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ABSTRACT 
 
The aqueduct of the City of Queretaro in Mexico is an emblematic historic monument that runs along one of the 
most important avenues and crosses another main boulevard, both with heavy traffic; at this point, the city 
growth is demanding more and more traffic capacity, where the vibration induced by vehicles has an increasing 
effect on the monument’s deterioration. To satisfy actual traffic requirements without causing mayor effects on 
the aqueduct, the authorities of the City of Queretaro started a major project to increase from two traffic lines to 
three. This project included modifications in the aqueduct´s foundations to gain space for the additional line and 
to add stiffness and reduce vibration. Additionally a SHM system was installed to guarantee limits in the 
vibration levels and prevent damage during the construction works. The SHM system was designed on a hybrid 
configuration that included 16 piezoelectric and capacitive accelerometers and fiber optics instrumentation with 
FBG type sensors that involved 8 inclinometers, 15 strain sensors, 12 accelerometers and 1 temperature sensor. 
Monitoring was done during 5 months in 5 different stages and the system was designed with an alarm system to 
detect critical conditions for corrective actions, and included vibration’s analysis to evaluate the effect of 
changes on the structural performance of the aqueduct. At the end of the project, an overall recondition project 
was done to regain the structural capacity of the arches of the aqueduct that was lost and detected by the SHM 
system. 
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INTRODUCTION  
 
One of the most emblematic and representative heritage structures of the city of Santiago de Querétaro (Mexico) 
is the Aqueduct. This structure was constructed during the 18th century and it was the most important hydraulic 
infrastructure that supplied clear water to the city since 1738 until 1903. The Aqueduct of Querétaro was 
divided in three sections; the initial canal, the arches, and the final end canal. The initial channel had an 
approximate length of 5 km from the water spring. The arches, the most know section today, has a total length 
of 1280 meters, with 74 stone arches “Figure 1”. Nowadays, these arches are an important touristic attraction 
and are part of the Historic Monuments declared by the UNESCO in Querétaro City. 
 
At the present time, the aqueduct has been taken up by the city and it is practically sited in the downtown area. 
To relief the traffic at that point, significant works on the main boulevard that crosses under the arches were 
done to increase traffic capacity from two to three lanes. Previous study (Carrion et al. 2010) demonstrated that 
the dynamic behavior of the arches is highly nonlinear, sensitive to temperature and soil conditions, making 
them very sensitive to ambient vibrations. “Figure 2a” shows the dynamic spectrum at the center of one arch, 
measured at different times during one day monitoring study, and “Figure 2b” shows the time frequency 
spectrum at the same point during a 10 minutes monitoring and where it was brought out the strong variation of 
the vibration frequencies, even in a short time period. From that preceding study, it was recommended a 
monitoring system for the aqueduct during any major construction to prevent conditions that jeopardize the 
structural integrity of the monument. 
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Figure 1. View of the Aqueduct of Querétaro 

 

 
(a)                     (b) 

Figure 2. Results from the previous study: a) frequency spectrum from a 24 hour 
monitoring; b) time-frequency behavior for 10 minutes monitoring 

 
Monitoring of heritage structures is becoming more and more common (Glisic et al. 2007) and is highly 
recommended when extreme conditions are present, like earthquakes (Cimellaro et al. 2009 and 2011), gusty 
winds, or when major rehabilitation is necessary (Ceriotti et al. 2009). Different techniques and special studies 
are required to study heritage structures because the structural and dynamic responses of the constitutive 
materials are not fully understood and, in many cases, have a nonlinear behaviour (Ramos et al. 2010). Although 
this complexity, monitoring is a suitable alternative to study these structures with systems less expensive, more 
versatile and flexible, and that allow different types of sensors with different communication (Bachmaier et al. 
2013) and processing alternatives (Rice et al. 2011). In general, it can be stated that the monitoring of heritage 
structures is not only a possibility, but a need to preserve culture and history in the long term. 
  
BOULEVARD EXPANSION PROJECT 
 
The main project was planned for a 6 months term and it has two main objectives; to preserve the historic 
monument, and increase the boulevard’s traffic capacity. To achieve these goals, a stiffer foundation system was 
first considered for the columns of the arches at the intersection part of the aqueduct, making them less sensitive 
to vibration and soil changes. “Figures 3 and 4” show the cross section diagram and a rendering of the 
reconditioned final state of the boulevard and a general view of the foundation system for the columns and 
tunnels. 
 
At the beginning of the project, drilling was expected to be one of the most critical stages that could induce a 
large vibration to the arches, but also, pavement demolition, soil compaction, and concrete demolition were 
important and of main concert. For that reason, a SHM system was planned to operate 24 hours a day, 7 days a 
week, from the beginning to the end of the project. 



 
Figure 3. Cross section diagram of the rebuilding project 

 

 
Figure 4. Portrayal of the expansion project of the boulevard 

 
THE SHM MONITORING SYSTEM 
 
The structural monitoring system for the arches of the Aqueduct of Queretaro consisted of two independent 
frameworks, the first with 16 low frequency high sensitivity accelerometers as a first warning system to identify 
unacceptable vibration levels during the project. The second, the long term integrity monitoring system, was 
designed to evaluate the effects of construction works on the aqueduct and it was integrated with 40 FBG optical 
sensors: 8 tilt meters, 15 strain sensors, 16 accelerometers, and one temperature sensor (not considering the 
temperature sensors used to compensate the readings from the tilt meters and strain sensors). 
 
First Warning Monitoring System 
 
This system included high sensitivity low frequency accelerometers, 6 piezoelectric Vibrametrics CBM 2000 
sensors and 10 Crossbow capacitive sensors. These sensors were located at critical points on the structure on the 
top central part of the arches and at the columns on the lower part of the arches “Figure 5”. These sensors were 
wired with noise shielded cables to a local control room located 140 meters away from the instrumented section. 
National Instruments multiplexor and a DAQ card were used to connect these sensors to the computer, where 
the LabView program was used to display and process the monitoring recorded data “Figure 6”. 
 
Long Term Integrity Monitoring System 
 
The long term integrity monitoring system was based on a platform of Fibre Bragg Grating (FBG) optical 
sensors with 8 FBG Korea tilt meters, and 15 strain, 16 accelerometers and 1 temperature Micron Optics sensors. 
In this case, the strain sensors and tilt meters were temperature compensated, making an optical network with 63 
FBG sensors. All devices were also located “Figure 7” at critical points to study structural performance and 
evaluate ambient effects (mainly temperature) and structural changes due to the construction project. 



 
Figure 5. Instrumentation layout of the 16 accelerometers used for the first warning system 

 

 
Figure 6. Connection layout for the 16 piezoelectric and capacitive accelerometers 

 

 
Figure 7. Instrumentation layout for the 39 FBG sensors used for long term analysis 



A trunk FO cable with 16 fibres connected the sensors to the control room to a multiplexor and interrogator 
(Micron Optics) on a network of 8 instrumentation loops. An Ethernet cable connected the interrogator to the 
computer and LabView software was used to process, display and store data “Figure 8”.  
 

 
Figure 8. Connection layout of the 39 FBG sensors 

 
MONITORING STRATEGY 
 
The overall monitoring strategy was defined by the authority of the State of Queretaro, that constituted a 
monitoring and evaluation board. This committee, to warranty the monitoring interpretations, required 
specification cards and calibration certificates for all the instrumentation and sensors, quality tests for the system 
installation and operation and instrumentation layouts. At the same time, they set the contents and specifications 
of the daily and special reports to have an expedite interpretation of the monitoring. Finally, bur not less 
important, they also set up two different criteria for the alarm limits for the accelerations and for the 
displacements; the latter, calculated from the accelerometers, strain sensors and tilt meters.  
 
To satisfy the needs of the monitoring committee, the state authorities and the group responsible for the 
monitoring, a web page was designed to access in real time the monitoring system, to generate the daily reports, 
to store instrumentation and sensor information, and to create a data base picture gallery with images of the 
construction process “Figure 9”.  
 

 
Figure 9. Web home page for remote monitoring and reporting systems 



Alarm Settings 
 
Setting alarm limits for monitoring of a general structure, is not always an easy task, while it depends on the 
constitutive material performance and resistance, it also depends on the overall dynamic behaviour of the 
structure; at the same time, it should also consider the long term deterioration processes that may occur. Many 
attempts have been made to define a general criterion (Robichaud and Eng, 2009; Wenzel and Pichler, 2005), 
but heritage structures have also strong limitations for their already exposition to deterioration (hundreds of 
years), the lack of accurate data of the mechanical properties of the constitutive materials, their inhomogeneity 
and typical nonlinear behavior. Based on specific recommendations (Rainer, 1982) and personal experience of 
some members, the monitoring board defined the alarm limits according to Tables 1 and 2. 
 

Table 1. Acceleration alarm limits 

Alarm level Lower limit 
(g’s) 

Upper limit 
(g’s) Observations 

Green 0.000 0.030  

Yellow >0.030 0.060 Frequency less or equal to 30 Hz; 
maximum velocity  3 mm/s 

Red >0.060 ---- Frequency greater to 30 Hz and less than 
60 Hz, maximum velocity 4mm/seg 

 
Table 2. Displacement alarm limits 

Alarm level Lower limit 
(mm) 

Upper limit 
(mm) Observations 

Green 0.000 0.025 For all alarm levels, the displacement was 
calculated from the readings of the 
sensors located at the top of the columns 
and at the centre of the arches. 

Yellow >0.025 0.0508 

Red >0.0508 ---- 

 
Another important aspect linked to the alarms, was the action protocol, which was stated as follows: 
 
• Green Alarm 

o Normal reporting with graphical identification of the most significant event (time, sensor location, 
vibration or displacement, and association to construction work). 

• Yellow Alarm 
o Immediate communication to the supervisor. 
o Immediate elaboration of a special report with sensor identification, event duration, sensor data 

(vibration, displacement, velocity and frequency), and a layout indicating the position of the sensor or 
sensors that reached the yellow alarm condition. 

o If velocity was larger than the values specified in table 1, an evaluation of the event was done and 
associated to the construction work to define immediate actions at the construction site. 

o Weekly evaluation of these events by the monitoring committee. 
• Red Alarm 

o Immediate communication to the supervisor and head of the project. 
o Immediate elaboration of a special report with sensor identification, event duration, sensor data 

(vibration, displacement, velocity and frequency), and a layout indicating the position of the sensor or 
sensors that reached the red alarm condition. 

o Suspension of any work activity that involves vibration, impacts or heavy duty equipment. 
o Simultaneous communication to the State Authorities. 
o Evaluation of the monitoring committee. 
o Recommendations from the committee to continue or to modify constructive process. 

 
RESULTS AND DISCUSSIONS 
 
The continuous monitoring of the arches of the Aqueduct of Queretaro operated from August 20, 2012, to 
February 15, 2013. “Figure 10” shows the computer displays used for daily monitoring; on one side, the alarm 
and the real time data displays; on the other, a graph with the significant events during 0 hours to 1700 hours (5 
pm). During the overall period, more than 1500 yellow alarms and almost 120 red alarms were registered; in 



most yellow alarm cases, minimal or no corrective actions required and in only 16 reed alarm cases mayor 
actions were necessary.  
 

     
(a)           (b) 

Figure 10. Images from the computer screen for the first warning system; (a) typical monitoring view; (b) 
examples of red and yellow alarm events 

 
As for the long term monitoring, “Figure 11” shows some results from three strain sensors for a 3 days 
monitoring period. In this example, the daily strain changes due to temperature and ambient conditions are 
clearly evident and for the structural evaluation, the analysis criteria was based on the global average trends of 
the sensor measurements, the time temperature correlation and the maximum/minimum analysis.  
 

 
Figure 11. Typical image for 3 days monitoring from the FBG sensors 

 
“Figure 12” shows the most significant events at different construction periods. In this case, activities during 
September, October, and November had the most significant events that induced the largest vibration levels to 
the monument.  Table 3 associates the events showed in “Figure 12” with the construction stages. 
 
 



 
Figure 12. The 10 most significant events during 6 months monitoring 

 
Table 3. Significant events during monitoring 

Date Id. Key Activity Vibration 
Magnitude (g) 

26-August A1 Pavement Demolition 0.062 
28-August A2 Pipeline Digging 0.062 

11-September A3 Pile Foundation Drilling 0.120 
17-October A4 Piles Alignment 0.130 
18-October A5 Soil Compaction 0.100 
22-October A6 Demolition of Concrete Slab 0.070 
26-October A7 Concrete Cutting and Removal 0.045 

2-November A8 Concrete Demolition 0.095 
30-December A9 Crane Maneuvers 0.069 

14-January A10 Vibro-Compaction 0.078 
 

A more detailed analysis of the dynamic responses at different points and directions brought to light some 
frequency long term changes of the main vibration mode (6 and 7 Hz). For a reliable analysis, an evaluation was 
done taking data measured at 2 am early morning, assuming little temperature differences, few vibrations levels 
from traffic, and that at the time, no construction works were done. “Figure 13” shows these results for a sensor 
located at the centre of one arch from September 15 to January 16, where nearly 5% frequency reduction is 
measured. Analysis is still in development to include temperature effects. If this finding is confirmed, it could be 
associated to a stiffness reduction of the arches, which is contrary to the overall construction project where the 
foundations of the arches were reinforced and an increase of the main frequency was anticipated. 



 
Figure 13. Frequency spectrum for the main construction period for a sensor at the centre of one arch 

 
CONCLUSIONS 
 
The monitoring system performed as expected by the State Authorities and the Monitoring Committee. The 
alarm limits were conservative and many yellow alarms and red alarms between 0.06 and 0.08 g’s were 
recorded but not specific actions were required. In the case of red alarms with accelerations higher than 0.08 g’s, 
specific actions were undertaken and for the 16 most significant events the construction procedures were 
modified to prevent damage. The benefits from the monitoring far exceeded the cost of the monitoring (~50,000 
USD per month), especially if any severe damage occurred, the rehabilitation cost would have been enormous; 
not considering that this is an invaluable heritage monument. 
 
On the other hand, from the analysis of the frequency spectra for the 6 months monitoring, some frequency 
changes were identified that may indicate some kind of deterioration, but further analysis is necessary to 
confirm this diagnosis. Considering that the boundary conditions (foundations) changed significantly and no 
previous information was available regarding the thermal and ambient effects, it is not possible to have a 
conclusive statement of the overall effect of the project on the structural condition of the aqueduct. Nonetheless, 
the monitoring system measured the “pulse” of the structure and now it is valuable information for future studies, 
not only for SHM, but also for research on deterioration models for this type of materials and their dependence 
to ambient conditions. 
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