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Abstract

The significant number of seismic ground motion records to be considered when designing or
assessing civil structures is a common restriction. This is because the large computational time
involved in the calculation of the nonlinear dynamic response of complex multi-degree-of-
freedom system. There are several strategies to overcome this limitation, however, the
reliability estimation of the analyzed systems can be compromised. This research is focused on
developing a simplified methodology to obtain a probabilistic and reliable estimate of the
seismic response of buildings. To do so, a set of transfer functions associated to the dynamic
response of a building model are obtained. Then, an optimal transfer function is identified as
the one maximizing the prediction of engineering demand parameters (EDPs) when the
structure is subjected to a large set of ground motions records. Results show that using a
reduced number of records allows developing an enhanced strategy to obtain reliable results
in terms of the main statistical moments of the EDPs. This increased capacity to analyze
complex systems in an affordable time has important consequences in the identification of
optimal designs in terms of material-performance relationship, as well as in the estimation of
the expected risk.
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1 INTRODUCTION

During the last decades, a great variety of investigations has been carried out focused on the
estimation of the dynamic response of civil structures in a non-linear regime. This is because
in several regions of the planet the seismic risk is still very high. In fact, it cannot be affirmed
that there is an area with zero seismic risk. For this reason, the design of earthquake resistant
structures has been, and continues to be, one of the main challenges of structural engineering.
However, epistemic and random uncertainties appear in all current methodological
developments that seek to estimate the seismic effect on the structures.

Depending on the level of sophistication in modelling, the uncertainty varies. It means, the
more sophisticated the type of analysis, the lower the level of uncertainty associated with the
modelling. In this respect, there are several ways to assess the seismic behavior of a structure,
ranging from the Equivalent Horizontal Force method (EHF), through the Response Spectrum
Method (RSM), nonlinear static analysis (pushover analysis), to the nonlinear dynamic analysis
(NLDA) [1]. The latter is considered the most reliable numerical procedure to estimate the
response of a structure subjected to seismic actions. It should be noted that current seismic
design practice admits a certain degree of damage, for which the use of the NLDA is essential
to properly capture the statistical variability of a structure in a non-linear regime[2].

From the NLDA, it is possible to calculate, over time, the evolution of stresses, deformations
and dissipated energy, among other variables, in any element that is part of the resistant
structure [3]. This type of analysis allows incorporating characteristics of the nonlinear dynamic
response of structural elements such as plasticization, strength degradation and loss of stiffness,
among many others. The results obtained through the NLDA are considered as a reference for
any simplified analysis and evaluation method used to obtain the seismic response of a structure
[4]. However, the computational cost involved has been one of its main drawbacks. Hence, this
article focuses on developing a method that allows estimating, in a fraction of time, engineering
demand parameters (EDP) considering uncertainties in the seismic action. EDPs of special
interest are the story drift, base shear, roof displacement, accelerations, velocities and story
displacements, among others. As a case study, a building previously designed through the
NLDA is analyzed. The proposed building follows the requirements of the Colombian seismic-
resistant design regulations, NSR-10 [5] and the specifications of the American Concrete
Institute, ACI-318 [6].

The proposed method will be identified hereinafter as ROM (Reduced Order Methodology)
and it is mainly based on the development of transfer functions. Its main basis is the spectral
analysis using the Fourier spectrum of signals that represent both seismic action and structural
response. [7]. This approach allows complex systems to be analyzed in a short time. It is also
expected that the method proposed here will serve to improve the efficiency of seismic risk
estimates, thus increasing the protection of urban environments.

2 CASE OF STUDY

2.1 Building description

The building under study is located in the city of Pereira, Colombia. Its approximate height
is 73.10 meters (23 stories), measured from the base to the roof. The structural system
(combined) is composed by connected walls, columns and reinforced concrete beams. These
elements transmit the loads of the building to the supports, guaranteeing balance, stability, as
well as the compatibility of deformations with each other. The building has been designed based
on the NLDA, considering the seismic hazard of the region according to the NSR-10 (AIS,
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2010). Note that NLDA demands that the seismic hazard is represented by means of a group of
compatible accelerograms with the design spectrum. That is, the seismic hazard is considered
using accelerograms whose response spectra are compatible with the design spectrum.

In order to estimate the dynamic response of the structure, a three-dimensional model has
been developed using Frame and Shell type elements. Frame elements are used to model beams
and columns; membranes to model floors; and for the structural walls shell elements have been
used. For the purposes of the model, and according to the type of foundation and the stiffness
and capacity of the soils that serve as support, the building was considered to be embedded in
the foundation. Figure 1, Figure 2 and Figure 3 show the 3D model, the elevation of two of the
main frames, and the most typical floor plan of the building, respectively. Additionally, Table
1 presents some of the most relevant geometric and material characteristics of the structural
system.
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Figure 2. Front and side frames elevations
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Figure 3. Structural floor plan of the representative building floor
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Table 1. Geometric and material characteristics of the structural system

Beams Columns Walls
Level fe H b h p b h p b h p
(MPa) (m) (cm) (cm) (cm) (cm) (cm) (cm)
0-10 35 345  40-60 55 >0.33% 40-50 Variable 1-3 % 40 Variable 1-2%

11-17 28-35 3.00 40-60 50 >0.33% 40-50 Variable 1-3% 40 Variable 1-2 %
18-23 28 295  40-60 45 >0.33% 40-50 Variable 1-2% 40 Variable 1-2 %

In this table, f; represents the compressive concrete strength; H is the story height; b and h are the width and height of the
cross sections; p is the steel percentage

2.2 Modelling considerations

The hysteretic properties of the material used, in this case reinforced concrete, are defined
from the pivot hysteresis model [8]. This model adequately represents the nonlinear response
of reinforced concrete elements, since it includes cyclical axial load effects, asymmetric
sections and biaxial bending, among others features. The main advantage of this model is the
ability to capture the dominant nonlinear characteristics of the seismic response by means of
three simple geometry-based rules. Despite its simplicity, the obtained results fit in an adequate
and rational way when compared with the results obtained by applying more advanced models
such as fiber models [9]. Regarding the damping model, the Rayleigh proportional damping
has been used in this research [10].

The performance of a structure exposed to a seismic event can be described by the maximum
state of damage allowed, (represented by the deformation of the hinges). This performance can
be defined based on three specific levels (Immediate Occupancy, 10, Life Safety, LS, and
Collapse Prevention, CP) proposed in FEMA 356 [11]. Figure 4 depicts these performance
levels. Finally, in this research, the yielding surfaces are defined by means of the flexo-
compression diagram for columns and moment-rotation diagram for beams, according to the
requirements established in ASCE 7-16 [12]. The spectral modal analyses and the nonlinear
dynamic analyses have been developed by using the specialized software code for structural
analysis, Etabs [13].
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Figure 4. Generalized force-deformation relations for concrete elements or components and levels of
structural performance. Source: American Society of Civil Engineers, ASCE 7-16 (2017) and Federal
Emergency Management Agency, FEMA 356 (2000)
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3 SEISMIC HAZARD

There are several ways to characterize seismic hazard, three of them are used in this work.
The first is based on the design elastic spectrum and it is used in the RSM method. This
spectrum is obtained from the smoothed curves given by the Colombian seismic-resistant
design regulations (AIS, 2010). This spectrum is used to perform a first approximation of the
structural configuration. The second way is by using hybrid accelerograms (generally to check
performance levels in the design phase). In brief, they are generated from real accelerograms,
which undergo a mathematical treatment so that their response spectra fit a target spectrum in
a given range of periods. It is worth mentioning that, when employing NLDA in design, the
Colombian code NSR-10 prescribes a set of minimum 7 seismic records. Note that the original
signals used to develop these records should meet a series of characteristics typical of the
region, such as similar acceleration in a range of frequencies, magnitudes, and hypocentral
distances to the fault [14]. These features must be as representative as possible of the expected
seismic event in the area. Figure 5 shows both the design elastic spectrum for the building
location site, as well as the response spectra of ten selected and fitted signals.
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Figure 5. Blue: Design elastic spectrum; red: mean of the response spectra of the 10 fitted ground motion
records; grey: response spectrum of the 10 fitted ground motion records

The third way used in this research to characterize seismic hazard consists of selecting real
ground motion records (one-hundred in this case) incrementally scaled with respect to an
intensity measure (IM) (see Figure 6). Based on these records, fragility functions based on the
cloud analysis have been generated (Jalayer et al., 2015). These curves have been used to
validate the simplified methodology proposed in this article.

The goal of scaling records for deriving fragility functions is that the structure reaches
different performance levels. For the purpose of this study, it should be avoided to scale the
same record to different intensity levels since this introduce a false correlation between IMs
and EDPs. In summary, the following procedure has been used to select and scale the set of
one-hundred ground motion records:

1. Identify the IM to scale. In this case, the average spectral acceleration (AvSa) is used
(Vargas-Alzate & Hurtado, 2021).

2. Define the maximum value of the IM in order to define the scaling bands (ten in this case).
This value depends on the level of intensity used for the building design.

3. Select one-hundred ground motion records from a database, which have been previously
sorted with respect to AvSa.
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4. The ground motion record with the highest IM is scaled so that its new IM value belongs to
the highest scaling interval. If the IM naturally fulfils the interval condition, no scale factor
is considered. This step is repeated with the subsequent records, according to the sorted list,
until the desirable number of records belonging to the highest interval (ten) is obtained.

5. The previous step is repeated for all intervals. The scale factor in step 4 is calculated having
in mind that the IM values are uniformly distributed within each interval.

Figure 6 shows the geometric mean spectra of the horizontal components of the records
selected according to the steps described above.
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Figure 6. Geometric mean spectra of the 100 selected records (grey) and the selected records, one for each
scaled band (red).

Once the building has been designed (Based on the records whose spectra are shown in
Figure 5) and the seismic action characterized (Figure 6), the next step is to perform one-
hundred time-history analyses, where the evolution of stiffness degradation and damping
dissipation of the different elements that make up the structure will be stored and post-
processed. Based on these results, the next section is dedicated to explain the reduced order
methodology.

4 REDUCED ORDER METHODOLOGY

It is common to find a multitude of physical problems that require a dynamic study. In the
field of civil engineering, the dynamic behavior of buildings is one of the most demanded. In
this case, the dynamic equilibrium equation allows estimating the temporal evolution of
multiple variables of interest to engineering. Note that finding an analytical solution of this
equation is only possible for simple cases. For complex systems (MDoFs), the use of advanced
numerical methods is required. However, the great variety of dynamic situations to which a
structure may be exposed, combined with the need to estimate its behavior in a 'precise' way,
highlights the importance of making a good choice about the numerical procedure to be used.

There are several numerical methods to solve the dynamic equilibrium equation (Newmark,
Hilber-Hughes-Taylor and Wilson, among others) [16]. However, as commented above,
solving this differential equation is computationally expensive if all the variables involved are
exhaustively evaluated, especially if the structures fall into the nonlinear range. For instance,
the time taken to achieve the one-hundred NLDA results was 4 months. For this reason, a
simplified method is proposed herein that allows estimate the dynamic response of the structure
in a quick and efficient manner.
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In brief, this method characterizes the dynamic response of a structure from a transfer
function, TF. This function is obtained by considering the Fast Fourier transform (FFT) of the
analyzed response (for instance the Maximum Inter-Storey Drift Ratio, MIDR, obtained by
means of NLDA) and the Fast Fourier transform of the seismic action used as input [17]. Eq.2
shows the mathematical form that characterizes a TF:

@) )
Ty =5 @)

where f; j(w) represents the Fourier amplitude spectrum of the response variable of the
structure; g;(w) is the Fourier amplitude spectrum of the accelerogram; subscripts i and j stand
for a specific response of the structure (for instance MIDR of the storey i) and for a specific
ground motion record, respectively.

The main hypothesis is that given the response of a structure to a specific ground motion
record, the 7F obtained through equation 2 can be used to evaluate the response of the system
to another record, without having to resort to the use of the NLDA. However, it has been found
that the precision of the TF's to predict EDPs is variable. Hence, it has been proposed to analyze
a subset of the one-hundred records selected in section 3 in order to identify an optimal 7F.
Specifically, ten records are selected, one for each scaled band, with the purpose of performing
ten NLDAs that allow obtaining an optimal transfer function. This function has been identified
considering the predictive capacity of the TFs. Figure 6 shows the geometric mean spectra of
the selected records in red line.

Six fundamental steps have been described for the identification of an optimal TF starting
from a subset of ten ground motion records:

e Step 1: Perform ten NLDAs using the preselected signals. In this way, the response
parameters can be obtained in terms of acceleration, velocity and displacement of the
structure (Figure 7, left).

e Step 2: Calculate the EDP of interest (MIDR)

e Step 3: Calculate the TFs based on the MIDR. Note that, for each NLDA, it is necessary to
calculate a TF for the inter-storey associated to each storey (IDR; j(t)) in order to capture
the evolution of the MIDR in the entire structure (Figure 7, right).
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Figure 7. Left: Calculation of the different EDPs for each floor; right: Calculation of the different TFs for
each floor
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e Step 4: Estimation of the structural response (MIDR) through each one of the ten 7F’s, for
the total number of preselected signals.

e Step 5: Selection of the optimal 7F as the one minimizing the mean square error between
the response obtained through the NLDA and ROM.

e Step 6: Finally, using the optimal TF, predict the response of the remaining set of ninety
ground motion records.

S5 ANALYSIS OF RESULTS

In this research work, the results of the MIDR obtained from NLDA are compared with those
derived through ROM, for each of the main direction of the analyzed structure (see Figure 8).
The ordinates show the MIDR data obtained through ROM whilst the abscissas show those
calculated using the NLDA.
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Figure 8. Maximum inter-story drift: MIDR nLpa Vs MIDR_tr

The vulnerability of a building is related to its fragility. This property can be quantified by
means of fragility curves. These functions represent the cumulative distribution of the
probability of reaching or exceeding a specific damage state, given a determined seismic action
[18]. Damage states are usually expressed by parameters associated with strength, stiffness,
ductility, or lateral displacements. The description of such damage states depends on the type
of structure. For example, the damage state related to ‘service’ in reinforced concrete structures
is described as the beginning of cracking due to flexo-compression and shear, among others,
both in beams, columns or walls that are part of the seismic resistant system. For the extensive
damage state, the non-structural elements present severe damage whilst the damage to the main
structural elements can be significant although the entire structure must be able to continue
supporting its own weight [19].

It should be noted that regression analysis plays a central role in the development of fragility
functions, since it can be used to identify, describe or predict the response of systems from
predictor variables, as well as to derive an optimal mathematical function that models this
relationship. It is important to mention that, in cloud statistics, the dispersion and the mean of
the bivariate distribution (IM-EDP) play a central role [20]. Thus, using the data shown in
Figure 8, fragility curves are derived for NLDA and ROM results. Figure 9 shows the fragility
curves related to the service damage state (MIDR=1.00%) using both approaches. QRxand QRy
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stand for Quadratic Regression. It means, when deriving fragility functions based on the cloud
analysis, a quadratic regression model has been used.
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Figure 9. Fragility curves for the same state of damage (service) for the X and Y direction of the building,
black curve: NLDA_X Y, blue curve: ROM_X, red curve: ROM_Y

Figure 10 shows the fragility curves related to the extensive damage state (MIDR=2.50%)
using both approaches. These curves (Figure 9 and Figure 10) were calculated using the most
efficient IM to predict the MIDR. In this sense, current studies show that the most efficient and
stable IM is the average spectral velocity given in a range of periods (AvSv, Vargas-Alzate et
al., 2022). This IM has also been the most efficient one when compared in this research.

For both damage states, fragility functions show how the approximation made by ROM (blue
and red curves) exhibits a good fit to the curve obtained by the target method (NLDA).
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Figure 10. Fragility curves for the same state of damage (extensive) for the X and Y direction of the
building, black curve: NLDA_X Y, blue curve: ROM_X, red curve: ROM_Y

6 CONCLUSIONS

This work has been motivated by the need to calculate the probabilistic nonlinear structural
response of complex systems in an affordable time. The developed method exhibits similar
statistical distribution as those obtained with NLDA, which allows evaluating the seismic
vulnerability of complex systems in a reliable and efficient manner. This improved ability to
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analyze this type of system may derive in a significant contribution for methodologies related
to seismic risk estimates, increasing the protection of our urban environments.

It is noteworthy that, in a vulnerability and seismic risk assessment, regardless of the
methodology to be used, it is essential to follow an approach that takes into account the non-
linear behavior of the structure, as well as the uncertainty associated with the seismic action.
Note that the most important source of uncertainty in the dynamic response of a structure comes
from this variable. This is due to the complex interaction of the mechanisms involved in the
release of energy and the propagation of waves. For this reason, it is important to have a
significant number of seismic records that allow characterizing the seismic hazard adequately.

In this respect, nowadays exists adequate methodologies, tools and technology to design and
evaluate a structure potentially exposed to the most restrictive and demanding performance
requirements. Hence, current computational capacity, combined with advanced statistical
approaches, allow the development of probabilistic frameworks to estimate the nonlinear
response of civil structures exposed to seismic actions. However, reducing the computational
cost without unduly sacrificing precision would help to generalize the use of more exhaustive
theories. To do so, it is necessary to develop tools that allow the analysis of complex systems
in an affordable time, such as the one proposed herein. However, in order to properly calibrate
the proposed method, a higher number of calculations must be made, where structures with
different natural periods and configurations, both in plan and in elevation, are included.

It is important to mention that the maximum inter story drift is one of the most complex
EDPs to evaluate. This is due to its relative character, which can be affected by the phases in
the Fourier transformation. However, a good approximation of the fragility curves has been
observed, even for the extensive damage state.

Finally, it can be concluded that the proposed simplified method presents a high potential
for future research, since it will allow calculating seismic risk scenarios under robust statistics.
It should be noted that this method can be improved in terms of efficiency if, for example,
transfer functions are developed through signals that excite the structure in a wider range of
periods, for instance, using white noise signals.
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