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ABSTRACT 

This article presents the Structural Health Monitoring of the Central Tower at the Faculty of Physical 

and Mathematical Science of the University of Chile. The building has been monitored since 2009 

with a network of 8 uniaxial accelerometers and 17 environmental sensors which register ambient 

conditions, like wind speed and direction, temperature, rainfall, ambient and soil humidity. The 

building is a nine stories, 30 meters high, shear wall reinforced concrete structure. During this period, 

it has been continuously monitoring ambient vibrations and more than 1700 seismic events of different 

intensity. Modal parameters are obtained automatically with frequency and time identification 

methods applied over ambient vibrations records. Earthquakes records are analyzed with multiple 

input multiple output (MIMO) techniques. Results of the analysis have been published automatically 

on Internet since the beginning of measurements. This article also presents an analysis of the seismic 

records on the building during the Mw=8.8 2010 Chile earthquake. Structural Damage was observed 

on the building and modal parameters changes were identified. 

Keywords: Operational Modal Analysis, Earthquake, Automatic System Identification. 

1. INTRODUCTION 

The instrumented building called Central Tower was constructed in 1962. It is located at the 

Engineering Faculty of the University of Chile and is used for office and classroom. It has 9 stories 

above ground and 2 underground levels. It has a total surface of 4,600 m2, approximately. It has a total 

height of 30.2 meters and a plan area 30 x 19 meters. Figure 1 shows some pictures of the building. 

The structural system consists on a reinforced concrete shear and gravity walls. Typical wall thickness 

is 35 cm and typical slab thickness is 25 cm. The typical ratio between total wall area to plan area is 

7.7 % [1]. 

The building is instrumented with an array of 8 uniaxial accelerometers that allow the continuous 

recording of the structural response due to ambient vibrations and seismic events. Furthermore, it has 

17 environmental sensors which detect and save the data obtained from ambient conditions, as wind 
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speed and direction, temperature, rainfall, etc. All data is processed in a central and automatic system 

with different signals analysis techniques and their results are real time reported on a web site. Modal 

parameters are identified with these methods and the dynamic structural behavior is correlated with 

environmental changes like temperature and humidity changes. The system also can detect and process 

earthquakes records and report the modal parameters changes due to structural damage or 

modification, working as a non-common response identification and alert system. 

 

   

Figure 1 Torre Central - General Views. 

All records are saved and backed up, so it can be used for new identification techniques tests, which 

can be contrasted with theoretical models or experimental results. This article presents a brief 

description of the instrumentation, recording process and internet report, but also it is centered on the 

effects of the 8.8 Magnitude Chilean earthquake of 2010. 

2. SENSOR ARRAY AND WEB REPORT 

The monitoring system has 8 accelerometers, with two parallel acquisition systems: the first one for 

seismic records without amplification and with a trigger configuration; the second with amplification 

of 10 for ambient vibrations. The accelerometer location is shown in Figure 2 [1, 2].  

 

Figure 2 Sensor Location 
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Additionally, three humidity sensors have been installed in a borehole in the west side of the building. 

The humidity sensors are located at 20, 10 and 5 meters below the surface and they are connected to 

the accelerometers data acquisition system, Figure 3 (a) and (b). The monitoring system also acquires 

information from a meteorology station located at a close by building roof and maintained by the 

Meteorology Group of the Department of Geophysics at the University of Chile, Fig 3 (c). Every 15 

minutes the station collects data from temperature, precipitation and wind speed, among others. 

 

Figure 3 Sensors: (a) schematic dwell location, (b) well, humidity sensors and (c) meteorology station. 

The structural health monitoring system stores and process all data recorded every 15 minutes in a 

high capacity computer, controlled by the acquisition system. The acquisition system is configured to 

obtain continuous records of 15 minutes duration, in 100 Hz sampling frequency files. Data processing 

is done using three system identification techniques to determine modal parameters: Peak Peaking 

(PSD analysis) and Stochastic Sub – Space Identification (SSI), both for ambient vibrations 

processing. A Multiple Input – Multiple Output technique (MIMO) process is applied on the seismic 

events. The results are synchronized with a server at the Civil Engineering Department and published 

on Internet
5
. Figure 4 shows the monitoring workflow. 

 

Figure 4 Monitoring Service Workflow [2]. 

3. SYSTEM IDENTIFICATION TECHNIQUES 

The SSI technique developed by Van Overschee and De Moor [3, 4, and 5] uses the stochastic space 

model, described by the equations system (1). This technique identifies modal properties from output 

only response signals. 

       1k k kx A x w     

       k k ky C x v    (1) 

Eq. (1) constitutes the basis for time-domain modal identification through ambient vibration 

measurements. There are several techniques and algorithms to obtain modal parameters from the 

stochastic subspace model [3]. The algorithms to identify the state-space matrices (    ,A C ) are based 
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on the measurements and by robust numerical techniques, such as QR factorization, singular value 

decomposition (SVD), and least squares [5]. 

Once the mathematical description of the structure is found, modal parameters such as frequency,
i  

damping ratio 
i  and operational mode shapes,   are determined as: 
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To corroborate the results, the Power Spectrum Density (PSD) method is used. 

To identify the dynamic properties of the building during earthquake excitations an equivalent 

parametric viscoelastic model is used and adjusted using the MOESP (Multivariable Output-Error 

State Space) system identification method [6]. In this method the state space equilibrium and 

observation equations are given by: 

                       (3) 

                     (4) 

Considering that every step {zk} can be expressed as a function of previous values, the relation with 

{yk} can be written as: 

 

    

      
 

        

                

    

      
 

        

  (5) 

where            is the extended observability matrix with order “s” and             is a Toeplitz matrix. 

Given that [Os] depends on [A] it is possible to obtain from this matrix the natural properties of the 

structure [6].  

4. MODAL PARAMETERS VARIATIONS DUE TO THE MW=8.8 EARTHQUAKE 

4.1. Results of remote-continuous monitoring. Ambient vibrations 

Since April 2009, continuous monitoring has been developed under ambient vibrations, calculating the 

first three modal parameters every 15 minutes. In the period corresponding between June 2009 and 

December 2011 near 90,000 data vibration were registered and processed to obtain these frequencies 

and they are plotted in Figure 5. In this figure the variation of predominant frequency due to the 

earthquake of February 2010 is clearly notice by a drop on the frequency values. (The system stops 

working during the month of February 2011). 
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Figure 5 Firsts three natural frequencies. 

For each data record an automatic identification  of frequencies, damping ratios and modal shapes 

through two methods, PSD (Power Spectral Density) and SSI (Stochastic Sub-Space Identification) is 

performed. 

The mean and standard deviation of the first three modal frequencies obtained with PSD method, 

before and after the last Chilean earthquake, are shown in Table 1. The modal parameters variations 

during the earthquake are not included in this statistic. Additionally, Figure 6 shows the histogram of 

both periods of time for these frequencies. 

Table 1 Frequency values obtained by PSD methods 

and comparison before and after 27F Maule earthquake 

Mode 

PRE 27F POST 27F 

Difference 

[%] f [Hz] 

Standard 

Deviation 

[%] 

f [Hz] 

Standard 

Deviation 

[%] 

1 2,24 2,16 1,909 2,16 14,62 

2 2,62 1,94 2,321 2,28 11,52 

3 2,98 2,72 2,734 3,56 8,19 

Mean Value 11,44 
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Figure 6 Histograms of first three frequencies derived from ambient vibrations 

before and after 27F Maule earthquake. 

After the Mw=8.8 Chilean earthquake, light structural damage occurred in the structure. It is possible 

to observe a decrease of 11.4% in the average value for the first three frequencies when the building is 

subjected to ambient vibrations. Nevertheless, instant decrease of the average frequencies immediately 

after the earthquake was 16.6%. 

4.2. Results of remote-seismic event monitoring. 

Since its implementation in 2009, the Structural Health Monitoring System has been recorded about 

1,750 seismic events, including the Central-South Chile Mw = 8.8 earthquake recorded on February 

27
th
, 2010. These seismic events provided additional and important information for this system. Figure 

7 shows modal frequency histograms obtained from earthquakes recorded since 2009 until end of 

2011. It can be observed the huge difference between the amount of events post the February 27th 

earthquake and recorded previus events, mainly due to the high number of aftershocks and the longer 

observation period. 

The major seismic event produced structural damage, causing a decrease in the building stiffness, 

resulting in the reduction of the identified modal frequencies. It’s interesting to note that after the 

earthquake, despite the variability determined by different intensities for each seismic event, 

frequencies remain within a defined range, without overlapping the values identified before the 

earthquake. However, observed damages in the structure because of the earthquake was considered 

light. No important structural deterioration was noted by visual inspections.  
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Figure 7 Distribution of modal frequencies in seismic events of different intensities. 

An statistical description of each distribution is made in Table 2. As it can be noted, the same three 

natural frequencies were observed before the Mw=8.8 Chilean earthquake. Small seismic event 

frequency are no more than 1.3% lower than those determined by ambients vibration records.  

The largest variations in modal frequencies after the main earthquake were produced in modes 1st, 2nd 

and 4th. All cases show a reduction on their values larger than 10%, with the exception of the 3rd and 

7th modes. The first mode change was 16.4% followed by the 4th, which experimented a decrease of 

14.2 %. Despite this, the third mode shows the highest variation in the standard desviation of its 

frequency distribution after the event (66.6 %), which indicates that this mode was more afected by the 

seismic motions. The permanent decrease in natural frequencies is evidence of structural modification 

or damage. This fact helps to support the need to maintain a continous structural health control and 

monitoring that could alert dynamic structural parameters changes.  

Variability in frequencies distributions is larger post the earthquake. These can be explained by the 

quantity of aftershocks, seismic events intensities and structural damage. 
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Table 2 Mean and standard deviations for each modal frequency. 

Mode 

Pre – 27F Post – 27F Variation 

Mean f 

[Hz] 

Standard 

Deviation 

[Hz] 

Mean f 

[Hz] 

Standard 

Deviation 

[Hz] 

Mean f [%] St. Dev. [%] 

1 2,21 0,03 1,85 0,04 -16,4 33.3 

2 2,60 0,03 2,26 0,04 -12,9 33.3 

3 2,95 0,03 2,67 0,05 -9,6 66.6 

4 6,26 0,07 5,37 0,10 -14,2 42.9 

5 7,45 0,09 6,63 0,14 -11,1 55.6 

6 7,96 0,14 7,13 0,20 -10,4 42.9 

7 9,00 0,09 8,26 0,13 -8,2 44.4 

 

Figure 8 shows modal damping ratio histograms obtained from MIMO identification process. No 

significant changes were observed in the modal damping ratios due to the damage. 

 

Figure 8 Distribution of modal damping ratios in seismic events. 

A statistical description of each distribution is made in Table 3. As it can be noted that after the 

Mw=8.8 Chilean earthquake, all modal damping ratios increased except for the 4th mode. The larges 

change was produced in the second mode, which increased over 29%. These variations can be 

explained in the increment of contact surface due to structural damage, which can be related with the 

structural dissipation mechanisms but also seismic intensities. The effect of intesity is now under 

investigation.  
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Table 3 Mean and standard deviations for each modal damping ratio. 

Mode 

Pre – 27F Post – 27F Variation 

Mean  

[%] 

Standard 

Deviation 

[%] 

Mean 

 [%] 

Standard 

Deviation 

[%] 
Mean  [%] St. Dev. [%] 

1 1,18 0,60 1,32 0,61 11,1 1.7 

2 1,11 0,56 1,44 0,72 29,3 28.6 

3 1,07 0,54 1,36 0,64 27,5 18.5 

4 1,53 0,49 1,36 0,44 -11,4 -10.2 

5 1,76 0,68 1,82 0,69 3,3 1.5 

6 3,21 1,93 3,72 2,27 15,9 17.6 

7 1,86 0,71 2,12 0,84 13,9 13.0 

 

The variations of the modal damping standard deviations was found larger than 10% for most of the 

modes. 

5. CONCLUSIONS 

A continuous automatic monitoring and modal identification system has been implemented at the 

Faculty of Physical and Mathematical Science of the University of Chile since 2009. Over 90,000 

ambient vibrations records and over 1,750 seismic records have been recorded and processed by the 

system. The identification includes modal properties and the building response including the sixth 

largest magnitude earthquake of the world. An analysis of modal frequencies and modal damping 

ratios was done, showing that a significant reduction in all natural frequencies was caused by the 

earthquake. The combination between technologies and structural diagnosis allow the system to 

publish its state of health continuously and report its changes in dynamic properties. One of the largest 

recorded earthquakes of the world had proven the effectiveness of the system. 
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