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ABSTRACT
The presence of uncertainties in real-life structures results in many mathematical models proposed
to describe a structure’s behavior. However, structural control design, lifetime prognosis, hazard
analysis and so forth all require a model (or a set of models) that accurately predicts the response.
Model falsification can be used to eliminate some of the incorrect models based on the philosophy
that measurement data can only be used to reject a model instead of supporting one; however, it
cannot judge the relative merits of retained (unfalsified) models. In contrast, Bayesian model class
selection can be used to provide such relative judgments; however, it can be computationally intensive for complex models and can, in the end, choose as best a model that is itself invalid. This
paper investigates a synergy of these two approaches to mitigate their respective shortcomings.
The proposed model validation approach is illustrated using a four-story base-isolated reinforced
concrete (RC) building that was tested in 2013 at Japan’s E-Defense earthquake engineering research center by subjecting it to different earthquake excitations. The structure is an RC moment
frame with structural walls in one corner to resist lateral loading. The isolation layer consists of
several kinds of passive devices. The data from the 8 August 2013 tests are used to validate different model classes of the superstructure. The results demonstrate that the Occam’s razor built in
this validation approach prefers models with fewer parameters.
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Background
Identifying models for a structure is an important part of the exercise to understand a structure’s
behavior. When many such models and model classes are available, a computationally efficient
strategy must be taken to explore the modeling possibilities for large complex structural systems.
In this study, a proposed two-step model validation approach is implemented where the first step
consists of a likelihood-bound model falsification [1] by specifying a lower limit on the probability
of obtaining the measurement data given the model (known as the likelihood). The model classes
with models that pass this test are then used for a computationally demanding Bayesian model
selection step to finally assign weights to validated model classes. This methodology is illustrated
with a finite element model of a four-story building tested on the world’s largest shake table in
Japan’s E-defense laboratory.
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Model Validation Steps
A model validation approach is proposed here combining two philosophies, namely, likelihood
based model falsification and model selection. Likelihood-bound model falsification [1] tries to
eliminate invalid models based on multiple hypothesis testing using likelihood of residual errors
o
θ ) − d between measurements d and corresponding predictions h(θθ ) by a model
 = {i }N
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class with parameters θ (termed as models within a class) where a likelihood function is defined
by p(), which is often assumed Gaussian




1
1
T −1
exp − [h(θθ ) − d] Σ [h(θθ ) − d]
(1)
L(θθ ; d) = p h(θθ ) − d =
No
1
2
Σ| 2
(2π) 2 |Σ
The covariance structure Σ is assumed or chosen based on some prior uncertainty quantification
analysis. A bound on the likelihood function is defined next using control of the false discovery
rate (FDR) [2], defined as the fraction of times a model is incorrectly falsified relative to the total
number of times it is falsified. A procedure first proposed by Benjamini and Hochberg [2] is used
here to keep the FDR at a level α by modifying the significance level of each measurement by
ᾱi = iα/No for i = 1, . . . , No . The residual error bounds i and ¯ i are next computed from ᾱi using
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A model with parameter θ is accepted if
L(θθ ; d) > L

(2)
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where L = p(max ) with max,i = max{|i |, |¯i |} for each i = 1, . . . , No . The model classes with some
models passing through this step are next used as candidate model classes for Bayesian model class
selection where posterior model class probabilities are estimated using Bayes’ theorem [3]
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D|Mk ) is known as evidence of the model class Mk ; P (Mk |D
D) is the prior model class
where p(D
probabilities assigned based on prior judgment. These posterior weights can then be used to choose
one or more validated model classes for predictive analysis.
Descriptions of the Four-Story Building Models
A base-isolated test structure mounted on world’s largest six degree-of-freedom shake table at
Japan’s E-Defense lab was tested in March 2013 and again in August 2013 (see Figure 1) [4]. In
this paper, measurements from the test performed on 8 August 2013 are used. The structure consists of a four-story, asymmetric, moment frame with a setback and coupled transverse-torsional
motion. The 690-ton superstructure is roughly 14m×10m×15m. The isolation layer is composed
of two rubber bearings, two elastic sliding bearings, and two pairs of passive U-shaped steel yielding dampers. The building was subjected to random excitation along different table axes, i.e., in
the x, y and z directions, and scaled versions of historical and synthetic earthquake ground motions. Accelerometers were placed on each floor at three different corner locations, each recording
responses in the x, y, and z directions, but only two sensors were used on the roof (because of
the different floor plan that allowed for a fourth-story deck). A finite element model is developed according to the design drawings shown in Figure 2. The beams, columns, and shear walls

are modeled by solid elements with reinforced steel bars modeled by truss elements embedded
in them. The floor slabs and the nonstructural walls (autoclaved lightweight concrete plates) are
modeled using shell elements and the isolation devices are modeled using spring elements.

Figure 1. The experimental set-up.

Figure 2. The finite element model.
Results

Five model classes are constructed where the moduli of elasticity for beams and columns in different floors are used as parameters of these classes. The first model class M1 assumes that all
the beams and columns in the building have the same elastic modulus. The second model class
M2 assumes different elastic moduli for beams and columns. The remaining model classes similarly differentiate between elastic moduli of beams of different floors and in x and y directions as
shown in Table 1. The prior distributions of these parameters are assumed Gaussian with mean
and standard deviation as shown in Table 1. The first six natural frequencies and mode shapes
estimated [5] from the acceleration data using a subspace state space system identification method
(N4SID method) [6] are used as measurements and compared with predictions from the models for
model falsification with 1000 models from each class. To compute the likelihood, the covariance
matrix Σ is assumed diagonal with 0.0252 and 0.0852 for natural frequency residuals and MAC
(modal assurance criterion) values, respectively. The model falsification results show the first two
model classes are rejected at this step (Table 1). The remaining three model classes are then used
for Bayesian model class selection with P (Mk ) = 1/3 for k = 3, 4, 5. The posterior model class
probabilities estimated shows that model classes 4 and 5 are almost equally good for modeling the
superstructure. Although model class 5 has more parameters, Occam’s razor principle of selecting
the simplest model explaining the behavior, which is embedded inside Bayesian model selection,
assigns a higher posterior probability to model class 4 with fewer parameters.
Conclusions
This study implements a model validation strategy for a four-story building tested on a shake table
that first uses the model falsification strategy that reduces the total number of candidate model
classes to three from five for the computationally expensive model selection step. Results from
the selection step demonstrate the Occam’s razor principle built in to the Bayesian model class
selection, preferring models with fewer parameters. Using the two validated model classes for the
superstructure, a multi-model control strategy will be implemented in future work to protect from
large earthquake motions.

Table 1. Different model classes with their parameters, mean and standard deviation of their prior
distribution, results from model falsification and selection.
Model
Class Mk
M1
M2
M3

M4

M5

θ
EBeam,Col
EBeam
ECol
EBeam,1
EBeam,2,3,4
ECol
EBeam,1
x
EBeam,2,3,4
y
EBeam,2,3,4
ECol
EBeam,1
x
EBeam,2,3,4
y
EBeam,2,3,4
x
ECol
y
ECol

Mean
27 GPa
27 GPa
23 GPa
27 GPa
25 GPa
23 GPa
27 GPa
27 GPa
23 GPa
23 GPa
27 GPa
27 GPa
23 GPa
23 GPa
24 GPa

Standard
deviation
2.5 GPa
2.5 GPa
2.5 GPa
2.5 GPa
2.5 GPa
2.5 GPa
2.5 GPa
2.5 GPa
2.5 GPa
2.5 GPa
2.5 GPa
2.5 GPa
2.5 GPa
2.5 GPa
2.5 GPa

Unfalsified (%)

D)
log(Evidence) P (Mk |D

0

–

–

0

–

–

0.5

−154.9558

≈ 0.0

2.9

−147.2980

0.5983

3.8

−147.6963

0.4017
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