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ABSTRACT
The present paper describes the seismic assesshibatQutb Minar in Delhi, India. Three

models with different levels of complexity and sirfipations were developed. The use of these
models allows to overcome the complexity on thelpf the seismic behavior of ancient masonry
structures; by combining the results of the diffen@odels it is possible to obtain a better andanor
comprehensive interpretation of the seismic belraVioe models were used for non-linear static
(pushover) and non-linear dynamic analyses. The stad dynamic analyses give different
behaviors, indicating that push-over analysis shoel used carefully in the seismic assessment of
masonry structures. For the static analysis, tise bathe tower is the most vulnerable part; while
according to the dynamic analysis, it is the upgg@et of the tower. This last behavior is accordimg
the historical damage suffered by the tower dusarthquakes. The different behaviors can be

explained by the influence of the higher modesibfation.
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https://core.ac.uk/display/55615778?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

SEISMIC ASSESSMENT OF AN OLD MASONRY TOWER
F. Pefia, P.B. Lourengo, N. Mendes & D.V. Oliveira
1. INTRODUCTION

The Qutb Minar is the highest monument of India and of the tallest stone masonry towers in
the world. It is considered one of the most impartaonuments of Delhi. The minaret was built as a
part of the Quwwatul-Islam Mosque to call the prayand as a sign to glorify the victory of Islam
against idolatry. Its construction started aroll280 and was finished by 1368 [1].

The seismic history of the city is a testimonylé tisk that historical constructions are subjected
to. Delhi suffers near and far seismic activitycAling to the Indian Seismic code [2], Delhi is in
the Indian seismic zone IV, which is consideretiduoe severe seismic intensity. In general,
earthquakes with magnitude of 5 to 6 are commoiilgvigw earthquakes of magnitude 6 to 7 and
occasionally of 7.5 to 8 have been also registBed hus, restoration and conservation works have
been carried out in the Qutb Minar since its cartdion.

In the framework of the EU-India Economic CrosstGul Programme “Improving the Seismic
Resistance of Cultural Heritage Buildings”, aimédh& preservation of ancient masonry structures
with regard to the seismic risk, the seismic assess of the Qutb Minar was carried out.

The evaluation of the seismic behavior of ancieasomry structures requires specific
procedures, since their response to dynamical lotids differs substantially from those of ordinary
buildings. In order to obtain a reliable estimatadrihe seismic risk, it is desirable to perforri fu
dynamical analyses that describe the effectivestragsion and dissipation of the energy coming
from the ground motion into the structure [4]. Howe sometimes the available analytical tools
require a great amount of computational resoulttaisare not commonly available. Therefore,
procedures are necessary to overcome the comptefirite study of the seismic behavior of ancient
masonry structures.

In general, modeling the non-linear mechanical benaf ancient masonry structures by means
of three-dimensional models is not possible becdusguires a great amount of computational
resources. However, the use of simplified modetsombination with very refined models allows to
overcome those restrictions. The results obtainmt tomplex models can be used as the basis for a
better conception of the simplified models, whielm cesort to different analysis tools. Moreover, by
combining the results of different models, it isially possible to obtain a better and more
comprehensive interpretation of the seismic behd¥io

The seismic assessment of the Qutb Minar has be#ormed by using a stepped strategy,
conveniently divided in:

. Background which means gathering previous information th&t possible to

collect, as for example: historical information lfaeior, damages, repairs, etc); materials and
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geometry description; and preliminary studies (syrof the structure, monitoring, field research
and laboratory test, etc).

. Numerical analysis toolswhich is related to the selection of the différanalysis
tools. Here the following aspects should be comsili¢s]: relation between the analysis tool and
the information sought; cost and time requiremeautst use of an analysis tool that can be
validated and assessed.

. Process of tuningor model calibration, where the data obtainedhenfirst step, as
well as the results of other models, can be usethécalibration.

. Types of analysesvhich depending on the analysis tools choserntlamdomputer
resources available can be: elastic, non-lineaticsdynamic, etc. In general, the types of
analyses can also be divided in analysis for vaAbdaof the numerical tools and analysis for the
seismic assessment.

. Parametric analyseswhere, if the data collected or the tuning preaa® not enough
to define all necessary variables, some valuepraggosed using as reference other similar
structures or materials. Then, parametric analgsesequired to overcome the uncertainty

associated with the use of these “estimated values”

2 BACKGROUND

2.1 Historical Information
The Qutb Minar is one of the tallest stone masaowmers in the world. The tower has five

balconies (Fig. 1). The construction began durrgreign of Qutb-ud-din around 1202, but the
erection stopped at the first storey. The nextruliitmish, added the next three storeys. Thestow
was damaged by lightning in 1326 and again in 1868503 Sikandar Lodi carried out some

restoration and enlargement of the upper stordys [1

Figure 1. Qutb Minar in Delhi, India.
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The minaret has five storeys. The topmost of thgirtal four storeys was replaced by two
storeys in 1368. Balconies are placed at the em@ddf storey. The minaret had originally a cupola,
which fell during an earthquake in 1803 and wasaega by a new cupola in late Mughal style in
1829. However, it was removed in 1848. In 1920 stanmg stones needed some repairs and major
structural work was carried out in 1944. The dandagjenes were replaced using lime mortar and
stainless-steel dowels. The foundation was stremgith by grouting in 1971, and further work was

carried out in 1989 to replace damaged facing da@asid strengthen the inner core [1].

2.2 Geometrical and Structural Description
The Minar is a typical example of the classicaldrslamic architecture. It directly rests on a 1.7

m deep square ashlar masonry platform with sidegppfoximately 16.5 m, which in turn overlies a
7.6 m deep lime mortar rubble masonry layer, atg@mee, with sides of approximately 18.6 m. The
bedrock is located around 50-65 m below the grdewel. The Minar cross-section is
circular/polilobed, being the base diameter equdl4.07 m and tapering off to a diameter of 3.13 m
at the top, over a height of 72.45 m (Fig. 2a,lne Tower is composed by an external shell

corresponding to a three leaf masonry wall andiadrycal central core [6].
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Figure 2. Geometrical survey: a) vertical sectidrth@ minaret; b) cross sections at different

levels; c) small size ventilation openings; d) t&oewindows.

The core and the external shell are connectedhgfieoidal staircase and by 27 “bracings”
composed by stone lintels with an average crog®senf 0.40x0.40 rh The staircase is spiral,

disposed around the central masonry shaft, asditaide of Delhi quartzite stone. Each storey has a
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balcony and the uppermost storey finishes witheef@m. Each storey has different pattern in
construction and ornamentation (Fig. 2b): a) th& 8torey has angular flanges alternating with
rounded flutes; b) the second storey has circulgeptions; c) the third storey has star shaped
projections; and d) the fourth and fifth storeyjpotions are round.

In plan the minaret can be considered as approglgneircular, with a base of 14.07 m of
diameter and tapering to a diameter of 3m at thewdth a total height of 72.45m. The Minar is also
provided with diffuse ventilation openings that dendivided in some smaller openings on three
levels and larger openings as windows and doogs @€i,d). In correspondence with the second and
third levels of the smaller openings the crossiseaf the tower decreases almost to 50% of the
total [6].

2.3 Materials
The Minar outer shell is built of three leaf masgo(ffig. 2a). In the first three storeys the

external veneering is of ashlars of red and buffwed sandstone, whereas the internal veneering is
of ashlars in Delhi quartzite stones. In the twpenstories the external veneer is made of white
marble stones and the internal veneering is osaglistone. The infill is composed by rubble stone
masonry, mainly with stones taken from the destldgenples during the Islamic dominion. These
three layers are held up with iron dowels incorpetdrequently in between the masonry layers. The
central shaft is of rubble masonry with Quartzttene facing. The mortar used is of lime with brick
powder as an aggregate. The thickness of the shédirtapers from 3 m at the base to 0.6m at the
top [1,6].

24 Survey of the Structure
Ambient vibration tests were performed by the Ursity of Minho with the aim to define the

modal parameters (natural frequencies, mode staamedamping coefficients) of the Minar, as well
as to evaluate the degree of connection betweecetiiteal shaft of the tower and the external shell.
These tests were carried out considering sevesgptssitions, at different heights, in order to
proceed with the modal identification of the toi&}:

Several natural frequencies and corresponding medes defined. Figure 3 depicts the modal
shape and the associated frequency for the 10 meghswodes. Eight bending, one torsional and one
axial mode shapes were estimated. It is stressedhd two first bending modes were not clearly
defined at the top, especially at the fourth baycdrne bending modes directions are almost
perpendicular for the closely spaced pairs of feemies. This is due to the axisymmetric cross
section of the tower [6].
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Figure 3. Mode shapes and associated frequenctés for the first 10 modes [7].

Y

3 NUMERICAL ANALSYSTOOLS
Three different numerical models were consideresglvduate the structural behavior of the

minaret. Two models use the well known Finite Elatridethod, both are three-dimensional models
but one uses 3-D solid elements (Solid Model) wthikeother one was performed with 3-D
composite beams (Beam Model). The third model @8em-plane elements based on the Rigid
Element Method (Rigid Model).

3.1 Three-Dimensional Solid Model
The Solid Model was implemented by using the Fikiement (FE) software DIANA [7]. The

external shell was modeled as a three layered Wadl.central shaft was modeled using a single type
of masonry. The foundation, the doors and windofath@® minaret were also modeled (Fig. 4).

The three levels of openings situated below thst, feecond and fifth balconies were represented
in the FE model with different materials, with maaical properties defined as a percentage of the
materials in the surrounding areas, namely therdayer of the outer shell. In order to include the
openings, the material properties of the firstoselcand third openings were thus considered as 70%,
50% and 60% of the material in the outer layer ma@h opening. It should be noted that these
layers crosses all three vertical layers.

The helicoidal staircase was modeled using flall glements, forming horizontal slabs, where
its thickness and elastic modulus were optimizeayder to minimize the differences between the
experimental results and the FE model. The staive lan important role, because they make the
connection between the inner shaft and the outér wa

The full model involves 65,912 elements with 57,88@es, resulting in about 172,000 degrees
of freedom (DOF). The base of the foundation wassittered as fully restrained, given the existence

of the foundation block.
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3.2 Three-Dimensional Beam Model
The Beam model was performed using the DIANA cafléofsed on the Finite Element Method.

Three dimensional beams elements of three nodesl lmasthe Mindlin-Reissner theory were used.
In order to model the different layers of materials well as the centre core of the minaret,
composite beams were used. The model has 41 nb2@DOF) and 20 elements. Each composite
beam element was defined with four different pipet(bular) sections in order to take into account
the different layers and one circular section ttedine the centre core. The balconies were

considered as added localized masses.
It is noted that, in this model, it is not possitdenodel the influence of the staircase, thus a

perfect connection between the shaft and the saterisidered. In addition, the openings were
neglected. These simplifications were made afteatialysis of the results obtained by the Solid

model, since they have minor influence in the glddenavior of the structure.
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Figure 4. Solid model: a) general view; b) staiesasodeled as horizontal slabs; c) detail of the

FE model.

3.3 In-PlaneRigid Model
A simplified in-plane model of the minaret basedtioa Rigid Element Method was developed.

The Rigid Element Method idealizes the masonrycsiine as a mechanism made of rigid elements
and springs. For further details about the metHedse refer to [8]. The rigid elements used can be
defined only with a rectangular cross section.th® reason an equivalent square cross section and

equivalent isotropic material were considered (€db)!
In total, the numerical model has 39 elements dOF. The advantage of this simplified

model is that it is possible to perform fast norelr dynamic analysis. As an example, the Beam

model (in the scope of a general purpose softwarg)ires 23 hours to perform a non-linear
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dynamic analysis, while the RE model (in the scojp@ specific, stand alone software) needs only
20 minutes for the same analysis. Therefore, tmgldfied model was used to better study the global
dynamic behavior of the structure.

Table 1. Equivalent square cross section and nassidered in the Rigid Model.

Level Equivalent Area (nf) Inertia (nf) 1
Thickness (m)  Real Equivalent  Error (%) Real Equivalent Erd)(

0 11.67 127.36 136.25 6.98 1762.8 1547.1 -12.24 J:
1 7.75 54.69 60.08 9.86 360.07 300.85 -16.45 i
2 5.91 31.62 34.97 10.58 123.43 101.91 -17.43
3 4.45 18.08 19.81 9.54 38.94 32.71 -16.00 1
4 3.45 10.80 11.91 10.26 14.25 11.82 -17.00 (1
5 2.41 5.18 5.85 12.94 3.58 2.85 2051 || |

|

4 PROCESSOF TUNING THE MODEL

Model updating was performed in order to matchrtaeiral frequencies arising from the
experimental investigation. Each model was updet@éependently and the elastic modulus was the
parameter considered for the calibration of théedeht sets of materials, ranging between
reasonable values for the different types of masonr

Considering that the models present an axial symynigte numerical pairs of corresponding
bending mode shapes and frequencies are ideraivdlqrthogonal). Thus averaged experimental
values were considered for the model calibration.

The models consider that the materials of levats 3 are different from the materials of levels
4 and 5. This hypothesis was considered becaudaghevo levels were constructed in a different
period than levels 1 to 3 and the experimental msigi@pes show that the deformation is
concentrated on the last two levels, see Figure 3.

The modal updating was performed by using the naetlogy proposed by Douglas and Reid
[9], in which the frequencies of the structure barestimated by means of:

(X X X) =G+ D [AX, B, X)) (1)

wheref® is the frequency estimate¥; are the variables to calibra#e, B andC are constants, arid
is the number of frequencies used in the calibnafitus, the variables are obtained by optimization
of the functionJ:

1=Ywe? )

g = £ = £.0(X,, X, X y) (3)
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fEMA

where is the experimental value of the frequencies\wamsla weight factor.

The optimization process took place in GAMS sofend0] that determines the optimal values
by comparison of the optimization variables in timases with the experimental values, and then
determines the values that minimize the error betweimerical and experimental values.

As the Solid model has a very refined descriptibthe geometry of the structure, ten variables
were optimized. They were the elastic modulus efdifferent layers of the shaft and core, as well a
the thickness and the elastic modulus of the ste@r¢Table 2). Five variables were consideredean th
Beam model that corresponds with the different nelteof the minaret (Table 3). Finally, due to the
simplifications made in the Rigid Element modellyamwo isotropic homogeneous materials were
considered, one for levels 1 to 3 and the othelefegls 4 and 5 (Table 4).

Table 2. Optimized values of the materials usethénSolid Element.

. Elastic Modulus Specific mass Poisson’s
Material

(GPa) (Kg/m®) coefficient
Shaft1 -3 1.545 1800 0.2
Shaft4 -5 0.300 1800 0.2
External shell inner layer 1 — 3 6.171 2600 0.2
External shell medium layer 1 — 3 2.000 2300 0.2
External shell external layer 1 — 3 0.785 1800 0.2
External shell inner layer 4 — 5 0.300 1800 0.2
External shell medium layer 4 — 5 6.602 2600 0.2
External shell external layer 4 — 5 2.000 2600 0.2
Stairs 3.689 2000 0.2
Table 3. Optimized values of the materials usetiénBeam Element.
Material Elastic Modulus  Specific mass Pois_sqn’s f'c ft
(GPa) (Kg/m®) coefficient  (kPa) (kPa)
Masonry infill 1 — 3 1.00 1800 0.2 1000 50
Masonry infill 4 — 5 0.60 1800 0.2 600 50
Sandstone 2.50 2300 0.2 2500 50
Quartzite 5.21 2600 0.2 5200 50
Marble 3.00 2600 0.2 3000 50
Table 4. Optimized values of the materials usethénRigid Element.
Material Elastic Modulus Specific mass Poisson’'s  fc ft fs 7
(GPa) Kg/m® coefficient kPa kPa  kPa ©)
Masonry 1 — 3 3.18 1900 0.2 3000 35 45 15
Masonry 4 — 5 0.57 1900 0.2 1500 35 45 15

It is noted that the Solid model was used onhliftegar analyses. The constitutive model used to

simulate the non-linear properties for the Beam ehwdhs a smeared cracking model and constant
stress cut-off was considered. Constant sheartreteof 0.01, a multilinear tension softening model

and a parabolic compressive behavior [7] were camed for all materials. The values of the
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strength characteristics of the materials werertdi@m the literature [1, 6, 11]. The compressive
strength { c) was different for each material (Table 3), wtidethe tensile strengttit] a very low
value was assigned (50 kPa). The tensile fractueegy Gf) was set equal to 20 Nm?m

In the case of the Rigid model, the material magl@larabolic in compression, bi-linear in
tension with softening and a Mohr — Coulomb lawassidered in order to relate the shear stresses
with the axial stresses [8]. For this model onlynpoessivef(c), tensile {t) and shearf$) strength
are necessary, as well as the friction ang)eCompressive strength was different for each radte
while the tensile and shear strength as well aritteon angle were considered equal for both
materials (Table 4).

The three models consider a viscous damgitigat is regarded as a magsand stiffnes«-
dependent quantity by means of the Rayleigh fortmri&=aM+bK, wherea is the mass
proportional damping constant ands the stiffness proportional damping constane Value of
these two parameters was optimized in order toiBtmilar values as the experimental damping

for each frequency derived from the environmentatibn tests, being=0.2256,b=0.00057.

5 TYPESOF ANALYSES

The different types of analyses performed can bigleld into two main groups: a) validation of
the analysis tools; and b) evaluation of the seidmehavior of the tower. In the first group we have
the eigenvalue and self-weight analyses. The asdoofl the frequencies and modal shapes allow to
validate the models in the elastic field; while #ef-weight analysis allow to verify the correct
geometrical description of the structure and tloperties of the materials. In the second group; non
linear static (pushover) and dynamic analyses @ansidered. It is worth to note that the Solid model
was not used at this step because the great ambootputational resources and time required.
However, this model was very useful in the validatof the other two simplified models.

The dynamic analyses were carried out using fivehstic accelerograms compatible with the
design spectrum of the Indian Seismic code for Dehsidering the experimental damping for the
first mode of 2.5%. Figure 5 shows the design spdot different values of damping. The vertical
lines correspond to the periods of the structuoe tike minaret the design spectrum corresponds to a
damping of 2.5%, which is the damping emerged ftloenenvironment tests. For this spectrum, the
maximum ground acceleration corresponds to 0.2hgewhe constant branch of the spectrum has a
spectral acceleration of 0.63g. It can be seerntlieefirst period is in the lower part of the speaot
(0.209), while the third to tenth periods are leckih the constant branch of the spectrum (0.63g).

10
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Figure 5. Design spectrum of the Indian SeismiceCiod Delhi for different values of damping.

6 ANALYSESFOR VALIDATION

6.1 Eigenvalue Analysis
In general, all the models have a good match betwezexperimental and calculated frequency

values (Fig. 6). The Beam models present the highrers for the frequency associated to the torsion
(Table 5). This model calculated the fifth modeaasional, while the ambient vibration presented
this mode as the seventh. The reason for thisrdiife is possibly the staircase. The Solid model
calculated the “correct sequence” of the modes) aiit error associated to this torsional mode of
about 8%. On the other hand, the model that presemfeneral the smaller errors in the calculated
frequencies (less than 5%) is the simplified Rigidment model; except for the vertical mode that
has an error up to 10%. Here, it is noted thawgrécal mode was difficult to calibrate. Solid and

Beam models consider this mode as thevéhile in the experimental test this is thd"¥fode.

Table 5. Comparison among experimental frequereneisthe frequencies obtained with the three

different models.

Mode Frequencies [Hz]

h Comment - . —

shape Experimental  Solid Error (%) Beam Error (%) Rigid rrdé (%)
1 1° Bending, z 0.789 0.71  -10.01
2 1'Bending, x 0814 071 -1277 9734 842 0778 317
3 2" Bending, x 1.954 2.07 5.93
4 2‘5 Bending, z 2.010 2.09 398 22°7 1387 1886  -484
5 3°Bending, x 3.741 3.55 -5.10
6  3Bending, z 3862 359 704 129 862 3882 57
7 1* Torsion 4.442 4.80 8.06 3.656  -17.69
8 4" Bending, x 5.986 598  -0.10
9 4"Bending, y 6109 602 -145 0065 1021 6419 565
10 7' Vertical 6.282 535 -14.83 6.098 -293 7.061 1241

The Solid model considers the different openingsadaws, doors and the small ventilation

openings) of the minaret. These openings should gme kind of asymmetry to the structure.

11
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However, the differences between the pairs of bendiodes obtained are very low and showing
that the differences in the pairs of bending maz#ained experimentally are not only related with
the openings. These differences can be relateth&y aspects of the structure as differences in the
quality and properties of the materials, differencethe geometry of the minaret, some cracks, etc.
Therefore, it is possible to neglect the openinmgsta consider a perfect connection between the

external shell and the core, as Beam and Rigid lad@dse assumed.

Mode
not

calculated

1 Bending 2° Bending ' Torsion & Bending 4 Bending
Figure 6. Modal shapes for the models, Solid (aphdeam (centre) and Rigid (below).

6.2 Sdf-Weight Analysis
A self-weight analysis was performed in order talaste the stress pattern. All three models

give similar results. The total weight of the migiais around 75,000 kN and the average
compressive stress at the base is 0.6 MPa. Themaxicompressive stress is 1.29 MPa at the
bottom of the external layer of the shell. The mate remain in the elastic range and the maximum

stresses at the base of the minaret are aroun2#% compressive strength (Table 6).

12
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Table 6. Maximum compressive stresses in the éiffematerials of the Beam Model and the

vertical stresses in the Rigid Element.

Maximum axial stress ~ Compressive strength o,/ f'C Rigid Model

Material oman(KP2) fc (kPa) (%) (Pa)
Masonry infill 1 — 3 494 2000 24.70 @ B om0s
Masonry infill 4 — 5 102 600 17.00 R/ =

Sandstone 617 2500 24.68 i
Quartzite 1290 5208 24.77 e
Marble 127 3000 423 | Lo
= 0.0E+00

7 ANALYSESFOR EVALUATION OF SEISMIC BEHAVIOR

7.1 Non-linear Static Analysis
A non-linear static pushover analysis was carrigidusing the Beam and Rigid model

considering a uniform acceleration distributioneTbad was applied with increasing acceleration in
the horizontal direction and a control point at tiye of the tower was considered. Figure 7 shows
the capacity curves lateral displacement — loatbfgshear base / self-weight). Rather similar
behaviors were found for the both models. It casdmn that the average load factor is 0.21. It is
worth to note that the materials do not fail by poessive stresses and the tower collapses by

overturning at the base.
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Figure 7. Pushover analysis, capacity curves.

7.2 Non-linear Dynamic Analysis
A non-linear dynamic analysis was performed with ftigid and Beam model, considering a

Rayleigh model for damping with the damping valaegerged from the investigation campaign
(approximately equal to 2.5% for the first frequgndhe dynamic analyses were carried out using

five synthetic accelerograms compatible with theigle spectrum of the Indian.

13
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Figure 8 shows the load factor (shear force / owigiat) and the absolute maximum
displacements for each level obtained with thedRigodel. It is worth to note that these values are
the maximum and do not necessary occur at the samaeThe average load factor at the base is
0.20 and remains almost constant for the firstllevkile for the second balcony the average load
factor is 0.25. The average load factors of theltAnd fourth balconies are of 0.70 and 0.95
respectively. This means that the amplificatiothef seismic loads is concentrated at the last two
levels. Displacements of levels 1, 2 and 3 incrgaaetically in a linear way, while displacements o
level 5 are in general almost the double of thpldements of level 4.

Figure 9 shows the deformed shape and the mapalfsasesses and strains at the instant 18.3
seconds of record 1 of the Rigid model. As it cas, ®nly levels 4 and 5 present lateral deformation
(Fig. 9a). The axial stresses in levels 1 and Jeaetically uniform (Fig. 9b), since bending morhen
is not present. Axial compressive stresses ondevaind 5 are concentrated on one side due to the

bending moment and therefore the axial strainganeentrated on the fourth balcony (Fig. 9c).
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Figure 8. Maximum absolute results along the heajithe minaret for dynamic analyses with

the Rigid model: a) load factor; and b) laterapthsements.
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Figure 10. Maximum absolute results along the hedjlthe minaret for dynamic analyses with
the Beam model: a) load factor; and b) lateralldisgments.

These results show that levels 4 and 5 are the vadstrable. Especially level 5 presents the
highest drift (3.0%). Analyses show that the higmedes of vibration have a great influence in the
seismic response of the minaret.

Figure 10 shows the maximum load factor and digpteents for each level with the Beam
model. The average load factor at the base is@h#léncreases to 0.18 for the first level. The sdco
balcony has an average load factor of 0.28, whiethird and fourth balconies have an average load
factor of 0.47 and 0.9 respectively. The maximuspicements at the top vary from 0.35 to 0.65 m,
being the maximum drift of 6%. The results showt tbaall the five records levels 4 and 5 are the

most vulnerable too.

7.3 RemarksAbout the Analyses Performed
The different models present similar behavior urditerent types of loads. However, the results

obtained from the non-linear static and dynamidyaes indicate quite different response of the
structure to earthquakes.

The non-linear static analysis shows that the lbwa#g of the structure exhibited diffuse
cracking and a base overturning mechanism couttetected. On the other hand, the non-linear
dynamic analyses carried out indicated that theqgiahe Qutb Minar more susceptible to seismic
damage coincides with the two upper levels, whegkdst accelerations and drifts were found.

The differences in the results between the staticdynamic analyses can be explained by the
high influence of the higher modes in the seisnelsavior of the tower. In fact, standard non-linear
static analyses do not take into account the paation of the different modes. The results of the

non-linear dynamic analyses are more representatithes real seismic behavior of the tower, since
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the damage by previous earthquakes has been coateen the last two levels. In this contextsit i

possible to conclude that the most vulnerable giattie Qutb Minar is the two top storeys.

8 PARAMETRIC ANALYSES

For the study of the seismic assessment of angiasbnry structures, parametric studies should
be made when the real properties of the materitdletoads that the structure could suffer are not
well known or defined. In this particular casetlas strength properties of the materials were taken
from the literature and differences found in thbdaor between the static and dynamic analyses,
parametric analyses were carried out in order &uexe their influence.

It is worth to note that parametric analyses wetlg performed with the Beam model in order to
have a better description of the geometry and nahiistribution (cross section and different

material layers), as well as to take into accobetibfluence of the torsional mode.

8.1 Non-linear Static Analysis
In order to study the influence of the distributimirthe lateral force into the pushover analysis, a

second non-linear static analysis was performeded tifferent configurations of lateral loads were
considered: forces proportional to the mass (umfacceleration); linear distribution of the
displacement along the height as proposed by tlsn®8eindian Code [2]; and forces proportional to

the first modal shape.
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Figure 11. Pushover analyses, capacity curvesadiffitrent distribution of lateral loads.

Figure 11 shows the three computed capacity cuiles maximum load factor that the structure
can resist depends very much on the distributidh@forces: 0.205, 0.108 and 0.072 for the mass
proportional, linear displacement and first modadldlistribution, respectively. The load factor
proportional to the first mode is only 35% of tlead factor proportional to the mass, while the load

factor proportional to the linear distribution i8%. It is worth to note that the collapse section
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changes too. In the case of the analysis consglémmforces proportional to the mass, the sedion
collapse is located at the base, while for therdte analyses the Minaret collapses at the first
balcony.

8.2 Non-linear Dynamic Analysis
In order to evaluate the influence of the mostuaht parameters in the seismic behavior of the

Minar, non-linear dynamic analyses were performaging the tensile strength, the tensile fracture
energy and the damping. In total 75 analyses wamged out, since three different values for each
variable and non-linear dynamic analyses usingtheious five compatible accelerograms with the

Indian Seismic code were considered. Table 7 shiogvgalues taken into account in these analyses.

Table 7. Variables considered in the parametrityaea.

Parameter Base Value  Middle Value  Maximum Value
Tensile Strength (kPa) 50 100 200
Tensile Fracture Energy (Nm/m°) 20 50 100
Damping (%) 25 5.0 8.0
Mass proportional damping a 0.2256 0.4361 0.7194
Stiffness proportional damping b 0.00057 0.00119 0.0017

The values of the tensile strength were considaethe 2.5, 5 and 10% of the compressive
strength of the masonry, while the values of tlaetiire energy were considered proportional to the
values of the tensile strength, according to [1B}-

The initial analyses were performed consideringddeping values emerged from the
investigation campaign. However, these dampin@satiere obtained through low amplitude
vibrations (ambient vibration), which are sometimesrepresentative of the damping that the
structure can present during a seismic event. Hiéstianasonry constructions subjected to seismic
events can present damping ratios around 8% — 1@%Therefore, three different damping ratios
were used: the damping obtained from the ambidmation and a proportional damping to ambient
vibration but considering 5%@€0.4361,0=0.00119) and 8%aE&0.7194,b=0.00220) for the first
frequency.

Figure 12 shows the average results for the fiveerstic records with damping of 2.5% varying
the tensile strength (left) and the fracture endrigjt). It can see that the fracture energy has
practically no influence in the average behaviothef minaret in terms of forces and displacements.
The tensile strength has more influence in thealbkbhavior. This influence can be noticed in the
top storey, in which the lateral displacement dr&ldrifts have differences around 10% between

extreme values. The shear forces and load faatorsase with this parameter.
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Figure 12. Average results along the height of itiearet for parametric dynamic analyses

varying tensile strength (left) and fracture enefmight).
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On the other hand, the parameter that has moreemée in the global behavior is damping.

Figure 13 shows the average maximum displacemedtslifts for different values of damping. As

it can be seen, the global behavior of the towemslar of previous analyses, being independently

of the damping ratio considered. The last two g®ud the minaret are the most vulnerable part of

the tower. However, considerable differences inviddaes of displacements and drift were found. In
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general, the first 2 storeys have similar behawvidependently of the damping and strength

characteristics. But in the last three storeyisdand displacements increase as damping decreases

9 CONCLUSIONS

A simple strategy of analysis for the seismic assesit of the Qutb Minar in Delhi, India was
presented. Three different models with differemtle of complexity and simplifications were
developed. The use of these three models allowsdcome the complexity on the study of the
seismic behavior of ancient masonry structuregesaombining the results of the different models it
is possible to obtain a better and more comprehiensierpretation of the seismic behavior. It is
clear that this strategy can be used for otherairstructures. The models present similar behavior
under the same loads and types of analyses. Howtbeeresults obtained from the non-linear static
and dynamic analyses indicate quite different raspmf the structure to earthquakes.

The non-linear static analysis shows that the lbwa#g of the structure exhibited diffuse
cracking and a base overturning mechanism coultebexted. On the other hand, the non-linear
dynamic analyses carried out indicated that theqdahe Qutb Minar more susceptible to seismic
damage coincides with the two upper levels, whegbdst accelerations and drifts were found. The
differences in the results between the static gméihic analyses are due to the high influence ®f th
higher modes in the seismic behavior of the towefact, the non-linear static analyses do not take
into account the participation of the different rmedThe results of the non-linear dynamic analyses
can be considered more representative of the egah&c behavior of the tower, since the historical
damage by earthquakes has been concentratedlasthevels. In this context, it is possible to
conclude that the most vulnerable part of the Quitiar is the two top storeys.

The results from the different approaches allowdnclude that: (a) the distribution of the lateral
forces has a large influence in the pushover aaalyBhe section at the minaret fails and the load
factor depend significantly on the lateral forcestribution; (b) it is not recommendable to perform
pushover analyses to study the seismic behaviorasbnry towers, since it is not possible to neglect
the influence of the higher modes; (c) dampinganksge influence on dynamic time integration
results in terms of displacements, whereas theteffetensile strength and fracture energy is only

minor.
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