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SUMMARY:

This paper presents a numerical study on the seiassiessment and reinforcement of St James Claifebted

by the 2011 New Zealand Earthquake. Numerical @eslywere performed using a finite element model
including the structural damage of the Church. mbmerical model was calibrated against experimaetllts
obtained from the dynamic identification tests @atrout in situ. Nonlinear pushover analyses wendopmed

in order to understand the structural behaviouhefdamaged Church. The analysis of the resultgestg that
the damaged structure is not safe according tondélve national specifications. Therefore, some reggment
measures are needed to improve the seismic behmavidhe structure. A reinforcement solution is posed
taking into account the historical heritage valdettee building, trying to maintain as much as pblssithe
original aspect of the Church. Pushover analysese vadso performed in the reinforced numerical mpdel
proving its effectiveness.
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1. INTRODUCTION

Unreinforced masonry construction is predominanmeany urban areas world-wide, particularly in
the form of impressive historical buildings as laratks of ancient cultures (Vasconcelos & Lourenco
2009). Nevertheless, considering past and recetitoeeakes, it has been recognized that unreinforced
masonry buildings do not respond in a satisfacteay to this type of dynamic loading, being even
referred to as one of the most vulnerable formsooifstruction in this context (Abrams 2001). In fact
these natural catastrophes have always repres#rgechain cause of damage and loss of cultural
heritage, also identified as one of the major tisréa life safety (Abrams 2001; Lagomarsino 2006).
According to Magenes (2010), most of masonry cotitns that undergo seismic action lead to
collapses and casualties due to inadequate penaarat unreinforced masonry (URM) buildings.

In the last few years, due to an increasing awasenéthe preservation of heritage buildings as way
to protect our own culture, there has been a najeance in the techniques for assessing the seismic
capacity of buildings. In fact, for countries wihlong story of civilization, the seismic protectiof
masonry buildings also includes the issue of ptiotgcthe cultural heritage. Due to the referred
vulnerability of masonry to earthquakes, reseanttihe seismic behaviour of masonry structures is
nowadays almost entirely dedicated to existingdags with the aim of evaluating and reducing their
seismic vulnerability (Magenes 2006).

Several methods of analysis and computational t@scurrently available for the assessment of the
mechanical behaviour of historic structures whielm ®e successfully used in masonry structures
(Antoniou et al. 2004; Betti & Vignoli 2008; Bindzt al. 2009; Chopra & Goel 2001; Mendes & P.
Lourenco 2010; Penna et al. 2004; Lourenco et@.7®2 During the last few years, displacement-
based methodologies, such as the pushover anaysi®eing more and more recognized as practical
and suitable tools for the evaluation of the setsmsponse of existing structures (Magenes 2000;



Salonikios 2003). Pushover analysis can be an teféealternative to traditional methods of linear
seismic analysis considering the difficulties rethto non-linear time-history analysis (Augenti &
Parisi 2009). The complexity and computational dedneequired by nonlinear dynamic analysis led
to the development of new methods for the seismgessment based on a simplified mechanical
approach. These have been consolidated duringd®@slas the capacity spectrum method (Freeman
1998) and N2 method (Fajfar & Eeri 2000) and weayasidered within modern regulations both for
designing new structures and assessing existing ¢BE8 2004; FEMA 2000; OPCM 2003).
According to these methods, the comparison betweeamic demand and capacity is made in terms
of displacements and plotting a force-displacenmnive, resulting in the capacity curve of the
structure.

St. James Church, located in Christchurch, New afehlis one of the many structures that have
suffered structural damage with the recent eartkgjua 22th February 201and subsequent
aftershocks. In this paper, nonlinear finite eletmandelling (FEM) analyses are performed in order
to assess the seismic vulnerability of the dam&@edrch and a posterior strengthening solution is
proposed. For this purpose, DIANA software (DIANA2009) was used. According to ICOMOS
guidelines (ICOMOS 2005), a suitable analysis @hasonry building should include the numerical
modelling of its structure with constitutive lawscarately describing the mechanical behaviour ef th
material. Afterwards, the model must be calibredgdinst experimental results so as to achieve the
necessary reliability in the results. As such, itk in situ inspection was carried out (visuaby
coring and by dynamic identification), allowing thedel updating of the heavily damaged structure.
Subsequently, the seismic assessment of the Chayrameans of pushover analysis is presented.
Moreover, according to the obtained results, afsetement solution is proposed considering the
historical and cultural value of the Church, atténg to maintain its original aspect as much as
possible. Finally, pushover analyses were carrigdn the reinforced structure. The main purpose of
this study is to find out how the reinforcementioptcan really increase the seismic resistance of a
damage structure and if it is indeed effective.

2. ST JAMES CHURCH
2.1. General Description
The construction of St James Church was startetiO#8, designed by the architects Alfred and
Sidney Luttrell, to provide a permanent centreAaglican worship. The Church has a simpler early

English Gothic style (as can be seen in Figurent)) ia a place of worship because it was built as a
memorial to the men of Riccarton, in Christchunehp had died in the First World War.

Figure 1. General view of St. James Church

The church has rectangular shape with a long rfeateconstitutes the body of the church, with 27.0 m
long and 10.3 m wide. There are also other secgrmanpartments that define the exterior shape of
the building, as the entrance, the vestry and dlaett, and a sort of side chapel where the organ is
located, see Figure 2. The building has a largebauraf buttresses in all facades and corners, which
seems to indicate a clear earthquake concern.Whaaves that compose the Church have different



heights, the main nave with 10.5 m height and ttee aave with 9 m height. The tower is the tallest
element of the Church with a height of 15 m.

South
Organ

East Main Nave West 10,3
Vest = e . )
S iH j* Tower E TN Entrance
G North
27,05

Figure 2. Plan view of the Church with the areas that comlesduilding and its main dimensions (in meters)

The Church is usually referred to as an unreinbneasonry structure, coated with Halswell stone,
with facings of cream Oamaru stone and plastereff bn the inside (Ross 1999). During the in situ
inspection, specimens were taken from the wallorder to know their constitution. The wall
specimens indicate that three layers of materi@geesent, brick in the inside leaf of the walgak
concrete in the inner core and stone in the oufsicide.

3.1. Visual Inspection

The Church has suffered structural and non-strattlmmage a consequence of' Bebruary 2011
earthquake (Wilby 2011). A visual inspection wasried out and the main damage visible in the
structure identified. The most damaged areas aetrdmsversal facades, east and west, and the
triumphal arch located in the middle of the two et can be observed that the areas more damaged
are aligned with the height at which the buttresssd, which indicates an inadequate design with a
strong geometrical discontinuity. It is easily wetble that the horizontal cracks that develoghé t
transversal walls are accompanied by spalling eflimestone facings, while simultaneously large
areas of plaster have fallen from the chancel aashwell as the east and west gable walls. In
conclusion, damage is mostly due to out-of-plane@enments, even if some diagonal cracks due to in-
plane movements are also observed. Furthermoregextemsive images collection and the damage
observed in situ indicate that the roof structgraadt tightly linked to the gable walls, and inist stiff
enough to adequately tie the longitudinal walls.

3. NUMERICAL MODELLING

A numerical model of the structure of St. Jamesr€ihnwas developed in order to properly simulate
the structural behaviour of the building. The moee&ls prepared taking into consideration the
geometrical data and the structural damage founigeitbuilding. The model configuration attempts to
reproduce the structural behaviour of the Churdiileradopting the necessary simplifications.

The 3D finite element model prepared includes eigbde quadrilateral continuum shell elements

(CQ40S) or triangular 6 nodes elements (CT30S)mulate walls, buttresses and floors, depending
on the geometry. The timber trusses of the roofewmodelled using three node beam elements
(CL18B). The roof sheeting and transverse beamgdagt the timber trusses were also simulated with
shell elements. The mesh was defined taking intwsideration a compromise between efficiency

concerning the computation time and accuracy. efdiments have quadratic interpolation and full

Gauss integration, resulting in a mesh with 29.848es and 10.588 elements, see Figure 3. As
referred, the model aims also at reproducing tlhecttral damage present. As such, due to the
extensive damage observed in the triumphal arch gatfle walls, one can assume that the roof
structures are not rigidly connected to all tramsakwalls.
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Figure 3. Numerical model

3.1. Calibration of the model

Besides the visual inspection, experimental dynad&atification tests were carried out in the Clwrc
in order to understand its structural behaviouhiedng the main vibration modes and the natural
frequencies of the structure. With regard to tleestéd properties of the materials, a Poisson’® rati
0.2 was used for all materials. An elastic modwakie of 30 GPa was used for concrete, while a
value of 12 GPa was assumed for wood. For masdheyyvalue of the elastic modulus is to be
obtained from the model updating using the dynaddgatification information. The numerical model
attempts to reproduce the general structural bebawf the church considering the existing damage.
Therefore, the calibration of the model was pertxinboth according to the dynamic identification
results and the damage identification resultingnfrasual inspection. The optimized parameter fer th
elastic modulus of masonry is equal to 9.43 GPaclwkeems acceptable due to the good quality of
the masonry and the inner concrete core.

4. SEISMIC ASSESSMENT OF THE DAMAGED STRUCTURE

As recommended in Lourenco et al. (2011), a propaat mass pushover approach was carried out on
the model in order to assess the seismic capatityeodamaged structure of St James Church. The
structural reinforcement is then proposed basedthen results of this pushover analysis. The
reinforcement solution proposed is also analysestder to evaluate the improvement in the struttura
behaviour of the Church.

As most of the non-linearities are expected to eatrate in the masonry, only this material was
considered with non-linear behaviour. The inelastastitutive laws selected were an exponential
relationship for tension and a parabolic relatignsfompression, that have been used successfully in
many applications in complex masonry structuresn(®&a& Lourenco 2004; Lourenco et al. 2007).
The nonlinear properties for the masonry constéutimodel were calculated based on
recommendations from Lourenco (2009), accordinth&elastic modulus previously calibrated, see
Table 1. Herefis the masonry compressive strengthij3he fracture energy in compressiqns the
masonry tensile strength,; @ the tensile fracture energy afidis the shear retention factor. The
solution procedures used the regular Newton-Raphsethod and an energy convergence criterion,
with a tolerance of 0.001.

Table 1.Nonlinear mechanical properties of masonry

E (GPa)| v (-) | f (N/mmd) | G, (N/mm) | £(N/mm?) | G/(N/mm) | B (-)
9.43 0.2 11.7 18.7 0.15 0.01 oj




4.1. Pushover Analysis

Pushover analyses proportional to the mass weméedaout for the two principal directions. As
expected, the direction perpendicular to the trarsat walls presents the weakest resistance values,
confirming previous considerations originated frboth experimental results and visual inspection.
For this reason, this study focuses mainly on #¢fierred direction. Figure 4 depicts the capacityeu

for the gable walls, with a maximum load coeffidgi@nound 0.2 g, including loss of capacity of the
east wall with a maximum displacement equal tocB81t can be also noticed in the pushover curve
that masonry behaves as linear until approximd&€lyg and shows a post peak softening behaviour.
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Figure 4. Pushover curve (unreinforced model)

For a better understanding of the structural behayithe principal tensile strains are plotted as a
indicator of damage (Figure 5). Strains concemnatioccur on the top of the tympanum of the east
wall. A possible interpretation of the collapse mmetism is a local failure in the east wall with the
detachment of the top of the tympanum, which cdléoh lead to the out-of-plane collapse of this part
of the structure due to the pre-existent horizoatatk. As such, the results of the pushover aiwlys
revealed that the global capacity of the buildmglétermined by the low capacity of the east wadl d

to the pre-existing damage. The PGA requirementhferarea was fixed at 0.3g after the earthquake,
leading to the conclusion that the Church requiegair or strengthening.

Figure 5. Maximum principal strains (collapse load)



5. REINFORCEMENT

The main goal of this study is nol provide a reviewof a set of reinforcement techniques for masc
buildings, but only to preserat strengthening solutii for a real damaged building and study
reinforcement option chosen. In this con andbearing in mind the high asset value of the Cf, a
possible structural intervention stratewill be proposed, analysed and disaté orderto mitigate
the seismic vulnerabilitpf the Churct

5.1. Reinforcement Solution

The deficient connection between the roof structure #érmhsversal wal, provided by visual
inspectionand also observed numerici, is compromising the global capacity of the ChurAs

such, the building is not being mobilized as a leingtructure in this directiorConsidering the
collapse mechanism previously definthe use of steel tie bars is proposedhe roof leve in order
to connect the transversal wallih the triumphl arch, trying toeffectively and efficiently attach tt
roof structure to the walls on both sides, thusevelhg the structure to be fully mobilizeFigure 6
presentsthe distribution of the steel ba(12 mm of diameter) in plaand elevation viewseast
facade), as an attempt to lirttite ou-of-plane displacements.

jjua)u T JEEH :

Figure 6. Introduction of steel bar(a) plan view; (b) elevation vieveéstwall)

Whenthe span is too long, which is the case in botiasitns, bes can suffer significanlongitudinal
deformations, either due to its sweight or due to temperaturt this context, with the aim i
control thedeformations of the be, some norstructural elements were predicted to be attach¢le
existent trusses. These metahion-structural elementsct as a kind of suppr for the bars at their
intersection with the trusses, limiting the vertidesplacement,but leaving the bafree to have small
displacements ithe other directions (seFigure 7).

Figure 7. Detail of the metallic element that conrsthe steel bar to the tru

Moreover, as thesteel bars mighundergo relaxation, it is important to hazesystem that allows
periodical adjustments so tHadrscan be effective in its action, bracing the wafid arch Besides, in
order to maintain the initial features of the biuntyl the steel bars to be applied on the roof |
should go unnoticed as muah possible, or at least not cavisual contrast (seigure 8).



Figure 8. General Overview of the reinforcement solution joregxd

Concerning the existing damage in the transversdlswvith regard to the cracks, the ones that have
more influence in the structural behaviour of thdding are the horizontal cracks, so special &ten
will be given to these. Among the most common tepes in rehabilitation and structural
strengthening of masonry walls, the injection afwgror resins can be highlighted mainly because it
guarantees that the original aspect of the walbiemunaltered and it recovers its original undasdag
resistance, being usually used in buildings of geced artistic or architectural value, when is
necessary to both intervene and preserve the aligppearance (Roque & Lourenco 2003). As such,
this technique is indicated to restore the initi@hditions of the transversal walls and triumphaha
maintaining its original aspect. However, more thecover the initial strength in the affected aréas

is necessary to increase the resistance of theveesal walls, so as to avoid the formation of new
cracks should the building experiment the effects fidure earthquakes. In this context, a
complementary technique is proposed and presemtegigure 9. In the damaged areas, metallic
elements are placed in the masonry joints afteovémg the mortar, maintaining the original aspéct o
the wall. Hence, not only does the proposed teclni@m to restore the initial capacity of the wall
through mortar injections, it also provides greédad capacity to the wall.

Figure 9. Detail of the reinforcement in the wall section

5.2. Pushover Analysis — Reinforced Structure

According to the reinforcement strategy presenteove, the numerical model of the Church was
adjusted in order to incorporate these modificationthe structure. The steel tie bars were modlelle



as beam elements (CL18B), while the walls were idensd to be undamaged. Pushover analysis was
carried out in this new model and the capacity esrgbtained for both the damaged and reinforced
model are presented in Figure 10, allowing for #elbeunderstanding of the structural behaviour of
this new reinforced model, as well as its comparisdh the damaged one.
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Figure 10.Comparison between the Pushover Curves of the dzdren the reinforced model

Figure 10 shows that the reinforced structure reaehmaximum load coefficient of 0.71g, instead of
0.20g achieved by the initial one (increase of 2b3=arthermore, the maximum displacement that the
reinforced structure experiments at failure is atb@3 centimetres, which is significantly highearth
the 4 centimetres attained by the damaged structinerefore, the reinforcement solution proposed
presents a significant increase in the structusglcity of the Church, leading to acceptable result
both concerning the maximum horizontal load anddisplacement capacity attained.

Aiming at a better understanding of the structbetiaviour of the new model and its comparison with
the damaged, the principal strains distributiorpiesented in Figure 11 and Figure 12. It can be
noticed that this distribution is more widespreadthe reinforced model, as expected. The purpbse o
the reinforcement strategy was achieved, in theeséhat the steel bars were able to connect the
transversal walls to the horizontal elements ofrthad, transmitting the internal loads throughdu t
structure. It is also important to note that thesle of principal strains that the structure castain are
considerably higher than the ones achieved by #maded model. The new structure has a global
collapse mechanism instead of a local one.

Figure 11.Maximum principal strains distribution for the fagse load (east/north view): (a) Damaged model;
(b) Reinforced model



Figure 12. Maximum principal strains distribution for the tagise load (west/south view): (a) Damaged model;
(b) Reinforced model

CONCLUSIONS

The seismic assessment of St James Church damétgedha 2011 Christchurch earthquake was
presented. A numerical model was constructed u#iegfinite element approach, including the
existing damage and calibrated according to theuhyo identification tests and the visual inspection
carried out in situ, thus increasing the reliapilitf the subsequent analysis. Afterwards, pushover
analyses were performed and the results showhbatapacity of the Church is only 0.20g, which is
insufficient taking into account the local seisrhi@zard, meaning that repair is needed. As such, a
reinforcement strategy was proposed and analysedthdgns of pushover analysis, including the
redefinition of the numerical model.

The numerical results of the reinforced model destrate that the introduction of the steel bardat t
roof level and the convenient repair of the cracks improve the global behaviour of the Church,
reaching a horizontal load capacity of 0.71g. Témforcement solution allowed the structure to
behave as monolithic, as proved by the numericalyars, with the internal forces being transmitted
through all the elements of the structure, increashe seismic capacity of the Church. The present
study demonstrates that a non-intrusive technighmost without changing the initial features of the
Church, can be applied and good results can beaghi
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