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SUMMARY

The Mexico City Metropolitan Cathedral is undergoing rehabilitation work based on the subexcavation tech-
nique in order to correct the significant differential settlements now reaching up to 2.4 m. During this work,
the monitoring systems play a very important role. The paper illustrates the automatic monitoring systems
installed by ISMES and ENEL to monitor in real time the movements of the supporting structure of the
Basilica. The most interesting data recorded by the monitoring systems are presented, as well as the results of
the flat-jack tests performed to measure the existing state of stress of the major supporting structures.

1. INTRODUCTION

The Metropolitan Cathedral was built on the remains
of ancient Tecnochtitlan, just after it was conquered
and destroyed by the Spanish crown. Demolition of
the Aztec capital was systematically accomplished in
order to clear the land for the construction of a
European-like metropolis.

Tecnochtitlan had been built upon a lacustrine soil
over a period of several hundreds of years, so that
successive backfills and other adaptations had to be
implemented in order to support the huge. heavy
buildings. The lacustrian region was formed in
recent geological times. as a result of different
events which laid a sedimentary layer over very soft
clay deposits several hundred meters thick. subjected
to periods of isolation. hydration. volcanic ashes.

sand layers , etc.

More than once, the Cathedral leaned during the first
stages of its construction, requiring periodical cor-
rections to its verticality and adjusting the final hei-
ght of the walls and towers in order to have a hori-
zontal plane for the vaults.

As the years passed, the problem of soil dewatering
has resulted in a progressive increase in consolida-
tion that, during this century, have provoked a 7,5 m
settlement in the Cathedral zone. In critical seasons
the rate of the phenomenon has exceeded 30
mm/month. The stratigraphic profile of the founda-
tion soil of the Cathedral is shown in Fig. 1 along
with the results of static cone penetrometric tests.
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Fig. 1 - Stratigraphic profile of soil foundation of the Cathedral with the results of static cone penetrometric tests.

2. DESCRIPTION OF THE CATHEDRAL

The Metropolitan Cathedral is a basilical building of
five naves and eleven tranverse modules. Itis 115 m
long and 66 m wide, has two 62 m-tall towers and a
17 m-diameter dome in the transept. This dome
represents the heaviest and most critical part of the
roof. The structure is supported by a grid of founda-
tion beams (3.5 m deep) and by a foundation mat
with a thickness of about 2 m. Timber piles (with a
diameter of 0.2 m and a length of 2 - 3 m) are spaced
every 0.6 m undemeath the foundation mat. The pri-
mary construction material is a kind of poor concrete
composed of volcanic aggregates and a lime-sand-
mortar. The arches and columns are made of andesi-
tic stone sills.

Settlement of the structure started during the early
stages of construction, as evidenced by the many
significant adjustments made to the dimensions and
shape of the construction members. For instance, the
length of the columns varies according to the settle-
ments experienced by their bases at the time when
the arches and vaults were built. The maximum dif-
ference in length is about 0.85 m.
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The span and rise of the arches and vaults were adju-
sted in order to achieve an almost flat roof. After the
completion of the roof, the structure acquired a
greater stiffness thus the differential settling procee-
ded at a lower rate. Nevertheless the large cracks and
the inclination of the upper parts of the columns
reflect the very large distortions suffered by the
structure following its completion.

Fig. 2 shows the pattern of differential settlements
measured in the floor of the Cathedral some time
prior to the beginning of the rehabilitation work (late
1989). The maximum value of the differential settle-
ments at this point in time was about 2.40 m.

By examining the differential settlement pattern, two
major mechanisms of deformation can be apprecia-
ted. One is the settlement toward the south-west cor-
ner, another is the “emergence” of the central nave in
the northern part. The first mechanism has produced
a pattern of transverse cracks in the roof and walls,
especially near the central dome, and some separa-
tion of the southern facade, with its very heavy
towers. from the rest of the church. The second
mechanism produced the outward rotation of the
columns and lateral walls and the opening of the



vaults and arches in the roof, causing a pattern of
longitudinal cracks in the roof, floor and foundation.
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Fig. 2 - Pattern of differential settlements measured in
the floor of the Cathedral.

This second mechanism is the most critical from a
structural point of view because of the inclination of
the columns receiving the greatest vertical loads,
especially those supporting the central dome. The
total eccentricity between the upper and lower part
of the columns is, for this case, 0.6 m representing
25% of the size of the column. Some vertical cracks
at the upper part of the columns are attributed to the
compressive stresses generated by the eccentric
compression.

3. REHABILITATION WORK

To reduce the rate of differential settlement it was
decided to use the underexcavation method in the
clay layer, below the backfills. In this manner settle-
ment would be increased at those points where
sinking is now slower because of the greater degree
of consolidation in those zones. Thus, the vaults
would be closed by means of a twist of the outward
naves to an inward direction, stmultaneous with
another twist of the whole framework to the north-
east.

This methodology is quite complex and is highly
risky, given the particular characteristics of the fra-
mework, the wounds in the system and the huge size
of the monuments.

As shown in Fig. 3 small diameter radial boreholes
have been drilled at the base of 30 shafts at a depth
of about 20 m. The closing of the boreholes due to
the weight of the overlying soil and structure produ-
ces a settlement at the surface.

Careful programming of the volume and location of
the excavated soil, the desired distribution of settle-
ments can be achieved with great precision.

The induced movements must be monitored by sur-
veying in order to confirm that the effects of the
underexcavation met the expectations of the project;
it was important to avoid any kind of dispersion or
differential motion among parts of the building, and
the stress systems that enable the balance of the fra-
mework had to remain unchanged during this delica-
te response to the monument’s historical deforma-
tions, which have accumulated over centuries.

Fig. 3 - Scheme of the underexcavation method adopted for the rehabilitation of the Cathedral. 30 vertical shafts 20 m
deep have been excavated and radial boreholes have been drilled at the base of each shaft.
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A manual system was firstly designed for the afore-
mentioned purpose. It consisted in surveying opera-
tions by traditional direct pendulum, convergence
measurements with optical instruments, measure-
ment of the opening of the cracks by removable
extensometers, levelling in ground floor and vaults.
Although these operations were essential to keep
strict control of the building’s geometry and to con-
firm the movement caused by the underexcavation,
the project risked some difficulties in control, since
manual records were only obtained with a delay of
fifteen or twenty days.

In light of the complexity of the soil-structure inte-
raction and the continual need to adjust the motion
of the two buildings (the Cathedral and El Sagrario)
to cause them to settle harmoniously, avoiding any
kind of damage from one to the other, it was neces-
sary to get immediate information about induced
movements.

At a certain point, it became dangerous to proceed
with the project unless the whole framework was
monitored in real time with an automatic monitoring
system.

A first automatic monitoring system was installed
by ISMES in 1994 with the financial support of
ENEL. The system was completed at the beginning
of 1996 with the contribution of the General
Direction of SEP. During the two phases of installa-
tion of the monitoring system, a detailed analysis of
the state of stress of the supporting structure of the
Cathedral was also carried out by ISMES.

4. EXPERIMENTAL STRESS ANALYSIS

By using the flat-jack testing technique, the state of
stress on the main supporting structures of the
Cathedral was determined with special attention to
the static conditions of the columns which present
significant deviation from verticality.

The flat-jack testing technique is based on the stress
release caused by a plane cut normal to the surface
of the wall. Two reference points are installed on the
wall surface and the initial distance (d;) between the
two points is measured. A cut perpendicular to the
wall surface is then made and the stress release is
determined by a partial closing of the cutting. the
distance (d) after the cut being d < d;. A thin flat-
jack is placed inside the cut. and the pressure 1s gra-
dually increased to cancel the previously measured
convergency.

The value of the state of stress (O) in the testing
point is given by:

O = P+«Km-+*Ka
where:
P = oil pressure;
Km = jack constant which must be determined in the
laboratory;

Ka = Aj/Ac (ratio between the surface of the jack
and the surface of the cut).

A phase of a flat-jack test on a pillar is shown in
Fig. 4. Owing to the special shape of the surface of
the columns, the presence of the decorative vertical
channelling has been neglected.

Fig. 4 - View of a flat-jack test for measuring the state of
stress of a column.

As an example. Fig. 5 shows the stress values mea-
sured on the main columns which are supporting the
control dome. In the same figure, the deviation from
verticality of the four columns is also indicated. It
can be observed that the measured values of the sta-
tes of stress are in good agreement with the devia-
tion from verticality of the columns. The greatest
value of the state of stress (8.75 MPa) has been mea-
sured on the columns which present the greatest
value of deviation from verticality (0.66 m). In
some points the measured values of the state of
stress are very low. which means that some portions



of the supporting structures have been unloaded by

the crack pattern.

10.53m

15.70m

4.35MPa

4.t‘18MPa

Fig. 5 - Stress state measured by flat-jack testing techni-
que on the four columns supporting the central
dome. The deviation from verticality of the

columns is shown.
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The general lay-out of the testing points is shown in
Fig. 6 with the indication of the stress values measu-
red by flat - jack testing technique.

5. MONITORING SYSTEM

The automatic monitoring system, installed on the
main supporting structures of the Basilica was desi-
gned in order to five exhaustive information regar-
ding the following:

» measurements of the absolute horizontal displace-
ments of the vertical structures by using direct
pendulums with telecoordinometers;

* measurements of the relative displacements
between the vertical structures, by using long-base
extensometers;

* measurements of temperature changes and radia-
tion characteristics by using temperature sensors
and radiometers.
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Fig. 6 - General lax-out of the stress-state values measured on the supporting structures of the Cathedral.
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The first phase of the monitoring system, installed

by ISMES in June ‘94, consisted in:

* 4 direct pendulums on the supporting columns of
the central dome

+ 8 long-base extensometer in the arches of the central
nave of the cathedral at the level of the chapitels;

» 3 long-base extensometers on the central columns
of the ’Sacrario™

* 4 temperature sensors
* | radiometer.

On February ‘96 the monitoring system was com-
pleted by adding 6 direct pendulums (2 in each of
the towers of the facade, two in the central columns
of the ”Sacrario” and 2 in the zone of abse) and 11
long-base extensometers (on the naves of the cathe-
dral and on the “Sacrario”).

The general lay-out of the instruments is shown in
Fig. 7 while in Fig. 8 the installation of a long-base
extensometer at the top of a column, is shown.

Fig. 8 - Installation of a long-base extensometer at the
top of a column.
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Fig. 7 - General lay-out of the instruments connected to the automatic monitoring systen.



The results obtained by this measuring equipment
during the first period of observation are completely
satisfactory. The instruments followed, with great
precision, all phases of underexcavation now in pro-
gress and they were able to give prompt information
in order to correct local anomalies in the structural
behaviour induced by the underexcavation process.
Fig. 9 shows the absolute displacements measured
by the telecoordinometers at the top of the four cen-
tral columns of the cathedral in the period July ‘94
- Sept. ‘95. It can be observed that all the columns
are moving in the desired direction and they are pro-
gressively decreasing the deviation from verticality
that they exhibited at the beginning of the underex-
cavation.

13.61mm 18.74mm 14.34mm 16.78mm
T 12.88mm 8.72mm
2
= 23.12mm 15.87mm 19.12mm
13.85mm
-— 18.51mm 10.67mm

[ 15.70m |

Fig. 9 - Absolute displacements measured at the top of
the four columns, which are supporting the cen-
tral dome, in the period July '94 - Sep. '95.

The analysis of plots of displacements versus time
recorded by the telecoordinometers is also very inte-
resting. Fig. 10 shows the two displacement compo-
nents (x, y) measured by the direct pendulum TEL 1.
An initial phase can be observed, characterised by
progressive movement (with a constant rate of defor-
mation) in the desired direction. On 31.03.1995 the
underexcavation was stopped. Starting from this date
an inversion of the movements of the four columns
was observed which started again to move in the
same direction they followed prior to underexcava-
tion. When the underexcavation resumed (24.07.95),
the movement of the columns was again in the desi-
red direction.

A similar effect can be observed by examining the
long-base extensometer results. Fig. 11 shows plots
of the movements recorded by the extensometer EF 8
which is installed on the central nave of the
Cathedral. The diagram shows a progressive closure
of the cracks in the first phase, then a reopening after
the cessation of underexcavation and finally, when
the works started again, a new closure of the cracks
at a rate similar to that of the first phase.

These two examples clearly show the great sensiti-
vity of the measuring instruments which permit to
following and guiding very carefully, in real time,
the rehabilitation works.

The behaviour of the second group of instruments
installed on February ‘96 is also very interesting and
initial results indicate that the supporting structures
are moving as foreseen by the designers. Fig.12
shows the displacements recorded by the new direct
pendulums in the period March ‘96 - June ‘96. The
displacements of the four central columns, measured
in the same period, are also indicated.
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Fig. 10 - Plots of the two components of the absolute horizontal movement of one of the central columns of the
Cathedral measured by direct pendulum TEL I. On 31.03.95 underexcavation was stopped and on 24.07. 95

was recommenced.
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Fig. 12 - Absolute displacements measured by all the pendulums in the period March 96 - June 96.
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6. CONCLUSIONS

The underexcavation technique used for the rehabili-
tation of the Cathedral of Mexico City has never
been used before for a building of this size and com-
plexity. To date the results have been completely
satisfactory.

The global effect of underexcavation at Feb. ‘96 can
be seen in Fig. 13 wherein the positions of the
plumb-line at the centre of the dome indicate the
history of the movement of the Cathedral from the
time of its construction and the recovery (about 15
cm) obtained with the underexcavation works.

The rehabilitation work of the Cathedral is now rea-
ching a very delicate phase. When a 50 cm rectifica-
tion of differential settlement had been achieved, the
efficiency of the underexcavation tended to decrease
owing to the boundary conditions of the structure.

In particular there are critical points which must be
examined with special attention: the behaviour of the
columns whose movements are conditioned by the
presence of the vaults, the double space of the vault
in the sacresty, the distance between the towers and
the central nave, the opening in the transept and the
behaviour of the perimetral walls which support a
considerable horizontal compressive stress and could
be affected by bulging effect.

All these problems now can be kept under conti-
nuous observation by using the automatic monito-
ring system, the only reliable tool to understand if
the behaviour of the structure is following correctly
the prediction of the designers.

Fig. 13 - Plumb-line installed at the central dome of the
Cathedral. The history of movement is shown as
well as the recovery due to underexcavation.
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