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Summary

The development of earthquake resistant design of buildings is briefly reviewed. The
state-of-the-art of seismic design is discussed from the viewpoint of the performance
criteria -of buildings. These are (a) serviceability from frequent minor-intensity
earthquake motions, (b) reparability from an infrequent but major-intensity earthquake
motion, and (c) life safety from the maximum possible earthquake motion. The relation
between the strength and ductility is discussed at length. With the introduction of
performance-based engineering, the importance of reparability and serviceability
criteria is emphasized. The state-of-the-art technology such as capacity design, base
isolation and vibration control is briefly introduced. The importance to retrofit the
existing building is emphasized.

1. Introduction

Building is a shelter which people occupy for their living or pursue their living
functions. The shelter should have a structure to protect its occupants from natural
phenomena such as rain, snow, heat and cold, and hazards such as strong winds and
earthquakes. The intensity of natural hazards varies from region to region on the earth.
A building should also provide its occupants with comfort for living and working space
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for their activities by controlling light, temperature and humidity in severe climate and
environment. The degree of desired amenities varies from society to society according
to economic conditions and personal priority in the life of the members.

Earthquakes are caused by rupture of rock zones called faults. The earth’s surface
consists of tectonic plates which move relative to one another building strain energy
along the plate boundaries. When this energy exceeds the capacity of the rock materials
along the fault surface, the fault ruptures with seismic waves transmitted through hard
bedrock layers. Most of major earthquakes occur along the plate boundaries. The
relative movement of tectonic plates also builds up stresses within a tectonic plate.
When the stress level exceeds the capacity, the fault ruptures within the tectonic plate.

The state-of-the-art in earthquake engineering has reached a stage where earthquake
resistant building construction can reduce the casualties from earthquake disasters.
However, the application of such state-of-the-art is prohibitive in most seismically
active regions due to the economic and technical reasons.

2. Historical Development

The earthquake engineering and technology have been developed with the lessons
learned from earthquake disasters. The history of earthquake disaster on human life is
long especially when the building construction used natural materials such as adobe,
masonry and timber. The damage of buildings is caused by the inertia forces associated
with the vibration of buildings exceeding the resistance of the structure. Heavy
construction materials such as masonry and adobe attract large inertia forces whereas
the resistance is low.

The importance of constructing buildings against lateral forces was recognized towards
the end of the 19th century. For example, John Milne, a British instructor at The
University of Tokyo, studied the damage of the 1891 Nohbi Earthquake, Japan, and
recommended that ... we must construct, not simply to resist vertically applied stresses,
but carefully consider effects due to movements applied more or less in horizontal
directions."”

The first quantitative seismic design recommendations were made by M. Panetti,
Professor of Applied Mechanics in Turin after the 1908 Messina Earthquake, Italy. He
recommended that the first story be designed for a horizontal force equal to 1/12 the
weight above and the second and third stories to be designed for 1/8 of the building
weight above.

The design seismic forces were introduced in the Enforcement Order of Urban Building
Law (Japan) in 1924 after the 1923 Kanto Earthquake Disaster. Seismic coefficient (the
ratio of design lateral force to weight at each floor level) of 0.10 was used in an
allowable stress design framework. The 1927 Uniform Building Code (U.S.A.) adopted
the same seismic coefficient in 1926 after the 1925 Santa Barbara Earthquake. Although
design seismic forces were introduced in the building codes, no simple and practical
methods of structural analysis were available to estimate the distribution of internal
forces under design lateral forces until the introduction of the moment distribution
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method in 1930 and other structural analysis methods.

At this stage, researchers and engineers discussed the earthquake resistant building
design without knowing the characteristics of earthquake motions. The U.S.
Seismological Field Survey was established in 1932 and installed the first strong motion
seismographs in California. The response of highly idealized simple systems was
calculated when subjected to observed ground motions using a simple mechanical
analyzer in 1941. The calculation revealed that the response of buildings to earthquake
motions was sensitive to the period of a system. The 1943 City of Los Angeles Building
Code introduced design seismic coefficients as a function of the number of stories,
which influenced the period of oscillation of a building.

The risk of earthquake hazards varies from one region to another. A probability map of
maximum ground accelerations expected in a certain year was formulated on the basis
of historical data of earthquake occurrences. This was an important step to define an
earthquake-zoning map for design.

With the development of digital computers, nonlinear earthquake response calculation
for a structure became feasible. The relation between the maximum response of linearly
elastic and elasto-plastic systems was reported in 1960. Linearly elastic response spectra
have been used in the seismic design to determine the required resistance of a structure
for an estimated ductility capacity. The importance of deformation capability of a
structure was emphasized.

With accumulated experimental data, realistic hysteresis models for structural members
and systems were developed to simulate the response under load reversals. Furthermore,
with the development of digital computer technology, realistic nonlinear response of
building structures was calculated under earthquake motions. The construction of
high-rise buildings was made possible even in seismically active regions. Recent
application of base isolation and vibration control can further reduce the damage of
building construction during an intense earthquake.

3. Seismic Actions

Lateral forces excited in a building by an earthquake motion are influenced by the
characteristics of ground motion, mass and stiffness distribution of the structure, and
strength and deformation capacities of structural members.

3.1. Characteristics of Earthquake Motion

The earthquake risk is not uniform on the earth, but varies significantly from one region
to another. Most major earthquakes occur along the boundaries of tectonic plates due to
their relative movement. These plate boundary earthquakes occur at a relatively uniform
interval (50 to a few hundred years) for a given region with accumulation of strain
energy. Some earthquakes of lesser magnitudes occur by the fracture of active faults
within a tectonic plate caused by stresses developed by the plate movement. Some
active faults have been identified on the ground surface, but others are buried under the
ground. An active fault in a tectonic plate may fracture once in a few thousand years.
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Earthquake ground motion specific at a construction site is influenced by the geometry
of active faults, dynamic rupture process of earthquake sources, and the transmission of
earthquake motions from the earthquake source to the construction site. The global
parameters such as fault length, width and magnitude of an earthquake must be
estimated by the seismic history, geological investigation and source modeling of active
faults. The transmission characteristics of earthquake motion may be estimated on the
basis of observation of more frequent minor earthquakes. The intensity of earthquake
wave decays with distance. These estimates involve a large uncertainty.

The earthquake wave is generally transmitted from the fracture fault through hard rock
layers and then to the ground surface through relatively soft surface soil. The
characteristics of ground motion are significantly modified by the properties of surface
soil layers, such as the properties and geometry of the subsurface soil layers, surface
topography, and depth and properties of the underlying bedrock. Soft soil layers
consisting of river deposits tend to amplify long period components of an earthquake
motion, causing serious damage to houses and buildings.
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