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PREFACE

On behalf of the Center for Urban Earthquake Engineering (CUEE), Tokyo Institute
of Technology, I am very delighted to have this 3™ International Conference, inviting
many distinguished guests, and experts from inside and outside Japan. Our center was
established two and a half years ago to carry out the COE (Center of Excellence)
program entitled “Evolution of Urban Earthquake Engineering”. It is a five-year
program sponsored by the Ministry of Education, Culture, Sports, Science and
Technology (MEXT). This COE program aims not only to promote research for
overall earthquake risk reduction technology but also to strengthen the graduate
education program as well as to launch international collaboration in research and
education.

In my belief, this kind of effort is urgently needed, not only in Japan, but also in other
earthquake prone countries around the world. As an example, consider the tragedy
caused by the Sumatra Island earthquake and tsunami of December 26, 2004. The
catastrophic disasters and the subsequent widespread disaster chain reinforced the
pressing need for enhancing our activities, especially the collaboration with foreign
institutions. In view of this global-scale tragedy and our above-mentioned mission, we
have launched a Distance-Learning graduate program between Tokyo Tech and
Chulalongkorn University, Thailand, this year. 1 would like to take this opportunity to
express my deep gratitude and appreciation for the great help and coordination in
successfully executing the program. In addition, we have organized a special tsunamis
session for this conference, inviting experts from the tsunami-affected countries such as
Indonesia, Sri Lanka and Thailand. In contrast to our 1% and 2™ conferences, our 3
conference will however also be featuring a range of contributions from our young
researchers and graduate students who are strongly encouraged to make presentations
followed by active discussions with international participants. Thus, we would
appreciate your kind cooperation along this line.

Currently we are at the end of the 3 year of the COE program, and ten months ago,
in the middle of last May, we had an interim evaluation. To our satisfaction, we had a
best evaluation result, thanks to all our members working for CUEE. In our quest for

the real success of the COE program, we would appreciate your support.

Tatsuo Ohmachi
Director and Professor, Center for Urban Earthquake Engineering and

Leader of the 21% Century COE Program: Evolution of Urban Earthquake Engineering.
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EARTHQUAKE ENGINEERING RESEARCH AND PRACTICE IN MEXICO
AFTER THE MICHOACAN EARTHQUAKE OF 1985: A2006 REVIEW

Luis Esteva

Professor Emeritus, Institute of Engineering, National University of Mexico; Mexico City, MEXICO
lestevam(@jii.unam.mx

Abstract: A brief review is presented of the main engineering lessons learned from the performance of
urban constructions during the Michoacan (Mexico) earthquake of 1985, which produced significant
damage in Mexico City. Specially important among those lessons were those related to concepts such as
the unexpectedly high values of local intensities at soft soil sites, the limitations of conventional methods
for the estimation of the nonlinear dynamic response of irregular systems, and the need for more strict
quality control procedures during construction, including special attention to the details oriented to ensure
local ductile behavior of structural members. Research efforts during the twenty years elapsed since the
earthquake have been primarily oriented to responding to those lessons, through the improvement of our
estimates of seismic hazard and risk for different local soil conditions, as well as of our capacity to produce
adequate predictions of peak nonlinear dynamic response of complex systems, including the influence of
soil-structure interaction. Seismic design regulations for Mexico City have been updated several times
during this interval (1987, 1993, 2004), in addition to the emergency norms issued a few weeks after the
event. The paper ends with a review of some of the most relevant concepts in the 2004 version.

1. INTRODUCTION

Detailed reports about the engineering lessons derived from the performance of structural
systems during the Michoacan earthquake of 19 September 1985, and about the research and
implementation activities following it, have been presented in many publications. A summary about
the consequences, lessons, and impact on research and practice has been presented by the author
(Esteva, 1987, 1988); the latter is an article that serves as an introduction for a series of three special
issues of Earthquake Spectra (Vol. 3, Nos. 3, 4; Vol. 5, No. 1), describing an important part of the
work developed in Mexico and abroad during the first two and a half years after the earthquake.
Trying to avoid unnecessary repetitions, this information is taken here as a starting point; however,
a very brief summary of it is presented in the following, trying to provide a background for the
actions that have led to our current state of knowledge and practice, as well as about the technical
challenges we are still facing. This is followed by a bird’s eye view of the research programs during
the last years, as well as of the most relevant aspects of the revision of the seismic design codes in
Mexico City. Attention is concentrated on research related to the prediction of the nonlinear
dynamic response of complex systems and to the development of reliability-and-performance-based
design criteria.

2. SEISMIC HISTORY OF MEXICO CITY BEFORE 1985

The city was founded by the Aztecs in 1325, on an island in the middle of a shallow lake in the
Valley of Mexico. The soil at the surface of the island and under the bottom of the lake was
constituted by very soft clay formations, with extremely high void ratios, created by the deposit of



ashes generated by eruptions of a large number of volcanoes around the valley. In 1521, the city was
conquered by the Spaniards, who transformed it into a very important hub of Spanish power in the
American continent during the colonial times. Traditional Aztec temples and houses were gradually
replaced by a new type of constructions, inspired on those typical of Spain in those times, including
large churches and palaces that have remained until now as jewels of the national architectural
heritage. All of them were characterized by short natural vibration periods.

In the course of the centuries, a drainage system had to be built in order to send the water out of
the valley and permit the spreading of the city beyond the edges of the original island. Thus, the
urban area that includes the original city evolved into one of the largest in the world. Unfortunately,
it is also one with the most difficult foundation conditions: soft clay sediments under the urban area
can extend to depths as large as 70m, with shear wave velocities as low as 90m/s at some sites, and
dominant ground periods as high as 4.5 in the Eastern side of the city or 2.0-2.5s in the downtown
area. (See Figures 1 and 2.)
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Figure 1 Depth of soft clay formation in the Valley of Mexico
(From Sénchez-Sesma et al, 1988)

Seismic hazard in the urban area largely results from the activity of the subduction zone at the
contact between the American and the Cocos plates, along the Southern coast of the country, at a



distance greater than 250km. Because of this, high intensities are not likely at firm ground sites in
the city, even for large earthquake magnitudes. This was the case for the Michoacan event, which
had a magnitude M5 = 8.1 and an epicentral distance of 360 km from the city. The high intensities
observed at soft soil sites were the result of extremely high ground motion amplification, in
particular for wave frequencies in the vicinity of the dominant ground period at each site. An
aftershock, with a magnitude of 7.5, occurred 36 hours later.
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Figure 2 Dominant ground periods in Mexico City Metropolitan Area

In spite of its long history and its unfavorable local soil conditions, the city had never
experienced an earthquake as damaging as that of 1985. This can be easily explained in terms of the
types of constructions that were exposed to earthquakes during the last six centuries, before the
advent of modem high-rise constructions, in the middle of the twentieth century. As mentioned
above, they were short-period constructions, not sensitive to the narrow-band ground motions with
energy inputs concentrated in dominant frequencies corresponding to the dominant ground periods.
Prior to 1985, the highest damage ratio ever recorded throughout the urban area was that produced
by the earthquake of July 28, 1957, with a magnitude Ms = 7.6 and an epicentral distance of 256km,
which resulted in the collapse of a few buildings and the loss of about 100 lives. The evolution of
seismic design regulations in the city during the interval 1957-1985 was strongly influenced by the
observations about structural performance during the 1957 event and during a number of moderate



intensity shocks occurring every five years in the average. The highest acceleration occurred on soft
soil during this interval was estimated as 0.06g; that is, about one third of that recorded in 1985 near
the SCT building, within the area of the city with the highest damage level.

3. 1985: LESSONS LEARNED AND QUESTIONS RAISED

When the 1985 earthquake occurred, seismic design codes were essentially based on the
experience derived from the 1957 earthquake. The urban area was divided into three micro-zones: I
Firm ground, II Transition zone (soft sediments with a depth lower than 20m) and III Soft soil (soft
sediments deeper than 20m). Linear response spectra (5 percent damping) specified for design had
maximum ordinates of 0.16, 0.20 and 0.24 for these zones, respectively. Reduction factors to
account for nonlinear behavior ranged from 1 to 6, depending on the type of structural arrangement
and ductility-oriented details (Garcia-Ranz and Gomez, 1988). These values were widely exceeded
by those depicted in Figure 3 (taken from Seed er al, 1988), which shows mean values of the
horizontal pseudo-acceleration response spectra in two orthogonal directions, recorded at different
sites in Mexico City. These discrepancies are evident in Figure 4 (Castro ef al, 1988), which shows a
comparison of the Fourier amplitude spectrum of the EW component of the ground acceleration at
the SCT site with the ordinates predicted by means of the attenuation functions derived on the basis
of previous seismic events, which had greatly influenced decisions about codified seismic design
requirements. Given the overwhelming differences between observed intensities and design
capacities, it must be concluded that the stability of constructions rested mainly on the reserves
associated with the strength of elements not accounted for in design, as well as with the energy
dissipating capacity of those elements and those that were recognized as structural members.
Therefore, for the purpose of improving the technical basis for earthquake engineering,
understanding the survival of so many structures during this earthquake (and during many others,
for this matter) is at least as important as identifying causes for the failures observed.
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Table 1. Causes and types of failure and damage

Percentage of the

Causes and types population of damaged
structures

Comer buildings (pronounced asymmetry in stiffness) 42

Other cases of pronounced asymmetry in stiffness 15

Weak first story (large ductility demands) 8

Short columns (brittle failure) 3

Excessive mass (overload) 9

Previous differential settlement 2

Inadequate foundation performance 13

Impact between adjacent constructions 15

Previous seismic damage 5

Shear failure in connections of flat-slabs to columns 4

Collapse of top stories 38

Collapse of intermediate stories 40

Meli and Rosenblueth (1986) made a review of the main causes of failure and damage; they
summarized their observations in Table 1, which indicates the percentage of the population of
damaged systems where each type of performance was observed. The paragraphs that follow contain
a summary of the comments presented by Esteva (1987, 1988) about the main causes of damage
associated with the limitations of structural analysis and design criteria, as well as with the
deficiencies in the practice of quality control.

Moderate-height buildings located at block-comers usually possess flexible frames along their



facades and rigid masonry diaphragms at the opposite sides, along the limits with the adjacent plots

of land. Often, this gives place to very large in-plan eccentricities (both in strength and stiffness)

and, therefore, to very high torsional-response demands. A large number of the systems in this case

did not possess the capacity to resist those demands, either because they were much larger than

estimated on the basis of the specified design requirements or because the application of the latter

had been overlooked. This explains the large number of cases of collapse of systems of this type.

A large portion of the structures that failed showed significant irregularities in the variation of
the lateral stiffness and/or strength along the building height. These irregularities in some cases
gave place to large concentrations of ductility demands at the weakest segments of the structural
system, thus leading to values of those demands much in excess of those that are estimated on the
basis of the simplified rules (such as the “equal-displacement” rule) ordinarily used to transform the
results of linear response analysis into those corresponding to the nonlinear response of multi-
degree-of-freedom systems. P-A effects, propitiated by stiffness degradation, may have played a
significant role in many cases of collapse, as evidenced by the many cases of large story drift and
tilting that could be appreciated after the earthquake.

Deficient performance of foundations was an important source for high damage levels,
including many cases of collapse. This was a consequence of the especially difficult foundation
conditions prevailing in the soft soil area in the city, and led to many cases of excessive residual
differential settlements or to failure produced by insufficient bearing capacity of the foundation. In
other cases, conditions of structural tilting prior to the earthquake led to the development of non-
symmetric force-displacement functions for lateral shear, which in tumn led to excessively high
ductility demands. Insufficient bond strength in friction piles was in some cases the cause for
generalized foundation failure.

About 40 percent of the cases of partial collapse involved failure of one or more stories in the
upper third of the height of the structure. In many of those cases, pounding between adjacent
structures was determinant; others were ascribed to a number of potential causes including, for
instance, the influence of higher modes of vibration, the lack of capacity of small-width columns to
provide sufficient bond development-lengths to permit the stresses on the longitudinal
reinforcement of concurring beams to change from yield stress in tension to yield stress in
compression from one face of the column to the other, and the rapid increase in response amplitude
owing to base-rocking caused by soil-structure interaction. The latter assumption was later
dismissed as a result of some theoretical studies (Esteva, 1989).

Deficiencies in quality control and inadequate compliance with codified rules, or with generally
accepted principles for earthquake-resistant construction, are often cited as having a significant role
in the generation of seismic damage in urban constructions around the world. Mexico City was no
exception in this regard, as witnessed by the high observed number of the following types of
damage:

a) Noncompliance with seismic design requirements for soft-ground-floor systems, which
established lower reduction factors for base-shear ratios (or for design response spectra) for
systems with sharp discontinuities in story strength or stiffness along their height. This problem
was mentioned above.

b) Brittle failure in columns, associated with poor concrete aggregates, inadequate confining
capacity of typical reinforcement details, excessively high bond stresses and poor restriction to
buckling of longitudinal reinforcement.

c) Punching failure in the vicinity of the joints between waffle-slabs and columns, due to
insufficient shear capacity of the former elements.

d) Pounding between adjacent buildings, resulting from noncompliance with the requirements for
minimum allowable separations. Risk related to this type of damage was enhanced by the
contribution of foundation rocking to the displacements in the upper portions of buildings.

e) Excessively high live loads, resulting from using a building for a type of occupancy differing



from that assumed in design.
More details about the observed performance of constructions have been presented in a number of
publications issued shortly after the earthquake; for practical reasons, only a few of them are
included in the list of references (Meli and Rosenblueth, 1986; Meli and Avila, 1989; Rodriguez
and Diaz, 1989; Osteraas and Krawinkler, 1989; Ruiz and Diederich, 1989; Miranda and Bertero,
1989; Goodno et al, 1989).

4. IMMEDIATE ACTIONS

Immediately after the earthquake, an ad-hoc Advisory Committee on Structural Safety was
formed with the responsibilities of recommending immediate actions and updating Mexico City
Building Code. This committee undertook also the job of coordinating research work relevant to
code revision. It also formulated a two-step strategy for the required code updating: a nearly
immediate emergency code and a long term (about one year) thorough revision. The former was
issued five weeks after the earthquake; its main concepts were supported by the immediate
conclusions derived from damage surveys.

On the basis of the large amount of damage observed, but also of the many cases of satisfactory
performance, specified base-shear coefficients were raised in 67 percent for the soft-soil zone and
33 for the transition zone (both specified in the 1976 version of the building code, which was in
force during the earthquake). Strength reduction factors (to be applied to nominal values of
ultimate capacities) were decreased in 18 to 33 percent for brittle failure modes of reinforced
concrete and steel structures; more drastic reductions were applied to bond between soil and friction
piles. Structures that had experienced significant damage should be repaired in compliance with the
emergency code. Design values of live loads in office buildings were raised and the obligation to
place a sign in each story of a building showing the maximum allowable live load was stressed.

Structures showing at any story torsional eccentricities in excess of 20 percent of the width of
that story in the direction of the eccentricity were banned.

The influence of damage due to previous differential settlements above allowable values set by
the code should be explicitly taken into account, and the calculated value of the lateral capacity of
the structure should be reduced accordingly.

The code calls for the participation of a supervisor, responsible of structural safety, independent
from the contractor, for all permanent constructions (both ordinary and special) taller than 15m or
with a built area larger than 3000m”. Finally, any change of occupancy of a construction requires
the approval, by the city authorities, of a detailed study made by a registered engineer, showing that
safety conditions will not be lower than those corresponding to the type of occupancy considered in
the structural design.

In 1988 the National Center for Disaster Prevention (CENAPRED) was constituted, as a joint
enterprise of the National University of Mexico and the Government of the country. During the first
years of its operation, the Center counted with the technical advice and the economic support of the
Japan International Cooperation Agency (JICA).

5. AN OVERVIEW OF POST-1985 RESEARCH

Having in mind the need for research programs aimed at providing the basis for future actions of
updating and improvement of seismic design codes, the Advisory Committee on Structural Safety
obtained funds from the Government of the City, which have permitted that group to provide
sponsorship for research projects along the following general lines:

a) Seismology, seismicity, ground motion and seismic hazard.
b) Experimental research on the behavior of materials, structural and non structural elements.
¢) Seismic response of buildings and other structural systems.



d) Passive control of seismic structural response.

e) Special and very important structures.

f) Instrumentation and identification of structural systems.

g) Damage assessment, repair and retrofit methods.

h) Soils and soil structures, foundations and soil-structure interaction.
1) System vulnerability, reliability and seismic risk analysis.

1) Earthquake-resistant design methods and regulations.

The results of these projects are contained in special reports to the Advisory Committee; they
have also found their way to more general national and international audiences, through articles in
specialized journals and papers in national and international conferences. Due to the wide variety
and extension of the studies undertaken, in this paper it is only feasible to give some details about
some of the results that had more impact on the ensuing building code revisions. This approach was
adopted in the following.

5.1 Network of strong-motion recording instruments

Only eight accelerographs recorded the ground motion in Mexico City during the 1985
earthquakes. Three of them were located at sites on the former lakebed deposits where the highest
damage levels were experienced. Three years later, eighty more accelerographs had been installed,
out of which seventy were placed on the ground surface and ten at underground stations. The
number has gradually grown during the last few years, now exceeding one hundred. The records
they have provided have contributed to make substantial improvements in our understanding of the
patterns of local ground motion amplification; they have been reflected in later revisions to the
micro-zonation of the city, including that presented in the Technical Norms for Earthquake
Resistant Design, Complementary to the 2004 issue of Mexico City Building Code.

5.2 Intensity attenuation functions for firm ground sites on top of volcanic rock around
Mexico City

Using the information derived from strong-motion instruments placed on firm ground at sites
lying between Mexico City and the southern coast of the country, Ordaz and Singh (1992) obtained
attenuation equations for ordinates of the Fourier amplitude spectra of the ground acceleration.
They show evidences suggesting the occurrence of significant amplification of those ordinates on
firm ground sites in the vicinity of Mexico City, with respect to those estimated by means of the
attenuation equations established on the basis of records obtained at the other sites. An example of
this is shown in Figure 5 for a frequency equal to 0.5hz. A careful analysis of this information led to
the conclusion that even sites known as “firm ground” in the Valley of Mexico are subjected to
significant local amplifications of ground motion, due to the low values of S waves that
characterize the volcanic rocks that underlie the valley. This is an important concept to have in
mind for the purpose of seismic hazard assessment.

5.3 Estimating response spectra in the lake-bed zone of the Valley of Mexico

Some records obtained by the network of instruments mentioned in Section 5.1 were used by
Ordaz ef al (1988) to obtain transfer functions for Fourier amplitude spectra of the ground
acceleration at a large number of sites in the city. These functions were later used in conjunction
with the Fourier amplitude spectrum of ground acceleration at a firm ground site (CU) during the
1985 earthquake, in order to estimate the corresponding Fourier amplitude spectra at all the sites
under study. The latter spectra were in turn transformed into pseudo-acceleration response spectra
for 0.05 damping, with the aid of the theory of random vibrations. These spectra were later applied
to the formulation of codified expressions to estimate site-specific response spectra for seismic
design.
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Figure 5 Evidence of amplification of earthquake spectra on the surface
of volcanic rock formations (From Ordaz and Singh, 1992)

Rosenblueth er al (1989) used an intensity attenuation function of the form proposed by Boore
(1983) to estimate Fourier amplitude spectra of earthquake accelerations at a firm-ground site in
Mexico City. This information was used in conjunction with the transfer functions mentioned in the
preceding paragraph in order to obtain linear response spectra for several soft-soil sites in Mexico
City, with natural periods equal to 0.87s, 2.08s and 3.97s, respectively. Several characteristic events
were considered for this purpose, corresponding to the most unfavorable combinations of
magnitude and distance associated with different seismic sources: a) an inverse-fault earthquake
generated at the subduction zone along the southern coast of Mexico, b) an intermediate-depth,
normal-fault earthquake, at the lower end of the subducting plate, ¢) a local earthquake, generated
at the Trans Mexican Volcanic Belt, and d) a shallow continental-plate earthquake. The resulting
response spectra, including that corresponding to firm ground conditions, were normalized with
respect to the maximum ordinate of the design response spectrum for the soft-soil region, as
specified in the 1987 revision to the Building Code (Figure 6). The latter spectrum was shown to
provide an upper bound to the corresponding constant-hazard spectrum for an annual exceedance
rate equal to 0.007 (i.e., a return interval of about 143 years). Response spectra corresponding to
this exceedance rate were then obtained for the other three sites. An envelope was then fitted to the
maximum ordinates of these functions, including both the constant-hazard and the prescribed-
source cases, and was later used to specify the variation of the maximum ordinates of the design
spectra in terms of the local value of the dominant ground period.

5.4 Soil-structure interaction

Avilés and Pérez-Rocha (1995) conducted a research program oriented to obtaining
approximate expressions for the natural period and damping ratio of an equivalent “replacement
oscillator”, founded on a rigid base. Their model is intended to provide reasonably accurate
estimations of the peak relative displacements of a system on a soft foundation, including the
influence of soil-structure interaction. It adopts a form previously accepted in the literature,
according to which the square of the natural period of the replacement system is taken equal to the
sum of the squares of the natural periods corresponding to a rigid-foundation model of the system



and two models that incorporate respectively the rotational and the horizontal translational
flexibilities of the foundation, considering the superstructure as rigid. Two viscous dampers are
added in the interface between the ground and the foundation, in order to represent radiation
damping: one to account for rotational displacements and the other to account for horizontal
translation. The mentioned authors made parametric studies to analyze the influence of variables
such as the depth of embedment and the depth of the soft soil layer above the underlying firm-rock
formation. They compared the properties of the equivalent systems obtained according to their
model with those derived from rigorous solutions and previously available simplified models. They
show that their model produces sufficiently accurate results, provided the ratio of the height of the
system to the depth of the soft-soil layer is not too small, relative to the foundation depth or to the
height of the system above the ground surface.

The mentioned authors also study the reduction in the allowable value of the effective ductile
capacity of a nonlinear system that results as a consequence of the contribution of foundation
rotation to the total displacement at the roof, and provide an equation to determine a reduction
coefficient. They also present the results of nonlinear dynamic response analysis using rigorous and
equivalent models of several soil-structure systems. For high values of the aspect ratio
(height/width) of the system, the ductility demands on the replacement oscillator are very similar to
those resulting from applying the reduction coefficient mentioned above to the ductility demands
calculated for the corresponding rigid-base systems; however, for low aspect ratios the former may
be significantly higher than the latter, in particular for high values of the ratio TsHy/ToHs, where T
and Hj are respectively the dominant period and the depth of the soil; 7y and H, are the natural
period (ignoring the influence of soil-structure interaction) and the height of the structural system.
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Figure 6 Pseudo-acceleration response spectra at site SCT, normalized with respect to
design spectrum specified in 1987 revision of the building code
(From Rosenblueth ez al, 1989)

5.5 Quantitative evaluation of the performance of individual structures

Significant research efforts were devoted to understand the behavior of individual structural
systems and to evaluate the adequacy of available mathematical models and computational tools to
estimate the response and performance of complex nonlinear systems. Unfortunately, the lack of
response records for real systems did not permit detailed quantitative comparisons. Therefore, the
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efforts were addressed to qualitative descriptions of performance. For instance, Meli and Avila
(1989) studied six buildings, varying in height between seven and twelve stories. They were all
located in the lake-bed area and were representative of the type of construction that suffered the
highest damage levels, and were typical in terms of shape, size, height, construction materials and
quality control. All buildings had cast-in-place reinforced concrete structures; five had waffle-slab
floor systems and the remaining one had reinforced concrete rigid frames with solid-slab floor
system. Only two of them had concrete shear walls, but all possessed masonry infills. They were all
supported on a deep foundation box with friction piles.

For the cases studied, it was concluded that the observed performance could be at least
qualitatively predicted by generally accepted methods of nonlinear response analysis. The level of
damage depended both on their lateral strength and on the detailing of the reinforcement. The large
number of low-frequency, high-amplitude cycles that are associated with high-intensity narrow-
band ground motion imposes severe requirements related to regularity conditions and type of
structural details in order to ensure adequate performance. This must be carefully considered when
writing design recommendations that permit base-shear reductions based on the possibility of
energy dissipation resulting from hysteretic response cycles.

Similar conclusions about the capability of mathematical models to produce reliable qualitative
predictions of damage were reached by Rodriguez and Diaz (1989), after studying a fifteen-story
waffle-slab building that was severely damaged during the earthquake. In particular, they found a
good agreement between the distribution of computed values of maximum rotational ductility
demands on the slabs with the damage observed in those elements.

In their study about the performance of steel structures, Osteraas and Krawinkler (1989)
emphasize the importance of using the real (expected) values of the mechanical properties of
structural systems (rather than the nominal values used for design) when carrying out studies about
nonlinear response and performance. This was of particular relevance to compare the predicted
responses and the observed performance of several tall buildings, ranging on height from fourteen
to twenty one stories. Other important lessons derived from the earthquake are the need to avoid
column overloading, even under ultimate conditions, and the benefits of redundancy to prevent
collapse.

5.6 Nonlinear response of soft-first-story buildings (SFSB)

An important number of the buildings that suffered collapse during the September 1985
earthquake belonged to the category of soft-first-story systems: they were characterized by
possessing a significantly lower number of wall panels (either considered as structural or non-
structural elements in design) in one or both of two orthogonal directions in the first story, as
compared to that at the upper stories. It had been previously recognized (Esteva, 1980) that the
resulting sharp variation of lateral strength along the building height may lead to significant
concentrations of ductility demands at the weakest story and, as a consequence, to an increased
probability of collapse. The evidence brought by the observations about the performance of systems
of this type pointed at the need to understand a) to what extent the behavior of SFSB may be more
unfavorable than that of buildings with uniform or slowly varying distribution of lateral stiffness
along the building height, designed for the same seismic coefficient or response spectrum, and b)
how the design criteria that apply to the former should be adjusted in order to obtain safety levels
consistent with those that would result for the latter.

Ruiz and Diederich (1989) and Esteva (1987, 1992) carried out step-by-step analyses of the
dynamic response of a number of soft-first-story models. In all cases, the seismic excitation
consisted in an ensemble of artificial earthquakes with statistical properties similar to those of the
EW component of the 19 September 1985 earthquake at the SCT site (SCT-EW-850919; dominant
ground period = 2.08s). A series of preliminary studies considered a set of two-story shear beams,
with base shear capacities equal to 1.0 and 1.4 the values specified in the 1987 revision of the
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Complementary Technical Norms for Seismic Design of Mexico City Building Code. A parametric
study was developed, considering two sets of independent variables: the fundamental period of the
system, T (ranging from 0.7 to 2.0s), and the ratio r,; of the safety factor for lateral shear in the
second story to the value of the same factor for the first story (1.0 to 8.0). The results show similar
patterns of variation of the ductility demand on the first story, with values as high as 4 or 5 times
those obtained for systems with uniform safety factors along their height; they are greater for small
than for large values of T and reach their peak for values of 75 around 2.0. Qualitatively similar
results were obtained for shear-beam models of multistory buildings with values of the number of
stories ranging from 7 to 20 and of the fundamental period ranging from 0.4 to 2.0. Both bilinear-
hysteretic and stiffness-degrading systems were considered. The sensitivity of the results to P-delta
effects was evaluated. For this case, the results are presented in terms of the minimum value of the
safety factor needed to maintain the ductility demand under a specified threshold value. The results
are very sensitive to the ratio of post-yield to initial tangent stiffness and to the consideration of
constitutive functions that account for stiffness-degrading effects.

5.7 Nonlinear response of systems with asymmetrical force-deflection curves

Asymmetry in force-deflection functions for lateral shear in two opposite directions may be due
to the characteristics of the structural arrangement or to the presence of initial tilting due to
differential settlements of the foundation. The latter condition often occurs in buildings located in
Mexico City soft-soil area. Its influence on the nonlinear response of those systems may be highly
relevant for purposes related to the evaluation of the safety of existing structures, as well as for the
repair or retrofitting of systems damaged by earthquakes. It has long been known that these
conditions may trigger a process of accumulation of ductility demands on the weaker direction, thus
leading to values much higher than those shown by structures with symmetrical force-deflection
functions, with a strength value equal to that of the weak direction of the asymmetric system.

Ruiz et al (1989) evaluated the responses of single-story systems to a set of artificial
earthquakes with statistical properties similar to those of the SCT-EW-850919 record. They
considered several natural periods, ranging from 0.87 to 3.5s, and five values of the level of
asymmetry (defined as one half of the ratio of the difference in the lateral capacities in both
directions to their average value), ranging from 0.0 to 0.02. Two alternative approximations were
proposed to estimate the amplification functions for ductility demands that result from the
asymmetry in the force-deflection curves. The parameters of these functions are practically
independent of the natural period, but are highly sensitive to the level of asymmetry and to the
average value of the lateral capacity. Additional studies with different values of the effective ground
motion duration showed that the amplification of the ductility demand is a rapidly increasing
function of this variable.

5.8 Other research lines related to the estimation of seismic response and performance

Other research lines related to the estimation of seismic response and performance have
received significant attention after the 1985 earthquake. The writer would like to mention two more,
highly relevant, currently in progress. Esteva and Ruiz (1989) presented and applied the basic
concepts for the life-cycle reliability analysis of multistory systems, using the concept of ductile-
deformation capacity. Garcia-Ramirez (2004) is working on the development of simplified models
for the reliability-based design of multistory systems with in-plan eccentricities.

6 EVOLUTION OF SEISMIC DESIGN CODES
Three revisions (1987, 1993, 2004) of the Technical Norms for Seismic Design, Complementary

to Mexico City Building Code, have followed the Emergency Regulations of 1985 . The following
paragraphs refer to the 2004 Edition; some information about the 1976 version, in force at the time
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of the earthquake, are provided for comparison.

As mentioned in Section 3, the urban area a
was divided into three micro-zones: I Firm
ground, II Transition zone (soft sediments
with a depth lower than 20m) and IIT Soft soil
(soft sediments deeper than 20m). Linear
response spectra (5 percent damping) a,
specified for design had the shape shown in
Figure 7, with maximum ordinates of 0.16, T
0.20 and 0.24 for the mentioned zones,
respectively. Reduction factors to account for T, T,
over-strength and nonlinear behavior ranged
from 1 to 6, depending on the type of
structural arrangement and ductility-oriented Figure 7 Shape of design spectra, depending
details. The plateaus determined by 7, and 7} on local conditions.
are intended to account for uncertainties
associated with the frequency content of the Sa=ao+(c—ay)T/T,, for T<T,
ground motion. They were taken as (0.3s- =c T,<T<Tp
0.8s), (0.5s-2.0s) and (0.8s-3.3s), respectively. =c(Ty'TY T>Ty

The 2004 revision of the building code offers two options to the designers: a) a conventional
approach, presented in the main body (designated in the following as basic criterion) and b) an
improved criterion (designated as advanced), presented in Appendix A. The basic criterion includes
a substantially more refined micro-zonation map than those previously adopted; it specifies six
micro-zones, the boundaries of which depend on the values of the dominant ground periods shown
in Figure 2, which includes information derived from high-intensity ground-motion records, as well
as from artificial micro-tremor studies. The advanced criterion includes specifications to determine
site-specific response spectra, which depend on the value of the dominant ground period at the site.
They both define new values of the ductility factors Q, used to determine the response reduction
factors Q°. The values of O are now made to depend on more strict requirements for structural
details intended to attain adequate ductile deformation capacities. They also include special
requirements related to regularity conditions in the structural arrangement, to maximum allowable
values of torsional eccentricities and to asymmetrical load deflection curves, including the
assessment of the safety of structures affected by previous tilting for the purpose of retrofitting.

The functions describing the design response spectra corresponding to the basic criterion are
similar to those shown at the foot of Figure 7. The values of their parameters are summarized in
Table 1.

Table 1. Design spectra according to basic
criterion in 2004 building code

Zone |c o . |1y |r
I 0.1610.04,020{1.35}1.0
II 0.3210.080.20|1.35|1.33
IITa | 0.40 1 0.11 | 0.53 ] 1.80 | 2.0
III, {0.45(0.11 | 0.85|3.00]2.0
III. [ 0.40 |0.10|1.254.202.0
III; {0.30 |0.10 | 0.85[4.20 2.0
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The advanced criterion is expressed in a format that explicitly recognizes two performance
conditions for two different design intensities. Design spectra for the ultimate-failure performance
condition are represented by the following equations, which are slightly different from those shown
at the foot of Figure 7.

Sa=ay + (fc —a))T/T,, for T<T, (1a)
= fc T,<I<Ty (1b)
= Pep(Ty/1)’ =T (Ic)

where f is intended to account for soil-structure interaction, p = k + (1-k)(Z/T)’, and k is chosen so
as to lead to an spectral displacement equal to the peak ground displacement for f = 1.0 (no
influence of soil-structure interaction), when 7' tends to infinity. The code provides rules to
determine f in terms of the effective values of the natural period and damping ratio of the system,
taking into account the influence of soil-structure interaction. The values of ay, ¢, 7, T and k are
presented as functions of the dominant ground period, 7s. They were obtained by fitting
conservative functions for the parameters appearing in Equations la-c used to represent the
uniform-hazard linear response spectra, for damping = 0.05 and a return interval of 125 years, that
were obtained at 1600 points forming a rectangular grid covering most of the populated area in
Mexico City. Details about the information used and the derivation of these functions were
presented by Ordaz and Meli (2004). Some of the resulting spectra are shown in Figure 8, for
illustration.
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Figure 8 Original and smoothed uniform hazard spectra at different sites, compared with those
calculated by means of Equations 1a-c (From Ordaz and Meli, 2004)
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It can be observed that the specified spectra lie always on the conservative side. In some cases
the safety margins may reach very high values, as a consequence of the large dispersions in the
ordinates of the uniform-hazard spectra used to obtain the equations for the parameters of Equations
la-c. It can also be observed that the ordinates of the response spectra can be much higher than
those specified in accordance with the basic design criterion. This (apparent) discrepancy arises
because the values of ¢ shown in Table 1 include a reduction to account for the over-strength ratio
(as mentioned above), while this reduction is openly introduced according to the advanced design
criterion, which proposes that the site response spectra derived from Equations 1a-c be divided by a
factor equal to the product QO 'R, where Q' (function of Q) accounts for the ductile deformation
capacity and R is an over-strength factor that depends on the fundamental period of the system.

According to this criterion, it is also necessary to verify acceptance conditions related to
maximum lateral distortions for the limit states associated with both the collapse-prevention and the
serviceability performance levels.

7 CONCLUDING REMARKS

A bird’s eye view has been presented in the foregoing pages about the research and
implementation efforts to improve the practice of seismic design in Mexico City. It is easily realized
that the targets and trends of our research largely coincide with those that are followed in the other
regions in the world with high seismic hazard conditions. However, due to the exceptional features
of the seismic events that may affect sites with the type of soft soil formations that support a large
part of the structures in the city, the characteristics of ground motion and, therefore, of structural
response, are also exceptional and often call for the use of models and tools that differ significantly
from those applied at firm-ground sites, where seismic risk is essentially determined from the
contribution of near-source earthquakes. Accordingly, significant efforts are devoted to the
development of methods to estimate seismic reliability functions of complex structural systems, as
well as to the transformation of the results in to practically applicable methods and tools for
reliability- and performance-based earthquake-resistant design that account for the special features
of narrow-band earthquake ground motion excitations (Esteva ez al, 2002; Esteva and Ismael, 2003;
Ismael et al, 2004).

Significant efforts are also invested on the development and/or updating of models for the
constitutive functions of reinforced concrete, masonry and steel structures, using both
internationally available information and the results of experimental research in Mexico. This has
not been included in this paper.

Finally, the 1985 earthquake had also an impact on the arising of awareness and consciousness
about seismic hazard in other regions in the country. This led to the updating of seismic zonation
and seismic design criteria throughout the country. The most demanding challenges, however,
coincide with those typical of many areas in the world: preserving that consciousness in engineering
design and quality control decisions long enough after the occurrence of damaging events.

8. References:

Avilés, J., and Pérez-Rocha, L. E. (1995), “Efectos de Sitio ¢ Interaccion Suelo-Estuctura para Fines de Reglamentacion
Sismica” (Site Effects and Soil-Structure Interaction for Seismic Codes), Proc. IV National Symposium on
Earthquake Engineering, Mexican Society for Earthquake Engineering, Oaxaca, Mexico.

Boore, D. M. (1983), “Stochastic simulation of high-frequency ground motions based on seismological models of the
radiated spectra”, Bull. Seism. Soc. Am., 73, 1865-1894.

Castro, R., Singh, S K. and Mena, E. (1988), “An Empirical Model to Predict Fourier Amplitude Spectra of Horizontal
Ground Motion”, Earthquake Spectra, 4(4) 675-685.

-15-



Esteva, L. (1980), “Design: General”, Chapter 3 of the book “Design of Earthquake Resistant Structures”, edited by E.
Rosenblueth, Pentech Press, London.

Esteva, L. (1987), “Earthquake Engineering Research and Practice in Mexico after the 1985 Earthquakes”, Bulletin of
the New Zealand National Society for Earthquake Engineering, 20(3).

Esteva, L. (1988), “The Mexico Earthquake of September 19, 1985: Consequences, Lessons, and Impact on Research
and Practice”, Earthquake Spectra, 4( 3) 413-426.

Esteva, L. (1989), “Research and Practice of Earthquake Engineering after the 1985 Mexico Earthquake”, ASCE
Specialty Conference — Seventh Annual Structures and Pacific Rim Engineering Congress, San Francisco, CA.

Esteva, L. and Ruiz, S. E. (1989), “Seismic failure rates of multistory frames”, ASCE Journ. Str. Engng., 115 (2) 268-
284.

Esteva, L. (1992), “Nonlinear seismic response of soft-first-story buildings subjected to narrow-band accelerograms”,
Earthquake Spectra, 5(3).

Esteva, L., Diaz-Lopez, O., Garcia-Pérez, J., Sierra, G. and Ismael, E. (2002), “Life-cycle optimization in the
establishment of performance-acceptance parameters for seismic design”, Structural Safety, 24, 187-204.

Esteva, L. and Ismael, E. (2003), “A maximum likelihood approach to system reliability to respect to seismic collapse”,
IFIP W(G7.5 Working Conference, Banff, Canada.

Garcfa-Ramirez, F. (2004), “Respuesta sismica torsional de sistemas no-lineales para fines de disefio por desempefio”
(Setsmic torsional response of nonlinear systems for performance-based design.

Garcia-Ranz, F. and Goémez, R. (1988), “The Mexico Earthquake of September 19, 1985 — Seismic Design Regulations
of the 1976 Mexico Building Code™, Earthquake Spectra, 4( 3) 427-439.

Gomez, A., Ortega, O., Guerrero, J. J., Gonzalez, E., Paniagua, JP. and Iglesias, J. (1989), “Response and Design
Spectra Obtained from Earthquake-Damaged Buildings™, Earthquake Spectra, 5(1) 113-120.

Goodno, B. J., Craig, J. I and Zeevaert-Wolf, A. E. (1989), “Behavior of Heavy Cladding Components”, Earthquake
Spectra, 5(1) 195-222.

Ismael-Hernéndez, E., Diaz-Lopez, E. and Esteva, L. (2004), “Seismic vulnerability anélisis for ptimum designo f
multistory reinforced concrete buildings”, Proc. 13WCEE, Vancouver, Canada.

Meli, R. and Rosenblueth, E. (1986), “The earthquake of 19 September 1985. Effects in Mexico City”, Concrete
International, 8(4) 23-34.

Meli, R. and Avila, I. (1989), “Analysis of Building response”, Earthquake Spectra, 5(1) 1-17.

Miranda, E. and Bertero, V. V. (1989), “Performance of Low-Rise Buildings in Mexico City”, Earthquake Spectra, 5(1)
121-143.

Norefia, F., Castafieda, C. and Iglesias, J. (1989) “Evaluation of the Seismic Capacity of Buildings in Mexico City”,
Earthquake Spectra, 5(1) 19-24.

Ordaz, M., Singh, S.K., Reinoso, E., Lermo, J., Espinosa, M. and Dominguez, T. (1988), “Estimation of Response
Spectra in the Lake Bed Zone of the Valley of Mexico”, Earthquake Spectra, 4(4) 815-834.

Ordaz, M. and Singh, S. K. (1992), “Source spectra and spectral attenuation of seismic waves from Mexican
earthquakes, and evidence of amplification in the hill zone of Mexico City”, Bull. Seism. Soc. Am., 82, 24-43.

Ordaz, M. and Meli, R. (2004), “Seismic design and codes in Mexico”, Proc. 13 WCEE, Vancouver, paper 4000.

Osteraas J. and Krawinkler, H. (1989), “Behavior of Steel Buildings”, Earthquake Spectra, 5(1) 51-88.

Rodriguez, M. and Diaz, C. (1989), “Analysis of the Seismic Performance of a Medium Rise, Waffle Flat Plate
Building”, Earthquake Spectra, 5(1) 25-40.

Rosenblueth, E., Ordaz, M., Sanchez-Sesma, F. ] and Singh, S. K. (1989), “Design spectra for Mexico’s Federal
District”, Earthquake Spectra, 5(1) 273.291.

Ruiz, S. E. and Diederich, R. (1989), “The Seismic Performance of Buildings with Weak First Story”, Earthquake
Spectra, 5(1) 89-102.

Ruiz, S. E., Rosenblueth, E. and Diederich, R. (1989), “Seismic Response of Asymmetrically Yielding Structures”,
Earthquake Spectra, 5(1) 103-111.

Seed, H. B., Romo, M. P., Sun, J. I, Jaime, A. and Lysmer, J. (1988), “Relationship between Soil Conditions and
Earthquake Ground Motions™, Earthquake Spectra, 4(4), 687-730.

-16 -



Third International Conference on Urban Earthquake Engineering
March 6-7, 2006, Tokyo Institute of Technology, Tokyo, Japan

RECENT ADVANCES IN HYBRID TESTING FOR EARTHQUAKE
PERFORMANCE EVALUATION

P. B. Shing

Professor, Dept. of Structural Engineering, University of California at San Diego, La Jolla, CA, USA
pshing@ucsd.edu

Abstract: A number of real-time hybrid test methods have been developed in recent years to study the
performance of structures and soil-structure systems under earthquake and other dynamic loads. This paper
discusses some of these developments and presents a fast hybrid test system that is based an unconditionally
stable implicit time integration scheme. The system has adopted a general structural analysis framework as its
computational platform for substructure test applications. The performance of the system has been
demonstrated. The system can achieve a rate of load that approaches real-time earthquake response. However,
the speed of a test can be limited by the computation time needed to handle the nonlinearity in the analytical
substructure and to record the simulation data.

1. INTRODUCTION

In recent years, a number of real-time hybrid test methods have been developed to study the
performance of structures and soil-structure systems under earthquake and other dynamic loads. Most
of these methods are, in essence, based on the on-line computer controlled test concept first proposed
by Hakuno et al. (1969) and later extended by Takanashi et al. (1974). The technique is often called
the pseudodynamic test method because such a test can be conducted at a very slow rate and the
dynamic effect is simulated with a computer model. With the extension of these methods to high
loading rates, the term “hybrid test methods” have been used to reflect the fact that they combine
numerical simulation with physical testing to achieve the best of the two worlds. Such tests normally
use servo-hydraulic actuators and sometimes a shake table to exert static or dynamic loads on a test
article. They are intended to provide an efficient alternative or enhancement to the shake table test
method. This paper summarizes some of these recent developments and the related work carried out
by the author and his co-workers.

Since its development by Takanashi et al., the pseudodynamic test method has been used and
advanced by researchers worldwide for earthquake performance testing. The essence of the method is
the use of a numerical time integration technique to solve the temporally and spatially discretized
equations of motion for the structural system being investigated based on the actual load-displacement
characteristics of the structure that are measured experimentally using actuators and sensors. When
compared to a shake table test, its main advantage is that it can be applied to large-scale structural
systems and components using reaction-wall facilities, which are generally less costly. In such a test,
loads are often applied at a very slow rate, which can be more than 100 times slower than the real-time
earthquake response of a structure. This is sometimes considered an advantage in that it allows a close
observation of the damage evolution in the structure during a test. Nevertheless, it also raises questions
with regard to the rate-of-loading effect on the strength and damage behavior of a structure. In
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particular, a slow test cannot be applied to a structure that has highly rate sensitive components such as
visco-elastic dampers and certain active or semi-active structural control devices.

The success of the pseudodynamic test method can be attributed, to a large extent, to a better
understanding of the influence of experimental errors on the test results and the development of
effective methods to mitigate the effect of these errors (Shing and Mahin 1983, Nakashima and Kato
1987, Shing et al. 1991). Furthermore, two lines of major development have occurred to extend its
applications. One is the substructure test method, in which only the most critical subassemblage of a
structure is tested while the rest of it is modeled in a computer. This technique was first successfully
developed by Dermitzakis and Mahin (1985) and later improved by a number of researchers
(Nakashima et al. 1990, Shing et al. 1994, Pinto et al. 2004). The other is the real-time pseudodynamic
testing, first successfully conducted by Nakashima et al. (1992), to circumvent the rate-of-loading
problem mentioned above.

Recently, a fast hybrid test system has been developed (Shing et al. 2004) as part of the George E.
Brown, Jr. Network for Earthquake Engineering Simulation (NEES) Program sponsored by the US
National Science Foundation. This system further advances the current state-of-the-art in real-time
substructure tests with several unique features. It has a flexible system architecture that incorporates a
general structural analysis framework for simulating the nonlinear behavior of the analytical
substructure. It also uses an unconditionally stable implicit time integration scheme to provide a robust
computational environment. This system and its performance will be discussed in this paper.

2. REAL-TIME HYBRID TESTING

Nakashima et al. (1992) successfully developed one of the early real-time hybrid test systems, in
which actuators were kept in continuous motion with the use of a staggered solution approach to solve
the equations of motion. Horiuchi et al. (1996) have developed a delay compensation technique for
hybrid testing and used it to evaluate the dynamic response of a secondary system with the primary
structure modeled in a computer. This method has been further extended by Nakashima et al. (1999) to
arrive at a real-time test method in which both extrapolation and interpolation are used to generate
displacement commands to move actuators continuously at high speed. Real-time test systems have
also been developed by other researchers such as Darby et al. (1999). Most of these systems are,
however, based on the central difference method, which is conditionally stable, for time integration.
This imposes a severe limitation on substructure tests where high-frequency modes are common and
may even exist in an experimental substructure. Magonette et al. (1998) have developed a high-speed
continuous substructure test method using a staggered implicit-explicit integration technique, in which
the equations of motion for the experimental substructure are solved with an explicit scheme, while
those for the analytical substructure with an implicit method. However, this has only partially
addressed the stability issue.

Bayer et al. (2000) have implemented an implicit integration scheme for hybrid testing. Similar to
the work of Horiuchi et al., they used a shake table to evaluate the dynamic response of a secondary
system, while the primary structure was simulated in a computer. During the test, the force developed
by the secondary system was measured and used to compute the response of the primary structure.
However, the primary structure was assumed to be linearly elastic and only the physical specimen
exhibited a nonlinear behavior. This permits the use of a simple sub-stepping technique to handle the
nonlinearity and the iterative correction required for an implicit scheme.

Reinhorn et al. (2004) have proposed a hybrid test technique that combines shake table excitation
with dynamic actuators for advanced applications such as soil-structure interaction tests. Nevertheless,
the implementation of such a method is challenging and it is still under development.
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3. NEES FAST HYBRID TEST SYSTEM

The Fast Hybrid Test (FHT) system developed by the author and his co-workers is presented here.
While the system framework is general enough to incorporate any implicit integration scheme, the
unconditionally stable o -method of Hilber et al. (Hughes 1983) has been selected. For a nonlinear
structure, the a-method requires a Newton-type iterative procedure to solve the equations of motion.
Since it is generally difficult to acquire the tangent stiffness of a structure accurately during a test, a
modified Newton approach using the initial structural stiffness has to be used. Furthermore, in a
real-time hybrid test using a digital servo-controller, servo-hydraulic actuators controlling the
structural displacements have to move continuously with a smooth velocity, and the displacement
commands to the actuators have to be sent at the update frequency of the controller, which is 1024 Hz
for the system used here. To meet these requirements, a special iterative procedure that adopts a fixed

~number of iterations in each time step has been developed. The details of the computational procedure
can be found in Jung and Shing (2006).

To model an analytical substructure in a hybrid test, an open-source, object-oriented structural
analysis framework, OpenSEES, developed by McKenna and Fenves (2000), has been adapted to
serve as the computational platform. The numerical integration scheme mentioned above has been
implemented in this software, and an interface has been developed to interact with the experimental
substructure through a digital control and data-acquisition system. To have a full and deterministic
control over all of the control and computational resources during a high-speed test, OpenSEES is
executed in an embedded real-time operating system. A pair of host-target computers is used for this
purpose. The host computer is for program development and the construction of the structural model
for testing. A compiled program is downloaded from the host to the target for execution in a real-time
environment.

Figure 1 shows the configuration of the FHT system, which is also designed for
teleparticipitation and teleobservation by remote users through the NEES Point of Presence
(NEESpop) and NEES Telepresence Server. There are two pairs of host-target computers. Target
computer 1 is for running OpenSEES, which solves the equations of motion in an iterative manner,
while the second target computer is responsible for the generation of displacement commands using

Simulink when more than 1/1024 sec.

is needed by OpenSEES to perform one

iteration. Furthermore, the second target

NEE$pop . ’NE S . . d . 1- k
L computer is equipped to run Simulin

sg—  models of the servo-hydraulic system

CI8G0 Swehes and test structure for pre-test

Seeneoae o simulations, which are often desirable.
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P

xPC-Target as the real-time kernel.

The performance of the system
has been evaluated in detail, with the
consideration of the numerical
integration scheme, system dynamics,
and PID control, through numerical
simulations and system transfer
functions. If both the servo-hydraulic
system and the test structure are
assumed to be linear, a complete hybrid
Figure 1 Configuration of the Fast Hybrid Test System test system can be represented by the
block diagram shown in Fig. 2. With
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this the system transfer function can be expressed as

d"(s) _ EF(s)-EC(s): P(s)
f(s) e - IC(s)- EC(s)- P(s)— EP(s)- EC(s)- P(s)

RTPD(s) = (1)

in which EF(s), EP(s),and IC(s) are transfer functions representing the external force, explicit
prediction, and implicit correction components of the numerical integration scheme, and P(s) is the
transfer function of the physical system, including the servo-hydraulic system and test structure. The
detailed derivation of the above expression and the corresponding transfer functions can be found in
Jung and Shing (2006).
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Figure 2 System Transfer Function

The transfer function in Eq. (1) can be used to examine the interaction of the system dynamics
with numerical computation in a real-time or high-speed test. All servo-hydraulic systems have an
inevitable delay in response, which can have an important impact on the numerical computation. With
PID control, the degree of this delay depends on the proportional gain k,. Figure 3 compares the
dynamic amplifications and phase angles obtained with the transfer functlon in Eq. (1) using different
proportional gains with the exact analytical solution that reflects the dynamics of the structural model
alone. The test structure considered here has a natural frequency of 9.20 Hz, and the structural model
is assumed to have a mass that is 36.8 times of that of the specimen, resulting in a natural frequency of
1.24 Hz. From the top graph, it can be observed that a low proportional gain leads to a low dynamic
amplification due to the damping effect introduced by the phase-lag error. The second plot in Fig. 3
shows that increasing k, also increases the oil column resonance amplitude, which could potentially
destabilize a system. However, as shown, this can be effectively suppressed by the AP feedback.

It is also noticed that the resonance frequency obtained from the system transfer function in Eq.
(1) is slightly lower than that of the analytical solution irrespective of the proportional gain. This
discrepancy has been found to be caused by the inertia force of the test structure, which is undesirably
introduced into the response calculation through the force feedback. This inertia effect is indicated in
the following equation of motion, which is actually solved in a hybrid test.

Ma+[r+MAlal=f )
in which M is the mass of the structural model, M, is the actual mass of the test structure, a is
the acceleration response to be computed, r is force related to the structural deformation, f is

excitation force, and /4, is the time scale factor with which a test is conducted. The bracketed term
represents the total force actually measured during a test and used in the numerical computation.
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However, since the dynamic response is simulated numerically, we often have M, << M to simplify
the experimental setup. Furthermore, in a slow test, it is not unusual that 4, <<1. Under these
conditions, the second term within the brackets can be neglected as in the case of a traditional
pseudodyanamic test. On the other hand, in a real-time test, 4, =1 and the inertia effect can be
significant especially when the excitation frequency is close to the resonance frequency of the
structural model. To overcome this problem, one may instead solve the following equation.

(M -MANa+[r+MAa]= f (3)

However, the above remedy is possible only if the time scaling is uniform throughout a test. If the time
scaling is not uniform, then Eq. (3) cannot be used and the actual acceleration during a test has to be
measured and the inertia force be calculated and subtracted from the total measured force. This has
been proven to be a feasible approach (Jung and Shing 2006).
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Figure 3 Influence of Proportional Gain

4. TEST EXAMPLES

4.1 Two-Degree-of-Freedom

A two-degree-of-freedom test was conducted to evaluate the performance of the FHT system. In
this test, the computation was carried out by a Simulink program executed in a real-time xPC-Target
environment. The structure was a scaled model of a two-story steel frame with simple beam-to-column
connections as shown in Fig. 4. To take advantage of the structural symmetry, only a single column
was tested with two actuators as shown in the figure. The integration time step was 0.01 sec and ten
iterations were used per time step. To compensate for the various delays in the control system and
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actuator response, a feed-forward control was used to supplement the PID control.

The column remained elastic in the test. Figure 5 compares the first-story displacement response
obtained from the test to the exact
numerical solution and the result of a
real-time simulation. The real-time
simulation was conducted with the
same equipment but with the test
specimen and hydraulic actuators
modeled by a Simulink program. In
the real-time test and simulation,
damping in the structural model was
assumed to be 4% of the critical for
each mode. However, in the exact
numerical solution, damping in each
mode was assumed to be 6% of the
critical. The difference in damping is
to account for the additional damping
effect introduced by the test
specimen. It can be seen from Fig. 5 that the results obtained from the three cases are all very close to
each other, while the real-time simulation shows a little more damping. This is probably due to fact
that the damping assumed for the specimen model in the real-time simulation was a little too high.

Figure 4 Two-Story Steel Frame

w e 4.2 Substructure Tests on a Zipper Frame
1 ST A 1/3-scale model of a three-story
suspended zipper frame, as shown in Fig. 6,
was tested using a substructuring method and
the OpenSEES program. The prototype frame
and the scale model were designed by Yang et
al. (2006). For the hybrid tests, the partition of
the frame model into an analytical part and an
experimental part is illustrated in Fig. 6. The
experimental part consists of only the
Figure 5 Displacement Response at 1* Story bottom-story braces connected with the same
type of gusset plates as those in the zipper
frame model. The first-story columns and beam
and the entire second and third stories were modeled analytically. The braces in the second-story were
expected to buckle during the tests. This presents a severe assessment of the test method.

For the tests presented here, the specimen was subjected to a sequence of three ground
motions. The ground motion records corresponded to LA22 of the SAC steel research program. The
first two records had accelerations scaled to 30 and 80% of the original, and the last had the peak
acceleration scaled to 200%, which was equivalent to the full-strength ground motion for the prototype
frame. The time integration interval used for these tests was 0.0035 sec. Because of the severe
nonlinearity in the analytical substructure and the time needed for data recording, the tests had to be
carried out at a speed that was 86 times slower than a real-time test. For the 30% level earthquake, an
almost perfect match of the test and simulation results was obtained. Figure 7 shows the displacement
time histories for the 80 and 200% level ground motions. The structure experienced mild inelastic
deformation and brace buckling at the 80% level. At the 200% level, one brace fractured suddenly in
tension right outside the gusset plate during the first cycle of strong motion. This was most likely
caused by a defect introduced by the welding of the slotted end of the brace to the gusset plate. Until

Time (sec)

(1in. =25.4 mm)
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the brace fractured, the experimental and simulation results show a close correlation.
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5. CONCLUSIONS

This paper summarizes some of the recent developments in real-time hybrid testing and
the related work carried out by the author and his co-workers. A fast hybrid test system
utilizing an unconditionally stable implicit time integration scheme is described, and its
performance is discussed and illustrated with two test examples. The reliability of the
system has been demonstrated. The system can achieve a rate of load that approaches the
real-time response of a structure to an earthquake ground motion. However, the speed of a
test can be limited by the computation time needed to handle the nonlinearity in the
analytical substructure and to record the simulation data, which can be a significant
overhead.
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Abstract: In previous work, we have shown that the ground motions from earthquakes that break the
ground surface are weaker than the ground motions from buried faulting earthquakes. In this paper, we
describe differences in kinematic and dynamic source parameters that may give rise to these differences
in ground motion levels. From kinematic rupture models, we show that the slip velocity of surface
faulting earthquakes is less that the slip velocity of buried faulting earthquakes. From dynamic rupture
models, we infer that rupture in the shallow part of fault (upper few km) is controlled by velocity
strengthening, with larger slip weakening distance D,, larger fracture energy, larger energy absorption
from the crack tip, lower rupture velocity, and lower slip velocity than at greater depths on the fault.
Dynamic rupture modeling using these properties results in lower ground motions for surface faulting
than for buried faulting events, consistent with the observations.

1. OBSERVED DIFFERENCES IN GROUND MOTIONS

At short and intermediate periods (0.3-3.0s) the recorded ground motions from earthquakes that
produce large surface rupture are systematically weaker than the ground motions from earthquakes
whose rupture is confined to the subsurface (Somerville, 2003; Kagawa et al., 2004). The large
differences in ground motion levels between surface and buried faulting events are evident in
Figure 1, which shows the response spectra of near-fault recordings of recent large earthquakes.
The left panel shows recordings from four surface faulting earthquakes in the My, range of 7.4 to
7.9, and the right panel shows recordings from two buried faulting earthquakes of magnitude M,,
6.7 and 7.0. The response spectra of the deep earthquakes are much stronger than those of the
larger shallow earthquakes for periods less than 1.5 sec. Figure 2 shows the event terms for larger
sets of surface rupture earthquakes at the top, and subsurface rupture earthquakes at the bottom.
The unit line represents the Abrahamson and Silva (1977) model, and lines above this line indicate
that the event's ground motions on average exceed the model (Abrahamson et al., 1990). The
ground motions of the subsurface rupture earthquakes are systematically stronger than average, and
those of the surface rupture earthquakes are weaker that average, over a broad period range
centered at one second, which dominates peak velocity. This phenomenon is not region dependent,
since the data used in the analyses are from crustal earthquakes in different tectonically active
regions around the world (Kagawa et al., 2004).
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Figure 1 Near-fault response spectra of recent large earthquakes. Left: Four earthquakes, Mw 7.2 to 7.9, with
shallow asperities and large surface faulting. Right: Two earthquakes, Mw 6.7 and 7.0, with deep asperities and no
surface faulting.
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Figure 2 Comparison of response spectral amplitude of individual earthquakes having surface rupture (top) and buried
rupture (bottom), averaged over recording sites, with the amplitude of the average earthquake as represented by the
model of Abrahamson and Silva (1997), represented by the unit line, which accounts for magnitude, closest distance
and recording site category. The event terms (residuals) are shown as the ratio of the event to the model. Source:
Somerville (2003).

2. OBSERVED DIFFERENCES IN KINEMATIC SOURCE CHARACTERISTICS
Somerville (2003) and Kagawa et al. (2004) have shown that earthquakes with surface rupture

have asperities (regions of large slip, as defined by Somerville et al., 1999) at depths shallower than
5 km (and possibly others that are deeper), while earthquakes with subsurface rupture have
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asperities that are all deeper than S km. The observation of weaker ground motions for surface than
for buried faulting earthquakes seems paradoxical, because the shallow events have much larger
near-surface displacements. This can be seen by comparing the distribution of slip with depth,
averaged along strike, for surface faulting earthquakes, shown at the top of Figure 3, with that for
buried faulting earthquakes, shown at the bottom of Figure 3.
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Figure 3 Distribution of slip for shallow (top) and deep (bottom) earthquakes.

However, slip velocity is a much more important determinant of strong motion levels than fault
slip (Dan and Sato, 1999). The effective slip velocity is defined by Ishii et al. (2000) as the slip
velocity averaged over the time in which the slip grows from 10% to 70% of its final value, and
represents the dynamic stress drop. As shown in Figure 4, the distribution of effective slip velocity
with depth for shallow events is quite different from the distribution of slip with depth. The
shallow events have large near-surface displacements, but they do not have correspondingly large
slip velocities. The slip velocities of the deep events, as high as 2 m/sec, are larger than those of
the shallow events, causing larger ground motion levels because slip velocity strongly controls
strong motion levels. 