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well with their observed performance. Nevertheless, in some 
cases the analyses indicated that the buildings should have 
experienced a greater nonlinear behavior than the ones 
perceived from their level of damage. Some reasons for these 
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bracing, and of achieving ductility and continuity through mild 
steel reinforcement, is emphasized. 
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lUres. Indeed, some of these buildings 
.were located in the most severely "f­
. fected part of the city and were sub­
jected to very intense ground shaking. 

The object of this paper is to first 
present an overview of the perfor­
mance of prestressed concrete con­
struction in Mexico City during the 
September 19, 1985, earthquake, and 
then to show the results of a case 
study of five buildings whose struc­
tural drawings could be obtained. Al­
though none of these buildings fully 
complied with modem code require­
ments for earthquake resistance, they 
survived the earthquake with minor or 
no damage. Several practical recom­
mendations, regarding different as­
pects of the earthquake-resistant de­
sign of prestressed concrete structures, 
are drawn from these evaluations. 

ASSESSMENT OF 

EARTHQUAKE DAMAGE 

The earthquake of September 19, 

1985, with a magnitude Ms = 8.1 
(Richter Scale), originated near the Pa­
cific Coast of Mexico and was felt with 
extraordinarily large intensities in some 
parts of the Valley of Mexico, approxi­
mately 400 km (250 miles) from the 
epicenter, causing the collapse or se­
vere damage of many buildings. 

ihe intensity of the ground motion 
varied considerably throughout the 
Mexico City area. Peak ground accel­
erations were less than O.04g in sites 
of finn soil, while they reached 0.20g 
in some parts of the bed of an old lake 
which contain~ very deformable clay 
deposits. Unfortunately, this is also 
when? the most populated part of the 
city is located. 

A description of the main structural 
aspects of this earthquake can be 
found elsewhere.2 Briefly, the long du­
ration ground motion with prevailing 
long periods mostly affected multi­
story flexible buildings, whereas low­
rise stiff buildings, even those appar­
ently rather weak, Suffered very little 
damage. 

Reinforced concrete frame buildings 
of more than fi ve stories were the 
most damaged structures. They had 
been typically designed for a base 
shear coefficient of 0.06 and, in most 

Mild steel 
reinforcemen Preslressing 

lendons 

Fig. 1. Cast-in-place frames with post-tensioned concrete beams. 

and joints had not been detailed with 
the current strict code requirements for 
ductile frames. 

Failures were mainly due> to shear or 
eccentric compression in columns and 
to bond or shear in joints. Irregulari­
ties in the structural scheme, such as 
lack of in-plane symmetry and discon­
tinuity or sharp changes in stiffness of 
structural members, frequently con­
tributed to the failures. Hammering 
with adjacent buildings and excessive 
locking of the foundations were other 
sources of damage and collapse. 

As a result of the damage evaluation 
following the earthquake, design 
forces for seismic resistance have been 
significantly increased in the new 
Mexico Building Code, which also 
imposes stringent requirements for 
ductility in concrete structures. 

PERFORMANCE OF 

PRESTRESSED 


CONCRETE BUILDINGS 

Detailed evaluations of the perfor­

mance 0; prestressed concrete build­

ings were published a few months 
after the earthquake. J

·• Additional 
comments given here will augment the 
earlier reports. 

Within the large variety of construc­
tion systems, including prestressed 
concrete members, that have been 
used for buildings in Mexico City, two 
major types can be distinguished: 

1. Cast-in-place concrete frame 
structures, with beams that are 
post-tensioned in at least one direc­
tion (those with largest spans) ­
Continuity is provided by mild rein­
forcing steel and by draped prestress­
ing tendons (see Fig. I). As a variation 
of this system, flat plate or waffle slab 
floor systems are post-tensioned in a 
similar way. 

2. Structures with cast-in-place 
concrete columns and precast, pre­
stressed concrete beams of different 
shapes - Joint continuity is provided 
by a cast-in-place concrete topping with 
mild steel reirJorcement (see Fig. 2). 

Frequently, long span prestressed con­
crete beams in one direction are com­
bined with non-prestressed reinforced 

Mild steel 

reinforcement 


Precast preslressed beams 
Cosl.;n-ploce column 

cases, the reinforcement in members Fig. 2. Continuity for rlef'ative moments inprecast, prestressed concrete frames. 
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concrete beams, or shorter span, in the 
other direction. 

Most prestressed concrete buildings 
were of mid-rise construction, between 
four and eight stories. In some cases, 
the buildings were stiffened by shear 
walls, but more often frames were re­
quired to resist the total lateral force. 

Some of the collapsed or severely 
damaged buildings contained precast 
structural elements. In most cases, the 
precast concrete members were part of 
the floor slab supported by cast-in­
place reinforced concrete beams on 
column lines. Therefore, monolithic 
reinforced concrete frames constituted 
the main lateral load-resisting system. 
A rather thin reinforced concrete top­
ping was typically cast over the pre­
cast floor to provide for in-plane con­
tinuity. Quite often, this type of floor 
showed signs of in-plane distortion, 
indicating that an effective diaphragm 
action was not achieved. 

Efforts were made to retrieve the 
structural drawings of the fi ve pre­
stressed concrete buildings which, ac­
cording to Fintel's evaluation,3 had 
suffered severe damage or collapse. 
Only for one of these buildings could 
some infonnation about the structural 
design be obtained. 

This building was a six-story hos­
pital with cast-in-place columns. The 
floor system was composed of pre­
cast T-beams. The beams on the col­
umn lines in both directions had a 
precast soffit with ducts for straight 
post-tensioned tendons. Mild steel 
reinforcement for positive and nega­
tive bending was placed inside stirrups 
protruding from the precast soffit. A 
practically monolithic frame was ob­
tained in this manner. 

The scarcity of available infonr.a­
tion did not allow a detailed evalua­
Uon of the seismic respom;e and safety 
of this building. Therefore, it could 
not be included in the case studies. 
Nevertheless. approximate computa­
tions showed that the shear and bend­
ing strengths of the columns in the 
longitudinal direction were clearly in­
sufficient to resist the forces induced 
by ground motion. 

It can be concluded that, in this 
building - as it was in the large ma­
jority of the damaged reinforced con­
crete structures - the collapse was 

due to the weakness of the columns 
and was not related to the behavior of 
the precast or preo/essed members nor 
to their connecti;>ns to the columns. 
This conclusion ~s confinned by the 
inspection of the remains showing in­
tact beam-t()-{;olumn connections.) 

It can be argued, nevertheless, that 
the lack of thorough in-plane stiffness 
of the precast floor could have caused 
the concentration of shear forces in 
some of the coluilln lines, thus some­
how contributing to the failure . 

The remainder of the prestressed 
concrete buildings did not suffer any 
significant structural damage, even 
those located in the most severely af­
fected area. Nevertheless, several of 
the buildings showed signs of exces­
sive lateral displacements, resulting in 
non-structural damage such as crack­
ing of partitions and distortion and 
falling of ceilings. Some very slender 
buildings, founded on friction piles 
over very soft clay soil. suffered sig­
nificant base displacements and rota­
tions, and even some residual tilting. 

CASE STUDY OF 

SPECIFIC BUILDINGS 


A search for detailed infonnation on 
the structural design of prestressed 
concrete buildings was undertaken to 
be able to fully evaluate whether their 
performance during the earthquake 
could be explained through analytical 
computations. About 20 prestressed 
concrete buildings were identified, but 
only for five of them could complete 
str;Jctural drawings be obtained. These 
five structures were analyzed in detail 
and the results are reported here. 

Only cae 0f these buildings was lo­
cated in the area of heaviest damage. 
Three buildings were founded on soft 
soil deposits of moderate thickness. in 
the so-called transition zone, where 
the intensity of the earthquake was 
still high but less severe than in the 
lake area. The last building was lo­
cated in an area of finn soil where the 
ground shaking was minor and no 
~ge occurred. 

Each building was inspected to de­
tect damage -caus:!d by the earthquake, 
to check its properties against those 
reported in the dtawings and to detect 
construction defe-;ts. The vibrations of 

the five buildings under nonnal condi· . 
tions were measured to detennine their 
dynamic properties and to calibrate the 
analytical models used to compute the C" 

theoretical response. The technique 
used for these so-called ambient vibra­
tion tests will be described in the next 
section. 

Methodology 

The methodology used in this study 
was similar to that applied to other 
types of buildings in evaluating the 
design methods and the required pro­
visions of the building code for earth­
quake-resistant design, An evaluation 
of the performance of concrete and of 
masonry buildings can be found else­
where (see Refs. 5 and 6. respec­
tively). A detailed presentation of the 
evaluation of prestressed concrete 
buildings. summarized in this paper. 
can be found in the doctoral disserta­
tion of the first author. ' 

Analytical models with different 
levels of sophistication were used to 

study the seismic response of the five 
buildings. Linear response was inves­
tigated using a three-dimensional 
model, with proper consiQeration for 
the stiffness of the joints. The com­
puter program SUPERETABS was 
used for this purpose. 

To take into accour:~ t~e relative de­
fonnations between the structure and 
the soft soil where it was founded, an 
artificial story was added at the bot­
tom of the structure. In this story. the 
axial and lateral stiffnesses of columns 
were cetermined to reproduce those of 
equivalent springs representing the 
rotational and translational stiffness 
of the surrounding soi!.8 A stiff di­
aphragm was assumed to connect all 
the members at each floor. 

The buildings were modeled as a 
frame structure where the contribution 
of the slab to the lateral stiffness was 
included in the moment of inertia of 
the equivalent beam. Proper consider­
ations were made for the effect of ma­
sonry infill walls through equivalent 
diagonal members. 

From the linear analyses. the dy­
namic properties of the building, i.e., 
vibration periods and modal shapes, 
were first determined and compared to 
those measured in the ambient vibra­
tion tests. The dynamic response of 
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Fig. 3. Ground motion records at two sites of Mexico City for the September 19, 1985 earthquake. 

each building to ground motions 
recorded in the 1985 earthquake for 
soil conditions similar to those of the 
sites was computed using a step-by­
step dynamic response analysis. 

From the available records of the 
1985 earthquake, the SCf-EW record 
was selected as the most representa­
tive for the lake bed area and the VIV­
EW for zones of finner soil. Nevert.he­
less, it must be taken into account that 
the characteristics of the ground mo­
tion varied considerably in each zone. 
Therefore, most buildings were ana­
lyzed for more than one ground mo­
tion to find bounds for the response. 
The accelerograms of the two previ­
ously mentioned records are shown in 
Fig. 3. The large differences in maxi­
mum amplitude, duration and fre­
quency content betweer. the records 
can be observed. 

Lateral displacements and internal 
forces induced by the selected ground 
motions were computed and com­
pared with those that could be resisted 
by the building. For this type of linear 
analysis. no specific difference was 
made between the model typically 
adopted for a non-prestressed, rein­
forced concrete frame and that corre­
sponding to a prestressed concrete 
building. 

Despite some evidence indicating 
that prestressed concrete structures 
have lower damping ratios than those 
of non-prestressed, reinforced con­
crete structures, the same damping 
ratio was assumed for both cases, i.e., 
5 percent. It was assumed that the 
major source of damping in buildings 
is the friction between structural and 
non-structural members; therefore, the 
difference in damping between pre­

stressed and non-prestressed concrete 
should not be significant. The validity 
of this assumption is discussed in the 
next section, based on the results of 
the ambient vibration tests. 

For buildings in which the linear 
analyses indicated that the theoretical 
capacity of some structural members 
should have been exceeded for the 
ground motion considered, nonli!,!ear 
analyses were performed on a planar 
model to ascertain the amount of inelas­
tic behavior that should have occurred. 

Several models were considered to 
represent the nonlinear behavior of a 
prestressed concrete member. The 
classic elasto-plastic model [see Fig. 
4(a)] was compared to a stiffness de­
grading model [see Fig. 4(b)] and to 
the S-shaped model that has been pro­
posed for prestressed concrete mem­
bers [see Fig. 4(c)]. 
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Fig. 4. MoLi&~ ot nonlinear behavior under cyclic loading_ 

MSrch-Apri1 1993 61 

r----------~~----~~--~~----~----~----~~~---~~~-----------------------------------

http:Nevert.he


The response of one-degree-of-free­
dom systems with the tihree models of 
nonlinear behavior to (jlfferent ground 
motions has been studiied. For the EI 
Centro record, the di Terence in the 
maximum displacements (and the duc­
tility demand) was negligible between 
the perfectly elasto-plastic and the 
stiffness degrading models. The re­
sponse was significantly larger for the 
S-shaped model. Nevertheless, for 
systems with periods in the range be­
tween 1 and 1.5 seconds. the differ­
ence did not exceed 2'i percent. 

Analyses performed for the type of 
ground motion recorded in the soft soil 
of Mexico City indicat'~d that, for peri­
ods iarger than I secon'd, the difference 
among the results for the three models 
was smaller than that obtained for the 
EI Centro record. Since none of the 
buildings studied had shown significant 
evidence of inelastic behavior, the non­
linear analyses were intended to pro­
vide only an approximation to the theo­
retical inelastic deformation. Therefore, 
it was decided to use the elasto-plastic 
model because it required the least 
amount of com[-uter time. 

Another important simplification in 
the nonlinear analyses was the use of a 
planar model, which neglected the 
three-dimensional behavior of the 
building. A representative frame was 
selected for each orthogonal direction. 
A portion of the total mass of the 
building was assigned to this frame 
proportional to its relative stiffness. 
This simplification allowed the use of 
the widely known computer program 
called DRAIN-2D. Since the layout of 
the bildings was symmetrical, the 
pLular syste~.l pve a reasonable esti­
mate of the overall response. 

In computing the strength of the 
members, the lIsual assumption of 
compatibility of deformations was 
used. All partial safety factors were 
eliminated. For beams. the yielding 
moment was used, and for columns, 
the complete interaction diagram for 
axial force and moment was defined 
by linear segments connecting three 
key points . Nominal values for the 
moduli of elasticity ·and the gross di­
mensions of the s(:ctions were as­
sumed for the stiffne;s computation. 

In a first stage computation, the 
nominal strengths of the structural 

members selected were those normally 
used in design practice . In a second 
stage computation, the expected (aver­
age) strengths of structural members 
were used to estimate the most proba­
ble response of the buildings . There­
fore, average material strengths and 
ultimate member capacities were used 
instead of specified values. Also, the 
contribution of the slab reinforcement 
to the flexural strength of the member 
was considered. 

AMBIENT 

VIBRATION TESTS 


The availability of high sensitivity 
accelerometers has allowed the mea­
surement of very small vibrations ex­
perienced by buildings under normal 
operating conditions. Traffic, wind 
and micro-seismic activity produce 
small amplitude vibrations which can 
be recorded by suitably distributed in­
struments. Using this technique, the 
major dynamic properties of buildings, 
such as periods , shapes for the first 
modes and damping coefficients, can 
be determined. 

In the lake zone of Mexico City, 
ambient vibrations are greatly ampli­
fied due to the flexibility of the soil; 
thus, free-noise signals ~re obtained. 
The technique has been widely used to 
determine dynamic properties of struc­
tures for different purposes, i.e ., to 
check the validity of theoretical com­
putations. to ascertain the influence of 
some spec:fic factors such as the soil­
structure interaction, or to evaluate the 
effectiveness of rehabilitation schemes 
in increasing the lateral stiffness of the 
building. The signals of one or more 
sensors are recorded, filtered and am­
plified, and their power spectra are 
computed through a spectrum ana­
lyzer. Typically, a large sample of 
measurements is taken and average 
spectra are used as results. 

Measurements were taken in the 
five prestressed concrete buildings 
studied. A detailed description of the 
techniques and results is found in Ref. 
9. The main objective of these mea­
surements was to validate the analyti­
cal models used in this study. Results 
are summarized in Table 1. As an ex­
ample, in Fig. 5 the acceleration spec­
trum for the vibration in the transverse 

direction of the QRO Building is 
shown. At least three modal frequen­
cies can easily be identified. In Fig. 6. 
the shapes of the first three modes in 
the transverse direction are shown for 
the same building. The translation and 
rocking of the building at the base can 
be clearly observed. 

A study of the re s ult s shown in 
Table I depicts that. in general. the 
fundamental peri ods of the buildings 
are greater than those tha t would be 
des irable. at least for the directi on 
with no infill walls . This indicates that 
the structural system adopted is very 
flexible and that large lateral displace­
ments can be expected under seismic 
effects. 

A good agreement is found between 
measured and computed periods, espe­
cially when the deformations at the 
base of the building are taken into ac­
count. The average error for the first 
translational mode is I percent and the 
coefficient of variation is 2 percent. 
Only for the buildings on soft soil 
were the vibration periods and the lat­
eral displacements significantly in­
creased due to the deformalions (trans­
lation and rocking) at the base of the 
building. 

It can be concluded that the model 
and the dynamic properties assumed 
for the analysis were adequate to repre­
sent the dY'lamic responses of the 
buildings. Nevertheless, it must be ap­
preciated that for larger amplitudes of 
vibration, as those induced by severe 
earthquakes, the level of stresses will 
be greater, the structural stiffness 
lower and, therefore. the vibration peri­
oCs longer. This consideration tends to 
indicate that the model adopted overes­
timates the actual stiffness of the struc­
ture under severe ground motions. 

Damping coefficients were com­
puted from vibration records. A signif­
icant variation was found in different 
records for the same buildings. There­
fore, for some cases, instead of a sin­
gle value, a range of variation of the 
damping coefficients is given in Table 
I. The overall range is between 2 and 
5 percent, and it is very similar to that 
obtained from measurements in rein­
forced concrete buildings. 

Since structural damping increases 
with the amplitude of vibration. it can 
be concluded that the 5 percent damp-
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< Table 1. Comparison cl co.-nputed and measured periods for five prestressed concrete buildings. 

! Computed period , II
Type Number Type Direction (seconds) I MeasuredI 

Building of of of of period! I Base 
identification soil stories structure measurement* I Fixed displacement I (se<:onds) 

IPost·tensioned T 1.16 1.34 1.39 
QRO Soft I II ! beams , L 0.59 0.78 0.83 

I , (cast-in-place) e 0.63 i 0.64 0.78 
- I

! , PosHensioned T 0.72 , 0.77 0.73 i 
TAM Transition I 10 nat plate L 0.38 0.45 0.45 3 

, I : 
(cas t-in-placc) I e 0.24 0.26 0.30 .. ._.. ,f--.- - .. -_.­

I P05t-tcn5ioncd T 0.97 1.00 1.00 
TAC Tran5ition 5 I beams L 0.21 0.22 0.21 

(cast-in·place) 1 e 0.36 ; 0.37 0.44 

Prestressed L 0.50 - 0.43 
IMP Transition 5 columns and I T 0.77 

, 
-

; 
i 0.78 

II, 
, 

1 
beams e 0.52 , - , 0.52 

I (preca5t ) , 
I 

I , ,;I Prestressed ! ! , I ! 

SMO Firm 7 i columns and T 0.54 - 0.54 2 

! beams , : 
1 

I , 
, 

(precast) : I ! ; 

• T = transverse (short) direct ion. L = longitudinal direction. e = rotational. in-plane vibration. 

ing ratio assumed in the analysis is a 
reasonable estimate of what can be ex­
pected for moderate earthquakes ­
and it is probably conservative for 
very severe ground motions. On the 
other hand. the fact that similar damp­
ing coefficients are obtained for rein­
forced and prestressed concrete build­
ings does not mean that the same re­
sult will be obtained for large 
amplitudes of vibration. It is expected 
that reinforced concrete structures will 
show greater damping when subjected 
to high levels of stresses. due to the 
energy dissipation provided by open­

N 0.0160 
u 
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ORO BUILDING 
This is a IO-story building located 

in the most severely damaged area of 
the city. Several buildings collapsed 
in a radius of 200 m (656 ft) from this 
structure. Its plan is relatively small 
and elongated. with one bay in the 
short (transverse) direction and five 
bays in the longitudinal direction (see ! 
Fig. 7) . 

The structure is cast-in-place with 
reinforced concrete columns and post­
tensioned beams with grouted pre­
stressing tendons. Mild steel reinforce­
ment provides additional continuity at 
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Fig. 6. Modal shapes of the vibration of the QRO Building in thp. transverse 
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the end frames in the longitudinal di­ staircase shafts. The building is 
rection are in filled with brick walls. founded on friction piles beneath a 
which provide a significant contribu­ basement and a founda on box. Typi­
tion to the lateral stiffness. Masonry cal reinforcing details of structural 
walls also enclose the elevator and members are shown in Fig. 8. 

An inspection of the _building after 
the earthquake revealed extensive 
cracking in the masonry walls around 
the elevator shaft and distortion and 
falling of some ceiling panels. No 
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Rg. 8. Reinforcement detaiis of structural members of the ORO Building. 
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cracks were found in the main struc­ where the building is located. After that at the SeT area. The factorrd 
tural members. The building showed a the earthquake. the network of seismic (scaled-up) ROMA record was. there­
significant tilting in its short direction instruments was greatly enhanced in fore. also used to estimate .the re­
(corresponding to about 2 percent of Mexico City. In particular, one instru­ sponse of the QRO Building. 
the building height). ment was placed at a distance of about Only the response of the building to 

It cannot be excluded that some tilt­ 1000 m (3500 ft) from this building. the ground motion in the transverse di­
ing already existed before the earth­ Records of two moderate earthquakes rection will be discussed. The effects 
quake, although it had not been no­ have been obtained at this station, in the other direction were signifi ­
ticed by the tenants. It is assum~d that called ROM A. cantly smaller, the response remaining 
overturning moments. caused by the For the same event. the amplitudes essentially in the elastic range. The 
lateral forces, produced compressive of the ground motion recorded at maximum lateral displacements at 
forces on the piles in excess of those ROMA were consistently gre<lter than each floor level are shown in Fig. 10 
that could be transmitted through fric­ that at the sa site. There is convinc­ for both ground motions. Fig. 11 com­
tion to the soil. Settlement and non­ ing evidence that the response of the pares the maximum bending moments 
symmetrical vibration of the building soil is linear in this area, even for very induced at the beam ends with the re­
were then generated. large earthquakes such as that of 1985, sisting moments computed consider­

The design of the building was and that the shape of the li~ear elastic ing expected (average) material prop­
checked against the requirements of response spectrum remains essentially erties. At the left end of the beams, the 
the building code enforced at the time the same. except for a scale factor comparison is made for the SCT 
of the construction. The strength for which depends on the earthquake in­ record, and at the right end, for the 
gravity and lateral forces was found to tensity.'o Therefore. an estimate of the factored ROM.A.. ecord. 
be adequate; nevertheless. lateral dis­ ground motion experienced at the From the ;"lIalytical results, it can be 
placements in the transverse direction ROM A site in 1985 can be made by observed, firstly , that the factored 
significantly exceeded allowable lim­ mUltiplying the spectrum obtained in ROMA motion produced a response 
its. The current code includes much 1989 at this site by a scale factor ob­ exceeding that of the sa motion by a 
stricter requirements which are not tained from other stations where both factor of approximately 3. The differ­
satisfied by this building. motions had been recorded. ence is explained by the observation 

For tile computation of the linear re­ In Fig. 9. the scaled-up ROMA of the response spectra of the two 
sponse of the building to the 1985 1989 spectrum is shown. This i.> sig­ records. For a period of 1.3 seconds. 
earthquake, two ground motions were nificantly more severe than the SCT corresponding to the fundamental pe­
used. First. the sa record was cho­ 1985 spectrum_ This finding is consis­ riod of the QRO Building, the ratio of 
sen because it is the only actual record tent with the greater damage observed th~ spectral ordinates of the two 
obtained for the most damaged area around the ROMA site with respect to records is 3.7. The fact that the ratio of 
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Fig. 9. Response spectra of ground motions used for the analysis of the 
QRO Building. 
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Fig. 10. Maximum lateral displacements using 
linear analysis for the ORO Building. 
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Fig. 11. Bending moments (ton-m) at beam end of the ORO Building. 

the responses is similar to the ratio of cent for the ROM A record . Lateral 
spectral ordinates means that the struc­ displacer:,;::nts of this order of magni­
ture responded essentially in the first tude should have caused significant 
vibration mode. structural damage. 

Secondly, the computed lateral dis­ Finally, the bending moments that 
placements were extremely large. The should have been induced by the 
maximum interstory drift was 0.7 per­ ground motions in the building, if the 
cent for the SCT record and 2.5 per- response remained linear elastic during 
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Maximum ductility demand for 
rotations at plastic hinges 

the earthquake, exceeded the flexural 
strength of the beams by a factor up to 
15 percent for the SCT record and up 
to 240 percent for the ROMA record. 
The base shear force corresponding to 
a linear response is 0.30 and 0.55 of 
the total building weight. for the SCT 
and ROMA records, respectively. 

The results of the nonlinear analysis 
for the SCT record indicated the for­
mation of plastic hinges for positive 
and negative moments. as shown in 
Fig. 12. with a maximum ductility de­
mand of 3. Under the effect of the fac­
tored ROMA record. the plastification 
was more widespread and the ductility 
demand much larger. 

From the analysis, it is apparent that 
the observed response did not corre­
spond to that predicted, since the lack 
of structural damage indicates that the 
structure remained linearly elastic. It 
cannot be excluded that some cracks 
formed during the vibration and then 
closed, leaving no visible evidence; 
nevertheless , strains in the steel and 
concrete could not reach the values in­
dicated by the analysis. 

It is assumed that the shaking actu­
ally induced in the buildiAg was much 
smaller than that which corresponded 
to the factored ROMA record and was 
probably also smaller than that of the 
sa record. The reason for this can be 
attributed to the ~nergy dissipation, as­
sociated with the loss of friction be­
tween the piles and soil , that took place 
at the base of the building. 

Another possible reason for the dif­
ference is that the actual strength of 
the structural members significantly 
exceeded that computed by conven­
tional design methods. Some addi­
tional comments on this issue will be 
made in the final section of this ::>aper. 

TAM BUILDING 
This eight-story office building is lo­

cated at the boundary of the lake bed 
area, where the depth of the son clay 
deposits is about two-thirds of that at 
the QRO Building. In 1985, the dam­
age in the area was moderate, indicat­
irg that the amplitude of the shaking 
was significantly less than that in the 
most damaged zone. The building has a 

Fig. 12. Distribution of plastic hinges and maximum ductility demand for the SeT cast-in-place concrete waffle slab sup­
accelerogram in t!-.e ORO Building. ported by reinforced concrete columns. 
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Fig. 13. Plan and elevation of the TAM Building. 

The ribs of the waffle slab on the around the columns, in both directions Interior partitions are of fle &lIe mate­

column lines are post-tensioned. Mild and in both faces . Thus, a sharp reduc­ rials. The foundation is through point 

steel reinforcement in the ribs is very tion ill bending strength developed at bearing concrete piles. A sketch of the 

light, particularly for positive mo­ the perimeter of the solid zone. structure is shown in Fig. 13 and the 

ments . Additional mild steel reinforce­ The end bays in the longitudinal di­ reinforcement of principal members is 

ment is located at the solid zones rection are. filled with masonry Willis. shown in Fig. 14. No evidence of 
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the lake zone, it was ana­ Fig. 15. Maximum lateral-displacements in the TAM Building. 
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damage was found when 
the building was inspected. 
Tenants mentioned that 

Storylarge lateral displacements 
were felt and that light 
non-structural damage was 
caused by the earthquake. 

The study of the dynamic 
properties of the analytical 
model showed that the ef­
feel of the soil-structure in­
teraction was small for this 
building, as can be deduced 
from the small difference 
between the fundamental 
periods computed for the 
model fixed at the founda­
tion and the one consider­
ing deformation at the base 
(see Table 1). 

Since the building was 
iocated at the boundary of 

lyzed both for the effect of 
the SCT and VIV ground 
motions. Maximum lateral displace­
ments are shown in Fig . 15. For the 
SCT records, inters tory drifts in some 
stories reached values that are com­
monly associated with structural dam­
age. Bending moments in the beams 
at column faces exceeded resisting 
values . 

The situation was particularly criti­
cal for positive momen's at the 
perimeter of the solid zone, where, 
due to the very low amount of rein­
forcement, a very limited flexural 
strength was available once seismic 
moments exceeded the effects of verti­

cal loads. Ductility demands at some 
sections exceeded 10. 

Under the VIV record, the displace­
ments were moderate and the internal 
forces did not exceed the resisting val­
ues. The base shear force induced by 
the SCT record corresponded to 21 
percent of the building's weight, com­
pared to 10 percent for the VIV record. 

It is assumed that the ground mo­
tion at the site of this building was 
much lower than in the most affected 
area, being closer to the VIV record 
than to the scr record. The building 
is rather weak and flexible in the 

VIV SeT 
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transverse direction ::nti 
would have been signifi ­
cantly affected by the 
earthquake if situated in 
the most critical zone. 

OTHER BUILDINGS 
The three other buildings 

under study are located in 
areas where the seismic ef­
fects were smaller, and 
none of them experienced 
any damage. They will be 
described brief1y. Further 
details on their properties 
and on the analytical results 
can be found in Ref. 7. 
• 	The building labeled as 

T AC is a four-story struc­
ture which is used for 
the storage of furniture. 
Its story height [6.8 m 
(22.3 ft)] is greater than 
usual, giving rise to a 
total height of 27.2 m 

(89.2 ft), roughly corresponding to a 
typical eight -story building. It is lo­
cated at the foot of the hills on the 
west side of the city, where the area 
of firm soil begins. There are only a 
few meters of soft soil over the solid 
strata. 
The structural system is composed 
of cast-in-place concrete frames 
wi th rather long spans [10 and 
11.7 m (32.8 and 38.4 ft)). Beams 
are post-tensioned with draped 
tendons. Mild steel reinforcement 
at the ends of beams is small. The 

Fig. ~ 6. Details of beam-to-column joint in the IMP Building. 
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Fig. 17. Details of beam-to-coiumn joint in the SMO Building. 

perimeter frames are completely 
infilled with masonry walls. which 
contribute significantly to the lat­
eral stiffness. 
The analyses showed almost no ef­
fect of soil-structure interaction and 
that the building is very flexible in 
the transverse direction. Neverthe­
less. under the effect of the V I V 
record. the lateral displacements re­
mained within allowable limits and 
the moments ill the beams did not 
exceed the flexural strength. thus 
explaining the lack of damage to the 
building. 

• The IMP Building has five stories 
and a basement and is loc~ted in the 
so-called transition zone, which has 
about 10m (32.8 ft) of clay deposits 
over firm soil. The structure is com­
pletely precast. with only one long 
span in the transverse direction <:nd 
10 short spans [S m (16.4 ft) each] 
in the longitudinal direction . The 
floor system is composed of pre­
stressed T -beams with a compres­
sion topping reinforced with mild 
steel to provide continuity with the 
columns (see Fig. 16). 
The analyses showed that the build­
ing is rather flexible in both direc­
tions and that. under the effects of 
the VIV ground motion. neither the 
allowable displacement<; nor the 
strength of the members were ex­
~eeded. This builcing did not suffer 
any damage from the earthq.!?ke. 
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• Finally, the SMO Building is a com­
pletely precast eight-story structure 
which has double T-beams over­
layed with a 6 cm (2.4 in .) thick 
concrete topping, providing di­
aphragm action of the floor and con­
tinuity with the columns. A detail of 
the beam-to-column connection is 
shown in Fig. 17. 
The analyses of this building were 
made for the CU record (obtained 
on firm ground) and indicated a 
very small response. not exceeding 
allowable values. Accordingly. no 
signs of damage were observed in 
this building. 

DISCUSSION OF 

THE RESULTS 


The five buildings whose seismic 
responses were analyzed in detail 
are representative of the different 
techniques used for prestressed con­
crete construction in Mexico City. 
They are mainly frame structures with 
prestressed concrete beams and non­
prestressed columns. Beams were ei­
ther cast-in-place and post-tensioned. 
or precast and prestressed. 

Frame members were rather slender. 
giving rise to flexible structures with 
long vibration 1":riods, which are par­
ticularly susceptible to the type of 
ground motion induced in the soft 
clays of Mexic(· City. In four of the 
five buildings. masonry walls filled 

the exterior frames adjacent to other 
constructions . These walls signifi­
cantly increased the lateral stiffness 
and strength of the structure. There­
fore, these buildings were much 
stronger in one direction, i.e .• perpen­
dicular to the street. than ill the other 
direction. 

Analytical model s adequately esti­
mated the dynamic properties of these 
buildings when prorer consideration 
was made of the contribution to the 
stiffness by the floor system. of the 
stiffening effect of masonry infills and 
of the deformations of the base of the 
buildings on soft soils. 

The vibration periods of the first 
modes computed analytically were 
very similar to those measured by am­
bient vibration tests on the structure. 
The average error was only I percent 
with a standard deviation of 2 percent. 
When the masonry infills were in­
cluded in the models. the vibration pe­
riods decreased by as much as 40 per­
cent. corresponding to a two-fold in­
crease in the lateral stiffness. On the 
other hand . the displacements and 
rocking at the base of the buildings 
were significant only for slender build­
ings on thick strata of soft soil. The 
maximum increase in the period due to 
this effect was about 30 percent. 

Damping coefficients measured by 
ambient vibration techniques varied 
between 2 and '5 percent, with an aver­
age of 3 percent. These values are 
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very -similar to those that have been 
determined in non-prestressed. rein­
forced concrete buildings. It m:Ust be 
emphasized that ambient vitiration 
tests correspond to very low stn:ss lev­
els in the structural members, a.ld that 
for larger vibrations, as those induced 
by severe earthquakes, both the damp­
ing and period increase. Then. the 
damping coefficient of 5 percent, 
which is generally assumed fer seis­
mic design, appears reasonable . 

Since there were no instruments to 
measure the responses of the t uildings 
or the motions induced at the:: bases, 
no quantitative comparison can be 
made between the actual and the com­
.\Luted responses to the 1985 earth­
quake. Furthermore, significani varia­
tions in ground motions originated by 
the same earthquake. even between 
nearby sites. make it difficult to esti­
mate the shaking experienced by a 
panicular building. For these reasons, 
only very general conclusions can be 
drawn. 

Three of the five buildings were 10­
catec in areas where the amplitude of 
the ground shaking in 1985 was mod­
erate. Therefore, the analyses showed 
that the response should have re­
mained in the linear elastic range of 
behavior, which is in agreement with 
the lack of damage experienced by the 
buildings. 

Another building (TAM ), with a 
post-tensioned flat plate system, was 
particularly flexible and weak in one 
direction. The analyses showed that it 
should have undergone large inelastic 
deformations if it were affected by the 
ground motion measured in the most 
damaged are£.. It is assumed that its 
good behavior is partially due to a 
structural capacity in excess of that 
computed by analytical methods, and 
mainly to the fact that the ground 
shaking at this particular site was 
weaker than in the critical area. 

The most interesting case is that of 
the QRO Building, which is located in 
an area where the ground motion was 

panicularly strong. The lack of severe 
damage in this building can probably 
be explained by the fact that the en­
ergy induced by the shaking was 
mainly dissipated by the nonlinear de­
formations between the foundation 
and the soil, rather than by inelastic 
behavior in the structure. 

CONCLUSIONS AND 

RECOMMENDATIONS 


It is important to emphasize that the 
five prestressed concrete frarne struc­
tures showed good behavior under a 
severe earthquake, without any sign of 
distress in the joints or elsewhere. This 
suggests that, by following the much 
stricter code practice now accepted for 
this type of structure, an adequate 
safety level can be obtained for even 
the most severe seismic conditions. 

On the other hand, particular care 
must be given to some structural de­
sign features which were common to 
the buildings under study, as well as to 
most prestressed concrete buildings in 
Mexico. These features must be sig­
nificantly improved in order to attain 
an adequate seismic safety level. 

The structural system must be later­
ally stiffer and stronger than that pro­
vided by the rather slender frame 
members typically used in the bt.:ild­
ings under consideration. This can be 
attained by using more robust columns 
and beams, bu~ preferably, by adding 
stiffening members such as shear 
walls or braces. The advantage of hav­
ing stiff structures is particularly im­
portant for buildings located on soft 
soil, where the long periods prevailing 
in the ground motion particularly af­
fect flexible structures. 

Flexural capacity at bearn-to-column 
joints must be increased, especially 
with regard to positive moments. The 
concept of partial prestressing, in which 
the capacity to resist seismic effects is 
mainly assigned to mild steel reinforce­
men~ must be favored because of the 
greater ductility and continuity that can 

be obtained from this method as com­
pared with full prestressing. 

Reinforcement detailing in beams. 
columns and joints must be improved 
to attain larger ductilities. In particu­
lar, the confinement of concrete and 
longitudinal steel in sections of possi­
ble formation of plastic hinges must 
be achieved using clo sely spaced 
transverse reinforcement. 

When precast concrete elements are 
used in floor slabs. measures must be 
taken to ensure that they constitute a 
stiff horizontal diaphragm - for ex­
ample, by casting a thick reinforced 
concrete topping. Otherwise, in-plane 
distortion of the slabs and a concentra­
tion of lateral forces in some frames 
could occur. 

The importance of instrumenting 
pre s tressed concrete buildings to 

record their responses to seismic ef­
fects must be emphasized . Only in this 
way could the analyses and design 
methods discussed be fully validated. 
The frequent seismic activity in the 
Mexico City Valley and the large vari­
ety of types of structures existing in 
the area make it a particularly conve­
nient site for seismic irn;trumentation 
of buildings. 
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