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ABSTRACT 

D.E. Hudson made major contributions to the field of experimental Earthquake Engineering. He 

worked on measuring the response of structures and strong ground motion, the development of 

instrumentation to measure those motions, and on data gathering and dissemination of such measurements 

to scientists and engineers worldwide. Hudson’s forte was his belief that we need to measure the response 

of full-scale structures, and in situ displacements of the strong  earthquake ground motion. He helped 

create the modern field of Earthquake Engineering by providing the experimental basis for reality against 

which others could test their theories and simulations. 

KEYWORDS: D.E. Hudson’s contributions to experimental Earthquake Engineering; Hudson Memorial 

Lecture Series at I.I.T. Roorkee, India 

INTRODUCTION 

Donald Ellis Hudson (1916–1999) (Figure 1) was Professor of Mechanical Engineering at 

California Institute of Technology (1943–1981) and Chairman of Civil Engineering at University of 

Southern California (1981–1985). He had a distinguished career of teaching, research and service, 

spanning a broad range of science and engineering and focusing on earthquake engineering. He worked in 

experimental mechanical engineering, geophysical engineering, vibration engineering, and rocketry and 

underwater ordnance design during World War II. His principal contributions were in the development of 

instrumentation and data processing in earthquake engineering. In this paper, which is written on the 

occasion of I.I.T Roorkee in India, establishing the Hudson Memorial Lecture Series, the emphasis will 

be only on Hudson’s contributions to the field of Earthquake Engineering. 

 

 

Fig. 1  Hudson in 1995 
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1Theodore von Kármán, born in Budapest, Hungary (1881–1963), was an engineer, applied scientist, 

teacher, and visionary. He was  the first director of the Daniel Guggenheim Graduate School of 

Aeronautics at the California Institute of Technology, where he arrived in 1930 from Aachen, Germany. 

Von Kármán had foresight, creativity, and a remarkable talent for getting people together across 

professional, national, and language barriers. He was one of the foremost leaders in the world of aviation 

and space technology (see, for example, von Kármán and Edson, 1967). 

2Maurice A. Biot, born in Antwerp, Belgium (1905–1985), was an engineer, physicist, and applied 

mathematician. After graduating in electrical and mining engineering and philosophy, and receiving his 

D.Sc. degree (1931) from the University of Louvain (Belgium), he went to Caltech, where he received a 

Ph.D. in 1932, in Aeronautical Sciences. He was a student and then collaborator of Theodore von Kárnán 

with whom he wrote a classical textbook “Mathematical Methods in Engineering” (von Kármán and Biot, 

1940). He taught briefly at Louvain, Harvard, Columbia, Caltech, and Brown Universities. As an 

independent scientific consultant, he worked for Shell Development, Cornell Aeronautic Laboratory, and 

Mobil Research. Biot published 179 articles, three books (Mathematical Methods in Engineering, with 

Theodore von Kárnán, McGraw Hill 1940; Mechanics of Incremental Deformations, Wiley, 1965; 

Variational Principles in Heat Transfer, Oxford, 1970), and he was the holder of seven patents. Twenty-

one papers written by Biot on the theory of porous media have been edited and reprinted by Tolsloy 

(1992). A man of great and unique talent, Biot worked without students and essentially alone. 

Fig. 2  Early career timelines of M.A. Biot, G.W. Housner, E. Popov, and D.E. Hudson 

Hudson was born on February 25 1916, in Alma, Michigan. In 1924, to avoid hay fever, Hudson’s 

family moved to Pasadena, California in 1924, where he attended Franklin Elementary School, Woodrow 

Wilson Junior High, and Pasadena City College before transferring to Caltech in his junior year in 1936. 

He completed a BS degree in 1938, an MS degree in 1939, a Ph.D. in 1942, and then began 39-year-long 



ISET Journal of Earthquake Technology, March 2019 13 

 

career at Caltech. He was Assistant Professor of Mechanical Engineering (1943-1949), Associate 

Professor of Mechanical Engineering (1945–1955), Professor of Mechanical Engineering (1955-1963), 

and Professor of Mechanical Engineering and Applied Mechanics (1963-1981) (Figure 2). He retired 

from Caltech with emeritus status in 1981. From 1981 to 1985, Hudson chaired the Department of Civil 

Engineering at the University of Southern California School of Engineering, where he held the Fred 

Champion Professorship in Civil Engineering. He retired from USC in 1985. 

Hudson’s first exposure to earthquake studies dates back to his undergraduate and graduate studies at 

Caltech where he and some of his classmates—who eventually also became leaders in earthquake studies 

and included Walter Munk, Ben Howell, Egor Popov, George Housner—took classes and interacted with 

seismologists Guttenberg, Benioff, and Richter, and engineering and applied mechanics professors von 

Kármán and Biot. While Hudson was a graduate student, von Kármán and Biot (Trifunac 2008; Trifunac 

et al. 2007), the founders of spectrum method in earthquake engineering, had just completed their book: 

Mathematical Methods in Engineering (McGraw-Hill, 1940), which included the basic theory of 

structural mechanics and dynamics. Thirty years later, in the mid-1960s, when the author took Hudson’s 

class in dynamics of structures at Caltech, the simplicity and elegance of the physical formulation of von 

Kármán and Biot’s approach were still evident in Hudson’s notes. Hudson’s lectures were exceptionally 

well prepared and his blackboard work was like a Dürer painting, photographically perfect down to the 

most minute detail. 

Hudson’s thesis advisor and mentor was Frederick C. Lindvall, who later chaired the division of 

engineering at Caltech from 1945 to 1969. During the World War II projects inititated at Caltech, Hudson 

worked for the Jet Assisted Takeoff Group that was headed by Lindvall. The group developed a method 

for carrying rockets on an airplane and launching them. When the navy needed to solve the stability 

problem of aircraft-launched torpedoes, Lindvall and his group established the testing facilities behind 

Morris Dam, above Azusa, and in China Lake, which eventually became the China Lake Naval Ordnance 

Test Station. The stability of the torpedoes was solved by adding a shroud ring over the tail, just in time to 

build several thousand torpedoes for The Battle of Midway. Throughout these projects, Hudson worked 

with many future leaders in engineering and applied sciences at Caltech (C. Anderson, C.H. Wilts, R. B. 

Leighton). 

From 1958 through 1959, Hudson spent six months in India, at the University of Roorkee, sponsored 

by the Technical Cooperation Mission of the State Department (later the Agency for International 

Development). Roorkee, formerly the Thomason College of Engineering, was founded by the British to 

train surveyors for the North India canal system. Today it is the Indian Institute of Technology, Roorkee. 

During a visit to Caltech in 1957, Prof. A.N. Khosla, then the vice-chancellor and president of the Univ. 

of Roorkee, was impressed with the dynamic measurement laboratory Hudson has established at Caltech 

and arranged with Lee A. DuBridge, the President of Caltech, for Hudson to take a leave of absence and 

come to Roorkee. Hudson’s assignment was to organize a dynamics measurement laboratory and teach 

courses in dynamic measurements and structural mechanics. This stay in India marked the beginning of 

long and fruitful partnership between Roorkee and Caltech faculty and students, as well as the beginning 

of the study of Earthquake Engineering in India. Hudson went back to India several times to evaluate the 

school’s progress. He was also a member of the steering committee and the Caltech representative on the 

Kanpur Committee, which coordinated the establishment and organization of the American-sponsored 

I.I.T. campus at Kanpur. One of the people who came to work at Caltech with Hudson was Jai Krishna. 

Khrishna later became Vice-Chancellor of Roorkee, President of the International Association for 

Earthquake Engineering, and founded the Indian Academy of Engineering in Delhi of which Don Hudson 

was the first, and for many years, the only foreign member. Until his death, Hundson was the only 

earthquake engineer from America to be elected member of this highly selective academy. In 1978, 

during the world conference on earthquake engineering, Prime Minister Indira Gandhi held a tea party at 

her house to thank Hudson for his help in starting the Earthquake Engineering program in India. Hudson 

felt this was a remarkable expression of appreciation and gratitude and proudly shared his memory of this 

event with his friends. 

STRONG MOTION RECORDERS 

In the chapter on “Ground Motion Measurements” of the first book on Earthquake Engineering in the 

United States, Hudson (1970) introduced the subject by stating that any full-scale experimental study in 
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“earthquake engineering that is to have a sound scientific foundation must be based on accurate 

knowledge of the motions of the ground during destructive earthquakes. 

 

Fig. 3  Hudson with the AR-240 acelerograph 

Such knowledge can be obtained only by actual measurements in the epicentral regions of strong 

earthquakes”...“typical seismological observations with their sensitive seismographs are not intended to 

make measurements in the epicentral regions of strong earthquakes”…“Fundamentally different 

objectives of the engineer will require a basically different instrumentation than that needed for 

seismological studies. Such instruments must be designed, developed, installed and operated by 

earthquake engineers, who will be thoroughly familiar with the ultimate practical objectives of 

earthquake-resistant design”. Today these statements made by Hudson almost 50 years ago are still timely 

and relevant. 

The first reliable, strong motion accelerograph (USC & GS) was constructed in 1932. It was used to 

record the first strong motion during the March 10, 1933 earthquake in Long Beach, California. Later, in 

Japan, SMAC-type accelerometers were constructed in the 1950s, followed by the Kinemetrix SMA-1 in 

the U.S, the MO-2 in New Zealand, and the UAR in the former Soviet Union. These instruments all used 

single-degree- of-freedom oscillators, which converted their mechanical responses to a trace on light-

sensitive paper or film (Hudson 1970; Trifunac and Hudson 1970a; Trifunac 2007, 2009; Trifunac and 

Todorovska 2001a, b). 

Hudson was one of the few who understood the technical characteristics of strong motion recorders. 

He was aware of the significance of knowing their transfer function characteristics for accurate data 

analysis and then encouraged his students to test and calibrate the recording and data processing stages. 

When new instruments appeared, or when the old instruments needed more-detailed calibration, Husdon 

always tried to organize a comprehensive analysis. Many of these tests and analyses were conducted at 

Caltech up to the mid-1970s (Trifunac 1970, 1972a; Trifunac and Hudson 1970a: Trifunac and Lee 1974; 

Trifunac et al. 1973; Wong and Trifunac 1977) and were then continued at USC (Lee et al. 1982; Amini 

and Trifunac 1983, 1985, Amini et al.1987, 1991; Novikova and Trifunac 1991, 1992; Todorovska et al. 

1995; Trifunac and Todorovska 2001c; Trifunac et al. 1985). Hudson supported development and helped 

analyze the vertical starter designed by Kinemetrics for their SMA-1 accelerograph (Trifunac and Hudson 

1970a). 

The first seismological instruments, which used pendulum-type transducers and could record ground 

motion vs. time, appeared in the late-1800s. The first strong motion accelerograph for engineering studies 

was built in 1932 (Trifunac 2009). Design and manufacture of these instruments was expensive and only 

a small number could be built at a time (Trifunac 2007). Recognizing the need for a simplified strong 

motion instrument that could record one point on the response spectrum, a cooperative program between 
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the United States Coast and Geodetic Survey, the California Institute of Technology, the University of 

California at Los Angeles, the Earthquake Engineering Research Institute and the National Science 

Foundation was established. For this program, Hudson designed a seismoscope (Fig. 4), which was then 

manufactured by Wilmot and Sprengnether (Hudson 1958, 1959; Hudson and Iwan 1960). The 

seismoscope recorded only one point on the relative displacement spectrum at period of 0.75 s and 10% 

damping. In special circumstances, and to a limited degree, the seismoscope could be used to 

approximately find the ground acceleration vs. time (Trifunac and Hudson 1970b). 

 

Fig. 4  Hudson’s Wilmot Seismoscope with natural period 0.75 s and 10% damping 

Following Hudson’s stay in India in 1958/59 and the establishment of the School of Research and 

Training in the Earthquake Engineering Department at Roorkee, his Indian colleagues constructed 

multiple seismoscope recorders that had six penduli with three natural periods of 0.4, 0.75, and 1.25 s and 

two fractions of critical damping of 5% and 10% (Krishna and Chandrasekaran, 1965; Cramer and 

Kumar, 2003). Other versions of seismoscopes and multi-pendulum earthquake recorders were designed 

in several other countries, but with the rapid growth of digital technology followed by the decreasing cost 

of digital components, the use of seismoscope-type instruments rapidly declined (Trifunac 2007, 2009). 

STRONG MOTION DATA PROCESSING 

Perhaps Hudson’s greatest contribution to Earthquake Engineering is the creation of the first strong 

motion database composed of recorded strong earthquake ground motions and structural responses. He 

systematically collected recorded accelerograms and by the mid- 1960s, he had selected about 100 

records to be included in this database. To create a digital database he had to find a way to convert analog 

accelerograms on paper or film into digital form suitable for computer analyses. For this task, he acquired 

a large, flat digitizing table (Figure 5) that enabled an operator to place a crosshair over a record trace. By 

pressing a foot pedal, the operator could then punch the x and y coordinates onto a computer card. With 

this digitizing table, it typically took several hours to digitize three acceleration traces, 30 to 40 s long. 

The punched cards were used to read the data into an IBM 7094 computer to create the same scale plots 

of digitized points. By overlaying these plots over the original records, the operator could verify that all 

points were  digitized correctly and, if necessary, make corrections by re-punching the corresponding 

computer cards. After the digital records were corrected, the cards were stored onto magnetic tapes for 

subsequent processing. In the late 1960s, the whole process (digitization, plotting, corrections, and storage 

onto magnetic tapes) took about four days per typical accelerogram. 

In the late 1960s and early 1970s, there were multiple, digitized versions of several well-known 

accelerograms. Hudson wanted to re-digitize and process the accelerograms again, using the accuracy of 
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the new flat bed digitizer and the group’s newly developed software. As a graduate student in Hudson’s 

group, the author digitized and processed all of these well-known accelerograms (Long Beach, El Centro, 

Parkfield, Pacoima Dam) (Lee and Trifunac 1987; Trifunac and Hudson 1971). 

 

 

Fig. 5 Manual, flat bed, digitizing table at Caltech that was used to digitize all records 

included in the “Blue Book Reports” 

During the late 1960s, Hudson’s group developed all data processing software for baseline and 

instrument correction, as well as for the calculation and plotting of Fourier and response spectra (Trifunac 

and Lee 1973). When the San Fernando, California earthquake occurred in 1971, the group was ready to 

process all 241 accelerograms recorded during the earthquake in both the free field and the buildings. 

Processed data was presented in the reports which had four different volumes: uncorrected, but scaled 

data (Hudson et al.  969), instrument and baseline corrected data (Hudson et al. 1971), response spectra 

(Hudson et al. 1972a), and Fourier spectra (Hudson et al. 1972b). The Earthquake Engineering Research 

Laboratory at Caltech (EERL) published these reports and distributed copies to numerous libraries all 

over the world. These reports became known among many earthquake engineers as the “Caltech Strong 

Motion Blue Book Reports.” 

COMPUTATION OF RESPONSE SPECTRA 

Computation of response spectra requires the solution of Duhamel’s integral followed by selection of 

the maximum response. Prior to the age of digital computers, execution of these tasks was laborious and 

very time-consuming. Before the 1940s, such tasks were performed using direct numerical integration 

(Martel and White 1939) and semi-graphical procedures using intergraph instruments (Hudson 1956). 

The first use of a mechanical analyzer for finding oscillator response to an earthquake motion was by 

Frank Newman (1936; 1937) of the U.S. Coast and Geodetic Survey. In this work, the earthquake 

displacement curve, obtained by double integration of an accelerogram, was used to govern the motion of 

a torsional pendulum” (see discussion by M.P. White 1942). Response spectra were evaluated 

mechanically at Stanford University, as follows. “The accelerogration record was integrated twice to give 

ground displacements. A cam cut in the pattern of these displacements actuated a shaking table upon 

which a simple oscillator was placed. Because the displacement of such an oscillator x  is equal to      

 𝑥 − 𝜔𝑛 ∫ �̈� sin 𝜔𝑛(𝑡1 − 𝑡) 𝑑𝑡
𝑡1

0
 (where �̈�  is base acceleration) the maximum recorded displacements 

multiplied by n  gives the required value of V (pseudo spectral velocity) (Housner 1941a; Hoff, 1942). 
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Fig. 6 Comparison of relative-velocity response spectrum amplitudes for the N82E 

component of strong motion recorded at Vernon, CMD Building, during the Long 

Beach, California earthquake of 1933. Spectra was computed by the mechanical 

model at Stanford (damping not specified) and the torsional pendulum (damping 

not specified), analog computer (three damping values 0, 0.10, and 0.20), and 

digital computer (for five damping values 0, 0.02, 0.05, 0.10, and 0.20; Lee and 

Trifunac 1987) at Caltech 

White and Byrne (1939) suggested a method by which an accelerogram might be used directly to 

actuate a mechanical analyzer. This principle is the same as the one later used by Biot (1941, 1942) and 

Housner (1941a, b). 

Torsional Pendulum: The first practical method for computation of spectral amplitudes was based on the 

torsional pendulum analog (Savage 1939; Biot 1941). In this method, an oscillator is represented by an 

eccentric mass supported by stretched wire, one end of which is forced to twist through angles 

proportional to the acceleration amplitude vs. time (Biot 1941; Alford et al. 1964). The most time-

consuming difficulty associated with the use of a torsional pendulum is the inconvenience of changing the 

natural period of torsional response. Gross changes in period were made by using torsional wires of 

different diameters, while fine changes were made by selecting the separation distances of the masses on 

the inertia bar. Damping was also difficult to control. At first, it was thought to be zero, but it later was 

discovered to be in the range of a few percent of critical. The damping in the torsional pendulum came 

from the internal friction of the torsional spring and air damping of the inertia bar (Alford et al. 1964). 

With Biot’s torsional pendulum at Columbia University, it took about 8 hours to construct one spectrum 

curve consisting of about 30 points (Biot 1942). At Caltech, it took about 15 minutes to construct one 

spectrum point (Alford et al. 1964). Prorating these durations to spectra computation at 91 period points 

for 5 damping values results in a duration of about 7,000 minutes (167 hours; see Figure 12). At the 

Earthquake Research Institute of Tokyo University, a moving coil galvanometer element was used as the 

mechanical torisonal system (Takahasi 1953), which had a fixed-frequency torsional element. The period 

changes were effected by changing the speed of the film drive mechanism in the ground motion 

generator. By energy input into the torsional system, and through a feedback loop, effective zero damping 

of the system was possible. 
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Fig. 7  The torsional pendulum used by Biot at Columbia Universitty 

Analog Computers: The idea of using analog computers for computation of response spectra can be 

traced back to 1934. In Biot’s words, “The direct computation of spectra might be tedious, but automatic 

electrical methods can be easily imagined, such as a photographic record passing in front of a photo-

electric cell acting upon a tuned circuit” (Biot 1934). This idea was finally implemented during the 1950s 

(Alford et al. 1964; Caughey et al. 1960). 

In the late 1940s, an analog computer technique was proposed for solving the response of a single-

degree-of-freedom system to arbitrary excitation 𝐹(𝑡) = −𝑀𝑧 ̈ (Griner et al. 1945; McCann 1946), 

𝑀�̈� + 𝐶�̇� + 𝐾𝑥 = −𝑀�̈� 
via its electrical analog. 

 

Fig. 8 An electro-mechanical analog (redrawn from Alford et al. 1964), where 

mechanical ↔ electrical correspondence of variables is as follows: mass M↔
2/L am N inductance, spring constant K↔ 1/C ak  capacitance; damping C

↔ /R ac N  resistance; period of vibration  ↔ 1 / N  simulated period; 

exciting force F ↔ E  applied voltage; displacement x ↔ q  electrical charge; and 

velocity v ↔ i  current. Displacement /x aFq E , N is time-scale factor and a  

impedance change factor. The governing equation is 𝐿�̈� + 𝑅�̇� + 𝑞 𝐶 = 𝐸⁄ , where 

M, C, and K are mass, the damping coefficient, and stiffness, respectfully, x is 

relative displacement of M, and z is absolute ground displacement. In this 
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equation, L is inductance, R is resistance, and C is capacitance. E is applied 

variable voltage, and q is the electrical charge 

The voltage input was introduced through a photoelectric cell, which scanned a rotating film disc 

(Figure 9). The film record was made on a special table shown in Figure 10. The earthquake acceleration 

record drawn to a suitable scale was wrapped around a drum that slowly rotated by an electric motor 

around a vertical axis. The curve was manually traced by a follower mechanism and connected through a 

selsyn system to a shutter, exposing a photographic negative, which rotated with the drum. In this way, a 

variable width film trace was produced as shown in Figure 9. 

 

Fig. 9 Left: Transformation of input function to variable-width film trace. Right: 

standard film disk record for the function generator (redrawn from Caughey et al. 

1960) 

 

Fig. 10  Plotting table for the function generator film disk record 

The significance of the analog computer was that it enabled, for the first time, a systematic 

calculation of response spectra with assigned damping values, which were about 30 times faster than the 

torsional pendulum analog (Figure 7). Crede et al. (1954) showed how a commercial electronic 

differential analyzer could be used for determination of response spectra. A special-purpose spectrum 

analyzer using electronic operation techniques was described by Morrow and Riesen (1956). Work on the 

Mark II, a small, special-purpose analog computer system designed for computation of response spectra, 

started in 1954 and continued through the mid-1950s (Caughey et al. 1960). Using this electric analog, 
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response spectra were calculated for a series of strong motion earthquakes in the western U.S. (Hudson 

1956). 

 

Fig. 11  Hudson with the analog computer 

In summary, before introduction of the torsional pendulum analog, computation of response spectra 

was so drawn out and difficult that spectra of only several recorded accelerograms for “zero” damping, 

could be considered (Housner 1941a, b). Between 1940 and 1950, the torsional pendulum method (Biot 

1941) “was a big advance, because it was about 30 times quicker than doing it graphically” (EERI, 1997). 

The introduction of the analog computer method in the early 1950s reduced the time of computing 

spectral amplitudes about 60 times, but the conversion of recorded accelergrams into film disk records 

(Figure 9)  (Alford et al. 1964; Caughey et al. 1960), the selection and calibration of required electrical 

constants (Fig. 8), and the reading of maximum responses from an oscilloscope complicated and delayed 

the process. With support from the Office of Naval Research, Hudson and Caughey started the work on 

designing an analog computer for computation of response spectra (Caughey and Hudson 1954). During 

the late 1950s, they built the Mark II Electric Analog type response spectrum analyzer that was used to 

compute the response spectra of all recorded accelerograms at that time (Alford et al. 1964). Compared 

with the accuracy of calculations with modern digital computers, the accuracy of the computed spectra 

was not very good (Figure 6), but it was better than the spectra computed at Stanford using the 

mechanical analog or at Caltech with the torsional pendulum (Trifunac et al. 2001a). Poor accuracy of 

response spectral amplitudes occasionally resulted in some erroneous interpretations, which misguided 

young researchers who, instead of analyzing the problem from scratch, accepted the conclusions of senior 

authority (e.g., compared with spectral amplitudes recorded in the building and outside in the free field 

for the Hollywood Storage building; Trifunac et al. 2001 a, b). The Mark II computing time was much 

faster than with the torsional pendulum (Figure 12). With the introduction of digital computers in the 

1960s it became necessary to convert analog film acceleration records into digital points, and until the late 

1970s this conversion slowed down the process considerably. Since the early 1980s, digitization and 

processing of analog records has become fast, efficient, and accurate (Lee and Trifunac 1990). At present, 

it is the organization of the process, as well as the archiving and distribution of data that currently limit 

the speed at which response spectra can be obtained in their final form. 

Figure 6 illustrates the accuracy of different old methods of computing response spectra. It compares 

the relative velocity spectra computed by (1) torsional pendulum at Caltech (Housner 1941a); (2) the 

mechanical method at Stanford, (3) an analog computer (Alford et al. 1964); and (4) the modern digital 

computing (Trifunac and Lee 1973, 1979), from a digitized accelerogram, from the Vernon CMD 
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building, recorded during the Long Beach, California 1933 earthquake. Although it can be seen that some 

spectra follow the same broad trends, the local peaks fluctuate in a random manner.  

 

Fig. 12 Trends in the capabilities of accelerogram digitization and data processing, 

between 1970 and 2000: time required to compute one set of standard response 

spectrum curves (in minutes); the cumulative number of accelerograms in strong-

motion data bases (light dashed line for the period prior to 1970); and in the 

uniformly processed strong-motion data bases (wide gray line for the period after 

1970). The timeline of Hudson’s positions at Caltech, and USC is shown at the 

bottom, as well as his stay at Roorkee, and trip to India during 6WCEE in Delhi 

FULL-SCALE TESTING OF STRUCTURES 

In one of his reports that describes the forced vibration exciter, Hudson (1961a) introduces the subject 

as follows: “The only way in which the dynamic properties of structures can be accurately determined is 

by tests of actual full-scale structures under relatively high load conditions. Such important parameters as 

the natural frequencies and mode shapes of vibration, and the energy dissipation characteristics, can only 

be approximated by a theoretical analysis. There is no alternative to field testing to establish an adequate 

knowledge of such dynamic properties”. 

Full-scale structures can be excited by explosions (Hudson et al. 1952, Negmatulaev et al. 1999), by 

pull and release (initial displacement) (Hudson 1970), by steady-state force actuators (Hudson 1961a,b; 

Hudson and Housner 1954), by ambient noise (microtremors, microseisms and wind) (Ivanović et al. 

2000; Trifunac et al 2001b), and by man-made excitation. 

Development of Forced Vibration Exciters 

Hudson (1961a,b, 1962) designed the first forced vibration exciters in California for the Earthquake 

Engineering Research Institute under the State of California Standard Agreement for the Department of 

Public Works, Division of Architecture. These exciters consisted of two counter-rotating baskets (Figures 

13 and 14) that could be filled with a set of lead weights to select the desired amplitude of the force. 

Maximum allowed force was 5000 lb. With full baskets, the shaker could operate between 0 Hz and 2 Hz. 

With minimum weight in the baskets, it could be used up to 10 Hz. 
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Fig. 13  Basic dimensions of the vibration generator 

Many experiments in the Millikan Library (on the Caltech campus in Pasadena) with the vibration 

generator operating at fundamental NS or EW frequencies were carried out by the author and his 

colleagues during the period from 1972 to 1975 (Trifunac and Toodorovska 2001a). The building was 

used to measure soil deformation in the vicinity of its foundation (Luco et al. 1975), three-dimensional 

deformations of its structure (Foutch et al. 1975), stresses in the soil accompanying soil structure 

interaction (Wong et al. 1977a), and soil structure interaction (Luco et al. 1986). The library was also 

used to shake the San Gabriel sedimentary basin. Gound waves generated by the library, continuously 

vibrating at its NS natural frequency, were used to compare theoretical and measured amplitudes of 

surface motions associated with SH and Love waves (Wong et al. 1977b). 

Early Full-Scale Experiments with the Vibration Generator in California 

Having completed the design and construction of vibration generators, Hudson and his students 

initiated a program of testing various buildings, dams, and special structures. One of the first tests was 

carried out on the Encino Dam Intake tower (Figure 15; Keightley et al. 1961). During the test, the tower 

was excited at different forcing frequencies, and the steady state amplitudes were plotted vs. frequency. 

 

Fig. 14  The vibration generator with full baskets, on the roof of Millikan Library in 1974 



ISET Journal of Earthquake Technology, March 2019 23 

 

 

Fig. 15 Dimensions of Encino Dam Intake Tower (left), and plan view of top of the tower 

showing the location of vibration exciter unit 

An example of the results from these tests is seen in Figure 16, which shows the amplitudes of 

acceleration response vs. frequency of the driving force and measured on the top of the tower (Figure 15). 

 

Fig. 16  Resonance curves at the top of the tower (vs frequency in cyc/sec) 

Two pronounced resonance peaks are observed, which correspond to vibration in the direction of the 

major and minor principal axes, because the vibration exciter was not lined up with a principal elastic 

axis. Three sets of curves are shown with progressively increasing loads and relative amplitudes of 1.0, 
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2.46, and 4.92. With increasing load amplitudes, the measured equivalent viscous damping increased as 

2.0, 2.6, and 2.8, respectively, while the peaks of resonant frequencies shifted slightly toward lower 

frequencies. Other examples of full-scale tests with the vibration generator during early 1960s can be 

found in Keightley (1963). 

Ambient Vibrations 

The U.S.C & G.S. carried out full-scale testing of buildings to determine the fundamental period of 

vibration for several years after the Long Beach earthquake of 1933 (Carder, 1936). Measuring the 

distance between the zero crossings of motions recorded on the roofs of tall buildings provided an 

estimation of the fundamental periods. Some 30 years later, Crawford and Ward (1964) and Ward and 

Crawford (1966) revisited the same approach and argued that it could be used to measure the vibration 

frequencies of full-scale structures. Their two papers caught Hudson’s attention. He wanted to know if the 

frequencies and mode shapes determined from ambient tests could be shown to agree with those 

determined by forced vibrations. We confirmed this agreement, but it also was shown that ambient testing 

produces detailed results much faster than the forced vibration tests (Trifunac 1972b). Hudson encouraged 

his colleagues and students to use this method of full-scale testing, and the consequences can be seen in 

Figure 17. A few years later, the ambient vibration method was extended also to full-scale testing of 

bridges (Abdel-Ghaffar and Housner 1977). 

Today, ambient vibration testing continues to be used in full-scale testing of structures and in 

structural health monitoring. 

 

Fig. 17. The frequency of published papers based on ambient vibration testing of full-scale 

structures: (a) buildings, dams, chimneys, silos, (b) bridges. 

CONCLUSIONS 

Following the first steps made in Italy by Danuso, after Messina, the Reggio di Calabria earthquake 

of 1908 (Sorrentino 2007) and by von Kármán and Biot in early 1930s at Caltech, the dynamic response 

of structures to earthquake shaking has remained in the academic sphere of research for many years. 

There were two reasons for this. First, the computation of the response to earthquake ground motion 

without digital computers led to formidable numerical difficulties; second, only a few well-recorded 

accelerograms existed that could be used for such a purpose. This started to change in the mid-1960s with 

the arrival of digital computers and the commercial availability of strong-motion accelerographs. By the 

late 1960s and early 1970s, with the digitization of analog accelerograph records organized by Hudson 

and his graduate students at Caltech, the digital computation of ground motion and the response spectra 

were thoroughly developed. Then, in 1971, with the occurrence of the San Fernando, California 
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earthquake, which was recorded by 241 accelerographs, the modern era of earthquake engineering, was 

launched. Hudson was the first to recognize the significance of an available comprehensive and accurate 

database for future developments of earthquake engineering. With T. Caughey, his former student and 

later a faculty colleague at Caltech, Hudson invested considerable effort to develop a special purpose 

analog computer (the Mark II) for computation of the response spectra from recorded strong motion 

accelerograms; however, the process was time-consuming and the results were not accurate. In retrospect, 

it is clear and logical that in the mid-1960s, Hudson would decide to gather all important records of strong 

ground motion and organize digitization, processing, and dissemination of digital strong motion data, a 

conditio sine qua non for all subsequent developments in modern earthquake engineering. Von Kármán 

and Biot formulated the response spectrum method in earthquake engineering, but it was Don Hudson 

who made the modern analyses possible by gathering and processing the data, thus providing a sound and 

realistic experimental basis for the theory. 

Don Hudson was widely read in history and literature, and he loved music, oriental art and 

philosophy. He had an impressive collection of classical music records, and was always willing to share 

his rare books on Buddhism and Indian art. He organized and supported the chamber music performances 

at Caltech. He enjoyed travel and archeology in Europe, India, Japan, and South America. His travel was 

often combined with work for United Nations (UNESCO), foreign universities, and international 

conferences. 

Hudson’s many achievements did not go without recognition. He was elected to the National 

Academy of Engineering in 1973 and to Indian Academy of Engineering in 1987. He was the president of 

the Seismological Society of America (1971–1972) and president of the International Association of 

Earthquake Engineering (1980–1984). In 1989, the American Society of Civil Engineers awarded him the 

Narhan M. Newmark medal, and in 1992 the Earthquake Engineering Research Institute awarded him the 

Housner medal. 

Hudson was a patient, thoughtful, and generous gentleman. The respect and immense influence he 

commanded were the result of his reputation for fairness and ability to lead through reason and unselfish 

motives—and always with the goals of benefiting others and for the common good. He had the ability to 

attract and lead his students and coworkers by unassuming suggestions and carefully listening to their 

views and ideas. His students continue to emulate and propagate his methods and ideas on how to educate 

young and new creative minds. Theodore von Kármán, one of Hudson’s teachers said, “Scientists study 

the world as it is, but engineers create the world that has never been.” We will always remember Hudson 

as the teacher who helped create these engineers. He was a friend and communicator par excellence. 
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