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in Mexico City. The study involves the review of the collected data 
regarding such collapses, an examination of the apparent causes of the 
phenomenon, the design of a typical lo-story frame structure according to 
the 1976 Mexico City building code, and the nonlinear analysis of one of 
its frames under one of the ground accelera~ion records frem the 
earthquake. It is found that in many cases the upper floor collapses might 
have occurred because the large accelerations and long duratio~ of the 
earthquake induced in the failed buildings the formation of plastic hinges 
at the columns of some of their upper stories and because these plastic 
hinges in turn induced the lateral instability of such stories and the ones 
above them. It is also found that in some frame structures this failure 
mechanism may result from (1) the degradation of the stiffness of their 
beams, (2) the consequent t-longatlon of their natural periods, (3) their 
response in a second or third mode and in resonance with the ground motion 
that excites them, and (4) their vibration in a mode not considered to be 
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1.1 Backqround 

CHAPTER 1 

INTRODUCTION 

The mornipg of September 19, 1985, Mexico City was struck by 

a strong earthquake (Ms = 8.1) that caused the loss of thousands 

of human lives and extensive damage to a large number of 

buildings. A damage survey (Meli et al., 1985; Rosenblueth and 

Meli, 1986) estimated the ~ollapse of or severe damage to 330 

multistory buildings, most of them with a reinforced concrete 

structure, between 3 and 13 stories high, and in sites, within an 

area of the city that was founded on an old lake bed, underlain by 

deposits of soft clay. 

During the reconnaissance of the damage induced by the 

earthquake, a type Of failure that stood out because of its 

recurrence and peculiarity was the collapse of the top stories of 

buildings (see as examples Figures 2.1 through 2.25). According 

to Meli et al. (1985), upper floor collapses were observed in 79 

of the 210 cases (38 per cent) of collapse recorded. Of 

significance too was the fact that 62 per cent of the buildings 

with upper floor failures were built after 1957 (Meli and Miranda, 
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1986), which is a~ 1ndication that a large number of them were 

designed and detailed according to modern building codes which 

require a comprehensive seismic design. Interestingly enough, 

such a large number of upper floor failures has not been observed 

during previous earthquakes in Mexico City (Meli and Miranda, 

1986) . 

Many reasons have been given to explain the occurrence of so 

many upper f~oor collapses. Among the prevailing ones are: (a) 

the common practice in Mexico City of changing the cross section 

of columns with height; (b) inadequate reinforcement development 

lengths and splices; (cl excessive live loads in upper floors, 

which often were used for storage; (d) a whiplash effect induced 

by the interaction between soil and structure; (e) abrupt changes 

in the lateral stiffness of structural systems; (f) pounding 

between neighboring buildings; (g) the contribution of higher 

modes of vibration in structures designed for a distribution of 

lateral forces based on their fundamental mode; and (h) lack of 

seismic design. However, some of these factors can not 

satisfactorily explain why in such cases the damage concentrated 

in the upper stories and not in the lower ones or uniformly along 

the total building height. similarly, contradictory arguments 

arise when one considers buildings with similar properties and 

under similar conditions which did not suffer any damage, not to 

say the collapse of their upper stories. Even further, most of 

them can not explain why the columns of such buildings failed (see 
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Figures 2.21 and 2.22) despite the fact that the Implicit 

intention of building codes is to avoid the formation o~ plastic 

hinges in columns whenever the forces for Which buildings are 

designed are exceeded. Thus, although ulldoubtedly the listed 

factors might have contributed to the upper floor failures in some 

cases, those without an apparent cause of failure and the large 

number of buildings that ~xperienced this type of collapse seem to 

indicate tha~ the criteria used in the design of these buildings 

somehow fuiled to insure the integrity of their columns anc, 

hence, seem to suggest the existence of a possible weakness i~ 

such design criteria. 

1.2 Related Work 

Although upper floor failures have been observed in previous 

earthq~akes, in Mexico City as well as in other cities around the 

world, the September 1985 earthquake has been perhaps the first to 

cause such a l3rge number of them. ThUS, no direct attention has 

been given to this problem before. Nonetheless, it is of interest 

to note that some studies have found some evidence of weaknesses 

in seismic code procedures, and tlat these weaknesses may affect 

primarily the upper floors of a building. For example, Portillo 

and hng (1976) report that in two lo-story reinforced concrete 

frame structures designed according to the 1974 SEAOC code, the 

probabilities of yielding for the columns of the buildings' upper 

stories are higher than they are for the columns of the lower 

ones, and higher than the corresponding prob,lbilities for their 
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respective connecting beams. They conclude, thus, that the 

equivalent lateral force procedure recommended by the 1974 SEAOC 

code may lead to building designs with weak columns and strong 

beams at their upper stories. They also observe that in 

comparison with a dynamic analysis, calculations based only on the 

fundamental mode of a structure may underestimate the probablitics 

of yielding of its upper floors. Along the same lines, Chopra and 

Cruz (1986), in an evaluation of the equivalent lateral force 

procedures recommended by ATC-3, the 1976 Mexico City code, and 

the Uniform Building Code, conclude that the formulas in these 

procedures do not properly recognize the participation of modes of 

vibration higher than the fundamental one, particularly for 

structures with high fundamental periods. Similarly, Neuss, 

Maison, and Bouwkamp (1983), in studying five multistory buildings 

with steel frame structures and ranging in height from 15 to 60 

stories, evaluate the significance of their higher modes of 

vibration in their peak seismic response. They find that although 

overall their fundamental modes are the dominant ones in all 

cases, the contribution of the higher modes is increasingly 

important towards the top of the buildings. In one case, for 

example, the higher modes contribute about 50 per cent to the 

total story shear at the roof of the building. Of special 

significance are the findings of Clough, Benuska and Wilson 

(1965), who analyzed a stiff (fundamental natural period 1.60 

sec.) and a flexible (fundamental natural period; 2.77 sec.) 

20-story frame building under the N-S component of the 1940 EI 
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Ce~tro earthquake and noticed that in both structures the columns 

of the top four floors yielded while the lower ones remained in 

their elastic range. Finally, it is pertinent to note too that 

Corly (1986), in his survey of the damage in Mexico City after the 

1985 earthquake, observed numerous cases in which plastic hinges 

formed in columns instead of in beams. 

1.3 object and scope 

In view of the lack of a satlsfactory explanation for the 

observed upper floor failures and the need to identify possible 

deficiencies in the current earthquake-resistant design practice, 

a formal investigation was carried out to find out what were in­

deed the prevalent factors that contributed to the occurrence of 

the phenomenon. The investigation involved the collection and 

review of the available data from the recorded cases of upper 

floor collapses, an examination of the apparent causes of the 

collapses, the identification of common characteristics among the 

buildings that experienced such type of failure, and the search 

for inadequacies in the Mexico City building code recommendations 

for the design of buildings with such ~haracteristics. In an 

effort to uncover unknown failure mechanisms, the study included 

too the design of one of the frames of a typical lO-story rein­

forced concrete frame structure in accordance to the 1976 Mexico 

City building code and the common design practice in this city, 

and the simulation of its response under the 1985 earthquake by 

means of a nonlinear analysis under one of the ground acceleration 
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records from the earthquake. 

1.4 or;anization 

This report is dividLd into five chapters. The collected 

data on the buildings that sUffered the collapse of their upper 

floors during the 1985 earthquake are summarized in Chapter 2. 

Presented also in this chapter are some of the statistics obtained 

from these data and some of the conclusions drawn from the 

analysis of the data and such statistics. 

The simulation study of the designed lO-story structure is 

described in Chapter 3, where ~he details of the design of the 

structure are also given. As n means to validate the model and 

~_v~edures used in the simulation study, Chapter 3 includes too a 

comparison between the calculated response of a structure in 

Mexico City that experienced the effects of the 1985 earth~Jake 

and the damage that it reportedly suffered. 

On the basis of results from the simulation study, an analy­

sis is then made of the possible causes of the upper floor col­

lapses in Mexico City and, based on this analysis, an explanation 

is offered for the occurrence of such upper floor collapses. Such 

an analysis and such an explanation are presented in Chapter 4. 

Finally, the main findings of the study and recommendations 

for further research are summarized in Chapter 5. 
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2.1 Collected Data 

CHAPTER 2 

DAMAGE DATA 

Relevant literature and the data gathered by the Instituto de 

Ingenieria of UNAM on the damage caused by the 1985 earthquake was 

reviewed and, on the basis of these data, the buildings listed in 

Table 2.1 were identified as cases for which the damage consisted 

only of the collapse of one or more of their upper stories. In 

total, seventy four buildings were found to have suffered upper 

floor collapses, although it should be noted that Meli and Miranda 

(1986) report a total of seventy nine cases. Table 2.1 gives the 

location of these buildings as well as the type of occupancy, the 

original number of stories, an approximate date of construction, 

the type of structure, estimated geometry in plan, the number of 

collapsed stories, and the reported apparent cause of failure, 

whenever one was more or less evident from the visual inspection 

of the damage. 

The photographs in Figures 2.1 through 2.25 illustrate the 

urper floor collapses of some of the buildings listed in Table 

2.1. 
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2.2 statistics of Upper Floor Collapses 

In reviewing the data discussed above, it was found, first of 

all, that dll the buildings with upper floor collapses were 

located on the area of the city which is underlain by deposits of 

soft, highly compressible clay. Then, it was found that upper 

floor failures were experienced by buildings with 4 to 15 stories. 

It is noted, however, that the large~t number corresponded to 

buildings with B (15 cases), 7 (14 cases), 5 (13 cases), and 9 (11 

cases) stories. 

it was learned 

As far as the year of construction is concerned, 

that the largest number of buildings with upper 

floor collapses corresponded to those built between 1957 and 1976; 

that is, the time interval between the first building code with 

comprehensive recommendations for seismic design and the signifi­

cantly revised version that was implemented afterwards. Concerning 

the type of structure, it was observed that upper floors collapses 

were equally predominant in buildings with frame and waffle-slab 

~tructures [interestingly enough, Meli and Miranda (1986) report 

that 52% of t·; failures in structures with flat plates were in 

upper fl~or~:J and that only a few had a structural system based on 

load-bearing brick walls. Furthermore, it is worthwhile to note 

that while almost all the failed buildings had reinforced concrete 

structures, three buildings with steel structures also experienced 

the collapse of their upper floors. In like manoer, it was noticed 

that the geometry of their floor plan was rectangular for most 

buildings, although there were some cases with a triangular or an 

irregular floor plan. It was noted too that only a few had 
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variations in their plan area along their height. Finally, in 

regard to the apparent cause of failure, it was observed that in 

some cases there was a clear evidence of pounding betweeu ad;acent 

buildings; important torsional effects, particularly in the case 

of corner buildings; overloaded floors, as in the case of some 

garment fac~ories and government buildings; and a lack of seismic 

design, as it was true for those constructed in the 1940s. 

Notwithstanding, it was found that many of the buildings with 

upper floor collapses did not show an evidence of the cause that 

might have contributed to the collapse of their upper floors, 

except, of course, ~he failure of their columns (see Figures 2.21 

and 2.22, for example). 

2.3 Conclusions from Camage Cata 

On the basis of the damage data reviewed, it was learned that 

the upper floor collapses were not a phenomenon affecting only one 

type of structural system, one construction material, or a certain 

plan configuration. It was learned too that the phenomenon was 

most frequent in frame structures with 5 to 9 stories, and that it 

is reasonable to expect that these buildings shared a common, 

albeit unknown, characteristic that made them vulnerable to this 

type of collapse. Furthermore, it was concluded that a lack of 

seismic design, pounding, overloading, a sudden change of 

stiffness from one floor to another, and unaccounted torsional 

motions could not explain all the upper floor collapses observed 

and, hence, that these could not have been the only factors that 
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led to such upper floor collapses. 
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3.1 Purpose 

CHAPTER 3 

SIKULATION STUDY 

Although the analysis of the data from the observed cases of 

buildings with upper story collapses allows one to draw some 

conclusions about the phenomenon, it fails nonetheless to give a 

general and satisfactory explanation for its occurrence. 

Therefore, to gain a further insight into the problem, it was 

decided to design a reinforced concrete frame structure according 

to the recommendations of t~e 1976 Mexico city building code [10] 

as well as the design procedures followed by most design offices 

in this city, and simUlate its response to the 1985 earthquake by 

means of a time-history analysi~ under one of the ground 

acceleration records from the earthquake. 

3.2 S.l.ct.~ Ko~e1 

Since it was obvious that the phenomenon of upper floor 

collapses involved inelastic deformations, it was considered 

necessary to perform the time-history analysis taking into account 

the post-elastic behavior of beams and columns. The program 

Drain-2D (Kannan and Powell, 1975) was thus selected for the 
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analysis, modeling the columns of the structure as beam-column 

elements and its beams as reinforced-concrete beam elements with 

stiffness degradation. 

mass matrix of the 

Damping was assumed 

structure and 

critical in its fundamental mode. 

equal 

P-delta 

pr0portional to the 

to five per cent of 

effects and shear 

deformations were neglected. In addition, the structure was 

considered to be fixed at its base; that 1S, soil-structure 

interaction was neglected. However, the joint regions between 

beams and columns were assumed perfectly rigid to account for the 

fact that plastic hinges form near the faces of a joint region 

rather than at the theoretical center lines of beams and columns. 

The live load considered was the live load specified ~y the code 

for the seismic design of the structure. Although it is 

recognized that the value of live load specified by the code 

represents an ~pper bound, the use of this value in the simulation 

study was considered appropriate given that during the inspection 

of the damage by the 1985 earthquake many buildings were found to 

be overloaded. Besides, after experimenting with different values 

of live load, it was determined that live load did not represent a 

significant parameter in a building'S nonl1near response. 

The beam-column element in the program assumes a bilinear 

moment-rotation relatiollship,at the ends of the element and takes 

into account the interaction between axial force and bending 

moment to determine when the element yields. Yielding is assumed 

to occur ~hen combined an axial force and a bending moment define 
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a point that lies outside a simplified axial force-bpnding moment 

interaction diagram. In defining thus the moment-rotation 

=elationships for the beam-elements used in the analysis, a strain 

hardening modulus of two per cent of the initial modulus of 

elasticity was, arbitrarily, selected. Similarly, in defining 

their axial force-bending moment interaction diagrams, the 

formulas given in the 1976 Mexico City building code [11] for the 

ultimate pure axial load, the ultimate pure bending mOffi~nt, and 

the axial load and bending moment for the balanced condition of 

compression members were considered. Their moments of inertia 

were assumed to be equal to 1.5 times the values calculated with 

Eq. 10-10 in Reference 1 (considering no sustained load), which is 

a flexural rigidity formula recommended by the 1983 ACI code to 

determine the effective length of long reinforced concrete 

columns. The factor of 1.5 was introduced to account for the fact 

that in comparison with the results from experimental tests the 

formula represents a lower bound. Thus, by multiplying this lower 

bound by 1.5, an average value rather than a lower bound one is 

obtained [see Figure 10.11.5 (a) in Reference 2 ). 

As with the beam-column element, the reinfurced concrete beam 

elemeDt assumes a bilinear moment-rotation relationship at the end 

of the element, but in this case this moment-rotation relationship 

also considers a degrading flexural stiffness. The hysteretic 

model used is an extended version of Takeda model, although the 

latter can also be selected as an option. In addition, this 
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element neglects axial deformations and, hence, yielding takes 

place only under the effect of a bending moment. Thus, for the 

beam elements in the simulation study the Takeda model with a 

strain hardening stiffness equal to two percent of the initial one 

was selected. Their moments of inertia were calculated using the 

formulas recommended by the 1983 ACI cc.de ( Eg. 9-7 in Reference 1 

and Eq. 1 in Section 9.5.2.4 of Reference 2) to determine the 

short-term deflections ot continuous beams. The moments of inertia 

so calculated give an intermediate value between the values 

obtained assuming an uncracked cross section and a fully cracked. 

As a reinforced concrete beam is never uncracked nor fully cracked 

along its entire length, it is believed that these values give a 

realistic representation of the actual flexural rigidity of a 

reinforced concrete beam which has some of its cross sections 

stressed at levels nea: their yield limits. The yield moment for 

the beam elements was defined as the ultimate moment for doubly 

reinforced T beams. As in the case of beam-columns, the formulas 

of the 1976 Mexico City building c~de [11] were used to calculate 

such ultimate moments. 

Note that as the application of Drain-2D is limited to two­

dimensional structures, the simUlation study was necessarily 

restricted to structures whose behavior is essentially two­

dimensional. 
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3.3 Earthquake Excitation 

The excitation selected for the analysis was the worst-case 

combination of the two horizontal ground acceleration records 

obtained at the Secretaria de Comunicaciones y Transportes (SeT) 

station (Mena et al., 1985). This worst-case combination was 

obtained by adding vectorially the two available components from 

this station and selecting the combination with the largest peak 

ground acceleration. It was found, thus, that the component along 

the S60E direction represented such a worst case and that in such 

direction the peak ground acceleration was 0.188 g. The ground 

acceleration time-history for this component and the corresponding 

acceleration response spectrum for 0, 2, 10 and 20 per cent 

damping are depicted in Figures 3.1 and 3.2, respectively. 

As the seT station is located on the soft soil area of Mexico 

City, and since all upper floor collapses occurred in this soft 

soil area, it is believed th~t the selected excitation is, if not 

a close approximation, at least representative of the ground 

motion experienced by the buildings that suffered such type of 

collapse. This in spite of the obvious differences owing to the 

different depthE of the soft soil deposits at different locations. 

3.4 Model Verification 

In order to assess the effectiveness of the model adopted and 

the selected excitation in predicting the damage induced by the 

1985 earthquake, one of the interior longitudinal frames of an 
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existing building in Mexico city whose damage during tllis earth­

quake has been reported in the literature (Meli and Lopez, 1986; 

Avila and Meli, 19a7) was analyzed first. The buildins is an 

office building [adminIstrative offices of Sistema de Transporte 

Co1ectivo (STC)] with 10 stories and a basement, located in the 

old lakebed area of the city, and built around 1971. Its founda­

tion is of the box type with a depth of 3 meters, partially 

compensated, and supported by 87 friction piles, each 22 meters in 

length. 

floors, 

Its structure is of reinforced concrete with rectangular 

frames in the longitudinal (E-W) direction, and coupled 

shear WQlls in the transversal (N-S) one (see Figures 3.3 through 

3.5). The nominal 28-day strength of the concrete considered in 

its design was of 240 kgjcm2 , while the nominal yield strength of 

the steel reinforcement was of 4000 kgjcm2 . The modulus of 

elasticity of the ccncrete was assumed to be 1500000 T-m2 in all 

cases. The gravitational loads considered are those recommended 

for an office building in Reference 12 and given for this 

particular building in Table 3.1. The cross sections of the beams 

and columns of the analyzed frame, together with their respective 

steel reinforcements, are depicted in Figures 3.0 and 3.7. The 

effective moments of inertie of it:s beams and columns and their 

ultimate axi~l loads and ultimate bending moments are summarized 

in Tables 3.2 and 3.3, respectiv~ly. The first six natural 

periods of the frame, calculated on the b?sis ~f effective moments 

of inertia and rigid joints, are 11s~ed in T~hle ~.4. 
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Note that a particular advantage of the configuration of this 

huilding is the minimal biaxial action of its longitudinal frames, 

as most of the laterdl forces in the transversal direction are 

taken by the shdar walls. It is adequate, thus, to model this 

type of structure as a two-dimensional one. It is pertinent to 

mention too that this building was designed for the increased 

seismic loads recommended for critical facilities, that at the 

joints where a verific~tion was made the columns had a flexural 

yield strength which was greater than that of the ~orresponding 

concurrent beams, that the shear reinforcement in its columns was 

plentiful and with good detailing, and that in general the quality 

of its construction was above average (Avila and Meli. 1987). 

The frame described above was thus subjected to the first 70 

seconds of the excitation selected for the analysis, after which 

the location of the plastic hinges formed in the frame was 

recorded. The analysis was carried out [Qr only 70 seconds out of 

the total 180 seconds which comprise the total length of the 

record in order to reduce computer costs (a trial analysis using 

the actual duration of the record took 3 hours of CPU time in a 

VAX/VMS 785). However, this time interval covers the strongest 

part of the excitation and the time at which the frame reaches its 

maximum displacements. It is believed, thus, that no additional 

plastic hinges are formed after the 70 seconds used in the 

analysis. 
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Figure 3.8 shows the plastic hinges which according to the 

computer analysis would have formed in the structure if it had 

been subjected to a ground motion identical to the seT record. 

This distribution of plastic hinges may be thus contrasted with 

the actual damage the structure suffered during the 1985 

earthquake, damage that is shown schematically in Figure 3.9. Note 

that except for the plastic hinges at the lower ends of the 

columns of the first floor, which do not appear in the description 

of the actual damage, the pattern of damage seems to be adequately 

predicted by the computer model. Furthermore, one notices that 

such plastic hinges do show in one of the exterior rectangular 

frames of the building (see Figure 3.10), a fact that suggests 

that perhaps the plastic hinges at the bottom of the interior 

frame were there but somehow were overlooked during the damage 

survey. 

In conclusion, if one takes into account the unavoidable 

uncertainties in the characteristics of the ground motion at the 

exact site of the building, the possible soil-structure 

interaction effects neglected by the model, and the limitations of 

the computer program itself (e.g., bilinear yield interaction 

diagrams as opposed to the actual curvilinear ones), the abov~ 

comparison shows that the model can predict the damage pattern 

reasonably well and that the selected analytical model can 

therefore be used with some confidence. 
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3.5 Building Design 

Once confirmed the satisfactory accuracy of the computer 

model adopted, a reinforced concrete building structure assumed 

located in the soft soil area of Mexico City was designed 

following strictly the 1976 building code for thi~ city [10]. The 

selected building was an office building with the same number of 

stories, same structural configuration, same floor plan, same 

dimensions, and same material properties as those for the STC 

building described in the previous section (see Figures 3.3 

through 3.5). However, different cross sections were considered 

to study the effect of the reduction of beam and column sizes with 

h~ight, which is something that is co~monly practiced in Mexico 

City, and to study a structure for which most of its beams and 

columns are not overdesigned to satisfy minimum reinforcement 

requirements. Such a building structure was thought to be 

appropriate for this investigation because its configuration is 

typical of medium high-rise buildings in Mexico City, because its 

height is representative of those that suffered upper floor 

collapses during the 1985 earthquake, and because the regularity 

of its geometry allows an easy interpretation of its behavior. In 

addition, it was flexible enough to have a fundamental natural 

period close to the dominant period of the ground motion recorded 

at SCT during that earthquake, and, thus, large incursions into 

its nonlinear range of behavior were likely. 

The design of the building was based on the static method 
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[10) and the simplifications that are commonly nade in Mexico 

City's design offices (e.g., gross moments of inertia, a fixed 

foundation, and center-to-center spans). The static method is 

recommended by the code for structures witn a height of less than 

60 meters and assumes, when no reductions are considered, a 

triangular distribution of lateral forces with height. I,! applying 

this method, the gravitational loads described in Table 3.1, a 

seismic coefficient of 0.24 divided by a ductility factor of 4, 

and an accidental eccentricity for the center of mass of each 

level equal to 3.6 m in the longitudinal direction and to 1.8 m in 

the transverse one were used. The analysis of the building was 

carried out using the computer program Super-Etabs [15,25). From 

this analysis, the natural periods and story drifts listed 

respect~vely in Tables ~.5 and 3.6 were obtained. The natural 

periods in Table 3.5, which correspond to the first six, were 

computed considering the three-dimensional character of the 

building, the simplifications mentioned above, and the final 

choice for the cross sections of its beams and columns. The 

story drifts contained in Table 3.6 are those for the longitudinal 

direction of the building and were determined by multiplying by 

the ductility factor of four considered in the analysis the values 

obtained under the design seismic loads. These story drifts were 

considered to be adequate despite the fact that some slightly 

exceeded the limit of 0.008 specified by the code to avoid damage 

to nonstructural elements attached to the structure. The internal 

forces i:! the beams and columns of the building were calculated 
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using the following load factors and load combinations: 

(a) 1.4 DL + 1.4 LL 

(c) 1.1 DL + 1.1 LLL + 0.33 LEL + 1.1 TEL 

where 

DL == dead load 

LL == live load for vertical lOild analysis 

LLL live load for lateral load analysis 

LEL earthquake load along longitudinal direction 

TEL earthquake load along transverse direction 

Finally, selecting the internal forces corresponding to the 

critical load combination in each case, the beams and columns of 

the interior longitudinal frames of the building were proportioned 

following the recommendations for the design of reinforced 

concrete structures given in Reference 11. The cross sections and 

steel reinforcements obtained are shown in Figures 3.11 and 3.12. 

3.6 Time-History Analysis of Desiqne4 Buildinq 

Tl' ,ext step toward the purpose stat~d in Section 3.1 was to 

study the behavior of the design~J b~ilding under the 1985 

earthquake. To this end, one of its interior longitudinal frames 

was analyzed under the first 70 seconds of the earthquake 

excitation described in Section 3.3 using the computer program 
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Drain-2D and the model introduced in section 3.2. The moments of 

inertia and the ultimate loads and moments of the beams and 

columns of the frame, needed for the analysis and calculated as 

indicated in section 3.2, are summarized in Tables 3.7 and 3.B. 

Its first six natural periods when rigid joints and effective 

moments of inertia are considered are given in Table 3.9. 

The results of the analysis are presented in Figures 3.13 

through 3.20. These figures show how the formation of plastic 

hinges at the beams and columns of the frame progresses throughout 

the duration of the excitation. It can be seen from them that 

under the 560E component of the SeT ground acceleration record the 

frame remains elastic (i.e., no plastic hinges) for about the 

first 24 seconds and that after that time plastic hinges fo~ at 

the lower ends of the columns of the first floor and at the ends 

of a l&rge number of the lower beams of the frame. Subsequently, 

the formation of plastic hinges propagates upwardly to other beams 

and, eventually, at about 64 seconds after the beginning of the 

excitation, plastic hinges develop at the upper ends of all the 

columns of the 8th and 9th stories. Thus, owing to the formation 

of plastic hinges at these columns, it is clear that after this 

time the frame would develop a failure mechanism in which, first, 

the columns of the 9th story undergo large lateral displacements, 

then these columns fail by instability, and ultimately the 9th and 

10th stories collapse (see Figure 3.21). 
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3.7 Redesign of lo-story building 

Although the analysis presented in the previous section 

clearly showed that it was possible to have in a frame structure a 

type of failure which involves only the collapse of its upper 

floors, it was felt :~0cessary to investigate if such a failure 

could occur only in structures with rather flexible upper stories, 

as it was the case for the analyzed one. In an effort to try to 

answer t~his question, the building described in Section 3.5 was 

thus redesigned consldering stiffer elements for the upper part of 

the structure. With this idea in mir.d, the cross sections of 

beams and columns were changed to match those of the original STC 

building referred to in section 3.4. That is, the cross sections 

of the exterior columns as well as those of all the beams were 

kp-pt constant along ~he height of the building. Corresponding to 

these cross sections are the natural periods and longitucinal 

story drifts given in Tables 3.10 and 3.11. Note tha~ the 

fundamental natural period of the building is now only slightly 

shorter than in the previous case , but the story drift~ of the 

upper stories are considerably smaller. 

The dimensions of the new cross sections for the bea~s and 

columns of the interior frames of the building as well as the 

steel reinforcement required for these new cross sections are 

shown in Figures 3.22 and 3.23. 

23 



3.8 Time-history Analysis of Redesigned Building 

Once established the charecteristics of the new structural 

elements of the building, the nonllnear time-history ~n,~lysis 

described in Section 3.6 was repeated, as before, for one of its 

interior longitudinal frames using the new loads and new 

properties corresponding to such new structural elements. The 

moments of inertia and ultimate loads and moments required to 

perform this analysis were calculated as previously described, 

obtaining the values listed in Tables 3.12 and 3.13. The 

procedure to carry it out was also the same, except that in this 

case the lengths of the beams and columns of the frame were 

assumed equal to those measured between the axes of these 

elements. The reason behind this p.xception was simply that by 

doing so one obtains a more flexible structure than when one 

considers rigid joints, and that it may thus, given that joints 

are not perfectly rigid nor totally flexible, represent a more 

critical case. The first six natural periods for this frame under 

the assum~,tion of center-to-center lengths and effective moments 

of inertia are given in Table 3.14. 

Figure 3.24 summarizes the results of the analysis. This 

figure shows where plastic hinges are formed after the analyzed 

frame is subjected to 70 seconds of the exciting ground motion. It 

can be seen that although plastic hinges were formed at some of 

the columns of the sixth and eighth stories, in this case the 

frame did not develop enough plastic hinges to form a collapsing 
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mechanism. Hence, it was concluded that under the considered 

excitation this building would not experience the collapse of its 

upper floors. 

Based on the results presented above, it was logical at first 

to accept the fact that inn~ed the stiffer building was not 

susceptible to an upper floor collapse, and hence that the upper 

floor failure mechanis~ observed in the previous case could be 

explained on the basis of the flexibility of its upper stories. On 

second thoughts, however, it was realized that a possible reason 

the redesigned frame did not develop enough plastic hinges to form 

a failure mechanism could have been that the considered excitation 

did not induced, because of the dynamic characterists of this 

particular structure, a sufficiently strong response. To verify, 

then, this idea, the analysis was repeated with a magnified ground 

motion obtained by multiplying the accelerations of the SeT, S60E, 

record by a factor of 1.5. The results, presented ~s for the 

first design in a way that shows how plastic hinges develop with 

time, are depicted in Figures 3.25 through 3.29. As expected, it 

can be seen from these figures that in this case too the structure 

was eventually Jed to the collapse of its upper stories. 
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CHAPTER 4 

EXPLANATION FOR UPPER FLOOR COLLAPSES 

4.1 Introductory Remarks 

The simulation study presented in the preceding chapter 

demonstrates that reinforced concrete frame structures designed 

with the 1976 Mexico City building code may indeed be susceptible 

to the collapse of their upper floors. It does not give, however, 

a clue about what causes or leads to this kind of failure. In 

this chapter, therefore, an attempt is made to understand why such 

type of failure can happen in spite of the fact that by specifying 

larger safety factors for columns than it does for beams the code 

implicitly intends to avoid plastic deformations in columns and 

hence floor collapses. 

4.2 Influence of Higher Modes of Vibration 

As mentioned in section 1.2, several studies have pointed out 

that since the static method for the seismic design of buildings 

basically assumes a first-mode response, it sometimes does not 

properly recognize the participation of higher modes of vibration 

in the upper part of a structure. Therefore, the first step in 

the search for a logical explanation of the phenomenon of upper 
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floor collapses was an evaluation of the degree of approximation 

involved in the use of this method. For this purposE, the maximum 

interstory shears induced by the SeT, S60E, ground motion on the 

interior longitudinal frame analyzed in Section 3.6 were calcu­

lated, by means of a dynamic analysis and under the assumption of 

a perfectly elastic structure, considering first only the response 

in its first mode and then the response in all of its modes. The 

comparison between the two sets of values obtained is presented in 

Figure 4.1, from which it can be seen that the higher modes of 

this structure did not contrib~te significantly to its total 

response to the ground motion used in the analysis. Furthermore, 

from this comparison one may conclude that the distribution of the 

actual lateral forces on the frame, when subjected to abcve ground 

motion and before it reached its first yielding, could not have 

been significantly different from the distributicn of the lateral 

forces for which the frame was designed. Accordingly, it was 

concluded too that the plastic hinges which appeared in the 

columns of the eighth and ninth stories of the frame during the 

nonlinear time-history analysis carried out in section 3.6 could 

not have been induced by not taking into account higher-mode 

responses in the design of the frame. 

4.3 Distribution of Shear Forces Before Failure 

In view of the fact that the aforementioned upper column 

plastic hinges could not be explained on the basis of the 

participation of the frame's higher modes, it was decided to 
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investigate how the shear forces were distributed along its height 

just bef~re such plastic hinges were formed. The outcome of this 

investigation is summarized in Figure 4.2, where are given the 

instantaneous magnitudes and directions of such forces 58.35 

seconds after the beginning of the excitation. 

Figure 4.2 unambiguously show~ ~h~t at the time of 58.35 

seconds, which is about six seconds before the first plastic 

hinges in the upper columns of the frame were detected in the 

analysis reported in Section 3.6, the structure was vibrating in a 

mode that resembles the third mode shape of a shear beam. Thus, 

to further investigate this finding, the natural periods of the 

frame were calculated for the case when, as indicated in Figure 

4.3, the lower ends of the columns of its first story are hinged 

and the flexural stiffnesses of its beams from the first to the 

eight floors are neglected. The obtained first three such natural 

periods are listed in Table 4.1. 

The fact that the distribution of lateral forces seconds 

before the plastic hinges in the upper columns of the frame were 

formed corresponded to a distribution that is typical of a third 

mode, and the fact that at that instant the third natural period 

of the structure was close to 2 sec., i.e., the dominant period of 

the seT record (see response spectrum in Figure 3.2), clearly 

suggested that around that time the structure was vibrating 

predominantly in its third mode and in resonance with the ground 
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motion. This in turn suggested that 

formation of such plastic hinges 

perhaps the cause of the 

was that the structure was 

designed to vibrate primarily in its first mode, but that in 

actuality it was vibrating, some time after incurring into its 

post-elastic range, in its third mode. Thus, to confirm this 

idea, a comparison was made between the interstory shears for 

which the frame under investigation was designed and those induced 

by the seT ground motion when it is assumed that that the frame 

vibrates purely in its third mode, that the natural period of its 

third mode is 2 secor-ds, and t!at tho:! corresponding damping ratio 

is 5 per cent. The comparison is depicted in Figure 4.4, from 

which it can be observed that if the structure indeed vibrates 

under the conditions stated above, it will exceed its design 

shears only at its top two stories. 

4.4 Failure Mechanism 

The analysis presented above offers what it seems to be a 

reasonable explanation for the observed behavior of the analyzed 

framE: in the simulation study of section 3.6 am: hence for the 

phenomenon of upper floor collapses. This explanation can be 

enunciated as follows: 

Because of the large intensity of the ground motion, plastic 

hinges formed at the bottom of the columns of the first story and 

at most of the beams of the structure. This behavior was in 

accordance with the design criteria, which presume inelastic 
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action of the beams if the design forces are exceeded. But 

because of the development of plastic hinges and the deterioration 

of the beams, the natural periods of the structure were e-longated 

in such a way that the structure was f0rced to vibrate in its mode 

with the natural period that was the closest to the predominant 

period of the ground motion: its third mode. This, together with 

the large ground accelerations which the structure was still 

subjected to after it entered into its inelastic range and the 

fact that its columns w~re designed for a first-mode distribution 

of shear forces, induced the formation of plastic hinges in the 

columns of some of its upper stories and the consequent lateral 

instability of these stories. 
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5.1 summary 

CHAPTER 5 

CONCLUSIONS 

Data from the numerous cases of upper floor collapses 

observed during the earthquake of september 19, 1985, in Mexico 

City were presented and scrutinized, and on the basis of these 

data factors apparently responsible for such collapses were 

examined. Additionally, in an effort to understand the phenomenon 

behind such collapses, a study was carried out to simulate the 

response to that earthquake of a typical lo-story frame structure 

designed according to the 1976 Mexico City Building Code and the 

common design practice in this city. 

5.2 Conclusions 

On the basis of the reviewed data and the results from the 

performed simulation study, the following conclusions are drawn: 

1. The upper floor collapses observed during the earthquake of 

September 19, 1985, were a phenomenon that affected buildings 

with different number of stories, different structural systems, 

different construction materials, diverse geometric character-
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istics, and designed according t~ different versions of the 

local building code. 

2. A lack of seismic design, 

change of stiffness from one 

torsional motions, and the 

pounding, 

floor to 

influence 

overlQading, a suJden 

another, unaccounted 

of higher modes of 

vibration can not explain all the upper floor collapses 

observed and hence they could not have been the only factors 

that led to such collapses. 

3. It is possible to have in a reinforced concrete frame structure 

a failure mechanism generated by the formation of plastic 

hinges in the columns of some of its upper stories capable of 

inducing the lateral instability of these stories. The plastic 

hinges in columns may, in turn, be induced by story shears 

which, because of changes in the dynamic properties of the 

structure after it experiences inelastic deformations, exceed 

those for which the structure was designed. 

4. Ur.der a given ground motion, a structure can experience the 

collapse of its upper floors if: 

(a) the second or third natural period of the structure is 

shorter than the dominant period of the ground motion, and 

(b) the ground motion is characterized by strong accelerations 
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before and after the structure incurs into its inelastic 

range of behavior. 

The first condition is necessary to assure that the second or 

third natural period of the structure can enlongate to a value 

close to the dominant period of the ground motion after the 

structure suffers some deterioration and, hence, that after 

this deterioration its predominant mode of vibration can be its 

second or third mode. The second condition is necessary so 

that the structure can, first of all, go into its inelastic 

range and suffer the aforementioned deterioration, and, 

secondly, it~ members can be subjected afterwards to internal 

forces that exceed the internal forces for which they were 

designed. 

5.3 Recommendations for Future Rese_rch 

The findings listed above imply, first cf all, that the 

phenomenon of upper floor collapses can also occur in other parts 

of the world and, secondly, that present building provisions, 

which allow inelastic deformations but do not require an inelastic 

analysis, may not be sufficient to avo;d this type of phenomenon. 

Therefore, additional studies are needed to investigate if the 

same type of phenomenon can occur in the seismic regions of the 

United States in buildings designed with u.s. codes under 

earthquake ground motions with the characteristics of those that 

have been recorded in the U.S. Further research is also needed to 
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identify for which geometric and structural characteristics and 

under which class of ground motions a building could be suscepti­

ble to the collapse of its upper stories. In this regard, it is 

important that the three-dimensional character of structures be 

considered to inv:stigate the influence of torsional motions in 

the occur~ence of che phenomenon. Finally, new design criteria 

and changes to current code recommendations should be developed 

and their effectiveness in preventing ~pper floor collapses 

validated. 
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Table 2.1. Bui ldings ",i th upper floor collapses In Mexico City durlnq the earthquake of 
Spptent>er 19. 1985 

NO. Location Use No. of Cate of No. of Type of Geometry Apparent 

stories construe- collapsed structure in plan cause of 

tion stories fai lure 

Hidal90 & Off i ce 5 1984 2 R.C. Rectan- Fai lure 

Reforma frames gular of collllnS 

B. Domin' off i ce 1950 3 R.C. Rectan~ Over' 
guez 1/ 64 frames gular loading 

3 Palma N. Off i ce a 1950'S 6 ".C. Rectan- Pounding 

11513 frames gular 

4 A',lende Factory 1 1950's 3 Unknown Re-ctan" Adkled 

1/ 59 gular floors 

Cjor. San Residen· a 1967 6 R.C. flat Rectan' Fai lure 

Cami I j to tial plates and gular slab-col. 

brick ",alls joints 

/, 2do. Cjon, Warehouse 5 1950' s 4 ~.C. Rectan r Undeter' 

~\~caLco and frames gular mInable 

II 46 factory 

7 Alarcon Garmeont 5 1950's 3 R.C. flat Aectan" Over-

II I factory plates gular loading 

B A. rj rcun- Od ice 5 1975 2 R. C. flat Rectan" Punching 

valacion & pla!es gular shear 

J. Herrera 

9 Juarez Off ice 7 1940's 4 R.C. Irrew Pounding 

If 117 frames ular 

10 Morll!los Off i ce 9 1950's 4 R_C. flat ReCtan' fai lure 

11 98 plates gular of cols. 

II landre. Res iden- 10 1970 " R.C. flat Rectan' Pounding 

II 18 tial plates gular 

'2 Neforma Hotel I' 1960 R.C. Irreg' fai IOJre 

&. Rome frames ular of cols. 

13 Madrid OffIce S 1940's 6 R.C. ilat lrreg· Fai lure 

II 58 plates ular of cols. 

14 Atenas & Office 1980's 5 R.C. Rect.n~ E~c:essive 

lisboa frames gular torsl0n 

15 Hamburgo Off ice 1965 3 R.C. Rectan· E~cessive 

& Oinam. frames gular torsion 
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Table 2.1 (cent I nued). Sui ldlngs with upper floor collapses in Mexico C,ty during the 
earthquake of September 19, 1985 

110. LoCat i on Use No. of Date of No. 01 Type of Ge<>metry Appar~t 

stories construc' collapsed structure in plan cause of 
ticn stories fa; lure 

16 liverpool Resldrn' 9 1955 R.C:. flet Recten· Fa; lure 
end tiel plates and gular of cols. 

Berl in brick walls 

17 Bucare 11 c:ft ice 8 1950's R.C:. Rectan· Pounding 

/I 20 

frames gular 
18 ~allarta Off ice 5 1960's R C. f ranoes Rectan- Pounding 

/I 21 and brick gular 
(centrol walls 

19 Le Fragua Off ice 9 1950 R.C:. Rectan- Pounding 
/I 4 fr",""s gular 

20 Uruguay Parking 9 1970 R _c_ flat Rectan· Pounding 
/I ,,, plates gular 

21 Isabel ,8 Office 
" 

Unknown 6 R.C. floors Rectan- Undeter' 

Catol iea &. ans steel gular minable 

V. (arnte. frames 

22 Palma Reta; I 8 1950 4 ~,C. flat Rectan- Ovldng. " 
/I 5 plates gular pounding 

23 20 dr Mov_ Office f, 8 1965 R.C:. flet Rectan- Ovldny. & 

& Regina factorie~ plates gular pounding 

" Chimalpo' Garment 12 1950's b R.~ flat Rectan· Over" 

poea " f. fee tory p:ates gular loading 

S.1. "ier 

25 J.M. lza- Garment 6 1973 3 R.C. flat Rectan· over· 

zaga & r. factory plates guler loading 

catol iC8 

26 Regina Office & 7 1960's 5 R.C. flat Rectan· Ekcess;ve 

/I 15 warehouse plates gU~8r torsion 

a F .5. 1. Unknown 9 Unknown 2 Unknown Rectan· Vertical 

Mier nr. gular setbacks 

P. Suarez 

28 F.S.T. Factory 9 1970's R.C. fiat J rr~~' Excessive 

Mier /I 154 plat~& ular torsion 

29 lIezahual' Fee tory II 1973 R.C. R~·ctan· Over-

c')yotol and fr_s gJlar loading 

/I 130 rete; l 
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Table 2.1 (cont inued). Bui ldlngs WIth upper floor collapses in Mexico City durIng the 
earthQUake of Sept~r 19. 1980; 

No. Loeat i on use NO. of Date of ho. of lype of Geometry Apparent 
storl~s construe· collapsed structure in plan cause of 

tion stor1es fai lure 

30 .i.M. Ize- Oft! ce 15 1973 4 R.C_ flat Irrei- PLnChing 
zaga /I 89 & retai I plates ulllr sh@lIr 

31 Pino Sua- Factory 9 1967 7 R.C. flat ~ectan- Over-
ret 1/ 83 & retai I plates gular loading 

32 s. AntoniO unknown !l Unlcnown Urlknown Unknown None 

Abad r,o 1/ 

13 Indepen- Office 10 1940's 6 R.C. Rectan- NO 
dencia frames gulllr "eismic 

1/ 5Q design 

34 L. Carde- Residen- 1940's 2 R.C. floors Rectan- Fai lure 
nas & 16 t i a I and steel gular of cols. 
de Sept. frames 

35 L. Carde· Off ice 8 1940's 3 St!!'el bra· Rectan" Undeter-
nas 1/ 21 & retei I ced frames gular minable 

36 Art. 123 Off icc 1960's R.C. Rectsn- Undeter· 

& L. Moya 1r_s gular minable 

37 Tona 18 Off i ce 7 1960's 2 Brick Tri- None 

• 190 shear wall s angular 

38 Cordoba Office 7 1960'5 Undet"r· Unlmowr Rectan· None 

*17 mined gular 

39 Tonal. ,. Off ice 4 1960' 5 3 R.C. flit Rectan- VertiCil 
A. Obregon plates gular setbacks 

40 Nuevo Leon Off i ce 7 1960' 5 5 IInknown Rectan· Offset 
1/66 Qula~ ele~.tor 

walls 

41 A. Obregon Residen· 7 1960' 5 Undeter - R.C. RecUn- None 

/I 240 tial mined frames gular 

42 Guanajuato Oft i Ce 8 1960's 4 R.C. frames Rectan- None 

/I 119 and brick gular 
walls 

43 Monterrey Office 7 1960's f- R.C. ir_s Reet""- fai lure 

and lind brick gular of cols. 

Guanajuato walls 

44 A. Obregon Office 8 1960's 6 R.t. f lilt 1 r i· None 

&. lnsurg. plates angular 
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Tabl,. Z. I (continued). Sui Id,,'IIs with upper floor collapses in Mexico City during the 
earthquake of Septe<1i>er 19, 1965 

No. Locat, on Use No. 01 Ollte 01 No. of ~ ype of Geometr'Y Apparent 

stories construe- collapsed structure in plan cause of 
tion stan es fai lure 

45 Chapul te' Office 1960's 2 flat plates Rectan' Vertical 

pee /I 334 with R.C. & gular setbacKs 
brL .. alls 

46 Yucatan Off ICe 7 1960's R,C. flat Irreg' None 

& I,.,sur;. plates ular 

47 Insurg. & Unknown 7 Unknown UnknoW'\ T r i' None 

Zacatecas IIngulllr 

46 Tenusnte' Residen' 11 1976 6 Unknown Unknown Vertical 

pee /I 12 tial setbacks 

49 Yucatan Reslden' 6 1974 6 R.C. flat Rectan' None 

II 71 tial plates & gular 
brIL ... '. Is 

50 Chiapas Off I ee b 1976 Uncleter' R.C. Hat Ineg' None 

1/ 129 minable plates & ular 
brl walls 

51 Laredo & Unknown 6 Unknown 6 Unknown I rreg' Excessive 

Tamaulipas ular torsion 

52 RIO de la Unknown 9 Unknown Uncleter' Unknown Unknown None 

Loza II 136 minable 

53 F .S, T. Unknown 4 Unknown R.C. Unknown None 

"'ier & frames 

D. 20 Nov. 

54 Chimalpo' Unknown 1950's 2 Unknown Unknown None 

poca & D. 
20 Nov, 

55 Bouterini Unknown 7 1965 3 R.C. flat Unknown None 

& T lalpa" plates 

56 Cuauhtemoc Unknown 5 1965 2 R.C. flat Unknown None 

& Chapul' pI ates t 
tepee brk. walls 

57 Tlelpan & Unknown 8 Unknown 6 Unknown Unknown None 

A. Taller 

58 Cuauhtemoc Unknown 6 1962 3 Unknown Unknown None 

acrs. /I 36 
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Table 2.1 (continued). Bui ldi n;s with upper floor collapses In MexICO Ci'y durIng the 
earthquake of Septeriler 19, 1985 

NO. Loeal i on USE' No. of DatE' of No. of Type of Geometry Apparent 
stories construc' collapsed structure in plan cause of 

t i 0<' stories failure 

59 Dr. Velaz' Unknown 6 Unk"lOwc 4 Unknown Unknown N~ 

co & Dr. 
Andrade 

60 Or. Vertll Off icc ~ Uknolln Unknolln Unknown Unknol/n None 
& R. lor" 

61 Chiapas I". Off i ce Unknolln :5 Unknown Unknown N~ 

Tonal. 

62 Univ. & Off ice 10 1950's :5 R.C. Aectan· N~ 

Xola frames gular 

63 Cuauhtemoc Jnknown 6 Unknown 4 Unknown Unknolln None 
I". Puebla 

64 Insurg ... Unknowr 1C Unknown 3 R.C. I rreg' None 
GuanaJUiIto frames ular 

65 Medel I in I". Unknown Unknown 3 Unknown Unknown None 
A. Obregon 

66 Insurg. I". Unknown UnKnown :5 unknown Unknown None 
Monterrey 

67 Insurg. & Unknown 9 unlmown 2 unknown Unknown None 

Pueble 

68 Helpan & Unknown 6 1960's :5 R.C. tlat Unknown None 

LM. Oton plates 

69 Dr. Velaz' Unknown 1984 R.C. Unknown N~ 

co I". Or. frames 
Andrade 

70 Dr. licea' Unknown 12 1970 Z R.C. flat Unknown None 

98 1/ 12 plates 

71 F .S. 1- Unknown 14 1979 :5 R.C. flat Unknown None 

Mier 1/ n plates 

72 Halpen I". Unknown 9 1965 3 R.C.frames Unknown None 

G. Najera I". ttt. pIts. 

73 Cuauht@ftIOC Office 9 1957 3 R.C. Recten· None 

I". Col ima frames gular 

74 L. Carde' Unknown 7 1965 :5 R .C. flat Unknown None 

nas I". Dr. plates 
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Table 3.1. Gravltatlonal loads 

Dead Load.- Typical floor 

lO-cm concrete slab 

required additional slab weight 

mortar 

requi red add i t i onal mortar wei 51h t 

floor finish 

gyps,"," morta r 

partitions and cladding 

miscellaneous 

Total 

Dead lead.· Roof 

10-em coneret., slab 

required additional slab ~ei9ht 

tezontle fill 

water proofing 

gyps .... mortar 

mi scellaneous 

Total 

Live load for vertical load analYSIS: 

Typical floor: 120 • 420/./A CKg/l112) 

wh~re A = tributary area 

Roof: 100 (g/m2 

Live load for seismic analysis: 

Typical flocr· 01 I(g/~2 

Rc 0 1(9/m2 

~3 

240 Kg/m2 

20 

60 

20 

52 
23 

100 

25 

540 1(9/1112 

240 Kg 1m2 

20 

62 
30 

23 

25 

400 kg/m2 



Table 3.2. Properties of beam5 of interior longItudInal frame of orIginal 
SeT buildIng 

Floors Moment of inerti .. 

(mi.) 

Beam A·B Beam B·C 

1·3 0.02472 0.02483 
4·7 0.02416 0.02733 

7·10 0.03725 0.03725 

Pos i t ive ul t imate 

moment (T ·m) 

End '" End B End C 

70.61 70.61 70.62 
70.57 61.39 61.40 
45.00 45.00 45.00 

Negative ultimate 

moment (T·m) 

End A end B End C 

128.94 128.94 137.14 
97.7'5 97.56 106.36 
81.41 81.41 111.41 

Note: prooert1es of beams are syrrmetric about 8xis C 

Table 3.3. Propert ie. of col....,. of interior longi tudl nal frame of original SeT bui lding 

Stories Co I I.I1rI Moment of Ultimate Ult1lnate load Balanced State 

inertia IIIOI1leflt 

(mi.) (T·m) COITPress i on Tension UI t imate Ultimate 

(T) (Tl ~nt (T·m) load (Tl 

1-2 Exterior 0.01564 86.50 933.80 207.80 147.70 336.70 
Inter i or 0.02427 185.11) 1176.90 461. 30 234.90 337.80 

3-4 E;(terior 0.01564 86.50 933.80 207.80 147.70 :;;36.70 

Interior 0.01797 127.70 1095.30 461.30 136.80 414.20 

5-6 Exterior 0.01564 86.,0 933.80 207.80 147_70 336.70 
Interior 0.00793 63.90 nO.60 207.80 98.70 257.40 

7·10 Exterior 0.01564 86.:'0 933.80 207.80 147.70 336.70 
Interl or 0.00454 41.40 645.20 162.20 66.00 216.80 
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Table 3.4. flrst S11( naturaL periods of lnterior 

lon9itudinal frame of origInal SeT bulldln~ consIderIng 

rigid joints and effectIve moments of Inertia 

Mode Natural period 

(sec) 

I 1.f>27 

2 0.554 

3 0.314 

4 0.215 

0.162 

6 0.128 

Table 3.5. FIrst SIX natuc.l periods of desIgned 

10'story buildlng considertng center·to·center 

length' and gross moments of inertia 

Mode 

, 
2 

3 
4 

5 

6 

Natural period 

(sec) 

1.682 

, .000 
0.684 

0.647 

0.379 

0.263 

Table 3.6. Story drifts in longitudinal 

direction of designed 'O-stery building 

under deSign seismic loads 

Story 

10th 
9th 

8th 
7th 
6th 

5th 

4th 
3rd 

2nd 

1st 

Story drift 

0.0040 
0.0072 

0.0080 
0.0092 
0.0084 
0.0092 

0.0084 
0.0080 

0.0080 
0.0064 
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Tabt~ 3.7. Properti"s of beams of ,nterior long,tudinal frame of designed 

IO'story building 

floors Moment of inertia 

(I"') 

8eam ",8 8eam B-C 

1-3 0.03151 0.03151 
4·7 0.0251,9 0.02549 
7·9 0.0171,2 0.01742 
10 0.01330 0.01330 

Pos,tive ul t imate 

moment (T'm) 

End ,. End B End C 

52. IS 52. IS 52.15 
34.16 34.16 34.16 
17.38 17.38 17.38 
H.b8 1'.b8 14.b8 

Negative ultimate 

r.1Oment (T 'm) 

EOO .. End B Ero C 

78.09 78.09 78.09 
62.76 62.76 62.76 
46.34 46.34 46.34 
2'.09 21.09 21.09 

Not,,: propert i"s of beams are S)IIII11etr i c about ax i. C 

Table 3.8. Propert ies of col"",. of 1 nter 1 or longi tud i na I frame of designed lO'story 

building 

Stories Col~ Moment of Ul t imate Ultimate load sat anced State 
;nert;e moment 

(n.4) (T'm) C~ression Tension Ultimate Ul t imate 

0) IT) moment (T. m) load 0) 

1·2 Exter; or 0.01309 49.70 851.10 121. 70 113.70 336.80 
I nteri or 0.01309 49.70 851.10 121. 70 113.70 336.80 

3·4 Exterior 0.00953 39.70 752.50 103.90 92.40 295.00 
I nter; or 0.00953 39.70 752.50 103.90 92.40 295.00 

5·6 Exterior 0.00669 25.50 649.00 81. 10 73.20 252.90 
I nteri or 0.0066'" 25.50 649. 00 81. 10 73.20 252.90 

7·8 Exter> or 0.00447 21.70 567.40 51.10 56.10 213.80 
Interior 0.00447 21.70 567.40 81.10 56.10 213.80 

9· 10 Exterior 0.00279 18.00 485.80 81. 10 40.90 174.60 
Inter, or 0.00279 18.00 485.00 81. 10 40.90 174.60 
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Tabl~ 3.9. F,rst six natural periods of inter,or 

lonqitucilnal frame of designed 10'story bui ldlnQ can· 

sidering ri91d Joints and effect;ve moments of lnertia 

Mode Natural per iod 

(sec) 

1 1.790 

2 0.693 
3 0.405 

0.286 

0.213 

6 0.180 

lable 3.10. First six natural periods of rf'designed 

10·story bu,lding considering center·to·center 

lengths and gross moments of inert'. 

Mode 

, 
2 

3 

4 

5 

6 

Natural per,ed 

(sec) 

1.564 

0.972 

0.653 
0.524 

0.296 

0.251 

Table 3.11. Story drifts in longitu· 

dlnal direction of redesigned 10·story 

bui ld,ng under des'9n seismic loads 

Story Story drlft 

10th O.OO~O 

9th 0.0032 

8th 0.00 .. 8 
7th 0.0056 

bth 0.0064 

5th 0.0068 

4th 0.0072 

3rd 0.0076 

2nd 0.0080 
1st 0.0068 
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Table 3.12. Properties of beams of interior longitudinal frame of 
redesIgned 10'story !lui ldina 

Floors Moment of ;nertia Positive ultimate 

moment (T'm) 

ltIiesat;ve utt1mate 

moment (T 'm) 

',3 
4·7 

7· 10 

8eem A·8 8 ..... 8'C End A End 8 End C End A 

0.02465 0.03501 68.53 68.,3 52.15 94.24 
0.03743 0.03807 42.18 42.18 42.12 77.90 
0.03872 0.04141 42.12 42.'2 41.93 65.52 

~ote: properties of beams ar" sywmetric about axis C 

End 8 

94.24 
77.9U 
65.52 

End C 

78.09 
65.52 
39.59 

Table 3.13. Properties of columns of interior longitudInal frame of redesigned la·story 
building 

Stories Colum Moment of Ul timate Ultimate load "al anced 5tate 
inert i it moment 

(m4) (T'm) C~ression Tension Ultimate Ul t imate 
0) (1) moment (l'm) load (T) 

1·2 Exterior 0.01730 84.90 933.80 207.80 147.40 335.00 
Interior 0.01730 84.90 933.80 207.80 147.40 335.00 

3·4 Exterior 0.01507 be.10 890.00 162.20 129.60 335.90 
I nleri or 0.01288 74.70 1\52.20 Z07.BO 122.00 Z95.50 

5·6 Exterior 0.01420 n.50 855.90 126.70 '22.60 333.90 
Interior 0.00924 63.20 770.60 207.80 98.60 255.80 

7·6 Exterior 0.01420 53.50 855.90 126.70 122.60 333.90 
Interior 0.00634 53.1\0 689.00 207.80 77.20 215.90 

9·10 E'Jlterior 0.01420 53.50 855.90 1~b.70 122.60 3:n.90 
Interior 0.00535 41.40 645.20 162.20 be.OO 216.80 
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T .. bl~ 3.14. FIrst Sl~ natural perIods of interi~r 

longitudinal frame of redesigned 10-story buIldIng 
considering center-te-center lengths and etfectl~' 
moments of InertIa 

"<>de ~atural period 
(sec) 

1 1.928 
2 0_661 

3 0.380 

" Q.267 
5 0.204 

6 0.16'0 

Tabl .. 4.1. First three natural pe'lOOS of Interior 

longitudinal frame Of designed 10-story building ~hen 
lo~er ends of first-story columns are hinged and stiff­
ness of beams from first to eighth floors are neglected 

Mode ~atural period 
(sec) 

1 39.01 

2 3.58 

3 2.07 
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Figure 2.1. Building on Ave. Cu~uhtcnoc ~nd Puebla 

Figure 2.2. Building on Medellin and Ave. A. Obregon 
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Figure 2.3. guilding an Pucbla ncar ~ve. ~c los Insurgcntcs 
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Figure 2.4. Building on Juarez No. 117 

Figure 2.5. Building on Harnburgo and Dinarnarca 
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Figure 2.6. Building under construction on Ave. Hidalgo and Pas eo 
de la Reforma (Banco de Mexico) 
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Figure 2.7. Bullding on Honterrey and GuanCljuato (photogrClph Clfter 
J. Dal7lY H10S, '..986). 

Figure 2.8. 0uilding on I. La Catolica ,lnd 
(photograph after J. nClmy Ries, 1986) 
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Figure 2.9. Building on San Antonio Abad (photograph after J. 
Dany RlOS, 1986) 

figure 2.10. Building on ~ve. de los Insurgentes ond Monterrey 
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Figure 2.11. Building on Laredo and Tamaulipas (photograph after 
J. Darny R10S, 1986) 

F i '1 \I :- (> :'. 1 2. ~ u i1 din" "n ~ :~ .. !" r p n 1 (, n c : ') .: ~ . 
;,lo,{a IpnotogrClpn arter J. Damy F:10S, 1,)8u) 
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Figure 2.1J. Building on Ave. Cuauhtemoc and Colima (Secretarla de 
C0mercio j Fomento Industrial: photograph after J. Damy Rios, 
1986) 

Figure 2.14. Building on Ave. Universidad and Xola (Secretarla de 
=~~uni~1cicncs y Transportcs; rhotogrnph ~ftcr !ntern~tional 
~asonry Institute, 1986) 
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Figure 2.15. Building on Tehuantepec no. 12 (l'hotoC]r3ph atter 
International Masonry Institute, 1986) 

Fig".lre 2.16. Building on Cal':'e ROl:1a (Hotel continent<ll) 

58 



Figure 2.17. Building on fray Servando Teresa de Mier near pino 
SuarCL (photagrilph ~fter Internation31 ~asonr¥ Institute. 1986) 
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Figure 2.20. Building on Ave. Morelos No. 98 

Figure 2.21. Building on Liverpool and Berlin 
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Figure ~.22. Building on Ave. Je los Insurgentes ~nd Guan3juato 

:=-ir:.:~-~~ :~.::; :3uil 1li:lCj r..::n I'''~'31' ::cr·:,lndo ~'Or-0_':1 

(phctc::qraph i1fter D. r'itchel, 1987) 
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r~gure 3.1. S60E component of SeT, September 19, 1985, ground 
acceleration record 
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Figure 3.4. Longitudinal elevation (section 3-3) of building in 
simulation study 
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Figure 3.5. Transverse elevation (Section A-A) of building in 
simulation study 
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Figure 3.7. Cross sections and reinforcement of columns in in­
terior longitudinal frame of original STC bu~lding (dimensions in 
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Figure 3.9. Damage sustained by interior longitudinal frame of 
STC building during the earthquake of September 19, 1985 (after 
Meli and Lopez, 1986) 

74 



10 

9 

8 

7 

6 OJ 

'\ I) 

5 } ,\.. I n 

~ / 
4 .... \ ~ - ,;... ~ '\.~ I//J "-

IX ~ 
3 \ \ ... -.; ..- 'Il1 

~ ~ ~ 

2 \ ~ \\ // \l 

~ ~ ~ 

I "-

A II! 

Figure 3.10. Damage sustained by exterior longitudinal frame of 
STC building during the earthquake of September 19, 1985 (after 
Meli and Lopez, 1986) 
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Figure 3.13. Plastic hinges in interior longitudinal frame of 
designed 10-story building after 23.36 sec. of the SeT, S60E, 
ground motion 
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designed lO-story building after 29.20 sec. of the SeT, S60E, 
ground motion 
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Figure 3.15. Plastic hinges in interior longitudinal frame of 
designed lO-story building after 35.04 sec. of the SeT, S60E, 
ground motion 
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Figure 3.16. Plastic hinges in interior longitudinal frame of 
designed 10-story building after 40.88 sec. of the SeT, S60E, 
ground motion 
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Figure 3.17. Plastic hinges in interior longitudinal frame of 
designed lO-story building after 46.72 sec. of the SeT, S60E, 
ground motion 
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Figure 3.18. Plastic hinges in interior longitudinal frame of 
designed 10-story building after 52.56 sec. of the SeT, S60E, 
ground motion 
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designed lO-story building after 64.24 sec. of the seT, S60E, 
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Figure 3.21. Upper floor failure mechanism in interior 
longitudinal frame of designed lO-story building 
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Figure 4.1. Maximum interstory shears in interior longitudinal 
frame of designed lO-story building when frame is assumed per­
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