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Incremental dynamic analysis is one of the most common analyses in
evaluating the seismic performance of structures. Usually, in this
method, the influence of uncertainties is ignored and only by
considering different records, it attempts to evaluate the uncertainty
of seismic load. In this research, an attempt was made to investigate
the effect of random variables on these curves by using two methods:
Monte Carlo and Tornado diagram. A 10-story steel frame with a dual
bending frame system with a divergent brace was selected and then
the effect of uncertainties on its IDA curves was investigated. First, by
using the Monte Carlo method, the sensitivity of the IDA curve of the
Bam earthquake record with respect to six random variables
including yield stress of steel, dead load, live load, span length,
damping ratio and elastic modulus was investigated. Then, using the
tornado diagram method, the sensitivity of these variables on the
average IDA curves obtained from 18 records of different earthquakes
was investigated. The results demonstrated that dead load and yield
stress had the greatest impact on random variables. In addition, the
degree of sensitivity of random variables increased with the increase
of spectral acceleration. The comparison of the tornado diagram
method with the Monte Carlo method illustrated that the tornado
diagram method with a maximum error of 12.4% has a good accuracy
in evaluating seismic sensitivity.
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EXTENDED ABSTRACT

Introduction

One of the types of structural analysis methods is the incremental dynamic analysis
(IDA) method. IDA analysis is usually conducted with the attitude that there are
uncertainties in the seismic records and the structural characteristics are considered fixed
while the structure itself also has uncertainties that can affect the IDA curves. In this
research, an attempt was made to investigate the effect of random variables related to the
structure on the IDA curves. Therefore, by using the methods of sensitivity analysis, the
changes in the maximum drift of a steel structure with a double system with eccentricity
bracing were investigated as an engineering demand parameter (EDP) at different
maximum seismic accelerations.

Methodology

Tornado diagram (TDA) and Monte Carlo (MCS) methods are the most famous
sensitivity analysis methods. To evaluate the sensitivity of random variables, a two-
dimensional double steel frame with a diverging brace was used. All beam and column
connections are considered rigid. The structural system is designed according to (AISC) and
based on the LRFD method. The plan of the structure and the structures were analyzed and
designed on 10 floors with a floor height of 3.2 meters According to Figure 1.
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Figure 2. Comparison of the experimental
model of Caprile and the numerical model
of the present research.

Figure 1. Structural plan and 2D model of finite
elements.

Non-linear modelling was selected in OpenSees software. For non-linear modelling,
Steel02 materials was used in the material library of this software. In this study, the
secondary hardness slope was considered to be 2%. Beam and column elements were
modelled using non-linear beam and column. In this research, the laboratory model of Silva
Caprile et al. (2018) was used to evaluate the accuracy of the results. In Figure (2), the
hysteresis curves of the current research and the research of Caprile are shown together. As
itis clear in this diagram, the result of pushover analysis in the current research has good
compliance with the hysteresis curve of Caprile's research in terms of displacement and
ultimate yield stress.

572



Journal of Technical and Vocational University Autumn 2023, Vol. 20, No. 3, p. 571-593

Table 1. Characteristics of random variables.

Row  Variable Average Coefficient of (%) variation Distribution function
1 (Fy) 240 Mpa 10 Normal
2 (E) 2e5 Mpa 5 normal
3 Dead Load 600 Kg/m? 10 lognormal
4 Live Load 200 Kg/m2 20 lognormal
5 (Length) 5m 5 gama
6 damping 0.05 40 lognormal

In this research, the sensitivity of the IDA curves of the steel bracing frame to six random
variables was investigated. The summary of the characteristics of random variables is
shown in Table (1).

To perform incremental dynamic analysis, eighteen near-field records were used. First,
an incremental dynamic analysis was performed where no uncertainty was considered. The
median value is usually used to evaluate IDA curves. Based on the results of the analysis, the
Bam earthquake record is the closest value to the middle of the IDA curves. Therefore, this
record was selected as a standard record for evaluating the behavior of the structure.

Results and discussion

To evaluate the sensitivity of the IDA curve of the structure under the Bam earthquake
record, each of the random variables of a sample space was created proportional to its
probability distribution while other random variables were at their mean value. The results
of the analysis were presented in the form of cumulative distribution function (CDF) curves
in terms of drift. Figure (3) shows the result of Monte Carlo analysis for each Sa of the Bam
earthquake record.
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Figure 3. CDF curves obtained from Monte Carlo analysis for each different Sa from the Bam

earthquake record.

The curves in Figure (3) show the probability of cumulative distribution of the
maximum drift of the structure concerning random variables in each Sa. The wider the CDF
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curve and the curve resulting from Monte Carlo analysis covering more values of the drift,
the greater the sensitivity of the drift to the changes of that random variable. By comparing
the curves in Figure (3), it is clear that in all models, the sensitivity to the changes in the
modulus of elasticity of the steel had the least impact on the structural drift changes.
Changes in span length and live load had the least impact. The greatest impact was between
the yield stress of steel and dead load. In some intensities of the seismic load, the dead load
caused the greatest sensitivity and in some cases, the yield stress of the steel caused the
greatest sensitivity for the maximum drift of the structure. In another part, the drift
sensitivity of the structure was checked with the Tornado diagram (TDA) method; the error
of TDA method compared to the Monte Carlo method was calculated as a maximum of
12.4% according to Figure 4.
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Figure 4. The error rate of the TDA method compared to the Monte Carlo method.

Conclusion
In this research, the effects of uncertainties on the IDA curves were evaluated.
The summary of the results is as follows:

— The sensitivity of random variables on the IDA curves is different in different
accelerations so that at low accelerations, dead load and damping ratio have the
highest sensitivity, and at higher accelerations, dead load and yield stress have the
highest sensitivity.

—  The maximum error of the TDA method compared to the Monte Carlo method was
calculated as 12.4%. The lowest amount of error was calculated as 2%, which
shows that the TDA method was more accurate than the Monte Carlo method in
evaluating seismic sensitivity.

—  The results of Monte Carlo analysis demonstrated that the highest sensitivity
coefficient in the spectral acceleration Sa=1g is equal to 0.76 for the yield stress of
steel, and the lowest sensitivity coefficient in the spectral acceleration Sa=0.7g is
calculated for the damping coefficient parameter and is equal to 0.07.
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