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Synopsis
The objective of this thesis is to predict the damage distribution based on the energy
balance-based seismic response prediction method for high-rise steel buildings with a
semi-rigid joint, which is utilized as a means of dissipating energy. This thesis is

composed of five chapters. Each chapter is summarized as follows.

In chapter 1, the background of this study and the proposed method to predict the
damage distribution are described. The beam-to-RHS column connection,
conventionally reinforced by the diaphragm, was adopted for a beam-to-column
connection for high-rise steel buildings in Japan. A steel moment frame employing the
connection is considered as a rigid moment frame, and is used to absorb the energy by
beam or panels of beam-to-column when undergoing elastic-plastic deformations; this
frame has a high seismic performance. However, this connection involves a detailed
fabrication process. In order to ameliorate the fabricating efficiency, a beam-to-RHS
column connection without a diaphragm has been proposed. In the case of this
connection, column flange undergo out-of-plane deformation because of the bending
moment at the beam-end. Therefore, both the local rotational stiffness and the moment
resistance of this connection decrease relative to the conventional connection. In general,
such a joint is classified as the semi-rigid joint. In the present stage, this connection was
reinforced by a variety of methods that correspond to the seismic performance for a
rigid joint. Only the previous studies have demonstrated that a semi-rigid moment frame
is a frame with superior energy dissipation capability. This suggests that the connection
has a potential for application to a non-reinforced non-diaphragm-type beam-to-column
connection to high-rise steel buildings. This joint has high ductility and shows that the
moment-rotation curve exhibits stable hysteretic cycles under a compressive axial force.
In this study, the semi-rigid joint is considered as a hysteresis damper.

The end object of this study is to propose a seismic design method for high-rise steel
buildings with a semi-rigid joint, which is utilized as a means of dissipating energy. As
the foundation study, the object of this thesis is to propose a prediction method for the
damage distribution based on the energy balance-based seismic response prediction
method for the frame. This chapter introduces the concept behind the application of the

frame to the aforementioned method.

In chapter 2, an analytical model to derive the prediction expression is defined, and

the prediction expression based on the energy balance-based seismic response for the
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semi-rigid frame is developed. Configurations of the analytical model are as follows:
The applied analytical model is a fishbone-shaped frame. The analytical model of the
semi-rigid connection is defined as a rotational spring, and the rotational spring is
modeled such that it connects the beam end to the column. In this frame model, only the
semi-rigid connection absorbs seismic energy by undergoing elastic-plastic
deformations. The moment-rotation hysteresis loop of the rotational spring is defined as
a trilinear curve. A skeleton curve for application to the prediction expression is defined
as the nodal moment-average inter-story rotation curve. Here, the nodal moment is the
sum of two bending moments that occur at the beam end. The average inter-story
rotation is the rotation of the cruciform sub-assemblage composed of two beams, two
joints, and two columns; the columns are divided based on the assumption that point of
contrary flexure occurs at the middle part of the column during ground motion.

The prediction expression in this thesis was derived according to the previous
energy balance-based seismic response prediction method for steel frames by applying
hysteretic dampers for response prediction of the semi-rigid frames. In order to apply
the above method, the skeleton curve was divided into two virtual parallel elements.
One is a virtual stiff element that functions as a hysteretic damper. The other is a virtual
flexible element that functions as a moment resistance frame. The prediction
expressions of the damage distribution and the response column shear and the

maximum story drift are proposed in this chapter.

Chapter 3 describes the inelastic dynamic analyses performed for two types of
analysis models to evaluate the validity of the proposed prediction expressions. The
analyses and prediction results are compared. The summary of the inelastic dynamic
analyses is as follows: “the simple model” is modeled for evaluating the response of the
analysis model, and it does not consider the factor of the damage concentration. The
damage concentration is governed by the difference between the optimum strength
distribution and the actual strength distribution. Therefore, the strength of the joints in
this model is consistent with the distribution of the optimum strength. The other model
is a “realistic model,” and it considers the realistic design requirements for semi-rigid
connection buildings. Both models are modeled with the abovementioned
fishbone-shaped frames and with 9- and 15-story frames. Three ground motions were
considered in the inelastic dynamic analyses: JMA Kobe wave, 1968 Hachinohe wave,
and simulated earthquake motion proposed by BCJ. The analysis variables were input
energy and configurations of the analysis models, a first-degree natural period of

vibration, the non-linear characteristics of the joints, etc.
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A comparison of the results of the prediction and the analysis showed that the
damage distribution results are in good agreement. The prediction results of the
response column shear captured the trend of the analysis results only approximately; the

results for the maximum story drift are not in good agreement.

Chapter 4 elaborates the design of the 10 and 15-story frames with semi-rigid
connections; these frames were designed such that they satisfied the realistic design
requirements and were subjected to pushover and inelastic dynamic analyses. The
damage distribution and the maximum story drift were predicted to apply the prediction
expression presented in chapter 2 for the analysis results of two frames. The prediction
expression was extended for the case of a more general frame.

By designing two frames with semi-rigid connections that satisfy realistic design
requirements, it was shown that a high-rise steel frame with semi-rigid connections that
satisfy the general design requirements can be designed.

A comparison of the prediction and analyses results showed that the results for the
damage distribution were in good agreement. However, the results for the maximum
story drift were not in good agreement; its prediction expression needs to be studied
further.

Chapter 5 summarizes the conclusion of this thesis: (1) The prediction expression
was developed based on the energy balance-based seismic response for a semi-rigid
frame. (2) The damage distribution results obtained from the analyses and using the
proposed prediction expression are in good agreement. (3) A high-rise steel frame with
semi-rigid connections satisfying the general design requirement can be designed.
Further study is required: (1) In order to use the non-diaphragm type beam-to-column
connection as the hysteresis damper, it is necessary to examine the limit of the
cumulative deformation capacity for the connection. (2) The prediction expression for

the maximum story drift needs to be improved.
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