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Collapse of Struve Slough Bridge, Highway |, Loma Prieta Earthquake, California, October 17, 1989

Theperformance of newly designed or retrofitted bridgesafew yearslater inthe January 17, 1994 Northridge Earthquake
in Los Angeles was excellent — none collapsed or was seriously damages, though some older, unretrofitted bridges
collapsed —indicating the degree of improvement in performance that earthquake engineering isincreasingly capable of
providing.

Cover Equations

The miscellaneous assortment of earthquake engineering equations on the
cover are identified below, along with a reference for each where more
information may be obtained.
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The energy released by an earthquake can be related to its
magnitude, in this case the surface wave magnitude.
(Bruce Balt, Earthquakes: A Primer, San Francisco: W. H.
Freeman and Co., 1978, Appendix G.)

Dynamic equilibrium requires that the inertial force be
balanced by the damping and the resisting forces. (Anil
Chopra, Dynamics of Structures: A Primer, Oakland, CA:
Earthquake Engineering Research I nstitute, 1980, p.19.)

In the equivalent static lateral force method of analysis,
this equation provides an estimate of the vertical
distribution of lateral forcesin the fundamental mode of
vibration. For uniform story weight and height, it gives
the familiar inverted triangular lateral force distribution.
(Int’l Conference of Building Officials, Uniform Building
Code, Whittier, CA: ICBO, various editions.)

In 1943, the city of Los Angeles building code was the
first to introduce a factor into a seismic coefficient
quantifying the load-reducing effect of building flexibility.
(Glen Berg, “Historical Review of Earthquakes, Damage,
and Building Codes,” Proceedings of the National
Structural Engineering Conference; Methods of Structural
Analysis, New Y ork: American Society of Civil Engineers,
p. 393.)

The R or response modification factor was introduced into
the seismic coefficient to account for the difference
between elastically-cal culated forces and the actual forces
astructure inelastically experiences under strong shaking.
(ATC and SEAQC, Tentative Provisions for the Develop-
ment of Seismic Regulations for Buildings, ATC-3-06.
Redwood City, CA: Applied Technology Council, 1978,
p.335.)

Cover Photo: The collapse of astructure, such asthistall building in Mexico City in the September 19, 1985 Michoacan
Earthquake, isthe catastrophe that has primarily motivated the development of earthquake engineering through much of
itsevolution over the past century. Currently, additional objectivesaiming at higher levelsof performance are commonly
used in the seismic design of new construction. Thelevel of knowledge and technol ogy in the earthquake engineering field
isrising to meet this demand for buildings, bridges, and other construction that can withstand strong earthquakes without
costly damage, significant chance of injuries, or major functional interruption. (photo credit, cover and this page: Bob Reitherman)
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Professor Omori of the University of Tokyo collaborated with hiscolleague Professor John Milneto simulatethe behavior of objectsin actual earthquakesby meansof artificially shaking models.
(John Freeman, Earthquake Damage and Earthquake Insurance, McGraw-Hill, New Y ork, 1932, p.38) Omori’sgoal wasto estimate the accel erationsin an earthquake that had caused and were
“recorded” by the toppling of stone lanterns.

F. J. Rogers, a Stanford physics professor, became interested in experiments to determine
the response of soilsto earthquake vibrations from discussionswith aprofessor of geology
and later president of the university, John Casper Branner. Rogers began testing in 1906
with the machine shown here (described by Rogers in “Experiments with A Shaking
Maching,” in The California Earthquake of April 18, 1906: The Report of the Sate
Earthquake Investigation Commission, Washington, DC, Carnegie Institution, 1908, Vol.
I, Part 2, 326-335, and reprinted in BSSA, Vol. 20, No. 3, September 30, 1930, 147-160).
The soil-filled cart was cyclicaly driven by a DC-powered drive-rod while the recording
drum was rotated by hand. After the 1925 Santa Barbara Earthquake, a shaking table was
used in experimentsat Caltech, while at Stanford, Professor Lydik Jacobsen, amechanical
engineering professor, at the suggestion of Bailey Willis, geology professor, constructed a
machine with a steel platform actuated either by the impact of a heavy pendulum or by a

rotating unbal anced flywheel driven by an electric motor. A seriesof testswas devoted to  wu:, s w o s oo T Im e s S L s S IR GRS R R T S R G e a T R AR L R L]
the sheathing materials used to brace woodframe buildings. ("Experimental Study of the Diagram of F. J. Rogers shaking machine from
Dynamic Behavior of Models of Timber Walls Subjected to an Impulsive, Horizontal, "The California Earthquake of April 18, 1906", Vol. |, Part 2, p.327.

Ground Vibration," BSSA,Val. 20, No. 3, September, 1930, 115-147). At the same time

inJapan, Kyoji SuyehiroandK otaro Sato of theUniversity of Tokyo' sEarthquakeResearch

Institute al so chose wooden residential construction for their first shake table tests because of the importance of earthquake-resistant housing, “and for this reason we have taken up the present
problem in precedence of al others.” They constructed an analytical model and compared results with their 1.5-meter-tall physical model (Freeman, 732-734,summarizes the report from the
Proceedings of the Imperial Academy, Val. VI, 1930, No. 7, 289-292).

The modern shaking table is heavily indebted to the devel opment of computersfor control of the electrohydraulic drive apparatus, processing of actual or synthetic earthquake records, and data
acquisition and analysis. The UC Berkeley Earthquake Engineering Research Center table that was completed in 1972 represents adividing line between the first generation of simulators and
contemporary machines. The 20-ft. square table at UC Berkeley was called the “ medium-scal e shaking table” in the original planning study by R. W. Stephen, J. G. Bouwkamp, R. W. Clough,
and J. Penzien (Structural Dynamic Testing Facilities at the University of California, Berkeley, EERC Report No. 69-8, 1969), because the planned but never funded “large-scale” table was 100
ft. by 100 ft. (with three translational degrees of freedom, 52 hydraulic actuators, and a maximum test structure mass of 4 million pounds). ( Penzien, Bouwkamp, Clough, and Rea, Feasibility
Sudy: Large-Scale Earthquake Smulator Facility, EERC Report 67-1, 1967 ). Today, therearefivemajor shaketablesinthe USA (UC Berkeley, SUNY Buffa o, University of Illinoisat Urbana-
Champaign, US Army Construction Engineering Research Lab, and UC San Diego) and 14 elsewhere in the world, 12 of which are in Japan. ( Earthquake Engineering Research Institute,
Assessment of Earthquake Engineering Research and Testing Capabilitiesin the United States, September 1995 ).

1893: Shaking Table Experiments by Fusakichi Omori and John Milne
and the Development of Modern Simulators

Following the Mino-Owari Earthquake of 1891, Professors Fusakichi Omori and John Milne conducted surveys
of the falling or fracturing of stone lanterns and similar objects, which led to experiments between 1893 and 1910
with brick columns on a shaking table.
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The degree to which Reid’ stheory wasinnovativeisindicated by thefact that only ageneration
earlier in 1872, the most prominent geologist in California, Josiah Whitney, surveyed the fault
scarp of the Owens Valley Earthquake, which had up to 50 feet of offset, and concluded that the

P earthquake had caused the ground rupture, rather than the other way around. The modern view
elucidated by Reid underlies many subsequent devel opmentsin the earth sciencesin understand-
4 - o 1 Zkm ing earthquakes, including regional seismic hazard assessments based on long-term strain rates,

the concept of moment magnitude, plate tectonic explanations for the concentration of earth-
guakes at plate boundaries, and source-path-site modeling, which isfounded on the fact that the
earthquake vibrations emanate from a rupture surface of definable geometry.

)

FigurefromH. F. Reid's explanation of elastic rebound

“Weknow that the displacements which took place near the fault-line occurred suddenly, and
it isamatter of much interest to determine what was the origin of the forces which could act
inthisway....external forces must have produced an elastic strain in the region about the fault-
line, and the stresses thus induced were the forces which caused the sudden displacements, or
elastic rebounds, when the rupture occurred....We can determine the force necessary to hold
the two sides together before the rupture, which must exactly have equaled the stress which
caused the break....We can al so determine the work done at the time of the rupture; itisgiven
by the product of the force per unit area of the fault-plane multiplied by the area of the plane
and by half the dlip.” (Reid, pp. 18-22, in Lawson, editor, vol. |1, 1908).

Displacement of the San Andreas Fault in 1906
photo by G. K. Gilbert; Steinbrugge Collection, EERC Library, UC Berkeley

1908: The Elastic Rebound Theory

In Volume Il of the Report of the State Earthquake Investigation Commission on The California Earthquake of April 18,
1906 (Andrew Lawson, ed., published by the Carnegie Institution in 1908), Harry Fielding Reid clearly
described the elastic rebound theory whereby strain energy, accumulated in the form of geologic deformation
along a fault, is released as vibrational energy by sudden fault slippage.
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Thefirst meeting of the thirteen peoplewho formed the Seismological Society of Americawas held August 30, 1906 in San Francisco. The organization was adirect result of the San Francisco
Earthquake that had occurred four months previous. At the Board of Directors meeting on December 15, 1910, the Board decided that the Society should regularly publish ajournal, although
at that timeand for anumber of yearsthereafter, thefinances of the organi zation remained at the margin of stability; only good fortune such asan anonymous contribution of $5,000 fromaHarvard
geology professor allowed the journal to continue. S.D. Townley wasthefirst BSSA editor, aided by J. C. Branner and A. C. Lawson. Townley and Branner were professorsat Stanford, and thus
Stanford University Press became the publisher.

BULLETIN

OF THE

SEISMOLOGICAL SOCIETY
OF AMERICA

VOLUME 1
1911

STANFORD UNIVERSITY, CALIFORNIA
PRINTED FOR THE SQCIETY
1911

Whiletoday there are dozens of earthquake periodicals, for many decadesin the USA thissinglejournal wasthe publication of choicefor authors
aswell asthe single source to which both researchers and practitioners could turn to find the latest information. The term “seismology” in 1911
included “ earthquake engineering” within its scope, asis evident from the breadth of topics covered by Andrew C. Lawson’s* Seismology inthe
United States” articlein thefirst issue. Lawson noted the difficulties under which thefirst generation of earthquake researchersand practitioners
labored: “In the present state of public opinion in Californiait isimpossible to secure state aid for the study of earthquakes....It is believed such
discussion will advertise the state as an earthquake region, and so hurt business.”

In 1958 when Charles Richter published Elementary Seismology ( San Francisco: W. H. Freeman and Co.), heincluded alarge amount of material
intended for engineers, including chapters on “Earthquake Effects on Buildings and Other Construction,” “Earthquake Risk and Protective
Measures,” and an appendix on “ Earthquake-Resistant Construction.” Today’ s seismology text ismore likely to include only afew sidebars on
earthquake engineering, and likewise, earthquakeengineering textstypically includeonly passing referenceto sei smology by way of introduction.

In 1988, C. Allin Cornell in his SSA Presidential Address, “On the Seismology-Engineering Interface,” predicted, “I shall be the last engineer
to be President of the SSA. Personally, | hope the future will prove me wrong, but | see at least the following three forces at work reducing the
activeinvolvement of engineersinthe Society. First, inthelast decade, strong motion recording and prediction (both empirically and theoretically)
have becomeinteresting to sei smol ogists and geophysicists, gradually relieving the engineers of that responsibility.... Secondly, the evolution of
engineering practiceaway from‘worst case’ design criteriaand thenow widespread useby professional earth sciencefirmsof probabilistic seismic
hazard analysis (with its resulting continuous spectrum of ground motion levels and probabilities) eliminate the previously critical need for
engineersto getinvolved ‘up front’ in the seismic input characterization for aproject.... Thirdly, and perhaps most significantly, in thelast twenty
yearsrapid growthinfunding and interest in earthquake engineering research hasled to many organizations, conferences, and journal sthat provide
engineers amore speciaized forum. “ ( BSSA,vol. 78, no. 2, April 1988, 1020-1026).

Among themany papersof historicinterest publishedin BSSA intheearly yearsare Modified Mercalli Intensity Scaleof 1931,” by Harry O. Wood and Frank Neumann (vol. 21, no. 4, December
1931), “ Anlnstrumental Earthquake Magnitude Scale,” by CharlesF. Richter (val. 25, no. 1, January, 1935), and theover 200-pagevolumecontaining all themodern el ementsof apost-earthquake
report, “An Engineering Study of the Southern California Earthquake of July 21, 1952 and Its Aftershocks,” by Karl V. Steinbrugge and Donald F. Moran (vol. 44, no. 2B, April, 1954).

1911: The Bulletin of the Seismological Society of America

In the USA, the issuance of the first edition of the Bulletin of the Seismological Society of America (BSSA) in 1911
was asignificant step toward unifying and developing the embryonic field of earthquake studies. Asis the case
in many fields, specialization accompanies evolutionary development, and after several decades of serving as
the prime US journal of both engineering and earth sciences studies of earthquakes, it began to specialize in

the latter.
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Kyoji Suyehiro (center) on hislecture tour in the USA with (left to right):
John Buwalda, RR. Martel, Beno Gutenberg, and John Anderson
photo credit: Caltech

Kyoji Suyehiro (1877-1932) wasthefirst Director of the Earthquake Research Ingtitute at the University of Tokyo,
which was established in response to the destructive 1923 Kanto or Tokyo Earthquake. The Earthquake Research
Institute which Suyehiro directed grew out of the Earthquake Investigation Committee of 1892, established to
investigate the October 28, 1891 Mino-Owari Earthquake. Even earlier, following the February 22, 1880 Y okohama
Earthquake, the Seismological Society of Japan, the world' s first, was founded (T. Usami, "Presidential Address:
Future Prospectsfor Earthquake Engineering,” BSSA, V0l.78, no.6, Dec. 1988, 2110-2113). J.A. Ewing, John Milne,
C.G. Knott, T.C. Mendenhall, Thomas Gray, John Perry, and William Ayrton were professors in Japan recently
arrived from Europewho were activein SSJ. Perry and Ayrton of the Imperial College of Engineering in Tokyo, who
wroteapaper in 1879 (* On aNeglected Principle That May Be Employed In Earthquake M easurements,” Phil. Mag.
8 (46) 30-50) are cited by Donald Hudson as “so far ahead of their time that they scarcely influenced their
contemporaries.” (D. E. Hudson, "A History of Earthquake Engineering,” Proc. IDNDR Int'l Symposium on
Earthquake Disaster Reduction Technol ogy, Tsukuba, Japan, 1992, 3-13). Hudson notesthat Ewing, Gray, and Milne
produced “the world’ s first true seismographs.”

Threepioneering University of Tokyo Japaneseprofessorspreceded Suyehiro. Seikei Sekiyaproduced awirediagram
of themotion of thegroundin an 1877 earthquakeand occupied thefirst professorship of seismology from 1886-1897,
when hewas succeeded by Fusakichi Omori, who with John Milneconducted shaking tableexperimentsandfiel d tests
of building vibrations by pulling on them with ropesand winchesand rapidly | etting go. Following Omori’ sdeath two
months after the 1923 Kanto Earthquake, Akitune |mamurabecame Director and investigated the great disaster and
studied how local geology affected intensity. Engineering practice was advanced by Riki Sano, author of Theory of

Earthquake Resistant Building in 1915, a practicing engineer and University of Tokyo professor who studied the 1906 San Francisco Earthquake and was the father-in-law of Dr. Kiyoshi
Muto, who was to become famous as an engineering professor at the University of Tokyo and alsoin his practice with Kajima Corporation. (" Japan Designing Against Disaster,” Mosaic,
National Science Foundation, Nov.-Dec. 1977 ). Tachu Naito, whose large buildings designed with the then-novel equivalent lateral static force method performed well in the 1923
earthquake, was a professor of architecture at Waseda University and became father-in-law to Takuji Kobori, who istoday one of Japan’s most senior earthquake engineering experts, a
professor at Kyoto University and prominent engineer in KajimaCorporation. Glen Berg ("Historical Review of Earthquakes, Structural Analysis, ASCE, 1976, 387-402) citestheinfluence
of Naito in the USA viahiswork and writings, such as “ Earthquake-Proof Construction,” published in BSSA in June, 1927. Suyehiro, a professor of naval architecture at the University
of Tokyo, developed concepts of soil-structure interaction and of a characteristic soil period for a given site. (John Freeman, Earthquake Damage, New Y ork: McGraw-Hill, 1932, p.44)

In his 1931 lecture across the USA sponsored by the American Society of Civil Engineers he advocated use of accel erographs to measure the ground shaking in order to rationally devise
earthquake-resistant design criteria. (Scientific and Technical Papers, Suyehiro Memorial Committee, Tokyo, 1934, includes his 1931 ASCE lectures.) Along with the advocacy of John
Freeman, the new thinking introduced to the United States by Suyehiro helped lead to the installation of accelerographsin the USA in time for the 1933 Long Beach Earthquake.

1926: The Suyehiro Vibration Analyzer

In 1926 Kyoji Suyehiro published "A Seismic Vibration Analyzer and the Records Obtained Therewith" in the
Bulletin of the Earthquake Research Institute, vol. 1, August, 1926. Suyehiro's instrument consisted of 13
unidirectional oscillators with natural periods of vibration from 0.22 to 1.81 seconds. During an earthquake the
displacements of the compound pendulums were recorded on a rotating drum and indicated a response

spectrum for very small damping.
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John Ripley Freeman was a very bright and energetic engineer who received the BSCE degree from MIT in hydraulic engineering. After graduating he worked for
10yearsfor Hiram F. Mills, an eminent consulting hydraulic engineer. After 10 years of employment with the Factory Mutual Insurance Company he was appointed
President of the Company and served in that position for 36 years. At the same time he served as consultant on numerous projectsincluding the Panama Canal, the
Y ellow River flooding problemin China, the LosAngelesOwensValley Aqueduct System, the San Francisco Hetch-Hetchy Water project, the MWD Colorado River
aqueduct to Los Angeles, and the water supply system of New Y ork City. Freeman isthe only person to have been el ected as President of the American Society of
Mechanical Engineers(1905) and al so of the American Society of Civil Engineers(1922), using thelatter positionto strongly advocate the establishment of hydraulic

laboratoriesin the US against entrenched political resistance.
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Diagram of the improved model of the first
strong-motion accelerograph installed by the
US Coast and Geodetic Survey, 1932-1960.

In 1925, at the age of 70, Freeman became interested in earthquake
engineering because of the SantaBarbara Earthquake. He visited Japanin
1929 to attend the World Engineering Congress and was disappointed to
find no accelerographs. He convinced the Secretary of Commerce of the
need for strong motion recordings, who then directed the US Coast and John Ripley Freeman

Geodetic Survey to develop and maintain these instruments. photo credit: Caltech

A modification of the Wood-Anderson seismograph was produced and

installedin 1932, intimefor the March 10, 1933 Long Beach Earthquake. In 1950t cost $4,000 (about
$40,000in 1998 dollars) to have aninstrument maker construct an accel erograph from design drawings
provided by the Seismological Field Survey, which wasagreat deterrent to expanding the network. In
1998 asmall portable accel erograph, much better than the original models, can be purchased for about
$2,500. In 1932, Freeman wrote the encyclopedic Earthquake Damage and Earthquake Insurance:
Sudies of A Rational Basis for Earthquake Insurance, also studies of Engineering Data for Earth-
guake-Resisting Construction ( New Y ork: McGraw-Hill ). Inits 904 pages, Freeman summarized the
state of the art and went on to recommend shake table research, post-earthquake investigations,
international exchanges of researchers, development of improved accel erographs, better communica-
tion of seismological and geological findingsto the structural engineering profession, introduction of
earthquake engineering courses into civil engineering curricula, adoption of seismic provisions in
building codes, and many other things we take for granted today.

1932: John R. Freeman and the Strong Motion Accelerograph

John R. Freeman (1855-1932) played a key role in the early development of earthquake engineering. He was
principally responsible for the development and installation of the first strong motion accelerographs,
originally called the Montana Accelerograph, in 1932. He was also instrumental in the establishment of the
Seismological Field Survey of the US Coast and Geodetic Survey, which installed and maintained the

accelerographs.
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Assembly Bill 2342, better known asthe Field Act after Don Field, the Glendale, Californialegislator who introduced the bill, was signed into law as an emergency measure by the Governor
on April 10, 1933, exactly a month after the disastrous Long Beach Earthquake. The Field Act mandated sei smic requirements for public school buildings and empowered the state’ s Division
of Architecture (now the Division of the State Architect) to carry out the regulations. The legal framework of the act was based on the model of the 1929 State Dam Act, another historic piece
of legislation, also motivated by adisaster, inthat casethe collapse of the St. FrancisDamin 1928in Southern California. (Meeting the Earthquake Challenge: TheFinal ReporttothelLegislature,
Sate of California, by the Joint Committee on Seismic Safety, January 1974, Appendix B). Also passed in 1933 after the Long Beach Earthquake was the Riley Act, which required that most
buildingsin the state except houses be designed for lateral forces, leaving the enforcement up to local jurisdictions. The seismic design provisionsthat fleshed out the Field and Riley Actswere
adapted from work that had been underway in California since the 1925 Santa Barbara Earthquake, including some efforts funded by the California Chamber of Commerce and the 1927 (first
edition) Uniform Building Code, which contained optional seismic requirementsin an appendix. (Glen Berg, "Historical Review of Earthquakes, Damage, and Building Codes," Proceedings
of the National Sructural Engineering Conference: Method of Structural Analysis, American Society of Engineers, 1976, 387-402). These laws used the equivalent static force procedure then
inusein Japan, wherein 1924, following the 1923 Kanto or Tokyo Earthquake, a 10% seismic coefficient was adopted in the Tokyo building regulations. Thiswas a codification of the theory
of Dr. Riki Sano (and hence the coefficient was referred to at that time as“ Sano’ s coefficient”), which was validated by the good performance in the earthquake of large buildings which were
designed by Tachu Naito. (Y ukio Otsuki, "Development of Earthquake Building Constructionin Japan," Proceedings of the First World Conference on Earthquake Engineering, 16-1 - 16-17).
The Field Act used a maximum coefficient of 10% (applied to the building’ s live-plus-dead load) and for most buildings, coefficientsin the range of 2% to 5% were applicable, based on soil
type (bearing capacity).

InCdlifornia, “pre-’ 33" isoften used asasynonym for “ pre-seismic-code,” and al other seismic codesthat werelater
adopted in Californiaand el sewherein the United States are descendants of the Field and Riley Acts. The engineers
in the Division of Architecture began to accumulate a collection of proven construction details for earthquake-
resistant buildings (Harry W. Balin, "Earthquake-Resistant Design for New School Buildings," Engineering News-
Record, March 18, 1937), and the need for good detailing in addition to accurate structural analysis hasremained a
basi c principleof earthquake engineering tothisday. Much higher-than-average plan review and construction quality
control requirements also pertained. In the first major test of the Field Act in the 1940 Imperial Valley Earthquake,
in which thefamous El Centro strong motion accel erogram was recorded, none of the Field Act schools had damage
over 1% of construction value, whilethe non-Field Act school saggregated a29% 1l oss. (Donald K. Jephcott, "50-Y ear
Record of Field Act Seismic Building Standardsfor CaliforniaSchools,” Spectra, Earthquake Engineering Research
Ingtitute, vol. 2, no. 3, 1986, 621-629). In 1939, the Garrison Act was passed, which incrementally achieved by the
1 —— 1980s seismic retrofit of any seismically deficient pre-Field Act public school buildings. The historic precedent of
for iy RN B et LS S seenssemid  the Field Act in the USA is thus twofold: the first enactment of seismic building code regulations, and the first
B RN TN e ' 5o = mandatory retrofit program.

= e ——. ” ==
Main Street, Compton, California, Long Beach Earthquake of 1933
photo credit: Los Angeles Public Library

1933: The Field and Riley Acts

At5:54 pmon March 10,1933, the Long Beach Earthquake was generated by the Newport-Inglewood Fault. This
earthquake of moderate magnitude (6.3) killed over 100 people and devastated numerous buildings in Long
Beach, Los Angeles, and nearby cities. In contrast to the 1906 San Francisco Earthquake, the 1933 event had a
very significant impact on building codes.
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The dynamic model of the 15-story Alexander

Building, constructed by John Blume and Harry

Hesselmeyer.

Source: Helmut Krawinkler

Professor Lydik S. Jacobsen, who became the first President of the Earthquake Engineering Research Institute in 1949, developed Stanford’s
Vibration Laboratory inthe 1930s, whichincluded afiel d-deployed shaker for structures, builtin 1934 by John A. Blume, then agraduate student,
and a shaking table. The shaker was used by Blume during 1934 and 1935 for forced-vibration experiments on numerous buildings, dams, and
bridges, aswell asthegrounditself (Coast and Geodetic Survey Specia PublicationNo. 201, Earthquake Investigationsin California 1934-1935,
1936) A model of a proposed Olympic Club building in San Francisco, the world' s first multistory dynamic building model for shaking table
experiments, was designed and constructed in 1930 and 1931 by Jacobsen and his students ( Jacobsen and Ayre, 1938) Intheir 1934 thesisunder
Prof. Jacobsen, “ The Reconciliation of the Computed and Observed Periods of Vibration of aFifteen-Story Building,” (the 15-story Alexander
Building at the corner of Bush and Montgomery Streets in San Francisco), John Blume and Harry Hesselmeyer tackled enough problems for
several theses, including pioneering cal culations of fundamental and second mode periods from construction drawings, the effect on rigidity of
nonstructural elements and floor system flexure, and the relative importance of cantilever deflection of the building as compared to story shear
translation. In apaper for the Proceedings of the Fir st World Conference on Earthquake Engineering in 1956, “ Period Determinationsand Other
Earthquake Studies of A Fifteen-Story Building,” Blume's subheadings indicate the encyclopedic nature of his work: Building Periods As
Originally Recorded (1931), The Original Mathematical Study (1933-1934), Wind Vibration Records (1934), Earthquake Response (1934-
1956), Dynamic Model Experiments (1934-1938), Forced Vibration (1935), and some miscellaneous categories taking the reader up to the then
present, including doing his original 1930s analyses over again based on the more accurate 1950s state-of -the-art.

Blume has recently related how the dynamic model was built: “ Thiskind of work had never been done before. Having five degrees of freedom
per story madeit very complex to design and to build. Wefinally made the model using aluminum platesfor thefloors, and stedl springsfor the
wall stiffness. For the rotational stiffness about the horizontal axes we provided thin-gauge steel plates resting on auminum tubing. On top of
these steel plateswasasteel ball bearing, which allowed thefloor to roll. The bending of the stedl plate provided theflexibility for overall flexure
of thestructure.” (Stanley Scott, ed., The EERI Oral History Series: John A. Blume, Earthquake Engineering Research I nstitute, 1994) The model
included an additional basement story to allow soil-structure interaction to be simulated.

“A Reserve Energy Technique for the Design and Rating of Structures in the Inelastic Range,” (Proceedings, Second World Conference on
Earthquake Engineering, 1960), “ An Engineering I ntensity Scalefor Earthquakesand Other Ground Motion,” (BSSA, Vol. 60, No. 1, 1970), and
Design of Multistory Reinforced Concrete Buildings for Earthquake Motions, co-authored with Nathan Newmark and H. L. Corning (Portland
Cement Association, 1961) are among his influential contributions, along with numerous studies of ground mation from underground nuclear
testingin Nevada. The“gap” problem heidentified (“On Instrumental Versus Effective Acceleration and Design Coefficients,” Proceedings of
the Second USNational Conferenceon EarthquakeEngineering, 1979) isstill acentral building codeissuebeing studied and debated by engineers
and seismologists.

1934: John A. Blume's Thesis and the Use of Computations,
Field Measurements, and Model Testing to Predict Response

In a series of studies beginning in the 1930s, Professor Lydik Jacobsen of Stanford and his student John Blume
began to combine a theoretical model of a building, considering such complexities as damping and inelasticity,
with field observations of a building's periods and shake table model testing to produce a new level of
understanding of building response.
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Charles Frances Richter (1900-1985) was a great benefactor to earthquake engineers when heinvented the Magnitude Scale, for this gave arelatively consistent method of describing the size
of an earthquake and the area covered by strong ground shaking. When Richter first published his magnitude scalein the Bulletin of the Seismological Society of Americain 1935, its usefulness
was hot perceived by either engineers or seismologists, and it was not until after 1950 that its value began to be appreciated. His brilliant idea came to him when he read a paper in a European
journal which commented on the peculiarities of earthquakesin the Southwestern United States. It said that the large, destructive Long Beach earthquake of 1933 wrote asmall record in Europe
whereas the small, nondestructive Nevada earthquake of 1932 wrote alarge record. Richter said that the author had it backwards, for the earthquake that wrote alarger record must be abigger
earthquake. Actually, theL ong Beach earthquakerated M 6.3 and theNevadaearthquakerated M 7.3 on the scal ethat Ri chter subsequently devel oped. Undoubtedly, now every earthquakeengineer
in the world understands Richter’ s magnitude scale and uses it for making hazard assessments, and many know his 768-page book published in 1958, Elementary Seismology. (San Francisco:
W. H. Freeman.)

Richter was Professor of Seismology at the Californialnstitute of Technology, where he became afaculty member in October
of 1930, but he also had a great interest in astronomy. It occurred to him that just as astronomers rank stars according to their
magnitudesone could rank earthquakessimilarly. The magnitude of astar isranked according to theintensity of thelight waves
it sendsforth, and theearthquakeisranked according to theintensity of seismicwavesit sendsforth, assuming that therecording
seismograph is at alarge distance compared to the length of the slipped fault so it can be viewed as effectively apoint source;
both are on alogarithmic scale. This enables oneto comparethe sizes of different earthquakes, estimate slipped length of fault
from seismograms (for exampl e, from the seismograms recorded during the 1964 Alaska earthquake, M 8.4, we know that the
dlipped length of fault must have been 400 or moremiles), and the seismicity of aregionisdescribed by the historical frequency
of occurrence of earthquakes of various magnitudes. The foregoing are indications of how useful the concept of earthquake
magnitudeis.

Asaperson, Charles Richter was a sort of seismological curmudgeon and was quite outspoken in his criticism. In a paper he
publishedin BSSAin 1977 hesaid, “ Journalistsand the general public rushto any suggestion of earthquake prediction like hogs
toward afull trough. Prediction provides a happy hunting ground for amateurs, cranks, and outright publicity-seeking fakers.
Thevaporings of such people are from timeto time sei zed upon by the news mediawho then encroach on the time of menwho
areoccupied in seriousresearch. Earthquake predictionisaparti cular annoyanceto earthquake engineers, anditisstill causing
problems. Trying to get rid of earthquake prediction isliketrying to kill a snake by chopping off its head and finding that the
two parts then immediately grow back together again.”

Charles F. Richter with the seismograph he operated
in hisliving room.

Source: Caltech

1935: The Magnitude Scale

A paper was published in the January, 1935 issue of the Bulletin of the Seismological Society of America, titled "An
Instrumental Earthquake Magnitude Scale," by Charles F. Richter. The first sentence read: "In the course of
historical or statistical study of earthquakesinany givenregionitisfrequently desirable to have ascale for rating
these shocks in terms of their original energy, independently of the effects which may be produced at any
particular point of observation.”
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The Earthquake Response Spectrum and the Earthquake Design Spectrum have had afar-reaching influence on seismic design of structures. “It isimportant to recognize the distinction between
adesign spectrum...and aresponse spectrum.... The jagged response spectrum is a plot of the maximum response of different oscillatorsto a given accelerogram, and hence, is a description of
aparticular ground motion. The smooth design spectrum, however, isaspecification of thelevel of seismic design force, or displacement, asafunction of natural period of vibration and damping
level...thelevel of force prescribed by adesign spectrum isto be associated with aspecified level of material resistance, for example the allowable design stresses or strains. The resultant effect
is, thus, aspecification of therequired earthquakeresi stance of the structure and itselements. | f thematerial resistanceisstated intermsof allowable stresses, the design spectrumisaspecification
of the strength of the structure; if thematerial resistanceisexpressed intermsof permissibleductile strains, the design spectrum becomes a specification of the capacity of the structureto deform,
that is, the ductility it must have.” ( Housner and Jennings, 1982, 58-61 ).

The 1933 Long Beach Earthquake provided thefirst recorded accel erograms of earthquake ground motions, and following that earthquake, effortswere madeat Californialnstitute of Technology
to calculate the response spectrum from accel erograms. At this time, several professors at Caltech were discussing the problem of calculating dynamic seismic response: R. R. Martel (civil
engineering), T. von Karman (aeronautics), H. Benioff (seismology), and M. A. Biot (aeronautics). George Housner obtained hisM.S.C.E. in 1934 under Prof. Martel, then left Caltech for several
yearsto work as a practicing engineer, later to return and obtain his Ph.D. in 1941 on this subject. The great difficulty was the very large amount of labor required to calculate the response of
asingle oscillator. Thefirst attempt was with a hand-cranked mechanical calculator; the second attempt wasto do it graphically; the third attempt was to do it with atorsion-pendulum analog,
pictured here; the fourth attempt was using a special el ectric-analog computer; and the fifth attempt was using the large IBM digital computer in the 1970s. Over these years the time required

to calculate a single response spectrum curve went from several months to less than one minute, and now

with modern computers and programs it is possible to compute five different spectrum curves for various

Accelerogram B;/\/ng;;fmg Ig”’”’* Bearing amountsof dampinginjust afraction of aminute. Theadvent of nuclear electric power facilitiesinthe 1960s
K Tracery ) Fred celluloid bridge for guid- (%, andthehigh degreeof safety required for them madeit necessary for many structural engineerstolearn about
ing tracer the response spectrum, design spectrum, and dynamic analysis, and this knowledge gradually diffused into

the practice of earthquake engineering. Now, every earthquake engineer knows about these matters.
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The torsion pendulum spectrum analyzer,
reproduced from George Housner's 1941 Ph.D. thesis.

1941: Calculation of the Earthquake Response Spectrum

Professor George Housner at Caltech, beginning with his Ph.D. thesis in 1941, began publishing calculations of
response spectra from accelerograms. The response spectrum computed from an accelerogram is an informative
way of assessing the impact of ground motion on vibrating structures. The design spectrum specifies the level of
seismic design force or displacement as a function of natural period of vibration of the structure and its damping
level.
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The one-volume Proceedings of the World Conference on Earthquake Engineering (Earthquake Engineering Research Institute and
UC Berkeley, 1956) does not self-consciously refer to the "First" World Conference, though that is the historic precedent the1956 WOoRLD CONFERENCE ON EARTHQUAKE ENGINEERING
conference set. Thegrowthinthefield of earthquake engineering has been mirrored by the growth in the size of the WCEE eventsand
proceedings, with thelast event's proceedings, 11WCEE in Mexico, distributed only viacompact disc because of the number of papers IWCEE, 1956: BerkeLey, USA

(over 2,000), while the 10WCEE Proceedings had over 7,000 pages. The Proceedings of thefirst World Conference were distributed 2WCEE, 1960: Tokyo AND KYoTo, JAPAN
by the Secretary of EERI, Karl Steinbrugge, who kept boxes of the volumesunder drafting tablesat hisoffice at the Pacific Fire Rating 3WCEE, 1965:
Bureau (later Insurance Services Office). The price was $8.50, which included postage. While the events and proceedings of the
following World Conferences grew greatly in size, they have remained true to the original type: State-of-the-art or overview papers
by |eading experts from countries around the worl d are presented al ong with papers on more detailed topics, and athough thefield has 4AWCEE, 1969:  SanTiaco, CHILE
matured, it has kept the sense of purpose from its early daysthat was articulated in the Preface to the IWCEE Proceedings by EERI S5WCEE, 1974: RoME, ITALY
President George Housner: "Bringing together the scientists and engineers from major seismic areas of the world in order that their 6WCEE, 1977: New DELHI, INDIA
knowledge of earthquakes and develop-

mentsinthescienceand art of earthquake TWCEE, 1980:  IstansuL, TURKEY

= ! ;’ﬂl' o "E: resistant design and construction might BWCEE, 1984:  San Francisco, USA
Jl H H n

AUCKLAND AND WELLINGTON,
NEw ZEALAND

be pooled for the benefit of all mankind. 9WCEE, 1988: Toko AND KyoTo, JAPAN
Theorganizingcommitteefor the IWCEE 10WCEE, 1992: MADRID, SPAIN
was Rube W. Binder, John A. Blume,

WilliamK.. Cloud, Ray W. Clough, Henry 11WCEE, 1996: AcapuLco, MExico

J. Degenkolb, C. Martin Duke, A. L. 12WCEE, 2000: AuckLAND, NEw ZEALAND

Miller, H. C. Powers, and John E. Rinne. 13WCEE, 2004: VANCOUVER, CANADA

Key organizational events preceding the 1WCEE include the founding of the Seismological Society
of Japan in 1880, Seismological Society of Italy in 1895, and Seismological Society of Americain
1907; the First Pacific Science Congress held in Honolulu in 1920 and initiatives of its Section of
Seismology and Volcanology, and the World Engineering Congress held in Tokyo in 1929; the
establishment of the Earthquake Research Institute of the University of Tokyo in 1926 and the
Earthquake Engineering Research Institute in the USA in 1949.

Participantsin the First World Conference on Earthquake Engineering on the
steps of Wheeler Hall at the University of California at Berkeley.
- Source: Earthquake Engineering Research Ingtitute

1956: The First World Conference on Earthquake Engineering

Fifty years after the 1906 San Francisco Earthquake, the First World Conference on Earthquake Engineering was
held atthe University of Californiaat Berkeley, the first of the 11 World Conferences held to date. The conference
was a major activity in the development of the Earthquake Engineering Research Institute, which was
established in 1949.
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When John Freeman wrote Earthquake Damagein 1932, summari zing the earthquake engineering state of knowledgeat that time, theword
“computer” appeared on none of hisbook’s 904 pages. After World War 1l and prior to the 1970s in earthquake engineering, the use of
computers was rare and largely confined to university research. Even in the mid 1970s, desktop computers had not yet materialized and
pocket calculators roughly equivalent to today’ s $20 models cost about $300 in today’ s dollars.

While SAPand other structural analysissoftwareisappliedtonon-seismicaswell asseismicanalysisproblems, it canbeargued that modern
computer programs and the ubiquitous desktop computers they run on are more essential for the latter—perhaps roughly quantified by
saying they are more than twice as essential for earthquake analysiswork: A seismic structural analysis must analyze the structure under
both seismic and gravity loading, and often for several different earthquakes, rather than only for gravity; in addition, thetransient dynamic
loads of an earthquake are also more challenging to calculate than static gravity loads.

Edward L. Wilson wrotein the foreword to his SAP: A General Sructural Analysis Program“Many computer programs for the analysis
of large complex structures have been developed during the past several years. Each of these programs represents the result of large
expendituresof energy and money. Oneof theseprogramsrequired approximately 75 man-yearsand two million dollarsbeforecompletion;
however, the resulting program does not have modern structural elementsand is not particularly efficient in operation. Alsoitispartially
machine dependent. The computer program represented in thisreport istheresult of over 10 yearsof research and devel opment experience.
However, thebasi c computer codewasdevel opedinathree-month period by afew engineers. Inthe past several monthsadditional structural
elements and a dynamic option have been added. Thetotal development effort of the computer code to date has been approximately two
man-years. |n my opinion, however, the resulting program is one of the most powerful and efficient programsfor thelinear elastic analysis
of complex structural systemsthat has been developed to date. Nevertheless, | am sureit will be obsolete within five years.” As of 1998,
the current generation of structural analysis software, although quite different from the original 1970 SAP, with the ability toimport CAD
drawings for model generation and advanced modeling and numerical features that are only possible in recent times, is evidence of the
continuousevolution, rather than obsol escence, of thefirst version. Today, the researcher or practicing engineer can choose from anumber
of commercial and university-developed structural analysis programsthat run efficiently on personal computers. Computersare also used
ingeotechnical engineering for siteresponse analysisand in thefield of engineering seismology to analyze site-specific seismic hazard and
to simulate ground motions.

AT D) STRUCTURES AND MATERIALS RESEARCH
LCHESM 20-10 DEFANTMENT OF CIVIL ENOINERRING

SAP

A General
Structural Analysis Program

By
EDWARD L WILSON

BEPOAT TO!
WALLA WALLA DRSTRSCT
U5, ENGINEERS OFFICE

s STRUCTURAL ENGINEERING LABORATORY
uuuuuuuuuu OF CALIFORNIA
BERKELEY CALIFORMNIA

Cover of SAP - A General Structral Analysis Program

Wilson closed the foreword to his 1970 report by saying, “The slang name SAP was selected to remind the user that this program, like all computer programs, lacks intelligence. It is the
responsibility of theengineer toidealizethestructurecorrectly and assumeresponsibility for theresults.” John Blumemadeasimilar comment on theeffect of computerson earthquakeengineering
afew yearslater: “The more we use computers, the more precise we have to be in our criteria and instructions. We use less judgment in design today because (@) we rely more on computers;
(b) because new generations brought up on computers may have less judgment to exercise (the reason for this being that judgment is not required so much and therefore isless devel oped); and
(c) because society through its legal structure and current practice is making it risky to rely too much upon judgment where there are other means.” ("An Overview of the State-of-the-Art in
Earthquake Resistant Reinforced Concrete Building Constructioninthe United Statesof America," Wor kshop on Earthgquake-Resi stant Reinfor ced Concr ete Building Construction, UC Berkel ey,

July 11-15, 1977, 119-137).
1970: Edward L. Wilson's Development of SAP

and the Growth of Modern Computer Programs for Structural Analysis

In 1970, Edward L. Wilson produced, "SAP: A General Structural Analysis Program." This program, continually
under development and in use since then, is representative of the major importance computer analysis has

played in the earthquake engineering field.
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w In 1974, R. lvan Skinner, James L. Beck, and G. N. Bycroft submitted “A Practical System for Isolating Structures From

| g Earthquake Attack” to Earthquake Engineering and Structural Dynamics, (published in vol. 3, no. 3, January-March 1975).

'}‘,_ N = Since then such systems have indeed become practical, if not also widespread. In conjunction with research on rubber-steel

Q. K. \{\ K "sandwich" bearings, tests were made on other kinds of damping devices (R. I. Skinner, J. M. Kelly and A. J. Heine,"Energy
—— W BASE Absorption Devicesfor Earthquake-Resistant Structures,” Proceedings of the 5th World Conference on Earthquake Engineer-

ke R FOUNDATION ing, Rome, Italy, 1974). Earlier, Ivan Skinner'sresearch on isolation extended back to the 1960's. lan Buckle and Ronald Mayes

\“"""' % b noted in their paper on “ Seismic Isolation: History, Application, and Performance—A World View” in the Seismic Isolation
ANNNNN \\\\\\\\\\\\\‘\\\\\\\\\\ Theme Issue of the EERI Spectrajourna (vol. 6, no. 2, May 1990), that there are three essential elementsto “apractical base
HYSTERETIC BEARING isolation system. These are: 1) A flexible mounting so that the period of vibration of the total system islengthened sufficiently

DAMPER to reduce the force response; 2) A damper or energy dissipator so that the relative deflections between the building and ground

Mode of a Structure with Base Isolation. can be controlled to apractical design level; 3) A means of providing rigidity under low (service) load levels such aswind and

illustration credit: Earthquake Engineering and Structural minor earthquakes.”
Dynamics (Skinner, Beck, and Bycroft, 1975.)

Prof. James Kelly (“ Seismic Base | solation: Review and Bibliography,” Soil Dynamics and Earthquake Engineering, vol. 5,
1986, 202-216) provides a survey of the early history of isolation inventions, approximately 100 schemes having been
published or patented prior to 1960, though almost al remained only ideas on paper. One of the earliest concepts that was
actually built wastheroom that John Milne, professor of geology and mining at the lmperial College of Engineeringin Tokyo,
erected next to hishousein Japanin the 1880s. It “rested on pillar foundations but had alayer of cast-iron shot placed between
theironplates.” (A. L. Herbert-Gustar and P. A. Nott, John Milne: Father of Modern Seismol ogy, Tenterden, England, Norbury
Publications, 1980, p. 90) It has been claimed that the original Imperial Hotel in Tokyo, designed by Frank LIoyd Wright,
performed brilliantly in the 1923 Tokyo Earthquake because it was a base isolated design, but in fact it had a relatively
traditional spread footing foundation and al so suffered more damagethan larger neighboring buildings. (R. Reitherman, "The
Seismic Legend of the Imperia Hotel," AlA Journal, June 1980 ). Non-engineers have a so often mistakenly assumed that the .o
TransamericaPyramid in San Francisco is mounted on ball bearings, teflon, or some other kind of isolators, whereasactually  The william Clayton Buidling, Wellington, New Zealand, the first
itissunk inthe earth like afence post, its sub-grade base made up of athree-story basement and athree-meter-thick reinforced  seismically isolated building of the modern era, designed in the 1970's
concretemat. (R. M. Stephen, J. P. Hollings, J. G. Bouwkamp, Dynamic Behavior of a Multistory Pyramid-Shaped Building, and constructed in 1982.

UC Berkeley EERC Report No. 73-17, 1974). photo credit: lan D. Aiken

Buckle and Mayes counted slightly over 100 seismically isolated structuresin theworld in 1990. There are now 427 isolated buildings constructed or under construction just in Japan, with 225
building permitsissued in 1996 alone. (M. Miyazaki and K. Saiki, “Current Trends of Isolated Buildings in Japan After 1995 Kobe Earthquake,” Int'l Post-SMiRT Conf. Seminar on Seismic
Isolation, Passive Energy Dissipation and Active Control, Taormina, Italy, 1997) Seismicisolation has hel ped plant the seeds for other response control devices (e.g., active and passive control
technologies), which, like isolation, are based on the strategy of reducing demand rather than increasing capacity.

1975: Seismic Isolation Design and Technology in New Zealand

The concept of isolating a structure from the shaking of the ground had long appealed to the imagination of
inventors, but only in the mid-1970's in New Zealand did the elements of modern seismic isolation technology
come together: quantitative ground motion and structural response criteria which could be met by atechnology
that reliably produced the necessary de-coupling of the structure from the foundation, increased damping, and
shifting of periods of vibration.
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