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Abstract

Sensitivity analysis is a crucial step in computational mechanics and earthquake engineer-
ing. Sensitivity analysis of a model (either numerical or physical) aims at quantifying the
relative importance of each input parameter, their potential interaction, and their effects on
the model response. Sensitivity analysis has a long-term application in structural engineer-
ing more specifically on reinforced concrete RC structures. Many researchers benefited
from the results of sensitivity analysis to reduce the uncertainty domain to those variables
which are very important. This further helps in uncertainty quantification by accelerating
the entire process. This state-of-the-art technical report provides a comprehensive review
of classical sensitivity analysis techniques, followed by an in-depth review of all the related
documents that implemented a full sensitivity analysis or partially adopted it for uncertainty
quantification-related discussions. This review report on sensitivity analysis of reinforced
concrete structures is a valuable contribution to the field of computational mechanics and
earthquake engineering. This review highlights the importance of selecting an appropriate
sensitivity analysis technique to achieve reliable results in structural analysis and design.
By providing insights into the advantages and limitations of various sensitivity analysis
techniques, this report can guide researchers, practitioners, and decision-makers in select-
ing the most appropriate technique for their specific applications. It is observed that the
outcome of a sensitivity analysis depends heavily on the applied technique to perform the
sensitivity assessment which eventually may cause a significant bias during the decision-
making. This report paves the road for better selection of a sensitivity analysis technique in
problems related to structural and earthquake engineering. The findings of this review have
significant implications for improving the accuracy and reliability of structural analysis,
ultimately leading to safer and more resilient structures.

Keywords

Local and global sensitivity; Modeling parameters; Material randomness; Reinforced con-
crete; Sensitivity; Seismic response; Tornado diagram; Uncertainty quantification.
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1. Introduction

Sensitivity analysis is an essential part of every risk assessment, either quantitative or qual-
itative. The gaps in our knowledge are bridged by assumptions, probability distributions,
expert opinions, approximations, and a variety of other techniques. Sensitivity analysis is
a systematic investigation of the means by which assessors bridge these uncertainty gaps.
Sensitivity analysis seeks to learn such things as how sensitive model outputs are to changes
in inputs and how that sensitivity might affect decisions. A good sensitivity analysis in-
creases overall con dence in a risk assessment [27]. At present, the codi ed approaches
for seismic performance evaluation of structural systems do not explicitly account for the
application of sensitivity analysis, which is indeed a required tool to quantify the epistemic
and aleatory uncertainty sources.

In engineering applications, sensitivity analysis is used both in the framework of design
and analysis. In structural engineering and mechanics, sensitivity analysis has been widely
used to evaluate the important/sensitive parameters in existing structural systems. The
robustness and adequacy of the models can be best understood by means of sensitivity
analysis [28-30].

Applications of sensitivity analysis of structural systems can be found in [31] for steel
jacket-type offshore platforms with soil-pile-structure interaction, [32] for cohesive crack
models with different fracture mechanism modes, [33] for structural and material level
assessment of alkali aggregate reaction induced models, [34] for sensitivity analysis of
creep models, [35] for global sensitivity analysis of gravity dams with structural health
monitoring applications, [36] for arch dam-foundation-reservoir coupled system, [37] for
steel frames with bolted-angle connections, [38] for steel moment-resisting frames, [39] for
highway bridges, [40] for port structures, [41] for tunnel face stability, [42] for reinforced
masonry buildings, [43] for unreinforced masonry structures, [44] for gravity quay walls,
[45] for base-isolation structures, [46] for double-circuit steel tubular transmission towers,
[47] for design of ship-to-shore container crane, [48] for pile-supported wharves and so on.
Since the focus of this report will be on reinforced concrete components, these examples
are studied in detail in Section 3.

Sensitivity analysis methods can be classi ed in a variety of ways. Although the review of
all these methods is not the objective of this report, a brief review is provided in Section
2, including the main classi cations by different researchers. Next, we move to reinforced
concrete (RC) components (since they are used as a case study in this report) and we will
provide a detailed review of the papers that provided a sensitivity analysis, including the
Tornado diagram, see Section 3. The state-of-the-review in this section will help in the ver-
i cation of the results and justi cation of (sometimes diverse) results. Section 4 discusses
the topics in the sensitivity analysis that are beyond the typical material and modeling vari-
ability. For example, this section covers the sensitivity in software used, types of sensitivity
analysis techniques, indirect sensitivity analysis methods, etc. Section 5.2 provides a theo-
retical classi cation of different sensitivity analysis methods and Tornado diagrams in the
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context of earthquake engineering.

This report does compare different sensitivity analysis methods (such as those brie y re-
viewed in Section 2). The objective of this report is to expand the Tornado diagram sen-
sitivity analysis method (also known as the one-at-a-time (OAT) method, nominal range
sensitivity method, local sensitivity method, or Threshold method) using assumptions that
are beyond the initial epistemic random variables (RVs) by incorporating the particular fea-
tures of earthquake engineering. It has been shown that the outcome of sensitivity analyses
depends on the objective of sensitivity assessment, the subsequent uncertainty quanti ca-
tion (UQ), the choice of the structural analysis technique, the choice of stressor, as well as
demand parameters.

2. Classi cation of Sensitivity Analysis Techniques

This section provides a general overview of different sensitivity analysis techniques clas-
si cation. Depending on the application, capability, and applied methodology, a variety
of (sometimes diverse) classi cations have been proposed over the past three decades.
Christopher Frey and Patil (2002) [1] classi ed the sensitivity analysis methods into three
groups: mathematical, statistical, and graphical approaches. A summary is also provided
in Table 1.

2.1. Mathematical Methods

Mathematical methods refer to those that evaluate the sensitivity of a quantity of interest
(Qol) to the variation of an input parameter. In these methods, the Qols are typically com-
puted for those values that represent the entire range of the input [49]. These methods are
not capable of outputting the variance in Qols due to the variance in the input parameters,
and they only can provide the impact of the range of variation in the input parameters on
the Qols [50]. They are indeed a great tool to screen the most sensitive input parameters
[51]. Examples of mathematical methods are break-even analysis, nominal range sensitiv-
ity analysis, automatic differentiation, and difference in the log-odds ratio [1].

2.1.1. Nominal Range Sensitivity

Nominal Range Sensitivity (NRS) evaluates the effect on model Qol by individually vary-
ing only one input parameter across its entire range of plausible values while holding all
others at their nominal/base-case values [52, 53]. The difference in the model @ytput,
due to the change in the input paramel®x;, is known as swing weight:

Dy=g x+Dx;xX>; g x° (1)

whereg de nes an explicit or implicit function, the subscriptefers to an individual in-
put parameter, and superscriptefers to the base case with all input parameters in their
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Table 1. Summary of some of sensitivity analysis techniques; adapted from [1].

Technique  Applicability = Computational Issues Representation of Sensitivity
NRS Deterministic Need nominal range for each in-Ratios, percentages. Does not in-
model put; potentially time consum- clude effect of interactions or cor-
ing. related inputs. Easy to understand.
DLOR Deterministic Need nominal range for Ratios, percentages. Does not in-
model with each input; potentially time- clude effect of interactions or cor-
output as a consuming. related inputs. Easy to understand.
probability
BEA Models used Complex for model with many Graphical representation.
to choose decision options and/or more
among alter- than two inputs, potentially time
natives consuming.
ADT Locally dif- Requires specic software Local sensitivity measures, such as
ferentiable sensitivity coef cients.
models
Regression Results fromMust specify functional form, R2, t-ratios for regression coef -
probabilistic  computation time and value of cients, standard regression coef -
simulation solution depends on specic cients, and others.
techniques used.
ANOVA Probabilistic  Time consuming for a large F-value, Tukey test coef cients, and
models number of inputs with interac- others that are calculated at differ-
tions. ent stages of ANOVA.
RSM Deterministic Developed using a variety of Graphical, evaluation of functional
model techniques; some require func-form, method-dependent measures.
tional forms, others do not; may
require extensive runs to gener-
ate a calibration data set.
FAST Probabilistic  Better with no Portion of output variance at-
models interactions/higher-order tributable to each input.
input. Caution against discrete
inputs.
Mil Probabilistic  Complex, no computer codeAmount of mutual information
model available, time-consuming. about the output provided by each
input, also graphs of intermediate
stages.
Scatter Probabilistic  Easy; time requirement depend<Graphical, no quantitative sensitiv-
Plots model on the number of input/outputs. ity.

mean/median values. Plus and minus signs indicate an increase or decrease in the parame-
ter, respectively.

The outcome of this technique is most valid for linear systems. For nonlinear systems, this
method neglects the interactions among input parameters and can be misleading. There are
some recommended options on how to vary the parameters:

» OAT with

standard deviation

1 STD (standard deviation): change one parameter at-a-time by its
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» OAT with  20%: change one parameter at-a-time by 20% of its mean/base value

» Factorial design [54]: is another OAT method that requires a lot of simulations
when dealing with large models. A two-level factorial design (with lower and up-
per bounds) requires¥2model runs.

» Sentime-consuming (SC): This method determines the output percentage difference
when varying one input parameter from its minimum value to its maximum value
[55]:

sc= Ymax  Ymin 2)
Ymax
whereymin and ymax represent the minimum and maximum output values, respec-
tively, resulting from varying the input over its entire range.

* Importance Factors: This method has been introduced by [56] in three levels. These
measures are calculated from data collected after a ve-point OAT analysis (model
at mean value, 2 STD, and 4 STD).

— Firstimportance factor: is determined as parameter uncertainty (de ned as two
standard deviations of the input) multiplied by parameter sensitivity (de ned as
the change in output divided by change in input).

— Second importance factor: It is the positive difference in the maximum output
value and the minimum output value.

— Third importance factor: is estimated utilizing the output sample variance.

2.1.2. Dierence in Log-Odds Ratio

The difference in Log-Odds Ratio (DLOR) is a speci ¢ application of nominal range sen-
sitivity. The odds ratio of an event is a ratio of the probability of occurreR¢sg, to the

probability of not occurrence, 1 P(:), and can be presented ?‘%% Taking the log of
this ratio scales the probabilities [57]. Next, the change in Qol is computed as:

P(EjD x) P(Ejx)

PEORERY BED N Y PE

()

whereE refers to an event anfl means not the evenx are input parameters. Positive
DLOR shows that changes in input parameters enhance the probability of the speci ed
event. It is a useful method when the Qol has a probabilistic nature.

2.1.3. Break-Even Analysis

Break-Even Analysis (BEA) is a more conceptual method that tries to evaluate the robust-
ness of a decision to variations in input parameters [58]. The objective is to nd values of

input parameters that provide the outcome for which a decision-maker would be indifferent
among multiple risk management options.
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2.1.4. Automatic Di erentiation Technique

Automatic Differentiation Technique (ADT) is used to calculate the local sensitivities for
large models (i.e., resource-demanding). This technique is based on rst-order partial
derivatives of Qol with respect to small changes in the input parameters. The normalized
local sensitivity coef cients foith Qol andjth input parameter are:

(4)

ai-i =
i;j v
Xj

2.2. Statistical Methods

Statistical methods refer to those simulation-based methods in which the input parameters
follow a pre-de ned distributional model, and the impact of input parameters' variance is
evaluated on the Qol distribution [59]. The interaction among the input parameters can
be identi ed if more than one parameter is varied at a time (i.e., the correlation concept).
Uncertainty in inputs can be propagated using one of the Monte Carlo simulation family
methods. Examples of statistical methods are regression analysis, analysis of variance,
response surface meta-models, mutual information index, and Fourier amplitude sensitivity
test.

2.2.1. Relative Deviation

The relative deviation method (RDM) measures the amount of variability in the Qol while
varying each input parameter OAT according to its probability density function (PDF). This
method simply covers the entire input parameter domain. Next, for each Qols, the ratio of
the PDF's standard deviation to its mean (i.e., coef cient of variation - COV) is calculated
and compared to each other.

Relative Deviation Ratio (RDR) is presented based on the ratio of the Qol's COV to the

input distribution's COV.

)
COVinput
It is similar to the importance index method. The larger the RDR value, the more sensitive
the model is to the input parameter.

RDR=

2.2.2. Analysis of Variance

Analysis of Variance (ANOVA) is a model-independent probabilistic sensitivity analysis
technique and is used to determine if there is a statistical association between the Qol and
one or more input parameters [60]. As opposed to regression analysis, there is no assump-
tion in ANOVA regarding the functional form of relationships. This is a non-parametric
method and the Qol is assumed to be normally distributed.

5
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2.2.3. Importance Index

Importance Index (II) is based on the ratio of the variance of the parameters%,lmmhe
variance of the dependent value;,

= X (6)

s

For additive models, the variance of the raw data is used, while for simple multiplicative
models, the variance is based on the log-transformed data [55, 61].

2.2.4. First order-second-moment

First-order-second-moment (FOSM) is a general technique that is used in structural re-
liability analysis [62, 63], uncertainty quanti cation [64, 65] and sensitivity analysis [66].
Due to its simplicity and ef ciency, the FOSM method is a useful tool for sensitivity studies
where Monte Carlo Simulation (MCS) is not affordable [67]. FOSM procedure provides a
linear approximation of the structural response concerning uctuations in RVs [68]. There-
fore, the applicability of a general form of FOSM is limited, and might not be exact for
nonlinear cases.

Therefore, another version of the FOSM method is provided which is formulated in the
logarithmic domain of data. This is especially useful for the seismic response of structures
because the probabilistic seismic demand models typically take exponential form in the
Cartesian coordinate system (and thus, linear form in a logarithmic coordinate system)
[69, 70].

The rst-order approximations for mean Qol and the associated variance in the logarithmic
domain are:

My 9(Mnxg Mnxy: 55 Mnx,) (7)

n on

2 o o ﬂ ﬂg

Shy A a ﬂ|ngxi Tinx; FInX InX;SInXSinX; 8)
i=1j=1 M x Mhx

where the functiory is the relationship between the logarithm Qol and the logarithms of
input RVs,X;. mnx is the vector of RV IrX; taken at their median values, presents the
correlation coef cient, andnx is the standard deviations of the RVAn

The patrtial derivativeﬂn—ng can be calculated approximately using a nite difference ap-
proach. By selecting one increment of the standard deviatip above and below the
mean valuesn, x. of the RVs:
19 InY* InY
TINX % 2S|nx;

(9)

where InY* and InY are the logarithms of Qols calculated for the two perturbed values
of the RV X.



NIST TN 2254
July 2023

2.2.5. Response Surface Method

Response Surface Method (RSM) is used to build a meta-model in linear and nonlinear
form and is capable to identify the curvatures in the Qols. MCS is typically used to generate
multiple realizations for the input parameters to calculate the corresponding Qols. Usually,

a least squares regression method is used to t the response surface. Having a response
surface, the sensitivity of the input parameters can be obtained by statistical analysis.

2.2.6. Fourier Amplitude Sensitivity Test

Fourier Amplitude Sensitivity Test (FAST) is a technique that is used to estimate the ex-
pected value and variance of the Qol and the contribution of input parameters to the vari-
ance of Qol [71]. The main advantage of the FAST relies on a speci ¢ search pattern to
select the initial points from the input parameters which is faster than MCS. In a sense, itis
similar to Sobol's sensitivity method [72]. In this method, rst, a frequency is speci ed for
each input parameter. Then, the values of inputs are converted along the search curve using
a transformation function. Finally, the variance of Qol is evaluated using Fourier coef -
cients which show the contribution of each input parameter. The ratio of the contribution
of each input parameter to Qol's variance is called the rst-order sensitivity index (which
does not account for the interaction terms).

2.2.7. Mutual Information Index

Mutual Information Index (MIl) is a technique in which the sensitivity index is calcu-
lated based on conditional probabilistic analysis. Comparing the magnitude of this index
provides information about the importance of each input parameter on Qol [52]. MII in-
volves calculation of overalPy, and conditionalP;,, con dence measures. The overall

con dence is measured from the CDF of Qol. The conditional con dence is measured by
keeping an input parameter constant and varying all others and then using its CDF. The
natural sensitivity index is computed as:

I
Ay = lx—y (10)
yy
o o F)ij
lxy= a a PxPyjxlog, B (11)
Xy y
1
lyy= & Pylog, = (12)
y Py

wheren = 2 indicates (for example) binary Qol. i, is large, therx provides a great deal
of information abouy. On the other hand, i andy are statistically independent, thgg
IS zero.
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2.2.8. Pearson's r Method

Pearson's product moment correlation coef cient provides a quantitative estimate of the
linear correlation between the input parameters and Qols. This method is applied to the data
obtained from Monte Carlo simulation and shows the contribution of each input parameter
to prediction uncertainty [73].

r.Xi;y: h = : i 1=2 (13)

wherex; andy are one of the input parameters and the Qol.

A higher value for absolute presents a stronger degree of linear relationship. The major
drawback lies in the assumption of a linear relationship between input/output data, and any
potential strong correlation between any pairs of two input parameters.

2.2.9. Spearman's r Method

For the monotonic input/output pairs, the rank transformations (i.e. replacing the values
with their ranks) of the input and output values will have a linear relationship. In this
method, the rank correlation coef cient is indicative of the degree of monotonicity between
the input/output pair. Spearman's rank correlation coef cient is obtained in the same way
as Equation 13 by operating on the rank transformed data [74].

2.2.10. Partial Correlation Coe cient

The Partial Correlation Coef cient (PCC) technique is used when there exists a strong cor-
relation among different input parameters which may affect the input/output correlations.
PCC accounts for the correlation between input and Qol excluding the effects of other input
parameters. For a system with two input parametexs ahdx, and the Qol oy, the PCC

is a metric of the correlation betweepnandy, while eliminating indirect correlations due

to potential relationships that may exist betwegrmandx, as well asx; andy in the form

of [73]:

_ Ixiy  Txaxo-Pxory
Fxay)ixe = 5 , 1= (14)
1 e 1 Moy

2.2.11. Partial Rank Correlation Coe cient

The Partial Rank Correlation Coef cient (PRCC) method is an extension of the PCC using
the rank transformation technique as a test of monotonicity between input parameters and
Qol while accounting for relationships between input parameters [75, 76].
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2.2.12. Regression Analysis

Regression analysis can be used for probabilistic sensitivity analysis [77]. In this method
(which is most suitable for independent parameters), the impact of input parameters on the
Qol is investigated using the regression coef cients [78]. Usually, a relationship should be
rst tted between input parameters and the Qol. In the linear form, it is:

m
¥i = bo+ @ bjxji+e (15)
j=1
wherey; is the Qol forith realization, and;j;j is theith data point ofjth input parameter,

bj are regression coef cients, arelis the error term. The regression coef cients can be
used as a metric for sensitivity analysis.

2.3. Segmented Input Distributions Sensitivity Methods

In the segmented input distributions sensitivity method, the input parameters are divided
or segmented into two or more empirical distributions based on the results of Qol distribu-
tion partitioning [76]. Typically, the median value of the Qol distribution is chosen as the
dividing point. Therefore, the input parameters are divided into group 1 (those parameters
that generate Qol less than the median) and group 2 (those parameters that generate Qol
more than the median). Next, a series of tests are conducted to compare the characteristics
(e.g., means, medians, and variances) of these segmented input distributions. These statis-
tical quantities are compared to determine whether the samples originated from the same
population [61]. If the segmented input distributions are statistically identical, the Qol is
not sensitive to that parameter. If not, the Qol is sensitive to that input parameter, and the
value (discussed below) from the test statistic can be used to perform the sensitivity ranking
among various input parameters.

Since there is not enough knowledge of the segmented input random samples and their dis-
tributions, non-parametric statistical tests (distribution-free models) need to be used. In the
following, four non-parametric statistical tests are discussed. The rst two (i.e., Smirnov
and Cramer-von Mises) compare the empirical distributions with a null hypothesis of the
distributions originating from the same population. The last two (i.e., Mann-Whitney and
Squared-Ranks) compare means and variances, respectively, of the empirical distributions.
Tied values are also assumed not to exist.

2.3.1. Smirnov Test

The Smirnov Test (ST) is based on the comparison of two empirical cumulative distribu-
tion functions, eCDI{x) and eCDFE(X), resulted from input parameter segmentation. The
degree of similarity between two CDFs indicates the degree of sensitivity of Qol to that
parameter. The test statistic is computed as:

Tsmi= maxjeCDFy(X) eCDFi(X)] (16)

9
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2.3.2. Cramer-von Mises Test

The Cramer-von Mises Test (CVMT) follows an approach similar to the Smirnov test;
however, it uses slightly different test statistics as follows:

nino
(N + np)?

wheren; andn; are the numbers of samples utilized to estimate the distributions.

& [eCDRy(X) eCDFy(x)]° (17)

Tovm =

For bothTgms and Teym, @ larger value corresponds to a larger difference between two seg-
mented parts and indicates a higher correlation between the independent and dependent
variables.

2.3.3. Mann-Whitney Test

The Mann-Whitney Test (MWT) is used to compare the means of two independent samples.
Two CDFs (e.g.X1 andX2) are ordered as a single sample, and ranks are assigned to each
element based on this ordering (assuming there is no tie). The test statistic is computed as:

n
Towh = & RankX1) (18)
i=1

Theoretically, ifTmwh Of the single sample becomes either very small or very large com-
pared to the other, those two sample means are different. Since this test is two-tailed (i.e.,
the mean oX1 could be larger or smaller than the mearX@), the sensitivity ranks are

based on a normalized value Bfwh [61]. The smaller values oF, indicate the more
sensitive parameters because the means of the distributions show a greater difference based
on the partitioning of input data.

2.3.4. Squared-Ranks

In Squared-Ranks Test (SRT), the variances of two independent samples (lef's aag

X2) are compared. As opposed to the Mann-Whitney test, the ranks are not based on the
raw data, but based on the absolute difference between the random samphl{¢ and

the sample mean (e.grk1). The test statistic is computed as:

n
Tsqr= @ [RankU1)]%; UL =jXL mxg] (19)
i=1

2.4. Graphical Methods

Graphical methods refer to those methods that present the sensitivity analysis results in the
form of graphs and charts. They provide a visual indication of how an Qol is impacted by
variation in input parameters [79]. For example, a scatter plot can be used to visualize the
impact of individual input parameters on an Qol [80].

10
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2.5. Other Methods

Borgonovo and Plischke (2016) [81] classi ed the sensitivity analysis into local and global
methods.

 Local sensitivity analysis techniques: If the assessment is performed around a point
of interest in the model input parameters space, then the results are valid as a local
sensitivity model. Examples include Tornado diagrams, one-way sensitivity func-
tions, differentiation-based methods, and scenario decomposition through nite change
sensitivity indices.

» Global sensitivity analysis techniques: Examples include: screening methods (e.g.,
sequential bifurcation and the Morris), variance-based, moment-independent, and
value of information-based sensitivity methods.

Many other classi cations and methods exist, some of which can be found in [82-86].
These methods are mainly based on the correlation of input parameters and the Qol either
directly or in the form of surrogate-based global sensitivity models. These techniques are
not discussed or used in this report.

3. Sensitivity to Material and Modeling Variability

This section provides an in-depth review of several recent sensitivity analyses and Tornado
diagrams on seismic performance evaluations of RC frames.

3.1. Porter et al. (2002)

Porter et al. (2002) [3, 87] investigated the sources of uncertainties that have the largest
impact on the repair costs of a seven-story hotel building with a perimeter moment frame
lateral force-resisting system that included non-ductile detailing typical of 1960s construc-
tion. They used a deterministic sensitivity analysis with Tornado diagram to present the
importance of each RV, Figure 1. The basic RVs are:

» Ground motion intensity, )

Details of ground motionGM)

Building mass in)

Viscous dampingX)

Parameters of the force-deformation relationship for the structural elenkentd)(
Capacity of building assemblies to resist dama®%ap)

Contractor unit costdSnitg)

Contractor overhead and pro O&P)

Since the Tornado diagram requires three values for each RV, they chose to use the 10th,
50th, and 90th percentiles for ground motion intensity. For a normal distribution, with COV
of 0.1, the 10th and 90th percentiles correspond to 0X8/and 1.128X,, respectively,
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whereX, refers to the nominal value of. They reported thaASS,p and ground motion
intensity and details are the most sensitive variables.

Fig. 1. Results of sensitivity analysis; modi ed from Porter et al. (2002) [3]

3.2. Mosalam et al. (2005-2009)

Lee and Mosalam (2005) [67] performed a seismic demand sensitivity analysis on seven-
story reinforced concrete shear walls using rst-order second moment (FOSM) method and
classical method. A 2D model was prepared in OpenSees based on ber exibility formu-
lation for beam-column elements. Shear-wall members were modeled using beam-column
elements aligned with the centerline of the shear wall. A exible SSI at the foundation
level is modeled using spring-type elements in the vertical direction. They considered the
following RVs:

» Ground motion intensity measurg,j

Ground motion pro le GM)

Mass (Ms)

Viscous damping@p)

Strength Streng through concrete compressive strength, and yield stress of the re-
inforcement

Stiffness Gtif f) through initial tangent stiffness of concrete and Young's modulus
of the reinforcement

They developed Tornado diagrams in two ways: 1) classical method using the 10th and 90th
percentiles of the RVs, 2) FOSM-based method in which the engineering demand parame-
ters (EDPs) are assumed to have lognormal distributions with estimated means and STDs
from the FOSM results, and the 10th and 90th percentiles of these EDPs are estimated. It
is noteworthy that only th&M parameter is randomly selected (using MCS) because of its
nature. Figures 2(a), 2(b) and 2(c) show a reasonable match between two methods. Three
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(@) [67] (b) [67] (c) [67]

(d) [67] (e) [67] (f) [67]

(9) [67] (h) [88]

Fig. 2. Results of sensitivity analysis; modi ed from Mosalam et al. (2005-2009) { Part 1

global EDP are used: peak absolute roof acceleration (PRA), peak absolute roof displace-
ment (PRD), and maximum inter-story drift ratio (MIDR). Tornado diagrams showed that
the intensity measure (IM) parameters and ground motion pro le are the dominant sources
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of uncertainty for all global EDPs. It is important to note the edges of each swing from the
classical method and FOSM are not necessarily matching unless the relationship between
the EDP and RV is monotonic. They also investigated the sensitivity of local EDPs (i.e., the
curvature at the critical point) and reported that after the IM parameter, viscous damping is
the second signi cant source of uncertainty. However, depending on the beam or column
and their location in the structure, the sensitivity of material parameters is different, See
Figures 2(d) to 2(g).

Talaat and Mosalam (2009) [88] studied the element removal algorithms in dynamic anal-
ysis of an RC column member and unreinforced masonry (URM) in Il wall. Modeling
uncertainty was investigated as part of this research in the context of the deterministic sen-
sitivity assessment of URM. Four parameters are used:

» Seismic hazard leve) with higher and lower hazard levels of 1%/50yr and 3%/50yr

» Wall stiffness Enmj) with deterministic strain, and uncertain strendtly (with log-
normal distribution and the bounds with 0.997 con dence interval)

¢ Live load (LL) with maximum and minimum gravity loads correspond to full and no
occupancy

* Damping &) with min and max of 2% and 10%

They used the incipient collapse time as a sensitivity metric, and found out it is more
sensitive to spectral acceleration and less to damping ratio, Figure 2(h). Therefore, their
Tornado diagram is based on failure time and includes a global metric. Moreover, this
Tornado diagram does not have equal/balanced wings and the right side is much bigger
than the left one.

Binici and Masalam (2007) [89] provided a comparative sensitivity study showing the
impact of ber-reinforced polymer (FRP) on the ranking of various parameters in RC
columns. A ber-discretized frame element was used to simulate the compression zone
of the FRP-con ned region through the use of a bond model. The retro tted plastic hinge
element employs a distributed plasticity model with displacement-based frame elements. A
circular RC cantilever column was modeled using ve integration points (geometric non-
linearity is also included). The lap splices were modeled using an effective steel strain
concept. The following RVs were considered for sensitivity analysis:

» Concrete compressive strengtig){ COV = 0.1

» Concrete tensile strengthi); COV =0.2

« Steel yield stressf(); COV = 0.05

» Concrete coverd); COV =0.2

» Concrete softening parametsy;(COV = 0.1

» Concrete tensile fracture energ@«); COV =0.2

» Concrete compressive fracture ener®yd); COV =0.2
» Concrete dilatation straireg;); COV = 0.1

* FRP modulus of elasticityH;); COV = 0.15

* FRP rupture straing{yp); COV = 0.15
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(a) [89] (b) [89]

(c) [89] (d) [89]

Fig. 3. Results of sensitivity analysis; modi ed from Mosalam et al. (2005-2009) { Part 2

+ Plastic hinge lengthl(;); COV = 0.2; Note: Characteristic length=L, weight of

the integration point
« Splice lengthi(s); COV = 0.15
» Bond stress parametek)f COV = 0.33
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» Applied axial load P,); COV = 0.25

Two Qols were considered, i.e., strength and ultimate drift ratio, and computed by a simple
pushover analysis (no seismic analysis). Figures 3(a) to 3(d) compare the Tornado diagrams
for original and retro tted columns. It is found that, for the existing column, parameters
such ad p, fc andLs are important sources of uncertainty. While for the retro tted column,
parameters such &, eq and fy are more important RVs. For the un-retro tted column,

the axial load is also an important variable. Both fracture energy terms are at the bottom of
the list.

3.3. Dosek et al. (2009-2013)

Dolsek (2009) [90] investigated the sensitivity of a four-story RC frame with a series of
modeling and RTR uncertainties. 12 RVs are considered:

» Mass of the 1st, 2nd, 3rd and 4th oonsy, ny, mg, My)
» Concrete strengthf)

« Steel strengthf()

* Effective slab width I f)

» Damping &)

« Initial stiffness of the columns(y;c)

« Initial stiffness of the beam<;,)

+ Ultimate rotation of the columng)(;.c)

« Ultimate rotation of the beamsX;,)

A total of 14 ground motion records were used to analyze the system. Combining modeling
and RTR variability, they performed a series of extended incremental dynamic analysis
(IDA). Figure 4(a) presents the sensitivity of peak ground acceleration, which corresponds
to the collapse point, PGA to the RVs. The sensitivity is measured in terms of a median
Spearman rank correlation coef cientpca. The median value is calculated based on
the individual response of each ground motion record. The damping, ultimate and yield
rotation in the columns have the greatest in uence on the G¥cording to this gure,

some RVs are positively, and some are negatively correlated withc-PB#e masses have

a minor in uence; however, their impact might be positive or negative (swing effect). In
general, for a particular RV, a positive (or negative) median implies that all the individual
ground motion records lead to positive (or negative) correlation too (except for masses in
which for a positive median we might have individual negative correlation t0o).

Celarec and Dakk (2013) [91] investigated the sensitivity of two three-story asymmetric
old and contemporary RC frames, and a four-story contemporary RC frame with plan sym-
metry. Lumped plasticity models were used for modeling with inelastic rotational hinges at
their ends and a tri-linear moment-rotation relationship. OpenSees software was used for
simulation. The following 8 RVs were considered:

« Concrete strengthf{); COV = 0.2
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(a) [90]
(b) 3-old; [91] (c) 3-old; [91] (d) 3-new; [91]
(e) 3-new; [91] (f) 4-new; [91] (9) 4-new; [91]

Fig. 4. Results of sensitivity analysis; modi ed from Dolsek et al. (2009-2013)

« Steel strengthf(,); COV = 0.05
« Effective slab widthlfesf); COV =0.2
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Mass (n); COV = 0.1

Yield rotation of the columns(y,c); COV = 0.36
Yield rotation of the beamsp); COV = 0.36
Ultimate rotation of the columng);); ; COV = 0.4
+ Ultimate rotation of the beam€),); COV = 0.6

They chose to use the 16th and 84th fractiles of each RV as the lower and upper bound
in Tornado-based sensitivity analysis, and the median value as reference one. Two Qols
were used, i.e., near-collapse displacemé&nt) and peak acceleration at near-collapse
state @gnc). The N2 method [92] was used for the seismic performance evaluation. This
method is a pushover analysis that applies a monotonically increasing lateral force to the
frame. Tornado diagrams are presented in Figures 4(b) to 4(g) for three frames. The results
of sensitivity analysis show the greater impact of those RVs, which affect the collapse
mechanism and have higher COV. It is notable that for contemporary frames, the sensitivity
of Qols toQyp is higher, while for order one, th@,¢ is the most sensitive RV.

3.4. Bracchi et al. (2015)

Bracchi et al. (2015) [93] performed a series of sensitivity analyses on masonry buildings
by means of nonlinear static analyses. Eight different con gurations of structures were
used with the following six modeling variables:

* Clear height of piersHpier) with three options

» Percentage of cracked stiffness vs. initial stiffn&3scd;s) with three ratios of 50%,
75% and 100% of reducdflandG

» Spandrel length pandre) for both beams and columns

» Percentage of load distributions from oorsdist;)

+ Vertical load distribution on pierd glisty)

« Connections of orthogonal wall$allyrtg) with two options of fully coupled and
uncoupled

In addition, four responses are used as a metric in the Tornado diagram (i.e., stiffness,
ultimate displacement, yielding acceleration, and acceleration). Results are presented in
Figures 5(a) to 5(d). The sensitivity is expressed by the quag%i@lgme in both X and

Y directions. One may note that valueranges from 0.0 to 1.0 (where 0.0 means the
hypothesis can be rejected and 1.0 it cannot). Therefore, a higher vaba%% means

a higher in uence of the corresponding modeling uncertainty on the control parameter.
Overall, cracked stiffness and orthogonal walls are the two most in uencing parameters.
However, depending on the control parameter and direction of the frame, the important

parameter varies.
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(a) Stiffness; [93] (b) Ultimate displacement; [93]

(c) Yielding acceleration; [93] (d) Acceleration; [93]

Fig. 5. Results of sensitivity analysis; modi ed from Bracchi et al. (2015)

3.5. Celik and Ellingwood (2010)

Celik and Ellingwood (2010) [94] studied fragility analysis of non-ductile RC frames de-
signed for gravity loads. Various material and modeling uncertainties were considered:

» Concrete compressive strengti)(
+ Steel yield strengthf()
 Structural (viscous) damping )
» Beam-column joint model parameters:
— Bond-slip factor &)
— (Normalized) joint shear strengtft§n) max)

— Various joint shear strainggj)cr, (9)y. (9j)max (9)res
They provided sensitivity analysis and tornado diagrams for frames with different heights
and different seismic intensity levels. In all cases, damping ratio and concrete compressive

strength are the most sensitive RVs. The generated Tornado diagrams are in three seismic
hazard levels. Except for the rst two highly sensitive RVs, the shape and the order of
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(a) 10%/50yr; [94] (b) 10%/50yr; [94] (c) 5%/50yr; [94]
(d) 5%/50yr; [94] (e) 2%/50yr; [94] () 2%/50yr; [94]

Fig. 6. Results of sensitivity analysis; modi ed from Ellingwood et al. (2010)

the Tornado diagram changes depending on hazard level. Moreover, the provided Tornado
diagrams are for medianhetanay, and logarithmic standard deviatioh, of the tted
lognormal distribution in that hazard level. Figures 6(a) to 6(f) present the results only for
the three-story frame, while the original paper includes six- and nine-story frames too. To
combine the ground motion records from Cloud analysis with model uncertainty, they used
the simpli ed method with a random combination.

3.6. Lietal (2020)

Lietal. (2020) [95] investigated the sensitivity and uncertainty in aging RC bridges with 22
modeling parameters. Using the sensitivity analysis, 10 critical parameters were identi ed.
They reported that the uncertainty in modeling parameters may lead to the difference in the
trajectory of seismic hysteretic response. The following RVs are considered:

» Concrete weightl(y)
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(a) E1; [95] (b) E1; [95]

Fig. 7. Results of sensitivity analysis: part I; modi ed from Li et al. (2020)

» Pier diameter)

» Concrete cover thickness)(

* Longitudinal reinforcement diameter
» Damping ratio X)

* Young's modulus of concreté()

» Peak strength of cover concretR.{over)
» Peak strain of cover concrete:tover)

+ Ultimate strain of cover concretec(;cover)
» Peak strength of core concret ore)

» Peak strain of core concrete:(ore)

+ Ultimate strain of core concreteg;core)
* Young's modulus of steel rebakEg)

* Yield strength of steel rebaf)

» Post-yield to initial stiffness ratiay]

* Friction coef cient of PTEB (pT1ep)

» Shear modulus of PTEB3pTER)
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(@) E2; [95] (b) E2; [95]

Fig. 8. Results of sensitivity analysis: part Il; modi ed from Li et al. (2020)

Post-yield stiffness of LRBKp | RrB)
Abutment ultimate capacity?;)
Abutment passive stiffnes&fassive
Abutment active stiffnesKgctive)
Pounding effective stiffnes&{s)

They conducted the sensitivity analyses under two ground motion levels: E1 and E2 corre-
spond to the earthquake with a return period of 475 and 2500 years, respectively. For each
level, they used 22 pairs (44 components) of records which are scaled to rst-mode spectral
acceleration. They followed the concept of traditional sensitivity analysis; however, they
performed the procedure for all 44 records and took the median of EDP at the end to be
used in Tornado diagram. Overall, ve EDPs were investigated: (1) curvature of the col-
umn, (2) relative displacement of LRB, (3) relative displacement of PTEB, (4) abutment
deformation, and (5) abutment deformation.

Subsequently, they developed 10 Tornado diagrams (5 EDPs and 2 seismic levels), in which
four of which are shown in Figures 7(a) to 8(b) based on curvature and LRB relative dis-
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placement under two seismic levels. The ve most critical RVs are concrete weight, pier
diameter, longitudinal reinforcement diameter, damping ratio, and peak stress of cover con-
crete.

3.7. Stocchi et al. (2019)

Stocchi et al. (2019) [4] investigated the sensitivity of EDP with respect to structural mod-
eling and its typology. Two benchmark models were used: BANDIT (different frames
modeling) and SMART?2013 (different wall modeling). For each one, different realizations
of structural models including low-, medium-, and high-complexity numerical models have
been developed. Uncertainty in structural models originates from ve RVs: concrete mod-
ulus of elasticity, fracture energy, tensile strength, steel yield stress, and damping ratio.
Results were compared for six EDPs:

* MIDR [%]: maximum interstory drift ratio

» EFDO[%)]: eigenfrequency drop off is linked with the stiffness of a structure, and
can be interpreted as a structural damage index

« DUCT [ ]: Ductility index is de ned as the ratio between the maximum displace-
ment over the last value of the displacement for which the structure remains elastic.

 DER[ ]: Hysteretic energy over total input energy is de ned as the ratio between
the hysteretic energy over the total input energy.

« ZPA[m=s%]: Zero-period acceleration is de ned as the pseudo-acceleration estimated
either when the period is null or when the frequency tends to in nity.

« AMPR][ ]: Ampli cation ratio is de ned as the ratio between the maximum pseudo-
acceleration over the ZPA.

Fig. 9. Results of sensitivity analysis; modi ed from Stocchi et al. (2019) [4]

They reported the sensitivity of the EDPs in different modeling techniques, and presented
the results in terms of correlation, Figure 9. According to the results, ZPA is one of the
most sensitive EDPs, while AMPR is the least sensitive index.
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3.8. Barbato et al. (2010)

Barbato et al. (2010) [96] performed sensitivity analyses using both the FOSM algo-
rithm (with direct differentiation method — DDM) and traditional min/max methods. In
the FOSM-DDM, they considered three different “relative index” (RI) rankings to develop
the Tornado diagrams:

* RI-1: RI ranking based on sensitivities normalized in the deterministic sense, i.e.,
multiplied by the nominal/mean value of the sensitivity parameter and divided by the
mean of the response quantity.

* RI-2: RI ranking based on sensitivities normalized in the probabilistic sense, i.e.,
multiplied by the STD of the sensitivity parameter and divided by the mean of the
response quantity.

* RI-3: Rl ranking based on the relative marginal contributions of the random material
parameters to the total variance of the response.

Likewise, for the traditional method, the lower and upper bounds are de ned as follows:

* Minimum and maximum values when the probability distribution is de ned over a
nite interval (uniform or beta distributions)

* 10% and 90% fractiles when the probability distribution is de ned over an in nite
(e.g., normal) or semi-in nite (e.g., lognormal or exponential distributions).

(a) Rot=300 kN; [96] (b) Rot=600 kN; [96]

Fig. 10. Results of sensitivity analysis; modi ed from Barbato et al. (2010)

All the simulations were performed on a three-story RC building including soil-structure-
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foundation interaction and pushover analysis. The following modeling and material param-
eters were considered:

» Con ned concrete peak strengtfctore)

» Con ned concrete strain at peak strength dore)

» Con ned concrete residual strengtfcore)

» Con ned concrete strain at which the residual strength is reackggofe)

» Uncon ned concrete peak strengtft.tover)

» Uncon ned concrete strain at peak strengtlcover)

» Uncon ned concrete strain at which the residual strength is reachgeb(er)
« Steel Initial stiffnesskg)

+ Steel Yield strengthf()

» Steel Post-yield to initial stiffness ratib)(

Several Tornado diagrams have been developed under variable axial loads. Figures 10(a)
and 10(b) present two samples for tRg of 300 kN and 600 kN, respectively. The RI

is expressed as the relative change in the horizontal roof emplacameodrresponding

to the parameters' lower and upper bounds using the two above-discussed methods. They
found out that the FOSM-DDM estimates the classical method with good accuracy for the
low-to-moderate level of inelastic behavior. However, for the highly inelastic range, there

is a considerable discrepancy between them.

3.9. Ma et al. (2019)

Ma et al. (2019) [97] studied several material and modeling variables in an RC bridge pier
with OpenSees. They considered the following main RVs (note that all RVs are bounded):

« Damping ratio x); COV = 0.3

Volume massrf); COV = 0.1

Pier diameter); COV = 0.05

Longitudinal reinforcement diameteat){ COV = 0.05
Concrete cover thickness)( COV = 0.05

Concrete compressive strengtig)( COV = 0.2

Steel yield strengthf(); COV = 0.1

For each RV, the lower and upper bound is based on the applied COV (shown above) on the
mean values. They applied the cloud analysis technique for sensitivity assessment, along
with Morris one-at-a-time method. The presented Tornado diagrams are based on both
mean and STD of drift predictions. Three different site conditions were considehégd((l:

> 510 m/s; 1l: 260 m/s< Vg3p < 510 m/s; lll: 150 m/s< Vg3p < 260 m/s), as well as two
ground motion types, i.e., near-fault and far- eld. For sites | and Ill, 15 records have been
used, while for site Il a total of 35 records were chosen. They also considered two seismic
design levels (by adjusting the PGA values): frequent earthquake (475 years return period)
- E1 - and rare earthquake (2500 years return period) - E2. Therefore, a total of 24 Tornado
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(a) Site I; [97] (b) Site I; [97] (c) Site II; [97]
(d) Site II; [97] (e) Site IlI; [97] (f) Site IlI; [97]

Fig. 11. Results of sensitivity analysis; modi ed from Ma et al. (2019)

diagrams were developed. Figures 11(a) to 11(f) present some of those only for E1 (note
that the authors of this paper have normalized and combined those plots from their original
form to be more informative). The results show that the Tornado-based sensitivity diagram
is sensitive to input ground motion records and site characteristics. The damping ratio, pier
diameter, and concrete strength are the most important RVs in the majority of cases.

3.10. Haselton et al. (2008)

Haselton et al. (2008) [5] conducted comprehensive research combining three sources of
uncertainty in RC frames: material, modeling, and design RVs. They considered a fully
inter-element correlation between the parameters of different elements. A lumped plasticity
model was used for all simulations. The following 10 RVs have been used:

« Plastic rotation capacitygfagpi); COV = 0.6
» Hysteretic energy capacity (normalized)){ COV = 0.5
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(a) Plastic rotation capacity (b) Hysteretic energy capacity
(c) Post-capping stiffness (d) Element strength
(e) Strong-Column Weak-Beam (f) Element initial stiffness
(g) Element hardening stiffness (h) Dead load and mass

Fig. 12. Sensitivity of individual RVs to variation of collapse cumulative distribution function
(P[C]); modi ed from [5]
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« Post-capping stiffnes(); COV = 0.6

» Element strengthMy); COV = 0.12

» Strong-Column Weak-Beam design ratio (SCWB); COV =0.15
« Element initial stiffnesskc); COV = 0.36

» Element hardening stiffneskd); COV = 0.5

» Damping ratiox); COV = 0.6

« Dead load and mas®(); COV = 0.1

* Beam design strengtth #1,=M,); COV =0.2

They performed a special version of “dynamic” sensitivity analysis with P 3s, along

with 10 ground motions. Having also a total of 10 RVs, they developed@+ 1 models

and performed a full IDA for each one to nd their sensitivity to collapse. For any indi-
vidual RV, the variation in collapse CDF is plotted in Figure 12 for mean and lower/upper
bounds. The most notable observation (aside from the sensitivity of collapse to each RV),
is the non-uniform pattern of the CDFs, and unproportional distance of the mean from its
lower and upper bounds (in fact in some cases, the mean CDF crosses the bounds).

For each series of simulations, they tted a Log-normal distribution to estimate the mean
collapse capacities. Finally, these values were used to develop a Tornado diagram, Figure
13. Also, one may note that they chose to use a generic intensity measure parameter,
Si(T = 1seq to compare all these models because the fundamental period of the structure
varies as the stiffness and mass change as RV. Overall, the element plastic rotation capacity
and hysteretic energy capacity are the two most important RVs followed by strong-column
weak-beam ratio. At the bottom of this diagram, we see the damping ratio indicates that the
damping value does not have a large impact on the collapse capacity (note that this nding
is in contrast with other Tornado diagrams summarized in this report). However, they stated
that the damping formulation may be an important factor in collapse simulation.

Fig. 13. Results of sensitivity analysis; modi ed from Haselton et al. (2008) [5]
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3.11. Kim et al. (2013)

Kim et al. (2013) [98] conducted a sensitivity analysis on the design variables of stag-
gered wall structures. Two six-story RC frame structures were used with and without a
middle corridor in plan design. Perform3D was used for modeling with lumped plasticity
technique. They used both the Tornado diagram and FOSM methods using seven ground
motion records scaled to the maximum considered earthquake level. They cA&ED

as the bounds. The following RVs were used:

« Concrete compressive strength of link bea®)( COV = 0.145
Steel yield stress of link beand{); COV = 0.05

Concrete compressive strength of wdll'f; COV = 0.145
Steel yield stress of Wallfg"); COV =0.05

Concrete compressive strength of colunff){ COV = 0.145
Steel yield stress of columrf{); COV = 0.05

Damping ratio x); COV = 0.4

(a) GM 1; [98] (b) GM 2; [98] (c) GM 3; [98]

(d) GM 4; [98] (e) GM 5; [98]

Fig. 14. Results of sensitivity analysis; modi ed from Kim et al. (2013)
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They generated a Tornado diagram for each ground motion separately and did not integrate
them, as shown in Figures 14(a) to 14(e) for ve ground motions (for the case study with a
corridor). Results show that the concrete ultimate strength, steel yield stress, and damping
ratio are the most sensitive RVs. Moreover, comparing the results of IDA at different
intensities, they reported that at lower intensity levels the steel yield stress and the concrete
strength in the link beams are important RVs. At higher intensities, the column strength
becomes important too.

3.12. Han et al. (2014-2015)

Han et al. (2015) [99] investigated the seismic performance and sensitivity analysis of two
non-ductile RC frame buildings (three and six stories) subjected to main shock and after-
shock events. The Qols were taken to be loss-related parameters, i.e., direct loss (i.e., repair
or replacement cost), downtime (summation of irrational and rational downtime), fatalities
(occur when a building partially collapsed), and total loss (as opposed to traditional Qols).
They used a total of 60 mainshock-aftershocks sequences. The objective of their sensitivity
analysis was to quantify the important RVs for the post-quake decisions. Both structures
are modeled as a 2D frame in OpenSees using displacement-based beam-column elements
with ber sections. The following parameters were considered in the sensitivity analysis:

» Scaled ground motion (GM); [small; moderate; large]

« Assembly capacity (AC):dnC 1:28: C: gnC+ 1287 (Note: C andb are mean and
STD values of different fragility groups associated with columns, beams, Drywall,
Ceilings, ...)

» Damping ratio X); [2.4%; 5.0%; 7.6%]

» Reparability (RP); [0.68%; 1.00%; 1.47%]

» Evacuation (EV); [Prudent; Normal; Imprudent]

» Tagging (TG); [Prudent; Normal; Imprudent]

» Threshold repair cost (TRC); [30%; 40%; 50%] of replacement value

Tornado diagrams have been generated for three scaled ground motion levels separately.
The small, moderate and large earthquakes correspond to those with mean response spec-
tra of 90%, 50%, and 10% of the probability of exceedance in 50 years. Combining three
earthquake levels, two frames, and four Qols, they generated a total of 24 Tornado dia-
grams. Figures 15(a) to 15(h) illustrate diagrams only for three-story frame and small/large
events. Also, we normalized and combined the diagrams (with respect to the reference
value in each case). The general trend of the Tornado diagram in both buildings is very
similar.

They reported that ground motion uncertainty (cross-comparing the diagrams) and assem-
bly capacity are dominant RVs. A very similar nding has been reported by [3] (See Figure
1). The damping ratio is less impact (as also reported by [5]) yet an important RV compared
to the others. The uncertainty in evacuation becomes an important RV for the fatalities un-
der small and moderate earthquakes. The threshold repair cost is important for direct loss
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(a) Direct; [99] (b) Direct; [99] (c) Downtime; [99]

(d) Downtime; [99] (e) Fatality; [99] (f) Fatality; [99]

(g) Total; [99] (h) Total; [99]
Fig. 15. Results of sensitivity analysis; modi ed from Han et al. (2014-2015) { Part 1

and downtime under larger earthquakes.

Han et al. (2014) [100] performed a very detailed sensitivity analysis on the impact of base
isolation to retro t the vulnerable old non-ductile RC frame buildings. They also consid-
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ered the impact of the mainshock—aftershock (MS-AS) sequences in this process. Three
types of uncertainties, i.e., structural, ground motions, and modeling were accounted for.
The model is a seven-story concrete moment frame in California. The beams and columns
were modeled aBeam-With-Hingeselements in OpenSees including two ber-sectioned
plastic hinge zones at the ends. For retro t purposes, a base isolation system with lead-
rubber bearings (LRB) is used. The LRBs were simulated usingah@engthSection

element with thdsolator2spring  section. For elastomeric bearings, aging and increase

in temperature are modeled Ky andQy, respectively. The following RVs have been used

for sensitivity analysis:

Concrete compressive strengtig)( COV = 0.18
Steel yield stressf(); COV = 0.11
Damping ratio x); COV = 0.76
Beam-column joint model parameters (all uniform distribution)
— | 1: normalized force ratio at yield point
— | 2: normalized force ratio at post-yield point
— | max nhormalized force ratio at maximum point
— | 3: normalized force ratio at ultimate point
Isolation system-related parameters (all uniform distribution)
— Initial post-yield stiffnesskpi)
— Initial characteristic strengtfQ;)
— Service timef)
— Temperature()

A total of 32 as-recorded MS-AS sequences were used. The aftershocks mostly occurred
within a week after the mainshock (i.e., no repair in between) and all the sequences are far-
eld ground motions. All the sequences were amplitude-scaled t&84f&) at three hazard
levels, i.e., 50%, 10% and 2% in 50 years. Three Qols were also used, i.e., the peak inter-
story drift ratio (IDR), the peak shear strain (PSS), and the peak oor acceleration (PFA).
Sensitivity analysis was performed using the probabilistic version of the OAT Tornado
diagram method. Each time, all the scaled records were applied to the uncertain model and
the results were presented in terms of median and logarithmic STD of the tted lognormal
distribution by maximum likelihood estimation. Bounds for sensitivity analyses were 10th
or 90th percentile of RV.

They developed over 60 Tornado diagrams combining 3 hazard levels, 2 seismic scenarios,
2 models (i.e., un-retro tted and isolated), 3 Qols, and 2 statistical quantitiesn(iangd

b). Figures 16(a) to 16(h) illustrate some of those diagrams only for IDR at most high-
intensity hazard level (i.e., 2%/50yr). Overall observations are as follewg; and fy are
generally the most sensitive RVs for the un-retro tted frame. The rst two are consistent
with [94] (for IDR) and the third is indirectly similar (as both address the joint model). For
the isolated systents andq are also among the sensitive RVs. For PEAf., fy andl 1

have most signi cant in uence on both buildings @ for isolated frame). It seems that

the general sensitivity ranking for MS and MS-AF is similar. Across three seismic hazard
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(a) 2%/50yr; [100] (b) 2%/50yr; [100] (c) 2%/50yr; [100]
(d) 2%/50yr; [100] (e) 2%/50yr; [100] (f) 2%/50yr; [100]
(9) 2%/50yr; [100] (h) 2%/50yr; [100]

Fig. 16. Results of sensitivity analysis; modi ed from Han et al. (2014-2015) { Part 2
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levels (and based on IDR), the sensitivity pattern changes; howekegps its rst rank
(+ g as the most important RV in an isolated frame).

3.13. Yazdani et al. (2017)

Yazdani et al. (2017) [6] provided a global sensitivity analysis of two RC frame structures
(two and eight-story) using the entropy approach. This technique is consequentially similar
to the mutual information index which is explained in the theory section. Their sensitivity
analysis considers both the synthetic seismic excitation and structural RVs. A stochastic
ground motion simulation with nite-fault method was used to generate the records. Three
series of ground motions were generated with epicentral distances of 16, 52, and 90 km.
Structural models were prepared in OpenSees based on lumped plasticity beam-column
elements including the P-delta effect. A summary of all RVs is provided here:

Mass (n); COV = 0.1

Damping ratio x); COV = 0.4

Strength parameters (Strrf; (COV = 0.175) andfy (COV =0.1)
Stiffness parameters (Stifig. (COV = 0.08) andss (COV = 0.033)
Seismic source (Sorc)

Propagation path (Path)

Site effect (Site)

(@) MIDR (b) PRA

(c) PRD

Fig. 17. Sensitivity index of seven RVs based for three Qols; modi ed from [6]

They investigated three Qols in sensitivity analyses: maximum inter-story drift ratio (MIDR),
peak absolute roof acceleration (PRA), and peak absolute roof displacement (PRD). Figure

34



NIST TN 2254
July 2023

17 summarizes the results in terms of the sensitivity index (results are for a two-story frame
while the other one is similar). Results depend on the site location and Qol. In general, the
sensitivity of ground motion RVs is higher than structural properties. More speci cally, the
seismic source has a dominant effect. In addition, the damping ratio is the most sensitive
RV among the structural parameters.

3.14. Cantagallo et al. (2014)

While nearly all the current application of sensitivity analysis using Tornado diagram is
limited to material and modeling RVs with some limited contributions from loading un-
certainty, [7] developed Tornado diagram for 10 different 3D RC building portfolio using
three ground motion selection and scaling techniques. They used a force-based ber frame
model using the commercial software Midas. For the rst 9 structures, columns are ber
models, and beams are linear elastic. For structure #10, both the beams and columns were
ber models. Diaphragms were modeled in all cases and the same nonlinear concrete and
steel material properties were used for 10 structures, Figure 18.

Fig. 18. Sensitivity of type and complexity of the RC buildings; adapted from [7]

They initially chose 61 ground motion records, and used 20 of them for scaling of each
frame based on three approaches:

» Combl: records selected according to the minimization of the scale factor
» Comb2: records selected according to an additional spectrum-compatibility criterion
» Comb3: Similar approach as of Comb2 but different records

Since the only variables are ground motion-related ones, two variables were considered,
i.e.,S(T ) and RTR variability. They used a method based on Poisson's recurrence law to
scale the records into the median and 10% and 90% percentiles. Figure 19 presents the drift
swings as RTR variability for each structure and each of the three combination methods.
One intuitive observation is that drift variability increases by increasing the complexity and
irregularity of the structures.
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Fig. 19. Results of sensitivity analysis; modi ed from Cantagallo et al. (2014) [7]

3.15. Kim et al. (2020)

Kim et al. (2020) [8] studied the effects of construction quality on the sensitivity of fragility
functions including the material and modeling details uncertainty. They used an old RC
building from the 1980s as the case study. Models were built in OpenSees using the
displacement-based beam-column element, Cencrete02 and Steel01. The follow-

ing RVs were considered for sensitivity analysis:

» Concrete compressive strengtiy)(

» Steel yield stressf()

 Longitudinal reinforcement ratia ()

» Volumetric ratio of transverse reinforcement,§

They performed a sensitivity analysis using two upper bounds and two lower bounds for
each RV (totally 4 4+ 1= 17 simulations). They used 50 ground motion records and
performed a Cloud analysis. The relative sensitivity of each RV is evaluated by comparing
the seismic fragility curves considering all RVs using the collected swing for each damage
level. Figure 20 shows variation in the relative sensitivity of each RV as a function of
continuous spectral acceleration and four different limit states (LS). As dgeas,the
dominant RV in nearly all cases. For serviceability LS and low-intensity excitafipn,
shows higher sensitivity. Moreover, for collapse prevention and shear failure |, ptays

more role.
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(a) Serviceability LS (b) Damage control LS

(c) Collapse prevention LS (d) Shear failure LS

Fig. 20. Relative sensitivity of four RVs based on fragility functions; adopted from [8]

3.16. Swensen et al. (2018)

Swensen et al. (2018) [9] studied the sensitivity of the post-yield stiffness ratio, as well
as the hinge length in the seismic performance of several 2D frame structures. They used
three modeling techniques, i.e., concentrated hinge elements with moment-rotation (M-R)
relationships, hinge-length elements with moment-curvature (M-C) relationships, and ber
sections (FBR). They also used three software to generalize the results, i.e., OpenSees, and
Perform3D. The RVs are:

 Post-yield stiffness ratica(): 0.05%, 2% and 5% (for M-R).
* Plastic hinge lengthl(): 0.5(D, 0.79D and 1.0 andD represents the member
depth (for M-C and FRB).

They applied both the far- eld and near-fault ground motion records to the frames (seven
time-histories from each one). In the moment-rotation relationship, the hinge response
was assumed to be bilinear, and the post-yield stiffness values were de ned as above. The
moment-curvature hinge models in OpenSees are basedaonWithHingeslement. For
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the ber models, they reported a non-convergence problem in SAP2000 models, and thus,
its results were excluded from sensitivity analysis.

Figure 21 reports the results of some of the sensitivity analyses. As seen, the mean IDR
can differ by up to 30% depending on the software choice and parameter used in modeling.
They reported that differences using identical modeling options (moment-rotation hinges
with nearly elastic-perfectly plastic behavior) can be as high as 10%. In terms of fragility,
the median of being below a certain damage state can vary by 20%+ depending on the
modeling parameters.

(a) 2 story (b) 3 story

(c) 9 story

Fig. 21. Sensitivity of the mean IDR to modeling and software choice (black, gray and white);
adopted from [9]

3.17. Choudhury et al. (2018)

Choudhury et al. (2018) [10] evaluated the sensitivity of the RC frames with in |l walls.
They compared three models of four-story frames: bare frame, open ground story frame,
and fully in lled frame. This study is probably among the few that compared various sta-
tistical and graphical methods in sensitivity analysis, e.g., displacement sensitivity radar
charts, response sensitivity bar diagrams, Tornado diagrams, Sobol indices, least absolute
shrinkage and selection operator (LASSO) regression, and weighted pie charts. The fol-
lowing RVs were considered for sensitivity analysis:

» Width of column 8¢); COV =0.0079
* Depth of beam@y); COV = 0.0094
» Equivalent viscous damping); COV =0.76
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» Concrete compressive strengtig){ COV =0.124

+ Steel yield stressf(); COV = 0.038

« Masonry prism strengthf,); COV = 0.24

» Unitweight of in Il (gy), orinllload (IL); COV =0.1

» Weight density of concreteay); COV =0.1

» Width of equivalent diagonal strut used for modeling masonry in |l wal\g)( This
value is different for ground?") and upper\(s'") stories; COV = 0.394

» Ultimate strain at failure in masonrg{); COV = 0.43

Sensitivity analysis was performed with seven records and the results were presented sepa-
rately for each one. In all cases, the results were normalized to the median value. Figure 22
illustrates the variation of RVs for three frames (only for one of the ground motion records).
These plots present the continuous variation of the RVs and thus, are a very good method to
capture any potential nonlinearity/curvature in response quantity. For both bare frame and
open ground story framé, fc, IL, andx incur a large variation in the estimates of roof
displacement. However, for the in lled frame, there is practically no variation in response
output due to a change &, Dy, f¢, fy, &, IL, X anden, while the two most in uential

RVs areWs and .

Fig. 22. Continuous variation of normalized displacement as a function of RV variation, only
for one ground motion; adopted from [10]

They also performed Tornado analysis by varying the parameters to their 16% and 84%
percentiles. Figures 23(a) to 23(c) present the Tornado diagrams for three frames in terms
of normalized displacement. Again, for both bare frame and open ground story BBgme,

fc, andx are among three sensitive RVs. For the in lled fraig,and f,, are top RVs.

Furthermore, they performed an extra sensitivity analysis with Sobel's rst indices. A
higher index is indicative of a more sensitive RV. While it is not clear how they combined
the RVs to capture the interaction effect, they provided separate Sobel index graphs for
individual ground motion records and material RVs. A similar observation as of previous
methods was observed. Finally, they performed LASSO regression with similar observa-
tions as of previous methods.

3.18. Yu etal (2017)

Yu et al. (2017) [101] investigated the sensitivity of the RC frame structures to a column
loss, considering the uncertainties in gravity loads, material properties, and construction
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(@) [10] (b) [10] (c) [10]

Fig. 23. Results of sensitivity analysis; modi ed from Choudhury et al. (2018)

geometries. Two RC frames were tested using different span aspect ratios (both frames
were eight-story with 4 spans; one span LF = 8.4 m and the other TF =6.0 m). OpenSees FE
code was used for simulation with displacement-based ber elements for both beams and
columns, each of which includes ve integration points. The corotational transformation
was also implemented. Since the column removal scenario can be conducted on either
exterior (E) or interior (I) columns, a total of 4 parent models were developed: TF-E, TF-I,
LF-E, and LF-I. A total of 17 RVs were used:

» Gravity loads:
— Floor dead load@L¢); COV =0.1
— Roof dead loaddL,); COV =0.1
— Live load (LL); COV =0.4
» Concrete properties
— Compressive strengtlid); COV = 0.18
— Tensile strengthf(); COV = 0.18
— Modulus of elasticity E¢); COV = 0.077
» Reinforcement properties
— Steel yield strength longitudinal barg); COV = 0.093
— Steel yield strength transverse stirrufhg J; COV = 0.107
— Steel ultimate strengthf(); COV = 0.08
— Modulus of elasticity Eg); COV = 0.033
» Construction geometries
— Beam width By)
— Beam heightkip)
— Span lengthl()
— Longitudinal reinforcement areas in beaf.geanm
— Longitudinal reinforcement areas in colummg )
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— Transverse stirrup areéd;)
— Concrete covert]

The capacity curves were derived using the quasi-static pushdown analysis. They vary the
RVs by one STD to develop the Tornado diagrams. Tornado diagrams were developed for
two damage criteria (DC):

» DC-I: rstyielding (plastic-hinge formulation) of steel rebar in RC beams
» DC-II: the ultimate load-resisting capacity

Figures 24(a) and 24(h) present the Tornado diagrams for those selected DC and four mod-
eling scenarios in terms of the load factar, the ratio between the recorded gravity load
corresponding to incremental vertical displacement and the nominal gravity load. For DC-
|, DLt and fy are the important RVs, while for DC-IDL and f, are the sensitive RVs.
Furthermore, the effect dispeamon both DC is also considerable. The tornado diagrams
are more symmetric for DC-I than DC-II. Also, the bars in the tornado diagrams for LF are
more skewed than for TF.

3.19. Grubsc et al. (2019)

Grubisic et al. (2019) [11] conducted a series of probabilistic simulations to investigate the
impact of numerical modeling techniques on uncertainty quanti cation and sensitivity anal-
ysis of RC planar frames. A central bay RC frame from the ground oor was chosen from
a typical mid-rise building. The numerical model is then calibrated, and subjected to cyclic
horizontal load. OpenSees was used for modeling based on two modeling approaches:

» Lumped plasticity model with Takeda hysteresis rules [102}. (ultimate bending
moment) corresponds to the moment at the fracture of the rst major longitudinal
reinforcementMy (yielding moment) corresponds to the rst longitudinal reinforce-
ment yielding of each element individuallijc, (cracking moment) corresponds to
the initial cracking of concrete.

* Distributed plasticity usingdeamWithHingeslements which consider force-based
distributed plasticity over speci ed plastic hinge lengths near the element ends.

The following RVs were incorporated:

« Steel yield strengthf(); COV = 0.08

» Steel modulus of elasticitygg); COV = 0.06

» Con ned concrete compressive strengf¢); COV =0.15

» Con ned concrete compressive stragsc); COV =0.15

» Uncon ned concrete compressive strengthy(); COV =0.15
» Uncon ned concrete compressive stra@(;); COV =0.15

» Con ned concrete crushing strengtfi4c); COV =0.2

» Con ned concrete crushing straiefc); COV = 0.2

» Uncon ned concrete crushing strength4,); COV =0.2
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(a) DC-I; [101] (b) DC-I; [101] (c) DC-I; [101] (d) DC-I; [101]
(e) DC-II; [101] (f) DC-II; [101] (g) DC-II; [101] (h) DC-II; [101]

Fig. 24. Results of sensitivity analysis; modi ed from Yu et al. (2017)

Uncon ned concrete crushing straiacfy); COV =0.2

Vertical load per columnK,); COV =0.1

Length of the columnl{); COV =0.01

Length of the beamL{eam); COV =0.01

Depth of the concrete cover for both columns and beagge); COV 0.25
Cross section depth of the colunmifg); COV = 0.05

Cross section depth of the beahty{an); COV = 0.05
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+ Plastic hinge length for both columns and bearg){COV = 0.1

(a) [11] (b) [11] (c) [11]

Fig. 25. Results of sensitivity analysis; modi ed from Grubisic et al. (2019)

They performed a series of reliability analyses using different methods such as MCS (10e5
samples), FORM and SORM, and Mean-Value First-Order Second-Moment (MVFOSM).
They also conducted the sensitivity analysis in two ways:

» Performing a total of 1000 MCS pushover analyses for individual RVs while keeping
the remaining RVs at their mean value. With this method, a range of sensitivity is
obtained ( 1 STD) for each RV. Figure 26 shows some of those 17 RVs. According
to this method,fy, Hcol, Ceover Hpbeam Fv and feic are most important RVs. In a
nonlinear region, after exceeding the yield strength of the longitudinal reinforcement,
the geometry-related RVs were much more important compared to the material RVs.

 Classical Tornado diagram by varying each RV to their 16 and 84th percentiles. Re-
sults are developed for three IDRs as shown in Figures 25(a) to 25(c). In the pre-
dominant linear range of the system (0.4% IDR), the height of the beam and column
are the most important RVs. Moving towards higher drift ratios, the impady f
dominant.
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Fig. 26. Sensitivity range for individual RVs by MCS; adapted from Grubst et al. (2019) [11]

3.20. Faggella et al. (2008)

Faggella et al. (2008) [12] investigated the seismic demand sensitivity analysis of a 3D RC
building subjected to three-component earthquake excitation. A four-story frame is used as
a case study and its model was developed by OpenSees using force-based ber elements.
The following RVs were incorporated:

* Mass (m); COV=0.1

« Damping ratio x); COV = 0.4

Concrete compressive strengtig)( COV = 0.064
Concrete modulus of elasticit§§); COV = 0.08
Steel yield strengthf(); COV = 0.1

Steel modulus of elasticitysg); COV = 0.033
Ground motion detailsGM); COV = -

Ground motion intensity measur®y(T1); COV = 0.84

Fig. 27. Results of sensitivity analysis; modi ed from Faggella et al. (2008) [12]

For selecting appropriate bounds for ground motion intensity, they rst drove the proba-
bility distribution for S3(T1) from the seismic hazard analysis. The ground motions were
scaled for an IM with a probability of exceedance of 50%/50 yr. Next, A MCS based on
the ensemble of 20 three-component records is performed. Tornado diagrams were based
on 10% and 90% fractiles from each RV. Figure 27 presents the Tornado diagram for maxi-
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mum IDR in both X and Y directionss;(T:1) andGM RTR variability are the predominant
RVs followed by damping and the mass.

3.21. Segura et al. (2022)

Segura et al. (2022) [103] performed a sensitivity analysis using OAT Tornado diagram on
an RC circular bridge column. A detailed ber-based model was developed in OpenSees
and is subjected to an intensifying arti cial acceleration. There are three advantages in
using such a dynamic excitation: the overall number of transient simulations remains in
a manageable range (i.eNZ 1, whereN is the number of variables), the results are
independent of speci ¢ ground motion records, and the sensitivity analysis can be evaluated
at different seismic intensities.

Extensive data collection and statistical post-processing is used to develop appropriate dis-
tributional models for each property. The following material parameters were considered
to be random:

* Steel yield stressf(m); COV = 0.046 (Grade 60), 0.039 (Grade 80), 0.034 (Grade

100)

» Steel peak tensile stresk,); COV 0.043 (Grade 60), 0.034 (Grade 80), 0.037 (Grade
100)

» Steel fracture straine¢); COV = 0.136 (Grade 60), 0.127 (Grade 80), 0.128 (Grade
100)

* Steel elastic modulugg); COV = 0.033 (for all three grades)

+ Steel strain hardening ratib) COV = 0.194 (Grade 60), 0.176 (Grade 80), 0.130
(Grade 100)

« Uncon ned concrete elastic modulugd); COV = 0.114 (for allfvalues)

« Uncon ned concrete peak compressive strefgg){ COV = 0.155 (forf?= 28 MPa),
0.125 (forfd= 35 MPa), 0.075 (forf0= 41 MPa)

« Uncon ned concrete peak compressive straig); COV = 0.187 (forf0= 28 MPa),
0.193 (forf0= 35 MPa), 0.186 (fof)= 41 MPa)

« Concrete tensile rupture stredg){ COV = 0.211 (forf?= 28 MPa), 0.193 (forf 0=
35 MPa), 0.185 (forf2= 41 MPa)

« Con ned concrete elastic moduluEdy); COV = 0.150 (forfd= 28 MPa), 0.156 (for
f9= 35 MPa), 0.154 (forf = 41 MPa)

« Con ned concrete peak compressive strekg)( COV = 0.119 (forf)= 28 MPa),
0.102 (forf0= 35 MPa), 0.063 (fof 0= 41 MPa)

« Con ned concrete peak compressive stragg); COV = 0.155 (forfd= 28 MPa),
0.166 (forfd= 35 MPa), 0.172 (forf= 41 MPa)

» Concrete softening moduluEdsgeg; COV = 0.171 (forfd= 28 MPa), 0.144 (forf?
=35 MPa), 0.100 (forff )= 41 MPa)

Figure 28 presents the results of the sensitivity analysis as a Tornado diagram with respect
to the percentage difference in the drift envelope value determined at four different shaking
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intensities as compared to the model with all material properties set at their mean value.
The shaking intensities are represented3{T1). For the case study colum&(Ty) =

0.59 represents low ductility demartgy(T;) = 1g and 3g are representative of design-level
ductility limits for bridges classi ed as Recovery and Ordinary according to the Caltrans
Seismic Design Criteria; angy(T1) = 4.59 represents the intensity for which the median
model is expected to reach collapse-level drift demands, assumed herein as a drift ratio of
0.1 rad.

According to these results, drifts are most sensitive to material properties that de ne the
hardening branch of the concrete stress-strain curve and the elastic branch of the reinforcing
steel stress-strain curve. Drifts are likely to be insensitiiggtg, only marginally sensitive

to b, fy, andes, and moderately sensitive Ky, fcc, ande,.. Results also demonstrate the
outcome of sensitivity analysis depends on the shaking intensity.

Fig. 28. Results of sensitivity analysis; modi ed from Segura et al. (2022)

4. Sensitivity to Beyond \Material and Modeling" Variability

Sensitivity analysis is not limited to RC structures, and there are several examples of its
application on different engineering structures. While the focus of this report is to provide
a detailed application, method, type of RVs, and the results of sensitivity analysis for RC
structures, many other valuable ndings can be uncovered by exploring other publications.
Therefore, the objective of this section is to provide some comparative results that can be
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found in the literature on sensitivity analysis of structures. Each sub-section discusses a
topic that is directly or indirectly related to the sensitivity analysis. They cover topics that
are beyond the sensitivity analysis of a structure with material and/or modeling uncertainty.
For example, the impact of software, the choice of demand parameter, the choice of analysis
technique, etc. are all discussed in this section.

4.1. Sensitivity to Software

Some researchers investigated the sensitivity of the adopted software in the response quan-
ti cation of structural systems. [9] compared three software platforms, i.e., OpenSees,
Perform3D, and SAP2000 for nonlinear response sensitivity of three frame structures,
and reported the choice of software is more pronounced at the local/element level than
at the global/system level. Alwaeli et al. (2017) [104] compared ZEUS-NL (with two (ini-
tial and improved) 2D nonlinear models using two-node ber-based frame elements) wiht
PERFORM-3D (3D four-node ber-based model). They reported that both software can
suf ciently predict global deformation. However, the four-node model in PERFORM-3D
showed better performance in accounting for the 3D effects of deformation compatibil-
ity between lateral and gravity force-resisting systems. [13] compared some medium size
specialized software for masonry buildings (e.g., 3Muri and 3DMacro), as well as some
more general FE packages such as DIANA and ANSYS, and some university codes like
Code ASTER. The crack pro les resulted from pushover analysis among different methods
present sensitivity of the response with considerable variation, see Figure 29. Moreover,
Asgarian et al. (2010) [105] compared the deterministic seismic response of a high-rise
concrete tower analyzed using ANSYS, ABAQUS, and OpenSees. They reported some
discrepancies in the linear range between uni-axial and multi-axial element formulations.
As for the nonlinear analyses, the discrepancy moves to earlier times.

Fig. 29. Sensitivity of cracking/damage/fracture map of a column at collapse point to the
software choice; adapted from [13]

4.2. Indirect Sensitivity Assessment

While the majority of sensitivity analysis techniques yield clear conclusions, ranking the
RVs based on their relative sensitivity (e.g., swings in Tornado diagram, or any type of
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sensitivity index), some applications indirectly present the results of sensitivity analysis.
The most famous form is the sensitivity in seismic fragility functions. This can be divided
into three parts:

4.2.1. Type-l

Sensitivity in fragility curves due to random variations in the material properties or model-
ing parameters. For example, Figure 30(a) compares fragility curves at a limit state using
the lower and upper bound of material/modeling RVs for each one. IM-dependent sensi-
tivity in the probability of failure,Ps, can be tracked in this gure. Examples of this type

of sensitivity is addressed in [106] for cable-stayed bridges, [107] for pile-group-supported
bridges on lique able soil, [46] for transmission towers.

(a) Type-I (b) Type-lI

(c) Type-lll

Fig. 30. Indirect sensitivity assessment through seismic fragility functions

4.2.2. Type-ll

Sensitivity in fragility curves due to incorporating additional sources of uncertainties. For
example, Figure 30(b) compares upper and lower bound fragility curves for two uncertain
scenarios: (1) only ground motion variability, and (2) ground motion and material variabil-
ity. As seen, each of the upper and lower bound fragility curves is sensitive to incorpo-
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rating extra (here material) sources of uncertainty. Examples of this type of sensitivity are
addressed in [106] for cable-stayed bridges.

Haddad et al. (2019) [108] compared fragility functions based on the con dence factor
method at three knowledge levels (KL), i.e., KL1, KL2, KL3 with increasing achieved
knowledge. Any change in KL will affect the uncertainty source and thus, changes the
fragility function.

4.2.3. Type-lll

Sensitivity in fragility curves due to adopted probabilistic analysis technique. It is well-
established that fragility curves are sensitive to the probabilistic seismic analysis technique.
For example, Figure 30(c) compares the fragility curves in two limit states resulted from
IDA and CLA methods. Examples of this type of sensitivity are addressed in [106] for
cable-stayed bridges, [109] for highway bridges. The sensitivity of fragility curves to the
ground motion meta-features is also categorized under this group [110].

Zhong et al. (2012) [111] conducted research on sensitivity analysis and importance mea-
sures for RC columns from seismic fragility estimates. They differentiated between the
concept of sensitivity and importance. Sensitivity analysis is used to determine to which
parameter(s) the reliability of a structural component is most susceptible [112]. Assuming
f r;Qs to be the joint PDF of basic RVs inwith a set of distribution paramete@:
(e.g., mean, standard deviation, correlation). The sensitivity vector is computed using the
proposed model by [113]:

d = s:Ng,b (20)
wheres is the diagonal matrix with diagonal elements given by the standard deviation of
each RV inr, Ng, is the gradient function, antl is the reliability index.

The importance measure shows the contribution of each RV to the variability of the limit
state function. The importance vector is de ned using [114] model:

- alJy. s
jjaT:Jy 2 :SDYj

wherea is a vector of the negative normalized gradient of limit state function at the design

point in standard normal spack, -, presents the Jacobian matrix of the probability trans-

formation from original to standard normal space, &mis the diagonal matrix consisting
of standard deviations of equivalent normal variables.

s (21)

They implemented this method on two columns (one is shown here). Figure 31(a) presents
the sensitivity measures for the deformation and shear fragility estimates for the means
of the random variables infor §; = 0:95g and PGV/PGA = 0.19 sec (selected based on
hazard map and for strong motions). These values are computed for the “expected value
of the RV”, E(:). As seen, the yield stress of con ning concrete and concrete compressive
strength, and spacing of transverse reinforcement are top sensitivity RVs. In this context,
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