Earthquake Engineering, Tenth World Conference © 1992 Balkema, Rotterdam. ISBN 90 5410 060 5

A seismic risk reduction program for Mendoza City, Argentina

J.C.Castano
Inpres, Argentina

I.L.Zamarbide

San Juan University, Argentina

ABSTRACT: Probabilistic seismic hazard maps of the area are obtained by combining the information given by
potential seismic sources; attenuation relationships and soil characteristics. Construction types and population den-
sity distribution are surveyed. A seismic vulnerability analysis is made to assess probable damage states and dif-
ferent losses distributions, for three characteristic earthquakes which correspond to 10 % probability of exceedance
for periods of 10, 50 and 250 years. About 80,000 earthquake resistant and 50,000 non-earthquake resistant con-
structions will be exposed to these earthquakes. Considering the case of 10 % probability of exceedance in 50 years,
about 6,600 people can die, over 33,000 can be injured and more than 1,000,000 tons of debris would have to be
removed after the earthquake. The areal distribution of human and material losses is also estimated and maped,
giving the primary information needed to implement a seismic risk reduction program in this important urban center.

1 INTRODUCTION

The Province of Mendoza, has a population of about
1,400,000 inhabitants. It is situated in the central-west
region of the Argentine Republic, along the eastern flank
of the Andes and it has been the site of a number of
moderate to large earthquakes during its recent history.
Most of them have caused dzamages to Gran Mendoza,
an urban complex of 500 km* formed by the most popu-
lated areas of the departments that surround the capital
of the province, which constitutes the most important
center of economical and social development, with a
population of approximatively 700,000 people.

The seismic activity of the Gran Mendoza region is
tectonically related to the convergence of the South
American plate and the Nazca plate. The Nazca plate is
being thrust beneath the South American plate, which is
actively deformed along its broad western margin,
resulting in active geologic structures, some of which are
seismic sources in and around Gran Mendoza.

Detailed studies of the structural safety of the
approximatively 132,000 constructions existing in the
area under study showed that 63 % of them can be
qualified as earthquake resistant (mostly one story
masonry bearing walls) and the remainder 37 % as non-
earthquake resistant.

2 PROBABILISTIC SEISMIC HAZARD MAPS

2.1 Historical seismicity

Seismic activity within the South American plate in the
vicinity of the Gran Mendoza region extends from near
the surface to depths of approximately 30 to 40 km.
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Earthquake activity in the Benioff zone occurs at
depth within the subducting Nazca plate from 100 to 120
km beneath the surface. A rather uniform gap is ob-
served between Benioff Zone and shallow crust(H 40
km) seismic activity.

Very important information was obtained from the
seismic history of the region. Although this data cor-
responds mainly to the last 200 years, it allowed to com-
plete the one provided by geologic studies of older
earthquakes and to improve the characterization of the
potential seismic sources.

The most important parameters of destructive
earthquakes which affected Gran Mendoza are presented
in Table 1. Of all of them, the 03-20-1861 earthquake
rises above the rest because it is the most destructive one
of Argentina. It destroyed Gran Mendoza, killing 6,000
people over a population of 18,000.

Table 1. Earthquake parameters for the most important
events which caused damage to Gran Mendoza.

Date Hypocentral Coordinates | Magnitude | Imax.
M|D| Y | Lat@) |Long.(W)| H(km) Ms MM.
os [22f 1782 | -330 692 30 7.0 v
03 |20 1861 | 329 68.9 30 7.0 X
08 [19] 1880 | - vl
10 127] 1894 | 290 69.0 30 7.5 X
o8 (12| 1903 | 32 69.1 70 6.0 VI
o |27 1917 ] 323 68.9 50 6.5 VIl
12 17 1920 { 327 68.4 6.0 vir
04 |14] 1927 | 325 69.5 | 110 7.1 v
o1 15| 1944 | 314 68.5 30 7.4 Ix
0425|1967 | 327 69.2 45 5.6 vi
123l wem7| 310 67.8 13 7.4 X
oi |26] 1985 | 33.1 68.8 12 5.4 viIL




2.2 Potential seismic sources

The regional tectonic setting and stress regixpe of the
area are dominated by east-west compression and
generally result in major folds and reverse faults wxyh
northerly trends. As a comsecuence of this dynamic
process mayor structural features has been developed
such as the Cordillera de los Andes and the lineal zone of
volcanoes located inside it.

The Precordillera, situated inmediately west of Gran
Mendoza and east of the main Cordillera, establish a
thrust system formed by folds and reverse faults of deep
root, which is still active giving place to several potential
seismic sources, some of them going through the urban
area. Some of these features reach the east part of the
region under study and show up at the surface as an-
ticlines or surface thrusts.

Fifteen sctive faults or fault systems which can affect
Gran Mendoza, have been located and characterized,
some of them directly related with historical destructive
earthguakes, as can be observed in Figure 1. The maxi-
mum potential earthquake and return period for each

o
m“q'/ ﬁf_..u—~.,.‘\\ &° N 67°
i '@\—”:.m:::\\
30°§ df—— T,
9 \ ™
Y
4 e
b '\.
i A}
\
4 \ \
ol Vi
=7 A ¥
if‘ Siciz-ipas =
' i
f SAN J0M A
®
i ® N
] .1 963 \
'\\“ Gl P A \
L tAEY v
no’ ..... P - ) -
i P e
“\ ket emtion o it
- 1 Pusiin-La Delaa
= 3 Pismosta
< 3 BT
4 LaCuatarn
3° iy 3 Maorsduwm - La Debeon
TakEr € Procartitiers Oviental
T 7 Asmpacasn - Nigui mgn
s Vaseraria
3 Belngasts - Lou Currities
WCmveLaCol
E3Cuvs du . Glorta.mmd Carre 8ul Crivia
e
DR Mdvcin
HTopapde

Figure 1. Active faults and historical earthquakes

seismic source were estimated from the stud
geologic evidences. In some special cases the frequ);m(:))f
of occurrence of eathquakes in the source was deter-
mined combamng regional parameters and recurrence in-
terval of the maximum potential earthquake,

. Review of historical information and field observa-
tions showed that one of these faults (Barrancas) was the
:iomce of the 03-20-1861 earthquake. Also this same
ault was the source of the 01-26-1985 earthquake

which could be asserted after locating the epicenters of
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the main shock and the most important (300) after-
shocks.

2.3 Attenuation relationships

Attenuation relationships define the values of a ground
motion parameters, such as peak ground acceleration or
response spectral values, as a function of earthquake
magnitude and distance.

Although the Gran Mendoza region presents the
higher levels of seismic activity in Argentina, there are
not strong motion records of high magnitude
earthquakes, except one which corresponds to the 11-23-
1977 earthquake (Ms = 7,4). The strong motion records
available are due to earthquakes with magnitudes no
higher than 6.

From this information several attenuation relation--
ships have been developed to describe the variation of
peak ground acceleration with distance in western Ar-
gentina.’

For this study attenuation relationships have been
developed for peak accelerations, combining all in-
strumental data available and seismic intensities es-
timated for historical earthquakes.

2.4 Soil conditions

Two well defined geologic units are present in the study
area (Figure 2): the coarse alluvial fan deposits of the
Mendoza River, which covers the south and southeast
portion of Gran Mendoza and the alluvial plain, consist-
ing of finer sediments to the north and northeast of the
same area. The western portion of the area under study is
situated within the ends of the Mendoza piedmont zone.
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Figure 2, Soil distribution in the studied area.



These sediments came from the west and they are inter-
bedded with the deposits of Mendozariver alluvial fan in
anarrow band directed north-south.

The alluvial fan of the Mendoza river is bound to the
west by frequent more angular granular piedmont deposits.
The demarcation between the coarse and finer deposits to
the north is not a well defined line, but rather gradual within
a wide zone, wich is called transition zone.

The thickness of the silty materials overlying the Men-
doza river alluvium is rather small in the southern study
area, being generally of the order of 1 to 3 meters. It in-
creases gradually to the central and northern zones as was
.observed, reaching 20 meters at the location of some of the
exploratory boreholes. In fact, north east of Las Heras and
‘north of Guaymallén, silt and clay deposits thicker than 20
‘meters predominate. Typical fine-sediments thickness
‘within the transition zone would be expected to range be-
‘tween 5 and 20 meters.

' Results of standard penetration tests show, that in
.general, the alluvial sediments within the area vary in their
.compaction from dense to loose.

" A site conditions classification was adopted which is
similar to the one proposed in a previous microzonation
study, which differentiate two categories as follow: a) Rock
and Stiff Soil: Subsurface conditions consisting of shallow
deposits of silt and fine sands with thickness from 0 to about
20 meters, underlain by rock, or dense to very dense pied-
mont or Mendoza river gravelly deposits, and b) Deep Soil:
Subsurface conditions consisting of fine sands and silts, and
stiff clays extending 20 meters or more below the ground
surface, underlain at greater depths by very dense deposits
.of Mendozariver gravels or rock.

In order to investigate a posible correlation between soil
iconditions and earthquake damage, a special study was
‘made after the 01-26-1985 Mendoza earthquake, surveing
Jits damage distribution and performing additional geo-
‘technical investigations by means of drilling at the areas
with high concentration of damages. The results showed no
-evidence to allow us to relate damage with subsoil charac-
teristics. Besides, a detailed analysis of the main six histori-
cal destructive earthquakes that affected the area showed
.that no clear tendency for a given place to present the higher
-or lower degrees intensities in a consistent way is observed.
Additional analysis of the information provided by the ac-
-celerograms recorded at several sites located within Gran
‘Mendoza during this earthquake, showed no correlation be-
‘tween peak accelerations and subsoil conditions.

2.5 Seismic hazard maps

Following the approach developed by Comell (1968), the
probability that at a given site a ground motion parameter,
"Z, will exceed a specified level, z, during a specified time
period, t, is given by the expression:

PEZ>z|0)=1-" 5@t ¢ Yppt )

where ¥ (z) is the average frequency during time period t at
which the level of ground motion parameter Z exceeds z at
the site from earthquakes on all sources in the region. The
inequality at the right of equation 1 is valid regardless of the
appropriate model for earthquake ocurrence, and 8 @)t
‘provides an accurate and slightly conservative estimate of
the hazard for probabilities of 0.1 or less provided O is
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the appropriate value for the time period of interest.

The frequency of exceedance, &'(z), is a function of the
uncertainty in the time, size and location of future
earthquakes and uncertainty in the level of ground motions
they may produce at the site. It is computed by the expres-
sion u

rzoo
3\(2) =§ o-(n(m")/"v f(m). f(r). P(Z >z | m,r) dr dm (2)
m°®’r=0

wherean(m®) is the frequency of earthquakes on source n
above a minimum magnitude of engineering significance,
m® f(m) is the probability density function for event size
between m° and a maximum event size for the source, m";
f(r) is the probability density function for distance to the
earthquake rupture; and P(Z > z| m,r) is the probability that,
given a magnitude m earthquake at a distance r from the
site, the ground motion exceeds level z.

Combining adequately the data obtained from: 1) the
location and geometry of each seismic source, 2) the return
period of each maximum potential earthquake, and 3) the
attenuation relationships, probabilistic seismic hazard maps
were obtained for different probability levels, correspond-
ing to earthquakes with 10 % probability of exceedance in
10, 50 and 250 years. Figure 3 shows the one that will be
used in the assessment of damage.
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Figure 3. Probable peak ground accelerations (10% in 50
years).



3 TYPES OF EXISTING CONSTRUCTIONS IN THE
STUDY AREA

A brief description of the different types of constructions
existing in the Gran Mendoza area is made based on the
characteristics of the materials used, building techniques
and prevailing structural types.

3.1 Constructions built with earthquake resistant
provisions

Here are considered those constructions carried out fol-
lowing specific prescriptions of building codes, in order
to assure their resistance against seismic loads.

The one story, and most of the two stories buildings,
are designed and built using the masonry bearing walls
as horizontal loads resistant planes. Such bearing walls
have been built forming masonry panels either of solid
(common) or hollow ceramic bricks and in some cases
hollow concrete blocks, bonded with tie columns .and
bond beams of reinforced concrete. In low constructions
built prior to 1970 is frequent the lack of some of the
bond elements.

With regard to the multistory buildings of the Gran
Mendoza, the structural solution adopted consists of
concrete frames arranged in most cases in orthogonal
directions. There are also some buildings with reinforced
concrete shear walls or with a combination of reinforced
concrete frames and shear walls, as bearing structure.

3.2 Constructions built without earthquake resistant
provisions

The adobe constructions make up the greater part of this
type of buildings. The behavior of this type of buildings
during the 1985 earthquake, as expected, was bad, and
demonstrates once more, the ineptness of this material
for use in constructions in seismically active zones.

In the Gran Mendoza area there is also a significant
number of constructions of mixed type, with some walls
built with adobe and other walls with solid bricks. The
behavior of these constructions was almost as bad as that
observed in the adobe ones.

Within this category of non-earthquake resistant con-
structions, we can include also those built with unrein-
forced masonry, that is, without concrete bonds, which
are numerous in the zone under study. In general these
constructions were damaged, although not so severely as
the adobe and mixed type ones.

4 CONSTRUCTIONS INVENTORY AND VUL-
NERABILITY ANALISIS

An inventory of the buildings existing in the area under
stody was made, surveying at the same time all the char-
aCteristics neccesary to evaluate their vulnerability.

In order to know roughtly the number of constructions
according to their geographical distribution, a previous
construction class inventory was made, using the infor-
mation obtained from the Cadastral Information Bank
(C.LB.). Knowmgthe dimension of the universe in the
studied area, the size of the sample to be surveyed was
addopted in such a way to obtain a significance level of
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95 %, for an error margin of 1 %. )

The form design neccesary for the inquiry was made
bearing in mind the fundamental purpose of the survey,
that is to say the determination of the earthquake resis-
tant characteristics of the constructions. During the in-
quiry 9,306 constructions were surveyed from a total of
approximately 132,000 which means 6.7 % of the
universe. All the information obtained was processed
and then filed. )

The constructions were grouped in earthquake resis-
tant and non-earthquake resistant. Both adobe and mixed
type constructions were classified as non-earthquake
resistant, independently of any other consideration. The
remaining buildings, the greater part of which are of
masonry, were evaluated individually and then classified
on the basis of the data given in the inquiry form, accord-
ing to the criterion of the specialized professionals in
charge of this task.

The output from a first data processing were arranged
for each department, separated per cadastral section and
totalized for each district. The results show that 63% of
the total are earthquake resistant, whilst the non-
earthquake resistant ones amount to a 37% (see Table 3).

5 SEISMIC RISK ASSESSMENT

5.1 Damage assessment

Considering that the main objective of the present study is
to use the results in emergency plans disaster prevention
(civil defense), it was decided to use the possible collapses
which can produce casualties or leave the people homeless
as damage indicator, without taking into account probable
financial losses.

For this reason hereinafter whenever we refer to damage
in the present study, it must be associated with the building
total colapse and/or partial collapse of structural elements
such as walls or other bearing elements, roofs, etc., whose
failure affects severely the structure, bringing in danger the
integrity of the inhabitants.

In order to estimate the potential damage associated to
each type of construction, for a given set of ground motion
and subsurface conditions, it is necessary to determine a
direct relationship between motion severity and damage. In
this case peak ground acceleration was used for measuring
the severity of the earthquake motions, since it was the
parameter available, although at present it is known that this
value, in itself, is not the most suitable one for the
interpretation of the observed damages. Due to the fact that
in the studied region a clear correlation between subsoil
conditions and damage distribution was not observed(2.4),
this parameter was not taked into consideration.

Based on the results of the seismic hazard analysis for the
probability of exceedance adopted in this study (10% in 50
years), and the behavior of the existing constructions in the
area, the following amplitude ranges (in terms of peak ac-
celerations) were adopted as the most adequate ones for
representing the ground motion severity:

Range 1: from 10% t0 30% g
Range 2: from 30% to 40% g
Range 3: from 40% to 50% g
Range 4: more than 50 % g



By taking advantage that after the 01-26-1985 Men-
doza earthquake damage indices were obtained, which
were defined as follows:

No. of adobe constructions totally or seriously damaged
DI=

‘Total number of adobe construction

a function was investigated which could relate peak
ground acceleration with the mentioned damage indices,
referred only to adobe and mixed constructions, result-
ing:

DI =-0.08 + 1.81 amax/g 3

This relation also represents fairly well the behaviour
of this type of constructions during the earthquakes of
Concepcién (Chile), in May, 1960, of Skopje (Yugos-
lavia) on July 26, 1963 and of Caucete (San Juan, Argen-
tina) on 11-23-1977.

In what concerns earthquake resistant constructions,
according to the codes design philosophy, no collapse
should take place for any of the selected ground motion
ranges. Nevertheless, in order to consider the uncertainty
depending on diverse factors which could affect the con-
struction safety (such us those factors depending on the
design, construction materials used, etc.) we assume that
a small number of constructions of this type (estimated
in 2 per cent for range 3 and in 5 per cent for range 4 of
the ground motion) will collapse.

Table 2, which in fact is no other thing than a damage
matrix, sums up all what was already exposed.

In order to simplify the results interpretation, the fol-
lowing classification was adopted in what concerns the
characterization of damage potential.

Table 2. Ground motion range vs. damaged construc-
tions (in %)

Damagedconstructions
Type of construction
Range! |Range2 | Range 3 | Range 4
Type I : Non Earthquake resistant 0% 4% | 5% | 70%
Type II: Esrthquake resistant 0 0 2% 5%

LD= Low damages: 0 to S % of the constructions
will undergo partial or total collapse.

MD =  Moderate damages: from 5 % to 25 % of the
constructions will undergo partial or total
collapse.

ID = Important damages: 25 to 50 % of the con-
structions will undergo partial or total col-
lapse.

HD= High damages: 50 to 75 % of the construc-
tions will undergo partial or total collapse.

VHD=  Very high damages: 75 to 100 % of the con-

structions will undergo partial or total col-
lapse.

Each district of every department was analyzed, con-
sidering the probable range or ranges of the ground mo-
tion to which it would be submitted, the characterization
of the constructions existing within their boundaries and
the damage matrix which, for each type of construction
and for the different ranges of ground motion, gives the
probable percentages of damaged constructions.

The results were tabulated for each department of the
Gran Mendoza, detailed for district (Table 3). Figure 4
summarizes all these results.

Table 3. Damage assessment and human losses

PROBABLE NUMBER OF
'CONSTRUCTIONS

CONSTRUCTIONS | HUMAN

DEPARTMENT DISTRICT DAMAGED. tossas
Ny ERONEM

(SRR BNCS R "OW IS 0N U]

GUAYMALLEN Dorrego 7494 62% 38®m 24 1799 360 1799

San Jose 3681 45% 55%  4l% 1509 302 1309

PedroMolina 2546 39% 61%  45% 1146 229 1146

Bermejo 866 S7® 2% 2% 277 S5 217

Gral.Belgrano 5,098 47% 353% 37% 1886 377 1,886

BuenaNueva 1115 31% 69%  50% 5S8 112 558

NuevaCiudad 1986 37% €% 35% 695 139 695
VillaNueva 8990
Arredondo 2324

SanFeo.deiMonte 196 29% 71%  40% ¥ 16 78
J Nazareno 276 41% 39% 3% 91 18 91
Rodeode laCruz 2,795 46% 354% 35% 978 . 196 978

GUAYMALLEN  Partial 37367 57% 3% 29% 10,764 2,154 10,764

GODOYCRUZ  Ciudad 17,710 60% 40% 26% 4,605 921 4,605
San Feo, del Moale 2,457 93% 7% 6% 147 29 147

LasTortugas 4,795 82% 18% 2% 5715 115 575

Gober.Benegss 4,671 79% 21%  13% 607 121 607

Puw. Sarmiento 2147 97% 3% 6% 129 26 129

GODOYCRUZ  Partial 31,780 T1% 29% 19% 6063 1212 6,063
LAS HERAS El Algarrobal 713 45% 55 4HN 292 S8
ElReaguardo 628 43% 52% 39% 245 49 245

ElChallao 3,134 9% 1% 6% 188 38 188

LaCieneguita 354 74% 26% 2% 78 16 8

Panquehua 1356 32% 68%  49% 664 133 664

Ciudad 7,678 47% 53% 39% 2994 599 2994

ElPlumerilla 3957 61% 39% 30% 1,187 237 1,187

ElZapallar 2,411 35% 15% 15%® 362 7 36

LAS HERAS Partial 20231 62% 38% 30% 6010 1202 6010
LUJAN Ciudad 4262 64% 36%  16% 682 136 682
LaPuntilla 426 53% 47% 21% 89 18 89

Chacraa de Corla 982 54% 45% 2% 206 41 206
MayorDrummond 370 54% 46% 21% 3 16 78

LaCarrodills 1897 90% 10% 5% 95 19 95

LUJAN Pactial 7.937 68% 32% 14% 1,150 230 1,150
MAIPU Ciudad 5854 56% 44% 20% 1171 234 LINl
ierezHLuzuriaga 6019 59% 4l%  21% 1264 253 1264

MAIPU Partial 11873 58% 2% 21% 2,435 487 2,435
CAPITAL PRIMERA 1,838 60% 40% 1% 570 114 570
SEGUNDA 2,789 74% 24% 1% 5715 115 515

TERCERA 48% 52%  39% 799 160 799

CUARTA 5616 S1% 49%  37® 2,069 414 2,069

QUINTA 4,110 73% 27% 23% 9271 185 9N

SEXTA 6575 72% 28% 23% 1525 305 1925

CAPITAL Poartial 22,988 64% 36% 28R 6465 1,293 6,465

132,176 63% 37% 25% 32,887 6,578 32.887

NI Now enrthquabe resisnnt

A weighted analysis of the probable damages in the
constructions was made for all the zone under study,
resulting that, for the conditions existing in the area, the
probable percentage of damaged constructions for the
probability of exceedance adopted, is 25%, that is, a
damage potential at the limit between moderate damage
(MD) and important damage (ID).

An estimation of the amount of debris to be removeii
was made. Adopting an average construction of 60 m
and considering that 1/3 of it will colapse, about
1,000,000 tons of debris will have to be removed after
the earthquake.

5957



B8°55N 88750 68%45w
. 32%0'S
32°58'
3200
Boundary of area .
under study
REFERENCES
N2 OF DEAD N2 OF INJURED
] < <100
P
/////A 21 TO 100 101 TO 500°
m 101 TO 200 501 TO 1000
: = 201 TO 500 1001 TO 2500
> 500 »2500

Figure 4. Probable human loss distribution

5.2 Human losses

A human loss ratio (HLR) is defined here as the mean
percentage value of probable casualties referred to the
total number of inhabitants,

To evaluate the HLR in the region, the last two most
destructive earthquakes were analized. The 01-15-1944
earthquake (Ms = 7.4), with an epicenter located 15 km
from the city of San Juan (5,000 deaths out of 100,000
people) registered HLLR = 5 %. In this case more than 90
% of the constructions were adobe ones. The 11-23-1977
eathquake (Ms = 7.4), located 50 km from the town of
Caucete (70 death out of 23,000 people), had a HLR =
0.3 %. At that time approximately 2/3 of the construc-
tions were non-earthquake resistant.
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To define the HLR for Gran Mendoza it was adopted
the maximum amplitude of ground motion correspond-
ing to an earthquake with 10 % probability of ex-
ceedance in 50 years. From this results ground motion
ranges were established (Table 2) and the probable num-
ber of damaged constructions were estimated.

To estimate the number of casualties as a function of
the number of constructions, it was considered the fact
that the causative faults are surrounding or inside the po-
pulated area of Gran Mendoza (epicentral distance be-
tween 5 and 20 km). This will produce a situation similar
to that of the 03-20-1861 earthquake, when 6,000 people
died out of a total of 18,000 due to the short time avali-
able to leave their houses. For that reason it was con-
sidered one death and five injured every five damaged
construction. The results are sumarized in Table 3.

Combining the total number of probable casualties
obtained and the number of inhabitants, it results a HLR
=1%.

6 CONCLUSIONS

The 10 % probability of exceedance in 50 years, which is
used in Argentina as the most probable peak acceleration
for earthquake resistant design of conventional struc-
tures, range from 0.40 g to 0.60 g in the studied area.

From a total number of 132,000 existing construc-
tions, 63 % are earthquake resistant and the remaining
37 % are non-earthquake resistant.

The probable percentage of damaged constructions
for the probability of exceedance adopted, is 25%, that
is, a damage potential at the limit between moderate
damage (MD) and important damage (ID). About
1,000,000 tons of debris will have to be removed after
the earthquake.

The probable total number of casualties for the prob-
ability of exceedance adopted will be approximately
6,600 deaths and 33,000 injured.
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