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ABSTRACT 
 
Monitoring of loading, environment effect, and structural integrity during extreme events such as earthquake 
and strong wind have been the primary objective of early initiatives of structural monitoring in Japan. Structural 
responses during these events provide an insight into real structural performance and can be useful for design 
verification, model validation and structural assessment. In this paper we describe several recent studies that 
includes wind monitoring of a long-span suspension bridge, seismic monitoring of a cable-stayed bridge from 
several years of seismic monitoring and during the March 11,2011 Great East-Japan earthquake and seismic 
performance evaluation of a tall asymmetric base-isolated building. The paper emphasizes on important findings 
and lessons learned from full-scale monitoring of these large structures. 
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INTRODUCTION  
 
A large number of long-span bridges were constructed in the past decades in Japan. These bridges are 
expensive inves t ment s  and  have long service periods of over 100 years, during which they inevitably 
suffer from environmental long-term loads effects such as fatigue, material deterioration and extreme 
loading conditions.  For long-span bridges, wind-induced vibration generally considered as the most critical 
among various types of dynamic excitation. Determination of wind forces is a difficult task since they are 
sensitively influenced by the turbulence. Similarly, earthquake is also an important factor in design of long-span 
bridges located in seismically active regions. Structural non-linearity, multi-support excitation and specially 
design aseismic devices are known to significantly influence seismic responses of the bridge. Design for wind 
and earthquake involve many assumptions and inherent uncertainties. Therefore, understanding the real 
behaviour of the bridge under such excitations is very important for design verification, and structural 
monitoring systems could serve the purpose. Other important application of structural monitoring is the 
monitoring of tower-like structure, tall buildings, building with new or unique shape and building with special 
seismic isolation or response control devices. For these structures, monitoring system is a useful tool to 
investigate the actual loading condition, to compare the actual structural responses with the designed ones and to 
evaluate the serviceability criteria. 
  
In this paper we describe several case studies of full-scale structural monitoring of long-span bridges involving 
wind-excitation of a long-span suspension bridge and seismic monitoring of cable-stayed bridge; and seismic 
monitoring of a tall base-isolated building with the focus on serviceability performance evaluation. The paper 
discusses important findings and lessons learned from the full-scale monitoring. 
 
MONITORING OF WIND-INDUCED VIBRATION OF A SUSPENSION BRIDGE 
 

Bridge Description and Monitoring System 
 
The Hakucho Bridge is a three-span suspension bridge with the total length of 1380 m consisting of 720 m 
centre span and two symmetric side spans of 330 m (Fig. 1). Both side spans and the centre span are simply 
supported at the towers. The girder is made of a streamlined steel box girder with a width of 23 m and a 
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maximum web height of 2.5 m. The bridge pylons are made of steel box girder and connected by welding. Both 
towers are 131 m high and 21 m wide. The construction of the bridge was started in 1985 and ended in 1998.  
 

   
Figure 1. Hakucho Suspension Bridge and sensor network 

 
Structural Identification based on Ambient Vibration Monitoring 
 
After construction completion, series of dynamic tests were performed, including ambient vibration test. 
Densely distributed accelerometers were placed at various locations. Fig. 1 illustrates the sensor configuration, 
measuring direction and typical accelerometer used in measurement. In order to measure wind velocity an 
anemometer was installed at the centre of the span of the deck. Since the bridge is located at the port entrance, 
wind orthogonal to the bridge is relatively strong. 
 
The measured bridge responses clearly show the quadratic relationship between wind velocity and girder 
response. Structural identification method was applied to investigate the dynamic characteristics (i.e. bridge 
natural frequency, damping and mode shape) and the wind velocity influence on them. The method consists of 
two steps: identification of vibration modes and inverse analysis of structural properties from the identified 
modes (Nagayama et al 2005, Siringoringo and Fujino 2008b). For modal identification, the method treats the 
structure as a multi-input-multi-output system, distinguishing noise from true modes and employing ambient 
vibration measurement. Two time-domain system identification were applied that is Random Decrement – 
Ibrahim Time Domain (RD-ITD), and the Natural Excitation Technique and Eigensystem Realization Algorithm 
(NExT-ERA) (Siringoringo and Fujino 2008b).  
 
Despite variations of natural frequencies and damping ratios, there seem to be clear trends between frequencies, 
damping ratios and acceleration amplitude (consequently, the wind speed). Results show that in general the 
natural frequencies decrease as the wind velocities increase and damping ratios increase as the wind velocities 
increase. The decrease and increase of natural frequencies and damping ratios are more apparent in the low-
order modes as evident by the slopes of the linear trend. The mode shape components reveal two different trends. 
The real parts of mode shape vectors do not exhibit a distinct trend, indicating no obvious changes of modes. 
The modal phase angle computed from the imaginary part of the mode shape, however, revealed a clear trend. It 
was observed that the phase difference is large when the root-mean-square of acceleration (rms) is very small 
and decreases when the acceleration rms becomes large. These phase differences indicate that the system is 
nonproportionally damped. The locality effect of phase difference that was concentrated mainly at the edge of 
girder suggests the contribution of additional damping and stiffness caused by friction force at the bearings. In 
addition, the decrease and increase of natural frequencies and damping ratios indicated the effect of 
aerodynamic force along the girder. To study the extent of these effects, they were modelled as additional 
stiffness and damping: (1) located at the edge of girder to represent the friction force at bearings and expansion 
devices, and (2) distributed alongside the girder to illustrate the aerodynamic forces.  
 
For the identification of structural properties an inverse analysis was conducted (Nagayama et al 2005, 
Siringoringo and Fujino 2008b). Using the inverse analysis contribution of aerodynamic and friction force were 
with respect to wind velocity were quantified. The results suggest the contribution of aerodynamic force was 
much smaller than the effect of friction force at the bearing. The aerodynamic force contribution is in order of 
one-percent when compared to the contribution of the friction force, and its behavior is in agreement with the 
aerodynamic force obtained from wind tunnel results. Furthermore, the additional damping and stiffness due to 
friction force display clear trends, that is small damping and large stiffness during small vibration. When the 
wind speed increases the damping is also increases, which is when the bearings are unstuck, whereas the 
stiffness is decreasing as the result of increasing flexibility of the structure. 
 
  



Tower In-line Vortex-Induced Vibration 
 

 
Figure 2. Observed vortex-induced vibration on Hakucho Suspension Bridge: (a) tower in-line vortex, (b) effect 

of tower vortex on girder lateral motion, (c) vortex-induced vibration as function of wind direction and (d) 
examples of tower in-line vortex-induced vibration. 

 
In addition to ambient vibration measurement, the permanent monitoring system allows wind-induced vibration 
measurement under strong-wind events. In this section, we will discuss such measurement where significant 
tower in-plane and girder lateral vibrations were measured. Characteristics of the tower in-plane and the girder 
lateral vibration and their relationships with wind velocity during six strong-wind events between 1999 and 
2005 were studied in detail (Siringoringo & Fujino 2012).            
 
The analysis of monitoring data shows that relatively large tower in-plane and the girder lateral vibration were 
observed in the moderate wind velocity (13-24 m/s). In this wind region, the tower in-plane accelerations are 
characterized by single-frequency harmonic-like oscillation at 0.6Hz and 0.8Hz. Occurrences of the two 
oscillations depend upon wind direction and velocity. The tower single-frequency in-plane oscillations affect the 
girder lateral responses, which were confirmed by comparison of frequency component of tower and girder 
lateral vibration. It was confirmed from finite element analysis that the single-frequency oscillation at 0.6Hz 
corresponds to the tower local in-plane in-phase mode, while the oscillation at 0.8Hz corresponds to the tower 
local in-plane out-of-phase mode. The two modes are tower dominant modes with small motion participation 
from other components such as girder and cable.   
 
 
Wind tunnel experiment using 1:20 scale model was later carried out to investigate the phenomenon under 
various wind velocities and angles of attack. The results show that the bluff body of the windward tower 
generated vortex shedding as indicated by the presence of single frequency dominant oscillation of wind in front 
of the leeward tower. The vortex shedding created a periodic force towards the leeward leg. In the wind velocity 
range of 13-17 m/s and 17-24 m/s under specific wind angle of attack, the vortex shedding frequency coincides 



with the tower natural frequency of 0.6Hz and 0.8Hz, respectively, causing the tower to resonate in along-wind 
direction.   
 
The importance of this study is on the observation of along-wind oscillation of a completed suspension bridge 
tower as a result of vortex shedding of windward tower leg. While vortex-induced vibration of bridge tower is 
not uncommon during freestanding construction stage, the occurrence on a tower of a completed bridge, 
especially on its strong axis is very rare.  
 
SEISMIC MONITORING OF A CABLE-STAYED BRIDGE 
 

Bridge Description and Monitoring System 
 
Monitoring for seismic response has been widely employed for decades in Japan especially for the bridge with 
special features such as curved bridge (Siringoringo and Fujino 2007), and bridges with new technology such as 
base-isolated bridges (Chaudary et al. 2000) and important cable-supported bridges. Yokohama-Bay cable-
stayed bridge is one of such bridges. It is a continuous three-span cable-stayed bridge with the main girder 
consisting of a double-deck steel truss-box located at the entrance of Yokohama harbor. The central span is 
460m with side spans of 200m each. The upper and lower deck have 6 and 2 lanes respectively, with the upper 
deck being part of the Yokohama Expressway Bay shore Route and the lower deck a part of the National Route. 
The bridge has two H-shaped towers of 172m in height and 29.25m in width with a welded monolithic section.  
 
Earthquake resistance of the bridge was carefully reviewed in design. Considering the possibility of a large 
event like the Great Kanto earthquake that Tokyo and Yokohama experienced in 1923, the weak ground and 
higher center of gravity of bridge, the girder is suspended from the towers and end-piers with link bearing in 
such a way that the effect of the superstructure on the substructure during an earthquake is reduced by 
maintaining a long fundamental period about 7.7 seconds in the longitudinal direction. The structure, with its 
long natural period, is expected to see lower acceleration during an earthquake but, on the other hand, its 
displacement is increased. Therefore to restrict the horizontal displacement during earthquake, short links with 
the length of 2m and shape of inverted pendulum were utilized to connect the girder with the towers and end 
piers. 
 

 
Figure 3. Yokohama-Bay Cable-Stayed Bridge monitoring system 

 
As part of a dynamic monitoring system, the bridge is equipped with 85 channels of accelerometers at 36 
locations. These accelerometers have a range of frequency between 0.05 to 35Hz with accuracy of 15 
microampere per gals. Among these 85 channels, 25 are located on the substructure (such as pile foundation and 
pile caps) and the rests are installed on the superstructure (towers, pier caps and girder) (Figure 4). Along the 
girder, sensors were installed at 9 locations with a space of 115 m between each. These sensors measure 
accelerations vertically, laterally (out-of-plane) and longitudinally (bridge axis). Both towers are equipped with 
accelerometers measuring longitudinal and lateral movement at both of the bridge’s H-shaped columns. This 
enables the identification of pure longitudinal, lateral and torsional modes. For end-piers, accelerometers were 
installed on the pile cap and pier cap. Using the response from the sensors on the pier cap and the girder just 
above the pier cap, one can observe the behavior of link-bearings connecting the girder with the towers and with 
the end-piers.  



 

          
Figure 4. Yokohama-Bay Bridge : (a) characteristics of pier-to-girder and tower-to-girder connections, (b) detail 

figure of tower-link, (c) detail figure of end-link, (d) Schematic figure of tower-to-girder connection, (e) 
Schematic figure of pier-to-girder connection, (f) photo of tower link and (g) snapshot photo of wind shoe 

transverse gap between tower/pier and girder 
 
Long-term Microtremor Data Analysis, Structural Identification and Interpretation on Local dynamic 
characteristics 
 
Seismic records with varying amplitude obtained from six major earthquakes from 1990 to 1997 were analyzed 
to evaluate global and local performance of the bridge (Siringoringo & Fujino 2006,2008a). System 
identification of the long-span bridge under seismic excitation requires that non-unique ground excitation 
records measured along the bridge and excitation in multiple directions be taken into account. Therefore, multi-
input and multi output system identification is adopted (Siringoringo & Fujino 2006,2008a).. The system 
identification procedure makes use of the correlation data between input-output to realize the state-space model 
and estimate the modal parameters. To apply this system identification; an input-output relation should be firstly 
defined. In case of earthquake excitation, base motions can be considered as direct source of excitation and 
therefore utilized as inputs to the system so as to minimize the effect of soil-structure interaction. Structural 
responses of superstructure such as girder, piers and on the top of the towers are considered as the outputs of the 
system.  
 
Performance of local structural components can also be evaluated in addition to global performance evaluation 
when measurement is conducted using dense arrays of sensors. An example of such evaluation is the assessment 
of Link Bearing Connection (LBC) using modal characteristics identified from strong motion records. LBC is a 
type of connection designed to minimize inertia force of superstructure from being directly transferred to 
substructures. Investigation of the LBC (Fig. 5) is essential, considering the importance of its performance 
during earthquakes. In design, the LBC is expected to function as a hinge connection especially during large 
vibration in longitudinal direction. This implies that the girder and pier-cap work as separated units, and 
therefore the force from superstructure will not be transmitted into the end-piers. 
 
Investigation of link-bearing performance of Yokohama-Bay Bridge is carried out using the records from 
fourteen earthquake frames. The analysis involves system identification especially by observing the first 
longitudinal mode, analysis of the response between pier-caps and girder, and analysis using finite element 
model. Fourteen frames of earthquakes from 1990 to1997 were analyzed with the maximum input excitations 
varied from 2 to 14 cm/s2. Based on the analysis, the following findings are observed: 
1. Three typical first longitudinal modes were found from system identification with the main focus on the 

relative modal displacement between end-piers and girder. They are: the hinged-hinged mode, mixed 
hinged-fixed mode and the fixed-fixed mode. The latter two modes are variations of what was highly 
expected mechanism (hinged–hinged mode). The response analysis of relative displacement between the 
end-piers and girder confirms these findings. 



2. During small earthquake the LBC has yet to function as a full-hinged connection. Therefore higher natural 
frequencies due to the stiffer connection were observed. The mixed hinged-fixed mode was observed during 
moderate earthquake. The full-hinged connections at both of the end-piers were observed mostly during 
large earthquakes. 
 

 
Figure 5. Two of the three typical first longitudinal modes of Yokohama Bay Bridge identified from system 

identification using seismic response (a) Hinged-hinged mode (b) Fixed-fixed mode 
 
Seismic Response in March 11, 2011 Great-East Japan Earthquake 
 
At 14:46 Japan Standard Time (JST) on March 11, 2011, the northeastern Japan was struck by the Great East 
Japan earthquake with moment magnitude of 9.0. Epicenter of the earthquake was about 398km away from the 
bridge, with the focal depth of 24km. Even though the epicenter is very far away from the bridge, the entire fault 
rupture consists of 500km long from north to south and 200km wide area off the coast of northeast Japan. This 
means that the closest distance from the bridge to the rupture fault area is about 180km. JMA seismic intensity 
5+ (equivalent to scale VII in MMI), out of maximum 7 was recorded on the bridge location.  
 

Table 1. Recorded accelerations and displacements during the main shock  
Sensor 
Code  

Max Acceleration  
[direction] (cm/s2) Max Displacement (cm) 

S5R 51.14  [L], 299.17 [T], 194.25 [V] 19.60 [L], 61.80 [T], 19.50[V] 
S4 250.78 [T],  163.58 [V] 47.15 [T], 11.32 [V] 

  S2 335.77 [T], 165.80 [V] 20.50 [T], 6.94 [V] 
T1 252.99 [O], 635.94 [I] 25.00 [O], 54.60 [I] 
T2 418.67 [O], 656.87 [I] 24.28 [O], 48.36 [I] 
T3 124.37 [L], 344.41 [T] 23.40 [L], 43.40 [T] 
T4 138.80 [L], 411.73 [T] 22.50 [L], 42.70 [T] 
T8 71.38 [L], 67.27 [T] 17.50 [L] , 18.00 [T] 

Note: L= Longitudinal, T= Transverse, V= Vertical, O=out-of-plane, I= in-plane 
 

The girder and tower responses are characterized by large transverse vibration. The maximum recorded 
acceleration and displacement are given in Table 1. Large girder transverse vibration is mainly due to the first 
transverse mode at 0.28~0.32Hz. Meanwhile, the girder vertical vibration is dominated by five vertical bending 
modes between 0.32Hz and 1.2Hz. The local tower mode at 0.42Hz dominated the tower in-plane motions in 
addition to the bridge global transverse modes at 0.28Hz and 0.58Hz. Maximum in-plane accelerations larger 
than 600cm/s2 were recorded on the top of both towers. The tower out-of-plane vibration was mainly caused by 
bridge global modes: the girder vertical and torsional modes in which the largest component was due to the 
second vertical bending modes at 0.48Hz-0.52Hz. For the out-of-plane accelerations, the maximum responses 
were 252cm/s2 and 418cm/s2 for P2 and P3, respectively. The bridge responses during main shock were 
dominated by transverse movement of girder and tower, with the maximum transverse displacements on the top 
of the tower and in middle of the girder were 55cm and 62cm, respectively. The earthquake did not cause girder 
unseating since the maximum longitudinal displacement was only about 15cm that is less than 1.5m maximum 
allowable longitudinal displacement.  



 
An interesting observation from the tower transverse acceleration is the presence of periodic spikes resembling 
impulses, especially during the largest excitation between 100s and 300s (Fig. 6). Periodic impulses indicate 
occurrence of transverse pounding between tower and girder, and the impulses also appear on the girder vertical 
accelerations (i.e. sensors S3-Z and S7-Z located above the wind shoes). In addition to the main shock, the same 
periodic impulses only appear on the tower-girder accelerations during the first aftershock. By observing time 
interval between two successive impulses, one can estimate structural mode that triggers the impulse. And it is 
evident that the girder first transverse mode triggers the pounding, since the average time interval between two 
consecutive impulses is about 3.2s (0.31~0.32Hz). 
 
The bridge was briefly closed after the earthquake due to an overturned cargo truck accident on the lower deck. 
Large girder transverse vibration and high centre of gravity of the truck has seemingly caused the truck to 
become unbalanced and overturned. Other than this, there were no accidents reported and the bridge did not 
show any signs of structural damage. Visual inspection conducted a few weeks after the earthquake to 
investigate condition of pier-girder and tower-girder connections. Two important findings can be summarized as 
follows: 1) Circular scratch marks were observed on the surface of pier P1 and tower P2 wind shoes suggesting 
that the girder has experienced large relative longitudinal movement about 8-10cm. 2) Nuts and several bolts on 
the lower head of P2 tower link were crushed and the signs of scraped paint were seen on the surface of the 
bearing’s circular plate, which could be caused by transverse pounding between tower and girder and by 
combination of excessive transverse and vertical motion of girder at the tower-girder connection. 

 
Figure 6. (a) Accelerations of tower at deck level during the main shock showing spike indicating impulses (b) 

time interval between successive lateral poundings 
 
Responses nonlinearity were observed during the main shock and the first aftershock as evidenced by time 
variation of natural frequencies and the changes in transverse-vertical coupling of the first transverse and 
vertical mode shapes. Behavior of the tower-girder and the pier-girder connections is thought as the cause of 
responses nonlinearity. This is explained in more detail in report by (Siringoringo et al. 2013). The LBCs 
performed satisfactorily during main shock. Observations on relative displacement response, characteristics of 
acceleration spectra and type of longitudinal mode all suggest that the LBCs had functioned as intended. 
Physical evidences such as circular scratch marks on the surface of wind shoes also support this suggestion.  
 
Recorded accelerations, results of system identification and visual inspection all indicate the occurrence of 
transverse pounding between girder and tower and the tower-girder connections. Despite its occurrence, 
transverse pounding did not cause significant damage to the connections. Nevertheless, effect of transverse 
pounding between girder and tower on bridge should be investigated in greater detail and necessary 
countermeasure must be taken in anticipation for future larger earthquakes. 
 



 
Figure 7. Circular scratch marks on the surface of wind shoe as a result of side bearing movement indicates 

girder longitudinal movement of about 8cm. (b) Location of head of tower link (P2) bottom head is connected to 
girder, top head is connected to tower. (c) Scratch marks on the surface of the bottom link head caused by 

combination of vertical and transverse movement of the girder. The arrows point to locations of three broken 
bolts caused by the movement 

 
SEISMIC MONITORING OF A TALL ASYMMETRIC BASE-ISOLATED BUILDING 
 

Building Description and Monitoring System 
 
The monitored structure is the SIT Building located in Tokyo Bay area. The building consists of two parts: 
fourteen-story main building (M) and seven-story annex building (A) (Figure 8). Main building is 97.2m long, 
43.2m wide and 67.5m high with 19 bays in longitudinal direction and 6 bays in transverse direction. Annex 
building is 81m long, 21.6m wide and 31.2m high with 16 bays in longitudinal direction and 3 bays in 
transverse direction. Both buildings are of braced steel frames and connected at the corner by elevator shaft to 
form an L-shaped asymmetric structure. The fourteen-story main building has vertical opening in the middle 
starting from the second to the seventh floor. The void divides the building into the west section and east 
section, named hereafter as Section MW and Section ME, respectively. Meanwhile, the seven-story annex 
building has some voids on floors to provide access for escalator. Both buildings are connected by concrete slab 
on the basement level, on top of which the isolation systems are located. The isolation system consists of 37 
natural rubber bearing (NRB) and 34 sliding bearing (SB). Two type of dampers are used namely the lead 
damper (28 units) and U-shaped steel dampers (33 units).  Layout of isolators and dampers are given in Figure 
8.a. 
 
The building has a seismic monitoring system that consists of 21 triaxial accelerometers (18 accelerometers on 
the structure and 3 accelerometers on the ground) and four triaxial displacement-meters measuring relative 
displacement between basement and the first floor (Figure 8.b.). Vibration sensors are placed on the basement 
(below the isolators), the first, fourth, seventh, ninth and fourteenth floor. Acceleration responses are recorded 
by small servo-type accelerometers SQ-32 with resolution of 0.01 cm/s2 and measurement range of ± 2000 
cm/s2.  The sensors are connected through local area network (LAN) and the clock on each sensor is precisely 
synchronized with the Network Time Protocol (NTP) server. Furthermore a GPS-connected controller unit is 
assigned to provide a global reference position and synchronized time recording among the sensors. With this 
system, the delay time among sensors can be reduced to the maximum of 4 milliseconds. The controller is 
connected to three accelerometers on the ground level that act as the trigger. Once these accelerometers record 
ground acceleration larger than the threshold 0.5cm/s2, the controller will activate the monitoring system to 
record building responses. The responses were sampled at 100Hz and stored in a server for further analysis. 
 
Characteristics of Recorded Building Responses during 2011 Great East-Japan Earthquake 
 
JMA seismic intensity 5- (lower 5), out of the maximum scale of 7 was recorded on the building location. This 
seismic intensity is equivalent to scale VII in MMI.  Seismic response of the building is dominated by three 
vibration modes (Fig. 9): (1) the first translational mode characterized by large modal displacement at isolator 
layer and rigid body movement of upper stories, (2) torsional mode with dominant modal displacement at the 
corner of the main building and (3) torsional mode with dominant modal displacement at the corner of annex 
building. During the main shock, the first mode shows large lateral modal displacement at isolator layer 
indicating that base-isolation system has functioned. This result is supported by recorded relative displacement 
between isolation and the first story that reached the maximum amplitude of 10cm.  
 



 
Figure 8. SIT Building: (a) Plan view of the building, (b) layout of isolation system, (c) Sensor Locations and 

(d) architecture of monitoring system 
 
The building experienced frequency reduction and increase of damping during the main shock. Frequency 
reduction indicates the increase in flexibility due to base-isolation system, as demonstrated by reduction of the 
first mode from about 0.6Hz in the beginning of the response to about 0.44Hz during the largest excitation. 
Meanwhile, the increase in damping is a consequence of shear deformation in isolation system and functioning 
of the damper system during the large excitation. Analysis shows that frequency reduction and increase in 
damping are strongly related to the excitation intensity.  
 
Despite the functioning of base-isolation system, strong response amplifications on the upper-stories were 
recorded during the main shock. Peak acceleration on the top of annex building is nearly 300cm/s2, which is 
three times of the basement acceleration. Similarly, strong amplification was also observed on the main building, 
with peak acceleration on the 14th floor of the west corner of about 236 cm/s2, which is 2.5 times of the ground 
acceleration (Fig.10). Analysis shows that large acceleration responses of main building in X direction were 
mainly due to frequency component at 0.58Hz, while responses of annex building in Y direction are dominated 
by frequency peak at 0.86Hz. Both correspond to torsional modes. This indicates that unlike typical base-
isolated building where the first sliding mode dominates the response, the torsional modes dominate the 
horizontal accelerations of the superstructure, and amplification of superstructure is caused by the torsional 
modes. Analysis also shows that the torsional modes were not significantly influenced by performance of the 
isolation system.  
 
Furthermore, natural frequencies of the torsional modes coincided with the frequencies of ground motions that 
have the largest energy. These combined factors are thought to be the reason behind strong amplification of the 
superstructure. The significant acceleration amplification of upper stories is rather unexpected for a base-
isolated building. Common assumption in design of seismically isolated structure is that lateral deformation is 
concentrated on the isolator level and the upper structure behaves rigidly without significant dynamic 
amplification. In Japan, the common design practice is to limit the horizontal floor acceleration to the maximum 
300 cm/s2 in design for Level 2 ground motion. Significant response amplification could be critical to 
nonstructural elements or sensitive equipments on the building, and should be carefully considered in an event 
of larger earthquake in the future.   



 

 
Figure 9. Recorded maximum acceleration amplitude for each floor in each direction (Note: 0 = basement level) 
 

 
Figure 10. Characteristics of the first three modes of SIT Building 

 
Long-term Variation of Modal Parameters  
 
Since installed in September 2010, about 140 seismic events have been recorded by the monitoring system until 
December 2012. Most of the earthquakes were of small and moderate scale (JMA seismic intensity of 3 or less) 
and only five events including the March 11,2011 main shock have seismic intensity larger than 4. With 
relatively large earthquake database, we can evaluate behavior of the building and observe the trend in modal 
parameters with respect to the level of seismic excitation and their long-term variations. For this purpose the 
linear-based system identification (SRIM) was utilized (Siringoringo and Fujino 2013). The identification was 
performed separately for each input-output data set and the results were evaluated with respect to root-mean-
square of input amplitude, which is the acceleration from sensor AM0W. In the implementation of SRIM 
algorithm, the moving time window of 50 seconds was employed as previously explained in order to capture the 
variation of modal parameters in a single seismic event.  
 
One interesting result from long-term observation from seismic record is the sequential variation of the first 
mode (Fig.11). Note that we focus discussion on the first mode, since it is the mode that is significantly affected 
by isolator behavior. As shown on the figure, for one seismic event, the natural frequency reaches the minimum 
value in the beginning of the record that is during the largest excitation and increases gradually towards the end 
of the record. Similar behavior is repeated in the next earthquake events. These repetitions result in the sharp 
turns in alternating directions on natural frequency as time progresses. The minimum frequency of the first 
mode for the entire monitoring records is 0.44Hz observed during the main shock of the March 11, 2011 
earthquake. Prior to that event, the lowest observed frequency was slightly higher 0.55Hz, recorded during the 
foreshock event on February 9, 2011. Note that natural frequency of the first mode was higher before the 
foreshock event with the average of 0.6Hz. The main shock of the March 11, 2011 earthquake was followed by 
several aftershocks with moderate level of excitations, and in the course of two months after the main shock the 
building experienced frequent earthquakes with JMA seismic intensity 3-4. One can note from the figure it takes 
about two months (from March 2011 until May 2011) for the natural frequency to return to its pre-main shock 
value.  
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Figure 11. Long-term time sequential variation of the first mode: (a) Natural frequency Sept 2010-Dec 2011, (b) 

Natural frequency Jan 2012-Dec 2012 
 

 
Figure 12. Long-term variation of natural frequency and damping ratio of the first mode w.r.t input amplitude. 
(a) natural frequency for earthquakes before March 11, 2011, during main shock and aftershocks (b) damping 
ratio for earthquakes before March 11, 2011, during main shock and aftershocks and (c) natural frequency for 

earthquakes in 2011 and 2012, (d) damping ratio for earthquakes in 2011 and 2012 
 
Figure 12 (a) and (b) show the trend of natural frequency of the first mode plotted with respect to the excitation 
amplitude. As expected, the frequency decreases as the input increases indicating the increase in flexibility as a 
result of isolation system. The decrease in natural frequency signifies the increase in flexibility of the structure 
as a direct consequence of base-isolation function during earthquakes. An interesting feature observed on these 
figures is that for the same level of excitation, natural frequencies of the first mode during aftershocks were 
lower than those observed before the main shock. Similarly, the frequencies observed during the earthquake 
events in 2011 were lower than the events in 2012 even for the same level of excitation. The prolonged effect of 
reduction in natural frequency is thought to be caused by the stiffness reduction of isolator system as results of 
the property known as the Mullins’ effect, which is a temporary and recoverable reduction in modulus due to 
cyclic straining history on a rubber.  
 
Damping values obtained from system identification analyses suggest a wide range between 1% and 15%. From 
Figure 12(c) and (d), it can be seen that damping reaches the maximum value in the beginning of the record that 
is during the largest excitation and decreases gradually towards the end of the record, as opposed to the trend in 
natural frequency. The largest modal damping of about 15% was observed during the main shock. The 
dependence of damping to excitation intensity can be observed clearly from Figure 15 (c) and (d), where 
damping ratio increases as the input acceleration increases. The increase in damping is attributed to the base 
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isolation system that becomes fully engaged during larger excitation. Moreover, energy dissipation mechanism 
in base-isolation also includes vibration absorption devices such as u-shaped steel dampers and lead damper that 
increase the overall structural damping when the isolation system begins to function completely during large 
earthquakes.  

 
Figure 13. Long-term variation of amplification ratio (AR) for (a) annex building in Y direction and (b) main 

building in X direction w.r.t input amplitude 
 
As mentioned previously, the serviceability criteria by means of floor horizontal amplification is an important 
issue in base-isolated building. The above explanation shows that large amplification ratio was observed during 
main shock of 2011 Great East-Japan earthquake. Figure 13 shows the amplification ratio of top floor of annex 
building plotted against maximum ground acceleration in Y direction for all earthquakes observed between 2010 
and 2012. It can be seen that for small earthquakes in range of 0 to 25 gal with JMA seismic intensity of 0 to 3, 
the response amplification reaches about 7 to 8 times the input ground acceleration, but still they are acceptable 
since the maximum horizontal floor acceleration of top floors remain small. Meanwhile, for large earthquakes 
with maximum ground acceleration of 25 gal to 140 cm/s2, the response amplification can reach as high as 4.5. 
The amplification ratios for 2011 Great East-Japan earthquake main shock and first aftershock are 2.69 and 4.53 
respectively which are unexpectedly large compared to other large earthquakes. These large floor amplifications 
are of high concern for protection of non-structural components inside the building. Figure 13(b) shows the 
amplification ratio for west section of the main building in X direction. For small earthquake range between 0 
and 25 cm/s2, the amplification ratio reaches about 9 to 10 times the input ground motion. Large amplification 
during small earthquake is reasonable since the input excitation is not strong enough to engage the isolation 
system. Therefore, in such a case the building behaves as a fixed–base building and significant amplification of 
the upper floor is expected. The main concern is about the large earthquake range between 25 and 140 cm/s2 in 
which significant acceleration amplification is recorded on the superstructure as these amplifications are usually 
not expected on base isolated building.  
 
CONCLUSIONS 
 
Long term monitoring of instrumented large structures offers the opportunity to observe their real performance 
during ordinary loading conditions or extreme loading events such as earthquakes and strong winds. This paper 
has presented several case-studies that involve the authors in which the results of vibration monitoring of 
ambient vibration measurement, strong wind measurement and seismic response records are used to evaluate 
structural performance of long-span bridges and tall building. Owing to the dense sensor deployment, excellent 
quality of measured response, and the recent development of algorithms to deal with the data, the dynamic 
characteristics of the structures can be efficiently and accurately estimated. Aerodynamic forces and bearing 
effects of the Hakucho Bridge have been elucidated based on the identified modal properties and their trends. 
Under certain conditions namely, subjected to wind with particular angle of attack and velocity range, and the 
presence of tower local in-plane natural frequency tower in-line vortex-induced vibration was observed. 
Observation of along-wind oscillation of a completed suspension bridge tower as a result of vortex shedding of 
windward tower leg is very rare and this becomes possible only through dense monitoring system and careful 
data analysis. 
 
Analysis of Yokohama-Bay Bridge vibration responses from long-term seismic monitoring and during the 2011 
large Great East-Japan 2011 earthquake clarified the performance of the link bearing connections-a seismic 



isolation device. Response characteristics such as nonlinearity of the response and transverse pounding between 
girder and tower were observed and investigated.  
 
From the long-term monitoring of a tall asymmetric base-isolated building, the study shows that despite the 
considerable shift in effective frequency of the building due to the increase in flexibility of isolation system 
during the main shock, large acceleration was recorded on the superstructure with the peak floor accelerations of 
nearly 300cm/s2. Two factors contribute to this cause, one is the characteristics of the building where torsional 
modes dominate the seismic response of upper-stories and the other is resonance where dominant frequencies of 
ground motions coincide with the natural frequencies of torsional modes. Moreover, analysis shows that in this 
earthquake torsional modes were not significantly influenced by performance of base isolation, so that even 
though the base-isolation has functioned properly, the upper stories large still experienced large floor 
accelerations. This large amplification is a serviceability concern and should be treated more carefully in the 
future design.  
 
As concluding remarks, all case studies presented in this paper show that through monitoring and permanent 
instrumentation of large structures, one can gain insight into vibration of structural components more 
comprehensively and examine various types of vibration that are not commonly observed. Lessons learned from 
monitoring are expected to enhance our understanding in structural vibration for better anticipation in future 
design of large structures. 
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