ABSTRACT

Shortly after the
Research Council of C
[rancisco Bay arca. T

carthquake. the Institute for R
anada (IRC/NRCC(C)

) l1S paper gives an ov
[t covers important observations re

performance of building structures
power generating and distributing
the lessons learned from the Canad;

| esearch in Construction of the National
organized a team of

| | engineers to visit the San
erview of the findings by the reconnaissance team.
rding the geotechnical aspects of the ground motion, the
» lIquid storage tank and other industrial facilities, electric

[acilities, and transportation structures. A summary of
an perspective 1s also presented
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INTRODUCTION

OI’I.QC'[-O})GI‘ 17, 1989, 17::04 Pacific Daylight Time, a strong earthquake, called the
Loma Prieta Earthquake, of Richter magnitude M; = 7.0 originated from the San Andreas
fault and shook the entire San Francisco Bay area. The average surface wave magnitude (M,)

was estimated by the U.S. Geological Survey as 7.1. The epicenter was located approximately
~ ]

16 km northeast of the city of Santa Cruz. The felt area stretched from Las Vegas, Nevada
11

to Los Angeles, California. The hypocentral depth was about 18.5 km, which is relatively

decp for most events associated with the San Andreas fault. The fault movement includes
not only the typical horizontal component of slip, but also a significant thrusting oflthe
southwest side up and over the northeast side. The rupture zone was 40 km long, The
overall felt duration of the strong shaking in some areas reached 20 seconds.

The closest accelerographs were located in Santa Cruz and 1n \'\*1at.son131%i., a]?{dﬂti%
recorded the highest horizontal and vertical peak accelerations: Santa szh— s giﬁéreﬁces
V: Watsonville — 0.39g H, 0.66g V. The records from San Francisco statl%r}Sjr:\l preseﬁts <
depending on the type of soil deposits and 'other geologic [eaturec?inu ii the strong motion
measured peak horizontal acceleration vs. eplc'entra,l distance a(;;corP B ek
data collected from the California Strong Motion Inst.rmjnenta,tlonl ﬁ%gsq) g e
et al. 1989) and the U.S. Geological Survey network (Maley et al. 15551

tendency is also shown.
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This earthquake was one of the most costly natural disasters in U.S. history. T

of damage was in the range of $6 — 10 billion. At least 62 people o
® Were

estimated cost -
confirmed dead and 3,757 people were injured. More than 12,000 people were diSDla,ced b ,
n

their homes by the earthquake.

GEOTECHNICAL ASPECTS

Ground motion amplification and soil liquefa,ction- were two major problems due tq :
SO]

conditions during this earthquake. The' ampliﬁcqtion of earthquake motions is 4 comp
process and is dependent on soil properties and thickness, frequency contents of motionie(}l{
n

local geological settings. For a given earthquake and geological setting, the amplificar:
increases with the increase of soil compressibility and thickness. In the San Francisc agon
region, various thicknesses of a soft deposit known as Bay mud are found. This dZ "
is normally underlain by a layer of alluvium. Measurements showed that these de B
amplified the maximum peak horizontal accelerations by a factor of two to three. Stru([;)tostts
founded on these deposits therelore have been subjected to high horizontal excitation dul:ilfs
5

the carthquake, hence resulting in many major damages in the region. [Sxamples ap
collapsed 2 km section of the Nimitz Ireeway, the failure of one section of the Bay Bii(tlhe
ge

and many severely damaged buildings in the Marina District.

TI'his earthquake caused extensive soil liquefaction damage in the form of sand bo;
ground cracks, ground heave, building collapse and differential settlement. Manvy of tl?lls}
damages occurred in areas known to experience similar failures in the 1906 San yFr t
earthqua:ke. F igure 2 shows the locations of the damages as well as the corrected stanfjlsco
penetration resistance (/Vy) of the soil, below which liquefaction will occur for this earthaqlila?:

3? TIhe Ny values were obtained from an energy approach for assessing liquefaction potential
i ]( Janettftl. 1?910) Ashan example, this method suggests that the Marina District will suffer
Bl Iquetaction tallure when Nj is less than 10. Such : ' :

Lf-f hydraulic fill which liquefied there. e = sowiniens with: that i
; PERFORMANCE OF BUILDINGS

In general, the perfor di '

FE number of factors suclfl as.mgﬁ;lcza g b?lldmgs during an earthquake depends on a large
é -  system and local ground eﬂ:ects (so}i/lple' O lcStrlEcturea, year of construction, lateral resistance
HE lateral spread. el 'quelaction, densification of soil, differential settlement.
i3 prure ol actual fault line under the buildings).

rik Wood Frame Housip

vood frame housing in this earthquake has been reported by Brue-
- (1990) and Rainer et al. (1990). Two types of wood-frame

rst type is different variations of single-family dwelling

1s multi-storey wood frame construction, typically J
or 2 - 3 storey townhouses in the Marina District

d’? o iCenter)_ In the epicentral area, most of the
.lgfud ff)unda,_tion walls (also called ”pony” walls)
Hdings i California. They are short (less that 14’
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(5.0 cm ) high), but m: o el T
ek l_ﬁ_. h may reach a height of one full storey in moder _ |
racing and inadequate connections to the found t'. ydern wood villas. Improper
caused many older buildings displaced from tl T E mn]a,nd the upper-floor framing system
ees pDerformec = teel b heir foundations. In gener: IR, 4
houses perlformed well except those situated on large : |‘ [l‘“ EEREns s MM o
o ML el e R ool Sl arge grounc SSUTres ; Gokae &% A
tral region, extensive structural damage occurred 1n Lﬁ Mari ks Outside the epicen-
1 . . ¢ - . N (: . » - . . . n ER 1 - o
[he highest recorded acceleration nearby, 0.21 ¢ arina District 1in San I'rancisco.
blocks northwest fre o nearby, 0.21 g, was recorded 1n Presidio on rock, ¢
slocks northwest from the Marina District. The garage floor of the t ; kX “ tl(m iy
R e s B . > garage e tvoical townhouses :
ﬁ[)ﬂ..ltlllt.llt- ]Jl.ll Lllﬂgb 111 the area ljﬂl]f‘i‘v"ﬁ(l llk(’! 2 ?soft St(')[‘(“yﬂ llSUELHy y\LIL}:(UL b IC:UBLE) and
1« R Mt T s 5 : ut bracing, or |
1 'L-‘} - T i = - - - ln
nly limited lateral resistance provided by sheathed walls (horii’mlt'ﬂggou d
_ s (horizont: goote

some cases wit!
nailed to posts) (Fig.3).

Unretl I]EOI“_L‘LT‘(I Masonry Buildings

= Many un reinforced masonry buildings (especially older ones) suftered severe damage
' some instances complete collapse. [Examples of damage include out-of-plane coﬂapgﬁs

fii’}u
and large in-plane distress ol the masonry walls, and brick veneer, bearing walls, parapets
L L & : . k-j
sonry buildings were reported in Santa Cruz

<nd in-fill masonry walls. Severe damage to ma
I. . '} 1'I'F"' & "'._"'1 B - I - ™ .
(the Pacific Garden Mall), Los Gatos and Watsonville (Fig.4). Upgraded old stone masonry

buildings at Stanford University campus in Palo Alto performed well.

Engineered Buildings

ted to engineered concrete structure

Case studies from the Loma Prieta earthquake rela
ngs in the San

has been reported by Mitchell et al. (1990). Most of the high-rise buildi
damaged. There were some exceptions in Oakland,

Bay area were not seriously
lin and 18th Street, built 1n the early 1960’s, which

e steel frame building at Frank
hear cracks on the shear walls .nd some damage to the first floor

Francisco
such as tl
experienced significant s

columns.

PERFORMANCE OF TRANSPORTATION STRUCTURES

had a major ellect on transportation routes and bridges
amage to transportation structures

f -880 and the failure of the dtruve
he Oakland Bay Bridge has

The Loma Prieta earthquake

- the San Francisco Bay Area. Two examples ol the d
f the Nimitz viaduct 0

lle. The damage to t

Collapse of Nimitz Viaduct of 1-880

The collapsed freeway Was located a short _distzmce soqth of thleo0
ntersection of the San Francisco—Oakland Bay Bridge, appromma,tely

' ' ucted
center. The double deck freeway was designed 1n 1954 and constltuc . I
design standards applicable at the time. There were tWoO common type .J

: R _otructure. For most
different mainly in the placements of pin connections 1 the upper fgff’mg 511{16 ~olumns failed
of the collapsed bents along the 1.2 km failed sections showT 1111 lligl;dllced- g i
at the hinge joint regions due 1O shear force from the lateral loac -

motion. Other details are reported by Jablonski et al. (1990) and others.

east side entrance
km from the ep1-
~ccording to the
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Struve Slough Bridge

i il bl T
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bridges for the north and south bound by,
1 with laterally shifted old river beg
oxternal bridge girders as shown in

The Struve Slough Bridge is actually two

‘ iaplace sociatec
Due to large horizontal displacement z;s;oc;n s
columns were sheared off and displaced 110 J

The southern deck dropped about 30 cm down an«

northern deck columns barely withstood the earthquake.

MANCE OF INDUSTRIAL FACILITIES
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PERFOR

ajor commercial and industrial center on t},.

cost of North America. Although many ndustrial facilities throughout the regions e
rienced strong ground motions from the main shock and the many aftershocks,

ost facilities survived the earthquake with only minor or no property damage.

The San Francisco Bay Area 15 a m west
:‘([J(:v

gt Benery)

Flectric Powir(* Generating Ii_la,nts

The Loma Prieta earthquake disrupted the electric power systems to about 1.4 milliop
customers throughout the regions. Within 48 hours, full'serwce to most areas was restored
except for about 26000 customers. Located about 30 miles (50 km) south of the epicenter
is the Moss Landing Power Plant, which was damaged by the earthquake. Only the 75’0
megawatts natural gas fired unit 6 built in 1967-68 of this seven-unit plant, was operatin
at the time of the earthquake. The superstructure of unit 6, consisting of a 200 ft (61 m)

high steel braced frame supported on the ground floor, generally performed very well. Only

two bracing members buckled. There was no crack in the foundation slab, although some
ground settlement was observed outside.

4 =

No damage to piping was observed. A vertical strut, supporting the horizontal snubbers

for the super heater by-pass between the primary heater and secondary heater, yielded iy
bending as a result of the large displacement experienced during the earthquake.

The two 500 ft high steel i ned, reinforced

did not suffer any serious damage, except for
tank located at the bottom of the stack.

concrete stacks supported on pile foundations.
the cracking of the valve leading to the water
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breakers. fler damage INcluded the fail
wire-traps, and an oil leak 11 i,
230-kV San Mateo Substation

base of the porcelain column.

@ Power transformer. w
and the 5(

V0-kV Metcalf Sub

o --magnitude Loma Priet:
MW. A - | &E network with Reta earth
ViV¥V. AS a comparison, the Sﬁglwn,"y earth ke
. _ : cllay earthquake (M=¢
the Hydro-Queébec System, which has a (‘Elpf},city ()(fwri()‘}lg’)ﬁciflu‘i;\}id R0 e of 10N MW on

Liquid Stora}gg# ;Fank l)mnage

Many thin-walled, stainless stee
proximately 20 km east of t}

»

damage depended on the

| wine storage tanks in a WIr

vie epicenter, suffered earthquake dam
liquid content leve
empty tanks sulfered little or no damage. In

were pulled off the concrete pad of the

lery facility, located ap-

‘ age. The severity of the
| at the time of the earthquake. In general,

other cases, the anchored bolts of many tanks

toundation (Fig.7) as the tanks rocked in response to

| t‘he strong ground motions. Following the failure of the anchorage
system, the high compressive axial stress from the rocking motion of the tanks buckled the
tank shells.

At least two 25,000-gallon anchored, stainless steel fermentation tanks suffered the
commonly known “elephant foot” type of buckling, of which the characteristic is that the
buckling 1s generally located just above the tank base and spreads around the entire or most

of the circumierence Nearby, several 19,000-gallon tanks suffered the diamond-shaped type
of buckling shown 1n Fig.8.

The liquid storage tanks in a food processing plant, located a few city blocks fiom
downtown Watsonville, suffered similar damage as described above due to the earthquake.

LESSONS LEARNED FROM A CANADIAN PERSPECTIVE

: oy ignificant
One of the important characteristics of the Loma Pneta-earthqual\f li;:;zbsllegglattem

effect of soil conditions on the intensity of grounﬁd motions, lea.ctillll}g tofz(;:ieog—induced damage

of eround motions. and the many examples of liquefaction and hque

J _ ik

on fills around the San Francisco Bay Area.

- iency in Part 9 of
h - once of this earthquake indicates that the mc:st serious S?SZ;izcgonstructiOm
fT T he lack of any requirements for wall bracing 1n woo { masonry chimney
PRE I S fi’ : taf: ends of beams over supports iand a.nchora-geilo ‘:,nas also a serious
as well as the need for }’Iln% fal .Collapse of foundation crlpple-stud walls ent via Subsection
it'r}-}the rOOfJ anf%hﬂo?gséov;ieed by Part 4 in the NBC lateral force requirein
allure mode. 1his

' t be fully aware of
1 | Article 9.4.1.1. Many designers or builders, however, may no
9.15.15 and Article 9.4.1.1. le
this.

;mission equif
n that conventional power transmiss q

as again show . The mMal
It was ag luced failures. ['he major

ceptible to earthquake il
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. ach a magnitude : ' 2
Kamouraska area 11l Queb]fc Cff}}l]l: rll‘licrl:-a,),;imul'ﬂ rock a,cce:leratlon Pl'iedwt_ed f();‘ the Charleygiy. ne
the Loma Prieta earthqva e “o 0 ored to the maxivity acceleration of 0.b4 g recordeq Sha
. 0.70 g, as : Thus from the experi€nce of this eaftllquakp {)

K amouraska area are proved to be very \

d that three conditions occurring to

: ' ke strongl demonstrat’e. - 1208 Bether
Zpp earyl;r?ilz:adiesaster:gghigh population density, a 31.gmﬁ(:a,nt earthquake and ,
seis _s can be found in some regions of Canad,

: - ' il. These conditio ' -3 :
thick deposit of -comg)zisasrllt)ll:i‘ essmare the Fraser River Delta in British Cf)lumbla. and Quebe
d and located in areas of significapy

: late

v nce of Quebec. Both are hlg}_lly popul X
s(s;ignlillitt};ea}r::lm\:ith thick layers of soft alluvial deposits. Seismic hazards are therefore rey)
both in the western and eastern regions of Canada.
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