SEISMIC RESPONSE OF BUILDINGS DURING EARTHQUAKES:
EXPERIMENTAL RESULTS FROM STRONG MOTION DATA
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ABSTRACT

The kinematic behaviour of 25 "standard” buildings is derived from an analysis of 29
accelerometric record sets obtained by the California Strong Motion Instrumentation
Program during recent earthquakes. Measurements of the main natural frequencies, modal
shapes, and corresponding dampings, are obtained by means of a muilti-sensor, multi-degree
of freedom linear system identification technique, while various spectral techniques (Fourier
spectral ratios, coherence analysis) provide reliable, quantitative estimates of the
amount of torsional and rocking motions (where there is adequate instrumentation). The
results obtained are presented and discussed in connection with the geometrical and
structural characteristics of the buildings.

[. INTRODUCTION

Over the last 15 to 20 years, many buildings have been extensively instrumented with
accelerometric sensors so as to record their motion during moderate to strong earthquakes,
especially in California by means of the structural strong motion networks of the California
Strong Motion. Instrumentation Program (CSMIP), and, though to a lesser extent, of the United
States Geological Survey. As a consequence of various moderate-size (e.g., Morgan Hill, 1984 or
whittier Narrows, 1987) or large (Loma Prieta, 1989) shocks, numerous (over 50) structural
records have therefore been obtained during the last decade.

Despite the extremely high quality of most of these data, very few attempts have been made to
analyse and compare them with predictions obtained with more or leis sophisticated models, or
formulae recommended in various building codes. The present study is an analysis of a selected but
important set of the available SMIP structural recordings (i.e. those that have been digitized and
disseminated). After a short presentation of this data set in section I, section Il is devoted to a
brief outline of the various mathematical techniques used to analyse these data in view of
determining the vibration characteristics of the corresponding buildings, comprising i) a
multi-sensor linear identification scheme providing reliable measurements of their modal
parameters(natural frequencies, modal damping and modal shapes), and ii) spectral techniques for
estimating torsional and rocking motions (whenever possible).
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the results obtained by the application of each of these analysis methods to the entire data set are
then presented and discussed in sections IV (modal parameters), V (torsional motion) and VI
(rocking motion). Conclusions are summarized in section VII, which also briefly discusses the
relevance of their results for the special case of Mexico City.

II. DATA

For this study, we selected within the available SMIP digitized data 29 record sets, corresponding
to 25 buildings 2 to 21 stories high (4 buildings were shaken by 2 earthquakes), and peak
accelerations within the building ranging between .08 g and 1.24 g. This building set consists of 13
reinforced concrete buildings (labeled CI to C13), 7 steel buildings (SI to S7), 4 composite
(concrete/steel) structures (CSI to CS4), and 1 masonry building (M1). Within the concrete
buildings, 6’ have a shear wall lateral resistance system (C1 to C6), 6 have a moment resisting
frame (C7 to C11 and C13), and 1 has both shear walls and moment resisting frame (C12). It must
be emphasized that, since SMIP philosophy is to instrument common and regular buildings, all the
buildings dealt with in this study may be considered as representative of “average” buildings in
California, and results of the present analysis should not be biased by special "extraordinary”
structural behaviours.

The gross characteristics,of these buildings, as given by CSMIP, are listed in Tables 1 through 4,
respectively, together with those of the corresponding records. These tables point out that most of
data come from low to medium rise buildings, and correspond to moderate shaking (peak
structural acceleration lower than 0.3 g); there exist, however, a few very large acceleration levels
(up to 1.24 g). Nevertheless, none of the selected buildings suffered structural damage during the
corresponding earthquakes, so that we are sure that no irreversible, non-linear behaviour will alter
the analysis. A more detailed description of these buildings may be found in the relevant SMIP
processed data reports, listed in the reference section. (Porter et al., 1979; Huang et al., 1985;
Shakal et al., 1987).

As a consequence of the differences in construction material and lateral resistance system, five
different "building classes" may be identified, labelled CI, CII, S, CS, and M:

- CI corresponds to vibrations involving concrete shear walls, and thus consists of
longitudinal and transverse vibrations of buildings C1 to C6, and transverse vibrations
of building C12.

- CII corresponds to vibrations involving toncrete moment resisting frames, and thus
consists of longitudinal and transverse vibrations of buildings C7 to C11 and C13, and

longitudinal vibrations of building C12.

- S corresponds to vibrations involving steel frames, and thus consists of longitudinal
and transverse vibrations of buildings S1 to §7,
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- CS corresponds to vibrations involving composite steel/concrete structures, and thus
consists of longitudinal and transverse vibrations of buildings CS1 to CS4,

- M corresponds to vibrations involving masonry structures.

In the remainder of this paper, results will be grouped for each "building class” so as to investigate
whether some particular characteristics may be identified for each of them.

III. DATA ANALYSIS TECHNIQUES
HI.1 Linear identification scheme

For each of these 29 record sets, we applied the system identification technique described in more
detail in Afra et al., 1990. Basically, this method minimizes in a least-square sense the difference,
measured in the time domain, between an MDOF linear model and the actual acceleration
records. The minimization follows the scheme proposed by Beck and Jennings (1980), with a
significant improvement however: it considers simultaneously all the transverse (resp. longitudinal)
sensors located in a given structure, thus forcing the frequencies and modal dampings to be the
same for all these sensors (the participation factors, initial velocities and initial displacements
remaining free, of course, for each sensor).

In other words, if there exist, for a given horizontal direction, Np sensors above the level, each
vibration mode r along this direction is described by N = 2 + 3 N, parameters, Le. its frequency
fr, its damping ¢ r, and the Np groups xx xoooooooccocoooox where: xoox is the participation
factor at node i for mode r, xox is the initial displacement at mode r, and xxxx is the initial
velocity at node i for mode r. (These latter values cannot be set equal to zero since recordings are
made with CRA-1 analog-optical-instruments, which do not have any pre-event memory.)

TABLE 1: DATA FOR CONCRETE BUILDINGS
Building Records
Steuctaral charsctaristies Dimensions
] Name sad Lateral resistasee Fousdstion Story L L 1 Bt AL, Agu
localics ayslem number ground  sruct.
(m) (m} (m) () (s}
Ci UCSB North Hall Shear Walle Caissons, tit 3/0 101 731 104 || sB7R 0.41 0.9
(Goieta) beams and dlab
c2 Telephoae Bldg Shear Walla Sprend Mags 4/0 0.2 17 S ||»HM 01N [ B
(Watacaville) LPse 068 1L
[>~] Freitas Bldg Exterior Sprend Rags 41 16.2 410 333 ]| sB7¢ 0.22 0.97
(Santa Barbara) shear walls aad caissons
(7] Eageg Bldg E1, Cal. Shenr wall Cone. piles 8/1 218 825 .7 {jWNE? 0.10 0368
State Col. (Loag Beasd)
cs Pacific Manor Shewr walla Cone. crisons 10/0 28 855 N {WNET 022 0.54
(Barbaak)
cs Tows Park Towers Shear walls Cone. pila 10/0 203 839 19.¢ || MH$4 0.08 [F+]
Apurimeat Bldg
{San Jome) MLBE 003 012
[or) Fiest Faderad Savisps Perimeter ductile Cose. pilaa 2/1 91 385 365 j|WNE? 0.08 0.18
Bazk (Pomoss} MR frame +32
a Sears Warehousst Ductile RC Sprand Rag /1 83 109.7 353 [|WN3? 018 928
(Los Aageles) perimeter frame +359y
(%] Holiday an MR frame Coge. pilas 7/0 m0 480 192 [|WNST 017 0.20
(¥sa Nups)
Co Hollywesd Storage RC frame Couc. pilas 14/1 453 881 155 ||WNST  0a2 0.21
Bidg (Los Angriea) +127
<11 Sheraton-Universal Ductile MR Spread Nags /1 515 881 177 [|WNST 010 0.2
Hotel (North Hollywood) framae +13
C1% | Grest Western Saviags T: Ead shrar walls RC nmt 10/1 ns 79 250 |IMHM 008 0.2
2 Lowa Bidg (Sea Jose) L MR frame +52 MLSS o.04 008
C1y Usico Baak Bidg MR frame (above grad) Couc. piles 13/2 500 S48 29 ||WNE 913 0.28
(Sherman Ouky) Shear walls (below) +632

Comment SB78 = Santa Bariare, 8/13/78 (M, =51}, A(Hu. = Margan L, §j2i/81 (M, =8.12)
BASY = Berkeley Hils, 3/29/88 (M, =40}, ML3S = Mount Lawin, 3/31/86 (M, =5 8)
WNET « Wahittier Narrows, 10/1/87 (M, =59}, LP89 = Loma Priets, 10/17/89 (My=11)
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TABLE 2: DATA FOR STEEL BUILDINGS

Building Records
Structural characteristics Dimensions
1d Name and Lateral resistance Foundation Story h L 1 Event A rax A pax
location system number ground  struet.
(m) (m) (m) () (s)
S1 Alta Bates Hospital Braced steel frames Cone. mat 2/1 7.7 429 381 || BH86 0.08 0.12
(Berkeley) Conc. floors & roof + 4.7
§2 Sunwest Office Bldg Steel MR frame Spread fings 3/0 128 439 40.2 || WN87? 0.03 008
(San Bernardino) Plywood & conc, Aoors | w/grade beams
S3 | Kaiser Medical Center MR steel frame Spread ftngs 4/0 160 637 326 || MH84 0.03 0.28
{South San Francisco) on piles
S4 Cal. Federal Savings MR frames in Conc. caissons 8/0 251 368 368 ||WN87 0.23 0.29
Bidg (Burbank) perimeter walls
L1 Harbor Adm. Bldg Stee! frame Column ftngs 7/0 277  67.1 220 || W87 0.07 012
(Long Beach) on piles +4.0
S6 Santa Clars County MR frames ia Conc. mat 13/0 642 509 500 |{MHS4 0.04 0.17
Office Bldg perimeter walls
(San Jose} ML386 0.04 0.32
§7 City Hall MR frame Spread ftngs & 15/1 8268 323 323 |IWNS8T 0.08 0.08
(Long Beach) bell caissons + 52
TABLE 3 DATA FOR COMPOSITE (STEEL & CONCRETE) BUILDINGS
Building Records
Structural characteristics Dimensions
Id Name and Lateral resistance Foyndation Story h L | Event p, y— A et
location system pumber ground  struet.
(m) (m) (m) (s) (s
Cs1 Century City Conc. shear walls (n=-2-0) Spread Rngs & 3/2 152 735 668 |{WN87 006 018
Bullock Store Stae! perimeter bell caissons +69
(Los Angeles) braced frame (n>0)
CS2 | Olive View Medical Cone. shear walls (n=1-3) Spread Nuogs 8/0 293 137.8 920 {IWNEY 0.08 0.20
Center (Sylmar) Steel perim. shear walls (n>3)
CS3 | UCLA Math. Seience Thick shear wall (n=1-3) ? 7/0 288 183 146 |[WN87 005 0.14
Bldg (Los Angeles) MR steel frame (n>3)
CS4 | CSULA Admio. Bldg | Coac./steel columns (n=1-2) | Spread Ntogs & 8/1 386 469 193 [[WNB7 0.39 053
{Los Angeles) Conc. shear walls (n>2) bell caissons +37
TABLE 4: DATA FOR MASONRY BUILDINGS
Buiiding Records
Structural characteristics Dimensions
Id Name .xnd Lateral resistance Foundation Story h L ] Event A P
location system number ground  struct.
{m) (m) (m) (s) {s)
M1 Medical Office Block masonry shear walls Conc, piers & 3/0 128 393 213 [|WN8T 008 019
Bidg (Lancaster) | Plywood Boor & roof disphragms | grade beams




If only one mode is to be identified, the identification technique looks for the N o parameters fo,
to, Lo So ({84, db, v§), i=1,N,)) defining the set equations:

Vi + 2%y, +ogy; =44 % for i=LN,, (1)

so that the following "error function” E is minimized:

imN, T,
E=K § { (z:(t) — 5(1)* dt (2)

where: z; is the recorded relative acceleration of node i with respect to base level, characterized
by 7,

y; is the relative acceleration y® computed with the identified SDOF model characterized by
parameters ( f., <, 8¢, db, vh)  (equation (1)),

K is a normalization factor, -1

inN Ty
K={% |[z(t)]d (3)
f=] 0

Ta is the total time duration of the records (usually between 20 an 40 s, in some cases up to 80 s),

If more than one mode is to be identified, an iterative procedure is used, starting with the
identification of the first mode, and taking in the error function (2), for each additional mode m,
the computed relative motion y; equal to

r=m

%= 3y
r =)

Other error functions than those presented above are possible. Some of them were tried, but the
corresponding results did not show any significant differences, especially for the first modes. It was
observed, however, that the identification of higher modes was better with an error measurement
based on the relative accelerations, than with an error based on the relative displacements, as
often proposed.
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The input motion for the SDOF linear systems is taken to be equal to the measured based motion
xp (which implies neglecting any translational soil structure interaction); when more than one
sensor exists at the base level (which is often the case for the transverse direction), the input
motion is taken to be equal to the mean of these sensors. As an example, for the building shown in
Figure 1, identification of longitudinal modes involves sensors 5, 9 and 10, with input motion
provided by sensor 13, while the identification of transverse modes considers sensors 3, 4, 6 and 8,
with the input motion given by the mean of sensors 11 and 12.

A more detailed discussion of the limitations of this method may be found in Afra et al. (1990); in
particular, it does not take into account any coupling between the longitudinal and transverse
modes, and it also does not pay any attention to the non-linear behaviour of these structures,
which may be significant when shaken by moderate to strong base motion. These limitations
should be reflected, however, 1n the residual error E: a moderate value for E, i.e. less than 20%, is
therefore a good a posteriori justification of the use of this linear identification technique: it is
shown in section IV that this requirement was met in most cases for the present data set.

In the present identification study, we did not estimate the precision of the results, especially
regarding modal frequencies and damping. This precision study is now under way (based on the
sensitivity of the error function on the various parameters, and using the Hessian matrix), and the
preliminary results show that the precision on the fundamental frequency is very good, certainly
not exceeding 5% while ‘the precision on the estimated damping is significantly lower: though
additional work is needed to quantify precisely this uncertainty, we estimate it to be around 20% to
30%.
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Figure 1: Structural plan and instrumentation scheme for
one sample building: C12 (after CSMIP, [2])
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I11.2 Determination of torsional motion

All 25 buildings are instrumented with several pairs of transverse sensors located on different
floors (roof, basement and one or more intermediate levels, see Figure 1). Differences between
two transverse sensors located on the same floor thus provide an estimation of the torsional
motion, as illustrated in Figure 2.

In the present study, the torsional motion was therefore analyzed with the following technique,
illustrated on the example of the building displayed in Figure 1:

a) computing the average input transverse motion: i(t) = 05 (an (t) + a2 (b)),
the average roof relative transverse motion: r(t)= 0.5 ( a4 (t) + a3 (t)) - i(t), and the roof
torsional motion t(t) =a4 (t)-a3 (t) = (Ya-Y3).sind (t) (see Figure 2).

b) computing their Fourier transforms, over the whole signal duration, and their modulus I {f),

R (f) and T(f).

¢) computing the smoothed spectral ratios RI (f) = R(f) / I (), TI(ff =T (f) /I (f), and TR (f)=
TR(f) / R(f).

Peaks on TI(f) allow us to wdentify the frequencies f;" of the torsional modes (as well as peaks on
RI(f) must correspond to the transverse frequencies fT , found using MDOF system identification
techniques), and the corresponding values TR(f7) , and TR(fT), provide a quantitative
estimate of the proportion of torsional motion in the transverse motion, at the resonant
frequencies (transverse and torsional). Examples of such smoothed spectral ratios, computed for
C12 building, are depicted in Figure 3.

Very often, however, the two sensors are not located at the end walls of the building (separated by
distance L, but at a closer distance d. In order to compare data from different buildings, we
therefore estimated the torsional motion between the end walls by assuming that the roof is rigid
rotating block (see Figure 2), which leads to the formula:

Tor,(f;) =05 TR(f;). L/d (4)
This rigid block assumption may not be valid for some modes, for instance diaphragm vibrations;
we used it, however, only for fundamental transverse and torsional modes (i=0 ), which should
not be influenced by these modes, generally occurring at higher frequencies.
II1.3 Rocking metion
Some buildings, such as the example building C12 in Figure 1, are instrumented with 2 or more

vertical sensors at the base level. On the assumption of a rigid base, their rocking motion,
characterized by the angle 6 (Figure 2), may thus be estimated from the difference between the
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respective vertical motions on each side of the foundation. (If the base is flexible, the actual
rocking motion of the building should be larger than 6 (£) , as found in Luco et. al. (1987): in the
present study, we always assumed a rigid base, and our results are therefore lower bound estimates
of the rocking motion).

We followed the analysis procedure detailed in Bard (1988), which, for the building displayed in
Figure 1, may be summarized as follows:

a) estimating the rocking angle 6(r)

B(t) = (aft) — ay(1))/!
where a; (1) is the acceleration history at (vertical) sensor i, and [ is the distance to the two
vertical sensors.

b) comparing this rocking motion with the mean total transverse motion relative to the base, for
instance at the roof level:

T,p(t) =0.5 X {63(t) + a,(t)— ay,(t) — am(!)}.

In most cases, 6 and Troof proved to have very similar signal shapes, as displayed on Figure 4 for
building C12 of Figure 1. This similarity was therefore quantified by means of the coherence
between both signals, computed over their whole duration (40 s), and smoothed with a triangular
running window having a 0.6 Hz half-width, as illustrated in Figure 5. Despite this broad smoothing
window, the coherence very often reaches very high values (larger than 0.99) for frequencies
around the fundamental transverse mode.

As, in this frequency band, the spectral ratio between both signals is very flat (Figure 5), reliable
and meaningful measurements of the percentage P of rocking (R) in the transverse relative
motion (T) are possible.

P =Rroof(f0)/ ij(fo) (5)
where R, (f}=h-(27/)26(f), ©(f) is the Fourier transform of 8(t), and f, is the

fundamental transverse frequency.
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[V. ANALYSIS OF THE MODAL PARAMETERS

Tables 5 through 8 display the values obtained for the frequencies and dampings of the concrete
(5), steel (6), composite (7), and masonry (8) buildings, along the two horizontal directions
(longitudinal, Le. along the longest horizontal dimension, and transverse). Also displayed in these
tables, are the error levels considering one, two, ...N, modes. The number of identified modes
N, depends on the building: it was limited to the modest that contribute significantly to the
response, i.e. those modes the consideration of which induces a significant decrease in the residual
error E.

TABLE 5. DENTIFIED PARAMETERS FOR CONCRETE BUILDINGS
Building characteristics First mode Second mode Third mode Event

1d Com- h D1 D2 fo fo E, I €1 E, /2 2 E, A s

ponent | (m) (m) (m) |(Hi) (%) (%) |(H) (%) (%) | H) (%) (%) ()

(041 L 10.1 732 104 } 451 127 217 | O. 0. 0 0. 0. 0 SB78 0.99
T 10.1 10.4 732 | 3.23 92 3190 0. 0 0. 0. 0 SB78 0.99

C2.1 L 20.2 22.7 215 1361 62 97 {0 0. 0 0. 0. 0 MH84 0.33
T 20.2 21.5 227 1 478 149 202 ] 0. 4] 0 0. 0. 0 MH84 0.33

Cc22 L 20.2 22.7 2151270 81 175 (0. 0. 0. jo. c. 0 LP89 1.24
T 20.2 21.6 ‘227 | 375 159 304 |0, 0. 0. 0. 0. 0 LP89 1.24

T 20.2 215 227 | 478 148 202 | 0. 0. 0. |o 0. 0 MH84 1.24

ca L 16.2 41.9 333 (180 132 2268 499 120 174 | 0. 0. 0 SB78 0.87
T 16.2 333 419 | 251 108 402 | 3.51 1.6 385|612 301 231 SB78 0.67

C4 L 21.5 825 247 [ 558 122 128 | 0. 0 0. |0 0. 0 WN87 038
T 21.5 24.7 62.5 | 2.99 48 167 |0 0 0. 0. 0. 0 WNS7 036

(o3 L 26.8 855 229 | 194 79 576|834 167 449 | 0. 0. 0 WNS7 054
T 26.8 229 855 § 2.17 61 305|825 103 208 | 0. 0. 1) WN87 0.54

(o] ] L 203 83¢ 194 | 1.61 77 2021563 116 277 ]0. 0. 0 MHs4 022
L 1.58 38 6.3 | 5.54 8¢ 42 10 0. 0 ML8&6 0.12

T 203 19 4 839 | 235 63 124 | 0. 0. 0. 0. 0. 0 MH84 0.22

T 242 37 185 ] 0. 0. 0. 0. 0. 0 ML8S 0.12

Ci12 T 378 250 579 ]| 162 6.6 347 | 0. 0. 0 0. 0. 0 MHs4 0.22
T 163 30 104 0. 0. 0 0. 0. 0 ML8S 008

C7 L 9.1 36.6 305|371 79 122 ] 0. 0. 0. 0. 0 0. WNS7 0.16
T 91 305 366 | 3.3 64 50510 0 0. |0 0 0. | WN8§7 0.16

C8 L 383 1007 853 | 0.75 65 471 | 2.26 78 197 | 55¢ 206 174 { WN87 0.28
T 38.3 853 1097 | 0.70 40 38771215 118 198 | 403 122 168 | WN87 0.28

(o] L 20.0 46.0 16.2 1 007 101 257 | 3.42 104 8910 0. 0 WN87 020
T 200 10.2 460 | 086 196 6531|316 168 1720 0. 0 WN87 0.20

C10 L 453 86.1 1556 | 1.58 107 224|538 118 118 |0 0. Q. WN8? 0.21
T 453 15.5 66.1 | 0.54 94 513 | 202 98 320 | 3.47 8.5 258 | WN37 0.21

Ci1 L 515 56.1 17.7 | 046 1068 0620 | 156 122 4902 | 307 105 31.2 | WN8? 0.22
T 51.6 17.7 56.1 | 0.55 6.4 60868 ] 160 6.5 428 | 273 76 318 | WN87 0.22

Ci12 L 378 579 25.0 | 1.09 40 227 | 375 45 150 0 0. 0 MH84 022
L 110 29 112{352 3¢ 27]0 0. 0 ML8Ss  0.08

Ci3 L 50.0 688 222 | 0.44 87 315 152 42 235258 78 92| WN37T 028
T 50.0 222 538 | 0.40 28 428 | 138 24 4090 ) 240 B8 205 { WN8?7 028

159




TABLE 6: IDENTIFIED PARAMETERS FOR STEEL BUILDINGS

Building characteristics First mode Second mode Third mode Event
Id  Com b DI D2 | /g fo Eq | Iy i Ev | /s a2 E A v
ponent { (m} (m) (m) | (H)) (®) (%) | (Hz) (%) (B) |(H) (%) (%) {e)
s1 L 77 429 381 | 3.18 4.0 288 0. 0. 0. 0. 0. 0. BHS6 012
T 7.7 381 429 | 300 2.7 KIR] 435 77 248 [ 0. 0. 0. BHs86 012
S2 L 128 439 402 ) 218 7.5 157 6.00 137 117 | 0. 0. 0. WNS87 0.08
T 128 402 439 | 2.12 5.5 29.0 §63 272 267 | 0. 0. 0. WNS87 0.08
S3 L 16.0 63.7 326 | 179 58 119 5.52 7.5 105 |0 0 0. MH84 0.26
T 160 328 637 {179 3.8 105 0. 0. 0 0. 0 0. MHS84 026
S4 L 25.1 3686 386|078 29 42.1 2.32 6.0 7.5 | 431 170 49 | WN87 0.2
T 251 366 368 | 080 4.9 38.4 2.39 7.6 120 | 443 13.2 7.8 | WN87 029
S5s L 27.7 67.1 229 | 0.8 8.4 10.4 3.17 111 93 |0 0. 0. WN87 012
SSs T 2.7 229 671 | 072 45 17.7 2.26 5.4 8.4 | 0. 0. 0. WN87?7 0.12
S5a L 277 671 229 | 089 8.6 108 3.14 8.0 938 | 0. 0. 0. WN8? 012
S5n T 277 229 871|071 8.5 213 2.25 8.7 142 | 0. 0. 0. WN87 0.12
S8 L 642 509 509 | 0.48 3.0 16.7 1.40 39 59 1 0. 0. 0. MHS84 0.17
L 842 509 500 | 048 2.4 40.5 1.37 32 428 (0. 0. 0. MLs6 0.32
T 842 509 509 (0.5 13 273 1.45 46 119 | 2.42 568 107 | MHS84 0.17
T 842 509 500 | 048 2.2 4.4 1.42 45 39 |0 0. 0. ML88 032
§7 L 82.6 323 323 | 018" 479! 80.8? | 0.86 48 332 | 158 9.4 109 | WN87 0.08
T 826 2323 323|028 30 095 | 0.84 56 228 | 160 141 148 | WN87 008
TABLE 7: DENTIFIED PARAMETERS FOR COMPOSITE BUILDINGS
Building characteristics First mode Second mode Third mode Event
1d Com- h D1 D2 !o fo Eo f] [$1 El !g fo Eg Am
povent [ (m) (m) (m) |Gh) (B) (%) |Ga) B ) |EH) @ (%) (8)
CS1 L 152 735 668 | 220 6.0 239 | 4.92 93 98 |0 0. 0. WN37 0.18
T 15.2 66.8 73.5 | 256 81 319 | 5.44 956 163 | 0. 0. 0. WN8?7 0.18
Cs2 L 203 1378 920 | 3.58 86 544 | 0. 0. 0. 0. 0. 0. WNS7 020
T 203 920 1378 | 333 50 361 | 732 78 249 | 0. 0. 0, WNS7 0.20
Cs3 L 288 18.3 148 | 1.22 85 270 | 0. 0. 0. 0. 0. 0. WN87 0.14
T 288 14.6 183 | 1684 170 301 | 484 110 348 | 0. 0. 0. WN87 0.14
CS4 L 36.6 46.9 19.3 | 0.85 6.5 269 | 1.87 9.1 571472 41 48 | WN87T 053
T 36.8 19.3 46.9 | 0.68 7.6 84 | 2.04 80 33910 0. Q. WN87 053
TABLE 8: DENTIFIED PARAMETERS FOR MASONRY BUILDINGS
Building characteristics First mode Second mode Third mode Event
Id Com- k Dt D2 | /o fo E, I Sy E, | I fa Eq A
ponent | (m) (m) (m) |[(Hi) (%) (%) | Hz) (%) (%) |(H) (%) (%) (8)
M1 L 126 393 213|532 133 475 | 1116 178 309 0. 0. 0. | WN87 0.19
T 128 213 393 | 470 140 519 924 114 377 0. 0. 0. | WN87 0.19




IV.1 Error analysis

The distribution of these residual errors is displayed in Figure 6 as a function of the "building
class”, as defined in section II. These errors were also analyzed in connection with various possible
"explaining parameters”, namely the peak structural acceleration Ama (in relation with
non-linearities), the building height, its horizontal dimension along the vibration direction, and its
"elongation ratio" L/I: the results of this analysis are briefly summarized hereafter.

For the CI class, the mean (logarithmic) error for the 18 cases is around 18% which is satisfactory,
but not excellent. The worst identification is found for the longitudinal vibrations of building CS,
which corresponds to the most complicated shear wall structure Shakal et al. (1987). Also, there
appears to be a relatively good correlation between the peak structural acceleration (cf Table 1)
and the final error, therefore suggesting that this error comes, at least partly, from some kind of
non-linear behaviour in these concrete structures; this is supported in particular by the error
values found for the 3 buildings having experienced 2 earthquakes (C2, C6 and C12).

For the CII class (14 cases), the mean logarithmic error has about the same level (16%). The worst
identification occurs for transverse vibrations of building C7, which will be shown in later section
to be the building with the largest torsional motion, which may therefore alter the identification.
For this class of buildings, there is no clear correlation between the error and the peak structural
acceleration, nor with any other simple parameter.

For the S class (16 cases), the mean error is about 12%, which is both very satisfactory, and
significantly smaller than for concrete buildings. The worst identification occurs for "longitudinal”
vibrations of S6 building, when shaken by the Mount Lewis earthquake (while the error is much
smaller when shaken by the Morgan Hill earthquake): once again, this large residual error
corresponds to a large torsional motion (see section V). For this class of buildings, the residual
error exhibits some correlation with two parameters: the building height and the peak structural
acceleration. The latter correlation is unusual, however, since the error decreases with increasing
acceleration: this observation, combined with the low value of the average error, allows us to
suggest that most of these steel buildings behaved linearly during these earthquakes.

Finnaly, for the CS class (8 cases). the average error is about 21%, thus indicating that their
behaviour is more complex than for "pure concrete” or "pure steel” buildings, as expected.
Moreover, there does not appear to be any clear correlation between error and peak acceleration
or any other simple parameter.

In other words, the proposed linear identification technique works very well for steel buildings,
well for concrete buildings, and reasonably well for composite buildings; as there clear evidence of
an error increasing with increasing acceleration only for shear wall concrete buildings, we attribute
this variable "performance” of the identification technique mainly to the fact that steel buildings
have in general the simplest and purest dynamic behaviour, while masonry and composite buildings
have the most complex. with mode to mode coupling.
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IV.2 Fundamental frequency

Very often, for simple buildings, this frequency is estimated roughly by means of simple formula
proposed in earthquake regulations. Although there exist a large number of such formula, some

are more extensively used than others, amongst which:

the ATC formula: Ty=000H /VD (6)

genneraly considered as valid only for rather stiff buildings, and recommended, under some
limitations, in many countries

the UBC formule: Ty = C H™S )

with C depending on the structural type: 0.085 for steel moment resisting frames (i.e., S class),
0.073 for reinforced concrete moment-resisting frames (CII class) and eccentric braced frames,
and 0.049 for all other buildings (mixing of CI, CS and M class ). (These values stand for
geometrical dimensions H and D measured in meters).

In order to test these various formulae, we performed, for each of the main classes ( CI, CI, S,
CS) and also for mixed CI+CS+M (corresponding to the "all other buildings" category in UBC
classification) and all buildings, a least-square regression fitting the dependance of $log f sub 03 on
$log H$ and $log D$. Other explaining variables were tried, but the corresponding fit
improvements were not significant (considering the small extent of the data set), and therefore no
other parameter was introduced. The results of such regression are summarized in Table 9,
showing that the main parameter is, by far and for each class. the building height H; consideration
of the horizontal dimension D significantly improves the fit only for steel buildings, for which the
agreement is, however, already very good with H alone.

TABLE $: DEPENDENCE OF f, ON HAND D
fo=a, X H'x D" x 10" || fo = oy x H/23 10%

Building set | [ oy o, B, o7 o, ag Bs oy
CI 274 | 0.18 [| 1455 | -0.55 | 0.00 | 0.15 14.62 | -0.55 | 015
ca 089 | 030 |[13.91 | -1.02 [ 0.20 | 0.15 26.86 | -0.99 || 0.18

S 111 | 0.32 749 | -0.99 | 031 | 0.055 {;23.81 | -0.98 |!0.067
CS 1.66 | 0.27 236 | -063 | 045 | 0.18 46.15 | -1.02 |} 0.23
CI+CS+M | 242 { 0.25 ||47.82 | -0.87 | 000 | 0.19 47.82 | -0.97 |{0.19
All 1.51 { 0.35 |[3050 | -1.07 | 0.11 | 0.22 4463 | -1.07 || 0.22

Comment: [, is the mean value of the data set, and oy is the correcsponding
{logarithmic) standard deviation.
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Some interesting observations may be derived from these fits:

i)the best fit is obtained (by far) for the steel buildings data set, and within concrete buildings, the
fit is much better for CII set (compare oo and o1 :n Table 9). This is related to the fact the
residual error is minimal for steel buildings also, and points towards simpler behaviour of steel
buildings, and, amongst concrete structures, of moment-resisting frame buildings.

i) the data set for the CI category is limited to rather short periods: measured f¢ range between
1.5 and 5 6 Hz. This is too short a range to fit a satisfactory formula, and explains the large scatter
in Figure 7. A better fit would certainly require incorporating of the actual resistance capacity of
the shear walls (by means, for instance, of their section area), but this structural information was
unavaible.

iii) the fundamental frequency depends much more on the type of lateral resistance structure
(frame or shear walls) than on the matenal (concrete or steel) with which it is built. This
observation is consistent with the UBC formula, which prowvide values for coefficient C for steel
and concrete frames.

iv) one building, C2, was shaken with two very different acceleration levels (Table 1): the
identified frequencies do diffier significantly for each event, with a significant decrease (20 to 25
%, depending on the component) for the biggest event (which reached very high accelerations:
1.24 g). This is certainly an indication of non-linear behaviour, which may concern the structure
itself or the soil {(or both).

Based on the results, we therefore propose the following simple formula for each of the 3 building
classes, and also for the "all other buildings" class:

CI: Jo=124 /VH  or T, =0.081 VH (8a)
CII: fo=215/H or To =0.036 H (8b)
S: 0=250/H or T, =0.040 H (8¢)
CI+CS+M. f,=520/H or T,=0019 H (8d)
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The "performances” of these formula are compared in the Table 10a with those of usual ATC and
UBC formula. When keeping the H and D dependence of UBC and ATC formula, but setting
free the scaling coefficient, some significant improvements are obtained, as listed in the Table 10b.

TABLE 10s° COMPARED PERFORMANCES OF UBC 88, ATC, AND THIS STUDY'S FORMULAE
Building UBC ATC This study’s
set oy formula 4. e formula CATC formula C3
<l 0176 | fo =204/ H"™ [o0190 | fo=110VD fH |02 | fo=124/VH [o10
cn 0304 | fo=137/ H® |o182 | fo=110VD /H | o437 fo=275/H |o1ss
s 032¢ | fo=118/H"" |o101 | fo=11.0VD /H | 0455 Jo=250/H |o0067
CI+CS+M | 0251 | fo =204/ H*™ [ o200 | fo =110 VD / H | 0236 fo=520/H 0.195
TABLE 10b: COMPARED PERFORMANCES OF MODIFIED UBC 88, ATC, AND THIS STUDY’S FORMULAE
Building Modifled UBC Modifled ATC This study’s
set g, formula Cupc formula Tarc formula Oy
cl 0176 | fo=126.4'/ HO™ [ 0153 | [o=995VD /H o025 | fo=124/VH |05
cn  [o0304 | fo=117/7H® |o160 | fo=434VD /H |07 | [fo=275/H |o1s6
s 0324 | fo=115/H"® | o101 | f,=389 VD / H | 0060 fo=250/H |oo067
cl+cs+M | 0251 | fo=24.1/ H®™ [ o198 | fo =971 VD / H | o213 fo=520/H |01

Comment: oy is the logarithmic standard deviation of the date set, O ygo, Copo ond 0y are the logarithmic stendard
deviations of the differences between actual frequencies and predicled values using corresponding formule.

The modified ATC formula is therefore the best one for steel buildings, which is somewhat
surprising, while "our" simple formula work better for all cther building classes. Figure 7 shows,
however, that, apart from the original ATC formula, none of the usual formula are contradicted by
the present data.

IV.3 Higher mode frequencies

As shown in Table 5 to 9, it is possible to identify at least one higher mode for 21 of the 25
buildings. For almost all long period buildings (ie., those with fp<1 Hz), the excitation level of
these higher modes is very signiticant. as indicated by the large decrease in the residual error from
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Eop to Ej or E2. This is experimental proof that, at least for moderate size earthquakes (M< 6.5),
careful antiseismic design of "flexible” buildings must take into account their higher modes.

It is therefore necessary to estimate the frequency of these higher modes, especially for the first
harmonics. This may be done with a modal analysis, or more simply, derived from the fundamental
mode frequency through a mean f; / fo ratio: from the present data set, we obtained the mean
values for ratios f1 /fo and f /fp displayed in Table 11.

TABLE 11 AVERAGE RATIOS BETWEEN FUNDAMENTALS AND HARMONICS
First harmonics Second harmonics
Building f1/ fo | Standard | Number || fo/ fo | Standard Number
set deviation of cases deviation of cases
Cl 336 076 5 - - 0
CH 337 024 11 598 066 5
S 304 022 9 540 039 4
CS 256 042 6 - . 0

As expected from theory for flexing or shear mode, the average f1 /fo ratio is slightly larger than 3;
moreover, the scatter is, once again, the smallest for S and CII buildings certainly undergo a larger
longitudinal to transverse mode coupling (and vice-versa). In addition, it is possible to detect,
despite the scatter, a certain trend towards larger ratios for shear wall structures.

IV.4 Damping values
Despite the non-negligible uncertainty in the estimates of damping (see above section II1.1), the
measured values, listed in Tables 5 to 9 and displayed in Figure 8, exhibit interesting and significant

features.

The main result concern the average damping & in each building class:

Building set : Cl CII S CS
% (%) : 8.3 7.9 4.3 8.5
o, (%) : 3.8 44 1.7 3.7

Despite the relatively large scatter (O‘O)thcse % valucs do show that damping is comparable for
both shear wall and momeni-resisting frame concrete buildings, and much smaller for steel
buildings, thus suggesting that modal damping is correlated much more to the construction
material than to the structural type.
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The scatter in these damping values is, however, significant, and it cannot be explained by any
structural (H, D,...) or input (Amax) parameter except, possibly, in one case: there may exist a
(positive) correlation between to and Amax for the CI building set. This category had already
been identified, on the basis of the residual error, as the most likely to be exposed to
non-linearities.

A few other observations may be derived from Tables 5 to 8:

-there is no clear correlation between the transverse and longitudinal dampings of a given building,
except (possibly) for the CII and S building sets. There is, however, a trend towards a slightly
larger damping in the longitudinal direction: mean ¢ /¢y ratios are about 1.38 whatever the
building set. There are some exceptions, e.g., building C9.

-the average damping of composite buildings (CS category) is comparable to concrete buildings
damping, which suggest that the actual damping of a given building is controlled by the damping of
its most dissipative elements.

-it is interesting to note that the 2 damping values found for the only masonry building are
amongst the largest; it is not possible to conclude, however, with so few data, that masonry is a
more dissipative material than concrete (see for instance dampings of buildings C3 and C9).

-three of these 25 buildings (C6, C12 and S6) experienced two earthquakes of similar size.
Although their measured natural frequencies vary only very slightly from one event to another,
their measured damping does vary significantly: for the two concrete buildings, the damping
increases with increasing motion level, suggesting non-linear, but reversible behaviour (the weaker
event, "ML86", occurred after the stronger one, "MH84"); for the steel building, there is no such
correlation, but the measured damping is certainly influenced by the amount of torsional motion,
which varies considerably from one event to another (see section V). Building C2 also experienced
2 earthquakes, but with very different acceleration levels; damping and frequency values both vary
as expected from classical non-hnear models, but damping increase is much lower than frequency
decrease: specific studies should be undertaken to understand such behaviour.

-finally, concerning the damping values for the higher modes, these are generally larger than the
values obtained for the fundamental mode, and again significantly smaller for steel buildings than
for concrete and composite buildings.

V. TORSIONAL MOTION
The results of the analysis described in section I11.2, applied on the full set of data are summarized
in Table 12, which lists both the measured amount of torsion at the fundamental transverse

frequency TR(fI) . the torsional frequency f§, ,and the corresponding ratio TR(fg),
with the following convention: fg and TR(fJ) aresetequal tozerowhen f =fT.
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TABLE 12: TORSIONAL MOTION: FREQUENCIES AND AMOUNT

Building dimensions Frequencies *Dissymetries” Sensor Torsional
spacing characteristics
u b Dt D2 | fr [, |tpfe Amp/Amy ¥ iy | 15 TR(1E) | TRUT)
(m) (m) (m) | (Hz) (H3) ’ (Hz)

C1 101 104 732} 323 451 72 1.50 28. .64 3.82 1.47 .82
c21 202 215 227 | 478 361 | 240 1.00 63. 1.00 3.37 1.55 a5
c2.2 202 215 227|375 27 | 196 0.72 7. 1.00 3.00 1.00 31

C3 162 333 419 | 2.51 180 80 52 1. 45 00 00 40

C4 216 247 625 | 299 558 38 1.00 8. 46 .00 .00 51
C5 268 229 655 | 217 194 05 82 163, 85 00 .00 19
C6.1 203 194 639 | 235 151 .69 1.00 127. 100 00 .00 62
C6.2 203 194 839 [ 242 158 | 103 133 81. 1.00 .00 .00 1.00
C12.1 378 250 570|182 100 | 185 100 127. 1.00 2.47 2.90 19
C122 |378 250 579 (163 110 1.03 1.33 81. 1.00 2.54 1.27 19
Cc7 9.1 305 366 /330 371 31 1.00 o1 1.00 3 2.30 1.62

Cs 363 853 1007 70 .75 82 a2 174. 1.00 1.08 217 19
ce 200 192 460 86 97| 1y 1.21 28. 80 00 .00 1.79
€10 453 1556 661 | .54 158 48 178 8. .50 00 .00 N
cn |s15 1727 561 | 55 46| .60 1.22 8. 71 | 00 00 74
C13 500 222 588 | .40 44 A9 67 18. .50 .00 .00 7]

St 77 381 4290 | 3090 318 68 88 40 71 .00 00 85

52 128 402 439 | 212 218 73 1.00 90 1.00 2.71 573 62

s3 160 326 837 | 1.7¢ 179 .62 1.50 79. 50 2.11 .78 34

S4 251 368 366 | .80 .78 | 1.69 7 173. 1.00 112 87 1

S5 77 229 671 71 .89 89 1.40 18. 77 85 1.47 51
S5p 77 2290 315 71 80| 100 1.40 18. 1.00 00 .00 A2
$6.1.54 | 842 509 509 | 48 48 80 1.00 124. 78 60 408 38
S6.187 | 642 509 509 ] .48 48 | 1.25 1.00 34. 78 58 291 a8
$6254 {642 509 S0¢ | 48 50 | 1.60 72 79. .78 .59 1.62 89
$S6.267 | 842 500 509 | .50 48 .59 1.30 160. 78 .60 188 53

s7 B26 323 323 ) 84 8 | 117 87 83 1.00 1.61 51 17
CS1 152 668 735 | 255 220 135 67 128. 100 4.30 3.20 11
Cs? 293 920 1378 | 3.33 358 .58 100 41 1.00 5.40 3.70 .38
CS3 288 146 183 | 164 120} 179 125 1 100 187 1.47 51
M1 126 213 393 | 491 532 | 1928 1.50 174. 59 00 .00 88

Comments f {resp. f,) is the fundamental frequency in the transverse (resp longitudinal) direction
¢r (resp ¢, ) 1s the damping of the fundamental transverse (resp longitudinal} mode
Amy (resp Am,) s the peak base acceleration in the transverse (resp longitudinal) direction.
¢ 13 the angle between the longitudinal axis of the building and the incoming wave




The first striking feature on this Table concerns precisely the number of cases for which
fundamental transverse and torsional modes coincide: 4 out of 7 buildings of the CI class, 4/6 for
CII class, 1/7 for S class, and 0/3 for CS class (a sensor malfunction in CS4 building makes upper
level torsional motion unavailable). Moreover, in the remaining buildings, torsional frequency is
very often only slightly different (generally larger, except in one case: C2 building, for which the
first torsional mode is very clearly coupled to the first longitudinal mode) from the transverse
frequency: + 15% for Cl class, + 30% for CII, + 24% for S and + 48% for CS.

Another interesting result deals with the amount of torsional amount at the fundamental
transverse frequency: histograms in Figure 9 displaying the "Tor,(f Iy values as defined in
equation (4), shown that the average ratio is about 35% for the whole set of buildings, with a
certain number of cases with very small torsion (10 out 31 less than 20%), but a significant number
of cases with a large torsion (7 cases above 50%). The large dispersion in these values makes it a
difficult to differentiate between the various building classes; steel buildings, however, exhibit
rather homogeneous behaviour with a moderate though significant amount of torsion (29), while
concrete frame buildings may undergo very large torsional motion (more than 70% for buildings
C7, C9 and C10).

Apart from this gross differentiation however, the amount of torsion does not correlate to any of
the possible "explaining” variables: neither the geometrical parameters (height, longitudinal and/or
transverse dimensions), nor the structural characteristics (f7/fL or <7 /st ratios)

Finally, the last outstanding feature concerns the variability of the torsional motion, for the same
building, from one earthquake to another: for instance, for building C6, xooooox varies between
0.5 x 100 %, for C12 it does not vary at fundamental transverse frequency, but varies significantly
at the torsional frequency (around 2.5 hz), for S6 it also changes substantially at both the
transverse and torsional frequencies. This variability suggests that torsional motion is not a
"characteristic" of the building, but is highly dependent on the incoming wavefield (azimuth, wave
type, polarization,.. ), and that it therefore implies some kind of soil-structure interaction. In this
particular data set, however, we could not point to any clear evidence for a correlation between
the amount of torsional motion and the solicitation characteristics (polarization AmT / AmL angle
w between the building longitudinal axis and the incoming wave, also listed in Table 12).

VI. ROCKING MOTION AND SOIL-STRUCTURE INTERACTION

Of the 25 buildings, four (i.e., C2, C6, C12 and S6) are instrumented with 2 or more vertical
sensors at the base level, and are thus suited for analysis described in the section IIL.3. For
buildings C2 and S6, which are square buildings, there are enough vertical sensors to investigate
the rocking motion in both directions. Moreover, each of these 4 buildings recorded at least 2
earthquakes, as shown in Tables 1 and 2. Three out of these four buildings (C6, C12 and S6) are
very "common" buildings built on "common" alluvial soils, while C2 was specially strengthened
because of its particular use (telephone), and is therefore a very stiff, "nuclear-type” structure,
founded on common alluvial soils.
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The results are summarized in Table 13, from which the following comments may be inferred:

(i) for three of these 4 buildings, the coherence level between the rocking motion and the
horizontal motion is, despite the large width of the smoothing window, extremely high (well above
0.98) at any level (roof or intermediate floors), whatever the seismic event. As for building C12,
the coherence remains highly satisfactory in a 2 to 4 Hz wide frequency band centered on the
fundamental mode. his result is proof of the existence of a strong soil-structure interaction for
these 3 buildings.

The only building for which the coherence is poor, and therefore the soil-structure interaction
weak, is the steel building, as expected: it 1s the most flexible (rff <os Hz) and it has the
largest base dimensions.

(ii) for these three concrete buildings (C2, C6 and C12), the rocking motion proves to be
significant to large, since it accounts for 25 to 50 % of the total horizontal motion at roof level
(and for 22 to 62 % at intermediate levels). In other words, for these 3 buildings, the rocking
motion represents at least one third and most 150 % of the pure flexing motion.

(iii) for the 4 buildings, the results are very consistent from one earthquake to another, since the
rocking percentage remains the same (within 3 %), even though, for building C2, there exists clear
non-linear behaviour which shifts the natural frequencies.

(iv) building C2 has a square foundation, but different lateral force resisting systems in the two
horizontal directions: it is therefore worth nothing that, as expected, the rocking motion
percentage is greater in the "stiffer” direction. Moreover, we also performed a rough estimation of
the "pure" rocking periods with simple SDOF systems formula, and found exactly the same value
(0.15 s) for the two directions, which is consistent with the square shape of the foundation.

(v) though the shift between fixed-base period and the period of the interacting system was not
measured, some rough estimates may be derived with simple formula obtained for simple SDOF
systems (such as presented in Jennings and Bielak, 1973, for instance):

TO/Tf= V1.+P,

where P is given by equation (5). With such a formula, the period shift is thus shown to
significantly exceed 20 % in 3 (i.e., C2t, C6t, C12t) of the 6 investigated cases.

Soil-structure interaction phenomena are therefore shown to be significant to large for "common”
concrete buildings built on "common” alluvial soils. As SSI is generally beneficial for structures,
such a result may have significant engineering consequences for the aseismic design of many
"common" buildings for which the SSI is very often disregarded. as well as for flexible buildings on
very soft soils such as the Mexico City clay....
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TABLE i3 : STRUCTURAL CHARACTERISTICS AND ROCKING BEHAVIOUR FOR THE 4 BUILDINGS INVESTIGATED.

Building Structural Foundations Frequency Level Height { Coherence | Percentage Remarks
# characteristics Type Sail Jwidth level Rocking
ratio [relative
AJd h1 motion
(%)
Cc2 Concrete Spread Alluvium 4.78 Roof, mean 0.9§ 0.998 51 MH84, NS comp.
3.56 Roof, mean 0.95 09094 50 LP8&9, NS comp.
3.61 Roof 088 0.909 26 MH84, EW comp.
2.70 Roof 0.88 0.086 29 LP89, EW comp.
cs RC shear-walls | Piles under | Alluvium 238 Roof, mean 1.60 0.987 58 MH84
2.42 Roof, mesn 1.60 0.946 58 ML38s
Cil12 RC shear-walls Mat Aliuvium 162 Rool, mean 1.72 0997 40 MHB4
1.63 Roofl, mean 172 0.995 38 ML38
S8 Steel Mat Alluvium 050 Root 1.44 0.804 18 MH84, EW comp.
frame foundation 0.48 Rool 0.811 25 ML88, EW comp
048 Roof 1.59 0938 1.5 MH84, NS comp.
048 Roof 0.975 1.2 ML.86, NS comp




VII. CONCLUSIONS AND DISCUSSION

The present study is limited to a simple analysis of strong motion data, and does not address the
crucial problem of the interpretation of the observed behaviour in terms of structural
characteristics (and incoming wavefield characteristics): it would therefore gain substantially being
coupled to a detailed structural analysis of each of these 25 buildings, so as to better appreciate the
"expected” and "unexpected” parts in these observations.

On another hand, the present study should ailso include careful measurement of the reliability of
the identified parameters. In particular, a few basic hypothesis implicit in the identification scheme
should be investigated and discussed in more detail, especially the linearity hypothesis (which is
obviously wrong, for instance, for C2 building, and may bias the results for concrete shear wall
structures) as well as the overlook of any coupling between longitudinal and transverse motion
(that the measured importance of torsional motion questions): This work is now under way, on a
few characteristic examples.

However, the number of these observational measurements (25 buildings, 4 of them shaken by 2
earthquakes) allows a statistical treatment which sheds some light on the charactenstics of actual
behavior during real earthquakes, and therefore provides a sound data base for objective checking
of computation techniques and design rules. In particular, we think that a few significant results
emerge clearly enough from the data:

i) the fundamental frequency xox is shown to depend mainly on the building height and lateral
resistance system (i.e., shear walls or frames), and not as much on construction material or
horizontal dimensions. Usual ATC formula is not well suited to the observations, and thus new but
simple formulae are proposed to estimate xxxx for standard buildings: their scatter is minimum for
steel buildings, and maximum for concrete, shear wall buildings.

ii) damping values, though widely dispersed and less reliable than xoox values, exhibit mean values
of about 4% for steel buildings and 8% for concrete buildings. For composite buildings, modal
damping is shown to be related to the most dissipative material (usually concrete).

iii) higher modes are shown to contribute significantly to the response of tall buildings, i.e. those
whose fundamental period exceeds 1 s, at least for moderate size events

iv) torsional motion is shown to represent a significant (36% on average) proportion of the total
relative transverse motion around the fundamental modes. even for standard symmetrical
buildings, and to reach extremely large vatues for a few concrete frame buildings. It does not
exhibit, however, any clear correlation with any geometrical or structural parameters, and it may
vary a lot, for the same building, from one earthquake to another, thus suggesting great sensitivity
to the incoming wavefield.
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v) rocking motion is shown to be significant (i.e., 25 to 60% of the total relative transverse motion)
in 3 out of the 4 cases investigated, thus showing the importance of soil-structure interaction on
soft soils moderately stiff structures. In contrast to torsional motion, rocking motion is very stable
from one earthquake to another.

vi) finally, steel frame buildings clearly emerge as having the simplest global behavior (i.e. with no
evidence of non-linearity, minimum scatter in frequency and damping values, a reasonable amount
of torsion, and minimum residual errors), while concrete, shear wall structures exhibit the most
complex behaviour.

Amongst these results, we think that two them are of particular interest for the special case of
Mexico City, i.e. those relating to the importance of torsional (iv) and rocking (v) motions. It has
been shown (e.g., [9], [10]), that local heterogeneities in the very soft surficial clay layer are very
likely to generate significant "free-field" differential motion (over 10 -3 for an event similar to the
1985 earthquake). Such differential motions, combined with the "usual” effects of the input
translational motion (as shown in this paper), are thus very likely to generate very large torsional
and rocking motions in medium to high rise buildings whose period is around 2 s.

We therefore think it very important to address those problems in Mexico City; in our opinion,
despite the number and sophistication of existing computer codes in structural dynamics and
soil-structure interaction, a sound research program should be primarily based on the dense
instrumentation of a few carefully selected buildings which should also include a dense "free-field"
array in the immediate vicinity of those buildings, so as to also measure the effects of soil-structure
interaction on ground motion.
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