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High-resolution seismic monitoring of instrumented buildings
using model-based state observers
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SUMMARY

This paper proposes a model-based state observer to perform high-definition response estimation in partially
instrumented building structures. The proposed estimator is verified in a 5-story simulated shear-building
structure and validated using measurements from a 7-story reinforced concrete building slice tested at the
NEES-UCSD shake table. In both cases the proposed estimator yielded satisfactory results by estimating
the time history of shear forces, bending moments, displacements and strains at various locations of interest.
The proposed algorithm can be used in instrumented buildings for various practical applications, including
post-earthquake damage assessment, structural control and building codes calibration.
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1. INTRODUCTION

The analysis of vibration signals measured in building structures during earthquakes provides useful
information that can help engineers to enhance the accuracy of building models [1, 2], improve
seismic code provisions [3], and to perform post-earthquake damage assessment [4, 5, 6]. Due to
economic and/or logistical constraints, strong motion instrumentation in buildings typically consists
of absolute acceleration measurements at the base, the roof, and at a limited number of intermediate
stories. The number and location of accelerometers depends on the height and complexity of the
building. Due to this limitation, not all quantities of interest (QoI) such as internal forces, drifts and
strains (among others) can be directly measured.

Various levels of spatio-temporal resolution for structural monitoring and response estimation
of instrumented buildings can be established. These range from tracking changes in vibration
frequencies before, during and after the potentially damaging seismic event, to tracking the complete
dynamic response and model parameters during the event at a measurement rate (typically around
100Hz). This paper deals with high-definition spatio-temporal tracking of QoI such as internal
forces, displacement and strain fields throughout the elements of the building structure at the
measurement sampling rate.

In the case of low seismic demands, linear interpolation has been proposed by various researchers
to perform response estimation. Early work carried out by Mau and Aruna [7] used mode shapes as
interpolating functions to estimate the one-dimensional displacement and interstory drift response
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2 K. ERAZO AND E. M. HERNANDEZ

at unmeasured stories. Interstory shear forces and overturning moments were computed using story
weight information gathered from building drawings and the interpolated accelerations (neglecting
the effect of damping). More recently, Limongelli [8] used more general spline functions to
interpolate the seismic response in buildings. Some challenges typically encountered when using
interpolation methods are: (i) the user needs to decide which interpolating functions to use; if mode
shapes are used, the modes need to be specified (usually the lower frequency modes are selected,
however in tall buildings this is not always the best choice [9]); (ii) The interpolation approach is
static, and as such, the estimated response at time t only depends on the measurements at time t; (iii)
if n sensors are used, then the interpolation approach only allows the use of, at most, n independent
interpolating functions. Finally, under strong motions the modal interpolation is expected to fail,
since the building response is no longer characterized by a linear superposition of modal responses.

Recently, methods based on response feedback and state observers have been proposed to perform
estimation of unmeasured seismic response in instrumented building structures [9]. This paper
proposes the use of a finite element model-based state observer recently developed by one of the
authors to estimate the complete temporal and spatial response of the internal forces, displacements,
strain and stress fields at a high resolution level [10].

The proposed model-based observer is verified in the context of a simulated five degree-of-
freedom nonlinear shear model and validated using results of a full-scale experiment performed
by an independent team of researchers from the University of California at San Diego (UCSD). The
experiment consisted of a seven story reinforced concrete building slice tested on the NEES-UCSD
shake table [11]. The NEES-UCSD test structure was densely instrumented and progressively
subjected to synthetic broadband noise excitations and historical ground motions. A detailed
description of the instrumentation and testing program can be found in Panagiotou et al. [11]. The
measured data has been successfully employed by other researchers to validate system and damage
identification techniques [12, 13]. To the best knowledge of the authors, this paper constitutes the
first attempt to use an experiment of this size and complexity to validate state observers in seismic
response estimation applications.

2. STATE ESTIMATION IN STRUCTURAL SYSTEMS

2.1. Systems of Interest

The systems of interest are building structures subjected to seismic ground motions. The dynamic
response of these systems can be approximately modeled by a set of simultaneous differential
equations of the form

Mq̈(t) + Cdq̇(t) + fR(q(t), z(t)) = B1üg(t) + w(t) (1)

where q(t) ∈ RN is the displacement vector (relative to the ground motion), z(t) is a vector
of auxiliary variables dealing with material nonlinear and damage behavior, N is the number of
degrees-of-freedom (DOF), M ∈ RN×N is the mass matrix, Cd ∈ RN×N is the damping matrix and
fR(·) is the static restoring force function. The matrix B1 = −Mr where r is the ground motion
influence vector. The vector w(t) ∈ RN is the process noise used to model unmeasured inputs,
measurement noise in measured inputs and/or modeling errors.

Absolute acceleration response measurements are modeled as

y(t) = c2M
−1 [w(t)−Cdq̇(t)− fR(q(t), q̇(t))] + ν(t) (2)

where c2 is a Boolean matrix indicating the measured degrees of freedom and ν(t) represents the
measurement noise, which in this paper will be modeled as an independent Gaussian process with
zero mean and covariance R. In practice, the measurements are digital and thus measurements are
only available at times that are multiple of the inverse of the sampling rate.

Copyright c© 2010 John Wiley & Sons, Ltd. Earthquake Engng Struct. Dyn. (2010)
Prepared using eqeauth.cls DOI: 10.1002/eqe



SEISMIC RESPONSE ESTIMATION USING MODEL-BASED STATE OBSERVERS 3

2.2. State Estimation in Structural Dynamics

The term state refers to the minimum number of response quantities at a given time to necessary to
predict the future response of the system (t > to) in the absence of external excitations. In the case
of linear structural systems with velocity proportional damping, the state consists of displacement
and velocity at all degrees of freedom. For nonlinear systems, the state may also include auxiliary
response quantities that describe the evolution of the restoring force function.

State estimation refers to a collection of algorithms that use noise-contaminated measurements
of a system response in a feedback loop to estimate (or track) the complete state of the system. The
resulting feedback system is known as a state observer [14, 15]. The fundamental component of all
state observers is the feedback gain, i.e., the matrix that weighs the effect of the measurements in
the feedback loop.

State observers are common in control systems and have had limited application in structural
dynamics [16]. Recent application of state estimation with emphasis in reconstructing seismic
response of buildings can be found in [17, 9, 18]. In [17] a particle filter was used to estimate
the complete lateral response of a building using vibration data obtained during the Northridge
earthquake. It was concluded that model error plays an important role and robustness is a mayor
issue in state estimation. Due to the large computational cost of implementation (the particle filter
is a stochastic simulation filtering method), it was necessary to use a relatively simple model
which had a detrimental effect on the estimation quality. In [9] a robust linear state observer was
proposed and tested using real data from instrumented buildings. Although satisfactory results were
obtained for linear response, the robust observer did not fully account for the effects of measurement
noise and unmeasured excitation. In addition it requires measurement of the excitation and a
relatively low order model in order to be implemented efficiently. More recently, in [18], various
nonlinear Bayesian state estimation methods were compared. Specifically, the extended, unscented,
ensemble Kalman filter and the particle filter were implemented for seismic response reconstruction.
Sensitivity to nonlinear behavior and robustness to various types of model error were considered in
the context of simulated buildings. It was found that all filters exhibit significant sensitivity to model
error (in agreement with the results obtained by Ching et al. [17]). It was found that the unscented
Kalman filter was the most efficient of the methods considered.

In order to address some of the existing scalability and robustness limitations of traditional state
estimators, this paper proposes the use of a recently developed finite element model-based observer
[10]. The observer was originally proposed for symmetric second-order systems, and this paper
presents its first application in the context of seismic response reconstruction. The proposed observer
has several advantages over existing state estimators. First, it was originally formulated such that
it can be efficiently implemented in the context of a finite element model. Instead of operating in
state-space (first-order form), the proposed observer operates directly in second-order form; this
significantly reduces the computational cost of implementation [19].

Moreover, the formulation of the observer allows for the use of high-order and detailed finite
element (FE) models, which results in increased resolution and accuracy. Other advantages are:
The observer is natural, meaning that the estimates of velocity are actually derivatives of the
displacement estimates. This is not the case with other linear estimators, such as the Kalman filter
[10]. The observer is slightly suboptimal, which implies that its sensitivity to modeling errors is
reduced. In the context of this paper the Kalman filter is considered to be the optimal estimator,
in the sense that it minimizes the trace of the state error covariance matrix. As discussed in the
following section, the proposed observer minimizes only the displacement component of the state
error covariance matrix, and for this reason is considered a suboptimal estimator. The proposed
observer has been found effective in the context of small scale laboratory experiments [19]. This
paper aims to test its effectiveness in the context of a large-scale test setup were modeling errors are
likely to play an important role, and a refined finite element model is necessary to obtain satisfactory
estimation results.
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4 K. ERAZO AND E. M. HERNANDEZ

2.3. Finite Element Model-Based Observer

The finite element model-based observer (MBO) is a recently developed state observer for second-
order symmetric systems [10]. In the MBO the estimate of the displacement response of the
structure, q̂, is given by the solution of

M¨̂q(t) + (CD + cT2 Ec2) ˙̂q(t) + Kq̂(t) = cT2 Eq̇m(t) = fc(t) (3)

where q̇m is the measured velocity (readily obtained from acceleration measurements), and E ∈
Rm×m is the feedback gain. A physical interpretation of the MBO can be obtained by interpreting
the right-hand side of Equation 3 as a set of corrective forces that act on a modified version of the
original model. The corrective forces result from enforcing the constraint that the observer can be
implemented as a finite element model [10]. The modification to the model consists in adding the
damping term cT2 Ec2. In order to retain a physical interpretation, cT2 Ec2 must be a symmetric and
positive semi-definite matrix. .

To determine E the objective function to be minimized in the MBO is the trace of the displacement
error covariance matrix, given by

J = tr(E[(q(t)− q̂(t))(q(t)− q̂(t))T ]) = tr

(∫ +∞

−∞
Φee(ω)dω

)
(4)

where the estimation error power spectral density matrix Φee is

Φee = Hob2Φwwb
T
2 H
∗
o + Hoc

T
2 EΦvvE

T c2H
∗
o (5)

with Ho defined as
Ho =

(
−Mω2 +

(
CD + cT2 Ec2

)
iω + K

)−1
(6)

The matrices Φww and Φvv are, respectively, the power spectral density of the uncertain inputs and
measurement noise. In this paper the uncertain input corresponds to the ground motion excitation
and the measurement noise corresponds to the accelerometer measurement errors. A detailed
derivation of the MBO can be found in [10, 19].

3. NUMERICAL VERIFICATION

In this section the MBO is numerically verified in a simulation environment, in the context of a
five degree-of-freedom nonlinear shear building model subjected to a moderate support motion. A
nonlinear Bouc-Wen-Baber-Noori model with strength/stiffness degradation was adopted to model
the system [20, 21]. In this model the internal spring forces are given by

fr(q(t), q̇(t), z(t); θ) = akq(t) + (1− a)Dkz(t) (7)

ż(t) = (η(t)D)−1
[
A(t)q̇(t)− ν(t)βz(t)|q̇(t)||z(t)|n−1 − ν(t)γq̇(t)|z(t)|n

]
(8)

where z(t) is the normalized hysteretic force, k is the initial stiffness, D the yield displacement,
a is the ratio of post-yield and pre-yield stiffness, {γ, β} control the shape of hysteresis loops,
and n governs the smoothness of the transition from elastic to plastic response. The function
ν = 1 + δνDE controls the strength degradation between hysteresis loops, η = 1 + δηDE controls
the stiffness degradation between hysteresis loops, and A = 1 + δADE controls the continuous
stiffness/strength degradation during hysteresis cycles. DE denotes the hysteretic dissipated energy.

The following parameters were used as nominal values: kn = 4π2N/m, Dn = 0.25m, γ = 0.8,
β = 0.2, and ν = 2. The mass was M = 1kg and a damping ratio of 5% in all modes. The
fundamental vibration frequency of the model was 2Hz. The degradation parameters were chosen
as δν = 1× 10−51/Nm, δη = 1× 10−51/Nm and δA = 1× 10−61/Nm [22]. The parameters and
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SEISMIC RESPONSE ESTIMATION USING MODEL-BASED STATE OBSERVERS 5

the level of nonlinearity in this numerical example were selected based on the experimental results
of the following section, which constitute the main contribution of this paper.

To model seismic ground motion the Kanai-Tajimi stochastic process was adopted [23]. In this
model ground motions are given by

u(t) = I(t)
[
ω2
gug(t) + 2ξgωgu̇g(t)

]
(9)

where ug(t) is the solution of

üg(t) + 2ξgωgu̇g(t) + ω2
gug(t) = w(t) (10)

w(t) is formally a white noise process with spectral density Sww(ω) = Go, and I(t) is an
amplitude modulating function. The process u∗(t) = u(t)/I(t) has a Kanai-Tajimi power spectral
density given by

Su∗u∗(ω) = Go
1 + 4ξ2g

(
ω
ωg

)2
[
1−

(
ω
ωg

)2]2
+ 4ξ2g

(
ω
ωg

)2 −∞ < ω <∞ (11)

The parameters ξg and ωg of the Kanai-Tajimi model have been extensively calibrated with
recorded ground motions (Pires et al. [24], and references therein). Other ground motion models
based on filtered white noise can be implemented in a similar way. The parameters values used are
ωg = 15rad/s and ξg = 0.35; these values are characteristic of firm soils [24]. The underlying white
noise spectral density Go was found such that a target peak ground acceleration (PGA) of 0.20g is
obtained in the mean. For this purpose the relationship between the PGA and the root mean square
acceleration developed by Vanmarcke and Lai was used [25].

The amplitude modulating function I(t) was selected as

I(t) = te−bt (12)

where b = 0.30 based on calibration results using past seismic records [26].

3.1. Implementation of MBO

To implement the MBO the system was linearized around its position of static rest. The spectral
density matrix Φww was selected based on the Kanai-Tajimi model given by Equation 11. The
measured response consisted of absolute acceleration measurements, contaminated with an additive
zero mean white Gaussian sequence with a noise-to-signal RMS (root-mean-square) ratio of 0.10.
The measured locations were the second and fifth DOF. The measurement noise spectral density
matrix Φvv was selected based on the RMS noise to signal ratio of 0.10.

As explained in [10], one of the advantages of the MBO is that is can be implemented as a
physical system. This observer is a modified version of the system of interest subjected to corrective
forces which drive the observer. Any response quantity from the observer (i.e., the modified model)
constitutes an estimate of the same quantity in the system of interest. The implementation of the
observer is depicted in Figure 1. The system of interest is shown on the left, while the observer
system is shown on the right. In this case the modification are dampers at the measurement locations
and the corrective forces are the measured velocities scaled by the damper values. The dampers
values are obtained in such a way that the sum of the displacement error variances is minimized.
This is done by optimizing Equation 4. Results from the optimization are presented in Figure 2.
Special care must be taken when integrating Equation 4; the integration was approximated using the
trapezoidal rule with a ∆ω = 0.025rad and with an upper limit of ωmax = 1, 256rad, convergence
was verified. The damper values c1 = 13.98× 107Ns/m and c2 = 13.54× 107Ns/mminimize the
covariance of the state error (J in Equation 4).
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6 K. ERAZO AND E. M. HERNANDEZ

y2 

y1 

gu

522 qcfc


211 qcfc


2c

1c

(a) (b) 

Figure 1. Depiction of the MBO in a 5-degree of freedom shear building subjected to a support motion. (a)
The system of interest with support motion and measurements, (b) The MBO with corrective forces.
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Figure 2. Evolution of the dampers c1 and c2 as a function of the number of iterations
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SEISMIC RESPONSE ESTIMATION USING MODEL-BASED STATE OBSERVERS 7

3.2. Estimation Results

Table I presents a comparison of the estimates given by the observer for the maximum inter-story
drifts. The estimates are in close agreement with the system response. Similarly, Table II presents a
comparison of the estimates of the maximum inter-story shear force, where again the estimates are
consistent with the system response. Figure 3 depicts the time history of the estimates of the lateral
displacement of DOF 1 and DOF 4.

Table I. Estimated maximum drift displacement (×10−2m).

Story 1 2 3 4 5

SYS 1.48 1.38 1.12 0.85 0.46
MBO 1.46 1.36 1.12 0.87 0.47

Although encouraging, these results are under ideal conditions. In these simulations no modeling
errors are considered, and the system does not experience large nonlinear excursions. The next
section examines an experimental validation on a full-scale slice of a building, where the specimen
was subjected to increasing ground motions until significant degradation was observed.

Table II. Estimated maximum inter-story shear (×105N ).

Method 1 2 3 4 5

SYS 6.25 5.90 5.08 3.80 2.06
MBO 6.65 6.23 5.26 3.89 2.12
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Figure 3. DOF 1 (left) and DOF 4 (right) displacement estimates.

4. EXPERIMENTAL VALIDATION

In this section the performance of the proposed MBO is assessed using vibration data from
an experiment performed by a team of researchers from the University of California at San
Diego (UCSD). The experiment consisted of a densely instrumented full-scale reinforced concrete
shear wall structure tested in the NEES-UCSD shake table [11, 27]. To validate the MBO
absolute acceleration response measurements at limited locations are used to estimate quantities
of interest (QoI) throughout the structure. The estimated QoI are compared to their corresponding
measurement, assumed to be unknown during the estimation process. The QoI include lateral
displacement, absolute accelerations, strains at critical locations, base shear and overturning
moment.
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8 K. ERAZO AND E. M. HERNANDEZ

4.1. Test Structure Description

The test structure consisted of a seven story full-scale reinforced concrete cantilever shear wall,
resembling a “slice” of a typical shear wall building [27]. The structure was designed using the
displacement-based capacity approach resulting in smaller design forces than those that result from
current force-based design codes [27, 28].

Acceleration measurements  

for estimation 
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for validation 
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for validation 

 

Displacement measurement  

for validation 
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Figure 4. Left: Test structure. Right: Dimensions and sensors used for estimation/validation [11].

The gravity load system consisted of a reinforced concrete slab supported by high-strength
columns. The structure was supported by a reinforced concrete foundation, which was connected to
the shake table using post-tensioned cables. The test structure on the shake table is shown in the left
panel of Figure 4. The structure total height was approximately 20m. The web wall was 0.30mwide,
with a thickness of 0.20m in levels 1 and 7, and 0.15m in levels 2-6. The web wall was connected
to a was 5m wide flange wall with a thickness of 0.20m in level 1 and 0.15m in levels 2-7. The web
wall was connected to the flange wall using a slotted connection to prevent coupling between the
two walls.

On the other end the shear wall was connected to a post-tensioned gravity column by pinned
braces (both the column and braces were designed to remain elastic during the test); the purpose
of this column was to increase the structure torsional rigidity to reduce out-of-plane effects with
respect to the loading direction. The bracing consisted of 100× 100× 10mm angles in levels 1-2,
and 75× 75× 8mm angles in levels 3-7.

4.1.1. Instrumentation and Testing Program A dense array of sensors was deployed throughout the
structure to measure its dynamics response. The instrumentation included 139 accelerometers, 88
displacement transducers (LVDT), 314 strain gages and 23 pressure transducers sampled at 240 Hz.
Additionally an array of 50Hz GPS devices were used to measure lateral displacement response.
A total of approximately 600 sensors were used in the experiment [27]. The instrumentation in the
first story of the main wall is shown in Figure 5.

The structure was sequentially subjected to four recorded earthquake ground motion time
histories: i) the Van Nuys longitudinal component record of 1971 San Fernando earthquake, ii)
Van Nuys transverse component record of 1971 San Fernando earthquake, iii) Oxnard Boulevard
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SEISMIC RESPONSE ESTIMATION USING MODEL-BASED STATE OBSERVERS 9

Figure 5. Web wall first story instrumentation. The top-right corner shows an LVDT in the wall/foundation
interface [11].

in Woodland Hill longitudinal component of 1994 Northridge earthquake, and iv) the Sylmar
Olive View Med 360 component record from 1994 Northridge earthquake. Before and after each
earthquake the structure was subjected to banded (0.25-25 Hz) white noise excitations with varying
RMS of 0.02g, 0.03g and 0.05g. In addition, ambient vibration measurements were recorded at the
different stages.

4.2. Finite Element Model Used for State Estimation

A three dimensional finite element model of the test structure was developed using the software
SAP2000 [29]. The web and flange walls consist of linear elastic shell elements. The web and
flange walls are connected using pinned rigid links to model the slotted joint. The precast pier and
web wall are joined using end-pinned angles. The model has 11, 676 shell elements and 217 frame
elements, with a total number of 73, 605 degrees of freedom. The model is depicted in Figure 6.

Figure 6. Three dimensional FEM model; the model has 11, 676 shell elements and 217 frame elements,
with a total number of 73, 605 degrees of freedom.
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10 K. ERAZO AND E. M. HERNANDEZ

The material properties were selected as follows: a concrete strength f ′c = 40MPa and Young
modulus Ec = 30GPa; reinforcing steel Fy = 450GPa and Es = 200GPa.

The damping was modeled as Rayleigh such that the first two modes have a damping ratio of
0.025. The damping ratios were selected based on system identification results performed at the
beginning of the testing program [13]. The total mass is 216.4× 103kg.

4.3. Reduced Hybrid Model Used to Compute Feedback Gain

In order to perform the gain optimization (Equation 4) in a computationally effective fashion, a
reduced model was formulated. The model consists of a close-coupled chain connected to a linear
elastic cantilever. Similar models have been proposed to estimate the dynamic response of building
structures [30, 31, 32]. The motivation for using this class of models is that the lateral deformation
in buildings are in general characterized by a combination of flexural and shear deformations [33].
It has been shown that using only shear-type models may result in significant errors in building
response estimates [34, 35]. This has also been shown to be the case in structures in which shear
walls are used as the main lateral deformation resisting mechanism [30].

To calibrate the initial stiffness of the model the first three longitudinal vibration frequencies of
the finite element model described in the previous section were used. The resulting springs initial
stiffness was ki = 3.6× 107N/m and the elastic cantilever EI = 1× 1010Nm2. The mass of each
DOF in the reduced model corresponds to the tributary mass, i.e., based on half of the mass of the
adjacent upper and lower story. The damping matrix is classical with a damping ratio of 0.025 in
all modes and kept constant throughout the analyses. The damping ratios were selected based on
system identification results performed in Moaveni et al. [13]. The calibrated RHM was used only
to perform the gain optimization. To implement the MBO the finite element model presented in Fig.
6 was employed. The use of the refined FEM reduces modeling errors and allows to estimate local
quantities such as stress and strains. This last aspect is one of the more attractive features of the
MBO.

4.4. Experimental Results

This section presents results of the application of the MBO to estimate the response of the structure
during the following tests:

1. Low amplitude banded white-noise (WN); the input consisted of a realization of a 0.02m/s2

RMS process with banded power spectral density in the range 0.25-25Hz.
2. Low amplitude earthquake (EQ1); the input consisted of the VNUY longitudinal component

of the 1971 San Fernando earthquake (PGA=0.15g).
3. Moderate amplitude earthquake (EQ2); the input consisted of the VNUY transverse of 1971

San Fernando earthquake (PGA=0.26g).

To implement the MBO time histories of acceleration response at the first, fourth and seventh
stories were used (see Figure 4). The measured locations were chosen based on the linear
observability criteria, i.e., such that the condition number of the observability matrix is minimized
[15]. The resulting sensor arrangement is consistent with typical strong motion instrumentation in
building structures [5].

The QoI include lateral displacement, lateral accelerations, strains at critical locations, base
shear and overturning moment (see Figure 4). The estimated quantities were compared to their
corresponding measurements; the QoI measurements were assumed to be unknown during the
estimation and only used for validation purposes.

4.4.1. Low amplitude banded white-noise (WN) Estimation results from the application of a white
banded (0.25-25Hz) base motion are presented next. The data corresponds to test no. 33 as specified
in the testing history [11]. This was one of the initial tests performed, and the structure is thus
considered to be in an “uncracked” state. The measurements were sampled at 240Hz, detrended and
band-passed (0.5-50Hz) using a high order 1024 FIR filter. The base motion history (measured at
the foundation level) is shown in Figure 7, where a zoomed window shows 10 seconds of the input.
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Figure 7. Left: white banded (0.25-25Hz) base motion with an RMS of 0.02g. Right: Zoomed window.

The MBO introduced in the previous section was used to estimate the QoI. The input variance
and PSD needed to implement the observer were obtained from an equivalent white noise process
[36]. The MBO was implemented using the finite element model introduced in section 4.2. To
perform the optimization in Equation 4 the reduced hybrid model was used with the parametrization
E = EiiIm×m where Eii ∈ [0,∞) and Im×m is the m-dimensional identity matrix. A value of
Eii = 1× 109Ns/m was selected to implement the observer.

The estimate of the strain history at critical locations in the first and second story web wall are
presented in Figure 8 and Figure 9 (see Figure 4 for the LVDT layout). As it can be seen, the
estimated strains are in good agreement with the corresponding measurements.
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Figure 8. Strain estimates at first story wall (WN test).
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Figure 9. Strain estimates at second story wall (WN test).

4.4.2. Low Amplitude Earthquake Input (EQ1) In the second test a low amplitude base motion was
applied to the structure. The applied input was the VNUY longitudinal component of the 1971 San
Fernando earthquake (PGA=0.15g), denoted as “EQ1”. The base motion corresponds to test no. 93
according to the testing history [11]. The measured acceleration response at the foundation level
and the magnitude of its Fourier spectra are presented, respectively, in the upper and lower panels
of Figure 10.
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Figure 10. Low Amplitude Earthquake Input (EQ1) - VNUY longitudinal component of the 1971 San
Fernando earthquake (PGA=0.15g). Top: Time History. Bottom: Fourier Spectra amplitude.
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Figure 11. Model-based observer feedback gain optimization.

The MBO was applied to estimate the response of the structure using the same measurements
as in the previous case (see Figure 4). The measurements were sampled at 240Hz, detrended and
band-passed (0.5-50Hz) using a high order 1024 FIR filter. The correlation in the input was modeled
using the Kanai-Tajimi model [37, 38] presented in the verification section (Equations 9 - 12). The
parameters were chosen as wg = 15rad/s and ξg = 0.35 based on the results in [24]. The white
noise input PSD (Go) was selected such that a PGA of 0.30g is obtained in the mean (recall that
the actual input PGA was 0.15g). For this purpose the relationship between the PGA and the root
mean square acceleration developed by Vanmarcke and Lai was used [25]. Other input models such
as stationary Gaussian white noise and modulated Gaussian white noise were investigated without
significant change in the results.

The MBO was implemented using the finite element model introduced in section 4.2. As before,
the optimization in Equation 4 was performed using the reduced-hybrid model introduced in section
4.3 with the parametrization E = EiiIm×m where Eii ∈ [0,∞) and Im×m is the m-dimensional
identity matrix. The optimization results are shown in Figure 11. A value of Eii = 2× 109Ns/m
was selected to implement the filter.
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Figure 12. Acceleration estimate at sixth story (EQ1).
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Figure 13. Displacement estimate at seventh story (EQ1).

The estimate of the relative acceleration (with respect to the base) at the sixth story is shown in
Figure 12. As it can be seen, the MBO estimates are in agreement with the measured response. The
figure in the lower panel shows the open-loop estimate (“OL”), i.e., the result from applying the
base motion history to the reference finite element model, without using measurement feedback.

As can be seen, measurement feedback significantly improves the open-loop estimate, which
is largely affected by modeling errors. The estimate of the lateral displacement at the top of the
structure is shown in Figure 13. The estimate is in good agreement with the measured displacement.
The estimates of the weight normalized base shear and overturning moment are depicted in Figure
14 and Figure 15 respectively. The weight of the structure is approximately 2000kN .
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Figure 14. Estimate of the weight normalized base shear (EQ1).
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Figure 15. Overturning moment estimate (EQ1).

The estimates of the strain history at locations D1-2 and D2-2 are shown in Figure 16 (the LVDT
layout is shown in Figure 4). The asymmetry in the measured response (i.e., larger positive than
negative amplitude cycles) can be attributed to the fact that when this test was performed the
structure had degraded significantly. Thus, the deformation when the LVDT is in tension is larger
than the deformation when it is in compression due to crack opening. Based on system identification
results, a reduction of 20% in the vibration frequency of the first mode of vibration was observed
with respect to the initial “uncracked” state.
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Figure 16. Strain estimates at locations D1-1 and D1-2 (EQ1).
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To quantify the accuracy of the estimates the following metric was defined

ε =
‖xm − x̂‖2
‖xm‖2

(13)

where xm is the measurement of the quantity of interest x, x̂ is the estimate of x, and ‖‖2 denotes
the L2 norm. Table III summarizes the results of the metric for the estimated quantities.

Table III. Error metric ε for EQ1 case.

MBO OL

Acceleration 3rd story 0.57 1.34
Acceleration 5th story 0.43 1.25
Acceleration 6th story 0.39 1.29

Lateral displacement 7th story 0.17 0.32
Strain D1-2 0.95 2.37
Strain D2-2 0.97 2.46
Base shear 0.29 0.51

Overturning moment 0.22 0.43

4.4.3. Moderate Amplitude Earthquake Input (EQ2) The third test studied corresponds to a
moderate amplitude base motion. The applied input was the VNUY transverse component of
the 1971 San Fernando earthquake (PGA=0.26g), denoted as “EQ2”. The input base motion
corresponds to test no. 91 according to the testing history [11]. The acceleration response at the
foundation level and the magnitude of its Fourier spectra are shown, respectively, in the top and
bottom panels of Figure 17. The measurements were sampled at 240Hz, detrended and band-passed
(0.5-50Hz) using a high order 1024 FIR filter.

Input History 

40 50 60 70 80 90 100
-0.3

-0.15

0

0.15

0.3

Time (s)

A
cc

el
er

at
io

n
 (

g
)

FAS 

0 5 10 15 20 25 30
0

0.1

0.2

0.3

Frequency (Hz)

|F
F

T
|(

g
)

Figure 17. Moderate Amplitude Earthquake Input (EQ2) - VNUY transverse component of 1971 San
Fernando earthquake (PGA=0.26g). Top: Time History. Bottom: Fourier Spectra amplitude.
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Figure 18. Top: Acceleration estimate at sixth story (EQ2). Bottom: Displacement estimate at seventh story
(EQ2).

The MBO was implemented using the same parameters defined for the EQ1 case. The estimate
of the relative acceleration (with respect to the base) at the sixth story and the displacement of the
seventh floor are shown in Figure 18. Both estimates are in good agreement with the measured
response. The estimates of the weight normalized base shear and overturning for the EQ2 case are
shown in Figure 19,
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Figure 19. Base shear and overturning moment estimates (EQ2).
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The strain estimates at locations D1-2 and D1-15 are shown in Figure 20. As can be seen, the
crack opening effect is more pronounced in the measurement of strain D1-2, at the bottom of the
first story wall. This phenomenon is not captured by the MBO estimate since the finite element
model employed does not account for crack opening. Despite this limitation the estimates of the
QoI are in good agreement with the measurements used for validation.
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Figure 20. Strain estimates at locations D1-2 and D1-15 (EQ2).

5. CONCLUSIONS

This paper proposes the use of a model-based observer (MBO) to perform high-resolution seismic
response estimation in partially instrumented building structures. The observer was employed to
estimate the time history of quantities of interest (QoI) in earthquake engineering applications,
such as lateral displacements, accelerations, strains at critical locations, base shear and overturning
moment.

A numerical verification was conducted in the context of a five degree-of-freedom nonlinear
shear model subjected to a moderate amplitude simulated support motion. Estimates obtained by
implementing the proposed observer were found to be in close agreement with the nominal system
response.

The proposed MBO was validated using data from a full-scale experiment carried out by an
independent team of researchers from the University of California at San Diego. The experiment,
conducted in the NEES-UCSD shake table, consisted of a seven story shear wall structure
resembling a slice of a typical shear wall building. The data from the experiment is available to
the research community through the NEES project warehouse website.

Measurements from three tests were used to validate the observer: a banded white noise input, and
low/moderate amplitude records from the 1971 San Fernando earthquake. In all cases the observer
was capable of estimating the QoI successfully, although a slight decrease in accuracy was noted as
the base motion intensity was increased during the second and third tests, specially when estimating
peak strain response. The simulated and experimental results presented in this paper indicate that
the proposed observer is a promising algorithm to perform high-resolution estimation in partially
instrumented building structures during earthquakes. Future work will focus on: a) improving the
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estimation accuracy in cases of moderate and highly nonlinear response; and b) implementing the
MBO in real buildings.
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