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Abstract

Historic buildings, and churches in particulare one of the most complex existing
structures not onlydrause of the structural syst@wmplexity but also due to the limited
documentation on their construction that is normallgilable. Amongstistoric buildings,
earthen and timber churchiegilt across LatirAmericaare one of the least studied andst
vulnerable structures, as past earthquakes have shown. For instance, the 2007 Pisco
earthquake caused the collapse of mhisgoric earthen and timber colonial churches in
Peru. The thesis proposes a rfeamework for the seismic assessment of historic buildings
that measures thencertainty of the structurahalysis and its influence on the structural
diagnosis due to incortgie knowledge. The methodology is validated through applicadion

two historic earthen and timber churches built in Peru in the 17th and 18th cerdtiries
different complexity and cultural value, which are representative of important- Latin
American colmial building types. The most importardriables that govern the seismic
response of these churches are identified by means of numerical simulations. Through the
application of the frameworkhe thesis provides a modelirand structural evaluation
solution for planked timber vaults amdhypothesis on the cause of failure of these vaults
during the 2007 Pisco earthquake. The influence of lack or shortage of knowiedgye
structural diagnosis of thghurches is discusseflterationsto currentguidelines for the

assessment of historic buildings are proposed from the conclusions drawn from the study.
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Glossary

Attribute

Control variable

Fragility

Global model

Interval of plausibility

It is an intrinsic aspect of the construction that can
characterized in a qualitative or quantitative way in orde

inform on thestructural performance of the construction

An input or inherent charactstic of a modelthat influences
the results of analysis conducted with this modék Tesults
of structural analysi can be controlled by the value or state
these variables. A control variable can be associated t
geametry, materials, and structural details of the structure,

to actions and modelling techniques usetheanalysis.

The probabilityof a structuresustaininga given damage sta

due toa given hazard level.

Model of thestructure that includes all relevant compone
and/or interactions that govern its global structural behavi
This does not necessarily entail that all structural compor
are modelled. However, it requires the simulation of crit
interactions orhe influence that each componexerts on the

behaviour obthers.

Range of plausible values of a control variable or struct
performance indicator. |t

value of the control variable or structural performal
indicator lies within this range. The interval of plausibility

charactesed by three values: the minimum plausible, the n
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Local model

Maximum plausible
value of a control

variable

Maximum plausible
value of a structural

performance indicator

Minimum plausible
value of a control

variable

Minimum plausible
value of a structural

performance indicator

Parameter

Reference analysis

conditions

plausible or reference value, and the maximum plaus

value.

Model of a representative portion of a structure used to
alternative hypotheses or to investigate specific local stalc

behaviour.

This value is part of the interval of plausibility of the cont
variable. It corresponds to the maximum expected v
(upper bound) of a control variable in a specific assessr
This valueis defined by the analyst.

This value is part of the interval of plausibility of the structt
performance indicator. It corresponds to the maxir
expected value (upper bound) of iheicator. In the detailec
diagnosis, this value corresponds to an increase of
reference value taking into account the overall knowlec

based uncertainty of the assessment.

This value is part of thimterval of plausibility. It correspond
to the minimum expected value (lower bound) of a cor
variable in a specific assessment. This value is defined b

analyst.

This value is part athe interval of plausibility of the structur:
performance indicator. It corresponds to the minim
expected value (lower bound) of the indicator. In the dete
diagnosis, this value corresponds to a reduction of
accountthe  overall

reference value taking into

knowledgebased uncertainty of the assessment.

A control variable characterised by a value. An intervial

plausibility can be defined faach parameter.

These conditions correspond to a structunalysis where the
reference values and reference states are assumed f

control variables. The outputs of these analyses are
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Reference results

Reference value

Reference state

Sensitivity

State

Structural peformance

indicator

Uncertainty

Value

Vulnerability

reference values of the structural performance indicators

These are the results of a structuanhblysis conducted und
the reference analysis conditions. The results or outputs

structural analysis are the structural performance indicator

This value is also called here as the most plausible value
selected by theanayt as the value ¢
of the control variable. Such selection is based on the

knowledge available and experience of the analyst.

This state is selected by the analyst as the state closest
6r e al 0thescon&rdl eariabld. Such selection is basec

the best knowledge available and experience of the analys

The variation of the value of an output due to variation:

inputs.

Condition ofa control variable that does not have a numer
representationSuch condition aims to simulate a given st
of the structureFor instancealternative boundary conditior

of the model corresportd alternative states of the structure.

It is a quantitative measure of structural behavitimt

indicatesa given performance.

The uncertainty of the diagnosis is here considered as
variation of the outputs within the intervals of plausibility
the control variablegi.e. interval of plausibility of the outputs

given a certain level of knowledge.

Numerical representation of a control variable. For insta
the material properties of a structure, such as the modul

elasticity, are defirby a value.

The degree of loss sustained by a structure under a

hazard level.
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Key Notation

|jmn,Ki

Ijmn,Ki

|jmx,Ki

liret ki

npr

Mpr

Structural performance indicatprwhich is an output of structural analysis

Value of the structural performance indicgtaorresponding to the minimum valt
assumed for the control variatie

Value of the structural performance indicajocorresponding to the maximui
value assumed for the control variaklie

Reference value of the structural performance indicator, calculated fror
reference analysis conditions.

Number of variables of the preliminary diagnosis
Number of macroelements of the preliminary diagnosis
60Real 6 val uepedofmancéirdicatotr r uct ur al

Total number of macroelements in the preliminary diagnosis

Knowledgebased uncertainty associated to a specific structural performance
indicatorj:

ea 8 a " 09

2 g d;,0 =& §/,0
m_:é&l_'_ki:l O3m1+k|:1 Ou 1

Yoe® n o = n_ O

a® ‘b @ © oy

& ¢ 0

XVii



rn.ern

rn.lrmx
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Vi

VKimn

VKimx

VKiref

Knowledgebased uncertainty of the results, whiakes into account multiple
structural performance indicators:
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Minimum reference value of the knowledigased uncertainty
Maximum reference value of the knowledggsed uncertainty
Total number of control variables

Total number of critical variables

Total number of attributes in the preliminary diagnosis
Total number of structural performance indicators

Control variable, wher& denotes the class anthe number
Minimum plausible value

Maximum plausible value

Most plausible or reference value

Weights of the structural performance indicators

Influence of a control variabl€i on the output:
P
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Sensitivity of a structural performance indicgtto the variation of a control
variableKi:

al jmn , Ki O

1- M8 6

e (o]
g jmx ,Ki =

XViii



«

<

«

oxi

lii p

Overall sensitivity of a structural performance indicgtor

é dl j.Ki
Ki =1

n
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Acronyms and abbreviations

DEM

DS

EAI-SRP

FEM

GClI

GM

ICOMOS

ISCARSAH

LM

MCP

MDOF

MMI

MRSA

NRSA

Discrete Element Method

Damage states

EarthenArchitecture Initiativei Seismic Retrofitting Project ir
Peru

Finite Element Method

The Getty Conservation Institute

Global model

International Council on Monuments and Sites

International Scientific Committee on the Anasyand Restoratior
of Structures of Architectural Heritage

Local model

Ministerio de Cultura del Peru
Multi-degreeof-freedom

Modified Mercalli Scale

Mean response spectral acceleration

Nominal range sensitivity analysis
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PGA

PUCP

SDOF

SPI

uUCL

UPM

One at a time

Peak ground acceleration

Pontificia Universidad Catodlica del Peru
Singledegreeof-freedom

Structural performance indicator
University College London

Universidad Politécnica de Madrid
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Many issues still need good answers; explanations require new scidatiétopments;

and simple and cheap interventions are needed. But the international knowledge has already
reached a level that, if placed at the easy of professionals and seismimakdes, and
applied without restrictions by their owners, there is a gpgential for an important
mitigation of our architectural heritage.

Carlos Sousa Oliveita

! Sousa Oliveira C. (2003). Seismic vulnerability of historical constructions: a contribution.
Bulletin of Earthquake Engineering, p.3782






Methodology for the Seismic Assessment of Earthen and Timber Historic Ck
Application to Peruvian Herita

CHAPTER 1

Introduction

1.1 Historic buildings: preserving values and assuring safety

Historic buildings have a unigue identityand recognized importance by present
communities, even though their everyday use might have changed over the years. Such
importance emerges from the wide recognition of their cultural significance, which regards
the aesthetic, historic, scientific, soalspiritual value of a construction for past, present or
future generations, as defined by the Burra Charter issued in 1979 (ICOMOS, 2004a).
Cultural significance incides the value of hidden parts (the structural patipse
preservation is often neglect (Hume, 2007). The cultural significance of a historic building

is related to the predominant conservation values of society at any given time, and these tend
to evolve over the years.

On the one hand, conservation values have changed throughout tbey bt
humankind. On the other hand, alternative conservation values, often regulated by
dichotomous philosophies, have coexisted in different geographical locations. Often,
different groups of conservators defend alternative conservation values withsartiee
period of time and location. From the purist approach that advocatesl|tbégialal parts
should be preserveahd supported by a more modest atehrly different mateal, to the
Astylistic r e detDourcadtsi, o nion ow h s haldwete® createsat or er
historic falsehod ( D6 Ayal a and Forsyth, 2007) , conser

found alternative solutions for similar structural problems.
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At present, the principles of conservation disseminated by the Venice Charéat iissu
1964 (ICOMOS2004b) are almosacceptedworldwide. The principles of authenticity,
minimum intervention, likdor-like repairs, compatibility, reversibility or rectractability, and
durability are well established and widely applied; even thoughafpi@ication of the
principles in practice is deeply related to the expectations and perceptions of the authorities,
citizens and owners, in terms of real cost and cultural significance.

The compliance with conservation principles is met with increaseténgesk in the case
of buildings located irseismicprone areas, since they often require high levels of upgrading
to ensure the present and future safety of the occumamsof the structure itself
Earthquakes have caused and continue to cause extdosses of cultural heritage.
Noticeable examples are the Mausoleum of Halicarnasstiarkey and the Lighthouse of
Alexandriain Egypt which are among the seven wonders of the ancient world. More
recently, the destruction of the Bam Citadel in Iran byanhquake in December28003,
and of many historic temples and palaces in Nepal by an earthquake in Ap@l025
(Figure 1.1 andFigure 1.2), have dramatically shown that historic buildings continue to be
vulnerable to earthquakes.

Stabilization and repair interventions are pftasufficient to prevent life and/or cultural
losses caused by poor structural performance of historic buildings during earthquakes. In this
case, upgrading interventions must be undertaken in order to eliminate or reduce the level of
deficiencies and impve the structural performance of the buildings (see for instance
ISRCHB, 2006). The upgrading of a historic building normally requires algasase

del i berati on, which is based on the foll owing as

(i) The life safety judgment;

(i) Prevention of damage to building components and contents (damage control);
(iif) Cultural significance;

(iv) Foreseen use;

(v) Predominant conservation values, expectations and perception of value;

(vi) Timeframe; and

(vii) Economic context.

As far as samic upgrading is concerned, the timeframe can directly or indirectly affect
all other aspects, since it is associated with the risk of occurrence of natural hazards. This
caseby-case deliberation should be supported by a robust and consistent metred for
thorough assessment of the historic construction. The development and validation of such

method is the objective of this thesis.
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Figure1.1 Hanuman Dhoka Palace damaged by the ApHl@frthquake (Katnandu, May 2015)

Figurel.2 Collapsed temple in Durbar Square after the April 25th earthquake (Kathmandu, N
2015)
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1.2 Investigating the state of historic buildings

The idea of performing a thoroughn ve st i gati on of the actual state
building and the causes leading to such state can be traced back to the sixteenth century with

the work of Leon Battista Al berti (D6Ayal a and
times, ICOMOSpr omot es t he pr i n crecprtirey [0k & derifage g t hat t h
construction or site] should be undertaken to an appropriate level of detail in order to

provide information for the process of identification, understanding, interpretation and

presentation of the heritage [construction] ( | COMOS, 2 0 Oike @and holisic me di c al
approach is currently widely applied to investigate the state of conservation of a historic

building. Complying with the previous principle, the process of asseddiergjfying and

planning treatment measures for a historic building can be categorized into the following

four phases (ICOMOSCARSAH, 2003):

(i) Acquisition and interpretation of original and historical data;
(ii) Interpretation of the current structural layordnstruction and condition;
(i) Diagnosis and safety evaluation; and

(iv) Planning, design and execution of interventions.

The first three phases can bepported by historical investigations, surveys, field and
experimental research, structural analysis and monitoring. Taking into account this approach,
the judgment of the level of current and future safety of a historic building requires that the
analystpossesses both traditional building knowledge and current engineering knowledge
and a robust method of acquiring, interpreting and applying the traditional knowledge
(D6Ayala and Forsyt h, 2007) . Traditi aonal buil di
gualitative analysis, as defined by the ICOMB®ARSAH (2003) principles. Qualitative
analysis regards the comparison between the present condition of the structure and the
condition d other similar structures whiatesponse is already understood.

Sunweying, field and experimental research are important procedures to characterise the
present state of the buildingecausé¢he building has been subjected to ldagm decay and
damage in different ways and to an extent that is hardly comparable to amysiiéh
although might find useful precedents in |itera
testing are constrained in their application by the extent to which they might compromise
any inherent cultural value. Furthermore, the benefits of expetaingéesting are often

limited due to the anisotropic nature of traditional materials, the typical heterogeneity of
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historic buildings, and economic or technical constraints. It has been discussed in literature
that it is difficult to conclude on whethen axperimental sample is representative of the
best, the worst or the average of the structure as a whole (Beckmann and Bowles, 2004).

Advances in numerical methods and computer science provide the theory and tools to
perform structural analyses of incremscomplexity and detail of large structures composed
of thousands of degreed-freedom and several sutructures interacting with each other.
Results of these analyses contribute, sometimes in a decisive way, to several phases of the
investigation, esgcially to the phase of diagnosis and safety evaluation.

Historic buildings have been studied using the most advanced tools contemporarily
available for structural analysis due to their relevant cultural significance (see for instance
Rocaetal., 2010). A important amount of time and resources are therefore usually
allocated to their assessment with the final aim of performing a diagnosis and safety
evaluation. If interventions are required to improve the structural response or condition of a
historic bulding, the interventions must comply with the principles of conservation.

However, although advanced structural analysis of historic buildings, on the basis of
numerical models for instance, has been extensively performed especially in the past two
decades many concerns remain at present due to the high level of uncertainty normally
present in such analyses. The high level of uncertainty normally compromises the reliability
of the diagnosis and safety evaluation, which subsequently can compromise thefdhfet
occupants and the cultural significance of a historic building.

Thus, it could be argued that increasing the complexity of the calculation metbed is
seinsufficient and not conditiogine qua norfor performing an accurate structural analysis.
The accuracy of the results will increase only if the increased sophistication of the model is
accompanied by an increased level of confidence in the value of the additional parameters
required to define the refined model.

The requirements and complianceteria of modern codes and guidelines can be used
for the diagnosis and safety evaluation of a historic building, by taking advantage of the
synergy of different expertise that is usually present in these documents. In addition, the
foreseen use of a hisic building could be considered in the evaluation of the structure and
design of treatment measures by means of importance factors (see for example E.030, 2003
and EN19983, 2005). Notwithstanding this possible application, importance factors
proposedby modern codes do not take into account the cultural significance of historic
buildings, which might be important to the diagnosis. Moreover, specifications of modern

codes demand higher levels of relidy or structural performancén terms of damage

5
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control, which could increase the level of intrusiveness of the interventions required for
compliance. Such level of intrusiveness could compromise the cultural significance of the

building.

1.3 Research motivation

Historic buildings and their analysis preséme principal challenges summarizedTiable
1.1, which emerge from the consideratiateeloped irpreviows sections. These challenges

originated fran several factors, some of which include difficulties or limitations that

compromise the reliability of the assessmant ultimately the precision of the diagnosis.

Tablel.1 Principal challenges for the structural analysigl peservatiorof historic buildings

Principal challenges

Factors

(i) Knowledge of the
present layout of the
structure as a whole
and materials is
limited

Original or historical information with details about the structur¢
normally limited,;

Original construction normally undergoes extensive changes o'
the years, which are not often recorded in detail; and

Surveying and experimental work can be carried out up to an
extent that it does not involve significant losses of historic
materials or elementd the structure.

(i) The present
condition of the
building is difficult
to evaluate

The structure normally undergoes complex processes of decay
damage that are different throughout the structure; and

Evidences of decay or damage are often hidden aneasdy
visible.

(iii) High seismic
fragility is typically
ascribed to historic
buildings

Poor conceptual design and construction for earthquake resist

Poor maintenance over the years, which lead to significant levi
of deterioration; and

Inadequate altetimn of the original structural system.

(iv) Diagnosis is
normally poorly
supported by results
of structural analysis

Several assumptions in terms of structural performance are
normally considered due to lack of knowledge and guidelines f
traditional materies and structural systems;

Structural analysis methods are not sufficiently developed for
structural systems composed of traditional materials;

Effect of decay or damage on the structural performance of the
buildings is often difficult to assess; and

Existing specifications of engineering codes in terms of damag
control and reliability are not tailored to historic constructions.
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Although there has beemmarkable progress on the analysis of historic constructions
made in recent decades, these challenges are still significant obstacles to the preservation of
historic buildings specially in developing seismigrone countries. Peru is a prominent
exampleof this due to the following main reasons:

(i) Peru has a high seismic hazard, being frequently affected by strong, damaging and
deadly earthquakes;

(i) Past ealtquakes have shown that mastisting historic buildings in Peru are
vulnerable to earthquakes; and

(iif) The structural system of Peruvian historic buildings and their performance of
largely under researched in Peru, which has led to wrong seismic retrofitting

measures in the past.

Peru has a long documented history of strong earthquakes that have caused seve
damage to existing constructions. Historical records summariz&igime 1.3 show that
Peru has been affected by many not only strong but alsthydesrthquakes (see for instance
Dorbathet al, 1990; Utsu, 2002 and USGS Historic World Earthquakes List, 2011). The
Global Seismic Hazard Map (Giardiat al, 1999) shows that the Western coast of South
America is one of the most active seismic afasme world. According to this map, a PGA
of 0.24g0.4g with 10% chance of exceedance in 50 years is associated to a vast area of the
Peruvian territory. In general, seismic activity in Peru is related to the subduction of the
Nazca plate under the SoutAmerican plate and also with tectonic structures
accommodating this convergence process (Taates, 2009).

Earthen construction has performed a significant role in Peru for almost four thousand
years, having spread throughout the country. In partic@arthen and timber historic
buildings erected during the Spanish Viceroyalty, a period spanning from 1534 to 1821, have
been constantly used over the years. Past earthquakes have shown that earthen and timber
historic buildings are vulnerable to earthiges For instance, the Arequipa earthquake of
June 23, 2001, of magnitude 6.9 in the Richter scale and maximum intensityi MAMI
(Taveraet al, 2002) caused severe damages, including the total collapse of colonial
churches and houses. According tougr and Farfan (2002), 36 of the 246 historic houses

of the city of Arequipa were severely affected by the earthquake.
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The recent Pisco earthquake of August 15, 2007, of {@rid maximum MM of VIl
in Pisco and VIl in Ica, Chincha and San Vicente de Cafete (Tava&ta2009) caused
severe damage to historic churches. The San Clemente Cathedral, an adobe colonial church
with planked timber vaults, collapsed during a service at the tirtteecgarthquake, causing
the death of 160 people (30% of the total fatalities) (Tageed, 2009). This was the single
largest death toll of any structure during the earthquake (Taica, 2009). During the
Pisco earthquake, 42 churches in Ica addid Yauyos, Cafete and Huarochiri were
damaged, according to the Ministry of Culture of Peru, former National Institute of Culture
(INC, 2007).

In terms of historic churches, the most important lesson of the 2007 Pisco earthquake
was the collapse of mampjanked timber vaultdHgure1.4). This problem has not been only
observed in Peru but also in Chile after the February 2010 earthquake (for detadader

can refer to D6Ayala and Benzoni, 2012).

Figurel1.4 Examples of planked timber vaults that collapsed during the 2007 Pisco earthquake
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Research on the seismic performance of existing constructions in Peru done by Peruvian
universities was triggered by several strong earthquakes that happened between 1940 and
1978 (Torrealvaet al. 2006). In particular, investigations on the seismic respar earthen
constructions began in early 1970s in the aftermath of the 1970 Huaraz earthquake. Most of
this research has focused on experimental testing of adobe Ifewsegargaset al. 1983)
However, research on the response of histooitstructions would only be initiated at the
beginning of the ZLlcent ur y. Neverthel ess, to the authorod
attempts have been made so far to model and analyse Peruvian historic earthen and timber
churches by means of advanced medeld detailed analyses.
The extreme shortage of information on existing structural systems and condition of
earthen and timber churches in Peru exacerbates the challertgresrbReference source
ot found. and jeopardizes the future preservation of this vast heritage. The 2007 Pisco
Earthquake opened a unique, even though dramatic, opportunity to progress on the
understanding of the seismic perforroarof not only earthen and timber churches but also
other historic buildings in Peru. Advances made on the interpretation and analysis of the
structural performance of these buildings will have a potential high impact not only in many
local communities butacross several Latin American countries where similar historic
building types can be found (see for instance D6
The research reported i n t he present t hesi s
Architecture Initiativei Seismic Retraf t t i n g Pr oj eSRP), which Bear ué ( EAI
collaborative project of The Getty @servation Institute (GCl)Jniversity College London
(UCL), Pontificia Universidad Catodlica del Pert (PUCP), and the Ministerio de Cultura del
Pera (MCP). Fofurther detds of the EA}SRPthe reader can refer to Cancietoal. (2012).

1.4 Research aim and objectives

This research seeks a response to the following questions:

(a) How can the seismic performance of heritage constructions be assessed in the
presence of many uncertéigs and uncertaintiebe measured?
(b) What is the structural concept asdismiaesponsef historicPeruvianearthen

and timber churches?
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The response to question (a) provides thategy to answequestion (b). In order to

reach a solution to the afamentioned questions, this reseaahs to

(i) Interpret the structural system of historic earthen anberchurches in Peru;
(i) Proposea strateg to model and analyssartherand timberchurches

(iif) Proposea systematic seismic assessment strategy, tailored to conduct the
diagnoss of existing historic constructiormdto explain the causes eiisting
damage, whiclcan be used byhe technical community iearthquakeprone

countries;

(iv) Proposea strategy tomeasure the uncertainty present in the assessment of
historic constructions; and

(v) Formulate and validata hypothesis to explain tHailure of historic planked

timber vaults during the 2007 Pisco earthquake.

These specific objectives serve the purposeewtbbping and validating the assessment
approach while investigating some of the most complex and under researched heritage

constructions in the world.

1.5 Overview of the thesis

This thesisis organized int@ightchaptersincluding the present introductionhe literature
review in Chapter 2 addresses the historical development of seismic analysis of masonry and
timber structures, discussing the present limitations and inherent uncertainties of the various
approaches from a theoretical and practical viewpdirtonclusion is made at the end of the
chapter on the most adequate assessment strategy tailored to the diagnosis of historic earthen
and timber constructions in develog earthquakegronecountries

Basedon recommendations of guidelines accepted dvade, a general framework for
seismic assessment of historic constructions is proposed in Chapter 3. The framework seeks
to overcome current limitations of the assessment of historic constructions through a logic
sequence of stages thadn be applied bpractitionersin both developing and developed
countries. A procedure for uncertainty analysis is formulated and included in the framework
in order to monitor, quantify and control the level of uncertgimmgsent avarious stages.

Chapters 4, 5, 6 andaim at validating the general framework for seismic assessment of

historic constructions by applying it to the prominent case of earthen and timber Peruvian
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churches. This validation is done through the analysis and diagnosis of both a representative
strudure of Andean adobe churches (the Church ofikKltambo) and a representative
historic timber structur¢Cathedral of Ica). The assessment of each of these representative
structures presents different challenges. The aim is to show that the same gemersbfik

can be applied to historic buildings of different complexity, made of different matemals

with distinct structural behaviour.

Chapter 4 presents a detailed investigation and interpretation of the principal structural
characteristics of the Cheh of Kuiio Tambo and Cathedral of Ica. The structural system and
current condition of these buildings is interpreted on the basis of historical documentation,
oral testimoniesrad surveys conducted by the EBRP team, including the author, in Peru.

A preliminary diagnosis of the Church of Ra Tambo and Cathedral of Ica is presented in
Chapter 5. This consists of the first diagnostic exercise which is based on initial
interpretation of available information by the analysts. The preliminary diagnosis is a
collegial activity conducted by a team with different expertise. It precedes more specialized
and detailed investigations as for instance the structural modelling and analysis. The
preliminary diagnosis is accompanied by an initial qualitative evaluationcertainty.

The structural modelling and analysis of the Church ofilKliambo and Cathedral of
Ica areinitiated in Chapter 6 with local finite element models. The objective of these
analyses at the local level is to investigate alternative hypothessistilate the global
response of the structures and identify critical aspects that must be takeccoiatéan the
structural analysi in order to make a final meaningful diagnosis. The uncertainties of the
assessment due to lack of knowledge and thé&itive influence are quantified, showing that
some inputs of the analyses are more critical than others to the accuracy epticsidi
The conclusions of this chaptadlow identifying hypotheses related to the structural
response of the churches t® forther investigated with the global models, as for instance the
influence of specific aspects on the failure of plantiedber arches dring the 2007 Pisco
earthquake.

Chapter Jresend the analysis of the Church of Ko Tambo and Cathedral of le&the
global level. Based on these results, a detailed diagnosis of the adobe structuf® of Ku
Tambo and timber structure of the Cathedral of Ica is conducted. A hypothesis for the
conservation of these historic building types is proposed

Finally, Chapter &resentghe principal conclusions of thbesisand the opportunities

for further research.
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CHAPTER 2

A literature review ontsuctural assessment of historic buildings

2.1 Introduction

The principal challenges in the structural assessment of historic buildings highlighted in
Chapter 1 can be summarized in one word: knowledge. This knowledge is associated not
only to available information of the building structure but also to present engineering
understanding of the behaviour of historic materials and structural systems. However, the
level of knowledge should be discussed within a wider perspective of the asseasmhthe
respective purpose. It is reasonable to assume that the final aim of any assessment is to make
a diagnosis of the historic building. In another words, the aim is to decide whether the
building requires or not remedial interventions. To make dmgnosis, the analyst will use

best engineering knowledge and tools taking into account the available resources. The
analyst will therefore seek available knowledge and tools and decide what resources and
tools can be used. This chapter attempts tcantp at e t he anal ystodés sea
methodology to make the diagnosis of a specific historic construction. It will therefore
discuss what tools are available and what the use of these tools implies in terms of
uncertainty. While doing so, this chap will discuss the best engineering knowledge and
tools available to study historic buildings and identify the principal limitations. This concept

of engineering tools is here used to denote methods available to model and conduct structural
analysis of kstoric buildings. These structural analysis methods deal with idealisations or
models of the building, in terms of geometry, materials and structural behaviour, and use

estimates of the actions that act on the structure at a given time or which arerfonethe
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future. More refined models would in principle demand more detailed information about the
building and actions, and more experienced analysts; even though for historic buildings
much of the available information is qualitative and anecdotal laadutcertainty of any

data is variable and may depend on expert opinid@yd@a and Forsyth, 2007).

In structural analysis of historic buildings, the constitutive model used to reproduce the
mechanical behaviour of the building materials is a criticarc®wf uncertainty. Any
attempt to reproduce this behaviour faces limitations in terms of characterization of the
building materials and the ability of the models to estimate the response to given actions.

This chapter focus on the most common traditidmalding materials: masonry and
timber. In the specific case of masonry, emphasis is given to adobe, which is one of the most
vulnerable and least studied historic masonry types. Masonry and timber have different
mechanical behaaur, and the structural siemmade ofeither one or the other requiras
different modelling and structural analysis strategy. Nonetheless, masonry and timber
structural systems in real structures do interact with each other and this interaction
phenomenon is often more difficutd reproduce than the isolated structural behaviour of
either masonry or timber structures.

In the following, an overview and discussion of the constitutive models and structural
analysis approaches most applied to the assessment of historic masormbandtiiuctures
are discussed. An overview of seismic assessment procedures for this type of structures is
then presented, highlighting the corresponding limitations and applicability to the objectives
of thisthesis While discussing the advantages anaitktions of the various approaches, the
uncertainties associated to the use of these models and methods are also discussed. A brief
discussion on the uncertainties present in the assessmenttaichinstructions and
provisions of current codes and deilines to take into account these utaiaties conclude

the chapter.
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2.2 Structural analysis of masonry structures

2.2.1Constitutive modelling of masonry

Masonry is a composite ndromogeneous material, normally with a spatially regular
arrangenent of unitsand bonding agenSuch arrangement resultsan orthotropic material

with different mechanical characteristics in three orthogonal directions and different strength
and stiffness in compression, tension and shear. The spatial arrangement can also be
irregular, such as in the case of rubble stone masonwyhere two leaves of wall with

rubble infill exist with a typical anisotropic behaviour. Analytical formulations of the
mechanical behaviour of masonry are normally based on plasticity theory andugontin
damage mechanics.

Classical failure criteria based on plasticity theory have been successfully applied to the
analysis of masonry constructions over the years. For instancdikeaihaterial models
such as MohCoulomb and DruckelPrager (Drucker an®rager, 1952) can simulate well
the seismic behaviour of unreinforced masonry, especially of historic masonry where the
interfaces have typically low friction coefficient due to the type of mortars useduntb
deterioration ([Ryala and Tomasoni, 2008The DruckeiPrager material model allows the
adoption of different relationshiger calculation of strength parametdrased on cohesion
and friction angle. These relationships can be formulated on the basis of a desired match
with a Coulomkbtype critgion. For instance, the relationships can be formulated with the aim
of getting a good match with uniaxial tensile and/or compressive strength of the material.
Some difficulties might however be found when trying to predict the response of the
masonry undeboth uniaxial and biaxial stress states. These limitations can however be
overcome by intersecting two Druckierager surfaces with independent strength parameters
(see for instance Geneaal, 1998).

Formulations based on mufiurface plasticity theg have the main advantage of
allowing different failure mechanisms of masonry to be considered which may act
simultaneously (Mistleet al, 2006). Multisurface formulations were first introduced by
Mann and Miler (1978) and Ganz (1985) for twidmensional and thregimensional
problems, respectively. However, these formulations were verified by means of experimental
data gathered by tests performed on new masonry (Zimmerm@armh, 2010). More
recently, Lourepo (1996) proposed a ndmear model for irplane loaded walls based on a
multi-surface composed of a Hilfype criterion for compression and a Rankiyge criterion

for tension. MAyala (1998) also used a Rankitygpe failure criterion to define the staof
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stress internal to the single element of mortar or brick, while the bond between mortar and
unit and the shear behaviour of the units are defined by a-Blahiomb type criterion.

A drawback of the plasticity theory is the inherent limitation to adpce stiffness
degradation of masonry related mainly to cracking, which is an important aspect when
masonry is subjected to reverse loading, such as earthquake for instance. Continuum damage
mechanics is suitable for applications where this behaviourlmeustken into account.

The approach is based on continuum mechanics theory. Smeared crack behaviour is
assumed, where progression of cracking is simulated by the change of deformational and
strength properties of the material. For instance, an isotropitncum damage mechanics
law was adopted by Callerio and Papa (1998) to simulate the decreasing of stiffness of
masonry subjected toqolane reverse loading. In this work, the behaviour of bed joints in
shear is governed by a Me@oulomb criterion.

Despte their more complex formulation, orthotropic damage models have also been
applied to the analysis of masonry structures. For instance, &eato(2002) developed an
orthotropic damage model to study the response of masonry composed of brickthatiffer
mortar under plane stress conditions, where the directions of the bed and head joints are
assumed as the main directions of the damage. In each direction, a parameter for
compres®n and a parameter for tensiare used to simulate the crack openitogiere. The
model takes into account the capacity of transmission of shear due to friction phenomena
through an open crack, assuring minimum shear strength for a completely damaged material.

The materi al properties of mnmastnumumgahbde component
characterised by means of:

(i) Experimental tests on representative models;
(ii) Statistical studies of properties of bricks and mortar; and

(iif) Homogenisation techniques.

Experimental testing has traditionally been the most successfully appligednior
characterising the material properties of masonry. However, as discussed in Section 1.2,
experimental work is often of limited application due to the anisotropic nature of traditional
materials, the typical heterogeneity oistbric buildings, andeconomic,technical and
conservatiorconstraints At a technical level,ie mainissue regards the representativeness
of the samples or experimental models and the adequacy of the experimental setup and

program for the purpose of the test
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As far as statitical studies are concerned, a representative example can be found in work
by D#yala and Carriero (1995a), who conducted an extensive review of literature related to
experimental work on historic masonry in order to develop a database of geometric and
mechanical properties. From the statistical analysis of the data collected, correlations
between ranges of parameters were identified and regression curves deigued 2.1).

This work enables the definition of mechanical parameters for masonry when mechanical
and geometric properties of the corresponding components are available. As a result of this
work, D#yala and Carriero (1995b) developed a nuoariool to study the nelinear
response of masonry structures by devising a simple step by step procedure that can be
applied using commercial finite element software.

However, a major limitation of statistical studies is the need for having a compkehens
database of relevant properties for bricks and mortar that represent well the heritage
construction. Such database is not available for traditional materials like adobe, as will be
further discussed in Chapter 6.
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Figure2.1 Relation between the compressive strength of the comporkemsdr mortar and=cb for
brick) and the strength ahasonryFcw( af t er D& Ayal a and Carriero

Homogenisation techniques have been formulated for masoroxdér to analytically
obtain the properties of a maesoale continuum from the properties of some components
using alternative approaches, such as Limit State Mechanism approaches, Finite Element and
Discrete Element based approaches. These technigeidsased on the principle that the

macroscopistructural behaviour of regulamasonry can be characterised by a basic cell that
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is representative of the masonry pattern. This concept of a representative cell for periodic
media was described by Anthoine 959 by using the example of a masonry @afiortion

under plane stress conditionBigure 2.2). In this case, the mechanical properties of a
periodic media are invariant along any translationv:+mpv,, wherevy and v, are two
independent vectors ama andm, are integers. The characterisation of the periodic masonry
hence requires only the definition of the mechanical properties of the media orila sma
domainsS (representative cell), associated to a frame of reference) and with an area
equal to the norm of the vectoroduct 1S Vo).
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1

Figure2.2 Masonry under plane stress conditions and frame of reference (after Anthoine, 1995)

Examples of homogenization techniques can be found in work by Raradg(1989),
Anthoine (1995), Leet al. (1996), Chudybat al. (1998), Casolo and Milani (2010), &n
Milani (2011).
Among the various homogenization techniques, finite element nonlinear approaches, also
known alsevwenud tapproaches are one of the most dis
of getting stresstrain relations at the representativé lexel and using this information at a
macroscopic level. The most important limitation of this homogenization technique is the
fact that the double computational effort needed due to the existence of a micro and
macroscale mesh does not allow for staflyeal complex thredimensional buildings, as

quoted by Louregp et al. (2007).
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2.2.2Structural analysis approaches

In literature normally three approaches have been taken so far for the modelling and

structural analysis of masonry structures:

(i) Simplified limit state mechanism approaches;
(ii) Finite element method based approaches; and

(iii) Discrete element method based approaches.

These approaches are listed according to their complexity. The origin and basic
principles of the various approaches, as well as thia mdvantages and disadvantages are
discussed in the following.

2.2.2.1LIMIT STATE MECHANISM APPROACHES

Limit state mechanism approaches assume that the failure of masonry structures is caused by
instability of the units, in the case of dry masonry or masotitty poor mortar, or portions
of the masonry, in the other cases. The units or portions are modelled as a system of rigid
bodies articulated by hinges, and equilibrium states are expressed in terms of
stressresultants. Since equilibrium equations relatessresultants rather than stresses they
only ensure, in general, that equilibrium is satisfied in an overall sense (Livesley, 1978).
Heyman (1966) quotes the work oféEier in the 18 century to demonstrate that the
identification of typical mechanismef collapse of masonry structures through model
experiments is a quite old idelsigure2.3). The origins of limit state mechanism approaches
can betraced back to equilibrium methods or stability methods for structural analysis of
vaulted masonry constructions developed by the end of theelitury. These methods use
the thrust line theory to find equilibrium states and possible collapse mechaiisory all
equilibrium methods, graphic statics was one of the most widely applied intreedfiry
and beginning of the #0century. Recent work by Bloait al.(2006) applies graphic statics
to the analysis and design of masonry constructions by snednan interactive
computational geometry software in which the geometry of the structure can be adjusted in
reattime. Based on this tool, DeJong (2009) applied tilting thrust analysis as a first order
seismic assessment method to study the stabilitgubfstructures, such as vaults and

buttresses, and the influence of the interaction of structural components upon the stability of
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the whole structure. However, local sliding and crushing are not simulated and it is also

limited to twodimensional problems

Figure2.3 Collapse mechanisms of arches aftazler (Heyman, 1966)
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Limit analysis of masonry structures was first formulated by Heyman (1966, 1995)
assuming that the limit theorems of plastictpwerbound theorem and uppkound
theorem) can be applied to masonry structures on the premises that masonry has no tensile
strength but infinite compressive strength and sliding failure does not occur. These
assumptions are usually valid for masonmuatures with high values of friction coefficient
subjected to seliveight; however shear failure and crushing of masonry structures normally
occur under earthquake loading for instance.

Limit analysis evolved towards formulations based on premises objpibg®f sliding
in presence of friction, limited compressive strength and-associated flow rules with
absence of dilatancy. Livesley (1978) considered for the first time a Coulomb friction law to
characterise the behaviour of the interface of rigiaths in shear. More recent advances on
limit analysis formulations can be found in work by#ala and Tomasoni (2008),
Casapulla and @yala (2006), Gilbertet al. (2006) and Ordufia and Lourengo (2005a,
2005b).

In summary, limit state mechanism approactseek the identification of ultimate
stressresultants and load capacities when collapse mechanisms have formed. An important
advantage of limit analysis for practitioners is the simplicity of the approach, which allows
the development of practical comptibnal tools, and especially the reduced number of input
parameters. A major disadvantage is the fact that these approaches do not assess initiation
and progression of damage and therefore they are suited to evaluate only ultimate states,
which occur formodest levels of displacement. It is assumed that no local failures occur
before the critical mechanism is completely triggered. However, in the case of historic
buildings, the assessment pursues mainly the evaluation of the initiation and progress of
damae; such as to identify remedial measures that prevent the occurrence of major damage,
which would compromise the preservation of valuable assets. Moreover, limit state
mechanism approaches are inherently not suited for the analysis of largditheesimal
structures, but for specific structural components, such as buttresses and arches.

Nevertheless, as reported by Retal. (2010), independently of the level of refinement,
the results of any analysis method will produce, at ultimate conditiontgdéstéseeable by
means of limit analysis. An interesting example of the complementary use of finite element
modelling with limit analysis can be found in work by De Lietaal. (2004) to analyse
triumphal arches of Neapolitan churches. In this wdirkfe element analyses alloto
localise potential cracks and identipllapse mechanism@n the other handinhit analysis

providesacollapse multiplier for eacitdentified collapse mechasin
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2.2.2.2FINITE ELEMENT METHOD BASED APPROACHES

Original mathematical ahengineering ideas that led to the Finite Element Method (FEM)
can be traced back to the late™18nd 19' centuries (Zienkiewicz and Taylor, 2000).
However, the basic ideas of the method as known today were developed iff ten0y

by Argyris and kelsey (1955) andlurner et al. (1956). The first book dealing with
preseriday FEM was published in 1967 and authoredZlgnkiewicz and Cheun(l967).
Since the origins to psentday, research oREM has rapidly evolved and its application
expandedacross many professional and academic fields solving multiple engineering
problems, as described in Gupta and Meek (1996).

Zienkiewicz and Taylor (2000)escribeFEM as a general discretization procedure of
continuum problems posed by mathematically defiseatements. A building structure is
therefore discretized into a finite number of elements, where each element is characterised
by a forcedisplacement relationship. The assembly of all elements by following a
well-defined procedure of establishing loeguilibrium at each node or connecting point of
the structure allow solving the resulting equations for the unknown displacefEMsis
based on the principles of continuity, in which all elements are connected at the nodes, and
compatibility in which guilibrium is established at each node.

FEM based approaches assume that the performance of masonry structures is governed
by the behaviour of the constituent materials and contacts between them. Equilibrium states
are expressed in terms of displacemeragst distributions and contact phenomefigure
2.4 and Figure 2.5). An important advantage of these approaches is that the whole
performance of the structure, from damage initiation and progression to failure can be
predicted; even though the large displacements normally accompanying the cdildpse o
structure can be hardly simulated. However, the choice of material models is an important
issue of FEM analysis in order to realistically simulate by means of isotropic or orthotropic
models a material which is typically anisotropic.

In literature, he DrucketPrager and Moh€oulomb models are two of the most
successfully applied material models on the analysisasiomry constructions througteM.

Some examples can be found in work by Robettal. (2005), Mallardoet al. (2008),
Krstevska et al. (2008), Pallaréstal. (2009) and Sevimet al. (2011). In alternative,
concretebased models have also been successfully used in the analysis of masonry
structures. Some examples can be found in work by Meld. (2003), Bayraktaet al.

(2010), Silveetal. (2012) and Tarquet al.(2013).

22



Methodology for the Seismic Assessment of Earthen and Timber Historic Ck
Application to Peruvian Herita

A e VAN
4 Py
/‘ \‘;3\
- P
NN
< \<\,>\
e AN
,'<\'> \\. /\\
Peak value : 0.64 N/mm” Lj] Peak value : 0.23 N/mm’ o)

Peak value : -1.0 N/mm* Peak value : -0.91 N/’
(© (d)

Figure2.4 Results of linear elastic finite element analysis for a quarter span point load: (a,b)
maximum and (c,d) minimum principal stresses for seingular and pointed arch, respectively
(afterLourergo, 2001)
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Figure2.5 Results of nodinear finite element analysis for a quarter span point load. Minimum
principal stresses and failure mechanisms for (a)-séaular and (b) pointed arch
(afterLourenco,2001)

According to Rao (2005), one of the main reasamstlie popularity of the FEM in

different fields of engineering is that once a general computer program is written, it can be

used for the solution of any problem simply by changing the input data. Perhaps for this

reason, FEM software is almost worldwkigown by the engineering community.

This popularity of the FEM is an important advantage for the assessment of historic

constructions, since the analysis of the thdigeensional structural behaviour of historic

constructions by practitioners requires g@pr@ach suitable for the modelling of large and

complex structures using current available computational tools. Current finite element

method based software packages have good -thmeensional graphic interface, which
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allows complex geometries to be simigld and a suite of linear and Horear material

models and finite elements, which can be adapted to different adplygieses.

2.2.2.3DISCRETE ELEMENT METHDD BASED APPROACHES

Approaches based on the discrete element method have been applied to anatysetine

of different types of masonry by assuming the material as a discontinuous media composed
of rigid or deformable blocks and contact surfaces between the blocks for simulation of the
joints. Material, geometric and boundary Aotearities, includng large displacements, can

be modelled by these techniques under both static and dynamic conditions. Under these
conditions, individual masonry blocks can separate from each other or slide along their
contact area. In the case of deformable blocks, ditathee model is applied to simulate the

i nternal stress and deformation of the bl
on the interfaces when the blocks are in contact to simulate the response of the masonry in
shear. Following this law, rafive sliding of the blocks occurs when the frictional resistance

is exceeded by the loads.

Alternative formulations such as the Distinct Element Method, Discontinuous
Deformation Analysis, and Discrete Finite Element Method have also been used in the
andysis of masonry constructions (Cundall, 1971; Shi, 1992; Mamagtahj 1999.

The Distinct Element Method (DEM) was initial formulated by Cundall (1971) based on
Newt on6s second | aw. A direct derivation
program UDECT Universal Distinct Element Code. More recent work by Azevedal.

(2000), Zhuge (2008) and Furukawaal. (2010) use approaches which are based on this
method Figure2.6).

Discontinuous Deformation Analysis (DDA), formulated by Shi (1992), is an alternative
displacemenbased method formulated on the basis of the principle of minimum total
potential energy. The method was applied by Btaal. (1996) to the analysis of
two-dimensional masonry structures. This allowed the authors to explain through numerical
simulations the typical behaviour of masonry characterized by the occurrence of local
failures. The authors concluded that althoughcatitinuities or joints between blocks
inherently reduce the integrity and strength of masonry structures, sliding occurring along
those joints consumes seismic energy and therefore the probability of overall structural
collapse is low compared to tbecurence of local failures.

The Discrete Finite Element Method, developed by Mamaggiaal. (1999), uses the

principles of continuity and compatibility of the Finite Element Method for analysis of
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blocky systems, incorporating contact elements to mblbek interactions such as sliding

and separation for the purpose of conducting stability studies.

e B

(a) 0 sec (b) 1 sec (¢)2 sec

(d) 3 sec (e)4sec (f) 5 sec

(2)6 sec (h)7 sec (i) 8 sec

Figure2.6 Structural performance of an adobe building model (5m width x 3m depth x 2.4 height)
subjected to ground motion recorded during the 2003 Bam earthquake in Iran
(after FurukawaandOhta, 2009)

The main advantage of discrete element method based apprascties ability to
simulate the collapse of the structure, which is typically accompanied by large
displacements. However, these approaches require a large number of inputs to characterize
the behaviour of blocks and joints and their interaction, whicmatr@ormally available for
historic buildings. These uncertainties on the inputs resulting in cumulative errors derived by
repetitive iterations lead to significant inaccuraocim the evaluation of failuiiaitiation and
progression. In the case of thesassmnt of historic buildings, where them is to protect
the assets from future dage, the evaluation of failuiieitiation and progression is more
important than the simulation of the collapse. Moreoiremracticethese approaches can
only be appkd to relatively small cells, with a limited number of elements due to very high
computational burden required. This does not allow simulating large-dimessional
historic structures and the complex interactions occurring among the various compbnents a
a macrelevel (e.g. interactions among orthogonal walls). Thus, discrete element method

based approaches are not currently viable to assess the performance of historic buildings.
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2.2.3The specific case of adobe constructions

Taking into account the previoussdussion of the various analysis approaches, and in order
to evaluate possible best approaches for the seismic assessment of historic adobe

constructionsn countries like Pertthree main aspects must be taken into account:

(i) The material behaviour of ale;
(i) The structural characteristics of historic adobe constructions; and
(iii) The availability of resources in seismic prone countries with historic adobe

constructions.

The following discussion will address each and all of these aspects.

Historic adobe is atype of masonry characterised by a relatively low compression
strength compared to other types of masonry, such as fired brick masonry. In addition, adobe
is often not well bonded and can easily lose the cohesion of the material in the presence of
water. These facts can create multiple icat points and local failuremnithe structure,
especially in the case of complex geometries and presence of concentrated loads. Although
adobe has low compression strength if compared to other types of masonry, coishing
adobe in histori®eruvianstructures might not occur as compression stressexpeeted to
be generally low due to the large thickness of thalls and the low weight of typical
Peruvian historicoof structures and their applied loads.

Experimentalevidences from shaking table tests performed on historic adobe structures
(Tolleset al, 2002) indicate that, when cracking develops ndweiralfrequency of vibration
decreases and the displacements substantially increase. Although cracking typictps
for very low values of tension, thick adobe walls admit large displacements without the
formation of a failure mechanism. However, such large displacements would compromise
the conservation of assets with cultural significance; and hence it is impogtant to
identify when large displacements can initiate than to simulate those large displacements.

The mortar of adobe structures has noryndle same or similar materiabmposition,
and hence strength characteristics of the units, which leadsrioired failure mechanisms.
However, the joints may often be the weakest constituents of adobe structures since rapid
drying during the building of the structure can lead to shrinkage and cracking of the mortar
(Tollesetal., 2002). Although shrinkage phemenon can also occur in the adobe units, its
effect is usually less evident due to the typical addition of straw, crushed bone or/and other

organic materials. Indeed, animal, vegetable, mineral or synthetic fibres increase the tensile
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strength of the uts, hinder cracking on drying by distributing the tension arising from the
shrinkage of the clay throughout the bulk of the material, and accelerate drying since they
improve the drainage of moisture towards the outer surface through the channels afforded
the fibres (Houben and Guillaud, 1994).

Considering a similar material behaviour of joints and units, FEM based approaches,
where adobe is simulated as a homogeneous material have been successfully applied both in
the elastic (e.g. Islam and Watanab@04) and inelastic range (e.garqueet al, 2013),
using both soilike material models such as the Druckeager model, and concrdiased
models.

On the other hand, exploring the fact that the joints may also be the weakest component,
and hence thatdabe structures may fail by instability caused by the separation of the units
(as observed in buildings after earthquakes by for instance Furukaala 2010), DEM
based approaches have also been applied to the analysis of the collapse of small adobe
houwses (e.gMayorca and Meguro, 2004; Furukaeftal, 2010).

Although important developments have been recently made oflineam analysis of
adobe structures using advanced numerical simulations, detailed studies on historic adobe
constructions, such asurches, lack in literature when compared to stonered fbrick
masonry constructions. In the case of these constructions, important developments can be
traced back to more than two decades ago tli#hmodelling and analysis of the Colosseum
in Italy by Croci et al. (1995), Mexico Cathedral by Me&dind SancheRamirez (1997) and
Mallorca Cathedral in Spain by Roca (2001).

The lack of detailed seismic analysis of historic adobe structures can be justified by
economic and scientific reasons. Economic reascan be explained by comparing the
distribution of adobe constructions in the world with the distribution of wealth. Simplified
maps showing the distribution of earth construction in the world and a map of the world
combining population density and wédatleveloped by the National Geographic Society are
shown inFigure2.7. These maps show that some of the most densely populated and poorer

areas irthe world have an imponta building environment built frorearth, namely adobe.
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(Houben and Guillaud, 1994)

a) Distribution of earth construction in Africa,
Asia, Europe and Oceania (Houben and
Guillaud, 1994)
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per square mile) in the world (NGM, 2011)

Figure2.7 Distribution of earth construction, wealth and population density in the world

This means that most historic adobe constructions are located in countries where the
engineering community lack resources to develop detailed and expensive experimental and

numerical analyses. In seismic prone countries, like Peru, experimental and analytical work
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conducted by universities have been mainly focused on the testing of retrofitting solutions
for adobe houses (Torreahe al. 2006). A direct consequence of thigt is the lack of
available datasets on material properties of adobe.

Scientific or technical reasons are specially relatedlatk of knowledge about
performance of historic structural systemsthin the engineering communitySuch
knowledge is currently \ailable only within specific research groups or accessible to a

limited number of practitioners.

2.3 Structural analysis of timber structures

2.3.1Constitutive modelling of wood

Timber is an anisotropic material with defects, such as knots, grain shakes, rsiirangl
wane. Microscopically, wood is composed of cells oriented in the longitudinal direction,
whose structural arrangement could be considered as ardibferced composite system
with cellulose fibrils as reinforcement in the hemicelluloses andinlignatix. In the
longitudinal direction, cellulose determines the strengthpgmies of the wood fibre,
whereadn the transverse direction the hemicelluloses and lignin play a more dominant role
than cellulose (Mishnaevsky and Qing, 2008).

Due to the manner in which a tree grows and the arrangement of the wood cells within
the stem, wood can be considered locally as an orthotropic material that possesses three
principal directions (Holmbergt al, 1999), oriented in the longitudinal diremti along the
fibres, in the radial direction parallel to the rays and in the tangential direction to the growth
rings. The strength and stiffness of wood are greater in the Uiditgad direction which can
be explained by the fact that 96% of the fibre are oented longitudinally
(Holmbergetal., 1999). There is also a difference in properties between the radial and
tangential directions due to the presence of the rays, as well as the difference in cellular
structure between the radial and tangemtiigdctions and the differences of the orientation of
the microfibrils on the various sides of the cell (Holmbetrgl, 1999).

For compression perpendicular to the fibres, three basic failure patterns can be
distinguished, depending on the orientatiothaf growth rings in relation to the direction of
loading: a) crushing of earlywood; b) buckling of growth rings; and c) shear failure. Tensile
loading perpendicular to the grain gives rise to three different failure patterns: a) tensile

fracture for radialloading in earlywood; b) tensile failure in the wood rays for tangential
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loading; and c) shear failure along a growth ring when loading is at an angle to the growth
rings (Holmberget al, 1999).

The vyield stress and strength of wood in compression arsiote significantly differ.
Above the elastic limit, wood behaves in a nonlinear way, having a typical more brittle
response and lower strength in tension than in compression.

Depending on the structural system and the purpose of the analysis, woodoche al
assumed as an isotropic material. Homogenisation techniques have been applied to derive the
properties of an equivalent homogeneous continuum from analysis atlevietowhich
consider the microstructure of wood. Some examples can be found irbwét&imberget
al. (1999) and Hofstettest al. (2005).

Adverse effects in timber structures are not only related to critical-stvadgth
combinations but also to moistdireduced strength and stiffness degradation of structural
elements and connectiofiohler, 2010). Degradation of timber, caused by fungi or insect

attack, which is common in historic buildings, can hence contribute to their failure.

2.3.2Approaches for the modelling and analysis of timber structures

The structural behaviour of timber strugs is normally governealy the joints, which can
connect two or more members at different angles or lengthen the members. The stiffness and
strength of the joints is normally more modest than the stiffness and strength of the
members. Thus, permanent oiehation and failure normally occur at the joints. Timber
joints are a complex system, which perform differently according to the location within the
structure and the type of imposed loading (see for instance Gitaafj 2009). This
behaviour is typicabf both historic timber systems composed of carpentry joints, and more
modern systems with fasteners such as screws. The case of historic systems with carpentry
joints is the masrelevant for this thesjisand hence the following discussion builds on
literature addressing this type of timber structures.

The need of appropriately simulate the seigid behaviour of timber joints (i.e. the
difference of stiffness between joints and members) when modelling seismic action on
timber structures has beemphasised in work by Parisi and Piazza (2002) in the analysis of
traditional carpentry joints of roof structures in Italy.

A similar approach was also applied by Tsai an

seismic performance of Taiwanese D@bu teanp | e s . Tsali and DO0Ayala deve
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model of a temple in which the joints were simulated by translational and rotational springs
with stiffness and maximum capacity obtained from experimental testing of full scale joints.

However, in most available étature, structural analyses are performed with timber
joints assumed as either rigid or pinned. A relevant example fothibéssis the work of
Prodio et al (2007) related to the modelling and analysis of the Cathedral of [Higaré
2.8) . To the authorodos knowl edge, this work
masonry and timber church in Peru; even though the behaviour of mas@assuised as
linear elastic and the timber joints are simply assumed as pinned or rigid depending on the
location. This work allowedhe makingof some general conclusions on the overall elastic
response of the church, identifying areas of greater demaead;tBough no conclusions in
terms of nodinear behaviour or failure of the structure have been made.

Among historic timber structures located in seismic prone developing countries like
Peru, structures with planked arches are one of the most ampatta cultural level.
Detailed studies on timber planked vaults have investigated the evolution of this construction
form through history (see for example Marussi Castellan, 1981, 1989; Gémez Sanchez,
2006; Hahmann, 2006; Hurtado Valdez, 2011) and cleaghlighted the relevance of the
joints to the overdlstability of the arch systems. However, to the aulhkmowledge work
on their structural assessment has so far assumed the arches as continuous, so the
connections between the planks are modelledyabs(Marzo, 2006; Fabbri, 2010).

The simplifications made in the modelling of historic timber structures by available
literature might be justified by the need to carry out expensive experimental work to
characterize the mechanical response of histambedr joints. For instance, the Peruvian
historic churches have systems composed of many different timber joints, requiring the

testing of many specimens to realistically simulate the response of one single church.

Figure2.8 Finite element model of the Cathedral of Lima (bydet al, 2007)
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2.4 Seismic assessment of historic buildings

The previous sections focused on alternative strategies to model the structural behaviour of
historic buildings, tteir advantages and limitations. This section will focus on the seismic
assessment of historic buildings, especially historic churches, conducted with the final
purpose of making a diagnosis of the structure. Building on the previous discussion, the aim
here is to understand how this assessment is normally conducted, what the gaps are, and how
this knowledge can be used to ménet objectives of thithesis

An assessment can be understood as the total set of activities performed in order to verify
the relability of an existing structure for future use (ISO 13822, 2010). For this purpose,
several sources of information (historical or other existing documentation, survey of the
structure, field research, laboratory testing and monitoring) and different ay@esalysis
(historical, qualitative, quantitative and experimental) are used to make a diagnosis of an
existing individual or group of historic buildings (ICOM@SCARSAH, 2003), as
discussed in Chapter 1.

Recurring damage patterns obserirethasonry cbhrches afteearthquakes have indeed
shown that the performance of churches to earthquakes can be understood by considering the
individual behaviour of macroelemeatchitectural parts that make the building; even
though such individual behaviour is notllyuindependent but rather a result of the
interaction of the various macroelements. Lourengco (2006) outlines that although the
evaluation of a historic building frequently requires a holistic approach considering the
building as a whole, the assessmenttlf performance of individual elements is also
commonly required due to the frequent lack of -bk& structural response of historic
constructions.

Following this idea, the seismic assessment of historic buildings has been historically
based on the idefitation of relevant damage mechanisms, and formulation of mechanical
models to obtain the corresponding seismic capacity, described in terms of horizontal
acceleration. The mechanism with the lowest seismic capacity is the critical or most likely to
occu, and therefore the one thelharacterises the fragilitgf the structure. The damage
limitation state, which triggers the activation of the mechanism, can be obtained by limit
state mechanism approaches, wherghg ultimate or neacollapse limit statecan be
obtained by formulations based on displacement capacity. As outlined by Lagomarsino and
Resemini (2009), the initial damage phase of masonry structures may be generally far from

the ultimate condition, because of the structural resources in therpoked state. In line
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with this, a procedure for seismic assment of historic buildings shouldcorporate the

principles of performanebased approaches.

2.4.1Performancéased assessment

By the end of the 19&) it was already recognised thgttengthbased seismic design
procedures were limited to a reasonable representation of -éfeesdic response and
dependent on special detailing requirements to provide a somewhat unknown degree of
resistance to strong motion inelastic response (Freeh®@8). Furthermore, the extremely

large economic losses associated to earthquakes such as the 1989 Loma Prieta (7 billion
dollars) and the 1994 Northridge (30 billion dollars) when compared to the fatalities (fewer
than 100) indicated thatode provisionsof that time forzones of high seismicity were
relatively reliable in avoiding life threatening damage andapsk, but not to limit damage

to the building (Hamburger, 1996).

Performancéased proceduregeretherefore devised witthe purposef evaluaing not
only the safety of the occupants but also the performance of the buflating given
earthquake hazard levéiccording to ASCE/SEI 406 (2007), building performance can be
described qualitatively in terms of the safety afforded building occsipiauming and after the
event; the cost and feasibility of restoring the building to itsgamthquake condition; the
length of time the building is removed from service to effect repairs; and economic,
architectural, or historic impacts on the larger camity.

Performancéased assessment of an existing building checks if the structure is able to
fulfil some selected performance levels in case of occurrence of propérigdiearthquake
hazard levels The implementation of performanbased assessmentorf historic
constructions with cultural significance needs to extend the rehabilitation requirements
usually adopted for ordinary buildings, related to use and safety of people, also to
conservation requirements, related to architectural and artisticatwlue(Lagomarsino
and Cattari, 2015)

Within the framework of the PERPETUATE European research project, Lagomarsino
and Cattari (2015) defideperformance levels with reference to the following safetgt a

conservation requirements:
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0] Use and human lifealso for a cultural heritage asset, similarly to ordinary
buildings, the possibility of an immediate occupancy after an earthquake and the
protection of human life have to be considered;

(ii) Building conservationdue to the intangible value of a culturatitege asset, the
preservation from building damage is not related, as for ordinary buildings, to
the costs of repair or rebuilding but to the possibility of restoration or to the
collapse prevention, in order to maintain, at least, the monument as andlin;

(iir) Artistic assets conservationn many cases, severe damage to artistic assets
occurs also in the case of moderate damage to structural elements; moreover,
damage to artistic assets is related to the local scaile, tva other requirements
are relatd to the whole architectural asset; therefore it is necessary to define
specific performance levels for each relevant artistic asset in the building.

Performance levels are related to the extent of damage that would be sustained by the
building. CEN (200b) specifies the damage state of the structure through the following

three limit states:

0] Near collapse the structure is heavily damaged, with low residual lateral
strength and stiffness, although vertical elements are still capable of sustaining
verticalloads. Most nosstructural components have collapsed. Large permanent
drifts are present. The structure is near collapse and would probably not survive
another earthquake, even of moderate intensity;

(ii) Significant damageThe structure is significantly daged, with some residual
lateral strength and stiffness, and vertical elements are capable of sustaining
vertical loads. Nosstructural components are damaged, although partitions and
infills have not failed oubf-plane. Moderate permanent drifts are pnés&he
structure can sustain aftehocks of moderate intensity. The structure is likely to
be uneconomic to repair; and

(i) Damage limitation The structure is only lightly damaged, with structural
elements prevented from significant yielding and retainimgrtstrength and
stiffness properties. Nestructural components, such as partitions and infills,
may show distributed cracking, but the damage could be economically repaired.

Permanent drifts are negligible. The structure does not need any repair ieasure
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Damage states can be identified by proper thresholds of structural performance
indicators, such as drift and total base shehich describe the structural behaviour of the
construction. These indicators can be quantified thretigictural analysis athods thatake
into account the inelastic response of the strestand the progress of damaBeshover
analysis is currently considered the standard tool for perforrzasmsd assessment
(Lagomarsino and Cattari, 2015). It allows determining realigdtues of permanent
deformations of structures with a prevalent+tiaear behaviour, such as masonry structures.
An important complement to pushover analysis is modal superposition analysis which allows
characterizingthe dynamic response of structuresmposed of several parts of different
relative stiffness and a namiform distribution of masses, which is for instance the case of
timber structures.

It will be seen in the following that procedures that incorporate the principles of
performancebased asessment have been mainly applied to the analysis of masonry

buildings in historic urban centres.

2.4.2Fragility assessment

Observation of damage to masonry churches after the 1976 earthquake in Friuli (Italy) led to
the conclusion that the response of therches to earthquakes can be described by a number

of typical damage patterns and collapse mechanisms associated to specific macroelements
(Figure2.9).

An empirical approach based on this premise was successively applied to the damage
and vulnerability assessment of churches in the aftermath of the earthquakes in 1987 in the
provinces of Mdena and Reggio Emilia, 1995 in the region of Tuscany and territory of
Lunigiana, and in 1997 in the regions of Umbria and Marche (see for instance Lagomarsino,
1998). This work led Lagomarsino (1998) to propose the first systematic mettppdolo
descrile the fragilityof historic churches by correlating a damage index and a vulnerability
index on the basis of empirical observation and data. The damage index measures the
average level of damage to the church and the vulnerability index describes itaiggial
way the propensity of the church to be damaged by the earthquake. The vulnerability index
is based on the evaluation of two indicators of specific structural deficiencies that may
activate a given damage mechanidfig@re 2.10). The evaluation is done for all possible
damage mechanisms, providing a qualitative measure of the vulnerability of the church to

those mechanisms.
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Figure2.9 lllustration of typical damage mechanisms in churches after Lagomarsino (1998)
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1. OVERTURNING OF THE FACADE

1 DAMAGE AT THE TOF OF THE FACADE

DETACHMENT OF THE FACADE FROM WALLS

CRACKS IN THE TOP PART OF THE FACADE

# Poor clamping betwesn facade and nave walls
# Lack of lonzimedina] chaing or efficient
butiressas

» Facade weskened by wide openings
# Lack of a connection with the roof covering

3. SHEAR MECHANISAS IN THE FACADE

4. TRANSVERSAL VIBRATION OF THE
NAVE

SLOPING, VERTICAL AND ARCHED CRACKS

CRACKS IN ARCHES, DEFOBMED WALLS

» Prezence of many openings (also fillad)
= Poszibility of rotation of the side walls

« Very thin side walls
# Lack of wansversal chains or eficient
butTeses

5. TRIUMFPHAL ARCH

6. VAULTS OF THE NAVE

CRACKS IN EEY AND SPINE

CRACEED VAULTS, DETACHMENT FROM
ARCHES

# Arch of insufficient thickness or poor masonry
» Chams missing or badly placed; wesk chear
wallz

# Vault lowered excessively or thin
# Presence of concentrated loads of roof covering

7. HAMMERING OF THE ROOF COVERING

5 DOME

BEAM SLIDING; DISCOMNECTION OF TIE BEAMS

CRACKS IN: DOME, TAMBOUE, LANTERN

+ Foof thrusting; new roof covering rigid and
heavy

# Lack of connecton between tie beams and
masgnry

« Tambour very high and with large openings
# Lack of hoops or external butresses

9. OVERTURNING OF THE APSE

10. VAULTS IN THE FRESBY TERY OB AFSE

VEETICAL OF. ARCHED CRACES IN APSEWALTS

CRACKS IN THE VAULT OF. APSE BASTN

» Lack of hoops or chaming
+» Weakening from many wall openings

* Waults lowered excacsively or thin
# Presence of concentrated loads by the roof
COVETIDE

11 OVERTURNING OF END WALLS

1} LACK OF CONTINUITY IN WALLS

DETACHMENT OF EMD WALL

MOVEMENT OF JOINTS OF. DISCONNECTEDMESS

# Poor clamping betwean wall and orthogonal
walls
# Lack of chains or efficient butresses

# (Great difference of soffness betwesn two parts
# Lack of clamping or chaims

13, SHEAR FATLURE OF THE WALLS

14. BELIL TOWER

SHEAR CRACES OF LOCAL DISCONTINUITY
(OLD CPENINGS atc)

CRACKES 0N CONTACT WITH THE CHUR.CH:
VERTICAL CRACKS; EXPULSION OF EDGE

* Mazonry poor or of limited thickness
» (Great weakening due 1o the presence of open-
ings

» Lack of connections with the church
» Miasonry decayed poor, of limited thickness

15 BELL CELL

16. OVERTURNING OF PROJEC-
TIONS/SPIRES

CRACKED ARCHES; PIER ROTATION OR SLIDING

PEPMANENT ROTATION OF. SLIDING

# Lack of chains or hoops; thin piers
» Foof covering heavy or thmsting

# Lack of buttress or other connection
» Projection too thin

Figure2.10 Vulnerability indicators for typical damage mechanisms of churches after

Lagomarsing1998)
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D6Ayala (2000) applied an analytical approact
masonry churches in Umbria due to the 1997 Umlildache earthquake and aftersks,
using a simple collapse mechanism model and ésiétidy a correlation between fragility
and the corresponding damage to the fackapife2.11). Fragility is expressed in terms of
the lowest equivalent shear capacity associated to relevant collapse mechanisms. The
equivalent shear capacity is calculated with an approach based on limit state analysis. Thus,
the mechanism with the lowest shear cipas considered the most critical or likely to
occur. Another important outcome of this work is the evaluation of the benefit of existing

retrofitting solutions to the seismic response of the church.

)
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Figure2.11 Correlation between the mean damage ratio of the facades of churches affected by the
1997 UmbriaMarche earthquak®), and the corresponding vulnerabiliyy, expressed in terms of the
lowest equivalent shear capacityassbaiad t o r el evant <coll apse mechani sms

As outlined by D6Ayal a (2005) , t he definitioc
performancebasedseismic assessment of existing building stock and prediction of losses
relies on the following stepsi) classification of buildings, by typology and seismic design;
(ii) definition of damage states; (iii) assignment of capacity curves; (iv) definition of demand
spectra (with performance related level); and (v) evaluation of building response. The
procedire provides as output fragility curves and damage scenarios.
Limit state analysis has been extersvapplied to the fragilittassessment of historic
masonry buildings. FaMIVE (@yalaandSperanza, 2003) is a prominent example of this

type of procedure D@®yala andSperanza (2003) identified typical partial and total collapse
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mechanisms of facades made of dry stone or weak mortared masonry wiiljicddtoor

slabs under seismic loading, and calculated the coHajpsk factor associated to each
mechaism by means of limit analysis. The collapse load factor is expressed as a percentage
of gravity accelerationg. The procedure identifies the most critical collapse mechanisms of
the facades of individual or groups of buildings, relating specific stalctimaracteristics

(e.g. type of masonry fabric, level of connection among orthogonal walls, and presence of
strengthening) with vulnerability.

Incorporating the principles of performanoased assesam t |, D6Ayala (200
definedlimit displacement caditions that corresponds to damage states and compares these
values with the displacements demands obtained througlineam displacement spectra
(Figure2.12). In particular, the author defines capacity curves for each fagade on the basis of
the strength capacity,, which is equal to the collapse load factor obtained with FaMIVE,
the elastic limit displacement at the top of each fagggl@nd theultimate displacementyp,

which is assumed as the displacement that determines the collapse of the fagade.
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Figure2.12 Fragility curves obtained for classes of vulnerability Low, Medium, High and Extreme,
using mean values and standard deviations of ¢

For monumental buildings, such as masonry churches, Lagomarsino and Resemini
(2009) developed limit state based models for assessing the damage limitation state
corresponding to relevant eat-plane mechanisms. Based on these models, the authors

analysedhe influence of a tieod in an arch mechanism, the influence of interlocking in the
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facade overturning and the influence of the compressive strength of masonry. The authors
concluded that if the steel tied is prestressed, the spectral acceleratiorragponding to

the activation of the mechanism increases.
facade, Lagomarsino and Resen{2009 analysed the two failure mechanisms illustrated in
Figure 2.13, where H is the height of the ovemrning part. The modelshowed that
mechanism 2(Figure 2.13b) is more likelythan mechanism 1, except in the case of
interlocking conditions at the corner similarR@ure2.13d, where the frictional stace is
reduced. Finally, the authors also concluded that neglecting the limited compressive strength
of masonry leads to an overestimation, on the unsafe side, that may be unacceptable in the

case of medium to low quality masonry.

I

7
(_;—/_;‘ y 4, : /“,"”'v

I

(b) (c)

Figure2.13 Out-of-plane overturning of the church facade after Lagomarsino and Resemini (2009):
(a) mechanism 1; (b) mechanism 2. As far as mechanism 1 is concerned, figure (c) shows a possible
failure surface in the case of facade and lateral wall made up of lbsksilar dimensions; and
figure (d) shows a the case of facade and lateral wall made up of blocks of different dimensions.

These examples of seismic analysis of historic constructions based on limit state
mechanism approaches further show the pogssilof using limit analysis to evaluate the
damage limitation state of specific macroelements, in addition to more global analysis using

other approaches such as the FEM.
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2.5 Uncertainty of the assessment

Limitations on the information available to assebe structural behaviour of historic
constructions, and limitations associated to the intrinsic formulation of the assessment
approaches have been discussed in previous sections. These limitations would naturally
become uncertainties of the assessmemtpcomising the quality of the diagnosis.

Reliability is a term commonly use in the structural design of new constructions, and can
be expressed as the conditional probability, at a given confidence level, that an element or
structural system will perfornts required function within specified performance limits for a
stated time interval, function period or mission time (Kececioglu, 2002; Birolini, 2004). In
this context, the structural system is not intended to resist all possible occurrences without
any camage, but a disproportionatellapse consequent to a localistriggering failure
should be avoided, i.e. the structural system should prove a robust behaviour (Battempi
al., 2007).

In summary, the diagnosis of an existing historic building provideseasure of the
reliability and robustness of the structural system. However, the quality of this diagnosis is
dependent on the presence of uncertainties throughout the assessment process, as mentioned
before.

Uncertainty is commonly considered as aleatory epistemic (Apostolakig,993).
Aleatory uncertainty refers to the variables involved in the modelling process that are of a
stochastic nature. For instance, the uncertainties regarding actions or material properties in
the process of design of a newusture are aleatory. Epistemic uncertainty reflects the
confidence on the appropriateness of the model to represent the real physical system.

If the system is a historic building, some of the aleatory uncertainties could be of an
epistemic nature. For $tance, the uncertainty associated to material properties is usually
described by normal distributions in the design of a new structure. However, such
uncertainty is related to the level of knowledge on the constituent materials within the
assessment of historic building, and hence it is of an epistemic nature. Similarly, the
characterisation of the actions could be of either an aleatory or epistemic nature; or the
aleatoric uncertainty can be reduced by the knowledge of the current use.

In engineering codes and standards, for both the design of new constructions and the
assessment of existing structures, uncertainties are usually taken into account by means of
global or partial factors. Several procedures for characterising these f@asailable in
literature (e.gCEN, 2005b; ASCE/SEI 406, 2007; CIB335,2010). Although both CEN
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(2005b) and ASCE/SEI 406 (2007) provide a comprehensive procedure to evaluate the
current level of knowledge of a structure and to achieve higher I&@vekseded, their
provisions are not directly applicable to historic buildings. The reasons are that they do not
evaluate the relevance of several sources of knowledge, such as historical documentation and
oral testimonies, both fundamental contributorstfe analysis of historic constructions, and

they are not set to deal with the diverse nature of the uncertainty as outlined above.
Moreover, the knowledge levels are defined on the basis of comprehensive experimental
tests, which are normally unreasoralib undertake in historic constructions due to
conservation principles.

A few interesting references on the evaluation of uncertainties related to the assessment
of existing reinforced concrete (e.g. Franchial., 2010; Jalayeet al, 2010) and masonr
structures (e.g. Tondeliit al, 2012) are available in literature. The evaluation is based on
the assessment of a reference structure, assumed to be perfectly known, and comparison with
the assessment of an imperfectly known structure. Alternativettigges and decisions
made by the analysts during the assessment are considered in accordance with the Eurocode
8 procedure (CEN, 2005b). Results of these comparisons show that geometric uncertainty is
at least of the same order of importance of uncerégrdassociated with material properties
and structural details, and that the effect of epistemic uncertainties is dependent on the

analysis method and the reference structure used, as would be expected.

2.6 Conclusions

This chapter has provided an overviewasessment procedures for historic constructions,
including analysis approaches widely applied in literature. A summary of the principal
advantages and limitations were discussed in the relevant sections. It has been shown that,
independently of the apprda used, there are inevitable limitations that become
uncertainties of the assessment. More detailed and specific literature review can be found in
the relevant chapters of thisesis

The most important conclusions of this chapter for the objectivdssahesisare:

(i) Structural analysis approaches have significantly evolved in the past decades from a
mathematical and computational viewpoint. However, such progress was not
accompanied by a similar evolution of the capability of analysing the structural
performance of a historic construction in practice.t@one hand, this is due to the

fact that the analysis of large and complex historic constructions is always based on
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many assumptions and simplifications related to the intrinsic limitations of the
various approaches. On the other hand, this can also be explained by the fact that
only a few researchers and practitioners in the world have proper ability and
resources to conduct advanced structural analyses on the basis of detailed and
reliable data.

(i) This capability of analysing large and complex historic constructions is most critical
in seismic prone developing countries, where shortage of resources is more critical
and some of the least studied historic structural systems are located. A prominent
example is the Peruvian historic adobe and timber churches. Adobe is one of the
least studied and modelled traditional materials, and the analysis of timber structures
do not have significant precedents in Peru. Moreover, experimental work is still the
most vable method to collect information about the mechanical behaviour of
traditional materials and components, while being simultaneously the most

expensive and intrusive.

(i) FEM based approaches are currently the most viable approach to assess the
structural @rformance of historic constructions. These approaches are able to
evaluate the initiation and progression of damage that can compromise the cultural
significance of historic assets, and to identify local failures typical of adobe. Using
appropriate condtitive models, these approaches can simulate the predominant
behaviour in shear of adobe under earthquake loading. Moreover, commercial FEM
software is the most worldwide disseminated tools for structural analysis. These
tools can be used to model largedaocomplex structures, simulating multiple

interactions among different types of components.

(iv) The lack of information about the historic construction and the various limitations of
the assessment approaches result in several uncertainties, especialgpistemic
nature, which are present throughout the assessment, compromising the quality of
the final diagnosis of an historic construction. Current codes and guidelines do not
have specific provisions that address the diverse nature of the uncertasdes jon
the analysis of historic constructions as compared to the analysis of other existing
constructions. Moreover, such provisions lack a proper strategy to evaluate the effect

of the uncertainties on the diagnosis of a specific historic construction.
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CHAPTER 3

Structural assessment of heritage constructions with appraisal of the
knowledgebased uncertainty of the results

3.1 Introduction

A holistic approach is currently widebpplied to make a diagnosis and safety evaluation of
historic buildings, as discussed in Section 1.2. Such approach includes the interpretation of
the current structural layout, construction and condition, and the application of some
gualitative and/orquat i t ati ve met hod in support of the
Chapter 2.

The accuracy of the diagnosis or safety evaluation of an historic building (or any heritage
construction) depends on thdferentassumptions made throughout the assesspreagss.
If the uncertainties can be first clearly identified, then in some way quantified, the accuracy
of the results can be monitored and controlled.

The uncertainties, principally of an epistemic nature, present in the assessment of

heritage construains can be summarised as follows:

(i) uncertainties on geometry;

(i) uncertainties on material properties and current condition;

(iif) uncertainties on the characterisation of loading;

(iv) uncertainties on structural details, which will lead to different internal and

external constraint and interaction conditions;
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(v) uncertainties on the ability of the mathematical model to reproduce the real
system; and

(vjuncertainties related to the analystods

Following the aforementioned holistic approach, it can be infetrada procedure for
evaluation of the accuracy of the diagnosis of heritage constructions should be adaptable to
the nature and complexity of each individual case study, and at the same time based on the
judgment capacity of the analyst. This means thaute of a preefined confidence factor
as a measure of uncertainty might be inappropriate for the specific case of heritage
constructions, especially monumental buildings such as churches. The current use of
confidence factors in the diagnosis, as fatamce in Eurocode 8 (CEN, 2005b), is based on
the assumption that any uncertainty present in the diagnosis leads to the erroneous idea of a
state that is Obetterd than the real state.
assessment due to the ggace of uncertainties can lead to both an overestimation and
underestimation of the performance of the structure. Moreover, the traditional conservative
approach can lead to excessive retrofitting and compromise the cultural significance of a
construction A strategy that should be explored as an alternative to this conservative

approach is to use available knowledge of the construction to evaluate whether the

quantitative analyses | ead to an overestimat:i

perfamance of the construction. For this purpose, it is essential having a methodology to
evaluate the uncertainties that is tailored to each specific assessment and that takes into
account the holistic nature of the problem and the specific constraintsris éérdata and
knowledge. Moreover, this methodology should include and deal with the various sources of
uncertainty outlined above in a similar way. These considerations can find evidence in
existing work, for instance by Tondelét al. (2012), who emplssed that geometric
uncertainty is as important as other types of uncertainty, and that the effect of epistemic
uncertainties is dependent on the analysis method and reference structure used, which is
ultimately a decision made by the analyst.

Recently, Gttariet al. (2015) proposed an approach for existing masonry buildings that
uses sensitivity analysis to identify the most influent variables to the structural response of
the building. This identification is essential to optimise the work plan of esasent, in
order to gather more detailed and reliable data for the most sensitive variables, or at least to
find a compromise between sensitivity and level of knowledge. Sensitivity classes are

assigned to the variables on the basis of their respeeirn@ 6f influence. This allows
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confidence factorgo be obtainedhat take into account both the sensitivity and the level of
knowledge associated to the inputs of the assessment. The approach is oriented to
applications where the vulnerability of the linigs is expessed by a unique fragility
measure, for instance the seismic capacity that leads to a certain performance level.

This work by Cattaret al.(2015) builds on the idea of correlating sensitivity to level of
knowledge in order to measure urtearty. This idea can be further developed to establish a
more general framework that takes into account all the aforementioned uncertainties, and
that can be applied to complex cases that require the consideration of several macroelements
and structural @formance indicators such as churches.

The methodology proposed in this chapter and tested in the rest tfeisprovides a
complete framework for the assessment of heritage constructions, from the gathering of data
to the final diagnosis. It is apphable to all types of heritage constructions and adaptable to
different methods of analysis. A procedure for evaluation of the influence of different
knowledgebased uncertainties and for estimation of a final uncertainty measure of the
diagnosis is propmed within this framework. The uncertainty is determined by monitoring
the existing knowledge and influence associated to a number of control variables.
Uncertainties associated with inputs, model |
intoaccount The analystdés capacity of judgment [
constructions, and therefore this source of uncertainty is also indirectly considered in this
framework. All uncertainties are treated in a similar way, which reduces the oy pled
increases the versatility of the framework. In this context, variables with different statistical
distributions can be treated in an identical way. As the modelling choices are critical to the
results, a strategy to determine most appropriatecelaiith reduced computational effort is
also proposed.

3.2 A framework for the structural assessment of heritage constructions

The diagnosis of heritage constructions should be supported by quantitative analyses that
describe in mathematical and physicaintsrthe structural behaviour of the construction.
These quantitative analyses can be simple fmasmde calculations or more sophisticated
numerical models. Numerical modelling is currently the most common approach used in the
analysis of heritage construati®, as discussed in Chapter 2. In this context, the modelling
strategy is one of the critical decisions made by the analyst at an early stage of the

assessment process. Such decision is partly influenced by existing data, but also determines
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what further dta is needed, and hence the cost of the investigation. Due to the usual
complexity of heritage constructions, it is more efficient to conduct initial sensitivity analysis
and testing of different hypotheses and modelling strategies using a model abm@ gioitie
heritage asset, sufficiently representative of the whole behaviour of the structure. Moreover,
the influence of the uncertainties on the diagnosis must be evaluated taking into account the
variability of the input and the corresponding effectlomoutput.

Based on these premises, the proposed framework for the global assessment of a heritage
structure isoutlined in Figure 3.1. The framewdk is a staged process including several
phases, in which decisions regarding forthcoming phases are taken from results of the
current phase. This helps the analyst to make more informed, fit for purpose and tailored data
collections. At each phase, the lew# uncertainty is identified either in a qualitative or
quantitative way in order to keep track of the quality of the assessment. The framework
follows a logic sequence of phases of increasing complexity and refinement. In line with this
logic, the unceainty is also evaluated with an increasing level of detail. Depending on the
level of uncertainty identified by the analyst at any phase of the assessment, more
information about the structure should be collected in order to increase the accuracy of the
results, whenever this is deemed necessary to make a meaningful diagnosis.

The initial phase regards collection of data about the heritage construction from different
sources, as recommended by ICOMIBEARSAH (2003), namely historical data, oral
testimonies, in-situ surveys and testing, laboratory tegtand monitoring. These sources
provide information on the geometry, constituent materials, structural details, damage and
decay of the construction. If there is shortage of information, especially inorekatia
specific aspect of the structure, different sources can be used to make reasonable
assumptions; even though such assumptions have an inherent level of uncertainty depending
on the quality of the sources. For instance, the gegnoétthe building ad the yearof
construction might provide useful information regarding typical structural details and
material s, which are often diffi BMoadoter, t 0 check
evidences of damage and decay may inform on structural details\diteggp®n where the

damage or decay occurs.
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Based on information gathered at the beginning ofagmessment in an activity called
heresdat alcollectiond a qualitativemadenal ysi s su
calculations can be conducted. This analysis will inform a preliminary diagnosis of the
heritage construction, which provides a tfirsdgement of the structural behavioand
condition of the structure and identifies the issues that need further investigation by means of
structural analysis or experimental testing. Moreover, this preliminary diagnosis also helps to
understand whetherare information must be collected.

The preliminary diagnosis might be sufficient to evaluate whether a construction
represents or not an eminent threat for the occupants, but it would not be normally sufficient
to evaluate the need for specific remedialamges for the building to achievegaven
performance level. In the aftermath of a disaster, this preliminary diagnosis can be seen as an
initial rapid assessment of the structure for the purpose of evaluating possibilities of
re-occupancy. For a mordetailed assessment of current structural performance, a more
detailed diagnosis based on structural analysis dsimed. For this purposanodels of
representative portions of the structure, from now on called local models (LM), can be used
to test the elevance of different geometric and/or structural hypotheses, material models,
hypotheses for contact simulation and boundary conditions.

The results of these local analyses will inform the strategy for evaluating the global
structural response of the ctmgtion by means of global models (GM). Local models allow
to expeditiously testing different modelling hypotheses and selecting control variables.
Moreover, local models can be directly used in the uncertainty appraisal to evaluate the
sensitivity of themodelling strategy to the variation of the inputs with relativigiw
computational burden and time requirements. At the local level, the impact of more detailed
modelling strategies (micrmodelling for instance) or simplified alternatives can be
investgated in order to optimise the strategy for the global model. Input parameters can also
be calibrated at a local level by comparing the results of structural analysis with
experimental tamg or other types of data.

The global models may be essential to test various hypotheses regarding the loading
history and present condition of the structure, which ultimately and decisively helps the
analyst to make a detailed diagnosis. However, the results of the global medaifsicult
to validate, as the modelling in itself is aimed at explaining and demonstrating a structural
behaviour which might be qualitatively understood by the analyst, but which is to a large
extent unknown in quantitative terms and often cannot b®deaped or simulated in other

ways, by means of laboratory testing for instance. Usually the verisimilitude of the results is
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judged on the basis of the ability of the model to reproduce specific failures or deformations
observed on site, as done by Cretal.(1995) more than two decades ago in the analysis of
the Colosseum of Rome. In alternativig;situ dynamic identification can be used to
determine whether the stiffness and mass distribution of the model represents the real
distribution by modal vikation correlation. However, this method only validates the elastic
behaviour of the model (see for instance Martieezal, 2006). Simplified handnade
calculations are important at this stage to verify specific results of the model and to compare
the denands with the capacity of the structure. The results of these analyses will ultimately
inform the detailed diagnosis of the heritage constructidhe results of the global models
contradict existing data, such iassitu observations, more informationust be collected in
order to calibrate and refine the model.

In the following, a comprehensive discussion of the principal steps of the framework is

presented.

3.3 Preliminary diagnosis

In the proposed framework for structural assessment of heritage otiosisuFigure3.1), a
diagnostic exercise is conducted at two different phiagesliminary diagnosis and detailed
diagnosis. Nevertheless, eachtbése phases may include a number of iterations that go
along with the progress on the collection and interpretation of information. The formulation
of possible alternative diagnoses during these iterations can inform the process of further
gathering of ifiormation, testing and analysis to be carried out to prove or disprove a given
diagnostic hypothesis.

The preliminary diagnosis exercise indicated Rigure 3.1 builds on information
collected through initiain-situ visits and/or other qualitative data drawn from archives,
historic sources, tests, and precedents from literature, and on simplified qualitative analysis
of structural performance. It prales a first synthetic judgement on the structural behaviour
and conditionof the construction, and relies largely on the expertise and experience of the
analysts and their ability to interpret these data sources.

The preliminary diagnosis might be a joteam activity to ensure that all disciplinary
skills and concerns are properly represented in the assessment and decision making about
future steps of the project or investigation. The preliminary diagnosis conducted within the
EAI-SRP is described in Quiret al. (2015), where the procedure is applied to the diagnosis

of a historic Peruvian church and house.
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The first step in the preliminary diagnosis is the identification of the macroelements of
the construction. A macroelement is a portion of the strecthat can be considered
independent from the rest, since for instance in the event of an earthquake it will show a
distinct seismic  behaviour while interacting with  other  macroelements
(NovelliandD 6 Ay a0L19. ,This division into macroelements is matarly relevant to
historic buildings with complex laguts where parts of the buildings behaving
independently can be clearly identified.

Thus, the structure can be seen as a structural system that can be decomposed into a
number of entities that inteswith each other. This decomposition can be done at different
levels, namely at the level of the structural system (whole structure), substructures (nave,
altar, baptistery, sacristy, roof, floor, etc.), components (trusses, walls, buttresses, arches,
tieb e a ms etc.) and el ements (archesdé6 planks, ral
typically distinguishable from a simple observation of the geometry of the construction,
whereas more detailed levels require knowledge about materials and exisiénc
discontinuities, which are often difficult to observe and lack information in historical
documents.

The preliminary diagnosis is based on the establishroé a relationship between
macroelements and the attributes describetlable 3.1. More attributes can be added or
some of them removed according to their relevance and applicability to a specific case study.
However the attributes absen in tis framework allow the determinatiarf the global and
local structural behaviou the interaction between macroelemeritse integrity of the
structure and its condith overtime, delivering aolistic diagnostic tool.

A first element of judgement of tlrelevance of the attributes to the structural response
of a specific macroelement is required. To this ¢ne attributes are ranked through classes
of influenceaccordingto Table3.2. The attributes that are not ranked are considered by the
analysts as having no influence on the performance of the macroelement.

The second element of judgement relates to the nature of the influence, i.e. the
favouralbe or unfavourable nature of the influence of an attribute over a given macroelement
is qualified by the ynmumnlfsavimwuda a(bfleV)yqu rfaoldll eo)wi axrgd

The third component of judgement is the uncertainty with which the first tvgements
are made by the analysts. This procedure is callédjire3.1 as the preliminary analysis of

uncertainties and it is described in Sectich B
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Table3.1 Attributes of the diagnosis

Attributes

Definition

(i) Robustness of the structure
(Robustness)

(i) Interaction of macroelements
(Interaction)

(iii) Type of connections
(Connections)

(iv) Quality of materials
(Materials)

(v) Level of deterioration
(Condition)

This variable evaluates how well the structure was originally
conceived and cotrsicted and howhisinfluences the
structural response.

This variable evaluates the nature and mechanisms of
interactionof the various macroelemert$the construction.
Emphasis is here put on the connectiortsvben
macroelements, whicthetermine the global structural
behaviour of the construction, and its ability to respond to
external actions.

The variable evaluates the original conceptual design and
construction of the connections between structural element:
within a given macroelement, and relates to the local respot
of the macroelementhich in some circumstances can lead t
partial collapss.

The variable evaluates the layout and integrity of the materi
and fabric constituting a given macroelement. In particular f
masonry it evaluates the quality of the units, mortar and bor
and the general layout tie fabric.

The condition of the structure changes the structural
performance of the system. Although this attribute is related
O0Robustnessbo, Si neacemedandr u c
constructed would have lepsopensity for deterioration,
external actions can trigger the deterioration of the material
and connections up to a point where safety is compromised
even if the structure is robust.

Table3.2 Classes of influence of the attributes in the preliminary diagnosis

Classes of influence Relevance

A Critical

B Relevant

C Influential but not relevant
D Negligible influence
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The uncertaity is judged by the analybly means of an uncertainty factd@p;; which
representshe percentage of uncertainty present in the judgement of a macroeiecandat
as attributg is concernedThis judgment is simply based on the experience and perception
of the analyst.

The levé of uncertaitty at macroelemerievel is a measure of the level of uncertainty
associated with the diagnosis, and hence together with the relevance of a specific attribute
provides an indication of further numerical, experimental or field investigatatshould
be pursued in order to improve the accuracy of the diagnosis. The preliminary diagnosis can

be summarised in a matrix similarTable3.3.

Table3.3 Matrix of the preliminary diagnosis

ATTRIBUTES
MACROELEMENTS
Attribute (i) [ é] Attribute ()
+
_Cfllass of or
Macroelement(l) influence -
ulp;i (%)

[ €]

Macroelementi)

3.4 Control variables of the structural analysis

Epistemic uncertainties are present at various phases of structural analysis of a heritage
construction and are related to input parameters and analysis conditions or modelling
hypothesesDuring the first data collection, input parameters related to geometry, materials,
structural details, damage and deterioration are characterised based on interpretation of
existing information and simple hamdade calculations. If numerical analyses aguired

to make a meaningful diagnosiand information is deemed sufficient to conduct such
analyses, local models should be first developed. During the preparation of these local
models, modelling hypotheses and actions to be applied to the modeldeatedsby the

analyst. If information is not sufficient, a second data collection should be conducted. This
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logic sequence of steps is shown in the framewoligiire3.1. However, there is normally

an important component of looping in this process, since the models and the analyses might

be iteratively and continuously adjusted while more information is collected and interpreted.
Input parameters and adelling hypotheses arkere calledcontrol variables of the

structural analysis, as indicatedfigure 3.1 and Table 3.4. Control variables arsimilar to

whatisc o mmonl y denominated Obasic variabl eso6 i

2005a) with the dfference that thesé b a s i ¢ areaail €ssehtibiepat® of structural

andysis, whereasnot all control variables are neededn® control variables arpist

alternativemodelling hypotheses identified by the analistimprove the quality of the

results Following this rationale, thébasic variable®can be seen as a ssét of the control

variabl es. The t efacmhattiesevdriabgorirobthe duality ofthe t h e

structural analysis and its ability to successfully informdiagnosis.

Table3.4 Control variables and respective plausible values or states for evaluation of uncertainty

Control Plausible mdelling statesf

. . Plausble values
variables  the control variables

Class of variables

GeometryG Vaiizin,
Materials,P Voiictn,
Most plausible or

Structural detailsD Vo ian, reference state Interval of plausibility:

. Alternative plausible state Vo Vet -V ]
Actions,A Voaiision, P ‘ e
Modelling, M Vi izt n,
Variable class: Total number of control variables:

K =G,P,D,A,M N=Nc+tnNp+Np+nNat+nm

The control variablesVk, whereK denot es the vanihablveabs abdll &
number within a given class, are identified for each case stimycomplete set of control
variables, composed af variables, is divided into five classe$aple 3.4): geometry,
materials and structural detai{definedin accordance with Eurocode &EN, 2005b),
actions and modelling.
The O6actionsd class regards tsplaecemensarddani c al

accelerations, which produce stresses and strains in the structure. The IO®EESAH
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(2003) recommendations also identify physical, chemical and biological actions which affect
the deterioration of the mechanical behaviour of the métesiad are usually related to
long-term or cyclic processes.

The effect of these actions may be taken into account in a simplified way by means of
the following two strategies:

(i) changing the material properties at specific locations or of specific merabdrs
therefore directly affecting material strength and deformability; or

(i) modifying the crossection of the structural components in order to approximate the

mechanical behaviour of materials with reduced mechanical characteristics.

Thus, depending on thetrategy, these actions become control variables of the
O6maalksd class or 6égeometryd cl ass.
The 6 mo d e | Investigaties aftdrnatives modelling hypotheses, which are
associated to the approach used for structural analys ar i abl ed ngf6o tcheas&mad el |
not directly related to the structure itself but to contemporary scientific/technological
capacity to simulate an assumed structural behaviour for a given heritage construction and
depend on the quantitative method used. For instance,ghefyfinite elements to be used
in the modelling of an adobe wall by means of the finite element method is an example of a
variable belonging to a 6émodellingd cl ass. I n ¢
is usually performed using commeicjgackage with preexisting cods, over which the
analyst has modest control and with a limited library of elements and material constitutive
laws to choose from. In principle, if the analyst does not have substantial experience on the
modelling approachsed, more control variables are likely to be defined for this class.
Each class of variables can be linked to a specific phase of the modelling approach used,
independently of the corresponding formulation and complexity. For instance, if a FEM
based progamme is used, the modelling phases can be related to the classes of control
variables, as shown iRigure 3.2, where continuous arrows indicate aedir relation and
dotted arrows indicate a relevant influence. A relevant influence is attributed to a class of
control variables that has significant influence or interdependencies with a given modelling
phase; even though none of the variables havea tirec or r el ati on. The O6model |

are a special case since they can be similarly assot¢@mtddmodelling phases.
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Classes of control variables Modelling phases based upon the FEM

GeometryVei &< ]ﬂ i) Modelling of the geometry;
RNy ii) Creation of the mesh;
iii) Selection of the element type;
Structural detailsVpi < ~>9 iv) Specification of materigbroperties;
v) Specification of boundary and initial conditions;
vi) Specification of loading conditions;
Modelling, Vi ®—> Al 1™ vii) Establishment of the analysis type and conditior

al
Materials Vri et 5 3¢

~

Actions, Vai «TT—

~
~

Figure3.2 Ontological diagram of the relationship between FEM modelling phases and classes of
control variables (continuous arrows indicatdirect relation and dotted arrows indicate a relevant
influence)

A consequence of the interdependency of the modelling phases is the fact that in order to
properly identify and quantify the uncertainties present during a specific phase, it is
necessaryto propagate the uncertainties of previous phases. Moreover, although the
modelling phases are presented as a sequence, they can inform each other, and this feedback
between the phases in theodelling process allows the reduction ebme of the
uncertainties.

A control variable can be characterised by either a range of values, called interval of
plausibility, or a number of states, as showdable3.4. A &6éstatebd is a hyp-
for a control variable that does not have a
state can be an alternative model, the choice ofnibdel is treated as one sourck
uncertainty. The interval of plausibility can be composed of several values. In this

formulation, three are considered:

0] minimum plausible valué/kimn;
(i) most plausible or reference vali&;.r; and

(iii) maximum plausible valué/imx.

In literature, the reference value s usual | yc acsaeldl, e do6 néobna snea | %
O6basel i ned dndGargnerlo83;,o Hditana 4993; Frey and Patil, 2002;
Campolongeetal.,2 01 1) . The reference value or state

(Saltelli and Annoni, 2010), whicls ia function of the amount of available information and

its credibility (Pilchetal., 2011). The results of an analysis performed under the reference
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analysis conditions are the reference results, where the reference values and/or states are
assumed forlacontrol variables.

This is illustrated irFigure 3.3 for the case of a given control variable characterised by
an interval of plausibility. Such ctmol variable can be for instance the modulus of elasticity
of the main structural material of the heritage construction. Prior Yalata collection, there
is a space or universe of possible values of modulus of elasticity known for building
materials.This space is represented by the grey areBignre 3.3a. At this point of the
assessment there is no information about the specific heritage rudtu the analyst
knows that the real or exact value of the modulus of elasticity of any specific heritage
construction lies within this space. Th& data collection allows the analyst to reduce the
possible space to a plausible intenFg(re3.3b).

For instance, the analyst might know at this point that the main structural material is
adobe, even though the exact value of the modulus of elasticity of this specific heritage
constructon is still unknown. However, based on information available in literature and field
observations or tests, the analyst is able to select a reference value and the upper and lower
bounds of the interval of plausibility. At this point, the initial inputiability is reduced to
an interval of plausibility. If more information is collected, through more detailegitu
investigations and/or experimental tests, the analyst can review the reference value and
reduce the interval of plausibility-{gure 3.3c). Sensitivity analysis conducted with the local
models can also be used to further reduce the interval of plausibility to a range of values that
significantly change the output. For instance, it can be seEigume 3.3c that values above
Vkimx and belowVkimn do not significantly changené value ofthe structural performance
indicator (SPI) Conversely, it is also reasonable to consider that values beukge@and
Vkimx dO not significantly change the value of the SPI. In this case, it is possible to further
reduce the interval of plausibility stsmingVkimx equal toVkier. How far the reference value
is from the exact value is still unknown. In practice, it is impossible to know the exact value,
since it is impossible to reach a complete level of knowledge about an existing heritage
construction This is the fundament of the uncertainty analysis described in detail in the

following.
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Figure3.3 Reduction of uncertainty due to increasing level of knowledge regarding a control variable
characterised by a given interval of plausibility
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3.5Knowledgebased uncertainty analysis

The framework ofigure3.1 includes three phases of uncertainty analysis, which are defined

in Table3.5. Each of these phases is described in detail in the next sections.

3.5.1Preliminary uncertainty analysis

This uncertainty is quantified in the preliminary diagnosis in terms of a perceatage
uncertinty assigned to the diagnosis of macroelemet far as attributg is concerned,

ulp;i, by the analyst. It is a perceptive measure of the level of uncertainty of the judgement.
The combined uncertainty saciated to a given attributélp;, or macrokement, Ulp;, is

obtained by means of equation 3.1 and equation 3.2, respectively.

mp

é. dlpji
S 3.1
i - [3.1]
m
P
np
é. dlpji
SR 2
o = - 3.2

n
P

, Wheren, is the total number of attributes of the preliminary diagnosis,nand the
total number of macroelements. An overall level of uncertaidily, can likewise be

obtained by applying equation 3.3.

np mp
A dp 4 dp,
o _ 33
p = or dlp = —
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Table3.5 Phases of knowledggaseduncertainty analysis within the framework for structural

assessment of heritage constructions

Uncertaintyanalysis
phase

Definition and objectives

Uncertainty measure

1t Phase:
Preliminary analysis
of uncertainties

2" Phase:
Uncertainty of the
input

3" Phase:
Uncertainty of the
output

This analysis provides a measure of the
uncertainty with which the analyst(s) conduct(
the preliminary assessment. In particular, it
informs onthe lack of confidence of the
analyst(s) in the assignment of a class of
relevance and nature of influence to an attribt
to characterise its influence on the structural
behaviour of a given macroelement.

This analysis provides a quantitative measure
the uncertainty present in specific structural
analysis used to support the detailed diagnos
which can be used in a similar way as the
current confidence factors of existing codes a
guidelines. This measure takes into account t
plausible range of variation (interval of
plausibility) or alternative states of the inputs,
the sensitivity of the outputs to this variation,
and the level oknowledge with which the
interval of plausibility and the alternative state
are identified.

This analysis is based on the evaluation of tht
outputs or results of structural analysis used i
the detailed diagnosis and comparison with
existing knowledg®n the structural response
the heritage construction. The detailed diagnc
takes into account that the response of the
model varies within the range defined by the
uncertainty of the previous phase (uncertainty
the input). If the behaviour of theadel is not
comparable to observations and evidences
collected directly from the heritage
construction, the model is not accurate enoug
to be used in the detailed diagnosis. In this ce
the interval of plausibility or alternative states
must be redefirand the uncertainty of the
input recalculated. This process should be
repeated up to a point that the model exhibits
behaviour that is comparable to the real
response of the heritage construction.

A percentage of
uncertainty defined by the
analys(s) in a qualitative
way.

A guantitative measure of
uncertainty which can be
used in a similar way as
current confidence factors
of existing codes and
guidelines. This
uncertainty is howear
tailored to the assessmen
of heritage constructions.

The outputs of the model
used in the structural
analyss are here used as
an uncertainty measure o
the accuracy of the model
If the outputs contradict
existing data (e.g. field
observations of the level
of damage of a building
after an earthquake), the
uncertainty is high and the
inputs of the model must
be calibrated.
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3.5.2Uncertainty of the input

The uncertainty of the input is calculated as part of the analysis at the local level, in which
alternative hypotheses of the modelling are investigated, input parameters are calibrated and
local behaviour is simutad to answer specific questions of the preliminary diagnosis (see
framework ofFigure 3.1). The procedure for evaluation of the uraimty of the iput is
summarigd in the flowchart oFigure3.4. Each of the steps of this flowchart is described in

detail in the following sections.

3.5.2.1LEVEL OF INFLUENCE OF CONTROL VARABLES AND SENSITIVITY OF OUTPUTS

To determine the influence of a given control variable, it is necessary to evaluate the change
in the results of the analysis due to a predefined change in value or state of the variable.
Various sensitivity analysis methods are available in literaturéhipurpose.

The present approach uses t he 6nominal ran
(FreyandPat i |l , 2002) with the Ao reeal 2000), mwhichmedo ( OAT)
one variable is admnged at a time. An inconveniena# the OAT method is that
interdependency among control variables can not be detected since the variables are not
changed simultaneously (Critchfiedd al, 1986; Saltelli2005; Morio, 2011). Furthermore,
perturbations of the control values near thenexice values are not able to detect a different
pattern of sensitivity that might exist in some
a nonlinear model (Saltelli, 1999). This is illustrateddiyure 3.3a, where a given output or
SPIj varies in a no#inear way depending on the value of control variditle Hence,
depending on the interval of plausibility ¥k, the SPIj will have a differat pattern of
sensitivity (i.e. it will vary slightly or exponentially).

However, the objective here is to analyse the pattern of sensitivity within a relatively
smal | interval of the variablesd spacyy. I't can b
assumed when analysing sensitivity near specific reference values (Ingalls, 2008). The lower
is the | evel of knowledge the wider wil!/ be the
larger will also be the uncertainty. Following this logic, theartainty associated to the
sensitivity method used can be integrated into the uncertainty associated to the identification
and characterisation of the control variables due to insufficient knowledgkscassed in

the next section.
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Figure3.4 Pracedure for evaluation of the uncertainty of the input
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A convenient advantage of the OAT method in a deterministic model is that whatsoever
effect is observed in the output, it is solely due to the variable that has been changed, and all
OAT sensitivitiesare referred to the same reference model (Saltelli and Annoni, 2010).

The choice of the outputs of the model representing the performance of the strucure is a
important as the choice afontrol variables. Structural systems can be characterised by
several types of SPISince the sensitivity of different SPIs might vary for the same control
variable, the SPIs should be carefully selected so that they are meaningful with respect to the
guestion asked of the model (Saltelli and Tarantola, 2002).

In the present approach, the sensitivity of the outputs to variations of the inputs is
evaluated on a cadiy case basis by selecting Sjaidged by the analyst as representative of
the target performance considered.

The values of the SPIs computed underréierence analysis conditions, which are part
of the reference results, are the reference structural performance indicators (RSPIs).

There ae two relevant aspects for evaluatioruntertainty:

() the sensitivity of each SPI to the variation of the contapiables; and

(ii) the relative influence of each control variable to the variation of the SPIs.

The first aspect is essential to define the error or uncertainty of the structural analysis
solution, whereas the second aspect allows identifying the criticables and optimizing
the plan for data collection.

The range of variation of a control variable;, GVki, with an interval of plausibility
[Vkimn, Vkiret, Vkimd €an be given by equation 3.4.

Qo
ot

\
av, =1-

. N [3.4]
cv

Kimx +

]

This range of variationjVx, is illustrated inFigure 3.3. Sensitivity indexes are usually
used to represent the percentage of difference between maximum and minimum output
values when varying one input parameter from the minimum to the maximum value
(Hoffman and Gardner, 1983; Hamby, 1995), or by the percemtfageange compared to
the RSPI (Fret al, 2003).
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Following the formulation of HoffmaandGardner (1983), the sensitivity of a §Rb

the variation of a control variablg, Ul;«i, can be obtained by means of equation 3.5.

al ; )
_ jmn ,Ki =
i =1- Z——"¢ [3.5]

gel jmx , Ki 2

, Whereljmx ki Is the maximum anéimn ki is the minimum value of the SPI after analyses
are performed under the assumption of minimum and maximum plausible values or
alternative states of the contr@riableVk;. As illustrated inFigure3.3, the initial sensitivity
of the SPI includes all possible values of the SPI given all possible val\es ah interval
of plausibility is identified for the SPI through sensitivity analysis depending on the interval
of plausibility or alternative states defined .

In the case of control variables characterised by an interval of plausibilitiglliweing
conclusionsin terms of propagation ofincertainties can be made when comparing the
variation of a control variabMe;, UVki, with the corresponding sensitivity of a $Hll ki:

. dl . - o .
A If — 5 1, the output varies more than the inpuincertainty is amplified;
av

ki

. a . o
A If —< -1, the output varies the same as the ifipunicertainty is constant;
av

ki

: a . . - .
A If — <1, the output varies less than the inpuincertainty is diminished.

ki

The way in which the uncertainties pemgate provides an initial indication of the
relevance of the control variable or SPI.rFkostance, the reduction afncertainty can

indicate that:
(i) acontrol variable is irrelevant;

(i) a SPlis irrelevant; or

(i) both are irrelevant.
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However, the actual variation of the output must be analysed in order to reach final
conclusions, for independently of the way how the uncertainty propagates large values of
Ul; ki indicate that either/both the control variable or/and SPI are relevant.

Theoverall sensitivity of a SHIcan be obtained by means of equation 3.6.

[3.6]

, Wheren is the total number of control variables. This index provides an overall measure
of the relevance of the SPI to the assessment. In this colilfeadso provides a measure of
the uncertainty of the diagnosis regarding this specifig SPI

Following thisrationale, the influence of a control variaMe on the output (i.e. on the
variation of the SPIs) is described in terms of an overall influence ibklékat can be

obtained by means of equation 3.7.

j=1 | [3.7]

, Wherep denotes the total number of SPIs.

In this case it is assumed that all SPIs are equally important to evaluate the relevance of
the control variable. An alternative formulation to obt&in can be however applied,
considering the index as a weighted sum of the sensitivity indexes of the SPIs, as shown in

equation 3.8.

=8 i .

The weight w;, is a measure of the relative importance of the SPIs for the objective of
the structural assessment. They can be defined according to the case study in hands and their
sum should be equal to unifijhese weights should reflect the relative importance obtie
to evaluate apecific performanckevel. For instanceif the objective is to evaluate whether
a structure exceeds or not the limit state of near collapse, the drift might rgreater

weight than the total base shear. The opposite can be assuthedim is to evaluate the
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limit state of damage limitatiofRrocedures to combine the sensitivity of all SPIsalaobe
based on the attribution of a sensitivity class to each SPI, as explained in the following.
A knowledgebased uncertaintyn,; can beseen as a percentage of variation of the results
of structural analyses, suchthah e o6r eal 6 v al u elj,i9vithinttieeangg P | , d e
of equation 3.9.
I

L _¢1.¢1 3 @+m,
om0 2 a+m,) [3.9]

Following this rationale, a reference ranga.fnmumy¢ Of existence can be established
a priori for m, based on confidence factors proposed in current codes (e.g. CEN, 2005b) and
guidelines (e.gCIB 335,2010). These reference thresholds can be used to attribute a

sensitivity class that qualifies the sensitivity of a given SPI, according to the criterion

proposed iMmable3.6.

Table3.6 Criteria for attribution of a sensitivity class to a $Rir a given control variabl®;

Sensitivity classes

Low Medium High

Sensitivity , o
indexes I

i, Ki < Myrmn Murmn ¢ al j.Ki < Myrmx a i, Ki 2 Murmx

The criterion is based on the premise that if the sensitivity of 4 8Rhe variation of a
control variableVki, expessed by means of the sensitivifictor Uljxi, is equal or greater
than the level of uncertainty usually assumed as the minimunreeoia assure reliability
by current codes and guidelines, the SPle | ongs to a O6Medi umdé or O]
as far as control variabl¥xi is concerned. The SHIbel ongs to a OHi gho
sensitivity is higher than the maximum reference uncertainty.

Taking into account the sensitivity classes, the following procedures to obtain the

weights,w;, of equation 3.8 are proposed:

(Proc. 1) attribution of aw; to a SPIJj that corresponds to the percentageontrol
variables with the highest sensitivity associated to the particulaj SPI

under consideration;
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(Proc. 1) attribution of aw; to aSPIj that corresponds to the percentage oftic
variabl es wi i ¢ Nigvilyislassed asaoniated to the
particular SP| under consideration; and

(Proc. 1) attribution of aw; to aSPIj that corresponds to the percentage of control
variables with 6Highdé sensitiyity classe

under consideration.

The first procedure can underestimate the importance of SPIs that, even though not being
the most sensitive to the variation of any control variable, are still being substantially
influenced by the variability of the input. The second and third procedarpsre the
attribution of a sensitivity class to each SPI regarding all control variables on the basis of the
criterion indicated irmable3.6.

A critical variable of the assessment is a control variable that has a significant influence
on the detailed diagnosis of the heritage construction. If the diagnosis is based on the results
of structural analysis, it is logical to assume that a control varigitiean influence factor

ay; abovemymnis a critical variable. A high level of knowledge should therefore be pursued

for the critical variables in order to reduce the overall uncertainty of the diagnosis.

3.5.2.2LEVEL OF KNOWLEDGE ASSOCIATEDTO THE CRITICAL VARIABLES

Existing standards and guidelines provide general criteria for identification of the level of

knowl edge associated t o 6geometryo, O6materi al s
Ordinance3274, 2003 CEN, 2005b). The level dinowledge is linked to the quality and

detail of the information available about the heritage construction. Procedures for deepening

this knowledge through interpretation of existing information, inspection and experimental

work are well documented in lit#ure (see for example NIKER, 2012; CIB 335, 2010;
ICOMOSISCARSAH, 2003; Tollegt al, 2002).

The sources of information can be categorised as:
() preliminary data collection;
(i) detailed inspection;

(i) monitoring; and

(iv) analyst judgment and experience.
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Three kvels of knowledge can be defined, as in Eurocode 8 (CEN, 2005b):
(i) L (Low Knowledge);
(i) M (Medium Knowledge); and

(iif) H (High Knowledge).

Table3.7 shows low the various categories can be related to the levels of knowledge.

Table3.7 Knowledge level of the critical variables depending on the source of information

CLASSES OF CRITICALVARIABLES

Geometry Materials Strugtural Actions  Modelling
details
Hlstorlca_ll doqumentatlon and L L/M L/M L/M/H L/M/H
< oral testimonies
sz
g . -
> Construcuor_l and specialised L L/M/H L/M L/M/H L/M/H
< Q documentation
<4
%8 Visual condition assessment ~ L/M L/M L L/M/H L/M
@
o
On-site measurements L/M/H L/M L/M L/M/H L/M
& Openingup and recording M/H M/H M/H UMMH LM
|_
-
=0
= ;
~a Experimental work
L 2 (NDT, SDT and DT) L/M/H M/H M/H M/H L/M/H
MONITORING M/H M/H M/H M/H M/H
ANALYST JUDGEMENT AND
EXPERIENCE L/M/H L/M/H L/M/H L/M/H L/M/H

On-site measurements is assumed here as part of a preliminary data collection procedure,
since they normally entail nantrusive activities in which the analysts simply record
geometric aspects of the constructions.tOhe ot her dH@pmlwdsuecbpearsi mg mo
plasters and valuable finishes is considered a typical activity of a detailed inspection, since it
entails a modification of the current state of the construction with some degree of loss.

Non-destructive (NO) and semidestructive testing (SDT) are assumed as part of a

detailed inspection due to the substantial cost and/or timeframe that can be devoted to the
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assessment, even though the aim is to keep the level of intrusiveness of the procedure as
moderate (BT) or negligible (NDT) as possible.

Monitoring could be either performed independently or within a preliminary or detailed
survey as a means to measure the performance of the structure over time and/or interpret the
causes of visible damage.

Finally, theanal yst 6s judgement and experience 1is a
process of assessing a heritage structure, especially in the presence of incomplete or low
quality information. Nevertheless, the value of heuristic knowledge is closely dependent on
the level of qualification and specific experience of the analyst and thus it is difficult to
properly evaluate its overall contribution. Thot
relevant for the quantification of all classes of variables, itsiqularly important for the
6model l ingd cl ass, since the variables are chos
quality of the model and the results of the simulation, often after analysis and interpretation
of initial results.

The rationale behih the attribution of a given knowledge level to a variable of the
6geometryd class is based on the premise that n
historical documentation, oral testimonies and/or construction documentation withsite on
checkingof the overall geometry and member sizes, since heritageista can undergo
several interventions during their lifetime which are often not reported. Furthermore,
although a preliminary data collection might provide a thorough geometrical descaption
the overground structure when in good condition, a detailed inspection is often required to
record in detail the geometry of the foundations and the change in geometry due to
deterioration of elements with time.

As far as t he 6 maeden highkrowledge liseoslysachiegblecby n c e r
means of detailed inspection, sample extraction and testing, even if a large amount of
material data from similar constructions is available. It is assumed that the current material
behaviour is a result of a weergence of causes which are usually inherent to a given site,
and thus best acquired by means of experimental work on material samples from the site.
Furthermore, materials of hidden parts of the construction, such as the foundations, are often
only idertified by means of a detailed survey involving operipg Nonetheless, a higher
level could be assumed by the analyst if, for instance, the purpose of the structural analysis is
to assess the response of the original state of the construction whichsfactatly

characterised by means of available documentation, and the current condition of the

72



Methodology for the Seismic Assessment of Earthen and Timber Historic Ck
Application to Peruvian Herita

materials is to an extent irrelevant. In addition, in particular cases, specialized literature
might provide the properties of the materials with a high lelvebofidence.

The attribution of a knowledge |l evel to th
governed by the assumption that a preliminary assessment is unable to provide a complete
overview and characterisation of the major structuraildetsince usually some openiopg
or NDT is required.

Uncertainties on dead loadssan be associated with control
and Omaterialsdéd classes and therefore they
knowledge levels. As faas live and dynamic loads are concerned, they would normally be
best characterised by -@ite experimental tests, such as live load tests, dynamic
identification and micreonation studies; even though historical information and a thorough
condition assesment could be sufficient for a good estimation of the current or past actions.

For this reason, the four levat$é knowledge are considerdéelasible for all types of sources
except when related totodoex pmgidi neudtnanallyw drels &
result in a more detailed characterisation of the actions.

Finally, the knowledge level associated to the critical vhriabs of t he O model | |
related o6 the knowledge acquired iother classesand to the way in which the analyst
interprets this information and useit to improve the model. Hence, the knowledge level
associated to these variables is dependent ¢
which influences his/her abilities to foresee and interpret resulietectmisleading outputs
andto seek best strategies for the simulation.

A knowledge indexga, is assignedo each critical variable taking into account the
criteria set forth inTable 3.8. This index is an indicator of the uncertainty with which the
analyst defines the control variabl@$ie index is within the reference interval of uncertainty
{MumnMum¢ assumed at priobly the analyst for the calculation of the influence index
The criterion is based on the premise that a low lefeknowledgeyields a level of
uncertainty that can be assumed similar to reference maximum uncertainty margins
suggested in literatur€Conversely, it is considered that some level of uncertainty, even if
negligible, can be present if the characterisation of a given critical variable is based on a high
level of knowledge. Hence, the knowledge index associated to this knowledge levellis equ
to the minimum reference value assumed by the analyst. In alternative, if the analyst is
confident with the level of knowledge achievew;n,can be considered null. The index of a
medium level is assumed as the average of the range characterisednytbnd mymy
thresholds.
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Table3.8 Knowledge indexes

Knowledge index

Level of knowledge /

ki

LK T Low Knowledge Murmx
MK i Medium Knowledge Murmx_* Murmn
2
HK i High Knowledge Mymn OF NUIl

A global knowledge indeyer can be set by means of equation 3.10, whedenotes the

total number of critical variables.

[ owm [3.10]

3.5.2.3UNCERTAINTY OF THE INPUTS

The uncertainty of the detailed diagnosis is governed by the sensitivity of the SPIs used in
the diagnosis and the corresponding level of knowledge present when measuring this
sensitivity. Since at this stage of the assessm@uiess the critical variables are known, this
uncertainty can take into account the sensitivity of the SPIs to the variation of the critical
variables only.
This knowledgébased uncertainty of the diagnosis;, is such that equation 3.9 applies.
Theadlr6 val ue of t he Il SsRHerefarswitkin an imtertalhdefined bya gnosi s,
my;.
The uncertaintyn, can be obtained by means of equation 3.11.

m, =[(:I_+0'|J)3 (1+/)]—l [311]

Taking into account that only the critical variables are analysed at this point of the

assessment, equation 3.11 has the format of equation 3.12 or equation 3.13.
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In the case of a diagnosis based on results of multiple SPIs, an overall uncertainty

measurem,, can be calculated using equations 3.14 or 3.15 in case of all SPIs being equally
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It is assumed that the exact value of the SPIs lay within an interval defined by equation

3.9 taking into account this uncertaimty. Thus, at the end of this uncertainty analysis, the

analyst can calculate a factay @ a |
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s comparabl e

available in literature. It has however the advantage of being tailoredetdetitage

construction in handnd the purpose of the diagnosis.
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3.5.3Uncertainty of the output

The third phase of unceidy analysis, as indicated Figure 3.1 and Table 3.5, evaluates
whether the values of the SPIs, which are outputs of structural analysis carried out with
global models under the reference analysis conditions, amhatrevidences of field work,
experimentalandbr monitoring data. This checking is conducted during the detailed
diagnosis. Intervals of plausibility are defined for the outputs by means of equation 3.9
taking into account the uncertainty calculated in the previous phas8y comparing the
referene results and upper and lower bounds of the SPIs with existing information, it is
possible to evaluate whether the modekpeent s a behavd oor ocheatt eérsd dtwha
the real structure. If the intervals of plausibility of the SPIs show a respuaiseontradicts
existing data, the reference values and intervals of plausibility or alternative states of the
critical variables must be adjusted in order to match to the better possible extent the outputs
with existing data.

3.6 Detailed diagnosis

The detdled diagnosis thoroughly investigates the current state of a heritage construction by
evaluating the same five attributes of the preliminary diagndsibl¢ 3.1) on the basis of
structural analysis and experimental work. In order to render this diagnostic process
systematic, robust and repeatable over the diverse case studies and assessment process, a
decisiontree approach is introduced, whereby jidgement arrived at in the process of the
detailed diagnosis could be thoroughly documented, justified and communicated, providing
reliable support for the choices to be made in terms of measures.

The decision tree is shown rable 3.9 in the format of a matrix, where an influence
measure and a vulnerability measure are associated to each decision point. Each tier of the
matrix is one of the five atbiutes ofTable3.1.

The attributes are ranked according to the sequence of the diagnosis. While it might
appear from the structure of the matrixTiable 3.1 that there is a hierarchy in influence
going from the robustness to condition, indeed this only reflects a focus from the global
structural fom to the local quality of the materials and the workmanship, rather than their
subordinate relevance to the seismic behaviour. This notwithstanding, the sequence of the
diagnosis may vary from case to case depending on the relative relevance of thesttibu

a specific diagnosis. In addition, although the final outcome at each extreme (left and right)
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end of the matrix represents the best and worst possible cases, the other possible outcomes
are not ranked since there is no hierarchy. Therefore, ibtéenassumed that the outcomes
furthest to the left of the matrbepresent the best behaviour, as this obviously depends on
the relativerelevance of the five attribut@s each judgment.

The diagnosis of the whole structure or matements regardingach attributeequires
the evaluation of the respective vulnerability in terms of positive or Vaimerability
(marked as 6+06 and f ol | owiwulgerabiltyg mae h é6gatbh) O«
and following a red path). Sixteen different diage® are possible for five SPIs.

In the matrix ofTable3.9, conditionis considered as attribute similar to the other four
attributes. However, theondition of the construction is distinct since it can change over
time and influence the state of the other attributes.

A consequence of the use of the matrix in its present state is that the same building could
have vastly different results if the diaggis is done at a different time, unless only the
original state of the structure is analysed, in which case the condition is considered positive.
These five attributes are judged on the basis of local astzhigtriteria which include the
evaluation of oa or several SPI¢e.g. drift and base shear). Local criteria consider the
existence of concentration of stresses and local fragilities, whereas global criteria evaluate
the global response of the structure or macroelements in terms, for example, ahdirift
capacity. The ORobustnessdé attribute is eveze
attributes such as o6l nteractiond and 6Connec

Different criteria may need to be formulated for different caseesudi
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3.7 Conclusions

This chapter proposea new methodology for the systematic structural assessment of
heritage constructions that evaluates the uncertainty of the analysis at various phases of the

assessmenfhe main characteristics of this methodology are:

(i) It is tailored to heritage constrimts, taking into account all important sourcds
knowledge and uncertainty;

(ii) Itis applicable to different form of heritage construction
(iii) It is applicable tdoth qualitatze and quantitative methods;

(iv) It is a logic sequence of phases with increasing lefvebmplexity, so that results of
previous phases inform in a consistent way th@mihg of the next activities;

(v) It measureshte uncertai nt yresutd by difealy exatatihgythei s 6
sensitivity of tke results to variations iimputs anditeam | yst sé | evel of

while conducting such analysis; and

(vi) It allows determiningthe impact of uncertainty on the evaluation of multiple

structural performance indicators, which inform the diagnosis.

A major element of novelty is the ability of theoposed methodology to identify
whether the level of uncertainty can or cannot ultimately lead to alternative diagnoses and
whether this is acceptable or not. Moreover, whild ent i f yi ng abobestd
performance of the structure and evaluating wiaath t he O6worstd | eads t
structural performance, this methodology helps the analyst to avoid the planning of remedial
measures that can compromise the cultural significance of the constructions.

This assessment methodology can be used bathpie and postarthquake scenarios
In a pos-earthquake scenario, the preliminary diagnosis can be used as a rapid damage
assessment to evaluate whether the building can be reoccupied or not. The following
quantitative aalyses and the final diagnosiould explain the cause of the damage #mel
interventions (repair, reconstruction, retrofitting) needed to rehabilitate and improve the
performance of the structur8ince there is evidence of the damage caused by a specific
eventand in some cases, masyrucural details are visible due to the collapse of portions of

the structurein principle there is more information available to verify whether the results of
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gquantitative analyses are realistic or not and to calibrate the models. The existense of thi
evidence will normally reduce the uncertainties of the assessiemeover, if some
structural elements have partially collapsed during the earthquake, it is often feasible to take
samples from these collapsed portions that can be tested in a laboraisrgllows a more
detailed mechanical characterisation of the structure, therefore decreasing the uncertainty
associated to the properties of the materials.

In preearthquake scenarios, since the level of knowledge is expectedotwdrghan in
a postearthquake scenario, historical datad the experience of the analyst are key aspects
to evaluate whether the final diagnosis is realistic or not.

Although all steps of the methodology can be conducted by a single analyst, it is
recommended that multipnalysts carry ouhg activities, especially if the principal analyst
does not have significant experience on the specific structure or analysis method in hand.
The synergy produced by experiences from multiple analysts will in principle reduce the
uncet ai nti es, since this assessment methodol ogy di
Moreover, the initial steps, namely th& data collection and the preliminary diagnosis,
normally require the participation of analysts with different expertise (@sgorians,
engineers, architects, etc.), such that different sources of information can be considered and
structural issues that require further investigation can be identified.

In practice, the composition of the teams and the amount of time dedicatachtstep
of the methodology should be optimized, such that a reasonable balance between the
uncertainties present in the assessment and the cost and time needed to conduct the activities

is reached.
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Me propongd los ojos azules del Obispo, enfocados en la nada, habian adquirido un
inspirado brilloT levantar hermosas iglesias en cada uno de los pueblos y reducciones de
indios, por humildes que estos sean, para que vean ellos que tienen abiertestas ge

la casa de Dios. [...] Vigilaré con obstinacién que se destruyan sus huacas y adoratorios,
gue se quemen sus idolos, que sus templos sean abolidos y, en su lugar, se levanten iglesias
de altos campanarios, para hacerlos asi merecedores de gezabinaventuranza que,
como hijos de Dios, |l es corresp

Al berto E. Massa, in O0E1 %W tin

2Massa A.E. (2003l ultimo da de Francisco PizarrAlfaguara
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CHAPTER 4

Historic earthen and timber ecclesiastical buildings in Peru: a
structural understanding

4.1 Introduction

In order to validate the framework for structural assessment of her@aggructions
proposed in Chapter 3 (Figure 3.1), two structurally distinct earthen and timber Peruvian
churches are assessed following each and all steps of this framework. The first step regards
the F' data collection where information about the histostructure is cétcted and
interpreted. Agliscussed in Chapter 1, interpretation of original and historical data, current
structural layout, construction and condition of a historic building is an initial and essential
phase of the assessment, whichedaines the level of uncertainty of the diagnosis. In the
present case, the principal sources of information are historical data and oral testimonies of
Peruvian engineers and architects, and surveying and field research conducted within the
framework of he EAFSRP. The EAISRP project team performed extensive campaigns of
condition survey, opening up and recording of essential construction components and
connections of the case studies (Caneita., 2012).The author has participated in these
campaignsn Peru, visiting not only the case studies but also other similar historic churches.
In particular, the author has observed and recorded the geometry of the most relevant
structural elements and th@verall damage state and condition. The authoralssmade

an inventory of all timber connections of the Cathedral of teasuring thestructural
elements andecordingthdr condition, which was essentidatato develop a detailed model

of the timber structure.
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This chapter explains the rationale oé teelection of the Church of Ra Tambo and
timber structure of the Cathedral of Ica to test and validate the framework for assessment of
historic constructions proposed in thisesis This explanation is based on the cultural
significance of the churcheshe characteristics and vulnerability of the stomve and the
location inseismicproneareas. A detailed description and interpretation of the structure of
the two selected churches is presented in the rese ahidpter

4.2 Selection of case studies

Historic earthen and timber churches were built during the Hispanic Viceroyalty of Peru,
which spanned a period in history from the first half of th& dghtury until the first half of

the 19" century. The viceroyalty was composed of several current Samth Central
America countries which were under Spanish rule, such as Argentina, Bolivia, Chile,
Colombia, Ecuador, Guyana, Panama, Paraguay, Peru, and Uruguay. During this period,
many ecclesiastical buildings were built for the purpose of Christianisafidhe native
people or as part of settlements built for the Catholic settlersrdcheciones indigenas
(indigenous settlements) were large villages established by Spaniards in order to relocate a
native population which was formerly living in small camlispersed settlements. More
detailed information about these indigenous villages can be found in work by Malaga (1974)
and Villacorta (2005) for example. An example of a remote village in the Andean Cordillera
is shown inFigure4.1.

The settlements were planned in a way that the streets would go towarpkzhe
principal (main square) where the church was located (Mélaga, 1974). However, in some
cases, the church was built in areas previously occupied lyofmeial temples, which may
not have had any relationship to the new square (Caetialg 2012). Thus, the frorfagade
of the church does not always face the main square.

Most of these churches have been constantly occupied since their construction four or
five centuries ago. The churches were normally built with local materials, being adobe, stone
masonry, timbercanes and mud or lime plasters the most common building materials.

The use of these materials in Peru can be traced back to four thousand years ago (see for
instanceShimada and Cavallaro, 1985). The use of wood, canes and mud mortar in walls can
be traed back to even earlier periods, as the work in the archaeological site of Caral by Solis
et al. (2001) shows. However, past earthquakes, creep and weather demands have

jeopardised the structural performance of those churches over the years. Past earthquak
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such as the recent 2007 Pisco earthquake, have shown that those structures are vulnerable,

especially if their condition is poor due to lack of maintenance and repair.

Figure4.1 Typical village in high lands

The following earthen and timber historic building types of ecclesiastical constructions

built during the Viceroyalty of Peru have a very high cultural significangeesent

(i) Churches composed of adobe walls and timhessed roofs that were built on the
Andean Cordillera (high lands); and

(i) Churches composed of adobe walls and timber vaults and framings that were built on
coastal cities (low lands).

Diverse structural typologies can be identified within these buildingstgs summarized

in Figure4.2. In high lands, the churches normally have adobe walls and buttresses with a
single nave covered by a traditioqer y nudillo (rafter and collatie) roof. A bell tower is

either attached or built near and physically separated from the church. In low lands, single
nave churches have timber vaults sitting on adobe walls. In the case of churches with lateral
aisles, the thber vaults are normally supported by timber pillars. These chundreslly

have towers attached to the main facade made of timber on the top of a masonry base.
Examples of these typologies are showFRigure4.3 andFigure4.4, respectively.
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Trussed roof
(High lands)

{ Tower separated from church

Tower attached to church

Adobe and timbe

Timber vault sitting on adobe|
walls with timber towers on top
of masonry bases

Churches
|

Timber vaults
(Low lands)

Historic Earthen and Timber

Timber vault sitting on timber
pillars with timber towers on top
of masonry bases

Figure4.2 Typologies of historic earthen and timber churches

Y G e PR AR o o B il

a) Church of San Jeronimo de Acopia, Cusccb) Church of Virgen Asuncién de Choquekant
(courtesy of Juan Carlos Miranda) Cusco (courtesy of Juan Carlos Mirand

¢) Churchof San Miguel de Pitumarca, Cusca d) Church of Rondocan (Cusco)
(courtesy of Juan Carlos Miranda)

Figure4.3 Examples of historic earthen and timber churches in high lands
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¢) Cathedral of Ica (courtesy of Claudia Cancint d) Church of San Luis (Cafiete)

Figure4.4 Examples of historic earthen and timber churches in low lands

As discussed in Chapter 1, the structural performance of these earthen and timber
churches are to a great extent unknown, especially due to lack of knowledge on typical
structur al systems. To the authoroés kkowledg
of the EAFSRP in the aftermath of the 2007 Pisco earthquake constitutes a first significant
attempt to investigate the structural systems and seismic performance of these historic
churches.

Churchkesin high lands and churches in low lands have diffetem¢ls of structural
complexity and distinct structural behaviour. In the case of churches in high lands, the main
challenge of the assessment is to evaluate the performance of thick adobe walls restrained by
buttressesind tiebeams On the other handpithe case of churches located in low lands, the
timber structure has a key structural role; either the vaults are suppottesl \wglls or by a

timber frame.
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The most complex case of timber structures is present in churches with lateral aisles,
where thevault is supported by a timber frame; and hence this typology is preferred for
analysis in this research.

Taking into account these considerations, the following case studies were selected:

(i) The Church of Kdo Tambo located in Acomayo (Cusco), which is
representative of churches built in high lands with separated towers; and

(i) The Cathedral of Ica located in Ica, which is representative of churches built in
low lands with timber vaults supported by timber pillars.

4.3 Historic adobe churches in high lands: @leurch of Kuio Tambo

In the village of Kiio Tambo, a church dating from 1681 and located near but not directly
facing the main square stands out of the landsdaigere 4.5 andFigure 4.6). This church
has a significant religious and social role in the local village, being a centre of interaction of

the villageds community.

4.3.1Plan and elevations

The church of Kéio Tambo is composed of nave, chancel, baptistery and sacristy, as shown
in Figure4.7. The main body of the nave and chancel are composed of four walls, the South
elevation with the main entrancEigure 4.7a), the North elevationF{gure 4.7¢) and the
longitudinal East and West wallg=i@ure 4.7b and Figure 4.7d). The sacristy and the
baptistery are adjacent to the East elevation.

Figure 4.8 shows the plan of the church. The walls are identified by the syWhpl
wherei regards the body (nave, baptistery or sacristy) to which a wall belongsegatds
the number of the wall within the corresponding body.

The buttreses are identified by the symliga) wherek is the number of the budss. The
adobe blocks of W.1 and WII.2 of the sacristy are interlocked with the adobe blocks of
wall WI.4 of the main nave, which might indicate that the sacristy was built atrtieetsae
of the nave and chancel. In contrast, no interlocking between the walls of the baptistery and

WI.4 might indicate that the baptistery was added to the original church at a later stage.
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Church of Kuiio Tambo

a) View of the front facade of thehurch b)vi ew of the village

Figure4.5 The village of Kuifio Tambo

Figure4.6 The Church of Kufio Tambo (courtesy of GCI)
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a) Frontal facade, WI.1 (facing South) b) Longitudinal wall, WI.2 (facing West)

e) Baptistery

Figure4.7 External views of the Church of Kufio Tambo
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Part Il
Sacristy

Buttress B8 is connected to
wall W1.2

Walls WII.1 and WII.2 of the
sacristy are connected to wall
Wl.4

The buttresses B6 and B7 collapsed.
There is no information about the

connections between these buttresse$
and the wall W1.2

Buttress B10 is connected to wall
W .4 but buttress B9 (collapsed)
was never connected to it

Part |
Nave and altar

WEST EAST

Buttress B12 is connected to wall
W 1.4 but buttress B11 is not
connected to it

Collapsed buttress B4 was connected to

wall WI.2. There is nolnformallon.ab(.)ut t=1.40m Walls WII.1 and W II1.2
the collapsed buttress B5 but, taking into are not connected to wall
account the East elevation, it is reasonable W4
to assume that buttress B5 was only )
attached to wall W1.2 and thus it was
independent of it Part 111
Baptister WiiL.3
t=1.32m, from the base up to 41
t=0.65, from 4m up to the top
B3
Buttress B3 is connected to wall WiIL1
Wi.2 t=2.02m
LEGEND:
Buttresses B1 and B2 are There are cracks between W1.1 Wij Wwallin parti with
extensions of walls W1.2 and and W1.2/W 1.4 numberj;
W 1.4, respectively
Wk Buttress with number k;
SOUTH
t Thickness of the walls;
Scale: No scale
77 Cross sections of the
/A walls;
r**ﬂ‘ Collapsed structural
L——- elements.

Figure4.8 Floor plan and structural details of the Church of Kufio Tambo
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4.3.2 Adobe walls with rubble stone base courses

Typically in this type of chich, the adobe walls have high base courses, continuous along
the walls, of thickness similar to the thickness of the waligufe 4.9). The base course is
normally ma& of rubble stone masonry laid mud mortar. It protects the adobe wall from
rising damp and superficial water erosion.

In the case of the Church of Ro Tanbo, the base course is bearing directly on the
rocky soil or compacted clay fill following the natural slope of the gtigure 4.10). The
bottom of he base course and its relationship with the interior floor level and the exterior
grade level is variable. In some locations, the bottom of the base course extends below both
the interior floor level and the exterior grade. At other locations, primarillgeaEast wall,
the bottom of the base course is higher than both the interior floor level and the exterior
grade, and the rocky soil or compacted clay fill on which it bears is exposed.

The base course is made of rubble stone, with some staneedingd.64m in width,
laid in mud mortar with head and bed joints varying in thickness from 20 to 6Gigoré
4.9b). The base course typically varies inge from 1.20m to 1.50m.

The walls of the Church of Kio Tambo are made of adobe with units of
0.70x0.35x0.20m laid in mud mortar joint 15mm thick on average. The adobe units are set in
an English bond pattern, with alternating courses of header archetr@igure4.11). From
the layout of the units on the face of the wall, it can be inferred that there are layers of at
least two headers alternatingth layers of two stretchers + one header or four headers
across the thickness of the wall. Such arrangement avoids the continuity of the joints.

The units are made of soil rich in clay with small stones and reinforced with straw. The
straw resists tensilforces, improving the cohesion of the components of the units. Crushed
bone was also found in the composition, contributing further to the binding of the various
components.

The thicknesses of the walls are showrFigure 4.8. WIII.1 is the thickest wall with
2.02m; since the staircase that provides access from the nave to the mezzanine is embedded
in the wall (0.75m is the thickness without staigadt is followed by WI.1, the South
facade of the nave, with 1.91m. The thinnest walls of the church are the gable wall of the
sacristy with 1.03m and the upper part of the gable wall of the baptistery with 0.65m.

The height of the walls is variable senthe church was built on a hifFigure4.10). It
varies from 4.0m to 8.5m, as measured from the top of the base course up to the top of the

gables.
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a) General view b) Ground prospection

Figure4.9 Rubble stone base course

Beginning of the level 0.00 Beginning of the level 0.80 Beginning of the level 2.00
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Figure4.10 Floor levels and limits of the base course of the East fagmdde levels in meters)
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Figure4.11 Adobe layout: a) English bond pattern; and b) adobe layout of the Church of Kufio Tambo
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Wooden lintels are used to span the openings. A large arched opening was located in the
centre of both WI.2 and WI.4; however these opgsihave been infilled with adobe blocks
(seeFigure4.7b andFigure4.7d).

In their current condition, the exterior faces of the walls aigelg unplastered and the
adobe units and mortar are exposed; however, some exterior plaster remains in WI.1, which
is sheltered by the roof overhang. The interior finish typically consists of cBér@th thick
layer of mud and straw plaster and one lagked-2mm thick painted gypsum; however,
where later plaster coats have been applied over the original plaster, the thickness typically
reaches 60mm. Much of the interior wall plaster is decoratively painted.

4 .3.3Buttresses with rubble stone base courses

The huttresses of the Church of R Tambo are composed of a rubble stone base course,
continuous along the walls and buttresses, and adobe at the upper portion. The materials
have similar characteristics to the walls.

B1, B2 and B8 correspond to extensionshaf walls WI.4, WI.2 and WI.3, respectively,
beyond the intersection of the planes of perpendicular walls. In the other cases, the buttresses
are transversely projecting from the walls.-€)t® observations showed that buttresses B10
and B12 are connectdd WI.4 by interlocking of adobe block§&igure 4.12a andFigure
4.12c). It is reasonable to assume that collapsed buttresses B4 and B6 were also connected to
WI.2 in a similar way Figure 4.12b). B9 and B11 are only attached to WI.4, being
reasonable to assume that collapsed buttresses B5 and B7 were also merely attached to the
perpendicular wall WI.2.

Information about the collapsed buttresses on the West side and respective connections
to tranwersal walls could only be collected by observing the prestration of the opposite
wall due to the lack of historical documentation clarifying this issue. The lateral forces are
therefore not effectively transmitted from the walls to those unconndmtdesses. A
pounding effect rather than a counteracting of forces is likely toroeetween those

components duringn earthquake.
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b) Base course of collapsed buttress B4 and

a) Buttresses B11 (right) and B12 (Lef  c¢) Interlocking of unitdetween buttress B12
and wall WI.4

Figure4.12 Details of the buttresses of the Church of Kufio Tambo

4.3.4\Wooden trussed roofs

The most traditional roofds structural Syst e
and houses is thpar y nudillo system. The system is based on-idigpanic building

practices, being typically composed of ridge beam, principal rafters, segorafters,

purlins, collarties and ticbeams FFigure4.13).

The system may also have wall plates, which redistribute vertical loads and prevent
concemt ration of stresses. I f the wall pl at es
well connected at the corners, they may behave as ring beams. This would help to prevent
the outof-plane overturning of the walls and to minimisepiane offsets of @cked portions
of the walls.
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ROOFTILE _—=——v

MUD LAYER

("TORTA") . LEATHER STRAPS

"KUR-KUR" CANES

SECONDARY _
RAFTER

COLLAR TIE
ALDER (BIRCH) WOOD /

BEAM EXTENSION

[} ,‘../ ~\ RAFTER AND
< TIE BEAM JOINED

RAFTER, TIE BEAM, AND WITH LEATHER
EXTENSION JOINED WITH TIE BEAM STRAPS
LEATHER STRAP ALDER (BIRCH) WOOD

[ADOBE WALLj

JOIST "MAGUEY" WOOD
JOINED TO

THE PRINCIPAL BEAM WITH
LEATHER STRAPS

Figure4.13 Typical par y nudilloroof system of historic buildings in Peruvian high lands (adapted
from Cancincetal., 2012)

Various types of joints are used to connect the wooden members together, such as nailed
joints or vegetal straps. Slender confinement wooden elements, passing all way through the
thickness of the wall s, actuee todhk adobe wadlsggdre t 0 connect
4.14a andFigure4.14b).

According to traditional building practices, these elements are introduced into the
structure during the construction of the wall s,
sides of the wall by means of straps of vegetal fibres. Thesaections are therefore
working in tension and preventing the uplift of the roof under wind loads for instance. Stone
el ements were used in Incabs |Iigureldddc ang pr act i ce s
Figure4.14d).

In the case of the Church of Rol Tambo, a traditiongbar y nudillowooden structure
was ugd to cover the nave and chanaehd thebaptistery and sacristy. The nave and
chancel have 47 rodfusses, spaced 0.65m approximately apart, which are composed of two
rafters and one collare located at approximately 1/3 of abheight from the top of the truss

(Figure4.15andFigure4.16a).
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Traditional ceramic tile
Mud mortar
Canes or similar material

UL oy
e 2 v?“?%ﬂﬁ .
Leather 77 /i '
straps _—-}-‘m}\ ~
" Purlin

oLyl Secondary rafter

7
/ ~——Strap in tension el
(3==———Confinement element

a) Wooden confinement elements in the b) Traditional building technique of the historic
Church of Kufio Tambo village of Vilcashuaman (adapted from INC,
2008)

___l[ [

=

¢) Confinement elements made of stone d) Confinement elements made of stone in Mact
typi cal ddilding practicesn ¢ Picchu, Peru
(Gasparini and Margolies, 1977)

Figure4.14 Traditional confinement techniques of roof structureBeru
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Kur kur canes

Terra cotta
roof tiles

i
*\ Layer of mud

and straw

Ridge beam
projection

Collar tie made from %
guishuar (A0 06m) W)
Leathered connection or
nailed connection

Rafter made from willow —" %

;yz;sy \ Wall plate

(0.17x0.17m)

Corbel projects about 0.4m
nto the interior of the church

Gap (A) and discontinuation (B)
in the wall plate. In this area, the
roof-truss rests directly on the

i adobe wall
gvf"(' alder (birch) tree
(©0.20m), embedded »
0.6m into adobe wall 8"
-
W
Figure415Gener al view of the roofés structure of the Chu

Soto and Percy Iparraguirre, adapted from Canetrad,, 2012)

The rafters are made from 0.20m diameter willow treeksu and they overlap one
another with haHap joints at their intersection. The rafters are tied to one another and the
ridge beam above with leather straps or ropes and wrought iron Rgilsg4.16b). The
collar-ties are made from 0.06m diameggiishuar(name in quechua of a local spesriand
strapped or nailed to the rafteEdure4.16c). The rafters are scarfed at the ends and sit on
0.17x0.17m wooden wall plates that sit on the adobe wWritisie4.16d).
The wall plates are neither continuous nor the various segments, each of them supporting
either four or five rafters, are connected together. Hence, the wall plates do not behave as
ring beams, since they distribute the load that cdneas the roof along the top of the walls
but the system does not absorb the roofbds thrust
The baptistery and sacri st wdissessimilarftothwder uct ur e i
built in the nave and chancel with one more truss without etdain this case, the rafters

are sitting directly on the adobe walls since there are no wall plates.
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The roof 6s cKoanKearcands that arawoeen anfl tied together with rope, a

mud and straw layer and Spanish style terra cotta roof tiles.

a) Interior view of the roof b) Connection rafter/rafter/ridge beam
(half-lap joint tied with leather straps)

¢) Connection rafter/collatie d) Connection rafter/wall plate
(nailed joint) (scarf joint)
Figure4.16St r uct ur al details of the roofés structure
GClI)
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4.3.5Wooden tiebeams and anchors

The longitudinal walls of the nave and chancel of the Church ébKiambo are restrained
by 6 waden tiebeams Additional tiebeams connect buttresses B1 and B2, which are
extensions of those wallandrestrainthe lateral whs of the baptistery

All tie-beams are 0.20m diameter alder or birch tree trunks. In the nave and chancel, the
tie-beams sit on wooden corbels, and bbthlheams and corbels extend approximately 0.6m
into the depth of the adobe wallEdure4.15andFigure4.17b).

In the central portion of the nave, two of the-limams are closely placed together,
almost forming a pair, which causes a discontinuity in the wall plate which is placed at the
sameheight. For this reason, the rafter locatedd@tween the pair of tibeams is directly
embedded in the wall.

a) Tie-beams at the far North side of the chur  b) Connection tiecbeamé&corbel/adobe wall

Figure4.17 General view and structural details of theli@&ams

External wooden anchors in the West and East elevations of the nave and North
elevation of the baptistery were observed during the surveys (anchors AN1.1, AN1.2, AN2.1
and AB1.1 shown irigure4.18). The anchors placed at the external facades of the nave are
located at the far South side of the church.

The existence of anchor AN2.1 indicates that possibly-be#an was connecting walls
WI.2 and WI.4 &the location of the mezzanine. However, thebéam failed most probably
due to the decay of WI.4 at the location of thebtie a m6 s anchorage. This
by the failure of the waplate and supported raftertims portion of the wallKigure4.19).
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: 3, ’ W IF
a) Anchor AN1.1, West side of B2 b) Anchor AN1.2, fagade of WI.4

c) Anchor AN2.1, facade of WI.2 d) Anchor AB1.1, facade of WIII.2

Figure4.18 Observed external wooden anchors of the Church of Kufio Tambo

Element of
Rafter anchor
Deteriorated
adobe wall Wall plate

Figure4.19 Failure of raftertie-beamand anchor due to deterioration of the wall
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4.3.6Chancel arch

An arch is normally separating the chancel from the nave. The atahdsave alternative
forms, as shown ifrigure 4.20 which shows an example of a round and a segmental arch.
They are typically composed of adobe pillars with timber arches. The Churchfiof Ku
Tambo had a chancel arch in the past, of which only thbeagillars are still standing at

present as shown Figure4.21.

4.7
295

3

5
Ry

13.8

11.21

8.26

1=1.11m

9.1

=117

4.9

[units in meters]

|units in meters|

22 || 0.64
3 [

7.
| 8

a) Round chancel arch of the Church of S b) Segmentathancel arch of the Church of San
Miguel de Pitumarca Jeronimo de Acopia

Figure4.20 Examples of chancel arches
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A

Figure4.21 Remaining adobe pillars of the chancel arch of the Church of Kufio Tambo

4.3.7Mezzanine and balcony

Churches in high lands typically have an internal wooden mezzanine and an external
balcony. The Church of Kio Tambo has a wooden mezzaniR@(re 4.22a) and balcony
(Figure4.23) in theSouth fagade (WI.1 wall).

The mezzaninebds joists are supported by Wi
WestEast direction. The beam is embedded in both WI.2 and WI.4 and supported by two
wooden columns with mud brick bases and decorative worajgtals Figure4.22b).

A beam running in the NortBouth direction support the joists of the Northwest
extension of the mezzanin&igure 4.22b ) . The beamdbs South end i
supporting the main structure with ropes and the North end rests on a pillar located at the
Northeast of the mezzanineds ext ens-Eastn. The
direction and are embedded in WI.2. Both the beam supporting the joists and the column
bel ow are unsawn tree trunks, suggesting the
to the main structure.

The balcony6s st r uctaredpistd, whiclt asenembeddedinthey ¢ an
main fagade (WI.1 wall), as shownkigure4.23.
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Joists of the main
structure of the
mezzanine

Beam of the main
structure of the
mezzanine

Column of the main
structure of the
mezzanine

Joists of the
mezzanineos
extension

Beam of the
mezzanineods
extension

Column of the
mezzanineos
extension

b) Details of the structure

Figure4.22 Mezzanine of the Church of Kufio Tambo

= X D8 P

Figure4.23 Balcony of the Church of Kufio Tambo
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4.4 Historic earthen and timber churches in low landsQGhthedral of Ica

In low lands, the churches are mainly composed of masonry walls (generally adobe and in
some cases brickwork main facade) and planked timber vaults either supported by the walls
or by a timber frame. The timber structure of these churtlasstherefore a primary
structural role. However, this structural system of planked timber vaults has been to a large
extent ignored by the engineering community in several countries in modern times. In the
case of Peru, the damage caused to this typérudteres by the 2007 Pisco earthquake,
showed that churches built with this system and the people attending services in these
churches are at risk.

The structural system gflankedtimber vaults povedas encamonadas Spanish) is
often mistakenly namediliterature byquincha(see for instance Marussi Castellan, 1989
and San Cristobal, 2003). The etymology of the wgquihchacan be traced back to the
guechuaor runa-simi (name used at the time of the Inca Empire), a native language of the
Andean regiorand it was originally associated to the idea of a fence. In thélippanic
period, thequinchatechnigue was a rudimentary system of timber trunks, connected together
by means of vegetal straps (Marussi Castellan, 1989). The system was commonly used in
houses in the coast, being still used in rural areas at present. The meaning of the word has
however changed to denote a structural system similar to European construction practices
Thequinchadeveloped at the time of the Hispanic Viceroyalty of Peruistmef a partially
braced frame, with timber members connected together by mortice and tenon and nailed
joints, with an infill of canes and mud mortar. The system was applied as a walling solution
at upper floors of traditional houses in coastal areas.

Hurtado Valdez (2011) has conducted a comprehensive study of the origin, evolution and
principal geometry and construction characteristics of historic planked timber vaults in Peru.
The author emphasizes the misuse of the tguinchato name thédvedas ecamonadas

which are composed chmonesandcontracamone§planks in English).

4.4.10rigin and evolution of historic planked timber vaults in Peru

Historic buildings composed of timber vaults with planked arches are an important part not
only of LatinrAmerican but also European heritage. The first reference to timber vaults in
Europe can be traced back to thecle nt ur y BC, to the woibD& of Vi

architecturad . However, t his construction system,
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(1999) and Hurtado Valdez (2011), corresponds to a curved ceiling made of canes and
longitudinal ribs suspended by means of vertical ties from horizontal beams. Hence, there are
no timber arches.
During the Medieval period, structural solutions to cover largasjn churches, palaces
and public buildings normally included the use of long linear or curved timber members
together with shorter elements, such as rafters, posts and braces. Shortage of long timber
pieces began to be felt by the end of the MedievabggGomez Sanchez, 2006), which
triggered the conception of systems composed of small timber members assembled together
to make long spans (Hurtado Valdez, 2011). A prominent example of a timber roof
composed of relatively short members connected togéthorm a vaulted ceiling is the
hammerbeam roof of the Westminster hall in London, which was completed in 1402
(Heyman, 1967).
The treatises of Philibert De L6Orme in France
in the 18" century, are currently cegnised as the first references to timber planked arches.
The vault is composed of planks curved both in the intrados and extrados that are assembled
together in two or more alignments of planks by means of carpentry joints to make an arch
(Figure 4.24a). Parallel arches are longitudinally braced by means of ribs, which pass
through holes made both at the centre of the planks and at their extrenhitgebracing is
fixed to the planks by means of wooden kelygyre 4.24b). The arches are mortice and
tenon into wooden wall plates supported by masonry walls, which counteracts the roof
thrusts. De L6Orme suggested the faedditoowi ng adva
masonry vaults (Hahmann, 2006; Hurtado Valdez, 2011): (i) the modest weight; (ii) the
modest thrust produced at the spring points; and (iii) the relatively simple replacement of
deteriorated members.
However, JeaiBaptiste Rondelet suggested inethld" century connecting the
longitudinal bracing at the top of the arches by means of notched joints, since the holes made
in the plankso f t he De L 6 Or menerably pdints mat these elacdtiens.
Furthermore, Rondelet also suggests connectiagptimary structure to a system of rafters
and ties, which supports the roof, in order to increase the stability of the vault (Hurtado
Val de z, 2011) . This i1idea of a planked timber %
structure can be traced back be tireatise of Lorenzo de San Nicolas, published in the 17
century in Spain. Systems of pl anked arches con

hidden by the roofRigure4.25) became popular in Spain from theé"X&ntury onwards.
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Figure424P1 anked ti mber vault of De LO6Or me: a) Gener
b) Detailof the arches and bracing (Hahmann, 2006).

Figure4.25 Vault of the Rojas Theatre in Toledo (courtesy of Marina Atanco, UPM)

The justification for the increasing use of timber vaults to cover lapEns is
economical as well as architectural, as timber vaults were approximately 4 times cheaper to
construct in the 7century, and more flexible to fulfil the demand of the new Baroque style
(Hurtado Valdez, 2011). The formation of the Hispanic \bgatty in Latin America, with
capital Lima, in the % half of the 18 century promoted the exchange of knowledge on

construction methods between Spain and present day Peru.
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The first timber vaults built in Lima were similar to the typical Spanish syétkmado
Val dez, 2011) , wi t h pl anked arches connected t
vaulted systems evolved in Peru in the directior
proposal. The vaults of the Church of San Francisco in Lima buMdyuel de Escobar and
Constantino de Vasconcellos in 1675 are composed -@haeed planks nailed to each other
and forming arches that are braced longitudinally. The arches are connected to wall plates,
which are supported by the walls. This type of t&ptesents also some local characteristics,
such as adobe infill near the spring line to counteract the lateral thrust (Hurtado Valdez,
2011). Examples can be foundRigure4.4a, Figure4.4d andFigure4.26.
The good structural behaviour of timber vaults to destructive earthquakes that occurred
in the 17 century in Peru, if compared to the masonry vaults initially built in tHe 16
century, also raised the popularity of the timber systems hwiére then widely used in the
rebuilding of damaged structures and in new constructions (San Cristébal, 2003).
A thorough description of the structural system of a representative church with planked
timber vaults supported by timber pillars is providedhe following section of the present

chapter.

4.4.2The structure of the Cathedral of Ica

The Cathedral of Ica dates from 1759 and it is representative of historic churches with a
central nave and lateral aisles built in low lands throughout the ViceroyaRerof. The
church has a prominent religious and social role in the city of Ica, with the frontal fagade
facing the main square of the cityigure4.27). It has been used as a place of worship until

it was severely damaged by the 2007 Pisco earthquake.

4.4.2.1PLAN AND EXTERNAL STRUCTURE

A threedimensional structural model of the cathedral is showFignre4.28. The building
is composed of external masonry walls and base ¢
internal timber structures, which make the roof and divides internally the buildiag int

several spaces.
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b) In 2007, after the earthquake

Figure4.27 View of the cathedral from the main square (Courtesy of the GCI)
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West

T2

T1

Figure4.28 Threedimensional model ofathedral of Ica

The walls and pillars are sat drickwork base courses, laid $and and lime mortar, and
rubble stone masonry foundation. The height and material composititve base courses
change at the transitional area between the fired brick base of the North bell tower (T1) and
the adobe lateral wall (W2). In this area, the base course is composed of an alternating
system of stone masonry interspersed with coursésiafwork and the rest of the wall is
made of brickwork, reaching a total height of 3m.

The main facade WI{gure4.29a) is made of brickwork laichilime mortar. The lateral
walls (Figure4.2% andFigure4.29c) are made of adobe laid imud mortar.

There are two bell towers which flank the front facade, built of a wood framing structure

on top of a lower brickwork bas€igure4.29d).
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c) Longitudinal wall (W3, facing South) d) Tower (T2, view of the North and Westi
(courtesy of Claudia Cancino) facade)

Figure4.29 External views of the Cathedral of Ica in 2010

The plan of the building consists of a choir Idfigure4.30a), one central nave covered
by timber vaults with four bayd-{gure 4.30b), a transept, crossing and altar. Each side of
the nave is flankethy an aisle Figure 4.30c) that is covered with a series of small timber
domes. The transept is covered by vaults and a large timber Bayues@.30d).
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b) Central nave

c) Lateral aisle d) Main dome of the crossing

Figure4.30 Internal views of the Cathedral of Ica in 2010

4.4.2 2INTERNAL STRUCTURE
The timber framing of the nave, lateral aisleansept, crossing, and roof of the Cathedral of
Ica areshown inFigure 4.31. Timberframed pillars, connected between each other by
timber frames, are supporting the vault, the central and lateral domes and the choir loft by
means of beams that run in the longitutlinad transversal directions. The domes are
composed of meridiartsraced horizontally by timber ribs
The pillars are composed of several timber posts, which are braced by horizontal and
di agonal timber el ements. Thintechuch fidsbowe nt pi || ar

in Figure 4.32, namely the central pillars of the nave,
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pillars. The pillars betweethe nave and the lateral aisles have also a central trunk made of
guarango, a hardwood spegiadigenous of Peru. All pillars have a brickwork base course
which is 0.7m high and a rubble stone foundation, which form the base of the structure. The
lateral pillars are located adjacent to adobe piers, which are part of the SouffWisgllor
immediately adjacent to the lateral North wal?2).

In the nave, longitudinal bearssipporttransversal beams whetfge joists of the lateral
aislesrest Theselongitudinal beams are resting on the guarango trunk @mtivo of the
posts of the central pillars. The internal longitudinal beams of the nave, which are connected
to two posts of the central pillars, support the vault. Furthermore, the transversal beams of
theaisles are connected to four posts of the central pillars and to the lateral pillars.

The base of the central domg composed of a syem ofbeams and pillars with four

posts. These pillars are sitting loogtudihahe cr 0 s
beams of the nave with the transsad beams of the transept

At the central nave, the vaults are composed ofdulge and internal timber arches and
lunettes, as shown Figure433. The | unettesd ribs and diagor
connected to a beam at the top of lunettes. This beam is connected to-dugdarches.
The arches, l unetteds r iobked of arshdped timbee glaiks,me r i d i

as shown irFigure4.34.

Adjacent bays of the vault are longitudinally braced by means of two systems of struts:

() the first system is composed of longitudinal timber elements connecting the bay

edge arches of adjacent bays, showhigure4.35a; and

(ii) the second stem is composed of longitudinal timber elements connecting the

bay-edge arches of each bay, showikigure4.35b.
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Figure4.31 Structural model of the timber framing of the Cathedral of Ica (extruded beam elements
and springs)

a)

<)

Figure4.32 Representative timber pillars of the Cathedral ofilca) pi I |l ars of t he
supporting the central dome; b) central pillars of the nave, which separate the nave from the lateral
aisles; and c) lateral pillars, which are adjacent to the lateral walls
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Figure4.34 Representative bagdge arch of the Cathedral of Ica (courtesy of Erika Vicente, PUCP)

Longitudinal bracing connecting

b)

Figure4.35 Longitudinal bracing of the timber vault of the Cathedral of Ica (courtesy of Erika
Vicente, PUCP): agonnection of the bagdge arches of adjacent bays; and b) connection of the bay
edge arches within each bay
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The interior and exterior surface of thenbier structure is covered with cane attached
with nailed leather straps and plaster. The roof has an additional layer of sand, lime and
cement mortar, introduced after the construction, which added 1.7kMéight to the
structure of the vault. The roof tiie aisles has a layer of timber planks, fired bricks, mud
morta and lime and cement mortarartotal of 2.5kN/rh

4.4.2.3TIMBER JOINTS

A typical bay of the nave of the cathedral of Ica is showRigure 4.36. Six parts of the
complex timber framing can be distinguished for an easier understanding of the structure
(drawn with different colour ifrigure4.36):

(i) the vault composed of 2 bagge arches supported by the longitudinal beams, 7
internal arches connected to the lunettes, 2 beams (1 at each side) located at the top
of lTunett es stuntue (6 ribg 2 diagomadst 1t seus, &nd 1 arch on each
side);

(ii) the lateral domes;

(iii) the joists of the aisles;

(iv) the system of longitudinal and transversal beams supporting the vault and the roof of

the aisles;
(v) the central and lateral pillars; and

(vi) the baseourse of the pillars.

All members in each part of the timber framing are connected to adjacent members by
means of different types of timber joints. The arches forming the vault, the diagonals, ribs
and arches of the lunette, the bottom ring and mesdinhe domes, and the arches of the
transept are composed of several segments made-siigped planks connected together by
plain lap joints with four wrought handmade nails (detail 5Fajure 4.36). There are
approximately 1580 nailed joints such this
members are connected to beams by means of mortice and tenon joints of different
dimensions and layoutjteer with or without nails (details 1, 2, 3 Bigure4.36), counting

in total 130 similar joints in the cathedral.
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Detail 6 and 7:
Connection of the
transversal beams to tt
longitudinal beams anc
of both beams to the
respective supporting

4 :plates and pillars

Detail 1, 2 and ¢

Connection bthe beam at the t

of lunette to the arches ¢
lunettebs r

Detail 4:
Lunett

Detail 8:
Connection of the
pillarsd

bracing to the po

Detail 9:
Connection of both the
central and

diagonals tdhe posts

. et .' :.-
Detail 1 Detail 2 Detail 3
Credits: GCI, 2012 Coutesy: GClI, 2012

Detall 4 . - Detail 5
Courtesy: GCI, 2012

Detail 7 - Detail 8 Detail 9

Figure4.36 Timber framing of a bay oftheaCt hedr al of | ¢ a 6 s6 \Eyaaad
details of the timber joints
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The mortices of the beam at the top of like® are filled bythe tenon of the arches and
the tenon of the | unett e 6Bigured.db)sTheaneriliandofagonal s (
the domes are also connected to the bottom ring by means of mortice and tenon joints.

As depicted in detail 4 dFigure 4.36, the lunetteds ribs are conne
diagonals by means of nailed joints, which can have one or two nails, depending upon the
position of the rib. Furthermore, the longitudia&ld transversal beams are connected to the
pillarsdéd posts by means o frigured36f douneingintotdl t enon j oi
186 similarjoints in the cathedral. Notched joints connect the transversal beams to the
longitudinal beams, as also shown in detail 6F@ure 4.36. Both the dngitudinal and
transversal beams are connected to supporting plates of same cross section by means of
leather straps (detail 7 d¢figure 4.36). Thesesupporting plates allow doubling the cross
section of the beams at the connections.

The horizontal bracing of all pillars of the cathedral is connected to the respective posts
by means of pegged mortice and tenon joints (detail”gfre4.36), counting in total 752
similar joints in the cathedral. The diagonals are connected to the posts by nailed joints

(detail 9 ofFigure4.36), counting in total 192 similar joints in the cathedral.

4.4.2 4INTERACTION OF THE TMBER FRAMING WITH THE MASONRY WALLS

The timber framing and the masonry walldtud cathedral are connected aitlocations:

(i) connection of the fagcade (W1) with the first bay of the timber framing. It was
observed during the field campaigns that the choir loft floor joists are sitting on W1
(Figure4.37);
(lconnection of the transversal beams of the 1t
walls (Figure4.38). According toin situ observation of the North longitudinal wall,
the transversal b e a mdirectly &itting ¢nethe adolzerwalle pt 6 s b ay

without wallplate.

During the field campaigns, some links between the lateral pillars and the londitudina
walls were also observed, as showirigure4.39. However, these links were only observed
at one single position along the height of the columnsebleer, these links are relatively
short, and therefore they do not perform as a proper connelttisrlikely that the mortar

around the linksvill fail locally for low values of ground shaking.
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Figured37Choir |l oftés joists sitting

End of transversal
beams of the
transepto

n

Figure4.38 Damage on the North longitudinal wall, where it can be seen the ¢hd wansversal
beams of the transept bay

Timber
~connector

Figure4.39 Timber links between a lateral pillar and the North longitudinal wall
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4.4.3State of the Cathedral of Ica after the 2007 Pisaxahquake

The vault and central dome of the Cathedrdktafpartialy collapsel during the mainshock
of the 2007 Pisco earthquake, as showrrigure 4.40a. The cathedral has not yet been
repaired and a minor shoring and propping systexs put in place only after a strong tremor
in 2011hascaused the complete collapse of the central dome.

The almost complete collapse of the vault of bay 1, observaliiégure4.40a ,was due
to the failure of the nailed connections of the -bdge archs in shear and tension
perpendicular to the grain, as showrFigure4.40b. The beam at the top of lunettes failed
in shear in bays 2, 3 anda$ stown in Figure4.41. This failure could be identified in bay 2
after the earthquake by the visible settlement of the top of the Vaglir€ 4.40a); however
the internal arches did not collapse immediately due to the existence of a layer of canes
connected to the bagdge arches. The whole weight tbe roof at the top of bay 2 was
therefore completely supported by the {ealge archesSubsequent minor shacks in 2010
caused the collapse of the Eastedge arch of bay 2 in a similar way as in the case of
bayl (Figure4.42 andFigure4.43). This collapse was due to the failure of the nailed joints
in shear andension perpendicular to the grain, which shows that these connections were not
capable of supporting the forces prodd by the masses being suppoltgdhe arches. It is
reasonable to assume a similar but quicker progress of damage in bay 1 during or
immediately after the earthquake.

The internal arches of bays 3 and 4 collapsed during the earthquake due to theffailure
the mortice and tenon joints that connect these arches to the beam at the top of the lunette
(Figure4.40a). Due to this collapse the mass of thefrinsisting on the bagdge arches of
these bays was substantially reduced and this can explain their survival without significant
damage to the main shock and subsequent aftershocks and tremors which lotec thiée
cathedral in the last §ears. No mnificant damage was observed in the nailed joints
between planks of the internal arches.

The earthquake also caused the collapse of the roof of the left aisle of Bayuike (
4.44a), which appears to have been triggered by the collapse of the longitudinal beam
running between the lateral pillars and supporting the joists of the internal ceiling, as shown
in Figure4.44b. The collapse of the beam was caused by the failure of the connection of the

horizontal bracing of the lateral pillar, where the beam was siffiiggi{e4.44c).
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East principal arch of
bay 2

Figure4.40 Damage state of the vault of the Cathedral of Ica shortly after the 2007 Pisco earthquake:
a) general view of the nave (courtesy of Claudia Cancino, GCI); and b) partial collapse of the East
edge arch of bay
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Figure4.41 Failure of the mortice and tenon connection at the top of lunettes (couU€sy:

= == - e I v,/ 5

Figure4.42 Damage state of the timber vault and principal dome of the Cathedral of Ica in 2011
(courtesy: Erika Vicente, PUCP)
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Figure4.43 Failure of the bayedge arches of bay 2: a) partially collapsed arch at the Eastern end; and
b) failure of the nailed connections near the spring point of the arch at the Western end
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Horizontal bracing
- that failed

Figure4.44 Collapse of the roof of the lef
aisle of bay 1

As far as the walls of the cathedral are concerégiire 4.45 shows the principal
damage caused by the earthquake. Detail 1 shows the vertical crack caused by the interaction
of the brickwork base of the tower with the adobe wall. Details 2 and 5 stewracks
induced by the interaction of the crossing bay with the wall. Detail 3 shows the crushing of
the pediment caused by the interaction with the tower. Finally, detail 4 shows the horizontal
crack caused by the eaf-plane vibration of the pediment.
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Detail 3 ' Detail 4
Figure4.45 Damage in the walls dhe Cathedral of Ica after the 2007 Pisco earthquake

4.5 Conclusions

The previous sections hagbown that historic churches built in the same period of time but
in different geographical locations in Peru have different levels of complexity in terms of
structural layout and arrangement. These differences emerge from the topographical
characteristic®f the place$ the high and remote lands of the Andes and the low and more
accessible lands of the coast located in areas that were deserts in thapadgshe type of
settlementsi small and dispersed settlements in high lands inhabited by a mapbrity
indigenous people and large settlements in low lands where the settlers established their
homes.

From the detailed description and interpretation of the structural systems of the Church
of Kufio Tambo and Cathedral of Ica, the following main conclusaesimportant for the

next phases of the assessment:

(i) Churches inhigh lands are typically composed of a single nave, chancel,
baptistery and sacristy. The structure is characterized by the response of thick

adobe walls, which are typically restrained hytiesses and wooden-tieams.
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The traditionalpar y nudillo system, with origin on prelispanic construction
techniques, is the typical structural solution of the roof. The locally available

stone is used on high rubble stone masonry base courses;

(i) Churcles in low lands have a more complex structure of adobe and brick or stone
masonry walls with planked timber vaulted systems. The most complex typology
of this type is exemplified by the Cathedral of Ica, which has an internal timber
structure with only adw and modest links with the external masonry walls. The
cathedral was severely affected by the 2007 Pisco earthquake, especially at the
level of the vault where several arches failed. In general, the failure of the timber
structure is concentrated at floints. The earthquake exposed for the first time
in decades or even centuries a structural system that was unknown up to that
date. It also showed the high level of deterioration that is affecting a significant

portion of the timber structure due to poeaintenance.

In order to assess the seismic performance of these historic churches and explain the
damage observed especially in the Cathedral of Ica, more detailed investigations based on
structural analysis are required. In the next chapter, a prelynii@gnosis of the Church of
Kufio Tambo and Cathedral of Ica are conducted with the purpose of identifying the critical
aspects that require a detailed analysis in order to understand the seismic response of these

churches from the construction detailsafed.
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CHAPTER 5

Preliminary diagnosis of Peruvian earthen and timber
historicchurches

5.1 Introduction

The present chapter shows the preliminary diagnosis of the Churchfof Kambo and
Cathedral of Ica. The preliminary diagnosis is normally a collegial activity of pedtie
different expertise. It corresponds to the first diagnostic exercise based on qualitative
anal ysis of ini tial availabl e i nformati on,
judgment.

This activity was initially carried out collegially during alAESRP partners meeting
and adjusted later on, after reinterpretation of available data at the time.

This chapter is organized into two main sections, one for the Churchfiof Kambo and
another for the Cathedral of Ica. Taking into account that thetstalcbehaviour of
churches to earthquakes can be understood by considering the individual behaviour of
macroelements, as discussed in Section 2.4, both the Churchfiof Kambo and the
Cathedral of Ica are initially divided into macroelements. The pnedingidiagnosis is then
carried out following the approach described in Section 3.3. The most important remarks for

the next step of the assessment, as per the framework of Figure 3.1, conclude the chapter.
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5.2 Historic adobe churches in high lands: the ChwtKufio Tambo

A detailed description and interpretation of the principal construction details of the Church
of Kufilo Tambo was presented in Section 4.3. The following diagnosis will make reference

to this section as appropriate for more clarity.

5.2.1Macroelenents

The Church of Kiéo Tambo is assumed as a system composed of the following
macroelements, illustrated Figure5.1:

Adobe facade of the nave;
Adobe back wall of the nave;
Lateral adobe walls of the nave;
Rubble stone base course;

Adobe buttresses;

S T oA

Adobe walls of the baptistery/sacristy;
6a. Baptistery

6b. Sacristy

Wooden tiebeams; and

Wooden roof structure.

The fagade of the building (WI.1) anket back wall of the nave (WI.3) are assumed as
macroelements distinguishable from the lateral walls (WI.2 and WI.4). In the case of the
facade, such assumption is due to the existence of cracks at the interface between the facade
and those lateral wall$-igure5.2), and due to the masonry fabric itself, because the facade
presents a plaster and painting which is not currently present elsewhere. Matemgbape
ratio of the facade and back wall and the presence of the gables lead to the assumption of a
behaviour different in respect to the lateral walls.

The base course is assumed as a macroelement independent of the rest of the structure,
because iis composed of rubble stone masonry whereas the rest of the wall is made of
adobe. The difference in material composition creates a surface of discontinuity and

interaction between the base course and the other macroelements.
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The baptistery and sacristy are assumed as uniqgue macroelements, since their influence

on the response of the principal body of the church is more important for the global response

of the building than thandividual performance of each of these two constiion parts.

1. Adobe fagade of the nave 2. Adobe back wall of the nave
3. Lateral adobe walls of the nave 4. Rubble stone base course
5. Adobe buttresses 6. Adobe walls of the baptistery/sacristy

&
\:\r
\ k:
A

7. Wooden tiebeams

8. Wooden roof structure

Figure5.1 Macroelements of the Church of R Tambo
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Figure5.2 Crack at the interface WI.1/W1.4

Hence, the connection between the various walls composing eitheaptistery or the

sacristy is evaluated within the fAiConnectionso a
The tiebeams are a distinct macroelement made of a different material, which interacts

with the lateral walls.
The roof is composed of severalnsponents connected together by flexible joints. The

entire structure of the roof is assumed as a unique macroelement because the failure of one

of its components is likely to cause local deformations and collapses and not global failure

modes. Inverselya global mechanism can be triggered if the connection between the roof

and other macroelements fails.

5.2.2Diagnosis

The preliminary diagnosis of the Church of iuTambo is summarised in the matrix of
Table 5.1. This matrix includes: (i) the five attributes described in Table 3.1; (i) the
macroelements; (iii) the classes of influence A to D of the attributes, described in Table 3.2;
(iv) the natureof the influence of the attributes over the macroelements; and (v) the
uncertainty filp;i, with which the analyst makeke judgment.
In Table51,t he o6l nteractiond attribute evaluates t
interacts with the other macroelements (e.g. howbigtisteryinteract with the lateral
walls). When a given macroelement interacts in different ways with other macroelements,

the mostimportant interaction for the global response of the structure is the one evaluated in
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the matrix of Table 5.1. The

6Connect i ornhe éoncaptual designuancd

eval

construction quality of the connections between structural elements that belong to the same

macroelemenfe.g. it evaluates the connections between the walls of the baptistery)

Table5.1 Matrix of preliminary diagnosis of the Church of KuTambo

40%

ATTRIBUTES
MACROELEMENTS
Robustnesy Condition Interaction | Connections| Materials
+
1. Facade
2. Back wall ) )
3. Lateral walls ) )
+ -
4. Base course
5. Buttresses ) )
. + -
6a. Baptistery
. + -
6b. Sacristy
30%
. +
7. Tiebeams
8. Roof B B

The vertical slenderness of the wal®, defined as the height to thickness ratio, is
shown inTableb5.2, considering both the total height of each wall, including the base course,
and the height of the adobe portion. The height of the baseecandsadobe wall indicated

in the table are average dimensions; since the respective heights are not edostatite

length of the walls.
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The <cl assificati ononoofdetrtae e &a lolthse aditerda iofd ® h if oK & o ws

Tolleset al. (2002):

A thick: S < 6;

A moderateS = 6-8; and

A thin:S > 8.

According to this classification, a O0thick©®o

hence it is not likely to collapse.

Table5.2 Vertical slendernesof the walls

Height of Height of  Total height

adobe wall, base course of the wall Thickness, . .
Wall Ha ! He H Tt Ha/t Classif. H/it  Classif.

(m) (m) (m) (m)
WI.1 8.55 2.45 11.00 1.90 4.5 Thick 5.8 Thick
WI.2 5.00 2.50 7.50 1.60 3.1 Thick 4.7 Thick
WI.3 6.00 3.05 9.05 1.30 4.6 Thick 7.0 Moderate
WI.4 5.00 2.80 7.80 1.60 3.1 Thick 4.9 Thick
WIil.L1  4.00 2.40 6.40 1.15 3.5 Thick 5.6 Thick
WIL.2 3.30 3.10 6.40 1.08 3.1 Thick 5.9 Thick
WIL.3 5.80 3.10 8.90 1.03 5.6 Thick 8.6 Thin
WII.L 4.10 2.55 6.65 0.75 5.5 Thick 8.9 Thin
WIIL.2 4.10 2.60 6.70 1.4 2.9 Thick 4.8 Thick
WIII.3 6.00 2.90 8.90 0.65 9.2 Thin 13.7 Thin

Robustness is the most important variable for the facade (WI.1) due to the existence of a
crack between this macroelement and the lateadis (Figure5.2), which perhaps makes the
stability of the facade to rely mostly on its geometry and fabric. This crack appears to be
caused by the deformation of the lateral walls over the years, eithéo thesroof thrust or
other external actions such as modest ground shakes. Nevertheless, interaction between
macroelements is considered favourable due to the foreseen buttressing effect caused by the
extension of the lateral walls beyond the facade étleatensions are denoted as B1 and B2
in Figure 4.8). Robustness has a positive influence, since the fagade is a thick wall with a
low slenderness ratio of 4.5 or 5.8 without and with base course, respectively. Hence, under
good conditions of maintenandhe facade is likely to remain stable, even if some parts,
such as the gable, might fail. The facade is the most well preserved wall of the building,
retaining most of the plaster and painted finishing, which protects it from weather demands,

and thereford¢ he O6Materials6 attribute is positive.
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provide some connection between the facade and the lateral walls; however this benefit is
uncertain because little information is available at this stage about the nature of the
connection of the mezzanineds joists to the
walls.

Although the vertical slenderness of the lateral walls is low, with a maximum of 4.9,
these walls are 30m long and lacking effective lateral restraint.ig st evident in the
case of the West wall (WI.2). As far as the East wall (WI.4) is concerned, there is evidence
of connection by intercalation of adobe units to the sacristy and buttresses B10 and B12
(Figure 4.8). The walls present many holes, madactommodate niches and large closed
openings that are formeloors. This has created wealeas and more complex load paths.

The roof appears to be unable to provide a good connection between the lateral walls and to
support their lateral movement duethe inexistence of roof ties and connectors between the

wall plates and the lateral walls. It could be argued that a good connection between the
lateral walls and other macroelements would compensate the modest robustness of the walls.

In this case,itwol d be appropriate to assign an O0AO6
ORobustnessboO. On t he ot her hand, a good ro
interaction. However, both attributes, as they stand, have a negative influence on the seismic
response of t he | ater al wal | s, and t heref
compensates each other. Thus, the relevance of one over the other is more difficult to
recogni se. The O6Material sdéd attri bwmganerahas a
made of a regul ar arrangement of uni ts and
considered negative, since no special measures were taken to protect the core of the walls
from weather demands, triggering deterioration.

For the back wall (WI.B a similar judgment of all attributes can be done. It should be
emphasised that it is assumed that the lateral and back walls did never have the same
material quality of the fagcade and, for this reason, the fagade is less deteriorated.
Alternatively, ifit is assumed that weather demands have affected more the lateral and back
walls than the facade, especially because the latter is protected by the buttresses at the front
and by t he r orenfdagnose &dnbedonea nditfhfies @ asan bBE€on
assumed asddéBMaterial sé6 as O06C+0.

The OMaterialsd attribute of the base cour
is composed of heterogeneous stones laid on mud mortar with joints of dimensions that vary
within a range of 20 t60mm. Apart from the high anisotropy of the material, the mortar and

the bond mortar/unity is of poor quality. Tl
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the deterioration of the base course, which is very high at some locations where thefmortar o
the joints was almost totally lost. At these locations, the stability of the base course relies on
friction and on the degree of locking of the aggregates. The deterioration of the base course
was especially caused by the action of superficial waterchwirieans that even a better
masonry fabric would be strongly affected by erosion under the same conditions.
ORobustnesso6 is considered positive, since the
an adobe wall starting from the foundation has preventa rsevere deterioration of the
walls due to improper superficial water drainage. Nevertheless, the existence of a base
course made of a different material created a plane of discontinuity between the adobe wall
and the rubble stone masonry, which compsasithe overall interaction between the
macroelements. This plane of discontinuity can become a plane of failure when the cohesion
between the two materials is overcome by the lateral forces, and rotation or sliding may
occur.
The buttresses appear to lmopy designed and not well connected to the lateral walls.
When present, these connections are made by means of intercalation of adobe units at the
intersections. Historical information shows that this type of connection could be limited to
the adobe urdtlocated at outer layers and therefore the core of the buttresses might not be
connected to the wall s. 6l nteractiond6 has the n
between buttresses and walls is poor the purpose of building the buttresses is no
accomplished, even if they are robust.
0l nteractiond is critical both for the baptist
the baptistery and positive in the case of the sacristy. Although intercalation of adobe units is
present at thintersections of the sacristy with the lateral walls; the same conclusion could
not be drawn for the connection of the baptistery with the lateral walls. Hence, the lateral
walls do not benefit from the existence of this connection and a phenomenon oéiragnm
can occur . Her e, the 6Connectionsdé attribute re
the baptistery and between the walls of the sacristy. Cracks between the facade of the
baptistery and sacristy and the corresponding transversal walls sabthekse structural
el ements are poorly connected. 6l nteractionbd6 is
losses caused by the failure of the lateral walls of the main church may be more severe than
the failure of the facade of the baptistery or sasrt vy . ORoObustnessd is consi
since the baptistery and sacristy can provide lateral support to the lateral walls of the nave,

providing that the interaction between these macroelements is favourable.
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The interaction of the tibeams with thedteral walls is critical and negative, since only
a few tiebeams seem to be connected to the walls by means of wooden anchors; whereas the
others are resting in the wall without any type of anchorage. THeedims without any
anchorage can easily slide ielation to the wall, as the connection relies on friction only.
Moreover, the tidbeams are located near the top of the walls and therefore the surface of the
wall mobilised by earthquake loading can be smaller than the one required to restrain the
lateral movement of the walls without the local failure of the anchors. On the other hand, the
number, distribution and design of the existingb@ams, including the collapsed one,
appear to be sufficient to restrain laterally the walls if they are propadiiored. For this
reason, the O6Robustnessd attribute is consid
positive, since there are no evidences of the failure of the connection of the anchors with the
tie-beams. However, a high level of uncertaiigyassigned to this last judgment because
information regarding the anchoriegnditions is still incomplete.

0l nteractioné is the most influenti al attr
the failure of any connection within the roof sttwre might cause a local failure (for
instance the failure of one connection of the rafter to aplale can cause the failure of one
roof-truss), whereas the failure of one connection between the roof and the lateral walls can
cause a global failure rmkanism (for instance the failure of the connection of a-plate to
the wall can cause the failure of severalfbaf usses) . &6l nteractiond i s
way, since there are no evidences of a positive connection of thplatak to the alls. The
wall-plates seem to be resting on the top of the walls without any level of embedment or any
vertical element reinforcing the connection. Moreover, the-platies are discontinuous and
therefore do not behave asderad moré imgortabteham. 0 Rc
6Connectionsd in the case of the roofds str
beam would be beneficial for the response of the walls, which conversely would limit the
def ormati on of t hatsonegative since @ Rdfdisirsidsingeasasidveri s
level of the rooftrusses, as the collties located near the ridge of the roof seem to be unable
to resist alone the roof thrust. Moreover, the purlins do not provide longitudinal stability, as
they are conected to the rafters by means of leather straps, and their aim is merely to serve
as a support to attach the roof cover made
negative due to the high fl exi bi lfalutegyareof t he
|l i kely to occur. Finally, the O6Conditiond ¢
uncertainty, since the roof was not surveyed with the same level of detail of the other

macroelements. The roof is not in poor condition overall; eveangih some local failures
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have occurred, which could be related more to the type of connections than with the level of
deterioration. This also justifidhe asgnment of the lowest influenagass to this attribute.
The most influential attribute to theverall structural response of the church is the
interaction between macroelements, followed by their robustness, since these attributes
present the first and second highest percentage, respectively, of classes A within the total set
of attributes, as shown Figure5.3. Conversely, the less influential attribute is the condition
of the macroelements. Although deterioration has contributed to thel parttdgal collapse
of some macroelements such as the buttresses, the lack of robustness of those elements and
the conditions for their interaction are the most important attributes for their structural
response and present condition.
As shown inFigure 5.4, the robustness of 56% of the macroelements influenced by this
attribute has a favourable effect on the seismic behaviour. On the other handerdetiant
between macroelements is considered unsatisfactory in 78% of the relevant cases. Thus,
taking into account its high influence and unf
concern for the improvement of the response of the church to eartsquake
Table 5.3 shows the average uncertainty or lack of confidence of theSRR team
while making a judgement of the various attributes. It can be se¢ h at 6Conditiond

6Material s6 and 6Connectionsodé are the attributes

Distribution of classes per attribute
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Figure5.3 Distribution of classes of influence per attribute
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Nature of the influence of the attributes
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Figure5.4 Distribution of the nature of the influence of the attributes

Table5.3 Preliminary analysis of uncertainties of the assessment of the Churcli@fTiémbo

ATTRIBUTES
Robustnes Condition Interaction Connections Materials
ulp; 24% 31% 28% 30% 30%

[equation 3.1]

5.3 Historic earthen and timber churches in low lands: the Cathedral of Ica

A detailed description and interpretation of the principal construction details and damage of
the Cathedral of Icavas presented in Section 4.4. The following diagnosis will make

reference to this section as appropriate for more clarity.

5.3.1Macroelements

The cathedral of Ica is assumed as a system composed of the following macroelements,
illustrated inFigure5.5:
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1. Main brickwork facade (W1);
la. Wall
1b.Pediment
2. Adobe lateral walls (W2 and W3);
2a. Walls
2b. Pedimentéshown in green)
3. Towers;
3a. Brickwork base
3b. Timber top structure
4. Timber framing, composed of pillars, respective bracing, and horizontal beams;
4a. Lateral aisles of Bay 1
4b. Nave andateral aisles
4c. Transept
5. Timber vaulting system
5a. Vault (includingba dge ar ches, internal arches, I
at the top of lunettes and bracing between/within bays)
5b. Central dome

5c. Lateral domes

The macroelements were swlivided into several components, according to the distinct
construction features and condition after the 2007 Pisco earthquake. For instance, the timber
framing is divided into three main components: (a) the lateral aisles of Bay 1, containing the
mezzanine and kere the left aisle collapsed (Figure 4.44); (i nave and lateral aisles;
and (c) the transept which interacted with the lateral walls during the earthquake causing
damage to wall W2 (Figure 4.45). Similarly, the timber vaulting system can be divigbed i
three main components: (a) the timber vault, which partially collapsed during the 2007 Pisco
earthquake (Figure 4.42); (b) the timber latetames, which did not underggignificant
damage; and (c) the timber central dome, which partially collapsguarér4.42).
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1. Main facade (W1)

;

2. Adobe walls(W2 and W3

5. Timber vaulting system

Figure5.5 Macroelements of the Cathedral of Ica
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5.3.2Diagnosis

The preliminary diagnosis of the Cathedral of Ica is summarised in the mafrabte5.5.
This matrix includes: (i) the five attributes describedrable 3.1; (ii) the macroelements;
(iii) the classes of influence A to D of the attributes, described in Table 3.2; (iv) the nature of
the influence of the attributes over the macroelements; and (v) the uncefigpiyef the
analyst in making the figment.

The vertical slenderness of the walls is showTable 5.4. All walls are considered
thick and therefore likely to keep stable for large gtbmotions, according to the definition
of Tolleset al. (2002); except one quarter of the length of W2 located in the West extremity,
which has slenderness greater than 6.

Table5.4 Vertical slenderness of the masonry walls of the Cathedral of Ica

Height,h Thicknesst Slenderness _—
Wall Definition of Tolleset al (2002
(m) (m) (1) (2002)
Wla 6.6 1.92 (up to 6.6m) 3.4 Thick wall.
Wib 1.85 0.5 (6.68.45m) 3.7 Thick wall.
W2a  6.75 10 6.75 Moderate for a length of 11.75m
(West portion).
W2b  6.75 17 4.0 Thlc_k for a length of 32.5m (Eas
portion).
W3 6.75 1.722.0 3.43.9 Thick wall.

The brickwork fagade is a robust macroelement, laterally nestteby the base of the
towers It is a wall of low slenderness, made of homogeneous and regular fired brick

masonry, with a fair condition. Hence, all relevant attributes are considered favourable with

a relatively low |l evel of wuncertainribgte, O6RObuUustnne

foll owed by o6l nteractionsd, since even if
walls would be expected to keep stable due to its robustness.

The base of the pediment has a crack along the intersection with the facade, which shows
a weak point of the structure. On the one hand, there is no longitudinal restraint for the

pedi ment, and therefore O6lnteractiond is t
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Table5.5 Matrix of preliminary dagnosis of the Cathedral of Ica

ATTRIBUTES

MACROELEMENTS
Robustness Condition Interaction | Connections| Materials

1. Main brickwork facade (W1)

e B

15%

la. Wall
10%

1b. Pediment
30%

2. Adobe lateral walls (W2 and W3)

+

.

2a. Walls

20% 30%

2b. Pediments

30%

3. Towers

3a. Brickwork base
30%

3b. Timber top structure
40% 50%

4. Timber framing

4a. Lateral aisles of
Bay 1

4b. Nave and lateral
aisles

4c. Transept

5a. Vault

5b. Central dome

5c. Lateral domes
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On the other hand, the pediment has a thickness smaller than the thickness of the facade
and therefore a discontinuity is present at this location, which creates a weak point, even if
somel ongi tudi nal restraint i's present. ORObustnNnes:s
negative.
The lateral adobe walls (W2 and W3) have a good overall robustness, with low
slenderness except in specific portions. These walls remained stable duringearttieaft
2007 Pisco earthguake. ORobustnessdé is hence <co
attribute.
However, deterioration caused by water and salts, especially affecting wall W3, reduced
the dgrength of the wall, contributingn a negative way tots structural response. It is
reasonable to conclude that it was the deterioration of the wall that led to the construction of
a reinforced concrete frame adjacent to the South face of wall W3 at the location of the
transept, in order to provide additiodalat er al stability. 6Conditioné
relevant and negative. Interaction of the lateral walls with the timber structure of the transept
was unfavourable, as cracks were observed on the face of wall W2. This damage seems to be
caused by hamering of the adjacent timber framing and masonry walls. Moreover, poor
interaction was also observed at the interface of the lateral adobe walls with the brickwork
base of the towers (Figure 4.45). 6ltet eractioné
hand, the pediments of wall W2, of smaller dimensions than the pediment of the main
facade, appear to be robust and to interact well with the wall, since no visible damage was
observed.
The bell towers had a good structural response to the 2007d&Rigbguake. The base is
a robust fired brick masonry structure in overall fair condition. The only negative attribute of
the towers6 base is associated to the poor i nt e
caused vertical cracks and separation adéhtevo macroelements, as explained above. As far
as the towers6 top timber structure is concerne
significant permanent deformations after the earthquake. No evidence of failure of the timber
jointswasobserved and hence the 6Connectionsd® variabl e i
members appear to be in overall good condition, even though no detailed information about
wooden species is available.
The roof of the left aisle of bay 1 collapsed due to the cedlags the longitudinal beam
running between the lateral pillars, as shown in Figure 4.44b. The collapse of the beam was
caused by the failure of the joint connecting the beam to the horizontal bracing of the lateral

pillar (Figure 4.44c). Since the joirdfi | ed, t he O6Connectionsdé attribut
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critical and negative. It is followed by t|
influence due to the potential negative effects of the interaction of a flexible timber framing
with a facae that vibrates withigher frequency.

The timber framing of the nave and lateral aisles appears to be a robust system of braced
posts and beams, with timber joints that had an overall good structural performance during
the 2007 Pisco earthquake, sincesigmificant permanent deformations were observed in the
framing. Thus, all attributes are considered positive except the condition, since deterioration
of longitudinal beams were observed in a few locations (Figure 4.36, detail 6). However, it
should be mphasized that there is no detailed information about the timber joints and
wooden species. Hence, further investigations are required to address this lack of
information.

The performance of the timber structure of the transept appears to have beertsimilar
the performance of the framing of the nave and lateral aisles. However, the transept had a
negative interaction with the lateral adobe walls, causing cracks in wall W2, as discussed
above. Hence, the &6l nteract hedrandeptat t ri bute i s

ORobustnessd and o6Conditiond are considere
vaul t | foll owed by the timber 6Connectionsbo
observed on site that the weakest point of the structure is thef tymettes, where the
internal arches and the |l unettesd members a
the failure of the joints at the top of lunettes might have been triggered by material
deterioration (Figure 4.41), the structural arrangentamisisting of several mortice and
tenon joints closely spaced reveal a weak structural point, even if the material is in good
condition and the timber joints are well designed. The information collected on site is
insufficient to formulate a hypothesis ftre failure of the baydge arches. More detailed
structural analyses are required to reach a conclusion. The interaction of the vault with the
timber framing is considered favourable since no local failures of the mortice and tenon
joints connectingthar ches and |l unettesd members to t he
(Figure 4.36, detail 6). However, this judgment is made with a high level of uncertainty due
to the impossibility of observing the condition of those joints on the site. Further field
investigations must be conducted to verify this judgment.

The partial collapse of the main dome seems to have been triggered by deterioration of
the timber members. The timber joints were not surveyed in detail and therefore the

60 Co n n é&c tait d r 9 sifiedtwith highsuncertaiaty
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Finally, although the lateral domes have also some evidences of deterioration, no major

damage or deformation was observed in this macroelement. Hence, it is considered that the

connections of the elements of these domes alled@signed and constructed, and the lateral

domes interact well with the timber framing.

The most influential attribute to the structural response of the Cathedral of Ica is

6Robustnesso,

foll owed

by

6ConnectinFouwes 6,

o |

5.6. Robustness is a critical attribute for 70% of the macroelements which are influenced by

this attribute. For macroelements influenced the performance of connections, the

6Connect.i

ons?©o

attribute

S

ei

t her

cHgureg i c al or

5.6. Figure 5.7 shows that the condition is poor in 70% of the macroelements that are

influenced by this attribute.

Table 5.6 shows the average uncertainty or lack of confidence of theSRR team

whi |l

e

mak i

ng

a

judgement

of

t he

various attri

6 Mat er i al s desjadged witharger uacertainty. Bhe uncertainty of the diagnosis

of the Cathedral of Ice overallhigher than the@incertainty of thessessment of the Church

of Kufio Tambo. This reflects the fact that most of the timber structure of the cathedral was

hidden by plaster, and therefore could not be observed on the site.
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Figure5.6 Distribution of classes of influence per attribute
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Nature of the influence of the attributes
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influence (%)

Distribution of favourable/unfavourable

Figureb.7 Distribution of the nature of the influence of the attributes

Table5.6 Preliminary analysis of uncertainties of the assessment of the Cathedral of Ica

ATTRIBUTES
Robustness  Condition Interaction Connections Materials
ulp; 24% 30% 32% 40% 37%

[equation 3.1]

5.4 Conclusions

Taking into account this preliminary diagnosis, more detailed structural analysis of the

Church of Kufio Tambo will investigate the following main issues:

(i) The interaction between the buttresses and the longitudinal walls;

(i) The connection of the tie beams to the walls, which should be also further

investigated through experimental work;
(iif) The interaction of the main nawath the baptistery anslacristy; and

(iv) Theinterface between the base course and the adobe masonry. Tests should be

performed in order to quantify the level of friction among the two materials.
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Conversely, more detailddvestigations andtructural analysis of theathedral of Ica

will investigat the following main issues:

(i) Sensitivity analysisshould be conductet identify and determine the influence
of the most critical joints to the seisnperformance of the timber frame;

(i) The mechanical properties of the crititimhber joints need to be characterized
by means of experimentdests The critical joints to be tested should be
identified by means of sensitivity analysis;

(iif) The wooden specieshould be identified and characterized by means of

experimental work
(iv) The reason why the paedge arches failed;

(v) The reason why in many bays of the nave only the internal arches have collapsed

and not the bagdge arches; and

A

(viThe hypothesis of the roofés cladding behay

should be investigated.
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As far as the laws of mathematics refer to reality, they are not certain;
and as far as they are certain, they do not refeetdity.

Albert Einstein
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CHAPTER 6

Quantitative aalysis at the local level and knowledigased
uncertainty of historic adolend timberchurches

6.1 Introduction

The preliminary diagnosis of the Church offiuTamboand Cathedral of Icarovided an

initial understanding of the critical aspects that govern the stalctesponse of historic
churchesn Peruon the basis of field observations and anélystdgement. Those critical
aspects are here analysed in moiaitlat a local level, while the uncertainties present in the
assessment due to limited knowledge are also estimated. This work will inform more
complex analyses conducted at the global level and provide a method of measuring
uncertainties and propagatimgup to the final diagnosis. The sequence and logic of this
strategy follows the approach described in Chapter 3 and illustrated in Figure 3.1.

The term Ol ocal |l evel 6 is here used to den
portions of the struares (i.e. local models, LM). These analyses allow the simulation of
local structural responses, the calibration of input parameters and the verification of
alternative hypotheses regarding the behaviour and modelling of the structures. The local
models @& also used to quantify the uncertainty of the inputs and identify the critical

variables.
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The local analyses conductidthis chapter illustrate the distinct research questions and
challenges posed to the analysis of adabé timberchurches in coungs like Peru. The
Church of Kuilo Tamlw represents historic churches built in high lands with a simple layout
made of a material difficult to simulateadobe.On the other hand, the structural behaviour
of churches in low lands, such as the Cathedral &f i governed by the response of a
timber structure and masonry walls. In order to prove the validity of the methodology
proposed in Chapter 3, the aim here is to test this methodology in the assessment of the
timber structure only, since the masonry egstin this type of church requires an
investigation similar to the one conducted for the Church dfioKliambo. The timber
structure of the Cathedral of Ica represents a construction with a complex geometry and
hundreds of jointsvhosesimulation has not e investigated in the past.

Having as reference the Church offiduTamboand the Cathedral of Ican answer to

the following research questions is pursued in the present chapter:

(@) How detailed should the structural analysis listoric adobe and timber
churches be to make a final meaningful diagnosis?
(b) What are the main uncertainties present in such structural analysis and what is

their influence?

The software package Autodesk Simulation Multiphysics 2013© is used to carry out the
numerical analysis. Thisoftware has a good 3D graphic interface, allowing complex
geometries to be simulated. It also includes a large suite of linear and nonlinear material
models and finite elements which can be adapted to the purpose of the analysis. Moreover, it
allows importing 3-D architectural models from AUTOCAD® and convert them into finite
element models with relatively little operator input. There are several other software
packages commercially available, which can be used by professionals in South America to
conductsimilar analyses. The modelling approach and the software used in this research
were selected with the purpose of developing a procedure that can be applied by
practitioners.

This chapter discusses relevant hypotheses for the structural analpssond adobe
and timberchurches at the local level. Investigation of these hypotheses helps to refine the
local modelof the churcheswhich is used in its final state in the analysis of the uncertainty

of the input.In the case of the Cathedral of Ica, engsas here given to the modelling of
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the planked arches, since the failure of the nailed joints of these arches was the most

significant failure observed in many churches after the 2007 Pisco earthquake.

6.2 Analysis of a historic adobe church at the loeakl

The structural behaviour of adobe churches in high lands in Peru, such as the Church of
Kufio Tambo, iggoverned by the response thfck walls and buttresses. In such cases, the

following hypotheses require a detailed investigation:

() Relevance of trasverse shear deformation;

(i) Material model;

(i) Distribution of shear stresses through the thickness of the walls;
(iv) Effect of boundary conditions; and

(v) Effect of the base course.

6.2.1Material properties

At an initial phase of the assessment of a historic buildirifgexperimental work can not be

carried out, the material properties of the structure can be defined on the basis of information
available in literature. Annex | presents a summary of results of tests performed on adobe

and rubble stone masonry availabidiierature. Takingrito account that the charactetisn

of the material properties of historic buildings by means of experimental tests is often not
feasible or limited, the availability of information in literature can dictate the uncertainty of

the aalysis. The availability in literature of material properties of adobe, which is the
principal structural material of earthen churches in Peru, is qualified in terms of low,
medium and high based on an extensive literature revidabie6.1. &6 Hi ghé means t
property is easily available in literature and therefore a wide range of data can be compared.
OMedi umd means that i nfor mat i otare whoamuathert he pr
l' i mited extent, whi ch l i mits t he represent a
information about the property is rare in literature and when available the representativeness

is normally valid to a specific case studyble6.1 also shows the properties obtained by an
experimental campaign conducted within the E5RP with the purpose of characterizing

the material behavio of the Church of Kilo Tambo and Cathedral of Ic&he author

participated in the planning of these tests, which were carried out by PUCP.
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Table6.1 Availability of information in literature to characterifee material behaviour of adobe

Availability in literature PUCP
Property reporting experimental work experimental
campaign
Low Medium High

Specific weight w X X
Modulus of elasticity E X X
Poisson ratio g X X
Cohesion c X X
Internalfriction angle a X X
Shear strength fv X X
Compression strength fc X X
Tension strength fi X X
Bond strength fo X X
Biaxial compression strength ~ bfc X

Fracture energy Gt X

In general, information about adobe is rare in literabmmpared to fired brick masonry
for instance. The modulus of elasticity and the compression and shear strength are the most
common properties obtained by experimental work coteduion adobe. This information is
directly relevant to the Peruvian churchesd this can be explained by the fact that
compression tests and diagonal compression tests are indicated in the Peruvian code for
earthquake resistance (E.080, 2006) for the determination of the compression and shear
strength used in the design of new lelstructures, being therefore a common practice in
the country.

Based on the literature review of Annex | and provisions of standards and codes
(e.qg.E.020, 2006), the material propertiesTable 6.2 were adopted in the local models and
preliminary global models of the Church of fiatTambo. These material properties were
revised and adjusted after the results of compression and shear tests carried out at PUCP with
specimens made either of original materials or new materials reproducing the original ones
were available. Details of tke tests can be found in Torrealva and Vicente (2014). The final
material properties used in the uncertainty analysis, final analysis at the global level and
detailed diagnosis are also indicated'able6.2. This table also shows the material models
that are characterized by the various variables. As will be discussed in the following, the
structural analyses conducted at the local level showed lieaDtuckefPrager is more

appropriate to model adobe churches than conbesed material models. From these
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results, the experimental work at PUCP was planned such as to provide the necessary inputs
to characterize the Druck@rager model. For this re@s no experimental inputs for the
Modified HTC model were obtained.

Table6.2 Material properties adopted in the local models oficKlrambo from information available
in literature and experimental work carded at PUCP

Values Values
Material Control Variables from from PUCP Units
literature  tests
Elastic Modulus of elasticity 200000 140000 kPa
properties  pojisson ratio 0.15 m/m
Cohesion 30 41 kPa
Drucker Friction angle 0.47 0.55 rad
Prager model specific weight 19 16 kN.mr3
Adobe .
Tension cuoff 20 30 kPa
Uniaxial tensile strength 50 kPa
Modified Uniaxial compressive strengtl 1000 kPa
HTC model  Biaxial compressive strength 1160 kPa
Fracture energy/area 272.86 J/n?
Elastic Modulus of elasticity 800000 870000 kPa
properties  pojsson ratio 0.20 0.20 m/m
Rubblestone Cohesion 100 65 kPa
masonry Drucker Friction angle 0.37 0.42 rad
Prager model Specific weight 19 19 kN.nv3
Tension cuoff 85 55 kPa

6.2.2Local model othe Church of Kéio Tambo

The sacristy is modelled here for the analysis at the local I&iglre 6.1), since the
modelling of this portion of the church is sufficient to investigate the aforementioned
hypotheses. The sacristy is composed of three adobe walls with rubble stone masonry base
course and two windows with timber lintels. The model is composed of volume elements and
subjected to permanent loading, simulating the-welfjht of the structural materials,
distributed vertical loading, representing the -sadight of the roof, and disbuted
horizont al |l oading at the top of the wall s

acceleration is applied in both the X and Y global direction to represent earthquake action,
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which is depicted irFigure6.1by a resul tant vector. The term 6e
denote a body force (mass*acceleration) that is a static equivalent to seismic excitation.
Taking into account the modestigiet of the building, the uniform mass distribution and
prevalent shear behaviour, the acceleration is considered constant over the height of the
model. The magnitude of the acceleration is increased monotonically from O to the value that
determines the fire of the structure, hence performing a push over analysis.

a) Global model b) Local model (sacristy)

Figure6.1 Local and global models of the Church of Kufio Tambo

6.2.3Relevance of transverse shdaformation

Most walls of the church are thick, with vertical slenderness ratios inferior to 6. Thus, it can
be assumed that stresses are not constant through the thickness of the walls due to
eccentricities of the vertical loads, and bending and sheaedaoy earthquake loading.

Plate or shell elements are often used to simulate the structural response of masonry walls,
since the meshing and handling of those elements aneatipreasier tharolume elements.
Investigations conducted with a local model offidurambo made of plate elements show

that the distribution of maximum principal stresses and the deformation of the model are

similar to the response obtained with the model with volunmaesis Figure6.2).
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Kirchhoff-Love plate theory b) Model with volume elements

Figure6.2 Distribution of principal stresses in the local model with plate and volume elements

However, the volume element model presents shear stresses higher than 20kPa at lower
levels of the facade for an equivalent acceleratid®. &g in X-direction, which is within the
order of magnitude of typical shear strength of adobe masonry as shown in Table I.1 of
Annex |. Thus, oubf-plane shear stresses in the case of adobe churches cannot be
overlooked. A diret conclusion of this simaltion is that thin plates based on the
Kirchhoff-Love plate theory (Love, 1888) should not be used in the assessment of this type
of structure, since this type of plates are unable to represenf-plane (through depth)
shear stresses (by hypothedibx equal to zero in the facade of the sacristy when an
equivalent acceleration is applied in thediXection), as shown ifrigure 6.2a. Moreover,
thin plates do not provide a good representation of maximum principal stresses in parts
where their orientation corresponds to the through depth shear stresses which accompany

out-of-plane overturning mode of failure.
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6.2.4Material model

The most widely appliethaterial models to the analysis of masonry structures, in particular
adobe structures, are the Druckrager and concretsased models as discussed in
Chapter2. In the DruckeiPrager model (Drucker and Prager, 1952), failure is governed by

cohesiorc andinternal friction anglal, as shown by the yield function of equation 6.1.:

F(t)=al,(t)+s(t)- b [6.1]

L (t)=s,(t)+s,,(t)+s,(t) [6.2]

5 ()= Jga s,,(0s, () [6.3]
1
S, (t)=s . gdu 1 (t) [6.4]

, where the parametelsandb are given by equation 6.5 and 6.6 respectively.

4 = 2sin g 65
(3- sin q)\/g [63]

_ 6ccos g
o (3- sin q)\/g [68]

These equations show that both deviato&¢ &nd hydrostatic stresses, expressed in the
form of the stress invariamt, govern the failure of the material. Failure in shear is therefore
dependent on the state of hydrostatic stresses. Materials that follow this failure criterion are
called norconforming, as they do not comply with the associative rules of plasticity tha
state normality of strain vector at failure with respect to the failure surface.

In modelling procedures where units and joints are not discretised; cohesion and internal
friction angle govern a failure that can occur in any direction depending onatimdo
Experimental tests to characterize these variables are usually performed on masonry under
shear parallel to the bed joints in presence of a normal load (see for instance the provisions
of BSI, 2002) and values are taken from the cohesion and ihteoti@n angle of the bed
joint. Work by Calderiniet al. (2010) discusses the use of diagonal compression tests to
obtain values of cohesion and friction coefficient of mortar joints. This method could be

particularly useful to obtain representativeued of cohesion and friction angle for irregular
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masonry arrangements. Moreover, diagonal compression tests are a common practice in Peru
as discussed in section 6.2.1, and therefore a potential good source of information on
material behaviour.

The softwae package ASM®© has available a modified DrudReager material model,
which allows to define a tension eoff region and a cap hardening regidtigure6.3). The
tension cubff, Ty, takes into account the fact that masonry has a low tensile strength,
which is independent of the initial cohesion and friction angle as per the hypothesis of
Mohr-Coulomb criterion. The tensile strength value is usually difficult to define in terms of
laboratory testing. It can be obtained from diagonal compression tests or considered as the
flexural bond strength of masonry obtained by the bond wrench methostiofjtésee for
instance BSI, 2005). Zhoet al. (2008) performed series of tests on brickwork bonded with
lime-based mortar and have achieved a good correlation between results of bond wrench
tests and values of flexural strengths (with planes of failamallel to the bed joints)

obtained by means of tests performed in accordance with BSI (1999).

o Y
Druacker-Prager vield function (17
/ - — &
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Figure6.3 Modified DruckerPrager yield function (User Guide of the Autodesk Simulation
Multiphysics 20130©)

In Figure6.3, pi, is the increment of the cap position due to pressure hardening and it is
a function of two cap hardening paraers, C; and C,, the plastic volume strain and the
initial cap position, 1. The cap considers the fact that purely hydrostatic compression

introduces plasticity. However, in seismic analysis of historic adobe churches with thick
walls and light roofs, it is reasonable to assume that the peak compression strength is rarely

achieved before the masonry fails in shear or tension, in real loading conditions.
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The concretdased material model available in ASM©, namely the Modified Hsieh
Ting-Chen (HTC) model, uses a failure function similar to the HTC-pawameter criterion
(Chen and Han, 1998). However, the effect of the angle of liagsléntroduced by means of
the deviatoric radius representation of Willam and Warnke (1975), as follows:

__arrd &rr o X ~
F = alaeae_f'8+ aZaeaeT'8+ a3T- 1=0 [6.7]
C ¢~ C ¢~ c

4(1- ez)coszq + (2e- 1)2

(g.€)= [6.8]
2(1- e*)cos g + (2e- 1)\/4(1- e’)cos’ g +5e” - 4e
Xo = Gy fc‘
e=1- 0570 "¢ 6.9]
x-c,f,

,wheree is the eccentricity as defined by Kang and William (199%)js a material
constant that can be calibrated from experimestsg, and G are the HaighWestergaard

coordinatesa is the equiriaxial tensile strengthx{ = :'{/f_t') andf? denotes the uniaxial

compression strength.

The Modified HTC model has a failure surface similar to the DruBkager surface, but
the representation in the deviatoric plane varies, being a circle only when the failure is
independent of the angle of Lod@Eigure 6.4). In the case of Druckeé?rager, the failure
surface is always represented by a circle in the deviatoric ffane€6.4).

A constitutive law with compression hardening and linear softening in tension is defined
for the Modified HTC model in the post elastic range. A shear retentioficieef can be
introduced, in which a value of 1 indicates that the structure is able to completely transmit
shear forces parallel to the plane of the crack, whereas a value equal to 0 indicates a perfectly
smooth crack with no friction. In reality, thelua of shear retention lies between 1 and 0O;
however a value of 0 is adopted here since it results in better solution convergence while
being also the most unfavourable condition.

Nonlinear static (pushover) analyses conducted with the local model ofhtirehCof
Kufio Tambo using the material propertiesTaible 6.2 show that the Modified HTC model
leads to a globally stiffer structure with a more brittle failure and unrealistic high values of
shear stress. The Druckérager model has higher relative tensile to shear strength in the
out-of-plane wall. Such evidencesn be seen iRigure6.5, where thel, Uy stress state of

both material models is compared with Md&Pwulomb failure envelopes derived
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independatly with the same values of cohesion and friction angle. Thus, the DrRckger
model provides more realistic results for historic adobe masonry and it is therefore adopted

here for the global analysis.

Principal stress space Deviatoric plane

DruckerPrager model
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Hydrostatic g
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Figure6.4 DruckerPrager and Modified HTC surfaces (Ottosen and Ristinmaa, 2005; User Guide of
the Autodesk Simulation Multiphysics 20130)
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Figure6.5 Comparison of the stress state of the local model of the Churchfiof Kambo with the
Mohr-Coulomb failure criterion

6.2.5Distribution of shear stress#wough the thickness of the walls

Constant strain elements are used to model the sacristy. A direct consequence of this
modelling choice is the need to use more than one element through the thickness of the thick
walls of the church in order to simulateetvariation of strain. Nonlinear static (pushover)
analyses are conducted with the local model of the church assuming a ERuager
material model for the adobe walls. The analysis of alternative hypotheses of different
number of elements spread acrdiss thickness of the walls shows that models with less

number of elements are slightly stiffer than models with more elements, as it would be
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expected when dealing with constant strain elemetitgire 6.6 illustrates the difference
between the distribution of cuf-plane shear stresses in-al2ments and-8lements model.

It shows that the model with 3 volume elements simulates more accuratelytttinakness

shear stresses. However, to evaluate the implications of such differences, the results of both
models in terms ol -Ux distributions are compared with MeBoulomb failure envelopes.

These comparisons show for instance that 1.3% of #haezits of the owtf-plane facade

fail in the 2elements through thickness model whereas in thee®ents model the same
proportion is 1.2%. Since these differences are rather small and the use of 2 elements
decreases the mesh complexity and the anatysisme while providing results that are
slightly conservative, a minimum of 2 elements through the thickness of the walls is the
modelling choice taken forward for the global model. In the case of large masonry buildings,
such as churches, the number leieents should be kept to a minimum necessary to provide
reasonable results. Otherwise, the time necessary to handle the geometry and run the
analyses would be impractical at a professional level. The aim of this type of local analyses
is to identify the orrect balance between the appropriateness of the model and the

practicality of the analysis.

Stress
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WA M2

a0
285 |
27
255
24 a=0.3g
225 —> ] a=0.3g
21 I
195
18
6.5 |
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Y
Lx a) Model with 2 volume elements b) Model with 3 volume
spread across the thickness of elements spread across the
the walls thicknes=of the walls

Figure6.6 Shear stressegl() distribution through the thickness of the walls of the sacristy
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6.2.6Effect of boundary conditions

During the field investigations, foundation failure was abserved in the Church of Kufio
Tambo, and hence a detailed numerical modelling of the soil/foundation interaction is not
required. However, the local model of the church has rigid constraints at the bottom of the
walls, which causes concentration of stessat the base due to the sharp variation of
stiffness between the adobe masonry and the boundary. Springs are therefore used at the base
to allow some deformation in the horizontal plane.

The 0,-Ux state of stress of the local model with springs athibttom with 4E3kN/m
stiffness after nonlinear static (pushover) analysis is compared with aGboifomb failure
envelop inFigure 6.7. Comparison bFigure 6.7 with Figure 6.5a highlights thefact that
shear is more significant for points subjected to normal compression rather than normal
tension in the model with elastic springs. This is a more realistic distribution of stresses in an
adobe structure. The use of elastic foundations is tirerpfeferred for the global model.

However, the use of flexible constraints at the base should not significantly alter the
global results of the model. Sensitivity analysis can be used to identify the appropriate value
of stiffness. In terms of displacenmehRigure 6.8 shows that the use of springs of 5SE4kN/m
stiffness yields global results that differ little from the infinite rigid ones, without causing
spurious stress concentration.

o Lateral walls (North and South)
o Facade (East) 350 1

t =30+0.5s

-150 -

Shear stres$) (kPa)

-250 -

-350 4
Normal stress, (kPa)

Figure6.7 Comparison of the stress state of the local model of the Churchfiof Kambo with
flexible constraints at the base with the M&wulomb failure criterion
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Figure6.8 Maximumdisplacements of the local model of the ChustKufio Tambo for different
values of stiffness of the springs simulating elastic boundaries at the base

6.2.7Discussion of results of the analgsa the local level

Alternative hypotheses provide different capacity curves and stress Bigtes.6.9 shows
the capacity curves of the variousplayheses verified with the local model of the church.
The DrucketPrager model is more ductile and simulates well the early decrease of stiffness
of adobe structures due to cracking at low values of loading. On the other hand, the Modified
HTC model presds higher capacity and a more brittle failure. Althoughafyplane shear
stresses are relevant to assess the lateral capacity of thick adobe masonry structures, the use
of more than 2 elements through the thickness of the walls do not considerably ttteange
results. The models of the sacristy discussed so far are only composed of adobe walls;
however the walls of the historic churches of the Andean region have rubble stone base
courses. A local model of the church with a rubble stone base courseasalgsed and the
respective results compared with the other model$igure 6.9. The DruckeiPrager
material model is assumed for both adobe and rubble stone masonry. The capacity curves
show that the model with base course is stiffer and has higher capacity than #le mod
without base course.

Figure6.10 shows thel,~-Ux stress state at four critical locations both in the facade and

lateral walls. Point 3 is locadeat midthickness of the facade.
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Figure6.9 Capacitycurves of the local model of the Church offiéuTambo for different hypotheses
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Figure6.10 &, ~Uy stress state of four critical locations (Points 1, 2, 3 and 4) under different
hypotheses (A, B, C and D)
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The figure shows that the use of the Modified HTC model provides lower values of shear
than the DruckePrager model. The elastic boundary conditionty substantially change
the state of points located at the bottom of the walls (case of point 1 and point 3). Points
located across the thickness of walls have different stress states for local models with 2 and 3
elements across the thickness of thélsyaven though the global results are not substantial
different as shown by the capacity curves.

6.3 Uncertainty of the inpu the assessment of a historic adobe church

As indicated in Figure 3.1 and discussed in Section 3.5.2, the uncertaintyirgbuhé the
assessment of the Church of iduTambo can be obtained by carrying out sensitivity
analysis with the local model of the churéhigure6.1b). In the following, reference will be

made to relevant sections of Chapter 3, especially Section 3.4 and 3.5.2 for more clarity.

6.3.1Control variables

The control variables with the respective plausible values and states are sefahle3
andTable6.4, respectively, wher&Vy; is the range ofariation of the control variables. No
control variables of the Ageometryo <cl ass
assumed that the geometry of the model is precisely defined, based on the control data
collected within the work performed by tE&I-SRP.

The material properties of adobe were obtained both from experimental work performed
at PUCP within the EABRP (Torrealva and Vicente, 2014) and specialised literature
(Vargaset al, 1983; Vargast al, 1986; E.020, 2006; Vecchi, 2009). Whetperimental
results are available, the reference values are an approximation of the mean experimental
results, and the minimum and maximum values the corresponding bounds of the tests. The
range of variation for adobe reflects the fact that the testsepadicted both with original
samples of another historic buildings and with new adobe.

The quality of the information for rubble stone masonry is poorer than for adobe since
only a few results from experimental work are available for the specific typabble
masonry found in the church. For this reason, most of the information was taken from
literature (e.g. OPCM 3431, 2005).
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Table6.3 Control variables of the Church of Ko Tambo characterised by valussl respective
intervals of plausibility Yiimn, Viirer, Viimd @nd ranges of variatiofiv;

) . . av, =1- a;’eiv'('m" g
o Control Variables Units  Viimn Vidref Vidimx Vi 2
(@) [normalized]
Ve,  Modulus of kPa 50000 140000 225000 0.78
elasticity
o Ve2  Poisson ratio m/m 0.15 0.15 0.2 0.25
S Ves  Cohesion kPa 38 41 44 0.14
< Vps  Friction angle rad 0.5 0.55 0.6 0.17
) Ves  Specific weight kN.m3 16 16 19 0.16
£ Ves  Tension cubff kPa 25 30 30 0.17
g Ve,  Modulus of kPa 750 870 1050 0.29
o elasticity
e g‘ Vps  Poisson ratio m/m 0.15 0.20 0.20 0.25
o S Ve  Cohesion kPa 55 65 65 0.15
2 E Vpio  Friction angle rad 0.37 0.42 0.5 0.26
® Ve Specific weight kN.m3 16 19 22 0.27
Vp12  Tension cubff kPa 40 55 55 0.27
(2]
C .
S vy, Equivalent g 0130 0234 0312 0.58
2 acceleration
(@)
= .
TV Maximummesh L, 100 400 1150 0.91
S size
=
Table6.4 Control variables of the church of Ko Tambo characterised by plausible states
Plausible states
Class Control variables -
Reference Alternative
Details Vor Presence of effective No Yes

tie-beams

As far as the cohesion of rubble stone masonry is concerned, since adobe and rubble
stone have a similar type of mortar, a value of the same order of magnitude could be
assumed for both materials. Nevertheless, triplet tests performed on the interfaeenbetw
new adobe and rubble stone masonry at PUCP (Torrealva and Vicente, 2014) show that the
imbrication of the stones and their irregular geometry improves the cohesion of the material.
The reference value and upper bound of the cohesion of rubble stoaspoods to the
experimental result obtained by PUCP in the aforementioned triplet tests. According to both

Senthivel and Lourengo (2009) and PUCP experimental work (Torrealva and Vicente, 2014),
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the friction angle of rubble stone masonry is likely to d&dr than the value associated to
adobe and, hence the minimum plausible value for adobe is assumed here as the maximum
for rubble stone. The reference value of the friction angle of rubble stone masonry is
assumed from triplet tests performed by PUCP ew adobe block/rubble stone masonry.

The values of tension cuofff were taken from literature and typical relations of cohesion and
tensile strength.

In some intervals of plausibility, the lower or upper bound is equal to the reference value.
In those casg it is assumed that the most plausible value of the control variable corresponds
to an extreme of the interval. Hence, the analyst is confident that the variable is not likely to
have a value that is either above or below the reference value. Sucbrdeaisiresult from
the analysis of the sensitivity of the SPIs to the variation of a specific variable. For instance,
if the output does not significantly change when the reference value is varied either to the
lower or upper bound of the interval, it isrite reasonable to reduce the size of the interval.
This can be done by changing the lower bound or upper bound to a value equal to the
reference value. Another possibility is to reduce the interval of plausibility to a single
reference value, in which aashe uncertainty is assumed as null.

The control variablé/a; is defined on the basis of literature and expert judgment. The
reference equivalent accelerati®day corresponds ta 10% probability of exceedance in 50
years consideringoft foundation soil in zone 2, which includes the region of Cusco,
according to the code for earthquake resistance in Peru (E.030, 2003). The maximum
importance factor provided by the code is used due to the historic nature of the building and
its use asa community space. The interval of plausibility reflects the uncertainty in the
definition of the hazard zone and type of soil.

Taking into account that the survey carried outtmnsite did not allow reaching a firm
conclusion on the effectiveness okttiebeams to control otdf-plane movements of the
longitudinal walls during an earthquake, the hypotheses of presence or lackeasrtis was
evaluated through thép: controlvariable. The lack of tibeams is assumed as the reference
state, since waten anchors of different configurations were only observed at the end of a
limited number of ticbeams Figure4.18). In the case of teeams that areot anchored to
the walls, it isexpected that lateral restraistassured only by friction between timber and
adobe.

As seen in sectiorn®.2.3 and6.2.5decisions on the mesh si2éu) are governed by the
ability of the model to simulate throughickness shear strains in enftplane walk

supported by considerations on the number of failed points in shear assuming a
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Coulomblike failure criterion. The minimum plausible and reference values are selected
taking into accounthe dimensions of the adobe units, whertgss maximum mesh size
corresponds to the maximum thickness of the walls of the partial model. Thus, the latter
correspondso the hypothesis of orfsite element simulating transverse shear deformation.

Vw1 is the control variable with the highest rarafevariation (Vw1 equal to 0.91) since
the most appropriate mesh size is usually unknown at priori and should be normally selected
after a few analyses with the partial models. It is followe&#hyfor which a broad range of
possible values for adobe awvailable in literature and results from experimental work are

either not directly applicable to the Church offi@urambo or have a significant variability.

6.3.2Level of influence of control variables and sensitivity of structural performance
indicators

The structural performance indicators (SPIs) considered relevant to the seismic assessment
of the Church of Kfio Tambo are indicated ifable6.5.

Local sensitivity analyses are performed for each control variable assuming the reference
analysis conditions and varying one by one the control variables from the minimum to the
maximum plausible values or varying the state of the model. The range afioranf a
control variableKi, GVki, is obtained by means of equation 3.4 and the sensitivity of a SPI

to the variation of the same variabligxi, by means of equation 3.5.

Table6.5 Structural performace indicators of the assessment of the Church ébKliambo

Structural performance

indicator Objective

SPI 1: Total base shear To investigate the global lateral strength capacity.

To investigate the ability of the structuredissipate energy by
elastic and plastic deformation. It is obtained by dividing the

SPI 2: Global drift displacement in the direction of application of the acceleration b
the height at a control point, usually the maximum height of the
out-of-plane wall.

SPI 3: Percentagd tailed To investigate the stiffness degradation assuming an efasitic
points in the adobe walls DruckerPrager failure criterion (Drucker and Prager, 1952), whe
the percentage of nodal points in either the walls or base course

with a state oftress that is on the failure surface of the

SPI 4: Percentage of failed > LIS _
DruckerPrager criterion is estimated.

points in the rubble stone
masonry base course
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When the control variables are defined by means of values, a comparison of the input

variation,UVk;, with the output sensitivityiljxi, can be established, as showrrigure6.11.

For this purpose, the variation/sensitivity is considered relevankibr Ul;«i are larger than

the minimum reference knowledfpased uncertaintyyumn, assumed by the analyst (see
Section 3.5.2.1 for further detgilsFour quadrants can be established where the control
variables belonging to the first quadrant have the most unfavourable condition since they
have high output sensitivity for low input variatiofigure 6.11). In the assessment of the
Church of Kdio Tambo, it is assumen,mn equal to 0.05 andn,mx equal to 0.35. The
maximum reference threshold is based on the recommendations of CIB 335 (2010) for
masonry buildings, whereas the minimum reference threshold is assumed half of the level
suggested in the same publication. It is considered by the author that a lower minimum
uncertainty should be assumed for historic buildings when the knowledge leorkidared

high in order to take into account the importance of empirical knowledge asieon
observations.

In the present assessment, no control variables belong to the 1st and 4th quadrants,
meaning that all control variables have a high input variaiien the variation is always
higher thanm,mn. SPI 3 and SPI 4 are the most sensitive SPIs, since they have the highest
percentage of control variables in tHé Quadrant.

SPI 1 is especially influenced by the lateral acceleration and the speeifjbt of the
materials, as would be expected. Although the input variation associated to the mesh size
(Vm1) is high, the comparative sensitivity of the SPI 1 is reduced which signifies that the
uncertainty is diminished.

The properties of the adobe wadflave the most important influence on SPI 2, especially
the modulus of elasticityMp1) with a linear correlation and the specific weightbsf, in
which case the uncertainty is amplified since the sensitivity of the output is higher than the
variation ofVps.

The tension cubff (Ves), cohesion {rs) and the specific weight of adobé-§) have the
most important influence on SPI 3 since they govern the failure surface of the
DruckerPrager model and the capability of the material to resist shear due r@lnor
loading. Especially in the case of tension -afit and specific weight, there is an

amplification of the uncertainty.
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Figure6.11 Propagation of uncertainties: comparison of input variation with output sensitivity
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The behaviour of the interface between the adobe walls and the rubble stone masonry
base course may explain some of the differences on the relative influence of thé contro
variables associate to adobe or rubble stone on SPI 3 and SPI 4. This behaviour will be
governed by the cohesion, tension-gfftand specific weight of adobe and by the friction
angle of the rubble stone masonry. This is the reason why the variatios foiction angle
of rubble stone\{r10) has an important influence on SPI 3.

As far as SPI 4 is concerned, the specific weight of the adobe\Wwgllapd the tension
cut-off of rubble stone masonry¥:,) influence the most the sensitivity of the struat
performance indicator, leading to significant amplifications of the uncertainty. This is
explained by the fact that these control variables govern the relative capacity of the base
course to resist shear and tension.

Table 6.6 shows the sensitivity of the structural performance indicators to the variation
of the control variables characterised by staids;. Since the tidbeams are acting as
constraints to the owdf-plane behaviour of the transversal walls of the model, the presence
of the tiebeams reduces the drift (SPI 2) or deformation of these walls, leading to a
reduction on the level of failed points (SPI 3 and SPI 4).

The overall sensvity of a SPIj to the variation of all control variablegl;, can be
obtained as an average over all valuesilgfi, as per equation 3.6. The valuestbfare
shown inTable6.7 for all SPIs.

In the present assessment, the response of the base course is most sensitive to the
uncertainty of the input due to the greater range of variation of the properties that govern the
failure of rubble stone nsanry in shear and tension. The valuelof is close to the
maximum reference value of the uncertaimymx, assumed here as 0.35. The failure of the
walls and the global drift is also highly sensitive with overall sensitivities significantly
greater tAn the minimum reference value.m, assumed here as 0.05. Finallye tiotal

base shear is the leagnsitive SPI witlsensitivitysimilar to the minimum reference value.

Table6.6 Sensitivity of a SPJj to the variation of control variables characterised by states

Control variable Uly oy Ulop1 Uls,p1 Ul pa
Vb1
(presence of tibeams) 0.001 0.057 0.129 0.221
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Table6.7 Overall sensitivity of the SPI8i;

Ul Ul Uls Ula
(SPI 1: Total base (SPI 2: Global (SPI 3: Failed points (SPI 4: Failed points
shear) drift) adobe walls) rubble stone base course
Ul 0.07 0.17 0.27 0.32

In order to idatify the critical variables afhe seismic assessment of the Church didKu
Tambo, the influence of each control variable is evaluated by means of the overall influence
indexesU obtained by means of equation 3.7. These indexes correspond to an average over
all values of sensitivityassociated to the folBPIs,Uljki, due to the variationf a specific
control variable.

The indexesUs can be calculated assuming that all SPIs are equally important. In
alternative, thelli indexes can be calculated as a weighted sum of the sensitivity indexes
associated to the four SPIs, according to equation 3.8. The wejghn be selected such
that SPIs that are more relevant to verify whether a structure complies with a specific
performance level or not have higher weights. In the present assessment, the fours SPIs will
be used in the analyses at a global level to verify whether the structure exceeds the damage
states of 6near coll apseb, 6 s i dfor idiffareata n t damage
rehabilitation hypotheses; and hence all SPIs are equally important.

Nevertheless, the three procedures proposed in Section 3.5.2.1 to calculate the weight,
w;, on the basis of the actual sensitivity of the SPIs can be considered heresultseare
shown inTable 6.8. The indexesU for all control variables are shown iRable 6.9,
according to the various procedures used to calcllat@he control variables are ranked
according to the corresponding influence indexgs,from the highest to the lowest index
within each classtlican be seen that the ranking may vary according to the procedure used
to combine the variousilx in the calculation oft.. The ranking shown imable 6.9
corresponds to the ranking provided by the majority of the procedures.

Procedure | underestimates the importance of SPIs that are significantly sensitive to the
uncertainty of the input butlich are not the most sensitive to the variation of any control
variable. It provides the highest weight to SPI 4 since this is the most sensitive indicator for
most control variables. On the other hand, this procedure may overestimate the relevance of
SPk that are more sensitive to control variables that have an overall modest influence on the

outputs.
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Table6.8 Weights used in the combination of the sensitivity of all SPIs

Wi

Structural performance indicators All SPIs Sroc. | - oo

equally relevant : ' :
SPI1
(Total base shear) W 0.25 0.00 0.10 0.07
SPI 2
(Global drift) Wy 0.25 0.00 0.18 0.23
SPI3
(Failed points adobe walls) " 0.25 0.47 0.36 0.23
SPI1 4
(Failed points rubble stone Wa 0.25 0.53 0.36 0.46
basecourse)

Table6.9 Influence indexes of the control variables of the Church gfoKlambo

U
Class Control Variables All SPis
equally Proc. | Proc. Il Proc. llI
relevant
Vp1  Modulus of elasticity 0.52 0.68 0.62 0.67
o Vps  Specific weight 0.24 0.34 0.28 0.30
8§ Vee Tension cuboff 0.11 0.19 0.15 0.14
£ Ves Cohesion 0.08 0.15 0.11 0.11
Vp, Poisson ratio 0.08 0.13 0.11 0.09
_ Vps  Friction angle 0.06 0.11 0.08 0.08
Materials —
© Vpz  Modulus of elasticity 0.14 0.26 0.19 0.22
S > Vp12 Tension cuoff 0.15 0.30 0.21 0.26
z S Ve Specific weight 0.12 018 0.4 0.15
e g Vpio Friction angle 0.10 0.16 0.13 0.11
& Ves Cohesion 0.08 0.16  0.12 0.12
Vpg Poissorratio 0.06 0.10 0.08 0.06
Actions Va1 Equivalent acceleration 0.84 0.99 0.91 0.90
Modelling Vmi Maximum mesh size 0.41 0.50 0.47 0.46
Details Vp1 Presence of effective ikeams 0.10 0.18 0.14 0.15

Procedures Il and lll require the attribution of a sensitivity class to each SPI for all
control variables based on the criterion of Table 3.6, considening equal to 0.05 and
mumx €qual to 0.35. The fact that SPI 3 and SPI 4 are the most affectedbpRhe
uncertainty of the inputs can be here seen by the fact that they have the highest number of

control variables belonging to a 6highdé and
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When a procedure such as Il is applied iadtef procedure IJllooking in averge terms
to the influence of all control variables, higher weights are obtained to the SPIs that are
influenced by a | arger number of contr ol V @
influence/sensitivity are not emphasised. Interesting to notice that SPI 2adh&ve the
same weight as per procedure lll, which means that these SPIs have the same percentage of
control wvariables with OHighd sensitivity class.
As suggested in Section 3.5.2.1, the control variables are considered critical when their
influence in@x, Us, is equal or higher than a minimum reference uncertainty assumed by the
analyst,mumn, Which is 0.05 in the present assessment. Following this criterion, all control

variables are critical variables in the present assessment.

6.3.3Level of knowledge ssociated to the critical variables

The level of knowledge prides a measure of the uncertaintiyh which the analyst defines
the reference analysis conditions, the intervals of plausilaitity the alternative states. An
indicator of this uncertainty igiven by theknowledge indexa following the criteria of
Table 3.8 and provisions of current codes and guidelines, as explained in Section 3.5.2.2. In
the present assessment, the index associated to high knowledge is equal Bince even
the intervals defined on the basis of experimental work carried out for the purpose of this
assessment were conducted with new materials or original samples collected in other sites. It
is therefore reasonable to assume a marginal uncertainty in the presentloeeover, the
choice of a modelling strategy and the selection of the local model have also an inherent
uncertainty that should be taken into account.

The knowledge indexes of all critical variables and the respective atgidar the
assumption aréndicatedin Table 6.10. These knowledge indexes can be combined into a
global knowledge indexg; calculated as an average of @&l according to egation 3.10.

Theain the assessment of the Church of Kuiio Tambo is equal to 0.16.

6.3.4Knowledgebased uncertainty of the inputs

The uncertainty of the inputs associated to eachj, 3R}, is obtained by means of equation
3.11, considering both the overakrsitivity of the SPIs[lj, and the global knowledge
index, & In the assessment of the Church ofik’ambo, the uncertainty,; is expressed in
Table6.11 for the four SPIs.
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Them,; can be combined in order to obtain an overall uncertainty measure of the inputs,
my,, according to equation 3.14. Thag for the assessment of the Church offiurambo is
indicated inTable6.12 taking into account alternative procedures to comUieerésults of
the various SPIs.

Table6.10 Knowledge level and indexes dfe assessment of the Church ofigirambo

Level of

Critical variables knowledge i Rationale
Vp1  Modulus of elasticity HK 0.05 (a) Values taken from
experimental work on specimer
built with original materials from
other sites and/or nematerials.
& Ve Poisson ratio HK 0.05 (b) Values taken from specialise
= literature
<
Vpz  Cohesion MK 0.2 (a)
Vps  Friction angle MK 0.2 (a)
3 Vs  Specific weight HK 0.05 (b)
% Vps  Tension cuoff MK 0.2 (8
= g Vpz  Modulus ofelasticity MK 0.2 (b)
§ Vps  Poisson ratio HK 0.05 (b)
€ Vpy Cohesion MK 02 (a)
(O]
5 Vpip Friction angle MK 02 (a
o Veu Specific weight MK 02 (b)
§ Vp12 Tension cubff LK 0.35 Values assumed from
x experimental work conducted
with adobe samples.
Vo Presence of effective MK 0.2 No detailed inspection of a
. tie-beams representative sample of
Details i i
connections of the tibeams to
the walls was conducted.
Actions  Var  Equivalent acceleration MK 02 (b
Modelling Vmi Maximum meshsize  HK 0.05 Defined on the basis of expert
judgement.
a{according to Equation 3.10) 0.16

Table6.11 Knowledgebased uncertainty of each SPI in the assessment of the ChurchaTKmbo

SPI 3 SPI1 4
(Totalsbzlst shear) (Glosbzllzdrift) (Failed points (Failed points Rubble stone
adobe walls) base course)
Mu1 Mu2 Mu3 Mua
0.24 0.36 0.47 0.53
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Table6.12 Overall knowledgebased uncertainty of the assessment of the Churchfa Kambo

All SPIs equally relevant Proc. | Proc. Il Proc. I

my 0.40 0.50 0.45 0.45

Procedure | can be seen as an upper bound of the uncertainty, whereas the value
calculated as a mean of all indicators (i.e. all SPIs equally relevant) can be seen as a lower
bound. Since in the present case, all indicators will be used in the detagadsisaand they
are therefore all equally relevant for the present assessment, the lower bound of 0.4 is
selected as the reference overall uncertainty of the inputd;his m, value is equivalent of
having a confidence factor of 1.4, which can be diyeotimpared with the prescriptions of
current codes, such as Eurocode 8 (CEN, 2005b). Although the prescriptions of Eurocode 8
for selection of confidence factors are not tailored to historic constructions and therefore do
not take into account the value leguristic knowledge, it can be concluded that according to
Eurocode 8 a confidence factor of 1.2 would be assumed for the assessment of the Church of
Kufio Tambo. This factor would be selected considering that a detaiteé imspection and
Acomprveenbeneixperi ment al campaign BRPs forconducted
characterization of this structure. However, the prescriptions of the code do not take into
account the limited reliability of experimental work conducted on materials like adobe and
rubble stme, especially when the components have been subjected to years of weather
demands and past earthquakes. Thus, the prescriptions of the code underestimate the
uncertainties present in the assessment of historic constructions such as the Peruvian adobe

churches.
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6.4 Analysis of a historic timber structure at the local level

In the case of timber structures, the structural behaviour is governed by the joints connecting
various elements of the system, and by the effect of the roof claditinge, the following
hypotheses require a detailed investigation at the local level:

(i) Overall relevance of modelling the timber joints in comparison to the assumption of
a continuously connected timber structure;

(i) Relative relevance of the different timbeints;

(iif) Mechanical characterization of planked timber arches; and

(iv) Hypothesis of a rigid vs flexible diaphragm.

As far as hypothesis (iii) is concerned, the numerical analyses at the local level were
focused on the mechanical characterization ofntiked joints of the planked arches. These
joints failed during the 2007 Pisco earthquake in two bays of the nave of the Cathedral of Ica
(bay 1 and bay 2), and this was a common type of failure observed in many churches in Peru
after the earthquake. Thushe simulation of these joints requires a moredepth
investigation. The other joints of the cathedral were characterized by experimental work
conducted at PUCP, as explained in the relevant sections.

The most important inputs in the case of adobe ¢ttsravere associated to material
properties of adobe and rubble stone. In the case of the timber structure of the Cathedral of
Ica, mechanical parameters characterizing the timber joints appear to be at least as important
as the material properties of thenlber members. It will be seen in the following that the
local models evolved from continuous models made of volume elements to more refined
models consisting of beams and springs simulating the timber members and joints,

respectively.

6.4.1Local models of th€athedral of Ica

As described in Chapter 4, the timber structure of the Cathedral of Ica is composed of five
similar bays in the nave and the bay of the transept, which includes the central dome. Bay 1
is slightly different from the other bays of the naiece it accommodates the mezzanine.

The bays of the nave underwent the most critical damage, resulting in the collapse of the

bay-edge arches of bays 1 and 2 and the collapse of the internal arches of bays 3, 4 and 5. In
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the bay of the transept, damagasamore locaéded in the central dome. Moreover, all critical
joints are present in the structure of the nave. Hence, conclusions maddoséhnaodel of
the naveds bay c¢an b ewhaestructargnahe globaldnodeloin si mul at e
this conext, it is reasonable to consider one single bay of the nave of the cathedral as the
local model used to test the aforentioned hypotheses (i) and (Figure6.12).

In the case of hypothesis (iii), a smaller local model including only the vault of the
representative naveods bay is used to calibrate t
arches Figure6.13).

| FE |

a) Global model b) Local model (n

Figure6.12 Local and global models of the timber structure of the Cathedral of Ica
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Figure6.13 Localmodel of the vault of thenabe bay used i n the calibratio
nailed joints of the planked arches

The material behaviour of timber is assumed isotropic linear elastich is a
reasonable assumption taking into account that the timber joints are the principal sources of
nonlinearity and unrecovered deformation. This assumption is supported both by literature
and observations made on the site. The model is complexely &t the base, since no
deformation of the foundations was observed on the site.

6.4.2Mechanical properties

Since the modelling of the timber framing o
model made of volume elements to a more refined model of beaansprings, the type and
variety of inputs required by the different models have also changed.

After the P! data collection, which wasased on observation and geometrical
measurementsnformationabout wooden species of the timber structuas not aviable,
and therefore in the initial | ocal mo d e | of
specis of all timber members, as it wgsoted in literature as a common wooden spgecie
used in colonial churches in Pefitable6.13 shows the material properties of cedar as taken
from literature.

After the F'data collection, the identification and mechanical characterization of wooden
species oftie various timber elements was conducted by the Universidad La Molina in Peru
(Chavesta Custodiet al, 2012), and an extensive experimental campaign was carried out by
PUCP in order to characterise the response of the main connections (Torrealva ate Vice
2014). The initial local analyses conducted to investigate hypothgsaad( (i) above

informedthe planning of the experimental campaign carried out at PUCP.
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In parallel with the work in Peru, the author collaborated with a research team at UPM in
order to characterise the response of the nailed joints of the planked arches.

As a result of the extensive experimental work conducted in Peru and Madrid, the
mechanical properties assumed in the refined be:

in the global model of the timber structure of the cathedral are theindEsited inTable
6.14andTable6.15.

Table6.13l nput parameters of the model of the navebds
o . Modulus of elasticity
Specie SpecEEKIVr\T/%ght,\N paralel to the grainE Poi ssond@ds
' (kPa)
Cedar 3.2 8470000 0.3

Table6.14 Input parameters of the numerical models for material characterization of timber members

Specific weightW Modulus of elasticity

Species > parallel to the grairk Poi ssongb
(KN.m3) (kPa)
Caoba Africana 4.1 10300000 0.3
Guarango 9.1 16900000 0.3
Cedar 3.3 9400000 0.3

Table6.15 Translational and rotational stiffness of timber joints used in the global models

Translational stiffness Rotational stiffness
Joint
oin Ktrans KI’OT
(KN.m) (kN.m.rad?
Mortice and tenon - 30 (parallgl to grain) .
30 (perpendicular to grain)
Peggedmortice and tenon 9800 -
Nail ed connection - 20

6600 (parallel to grain)

Nailed connections of the arches 4500 (perpendicular)

54
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6.4.30verall and relative relevance of the timber joints

The first | ocal mo d e | of the naveb6s ThHsay i s
type of elements allows modelling the geometry of the structure in detail to properly include
existing offsets between different members. The planked timber aschemodelled as
continuous arches. This continuausdel was developed at a time of the assessment process
when the timber species of the cathedral were unknown, and the results of experimental
work unavailable. Moreover, the existence of longitudinalibgaconnecting the bagdge

arches in each bay (Figure 4.35b) was also unknown.

The material properties of cedar are assumed for all timber members, as sfi@itein
6.13. The simulation of the timber joints as samgid connections is conducted by changing
the modulus of elasticity of cedar at the location of the jofitgure 6.14 shows the model
discretized into hexahedron and tetrahedron elements and the location of the principal
connections. All possible translations are fixed at the base.

Although this local model is based on sevesahplifications of the real structural
response of the bay in presence of limited information, such a study is relevant to evaluate
the relative importance of the various joints to the global behaviour of the structure. This
study was especially useful an initial phase of the EASRP in order to identify the most

critical joints and to plan experimental work to characterise in more detail these joints.

a) CAD model: location of the principal joints
are shown with different colours

b) Finite element mesh

Figure6.14L o c a | model of the navef6s bay with
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Modal analysis is carried out with four variations of tdoeal model in orderto
investigatethe effectandrelevance ofarying the stiffness of the model at the locatiéthe
joints, and to understand the relative behaviour of the frame and vault, taking into account
that the vault and the frame have different stiffness
Hence the 4 models represenalple6.16):
(i) an elastic continuum as base model;
(i) a model with all joints with variable stiffness and lower than the members;
(iif) a model with the joints between the lunettes and archesvaiihble stiffness and
lower than the memberand
(iv) a model with the joints connectingthebayd ge ar ches, | unettesd ri b:
the longitudinal and transversal beams witttiable stiffnessand lower than the

members

Rel evant mo d a | shapes for the dynadablec response
6.17 for the continuum. Mode Arad mode B have the most significant participating modal
masses for the longitudinal and transversal direction, respectively. These modes are also the
most important for the other three modelling options. The cumulative participating modal
mass of a model whout base courses is 79.16% in thediection (longitudinal) and
76.55% in the Ydirection (transversal) if 20 modes are calculated.

Figure6.15shovs t he effect of stiffnessd variation ol
which all joints undergo the sameEwHBmmdi ati on of
ratio denotes the difference bet wtffeessof he sti ff n.
the material constituting the timber member. The smaller the stiffness of the material at the
location of the joint under analysis is, the more pronounced is the discontinuity. The figure
also shows the modal shapes corresponding to thetl&pg&Eimber ratio.

According to the theory of structural dynamics, a structure vibrates with higher
frequencyf, when the stiffness increases, if the mass of the structure is kept constant, as in
the case of this parametric analysis. The effectioffst ness 6 variation on the
structure becomes critical wh&oint is equal to 0.0Erimber The natural period of mode A
increases approximately 35 times from a decreasing ratio of 1-& Whereas the period
increases 20.5 and 18 times fapdes B and C, respectively. The effect is therefore more
pronounced for the longitudinal mode, whereas modes B and C have similar increasing rates.

This can be explained by the fact that deformation is localised at the arches of the vault in

mode A, withdecreasing participation of the rest of the structure.
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Table6.16 Hypotheses for the locato d e | of

t

he

naveos

bay

Model

Modelling of Joints

All joints

Continuous

Arc_L
model

Parc_MT
model

All connections of the model atmdergoing
parametric analysis.

The structure is continuous. No joint
undergoes parametric analysis.

Connection of the internal arches to the lune
beam, of the lunette ribs and diagonals to th
lunette beam and of the lunetieam to the
bay-edge arches are undergoing parametric
analysis. The rest of the structure is conside
as with joints having the same stiffness as tl
elements they are connecting.

Connection of the lunette arch and ribs to th
horizontal beams, of the bagdge arches to
the horizontal beams and of the central pilla
to the horizontal beams are undergoing
parametric analysis. The rest of the structur
considered as with joints having the same
stiffness as the elements theg abnnecting.
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shapes of

the navebs bay with

Modal shape

Description

Mode A

Mode B

Mode C

Frame

Frame

Vault

Vait’@/

Vau/ltzﬂ

T=0.123sec

Longitudinal first order mode (X globa
direction of the model). The highest relati
displacements are observed at the arches
The frames are also subjected to torsion.

T=0.088sec

Transversal mode (Y global direction of ti
model). It is a unidirectional first ordel
mode where the frames and the vaults
moving together in one direction.

The highest relative displacements ¢
observed at the arches.

T =0.053sec

Transversal mode (Y global directio the
model). It is a unidirectional second ord
mode where the frames are moving in ¢
direction and the vault in the opposi
direction.

The highest relative displacements ¢
observed at the arches.
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