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Abstract

The paper presents a numerical study for the seiassessment of the St James Church in Christchurch
New Zealand affected by the recent 2011 earthquak@® subsequent aftershocks. The structural
behaviour of the Church has been evaluated usiaditite element modelling technique, in which the
nonlinear behaviour of masonry has been taken aotmunt by proper constitutive assumptions. Two
numerical models were constructed, one incorpggative existing structural damage and the other
considering the intact structure. The validatiortha numerical models was achieved by the calimati

of the damaged model according to dynamic idemtiftn tests carried out in situ after the earthguak
Non-linear pushover analyses were carried out dh poncipal directions demonstrating that, assulte

of the seismic action, the Church can no longerctwesidered safe. Pushover analysis results of the
undamaged model show reasonable agreement withsihal inspection performed in situ, which further
validates the model used. Finally, limit analyssing macro-block analysis was also carried out to

validate the main local collapse mechanisms oftherch.
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1. Introduction

It is well known from past and recent earthquakest traditional masonry buildings, particularly if
inadequately tied, do not respond well to strongadyic demands such as earthquakes. These natural
catastrophes have always represented the main chdaeage and loss of cultural heritage [1], sires

the need of safety evaluation of old buildings ésmic zones. Masonry buildings are generally able
carry the vertical loads in a safe and stable \#ylut from a structural point of view, they tetadfail to
respond well to horizontal loads, due to masonmgsy low tensile strengthMany areas around the
world are characterized by high level of seismiednd and, as a result, the vulnerability of ancient
masonry structures is often relevant [1]. Latelye tconservation of heritage buildings is an issue
receiving a growing interest in the engineering oamity, resulting in an increase of research irsteas

a way to preserve one’s own culture.

Performing a structural analysis of a heritage masoonstruction is a complex and difficult task §&d

[4], given the unknowns about the condition of theilding, its history and building phases, the
morphology of structural elements, the connectietwieen structural elements, among other aspects. In
the last few years, due to increasing awarenessdiety about heritage buildings, there has bemajar
advance in modelling and analysis techniques. Memyputational tools for the assessment of the
mechanical behaviour of historic structures arerenily available and can be successfully used.
Furthermore, different methodologies have been gseg for the seismic assessment of masonry
buildings, e.g. [5-15].

Still, the Recommendations for the Analysis, Comaton and Structural Restoration of Architectural
Heritage, approved by ICOMOS [16] state that strredt of architectural heritage, by their nature and
history, are a challenge for seismic analysis. Té®ommended methodology by ICOMOS for the
assessment of ancient structures requires firgttg dcquisition, including e.g. geometry and histdr
information of the building, and secondly the ingjmmn of the present condition of the building bgans
of visual inspection and experimental tests. Afamds, numerical modelling is performed to simubate
assess the seismic behaviour of the structureadridst, the safety evaluation is made and thegdes

the remedial measures, if required, is carried out.

Masonry is a complex material to model due to ttheerent anisotropy and variability of propertieslyD

a few authors implemented constitutive non-lineavdeis able to consider different strength and
deformation capacity along the material axes, E.g] for finite elements and [18] for limit analgsi
These models are not widely disseminated and camabe to apply in traditional buildings given the
difficulties to characterize the existing fabrictlwia high level of detail. An alternative, lowest-
complexity level, solution is to adopt simple gedroal indices, e.g. [19], to make a first, non-timg,
screening of seismic assessment. In this papeiineanl finite element modelling (FEM) analyses are
performed to study the structural behaviour of air€h in New Zealand. St. James Church is located in
Christchurch, New Zealand, and has suffered stractdamage with the recent earthquake on 22th

February 2011and subsequent aftershocks. As detailed in sitpeict®on was carried out (visually, by
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coring and by dynamic identification), a first ned@t contribution of this paper is model updatirfgao
heavily damaged structure. Subsequently, the pasents the results of the seismic assessmeheof t
Church, by means of two numerical models, beingdam@aged and the other one undamaged. The aim
of performing pushover analysis in the undamagedeht to assess, on one hand the quality of the
numerical model by comparing the results with theck pattern currently observed, and on the other
hand to clearly understand the seismic behavidh@fChurch subjected to a seismic action. The d@oubl
validation of the model by dynamic identificationdadamage pattern increases the reliability of the

conclusions and of the final safety assessmeriteofilamaged church.

2. Historical Synopsis

The Church building was started in 1923 to provad@ermanent centre for Anglican worship. The
architects were the brothers Alfred and Sidneyrklittvho together designed a number of notable New
Zealand buildings. For St James Church, they adopt@mple early English Gothic style (see Figure 1
On the right hand side of the nave a memorial hed#ko Patria” lists the names of the men of
Riccarton, a suburb of Christchurch, who died ia #914-1918 war. In the 1940's the Church grounds
were redesigned. The hedge fronting Riccarton Reasl removed and a curved driveway lined with
roses and centring on another war memorial (thie tio the soldiers of World War II) was put down.

Thus the original concept of a memorial Church e@stinued.

The Church has rectangular shape with a long naateconstitutes the main body of the building with
27.0 m long and 10.3 m wide. There are other sermgyncbmpartments that define the exterior shape of
the building, as the entrance, the vestry, the tpamed a sort of side chapel where the organ iatéat
(see plan of the Church in Figure 2). The buildivas a large number of buttresses in all facades and
corners, which seems to indicate a clear earthquakeern. The two naves that compose the Church
have different heights, with a height of 10.5 m flee main nave and a height of 9 m for the altaena
The tower is the tallest element of the Church waitheight of 15 m. The roof consists of a series of

wooden trusses, spaced every 3 m and aligned kéthxternal buttresses position (see Figure 3).

During the in situ inspection, specimens were takkem the walls in order to know their constitution
(Figure 4). The Church is usually referred to asiareinforced masonry structure, coated with Halswe
stone, with facings of cream Oamaru stone and grledtbrick on the inside [20]. In fact, the wall
specimens indicate that three layers of materi@geesent, brick on the inside of the wall, weakarete

in the inner core and stone in the outside facade.

3. Visual Inspection

The Church has suffered structural and non-strattdamage a consequence of"22ebruary 2011
earthquake [21]. A visual inspection was carried aod the main damage visible in the structure is

presented in Figure 5. The most damaged areasharéransversal fagades, east and west, and the



triumphal arch located in the middle of the two esvSeveral cracks developed on the east walliboth
the outer facade and inside of the Church (seer&ifua). It can be observed that the areas witlemor
damage are aligned with the height at which thérésges end, which indicates therefore an inadequat
design with a strong geometrical discontinuity. otinin cracks with a width smaller than 1 mm have
developed between the window and the base of tlie d@vever, there is a large horizontal crack, @tho
5 mm wide, above the alignment of the buttresseth) im the facade and inside the building. Somaesto
blocks have moved at this level. In conclusion, dgenis present and is mostly due to out-of-plane

movements, even if some diagonal cracks due téeinepmovements are also observed.

Regarding the other transversal wall, the westdagthe crack pattern is presented in Figure g
relatively large horizontal crack running across well is again visible in the alignment where thain
buttresses finish. This crack is clearly seen Baim the interior and exterior side and is abounhdh

wide. Similarly to the east wall, a detachmenthaf toating around this horizontal crack is cleaitjble.

The longitudinal walls do not have much earthquiadtated damage, as shown in Figure 5 c¢) and d). The
existing damage consists of a few cracks aroundioviis and a horizontal crack on the top of the wall,
which develops between the wooden trusses that eseniiie roof structure. The cracks in the basheof t
windows are developing along bed and head join&tai-stepped manner up to the floor. The cragks i

these walls are relatively thin, with a width sreathan 1 mm, in comparison to the east and welis.wa

In the triumphal arch the damage is severe as slwigure 5 €). In the discontinuities of thistarce.

at the intersection of the walls with the roof atie top of the trusses, large cracks are formed.
Furthermore, a crack has appeared throughout the #nllowing its ogival shape. Significant damage
visible in the wall cladding near the cracks. Tbp part of the chancel arch gable exhibits outlah@

displacements.

Finally, it is noted that the horizontal cracks aszompanied by spalling of the limestone faciraysl

large areas of plaster have fallen from the chaaadl, and the east and west gable walls.

The walls in the transversal direction are the ndmnaged, allowing the assumption that this is the
weakest direction. Also, the images and the damagerved indicate that the roof structure is rgiitty

linked to them the gable walls, and it is not sifiough to adequately tie the longitudinal walls.

4. Numerical Model

A numerical model of the structure of St. Jamesr€inwas constructed in order to properly simulage t
structural behaviour of the building. The model wmaepared taking into consideration the geometrical
data and the structural damage found in the buyjldifhe configuration of the model attempts to

reproduce the structural behaviour of the Churdfileradopting the necessary simplifications.



The numerical model was prepared using the DIANZ] [2oftware using the geometrical information
gathered from historical documents and in situ eurvhe church geometry was prepared using a 3D
model with the two main naves, the three secondamppartments and the tower. The walls were
simulated as shell elements and the timber trusfsée roof were simulated as beams elements. ddie r
sheeting and transverse beams between the timizsess were also simulated with shell elements. The
model aims also at reproducing the structural dammgsent. Due to the extensive damage observed in
the triumphal arch and gable walls, one can asghatehe roof structures are not rigidly connecgith

all transversal wallsThe mesh was automatically generated by DIANA ameintmanipulated and
controlled in order to obtain a good quality meShe areas with shell elements are discretized th bo
quadrilateral 8 nodes (CQ40S) and triangular 6 scglements (CT30S) depending on the geometry.
With respect to the beam trusses, these are dmaletising 3 nodes beam elements (CL18B). The
generated mesh resulted in 29,648 nodes and 18|6B&nts, see Figure 6 a). Concerning the matgrials
these can be divided into four in the numerical elptimasonry” in almost all of the walls (in fadhe
material is made of three different layers), cotein two slabs (one of the secondary compartmeemds

another in the tower) and wood in the roof struetsee Figure 6 b).

5. Calibration of the Numerical Model

With the aim of correctly characterizing the sturaet behavior of the Church, besides the visual
inspection, dynamic identification tests were @ariout. These tests allowed obtaining the vibration
modes of the building and their frequencies. Thédielement model dynamic characteristics can bew
compared with the experimental ones. The numenaalel attempts to reproduce the general structural
behaviour of the church considering the existinghdge. A first analysis of the shapes of the obthine
experimental vibration modes, indicate that the tracks identified in the east and west crack padte
have a large influence in the structural behavajuhese walls. These cracks are horizontal ansiscitoe
entire width of the facade wall. As such, thesecksaare modelled as a discontinuity in the wallngs
elements with smaller thickness associated withctlaek positions. The model can then be calibrated

considering these two main cracks visible in thgegdnmental results and in the damage identification

Concerning the elastic properties of the materialspnstant Poisson’s ratioof 0.2 was used for all
materials. The usual elasticity modulas- 30 GPa for concrete was used, while a value efjial to 12
GPa was assumed for wood. For masonry, the valtieeoélasticity modulus is to be obtained from the
model updating using the dynamic identificationues. The chosen parameters for calibration of the
model are then the elastic modulus of masonry baelement thickness of the two main cracks. Tise fi
three natural frequencies and mode shapes of tielmwere based on the frequency response functions
(FRFs), phases and coherences, estimated thraajtidnal methods of signal analysis [23]. The nlode
was calibrated using MATLAB [24], optimizing thesiduals formed with calculated and experimental
frequencies and mode shapes, see e.g. [25]. As sehfrequency error and the Modal Assurance
Criterion (MAC), i.e. a normalized comparison betwenumerical and experimental mode shapes such

that a unit value indicates perfect match, areutaled for subsequent iterations. By minimizing the



errors, the best fit for frequencies and MACs canfbund, see Table 1. The optimized model, in
comparison to the experimental value, has an aeefiegiuency error lower than 5% and an average
MAC of 76%. These are rather satisfactory valuegmithe non-homogenous nature of the material and

the existing damage.

The optimized parameters were the followikgof masonry equal to 9.43 GPa, element thicknedsDof
cm for the crack in the east wall and element théds of 22.7 cm for the crack in the west wall. The
achieved elastic modulus seems acceptable due fgoibd quality of the masonry and the inner coecret
core. The thicknesses for the elements represetitsorizontal cracks are rather different, witheay

low value for the east wall. This is due to theesive damage verified on this wall.

A visual comparison in terms of mode shapes can penfiormed. The first vibration mode is mainly the
out-of-plane displacement of the east wall and fEgd presents the comparison between the
experimental and the numerical shapes, which sh@ellent agreement as also given by the MAC value
close to the unit value. The second vibration msdelated mainly with the west wall, also with @u-
of-plane displacement, and both experimental andemical results are shown in Figure 8. Again, very
good agreement is found, with a slightly lower MA@lue. Finally, the third vibration mode concerns
predominantly the west wall with double curvatuas, shown in Figure 9. The agreement between the
numerical and experimental shape is reasonable, ietlee movement in the east wall is not replicaby

the numerical model.

6. Pushover Analyses

Pushover analysis is a non-linear static structaralysis method, commonly used for the seismic
assessment of existing masonry buildings and has beroduced in many seismic codes, such as [12]
and [26]. This analysis includes material nonlingelnaviour and the seismic action is simulatedtatjcs
horizontal forces. Pushover analysis consists golyam an incremental monotonic loading on the
structure in order to determine its ability to stdb seismic actions, and has been gaining sogmiie

over recent years as a tool for the assessmenasdmny structures, e.g. [27] and [28].

As recommended in [4], a uniform or mass proposigushover approach is carried out in the mais axi
directions (X and Y), one for positive and one floe negative direction. As most of the non-linéesit
are expected to concentrate in the masonry, otdyntaterial is considered with non-linear behaviour
The non-linear behavior of the masonry is modelethle adoption of a constitutive model based oal tot
strain, the Total Strain Fixed Crack model. Thisdelodescribes the tensile and compressive behafior
the masonry with one stress-strain relationshif) gl has been used successfully in many applitatio
to complex masonry structures, e.g. [29] and [30le inelastic stress-strain diagrams selected amre
exponential relationship for tension and a parabodilationship compression (see Figure 10). The
nonlinear properties for the masonry constitutiveded were calculated based on recommendations from
Lourenco [31], according to the elastic modulusvimesly calibrated (see Table 3). Hergi$ the



masonry compressive strength, i&the fracture energy in compressiqns the masonry tensile strength,
G, is the tensile fracture energy afidis the shear retention factor. The solution procesl used the

regular Newton-Raphson method and an energy coemeegcriterion, with a tolerance of 0.001.

6.1. Pushover Analysis after the 2011 Earthquake

The first pushover analyses were performed in tinaarical model that simulates the damaged church
after the earthquake. Four analysis were carrigdrothe principal directions of the building (+XX,
+Y and -Y), as shown in Figure 11. In a first stéye self-weight of the structure was applied dreht

the horizontal load was increased monotonicallyl fuit collapse.

Figure 12 depicts the capacity curves for the galaliks, with a maximum load coefficient of 0.21gHX
direction, with loss of the capacity of the eastiwas addressed before, the east wall has a vevgre
crack pattern and the west wall has more stiffile®sto its configuration: the thickness is lardert the
east wall and it has two more buttresses near thdow. For a better understanding of the non-linea
behaviour of the structure, the principal tensitaias are plotted as an indicator of damage (FEidLB).
The concentrations of strains occur on the tofheftympanum. The pushover analysis in the -X dimact
provides similar results in terms of capacity aathdge pattern. A possible interpretation of théapske
mechanism of the wall, as observed in true eartkegjais shown in Figure 14. The presented failure
mode occurs with the detachment of the top of yngpanum of the east wall which can then lead to the

out-of-plane collapse of the whole tympanum duthéopre-existent horizontal crack.

The pushover analyses carried out in the othecimah direction, Y, prove that when the horizortad

is applied perpendicular to the longitudinal wétisrth and south), the structure capacity incredssisg

able to reach a PGA of about 0.4g (Figure 15) &mamtly higher than the one attained by the X
analyses. For the two loading signs, the resuéissamilar, with a deformation mode involving theien
structure, see Figure 16 a). The maximum displaotmecurs on the tower and in the region closé, to i
reaching a displacement about 0.15 m for the pead.|The principal strains at the maximum applied
load are plotted in Figure 16 b), where two maimdged areas are clearly shown. One of the cracks is
located on the east facade, near the buttress gpakite to the loading sign, while the other ishlésin

the triumphal arch. This last crack is possibly tu¢he large stiffness and stress differences detvthe
nave and the tower. In fact, the formation of thack along the connection allows the tower's

independent movement and rotation. No significamage is visible in the other walls.

Considering the results of all pushover analysas,avident that the capacity of the Church istiah by

the pushover in X direction. The capacity of thélding is almost symmetric (0.21g for +X direction,
0.20g for the —X direction, 0.41g for +Y directiand 0.42g for —Y direction) and the its global cEpa

is determined by the low capacity of the east Wa# to the pre-existing damage. The PGA requirement

for the area was fixed at 0.3g after the earthqaakkthe church requires repair or strengthening.



6.2. Pushover Analysis before the 2011 Earthquake

A set of pushover analysis were performed in a migalemodel that simulates the undamaged structure,
in order to discuss if a repair strategy, e.g.dimstate the original capacity of the building, ‘bbe
enough to comply with the code requirements. Intadd these analyses allow further validation loé t
model, by comparison between the new results aedcthck pattern obtained after the 22th February
2011 earthquake.

The new capacity curves are shown in Figure 17, revliteis shown now that the capacity in the X
direction increased significantly, to values higttean 0.5g, while the capacity in the Y directisrkept
about the same, meaning that the weakest capamtyofor the Y direction. Concerning the pushawrer
+X direction the areas subjected to most releveatking are the buttresses and facades in theagdst
west ends, due to out-of-plane rotation, and thegitadinal walls, on the north and south facades, t
in-plane shear around the openings and the entrareeFigure 18. The analysis in the opposite tmpdi
sign (—X) leads to concentration of damage in @ &vall, see Figure 19. In the Y pushover, danisge
mostly induced by in-plane shear, with some cometioh around the tower, as explained above, see al

Figures 20 and 21. Damage occurs in transverses aatl the triumphal arch.

The results of the pushover analysis considering undamaged structure, before the earthquake,
demonstrate that there is reasonable agreemeneéetthie crack pattern observed in the structuer aft
the earthquake and the damage achieved numeridiéy first aspect is the damage on all facades, and
triumphal arch, which are both predicted to ocouthe model, involving the weakest structural cégac
The damage in the north and south fagades, anthghal arch, seems to be nicely matched. Still, the
damage in the west and east facade seem less atelhad, as the earthquake damage seems to be mostly
out-of-plane, mobilizing higher modes and possixyne hammering effect of the roof structure, while
the numerical push-over damage is mostly in-pldres is not unexpected, as the failure modes are
difficult to predict correctly, if static pushovanalysis methods are used for masonry structurdeuti

box effect, as clearly indicated by [4]. The nuroatiresults also indicate that there is a goodiptied

of the model, in providing a major capacity redostof the structure due to the observed damage, and
that the structure would be reasonably safe irotigtnal undamaged structure, as also confirmethby
fact that the structure survived the earthquake. rEsults also indicate that the original directigth the
largest capacity (longitudinal) became after theage, the direction with the weakest capacity. s
somewhat striking conclusion, and again indicates pushover analyses are possibly incorrect mger

of failure modes, requiring caution when applie@ingineering applications.

7. Limit Analysis

In existing masonry buildings local collapses oftatur in case of an earthquake, generally duess |
of equilibrium of masonry parts, rather than a gldlailure mode associated with lack of integrifytiwe

structure. Post-earthquake surveys and experimeggehrch, conducted in the last few years reggrdin



the effects of earthquakes on ancient buildingweld the compilation of the main local collapse
mechanisms in an abacus in the form of graphidatpnetation schemes (see [32], [33]). These macro-
block mechanisms allows the use of limit analysis dafety assessment and strengthening design [34—
37]. The hypotheses usually adopted for the masbehaviour in this case are: no tensile strength,
infinite compressive strength and absence of gidih failure. Limit analysis can be regarded as a
practical computational tool, since it only reqsigelow number of mechanical properties of the nadte

and can provide a good insight into the failuragratand limit load [35], [38].

The limit analysis applied to St James Church feflahe general macro-elements approach adopted
listed in the abacus for churches. The collapsehar@sms assumed were selected also on the babis of
observed damage pattern, where applicable, anduheerical damage obtained through the non-linear
analysis. Hence, four collapse mechanisms weraelktffor the Church. The first collapse mechanism
includes the overturning of the whole bell toweusture along Y direction (see Figure 22 a)). Theep

two out of plane mechanisms include the overturihthe east and west tympanums along X direction,
behaving these elements as rigid blocks (see Figiig) and c)). The kinematic limit analysis apptoa
was applied to the rigid blocks defined, which a#a the evaluation of the horizontal action that
activates the mechanism. The load coefficiedttifat activates the mechanism is calculated byyapp

the principle of virtual works and is presented able 3 for each mechanism.

The last collapse mechanism defined is an in-pfailere in the triumphal arch with the formation of
plastic hinges. The triumphal arch is a recurrettictural element in Churches and has special
importance in its seismic behaviour [36], [39].this study the limit analysis approach was applisithg

the software Block developed by Orduna [35] anddbiained mechanism is presented in Figure 23 with
the formation of three plastic hinges. The obtailwedl coefficient was 0.229. Thus, consideringfthe
studied collapse mechanism, the lowest load caeffiovas obtained for the out of plane overturrofg
the east facade tympanum, with 0.141. These reatdtgompatible with the numerical ones in the way
that the east wall is the one limiting the struatwapacity of the Church, which was also verifiedhe
pushover analysis after the earthquake damagesiimpification of the wall tympanum to a rigid bloc
for the limit analysis is comparable in terms addacoefficient to the case in which there is nonemtion
between the roof structure and the walls. With reégdo the triumphal arch results, the limit aniys
results are also in agreement with the numericasoRirstly, the plastic hinge formation is quitanthe
main crack development. Secondly, the formatiothefplastic hinge on the base leads to the rotation
the rigid block which can create stress conceuwtnatin the connection with other elements, which is

visible on the numerical results (Figure 16 b)).

For the lowest coefficient factor achieved, thaicural system was converted to an equivalent syste
with a single degree of freedom with a spectralebaration that activates the mechanism of 0.190g.
According to OPCM code [26] the safety verificatignsatisfied when the spectral acceleration fer th
activation of the mechanism is greater than thelacation of the elastic spectrum. The acceleration

the elastic spectrum was calculated according éeoNbw Zealand code [40], resulting in a value of



0.146g. Comparing the demand and the capacity eratins, it becomes evident that the safety

verification is not satisfied, which again is irragment with the numerical pushover analyses.

8. Conclusions

The seismic assessment of St James Church, befdraf@r the damage due to Christchurch earthquake
in New Zealand, was presented. Two numerical model® prepared using the finite element approach
and calibrated according to the dynamic identifaratests and the visual inspection carried oudifn,

which provided extensive crack patterns. Afterwanuisshover analyses were performed for both the

damaged by the earthquake model and the undamaggel.m

It is noted that dynamic identification of the dagad church was carried out and this allowed cdiitima

of a finite element model with extensive damagejstlincreasing the reliability of the subsequent
analysis. Considering the results related to thar€His seismic assessment and pushover analyses, an
evident conclusion should be made: the capacitthefChurch is now relatively low (only 0.20g) and

insufficient for the local seismic hazard, meartinat repair is needed.

Regarding the analysis results of the undamagedeindbfore having suffered the effects of the
earthquake, these were evaluated and comparedchhotwith the crack patterned due to the earthquake
damage, but also with the previous analysis. Adagrtb the results, the PGA supported for the $timec
originally was around 0.40g, with the capacity lgeiletermined by the transverse church directionghvh
means that the earthquake reduced the capacitiyetddlf. In the damaged structure, the capacity is
determined by out-of-plane collapse of the gablésw&he damage obtained in the pushover analgsis i
in reasonable agreement with the damages obsemvét istructure. Still, out-of-plane damage of the
gable walls was not found in the analysis and iatadf the limiting capacity from transverse diieot

in the undamaged configuration, to longitudinakdtion, in the damaged configuration, was founds Th
seems to indicate that pushover analyses are saaévdorrect in terms of defining the failure moads

masonry structures without box behaviour, requidagtion when used in engineering applications.

Despite the fact that limit analysis does not pdevdeformability information, it predicts the ulte
load and gives a relevant information about thtufaimechanisms, which is of utmost importance for
engineers that are assessing structural safetyit himalysis was applied to the Church with the aifm
evaluating its main collapse mechanisms and verifits safety according to the NZ code. Good

agreement between the limit analysis results aadhtimerical pushover results was achieved.
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Tables

Table 1 — Results from dynamic calibration

Numerical Model

Experimental -
Frequencies (Hz) Frequencies Error Average error MAC Average MAC
(Hz) (%) (%) (%) (%)
Mode1| 11,0 ||Mode1| 110 0,2 92,5
Mode2| 12,5 | |Mode2| 11,2 10,3 48 79,1 75,7
Mode3| 17,8 | |[Mode3| 17,2 3,8 55,5
Table 2 - Non-linear mechanical properties of magon
E v fe G fi Gy B
(GPa) () (N/mm?)  (N/mm) (N/mm?)  (N/mm) )
9.43 0.2 11.7 18.7 0.15 0.01 0.1

Table 3 — Results for load coefficient using liuitalysis

Bell Tower Y EastWall X West Wall X

Triumphal Arch Y

Load factor (a)

0.221

0.141

0.176

0.229
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