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RESUMEN

El estudio de caracterizaci�on geot�ecnicade SanPedro M�artir (SPM), Baja California, fu�e realizadoen 2000por
la Gerenciade Estudios de Ingenier��a Civil de la Comisi�on Federal de Electricidad (GEIC/CFE). El prop�osito
principal de los estudiosgeol�ogicosy geot�ecnicosesla caracterizaci�on del terreno en uno de los posiblessitios de
construcci�on de un nuevo telescopio,lo cual adem�as dar�a idea de las caracter��sticas de otros puntos en la zona
del Observatorio Astron�omico Nacional en San Pedro M�artir (OAN/SPM). El reporte completo del estudio
geot�ecnico de SPM de la GEIC/CFE incluye resultados de los estudios topogr�a�cos, geol�ogicos y geof��sicos
llevados a cabo en el sitio y en laboratorio. Aqu�� se presenta una revisi�on del estudio geot�ecnico y de los
principales resultados. Semuestra que el subsuelopuedeser clasi�cado en tres horizontes o capasprincipales
(A, B y C). El horizonte-A est�a constituido por roca descomprimida hasta profundidades de 1.3 a 3.0 m, la
cual ser��a necesarioremover para la cimentaci�on. La capa B consistede roca fracturada con un RQD (\ro ck
quality designation") entre 65% y 80%, con un espesor de 10 a 12 m, y una alta capacidad de carga. Esto
implica que la profundidad requerida de excavaci�on para las zapatas de la cimentaci�on es de 2 a 3 m, donde
sealcanzaun m�odulo de elasticidad adecuado.El horizonte C de 13 a 22 m consistede roca (equisto gris) de
caracter masivo con intrusivos gran��ticos, considerablemente menosfracturada, con un RQD superior a 90%.
Para las tierras ele�ectricas la capa B esadecuadapor su baja resistividad.

ABSTRA CT

The geotechnical characterization of the SanPedro M�artir (SPM), Baja California site was carried out in 2000
by the Gerencia de Estudios de Ingenier��a Civil of the Comisi�on Federal de Electricidad (GEIC/CFE). The
principal aim of the seriesof geologicaland geotechnical studies was to characterize the subsoil performanceat
one of the possibleconstruction sites of a new telescope, which may also provide an idea of the characteristics
of other locations at the Observatorio Astron�omico Nacional in SanPedro M�artir (OAN/SPM) Sierra summit.
The full report of the GEIC/CFE geotechnical study of the SPM site includes results from the topographic,
geological and geophysical surveys carried out. In the present paper a review of the geotechnical study is
presented and someof the important results are summarized. The study shows that the subsoilcan be classi�ed
in three principal horizons or layers (A, B and C). The A-horizon consistsof decompressedrock of depth 1.3
to 3.0 m, which has to be removed for the foundations. Layer B consistsof fractured rock with an RQD (rock
quality designation) between65%-80%,a thicknessof 10-12m, and a high load bearing capacity. This implies
that the required depth excavations for the foundation footings ranges from 2 to 3 m, where an adequate
dynamic modulus of elasticity can be reached. Horizon C from 13 to 22 m, the maximum depth explored,
consistsof rock (gray schist) of massive nature with somegranite intrusions that appears slightly fractured,
with an RQD above 90%. For the electric grounding instalation the best place is layer B due to its lower
resistivit y.

Key Words: GEOTECHNICAL | SITE TESTING

1. INTR ODUCTION
The Instituto de Astronom��a of the Universidad

Nacional Aut�onoma de M�exico (IA-UNAM) is con-
sidering the construction of a new telescope, which

is planned to be installed at the Observatorio As-
tron�omico Nacional facilities located at San Pedro
M�artir (OAN-SPM), in Baja California. With this
purpose in mind, the Gerencia de Estudios de In-
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110 S�ANCHEZ ET AL.

genier��a Civil of the Comisi�on Federal de Electrici-
dad (GEIC/CFE) was asked to carry out a series
of geologicaland geotechnical studies with the prin-
cipal aim of characterizing the subsoil performance
at the possible construction site. A full report of
the GEIC/CFE geotechnical study of the SPM site
carried out in 2000was presented by Grijalv a et al.
(2001), including results of the topographic, geolog-
ical and geophysical surveys.

For geotechnical and ground characterization
purposesthe GEIC/CFE team covered the follow-
ing aspects:

� Topographic survey at scale 1:500 covering an
areaof 250m � 200m, and the location of three
referencepoints with a GPS.

� Detailed geologicalsurvey covering an area of 5
hectares, to show lithological units, structures
and geologicaldiscontinuities.

� Geotechnical exploration of the foundation area
at three selectedlocations, by meansof borings
with no recovery of rock cores,reaching a max-
imum depth of 22 m. A video recording of the
boreholeswas done with the purposeof observ-
ing the condition of the rock masswith depth.

� Cross hole and down hole geophysical studies
inside the boreholes,seismicrefraction surveys,
and vertical borings to determine the ground
resistivit y.

� Samplingof rock blocks representativ e of the in-
situ material, to perform index and mechanical
tests in the laboratory.

� Geotechnical characterization of the site and
foundation recommendations.

2. DESCRIPTION OF THE SITE

2.1. Location

The OAN site is located in the SanPedro M�artir
National Park, which belongsto the municipalit y of
Ensenada close to the boundary with the munici-
palit y of Mexicali, in Baja California. The site co-
ordinates are latitude N 31� 0204300and longitude W
115� 2705500. The elevation is 2800m abovemeansea
level. The site is located approximately at the cen-
tral portion of the State of Baja California between
the towns of Colonet and San Felipe by the Paci�c
Oceanand the Gulf of California, respectively. The
physical features found reveal an extraordinary nat-
ural site.

2.2. Topographic Characteristics

The topographic characteristics are presented in
Fig. 1. The highest isoline in the map of the re-
gion constitutes the peninsular divide that separates
the peninsula into two slopes facing East and West,
respectively (Gulf of California and Paci�c Ocean),
and classi�ed by the National Water Commissionas
hydrological regionsRH4 and RH1.

Three typesof relief features can be observed: a
smooth relief is found toward the Southwest (Val-
lecitos zone), to the center and along a NW-SE di-
rection there exists an area with moderate to sharp
relief that constitutes the largest proportion of the
area and where the site under study is located; and
to the NE of the areathere is a zonewith very sharp
and abrupt relief that is practically inaccessibleand
contrasts with the rest of the area (seeFig. 1).

The fact of being locatedat the divide zonewhere
the climate is in
uenced by the Paci�c and the Gulf
of California and the Altar Desert (sharedby M�exico
and Arizona, USA), favours a special climate in this
zone. It is classi�ed as type C(E)s temperate and
sub-humid with rains during winter. The averagean-
nual temperature and rainfall are 6� C and 500 mm,
respectively.

The site selectedfor the geotechnical study is lo-
cated no more than 300 m apart from the divide,
where the drainage features are oriented toward the
East and West.

The moderate relief at the site discloseseleva-
tions and gorgescausedby the di�eren tial erosion
su�ered by the ground, which is favoured by frac-
turing induced by the e�ectiv e action of the major
erosive agents such as water, ice, thermal variations
and wind. This relief is moderate since any of its
points is accessible.

The UTM coordinates of the site under study are
X=646150 and Y=3435450. It is located near the
Di�eren tial Image Monitor tower and located West
of the current telescopes in operation. Maps of the
exact location arepresented in Grijalv a et al. (2001).

3. GEOLOGY

The area under study falls within the physio-
graphic province known as Pen��nsula de Baja Cal-
ifornia, subprovince of Sierras de Baja California
Norte, that constitutes approximately 80% of the
State surface.

3.1. The �eld work

The �eld work included the following activities:

� Geology: Even though the work required im-
plied detailed geologyof the selectedsite (5 ha)
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Fig. 1. Topographic and geological environment of the area, and location of the area and site under study.
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112 S�ANCHEZ ET AL.

only, a survey was also made at an adjacent
areawith the purposeof becomingfamiliar with
the geologicsurroundings and to try to detect
a structural tectonic feature with implications
for the project site, as well as to determine the
pattern of faults or discontinuities in the strata
at the surrounding area and test site.

� A survey of 104fractures wasmade,aswell as13
geologicdescriptions of outcrops and/or struc-
tures. Four samplesof rocks were collected for
petrographic analysis.

� Drilling: Three borings with an averagedepth
of 22 m weredrilled with pneumatic equipment,
that represent a cumulativ e depth of drilling of
66.30m.

� Well conditioning: The three wells were condi-
tioned with PVC pipe and closed,after the cor-
responding videoswereshot and the geophysical
recordsweretaken,with the purposeof perform-
ing inside them the Cross-Holeand Down-Hole
tests described in x4.

3.2. Surface Geology

The site of the detailed geologicalstudy (seeFig.
1) covers an area of 5 ha (200 m � 250m). It shows
a promontory toward its central part constituted of
metamorphic rocks (schist) oriented mostly along
the E-W direction, with elevations varying from 2790
to 2802m.

Only two di�eren t types of rock outcrop at the
area, with ages corresponding to the undi�eren ti-
ated Mesozoic. According to their decreasingabun-
dance the rocks can be classi�ed as: schist of bi-
otite, muscovite and quartz; and porphyritic gran-
ite of muscovite, biotite, and quartz. The schist is
found at the baseof the lithologic column found at
the site; it wasencroached by a dike stratum and its
branches, which constitute the muscovite-t ype por-
phyritic granite. However, pegmatites of quartz and
feldspar can be observed at an area adjacent to the
test site and they are likely to correspond to the same
intrusion.

In this area, as well as at the site under study,
two di�eren t typesof rocks were observed, together
with a thick dike of quartz and feldspar pegmatite,
that becauseof its extension (� 25 m) could not
be chartered at the scaleused in Fig. 1. The dike
outcrops at an area adjacent to the 1.5 m telescope
and crossestoward the north side of the accessroad
to the 2.12-m telescope, beside the so called \blue
cottage".

Rocks outcropping at the site correspond to bi-
otite, muscovite and quartz schist, which were en-
croached by a dike stratum of porphyritic granite.
Residual slopesand soils can be observed as partial
coverageof theserocks.

The biotite and muscovite schist is the most
abundant and covers more than 90% of the surface;
it can be generally found as a weathered and de-
compressedformation down to an averagedepth of
3 m. A fact that hasfavoured the development of an
abundant vegetation of the conifer and xerophilous
underbrush types. This vegetation is also found in
areaswhere residual soilsand/or slopesconcentrate.

3.3. Dril ling

Three exploratory borings of 6 inch diameter and
depth of 22 m were drilled. They are labeled from
south to north as X1, X2 and X3, at established
locations. Upon completion of borings X1 and X3
they were 
ushed with air and a video camera was
inserted in order to record the characteristics of the
rock mass throughout their length. The recording
wasrepeatedin someintervalswherethe lensbecame
blurred, as a consequenceof internal and external
temperature di�erences and alsodue to the moisture
producedby water seepageof thawing at the surface
that 
o wed inside the well. During the �lming of well
X3, approximately 2 m of water accumulated in the
bottom. The detailed description of wells X1 and X3
is provided in the GEIC/CFE report by Grijalv a et
al. (2001).

Subsequently , the scheduled geophysical surveys
were executed inside the three borings. After their
completion the threaded 4-inch diameter PVC pipe
casingwasinserted with a plug at the bottom. After
the casing was installed the annular spacebetween
the walls of the boring and the casing was grouted
accordingto the speci�cations and the approvedpro-
cedure.

3.4. Structural analysis

From the analysis of 104 fractures surveyed
in the �eld, three families were found: F1
= N27� W/79 � SW (frequency of 58/104), F2 =
N87� E/86 � NW (frequency of 39/104), and F3 =
N6� W/19 � NE. These fractures are found generally
openat the decompressedzonedue to the di�eren tial
erosionthat originally denuded their �lling; in addi-
tion, most of the blocks have already beendisplaced.
The fractures that could be followedand/or observed
under the decompressedzoneevidencesmooth edges
generally with openings smaller than 0.5 cm and
lengths that do not exceed 2 m. Only a few of
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SPM GEOTECHNICAL STUDY 113

them are wider than 1.5 cm and very seldom the
fractures have openingswider than 5 cm, sinceonly
�v e of them were observed having undulated edges
completely sealedwith small veins of silica and por-
phyritic granite; these fractures did not exceed12
cm in width and the longest fracture measurewasof
about 3 m. The combination of these three families
of discontinuities results in the formation of tetrahe-
dral blocks peculiar to this zone, where the planes
of the fractures of family F3 mark the limits of the

o or and roof of the resulting blocks.

4. GEOPHYSICS

The geophysical studies for this project had the
following objectives:

1. To determine the longitudinal (p) and transver-
sal (s) wave velocities of the subsoil materials,
and to calculate their dynamic (elastic) proper-
ties, from ground surfaceto a maximum depth
of 22m, at intervalsof 1 m each, through the use
of techniques of seismic velocity between wells
(cross-holesetup) and of seismic velocity in a
singlewell (down-hole setup). The dynamic pa-
rameters to be calculated are: Poisson's ratio,
shearmodulus, and Young's modulus.

2. To determine the electric resistivit y of the
ground down to a depth of 30 m, for the de-
sign of a grounding systemfor the protection of
the building and of the related facilities.

3. To determine the model of seismicvelocities at
the area of interest, to support the develop-
ment of the corresponding geologic-geotechnical
model to a maximum depth of 20 meters.

4.1. Geophysical methods used

4.1.1. Seismic velocity between wells (cross-hole)

This technique usesa cross-holesetup to mea-
sure travel times of longitudinal (P) and transver-
sal (S) seismicwaves,that follow practically straight
paths (through the layer itself ) betweentwo adjacent
wells. The elastic energy is generatedby a seismic
power source(the transmitter) placed inside one of
the wells, that sendsa signal to a three-directional
geophone(the receiver) placed inside the other well.
In the cross-holesetup the travel time and distance
between wells, makes it possible to determine the
seismicvelocity of the P and S wavesalong a direc-
tion practically parallel to the geologiclayers at the
site. From this information it is then possibleto cal-
culate the dynamic (elastic) in situ properties of the
subsoil materials.

4.1.2. Seismic velocity at a single well (down-hole)

This method makes use of the down-hole setup,
according to which the seismicsource(transmitter)
is located at the surface,very closeto the well open-
ing, whereasthe detector is displacedinside the well
at selecteddepth intervals.

Observed travel times are corrected in order to
refer them to vertical distancesand to plot a time vs.
distance graph (dromochrone), where the distances
correspond to the detector depths. It is therefore
possiblefor the wavesto crossall of the existing lay-
ers between the sourceand the seismicdetector, as
well as, if applicable, to de�ne reversalsof velocity
along the well.

4.1.3. Seismic refraction survey

This method is based on the paths of minimal
propagation time of elastic wavesgeneratedby a dis-
turbing source placed at a super�cial or very shal-
low place known as triggering point (transmitter),
until reaching one or more boundaries and return-
ing to the geophones(receivers), placed at ground
surface. This technique implies that the underly-
ing strata have increasinglyhigher seismicvelocities.
The aligned setup of shots is known as seismic re-
fraction survey (TRS). The minimum times of the
longitudinal wave (P) are plotted in terms of the po-
sition of the geophonesin the line survey, for the pur-
poseof constructing the time distancediagrams(do-
mochrones), and to determine the two-dimensional
(2D) model from their analysis and reversal. The
seismiccross-section,de�ned by the propagation ve-
locities of the layers and by the depths of the con-
tacts between them, is interpreted in terms of the
general conditions (lithology, relative density, frac-
turing and/or alteration) of the materials found at
the site.

4.1.4. Vertical Electric Borings

This activit y is basedon the study of the electric
potential induced arti�cially in the ground by means
of a pair of power electrodes(A and B) mounted at
the ground surface. The potential di�erence pro-
duced is registered between electrodes M and N.
For this type of setup, electrodesA-B and M-N are
aligned; electrodes A y B are exchanged symmetri-
cally with a logarithmic sequenceof distances,but M
and N remain with a constant spacinguntil the read-
ing of the potential di�erence becomesvery small,
at which point the spacing between M and N is in-
creasedto enhancethe resolution, maintaining only
the condition AB > 5 MN inherent to this device.
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4.2. Geophysical Interpr etation

The reported valuesevidencethat the super�cial
layer of weathered material is found to a depth of
1 m for the area where the cross-holesetup was lo-
cated. The material quality improves as the depth
increases. Zones with low velocity correspond to
highly fractured rocks, while for high velocity the
rock shows little fracturing.

Di�erences can be found between the results of
the X1 and X3 cross-holestudy and the down-hole
results. The di�erences are due to the anisotropy of
the rock mass(vertical velocity is generally smaller
than the horizontal one if the materials appear like
rather horizontal layers or deposits). However, in
general there is a good correlation in the depth and
thicknessof the most important changesof velocity
recorded.

From the cross sections of seismic refraction it
is seenthat the topmost layer, with a longitudinal
velocity ranging from 600 to 950 m s� 1, has a thick-
nessvarying between 3.0 and 5.0 m. These values
are signi�cantly higher than those found from the
seismicstudies on the borings. The di�erences are
due mostly to an overestimate of 1 to 2 m in the
thicknessof the top layer along the sectionsof seis-
mic refraction due to an e�ect of the setup used in
this technique: in the TRS the distances between
the sourcesand the geophonesclosestto them were
not su�cien tly small to achieve a good \sampling"
of the super�cial seismic unit. The other factor is
of local nature, and it can be due to the removal of
approximately 1 m of weatheredmaterial or soil that
was found prior to the execution of the borings.

From the resultsof the interpretation of the verti-
cal electric borings it can be inferred that the subsoil
underlying the area is constituted mostly by three
geoelectric units, known as U1, U2 and U3. A brief
description is given below.

Unit U1 is constituted by cover material, mostly
of soils or weatheredand fractured rock that can be
found at all stations. It hasresistivit y valuesranging
from 2000 to 3600ohm-m and thicknessthat varies
from 5 to 15 m.

Unit U2 underlies unit U1 and has a resistivit y
ranging from 280to 420ohm-m, and a thicknessfrom
12 to 20 m. It has been consideredthat this unit
represents the zone with the least resistivit y within
the area under study. The lowest value has been
reported closest to the surface but it can also be
found at a depth of 5.0 m. It is therefore considered
that this is the best zone for the installation of the
electrical grounding systems.

Unit U3 underliesU2 and represents the geoelec-

tric substratum for the study reported herein.

5. GEOTECHNICAL INSPECTION

The geotechnical �eld inspection consisted in a
trip to visit the vicinit y of the possibleconstruction
site of the new telescope building, with the purpose
of observing the con�guration of the existing rock
formations and to gather information related to the
structural characteristics of the rock massthat will
govern the design of the foundation. In addition,
a basic inspection was made of the buildings of the
other telescopesin operation, to observe the existing
condition and the typesof foundation that werebuilt
to support them.

After the site wassurveyed, �v e fragments of rock
were collected, each with an approximate diameter
of 30cm, asrepresentativ esamplesof the in situ rock
mass. The purposeof the laboratory tests which in-
volved trimming specimensin order to determine the
index and mechanical properties of the undisturb ed
rock. The rock samplesselectedwere identi�ed and
protected for their shipping to the Laboratorio Cen-
tral deMec�anicadeRocasof the GEIC/CFE in Mex-
ico Cit y.

6. SEISMICITY

According to the seismiczoning of the Mexican
Republic, described at the Manual de Obras Civiles
of CFE, the area under study belongs to seismic
zone"C". This is characterized by type-I soils (�rm
ground, with wave propagation velocities in excessof
700 m s� 1 or moduli of sti�ness higher that 85000t
m� 2), a seismiccoe�cien t (c), and a ground acceler-
ation (ao) of 0.36g, after assumingstructures of the
B-group (structures wherean intermediate degreeof
safety is required). For the caseof Type-A struc-
tures, as it could be the caseof the main supporting
body of the telescope, the coe�cien ts referred to be-
fore would be 1.5 times higher.

It is important to point out that for the struc-
tural designof the telescope it would be possibleto
usethe designaids included in the Manual de Obras
Civiles of CFE, to apply the Building Code for the
State of Baja California, or to resort to the guide-
lines establishedby the Building Code for the State
of California, USA.

However, in order to better de�ne the design
spectrum at the site a seismicrisk assessment could
be carried out. Mention should be made that a re-
port on the seismicactivit y at San Pedro M�artir is
currently available; it was prepared by the CICESE
in January 2000and it could becomepart of such a
study.
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Fig. 2. Stratigraphic pro�le of the subsoil.

TABLE 1

GEOTECHNICAL CHARA CTERIZA TION OF THE SUBSOIL

Horizon Depth (m)a Thickness RQDb GSIc Em
d Dynamic parameters(Average)e

From To Inferred VP
f VS

g Ed
h Gd

i � j

(m) (%) (MPa) (m s� 1) (m s� 1) (MPa) (MPa)

Ak 0.00 1.30-3.00 1.30-3.00 < 2.5 < 40 2300 1398 594 2313 832 0.39
Bl 1.30-3.00 13.00 10.00-11.70 65-80 83 7300 2567 1230 10945 4104 0.34
Cm 13.00 22.00 > 9.00 > 90 92 22600 4045 2192 32620 12624 0.29

aThe depth zero (0.00) is referred to the ground surface (� 2806 masl).
b Rock Qualit y Designation
cGeological Strength Index
d Modulus of deformabilit y (static)
eThe dynamic parameters are taken from the crossholestudy results.
f Primary or compressionalvelocity
gSecondary or shear velocity
h Dynamic elasticit y modulus
i Dynamic shear modulus
j Dynamic Poisson's ratio
k Decompressedrock
l Fractured schist encroached by granite dikes
m Less fractured schist with somegranite dikes



S
an

 P
ed

ro
 M

ár
tir

: A
st

ro
no

m
ic

al
 S

ite
 E

va
lu

at
io

n

(M

éx
ic

o,
 D

. F
. a

nd
 E

ns
en

ad
a,

 B
. C

., 
M

éx
ic

o,
 A

pr
il 

3-
4,

 2
00

3)
E

di
to

rs
: I

re
ne

 C
ru

z-
G

on
zá

le
z,

 R
em

y 
A

vi
la

 &
 M

au
ric

io
 T

ap
ia

116 S�ANCHEZ ET AL.

7. GEOTECHNICAL CHARA CTERIZA TION OF
THE SUBSOIL

After integrating the �eld and laboratory results
and the geotechnical analysis carried out, the sub-
soil can be classi�ed in terms of its geomechanical
properties in three principal horizons simpli�ed as
follows:

� A-horizon (decompressedrock)

From the ground surfaceto depths ranging from
1.3 to 3 m, there existsa decompressedrock con-
stituted by schist blocks with nominal diameters
varying mostly between0.3 and 1 m, and occa-
sionally equal to 1.5 m. Thesematerials consti-
tute the cover layer of the site and the thickest
layers can be found outside the area where the
borings weredrilled. The valuesof the dynamic
modulus of elasticity and rigidit y, obtained from
the cross-holestudy, are 2313MPa for the for-
mer, and 832 MPa for the latter. The average
value of Poisson's ratio is 0.39. The results of
the down-hole survey indicate valuesfrom 1000
to 1081 MPa for the modulus of elasticity, and
from 352 to 388 MPa for the modulus of rigid-
it y. The static modulus of deformability, Em , is
2300MPa. This horizon hasbeenclassi�ed asa
poor rock stratum with value of the GSI < 40.

� B-horizon (fractured rock)

Between 1.3-3 m and 13 m in depth. The sub-
soil is constituted by gray schist, encroached by
granite dikes; it evidencesa moderate fractur-
ing which is found generally closed and sealed
with silica. Valuesof RQD from 65 to 80% are
assignedto this layer. The dynamic modulus of
elasticity and rigidit y, vary from 6283and 19076
MPa for the former, and from 2324to 7273MPa
for the latter. The static modulus of deforma-
bilit y (Em ) is 7300 MPa and Poisson'sratio is
0.34. According to the geomechanical classi�ca-
tion, this horizon hasbeenassigneda GSI value
of 73, equivalent to rock massesof regular to
good quality.

� C-horizon (slightly fractured rock)

From 13 m to the maximum explored depth (22
m), the rocks continue to gray schist, of massive
nature with somegranite intrusions; however, it
appearslessfractured than the rock above. The
fractures observed were also closedand sealed.
Becauseof the physical characteristics observed

in the video tape and of the �eld and labo-
ratory velocity ratio of compressive waves, an
RQD higher than 90% can be assigned. The
valuesof the dynamic modulus of elasticity and
rigidit y, ranged from 17865and 42748MPa for
the former, and from 7013 to 16664 MPa for
the latter. Poisson'sratio for thesematerials is
0.29. The results of the down-hole survey re-
ported also values varying between the ranges
mentioned before. The static modulus of de-
formabilit y of the rock mass is 22600 MPa, a
value similar to the averageof the stratum. A
GSI> 90 has been assignedto this layer, which
is typical of rock masseswith good to excellent
quality.

Table 1 givesa summary of the previous informa-
tion, including the averagevaluesof the geotechnical
parameters for each horizon, whereasFig. 2 depicts
a stratigraphical pro�le of the subsoil,where the po-
sition of the horizonsand boreholesreferred to above
can be observed.

8. RECOMMEND ATIONS FOR DESIGN AND
CONSTRUCTION

The new telescope requires a sti� structure and
adequate foundation to strongly restrain the di�er-
ential settlements, particularly those induced by the
accidental wind and seismic loads determined from
the structural analysis.

Due to the characteristics of the subsoil, it has
been considered convenient to support the main
structure of the telescopeby meansof a shallow foun-
dation with reinforced concrete strip footings, rest-
ing directly in the in-situ rock mass at a depth at
which the ground provides the mechanical properties
suitable for the appropriate structure-rock interac-
tion. Along this line, the building adjacent to that
of the telescope shall be foundedupon concretefoot-
ings, but independent of the main supporting struc-
ture.

Basedon these premises,it has been considered
that the foundation depth of the footings shall un-
derlie the super�cial materials existing at the site,
at a depth ranging from 2 to 3 m (B-horizon), and
penetrate into the rock, after it has been cleared,
to an approximate depth of 0.5 m, where the dy-
namic modulus of elasticity of the ground reachesno
lessthan 10945MPa and the load bearing capacity
becomesequal to 12.4 MPa. At those parts where
weathered and fractured material is observed, pos-
sibly corresponding to the presenceof the granite
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dikes, the excavation should reach deeper until the
appropriate rock is found.

For the purposeof analysis,the dynamic modulus
of elasticity should be reducedto 66%of the original
value, i.e. 7300MPa, after assumingthat the equiv-
alent RQD at such depth is 65 to 80% lower, and
that the averagestatic modulus of elasticity of the
intact rock is of about 23150MPa. In this way, it
would be consideredthat the static modulus would
be of about 30%of the static modulus corresponding
to the intact rock, as recommendedin the technical
literature.

Settlements expected at the ground will have an
elastic nature, small in magnitude and occurring
mostly during the construction and assembly stages
of the structures. For the evaluation of thesesettle-
ments a modulus of deformability of the of the rock
mass(Em = 7300MPa) shouldbeconsidered,aswell
as a value of 0.3 for Poisson'sratio, and the applica-
tion of the solutions given by the theory of elasticity
for homogeneousmedia, sincewe are dealing with a
subsoil constituted by massive rock.

Recommendationsfor the excavation and place-
ment of the foundations:

� Remove the super�cial layer of decompressed
rock, with a thicknessof about 1.5m at the zone
wherethe borings weredrilled and of about 3 m
outside of this zone, to cover an approximate
area of 80 � 60 m. This shallow stratum that
presents valuesof compressionwave transmittal
smaller than 1400m s� 1 can be excavated with
a heavy D-9 tractor �tted with ripp er, assisted
by backhoesoperating asusualor equippedwith
hydraulic hammers.

� Once the foundation depth is reached, all loose
material should be removed, the exposed sur-
faceshould be inspected,and its surfacecleaned
thoroughly, particularly at the contact areasof
the footings. The removal of looserock blocks
could be done with pneumatic hammers or by
increasingthe number of passesof the ripp er.

Beatriz S�anchez: Instituto deAstronom��a, UniversidadNacional Aut�onomadeM�exico,Apartado Postal 70-264,
04510Cd. Universitaria,D.F, M�exico (beatriz@astroscu.unam.mx).

V. Castellanos,J. E. Castilla, G. D��az, F. Garay, J. Grijalv a, R. Porres, V. Zamarripa: Comisi�on Federal de
Electricidad, D.F., M�exico. (jcastilla, rporres@cfe.gob.mx).

� If the surface following the previous activities
still evidences protrusions and voids which
are inconvenient for the footings, it should
be smoothed with concrete having a minimum
strength of 15 MPa (150 kg cm� 2), until a uni-
form surfaceis obtained.

� At the same sites where it is decided to place
the footings, ditches with a minimum depth of
0.5 m should be excavated for the purpose of
embedding to a certain depth the base of the
footings into the rock. This excavation could be
performed with pneumatic hammers.

� Due to the high load bearing capacity of the
ground, as compared to the loads likely to be
transmitted by the structure, it is recommended
for designpurposesto limit the minimum width
of the footings to 1 m.

It is worth mentioning that the rocks at the site
(particularly the schist) are not recommendedto be
usedasaggregatesfor concretemixing, becausethey
could react with the alkalis of the cement, due to a
high mica content, producing expansive e�ects.
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sible. The Instituto deAstronom��a acknowledgesthe
professional contribution of the Gerencia de Estu-
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