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Building damage in Mexico City earthquake

from Adrian M. Chandler

One lesson to be learned from the recent Mexico City earthquake is that the Mexican earthquake-code
torsional design recommendations for asymmetric buildings do not include a sufficient safety margin.

TO engincers, the most disturbing aspect
of the recent earthquake disaster in
Mexico was the type and extent of the
buildings which [laifed. Many were
modem, ‘engineered structures designed
and built to withstand just such an occur-
rence. In the central area of Mexico City,
177 buildings collapsed completely and 85
suffered partial collapse as a result of the
magnitude (M) 8.1 earthquake o719 Sep-
tember 1985 and its aftershocks', while
virtually every building in the city suffered
some form, of foundation failure. The
nature and severity of this devastating
earthquake has already forced a major
reappraisal of engineering and architec-
tural practices in earthquake-prone aieas
of the world. -

Mexico itsell has one of the most
advanced building codes for earthquake-
resistant design®, but the extem of its
enforcement and possible corruption in
construction practices has come under
sharp attack in the wake of the disaster'.
The unprecedented severity of the
earthquake, however, was chiefly respon-
sible for the extent of the damage caused.

A joint venture by the US National
Science Foundation and the Instituto de
ingenieria of the Universidad Nacional
Autonoma de Mexico funded the installa-
tion only weeks before the earthquake of
an array of 20 state-of-the-art aceclero-
graphs spread slong the west coast of
Mexico north of Acapuico. The accelero-
graph project was set up to record the
strong-motion earthquakes predicted for
the Guerrero seismic gap in the Mid-
American trench. Major ground move-
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ments were expected in the area because
there had been a 75-year lull following a
decade (1900-1911}) in which 24 large
earthquakes had occurred. In addition, a
network of accelerographs had been set
up over the past 30 years in and around
the capital city. Thus the documentation
coliccted from the Mexico City earth-
quake and aftershocks constitutes the most
detailed and extensive ever recorded, and
full analysis of the mass of information
generated will take several months or even
years. Work so far has concentrated on
the initial earthquake. Careful analysis is
being made of the source of the shocks
beneath the Pacific near Playa Azul. The
first evidence from the coastal arrays is
that the carthquake contained a significant
propontion of its encrgy at frequencies of
~0.5 Hz. Examination of data from the
arrays estabiished farther inland will show
how the initiat spectrum of vibrations was
atienuated or amplified as it spread out
across the country. Of interest 1o engineers
is the local amplification of ground motion
imparted by Mexico City’s soft lake-bed
subsoil which resulted in a series of 0.5-Hz
shockwaves 2t —400 km from the earth-
quake epicentre.

Resonance of Mexico City’s subsoil at
a period of ~2 s was abserved during the
earthquake on 28 July 1957 (ref. 4), but its
significance was not fully appreciated at
that time. Far less damage occurred in the
city than during the latest earthquake, but
the event prompted the establishment of
a building code for seismic design® {one
of the first of its kind), together with the

foundation of the engineering institute.

Engincers n Japun and the United States
in particular are awaiting the results of
seismological surveys which will analyse
to what extent the apparent local
amplification of the 2-s ground waves is
peculiar to the sedimentary basin of Lake
Texcoco on which Mexico City is founded
(Fig 1a); there may well be important
implications for places such as Qakland
in Calhifornia and the many Japanese cities
that are built on soft alluvial coastal
plains”®. Both the Californian Earthquake
Engineering Research Institute {EERL)
and Britain's Earthquake Engincering
Field Investigation. Team (EEFIT) have
sent groups of engineers to study the
damaged areas and to report on why some
buiidings survived while others were com-
pletely destroyed. Visits of this nature are
now commonplace following major
earthquakes, EEFIT, for example, is a
UK-based group of engincers and scien-
tists with considerable experience in post-
earthquake reconnaissance in  Raly,
Turkey, Chile, North Yemen, Belgium and
Pakistan. A preliminary report on the
Chilean earthquake (M =7.4) of 3 March
19857 cited topographical efiects similar
to those in the region of Mexico City as
a likely cause of the concentration of
earthquake energy into the particular part
of the alluvial plain on which the damaged
towns are sitvated.

Comparison with Europe

Long-period amplification of ground
motions has also been observed and exten-
sively reported in ecastern European
carthquakes"!". The Vrancea region of
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Fig. 1 An east-west section through Mexice City subsoil' (a), and
2 typical cross-section and soil profile in Bucharest® (b).
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spectra of  the  Romanian
earthquake on 4 March 1977,
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central Romania, for example, is a
confined territory of ~2,000 km” in which
about 50 seismic events with magnitudes
greater than 5 have occurred since the
beginning of the last century Four of these
events, in 1802, 1929, 1940 and 1977, were
especially destructive. For the 1977 event
a substantial body of data 1s avarlable™,
with both seismological and engineering
significance. As in the recent Mexico City
and Chilean earthquakes, the long-period
components of the ground motion were
amplified at long distances, especidlly
through the alluvial deposits in southern
Romania and Bulgans. The Fourier
amplitude spectrum of the north-south
{NS) component, recorded a1 the
Romanian Building Research institute
{INCERC) in Bucharest, is shown in
Fig. 2a, and the corresponding soil profile
in Fig. 1b. The peak recorded ground
acceleration was 0.20g.  Acceleration
response spectra for the same earthquake
are plotted in Fig. 2b for critical damping
ratios £=0.02, 0.05, 0.10 and 0.20, the
response spectrum is an engineering rep-
resentation of earthquake ground motion
in terms of the variation of the peak
response of a simple single-degree-ol-
freedom osciliator with natural period T
(s}, and damping £ expressed as a propor-
tion of critical damping The greatest
accelerations occur for penods > 0.8 s, and
peak at —~1.5-2.0s. The spectral acceler-
ation is repesentative of the force experi-
enced by a structure during the
earthquake, and such long.period
amplification is unusual when compared
with standard spectra assumed for pur-
poses of design in many countries'>*".
The main geotechnical problem in
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Bucharest arises from the presence of
loessial (soft, wind-deposited) soils. In
some arcas, in the presence ol water, these
s0ils settle as much as 2 m under their own
weight, thus any kind of foundation con-
struction on such soils poses a difficult
problem for geatechnical engineers, A soil
amphfication study” based on analysis of
nonlincar wave propagation through the
soil profile in Fig. 15 demonstrated that
the base-rock acceleration, with an amph-
tude estimated at 0.03g, 1s magnified about
seven Limes, yiciding a maximum surface
acceleration of ~0.20g as recorded in the
NS component. The predominant period
of vibration of the s was computed at
~-1.2s.

By lar the greatest structural damage in
Bucharest was sutfered by relatively light,
reinforced concrete burldings 8-14 storeys
high with natural periods between 0.9 and
1.6 5. This observation confirms the indica-
tions given by the Fourier and response
spectra of the carthquake record (Fig. 2a
and b respectively). The relatively high
stiffness of the massive reinforced-
concrete structures, generally 6-8 storeys
high, which are typical ol post-war con.
struction in the region, resulted in rela-
tively short fundamental periods of vibra-
tion and consequently these buildings sur-
vived with listle or no damage®. Similar
damage reports have been published for
the 1985 Mexico City eanhquake', in
which 106 reinforced-concrete-frame
buildings collapsed and a further 36 were
severely damaged Only one of these
buildings exceeded 15 stories in height,
and 69% were constructed after 1957,
when earthquake-resistant design regula-
tions were first introduced.

Dynamic torsional coupling

The principles of building construction to
wilthstind carthquakes are well estab-
lished' ** First, the concepiual design
must ensure a ductile structure which can
shaorh encrpy: for example, foundations
mu~t be designed Lo avoid any differential
movement Dillerential stiffness between
prles and columns which could cause tor-
sion or rocking should be avoided: stifl
uppeT stories resting on a relatively “softC,
open groamd-floor can lead 10 excessive
stress in the base columns. There must also
be adequate provision for energy absorh-
tion, for example by the inclusioh of struc-
turally redundant partition walls designed
1o [ail during carthquakes and be replaced
afterwards. Here | concentrate on research
into the problems of building configur-
ation, in particular where the_design
asymmetrical, as when stiff elements such
as the shear walls surrounding lift shafts
are located eccentrically on plan. A typical
arrangement is shown in Fig. la In the
present study | evaluate the margin of
sufety in the carthquake-resistant design
of such buildings, termed ‘torsionally
coupled’ as defined betow, when building
code provisions are adopted. In particular,
the torsional design recommendations ol
the Mexicun carthquake code” are evalu-
ated for the response of & particular class
of huildings to ground metion exhibiting
long-penod amplification, as for example
in the record of the Romanian 1977
earthquake (Fig. 2u)

For the purposes of this article a lorsion-
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Fig. 3 a, Typical plan view of a torsionally
coupled bulding with one eccentricity com-
ponent; b, the corresponding model. X, Trans-
fational stifiness; K, torsional stifiness,
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ally coupled building is defined as one in |
which the centres of muass and re<istance
in at least one storey o oot o
This means that the incitis foroes (acting
atthe centre of mass) and the el 0 fores
(acling at the centre of 1
dynamic couple which inferoonnects the
translational and (orsi- ol e o Inow
torsionally uncoupl 4 ! ‘
centres of mass and R
stories lie on the <0 v ? u
therefore translation!  and
responses are indepy
rence of torsional ca. !
evident in buildings |
slabs act as diaph:op - ¢
theirown plane: £ (e
lithic reinforced-v-an
on slender moment i« ity
The distance betvicen ite centies
mass and resistance < refenod (o e
static eccentricity, or <iij!s
tricity. This quantity rmay b
by applying the principles of static
engineering mechanics to a specified mass
and stiffness distribution. Irregularities of
this kind may arise, for example, from ihe
functional architectural requirements of
the building, an irregular plan confgur-
ation or an unbalanced distribution of the
vertical structural elements. It has been
recognized, however, in resrarch work'7"%°
and in building codes™ that there is an
uncertainty about the magnitude of the
eccentricity during an  carthquake.
Accidental eccentricities may result from
a number of causes which cannot be quan-
titatively determined”. variations between
the actual and assumed mass and stiflness

incident. |
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distributions; the presence and participa- |
tion in the building response of stairs, |

paniitions or masonry in-fill wualls, non-
linearities, failures and consequent shift-
ing in the structural response characteris-
tics; displacement constraints fiom adja-
cent structures; the rotationa! compenent
of, ground motion about a4 vertical axis,
and multi-support excitation.

Computer programs®™ ™ using com-
plex multi-degree-of-ficcdom  stiuctural
models have been developed (o analyse
the earthquake response of toisionally
coupled buildings. Although the pioblem
of torsional coupling in simple medels was
recognized and expcrimentally invest-
gated in 1943 (rel. 25}, it was not until
1958 that the first conclusion of practical
significance was madc™, namely that the

dynamic torque T, may be considerably
larger than the product of thic uncoupled
shear force V,, and cccentricity €. This
conclusion has since been verified® ™7 ™
using more general modcls of torsivnally
coupled buildings. The present study is
concerned with single storey torsionally
coupled buildings with centres of mass
and resistance lying on the same principal
axis of resistance (Fig.3a, modelled
mathematically as in Fig. 3b). Detailed
parametric analyses of such buildings
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An indicanon of the damage
caused by the Mexico City
carthquake. Above, precast con-
crete floor plates from a muln-
storey car park have pushed side-
wuys the adjacent old building.
Qn the right, pragressive callapse
of the steel-framed Hotel de

Carlo was coniained afrer
several stories were losi.
have already been made’?""  so | coupled translational and torsional

cmphasis is placed here on a comparison
with the torsional recommendations of
building codes™, and the Mexican code’
in particular.

The building is considered to cansist of
a rigid floor-diaphragm supporied on
stiuctural framing and shear walls. The
floor slab behaves as a rigid body in a
general plane motion with two degrees of
freedom: horizontal translation, and rota-
tion about a vertical axis through the
centre of resistance. Such buildings are
commonly called ‘shear” buildings
beoiuse of the shape of their primary
deformation mode. It is assumed that the
mass of the building is lumped at the
centre of mass, which coincides with the
centroid of the floor slab. The structural
clements supporting the slab and provid-
ing the lateral resistance are massless, elas-
tic and viscously damped springs (see
Fig. 2b). The investigation of single-storey
buildings is justified because the response
of multi-storey torsionally coupled build
ings can, in many cases, be predicted®'-?
from the response of associated single-
storey buildings.

The canhquake ground motion is
assuined to act in the x-direction only, and
consists of the digitized NS Romanian
1977 ground acceleration record. The

response components of the structure have
been computed in the frequency domain
using numerical integration methods??*?,
and are expressed parametrically in terms
of the damping ratio £ the static eccen-
tricity ratio e, = e/ r, where r is the radius
of gyration of the floor mass m about the
centre of mass, and the uncoupled
frequency ratio A = w,/w, where w, and
w, are, respectively, the torsional and
translational natural frequencies of the
torsionally uncoupled building (e=0).
Note that the translational natural period
T =2n/w, (Fig.2b).

Comparison with Mexican code

In 1979, Rosenblueth™ discussed a num-
ber of improvements which had been
implemented in the Mexican code? as a
result of research and of an interchange
of ideas and experiences with the Applied
Technology Council of the United States.
Among the improvements was a more
detailed treatment of design storey torques,
intended to account for the dynamic
amplification of eccentricity which results
from torsional coupling, and based on ear-
lier results by Rosenblueth and Elorduy®®.
To this end, an amplification of 1.5 in the
static eccentricity e was recommended to
define the dynamic eccentricity e,; that is,
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the design storey torque T, was 10 be
taken as 1.5eV,,, where V., is the design
storey shear as recommended by ali the
various building codes” and represents
the storey shear, or laterat force, calcu-
lared for 2 building with the eccentricity
-aeglected {that is, torsionally uncoupled).
In addition, the design eccentricity was to
be increased by 0.1 ¥, where Y is the pian
story dimension measured perpendicular
10 the dircction of the appiied earthquake
forces (Fig.da). This additional term
accounts for the probable accidental
eccentricity e, arising from the vasious
sources listed earlier. Although this latter
term was recognized to be a crude way of
dealing with several variables, it was felt
that such an approach was justified
because, first, a more ambitious and there-
fore time-consuming and costly provision
would meet with objections and probable
rejection by practising engineers, and
second, the current state of knowledge
would not realistically justily a more
refined treatment. In summary, the recom-
mendations of the Mexican 1977 code’ for
the design torque T, are
N=Tu+T,
=('¢+ el)V.l'n
=(1.5e+0.1 Y)V,

The development of equivalent static
methods f(or incorporating torsional
effects in building design stems from the
work of Bustamante and Rosenblueth®,
who first introduced the concepls of
dynamic eccentricity and the dynamic
amplificition of static eccentricity as
described above. These concepis were
later implemented in the majority of build-
ing codes. Although compilers of building
codes were quick 10 adopt the dvnamic
amplification concept, it has become
apparent from the work of various inves-
tigators???72*3 that this method does not
provide a complete (or conservative}
description of the eflects of torsional coup-
ling over the full ranges of the controlling
parameters which define the dynamic tor-
sional characteristics of typical buitdings.
The studies have shown that when the

eccentricity is small {¢ < Y}, the dynamic
amplification of eccentricity can be well
in excess of 1.5, but that when such large
amplification occurs (that is, in particular
when the uncoupled naturat frequencies
w, and w, are close, so that A=190)
the story shear V, is smalier than the
design value V,,, hence the dynamic
amplification of shear is <1.0.

The torsionat provisions of the Mexican
code, in common with most codes, take
no account of the effects of the frequency
ratio A or of the level of damping £ present
in the structure. The results presented in
Fig. 4 retaie to the worst-case situation for
design (thatis, A = 1.0) and further assume
£ = 0.05, a value which is conservative for
the majority of buildings. A study by Harl
et al'* has shown that of 19 buildings
investigated, 9 had fundamentat 1orsional
frequencies within 25% of the correspond-
ing latecal frequencies; hence, torsional
coupling probably has a significam effect
on the earthquake response of many build-
ings, particularly  since  greates!
amplification of ecceatricity occurs when
the static eccentricity ratio e, is small.

Figure 4 itlusirates the efiects of tor-
sional coupling on the dynamic
amplification of shear and eccentricity for
e, =0.05,0.15 and 0.30 in the response to
the NS Romanian 1977 eanhquake,
clearly demonstrating the implications of
long-period amplification of ground
motion on the magnitude of coupling
eflecis. In particular, for fundamental
(uncoupled) building periods T>1.0s
and flor e, = 0.05, the dynamic eccentricity
is amplified compared with the static value
by a factor of up 10 5.5, in comparison
with the building code estimate of 1.5 as
shown. Furthermore, the dynamic shear is
approximately cqual te the uncoupled
{design} value VY, in this range. Hence
the dynamic forces on the building will in
combination exceed design values 10 an
extent which may resuit in the widespread
damage or failure of buildings with funda-
mental periods in this range; that is, buiid-
ings that are 10-15 storeys high'". This
observation coincides with the reported

damage to buildings in both the Chilean’
and Menican earthquakes®® (1985), in
which torsional effects were cited as =
major cause of [ailure, as in the Romanian
carthquake freelf™

The deficiency of the torsional recom-
mendation ol the Mexican code is less
evident for larger eccentricities, when the
dynamic amplification of eccentricity
assumes smaller values (Fig. 4). Neverthe-
less, the provision saderestimates to some
extent the dynamic torgue even for farge
stalic eccentricity (e, =0.30), especially
when T =095, However, in the same
range the dynamic shear is reduced to
~60-T70% of the design value V,, and wilt
thus ofisct 10 some extent the underestima-
tion of dynamic torque.

Conclusions

Early reconnaissance reports following
the 19 September 1985 eanthquake in
Mexico City gave strong indications that
even those huildings that had been de-
sigaed and built sirictly in sccordance with
the lacal earthquake codes and modern
engineering practice, collapsed as a result
of the earthquake. This may be explained,
in part at least, by the unusual smplifying
effects of the geological formations
beneath the city. In addition, however, the
present study shows that the earthquake
design  procedures accounting for tor-
sional coupling in the Mexican code
underestimate the etfect within particular
ranges of the controlling parameters
defining the dynamic characteristics of
buildings. In particular, torsiona! coupling
is more significant in the response of asym-
meiric buildings to an carthquake whose
spectrum  exhibits a concentration ol
energy in the range of natural periods typi-
cal of many modern multi-storey buildings
of medium height and of conventional
construction. Because of the uncertainties
surrounding the precise distribution of
mass and/or stifiness, even buildings
which uar¢c nominally symmetric can
respond with strongly coupled laterat and
torsional modes of vibration'?, resulting
in an amplification of torsional response
which significantly exceeds the design
value in the Mexican building code.

The lessons learnt in the wake of the
Mexico City disaster™ must be foliowed
by a detasiled re-examination of earth-
quake-resistant design principles as indi-
cated by the present research, followed by
worldwide enforcement through more
stringent design and supervision building
codes in seismic zones. 0
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