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RELIABILITY OF NONLINEAR STATIC METHODSFOR THE SEISMIC
PERFORMANCE PREDICTION OF STEEL FRAME BUILDINGS

Matthew J. SKOKAN® And Gary C. HART?

SUMMARY

Nonlinear static “pushover” methods of analysis are often used within a performance-based
framework to evaluate existing buildings. Acceptable building performance istypically defined by
a family of structural performance and seismic hazard level pairs. This paper summarizes the
results of current research, sponsored by the SAC Steel Project, on the reliability of nonlinear
static methods for predicting the seismic performance of steel moment frame buildings.

As part of previous SAC studies, three steel moment frame buildings (3, 9, and 20-story), located
in Los Angeles, were designed using Pre-Northridge earthquake connection details. Two DRAIN-
2D models (M1 and M2) were created for each building. Model M1 is a centerline-to-centerline
model, while model M2 explicitly accounts for the strength and stiffness of the panel zone and
represents the more accurate model. Nonlinear dynamic time history analyses were performed for
each building model using a total of 60 earthquake ground motions with seismic hazard levels
having a 2%, 10%, and 50% probability of exceedance in 50 years.

In the current study, nonlinear static “pushover” analyses of the buildings were performed with the
same models and ground motions used in the nonlinear time history analyses. The Coefficient
Method, Capacity Spectrum Method, Equivalent System Method were used to calculate building
performance response quantities. The maximum roof displacement and maximum interstory drift
response for models M1 and M2 were compared with the model M2 results from the nonlinear
dynamic time history analyses.

INTRODUCTION

Over the past decade, the trend in building design in seismic regions has been towards what has been commonly
referred to as Performance-Based Seismic Design [OES, 1995]. The objective of this building design method is
to accurately predict, in definable terms, the performance of the building during any intensity of earthquake
ground motion that may occur at the building site over the lifetime, or design life, of the building. Definable
performance can be accomplished by designing the building to meet a wide range of Performance Objectives. A
single performance objective consists of a level of performance in terms of damage, coupled with a level of
earthquake hazard. As an example, a building may be designed to be at the brink of collapse during an
earthquake that is expected to occur once every 2,500 years. In order for structural performance to be
predictable, consideration must be given to the reliability of the final design to meet the stated performance
objectives. Since the building design and construction must be carried out in a world of uncertainties, the
reliability of the final design can only be stated in probabilistic terms.

Recently, the performance-based design methodology has been applied to the evaluation, retrofit, and
rehabilitation of existing buildings. In 1996, the Applied Technology Council (ATC) published the report
entitled Seismic Evaluation and Retrofit of Concrete Buildings [ATC, 1996], also referred to asthe ATC-40
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report. Thisreport isfocused primarily at the number of pre-1970's California government buildings that are of
nonductile concrete construction. In 1997, the Federal Emergency Management Agency (FEMA) published the
NEHRP Guidelines for the Seismic Rehabilitation of Existing Buildings [ATC, 1997], and is referred to as the
FEMA 273/274 report. Unlike ATC-40, the FEMA 273/274 report covers a broad range of building materials,
including steel, concrete, masonry, and wood construction. The methodology presented in the FEMA 273/274
and ATC-40 reportsis cast in a framework that offers the building owner and design engineer the flexibility to
select multiple performance objectives for the evaluation of buildings.

As part of any seismic building design or evaluation procedure, the design engineer must perform an analysis of
the building, incorporating the seismic hazard at the building site, to obtain building response quantities.
Building performance is deemed acceptable if these quantities are within the limits of acceptable building
response. In general, building analysis involves the application of lateral earthquake forces, in addition to gravity
forces, to a mathematical model of the building. Building analysis methods can be differentiated based on
whether the mathematical building model islinear or nonlinear, and whether the earthquake forces are applied in
astatic or dynamic manner. The basic assumption in alinear building model is that the building components, i.e.
beams and columns, have infinite strength and constant stiffness during the analysis. Alternately, a nonlinear
building model attempts to capture the strength and stiffness decay of the building components as they are
damaged. In a static analysis, a presumed pattern of lateral earthquake forces is applied to the building model.
Therefore, this type of analysis does not account for the time-varying building response to earthquake ground
motion, captured in a dynamic analysis. Building analysis methods can be categorized as follows (ATC, 1997):
Linear Static (LS), Linear Dynamic (LD), Nonlinear Static (NS), Nonlinear Dynamic (ND). Because of the
fundamental assumptions involved with the methods utilizing linear building models and the static application of
lateral forces, the ND method is considered in this paper to be an “exact” analysis method. Alternately, the LS,
LD, and NS methods are called “approximate” analysis methods.

Until recently, guidelines for the design of new buildings have focused primarily on linear analysis methods.
The reason for thisisthat nonlinear analysis methods were often viewed as overly complicated for application in
new building design. In addition, the use of these methods was precluded by limitations in computer capabilities
and uncertainties in modeling the strength and stiffness of building components. Nonlinear analysis methods
have been found more useful for the evaluation of existing buildings. The ATC-40 document emphasizes the
use of NS analysis methods for predicting seismic demands. The FEMA 273/274 document describes
procedures covering both the NS and ND analysis methods. These methods provide for a more realistic estimate
of the demands on the building system and its components, and help identify critical regions with large
deformation demands [Krawinkler, 1996].

In recent years, the NS analysis method has received more attention compared to the ND method because of its
ability to address the aforementioned issues in an approximate manner without the computational and modeling
effort of aND analysis. However, an assessment of the uncertainty in the NS analysis methods must be made in
order to incorporate these methods into the reliability framework of performance-based design. Part of the
research by the SAC Joint Venture has focused on NS analysis method uncertainties and forms the basis for the
research in this paper.

NONLINEAR STATIC ANALYSISMETHODS

A nonlinear static or “pushover” analysis requires that a nonlinear mathematical model of the building be
subjected to monotonically increasing lateral forces until reaching a predetermined target displacement. The
target displacement is an estimate of the maximum roof displacement that will be experienced by the building
during a given earthquake. The lateral loads are applied incrementally and the strength and stiffness properties of
each building component are updated after each load increment. The base shear versus roof displacement
relationship, referred to as the capacity curve, is the fundamental product of a pushover analysis because it
characterizes the overall performance of the building. From the pushover analysis, force and deformation
demands on the building are calculated at the target displacement and evaluated against acceptable force and
deformation capacities.

The lateral loads applied to each building floor during a pushover analysis can have a significant effect on the
distribution of nonlinear behavior in the building and the prediction of system and component force and
deformation demands. This pattern of lateral loads is intended to represent the distribution of lateral inertia
forces that act on a building during an earthquake. Lateral load patterns are generally classified as either fixed or
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variable. In the case of a fixed lateral load pattern, the lateral inertia forces are assumed to remain unchanged
during the building’s response to the earthquake ground motion. This type of lateral load pattern is unable to
account for the change in distribution of lateral inertia forces that occurs when the building stiffness changes due
to nonlinear behavior.

Since the distribution of nonlinear behavior may vary according to the lateral |oad pattern, it has been suggested
[Krawinkler, 1996; ATC, 1997] that multiple patterns be investigated when performing a pushover analysis. This
paper addresses two types of fixed lateral load patterns, referred to as Uniform and Modal. For the uniform load
pattern, forces are applied to each floor in proportion to the floor mass. Thisload pattern emphasizes demandsin
lower stories compared to demands in upper stories and magnifies the relative importance of story shear forces
compared to overturning moments [Krawinkler, 1996]. The modal load pattern is a set of lateral forces applied
to the building in proportion to the elastic fundamental mode shape and floor masses. The modal load pattern
reflects the distribution of lateral inertia forces expected as the building responds elastically to the earthquake
ground motion.

The force and deformation demands on a building are calculated from the pushover analysis when the roof
displacement reaches the target displacement. Three methods for calculating the target displacement have been
investigated in this research: 1) Coefficient Method, 2) Capacity Spectrum Method, and 3) Equivalent System
Method. Asthe nameimplies, atarget displacement calculated using the Coefficient Method [Krawinkler, 1996;
ATC, 1997] is the product of the elastic spectral displacement at the fundamental natural period of the building
and a series of coefficients that: 1) relate spectral displacement to roof displacement, 2) relate elastic
displacement to inelastic displacement, 3) account for the effect of hysteresis shape on the displacement
response, and 4) account for the effect of dynamic P-delta on the displacement response. The Capacity Spectrum
Method was originally developed for the evaluation of existing buildings [Freeman et a., 1975] and is
recommended for the evaluation of existing reinforced concrete buildings in ATC-40 [ATC, 1996]. Using this
method, the capacity curve of the multi-degree-of-freedom (MDOF) structure is first converted to an equivalent
single-degree-of-freedom (SDOF) capacity spectrum by assuming that the deflected shape of the structure can be
represented by the building’ s fundamental mode shape. To account for energy dissipated by hysteresis during
the earthquake, the capacity spectrum is used to estimate an effective damping of the building. The target
displacement is calculated by finding the intersection of the capacity spectrum and demand spectrum, which is a
plot of spectral acceleration versus spectral displacement at the effective damping. The Equivalent System
Method is similar to the Capacity Spectrum Method in that the capacity curve obtained from the pushover
analysis is converted to a force-deformation relation corresponding to an equivalent SDOF system. The target
displacement is found by subjecting the equivalent SDOF system to an earthquake ground motion and converting
the maximum displacement response to the roof displacement of the MDOF building.  Different forms of the
equivalent system method have been used by researchers to calculate the target displacement for buildings
[Saiidi and Sozen, 1981; Miranda, 1991; Collins, 1995; Reinhorn, 1996].

MODEL STEEL FRAME BUILDINGS

The uncertainty of the nonlinear static analysis method was quantified by investigating a 3-story, 9-story, and
20-story WSMF building. The buildings were designed as part of the SAC research program according to the
1994 UBC requirements for buildings located in Los Angeles, California. Two models (M1 and M2) of each
building were created [Krawinkler and Gupta, 1998] representing different levels of sophistication in modeling
the behavior of beam-column joint panel zone. The strength and stiffness of the beam-column joint panel zones
isignored inthe M1 model. The M2 model explicitly accounts for the strength and stiffness of the beam-column
joint panel zone. The M2 model is considered in this paper to be the more accurate computer model since the
strength and stiffness of the beam-column joint panel-zone is explicitly considered.

EARTHQUAKE GROUND MOTION

A total of sixty earthquake ground motion records, twenty in each of three seismic hazard levels having a 50%,
10%, and 2% probability of exceedance in 50 years, were used to quantify the uncertainty in the NS analysis
method. Pairs of earthquake ground motion records were selected and modified as part of the SAC research
project [Somerville et al., 1997]. The earthquake records were selected to represent the range of earthquake
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magnitudes and distances expected to contribute to the seismic hazard at a building site located in Los Angeles,
Cdlifornia. For each seismic hazard level, a target response spectrum was developed and the ground motion
records uniformly scaled to minimize the error between the average response spectrum for each pair of time
histories and the target response spectrum.

ANALYSISMETHOD UNCERTAINTY

Nonlinear time history analyses were performed for the 3-story, 9-story, and 20-story buildings using the sixty
earthquake ground motion records and the M2 computer models [Krawinkler and Gupta, 1998]. These results
were used as the benchmark to evaluate the bias and uncertainty of the results obtained using the NS analysis
methods. Maximum roof displacement and maximum interstory drift angle are the building response quantities
that are addressed in this paper. For each earthquake ground motion record, the value of a particular response
guantity obtained from the NS analysis method was compared to the result obtained from the nonlinear time
history analysis. The ratios of the nonlinear time history result to the NS result were used to quantify the bias
and uncertainty of the NS analysis methods. Tables 1 and 2 present the medians and logarithmic standard
deviations (standard deviation of the natural logarithms) of the ratios for maximum roof displacement and
maximum interstory drift angle, respectively. The logarithmic standard deviation is the natural indicator of
dispersion when the ratios are assumed to have a lognormal distribution. Figures 2 through 7 show the median
and 84th percentile values of the comparison ratios for the 3-story, 9-story, and 20-story model buildings using
the M2 model and the Modal load pattern. The ratios are shown for the comparison of maximum roof
displacement and maximum interstory drift illustrating the sensitivity of the results to the method of target
displacement calculation.

SUMMARY AND CONCLUSIONS

In recent years, the nonlinear pushover analysis method has been viewed as an attractive aternative to the
nonlinear time history analysis. This is primarily because of the ability of the nonlinear pushover analysis to
provide component and system deformation demands in an approximate manner without the computational and
modeling effort of a nonlinear time history analysis. However, an assessment of the uncertainty in the nonlinear
pushover analysis methods must be made in order to incorporate this method in the reliability framework of
performance-based design. This paper has addressed the uncertainty of nonlinear pushover analysis methods to
predict maximum roof displacement and interstory drift with regards to welded steel moment frame buildings
subjected to various levels of earthquake ground motion. The results of this research can be summarized by the
following observations.

» On the average, the Coefficient and Equivalent System methods provide estimates of the maximum roof
displacement and maximum interstory drift within 20% of the nonlinear time history analysis results for the
10% in 50 year and 2% in 50 year ground motions. There is dightly more dispersion in the demand
predictions using the Coefficient method. The FEMA 273/274 document suggests scaling the target
displacement calculated using the Coefficient method by 1.5 to account for the uncertainty in the analysis
method. The results in this study show that in most cases, a factor of 1.2 can be used to obtain an upper
bound of the 84th percentile target displacements.

* Ingeneral, the Capacity Spectrum method tends to underestimate demands compared to the Coefficient and
Equivalent System methods. The comparisons also show that this method results in the least amount of
dispersion in the demand predictions.

»  The demand comparisons are relatively insensitive to the analytical model and load pattern compared to the
method used to calculate the target displacement. It is observed that maximum interstory drift demands are
load pattern dependent, with the Uniform load pattern providing slightly more conservative results for the 9-
story and 20-story buildings.
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