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Resumen

Este trabajo es parte del resultado del estudio conducido por la Agencia Japonesa de Coo-
peracion Internacional (JICA), titulado “Estudio Basico sobre Prevencion de Desastres en
el Distrito Metropolitano de Caracas”. Se utiliza el terremoto del 26 de marzo de 1812,
que causo graves dafios en Caracas, como uno de los escenarios posibles de ocurrencia de
terremotos, estimando su posible impacto en la actualidad, para asi establecer un plan de
prevencion de desastres. A pesar de que pudo desarrollarse una metodologia de micro-
zonificacién sismica necesaria para la simulacion, persiste una gran incertidumbre en la
localizacion de la ruptura de la falla. Del mismo modo, las fuentes primarias, que hasta
ahora no habian sido lo suficientemente claras como para validar una simulacion, fueron
revisadas criticamente en esta investigacion, revelando que un 60% de las edificaciones de
la época fueron severamente danadas en Caracas por el terremoto de 1812. Los datos sobre
las edificaciones de la ciudad para ese momento fueron sistematizados, con el objeto de
establecer un mejor modelo para la simulacién. Los planos en grados de dafios de edificios,
elaborados de acuerdo a lo que revelo la revision documental, muestran que la parte norte
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de la ciudad sufri6 la mayor cantidad de danos, evidenciando la proximidad de la ruptura
de la falla, asi como también los efectos de sitio, lo que corresponde a los resultados de la
simulacion.

Palabras clave: intensidad sismica; Caracas; terremoto de 1812; microzonificacion sis-
mica.

Abstract

This work is part of the results of the study conducted by the Japanese International Coo-
peration Agency (JICA), called “The Basic Study on Disaster Prevention in the Metropoli-
tan District of Caracas”. The earthquake from March 26, 1812, which caused the worst
damage in the history of Caracas, is used as one of the scenario earthquake to estimate
its impact to today’s Caracas, in order to establish the base for a disaster prevention plan.
Although a seismic microzonation methodology for the simulation was developed, there
remains a great uncertainty with respect to the location of the fault rupture. Besides, nu-
merous available historical documents were not clear enough to validate the simulation.
Therefore, historical documents were critically reviewed, which revealed that about 60% of
the buildings were heavily damaged in Caracas by the 1812 earthquake. A building database
in Caracas is used to find a best fit model by the simulations. Mapping the damage degree of
buildings from documents’ review revealed that the northern part of 1812 Caracas suffered
higher damage degree, which is in agreement with the results of the simulation, and which
can be explained by the proximity to the fault rupture and by site effects.

Key words: seismic intensity; Caracas; 1812 earthquake; seismic microzonation.

Introduction

Caracas, the capital of Venezuela, has
experienced major earthquakes at least
once in a century since its foundation
in the early 16th century (Figure 1). The
1812 earthquake, which caused the worst
damage in the history of Caracas, thus
can be considered a worst case scenario
for Caracas in terms of disaster preven-
tion. Though it is still difficult to predict
earthquakes, it is possible to reduce its
damages with proper knowledge and
effective actions. The study of histori-
cal earthquakes with today’s scientific
knowledge can provide important les-
sons. This study demonstrates such an
attempt.
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This contribution is a part of the re-
sults from The Basic Study on Disaster
Prevention in the Metropolitan District
of Caracas, executed by the Japan In-
ternational Cooperation Agency (JICA)
upon the request from the government
of the Bolivarian Republic of Venezuela
for the study area (Figure 2), as a base
for a disaster prevention plan. Nume-
rous discussions between Venezuelan
institutions and the JICA study team
were made under the coordination of
FUNVISIS in order to develop a suitable
methodology.
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Figure 1. Population growth and earthquake history in Caracas (Fundacion Polar, 2000; National census

data; Grases, 1990)
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Figure 2. Study area (Libertador, Chacao and Sucre counties), 1812 Caracas, and Quaternary faults (from

Audemard et al., 2000)
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Seismic microzonation

Seismic ground motion and damage
degree of structures generally varies
even in a small area where epicentral
distances are almost the same. It is un-
derstood that this phenomena is due to
the differences in ground conditions, as
well as spatial distribution of structures.
An assessment called seismic microzo-
nation is made to evaluate the spatial
distribution of the seismic motions and
the associated damages, usually dividing
the study area into an appropriate sized
mesh. Numerous seismic microzonation
studies have been made for earthquake
disaster prevention in Japan (Kagami,

1993).

In this study, an analytical determi-
nistic approach is employed to simulate
hazard and risk by several specific
earthquakes, here called scenario earth-
quakes (Figure 3). The hazard analysis
is based on the estimation of ground
motions, as well as associated geological
hazard such as liquefaction. The risk
analysis involves estimation of building
damage based on the hazard analysis
and the human casualties. The results are
visualized on maps and tables, and they
shall be used to make a prevention plan
by the responsible administration, as well
as to raise awareness among the public.

As a scenario earthquake, one usua-
lly uses typical past events, because the
prediction of a future earthquake is di-

Scenario Earthquakes

Ground model

—  Estimation method

Y

Ground motion

Building database

Damage ratio

4

— Liq. estimation

Building damage

A4
Liquefaction

Population database

Damage ratio

A 4

Human damage

Figure 3. Flowchart of “The Basic Study on Disaster Prevention in the Metropolitan District of Caracas”
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fficult. Here, the results of the simula-
tions are calibrated with past records in
order to validate them. For their nature,
the result should not be interpreted as
a prediction of a future earthquake, nor
should they be used for seismic design
of structures, nor for calculation of in-
surance premium. For such purposes, a
probabilistic approach should be used.
As the characteristics of a disaster are
strongly influenced by the natural and
social conditions, a suitable methodology
for the simulation needs to be developed
making best use of available data, as de-
monstrated in the following sections.

Source characteristics of the 1812
earthquake

The estimation of ground motion de-
pends on three factors: Source charac-

teristics, wave propagation, and site e-
ffects. In this study, the 1812 earthquake
was selected as one of the four scenario
earthquakes, through review of the cata-
log of historic earthquakes, instrumental
seismic activity, and active fault stu-
dies. Studies and interpretations on this
earthquake are numerous (Table 1) and
additionally, there are many historical
documents available. However, their
quantitative information is not clear, be-
cause the time the earthquake occurred
was also a period of social disorder du-
ring the struggle for national indepen-
dence.

In this study, the event that occurred
in 1812 near Caracas is considered as sce-
nario earthquake, and it is represented as
a line source allocated somewhere along
the San Sebastian fault, with a mecha-
nism of right lateral type as derived from
tectonic and seismological observations

Table 1. Existing studies on the parameters of the 1812 earthquake

et o0 | e |V | et |

M 70 | 62 | 63 7.1 7.0 7.2 6.3 6.5-6.7 | 6.9-7.2

Lat. 85 | 102 | 106 | 10.8 8.5 10.2 10.6

lon | 713 | 69.1 | 669 | 66.9 73 69.1 66.9

Depth | 19.0 | 7.0 | 6.0 | 10-20 | 19.0 7.0 6.0

MMI X+ IX IX Vil X X X

o 885
Barquisi-

Area C?rzac;s Mérida mgto'— (aracas Mérida | Mérida Fj;;e (aracas
SanFelipe

Time 16:07 | 16:07 | 16:07 | 16:07 17:00 16:07

Death 10.000 | 5.000 | 8.000 | 10.000 2.000
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(Audemard et al., 2000). The magnitude
is defined as Mw=7.1 (Grases & Rodri-
guez, 2001), and the fault length is taken
as 115 km from Audemard (2002). The
absolute position of the ruptured seg-
ment along the fault trace is determined
by the results of the simulation presen-
ted in this study.

Attenuation of seismic waves

The second step for defining the model
for simulation is the evaluation of the
seismic wave propagation along the bed-
rock. For this study, an attenuation law
is selected considering the data set used
for its development, and the conditions
required for this scenario. As a result,
an attenuation law that can distinguish
source mechanism, which is applicable
to an earthquake with a large magnitude
in the near field, and which can treat di-
fferent ground conditions is used with
the mean value for strike-slip faulting
recorded on hard rock (Campbell, 1997;
Figure 4), as described in equation (1).

In(4,)= -3.512+0.914M - 1.328In

R+ 10.149exp(0.647M)2 +
[0.405 - 0.2221n(Rgz5)] (1)

A, is the peak acceleration on the bed-
rock in units of g (g=981cm/s?), M is the
moment magnitude; R, is the shortest
distance in km between the bedrock site
and the seismogenic rupture zone along
the fault. The depth to the upper limit of
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ruptured segment is set here to 5 km, de-
rived from seismological observation in
the study area (Sobiesiak, 2003).

Development of the ground model

The third step is the evaluation of the site
effects. The study area is divided into a
500 m sized mesh. A ground model for
each mesh is developed by integrating
geomorphological (Matsuda, 2001),
geological and geotechnical (Feliziani,
2003), and geophysical (Enomoto et al.,
2001, Rocabado et al., 2001, Sanchez et
al., 2005) data. The depth to bedrock for
the model is defined from the sediment
thickness estimated from compilations
of drillholes and geophysical studies
(Weston, 1969; Kantak et al., 2005; San-
chez et al., 2005).

The shear wave velocity of the sub-
soil above the bedrock is defined from

1.00
= il n
g
E_';; 0.10 AN
.~
S
=]
&

0.01

1 10 100
Distance (km)

Figure 4. Attenuation curve used in this study
(Campbell, 1997)
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the average shear wave velocity estima-
ted from micro tremor measurements
(Schmitz et al., 2003). Existing borehole
data were selected considering the deep-
est drilling with results from standard
penetration tests in each mesh from a
borehole database (Feliziani, 2003).
Then, the borehole data and the results
from microtremor measurements in the
same or nearest mesh are selected to
develop a ground model (Figure 5). The
shear wave velocity for each soil layer
in the borehole data is estimated from
standard penetration test values using
an empirical formula (Imai et al., 1977).
The density is defined according to the
geology of each layer and the gravime-

tric models in the valley (Sanchez et al.,
2001). The ground model for each mesh
is calibrated comparing the theoretical
response with the observed H/V spectral
ratio at each point (Figure 6).

Input waves

To calculate the seismic response of the
subsoil, it is necessary to select the input
waves, generated by an earthquake with
the same source mechanism as the sce-
nario earthquake, and which is recorded
on a rock site at a distance from the fault
comparable to the one in the study area.
Several candidate records were searched
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i 1812 area
= Soil thickness m
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Figure 5. Distribution of microtremor measurement points (circles), borehole data (triangles), and

sediment thickness (contour lines) around old Caracas (Sources: Enomoto et al., 2001; Rocabado et al.,

2001; Feliziani, 2003; Kantak et al., 2005)
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Figure 6. An example of ground model calibration using the theoretical amplification values (left, ——)

based on the developed ground model (right) and H/V spectral ratio from microtremors (left, ————)

(H/V spectrum from Enomoto et al., 2001)

from worldwide strong motion record
databases. A suitable record, obtained
during the November 12, 1999 Duzce
earthquake in Turkey (M=7.1) and re-
corded at Mudurnu station on a rock site
located 33.6 km from the fault (PEER),
was selected considering the spectral
component and its duration (Figure 7).

Soil response calculation

Though it would be desirable to use
two or three-dimensional methods to
include topographic effects and the de-
tailed bedrock topography in the Caracas
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valley as input for the modeling, such a
ground model was not readily available.
Therefore, a one-dimensional approach
is employed for soil response calcula-
tion. For the calculation, the maximum
amplitude of the input wave is adjusted
according to the value calculated by a-
pplying the attenuation law (Campbell,
1977) for each mesh. Then, the ground
motion at the surface is calculated using
the SHAKE program. In order to be able
to correlate the ground motion with the
building damage, the seismic intensity
is calculated. For the calculation of the
seismic intensity, the pseudo velocity
spectrum at 20% damping is integrated
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Figure 7. Strong motion record at Mudurnu station during the Duzce earthquake in Turkey on November 12,

1999 (M=7.1), used as input wave for the simulation (from PEER strong motion database)

over a period range from 0.1 s to 2.5 s,
obtaining the Housner Spectrum In-
tensity (SI) (Housner, 1952). Then, the
average pseudo velocity (V in cm/s) is
calculated as shown in equation (2). The
Modified Mercalli Intensity (MMI) is es-
timated by an empirical relation between
V and MMI as shown in equation (3) (Es-
teva and Rosenblueth, 1964).

V=SI/2.4 (2)
MMI=log(14V)/log2 3

This approach allows considering
the potential damage for all the range
of structures with any vibration period.
On the contrary, a simple relationship
between peak acceleration and inten-
sity overlooks that range and does not
adequately represent the soil response
features.

Problems and approaches

Although a methodology for the seismic
hazard analysis was developed, the exact
fault location is still uncertain, because
there is no unique solution given in the
exiting studies. Besides, interpretations
of the seismic intensities of the 1812
earthquake in Caracas are numerous, as
shown in table 1. On the other hand, his-
torical documents on the damage occu-
rred in Caracas are not clear enough. As
such, it was not possible to validate the
simulation.

The damage extent and distribution
in 1812 Caracas is considered the key
information for the simulation. Thus,
an approach as shown in figure 8 is em-
ployed. First, historical documents are
carefully reviewed considering their
credibility. Then, the basic information
available for 1812 Caracas is examined,
and the characteristics of the buildings
are reviewed in order to evaluate their
strength against earthquakes.
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Based on the vulnerability of buil-
dings and spatial expansion of Caracas,
a building database for 1812 Caracas is
developed. Using this database, a vul-
nerability curve, the seismic intensities,
and damage ratios for the buildings are
estimated. Finally, the resulting damage
ratio is compared with the damages ratio
derived from the historical documents,
in order to determine the most likely
fault rupture location.

The building database for 1812
Caracas

The spatial expansion of Caracas in the
early 19™ century is limited compared to
that of today (Figure 9). Approximately
5.000 houses existed in 1812 in Caracas,
including public houses and buildings.
There were three large groups of cons-
tructions, whereas the majority of the
houses were made of stones. They can

Earth Science

Segment location ?7?

Possible location
of fault segment

A4

Seismic intensity
(MMI) calculation

Historical Science

Most credible damage ?7?

Critical study of
historical documents

A4

Seismic vulnerability of
buildings

Spatial expansion of Old

<
<

4

Building damage
ratio calculation

A4

Most likely location of
fault segment & MMI

<«

(Caracas

i

-Overall damage ratio

-Spatial distribution
of damage

Figure 8. Flowchart of interaction between earth sciences and historical sciences to solve the problems

in this study
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Figure 9. Spatial expansion of Old Caracas around 1812

be further subdivided into three groups,
according to the socio economic classes
(Table 2; Altez, 2004).

To develop a building database for
1812 Caracas, the definitions of the vul-
nerability against earthquakes, accord-
ing to the European Macroseismic Scale
1998 (EMS-98) are used. In the EMS-
98, different vulnerability classes are
assigned for masonry buildings (Figure
10). It is assumed, that the average type
of houses that existed uniformly distri-
buted within Caracas, corresponded to
a vulnerability class which is composed
75% of class A and 25% of class B, resul-
ting in the vulnerability curve shown in
figure 11, according to the review of his-
torical documents and discussion with
the experts in FUNVISIS.

Damage degree of buildings in
1812 caracas

In the EMS-98, the damage level of
buildings due to earthquakes is classified
into categories ranging from I (negligible
to slight damage) through V (destruc-
tion) (illustration for masonry buildings
see figure 12). Since human casualties
are closely connected to the building
damage, the damage levels IV and V are
considered here, and they are called as
“heavily damage” hereafter. The seismic
intensities are estimated from the dama-
ge levels of building and their vulnerabi-
lity class (Table 3), according to EMS-98.
The numerical equivalent of the qualita-
tive descriptions for the contribution
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Table 2. Types of buildings in Caracas in 1812 as revealed from the review of historical

documents (Altez, 2004)

Type of building

Type of construction

Churches

Stone, whitewashed walls, brick arches and wood frames with roofs of tile
and wood.

Public administration buildings

Walls of adobe and stone, brick fronts, wood window bars and tile hip roofs.

Home houses

- High class: adobe and stone walls, brick fronts, windows with wood bars and
tile hip roofs. Those with two stories had balconies.

- Middle class: Adobe walls and roofs of straw or tiles strengthened with thin
trunks.

« Poor class: walls of bahareque and reeds, and roofs of straw or palm leaves.

Type of Structure

Vulnerability Class
B C D E F

simple stone

massive stone

Masonry

rubble stone, fieldstone

adobe (earth brick)

unreinforced, with manufactured stone units I--

unreinforced, with RC floors

reinforced or confined I..O._I

0O
oH
o
FO-
o
|_

Figure 10. Vulnerability classes for different structural types of masonry buildings according to EMS-98

of houses of different damage grade to  ble 4 (Altez, 2004). It is estimated that
the respective vulnerability classes (as about 3.000 out of 5.000 houses, or 60
shown in table 3) are given in figure 13. %, suffered damaged degree of V.

The damage degree of buildings in Cara-

cas, evaluated by historical documents

using the EMS-98, scale is shown in ta-
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Figure 11. Proposed vulnerability curve of buildings in Caracas in 1812 (Safina, 2003)

[ Negligible to slight damage

[ Substantial to
heavy damage

Il Moderate damage

V Destruction

Figure 12. Illustration of damage degrees of masonry buildings according to EMS-98
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Table 3. Seismic intensities as evaluated by vulnerability class damage grade of different
vulnerability classes of buildings according to EMS-98

Damage grade for vulnerability Damage grade for vulnerability

Seismic Intensity

class A class B
. Many of grade llI Many of grade Il
Vil Damaging Afew of grade IV Afew of grade llI
Many of grade IV Many of grade IlI

VIIl Heavily damaging

Afew of grade V Afew of grade IV
) Many of grade IV
IX Destructive Many of grade V Afew of gradeV
. few
. many
T st
[ I I I T T T T T I 1
0 10 20 30 40 50 60 70 80 90  100%

Figure 13. Numerical interpretation of expressions used in EMS-98

Table 4. Type of building and damage degrees according to EMS-98 in Old Caracas as re-
vealed from review of historical documents (Altez, 2004)

Type of construction Total No. in the city 1l v v
(approx.)
Buildings 25 2/8% 10/40% 13/52%
Public administration 3 n n )
houses
Homes 5.000 ! ? 3.000/60%

different models for the location of the
fault rupture (Figure 14), in order to
reproduce a simulation where heavily

Estimation of the seismic
intensities and the fault location

Based on the reviewed situation, the pos-
sible fault segment location was evalua-
ted by a trial and error procedure using
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damage of buildings in 1812 Caracas is
around 60% (Table 5). Model F, in which
the east end of the fault is located bet-
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ween model C and model N, produces a
heavily damage ratio of 56.9 %, which is
found to be the most likely one.

The location of the public buildings
and churches with their damage degree,
as revealed from historical documents,
is mapped together with the estimated
seismic intensity map using model F
(Figure 15).

Conclusions

The results of this study indicate that the
northern part of 1812 Caracas suffered
higher ground motion, and respectively
a higher damage degree than the
southern one. This good coincidence
of areas with high damage degrees and
high seismic intensities may be attri-

Figure 14. Possible locations of fault segment which ruptured during the 1812 earthquake. The arrows

indicate the east end of the segment, corresponding to the models in table 5

Table 5. Comparison of simulation results by various models

MMI Heavily
Model Base ;
Ave. Max. Min. damage
0 End of 1967 segment 6.6 73 57
C Audemard (2002) 7.8 8.5 7.0 27.6%
T End of Tacagua fault 83 9.0 7.5 41.9%
F Inbetween C&N 8.6 9.4 7.9 56.9%
N Grases (1990) 9.0 9.8 83 70.8%
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Figure 15. Damage degree of buildings in Caracas during the 1812 earthquake estimated by historical

documents’ review (Altez, 2004) in the left. Seismic intensity in 1812 Caracas during the 1812 earthquake,

estimated by Model F in the right

buted to the fact that the northern part
of 1812 Caracas is located closer of the
fault trace, and also to site effects. A
quantitative evaluation of the historical
disaster was realized by the integration
of existing, newly revised data, and in a
close collaboration between earth and
historical science using precious histori-
cal documentations. Thus, contradictions
in the information regarding the seismic
intensity and their implication for the
seismological parameters of the event
could be resolved. This allows for a more
accurate simulation of the effects of the
1812 scenario earthquake in “The Basic
Study on Disaster Prevention in the
Metropolitan District of Caracas”.
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