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Abstract 
 
This study surveys current efforts directed toward monitoring and system identification of constructed buildings for 
a wide range of applications, including validation of design practice and damage detection. Given the diversity of 
structural system form and function, as well as the varying constraints of practical data acquisition systems and the 
variety of excitation sources serving as inputs to these systems, it is no wonder that a broad spectrum of system 
identification methods have surfaced. A cross section of methods that have been successfully employed in the 
analysis of actual building data under naturally occurring excitations is presented herein. Both direct (physical) and 
indirect (modal) system identification methods executed in the time and frequency domains are overviewed, as are 
their abilities to accommodate time-variant features often encountered in actual applications. The successes and 
challenges encountered in these applications then serve as the basis for this study’s recommendations of future areas 
where research efforts are most needed, particularly in the context of structural health monitoring and embedded 
wireless sensing platforms. 

 

INTRODUCTION 

System identification of constructed facilities has been essential to the full-scale validation of existing design 
practice, providing important information on the in-situ dynamic properties and their variations under a range of 
loading conditions. However, the need for reliable system identification of constructed facilities has been 
particularly heightened in recent years due to the growing interest in Structural Health Monitoring (SHM) and has 
certainly been advanced by measures such as the Building Occupancy Resumption Program (BORP) and California 
Strong Motion Instrumentation Program (CSMIP). As such, now is an opportune time to define the current state-of-
the-art and trajectory of future research efforts in this field. 
 
Today’s constructed facilities manifest diversity in both form and function and as such the properties best 
characterizing these systems are equally diverse. Coupling this with the varying constraints of practical data 
acquisition systems (e.g., limited instrumentation points, noise, sensor accuracy) and the variety of excitation 
sources serving as inputs to these systems (measured input vs. unknown input), it is no wonder that a broad spectrum 
of system identification methods have surfaced [1]. As such, this study cannot encompass all of these efforts, but 
will provide an overview of methods that have been successfully employed in the analysis of constructed buildings 



under both ambient/wind and earthquake excitations. The successes and challenges encountered in these 
applications then serve as the basis for this study’s commentary on future needs. 
 
Before presenting the current state-of-the-art, some preliminary definitions are required. Since the choice of system 
identification method is largely driven by the user need and the data available (e.g., recorded output only or 
measurements at limited locations), the presented methods will be first distinguished by input type: known input 
(earthquakes) and unknown input (ambient/wind). Beyond this basic distinction, system identification methods can 
be further sub-classified in a number of ways. Herein, methods will be distinguished according to their treatment of 
the equation of motion. “Direct” methods are those that operate in the physical coordinate space to yield the 
structural parameters of mass (m), stiffness (k) and damping (c) directly. “Indirect” methods yield modal 
parameters of mass (M), stiffness (K) and damping (C) or more commonly their by-products, frequencies of 
vibration (fn), critical damping ratios (ξ) and mode shapes (φ), for one or more of the vibrational modes.  
 
Again, this paper will direct its attention toward methods that have been successfully applied to actual constructed 
buildings under natural loadings and not controlled experiments (at any scale), benchmarks or other simulations. 
These buildings are summarized in Table 1, along with their abbreviations. Many of the applications that will be 
discussed herein are in California and often are a result of CSMIP. Unfortunately, without concerns regarding 
survivability performance or code/policy-based incentives, there is little monitoring activity for US buildings outside 
of seismic zones. In many instances, monitoring is only undertaken in response to some undesirable behavior and 
the data acquired is rarely published or is disclosed anonymously.  
 
 
SYSTEM IDENTIFICATION WITH MEASURED INPUT 
 
Perhaps the single driving factor in the selection of a system identification method is the availability of measured 
input, which in practice is generally only the case  in earthquake applications. 
 

Table 1. Summary of instrumented buildings considered in this study. 
 

Building Location Ht. 
[m] 

Type No. of Sensors/ Recorded Events 

A-Chicago 
[3 Buildings] 

Chicago -- S, RC 4/AV since 2002 

A-7  -- 7-ST RC 29/Chi-Chi EQ 
A-13 -- 13-ST -- 15/Whittier Narrows EQ (1987) 
A-22 Viña del 

Mar, Chile 
22-ST RC Central Chile (1985) 

A-30 Hong Kong 120 S/RC 2/AV since 1995 
A-47 San 

Francisco 
172 S 18/Loma Prieta EQ (1989) 

A-54 Los Angeles 221  S 20/Northridge EQ (1994) 
A-57 Boston 245  S 8/AV 1973-1978 
A-73 Seoul 264  RC 6/AV since 2005 
Alhambra (AL) 
Bldg. 

Los Angeles 13-ST S 12/Asst. EQs  

Atwood (AW) 
Bldg. 

Anchorage, 
AK 

80.5 S 32/Asst. EQs  

Bank of California 
(BofC) Bldg. 

Los Angeles 12-ST RC 9/San Fernando EQ (1971) 

Bank of China 
(BPRC) 

Hong Kong 370 S/RC 2/T. Sally (1996) 

Building C Hong Kong 218 RC  2/T. Imbudo (2003), 
T. Dujuan (2003) 

Building E Hong Kong 206 RC 2/T. Imbudo (2003), 
T. Dujuan (2003) 



Central Plaza 
Tower (CPT) 

Hong Kong 374  RC 2/T. Sally (1996) 

CSUH Admin. 
Bldg. 

Hayward, 
CA 

61 S 16/Loma Prieta EQ (1989) 

Table 1. Summary of instrumented buildings considered in this study (con’t) 
 
Di Wang Tower 
(DWT) 

Shenzen, 
PRC 

384  S/RC 2/T. Sally (1996) 

Fire Cmd. & 
Control (FCC) 
Bldg. 

 9.75 S  16/Northridge EQ (1994) 

Guangdong Intl. 
Bldg. (GIB) 

Guangzhou, 
PRC 

200 RC 2/AV 

Imperial Co. 
Services (ICS) 
Bldg.  

El Centro, 
CA 

6-ST -- 13/Imperial Valley (1979) 

Jin Mao Tower 
(JMT) 

Shanghai 365  S/RC 2/T. Rananim (2004) 

Millikan Library 
(ML) 

Pasadena, 
CA 

43.9 RC 36/Whittier Narrows (1987) 

Pacific Park Plaza 
(PPP) 

Emeryville, 
CA 

94 RC 21/Loma Prieta (1989) 

Republic Plaza 
(RP) 

Singapore 280 S/RC 4/21 Minor EQ 

San Bruno Office 
Bldg. (SBR) 

San Bruno, 
CA 

24 RC 13/Loma Prieta (1989) 

Santa Clara Co. 
Office Bldg 
(SCCOB) 

San Jose, 
CA 

57 S 23/Loma Prieta (1989) 

Sylmar Co. 
Hospital (SCH)  

 6-ST RC/S 13/Northridge (1994) 

Transamerica 
Bldg. (TRA) 

San 
Francisco 

257 S 22/Loma Prieta (1989) 

UCLA Bldg. 
 

Los Angeles 66 S 72/Parkfield (2004) 

Union Bank Bldg. 
(UBB) 
 

Los Angeles 42-ST S 2/San Fernando EQ (1971) 

Van Nuys Hotel 
(VNH)  

Van Nuys, 
CA 

7-ST RC 16/Big Bear EQ (1992), 
Northridge EQ(1994) 

Japanese Database 
[205 Buildings] 

Japan < 300 S, RC ≥2/EQ, AV, Forced Vibration 

Korean Database 
[67 Buildings] 

Korea < 243 S, RC ≥2/AV 

Italian Database 
[185 Buildings] 

Worldwide  < 337 RC, S ≥2/AV 

Notes: RC: Reinforced Concrete, S: Steel, AV: Ambient Vibrations, EQ: Earthquake, T: 
Typhoon 

 
If available, direct identification of time-varying damping and stiffness matrices is possible, provided the response is 
measured at all or most of the degrees-of-freedom (DOFs). For example, subspace state-space system identification 
has been conducted on the 15-story UCLA Building, modeled as a 45-DOF system, utilizing 72 uniaxial 
accelerometers [2]. While this method generally requires both the measured input and output, it can be used for 
output-only (ambient) identification by expanding the state space model to generate extra “numerical modes” 
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Figure 1. Summary of system identification methods used in  
Japanese Damping Database 

accounting for the unknown input and noise. A 90th order model was used for the UCLA Building for analysis of 
ambient vibration data, necessitating additional stability analyses. While the response at uninstrumented degrees-of-
freedom can be generated by interpolation or state-space observers, as in the case of the FCC building [3], the 
limited number of sensors in most large-scale applications often prohibits a unique determination of stiffness and 
damping matrices. Thus, indirect methods tend to be more popular in practice, as they permit all “visible” modes to 
be determined uniquely at each measurement point, where the term visible implies that the higher modes are 
sufficiently excited and not obscured by noise.  
 
Irregardless of whether direct or indirect system identification methods are employed, the availability of measured 
input enhances the range of viable identification schemes and can even allow time-varying modal properties to be 
extracted accurately from as little as a two cycles of oscillation. Most of these schemes can be viewed as some form 
of objective function minimization, with the distinguishing feature being the objective function adopted and the 
numerical scheme used for its minimization. For example, considering that a structure may be viewed as a filter, 
subject to some input (ground motion) and yielding some output (structural accelerations), the identification problem 
can be treated as a discrete-time filter design, as overviewed in [4]. This approach has been applied to the A-22, ICS, 
TRA, PPP and BofC Buildings [5-9].   
 
Due to its wide availability in commercial software packages, regressive time-series modeling of the recorded input 
and output accelerations using least squares minimization and extraction of dynamic properties from the poles of the 
resulting transfer function has become popular [10]. Various regressive models have been adopted, including ARX: 
autoregressive model with exogenous input, used for the AW, AL, A-7, A-47, PPP, TRA, SCCOB, SBR and CSUH 
Buildings [10-13] and the autoregressive moving average model with exogenous input (ARMAX), applied to two 
steel buildings in Japan, as part of the damping database discussed later [14]. 
 
The output-error minimization can be conducted within the modal parameter space itself. This type of least squares 
minimization of the output (acceleration) errors has been applied to the A-13 and A-47 Buildings [15-16]. 
Meanwhile, Beck and Jennings [17] offer an output-error minimization of the relative acceleration and the derived 
relative velocity and displacement, using a modal sweeping scheme for efficient and reliable convergence in 
applications to the UB Building. Alimoradi, et al. [18] use the same response quantities for their objective function, 
thought with some normalization, and approach its optimization stochastically via genetic algorithms to 
accommodate larger numbers of variables and objective function complexity. This technique was applied to extract 
time-variant dynamic properties from 68 full-scale response cases from a variety of instrumented buildings (A-54, 
ML, VNH, ICS, SCH) [19]. More simplified applications of transfer-function-based methods in the frequency 
domain can be noted in linear analyses on RP [20]. 
 

SYSTEM IDENTIFICATION WITHOUT MEASURED INPUT 

In the context of tall building design, serviceability/habitability limit states generally govern, and as such the ability 
of the structure to effectively dissipate energy and the designer’s ability to predict this behavior is essential. 
Therefore, a great degree of the full-scale instrumentation programs focused on serviceability limit states under wind 
have been established to generate databases of viscous damping ratios for a wide cross section of structural systems. 
The first was presented by Canadian researchers (165 Buildings), and followed by those assembled by Italian (185 
Buildings), Japanese (205 Buildings), and Korean researchers (67 Buildings) [21-24]. Most structures within these 



databases are excited by ambient vibrations (e.g., wind) for which an input process cannot be recorded. Generally 
speaking, given the broadband nature of the input spectrum, particularly over the bandwidth of most buildings, 
assumptions of white noise input are made, and when coupled with assumptions of stationarity and ergodicity, 
enables the use of a number of “output only” system identification schemes employing temporal averages in lieu of 
ensembles, though requiring a significant amount of data (tens of hours) to reduce variance [25]. The extraction of 
dynamic properties in this context may employ either a time domain approach, where logarithmic decay curves are 
obtained by the direct calculation of the autocorrelation function or proportionally by the Random Decrement 
Technique (RDT), or a frequency domain analysis, where power spectra are analyzed by the Half Power Bandwidth 
(HPBW), method of spectral moments, or other curve fitting approaches [22]. A measure of the community’s 
tendency toward one domain vs. another can be inferred from the Japanese Database, as shown in Figure 1, where 
53% of the buildings were identified using time domain methods, largely RDT. This result embodies the 
community’s shift from the traditional direct generation of the autocorrelation function [21] to the RDT analog [23]. 
This shift is credited largely to RDT’s practical relaxation of stationarity requirements and its ability to track 
amplitude-dependent dynamic properties [26]. RDT has been applied, with varying refinements, to a number of the 
instrumented buildings in China: A-30, DWT, BPRC, CPT, JMT and GIB, four tall buildings in the US, and a tall 
building in Korea [27-35].  
 
Still the most conventional analysis used in ambient vibration system identification is the power spectral analysis by 
peak-picking and HPBW, as evidenced by the extensive examples in the European and Japanese databases [22-23] 
and the analysis of Buildings C and E under typhoons [36]. In fact, in many studies, time and frequency domain 
results are presented in tandem to underscore inherent trade-offs in bias and variance, e.g., [34]. More detailed 
comparisons of the identified properties of 22 reinforced concrete buildings from the Korean database using three 
methods: RDT, HPBW and spectral curve fitting by maximum likelihood estimator (MLE), have been presented to 
highlight, in particular, the utility of MLE in producing reliable parameter estimates from limited amounts of data 
[37].    
 

FUTURE NEEDS 

The case studies presented herein have highlighted the continued need for accurate indirect identification methods, 
as practical sensor density in most applications prohibits direct system identification. In general, the common theme 
amongst applications is robustness. Any proposed method should be robust, i.e., minimize the sensitivity to model 
order and/or initial conditions, converging reliably and quickly, and be capable of identifying closely-spaced 
vibrational modes. Specifically in the case of ambient vibration detection, there is a need for more accurate damping 
estimates. This has generally required extensive amounts of stationary data (20+ hours of data for the analysis of 
lightly damped, long period structures), and yet still, damping is often identified low certainty. Specifically, due to 
the interest in tracking amplitude-dependent properties, the ability to identify damping accurately in strong or 
transient wind events has been prohibited to date due to a lack of sufficient stationary data (Fig. 2). As such, new 
identification methods robust enough to accommodate weakly stationary or even non-stationary wind events are 
needed. Time-frequency analysis approaches offer a possible alternative venue for identification, as shown in the 
work on the BofC Building and the DWT [38-39]; however, to date these have not been able to yield damping 
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Figure 2. Full-scale response of tall building in Chicago to wind event on June 4, 
2005.



estimates. Therefore, there is a need for reliable system identification methods for “output only” applications, ideally 
suitable nonstationary data analysis. 
 
Much of the early work in system identification has enabled the rapid developments in SHM, where physical 
properties of the system, including dynamic properties, are evaluated to make some decision about the integrity of 
the structure. Thus the needs of the SHM community should equally be considered in the next generation of system 
identification approaches. To date, the ability to reliably discern damage without knowledge of the operational 
(input) and environmental conditions on site is yet to be demonstrated in practice. Noise (sensor, operational and 
environmental) can often lead to false positives; meanwhile, the practical limit on sensor density often results in 
false negatives. Thus the reliability of these methods must be enhanced if SHM is to be formally adopted. With large 
scale civil structures in mind, the promise of wireless sensor networks (WSNs) is particularly appealing from a 
system installation and maintenance perspective. WSNs posses distributed computational capabilities, which can be 
used to reduce communication and synchronization burdens by conducting system identification (damage detection) 
at the sensor node. This implies that indirect system identification methods, capable of handling the hardware 
constraints on sensitivity/resolution, computational resources and especially power, are needed. Particularly with 
respect to the latter two points, system identification approaches embedded in the network must be robust enough to 
distinguish actual damage from environmental and operational variability, subject to the aforementioned hardware 
limitations, while using limited amounts of data and mathematical operations to maximize battery life as much as 
possible. Thus some of the most significant future development challenges for system identification may indeed 
reside in the field of SHM. 
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