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ABSTRACT: Within the program of preservation o f the Alhambra and Generalife, set forth by the Patronato de la Alhambra y
Generalife, a study has been conducted by the Laboratorio de Geotecnia and the Laboratorio Central de Estructuras y Materiales of
the Centro de Estudio y Experimentación de Obras Públicas (CEDEX) to establish the present condition of the Tower of Comares,
one of hte outstanding elements of the Architectural Complex, both for static condition and for seismic action. The general lines
and conclusions of the study are given in this communication.
RESUME: Inclue dans le programme de conservation de l’Alhambra et du Generalife, établi par le Patronato de la Alhambra y
Generalife, une étude a été conduite par le Laboratorio de Geotecnia et le Laboratorio Central de Estructuras y Materiales du Cen
tro de Estudios y Experimentación de Obras Públicas (CEDEX) pour établir la condition présente de la Tour de Comares, l’un des
plus remarquables éléments de ce Compléxe Architectural, tant en condition statique que sous l’action d’un séisme. Les lignes
générales et les conclusions de ette étude sont données á la présente communication.
1 INTRODUCCION
The Tower of Comares in the Alhambra palace was built in
the first half of the thirteenth century en Granada, which is
one of the most seismically active regions of Spain.
A study has been carried as a part of the program establis
hed by the Patronato de la Alhambra y Generalife of the Junta
de Andalucía and the Centro de Estudios y Experimentación
de Obras Públicas (CEDEX) of the Spanish Ministry of Pu
blic Works for the general diagnosis of the present situation
of the monument, and the search for the most adequate line of
action which could insure, with a reasonable degree o f cer
tainty, the proper future behaviour o f the construction within
the seismic prone area of Granada.
After a brief description o f the tower and its geological
environment the results obtained in the different tests perfor
med to characterize the static and dynamic properties of its
foundation and structural materials are summarized. The static
bahaviour of the Tower has been shown to be essentially
correct. Finally several models, of increasing complexity
were established for the analysis o f the dynamic behaviour of
the construction. The results obtained are given, showing that
reinforcements in very precise locations are only needed to
insure an acceptable response of the monument to seismic
episodes of 0.15 - 0.2 g peak aceleration.
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2 BRIEF DESCRIPTION OF THE TOWER AND ITS SITE
Figure 1. Zonation of the torre de Comares and its foundation
The Tower of Comares (see Fig. 1) is a square structure with
17.5 m sides in plan that extends vertically for approximately
25 m over the Darro river on the top o f a ridge, 50 m high,
of the Alhambra formation. At the site, that formation con
sists mainly of a conglomerate consisting of 60% of quartzite
and schist particles of gravel size embedded in a silty clay
matrix mass. Those materials were deposited at the base of
the nearby Sierra Nevada forming alluvial fans in the Upper
Pliocene. Subsidence and fracturing of the Granada basin
during the Pleistocene period transformed one of those fans
into the hill on the top of which stands the Alhambra fortress
today. Seismic refraction surveys carried out on the hill, at
the base of the structure, revealed the existence o f an upper 5
m thick decompressed zone with an average P-wave velocity

o f 570 m/s overlying more competent materials o f the same
nature. The same type of materials, cemented with lime and
compacted in thin layers, produce a rough masonry which is
locally known as "tapial" (pise de terre) and was used for the
construction of the foundation and structural walls of the
palace.
3 GEOTECHNICAL CHARACTERIZATION OF THE SITE
AND MECHANICAL PARAMETERS OF THE BUILDING
MATERIALS
The geotechnical static and dynamic identification o f ground
properties of the subsoil, at the site o f the Tower of Comares,
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has involved a program of exploration through borings with
continuous sampling of the masonry of the Tower and the
Alhambra conglomerates which constitute its foundation
ground. "In situ" ground testing both static (plate load test)
and dynamic (cross-hole, down-hole, seismic refraction, and
surface wave techniques) have allowed determination and
correlations o f static and dynamic modules to be established.
Structural members have been investigated "in situ" for state
o f stress determinations. Laboratory testing o f ground and
masonry samples has encompassed static and dynamic bahaviour.
On the basis of the research work earned out (mainly on
and around the Tower o f Comares), the construction materials
used and the natural foundation materials have been identified
and classified into the following five materials (show figure
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Once the information forthcoming from the tests as a whole
had been analysed, the materials were allocated the following
charateristic values and variation laws for the dynamic para
meters on the basis o f the degree o f shear strain:
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The installation of seismographs at two levels within the
Tower o f Comares allowed the registration of a microseismic
episode and the analysis o f the trasmission and enhancements
along the structure, furnishing useful data for the determina
tion of the natural frequency o f the tower, 2 Hz.
4 STATIC BEHAVIOUR OF THE TOWER
Architect Torres Balbás introduced, in the early thirties of this
century, an important change in the structure of the Tower,
by substituting the vault by a flat roof.
In so doing, the walls were relieved from important lateral
loads that required, within the sixtienth century, the introduc
tion o f two layers of bolting at the southern wall o f the Tower
(fig- 2).
The static analysis of the present situation o f the monument
shows a reasonably good condition. Within this study, the
stresses in the walls have been checked through flat-jacking
and agree with the calculated values.
A verification of the stresses in the bolts has also been
carried through the technique of their response to transverse
loading. They are presently effective in balancing the defor
med condition o f the southern wall and require only proper
preservation.
5 SEISMIC RESPONSE ANALYSIS
For carrying this study, the Laboratorio de Geotecnia of the
Centro de Estudios y Experimentación de Obras Públicas
(CEDEX) has been invaluably assisted by the firm Carlos
F'-mandez Casado, S.L ., experts in structural analysis of
singular constructions, and by professors J.M. Roesset of the
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of Texas-Austin, and E. Kausel of M.I.T.
The monument has been modelled, for numerical analysis,
according to three succesive patterns of increasing comple
University

xity.
Firstly the Tower was modelled as a one dimensional canti
lever formed by 34 succesive bars and starting at an average
foundation level (fig. 3). This model was checked against the
s e i s m o g r a p h records of the monument during the microseism
of December 23, 1993. The natural frequency of the model is
2 Hz, and proper matching o f seismic response is obtained,
for values of damping ratio between 0.01 and 0.015, with
respect to vibrations in the NS direction. Poor matching is
obtained for vibrations in the EW direction.
Then, a three dimensional bar model (fig. 4) was analysed.
This model, consistently with the previous cantilever model,
showed that, within the first two modes of vibration (first
mode shown in fig. 5), the deformation of the Tower concen
trates at the ground and first levels. This is due to both the
smaller stiffuess of the "tapial" or "pisé de terre" of zone 2
(fig. 1), and the effect of the entrance doors and balconies of
the Ambassadors Hall.
By use of this bar model, though, the accelarations at the
floor level, as a response to hte microseism of 23-12-93, are
too high.
Finally, a three-dimensional finite-element model was prepa
red for the numerical analysis of the seismic response o f the
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Figure 4. Three-dimensional bar model
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Figure 2. Two-layer bolting in southern wall

Figure 5. First mode of vibration for bar model
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Tower, using the ABAQUS code, and considering both the
non-linear behaviour o f the materials involved and the need
for a variable damping ratio as a funcion o f the strain level.
The complete three dimensional mesh is shown on fig. 6. Fig.
7 shows the first mode of vibration of this model, and its
agreement with the aforementioned initial conclusions. The
comparision of the response of the complete model with a
simplified finite element model including a rigid base below
ground level showed essential agreement.
Once a proper agreement was obtained in the latter simpli
fied finite-element model, by proper regulation of the initial
deformation modulii wich have to be taken equal to the mini
mum values measured, with the real seismic response of the
Tower, a parametric study was performed with the accelero
grams shown in fig. 8, for near and far fields, scaled to a
peak acceleration of 0.1 g, 0.15 g and 0.2 g. From the stu
dies o f seismic risk, the 0.15 g value appears to be the maxi
mum most likely to accur.
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ngure 3. One-dimensional cantilever model
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Figure 6. Complete three dimensional fmite-element mesh
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Figure 7. First mode of vibration for finite-element model
As a result of those analysis, the Tower appears to endure
properly seismic action, although local reinforcements may be
needed depending upon the degree of the action.
Vertical reinforcement at each comer of the Tower
walls
a^
= 0.2 g
8 0 32 (a, = 5100 kg/cm2)
a,^
= 0.15 g
8 0 25 (at = 5100 kg/cm2)
a,^
= 0.1 g
4 <t>40 (ae = 5100 kg/cm2)
Horizontal reinforcement at floor levels, in each direc
tion (NS and EW)
ami,
=
0 2 g
17 </. 25
a,^
0.15 g
3^25
ami.
=
0.1 g
no need for reinforcement
Reinforcement at door, balcony and window jambs
Only needed for andjl = 0.2 g
Reinforcement of roof beam seats
For all cases

Figure 8. Near field and far field design accelerograms
From the dynamic analysis that has been conducted, to
establish the response of the Tower under seismic action, it
has been concluded that only local reinforcements are needed
to properly adjust the behaviour o f the monument to seismic
episodes o f 0.15-0.2 g peak acceleration.
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6 CONCLUSIONS
In order to analyse the behaviour of the Tower o f Comares a
geotechnical and structural characterization of the subsoil and
the construction materials has been carried out.
The static analysis of the Tower reveals a proper behaviour,
under its present situation with the flat roof introduced by
Architect Torres Baibas. The direct measurement of stresses
at the walls, and the indirect evaluation of loads at the bolts
existing in the southern wall match the structural analysis.
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