are cost effective when 
structures are under many external or structural uncertainties affecting structural reliability. 

 
1 INTRODUCTION 

The Rio Papaloapan Bridge, built in 1994, is a stayed structure with 203 meters of main 
span and a total length of 407 m and it is located in the state of Veracruz in the highway that 
connects the central region of Mexico with the southeast. This bridge has 8 semi-harps, with 
14 cables each, for a total of 112 cables. Semi-harps are identified from 1 to 8 as indicated in 
figure 1, and cables are label from 1 to 14, beginning with the shortest [1]. 

The unique design of the upper anchorage system was conceived by Astiz [2], and it is 
based on a steel tapered plate which is connected to the cable through an anchorage element 
that it is cylindrical on one side and flat on the other, and welded from the flat side to the 
plate (figure 2); the cable is fixed through a collar that is screwed to the anchorage element. 
Three different anchorage elements were considered into the design, depending on the load. 
Therefore, there are 8 type 1 elements, 80 type 2 and 24 type elements; main differences 
among elements are the diameters and the lengths. 
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Figure 1: The Rio Papaloapan Bridge and semi-harps identification. 

 

Collar

 
 

Figure 2: Upper anchorage system for the cables 

In January 5, 2000, under normal operational conditions, took place the fracture failure of 
the anchorage element for cable 11 in semi-harp 7 (figure 3). The failure analysis revealed 
that the fracture was in the heat affected zone of the weld in the anchorage element. Further 
investigation showed that the constitutive material of the anchorage element was structurally 
deficient because of a high content of pores and inclusions, with a low toughness due to a 
microstructure with a large grain size. This condition was achieved from deficient casting and 
heat treatment processes, when the anchorage elements were manufactured [3,4]. 

From laboratory tests, it was possible to verify that the chemical composition of the steel, 
the yield stress and the ultimate stress were within specifications according to the ASTM 
A148-80/50 standard [5]. On the other hand, from the tensile test (ASTM E-8), it was found 
that the total strain after rupture was 3%, much less than the specification for structural steel, 
which should be within 20-22%. Though, the initial analysis was confirmed: the high content 
of pores and inclusions (figure 4) from a defective casting process; and a brittle material due 
to a large grain size ASTM 2 (figure 5), caused by a deficient or inexistent heat treatment. As 
a consequence, there was a high probability of failure due to fatigue crack generation and 
propagation. 
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Figure 3: The failed anchorage element of cable 11, semi-harp 7. 

 
 

 

 

 

 

 

Figure 4: Pores and inclusions indicated in a section of the failed anchorage element 

 
 

 

 

 

 

 

Figure 5: Microstructural grain size for the Steel of the failed anchorage element 

From the previous results, a great concern rose up for the overall integrity of the bridge 
and a nondestructive inspection was necessary to identify other anchorage elements with 
similar structural conditions. For this inspection, a specific ultrasonic technique was 
developed to evaluate the anchorage elements, considering that these were partially 
embedded in concrete and the area for inspection was very small (figure 6). The main 
objectives of the ultrasonic inspection were the identification of large grain size and the 
defect content in the steel (mainly pores and inclusions); the first through the analysis of the 
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back wall reflection of the ultrasonic signals to determine energy dispersion [1], and the 
second, with 45° angular inspection. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6: Inspection area accessible for UT  

The inspection of the 111 anchorage elements was carried out on 2003 and it were found 
16 structurally deficient elements, 14 with large grain size and 2 with high defect content. 
Later on, the 16 defective elements were replaced and it was found that the reliability of the 
inspection technique was within 95% [1], but also, 10% of the replaced anchorage elements 
showed some defects in the weld, which were not possible to identify with the ultrasonic 
inspection since this region was not accessible. 

Considering the previous problems and findings, in 2013 a full scope SHM system for 
continuous remote monitoring was installed. The main instrumentation concept was based on 
fiber optics FBG sensors with 24 strain sensors, 24 accelerometers, 8 tilt  meters, 5 
temperature sensors and 1 displacement sensor. Additionally, the SHM system has 2 video 
cameras, one weather station and one seismological station. The power supply for the SHM 
system is from photovoltaic solar cells installed in the bridge for that purpose, and it also has 
a local monitoring center where the multiplexor, interrogator, computer and communications 
interface are installed. The remote monitoring is possible through satellite communication to 
the Monitoring Center for Bridges and Intelligent Structures in the Mexican Transport 
Institute, where the processing and analysis of the information is done, including simulation 
studies, damage detection analysis and prognosis. 

On June 10th 2015, at 7:35:04, the anchorage element of cable 1, semi-harp 5, failed at the 
moment when a heavy overloaded truck passed over the bridge just next to the cable. The 
average velocity of the truck was 60 km/h, with an estimated load within 110 and 120 tons. 
The truck circulated on the right lane of the upstream side, posing the highest possible 
loading condition to the failed cable. Although the bridge was designed to withstand much 
more than that load, it was the failure detonating condition considering the particular 
damaged condition reached by the anchorage element at that moment. Further analysis 
revealed that the main cause was a defective welding and post-heating process which 
generated micro-cracks that eventually evolved into large cracks due to fatigue. Fractography 
examination confirmed the fatigue growth patterns and that the final failure took place after 
60% loss of the cross section area of the weld [6]. 

Since the bridge is being monitored, it was possible to evaluate its structural behavior 
during this event and conclude on the overall effects on the bridge. Additionally, using a 
calibrated FE model, the event was replicated and analyzed to propose immediate actions to 
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lessen the damage effects and to keep the bridge in safe operational conditions.   

2 COST ANALYSIS OF THE SHM SISTEM  

The cost of the SHM system installed on the Rio Papaloapan Bridge includes the 
following: sensor subsystem, local monitoring subsystem, electric power subsystem, and 
installation. The sensor subsystem, with an overall investment cost of 170,000 USD, consists 
of 62 FBG fiber optics sensors of different types, 2 video cameras, 1 weather station, 1 
seismological station and the FO cable. The electric power subsystem, with an initial cost of 
$154,000 USD, includes 96 solar panels, 44 deep cycle batteries, 6 controllers and 8 battery 
enclosures. The cost for the local monitoring subsystem was $60,000 USD and contains 1 FO 
interrogator, 1 FO multiplexor, 1 PC and an enclosure with controlled humidity and 
temperature. The cost of the installation was $390,000 USD. The costs for equipment include 
import and sales taxes, and shipping costs, and all costs listed are for 2013 prices. A 
summary is given in table 1. 
 
 
 
 

Subsystem Cost 

Sensors $ 170,000.00 
Local monitoring $   60,000.00 
Electric power $ 154,000.00 
Installation  $ 390,000.00 

Total investment cost $ 774,000.00 

Table 1: Rio Papaloapan Bridge SHM system initial cost 

 

3 HARD BENEFITS 

In general, hard benefits are measurable financial benefits [7]; some can be obtained 
directly, but others may be calculated from analysis or estimations. Examples of hard benefits 
that SHM systems are those that may be derived from the capital value of the infrastructure, 
reduction of risk and uncertainty (insurance cost), increase of safety and quality, evaluation 
of structural reserve and early detection of defects, safe lifetime extension, and fatigue crack 
detection, among others. 

As for the particular case of the failure of cable 1, semi-harp 5, the first measurable benefit 
of the SHM system it’s related to the measurement of the tension of the 112 stayed cables. In 
general, this process (direct weighting method) is done with a hydraulic jack from the bottom 
of the lower anchorage of a cable that pulls the cable until it is released from the deck and all 
the tensile force is supported by the jack (figure 7). This process is done at night, to prevent 
thermal gradients on the bridge deck, and without live traffic loads. Normally, 4 to 6 
measurements can be done on one day, considering the equipment needed for this and all the 
preparations. A single measurement on all cables takes from 2 to 3 weeks. Also, when mayor 
rehabilitation takes place, the direct weighting is done twice, after and before the 
maintenance. 
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Figure 7: Hydraulic jack used to measure tension on cable stayed.  

 
From an economic point of view, the cost of a single direct weighting is $8,300 USD; 

thus, the overall cost to measure the tensions of all cables after and after the rehabilitation is 
$1’859,200 USD. On the other hand, at present, 16 cables are already instrumented with 
accelerometers and the tension can be calculated from the first vibration mode, and it can be 
obtained almost in real time at any time of the day or night (indirect weighting method). One 
main limitation of the vibration method is that it has to be calibrated from a direct weighting, 
and recalibrated when the some conditions on the cable have changed (mass). As for the 
indirect weighting, the complement instrumentation for the 96 cables would cost 
approximately $300,000 USD, which clearly, it is much more less than the cost of two direct 
weightings on all cables and it opens the possibility of monitoring the tensions during all the 
maintenance process and it can be done automatically. Another limitation is from the present 
maintenance standards for stayed bridges, which require direct weighting and do not accept 
the vibration method. 

From the operation point of view, the direct weighting requires no live traffic loads, which 
means traffic interruptions for almost 15 minutes per measurement. Al this interruptions are 
equivalent to 56 hours (2.33 days). For indirect weighting, only one interruption is needed, 
since all cables can be measured simultaneously. The associated cost to this downtime is 
related to the increment in the travel time costs and accident costs. Although it is not a cost 
that can be calculated directly and requires some more analysis to estimate both, the ride time 
cost and the probability increase for accidents, it should be noted that the compensation cost 
for accidents is 1.5 MD per year. 

A second hard benefit is the fact that there exists a FE model of the bridge, which is 
calibrated for normal and abnormal conditions. The associated cost for a study to develop and 
calibrate a FE model of a large bridge is about $150,000 USD. 

A third hard benefit is the value of the information that it is obtained from the SHM 
system that, when processed properly, gives information on the structural behavior of the 
bridge and gives some more information, not only of the failed cable, but from the deck 
behavior and the overall long term effect of the failure on the bridge, which is not 
measurable, but it can be evaluated from a long term monitoring. 
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Finally, the development of a SHM system required the development of monitoring 
software tailored to the bridge characteristics and needs. A single license for an equivalent 
software cost almost $25,000 USD, while the development cost of the software required 
approximately $50,000 USD, but it can be used in several bridges with different 
characteristics and needs. For example, the initial SHM bridge program considered 10 
bridges, which represents 20% of the total cost of 10 software licenses. 

4 SOFT BENEFITS 

Soft benefits are the intangible benefits perceived by the owner or the users of the 
infrastructure (bridges). Among some of these are: safety and quality, increase of knowledge, 
conformance to standards, image, prestige and public perception. 

From the SHM of the Rio Papaloapan Bridge, one of the benefits was the information 
before, during and after the failure, which was used to reproduce the full event with the FE 
calibrated model, and from all that information, to evaluate the overall effect of the failure on 
critical structural elements of the bridge and to propose immediate actions to reduce the 
effect of the failure, which is the case of a temporary supporting system built in site while 
repairing the cable. 

As for the knowledge, from the start of SHM hitherto, all structural parameters have been 
measured and there are time histories for prognosis. Two main events, previous to the failure 
are worth to mention: an earthquake that took place on April 18th, 2013, where a 0.05° 
permanent tilt on the pylons was measured; although this condition is not critical, if this trend 
continues, it might represent a particular problem in the future. The second event noteworthy 
is the rehabilitation on the bridge done in July 2014, where the dead load of the asphalt layer 
was increased and detected by the SHM system; again, while this particular event was not 
significant, the long term effect can be important, while the tension on the cable increased 2 
tons in average (table 2). 

      

Semi-
harp 

Cable Stayed 4 - (ton) Cable stayed 11 - (ton) 
Past 

Tension 
Actual 
tension 

Increment 
Past 

Tension 
Actual 
tension 

Increment 

1 156.10 157.70 1.60 258.34 260.36 2.02 
2 195.11 196.94 1.83 268.42 271.07 2.65 
3 162.03 163.70 1.67 291.64 294.21 2.57 
4 150.80 151.68 0.88 272.46 274.99 2.53 
5 157.97 159.80 1.83 246.15 248.45 2.30 
6 162.58 164.51 1.93 261.16 263.90 2.74 
7 177.31 179.11 1.80 269.32 271.72 2.40 
8 162.70 163.61 0.91 247.73 249.75 2.02 

Table 2: Tension increase on clables instrumented after preventive maintenance. 

One of the most important soft benefits of a SHM system is the information, especially 
when a failure or a non-expected event takes place. After the failure of cable 1 on semi-harp 
5 of the Rio Papaloapan Bridge, all the data from the SHM system was analyzed and some 
important aspects were identified in a very short time. For example, information from sensor 
R7 (figure 8 and figure 9), which is located at the center of the main span and it is the more 
sensitive to loads, it was possible to determine the exact hour where the failure took place 
(figure 10). Not only that, from the statistical analysis of two years of monitoring and the 
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deformations measured from the sensors, it was possible to calculate the gross net weight and 
speed of the truck that detonated the failure. Most importantly, from the overall analysis of 
the information and the use of the FE calibrated model, it was possible to determine the 
degree of affectation on other critical structural components and to propose immediate 
actions to prevent more damage. 

 

Figure 8: Extensometers locations on Río Papaloapan bridge.  

 

 

 

 

 

 

 

 

 

Figure 9: Dynamic response registered by extensometer 7 during cable failure.  
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Figure 10: Up stream extensometers dynamic response during cable failure. 

6 CONCLUSIONS 

Despite the SHM monitoring system, the failure was not anticipated or prevented. The 
brittleness of the material and the lack of instrumentation on cable 1 are the two main reasons 
for none detection. In this case, acoustic emissions could be an alternative for monitoring but 
it was not considered within the scope of the monitoring system. 

 On the other hand, the sensors’ sensitivity is sufficient to detect load variations and, 
from the statistical information, it is possible to estimate live traffic loads. Also, with the use 
of the calibrated FE model, loading conditions can be simulated to analyze the overall 
structural behavior of the bridge. 

 Historic information (adequately processed), data from a specific event and a 
calibrated simulation model, are the basis for a prompt and effective evaluation of the 
particular event and to propose immediate actions to reduce the potential negative effects. 

 At the same time, the SHM system was useful to design the temporary supporting 
system and to evaluate and validate the design considerations of this supporting system. 

 Finally, the SHM system has been useful to follow up the entire maintenance program 
and to warranty the integrity of the bridge at any stage. 
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