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Options for correcting differential settiements in Mexico City’s Metropolitan Cathedral
Options pour correction des tassements différentiels de la Cathédrale Métropolitaine de Mexique

E.Ovando-Shelley - instituto de Ingenierla, UNAM, Mexico City, Mexico
E.Tamez Gonzalez & E.Santoyo Villa - TGC Geotecnia, Geotechnical Consultants, Mexico City, Mexico

ABSTRACT: The Metropolitan Cathedral in Mexico City settled differentially for more than 400 years. In 1989, when accumulated
damage became alarming, a project to salvage it was put into operation. This paper presents a description of the options that were analyzed
in order to reduce differential settlements and improve the structural condition of the Cathedral, making reference to the difficult
geotechnical conditions that prevail in the city. Based upon technical and economical considerations, the project was carried out using
the underexcavation technique. The main achievements obtained after applying the procedure after more than three years are also described

succinctly.

1 INTRODUCTION

Geological and geotechnical background. Mexico City lies in the
lowest portion of a closed basin surrounded by tall mountains and
volcanoes. Large lakes existed in its lowest parts. According to
the tradition, Mexico City was founded by the Aztecs in 1325, on
an islet in the middle of one of the lakes. The Aztecs built
pyramids and other heavy structures on the marshy, compressible
lake bed. The subsoil over which the Aztecs built their
edifications could have originally contained 5 to 6 parts of water
for each one part of solid matter, in weight. Solids in the soil
contain volcanic ashes that were driven by the wind and by water
flows towards the lakes in the lower portions of the basin where
they degraded chemically; the soil also contains large amounts of
fossilized micro organisms.

The Metropolitan Cathedral was built on a site underlain by
soils which had already been consolidated by Aztec structures.
Preliminary work for its construction began in the 1560’s,
including the preparation of the ground and foundations; the
erection of the structure in 1573. The vaults were finalized in
1672, and the two towers in 1792; final ornaments were placed in
1813.

Regional subsidence. Drainage of the lakes in the Basin of
.Mexico began in the XVIIth and has progressed steadily ever
since. Only a very small portion of the old lake system remains
to this day, As a consequence, the city and its environs have
subsided regionally and produced additional differential
settlements in the buildings that constitute its architectural
heritage.

About 100 years ago, water for domestic and industrial usage
began to be extracted from wells drilled in the city, down to the
aquifers that underly the soft compressible clays, as surficial
sources were not enough to satisfy the increasing demand of a
growing city (most of the water in the lakes of central Mexico
City and in Texcoco, in the north-east, is a brine not suitable for
domestic consumption). Water extracted from the aquifers
produces the consolidation of the overlying clays as piezometric
pressures reduce gradually. Settlement and settlement rates have
been extremely high in the past and their effects on structures,
dramatic.

Causes for the apparition of differential settlements in the
Metropolitan Cathedral. Aztec prehispanic structures consolidated
the subsoil underneath them and as a consequence, some parts
were hardened and others remained being relatively soft. Hence,
the compressibility of the soil under the Cathedral is distributed
non-homogeneously. Later, the Cathedral and the Sagrario church
applied other non-uniform loads to the underlying soil;
consequently, these structures settled differentjally. Further
differences in settlement were produced by the effects of regional
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subsidence brought about by pumping watet rrom deep aquifers.
The primary phase of the consolidation due to the self weight of
the Cathedral finished in the middle of the XIXth century whereas
settlements induced by regional subsidence brought about by
pumping of deep wells accumulated for almost one century.

2 GENERAL STRUCTURAL CHARACTERISTICS

Cathedral. 1t occupies an area of 120.0 x 60.0 m and weighs
about 1245MN. A masonry platform which acts as a foundation
raft having 80 x 140 m in plan dimensions was first built; its
average thickness is about 1.20 m but it is thicker towards the
south where softer ground is found, thus indicating that
differential settlements occurred during its construction and had
to be compensated. Before work on the actual platform began, the
soil was reinforced with 22,500 wooden stakes having 20.0 to
25.0 cm in diameter and between 2.2 and 4.0 m in length.
Footings to receive the loads from columns and walls were built
on top of the platform and the spaces left between them were
filled with earth.

The Cathedral has five naves, the lateral ones closed by
masonry walls and divided into chapels; the processional and
central naves are limited by stone columns. Lateral thrusts from
the vaults and the main dome are taken by the lateral walls and
by perpendicular elements in the chapels that act like counterforts
(see fig 1).

Sagrario Church. Built between 1749 and 1768 directly over
the ruins of an Aztec pyramid, it is. located on a site next to the
southeastern portion of the Cathedral, fig 1. It was founded using
the same system as in the Cathedral: short stakes (diameter = 10.0
cm; length = 1.8 to 2.0 m) were driven into the ground to
reinforce it and later a masonry platform was used to erect the
footings that carry the loads from walls and columns. Its western
portion is supported by the Cathedral’s foundation raft and joined
structurally to it in this side, along a common wall. The roof is
formed by brick domes supported by masonry walls, and the main
central dome by four columns.

Other edifications. The old cathedral, dedicated in 1528, was
located on the southern atrium, occupying most of its west side
and was demolished in 1625. The bishopric was erected in 1725
next to the western side of the apse. Part of this two storey
building, now a museum, was constructed directly on the
Cathedral’s foundation raft and its western portion founded on
surficial footings. A small chapel was also built on the
northeastern side of the museum. Between 1795 and 1800 a
seminary was built on the other side of the apse and was
‘demolished in 1938. The Sagrario church and the other
edifications are also indicated in fig 1.
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Fig 1 Structural plan, location of shafts and other
structures surrounding the Mefropolitan Cathedral

3 EVOLUTION OF SETTLEMENTS

In the Metropolitan Cathedral. Differential settlements began to
occur since the earliest stages of its construction. In 1666, when
the vaults were closed, differences in the elevations of its 16 main
columns reached a maximum of 85 cm. Thereafter, settlements
and structural distortions continued to accumulate; as a
consequence, wills, columns and pillafs lost their verticality and
fissures and cracks appeared in them. Towards the end of the
XIXth century, the differential settlement between the base of the
western tower and the apse reached 150 cm. Settlements at the
base of the western tower have been measured almost continually
since 1907. From these measurements we know that over the first
three decades of the century. seftiement rates increased from a
few centimetres per year to more than 20 cm/year and that the
maximum settlement rate was observed in the 40’s when it
exceeded 30 cm/year. Perforation of wells was banned from the
central part of the city in the early sixties and the settlement rates
reduced but they increased again after the early 80’s; they now
stand at about 10 cm/year in the central part of the city and in its
oustskirts, mainly in its southern part, they exceed 30 cm/year.
From 1907 to 1989 the base of the western tower settled more
than 7.5 m with respect to a fixed point on a hill near the city,
outside the lake zone. This would not represent a problem, had
the settlings in the Cathedral been uniform. On October 1989, the
differential settlement between the base of the western tower and
the apse reached 2.4 m, i. e. 90 cm were added during this
century, due to the effects of subsidence brought about by
pumping from deep wells.

In the Sagrario Church. Information on the settlements suffered
by this temple is very scarce and it is impossible to reconstruct
the history of their evolution. In 1972, however, the maximum
differential settlement was 70 cm and settlement rates within the
church were 2.9 mm/month.

4 PREVIOUS INTERVENTIONS

First intervention. The seminary was demolished in 1938, in order
to relieve the pressures applied on the northeastern side of the
Cathedral. The cells of the original foundation were emptied in
1940 to reduce total stresses applied to the soil, but were later
used to install crypts; the contact pressure reduced only

marginally; differential setttements continued to occur. A concrete
raft, about 50 cm thick, was built at the base of the crypts, over
the totality of the Cathedral’s surface and was complemented by
a system of transversal and perpendicular beams, opened at
various points in order to gain access to the crypts thus reducing
considerably their stiffness. _

Underpinning of the Cathedral. Beiween 1975 and 1976, 387
point bearing piles were installed in the Cathedral, mainly in its
southern part. The piles were 40.0 and 45.0 cm in diameter and
were provided with devices in their heads to control and reduce
differential settlements.

Underpinning of the Sagrario church. An altempt to drive
wooden piles was made during the 1940’s and another one
between 1960 and 1964, using concrete piles. In both cases the
piles were not able to penetrate the original foundation platform
and the archaeological fills. The parishoners’ floor was reinforced
with a concrete slab with beams in 1940. As part of the works
performed in the Cathedral during the 70°s, 129 control piles were
installed in the Sagrario church and a series of concrete slabs and
beams; a perimetral retaining wall was also added.

5 LOCAL SOIL CONDITIONS

Cone penetration tests were used to define the stratigraphy under
the Cathedral accurately; 45 CPT soundings were performed as
well as two borings for obtaining undisturbed samples. Laboratory
testing was used to calibrate CPT soundings to estimate undrained
strength and compressibility.

Stratigraphy. The results of three CPT tests performed in the
southern atrium are shown in fig 2 to illustrate the main strata.
The central sounding indicates that archaeological fills are thicker
and that penetration resistance is larger and compressibility
smaller, than in the soundings performed in the western and
eastern sides. The clay layers under the dome of the Sagrario
church have compressed more than 20.0 m, a reduction of about
50% in their original thickness; there, the depth of archaeological
fills exceeds 23.0 m.

Piezometric conditions. The average phreatic level in 1952 in
the Cathedral was 2.8 m below the surface and 7.2 m in 1989, at
the beginning of the project. Piezometric conditions have been
modified during the course of the project, mainly due to the
effects of pumping from the base of the shafts built to carry out
the underexcavation works, as will be explained later.

6 OPTIONS FOR CORRECTING DIFFERENTIAL
SETTLEMENTS

Three options were studied: a) to use deep foundation elements,
i.e installing additional point bearing piles with control devices,
large diameter shafts or “negative” friction piles; b) to inhibit the
generation of settlements by restoring piezometric pressures
within the soil mass; ¢) to induce cormective differential
settlements with underexcavation.

Conditions of the existing piles., An assessment of the
conditions of the control piles installed during the first
underpinning attempt was made at the beginning of this project.
Piles were classified as "short"” when their length did not reach
the bearing stratum and carry loads through skin friction. Long
piles either penetrated the bearing stratum (the first hard layer, fig
2) or were broken as they were being driven into the ground.
Overall, only 30 % of the piles installed in the Cathedral and 12%
of those installed in the Sagrario church can reliably mobilizé
their expected point bearing capacity; these piles are also
subjected to strong negative skin friction forces (down drag).

6.1 Use of deep foundation elements.

Addition of point bearing piles with control devices. Barring
installation and driving defects, the piles installed during the
1970’s would not have been able to stop differential settlements
from accumulating, as their total overall capacity is only 25 %
of the dead weight of the two temples. The underlying assumption
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Fig 2 CPT fests and stratigraphy along an E-W axis in the southen atrium

in their design was that differential settlements are brought about
only by the application of non-homogeneously distributed
structural overburdens, without considering the effects of
compressibility changes induced in the clay mass. To prevent
further differential settlings, at least 1500 new piles would need
to be installed in the Cathedral and the Sagrario church. The
additional piles could be driven either to the first hard layer or to
the base of the second clay formation; 37 m on average in the
first case, 50 m in the second.

Installation of negative friction piles. This is a solution used
previously in Mexico City in a limitted number of cases. In it,
the tips of the piles are driven to the bearing stratum but their
heads are not connected to the structure. Loads are transferred
from the subsiding soil to the piles by lateral negative friction.
Assuming that the heads of the piles were located some 2 m
below the base of the foundation slab, that their diameter was 40
cm and that the transfer of loads from the soil was fully effective,
1500 additional piles would also be required in this solution. The
installation of these piles would form a block of reinforced, less
compressible soil; distributing the piles adequately, further
differential settlements could, at least, be reduced. Using cast in
place elements, the constructive difficulties would be less
important than in the previous solution.

Installation of large diameter shafts. This solution would
require 240 shafts (1.5 m’ cross sectional area), driven to the base
of the second clay formation (see fig 2). Construction and
installation of these shafts need large, massive, heavy duty
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equipment that can only be operated from the surface, rather than
from the crypt level, and that would imply the demolition or
temporary removal of important architectural elements in the
Cathedral, especially in the apse, near the main altar, and in and
around the choir.

The piling solutions described above would require extensive
structural modifications such as the construction of additional
beams and girders, in order to link the underpinning elements to
the superstructure. Also, many of the old defective piles would
need to be demolished or extracted. All of these pose practical
constructive difficulties that can only be overcome at pricy costs.
Depending on the level chosen to drive the pile or shaft tips, their
effectiveness for reducing differential settlements can vary. For
example, if the tips are placed at the level of the first hard layer
(fig 2), the effects of regional subsidence would reduce in 69 %
but if they are taken to the base of the second clay formation,
these effects would be negligible. In the first case control devices
at the pile heads could be necessary, adding to the costs of the
solution.

6.2 Restoration of piezometric pressures

Since the main contributor for the apparition of differential
settlements is the reduction of pore pressures brought about by
deep well pumping, a solution to the problem would be to device
a means to restore piezometric pressures within the soil mass. One



such scheme was studied whereby the Cathedral and the Sagrarno
Church are isolated from the subsiding ground by means of an
impermeable slurry trench built around them, down to the base of
the second clay formation (area enclosed by the trenches: 17, 000
m?®). Water would then be injected to the permeable strata
enclosed by the slurry walls, keeping piezometric pressures
constant or raising them if required. In order to apply this
procedure, injection pressures would need to be smaller than the
pressure that produces hydraulic fracturing of the soft clays at
their contact with the permeable strata (beetween 40 and 100
kPa). It was estimated that 46 injection wells also driven to the
base of the second clay formation, would need to be installed in
the perimeter of the two churches. Flow from the wells would
need to compensate losses from the base of the enclosed area and
through the slurry trenches, about 54,000 m*/year, a quantity that
would necessarily need to increase if piezometric pressures were
to be raised.

Correcting differential settlements with this procedure by
inducing swelling of the clays at selected locations cannot be
performed with the precision required to avoid structural damage
in the churches, even if the area subjected to the treatment were
to be divided into smaller cells, with the additional costs involved.
Hence; its use can only be recommended to stop additional
differential setllements from appearing or as a complementary
measure used together with other procedures. Consideration would
also need to be given to the long term properties and chemical
stability of the slurry trench and of the injection wells. Continuous
and extensive monitoring of piezometric conditions with fast
response electronic transducers would also be needed to operate
the wells rationally and to avoid and prevent flaws in the
operation of the system.

6.3 Underexcavation

Its objective is to remove soil from the harder, more consolidated
zones in order to induce controlled differential settlements
selectively. This technique was deviced by Terracina (1962) to
reduce the inclination of the Tower of Pisa. Terracina’s ideas
were adapted to the geotechnical conditions in Mexico City and
were used to level several buildings there (Tamez, 1996).

An experiment was carried out on a smaller church in order to
develop the techniques and prove its feasibility as a means for
correcting differential settlements (Ovando et al, 1994). The
results of this experiment showed that the rate and magnitude of
corrective settlements produced by underexcavation could be
controlled and in this sense, it was shown that the procedure is a
"soft" one, as imposed settlement rates can be as slow as required
for observing the response of the structure and for allowing ample
time for decision taking in regard to modifications to the
underexcavation programme. Consequently, these results
highlighted the importance of applying the observational mehtod
in this procedure. Simplified analytical solutions for estimating
surficial settlements induced by it were also calibrated and were
shown to be useful in estimating their order of magnitude.

Underexcavation can correct the inclination of walls, columns
and pillars. In highly fissured or cracked structures, like the
Cathedral and the Sagrario church, it can also induce corrective
movements in order to close these gaps. Rigid body rotations can
also be produced with underexcavation, even in fairly large
structures. In Mexico City, underexcavation may and can improve
the overall structural condition of buildings but it will not avoid
the generation of differential settlements afterwards. Thus,
underexcavation is a recurrent measure that improves the
capability of structures to sustain future settlements and it also
increases their structural degree of safety.

Underexcavation tumed out to be less costly than the other
solutions studied and this factor bore an important weigh in
choosing it as the means for improving the Cathedral’s structural
condition. Underexcavation does not hinder the use of the
Cathedral as a place of worship and the construction works it
needs are far less obstructive than those required by any of the
piling solutions that were analyzed; further, underexcavation per
se does not 1mply interveming directly on structural or
architectonic elements.

7 TECHNIQUES DEVELOPED

Preliminary measures. In order to reduce settlements rates before
underexcavation could be put into practice and to reduce outward
tilts in the walls and arches, 65 negative friction piles were
installed in the outward northern periphery of the Cathedral and
in the east side of the Sagrario Church. Subsidence rates were
modified as a consequence of the installation of these piles.

Technique. Underexcavation is carried out from the bottom of
concrete lined shafts (3 m inside diameter) distributed over the
area covered by the Cathedral and the Sagrario church as
indicated in fig 3; their depths vary between 15 and 25 m,
depending on the thickness of the surficial fills and the
underexcavation levels, which takes place in the first clay
formation, vary between 14.7 and 24.7 m. The general layout is
also illustrated in fig 1. Tubes --10 cm diameter, 6 to 14 m long--
are driven radially into the soil, pushed by a pneumatic piston.
Soil is extracted from them at 1 m intervals. There are 50 mouth
pieces in each shaft and the boreholes are inclined 20 degrees.
Once soil is extracted, underexcavation continues in an adjacent
borehole until a full cycle is completed. Soil around the cavities
left yields gradually until the holes close and a new
underexcavation cycle can then begin. A schematic representation
of the sequence is given in fig 4.

Evolution of underexcavation. Initial trials began in August,
1993, by underexcavating from a few shafts in the northern part
of the Cathedral; others were added in October that year and by
January, 1994, 20 shafts were operational. The underexcavation
programme was fixed according to the goals established by a
technical committee which required that most of the material be
extracted from the northern zone of the Cathedral which has
subsided less than the south side. The total amount
underexcavated between August, 1993 and December, 1996 was
2,200 m’,

Pumping. Water was pumped to carry out the construction of
the shafts in dry conditions. A system of point wells installed at
the bottom of the shafts operates during underexcavation.
Pumping produced additional settlements and, consequently, the
sequence of operation was designed so that it would induce
corrective deformations in the Cathedral.

Operation of the control piles. The control piles were detached
from the structure between May and July, 1993 in order to
minimize their interfering with the displacement field induced by
underexcavation. Some of the piles are still operated and are used
as auxiliary means for generating corrective movements near the
western tower and in the eastern portion of the Sagrario Church.
The release of the control mechanisms of the piles transferred
loads into the subsoil producing additional consolidation
settlements.

Fig 3 Procedure for underexcavation
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8 RESULTS OBTAINED

Control of the underexcavation process. Apart from
topographical levellings performed at the plinth level once every
two weeks, topographical measurements at the roof and basement
levels are also performed routinely. There are 176 points for
measuring plumbs in walls, columns and pillars. Convergence
measurements in arches and between columns are performed at
288 locations. The evolution of cracks and fissures is followed
with displacement gauges placed in 689 points. An automatic
monitoring system measures inclinations with electronic plumbs
in 10 columns and it also performs convergence measurements
with vibrating wire transducers to measure closures or separations
of columns in 22 measuring points. A technical committee meets
fortnightly to analyze the instrumental data base and to agree on
any actions required to modify the underexcavation programme.

Expected goals and corrections achieved. The preliminary goal
for correcting the geometry of the Cathedral and the Sagrario
church was put forth by Lépez-Carmona (1995) and is illustrated,
with later modifications, in fig 5. The configuration is similar to
the one the temples had in 1934, when their structural condition
was adequate. A maximum corrective differential settlement of 80
cm must be induced to achieve this goal. Another proposal,
suggested by Meli and Sinchez (1995), establishes that the
condition of the columns constitutes the most critical aspect in
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regard to the structural safety of the Cathedral and the Sagrario
church and that underexcavation must be oriented towards
correcting their inclinations. Their proposal, also shown in fig S,
requires a maximum corrective settlement of 95 cm. These goals
should be compared with the corrections achieved, also shown in
this figure. As seen there, the maximum induced corrective
settlement, between point A-12 and D-2, was 68 cm in December,
1996.

Evolution of differential settlement between points B-10 and C-
3. It represents a rough index of the effects of underexcavation
(fig 6). In these terms, the results obtained as of December, 1996
turn out to be 85 and 72% of those specified by the programmes
of Lopez-Carmona and Meli and Sianchez, respectively. This is
equivalent to the removal of more than 2/3 of the differential
settlements produced over the last century by regional subsidence.

Changes in inclination, convergence measurements and
evolution of fissures. Inclination changes indicate that the general
pattern of movement in the Cathedral was reversed by
underexcavation. In general, most pre-existing fissures and cracks
have closed. The southem portion of the central nave has closed
more than 3 cm and the fagade walls have rotated towards the
north. A relatively small amount of new fissures has appeared and
grown during the project but their evolution has not been
detrimental to the general condition of the structure. Detailed
preliminary analyses of the effects of underexcavation can be
found elsewhere (Tamez et al, 1995; Ovando-Shelley et al, 1996).
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CONCLUSIONS

The Metropolitan Cathedral in Mexico City and the adjoining
Sagrario Church accumulated differential settlements from the
onset of their construction. The maximum differential settlement
in 1907 exceeded 150 cm, most of it due to self weight
consolidation. Pumping from deep permeable strata has produced
drops in piezometric levels in the clay strata that underlie the
Cathedral; hence, additional differential settlements accumulated
until 1989, when they totalled 240 cm.

A project was put forth in order to salvage the Cathedral and
the Sagrario Church, applying the method of underexcavation
which was chosen over other technically feasible but more costly
underpinning projects that require major structural modifications
of these churches, at the level of their foundations. Restoration of
piezometric pressures within the perimeter of the two churches
was also analyzed as a possible solution but it was concluded that
it can only be recommended as a complement to other measures.

Between August, 1993, and December, 1996, 2,200 m® of soil
have been underexcavated. Control of underexcavation relies on
the application of the observational method. Extensive
instrumentation is used to monitor closely the structural response
and modify, when necessary, the underexcavation programme.

Up to December 1996, the maximum corrective settlement was
68 cm. Underexcavation has produced corrective changes in the
inclinations of columns, pillars and walls. In general, pre-existing
fissures have closed, mainly in the vaults of the north side of the
Cathedral.
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